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CORE IDEA
(2) Genetics and Inheritance

MITOSIS & MEIOSIS

Content

° Replication and division of nuclei and cells

. Understanding of chromosome number and variation

° Effect of meiosis on chromosome number and variation

Learning Outcomes
2() Explain what is meant by the terms gene mutation and chromosome aberration.
For gene mutation, knowledge of how substitution, addition and eTetlon could change
the amino acid sequence (e.g. frameshift) is required. :
— to be covered in DNA & Genomics.

.. aneuploidy, as in the case of

For chromosomal aberration, knowledge of numerical.(e:
tislocation, duplication, inversion,

trisomy 21, i.e. Down syndrome) and structural (e ¢
deletion) aberration is required.

(n) Describe the events that occur during the mito ell cycle and the main stages of
mitosis (including the behav:our of chrgrggs%mes nuclear envelope, cell membrane and
centrioles).

(o) Explain the significance of the m;t tic celi cycle (including growth, repair and asexual
reproduction) and the need 1o, regulate it tightly. (Knowledge that dysregulat;on of
checkpoints of cell division‘can‘result in uncontrolled cell division and cancer is
required, but detail of th@ &hanism is not required.)

(s} Describe the events& at‘occur during the meiotic cell cycle and the main stages of
meiosis (mcludln%t eﬁbehawour of chromosomes, nuclear envelope, cell membrane
Zmes of the main stages are expected, but not the sub-divisions of

() Explain the s;gmﬂcance of the meiotic cell cycle (including how meiosis and random
fertilisation can lead to variation).

References
»  Campbell, N.A. and Reece, J.B. (2014). Biology, 10" edition. Pearson.
= Jones & Jones. (1997). Advanced Biology.
= Hoh Yin Kiong (2003). Longman A-Level Course in Biology, Vol. 1. Longman
« Green, Stout and Soper (1990). Biological Sciences, Vol 1. Cambridge
= Raven, Johnson Losos, Mason & Singer (2008). Biology, 8" edition. McGraw-Hill.

* This handout is the effort of several Biology teachers at RL It has been and will
continue to be updated
= Any information given in a double-lined box is for your information only.
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(A) CELL DIVISION ]

The modem oell theory states that all new cells are derived from other celis. Many celis in a
mutti-celiular organism undergo a welkdefined sequence of stages culminating in the division
and formation of new cells. The processes involved are collectively grouped under the tarm
cefl division.

There are some types of cells that are continuously dividing throughout the lifetime of the
organism (e.g. bone marrow celis, epitheliai cells of the skin, efc.) whilst others stop dividing
upon reaching maturity (e.g. neurones, muscle celis, etc.).

Cell division occurs in 2 main steps:

s Nuclear division &

nm__&immo__uz_._n_mm_.&@%oaOﬁowmsmmwml_
+ Cytokinesis Amﬁov_mmamozimmoa @Af

iWision (= division of the nucleus): %

) NGELS;
- There are 2 types of nuclear division: Mitosis & _@mem.

‘Cytokinesis/(= division of the cytoplasm) AWI

- Cytokinesis is the division-of the ¢ wm to form 2 separate daughter cells
immediatety after mitosis, mejosis | BH/ bsis II. '

<&

A .
} Please note that mitosis and osis are 2 types of nuclear divisions and hence only
occur in eukaryotic cells and not prokagyotic cells.

M/uﬁyo

[ (ByCHROMOSOME STRUBJGR

=2 hereditary material (DNA) in cells.
grial is passed on to the next generation through celi division.
e eukaryotic chromosome:

« Chromoscmes ¢an
» The hereditary_
» The structure s

o DNA {deoxyribonucleic acid) is the double-stranded, helical molecule found within
the nucleus of each cell. DNA carmies the genetic’ information that codes for the
proteins which are necessary for cells to reproduce and to perform their functions.

o When a cell is not dividing, chromosomes exist in their dispersed, uncondensed form,
as a mass. of long, thin, thread-ike fibres known as chromatin.

o Chromatin is a complex of DNA and histone proteins. The DNA winds around an
= octamer formed by 8 histone proteins forming nucleosomes.

o Chromatin that has been sondensed by coiting/folding many times upon itself results
in a chromosome which appears as a thicker, shorter and more visible struciure.

East updated by: Mrs S Nair, Mr Darek Tan and Mr Low ChE 3
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ubmis%%b
— | wolecule o .m__,,_w

The ONA double helfx . . 2nm ea\;\\//\,r\./u\(v\//\..\gww

.. becomes coiled round 10l Sove
ruclessomes to form a

thromain thread like 2

Siring of beads
CONFR +hiremes)
The nucleosomes become
Levels of packing of packed togetier to form
chromatin in a a more condensed
chromatin thread
chromosome
{30 v fkere) :
f
“.__m chromatin thread
ecomes folded . . .
(envevnsgeeel :ﬁzm Aoruas)
& 3
sﬁé%&@és camlenson fn
. and folded agatn

e

Ui appiis  Comn 15
&0 WS of 3@ tled %

tingleinted o biome, ~

ey, v qmesd - - feided e & b W LmdenS i
o, Flerey gty Wik ..mz_oﬂwnﬁ%ﬁumn JM.NW ,
K S Sourt | Spateseen qﬂ% hssH
- cell division, .

o

o Condensed ns_.o_somoaowymyﬂ%oc:a in dividing cells during some stages of mitosis
and meiosis, such as _mﬁ@vanw_mw@ metaphase, anaphase, early telophase etc,
During these stages, 3@ omatin is condensed and more tightly coiled and folded
such that the osBBo@Sm appears thicker and shorter and more visible.

o Sister nraimm@f@oam_: identical DNA molecules as they are replicated from

the same u%o_mnz_m.
After DNA hasTeplicated during interphase, the chromatin condenses during prophase
to form two sister chromatids held together at the centromere.

e chy {
{ore DNA molecule)

o WA

"

1 chromosome with
2 sister chromatids
(edch chromatd 1s.
1 DNA molecule)

IR !

oW gayne
n ©on ¢ aeles
N } st vl
Structures of chromosome during metaphase and anaphase
Last updated by: Mrs S Nair, Mr Derek Tan and Mr Low CM 4
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{a) Chromatin fibers at interpt (k) Chromosomes, each made up of 2

sister chromatids

{c} Diag tic picture of ch e
showing how chromatin is condensed

{d) Chromosome with 2 sister chromatids

* The term diploid is :mmn_ to ammn:_um a nuclew;
of - chromosomes. The n_._qo_._._omo_.:mm
chrornosome of the pair comes fr
organisms exist in a diploid condition.

*  The diploid condition is Eu_.mmm @ni where n represenis 1 complete set of
Eay- chromosomes.

. ~wo3m=m {non-garnetic) ce iﬁ«m diploid e.g. the diploid number of chromosomes for
Fumans is 46. ﬂ.@
Yy

+ Theterm :mﬂ_oE. is to describe a nucleus, cell or organism that contains oniy one
complete mﬁ..&%. hosomes. Thus it has haif the diploid number of chromosomes

or orgahism with two complete sets
as homologous pairs where each
_6_. parent (maternal & paternal). Most

and centains of mologue of each homologous chromosome pair.
* The :mm_o& n%&&oa is represented as n. e.g. the haploid number of chremesomes for

£ the in human is 23.
* Gametes are haploid.
Organism Diploid chromosome | Haploid chromosome
number number
Fruit fly {Drosophila melanogaster) 8 4
Onion (Allium cepa) 6 3
Maize (Zea mays) 20 10
ocust (Locusta migratoria) 24 12
ity (Liliur longifiorum) 24 12
Tomato (Solanum lycopersicum) 4 2
Mouse (Mus musculus) 40 20
Human {Homo sapiens) 46 23
Potato (Solanum tuberosum) 48 24
East updated by: Mrs S Nair, Mr Derek Tan and Mr Low CN 5
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Adults (2n)

\ ..E<m:_r".. ﬁm_.;ll.l..w

Mitosis

Zygote (2n)

N

Fertilization

+ The fusion of a haploid sperm and _.m_u_o_n_ ed
formation of 2 diploid zygote. This new cell is . d" because it contains the two haploid
sets of chromosomes, one set supplied by _._._oﬁ:m.. and one by the father. These
chromosomes bear the ancestral genes aﬁf present the matemal and paternal family

during fertilisation results in the

fines. %
+ After fertilisation, the zygote undergp process of nuciear division called mitosis. This
generates cells Emﬂ are mm:ﬂ.mm_

entical to the original zygote. These cells are Em:
ialised cells that form the organism.

stimulated to differentiate inf

G

Haplold multicallular
arganism {gametophyte)

Diploid
Mitosls multicel)

ular

mulfieeliutar organism Mitosis
organism {sparophyte)
{5) Antmals (k) PEants and some algae
Animai and plant sexual life cycle
Last updated by: Mrs $ Nair, Mr Derek Tan and Mr Low CM [:3
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_ D) ‘HOMOLOGOUS CHROMOSOMES! «  The number of chromosomes varies from one species to another but is always the same
® & for normal individuals of one species. However, some species may share the same
= In a diploid cell, two chromosomes having the same Size; w@muﬂ. centromere position, nﬂaaomoam number, but the iypes of chromesomes are different. Humans have 46
@mﬂi:m pattern, and mmmmon of genes are known as homelogous chromosomes. chromosomes or 23 pairs of chromosomes. 239\35
¥

| iy
+  Each member of such a pair is called a homologue. pofndl m v wm gm\ﬁ
howad
_&E\ ! 2 3 N -

* Characteristics of homologous chromosames: {1 grte,
vheowaids)  bewdtgurs Chowicrome

A B
1. ‘They have the same genes (that determine the same characters) at cormesponding ’3 uha ﬁ .%»N ﬂyﬂwﬂﬂ
loci. e.g. bicod group, hair colour. i i o e et o0

Note: Locus {singuiar)/ loci (plural) — is the fixed position of a gene In & chromosome 13
APOADA XA RS EA

2. One homologue criginates from the male parent and the cther from the female parent. s,
o E
3. They are similar in size, shape, centromere position and staining pattern. : %Z %X TR Y| “ %
aﬁy 19 20 21 22 XY y .ﬂ/

4. However they may not be identical in what they code ﬁ.«%ﬁ: s they may have " ° "N

- diffe lleles at the locus. - ?

rent alleles at the same locus % Human Karyotype of a man with 23 pairs of chr %‘»oﬂmm -
{Alleles are alternative forms of a gene and h occupy ihe same Joci on I ST T mms s o m oo Soln ;my.. .................... “
homalogues. For example, a gene that controls :mﬁm%cn one homelogue may cary Question: Are all the chromosome pairs homologous? S

an allele that codes for brown hair and the om.&@ao_omcm may carry the allele for

L o xand ¥ ane nok. (78 Mty bov digovont ofgng, a@gﬁ oSt eY) |
_o_gn_m hair.} @zwy m ’ m

Homologous
chromosames

m Question; A chicken has 78 chromoso ...ﬂnm somatic cells,

) a) How many chromosgpies did the chicken inherit from each parent? 39
\ b)  How many chromosgmés are in each of the chickern's garmetes? 3

: ¢} How many ns,.oﬁm omes are in each cell of the embryo? *3

! dy  How many o_.__.@

somes are in one “set” / haploid? 3%

e.g. T and t are altemative forms

of the gene coding for the same

{rait of hair colour.

Allefes of &
geneata

gone locus T allele codes for brown hair;

t aliele codes for blonde hair
Sister Sister
chromatids chromatids
Homologous chromosomes

b Sister chromatids, will afways have the same alleles if no crossing over ocours between
non-sister chromatids of homologous chromosomes.

B&oao_omocm chromosomes have the same genes but may have different alleles as
one homologue is from the father while the other is from the mother. -
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How they affect cell division

As a cell entarges, its volume. increases faster than its surface
area. The cells in a given fissue are stimulated io divide when
the ratio of surface are {o voluma exceeds a critical figure.
Why?

When the surface .area..is. . not . great encugh fo
_accommodate the entry of food materials and oxygen. at a
rate sufficient to supply the cell’s demands, the cell divides
in order to:restore a: favourable surface area fo' volume

ratio,
s

Ka
When a cell increases beyond a Snmﬁ% the cell will divide,
Why?

int of cytopfasm which a
[i%will divide so as fo restore a

loplasmic ratio. By doing so, it
fo effectively direct and conirol the

As there is a limit to the af
nucleus can control, the
more favourable nuch

will enable the nucle

celf divisi nd determine the rate of cell division e.g. auxins

RS
Growth :%%wm in plants and animals are required to initiate
in u_mﬁm:n_ thyroxine in vertebrates.
#

nans, how is cell growth stimulated in an injured area?
Wounds usually causes the production of chemicals that
stimulate cell division to grow over the infured area.

o
[l .
Other factors influencing cell division includes age, temperature and mechanical stimuli.
An example of mechanical factor is abrasion which removes cells from skin surfaces and
this stimulates the cells beneath to divide more rapidly.

MyFAR, Agen vl fempedet/
7 i 7 et . predtanly BT
D S ﬁ%!i_s? o STy
Sapyy Al
Jdewmands

@ ymtlen— oy plas el VD
GrOrmseal Qisttnug
J-

P

3!
b
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| (F} “THECELLCYGEE " M

The cell cycle is the sequence of events which cecurs between the formation of a cell and its
division into daughter cells,

Gapphaset

Petiod of cell . %

Cell cycle - A typice growth before Synthesis

cycle, the DNA s phase
replicated DNA

The two gap phases (Gs repfication

and Gz) are separated by interphase bagins

the synthesis {8) phase, n davghler celfs)

during which the DNA is
repiicated, Mitosis(M)
phase, or nuclear division,
is foliowed by cytoplasmic
division {cytokinesis).

4

= The cell cycle consists of the follo: ﬂ@@m main stages:
Y
Stages in ) -
cell cycle \¢® Main events

/_Wevmnon of synthesis and growth

mﬂ@ - Cefl produces many materials and organelles required for
carrying out alt its functions

of cell @g&@@ - Celf replicates its DNA (during S phase of interphase} to

Nuclear division

prepare for nuclear division ——
- Either mitosis or meiosis

Cytokinesis
{cytoplasmic
cleavage)

- Division of eytoplasmic contents into 2 daughter cells

(Note: Cefis do not normally divide continuously i.e. a certain period will elapse between
the two divisions.)

Last updated by: Mrs S Nair, Mr Derek Tan and Mr Low &M 10
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T el

e

T T T T T T L T R T R PE R TS

m (GHINTERPHASE (Preparation for mitesis/meicsis; non-dividing phase; 90% of cell cycle) #

Events within the cell

intensive cellular synthesis:
a) Organelle synthesis

b} RNA synrthesis

¢) Profein synthesis

d) ATP synthesis

‘Gap
phase 1)

(Synthesis
phase)

DNA replication occurs: - (Stim~UmegYyarive, wplofon ) =2 reauls i idtertida]
a) DNA molecules replicate < DNA content of the cell doubles  svse- thromaticls
¥

Lunn

Intensive cellular synthesis
a) Organelie synthesis

¢} ATP syrithesis

b) Synthesis of gpindle proteins fw@

(in preparation for anoﬂom%ﬂi of

YDl es (er

g

SIS .

o5

*  Mitosis is a form of nuclear division in g aryotic cells which produces two nw:m:ﬁm_‘.

nuclei containing identical sets of ¢hi

dfgomes as the parental cell nucieus.

)
« it occurs after interphase (if the n%zw are right).

»  ltis usuaily followed immedi mﬂsg cytokinesis, during which an equal division of the

formati
& daughter

cytoplasm of the parent
results in the formation @

ﬁ@w

+  Mitosis is made

[CTTTT TS an

on of the cell membrane and cell wall (in plants}
cells.
A ClwompsdTyes Danditingl

ain stages: Prophase, Metaphase, Anaphase, Telophase.

S Y EL L] YR AREEREEE RN RN RREERTEEE O

H
M
-:

PP I T TELETEI T )

Plasma
| membrane|

Use the term microtubule orga

The longest part of the c2ll cycles
_:nEQmw G4, S and Gz phases

mﬁ:mmzaojamﬁ:mmmn
- DNA duplicated

«  Nucleus is bound by nuclear envelope

- Nucleolus present .

- Single centrosome replicated to form fwo
centrosomes, each containing a pair of
centricles in animals

Organelles duplicated

higher plant cells

.centet.

Last updated by: Mrs 5 Nair, My Desek Tan and Mr Low CM ' 11
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Spindie fibres begin to form. _

Centrioles
(in centrosome) move
o opposite poles of the

cell. Chromatin in the process of
coiling, and shortening and
Nucleolus begins to thickening into a condensed
disappear and nuclear’ chromosome.
envelope begins to N
_ chsintegrate: .
G 2 pneteWd  cnromosome, consisting 3@
iltwer of two sister chromatids PR
SOV A DL, - S
i 3). PROPHASE {LATE) ; o :
panannanmnanes s

Centrioles (in

=

Centromere — oo:»@ﬁ of a sequence of tandem repeats on a
region of the o_‘_mm@nmoam that holds sister chromatids together.
A specialised-plul

assembled ai%#e centromere and serves as an attachment site

in complex, called the kinetochore,

centrosome) migrate to
opposite poles of the cell.

Nuclear m:<m.oumm$
disintegrates {3

Asters are radial arrays of
shorter microtubules thag
extend from the centrosome.

» 0O, of clyowatened for Gll=4
- 0.t DA teolenles Pere=8

Spindi
Spindie]

for wu_x_mﬁ@ bres. 4 Kinetothore
o o~
Bs centromere y centromere

(U frovn 2o

WG g s B €
Chromosomes are now
even mose condensed and
visibie and appear as two
sister chromatids joined
together at the centromere

Mitotic spindie continues to form

Spindle fibres extend from each pole foward i)
Kinetochores and ii) the middie region of the cell
(metaphase plate).

Kinetochore microtubules attach to centromeres of
the chfromosoimes.

Last updated by: Mrs S Nair, Mr Derek Tan and Mr Low CM 12
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[LEEETT T

EEEma s N veREREETEE [T TP PISN T LLLETTY

H 4) i METAPHAS : 6) - TELOPHASE: [considered as 1 cell forming 2 nuclei} -

SerraramaranneveaE,

Chromosomes are aligned atthe Metaphase

equator / metaphase plate t n S plata Cleavage Nucleolus

e ; furrow (in rRng

animal cells) or

Spindle is completely formed.” cell plate (in
Kinetochore microtubules are attached to plant cells) starts Spindie fibres
centromeres of the chromosomes. to form. disintegrate.
The attachment of 1 centromere to 2 kinetochore

microtubules (1 from each pole of the cell) helps to

position chromosomes along the metaphase plate. - pioma
, e Daughter chromosomes
e e , reach the poles of the cell, and
If the cell _rm a_vuo_m.%oaao_ommcm pairs are o0 68 ChiOmpTomes will decondense and lengthen
present. However they do not pair up. Centrioles located at - - intc chromatin. The
Instead they line up singly in a row. Per o= Nuclear envelope

the poies of the cell,

o \ " reforms around the
) > s of BUR reforms
{ P i . chromatin at each pole
rieliAes fey Ceh= § and the nucleolus

" A reappears.

NSNS E S N NN EEEERRAE AR AN NN b e e e AR

diffused ani®are not clearly

s&w%%»

n:ﬂoaamon will then appear
Spindle

Cenfromere
of the chroamasome

A eukaryotic cell has multiple
chromosomes, one of which is
represented here. Before
replication, each chromosome

Spindle fibres (non-kinetochore
microtubules) elongate and
slide in opposite direction due to

avig gs.]. % LS
oANes

the actions of motor proteins. Daughter chromosomes i i 1
i . is made up of a single DNA
This cause the two poleg to are led by their ao_mﬂc_m s.nzmm sin N Chromosorme
move further apart, elongating centromeres resulting in the centro duplication
the cell. ) ] characteristic ‘V* shape of X G,
a.,%v _

c¢hromesomes seen in
anaphase. Upon .,mﬁWaon_ a
chromosome g srsts of two
genetically-itightical sister
chromatids tefnected at the
centromere. Each sister
chromatid comprise1 DNA

. Centromers

Separated sister chromatids, no

called daughter chromosomes are molecule.
pulled to opposite poles by % Ugp, 6 WY 2 s:vim@:m
_shortening spindie fibres/kinetochore e
microtubules. ) Division of the centromere and
B oo, Wechionoms perch =8 shortening of kinetochore
* Mo, BNA wotellles par all =8 microfubules separate the
of sister chromatids into two
daughter chromosomes and
distribute them to two daughter
cells.
Centromeres Sister chromatids
Note: ali the chromosomes above are drawn as ‘mefaphase-stage’ chromosomes for ease of viewing, not all of them should
look like that — the topmast chromasome should appear in chrarmatin form because of the stage it is in Le. before duplication (S
phase of interphase)
Last updated by: Mrs S Nair, Mr Derek Tan and Mr Low &M 13
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! Question;  Fifl in the blanks.
whare n = no. of chromosomes and X = amount of DNA

m ~ CYTOKINESIS (CYTOPLASHIC DIVISION)

H
i
)
In a cell :
No.of | Amt No. of : » Cyiokinesis generally begins at {Eelgphase] during which the cytoplzsm and cell
chrs. of DNA i organelles of the parent cell are evenly distributed between the resulting daughter
DNA | molecules ' cells. (Although by definition cytokinesis and telophase are 2 separate stages, they
Gi phase 2n X 4 ' may overlap temporally, ie the 2 processes may start at the same time.}
§ ﬂgm 17 1
mgirgﬁﬁ?m Prophase n | 2X 3 i ayilivanimal.cells.
PNk telrenddny , o The cell membrane begins to invaginate towards the region previously occupied by
Metaphase al 2X 3 ' the equator / metaphase plate, forming a cleavage furrow.
Anaphase 40 X 2 \ . .
; e ‘The cleavage furrow deepens until the parent cell is pinched into two, producing two
Telophase 4 2 | € ! completely separated celle each with its own nucleus and share of cytosol, orgahelles,
e d other subcellular structures. cl Furrow
okinesis H an eavage Furr:
Cyt an | ox ) g m
1
1

1 chromatid = 1 DNA molecuie; chromosome with 2 %%Wo:«oammam has 2 DNA
molecules. After anaphase, 1 chromosome has 1 chromiatid thus 1 DNA molecule. Each

DNA molecule is made up of 2 strands of DNA. S

Cleavaga furrow and the spindle is O embrane begins to invaginate forming a continue, and cut
:oi%mmmmau_m:m@ cleavage furrow the cell inte two,

/f + QN ‘wfw i izt £ 3 % y
%f a. Mitosis is over, %wﬁ beneath the plasma membrana, the call c. The contractions.

*udj__._m two
%/Mﬁv »Mﬂf » daughter celfls
s by dnplantcells. . ﬁm Cley e STNeS
@ + Inthecells of the s_m:mf Slaris, series of fluid-filled vesicles (desived from the Golgi
wa : apparatus), move to théréquator/metaphase plate of the cell and coalesce (i.e. fuse)
O fo form cell v.mﬁW@
,m( » The contents vesicles will be converted to pectin and cellulose, which contribute

to the middlg” Brnella and celt wall matrix respectively, of the daughter cells. The
membranes oFthe vesicles form the cell surface membranes of the daughter cells,

+ The cell plate eventually fuses with the parent cell wall and cell membrane, separating
the daughter cells.

A vOatts - ol weSUIER ~2 celt WGl
ﬁﬁw © vV ings &ew_agw WMoy tine
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}

= Cell walt
mnﬂwim

oot
TR
és%
L crors e

il o i w Fermer oo Vesicles ot
it E spinde { converging

ki i £ ecuator 3 H ¥

i g 3 ¥ F] m“

1 : I

a. The Golgi apparatus . Guided by microtubules, the c. The contents of the Galgl vesicles contribute to
produces a humber of smail vesicles coalesce to form a call the new cell walls of the daughter calis whilst their
fluid-filled veslcies, which first plate which grows across the membranes for the new cell membranes, The
appear I the centra of the equaterial plane, spreading cell plate eventually fuses with the parent
cedl. cell wall and separates the two daughter ceils.

P e e - e - - e

| Review gquesfions

1. ldentify the stages of mitosis shown in the pictures below: *.

ke

Phase: 953<S&q®

1

] Cntdnting

H

Last updated by: Mrs S Nair, Mr Derek Tan and Mr Low CN 17
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(1) SIGNIFICANCE OF MITOSIS

a

d

) Maintairing gerietic'stability.
LT ﬁ%mg% Pednt 0
Mitosis produces 2 daughter nuclei, each of which will have »rww.,m_.:m .r:s._ er and same !
fypes of chromosomes as the parent cell.

Fach daughter nucleus eventually becomes part of one of daughter cell.

Since the chromosomes in both nuclet were derived from the parental chromosomes by
semi-conservative replication of their DNA and subsequently their even distribution,
the chromosomes in the two daughter cells are genetically identical.

Thus mitosis produces daughter cells that are genetically identical to their parent cell,

Mitosis does not introduce genetic variation, thus maintaining genetic stability within
the populations of cells derived from the same parental cells.
L

In animal, it will not resuit in rejection by the body immune systém as the daughter
cells produced are genetically identical to the parent call, thus :m%wm.wwy recognizing self-

versus non-self celis. JMWV
KoF

Mitosis takes place during growth of an organism. @@: is defined as an increase in
number of cells or size of cells. @

e

The number of cells within the arganism i ases and the new cells produced are
genetically identical to the existing am__wﬁ.wa
Regeneration arid ce ”_a_u_m&ag% ..

Mitosis ensures that when dam mﬁﬁm:mm are repaired, the damaged cells are replaced
by cells that are genetically i iéal to the original cells.

_,..Eomarm_vmmnom_:mu_m 3man_ammm;m_.mﬁmoao,ﬂammm_amumnm;o,..m%:mammamm.3
multi-cellutar organism

Examples of _.mmma%:o: include regeneration of taits in lizards and arms in starfish.

" Asexual reprodeméti

—

Atype of reproduction Ermnm an organism replicates itself without the production of eggs
or without feriilisation. Thus asexual reproduction takes place when a single parent
produces offspring genetically identical to itself.

Many animal and plant species propagate by asexual means involving mitotic divisions of

cells.
Bfnmaiay

Asexual reproduction is an a in stablg,environments where the offspring receive
a set of genes from the parent who has survived and reproduced under the same
conditions. With this set of genes, the offspring will be suitably adapted to the same
conditions that have allowed the parent te thrive. In these ideal conditions, the popuiation
<an reproduce very rapidty.

e.g. vegetative reproduction in plants (e.g. strawberry)

Last updated by: Mrs S Nair, Mr Derek Tan and Mr Low CM 18
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Review
Below is a mmicrograph of the root tip of an onicn, Identify and label 1 cell undergoing
interphase and for each mitofic phase, i.e. prophase, metaphase, anaphase and

telophase.

ok TRty iknabag S TRARAGIK W UPRTENIA WORAR B50T O fiutson

i etnode
AnaPRIE,

Ter oy

Last updated by: Mrs S Nafr, Mr Derek Tan and Mr Low CM 13
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[ (K} “UNCONTROLLED CELL-DIVISION = CANCER

= The cell cycle is well regulated as it is important for nofmal growth and development. It is
regulated at certain control points known as checkpoints. At these checkpoints, stop and
go-ahead signals can detérmine whether or ngt the cell cysle can proceed.

»  The main checkpoints are at Gy, Gz and M phase.

G, checkpoint

uniarkhdied
A dwiien [wsveur)
Pt oyl
froves A wWholy
w0

&

WS of g UL AV

of checkpoints of cell division occur or celis
| mechanism that normally regulates their growth, This
on of cells.

» Cancer ocours 'y

leads fo uncontrolied d

=

=  Eventually a2 ma: cells called a tumour can result. Tumour cells are genetically
identical and d from a single, genetically altered cell (i.e. mutant cell).
Last updated by: Mrs S Nafr, Mr Derek Tan and Mr Low CM 20
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L (L) WEIOSIS ] 1) INTERPHASE

« Most organisms produce offspring by a process of sexual reproduction. During this —
prosess, a haploid{n} gamete from one parent fuses with another hapioid (n) gamete from Phase Events within the cell
the other parent to form a diploid (2n) zygote (or fertilized egg). This process results in . .
offspring that have 2 sets of chromosomes, one set from each parent, G Intensive cellular synthesis:

{Gap phase 1) a) Organelle synthesis
»  Most organisms contain diplaid (2r) chromosome numbers in their somatic (non-sex, non- b) RNA synthesis

gametic) cells. In order to ensure that the offspring have the same number of c) Protein synthesis
chromosomes (dipioid) as the parents, the two gametes must have only half the number d) ATP synthesis
of chromosomes (haploid) as the parents.

*  Hence, meiosis is also known as ‘reduction division” because resultant daughter celis s DNA replication cccurs:
have half as many chremosomes as their parent cells. The nucleus of each daughter cell (Synthesis phase) | a) DNA replicates -> Hoﬂb nm.oﬂﬁm:ﬁ of Emmomm= no_.__ummw_m mﬁsmm
will have one set of chromosomes i.e. no homologous pairs. The daughter cells would be . - .
haploid (n) white the parent cells would be diploid (2n). Gz Intensive cellular synthesis (in preparation for mitogis):
Meiosis | e " %@ (Gap phase 2) a) Organelle synthesis eﬁf

. eiosis is a form of nuclear division in sexually reproducing isms that produces b) Synthesis of spindte proteins \
four-hapioid: daughter: nuclei; each containing half the n%am number of the ) ATP synthesis N ﬂ,%,
parent calL {apechparent cel-> 4 a7k GRS Cols | aN

»  Meiosis produces daughter celis that are geneticall rent from the parent and this %
Is important because it contributes to.variation;: mf o

. variati MEIOSIS | £

+  Meiosis involves two nuclear divisions: %&m
£

P L LR EL L LTI T

....:-..u-n-n.-..--.-.n..-@ A AR RN TR AR ANt AY NS NRER R RAR N

_ N ; | 2) PROPHASE | (EARLY) e ;

E._m first meiotic QHSQO% Q_..m second meistic nmswmo_-_v Srewigserues ekl iRl i e .........-..%ﬁ. R ETE N ER SRR ARR ARG E AT AR LA RS ER kb A A ana
Involves the pairing of %.omo& Involves the separation of the 2 sister Centrioles . Spindle Nucleolus begins to
chromosomes and r=tubsegquent | chromatids p— begin to ff(m oo | TOPMation | : disappear and
separation into 2 d ter cells {(which Chromatin coils, shortens migrate @ B begins. : . ::o._wm_. m:.e.m_o_um
reduces the chromfsbme number by and thickens into a oppo - Sl med ' oo | begins to disintegrate.
haif}. Y condensed chromasome, pol he | 05

hase | prophase i 2
S Metaphase | ath AT W\Smﬁgmm@ il Homologues (nomologous p g
@@. anaphase | anaphase |} chromasomes) pair up <_MO.
telophase | K séssun%ﬁ telophase i the process of synapsis t
VUL s oy (o rovemt form bivalents {this~ - -
WATARE g\g&w process is independent of
v T veductme ATton vieeess Ay ? spindle fibresy
» & C wen hapored gmets fuge/ In every pair, one
gy .ggs\. e Ao homologue comes from the
VO o ntOMndsWES - B Testonad: father and the other
homologue from the
mother.
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L T L L L N ABARVEAFELANAmRALLtsEEEEEEESRTE AR T AR NRERERNTER

sreadunnEEn AL

: 3) PROPHASE | (LATE identical sistor
..:v.::.:..::i.sm:.::w-...::.:.......::........:.:,..._....::........:.::...:...:.:..:........::... S P chromatids with At anaphase |
the same alleies Non-sister chromatics of sigter-chromatids

homologous chromosomes are no longer
exchanga equivalent potions at  [dentical— non-
the chiasma during crossing over  identical sister

at late prophase { n_.__.oam_m.au

Crossing over occurs between the non- , Chiasmata
sister chromatids of homolegous
chromosomes.

