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Preface

This fifth edition of Nature of Biology Book 2 builds on
previous editions that were positively received by teachers
and students of biology. It has been thoroughly revised
and updated, and reflects current curriculum decisions
regarding the key knowledge and skills expected of biology
students.

This book seeks to convey a multifaceted sense of
biology: as a rigorous scientific discipline with explanatory
models that organise the living world for us in a mean-
ingful way; as a dynamic science whose explanations are
subject to testing and change, rather than as a fixed and
unchanging body of knowledge; as a science that impacts
on everyday life, both at the level of the individual and at
a societal level.

We continue to emphasise recent developments in bio-
technology as exemplified by the CRISPR gene-editing
technique, monoclonal antibodies and an update on
genetically modified organisms (GMOs), both plant and
animal. We have placed emphasis on examples relevant
to Australia, including the establishment of the Australian
Criminal Intelligence Commission (ACIC) in 2016, trends
in organ and tissue transplantation, as well as examples of
global interest such as the spread of the Zika virus. New
material in the fifth edition includes updates relating
to continuing curriculum topics, such as hominin evol-
ution, and new material that reflects curriculum changes,
including the immune system’s components, mode of
operation and the defects that can arise. Importantly, to
provide the context for the study of the immune system,
we have provided coverage of the types of microbes and
agents that cause the myriad diseases against which our
immune system provides defence.

Included in each unit are examples to assist students
to understand how biological knowledge and skills are
applied in a variety of settings. Throughout the book,
the history of various significant discoveries, such as the
hormone insulin and the Taung fossil, is outlined so that
students may appreciate how advances in biology have
been achieved. Likewise, aspects of the development of
key concepts, such as the germ theory and the theory of
evolution by natural selection, are described to illustrate
that theories must be based on evidence and be subject
to testing. The ‘Biologist at work’ profiles are intended
to increase student awareness of vocational opportuni-
ties. Updated or new profiles introduce a range of people
working in diverse roles. In particular, the updated box on

x Preface

the Walter and Eliza Hall Research Institute in Melbourne
introduces students to some of the outstanding researchers
who are involved in cutting-edge research programs.
It is our hope that the range of profiles may inspire some
readers to explore the domain of biology further through
their tertiary studies and become the researchers and the
practitioners of the future, or the inspiring teachers of
future students of biology.

We have enjoyed writing this book and we hope that our
readers will also enjoy reading the text and exploring the
visual images, and gain confidence as they grapple with
and master the questions associated with each chapter.

This project was greatly enhanced by the generous
cooperation of many academic colleagues and friends.
In particular, we owe a special debt of gratitude to the
following:

Matthew Ames and family, Ivy and Van Steel and family, Dr
Robyn Pickering (University of Cape Town), Dr Christophe
Lasseur (European Space Agency), Christine Tomlin
(Zoos Victoria, Healesville), Brian Versteeg (Canada),
Professor Dietrich Stout (Emory University), Dr Olivier
Schwartz (Insitut Pasteur, Paris), Professor Gillian Griffiths
(Cambridge Instutute for Medical Research), Dr Vanessa
Solomon (WEHI), Penny Fannin (WEHI), Dr Song Tan
(Penn State University), Professor Colin Brooks (University
of Newcastle, UK), Professor Nina van Sorge (University
Medical Centre, Utrecht), Dr Heinrich Feldmann (NIH/
NIAID, USA), Elizabeth Fischer (NIH/NIAID, USA), DrJessie
Maisano (University of Texas), Dave Conley (AquaBounty
Technologies), Dr Kristin Friedrich (La Brea Tar Pits and
Museum), Dr Linzi Wilson-Wilde (ANZPAA NIFS), Dr
Jessica Mazerik (NCI, Office of Cancer Genomics), Dr Kate
Charlton-Robb (Australian Marine Mammal Conservation
Foundation), Steven Mileto (Monash University), Dr Alex
Johnson (University of Melbourne), Catherine Cavallo
(Monash University), Sonia Sanchez (Monash University),
Dr Dadna Hartman (Victorian Institute of Forensic
Medicine), Professor John Paterson (University of New
England), Professor Leigh Ackland (Deakin University),
Drew Berry (WEHI), Professor Marie-Liesse Asselin-
Labat (WEHTI), Susie Moreton (Epworth Hospital), Shaun
McKenna (Creative Photography), Professor Peter Timms
(University of the Sunshine Coast), Frank Oncken (Stone
Hill Construction Inc. VA, USA), Jonathan Franks and
Dr Donna Stolz (University of Pittsburg).



About eBookPLUS

Access your online Jacaranda STEP 10 Goto www.jacplus.com.au

and create a user account.

resources any_Where, aﬂytime, from STEP 2 © Enter your registration code.
aﬂy deV|Ce in ‘three easy StepS STEP 3 O Instant access!

(SARERFTR I )

eBookPLUS is an electronic version of the studyON is an interactive and highly visual online
textbook, together with a targeted range of study, revision and exam practice tool designed to help
supporting multimedia resources. students and teachers maximise exam results.

eBookPLUS features: studyON features:

° eBook — the entire textbook in } Concept summary screens provide concise

electronic format explanations of key concepts, with relevant examples.

Digital documents designed for easy Access 1000+ past VCAA questions or custom-
customisation and editing authored practice questions at a concept, topic or

iaratiiviticsicl N e entire course level, and receive immediate feedback.

students’ learning Sit past VCAA exams (Units 3 & 4) or topic tests

eLessons — engaging video clips and (Units 1 & 2) in exam-like situations.

supporting material :=>>. Video animations and interactivities
demonstrate concepts to provide a deep

Weblinks to relevant support material on
understanding (Units 3 & 4 only).

the internet
All results and performance in practice and
sit questions are tracked to a concept level to
pinpoint strengths and weaknesses.

eGuidePLUS features assessment and curriculum
material to support teachers.

NEED HELP? Go to www.jacplus.com.au Minimum requirements

and select the Help link. JacarandaPLUS requires you to use a

* Visit the JacarandaPLUS Support Centre at supported internet browser and version,
http://jacplus.desk.com to access a range of step-by-step otherwise you will not be able to access
user guides, ask questions or search for information. your resources or view all features and

* Contact John Wiley & Sons Australia, Ltd. upgrades. Please view the complete list of
Email: support@jacplus.com.au JacPLUS minimum system requirements at
Phone: 1800 JAC PLUS (1800 522 7587) http://jacplus.desk.com.




About this book

Nature of Biology 2 VCE Units 3 and 4 has the following features:

Cellular signals

EETE— An overview of the
11 chaptir = Gowrgred 1o smabte visduets b Key knowledge and

T IRTOQVIe Bu VRCGEE KITVE PYOLGH WYSN RPN T30 Te COmmbred .
A 0 (P P B Poa P, DU WAk b outcomes addressed in

G v vy .

T o A e i — this chapter

s

« Bl amgns o B A o el S s el e et ol References to studyON
AT s m—— summary screens

encapsulate key
knowledge and provide
questions with answers
and worked solutions,
to reinforce learning.

o ol diviien ssvdving DG, sty sond e act of srupies weh s
stedyt DN pobyrrme e
Ty o Mgt (r pregremined cofl deatl IANIVING The (e ader B of Cespase
pavneli gy
e Fooly. cofatar wpunling patteary, cwce sctvmed & e vy st el
- v Wt At @ baniind persin] of e, T syeReen SRR L0 4 reaing siRbe, ready
eyl seagoent W e nou dgil

KEY IDEAS

D L o T T R )
NN e e e

® T rEbew o SpeAng Iesiecen, e Npdrophiie Of Rydroph e
oterires e 1200500 of Fae recepts Wi B gl 8 cared.

# T Calar IGOnIe VTR CRINGRS e SV Ind B pductor of
7 T B g At P LB AL A 3 B M

Key ideas panels T —
provide a summary of axmaRe s -
the main points covered 8 Mt e My s 00 ot 2

& Vs Wy e Wra I CAGEE  § 2itaTe YT B

in this section. These are B e e b oy v e b o a7
) b B ) T e b it ges D G T by e cee

followed by QU|Ck check PR N T T o

e

Fe=F 4 o The rmrdy S 4 Septite rnere st be anpected B 08 et o
revision questions. Fw e 4 a0
1 Duwg sgrs Swosoctor, S gl srd & Feh aroied
T ey e ey Gterence tetmee
B IOOPAC I § Py ORrs b T
B Top Bt Seaget ae B S S
L el e e il o

Chemical signals in animals

Ealier it thagent wr st o chrmionls the see dgnalitg reckendes b
Vb ssemal v B Npoog s W
» Bormones
- BewU T

Tou Vot s, wo il enghore dheme mnd crbvey ohasninl saprnl et e
Mo b1 elulod Conran st e e el vt

Chemical signals: h hormones
Pgmew 536 dhoms the homan eedocrie e snd the maps hormootes
secyetnd by s 1z ghanl
The Basminn Mt ¢ s bae Sugaewsnd ¥ty e grovge, o biloses
« smbno achd dertvatives — tenar hormones siv devived Somm sening ks,
By Qi seawldy St wrter and Oherelone e lydivpladic. The saees o

ERATER L Gt e TH

xii  About this book



Biochallenge sections
focus on applying
knowledge in response
to visual stimuli and
data.

The studyON topic review
has additional multiple
choice, short answer

and extended response
questions; these are
different to the end-of-
chapter review questions.

A list of the key words
used in the chapter to
enhance the vocabulary
of the student is provided.

Chapter review questions
check and challenge
students’ understanding.

BIOCHALLENGE

| O g peBemay W T oo » W
TR0 W 0 Dotk Pk AT (W e carvery
2 WD e 2 YRS e P s e
"
R | A e ew v e g v ou Eredct Pt
b Ty . matae? Lrphar.
s s b e ]

T Gamtum SR epErecIere TS 8 CRlia eegones B e

- o uccnn
W e ey B T Tk, MRty B Ll
Pas M e D B v g

Mw-—-.-—-.——-un-

frearive
Tl msives .
““l_ﬂm““-‘.-n
B apaciic dawin, jat e Ty Pty ) ‘
A
A Y-

AN

gl L

D
N N

AnGESCation SCCs 6 Ve Wepe In e sgne
TRWICTOT TRy

» Mecwiion o
vorw et
i
- onapie of wrpitceon]
N actaien

moiwode. it B 8 trPer svoiicetion of Pw wgrel]

« Baplan why B stin By Put st snryres A Su

vty
. o Lot

CRUPTRR § Culie w30

Chapter review

e eseen seades | moe divewpeing

b bssrey chemizads (10Cs)

B2l Senciines v N1 ot e verigrt

Epogtesie Arberwey

pmpeetis beadis Pheelie M Y

o Phemovitn

VoD it e oo apu eThacate

aning Inydrughilhe

) ek [T

yadioin b ot sBadas oropiess

ety e Jaemsamatan (A1)
ity =

gehar bt o el rshant vy

Questions

N Mubldag covvmm Tuwns betursn comcopes + e

ot bowd sight of e by wordds s Uns chugster
o v aa T (et siag relwing b crfude
ezmLOalon

20

e T )

plyuclty
wp—*u--—mn(w-
h«-h'ﬂmumumm

B%  NATUN OF Ko

—top s
uhmma—--«lmm

Frogrsreved 8 vpeayatn 1 heile
deotn (ISR

oo of coll rmmenel (Tt s b ters
Taie ol el drth Trassedar s

rrvepeien treplien

rrapenses comme vl et e (VM0

g e

P et bed This
m‘-r—u—lnm-‘u:np—.
Pt coln These -,Mnh-.‘a“n—-n

prmnively chnge Na*) Thee

of N of

e e ot ool
t.-mn-qmdh-‘u.

a—lhucﬁu—t\
mhxn-d-.

ety
expleranion for Uve comee of iy conhibont of
Aigion, which 4 knowen st dacnyly.

About this book

xXiii



Acknowledgements

The authors and publisher would like to thank the fol-
lowing copyright holders, organisations and individuals
for their assistance and for permission to reproduce
copyright material in this book.

Images

e Dr. Alan R. Hildebrand ¢ AAP Newswire: 750/PR
Handout Image  AIDS Info: 374/AIDSinfo, Public
Domain. « AIHW: 272/Source: Australian Institute of
Health and Welfare; 375(a), 375(b)/Based on Australian
Institute of Health and Welfare material o Alamy
Australia Pty Ltd: 7/© Science Photo Library; 73/© The
Science Picture Company; 130 (bottom)/© Enviro
Images; 207 (top), 214 (right)/Mediscan; 218/© FALK-
ENSTEINFOTO; 223(b), 503(b)/© Mary Evans Picture
Library; 247/© Stocktrek Images, Inc.; 267 (top right)/
© Agencja Fotograficzna Caro; 267 (bottom)/© Image
Source; 353/© amomentintime; 358/© Papa Kay; 401/
© KrystynaSzulecka; 402/Trinity Mirror / Mirrorpix;
410/0© Classic Image; 411/© George S de Blonsky; 412,
432; 431, 704/© Nigel Cattlin; 444(a), 472(b), 564,
566/© The Natural History Museum; 444(b)/© GL
Archive; 446 (left), 447/Pictorial Press Ltd; 446/World
History Archive; 468(e)/© Lourens Smak; 471/©
PjrStudio; 473/ZUMA Press Inc; 490(c)/© markku
murto/art; 490(e)/© Auscape International Pty Ltd;
493(b)/© blickwinkel; 506, 606, 610/© epa european
pressphoto agency b.v;; 541/© All Canada Photos; 584,
608/© Sabena Jane Blackbird; 593/Granger, NYC.;
598/© liszt collection; 601/© dpa picture alliance;
604/© ClassicStock; 626/Cultura Creative RF; 642/The
Art Archive; 644/© Eric Carr; 659/AF archive; 670/©
TravelStockCollection — Homer Sykes; 695/© Cultura
Creative RF; 742/© GRANT ROONEY PREMIUM; 746/
guy harrop « Alex Johnson: 717 « Applied Biosystems:
45(a), 676/Applied Biosystems « Aqua Bounty: 718 e
Arabella Smith, Dr: 624 « Australia Post: 39(a)/Designer:
Rod Oliver, Fragile Design; © Australian Postal Corpora-
tion 2003 ¢ Australian Bone Marrow Donor Registry:
269 o Australian Criminal Intelligence Commission:
679 « BlueStar Forensic: 54 (bottom a), 54 (bottom b)/
Photo©Bluestar® o Braford: 425 « Brian McStay,
Dr: 66(b) ¢ Bridgeman Art Library : 140/Werner Forman
Archive / Bridgeman Art Library « Canadian Biotech-
nology Action Network: 708 « CanStockPhoto: 234(bii)/
rob3000 / CanStock Photo « Center for Biologic Imaging:

xiv  Acknowledgements

295/Center for Biologic Imaging, University of
Pittsburgh, USA; 317/Jonathan Franks M.S. & Donna
Stolz PhD. ¢ Centers for Disease Control and Prevention:
730/James Gathany / CDC/Douglas Jordan e Centers
for Disease Control and Prevention: 3/“Legionella
pneumophila multiplying inside a cultured human lung
fibroblast” CDC/Dr. Edwin P. Ewing, Jr; 733, 736, 757,
760/Centers for Disease Control and Prevention; 748,
749, 749 « Centers for Disease Control and Prevention:
217/Centers for Disease Control and Prevention;
234(aii) o Christine Tomlin: 496/© Christine Tomlin
« Copyright Clearance Center: 512, 673, 674-675 « Cop-
yright Clearance Center: 689; 745/Bentham Science
Publishers Ltd; 746/Figure 6a, Antiviral adhesion
molecular mechanisms for influenza: W. G. Laver’s life-
time obsession, Elspeth F. Garman, 22.12.2014. « CSIRO
Publishing: 400/CSIRO Publishing ¢ Department of
Health: 345/National Immunisation Program Schedule
From 20 April 2015, Department of Health, 2016.; 349/
Figure 1, Annual Report of the Australian Meningo-
coccal Surveillance Programme, 2014, Monica M Lahra,
Rodney P Enriquez, Department of Health.,, 371/
Figure 6.1.1, Appendix 6.1, Communicable Diseases
Intelligence Volume 34, Department of Health, 2010.;
372/Table 3, Australia’s notifiable disease status, 2013:
Annual Report, CDI Vol 39, No 3, 2015, Department of
Health. « Dr Dadna Hartman: 681 ¢ Dr Dietrich Stout:
585, 585/Photos by Emory University « Dr Emmanuelle
Charpentier: 612/Hallbauer&Fioretti ¢ Dr Jennifer
Doudna: 611 « Dr Linzi Wilson-Wilde: 685 « Dr Robyn
Pickering: 567/Photo credit: Warrick Joe o Dr. Fred
Cohen: 255 « Dr. Kate Charlton-Robb: 407(a), 407(b)
Elizabeth Fischer: 234(ai)/Elizabeth R. Fischer/NIH/
NIAID/Rocky Mountain Laboratories ¢ ESA: 105(b),
105 (bottom)/ESA ¢ FDA: 720 « Genomic Diagnostics:
689, 690, 690 « Getty Images Australia: 9(a), 31(a), 43,
44, 54(a), 120 (bottom), 277, 325, 415, 589, 619, 653/
Science Photo Library; 30/P Motta & T Naguro/SPL; 34/
Don W Fawcett; 42/DR ELENA KISELEVA; 45/© Tek
Image/Science Photo Library; 54(b)/SUSUMU NISHI-
NAGA; 54(c)/DR KLAUS BOLLER; 69 (bottom)/Mark
Harmel; 105(a), 620/PASCAL GOETGHELUCK; 114(a),
280(c), 280(d)/Ed Reschke; 117/Dr. Terry Beveridge;
118(b)/Paul Zahl; 127/Ben Radford; 144/BILL LONG-
CORE; 181 (top), 192(b)/© David Scharf / Science



Photo Library; 182(b)/© Astrid & Hanns-Frieder
Michler / Science Photo Library; 193/© SPL/ Geoff
Kidd; 209/© Photo Researchers; 222(b)/Science &
Society Picture Library; 243/BSIP/UIG; 251, 276, 335/
Bettmann; 255/Hubert Raguet/Eurelios/SPL; 261/
BIOPHOTO ASSOCIATES; 280(a)/Ed Reschke; 280(b);
114(a), 280(c), 280(d)/Ed Reschke; 293/STEVE
GSCHMEISSNER; 318/M 1 WALKER; 320/SECCHI-
LECAQUE/ROUSSEL-UCLAF/CNRI; 336/DR UCT;
337(a)/Bloomberg; 443/Xavier ROSSI; 504/Dan
Kitwood; 530/UniversallmagesGroup; 551, 551, 557,
559/John Reader/SPL; 568/ALEXANDER JOE; 586/
Kenneth Garrett / National Geographic; 602/Cyril
Ruoso/Minden Pictures; 623/Kevork Djansezian; 653/
Volker Steger/SPL; 654/VOLKER STEGER; 668/DENIS
CHARLET / AFP; 676/© Image Tek; 683/Patrick AVEN-
TURIER e Global Crop Diversity Trust: 436(a), 436(b) e
Glofish: 699 « Golden Rice Humanitarian Board: 716/
Golden Rice Humanitarian Board. www.goldenrice.org
e Institute of Human Origins: 561 « ISAAA: 707, 707,
724/ISAAA, 2015 « John Paterson: 480/Katrina Kenny,
David Elkins. « Judith Kinnear: 9(b), 112(a), 141 (left),
384(aii), 384(bi), 384(bii), 384(biii), 384(ciii), 385(ei),
385(eii), 385(eiii), 385(f), 390, 413 (bottom a), 413
(bottom b), 426(a), 426(b), 426(c), 427 (top b), 427
(top c), 427 (top d), 434, 434(a), 434(b), 445, 448, 449,
450(a), 450(b), 453, 459(a), 463, 463, 464, 465, 468(a),
468(b), 468(c), 468(d), 469, 472(a), 472, 544, 583, 583,
669, 682, 686, 691, 709, 715, 715, 715, 715, 715; 192(a),
197 (bottom), 603/Judith Kinnear « Lawrence Berkeley
Laboratory: 56/Lawrence Berkeley Laboratory « Leigh
Ackland: 97 (left), 97 (right) « Macfarlane Burnet Insti-
tute: 361/Image was taken by the laboratory of
Prof Johnson Mak Deakin University while he was Head
of the Virology Program at Burnet Institute. « MAP-
graphics: 441, 441(a), 441(b), 451, 598/MAPgraphics
Pty Ltd, Brisbane « Maret Vesk, Dr: 61 « Mariano Rocchi,
Dr: 515 « Marjory Martin, Prof: 26, 341, 421(a), 421(b),
421(c), 641, 754, 758, 758, 758 « Matthew Ames: 241/
Kate Ames o Melissa Lutz Blovin: 575/Melissa Lutz
Blouin, University of Arkansas e Molecular Science
Student Workbench: 539 « NASA: 109/NASA « National
Human Genome: 64/Courtesy: National Human
Genome Research Institute « National Human Genome
Research Institute : 516/www.genome.gov « National
Human Genome Research Institute NHGRI, National
Institutes of Health: 658/Courtesy: National Human
Genome Research Institute, https://www.genome.gov/
e National Toxicology Program: 264/National Toxi-
cology Program « NDNAD: 680, 680/NATIONAL DNA
DATABASE STRATEGY BOARD ANNUAL REPORT
2012-13,  https://www.gov.uk/government/uploads/
system/uploads/attachment_data/file/252885/
NDNAD_Annual_Report_2012-13.pdf « New England
Biolabs, Inc.: 618/Print below image: “Reprinted from
www.neb.com 2016 with permission from New England

Biolabs, Inc”” ¢ Newspix: 267 (top left)/David Caird;
337(b)/Patrick Hamilton; 667/Michael Marschall
o NIAID: 234(bi)/NIAID « Novozymes Biologicals, Inc.:
118(a) « NSW Department of Primary Industries : 424/
NSW DPI Prime Facts 579, March 2007 « NSW Health:
729, 761/Reproduced by permission, NSW Ministry of
Health © 2016 « Out of Copyright: 26/Le Petit Journal
« Pfizer Animal Genetics: 691/Photo courtesy of Zoetis o
Phillip Island Nature Parks: 437(a), 437(b) « Photodisc:
379, 545, 545, 545, 545, 547, 548, 584, 605/© Photo-
Disc, Inc « PlasmidFactory: 631 ¢ PLOS: 693/Source:
Coble M.D. et al., 2009. Mystery solved: the identifica-
tion of the two missing Romanov children using DNA
analysis, PLoS ONE Vol. 4, No. 3: e4838.d0i:10.1371/
journal.pone.0004838 « PNAS: 260/Figure 3, Adaptation
of the bovine spongiform encephalopathy agent to pri-
mates and comparison with Creutzfeldt-Jakob disease:
Implications for human health, PNAS, Vol. 98,
27.03.2001. Copyright 2001 National Academy of
Sciences, U.S.A. « Professor Colin Brooks: 296(a)/Colin
Brooks, Professor of Cellular Immunology, University of
Newcastle, UK. e Professor Gillian Griffiths: 324
e Promega Corporation: 677/©Promega Corporation
2016. All rights reserved, Promega Corporation, 2800
Woods Hollow Rd, Madison, WI 53711 USA e Public
Domain: 703; 727/CDC / Rebecca Myers; 729/http://
collections.museumvictoria.com.au/items/1602148
e Public Library of Science: 532/Gareth J Fraser, C
Darrin Hulsey, Ryan F Bloomquist, J] Todd Streelman,
An Ancient Gene Network Is Co-opted for Teeth on Old
and New Jaws, Mar 2009 - PLoS Biology « RCSB PDB:
81/Tsyjino, S., Tomizaki, T., www.rcsb.org; 82/Kloos,
M., Straeter, N., www.rcsb.org; 83(a)/Feng, J., Zhao, S.,
Liu, L., www.rcsb.org « Royal Mint: 39(b)// Royal Mint e
Science Photo Library: 181(a)/Sinclair Stammers;
235(ei)/STEVE GSCHMEISSNER; 264/HERVE CONGE,
ISM; 399/EYE OF SCIENCE e Shutterstock: 4(a)/
martynowi.cz; 4(b)/www.royaltystockphoto.com; 4(c)/
MichaelTaylor3d; 5(a)/Juan Gaertner; 7/LCleland;
52(d)/molekuul_be; 77/Helen Sushitskaya; 79/effe45;
111/jeka84; 125(a), 125(b), 135(b), 207 (bottom), 212,
238, 279(a), 314/Designua; 130 (top)/Martin Lisner;
131/Rudmer Zwerver; 133/Radu Bercan; 135(a)/Tewan
Banditrukkanka; 139/Rena Schild; 141 (right)/kaband;
149/Heiti Paves; 159/Four Oaks; 160/Blaj Gabriel; 178
(top)/joshya; 178 (bottom), 341/Everett Historical; 180
(top)/eastern light photography; 181(b)/alexsvirid;
182(a)/Alf Ribeiro; 194/Tricia Daniel; 200/logoboom;
203 (bottom left)/azure; 203 (bottom right)/
Eduard Kyslynskyy; 225/Satirus; 226/alexmak7; 231/
Smith1972; 235(ci)/Kateryna Kon; 235(cii)/Mukhina
Viktoriia; 235(eii), 278, 331, 351(b), 359, 360/Alila
Medical Media; 239(b)/toeytoey; 244/villorejo; 256/
thelefty; 279(b)/Sebastian Kaulitzki; 284/Blamb; 289
(top)/Jose Luis Calvo; 289(a)/Jose Luis Calvo;
290, 305(b)/Kondor83; 303/FCG; 307(a)/Dirima;

Acknowledgements  xv



xvi

328/Tatiana Shepeleva; 339/Dmitry Lobanov; 343(a)/
jomphong; 344/pruit phatsrivong; 351(a)/BlueRing-
Media; 352/Jarun Ontakrai; 354/Africa Studio; 357/
Lichtmeister; 357/Anton Gvozdikov; 377(a)/Catzatsea;
377(b)/photomaster; 378,  381/ChameleonsEye;
384(ai)/Malota; 384(ci)/Raywoo; 384(cii)/2shrimpS;
385(di)/Martin Fowler; 385(dii)/Steve McWilliam;
386(a)/Ivan Kuzmin; 387/muratart; 405/© Leksele; 413
(top a)/Xseon; 413 (top b)/Deamles for Sale; 413 (top c),
440/Eric Isselee; 423/Artush; 425(a)/eltoro69; 425(b)/
Paul Looyen; 427 (bottom a)/© Halina Yakushevich;
427 (bottom b)/© Margo Harrison; 427 (bottom c)/©
Sari ONeal; 427 (bottom d)/© chris2766; 427 (bottom €)/
Ewan Chesser; 429(a)/AsyaPozniak; 429(b)/© Eric
Isselée; 429(c)/© Eric Isselée; 431(a)/© Viorel Sima;
431(b)/© dcwcreations; 464(b)/© Shutterstock.com /
Inc; 482/stihii; 484(a)/N Mrtgh; 484(b)/© Steve Bower;
486(a)/mark higgins; 486(b)/Kelsey Green; 486(c)/
2630ben; 486(d)/© Karel Gallas; 487(a)/© nialat;
487(b)/© Martha Marks; 490(a)/Bildagentur Zoonar
GmbH; 490(b)/worldswildlifewonders; 490(d)/Kristian
Bell; 491(a)/Susan Flashman; 491(b)/© Timothy Craig
Lubcke; 491(c)/© dirkr; 492/Brooke Whatnall; 497(a),
608/Bardocz Peter; 497(b)/Sergei Drozd; 524/annalisa
e marina durante; 527/dimair; 531/AndreJakubik; 542/
GUDKOV ANDREY; 543/jo Crebbin; 544/Volodymyr
Burdiak; 544/]. Norman Reid; 545/© Sergey Uryad-
nikov; 550, 578, 673/Rawpixel.com; 570/Kjersti
Joergensen; 593/rnl; 593/MaluStudio; 593/nikolae;
593/Stephen Marques; 593/Andrey Burmakin; 602/
Oksana Kuzmina; 604/Monkey Business Images;
604/3Dsculptor; 644/ittipon; 651/anyaivanova; 661/
Doro Guzenda; 687/John Carnemolla; 687/fivespots;
696/goodluz; 708/Jerry Horbert; 710/Fotokostic; 714/
Mykola Komarovskyy; 734/Veremeya; 742/adriaticfoto
« Song Tan: 42(b)/FOR PRINT: Song Tan, Penn State
University. FOR ELECTRONIC VERSIONS: www.
personal.psu.edu/sxt30.; 313/Song Tan, Penn State
University « SpaceHabs: 103 « State Government of
Victoria: 374 « Stephen Vasquez: 197 (top)/UC Regents
& photographers Stephen Vasquez & Matthew Fidelibus,
UC Cooperative, Viticulture Farm Advisor and UC
Cooperative Viticulture Specialist. « Steven Mileto: 634
« Susie Moreton: 535 « Suzana Herculano-Houzel: 547 o
Tarig M. Rana, Ph.D: 713/Tariq M. Rana, Ph.D., Univer-
sity of California, San Diego. « The Genetics Society of
Japan: 524/Takashi Kitano, Norimasa Matsuoka, Naruya
Saitou, Phylogenetic relationship of the genus Onco-
rhynchus species inferred from nuclear and

Acknowledgements

mitochondrial markers, Issue 72, 30, 1997. Genetics
Society of Japan. « The Kirby Institute: 359/The Kirby
Institute o The University of Texas at Austin: 470/ The
University of Texas High-Resolution X-ray CT Facility
and the Texas Memorial Museum. « Thermo Fisher Sci-
entific: 627, 627/Photo courtesy of Thermo Fisher
Scientific « Torsten Wittmann: 1 « United States Geolog-
ical Survey: 498(a) « University Autonoma of Barcelona,
Spain: 108 « University of Pennsylvania: 702/Image by
R.L Brinster, School of Veterinary Medicine, University
of Pennsylvania « USDA Economic Research: 725/U. S.
Department of Agriculture. « Walter & Eliza Hall Insti-
tute: 33, 269, 321, 321, 330, 367, 368 (top), 368
(bottom), 369, 370, 744 « Washington University In St.
Louis: 420/AM Bauer and SCR Elgin « Wellcome Trust,
The: 220/The Wellcome Library « Wikimedia Commons:
5(c)/Dartmouth Electron Microscope Facility, Dart-
mouth College; 29(a)/© Public Domain / Louisa
Howard; 219, 222(a), 223(a), 229, 360, 379, 411, 492,
493(a), 503(a), 521, 533, 644, 694, 704, 736/©
Wikimedia Commons; 235(di)/Rocky Mountain Labo-
ratories, NIAID, NIH http://www3.niaid.nih.gov/
biodefense/Public/Images.htm; 235(dii)/Centers for
Disease Control and Prevention; 258/Public Health
Image Library; 464(a)// Wikimedia Commons « Wiley
Owned: 427 (top a), 593 « Willem Rens, Dr: 517/Willem
Rens « World Health Organization: 733/World Health
Organization

Text

o Selected extracts from the VCE Biology Units 3 and 4
(2017-2021) are copyright Victorian Curriculum and
Assessment Authority (VCAA), reproduced by per-
mission. VCE® is a registered trademark of the VCAA.
The VCAA does not endorse this product and makes
no warranties regarding the correctness or accuracy of
its content. To the extent permitted by law, the VCAA
excludes all liability for any loss or damage suffered or
incurred as a result of accessing, using or relying on the
content. Current VCE Study Designs and related content
can be accessed directly at www.vcaa.vic.edu.au. Teachers
are advised to check the VCAA Bulletin for updates.

Every effort has been made to trace the ownership of
copyright material. Information that will enable the
publisher to rectify any error or omission in subsequent
reprints will be welcome. In such cases, please contact
the Permissions Section of John Wiley & Sons Australia,
Ltd.



CHAPTER

Cells: a review

KEY KNOWLED(
FIGURE 1.1 This prize-winning

image shows eukaryotic This chapter is designed to enable students to:

cells stained with fluorescent review and expand on key knowledge from Units 1 and 2

probes. The actin filaments understand that cells are the basic units of structure and function of living
(purple) and the microtubules organisms

(vellow) are part of the understand and apply the concept of surface-area-to-volume ratio
cytoskeleton of these cells.

The nucleus is stained green. list the defining characteristics of prokaryotic and eukaryotic cells
Note that the cell on the left recognise the plasma membrane as the boundary separating the cell from its

appears to be in the process external environment

of dividing. In this chapter, we describe the various modes of transport across the plasma membrane
will explore the infrastructure identify cell organelles in eukaryotic cells and recognise their various functions.
of eukaryotic cells (both

plant and animal), relate the

structure of cell organelles to

their various life-sustaining

functions, and examine

aspects of the emergence of

more complex multicellular

organisms. (Image courtesy of

Torsten Wittmann.)




Cells: the basic units of life

Cells are the basic structural and functional units of life, and all living
organisms are built of one or more cells. Cells, with only a very few excep-

2

tions, are too small to be seen with an unaided eye. Their existence was not

1 millimetre (mm) = recognised until after the development of the first simple microscopes. This
1000 micrometres (pm) enabled the first observations of cells to be made, in the 1660s. However,

1 micrometre (pm) =

1000 nanometres (nm) 200 years later.
(a)
Human egg
130 pm
Sperm cell
60 X 5 pm
Skin cell
Yeast cell 30 pm
3 x4 pum
Red blood cell
8 pm
(b)

o=

E coli bacterium

3 x 0.6 pm Yeast cell

Mitochondrion
4 x0.8 pm

(c)

Mitochondrion

)
Ribosome

HIV (e g2
130 nm Uy S,
T
* 58

Measles virus
Influenza virus 220 nm
130 nm

FIGURE 1.2 Diagrams, at increasing levels of
magnification, showing cells, cell organelles and viruses.
Note the extreme differences in size. (a) Some human
cells showing variation in cell size (b) A bacterial cell with
a mitochondrion, a cell organelle and other small cells
shown for comparison (c) A mitochondrion compared
with three viruses and a ribosome

NATURE OF BIOLOGY 2

the recognition of cells as the basic unit of life did not occur until almost

Cells: how big?

Cells are typically microscopic (not visible with an
unaided eye). Only a few single cells are large enough
to be seen with an unaided human eye, for example,
human egg cells with diameters about 0.1 mm and
the common amoeba (Amoeba proteus), a unicellular
organism with an average size ranging from 0.25 to

0.75 mm. (You would see an amoeba as about the size

of a full stop on this page.) Contrast this with one of the

smallest bacteria, Pelagibacter ubique, consisting of a cell
just 0.2 pm diameter. How many of these bacteria could
fit across an amoeba that is 0.5 mm wide?

e Most animal cells fall within the size range of 10 to
40 pm. Among the smallest human cells are red blood
cells with diameters for normal cells in the range of
6 to 8 pm.

« Plant cells typically fall in the range of 10 to 100 pm.

« Microbial cells, both bacterial and archaeal, are much
smaller than plant and animal cells. Most bacterial
cells have diameters in the range of 0.4 to 2.0 pym and
0.5 to 5 um in length. On average, microbial cells are
about 10 times smaller than plant and animal cells,
with sizes typically in the few micrometres range.

A non-living microworld exists beyond that of
microbes. This is occupied by viruses, which are
non-cellular particles that are generally regarded as
belonging to the grey area between living and non-
living. Why? Because viruses do not have a cellular
structure, they cannot carry out metabolic activities
in isolation and they cannot self-replicate. (Viruses
can replicate only inside and with the assistance of
living cells.) Viruses range in diameter from 20 to
300 nanometres (nm). (Refer to chapter 6, page 245,
for more detail about viruses, in particular their role in
human diseases.) Figure 1.2 shows a sample of the range
of sizes seen in selected cells. (Other non-cellular struc-
tures are included for size comparison.)

Microbial cells are relatively much smaller than the
cells of animals and plants, so some animal bacterial
infections can involve the invasion of bacterial cells
into the cells of the host, where they multiply. Examine
figure 1.3 of a human lung fibroblast and note the pres-
ence of numerous bacterial cells in a single cell. This
image highlights the size difference between microbial
cells and the cells of animals (and plants).



FIGURE 1.3 Transmission
electron microscope (TEM)
image of a lung fibroblast
infected with many bacterial
cells (shown as small dark
circular and ovoid shapes).

The bacteria are Legionella
pneumophila, the cause of
several infections in people,
including Legionnaires’ disease.

Key skills for
Units 3 and 4
Summary

screen and
practice questions

m@ ““ Cells: all sorts of shapes

Do more There is no fixed shape for cells. Cells vary in shape and their shapes often

Catalase and reflect their functions. Figure 1.4 shows some examples of cell shapes.
m temperature Scan this figure and note that some cells are thin and flattened, others are
column-shaped, yet others are spherical.

(a) Star-shaped (e.g. motor (b) Spherical (e.g. egg (c) Columnar (e.g. gut (d) Flat (e.g. skin cells)
neuron cells) cells) cells)

(e) Elongated (e.g. human (f) Disc-shaped (e.g. human red blood (g) Cuboidal (e.g. human kidney cells)
smooth muscle cells) cells)

FIGURE 1.4 Examples of variations in cell shape: (a) star-shaped (b) spherical (c) columnar (d) flat (e) elongated
(f) disc-shaped (g) cuboidal

CHAPTER 1 Cells: areview 3



ODD FACT

Motor neurons in animals,
such as the giant squid
(Architeuthis sp.), may be as
long as 12 metres.

Cells of living
R o
Summary
screen and
m practice questions

are made of cells

" See more
Living organisms

4
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Look at figure 1.4a. Note the long axon, which is a distinctive feature of
motor neuron cells. These cells transmit nerve impulses from a person’s spinal
cord to voluntary muscles throughout the body. In this case, the shape of the
nerve cell is fitted to its conductive function. Can you estimate the approxi-
mate length of a motor neuron that has its cell body in the lower spinal cord
with its axon reaching to your big toe?

Look at figure 1.4e. Note the spindle-shaped smooth muscle cells. Smooth
muscle cells contain special proteins that criss-cross the cell, and when these
proteins contract the smooth muscle fibres shorten. The spindle shape of these
cells is suited to their contractile function. Bundles of smooth muscle cells are
found in the gut wall, in the walls of blood vessels, in ducts of secretory glands
and in the wall of the uterus. These bundles of smooth muscle cells can gen-
erate sustained involuntary contractions in these organs.

Microbial cells also vary in shape (see figure 1.5). Note that some bacteria
are rod-shaped, such as the gut-dwelling bacterium Escherichia coli; some
are corkscrew-shaped, such as Borrelia burgdorferi, the causative agent of
Lyme disease; while others are more or less spherical, such as Streptococcus
pneumonia, the cause of many infections, including pneumonia.

2.5pm

FIGURE 1.5 Bacterial cells come in many shapes. Some are (a) rod-shaped bacilli
(singular: bacillus) (b) spiral-shaped and (c) spherical cocci (singular: coccus).



Not all cells have a fixed shape. For example, some cells are able to move
actively, and these self-propelled cells do not have fixed shapes because their outer
boundary is their flexible plasma membrane. So, as these cells move, their shapes
change. Examples of cells capable of active self-propelled movement include:

o cancer cells that migrate into capillaries and move around the body when
a malignant tumour undergoes metastasis (see figure 1.6a). The thread-like
protrusions (known as filopodia) that fold out from the plasma membrane
of cancer cells make a cancer cell self-mobile and able to migrate from a
primary tumour and invade other tissues.

o white blood cells that can squeeze from capillaries into the surrounding tissues
where they travel to attack infectious microbes (refer to figure 1.12, p. 13)

« amoebas as they move across surfaces (see figure 1.6b).

Some other cells that have a fixed shape because of the presence of a rigid
cell wall outside their plasma membranes can self-propel. However, this ability
depends on the presence of cilia or flagella to power their movement. For
example, the green alga, Chlamydomonas sp., moves due to the beating of its
two flagella (see figure 1.6¢).

FIGURE 1.6 (a) Cancer cells. Note the many thread-like
projections (filopodia) that enable these cancer cells to
be mobile or self-propelling. The ability to move is an
important factor in the spread of a malignant cancer.
(b) Outlines showing the changing shape of an amoeba
as it moves (c) Scanning EM image of Chlamydomonas
reinhardltii, a single-celled green alga. Note the presence
of two flagella that make this organism able to self-
propel. What is the reason for the fixed shape of this
organism? Like all algae, this organism has a rigid cell
wall that defines its shape.

™ S p st 911 WM e ex
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FIGURE 1.7 The surface area
(SA) and volume (V) of cubes
with increasing side lengths
(L). With each increase in the
length of a side, an increase
occurs in both the surface
area and the volume of the
cube. Do these two measures
increase at the same rate?

If not, which parameter —
surface area or volume —
increases more rapidly?
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Cells: why so small?

Why are cells microscopically small? Would it be more efficient to have a larger
macroscopic unit to carry out cellular processes rather than many smaller
units occupying the same space? To answer these questions we need to look at
the concept of surface-area-to-volume ratio.

Surface-area-to-volume ratio

Every living cell must maintain its internal environment within a narrow range
of conditions, such as pH and the concentrations of ions and chemical com-
pounds. At the same time, a cell must carry out a variety of functions that are
essential for life. These functions include trapping a source of energy, obtaining
the chemical building blocks needed for cellular repair, growth and reproduc-
tion, taking up water and nutrients, and removing wastes.

o These essential functions require a constant exchange of material between
the cell and its external environment.

« The site of exchange where materials are moved into or out of a cell is the
plasma membrane, also termed the cell membrane. The plasma membrane
must enable enough exchange between the external and internal environ-
ments to support these life functions.

o The exchange of materials must occur at rates sufficient to ensure that sub-
stances are delivered fast enough into cells to meet their nutrient needs
and that wastes are removed fast enough from the cells to avoid their
accumulation.

A critical issue in keeping a cell alive is the surface area of plasma mem-
brane available to supply material to or remove wastes from the metabolically
active cytoplasm of the cell. This can be quantified by a measure termed the
surface-area-to-volume ratio, abbreviated SA:V ratio. This ratio provides a
key clue to the answer to the question: why are cells so small?

Let us look at the SA:V ratio for some identical shapes of different sizes.

Consider some cubes.

The surface area of a cube is given by the equation:

SA = 6L2
where L = the length of one side of the cube
The volume of a cube is given by the equation:

v=1L3

Examine figure 1.7. Note that as the cubes increase in size, their volumes
enlarge faster than their surface areas expand. When the side length doubles
from 1 to 2, the volume increases by 8, but the surface area only increases by 4.
This is reflected in a decrease in the SA:V ratio as the cube grows bigger.

4
3
2
1
Length of side 1 2 3 4
Surface area 6 24 54 96
Volume 1 8 27 64
SA:V 6:1 3:1 2:1 3:2




ODD FACT

Surface-area-to-volume ratio
considerations apply not
only to individual cells but
also to entire organisms; for
example, the sea anemone
has many thin tentacles, each
armed with stinging cells —
these provide a greatly
increased surface area for
gaining nutrients for the
whole animal (as compared
with a single flat sheet of
cells).

FIGURE 1.8 TEM image
showing a section through
part of two cells from the
lining of the small intestine.
Note the multiple folds of the
plasma membranes on these
cells (the multiple folds face
into the intestinal space, or
lumen). These folds, known
as microvilli, produce a great
increase in the surface area
for absorption of digested
nutrients. Does the folding
also produce a great increase
in cell volume?

This generalisation applies to other shapes; that is, the SA:V ratio of a smaller
object is higher than that of a larger object with the same shape. The higher the
SA:V ratio, the greater efficiency of two-way exchange of materials across the
plasma membrane; that is, efficient uptake and output of dissolved material is
favoured by a high SA:V ratio.

The same principle applies to cells. As cells increase in size through an
increase in cytoplasm, both their surface areas and volumes increase, but not
at the same rate. The internal volumes of cells expand at a greater rate than the
areas of their plasma membrane. This means that the growth of an individual
cell isaccompanied by a relative decrease in the area of its plasma membrane.

The metabolic needs of a cell increase in proportion to the volume of meta-
bolically active cytoplasm. But, the inputs/outputs of materials to meet these
needs increase only in proportion to the cell surface area. So, as a cell increases in
cytoplasmic volume, its metabolic needs increase faster than the cell’s ability to
transport the materials into and out of the cell to meet those needs. The continued
decrease in SA:Vratio as metabolically active cells increase in size places an upper
limit on cell size. This is the one clue to why metabolically active cells are so small.

In general, the rate at which nutrients enter and wastes leave a cell is
inversely proportional to the cell size, as measured in metabolically active
cytoplasm; in other words, the larger the cell, the slower the rate of move-
ment of nutrients into, and wastes out of, a cell. Beyond a given cell size, the
two-way exchange of materials across the plasma membrane cannot occur
fast enough to sustain the volume of the cell contents. If that cell is to carry
out the functions necessary for living, it must divide into smaller cells or die.

Some cells show features that compensate for the decrease in SA:V ratio
with increasing size. This occurs, for example, in the cells that function in the
absorption of digested nutrients from your small intestine. These cells greatly
increase their surface area with only a minimal increase in cell volume. How
is this achieved? This is achieved by means of extensive folding of the plasma
membrane on the cell surface that faces into the gut lumen (see figure 1.8).
These folds are termed microvilli (singular: microvillus). Surfaces of other
cells with either a major absorptive or secretory function also show microvilli.
Another compensatory strategy seen in some cells involves their overall shape;
SA:V ratio is higher in a long thin cell than in a spherical cell.

CHAPTER 1 Cells: areview 7
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A single cell lining the small
intestine may have up to

10 000 microvilli on its apical
surface facing into the gut
lumen. How would this affect
the surface area available
for absorption of digested
nutrients, compared with a
cell with no microvilli?
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KEY IDEAS e

m Cells are the basic structural and functional units of life.
m Cells are typically too small to be seen by an unaided eye.

m The unit of measurement used for cell size is the micrometre (um),
one millionth of a metre.

m Microbial cells are much smaller than plant and animal cells.

m The metabolic needs of a cell are determined by its metabolically active
cytoplasmic volume.

m The ability of a cell to meet its metabolic needs is determined by the
surface area of the cell.

m As a cell increases in size, its internal volume expands at a greater rate
than the area of its plasma membrane.

m The surface-area-to-volume ratio (SA:V ratio) of a smaller object is higher
than that of a larger object with the same shape.

m The continued decrease in SA:V ratio as metabolically active cells increase
in size places an upper limit on cell size.

1 Identify whether each of the following statements is true or false:
Cells are typically too small to be seen with an unaided eye.
Bacterial cells are typically larger than animal cells.
Viral particles are smaller than microbial cells.
As a given shape increases in size, its surface-area-to-volume ratio
increases.
e Beyond a given cell size, the two-way exchange of materials across the
cell surface cannot occur at a rate sufficient to meet the needs of a cell.
2 Two spheres (A and B) have different diameters, with A being larger than B.
Which has the higher SA:V ratio?

a6 T e

Prokaryotes: no nuclear envelope!

The microscopically tiny creatures that we call ‘microbes’ are a diverse group of
organisms. In fact, the microbes comprise two different classification groups,
namely bacteria and archaea. The cells of all these microbes can be readily dis-
tinguished from the cells of the other major groups of living organisms: fungi,
plants and animals. The key distinguishing feature of archaea and bacteria
is that their cells lack a membrane-bound nucleus (see figure 1.9a). Cells
with this characteristic are described as prokaryotic cells and organisms dis-
playing this feature are called prokaryotes. Prokaryotes are generally assumed
to be the oldest existing form of life on planet Earth. The absence of a distinct
nucleus does not mean that prokaryotes, such as archaea and bacteria, lack
genetic material. Like all other kinds of organism, archaea and bacteria have
DNA in their cells, but the DNA in prokaryotic cells is dispersed, not enclosed
within a separate membrane-bound compartment.

In contrast, the cells of all other organisms — protists, fungi, plants and
animals — have a definite nucleus (see figure 1.9b). The nucleus is enclosed by
a double membrane, called the nuclear envelope. Organisms with this feature
are termed eukaryotes and their cells are described as being eukaryotic. The
nucleus of a eukaryotic cell contains DNA, the genetic material of cells. In
addition, eukaryotic cells contain many membrane-bound cell organelles that
are not present in prokaryotic cells (see table 1.1).



FIGURE 1.9 Images of cells (not to same magnification) (a) Image of a
prokaryotic cell, which is in the process of dividing. Note that the cell
does not have a discrete nucleus enclosed within a membrane. Instead,
the genetic material (stained orange) is dispersed. (b) A confocal
fluorescence microscope view of human breast cells, examples of
eukaryotic cells. The position of the nucleus that encloses the genetic
material is shown by the discrete blue area within each cell. The

cells have been treated with special stains to highlight two different
cytoskeleton proteins: vimentin (green), found in cells within cancerous
tissue, and keratin (red). (Image (b) courtesy of Judith Kinnear)

pro = before + karyon = kernel, Comparing prokaryotes with eukaryotes

nucleus Figure 1.10 shows the structure of a typical prokaryotic cell in comparison with
a eukaryotic cell. Note that a prokaryotic cell has a simple architecture in con-
trast to a eukaryotic cell, which has a more elaborate structure owing to the
presence of many membrane-enclosed compartments within the cell.

eu = well, good + karyon = kernel,
nucleus

FIGURE 1.10 Diagram
showing a basic comparison
of a prokaryotic cell (left)

and a eukaryotic cell (right).
The key distinction between
these cells is the presence,
only in eukaryotic cells, of
membrane-bound organelles,
in particular the nucleus that
contains the genetic material,
DNA. (Cells are not drawn

to scale.)

Table 1.1 outlines a comparison between the structures of prokaryotic and
eukaryotic cells. The critical difference is the absence of membrane-enclosed
organelles in prokaryotes, in contrast to eukaryotic cells in which the nucleus
and many other cell organelles are membrane-enclosed.

In general, prokaryotic cells are about 10 times smaller than eukaryotic cells.
However, size is not an absolute distinction; there are some rare exceptions:

o Large prokaryotic cells exist, such as the giant bacterium Thiomargarita
namibiensis (0.1 X 0.3 mm in diameter), which lives in the muddy sea floor
off the coast of Namibia.

o Relatively small eukaryotic cells exist, such as the single-celled green alga
Ostreococcus tauri, which is just 0.8 um in diameter.

CHAPTER 1 Cells: areview 9
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TABLE 1.1 Comparison of prokaryotic and eukaryotic cells.

Feature

size

chromosomes

ribosomes
plasma membrane
cell wall

membrane-bound nucleus
membrane-bound cell organelles

cytoskeleton

. Prokaryote Eukaryote

small: typically ~1-2 pm diameter larger: typically in range 10-100 pm
present as single present as multiple linear

circular DNA molecule DNA molecules

present: small size (70s) present: large size (80s)

present present

present and chemically complex present in plants, fungi, and some

protists, but chemically simple;
absent in animal cells

absent present

absent present; e.g. lysosomes,
mitochondria

absent present

NATURE OF BIOLOGY 2

In general, prokaryotes are unicellular and the great majority of eukaryotes
are multicellular. However, it cannot be assumed for certain that a unicel-
lular organism is a prokaryote (either a bacterium or an archaean), because a
number of eukaryotes are unicellular. Unicellular eukaryotes are protists, such
as Amoeba, Paramecium and Euglena, some algae such as Chlorella and the
diatoms, and fungi such as yeasts.

While there are some differences in aspects of the structure of eukaryotic
and prokaryotic cells, there are many similarities in their structures and func-
tioning. These common features reflect the inter-connectedness of life forms.

For example, both prokaryotic and eukaryotic cells:

e have DNA as their genetic material; however, in comparison with eukary-
otes, prokaryotes have only about 0.001 times the amount of DNA

o have plasma membranes that selectively control the entry and exit of dis-
solved materials into and out of the cell

« use the same chemical building blocks including carbon, nitrogen, oxygen,
hydrogen and phosphorus, to build the organic molecules that form their
structure and enable their function

« produce proteins through the same mechanism (transcription of DNA and
translation of mRNA on ribosomes)

o use ATP as their source of energy to drive the energy-requiring activities of
their cells.

One or more compartments?
What is strikingly different is that every prokaryotic cell is a single compart-
ment, with no further subdivisions of the cell. This is in contrast to eukaryotic
cells, which are organised internally into various compartments, each enclosed
by a membrane. Because of the multi-compartmental structure of eukaryotic
cells, their ultrastructure is more complex than that of prokaryotic cells.

Table 1.2 shows the relative volumes of the different compartments in a
eukaryotic cell, a liver cell.

TABLE 1.2 Relative volumes of the major compartments within a liver cell

Intracellular compartment . Percentage of total cell volume*

cytosol 54
mitochondria 22
rough endoplasmic reticulum
smooth endoplasmic reticulum
nucleus

lysosomes, peroxisomes, endosomes

w o o ©

*More than half of the cell volume is occupied by the cytosol.
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The multicompartment structure of a eukaryotic cell enables it to maintain
different conditions within each membrane-enclosed compartment that are
suitable for the particular function of that compartment. Think about a house
that is subdivided into rooms with different functions: you shower in the bath-
room, not in the kitchen; the stove is in the kitchen, not in the bedroom. A
eukaryotic cell can be likened to a house — its many compartments are like
different rooms where different tasks are carried out. (Later in this chapter, we
will explore some of the various compartments in eukaryotic cells.)

KEY IDEAS

m Prokaryotic cells lack a membrane-bound nucleus, and organisms lacking
a nuclear envelope are termed prokaryotes — bacteria and archaea.

m Prokaryotes differ from eukaryotes in the absence of membrane-bound
cell organelles of any kind.

m Eukaryotic cells are typically about ten times larger than prokaryotic cells.

m Eukaryotic cells have a membrane-bound nucleus in addition to other
membrane-bound organelles.

m Organisms built of cells that have a nucleus enclosed within a nuclear
envelope are termed eukaryotes — protists, fungi, plants and animals.

3 Identify whether each of the following statements is true or false:
a Prokaryotes are unicellular organisms, comprising bacteria and archaea.
b The presence of a membrane-bound nucleus in its cells provides
evidence that an organism is a eukaryote.
¢ All eukaryotes are multicellular organisms.
d The various compartments within eukaryotic cells would be expected to
have identical conditions.
4 List two similarities between prokaryotic and eukaryotic cells.
5 A unicellular organism was found in a sample of pond water. Is it reasonable
to conclude that this organism must be either a bacterium or an archaeon?
Briefly explain.

Plasma membrane: the gatekeeper

The cells of all living organisms have a boundary that separates their internal
environment from their surroundings. From single-celled organisms, such as
amoebae or bacteria, to multicellular organisms, such as mushrooms, palm
trees and human beings, each of their cells has an active boundary called the
plasma membrane, also known as the cell membrane.

The plasma membrane forms the outer boundary of the living compartment
of every cell. Within this compartment, conditions can be established that
differ from those in the external environment and that support the living state.
The plasma membrane can exclude some substances from entering the cell,
while permitting entry of other substances and elimination of yet other sub-
stances. Without such a boundary, life could not exist, and indeed could not
have evolved.

The plasma membrane boundary can be thought of as a busy gatekeeper
selectively controlling the entry and exit of materials into and out of cells.
As such, the plasma membrane is said to be semipermeable or selectively
permeable, meaning that it allows only some substances to cross it — in or out.

CHAPTER 1 Cells: a review 11
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In addition to phospholipids,
the plasma membrane of
animal cells also contains

cholesterol as part of its
structure.

Hydrophilic (water-loving)
molecules dissolve readily in water.

Lipophilic substances dissolve
readily in organic solvents such as
benzene.

Hydrophobic (water-fearing)
molecules are usually lipophilic
(lipid-loving).
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This gatekeeper function ensures that materials required by the cell are
supplied and that excesses and wastes are removed, both entry and exit occur-
ring at rates sufficient to maintain the internal environment of the cell within
narrow limits. This is quite a cellular balancing act! In addition to its role in
transportation of materials into and out of the cell, the plasma membrane
plays other important cellular roles (see p. 16).

The cells of fungi, plants and many bacteria and archaea have rigid cell
walls outside their plasma membranes. The cells of animals do not have a cell
wall. Cell walls do not control which materials enter or leave cells; instead,
cell walls provide strength and give a fixed shape to those cells that possess
them (see chapter 2). A cell wall is fully permeable so that gases and dissolved
solutes can pass freely across it. It is only when these substances reach the
plasma membrane that their passage may be blocked.

Structure of the plasma membrane

Small, but vitally important, the plasma membrane is just 8 nanometres (nm)
wide and so is only visible using a transmission electron microscope (TEM).
A TEM image of the plasma membrane has a ‘train track’ appearance with
two dark lines separated by a more lightly stained region. These images
were important clues in elucidating the structure of the plasma membrane
(see Biochallenge, p. 34).
The plasma membrane has two major components:
1. phospholipids. These are the main structural component of the plasma
membrane (see below).
2. proteins. Most proteins are embedded in the plasma membrane, while
others are attached at the membrane surface (see next page).
Let’s consider each of these components in turn.

Phospholipids

The plasma membrane consists of a double layer (bilayer) of phospholipids.
Each phospholipid molecule consists of two fatty acid chains joined to a
phosphate-containing group. The phosphate-containing group of a phospho-
lipid molecule constitutes its water-loving (hydrophilic) head. The fatty acid
chains constitute the water-fearing (hydrophobic) tail of each phospholipid
molecule.

Examine figure 1.11. Notice that the two layers of phospholipids are arranged
so that the hydrophilic heads are exposed at both the external environment of
the cell and at the cytosol (the internal environment of the cell). In contrast,
the two layers of hydrophobic tails face each other in the central region of the
plasma membrane. Water and lipids do not mix.

At human body temperature, the fatty acid chains in the inner portion of
the plasma membrane are not solid. Instead, they are viscous fluids — think
about thick oil or very soft butter — this makes the plasma membrane flexible,
soft and able to move freely. This property of the plasma membrane is very
important as it enables cells to change shape (provided they do not have a cell
wall outside the plasma membrane). For example, red blood cells are about
8 micrometres (um) in diameter. When circulating red blood cells reach a
capillary bed, they must deform themselves by bending and stretching in order
to squeeze through capillaries, some of which have diameters as narrow as
5 micrometres. Likewise, when white blood cells reach sites of infection, they
must squeeze out of small gaps between the single layer of cells that forms
the capillary walls (see figure 1.12). Shape changes by animal cells are only
possible because of the flexible nature of the lipids in the plasma membrane.
Flexibility and shape changes are not possible for cells with cell walls.
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Phosphate group

FIGURE 1.11 (a) Chemical
structure of a phospholipid
(left) and a stylised
representation (right) showing
the hydrophilic head and the
two fatty acid chains that
make up its hydrophobic tail
(b) Diagram showing part of
the bilayer of phospholipid
molecules in the plasma
membrane. Notice that the
tails face each other and are
enclosed in the central region
of the membrane, while the
heads face outwards to the
cell’s external environment

Nonpolar tails

(b) Part of the bilayer of phospholipid
molecules in the plasma membrane

External
environment

Hydrophilic
head

il \
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Hydrophobic
tail
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and inwards to its cytoplasm. (a) Chemical structure
e of a phospholipid Cytosol

FIGURE 1.12 Diagram
showing a white blood cell
squeezing between the cells
of the one-cell-thick wall
(endothelium) of a capillary to
engulf bacteria. What feature
of the plasma membrane
enables the white blood cell to
do this?

Proteins

Proteins form the second essential part of the structure of the plasma mem-
brane. Many different kinds of protein comprise part of the plasma membrane.
They can be broadly grouped into:

« integral proteins

 peripheral proteins.

Integral proteins, as their name implies, are fundamental components of
the plasma membrane. These proteins are embedded in the phospholipid
bilayer. Typically, they span the width of the plasma membrane with part of
the protein being exposed on both sides of the membrane (see figure 1.13).
Proteins like this are described as being trans-membrane. In some cases
carbohydrate groups, such as sugars, are attached to the exposed part of these

CHAPTER 1 Cells: areview 13
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The prefix ‘glyco’ means sugar.
sugars attached to a protein =
glycoprotein

sugars attached to a lipid =
glycolipid
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proteins on the outer side of the membrane, creating a combination called a
glycoprotein. Integral proteins can be separated from the plasma membrane
only by harsh treatments that disrupt the phospholipid bilayer, such as treat-
ment with strong detergents.

N
Carbohydrate Outside of cell
Phospholipid
bilayer
C
C
N Cytosol

FIGURE 1.13 Diagram showing two integral proteins embedded in and spanning
the plasma membrane. Part of each protein is exposed on each side of the
membrane. Note that carbohydrate groups are attached to the exposed part of
one protein on the outer side of the membrane. What name could be given to
this kind of protein?

Peripheral proteins are either anchored to the exterior of the plasma mem-
brane through bonding with lipids or are indirectly associated with the plasma
membrane through interactions with integral proteins in the membrane.
Peripheral proteins can be more easily separated from the plasma membrane
than integral proteins.

The various roles of the proteins in the plasma membrane are outlined on
pages 16-17 of this chapter.

Fluid mosaic model of plasma membrane

Both phospholipids and proteins are key components of the structure of the
plasma membrane. But how are they organised?

An early view was that the proteins present in the plasma membrane were
concealed within the phospholipid bilayer. However, in 1972, Singer and
Nicolson proposed the fluid mosaic model of membrane structure. This is
now generally accepted as the structure for the plasma membrane. The fluid
mosaic model also applies to the membranes that form the outer boundary
of cell organelles, such as the membranes that surround the cell nucleus and
other cell organelles.

The fluid mosaic model proposes that the plasma membrane and other
intracellular membranes should be considered as two-dimensional fluids in
which proteins are embedded.

The term ‘fluid’ comes from the fact that the fatty chains of the phospho-
lipids are like a thick oily fluid, and the term ‘mosaic’ comes from the fact that
the external surface (when viewed from above) has the appearance of a mosaic
because of the various embedded proteins set in a uniform background.
Figure 1.14 shows a diagrammatic representation of the fluid mosaic model.

A good working definition of the plasma membrane is that it is the active
boundary around all living cells that consists of a phospholipid bilayer and
associated proteins and which separates the cell contents from their external
environment.
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FIGURE 1.14 Diagram showing the fluid mosaic model of membrane structure. Note the bilayer of phospholipids. What
are the two components of the phospholipids? Note the integral proteins, some of which extend through the bilayer and
are exposed at both the outer and the inner surface of the membrane. Do any of these proteins have carbohydrate chains
attached to their exposed regions? Note the peripheral proteins that are more loosely associated with the membrane.

KEY IDEAS

m A major role of the plasma membrane of a cell is to act as a gatekeeper
that controls the entry and exit of materials into and out of the cell.

m The major structural component of plasma membrane is a bilayer of
phospholipid molecules, each with a hydrophilic head and hydrophobic tail.

m The fatty acid chains within the plasma membrane confer flexibility on the
plasma membrane.

m Proteins comprise the other essential component of the plasma
membrane; these are both integral proteins and peripheral proteins.

m The fluid mosaic model of membrane structure is currently accepted as
the best description of the structure of the plasma membrane (and other
cellular membranes).

6 What are the two major components of a plasma membrane?
7 ldentify whether each of the following statements is true or false:
a The plasma membrane is present as a boundary in all living cells.
b The plasma membrane consists of layers of proteins in which
phospholipids are embedded.
¢ A key role of the plasma membrane is the control of transport of
materials into or out of cells.
d Trans-membrane proteins span the width of the plasma membrane.
8 What is a glycoprotein?
9 What part of a plasma membrane is responsible for its flexibility?
10 Briefly outline the fluid mosaic model of the plasma membrane.

CHAPTER 1 Cells: areview 15
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The human blood group

A and B antigens are
present on red blood

cells as glycolipids and as
glycoproteins — they differ
by one sugar group.

Cell signalling is treated in detail in
chapter 5.
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Functions of the plasma membrane

The plasma membrane carries out several important functions for a cell. The
plasma membrane:

1. is an active and selective boundary

2. denotes cell identity

3. receives external signals

4. transports materials.

The active boundary

The plasma membrane forms the active boundary of a cell, separating the cell
from its external environment and from other cells; it allows the passage of
some substances only. The plasma membrane forms the boundary of a com-
partment in which the internal environment of a living cell can be held within
a narrow range of conditions that are different from those of the external
environment.

Within the cell, similar membranes form the active boundaries of cell organ-
elles, including the nucleus, the endoplasmic reticulum, the Golgi apparatus
and lysosomes. In other cell organelles, such as mitochondria and chloro-
plasts, membranes form both the external boundary and part of the internal
structure. Because of the presence of their membrane boundaries, mem-
brane-bound cell organelles can maintain internal environments that differ
from those in the surrounding cytosol and can perform different functions.
This is a critical role of cell membranes.

Cell identity

Glycoproteins on the outer plasma membrane function as cell surface
markers, also known as antigens or cell identity tags. Each cell type has a dif-
ferent combination of surface markers. In mammals, these markers enable
the immune system to identify these cells as ‘self’ and distinguish them
from foreign cells. Glycolipids on the plasma membrane play a role in tissue
recognition.

Receiving external signals

Cells receive signals from their external environment. In the case of a multicel-
lular organism, the signal may originate from another cell within that organism.
In the case of unicellular organisms, the signal may come from other organisms
in its neighbourhood or from its external environment. These external signals
are often chemical compounds, for example, hormones.

Trans-membrane proteins on the outer surface of the plasma membrane
are the receptors for these signals, and each cell has many different kinds
of receptor protein. The signal binds to the receptor protein and this binding
alters the shape of the receptor protein and starts a specific response in the
cell. For example, Saccharomyces cereviseae is a single-celled yeast used in
winemaking, brewing and bread making. During one stage of the yeast life
cycle, haploid yeast cells exist in one of two different mating types, desig-
nated ‘a’ and ‘@’ (alpha). When one type is ready to mate, it releases a small
chemical, called a mating factor, into its environment. The mating factor is a
signal to nearby yeast cells of the other mating type that it is ready to mate
(see figure 1.15). The signal from an a-type yeast cell can be received by recep-
tors on the surface of the plasma membrane of yeast cells of the other mating
type. The signal binds to a specific receptor and causes a change in the behav-
iour in the receiver yeast cell — it changes its shape and moves towards the
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source of the signal. The originator of the signal also changes shape in res-
ponse. The end result is the fusion of the two haploid yeast cells to form one
diploid yeast cell.

I’m signalling that
I’m ready to mate.

FIGURE 1.15 Two mating types (a and a) of haploid cells occur during the life
cycle of yeast. Chemical signals released by a yeast cell of one mating type can
travel to surface protein receptors on neighbouring cells of yeasts of the other
mating type. This signal is an invitation to mate. Reception of the signal causes a
change in the behaviour of the receiver cell.

Signal
received.

Transport

All cells must take in or expel a range of substances and the plasma mem-
brane forms a selectively permeable barrier between a cell and its external
environment. An impermeable barrier allows no substances to cross it; a fully
permeable barrier allows all substances to cross it, while a selectively per-
meable barrier allows some substances to cross it but precludes the passage
of others.

Some substances can cross the hydrophobic phospholipid bilayer of the
plasma membrane. Other substances can cross the plasma membrane, but
only with the assistance of special trans-membrane proteins, collectively
called transporters, that are embedded in the plasma membrane. In the
next section, the various modes by which molecules can be transported into
and out of cells will be explored, including those that involve transporter
proteins.

KEY IDEAS

m The plasma membrane performs a range of cellular functions.

m Functions involving the plasma membrane include creating a compartment
that separates the cell from its external environment, receiving external
signals as part of communication between cells, providing cell surface
markers that identify the cell and transporting materials across the plasma
membrane.

m Transport proteins in the plasma membrane enable movement of
substances that cannot cross the lipid bilayer of the membrane.

CHAPTER 1 Cells: a review
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11 |Is the plasma membrane impermeable, selectively permeable or fully
permeable?

12 Identify two functions of the plasma membrane.

13 What kind of proteins act as cell identity tags?

14 What advantage might result from creating several membrane-enclosed
compartments within a cell?

15 What is the role of receptor proteins in the plasma membrane?

16 Give an example of a problem that arises from the malfunction of a protein
transporter in the plasma membrane.

Crossing the plasma membrane

Generally, substances entering or exiting a cell are in aqueous solution. Several
factors determine whether or not dissolved substances can diffuse down their
concentration gradients across the phospholipid bilayer of the plasma mem-
brane (see table 1.3).

TABLE 1.3 Factors affecting the ease with which substances can cross the
plasma membrane by simple diffusion

molecular size Smaller molecules cross more easily than larger
molecules; however, very large molecules
(macromolecules), such as proteins and nucleic
acids, cannot cross the plasma membrane.

presence of net charge (+ or —)  Gases, such as CO, and O,, and small uncharged
molecules, such as urea and ethanol, can cross
the plasma membrane. In contrast, mineral ions
such as Na*, K*, CI~ cannot cross because they
are repelled by the hydrophobic lipid component
of the plasma membrane.

solubility in lipid solvents Lipophilic molecules can cross easily, but
hydrophilic molecules, such as glucose,
cannot cross because they are repelled by the
hydrophobic lipid component of the plasma

membrane.
direction of concentration Movement down a gradient (from a region of
gradient higher to a region of lower concentration of a

substance) does not require an input of energy
and can occur by diffusion. Movement against a
gradient cannot occur by diffusion.

From this table, it may be seen that the smaller the molecule and the more
lipophilic (lipid-loving) it is, the more easily it can diffuse across the plasma
membrane down its concentration gradient. This is summarised in figure 1.16.

It is apparent that many substances are prevented from crossing the plasma
membrane because they are repelled by the hydrophobic lipid component of
the plasma membrane and/or because their concentration gradients are in the
wrong direction. However, at any time, many substances are entering or leaving
cells. These include substances that cannot cross the hydrophobic lipid bilayer
of the plasma membrane, such as glucose, sodium ions and calcium ions. Yet
movement of these substances across the plasma membrane is essential for
life. So, it may be concluded that simple diffusion down a concentration
gradient across the phospholipid bilayer cannot be the only means by which



FIGURE 1.16 Diagram
showing the semipermeable
nature of a phospholipid
bilayer membrane. The
membrane is fully permeable
to some substances, partially
permeable to others and
impermeable to yet other
substances. Note that

the term ‘polar’ refers to
molecules with an unequal
distribution of electrons such
that one side of a molecule
has more electrons (and so is
more negative) than the other
side that has fewer electrons
(and so is more positive). This
is different from ions that have
lost or gained an electron and
so have a net electric charge.
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substances cross the plasma membrane. Instead, additional means of entry
to and exit from cells must exist. These additional means of transport for dis-
solved substances, such as facilitated diffusion and active transport, involve
the proteins of the plasma membrane (see the following section).
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Various ways of crossing the boundary

Movement of substances across the plasma membrane into or out of cells can

occur by several mechanisms:

1. Simple diffusion is the means of transport of small lipophilic substances.
Water can also move across the plasma membrane by diffusion; this is a
special case of diffusion known as osmosis.

2. Facilitated diffusion involves protein transporters and is the means of trans-
port of dissolved hydrophilic substances down their concentration gradients.

3. Active transport involves protein transporters known as pumps and is the
means of transport of dissolved hydrophilic substances against their con-
centration gradients.

4. Endocytosis/exocytosis are the means of bulk transport of macromol-
ecules and liquids.

Simple diffusion

Simple diffusion is the movement of substances across the phospholipid
bilayer from a region of higher concentration to one of lower concentration of
that substance; that is, down its concentration gradient (see figure 1.17a).

CHAPTER 1 Cells: a review
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Movement down a concentration gradient by simple diffusion does
not require any input of energy. It is the gradient that drives the diffusion
(like letting a ball roll down a slope). The end point of simple diffusion is
reached when equal concentrations of the substance are reached on both
sides of the plasma membrane.

Substances that move easily across the plasma membrane by simple dif-
fusion are small lipophilic molecules that can dissolve in the lipid bilayer.
Among these substances are steroid hormones, alcohol and lipophilic drugs.

Figure 1.17b shows the stages in simple diffusion of a dissolved substance
(X) across a plasma membrane. Its molecules are in constant random motion,
some colliding with the membrane. If the concentration of substance X
outside the cell is greater than that inside the cell, more movement of X into
the cell will occur compared with movement in the opposite direction. This
will produce a net movement of substance X into the cell. Net movement stops
when collisions on both sides of the membrane equalise. This occurs when the
concentrations of X on both sides of the membrane are equal.

» O Diffusion
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FIGURE 1.17 (a) Simple diffusion involves the movement of substances through
the phospholipid bilayer of the plasma membrane. The direction of movement

is down the concentration gradient of the diffusing substance (from high to

low concentration). Does this process require an input of energy? (b) Stages

of simple diffusion: (i) At the start, substance X starts to move into the cell
because of random movement that results in some collisions with the membrane.
(i) Midway, molecules of substance X are moving both into and out of the cell,
but the net movement is from outside to inside. (jii) When the concentration of X
is equal on each side of the membrane, the number of collisions on either side
of the membrane is equal and the net movement of molecules of substance

X stops. Does this mean that collisions of molecules of substance X with the
membrane stop?

Osmosis: a special case of diffusion

Osmosis is a special case of diffusion that relates to the movement of solvents
and, in biological systems, that solvent is water.

Osmosis can be defined as the net movement of water across a semipermeable
membrane from a solution of lesser solute concentration to one of greater solute
concentration. A condition for osmosis is that the membrane must be permeable
to water but not to the solute molecules. Solutions that have a high concentration
of dissolved solute have a lower concentration of water, and vice versa. The net
movement of water molecules in osmosis from a solution of high water con-
centration to one of lower concentration is known as osmotic flow.



solute = substance that is dissolved

solvent = liquid in which a solute
dissolves

solution = liquid mixture of the
solute in the solvent

When an external solution is compared with the dissolved contents of a cell,
the external solution may be found to be either:
o hypotonic — having a lower solute concentration than the cell contents
« isotonic — having an equal solute concentration to that of the cells
» hypertonic — having a higher solute concentration than the cell contents.
Osmosis can be seen in action when cells are immersed in watery solutions
containing different concentrations of a solute that cannot cross the plasma
membrane. Remember that as the concentration of solute molecules increases,
the concentration of the water molecules decreases.

(a) (b)

H,O ° H,0

. ° Hgo

Isotonic Hypotonic Hypertonic

© o HO

FIGURE 1.18 Osmosis in action: behaviour of animal cells (above) and plant cells
(below) in solutions of different concentrations of a dissolved substance (solute
molecules). Solute molecules are denoted by red dots. Note the presence of a
cell wall outside the plasma membrane in the plant cells. The solute molecules
are too large to cross the plasma membrane, but water molecules will move
down their concentration gradient in a process called osmotic flow. Does the
movement of water by osmosis require an input of energy?

Look at figure 1.18a. The water molecules of the external isotonic solution
are at the same concentrations as those in the cell contents. Since there is no
concentration gradient, no net uptake of water molecules occurs in either cell;
in a given period, the same number of water molecules will diffuse into the cell
as will diffuse out.

Now look at figure 1.18b. The water molecules of the external hypotonic solu-
tion are more concentrated than those of the cell contents. Water molecules
will diffuse down their concentration gradient from the hypotonic solution
into the cell, resulting in a net uptake of water by the cell. As the red blood cell
takes up the water molecules, it continues to swell until its plasma membrane
bursts, dispersing the cell contents. The plant cell also takes up water, swells
until it becomes rigidly swollen (turgid), but the cell does not burst because
of the thick cell wall that lies outside the plasma membrane. The cell wall acts
as a pressure vessel preventing the plasma membrane from swelling to a point
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In the case of ions, which carry
either + or — charge(s), it is more
correct to say that, rather than
moving down their concentration
gradients, they move down their
electrochemical gradients.
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of bursting. Net entry of water molecules into the plant cell finally stops as a
result of the increasing outward pressure of the cell contents that opposes the
net inward flow of water.

Finally look at figure 1.18c. The water molecules of the external hypertonic
solution are at a lower concentration than those in the cell contents. Water
molecules will diffuse down their concentration gradient from the cells into
the external solution, resulting in a net loss of water from the cells. The red
blood cell shrinks, becoming crenated. The plant cell within its plasma mem-
brane shrinks away from its cell wall.

The dehydrated person

A person suffering from a prolonged bout of diarrhoea is severely dehydrated
and may need to be admitted to hospital. Normally, the cells lining the small
and large intestine absorb the large volume of fluid and dissolved salts that
enter the gut daily (see Odd fact). Several bacterial infections, including
Staphylococcus sp., can inhibit this absorption. As a result, most of the fluid
and the dissolved salts pass into the large intestine and are expelled from the
body in large volumes of watery diarrhoea, resulting in dehydration and salt
loss. Worsening dehydration is serious because it produces a decrease in blood
volume that, if untreated, may lead to cardiovascular failure.

Initial treatment of severe dehydration is replacement of the lost fluid and
salts. The rehydration therapy involves an isotonic solution of saline (salt) solu-
tion plus glucose. This solution can be administered either orally (by mouth)
or by direct infusion into the bloodstream (by intravenous infusion, or IV).

Why does this treatment act as a rehydration therapy? Glucose stimulates the
absorption of sodium by the gut cells. The uptake of sodium and glucose from
the gut into the extracellular fluid creates a hypertonic internal environment
that causes water to move by osmosis from the gut across the cells lining the gut,
and so returns water to the extracellular fluid and from there to the body cells.

Facilitated diffusion

Facilitated diffusion is an example of protein-mediated transport. Facilitated
diffusion is so named because the diffusion across the membrane is enabled or
facilitated by special protein transporters in the plasma membrane.

Like simple diffusion, facilitated diffusion does not require an input of
energy. Like simple diffusion, facilitated diffusion moves substances down
their concentration gradients. However, facilitated diffusion of dissolved sub-
stances requires the action of protein transporters that are embedded in the
cell membrane.

Facilitated diffusion enables molecules that cannot diffuse across the
phospholipid bilayer to move across the plasma membrane through the
agency of transporter proteins. These transporters are either channel proteins
or carrier proteins. Are transporters required in simple diffusion? (Refer to
figure 1.19.)

Channel proteins

One group of transport proteins involved in facilitated diffusion are the
channel proteins. Each channel protein is trans-membrane and has a central
water-filled pore through which dissolved substances can pass down their con-
centration gradient. Different channel proteins are specific for the diffusion of
charged particles or polar molecules.

Each channel protein consists of a narrow water-filled pore in the plasma
membrane (see figure 1.19b). By providing water-filled pores, channel proteins
create a hydrophilic passage across the plasma membrane that bypasses the
phospholipid bilayer and facilitates the diffusion of charged particles, such as
sodium and potassium ions, and small polar molecules.



ODD FAC Carrier proteins

- [e———— Another group of membrane proteins involved in facilitated diffusion are
anne! proteins known carrier proteins. Carrier proteins are specific, with each kind of carrier
as aquaporins are trans- . . . .
. enabling the diffusion of one kind of molecule across the plasma membrane.
membrane proteins that are A . .o . .
specific for the facilitated After bu-ldlng to its §pec1f1c cargo molecule, the carrier protein undergoes a
diffusion of water molecules. change in shape as it delivers its cargo to the other side of the plasma mem-
brane (see figure 1.19c).