Centrioles

Continue to migrate to
oppesite poles of the
cell.

Chiasmata {singular = chiasma)

< sites where non-sister chromatids of
homeologous chromosomes break and
rejoin with the other

Spindle fibres begin
o attach to the
kinetochores of each

Thus crossing over allows exchange of
corresponding alieles or genetic
material between non-sister chromatids

of homologous chromosomes. Crossing homologue. Homologous Homologous
over results in new combinatior of chromosemes  Ghromasomes
alleles on the chromosome. This ef& after duplication
contributes to diversity and variation. m@s Aa Note: (or after S phase)

Sister g o o Tera o 2 and A are alleles of the same gene
During crossing over, bivalents are seen chromatids § b and B are alleles of the same gene
as tetrads. (gach tetrad = 2 chromosomes e and E are alleles of the same gene
each with 2 chromatids) Nucl _o_um has |

n_.m_m. Recall:

X . Alleles — alternative forms of a gene, -
Recall: Each chromesome consists of 2 e.q. the gene far colour of flower

sister chromatids joined at centromere %/ may have seversl afisies, one codes m..m:..mﬁmnm_
, for purple flower color whereas atthe end
another allele codes for yellow flower Of Bo_omﬂ/ ]

colour
~

= As a result of cro @@. there is an exchange of genetic material which is the
exchange- of sponding alieles between non-sister’ chromatids of

homologou mosomes,

Centromeres

Micrographs showing crossing ever at late prophase | of meijosis |

Last updated by: Krs 5 Nair, Mr Derek Tan and Mr Low CM 23 Last updated by: Mrs S Nair, Mr Darek Tan and Mr Low GN 24

carausell.comfarmafatunicomn carousell.comfiamafatunicom



Raffies Institution H2 Biology 2018-2019 Raffles Institution Hz Biology 2018-2019

LLTTRT PR PR ET T B B N e O RN RS R e R RN e R RN By e

i 5)ANAPHASEI'

L T T T T TPy P PPy aey

T

Mnaema,

B o s T T S N N SN N B N S A N A AN EE R AP NN NN RSO aERAR DT

N A e oy r P A A S R A EE P T RN AN Y N RN AN R bk e RN R AR AR R, n

Note: Sister chromatids remain attached and move
Spindle is completely formed ) together towards the same pole (because the
centromeres have not yet separated / divided, this pair of
Spindle fibres (kinetochore sister chromatids is considered one chromosome)
microtubules) attach to the centromere
of each homologue Mefaphase Homologues -
piate separate to opposite poies Spindle fibres

{non-kinetochore
[-microtubules)
elongate and slide
in opposite
direction due to

Tetrads Homologous pair of
chromosomes align along the equator/
metaphase plate {3 rowng %%agagwmu

Each homologue is pulled by g
shortening kinetochore
microtubule (that attaches to the
centromere) towards one of the

Homolegous chromosomes move as a pair poles the actions of

to the metaphase plate with the help of the LT motor proteing.

kinetochore microtubules Note: Centromeres do not divide / 3 .F_mm ow:mm the two
separate here. e poles o move

Each homologue is attached fo the P Homolagg further apart.

kinetochore microtubule from the pole it chromo parate

faces .
Ayt shdeid R AR KN4 R O aanE B R R R AN o e g N men JMWJ:.:.......:.......................:!. .
ol - ey N :
independent aisortmnt o :aﬂu_omo.a : mv.am._..m._.u._”_..pmm ! ﬁ% et rarseasareneesrasssneesarnsessas kenrennsanr sl
chromosome occurs at this stage. The mmwv
arrangement of 1 pair of homdlogue at the ﬁﬂ! Soi -
Ppa pindle fibres disintegrate
metaphase plate is independent of other
nmmawh_,mmm_.wo Zm__.ﬁm__m ﬂm& of mff@ Chromosomes gach consisting of 2 sister AN,JMW@
Independent Assortment on Py 32) .ﬁﬂf wm":_.aama% reach cpposite poles Y,
||||||||||||||| e e Each pole bas a haploid set of chromos n)
g

Cleavage furrow
begins to form
{i.e. cytokinesis
begins at
telophase |I

tetrads and bivalents?

Question: Is there a difference oﬁ.ﬁ

_ I
! 1

; _ ch fimes decondedsift
PN BOTR tohms Nefet 4 o pleteld Asevtinted Wombioguel, edrh of : romosomes sometimes decondegisgifito

| % wady up %. @ clivom ﬁi 5. : chromatin but no replication of akes place
' '

“. 1

o o
® s
Nuclear&nvelope starts to
reform around each group of
chromosomes

Nucleolus reforms

@ At the end of meiosis [, the nuclet are haploid.

| 7) CYTOKINESIS

While cytokinesis occurs in some cells after telophase |, in many others, there is no
telophase | and no cytokinesis. Such cells enter prophase Il directly from anaphase
k.
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_s mmOm_w n:

- Diagrammatic representation of events occutring in meiosis 1l
+ Meiosis Il begins with 2 haploid daughter cells and involves the separation of sister Telophasel Prophase Il Metaphase I Anaphase 1} Telophase i
chromatids, forming 4 haploid cells & Cytokinesis & Cytokinesis

8) . PROPHASEI
» Chromosomes condense

« Centricles duplicate and move to opposite poles Cleavage ¢
+ Spindie fibres begin to form furrow
« Nuciear membrane disintegrates, nucleclus disappears

9y METAPHASE
+ Spindle is completely formed
» The centromere of each chromosome is mnmnzma to kinetochore S_Q.oncg_@m
« Kinetochore microtubules align the chromosomes at the metaphase plate in a

single file
S

10} ANAPHASE il @
. Centromeres divide and sister chromatids separate ,_ {5
« Each chromatid is now: called a daughter n:@ﬂﬁoaﬂ these are pulled by

Sister chromatids Haploi
ploid daughte:
separate cells forming

shortening kinetochore microtubules to opposit es centromeres first (i.e. led

by the centromeras) L
« Non-kinetochore microtubules lengthen m_._ammz hate the celt ‘Two haploid cells o
form; chromosomes - :
11} TELOPHASEH are stilt double During anothor rocsmd of vision, :—o Mmaaﬂ.. chromatids finally
+ Chromosomes reach the poles of thy _._n__m where they decondense and soparste; four haploid d cells result, containing single i

become diffusefindistinct %/ /

« Spindle fibres disintegrate

» Nuclear envelope reforms a
the form of chromatin) ang

12) CYTOKINESIS | ﬁwﬁ

TR ... R

gt each group of chromosomes (now existing in
eolus reappears in each daughter nucleus

1
E
t
E
L
i
1
1
1
I
]
¥
]
1
1
1
1
1
1
L
1}
]
1]
)
]
1
1
1
1
1
t
1
)
’2‘9
1
1
1
1
1
(]
3
13
L
H
H
1
1
1
1
1
1
1
1
1
I
]
3
i
H
i
1
i
1
]
1
1
i

Question:  Fill in the blanks.
Where n = no. of o:..o:._oy.amm and X = amount of DNA

s@w@

] 1
t 1
13 [}
1 1
1 1
" “
: in a celiZ) In a cell ‘
! No. of " Amount No. of Amount ‘
Cytokinesis #ﬂo_ ammommm \l. During cytokinesis, the celfs divide to give a total of 4 | n—.ao:..omow_ﬁ of DNA chromosomes | of DNA :
daughter ¢ with each daughter cell (n) possessing half the number of \ |G, phase 287 X Prophase li T X i
chromosorgs as the parent cell (2n) and half the DNA amount as the parent call before i | Prophasel o 3 Emnm.c:mmm n X i ,
§ phase of interphase (or a quarter the DNA amount as the parent celf affer S phase [ - [T X II- [ '
of interphase). ¢ 1 Mefaphasel n P33 Anaphase I wm X :
o ) 1% Apaphase | Zn 2% Telophase If W X ;
Cyiokinesis begins at telophase 1. v { Telophase I M 2% Cytokinesis " Ty !
L} 1}
. 1 | Cytokinesis A hd '
@ Meicsis ll is similar to mitosis but starts with haploid cells and sister chromatids may not i |
he genetically idenfical due to crossing over. e e e e e e T — e —————— '
& There is no such thing as Interphase 11
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Ey_: SIGNIFICANCE OF MEIOSIS

* Meiosis produces haploid gametes (egy and sperm} for sexual reproduction.
During fertilisation, the haploid nuclei of male and female gametes fuse fo produce a
Zygote with a diploid number of chromosomes. Thus the' diploid condition is
-restored, resulting in the restoration of ploidy level.

*  If meiosis does not occur, fusion of male and female gametes by sexual reproduction
will result in the doubfing of the number of chromosomes with each successive
generation. [n order te ensure that the new adult organism has the same number of
chromosomes as the parent, the two gametes must have only half the number of
chromosomes as the parent.

* Meiosis ensures that the chromosome:number in each wnmmmﬂ%mw. kept constant

every generation,:
v goer &
o

*  Meiosis allows for new combinations of alleles in wﬁww\n etes which leads to genetic

vaniation, mﬁr@.

= The two important evenis in meiosis that ¢l enetic variation are
®

a) . crossing over and hgﬁ:sg %Nm@v

S@:nmvmnnmi assortment o%ﬁw osomes. [ ietarie L)

it s
6]

* Random fusion of geneticdlly” different gametes during fertilisation (after
meiosis) also results in mﬂ&@ﬁnmﬁmo:.

= Why is variation impoj %

o Due to ge c_variation, individuals in a population will have different

i

o Whegnreénvironmental conditions change, certain individuais in the population
will be better adapted to the change than others. These individuals will be
selected for as they have favourable characteristics that allow them to
survive in the new environment, Individuals without the favourabie
characteristics will be selected against and will die off,

o Ifthere is no variation, when a catasirophic event occurs, the whols population
(with sarme characteristics or without variation) maybe wiped out.

Last updated by: Mrs S Nair, Mr Derek Tan and Mr Low CM 25
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{a) ‘Crossing over’
» Crossing over of segments of non-sister chromatids of homologous
chromosemes at prophase | of meiosis |.
« This leads to new combinations of alleles on chromosomes of the gametes.
(see page 5)

A B Crossing over and Chiasma formation
ﬂ H“ ._._._mmmmﬂmN_um_.mmow:oao_omocmnzﬂoaomoq:mw
/>\ m

in a cell during meiosis. If crossing over ocours

um d at point X, show the possible combinaticns of
- uu" gametes that arise.

After the 13t After the 2n¢
meiotic division meiotic division

At metaphase 1

Aggw.:nm,‘_.ﬂwﬁi oﬁ_anmuozn@:ﬂ?ﬁogms».
* During |niétaphase f jarrangement of one pair of homologues at the
metaphase plate Is independent of the arrangement of the other pairs of
homologues.
e.g. In humans, there are 23 pairs of homologues. In every pair, there is one
paternal and one maternal chromosome; where the paternal chromosome #1
aligns during metaphase | (e.g. on the left side of the metaphase plate) daes
not depend on where patemal chromosome #12 aligns {e.g. it can also be on
the left side of the plate or on the right side of the plate)

= Duringlanaphase _n the chromosomes of one homolagous pair will separate
independently of the cther pairs to form daughter cells.

= This results in different combinations of maternal and paternal
chromosomes in the daughter cells at the end of meiosis [ and meajosis |1

Last updated by: Mrs § Nair, Mr Derek Tan and Mr Low CM 30

carouseil.comviamatatunicom



Rafftes Institution HZ Biolagy 2018-2018 Raffies Institution H2 Biology 2018-2019

A B Independent assortment of chromosomes = Due to independent assortment of chromosomes, there are 2" possible i
H — These are 2 pairs of homologous chromosomes in a cell combinations of gametes where n is number of homologous pairs. !
A B during meiosis. Show how the chromesomes align at the . . ) . e
K > metaphase plate in metaphase 4 and the possible Since 2 pairs of chromesomes results in 2° = 22 = 4 possible combinations of
'@ i combinations of gametes that arise at the end of melosis 1. chromosomes in gametes, humans with 23 pairs of chromosomes will have 2n .
a o = about 8 millions possible combinations of chromosomes in gametes.
Assume that crogsing over does not ocour, R T )
{¢):Random fusion of gametes during fertilisation: F
_.P.mmmﬂ»—aw.—m» >ﬂ._..¢-.n—._mN=u e .. s A
Metaphase 1 meiotic division meiotic division »  Meiosis results in haploid gametes being formed. i

» Random fusion of the gametes restits in genetic variation,
» eg Humans= 2% = 8,388,608 possible gametes
Possible zygotes (afier fertilization) = 8 million x & million = 64 trillion

Table of differences between mitosis and meiosis

Eay '
# (N} DIFFERENCES BETWEEN MITOSIS AND MEIOSIS R “ ’
& m@Wu‘.\
Feature  Mitosis %ﬁfﬁgaowmm.
Location Somatic cells in all paris of the Precursor m&mm%.w in reproductive organs {that
body ultimatelyafizsiise fo gametes)
Occurs in | Haploid or diploid cells Only di icells
No of One TWO 2%,
nuclear .ﬂf
divistons Con
Prophase RROPHASE [ .
No synapsis/ Homologues do n + Synapsis occurs / Homologues pair up to form :
pair up; bivalents {tetrads),
No chiasma formation; @ Chiasma formation;
No crossing over of yuﬂ{ Crossing over of corresponding segments of
corresponding mmuam% non- non-sister chromatids (results in non-identical
sister chromatids; a@ sister chromatids with new combinations of
@ alieles),
N PROPHASE I
%ﬁmv No difference from prophase of mitesis
Metaphase w4 METAPHASE |
: |-Chromosomes align individually Homologues- align in-pairs along
on equator/metaphase plate (i.e. equator/metaphase plate (i.e. form 2 rows);
form a single row); Centromere of each chromosome attaches to
Each centromere attaches to spindte fibre from only one pole (Each member
spindle fibres from both poles; of a homologous pair attaches to spindle fibres

from different poles);

Independent assortment of homologues occurs
(results in gametes with new comthinations of
paternat and maternal chromosomes}

When there are two pairs of homologous chromosomes in a diploid cell, + different types of gametes METAPHASE If

will result at the end of meiosis. similar to metaphase of mitosis, except that:
chromosomes, consisting of non-identical sister
chromatids, align in a random arrangement along
the equator/metaphase plate
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Anaphase ANAPHASE | T
Division of centromere; No separation of centromere;
Separation of identical sister Separation of homologues (i.e. pair of sister
chromatids to opposite poles; chromatids move {o same pole);
Once centremeres geparate ANAPHASE Il
chromatids are called similar to anaphase of mitosis, except that:
chromosomes; non-identical sister chromatids separate to
opposite poles. They are now called
chromosomes.
Telophase TELOPHASE ]
2 daughter nuclei which are 2 daughter nuclei which are genetically different
genetically identical & have the & each has half the chromesome number as
same chromosome number as parental cells (n) (i.e. cells are haploid at the end
parental cells (hence can be 2n or | of melosis [}
n} TELOPHASE 1}
4 daughter nuclei which are genetically different
& each has half the o:ﬁ@omo:..m number as
parental cells (n} @wf
Ty
Result of 2 genetically identical daughter 4 genetically, E.%m.._.m:n daughter cells;
nuclear cells; Genetic vay n has occurred {even in the
division Mo variation occurs (in the absence ttation);

of mutation);

Daughter cells have the same
number of chromosomes as
parent cells, hence mitosis is called,!

y as parent cells, hence meiosis is called
@&wﬂ?m division;

o

replicative division, £
A

different combinations of alleles (due to crossing over)

b Nort-identical sister o:ﬂosm‘ﬁwm_.m not the same as non-sister chromatids. The former

refers to sister chromatids that ....ﬂ.w
while the latter refers to chromé&h

ﬁ@%

Last updated by: Mrs S Nalr, Mr Derek Tan and Mr Low CM
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[ {0} MUTATIONS — FOCUS GN CHROMOSOME MUTATION

1. Gene mutations

= Definition: A gene mutation arises as a result of a change in the seauence of nucieotide
bases in the DNA of 2 gene.

* For the types and relevant examples of gene mutations, please refer to “DNA and
Genomics” Jecture notes

= Sickle-cell anaemia and cystic fibrosis would be two examples that you will need to be
very familiar with for your syllabus.

2. Chromosomal aberrations
There are two major forms of chromosomal aberrations:

() Variation in chromosomal structure and sﬁf

(I1} Variation in chromosomal number @.s%e
S

U] m‘<>w$.._..“bz N o_._mo_sowa&_. STRUCTURE _ﬂ{

Alterations in chromosormal structure (usua
brought about by the following mechanisms:

{6} An ivaralon reve AR N
a segment within &
chromosome. Q +

<

10 another, non-
homologous one.

éﬂvsgmaisgx“ﬂ,g’gag

Figure 1: Mechanisms for changes in chromosome structure

= Deletions and duplications are especially likely to occur during crossing over.

Non-sister chromatids of homologaus chromosomes may break and rejoin at incorrect
places such that one chromalid may give up more genes than it receives.

The products of such an unequal crossever are one chromosome Wwith a deletion
mutation ard one with a duplication mutation. (Figure 2)

Last updated by: Mrs S Nair, Mr Deresk Tan and Mr Low &M H

carcusell.comfiarafatunicorn




Raffles (nstitution H2 Biology 2018-2019 Raffles Institution H2 Bictogy 2018-2019

* Variations in chromosgme strugtures usually cause sarious problems. Chremosome Figure 3: Reciprocal translocation between Chr 3 and Chr 22 leads to the
deletions frequently result in zygotic loss, stilbirths or infant deaths. Some survive a formation of the Philadelphia chromoesome
litile longer.
» The ohenotypic abnormalities that resuit is usually due to the reduged or additional md%gm_ﬁmé_wﬁ_sw.
genes reflected in chromosomal deletions and duplications respectively. ample 1: (Deletion)
[3) : ) Cri-du—chat (“Cat's cry” in French) syndrome
) . )] . . jon i .
s You may then wonder how ghromasomal inversion and reciprocal translocations =) Due .3 n_m_mcoﬂ.,, n .ﬁm m_._o_..ﬁ m_,_,: of o_.“a:._omoam & e :
may result in disease since the amount of genetic material remains the same -a bl ot At » A child born with this deletion is ug.m_nm__v.. amd mentally retarded, has a w_.:.m__ _
i . i §»ﬁ%ﬁ§3ﬂ e head, broad face and saddle nose, widely spaced eyes, unusual facial
» However, these chromosomal aberrations/mutations mav stilt alter the phenctybe gusiedapne features and a cry that sounds like the mewing of z distressed cat. Such
because the expression of 2 gene ¢an be influenced by its new locaticn among %3@&49»__ individuals usually die in infancy or early childhood,
neighbouring genes. &.g. juxtapesition: {placement of things side by side) of geres next 5 genss The i .
: = gns and symptoms of cri-du-chat syndrome are probably related to the
to regulatory elements such as enhancers, could up-regulate gene expression. gs& ok loss of muitiple genes in this region. Most cases of cri-du-chat syndrome are

not inherited, They resut from a chromosomal deletion that occurs as a lEsiaud

) . Unequal random event durng the formation of gametes {eggs or sperm) or in early el =4 "

Normal pairing Mispairing crossing-over Resuit gigrossover joetal development. Such people typically have no history of the &moamﬁﬁ '
Chramosemal segments I their family. ymf

may contaln several genes

Example 2: (translocation) of@
Chronic myelo us leukemia (CME] )
¢ mysiogena! ¢ } Abl gene JUM&
Chromescmat
aberrations ?
Chromosome 9 Reciprocal FusedtBer m% e
Ber translocation g
. m.w gene
.,/M! Narmal w.
Grossing over typically occurs between :o..&@mcw reglons of chromosomes, so there is no net gain: or loss of Chromosome 22 %ﬁ%ﬁ:ﬁ chromoseme
DBMNA in either chromosome, However, i, haccur by ermor between non-homoiogous regions of homologous @
chromosomes, When that happens, a loss of a section of DNA in one chromosaome, and a gain in the @
other. f él?
AN NG
In Figure 2, the end resutt is thromosome 2 has gained an extra copy of chrymosome section a and »  When a genatic aberration,obgirs in somatic cells, cancer may result.
chromosome 3 has suffereg Gdeletion, losing chromosatme section 2.
. -~ . - »  In CML, most of the chrofepsome 22 has been transiocated onto the ong anm of chromesome
13 : A proposed mechanism whera dupfications and 2. In addition, the s igtat portion of chromesome 9 is translocated fo chromosome 22. The
delets of ch >mal segments may result. -

resultant chrormogome is called the "Philadelphia chromosome.” $5% of people with CML

5
have this chro e.
e

« The translocation brings two genes (Abf and Ber genes} next to each other and genes are
transcribed and translated as one protein. This protein causes increased cell proliferation and
reduced apeptosis - canger. It is unclear why this fusion product causes cancer.

» ML affects the stern cefls that develop into white blcod cells. These cells may not mature
normally but proliferate rapidly.

Example 3: (translocation}
Burkitt's Lymphoma
=  Burkitt's lymphoma is a form cancer involving B lymphocytes.
*  This lymphoma resuits from chromosomal translocations that invelve the Myc gene.

- »  The Myc gene is a proto-oncogene thet is found on chromesome 8. The Myc protein acts as a
signal for cell proliferation.

*  n Burkit's Lymphoma, the most common reciprocal chromosomal transiocation results from the
hranslocation of the Myc gene from chromosome 8 to chromosome 14.

Last updated by: Mrs S Nair, Mr Derek Tan and Mr Low CM 38 _ﬁmn :mauﬂa_ by: Mrs S Nair, Me Derek Tan and Mr Low CM 36
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*  This brings the Myc gene under the influence of powerful requlatory sequences {enhancers™)
that normally control the production of large amounts of antibodies {IgH) from each cell. The gene
for IgH is on chromosoimes 14,

* Thisresults in excess transcription of the Myc gene instead of the usual igH gene. Hence, mutant
B lymphocytes proiiferate and eventually form a tumour,

Normal Burkitt's
chromosomes lymphotma

8 14

uu.mhmu.onwwn.ecaﬁ“wwfé

m@mm: Chr8 and Chr 14

Figure 4 : Reciprocal translo =
resulting in Burkittd Lymphoma

After franslocation, Mye ﬁwmm:mﬂ_wwoa Chr 8 is under the:
influence of the erhani igH gene on Chr 14.

Example 4: {duplication) %

Charcot-Marie-Tooth syndro

* Inoneform of CMT, a ch ion on chromosome 17 resuts in high gene dosage (3
instead of a normal 2) oﬁmmzéw__: sheath protein resulting in abnormal struchure and function of the
myelin sheath (an m:@mwﬁ g sheath around nerve cetis).

» This fype of C| Q:mnﬁa in an autosomal dominant condiion.

»  Symptoms:;, \Ww:mmm of lower foot, loss of balance, poor motor skills and muscle atrophy. Not 2
fatal disease.nd sufferers have normal lfe expectancy.

Last updated by: Mrs S Nair, Mr Derek Tan and Mr Low CM 37
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ANEUPLOIDY
= {Anetploidiris a condition where the cell does not have a chromoseme number
that is a multiple of the haploid number. Chromosomas are present in either extra

1. If chromosome is present in triplicate, the anesuploid cell is said to be trisomic
e.g. 2n+1

2. Hthe cell is missing a chromosome, it is said to be monasomic e.g. 2n-1
*  Aneuploidy is a result of alnon-disjunction* lvent where:

1. Homologous chromosomes do not move propesly to opposite poles during
meiogis I' -tuiwre i bgas
OR LndimbStne. 0 seqriertc .

N.E:m:..mmmﬂmwo:ﬂoamﬁam*mﬂ_8 wmvmwmﬁmva_um&;o onmmwwm uo_mmac%m
meiosis II*, @

* S0 one gamete receives two of the same type of o?oBmw%@ and another gamete
receives no copy {see Figure 5). ﬁ%f

= If either of the aberrant_gametes unites with asrimal ameie at fertdlisation,
offspring will have abnormal number of a um&wmmmw«nrwoaomoam = aneuploidy*

* Mitosis will subsequently transmit the ano

te all embryenic cells.
Nen-disjunction* can also occur duripg'mitesis*. If such an eror occurs early in
embryonic development, than u.,m,mﬁ kploid condition is passed on to a large
number of calls where the mm<mﬂ@?30 effect is more pronounced.

* Aneuploidy is a geretic ammoa@

Last updated by: Mrs S Nair, Mr Derek Tan and Mr Low CM 3g
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Figure 5 : Non-disjunction during meiosis | josis Il leading to aneuploidy

&

Example 1: Down syndrome (Triso fm

» Down syndrome is resuit of
bedy cell has a total of 4 Mosomes.

»  Most cases result #Q.ﬁﬂe.:..”&m?;&%.u.cn:w.ammommw 1

a chromosome 21 (a total of 3 copies), so each

«  Down syndrome des characteristic facial features, short stature, heart defects,

susceptibility to
sexually underdedeioped and sterile.

s

Last updated by: Mrs 3 Nalr, Mr Derek Tan and Mr Low CM
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{Addifional information)
Example 2: Kiinefelter syndrome (XXY)

Males with an extra X chromosome suffer from Klinefelter syndrome. These individuals have
male sex organs, but the testes are abnormally small and the man is sterile. Though extra X
chromosome is inactivated, some breast enlargement and other female body characteristics
are common. Affected individual is usually of normat intelligence

Example 3: Turner syndrome {monosomy X}

Monosomy X, is the only known viable monosomy in humans. These XO individuals are
phenctypicaly female, but are sterile and their sex organs do not mature, When provided with
estrogen replacement therapy, girls with Tumer syndrome do develop secondary sex
characteristics.

Did you know?

Although fernales have 2 X chromosomes, one X chromosome in each cell becomes almost
completely inactivated during embryonic development, The choice of X chromosome to be
inactivated is a random process. As a result, the cells of females a) les have the same
effective dose (one copy) of genes with loci on the X chromo: This is called dosage
compengation, N @
Non-disjunction of sex chromosomes produces a variety of % id conditions. Most of these
aneuploid conditions upset genetic balance less than thos&igivolving autosomes. This may be

because Y chromosome carties fewer genes and e romosomes becoms inactivated
in sornatic cels. mf
o~
&
ﬁﬁ@
A
N
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| (P) GLOSSARY OF TERMS

Definitions
Asters — the radial arrays of shorter microtubules that extend from centrosome.

Centrioles — a pair of eylindrical organelles located at the poles of the cell in animal cells,

Centromere — the constricted region of the chramosome which join 2 sister chromatids and
where the spindle fibres attach during cell division.

Centrosome — A structure present in the cytoplasm of animal cells that function as the
microtubule-organising centre and is important during cell division. A centrosome has two
centrioles.

Chromatin - the complex of proteins and nucleic acids (DNA) that makes up chromosomes.
When the cefl is not dividing, chromatin exists in its dispersed form, as a mass of very long,
thin fibres that are not visible with a light microscope, Aﬁ.ﬁf

Chromosomes ~ a structure camying genetic material, fou ﬁw the nucleus. Each
chromosome consists of DNA and associated proteins, Chrom s are rnost visible during
mitosis and meiosis and are the condensed form of o:BBMWW
Kinetochore — a structure of proteins atfached fto ﬁmeaaam_,m that links each sister
chromatid to the spindle. @r ,

wmw»m_.nr_‘oam:nm-m_.»zm_.oﬁgoooummm&m a%.#ﬁma n:ﬂoaomogmmnmozm&ommoroﬁsmﬂ
by proteins at the centromere and event JEJ eparated during anaphase of mitosis and
meiosis [l. The DNA molecules of sister ¢l :M_m ids are products of DNA replication using the
same DNA molecule as a template. T e thus identical in ferms of nucleotide sequence

and cornbination of alleles, @

m_gw:a_mlm:o_‘mm;._mmn_ m<ﬂm%_n§cuc_mm n:mﬂmnmn_._mmﬁﬁ_._mom::o_.:mﬂm8@8_#..&
chromosomes that draws th opposite poles during cell division.

[ (@ LINKS oy

e
The topic of 3@.\% is relevant to the following topics in the 'A’ ievel Biology syliabus. The
finks also becore clearer when you have gone through the other topics.

Topic | Topic Comments
No
1 Genetic Basis of | Independent assortment and segregation of chromosomes which
Variation occurs during meiosis contributes towards genetic variation, More
about how variafion arises will be covered under Genetic Basis of
Variation.

. The term homologous chromosome was introduced in the topic of
mitosis and again in meiosis. It is important to be able to distinguish
between the terms homologous, homozygous, heterozygous and
hemizygous which will be covered under Genetic Basis of Variation.

2 Diversity and How genetic variation contributes towards evolution will be covered
Evolution under Diversity and Evolution,
Last updated by: Mrs S Nair, Mr Darek Tan and Mr Low CM a1
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Keywords include

Names of all types of nuclear division and their stages:

* Mitosis — Prophase, Metaphase, Anaphase, Telophase

= Meiosis « Meiosis I: Prophase |, Metaphase |, Anaphase |, Telophase |
— Meiosis I1: Prophase I, Metaphase 1l, Anaphase II, Telophase |

Interphase: S phase

Cytokinesis

Chromatin

Chromosomes

Centromere divides

Kinetochore proteins

Kinetochore microtubules and non-kinetochore microtubules

Spindle fibers

Sister chromatids

Non-sister chromatids of homologous chromosomes

Non-identical sister chromatids

Homolegous chromosomes / homologues

Crossing over

Independent assortment

Metaphase plate / equator of the cel)

Opposite poles of cell

Semi-conservative replication

Genetically identical

Genes

Alleles

Synapsis

Chiasma

Bivalent

Tetrads

Centrioles @

Microtubule Qrganising Center <

Asters %Ww?
Chromosomal abberations: _smm_.@ Deletion / Inversion / Transiocation
Non-disjunction

Aneuploidy &@

Last updated by: Mrs S Nair, Mr Derek Tar and Mr Low CM 42
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MEIOSIS

Metaphass |

Anaphass |

Each nugleus has a haplaid
number of chromosomes:
{two chromosomes).

o
After melosis [ and
eytokingsis or X M
Start of prophase
@
Metaphase Il

Anaphase il

Telophase ||

Each nucieus has a haploid
number of chromesomes
(twe chfomoscmes}.