(a) (b) » (c) >,
d » ]
d 'y Jd
232 PR M 2, ))
d d >
d
FIGURE 1.19 (a) Simple
diffusion. In contrast,
facilitated diffusion requires \/
either (b) channel proteins or .
(c) carrier proteins to enable v
o )
certain dissolved substances ? 4
to diffuse down their ? > D)
concentration gradients. Note
the change in shape of the
carrier protein as it operates.
P P Simple diffusion Channel protein with pore Carrier protein

Carrier proteins are important in the facilitated diffusion of hydrophilic

eBook uncharged substances, such as glucose and amino acids. In the absence of
Weblink carrier proteins, these hydrophilic molecules cannot cross the plasma mem-
Diffusion brane directly.

Rates of diffusion
In the previous sections, two types of diffusion of dissolved substances across
plasma membranes have been explored: simple diffusion and facilitated dif-
fusion. Do these two types of diffusion differ in the rate at which substances
can move down their concentration gradients in either

, direction across a plasma membrane?
- Simple In simple diffusion, the rate at which substances
2 move across the plasma membrane by simple diffusion
e is determined by their concentration gradient, that is,
T Facilitated the difference in the concentration of the substance
5 inside and outside the cell. The higher its concen-
% tration gradient, the faster a substance will move
o by simple diffusion down this gradient and across
a plasma membrane. (Think of this as like rolling a
ball downhill — the steeper the incline, the faster the
. . ball rolls.)

Concentration gradient In facilitated diffusion, the rate of movement of a
substance is also influenced by the steepness of its
FIGURE 1.20 Graph showing rates of simple and concentration gradient on either side of the plasma
facilitated diffusion with increasing concentration membrane. The steeper the concentration gradient, the

gradient of the diffusing substance. Note that the
rate of simple diffusion continues to increase as the

concentration gradient increases. In contrast, the rate of . . . .
facilitated diffusion is initially linear, but begins to taper Why the difference between simple diffusion and

off and finally reaches a plateau. The maximum rate is facilitated diffusion? Facilitated diffusion requires the
reached when all the transporters are fully occupied. involvement of transporters, either channel proteins or
carrier proteins, for the movement of substances. These

faster the rate of facilitated diffusion, but only up to a
point (see figure 1.20).
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Active transport

FIGURE 1.21 Diagram showing a simplified representation of
active transport. A pump is a trans-membrane protein that is
both a carrier and an ATPase enzyme. The enzyme component
of the pump catalyses the energy-releasing reaction that

powers active transport.

Compared with the
concentration of H* ions

in the contents of stomach
cells, the gastric juice in

the stomach has about a
concentration three million
times higher. This is achieved
by active transport of these
ions out of the stomach cells
against their concentration
gradient.
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channel and carrier proteins are present in limited numbers on the plasma
membrane. Because their numbers are limited, eventually a concentration of
the diffusing substance will be reached when all the transporters are saturated
(fully occupied). So, as the concentration gradient increases, the rate of facil-
itated diffusion of a substance will at first increase, then become slower, and
finally will reach a plateau. The plateau is the maximum rate of facilitated dif-
fusion. When this is reached, all the transporter molecules are fully occupied.

Active transport

Active transport is the process of moving substances across the plasma mem-
brane against the direction that they would travel by diffusion; that is, active
transport moves dissolved substances from a region of low concentration to
a region of high concentration of those substances. Active transport can
occur only with an input of energy, and the energy source is typically adeno-
sine triphosphate (ATP).

Special transport proteins embedded across
the plasma membrane carry out the process of
active transport. The proteins involved are called
pumps and each different pump transports
one (or sometimes two) specific substance(s).
Important pumps are proteins with both a trans-
port function and an enzyme function. The
enzyme part of the pump catalyses an energy-
releasing reaction:

ATP — ADP + P; + energy

The transport part of the pump uses this
energy to move small polar molecules and ions
across the plasma membrane against their con-
centration gradients. During this process, the
protein of the pump undergoes a shape change
(see figure 1.21).

Cells use pumps to move materials that they

need by active transport. Active transport is
essential for the key function of cells including
pH balance, regulation of cell volume and uptake of needed nutrients.
Examples of active transport include:
uptake of dissolved mineral ions from water in the soil by plant root hair
cells against their concentration gradient
production of acidic secretions (pH of nearly 1) by stomach cells that have
a low internal concentration of hydrogen ions (H+) but produce secretions
(gastric juice) with an extremely high concentration of hydrogen ions
uptake of glucose from the small intestine into the cells lining the intestine
against its concentration gradient, using the glucose-sodium pump
maintenance of the difference in the concentrations of sodium and pot-
assium ions that exist inside and outside cells (see table 1.4) by action of the
sodium-potassium pump, which actively transports these ions against their
concentration gradients (see below).
Some pumps actively transport a single dissolved substance against its con-
centration gradient. Other pumps transport two substances simultaneously,
for example, the sodium-potassium pump. The importance of the sodium-
potassium pump is highlighted by the fact that, in the human body overall,
about 25% of the body’s ATP is expended in keeping the sodium-potassium
pump operating. For brain cells, the figure is even higher, about 70%.

Why is this pump needed? Table 1.4 provides a clue to the answer.



TABLE 1.4 Approximate concentrations of sodium and potassium ions in the
cytosol of cells and in the surrounding extracellular fluid

lon Inside cell Outside cell

sodium (Nat) 10 mM 142 mM

potassium (K*) 150 mM 5 mM

W Table 1.4 shows the concentrations of sodium and potassium ions inside and
outside cells. Note that these concentrations differ greatly. In what direction
The Danish scientist Jens would sodium ions tend to flow passively? What about potassium ions? How
Skou was awarded the are these concentration differences maintained? The different concentrations
Eics)b deilssg'\f:r;’nocfilﬁ:'iztr:}' et are maintained by the sodium-potassium pump, which is present in all animal
s perling cnmms Nad, (< cells and constantly expends energy in active transport, pushing sodium ions
ARG, GiErres [ own as out of the cell and pulling potassium ions in. For each ATP molecule expended,
the sodium—potassium pump. the pump pushes three sodium ions out and drags two potassium ions in. This
process of active transport compensates for the constant passive diffusion of
sodium ions into cells and of potassium ions out of cells, both down their con-

centration gradients.

>studymvl The sodium-potassium pump plays a key role in excitable cells, such as

- == nerve cells and muscle cells. During the transmission of a nerve impulse,
‘»‘ sodium ion channels open and sodium ions rapidly flood into the nerve cell by

. facilitated diffusion. After the nerve impulse has passed, the sodium channels

: Do more close and the sodium-potassium pump then restores the concentrations of
Movement across sodium and potassium ions to their resting levels by actively pushing sodium
membranes ions across the membrane out of the cell and dragging potassium ions into
the cell (refer back to table 1.4). Restoring these concentrations involves active

transport against the concentration gradients of these ions.

When transport goes wrong...

The importance of transport proteins in moving substances becomes apparent
if they do not operate as expected, as may be seen in cystic fibrosis and in
cholera infections.

m Cystic fibrosis

. Symptoms seen in people affected by the inherited disorder cystic fibrosis
Before accurate genetic result from a defect in one transporter protein on the plasma membrane of

testing for cystic fibrosis . .. sy _
e smme ARk, an ea cells. This protelp isa chgnnel that nqrmally allow§ chlo?lde ions (Cl7) to move
test was the so-called ‘sweat out of cells. Cystic fibrosis affects various organs, including the lungs, the pan-
aetaihatmeasuradrsarieras creas and the skin. A faulty chloride ion channel protein, such as occurs in
in a baby’s sweat. cystic fibrosis, blocks the movement of chloride ions. This affects the various

organs as follows:
e Lungs. Normally, the inner surfaces of a person’s lungs are covered with
a thin layer of mucus. This mucus is important in a healthy lung because
it traps microbes and other particles, and it is constantly removed from
the lungs by the beating action of hair-like projections (cilia) that line the
airways. Cough or clear your throat and that mucus and those trapped
particles are gone. In the lungs, the chloride ion channel normally moves
chloride ions out of lung cells.
In cystic fibrosis, however, the defect in the transporter stops

i the movement of Cl~ ions out of the cells into the lung cavity
ii the consequential flow of sodium (Na') ions that move in response to
the electrochemical gradient created by the movement of the negative

chloride ions into the lung cavity
iii osmotic flow of water into the lungs that normally thins the mucus.
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FIGURE 1.22 Capsules and
tablets containing the missing
pancreatic enzymes (lipase,
protease, amylase) are taken
by people affected by cystic
fibrosis. Note the enzyme
granules in the capsules.
(Image courtesy of Marjory
Martin.)

FIGURE 1.23 Cholera
epidemics and pandemics
have taken many lives. During
the period 1899 to 1923, a
cholera pandemic that began
in India spread across the
globe and reached as far as
Russia and Eastern Europe.
This French publication from
1912 illustrates the public fear
and the widespread deaths
that this cholera pandemic
caused.
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These effects of the faulty chloride ion channel mean that the mucus in the
lungs is abnormally thick, sticky and difficult to move and, rather than being
easily cleared, the mucus remains in the lungs affecting breathing and acting
as a potential source of infection.

o Sweat glands in skin. In the skin, the chloride ion channel is normally
involved in reabsorbing salt (NaCl) from fluid within cells of the sweat
glands before it is released as sweat. When the chloride ion (CI7) transporter
is blocked, reabsorption does not occur and very salty sweat is produced.

o Pancreas. Pancreatic enzymes are normally involved in the digestion of
some foods. In cystic fibrosis, these enzymes are unable to enter the gut
because abnormally thick mucus blocks the narrow duct that connects the
pancreas to the small intestine. Without these enzymes, food cannot be fully
digested. However, replacement enzymes in the form of tablets, powders
or capsules can replace the enzymes normally released by the pancreas
(see figure 1.22).

Cholera

The pores of some channel proteins are permanently open, while the pores in
other channel proteins open only in response to a specific signal. The chloride
ion channel on the plasma membranes of cells lining the intestine is not always
open. Normally chloride ions are retained within the cells lining the intestine.
Only when this channel is opened can chloride ions move from the cells into
the cavity of the intestine.

Cholera results from a bacterial infection of Vibrio cholera. A toxin produced
by these bacteria causes the chloride ion channels in the cells lining the intestine
to be locked in the ‘open’ position. This results in a flood of chloride ions into
the intestinal space that is followed by a flow of sodium ions (down the resulting
electrochemical gradient that is created). In turn, the increased concentration

of salt in the gut creates
a hyperosmotic environ-
Le Petlt J 0m‘nal ment that draws water
ool N into the gut by osmosis.
sumum uumnl . .
The continuous secretion
of water into the intestine
causes the production
of large volumes of
watery diarrhoea. If left
untreated the water loss
caused by this diarrhoea
can be fatal within hours.
Cholera epidemics have
caused many deaths
(see figure 1.23). Cholera
can be spread by water
that is contaminated by
contact with untreated
sewage or by the faeces
of an infected person.
Cholera can be spread
by food that is washed
in or mixed with water
contaminated by cholera
bacteria, or by food that is
inappropriately handled
by a person infected with
cholera.
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FIGURE 1.24 Endocytosis — a summary

(a)

Food particle

Pseudopods

Lysosomes containing
digestive enzymes

the membrane of an amoeba
(b) Endocytosis occurs when ° :
part of the plasma membrane
forms around food particles to
form a phagocytic vesicle (or
phagosome). This vesicle then
moves into the cytosol where
it fuses with a lysosome, a
bag of digestive enzymes. The
same process is also part of
the body’s immune defence
against infectious microbes.

FIGURE 1.25 (a) Transport (b)
of a solid food particle across ° \ °
)
®

Bulk transport of solids
and liquids

To this point, we have been concerned with move-
ment of dissolved substances across the plasma
membrane. In addition, small solid particles and
liquids in bulk can be moved across the plasma mem-
brane into or out of cells. Figure 1.24 gives a summary
of how bulk material can enter cells.

Endocytosis: getting in

Solid particles can be taken into a cell. For example,
several cells of the immune system can engulf
disease-causing bacteria cells, enclosing them within
lysosomal sacs where they are destroyed. Unicellular
protists, such as Amoeba and Paramecium, obtain
their energy for living in the form of relatively large
‘food’ particles, which they engulf and enclose within
a sac where the food is digested (see figure 1.25a).

vacuole
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/
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Lipid
. . bilayer
o® oo
° o ©
.. * .... )
® e
Phagocytic
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FIGURE 1.26 Exocytosis
(bulk transport out of cells)
occurs when vesicles within
the cytosol fuse with the

plasma membrane and vesicle

contents are released from
the cell.
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Note how part of the plasma membrane encloses the material to be trans-
ported and then pinches off to form a membranous vesicle that moves into the
cytosol (figure 1.25b). This process of bulk transport of material into a cell is
called endocytosis. When the material being transported is a solid food par-
ticle, the type of endocytosis is called phagocytosis.

Although some cells are capable of phagocytosis, most cells are not. Most
eukaryotic cells rely on pinocytosis, a form of endocytosis that involves mat-
erial that is in solution being transported into cells. The process of endocytosis
is an energy-requiring process and requires an input of ATP.

Exocytosis: getting out

Bulk transport out of cells (such as the export of material from the Golgi
complex, discussed in chapter 2) is called exocytosis. In exocytosis, vesicles
formed within a cell fuse with the plasma membrane before the contents
of the vesicles are released from the cell (see figure 1.26). If the released mat-
erial is a product of the cell (e.g. the contents of a Golgi vesicle), then ‘secreted
from the cell’ is the phrase generally used. If the released material is a waste
product after digestion of some matter taken into the cell, ‘voided from the
cell’ is generally more appropriate. The process of exocytosis requires an input
of energy in the form of ATP.

Outside cell ’
[
> o
o ©
.« e i
oo e ®, Lipid
° bilayer

Cytosol

2. Vesicle fuses with
plasma membrane

1. Vesicle with material
from Golgi complex
to be exported

KEY IDEAS

m Simple diffusion moves dissolved substances across the plasma membrane
down their concentration gradient and requires no input of energy.

m Osmosis is a special case of diffusion, being the movement of water
across the plasma membrane down its concentration gradient.

m Facilitated diffusion moves dissolved substances across the plasma
membrane down their concentration gradients, but this movement occurs
through involvement of transport proteins, either channel or carrier
proteins, and requires no input of energy.

m Active transport moves dissolved substances across the plasma
membrane against the concentration gradient, a process that can occur
only via the action of protein pumps.

m Active transport requires an input of energy that commonly comes from
ATP, catalysed by the ATPase enzyme that is part of some protein pumps.

m Endocytosis is the bulk transport of material into cells; if solids are being
moved, the process is termed phagocytosis and, if liquids, the process is
termed pinocytosis.

m Exocytosis is the bulk movement of materials via secretory vesicles out of cells.

3. Vesicle expels contents
into the extracellular
fluid




Ribosomes

17 What is the process by which bulk materials are exported out of cells?

18 Consider passive diffusion and facilitated diffusion:
a lIdentify one difference between these processes.
b Identify one similarity that they share.

19 Identify one difference between diffusion and active transport.

20 Which transport process relies on the involvement of either a carrier or a
channel protein?

21 By which process do cells of the stomach lining manage to move hydrogen
ions out of the cells to produce a highly acidic gastric secretion?

22 What process is involved in the movement of water down its concentration
gradient and across a layer of cells from outside the body to inside?

The role of different organelles in
the export of protein from the cell
Ribosomes: protein factories

Cells make a range of proteins for many purposes: for example, manufacture of
haemoglobin, an oxygen-transporting protein by developing human red blood
cells in the bone marrow; manufacture of the contractile proteins actin and
myosin by the muscle cells; and manufacture of the hormone insulin and diges-
tive enzymes including lipases by different cells of the pancreas. Insulin is an
example of a protein that is exported from the cell in which it was manufactured.

Ribosomes are the site in the cell where proteins are made. It is on the ribo-
somes that amino acids are assembled and joined into polypeptide chains or
proteins. The diameter of a ribosome is only about 0.03 pm. Because of their
very small size, ribosomes can be seen only through an electron microscope
(see figure 1.27a). However, ribosomes are present in very large numbers in
a cell. Ribosomes in animal and plant cells are composed of about two-thirds
RNA and one-third protein.

Ribosomes

(b)

Transport channel

FIGURE 1.27 (a) TEM image of a section

of cell showing the rough endoplasmic
reticulum (er) with ribosomes (ri). Note also
the nucleus (n) inside its nuclear membrane
or envelope (ne). Ribosomes are only about
0.03 pm in diameter so they appear as tiny
dots in this image. Are ribosomes enclosed
in a membrane? (b) 3D representation of the
endoplasmic reticulum with ribosomes

CHAPTER 1 Cells: areview 29



Ribosomes can join amino
acids into a protein chain
at the rate of about 200 per
minute.

Endoplasmic
reticulum

An estimated 13 million
ribosomes are attached to
the rough ER in a typical
human liver cell.
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Within a cell, many ribosomes are attached to membranous channels known
as the endoplasmic reticulum (see next section). Other ribosomes are found free
in the cytosol. Proteins made by ‘free’ ribosomes are for local use within the cell.

Rough endoplasmic reticulum

The endoplasmic reticulum (ER) is an interconnected system of membrane-
enclosed flattened channels. Figure 1.28 shows part of the channels of the
endoplasmic reticulum in a eukaryotic cell. Refer also to figure 1.27a. Where
the ER has ribosomes attached to the outer surface of its channels, it is known
as rough endoplasmic reticulum. Proteins produced by ribosomes on the
endoplasmic reticulum are generally exported from the cell.

FIGURE 1.28 False coloured scanning electron micrograph of part of a eukaryotic
cell showing the channels of rough ER (pink). Note the many tiny bead-like
structures attached to the outside of the ER channels. What are these structures?
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The Golgi complex is named
after Camillo Golgi, who, in
1898, first identified this cell
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Rough ER

Through its network of channels, the rough ER is involved in transporting

some of the proteins to various sites within a cell. Proteins delivered from the

ribosomes into the channels of the rough ER are also processed before they are

transported. The processing of proteins within the rough ER includes:

« attaching sugar groups to some proteins to form glycoproteins

« folding proteins into their correct functional shape or conformation

o assembling complex proteins by linking together several polypeptide
chains, such as the four polypeptide chains that comprise the haemoglobin
protein.

Golgi complex: the exporter

Some cells produce proteins that are intended for use outside the cells where

they are formed. Examples include the following proteins that are produced by

one kind of cell and then exported (secreted) by those cells for use elsewhere

in the body:

o the digestive enzyme pepsin, produced by cells lining the stomach and
secreted into the stomach cavity

o the protein hormone insulin, produced by cells in the pancreas and secreted
into the bloodstream

o protein antibodies, produced in special lymphocytes and secreted at an area
of infection.

How do these substances get exported from cells? The cell organelle respon-
sible for the export of substances out of cells is the Golgi complex, also known
as the Golgi apparatus. The Golgi complex has a multi-layered structure com-
posed of stacks of membrane-lined channels (see figure 1.29).

FIGURE 1.29 (a) False coloured TEM image of the Golgi complex (orange). Note
the stacks of flattened membrane-lined channels with their wider ends that can
break free as separate vesicles. (b) 3D representation of the Golgi complex. Note
the vesicles breaking off from the ends of the Golgi complex membranes. What is
their role?

Proteins from the rough ER that are intended for export must be trans-
ferred to the Golgi complex. Figure 1.30 outlines the pathway followed.
Because there is no direct connection between the membranes of the ER and
the Golgi complex, the proteins are shuttled to the Golgi complex in mem-
brane-bound transition vesicles. The vesicles are taken into the Golgi complex
where the proteins are concentrated and packaged into secretory vesicles that
break free from the Golgi complex. The secretory vesicles move to the plasma
membrane of the cell where they merge with it, discharging their protein
contents.
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FIGURE 1.30 The secretory export pathway for proteins. Packages of protein
are transferred from the rough ER in transition vesicles to the Golgi complex
where they are taken in. From the Golgi complex, the secretory vesicles with
their protein cargo move to the plasma membrane of the cell, merge with it and
discharge their contents.

KEY IDEAS

m Ribosomes are cell organelles where proteins are manufactured.

m The endoplasmic reticulum (ER) is made of a series of membrane-bound
channels.

m Rough ER is so named because of the presence of ribosomes on the
external surface of its membranes.

m Rough ER is involved in processing of proteins and in their transport.

m The Golgi complex packages substances into vesicles for export from
a cell.

23 Identify whether each of the following is true or false:
a The RNA of the ribosomes is made in the nucleolus.
b The folding of a protein into its functional 3D shape takes place on the
ribosomes.
¢ Ribosomes are membrane-bound organelles that form part of the cell
cytoplasm.
d The channels of the Golgi complex are connected to those of the ER.
24 A scientist wishes to examine ribosomes in a liver cell.
a Where should the scientist look: in the nucleus or the cytoplasm?
b What kind of microscope is likely to be used by the scientist: a light
microscope or a transmission electron microscope? Explain.
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BIOLOGY IN THE WORKPLACE

Drew Berry — animator specialising in
biomedical science

I am a 3D animator based at the Walter and Eliza Hall
Institute of Medical Research in Melbourne. The goal
of my animation is to visually explain scientific dis-
coveries to the public on national news, science and
current affairs programs. I also create animations for
documentaries, museum exhibits and art gallery instal-
lations. A recent project involved creating visualisations
of the nasty bugs smallpox, ebola and anthrax for a
National Geographic documentary on bioterrorism.

IlovewhatIdo,yetwhenIfinished schoollintended
to follow a very different career path. I wanted to be a
marine biologist and study sharks. I was inspired by
the documentaries of Jacques Cousteau and David
Attenborough, and I loved the films by Australian
couple Ron and Valerie Taylor. The most memorable
for me was seeing Valerie Taylor put on a chain-mail
diving suit and shove her arm into the gaping mouth
of a hungry shark — that looked like fun!

At the University of Melbourne, I studied all the
subjects for marine science. One subject was Cell
Biology, a topic that didn’t interest me. However, the
professor who taught Cell Biology, Jeremy Pickett-
Heaps, gave the most amazing and entertaining
lectures. His specialty was filming living cells using
time-lapse techniques and his passion for cell
biology and extraordinary footage hooked everyone
in his classes. I decided to do a BSc Honours year in
Jeremy’s lab and went on to begin a PhD on filming
cells and conducting research into how cells create
their shapes (morphogenesis).

A couple of years into my PhD, I realised that I
loved science and found it fascinating but didn’t
want a career doing experiments at
a lab bench. I wrote up my thesis
and submitted it as a Masters
degree instead. At the same time, an
opportunity came up to work in an
advertising company writing copy
(text) for magazine ads. I wasn’t very
good at it and the company moved
me onto Photoshop work. This was
a time of high-pressure, relentless
work but I was also gaining many
new skills in design and visual
communication.

I joined the Walter and Eliza Hall
Institute as their ‘Photoshop guy,
preparing scientific images for pub-
lication. Because of my skills from
advertising, I was fast and efficient
with Photoshop and usually finished

my work by morning tea. I began playing around
with 3D software and started to create animations
for education videos. Around that time, major dis-
coveries were made at the institute about malaria
and I created some animations that explained
how the parasite infects red blood cells and causes
disease. The malaria animation proved pivotal in
my career as it has been popular with many TV pro-
grams and museum exhibitions. On the basis of its
success, I was able to transform my job into working
full time creating scientific animations.

For me it is the perfect job. I read journals and
other scientific literature, discuss ideas with scientists
and think about the concepts and discoveries at the
cutting edge of science. Once I have a clear under-
standing and mental picture of the science, I access
the raw data wherever possible and import it into my
animation system. The next phase involves an enor-
mous amount of problem solving, creative design
and visual storytelling, which offers unlimited scope
for exploring new ideas and techniques.

The animation software, Maya, is the same type
used for blockbuster feature films. The fact that it
allows a special-effects artist to create the amazing
creatures in Lord of the Rings and a scientist to build
realistic and accurate visualisations with the same set
of tools is a credit to the flexibility and power of Maya.

Creating 3D animation is not for everyone. You
must be confident with computers, able to trou-
bleshoot the frequent technical problems and have
the patience and perseverance to work through the
design challenges. If it does appeal to you, there is an
endless amount of science waiting to be explained to
the public!

FIGURE 1.31 Drew Berry at work on some new animations (Image
courtesy of the Walter and Eliza Hall Institute.)
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Exploring the plasma membrane

The plasma membrane has been described as being like
a ‘train track’. This was because the first images of the
plasma membrane showed it as two dark lines separated
by a lighter region. Figure 1.32 shows part of the

plasma membranes of two adjoining cells. The plasma
membranes have been sectioned so that their surfaces
are oriented horizontally at right angles into the plane of
this page.

FIGURE 1.32 Plasma membrane

How thick is the plasma membrane in nanometres? In
micrometres?

What kind of microscope was needed to produce the
image in figure 1.32?

What are the ‘rails’ of the train track composed of?
What is present in the space between the rails?

Key information about the nature of the plasma
membrane came from an experiment carried out in 1925
by two Dutch scientists. They took a known number of
red blood cells and, based on the average size of these

(a) (b)
Human cell Mouse cell
/o R Hybrid cell
. ® A .. ) .0
® e o )
A Human/r° .
e o ° protein
° Fusion
Hybrid cell f* ° o
v o ® .
[} ° [ °
e o ° ° °
/ ® o \
Human” 4°, °, Mouse
protein T protein
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cells, they estimated their combined surface area. Then
they extracted only the lipid from the plasma membrane
of these cells and allowed it to spread out on a water
surface where it formed a monolayer or single layer of
molecules. (Remember, lipids will not mix with water!)
To their surprise, the scientists found that the area of
the lipid monolayer on the water surface was twice the
combined surface area of the red blood cells that were
the source of the lipid.

Consider this finding and suggest what key information this
result provided about the structure of the plasma membrane.

In 1970, Frye and Edidin carried out an experiment in
which they took a human cell and a mouse cell and fused
them to form a human-mouse hybrid cell. They showed
the distribution of the surface proteins on the plasma
membrane of each cell by using anti-human and anti-
mouse antibodies labelled with a different fluorescent
dye. A red dye showed the positions of the surface
proteins on the membrane of the human cell. A green
dye showed the positions of the surface proteins on the
membrane of the mouse cell.

Figure 1.33a shows the initial observation immediately
after the fusion of the two cells. After 40 minutes, the

researchers carried out a second observation and their
findings are shown in figure 1.33b.

From the results of this experiment, which of the following
is it reasonable to conclude?
Surface proteins are fixed in position on the plasma
membrane.
Surface proteins from each cell type have fused.
Surface proteins can move laterally across the plasma
membrane.

True or false?

The results of this experiment provide support for the fluid
mosaic model of membrane structure. Briefly explain.

[ 4
f o ©

protein

[ ]

()
40 minutes
of incubation

-

) [
) o »
26 FIGURE 1.33 (a) Start of experiment

(b) 40 minutes later



Chapter review

Practice questions

Key words

active transport

aquaporins

carrier proteins

cell membrane

cell surface markers

channel proteins

endocytosis

endoplasmic reticulum
(ER)

eukaryotes

eukaryotic

Questions

exocytosis
facilitated diffusion
fluid mosaic model
glycoprotein

Golgi complex
hydrophilic
hydrophobic
hypertonic
hypotonic

integral proteins
isotonic

1 Making connections =» The key words listed above
can also be called concepts. Concepts can be related
to one another by using linking words or phrases
to form propositions. For example, the concept
‘compound light microscope’ can be linked to the
concept ‘lenses’ by the linking phrase ‘contains at
least two’ to form a proposition. An arrow shows
the sense of the relationship: when several concepts
are related in a meaningful way, a concept map is

least two

has only one

has at

lysosome

nuclear envelope
0osmosis
peripheral proteins
phagocytosis
phospholipids
pinocytosis
plasma membrane
prokaryotes
prokaryotic
proteins

pumps

receptors

ribosomes

rough endoplasmic
reticulum

selectively permeable

semipermeable

simple diffusion

sodium-potassium pump

trans-membrane

vesicle

formed. Because concepts can be related in many
different ways, there is no single, correct concept
map. Figure 1.34 shows one concept map containing
some of the key words and other terms from this

chapter.

Use at least six of the key words above to make
a concept map relating to the movement of
substances across a cell membrane. You may use
other words in drawing your map.

FIGURE 1.34 Example of a concept map

has shorter
wavelength than
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2 Applying your understanding =» Consider the
information in table 1.5.

TABLE 1.5 Data for three different shapes, each having
the same volume. (Where necessary, figures have been
rounded.)

Surface SA:V
. area Volume ratio
A flat sheet 10 x 10 x 0.1 204 10 20.4
B .Cube .2.15 X 2.15 %X 2.15 | 28 | 10 | 2.8
C 'sphere .diameter: 1.67 | 22 | 10 | 2.2

a If these shapes represented cells, which cell (A, B
or C) would be most efficient in moving required
materials into and removing wastes from the cell?
Explain.

b Which cell would be least efficient? Explain.

¢ Can you suggest a biological consequence of your
conclusion?

d Identify one way in which a cell might retain its
overall shape, but greatly increase its surface
area with a minimal increase in volume.

(Clue: This strategy is used by cells involved in
absorption of material, such as those lining the
small intestine.)

3 Analysing information and drawing conclusions =)

Consider the data in table 1.6.

TABLE 1.6 Data for two sets of cells of identical shape
but of decreasing sizes.

Cell Shape Dimensions

P flat sheet 10x10x0.1 = 204 10 20.4
Q flat sheet 5 x5 x 0.05 51 1.25 = 40.8
R flat sheet 1x1x0.01 2.04 0.01 204
H sphere diameter: 10 = 314.2 523.6 0.6
K sphere diameter: 5 78.5 65.5 1.2
L sphere diameter: 1.0 3.14 0.52 6

Note: relative to the first shape in each set, the dimensions of other
members of the set are scaled down by a factor of 2 and by a factor
of 10.

a A student stated the same shape scaled down
should retain the same surface-area-to-volume
ratio, the student’s reason being ‘the shapes stay
the same’ Do you agree with this student? Explain
your decision.

b With regard to the information in table 1.6,
identify how scaling a shape (up or down) affects
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the SA:V ratio of a given shape by completing the

following sentences:

i If the size of a given shape is doubled, its SA:V
ratio is. ..

ii If the size of a given shape is halved, its SA:V
ratiois...

¢ A particular shape has an SA:V ratio of 10.

i What would happen to this ratio if this shape
were scaled up by a factor of 5?

ii What would happen to this ratio if this shape
were scaled down by a factor of 2?

d Sphere (M) has a diameter of 0.5 units. Refer to
table 1.6 and predict its SA:V ratio.

e Consider a different shape, such as a cube or a
pyramid, that is changed in scale. Would its SA:V
ratio be expected to follow a similar or a different
pattern to that shown by the flat sheets and the
spheres?

Communicating understanding =% Two cells

(P and Q) have the same volume, but the surface

area of cell P is 10 times greater than that of cell Q.

a Placed in the same environment, which cell
would be expected to take up dissolved material
at a greater rate? Why?

b What might reasonably be inferred about the
shapes of these two cells?

¢ Which measure — surface area or volume —
determines the rate at which essential materials
can be supplied to a cell?

d Which measure — surface area or volume —
determines the needs of a cell for essential
materials?

e Briefly explain why the surface-area-to-
volume ratio provides a clue as to why cells are
microscopically small?

Analysing information and drawing conclusions =%

Identify the following statements as true or false.

For (d) only, briefly justify your choice.

a Osmotic flow of water occurs from a region of
high to low solute concentration.

b Simple diffusion does not require the
involvement of transporter proteins.

c Facilitated diffusion requires the involvement of a
protein pump.

d The movement by diffusion of charged ions, such
as Na' and CI-, across the plasma membrane is
blocked by the lipid bilayer in the middle of the
plasma membrane.

e Water is moved into and out of cells by active
transport.

f Solid particles cannot cross the plasma
membrane.

g Plant cells immersed in a hypertonic solution
would be expected to burst.

Applying your understanding =» Sucrose cannot

cross the plasma membranes of red blood cells,



8

10

but glucose can. Red blood cells are immersed in
the following solutions:

a hypertonic sucrose solution

a hypertonic glucose solution

a hypotonic sucrose solution

a hypotonic glucose solution.

a Which solution would be expected to cause
the greatest water loss and shrinkage of the red
blood cells? Explain.

b Which solution, if any, might cause the red
blood cells to burst? Explain.

Making valid comparisons =

a Name the two types of diffusion that are
involved in the movement of dissolved
substances across the plasma membrane.

b Identify two similarities in these two types of
diffusion.

¢ Identify how these two types of diffusion
differ.

d A student stated ‘Surely two types of diffusion
are unnecessary. Indicate whether you agree or
disagree with this statement and give a reason
for your decision.

e Identify one key difference between diffusion
and active transport of a substance.

Analysing information and drawing conclusions =)

Suggest a possible explanation for the following

observations:

a Proteins can move laterally across the plasma
membrane.

b A person with cystic fibrosis is at high risk of
lung infections.

¢ Lipophilic substances cross the plasma
membrane by simple diffusion, but not charged
particles.

d A baby with cystic fibrosis produces abnormally
salty sweat.

e People infected with cholera suffer severe
diarrhoea.

Making valid predictions based on your

knowledge =» An artificial membrane, composed

of a phospholipid bilayer only, was manufactured.

Its behaviour was compared with that of a natural

plasma membrane.

Predict if these two membranes might behave
in a similar or a different manner when tested

for their ability to allow the following dissolved

substances to cross them:
small lipophilic substances
charged particles, such as sodium ions
glucose
proteins.

Briefly justify each of your decisions.

Performing calculations =» The width of an

average head hair from a Caucasian is about

0.6 mm. Refer back to figure 1.2a and estimate

11

12

13

about how many red blood cells could fit across

the width of such a hair.

Making an estimation =» Use your knowledge

of the structure of the plasma membrane to

suggest which of the following dimensions is most
likely to designate the width and length of one
phospholipid molecule:

0.9 X 3.4 nm

0.9 X 3.4 pm OR 0.9 X 3.4 mm.

Briefly explain your choice.

Applying your knowledge and understanding =

Nerve impulses involve several movements of

sodium ions in different directions across the

plasma membrane of a nerve cell as follows:

a Before a nerve impulse occurs, sodium ions
are more concentrated in the extracellular
fluid outside the cell than inside the cell.

By what means does the cell maintain this
difference?

b During transmission of the nerve impulse,
sodium ions flood into the nerve cell from the
extracellular fluid. By what means do these ions
enter the cell?

c After the impulse has passed, the original
concentration of sodium ions is restored to
its high concentration outside the cell by a
process that moves sodium ions out of the
cell. By what means does this restoration
occur?

Discussion question =) In Haiti, a disastrous

earthquake in January 2010 killed and injured

hundreds of thousands of people, left even

more homeless, destroyed buildings and

damaged infrastructure including roads,

telecommunications, water supplies and water
treatment plants. Homeless people sought
shelter in camps that soon became overcrowded.

Cholera infections broke out and developed

into an epidemic. By March 2016, more than

770000 cases of cholera have been reported,

resulting in more than 9000 deaths, and the

epidemic continues.

a What is the causative agent of cholera?

b What causes the particular effects of a cholera
infection?

¢ By what means is cholera spread?

d What possible health consequences would
be expected from the destruction of the water
supplies and the re-housing of large numbers of
people in temporary camps?

e In an attempt to halt the spread of cholera,
measures have been introduced, including:

repair of water treatment plants
distribution of water purification tablets and
hygiene kits to families
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distribution of oral rehydration salts packs to
treatment centres
introduction of community health education
programs
introduction of oral vaccines for cholera
introduction of rapid diagnosis tests to
distinguish cholera from diarrhoea.
Consider each of these measures in turn and
discuss how each might contribute to slowing and
stopping the spread of cholera.
Analysing information and drawing conclusions =
A scientist carried out an experiment to determine
the time it took for a cell to manufacture proteins
from amino acids. The scientist provided the cell
with radioactively labelled amino acids and then

tracked them through the cell to establish the time at

which protein synthesis commenced. He monitored

the cell 5 minutes, 20 minutes and 40 minutes after
production started in order to track the proteins from
the site of synthesis to a point in the cell from which
they were discharged from the cell.

The scientist made an image of the cell at

each of these times but forgot to mark each image

with its correct time. The images are shown below.

Location of the radioactivity is shown by the green

spots.

a Which cell corresponds to each of the particular
times of viewing? List the correct order according
to time of viewing.

b On what grounds did you make your decision?

NATURE OF BIOLOGY 2



CHAPTER

Nucleic acids and

proteins: a review

KEY KNOWLEDGE

This chapter is designed to enable students to:

m enhance their knowledge and understanding of nucleic acids

= enhance their understanding of the structure of proteins and polymerisation
= develop an understanding of the structure of DNA, RNA and triplet codes

m explain the differences between structural genes and regulatory genes

m understand the lac operon.

FIGURE 2.1 In celebration of the 50-year anniversary of the
discovery of the structure of DNA. (a) Australian stamps depicting,
from top to bottom, a chromosome, a DNA molecule and the base
sequence of a DNA molecule. (Image courtesy of the Australian
Postal Corporation. Designer: Rod Oliver, Fragile Design.) (b) An
English two-pound sterling coin showing the double helix structure of
DNA. (Image courtesy of The Royal Mint, UK.)

The year 2003 marked a significant celebration. It was the
50-year anniversary of the discovery of the structure of DNA by
James Watson and Francis Crick. The discovery was a giant step
forward in the field of science and opened the way to extensive
research that has given us the molecular biology knowledge,
understanding and applications that we have today. Many countries
around the world celebrated the anniversary through the issue of
special stamps. Australia was one of those countries. The country in
which Watson and Crick did their work, England, also issued a coin.
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Condensation (water-
producing) reactions
assemble polymers, and
hydrolysis (water-consuming)
reactions break down
polymers.

The outer coat of pollen
grains is composed of an
organic polymer called
sporopollenin, which is
highly resistant to chemical
breakdown and can last
for millions of years. It has
been termed ‘one of the
most extraordinarily resistant
materials in the organic
world’.

eBook
Interactivity

Organic compounds
int-3026
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Organic molecules

Many organic molecules are made of large numbers of smaller sub-units that
are linked together by specific covalent bonds. Nucleic acids, proteins and
polysaccharides are examples of this type of organic molecule. Compounds
formed in this way are called polymers. The sub-units are called monomers.
The joining of monomers involves the release of a water molecule. Reactions of
this kind are termed condensation reactions. We classify polymers on the basis
of the kind of sub-unit they contain (refer to figure 2.2). These polymers are
important to the functions of living organisms and, in the case of polysaccha-
rides and proteins, also form part of their structures.

In addition, other organic compounds are involved in the structure and
function of living organisms, with one important group being lipids. Lipids,
which include fats, oils and phospholipids, are not regarded as polymers
because they are not linked together in a chain of many repeating identical
sub-units.

MONOMERS

POLYMERS

Building blocks of the cell

Larger units of the cell

Sugars

Polysaccharides

o
O < O

R o =

Proteins

'
AR AT

Nucleic acids

@.e“

FIGURE 2.2 Three main groups of polymeric organic molecules present in cells.
Note the type of monomer that makes up each type of polymer. Examples of
polysaccharides include starch, glycogen and chitin; examples of protein groups
include enzymes, immunoglobulins and contractile proteins; examples of nucleic
acids include DNA and RNA.
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FIGURE 2.4 The double helix
structure and dimensions of
DNA. The two chains are held
together by hydrogen bonds
between complementary bases.

The kinds of organic molecules that we will consider are proteins and
nucleic acids. For each of these, we will examine:
o the basic unit of structure
¢ how the units combine to form complex molecules
« where each kind of molecule is found in a cell
« the functions of the molecules.

Nucleic acids

There are two kinds of nucleic acid:

¢ deoxyribonucleic acid (DNA), which is located in chromosomes in the
nucleus of eukaryotic cells (see figure 2.3). It is the genetic material that con-
tains hereditary information and is transmitted from generation to generation.

« ribonucleic acid (RNA), which is formed against a template strand of DNA.

DNA — an influential molecule

The genetic material deoxyribonucleic acid is a polymer of nucleotides. Each
nucleotide unit, or monomer, has:

« asugar (deoxyribose) part

¢ a phosphate part

¢ an N-containing base.

form a DNA double
helix (DNA molecule)

Polymer 5'

FIGURE 2.3 Deoxyribonucleic acid is made from nucleotide sub-units. Each DNA
molecule is made of two complementary chains of nucleotides.

The sugar and phosphate parts are the same in each nucleotide.

There are four different kinds of nucleotides because four different kinds of
N-containing bases are involved: adenine (A), thymine (T), cytosine (C) and
guanine (G). Examine figure 2.3. The nucleotide sub-units (a) are assembled
together to form a chain (b) in which the sugar of one nucleotide is linked to
the phosphate of the next nucleotide in the chain. Each DNA molecule con-
tains two chains (c) that form a double helix, with the bases in one strand
pairing with the bases in the other strand. The base pairs between the two
strands, namely A with T, and C with G, are said to be complementary pairs.
The two chains form a double-helical molecule of DNA (see figure 2.4).

The DNA double helix combines with certain proteins, in particular his-
tones, as it condenses to form a chromosome (see figure 2.5a). As the DNA
winds around clusters of histone proteins, it forms structures called nucle-
osomes (see figure 2.5b).
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ODD FACT

The total length of the DNA
double helix molecule in an

‘average’ human chromosome

is about five centimetres.

By coiling and supercoiling,
this long DNA molecule
becomes compressed into a
microscopic chromosome.

(b)

FIGURE 2.5 (a) Diagram
showing the coiling and
supercoiling of one molecule
of a DNA double helix to form
a eukaryotic chromosome.
Note that a key process
involves the coiling of DNA
around histone proteins

to form structures called
nucleosomes that then
become supercoiled.

(b) A model of a nucleosome

showing the DNA double helix

(grey) coiling around a cluster
of histone proteins (shown in

colours). (Image (b) courtesy

of Dr Song Tan, Pennsylvania
State University)
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How does DNA control functions within cells? All metabolic reactions in cells

FIGURE 2.6 are controlled by enzymes that, almost without exception, are proteins built of
The four one or more polypeptide chains — chains of amino acids. Hence, the DNA in
nucleotide the nucleus of a eukaryotic cell controls all the metabolic processes in a cell,
sub-units, through the polypeptide chains for which the DNA dictates production.
uracil, adenine,

guanine and

Ribonucleic acid

Ribonucleic acid (RNA) is also a polymer of nucleotides (see figure 2.6). It

differs from DNA in that it is an unpaired chain of nucleotides that contain

the sugar ribose. RNA nucleotides include four different bases, three of which

— adenine, guanine and cytosine — are identical to those in DNA. The fourth

nucleotide is uracil, which is capable of pairing with A.

B < B ‘ The three different forms of RNA
fl are all produced in the nucleus
alongside DNA as a template:

o messenger RNA (mRNA),
which carries the genetic
message to the ribosomes
where the message is translated
into a particular protein (see
figure 2.7)

o ribosomal RNA (rRNA), which,
together with particular pro-
teins, makes the ribosomes
found in cytosol

o transfer RNA (tRNA), mol-
ecules that carry amino acids to
ribosomes where they are used
to construct proteins.

The strand of nucleotides in
each of the forms of RNA is folded
in a different way.

cytosine, from
which the three
forms of RNA
are constructed.

FIGURE 2.7 Atransmission
electron micrograph (TEM) of a
fragment of an mRNA translation
unit from the salivary gland

cell of a midge (Chironomus
sp.). Ribosomes (blue) attach

to the mRNA strand (pink) and
read its code. A tRNA molecule
carrying a corresponding amino
acid binds to the ribosome. As
the ribosome moves onto the
next bases along the mRNA, a
protein (green) grows from the
ribosome.

KEY IDEAS

m Proteins, polysaccharides and nucleic acids are polymeric organic
molecules built out of a very large number of repeating sub-units.

StUde N m The nucleic acids, double-helical DNA and single-stranded RNA are built

out of a very large number of repeating sub-units called nucleotides.

RNA structure m Each nucleotide consists of a sugar, a phosphate and an N-containing base,
Summary with the sugar in DNA being deoxyribose and that in RNA being ribose.
screen and

m Each DNA molecule consists of two chains of nucleotides that are
complementary to each other and held together by hydrogen bonds.

m Each RNA molecule consists of a single strand of nucleotides.

Topic 3 practice questions

Concept 6

study( | QUICKCHECK

RNA function 1 What do the initials DNA and RNA stand for?
Summary 2 What are the four kinds of nucleotides (a) in DNA and (b) in RNA?
screen and 3 Where in a cell would you find DNA and what is its function?
4 There are three different kinds of RNA molecules. What are they and where

practice questions . -
is each found in the cell?

5 In what ways do the kinds of RNA differ from one another?

EE“] I
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Gene structure
The template strand and its partner

A gene consists of a particular part of a double-helical molecule of DNA. Only one
of the two chains contains the information present in a particular gene, and
this is called the template strand. The complementary chain is sometimes called
the nontemplate strand, also called the mRNA-like strand or the coding strand.

Representations of DNA

DNA cannot be seen with a light microscope. However, a technique known as
scanning tunnelling microscopy (STM) allows DNA molecules to be visualised
(see figure 2.8).

Part of a single chain of DNA could be shown as follows:

‘ ...-nucleotide-nucleotide-nucleotide-nucleotide-nucleotide- . . .

OR it could be shown as:

...-P-sugar-P-sugar-P-sugar-P-sugar-P-sugar- . ...

base base base base base

OR the specific bases in the nucleotides in one chain could be shown as:

5...ATTAGCTTGAGGCG...3

Which representation is correct? All are correct. Which representation is the
most informative? The third is the most informative because it gives the infor-
mation about the order of nucleotides, the only variable part of the genetic
material. What information does the second representation provide?

DNA is not always represented in diagrams as a double helix. Figure 2.9 shows
some of the many ways of representing DNA. The representation used will
depend on the purpose of the diagram. Each provides different information about
DNA. For example, (a) gives information about the coding regions (exons) and
the noncoding regions (introns) within a gene, while (c) gives the base sequence.

(a) (d)

Intron 1 Intron 2

Exon 1 Exon 2 Exon 3

(b)

I 879bp—— 1286 bp

(c)

-~ AGCT
- A88y00191099

FIGURE 2.9
Different ways of
representing DNA.

CGCTCAGA---~
GGACAGCC%QQQVOLOL' -

Gene sequencing

What is this?

ATGGTGCACCTGACTCCTGAGGAGAA

This is part of the nucleotide sequence of the template strand of the human
HBB gene, which encodes the information for one of the protein chains found
in haemoglobin. What is the sequence of the complementary strand? When
the order of the nucleotides in a gene is identified, the gene is said to be



FIGURE 2.10 A scientist
examining the sequence of
bases in DNA.

DNA SEQUENCERS

‘sequenced’. The order in many genes from animals, plants and bacteria has
been identified, and data continue to be added.

Gene sequencing involves the process of identifying the order of nucleo-
tides along a gene. Figure 2.10 shows a scientist examining some sets of bands
arranged in columns. Each band represents one nucleotide and the order of
the bands down the column corresponds to the gene sequence. New tech-
niques of sequencing are described in the box below.

Are gene sequencers used only for human genes? No! The genetic material
of all organisms is DNA and the structure of that DNA is identical, regardless
of whether it comes from wheat, jellyfish, ducks, Bacillus bacteria, insects
or people. In all organisms, genes are built of the same ‘alphabet’ of four
letters, namely, the nucleotides A, T, C and G of DNA. In contrast, non-cellular
agents, such as hepatitis C and Ebola viruses, include many types that have
RNA as their genetic material rather than DNA. Refer to chapter 6, page 249
for further detail.

So the genetic instruction kit to ‘make a human being’ or ‘make an oak tree’
or ‘make a white shark’ consists of thousands of instructions, each consisting
of DNA with different base sequences.

FIGURE 2.11 (a) Applied
Biosystems 3500 genetic

analyser by Thermo Fisher
Scientific. (Image courtesy

of Applied Biosystems.)

(b) Output from a DNA
sequencer showing the
laser signals and the

output from the computer,

which identified the base

sequence in part of a DNA
fragment. What is signalled

by ared band?
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of four different coloured fluorescent dyes, each of
which binds to a specific base (A, T, C or G) in DNA. The
DNA chain is sequenced using a stepwise procedure
that makes a complementary copy using the unknown
DNA as the template, with each copy being one nucleo-
tide longer than the previous one as shown below:

Unknown DNA: CTCTCCGCCAAACGCATAACC
1st copy G*

2nd copy GA*

3rd copy GAG*

4th copy GAGA*

etc.

21st copy GAGAGGCGGTTTGCGTATTGG*

In each case, the nucleotide at the end of each
copy becomes attached to the specific fluorescent
dye (shown as *). The copies move in turn, shortest
first, past a scanning laser that activates the dye so
that it emits a fluorescent signal, which is captured
by a detector. This detector transfers the signal to a
microcomputer, which determines the entire base
sequence. The output from a DNA sequencer shows
the base sequences as a series of coloured signals
(see figure 2.11b) with a yellow peak denoting G, a red
peak denoting T, a green peak denoting A and a blue
peak denoting C.

The latest developments in sequencing are the
next-generation DNA sequencers (NGS). These

OO A4 4900604440000 0>0>0

Computer
output

The process of gene sequencing has now been auto-
mated and is done using instruments known as
DNA sequencers (see figure 2.11a). One automated
system, known as the Sanger method, involves the use

sequencers enable millions of DNA fragments from
tiny samples to be strung together at the same time,
in contrast to the one-at-a-time method of the
Sanger technique.
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ODD FACT

In October 2001, the cost of
DNA sequencing was almost
US$5000 per 1000 bases

(1 megabase). By 2015, this
cost had dropped to about
0.33 cents per raw megabase.
(Data from National Human
Genome Research Institute.)

Comparing DNA from different organisms

Databases hold information about the base sequences in the DNA of genes
of many organisms. Table 2.1 shows part of various genes from different
organisms — a duck, a Bacillus bacterium, a corn plant and a human being.
Could you pick the human gene? It’s not possible. The genes look similar
because the genetic language of all living things is written in a common lan-
guage based on an ‘alphabet’ of four letters (A, T, C and G) that correspond to
the nucleotides (and bases) present in DNA.

TABLE 2.1 Part of the sequences of different genes from various organisms. Numbers are placed above the sequences
for ease of locating a particular nucleotide.

OIGERE RS ATG  GCT ACC

OIGERE NS ATG  ACG CTG

OIGERE S ATG  AGG CTC

10 20 30 40

AAG ATA TTA GCC CTC CIT GCG CTC CIT TCC CIT TTA

10 20 30 40

AAT GAA TGT AAC AGG GIT CAA TTA AAA GAG GGA AGC

10 20 30 40

ACT CAA GCT GAG AAG GCT GCC GTIG ATC ACC ATC TGG

10 20 30 40

TIG TGG TIG CIT TTIC ACC AIT GGG TIC TGC TGG GCT

P: corn plant

Q: Bacillus bacterium
R: duck

S: human being

ODD FACT

Global databases with
publicly available DNA,

RNA and protein sequences
include the National Center
for Biotechnology Information
(NCBI) database and the
European Molecular Biology
Laboratory (EMBL) database.
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How do genes differ?

The total human DNA contains a ‘make a human being’ instruction kit; the
total geranium DNA contains a ‘make a flowering plant, geranium type’
instruction kit. The human genetic instruction kit consists of tens of thousands
of separate instructions, such as ‘make the hair protein, keratin’ and ‘make
growth hormone’ Different genetic instructions within and between species
are due to different nucleotide sequences in the genes.

KEY IDEAS e

m The length of a double-helical DNA molecule can be expressed as the
number of base pairs (bp) it contains, and one chain of this DNA as the
numbers of nucleotides.

m Each human chromosome contains one long molecule of double-stranded
DNA with millions of base pairs.

m A typical gene consists of tens of thousands of nucleotides.

m The estimated total number of human genes is 21 000.

m Of the two DNA chains in a gene, the one containing the genetic
information is known as the template strand of DNA, while its
complementary chain is called the nontemplate strand.

m Genetic instructions are coded in an ‘alphabet’ of four letters only: (the
nucleotides) A, T, C and G.

m Identification of the order of nucleotides along a length of DNA is called
DNA sequencing.

m Different genes vary in the nucleotide sequences along their DNA.




6 A piece of DNA comprises 20000 bp. Is this more likely to be a whole
chromosome or a whole gene? Explain.

7 If genes were isolated from a cat, a cyanobacterium and a cauliflower, what
similarity would be seen?

8 If the two human genes for making blood-clotting factor and salivary
amylase were compared:
a in what way would they be similar
b in what way would they be different?

Nature of the genetic code
Codes and more codes

The genetic instructions for all organisms are written in a code that uses an
‘alphabet’ of four letters only, namely A, T, C and G. What is a code?

Figure 2.12 shows some codes. Codes contain or encode information. To
translate or decode a coded message, the information held in the code ele-
ments must be known. When decoded, this information may be verbal (words)
or numerical (numbers) or auditory (musical sounds) or may specify an object.

If the coded information exists in a permanent form, the information can be
decoded at any time by returning to read the code. For example, you can play a
CD many times; each time the CD player decodes (translates) the information
that is permanently encoded as microscopic pits on the disk surface.

(PWER BELOW., )|
R

FIGURE 2.12 Various ways
of representing information
codes. Can you think of
others?

The genetic code

The DNA of genes is an information-carrying molecule. Genetic information
is encoded using just four elements: A, T, C and G. Before DNA was identified
as the genetic material, many biologists thought that DNA was too simple a
molecule to contain complex genetic instructions. How can a large amount of
information be encoded by a code that has a small number of elements?

A code consisting of a few elements can encode a large amount of infor-
mation. The morse code has two elements only, a dot (.) and a dash (-). By
using various combinations of these elements, morse code can convey very
complex information, such as all the words in this chapter.
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The discussion on this page
refers to those genes that encode
proteins. Some genes have
functions other than encoding
proteins.

In discussing the genetic code, the
terms base sequence and nucleotide
sequence are used interchangeably.
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Information encoded in the genetic code

The genetic code in the DNA of protein-encoding genes typically contains
information for joining amino acids to form polypeptides. We can show this as:

Coded information Decoded information
nucleotide sequences in DNA order of amino acids in
template strand polypeptides

A polypeptide on its own may be a functional protein or, in other cases, a
functional protein may be built of several different polypeptide chains.

Proteins have many functions, and the various types include:

o structural proteins, which occur in connective tissues and in cell membranes
« contractile protein of muscle and myofilaments

« enzymes that regulate chemical processes

 proteins of the immune system, such as the antibodies

o oxygen-carrying proteins, such as haemoglobin

o hormonal proteins, such as insulin and growth hormone.

By encoding the sets of instructions on how to make the various types of
proteins, genes control the structure and the biochemical and physiological
functioning of an organism. The estimated 21 000 genes of a human organism
contain all the instructions on ‘how to make a human organism'’ that, if printed
as the base sequences, would fill 1000 volumes of an encyclopedia.

Organisation of the genetic code

Consider two observations:
1. Genes typically contain coded information for assembling amino acids to
form polypeptides.
2. Polypeptides are made of combinations of 20 different amino acid sub-units.
From these observations, it may be inferred that the genetic code must have at
least 20 different instructions or pieces of information.
Examine table 2.2.

TABLE 2.2
Number of nucleotides - Total number of different
in one instruction instructions possible
1 (e.g.T) . 4
2 (e.g. AA, AT, GA) 16
3 (e.g. TTA, GCC, AAA) 64
4 (e.g. GGGA, TGCA, AATG) 256

In fact, one genetic instruction consists of a group of three bases, such as
AAT, GCT and so on. Because of this, the genetic code is referred to as a
triplet code. This form of code is sufficient to account for the pieces of infor-
mation that must be encoded.

Consider a piece of template-strand DNA with the base sequence TACA A
ACAAGCTCCTACT...This DNA has six coded instructions (shown
underlined) that are decoded or translated as follows:

1. TAC = start building a protein, commencing with the amino acid met
2. AAA =now add the amino acid phe

3. CAA =now add the amino acid val

4. GCT = now add the amino acid arg

5. CCT =now add the amino acid gly

6. ACT = now stop.




The genetic code is not
completely universal. Some
triplets that code for one
instruction in most organisms
code for a different
instruction in a few other
organisms. The code is also
different for mitochondrial
DNA — TCT is a STOP signal,
not a code for arg. The code
in mitochondrial DNA also
shows slight variations.

196

Genefic cac/{e
Scracked *

FIGURE 2.13 In 1961,
Nirenberg and Matthaei
‘cracked’ the first element of
the genetic code.

Cracking the genetic code

The genetic code was originally unknown and had to be broken. In 1961,
the first piece of the genetic code was broken when the three-base triplet
‘AAA’ in DNA was decoded as ‘Add the amino acid phe into a protein being
constructed’ (see figure 2.13). We will see later in this chapter that the
translation of each DNA triplet occurs through an intermediate molecule,
messenger RNA (mRNA). The AAA triplet in DNA is transcribed into a com-
plementary UUU codon in mRNA that is then translated into the amino acid
phenylalanine (phe). By 1966, all 64 pieces of the genetic code had been
deciphered.

Refer to table 2.5 on page 63 to see the full translation of the genetic code
in terms of the 64 mRNA codons. Note that some codons contain the instruc-
tions ‘START adding amino acids’ and ‘STOP adding amino acids’ Refer to the
Appendix to see the structures of the amino acids and their three-letter and
single-letter abbreviations.

The main features of the genetic code are:

Pieces of information in the genetic code consist of triplets or three-base
sequences (e.g. TCA in DNA, or UGT in mRNA).

The code is non-overlapping. So, a fragment of DNA consisting of 12 bases
contains four pieces of information or instructions.

The code is essentially the same in bacteria, in plants and in animals — it is
said to be universal (but see the Odd Fact at left).

The code is said to be redundant because, in many cases, more than one
triplet of bases codes for one particular amino acid.

The information encoded in DNA is the set of instructions to assemble
amino acid sub-units into polypeptides.

The information in the DNA template strand also includes a START instruc-
tion (TAC) and three STOP instructions (ATT, ATC or ACT).

KEY IDEAS

m DNA contains information encoded in the base sequence of its template
strand.

m Genes contain coded instructions for joining specific amino acids into
polypeptides.

m The genetic code in DNA is a non-overlapping triplet code consisting of
groups of three bases.

m One piece of genetic code typically contains the information to add one
amino acid to a protein.

9 Give an example of a code.

10 In what form is information held in a DNA molecule?

11 Which of the following statements is most accurate? Explain your choice.
a DNA is converted to the amino acid sub-units of proteins.
b DNA contains the coded information for joining amino acids to form

polypeptides.

¢ DNA turns into polypeptides.

12 How many instructions (for adding amino acids) are present in the base
sequence TTAGGG?

13 Which code means ‘START joining amino acids to form a polypeptide’?

14 What are the meanings of the following codes in DNA: CAA and ACT?

CHAPTER 2 Nucleic acids and proteins: a review
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These nine amino acids cannot be
made by human cells but they are
essential and must be obtained in
food eaten:

threonine isoleucine
methionine histidine
lysine phenylalanine
valine tryptophan.
leucine

Proteins
| nos 1 Zewliiel

screen and
’ practice questions
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Proteins

Although water is the main compound in living cells, more than half of the
remainder, about 18 per cent is protein. There are thousands of different pro-
teins in each cell and many of these control all metabolic processes within cells.
All proteins contain nitrogen (N), hydrogen (H), carbon (C) and oxygen (O).
Some also contain sulfur (S). They are large complex compounds as indicated
by the following examples:
o zian from Indian corn C;35H1161N1840208S3
o gliadin from wheat CggsH;68N1960211S5
o casein from milk C;ogH1130N1500224S4P4.

Some plants contain granules of solid protein that they store as reserve food.
Animals, as we will see in the next section, have most of their energy stores in fat.

Amino acids: the building blocks of proteins

Proteins are large molecules built of sub-units called amino acids.

There are 20 naturally occurring amino acids (refer to the Appendix).
Humans are unable to make all 20 amino acids and must rely on their food
for the nine they are unable to make (see the note at left). Not all plants can
make all 20 amino acids so a vegetarian diet should be well planned to ensure
a balanced intake of appropriate amino acids. Generally, animal proteins are
a better source of amino acids for humans because animal protein is more like
that of humans. Different proteins contain different numbers and proportions
of each of the amino acids.

The general formula of an amino acid is:

R

amino group ,H,N C COOH |, carboxyl group

Each amino acid has one part of its molecule different from other amino
acids. The R group in the general formula is the part that varies. Refer to the
Appendix and note that the R group of the amino acid cys contains sulfur (S).
When several cys amino acids are present, disulfide bonds (-S-S-) can form
(see figure 2.19).

Two amino acids join together as a dipeptide when a peptide bond forms
between the amino group of one amino acid and the carboxyl group of another
amino acid and a water molecule is released (see below and figure 2.14). When
a number of amino acids join in this way, a polypeptide is formed. Each type
of protein has its own particular sequence of amino acids. Polypeptide chains
become folded in different ways depending on their amino acid sequences.

H CH H O CH, O

o0 A T 0 L B
H-N—C—C + N—-C—C — H-N—-C—C—N—C—C—OH+H,0

| “oH H~ | “OH | |

H H H H H H
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FIGURE 2.14 Proteins are
assembled from amino acids
that are joined by peptide
bonds. Each peptide bond
forms by the linkage of an
amino group from one amino
acid and a carboxyl group

of another amino acid. A
number of amino acids joined
by peptide bonds form a
polypeptide chain. Note

that the different R groups
are represented by different
colours. The remainder of
each amino acid molecule is
identical.

Primary structure
of proteins
Summary

screen and
practice questions

Primary structure
of proteins

Higher levels of
protein structure
Summary

screen and
practice questions

Pool of amino
acids

olypeptide
(amino acid
chain)

Carboxyl

' L |
Lo HPeptidé_| H group

Amino bond

The structure and shape of proteins

Proteins are very large molecules; some contain thousands of amino acids.
These large molecules fold and organise into different shapes. Protein struc-
ture is described at four different levels of organisation (see figure 2.15).

Primary structure

The primary structure of a protein is the specific linear sequence of amino acids in
the protein. Different proteins have different primary structures and hence have
different functions. The sequence of amino acids in a protein is determined by the
genetic material in the nucleus (this is discussed further in the next section).

Secondary structure

Amino acid chains fold in three different ways (figure 2.15b). Hydrogen bonds
form between segments of the folded chain that have come close together and
help stabilise the three-dimensional shape. The following are some examples
of secondary structure:

1. The major proteins of wool are keratins that have a spiral secondary struc-
ture, known as an alpha helix. If the fibre is stretched and the hydrogen
bonds are broken, the fibre becomes extended. If the fibre is then ‘let go; the
hydrogen bonds reform and the fibre returns to its original length.

2. The major protein of silk is fibroin, which is fully extended and lacks the
coiling found in the structure of wool. The silk molecules form a beta-pleated
sheet (see figure 2.15b). The polypeptide chains of silk are already extended
and cannot be extended further.

3. The secondary structure of portions of a protein is called random coiling if
the portions do not conform to the shape of an alpha helix or a beta-pleated
sheet.
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() Secoridary structure

The secondary structure (3 configurations)
of myoglobin, the oxygen- \

binding protein of muscle, \

consists mainly (75%) of a
coiled alpha helix structure.

FIGURE 2.15 The four
levels of protein structure: Myoglobin
(a) primary — order of

amino acids in the molecule;
(b) secondary — folding of
some portion of the amino
acid chain (note the three
different modes); (c) tertiary —
describes the shape of the
entire polypeptide chain;

(d) tertiary ribbon model —
note that some of the
secondary structure of this
protein can also be seen,
namely the regular coils, each
showing an alpha coil or an
alpha helix; (e) quaternary —
some proteins comprise a
number of polypeptide chains. Haemoglobin

(e) Quaternary structure

{c) Tertiary structure (d) Ribbon model of tertiary structure
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The forces that maintain the
tertiary structure of proteins are:

1.
2.

hydrogen bonds
ionic attractions between
charged R groups

. interactions between

hydrophobic R groups in the
protein interior

. covalent disulfide cross links.

Red blood cell

FIGURE 2.16 The quaternary
structure of the haemoglobin
molecule comprises four
chains: two alpha chains and
two beta chains. Note how
many of these molecules are
present in each red blood cell.

Tertiary structure

The tertiary structure refers to the total irregular folding held together by ionic
or hydrogen bonds forming a complex shape such as that of myoglobin. The
bonds form between side chains of amino acids to form a complex internal
structure.

The 3D shape that constitutes the tertiary structure of a protein is critical for
its function. For example, if the shape of an enzyme is changed, particularly at
its active site, the protein can no longer function as an enzyme.

The regular folding of alpha coils or beta-pleated sheets that is present in
the secondary structure of some proteins may be seen when you examine the
overall tertiary structure of the protein. Figure 2.15d shows a ribbon model of
the tertiary structure of the muscle protein myoglobin. Note the regular coils
that form part of this protein — each of these is an alpha helix or alpha coil that
is part of its secondary structure. Other regions of the myoglobin molecule do
not have a regular secondary structure — these regions are shown as thin lines
with random shapes.

Quaternary structure

Quaternary structure describes a structure in which two or more polypeptide
chains interact to form a protein. The resulting structure can be, for example,
globular as in haemoglobin (figure 2.15e and figure 2.16) or fibrous as in col-
lagen, the most common protein in skin, bone and cartilage.

Each red blood cell

contains )

200-300 million

molecules of i '
haemoglobin.

Haem group

Oxygen molecule

Molecule of adult haemoglobin

Table 2.3 lists a number of different types of protein and their functions.
Some examples of proteins are also shown in figure 2.17.

TABLE 2.3 Examples of proteins and their functions.

Type of protein Example

structural fibrous support tissue in skin, bone, collagen, keratin
tendons, cartilage, blood vessels, heart
valves, and cornea of the eye
enzyme catalyse reactions ATP synthase
contractile muscle movement myosin, actin
immunoglobulin defence against disease antibodies
hormone regulate body activity insulin
receptor respond to stimuli insulin receptors
transport carry other molecules haemoglobin
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FIGURE 2.17 (a) A scanning electron micrograph (SEM) of collagen bundles from connective tissue that wraps around and
supports nerve fibres (notice the characteristic banding of collagen fibres). (b) A scanning electron micrograph (SEM) of skeletal
muscle fibre showing the thick filaments that are made up of myosin. (¢) A transmission electron micrograph (TEM) showing
Y-shaped structures (yellow), which are molecules of the immunoglobulin G antibody, an important part of the immune system.

FORENSICS — DETECTING HAEMOGLOBIN

The popularity of television shows about forensics has
brought some knowledge about the detection of blood into
many homes. Turn off the light, spray a chemical at the crime
scene and examine the scene for signs of luminescence. The
luminescence produced is because the chemical used reacts
with any haemoglobin present (figure 2.18).

Although the chemical Luminol has been the star in many
television shows, a new star has been developed. BLUESTAR®
Forensic is an improved product that gives a brighter lumi-
nescent result visible in normal light. It is also nontoxic and
causes no change in the DNA so that minute quantities that
are present can also be used for DNA-typing.

Although the presence of blood is indicated, further testing
is required to confirm that the substance luminescing is in fact
blood, because other compounds also react with the chemical.
The important factor is that the position of minute blood remains
are indicated even though no blood was visible to the naked eye.
Without this, testing for blood would not be possible.

N

FIGURE 2.18 Images from a crime scene investigation. Although no blood was visible to the naked eye, use
of BLUESTAR® Forensic detected the presence of minute levels of haemoglobin. The luminescence indicates
possible blood. Additional tests can prove it to be so. (Images courtesy of BLUESTAR® Forensic)
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FIGURE 2.19 (a) A molecule
of insulin comprises two
chains of amino acids held
together by three disulfide
bonds. This is the active state
of the molecule. (b) Inactive
insulin is produced as a single
chain of amino acids folded
on itself and held together by
the three disulfide bonds.

(a)

Conjugated proteins

Many of the proteins we have described above are simple proteins — the final mol-
ecule contains amino acids only. With some proteins, the chains of amino acids
conjugate with other groups. This is particularly the case for those proteins in the
nucleus. They are mostly nucleoproteins — they comprise a molecule containing
both protein and nucleic acid, as, for example, nucleosomes that are complexes of
DNA coiled around a group of eight histone proteins (refer back to figure 2.5b).

Another conjugated protein is haemoglobin. Each tertiary structure com-
ponent produced associates with a haem group. The quaternary molecular
structure comprises four chains: two alpha chains and two beta chains. The amino
acid sequence in a protein is important. If the order of amino acids in either chain
is altered, a defective chain results. An individual inherits, from each parent, the
DNA that encodes the beta chain. If a defect in this DNA is inherited from both
parents, an individual is unable to produce any normal haemoglobin and has the
genetic disorder beta thalassaemia.

Inactive to active molecule

Insulin, produced by beta cells in the pancreas, is a protein hormone. It con-
trols the level of glucose in the blood by facilitating the uptake of glucose from
the blood into tissue cells. When this occurs the level of blood glucose declines.
An insulin molecule comprises two chains of amino acids held together by
disulfide bonds (figure 2.19a). This is the active state of the hormone.

When initially produced, insulin is inactive as a hormone. It is produced as a
single chain of amino acids with folds that are held together by three disulfide
bonds (figure 2.19b). A section of this molecule is removed by an activating
enzyme leaving the active hormone as two chains of amino acids held together
by the three disulfide bonds.
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There has also been a
change in emphasis regarding
the genetic material. The
focus on single genes has
been replaced with a global
analysis of the genome, the
total genetic material. This
study is genomics.

FIGURE 2.20 Knowledge of
three-dimensional structures of
well-known proteins may give
insights into their functions. This
three-dimensional model shows
the overall tertiary structure

of two tubulin molecules.
Tubulin, a globular protein, is

a component of microtubules
that are found, for example, in
the cilia of the human lung. The
secondary structure of tubulin
is denoted by the blue regions
showing the alpha helices,

the green regions showing

the beta-pleated sheets, and
the thin lines denoting regions
of random coiling. (The pink
denotes the nucleotide GTP,
which binds to the protein.)
(Image courtesy of Lawrence
Berkeley Laboratory.)
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Hence, although a molecule may be made from a number of molecules linked
together by sulfide or other bonds, they may be derived from the same initial inac-
tive protein. Many enzyme proteins are produced in an inactive form and become
active only if the appropriate enzyme is present to convert them for active service.
Can you think of a situation that you considered in your previous studies that
involved an enzyme being converted from the inactive to the active state?

What is the proteome?

In living organisms, proteins are involved in one way or another in virtually
every chemical reaction. They may be the enzymes involved, they may be the
reactants or the products, or they may be all three. The complete array of pro-
teins produced by a single cell or organism in a particular environment is
called the proteome of the cell or organism. The study of the proteome is
called proteomics.

Scientists are moving away from investigating single proteins because no
protein acts in isolation from other proteins. They are now exploring the total
pattern of proteins produced by a cell
and analysing these patterns to
compare them with patterns from dif-
ferent kinds of cells. What are the
differences? What are the similarities?
What is the proteome profile of dis-
eased tissue or even the fluids
surrounding the tissue? In what ways
do they differ from the healthy state?

There is also an emphasis on struc-
tural proteomics (see figure 2.20).
Knowing that a protein exists is
different from knowing how it oper-
ates. Knowing how some operate and
knowing about their structures may
enable testable predictions about the
roles of other proteins on the basis of
their structures.

KEY IDEAS

m All proteins contain N, C, H and O, and some contain S.

m The structure of all proteins can be identified at the primary, secondary
and tertiary levels, while proteins that consist of more than one
polypeptide chain have an additional quaternary level of structure.

m Proteins can also be classified on the basis of their different functions.

m The proteome of an organism is the complete array of proteins produced
by that organism.

15 What is the basic formula of an amino acid molecule?

16 How is a peptide bond formed?

17 List the four basic structures of protein molecules and draw an example of
each.

18 Give an example of (a) a structural protein, (b) a contractile protein and
(c) a conjugated protein.

19 Why is proteomics considered important?




Exons and introns
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To avoid confusing the two terms
exon and intron, think about
INterruption and INtron and
that will help you remember the
functional difference. Introns are

A closer look at a gene

The part of a gene that contains the coded information for making a protein
is called the coding region of a gene. The regions on either side of the coding
region of a gene are called flanking regions. The flanking region before the
start of the coding region is called the upstream region. The flanking region
after the end of the coding region is called the downstream region.

The box below provides further information about these regions.

Introns: just an interruption or two

An unexpected discovery about the genes in eukaryotes was made in 1977.
Until then, the coding region of a gene was thought to be continuous (see
figure 2.21a).

Instead, the coding region is ‘interrupted’ by other segments of DNA. Each
segment of the coding region of a gene is called an exon. The exons are sepa-
rated by lengths of DNA that do not contain instructions relating to the protein
chain. These noncoding segments are called introns (see figure 2.21b).

transcribed but not translated.

(a) pre-1980 (b) mid-1980
Start Stop Start Stop
| | | Intron 1 Intron 2 |
I
Gene Exon 1 Exon 2 Exon 3

Single coding region

<~— Interrupted gene ——

FIGURE 2.21 (a) Pre-1980 view of a gene, with a continuous coding region.
(b) Actual situation with coding region (orange) broken into segments (exons)
by noncoding segments (green).

CODING AND FLANKING REGIONS

If it were possible to travel in a miniaturised vehicle
along a gene, what would we see?

The coding region

The coding region of a gene is the segment of DNA
double helix that includes the DNA template strand,
which encodes the information that will later be
translated into the amino acid sequence of a poly-
peptide. This region of a DNA template strand begins
with a start signal (TAC) and, some distance away,
there is a stop signal (ATT or ATC or ACT).

Upstream from the coding region

The region of DNA on the template strand upstream
from the coding region contains some particular
base sequences. One part of the upstream region is
rich in As and Ts and is often called the TATA box,
because the sequence TATA AA (or similar) occurs
there. Another sequence commonly found further
upstream is called the CAT or CAAT box.

Role of upstream sequences
Consider the following observations:

e Upstream sequences are invariably found in all
organisms. It is reasonable to suggest that these
upstream sequences serve an important function
since they have been maintained during evolution.

o If upstream sequences are altered by mutation,
the activity of the coding region of the gene may
be reduced or even become inactive. The absence
of the correct upstream signal is a cause of some
inherited human diseases. One form of thalas-
saemia is due to a missing TATA group in the
upstream region of the DNA of both copies of the
specific gene in the people concerned.

o The upstream region includes segments of DNA
to which hormones can attach. The fact that some
hormones can bind to DNA provides one clue as to
how hormones can influence the action of genes.
These observations support the conclusion that

specific DNA sequences upstream of the coding
region of a gene initiate transcription, the process by
which the encoded information in the DNA coding
region is transcribed into mRNA. Promoters also act
as sites where proteins called transcription factors
can bind and regulate the expression of genes.

(continued)
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Downstream from the coding region signal, which terminates the process of transcription

The DNA following the end of the coding region ©f MRNA from the DNA template.

is referred to as the ‘downstream’ region (see Critical sites where mutations can affect normal
figure 2.22). About 20 bases downstream, the functioning of a gene includef

sequence AATAAA is wusually found. If this ° the upstream promoter region

sequence is altered, the gene action is altered. The ¢ the START and STOP signals.

downstream region includes an ‘end transcription

‘Upstream’ ) ) ‘Downstream’
region Coding region region
START STOP
.AT == ATATA -+ TAC === CTCCGGGAT - ACT AATAAA

FIGURE 2.22 Regions of the template strand of a typical gene.
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So, eukaryote genes are not like nursery rhymes in a book, where the reader
starts at the beginning and reads through to the end. The information in genes
is broken up into segments and the sections in between are filled with other
printed material that is unrelated to the rhyme.

Here is an interrupted rhyme:

‘Hey, diddle diddle the cat and the fid HERE IS AN INTERRUPTION dle, the cow
jumped over the AND HERE IS ANOTHER INTERRUPTION moon. The little dog
laughed to see such fun and the dish HERE’'S ANOTHER ran away with the spoon’

If this interrupted rhyme were thought of as a gene, how many exons and
how many introns would it contain? The underlined portions are like exons,
and there are four of them. The interruptions are like introns, and there are
three of them; they are removed from the mRNA before translation.

The number of exons and introns in genes varies. The DNA making up the
HBB gene, which controls the production of one chain of the haemoglobin
molecules, consists of three exons and two introns. The F8C gene, which con-
trols the production of factor VIII, which assists in blood clotting, consists of
26 exons and 25 introns.

KEY IDEAS

m Each gene in eukaryote organisms contains a coding region, and also
includes flanking regions upstream and downstream of the coding region.

m The coding region of a gene typically consists of several exons separated
or interrupted by introns.

20 Using words or diagrams, distinguish between the members of each of the
following pairs:
a intron and exon
b coding region and flanking region.

21 True or false? All genes contain the same number of exons.
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Various kinds of RNA occur
in cells, including messenger
RNA (mRNA), ribosomal

RNA (rRNA), transfer RNA
(tRNA) and small nuclear
RNA (snRNA). By far the most
common is rRNA since it
forms part of every ribosome,
a cell organelle that is
present in large numbers in
the cell cytoplasm. rRNA is
also found in the nucleolus.
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FIGURE 2.23 Because of
pairing of complementary
bases in DNA and RNA,

one DNA chain can act as

a template to build an RNA
chain with a predictable
nucleotide sequence. What
does an A in DNA put in place
in RNA?

RNA A

Protein synthesis

The genetic instructions for producing proteins are found within the DNA of the
chromosomes. A gene is a segment of DNA that codes for a protein. In eukaryote
organisms how do genetic instructions get from the nucleus to the ribosomes?

When a gene becomes active, it first makes a mobile copy of the coded instruc-
tion that it contains. This occurs by a process known as transcription. This mobile
copy of a genetic instruction can leave the nucleus and move to the cytoplasm
where the instruction is decoded. This occurs by a process known as translation.
So, in the case of protein-encoding genes, gene action involves two processes:
transcription, which occurs in the nucleus, and translation, which occurs on ribo-
somes in the cytoplasm.

Transcription: copying the original

The nucleus of a eukaryote cell is like a safe that contains the genetic masterplan
in the form of DNA. The genetic masterplan containing the entire set of instruc-
tions for an organism is like the complete plan for the construction of a complex
structure, such as a jumbo jet. One gene or instruction for a particular protein is
like the plan for making one component of the jet, such as a wing flap.

The workers at the site where the wing flaps are made do not work directly
from the complete masterplan; instead, they have copies of the relevant
section of the plan. Likewise, before a genetic instruction in DNA is decoded,
that instruction is copied (transcribed) from the genetic masterplan, which
remains in the nucleus. This copy is encoded in a different nucleic acid called
ribonucleic acid (RNA). Because the role of this particular RNA is to carry a
copy of a genetic instruction from the nucleus to the cytoplasm, it is known as
messenger RNA (mRNA).

Pairing or hybridisation can occur between the bases in one DNA strand
and complementary bases in an RNA strand as follows:

A in DNA pairs with Uin RNA
T pairs with A
C pairs with G
G pairs with C.

This pairing means that a DNA chain can act as a template to guide the con-
struction of RNA with a complementary base sequence (see figure 2.23). This
means that the genetic information in DNA can be accurately copied into RNA
during the process of transcription.

Consider a DNA template with the base sequence:

DNA template ... ATGCCTGAAT ...

This DNA can act as a template to guide the formation of an RNA molecule
with the complementary base sequence as follows:

mRNA transcript (copy)...

The base sequence of the mRNA primary transcript is not identical to that of
the template DNA strand; instead, the mRNA has a complementary sequence.
However, the mRNA base sequence matches that of the complementary
nontemplate DNA strand, except that U replaces A. For this reason, the non-
template DNA strand is also called the coding DNA strand.

Nontemplate DNA: A T C C C G G T
Template DNA: T G G G
cC C C

A A
A T T
mRNA transcript: A U A A

OO0
> = >

cC C A
G G U
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FIGURE 2.24 Transcription
occurs in the cell nucleus.
The enzyme RNA polymerase
moves along the DNA
template building an mRNA
molecule at the rate of about
30 bases per second.
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Splicing of pre-mRNA is
carried out by a complex
known as the spliceosome.
This complex consists of
protein and snRNA.

FIGURE 2.25 Various
processes in the post-
transcription modification of
pre-mRNA (primary transcript)
produce mRNA. Post-
transcription modification
occurs in the nucleus. The
HBB gene comprises three
exons and two introns and,
in the post-transcription
modification of the primary
transcript, the two introns are
excised and the three exons

are spliced to form the mRNA.
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From DNA to mRNA: step by step

A particular gene in the nucleus is switched on at a specific stage of develop-
ment. In the case of the HBB gene, this gene becomes active during late fetal
development in certain bone marrow cells. Transcription takes place in a
series of steps (see figure 2.24).

1. An enzyme, known as RNA polymerase, attaches to a specific promotor
sequence of DNA in the upstream region of the template strand. The dou-
ble-stranded DNA of the gene unwinds and exposes the bases of the template
strand.

2. The base sequence of the DNA template guides the building of a com-
plementary copy of the mRNA sequence. The RNA polymerase enzyme
moves along the DNA template in a 3’ to 5’ direction and, as it moves, com-
plementary nucleotides are brought into place and, one by one, are joined
to form an RNA chain.

3. After the RNA polymerase moves past the coding region and into the down-
stream region of the gene, transcription stops and the mRNA molecule is
released from the template.

The result of this process is a single-stranded molecule, called pre-messenger

RNA. The base sequence in the pre-mRNA molecule is complementary to the

base sequence of the DNA of the template strand.

Free
ribonucleotides

\ lN\lulh e .
5/M ‘

mRNA

U 4 ) 3

Pre-mRNA is modified after transcription

The primary product of translation is pre-mRNA, also known as the primary
transcript. The sequence of bases in the pre-mRNA is complementary to all
the DNA bases of a gene, both introns and exons. The primary mRNA tran-
script then undergoes a process termed post-transcription modification (see
figure 2.25) before it leaves the nucleus.

Exon 1 Exon 2 STRE ONA template
strand
Transcribe
[Exon1 [ Intron1 [Exon2] Intron 2 | Exon3 |, . pre-mRNA .
(primary transcript)
( A lCap
<@ Exon1 [ Intron1 [Exon2] Intron 2 | Exon3 |
l Add poly-A tail
<@ Exon1 [ Intron1 [Exon2] Intron 2 | Exon3 | poly-A |
Excise intronsl Splice exons

< Exon 1 [Exon

S

N

[ Exon3 | poly-A |mRNA
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FIGURE 2.26 Ribosomes are
composed mainly of a type

of ribonucleic acid known as
ribosomal RNA (rRNA). In this
electron photomicrograph,
ribosomes appear as

dark dots located on the
endoplasmic reticulum. (Image
courtesy of Dr Maret Vesk.)

Post-transcription modification includes the following processes:

Capping: The 5’ end of the pre-mRNA is capped with an altered guanine
(G) base (methyl guanosine). The cap protects the pre-mRNA from enzyme
attack and contributes to its stability.

o Adding a tail: The primary transcript is clipped at a specific point down-

stream of the coding region and a poly-adenine (A) tail, with up to 250 As,
is then added at the 3’ end. The tail contributes to the stability of the
mRNA.

Splicing: The regions in the pre-mRNA that correspond to the introns are cut
out and the remaining exons are spliced together. This cutting and splicing is
done by spliceosomes, which recognise specific base sequences at the ends
of the introns: GU at the 5’ end, and AG at the 3’ end.

Post-transcription occurs within the nucleus. The final mRNA product now

moves across the nuclear membrane into the cytosol, carrying with it a copy of
the information originally encoded in the DNA of the gene.

In the next section, we will examine how the genetic information that is

copied into mRNA is decoded (translated) into a particular protein chain.

KEY IDEAS

m Coded genetic instructions are located in the DNA of the nucleus of
eukaryote organisms.

m DNA and RNA are both nucleic acids, but differ in several ways.

m During transcription, the information in the template strand of the DNA of a
gene is copied into a pre-RNA molecule.

m The final mMRNA molecule results when post-transcription modification is
complete, including intron excision and exon splicing.

22 Where does transcription occur? What is the end product of this process?
23 A template strand of DNA includes the base sequence:
...TATCGGCAT...
Write the base sequence of the complementary nontemplate strand.
24 A strand of mRNA includes the base sequence:
..AUGUAUCCG...
Write the base sequence of the DNA coding strand.
25 Where does transcription occur in a cell?
26 List two differences between pre-mRNA and mRNA.

Translation: decoding genetic
instructions

The decoding of the genetic instructions occurs through the process of trans-
lation, which takes place in the cytoplasm. By the end of this process, the genetic
instructions carried in mRNA have been decoded and translated into a protein
chain built of amino acids. The coded instruction in the mRNA is not changed
in this process, just as the plan of a jumbo jet part is unaltered after the part is
made.

Translation involves the combined action of several agents (see table 2.4).
The mRNA moves from the nucleus to the cytoplasm where it attaches to

submicroscopic organelles known as ribosomes (see figure 2.26).
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In this text, the term protein chain
is used to refer to a single chain
built of amino acid sub-units.
Polypeptide is a term for a short
chain consisting of amino acids.

FIGURE 2.27 (a) Transfer
RNA (tRNA) molecule. At
one end is an amino acid
attachment site and, at the
opposite end, an anti-codon
region. How many bases
make up an anti-codon?

(b) A simpler representation
as used in this textbook.

The colour coding in table 2.5
groups amino acids according
to their side chains; for example,
those with a positive charge are
shown in blue.
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TABLE 2.4 Players and places in translation. (Many enzymes are also involved.)

Agents . Analogy

DNA in the nucleus

masterplan with complete set of

instructions
mRNA working copy of one instruction
ribosomes construction site
tRNA carriers of raw material

amino acids raw material

protein chain end product

The construction of a protein according to the coded instructions in mRNA
involves the assembly of amino acid sub-units. The various amino acids are
present in solution in the cytosol. How are the correct amino acids selected
from this solution?

Each amino acid is brought to the mRNA on the ribosomes by a carrier mol-
ecule called transfer RNA (tRNA). Each tRNA molecule consists of a single
strand of 76 nucleotides coiled and paired with themselves. At one end of each
tRNA molecule are three bases that make up an anti-codon. At the other end
of a tRNA molecule is a region that attaches to one specific amino acid (see
figure 2.27). An enzyme, amino acyl tRNA synthetase, catalyses the linking of
each amino acid to its specific tRNA carrier.
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From mRNA to protein: step by step

The information in mRNA is present in coded form as sets of three bases or
triplets. These triplets, such as AGG and UCU, are called codons. Most codons
contain the information to add one specific amino acid to a protein chain. In
addition, one codon (AUG) is a START TRANSLATION instruction, and three
different codons (UAA, UAG and UGA) are STOP TRANSLATION instructions
(see table 2.5).

The instructions in an mRNA molecule are decoded three bases (or one
codon) at a time. Translation begins at the ‘start adding amino acids’ signal
(AUG codon) (see figure 2.28a). This codon both starts the process of building a
protein chain and puts the amino acid met into place as the first amino acid in
the chain. Then, the next three bases are translated by adding the next amino
acid to the growing protein, and so on (see figure 2.28b).
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FIGURE 2.28 (a) The

mRNA molecule attaches to

a ribosome. In turn, as the
ribosome moves along the
mRNA molecule, each codon
pairs with the tRNA with the
complementary anti-codon.
(b) The amino acids carried
by each tRNA molecule are
joined to form a chain. The
final product is a protein
consisting of a chain of amino
acid sub-units, which, if short,
is termed a polypeptide.

TABLE 2.5 Genetic code shown as the 64 mRNA codons and information they

specify. (See Appendix for the full names of the amino acids.) The codon AUG
is a start signal and it also codes for the amino acid met. Note the three stop

signals.

mRNA
codon

Amino
acid

mRNA
codon

UCuU

UCC

UCA
UCG

Amino
acid

mRNA Amino mRNA Amino
codon acid codon acid

CCu
CCC
CCA
CCG

ACU
ACC
ACA

ACG

(b)

RIBOSOME

mRNA
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Messenger RNA (MRNA)
formed during gene
transcription has a

short life. This is in contrast
to ribosomal RNA (rRNA),
which forms part of the
ribosomes and is very stable.
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As each codon is translated, the tRNA molecule with the complementary
anti-codon pairs momentarily with the mRNA. The pairing between bases in
codons and the complementary bases in an anti-codon is as follows:

A pairs with U
U pairs with A
C pairs with G
G pairs with C.

So, when the mRNA codon UUU is reached, the tRNA carrier molecule that has
the anti-codon AAA comes into place with its specific cargo of the amino acid phe.
The amino acid carried by that tRNA is brought into the correct position to be joined
into the growing protein chain. Amino acids continue to be added until a STOP
signal isreached, which stops the addition of amino acids to the protein chain.

What is the mRNA codon for STOP? Will this have a corresponding anti-
codon on a tRNA carrying an amino acid?

Putting it all together: transcription and translation

The production of a particular protein, such as beta chains of haemoglobin,
starts in the cell nucleus. It is here that pre-mRNA molecules are produced by
transcription from a template DNA chain. The mRNA leaves the nucleus and
moves to the cytosol where it becomes attached to ribosomes. It is here that
protein chains are formed by translation of mRNA.

Figure 2.29 shows a summary of the processes of transcription and of
translation. For simplicity, this diagram omits one important step. Can you
identify the missing step? By referring to the genetic code shown in table 2.5,
identify the amino acid that is about to be added to the growing protein chain
in this diagram.

Transcription

&Polypeptide chain

‘))»)Amino acid

tRNA
Nucleus

FIGURE 2.29 Representation of the processes of transcription and translation in a
eukaryote cell. (Image courtesy of the National Human Genome Research Institute.)
Which of these processes involves the action of three different kinds of RNA?



One scientist has suggested
that each gene is like a Swiss
army knife; it can do several
jobs, depending on how it is
handled (or, in the case of a
gene, how it is regulated).

FIGURE 2.30 Exon juggling
of pre-mRNA (E = exon and

| = intron). Juggling of exons
generates mMRNAs that differ
in their base sequences and
so code for different proteins.
Are any mRNAs possible other
than those shown?

Another means of alternative
splicing is intron retention.
Instead of all introns being
excised during post-
transcription modification

of mRNA, an intron can be
retained, leading to another
form of the protein.

Alternative splicing of pre-mRNA

The human genome contains only about 21 000 genes and this range is typical of
other mammals. In the past, it was accepted that one gene had a single function
as, for example, producing one particular protein — this is the ‘one gene, one
polypeptide’ concept. The question remains: How can a relatively small number
of genes produce the complexity of structure and function of a living mammal?

Research is now revealing that one gene can be regulated in different ways
so that it can produce more than one protein. This means that:

o one gene could produce one protein at one stage of development but a dif-
ferent protein at another stage of development

o one gene could produce a particular protein in one tissue but a different
protein in another tissue.

It is estimated that more than 60 per cent of human genes are regulated to
operate in this way. The complexity of mammals is not in the number of genes
that they have, but in the complex processes by which their genes are regulated.

How might one gene produce different protein products at different develop-
mental stages or in different tissues? One way is through alternative splicing
of the pre-mRNA molecules from a single gene.

Alternative splicing can occur during post-transcription modification of
pre-mRNA and is the major mechanism enabling the same gene to produce
different proteins in different tissues. Usually, alternative splicing involves
exon juggling, where different exons are combined to form several kinds of
mRNA, each with a different base sequence (see figure 2.30).
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These different mRNAs are then translated into proteins that differ in their
amino acid sequences. For example, the human TPM gene has 11 exons. Juggling
of these exons produces different mRNAs in different tissues with the result
that each tissue has a different form of the protein (see table 2.6).

TABLE 2.6 Result of exon juggling of the pre-mRNA from one human TPM gene in
different tissues. The resulting proteins differ in their amino acid sequences. Why?

Tissue _ Exons in mRNA  Excised exons
skeletal muscle exons 1, 3-11 exon 2
smooth muscle exons 1, 2, 4-9, 11 exons 3, 10

exons 2, 3,7,10
exons 2, 3,10, 11

liver exons 1, 4-6, 8,9, 11

brain exons 1, 4-9

Alternative splicing means that the number of proteins from the genetic
instructions (genes) in a genome is far greater than the number of genes.
Identifying how one gene can be regulated in different tissues, or at different
times, to produce different products is an exciting area of ongoing research.

CHAPTER 2 Nucleic acids and proteins: a review 65



In human cells, each
nucleolar organiser region
(NOR) consists of a segment
of DNA more than 3000000
base pairs in length. The DNA
of each NOR contains about
80 repeats of the ribosomal
gene.
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(a)

FIGURE 2.31 (a) Human chromosomes
13, 14,15, 21 and 22. Note the secondary
constriction (arrowed) on the short arm.
This forms the nucleolar organiser region
(NOR) and is where the ribosomal genes
are located. (b) Photomicrograph of human

Genes have various functions
Structural and regulator genes

Genes vary in the functions that they carry out in the cells of an organism.
Some genes produce proteins that become part of the structure and the
functioning of the organism. These genes are termed structural genes.

Some genes produce proteins that control the action of other genes. These
genes are termed regulator genes and their actions determine whether other
genes are active (‘on’) or not (‘off’) and, if active, the rate at which their prod-
ucts are made.

(b)

chromosomes hybridised with a probe that is
specific for the gene that controls production
of ribosomal RNA (rRNA). The rest of the
chromosomes are counterstained with a blue
dye. Note the multiple locations of this gene.

(Image (b) courtesy of Dr Brian McStay)

FIGURE 2.32 Homeotic
genes produce a polypeptide
with a region that carries + +
charges that can bind to DNA.
Here, the DNA-binding region
of the polypeptide is shown
bound to DNA (purple).

NATURE OF BIOLOGY 2

Regulator genes switch other genes ‘on’ or ‘off’ by producing proteins that
act in one of two different ways:

1. Some proteins, known as DNA-binding proteins, bind to regions of nuclear
DNA near genes and directly switch these genes on or off. These proteins
carry a net positive charge that enables them to bind to DNA, which has a
net negative charge. By binding to the DNA near their target genes, these
proteins can switch these genes on and off (see figure 2.32).

2. Some proteins bind to receptors on the membrane of cells in their target
tissue and trigger a series of intercellular reactions that switch genes on or
off; these are signalling proteins.

Genes that control embryonic development in insects and in ver-
tebrates are master genes, known as homeotic genes, and are examples
of regulator genes. These genes act by producing DNA-binding proteins.
Homeotic genes control the action of hundreds of other genes that are
needed to build the various parts of an animal body in their correct
locations. In insects, for example, when a particular homeotic gene mal-
functions, the result is an insect that has, instead of antennae, legs on its
head (see figure 2.33). If another homeotic gene does not operate nor-
mally, the affected insect may have an antenna where it would normally
have a wing.

Homeotic genes that organise the body plan of mammals are known as
HOX genes. Mutations in these genes reveal how they control the pattern of



the body plan during embryonic development. For example, in mice, mutation
of the HOXC8 gene results in an extra pair of ribs. In humans, mutation of the
HOXD13 gene results in limb abnormalities, with an extra digit between the
third and fourth digits and with all three digits fused. If the genes at one end of
the HOXD complex are removed by a chromosomal deletion, severe limb and
genital deformities result.

Halteres S Wings replace
s - / halteres

Antennae Legs replace
antennae

FIGURE 2.33 Mutations in ‘master’ or homeotic genes result in the appearance
of body parts in unexpected locations. (a) Normal fly. (b) Fly has mutations in
homeotic genes that result in the appearance of a second pair of wings instead

ODD FACT of halteres and legs instead of antennae.

High doses of vitamin A

retinoic acid) appear to
faffect the ac’ziorl? %f some Homeotic genes produce DNA-binding proteins. By binding to the DNA

of the HOX genes, resulting near other target genes, these proteins can switch these genes on and off.
in major malformations in

developing embryos involving KEY IDEAS
heart, limbs, central nervous

system and facial bones. m All active genes produce RNAs of some kind.

m Most genes transcribe mRNAs that are then translated into proteins.

m Some genes produce other kinds of RNA, such as tRNA and rRNA, and
these are the end products.

study(J)] § m Genes can be classified as structural genes or as regulator genes.

m Regulator genes control the activity of other genes, switching them on or
Genes off, either directly through the action of DNA-binding proteins, or indirectly

m Summary through the action of signalling proteins.
screen and

| Topic4 2

practice questions

27 List one difference between a structural gene and a regulator gene.
28 What is a homeotic gene?

Time and place for everything
When are genes active?

Genes vary in the time of their action. Some genes are active in making mRNA
and proteins only during a short period of the life span of a person, while other
genes are active throughout a person’s life.

CHAPTER 2 Nucleic acids and proteins: a review 67



o

Commercially available
microarrays include one

with 32996 spots covering
the mouse genome and one
with 32878 spots covering
the human genome. In both
cases, each spot comprises
a segment of DNA, 60 bases
long, from a different gene.
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The HBZ gene on the number-11 chromosome controls production of one
kind of chain found in a type of haemoglobin that occurs only in mammalian
embryos. After the first few weeks of embryonic development, this gene is
switched off and remains silent during fetal development and after birth.

A baby boy with the genotype d (Y) for the DMD gene on the X chromo-
some is healthy at birth and for several years after birth. However, the signs of
Duchenne muscular dystropy gradually appear during childhood, so that, by
about 10 years old, he is confined to a wheelchair.

Some genes are not expressed in the phenotype until a person is well into
adulthood. A person with the genotype Hh has the allele for Huntington’s
disease on the number-4 chromosome. The H allele remains inactive often
until middle age when the person shows the first signs of this devastating
disease.

The AD1 gene, on the number-21 chromosome, is involved in a familial form
of Alzheimer disease. The expression of the specific allele (A) typically occurs
after the onset of middle age when the person shows the first signs of familial
Alzheimer disease.

Many genes remain active throughout the life of a person. These genes
include the genes responsible for controlling the production of enzymes that
are essential for cellular respiration, such as the SDH gene located on the
number-1 chromosome. This gene controls production of a sub-unit of one of
the enzymes (succinic dehydrogenase) essential for cellular respiration.

Where are genes active?

Some genes are active only in the cells of specific tissues:

o The HBB gene on the number-11 chromosome, which controls the pro-
duction of the beta chains of haemoglobin, is active only in those cells of the
bone marrow destined to become red blood cells.

o The DMD gene on the X chromosome, which controls production of the
protein dystrophin, is active only in skeletal muscle tissue.

o The GH gene on the number-17 chromosome, which controls production
of growth hormone, is active only in the pituitary gland at the base of the
brain.

In contrast, genes involved in controlling production of enzymes involved in
cellular respiration are active in all living cells.

The term gene action refers to the processes of gene transcription and gene
translation. The end products of gene action typically are proteins, such as beta
protein chains of the HBB gene or amylase enzyme of the AMY gene. However,
the final phenotype of an organism is more complex than just proteins pro-
duced by the genes.

Identifying active genes

Of the approximately 21000 genes in a human cell, only some genes are
expressed or ‘switched on’ at a given time. A ‘switched on’ gene is one that
is transcribing the mRNA, while a ‘switched off’ gene is one that is not pro-
ducing mRNA. But which genes are active? The pattern of gene activity or gene
expression differs between:
o cells of different tissues in the same organism
o cells of the same tissue but at different stages of development
« normal and abnormal cells, such as cancerous cells
« cells under different environmental conditions, such as cells exposed to
chemical pollutants or drugs.
In the past, it was possible to examine whether only one or a few genes
were active. Through a new technology involving microarrays (also known as
DNA arrays and gene chips), it is now possible to study large numbers of



genes simultaneously or even the entire genome. This means that it is now
possible to:

« identify which genes are active and which genes are switched off

o compare gene expression in different cell types

e compare active genes in the same cells under different conditions.

A microarray consists of a glass slide (or other solid surface) on which
thousands of tiny spots of different DNA molecules are present. Each spot is in
a precise location and consists of a short segment of single-stranded DNA from
one particular gene (see figures 2.34 and 2.35). The spots are put in place using
arobotic instrument to ensure their precise locations. Typically, the DNA spots
in a microarray are organised into segments, with each often having up to
20 columns and 20 rows.

DNA

bases
Microarray Segment of  Spot containing copies Part of one
(chip) a chip of a single DNA molecule DNA strand

FIGURE 2.34 Diagram showing a microarray (at left), one segment from this
microarray (middle) and one spot from a segment (at right). Note that the DNA
in each spot contains single-stranded DNA from one specific gene. The DNA
spots are typically 150 to 200 micrometres (um) in diameter and the centres of
the spots might be 300 pm (0.3 mm) apart. So, one segment with 20 rows and
20 columns would fit in a square with a side of 6 millimetres.

FIGURE 2.35 DNA microarrays
enable the simultaneous
identification of the active
genes in a cell. This figure
shows the printing tool

that applies the spots to a
microarray.
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Each of the thousands of spots in the microarray acts as a probe to detect
the activity of one different gene. How? Active genes produce mRNAs that can
bind at the spots where the complementary single-stranded DNA is located. (If
a gene is not active, no mRNA is being transcribed so no binding occurs.)

Applications of microarray technology

The ability to recognise which genes are active can assist our understanding
of the role of genes in various diseases. For example, Swedish researchers used
microarrays to identify the active genes in breast cancer cells from 159 patients
who were followed up after surgery to remove the cancer. They found that
patients whose cancer returned or who died during the study period shared
64 active genes in common, but this set of genes was not active in other
patients where the cancer did not reoccur. This study showed how microarrays
might be used to predict how people with breast cancer will respond to treat-
ments and these findings may lead to new treatments for cancer. The following
box outlines how microarrays work.

HOW DO MICROARRAYS WORK?

Imagine that some research scientists want to

identify how gene activity changes when mouse cells

are exposed to a particular drug. Remember that
mRNA production signals an active gene. To do this,
the scientists need:

1. a ‘mouse’ microarray with the single-stranded
DNA of the spots coming from genes of the mouse
genome

2. two cell samples, one from cells that have been
exposed to the drug treatment and the second
from normal cells that have not been exposed to
the drug treatment. (Why two cell samples?)

The next step is to separately extract all the mRNA
from each cell population. This mRNA is used as a
template to make single-stranded DNA known as
complementary DNA (cDNA). The unknown cDNA
molecules from the two cell samples are labelled
with a coloured fluorescent marker so that they
can later be detected, with a different colour being
used for the control cells (green label) and the drug-
treated cells (red label).

Next, the mixtures of unknown cDNA molecules
from both samples are exposed to the microarray.

& Gene that strongly increased
activity in drug-treated cells

[ Gene that strongly decreased
activity in drug-treated cells

[ Gene that was equally active
in treated and untreated cells

Il Gene that was inactive in
both groups

When a cDNA sequence is complementary to one of
the spots on the microarray, the cDNA with its flu-
orescent label binds to this probe. Possible results
for one gene are shown in table 2.7.

TABLE 2.7 Results expected when cDNA from
untreated (control) cells with a green fluorescent label
and drug-treated cells with a red label are probed using
a microarray

Result on

Control cells Drug-treated cel microarray
Gene ON Gene OFF GREEN spot
Gene ON Gene ON YELLOW spot
Gene OFF Gene ON RED spot
Gene OFF Gene OFF no colour

Finally, the microarray is scanned using a con-
focal laser microscope and the locations of the
fluorescent spots are identified and displayed on a
computer screen (see figure 2.36).

FIGURE 2.36 Because of the large amount of data
involved, computer software is used to analyse the
microarray results. Here we see one segment of a
microarray and the information that it provides. Does
this result provide evidence that the drug treatment
changed the activity of genes in the treated cells
compared with the control cells?

70

NATURE OF BIOLOGY 2



Structural and
regulator genes
Summary

screen and
practice questions

Topic 4
Concept 4

Gene regulation
Summary

screen and
practice questions

Gene regulation in bacteria

In 1961, the French scientists Jacques Monod (1910-1976) and Francois Jacob
(1920-2013) made a significant discovery — they were the first to document a
gene regulation system. Rather than producing the same enzymes all the time,
Jacob and Monod found that the bacteria produced enzymes only when needed
— for example, they discovered that the bacteria Escherichia coli (E. coli) pro-
duced the enzymes needed to metabolise the sugar lactose only when lactose
was present and when glucose was not available. In other words, the bacterial
genes that encode the enzymes to metabolise lactose are expressed only in the
presence of lactose. Glucose is the favoured metabolite of these bacteria, and,
when glucose is available, the genes governing lactose metabolism are silent.

Clearly, there was a mechanism in place to control the activity of the genes
encoding enzymes involved with lactose. What Jacob and Monod discovered
was how the activity of structural genes that encode particular enzymes are
regulated by other genes known as regulator genes. They introduced the term
operon to describe a group of linked structural genes with a common pro-
moter and operator, that is transcribed as a single unit. The expression of
operons is controlled by regulator genes that produce repressor proteins.

This was a significant discovery because it revealed, for the first time, the
existence of a new class of genes, regulator genes, that control the activities
of structural genes, switching them on and off as conditions require. For their
discovery, Jacob and Monod shared the Nobel Prize in Physiology or Medicine
in 1956.

Since the discovery of the lac operon in bacteria, other operons have been
identified in bacteria, such as the trp operon.

Let’s look at some details of the lac operon in E. coli.

The lac operon

Figure 2.37 shows the structure of the lac operon. Also shown is the regulator
gene that controls the operon.

DNA

Regulator gene lac operon
AN AN
Promoter
/'/\
\/./
Operator
FIGURE 2.37

The lac operon
Summary

screen and
practice questions

Check out this figure and note that the lac operon consists of:

« Three structural genes concerned with the metabolism of lactose as follows:

- lac Z encodes the enzyme galactosidase, which breaks down lactose into
glucose and galactose

- lacY encodes the enzyme permease, which enables lactose to enter cells

- lac A encodes the enzyme acetyltransferase, which also has a role.

« A promoter (P, ): The promoter is a short DNA segment where RNA poly-
merase can attach and start transcription of the three downstream lac genes.
The three lac genes are transcribed as a single entity with one long mRNA
transcript being produced.

« An operator (0): An operator is a short DNA segment that provides a binding
site for a repressor.
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An mRNA molecule that
contains the transcripts of
more than one gene is called
a polycistronic mRNA.

Regulator genes may be located
adjacent to an operon or be ata
distance from the operon or may
even be within it. There is no fixed
location, unlike the requirement
that the DNA sequences of the
promoter and operator must be
just upstream from the structural
genes of the operon.

(a)
RNA polymerase blocked

from transcribing lac operon

DNA

Active form
of repressor

This operon is controlled by a regulator gene as follows:

o The lac I gene (with its upstream promoter): The lac I gene is a regulator
gene that encodes a repressor. The repressor is a protein that, when active,
down-regulates gene expression by preventing gene transcription.

What happens when lactose is absent? When lactose is absent, the
repressor protein is active and binds to the operator, physically blocking RNA
polymerase from attaching to the promoter. Transcription cannot start and the
lac operon is repressed (see figure 2.38a).

What happens when lactose is present? When lactose is present, it binds
to the repressor protein changing its shape and inactivating it so that it
cannot bind to the operator. This means that RNA polymerase can attach to
the promoter and start transcription of the structural genes (see figure 2.38b).
Then the long mRNA transcript is translated to produce the enzymes needed to
metabolise lactose. So, in the presence of lactose, the enzymes needed to trans-
port it into cells and break it down into galactose and glucose are synthesised.

The operon system enables the bacteria to adapt rapidly to their environ-
ment and to use their resources economically by synthesising enzymes only
when they are needed: a just-in-time strategy, rather than just-in-case.

(b)
Repressor bound RNA polymerase
to operator bound to promoter

Lactose

.

©

Inactive form
of repressor

FIGURE 2.38 Details showing a regulator gene and part only of the lac operon it controls. (a) When an active repressor
(R) is bound to the operator (O) of the operon, the RNA polymerase is blocked from attaching to the promoter (P,,c) and
transcription of the structural genes of the operon cannot occur. (b) The repressor protein is inactivated by binding with
lactose (L) and cannot attach to the operator. RNA polymerase can now attach to the common promoter of the operon
(P1ac) @and transcription can occur so that the genes of the lac operon can be expressed.
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1 Examine each of the molecules in the diagram. For each

one, answer the following:

a Decide whether it is a monomer or a polymer and, if a
polymer, name the monomers of which it is made.

b Classify the molecule as comprehensively as possible
with regard to its organic molecule category.

¢ Name where, in either a plant or an animal cell, you
could expect to find such a molecule.

d When the sub-units shown in (b) join to form a larger
unit,
i What kind of bond is formed?
i Is this a condensation reaction or a hydrolysis

e .
R

(c)

Thousands of years ago, woolly mammoths (Mammathus
primigenius), now extinct, lived in frigid regions including
present-day Siberia (see figure 2.39). The woolly mammoth
evolved from a line that originated in Africa and diverged
to give rise also to the African elephant (Loxodonta
africana) and the Asian elephant (Elephas maximus). The
woolly mammoth shows features that equip it for life in
very cold climates.

2 The DNA sequences of the coding strand of the HBA and
the HBB genes of the woolly mammoth were compared
with those of the African and the Asian elephants. Unique
mutations in the exons of the HBB gene of the woolly
mammoth were found:

. Base number* Mutation
1 37 A—G
2 259 G->T
2 304 G-C

(*Base number is given relative to the ATG start codon,
which begins at base number 1.)

Refer to the genetic code, shown as mRNA codons
on page 63, to answer the following:

a In the woolly mammoth, the A —» G mutation at base
number 37 in the DNA coding strand produces an
amino acid substitution in the beta-globin chain of
haemoglobin, with thr being replaced by ala. Identify
what bases number 38 and number 39 could be in the
DNA coding strand.

b In the woolly mammoth, the G - T mutation at base
number 259 produces a new sequence (TCC instead
of GCC) in the DNA coding strand of the HBB gene.
What effect will this have on the amino acid sequence
in the beta-globin chain of haemoglobin?

¢ A mutation present in the exon 3 of the Asian elephant
is a G — A substitution at the third position of the
119th codon. This mutation, however, is silent as it
does not change the amino acid in the beta-globin
chain. Give another example of a silent mutation in the
coding strand of the DNA of a gene.

d A codon consists of a three-base sequence, either in
the coding strand of DNA or in the mRNA strand. A
single mutation in a codon may affect the first, second
or third base in the codon. In terms of changing the
amino acid sequence, which position of a codon has
the most impact?

FIGURE 2.39 Woolly mammoth, an extinct mammal,
closely related to Asian and African elephants.
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Key words

alternative splicing
amino acids

exon juggling
flanking regions

anti-codon gene action
coding region gene chips
codons gene sequence
conjugate gene sequencing
decoded genetic code
deoxyribonucleic homeotic genes
acid (DNA) introns
DNA arrays lac operon
DNA-binding proteins messenger RNA
DNA sequencers (mRNA)
encoded microarrays
exon monomers
Questions

1 Applying your knowledge and understanding =)

a When two monomers such as amino acids join
together, a molecule of water is produced. Use
two amino acid molecules to explain where this
water comes from.

b How many water molecules would be required
to completely hydrolyse a carbohydrate polymer
that contained 100 monomers?

2 Applying understanding and drawing
conclusions =» Before the introduction of
genetically engineered insulin for use by people
with diabetes, the protein hormone was extracted
from beef or pig pancreas. Explain how you would
expect the sequence of amino acids in the beef and
pig insulin to compare with that of humans.

3 Analysing data and drawing conclusions = A
particular small polypeptide contains nine amino
acids. The polypeptide has been fragmented in
various experiments by breaking particular peptide
bonds. The fragments obtained were:
ser - cys - his - pro - arg - cys
pro - arg - cys
X - gly - met - cys
his - pro - arg - cys
X - gly - met - cys - ser - cys
Xis known to be the first amino acid in the polypeptide.
What is the primary structure of the polypeptide?

4 Analysing data and drawing conclusions =)
Assume that the nitrogen base sequence in one of
the strands in a DNA molecule is:
A-T-C-G-A-C-A-T-G-G-A-A-T-A-C-C-T-C
a What is the base sequence in the complementary

strand?

NATURE OF BIOLOGY 2

m’ Nucleic acids

and proteins

Gene structure

Topics 3&4 .
and regulation

Practice questions

nucleic acids ribonucleic acid (RNA)
nucleoproteins ribosomes
nucleotides RNA polymerase
nucleotide sequence signalling proteins
operon spliceosomes
polymers structural genes
polypeptide TATA box
post-transcription template strand

modification transcription
promoters transfer RNA (tRNA)
proteins translation
proteome triplet code
proteomics

regulator genes

b How many amino acids does this piece of DNA
code for?

5 Making connections =) Use at least eight of the
key words from this chapter to form a map for the
concept ‘gene action’ In drawing your map, add any
other concepts that you wish.

6 Demonstrating understanding = The following
is part of the nucleotide sequence in the template
strand of part of a gene:
...TATGGGCATGTAATGGGC...

a Identify the base sequence in each of the
following:
i the complementary DNA strand

ii the mRNA that would be transcribed from this
template.

How many codons are present in this mRNA?

c List the anti-codons that correspond with each
codon.

T

7 Applying knowledge =9 Refer to the genetic code
(see table 2.5 on page 63) and answer the following
questions:

a Which codons in mRNA control the addition of
the amino acid gly?

b How many codons contain the information to
add the amino acid lys to a protein? For each
codon, write the complementary anti-codon.

¢ When the mRNA codon UUU is translated, which
amino acid is added to a protein chain?

8 Demonstrating understanding = A protein
includes the following amino acids in part of its
structure:

...-val-thr-lys-pro-...
a How many codons are needed for the instruction
to put these amino acids into place?

)
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b Write this instruction in genetic code, as it
would appear in mRNA. Would you predict that
your code would be identical to that written by
all your fellow students? Explain.

Analysing information and drawing conclusions =

A mutation in one gene (G1) affects just one kind of

protein produced by a cell. A mutation in another

gene (G2) affects alarge number of different kinds
of proteins produced by that cell. One of these genes
carries the coded instructions to make one kind of
tRNA. The other carries coded information to make
one kind of salivary enzyme.

Which is more likely to be the gene for the tRNA:

G1 or G2? Explain.

Demonstrating understanding =» A segment of

mRNA has the base sequence:

...CAUAAGAAU CUU GC...

a Write the base sequence of the DNA template
strand.

b Write the amino acids that would be translated
from this mRNA segment.

¢ Assume that a base substitution occurs in the
original DNA so that the third base (U) of the
mRNA is replaced by a G:

...CAG*AAG AAU CUU GC...
Write the amino acid sequence that would result
from this change.

d Assume that a base addition occurs in the
original DNA so that a G is added between the
third and fourth bases:

...CAU G'AA GAAUCU UGC...
Write the amino acid sequence that would result
from this change.

e On the basis of this information, what kind of
change in DNA has a more extensive effect on
the protein resulting from gene translation — a
base substitution or a base addition? Explain.

Applying knowledge =)

a Whereis it?

Where would you find the following:
i acodon

ii gene transcription in action

iii an anti-codon

iv gene translation in action
v nucleolar organiser region?

b What is it?

Suggest possible identities for the following:

i a STOP codon

ii a START codon

iii an amino acid that has six codons

iv a self-replicating molecule that carries
information in coded form

v the cell organelle to which an mRNA
molecule attaches for translation.

12

13

Undertake some online research to find the gene
that causes cystic fibrosis (the search term OMIM
can be useful).

Answer the following questions about the gene

that causes cystic fibrosis:

a How many exons are there in the DNA of this
gene?

b The pre-mRNA is longer than the mRNA.
Explain.

¢ The coding sequence within the mRNA is
shorter than the mRNA. Explain.

d What relationship exists between the number
of bases in the coding sequence of the mRNA
and the number of amino acids in the protein
product?

E. coli bacteria have a requirement for amino

acids, including tryptophan (#rp). These bacteria

can take up trp from their environment, but if it
is not available, E. coli can synthesise this amino
acid. The five genes involved in the synthesis of
tryptophan are part of a system called the trp
operon. (This is similar to the lac operon.)

a Aswell as the five structural genes needed to
synthesise trp, what other DNA segments form
part of the trp operon?

b Draw a rough line diagram showing the
essential components of the trp operon.

Consider a situation in which tryptophan
is present in the environment in which the
E. coli bacteria are growing.

¢ Under these conditions, do the E. coli need to
synthesise trp?

d Under these conditions, would you expect
that the trp operon would be repressed or be
activated?

If tryptophan is not available from the
environment in which the bacteria are growing,
they will manufacture it themselves.

e Under these conditions, would you expect that
the trp operon would be repressed or be active?

When the #rp operon is repressed, the
structural genes that encode the various
enzymes needed are silent and the #rp operon is
said to be repressed.

f Identify a possible means by which the trp
operon might be repressed.

When the #rp operon is activated, the
structural genes that encode the various
enzymes needed for its synthesis and transport
from cells are transcribed and translated and
the trp operon is said to be activated.

g Identify a possible means by which the trp
operon might be activated.
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CHAPTER

Enzymes and biochemical
pathways

FIGURE 3.1 The search for
enzymes begins within days
of birth. A blood sample

from this baby is tested for
the presence of several key
enzymes. If the test reveals

a missing enzyme, treatment
is begun. Treatment can
prevent the destructive mental
retardation of phenylketonuria
(PKU) that can result when
the enzyme phenylalanine
hydrolase is missing.
Treatment can prevent

the serious consequences

of galactosemia when

the enzyme galactose-1-
phosphate uridylyltransferase
is missing. In this chapter, we
will explore enzymes, their
structure and their function in
life-sustaining reactions.

KEY KNOWLEDGE

This chapter is designed to enable students to:
recognise that enzymes play an essential role as biological catalysts
develop awareness of the distinguishing characteristics of enzymes
distinguish between monomeric and oligomeric enzymes
understand the mode of operation of enzymes
recognise the factors that affect enzyme activity

gain knowledge and understanding of the concept of enzyme inhibition, both
reversible and irreversible

become familiar with the role of cofactors, coenzymes and prosthetic groups in
enzyme activity.
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In 1520, Ferdinand Magellan
lost more than 80 per cent
of his crew while crossing
the Pacific. In the 1740s,
Commodore George Anson
lost 1300 men from the crews
of his fleet, the majority of
them dying from scurvy.

All primates except the
lemurs, lorises and aye-

ayes have lost the functional
enzyme that catalyses the
last step in the synthesis

of vitamin C. So, people,
apes, monkeys and tarsiers
cannot manufacture their own
vitamin C.

FIGURE 3.2 Multistep
biochemical pathway from
glucose to vitamin C (ascorbic
acid). Each step in this
pathway is catalysed by a
specific enzyme. Almost all
mammals can synthesise
vitamin C by this pathway,
except for human beings and
some other primates, guinea
pigs, and bats of the genus
Pteropus.
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The plague of the sea

As the long ocean voyage continued with no landfalls, the majority of the ship’s
crew became increasingly ill and exhibited a range of unpleasant symptoms —
their gums became swollen and purple in colour, teeth became loose in their
sockets, skin discoloured and spontaneous haemorrhages occurred. The suf-
fering of the sailors was compounded because even minor wounds failed to heal.
Then followed swelling, ulceration and, eventually, death. This illness described
as ‘the plague of the sea’ came into prominence in the fifteenth century when
explorers first ventured on extended ocean voyages or on expeditions to remote
terrestrial regions in high latitudes. We now know this disease as scurvy.

Read a description of scurvy written by Jacques Cartier, an expedition leader
who sailed from France in 1535 to present-day Canada and travelled up the
Saint Lawrence River: ‘Some could not stand on their feet. Others also had their
skins spotted with spots of blood of a purple colour then it did ascend up their
ankles, knees, thighs, shoulders, arms and necks. Their mouths became stinking,
their gums so rotten, that all their flesh did fall off, even to the roots of their teeth
which did also almost all fall out!

What is scurvy?

Scurvy is a deficiency disease, resulting from a lack of vitamin C (ascorbic
acid).

However, most animals can produce their own supplies of vitamin C by a
multistep biochemical pathway that converts glucose to ascorbic acid. In con-
trast, human beings and some other primates, guinea pigs and a few other
animals cannot synthesise their own supplies of vitamin C. Instead, these
animals must acquire vitamin C through their dietary intake. So, while the sailors
on diets of dry beef and biscuits on long voyages during the fifteenth to the eight-
eenth centuries were at extreme risk of death by scurvy, the rats on these ships
were scurvy-free because they could synthesise their own supplies of vitamin C.

Figure 3.2 shows the multistep pathway from glucose to ascorbic acid that
occurs in the liver of almost all mammals (and in the kidneys of birds).

H
I
HO —C——
I
H—C—OH
I E1 E2 E3
HO—C—H O gluCOSE mmmp mmmp ===p glucuronate
I
H—C— OH $E
I
H—C—— E5
|
CH,OH gulonate
A 4 E6
gulono-1,4-lactone
CH.OH i) GULO enzyme
2
| ascorbic acid
H _?_OH (vitamin C)
—C—H
I
C—OH
O Il
C—OH
|
——C=0




Those few mammals that cannot syn-
thesise their own vitamin C are missing
the terminal enzyme in the biosynthetic
pathway of glucose to ascorbic acid.
The gene encoding this enzyme, gulono-
lactone oxidase, has undergone substan-
tial mutation so that it no longer produces
a protein that can function as an enzyme.
This missing enzyme is the reason that
sailors on long sea voyages during the
fifteenth to the eighteenth century
suffered from and were at risk of death
from scurvy.

James Lind (1716-1794), a Scottish
FIGURE 3.3 Examples of foods that are rich sources of vitamin C physician, was the first to recogm_sg that
(ascorbic acid). scurvy could be prevented by the juice of

citrus fruits. In his Treatise of the Scurvy,

published in 1753, Lind recommended

that citrus juice be distributed to sailors to prevent scurvy. In 1795, when the

Royal Navy finally adopted the practice of issuing lime juice to sailors, scurvy
disappeared from the crews of all their ships.

Many fresh fruits and vegetables are rich sources of vitamin C, as, for example,

cantaloupe, cherries, kiwi fruit, and cabbage, cauliflower, bean sprouts, red and
green peppers, and potatoes (see figure 3.3).

The missing enzyme in scurvy

Thosefewmammals, includinghumans, thatcannotsynthesise their own vitamin
C are unable to produce an enzyme called gulono-lactone oxidase (GULO).
This enzyme is needed to catalyse the last step in the pathway that manufac-
tures ascorbic acid from glucose. In humans, the GULO gene, located on the
number-8 chromosome, is defective.

When the defective GULO gene is compared to that of the rat, several major
differences are seen: the functional GULO gene of the rat consists of a long
sequence of DNA that includes 12 exons. In contrast, the homologous GULO
gene in humans is missing most of these exons; it has only five. Not surpris-
ingly, the major deletions of DNA coding sequences mean that the protein
product translated from this gene is non-functional as a GULO enzyme.
Figure 3.4 shows a diagrammatic representation of the rat GULO gene and the
corresponding gene in humans. In addition, compared to the rat GULO gene,
the DNA of the remaining five exons in the human gene shows other mutations
including two single nucleotide deletions, one triple nucleotide deletion, and
one single nucleotide insertion.

(a)
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(b)
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FIGURE 3.4 Diagram showing a comparison of (a) the GULO gene that encodes the active GULO enzyme in
rats, and (b) the defective GULO gene of humans, which encodes a non-functional protein. The loss of exons in
humans is also seen in the genome of most primates.
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Scurvy is just one example of the critical role of enzymes in maintaining
the life of an organism. Every living organism has a myriad of enzymes that
operate continuously to ensure that the cellular processes essential for life
occur at rates sufficiently fast to maintain the living state.

At every moment, enzymes are jump-starting essential chemical reactions in
cells and organisms, as, for example, the chemical reactions that:

o enable some microbes to convert nitrogen in the air to essential amino acids

« enable plants to convert the energy of sunlight to sugars

 supply the energy needs of all cells, through cellular respiration

o break down food of animals and fungi to forms that can be absorbed and
utilised through digestion

« synthesise macromolecules that are essential to the structure and function
of mammals, including:

- proteins, such as contractile proteins that enable movement, antibody
proteins that provide immunity against infectious diseases, signalling pro-
teins that enable communication between cells, proteins that transport
oxygen, and proteins that form the structure of bones, cartilage and con-
nective tissue

- nucleic acids that determine aspects of heredity.

Table 3.1 gives some examples of enzymes essential to these life-maintaining
processes.

TABLE 3.1 Examples of some enzymes involved in various biological processes.
Processes involve multistep biochemical pathways, with each step catalysed by a
specific enzyme.

Process Example of enzyme
cellular respiration
glycolysis hexokinase, phosphofructokinase

Krebs cycle succinic dehyrogenase

electron transport chain cytochrome c oxidase

nucleic acid functions

DNA replication DNA polymerase

transcription of mRNA from DNA RNA polymerase
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mRNA translation amino acyl tRNA synthetase
joining DNA segments ligase
cutting DNA endonucleases
digestion
breakdown of starch amylase
breakdown of proteins trypsin, pepsin
breakdown of lipids lipase
breakdown of galactose galactose-1-phosphate
uridylyltransferase
breakdown of lactose lactase

metabolic pathways
formation of lactose

formation of uric acid (as in gout)
formation of melanin (pigment)
formation of collagen

formation of ascorbic acid (vit C)

lactose synthase
xanthine oxidase
tyrosinase

lysyl oxidase

gulono-lactone oxidase




The term ‘enzyme’ was
introduced by Wilhelm Kuhne
(1837-1900) in 1877. In 1926,
James Sumner (1887-1955)
was the first person to
isolate an enzyme when he
crystallised pure samples of
the enzyme urease.

The exception to the ‘All
enzymes are proteins’
statement was discovered
by Thomas Cech (b. 1947)
and Sidney Altman (b. 1939),
who discovered ribozymes.
Ribozymes are catalytic
RNA molecules that can

cut themselves out of long
RNA sequences.

FIGURE 3.5 Ribbon model

of lysozyme, a monomeric
enzyme, showing the overall
globular shape of its tertiary
structure. The different colours
denote the various amino
acids that form its polypeptide
chain. Note the coiled regions
of the enzyme, which are the
alpha helixes of its secondary
structure. (Source: Tsujino, S.,
Tomizaki, T., RCSB Protein
Data Bank)

What is an enzyme?

The key features of enzymes may be summarised as follows:

« Enzymes are biological catalysts: Catalysts are substances that speed up
the rate of chemical reactions without themselves being used up in the
reactions. The basic function of enzymes is to act as catalysts by increasing
the rate of almost all the chemical reactions in living organisms, and to do
this within the prevailing conditions of temperature and pH within cells.
Later in this chapter (see page 88), we will explore how enzymes manage to
speed up the rates of chemical reactions in cells.

Why is there a need to speed up chemical reactions in living organisms?
You cut your hand on a piece of jagged metal and start bleeding. Enzymes
are immediately activated, causing the blood in the damaged region to clot,
plugging the wound and stopping the bleeding. Without the action of these
enzymes, bleeding could continue, creating a life-threatening situation. The
steak that you recently ate was broken down in the acidic conditions of your
stomach at body temperature over a period of several hours. This breakdown
was the result of the catalytic action of digestive enzymes such as pepsin and
trypsin acting on the protein of the steak. To do the same without enzymes
also requires acidic conditions, but would require a few days (not hours) and
a temperature of 100 °C (not body temperature). These two examples give a
clue to the importance of enzymes in maintaining life. Without enzymes, the
speed of biochemical reactions would be far too slow to sustain the living
state.

o Enzymes are proteins: Almost without exception, enzymes are soluble
globular proteins (in contrast to insoluble fibrous protein, such as col-
lagen and silk). Globular proteins are spherical or globe-like in overall
shape, and are typically water-soluble. Water solubility results from the
fact that, in a globular protein, the amino acids with polar side chains are
exposed at the surface of the protein where they can interact with nearby
polar water molecules and dissolve. In contrast, amino acids with nonpolar
side chains tend to point inwards. (Refer to the Appendix to check out the
different side chains of amino acids.)

o Enzymes consist of one or more polypeptide chains: A minority of
enzymes are termed monomeric enzymes, with each enzyme consisting
of a single polypeptide chain formed of amino acids joined by peptide
bonds. The typical number of amino acids in the polypeptide chain is in
the range of 100 to 300. The folding and twisting of the polypeptide chain
of such an enzyme produces its tertiary structure, which is stabilised by
the formation of other bonds, including disulfide bonds, ionic bonds and
hydrogen bonds.

Examples of monomeric enzymes include lysozyme (in saliva), trypsin
(in the gastric juices of the stomach), papain (in pineapple) and ribonuclease.
Figure 3.5 shows a ribbon model of the lysozyme enzyme with 12 different
colours denoting the various amino acids, either singly (grey = gly) or a pair
(red = asp and glu, and blue = lys and arg) or, in one case, a trio (green = leu,
val and ile).

The majority of enzymes are oligomers, with each enzyme consisting of two
or more polypeptide chains that, in this context, are called sub-units. In some
oligomeric enzymes, the sub-units or polypeptide chains are identical, while,
in others, the sub-units differ. Examples of oligomeric enzymes include lactose
synthase (in mammary glands) with two different sub-units, and phosphofruc-
tokinase with four identical sub-units (see figure 3.6).

Because they consist of two or more sub-units, oligomeric enzymes have
a quaternary structure that is stabilised by covalent bonds. Oligomeric
enzymes with their multiple sub-units have properties that are not present
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FIGURE 3.6 Ribbon model

of the oligomeric enzyme
phosphofructokinase, showing
its four identical sub-units,
distinguished by different
colours. This enzyme catalyses
one step in the glycolysis
pathway of cellular respiration.
Note that the majority of this
enzyme displays an alpha-
coiled secondary structure.
Does this enzyme have a
quaternary structure? (Source:
Kloos, M., Straeter, N., RCSB
Protein Data Bank)

in monomeric enzymes, as, for example, the presence of multiple binding

sites.

The functional enzyme lactate dehydrogenase (LDH) consists of four sub-
units, each of which may be either an H or an M sub-unit. LDH present in
heart muscle consists of four H sub-units, while the LDH in skeletal muscle
consists of four M sub-units. Other tissues have other forms of LDH, including
H;M, H,M,, and HMj;. These five forms of LDH are termed isozymes, and each
has slightly different properties. Note that just two sub-units can produce
five different isozymes.

o Every enzyme has an active site: Typically, a small pocket or cleft in an
enzyme is an active site, also known as the substrate binding site, which is
essential for the enzyme to function. The substrate of an enzyme is the mol-
ecule that the enzyme acts on or the input to an enzyme-catalysed reaction.
The output of an enzyme-catalysed reaction is the product or products. The
active site of the enzyme that comes into contact with the substrate is small
in comparison to the rest of the enzyme.

The active site of each enzyme is formed by the folding of the polypeptide
chain(s) to form a small region with a unique stereospecific 3D shape. The
active site can recognise and bind to its specific substrate because of the com-
plementary shapes of the active site and the substrate.

Figure 3.7a shows a diagrammatic representation of a substrate interacting
with the active site of an enzyme. Typically, an active site consists of three to
twelve amino acids organised to form a particular shape. If the shape of the
active site of an enzyme is altered by any chemical or physical treatment, the
ability of the enzyme to function is reduced or permanently or temporarily
lost. Figure 3.7b shows the active site of the enzyme aspartate transaminase,
with six amino acids involved in the active site. The cytoplasmic aspartate
transaminase enzyme is an oligomer with the functional enzyme consisting of
two identical sub-units, each containing 412 amino acids.

(b) Lys 258

Tyr 70 Arg 386

aspartate @ @-""" @

Tyr 225

Asp 222

FIGURE 3.7 (a) Diagram showing a 2D representation of a substrate molecule in contact with the active site of an
enzyme. (b) Diagram showing the active site of the enzyme aspartate transaminase, which includes six amino acids.
The substrate molecule, glutamate (shown in green), and a cofactor (shown in dark blue) are held in place in the active
site of the enzyme by weak bonds, such as hydrogen bonds and ionic bonds.
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In fact, the active site of an enzyme is a 3D space. Figure 3.8a shows a space-
filling model of the enzyme hexokinase, which is involved in the glycolysis
pathway. The active site of hexokinase is at the bottom of the cleft that can be
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seen on the left-hand side of the model. Figure 3.8b shows a stylised diagram
of an active site of an enzyme with its substrate identifying the weak bonds that
hold the substrate and the active site together. These weak bonds are hydrogen
bonds (H—H), and ionic bonds between groups on the substrate and groups on
the active site that carry opposite charges. These weak bonds are sufficient to
stabilise the enzyme-substrate (E-S) complex, but they can easily be broken,
allowing the products of the reaction to be released, and freeing the active site
to be occupied by another substrate molecule. (Later in this chapter we will see
that, if a molecule forms a strong covalent bond with a group that is part of the
active site of an enzyme, the enzyme will be inactivated.)

(b)

Substrate

B
H

FIGURE 3.8 (a) Space-filling model of a hexokinase enzyme with its active site at the
base of the cleft shown at the left-hand side of the model. Different colours denote the
various amino acids that form the single polypeptide chain of this enzyme. (Source:
Feng, J., Zhao, S. and Liu, L., RCSB Protein Data Bank) (b) Schematic diagram
showing the weak bonds, such as hydrogen bonds and ionic bonds, that temporarily
stabilise the enzyme-substrate (E-S) complex at the active site of an enzyme.

o Each enzyme has a specific activity: The specificity of enzymes is demon-
strated in various ways, including:

- absolute or substrate specificity, meaning that an enzyme can act on one
substrate only; for example, the enzyme lactase can only hydrolyse the
milk sugar lactose to form glucose and galactose.

- bond specificity, meaning that an enzyme can act on one kind of
chemical bond; for example, peptidase enzymes act specifically on the
peptide bonds between any two amino acids, and the enzyme amylase
acts specifically on the 1,4 glycosidic bonds that link the glucose mono-
mers of starch and glycogen.

- group specificity, meaning that an enzyme can only act on molecules
with particular functional group(s) surrounding a bond; for example, the
digestive enzyme trypsin can only act on peptide bonds that are adjacent
to amino acids with basic side chains, namely lysine and arginine.

A time and place for enzyme action

Where and when does enzyme action occur? Most enzymes act on substrates
in solution within cells of particular human tissues. So, most enzymes are
intracellular.

However, some enzymes take action in extracellular locations, such as
lysozyme in tears, which are part of the body’s first line of defence against
microbial infection (see chapter 7, page 287), the digestive enzymes such
as amylase, which are produced in salivary glands, and the clotting enzyme
thrombin. The digestive enzymes of the stomach, the pancreas and the small
intestine are also examples of extracellular enzymes.
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Many enzymes exist in cells as inactive proenzymes (also termed zymo-
gens), which are only activated in response to relevant signals. This strategy
prevents enzyme activity occurring at inappropriate times or places and
causing damage. For example:

o The proteolytic enzyme pepsin is secreted by stomach cells as an inactive
proenzyme, called pepsinogen. Once in the extracellular space of the
stomach cavity, the pepsinogen molecules are activated by the acidic con-
ditions (pH 2 to 3) in the stomach to form pepsin. This activation involves the
removal of a peptide (44 amino acids long) from pepsinogen that masks the
active site. Once this is removed, active pepsin is produced (see figure 3.9).

site

A masking sequence is Masking Cleaving the masking sequence
cleaved from the sequence transforms pepsinogen into the
pepsinogen molecule. active digestive enzyme pepsin.

FIGURE 3.9 Diagram showing the activation of the inactive proenzyme pepsinogen
to the active proteolytic enzyme pepsin, which is initiated by the low pH conditions of
the stomach. These low pH conditions cause the removal of a masking sequence of a
44 amino-acid peptide from the active site, transforming pepsinogen into pepsin.

o The clotting enzyme thrombin is normally present as an inactive proen-
zyme called prothrombin. Prothrombin is converted to active thrombin only
when blood vessels are damaged, bleeding occurs, and there is a need for
clot formation. In the bloodstream is a soluble monomeric protein called
fibrinogen. Thrombin catalyses the conversion of the soluble blood protein
fibrinogen to the insoluble polymeric protein fibrin, which aggregates and
forms a clot, stopping the loss of blood (see figure 3.10).

Activated
factor X
Prothrombin \4 _ Thrombin
(inactive) - (active)
Fibrinogen \4 -~ Fibrin
(soluble) - (insoluble)

FIGURE 3.10 An extract of part of the clotting cascade that shows the
conversion of inactive prothrombin to active thrombin, which, in turn, catalyses
the conversion of soluble fibrinogen to insoluble fibrin aggregates, forming a clot
and trapping platelets and blood cells.



NAMING ENZYMES

Usually an enzyme has two names, as follows: o tyrosinase has the systematic name L-tyrosine,
1. a recommended or trivial name that is short, L-dopa:oxygen oxidoreductase.
often ending in -ase; in many cases, the sub- In addition, each enzyme has an EC (Enzyme

strate of the enzyme is included in this name: for Commission) number. The EC numbers group
example, tyrosinase, lactase, sucrase, creatine enzymes into one of six groups identifying the types
kinase. (Recommended names are the enzyme of enzyme-catalysed reaction that are carried out.
names that are used throughout this chapter.) Table 3.2 shows these six groups. Each enzyme
What reaction do you think the enzyme succinic has an EC identifier that consists of four numbers,
dehydrogenase carries out? such as:

2. a systematic name that is long and identifies the

exact reaction that is catalysed by the enzyme; for Tyrosinase is identified as EC 1.14.18.1; glucose

isomerase is identified as EC 5.3.1.5; aspartate

example: . . aminotransferase is identified as EC 2.6.1.1.
o amylase, present in human saliva, has the system-
atic name 4-alpha-D-glucan glucanohydrolase The first number identifies the major reaction
o glucose oxidase has the systematic name type that the enzyme can catalyse. So, any enzyme
p-D-glucose:oxygen 1-oxidoreductase with the first EC number of 2 must be a transferase

o aspartate aminotransferase has the systematic enzyme, which catalyses a particular transferase
name L-aspartate:2-oxoglutarate aminotransferase  reaction.

TABLE 3.2 The Enzyme Commission (EC) groups. Every enzyme belongs to one of these six groups, which
identify the types of chemical reactions that are catalysed by enzymes.

‘ Reaction type catalysed . Example of enzyme
EC1 oxidise/reduce molecules by transfer of O and H atoms succinic dehydrogenase
Oxidoreductases
EC2 transfer a group from substrate to product aspartate transaminase
Transferases
EC3 cleave chemical bonds by hydrolysis amylase
Hydrolases
EC4 cleave bonds in a substrate (not by hydrolysis) aldolase
Lyases
EC5 change arrangement of atoms in a molecule glucose isomerase
Isomerases
EC6 join two molecules by forming a new bond glutamate-cysteine ligase
Ligases

ODD FACT KEY IDEAS b

The enzyme known as pepsin
(EC 3.4.23.2) was given its
name in 1836 by Theodor

m Enzymes are biological catalysts composed of protein.
m Catalysts speed up the rate of chemical reactions.

Schwann (1810-1882), who, ® Some enzymes are monomeric and consist of a single polypeptide chain,
along with Matthias Schleiden while most are oligomers.

(1804-1881), formulated the m The active site of an enzyme has a 3D shape that is complementary to the
Cell Theory in 1839. shape of its specific substrate.
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1 Briefly explain the meaning of the following statement: Enzymes are
biological catalysts.
2 Identify a key difference between the members of the following pairs:
a monomeric enzyme and oligomeric enzyme
b proenzyme and enzyme
¢ substrate specificity and bond specificity
d hydrolase and transferase.
3 Identify the following statements as true or false:
The typical shape of an enzyme is globular.
The enzyme lysozyme consists of a single polypeptide chain.
Most of the structure of an enzyme forms part of its active site.
Most enzymes are oligomers.
Enzymes speed up the rate of chemical reactions in the body.
Each enzyme can catalyse just one specific reaction involving a single
substrate.
g The E-S complex is stabilised by strong covalent bonds.

-e Qe T e

Explaining enzyme specificity

Let’s now look at why enzymes have a high level of specificity for one substrate,
or for a functional group or side chain, or for a bond between particular groups.
To do this, let’s use models. What is a model? Models are used to represent
biological entities, such as biological processes, in a way that makes them
conceptually easier to understand or enables predictions to be made about
their operation. A model may be an analogy, such as the lock-and-key model
of enzyme-substrate interactions described below. A model may be a math-
ematical representation, such as the Hardy-Weinberg equation to represent a
population gene pool.

Lock and key or induced fit?

The essential prelude to the catalytic action of an enzyme is the binding of
the substrate(s) to the active site of the enzyme. Two models have been put
forward in an attempt to explain this specificity:

1. the lock-and-key model

2. the induced fit model.

The earliest explanation for the specificity of enzymes for particular sub-
strates was proposed by Emil Fischer (1852-1919) in 1894. Fischer explained the
specificity of enzymes using the analogy of a lock and key. In this lock-and-key
model, the enzyme acts as the lock and the substrate as the key. Only the cor-
rectly shaped key (substrate) can fit the lock (the active site of the enzyme).
This model correctly identified the importance of the complementary shapes
of the active site of an enzyme and its specific substrate and recognised that
enzyme specificity is determined by the active site of the enzyme. The lock-
and-key model assumes that the active site of an enzyme (the lock) is rigid and
fixed.

A second model was premised on the active site of an enzyme having a defined
shape, but one that has a degree of flexibility. This is the induced fit model,
which was proposed by Daniel Koshland in 1958. Koshland proposed that, just
as a glove changes its shape when a hand slips into it, so does the active site
change its shape to fit tightly around its substrate. In this model, the binding
site of an enzyme is not viewed as being exactly complementary to the sub-
strate. When the reaction is complete, the empty active site returns to its
relaxed resting state.

Figure 3.11 shows the difference between these two models.



Products

Substrate Y

Enzyme-substrate
(a) Lock-and-key model complex

Products
Iq Substrate Y

@ :
Enzyme-substrate

(b) Induced-fit model complex

FIGURE 3.11 Two models to explain enzyme specificity are shown. (a) The ‘lock-and-key’ model and (b) the
‘induced fit’ model. Examine these figures carefully. In which model is the shape of the active site (shown in red)
exactly complementary to the shape of the substrate? In which model does the shape of the active site change
slightly when it binds to the substrate, making a tight fit?

Mode of action of enzymes

At any minute, hundreds of chemical reactions are taking place in living
organisms, and this multitude of linked chemical reactions comprises the
metabolism of an organism. Most of these chemical reactions occur inside
cells, but a few are extracellular in location. Almost without exception, every
step in a metabolic pathway is catalysed by a specific enzyme. In a person,
enzyme-managed reactions are involved in growth, repair, cellular respiration,
reproduction, digestion, breathing, clotting of blood, and immunity, with
several thousand different enzymes involved.

In metabolism, some compounds are broken down with an associated
release of energy, while other compounds that are needed by cells are built up
or synthesised in a process that requires an input of energy. These two aspects
of metabolism are recognised in the following classification:

« catabolism = series of cellular reactions that releases useful energy from the
breakdown of complex molecules

study[1] o anabolism = series of cellular reactions in which the complex molecules

required by cells are synthesised from simpler building blocks, a process

Metabolic that requires an input of energy.
m reactions Metabolic reactions that release energy are said to be exergonic, while
: Summary reactions that require energy are termed endergonic. Figure 3.12 shows how
screen and the energy released in catabolic reactions drives the energy-requiring anabolic

practice questions . .. e . . .
m reactions. This illustrates the principle of coupling of exergonic and ender-
gonic reactions
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FIGURE 3.12 Diagram
showing interrelationship
between energy release by
catabolism and energy usage
by anabolism.
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Metabolic reactions are neither random nor unrelated. Instead, each
reaction is part of a coordinated sequence of enzyme-driven reactions or
pathways. Several mechanisms operate to ensure that the chemical reactions
operate in orderly and balanced sequences. For example, end-product inhi-
bition (see pages 94 and 95) prevents the build-up of an excess product of a
reaction and ensures that product(s) of reactions are formed only as and if
required. (In bacteria, another way of achieving this is through operons and
their regulation — refer to chapter 2.) Interference between biochemical
pathways is minimised by having particular pathways occurring within dif-
ferent membrane-bound compartments in a cell. We have already seen how
the production of inactive proenzymes, which must be activated to functional
enzymes, can also control when and where enzymes are active.

Let’s look now at how enzyme-catalysed reactions take place.

Mode of enzyme action

Enzymes are biological catalysts that accelerate chemical reactions in cells.
The molecules that are inputs to enzymic action are termed substrates, and
the outputs of enzymic action are termed products. We can show a general
enzyme-catalysed reaction as follows:

E+S=ES=P+E

that is: Enzyme + Substrate = Enzyme-Substrate complex = Product +
Enzyme



FIGURE 3.13 Diagram
showing the stages in an
enzyme-catalysed reaction.
This shows a catabolic
reaction. How would this
diagram change for an
anabolic reaction?

ODD FACT

The enzyme catalase has

one of the highest turnover
numbers of all enzymes. One
catalase molecule can convert
approximately five million
molecules of its substrate
(hydrogen peroxide) to water
and oxygen each minute.

FIGURE 3.14 Diagram
showing the different ‘routes’
taken by an enzyme-catalysed
reaction and a non-catalysed
reaction. In both cases,

the overall reaction is the
same. However, the enzyme-
catalysed reaction involves the
formation of an intermediate
enzyme-substrate complex
with a lower activation energy
than for the non-catalysed
reaction.

Figure 3.13 is a diagram illustrating the critical step in an enzyme-catalysed
reaction, namely the formation of the enzyme-substrate complex at the active
site of the enzyme.

¢:-¢-¢:

Enzyme + substrate Enzyme-substrate
complex

Enzyme + products

Look at the equation and diagram, and note that:

1. The reaction involves the formation of an enzyme-substrate complex (E-S).
The formation of the E-S complex means that the enzyme specifies the sub-
strate it will bind to, the reaction it will catalyse, and the product(s) that will
be formed.

2. The enzyme is not consumed in the reaction. Once the product is formed,
the enzyme is free to interact and bond with another substrate molecule. A
consequence of this is that only a small amount of enzyme is needed to cat-
alyse a reaction and produce large quantities of product.

For any chemical reaction to occur, the reactants must be in an activated
state. The energy level that must be attained is termed the activation energy.
If the reactant molecules do not have sufficient energy, no reaction can occur.

Enzymes lower the energy level that is needed to activate reactant
molecules. Enzymes do this by binding to the reactant molecules and pos-
itioning or bending them in a way that enables the breaking of existing bonds
and the formation of new ones to occur more readily. As a result, more reac-
tant molecules have sufficient energy to react, and so the reaction proceeds
much more rapidly than a non-catalysed reaction. In reality, enzymes speed
up chemical reactions in the body by a factor of between 10° to 10'? times so
that essential chemical reactions can occur at body temperature.

By providing an alternative reaction pathway with a lower activation energy
requirement, enzymes produce reaction rates that are much faster than those
for the non-catalysed pathway. Figure 3.14 shows a graphical representation of
an enzyme-catalysed reaction and a non-catalysed reaction.

Reaction without enzymes

Activation
energy

Energy

Reactants

Free energy
change

Activation
energy for
reaction with
enzyme

Products

Reaction with enzymes

Progress of reaction
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FIGURE 3.15 Graph showing
the effect of temperature on
the activity of a typical human
enzyme compared with the
effect on the activity of an
enzyme taken from heat-
tolerant bacteria.
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Factors affecting enzyme activity

Various factors that have an impact on enzyme activity include:
o temperature

e enzyme concentration

o pH

« substrate concentration.

Effect of temperature on reaction rate

For most chemical reactions, an increase in temperature causes an increase in
the reaction rate. As the reactants are heated, the particles move faster and are
more likely to collide with sufficient energy to overcome the activation energies of
the reactants. However, beyond a certain point, that relationship no longer holds.

Each enzyme has a temperature at which it operates most effectively, and,
for most human enzymes, that optimum temperature is about 37 °C or normal
body temperature. On either side of that optimum is a range of temperatures at
which enzymes will still operate, but at decreasing effectiveness.

As the temperature increases further, thermal denaturation of proteins
begins to occur. Heat denaturation permanently changes the tertiary shape of
enzyme molecules so that the shape of the active site is altered and the enzyme
is inactivated. Fevers occur when the body temperature rises above normal.
A high fever, defined as a core body temperature of 41.5°C and higher, is
extremely dangerous in part because of the harmful effect of this temperature
on the thousands of enzymes in the human body.

If the temperature falls too low, the enzyme and substrate molecules do not
have sufficient energy to interact. Enzymes that are inactivated because of a
low temperature can become active again when the temperature rises. Because
low temperatures do not permanently inactivate enzymes, enzymes are often
stored in laboratories in the cold; for example, enzymes can be stored in buff-
ered 50 per cent glycerol, which remains liquid at temperatures down to —-35 °C.

Figure 3.15 shows the effect of temperature on the activity of a typical human
enzyme compared with an enzyme from a heat-tolerant bacterial species. Note
the sharper fall off in reaction rate when the temperature exceeds the optimum.
Contrast this with the more gentle drop off in rate when the temperature falls
below the optimum.

Consider the following experiment: tubes containing the same amount
of enzyme and the same volume of solutions of different concentrations of
substrate (glucose) were incubated under identical conditions. The rate of
breakdown of glucose was measured and plotted against the original concen-
tration of the substrate. What was the maximum rate of the reaction?

Not all organisms have enzymes with optimal temperatures similar to that of the
enzymes of the human body. Table 3.3 shows some temperature minima, maxima
and optima for the growth of some microbes, both bacteria and archaeans. While
these figures relate to growth and not to a particular enzyme, they are indicators
of the temperature tolerance of the enzymes of these various microbes.

TABLE 3.3 Temperature (°C) ranges for a number of bacteria and archaea.

Microbe Minimum Optimum = Maximum
Listeria moncytogenes 1 30-37 45
Staphylococcus aureus 10 30-37 45
Streptococcus pyogenes 20 37 40
Thermus aquaticus 40 70-72 79
Sulfolobus acidocaldarius 70 75-85 90
Pyrobacterium brackii 80 102-105 115




Enzyme activity vs pH Enzymes synthesised by bacteria and archaea with optimal

growth temperatures greater than 80°C are termed hyperther-
mophilic enzymes. In contrast to the enzymes of most organisms,
these enzymes are resistant to irreversible denaturation at high
temperatures, and are said to be thermostable.

Effect of pH on reaction rate

The pH (hydrogen ion concentration) at which enzymes can
operate varies, typically according to the environment in which
the enzyme normally operates (see figure 3.16). Unlike the
normal human core body, which is regulated within a narrow
range, various compartments of the human body have very dif-
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FIGURE 3.16 Graph showing
the effect of pH on the
reaction rate of three human
enzymes. Can you suggest
why the pH optima of these
enzymes are so different from
one another?
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12 3 4 5 6 7 8 9 1011 3 4nd the small intestine with a pH around 5.

Enzymes can operate as catalysts within a range that is

defined by a maximum pH and a minimum pH, with the highest

activity (in terms of substrate molecules catalysed per unit time) occurring at

the optimal pH for the enzyme concerned. What is the pH optimum for the
enzyme alkaline phosphatase?

Usually, an enzyme works within quite a narrow pH range. At the optimal
pH, the reaction rate is greatest. Changes in pH can alter intra- and intermo-
lecular bonds, changing the shape of the enzyme and affecting its efficiency

The pH of a solution is a measure of the concentration of hydrogen ions per
litre of solution. The pH of a neutral solution, such as pure water, is 7.0. A pH
value below 7 indicates an acid — the lower the number, the more acidic the
solution. A pH value above 7 indicates a basic solution. Most biological fluids
have a pH between 6 and 8; for example, human blood is maintained at about
pH 7.4. There are a few extremes beyond this range, such as gastric juice in the
stomach, which has a pH of about 2.

Each enzyme acts bestata particular pH, which is known as the optimal pH for
the enzyme (see figure 3.16). Pepsin, which is secreted in the human stomach,
has an optimal pH of 2. Trypsin, secreted in the human small intestine, has
an optimal pH of about 8.0. Carbonic anhydrase, an enzyme found in human
blood, has an optimal pH of 7.4. Enzymes that act within human cells generally
have an optimal pH of about 7.6. A change in pH from the optimum can change
the shape of an enzyme and affect its ability to combine with its substrate.
Because the enzyme is less able to combine with its substrate, it is unable to
act and the rate of the metabolic reaction declines. An enzyme becomes less
efficient if the variable value is greater or less than the optimal.

Effect of substrate concentration on reaction rate

The addition of more substrate to an enzyme solution initially increases the
rate of the reaction, provided that some active sites of the enzyme are not yet
occupied. However, a set amount of enzyme molecules is present, and the
rate of the reaction tapers off once all the active sites of the enzyme molecules
become occupied.

So, for a given enzyme concentration, the rate of reaction increases with
increasing substrate concentration. But only up to a point. Beyond this, any
further increase in substrate concentration produces no significant change in
reaction rate (see figure 3.17). At this point, all the active sites of the enzyme
molecules at any given moment are occupied by substrate molecules. The E-S
complexes (enzyme/substrate complexes) have to dissociate before the active
sites are free to accommodate more substrate.

On such a graph, two values are typically noted:

Vmax = Maximum reaction rate or velocity. V.. is reached when all the active
sites of the enzyme are saturated with substrate molecules. V,,, is directly pro-
portional to enzyme concentration.
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FIGURE 3.17 Graph showing
reaction rate plotted against
increasing substrate
concentration.

Enzyme concentration

FIGURE 3.18 Provided
substrate concentrations are
high and conditions are kept
constant, increases in enzyme
concentration are expected

to produce an increase in
reaction rate.

For a discussion of cyanide
poisoning, refer back to Nature
of Biology Book 1 Fifth Edition,
chapter 3, page 84.
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Ky = substrate concentration at half the maximum velocity. K, is inversely
proportional to the affinity of an enzyme for its substrate, such that the lower
the Ky, the higher the affinity of the enzyme for its substrate.
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Effect of enzyme concentration on reaction rate

Enzymes are not consumed in reactions and so are usually needed in small
amounts only. For this reason, the question of the effect of increasing enzyme
concentration on reaction rate is not a common concern. Provided that the
substrate concentration is high and that temperature and pH are kept constant,
the rate of reaction is proportional to the enzyme concentration, as shown
in figure 3.18. In the most unusual situation of a very high concentration of
enzyme, the substrate concentration may become rate-limiting and, if so, the
reaction rate will stop increasing and will flatten out.

Enzymes can be inhibited

An enzyme inhibitor is a molecule that binds to an enzyme, reducing its
activity by interfering with the enzyme in some way.

Inhibition can be irreversible or reversible

Irreversible inhibition of an enzyme occurs when a compound binds cova-
lently to one or more amino acids and alters the structure of the enzyme,
affecting its active site. This permanently inhibits the enzyme because the
inhibitor-enzyme bond is so strong that the inhibition cannot be reversed by
the addition of excess substrate. Not surprisingly, compounds that are irrevers-
ible inhibitors of enzymes are termed poisons. Examples of enzyme inhibitors
that are irreversible include cyanide and nitrogen mustard gas.

o Cyanide is an irreversible inhibitor of cytochrome c oxidase, a key enzyme in
the electron transport chain. Inhibition of this enzyme stops the production
of ATP by aerobic respiration, resulting in death.

e Another irreversible inhibitor is the poison malonate, which binds cova-
lently to the active site of the Krebs cycle enzyme, succinate dehydrogenase.

« DFP (diisopropylfluorophosphate), a nerve gas, is an irreversible enzyme
inhibitor. DFP binds to a serine amino acid at the active site of the enzyme, ace-
tylcholine esterase (ACE) (see figure 3.19). ACE plays an essential role at nerve
synapses (see figure 5.22 on page 177) in deactivating neurotransmitters after
anerve impulse has passed. By inhibiting the action of ACE, DFP is a powerful
neurotoxin, and small quantities of this poison cause continuous muscle con-
traction, constriction of the bronchial tubes of the lungs, seizures and death.
Irreversible inhibitors have applications in medicine. The drug penicillin

acts as an irreversible inhibitor of the enzyme transpeptidase, which is needed

by bacteria to form their cell walls, and so prevents them from reproducing.

The anti-inflammatory and analgesic properties of aspirin are due to the fact



FIGURE 3.19 Diagram
showing the irreversible
inhibition of acetylcholine
esterase (ACE) enzyme by the
nerve gas DFP. Note that DFP
reacts with the side chain of a
serine amino acid (Ser) at the
active site of the ACE molecule,
forming a strong covalent bond
that blocks the active site.

that this drug inhibits the activity of the platelet enzyme cyclooxygenase (COX)
by reacting, chemically changing an amino acid at the active site.

CHjs
H CHs
O
OH Fe./
Ser > P
o\
O
H CHj
CHs
Acetylcholine DFP Inactivated
esterase enzyme

In reversible inhibition, the enzyme is not permanently inhibited or
damaged. Reversible inhibitors inactivate enzymes through noncovalent
interactions that can be reversed. In contrast to the situation with an irrevers-
ible inhibitor, an inhibitor that is reversible can dissociate from the enzyme.
Removal of the inhibitor reverses the inhibition.

Two types of reversible inhibition are competitive inhibition and non-
competitive inhibition.

Competitive inhibition

Competitive inhibition: Competitive enzyme inhibitors have a similar shape
to the usual substrate molecule and so can bind to the active site of the enzyme,
preventing the formation of the enzyme-substrate (E-S) complexes. As a result,
over a given period of time, fewer substrate molecules bind to the active site of
the enzyme so that the rate of the reaction is decreased (see figure 3.20).

(@ L (b)
Competitive inhibition No inhibitor
Active site present
c
L
ﬂ— Substrate *g

0
- Competitive inhibition
8 present

Competitive E

inhibitor

o @

ﬂ Substrate concentration
FIGURE 3.20 (a) In competitive inhibition, inhibitor molecules compete with

the substrate molecules for access and bind to the active site of the enzyme.
(b) Graph showing the rate of enzyme action versus substrate concentration

in the absence of a competitive inhibitor and in the presence of a competitive
inhibitor.
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Eventually, the inhibitor moves from the active site, so the competitive inhi-
bition is usually temporary.