Last updated by: Mrs S Nair, Mr Derek Tan and Mr Low GM
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Diagrammatic differences between mitosis and meiosis

208-2019

MITOSIS

/

plasma.

membrane

X4 ¥
Praphase ! ¥ R ¥ Prophase
nuclear
envelope
A
i

i

==

i
X

@ Metaphase

S
S

Anaphase

After wiophase
and oytokinesis

Each nucleus has a dipioll
number of chromasomes
{four chromosomes).

repticaion replication repiication replication
‘ misis | mitosis | mefosis! milosis

% ‘ T,mom_m I
¥ fertiisation

stages of the animal life cycle

changes in DNA content at different

43
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CORE IDEA :
(2) GENETICS AND INHERITANCE

DNA & GENOMICS |

Content
«  DNA Structure & Function
Learning Cufcomes

Candidates should be able to;

(2) describe the structure and roles of DNA and RNA (tRNA, /RNA and mRNA). (knowledge of
(b) describe the process of DNA replication and how the end replicats
el

mitochondrial DNA is not required.)
ﬁma arises.
References >
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Biology, 8th Edition, Raven, Johnson, Losos, Mason inger, Mo Graw-Hill

Biological Science Vol 1 and 2, 3V edition, mﬁ%v.o_ Stout G.W and Taylor D.J, (2004)

Cambtidge -

Biology, Sth Edifion, Mader, Sylvia S ﬁoodm%fﬁ/@ﬁéim__
3

Molecular Biology of the Cell, 52 Edition, {2008)
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{1) STRUCTURE OF DNA AND RNA
_ {A)  GENERAL INTRODUCTION TO NUCLEIC ACIDS

Cells carry information that specify their structure, diciate their functions, and regulate their activities
and these instructions can be passed on faithfully to daughter cells.

This infarmation is carried in the hereditary material, DNA (Deoxyribonucleic acid), a nucleic acid.

In some cases of viruses, the hereditary material can be carried in another type of nucleic acid, RNA
(Ribopucleic acid)==fay Suvie vilVies

The menomers of nucleic acids are called nucleotides.

Before it was proven that DNA was the genetic material, many scienfists thought that protein was

the hereditary material because:

» Proteins played a central rote in all biochemical processes. ﬁxwy

> There were 20 different kinds of amino acids from which limitless ooBuﬁWmmo:m of proteins would
be possible > a reflection of the complexity of life. &f@

The first conerete evidenca that DNA, is the genetic material was m% by the Hershey and Chase

experiment. (Fig.1) ﬁv@

» This experiment makes use of radiolsotopes (radioa topes) and phages (viruses that
infect bacteria) because radicisotopes emits radicactivigitfiat can be detected while phages are

&

used to deliver the hereditary material,

Batch 1: Phages wore DA
grown with radioactive ’

sulfur (55}, whichwas
incotporated inta phage

I Protein {pink).

Batch 2: Phages wore
grown with mdicastive
phosphorus (2P}, which -
was incorporated Into
phage DNA (blua).

5 % G
€3 Mixad radioactivaly @ altated i Bilenderto € Contrituged the mixiure OMensured the
labeled phagas with g o5 oulside so that bacteria formed  radloactivity in
hacterla. Tho phages a from the apeiletattho boftom ot the pallet and
thio test tube. the liguiL

Infaeted the bacterial cells.

oage{ F 2 swm.%a
Bactertal cel )

i

(phaga DNA)
in peifet
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Conclusion:
Since only-radicactively labelled DNA and not
proteitt ended up in the bacteria cell, it was

= 1A
Ta&..a?i%% _ sttackmentotphage  concluded that the DNA is the hereditary material.
) to host celis 1o host colis
Figure 2. Results of the expetiment by Hershey &
Chase
Coats by fens o by v
. G,o: containing Ceil contalning
L
CEomsEs 3R
[£] unlabeled CNA  {b)
[(B) _ STRUCTURE OF NUGLEOTIDES ]
«  Nugleic acids are macromolecules that exist as polymers of nucleotid ed polynucleotides.
« Each nuclectide is composed of 3 parts: 5-carbon’ sugar, nitro s. base and. phosphate
group{s). (Fig. 3) TR AT .

.._.:mncawmﬂo;gmuzmﬁmmom:<m_.<?03.:om..>._.ﬂ $szo%u:omvsm§ mmm:mxm:._v_moﬁm
RNA nucleofide that has 3 phosphates. ES
e A nucleoside is composed of just a 5-carbon sugar and &#ﬁommzocm base without the phosphate

group. WI
Please be able to represent
;;;;;; ihe structure of a nuglectide
diagramematically

{2) Phosphate group -4—— (3) Nitrogenous

m base
-..mﬁm&@ sauul---||||||..5.s..||w.rlrr.z:o_mow.“n_m
1) Sugar Al
NBNE Tipnerpue
_...EEW..WW nugleotide, a monomer of DNA & RNA (TR o

« The sugar noavoﬂ%a in a nucleotide has 5 carbon atoms. Therefore it is a pentose.
» The 2 types of nucleic acids {DNA and RNA) differ in the type of pentose they contain.
« The sugar ribose is present in RNA while the sugar deoxyribose is present in DNA. (Fig. 4)

» Deoxyribose differs from ribose in thst the hydroxyl group (-OH} at carbon 2, has O atom
removed (hence ‘decxy’}.

5 5
MOCH:2 N OH HOCH:z OH
4 g
3 2
©
OH @h Rt
Ribose sugar Deoxyribose sugar

Figure 4. Pentose sugar in nucleic acids

Lastafimie oyniamaatioes: Ms E Choo 3
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(2):Phosphate” .
1

=« Phosphate group is atlached to carbon 5 of the pentose sugar, and this gives wo—p—o-
nucleic acids their negative charge and acidic character. !

o
. . ;
{3) ‘“iNitrogenous base!
. Each nucleotide contains one of five different nitrogenous bases on carbon 1 of the pentose
sugar.
. The nitrogenous bases can be categorised into purines and pyrimidines. (Fig.5)
. Purines have 2 rings whereas pyrimidines have 1 ring in their structures.
. In DNA > the purines : adenine (A) and guanine {G)
2 the pyrimidines : eytosine (C) and thymine (T)
. In RNA =» the purines : adenine (A) and guanine (G)
= the pyrimidines : ¢ytosine (€} and uracil {U) (instead of thymina{lll)
N
T Red
PN % P N
CT T
HC, c. %
p Ny w% o A
a Purine N H
o | wime e )
g b 6 OR Gl Guarine
5 >
-] NH, Q ol
g O ] ﬂ __
= o]
= -&/ z\ e o mz\o,/nln:a
NN gngy
B o=C_ ™
. N
ﬂ% m m:m H H H
pars Cytosine Uracil Thymine
welD
£y §§% ( CT) your ool {n RiA oy} {ln DNAanty)

Figqure 5. Nitrogenous bases

NOTE: Althcugh the bases are commonly represented by their initiat letters A, T, G, G and U, you
need to spell out the name in full. i.e. Adenine, Thymine, Cytosine, Guanine and Uracil.
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Pentose Sugar Nitrogenous Base = The covalent bond linking two adjacent nucleotides is called a phosphodiester bond. It consists
&.q. ribose or deoxyribose e.g. purine or pyrimidine - of phosphate group linked to two pentoses via two covalent ester linkages.

» The addition of further nucleotides produces a long polynucleotide chain whose backbone
consists of alternating sugar and phosphate groups with the bases projecting sideways from the
sugars,

» The sugar and phosphate groups are identical all the way along a polynucieotide chain
forming a sugar-phosphate backbone.,

Adenosine . - . -
Thymidine Nucleoside Phosphoric Acid * InRNA, the sugars are all ribose. In DNA, the sugars are all deoxyribose.
Guanosine { enppnnte Grgus ) .
Cytidine _ ¢ The difference between each polynuclestide lies in the sequence in which the various
— nitrogenous bases occur along their length.
Tuckensiedes _
JTCARE
Baet > honings Aderna) + The 5" {read as “five prime”} end of a polynucleatide chain ends with a free phosphate group
- ve tached to carbon 5 of il
Nucleotides atached to carbon 5 of a sugar residue.
> Ty Tagizine Monomers of nucigié > w,o
. RN G = The 3 (read as “ihree prime™ end of a polynucleotide chain ends @ e free hydroxyl (-OH)
f . % group on carbon 3 of a sugar residue. -
7 Gupgave  uansave oo ct oS
fo » Thus the nucleic acid strands are said to have{directio A

FORMATION:

L(C) )
Vrash

. Nucleic acids are formed E..%&i:m free nucleotides.

sugar-phosphate
backbone

5 phesphdfe group negatively ’ «/V

raed under physiologicat y OH", )
L _ & o P
; @

Ligure 8. DNA structure with directionali

ﬁ‘.Iu

' OH group wiil be able

{
to form an ester finkage 2 urtayted o

with &' phosphate group —— OH Pelymerase
of adjacent nusleotide

&

L 4

ihorganic
pyrophosphate (PF)
¥
e 3’ end
Eigure 7. Formation of aldinugleotidelby polymerisation
M —
+ This polymerisation reaction (Fig. 7) is catalysed by a polymerase 2.g9. DNA polymerase or RNA

polymerase,
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[(0) STRUCTURE OF DNA (Elucidated by Watson and Crick, published in 1953)

» The basic unit of 2 DNA molecule is the deoxyribonucleotide.
» The nitrogencus bases could be adenine, thymine, guanine or cytosine.

(1) In 1954-53 Rosalind Franklin teok X-ray diffraction
images of crystallised DNA which revealed that DNA
was long and thin. There was some structural regutarity
every 3.4 nm and the molecule appeared helical.

(2) In 1944-52 Erwin Chargaff studied the purine and
pyrimidine bases present in DNA isolated from a
variety of animals. He found out that in all erganisms:
e Number of A =numberof T

. Number of G =numberof C L | .
»  Number of purines = number of pyrimidines @ Rosalind Franilin O e
Chargaffs rules:
= ratio of A:T = 1:1; ratio of G:C =111 ﬁmy
= ratio of (A+G) : (T+C) = 1:1 (i.e. ratio of purines : uq:-:mw@ =1:1)
S W)

Percentage of DNA Bases ™ Ratios
Source of DNA A T G s C AIT GIC
E. coli 26.1 239 24, [ 954 1.09 0.99
Yeast 313 329 BN 17 0.95 109
Sea urchin sperm 325 B e 18.2 1.02 (.06
Herring sperm 278 275 £ 902 22.5 101 0.98
Hurman fiver 303 303 oIS 19.8 100 0.98
Corm (Zea mays) 25.6 53 oy 245 24.6 101 1.08

N

(3) Based on these evidences, Yyats & and Crick, n 1653, warked out the molecular structure of
DNA, using just cardboard ﬂmmmﬁw ations of the nuclectide bases and a vivid imagination.
L]
» To solve the nddie as §< the number of purines = number of pyrimidines, Watson staried
building a scale model=Fhey figured that for two ireguiar sequences of bases o be regularly
packed in the om.ﬁW% the helix, a purine had to-always pair with a pysimidine.

@ show evidences that support the proposed structure of DNA

Pairing between purines and pyrimidines support

Chargaff's rules
Hydrogen bonding could oceur between purines and

@ pyrimidines

]
Too wide
i 1
: H
H 1
H H
H i
) :
" OO P
i '
t i

@ ._sﬁmﬂ.ﬁmim&s_umgmm=n—_@nm:nm_.u=omu:m$Umnwvo:mmmmnozwﬁan ﬁ.ossdm:nmncm_
to the combined width of a purine and a pyrimidine. (Fig. 9 & 12)

% = Purine {larger)
> =Pyrimidine

Last spdated bydddm-ScGndaant Ms E Choo T
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@. mﬁmowm:mo:m_ummmumwoiovoﬂm:oﬁmrﬂ:&ﬂmmmmman:mﬁo:mno:.__u_mﬁmn:.ﬁo::mao:w_m
helix has 10 base pairs, and spans a distance of 3.4 nm. (Fig. i1}

@. mo?memmmo*_uz.p:os..cmoo_.:mmn_mm_,.:oo:m_.m»moﬁgovo_<_._=o_momamn:mm:mAm:m:qmv
twisted around each other to form a double helix.

Conclusion

» Thetwa strands {or chains) run in opposite directions i.e. they are antiparallel. One strand runs
in the & to ¥ direction and the complementary strand runs in the 3' to &' direction. (Fig. 12)

« The two strands are held together by weak hydrogen bonds that form between the nitrogenous
bases of opposite strands.

» Two antiparallel strands make up one DNA molecule.

> (pwine) A=T (pyrimidine) base pairs forming 2 hydrogen
bonds.

&

» (puring) GEC (pyrimidine) base pairs forming 3 hydrogen’ v
bonds. I

Mo o of Gr=C , Mo SN
aff's rule ot

7
« This is known as complementary base pairing m:% P e
provides strong supporting evidence for this. %

hY

o suw

Figqure 10. Complementary base-pairs

.._._Jmmr_m_m_.._‘._:omu:mﬁmw.m_nx_gsggﬂ Uo%ww:am _,mo:ﬁsmoﬁm_am%ﬁmaamoc_m_é._ﬁswsm
nitrogen-containing bases on the interiok,

s This double helix structure of D Wﬁ%_& complementary base pairing immediately suggests a
means of replicating DNA. (To-be.Eovered in under DNA replication}

+ The helix is right-han ﬂ@:_‘sﬂm up to the right. If
you make a 'thumbs ‘ﬁmw_u: with your right hand, the

direction where yt gers point to is how the DNA
strand spirals cﬁ% 11)

)

s ektaar Woming Lomgrrs, .

Figqure 11. DNA double helix, 2 right handed
helix

Last upgaaty MATFSReRibs E Choo 3
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STRUCTURE OF RNA

+ The basic unit of a RNA mdlecule is the ribonucleotide,

e The nitrogenous bases could be adenine, uracil, guanine or cytosine, (A, U, G and C respectively)

» RNA are single stranded molecules (with the exception of the genomes of some RNA viruses).

Rafiles Institution

H2 Blolegy

W18-2019

LiF)

COMPARING THE STRUCTURE OF PROKARYTIC AND EUKARYOTIC GENOMES

(Note: Genome - The complate DNA conlont of an orgenism, lyplcally exprassed in ntimber of base palrs.)
{This lapic will bs covered in more detall under Organisation and Controf of. Frokaryotic and Eukeryolic Genomes Pt 1)

Q. Identify whether the following Is DNA or RNA in eukaryotes and state why?

%A |%C [%T [%G [%U |DNAorRNA | Why?
40 10 40 10 0 ds BVA R0 08 Fol X G:0 13
lomplememdng Lare paivivg
20 30 0 30 20 T g WA Uil presont, honge ghp; RORD o R:T
R K 626 R bl ppye i eATHiny bage) pcey
- &0 AT N
20 40 0 40 ) s BNA 7 ot 1, pente not PR
RNA DNA ﬁ? o
P [ e A deecHmatty
phisphste palre ugiym.%
Dackbane uuasﬁﬁm
Eand of D&

! Tucieotide

B el

Fend of BiA

{ “Fonuceatie of an RNA mokeus |
. gyl exsts 25 single strand.

Last @¥dutedl- bsriamatallicors Ms E Choo

R

Hydrogen bands are
formed patwaen
£omplementary bases of
the 2 compiementary
DMA sirands.

Prosghodkester fnkages
are formad batween
adfjadent nucleotides of
the same DNA srand.

Tend of ONA

Polyniciertile
=g DNA strand:

frpiute,

Figure 12. Structure of RNA and DNA

Feature Structure of Eukaryotic Genome: Structure of Prokaryotic
‘Genome
Size Larger Smaller
Appearance Multiple, linear molecules Generally a single, circutar
molecuje
Molecule Double helix DNA Double helix DNA
Association with Yes — large amounts of it e.g. histones, Yes — relatively less
proteins scaffold proteins
Level of DNA High: Relatively low:
packing/coiling > ; DNA double helix
. RS ZENTIGNT N v
[ — zaLs some looping, possibly around
A .- e some proteins
ﬁt; R ——— ﬁ@f
e . @
I “ 48
S
Preieln scaff.
_wwsnxwm%vﬂvﬁa (& @QD“O blj ﬁf@v
w Loopec cortalon {300-m fibar) . @
! C
| ==
» The DNA a«fv_m.«.m@_mx is associated * The circular double-
with proteingCalled histones. stranded DNA has a
DNA melgtides are negatively diameter of about 430 um
charged -whereas the histone proteins when unfolded.
arem ively charged. Thus the DNA
gjeclle is held around the histones by | » The DNA is folded into
‘giactrostatic interactions. chromosomal domains by
@ protein-DNA associations.
» Most of the DNA is-wound around Six domains are shown, but
octamers of 8 histone proteins to form the actual number is about
nucleosomes, the 0nm fibre. The 50,
remainder of the DNA, called the linker,
joins adjacent nucleosomes. The 10nm » Supercoiling and other
fibre coils around itself to form a 30nm interactions cause further
chromatin fiber (or soienoid). compaction, such that it
fills ar area of about 1 pm.
*  The 30nm fibre forms loops called
looped domains (a 309nm fibre)
which further coil & fold o produce the
characteristic metaphase
chromosome.
Location Nucleus Nucleoid region — not membrane-

bound

Presence of
extrachromosomal

DNA

Nene (mitochondria and chloroplast have
their own DNA)

Yes — plasmids {much smaller
rings of DNA}

Last updafiday Sk i-resmBoMs E Choo
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{2) DNA REPLICATION

Raffles institution H2 Biology

A {G) HYPOTHESES FOR THE MECHANISM OF DNA REPLICATION I‘

NN

DA double Relix

71 Nuckeosoma o
NG

g
A DRA
@1\ M1 hisone
Nudeozome

> YRR

)

D RO
%

g
E
5
5
s
By
3,
1) Conservative 3)Semi-conservative
» The two parental strands . « Both parental strands of DNA
re-associate after acting as @ ragmented and separate through breakage
@ templates for new strand dispersed of hydrogen bonds and
zww synthesis, thus restoring @%V + Daughter molecules each act as a template for
the original double _..o_ﬁy contains a mixture of old the synthesis of a new sirand
« The other daughter D and newly synthesised through complementary
molecule consists of parts base pairing.
- newly synthesised « Each - DNA molecule-formed
strands making up a new is & hybrid consisting of one
DNA molesule, TRIP reRigDAR original strand and one
Ly ke newly synthesised strand
E};%&, (semi-conserved}
Fiqure 14. The 3 possibla hypotheses to explain DNA replication
...m..n.&a,uum.q o o ‘Looped domain:
e (300-nim fiber) *
Figure 13. An overview of chromatin packing
" Last upgaiedsen MdmidnianammBdis E Choo 12
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| (H) _EVIDENCE FOR THE SEMI-CONSERVATIVE HYPOTHESIS ]

¢ Evidence for the semi-conservative hypothesis was provided by experiments performed by
Meseison and $tahl in the late 1950s.

¢ To distinguish between the “new” and the “old” DNA strands, Meselson and Stzhl used 2 different
isotopes of nitrogen,

s "N, is the more common isotope and 5N, is a less common, heavier isotope. (One more neutron
in nuclei of atom.}

= Nisfound in the nitrogenous base of DNA and will be incorporated into DNA during replication.

Step 1 y, Moctrmantin e
A stock of parental E. coli* were grown for many generations in a
“medium ’ containing only N. so i incorporated into the
nitrogenous bases of all bacterial D MA is resulted in DNA which
was denser than normal DNA, | @
o

Step 2 f%
The Ecolf containing 'S Fe belled DNA were then transferred
into-a medium no_..wmmmf. nly N,

D

£. colf grown in Ylight medium Step 3
and sampled after 1 & 2 The transferre fi were allowed to divide once and were-then
generations H collected. Thase were called the “first generation cells”. Some

RiE DNA extracls of these gdjwere then aliowed to divide once more, fo abtain
“secol neration cells,”

4

Stepet’
INA was then extracted from these cells (from step 3) and then
ﬁ@ nirifuged at very high speeds for several days in a solution of
ow CsCl. )

d Over time a.density gradient.of CsCIwill be established as there
is an increasing concentration of CsCl tawards the bottom of the
tubes due to sedimentation under centrifugal force. DNA will settle

- atlits respective’ density with N iabelled DNA being denser
than “N- labelied DNA.

Cagsiumn
Chioride

Low
Densily . .
Gradignt DNA will separate out based on their
R differences in densities
Centrifuge af 150,000 x g for a few days unfil equilibrated High
Steps

UV: absorption photographs reveal dark bands where DNA is
present. (as DNA absorbs UV fight)

Figure 15. _Sfeps jn the Meselson-Stahl experiment

*E. cofl, aiso known as Escherichia coli s a Gram-negative, rod-shaped baclerium that is commonly found in the lower intestine of
warm-blooded organisms {endotherms).

Last upsiotadiboMidemStiimsfls E Choo 13
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Reference Given that;
R 1. Generation time for E. coli is 20 min
At time 0 min uyuy 2 NN is denser than "N-1N

Can you predict the observations for the three

NN proposed hypothesis by drawing bands on the
+ tubes below?
Conservative Dispersive Semi-conservative

Grow in “N Reference Reference Reference
ms%ﬁﬁ_wm N HpLN 1apay
centrifuge 1EN-15N EGNREN] 15NISN
Grow in ™N Reference Reference Referance
medium for
40 min then ; ey b NN
centrifuge sy 18N-15N o e 15,115

Eigure 16. Possible results of the Meselson-Stahi‘elpdriment based

on the 3 proposed hypotheses ﬂﬁf

ol
Actual + Parental generation : all heavy D, ure **N-DNA, (i.e, SN-'SN)
Results >
L
+ 1%t generation :all aVn DNA, intermediate in density

', containing one heavy *N chain and
@ light *N chain; i.e. 1N-14N).

&er =2 this excludes consearvative replication, in which no
@ hybrids formed

+ 2™ generation : 50% hybrid DNAG.e. '*N-"N), and
ﬁ%ﬁ 50% Hight DNA (i.e. “N-*N).

@ 2 this exciudes dispersive replication, in which no

- pure "N DNA should be obtained.

This is consistent with semi-conservative replication.

Last upgtatpehinedfdtarfcfumsncdiis E Choo 4
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Gt  THE MEGHANISM OF SEMI-CONSERVATIVE DNA REPLICATION

»  DNA replication is 2 complex process involving many enzymes and cther proteins.
« DNA replication is rapid = 6 billion base pairs are copied in a few hours in human celis
s DNA _.mv_mom.._._mn is accurate =» Error rate of one in 10 biflion nucleotides

When does BNA replication sceur?

» DNA replication occurs during the S-phase-of interphase of the celf cycle in eukaryotes (you have
leamed about this in the topic of cell division).

+ Free deoxyribonucleoside triphosphate (ANTP where N.= A, T, G or.C) are manufactured in the
cytoplasm and transported into the nuclecplasm via nuclear pores. E. TP = deoxyadenosine
triphosphate, dGTP = deoxyguanosine triphosphate, dT TR = deo dine triphosphate, dCTP
= deoxycytidine triphosphate, . @

oy

» Replication begins at a specific site called the arigin %%zpmmoz. which has a specific sequence
of nucleotides. (Fig. 172) It is abbreviated as "Oré’, va

« Specific enzymes such as helicase and othe; %M:w are required to initiate replication. They
B

recognise & bind to the origin of replication o_.f parental DNA molecute. (Fig. 17b)

« Helicase unzips (use this term} and @%ﬂﬂm the two parental strands of DNA double helix by
disrupting the hydrogen bonds c@@@m: complementary base pairs.

W

» Replication forks form and % in both directions creating a replication bubble (Fig. 17c)

seteins: bind to singile DNA strands and keep the strands apart,

nnealing so that they can serve as templates for the synthesis of new

» Singlesstrand bindin
preventing: them fropg
complementary U_ﬁ

»

« Topoisomerase: relieves “overwinding’. strain ahead of replication forks by breaking, swivelling and
reioining DNA strands {not shown in diagrams}.

Last egrdahed byriviam-atimissra Ms E Choo 15
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Qrigin of replication/Or

c} ~ =

_ummemwmwﬂ. Summary of DNA replication.
Vs

- Syntfissis of the new DNA Stinds

amwxw
-ﬁjmwusﬁmmmm& :m%ﬂ mﬁ_,mnn_m6n_cm8ma§._mwnm__ma.cz>ub_u._:.m_ﬁmmm?mnm& :co_mozamm
io @ pre-existing chain which provides the free 3" ~OH group.

+ Therefore DNA polymerase can work only if it has:

1. A pre-existing chain in the form of a RNA primer.
2. Atemplate in the form of the parental DNA strand.

@. On each of the parental DNA strands which were unzipped and separated, a short RNA primer is
added by an enzyme called primase. (Fig. 18a)

« Once a RNA primer is synthesised, the enzyme DNA polymerase can begin to catalyse the
elongation and synthesis of the new complementary strand.

l-ast upsiatot didbotumilemefaMs E Choo 16
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» Theend of the RNA primer provides a free 3’ OH which is required for DNA peolymerase to initiate

DNA synthesis,
Primase adds ribonuclectides to form an RNA primer

Famn

Single-siranded region of parental DNA

Ll

Free 3' OH group allows DNA polymerase fo inifiate
DNA synthesis

RI®

Fuan LTS

Figure 138a.

BNA polymerase adds DNA nucleofides to the growing new strand in the 5" to 3' direction. New
DNA nugleotides are added fo the 3' hydroxyl end of the growing strand. (Fig. 18b)

DNA polymerase uses the parenta! strand as a template and m_ﬁsﬂﬁw free activated dNTPs
(deoxyribonucleoside triphosphates) in a sequence complementary, at of the parental strand.
o  Adenine base pairs with thymine, and vice versa ,ﬂwﬁv

o Guanine base pairs with cytosine, and vice versa
ﬂf@ﬁ polymerase adds nucleotides

Newly synthesised DNEY. from {1e5 > 3 drection

)

ONA polymerase

dGTP a deoxyribonuclecside ™
triphosphate/DNA nucleotide

Complementary base-pairing

5 Parental
sirand
o S B 5
bgatio s o Paornate’ grps of- dNTP
DNA polymerase Urttens oy @sim\

@&® Pyrophesphate PPy |, AN BT e,
Removal of PP from dNTP and subsequent
\ hydrolysts of PP, provides energy to diive
the polymerisation reaction

Parental
.| strand
3l B 5
Figure 18b.
Last BN BO Mimadabiaisa™ ms E Chos 17
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DNA polymerase caialyses the formation of phosphodiester bonds between adjacent DNA
nucleotides of the newly synthesised strand.

As DNA polymerase moves along the parental strand, part of the enzyme "proof-reads” the previous
region.

o This proof-reading activity ensures that proper base pairing has taken place between the bases.

o If an incorrect DNA nucleotide is added, it will be swiftly removed by the DNA polymerase
and replaced with the correct one. This is to ensure the fidelity of the DNA,

A different DNA polymerase then removes the RNA primer and replaces it with DNA nuclectides,
(Fig. 18c)

From previous page

e o
HHIHE m,*_‘Emm#wﬁ:___:__=====_=_===__===_____‘_...: 1 .m
ugt e

®
Rt A different DNA polyme: %%wmmm RNA with DNA
from the 5' <> 3' directie]

D"

Seun

Jran

TG

Figure 18c. w@.
DNA ligase forms a phosphodiester wo%ma wo DNA fragments, sealing the nick, {Fig. 18d}
% iy -

.D\ DNA ligase forms a phosphodiester hond
betwesn the two DNA fragments
dew

w. LT :.E_:_I_:__:__:__:_:__==_=__=====_=======
@@w«. Ri®

Fiqure 18d.

auwd

sxnd
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Origin of replication
u y o
@ 3 ¥

Leading sirand

®%

—e —————
Parental DNA

l.agging strand B

Leadingstrand ~ RI®

Another DNA polymerase
replaces RNA primer with ONA

QOveral direction of
replication

Qveralt m_mam&% of @
replication 12K fragments gl ﬁww

Leading strand synthesis is coninuous WMNW

| e

ﬁ e
D i s
e VA

4.# Leading strand ™"

" Lagging strard &yntfiesls

" Okazel fraggeqts™
Cntompted @ciwmmmmmagmugmuzon&mmﬂmﬂ

vits) 57 b between he o DNA Tagmests g0

O = .

——

£ DNATigase
w Lendig it

NA polymerzses

Figure 19. Synthesis of leading and lagging strand during DNA synthesis
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@.

3al

Since the parental strands are anti-parallel, the 2 new sitrands are synthesised in opposite
directions.

If we consider just one replication fork in the replication bubble, the leading strand is synthesised
continuously in the 5’3 direction. How about the lagging strand? DNA polymerase cannot
synthesise DNA in the 32§’ direction.

{ Q. Why can’t DNA polymerase synthesise DNA in the opposite direction? (3’ 5’ direction.) |

2« g Piteaty B oo giime & WG are Cpodéic

Poe e adve Steof O pomus ¢ Lowipreaentony 1o e e 3bie g
orknvherd ot the el YT oL Yovdgey BV eiramd

Coe b VIR compiengntan 1 e e Yrerphede e aF a5 enolob e

i wNR e |

Hence the lagging strand is also synthesised in the 53’ direction but in short segments of 100-

200 nucleotides. ,mf
The fragments produced by this discontinuous synthesis are og kazaki fragments, (you
have to use this name) Synthesis of each Okazaki fragment is ini by an RNA primer before the

addition of DNA nucleotides. {JW«

Each Okazaki fragment lengthens in the 533 a_aaﬁ&amww«n eventually joins up with the other
fragments forming a continuous DNA strand. xf@?