Because the substrate and the competitive inhibitor are competing for the
same active sites on enzyme molecules, the degree of inhibition produced
depends on the relative concentrations of substrate and inhibitor molecules.
For example, adding more substrate molecules increases the chance that a
random collision with the active site will be that involving a substrate molecule
rather than that involving a molecule of the competitive inhibitor.

Non-competitive inhibition

Non-competitive inhibitors do not bind to the active site, but bind to another
site on the enzyme molecule called the allosteric site. The binding of the
non-competitive inhibitor distorts the 3D shape of the enzyme so that it can
no longer bind to its substrate and, therefore, can no longer catalyse the usual
reaction (see figure 3.21). Adding more substrate molecules does not have any
effect on this non-competitive inhibition. Can you suggest why?

Competitive inhibition

(b) Non-competitive inhibition
Allosteric site
\ Substrate
Active site
Non-competitive .
o Non-competitive Enzyme
inhibition present inhibitor
Distorted

NATURE OF BIOLOGY 2

@/ ]
Substrate concentration

FIGURE 3.21 (a) Graph showing rates of enzyme action versus substrate
concentration in the absence of inhibitor (black line), in the presence of a non-
competitive inhibitor (red line), and in the presence of a competitive inhibitor (blue
line). These two different inhibitors bind to different sites on the enzyme molecule,
with (b) showing the case for non-competitive inhibitors. Only in one case do the
inhibitor molecules compete with substrate molecules for the same site on the
enzyme. Which type of inhibition is that?

In summary, enzymes may have several binding sites, the most well known
being their active site or substrate-binding site, while others may be present,
including allosteric sites where binding inhibits enzyme function.

The presence of an allosteric binding site on an enzyme enables regu-
lation of metabolic pathways to occur through a process termed end-product
inhibition. Figure 3.22 shows an example of end-product inhibition where
the end product of a metabolic pathway binds non-competitively to the first
enzyme in the pathway, stopping the action of the enzyme. Regulation of this
type means that products will not continue to be produced regardless of the
need for them.



FIGURE 3.22 Diagram
showing the end-product
inhibition of a simple
metabolic pathway. Note
that the end product does
not competitively occupy the
active site, but occupies a
second site non-competitively.
What will happen when the
concentration of the end
product decreases? Yes, the
pathway will resume, and
when the end product builds
up again, the inhibition will
recur.

Inhibition of
enzyme 1 by
final product

Enzyme 1

Initial
substrate

Intermediate
substrate

Enzyme 2

Final
product

Enzyme’s little helpers

All enzymes contain a protein backbone. For some enzymes, the protein makes
up their entire structure. However, for many enzymes, additional non-protein
components are present that are important contributors to both the activity
and the stability of these enzymes. These additional non-protein groups
needed for enzymes to function properly are termed cofactors.
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FIGURE 3.23 Diagram showing
the two forms of nicotinamide
adenine dinucleotide (NAD) —
the loaded form, NADH, and the
empty or unloaded form, NAD.

Unloaded form

Loaded form

Cofactors include both inorganic and organic molecules:

1. Inorganic cofactors include metal ions such as Mg?*, Cu?*, Mn?*, or clus-
ters of several ions.
Examples of enzymes with a metal (inorganic) cofactor are shown in table 3.4.

TABLE 3.4 Examples of enzymes with the requirement for metal ion cofactors.

Enzyme lon

catalase Fe?* or Fe®*
cytochrome oxidase Cu?*
glucose-6-phosphatase Mg?*
DNA polymerase Zn*

2. Organic cofactors are sometimes divided into coenzymes and
prosthetic groups, with prosthetic groups generally regarded as being those
organic molecules that are bound tightly to particular enzymes.

o Prosthetic groups: Some enzymes have a tightly bound heme group
that is identified as a prosthetic group. These heme-containing enzymes
include catalase and cytochrome c, and the heme molecule is a perma-
nent part of these enzymes. Catalase is an oligomeric enzyme with four
polypeptide chains and each chain has an associated heme molecule.

o Coenzymes: Among the coenzymes are a number of key coenzymes that
play a critical role in transferring functional groups in enzyme-catalysed
reactions. These key coenzymes include NAD, NADP and ATP.

Let’s look at NAD, which can exist in two forms:

Nicotinamide adenine dinucleotide (NAD) is found in all living cells. It is
present in a loaded form as NADH and is a source of electrons and a helper for
any enzyme that catalyses a reaction in which its substrate is reduced. When
NAD unloads its electrons, it is oxidised and the enzyme substrate is reduced.
NAD is also present in cells in an unloaded form in which NAD is a receiver
of electrons and is a helper for any enzyme that catalyses a reaction in which
its substrate is oxidised. When NAD loads up electrons, it is reduced and the
substrate is oxidised. As NAD transitions between its loaded and unloaded
forms, it switches from being a helper for the group of enzymes that catalyse
reduction reactions to being a helper for those enzymes catalysing oxidation
reactions.

Figure 3.23 shows the loaded and unloaded (‘empty’) forms of the NAD
coenzyme.

So, NAD is a versatile molecule involved in a large number of redox reactions,
sometime donating electrons and sometimes accepting them. It never
rests...whatever form it is in, either loaded or unloaded, NAD can serve as a
coenzyme for groups of enzymes involved in metabolic pathways. A similar
story applies to the coenzyme NADDP, which plays a comparable role in plants.

Let’s now look at ATP as a coenzyme that transports chemical
energy within cells for use in metabolic pathways. This coenzyme
exists in the energy-rich form of ATP (adenosine triphosphate),
which can provide energy to drive anabolic reactions when one

Rib”~ ADP Rib”~ ADP of its phosphate groups is hydrolysed and it is converted to ADP

|l (adenosine diphosphate).
N\ Reduction So, ATP is consumed in cells by energy-requiring (endergonic)
— | | processes, but ATP is regenerated by energy-releasing (exergonic)
F O Oxidation 0 processes. Through these processes, ATP transfers energy between
various metabolic pathways occurring in cells. There are many
H NH, H H NH  ATP-dependent enzymes in cells and these include ATP-dependent
DNA ligases, ATP-dependent restriction enzymes, ATP-dependent

NAD*+H*+2e~ ———> NADH
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BIOLOGIST AT WORK

Professor Leigh Ackland — molecular
biologist

Professor Leigh Ackland is a research scientist and
lecturer at the Centre for Cellular and Molecular
Biology, School of Life and Environmental Sciences
at Deakin University. Leigh writes:

‘As a research biologist, I have had a wonderful
career working with stimulating and creative
colleagues to unravel the mysteries of biological pro-
cesses. One of my main interests is in the basic building
blocks of biology: cells. To understand the functions
of cells, we have developed specialised techniques
to enable cells from different parts of the body to be
grown outside the body: a technique termed fissue
culture (see figure 3.24). Recent knowledge of the
nutritional requirements of different types of cells has
enabled us to grow cells taken from the skin, gut, breast
and blood. Using this approach, we have learned much
about the life of a cell, both in health and disease. In
culture, we can make cells become specialised to carry
out different functions, communicate with each other
and their environment, and eventually die.

FIGURE 3.24 Professor Leigh Ackland grows cancer
cells in a transparent flask so that the live cells can be
seen under the phase contrast microscope. (Image
courtesy of Professor Leigh Ackland, Deacon University.)

The technique of tissue culture has provided a
wealth of information about the behaviour of cancer
cells. Cancer cells start their lives as normal cells but
undergo changes, causing them to grow out of control
and to lose contact with each other and with the sub-
strate to which they are attached. These changes can
eventually lead to cells spreading around the body.

Tissue culture has enabled us to develop a model
of the human breast for studying cancer. Breast
cancer arises from the glandular part of the breast,
which consists of epithelia. Different epithelial cells
can be identified by the types of structural proteins
(cytoskeleton) they contain.

Tissue culture models and other studies indicate
that breast cancer cells take on a mode of behav-
iour similar to that of developing cells that migrate
during normal embryonic development. Cancer may
thus be a recapitulation of some of the normal stages
of development but is inappropriate in the context
of adult function. The conversion of normal cells to
those with abnormal behaviours characteristic of
cancer cells is thought to occur through a process
termed the epithelial-to-mesenchymal transition.

Our studies showed that cells that had undergone
the epithelial-to-mesenchymal transition to become
cancerous could not form proper contacts with each
other or with the extracellular environment. They
also had alterations in a cytoskeletal protein called
vimentin. Vimentin is a hallmark of the epithelial-
to-mesenchymal transition and is associated with the
capacity of cells to invade or metastasise. Studies
on cultured cells from breast cancer patients show
increased levels of vimentin that correlates with the
degree of invasiveness of the cancer.

FIGURE 3.25 Cancerous breast cells viewed with a
fluorescence microscope after staining for the presence
of vimentin (green) and keratin (red). (Image courtesy of
Professor Leigh Ackland, Deacon University.)

The Australian Synchrotron, located in Melbourne,
has provided us with novel imaging technologies
for our research. This amazing facility generates
accelerating electrons that produce beamlines with
different properties to see inside cells. We have used
the X-ray fluorescent beamline to detect differences
between normal and diseased tissue.

My interest in science was kindled by my mat-
ernal grandfather, a chemistry teacher, who took
me on expeditions to places such as museums and
questioned the science behind what we saw. His
inspiration stimulated me to study science at school
and then at university’
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KEY IDEAS

m Two models to explain enzyme specificity have been proposed.

m Enzymes lower the energy level needed to activate reactant molecules as
compared with the non-enzyme catalysed situation.

m Enzymes have an active site where their specific substrate binds, and
typically have an allosteric site where inhibitors bind.

m The rate of an enzyme-catalysed reaction is affected by several factors,
mainly temperature, pH and substrate concentration.

® Enzymes can be inhibited either irreversibly or reversibly.

m Reversible inhibition includes competitive and non-competitive inhibition.

m End-product inhibition is a form of non-competitive inhibition that is used
to regulate the operation of a metabolic pathway.

m Most enzymes have non-protein components, termed cofactors, involved
in their structure and/or function.

m One key group of cofactors includes the coenzymes NADH, NADP and
ATP, which move functional groups and energy between metabolic
pathways in cells.

4 Briefly explain the meanings of the following terms:

a activation energy

b heat denaturation

¢ pH optimum.

5 Identify one key difference between the members of the following pairs:

a competitive and non-competitive inhibition

b reversible and irreversible inhibition

¢ loaded and unloaded forms of NAD

d active site and allosteric site.

6 Identify the following statements as true or false:

a Enzymes change the activation energy of a reaction by providing a
different reaction pathway.

b Non-competitive inhibition can be reduced by increasing the
concentration of substrate.

¢ Competitive inhibition can be reduced by increasing the concentration of
substrate.

d Irreversible inhibition typically involves the formation of covalent bonds
between the inhibitor and the enzyme with a consequent change in the
shape of the enzyme.

e End-product inhibition works only when the end product has a shape that
matches the active site of the first enzyme in the metabolic pathway.

f When in its loaded form, NAD acts as a helper to any enzymes that
catalyse reactions in which their substrate will be reduced.
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The graph immediately below (figure 3.26) shows the
behaviour of enzyme X under five different conditions.
What variable is plotted:
i on the vertical axis of this graph
i on the horizontal axis?
How many experimental results are shown on this graph?
What condition was kept constant throughout the
course of one experiment?

A dependent variable is the variable being tested in a scientific
experiment and its value depends on the independent
variable. As scientists change the independent variable, they
observe and record the change in the dependent variable.

In these experiments, what is:

i the dependent variable

ii the independent variable?

What conclusion(s) about enzyme X can be drawn

from these results?

Enzyme Y was isolated from extremophile microbes that
live in hot volcanic waters.
Would you predict that enzyme Y would show similar
behaviour to enzyme X when subjected to the same
experimental conditions? Explain.

Examine the data shown in these graphical results and
answer the following questions:
At what temperature did enzyme X lose about half its
activity after just a few minutes?

After one hour at 60 °C, what percentage activity of
enzyme X remained?

At 65 °C, about how long did it take for enzyme X to
lose about 80% of its maximum activity level?

What happened to enzyme X during the first

10 minutes of its exposure at 70°C?

Explain why the behaviour of enzyme X differs at 50 °C
compared with its behaviour at 70 °C.

Do an internet search using the term ‘metabolic
pathways’ and ask for images. You can expect to see
some complex images that show the numerous metabolic
pathways that operate in living organisms. Remember
that the purpose of this activity is simply to give you a
sense of the complexity of metabolic pathways and to
alert you to the key role of enzymes in virtually every
step in these pathways.
Examine several of these images to see some detail of
metabolism. Is the scope of cellular metabolism what
you expected?
One site states that these metabolic pathways are
‘daunting in their majesty beauty’. Do you agree?
Many of the images may show the various substrates
and their products in metabolic pathways, but omit the
enzymes involved in the various steps.
Can you locate a metabolic map that also gives the
enzymes involved?

100 — 50 °C
> 80
S 55°C
°
& 60—
g 60 °C
£
x40 -
©
£
°
20
65 °C
0 T T T T 70 °C
0 10 20 40 50 60
Time (min)
FIGURE 3.26
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m Structure and regulation
m of biochemical

= pathways o _ I
Practice questions |

Chapter review

Key words

activation energy end-product inhibition irreversible inhibition prosthetic group
active site enzyme inhibitor loaded form reversible inhibition
allosteric site enzyme-substrate lock-and-key model scurvy

anabolism (E-S) complex metabolism similar shape
catabolism exergonic monomeric enzymes substrate

coenzyme gulono-lactone oxidase oligomers substrate binding site
cofactors (GULO) organic cofactors systematic name
coupling induced fit model product trivial name
endergonic inorganic cofactors proenzymes unloaded form
Questions

1 Making connections between concepts =) Use at least eight of the key words from this chapter to construct a
concept map relating to enzymes.
2 Applying knowledge and understanding =» Examine figure 3.27. Compound A is a type of protein.
a What is the general name given to the type of protein represented by compound A?
b What are the general names given to each of the parts labelled B, C, D and E?
¢ Name the type of reaction shown in this diagram — is it catabolic or anabolic? Explain.
d Is this reaction more likely to be endergonic or exergonic? Explain.

=)
-

A B C D

FIGURE 3.27

3 Applying knowledge and understanding to make
predictions =) The graph below shows the effect of
temperature on the activity of an enzyme from three
different organisms.

Rate of reaction

5 37 93
Temperature (°C)

a What predictions, if any, might be made
about the organisms that were the sources of
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these enzymes? Give a brief rationale for any

predictions that you make.

b Note that the shapes of the curves are different.
Suggest a reasonable explanation for these
differences.

Drawing conclusions =» Amino acids in a

polypeptide chain are numbered from 1 to n,

starting from the amino terminal; for example, the

third amino acid might be Val 3 and the tenth in the
sequence might be Leu 10, and so on...

The active site of the enzyme trypsin, a digestive
enzyme, consists of three amino acid as follows:
Asp 102, His 57 and Ser 195, that is, these three
amino acids are the 57th, the 102nd and the
195th amino acids in the primary structure of this
enzyme.

a Identify two events that could occur at the active
site of an enzyme.

b What stabilises a substrate in the active site of an
enzyme?



Inhibitor

Total amount of product formed

One student suggested that the three amino acids
at the active site of trypsin had been misnumbered.
The student said that there is quite a distance
separating them so that they cannot be close
together at the active site.
¢ Do you agree with the student? Give a clear

explanation for the decision you have made.
Demonstrating knowledge and communication =)
Identify a key difference between the members of
the following pairs:

a ‘lock-and-key’ model and ‘induced fit' model

b a prosthetic group and a coenzyme

¢ loaded NAD and unloaded NAD

d competitive inhibition and end-product inhibition
e catabolism and anabolism

f pepsinogen and pepsin.

6 Interpreting diagrammatic information =

@ @ @ —

Active site is
distorted

@ Substrate

can’t bind

>

=y NO reaction

FIGURE 3.28

Examine figure 3.28 above.

What story does this diagram tell?
Demonstrating understanding and
communication =) Consider the following figure,
which shows the total amount of product formed
during an enzyme-catalysed reaction.

Time

Explain the following features of this graph:

a the initial steep slope

b the slowdown in the rate of product formation

c the flattening of the curve to form a plateau.

8 Developing logical explanations =) Consider each
of the following observations and formulate an
explanation for the observation.

a Salivary amylase enzyme breaks down starch. The
process begins when saliva mixes with food in
the mouth, but, when it reaches the stomach, the
amylase enzyme no longer functions.

b The jelly-like white of a raw hen’s egg consists
principally of the protein albumin, but, after it is
cooked, it forms a white solid.

¢ When an inhibitor binds to an enzyme at a site
other than the active site, this inhibition cannot
be overcome by increasing the concentration of
substrate molecules.

d Enzyme-catalysed reactions operate at much
faster rates than non-catalysed reactions.

9 Demonstrating knowledge and understanding =»
Protein X is an enzyme.

Denatured
protein

Disulfide bonds
(help hold shape
of protein)

Protein X Chemical

ﬁ removed
Chemical
present

a What is the general shape of protein X (as shown
in the left-hand image)?

b When treated with a particular chemical, the
shape of protein X was radically changed, as
shown in the middle image. What specific effects
has the chemical had on protein X?

¢ Describe what happened when the chemical was
removed.

d What labels would you put on the action of the
chemical on protein X?

e How, if at all, would the ability of protein X to
catalyse its specific reaction be affected when it
was in the ‘long snake form’?
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CHAPTER

Energy transfers and
transformations

FIGURE 4.1 Conceptual KEY KNOWLEDGE

design for a human colony This chapter is designed to enable students to:
on Mars. Human survival on extend their understanding of the purpose of photosynthesis

!ong—haul space fl|ghts_and identify the inputs and outputs of photosynthesis and its cellular site of
in extraterrestrial colonies operation

will depend on robust and . .
sustainable life support develop awareness of factors that influence the rate of photosynthesis

systems. In the case of long- extend their understanding of the purpose of cellular respiration
haul space flights, taking identify the inputs and outputs of aerobic and anaerobic cellular respiration and
supplies of food, water their cellular sites of operation

and oxygen from Earth is extend knowledge of the origin of mitochondria and chloroplasts as
impractical in terms of storage endosymbionts.

and weight requirements.

Similarly, extraterrestrial

colonies cannot be reliant

on regular resupply from

Earth. In this chapter, we will

explore the two key biological

processes — photosynthesis

and cellular respiration — that

are involved in life support

systems on Earth. (Image
courtesy of Bryan Versteeg/
Spacehabs.com.)




One goal of the USA National
Aeronautics and Space
Administration (NASA) is for
human travel to Mars in the 2030s.

ol

This calculation does not
include the estimated
requirement for hygiene water
of 20 kg per day per person
that is needed for washing
and the like.

An ecosystem is a community of
interacting living organisms
functioning as producers,
consumers and decomposers.
(Refer back to Nature of Biology 1
5th Edition, Chapter 8.)
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Life support in space

Humans have ventured beyond planet Earth on short-term missions to the
moon. The Apollo 11 mission, which first took humans to walk on the moon,
travelled from Earth to an orbit around the moon in just over 50 hours. However,
longer durations of human space travel, such as a mission to planet Mars, is
confronted by major technical and biological challenges that must be addressed
before the prospect can become a reality. Among these biological challenges is
how to supply the basic needs of astronauts — water, food and oxygen — during
long space voyages involving hundreds of days or more for the round trip.

Is this a case of ‘No problem. Just take all the essential supplies with you in the
spacecraft’? Doing just this has been the practice for short-term space flights.
All the supplies of water, food and oxygen needed to support the astronauts are
carried on board the spacecraft, and wastes are stored and taken back to Earth.
Under these circumstances, the spaceship is an open life support system with
materials imported from and exported to the external environment.

The needs of metabolic consumables (oxygen, food and drinking water) to
maintain life are estimated to be about 5 kg per day per person. So, consider a
crew of six astronauts on a hypothetical space mission that, using a low-energy
transfer trajectory, would take about 250 days to reach Mars. To meet the crew’s
needs for just the 250-day outward trip would require about 7.5 metric tons
(7500 kg) of metabolic supplies with a launch cost of about US$20 000 per kg.
Meeting the life support needs of crews on long-haul space flights in this
manner is neither economical nor practical.

Future long-haul manned space flights will need to make use of closed life
support systems — that is, systems in which material neither enters nor leaves
the system. In a closed system, waste is constantly recycled to generate food,
water and oxygen. As well as their use in long-haul space flights, closed life
support systems would be required to sustain extraterrestrial colonisation,
such as a long-term human colony on the airless, waterless moon. This is even
more of an issue for any future human colony on Mars. (The distance of Mars
from Earth can vary, depending on their relative orbital positions, from as
close as about 55 million kilometres to as far as about 400 million kilometres.)

Project MELISSA: towards a closed life support system

MELIiSSA, the Micro-Ecological Life Support System Alternative, is a project
managed by the European Space Agency (ESA) that involves a consortium,
including universities, research institutions and industries. The goal of this project
is to create a closed life support system in which organic waste materials from
astronauts are converted to life-sustaining food, oxygen and water. Dr Christophe
Lasseur, the ESA project manager of MELiSSA, has commented that ‘At the
moment we bring from Earth all foods for our space missions, on the International
Space Station, the Soyuz [a Russian spacecraft] and the Shuttle [an American
spacecraft]. For longer missions to Mars, however, we cannot bring everything from
Earth. That would be too heavy and require too much storage room!

In essence, the MELiSSA project seeks to produce a closed artificial ecosystem
based on the photosynthetic activity of microorganisms and higher plants to
supply the oxygen, food and water to sustain human life (see figure 4.2a). In turn,
the microorganisms and higher plants are sustained by the organic wastes of
astronauts. The ideal target of the MELiSSA project is to achieve the recycling of
100 per cent of all the chemical components and produce a fully self-sustainable
ecosystem without the need for input of materials from outside the system. The
only input is that of the energy of sunlight to drive the system.

Five compartments comprise the closed loop of the experimental MELiSSA
artificial ecosystem. Figure 4.3 shows these compartments and the transfers of
material that occur between them.



(b)

FIGURE 4.2 (a) A MELISSA researcher at the University of Nantes, France, working
with a bioreactor and a light source to grow algae for use as food in space. Algae-
based foods are high in protein and energy. The algae would also provide a source of
oxygen as it recycles the carbon dioxide in the atmosphere — an essential part of a
long-term, self-contained space mission. The ESA MELiISSA consortium consists of
more than 40 partners, including universities, research centres and industries, from
13 countries. (b) The MELiISSA logo. (Image (b) courtesy of ESA.)

Non-edible parts of higher plants

Fibre
degradation

Wastes

COMPARTMENT 1
Thermophilic
Anaerobic bacteria

COMPARTMENT IV

IVB IVA Volatile
‘ ) Photoautotrophic fatty
Higher plant bacteria acids
Compartment Arthrospira platensis
Minerals

NH,*

COMPARTMENT II

COMPARTMENT III
Photoheterotrophic

Nitrifying bacteria !
Nitrosomonas NH,*+ o k:thefI?l

Nitrobacter oqospirilium
Foe rubrum

Minerals

FIGURE 4.3 The five compartments that form the closed-loop concept being researched in the MELISSA project. (Compartment
V contains the crew.) Note the various transfers of material that occur between these compartments. Between which two
compartments does the greatest number of material transfers occur? The box labelled ‘Fibre degradation’ denotes the operation
of a mechanical process that breaks down fibrous waste plant matter into smaller pieces. (Image courtesy of ESA.)
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The following box provides details of each of the five closed compartments.

THE FIVE COMPARTMENTS OF THE MELiSSA CLOSED LOOP

Compartment I, the LIQUIFYING compartment:

Inputs: All organic waste, including food wastes, faeces, urine, paper (from Compartment V), non-edible
parts of the higher plant (straw, roots) (from Compartment V) and the non-edible microbial biomass (from
Compartment IV}).

Active occupants: Mixture of anaerobic bacteria, including thermophilic anaerobes and obligate anaerobic
bacteria found in human faeces.

Function: Microbial degradation and liquefaction of complex organic wastes.
Outputs: Ammonium ions (NH,*%), carbon dioxide (CO,), minerals and volatile (short-chain) fatty acids,
such as acetic acid and butyric acid.

CO,
(to CIva and CIVb)

Compartment I
Human organic s = \/olatile fatty acids,
i Thermophilic anaerobic minerals and NH,*
(from crew) e (to CI1)
Plant wastes »
FIGURE 4.4a (from CIV)

Compartment 11, the PHOTOHETEROTROPHIC compartment:
Inputs: Fatty acids, ammonium ions, and minerals (from Compartment I).

Active occupants: Photoheterotrophic bacteria, Rhodospirillum rubum. These bacteria use sunlight as their
energy source but do not use carbon dioxide as their carbon source; instead, they use fatty acids to build sugars.

Function: Elimination of volatile fatty acids.
Outputs: Minerals and ammonium ions.

Compartment 11

Volatile fatty acids, » Photoheterotrophic bacteria * Minerals and
minerals and NH,* Rhodospirillum rubrum NH,* (to CIII)
(from CI)
FIGURE 4.4b

Compartment III, the NITRIFYING compartment:
Inputs: Minerals and ammonium ions (from Compartment IT).

Active occupants: Nitrifying bacterial species Nitrosomonas sp., which oxidise ammonium ions (NH,")
to nitrites (NO, ™), and Nitrobacter sp. which oxidise nitrites (NO,~) to nitrates (NO3™).

Function: Production of nitrates (NO;~) required for plant growth.

Outputs: Nitrates and minerals.

Urine (from crew) » Compartment IIT
Minerals and NH,* Nitrifying bacteria ) -
= Nit Nitrobact = \inerals and NO;
(from CII) jitrosomonas/Nitrobacter (to CIVa and CIVb)
FIGURE 4.4c 0, (from CIVa) =
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Compartment 1V, the PHOTOAUTOTROPHIC compartment:
Inputs: Minerals and nitrates (from Compartment IIT) and carbon dioxide (from Compartments I and V).

Active occupants: This compartment (IV) is composed of two sections (Compartments IV, and IVy).

o Spiral cyanobacteria, Arthrospira platensis, commonly known as Spirulina, occupy Compartment IV,. Spirulina
has been harvested for food in South America and Africa for centuries; it constitutes a protein-rich food with
eight essential amino acids, minerals, essential fatty acids (omega-3 and omega-6), and essential elements
(calcium, phosphorus, sodium, potassium, magnesium) and trace elements (copper, zinc, selenium, chromium).

o Higher plants occupy Compartment IVg, such as food crops including wheat, rice, spinach, lettuce,

soybean and tomato.

Function: Production of oxygen, food and water by photosynthesis.

Outputs: Oxygen, food and water (and non-edible plant fibrous waste).

FIGURE 4.4d

f O, (to CV and CIII)
IVa IVb
Minerals and NO3~ * Water (to CV)
(from CIII) (condensated vapor)
Cyanobacteria | Higher plant
(Spirulina) Compartment
Food (to C
CO, (from C1 mugpp-| Compartment = Food (to CV)
and CV) Non-edible parts of
higher plants (to CI)

Compartment V, the CREW compartment:

Inputs: Water, food and oxygen.
Occupied by: Human crew.

Function: Life support input to crew.

Outputs: Wastes, including urine, faeces, paper (to Compartment I) and carbon dioxide (to Compartments

IV, and IVg).

FIGURE 4.4e

Oxygen (from CIV) mu-

Water (from CIV) s TN - \Vastes (to CI)

Food (from CIV) » Human crew » CO;, (to C1V)

MELIiSSA research and research spin-offs

The processes that operate in various compartments of the closed loop are
being studied, modified and improved by research groups in universities
within the MELiSSA consortium.

Oneresearch group, at the Universitat Autobnoma de Barcelona in Spain, is testing
the robustness and stability of a closed-loop life support system in continuous oper-
ation (see figure 4.5). Their project is monitoring the survival in a closed system of a
group of 40 rats (equivalent to the cellular respiration of one person) over a two-year
period. (For obvious safety reasons, ‘space crew’ members are rats.)

The research and development that underpins the MELiSSA project has as
its primary aims the survival and well-being of astronauts on future long-term
space missions. However, this research has generated new technologies that
have already found application at home on Earth. For example:

o MELiSSA’s grey water treatment technology is being used in Europe to
treat more than 1.8 million cubic metres of water each day. While existing
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FIGURE 4.5 The MELiISSA
pilot plant at the Universitat
Autdnoma de Barcelona

in Spain, where testing of
robustness and stability of
a closed-loop life support
system in continuous
operation is being carried
out. Note the green colouring
in the vertical columns (at
right). The green is due

to the presence of the
cyanobacteria Arthrospira
platensis, commonly known
as Spirulina. What role do
these cyanobacteria play in
the closed-loop life support
system?

Photoautotrophs, chemoautotrophs

and other styles of living are
identified in the box on page 152.
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technologies can convert grey water to a standard useful for flushing, the
MELISSA technology can convert grey water to a standard suitable for drinking.
This technology is being used in the Concordia research station in Antarctica.

o MELiSSA’s biomass sensors can directly and rapidly measure the viable
biomass suspended in a medium.

This type of sensor has been adapted by wine, engineering and pharma-
ceutical companies.

One of the key components of the MELiSSA closed-loop life support system
is Compartment IV, where photoautotrophs produce oxygen, food and water
through the process of photosynthesis. In the following section, we will explore
this important process. In a later section, we will explore the key process of cellular
respiration and see the link between photosynthesis and cellular respiration.

KEY IDEAS

m One of the many challenges to be overcome before extended manned
space flights and extraterrestrial colonisation are possible is the provision
of a robust and sustainable life support system.

m The MELIiSSA project aims to produce a closed artificial ecosystem to
sustain human life during extended periods away from Earth.

m The idealised concept of a closed life support system is 100 per cent
recycling of waste to generate the oxygen, food and water required to
support human life.




1 What is the key difference between a closed system and an open system?
2 Refer back to the figures showing the five compartments of the MELISSA
closed loop and identify the following statements as true or false:

a
b
c

Most of the outputs of Compartment IV are inputs to Compartment V.
All the inputs to Compartment I are human wastes.

The key function of Compartment III is to convert nitrogenous
compounds into nitrates, a form that can be used by plants.

An organism is described as being ‘photoautotrophic’. What is a
distinguishing feature of such an organism?

If these bacteria replaced those in Compartment I, would this affect the
operation of the closed-loop system? Explain.

Photosynthesis: energy from the sun

study(D) Every day, a huge amount of radiant energy emitted from a star about
150 million kilometres away reaches Earth. This star is of course the sun (see

Describing

Summary

m practice questions

FIGURE 4.6 An image of
the sun as revealed by a
small exploratory spacecraft
launched in July 2013 as
part of the IRIS mission.
This spacecraft is equipped
with a 20 cm ultraviolet (UV)
telescope combined with

an Interface Region Imaging
Spectrograph (IRIS). Images
obtained are revealing new
detail of the lower layer of
the sun’s atmosphere. (Image
courtesy of NASA.)

figure 4.6). This radiant energy warms the oceans and the land masses of this
photosynthesis planet, and creates winds and cyclones. It is energy for free!

Being alive requires a constant input of energy. It is not surprising that many
of Earth’s life forms have evolved to exploit the energy provided free by the sun.
There is no need for these organisms to hunt energy in the form of prey; there
is no need to be mobile — they can just stand or float and expose their surfaces
to the radiant energy of the sun.
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The term ‘organic compound’
refers to carbon-containing
molecules that are (i) typically
found in living organisms and
(ii) contain C-H covalent bonds.

A
BTED
BT oo

Photosynthesis
summary equation

| unit3 4
| aos1 3

Photosynthesis

FIGURE 4.7 Inputs and
outputs of photosynthesis.
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Photosynthesis: the big picture

Plants, algae, some protists (such as phytoplankton) and some bacteria can use
the energy of sunlight to make organic molecules, such as sugars, by photo-
synthesis. Organisms with this ability are described as being photoautotrophic
(photo = light + auto = self + trophe = nourishment) because they use sun-
light to manufacture organic compounds, such as sugars, that provide them
with the energy needed for living. They are also termed producers because, in
an ecosystem community, they are the source of food for non-photosynthetic
members of the community. All other organisms, such as animals and fungi,
depend, directly or indirectly, for their energy for living on the organic com-
pounds produced by photoautotrophic organisms.

You were introduced to some aspects of photosynthesis in Nature of Biology,
Book 1. In this section, you will learn more about the processes involved.

Photosynthesis is the process in which light energy is transformed into
chemical energy stored in organic molecules, such as sugars. In a typical pro-
ducer, such as a terrestrial flowering plant, the complex series of reactions in
photosynthesis can be summarised as follows:

-

: A 4
Ay
carb; e g ioxide

0

In fact, the complete balanced equation for photosynthesis is:

light
6002 + 12H20 —- CGH1206 + 602 + 6H20
chlorophyll
This is often simplified to:
light
6002 + 6H20 —- CGH1206 + 602
chlorophyll

showing net consumption of water only.

We can show these inputs to and outputs from photosynthesis in another
way (see figure 4.7). Later in this chapter (starting on page 120), we will see
that this simple image is underpinned by some more intricate processes.

INPUTS




ODD FACT

The term ‘photosynthesis’ was
first used at a scientific meeting
in 1893 by two American
botanists, Charles Barnes
(1858-1910) and Conway
MacMillan (1867-1929).

Note that the green pigment, chlorophyll, is an essential player in the process
of photosynthesis, but it is not an input or an output. Chlorophyll is needed to
trap the radiant energy of sunlight, bringing it within cells — the starting point
for photosynthesis.

The process of converting the inorganic carbon of carbon dioxide into
energy-rich organic compounds, such as sugars, is termed carbon fixation,
and the main means by which this occurs is photosynthesis. Carbon fixation
occurs on a massive scale, with an estimated 260 billion tons of carbon dioxide
being fixed (or converted to organic compounds) each year. Almost half of this
annual global fixation of carbon occurs in marine environments through the
photosynthetic activities of phytoplankton. The remainder occurs in terrestrial
environments, both natural environments — such as the tropical rainforests
of northern Queensland and the hummock grasslands of Australia’s sandy
deserts — and farmed environments — such as the wheat belt of Victoria (see
figure 4.8) and the apple orchards of Tasmania.

]

FIGURE 4.8 A wheat crop ready for harvest. This crop is a physical expression of
carbon fixation achieved by photosynthesis. What were the raw materials needed
to produce this crop?

Structural features to facilitate photosynthesis

In terrestrial flowering plants, only some cells are able to carry out photosyn-

thesis and these are principally located in green leaves.
The shape and structure of leaves equip them to carry out photosynthesis.

Check out figure 4.9 and note most of the following features:

o The flat shape of leaves provides a large surface area that can be exposed to
sunlight.

« The presence of many stomata (pores) on one or both leaf surfaces provides
access into the leaf for carbon dioxide.

o The presence of internal air spaces in the leaves enables the ready diffusion
of carbon dioxide into the leaf tissue.

« The network of xylem vessels in the vascular tissue transports water to the
photosynthetic cells.

o Each photosynthetic cell possesses many chloroplasts that contain the sun-
light-trapping pigment chlorophyll.
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FIGURE 4.9 (a) Leaves are thin, flat
efficient collectors of solar energy. Note
the arrangement that minimises shading
of one leaf by another. (Image courtesy of
Judith Kinnear.) (b) Drawing of cells from a
transverse section through a leaf showing
some of the features that equip leaves to
carry out photosynthesis. (Nuclei are not
shown.) Note the loose packing of the cells
that enables the ready diffusion of carbon
dioxide into a leaf after these molecules
enter the leaf via stomata (singular:
stoma). The supply of another requirement
for photosynthesis is not shown in this
diagram. What is this requirement and
how is it supplied? (c¢) Structural formula
of the light-trapping pigment chlorophyll.
The hydrophilic ‘head’ of the molecule is

. where the light energy is trapped. Note

Lower the presence of the magnesium ion

epidermis { : I [ ( J]I[ ( ]]I[ { (Mg?*) here. The long hydrocarbon tail is
hydrophobic and enables these molecules
to become embedded in the thylakoid
membrane of the chloroplasts.

Guard cell Stoma  Chloroplast Air space

Palisade <
mesophyll

Spongy <
mesophyll

You will know from your previous studies that photosynthetic organ-
isms have a range of pigments, including chlorophylls, that trap the sunlight
necessary for photosynthesis and you may recall that photosynthesis is most
efficient in light of red and blue wavelengths. (How was this information first
obtained? See the upcoming box.)

112 NATURE OF BIOLOGY 2



WHICH WAVELENGTHS OF LIGHT ARE MOST USEFUL?

The most useful wavelengths of light for photo-
synthesis were first identified in an experiment
carried out by a German botanist, TW. Engelmann
(1843-1909), in 1881. A thin strand of the green alga
Spirogyra sp. floating in water was exposed to visible
light covering a range of wavelengths. Engelmann
used a prism to produce these different wavelengths.

Large numbers of a kind of bacteria that gather in
areas with a high concentration of oxygen were also
added to the water. (These bacteria are termed aero-
philic.) After some time, the bacteria were observed

Oxygen-using bacteria

Violet Blue Green Yellow

This experiment identified the wavelengths of
visible light that were trapped by the photosynthetic
green alga. Today, we can directly identify the wave-
lengths of visible light that are trapped, not by an

Orange

to have accumulated around the sections of the alga
that were illuminated by the red and violet light (see
figure 4.10).

When the alga traps sunlight and converts it to
chemical energy, it produces organic matter inside
its cells. As well, it produces oxygen as a waste
product, and this is released into the water. The
location of the bacteria shows where this oxygen is
being released. The experimental result supports the
conclusion that the biologically useful wavelengths
for this alga are those of red and violet light.

FIGURE 4.10 Engelmann’s
experiment. Only certain
wavelengths of visible
light are trapped by
producer organisms.
What are the useable
wavelengths?

,g"v"f""( Filament of
)\ greenalga

organism, but by individual pigments. Figure 4.11
shows the wavelengths that are trapped, that is,
absorbed, by various individual pigments. The
pattern for each pigment is called its absorption.

|Gammarays  X-rays  Ultraviolet I| Infra+ed

Microwaves Radio waves|

Visible light in

electromagnetic spectrum

Yellow

Violet Blue

80 - Chlorophyll b
S
5 Chiorophyll
g 60 oropyti a Carotenoids
]
% Phycoerythrin
o
2 40 -
L]
[3)
o

20

FIGURE 4.11 Absorption
of light of various
wavelengths for different
plant pigments. Note
that both chlorophyll a
and chlorophyll b have
two significant regions
of absorption of sunlight
energy. Which pigment
has its maximum

Phycocyanin

I
500
Wavelength (nm)

T
400

absorption in the yellow

700 region of the spectrum?
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ODD FACT

Chloroplasts: site of photosynthesis

The chlorophyll that is needed to trap the radiant energy of sunlight is not
present in solution in the cytosol of photosynthetic cells of plants and algae.
Instead, chlorophyll is present embedded in the internal membranes of a
special cell organelle called the chloroplast. Chloroplasts are where all the
photosynthetic action takes place.

Figure 4.12a shows a photomicrograph of cells from a leaf. Note the many

green chloroplasts in these cells. One estimate is that the number of chloro-
plasts per cell ranges from about 40 to about 200. Why might the number per
cell vary?

FIGURE 4.12 (a) Photomicrograph of cells of leaf tissue showing the green chloroplasts present in each photosynthetic
cell. These cells form the spongy and the palisade mesophyll tissues of a leaf. (b) Transmission electron micrograph of
a chloroplast showing its internal thylakoid membranes, which in some areas are aggregated into grana.

Some photosynthetic algae, N
such as the unicellular
green alga Chlamydomonas
reinhartii, have a single large
chloroplast only.
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Figure 4.13 shows a diagrammatic representation of the internal structure of

a typical chloroplast. Note the following:

Each chloroplast is enclosed in an envelope that is formed by a double
membrane.

o Within this envelope are many membranous fluid-filled flattened discs

known as thylakoids.

Thylakoids are aggregated into stacks (a bit like stacks of pancakes) known
as grana (singular: granum).

The light-trapping pigment, chlorophyll, is embedded in the thylakoid
membranes.

Some of the enzymes involved in the first stage of photosynthesis are located
in the thylakoid membranes.

The stroma is the fluid inside the chloroplast that bathes the grana.

The stroma contains some of the enzymes that are involved in the second
stage of photosynthesis.

The stroma contains ribosomes and DNA.



(b)

Outer

membrane

Granum (contains
Inner ( Inner

membrane chlorophyll) membrane

Stroma

Ribosome
DNA
Granum

Thylakoid Outer

space membrane
Thylakoid
membrane

study(J) FIGURE 4.13 (a) Stylised diagram of a single chloroplast showing its main

features. Why are the thylakoids coloured green? Note that DNA and ribosomes
P are present in the stroma of the chloroplast. (b) Diagram showing a 3D

contributions .

Summary representation of a chloroplast. Note the double membrane that forms the outer

m screen and envelope of the chloroplast.
m practice questions

Stroma

Chloroplast

The site of photosynthesis in plants and algae is the chloroplast, the cell
organelle found in the cytosol of the cell. However, photoautotrophic bacteria,
such as cyanobacteria, do not have such a cell organelle. Instead, internal
membranes are the site of photosynthesis in these bacteria.

Origin of chloroplasts

The chloroplasts of plant and algal cells are believed to have once been free-living
photosynthetic microbial cells. It is postulated that, eons ago, one of these pho-
tosynthetic microbes was engulfed by another microbial cell (see figure 4.14).

cdd I

FIGURE 4.14 A simplified diagram showing the engulfing of one microbial cell by
another, where digestion does not occur. This process is termed endosymbiosis.
The small cell engulfed could have been a photosynthetic microbe.

This mutual housing arrangement was of benefit to both cells — the host
cell gained a source of carbohydrate (sugar) production, and the engulfed cell
gained a protective environment and an additional source of energy when sun-
light was not available. This special kind of symbiotic (sym = together; bios = life)
relationship where one organism takes up permanent residence inside another
organism is called endosymbiosis. This endosymbiotic event produced a
cell with improved survival features and this led to the emergence of a new
lineage of photosynthetic eukaryotes that is represented today by plants and
algae (see figure 4.15). So, the chloroplasts that give today’s plants and algae
their photosynthetic ability are an ancient inheritance from light-trapping
microbes of eons past. An earlier endosymbiotic event also occurred, namely
the engulfing of an oxygen-using microbe by an early eukaryotic cell. In this
case, the tenant cells gave rise to the mitochondria of the host cell.
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Archaea

Prokaryotes
Bacteria
Animals —
Mitochondria _
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and algae

(b) Oxygen—breathing

bacterium

Photosynthetic
bacterium

( Most membrane-enclosed

organelles, including the

nucleus, ER and Golgi, probably

originated from deep folds in the
| plasma membrane.

Mitochondria and chloroplasts

originated as bacterial cells that
came to live inside larger cells.

To animals and fungi

To algae and plants

FIGURE 4.15 (a) Because all eukaryotic cells have mitochondria, it is reasonable
to postulate that the endosymbiosis that produced mitochondria was the first.
Sometime later, a second endosymbiosis produced the eukaryotic chloroplast,
which led to the emergence of photosynthetic algae and plants. (b) The evolution
of eukaryotic cells involved infoldings of the plasma membrane of the host cell
and two endosymbiotic events. Which was the first endosymbiotic event?



ODD FACT

Like plants and algae,
cyanobacteria have
chlorophyll a as their major
light-trapping pigment, while
other photosynthetic bacteria
have a different pigment,
bacteriochlorophyll, for the
trapping of light energy.

The free-living microbes today that show the most similarities with the chlo-

roplasts of plants and algae are photoautotrophic cyanobacteria, such as the
freshwater cyanobacterium Nostoc punctiforme (see figure 4.16).

FIGURE 4.16 Transmission electron microscope image of Nostoc punctiforme, a
freshwater photosynthetic cyanobacterium. Chloroplasts of eukaryotic cells have
the most similarities with these bacteria. The cells shown here, from the Amazon
floodplain in Brazil, are magnified 26 000 times.

It is now generally accepted that the chloroplasts of eukaryotic plant and

algal cells are descendants of a cyanobacterium that took up residence within
a eukaryotic cell eons ago. A key question remains: What evidence, if any, exists
to support this view?

Evidence for endosymbiotic origin of chloroplasts

The following observations provide evidence in support of the endosymbiotic
origin of chloroplasts:

Chloroplasts are enclosed within a double-membrane envelope; this is
similar to the outer and inner membranes present in the cell wall of some
bacteria (such as the Gram-negative cyanobacteria).

They possess DNA that consists of circular double-stranded DNA and, as
seen in bacterial cells, this DNA is not enclosed within a nuclear membrane.
They divide, not by mitosis as the host cell does, but by a process of binary
fission, such as occurs in bacteria.

They have their own ribosomes that are like those found in bacteria.
Chloroplast ribosomes are smaller (70S) than those present in the cytosol of
their host cells (80S).

Because they have their own DNA and ribosomes, chloroplasts can produce
their own RNA and proteins.

Their sizes fall within the size range of bacterial cells.
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Gram-negative and Gram-positive
bacteria are discussed in Ch 6,
page 238.

Chloroplast ribosomes are sensitive to the same antibiotics that target bacte-
rial ribosomes. (Ribosomes in the cytosol of eukaryotic cells are not affected
by these antibiotics.)

During the billion plus years since the first photosynthetic bacterium was

taken into a host cell, the engulfed cell has evolved into a chloroplast and is now a
cell organelle. The chloroplast has transferred most of its genes to the nucleus of
the host cell and retained a smaller number that function in the light-dependent
reactions of photosynthesis. The extent of this transfer of genes from chloroplasts
to the nuclear genome can be seen in the following comparison:

Genomes of plant and algal chloroplasts range from about 110 to
200 kilobases (kb) and encode information for about 100 protein-coding
genes and 30 to 50 RNA-coding genes.

Genomes of modern free-living freshwater cyanobacteria, such as
Synechococcus sp., contain about 3000 kb and encode the information for
more than 3000 genes.

Endosymbiosis is not simply a hypothetical concept. Examples exist in the

living world around us; for example:
e Rhizobium spp. are nitrogen-fixing bacteria that live as endosymbionts in

the cells of nodules on the roots of legumes, such as clover (see figure 4.17a).
The science journal Nature (30 July 2010) published the report of the first
confirmed case of single-celled organisms living inside the cells of a ver-
tebrate. The vertebrate is the spotted salamander, Ambystoma maculatum.
The endosymbiont is the unicellular green alga Oophila amblystomatis.
Look at figure 4.17b, which shows green-coloured embryos of the spotted
salamander. This colour is due to the presence of green algal cells located
inside cells all over the salamander’s body.

FIGURE 4.17 (a) Image showing root nodules on a leguminous plant. Nitrogen-fixing bacteria of the genus Rhizobium
living inside nodule cells are endosymbionts. Can you suggest a possible benefit of this arrangement to the host cells
and to their bacterial boarders? (b) Developing embryos of the spotted salamander, Ambystoma maculatum, showing the
green colour that is due to the presence inside their cells of a unicellular alga, Oophila amblystomatis. The jelly material

in which each embryo is encased also shows the presence of these green algae. Can you deduce the meaning of the
scientific name of the unicellular alga?
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Light-dependent
stage
Summary

m practice questions

KEY IDEAS

m Photosynthesis is the process of converting the energy of sunlight to the
chemical energy in sugars.

m The raw materials of photosynthesis are carbon dioxide and water, and the
products are carbohydrate and oxygen.

m Carbon fixation refers to the process of converting inorganic carbon to
energy-rich organic carbon of compounds, such as sugars, which is most
commonly achieved by photosynthesis.

m In photosynthetic eukaryotes, such as plants and algae, photosynthesis
occurs in chloroplasts.

m The main light-trapping pigments are chlorophylls, located on the granum
membranes in chloroplasts.

m Eons ago, the chloroplasts of eukaryotic cells were free-living
photosynthetic bacteria that became endosymbionts living in other cells.

4 Do all cells of a plant carry out photosynthesis? Explain.

Where in a cell is light energy transformed to chemical energy?

6 Identify two structural features of a leaf that equip it to carry out
photosynthesis?

7 Do photoautotrophic bacteria have chloroplasts?

8 List two lines of evidence supporting the proposal that chloroplasts were
once free-living bacteria.

9 Which group of modern bacteria is believed to be most closely related to
the ancient free-living bacteria that became endosymbionts?

5]

Photosynthesis in action

The essence of photosynthesis is to trap the energy of sunlight, convert it to
energy-carrier molecules (ATP and NADPH), and use this chemical energy to
make organic molecules (sugars) from carbon dioxide. Sounds complicated,
but the process of photosynthesis can be broken down into two stages:
1. the light-dependent stage
2. the light-independent stage.

Let’s explore these stages and identify their inputs and outputs, and find
out where these stages occur in eukaryotic organisms, as, for example, in a
flowering plant.

The light-dependent stage

This stage is called light-dependent because, in the absence of light, this stage
cannot proceed and photosynthesis stops completely.

Where does this stage occur? The light-dependent stage occurs in the chloro-
plasts found in many cells of the leaves of a flowering plant. More specifically,
this stage takes place on the thylakoid membranes within the chloroplasts.

What is its overall function? Overall, the light-dependent stage traps light
energy and converts it to chemical energy in the form of ATP and NADPH. Both
the ATP and the NADPH are used in the light-independent stage where they
provide the energy and the reducing power needed to build carbon dioxide
molecules into sugars.

What are the inputs and outputs of the light-dependent stage? Figure 4.18
shows the inputs and outputs of the light-dependent stage of photosynthesis.
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Photosystems: refers to one of two
kinds of structure (termed PS-I and
PS-1I) embedded in the thylakoid
membranes of chloroplasts; each
is composed of a light-harvesting
complex of pigments (mainly
chlorophylls) and various proteins,
and a reaction centre that converts
light energy to the chemical energy
of energised electrons.
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FIGURE 4.18 Diagram showing the inputs and outputs of the light-dependent
stage of photosynthesis

Note that the inputs of the light-dependent stage of photosynthesis are sun-
light, water, ADP+ P;, and NADP*.
Let’s look at the role of each of these inputs and the outputs they produce.
1. Input: Sunlight. Radiant energy from the sun (or from an artificial light
source) can be used for photosynthesis. To be useful, however, the light
energy must be trapped and converted to chemical energy. Chlorophyll
molecules trap wavelengths of light in the purple-blue and the red-orange
regions of the visible spectrum. Accessory pigments trap the energy of other
wavelengths and transfer this energy to chlorophyll.

The trapping of the energy of sunlight occurs in special structures, known
as photosystems, which are embedded in the thylakoid membranes of
chloroplasts. Each photosystem is composed of:

(i) alight-harvesting system that consists mainly of chlorophyll molecules
plus some accessory pigments

(ii) areaction centre where the light energy is converted to chemical energy,
initially in the form of energised (excited) chlorophyll molecules and
electrons.

NPT .

RS g Figure 4.19 shows an image of the inner
: surface of a thylakoid membrane. Note the
many rounded particles. Each particle is
thought to represent one photosystem.

FIGURE 4.19 Freeze-fractured transmission
electron microscope (TEM) image of the
inner surface of a thylakoid membrane.

Each particle probably represents one
photosystem (either PS-I or PS-II).



A molecule or an electron is said to
be ‘excited’ or ‘energised’ when it
absorbs energy and moves from a
lower to a higher energy state.

When light energy is trapped by chlorophyll molecules embedded in the
thylakoid membranes, the chlorophyll molecules become ‘excited’ (see
marginal note) and they shed energised electrons. At this stage, the radiant
energy of sunlight has been converted to chemical energy that appears in
energised (excited) chlorophyll molecules and electrons.

2. Input: Water. Water molecules are split in a reaction that occurs in one of
the photosystems (PS-II). The splitting of water molecules is catalysed by an
enzyme at the reaction centre of this photosystem. The outputs of the split-
ting of water molecules are hydrogen ions, electrons and oxygen:

2H,0 — O, + 4H* + 4e~

What is the fate of the outputs of the splitting of water?

« The electrons (e~) ultimately pass via a series of acceptors in the elec-
tron transport chain and reach the terminal electron acceptor, NADP*(see
below).

 The hydrogen ions (H*) accumulate in the inner thylakoid space, creating a
concentration gradient relative to their concentration in the stroma. This H*
gradient is involved in the production of ATP (see below).

« The oxygen molecules (O,) have no further use in photosynthesis and are a
by-product that can diffuse out of the chloroplasts, out of the cells, and into
the atmosphere. By what means do oxygen molecules exit from a plant?

(However, plant cells can use this oxygen as an input to cellular respiration

(see page 136).)

Although molecular oxygen is an incidental by-product of photosynthesis, it
sets the scene for the emergence of eukaryotic cells, and, later, the emergence
of multicellular organisms. The atmosphere of the early Earth contained no
oxygen — it was anoxic — and the prokaryotic life forms relied on anaerobic
metabolic processes. However, by about 2400 million years ago, Earth’s atmos-
phere was oxygenated. Where did this oxygen come from? Over eons, oxygen
was released by photosynthetic prokaryotes that had developed the ability
to exploit sunlight as an energy source. Eventually, over eons, the release
of oxygen resulted in an oxygenated atmosphere. This enabled the emerg-
ence of multicellular organisms that could use aerobic cellular respiration.
The oxygenation of Earth’s atmosphere also allowed the formation of the
ozone layer, which protects life forms from the damaging effects of solar UV
radiation.

3. Input: ADP & P;. ADP (adenosine diphosphate) combines with a molecule
of inorganic phosphate (P;) to produce ATP (adenosine triphosphate):

ADP + P, > ATP

This is an endergonic reaction, requiring an input of energy. As mentioned
above, the energy to drive this reaction comes from the movement of hydrogen
ions (protons) down a concentration gradient into the stroma. This move-
ment occurs through an ion channel in a protein complex (ATP synthase)
that is embedded in the thylakoid membrane (see figure 4.20). The ATP syn-
thase protein operates both as an ion channel and as an enzyme. (A similar
process occurs in mitochondria.) ATP is a high-energy molecule that acts as a
coenzyme in metabolic reactions that are endergonic or energy-requiring. The
light-independent stage of photosynthesis involves energy-requiring reactions
that build carbon dioxide into glucose molecules, and this energy is provided
by ATP. In a chloroplast, for example, one ATP synthase protein complex can
produce more than one hundred ATP molecules each second.
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H+ H+ H+ H+ H+
Ht H+ H+ H+ H+
H+ H+ H+ H+ H+

e

Thylakoid lumen

Thylakoid membrane

Stroma

ADP + P,
QM

FIGURE 4.20 The ATP synthase protein complex operates as both an ion
channel and as an enzyme. It uses the energy from the movement of ions
through its channel to drive the endergonic reaction of building ATP from ADP
and P;. This movement of hydrogen ions is from a region of high concentration
(inner thylakoid space) to low concentration (stroma).

H+

The ATP produced by this reaction is released into the stroma of the chlo-
roplast where it is used in the light-independent stage of photosynthesis
as an energy source to power the building of carbon dioxide molecules into
sugars.

4. Input: NADP*. The terminal electron acceptor of the light-dependent stage
of photosynthesis is NADP*. This molecule is used to accept electrons and
hydrogen ions that come from the splitting of water:

NADP* + 2e~ + 2H* - NADPH + H*

The output of this reaction is NADPH, which is released into the stroma.
This output is used in the light-independent stage of photosynthesis to reduce
carbon dioxide, by supplying energised electrons and hydrogen ions.

In summary, in the light-dependent stage of photosynthesis, light energy is
converted to chemical energy in the form of two compounds, namely ATP, the
versatile source of energy, and NADPH, a source of energised electrons with
reducing power. Note that the light-dependent stage of photosynthesis does
not produce any sugars. This happens in the light-independent stage (dis-
cussed in the following section).

KEY IDEAS

m Photosynthesis can be considered as a two-stage process — a light-
dependent stage followed by a light-independent stage.

m The light-dependent stage occurs on the thylakoid membranes of
chloroplasts.

m The trapping of light energy involves complexes called photocentres.

m Inputs to the light-dependent stage are sunlight energy, water, ADP and P;,
and NADP*.

m Outputs from the light-dependent stage are ATP, NADPH and molecular
oxygen.




10 Identify the location within a chloroplast where light-trapping activity occurs.
11 Briefly explain the difference between ATP and ATP synthase.
12 Identify the following statements as true or false:
a The energy of sunlight is used directly to make sugars in photosynthesis.
b The terminal electron acceptor in the light-dependent stage of
photosynthesis is NADP*.
¢ ATP formed in the light-dependent stage is a by-product of the splitting
of water.
d The outputs of the light-dependent stage of photosynthesis are the
inputs to the light-independent stage.
e Chlorophyll molecules absorb radiant light and transfer the energy to
excited electrons.
13 In what form(s) does light energy appear at the end of the light-dependent
stage of photosynthesis?

@ The light-independent stage

The light-independent stage of photosynthesis does not depend directly on

Light- light being available. This stage of photosynthesis can occur in the absence of
m independent light. It is often termed ‘the dark reaction, but one issue with this name is it
m stage might imply that it can only occur in the dark. Not so. The light-independent

gé’rrgga; d practice | St28€ of photosynthesis can occur in the light or the dark, provided it has a
questions supply of its essential inputs.

’ Where does this stage occur? The light-independent stage occurs in the chloro-
plasts found in many cells of the leaves of a flowering plant. More specifically,
the enzymes and other factors required are present in the stroma of the
chloroplasts.

What is its overall function? The major purpose of the light-independent
stage is to build inorganic carbon dioxide into energy-rich reduced organic
molecules, such as the sugar glucose (Cgz H;, Og). The process by which this
occurs in many plants is the Calvin cycle (see below). If the glucose is not
required for immediate use by a plant, it is converted to starch, a plant storage
polysaccharide.

What are the inputs and outputs of the light-independent stage? Figure 4.21
shows the inputs and outputs of the light-independent stage of photosynthesis.

CO,
INPUTS > 1

1

_ATP_—n —> ADP+P)

Light-independent stage

 NADPH —> ——> NADP*

FIGURE 4.21 Diagram

showing the inputs and outputs T

of the light-independent stage

of photosynthesis. For many < OUTPUTS
plants, this stage involves the

processes of the Calvin cycle. Sugar CeH1206
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In common usage, a molecule
is said to be reduced if, in a
reaction, its content of H atoms
increased, and a molecule is
said to be oxidised if its H atom

The inputs to the light-independent stage of photosynthesis are carbon
dioxide (CO,), ATP and NADPH.

The inputs ATP and NADPH provide the energy and the reducing power for this
stage — they are both essential inputs for the fixation of carbon. The neat arrange-
ment is that as these energy providers are used and converted to ADP and NADP*,
they can be sent back to the light-dependent stage for recharging. The light-inde-
pendent stage can continue as long as a supply of ATP and NADPH is available.

The role of each of these inputs and the outputs that they produce follows.
1. Input: Carbon dioxide. Gaseous carbon dioxide is taken up from the atmos-

phere by terrestrial plants, or, for aquatic plants and algae, carbon dioxide

is taken up in solution in water. For flowering plants, the point of entry of
carbon dioxide to the leaves is through stomata (refer back to figure 4.9b).

Carbon dioxide molecules provide the carbon atoms that will be reduced

and built into energy-rich glucose molecules. For many plants, this occurs

through a series of reactions of the Calvin cycle. (See the next section for a

discussion of the Calvin cycle.)

2. Input: ATP. ATP is one major source of the energy required to drive the ender-
gonic reactions of the Calvin cycle. When its energy is expended, ATP is con-
verted to ADP and P; (inorganic phosphate), which are outputs of this stage.

3. Input: NADPH. NADPH is the source of the energised electrons and
reducing power that reduce carbon dioxide and build it into glucose. Carbon
dioxide (CO,) is a fully oxidised molecule. In comparison, the sugar glucose

content decreases. More strictly, in
chemical terms, reduction is a net
gain in electrons and oxidation is a

(Cg H120g ) is relatively reduced (see marginal note). After its reducing
power is used, NADPH is converted to NADP*, one of the outputs of the

net loss of electrons.

| or

Melvin Calvin was awarded
the Nobel Prize in 1961 ‘for
his research on the carbon

dioxide assimilation in plants’.

Note that ‘assimilation’ =
“fixation’.

oD
The enzyme that catalyses
the fixation of CO, is
called RuBisCo, and this

enzyme makes up about
half the proteins found in

chloroplasts. Its formal name

is ribulose-1,5-bisphosphate
carboxylase/oxygenase. Can
you see how its nickname
has been derived?
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light-independent stage of photosynthesis.
The Calvin cycle: Carbon dioxide to glucose

The light-independent stage of photosynthesis in many plants involves the
series of reactions known as the Calvin cycle. The Calvin cycle was named
after an American biochemist, Melvin Calvin (1911-1997), who discovered
the details of the process by which an input of carbon dioxide (CO,) results in
an output of CgH,;,0g, glucose.

In simple terms, the Calvin cycle can be shown in terms of inputs and
outputs only (see figure 4.22a).

Check out figure 4.22b and see if you can identify the key features of the
Calvin cycle as summarised below:

Stage A: Carbon fixation
« The input to the cycle is carbon dioxide (CO,).
 The acceptor molecule for carbon dioxide is ribulose biphosphate (RuBP), a

5-C molecule.

e The carbon dioxide that enters the Calvin cycle is fixed, forming
3-phosphoglyceric acid (3PGA), a 3-C molecule.

Stage B: Reduction

« 3PGA is converted to glyceraldehyde-3-phosphate (G3P), another 3-C mol-
ecule, using the energy from ATP and the reducing power of NADPH.

o 'The output from the cycle is G3P, which can be combined to form glucose.

Stage C: Regeneration of RuBP

o Using energy from ATP, five molecules of G3P are changed to form three
molecules of RuBP and, in doing so, regenerate the carbon acceptor mol-
ecule needed for the cycle to continue.

As long as ATP and NADPH continue to be supplied by the light-dependent
stage of photosynthesis, the Calvin cycle can continue. ATP and NADPH are
both energy-rich molecules, but they do not live long and they cannot be used
as energy stores by plants. The neat trick of plants is that they use the energy
contained in these molecules to build long-lived and stable carbohydrate mol-
ecules, such as glucose and starch.



FIGURE 4.22 (a) A simple
representation of the Calvin
cycle showing inputs and
outputs only. (b) A more
detailed diagrammatic
representation of the Calvin
cycle showing the input

of carbon dioxide (a 1-C
molecule) that is fixed as a
3-C molecule, is reduced, and
is released from the Calvin
cycle as 3-C sugar. Two of
these 3-C molecules can then
combine to form one molecule
of 6-C glucose.
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Stages of photosynthesis are mutually dependent

Now, let’s put the two stages of photosynthesis together and see how they interact
and depend on each other. Look at figure 4.23, which shows the two stages of
photosynthesis. Note that the ATP and NADPH outputs from the light-dependent
stage are essential inputs to the light-independent stage. Note also that the ADP
and NADP™ outputs from the light-independent stage are restored to their higher
energy states by being fed back into the light-dependent reactions. If the supply
of either ATP or NADPH is interrupted, photosynthesis stops.

e -

dependent
reactions

O, <— Outputs —> Sugars

FIGURE 4.23 Simplified diagram showing how the outputs from the light-dependent
reactions in photosynthesis (ATP and the ‘loaded’ acceptor molecule, NADPH) are
used to drive the light-independent fixation of carbon. Because water ‘waste’, NADP™,
ADP and P; are recycled, they are not considered outputs of the total process.

KEY IDEAS

m The light-dependent stage of photosynthesis occurs on the thylakoid
membranes of chloroplasts.

m Inputs to the light-dependent stage are sunlight, ADP & P;, and NADP+*.

m Outputs from the light-dependent stage are ATP and NADPH.

m The light-independent stage occurs in the stroma of chloroplasts.

m Inputs to the light-independent stage are ATP, NADPH and carbon dioxide.

m Outputs from the light-independent stage are ADP & P;, NADP* and
glucose.

m Overall then, combining both stages, the outputs of photosynthesis are
oxygen and sugars.
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The illuminance on a surface
from a full moon on a clear
night is about 0.25 lux.

Rate of photosynthesis

Light intensity

FIGURE 4.24 (a) Simple graph
showing the change in rate of
photosynthesis with increasing
light intensity. (The ambient
carbon dioxide concentration
in which this experiment

was carried out was 0.04%.)
(b) Artificial lighting is needed
at sports stadiums to illuminate
the surface at night during

the winter in order to increase
the rate of photosynthesis of the
grass to levels to support its
healthy growth. This particular
image shows banks of lights

at Reebok Stadium, home of
the Bolton Wanderers Football
Club, in the UK (see over page).

14 Where does the trapping of light energy occur in the thylakoid membrane?
15 Briefly explain the difference between the light-dependent and light-
independent stages of photosynthesis.
16 Identify the following statements as true or false and briefly explain why
you have identified a statement as false:
a The energy source for the light-dependent stage of photosynthesis is
direct light energy.
b The energy source for the light-independent stage of photosynthesis is
the ATP and NADPH output of the light-dependent stage.
The conversion of carbon dioxide to glucose is a one-step process.
Carbon dioxide is directly acted on by sunlight energy to produce glucose.
The energy level of ADP is less than that of ATP.
NADPH provides the reducing power involved in building molecules of
CO, into (CH,0)s.

-0 a6

Rate of photosynthesis

It's a warm sunny day and a canola crop that is growing in a field bathed
in sunlight can carry out photosynthesis at a faster rate than on the pre-
vious warm, but overcast, day. Light intensity is the factor affecting the rate
of photosynthesis by the crop plants on the two days. On a bright sunny day,
the illuminance or incident light on a surface is about 110 000 lux (lumens per
square metre). On an overcast day, that value falls markedly to about 1000 to
2000 lux.

The rate of photosynthesis in plants and algae is affected by several environ-

mental factors including:
(i) intensity of radiant light
(ii) ambient temperature
(iii) concentration of carbon dioxide.

Can you think of other factors that could affect the rate of photosynthesis in
plants and algae?

Under certain circumstances, any one of these factors may become a
limiting factor. This occurs when the supply of the factor is in short supply
such that it restricts the rate of photosynthesis. Light intensity, temperature
and the availability of carbon dioxide interact, and any of them could be the
limiting factor in photosynthesis.

Intensity of light and rate of photosynthesis

Light is essential for photosynthesis. The rate at which photosynthesis occurs
depends on the intensity of the incident light. Figure 4.24a shows a graphical rep-
resentation of the change in the rate of photosynthesis with changes in the intensity
of incident light. At low light intensities, the photosynthesis rate is slow because
the light-dependent stage can produce only small amounts of the ATP and NADPH
needed for carbon fixation (see the example of the grass at Reebok Stadium, UK, in
figure 4.24b on the next page).

As light intensity increases, the rate of photosynthesis also increases, as
shown by the steep sloping straight line at the left of the graph. Under these
circumstances, a linear relationship exists between light intensity and photo-
synthetic rate.

However, a point is eventually reached when further increases in light inten-
sity do not cause any increase in the rate of photosynthesis. This is shown by a
flattening or plateauing of the graph. At this stage, some other factor is limiting
photosynthesis — it may be the temperature or it may be the availability of
carbon dioxide or it may be a combination of both factors.

CHAPTER 4 Energy transfers and transformations
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Rate of photosynthesis

Carbon dioxide
concentration

FIGURE 4.26 Graph
showing the change in the
rate of photosynthesis as
the concentration of carbon
dioxide increases. Can you
identify the point at which a
limiting factor stopped the
increase? What might this
limiting factor be?
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Examine figure 4.25, which shows that carbon dioxide availability is a lim-
iting factor. Compare the red line (carbon dioxide concentration of 0.04%)
with the blue line (carbon dioxide concentration of 1%). Note that, at the
one per cent concentration of carbon dioxide, the initial rate of photosynthesis
is greater and the plateauing occurs later as compared to the 0.04 per cent con-
centration of carbon dioxide.

1% carbon dioxide
concentration

0.04% carbon dioxide FIGURE 4.25 Plot of rate
concentration of photosynthesis against
light intensity at two
different concentrations
of carbon dioxide.

Rate of photosynthesis

Light intensity

Carbon dioxide concentration and rate of photosynthesis

Carbon dioxide is an essential input to the light-independent stage of
photosynthesis. The rate at which photosynthesis occurs depends on the con-
centration of carbon dioxide. As long as the carbon dioxide molecules can be
incorporated into glucose molecules, the rate will continue to increase as the
concentration of carbon dioxide increases.

Figure 4.26 shows a graphical representation of the change in the rate of photo-
synthesis with changing carbon dioxide concentrations. Note the initial linear
relationship between the increase in carbon dioxide concentration and the rate
of photosynthesis. However, a point is reached when the rate of photosynthesis
begins to level out, as shown by the flattening or plateauing of the graph.

One reason for this may be that the enzymes involved in carbon fixation are
working at their maximum rate so that no further increase in rate is possible
under the prevailing conditions. Another possible reason is that the availability of
essential coenzymes, such as NADPH, may have become a limiting factor.



Rate of photosynthesis

Temperature

FIGURE 4.27 Graph showing
the change in the rate of
photosynthesis with increasing
temperature.

Temperature and photosynthetic rate

Light-independent photosynthesis involves chemical reactions that are cat-
alysed by different enzymes, such as RuBisCo. As the temperature rises, the
rate of photosynthesis initially increases. This happens because the progress
of chemical reactions depends on collisions between reactant molecules. An
increase in temperature causes molecules to move faster so that the collisions
between high-energy molecules occur more frequently, and reaction rates
increase. As a rough guide, the rate of a reaction that normally occurs at room
temperature doubles for each 10 °C increase in temperature.

Figure 4.27 shows the rate of photosynthesis plotted against increases in
temperature.

Note that the increase in the rate of photosynthesis with increasing tempera-
ture does not continue indefinitely. If the optimal temperatures of the enzymes
involved are exceeded, the rate of photosynthesis starts to decrease because of
heat-induced changes to the tertiary structure of the enzymes. Soon after, the rate
drops to zero and photosynthesis stops because the enzymes are denatured, and
their structure is changed so that they can no longer function as enzymes.

KEY IDEAS

m Several factors can affect the rate of photosynthesis.

m These factors include light intensity, temperature and carbon dioxide
concentration.

m A factor is said to be limiting if, in short supply, this factor restricts the rate
of photosynthesis.

17 Briefly explain why the rate of photosynthesis does not continue to
increase as the ambient temperature continues to increase.

18 Does this same explanation apply to the fact that the rate of
photosynthesis does not continue to increase as light intensity increases?

19 What is meant by the ‘plateauing’ of a trend line?

Dangers in confined spaces

A confined space is a space in an enclosed or partly enclosed structure to
which a person can gain access, typically with some difficulty. Examples of
confined spaces include wine vats, manure pits, sewerage tanks and bulk fuel
tanks. These spaces may contain harmful fumes and may have unsafe oxygen
levels.

People who enter such confined spaces may be going into potentially
life-threatening situations. If workers involved in the cleaning, maintenance,
or removal of large storage tanks or storage pits need to enter such spaces,
they do so only when they are equipped with the appropriate personal pro-
tective equipment (PPE). Figure 4.28 shows employees of a company that
was contracted to clean the insides of large above-ground storage tanks (the
tanks are not shown). Note their PPE, which includes breathing apparatus
that they wear to protect themselves from any residual harmful fumes inside
the tanks.

CHAPTER 4 Energy transfers and transformations 129



130

FIGURE 4.28 Three workers
equipped with personal
protective equipment,
including breathing apparatus,
are equipped to enter

the confined space of an
above-ground storage tank.
Maintaining an ongoing supply
of oxygen is an essential
safety measure.

FIGURE 4.29 A manure
storage tank on a farmin
Scotland.
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Storing manure poses hazards

Manure pits are another type of confined space. Manure is a waste product
on a dairy farm, but, at the same time, it is a valuable fertiliser resource. Many
dairy farmers, and farmers of other livestock, make use of manure pits to
manage this waste, protect water quality and produce a useful fertiliser for use
on their pastures and, at the same time, save money by reducing the amount
of fertiliser they must buy. Storage allows manure to be safely stockpiled until
conditions are environmentally safe for spreading. Modern manure storage
structures on large dairy farms include walled enclosures, earthen ponds and
above-ground tanks (see figures 4.29 and 4.30).




FIGURE 4.30 Manure storage
structures, such as the

one in this photo, are used

on ‘biogas farms’. Biogas
(principally methane) can

be used as a fuel to heat or
generate power on a farm. In
this photo, the two storage
tanks on the right are used to
store the biogas.

The types of manure storage structures that pose the greatest risk are pits
under buildings and closed or covered pump-out pits. The risk comes from
the so-called ‘manure gases, which are the products of the metabolism of
microbes that gain their energy for living from the anaerobic fermentation of
organic matter in the manure. The major gases produced by this type of metab-
olism are methane (CH,), hydrogen sulfide (H,S), ammonia (NH;) and carbon
dioxide (CO,).

Prominent among these microbes are various species of archaea, known
as methanogens (methane producers). These microbes carry out reactions
termed methane fermentation, as for example:

acetic acid — methane + carbon dioxide
formic acid - methane + carbon dioxide + water

In cold weather, methane-producing microbes in a manure pit can produce
up to 16 litres of methane per cubic metre of manure per day. In warm weather,
this can increase to up to 30 litres per cubic metre of manure per day. Methane
production and storage can benefit the running of a farm (see figure 4.30).

The anaerobic fermentation by microbes breaks down complex organic
matter in the manure to smaller organic compounds, forming a fertiliser that
can be spread on pastures. To do this, the liquid slurry or fertiliser must be agi-
tated and pumped from the storage pit. While this is happening, manure gases
are released from the slurry into the air and some can remain in the pit even
after it has been emptied.

Some of the manure gases, such as hydrogen sulfide, are highly toxic.
Others, such as methane, are not poisonous. However, in the confined space
of a manure pit, manure gases can build up and displace oxygen. If methane
builds to high concentrations in a confined space and displaces oxygen, the
methane can cause a person’s death, not by poisoning, but by suffocation —
not enough oxygen in the air in the pit to keep a person alive. Refer to table 4.1
to see the health effects associated with various levels of oxygen in the atmos-
phere. Entering any large confined space where oxygen may be displaced by
other gases can be life-threatening for anyone without personal protective
equipment (PPE). (Refer back to figure 4.28 to see PPE in use.)
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TABLE 4.1 Effects on the human body of various levels of oxygen in the atmosphere.

% Oxygen in atmosphere Health effects

21 (normal oxygen content of air) none

19.5* none

16 impaired judgment and breathing
14 faulty judgment, rapid fatigue

6 difficult breathing, death in minutes

*Minimum concentration for safe entry to an enclosed space, such as a pit.

Deaths on a dairy farm

Methane — you cannot see it, you cannot smell it, but it can cause instant
death. Tragically, this was the case on a sunny day in July 2007 on a dairy farm
in the United States.

That morning, a dairy farmer switched on a pump to transfer manure from
a below-ground pit almost 3 metres deep to an above-ground holding pond.
Suddenly, the outflow stopped. The pipe transferring the manure was blocked.
The farmer decided to climb down a ladder into the pit and unclog the blocked
pipe. To do this, the farmer effectively entered a large underground tank with
a layer of about 45 centimetres of manure slurry covering the bottom of the
tank. As fate would tragically have it, the farmer was entering a methane-laden,
oxygen-deficient confined space where he faced death, either from suffocation
or, if he lost consciousness before dying, by drowning in the slurry at the base of
the pit.

On entering the pit, the farmer collapsed. A farmhand who saw this happen
climbed into the pit to help but also passed out. The farmer’s wife was told
what had happened. She asked a neighbour to ring for help and went to the pit
accompanied by two of her children. When help arrived, they found that five
people were dead — the farmer, his wife, their two daughters, aged 11 and 9,
and the farmhand. Sadly, the wife and two children had also entered the pit in
a vain attempt to assist.

Oxygen is essential for human life. We, like many organisms, make use of
aerobic respiration to gain the energy for living. Deprive us of oxygen for
even a short period and we lose our ability to generate the energy for staying
alive. In contrast, the microbes in the manure, like many other microbes, can
gain the energy for living in the absence of oxygen, through
anaerobic respiration. In the remainder of this chapter, we will examine
cellular respiration, both aerobic (oxygen-requiring) and anaerobic
(no requirement for oxygen).

Purpose of cellular respiration

Cellular respiration is the process in cells that keeps all living organisms alive.
There is no holiday period for cellular respiration — the use of chemical energy
to stay alive is continuous and, as a result, cellular respiration is occurring all
the time in every living cell. In the simplest terms, the purpose of cellular
respiration is to transfer the chemical energy stored in glucose into the
chemical energy of ATP for use by cells for staying alive.

The phrase ‘staying alive’ refers to all the energy-requiring (endergonic) pro-
cesses that take place in living cells. In the human body, these processes include
the homeostatic mechanisms that keep internal conditions within cells within
narrow limits, the excretory processes that remove metabolic wastes, the pro-
duction of antibodies and other activities of the immune system that defend



against infection, the transmission of nerve impulses along neurons, and the

contraction of muscle cells, including the cardiac muscle of the heart. Figure 4.31

shows a display of a person’s heartbeat produced by electrocardiography. This

display, known as an electrocardiogram, shows the electrical pattern of each

heartbeat and, at right, displays the values of related parameters as follows:

¢ PULSE in beats per minute (BPM)

« BLOOD PRESSURE as systolic pressure (100) over diastolic pressure (65),
with mean value (90)

o %SpO0, is the oxygen saturation of the arterial blood

« RESPIRATION is given in respirations (breaths) per minute (RPM)

o TEMPERATURE is core body temperature (37.2 °C).

PULSE

o 70..

mmtig 100
65
§  (90)

%Sp02 1
RESPIRATORY
SYSTEM 1 2
” RPM

TEMPERATURE

| 37.2

FIGURE 4.31 An electrocardiogram (ECG) shows the electrical activity of
the heart muscle as it beats. How many times per minute is this person’s
heart beating? What other information can be seen on the screen of an
electrocardiograph machine?

o Why use ATP for the purpose of providing energy for living?
ATP is a useable form of energy for cells because its energy can be easily
released in a single step, making energy instantly available for use by cells:

ATP — ADP + P; + Energy

In addition, ATP has a very fast turnover rate. This means that both the
breakdown of ATP to ADP and the regeneration of ATP from ADP occur very
rapidly. Only a few seconds is needed to convert half of the ATP molecules in a
cell to ADP and then to convert that ADP back to ATP.

o Why not just use the chemical energy of glucose?

The controlled release of energy from glucose is via a complex multistep
pathway that is slower that the single-step release of energy from ATP. In
addition, the chemical energy present in glucose is high (just under 3000 kJ/
mole) — a bit like a $100 note — while the energy content of ATP is a smaller,
more useful amount (about 30 kJ/mole) — a bit like a $1 coin.
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The term ‘aerobic’ was
coined by Louis Pasteur in
1863 to mean ‘living only

in the presence of oxygen’.

Its derivation comes from
aero- = air and bios = life.
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Cellular respiration: with or without oxygen?

Every living organism — plant, animal, fungus, bacterium, archaeon — carries

out cellular respiration all the time. However, two major types of cellular res-

piration are recognised as differing in their dependence on an input of oxygen.

1. In most eukaryotic organisms and in most of their tissues, and in
some microbes, the kind of cellular respiration that occurs is termed
aerobic respiration, and it can only proceed in the presence of oxygen.
Organisms that rely totally on aerobic respiration for their energy for living
are termed obligate aerobes.

2. In many microbes and in some other organisms, a different kind of cellular
respiration, termed anaerobic respiration, occurs, and it takes place in the
absence of oxygen. Those organisms, mainly microbes, that rely exclusively
on this form of cellular respiration are termed obligate anaerobes. (Later in
this chapter, you will meet some versatile yeasts that fit neither pattern but,
instead, can use both types of cellular respiration.)

In the following sections, we will examine some aspects of these two types of
cellular respiration.

Aerobic respiration: the big picture

Aerobic respiration can be shown by the simple equation:
- g i
la in the form /
of ATP
ADP + P \\ f

CgH120¢ + 60, \ / » 6CO, + 6H,0

Glucose Oxygen Carbon dioxide Water

For those organisms that depend on aerobic respiration for their energy for
living, a severe shortage of oxygen is life-threatening and a complete lack of
oxygen is fatal. This was seen, for example, in the tragic deaths that occurred
in the manure pit on the dairy farm (refer back to page 132). Likewise, a scuba
diver at depth whose oxygen supply runs out is in a life-threatening situation.
An unacclimatised poorly prepared person attempting to climb Mt Everest
(8900 metres) would experience a debilitating shortage of oxygen because the
driving pressure for gas exchange in the lungs is reduced with increasing alti-
tude. At sea level, the inspired oxygen pressure is almost 20 kPA, and it falls to
10 kPa at about 4000 metres above sea level, and to about 5 kPa at the summit
of Mt Everest.

The critical importance of oxygen for aerobic respiration may also be seen
in situations where oxygen is present in normal concentration in the air, but a
person is either unable to access the oxygen for transport to the body cells or is
unable to use the oxygen once it reaches the body cells.
¢ Aninability to access oxygen occurs in severe untreated pneumonia when the

alveolar sacs in the person’s lungs become filled with fluid (see figure 4.32a).

This condition greatly reduces the ability of red blood cells to take up

oxygen from the lung alveoli, causing the oxygen supply to body cells to be

inadequate.

e An inability to use oxygen occurs in people with cyanide poisoning. Such
people can take oxygen into their lungs, transport it in their red blood cells
and deliver the oxygen to body cells. However, cyanide is an inhibitor that
stops oxygen from carrying out its essential role in aerobic respiration (as
the terminal electron acceptor).



(b) PNEUMONIA

? Bronchioles ?

Fluid '

in alveoli

Normal Pneumonia

FIGURE 4.32 (a) X-ray of human lungs. The dark areas in the lung are normal air-filled regions. The white areas in the
lower lobes on both sides of the lung are caused by accumulated fluid resulting from a pneumonia infection. (b) Diagram
showing (at left) a normal alveolar sac with air-filled alveoli and (at right) a fluid-filled alveolar sac. The presence of fluid
in the sac adversely affects the supply of oxygen to the body cells and lungs, making breathing difficult.

Aerobic respiration: inputs and outputs
Figure 4.33 shows the inputs and outputs of aerobic respiration.

Glucose

INPUTS > l

Aerobic cellular respiration

._, ——> Water
1 T

< OUTPUTS

Carbon dioxide

FIGURE 4.33 Inputs and outputs of aerobic cellular respiration.

Let’s look first at the inputs — glucose and oxygen.
o What is the source of glucose? People and all other heterotrophic organisms —

Heterotrophy and autotrophy are all animals, all fungi and some microbes — obtain their glucose from food.
discussed on page 97 in Nature of In the case of animals, food is first ingested and then digested, while in
Biology 1 5th Edition. the case of fungi, food is first digested and then ingested. For autotrophic
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organisms, such as plants and algae, the source of their glucose is the output

of their light-independent stage of photosynthesis.

o Why is glucose needed? Glucose is a high-energy sugar. It is the source of the
energy that is ultimately transferred to ATP.

o What is the source of the oxygen? For terrestrial organisms, the source of
oxygen is the air. In some cases, oxygen is taken in from the atmosphere
through specialised organs such as the lungs of vertebrates, while, in other
cases, oxygen is obtained by diffusion across moist outer surfaces, as in
amphibians and small invertebrates. For aquatic animals, their source of
oxygen is the dissolved oxygen in the water. Dissolved oxygen may be taken
up in some cases through specialised organs, such as the gills of fish, while
small invertebrates rely on diffusion for oxygen uptake.

What about plants? In daylight, plants and algae have their internal source of
oxygen, which can be used for cellular respiration. This oxygen is a by-product
of their photosynthetic activities. When this is not available, oxygen is taken up
from their external environment.

The supply of oxygen in aquatic environments is more far variable than that
in terrestrial environments. In aquatic environments, the concentration of
dissolved oxygen changes markedly with changes in water temperature. In con-
trast, the concentration of oxygen in the air (about 21% by volume) is constant.
Furthermore, the concentration of oxygen in air is much higher than in water,
which is less than one per cent. See table 4.2, which shows how the oxygen
content of water (in milligrams per litre) changes with water temperature.

TABLE 4.2 Oxygen concentration in milligrams per litre of water at different
temperatures. Would a fish population in a shallow lake be under greater oxygen
stress in summer or in winter? Does this table give a clue as to why fluid-filled
lungs caused by pneumonia result in a major restriction to the supply of oxygen
to cells?

Temperature (°C) Oxygen (mg/L) Temperature (°C) Oxygen (mg/L)

0 14.6 25 8.2
5 12.8 30 7.5
10 11.3 35 6.9
15 10.1 40 6.4
20 9.1 45 5.9

o Why is oxygen needed? Oxygen is the final electron acceptor at the end of
an electron transport chain. In accepting electrons, oxygen also captures
hydrogen ions, and the net resut is the production of water:

0, + 4e~ + 4H* > 2H,0

So, the oxygen that you take into your lungs with every breath is an essential
electron acceptor of aerobic respiration. Without a continual supply of oxygen,
the electron transport chain stops, effectively stopping aerobic respiration
and its production of ATP. The limit on the time that a person can hold their
breath is an indication of how long a person can manage without an input
of oxygen — first they become unconscious as the brain cells are deprived of
energy, then death follows.

Breathing is not a conscious activity as it is under control of the autonomic
nervous system. But, stop, take a breath, and realise that those oxygen mol-
ecules will be transported by your circulatory system to various body cells



where they will act as critical electron acceptors, enabling cells to produce the

ATP, the energy source for staying alive.

o How much oxygen does a person use? The level of aerobic respiration in a
person varies according to their level of physical activity. Aerobic respiration
activity can most easily be quantified by measuring a person’s rate of oxygen
consumption, denoted VO,. See table 4.3 for some values. Note that these
oxygen consumption values refer to people, not specific tissues. Would you
predict that various tissues within one person’s body would have the same
rates of oxygen consumption?

TABLE 4.3 Typical average values for rates of oxygen consumption (VO,). The
maximum oxygen consumption for a person is denoted by the symbol VO, max.
The value of oxygen consumption of a person at rest can be denoted by the
symbol VO, rest.

Subject Average VO, (mL/kg/min)
young females (resting) 29-33

young females (maximal) 38

females (60 years) 20-25

young males (resting) 36-42

young males (maximal) 45

males (60 years) 26-32

elite cross-county skier (max) 90
thoroughbred horses (max) 180

husky sled dogs (max) 240

o If oxygen is being used all the time by all the cells of organisms that rely on
aerobic respiration, why doesn’t the supply of oxygen run out?

Molecular oxygen (O,) is an input to aerobic respiration, and it is con-
stantly used, reappearing as part of the water output (H,0). However, there
is an offset. Plants and algae produce molecular oxygen as the output of the
light-dependent stage of their photosynthesis. This oxygen is released into
the external environment and so is available to other organisms for cellular
respiration.

Outputs of aerobic respiration: The outputs of aerobic respiration are
energy in the form of ATP, water and carbon dioxide.

ATP is the key output of aerobic respiration because, as we have seen, the
purpose of cellular respiration is to transfer the chemical energy of glucose
to the chemical energy of ATP, the versatile molecule that delivers chemical
energy to cells.

The water produced in aerobic respiration is not a waste. Under normal con-
ditions, about 300 mL of this ‘metabolic’ water is produced each day by cells,
and it contributes to the water balance of the human body.

The carbon dioxide is a waste product that is excreted largely via the lungs into
the air. However, carbon dioxide is an essential input to the light-independent
stage of photosynthesis in plants and algae, and it is built into glucose via
the Calvin cycle. The processes of aerobic respiration and photosynthesis
can each make use of the outputs of the other process. Figure 4.34 shows the
interrelationship between the inputs and outputs of aerobic respiration and
photosynthesis.
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FIGURE 4.34 Simplified
diagram showing that the
outputs of aerobic respiration
are inputs to photosynthesis
and that the outputs of
photosynthesis can be

used as inputs to aerobic
respiration. In eukaryotes,
photosynthesis occurs only in
plants and algae while aerobic
respiration occurs in plants,
algae and animals.
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The carbon atoms in the breath that you expire from your lungs can reappear
as the starch in a kernel in a corn cob. When you eat a corn cob, you first digest
the starch, then metabolise the glucose in your cells via aerobic respiration
and then excrete the carbon atoms of the starch as gaseous carbon dioxide.

Anaerobic respiration

Some organisms, in particular many microbial species, live in environments in
which oxygen is permanently absent. Such environments are said to be anoxic
(an = not, oxic = ox(ygen) +ic). Examples of anoxic environments include
marshes, hydrothermal vents, ‘dead’ zones of lakes and rivers, marine sedi-
ments and manure pits. As well as these larger scale anoxic environments, an
anoxic environment may be as small as a deep puncture wound in a person’s
hand that can be happily occupied by Clostridium tetani bacteria, or the gut of
a cow that is home to methanogenic microbes.

Organisms that live and reproduce in these environments are termed
obligate anaerobes. They obtain the energy needed for living using anaerobic
respiration.

Anaerobic respiration is a form of cellular respiration that does not require
oxygen. (While aerobic respiration in all organisms has the same outputs of
carbon dioxide, water and ATP, this is not the case for anaerobic respiration.)
Anaerobic respiration in all microbes produces energy in the form of ATP, but
different microbes do not all produce the same other outputs. In addition to
ATP, the various outputs of anaerobic respiration include lactic acid, alcohol
(ethanol) and carbon dioxide, acetic acid, acetone and methane.

Let’s look in particular at:

e lactic acid fermentation
« alcoholic fermentation.

Lactic acid fermentation in muscle cells

Mammals that normally rely on aerobic respiration can make use of anaer-
obic respiration in their muscle tissue for a short period only (measured in
seconds). This can occur in skeletal muscle cells when the supply of oxygen to
cells cannot keep up with their energy demands. Such a situation occurs, for
example, during short intense bursts of muscle activity, such as a sprint over
100 metres or less, the sprint at the end of a stage in a bike road race or the
lifting of a heavy weight by a competitive weightlifter (see figure 4.35). Because
anaerobic respiration does not require oxygen, an athlete may not even take
a breath when running 100 metres. A distinctive feature of highly strenuous
physical activities is that they can be sustained for very short periods only, a
maximum of just minutes. During periods of intense exercise, the muscle cells
produce energy through lactic acid fermentation.



At the end of a sprint, athletes may be
gasping for breath. The build-up of lactic
acid in muscles has given them an oxygen
debt. They breathe deeply and rapidly to
restore the oxygen supply to their cells,
including the supply of oxygen to oxidise
lactic acid to pyruvic acid, and to re-oxy-
genate the myoglobin protein of skeletal
muscle tissue. Their heart rates are ele-
vated, increasing the blood flow as their
circulatory systems remove the lactic acid
from their muscles.

This type of anaerobic respiration is
called lactic acid fermentation, and it can
be shown as a simple equation:

Glucose — Lactic acid + ATP

Thissamereactionisshownin figure4.36,
which shows the pyruvate and the involve-
ment of the coenzyme, NADH. The
‘loaded’ acceptor molecules (NADH) that
are produced in glycolysis are needed
to drive the conversion of pyruvate to
lactate.

Note that lactic acid fermentation has
just a single input (glucose) and the end

FIGURE 4.35 Anaerobic respiration can provide ATP to power products are lactic acid and energy in
intense muscle activity, but only over a short time period, such as the form of ATP. During strenuous exer-

in this sprint to the finishing line. Would you expect that this type of
respiration would be used to sustain a runner during a marathon race?

2 ADP + 2P, 2 ATP

Glucose 2 pyruvate

2NAD 2 NADH

\/

FIGURE 4.36 Diagram
showing the detail of lactic
acid fermentation in human
skeletal muscle cells. Is this
an aerobic or an anaerobic
process? Note that pyruvate
is not an output — it is an
intermediate product. What is
the yield of ATP from this type
of fermentation?

2 lactate

cise, lactic acid levels rise. Lactic acid
dissociates, forming lactate and H* ions,
which change the pH of muscle tissue,
causing pain and fatigue.

The release of energy in lactic acid fermentation occurs more quickly than
the release of ATP in aerobic respiration. However, anaerobic respiration
cannot sustain life but, as identified above, it comes into play for very short
periods when the energy needs of intense muscle activity cannot be met
through aerobic respiration. It is energy for an emergency response. Handy for
a gazelle being pursued by a cheetah, as well as for an Olympic sprinter, but
also handy for the cheetah.

Note that the chemical output in lactic acid fermentation is lactic acid
(C3HgOs), not carbon dioxide (CO,). Think about this. The end product of
aerobic respiration is carbon dioxide, and this compound is completely oxi-
dised and has no remaining energy that can be transferred to ATP. What about
lactic acid? Does it appear to be completely oxidised? If not, what does this
mean for the ATP yield from anaerobic respiration in comparison to that
from aerobic respiration? (We will explore this issue later in this chapter; see
page 145.)

Alcoholic fermentation in yeast cells

Yeasts are unicellular fungi. Some species of yeast are termed facultative
anaerobes — this indicates that, when oxygen is present, these yeast cells
produce ATP using aerobic respiration, but when oxygen is absent, they switch
to anaerobic respiration for the energy to stay alive. In this event, the yeasts use
a type of anaerobic respiration called alcoholic fermentation.
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2 ADP + P; 2 ATP

Glucose 2 pyruvate

2 NAD 2 NADH
2 CO,
2 ethanol

FIGURE 4.37 Diagram
showing detail of alcoholic
fermentation in yeast cells.

Is this an aerobic or an
anaerobic process? Note that
pyruvate is not an output — it
is an intermediate product.
What is the yield of ATP from
this type of fermentation?

FIGURE 4.38 Wall painting
from a tomb in Ancient Egypt
showing bakers mixing and
kneading dough. (Image
courtesy of the Werner
Forman Archive of the
Bridgeman Art Library.)
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Alcoholic fermentation can be shown by a simple equation as follows:

Glucose — Ethanol + Carbon dioxide + ATP

This same reaction is shown in figure 4.37, which shows the pyruvate and
the involvement of the coenzyme, NADH. The ‘loaded’ acceptor molecules
(NADH) that are produced in glycolysis are needed to drive the conversion of
pyruvate to ethanol.

Baker’s yeast (Saccharomyces cerevisae) is used in bread making. Bread
making has been part of human history for thousands of years, with much evi-
dence of this practice found in ancient Egypt (see figure 4.38).

Breads can either be leavened or unleavened. Leavened refers to those
breads made with a recipe that includes a ‘raising’ agent (also called a leav-
ening agent) such as yeast, which causes the dough to expand and rise.
Unleavened breads are made without any raising agent and are typically flat-
breads such as Mexican tortillas.

The first breads baked by people were probably unleavened hard flatbreads.
However, given that yeast spores are so widespread and float through the air,
the first leavened breads may have been the result of accidental contamination
of the wheat used to make bread.

The conditions in bread dough are anaerobic. If yeast is used as a leav-
ening agent in bread making, the carbon dioxide gas produced during
alcoholic fermentation by the yeast causes the dough to rise, and gives the
baked bread its open texture and ‘holes’ (see figure 4.39). The ethanol is driven
off during baking.
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FIGURE 4.39 Some breads:
leavened (at left) and
unleavened (at bottom right).
Which type of bread depends
on the alcoholic fermentation
of yeast? (Image courtesy of
Judith Kinnear.)

FIGURE 4.40 Stainless steel
wine vats in a winery are the
sites of anaerobic alcoholic
fermentation. What is the input
to this process? What is the
output? Wine vats like these
are confined spaces. (Would
a person needing to go into
an empty wine vat to make an
internal repair possibly be at
risk. If so, why?)

ODD FACT

Baker’s yeast and brewer’s
yeast are both members of
the same species, but they
are different strains that have
been selected for different
properties — the ability to
make carbon dioxide in the
case of baker’s yeast and
the ability to make alcohol in
the case of brewer’s yeast.

Factors affecting
the rate of cellular
respiration
Summary screen

and practice
Concept 6 questions

Wines and beers are also products of alcoholic fermentation by brewer’s
yeast (Saccharomyces cerevisiae). The starting point or input for wine pro-
*duction is the sugar in the juice of grapes. When the alcohol concentration in a
wine vat (see figure 4.40) reaches about 11 per cent, the death of the yeast cells

occurs and stops the fermentation process. The starting point of input for beer
production is the carbohydrates of barley. In both cases, the alcohol output of
the yeast fermentation is the desired product.

Comparing aerobic and anaerobic respiration
Table 4.4 shows a comparison of aerobic and anaerobic respiration.

B "
b &
I

b
A

o
oL

TABLE 4.4 Comparison of aerobic and anaerobic respiration. Complete
breakdown of glucose refers to the oxidation of one molecule of glucose to

Requires oxygen

Number of steps
in pathway

Complete
breakdown of
glucose

Inputs

Outputs

Rate of ATP
production

ATP yield

Location in cell
(in eukaryotes)

six molecules of carbon dioxide.

Aerobic

YES

many

YES

glucose & oxygen

carbon dioxide &
water

slower
high

cytosol &
mitochondria

. Anaerobic
- (in animals)

NO

few

NO, partial only

glucose

lactic acid

faster

low

cytosol

Anaerobic
. (in yeasts, in plants)

NO

few

NO, partial only
glucose

ethanol & carbon
dioxide

faster

low

cytosol

:
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The above section has provided an overview of both aerobic and anaer-
obic respiration. In the following section, we will explore aerobic respiration
in more detail, and meet the mitochondria that are the cell organelles where
most of the ATP from aerobic respiration is generated.

KEY IDEAS

m Cellular respiration occurs all the time in all living cells.

m The purpose of cellular respiration is to transfer the chemical energy of
glucose to the chemical energy of ATP.

m Cellular respiration can be aerobic, with an essential requirement for
oxygen, or it may be anaerobic, occurring in the absence of oxygen.

m The inputs of aerobic respiration are glucose, oxygen and ADP, and the
outputs are ATP, carbon dioxide and water.

m Major oxygen deprivation or total lack of oxygen is a death sentence for
organisms that rely on aerobic respiration.

m Examples of anaerobic respiration include lactic acid fermentation and
alcoholic fermentation.

m The inputs and outputs of aerobic respiration are the same as the outputs
and inputs of photosynthesis.

20 Where and when might you expect to find the following:
a lactic acid being produced in the human body
b a facultative anaerobe producing carbon dioxide gas?
21 Briefly explain the following observations:
a In a liquor store, it is not possible to find a bottle of wine with an alcohol
content of 20 per cent.
b Production of ATP by aerobic respiration is much slower than by
anaerobic fermentation.
¢ Cyanide poisoning causes aerobic respiration to stop.
d Leavened bread is raised and fluffy, and unleavened bread is flat and hard.
22 |dentify the following statements as true or false:
a No form of cellular respiration can occur in the absence of oxygen.
b If deprived of oxygen, a person could survive for several hours using
anaerobic respiration.
¢ The main purpose of aerobic respiration is different from that of
anaerobic respiration.
d The water output of aerobic respiration is derived from the oxygen input.
e When competing, marathon runners gain their energy using aerobic
respiration.

Stages of aerobic respiration

In an earlier section of this chapter (see page 134) we looked at the major
features of aerobic cellular respiration, seeing this process largely as shown in

this simple equation:
T~
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/- in the form/
‘ f ATP
ADP + P, \ © 4

CGH1206 + 602 6002 + GHQO
Glucose Oxygen Carbon dioxide Water
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CYTOSOL
cHcHcHcH{cHC
Glucose

1 2 ADP + P,

2 NAD

2 ATP
’r\ /

2 NADH
—

c{C-C c-{C-C
2 pyruvate

FIGURE 4.41 During the
process of glycolysis, each
6-carbon glucose molecule

is broken down to form two
3-carbon pyruvate molecules.
Energy is released in this
process. What happens to
this energy? Where in a cell
does glycolysis occur?

(P; = inorganic phosphate)

While this equation shows the essential inputs and outputs of aerobic res-
piration, it conceals the complex nature of this process. The single reaction
above is a simplification of what happens in aerobic respiration. The oxi-
dation of glucose in cells does not occur in one step with the instantaneous
release of a large amount of energy. In cells, the oxidation of glucose involves
a controlled multistep reaction at low temperatures (37 °C in human cells).
Several of these steps release small amounts of energy, which can be transferred
to ATP.

To be oxidised outside cells, glucose must be heated to a temperature
of more than 200 °C. This oxidation occurs in a single step, with most of the
energy released as heat energy.

Aerobic respiration in cells involves many steps, and each step is catalysed
by a specific enzyme. Coenzymes, in particular NAD (nicotinamide adenine
dinucleotide) and FAD (flavin adenine dinucleotide), are also involved in many
of these steps. NAD and FAD play important roles as acceptor molecules. In
many steps of the aerobic respiration pathway, hydrogen atoms are removed
from molecules, and these hydrogen atoms and, most importantly, their
electrons, are accepted by NAD or FAD. In doing this, they become ‘loaded’
acceptor molecules, denoted as reduced NADH and FADH,. Reactions that
unload these loaded acceptor molecules release energy. This energy can be
utilised to produce ATP. So, ‘loaded’ acceptor or carrier molecules are like
vouchers that can later be turned into money.

We will look at a simplified account of aerobic respiration and focus on the
energy transfer steps. Aerobic respiration can be divided into three stages: gly-
colysis, Krebs cycle and electron transport.

Glycolysis: the first stage

The first stage of glucose breakdown, called glycolysis, consists of 10 steps.
Glycolysis comes from gluco = ‘sugar’ and lysis = ‘breakdown’

Where?
Glycolysis occurs in the cytosol of cells. The enzymes involved are in solution
in the cytosol.

What happens?

During glycolysis, one molecule of glucose is broken down into two molecules
of a 3-C compound known as pyruvate (see figure 4.41). A net release of energy
occurs and some of this energy is used directly to produce two molecules of
ATP. Note also that two hydrogens are removed, resulting in the formation
of two ‘loaded’ NADH acceptor molecules that will be used later in ATP
production.

Krebs cycle: the second stage

The second stage in aerobic respiration is known as the Krebs cycle (also
known as the citric acid cycle), and its starting point is pyruvate.

Where?

The reactions of the Krebs cycle occur in cell organelles, known as mitochon-
dria, that form part of the cytoplasm of a cell. Because of their small size,
mitochondria cannot be seen through a light microscope, but electron micros-
copy reveals their double-membrane structure. Each mitochondrion has an
outer membrane and a highly folded inner membrane (refer to figure 4.42).
The folds are termed cristae (singular: crista) and their presence increases the
total surface area of the inner membrane as compared to the smooth outer
membrane. The reactions of the Krebs cycle occur in the matrix that comprises
the inner compartment of mitochondria.
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FIGURE 4.42 Mitochondrion
surrounded by cytosol and
organelles. Enzymes of
aerobic respiration gather

in the matrix along cristae,
which are extensive foldings
of the internal membrane of
the mitochondrion. The matrix
also contains ribosomes and
DNA molecules.
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FIGURE 4.43 Simplified
version of the respiration of
one molecule of pyruvate
to form three molecules of
carbon dioxide through the
Krebs cycle. Are all carbon
atoms accounted for? Energy
released by this process is
used to form ATP and ‘loaded’
acceptor molecules. How many
of each would be formed from
the breakdown of pyruvate
from one molecule of glucose?
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What happens?

Pyruvate molecules leave the cytosol and enter the mitochondria where
they react, forming an intermediate product called acetyl-CoA. In this step,
one loaded NADH is formed. Acetyl-CoA now enters the Krebs cycle, which
comprises nine steps.

For each molecule of acetyl-CoA that passes through the Krebs cycle,
three molecules of carbon dioxide are formed (see figure 4.43). As the cycle
proceeds, hydrogen atoms are gathered by acceptor molecules, with a total of
four ‘loaded’ acceptor molecules being formed (three NADH and one FADH,)
for each acetyl-CoA molecule.

Electron transport: the third stage

The final reactions in aerobic respiration are called electron transport reac-
tions. Electron transport involves reactions of the ‘loaded’ acceptor molecules.
Oxygen is essential for electron transport.

Where?

Electron transport takes place on the inner membranes of mitochondria. The
electron transport chain consists of a series of enzyme complexes embedded in
the inner membrane of the mitochondria. The final electron acceptor, oxygen,
is free within the matrix.

What happens?
During electron transport, electrons from ‘loaded’ acceptors (NADH and
FADH,) are brought to the inner membranes of the mitochondria and accepted
by the enzyme complexes of the electron transport chain. The electrons are suc-
cessively transferred along the chain until they are finally accepted by oxygen.
The enzyme complexes are reduced as they accept an electron and are then
oxidised as they pass it on to the next carrier. These reversible reactions are
reduction-oxidation or redox reactions. When oxygen combines with a pair of
electrons, it becomes negatively charged (0%") and then reacts with hydrogen
ions (H*) to form water: O, + 4e” + 4H* —» 2H,0

Electron transport releases energy that is used for production of ATP.
Theoretically, for each pair of electrons transferred down the electron transport



chain, enough energy is released to drive the production of two or three mol-

NADH
QAP ecules of ATP (see figure 4.44). (Some researchers propose that these numbers
‘loaded’ are not realised in practice.)

acceptor  NAD Check out the box at the end of this section to see how the energy released

by the transport of electrons along the electron transport chain is used to
ADP + P, produce ATP. Remember, the production of ATP for staying alive, using energy
transferred from glucose, is the purpose of aerobic respiration.

;QTL\) Outcome of the three stages

The aerobic respiration of one molecule of glucose to carbon dioxide releases
energy that is coupled to the production of about 30 molecules of ATP. The ques-

FAD tion of the yield of ATP from aerobic respiration is discussed in the next section.
The process of aerobic respiration can be shown in several ways. Some
FADH, = examples are shown in figure 4.45 below.
ATP |
‘loaded’ e -
acceptor

: \
ADP + P; "y g y

ADP + P; f
— (a) glucose + oxygen carbon dioxide + water

(b) CSH1206 + 602 — 6002 + 6H20 + 30ATP

oxygen

water

f Electron

FIGURE 4.44 A series of

enzyme complexes that s.huttle :
include cytochromes, located _ ‘across - :
on the inner membranes of meltlbranes

mitochondria, are involved 3 8

in electron transport. This b1 & =
transport releases energy 'C,y:.-_-\

that can be used in ATP E w So% O
production. The electrons (e7) “ GchonS|s

and hydrogen ions (H*) are glucose == 2 pyruvate
finally accepted by oxygen to » .
form water. Different ‘loaded’ l p

acceptor molecules (NADH +2 ATP + 2 ATP + about 26 ATP |
and FADH,) start this process 7 : d

at different points.

FIGURE 4.45 The process of aerobic respiration can be shown in several ways. What
is the difference between representations (a) and (b), and between (b) and (c)?

Yield of ATP from aerobic respiration

What is the yield of ATP from aerobic respiration? In other words, for every
molecule of glucose that is broken down and oxidised to carbon dioxide
through the process of aerobic respiration, how many molecules of ATP are
produced? Pick up three different books and you may well see three different
answers to this question.

The chemical reaction of glucose with oxygen under standard conditions
(temperature of 298 kelvin, pressure of 1 atmosphere, pH of 7.0, and initial
concentrations of reactants and products being equal) gives a theoretical yield
of 36 ATP. However, the conditions in cells are not necessarily standard, so this
is not what happens in cells.
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Some researchers identify the theoretical maximum yield of 36 ATP but then
qualify this value by stating that this yield is rarely achieved in cells. Others
identify the theoretical yield of ATP from glucose as 30 or 32 moles of ATP per
mole of glucose.

What is generally agreed is that, starting with one molecule of glucose, the
outputs are:

o yield from glycolysis: 2 ATP 2 NADH
o yield from the Krebs cycle: 2ATP 8 NADH 2FADH,
eBook TOTALS: 4ATP 10NADH 2FADH,

I . There is no disagreement about the numbers of NADH and FADH, produced,

nteractivity . A

Photosynthesis or respiration nor the number of ATPs produced outside the electron transport chain. The

int-3039 differences lie mainly in converting the energy released by the input of NADH
and FADH, to ATP.

We know that the electrons carried by FADH, have less energy than the elec-
trons carried by NADH. As a result, FADH, electrons pump fewer protons into
the inter-membrane space than the electrons from NADH.

The following conversion values are favoured by some researchers:

1 NADH can transfer enough energy to produce 2.5 ATP.
1 FADH, can transfer enough for 1.5 ATP.

Using these values, this gives a yield of ATP as:
4 ATP + (10 X 2.5) + (2 X 1.5) = 4 + 25 + 3 = 32 ATP for prokaryotes.

Other conversion values have also Back to the 32 ATP for prokaryotes. In prokaryotes, all the reactions of
been used, such as 3 for NADH aerobic respiration occur in the cytosol. In eukaryotic cells, however, only the
and 2 for FADH,. Using these initial reactions occur in the cytosol with the remainder occurring in the mito-
values, the yield would of course chondria. Because there is an energy cost in shuttling the NADH produced in
increase to 38 ATP for prokaryotes glycolysis across the mitochondrial membranes, the value of 32 needs to dis-
(and 36 for eukaryotes). counted by that cost, namely 2 ATP.

So, for eukaryotes, a reasonable estimate of the theoretical maximal ATP
yield of aerobic respiration is 32 — 2 = 30 ATP. However, keep in mind that this
is an estimate, not a definitive answer. One researcher has stated that ‘about
30 molecules of ATP are formed when glucose is completely oxidized to CO,; this
value supersedes the traditional estimate of 36 molecules of ATP, (Source of
quotation: Berg www.ncbi.nlm.nih.gov/books/NBK22448/)

How many
ATPs?
367
307

Aerobic respiration: not just glucose!

Up to this stage, glucose has been identified as the only molecule that has its
chemical energy transferred to ATP in the process of aerobic respiration. In
fact, our dietary intake includes many other energy-rich organic compounds
that can also be used in aerobic respiration and can transfer their energy to
ATP (see table 4.5).

TABLE 4.5 Energy-rich compounds of dietary intake. Along with glucose, note that
fructose and galactose are simple sugars or monosaccharides.

Dietary intake After digestion
proteins various amino acids
polysaccharides
e starch glucose
disaccharides
Alquestinnimiios S e sucrose glucose & fructose
depends on the assumptions e lactose glucose & galactose
L fats & oils (lipids) glycerol & fatty acids
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FIGURE 4.46 Diagram
showing the various entry
points to the aerobic
respiration pathway for
products of digestion. Note
that amino acids, because of
their different R groups in their
structure, can enter at several
different points. Where do
the monosaccharides (simple
sugars) enter?

All of these products of digestion, except for the amino acids, are channelled
directly to a point where they can enter the aerobic respiration pathway. From
there, they move through the steps of the pathway and, just as occurs with
glucose, they are finally oxidised to carbon dioxide as their chemical energy is

transferred to ATP.

In the case of the amino acids, they are first transported to the liver where
their amino group (—NHj;) is stripped from those that are not needed for
building the body’s own proteins. This leaves a carbon ‘skeleton’ that is then
channelled into the aerobic respiration pathway. Figure 4.46 shows these

various entry points.

Food
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Y
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Amino acids
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USING ENERGY FROM ELECTRON TRANSPORT TO GENERATE ATP

Four enzyme complexes (I to IV) make up the elec-
tron transport chain. These enzyme complexes are
embedded in the inner mitochondrial membrane.
Electrons are transported along the electron trans-
port chain from complex I to complex IV. Finally, the
electrons are accepted by oxygen, and the reduced
oxygen combines with hydrogen ions to form water
by the following equation: O, + 2e~ + 2H* — H,0
(see figure 4.47).

the inter-membrane space relative to the concen-
tration in the matrix. After the gradient is established,
protons diffuse down the electrochemical gradient.
Their path back to the matrix takes the protons
through an ion channel in a protein complex called
ATP synthase (see figure 4.48).

H*
H* H*

H+ H+

INTER-MEMBRANE
SPACE

MATRIX

H+
INTER-MEMBRANE
SPACE

H* ion channel

ATP synthase

i

FIGURE 4.48 ATP synthase is a protein
complex, embedded in the inner mitochondrial

FIGURE 4.47 Electron transport chain. Note the four enzyme

complexes (I to IV). The transport route of the electrons is
shown by the red line.

Electron transport releases energy. However, this
energy is not used directly to phosphorylate ADP to
form ATP. What happens is that the energy is used
to push hydrogen ions (protons) across the inner
mitochondrial membrane into the inter-membrane
space (refer back to figure 4.47).

The accumulation of protons in the inter-
membrane space creates an electrochemical
gradient, with a higher concentration of protons in

matrix, that has both an enzyme function
(catalysing the phosphorylation of ADP to form
ATP) and a transport function (transporting
hydrogen ions or protons across membranes).

ATP synthase traps the kinetic energy of the
passage of the protons through the ion channel to
generate ATP from ADP.

The generation of ATP by this means is termed
chemiosmosis. In 1978, the Nobel Prize in
Chemistry was awarded to the English biochemist
Peter Mitchell (1920-1992) ‘for his contribution to the
understanding of biological energy transfer through
the formulation of the chemiosmotic theory.
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KEY IDEAS

m Three stages are commonly recognised in aerobic respiration.

m Glycolysis occurs in the cell cytosol, while the Krebs cycle takes place in
the mitochondrial matrix and the electron transport occurs on the surface
of the cristae of the inner membrane.

m Each stage is a multistep pathway, only some steps directly yielding ATP.

m ‘Loaded’ coenzymes (reduced NADH and FADH,) act as hydrogen and

electron acceptors.

m In addition to glucose, other organic molecules can enter the aerobic
respiration pathway and transfer their chemical energy to ATP.

NATURE OF BIOLOGY 2



23 |dentify the stage(s) of aerobic respiration that occur in:
a the cytoplasm
b the mitochondria
¢ the mitochondrial matrix.
24 Put a label on the following molecules or components that are part of
aerobic respiration:
a a reduced loaded acceptor
b the end product of glycolysis
¢ the final acceptor of the electron transport chain
d the protein complex that produces ATP by chemiosmosis.
25 Identify the following statements as true or false:
a Electron transport precedes the Krebs cycle.
b ATP synthase is needed to break down ATP to ADP.
¢ Glucose transfers its chemical energy to ATP through the aerobic
respiration pathway.
d The stage of aerobic respiration that releases the greatest amount of
energy for ATP production is the electron transfer stage.
e |t is reasonable to say that the yield from one molecule of glucose is
about 30 molecules of ATP.

Mitochondria:
the powerhouses

We have seen that mitochondria are cell organelles
present in the cytosol of all cells that rely on aerobic
respiration for the supply of the ATP they need for
living. Because they are not visible with conventional
light microscopy, mitochondria are sometimes ‘out-
of-sight and out-of-mind. However, fluorescence
microscopy techniques have produced stunning
images of the mitochondria in cells. Check out
figure 4.49, which shows a fluorescence micrograph
of a cell stained with the fluorescent dyes MitoTracker
Red CMXRos and BODIPY FL phallacidin. These
dyes target the intracellular mitochondrial network
(red) and the cytoskeletal actin filaments (green)
respectively.

Mitochondria are often called the ‘powerhouses’
of a cell. Why? The mitochondria, in particular the
surfaces of their inner membrane (cristae), are the
major site of ATP production in aerobic respiration.
In addition to producing energy, mitochondria gen-
erate heat, and mediate cell death by apoptosis (see
chapter 5, page 209).

FIGURE 4.49 Fluorescence emission intensity from a
culture of bovine pulmonary artery endothelial cells.
Note the bright yellow-orange fluorescence exhibited
by the tubular mitochondria and the green emission
from actin filaments in the cytoplasm.
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The number of mitochondria per cell varies, but, in general, cells that are
most active either physically (such as cardiac muscle) or biochemically (such
as liver cells) have the most dense populations of mitochondria. The number of
mitochondria in heart (cardiac) muscle cells is estimated to be up to 5000 per
cell, with mitochondria occupying about 40 per cent of the cell volume. The
estimated number in liver cells is up to 2000 mitochondria per cell, and they
occupy about 20 per cent of the cell volume.

In contrast, red blood cells have no mitochondria. As a result, they can
only make ATP through the anaerobic lactic acid fermentation pathway.
Still, they are not self-propelled — they just get carried passively in the
bloodstream and they do little more than transport a bag of haemoglobin.
When you compare the ATP outputs of aerobic respiration (30 ATP per mol-
ecule of glucose) with that of anaerobic fermentation (2 ATP per molecule
of glucose), it is apparent that mitochondria are a great asset for cells. This
is because cells with mitochondria can gain the energy for living very econ-
omically and efficiently. So, from where did these little powerhouses in our
cells originate?

Origin of mitochondria

Earlier in this chapter (refer back to page 115), the endosymbiotic theory was

introduced in relation to the origin of the plant chloroplasts. This theory pro-

poses that chloroplasts were once free-living photoautotrophic bacteria that
became endosymbionts in an early eukaryotic cell.

Mitochondria are also believed to have originated from free-living bacteria
that gained their energy by aerobic respiration. Like the chloroplast ancestor,
these aerobic bacteria became endosymbionts in another cell that was only
capable of anaerobic respiration. This endosymbiotic relationship was mutu-
ally beneficial. The new intracellular tenant provided the host cell with a more
efficient means of producing ATP, the source of energy for living. The host cell
provided the tenant with a protective environment.

Evidence in support of the endosymbiotic origin of mitochondria comes
from observations that highlight structural and biochemical similarities
between mitochondria and bacteria:

e Mitochondria have lengths commonly in the range of 0.5 to 10 micro-
metres(pm). This falls within the size range of bacteria, most of which have
lengths in the range of 2 to 8 pm.

e Mitochondria have their own DNA, separate from that of the host cell.

- The mtDNA consists of 16 569 base pairs that encode the information
for 37 genes, 2 ribosomal RNAs, 22 transfer RNAs and 13 polypeptide
chains.

- This genome would not support independent living outside its eukaryotic
cell.

o The mitochondrial DNA is arranged as one circular molecule, such as occurs
in bacterial cells (see figure 4.50a).

(In contrast, the DNA of eukaryotic cells is organised into chromosomes.)

o The mtDNA replicates independently of the host DNA.

o Mitochondria have their own ribosomes with a 70S size, similar to those in
bacterial cells.

(In contrast, eukaryotic cells have larger 80S ribosomes.)

« Mitochondria divide by binary fission, such as occurs in bacterial cells (see
figure 4.50b).

(In contrast, eukaryotic cells divide by mitosis.)
¢ Mitochondria have a double membrane, similar to the double membranes

of modern Gram-negative bacteria.

o The mitochondrial outer membrane contains porins that are transmem-
brane channel proteins; these are similar in structure to bacterial porins.



Refer back to page 117 to check on
some examples of endosymbiosis
in today’s living world.

(a)

Bacterium Mitochondrion

membranes

(b) Bacterial Mitochondrial
reproduction reproduction

@O @by

FIGURE 4.50 Comparisons of a bacterium and a mitochondrion. (a) Both have
DNA arranged as a circular molecule. (b) Both divide by a process of binary
fission — ‘splitting in two’!

Which modern bacteria are most closely related to mitochondria? Comparative
studies of a ribosomal sub-unit from both mitochondrial RNA and bacterial RNA
indicate that the free-living precursor of mitochondria was most likely a member
of the proteobacteria group, possibly one of the rickettsias. One study published in
the journal Nature (Sept 1998) details the results from researchers who analysed
the complete genome of Rickettsia prowazekii, an obligate intracellular parasite,
and concluded that this bacterial species ‘is more closely related to mitochondria
than is any other microbe studied so far.

KEY IDEAS

m Mitochondria are the powerhouses of cells.

m Cells with higher levels of activity tend to have more dense populations of
mitochondria.
m Strong evidence exists for the endosymbiotic origin of mitochondria.

26 Identify the difference between how a eukaryotic cell divides and how its
mitochondria divide.

27 Briefly explain how red blood cells can survive without mitochondria.

28 What is meant by the term ‘endosymbiosis’?
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VARIOUS STYLES OF ENERGY CAPTURE IN THE LIVING WORLD

152

Organisms may be classified into various groups
according to the forms of energy that they capture
and the sources of the carbon atoms that they need
for the processes of staying alive.

Which kinds of living organism belong to each
group?

1. Eukaryotes

o Plants and algae are autotrophs that obtain radiant
energy from sunlight and use it to build their own
organic molecules from carbon dioxide.

Carbon source

(e.g. Euglena)

Carbon dioxide

Photoautotrophs

Organic molecules

Photoheterotrophs

Plants, algae and some protists

e Animals and fungi are heterotrophs that obtain
chemical energy and pre-formed organic mol-
ecules from the food that they ingest or absorb.

o The remaining eukaryotes are the protists that
include both autotrophs and heterotrophs, such
as the heterotrophic unicellular Amoeba, and
autotrophic Euglena.

We can put this into a table — note that all the
eukaryotes fit into two blocks: the photoautotrophs
and the chemoautotrophs.

Energy source

Chemical

Chemoautotrophs

Animals, fungi and some protists
(e.g. Amoeba)

Chemoheterotrophs

2. Prokaryotes

What about the bacteria and archaeans of the world
of prokaryotic microbes?

Some microbes are chemoheterotrophs like
animals and fungi:

Many bacteria are heterotrophs that gain their energy
and carbon atoms from organic molecules. These are
the pathogenic bacteria that cause diseases of living
organisms and the decomposer bacteria that feed
on dead organisms. Included among the many het-
erotrophic bacteria are Mycobacterium tuberculosis,
which causes tuberculosis (TB) and Streptococcus
pyogenes, one of the causes of toxic shock. These bac-
teria take in pre-formed organic molecules, which
are a source of both energy and organic building
blocks. We can add these microbes to the blue block
in the table above, occupied by animals and fungi.

Other microbes are photoautotrophs like plants
and algae:

Some bacterial species have pigments that allow
them to capture sunlight energy and make glucose

NATURE OF BIOLOGY 2

from carbon dioxide. These species include cyano-
bacteria, and the purple sulfur bacteria and the green
sulfur bacteria. Cyanobacteria have chlorophyll and
carry out photosynthesis like plants and algae.

Purple sulfur bacteria and green sulfur bacteria
live in environments such as waterlogged soils and
marshes where hydrogen sulfide (‘rotten egg gas’)
accumulates. These bacteria possess a sunlight-
trapping pigment called bacteriochlorophyll and,
like plants, can build glucose from carbon dioxide.
So they are photo-autotrophs. These bacteria use
sunlight energy to split hydrogen sulfide (H,S),
rather than water (H,0), to generate the hydrogen
needed to reduce carbon dioxide. So, instead of pro-
ducing oxygen, this type of photosynthesis produces
sulfur:

Purple sulfur bacteria:

6 C02 + 12 st —> C6H1206 ar 128 AP 6H20

Plants and cyanobacteria:

6 C02 + 12 Hzo — CGHIZOG AP 602 aF 6H20

We can add these microbes to the green block in
the table above, occupied by plants and algae.



Some microbes are like heterotrophs, but they can
also capture light energy:

These microbes include the so-called AAP bacteria
and the PR-containing bacteria and archaea that
are found in freshwater and ocean habitats. Like
heterotrophs, these microbes require pre-formed
organic molecules that they obtain from dissolved
organic matter in water. However, these microbes
have pigment (proteorhodopsins) that can capture
sunlight energy. They use sunlight energy to produce
ATP directly from ADP. These microbes are photo-
heterotrophs. We can add them to the yellow block
in the table above.

Carbon source

Some microbes are chemosynthetic autotrophs:

Microbes found in extreme environments capture
energy from chemical reactions, such as the oxidation
of sulfides to sulfur or to sulfates, or the oxidation of
nitrites to nitrates. They use this chemical energy
from these oxidation reactions to build complex
glucose from carbon dioxide. Examples of chemo-
synthetic bacteria include Nitrobacter, a nitrifying
bacteria, and Sulfolobus, a sulfur-oxidising archaea.
These microbes are chemosynthetic autotrophs.
We can add them to the yellow block in the table.
This covers all living organisms, so we can now
complete our table, which has been redrawn here:

Energy source

Chemical

Carbon dioxide

Photoautotrophs

Some bacteria and archaea
(e.g. AAP bacteria, and PR-containing
bacteria and archaea)

Organic molecules

Plants, algae and some protists,
and cyanobacteria and green and
purple sulfur bacteria

Some bacteria and archaea
(e.g. Nitrobacter, Sulfolobus)

Chemoautotrophs

Animals, fungi and some protists;
decomposer and pathogenic bacteria

Photoheterotrophs

Chemoheterotrophs

AAP = aerobic anoxygenic phototrophic; PR = proteorhodopsin (membrane proteins that operate as light-driven pumps)

Animals and plants each have just one lifestyle
for capturing the energy and organic matter that
they need for living. In contrast, the microbial world
is remarkably diverse. This is not unexpected since

microbes have been residents of planet Earth for
billions of years and have evolved to exploit all sorts
of habitats and energy sources.

CHAPTER 4 Energy transfers and transformations
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Examine figure 4.51, which shows an overview of aerobic
respiration.
What is the other kind of cellular respiration?
What are the stages of aerobic respiration?
Where does each stage take place in a cell?
By the end of which stage has a glucose molecule
been completely broken down and fully oxidised to
carbon dioxide?

Glucose (6 carbons)
C6H1206

v

Glycolysis

s 2 ATP

Pyruvate Pyruvate

(3 carbons)

mlp 26 ATP

Net harvest = 30 ATP

Electron transport

FIGURE 4.51 Aerobic cellular respiration
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Electron transport moves high-energy electrons produced
in earlier stages of aerobic respiration and releases their
energy, making it available for the production of ATP.
How much ATP is theoretically produced as a result of
electron transport?
What percentage of the net total does this represent?
What is the source of the high-energy electrons that
are input to the electron transport chain?
What is the final acceptor of electrons?
What is produced when the electrons pass to the final
acceptor?

The energy released from electron transport pushes
H* (hydrogen ions or protons) from the matrix into the
inter-membrane space. The protons diffuse back to
the matrix through an ion channel in a protein complex
called ATP synthase. The ATP synthase uses energy from
this motion to generate ATP.
What separates the matrix from the inter-membrane
space?
Write the equation that shows the formation of ATP
from ADP.

Consider the information about the following compounds
and identify the effect, if any on:
i the operation of the electron transport chain
ii the operation of ATP synthase.
Rotenone is an insecticide that binds to complex |
and prevents it from oxidising NADH to NAD.
Cyanide binds to a cytochrome that is part of complex IV
and prevents electron transfer.
Oligomycin is an antibiotic that blocks the ion channel
of ATP synthase.
DNP (dinitro phenol) transports hydrogen ions/
protons directly across mitochondrial membranes,
bypassing the use of protein channels and reducing
proton gradients.



m’ Photosynthesis

m Cellular respiration
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Practice questions

Chapter review

Key words

acceptor molecules chloroplast lactic acid fermentation  organic compound
ADP & P; cyanide limiting factor organic waste
aerobic respiration DNP (dinitro phenol) MELIiSSA (Micro- photoautotroph
alcoholic fermentation ecosystem Ecological Life photosystem
anaerobic respiration endosymbiosis Support System producer
anoxic facultative anaerobes Alternative) proton

ATP grana NADP* rotenone
autotrophic granum NADPH RuBisCo
bacteriochlorophyll heterotrophic obligate aerobes stroma

Calvin cycle Krebs cycle obligate anaerobes thylakoid
carbon fixation lactate oligomycin

Questions

1 Making connections between concepts =» Use at least eight of the key words from this chapter to construct a
concept map relating to photosynthesis and cellular respiration.
2 Demonstrating knowledge and terminology =» Examine the image below and identify the numbered

structures.
FIGURE 4.52

3 Demonstrating knowledge and understanding =» of 30 °C and its volume measured every five minutes.
Put the following events in photosynthesis in order, The results are graphed in figure 4.53.
from first to last: a What was the increase in the volume of dough at
a generation of ATP the end of 30 minutes?
b entry of carbon dioxide into leaf via stomata b What was the percentage increase in the volume
¢ trapping of sunlight energy of dough during the 10-minute interval between
d fixation of carbon the 30-minute and 40-minute stages of the
e production of glucose experiment?
f splitting of water molecules ¢ What kind of cellular respiration would be
g release of 3-C molecules from the Calvin cycle. occurring in the yeast cells?

4 Analysing information and drawing conclusions = d Explain the cause of the increase in volume of the
Live yeast was mixed with flour and water to make a dough.

dough. The dough was kept at a constant temperature
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FIGURE 4.53

5 Demonstrating understanding and

156

communication =) Student P said that the
process of carbon fixation is ‘the synthesis of ATP
through the actions of the enzyme ATP synthase to
produce useful energy’ Student Q said, ‘No. It’s the
conversion of CO, to an organic compound’ Student
R said, ‘“That’s not right. I think that carbon fixation
is the input to the Calvin cycle!
a Which student(s) most accurately identified
carbon fixation?
b Where you considered a student’s description to
be invalid, identify the inaccuracy involved.
¢ In which stage of photosynthesis does carbon
fixation occur?
d Is the process of carbon fixation powered:
(i) directly by light energy
(ii) indirectly by light energy?
Explain your decision.
Demonstrating knowledge and understanding =»
Identify, as precisely as you can, the locations where
the following processes or events occur in the
chloroplast of a leaf cell:
carbon fixation
light trapping
release of oxygen
input of carbon dioxide
reduction of carbon dioxide
f splitting of water.
Demonstrating knowledge and understanding =»
You are given cell samples from five different
sources and asked to match each to its correct
source. You have access to light microscopes and
electron microscopes to assist you.

O 20 T 9
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The cells come from (1) unicellular green algae,
(2) photosynthetic bacteria, (3) a human cell
culture, (4) the spongy mesophyll of a hydrangea
leaf, and (5) an obligate anaerobic bacterial
species.

Your assistant views one of the cell samples using
a light microscope and says, ‘I'm certain I know
what this one is!’

a Isyour assistantlikely to be correct? If so, suggest
which cell sample was viewed and what was seen.

b Try to construct a dichotomous key that would
allow you to distinguish with confidence between
these five different cell types.

Formulating and communicating valid

biological explanations =) Formulate a possible

valid biological explanation for the following

observations:

a Farmers managing crops growing in glasshouses
increased their yields by extending the time
period over which photosynthesis takes place.
The farmers who chose to provide this light by
burning paraffin oil lamps in their glasshouses
obtained better results than the farmers who
used standard electric-powered lighting.
(Assume that the illuminance was the same in
each situation.)

b The enzyme RuBisCo is regarded as the most
abundant enzyme on this planet.

¢ A tomato grower increased the yield of his
glasshouse-grown hydroponic tomatoes by using
artificial lighting after daylight hours.

d Aquatic plants growing in an aquarium under
bright lights were observed to produce bubbles.

e A cheetah chasing a gazelle has to stop its pursuit
after a distance of about 100 metres.

f Workers entering a disused bulk oil tanker wear
personal protection equipment.

Interpreting data in graphical form and applying

principles in a new context =) Examine figure 4.54

below.

30 °C at high
light intensity

30 °C at low-
light intensity

Rate of photosynthesis

Carbon dioxide concentration

FIGURE 4.54 Graph showing the rate of photosynthesis
against carbon dioxide concentration in plant cells at
two different light intensities.
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a In which stage of photosynthesis is carbon
dioxide used?

b What might have caused the rate of
photosynthesis to plateau?

c Suggest why the rate of photosynthesis in
the plant cells reaches higher values when
illuminated by high-intensity light compared with
that achieved under low-intensity lighting.

Communicating knowledge and understanding =

Consider a molecule of glucose (CgH;,0¢) produced

through photosynthesis in a leaf cell:

a What is the original source of the carbon atoms
(C) in glucose?

b What is the original source of the hydrogen (H)
atoms in glucose?

¢ How and where was this hydrogen produced?

d Which loaded carrier molecule transports
hydrogen into the reactions involving reduction
of glucose?

e Oxygenis present in carbon dioxide (CO,) and
oxygen is present in water (H,0). From which
source does the oxygen in glucose come? Explain.

Applying principles in a new context =) Consider

a fish tank containing several fish and some

aquatic plants.

Make a diagram showing one fish and one
aquatic plant in a water-filled tank and showing
the inputs and outputs related to cellular
respiration and photosynthesis and any cycling
that might occur:

a when the tank is brightly illuminated

b when the tank is in darkness.

Demonstration analysis and communication =)

Consider two groups of plants growing under

artificial light sources with identical illuminances

of 5000 lux, but with different wavelengths:

Group 1. Wavelengths across the entire visible

spectrum

Group 2. Wavelengths restricted to the red

region of the spectrum.

13

14

a What prediction would you make about the
rates of photosynthesis in each group? Explain
your reasoning.

In the mitochondria of liver cells, the folds of
the cristae increase the surface area of the inner
membrane to about five times that of the outer
membrane.

b What benefit, if any, might this increase in
surface area bring?

Evaluation of information and communicating

understanding =) Identify the following

statements as true or false. Where you judge a

statement to be false, rewrite it so that it would be

judged to be true.

a Cellular respiration occurs all the time in
animal cells but only in the dark in plant
cells.

b Anaerobic respiration in mammals produces
about half the amount of ATP compared to that
produced in aerobic respiration.

¢ Carbon fixation is the breakdown of glucose to
carbon dioxide.

d Endosymbiosis is a mutually beneficial
relationship between two different organisms
with one living inside the cells of the other.

e Alllight falling on a leaf is used in
photosynthesis.

f The easiest way of measuring the rate of
aerobic respiration in an animal would be
to measure the rate of disappearance of
glucose.

Discussion question =) Discuss with your

group the validity or otherwise of the following

statements:

a ‘The purpose of lactic acid fermentation is to
produce champion athletes’

b ‘The food we eat is a bit like packaged
sunshine!’

¢ ‘Methane is not a poisonous gas, so you cannot
be hurt by exposure to it’
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CHAPTER

Cellular signals

KEY KNOWLED(

This chapter is designed to enable students to:

recognise the various forms through which signals can be conveyed

understand that chemical signals are the form through which cells most
FIGURE 5.1 This zebra is commonly communicate
not sniffing the wind but is gain knowledge of cell-surface receptors and intracellular receptors
displaying flehmen behaviour. understand signal transduction as it applies to hydrophilic and hydrophobic
Typically, the animal opens its signals
mouth, curls its upper lip, holds list examples of different kinds of chemical signals occurring in animal and plant cells

its mouth open and draws air become familiar with apoptosis as a process of programmed cell death, and its
into its mouth. Itisa way of signal pathways_

detecting pheromones that

perhaps signal a nearby male

rival or a female ready to mate.




FIGURE 5.2 A couple receiving
a visual signal transmitted via
an SMS message on a mobile
phone. What might you infer
about the visual signal from the
signal given by the couple’s
facial expressions?
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The bitter taste receptor
TAS2R38 can detect
glucosinolates, a class of
compounds with anti-thyroid
activity. Genetically based
differences in this receptor
determine whether or not
individuals perceive the
bitter taste of foods (such
as broccoli, watercress, kale
and turnips) that contain
glucosinolates.
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Signals for communication

In our daily lives, communication is a constant component. Communication is

variously defined as:

o the imparting of information by speaking, writing or some other medium
(Oxford English Dictionary)

« the act or process of using words, sounds, signs, or behaviours to express
or exchange information or to express your ideas, thoughts, feelings, etc., to
someone else (Merriam-Webster).

We are constantly in communication, either receiving information from
people and objects around us or imparting information to others through
various channels.

Communication may involve a visual signal such as a red traffic light, an
Instagram image, printed words in a textbook, an SMS message on an iPhone
(see figure 5.2), a smile on a person’s face, a hand gesture or the nod of a head.
Communication may involve auditory signals, such as a spoken phrase: ‘Don’t
do that!, a melody on an MP3 player, an announcement over a PA system or
the screech of brakes. Communication may involve tactile signals, such as a
tap on the shoulder, the heat of the handle of a saucepan on the stove, a hug, a
handshake or the pain of a pinprick.

Other communication can come via olfactory signals, such as the smell
of food cooking, the smell of the smoke of a bushfire or the scent of a flower.
Communication may also be transmitted in gustatory signals, such as the sweet
taste of chocolate or, for some people, the bitter taste of broccoli (see Odd fact).

Asignal has no effect unless it is received. Only after it is received can the signal
be processed. Only after it is processed can a signal produce a response. Without
the reception and the processing of a signal, no response to the signal can occur.

When we receive a signal, we process it and respond with a specific behav-
iour. The process by which a received signal is converted into a specific
response is termed signal transduction. The driver of a car approaching an
intersection who sees a red traffic light receives the visual signal and processes
the information that the signal conveys as: ‘I must stop!” The driver then res-
ponds by applying pressure to the foot brake, and the car comes to a stop just
before the intersection. Note that it is not the signal that stops the car; it is the
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response triggered in the person who receives and processes this signal and
takes relevant action.

The efficient functioning of cells depends on their ability to receive and
respond to a variety of signals from the environment and from other cells. Cells
are in constant communication, receiving signals from other cells and sending
signals to other cells. This communication is sometimes called ‘the constant
chatter between cells!

Just as we receive, process and respond to signals from our outside world,
a similar process occurs in cells. The three components of cellular communi-
cation or ‘cell chatter’ may be summarised as:

1. Reception of a signal from a cell’s external environment; such a signal may
be a hormone or a neurotransmitter, a cytokine or a pheromone

2. Transduction of the signal into a form that can bring about a cellular
response

3. Cellular response to the signal that comprises physical, biochemical or
physiological changes brought about by effector proteins in the cell.

Figure 5.3 shows these processes as a stimulus-response model.

(b)

1 Signal — 2 Reception

3 Signal
transduction

Feedback

5 Cellular
Bt < 4 Effectors

FIGURE 5.3 (a) A generalised stimulus-response model. (b) Cellular communication shown as a stimulus-response
model. The signal is like the stimulus in a stimulus-response model that is received and translated by effectors into a
response. In the signalling process, a signal is received by a specific receptor at the cell surface and, within the cell,
is converted via a signal transduction pathway into effector molecules that produce the cellular response. As in a
stimulus-response model, feedback regulates the entire signalling process.

In this chapter, we will explore some of the features of this constant chatter
between cells, with a focus on chemical signals, the most common type of
signalling in cell communication.

Communication between cells

The most common signals that carry information between cells are chemical
signals. Other types of signals received by cells include mechanical signals,
such as touch and pressure, and electromagnetic signals, such as light.

Signals can communicate different messages to cells, such as to stay alive
and functioning, to self-destruct, to undergo cell division for growth or repair,
to differentiate into a particular cell type, to eliminate a pathogen that has
invaded the body, to activate a gene and produce the protein encoded by the
gene, to silence a gene, or to produce an enzyme or a structural protein.

Let’s first look at the various chemical signals involved in cellular
communication.
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FIGURE 5.4 Hormones
(shown in red) are secreted

by various endocrine glands.

These chemical signalling
molecules are carried by the
bloodstream to target cells
that are a distance away,
where they are received by
receptors (shown in yellow).
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Signalling molecules

The most common signals are chemical molecules. Many different kinds of sig-
nalling molecules are involved in transmitting information between the cells of
plants and between the cells of animals, and they come in a variety of shapes
and sizes. Variation in signalling molecules includes:

o differences in chemical structures

Molecules that act as chemical signals include amino acids, peptides, poly-

peptides, proteins and steroids

- these differences mean that signalling molecules vary in size

- these differences mean that signalling molecules differ in their affinity for

water, some being hydrophilic and some hydrophobic.
o differences in function

Signalling molecules belong to different functional groups: for example,

animal hormones, plant hormones, neurotransmitters of nerve cells, anti-

bodies of immune cells, cytokines and pheromones.
o differences in scope

Some signalling molecules exert their effect over a distance while others

only act locally.

More details of the various kinds of signal molecules are given throughout
this chapter.

Whatever their differences, all signal molecules share the same char-
acteristic, namely: they bind to sites on specific receptors on their target
cells. Receptors are proteins that receive the various signals, and a specific
protein receptor exists for each different signalling molecule. (Note that any
molecule that binds to a specific target to form a biologically active complex is
termed a ligand. In cells, common ligands are signalling molecules.)

Signals move from source to target
A signalling molecule can only be effective if it reaches and binds to its specific
receptor. The distance that a signalling molecule must travel to reach its targets
can vary. Some signals are secreted by cells at a distance from their target cells,
some are secreted by cells very close to their target cells, and some signals are
produced and received by the same cells. The following sections identify an
example of each situation.

1. Long-distance travel to target cells: Some signalling molecules must travel
long distances to reach their target cells. Hormones secreted by various
endocrine glands are the classic example of chemical signals that travel
via the circulatory system over long distances to reach their target cells
(see figure 5.4). For example, follicle stimulating hormone (FSH) that is
secreted by cells in the pituitary gland travels via the blood to its target cells
in the ovary.

C)
@\

Signalling cell

Receptor

Target cell

Hormone



Communication between
two nerve cells is a situation
in which a chemical signal
released by one neuron
needs to travel only a
submicroscopic distance to
reach its target, which is the
next neuron. The distance
involved is across a synaptic
cleft, the gap that separates
two nerve cells in a neural
network. The width of a
synaptic cleft is about

0.02 micrometre.

2. Travel to nearby cells: Some chemical signals are released by signalling

cells and travel short distances to their nearby target cells. These signals
move by diffusion through the interstitial fluid around cells (see figure 5.5).
These signalling molecules are often called local mediators.

Signalling cell

\

Local
mediator
D Receptor

%@

Target cell

FIGURE 5.5 Some signalling molecules (shown in red) diffuse over short distances
from signalling cells to nearby local cells where the signal is received (receptors
shown in yellow).

3. One cell sends and receives a signal: Chemical signals released by one cell

may be received by the same cell (see figure 5.6). This can be seen in some
immune cells, known as T cells. In the presence of a foreign antigen, one
kind of T cell responds to the signal created by the foreign antigen by pro-
ducing a growth factor (interleukin 2) that binds to receptors on the same
type of cell and stimulates their replication. (This of course makes more T
cells to attack the source of the foreign antigen.)

Receptor
FIGURE 5.6 In some /

cases, the signalling o @
cell and the target cell tﬂ ;ﬁ

are the same. Signalling Q

molecules (shown in

red) are produced and

received by one type of @

cell that functions as both if °

the signalling cell and the \ o
target cell. Signalling
® molecule

4. Direct cell-to-cell contact: In some cases, a signal can move directly from

the cytosol of one cell to that of another cell. This signalling involves direct
cell-to-cell contact. Several structural features enable this direct contact
between cells, as, for example:

Gap junctions, also known as communicating junctions, between adjacent
cells in animal tissues. In animal cells, gap junctions consist of protein-lined
pores in the plasma membranes of adjacent cells (see figure 5.7a). Gap junc-
tions allow various small molecules to pass between cells and also enable the
transmission of electrical signals. For example, gap junctions between cells
of your heart muscle enable the spread of an electrical impulse throughout
the entire heart so that the cells ‘beat as one!

CHAPTER 5 Cellular signals
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(a)

Signalling
cell O

FIGURE 5.7 Communicating junctions between
adjacent cells. (a) In animal tissues, communicating
junctions (gap junctions) are protein-lined pores
that connect adjacent cells. (b) In plant tissues,
communicating junctions (plasmodesmata) are

lined with the continuous plasma membrane of the @
adjoining cells. What would you predict about the
relative lengths of the pores in a gap junction and in a Plasmodesmata

plasmodesma?

Signalling cell Target cell

Membrane-bound
signal molecule

FIGURE 5.8 Diagram showing
a highly simplified version of
cell-to-cell signalling where the
signalling cell migrates to its
target cell to deliver the signal.
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o Plasmodesmata between adjacent cells in plant tissues. Plant cells have rela-

tively thick cell walls that lie outside their plasma membranes. Cell-to-cell
communication in plants is achieved through gaps, known as plasmodes-
mata (singular: plasmodesma), through cell walls (see figure 5.7b). The
plasma membranes of the cells are continuous and form the lining of the
plasmosdesmata.

(b) Cytoplasm
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Some signalling cells carry signals to target cells: In some cases, signalling

cells are highly mobile and deliver their signal to their target cells. Figure 5.8
shows a highly simplified version of this type of direct cell-to-cell signalling.

This type of cell-to-cell signalling occurs between cells of the body’s immune

system. Figure 5.9 shows a diagrammatic representation of cell signalling
between two kinds of immune cells:
« The signalling cell (APC) carries, on its surface, a chemical signal (shown as

a small red oval) that is a foreign antigen from part of a pathogen.

o The receiving cell is a T cell with a receptor (shown in black) for this signal.

The binding of the foreign antigen to the T cell receptor activates that cell so

that it is ready to recognise and attack any cell it meets that carries the antigen.

FIGURE 5.9 Diagram showing the
cell-to-cell communication between a
signalling cell (APC = antigen presenting
cell) and its target T cell. Both of these
cells are part of the human immune
defence system. The signalling cell
carries a signal molecule (shown in red), )
which is a foreign antigen. This signal
molecule binds to the T cell receptor
and activates that cell.

T cell
receptor

/.

KEY IDEAS

m Cells are in constant communication with other cells, both receiving and
sending signals.

m Signals, most commonly, are chemical molecules, but they can be other
environmental signals as well, such as light.

m Cellular communication comprises three stages: signal reception, signal
transduction, and cellular response to the signal.



FIGURE 5.10 Diagram showing
a simple representation of

the three stages in cellular
communication.

Cell signalling stages:
1. Signal reception

2. Signal transduction
3. Cellular response

m Various kinds of signals may be received by cells, but the most common
signals are chemical signals.

m The different chemical signals include animal hormones, plant hormones,
cytokines, neurotransmitters, antibodies, and pheromones.

m Some chemical signals, such as mammalian hormones, exert their effect
over a distance while others only act locally, yet others are transmitted by
cell-to-cell contact.

1 What are the three stages of cellular communication?
2 Only certain cells respond to a chemical signal. What prevents all body cells
from responding to a chemical signal?
3 lIdentify one key difference between:
a a receptor cell and a target cell
b a signalling molecule and a signalling cell
¢ a gap junction and a plasmodesma.
4 By what main means do the following signals travel from their signalling cell
to their target cell:
a a mammalian hormone signal
b a signal from a local mediator?

Stages in ‘cell chatter’

The three stages in cellular communication are signal reception, signal trans-
duction and cellular response. Figure 5.10 shows a simple diagrammatic
representation of this process. In the following sections we will explore each of
these stages in turn.
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SIGNAL SIGNAL SIGNAL
RECEPTION TRANSDUCTION RESPONSE

Signal reception

The first step of cellular communication is the reception of a signalling mol-
ecule (ligand) from a cell’s external environment. When signalling molecules
(ligands) reach their target cells, they bind to a specific receptor.

Receptors are proteins and they are highly specific: each type of receptor
protein binds to one signalling molecule with a specific shape. This specificity
is achieved because the ligand and the binding site of its receptor have com-
plementary shapes that fit together, just like a lock that will only fit a certain
key. So, many different receptors exist.

CHAPTER 5 Cellular signals
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Consider just the receptors concerned with the sense of smell, the so-called
odorant receptors. A clue to the number of different odorant receptors came
from the research of Richard Axel and Linda B. Buck, who asked the question:
How many different receptors do we have for the different odours, such as the
perfume of a rose, the smell of rotting fish or burning gum leaves, that we can
detect in our environment?

The 2004 Nobel Prize in Medicine or Physiology was awarded to
these researchers for their discovery of ‘odorant receptors and the organiza-
tion of the olfactory system’ These researchers identified a large gene family
comprising about 1000 different genes that encode an equivalent
number of different olfactory receptors. These olfactory receptors are
located on cells in the upper lining of the nose. Unexpectedly, it was discov-
ered that each olfactory cell has just one kind of olfactory receptor on its
surface.

In most cases, the receptors involved in cell signalling are located on
the plasma membrane of a specific target cell — such receptors are called
cell-surface receptors. However, in other cases, the receptors are located
either in the cytosol or in the nucleus of the target cell — such receptors are
called intracellular receptors. Why are there two different locations for signal
receptors?

We noted (refer back to page 162) that signalling molecules differ in their
chemical structure and size. Some signalling molecules are small polar mol-
ecules, such epinephrine (adrenalin), other signalling molecules are larger
hydrophilic molecules, such as the protein hormones, while yet others are
hydrophobic molecules, such as the steroid hormones. Steroids are lipids,
and they have four fused hydrocarbon rings in their chemical structures. The
various steroid hormones are distinguished by the different functional groups
attached to these rings (see figure 5.11), and these molecules are hydrophobic,
and hence are lipophilic.

OH OH
CHs, CHs

CHj3

HO (0]
Estradiol Testosterone

FIGURE 5.11 The structures of two steroid hormones. Note the four hydrocarbon
rings. How does estradiol differ from testosterone?

Polar and hydrophilic signalling molecules cannot cross the lipid
bilayer of the plasma membrane. These signalling molecules can
only bind to receptors at the cell surface. The binding site is that part
of the receptor protein that is exposed to the extracellular environ-
ment (see figure 5.12a). All cell-surface receptors are either trans-membrane
proteins on their own, or they operate as part of a complex that links the
exterior and interior of the cell. One such complex receptor is the G protein
coupled receptor.

In contrast, hydrophobic signalling molecules can readily cross the lipid
bilayer of the plasma membrane. Hydrophobic signalling molecules, such as
the steroid hormones, bind to receptors that are located within the target cell,
either in the cytosol or in the nucleus (see figure 5.12b).



FIGURE 5.12 (a) Hydrophilic
signalling molecules can only
bind to cell-surface receptors.
(b) Hydrophobic signalling
molecules that can readily
pass across the lipid bilayer
of the plasma membrane
bind to intracellular receptors
located either in the nucleus
or in the cytosol. Can you
name a hydrophobic signalling
molecule?

Cell signalling stages:

2. Signal transduction
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The difference between signalling molecules in their affinity to water means
that the receptors for hydrophilic signalling molecules are cell-surface recep-
tors, while receptors for hydrophobic signalling molecules are intracellular
receptors.

Look at the cell-surface receptor in figure 5.12a. Receptors of this type
are trans-membrane proteins that are embedded in the plasma membrane.
Each trans-membrane receptor has several regions or domains. One region
is exposed to the outside of the cell — this is the signal-binding domain.
Another region is in contact with the cytoplasm — this is the intracellular
domain. (Trans-membrane receptors also have a hydrophobic domain. Where
do you think the region of such a trans-membrane receptor might be located?)

When a signalling molecule binds to its receptor, the 3D shape of the receptor
is altered, activating the receptor and indicating ‘Message received!” However,
for cell-surface receptors, there is a problem: the message is at the cell surface.
It’s bit like an unread message on a smart phone: C U @ 8 2NITE:-) Unless the
message is read and its contents acted upon, the communication has failed.
The same applies to a signalling molecule at the cell surface. The control centre
of the cell, the nucleus, is where the message must arrive. The nucleus is where
the cellular response to the signal will be made, typically involving the gene
activation and the production of effector proteins.

Getting the message from the cell surface to the nucleus is achieved through
signal transduction, the second step in cell communication.

Signal transduction

The second stage of cell signalling is termed signal transduction, a process
that converts a signal from outside a cell into a response within the cell. In
signal transduction, a signal is received in one form, is changed to another
mode or molecule, and is relayed to the appropriate target within the cell that
responds through an effector protein. The signal transduction pathway links
the signal reception to the cellular response to the signal:

Transduction

Reception Response

The process of signal transduction starts after a signalling molecule binds to
its specific receptor, changing its 3D shape and activating it.

We have seen in the previous section that some signalling molecules are
hydrophilic (and hence lipophobic): for example, a peptide hormone such
as insulin and a protein hormone such as growth hormone. Other signal-
ling molecules are hydrophobic (and hence lipophilic): for example, the
steroid hormones such as estrogen and testosterone. The hydrophilic or the
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hydrophobic nature of signalling molecules determines the location of the

specific receptor where the signal is received.

Let’s look at signal transduction for each type of signalling molecule, starting
with the transduction of a lipophilic signalling molecule such as a steroid
hormone. This transduction process is less complex than that for a hydrophilic
signalling molecule.

Transduction of a hydrophobic signal:

Steroid hormones are hydrophobic and can readily cross the lipid bilayer of the

plasma membrane by a process of diffusion. Once in the cell, the steroid hormone

binds with its specific receptor. The receptor is a protein in solution either in the
cytosol (as shown in figure 5.13) or in the fluid component of the nucleus.

The transduction pathway is as follows:

1. The binding of the steroid hormone to its specific receptor produces a
change in the 3D shape of the receptor protein, exposing a region of the
receptor that was previously within the molecule.

2. The hormone-receptor protein complex moves from the cytoplasm into the
nucleus.

3. The exposed segment of the receptor protein attaches to a target DNA
sequence next to certain genes, and activates those genes.

Figure 5.13 shows a diagram of this process. Note that steroid hormones
directly regulate gene expression.

Steroid
hormone
\ Plasma membrane
— J \
Cytoplasm
Intracellular
receptor Nuclear
/ membrane
p—
DNA

Nucleus

FIGURE 5.13 Transduction of the signal from a hydrophobic signalling molecule,
in this case a steroid hormone, is a very direct process.

Transduction of a hydrophilic signal:
Now, let’s look at the transduction of the signal from a peptide hormone that
cannot cross the lipid bilayer of the plasma membrane. The process of signal
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transduction starts when the hormone binds to its specific receptor on the cell

surface. The signalling molecule in this case is called the ‘first messenger’

and, if its message remains on the cell surface, it will be ineffective. The
message must reach the nucleus where the cellular response to the signal will

occur. For this to happen, the signal must be transferred from the receptor to a

‘second messenger’ within the cytoplasm.

The transfer of the signal from receptor to nucleus occurs through a signal
transduction pathway within the cytoplasm that involves production of
large numbers of molecules of a second messenger. This amplifies the orig-
inal signal by a factor of up to 10 000. Second messengers are small molecules,
for example, cAMP, and they are not enzymes, but they activate a key enzyme
at the start of an enzyme relay.

The enzyme relay is not like a relay race in which a baton is passed from
one person to the next. In the enzyme relay of signal transduction, the signal
is amplified because, as each enzyme is activated, it activates multiple copies
of the next enzyme in the relay, and so on. Molecules of the last enzyme in the
relay to be activated finally carry the signal to the nucleus where the gene acti-
vation occurs.

Figure 5.14 provides a simplified version of the sequence of events in a signal
transduction pathway.

1. The binding of the peptide hormone to its cell-surface receptor causes a
change in the 3D shape of the receptor protein that activates it.

2. The receptor in turn activates an enzyme embedded in the inner surface of
the plasma membrane.

3. This activated enzyme in turn catalyses the production of multiple copies
of a second messenger (for example, cyclic AMP (cAMP)). This step
amplifies the signal, because the binding of one external signalling mol-
ecule results in the production of multiple copies of second messenger
molecules.

4. The second messenger molecules activate copies of a key enzyme (protein
kinase) that, in turn, activate the next enzyme in the relay, and so on. This
step further amplifies the signal.

5. This signal is finally relayed to the nucleus, where specific genes are acti-
vated and effector proteins are produced.

Note that signals from hydrophilic hormones indirectly bring about gene
action, while signals from hydrophobic hormones directly activate genes.

Nuclear

/ membrane

gene gy, effector cellular
activation protein response
Enzyme cascade
SIGNAL CELLULAR
TRANSDUCTION RESPONSE TO SIGNAL

FIGURE 5.14 Diagram showing a simplified version of the signal transduction pathway for a peptide hormone. The
final cellular response differs, depending on the identity of the original signalling molecule.
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FIGURE 5.15 A comparison of
signal transduction in lipid-
soluble and water-soluble
hormones, showing the
location of events within a cell.

Cell signalling stages:
1. Signal reception

2. Signal transduction
3. Cellular response
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Table 5.1 summarises the differences between the hydrophilic and the lipo-
philic hormones.

TABLE 5.1 A summary of key differences between different groups of hormones,
depending on their different affinities (love or hate) for water molecules.

Steroid hormones Peptide/protein hormones
hydrophobic: insoluble in water hydrophilic: soluble in water
lipophilic: soluble in lipid solvent lipophobic: insoluble in lipid solvents

transported in blood but only with the = transported in solution in blood plasma
aid of carrier proteins

readily diffuse across the lipid bilayer unable to cross the lipid bilayer of the

of the plasma membrane plasma membranes

bind to intracellular receptors bind to cell-surface receptors
directly regulate gene expression indirectly act on genes

no second messenger involved second messenger produced during

signal transduction

longer lasting response shorter period of response

Figure 5.15 shows a comparison of signal transduction in lipid-soluble and
water-soluble hormones.

Water-soluble
hormone
signal molecule

Lipid-soluble
hormone
signal molecule

Signal molecule binds to receptor

Second messenger
produced

Cellular response to signal

The cellular response to the signal is the final stage in cellular signalling.

Effector proteins are produced by gene activity stimulated directly by steroid

hormones, or indirectly by peptide or protein hormones. These effector pro-

teins produce the cellular responses to the original external signal molecule.
These cellular responses to different signals are extremely varied and may

include:

o cell migration entailing the production of structural proteins, such as the
microtubules of the cytoskeleton

o changes in metabolism that involve either the production of specific
enzymes or a regulated increase in enzyme activity



Cellular
responses

Summary

Concept 8 practice questions

o cell division involving DNA synthesis and the action of enzymes such as
DNA polymerase
o apoptosis or programmed cell death involving the production of caspase
enzymes.
Finally, cellular signalling pathways, once activated, do not stay switched
‘on’ After a limited period of time, the system returns to its resting state, ready
to receive and respond to the next signal.

KEY IDEAS

m The three stages in cellular communication are signal reception, signal
transduction and cellular response.

m The nature of signalling molecules, either hydrophilic or hydrophobic,
determines the location of the receptor where the signal is received.

m Hydrophilic signalling molecules are received by cell-surface receptors,
while the receptors for hydrophobic signalling molecules are in the
cytoplasm or the nucleus.

m Signal transduction of a hydrophilic signalling molecule involves a series
of chemical reactions during which the signal is transferred and amplified
before it reaches the cell nucleus.

m The cellular response involves changes in gene activity and the production of
effector proteins that bring about the particular cellular response to the signal.