The lagging strand is synthesised &mooa_:cocm_%:m: the addition of Okazaki fragments at the

5' end of the Jagging strand. /f

To produce a continuous DNA strand %ﬂm joining of many Okazaki fragments, two steps
are required * @

i. DNA polymerase excises the primer and replaces it with DNA.

ii. Then a linking enzyme DNA ljgase joins the 3' end of each new DNA fragment to the § end of
hosphodiester bond.

the growing chain by formi;

Figure 20. An overview of DNA replication

Last updatadden M dhitosn s E Choo 20
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+ Since each DNA polymerase can only add dNTPs at a_certain maximum rate. to speed up the
replicafion process, there are multiple origing of replication where many more BNA polymerases can
werk simultaneously. This occurs injelKaryotes.| Prokaryotes such as bacteria have only a single
origin of replication as their genomes are a lot smaller. (Fig. 21)

¢ The replication bubbles will extend in efther direction until the bubbles meet and two separate DNA
double helices form.
There are hundreds or even a few thousand origins of replication. Multiple replication bubbles form
and eventually fuse, thus speeding up the copying of the very long DNA molecules.

e L S

T ——

i

gmsm@" NA polymerases can work
si usly to form many short
5 that will eventually menge to

v @JQ acontinuous DNA strand.

* At the end of replication, ﬁmwmmamu_mamam_.w parental and newly synthesised DNA strands form a
double helix. - @

The process ks sem servative since each resuliant double helix consists of one original strand

Q. List the enzymes and proteins reguired for DNA replication and describe their roles briefly.

Enzyme/protein Role
Helicase

Single-strand binding
protein

Primase

DNA polymerase

DNA ligase

Topoisomerase

Last RS By WEMAPSIUSSR Ms E Choo 21
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ROLE OF DNA

The main role of DNA is to store information and pass it on from one generation to the next

Q. Why is DNA a suitable store of information? [10]

» Identify property/feature of DNA that makes it suitable as a store of information.
* How so? What are the structural feature(s) of DNA that give rise fo the property identified?

‘Property of DNA that makes it suitable to store
information

Stlictural feattre of DNA that gives rise to this
property

1. It can be replicated accurately,
= daughter cells have identical copies of DNA
as the parent cell

* Weak hydrogen bonding between the two
strands allow them to separate and act as a
templaté for new strand synthesis

* (Adenine forms 2 hydrogen bonds with
thymine and cytosine forms 3 hydrogen

without loss of the coded information

bonds with anine through
complements| m&«m airing)
s Aeﬂm
2. ltis a stable molecuie, Collectively™mimerous hydrogen bonds
=rcan be passed on to the next generation strands of DNA together

ucleofides in each strand are
strong covalent phosphodiester

3. There are backup of the code, since there

%ﬂ@
,ﬁv -

are two sirands in a DNA molecule. S

#.> DNA is doubie stranded

he One strand serves as a template for the
repair of the other. Mutations may occur
spontaneously in either strand.

* Note: This is different from proofreading
which detects and fixes errors in

accessed. 2y

U

@ incorporating  free  nucleotides in  the
@ polymerisafion process,
4. Coded information car, Be readily utilisedf| « weak hydrogen bonding aliows the

template strand to separate from the non-
template strand allowing transcription to
fake place mBiNp— ptng

« Complementary base pairing allows the
faithful transfer of info from DNA to RNA in
transcription, which will be translated to
protein subsequently

Last upd: oyl v Wciis E Choo
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E.c DNA REPLICATION iN EUKARYOTES & PROKARYOTES . |m
Point of Eukaryotes Prokaryotes
Comparison

When it occurs

During S phase of interphase

DNA replication occurs prior to celt
division by binary fission.

Where

Nucleus

Cytoplasm

Number of origins
of replication

Multiple origins (hundreds or even a few
thousand) of replication present per
finear strand of DNA.

Originof rophcation HOE._ED.B..E_nun DNA moleculo

Potantal {tompinte} srand
Dt fnow) steand

Two datghtsr GNA molacules

Origine of eplication in suksyolre

A single origin of replication present per
circular strand of DNA

o P T, P My e b

Repfication ends at

The telomeres at the end o*%&ﬂ

The terminus

Rate of elongation

chromosomes %f
A

50 nucleotides per sec e%ﬁ% ns)
my

500 nuclectides per sec (in bacteria)

e

Last gpdatet, byfMidmSamsiserd Ms € Chao
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_ {L} TELOMERES & THE END REPLICATION PROBLEM

+ Telomeres are nucleotide sequences found at both ends of eukaryotic chromosomes.

Ay
Telomere

Single~-stranded Ragion

Teloraric
DNA
Repests

+ They are non-coding regions of made up of a series of tandem repeat sequences. Each
repeat is short (about 5-10 :cn_\mm\@mmv and the number of repeats can range from a 100 to a 1000.
in humans, the 6 nucleotide is TTAGGG.

RN ek S BV Gty UBIY scivt QMG
Also, the telomere has agingle-stranded region at the 3’ end {the very end of the telomere) termed
as the 3' overhang. T| gion of DNA does not have a complementary region (Fig. 21).

"

GGGTTAGGGTTAGGETTAGGGTTAGGGTTA
CCCA

Figure 23. Close-up view of the end of the telomere & the single-
stranded reqion called the overhang

« Telomeres ensure genes are not lost/eroded with each round of DNA replication due to the end

e

replication problem. This prevents the loss of vital genetic information with each replication cycle.

Last unlztrtby dATeSRABR &M E Choo 24
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What is the end-replication problem?
The end replication preblem occurs during the replication of linear eukaryotic chromosomes.

Recall that during DNA replication, DNA polymerase needs a free 3' end to add free nucleotides to
the growing DNA strand.

For one of the daughter chromosomes, this limitation ieads to a 3 overhang because the 5 end of
its newly-synthesized strand will have the RNA primer removad without replacement with DNA. The
diagram below (Fig. 22), shows how the overhang comes about:

et
Endof parental > e
DNAstrands { =—wiom—

S

rs

Leading strand

Lagging strand

r L

Removal of @mzn

replacement Jith DNA

Second round
of renlication

New leading

New lag wﬁ. .:

Further rounds
of replication

Figure 24. Sequence of events showing how the single-stranded region— the
overhang, is formed

s Since telomeres are non-coding, the shortening of the chromoseme ends leads to the shortening of

the felomeres first, without much deleterious effects. The genes within the chromosome will thus be
protectad,
In actual fact, research shows that when a shortening chromosome reaches a critical length (at which
genes are not yet ercded), the cefl will iend to undergo apoptosis {cell suicide) as a response o the
apparent damage that has occurred fo the chromeseme and thus the celf as a whole dies even before
genes get eroded.

« The enzyme telomerase, is responsible for extending the telomeres and their moﬁ_s.% is detected in
stern cells. This confers the ability of stetn celis o divide indefinitely.

LastTRUTEE S MaRPRAEYR Ms £ Choo 2%
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Key Words:

Deoxyribonucleic Acid (DNA) Ribonudieic Acid (RNA) Nucleotide

Nucleoside Nitrogenous base Adenine

Thymine Guaning Cytosine

3 OH group &' Phosphate group Purine

Pyrimidine Sugar phosphate backbone Phosphodiester bond

Antiparallel DNA double helix Semi-conservative replication

Origin of replication Deoxyribonucleoside Free nucleotides
triphosphate (dNTP)

Complementary base-pairing Hydrogen bonds Template

Helicase Unzipping Primase

RNA primer DNA polymerage Replication bubble

Replication fork Single-strand binding profeins Topoisomerase

DNA ligase Nick Okazaki fragments

Continuous replication

Discontinuous replication

End-replication problem

Telomeres

Leading and lagging strand
Telomerase

Tandem repeats

3' overhang

Links to other topics:

ENA replication linked to Nuclear division — S phase

Apoptosis.

<
NN

DA replication linked to Molecular techniques = Polymerase ch ﬁ%ﬁ%u:
Structure of riucleic acids linked to Viruses and Bacteria - life

End replication problem linked to Prokaryote and Eukaryotic me — telomeras and telomerase
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| (1) THE GENE AND THE GENETIC CODE

CORE IDEA
{2) Genetics & Inheritance

= Every cell in your body contains hereditary instructions in the DNA that you receive from
| ) r _ tarry T your parents.
U Z > m O m Z O g —Om —— DNA’ carries the insfructions (‘blueprint’) for making proteins. Information in DNA is on_w_n‘_ma to
messenger RNA (mRNA), which carries this information to ribosomes in the cytoplasm, where it is
used to make the polypeptides that make up a protein.

{A) CONCEPT OF A:GENE

Ceontent
Central Dogma ~ DNA to RNA, RNA to protein « The information that is carried on DNA Is found in stretches of nucleotides called genes.
Learning Outcomes » A gene is a specific sequence of nucleotides in a DNA molecu i i
; . : le, which codes for

Candidates should be able to: sequence of amino acids in one polypeptide chain a specific
2(c) Describe how the information on DNA is used to synthesise polypeptides in prokaryctes = Along the length of the DNA molecute, at specific locati " .

and eukaryotes. (Description of the processes of transcription, formaticn of RNA from pre- a different mmm:m preduct (e.g. vomzvmn_ﬂ.am _wmz\_ynmﬂnwm\aonw_ there are different genes each coding for

mRNA and transiation is required.) ,ﬁf ! :

Pro Q._._nﬂ A

mutation, knowledge of how substitution, addition and deleti ulg change the amino acid

sequence (e.g. frameshift) is required.
Eor chramosomal abetration, knowledge of numerg) ' aneupioidy, as in the case of

2()  Explain what is meant by the terms gene mutation and ns%gm aberration. For gene

N "

trisomy 21, i.e. Down syndrome) and structure %:m_onm"._oz. duplication, inversion, ww&.\..
deletion) aberration is required {covered in Mitog)s,5Meiosis) Figure 1. Genes and thei ﬁn:nﬁ

2(m) Explain how gene mutations can result ih% ses (including sickle celi anaemia). .

B ﬁ&%w. distinct genetic information that make them distl different from each other.
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{B}:THE/CENTRAE DOGMA
" Geneticinformation is stored as DNA in all cells, and in many viruses.

« The flow of genatic infarmation from DNA to RNA to protein is the basic universal mechanisim of
gene expression, This is called the central dogma of molecular biology (a ferm coined by Francis

Crick). Lo han S bupint fromsladion

Transcription Translation
Replication DMA » RNA - Protein

%flfiis.\\

Reverse Transcription

Figure 3. The centrat dogma of molecular biclo

= The central dogma invoives the following processes: .ﬁf
1. replication of the genetic information which invoives DNA-difetted DNA synthesis (using
DNA a5 template to synthesise DNA), allows the gsmammmweq@ netic information to daughter
cells with exceptional fidelity N

(a) transeription; information in DNA is transc rom DNA to RNA, and
(b} tranglation: where nucleotide mwn:mn@ on RNA is franslated into amino acid
sequence of 2 polypep)

N

2. gens expression / protein synthesis, which m3<o_%w%w stages;

The linear order of bases in a gene spe; the amine acid sequence of a protein, which in turn
specifies that protein’s three—dimensit onformation and function in the cell.

m.:.mqamnnﬂm@ CTTCH... 3
3 ..TRAECEE L TEABRAET... 5° ¢ Template strand
@ Transcription of temptate strand
5" .:m__@%vnn:mm:n__:n?: 3 & mRNA
% # Translation of mRNA

N Hotem Blom Trpme Thr me Ser w C < Polypeptide

Figure 4. The central dogma

3. reverse transeription: With the discovery of the enzyme reverse transcriptase, the reverse
flow of information frorn RNA to DNA is possible undsr certain circumstances.

= The processes have other differences:

Process Key molecule L.ocation

replication DNA polymerase nucleus

transcription RNA polymerase nucleus

translation ribosomes rough endoplasmic reficulum and

cytoplasm
reverse transcription | reverse franscriptase See'Genetics of Viruses and

{commonly finked to viruses). | Bacteria’

Last TOHEEL By MATERRERE Rioo, Mam Sharon Gross, Mr Ngan Wei Yeong and Miss Michelle Nah 3
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{C) THE GENETIC CODE AND ITS FEATURES

How do we make sense of the instructions encoded in DNA?

* In DNA, there ars 4 different nitrogencus bases (adenine, thymine, guanine and cytosing} and hence,
4 different nucleotides dATP, dTTP, dGTP, dCTP). Different genes have different sequences of
nucieotides. The sequence of nucleotides in the DNA eventually defines the sequence of amino
acids in a protein.

* All proteins are made up of the permutations of 20 different amino acids. Different proteins have
different sequences of these 20 amino acids.

How many nucleotides code for 1 amino acid?

Conditions:
1. each nucleotide position (labelled as =) Gan be occupled by 4 different bases, and
2. 20 different amino acids must be produced.

w if 1 nucleotide is to code for 1 amine acid:

e - the 4 different bases will aliow for onl %& des, each coding for 1
e amino acid. ~
> Insufficient to code for 20 maqsww%m

If 2 nuclectides are to code F f%ﬁo acid;

A A
T T ~» the protein can contain g 4 =16 different codes each coding
m m for 1 amino acid
— ——— > stilf insufficient to %ﬂ 20 asino acids
i3 :co_mo%mq@aﬂ 1 amino acid:
A A A - the protein ntain up to 4° = 64 different codes
m m m - more th icient to code for 20 amino acids
e nC i > Emmm.mnWﬁno:m.*o:: the set of instructions that tells a cell the
oﬁwwﬁ which amino acids are to be joined to form a pratein

S
alony a DNA template code for 1 am

0 d
Ala alanine
Arg arginine _
Asn asparagine i
Asp aspartic acid
Cys Cysteine

Gln glutamine
Giu glutamic acid
Giy ghycine

His histidine

Ile isoleucine
Lew laticing

iys lysine

Mat methionine
Phe phenylalaning

Pra profine
Ser serine
Thr threonine
Tro 1ryptophan
Tyr tyrosine
Val valine !.L“

Figure 5. The mRNA codons for amitio acids Figure 6. _Three-letter letter abbreviations of

amino acids
Last upTRHEB) A ERRGHIRHBe, Mdm Sharon Cross, Mr Ngan Wei Yeong and Miss Michelle Nah 4
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“Features of the geiel

1, The code is a triplet code
= Every amino acid in a protein is coded for by a triplet code (sequence of 3 consecutive nucleotides/
nucieotide bases/ bases) on the DNA molecule.
« The triplet of nuclectides in the mRNA are called codons that codes for an amino acid.

Poand o PN fropstipt
2. The code is universal ( i )

= The same triplet of nuclectides codes for the same amino acid in all organisms.
e.g. GGU will always code for glycine, whether itis in £. coif, orchid or koala.

= This is the basis of genetic engineering. Genetic material such as DNA / mRNA can be isolated
from one spacies and be expressed by the protein-synthesising machineries of another species.

3. The code is degenerate {redundant) L

« For some amine acids out of the 20, the'same amino acid may be coded for by several.codons.

» When an amino acid is encoded by more-than 1 codon, i.e., the code is said {c be degenerate.
&.g. the amino acid glycine can be coded for by 4 different codons.

A Eat 2ok g 2 nudlentrde V) A tados oive the came/
Question: What do you notice about the codons which code for the samgramino acid?

o TANE B0t Ledln o cecld) Trtowm amwd AGY ( Acsunachdy)
o oW cash ovflev 9 facles fiy | EYLITTD MM %&f . o o TEHY)

4. The code is non-overlapping
» The codons do not everlap, but read as successive gr

3 nucleotides,
i.e. each nucleotide in a {riplet code is only used o:om@ o

5. The code is continuous (i
= There are no nucleotides
of nucleotide bases.

=

o%wﬂwﬁa

mw@uma_ between the codons; the code is read as a continuous sequence

O
8. The code includes ‘gl ﬁm:a ‘start’ sequences
« Start codon : AGG™ ( are Upy mveAt?) .
o This functions as a ‘start’ signal for ribosomes to begin translating mRNA into a sequence of
amino acids. . .
o Also codes for the amino acid methioning. Hence, the first amine acid of a polypeptide is always
methionine.
Ston cccons - UAG./ UAA [ uga (i are jreact [ gt ovg aveaTme] e fredth ovadiant )
&= These codons do not code for any amine acid, as there is no tRNA with an anticodon
complementary to these 3 codons.
o They act as ‘stap signals’ for the termination of polypeptide chain synthesis during
translation.

Note: -
» The way in which the codons are read during translation, in groups of three nuclectide bases
beginning with the start codon is known as reading frame.

in summary, the genetic code:
« s stored in the sequence of nuclectides in DNA.
« codes for the amino acid sequence of polypeptides.

Lastupdated &yMemdiatmicakhoo, Mdm Sharon Crass, Mr Ngan Wei Yeong and Miss Michelle Nah 5
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v s transcribed info a specific complementary sequence of nucleotides in mRNA, which is then
transiated into an amino acid sequence,

[ (2) PROTEIN SYNTHESIS

(A} GENE EXPRESSION/ PROTEIN SYNTHESIS

nucleus. This inforwation specifies the amino acid sequence of the comesponding polypeptide

chain.

- Since DNA molecules are foo large to move through nuclear pores in nuclear envelope, part
of the information on the DNA is transcribed/ copied into smaller messenger RNA (mRNA]
molecules, which can pass through the nuciear envelope.

Irs the cytoplasm, ribosomes interact with mRNA and amino-acid-carrying transfer RNA (tRNA)
molecules, to translate the information in the mRNA molecule into a polypeptide, via a process
calied translation. Hence translation oceurs in the cytoplasm.

Last updkzimdbiy, Mra B hridsioaidre, Mdm Sharon Cross, Mr Mgan Wei Yeong and Miss Michelle Nah -3
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{B) TRANSCRIPTION (DNA >RNA} 2. General Key Features of Transcription (in both prokaryotes and eukaryotes}
» Yoo : Grngoiked. i . -
Befinition (1) Formatjon of Franseription results in formation of single-stranded RNA molecules.
Transcription is the process in which the nucieotide sequence of a gene (DNA) is used as a template single-stranded = Only 1 of DNA strands, the template sirand, is transcribe,
to direct the synthesis of RNA (namely mRNA, tRNA and rRNA} made up of complementary base RNA
sequences, .
{2) Synthesis in Synthesis of RNA molecule occurs only in 5’ to 37 orientation.
5 to 3 direction * 5 phosphate group of incoming riboruclecside triphosphate reacts with
* Agene is a specific sequence of nucleotides in 3 DNA moleclle, which codes for o specific 3’ hydroxyl group (-OH} of the growing polynucleotide.
sequence of amino acids in one polypeptide chain. It is a unit of inheritance located in a fixed « Template sfrand is read in 3’ to 5’ direction,

position (locus} on the chromosome which specifies a particutar bictogical function, i.e. phenotype,

(3) Catalysed by RNA  Transoription requires presence of the enzyme RNA polymerase which
. » polymerase catalyses assembly of ribonucleotides and formation of phosphodiester
Start point of transeription Non-template . - . P .
Upstream | Downstream mqﬁm aﬁ, £ DNA bonds betwesn growing polynuclestide and incoming ribonuclectides.
5 _ ¥ . 7 R® {(4) Complementary Newly synthesised RNA is assembled through complementary bhase
g o base-pairing pairing with DNA femplate, where adenine *onam..mw_éq_.omm: bonds with
3 HEA : Z uragil, thymine forms 2 hydrogen bonds with muﬁfﬂ while guanine forms
Y ] 7 " Template 3 hydrogen bonds with cytosine.
Promoter Transcription unit . ation Sequence  grand of DNA K @
‘ﬁwwy (5) Recognition Transcription begins at promoter (reco d by RNA polymerase) and
Figure 9. Components o o sequences ceases when it encounters termination uence,
0 <o
» The gene includes: mN,W o A%
1) promoters are DNA sequences which serve agg ognition site for binding of RNA polymerase N
and regulatory proteins cailed general tran: ion factors to'jnitiate/begin transcription. @
o It also determines which one of the ag“ ands of the DNA molecule is used as the template ,fw@e
for transcription.

o Prometers are classified as non ding DNA as they do not code for proteins or RNA products

(i.e. rRNA and .%_,.5. ct @@

, at %n& of 2 gene causes the synthesis of RNA to stop.

2). termination_sequence

3) Eanscription unijt is @ncm:om of DNA that is flanked by the promoter and termination %
sequence, and transes into RNA. ' @
o Only 1 ofthe N.M. ds of the DNA, serves as a template for transcription, to direct synthesis N
of the RNA, THiis 'strand is known as tempiate strand 7y
(terplate uﬂ.a_._.no&:m strand, as mRNA sequences are complementary 1o 0 the template-strapd. : @

Sometimes calied antisense strand).
o The other strand is known as non-template strand

(non-template = coding strand: mRNA sequences are identica! to this strand except that mRNA

has U instead of T. Sometimes called sense strand).

X Tomgiate- T dh2
% %g A
v Repd from 3 t0 S
Il.comfiamafatuni carousell, comfiamatatunicom )
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3. Transcription - The General Process

1) INITIATION
Step 1: Assembly of RNA polymerase and other proteins factors at the promoter.

(Note: differences hetween prokaryofic and eukaryotic systems will be discussed in ‘Organisation and
Control of Prokaryotic and Eukaryotic Genome’).

AN

Figure 10. 5'unrmy ) g
Binding of RNA & 5
polymerase to R®
promoter Promoter

RNA Polymerase

wnm_un"m_éu,noqgmﬂmmmczumm.w:m.mm.mqmnmm..ﬂwm»io m»..w:nw& ﬁu Zb,aocgm:m_?m::m
promoter by breaking hydrogen bonds between ooBu_mBm:n@ ase palrs.
DNA now has two exposed strands: e
(1) one strand is used as a template. n&f
(2) the other strand is not franscribed. (NS : It is not wﬂﬁm TRANSCRIPTED!)

450

)] ELONGATION

Step 3. Free ribonucieotides ' from .:cgmo.._ahw@ re maiched up with the DNA template by

complementary base pairing " \ :

»  Adenine forms 2 hydrogen bondgWiih uracil, thymine forms 2 hydrogen bonds with adenine,
while guanine forms 3 hydrogghbonds with cylosine,

= Ag each nucleoside ims Spifate is brought in, its two terminal phosphates are removed.

« 5 gnd of the nucleotid dded to 3" -OH end of the growing RNA chain via formation of a
phosphodiester bond €7
ie. mRNAs m<:5mm@mn and elongated in § to &' direction.
= RNA uo_qamﬂmw%m Alyses the joining of adjacent ribonuclectides {polymerigation) through
3:3&.63& nﬂﬂ: 3_..om:o&mmﬁ.&osnm.._.:_w*o_._.:w._smw:mm.ru_.omﬁrmﬂm_umn_nwozm

of the growi RMNA transcript S
& ek
S
v Nen-emplate
P strand of DNA .
3 m% s@, Template  ~
s strand of DNA
a.s\. Y Al e,
Figure 11. o R
Elongation o

ta F =X, oH | Free NTPs in nuclecplasm are added fo
SBge of Fe_ R, B, L the 3 end of the growing RNA chain
transcription 4

Complementary base-pairing
ONA

Bhan . . ’ . " p ’ B | EMPIEE

Step 4:: RNA polymerase continues to move along the DNA template strand from its 3" end towards
its 5 end (i.e. 3’ to & direction), separafing the 2 DNA strands. RNA polymerase continues to
catalyse the assembly of rfibonuclectides.

carousell.comfiamafatunicom
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Step 5: As RNA polymerase centinues down the template sirand, region of DNA that has just been
transcribed reanneals.

DNA porfion reanneats, re-forming a double helix

Fiqure 12. R
Efongation in  5,,
5to3 3"

direction 5

3

Lengthening mRNA Direction of polymerase

¢ II) TERMINATION

sequences, the mRNA chain is reieased. RNA polymer dissociates, terminating

transcription. Aﬁﬂv
(Note: Several moiecules of RNA polymerase can m._BEﬂWWo:mE transcribe the same gene.)
» In eukaryotes, the completed mRNA ::am«mn% modifications (see ‘Crganisation and

Step 6: After RNA polymerase transcribed through specific DNA mmﬁmwwwwwﬂsués as termination

Control of Prokaryotic and Eukaryofic Geno: efore it ready to be used for translaticn

into a polypeptide. .ﬁ%f

RS
N, R
. i~ .
Figure 13. 3 ﬁw& e
Termination 5, ",
s 5 i 3 4
@@ Commpleted RNA franscript
B3 e VR NS
PR L T 1 U
—fing ENR AL )

g%pgm&wﬁzs@&mgb 35%3@@
oSt RINEe Char TV SUPEDIA). i

Ry — e/

sypina - AN Frmimey

— fing 16eAETN ]

TrgwipiAn — POty o

gone
B O ey
B

BHADNA
Hyheid ragion

Fiqure 14.” Overview of franscription

carousell.comfiamafatunicom
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(C) RIBONUCLEIC ACID (RNA}
= DNA directs RNA synthesis and, through RNA, controls protein synthesis. RNA is 2 central plaver in

gene expression, is function depends critically upon base pairing, to (1) form its secondary structure,
and (2} interact specifically with other RNA molecules.

TRNA

Differences _RNA ;"

1) Double- Double-strandéd Bolytuclectide Single-stranded polinucieotide chain
stranded vs chain (except for some viral (except for some viral genomes).
single-stranded | genomes).

2) Size Larger molecular mass {100 000- 150 | Smaller molecular mass (20 000 — 2

000 Q0Q) and is much-longer: 000 000) and is shorter.
3) Sugar residue Pentose sugar is deoxyribose. Pentose sugar is ribgse.
N
4} Bases Nitrogeneous bases are adening (A), | Nifrogenefius bases are adening (A),

guarnine (G), eytosine {C) & thymine | guani ), cytosine (C) & uracil ().
M. .
R

5) Ratio of bases | Due to complementary base pairing, 'Nd fixed ratio / cannot be predicted as
Ratio 6f AT & C:G = 1, and mf@f@:a_@mﬁamu_ hence no

ratio of (A+GY(C+T) complementary base-pairing.

urine : pyrimidine = 1:1.
&

6) Structurat Always a double helix nmﬁﬂ&@oq Almoest always ocours as a single-
variation seme viral genomes), stranded molecule {except for some
ﬂ@f viral gencmes).

| Different paris of a single RNA

forms a complex structure.

7) Stability Chenmtically unstable as it is more
- reactive partly because of the
-£fiZymatic breakdown. Deoxyribose “additionally reactive 204 groups of
hsugar contains a M atom instead of — | ribose.
OH at carbon 2. Being single-stranded, they are more
prone te nuclease activity.
8} Forms Only one form, ‘Several kinds of RNA, each with its
own function.
E.g. messenger RNA (mRNA),
transfer RNA (tRNA), ribosomal RNA
(rfRNA)
9) Location Usually in nucleus (with exceptions in | Manufactured in nucleus but found
(in eukaryotes) ritochondria, and chloroplast). throughout: cell including in nucleus.
10) Amount Amount is constant for all somatic Arnount varies from cell to cell
cells of a species (except for gametes | (different celi type or the same cel: at
and spores). different stages of its life cyele or
aceerding to the cell's metabolic
activity).
Tabie 1: Differences between DNA and RNA
Sﬂw_ﬁwmwm.wﬂ?ﬁamﬁ:wﬂqﬂfoo. Mdm Sharon Cross, Mr Ngan Wei Yeong and Miss Michelle Nah 1
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= Only messengar RNA (mRNA) encodes polypeptides, so it called a coding RNA.. All the other
classes of RNA are thus considered non-coding RNA,

» 3 key forms of RNA are involved in protein synthesis;
1} messenger RNA (mRNA)
2) ribosomal RNA (rRNA)
3) transfer RNA (RNA)

1. :Messenger RNA (mRNAJ"
{structure:
. EXiStS in a single-stranded form.
+  Varies in length, depending on the length of polypeptide that it codes for,
» In prokaryotes, the mRNA doss not need to be modified and can be used immediately for

translation.
» In eukaryotes, mRNA {more accurately distinguished as pre-mRNA) first undergoes post-

transcriptional modification before it is transported to the eyfoplasm, includes the addition
of 5' cap, 3 paly A tail,_and splicin he maodification is necassary nsiation to take place
(see ‘Organisation and Control of Prokaryotic and Eukaryotic QmsQnW%.,
As such, eukaryotic mRNA contains two regions: e
1) coding region: consists of many codons coding fo amino acid sequence of the
protein, starting (usuatly) with start codon, AUG an ing with a stop codon.

2} untranslated regions (UTR) :
o 5 UTR: additional sequence at the 5' e
o 3 UTR: sequence following the stop

A modified guanine nucleotide .
3 ] added to'the 3’end -

. 50 10 200 adenine nucleotides
added tothe 8 end” - I

A} tail. Both the 5' cap and poly (A) tail
€in, nor are the regions called the 5' untransiated reglion (8" UTR) and 3
R). Do KIV this figure till you cover Prokaryote and Eukaryotic genome.

untranstated region (

Function;:

»  Messenger RNA {mRNA) sarves as a messenger that is particularly important for eukaryotes
because it is necessary to bring the information out of the nucleus via nuclear pore to ¢ytoplasm
where translation takes place in ribosomes.

*  MRNA acts as a template for translation, i.e. guiding assembly of amino acids into a polypeptide
chain.

= Each codon (read from.5 to 3') within the coding region of the mRNA represents an amino acid

in a palypeptide. Sequence of codons on MRNA will determine sequence of amiho acids in

correspondin lypeptide chain.

= Depending on how many polypeptides need to be translated from it, RNA polynucleatide strand
may exists for a relatively short-time. This helps the cell to eontrol cellular activity.

(For your info only}

MRNA for HOUSEKEEPING PROTEINS
Many mRNAs are common to most cells, encoding "housekeeping” proteins needad by all cells (e.g. the enzymes
of glycolysis). Other mRNAs are specific for only certain types of cells. These encode proteins needed for the
function of that particular cell (e.g. the mRNA for fizemoglobin in the precursors of red blood celis).

Usel comi i
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H. ransfer RNAGRNA} : {For your info onty) m
Wobble base phenomenon
We have seen in the previous section that the genetic code is redundant; that is, several different codons
can specify a single amino acid. This redundancy implies gither (1) that there is more than one tRNA for
many of the amino acids or (2) that some tRNA molecules can base-pair with more than one codon. In
fact, both situations occur,

» Constitutes 15% of total RNA of the ceil.

i
1
)

Some amino acids have more than one tRNA and some tRNAs are constructed so that they reguire
accurate base-pairing only at the first two positions of the codon and can tolerate a mismatch {or wobble) .
at the third position. In some cases, a single tRNA can recognize 2 or more of these degenerate codens, .
E.g. phenylalznine tRNA with the anticodon AAG recognizes not only UUC but also UUL. ;

This wobble base-pairing explains why so many of the altemative codons for an amino acid differ only in
their third nuclectide.

Eigure 16.