5 List the three stages involved in cellular communication.
6 Identify the following statements as true or false:
a Hormones are an example of signals that originate at a distance from the
receiving cell.
b Receptors for hydrophilic signalling molecules are located at the cell surface.
¢ Steroid hormones are examples of hydrophobic signalling molecules.
d Cellular response to signals involves effector proteins that bring about
specific changes in the cell.
e The receptor for a peptide hormone would be expected to be located on
the surface of the receiving cell.
f During signal transduction, the original signal is greatly amplified.
7 ldentify one key difference between:
a a hydrophilic and a hydrophobic signalling molecule
b the first messenger and the second messenger.
8 Give an example of a cellular response to a signal.

Chemical signals in animals

Earlier in this chapter, we met some chemicals that are signalling molecules in
various animal cells. Among these were:
e hormones
e neurotransmitters.

In this section, we will explore these and other chemical signals that are
involved in cellular communication in the animal world.

Chemical signals: human hormones

Figure 5.16 shows the human endocrine system and the major hormones
secreted by each endocrine gland.
The human hormones can be organised into three groups, as follows:
o amino acid derivatives — these hormones are derived from amino acids;
they dissolve readily in water and therefore are hydrophilic. The names of
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hormones in this group typically end with the suffix -ine, as, for example,
thyroxine and epinephrine.

o lipid-derived hormones — these hormones are derived from lipids; they
are not water-soluble and therefore are hydrophobic. The names of hor-
mones in this group typically end with the suffix -ol or -one, as, for example,
testosterone and cortisol.

o peptide and protein hormones — some of these hormones are composed
of shorter polypeptide chains; these are the peptide hormones, such as
oxytocin and insulin. Other hormones in this group are made of long poly-
peptide chains — these are the protein hormones, such as growth hormone.
These hormones are hydrophilic.

These groups are colour-coded in this figure. (Refer back to table 5.1 to
check some of the differences between the lipid-derived hormones and the
other groups of hormones.)

Hypothalamus

Growth-hormone-releasing hormone:
stimulates pituitary gland to release GH

Corticotropin-releasing hormone (CRH):

stimulates pituitary gland to release ACTH

Thyroid-releasing hormone: stimulates
thyroid gland to release TSH

Anterior pituitary gland
Gonadotropin-releasing hormone (GnRH): Growth hormone (GH):
stimulates pituitary gland to release stimulates growth
FSH and LH

o ] Adrenocorticotropic hormone (ACTH):

Antidiuretic hormone (ADH): promotes stimulates adrenal glands to secrete
reabsorption of H,O by kidneys glucocorticoids
Oxytocin: induces labour and milk release Thyroid-stimulating hormone (TSH):
from mammary glands in females stimulates thyroid gland to secrete

Pineal gland
Melatonin: regulates sleep-wake cycles

Thyroid and parathyroid glands

Thyroxine: increases metabolic rate
and heart rate; promotes growth

Parathyroid hormone (PTH): increases
blood concentration of calcium ions

Kidneys
Erythropoietin (EPO): increases
synthesis of red blood cells

Vitamin D: decreases blood
concentration of calcium ions

Ovaries (in females)

Estradiol: regulates maintenance and
development of secondary sex
characteristics

Progesterone: prepares uterus for
pregnancy

Placenta (during pregnancy)

thyroxine

Follicle-stimulating hormone (FSH)
and luteinizing hormone (LH):
regulates menstrual cycle in females;
production of sex hormones

Prolactin (PRL): stimulates mammary
gland growth and milk production in
females

Thymus
Thymosin: triggers T cell formation

Pancreas (islets of Langerhans)
Insulin: lowers levels of blood glucose
Glucagon: raises levels of blood glucose

Adrenal glands

Epinephrine: produces short-term
stress response

Cortisol: produces short-term and
long-term stress responses

Chorionic gonadotrophin: supports
early pregnancy

Testes (in males)

Testosterone: regulates development
and maintenance of secondary sex
characteristics
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FIGURE 5.16 The endocrine organs

Aldosterone: increases reabsorption of
sodium ions by kidneys

B Polypeptides/proteins
[ Amino acid derivatives
B Steroids (lipid-derived)

and the major hormone signalling molecules that they produce. Note the three

major chemical classes into which the various hormones fall. Based on this figure, which class is the most common?
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Hydrophilic hormones are transported in solution in the blood from
their site of production to their specific targets, while hydrophobic
hormones are also transported in the blood but they are attached to protein
carriers.

Hormones act as signalling molecules that carry messages to their specific
target cells:

« The hormone prolactin carries the message ‘Produce milk’ to its target cells
in the mammary glands.

« The hormone insulin carries the message ‘Take up glucose and convert it to
glycogen’ to target cells in the liver.

¢ The hormone vitamin D carries the message ‘Absorb calcium’ to its target
cells in the small intestine.

In addition to the hormones produced by the endocrine glands, many other
tissues of the human body also produce hormones. Some of these are listed in
table 5.2 below.

TABLE 5.2 Examples of hormones produced by organs and tissues other than the
endocrine glands.

. Major action

Tissue/organ Hormone

adipose tissue leptin suppresses appetite

skin 1,25-dihydroxy stimulates uptake of Ca®* from
vitamin D small intestine

stomach gastrin stimulates acid secretion

heart atrial natriuretic acts on kidney, promoting

hormone excretion of Na* ions

small intestine cholecystokinin inhibits gastric motility and stimulates

secretion of bile and pancreatic juice

The release of hormones operates within a negative feedback system.
Figure 5.17 shows the signals that are exchanged between the hypothal-
amus, the anterior pituitary and the peripheral organs. Note the negative
feedback loops, shown as red arrows, which ensure that the biological effects
produced by the hormones are maintained within narrow limits. (This is
the concept of homeostasis that is discussed in Nature of Biology Book 1
Fifth Edition, chapter 6).

Refer to this figure and follow the signal pathway that occurs if the body’s
metabolic rate falls to levels below normal limits:

1. The hypothalamus increases the release of thyroid releasing hormone
(TRH).

2. TRH signals the anterior pituitary gland to increase the release of thyroid
stimulating hormone (TSH).

3. TSH levels signal its target gland, the thyroid gland, to increase its release of
the hormone thyroxine.

4. Increased thyroxine travels throughout the body, signalling changes in
various target organs, and the resulting cellular responses produce an
increase in the metabolic rate.

The increase in metabolic rate is kept within normal limits by the operation
of two negative feedback loops as follows:

o The increased level of TSH gives negative feedback to the hypothalamus,
stopping the release of TSH.

o The increased level of thyroxine gives negative feedback to both the anterior
pituitary gland and the hypothalamus.
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FIGURE 5.17 The action of -
hormones typically involves Endocrine gland Endocrine gland
negative feedback loops = thyroid gland
(shown as red arrows), ensuring
that cellular responses to
hormone signals are maintained
within narrow physiological Hormoqe
limits. Hormone = thyroxin (T4)

KEY IDEAS

m The hormones of the human endocrine system are a major group of
signalling molecules.

m Hormone signals travel to their target cells via the bloodstream.

m In addition to the major hormones produced by the endocrine glands,
other tissues and organs also produce hormones.

m The cellular responses to hormone signalling molecules are maintained within
narrow limits principally through the operation of negative feedback loops.

m A hormone can communicate with cells only if the cells have receptors to
receive the specific signal from that hormone.

9 Identify the target cells and organs of the following hormones:

a insulin

b prolactin.
10 What is the cellular response to the hormonal signal of thyroxine?
11 How do hormonal signals reach their targets?
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4@ Chemical signals: neurotransmitters

Neurotransmitters are the chemical signalling molecules of nerve cells
Neurotransmitters (neurons)_

| nos2 selliield Neurons use two types of signals:
screen and s s o1 . .
m practice questions 1. Communication within a nerve cell depends on electrical signals, known as
m action potentials, that transmit a nerve impulse along the axon of a neuron.
Action potentials are produced by the local movements of charged particles
J (sodium ions into the neuron and potassium ions out of the neuron). The

electrical signal box at the end of this section provides a brief outline of how
the electrical signal is produced.

2. Communication between nerve cells uses chemical signals, known
as neurotransmitters, that diffuse across very small gaps, known as
synaptic clefts, that separate one neuron from the next in a neural network.
Figure 5.18 shows these two types of signals — electrical signals that move a

nerve impulse along the axon of a neuron, and chemical signals (neurotrans-

mitters) that transmit the impulse from one neuron to the next.

Electrical Electrical
signal signal
. G——
Pre-synaptic neuron Post-synaptic neuron
Signalling cell Target cell

Neurotransmitter

FIGURE 5.18 The movement of a signal in nerves involves an electrical signal
that travels within each neuron. A chemical signal, known as a neurotransmitter,
transmits the signal across the synaptic cleft that separates the pre-synaptic
neuron from the post-synaptic neuron.

In addition to carrying signals from one neuron to another, neurotransmit-
ters transmit nerve impulses from neurons to muscle cells, stimulating their
contraction, and to some glands.

Neurotransmitters include chemicals such as acetylcholine, epinephrine
(adrenalin) and serotonin; these are excitatory neurotransmitters. Another
neurotransmitter, gamma amino butyric acid (GABA), is an inhibitory neuro-
transmitter. Figure 5.19 shows one possible outcome of the action of excitatory
and inhibitory neurotransmitters on target cells supplied by the branches of
the axon of one neuron.

No neurotransmitter
Inhibitory neuron release

Target cell
Presynaptic Q
axon terminal > No response
Excitatory /
neuron
= s Response

Neurotransmitter released

J
x Response

FIGURE 5.19 One possible arrangement of excitatory and inhibitory inputs to
neurons, and the result in three target cells. What neurotransmitter might be
involved at the excitatory junction? At the inhibitory junction?

Action potential
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A resting nerve cell maintains a charge differ-
ence, known as the resting membrane potential,
between the inside and the outside of the neuron.
This difference is maintained in part by a channel
in the plasma membrane of the neuron that is
known as the Nat/K* pump. The Na*/Kt pump
actively transports sodium ions (Na*) out of the
cells and potassium ions (K*) into the cells. From
the energy supplied by one ATP molecule, three
sodium ions are pumped out of the cell but only
two potassium ions are pumped into it. This pro-
duces a net excess of positive charge outside the
cell and a net negative charge of the cytosol inside
the cell (see figure 5.20).

When neurotransmitter molecules bind to their
receptors on the surface of the post-synaptic neuron,
the situation changes. The receptors are activated,
causing channels to open that allow large numbers
of sodium ions (Na') to rush into the neuron
(see figure 5.21a). The inflow of sodium ions causes
a local depolarisation of the plasma membrane so

(a)
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4
4
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(b) Depolarised region

Tt ++ St e ol st
R A

/ !

1 !

1 1

I 1

| |

\ \

\ \
e N o N
+ 4+ 4+ + === +4+++++

1
i impulse.
1

ELECTRICAL SIGNAL WITHIN A NEURON

that, at this point, the inside of the cell temporarily
has a positive charge and the outside has a negative
charge (see figure 5.21b). The region of depolarisa-
tion advances as an electrical signal along the axon
carrying the nerve impulse. (A moving region of
depolarisation is called an action potential.)

—)

Na*
Nat

+4++++++++HFH 4

FIGURE 5.20 Diagram showing part of a resting nerve
cell. Note that the cytosol inside the cell has a negative
charge relative to the outside of the cell, which has a
positive charge. What maintains this charge difference in
aresting neuron?

Opens
@ channel Alters
— > membrane
K’ potential
Na* ions
enter

i FIGURE 5.21 (a) Diagram showing the interaction between

: neurotransmitter molecules (T) and their specific cell-surface
receptor (R). Note that the binding of the neurotransmitter activates
the receptor and changes the configuration (shape) of the channel.
The opening of the channel causes the sodium ions to flow into the
neuron, producing a region of local depolarisation. (b) The inflow of
sodium ions produces a region of local depolarisation that advances
along the neuron, transmitting the electrical signal of the nerve

What happens at a junction between two neurons?

Look at figure 5.22, which shows a synapse, the term given to the junction
of two neurons and the synaptic cleft that separates them. When a neuron
is stimulated, it transmits a nerve impulse in the form of an electrical signal
along its axon. At the end of the axon are packages or vesicles that contain
neurotransmitters. The impulse is transmitted across the synaptic cleft by neu-
rotransmitter molecules released from vesicles in the pre-synaptic neuron.
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The neurotransmitter molecules diffuse across the synaptic cleft and bind
with receptors on the surface of the post-synaptic neuron. Nerve impulses
are transmitted in a one-way direction only across a synaptic cleft. Can you
identify why the movement of the nerve impulse occurs in one direction only?
Note the presence of an enzyme that destroys the neurotransmitter, ensuring
that the nerve impulse has a limited duration.

Synapse

Presynaptic cell

Neurotransmitter
released into
synapse

Neurotransmitter

Mitochondrion

R

receptor

Enzyme that
destroys
neurotransmitter

Postsynaptic cell

FIGURE 5.22 Diagram showing the junction of two neurons, which forms a
structure called a synapse. Note the vesicles that contain neurotransmitter

molecules, the chemical signals that transmit the nerve impulse across the

synaptic cleft.

Motor nerves also send impulses to muscles. Every involuntary muscle
movement in your body, such as the peristaltic movement of your gut, involves
nerve impulses to smooth muscle fibres in the gut wall. Every contraction of
your skeletal muscles occurring when you turn the page of a book, take a step,
turn your head, kick a football or throw a basketball requires that the muscles
concerned receive stimulatory impulses from motor neurons.

At a neuro-muscular junction, a neurotransmitter is released from
the motor end plates at the terminal ends of an axon. This neurotrans-
mitter diffuses across the small gap between the axon and the muscle,
and binds to receptor molecules on the membrane of the striated muscle
(see figure 5.23). The cellular response contracts the muscle. What stops
the action of transmitter substances on muscle? Muscle tissue produces an
enzyme that inactivates the transmitter substance. Further action can occur
only if more transmitter substance is released from the nerve motor end
plate.
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ODD FACT

In tissue culture, replication
of poliovirus has been shown
to produce 10000 to 100000
virus particles per cell in a
period of about eight hours.

FIGURE 5.24 Historical
photograph showing a victim
of polio inside an Emerson
respirator, also known as an
‘iron lung’ machine. Patients
stayed in the iron lung until
they were able to breathe
independently.
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FIGURE 5.23 Simplified diagram showing a motor neuron with a long axon that
extends from the cell body and divides into many small branches at its terminus.
At the end of each branch is a motor end plate that forms a junction with
muscle cells. Neurotransmitter is released from vesicles in the motor end plate.

The critical importance of nerve impulses to voluntary movement was
tragically apparent during past epidemics of poliomyelitis (polio). Polio is an
infectious disease caused by the poliovirus. Major epidemics of polio occurred
in Australia in the late 1930s, early 1940s and the 1950s, with the last epidemic
occurring in 1956.

After gaining entry to the body, typically through the mouth, poliovirus may
reach the central nervous system. If this occurs, the virus replicates in motor
neurons, resulting in damage to and death of these cells. Motor neuron cells
control the muscles of the trunk, legs and arms, and the muscles involved in
swallowing and breathing. When breathing muscles were affected, a patient
was placed in a tank respirator, better known as an iron lung, which did the
mechanical work of breathing (see figure 5.24). Fortunately, mass vaccination
has made poliomyelitis a disease of the past.




The first pheromone was
chemically identified in
1959. This was the chemical
bombykol, a sex attractant
that is released by

female silkworm moths
(Bombyx mori).

Ants use the chemical signal
of a pheromone to mark a
food trail. In contrast, bee
species use the visual signal
of a precise and elaborate

dance for the same purpose.

—_—
’

FIGURE 5.25

KEY IDEAS

m Neurotransmitters are signalling molecules that enable communication
between nerve cells.

m Communication from one neuron to another occurs when neurotransmitters
are released from the pre-synaptic nerve cell and diffuse across the synaptic
cleft to the post-synaptic nerve cell.

m Within a nerve cell, the signal moves as an electrical impulse.

m Communication between motor neurons and striated muscle cells is
mediated by neurotransmitters released at motor end plates at the ends of
the nerve axons.

12 Identify the following as true or false:
a Neurotransmitters can travel in either direction across a synaptic cleft.
b Adjacent neurons are separated by a gap termed the synaptic cleft.
13 Identify an example of a neurotransmitter.
14 Where would you expect to find the following:
a asynapse
b a motor end plate
¢ a neurotransmitter?
15 What stops a muscle from continuing to contract after it receives a signal
to contract?

Chemical signals: pheromones

The dog sniffing around the lamppost, the two lemurs wiping secretions from
their wrist glands onto their tails and waving their tails at each other, the ants
forming a procession along a particular trail — these animals are receiving signals
from and/or transmitting signals to other members of their species. The signal in
each of these cases is a chemical signalling molecule called a pheromone.

Pheromones (phero- = to carry plus -mone from hormone) are produced
by a variety of animal species. As our understanding of pheromones has
increased, so has the evidence that more and more animal species appear to
communicate to each other using pheromones to convey particular messages.

Hormones and neurotransmitters are chemical signalling molecules that are
involved in cellular communication within one organism. In contrast, pheromones
are chemical signalling molecules released by one animal that can carry a signal to
a second member of the same species (a conspecific) and, if this pheromone signal
isreceived, the second animal produces a physiological or behavioural change.

The messages carried by different pheromones vary and include alarm
signals (‘Danger, predator approaching’), food trail signals (‘Head this way
to the food’), territorial signals (“This is my turf, so stay away!’) and sexual
attractant signals (‘I'm ready to mate. Come find me!"). Communication
by pheromones can be seen as being beneficial to the survival of individual
animals and also to the survival of a population. For example, the individual
worker ant who finds a source of food and lays a pheromone trail from the food
source back to the ant colony provides a significant benefit to all members of
the colony. The energy of the worker ants can then be concentrated on gath-
ering food rather than on many non-productive searches for food.

Detecting pheromones

Pheromones are secreted by an animal into the external environment. Highly
volatile pheromones disperse rapidly, some travelling on air currents over
great distances, such as insect sex pheromones. Others, such as the territorial
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FIGURE 5.26 The flehmen
behaviour seen in many
mammals involves drawing
air into the mouth from where
it can reach the vomeronasal
organ.

M’ Pheromones
I

screen and
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ODD FACT

More than 4000 species of
aphid have been identified,
and many are serious pests
in agriculture and forestry.
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pheromones of mammals that mark the perimeter of a ter-
ritory, are less volatile and remain more localised.

A particular behaviour called the flehmen response
may be seen in cats, dogs and ungulates, when they are
investigating the urine, the faeces or the genital region
of a conspecific, either up close or from a short distance.
Figure 5.26 shows a horse displaying flehmen behaviour.
Typically, the animal opens its mouth, curls its upper lip,
holds its mouth open and draws air into its mouth. Flehmen
behaviour in some animals may also involve licking and
tongue flicking. A similar behaviour may be seen in dogs
and cats. What is the purpose of this behaviour?

In addition to the olfactory system that detects smells and
odours, mammals have a second system that detects pher-
omones. The detection of pheromone signals involves a
different nerve pathway from the pathway for the detection
of odours and smells. Can you identify a possible advantage of having a
separate system for the detection of pheromones?

A structure called the vomeronasal organ (VNO) contains the detector
cells of this second system. When an animal takes air into its mouth as part
of the flehmen response, the animal is directing that air to the VNO. The VNO
is located in the front portion of the nasal cavity. If cells detect pheromone
molecules, a signal is relayed via several regions of the brain to the hypo-
thalamus (H) (see figure 5.27). The hypothalamus is the brain centre where
physiological and reproductive responses to pheromone signals are regulated.

AOB

FIGURE 5.27 Diagram showing a longitudinal section of a dog skull. Note the
vomeronasal organ (VNO), where sensory neurons detect pheromone signals.
The signal is first transferred by axons of VNO cells to a region of the brain
(AOB = accessory olfactory bulb). From there, the signal is relayed in two steps
to the hypothalamus (H) of the brain. The hypothalamus plays a major role in
regulating physiological or reproductive responses to the pheromone signal.

(It is not surprising that the signal travels to the hypothalamus — refer back to
figure 5.17 to check on the range of hormones secreted by the hypothalamus.)

Pheromones in the animal world

Some examples of pheromones in the animal world include:

Trail pheromones: Many insect species, in particular ant species, use pher-
omones to mark out a trail from a food source. While the food source remains,
the trail continues to be renewed by pheromones released by more ants trav-
elling to and from the food. The trail continues to be marked out as long as the
food source exists. Would you predict that the pheromone involved would be a
chemical that remained in place for an extended period?



Alarm pheromones: When some insect
species are attacked by predators, they release
alarm signals. Included among these species are
aphids. Look at figure 5.28 and note the paired
tubular structures, called cornicles, near the end
of the aphid abdomen. Cornicles are present
on most aphid species and it is from the corni-
cles that aphids release their alarm pheromones
when attacked.

Territorial pheromones: Many mammals,
including lions, tigers, dogs and wolves, define the
perimeters of their territories by spraying urine on
particular landmarks. Present in the urine are pher-
omones that proclaim the ‘owner’ of the territory
to a passing member of the same species. Other
mammals, including species of wildebeest and
deer, mark their territories using strong-smelling
secretions from scent glands on various parts of the
animal’s body. Ringtail possums (Pseudocheirus
peregrinus), an Australian native marsupial species,
also mark their territory with scent.

Sex pheromones: Females of many insect species, in particular species of
moth and butterfly, release pheromones signalling that the females are ready to
mate. These pheromones drift downwind in the air and can attract males from up
to ten kilometres away. A female moth emits pheromones from brush-like scent
organs that protrude from the distal end of her abdomen (see figure 5.29a). Male
moths (see figure 5.29b) have large feathered antennae with specialised hair-like
sensory receptors to detect pheromones released by a conspecific female moth.
The sensory cells on the antennae of male moths can distinguish minute traces of
pheromones, even a few molecules, in the presence of many odours. Would you
predict that sex attractant pheromones are species specific?

FIGURE 5.28 Wingless aphids on a plant stem. Note the
paired cornicles near the rear of the abdomen.

(b)

FIGURE 5.29 (a) A female moth (Estigmene acraea) releases pheromones from brush-like scent organs at the distal
tip of her abdomen. (b) A male gypsy moth (Lymantria dispar) with his feathered antennae that he uses to detect sex
pheromones released by a female gypsy moth.
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PHEROMONES IN AGRICULTURE

Making use of pheromones

Pheromones are used to reduce insect pests in both
glasshouse crops and field crops. Artificial chemicals
that mimic particular pest-insect pheromones are
used. Insect traps, baited with artificial hormones,
attract male pest insects into the traps from which
they cannot escape. In a confined space such as a
glasshouse (see figure 5.30a), such a strategy allows
informed release of other insects for biological

control. The insects chosen for the biological control
prey on the pest insect but otherwise have no impact
on the crop.

In a field crop or for orchards, traps can be used
as early warning signals (see figure 5.30b). They indi-
cate that adult insects are emerging and give some
idea about the size of the pest population. This
enables insecticide to be sprayed only when and
where it is needed.

FIGURE 5.30 (a) Pheromone traps used in glasshouses detect the presence of pest insects. An appropriate
‘non-pest’ or ‘crop-friendly’ species can be used in biological control against the pest insect. (b) A pheromone-
baited trap in an orchard. The artificial pheromone used here mimics that of the codling moth, Carpocapsa

pomonella, an important pest of apple and pear orchards.

182

KEY IDEAS

m Pheromones are chemical signalling molecules for communication
between members of one animal species.

m Pheromones convey many different kinds of messages, including alarm
signals and territorial signals.

m Pheromones are used in various ways to reduce pest infestation of plant

crops.

m Artificial molecules can be made that mimic the effects of natural

pheromones.

16 Identify two functionally different kinds of pheromone.

17 What is the difference between a hormone and a pheromone?

18 By what means do male moths detect the pheromone signals produced by
females of the same species?

19 What is the flehmen response?
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FIGURE 5.31 Diagram
showing some of the
communication between
immune cells that is mediated
by cytokine signalling
molecules.

Peptide hormones are
important for cell-to-cell
communication in plants.
One researcher has recently
proposed that these peptide
hormones in plants be
called plant cytokines or
phytocytokines

In chapter 7, you will read
about some of these various
cytokines in action in innate
immune responses, including
inflammation.

Chemical signals: cytokines

Cytokines are a diverse category of signalling molecules — more than
200 have been identified. Many cytokines are peptides, but some are pro-
teins and some are glycoproteins. The major cells that secrete cytokines are
the immune cells (white blood cells) of mammals, but they are also pro-
duced by other cell types. Cytokines are ‘cell signalling molecules that aid
cell-to-cell communication in immune responses and stimulate the movement
of cells towards sites of inflammation, infection and trauma’ (Source: News
Medical).

Cytokines act as messengers between cells of the immune system, just
like the hormones of the endocrine system communicate with various cells
throughout the body. Figure 5.31 shows a diagrammatic representation of
cytokine-mediated communication between immune cells.

Macrophage

Eosinophil

Basophil

Mastcell

Cytokines have a large number of effects — stimulatory, inhibitory and
regulatory — on surrounding cells, with the specific effect depending on the
cytokine involved and the target cell. Cytokines are examples of chemical
mediators, that is, intracellular proteins that enhance and activate the func-
tions of other proteins. So, we can say: ‘Cytokines mediate a number of cell
processes including immunity, inflammation, and blood cell formation!
Cytokines are also described as modulators, that is, molecules that directly
influence the effects of other molecules. So, we can say: ‘Some cytokines are
immune-modulators, meaning that cytokines directly influence immune
responses, such as inflammation.

Table 5.3 identifies the major actions of the major subgroups of cytokines.
These subgroups are named according to a major function of the subgroup,
as, for example, interleukins (inter = between; leuko = white) are produced by
white blood cells and act mainly on other white blood cells.

Cytokines are secreted by cells in response to various stimuli, and
they usually act briefly, locally, and at very low concentrations. However,
cells that produce cytokines do not hold stores of pre-formed cytokines.
Instead, cytokines must be produced anew in response to a stimulus, such
as the presence of a pathogen. Because of this need to synthesise new
cytokines, cellular responses to cytokine signals are slow, and may take
hours to appear.
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FIGURE 5.32 The same
cytokine, interleukin 2 (IL-2),
produces different cellular
responses in different types
of immune cells. Note that
one of the actions includes
the release of IFN (interferon).
What is the cellular response
of B cells to the IL-2 signal?
(You will meet these and other
immune cells in chapters 7
and 8.)

NATURE OF BIOLOGY 2

TABLE 5.3 Major actions of various subgroups of cytokines.

Subgroup Major actions

interleukins
(IL-1 to IL-35)

stimulate growth and differentiation of white blood cells
promote inflammation (pro-inflammatory)

interferons (IFRs)

act as antiviral agents
interfere with replication of viruses

colony-stimulating
factors (CSFs)

signal stem cells in bone marrow to differentiate into
various kinds of blood cells (see the box on CSFs in
chapter 6)

tumour necrosis
factors (TNFs)

promote inflammation

activate some immune cells

high levels of TNF are seen in cancer patients with wasting
disease (cachexia)

induce apoptosis of tumour cells

Once cytokines are produced and released from the signalling cell,
the cytokines diffuse to nearby target cells where each binds to a specific
cell-surface receptor. The binding of a cytokine to its specific receptor trig-
gers a signal transduction pathway in the cytoplasm. This process involves
the production of second messenger molecules (such as cAMP) and enzyme
activation. The signal is finally transduced to a specific cell response that is
brought about by changes in gene transcription, in which cytokine-related
genes are switched ‘on’ or ‘off’

The cellular responses produced in response to cytokine signalling include
promotion of cell growth and differentiation, cell proliferation, cell migration,
cell activation, apoptosis, as well as immune responses such as inflammation
and phagocytosis.

One cytokine can provide different signals to various cells. Figure 5.32 shows
the effects of interleukin-2 (IL-2), a cytokine that is released by one kind of
immune cell. IL-2 acts as a signal to other immune cells, but the cellular res-
ponse to the cytokine signal varies in different kinds of cells.
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Cytokines in human disease

Several cytokines act as mediators in the normal inflammatory response to

infection. For example, one cytokine, tumour necrosis factor (TNF), regulates

the production of several other pro-inflammatory molecules, including several

interleukins. However, overproduction or overstimulation of pro-inflammatory

m cytokines can produce undesirable outcomes. For example, pro-inflammatory

cytokines appear to be directly linked to the disease process of rheumatoid
arthritis and play a role in the joint destruction seen in this disease.

An acute condition, popularly called a ‘cytokine storm’ is life-threatening.

The disproportionately high
death toll among young
people during the 1918

influenza pandemic is thought Cytokine-stimulated inflammation is a normal and healthy localised response
to have been a result of to infection. A cytokine storm refers to the excessive or uncontrolled release of
a cytokine storm in those pro-inflammatory cytokines at a system-wide level. This involves a positive feed-
people. back loop with cytokines stimulating the production of more white blood cells

and these cells, in turn, produce more cytokines that attract more cells, and so on.

m Cytokines are important signalling molecules that are involved in
communication between immune cells.

m Cytokines are a large and diverse group of proteins and protein derivatives,
and their subgroups include interferons and interleukins.

m Cellular responses to cytokine signals vary, including cell growth and
differentiation, cell migration, cell apoptosis, as well as immune responses
such as inflammation and phagocytosis.

m Cytokines are involved in a number of inflammatory diseases.

20 Briefly describe the function of the following cytokines:
a interferon
b colony-stimulating factors.

21 In what way are cytokines like hormones?

22 In what way are cytokines different from hormones?

Chemical signalling in plants

Plant cells, like animal cells, engage in a ‘constant chatter’ that is carried on
through signalling molecules. Intercellular signalling is essential for the coordi-
nated growth, development and reproduction of plants. These signals regulate
the development of the undifferentiated mass of cells of a plant embryo into
an adult plant with its differentiated organs, including leaves, stems and buds
above the ground, and roots below ground. Signalling molecules include mes-
sages relating to timing, such as: when seeds should germinate, when dormant
buds should sprout, when flowers should bloom, when fruit should ripen,
when leaves should drop (see figure 5.33).

Fruits appear on flowering plants and ripen at certain seasons; so, for
example, peaches and cherries typically appear for sale in the summer months
that follow the ripening season for these fruit. Fruit growth and maturation
are just two of many changes that occur during the life cycle of a flowering
plant. Changes during the life cycle — from the time of its formation from
a germinating seed to the time that the plant matures and itself produces
seeds — involve both growth and development. Growth (increase in size) and
development (change in form) are seen in many events, such as formation of
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buds, lengthening of stems, downward growth of roots, expansion of leaves,

appearance of flowers, development and ripening of fruits. For each plant

species in a particular environment, the events of growth and development
occur in a predictable sequence.

Plant growth and development are influenced by both internal and external

factors and by interactions between these factors.

o Internal factors include chemical substances known as plant hormones.
These hormones are the major signalling molecules that influence germina-
tion, growth, development and metabolism in plants.

« External factors include environmental factors such as light intensity, light
wavelength, temperature, and day length. For example:

- Increases in day length and temperature may act as signals to plants to
shift resources to sexual reproduction and produce growth in flowers and
then in seeds

- Low light intensity may act as a signal to plants for the stem to elongate
(see figure 5.33).

In this chapter, we will explore plant hormones and identify their role as

signalling molecules that regulate many aspects of plant life.

Chemical signals: plant hormones

Plant hormones are chemical messengers or signalling molecules that are
produced in one part of a plant and have a physiological effect on cells in a
specific target tissue. This target tissue can be both the cells that produce the
hormone as well as cells in other parts of the plant.

Plant hormones have many of the same general characteristics as mamma-
lian hormones. Plant hormones are produced by plant cells in small amounts
and are active at low concentrations. Plant hormones act as signalling mol-
ecules that target various cells in plant tissues and produce specific effects.
Both mammalian hormones and plant hormones act as signalling molecules.
Hormone signalling in plants is similar to that occurring in animals. The
hormone signal binds to a specific receptor, and once received, the signal is
transmitted via a signal transduction pathway to the nucleus where a specific
cellular response is generated:

Transduction

Reception

Response

Responses of the plant vary according to the particular signalling molecule
involved, its concentration, the region of the plant where the signal is received,
and the stage of development. Responses include biochemical and physio-
logical responses ranging from seed germination, shoot and root development,
initiation of flowering, ripening of fruit and the regulation of photosynthesis.

Some differences between plant and animal hormones:

Mammalian hormones are produced by discrete endocrine glands. Plant
hormones are not produced in glands but are produced mainly in the cells
of growing regions (meristems) of shoots and roots, in young leaves, in ger-
minating seeds and in developing fruits. Mammalian tissues are typically
transported in the bloodstream, while transport of plant hormones is mainly
in the phloem tissue.

The classical plant hormones are:
. auxins, which are responsible for cell division and growth in cell size
. cytokinins, which are responsible for an increase in cell division
. gibberellins, which are responsible for cell division and growth in cell size
. abscisic acid, which is responsible for dormancy
. ethylene, which is responsible for ageing (senescence).
Figure 5.33 shows some of the actions of these classical hormones in a plant.
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Do more
Hormone production

Concept 4 in plants

Gibberellic acid controls
cell reproduction in ~
meristem

Auxin regulates
differentiation

Release of abscisic —
acid during water stress
causes closure of
stomata

Cytokinins from roots
balance growth of roots
and shoots

Ethylene in ageing leaf
stimulates abscission
zone

Auxin moves to roots

Auxin and gibberellic acid
— made in young leaves and
buds

— Flowering stimulated by
presumed hormone (florigen)
from leaves

Cytokinins made in young
fruits stimulate their growth

4

N Ethylene stimulates ripening
of mature fruits

— Auxin and gibberellic acid
promote lengthening of stem

™ Cytokinins move to shoots

— Gibberellic acid and
cytokinins made in roots
travel to shoots

FIGURE 5.33 Plant hormones regulate many aspects of growth and development
in flowering plants. Some typical hormone actions are shown in this figure.

Table 5.4 summarises the main features of the classical plant hormones.

TABLE 5.4 A summary of major actions of the classical plant hormones. In column 2, the chemical structure of a major

Hormone

AUXINS include 0]
IAA
a growth hormone
OH
N
H
indole acetic acid (IAA)

hormone or the only hormone in a group is shown.

Structure

Where found

in meristems at:
apical buds (growing
tips)
in developing seeds
in leaf primordia

_ Major actions include

regulate embryonic growth
and form

promote flowering and
fruit development

promote stem and coleoptile
elongation

produce trophic responses
to light and gravity

induce formation of xylem
and phloem

induce formation of
adventitious roots

prevent leaf drop (abscission)

(continued)
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TABLE 5.4 (continued)

Hormone

Structure

CYTOKININS HO
growth hormones
X
NH
NT N
| =
N
zeatin
GIBBERELLINS
growth hormones
gibberellic acid
ETHYLENE H H
the gaseous >C = Ci
hormone
H H
ethylene
ABSCISIC ACID
(ABA)

the ‘stress’ hormone

abscisic acid

Where found

found in actively
dividing meristematic
regions of stems, roots
and leaves

believed to be

synthesised in roots

produced by roots,
young leaves and
seeds

produced by most
parts of a plant, with
highest concentrations
during senescence,
leaf abscission and
fruit ripening

produced in roots and
terminal buds

. Major actions include

promote cell division
regulate growth and form
(with auxin)
promote root growth
delay senescence (ageing)
stimulate leaf expansion
stimulate growth of lateral buds
regulate development and
activity of chloroplasts

promote rapid stem elongation
(‘bolting”)

stimulate shoot growth

break dormancy of some seeds
and promote germination

mobilise food stores in seeds

promote flowering, fruit and
leaf growth

stimulate production of
seedless fruits

stimulates shoot and root
growth

promotes flower opening and
fruit ripening

promotes abscission of leaves
and fruit

stimulates leaf and flower
senescence

inhibits growth of shoots

blocks seed germination

promotes dormancy

promotes synthesis of storage
proteins in seeds

promotes stomatal closure
(in times of water stress)

It should be noted that:
o The same hormone may induce different responses in different tissues of
a plant, such as promoting growth in one region (such as the stem) while
inhibiting growth in another region (such as the roots).
o The action of a hormone may depend on the concentration of the hormone,
with different concentrations producing different responses by a plant.
Further, plant hormones do not act in isolation — one hormone may influ-

‘Adventitious root’ refers to any
root that develops in an unusual
place, such as roots that grow from
stems. ‘Lateral root’ refers to a root
that branches out from a main or
primary root.
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ence the action of another hormone.
Let’s look at the classical plant hormones.

Plant hormones: auxins

The label auxins (from the Greek auxeun = to grow or increase) refers to
several hormones, such as indole acetic acid (IAA), the main naturally occur-
ring auxin in plants. Auxins are essential plant hormones whose signalling



m influences almost every aspect of plant growth and development. The major
roles of auxins are to promote cell growth and cell elongation (expansion), and

Bamboos are tropical they are important in root development by inducing the growth of lateral roots
grasses that grow at rapid and adventitious roots. Auxins also promote the growth of flowers and fruits,

FEES, W SEmE SEEEos and influence the differentiation of unspecialised cells into vascular tissue
growing at rates of up to four

centimetres per hour. This (Xylem and phloem).

growth is due mainly to cell .

elongation. What class of Where are auxins produced?

plant hormone is involved in Auxins are produced by meristem cells in the growing tips of plant shoots,
the control of this growth? and move unidirectionally from shoots to roots in the phloem. The site of pro-

duction of auxins was first identified in germinating grass seeds from the result
of the following experiment:

Experiment 1: The coleoptile is the outer protective sheath that covers the
embryonic shoot of a new grass seedling as it emerges from below ground.
Seeds were allowed to germinate and the tips of the coleoptiles of some seed-
lings were removed, while other seedlings were left with an intact coleoptile
(see Figure 5.34). It was observed that only those seedlings with an intact
coleoptile continued to grow, while the seedlings with topless coleoptiles
stopped growing. From this observation, it was concluded that the tip of a
coleoptile was the source of a growth hormone, which we now know to be the
auxin, indole acetic acid (IAA).

Another experiment provided some information about the nature of

auxins.
Tip removed — Normal . X .
no growth growth Experiment 2: Tips cut from coleoptiles were placed on agar blocks for
several hours. It was observed that, when one of these agar blocks was
FIGURE 5.34 Experiment placed onto a topless coleoptile, normal growth recommenced (see
demonstrating that the figure 5.35).
coleoptile tip is the source of From this observation, it was concluded that the substance causing growth
a growth factor, later identified was a water-soluble chemical that could diffuse from the coleoptile tip into
as indole acetic acid (IAA), the agar block and then diffuse downwards from the agar block into the cut
which is an auxin. end of a topless coleoptile. What is the control in the experiment shown in
figure 5.35?

Agar is a firm jelly-like
(gelatinous) substance.

) &
v
[T

4

Plant 1 Plant 2 Plant 3 Plant 3 (later)
Agar block on Tip removed and Agar block placed Growth as
coleoptile with tip placed on agar on another normal
removed — no block for several coleoptile with tip
growth hours removed

FIGURE 5.35 Experiment demonstrating that auxins are water-soluble chemicals
produced in growing coleoptile tips and that auxins promote the elongation of
cells in the region below the tip.

CHAPTER 5 Cellular signals 189



Apical or terminal bud

Axillary or
lateral bud

Axil

Petiole Stem

FIGURE 5.36 Diagram
showing the types of buds
(apical or terminal, and axillary
or lateral) and their relative
positions on a shoot.

Apical dominance was one
of the first developmental
events in plants shown to be
regulated by plant hormones.
The experimental evidence

is described in a classic
paper by Thimann and Skoog
(1934): Proc R Soc London
Ser B volume 114: pages
317-339.
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Auxins in action

Let’s now look at some specific actions of auxins in:
« apical dominance
o phototropism
o promotion of cell growth:
- strawberries
- adventitious roots.

Auxins and apical dominance:

Apical dominance is the control exerted by the shoot tip on the outgrowth of
axillary buds. Figure 5.36 shows the positions and kinds of buds on a shoot.
Apical dominance can be seen when lateral (axillary) buds on a stem close
to the apex of a plant do not develop because of the presence of an actively
growing terminal (apical) bud at the apex of a plant.

The principal auxin, indole acetic acid (IAA), is responsible for apical domi-
nance. The IAA produced by cells of the terminal bud moves down the stem
through the phloem and sends a signal to cells of the lateral buds that inhibits their
growth. The auxin signal travels to target cells in the lateral buds. Receipt of this
signal initiates a signal transduction pathway that produces a cellular response.

When apical dominance is strong, plants develop few, if any, lateral
branches. What would be expected to happen to a plant when the terminal
(apical) bud at the apex is removed (see figure 5.37)?

When the terminal bud at the apex is

snipped off, the source of IAA is removed JUST REMOVING
and lateral (axillary) buds lower down on YOUR SOURCE OF
the stem begin to develop. Why does this INDOLEACETIC ACID

happen? The answer lies in the relative
balance between signals from auxins and
signals from another group of plant hor-
mones, the cytokinins.

The removal of the terminal bud removes
the major source of auxin. This means that
the auxin signals (‘Stay asleep’) that have
dominated the chemical communication
to the lateral buds stop. Instead, signals
from another group of plant hormones, the
cytokinins, can now dominate. The cyto-
kinin signals (‘Start growing’) stimulate
the growth of lateral buds. By selectively
pruning or removing growing tips with
their terminal buds, gardeners can produce
more bushy plants because more lateral
buds develop into leafy shoots.

FIGURE 5.37

Auxins and trophic movements:

External factors, such as light, gravity and touch, exert an influence on plant
growth and development. The growth of a plant in response to a stimulus such
as light or water is called a tropism. When a plant grows towards a stimulus,
the term positive tropism is used. Growing away from the stimulus is called
negative tropism. Let’s look at an example of the signalling that occurs when a
plant shoot responds positively to the stimulus of light, an example of positive
phototrophism.

In an early investigation of growing seedlings, Charles Darwin (1809-1882)
and his son Francis found that they could prevent grass coleoptiles from
bending towards the light by covering their growing tips (see figure 5.38).
Darwin concluded that the tip of the seedling produced an ‘influence’ that
passed from the tip to the region below the tip where bending occurred.



Light source

Tip Coleoptile When tip is covered
removed, with with opaque material
no bending uncovered coleoptile grows
of coleoptile. tip grows straight up.

towards

the light.

FIGURE 5.38 Growing coleoptiles bend towards a light source. Bending does
not occur if the tip is shielded from the light. What conclusion can you draw from
the observation that a coleoptile without its tip fails to respond to the light?

We now know that auxin, a plant hormone, is produced in the tip of a
coleoptile and causes elongation of cells in the coleoptile. The tip is the site of
reception of the light stimulus. Cells of the growing region below the tip are the
effector or the target cells.

What causes a plant to bend towards a light? If a coleoptile is evenly illumi-
nated, auxin is evenly distributed throughout the tip and the coleoptile grows
straight up.

However, if light is concentrated to one side of a coleoptile, the auxin moves
away from the light source to the darker side and becomes more concen-
trated in cells in that region. The increased concentration of auxin in the cells
on the darker side causes these cells to elongate to a greater degree than cells
nearer the light (see figure 5.39). The uneven growth of cells leads to bending
of the coleoptile.

Shaded
side of

Light .
coleoptile

S

llluminated side of coleoptile

FIGURE 5.39 The distribution of auxin in cells controls
the bending of a coleopitile. If light shines from one
side, auxin moves to the shaded side and concentrates
there. The higher concentration of auxin causes greater
elongation of cells in that area (as compared to cells on
the lighted side). The different rates of increase in cell
size on each side of the shoot result in the bending of
the coleoptile towards the source of light.

ODD FACT Auxins and cell growth: 1. Growth of strawberries.
Figure 5.40 shows strawberries (at left) and a scanning electron micrograph

of the surface of a strawberry (at right). Note the large ovoid shields that are
the cellulose in the cell wall. commonly referred to as ‘seeds’ The flesh of the familiar strawberry that we
The reduced rigidity of the eat is an enlarged receptacle. The receptacle is part of the strawberry flower on
cell walls enables cells to which the ‘seeds’ form (see figure 5.40c). However, the ‘seeds’ on a strawberry
bend more easily. are not true seeds. Each is a dry fruit, with the botanical name ‘achene; and
inside each achene is a tiny seed.

Auxin activates an enzyme
that loosens the structure of
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FIGURE 5.40 (a) Strawberries. (Image courtesy of Judith Kinnear.) (b) Scanning electron micrograph of the part of the
surface of a strawberry showing the red flesh of the strawberry and the prominent ovoid-shaped ‘seeds’ or achenes.
The brown tubular structures between the achenes are the styles and stigmas of the female reproductive organs.

(c) Longitudinal section of a strawberry flower showing the receptacle with developing achenes on its surface.

The achenes are a source of auxins. Refer to figure 5.41 to see the effect of

auxin from the achenes on the development of the strawberry receptacle. The

One medium-sized strawberry receptacle enlarges only if the achenes are present on its surface and they

of most varieties has about release auxin signals for cell growth. The size of a strawberry is directly pro-
200 achenes. So, eat one portional to the number of achenes on the receptacle.

strawberry and you are eating
the strawberry receptacle

192

along with several hundred ‘Seeds’
strawberry fruits. ‘ l
Normal strawberry No development Normal development
if ‘seeds’ removed of strawberry if
from receptacle auxin applied to

de-seeded receptacle

FIGURE 5.41 Diagram showing the effect of auxin signals on the enlargement of
the strawberry. What happens if ‘seeds’ are removed from the receptacle after
flowering? What is the effect if auxins are applied directly to a small ‘de-seeded’
receptacle?
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ppm = parts per million

FIGURE 5.42 A gardener
dipping the stems of

Cistus sp. (rockrose) cuttings
into rooting powder prior to
planting. Rooting powder
contains auxin hormones that
promote adventitious root
development.

Careful! Do not confuse plant
cytokinins with mammalian
cytokines. Cytokines are discussed
earlier in this chapter (see page 183).

Meristematic tissue is located

at the tips of stems and roots

(= apical meristem), in the sides

of stems and roots (= lateral
meristem) and at the base of leaves
and at internodes

(= intercalary meristem).

Auxins and cell growth: 2. Growth of adventitious roots

Auxins at particular concentrations stimulate the growth of adventitious
roots. Commercial rooting powders or solutions are used by gardeners to
stimulate root growth in cuttings (see figure 5.42). These products are applied
at concentrations of 500-1500 ppm for herbaceous and softwood cuttings,
and at higher concentrations (1000-3000 ppm) for cuttings that have more
woody tissues.

Plant hormones: cytokinins

Cytokinins are another class of growth-promoting hormones that act on
shoots, roots and fruits. A common action of this class of hormone is to
promote cell reproduction. Not surprisingly, high concentrations of cyto-
kinins are found in plant tissues where cell reproduction is occurring at a
rapid rate, such as in young, growing fruits.

Along with auxins, cytokinins are a major class of growth-promoting hor-
mones that are important in the organised growth and development of plants.
One of the most common cytokinins found in plants is called zeatin. (Zeatin was
the first cytokinin to be isolated from plants, and was originally isolated from
corn (Zea mays) in 1961.) A common action of this class of hormone is to
promote cell division. Cytokinins are produced in roots and travel upwards
to the shoots. Not surprisingly, high concentrations of cytokinins are found in
plant tissues where cell division is occurring at a rapid rate, such as in the mer-
istematic regions of roots, and in young, growing fruits.

Cytokinins and adventitious shoots:

Cytokinins promote the production of adventitious shoots. The term ‘adven-
titious shoot’ refers to any shoot that develops in an unusual place, such as
shoots that grow from leaves. Some plants, such as Bryophyllum sp., have mer-
istematic tissue at notches along the edges of their leaves. This meristematic
tissue can divide and give rise to adventitious shoots (see figure 5.43). The
signalling molecules that stimulate the production of adventitious shoots are
cytokinins that are present in cells at the leaf margins.
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FIGURE 5.43 A Bryophyllum sp.
leaf showing the formation of
adventitious shoots along its leaf
margin, in response to signals
from cytokinins.

I ortoines
BRI

screen and
practice questions
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ODD FACT

Blackberry is a declared
noxious weed in several
Australian states, including
Victoria.

NATURE OF BIOLOGY 2

Evidence of the role of cytokinins in stimulating
shoot production came from a study of genetically
engineered cytokinin-deficient plants. These plants
developed stunted shoots, and their leaf production
was just 3-4 per cent of that of normal plants.

Interactions between cytokinins and auxins:
Cytokinins typically interact with auxins in plant
growth and development. The effects of these two
hormones on plant growth is complementary. One
effect of cytokinins is to induce shoot formation,
while that of auxins is to induce root formation.
For example, the small adventitious shoots on the
Bryophyllum leaf margin are formed in response
to cytokinin signals. When these small shoots fall to
the soil below, root formation occurs in response to
auxin signals.

Another example of the interaction between cytokinins and auxins may
be seen in the spread of blackberry bushes (Rubus fruticosus). Examine
figure 5.44. Note that blackberry plants have long stems, called canes, that
grow from the crown of the plant. When a blackberry cane forms an arch
that touches the ground, auxins accumulate in the horizontal portion of the
cane, and the signals from the auxin promote root development. In turn, the
developing roots produce lots of cytokinins, and their signals induce shoot
development — hey presto, a new blackberry plant. Daughter plants can be
formed at the ends of canes up to 6 m from the crown.

~—— First year canes

Daughter plant

FIGURE 5.44 A blackberry plant can spread when its arching shoots touch the
ground, each forming a new daughter plant that is a clone of the parent plant.



COMMERCIAL USES OF PLANT HORMONES

Herbicides

Synthetic auxins can be produced in very large
quantities in the laboratory. One common auxin,
known as 2,4-dichlorophenoxyacetic acid (2,4-D),
is used as a selective herbicide or weedkiller. This
is possible because 2,4-D kills some plant species
but not others. Among the susceptible plant species
are many of the dicotyledonous noxious weeds.
In contrast, monocotyledonous cereals and other
grasses show little or no effect from 2,4-D. Crops or
pastures where weeds are growing are sprayed, and
the herbicide kills the weeds by disrupting normal
growth.

Some weeds now have strains that are resistant
to 2,4-D, so use of the herbicide in the future may
become less effective. In addition, questions are
being raised about the possible effects on people
and other animals of the long-term use of such
herbicides.

Hormones and tissue culture

Whole plants can grow from small cuttings. This is
often done by keen home gardeners who take cut-
tings from favourite plants and propagate them.
When large numbers of plants with a par-
ticular genetic make-up or of particular economic

importance are required, growth from cuttings or
even from a small group of cells is carried out in the
laboratory using special techniques. The technique
of tissue culture or cloning (see ‘Cloning plants
from tissue culture’ in Nature of Biology Book 1
Fourth Edition) can be used to obtain large numbers
of plants in a relatively short time. Cloned plants
are genetically identical to the plant from which the
original cells were taken and so they have the same
valuable genetically determined features present in
the parent plant.

When small groups of unspecialised cells are
used, they are sterilised and grown on agar in a
test tube or other container (see figure 5.45). Each
group is called a callus. The hormone cytokinin
is added. High levels of cytokinin combined with
relatively low levels of auxin result in the growth of
shoots. The shoots on each callus are then treated
with auxin, leading to a relatively high level of auxin
and a relatively low level of cytokinin compared to
the level previously. This results in the formation of
roots.

Each callus, which started as a small group of cells,
gives rise to a complete new plant. By this technique,
many genetically identical plants can be quickly pro-
duced from the one parent plant.

Individual or small groups of
unspecialised cells from a plant are
grown on sterile agar.

Each cell grows into
a cluster of cells
called a callus.

|
Calluses Shoots
separated + separated + |
cytokinin auxin i
Shoots grow as a
result of stimulation
by cytokinin.

The addition of
auxin stimulates

the growth of roots.

FIGURE 5.45 Plant hormones are used to promote growth when new plants are cloned from unspecialised cells.
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(b)

Length of nodes (in cm)

FIGURE 5.46 (a) Diagram
showing the nodes along a
stem. Nodes are regions from
where leaves and axillary buds
develop. An internode is the
region between two nodes.
(b) Graph showing internode
lengths in the mid-stem region
plotted against total GA content
of atall plant (Le) and a dwarf
plant (le-2). By what multiple
does the GA content of the

tall plant differ from that of the
dwarf plant?

(a) Apical

meristem

Axillary bud

\

Plant hormones: gibberellins

In 1926, some plants in rice crops growing in Japan were observed to be dis-
eased. They were thinner and taller than normal and, instead of standing erect,
these rice plants tended to fall over. This disease was called the ‘foolish seed-
ling’ or bakanae disease. These abnormally tall plants had a fungal infection,
and the fungus involved was the species Gibberella fujikuroi.

A Japanese scientist extracted many compounds from this fungus and
identified one particular compound as the cause of the abnormal growth
of the rice plants that made them tall and thin. The compound respon-
sible for the increased height of the rice was named gibberellin, after the
fungus from which it was isolated. Although the first gibberellin hormone
was extracted from a fungus, many naturally occurring gibberellins have now
been extracted from many plant species. The best known gibberellin is called
gibberellic acid (GA).

Gibberellins are growth hormones, produced by roots and young leaves, that
act as signalling molecules for cellular responses including:

e stem growth

growth in fruit size (in conjunction with auxins)

break in dormancy of some seeds, promoting seed germination
stimulating the development of seedless fruits.

Let’s look at the results of some of these gibberellin signals.

Gibberellins and stem growth:

1. Mendel’s peas:

Gregor Mendel (1822-1884), an Augustinian monk in a mon-
astery at Brno in the present day Czech Republic, is famous for
his experiments with pea plants (Pisum sativum). One of the
traits studied by Mendel was plant height, with pea plants being
either tall or dwarf. Pea plants of the tall variety grow to heights
of about 180 to 200 centimetres, while plants of the dwarf variety
grow to a height of 30 centimetres.

While Mendel solved the mystery of how these traits were
inherited, it was not until 1997 that the underlying cause of
dwarfness in pea plants was identified. In 1997, scientists
demonstrated that the dwarf condition in pea plants was due
to a defect in a particular gene. This gene encodes the enzyme

Internode needed to convert an inactive precursor of gibberellic acid
(stem) into active gibberellic acid (GA). GA is the signalling molecule
that carries the messages to stem cells in the internode region
’ to divide and to elongate. In the dwarf plant, this enzyme is
~ Node missing, resulting in the lack of GA signalling to the cells in their
16 stem. The role of GA in stem elongation was confirmed when it
was observed that spraying dwarf plants with GA caused them
c 147 Lew  to grow to normal height.
'% 12 Both tall and dwarf plants have the same number of nodes
2 10- (and hence internodes) in their stems (see figure 5.46a).
g The difference between them is that the internode distance
P 8- (distance between nodes) is much greater in tall plants than
-',E 6 - in dwarf plants (see figure 5.46b). The increase in internode
° distance is a result of GA signals to stem cells. These signals
s 44 carry messages for both cell division and cell elongation of
= 5] /.9'2 stem cells in the internode region.
0 - - Gibberellins and fruit size:
0.01 0.1 1.0

GA, Content (ng plant~)
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Gibberellins have several uses in agriculture. One example is
the treatment of developing clusters of seedless grapes with



FIGURE 5.47 Clusters of
seedless crimson table
grapes. The cluster at the left
was sprayed with gibberellic
acid (GA) while the cluster

at the right was not treated.
Note the difference between
the sizes of individual grapes
in the two bunches. (Image
courtesy of Stephen Vasquez
and Matthew Fidelibus, UC
Cooperative.)

ODD FACT

Botanically speaking, a grape
is a berry. Breeding programs
have selected grape plants
that naturally produce large
berries. This means that
many newer cultivars require
less GA to attain optimal
berry size as compared to
older cultivars.

FIGURE 5.48 Distinctly
different adult (right-hand side)
and juvenile leaves (left-hand
side) on the same species

of Eucalyptus. The presence
of gibberellins promotes the
development of branches with
juvenile-type leaves. Branches
with adult leaves form on the
same tree in the absence of
gibberellins. (Image courtesy
of Judith Kinnear.)

gibberellic acid (GA). Treatment with GA typically involves spraying when the
grape diameter is 3 to 5 mm. This treatment increases the size of individual
grapes by a factor of two or three (see figure 5.47) by stimulating the division
and the enlargement of individual cells, producing an overall increase in grape
size. Interestingly, GA has little or no effect on seed-containing grapes.

l

Gibberellins and leaf shape:

Some species of plants, including Eucalyptus species, have two leaf forms —
juvenile leaves and adult leaves. These two types of leaf have distinctly different
shapes (see figure 5.48).

A gibberellin signal promotes the development of branches with juve-
nile-type leaves; these branches cannot produce flowers. In the absence of
gibberellins, branches with adult leaves form, and these branches are able to
produce flowers. What would you predict would happen if buds on an adult
branch were sprayed with gibberellic acid?
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Gibberellins in seed germination:

Germination is the growth of a plant that is enclosed within a seed. Enclosed
within the seed coat are the plant embryo and its energy store, the endosperm
(see figure 5.49). In the seeds of cereals, such as wheat, oats and rice, this
energy store is predominantly in form of starch — for example, starch com-
prises about 60-70 per cent of the whole grain. In addition to starch, the seeds
of some plants also have significant oil stores in their endosperm.

/ Pericarp plus testa

Endosperm

Aleurone
layer

Future shoot

Embryo
The oil content of small Future root
grains, such as wheat seeds,
is around one per cent, while
that of oil seeds ranges
from about 20 per cent FIGURE 5.49 Diagram showing a longitudinal section through a grain of wheat
for soybeans to more than (Triticum aestivum). Note the embryo in the lower right-hand corner and the
40 per cent for the seeds of endosperm, which is an energy reserve mainly in the form of starch. The outer

sunflower and canola. seed coats form wheat bran, and the embryo is wheat germ.

At the cellular level, plant hormones produce signal transduction pathways
in much the same way as that occurring in animal cells. For example, consider
the germination of a grain of wheat (figure 5.50).

o When water enters a seed, cells of the plant embryo release gibberellic acid
(GA), which diffuses to the aleurone, the layer of cells that surrounds the
starchy endosperm.

o The GA binds to a specific receptor on the plasma membrane of aleurone
cells; this is a G protein coupled receptor.

o The binding of GA to the receptor starts the signal transduction pathway.

o The end result of the signal transduction pathway is the activation of a gene
that encodes the instructions for the enzyme a-amylase. a-amylase is an
enzyme that breaks down starch.

o a-amylase is secreted from the aleurone cells into the endosperm where it
catalyses the breakdown of starch molecules into their glucose sub-units.
The glucose molecules then diffuse to the embryo and provide it with an
energy source for the initial stages of growth of a new plant.
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Ethylene is produced by
many fruits, including apples,
pears, bananas, avocados,
and tomatoes as they ripen,
but not by cherries, grapes or
citrus fruit.

| SE€ YouVE
BEEN MAKING
ETHYLENE TODAY,

FIGURE 5.51
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FIGURE 5.50 Diagram of a longitudinal section (LS) through a grain of wheat (at
right-hand side) with an LS of an enlarged embryo (at left-hand side). Normally
the embryo occupies the lower portion of the seed as shown by the light-green
shading. The stimulus to start the release of gibberellins (GAs) from embryonic
tissue is the entry of water into the seed.

Plant hormones: ethylene

In the mid-nineteenth century, unusual changes were observed in plants
growing near street gas lamps. These changes, such as the thickening and
twisting of stems and premature leaf loss, were not seen in the same kind of
plants growing in areas away from the gas lamps. Further investigation showed
that the gas lamps concerned were leaking gas, and this suggested that some-
thing in the gas was causing the changes in the plants. In 1901, the active
component of the gas was identified as ethylene.

However, it was not until 1934 that the first evidence was produced that
plants could synthesise ethylene. It is now known that ethylene is produced
from the amino acid methionine in almost all the tissues of higher plants.

Ethylene interacts with other hormones to influence special events in the life
cycle of a plant, including the ripening of fruit and the autumn drop of leaves.
Let’s look at these two events.

Ethylene and fruit ripening
Young bananas are green. If left on the plant, they eventually ripen and turn
yellow. The ripening of bananas is stimulated by a signal from ethylene that
increases the rate of respiration of the banana cells (see figure 5.51).

Under natural conditions, bananas in the same bunch can be at different
stages of ripening. However, if some are over-ripe while others are still unripe,
this reduces their commercial value.
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A hand of bananas comprises a few
bananas joined together. A bunch
of bananas consists of many hands
of bananas.
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For marketing purposes, the ripening of bananas is controlled and synchro-
nised. Bananas are picked while still green but sufficiently mature to ripen
after they have been picked. If picked too young, bananas remain green and
are generally unpleasant to taste. After picking, mature green bananas are kept
under conditions of controlled humidity and temperature and in an atmos-
phere to which ethylene gas is added at a concentration of 100 pL/L. Under
these conditions, uniform ripening of the fruit occurs and bananas in the same
bunch ripen synchronously (at the same time).

After they are picked, bananas sometimes need to be kept for some time.
How should they be stored? For maximum storage life, bananas are vacuum
packed in plastic bags containing material that absorbs ethylene. This method
of storage extends the life of the bananas because any ethylene gas produced
by the bananas is absorbed and is unavailable to cause ripening of the fruit.
In addition, the plastic used for these bags has a low permeability to oxygen.
As a result, oxygen is not freely available for the living cells of the fruit and the
cellular respiration rates are low.

Through controlled atmosphere storage methods, some fruits that are natu-
rally available only during certain seasons can be made available over longer
periods of the year. Are you aware of other fruits that are stored under con-
trolled atmosphere conditions? Can you suggest what the label on a box of
‘Controlled atmosphere apples’ means?

Ethylene and leaf drop

In September 2008, the scientific journal PNAS included a paper titled:
‘Regulation of floral organ abscission in Arabidopsis thaliana’. Not an atten-
tion-grabbing title! However, a summary of this research appeared in a
prominent UK newspaper, The Telegraph, under the snappier headline: ‘Why
leaves fall off trees is discovered. This research paper was of great interest
because it correctly identified ethylene as the plant hormone with a major role
in regulating the fall of leaves (see figure 5.52). Previously, this role had been
assigned to the plant hormone abscisic acid.

FIGURE 5.52 The fall of leaves from deciduous trees in autumn is regulated by
signals from the plant hormone, ethylene.



The separation of a part of a plant, such as a leaf or a flower or fruit from
its parent plant, is called abscission. Autumn is a time of the year when
deciduous trees lose all of their leaves. Before a leaf falls, a special zone called
the abscission zone forms at the base of the leaf stalk (petiole). Fruits and
flowers have similar abscission zones in their petioles (see figure 5.53).

Figure 5.54 below shows the abscission zone in a leaf petiole. Note that the
abscission zone contains two layers of cells:

1. The separation layer: this multi-layer of cells across the base of the leaf stalk
(petiole) marks the end point of the leaf that will fall, either when blown
off by the wind or under the influence of gravity. The cells of the separation
layer have thin cell walls weakened by the action of cellulase, an enzyme
produced in response to an ethylene signal. A split in the separation layer
spreads until finally the leaf is either blown away or falls.

2. The protective layer: these cells form a seal that protects the plant against
the entry of microbes and against water loss. The cell walls in the protective
layer contain suberin, a waxy waterproof substance. Expansion of the pro-
tective layer produces a tear in the weakened cells of the separation zone so
that this layer splits and separates from the plant.

WONT FALL UNTiL

THE ABSCISSION

LAYER FORMS,
)

10, |l

FIGURE 5.53 Isaac Newton
assigned the fall of the apple
to gravity. Gravity, yes, but
with a little assistance from
the plant hormone ethylene.

Separation
layer

Protective

Abscission layer

zone

FIGURE 5.54 Abscission zone in a leaf stalk (petiole). Separation of a leaf from
the plant occurs across the abscission zone at the base of the leaf stalk or
petiole. What is the function of the protective layer? Can you identify the curved
structure above the abscission zone?

Abscission is important for plants because it provides a means by which a
plant can discard non-functional organs, such as leaves in autumn, or infected
organs. In addition, abscission of fruit assists in the dispersal of the seeds,
which are the next generation of the plant.

Ethylene and flower senescence
A flower on a plant may be dying at the same time as another flower is forming on
the same plant. A flower dies because the petals die. Studies on picked carnations

CHAPTER 5 Cellular signals 201



Abscisic acid (ABA) has this
name because scientists
originally thought that

ABA was the signal for the
abscission (fall) of leaves and
fruit. It is now known that
the hormone ethylene is the
main signalling molecule for
abscission, but the abscisic
acid name was retained.
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show that petals die because there is an increase in ethylene produced by the
plant (see figure 5.55). What is the level of ethylene production by a carnation
flower three days after itis cut? Whatis the level six days after it is cut?
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FIGURE 5.55 Ethylene production by harvested carnation flowers. Initially, a
cut carnation flower produces very little ethylene. As the amount of ethylene
produced increases, the petals begin to curl and die. By about the eighth day
after being cut, the flower is in an advanced stage of death.

The less ethylene produced by a carnation, the longer the cut flower lives.
Genetic engineering experiments have produced a carnation in which the
production of ethylene is blocked. This delays the death of flower petals and
increases the life of the cut flower. This reduces the need to use environmen-
tally hostile chemicals to extend the life of cut flowers.

Plant hormones: abscisic acid (ABA)

Abscisic acid (ABA) is sometimes called the stress hormone. When conditions
become unfavourable, as in freezing conditions or in drought, animals may
migrate to more favourable conditions. This is not an option for plants, which,
instead, must depend on other strategies to survive. For plants, the hormone
ABA is a key mediator in plant responses to unfavourable conditions. Let’s look
at two examples of ABA in action.

ABA: Inducing dormancy

Signals from abscisic acid (ABA) inhibit growth and induce dormancy in leaf
buds and seeds during periods of short day length and low temperatures.
Abscisic acid signals are important in preventing the growth of leaves and the
germination of seeds during periods when the delicate tissues of new leaves
and seedlings would be at risk of being killed by freezing conditions. When
days lengthen and temperatures rise, ABA concentrations fall and ABA signals
decrease. At the same time, gibberellic acid concentrations rise and GA signals
increase. As a result, dormant buds sprout, producing new leaves, and dormant
seeds begin to germinate.

ABA: Closing stomata

Plants lose most of the water taken up by their roots through their stomata
(singular = stoma). Each stoma consists of two guard cells. If the guard cells
are flaccid, the stomata are closed; if the guard cells are turgid and swollen, the
stomata are open and water will be lost from a plant (see figure 5.56).
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FIGURE 5.56 Diagram In drought conditions, survival of a plant depends on stopping this water
showing stomata. (a) Open loss. Under drought conditions, plants produce and accumulate abscisic acid
stoma with turgid guard cells (ABA) in their leaves. Signals from ABA lead to the closing of stomata, so pre-
that allow water loss through venting the major source of water loss from a plant.

the central pore. (b) Closed
stoma with flaccid guard cells
prevent water loss.

The signal pathway by which ABA leads to closing of stomata may be sum-
marised in simple terms as follows:

ABA molecules bind to receptors at the surface of the plasma membrane of
the guard cells.

This sets up a signal transduction pathway that leads to a net loss of ions
from the guard cells.

The loss of these solutes from the cytosol of the guard cells reduces the
osmotic pressure inside those cells, with the result that the cytosol no longer
exerts an outward pressure on the cell walls of the guard cells because the
guard cells are no longer turgid (swollen) and the stomata close.

Other plant hormones

The first plant hormones to be recognised were the auxins. In addition to
the classical plant hormones, other plant hormones have been identified,
including some plant hormones that act as signalling molecules when plants
come under attack by herbivores. Herbivore attack may come from sap-sucking
or leaf-eating insects at their larval or adult stages, or from the leaf-eating
activities of grazing or browsing mammals (see figure 5.57).

FIGURE 5.57 (a) Damage to leaves by the feeding activities of insect
larvae can be extensive. Here we see the damage to a leaf from the eating
activities of caterpillars. (b) A gerenuk or Waller’s gazelle (Litocranius
walleri) feeding on leaves of an acacia tree in shrubland in Kenya.
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Jasmonates: defence against herbivores

One group of plant hormones known as jasmonates (JAs) plays a key role in
plant defence against herbivores. JAs, such as methyl jasmonate, are produced
by a plant in response to wounding or attack by herbivorous animals and build
up in damaged areas of the plant. When JA molecules bind to their specific
receptors, this starts a signal transduction pathway leading to the expression
of response genes that encode production of a range of defensive chemicals.

These defensive chemicals include enzymes that interfere with leaf digestion.
For example, tomato plants that come under insect attack produce a proteinase
inhibitor that interferes with the insects’ digestive processes. This interference
presumably discourages these insects from eating that type of plant again.

Other examples include defence chemicals that attract predators or para-
sites of the attacking insects, as for example:

e Lima bean plants are often attacked by spider mites. When under attack
from spider mites, lima bean plants produce a chemical that attracts a pred-
ator that preys on spider mites.

o Corn plants, when attacked by caterpillars, produce a volatile chemical that
attracts a parasitoid wasp that lays its eggs in the caterpillar.

Some JAs are volatile compounds that readily evaporate into vapour form.
Remarkably, these volatile compounds act as signalling molecules not only for
the plant that produces them but also for other plants of the same species. JA
vapours can spread downwind through the air from insect-damaged plants to
neighbouring unharmed plants. The JA vapours enter leaf cells of neighbouring
plants, either through the stomata or by diffusion. JAs enable communication
between plants so that unharmed plants are primed in advance for defence
against a herbivore attack.

KEY IDEAS

m Plant hormones are signalling molecules involved in all processes of plant
growth and development.

m Signals from plant hormones are transmitted through signal transduction
pathways to the nucleus.

m The classic plant hormones are auxins, cyokinins, gibberellins, ethylene
and abscisic acid.

m Plant hormones result in signal transduction pathways in plant cells in
much the same way as mammalian hormones in mammalian cells.

m Each plant hormone has different target cells and induces one or more
specific cellular responses.

23 lIdentify the plant hormone that is a major signalling molecule in:
a the fall of leaves
b the growth of adventitious roots
¢ the closing of leaf stomata in drought conditions
d the growth of lateral buds
e apical dominance
f bending response to light.
24 Check back on the signal transduction pathway in wheat seeds (figure 5.50).
a What is the signalling molecule?
b Where is the receptor for this signalling molecule located?
¢ Name the protein produced by the cellular response to this pathway.
d What is the function of this protein?



25 What is a key difference between the members of the following pairs:
a the separation layer and the protection layer in the abscission zone of a leaf
b an apical and an axillary bud?

26 What plant hormone signal is absent in dwarf pea plants?

27 List the cascade of signal transduction events when gibberellins are
activated in a wheat seed.

Apoptosis: programmed cell death

m At any time, the cells in many organs and tissues of our bodies are in a state of
An adult loses an estimated turnover — old cells are dying and new cells are being formed. This turnover
30000 epidermal skin cells is happening, for example, in cells that form the lining of the gut, in cells of the
every minute. Don’t panic. epidermis of the skin, in cells of hair follicles, in cells of bone and in cells of
These lost cells are replaced the blood. In adults, the rates of the two processes are closely related so that,
at Itlhe same rate by new skin normally, a balance exists between the rate of new cell production and the rate
cells.

of cell loss; that is: rate of cell renewal = rate of cell death. This balance keeps
the number of cells relatively constant in adults. What would you predict about

the situation in a growing child?

m The process known as apoptosis or programmed cell death is a genetically
The term apoptosis was controlled and highly regulated process of cell self-destruction. Apoptosis plays
introduced in 1972 and an essential role in ensuring that a balance exists between cell production and
comes from the Greek apo = cell loss. It may seem strange at first, but programmed cell death is a normal
from, and ptosis = falling, healthy process in cells.

which refers to the process
of leaves falling from trees or
petals from flowers.

The rate of cell loss and replacement varies between different tissues. For
example, the epithelial lining of the small intestine consists of a single layer
of cells that is completely replaced every four to five days. Over this period, an
entire layer of cells progressively dies and is replaced by new cells. The replace-
ment of the intestinal lining involves two processes:

(i) the production of new cells deep in infoldings (crypts) of the intestine
(see figure 5.58a). Production of these new gut lining cells is by mitotic
divisions of stem cells located in the crypts.

(ii) the death of cells at the tips of the intestinal villi by apoptosis or pro-
grammed cell death (see figure 5.58Db).

b
() [] L Dead cells
L7 L
| ] Differentiated
: : cells
Stem cells — — Transit cells

FIGURE 5.58 (a) Longitudinal section through the small intestine showing the deep infoldings (crypts) and the upward
projecting villi (singular = villus). (b) Diagram showing the progression of cells from their production by stem cell mitosis
in the crypts, to their death by apoptosis at the tips of the villi.
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study ] In apoptosis, the death of cells occurs in a highly regulated sequence in res-
| ponse to specific signals received by the ‘condemned’ cell. The signal pathway

> > of apoptosis brings about the planned death of various cells including:
m E o Cells at the end of their natural life (such as gut lining cells, as described
See more above, and skin cells)
m» Apoptosis o Dysfunctional, damaged or diseased cells
- Cells infected with a virus may be eliminated by apoptosis. The pro-
grammed death of these cells prevents the virus from replication and

spreading to other cells (see chapter 7, page 323).
e Excessive cells
The programmed removal of excessive cells by apoptosis is important in
many contexts:

study(D) } - Every day, the bone marrow produces millions of new immune cells
) (white blood cells) and red blood cells. Over the same period, this pro-
Apoptosis duction of new cells must be balanced by the loss of a similar number

Summary of cells. This is achieved in an orderly manner through apoptosis.
m screen and - During embryonic development, the final shaping of organs depends on the
WLLICRE practice questions programmed cell death of excess cells. This process is seen, for example, in
the reshaping of the embryonic limb buds of mammals into digits. Figure
5.59 shows the role of apoptosis in digit formation in a human embryo. This
process starts at about week four of embryonic development with the for-
mation of a paddle-shaped limb bud. This is followed by the appearance
of five ridges on the limb bud. The cells in the valleys between these ridges
are progressively removed by programmed cell death, making the valleys
deeper. By week eight, a structure with five distinct digits is clearly visible,
the ‘webbing’ between the digits having been removed by apoptosis.
- During the body’s response to infection, immune cells are produced in
larger numbers than required. These excess cells are removed by apoptosis.
- During the development of the normal brain, enormous numbers of cells

FIGURE 5.59 Diagram are formed, but only those that make the best neural connection are
showing the development of retained. Those cells not selected are culled by apoptosis.

digits in a human embryo. Il Cell death

The process starts with . )

(1) a paddle-like limb bud [ Viable tissue

and (2) the appearance of five

ridges on the outer edge of
the limb bud. (3) Apoptosis
or programmed cell death
continues in cells in the
valleys (shown in red) so that
the valleys become deeper.
(4) By the eighth week of
embryonic development, the
1 2 3 4

five digits are well separated.

As well as programmed cell death (apoptosis), body cells may die by a
process known as necrosis. Necrosis is unplanned cell death such as that
occurring when cells suffer trauma and die prematurely. Necrotic cell death
occurs when cells suffer mechanical damage or chemical trauma, thermal
burns, frostbite (such as that occurring when the fluid in cells freezes and crys-
tallises, rupturing their plasma membranes) and oxygen deprivation (such as
that occurring in cardiac muscle cells when the flow of oxygen-rich blood is
blocked during a heart attack). In uncontrolled necrotic cell death, the dying
cells swell, their plasma membranes rupture and their cell contents pour out
into the surrounding tissue, causing local inflammation. If an extensive volume
of cells undergoes necrotic cell death and the blood supply is cut off, a con-
dition known as gangrene can develop.
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Check out figure 5.60, which shows a foot that has suffered frostbite. The
blood supply to the ends of the toes has been destroyed and the cells have
undergone necrotic cell death, releasing their contents and causing cell
damage. Gangrene has developed, as shown by the blackened tissue. This
tissue is permanently damaged and will not recover. In cases of severe frost-
bite, the affected areas may need to be amputated.

FIGURE 5.60 Frostbite of the
toes. The blackened tissue
has been deprived of its blood
supply, and the cells have
undergone necrotic cell death.

See figure 5.61 below for a diagrammatic comparison showing the differ-
ences in cell death between apoptosis and necrosis.

The cell breaks apart into several
Formation apoptotic bodies, which are then
of blebbing phagocytosed. No inflammation.

?
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Cell swells Plasma membrane rupture.
Cellular and nuclear lysis
causes inflammation.

FIGURE 5.61 Diagram showing differences in cell death by apoptosis and by
necrosis. Death by apoptosis is an orderly process in which the cell is dismantled
into apoptotic bodies that are engulfed by phagocytic cells. In necrosis, the
plasma membrane bursts and the cell contents are spilled to the exterior,
resulting in inflammation.
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Cell changes in apoptosis

An animal cell undergoing apoptosis shows characteristic physical changes:
the cell shrinks, its plasma membrane forms bubbles or ‘blebs, the
nucleus and cytoplasmic organelles condense and fragment, and the cell
breaks up and its contents form into parcels called apoptotic bodies (see
figure 5.62). Apoptotic bodies contain remnants of nuclear and cytoplasmic
materials and they are engulfed by nearby phagocytic cells. This process pre-
vents damage to surrounding cells and also enables efficient recycling of

The process of phagocytosis is
detailed in chapter 7, page 291.

macromolecules.
4 m )
’ —— Nucleus
° o
Seo
N X W )
Nucleus condensing
Blebs
Cell shrinkage
Nucleus fragmenting
FIGURE 5.62 Programmed
cell death or apoptotic cell
death. Note how the various Phagocyte engulfs
cell components are broken apoptotic bodies
down and packaged into
apoptotic bodies that are
engulfed by phagocytic cells.
The removal of dying cells
by phagocytes occurs in
an orderly manner without
producing the inflammatory :
response that occurs in Apoptotic body
necrotic cell death.

Figure 5.63 is a scanning electron micrograph (SEM) of lymphocytes (white
blood cells) undergoing apoptosis. Note the blebs on the plasma membrane,
which are one of the distinctive physical changes that can be seen in cells
undergoing apoptosis.
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Caspases are a family of cys
protease enzymes that can cleave
proteins at a particular amino acid

residue (asp) near their active sites.

The name, caspase, comes from
cys and aspartase.

FIGURE 5.63 White blood
cells or lymphocytes
undergoing apoptosis. The
clue that these cells are
undergoing programmed
cell death is the presence
of many blebs on their
plasma membranes.

Apoptosis pathways

Apoptosis can be initiated by one of two signal pathways:

1. the intrinsic pathway or mitochondrial pathway, initiated from within a cell

2. the extrinsic (outside-the-cell) pathway or death receptor pathway, initiated
by factors external to the cell.

In both the intrinsic and the extrinsic pathways, a family of protease
enzymes, known as caspases, drives the apoptotic death process. Caspases are
present in cells in an inactive form, called procaspases. When activated by the
removal of a small part of their molecular structure, procaspases are converted
to caspases that are functional enzymes. Once activation of the first caspases
starts, this sets in train a cascade of reactions that produces more caspases.
This cascade can neither be stopped nor reversed.