A simpiified |
mWIﬂ%:Ioﬂ:m The violation of the usual rules of the base pairing at the 3™ nucleotide of a codon is called WOBBLE. :

w.almlllﬂEoEB of a {RNA “This suggests that a base-pairing at the 3" base is not so specific; hence a crange in the 3% base by a

molecule mutation may still permit the correct incorporaticn of a givent amino acid in m%« tein
|1 bacteria, wobble base-pairings make i possible to fit the 20 ami B to their 81 codons with as _
few as 31 kinds of tRNA molecuies. There are around 45 different in a typical eukaryotic cell, thus '
il ™ ) A ) amino ach i NA. i i i
= Transfer RNA {{RNAs) are small (~43, § = Svedberg, amgdsure of sedimentation rate of particlas ﬂ%ﬁﬁ:m w%mw“mwoxm%% :Hmw_umm R The exact number of di Kinds of tRNAs, however, differs

during centrifugation), containing onty about 8¢ nudieafies.
. Exists in a single-stranded form but segments off@tRNA molecule can fold in such a way that
they form complementary base pairs with mmo@-h
= All{RNAs have a common structure: ) o
¢ Itfolds back upen itself and held in sl W@Eﬂ hydrogen bonding between.complementary
- base pairs at certain regions to .mo%m D:E-shaped structure (in diagrams it is simplified into
-a cloverieaf (2D). structure.) Q
- ithas 3lcops: muv

o On one of the Joops, 3 unpaired triplet bases form an: anticodon that binds {0 a

specific mRNA codon v mplementary base-pairing.
TR Gr-anotherdoon, 3 end-lith CCA stem is the aftachment site for a specific aming acid
that corresponds tdthe anticodon. e
»  The process of atagfigone amino acid to the 3 CCA stem is called :RNA activation, which will o
be coverzd later, =
Question: WhiFis the least no. of different tRNAs that should exist in any celi? 2020 ater(s , = :
v 220 =
on:
v ~tRNAs bring-in gpecific amine acids in a sequence corresponding to the sequence of codon
in mRNA o the growing polypeptide.
= H can facilitate translation due to: :
{1) its ability to bind to a specific single amino acid and I the nuclootide I - = - . .
- . h ey eofide listed In the first column is present at the third, or wobble, pesition of the codoen, it
{2} the ability of its anticodon to base-pair with the mRNA codon. can base-pair with any of the nucleotides listed in the second column.
carousell.comfiamafatunicom carousell.comfamafatunicorn
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. = ...Wzb‘wm,: .._.Eom.o...:mm

» tRNA is synthesised in the nucieus, within nucleolus,

Structure:
= Single-stranded chain made up of several thousands of nuclectides.
" Each chain is wound into a complex structure comprising of singie and double helices.

Function:
= rRNA associates with a set of proteins to form ribgsomes;
= rRNA is the main constifuent of the
1} interface between the large and small subunits of the ribosome
+  Thus the small ribosomal subunit can bind to the mRNA as complementary base pairing
can occur between the rRNA in the mRNA binding site of the smail ribosomal subunit and
the mRNA. )
2) Peptidy! site (P-site} and Aminoacyl site {A-site) on the large ribosomal subunit
» hence rRNA enables the binding of aminoacyRNAs to the P site and A site K1V for

transtation) »W.ﬂ/

.ﬁmnof.n.z..yao_mncmmo:?m_m_.mmzvomo_dm_mcg:?QOmmm %Sm_ _umvm&._ﬂ_.msmwm..mmm.
which catalyses the formation of the peptide bond between 2- ar iha acids.

o

2t & Poution Edueation, ino._pubEahing as Benjarin Caspmiego.
Structure of ribosome

Structure of Ribosome:
» Aggregates of rRNA %mm:m
= Ribosomes consists i

1) Small subunif’

2) Large subunit: has 3 binding sites for tRNA, namely ;
(&) - Aminoagyl site (A site) holds the incoming tRNA carrying next amino acid to be added
() ~ Peptidy] site {P site) holds the tRNA carrying the growing polypeptide chain,
(i) . - Exit site (E site) from which the tRNA'leaves the ibosome. -

th a mMRNA binding site,

in Eukaryotes : B0S ribosome,

in Prokaryotes: [0S ribcsome.
(8 = Svedberg, 2 measure of sedimentation rate of particles during centrifugation)

Lasttaitel Gy Winrelpisisekhoo, Mdm Sharon Cross, Mr Ngan Wei Yeong and Miss Michefle Nah 15
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Function of Ribosome;

= Ribosome is the organelle that synthesises polypeptide under the direction of mRNA by:

< Heiding the tRNA and mRNAin close proximity to allow interaction between the codon of mRNA
and the anticodon of tRNA.

o It positions the new amino acid for addition to the growing polypeptide,
o Peptidyl transferase {the rRNA component of the ribosomal large subunit) catalyses the
formation of peptide bonds between the two amine acids,

n >, ribosome begins translation at the 5’end of a coding regicn of mRNA and proceeds towards the
3" end.

-~ SRS
* (W) TEM showing ribosomes
Copyight @ Pemrmon Tucmion, Kud. Sblsiing ax Saviomin Curnigs,
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(D} TRANSLATION
Definition

Translation is the process by which the sequence of ribonuclectides in an mRNA molzcule is converted
into a sequence of amino acids in a polypeptide chain,

w  Before translation can ocours, each tRNA must be attached tof charged with the correct amino acid,
a process referrad to as amino.acid activation.

Copyright & Pearson Erucation, Inc.. putdishing e Banjanis Cummings.

Figqure 20. Overview of protein synihesis

carousel.comilamatatunicom } . |
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« Each specific amine acid is covalently attached/bonded to its specific (set of) tRNA, with specific a
anticodon, at its 3" CCA stem, forming an amino-acyl tRNA

» Catzalysed by a group of about 20 different enzymes known as aminoa
for each amino acid.

= An aminoacyl-iRNA synthetase has active sites that are complementary to conformation and
charge of
(1} the specific amino acid to be attached to the tRNA, and
(2) the anticodon on the tRNA.
Through which, the enzyme achieves double specificity, ensuring that the correct amino acid is
attached to the tRNA with the corresponding anticodon.

«  This reaction requires ATP.

I-tRNA synthetases, one

molecule

AN
e

= Mow is tRNA charged / activated with the correct aminc acid?
There are about 20 different amino-acyl tRNA synthetases, one for each amino acid; i.e. one
attaches glycine to all tRNAs that recognise codons for glycine, and so on.
- These enzymes must recognise the different tRNAs through unique identity sites at the
acceptor stem andfor anticodon loop of the tRNA molecule
- and recognise specific amino acids.

carousell.comfiamafatunicom
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2. Translation - The Process -

STEP1: "Binding of ribosome to mRNA.
+ Through the help of initiation factors, the small subunit of the ribosome assembile at the start
codon AUG (downstream of §' end of mRNA). This is where transfation begins.

subunit

mRNA binding mn.a. :

© - subunit
Coplgh s Pamion e, o, b b Beins g,
Fiqure 22, Binding of mRNA to ribosome and fo! R%ﬂm translatfion initiation complex

e
»  Next, fnitiator tRNA (carrying methionine) mou._.:m%w&m pairs with complementary AUG codon on
mMRNA at the ribosome. %

0

Question: What is the anticedon on this Inif IGRLRNAY
Question: What is the first amino acid on olypeptide?

« Binding of the large ribosomal su
initiation complex.
« Theinitiator aminoacyl-tRNAx
next aminoacyl-tRNA mojecile.
+ GTP required for the _E( on stage.

%oﬂu_mﬂmm aribosome, resulting in formation of transtation

mE positioned in B site, leaving A site vacant for addition of the

ELONGATION ANR TRANSLOCATIO

» GTP provides erfergy for initiation and efongation.

* A polypeptide is always synthesised in one direction. It starts at amino/ N terminat and ends at
carboxylic/ C terminal.

Step 2:  Codon recognition
* A second tRNA carrying the next amino acid in the chain binds to A_site by complementary
base-pairing, forming hydrogen bonds, between its anticodon and the second codon on mRNA.

Step3:  Peptide bond formation
= A peptide bond is formed between the methionine and the second amino acid in the A site.
» This is catalysed by peptidyl transferase, a ribozyme present in the large subunit of ribosome.
* In order to form the peptide bond, the first amine acid dissociates from the initiator tRNA it was
originally bound to. ’ ’

Step4:  Translocation
» The ribosome transtocates / shifts one codon down the mRNA in § to 3 direction. As a result,
o TtRNA is now shifted to E site and then released into cytosol, where it can be recycled.
o 2 aminoacyl-tRNA has now moved from A site to P site.

carousell.com/iamafatunicom >
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Raffies Institution HZ Biclogy 2018-2619

o Empty A site is now ready fo receive 3@ aminoacylRNA, with anticodon complementary to
the third codon along mRNA,
¢ Thus,
o P site holds tRNA camying growing polypeptide chain,
o Asite holds 1RNA carrying next amino acid and
o E site holds tRINA which has donated its amino acid and is ready to leave
» The process is repeated until stop / termination codon (UAA / UAG f UGA) on mRNA js
exposed at A site on the ribosome.

fibosome ready for
next aminaacyl 1ANA

Figure 24. Translating an mRNA molecuile. Each amino acid addad to the growing end of a
polypeptide chain is selected by complementary base-pairing between the anticodon on its attached
tRNA molecufe and the next codon on the mRNA chain.

Question: Haw is fidelity In informalion transfer maintained?

(ko .F\#.o.ws

carousell.comfiamafatunicom
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) TERMINATION
STEP 5: Termination of franslation

+ Once stop codon reaches the A site, specific proteins called release factors enter A site {there
are no aminoacyl-tRNA that is complementary to the stop codon}.

+ Binding of release factors causes hydrolysis of the bond between the polypeptide chain and
the tRNA in the P site.

« The polypeptide is released from ribosome as it completes its folding to assume the necessary
secondary and fertiary protein structures.

+ The ribozome disassembles info its subunits.

Release

=
Fig 25, .
qw:ﬁm._mmo.._ . wmm“ oww-ﬁ or HGA)
¥ ° & e
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@ %E?ME%\_»%@Q;%«O %&g@ ed WHA A STETERT
oaMMO el :

= goanmauy RN A Eﬁs@mﬁf.
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Completed
Growing palypeptide
polypeptide

Incoming gart of mANA
hosonel (gend)  EpgormAne
(3" end)

Lipm

() An mRNA molecule Is generally translated
simultaneously by several ribosomes in clusiers
calied polyribosomes.

(b} This micrograph shows a farge pelyribosome in
a prokaryotic cel) (TEM).

Figure 26a. Polyribosomes —» a cluster of ribosomes simultaneously transiating an mRNA
molecule, Once a ribosome passes the initiation coden, the secend :.uamoa,ﬂ%: altach.
What is the advantage of having polyribesomes? A%y

DNA

Ribosome

mANA

Reprinted vein permislon ot ©, L, Rilker . Ji, B. A Hamkalo, snd G, A Thaemas, Je.
Sclvoce 165 (197 Amoticn of Soignon.
©TRIR Aot Wealsy Loagman, toc.

Fiqure 26b. Simultaneous transcription and translation (of a prokaryotic PNA). The figure shows
an elestron micrograph and its interpretation. DNA and strings of individual ribosomes (polyribosome)
attached to a single MRNA are visible. mRNA, RNA polymerase and polypeptides molecules are barely
visible

carousel comiamatatunicom
Last updated by Mrs Christina Khoo, Mdm Sharen Cross, Mr Ngan Wel Yeong and Miss Micheile Nah x

P

A e




Raffles Institution H2 Biology 20182019

From Ri 2015 Prelim P1 Q10
Question: What protein would be coded by the following DNA molecule?

5 -~ CCTACTATGCGCCAGTATARGTGACAATTE — 3
3~ GEATGATACGUGEGTCATATTCACTGTTAAT — &'

Secand Letter
U [ A G
vuu | Phe |ucy uau _ T |uey |eys ju
U jLuc Ucc Ser |UAC uGe c
uua _ Leu | UCA UAR  Stop JUGA Stop|{A
uus ucs UAG Stop (UGG Trp |G
cuu cou cau _ His |cou ]
cjcuc | teufcee | Pro |cac CeC | arg |C
1st CUA CCA CAA _ Gln | CGA A |z
cuUG CCG CAG CGG G
letter AUU ACU AAU _ Asn | AGU mﬂ u jletter
AAUC | e |AcC | mr |AAC nnn c
AUA ACA ARA | A
AUG et | ACG BAG ~ ¥s Arg | e
suu Geu GAU _ A sGU u
GleUuc | ya {GeC | mla | BAC @ eee feiy (€
Gua GCA GHA o |sea A
GuG GCo GAG Ges G
Clue: S 5_p % S_TRC-8
What is the first codon on the mRNA? P mf - . atwstvand
it codon?  DETBwmvivie/ #le) fINE.

What is the sequence of DNA that codes for th

Q

What are the stop codons and how gl m,w@oox like on the DNA?
% §-UAA-3' | 5-UAG-3' | 5-UGA-3'
DNA wiw@ 3-ATT-5 -ATC-5' | 3-ACT-5

=t

* Stop codon o

Since the starf codon is 5-AUG-3’ on the mRNA, look for 3-TAC-5" on the tempiate DNA, strand, Onn.nm
3-TAC-5' is located, read the template strand ustil the complementary triplet-base of the stop codon is
locatad.

carousell.comviamafatunicom : -
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— Similarities between transcription and replication 4
Qaccur within the nucleus.

Complementary base pafring oceours.

Unzipping and rewinding of DNA double helix occurs.

Separation of parenial strands occurs progressively in short segments.

Formation of phosphodiester bonds,

Both invalve proofreading mechanism for production of accurate nucleic acid chains.

* = 8 8 0

hb.ﬁmwmanmm between replication and transcription

 Feature™ " . : - Replication E ranscription -
Polymerase DNA polymerase RNA polymerase
involved
Raw materials Deoxyibonucleotides dNTP {for DNA), | Ribonuciectides NTP
ribonuclectides NTP (for RNA primer) el
Lo
Template {Both:DNA strands serve as'a template: | Only mwz.p strand acts as a
§ te
Base pairing Adenine with thymine, guanine with ,ﬁwm:_:m with uracil, thymina with
cytosine vanﬁaaw, guanine with cytosine
(RS,
Product(s) 2 double stranded DNA melec e =~ |1 single stranded RNA molecule is
synthesised. In each double ded | synthesised
DNA molecule, one sfran %
parental strand, while er strand
is newiy m<35@mmmma}f
%ff
-0
| State the differences between transéription and translation.
]
T TANSETIPUON. e T A ansiatio
Nuclehg* of eukaryotes Ribosomes* in cytoplasm™
at surface of rough endoplasmic
nw%« reticuyfunr
Transfer of ﬁg SONA* femplate strand fo mRNA® MRNA* to polypeptide*
information
Enzyme Peptidy! fransferase* on farge
ribonucleotides ribogemal subunit to jein aming
acids,
aminoacyl tRNA synthetase* for™
amnino acid activation
Type of bond Phosphodiester bong* links Peptide bone* links amino acids
between basic ribonucleotides
units
Direction in 328 of DNA template 533 of mRNA
which genetic R
message is read

careusell.comfizmafatunicomn
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m

3. GENE MUTATIONS ]

{A) TYPES OF GENE MUTATIONS

= A gene mutafion arises as a result of a change In the sequence of nucleotide bases in the DNA
of a gene.

= A mutation could be caused by & mutagen — a chemical or physical agent that interacts with DNA
causing a mutation,
E.g. excessive UV, gamma radiation, carcinogens (cancer causing chemicals) such as tar in
cigarettes, viruses, (See ‘Cancer’}

= A gene mutation may be harmful oz beneficial to the organism. (See 'Evolution and Diversity’)

. . 2 ome muctaridt & " .

= Gene mutation may involve a change in/one or a few nucleotide bases. i it involves a change in
just a single base; it is called a point Sﬁmmo?,_.r@ym TAUtaton « point mutation} _

= Types of gene mutation:

1} substitution —  oceurs when one nucleotide is replaced by another nuclecfide
ATG GCC A > ACG GCCA

2) addition (insertion) — occurs when one or several nuclectides Aﬂywmnmn in a sequence
ATG GCC A > ATC TGG CCA

3) deletion ~ oceurs when one or several _._cn_moﬁmw Te removed from a sequence
ATG GCCA > ACCA o

4} inversion ~ a segment of nucleotide segueiees separates from the allele and
reioins at the original positi tit is inverted
ATG GCC A > ATC GGG A,

« Jlnsertion ok ‘(of 1 or 2 nuclectides)

o often results in preduction of. a non-functio
‘triplets from the point of insertion or delgl
mutation are nct read correctly. S\

o such mutations are known as frame- utations, and tend fo be more severe.
E.g. Qfo

Original message (in-frame): @

THE CAT BIT THE gﬂ&ﬁﬁ%

Insertion of one _m;mmﬂ%m shifted):
THE CXATBITT T

Deletion of owwﬁm@wﬁ {frame shifted}.

tein as ribosomes begin to read incorrect
. Original codons downstream of the point of

Meaning lost beyond point of mutation
THE CTE R AT

A

Ouestion: What is the effect of adding 3 consecutive letfers fo the reading frarne here?
THE MCA TBITTH ERA T {Gepre. dAtrrupson)
THE MAC ATR [TT HER AT (comane? dEwipfion) .
THE MAD CAT BIT THE RAT > yagtorpsitn T reting” rauef et oFit)

Q: it Cele-MUST Tt Bk pag,
> ichaon o3 amgp iy AUARAML o )
o, Tt 11 Testovaon Moy O PAARSTRIDEE It igheraion

Frimg. Gemine oS, opnretes ; collgod- grameted

~ faait ™ yonges opaany Ul
W ppupaptatt, OV — ] mag vt
Kot Mt O 18] meelt TR o hanesn
of W rolyesy S

—upnay £33 coveyy 1AV Fronyshilt wuERion

carousell.comfiamafatunicorn
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Original mRNA : AUG GGA AAU UUC OCU Aaa UTHI CUHC CCU ATG
Resultant amino met — gly = 831 ~ pht ~» pro - kvs —~ pho — lew — pro - met
sequence
Insert
Insestion of } - AUG mnr@g VUT CCC UAA AUU UCUCCCUAB G  Frame-shift ma
n oF y result
nucleotids ; ! o Yot Nt Ayt Sy M Sompeed Yy ome! iy premature chain
) termination if a STOP
Resultant amino met — gly —gin ~ phe — pro — stop codon is generated
sequente | 9 ,
Deletion of 3 AUG GGA AUU UCC CUA AAU UUC FOC CUA UG AMIino acid sequence of
aucleotide : S M B! et et e e ad the polypeptide has
. . _uo._vm_m | been changed and the
Result:nt aenino ﬁﬁnlﬂwlglvuhl_glﬁwluwolwonl_nu* gene product may no
Sscquince ¢ . longer be functional.
Figure 27. Frame-shift mutations »m%i
- “Substitution &
o Isthe most common type of gene mutation. .@«M/

o is usually not as serious as deletion or addition as ﬂ:maf cement of a nucleotide may not
necessarily alter the amino acid sequernce in a uo_%@wﬁ%.

Question: Carn you think of two reasons why? @w
Hint 1: 3% nucleotide of codon. ... %
Hint 2: Reading frame.... e

- Gureto OV B dogtineiio g@@% codwn e cogl® far oul OUve

aorl- @@
= kgl fiamw ,m,smé@ # sererely) - g%%ﬁg
4t . i
m%a% mﬂuﬂs n \ ;Sq%?mﬁ@_%sm oclve sfe, efeg waot]

ot o dasie ﬁ@
5

Depending on the outconie of the mutation, it could be categorised as such:
 Frame:shift mutation =7 Wi uittts :C
"o As mentioned above, a frame-shift mutation ocours due to mutation involving either
insertion or deletion of a number of nucleotides not divisible by 3.
o Due to the triplet code, these mutations would cause a disruption in the reading frame
(the grouping of codons).
o The result of this mutation would therefore be a completely different polypeptide chain,
- _-which is typically non-functional
 Silent mutation:
o A point mutation that does NOT lead to a change in the amino acid sequence in the
polypeptide chain.
o This is possible due to:
1. Point mutation occurring within the coding sequence of 2 gene:
> Change in nucleotide base, led to a change in codon which codes for the same

amino acid.
» Genstic code is degenerate, where more than cne codon codes for the same
amino acid.

2. Point mutation occurring at non-coding regions (e.g. introns, outside of genes)
therefore it does not affect the preiein product.

carousell.comfiamafatunicom
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» :Missense mutation.

o A’point mutation, in which a single nuclectide charge results in a codon on the MRNA
that codes for a different amino acid.

o Ifthe resultant amino acid has similar biochemical properties (e.g. charge,
hydrophobicity and size) as the amino acid replaced, the mutation is considered a
conservative mutation.

o If the resultant amino acid has different biochemical properties as the amino acid

repiaced, the mutation is termed non-conservative mutation.

causing the polypeptide formed {0 be truncated and typically non functional.
Point Substitition Mutztions

No mutation - | ™~
Silent Nonsense Missense

DNAlavel -
RIA levet
protein loved

poiee 37
llent-mutation-defintion-example-quiz.htmi)

{image source: http:fistudy.com/academy; e
fects of point substitution mutations

Fiqure 28. Summary of the possible @

= An example of a point mutation. In %om__ anaemia, it is a substitution mutation.

._:m:o_.sm_mn_c_n ﬁf‘
oZo:ﬂm_mac_;mmaou_oum: mmmn_cmﬁmﬁ:méuaﬁm_:sznsmwmﬁmn.mam..nos..vommaoﬁm
different types of poly, &»ﬁwlnu_..mm:m {2 a-globin chains and 2 B-gicbin chains).
o The aand B chains a ed for by 2 different genes found on 2 different shromosomes.
o Hasmoglobin is ab ntin red blood celts (RBC) and serves a role in transporting oxygen

from lungs to mmmw%. ;
&

L& i~ o]
haemoglobin

Figure 28. Haemo _.oamz and the haem group with Fe®* that binds
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*  In sickle cell anaemia:

Gene mytation - Change in sequence of DNA nudlestide:
o Asingle base sybstitution occurred in the gene which codes for B-globin chain
- CTC becomes CAC (i.e. T is substituted by A) on template strang

Results in channe in sequence of amino-acids in pol tide chain
o Inthe mRNA produced, at the 6% tripiet codon

= GAG becomes GUG

= previous codon coding for amino acid glutamate now codes for valine

> forms a sickle cell haemoglobin (Hb $)

Results in change in properties of haemoglobir and henol
o Previous amino acid glutamate is charged and h drophilic now valine is non-polar_and
hydrophobic.
o Nermal circular bicancave shape of red blood cell becarmes sickle shape under low O}
= as the red blood cell moves fo a region of low oxygen concentrations in actively respiring
tissue, oxygen is released by abrormai Hb S and an unusual conformational change (the
hydrophobic areas n different molecules wolid stick together) Em_rm_ﬂ%:...
= This conformational change will cause Hb S to polymerise/crystallise into abnormal rigid
rod-tike fibres that distort biconcave shape of red blood ummw@ (lting in the characteristic
sickle shape of the cell, X
o The polymers can be broken up by binding oxygen fo Hb w.%wwd 8§ can still bind Q2! Sickling

is reversible! rrmer - - -
Primary Mﬂn.nna!% - Quatomory .ﬁ{«oﬂ ‘I Rad Blood
SUUCIN | eturos | Structire 4, i _Cell Shops
Ay do not

= 3 with one

= iother: endh carrfes

m_ axygen.

5 -

E 2

: % =
= [

m %

= p
= Into & Bber; topacity

ta cal [

W«. fo carry oxygen

g o

Z

z

7N
e Y!m:!l

In surnmary:
Normal {Hb A) Sickle-cell anaemia (Hb S)
Gene coding for B-glohin
chain CTC CAC
Resultant codon on mRNA o .. GAG... e GUG
Resultant polypeptide chain ... glutamate .., ... valine ...
At low O concentrations Remain soluble Crystallise ﬂ_.nwmmoa rocHike
Appearance of red blood cell . .
at low [0] Disc-shaped Sickle-shaped

Effects of the disease;
(1) Sickle red blood cells are more fragife causing them te break up more easily. It is also actively
destroyed in the spleen. This results in the shortage of red blood cells and poor oxygen
fransport.
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. Patient suffers from anaemia, breathlessness and physical weakness
- Heart failure as the heart needs to work a tot harder

«  Lack of energy in the form of ATP dug to reduced celitdar respiration

(2) Sickle-shaped red blood celis, being peinted and elongated, may also get lodged in small blood
vessels (capiliaries) and therefore interfere with bloed circulation > sickde-cell crisis.
»  Depriving organs e.g. brain of oxygen
»  Severe pain dus to many locafised blockages resulting in death of surounding tissue
«+  Organ damage occurs especially those with numerous fine capillaries such as spleen and
lungs

inheritance of the mutation:
o Sickle cell anaemia is @ homozygous recessive disorder.
5 sufferers would have fwo copies of the mutant form of the gene (HoS HbS). They are said to
have the sickle celi disease.
> carmiers/ heterozygous individuals have cne copy of the mutant and one copy of the normal
form of the gene (HbA HbS). They are said to have the sickle cell trait. (See ‘Evelution and
Diversity’)
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EXAMPLE: CYSTIC FIBROSIS (for your info only)

Genetics of cystic fibrosis
+ Commonly afflicts Caucasians.
« Cystic fibrosis gene normally codes for a membrane jon ¢channel called the
Transmembrane Conductance Regulator {CFTR). CFTR controis movement of chioride ions,
Cl into or out of cells (& influences Na* transport indirectly).
s More than 1000 cystic fibrosis mutations have been reported.

o The most common mutation which oceurs in 75% of cystic fibrosis patients, inveolves a
deletion of 3 nucleotides on exon 10 of chromosome 7, (autosomal) resulting in the
loss of an amino acid phenytalanine at position 508 of the CFTR poiypeptide.

o In affected patients, cystic fibrosis transmembrane conductance regulator (CFTR) are
either missing or defective.

Symptoms of cystic fibrosis
1. Inthe lungs, defective/missing CFTR

< CI not transported out of epithelial cells into lumen of air cavity ;
> Na* retained too (charge balance) ,ﬁ“ﬂf
- ¥ more —ve in cell = water retained I call )
- mucus in lumen undiiuted - thick <> cannot flow > oozmmmm%
- mucus remains too long in respiratory tract Mﬂf
-» bacteria growth -> lung infection wmwmwy

- severe breathing difficulty @MNW

Epithelium Thick mucus

Lumen side of
epithelium

retalned in @
cell RI

Epithefium with missing CFTR

O3 cFTR Eigqure 21. The effect of defective/missing CFTR

(3 Na*channel

2. Pancreatic duct is choked by thick mucus preventing release of enzymes
-» indigestion
3. Thick mucus layer in intestines
- reduces absorption of digested food
4. Sweat gland produces sweat
> as it rises up the duct towards pore, upper duct reabsorbs Na* and Cl' as opposed to secrefing
NaCl into lumen of lungs due to opposite orientation of CETR in the sweat ducts.
> defective CFTR results in no reabsorption of NaCl
< very salty and copious sweat production
> basis of diagnosis -2 measure [Cl] in sweat.
5. Death usually ocours by age 30

carousell.comfamafatunicem
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KEYWORDS include...
Transcription Translation
RNA Ribosome Codons
Template strand Large subLnit of ribosome: Anticodons
Hydrogen honding Aminoacyl site 3 CCA stem
Cemplementary base pairing  Peptidyl site Amino acid activation
RNA polymerase Exit site Aminoacyl tRNA
Promoter Peptidyl transferase Aminoacyl {RNA synthetase
Phosphodiester bond Peptide bonds Methicnine
Polypeptide
Mutations Bickle cell anaemia .
Frameshift mutation Genefic code {details nesded)
Silent mutation
Missense mutation
Censervative mutation
Nonsense mutation ..mMﬂWr
o
\yf@
[4.LINKS Ny
The information from this lecture notes on protein synthesj gene mutations will be relevant to the
foilowing topics: ,msmf
SIN Topic - {2 Comments
1. Proteins and enzymes f, " | Thetype of proteinfenzymes that an organism
ﬂn%mw has depends on the pressnce of genes that
@ code for them.
AMW@ The genes determine the primary structure of
@ prateins / enzymes which determine their 3D
R conformation and hence their function.
2, Mendefian Geneti S Genes and their alleles / genotype are located
AWU on DNA that codes for proteins that determine
ﬂ@ particular traits/characteristics,
@ Gene products may interact with other DNA
$eq/ gene product and affect their expression
(epistasis}
3. Photosynthesis & Respiration DNA codes for the proteins (e.g. enzymes,
electron carriers} involved in the processes,
Any mutation in the proteins involved may
greatly reduce the rate of the processes.
4, Organisation and Control of the Prokaryotic | Control of gene expression at a
and Eukaryotic Genome transcriptional and translational level in
prokaryotes and eukaryotes.
5. Genetics of Viruses Expression of viral components in the host
cell.
6. Evolution and Diversity (Heterozygote Gene mutations — Sickle cell anaemia/ frait
advantage)
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A. CORE SYLLABUS
(3) GENETIGS OF VIRUSES AND BACTERIA 7 (A} INTRODUCTION TO VIRUSES ;

<— wc m mm ' 1. Brief History of Virology

1796: Edward Jenner used cowpox to vaczinate against smalipox. Jenner was the first person to defiberately vateinate against any

Content infectious disease. Although Jenher is commonly given the credit for vaccination, varidlation, the prastice of deliberately

: . i le it from rst X i in China at least '
»  The genetics of viruses ﬁagé ﬂom_pam u‘_.a,.um um_.ﬂw_nux to protect them from the worst type of the disease, had been practiced in China at least two
Learnting Qutcomes 18852 Louis Pasteur experimentad with rabies vaccination, using the temm "virus" (Latin, poison) te describe the agent Although

Pasteur dld not discriminate between viruses and other infectious agents, he originated the terms "virus" and "vaccination” {in
henour of Jenner} and developed the scientific basis for Jenner's experimerttal approach te vaczinztion.
Candidates shouid be able to:

" . B . i 1882: Dirmitr hwanowski described the first "fiterable” infecfious agent - tobacco mosale virus {TMVV) - smaller than any Known
1f. Discuss how viruses nzm__w_ﬁm the celi .5.m0..< m_.._a Oc:.nmﬂnw of what _w.gnm_amwmn __<_:m.. bacteria. Iwanowski was the first parson to discriminate batwesn viruses and other infectious agents, dithough he was not fully
1. Desoribe the structural components of viruses, including enveloped viruses and bacteriophages, and aware of the significance of this finding,
interpret drawings and photegraphs of them. @ 1898:  Mertinus Peijerinick exiended wancwskl's work with TMV and formed the first clear concept of s "cantagium vivum
. . . flyidu” - soluble fiving gem. Freldrich Loeffier and Paul Frosch demonstrated that foot and mol & s caused by such
24, Describe the structure and organisation of viral, prokaryotic and MMW.@/ i¢ genomes (including "fiiterable” agents. Loeffer and Frosch were the first to prove that viruses could _:ﬁama_am_mm.-w%a__ as plants.
DNA/ENA, single-/double-siranded, number of ::o_woﬁmm. packing, ) linearity/cireularity and 1995:  Frederick Twort discoverad vi nfercing bacteria. . @
presencefabsence of introns). {Include parts relevant to viral genom o el dherslle indepsndert ) ) &mfy ) )
A - N . . - 3 ly discovered vinmes of bacieria and coins the cteriophage, The discovery of
e. Describe how the genomes of viuses are inherited through outiinigy the reproductive cycles of bacteriopheges provided an invaluable cppertunity to study virus replication ata triagfcr to the development oftissue culms
i. bacteriophages that reproduce via lytic cycle only, e.g. T4 p 3 when the anly way to study viruses was by infecting whole organisms. st
il. Bacteriophages that reproduce via lytic and lysogenic oy _m@ - Lambda phags, 1935:  Wendell Stanley crystalized THV and showed thatit remained infectiousty @%y 1846), Stanlay's work was the frststep
iii. enveloped viruses, .9. influenza towards describing the malecular structure of any virus and helped to i Miiminate the nature of viruses,
w. retroviruses, .9. HIV. 183%:  Em i i » . " .
. AT . . " . . " . . 2 ory Eflis and Max Delbruck established the concept of the "on growth cycle" essential to the understanding of
f. Describe how variation in viral genomes arises, inch tigenic shift and antigenic drift. virus replication (Nobel Prize, 1963). This work 1aid the basls forfsyriderstanding of virus replication - that viral particles do
— ot "grow” but are instead assembled from preformed Bﬁun%@w..
References % dhv@s +940: Halmuth Ruska used an electron microscope 1o take Ew,n._y.ur etures of vieal particles. Alang with other physical studies of
Wain reference: i/ viruses, direct visuatization of vifiens was an 58% In understanding virus structure.
« Siology, Sth Edition, by Campbell, N.A m:a%om J.B, (2011). 1954; Sydney Brenner, Franseis Jacob, and Matthew demonstrated that bacteriophage T4 uses host call ribosomes to
«  Microbiclegy — An Intreduction, gh gt Tortora, Funke and Case. (2007). direct virus protein synthests. This discovery 1ei the fundamental molecular mechanism of protein transiation.
e Molecular Biclogy of the Cell, 3% mm_c by Alberts, Bray and Lewis. (2008), 19%0:  Howard Temin and David Balimore Indegp discovered revarsa transcriptase in ratrovinuses (Nobel Prize, 1975). The:
- discovery of reverse transcription gshedba pathway for genetic information flow fram RNA to DNA, refuting the so-call

"central dogma® of molecular blelogy,
@ TABLE OF CONTENTS

1370s:  Advances in molecular biology ..mmm-aa. L have fed to the discovery of many new viruses.
{A} Introduction fo Viruses, o
1. Brief History of Vitu 2 979: Smallpox was officially decl; be eradicated by the World Health Crganization (WHC). The last naturally cequiring case
N. >: i 15! o_u..r. ._.__ 550 3 of smallpox was seen in jd’in 1977.
. re viruses Livil On: [T
) Structure of <m..:@. g ] 1983; W_m_wmz_nz.majmﬁ m:n% Gallo announced the discovery of human immuncdeficiency virus (HIV), the causativa agent of
1. Genome .. ’
2 Om_um_a <] 1980 First (approved) b n gene therapy procadure was canied outon a child with severe: combined immune defidency {SCID), |
m. mﬂe.mﬂomm ) 7 using a retrovirs vecier,
: ) 7 199%: Number of confirmed cases of le living with HIVIAIDS werlcdwide reaches 33 million, The AIDS pandamic continues to
o k_.a.\. D_manm_m ?__M.:uw_o_omv. ’ grow, Nuclestide sequence aﬁﬂmﬁmu _Swsﬂ vius g d: Par sm bursariz Chi nmcw_cu 1, This 330,742
S} ra @_u. ication 1 bp sequence reprasents the technical advances in sequencing which have occurred singe tha first genome sequence was
1. Bacteriophages ... ._w completed in 1977.
2. Animal Viruses .... .
(D} Antigenic Drift and Antigenic Shift.. 26 %nw Quibreak of severe acule respiratory syndroms (SARS) caused by the SARS coromavirus.