The intrinsic apoptosis pathway (or mitochondrial pathway):

The intrinsic apoptosis pathway is also known as the mitochondrial pathway
because it depends on factors released from the mitochondria. The mitochon-
dria are important in determining how and when damaged and stressed cells
recognise that it’s time to die.

On occasion, cells come under stress resulting from factors such as DNA damage,
viral infection, hypoxia, ultraviolet radiation, and deprivation of growth factors.
Cellular stresses cause the cells concerned to activate the intrinsic (mitochondrial)
pathway of apoptosis and kill themselves. For the organism concerned, the decision
by its stressed cells to commit suicide by apoptosis is beneficial. Virus-infected cells,
for example, remove themselves before the infection worsens and spreads, and this
is done without damage to neighbouring cells such as would occur if stressed cells
underwent necrotic cell death and released the virus particles.

When the intrinsic apoptosis pathway is activated, pores form in the outer
membranes of the mitochondria of the cell concerned. These pores allow
the release of cytochrome c from the mitochondria into the cytoplasm. (You
may recall from chapter 4 that cytochrome c in mitochondria is an electron
acceptor in cellular respiration.) In the cytoplasm, however, cytochrome c
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FIGURE 5.64 Diagram
showing a simplified
representation of the intrinsic
or mitochondrial apoptosis
pathway. In reality, the process
is far more complicated, but
this diagram shows the key
elements in this process.

NATURE OF BIOLOGY 2

forms aggregates with other compounds and this activates caspase-9, the
initiator caspase. (Activation chops a fragment from inactive pro-caspase-9
molecules, converting them to active caspase-9 enzymes.)

Active caspase-9 then activates other caspases (caspase-3, -6 and -7) that are
the executioners. These executioner caspases then systematically dismantle
the cell by fragmenting its DNA, cleaving the proteins of its nuclear enve-
lope, cleaving the proteins of its cytoskeleton and Golgi complex. (What might
cause the blebs to appear?) By the end, the executioner caspases have cleaved
hundreds of proteins, and the cell contents have been dismantled into pack-
ages (apoptotic bodies) that are removed by phagocytic cells.

Figure 5.64 shows a highly simplified diagram of the intrinsic (mitochon-
drial) apoptosis pathway.

Caspase 6

A
Caspase 3 v Caspase 7

activates

Caspase 9

Mitochondrion T
/ \ activates
// 1
| releases

/| | Cytochrome C

The extrinsic pathway (or death receptor pathway) of apoptosis:

The extrinsic or death receptor pathway is activated when molecules from
outside a cell bind to death receptors on the plasma membrane of a cell and
signal the cell: ‘It’s time to die’ Every nucleated cell carries within it the mol-
ecules for its own self-destruction. These are the inactive pro-caspases, but
they become active caspases when the signal ‘It’s time to die’ is received.

The cells that undergo programmed cell death by the extrinsic pathway are
not stressed cells (as is the case for the mitochondrial pathway). Why send an
external signal to healthy cells to self-destruct? In some cases, these cells are
no longer needed, or they are being replaced by new cells, or they are in excess
of current needs. The death of these cells is necessary to maintain the balance
between cell production and cell loss.



Death signalling molecule The binding of external signalling molecules (ligands)

to the death receptors activates these receptors. This

Death receptor % starts the extrinsic pathway of apoptosis. The first step
T is to cleave (cut) inactive pro-caspase-8 molecules

in the cell and convert them to active caspase-8, the
Plasma membrane initiator. Caspase-8 then cleaves and activates the execu-

tioner caspases (caspase-3, -6 and -7). The executioner
caspases dismantle the cell in an orderly manner and

activates package its various components into apoptotic bodies
(see figure 5.65).
In chapter 7 (see page 323), you will meet some

immune cells called cytotoxic T cells. On the outer
surface of the plasma membranes of these cells is a sig-
I nalling molecule (ligand) called FasL. The signalling

molecules bind to death receptors on target cells and
this activates the extrinsic pathway of apoptosis.

Caspase 8

activates

What about plants?

So far, the discussion of apoptosis in this chapter has
related to mammals. So, what about plants? Since
programmed cell death is a normal part of the life of
Caspase 6 multicellular organisms, it would be expected that apop-
tosis would play a role in the life of plants by enabling an

I orderly process of removal of unwanted or damaged cells.
initiates Researchers have shown that plant cells go through an
l l l orderly process of cell death when treated with chemicals

Caspase 3 Caspase 7

known to induce apoptosis in animals. Further investi-
gations have revealed that the treatment of plant cells
with ethylene induces apoptotic cell death. Further, the
treatment of cells with inhibitors of ethylene biosynthesis
block this chemically induced cell death. These experi-
mental findings indicate that ethylene is a mediator of
programmed cell death in some plant species at least.

FIGURE 5.65 Diagram . .
showing a simplified version of ApOptOSIS and human disease

the extrinsic or death receptor

) The caspase proteases in a cell generate benefits when their activity is
pathway of apoptosis. Note p p 8 ty

. gl highly regulated. However, the complex process of apoptosis can malfunc-
that caspase 8 is the initiate . M h di K be the di indi
caspase that activates tion. Many uman diseases are now known to be the direct or in 1r'ect
caspases 3, 6 and 7. results of malfunctions of the apoptotic pathway. If the normal operation

of apoptosis is disrupted so that apoptosis is reduced to inadequate levels,
too little cell loss will occur and, instead, cells will live beyond their ‘use-
by-date’ and accumulate abnormally. On the other hand, if apoptosis
increases above normal levels, the excessive cell loss that results can cause
disease.

study(J)] Examples of diseases associated with too little apoptosis and an abnormal

accumulation of cells include the following:
Malfunction of o Many cases of cancer appear to be the result of too little apoptosis. Mutations
m apoptosis present in cancer cells enable these cells to grow in an uncontrolled fashion,
—— f;rrg;ag] 4 crowding out normal healthy cells, and forming tumours. This situation
- - arises because the cancer cells do not respond to the normal apoptotic
practice questions .
i signal to self-destruct.

¢ Autoimmune diseases appear to involve disruption of apoptosis; for
example, rheumatoid arthritis is characterised by an excessive proliferation
of cells in the synovial tissue of the joints that leads to joint destruction (see
figure 5.66). These cells do not respond to the signals of the extrinsic apop-
tosis pathway so that a situation of too little apoptosis exists.
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FIGURE 5.66 Rheumatoid
arthritis is a chronic
inflammatory disease in
which the synovial lining
becomes inflamed and the
adjacent bone and cartilage
are destroyed. Alterations
in the apoptosis of synovial
cells is associated with the
pathogenesis of rheumatoid
arthritis.

AIDS is explored further in
chapter 8, page 358.
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Examples of diseases associated with too much apoptosis and an abnormal

loss of cells include the following:

« In neurodegenerative disorders, such as Parkinson’s disease and Alzheimer
disease, abnormal progressive loss of nerve cells occurs in particular regions
of the brain. The loss of nerve cells is associated with unregulated activation
of caspases and apoptosis that produces excessive cell death.

e In untreated acquired immune deficiency syndrome (AIDS), excessive
unregulated apoptosis leads to the loss of a particular group of immune
cells, known as T-helper cells, also known as CD4+ cells.

KEY IDEAS

m Apoptosis is a process of programmed cell death.

m Apoptosis can occur by one of two pathways, the mitochondrial pathway
and the death receptor pathway.

m In an adult, apoptosis ensures that a balance exists between the rates of
cell renewal and cell death.

m Uncontrolled apoptosis appears to be associated directly or indirectly with
a number of human disorders.

28 Briefly identify the important balance that is maintained by apoptosis.
29 Identify a key difference between the members of the following pairs:
a apoptosis and necrosis
b mitochondrial pathway and death receptor pathway of apoptosis
¢ a caspase and a pro-caspase.
30 Which pathway of apoptosis will be undertaken by a cell that is stressed
by a viral infection?
31 Give an example of the following:
a normal apoptosis in human embryonic development
b normal apoptosis in an adult human
¢ unregulated apoptosis associated with a human disorder or disease.




Epinephrine signalling pathway: When the blood
glucose levels drop below the normal range, several
hormones are released that raise the blood glucose

level. These hormones include epinephrine (also known

as adrenalin), cortisol, growth hormone and glucagon.

Would you expect that this signal transduction
pathway would be continual or would you expect it to
stop after a limited time? Explain your choice.

What is the cellular response to the transduced signal?
Would you predict that epinephrine is hydrophilic in

Epinephrine is secreted by cells of the adrenal glands and
its targets are liver cells.

nature? Explain.
An important part of a signal transduction pathway is the
The pathway from epinephrine to a cellular response in the amplification of the signal. This is needed because signalling
form of an increase in blood glucose levels is a signal molecules (first messengers) are typically present in very low
transduction pathway. In this case, the cellular response concentrations. Amplification is achieved through an enzyme
is the breakdown of glycogen into its glucose sub-units relay that is a bit like a chain reaction. The amplification
and their release into the blood, returning the blood means that a small number of signalling molecules can
glucose levels to within the normal range. produce a large cellular response (see figure 5.68).

Figure 5.67 shows a diagrammatic representation of this Epinephrine

signal transduction pathway that involves several steps,
but only a few are shown here. (Note that you do not need
to know the specific details, just the ‘big picture’.) l
Adenylyl

A A A cyclase

‘<— Epinephrine
: Adenylyl
& G protein cyclaysg / l\

(0] @) (0]0) (0]0) (0]0) 00O cAMP

receptor

o Protein
G protein-coupled kinase A

Second More activated

GAMP messenger enzymes
Inhibition
of glycogen synthesis

(<] (] (] (] @® Product

Promotion FIGURE 5.68

of glycogen breakdown

Amplification occurs at various steps in the signal
transduction pathway.
Reception of one epinephrine molecule sets off a
signal transduction pathway that produces a large
number of CAMP second messenger molecules. Is this
an example of amplification?
Each cAMP molecule activates one protein kinase A
molecule. Is this a further amplification of the signal?

FIGURE 5.67 Diagram showing some features of
the signal transduction pathway that occurs after an
epinephrine signal is received by a G protein linked
receptor on the surface of a liver cell.

Identify the signalling molecule or first messenger in Each protein kinase A enzyme molecule then activates a large
this pathway. number of the enzymes that are the next members of the relay.
Where are the receptors that can receive this signal? Explain why the action by the various enzymes in the
Identify the second messenger in this pathway. relay can result in amplification of the signal.

Why is a second messenger necessary — why not The final product of this pathway is an enzyme called

just use the first messenger to continue to carry the glycogen phosphorylase. Explain how this enzyme
message? produces the cellular response.
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Chapter review

Practice questions

Key words

abscission
abscission zone
apical dominance

endocrine-disrupting
chemicals (EDCs)
first messenger

mediator

modulator

motor end plate

necrosis

neurotransmitters

pheromone

polar

programmed cell
death

rate of cell renewal =
rate of cell death

reception

response

resting membrane
potential

second messenger

signal transduction

signal-binding domain

stomata

synapse

synaptic clefts

tissue culture

transcription factors

transduction

tropism

vomeronasal organ (VNO)

apoptosis flehmen
apoptotic bodies gibberellic acid (GA)
caspases gibberellin
cell-surface receptors herbicide
cloning hydrophilic
cytokine hydrophobic
cytokinin intracellular receptors
death receptor jasmonates (JAs)
pathway ligand
depolarisation local mediators
Questions

1 Making connections between concepts =) Use

at least eight of the key words from this chapter
to construct a concept map relating to cellular
communication.

2 Communicating knowledge and understanding =»

214

Examine figure 5.69, which shows a cell with two
different receptors, S and R.

S

G protein

FIGURE 5.69

a Identify structure T.

b Identify two characteristics of the signalling
molecule that has receptor R as its target.

¢ Identify two characteristics of the signalling
molecule that has receptor S as its target.

d What name is given to the kind of receptor that is
physically associated with a G protein?

Applying principles in a new context =» Cholera is

abacterial disease caused by Vibrio cholera. These

bacteria produce an exotoxin that enters particular

NATURE OF BIOLOGY 2

gut cells and activates a signal transduction pathway,
causing it to be to be switched ‘on’ permanently. This
results in the continual activation of the CFTR protein
channel that pumps chloride ions (Cl-) out of the
gut cells. These negatively charged chloride ions are
accompanied by the loss of an equivalent number of
positively charged sodium ions (Na*). This movement
of NaCl into the gut drags with it large amounts of
water from gut cells.

Suggest the likely effects of this particular
malfunction of a signal transduction pathway
caused by the cholera toxin.

4 Developing and communicating explanations =)

Examine figure 5.70 and suggest a carefully argued
explanation for the cause of this condition of fused
digits, which is known as syndactyly.

FIGURE 5.70 Photo of the hand of a young child
showing fusion of digits 3 and 4.



5 Demonstrating knowledge and understanding =»
Consider each of the following statements and
identify whether each is true or false. Where you
judge a statement to be false, (i) give a reason for
your decision and (ii) rewrite the statement so that it
would be judged to be true.

a One type of receptor can receive signals
from many different kinds of signalling
molecule.

b A signalling molecule must cross the plasma
membrane in order to be received.

¢ Only some body cells respond to a given
signalling molecule.

d Communication between two neurons can occur
in both directions across a synapse.

e A given signalling molecule that is received by
several different kinds of cell will produce the
same cellular response in those cells.

f Signalling molecules must be small enough so
that they can reach the cell interior.

6 Communicating knowledge and understanding =)
Examine figure 5.71 and tell the story that it
communicates.

Signal

Reception

Amplification

Transduction

Response(s)

FIGURE 5.71

7 Developing and communicating explanations =)
Suggest an explanation in biological terms for each
of the following observations:

a Caspase-9-deficient mice suffer from large brain
outgrowths characterised by excessive neurons.

b Pruning the shoots of a newly planted tree slows
root regeneration.

¢ The direction of travel of a nerve impulse along
a nerve pathway is always one-way.

d Hormones reach all cells of the body, but only
particular cells respond to their signals.

e Cytokines are sometimes called the
‘messengers’ of the immune system.

Demonstrating understanding of biological

terminology =)

a Identify an essential difference between the
members of the following pairs:

i pheromone and hormone

ii hydrophilic and hydrophobic signalling
molecules

iii signal reception and signal transduction

iv an interferon and an interleukin

v ahormone and a local mediator

vi the intrinsic apoptosis pathway and the
extrinsic apoptosis pathway.

b For each pair, identify one feature that they have
in common.

Developing valid biological explanations =) Give

an explanation in biological terms for each of the

following observations:

a Grapes ripen more quickly if they are placed
near bananas.

b Some receptors for signalling molecules are
located on cell surfaces while other receptors
are intracellular.

¢ Cytokine production as part of a localised
response to infection is normal, but a system-
wide production can be fatal.

d Loss of nerve tissue occurs in
neurodegenerative diseases such as Parkinson’s
disease.

10 Applying understanding to familiar and new

11

contexts =» The drug tamoxifen is an anti-

estrogen compound and is an example of a

hormone blocker. This drug is used in the

treatment of forms of breast cancer that have
high levels of estrogen receptors. These cancers
are said to be ER-positive, and their growth is
enhanced by estrogen.

a Where would these receptors be located in
the breast cancer cells? Give a reason for your
answer.

b Identify a possible rationale for the use of
tamoxifen in the treatment of ER-positive breast
cancers?

Making predictions =» In 1926, the Dutch

biologist Fritz Went (1903-1990) carried out

experiments in total darkness in which he placed
blocks of agar containing auxin in offset positions
on the cut tops of the coleoptiles of grass seedlings

(see figure 5.72). He also prepared some control

coleoptiles.
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FIGURE 5.72 Agar

a Predict what would be expected to happen to
the coleoptile (2) and give an explanation in
biological terms for your decision.

b What control would be expected to be part of
this experiment?

¢ What valid conclusion may be drawn from the
results of this experiment?

12 Applying knowledge in a new situation =) Patients
with rheumatoid arthritis (RA) were treated with an
anti-tumour necrosis factor (anti-TNF).

a To which group of signalling molecules does
tumour necrosis factor (TNF) belong?

b Identify three characteristics of this group of
molecules.

c Identify a possible rationale for use of anti-TNF
in treatment of patients with RA.

d What effect, if any, would you predict that
treatment with anti-TNF might have on patients
with RA?

13 Communicating information and ideas effectively
=» Explain how pheromones could be useful:

a inreducing the use of insecticides in crop
farming

b as control agents of insect pests in glasshouses.

14 Interpreting data =» Figure 5.73 shows how
the various responses to the plant hormones
auxin and cytokinin depend on the relative
concentrations of these hormones. Note that the
term ‘callus’ refers to a mass of unorganised plant
tissue consisting of cells of one kind.

Small shoots of a particular plant species were
treated with solutions as follows:

Solution A: High concentration of auxins and
low concentration of cytokinins

Solution B: High concentration of cytokinins and
low concentration of auxins.

a Identify the growth response that would be
expected on shoots treated with solution A.

b Identify the growth response that would be
expected on shoots treated with solution B.

¢ At what relative concentrations of the two
hormones did callus formation occur?

d What solution would have been used in this
experiment to serve as the control?
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CYTOKININ

AUXIN

-<—— Rooting on shoots ———

-<— Rooting on callus ———>

<— Callus formation ——

—<— Adventious buds development —-

—<—— Axillary buds development ——

FIGURE 5.73 Various plant responses to different relative
concentrations of the plant hormones auxin and cytokinin.

15 Discussion question =) Some synthetic chemicals
can bind to the receptors that are normally sites
where natural hormones bind. These synthetic
chemicals include DDT (dichloro-diphenyl-
trichloroethane), bisphenols used in the
manufacture of plastics, dioxin, and some PCBs
(polychlorinated biphenyls). In the main, these
synthetic compounds are lipophilic (hydrophobic)
and persist in the environment. Some natural
compounds including phytoestrogens from fungi
and plants can also bind to hormone receptors on
mammalian cells.

These chemicals, termed endocrine-
disrupting chemicals (EDCs), can interfere

with the function of the normal hormones. Any

system in the body controlled by hormones can
be affected by EDCs. In a 2015 publication, the

Endocrine Society identified evidence from several

sources, including animal experimentation, for
an association between endocrine disruption and
conditions such as obesity, diabetes, abnormal
puberty, female reproductive impairments,
testicular dysgenesis, hormone-sensitive cancers
in females, prostate cancer, and disorders of

the thyroid, as well as neurodevelopment and

neuroendocrine systems.

a Do a search on the web and find an example
of an animal population in the wild that shows
some reproductive abnormalities associated
with EDCs.

b Suggesthow an EDC might produce a particular
disorder, such as precocious puberty in girls.



CHAPTER

Pathogens all around us

This chapter is designed to enable
students to:
understand that pathogens are
organisms or agents capable of
producing a disease in a host they
- infect
— gain knowledge of the germ theory
of disease
recognise how causal relationships
between infectious disease and
microbes are established

distinguish between cellular and
non-cellular pathogens

become familiar with the concept
of antigens

recognise the difference between
self and non-self antigens

recognise the difference between
infection and disease.

FIGURE 6.1 A laboratory technician
working at a negative-pressure
cabinet at the Uganda Virus
Research Institute, handling viral-
infected samples from the Ebola
outbreak in July-August 2012. Note
the personal protective equipment
(PPE) that covers all body surfaces,
including a filtered breathing system
to prevent viruses entering the
technician’s airways. In this chapter
we will explore human infectious
disease and meet some disease-
causing microbes and agents.
(Credit: Centers for Disease Control
and Prevention.)




Bubonic plague or black death

Imagine you are living in Milan, Italy, in 1630, during an outbreak of the plague.
Plague is spreading through the city and many people around you are dying.
Your neighbour has fallen ill. A ‘plague doctor, dressed in his distinctive garb,
comes to the house next door to check your neighbour. Does your neighbour
have the dreaded plague?

The doctor has a startling appearance. He wears a dark neck-to-toe over-
coat, breeches, boots, gloves and a wide-brimmed hat, all made either of waxed
canvas or leather, and he carries a long cane. What is most striking is the bird-
like mask that the doctor wears over his face and through which he breathes (see
figure 6.2 ). A closer look at the mask reveals that it has eyeholes and that the beak
of the mask is filled with aromatic herbs or dried flowers as a protection against
the bad-smelling air (miasma) that is believed to be the cause of the plague.
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FIGURE 6.2 Engraving, dated
1721, of a ‘plague doctor’ in
1656 showing his distinctive
mode of dressing. Note the e
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In examining the ill man, the doctor does not touch the patient but, instead,
uses his cane to shift the patient’s clothing in order to check for the presence
of very tender and swollen lymph nodes (buboes; singular = bubo; from the
Greek boubon = groin) in the neck, groin and armpits of the patient. Their
presence is an early symptom of this disease, known as bubonic plague or
black death (see figure 6.3).

FIGURE 6.3 Miniature from the Toggenberg Bible, published in Switzerland in
1411. This image, believed to illustrate people with the plague, shows numerous
swellings or buboes on their bodies. In reality, swollen lymph nodes are typically
restricted to the groin, neck and armpits. Note, in the background, the person
throwing what are probably aromatic herbs or dried flowers in a futile attempt to
dispel the foul or bad air that was then believed to cause plague.

The first recorded major outbreak of plague occurred in Constantinople
(now Ankara, Turkey) during the sixth century AD (recurring in the seventh

DNA analysis has shown century AD) and is described in the writings of the historian Procopius, who
the presence of the plague lived between 500 and 560 AD. Procopius wrote that @ bubonic swelling devel-
bacteria in human skeletons oped there in the groin of the body, which is below the abdomen, but also in

from locations across Europe.
The oldest bones date back
almost 5000 years ago to the
Bronze Age.

the armpit, and also behind the ear and at different places on the thighs. .. the
bubonic swelling became worse and the sufferer, no longer able to endure the
pain, died...In some cases death came immediately, in others, after many
days; and with some the body broke out with black pustules about as large as a
lentil and these did not survive even one day, but all succumbed immediately.
Vomiting of blood ensued in many, without visible cause, and immediately
brought death!

The second major outbreak of plague originated in central Asia in the four-
teenth century and spread from there to Europe. Perhaps the plague entered
Europe at the port of Messina in Italy when a black rat (Rattus rattus) car-
rying plague-infected fleas (Xenopsylla cheopis) escaped via a mooring rope
from the ship to the shore. In the period from 1347 to 1351, the plague spread
across Europe, causing the deaths of an estimated 30 per cent to 50 per cent
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ODD FACT

During the Great Plague of
London, when a person fell ill
with the plague, that person
and all family members were
locked in their house for forty
days, the door was marked
with a red cross, and entry
was restricted to ‘nurses’
who were local women paid
to bring food.

Weblink
Plague
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FIGURE 6.4 Front page of the
Bills of Mortality listing deaths
by cause for the city of London
for the period beginning

27 December 1664 and ending
on 19 December 1665. (The
symbol that looks like f is

in fact s.) This publication
reveals that the major cause

of death during the week of
15-22 August was plague.

The number of burials for that
week was 1289 more than in
the previous week. What does
this suggest? (Image courtesy
of The Wellcome Library.)

ODD FACT

The last major outbreak

of plague originated in

Asia in the mid-eighteenth
century and spread to other
countries, including Australia,
in the period 1895 to 1930.
Twelve outbreaks of plague
were recorded in Australia
between 1900 and 1925.
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of the total population. Sporadic outbreaks of plague then continued over
Europe until the mid-1700s. These outbreaks included the Italian Plague of
1629-31 and the Great Plague of London, with outbreaks occurring in 1603,
1625, 1636 and 1665 (see figure 6.4).

Cause of the plague: views from the Middle Ages

We now know that plague is a disease resulting from an infection by a par-

ticular bacterial species, Yestinia pestis, the plague bacteria. Three forms of

plague are recognised:

e Bubonic plague results when plague bacteria become established in the
lymphatic system. Bubonic plague is most commonly transmitted to people
by the bites of fleas that are infected with plague bacteria (Yersinia pestis)
(see figure 6.5).

e Pneumonic plague involves the lungs and is spread when a plague-infected
person coughs, producing airborne droplets containing plague bacteria that
are breathed in by a person in close contact.

« Septicemic plague results when the blood becomes infected with plague bacteria,
as may occur when plague bacteria gain entry to the bodyvia a cut in the skin.
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FIGURE 6.5 Diagram showing the transmission of the plague bacteria Yersinia
pestis to people. Rats (and other rodents) are the natural host of plague bacteria
and act as reservoirs of the plague bacteria. Rat fleas become infected when
they feed from an infected rat. The bacteria colonise the midgut of the flea and
multiply there. Plague bacteria are most commonly transmitted to people through
bites by these infected rat fleas. When an infected flea bites a person, blood from
the person enters the flea’s gut and mixes with bacteria. When the flea stops
feeding, traces of this bacteria-infested blood are returned to the person bitten.

During the Middle Ages, the concept of disease-causing microbes was
non-existent. Various causes of the plague were postulated. One cause drew
on religion, with the plague being identified by church authorities as God’s
punishment for the sins of mankind. Another cause of the plague drew on
astronomy, with medical authorities reporting to King Philip VI of France that
the plague was the result of the alignment of the planets Mars, Jupiter and
Saturn on 20 March 1345. Another cause was based on medieval medicine,

m with the plague due to an imbalance between the four so-called humors of
which the human body was believed to be composed, namely blood, phlegm,
yellow bile and black bile. (A balance between these four humors was thought
to be essential for a person’s mental and physical health.)

However, a commonly accepted view was that poisonous vapours

The 1594 publication Present
Remedies against the Plague
proposed that leaving a

few peeled onions around a

neighbourhood would absorb (miasmas) identified by their foul smell were the cause of infectious diseases.
miasma (bad air) and so Disease-producing vapours were said to originate from sources as diverse as
prevent the plague in that earthquakes, swamps, rotting rubbish and decaying corpses. So, a commonly
area. In 1636, the College of accepted means of preventing plague was to ward off the foul-smelling air
Physician in London identified or miasma through the use of sweet-smelling agents. This may seem strange
pomanders as one means of to us, but, after all, which idea would have seemed more plausible to people
preventing plague. of medieval times: the idea that diseases were caused by noxious vapours

— from rotting matter or that diseases were caused by invisible living organ-
isms floating in the air? Noxious vapours were obvious to all because of their
foul smell, and the rotting matter from which they emanated could be seen.
Microbes were totally invisible to the unaided eye, so their existence was not
suspected.

In order to protect against the plague, people placed bunches of dried
flowers at the doors and the windows of their homes and scattered dried
flowers and herbs around their houses to keep the air smelling sweet. When
outside their homes, peasants wrapped dried flowers or herbs in a cloth and
held it to their noses in order to avoid foul smells in the belief that this would
protect them from the plague. For the same purpose, more wealthy people
used ornate pomanders filled with aromatic herbs, such as rosemary, lavender,
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sage, mint, nutmeg or cinnamon (see figure 6.6a). Pomanders were held in the
hand or worn on neck chains, or could be attached to a chain around a per-
son’s waist.

FIGURE 6.6 (a) The first pomanders (from the French pomme = apple, and d’ambre = of amber) appeared in the
thirteenth century. These pomanders were apple shaped and contained herbs mixed with a waxy substance, such as
ambergris. This image shows a sixteenth-century pomander. Elaborately decorated pomanders also served as items

of jewellery. (b) Pomanders from the seventeenth century appeared in other shapes, including skulls and animals. This
seventeenth-century pomander is in the shape of a hinged book with a rat engraved on the top surface. Inside are
several internal compartments to contain different aromatic herbs. The chain allowed the owner to attach the pomander

to a waistband.

In Tudor England, pomanders
were popular fashion
accessories as well as
safeguards against plague.
Henry VIII, who ruled England
from 1509 to 1547, is reported
to have owned at least

16 ornate pomanders.
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The germ theory of disease

Our modern understanding of microbes as the cause of infectious diseases
began to emerge in the mid-nineteenth century as a result, in particular, of lab-
oratory investigations by the French chemist Louis Pasteur (1822-1895) and,
later, by the German doctor Robert Koch (1843-1910) (see figure 6.7 a & b). In
the 1880s, their research, supported by improvements in microscopes, led to
the formulation of the germ theory of disease. The germ theory of disease
states that specific microbes cause specific infectious diseases. This theory
replaced the so-called miasma theory of disease, which identified foul-
smelling vapours as the cause of infectious disease.

The concept of ‘germs’ had been proposed before Pasteur and Koch, but
no experimental proof of the role of microbes as agents of disease had been
demonstrated. Remember that biological theory is not founded on untested
proposals, but is built on testable hypotheses that are subject to revision and
replacement. Testing of hypotheses includes both observation and experi-
mentation, and the results may either confirm a hypothesis or disprove it.

The investigations of Louis Pasteur were key to the development of the germ
theory of disease. In the 1850s, the wine industry in France was at risk because
of contamination. Pasteur demonstrated that this was the result of microbial
action, and he introduced a process of heating wines to a temperature in the
range of 50 to 56 °C to kill these microbes. This process of heating is now known
as pasteurisation and, while not used in wine production, it is still used today
in the treatment of many foods, in particular, milk, and in beer production. The
observation that heating stopped the contamination supported the conclusion
that the contaminating agents were living organisms.



FIGURE 6.7 (a) 1885 Painting of Louis Pasteur in his laboratory. (b) Robert Koch in his laboratory. Koch was an
unknown country doctor in Germany until his wife gave him a microscope for his 29th birthday, which enabled him to
explore the world of bacteria. In 1905, Koch was awarded the Nobel Prize in Medicine or Physiology for his contribution
to the study of bacteria and the understanding of disease.

eBook

Weblink
Read more about Robert Koch

In 1876, Robert Koch reported that anthrax was a disease resulting from
infection by a specific bacterial species, Bacillus anthracis. Later, Koch showed
that other diseases — tuberculosis (in 1882) and cholera (in 1883) — were also
the result of infection by specific microbes. How might you show that a par-
ticular microbe is the cause of a specific disease rather than the result of the
disease?

The approach of Robert Koch to this question was rigorous and definitive
(see figure 6.8). For example, Koch’s conclusion that anthrax was the result of a
bacterial infection was based on the following careful observations and exper-
imental results:
¢ Koch examined the blood of sheep that had died of anthrax and identified

small rods that he believed were living microbes.

o He confirmed that these rods were not present in the blood of healthy sheep.
¢ Koch hypothesised that these bacteria were the cause of anthrax and he
carried out experiments to test this hypothesis:

1. He extracted bacteria from sheep that had died of anthrax.

2. He grew these bacteria in culture, and injected them into mice. On every

occasion, he found that the mice died of anthrax.

3. He extracted the bacteria from the dead mice.

4. He grew them in culture and injected them into healthy mice. Again,

these mice died of anthrax.
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FIGURE 6.8 The postulates
developed by Robert Koch
were used to establish that
a particular microbe was the
cause of a specific infectious
disease.
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1. The microbe is found in all cases of the disease but is absent from
healthy individuals.

2. The microbe is isolated from the diseased host and grown
in pure culture.

-

3. When the microbe is introduced into a healthy, susceptible host,
the same disease occurs.

4. The same strain of microbe is obtained from the newly
diseased host.

What about the cause of bubonic plague? We now know that the cause of
bubonic plague is a bacterium, Yersinia pestis (see figure 6.5). This bacterium
was first discovered by a French-born Swiss bacteriologist named Alexander
Yersin when he was researching a plague outbreak in Hong Kong in 1894.

KEY IDEAS

m Until the late nineteenth century, infectious diseases were commonly
believed to be caused by foul-smelling vapours, giving rise to the so-called
miasma theory of disease.

m Pomanders were used in medieval times as one means of ‘protection’
against the bubonic plague.

m Major outbreaks of bubonic plague or black death have occurred in human
history.

m In the mid-to-late nineteenth century, the germ theory of disease was
developed, in particular, from the work of Louis Pasteur and Robert Koch.

m Koch’s postulates provided a means of identifying a particular microbe as
the cause of a specific disease.




1 Who was the first person to provide experimental proof that specific
microbes caused particular diseases?
2 Identify the following statements as true or false:
a Black death is caused by foul vapours.
b One symptom of bubonic plague is the appearance of swollen lymph
nodes at particular sites on the body.
¢ Bubonic plague is a bacterial infection involving the lymphatic system.
d The germ theory of disease replaced the miasma theory of disease.
3 Briefly explain why pomanders were regarded as protection against the plague.
4 |dentify a probable means by which the black death pathogen first reached
Europe from Asia.

Microbes are all around us

Microbes are present in the air that we breathe, the soil and water around us,

The term ‘microbe’ collectively decaying organic matter, the food we eat and the water we drink. Because they are
refers to microscopic organisms, notvisible to an unaided eye, we are far less aware of the presence of microbes than
including bacteria, archaea, the presence of macroscopic organisms. However, the biomass (total amount of
protists and fungi with a cellular living matter) of microbes is greater than that of all the animals and plants on Earth!

structure, and also includes viruses  Infact, we are part of a living world that, in terms of numbers, consists principally of
that have a non-cellular structure. ~ microbes, but these are only made visible through use of microscopes.
In terms of bacteria, their concentrations in our surroundings have been
estimated as follows:
« Air from the lower atmosphere (troposphere) contains up to 10000 viable
bacteria per cubic metre (see figure 6.9).
o Upper levels of ocean water contain an average of 500 000 bacterial cells per
millilitre.
o Agricultural and forest soils have bacterial cells or spores with concentrations
ranging from 100 million to 1000 million per gram — that’s a teaspoon of soil!

FIGURE 6.9 Colonies of
various bacterial species
growing on a nutrient-
enriched agar plate. These
bacteria were present in air
in a public hall. Each discrete
colony consists of millions

of bacterial cells produced
by multiplication of one or

a few bacteria that settled
onto the plate when the plate
was briefly exposed to the
air. Various species can be
distinguished by features,
including colour, form, opacity
and edge (margin) of the
colony.
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ODD FACT

Microbial cells on and in

the human body outnumber
our human cells by 10 to 1.
However, because of their
much smaller size, this
microbial population makes
up just one to three per cent
of the mass of a human body.

ODD FACT

When added to milk, bacteria,
such as Lactobacillus
bulgaricus and Streptococcus
thermophiles, ferment

the milk sugar (lactose),
producing lactic acid, which
converts the liquid milk into
gel-like yoghurt. Evidence
suggests that people have
been making yoghurt since at
least 500 BCE.

FIGURE 6.10 Yoghurt is
essentially milk in which
sugar (lactose) has been
converted to lactic acid in the
process of fermentation by
bacteria such as Lactobacillus
bulgaricus and Streptococcus
thermophiles.
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In addition, all plants and animals possess their own microbial communities,
known as microbiota, on and in their bodies. The first microbiota community is
acquired during a baby’s passage through the mother’s birth canal, and further
microbes are continually acquired throughout life. The human microbiota is
most concentrated in the gut but is also present on the skin and on the mucous
membranes that line the respiratory and the alimentary tracts of the body:
¢ The human gut is home to an estimated 100 trillion microbes, mainly bac-

teria. In the colon of the gut, where most bacteria are found, the numbers

are estimated at 3.2 X 101! per gram wet weight.

e On most of the human skin, the microbial density is about 1000 to 10 000
microbes per square centimetre, while on the skin of armpits and groin, the
number is estimated at 1 000 000 per square centimetre.

The microbial community of the human body is normally confined to the
surface of the skin, and surfaces of the mucous membranes that line the mouth,
nose, throat and trachea of the respiratory system, and that line the genital
tract and the gut. All the body cells and the various body fluids, namely the
plasma of the blood and the interstitial fluid, are sterile (microbe-free).
Maintaining this sterility is critical to good health and even survival, and the
defences of our immune system are critical in ensuring this.

We are constantly exposed to the world of microbes. The majority of these
microbes are harmless, and many microbes are beneficial, as, for example,
our normal gut microbes that play a key role in both our digestive health and
our general health, the decomposer microbes in soil and water that play a key
role in the cycling of matter within ecosystems, and the nitrogen-fixing bac-
teria that convert nitrogen in the air to nitrogenous compounds that are essential
for plants. In addition, many microbes are important in the food industry, such as
the bacteria involved in producing sauerkraut, pickles, olives, cheese and yoghurt
(see figure 6.10), and the yeasts involved in producing bread and wine.

Disease-causing microbes and agents

A small number of the microbes — less than one per cent — are harmful and can
cause diseases. These microbes are said to be pathogenic (pathos = disease;
gen = producing). In addition, non-cellular agents, such as viruses and prions,
are also known pathogens. Despite their small number, some pathogens
produce disease and death annually on a large scale; for example, estimates



by the World Health Organization (WHO) indicate that each year in developing
countries more than 200 000 newborns die from tetanus caused by the bacte-
rial species Clostridium tentani.

Check out table 6.1 to see the approximate numbers of different pathogens
that are responsible for human diseases. Note that infection by a pathogen
typically causes a disease in just one specific host or a few specific hosts.
The same microbes in other hosts may have few, if any, negative effects; for
example, the human immunodeficiency virus (HIV) causes the serious disease
AIDS (acquired immunodeficiency syndrome) in people, but, in various
monkey hosts, the same virus does not cause the same serious disease pro-
gression seen in people with untreated AIDS.

TABLE 6.1 Different kinds and numbers of human pathogens (disease-causing
microbes and agents). Note that human pathogens include both (i) cellular agents,
mainly bacteria, fungi, protists and some multicellular parasitic helminth worms,
and (ii) non-cellular agents, mainly viruses, that lack a cellular structure. (It is
interesting to note that no evidence has yet been found of a human disease caused
by an archaeal species.) (Ref: Aminov, R.l., ‘Role of Archaea in Human Disease,’
Frontiers in Cellular and Infection Microbiology, 3 (2013): 42.)

Human pathogens No. of disease-causing species
CELLULAR:

o bacteria 541

o fungi 325

o protists 57

e parasitic helminth worms 285
NON-CELLULAR:

o DNA viruses 36

o RNA viruses 153

e prions 2

Infection is not disease

If a pathogen can gain entry to the human body and reach the target cells,
the pathogen may multiply rapidly and produce an infection. If the body’s
immune system cannot overcome an infection, the infection will develop into
a disease. So, an infection is not equivalent to a disease, but infection is a
necessary pre-condition for an infectious disease.

An infection occurs when pathogenic bacteria, viruses or other microbes
gain entry to the human body and, once within the body, begin to multiply.
In some cases, the infection is eliminated by the body’s defence (immune)
system, so not all infections will develop into a disease.

A disease occurs only after body cells or organs are damaged by the infec-
tious microbes and the signs and symptoms of the specific infectious disease
are visible. These various signs and symptoms result from damage to the host
caused by the increasing numbers of pathogens.

Before an infection can develop into a disease, several events must occur.
The pathogen, whether bacterial, fungal or viral must first:
¢ gain entry to the body and reach target site(s) in the body; typically, the

portals of entry are the skin, the mucous membranes of the respiratory,

uro-genital, and digestive systems of the body

o overcome the defence mechanisms of the body

e become established at one or more sites

o multiply rapidly, causing harm to the host and producing the symptoms of
the disease.
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Harm to the host may result from cell damage and cell death locally at the site of
infection, or from the actions of toxins that spread through the body and cause sys-
temic cell damage and death. Which would be expected to produce more harm?

The period after infection and before the first symptoms of a disease appear
is called the incubation period. An incubation period is the interval between
a person’s exposure to a pathogen and the onset of disease symptoms in that
person. During the incubation period, the disease-causing agent multiplies to
concentrations that are sufficient to produce the symptoms of the disease.

Incubation periods can vary. For many pathogens, the incubation period is
short; for example, the symptoms of acute gastroenteritis caused by a Salmonella
typhimurium bacterial infection typically appear within 12 to 72 hours after a
person is infected. For a few pathogens, however, the incubation period can be
months or even years. For example, the serious symptoms of AIDS may appear
several years after a person is infected with the human immunodeficiency virus
(HIV). Likewise, variant Creutzfeldt-Jakob disease (vCJD) has an incubation period
that can exceed 30 years! This means that a person can be infected with the prion
that causes vC]D, but the disease symptoms may not appear until decades later.

Table 6.2 shows the incubation periods for several infectious diseases.

TABLE 6.2 Incubation periods for several diseases. Can you suggest how long
a person who has been exposed to the Ebola virus should be kept in quarantine
before that person can be said to be free of Ebola virus disease?

Disease | Pathogen' | Incubation period**
Salmonellosis B 6 to 72 hours
influenza \% 1 to 3 days
common cold \Y% 1 to 3 days
diphtheria B 2 to 5 days
bubonic plague B 2 to 6 days
Ebola virus disease \Y% 2 to 21 days
tetanus B 4 to 21 days
meningitis B 7 to 21 days
chickenpox (varicella) \Y 7 to 21 days
typhoid B 8 to 14 days
measles \% 10 to 21 days
rubella \% 14 to 21 days
pertussis (whooping cough) B up to 21 days
tuberculosis B 2 to 12 weeks
HIV \% weeks to months
kuru prion 10 to 13 years

# B = bacteria; V = virus
##Values given as usual or typical incubation periods.

Some pathogens can be transmitted from an infected person to a healthy
person only after the infected person shows visible symptoms of the disease.
These pathogens include those responsible for diseases such as Ebola virus
disease, typhoid and pertussis. In contrast, other pathogens, including those
causing diphtheria, rubella, influenza, measles and tuberculosis, can be trans-
mitted, not only by people showing obvious disease symptoms, but also by
infected people during the incubation period when they show no symptoms
of the disease.



In addition, some people can be infected by a pathogen but be in good
health and never show any signs or symptoms of the disease concerned. Such
people are said to be asymptomatic carriers of the pathogen concerned and
they can be a source of infection of people with whom they come in contact.

eBook Perhaps the most famous asymptomatic carrier of an infectious disease was

. Mary Mallon (1869-1938), a domestic cook, who was infected with the
Weblink . . . . .

Mary Mallon Salmonella typhi bacteria, which cause typhoid fever. The following box tells

the story of this asymptomatic carrier of typhoid.

MARY MALLON, AN ASYMPTOMATIC CARRIER

Mary Mallon (1869-1938) worked as a cook for
several wealthy families in New York City in the
early 1900s. In each household where she was
employed, family members came down with typhoid
fever. Health authorities recognised the connection
between Mary, the cook in each affected house-
hold, and the outbreak of typhoid fever in the family
members in that household. This was the first time
that an asymptomatic carrier of a pathogen had been
identified, in this case, an asymptomatic carrier of
the bacteria Salmonella typhi, the causative agent of
typhoid fever. Asymptomatic carriers are perfectly
healthy and show no symptoms of the disease, but
they can transmit the bacteria to other people.

Mary is presumed to have transmitted the typhoid
bacteria to about 47 people, three of whom died
from typhoid fever. Typhoid bacteria are typically
present in the urine and faeces of an asymptomatic
carrier, and these bacteria can be spread to others if
the carriers do not take care to wash their hands after
using the toilet and before handling food. Because
typhoid bacteria are generally killed at temperatures
used to cook food, it is likely that Mary spread the
bacteria when she prepared one of the uncooked
desserts that was greatly favoured by her clients —
ice cream containing cut-up pieces of raw peaches.

In 1907, Mary was arrested and forcibly placed in
quarantine. Her first quarantine period was on a small
island in the East River where she remained for more
than two years, from 1907 to early 1910. The label
‘Typhoid Mary, by which she is commonly known, first
appeared in an article published in an issue of the 1908
Journal of the American Medical Association. Some news-
papers described her as ‘crawling with typhoid bugs!

Mary argued for her release from quarantine. In
one letter she stated that she was ‘kept as a prisoner
without being sick nor needing medical treatment
and felt that she was ‘a peep show for everybody.

Mary was released from this quarantine on con-
dition that she never again work as a cook. On release,
Mary first worked in a poorly paid job in a laundry
but eventually returned to the better-paid position of
cook. She also changed her name — not surprisingly,
since she carried the derogatory and widely publicised
label of ‘Typhoid Mary. An outbreak of typhoid fever

in a hospital in 1915 was traced to the hospital cook,
a Mrs Brown, who was, in fact, Mary Mallon. Once
Mary was recognised, she was immediately placed in
quarantine again. This second period of quarantine
lasted from 1915 until Mary’s death in 1938.

FIGURE 6.11 An article in the New York newspaper
New York American on 20 June 1909. The headline
continues, ‘...a Prisoner on New York’s Quarantine
Hospital Island, Not Because She Is Sick, But
Because She Breeds Typhoid Germs and Scatters
Them Wherever She Goes.’

Mary Mallon’s story raises the issue of setting an
appropriate balance between protecting a person’s civil
liberties and protecting the heath of the community.
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Until the twentieth century,
infectious diseases were
the greatest health concern
worldwide. Since then, in
developed countries, non-
infectious and degenerative
diseases have emerged

as health issues of major
concern. Can you suggest
factors that may have caused
this change?

zoonotic disease: disease that
normally exists in vertebrate
animals but that can infect humans
either by direct transmission or via
an intermediate vector.

KLl
In 1893, Theobald Smith
and F. L. Kilbourne were the
first to demonstrate that
pathogens could be
transmitted to people through
the bite of an infected
organism. They showed that
Babesia microti, the cause
of babesiosis, a malaria-like
disease, was transmitted by
the bite of an infected tick.
More than 150 zoonoses have
now been identified.
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Diseases: transmissible or not?

So far, the discussion in this chapter has centred on those diseases that result
from an infection of the human body by pathogenic agents, such as bacteria,
viruses, protists, fungi, parasitic helminth worms or prions. The majority
of these infectious diseases are also known as transmissible diseases or
communicable diseases.

An infectious disease can be defined as ‘an illness caused by a specific infec-
tious agent or its toxic product that results from transmission of that agent or
its products from an infected person, animal, or reservoir to a susceptible host,
either directly or indirectly through an intermediate plant or animal host, vector
or inanimate environment’ (Source: Last, ].M., ed., A dictionary of epidemi-
ology, 4th ed. (New York: Oxford University Press, 1988).)

However, it is important to recognise the existence of non-infectious or
non-communicable diseases. These diseases cannot spread from affected
people to healthy people via the environment.

Non-communicable diseases have several causes and include:

« environmental diseases caused by agents in the environment, such as lung
cancer caused by exposure to smoke carcinogens, and mesothelioma caused
by exposure to asbestos fibres

o nutritional deficiency diseases resulting from diets that are deficient in a
particular essential component, as, for example, scurvy, which results from
a vitamin C deficiency, and pellagra, which results from a deficiency of
vitamin B3 (niacin)

o inherited diseases that result from mutant alleles or chromosomal aberrations
inherited by children from one or both parents via eggs and/or sperm.

Can you think of other examples of non-communicable diseases?

Infectious diseases may spread from infected people to healthy people by
various means, as, for example:

by direct transmission, such as
by person-to-person contact, such as may occur through kissing or sexual contact

by indirect transmission, such as

 byairborne droplets or particles, as, for example, an uncovered sneeze or cough

o by contact with contaminated objects, such as bedding, cups and dishes, or
medical instruments

o by ingestion of contaminated food or water

by biological vehicles, such as contaminated blood, sputum, or faeces

o by vectors that carry pathogenic agents and spread them to people through
bites from infected ticks, mites, fleas or mosquitoes, or through contami-
nated particles that they leave on material, such as fly droppings on food.
In many cases, these infected vectors transmit pathogens from their natural
hosts (birds, bats, rodents or monkeys) to people. Diseases of this type are
called zoonotic diseases or zoonoses (zoo- = animal; nosos = disease).
Examples of zoonotic diseases include bubonic plague, psittacosis, anthrax,
West Nile virus disease and rabies.

Figure 6.12 shows some common forms of transmission of disease-causing
agents.

If sewage treatments are inadequate, water may be contaminated with path-
ogens from human faeces. Fish that swim in contaminated water and shellfish
that filter feed in contaminated water can carry pathogens. If contaminated
fish or shellfish are eaten, these pathogens can infect people. Food may also
be contaminated by infected food handlers, such as cooks and waiters, who do
not carry out adequate procedures such as hand washing.



FIGURE 6.12 The most
common means of
transmission of an infecting
agent from one host to
another are (a) body contact,
(b) sexual contact, (¢) food
and water, (d) droplet or
airborne, (e) carrying vector
and (f) injecting vector.
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Entry points of pathogens to the
human body

Pathogens may gain entry to the human

body via:

« the nose and throat (naso-pharynx) into
the ducts and tubes of the respiratory
system

o the mouth into the digestive tract

« the urethra or via genital openings into
the genital tract.

Note that the cavities (lumens) within
these ducts, tubes and tracts are still
outside the body. To gain entry to the
| body requires that the pathogens cross the
cellular boundary to the internal environ-

FIGURE 6.13 A female mosquito on human skin in the process of
biting. The mosquito drives two thin parallel tubes through the skin to

find a blood vessel. One tube forces saliva into the tissue (to stop blood ment of the body. . '

vessels contracting and to prevent blood from clotting) while the other Cuts, punctures, burns or insect bites
tube pumps blood from under the skin. If the mosquito is infected, its (see figure 6.13) that penetrate the skin
saliva can introduce pathogens into the person. give pathogens direct entry to the internal

environment of the body.

KEY IDEAS

m Not all diseases are infectious diseases; other kinds of diseases exist.
m Infection differs from disease and precedes a disease.

m The incubation period of a disease is the interval between a person’s
exposure to a pathogen and the onset of disease symptoms in that person.

m Asymptomatic carriers of a disease show no symptoms of a disease but
can spread it.
m Pathogens can enter the human body via various entry points.

m Infectious diseases may be spread directly (by person-to-person contact)
or they may be spread indirectly.
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Infectious 5 What is the difference between an infection and a disease?
m diseases and 6 Identify the following as true or false:
pathogens a Diseases can only be spread by a person who is showing the symptoms
Topic 2 Summary of the disease.
m screen and b Only some infections develop into diseases.
practice questions ¢ An environmental disease is an example of a communicable disease.
d An example of indirect transmission of disease is from airborne droplets
that contain pathogens.
e The incubation period of all diseases varies from days to weeks.

f Bubonic plague is an example of a zoonotic disease.
7 Give an example of the following:

o e T e

a step that must occur before an infection can develop into a disease
the incubation period of a disease

indirect transmission of a disease

a non-infectious disease

an entry point for a pathogen to the body.

Pathogens: cellular and non-cellular

Infectious diseases of people are caused either by pathogens with a cellular
structure, such as bacteria or fungi, or by non-cellular agents, such as viruses
or prions. Table 6.3 shows some examples of human diseases caused by these
various pathogens. Many human diseases have a long history of occurrence in
human populations. However, new human diseases continue to be identified,
the majority being the result of a transfer of pathogens from their natural non-
human animal hosts to people.

TABLE 6.3 Various kinds of pathogens, the infectious diseases that they cause, and the various means of transmission. Archaea

are not included in this table as no evidence has been found to date that archaea are responsible for any human diseases.
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Causative agent

BACTERIA

Neisseria
meningitidis

Streptococcus
pneumoniae

Corynebacterium
diphtheria

Mycobacterium
tuberculosis

Bacillus anthracis

Legionella
pneumophila

Yersinia pestis
Vibrio cholerae

Streptococcus
pyogenes
Clostridium tetani

Treponema pallidum

NATURE OF BIOLOGY 2

. Disease

bacterial meningitis;
septicemia

pneumonia
diphtheria
tuberculosis

anthrax
legionnaire’s disease

Black Death (bubonic plague)
cholera

toxic shock syndrome; strep
throat & others

tetanus

syphilis

Example of how it spreads

most commonly, via person-to-person through saliva or
mucus; more rarely, from a person’s own throat bacteria that
cross the mucous membrane

via person-to-person through inhalation of contaminated
droplets, such as from the sneeze of an infected person

via person-to-person from close respiratory contact

via person-to-person through inhalation of contaminated
droplets that reach the lung alveoli (see figure 6.14 (b) below)

via inhalation or ingestion of spores or via break in skin that
enables entry of spores

via inhalation of water droplets from a contaminated air
conditioner

via the bite from infected fleas, from an infected rodent
via ingestion of faecal-contaminated water or food

via upper respiratory tract or skin lesion

via deep puncture wound

via person-to-person through direct sexual contact with
syphilis sore of an affected person

(continued)



Causative agent
Helicobacter pylori

Salmonella typhi

Chlamydia
trachomatis

Clostridium
botulinum

Salmonella
typhimurium

Rickettsia australia
VIRUSES

Influenza viruses

Herpes virus

Rubella virus

Hepatitis B virus
Human immuno-
deficiency virus (HIV)
Poliovirus

Rhinovirus

SARS coronavirus
(SARS CoV)

Ebolavirus

FUNGI

Aspergillus fumigatus
Candida albicans
Trichophyton spp.
PROTOZOA

Giardia
intestinalisasis

Entamoeba
histolytica
Pneumocystis
Jirovecii
Plasmodium
falciparum

PRIONS

_ Disease

stomach ulcers
(see figure 6.14 (e) below)

typhoid fever

pelvic inflammatory
disease (PID)#

botulism, a form of food
poisoning

Salmonellosis, a form of food
poisoning

Queensland tick typhus (QTT)

influenza

chickenpox (varicella)

rubella (German measles)

viral hepatitis type B

Acquired immuno-deficiency
disease (AIDS)

poliomyelitis (polio)

common cold#

Severe acute respiratory
syndrome

Ebola virus disease
(see figure 6.14 (a) below)

pulmonary aspergillosis
thrush (oral candidiasis)

athlete’s foot (tinea)
giardiasis

amebiasis

pneumocystis pneumonia
(pep)

malaria

Creutzfeldt-Jakob disease
(CID)

variant Creutzfeldt-Jakob
disease (vC]JD)

kuru

Example of how it spreads

via person-to-person contact through saliva of infected person

via ingestion of faecal-contaminated water or food; can also be
transmitted from person-to-person

via sexual contact with an infected person

via ingestion of improperly canned food that exposes person to
the bacterial exotoxin that has not been heat-inactivated

via ingestion of faecal-contaminated foods such as raw eggs,
and improperly cooked chicken

via saliva from bite of infected paralysis tick, Ixodes holocyclus

via inhalation of airborne droplets from sneeze or cough of
infected person

via nose or mouth from direct contact with infected person

via naso-pharynx from airborne droplets in sneeze/cough of
infected person

via contact with body fluids of infected person

via sexual contact with infected person or from use of
contaminated needles

via mouth from faeces or sneeze droplets of infected person

via inhalation of droplets in air from infected person or via
hand- to-hand contact with infected person

via inhalation of infected droplets or by touching
contaminated surfaces and then touching one’s mouth or nose

via direct contact with body fluids of an infected person
(e.g. blood, urine, saliva, sweat, faeces, vomit, breast milk, and
semen) or contact with contaminated needles or syringes.

via inhalation of airborne spores
via mouth-to-mouth contact with infected person

via contact with infected person or with contaminated surfaces

via ingestion of water or food contaminated with Giardia cysts
via ingestion of water contaminated with Entamoeba cysts

via inhalation of spores through nose or throat into lungs

via bite of infected mosquito

via tissue grafts from infected cadavers, including corneas,
brain membrane or via growth hormone isolated from infected
pituitary glands of cadavers

via ingestion of beef from cattle infected with bovine spongiform
encephalopathy (BSE), commonly known as ‘mad cow disease’

via past practice of ceremonial ingestion of brain tissue of
deceased infected person.

# also caused by other bacteria

CHAPTER 6 Pathogens all around us
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Eggs of parasitic helminths
have been found in
mummified human faeces
from thousands of year ago.

(a) (i)

Another group of disease-causing organisms are parasitic helminth worms,
including roundworms, hookworms and whipworms. Helminth infections are
transmitted via soil contaminated with human faeces that contain eggs of these
worms. However, many helminths do not fall into the category of microbes as
they are visible to the unaided eye.

Figure 6.14 shows some pathogenic agents and the infectious diseases that
they cause.

(b) (i)

TBC
(tuberculosis)

Tuberculous infection
initial in the right

upper lobe
PP The initial plaque

progresses

digging a hole ) .
Formation of numerous cavities
and bronchial erosions

FIGURE 6.14 (a) (i) Ebola virus: Colourised scanning electron micrograph from the 2014 outbreak Mali isolate of the Ebola
virus shedding from the surface of Vero cells, six days post-infection. Note the mass of filamentous Ebola viral particles (virions)
(blue) budding from an infected cell (25 000 x magnification). (Image courtesy of the Rocky Mountain Laboratories/NIAID/NIH.)
(ii) One of the early symptoms of an Ebola virus disease is the appearance of a haemorrhagic rash over the body. (b) (i) SEM
image of Mycobacterium tuberculosis bacteria, the cause of tuberculosis. (Credit: NIAID) (ii) Progressive damage to lungs
from untreated tuberculosis results in lesions and loss of lung tissue.

NATURE OF BIOLOGY 2



(d) (ii)

(e) (i)

Peptic ulcer

Healthy

Duodenal ulcer

Stomach ulcer

FIGURE 6.14 (continued) (c) (i) SEM image of the yeast Candida albicans. These yeasts are a species of fungi that are
normal inhabitants of the skin and mucous membranes. However, if these yeasts grow excessively, they produce the
diseases termed candidiasis. This disease has various common names depending on the location of the overgrowth,
such as ‘thrush’ (in the mouth or throat) and ‘yeast infection’ or ‘vaginitis’ (in the vagina). (ii) Image of a young child
with thrush, a yeast infection of the mouth, which is most commonly caused by the fungus Candida albicans. (d) (i)
SEM image depicting a mass of rod-shaped Yersinia pestis bacteria, the cause of bubonic plague (black death) in the
foregut of the rat flea (Credit: NIAID). Bites by infected fleas (Xenopsylla cheopis), whose main host is the black rat, can
transmit plague bacteria to people. Refer back to figure 6.3 to see the swollen lymph glands or buboes that are one
symptom of bubonic plague. (ii) Image showing swollen lymph gland (buboes) in the groin of a person with bubonic
plague. (Credit: Centers for Disease Control and Prevention.) (e) (i) False-coloured SEM image of Helicobacter pylori
bacteria (green) and yeast cells (red) in the mucous lining of the stomach (blue). H. pylori bacteria are the most common
cause of stomach ulcers. (ii) Diagram showing the lesions caused by a Helicobacter pylori infection of the lining of the
stomach and the duodenum, resulting in peptic ulcers, which appear as lesions of the lining.
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KEY IDEAS

m Diseases may be caused by a variety of cellular pathogens, including
bacteria, and by non-cellular agents such as viruses and prions.

m Different pathogens show varied modes of transmission.

8 Give an example of a disease that is:
a caused by bacteria and spread by faecal-contaminated water or food
b caused by a virus and may be spread by the use of infected needles
¢ caused by a fungus and spread by mouth-to-mouth contact with an

infected person.

9 Give an example of a pathogen that is the cause of:
a a disease that produces a severe form of food poisoning
b the disease spread by infected droplets from air conditioners
c a disease that is transmitted by the bite of an infected mosquito.

10 What is the difference between a cellular and a non-cellular disease-

causing agent?

Meet some pathogens!

In the following sections, we will identify the features of some disease-causing
agents:

e bacteria

e viruses

e prions.

Bacteria and human diseases

Bacteria are prokaryotic microbes, and their genetic material is double-stranded

DNA. As identified earlier in this chapter, only a very small percentage of bac-

teria are human pathogens that are responsible for a number of diseases.

Figure 6.15 shows the locations in the human body — extracellular and/

or intracellular — where bacterial pathogens can live, reproduce and cause

disease if they can gain entry to the human body.

Note that:

Some bacterial pathogens can live and reproduce only on the external

surfaces of human cells or in body fluids, such as plasma, lymph or inter-

stitial fluid. These bacteria are ‘exclusive extracellular pathogens, as,
for example, Vibrio cholera, which causes the uncontrolled diarrhoea of
cholera.

e Other bacteria can live and reproduce either inside or outside the cells of
their host, as, for example, Neisseria meningitidis, the cause of bacterial
meningitis, and Salmonella typhi, the cause of typhus disease. These bac-
teria are ‘facultative intracellular pathogens!

« Some other bacterial pathogens can only survive and reproduce within host
cells. These bacteria are ‘exclusive intracellular pathogens. Examples include
Chlamydia trachomatis, the cause of a sexually transmitted infection that, if
left untreated, can develop into pelvic inflammatory disease and infertility.
Another example are bacteria of the genus Rickettsia that cause a group of
serious diseases known as spotted fevers, and Mycobacterium leprae, the
cause of leprosy.
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FIGURE 6.15 Diagram showing possible outcomes of an infection by various pathogens once they gain entry to the
body. Would you classify pathogen 2 as an exclusive intracellular pathogen? Note that an infection does not always
lead to a disease. In many cases, the body’s immune system eliminates the infection and prevents the development of
a disease.

Under favourable conditions, bacteria can, on average, reproduce every
20 to 30 minutes so that, over a period of 12 hours, enormous numbers of bac-
terial cells can potentially be produced. If pathogenic bacteria can cross the
body’s defences, such an infection has the potential to develop rapidly into a
disease.

Features of bacteria

Bacterial pathogens can be distinguished in several ways, including:
. shape
. response to Gram stain
. ability to produce toxins
. presence/absence of a capsule
. oxygen requirements
. nutritional needs.
These features are useful in identifying bacteria. In addition, some features
influence the virulence, that is, the ability of bacteria to produce their harmful
effects.

S W+

Bacteria come in various shapes

Figure 6.16 shows various shapes of bacterial species. Cocci are spherical
with diameters of 0.5 to 2.0 micrometres (um), while bacilli are rod-shaped
with typical lengths of 1 to 10 pum and diameters ranging from 0.25 to
1.0 um. Other shapes of bacterial species include spirilla (spiral shape), vibrios
(comma-shaped), and spirochaetes (corkscrew-shaped). On average, bacterial
cells are about one-tenth the size of eukaryotic cells. Bacterial cells can show
different arrangements and may exist, for example, as single cells, as groups of
two (pairs), as groups of four (tetrads) or larger, or as chains.
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SHAPES OF BACTERIA
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FIGURE 6.16 Diagram showing some common bacterial shapes. Note that some bacterial species have one or more
flagella. What disease is caused by Vibrio cholerae?

ODD FACT

Gram staining was developed
by Danish bacteriologist
Joachim Gram (1853-1938).
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Bacteria: responses to Gram stain

A special stain, known as Gram stain, is commonly used for the general
identification of bacteria. This stain separates bacteria into two main groups,
Gram-positive and Gram-negative, depending on the structure of their
cell wall. This staining technique involves the use of two dyes as outlined in
figure 6.17a. Some bacteria retain the first dye (crystal violet) and appear dark
blue — these bacteria are said to be Gram-positive. In contrast, other bac-
teria do not retain the crystal violet dye and instead are stained by a second
dye (safranin) so that they appear red or pink — these bacteria are said to be
Gram-negative (see figure 6.17b).

The contrasting responses of bacteria to Gram staining are due to differ-
ences in the structure of the external cell wall that lies outside the plasma
membrane of bacterial cells. The cell wall of Gram-positive bacteria con-
tains a thick layer of peptidoglycan (a complex of amino acids (peptid-)
and sugars (-glyc = sweet)), which retains the crystal violet dye used in the
Gram staining technique. The cell wall of Gram-negative bacteria has a very
thin layer of peptidoglycan that does not retain the violet dye (see step 3 in
figure 6.17a).



4. Bacteria are stained
with the dye safranin.

2. lodine stabilises
the crystal violet.

(a) 1. Bacteria are stained
with the dye crystal violet.

3. Alcohol may extract
the crystal violet from
the cell.

— e~ — e

The stain is removed

from Gram-negative cells, but
remains in the Gram-positive
cells.

o “{
, o

Gram- Gram- negatlve

posmve

All cells are stained purple.

Gram-negative cells are
stained pink; Gram-positive
cells still appear purple.

FIGURE 6.17 (a) Steps in the Gram staining
technique. (b) Light microscope (LM) image
showing the results of Gram staining of two
kinds of bacteria. The majority of the bacteria
are Gram-positive cocci stained purple, while
the other bacteria are Gram-negative and are
stained pink.

Gram-negative bacteria have an outer membrane made of lipopolysaccha-
ride (LPS) (see figure 6.18). This LPS outer membrane enables these bacteria to
expel or exclude certain drugs and antibiotics. As a result, Gram-negative bac-
teria are generally far more resistant to antibiotic treatment than are
Gram-positive bacteria. Gram-positive bacteria are normally susceptible to
antibiotics, such as penicillin and the sulfonamide drugs,
but these antibiotics are not effective against Gram-negative
bacteria. So, the result of Gram staining can give an indi-
cation of the type of antibiotic treatment that could usefully
be given to a person with a bacterial disease.

If a bacterial infection is suspected, Gram staining is
N carried out on either body fluids or cell samples. This pro-

/A /A cedure is a quicker method of identifying the presence of

bacteria than that of culturing them (growing bacteria on a
Plasma membrane Plasma membrane

GRAM-POSITIVE GRAM-NEGATIVE

Outer membrane
(lipopolysaccharide (LPS))

Peptidoglycan Peptidoglycan

medium such as nutrient agar). What is a possible advantage
of this faster method? Table 6.4 identifies examples of Gram-
positive and Gram-negative bacteria.

FIGURE 6.18 Cell wall structure of bacteria. At
the left is a simplified representation of the cell
wall of Gram-positive bacteria, which consists
of a thick layer of peptidoglycan lying outside
the plasma membrane. At the right is a simplified
representation of the more complex cell wall of

Some bacteria produce toxins

A major factor that increases the virulence of some bacteria
is their ability to produce specific toxins. Bacterial toxins are
substances produced by some bacteria that damage par-

Gram-negative bacteria. Note the much thinner
peptidoglycan layer and the presence of a
lipopolysaccharide (LPS) outer membrane.

ticular tissues of their host organism and cause disease.
Bacterial toxins are of two types:

 exotoxins

 endotoxins.
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TABLE 6.4 Examples of Gram-positive and Gram-negative bacteria. Check table
6.3 to see some of the human diseases caused by these bacteria.

Exotoxins that damage or Kkill
cells of any kind are called
cytotoxins, while exotoxins
that attack nerve cells are
termed neurotoxins, and
those that damage gut cells
are termed enterotoxins.

- Gram-negative bacteria

Gram-positive bacteria
Streptococcus pyogenes - Escherichia coli
Staphylococcus pneumonia Vibrio cholerae
Staphylococcus aureus Yersinia pestis
Clostridium botulinum Neisseria meningitidis
Clostridium tetani Helicobacter pylori
Bacillus anthracis Legionella pneumophila

Corynebacterium diphtheria - Treponema pallidum

What is an exotoxin? Exotoxins are highly toxic soluble proteins that are
produced by living bacterial pathogens as part of their metabolism and are
released into their surroundings (see figure 6.19). Because they are soluble
proteins, exotoxins do not remain at their site of production. Instead, exotoxins
can spread throughout the body and cause system-wide damage.

Several bacteria, mainly Gram-positive bacteria, produce exotoxins that can
damage or kill cells of all kinds, while other bacteria produce exotoxins that
can damage cells of particular kinds, such as nerve cells. Exotoxins act in dif-
ferent ways on host tissues; some exotoxins damage plasma membranes and
disrupt transport of compounds across these membranes, some inhibit protein

Cell wall

Exotoxins synthesis, and some block normal nerve function.
® ® Exotoxin-producing bacteria include the following:
o ® ® o Clostridium tetani releases a neurotoxin that blocks muscle relaxation,
@ ® resulting in tetanus, a disease that is characterised by painful muscle spasms
and lockjaw and that can result in respiratory failure.
FIGURE 6.19 Exotoxins are o Vibrio cholerae releases a toxin that damages the cells of the gut lining,

highly toxic soluble proteins
produced by living bacteria.
Exotoxins are far more
poisonous than chemicals
such as strychnine and
arsenic.

leading to the uncontrolled production of watery diarrhoea that is seen in
the disease cholera.
e Streptococcus pyogenes releases an exotoxin that kills cells and can lead to
major organ failure as seen in streptococcal toxic shock syndrome.
Here is Matthew’s story and his rehabilitation from a Streptococcus pyogenes
infection that developed into streptococcal toxic shock syndrome.

MATTHEW’S STORY
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The bacterium Streptococcus pyogenes is also known
as Group A Streptococcus or streptococcal A. Most
commonly, people associate a streptococcal A infec-
tion with the relatively minor illness of a sore throat
or ‘strep throat’ Streptococcal infections of the throat
and tonsils typically respond to a short course of anti-
biotic treatment. In fact, many people carry strep A in
their throats or on their skin and show no symptoms.

On very rare occasions, however, streptococcal A
may cross cell barriers and enter the bloodstream
after a person has suffered a minor injury. Once
there, the bacteria can rapidly divide by binary
fission, perhaps every 15 to 20 minutes, producing
a period of exponential growth in the numbers of
bacteria, which can develop into a life-threatening
situation.

NATURE OF BIOLOGY 2

In June 2012, Matthew Ames, 39 years old,
devoted husband of Diane and proud father of their
four young children, had a sore throat. What started
as a sore throat then became a more serious con-
dition as his muscles and joints became affected.
As a result, Matthew was admitted to hospital, but
within 12 hours, he had been placed in an induced
coma and was on life support. In spite of the treat-
ments administered, the streptococcal A infection
had become established in Matthew’s bloodstream
and increasing numbers of bacteria were producing
exotoxin that threatened widespread organ damage.
Forty-eight hours later, in an attempt to slow the pro-
gress of this infection, surgeons took the drastic step
of amputating Matthew’s left arm, which was the
initial site of the infection.



This measure failed to slow the streptococcal A
infection and the bacterial exotoxin produced a
condition known as toxic shock syndrome, which
affected organs throughout Matthew’s body. As
a result, his systems began to shut down and,
deprived of blood flow, his extremities began to
blacken as the cells of muscle, skin and underlying
tissue died. Matthew was in an extremely critical
condition and his family members were told that
his death was imminent. The only hope for poss-
ible survival lay in the amputation of Matthew’s
remaining limbs, a procedure that would remove

the necrotic tissue that was an increasing source
of further toxins. Matthew’s family decided to give
him this chance for life.

Happily, Matthew survived and he then began
a long journey of rehabilitation. His progress is
remarkable and his story is inspiring and one of
great courage (see figure 6.20).

You can read about Matthew’s progress as, with
the support of his family, he adjusts to life without his
limbs and gains capability through the use of prosthetic
devices. Matthew and Diane’s own account is in their
book, Will to Live, published by Penguin Books in 2014.

FIGURE 6.20 Matthew undergoing rehabilitation. (a) In the pool (b) Getting around. (Images courtesy of Kate Ames.)

Exotoxins damage cells, even in the absence of the bacteria that produce
them. On Monday 14 August 1922, a group of people were enjoying a picnic
near Loch Maree in Scotland. Among the refreshments were sandwiches con-
taining duck paste that had been prepared at the hotel where the picnickers
were staying. That evening, two of the picnickers became ill, and they died the
following morning. Other picnickers became ill and two died on Wednesday.
In all, within a week, eight people were dead, all having eaten the duck paste
sandwiches. What had caused these deaths?
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ODD FACT

Botulinum toxin can be
inactivated by heating at

85 °C or higher for 5 minutes.

This is the botox used for
cosmetic purposes.

FIGURE 6.21 Endotoxins
are the lipid portion of the
lipopolysaccharide (LPS) that
forms the outer membrane
of Gram-negative bacteria.
Endotoxins are released only
when these bacteria die and
their outer membranes are
broken down.
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The inquest determined that the deaths were a result of food poisoning
caused by the bacterium Clostridium botulinum. The duck paste was con-
taminated with spores of this anaerobic, exotoxin-producing bacterium.
Before being sealed into a jar, the duck paste was insufficiently heated, so
the spores remained viable. In the anaerobic conditions of the sealed jar,
the bacterial spores germinated and produced the deadly botulinum toxin,
which is colourless, odourless and tasteless. This exotoxin is the most lethal
toxin known, with a lethal dose by ingestion for a 70 kg adult being just
70 micrograms. (To put this amount into context, you might note that one
grain of table salt weighs about 0.5 milligram, that is, about 500 micrograms!)
Eating even very small quantities of the duck paste sandwiches proved to
be fatal. The exotoxin blocks signal transmission by nerve cells and causes
death by respiratory paralysis.

What is an endotoxin? Endotoxins are toxins derived from the lipid
portion of the lipopolysaccharide (LPS) of the outer membrane of Gram-
negative bacteria. These endotoxins are produced by some Gram-negative
pathogenic bacteria. Endotoxins are released only after these bacteria die and
their outer membrane breaks down (see figure 6.21).

Endotoxin

Outer membrane

N
-~
\
4

N
P

X

’

Living Gram-negative bacterium Dead bacterium

Release of endotoxins from large numbers of dead Gram-negative bacteria
produce similar symptoms. The symptoms include chills, fever, weakness,
blood clotting, tissue death and endotoxic septic shock. Examples of
endotoxin-producing bacteria include Salmonella typhi, the cause of typhoid
fever, and Neisseria meningitidis, the cause of meningitis.

Table 6.5 summarises some differences between bacterial exotoxins and
endotoxins.

TABLE 6.5 Summary of differences between bacterial exotoxins and endotoxins.

Exotoxins | Endotoxins

« soluble proteins . o lipopolysaccharide

o produced by some Gram-positive ' ¢ produced only by Gram-negative
and Gram-negative bacteria bacteria

« released by living bacterial cells - o part of outer membrane of bacterial cell

- wall and released when bacteria die

« many different types, each ~ « one type only, producing a diverse range
producing specific damage of effects

« typically destroyed by heat o heat stable




Some bacteria have a capsule

Many pathogenic bacteria, both Gram-positive and Gram-negative, have
a gelatinous layer of polysaccharide that lies outside their cell walls (see
figure 6.22). This outermost layer, known as a capsule, protects these bacteria
from one of the defence mechanism of the human body — being engulfed by
defence cells of the body known as macrophages (see pages 292 and 293, in
chapter 7). As a result, the presence of a capsule increases the virulence of
pathogenic bacteria; that is, it increases the likelihood of disease resulting
from an infection by these bacteria.

FIGURE 6.22 Bacterial cells, each surrounded by a gelatinous capsule that
appears in this photomicrograph as a greenish halo. Capsules enable these
bacteria to avoid some of the immune defence mechanisms of the human body,
such as being engulfed by phagocytes, special cells of the body’s immune
system (see pages 291-294, in chapter 7).

Bacteria differ in their oxygen requirements

Table 6.6 shows the variations in oxygen requirements of bacteria for energy
production (and life).

Many bacteria are obligate aerobes. This means they can produce energy by
aerobic respiration only, and so can only live and reproduce in the presence of
oxygen. Oxygen absent: no energy production, no life!

Other bacteria are obligate anaerobes. This means they can only produce
energy in the absence of oxygen, and oxygen is toxic for them. Oxygen in high
concentration: no growth, no life! These bacteria are commonly found in the
gut, in the reproductive tract and in deep wounds. However, some bacteria that
are obligate anaerobes survive in the presence of high oxygen concentrations
by forming dormant spores.

Other bacteria can generate energy through both aerobic respiration and
anaerobic respiration, and so can live and reproduce with or without oxygen.
These bacteria are said to be facultative anaerobes as they produce energy
by aerobic respiration when oxygen is present and by anaerobic respiration
(fermentation) when oxygen is absent.
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ODD FACT

In a healthy person, the lower
gut (colon) has very low
concentrations of oxygen,
and more than 90 per cent of
the microbes in the colon are
obligate anaerobes.
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FIGURE 6.23 Different
bacteria grow on different
kinds of media. The
photograph on the right
shows five dishes containing
different kinds of agar, with
different bacteria growing on
them. These kinds of media
are also called selective media
because if a mixed culture

of bacteria is plated onto the
surface of each, only some
species, or a selection of the
bacteria, will grow on each. A
species of bacteria will only
grow on the special medium
if the medium provides an
appropriate source of energy
and carbon.
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TABLE 6.6 Summary of oxygen requirements of various bacteria.

| Conditions for growth | Examples

obligate - require oxygen for producing - Mycobacterium tuberculosis
aerobes - energy by aerobic respiration . Pseudomonas aerugenosa
faculative ~ produce energy by either aerobic  Streptococcus pyogenes
anaerobes  or anaerobic respiration; that is, Escherichia coli

- with or without oxygen - Staphylococcus spp.
obligate produce energy only in the Clostridium botulinum
anaerobes  absence of oxygen; poisoned Clostridium tetani

- by oxygen - Clostridium perfringens

If conditions become unfavourable, some bacterial species have the ability
to form special structures called spores. The tough outer coats of a spore make
bacteria highly resistant to harsh conditions and enable them to remain inac-
tive for very long periods. When temperature, moisture and other conditions
become favourable again, spores revert to the normal active cellular form of
the bacteria. Spore-forming bacteria include members of the genus Bacillus
and the genus Clostridium.

Bacteria: nutritional needs

Different bacteria have different energy and carbon needs. The wide range of
ways in which they meet these needs has to be taken into account when dis-
ease-causing bacteria are being isolated and classified.

When specimens from infected patients are cultured in a microbiology lab-
oratory, several different kinds of culture media may be used (see figure 6.23).
The way in which the bacteria grow on different media helps to determine
exactly what bacterium is causing the problem. Some species will grow on a
sugar medium and produce gas; another might only produce acid; still another
might produce acid and gas. Such differences allow bacteria to be correctly
identified. This information is useful in determining the most appropriate
treatment for a patient.

How do bacteria cause disease?

Table 6.7 shows various factors that are involved in the production of some
human diseases by bacteria.



TABLE 6.7 Factors involved in disease-production by bacteria.
. Bacteria 5 :

Factor involved

Disease i responsible disease i Mode of action

botulism (one Clostridium exotoxins that are = paralysis

form of food botulinum neurotoxins

poisoning)

salmonellosis several species of = invasive bacteria invade

(most common Salmonella properties tissue lining

form of food intestine

poisoning)

cholera (severe Vibrio cholerae exotoxin alters intestinal

gastroenteritis) permeability

diphtheria (sore Corynebacterium exotoxin prevents protein

throat and fever) diphtheriae synthesis

scarlet fever (fever = Streptococcus exotoxin bacteria invade

and rash) pyogenes tissue and damage
blood vessels

tuberculosis Mjycobacterium invasive bacteria invade

(lesions in lung tuberculosis properties tissue

and other tissues)

KEY IDEAS

m Various bacterial species show differences in structural, biochemical and
physiological features.

m The structure of the bacterial cell wall determines whether bacteria are
Gram-positive or Gram-negative.

m Some bacteria produce an external capsule that makes them more
virulent.

m Various bacteria differ in their requirement for oxygen, ranging from
obligate aerobes to obligate anaerobes.

m Many bacteria cause disease because of the toxins that they produce.

11 Identify a key difference between the members of the following pairs:
a exotoxin and endotoxin
b obligate aerobic bacteria and obligate anaerobic bacteria
¢ Gram-negative bacteria and Gram-positive bacteria
d a spirochete and a coccus.
12 Identify bacteria that cause disease because of:
a an exotoxin that they produce
b their invasive properties.
13 Which group of bacteria is susceptible to antibiotics such as penicillin?