(E} ._uum_n”mmMHN_Mé of Animal Viruses... NW 2006:  Twovaccines protecting against several cervical cancer-causing strains of huran papillomavirus (HPV) were releasesd,
2. HIvV...... 33 2009.  Outbreak of HIN1 influenza pandemic. Two bables from Mexica die In the outtveak. By end of May 2010, steep decline in
3. Pathogenssis of other viruses.. 34 2010: number of reportad cases, WHO statistics report more than 13 000 cases of death from H1N1.
4. Antiviral drugs... ........ 36 2013-  Outhreak of Ebcla epidemic. Started in West Africa. At present, 24 000 confirmed cases and the number of deaths have
(F} Links to other topics . 6 2014:  exceeded 8800,
Mm“ M_nn“.mﬂqmnﬂ.wmm roes w.m %“m T Zika outbreak in South America linked to microcephaly,

*This handout is the effort of several Biology teachers at Rl. it has and will continue to be updated.
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LO 1f Discuss how viruses challenge the cell theory and concopts of what is considered living. Q1 Explain why viruses tnay be regarded as living o Snisms.
2. Are Viruses Living or Zoz,zsmuq ] ] . i} Viruses possess genetic material and are capable of propagating their genetic information.
Unlike bacteria, viruses lack the ability fo replicate on their own. They absolutely require a living 2) Once inside the host celi it uses/directs host enzymes to carry out metabofic processes.
host, or a cell to support their metabolism and replication. They are able to enter a cell and then 3) Once inside the host cell, and directs its own seif-replication, They reproduce by creating
take over that cell, directing it fo make more viral particles. In this sense, viruses are said to be mulfiple copies of themseives through self-assembly.
obligate parasites. 4) Some viruses undergo mutation and reassortment of their genetic material during their
N e e e replication giving rise to new viral strains.
r .nwr Mm.m.w: TeemmEmmmmmmmeees ST m §) Virus can react to its environment. They are able to respond to stimuli such as heat, radiation
! ion: o : and chemicat when inside the host cell, <
¢ What is an obligate parasite? i 8) They are able to evolve to adapt to new environment
L Fnorgaime et cannt We matpandanfiye of Tnest %, dopapd s st
P ppett Y ayle- : ;
[ e e e emm [ e e e e e i
o . . ,maf 1. They are acellular and lack cellular organelles ,ﬂf
2.1. Characteristics of living organisms based on the cell theory: @ 2. Viruses do not carry out metabolism (e.q. respiration) oﬁ«
o - @ 3. They lack the ability to reproduce on their own independ d can only undergo
1. Have a celluiar organization ’ f«. replication in living cell O
Regardless of whether they are Uniceliuiar or Bc_aémm:_%:_msm_ the smallest levef of 4. They do not grow and undergo developmental changes m:ﬂ%ﬂm a host cell to make new
organization of living organisms is the cell. LN products such as coat protein and nucleic acids e
) o mﬂ@( 5. They do not respond to stimuli when outside the ho /
2. Show metabolic achvi ] o i 6. They can only evolve by natural selection within a call.
All erganisms need to acquire and use energy er to maintain metabolic processes for \AV
suvival. Conglusion;

a
Viruses are obligate parasites* which _.mnc:mm,wé ing host to support many of their functions.

Viruses can be crystallized Jike an ordinary ical as the capsid coat is very regular.

. jm@
3. Grow and develop
Growth involves both the increase in mm@w:a number of cells. When organisms grow, they

undergo changes known &5 @ével @ it

4. Reproduce /zo
Organisms produce ommu% themselves through sexual or asexual means.
5. Have a common here molecula :
Al living organismsghaye a common molecular inheritance based on the nugleic acid, which
contains instructigfisfor the structure and function of cells. CDNA ~RNH)
6. Respond to stimil
Organisms have specialised receptors that detact environmental stimuli to allow their celis to
adjust metabolism in reSponse.

7. Adapt to the envirenment
Adaptation is the accommodation of a living organism to its environment, which is fundamental

to the process of evolution, _n IRElatp) ¢ Ak
— e R = WptAdie Aty
Uauestion: B+ 14 A T _

Ofthe above, viruses only possess one characteristic. Identify this characteristic,

There is great contention amongst scientists as fo whether viruses should be classified as being
living or non-fiving. They have been described as "organisms at the edge of Ffe". )
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[(B) STRUCTURE OF VIRUSES |
The sizes of viruses ranged from 10 fo 300nm. An intact infectious viral particle is called a virion.

A virion is & complete, fully developed viral particle composed of the genome and surrounded by
a protein coat, the capsid.

Some types of viruses have an additional outer layer, an envelope in which viral glycoproteins

are ,m_.:umn_n_en_ w:.\.fsf.? paea T, E1C-
— _ Bgnone
4 Lo o onplRNR
thpst] VL Loty !
< prutevs)
i
T
{ prottgseh eitiger)
]

»Wa by 5 nm
Fig. wﬁm@ﬁa of a generalized virus

&

nd organisation. of. viral (including DNA/RNA, single-/double-

LO 2d. Describe the struct
stranded; packing A, linearity/circularity).
1e Describe; the. ral- components. of viruses, -inciuding enveloped viruses and
Umﬁoaouwmﬁw@ d interpret drawings and photographs of them.

o The viral genome is single or several’segmented, circular or linear molecules of nucleic
acid that functions as the genetic material-of the virus.

o In contrast to prokaryotic and eukaryotic celis in which DNA s ususlly the primary genetic
material, 3 virus can have either DNA or RNAbut never both.

o Thenucleic acid can be ﬂsuﬁ.ﬂ«mmnmn o double-stranded. Thus, in addition o the familiar

double-stranded DNA, there are viruses with single-stranded DNA, double stranded RNA, or

single-stranded RNA.

= The genome codes for the synthesis of viral components and viral enzymes for qmw:nmno:

and assembly of a virion. viya
’ S
?_zm\ V3
/ 1\ N
oS $s ds s
Last updated by: Ms Eva Hor, Nr Low Chor Mang, Mrs Yoo Yew Tin, Mr Ganison m_._viu_: n Cross - 5
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o The genes are few in number ranging from 3 ~ 100 depending on the ciass of virus. The
number of genes present in the virus determines the degree of complexity displayed by the
virus.

b EmUSHy s
R Examples That Cause Exzmples That Cause
Class/Family Envelope Human Diseases Class/Family Envelope Human Diseases
1. Double-Stranded DNA (dsDhA) . Single-Stranded RINA (5SRMA); Serves as MRNA
Aderovins No Respirptory viruses; tumor. Picomavt
nreot irus No Rhinovirus {common cold); po-
(ee Figure 19.35) causing viruses lipvinzs; hepatitis A vinus; other
Papovavious Mo Papillomavirus (warts, cervical enteric (Intasinal) viruses
cancer); palyomavinus (tumors) Coronavirus Yes Severs acute respiratory syn-
Herpesvirus. Yos Herpes simplext and )l {cold drome (SARS)
sores, genital sares); varicelia A N
zoster (shingles, chicken posj: Fluiirus Yes Vello rings; West Nife
Epstein-Bar virus (monokuciea- vinysiiepatitis € virus
it
s, Burlkltt's lymphoma) Togaviruz Ves &nm%w_m wvinus; equine encephalitis
Powvirus Yes  Smallpox virs; cowpox vitus o s
IL. Single.Stranded DNA (ssPNA) V. ssRNA; Template To Synthesis
Parvovirus No B19 parvovitus (mild rash) Fllovirus Epola virus {hemorrhaghc fever)
41, Dauble-Stranded RNA (dsRNA) mﬂﬁﬂ:ﬁlaw%wm S
Reowirs Ne  Rotirus (diamhes): Galomdo and 19.93 ﬁiy_\
tick fever i
e P Paramy oy Yes Measles virus; mumps vine.
%%ﬁ rus Yes Rables virus
,f fm.-mmzz? Temnphate for DNA Synthesis
[t Retrovirus Yez Hurman immunodedicency virus
{see Figura 19.8) {RIV/AIDS): RNA tumor viruses
@ {eukermia)
s ——

o0
Table1: o_mmmmmﬂs% animal viruses base on the types of genome

.,mw@»aw. Capsomeres — individual

@ protein units that make up the

o The genome is @o::ama by a pratein coat called a
capsid... The -structure -of - the capsid. is- ultimately
determined by the viral genome and accounts for most
of the mass of a virus, especially of the small ones.

capsid. Nucleis acid — can
be DMA or RNA

« Each capsid is composed of protein subunits calied
capsomeres. Capsid

o The capsid serves to protect, attach and introduce
the genome into host cells.

o Together, the capsid and the viral nucieic acid form the
nucleocapsid, An infectious viral particle, a virion, will
contain at minimum a nucleocapsid.

Fig. 2 Diagram of a viral capsid
sutrounding its genome (nucleocapsid).

Last updatad by: Ms Eva Hor, Mr Low Chor Meng, Mrs Yoo Yew Tin, Mr Ganison and Mdm: Sharon Cross 5
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Tedicon icesshesdrnl QB@W%@W bemploy

Membranous
RNA Capsomere envelope  RNA

¢ Some types of viruses have an additional outer layer, an ¢nvelepe that sumounds the
nucleocapsid,

o The envelope is composed of phospholipids and glycoproteins that are arranged to form a
“lipid- bifayer. For most viruses, # is derived from the host cell membranes by a process
called budding. The envelope may come from the host cell's nudlear, vacuolar or plasma

membranes. pnnde- _5._ o ™ ok
o Although the envelope is usually @f"host cell origin, the virus does incorporate proteins of its
own, often appearing as glycoprotein spikes, into the envelope.

o Most animal viruses have an envelope surrounding thelr nucleocapsid. 18 x 250 nm 70-90 nm (diameter) 80200 nm (diameter)

o Viruses that are composed of just the nucleocapsid are called naked viruses or non-
enveloped viruses whilst those viruses whose nucleccapsids are S@ma by an envelepe
are termed enveloped viruses. @

Capsomere
of capsid

Glycoprotein Glycoproteins

80 x 225 nm

o Viruses may be classified into several
cagaic comining

different types based on the pransmsathiang
snaﬂmnﬁg : :
* shape of the viruses e 20 nm 50 nm 50 o
nm
= type and structure of the genome, Ay peclescapuld nducus (a) Tobacco (b) Adenoviruses uenza viruses {d} _wm_ﬁm:owsmwom ﬂu._
= the presence or absence of a ,@ f envalope protwins mosaic virus 5
: Helical lcosahedral % Enveloped Complex

ervelope and @
)

= mode of replication. @w_oumom_ structures of viruses

BUDCING a&«pﬁ
[ SR ;ir---------.fﬁ N b m e mmemam S -

Fig. 4. Different mgfp

o In general, four main morpl virus -
types can be idenifEsd “helical; o.cmma.o:... . L @
mmowmsmni. wgm_onm@ ,n_ complex- + . List 3 definitive characteristh virug,
viruses (8 I Too O oty ofvbicenton & how ek Eor voptoaon  noy-ue
rogeny Pty paagier)

2 Thoyr S%gmmz oy 4 pe o e il = DN YRR it vgue oy

At St [

Fig. 3(A) Newly replicated viruses budding off from host
cell, )

Fig. 3(B) Assembly of viral components at the cell surface
membrane of the host celt before budding off.

3 A PTG st DSEMETY e bowirlete ylees { vinons) to
oy TN L DA G sty m
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]

How does a virus replicate

{13 Viral repiication begins with the virus invading the host cell and taking over the host's
metabolic machinery.

Virus has specific host that it infects and recognises fts hiost cell via host cell antigen e.g.
giycoprotein at cell surface membrane.

The genetic material is injected into the host cell or the entire virus may enter and
disassemble inside the host cell o free the genstic materal

(2) Virus uses the hest metabolism and machinery to synthesise its nucleic acid such as 2 DNA
virus hydroiyses the DNA of host celi and uses the nucieotides and the host DNA polymerase
to replicate its DNA.

(3) Virus uses the host cell RNA polymerase to transcribe its genes and rjhosome to translate
jts mRNA fo viral coat proteins and enzymes. Also supplied by ﬁﬁ ost celis are tRNA,
nuclectides, amino acids and ATP. ey
It contains only a few genes which code for the viral mﬁ_.cnwcarmr.@:no:m:ﬂm ke the capsid
proteins and viral enzymes that are involved in the viral life cyfle

(&) Once all the viral companents are synthesised, it will self-3s

!m to form new viral particles

or vifion and exit the cell via budding, exocyfosis owf lysis of the host cefl.
@ Entry and pna. VIRUS (0
- uncoating :

& Seli-assembly of
new virus particles
and their exit from
the cell

A i Knirer .

Fig. 5. A simpiified viral reproductive cycle

Last updated by: Ms Eva Hor, MrLow Chor Meng, Mrs Yoo Yaw Tin, Mr Ganison and Mdm Sharon Cross 9
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Bacteriophages

+ Bacleriophages are\viruses that only infect bactetia, |
71 Chnre (oM e Wi
» There are two .v&ama.. types of bacteriophages:
o Lytic bacteriophages: and &4 - T gy
o Temperate bacteriophages. vp. Lottt WaBAY

« Bacteriophages that av_.momﬁm through the lytic life cycle are calied lytic bacteriophages.
They lyse (break up or disintegrate) the host bacterium as a normal part of their Tife cycle.
teoeemt kil _si_w

« Bacteriophages capable of a lysogenic life cycle are termed temperate phages. When a

temperate phage infects a bacterium it can either replicate by means of the lytic life cycle (and
cause lysis of the host bacterium} or it can incorporate its DNA into the bagterium’s DNA and
become a prophage. )

e (i) Describe how the genomes of viruses are inherited *_.__.o_.wmﬁwﬁ_.:_:m the reproductive
Gﬂ.

eycles of bacteriophages that reproduce via Iytic eycle onl 4 phage
1.1:T4 Bagteriophiage! « 2

Stfructure hf@

Collar

e
i1

Protein Coat ’
e
ontractile

Sheathy
backtiRghane il
Bagnin
Taii fibres

3
1e%s
it

Tail Pins

Base plate

Fig. 5. Structure of T4 bacteriophage
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FEQ Qu\o‘_m C. mmv_—ﬂmﬁ_ﬂ.: ) g&q_g
(EThe T4 ph v_..mm i ._m.. Errm gﬂ@w: B.M_deﬁnﬁ. : Inside th II, the bacterioph DNA
e T4 phage Uess ity il £ o sheathr of the B o o 1de the cell, the bacteriophage is immediately transcribed to synihesise messenger
e et e o I A, ek o e o _ RNA using the host RNA polymerase. ¢
_nhh..%ﬂnnn__»_uwn injacts s DNA i saiky
P grmiioyy o Phages that arefhighly virulent produce early proteins that completely take control from the
@Hum w.._u»_ﬁﬂh«ﬁ.%_ﬁu. hest cell. For exal nple, host cell DNA is degraded within minutes into rucleotides that are iater
— /A m_ﬁmmm.“wu _Ma,w_hﬁu..a cell's Wmhwwa to synthesise viral DNA. Viral DNA escapes degradation because of methylation of its

o Enzymes coded by the phage genome takes over the bacterium’s macromolecular (protein,
RNA, DNA) synthesising machinery for its own use.

o The phage uses the host celf's nucleatides and several of its own m_.ﬁﬁmm to_synthesise
marty copies of phage DNA. aﬁy&f T

/1 I.\\\\\l.J\\\\ K ‘.,..,\..mw = ,.
(E)7he phage then directs production of g

fysozyme, an enzyme that digests the o Soon after, biosynthesis of viral proteins begins. # uses the umoﬁﬂ% metabolic machinery

vial oall wolk, With 2 ¢a o i i
4 Somageg ol @mi cali ﬁﬂﬂﬂw mmecrin to synthesise phage enzynies and phage strictiral noaﬁo:m:mmgawy
andt finally to burst, reteasing 100 o phage preteing, and nucl . .
200 phage particles. ﬂnxwu..“_.uu,__%w%ﬁuu st T o For several minutes following infection, complete phage: wﬁWMﬁR he found in the host cell.
Toe phoge parts coms Bemen, Thres i mOJE separate components fike the DNA and proteindzfé Hmmm:&_: this period, infective
NHWH wuwﬂo_ 2 .uﬂﬂuﬂﬂww o = L= vinions are not yet present. This is known as the d
%y Head Tall Tail fibers 1 BtV vivione
Comuight D Paanitn Edpcallan. $ic. poblhlng 2 Buniami Curmrings. BN - @N o, 1t et preléd
. + - s f
Fig. 6. Lytic life nxm%ﬁm._ﬁ bacteriophage Early R _m/y lon

The vmmgou:mmm genome repiicates and bacteriophage
cof ents begin to be produced by way of the host
bacierium's metabolic machinery,

NG

O
&

o - Aftachment sites on 9«.%5@ recognise and attach or

adsarb to : complementary ptor- sites on the bacterial
surface, This attachment j emical interaction in which weak
bonds are formed umw,_.@ e attachment and receptor sites.

o Specific strains cteriophages can only adsorb to specific
strains of host mm.\ riz. This is known as viral specificity.

Late Replication
The production of bacteriophage components  and
enzymes progresses.

o Although most bacteriophages attach to the bacterial cell wail,
some ate able to attach to the flagella or pili.

o The bacteriophage tail releases an enzyme, phage lysozyme,
which digest the bacterial cell wall, allowing melecules to be

released When these molecules.reach the-viris, they fngger a R
change_in the shape of This initiates P Maturation égs.o&wﬁi (2
: ”meﬂo“ﬁ.ﬂ ﬂc@ﬂswpﬂwﬂﬂwﬁm@_w d.“M__".m—_mm..__“ thrusting the and _,“.ogmioﬁ.m\ o Bacteriophage DNA and capsid are assembled into a DNA-f] mnhmmnr._.mm head, tail and tail
g, fibres are then assembled independently and joined each other in a specific sequence.

o fip of the core reaches the plasma membrane, DNA from the bacteriophage is First, the tail fibres joirs with the tail, then a DNA-filled head attaches to the tail.
@o the Bacienal cell. THe emply capsid remains outside the cell, 0} @
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E. Release’

o The final stage of viral multiplication is the release of virions from the host cell. The term lysis
is generally used for this stage in the mulfipfication of T4 bacteriophages because the plasma
rnembrane of the host cell actually breaks open (lyses).

o - Lysozyme, which js coded for by a phage gene, is synthesised within the cell. This enzyme
causes the bacterial cell wall to break down.

o The newly produced bacteriophages are released from the host cell. The mature phage
particles-will infect other susceptible’ calls in' the vicinity and the viral multiptication’ cycie is
repeated within those cells.

LO 2e (i) Describe the reproductive cycle of bacteriophages that quoacm%wm a lysogenic cycls,
e.g. lambda phage. G

Protein Coat

Congractile
Sheath

@@ Fig. 7. Structure of lambda bacteriophage

The Lytic and Lysogenic Life Cycle of Lambda bacteriophage

Bacteriophages capable of a lysogenic life cycle are termed temperate phages. When a
temperate phage infects a bacterium, it can either:

o replicate by means of the lytic life cycle and cause lysis of the host bacterium, or,
& it can incorporate its DNA into the bacterium’s DNA and beceme a non-infectious
prophage. .
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Lysogenic Life Cycle

The phage attaehes 1o a
host cell and infects fta BNA.

Daughter celt
with praphage

Many cefl divisions

£ % produce a large
Phage DNA popukation of
o tacteria Infected
Qceaslonally, a prophage
exhs the bactertal chromosome,
\ P Sl

The eall Iyses, releasing phages. celemine whethor notmally, 1he prophago
Lytie eyel Lysogenic cycle atd g it 1o daughter cells.
F Induced| “ _«%ﬂ. _Prophage

N

New phege DNA and protelns are Phage DNA e
synthosizad and agsembled into phages. bacterial ¢iwd gme, betarming &
prophage. o N

Fig. 8. Lysogenic life cycle of _.ﬂ@wmw bacteriophage

lambda bectariophage

W@ ciroutst chromosome of

A Attachiment ,mmmy @
o Tail fiber adsorb io complementary feceptor site on host pacterlat arachment.

$ile soquences

bacterium cell walt (same as T4 me X - Lhtompaome
&

ﬁ/w -

_ Tambdn integrase

o @ INTEGRASE peotgin somplex
BINDS.
o Sheath of tail no:a.mo% drives 2 hallow tube through e P
the bacteria call wall. e
¢ Phage genome %MW the bacterium (same as T4 CAVALYSIS OF
hages). Vo DOUBLE-STRAND
phage BREARAGEAND

REJOUNING

C. ‘Riplication’”

o Upon penetration into the bacteriz cell, the originally linear
phage DNA forms a circle.

o This sircular PNA can multiply and be transcribed leading
to the production of new phage and to cell lysis (via the Iytic

cycle). =

] h bagteriophage ONA integrated into
o Altermatively, the circufar DNA can integrate into and bactedal chomosome
become part of the circular bacterial DNA (the lysogenic cycle).

Fig. 9. Integration of lambda
genome into host cell genome.

o The inserted phage DNA is now called a prophage.
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o Most of the prophage genes are repressed by repressor proteins that are the products of
phage genes. These repressors stop transcription of afl the other phage genes. Thus, the
phage genes that would otherwise direct the synthesis and release of new virions are turned
off,

o Every time the host cell's machinery replicates the bacterial chromosome, it also replicates
the prophage DNA. The prophage will be found in all progeny celis, where it remains latent.

o Dccurs in one of every millian to every billion bacteria containing a prophage.

o Induction occurs spontaneously but its frequency is enhanced by imradiation with ultraviclet
light or exposure to agents that damage DNA. It activates the cellular ﬁ@mmmmm.

o Under these conditions, the repressor protein is destroyed by _.w_o% protease activity.
N .
o.ﬂsm_uwov:mmmwm:omo:mm:.mn_,mmmmncﬁ_mimﬂmma mxnmmm%ﬁma :._m_ﬁmnnqn_m.J

E." Matiration - f&ﬂ?

o Since the phage genome is no longer repressed %m companents are produced using the
host bacteriurm’s metabolic machinery. @%y

o More copies of viral genome are produs éo_uz.» replication using host cell machinery,

o The bacteriophage components th emble inte complete virions. (same as 74 phages)

;/Release %6

o The complete virions mﬂmmmw: released from the host cell in the same manner as the itic

cycle. (same as T4 pi 5]

m What are _.,.,:m possible defense mechanisms of bacteria against phages? .

Db RN Encter . with (soupters Sted et are np iovepdy”

L evnpeeitAng ol AthEmENT sitex \g_sam.
3 bovelep restucRon e¥ymes witn resedpioy Tz Pnage

_ONR pwd AN - sy bagtamt o OV &
Toveny stk ) MAHRCEN diRlngs . ( can meny ftp it oan

3. gsgg 7t wdgwo 8&&5% e gmmﬁﬁ Wi
Win Y’ hagy, < oo ety inted
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'
o
E Attachiment to host and
\Il.l.dmnrl; infestion of Lambda
Host chromosome '@ m DNA Prophags’ A DNA
exvises out

Lambda DNA
circularized au\ﬁw. Q m@“ﬂ &S

% f”( Synthasts of viral
Lambda DNA D e — i Bnzymis fesded fo
¢ integrated into 3 INBUCTION produce chage perts
! bacteria DNA a EVENT s@w.
m.mnﬁ:.m_ Cell m Rapid protsction of
ivision { l.ambda DNA and
i ’
- A M phage proteins
2 J &2 F
«IIJ } . ,mw Spontaneoys
JMWV assembly
CY
INTEGRATED LAMBDA DNA REPLICATES Z..%._.I
HOST CHROMOSOME &If.@ kS :
PROPHAGE PATHWAY. wmwha release of

-~
N

3%«@ LYTIC PATHWAY
Fig. 10. m@ima. of the lambda bacteriophage reproductive pathway

Lysogenic hast cells are immune to re-infection by the same bacteriophage. However, other types
of bacteriophage may still infect the host cefl.

Lysogenic bacterial cells may exhibit phage conversion. That is, the host cell may extibit new
propesties following integration of the prophage inio the host genome. For example, the
bacterium Corynebacterium diphtheriae, which causes diphtheria by means of a toxin it produces
can only preduce this toxin when it is carrying a lysogenic phage because the prophage carries
the gene coding for the toxin.

Lysogenic bacterial cells are capable of specialised transduction i which the lysegenic phage
packages adjacent genes of bacierial DNA along with its awn viral DNA in the same capsid.

These genes are then transferred to a new bacterial call along with the prophage when the virion
infects a new cell. (To be covered under Genetics of Bacteriz and Viruses H — Bacteria).
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2. Animal Viruses.

LO 2e (iii) Describe the repreductive cycle of an enveloped virus e.g influenza virus

Structure

Genome (RIEA)

ue.w,.

2
A
*
=
Envelope |-|M~.MwH

Fig. 11. Structure oﬁ%:mﬁm virus

The struciure of the influenza virus is so fwﬁ variable, but the virion particles are usually
spherical or ovoid in shape and 80 to 12 n diameter. Sometimes filamentous forms of the
virus cccur as well, and are more com dmong some influenza strains than others.

A. Genome &MN{@

o The influsnza genome %mmmmn into eight segments of single-stranded RMNA.

o The RNA nmzmam .wﬁw negative strand, i.e. the sequence of the viral RNA genome is
noau_mamsﬁaﬁﬁ% sequence of the viral mRNA.

&

o The RNA is pdtkaged with protein inte a helical nucleoprotein form, with three RNA
segments coding for three different polymerases. The three polymerases form an enzyme
complex, RNA-dependent RNA polymerase or RNA replicase, which functions in both
replication and transcription of the viral genome.

o The ofher five RNA segments code for haemagglutinin, neuraminidase, nucleoprotein,
matrix protein M1 and non-structural proteins. ’
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RiMNA-dependent RNA
polymerase (PA, PB1, PB2)

Nuclzoprotein

Envelope

. Wi
Fig. 12. Structure of influenza virus with mz»hmg@ RMNA polymerase complex
attached to each segment of the RNA geno %fa

&
N

o The capsid is an antigenic protein lining % inner side of the envelope.

B. Capsid

NN
C. Envelope @@

s - . -
o The influenza virion is an m:.%mn virus that derives its lipid bilayer from the plasma
membrane of a host cell.

envelope. Different
different strains ofdnfdenza virus.

&
B (A3 By
—eqohomed VInees  agzirg 0

- yolegsty W ventie cenipyy
ety p ety eviopy from 99 st cell
- fumon % gy vesiely mesorone/ Wpivlerang
win e cof Mentiiy - mearing RS, ecliRED

Qgng g’ oF W menaning) %\”ﬁwzﬁmﬁ - brnl)

méﬁﬁm Vg Fu TN
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Life Cycle of Influenza virus

N
@ E. Release by @

r:nnfﬂ
A. Attachment

@ﬂ PN

Sialic acld receptor 1

B. Penstration and
uncoating ——

{-) strand RNA

J. Hemagglutinin == M2 protein Jw PNA polymerase b Neuraminidase

Fig. 13. Life %ﬂa an influenza virus

O

A CAfEGHment &4

o Protruding glycoprotein % fo specific receptor moiecules on surface of host cell. In
humans, haemagglutiniiron the influenza virus binds to the sialic acid receptor on the host
21 for structure & location of siafic acid),

o The virus usually enters by m..:n_on...ﬁommm. The host plasma membrane invaginates and
pinches off, placing the virus in an endocytic vesiclefendosome.

o The vesicle will then fuse with a lysosome causing its pH to drop. Within the vesicle, .ﬁ:m
low pH environment will stimulate the viral envelope to fuse with lipid bilayer of the vesicle
membrane and nucleocapsid is released irto the cytoplasm.

o The capsid is then degraded by cellular enzyrmes leaving bekind the helical nucleoprotein
(see Fig. 12, pg 718). The helical nucleoprotein then enters the nucleus of the cell.
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Fig. 14. Entry and uncoating of influenza virus in the host cel!

C.;Replication:

o The viral genome is used as a template to synthesise the viral mR| {+) strand RNA

(o]

0 9

catalysed by the viral RNA-dependent RNA poiymerase. The mRNA foduced in turn acts
as a template for the synthesis of new viral RNA gename. @
o £

The mRNA strands then exit the nucletss to the cytosol and _Me%wymwm they are translated
inte viral structural components such as the glycoproteins 1 incorporated into the viral

w%f%

envelope (at the ER) and capsid proteins (in the cytosol)
atiration” A
o
Viral glycoproteins are transported by the vesi om the ER. They are incorporated into
the plasma membrane. WA&,
AN

Capsid proteins then associate with »:wammrwnu_u_dﬂmw:w at the plasma membrane.

The viral genome associates with ﬂﬂxm_.nm te form the helical nucleopratein which then
interacts with the capsid uaﬁmm:w&oﬁm plasma membrane of the host cell,

&

Interaction of the capsid %m nucleoprotein will initiate the budding process,

b

Fig. 15. Budding of influenza virus

. ‘Reledseéby budlding

Each new virus buds from the cell (evagination) {Fig.13 and 15).
It will zcquire the host membrane with viral glycoproteins embedded.
With enveloped viruses, host cells may or may not be lysed

The release is facilitated by neuraminidase (see Pg 21 for location of bond cleaved by
neuraminidase). Neuraminidase cleaves sialic acid from cell surface and progeny virions
facilitating virus release from infected cells.
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Host receptor glycoprotein & its interaction with influenza virus.

Sialic acid Galactess
A

{ Newraminidase
o &
Fig (A) Host cell glycoprotein containing (B) Molecutar ﬂnﬁ% sialic acid.
terminal sialic acid, A

%,
The diagram on the left (Fig. A) represents an integral Em_mww.ao glycoprotein found on the host
cell; the arrows point to terminal siatic acid units that m_.mmf ment sites for influenza virus.

o

. H lutini
The shape of the sialic acid i emaggutmn

e bl
compiementary to the binding site on the rvaw% &
influenza haemagglutinin  giycoprotein. .fw@
The binding between sialic acid and %/V

Neuraminidase

haemagglutinin ~ will facilitate the
attachment of the virus fo its host cell m%
its subsequent entry into the host om_/
In the diagram above, (Fig, /f the
molecular structure of a tel [ sialic
acid moiety can be seen..Sidlic acid is
attached to galactose an a(2,3)
linkage in the mxma@?mrosa above;
certain HA subtypef preferentially bind to
molecules with an af2,6) linkage. The
site of cleavage by the influenza virus
envelope protein  neuraminidase i
indicated.

<

The sialic acid shown is N-acetylneuraminic acid, which is the preferred receptor for influenza A
and B viruses. These viruses do not bind to 9-O-acetyl-N-neuraminic acid, the receptor for
influenza C viruses.

Adapted from E. Wimmer, Cellufar Receptors for Animal Viruses (Cold Spring Harbor Laboratory
Press, Cold Spring Harbor, N.Y., 1994).

Last updated by: Ms Eva Hor, Mr Low Chor Meng, Mrs Yeo Yew Tin, Mr Ganison and Mdm Sharon Cross 21

carousell.com/iamafatunicom

Raffles [nstitution Hz Biology 2018-2049
LO 2Ze (iv} Describe the reproductive cycle of retroviruses, e.g. HIV
2.2 Retrovirus - HiV

Structure

Envelope

Nucleocapsid protein
Nemb st

{matrix) protoins
@ﬁ

Capsid

(e m:@zaﬁuw\ o
angopiaze) Fig. 16 Structure of e %%ﬂnpﬁ!ﬁﬂ?_
The HiV virus is around 120 nm in diameter and roug %ﬁom_. o
A Genome’ =50
o HIV-1 has two copies of single-strande
o Thetwo copies of single-stranded R positive strands, i.e. the viral gehome has same

segquence &s the viral MRNA,
o RNAis tightty bound 1o protej @:oﬁ: as the nucleocapsid proteins, (Please note that the
nucleoprotein in HIV is _S%m the nucleocapsid protein.)

o The HIV genome coni ree major genes, 5'gag-pol-env-3', encoding major structural proteins
as well as essential ¢ mes.

These are m<=5m@ as polyproteins which produce protging for the virion:

= (Gag codesfor-structural proteins (capsid, matrix-and nucleocapsid protein)

« Pl codes for the viral enzymes (reverse transcriptase, integrase and HIV protease)
= Env codes for the glycoproteins gp120 and gpd

Reeding Frame gag

r 5HIR
2 TR
3
) ) vor
[ 1000 2000 s000 “4ou0 S000 $000 7000 2000 3000 ST
Base Fairs
Fig. 17 Structure of the RNA genome in HIV
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B./ Capsid:
o The capsid is usually conical-shaped and made of another type of proteins different from

the: nucleccapsid proteins.

o Wihin the capsid are two molecules of enzyme reverse transcriptase. The reverse
transcriptase transcribes RNA (as template) into DNA. Two other enzymes contained within
the capsid are integrase and protease.

o The capsid together with the viral genome forms the virus core.

C i Envelopes

o The capsid is in furn surrounded by an enveiope that is formed from part of the host cell
plasma membrane.

o Through the enveiope, glycoproteins protrude. These mEno?oﬁmm: ,awo and gpd#1, have
a specific conformaticon that allows the virus to bind to certain rec on T4 helper cells.

Life Cycle of HIV ,ﬂmw

Fosian of HA ﬁ%
i t.:neslwsi_ protaing.
HV _, w,_zés.aa.o.p
Auchels and ¥ogsater
inte the hoa Ghoa
wred a5 genomic RNA.
and i3 make viral
The vins. metures
by protease
releastny Inderidil
i W pratsng.
Fig. 18 Life cycle of HIV
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Fig. 19. Entry of HIV by fusion with host cell membrane foligied by
uncoating of the capsid and nucleocapsid to _.wmomvww.wnzm RNA
genome.

C.

. Penetration and Uncoating

HZ Biology 20182018

Attachment

The process typically begins when a viral particle comes into contact with = cell that carries
on its surface a special protein called CD4. The glycoprotein, gp120 on the surface of the viral
particle interacts with the CD4 on the target cell (T lymphocytes, macrophages), with the
help of a co-receptor. (Step 1).

oy

(Step 2) With the help of gp41, the viral envelope will fuse with the host
cell membrane and the capsid is then released into the celf, leaving
the envelope behind,

The capsid and' the nucleocapsid protein are then degraded
releasing viral enzymes and the RNA into the cytoptasm.

&

mﬁ}% FeRrso Lansarption
S =
eplication -
Rep ,«M@, gl Sirowmdedt.
(Step 3) The viral reverse transcrip! nzyfe will then
catalyse the conversion of the viral R into DNA. Reverse
transcriptase will first catalyse syn s of a single DNA strand
complementery to the viral mﬁy fand > form RNA-DNA
hybrid. @

The RNA strand is d
complementary to th

stranded DNA aa_m%m. g

(Step 4) Double mmm_:ama viral DNA enters the host cell nucleus
where it is-integrated into- the genetic material of the-host, It is
now known as a provirus. The enzyme integrase catalyses this
process. Onee viral DNA is integrated into the host genetic
material, it may pessist in its latent state for many years.

déd and a second DNA sfrand
is synthesised to form a double-

Activation of the host cell will result in transcription of viral DNA
into viral RNA which serves as the mRNA.

Fig. 20. Reverse transcription and

integration into host genome by HIV virus.

(Step 5) The mRNA exits the nucleus inte the cytoplasm where it is translated into viral
polyproteins. hﬂ%ws AQ/CV
L vy g ingi
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7 Tdiad wr RER

o The envelope glycoproteins gp 120 and gp 41 are made in the ER and vesicles will fransport

them 1o the cell membrane. (The env polyprotein is cleaved by host cell protease in the ER) Question: ) ) '
u polyp Y P What are the differences between multiolication of animal viruses and that of bacterial viruses? |
o ‘The viral RNA alse forms the genetic material for the next generation of viruses. Stage Bacteriophage Animal Viruses H

Adsorption wamhwam attach to cell wall | pAOUATIET FHigd Qne PG
ey ond o\ cepYDiehs
Proteing

}

Penetration Viral DNA injected into host cell @aﬁ&.& @5§ %% m
oy fusdn w

i

D.ZMaturation’
o (Step 6) Polyproteins and HIV genomic BNA assemble at the inner surface of the plasma
mermbrane of the host cell.

efease’ B
o After assembly at the plasma membrane, the virus buds offfevaginates from the cell is
reteased,

o The viral envelope is derived from the host cell mem brane containing mm.“ and gpi20.
o Polyproteins will be cleaved into the functional proteins by HIV _u_dmmﬁ. Uncoating NOt 895& Enzymatic 63@%,3 capsid proteins
- Tl :
o The functional proteins include structural proteins (makix, cap dfﬁ.wa_mn.nmvma proteins) and fw{
viral enzymes {reverse transcriptase, integrase, HIvV uqoﬂmm%i N

Genome \ n s - T

o The virion is now considered mature and ready to mamw.ﬂwwgmq cell. replication n iaproyiaim M%@%ﬂﬁﬁ% QM,U m%ommma
nfluenza) :

Different mode of penetration for dj t enveloped viruses.

@ ;
I H
Release Host call lysed Wy S %«&» Wukes fgs &" M

%ﬁ@ PN~ Bt Wb ?
O w

Y UM,

Fig. 20. Diagram showing entry of HIV virus via fusion of lipid membranes and entry of
influenza virus via endocytosis.
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L 2SS ) VEIS; PN auenir

(D) " ANTIGENIC DRIFT AND ANTIGENIC SHIFT

L0 2f Describe how variation in viral genomes atises, including antigenic shift and antigenic drift

@ Antigens are the specific molscuiar structures that antibodies and other receptors in our

_33_..5m. systems _.moom:_nm‘. . \u ,E.&ad& P @ oA ‘ ,
o Thelmmure system recognizes viruses when antigens on the surfaces of virus particies bind
{e immune receptors that are specific for these anfigens.

o After an infection, the body produces many more of these virus-specific immune receptors,
which prevent re-infection by this particular strain of the virus and produce acquired immunity.

o Similarly, a vaccine against a virus works by enabling the immune system to recognize the
antigens exhibited by this virus,

o However, viral genomes are constartly mutating, producing new for. ﬁwﬁgmm antigens. i
one of these new forms of an antigen is different from the old a it will ne longer bind
to the receptors. Viruses with these new antigens can evade-ipdmifity to the original strain
of the virus. When such a change occurs, pecple who have v e infection in the past do
not have immunity to the new virus and vaccines mmmiﬂ%@ original virus will also become

less effective.
o Two processes drive the antigens to change: mww ic drift and antigenic shift, with
antigenic drift being the more commen. 7

involves the accumulation of mutations in the
ns of the virus. The resulting viruses have surface
ave a different conformation to the previous virus strain.

o A mechanism of variation by viruse
genes encoding the surface glyeg
antigens or glycoproteins that

D g hgngree ﬁ%@&%g QtyEnd ~
"

¢ Hence, the new virus straj not be Eoomsﬁm%@%w%%ﬂ%ﬂﬁﬁ .ocm\xmﬂ.w\__qm\ S,

making it easier for Emﬁw infect the host and spread throughout a partially immune
population, JU,

o.p:zmm_._mo%nono.woﬁ:m:mcmzum‘»mza._:zcmsnmm<__,_._mmm._:*Jm_::cmzwmaqcm;:m
two relevant antj are the surface proteins, haemagglutinin and neuraminidase.

o Sies ﬂwnoas_.m\mm. on the haemagglutinin and neuraminidase proteins by host immune
systems are under constant selective pressure. Antigenic drift allows for evasion of these
hestimmune systems by small mutations in the haemagglutinin and neuraminidase genes
that make the protein unrecognizable to pre-existing host immunity.

©  Anfigenis drift is this continuous process of genetic and anfigenic change among influenza
strains as a result of the lack of proof reading ability of RNA-dependent RNA polymerase
and the fastthigh rate of replication_of the virus. x\

Wiy ool O scivs guedty ) nfisnag )
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° Exch yorr's s vartine commits three fi swains —
Two A straiis and one B strain - tort can chango from yeerto year,

" 2gaitist the threo s straing b the vaeeine.

0 adusﬁaﬂﬂﬁwlnaﬂﬁsgﬂizyg i
he fin seazon, the smibadias will jligfrorme the vire's
Ha, armtigens, preventing the irh attaching 1o
healthy cells and infarting

=
=
3
5
2
B
E
=
o
g
£

s Dw gene clnges, sa can the
n thart it encodis, causing
<hange shape,
HA gene

[ ] _m?au._r antigen changes shape, antiadies tht
nanm <§u§n§nvpuw=n-o=uau§u_§
tho newly mustated vires 1o infoct the body's cells,
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3 =E H
. i | H ke =
GaBIE SHEE D MG B ot 1) & tgvaman, Lgst AL E & : W g @
= N =
o A procass whereby there is a sudden and major change in the surface antigens of a virus. mm 2 W = 15 ..m _
The genetic change that enables a flu sirain to jump from one animal species fo another, ) E T o 2 &5
including humans, is called antigenic shift. i W 2 3¢
o This occurs when two or more different strains of a virus, or sirains of two or more different =5 m
viruses, combine to form a new subtype having a mixture. of the surface anfigens of the two m .
or more original strains {refer to methed 3 in Fig. 22 on pg 30) 1 i ghoteiael ) Pmminme Eig_ z i
o Antigenic shift is a specific case of genetic reassortment that confers a phenciypic change. W .
o The term is often applied specifically to influenza, as that is the best-known example. = e g3 m !
Antigenic shift accurs mainly in influenza A. This is because influenza A viruses are found in <5 SEgnis Z .
many different animais, inciuding ducks, chickens, pigs, humans, whales, horses, and seals. i3 3 mm w.umW mm E; :
; i 2 22 =
o Antigenic shift accurs hecause the genome of the virus is segmenfedhaliowing for major - maAmm ] 2 mm”mwm.mw “ m,m
genetic changes of type by re-assoriment of its segmented RNA . & w;mmm E 0 .mmw», mmW 3 z
o Flu strains are named after their types of haemagglutini heuraminidase surface g o4 H e E _w f
proteins, so they will be called, for example, H3N2 for typ aemagglutinin and type-2
neuraminidase, @@5 = 8 ;
. =] B
o When wo different straing of influenza infect the w@ ell simultanecusly, their protein 228 mm M
capsids and fipid envelopes are removed, exXposi __‘.wﬂz.». which is then transcribed to L8 =3 g
mRNA. The host celi then forms new viruses 5%5:@%% antigens; for example, H3N2 ) ES m 8 £
and H5N1 can form HEN2 this way. \ =32k £5 H
. - . O En e
o Because the hursan immune system has ﬁ.@? recognizing the new influenza strain, most mmmm mm m
people do not have pre-existing antibo tection to these novel viruses. mmm_m..lm. 5 =
S EoXlE
o The new strain may further m<o~<¢%§mmn from person to person. This could cause the .mum.m. m.m.m m
formation of a highly vitulent sEm@mo. a flu pandemic could arise. 8 mm..m .m.m s .
e L. 3
Mote: «hﬁf& £ .M 2 m. Mﬁm ,.wnq
BT e o
1, Refer to Fig. 22 on pg thod 1 and 2 where infection jump from one species to another are - m Mam w.m m.
alse considered as mﬁm& c shift. ] 5 .am m,.m .m 5 2 .M < g
2 = Z,.z 3 3 z
2. Influenza viruse jih have undergene antigenic shift have caused the Asian Flu pandemic of = m.mtﬁmmm B2 ww mm F2s on P
1957, the HongK@ng Flu pandermic of 1§68, and the Swine Flu scare of 1976. b 2 8 B nmm.mw ..m B2y:R% f8 H
ES2P S5y E H Mm §= =
@ FEd aE W 52528z % mw 2% = w
g EEREDTE E
% 23 .M.w ] @
[=3
2 2
Q
: =
o | — =
B =
£ e._uu f N g
= x
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; =3 <z i
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| What are the differences befween antigenic shift and antigenic drift?

1 -

i Feature Antigenic shift Antigenic drift

H Change in WA D s”..&:@; A ng_@? Minor Aniigenic Change

i antigen gsaé\ o

: An antigenic change can alter antigenic
m ; _iﬁ? sites on the molecula such that a virion
i An oidi ﬁwﬁd %ﬁ.&e can escape recoegnition by the host's
n_ pesvie v Arster AN immune system.

; ™ WAt |

' e "

m NUMWMICIANY  svlotyprs

” AMV

| — Ceb s

i [ New sirain or Formingnew strain of virus

| e gy 0 oW Wby pe/ ,%_f

m AR LA N

| —> New Dby 0

m N

i\ | No, oftype of Only one virlig Is involve d

11 virus involved

:

i | Hoslapecies | May jump from & species o Aot pivanls %.@Q\ a1

H ;ancther (anim, an} N

m NS

i Change in Large ~Ctiahge in nucleatides of sl MY RV

! genome RN o$

| = It of th Hati

; Process that ' Oceurs as a result of the accumulation
i | leads fo n:mn&m,wmfmme_ﬂ\&m & -Ww:? &V ... |- of point mutations in the gene.

P ingenome\J | OUVOWY RASFeING

m betwosa Aiffeldint Slipes

m Frequency of | Oscurs onceina mam Oceurs frequently

' ocourence . . _
i | Consequences | Give rise 1o pandemics, which Usually responsible for epidemics in
accurs irregularly and | between pandemics.

: unpredictably,

;
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[(E)  PATHOGENICITY OF ANMIMAL VIRUSES

Will be revisited in Infectious disease
Pathogenicity of a virus refers to its ability o cause disease,

Most pathogenic vinuses produce acute or asymptomatic infections that rapidly run their course
and stimulate parmanent immunity in survivors. This is due to the production of immune cells and
antibodies that specifically recognise and inhibi subsequent infection by the same types of
viruses. E.g. chickenpox, measles and mumps.

On the other hand, common colds may be caused by more than 100 distinct strains of the
rhinoviruses and because mmunity is specific, infection with one strair fails to induce host
immunity to the other strains,

Some viruses escape elimination by the immune response by mﬂm@m iatent (hidden)
infection. These viruses remain in the host even after disease toms disappear and are
generally undetectable during the latent periods. The disease Em<%noamnmm< reactivated by
various stimuli, /,v

Vi

An example {for your interest only) are the recurrent epis! ﬁ%ﬁ Type 1 (oral) herpes or Type 2
(genital) herpes, that may be triggered by emotional stréeS: sunburn, menstruation, pregnancy,
commen colds or diseases that cause fever, mm?\mmﬂ.w‘.moamm_ the virus silently resides within
the regional nerve cells. o £

Persistent infection may also be established in Fajtf tissue foliowing measles infection, leading
to the development of a slowly progressive, %ﬂme fatal neurologicad disease called subacute
sclerosing panencephalitis (SSPE). o

carousell.comfiarmafatunicom

1. Influenza virus yﬂ?g
« Pathogen: %
2 Atype of myxovirus @
+  Targef organ: ﬁf@
o Epitheliat owm_m'@m respiratory tract; virus binds to the sialic acid receptor found on the
cell membrane-8f epihelial cells.

« Symptoms:
o Body aches, headache, chills and fever, running nose. In mere serious cases, influenza
can cause preumoniz which can be fatal especially in young children and the eldery.

« The disease:

o Influenza is a respiratory disease in humans, with the infection usually localised in the
respiratory tract.

o Onee the virus settles on the mucous membrane lining the nose, pharynx, raches and
bronchi, the neuraminidase enzyme on the surface of the viruses helps them to penetrate
the mucoproteins in the mucus laysr. The mucopreteins are glycoproteins in nature.

o The haemagglutinin, a glycoprotein on the viral envelope, then helps the virus bind to
specific receptors on cell membrane of the epithelial call lining the respiratory tract.

Last updated by: Ms Eva Hor, Mr Low Chor Meng, Mrs Yoo Yew Tin, Mr Garison and Mdin Sharon Cross 32
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Evenfually, the virus penetrates into these host cells. Oncee inside, the virus replicates
within them.

o Theincubation period is around 24 ta 48 hours, after which the infected mv._tm_._m:m_ cells are
destroyed. These lead to inflammation and the buildup of dead epithetial cells in the
airways cause the symptoms of influenza like running nose and scratchy throat te appear.

o Weakening of the epithelial layer caused by viral replication can m:mxm :._m. respiratory
passage more suscepiible to secondary badterial infections leading to diseases like
pneumnonia which can be fatal.

Mode of transmission: ) )
o Droplets of moisture from lungs of infected persons or from infected bird droppings etc.

Treatment &.y

o There is no treatment for most people who develop influenza. However, bed rest, m:.n_
perhaps the administration of aspirin or paracetamo! to alievi @mamo:mm and fever, is
the only helpful means towards recovery. ./«

o Antibiotics are administered to prevent secondary am&@%ﬁ%&oa like pneumonia.

o Vaccinations againgt influenza are also somet: ministered. The _%cm.:nm ﬁmoﬂsm
contains purified and inactivated material fro ree commeon influenza viral strains.

o Anfiviral drugs such as oseltamivir (rad@ghame Tamiflu) and zanamivir (trade name
Relenza) are heuraminidase Inhibitors Yfiatare designed to halt the spread of the vins in
the body. However, these drugs arg e suited towards the Influenza A and m:ac..wsu.w B
strains. The antiviral drugs amantading and rimantadine are designed to block a viral ion
channel (M2 protein) and prev, Re virus from infecting cells. These drugs are effective
against Influenza A but :oﬂw.m,& (st \nfluenza B.

HIV %
Pathogen : ﬁy@
o Muman _.3%%&@:@ virus {HIV}, which is a retrovirus

Target organ :
o The immune system specifically celfls with CD4 receptors such as macrophages and T
helper celis.

Mode of tranpsmissiorn. .
o Transmitted primarily through unprotected sexual contact or by exposure to infected blood
and blood products.

o It can alse be transmitted from mother to child either via the placenta, childbirth or during
breastfeeding.

The disease
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o Once the virus entess the bleod stream, its primary targets are macrcphages (a large
phagocytic cell} and T helper cells (a type of lvmphocyte responsible for the coordination
of an immune response to infection).

o TheHIV virus has a very strong affinity for and binds to CD4, a surface protein of T helper
cells. As the HV infects more and more T helper celis, levels of T helper cells lower as
the infected cells are destroyed.

o The macrophages may survive HIV infection (because they are not lysed by the virus) and
may thus act as reserveirs.

o HIV may be passed from cell to cell in an infected individual, or it may be transmitted via
body fluids to another person, while stifl remaining undetected.

o The virus mutates at a very high rate during replication resulting in alfgregd proteins on the
surface of the virus. In this way, the virus prevents recognition afd*elimination by the
immune system allowing it to evalve rapidly within the body. ﬁ@

N
o The increasing loss of T helper cells [eads to impaired ﬂBB@mmuo:wmm in the affected
individual who then becomes increasingly susceptible @ portunistic diseases. ‘Full-
blown AIDS’ occurs when the infections be ‘fs_.:m:mmmmc_m. The immuno-
suppression becomes worse, usually with ﬁmwm._umm_.quﬁm. Death usuaily results from
secondary infections. @

A

s

mutation rate of the virus, treatment of HIV
n of 3 agents in combination. Sustained
Lreplication, dramatically increasing Tife expectancy

Treatmernt

o Due to the high rates of virus produgtio
infection genersily includes adminj
treatment results in suppression of
of HIV-infected individuals. @

o Cumently, there are 24 mquerw Tetroviral drugs which can be used to treat HIV infection.
They include reverse trapsefifitase inhibitors, protease inhibitors, integrase inhibitors and
entry inhibitors, The hree enzyme inhibitors work by inhibiting their respective
enzymes. Zntry inhipitors work by blocking interaction hetween the HIV envelope and CD4

oﬂﬁmno&momv Qmmwx. 3.Em<m:5._mﬁcmmouo:_._ms,.m_m:njomﬂom__Bma_unmnmm;:cw
blocking ent into the cells.

47

3. Pathogenesis of other viruses
Infection of cells by a virus can alter the host cell in various ways resulting in disease in the
affectad individual. Here are some of the ways in which viruses cause disease:
a. Death of host cell
When a virus enters a cell, it can incur temporary or permanent changes to the host cell.
In bactetia viruses, it usually ends with lysis of the bacterium, Cell respond to the presence
of viral ONA in 2nimal cells may result in apoptosis of the cell.
Last updated by: Ms Eva Hor, Mr Low Chor Meng, Mrs Yeo Yew Tin, Mr Ganison and Mdm Sharen Cross 34
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. Production of toxic substances

Curing the course of virus replication, many viral components as wall as by-products of 3. Membrane changes
viral replication accumulate in the cell. These are often cytotoxic. The molecuiar (@) The human celf membrane is & dynamic structure sontinually changing in lipid
mechanism of these toxing is not known in most cases. and protein content during normal cellular growth and division. Viral infection of
) . the cell often results in viral protein being incorporated into this membrane,
Some examples of toxin effects include: These changes can lead to production of antibodies against the cell membrane
i. Herpesvirus components preduce syncytia — a multi-nucleated protoplasmic mass that and lysis of this membrane.
is not viable and eventually dies,
il. Cytotoxicity of preformed viral parts. e.g., Sendoi virus, Newcastle disease virus, In summary, we get sick from viral infections because:
measles virus and SV5 produce rapid polykaryocytosis (fusion of chromosomes).
iii. The antigen of the adenovirus capsid inhibits RNA, DNA and protein synthesis. 1} The infected cells die as a direct or indirect result of the virus,
2} Fhe viral products or components can i
c. Celt transformation } iy P 2 Cause an immune response e.g. fever, allergy,
Certain viruses have the ability to enter a cell and follow one of two altetnative courses. 3) 'The virus can suppress the immune system increasing the susceptibility to secondary
They either multiply in a normal manner and are eventually relea rom the cell, or they infections. £,
may be dormant in the cell and eventually fransform the cell i acancerous cell. The 4) Viruses ¢an cause cancer. "y
growth and division of normal cells is regulated by prote-pAcogenes and tumour 3@
suppressor genes. Changes in expression of either gene _gzmmmn o the uncontrolled cell 4. Antiviral Drugs and how they work ,@fﬂ
division and growth causing tumour formation. Tumours either benign or malignant. Chemicall \ i - i
Malignant tumours are able to fravel to other parts body and invade tissues =nd - hemically resembles nucleosides (e.g. AZT) and iMgifefes with the viral nucleic acid
organs. Viruses usually cause genetic changes ffect the proto-oncogenes or the synthesis A
Rumour suppressor genes resulting in cancer. F ple, some refroviruses activate the - &.g. acyclovir ~ inhibits viral polymerase (disrupts vi % synthesis) in herpes virus
proto-oncogenes fo oncogenes (2 gene c._mmn.wy tumour formation). * &g azidotymidine (AZT) - inhibits the enzyme paflerse ranscriptase in HIV, preventing the
d. Suppression of immune ansmz_m% prodution of 2 DNA copy of the virus _...~2>om '
Since many viruses are known to rey .pm in cells of the lymphatic system, it is possible f//
that these viruses can affect t mune system, The nature and extent of the 7 =T ﬁwy
immunologic alteration depends e organ or cell type infected and the species of virus (F} Links }%y J
causing the infection e.g, HIV. ot
\N® Topics Dy o Link to
e. Induction of non-norm f.omﬁ.mﬂmnmmmn products T4 life cycle @f@ Transduction in Bacteria
Virus-infected cells, aldigies, will produce compounds coded for by the host DNA, but tambda bacteriophage life cycle=
which are not 303&68@%@& by the host. These are often cytotoxic at relatively high Reftrovirus or other virus thakiritegrate into | Cancer
concentrations. ﬂmwﬂ host compounds which are nomally found in low concentration may host cefi genome ™
be produced jriigher concentration during a virus infection. Again, this high concentration HIV, influenza oty Infectious diseases
may be nﬁﬁmm . Some virus-nduced products release autolytic enzymes from the cells Antigenic shift and drfd” Evolution, Mutation
own fysoso Enveloped virus glyéeprotein synthesis Protein synthesis and the endomembrane '
system
f. Induction of structural alterations to the host cell Enveloped virus glycoprotein _u«o"m_: structure
Viruses can induce structural alterations in the host cell's cytoplasm and nucleus. -
1, Cytoplasmic changes
(@) Small non-enveloped RNA viruses produce a large eosinophilic mass which
displaces the nucleus. There is a generalized increase in basophilia. The
cytoplasm appears to bubble at the cell periphery,
(b) Herpesvirus causes vacuolisation.
2. Nuclear changes
(@) Nuctear inclusion (bodies in the nucleus); e.g., herpesvirus, adenovirus.
(b) Margination and coarsening of chromatin; e.g. herpesvirus, poxvirus,
(c) Formation of chromaosomal breaks.
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Antigen —any substance capable of inducing a specific immune response and of reacting with the products
of that response, i.e., with specific antibody or specifically sensitized T lymphocytes, or both

Antigenic drift — Minor changes in the structure and immunogenicity of antigens, specificaily surface
proteins of influenza virus, caused by mutation.

Antigenic shift ~ major changes in the structure and immunogenicity of the surface proteins of influenza
virus caused by gene exchange with related viruses.

Bacteriophage - A virus that parasitizes a bacterium by infecting it and reproducing inside it.