Viruses: non-cellular pathogens

Let’s meet the viruses — interesting entities because they span the boundary

between non-living and living.

¢ Non-living features: viruses are non-cellular in structure, have no metabolic
activity, and they cannot reproduce independently of a host cell.

o Features shared with living organisms: viruses have genetic material, either
DNA or RNA, that encodes specific proteins and, once within a host cell, this
genetic material is self-replicating.
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FIGURE 6.24 Diagram
showing the size of several
viruses in comparison to a
bacterial cell and a human red
blood cell. Measurements are
in nanometres (nm); note that
1000 nm = 1 micrometre (um)
= 0.001 mm.

The first recorded description
of rabies comes from ancient
Babylon in the year 2300 BCE,
more than 4000 years ago.

HIV is discussed further in chapter
8, pages 358-362.
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Viruses may be defined as non-cellular
agents consisting of genetic material, either
DNA or RNA, that can replicate only within
a host cell — they are obligate intracellular
parasites.

Outside a host cell, viruses exist in a form
called a virion or viral particle. A virion that
is the extracellular form of a virus is the
means by which a virus can transfer from
one host cell to another.

Viruses are very much smaller than bac-
teria (see figure 6.24). Their extremely small
size means that they can only be seen using
electron microscopy.

On average, a viral particle or virion is
about 1/100th of the size of a typical bac-
terial cell. Various viral particles have sizes
ranging from about 20 to 500 nanometres
(nm), that is, 0.02 to 0.5 micrometres (um).

Viruses and human

disease
Human diseases caused by viruses include
rabies, smallpox, influenza, polio and

measles. These diseases have caused count-

less deaths in human populations over

thousands of years. These diseases were
well known and, in many cases, greatly
feared, but their cause was a mystery —
until the twentieth century.

Viruses have preferred target cells in
which they can replicate; for example:

o Rhinoviruses enter the body via the naso-
pharynx and preferentially infect cells of the
upper respiratory tract where the conditions
of temperature and other factors are most
suitable for multiplication of this virus.

o Hepatitis B virus can enter the body via a skin puncture and travel in the blood
to its preferred target cells in the liver. Receptors on the surface of liver cells
facilitate the entry of these viruses into the liver cells where they multiply.

¢ Human immunodeficiency virus (HIV) can be transmitted by various means,
including the exchange of body fluids. The preferred target cells of this virus
are immune cells called T-helper cells (also known as CD4+ cells).

New viral diseases affecting people continue to appear. Since the
mid-twentieth century, new viral diseases affecting people have appeared.
These new viral diseases include acquired immunodeficiency syndrome or
AIDS (first known case in the African Congo in 1959), Ebola virus disease (first
recorded case in Sudan in 1976), Hendra virus disease (first recorded case in
Queensland in 1994), and severe acute respiratory syndrome or SARS (first
recorded case in Guangdong Province in southern China in 2002).

These new human diseases are due to people being infected by viruses whose
normal hosts are other animals, such as birds, bats, pigs, rodents and monkeys.
New opportunities for viruses to transfer from their natural animal hosts to people
have occurred because of the great increases in human populations in some parts
of the world and the consequent spread of human occupation into natural forests
and woodlands, creating new contacts between wild animals and people.



m Viruses: how do they cause disease?

Viral diseases are due to the disturbances caused when viruses infect their

UL e itel) (BN target cells in the human body. Virus-infected cells show morphological and

a virus and cancer was

identified in 1964 when EBV biochemical changes that lead to disease symptoms. For example, rotaviruses
g o i e that infect cells lining the human gut change the permeability of their plasma
cancers, including Burkitt membranes, resulting in severe diarrhoea that causes the deaths of thou-
lymphoma and Hodgkin sands of young children in developing countries annually. Some DNA viruses
lymphoma. can alter the DNA of their host cells in a way that leads to the development

of cancers. Viruses that can cause human cancers include Epstein-Barr Virus
(EBV), hepatitis B virus (HBV) and human papillomavirus (HPV).

Direct damage to host cells from viral infections also occurs because viruses
‘take over’ the host cells so that they cannot perform their normal functions.
Instead, the host cells are dedicated to the production of the genetic material
and proteins of the infecting viruses, rather than making the macromole-
cules that they need for their own use in energy generation and for repair. For
example, in an influenza virus-infected cell, only virus-specific RNA binds to
ribosomes and the host-cell mRNA stops binding. Virus-infected cells eventu-
ally die because the viruses stop cells from performing their normal functions.

Damage to host cells also occurs as a result of the body’s immune responses
to the viral infection; for example, the symptoms of the common cold from a
rhinovirus infection are the result of the inflammatory responses of the body’s
immune system to the virus.

Viruses replicate within their host cells. Multiple copies of the virus are
released from an infected cell either following cell lysis (for naked viruses) or
by gradual release by budding (for enveloped viruses). In lysis, the infected cell
‘explodes, releasing large numbers of viral particles that can infect other target
cells, compounding the damage from the viral infection. A clue to the scale of
viral replication and release comes from the observation that one gram of faeces
of a child infected with rotavirus may contain trillions of rotavirus particles.

FIGURE 6.25 Viruses on a
T cell. (Credit: NIAID)

Discovery of viruses

The first clue to the existence of viruses came in 1892 when Dmitry Ivanovsky, a
Russian scientist (1864-1920), examined a particular disease of tobacco plants.
Ivanovsky made an extract of sap from the diseased plants and passed the extract
through a special type of filter that completely removed all the bacterial cells.
He was surprised to find that the filtered extract could still infect healthy plants. This
meant that the infectious agent was something smaller than the extremely small
pores of the special filter. The question remained: what was this infectious agent?
Ivanovsky thought that it might be a toxin but carried out no further investigations.
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| ODD FACT

Some viruses can infect
bacteria. Viruses that

infect and reproduce in
bacterial cells are known as
bacteriophages (= bacteria
eaters).

FIGURE 6.26 Enveloped
viruses capture a segment
of the plasma membrane of
their host cell as each new
virus particle buds out. Note
that the virus embeds some
of its own proteins into this
envelope.

Plasma membrane
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In 1898, Martinus Beijerinck, a Dutch microbiologist (1851-1931), found
that the infectious agent could multiply in plant cells (and so was not a toxin).

Further research showed that this ‘invisible’ infectious agent was a particle
that could only reproduce in the living cells of specific host organisms. Further,
these particles, termed viruses, were recognised as causing diseases, not only
in plants, but also in animals and people. Only after the invention of the elec-
tron microscope in the 1930s were the first viruses able to be seen.

In the following section, we will explore how viruses differ in various ways,
including the nature of their genetic material and whether or not they have an
external envelope.

Viruses: enveloped or not?

All viral particles have a simple non-cellular structure that includes:

(1) genetic material, either DNA or RNA, organised as a single molecule or as
several molecules

(2) aprotein shell, known as a capsid, that surrounds the genetic material.

The combination of genetic material plus its surrounding protein coat or
capsid = nucleocapsid.

For some viruses, the nucelocapsid comprises their total structure; these
viruses are said to be naked or non-enveloped. Examples of naked viruses
include those that cause polio, hepatitis A, and human papillomavirus (HPV).

Other viruses have an additional outer envelope that surrounds the nuce-
locapsid. Typically, this envelope is a segment of the plasma membrane that
is ‘captured’ when the virus buds from the infected host cell (see figure 6.26).
The budding process does not destroy the plasma membrane so that the host
cell is not killed. As a result, some virus-infected cells may continue to shed
viruses for some time so that the viral infection can persist until the cell even-
tually dies. Examples of these enveloped viruses include those that cause
chickenpox, influenza, rubella, rabies, AIDS and mumps.

Enveloped virion

@ Budding of
enveloped virus

0?9
o>

of host cell

Cross section of host
cytoplasmic membrane

Virus



Figure 6.27 shows examples of these two kinds of viruses. The outer envelope
has viral components (spikes) studded over its outer surface. These spikes are
glycoproteins (proteins that are combined with sugars) and they are specific
to each kind of virus. For example, the influenza A virus has two glycoproteins
on its envelope, hemagglutinin (HA) and neuraminidase (NA ). (We will meet
HA and NA again in chapter 16.) The human immunodeficiency virus (HIV)
has two glycoproteins, GP120 and GP160, on its outer envelope.

(a) (b)

Glycoprotein spikes Envelope

Capsid Nucleic acid Capsid Nucleic acid

FIGURE 6.27 (a) Diagram of an enveloped virus. The ‘spikes’ are viral
glycoproteins and are specific to different viruses embedded in its outer
envelope.(b) Diagram showing a naked virus that is composed of nucleic acid
and a capsid made of protein.

Viruses with an outer envelope are more sensitive to heat, drying, acid, and
detergent treatment than naked viruses. As a result, enveloped viruses can be
destroyed more easily by sterilisation. Because enveloped viruses do not last
long outside their host cells, they are typically transmitted directly from host
to host in body fluids or in airborne particles. In contrast, naked viruses can
be transmitted from contaminated surfaces as well as by direct host-to-host
transmission.

Viruses: genetic material

The genetic material of all eukaryotic organisms (plants, animals and fungi)
and all prokaryotic organisms (bacteria and archaea) is double-stranded DNA
(dsDNA).

In contrast, the genetic material of viruses is much more diverse. The
genomes of different viruses are composed of either DNA or RNA, and this
DNA and RNA may be either double-stranded (ds) or single-stranded (ss).
For some viruses, their genetic material is present as a single nucleic acid
molecule. In other viruses, the genetic material consists of several segments
of nucleic acid. For example, the genome of the influenza A virus consists of
eight segments of ssRNA, the HIV genome consists of two segments of ssSRNA,
the polio virus genome is a single segment of ssRNA, and the genome of the
smallpox virus is a single segment of dsDNA.

The genomes of viruses are relatively tiny and contain only the genetic
instructions to make viral genetic material and its small number of viral pro-
teins. The ssRNA of the Ebola virus (EBOV) is about 19 000 nucleotides long
and encodes information for just seven proteins. (Contrast this with the much
larger genomes of bacteria, such as the four million or so base pairs in the DNA
of Escherichia coli, a common resident of the human gut, with a genome that
codes for several thousand proteins.) What is the size of the human genome?
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The rate of mutation of RNA viruses is much higher than that of DNA
viruses. As a result, RNA viruses, such as the influenza A virus, are constantly
changing and can produce new strains. For this reason, vaccines against
influenza that are effective in one year can be ineffective if a new strain of
influenza emerges.

Table 6.8 shows the nature of the genetic material of several viruses res-
ponsible for human diseases and also identifies whether or not they have an
envelope.

TABLE 6.8 Some viruses responsible for human diseases. The structure of these
viruses, either enveloped or naked, and the nature of the genetic material that
comprises the viral genomes are identified. (The identifier ‘positive’ indicates that
this RNA can act directly as the mRNA template for the translation of viral proteins.
The identifier ‘negative’ indicates that this RNA must first be copied into its
complementary RNA strand, which then acts as mRNA.)

Virus . Disease . Structure = Genetic material
herpes viruses chickenpox (varicella) enveloped dsDNA
smallpox virus smallpox enveloped dsDNA
parvovirus B19 erythema infectiosum naked ssDNA
rotavirus gastroenteritis naked dsRNA
Ebola virus Ebolavirus disease enveloped ssRNA (negative)
influenza viruses influenza enveloped ssRNA (negative)
measles virus measles enveloped ssRNA (negative)
rabies virus rabies enveloped ssRNA (negative)

SARS coronavirus severe acute respiratory : enveloped ssRNA (positive)

syndrome
poliovirus poliomyelitis naked ssRNA (positive)
rubella virus German measles enveloped ssRNA (positive)
rhinovirus common cold naked ssRNA (positive)
hepatitis A virus viral hepatitis type A naked ssRNA (positive)
HIV AIDS enveloped ssRNA-retro

ss = single-stranded; ds = double-stranded; HIV = human immunodeficiency virus;
AIDS = acquired immune deficiency syndrome; retro = retrovirus

The very small genomes of viruses reflect the fact that viruses have no genes
for energy production or any metabolic processes. Viruses are totally depen-
dent on their host cells for their replication and the energy needed for this
process. Outside its host cell, a viral particle is metabolically inert. The box at
the end of this section gives further details of the mode of replication of viruses.

Virus release by lysis or budding

A host cell infected by a virus becomes a factory for the production of multiple
copies of the virus. The mode of release of viral particles from an infected cell
may be by budding or by cell lysis.

o Enveloped viruses are released from an infected cell by a process of budding,
in which virions are released until the infected cell finally dies. Figure 6.28
shows viral particles that have budded from a virus-infected eukaryotic cell.

o Naked virus particles are commonly released from the host cell in a process
called lysis. In this process, the infected host cell ‘explodes’ as its plasma
membrane disintegrates and viral particles are released into the extracel-
lular fluid from where they can infect other cells.



FIGURE 6.28 Electron
micrograph showing viral
particles that have budded
from the plasma membrane of
a virus-infected cell. As each
particle buds out, it captures
part of the plasma membrane
of the host cell that forms the
viral envelope. Refer also to
figure 6.26.

A clue to the scale of viral replication and release comes from the observ-
ation that one gram of faeces of a child infected with rotavirus may contain
trillions of rotavirus particles that have been shed from infected gut cells.

KEY IDEAS

m Viruses are responsible for many diseases in humans, animals and plants.

m Viruses are non-cellular agents consisting of genetic material, enclosed
within a protein capsid.

m Viruses can only reproduce within the living target cells of their particular hosts.

m The genetic material of viruses is either DNA or RNA, and the nucleic acid
is either single-stranded or double-stranded.

m Some viruses have an outer envelope while other viruses are naked.

m Viral glycoproteins on the outer envelope of different viruses are specific to
each kind of virus.

m The mode of release of viral particles from an infected host cell may be by
budding or by cell lysis.

14 List three human diseases that are caused by viruses.
15 Identify the following statements as true or false:
a Viruses are smaller than eukaryotic cells but are about the same size as
bacterial cells.
b Viruses are totally dependent on their host cells for reproduction.
¢ Viruses are obligate extracellular parasites.
d Multiple copies of naked viruses are released by lysis of the infected
host cell.
e Viral genomes are composed of double-stranded DNA.
16 Consider enveloped viruses P, Q and R that cause three different human
diseases.
Identify the following statement as either true or false:
a Viruses P, Q and R would be expected to have distinctively different spikes.
b The information encoded in the genetic material of virus P and R would
be identical.
¢ The genetic material of virus Q would be expected to encode tens of
different proteins.
d Copies of virus R would be expected to be released by budding from its
host cells.
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VIRUSES AND THEIR REPLICATION

The genetic material of different viruses may be:

e DNA, either double-stranded DNA (dsDNA) or
single-stranded DNA (ssDNA).

e RNA, either single-stranded RNA (ssRNA) or
double-stranded RNA (dsRNA).

The single-stranded RNA may be either a positive
(+) or a negative (—) sense strand.

A positive (+) sense ssRNA molecule can act
directly as a messenger RNA (mRNA) template
from which viral proteins can be translated. A
negative (—) sense ssRNA molecule must first
be transcribed into its complementary (positive
sense) strand before it can be used as the mRNA
template.

Events involved in the replication of an RNA-
positive virus include the following steps:

1. Attachment of the viral particle to specific recep-
tors on the plasma membrane of the host cell.

2. Entry of the viral particle into the host cell, usually
by endocytosis. Once inside the cell, the viral RNA
is released.

3. Translation of the viral RNA to produce viral pro-
teins. This process occurs in the cytoplasm of the
host cell and uses the ribosomes of the host. The
translated proteins include the structural proteins

Translation of viral proteins

Synthesis of complementary
RNA strand & transcription of
multiple copies of viral RNA

Copies of viral RNA

FIGURE 6.29 Diagram showing a simplified
representation of the replication of a virus.

of the viral capsid. (In the case of an enveloped

virus, the proteins that form the ‘spikes’ of the

viral envelope are also translated.)

4. One of the key viral proteins transcribed is
RNA polymerase, an enzyme needed for
transcription of the viral RNA.

5. Assembly of the new viral particles comprising the
viral RNA enclosed within the protein capsid —
this assembly occurs on the endoplasmic retic-
ulum of the host cell.

6. Release of mature virions by budding. (In the case
of an enveloped virus, as the virus buds from the
host cell, it captures part of the plasma membrane
of the host cell that forms the envelope.)

Figure 6.29 shows a highly simplified version of
the replication of a naked ssRNA (positive) virus in
its host cell.

The time required for the reproductive cycle of
viruses varies from several hours to more than three
days (72 hours). In terms of the number of viral
particles produced, one of the highest is for the polio-
virus, which can produce more than 100000 viral
particles per host cell (Ref: Baron, S., ed., Medical
Microbiology, 4th ed. (Galveston TX: University of
Texas Medical Branch at Galveston, 1996).

i
|

ANNANANNNNNNNNY

Translation l
LctC0g

. ’ Protein
ranscription cleavage

MIwwV\I\I\I\.‘—(LL

Assembly
of virions

v

2
— | @

o

252

NATURE OF BIOLOGY 2



Prions: a new kind of pathogen

m In April 1982, a research paper by Stanley Prusiner (1942-) appeared in a scien-
: tific journal (Science vol 216, pp. 136-144, 9 April 1982). The title of this paper
Scrapie has been known was Novel proteinaceous infectious particles cause scrapie. Scrapie is a degen-

since the eighteenth century.
Spanish shepherds noted that
diseased sheep displayed

a strange behaviour — they
persistently scraped against
fences, often removing the

erative disease affecting the nervous system of sheep, which is found in sheep
flocks worldwide, except in Australia and New Zealand. The disease develops
slowly in sheep but, after the first symptoms of scrapie appear, they progres-
sively worsen and inevitably cause the death of the sheep.

In his 1982 paper, Prusiner proposed that the agent that caused scrapie

wool from their skin. This was a small infectious protein. He introduced the term ‘prion’ to label this
behaviour led to the disease pathogen, creating this label from two words: ‘proteinaceous’ and ‘infection’.
being called scrapie! Prusiner’s proposal caused quite a stir in the scientific community because

e prions created a completely new concept of pathogens — they were simply
misfolded versions of a normal cellular protein — nothing like bacteria or
viruses. What was most controversial was Prusiner’s view that prions could
self-propagate.

(stu Won | Not surprisingly, many people were skeptical that misfolded proteins could

\ { cause an infectious disease. Why? Infectious diseases involve the multi-

canY plication of invading pathogens. All other pathogens rely on the information

E encoded in their genetic material for replication. Yet prions have no genetic

material. Without any genetic material, how could proteins multiply and cause

g:;;g:;z a disease? This seemed to defy the rules of biology. Prusiner’s critics said that

agents: prions the causative agent of scrapie must be a ‘slow virus. However, experiments

showed that the infectivity of the causative agent of scrapie:

(i) was reduced by procedures that destroyed protein
(ii) was not reduced by procedures that affected nucleic acids.

These results supported the view that the causative agent of scrapie was
made of protein.

Since then, more evidence in support of the existence of prions has been
identified. Prions are now defined as infectious particles made of protein
and lacking nucleic acids. More diseases have been identified as caused by
prions (see below). In 1997, Stanley Prusiner’s pioneering research on prions
was acknowledged at the highest level when he was awarded the Nobel Prize
in Physiology or Medicine for his discovery of ‘prions — a new biological prin-
ciple of infection’

Comparing normal and harmful prion protein

Prion proteins are most abundant in nerve cells. The prion protein can exist in
two forms:

« anormal harmless cellular form of the protein that is denoted PrP¢

« a harmful infectious prion form of the protein that is denoted PrP5¢.

(Note: Pr = prion; P = protein; C = cellular; Sc = scrapie.)

Note that the amino acid sequence, that is, the primary structure of the
two forms, is identical. The difference between the harmless and the dis-
ease-causing form is the secondary structure of the protein involved.

The prion protein is in fact a Figure 6.30 sh.ows the §econdary structures of the normal protein anq thp

glycoprotein, that is, a protein mlgfolded protein of a prion. Note that the structure of the‘ n(')rmal. protein is

molecule joined to a sugar. mainly an alpha helix while that of the harmful prion protein is mainly a beta
sheet.

Table 6.9 shows various properties of the normal PrP€ protein and the infec-
tious PrPS¢ prion.
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FIGURE 6.30 Secondary
structure of the normal

PrPC protein and that of the
infectious PrPS¢ prion protein.
The folding is altered when
the normal protein is changed
into the harmful prion. This
refolding results in part of
the alpha helix of the normal
protein being converted to

a beta-sheet structure.
(Image courtesy of Dr

Fred Cohen, University of
California, San Francisco.)

NATURE OF BIOLOGY 2

(a) (b)

Infectious prion

Amino acids =
in alpha helix '

Amino acids
in beta sheet

Amino acids
in sheet form

TABLE 6.9 Comparison of normal cellular protein and its infectious prion form.
Prions are extremely small; individual prions cannot be seen even with an electron
microscope, but aggregates of prions can.

Properties

prion form normal, harmless pathogenic
infectivity no -~ yes

amino acids same sequence but different

shape

secondary structure mainly alpha helix: 40%

cellular location on plasma membrane of

nerve cells

organisation exist as monomers
solubility soluble

heat treatment sensitive

UV treatment sensitive

- same sequence but
- different shape

: mainly beta sheets: 45%

- in vesicles in cytoplasm of

nerve cells

- aggregate into multimers
- (prion rods)

. insoluble (as rods)

- resistant

resistant

Prions are extremely small, smaller than viruses, and even through an elec-
tron microscope only aggregations (clusters), not individual prions, can be seen.

How do prions ‘reproduce’?

The normal form of the prion protein is found mainly in nerve cells. The normal
PrPC protein can be transformed to the harmful disease-causing PrP5¢ prion
by contact with the harmful prion. This contact causes the PrP® protein to
unfold and then re-fold abnormally so that its secondary structure is converted
to that of the harmful PrPS¢ prion.

As each new harmful prion is formed, it too can convert other normal
protein into harmful prions, and so on. This sets up a chain reaction that
rapidly multiplies the numbers of harmful prions. This process is not a true
biological reproduction, but this multiplication process gives the same end
result. Figure 6.31 shows a representation of the chain reaction that multiplies
the numbers of harmful prions.



Interaction

** between PrP¢

d Prpse
Spontaneous uicen
generation of PrPS°
—>
Conversion of
PrPC to PrpSe

Conversion of PrPC to PrpSe

Accumulation of PrPSe

FIGURE 6.31 Harmful PrPS¢ prions do not remain as monomers (single molecules) but aggregate into rods that form plaques
in nerve cells. The accumulation of PrPS° prions in the brain causes progressive nerve cell death that is most visible as ‘holes’
or lesions in the brain, giving a spongiform (sponge-like) appearance to the brain tissue (see figure 6.32).

FIGURE 6.32 Light
microscope image of a section
through the brain of a sheep
diagnosed with scrapie. The
hole in the brain (appearing
here shaped like an arrow)
results from the deaths of
nerve cells. Such holes create
a spongiform or sponge-like
appearance that is typical

of degenerative diseases

of the brain, known as
encephalopathies.
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bovine = relating to cattle;
spongiform = sponge-like;
encephalopathy = encephalo- =
brain; pathos = disease.

\

1

FIGURE 6.33 A scientist examines a sample containing brain
tissue from a cow during prion-testing for BSE.

NATURE OF BIOLOGY 2

Other prion diseases

We have just met scrapie, a prion disease of sheep. In the following section we
will explore other prion diseases: ‘mad cow disease’ and some human prion
diseases.

‘Mad cow disease’

In April 1985, a British farmer reported that one of his cows was behaving
unusually — she was nervous, was aggressive, and her movements were
very uncoordinated. This cow was the first known to show the symptoms of
‘mad cow disease, a disease more scientifically called bovine spongiform
encephalopathy (BSE). BSE is a prion disease. Just as occurs in scrapie,
harmful prions aggregate in the nerve cells of cattle, damaging brain tissue
and producing the spongiform appearance seen when the brain is examined
microscopically.

This disease, seen in a single cow in 1985,
soon began to be seen in cattle on farms across
England and Wales. By 1988, more than 2000
cases had been confirmed. The peak occurred
during 1992 with an annual total of 36682
confirmed cases. In 1988, the Southwood
committee set up by the British government
concluded, based on available information,
that ‘the risk of transmission to humans
appears remote. However, this committee rec-
ommended that action be taken to prevent any
part of an animal suspected of having the BSE
disease from entering the food chain.

How had this disease spread to cattle on
farms in isolated locations? It is highly prob-
able that the source of the infection was a
protein-rich supplement, known as meat
and bone meal (MBM) that was fed to cattle.
MBM was made from the cooked and ground
offal (fat, blood and bones, feathers, organs)
of sheep, cattle, pigs and poultry not fit for
human consumption, plus the carcasses of
dead animals. The procedure for processing
MBM was changed in the late 1970s. This
change involved the removal of a steam-heat
treatment step. It is possible that this change
meant that any infectious prions present in
the MBM were not inactivated and so could
infect cattle that ate the protein supplement.

Prions are resistant to destruction. In a
furnace, prions are destroyed by incinera-
tion at a temperature of about 480 °C for four
hours. In an autoclave, prions are destroyed
in about 90 minutes at a temperature of about
130°C and at a pressure 145kPA. One effec-
tive process to deactivate harmful prions
on surgical instruments is a combination of
chemical treatment (soaking in 1M sodium
hydroxide) and steam autoclaving (30 minutes
at 121 °C). Figure 6.33 shows a scientist testing
for prions.



The outbreaks of BSE in Britain and in some European countries led to the
introduction of bans against the import of beef or beef products from these
countries. The practice of feeding MBM is banned in all Australian states and
territories.

ODD FA : :
| 0DD FACT Human prion diseases

In 1994, the European Union
banned the use of meat and
bone meal (MBM) in feeds for
cattle and other ruminants. In
2000, this ban was extended

Table 6.10 summarises some human prion diseases and the avenues through
which harmful prions may be transmitted or acquired.

TABLE 6.10 Some human prion diseases.

to all animal feeds. In 2013, First
this ban was eased so as to described
allow MBM from processed Human prion disease How prion is transmitted case

poultry and pigs to be fed to

. classic Creutzfeldt-Jakob disease 1920
farmed fish.

sporadic CJD (sCJD) somatic mutation or spontaneous
conversion of PrPC€ into PrPS¢ (?)

familial CJD (fCJD) inherited mutations of PNPR
gene on human chromosome 20

Iatrogenic CJD (iCJD) acquired in medical procedures
from prion-infected materials

variant Creutzfeldt-Jakob disease acquired by ingestion of BSE
variant CJD (vCJD) contaminated beef 1996

kuru ritual cannibalism at funeral early 1900s”

#Date based on oral history of the Fore people.

All of these prion diseases show the following features, but each is distinct:
« alongincubation period, sometimes measured in years
¢ aprogressive deterioration of brain function with an inevitable fatal outcome
o distinctive changes to the brain including loss of neurons and development
of lesions (‘holes’) in specific regions of the brain that produce a spongiform
appearance that is visible on microscopic examination.
No treatment is available for people with prion diseases.

Classic CJD: a human prion disease

The story of one human prion disease began in Breslau, Germany, in June 1913,
when a 23-year-old woman, Bertha Elschker, was examined by a junior doctor,
Hans Creutzfeldt (1885-1964). Bertha walked unsteadily, her arms jerked
uncontrollably, her eyes twitched, and she had a dazed expression — all signs
of brain damage. Bertha was admitted to hospital but both her mental and
physical condition continued to deteriorate and she experienced many epi-
leptic seizures that continued until her death in August.

Creutzfeldt carried out an autopsy and found that Bertha’s brain showed
extensive damage and loss of nerve cells. He recognised her condition as a
new disease, but, because of the outbreak of World War I, his findings were
not published until 1920. Alfons Jakob (1884-1931), a doctor in Hamburg, read
Creutzfeldt’s paper and recognised that he had patients with similar symptoms
and brain damage. Jakob published a description of one of his patients in 1921.

This degenerative disease of the brain is now called Creutzfeldt-Jakob disease
(CID) and the young woman, Bertha Elschker, was the first case of classic CJD to
be described. This disease is characterised by the loss of nerve cells and the pres-
ence of ‘holes’ in the brain, creating a spongiform (sponge-like) appearance that
is seen particularly in the cerebral cortex. Figure 6.34 shows the characteristic
holes in a thin section of brain taken from a CJD patient at autopsy.
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FIGURE 6.34 Light
microscope image of a section
of brain from a person who
died of classic CJD. Note the
‘holes’ or lesions — visible

as clear areas — that give

a sponge-like (spongiform)
appearance to the brain, a
distinctive feature of this CJD.

In Australia from 1993 to
2013, a total of 493 cases of
sporadic CJD were reported.
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Three types of classic CJD are identified that differ in their mode of
transmission:

« sporadic, with no apparent cause (about 85%)

o familial, due to inheritance of a mutant allele of the PRPN gene on chromo-
some 20 that encodes the prion protein (about 15%)

« iatrogenic, acquired through medical procedures (about 1%).

« Iatrogenic CJD was acquired in various ways, including the following:

e From 1958 to 1980, human growth hormone (HGH) for use in medicine
was extracted from the pituitary glands of cadavers. This HGH was used,
for example, to treat short children who were deficient in the production of
this hormone. Years later, some of these children developed CJD because of
prion infection of the hormone extract. (From 1980, a genetically engineered
HGH became available and removed this risk.)

o Similarly, some cases of CJD have been reported in women who were treated
for infertility with the hormone gonadotrophin, extracted from the pituitary
glands of cadavers.

o Prion-infected grafts of brain membrane (dura mater) and corneas.

o Use of prion-contaminated neurosurgical instruments and probes.

o Transfusion of prion-infected blood or blood products.

A new prion disease emerges

In mid-1994 in Britain, nearly ten years after ‘mad cow disease’ was first
identified in cattle, 18-year-old Stephen Churchill was studying for his
A levels in England with the ambition of joining the Royal Air Force. His
studies began to deteriorate, he became depressed and forgetful, and his
walking became unsteady. In February 1995, Stephen was diagnosed with a
strange neurological disease that was progressive and degenerative. Stephen
became unable to communicate and required 24 hour-a-day care, and died
on 21 May 1995.

Stephen’s death was followed by reports of other cases of this new disease,
predominantly in Britain. This new disease was termed variant CJD (vC]JD),



because it is different from classic CJD. Stephen was the first person to die
from vCJD. In Britain in the period from 1995 to 2014, 177 cases of variant CJD
were reported, all of which ended in death. In the same period in France, 27
cases of vCJD were reported and, for the rest of the world, 25 cases. No cases
were reported in Australia.

What was the cause of this new neurological disease? The following box
describes the evidence that established a causal link between the new prion
disease, vCJD, and the consumption of meat from BSE-infected cattle.

VARIANT CJD: A NEW HUMAN PRION DISEASE

In May 1990, in an attempt to allay public concerns
about the increasing numbers of cattle with ‘mad
cow disease, the British Minister for Agriculture
invited reporters and camera crews to photograph
him trying to feed a beef burger to his four-year-old
daughter. The Minister took a bite from the beef
burger stating that it was ‘absolutely delicious! In
a formal statement in May 1990, the Chief Medical
Officer reassured the British public that ‘beef can
be eaten safely by everyone, both adults and chil-
dren, including patients in hospital! Sadly, this
was to prove far from the case, and the deaths of
177 people in Britain from variant CJD (vCJD) were
the tragic outcome of eating beef infected with ‘mad
cow disease’ or bovine spongiform encephalopathy
(BSE)

Clues to the possible cause of vCJD came from the
patterns of occurrence of cases of BSE and those of
vC]D (see figure 6.35). Likewise, the occurrence of
cases of vCJD in Britain and its absence in countries
where BSE was absent also suggested a possible link
between BSE and vCJD. However, these patterns do
not prove a causal link between ‘mad cow disease’
and vC]D. More substantive evidence is required.
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It was the result of careful experiments that demon-
strated a causal link between the occurrence of vCJD in
people and their consumption of beef from cattle with
bovine spongiform encephalopathy (BSE) or ‘mad cow
disease’ These experiments are outlined below.

Experiment 1: Laboratory mice were injected with
samples of infectious brain samples from BSE-
infected cows, from patients with vCJD, and from
patients with classic CJD.

After this, observations were made of the following:

(i) incubation time
(ii) the particular area of the brain that showed
damage
(iii) the type of brain damage observed.

The results show that the vCJD that developed
in mice is identical to BSE in terms of the range of
symptoms, the course of the disease and the micro-
scopic appearance of the brain. Further, these results
also confirmed that vCJD was a different disease
from classic CJD.

Experiment 2: Prion proteins were visualised using
a technique known as Western blotting. The prions
were those from samples of iatrogenic CJD, sporadic

vCJD-cases in UK ~- 30
- 25
- 20
~15
~10

-5

1988 1989 1990 1991 1992 1993 1994 1995 1996 1997 1998 1999 2000 2001 2002 2003 2004 2005

FIGURE 6.35 Year of onset of BSE (bovine spongiform encephalopathy) in cattle, and the number of cases and
year of onset of vCJD (variant Creutzfeldt-Jakob disease) and the number of cases in Britain. The timing of these

cases suggested that vCJD was the human form of BSE.

(continued)
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CJD, variant CJD, scrapie and BSE (see figure 6.36).
Note that the pattern seen for human vC]D is iden-
tical to that for BSE. This experiment demonstrated
that the prion protein in vCJD was identical to that
in BSE. These results support the conclusion that
vCJD is a form of human BSE.

These findings mean that, somehow, the BSE
prion from infected cattle had been transmitted to
people. It appears most likely that vCJD was a result
of the consumption of beef products contaminated
by prion-infected brain tissue of cattle. This was the
first demonstrated example of the transmission of
infectious prions from a non-human species (cattle)
to people.

Variant CJD differs from classic CJD in the clinical
signs and in other measures such as the median dur-
ation of the illness and the median age at death. For
vC]D patients, the median duration of illness is 13 to
14 months and the median age at death is 28 years.
For classic CJD patients, the median duration of the
illness is 4 to 5 months and the median age at death
is 68 years.
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FIGURE 6.36 Patterns of prion proteins from brains of
mice infected by samples from people with iCJD (lane
2), with sporadic CJD (lane 3), with variant CJD (lane
4), from BSE-infected cattle (lane 5), and from scrapie-
infected sheep (lane 6). The control sample in lane 1
comes from the brain of a healthy uninfected mouse.
(Credit: National Academy of Sciences, USA.)

KEY IDEAS

m Prions are infectious particles made of protein and lacking nucleic acids
that are found mainly in nerve cells.

m The normal PrPC protein can be transformed to the harmful disease-
causing PrPS¢ prion by contact with the harmful prion.

m Prion diseases of farm animals include scrapie in sheep and bovine
spongiform encephalopathy (BSE) in cattle.

m Creutzfeldt-Jakob disease is one example of a human prion disease.

m Variant CJD (vCJD) in people was caused by consumption of BSE-infected

beef.

17 Brain tissue with a prion infection shows a spongiform appearance. What
is meant by the term ‘spongiform’?
18 Identify the following as true or false:
a Prions reproduce in a similar manner to viruses.
b A chemical test of prions would show that they are composed of protein.
¢ A normal prion and a harmful prion differ in their tertiary structure.
d All cases of classic CJD have the same cause.
e Variant CJD (vCJD) resulted from the consumption of BSE-infected beef.

Self or non-self?

You have now met various pathogens. For them, the human body is a warm
and nutrient-rich environment in which the cellular pathogens can thrive and
reproduce. The human body also provides an ideal environment for viruses,
with access to cell organelles for viruses to make multiple copies of more
viruses. Because of this, the human body is a constant target of infectious

agents and we are constantly at risk from a variety of infectious agents.
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So, infections are common events — people around you sneeze and you may
breathe in airborne pathogens, food you eat and water you drink may carry
pathogens into your gut (see figure 6.37), objects you handle may be contam-
inated and introduce pathogens onto your skin that you might then transfer
into your mouth or nose, and a cut on your finger may allow pathogenic bac-
teria or their spores to reach sub-cutaneous tissue.

FIGURE 6.37 Photo of an
agar plate that shows growth
of Salmonella bacteria, which
cause severe food poisoning.
These bacteria were isolated
from contaminated food
samples and cultured on

an agar plate for 24 hours.
Foods most likely to carry
Salmonella bacteria include
raw or undercooked eggs
and meat, and faecal-
contaminated water or

food items washed in such
water. Salmonella outbreaks
occurred in Melbourne in
August 2015 (with 130 cases)
and in February 2016 (with

200 cases).
While infections are common, the transition from infection to disease is
study(T) far less common. In reality, most people are usually healthy and free of disease

most of the time. This indicates that, in general, the human body has defence
; ‘ mechanisms that are highly effective against infectious agents. These defence
infection: humans . . .

Summary mechanisms are functions of the remarkable immune system of the human body.

m screen and Defence against infection depends on the ability of the body’s immune

Defence against

practice questions system to:
1. identify cells or molecules that are foreign or ‘non-self’ and react to and
eliminate them.
These non-self cells and molecules include bacteria, bacterial toxins,
viruses, and even one’s own altered body cells, such as cancer cells. Non-self
markers on cells and foreign molecules are examples of foreign antigens,
which are like labels signalling to the body’s immune system: Eliminate me!
If process 1 fails, infectious pathogens can become established on or in
body cells, reproducing and causing damage so that the infection develops
into a specific disease.
2. recognise the body’s own cells and the compounds they produce as ‘self’
and not react against them.
If process 2 fails and the immune system attacks the body’s own cells, the
damage produces a so-called autoimmune disease.
Prions are ‘self’ proteins. Even though infectious prions are an abnormally

study () folded form of one of the body’s own proteins, this change does not make them
| foreign antigens. As a result, the immune system of an affected person does not
Antigens recognise infectious PrPS¢ prions as non-self, and so does not react against them.
Summary - -
screen and Antlgens produce an immune response

Topic 2 i i . . .
CRIs practice questions Normally, an immune response is produced only when the immune system

recognises the presence of non-self markers on cell surfaces and non-self mol-
ecules in the blood stream. Substances that can stimulate an immune response
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Any molecule that can initiate

an immune response is strictly
termed an immunogen, while an
antigen is any molecule (or part of
a molecule) that can stimulate a
specific immune response, namely

the production of antibodies (Note:

antigen = antibody generator.)

All antigens are immunogens, but
not all immunogens are antigens.
However, in this book we are
using antigens in the sense of any
molecule that initiates an immune
response.

Rarely, people’s immune systems
react abnormally by producing
autoantibodies against their
own molecules. This immune
response results in the so-called
autoimmune diseases (see
chapter 8, page 351).

self-antigen: a molecule in person
A that can produce an immune
response in another person, but
which is normally tolerated by the
immune system of person A.

auto-antigen: an antigen that

is part of the normal chemical
makeup of a person but which
produces an abnormal immune
response in that person, typically
by the production of antibodies,
known as autoantibodies.

FIGURE 6.39 Stylised

and simplified diagram of

an immune cell with ‘self’
antigens on its surface as
well as many receptors.
Some receptors identify self
antigens, and other receptors
recognise non-self antigens.

NATURE OF BIOLOGY 2

by the body are commonly termed antigens. In the strictest sense, these sub-
stances are immunogens.

Most antigens are proteins, but some are lipoproteins, polysaccharides
and lipopolysaccharides, lipids, nucleic acids, and even some metals, such as
mercury. An antigen may be a molecule or part of a molecule. Some antigens
originate from the external environment, such as proteins in or on bacteria and
viruses or even a short segment of these proteins, chemicals in snake venom,
drugs, dust, proteins in food or protein markers on cells from an unrelated
person. If these non-self antigens gain entry to a person’s internal environ-
ment, the person’s immune system recognises them as foreign and an immune
response is activated to eliminate them (see figure 6.38). Other antigens are
produced within infected cells of the body.

That’s not

o one of us
[ g

FIGURE 6.38 The ‘self e v
cells’ of a person carry e ’
protein markers on their C'e ) ‘ <
surfaces. Cells with .V A -
different markers are 4 4\) ’
identified as ‘non-self’ € X4 |\ 9N
and come under attack N 7 |
by the immune system. ‘ d A

N L~

Antigens produce immune responses in your body. However, the many func-
tional and structural molecules in and on your own healthy cells and tissues
do not normally cause an immune response. You do not normally react against
your own cells and molecules. Instead, your immune system recognises these
cells and molecules as self antigens and they are tolerated by your immune
system. Of course, your self antigens would be recognised as non-self antigens
by the immune system of another person, apart from an identical sibling.

Figure 6.39 shows a stylised diagram of an immune cell that checks for non-
self invaders. Note that the plasma membrane of this immune cells carries:

« self antigens that identify this immune cell as ‘self’

« receptors for self antigens so that this cell can identify and not attack other
body cells

« receptors for foreign antigens so that the immune cell can identify foreign
material and signal other immune cells to eliminate it.

- ‘Self’ antigens

90 O

Immune ——
cell @C> OO
Receptors
for ‘self’ Receptors
for ‘non-self’



| study (D | Distinguishing self from non-self
Let’s now look at how the immune system distinguishes ‘self’ from ‘non-self’

s
[ X 5

E The immune system of a person identifies cells as either self or non-self,

depending on particular protein markers (antigens) that they carry on their

:e: more surfaces. The presence of self antigens on cells indicates that they belong to that par-
ntigens

ticular person and they are tolerated. However, the presence of non-self antigens on
a cell indicates that the cell is foreign and these antigens stimulate an immune res-

ponse. Making the correct distinction between self and non-self antigens is critical
and we will explore this issue in the context of organ and tissue transplants (see
pages 265-270) and later, through autoimmune diseases (see chapter 8, page 351).

In the following section we will meet a major group of antigens that identify
all your nucleated cells as ‘self” and that are important in organ and tissue
transplantation.

HLA markers distinguish self from non-self

In 1958, the French researcher Jean Dausset (1916-2005) discovered that the
immune system uses surface antigens on human cells to identify the cells
that are self and the cells that are foreign or non-self. Dausset was the first to
recognise that survival rates of transplanted organs were greatest when donor
and recipient were identical twins, as compared to the situation when donor

@ and recipient were unrelated. This observation pointed to the importance of
The HLA genes are the matching the key antigens of the donor organ with the transplant recipient.
human versions of a group The key antigens are called the human leucocyte antigens (HLA). The
of genes present in virtually various antigens fall into six major groups, namely A, B, C, DP, DQ, and DR.
all vertebrates. These For each group, many different versions of the antigen exist, such as A1, A7, A9
genes are known as the and so on. The various antigens encoded by a person’s particular HLA genes
major histocompatibility identify the ‘self’ status of that person’s cells.
complex (MHC). In people, Where are the different HLA markers found?

these genes form a very
closely linked cluster on the
number-6 chromosome.

o The various A, B and C antigens are present on the surfaces of all nucle-
ated cells of your body. These proteins are called Class I HLA markers (also
known as Class I MHC markers).

o The antigens encoded by genes DP, DQ and DR are found only on the cell
surfaces of special white blood cells, known as T cells and B cells. These pro-
teins are called Class I HLA markers (also known as Class Il MHC markers).

Transplantation and tissue typing

Paul is suffering from end-stage kidney disease and he is on the waiting list
for a kidney transplant. His details are included in a centralised computer list
of people waiting for a kidney from a deceased donor. Information about Paul
on this list includes his tissue type or HLA type, as well as his ABO blood type.

To obtain his tissue type, a sample of Paul’s white blood cells went through a
procedure called tissue typing or HLA typing. Tissue typing reveals the major
HLA antigens present on the surfaces of his body cells and tissues. Paul’s tissue
type for four of his HLA markers was identified as:

Al A28, B27 B40, C3 C8, DQ5 DQ6, and DR3 DR15

Can you suggest why Paul’s white blood cells were used to identify his tissue
type, rather than his red blood cells or cells from the lining of his oral cavity
(mouth)?

Why is tissue typing done?
Tissue typing or HLA typing is done to check if the antigens present on the
cells of a potential recipient are compatible with and match those present on
cells of the donor organ. In general, the closer the HLA match between donor
and recipient, the greater the chance of a successful transplant.

If the tissue typing reveals a poor match between the HLA markers on
Paul’s cells and on those of a deceased donor kidney, that kidney would be
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Matching of both the DNA
sequences of the alleles of
the HLA gene of the donor
and recipient and the protein
markers present on their cells
ensures the best possible
match and chance for a
successful transplant.

FIGURE 6.40 Light
microscope image of a section
through a transplanted kidney
that shows signs of acute
rejection. The numerous
purple dots are the nuclei of
cells of the immune system.
These cells have migrated

to the transplanted kidney
and are mounting an immune
attack on the kidney cells.
(Image courtesy of the
National Toxicology Program,
US Department of Health and
Human Services.)

ODD FACT

In Australia, about 1700
corneal transplants are
performed each year. Cornea
transplants, however, do not
require tissue typing because
the cornea is composed of
layers of the protein collagen,
and significantly, the cornea
has no blood supply, so that
immune cells cannot travel to
the transplant and attack it.

allocated to a compatible, that is, a well-matched recipient on the waiting list.
An immune attack by the recipient’s immune system on a transplanted kidney
because of a mismatch between HLA markers is one of several reasons that a
kidney transplant may not be successful (see figure 6.40).

HLA tissue typing of the white blood cells is routinely performed for potential
recipients of transplants of donor organs such as kidney, liver, pancreas, lungs
and heart, and other tissues, such as bone marrow.

How is tissue typing done?

Tissue typing of transplant patients is performed using a sample of a potential
recipient’s white blood cells, and the particular HLA markers present are iden-
tified. DNA-based tests are also used to identify the particular alleles of the
major HLA genes that are present.

In some cases, tissue typing identifies a minimum of six major HLA markers:
two A markers, two B markers and two DR markers. In other cases, tissue
typing identifies an additional four HLA markers: two C and two DQ markers.

Each person can have a maximum of two different antigens for each HLA
marker. Table 6.11 shows the HLA tissue types of three recipients on the waiting
list for a deceased donor kidney, including Paul. Which of these three possible
recipients has the best match between their tissue type and that of a deceased
donor kidney that has become available? Will Paul finally receive a deceased
donor kidney transplant?

TABLE 6.11 Tissue type of a deceased donor kidney and those of three potential recipients, including Paul. Tissue types are
shown for five pairs of HLA markers. Green shading denotes a match between donor and recipient for a particular antigen.
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Maijor Donor kidney | Potential recipient 1 Potential recipient 2 Paul
Antigens present | ntigens present Antigens present Antigens present
A Al A28 A3, A28 “Alo, A28 “Al, A28
B B3, B40 B7, Bl B7,BI5 B27, B40
C C3,C18 6, C8 8,18 @3, cs
DQ DQ5, DQ6 DQ2, DQ4 'DQ2, DQ5 'DQ5, DQ6
DR ' DR3, DRI15 DR4, DRIS DR8, DRI5 'DR3, DR15
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Cyclosporine is one of many
immunosuppressive drugs.
Cyclosporin inhibits the
immune cells that destroy
‘non-self’ cells.

Examine table 6.11 above. Note that Paul’s tissue type is the best match
with that of the available deceased donor kidney. Eight of his protein markers
(out of a possible 10) match the donor kidney. So, Paul has an 8/10 match.
In contrast, potential recipient 1 has a poor match, with just a 2/10 match.
In general, the lower the match between a recipient and a deceased donor
kidney, the greater the risk of rejection of the transplant by the recipient’s
immune system.

Non-self antigens on a donor organ can stimulate a recipient’s immune
system to reject a transplant. However, transplantation of organs can proceed
even if a perfect tissue type match is not available. In order to prevent rejection,
transplant recipients are treated with immunosuppressive drugs, also known
as anti-rejection drugs, to reduce their body’s ability to reject a transplanted
organ. However, these drugs can also make it more difficult for the patients to
fight infection. Can you suggest why?

KEY IDEAS |

m The human immune system can identify cells and cell products as self or
non-self.

m Antigens are any molecules or parts of a molecule that initiate an immune
response.

m HLA markers on the surfaces of all nucleated cells are self antigens that
are normally tolerated by a person’s immune system.

m Cells with HLA markers that differ from a person’s own ‘self’ markers are
identified by that person’s immune system as non-self and come under
immune attack.

m For organ and tissue transplantation, the HLA markers of a donor organ
are matched to those of a potential recipient.

19 Identify the following statements as true or false:
a Unless a perfect match is found between donor organ and recipient, a
transplant of that organ to that recipient cannot proceed.
Tissue typing is the same as HLA typing.
HLA typing identifies a person’s ABO blood group.
‘Self’ is determined by the HLA markers on a person’s nucleated cells.
An example of a non-self cell is a bacterial cell that enters the body
through a cut in the skin.
20 A deceased donor kidney has the following HLA markers: A7 A8, B27 B30,
DR4 DR5.
a What protein markers would be expected on a recipient with a perfect
match?
b Write a possible HLA tissue type for a recipient with a 3/6 match for the
HLA markers A, B and DR.

[ - I -

Transplantation in Australia

1. Organ transplants

In Australia in 2014, a total of 1193 organs were transplanted from a total of
378 donors (see table 6.12). Except for kidneys, all organs for transplantation
come from deceased donors. Kidneys may come from either deceased or living
donors. In every case, HLA tissue typing was carried out to identify the best
possible matches between donor organs and potential recipients.
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TABLE 6.12 Transplanted organs in Australia in the period Jan-Dec 2014.
Data source: Australian and New Zealand Organ Donor Registry (ANZOD).

Organ Number

kidney 904
liver 236
lungs 162
heart 79
pancreas/islet cells 54
heart & lung 4
intestines

Table 6.13 below shows the Australian data on the numbers of kidney trans-
plants received by recipients in different age groups. In Australia, kidneys are the
only organs that are commonly transplanted from a live donor. Which is more
common — deceased donor kidney transplants or living donor kidney transplants?

TABLE 6.13 Numbers of recipients of kidney transplants by age group. Data source: 2014 Annual Report of the
Australian and New Zealand Dialysis and Transplant Registry (ANZDATA).

Country
4
Deceased 2 0 0
3 0 0 0 2 0
Australia 4 0 0 0 0
1 6 11 26 27 32 51 52 18 0
Living 2 0 0 3 0
3 0 0 0

ODD FACT

Other tissues that may be
transplanted include corneas,
heart valves, skin, blood
vessels and bone.

NATURE OF BIOLOGY 2

The success rate one year after transplantation is 97 per cent for live donor
kidney transplants and 91 per cent for deceased donor kidney transplants. (Source:
The Australia and New Zealand Dialysis and Transplant Registry (ANZDATA))

2. Tissue transplants

In addition to organs, certain tissues are also transplanted. The most common
of these tissues is bone marrow. In Australia each year, about 100 children and
adults have bone marrow transplants that are effectively stem cell transplants.

Stem cell transplants typically come from matched living donors. In the past,
bone marrow, which is a rich source of stem cells, was taken from the pelvic
(hip) bone of a living donor under a general anaesthetic. However, today,
peripheral blood stem cell transplants (PBSCTs) have replaced bone marrow
transplants. The research that led to this advance was carried out at Walter and
Eliza Hall Institute in Melbourne (see box at end of chapter 8).

Peripheral blood stem cell transplants are transplants of stem cells that have
been stimulated to mobilise from the bone marrow into the blood. Blood is
then collected from the donor who has received the stimulating factor, and
the stem cells are separated. The donated stem cells are infused directly into
the recipient’s vein and, from there, the stem cells migrate to the bone marrow
space (see figure 6.42; also refer to chapter 7, page 281).

When she was only two and a half years old, Ivy Steel from Hamilton,
Victoria, was diagnosed with a rare form of blood cancer: acute lymphoblastic
leukaemia. After two years of treatment and long periods in hospital, Ivy was in
remission, but just ten days later, her cancer returned. At this stage, the only
possible treatment for Ivy was a transplant of immune stem cells to replace her
defective bone marrow with healthy tissue. Ivy’s younger brother, Van, was
found to be a perfect tissue type match and he was thrilled to be able to help



his big sister (see figure 6.41). In September 2015, the transplant was success-
fully performed. Ivy still requires regular checkups and daily medications but
the healthy stem cells from Van have given her a new chance of a normal life.

FIGURE 6.41 Five-year old
Ivy Steel and her three-year-
old brother, Van, share the
same tissue type markers.
Van was the donor of stem
cells to his sister as part of
the only option available to
treat Ivy’s rare blood cancer.
(Image courtesy of David
Caird, Newspix.)

FIGURE 6.42 Stem cells are rarely seen in the bloodstream. However, stem cells
can be recruited into the bloodstream by treatment of a donor with stimulating
factors called colony stimulating factors (CSFs). The blood is filtered through a
machine and the stem cells are separated off.

Finding living donors
Bone marrow is a rich source of the
stem cells that can differentiate into
the various specialised blood-forming
cells, including red blood cells, and the
various white blood cells that are the
body’s immune cells (see figure 6.43).
People with blood disorders, such as
various forms of leukaemia, and immune
disorders, such as severe combined
immunodeficiency disease (SCID), may
undergo treatment that involves high-
dose chemotherapy or radiotherapy to
kill their faulty bone marrow cells. This is
followed by a transplant of bone marrow
tissue taken from a matched healthy
living donor. The transplanted cells popu-
late the patient’s bone marrow with new

FIGURE 6.43 Light microscope image of bone marrow tissue showing healthy stem cells. Such a bone marrow
its cell population consisting of many small stem cells with darkly stained transplant effectively gives the recipient a
nuclei. The open areas are fat cells that have not taken up the stain. new immune system.

CHAPTER 6 Pathogens all around us 267



How easy is it to find a tissue type matched for the major HLA markers
between a live donor and a recipient? The answer to this question depends
on whether the two people are biologically related or not, and, if related, the
degree of relationship.

1. Biologically related people

For two biologically related people, the chance of the two having identical
matching HLA markers is as follows:

« for monozygous (identical) twins or triplets: 100 per cent

« for siblings (brothers and sisters): 25 per cent or 1 in 4

« for first cousins: about 6 per cent, or 1 in 16.

Typically, there is no chance that a parent will have identical HLA markers to
those of a child. Parents share just half of their HLA markers with each of their
children. The following box shows the inheritance of the HLA protein markers.

As the degree of relationship decreases, the chance of a HLA tissue type
match also decreases. As expected, because the chance of a HLA match
between siblings is high, live donors of bone marrow are often the siblings of
recipients. Otherwise, another biological relative of the recipient, such as a
parent, may become the living donor. In the case of Ivy Steel, the donor for her
new stem cells was her brother, Van.

MENDELIAN INHERITANCE OF HLA GENES

Consider the major HLA genes on the number-6 block of parental alleles (see figure 6.44). A set of
human chromosome. Because these genes are closely linked alleles is called a haplotype.

closely linked, crossing over between the genes This is in contrast to the inheritance of the alleles of
during egg and sperm formation by meiosis is very unlinked genes that can re-assort as a result of indepen-
low (typically less than 1%). This means that the dentassortment of chromosomes during meiosis.
alleles of the major HLA genes tend to be trans- Examine the following figure, which shows a cross
mitted from each parent to a child as an unchanged of two parents for three of the HLA genes.

Child 1

a Cc
Al A2
B8 B44
DR17 DR4

Father Mother
a b c d
Al A3 A2 A29
B8 B7 B44 B44
DR17 DR15 DR4 DR7
Child 2 Child 3 Child 4
a d b ¢ b d
Al A29 A3 A2 A3 A29
B8 B44 B7 B44 B7 B44
DR17 DR7 DR15 DR4 DR15 DR7

FIGURE 6.44 Children inherit their HLA genes on one number-6 chromosome from the
mother and one number-6 chromosome from the father. Because of the close linkage of these
genes, they are inherited almost always without being recombined by crossing over.

Two siblings in one family have a chance of a will be identical, a 1 in 2 chance that they will share
tissue type match, either in full or in part. There is a half their HLA genes, and a 1 in 4 chance that their
1 in 4 chance that the HLA genotypes of two siblings HLA genotypes will be different.
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The first unrelated bone marrow
transplant took place in 1973 in
the Memorial Sloan-Kettering
Cancer Center in New York
City. The recipient was a five-
year-old patient with severe
combined immunodeficiency
syndrome. The matched
donor was found in Denmark
through the Blood Bank at
Rigshospitalet in Copenhagen.

2. Non-biologically related people
The combinations of HLA markers in human populations are very diverse because
the HLA genes have many different alleles. For example, for two biologically unre-
lated people, the chance of having identical HLA markers is low, even more so if
these two people have different ethnic backgrounds. For example, the chance of
their having matching HLA markers for three major genes is about one in 100 000.
The very low chance of a match between unrelated people reflects the fact
that each major HLA group has a large number of different variants. There are
nearly 70 common A variants, about 125 common B variants and nearly
50 common C variants. As a result, in human populations, a great diversity of
HLA markers exists. In reality, the testing of populations worldwide has
revealed many more HLA variants, some of them very rare.

About three quarters of people in need of a bone marrow transplant do not
have access to a matched living donor. The hope for such people is that an
unrelated matched donor can be identified through a database, either nation-

eBook - :
ally or internationally.
Weblink Bone Marrow Donors Worldwide (BMDW) is a global electronic file that
ABMDR lists information about the HLA tissue markers of more than 26 million

potential bone marrow donors. BMDW was set up in 1989 and is maintained
in Leiden, Holland. BMDW collates HLA tissue types from

anonymous bone marrow donor registers in 53 countries,

including Australia. In Australia, the Australian Bone Marrow

Donor Registry (ABMDR) has more than 160 000 registered
~

Australian Bone Marrow Donor Registry bone marrow donors (see figure 6.45). Transplant centres
worldwide can access the BMDW file to see if any potential
matches are available for their patients needing a bone
marrow transplant who do not have a suitable sibling donor.
Through the international cooperation that supports BMDW,
a patient in Australia might become a recipient of bone
marrow from a compatible donor in Germany.

FIGURE 6.45 The Australian Bone Marrow Donor
Registry (ABMDR) holds the records of more than 160 000
people registered as volunteer bone marrow donors.
(Image courtesy of ABMDR.)

COLONY STIMULATING FACTORS — CSFs

Cells in bone marrow must reproduce continu-
ously because the immune cells in the blood that
they produce have a relatively short life. Scientists
showed that the continued division of bone marrow
cells does not occur spontaneously but is regulated
by some factor that was given the name colony stim-
ulating factor (CSF). In 1977, Professor Donald
Metcalf (see figure 6.46), an Australian scientist at the
Walter and Eliza Hall Institute of Medical Research in
Melbourne, discovered CSFs. (CSFs are glycoproteins
belonging to the group of proteins called cytokines.)
It was shown that injections of CSFs into mice
and primates stimulated production of neutrophils
and macrophages without significant toxic effects.
Clinical trials commenced in 1987, and today two
CSFs are used to treat people who have very low FIGURE 6.46 Professor Donald Metcalf, scientist, Walter
levels of white blood cells in their blood. and Eliza Hall Institute of Medical Research, Melbourne,
What application has this discovery had? Australia. Professor Metcalf discovered CSFs, which are
In some diseases, and as a result of certain forms used in the treatment of patients with various diseases,
of treatment, such as Chemotherapy for cancer, the inclucllinglblood cancers. He is a leading scigntist whqse
number of neutrophils and macrophages produced con_tr|but|on has made a dlfference not only in e_xtendmg
by the bodv declines sienificantly. This reduction in basic knowledge, but also in thetrea_tment of d|§eases.
irillmune ce}llls causes reguced res?étance to infection. (Image courtesy of the Walter and Eliza HallInstitute.)

(continued)
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CSFs are now used to prevent the fall in neutrophils,
thus preventing infections that could otherwise
occur following treatment with chemotherapy.

Leukaemia is a cancer, or malignancy, of the
blood. Acute myeloid leukaemia is a cancer in
which a person produces excessive numbers of faulty
white blood cells. Something has gone wrong with
the blood-forming tissue. There is no point in using
CSFs as a first treatment for patients with leukaemia.
The faulty bone marrow could respond by producing
even more faulty white blood cells. However, after
a patient with leukaemia has received other treat-
ments, CSFs may be given to assist their recovery.

Most patients with acute myeloid leukaemia ini-
tially receive chemotherapy to kill the faulty white
blood cells. For some patients, a few faulty cells remain
and can reproduce, causing leukaemia again. These
patients can be treated with irradiation to kill all the
faulty cells. However, this also kills all the normal bone
marrow cells (including blood stem cells), meaning the
patient cannot make their own blood. Therefore, in a
second step of treatment, the patient is given a trans-
plant of compatible bone marrow (including blood
stem cells). This transplant often comes from a relative.

Bone marrow transplants can be very successful.
The transplanted bone marrow behaves as the patient’s
own and produces healthy blood cells. Provided suffi-
cient white blood cells grow, the patient regains normal
resistance to infection. Sometimes the bone marrow
cells do not divide at a sufficiently high rate to prevent
infection. A third step of treatment can help to solve
this problem. Injection of CSFs significantly increases
the number of neutrophils and macrophages produced
in the bone marrow recipient (see figure 6.47). This, in
turn, significantly increases the chance that a patient
is restored to full health. This was the case with Jose
Carreras, a world-famous opera singer, who was one of
the first people to be treated with CSFs.

Today, many millions of cancer patients world-
wide have received CSF to increase their dangerously
low white blood cell levels following their chemo-
therapy treatment. Australians can be proud of this
important medical research.
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FIGURE 6.47 Patients (15) who received a bone
marrow transplant after irradiation of their own bone
marrow and who also received CSFs. The red curve
shows the average number of white blood cells in
these patients. The blue curve shows the average
white cell number in a sample of patients (18) before
CSFs were available. Most of the increase was due
to an increase in neutrophil production.

In another world first, scientists and physicians in
Melbourne discovered that CSFs cause blood stem
cells that normally reside in the bone marrow to move
(or ‘mobilise’) into the blood. This was completely
unexpected. They also discovered that these blood
stem cells could be used instead of bone marrow cells
in bone marrow transplantation. This technique, called
peripheral blood stem cell transplantation (PBSCT)
ismuch safer than traditional bone marrow transplan-
tation because blood can be collected instead of bone
marrow, removing the requirement for an anaesthetic.
In addition, these mobilised blood stem cells work
much better than bone marrow cells, and recovery is
much faster after transplantation. For these reasons,
mobilised blood stem cell transplantation has over-
taken bone marrow transplantation around the world.

KEY IDEAS

m For siblings, the chance of having matching HLA markers is 1 in 4.

m Many organ transplantations occur in Australia, the most common being
kidneys from deceased donors.

m Various tissue transplants occur in Australia, the most common being that

eBook

Weblinks

CSF

FasL apoptosis
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of bone marrow from living donors.

m Cooperation between bone marrow registries worldwide enables matching
of unrelated donors to recipients.

m For two unrelated people, the chance of matching HLA markers is
extremely low.




21 Identify the following as true or false:
a A parent would be an ideal donor of bone marrow for one of their
children.
b A person with SCID would be an ideal candidate for a bone marrow
transplantation.
¢ lIdentical twins have a 100 per cent chance of a HLA match.
d A mother shares 50 per cent of her HLA markers with her child.
e A bone marrow transplant is effectively a stem cell transplant.
22 Briefly identify the importance of the Bone Marrow Donors Worldwide
database.
23 Identify three tissues that might be involved in transplantation.
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include poorly managed diabetes, high blood pressure,
obesity and smoking.

Figure 6.48 shows the percentage of people in various
age groups receiving treatment for ESKD by dialysis and
by kidney transplants. (Data from Australian Institute of
Health and Welfare.)

End-stage kidney disease (ESKD) (also termed stage 5
chronic kidney disease (CKD)) is a chronic disease in
which kidney function deteriorates to a point where it
cannot sustain life. ESKD can only be treated by dialysis
or by a kidney transplant. (Refer back to Nature of Biology
Book 1 5th edition, pages 134-7 for details of dialysis.)
ESKD results from kidney damage, and the risk factors
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FIGURE 6.48

Examine these data and answer the following questions:

a What trend is apparent from these data?

b What is the more common treatment for ESKD for
people aged 0 to 54 years?

¢ What limits the greater use of kidney transplants for
these age groups?

d Suggest why treatment by dialysis, rather than kidney
transplants, is far more common in the older age
groups, from 70 to 85+ years?

e What risk factors are associated with ESKD?

The number of kidneys available for transplantation

is far less than the number of people who could
benefit from a transplant. Because of this, inclusion
criteria for a kidney transplant have been developed as
follows:

1 person has end-stage kidney failure requiring dialysis
2 anticipated perioperative mortality of person is low

NATURE OF BIOLOGY 2

3 person has a reasonable post-operative life
expectancy, defined as having an 80 per cent
likelihood of surviving for at least five years after the
transplant.

a What is meant by ‘inclusion criteria’?

b Refer back to your suggestions in response to

question 1d. Did you identify any of these inclusion

criteria?

What is the role of tissue typing in kidney

transplantation?

b Can a kidney transplant only occur when a perfect
tissue type match exists between the donor kidney
and the intended recipient? Explain.

Table 6.14 shows the data for kidney transplants in
Australia for 2005-2014 (Data from ANZOD). The source of
kidneys from either deceased donors or from live donors
is also shown.



TABLE 6.14 Total kidney transplants in Australia in the period 2005-2014 and the source of donor kidneys.

2014 2013 2012 . 2010 2009 2008 2007 = 2006 = 2005
Kidney transplants: 904 897 844 825 846 773 813 613 643 623
from deceaseddonor 637 630 607 570 550 446 459 = 342 370 = 377
from live donor 267 249 237 255 296 327 354 271 273 246
4 Examine these data and answer the following questions: better tissue type match in terms of these three HLA
a What trend is apparent for deceased donor kidneys in markers?
the period from 2005 to 2014? Person M: A2 A11, B2 B18, DR3 DR10
b Suggest a possible explanation for this trend. Person N: A2 A6, B8 B53, DR4 DR12
¢ Calculate the percentage of transplants from live donors b Give a reason for your decision.
and from deceased donors for 2014 and for 2005 only, ¢ Is a cell-surface marker, such as A2, an example of an
and show these data in the form of a bar graph. antigen or an antibody? Briefly explain.
5 A deceased donor kidney has the tissue type: A2 A26, d Could one of the parents of person M have the tissue

B8 B27, DR4 DR12. type A2 A17, B3 B18, DR10 DR12? Explain your

a Which of the following people, both meeting the decision.

inclusion criteria for a kidney transplant, has the
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Practice questions

Key words

antigen direct transmission infectious disease peptidoglycan

asymptomatic carrier disease inherited disease peripheral blood stem

autoantibodies enveloped virus lysis cell transplantation

auto-antigen environmental disease miasma (PBSCT)

bacteria exotoxins miasma theory of PRPN gene

bacteriophage facultative anaerobes disease RNA polymerase

biomass germ theory of disease microbe self antigens

bovine spongiform Gram-negative bacteria  microbiota septicemia
encephalopathy (BSE) Gram-positive bacteria naked spores

buboes haplotype non-communicable tissue typing

bubonic plague HLA typing disease transcription

budding human leucocyte non-infectious disease transmissible diseases

capsid antigens (HLA) nucleocapsid vector

capsule immune system nutritional deficiency virion

causal link immunosuppressive disease virulence

communicable disease drugs obligate anaerobes zoonose

pasteurisation zoonotic disease

pathogenic

Creutzfeldt-Jakob
disease (CJD)

incubation period
indirect transmission

Questions

1 Making connections =) Use at least eight chapter
key words to construct a concept map. You may
choose to add additional words.

2 Recognising differences and similarities = Identify
one key difference between the members of the
following pairs:

a infection and disease

b exotoxin and endotoxin

¢ Gram-negative and Gram-positive bacteria

d cellular and non-cellular pathogens

e aharmless prion protein PrPC and a harmful
infectious prion protein PrPS¢

f an antigen and an antibody

g aself antigen and an auto-antigen.

3 Using knowledge to make predictions =» Various
kinds of bacteria can be grown in a special
medium known as thioglycolate broth, which
contains a chemical that absorbs oxygen.
However, oxygen diffuses into the broth from the
air so that the highest concentration of oxygen
is present in the broth at the top of the tube but

BT

FIGURE 6.49 Distribution of different bacteria growing
in tubes of thioglycolate broth.

Consider the following kinds of bacteria in terms of
their oxygen requirements
A. obligate anaerobic bacteria
B. obligate aerobic bacteria
C. amixture of obligate anaerobes and obligate
aerobes
D. facultative aerobic bacteria.

the concentration decreases with depth, with a a Matc_h each group of t?act_eria_ (A fo D) to its

zero concentration of oxygen at the bottom of the predicted pattern of distribution in one of the

tube. tubes of thioglycolate broth (1 to 4) in figure 6.49
This broth is used to identify different kinds of above.

bacteria in terms Of their Oxygen requirementS. b Other bacteria are termed aerotolerant —_— these

bacteria do not require oxygen for their energy
production, but they are not poisoned by oxygen
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as is the case for obligate anaerobes. Draw a
tube showing a likely distribution of aerotolerant
bacteria in a tube of thioglycolate broth.

c A sample of bacteria from a suspected
Clostridium infection was placed in thiogylcolate
broth.

What pattern would be expected? Explain your
choice.

Evaluating data and communicating information =

The proposal that a misfolded protein or prion could

cause disease was controversial when it was first

proposed in 1980 by Stanley Prusiner. He wrote:

‘While it is quite reasonable for scientists to be

skeptical of new ideas that do not fit within the

accepted realm of scientific knowledge, the best
science often emerges from situations where results
carefully obtained do not fit within the accepted
paradigms!

a Why was the concept of disease-causing prions
controversial when it was first announced?

b Explore the web and try to identify another
proposal that was controversial when it was
first proposed but is now mainstream science.
(Many examples exist, but if you want a pointer
to another proposal, check out the Nobel Prize in
Medicine or Physiology awarded in 2005.)

¢ One clue that assisted Prusiner to conclude that
prions were infectious particles made of protein
and lacked nucleic acid was the observation that
the causative agent of scrapie was extremely
resistant to inactivation by radiation. The same
resistance was later shown to be present in the
causative agent of classic CJD.

Suggest why this observation was important in
identifying the chemical nature of prions.

d What other line of evidence gave support to the
hypothesis that prions were made of protein and
not nucleic acids?

Formulating and communicating explanations =)

A young child was rushed to hospital and was found

to be suffering from meningococcal meningitis

resulting from a bacterial infection by Neisseria
meningitidis. An antibiotic known to be effective
against these bacteria was administered. The
doctors informed the child’s parents that the
antibiotics would cure their child. However, they
also explained that, after antibiotic treatment, the
child would become more ill before showing any
signs of improvement.

a Identify the cause for this ‘turn for the worse’ in
the child after administration of the antibiotic?

b How might you explain this cause to the parents
in terms that they might understand?

Demonstrating knowledge and understanding =»

Identify a pathogen by its kind (bacteria, virus, etc.)

and its scientific name that matches the following

descriptions. (In some cases, only one pathogen

will fit the description, but in other cases, several

different answers are possible.)

a can cause the major organ failure of streptococcal
toxic shock syndrome

b produces an exotoxin that causes a disease
with one symptom being copious and watery
diarrhoea

c is non-cellular, naked, and its genetic material is
single-stranded RNA

d is the source of an exotoxin that is the most lethal
toxin known

e has a cell wall that includes a thick layer of
peptidoglycan

f is non-cellular, enveloped and its genetic material
is double-stranded DNA.

Analysing data and drawing conclusions =)

Listeria monocytogenes causes the bacterial disease

listeriosis, which is usually not serious in most

healthy people, but can cause miscarriages and
may be fatal in elderly people and in people whose
immune systems are depressed. L. monocytogenes
infection most commonly occurs via consumption
of contaminated food. Unusually, L. monocytogenes
can grow at temperatures as low as 0 °C, although
relatively slowly. The generation time (doubling
time) of L. monocytogenes growing in dairy products
was found to be about 30 hours at 4 °C, about

2 hours at 21 °C and about 0.8 hours at 35 °C.

a Starting with 50 Listeria cells in contaminated
milk, about how many bacterial cells would be
expected to be present after a period of about
16 hours:

i when the milk is stored at 21 °C
ii when the milk is left in the summer sun at
35°C
iii when the milk is stored in the refrigerator?

b Which of these situations is most similar to what
can happen if Listeria bacteria gained entry to the
human body?

¢ Why is correct food storage an important public
health consideration?

Interpreting experimental results =» Figure 6.50

shows the results of Louis Pasteur’s simple but

elegant experiments with boiled broth. The S-bend
in the tube prevents any particulate matter from
outside the flask reaching the broth.

a Why was the nutrient broth boiled in both
experiments?

b Briefly describe the difference between the results
observed in experiments 1 and 2.

¢ Explain why different results were obtained for
the two experiments?

An important feature in these experiments is the

presence of the S-bend in the two flasks.

d What role did this S-bend serve?
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e Nutrient broth was put in both flasks. Why not
use microbe-free filtered water?

f What important conclusion can be drawn from
these experimental results?

Consider an alternative to experiment A in which

an open-necked flask containing nutrient broth is

boiled and immediately sealed.

g Would microbial growth have been observed
after waiting for the same period?

h Could the same conclusion as in f, above, be
drawn from this result? Explain.

Time elapsed

_—
Boil No
(] microbial growth
—_— —_—
Boil Stem broken, Microbial
U allowing air to growth
enter flask
FIGURE 6.50

Demonstrating knowledge and understanding =»
Where would you expect to find the following
pathogens in the human body:
a a misfolded prion protein
a replicating Hepatitis B virus
Helicobacter pylori bacteria
an obligate anaerobic bacterial species
a self antigen?
Discussion question =) Joseph Lister (1827-1912),
a Scottish surgeon, introduced antiseptic methods
of killing microbes during surgery, including
the use of a spray of carbolic acid around the
area of surgical incision (see figure 6.51). Before
introducing his antiseptic method, the death rate
for Lister’s surgical patients was 45 per cent. After
introducing his antiseptic method, the death rate
for Lister’s surgical patients in the period 1867-
1870 fell to 15 per cent.

In 1865, Lister read Louis Pasteur’s paper,
Recherches sur la putrefaction, that described
how wine went bad because of microorganisms
in the air. In a letter he sent to Pasteur, Lister

b
c
d
e
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wrote, ‘I... tender you my most cordial thanks for
having, by your brilliant researches demonstrated
to me the truth of the germ theory of putrefaction,
and thus furnished me with the principle upon
which alone the antiseptic system can be

carried out.’

FIGURE 6.51 Joseph Lister in surgery in the late 1860s.
Note (at right) the person ready to use the spray of
carbolic acid.

Discuss the following with your classmates:

a What ‘eureka’ moment did Lister have when he
read of Pasteur’s research on spoiled wine?

b The germ theory of putrefaction (infection)
replaced an alternative explanation. What had
been previously assumed to be the cause of
putrefaction?

¢ The use of a carbolic acid spray was harmful
to breathe and it can damage tissues. Lister
stopped using the spray but made use of
carbolic acid in other ways with his surgical
patients. Suggest other possible ways in which
Lister might have used carbolic acid in his
operating theatre.

d Lister’s antiseptic surgical procedures were
initially regarded by some of his colleagues with
skepticism and opposition. Discuss possible
reasons for this opposition. Is this unusual in
science?

e In surgical procedures today, the emphasis
is not on antiseptic but on aseptic and sterile
techniques. What is the key difference between
these two techniques: antiseptic versus
aseptic?
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FIGURE 7.1 A false-coloured

scanning electron micrograph This chapter is designed to enable students to:

showing a white blood cell, understand the significance of immunity as a multipronged defence against
known as a dendritic cell (grey) disease

starting to engulf a yeast spore recognise innate immunity and adaptive immunity as major subdivisions of the
(yellow). Note the extensions immune system

(pseudopodia) of th_e el understand the operation of innate immunity
cell that are spreading around

the yeast cell at the start of the understand the operation of adaptive immunity
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actions of phagocytic cells are operation.
just one of the many immune

mechanisms that defend

against infection. In this chapter,

we will explore the two arms

of the immune system, namely

innate immunity and adaptive

immunity.




A small percentage of people
with ulcerative colitis may
eventually need surgery

to remove the colon and
rectum. In one procedure,
the lowest part of the small
intestine is then attached to
a hole (stoma) made in the
abdominal wall that enables
wastes to empty into an
external bag.
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Inflammation of the gut

Julie, a normally busy young woman, is aware that she is suffering fatigue and is
losing weight. Julie tells her friends that her gut is increasingly ‘playing up from
time to time’ and she is having stomach cramps. However, Julie thinks that her
problem is due to something in her diet that is upsetting her gut. She knows that
her fatigue is due to the fact that her sleep is frequently interrupted by her need
to go to the toilet when her gut is ‘playing up’ and she has severe diarrhoea.

On one of her frequent visits to the toilet, Julie realises from stains on the
toilet paper that blood is present in her faeces. Alarmed that this as a poss-
ible sign of bowel cancer, Julie goes to her local doctor, who takes her medical
history and arranges for her to have a blood test to check for anaemia, and to
have a test for the presence of blood in her faecal samples.

Based on the positive test results, Julie is referred to a specialist. She under-
goes a procedure called colonoscopy. In this procedure, a colonoscope, a
long thin flexible tube fitted with a small camera and light, is inserted into the
gut via the anus for the purpose of examining the internal lining of the colon
(see figure 7.2). The colon is part of the large intestine between the caecum and
the rectum. This instrument can detect polyps (small growths), colon cancer,
ulcers, and areas of inflammation and bleeding.

Camera ﬁ Irrigation
Instrument Light

port

Colonoscopy

LA S0

FIGURE 7.2 In the procedure for a colonoscopy, a colonoscope is carefully
introduced into the gut, via the anus, and is used to visualise the lining of the
colon.

The results of the colonoscopy show that Julie is suffering from a condition
called ulcerative colitis (UC) in which the lining of her colon is inflamed and
has many small ulcers (see figure 7.3). Fortunately, Julie’s condition is now
successfully controlled by medication, including an anti-diarrhoea drug and
prescription steroids to control the inflammation of the lining of her colon. For
some sufferers of UC, surgical intervention may be required.

UC is a chronic inflammatory disease of the colon. In UC, the lining of the
colon becomes inflamed and develops ulcers that produce pus and mucus.
The combination of inflammation and ulceration causes abdominal discom-
fort and diarrhoea. Periods of active UC flare up from time to time and tend to
be interspersed with periods of remission.
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FIGURE 7.3 (a) Diagram showing normal colon lining and one showing ulcerative colitis. (b) Colonoscopic image of an
unhealthy colon. The dark regions are areas of inflammation and/or ulceration.

ODD FACT

Estimates of the number of
people in Australia affected
by ulcerative colitis at any
given time range between
16 000 and 33 000 people.

‘Fulminant’ means occurring
with rapidity and severity, and
comes from the Latin fulminare =
‘to strike with lightning!

ODD FACT

The remarkable efficiency

of the immune system in
distinguishing between ‘self’
and ‘non-self’ markers is
unfortunately demonstrated
when the immune system of
the recipient of a transplanted
organ recognises the
transplant as carrying non-self
markers and attacks it, causing
its rejection (refer back to
chapter 6, pages 263-270).

The