Budding - is & form of viral shedding by which enveloped viruses acquire their external envelope from the
host cell membrane, which bulges outwards and encloses the virion @

Capsid - the protein coat or shell of a viral particle, sumounding the aucleic m&.ﬂw nucteoprotein core
Capsomeres - the protein components of capsid %

Genome - the total genetic content contained in a haploid set of wz@ymoamm in eukaryotes, in a singte
chromosome in bacteria, or in the DNA or RNA of viruses ﬂ@

Integrase - a viral enzyme that enables the integration @ genetic material into a host cel's DNA.
Usually refer to refroviral integrase (IN) in HIV but sh t confuse with phage integrases, such as A

chags integrase (Int). NS
NG

Lysogenic cycle — a type of phage replicative in which the viral genome becomes incerporated into
the bacterial host chromosome as a prophagg, iS-repficated along the chromosome, and dose not kill the

host.
<

Lytic cycle - a type of phage replicétijre, eycie resulting in the release of new phages by lysis of the host
cell. @

Nucleocapsid — nucieic acid a@.w. apsid. A complex of proteins and the viral genomic nucleic acid.
Nucleoprotein - A oos%smmm%m of a nucleic acid bonded to a protein

Prophage - The m_m_.-mw.a aterial of a bacteriophage, incorporated into the gename of a bacterium and able
1o produce phages if specifically activated

Provirus - The viral genome that is incorporated into, and able to replicate with, the genome of a host cell

Retrovirus - A retrovirus is an RNA virus that is duplicated in & host cell using the reverse transcriptase
enzyme to produce DNA from its RMA genome

Reverse transcription - DNA synthesis from RNA templates, catalysed by the enzyme reverse
transcriptase; the oppasite of transcription. Oceurs naturally in retroviruses.

Reverse transcriptase - a reverse transcriptase, also known as RNA-dependent DNA polymerase, is
a DNA polymerase enzyme that transcribes single-stranded RNA into single-stranded DNA.

Virion - The complete, infective form of a virus outside a host cell, with a core of RNA or DNA and a capsid
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Vaccine ~ a harmless variant or derivative of a pathogen that stimulates the host's immune system to

H2 Biovlogy 2018-2019

mount defenses against the pathogen.

Temperate phage

[ (H) Sowe Key worbps:
T4 bacteriophage Antigenic shift Haemagglutinin
Lambda bacteriophage Antigenic drift Neuraminidase
Capsid Mutation Lysosome
Capsomere 8 single~stranded RNA segments Evaginates
Nuclescapid endocylosis - Bud offfoudding
Nuclecprotein Reverse transcriptase
Tail fiber Integrase
Tail sheath Protease 7,
Base plate Polyprotein oﬂf
Lysogenic cycle gp4t and gp120 @
Lytic cycle CD4 receptor K @
Prophage RMA dependent RNA uou<3mﬂmnmmwww
Lysozyme T4 helper cell &
Repressor protein 2 single-stranded Bmz% Xf
Virion Provirus }M@v
tatent stage Acellular o5
Lysis Fusion %
Obligate parasite Retrovirus

4

@@

%g

Genetic E%zﬁ

&
%&
&
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CORE IDEA ,
(1) The Cell and Biomolecules of Life - TABLE OF CONTENTS :
(2} Genetics and Inheritance PAGE .
w>0l—lm x—> {(A)  General Bacterial SHUCKUIE. .. ...c..oviueeee et ceaee oo oo ses oo 3
TNl SIUCIUIE .. uiie et e ey st et 3
2. SUMACE SHUCIUE . ovovv. oo oee coveoe oo seeees s B )
Content
3 APPENAYES ..ottt e e .
= The structure of a typical bacterizl cell ‘
» The genetics of bacteria (B) Binary FISSION ..cooveeeveers e SSSRS - :
Learning Outcomes
@m“ﬁf (C) Methods by which new DNA is introduced into bacteria to give :m%:ﬂ.o variation in
Candidates should be able to: . @ bacteria genomes..... G@ v e e 10
1d menawm:._m m»_.cnn..:m of a typical bacterial ¢ell (small and ular, peptidoglycan cell wall, 1. TranSFOrmaHON wo.vvvvevee oo oo &MM& R U
circular DNA, 708 ribosomes and lack of Bm:._aﬂmsm.‘w&ﬁwm@ ‘ganelles).
2. Transduction ........ccoececcenir i .12

2d Describe the structure and organisation of pro t genome (including DNA, double- 2.1 Generalised Transduction ... 12
stranded, number of nucleotides, packing of D! @dc_m_é and absence of introns)
e 13 ,
29 Outline the mechanism of asexual re .&o: by hinary fission in & typical prokaryote and 3. Conjugation ............cccceeeeee. (OO |1 }
describe how transformation, transd and conjugation {including the role of F plasmids
but nat Hft) give rise to variation | Aryofic genomes. () Iniroduction to Gene mmmc_mmo:m% TS o~
2i Explain how gene expression il karyotes can be regulated, through the concept of simple . .
operons. (inotuding a0 ofw operons), including the role. of requiatory genes: and (B} The lac Operonin E. eolf B .20
distinguish between in e and repressible systems. (Aftenuation of trp operor is not @
required). % 1. Background........... @
2. . Organisation of i Tae operen (an inducible operon) in £, coff ...
Use the knowledge mmm%m in this section in new situations or to solve related problems. . N .
lel 3. Regulati e expression of the Lac OperoN............vvvvieeecieer e enann e 22
a) Default mode of the lac operon (absence of lactose and glucose) .....o.cooovevvrann. 23
References b) Lac operon in the presence of IacteSe. .......cocecevereerveece e mrn i sre e s 23
Campbell and Reece, BIOLOGY, 9% Ed. .
Brooker, Widmaier, Graham and Stiling, BIOLOGY c) Lac operon in the presence of lactose and gIUCOSE. .....oorvvvvieree e 25
Green, Stout and Taylor, BIOLOGICAL SCIENCE Vol 1 and 2, 3™ Ed. )
Soloman, Berg and Martin BIOLOGY 7% Ed. d} Lac operon in the presence of lactose but absence of glicose ..........c....coveveeeece e, 25
Toriora, Funke and Case, MICROBICLOGY, &% Ed.
Alberts, Bray, Lewis, Raff, Roberts and Watson, MOLECULAR BIOLOGY OF THE CELL, 37 Ed. (F) TREID OPEION 1ttt ettt et ettt st h e e e e e e s e e eemes rvernneenans 27 <
Raven, Johnson, Losos, Mason and Singer, Mc Graw-Hill, Biclogy, 8™ Bdition
(G) Summary of fac and & OPErons ......cevvvei it e e eeece s e oo e 30
(H) GOSN coeeen i sttt st e et e e e e s e e ensven s eeeaenenns 3
N . . . . () LINKS L e s |
This handout is the effort of several Biology teachers at RL. It has and will continue to be
updated. :
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1LO1d Describe the structure of a typical bacterial cell {small and unicellular, peptidoglycan cell wall, - .
circular DNA, 705 ribosomes and lack of membrane-bound organelles).

2d Describe the structure and organisation of prokaryotic genome (inciuding DNA, double- Fig. 2 a) The nuclenid region of a
stranded, number of nucieotides, packing of DNA, circularity and absence of introns) bacterial cell is stained less
densely than the surrounding
cytoplasm

["{A) General Bacterial Structure |

b) Gondsnsation of the bacterial
DMA is made possible through its
Nucleoid association with proteins

bacterial chromosome (in
nuclacid region)

708 ribosome

Loop ‘,va

b} domalis  protigs akchoring ,
i ops i

storage granule
ge g Formation of
loop domains

- w@m%

gﬁﬂoﬁe_ i *  Nucleoid:
cell wall - Region in the bacterial cell where ¢ somal DNA is generally confined to.

cell membrane - ltis not bound by & amauﬂmzwhﬁﬁm?_m&_e. distinct from the rest of the cell interior.

Suparcoiling

flagelium

N
@ = Ribosomes: @ .
% Fig. 1 - Diagram of a bacterial cell - TOS {vs. 805 in eukary They ate needed for protein synthesis.
.m?@ - The ribosomes give @ oplasm of bacteria a granular appearance in electron micrographs.

Thetiat Structy

Bacteria are prol and have a very simple internal structure with ne metnbrane-bound " m»o_.mmm. granules: @
organelles, Struchired present include: : - Nutrients and mww_ﬂmﬁ_ reserves may be stored in the cytoplasm ir the form of granules e.g.
organelles. o \d nit gpanel E My ing.. . granules.of glycogen, ipids and ions like. phosphorous and magnesium. :

* ‘The Bacterial Chiromosome (onaned ™ nudeerd)
: " «  Plasmid b g ertehowmvrsal gl crenlar BNG.
- The main compenent of the genome in meost bacteriz is one double-stranded, circular DNA mid(s) (may be present) Uty ls N

¥ i N . ; - A small, circular autonomously replicating DMA malecule. (This is pot the bacterial
molecule that is associated with proteins (they are not calied histones!). -2 Wty are “Iisene —fee ch
ith proteins romosome.) L mcvrsndent vh-Lectim) daem WS/ WAY Led

- The plasmid contains genes which may confer advantages on bacteria living in stressful

- The DNA forms loop n_n.,.imi.m.s,_ﬁ: the wqo@:m‘ followed by further m:.u.m_.nom::m“ farming 3495&...”

highly condensed DNA environments e.g. anfibiotic resista 3 m&
. . r e ¢ g i SSi! q._nm genes, rw\.a. 3 ng{i R ﬂ
(NB: stretched aut, the DNA of E. colf would measure about 1min in length, 500 times longer than the cell). - Mutltiple copies are usually present in a cell. 3
_ The eslire structure is referred to as the bacterial chromesome. Bacterium being - ,a_uo_mmaaw m._.m. used mx‘ﬁmzm_e.mﬂv. in genetic engineering as vectors for carrying and expressing
prokaryote has no :E._w: in its chromosome (nen-coding sequences within the gene). Dmﬁ\u: v> in bacterial cells. :
- . A - - ifferent bacteria can have different plasmids.
- The bacterial .ns«oBOmw_.ums amﬁwSmw &Murmummpammwo: within the cell called the nucleoid, . Bacterial genome includ Un_n:“ﬂn Wmmms._ s .
which is ot bound by & membrane. erial g includes e bacterial chromosome and the plasmid (if present).
- In addition to the chromosome, some bacteria may also have plasmids, which are much ~ g%z.gw LAY S»wsﬁ?*ﬂn By / _aa%a.s o_z\sﬁ e Meay
smaller fings of autonomously replicating circular DNA. ) . Pheinee Wk Wenrmed T B dpsemmes
— Gl Tt et b gy S T fongaled O folress
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= Cell Membrane

- A phospholipid bilayer simvilar the cell membrane of other cels.

- |n addition fo the roles of a cell membrane which you have jeamed (See Notes on Ce
Membranes), the membrane of a bacteria is also where the electron transport chains, as well
as the enzyme ATF synthase are embedded to produce ATP during photosynthesis and/or
respiration: (Mow is this differant from an eukaryotic cell?) :

« Cell Wall A gl of Carerbghartot 4 etding,
- Consists of a polymer called peptidoglycan - leng chains of sugars cross-linked by short
peptide chains. (compare: what is the cell wall in plants rmade up of?)
- It protects the cefl from osmotic lysis. -
- Bacteria may be classified as gram-positive or gram-negative bacteria {depending on
whether they get stained by Gram stain which indicat&s the nature of the, cell wall).

P U Rndin WD popad

(For info) e e § P - \ \
Vmumnomuqnma\w%im“@w o OO WEM eg Y AWmmf\. B v M
rger 6 Daiaon GIAAES Mo

T -

> the sugar component is made up of alternating i T i N\
units of NAG {N-acetylglucosamine) and ?m o M. ?%m 5 S UV S
NAM (N-acetylmuremic acid}.

> the: sugar is linked by short peptide chains as .@, A // =
shown on the right %f@ /.V AL }/...US Groe M G M.
£ N N
,@ M==Macetylmmramic acid residue
@ G = N-acetylglucosamine residuce

Diagram from  \ =free peptide

g

> In gram-negative bagigrige‘the cell wall includes a thin peptidoglycan layer, followed by an
additional outer megib

euolnm_uc_.uommo:: Amm. o:_wnmuzaom_qﬁzaS:mamﬁmﬁ_mmﬁmnonm&cm:”o;mgmzm_SH_Smm_c:_@mwa,_m
bacteria is specified.)

Carbiohydrate partlen
ot llpopslyssccharide
Quiter
E Brane-
Peptidoglycan cend ™M
Sa e Sob) Petaogy

(b} Gram-negative: erystal violet is easily rinsed away,

@} Grampositive: peptidoglyean tra;
9 peptidogly P revealing red dye.

crystai violet,

LA

e
“THmasf
we 2 oh
TEhs —s

fyj s

EES‘.
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* Capsule {may be present in some bacteria)

« Some bacteria have a layer of polysaccharides known as glyeocalyx (= sugar coat) to the
exterior of the cell wall,

- The glycocalyx can be a distinct layer, referred to as the capsule seen in Fig. 2, or exists it is
a diffused mass known as the slime iayer.
- O X AirtTnas — cvpEuiY

- The capsule may alsc contain protei
- Eunctions:
> Often, the capsule protecis the bacteria from being taken in via phagocytosis by the white
bload cefls which are unable to recognize the bacteria due to the capsule

> It also enables bacteria to adhere 1o one another or to parlicular surfaces e.g. mucous
membrane,

S e/
(3} Appendiges: (may be present in some bacteria) )= ?i_
=~ Mﬁ&ﬁ_ & &Mﬂf

Both fimbriae and pili are hollow, hair-like structure composed of protefn, ¢

* Fimbriae (singular: fimbria) éﬁW;
- These are short, bristle-fike fibres extending from the nﬂ@ ace ard are usually evenly

distributed over the entire cell surface or at poles of cellsy

- Function: for attachment to surfaces or other gﬂm@%-@ﬂmam

* Pili {(singular: pilus}

&
- pili are longer and fewer in numbers than %
T

- Function: involves in mofility and DNA
>imetility; la pilus makes contact wi
Jerky, intermittent movement
> DNA transfer; |a speciafise .E%‘_@wm the sex pilus, allows two bacterial cells 16 be drawn

close to each other so thatyd mating bridge can be formed for the transfer of genetic

material, ﬁ%@
*  Flagella (singular: flagel (oA oM s

. EEE@M.@ oiity. by G D)

» The bacterial %:3 is & hollow cylindrical protein thread that propels the bacterium by
rotatian. £y

- Some bacteria possess more than oné flagellum and they may be found distributed all over
the cell, at one pole or at spposite poles of a cell.

rface and refract 1o pull the bacteria forward in a

Fig 3. {Left) Varicus possinle positions of
fiagella on bacteria. (Right) Surface
appendages of bacteria include fiagella, pili
and fimbrias.
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:Structural feature SR u_:o_.n_mno:

Prevents oma._oun _ﬁ_m of cell prof om_m st and confers rigidi
Cell wall shape to cells

- compased of peptidoglycan

Location of chromosome

Found within nucleocid region; no true rucleus

Chromosome

A single, circular, double helix

DNA — supercoiled

b

DNA-associated proteins

Proteins anchoring loop domains present

Extra-chromosomal DNA that replicates autonomousty; quantity

Flasmids an ranga from § - 100s] S
Organelles No membrane-bound organelies mam@
Riboesomes 708 (vs 808 in eukaryotes) %f{
Appendages: ﬁwp.i N

a) Fimbriae

Altachment to surfaces w.mmvnmymﬂsmﬂ bacteriaforganisms

¢y Mediates .@zbh%vmczum conjugation (sex pilus)

(organised mass of glycosalyx)

b}y Pili
) (i) Motility by _.mq%a
c) Flagella Swimming .mn@wami propulsion.._ ot}
prote: F;Mrm_sm» phagocytic engulifment; attachment to surfaces;
Capsules

no.m,._ ws vater to prevent desicecation Q%.gg%
Josed of polysaccharides and sometimes polypeptides

Slime layers

{diffused mass of giycocalyx)
2O

/.ngnmnsama to surfaces; to form biofilm

- composed of polysaccharides and sometimes polypeptides

?f

[Question: List 4 ditfeiénces between a bacterial and a eukarystic chromosome 4]

ammnt o Vitony rottas

Point of comparison GEukaryotic Chromosbme iBacterial.Chroniosome
@ Location Hoomumg_ Within membrane-bound | Located within nugleoid region;
nucleus not enclosed By & membrane
@ Structure of DNA Linear DNA vl D 0B
No. of chromosomes in a Have several different R
@ cell - ghromosomes Sy oY cn oY
Intron Presence of introns within the
@ genes " WP (o) o v
® Associated profeins pigeuniid Wil lowrnt/ Associated with smalf emount of

profeins
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Structurat Features that Distinguish a Prokaryotic Cell from a Eukaryotic Cell
{This will be covered in greater detail in topic 4: Prokaryotic and Eukaryofic genorme)

20182013

Feature - Prokaryotic cell . “EuKaryotic cell
Cell size Smaller Larger
Nucleus Ne true nucleus / No nuclear Nucleus present / Nucleus with

envelope

nuclear envelope present

Genetic material

Circular DNA tying naked in a
region in the cytoplasm known
as the nucieoid;

DNA is associated with small
amount of histone-like proteins

Linear DNA found within
membrane-bound nucleus;

DNA is associated with large
amounis of histones proteins

Ribosome for protein
synthesis

J08;
No ER present for ribosomes {o
attach

BOS:
m_gmo_smm _..wm.w be attached to
ER or Bmgw&dm in the cytosal

Organelles

Few 2.g. rihosomes

T
£
ﬁ%&,

,}%

No membrane bound organelles %7e.d
mﬂm@v =» double membrane

Many;
gmaﬁnm hound organelles

& "e,0' nucleus, mitochondria;
e.g. Golgi apparatus,
lysosomes,
vacguoles,
endoplasmic reticulum
= single membrane

Cell walls

Composed ﬁuww%ao@:ﬁmu
{murein) mw 3

Composed of celiulose in plants
Composed of chitin in fungi

Flagella
(if any)
gy

Srotubtles; composed of
| Pydtein flagellin instead; each is
m single strand of protein;

| Extracellular (not enciosed by

plasma membrane);

Complex; composed of tubulin;
each is made up of several
strands with a 9+2 arrangement
of microtubules {read Campbell if
interested)

Intracellular (surrounded by
plasma membrane);

Photosynthesis

Involves plasma membrane of

Respiration

bacteria

Involves chloroplast

Involves mitochondrion and
cytoptasm

O Repigaingr (oo v o)

S eS|

Cane

e

ot
P WY R e L A Vo
wﬁuﬂ@mﬂﬁsg woding & \edpfgtng 2 AR oA |

roaments L
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@ngﬁﬁéagﬁzgsgsﬁi%&ﬁgsw w,ss_a« J © Reicoon & Qi dMSTDR O ©CUingy mg%%sa@‘
b N0, belomde bacfornl oVRI ciomiav, FRImm |« N Wuetlear B

No 3 vyl After (wmoval of RIR PMEY « tvo spuclle Hyres vt
Ratflos Institution vz Biology 2018-2018 Raffies Institution  * NG Spelifin, PR ﬁmhﬁﬁ% homosiimed W Rae Cell 0
Ty mavacienge e Aift SHges v Wifosit.
LO 2y Outline-the mechanism of asexual reproduction by binary fission in a fypical prokaryote and Question: Can you describe how binary fission i IIL.[JI_ 5
describe how transformation, transduction and conjugation (including the role of F plasmids m ¥ ry fiogion ke different from the process of mitosis?
but not Mfr} give rise to variation in prokaryotic genomes, No spindle fibres are involved: no specific posifiening of linear chromosomes in the cell that )
_ — characterizes the different stages of mitosis, no nuclear division. ’
| {B) Binary Fissioh — pryhual RO g ivisio
= Binary fission is the means by which bacterfa replicate and produce offspring. = w0 guivveies fnvdiey {C) Methods by which new DNA is introduced into bacteria to give rise i
(NB: this process is different from division through mitosis).  gayme, GERT Lintest W &ssait variation in bacteria genomes g e fo genetic
eedls, no-EngtT e, et O T S Sy e | oy
* Before one bacterial cell splits into two independent cells, the bacterial chromosome must In a rapidly changing mzsﬁoaamwﬂ nm:mﬁomuﬁwg @%‘%4%% <m1m.mm_.¢ hﬂ.&:mz forming new
first replicate. * "R rewiTatron 6 Lol ﬁsa gl Ay noavm_._mﬂ.w: of new alleles becomes oEnmm._ for enhancing reproductive success ie. at least
T ® unl tmeas the cell & &si_ss &Zgw some individuals may be sefected for and survive to reproduce {Theary of Natural Selection to be coverad

Ly éngt .» Chvier under Evoiution). In eukaryotes, sexual reproduction increases genetic variable within a popuiation.
1. DNA replication begins at the origin of replication {o#), made up Qrigin of =
of a specific sequence of nucleotide bases (Fig. 4). aﬁpmg :

2. There, the double: helix separates no.noz.q...m. replication. a:vcmo%
made up of two single: DNA’ strands.” Replication takes pla
outward from the odgin in both directions forming

In _u.mnﬁm:.m_ celis which undergo asexual reproduction, 3 processes, transformation, transduction
and conjugation help to increase genefic variation by bringing nommﬁsmﬂw from different

4 individuals. |, i oxtpnggy Snueled - -
H g A, Transtormation fﬁi

N

forks. Tio copies Compelent.

Each eplication fork will have both mh_mm%n strand a %&E ofegin b pnrom - ¢

m#m:mu_.._mm:@ synthesized, just as in eukaryotes. s Hecembiration

. <0 e faos up

3. |As the chromosome replicates, Jthe 2-newly orf move to i § ar DA fagimen a*

opposite poles of e cell and attach to the o membrane. pzq.ﬂ;%ozw R @

vds) .
4. The cel also elongates to prepare for d -3 g »Jb %ﬁéﬁ _ Donar Baclatbur Fragmonts of DNA % Racombinant
e Modaes Onigin .. Origin by,

5. But because the DNA is circular s..?,@mmm ends, an interlocking B. Transdisation

Bactarioptane @

structure made up of the 2 amcmﬂhm_rwr> motecules will Be formag 0oy
with the completion of replicatipf. * L & ..,.wfy, Bactsiial DNA
Enzyme topoisomerase is to cut, separate and reseal the & . frl . fragment
two DNA molecules .:u_.m% O Infactionby &% irfected intp Racarobinaton
i - rr——
6. When the amcmﬂ% molecules are separated, the bacterium o hecteriapha gﬂmnu Eu_._.ﬂ by |

will have reachedsBlice its initial size: Invagination of the plasma abnonmal phage
membrane mu@ deposition: of new cell wall' (also known as . - zaaam.u. phage
division septum) Eventually divide the parent cell into two daughter Donor basterivm "Reare sriommel phage Recombinan: .
cells, with each inhenting a complete genome (genetically comalning bacterial DNA (&)
identical).

€, Conjuyation ¢

of a* DA
e
from danor
1 torecipient

87888 813

Fig. 5 - Topoisomerase helps to separate 2 entangled DNA molecuies.

Fig. 4 - The process of binary fission

. . 5 - B . . Dati¢ Pecipient
Binary fission is the asexual means by which bacterial cefis produce geneticaily identical offspring. bacteriom  baclefium

—>This can be a selective advantage in a stable, favourable environment as it allows successful

genotypes io rapidly reproduce and colonise a habitat.

JuicEm Fig. 6 - Methods by which DNA are introduced into bacteria;
b diging SOt

" BT Wik,
careusell.comiamafatunicom fd. 9.:%» g@v gié&——.m
oY Vet Peprosluce-
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“Trangformation refers to the uptake of naked, foreign
DNA. from the surrounding environment, resultng in a
shange of the bacterial cell’s genctype and phenotype.

The foreign DNA may have come from * dead ._<mmn
neighbouring cells in the medium.

Some bacteria possess cefl-surface proteins that can
bind to and transport DNA into the cell. Such cells with
the natural ability to take up foreign DNA are described as

(EoMPEEMECES] (vafualy wowpetent)

Bacterial cells that lack these surface proteins can be made
artificially competent through immersion in a culiure
medium with high concentrations of CaCle followed by a
heat shock treatment.~Fhis technique is used in genetic
engneenpg to introduce Toreign genes into ihe E ool

genome. g S.A\wq?\r o @w@o@é 33&:93

Forinfo mﬂ@.

Bacterial cells are permeable to chloride ions, ot
the calcium ions. The chioride intake is accol ied by
an influx of water into the cells, omcmﬁm cefls to
swell and priming it for the heat shock £ ent. The
heat shock treatment induces the fo of fransient
pares which allows for the :nﬁm@ DNA from the
surrouniding medium. @

Alsc as a cation, calcium avam_m& 1o both the negatively
charged DNA and the cell brane, which also has a
negative charge. T Aeytralization of charges
enhances the mc__._w_iy cell fo take up the DNA.

R
The foreig % cah  then bhe incorporated into the
n:woaomo_iﬁ»sa:m: crossing over at 2 homologous
regions- found on the bacterial chremosome  (i.e.
homologous recombination). {Note: If no crossing over oocurs,
the foreign DNA will not be incorporated into the hacterial
chromosome. It will be degraded.)

The resuitant cell is a recombinant cell. If different alleles
for a gene were exchanged, fhere. will be a permanent
change in the organism’s phenotype as the new allele is
expressed. The bacterium’s recombinant genome wilt be

passed on fo all subsequent offspring through binary fission.

Last updated by: Dr A Ng, Mrs ¥ Tan, Mr. Low CM, s © Khoo and Ms EHor 11

carousell.cem/iamatatunicorn

2618-2019

T

« t,ﬁmy- ® mm.. e

-

o u iy
tagat

-
hEFTTT LA

BALTEAR g 1o (g0, msued
{arirtromily Paint of crossing aver

i ok /

- Original chromosemal DNA segment
will be eventually broken down by
enzymes

|

b
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&
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e
+
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Fig. 7 - Bacterial transformation,
including crossing over at 2
region contakning afleles A/ a,
and alleles B/b
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ransduction :

M2 Biclogy

2018-2013

In this process, phages ?_Emmm that infect bactesia) randomly carry bacterial genes from cone
hast cell (donor cell) to a recipient cell as a result of aberrations in the phage reproductive cycle.

21

+ Generalised Transduction

When a phage undergoes the lytic cycle,
phage enzymes may hydrolyse the
bacterial chromosome into small pieces
of DNA,

During assembly of the phage genome
within the phage capsid, a smali piece of
the host cell's’: degraded- DNA is
randomly packaged within a capsid
(instead of the phage's own genetic
material).

Follewing lysis of the host cell {donoc
the defective phage is released and can
infect another bacterium (the recipient).
‘The piece of bacterial DNA acquired from
the hest cell (donor cell) injected into the
recipient ceil.

Since viral genes have been replaced
hacterial genes in the defective phi
new phages can be  syn zed
(sometimes) in the recipient

n&f»
The foreigh Umamq_ﬁ% can

subsequently  replice . hormologous
egien of the recp chromosom

crossing -~ over homofogous
recorabination m%m place.

The En_u_ma@__ with the new aileles
integrated  intg “its ' gesome becomes a
recombinant cell, which expresses new

characteristics.

3

As any random portion of the bacterial
DNA_may be transferred, this process is
called generalized transduction.

. %W A battetial DNA fragreent fin
N

) ~ ool Bdr froamerss
\h- oo oy (T4 mm.ﬁ%?gw

& Phage hifects 3 bacteria! cel
that has afleles A* and §*.

S
O
@:uﬂuzpﬁoﬁmmmgﬁa‘ ;

antd phags inct pwoteins are
marle,This ithe doner cel.

>
&

L3

this case a fragment with the
A* ilele] may be patkaged
2 phage capsid,

{Brvov 0w aewe)

€3 Phage with the 4 dliele
from the donor cell infects
avetipent A8l and
crssing over lrecombination]
betweare donor DNA
{urowm and recipiont ONA
{green} oceurs at twor plares

{datied lines). e s “ «l
gmﬁws%s

153 e genbtyna of the resuiting
cecormibinant cell (4*6° differs
from the genotypes of both the
donar {a*8% and the reciplent e ——

W Rerombinant cell

Fig. 8 - The pracess of generalised

transduction
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e - gpetifrt: B fugmantd
Transdicto £$@%ﬁ CYLAL, (Lot i i) oo mMQ

= This process is cartied out by temperate phages. (undergoes lysogenic cysle o integrate
their genome into the bacterial chromosome, forming @ prophage ...refer back to your Virvs
notes)

* During specialised transduction, the bacterial DNA that is transferred is restricted to
-bacterial genes adjacent to. the integrated prophage. Thus, it is calied specialized
transduction,

Process {including lysogenic cycle);

Bacterial Cell 1 . Bacterial Cell 2
RIS S wTIEEEETEEE.

r"“'.l

Bacterial
chromosome

(1) Phage attaches to .
hest cell and injects Jsﬂ%«u 1 €
viral genome into Sequent infects another’
host {(donor cell). w».w..w,smé host cell (recipient cell)
WMW DNA, from
. N ; S T previous
(2) Phage DNA znmmaﬁﬁ% 7 | bacterial
acterial chromosogre - i cellis
- 1+

becoming a:prop

(6) New alleles can be
incorporated inte the bacterial
genome cf recipient cell by:

bacterial chromosome, 10 Fig. 7.
i.e. switches from the lysogenic
cycle to the lytic cycle, but the
(viral DNA ngy be improper
excised; such that bacterial DNA
adjacent to the prophage is " q,mamﬂ_é phage enters the
excised as well. lysogenic cycle (shown in the

lon 6tAeAL ENH Ryt foure 0ve)
o0 FrePhANg T OXRe,

{4} The phage-host hybrid DNA is
replicated, and packaged in new
viral progeny. Ali the vira|

ntegration of the phage-

! ctefia (transducing
rticles).
Fig. 9 - The process of specialised transduction
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{a) Generalized transduction (&) Specialized transduction
Bacterlal Prophage DNA

Phags irfects bactetial cell. Baciors el ias, prophage

Integrated betwedn genas A
and 8, + gen

xoan uz> is Ei.ﬁcuon into 08.8_9.5_2. p
piedes. and phage DNA and exite Eonloﬂfa
protelns are made. _EE.& z_n_ !E_ it

.Oaﬁm&:nmmuu&gmaﬂlzb # /, 1_.unmuﬂ§n—oa§§§

) ..#muaﬁnn_nvnnmunmnin @ uz.wgwn:obuio_ﬁ

. n_unmsﬁumw_ S»_. n_ﬁén DAL

} can, com. ssﬁi §§§§§\
i el %aﬁsﬁg WAy

._.__n Bneawmnnn_u :53 genotypas c%m.u aﬁa_ﬁa .
from either the donir (4" BY or recipient{A~5).

Fig. 10 - The process of generalized and specialised transduction
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A viawid

Conjugation refers to the. direct transfer of genetic material. from one bacterial cell to

another, through a temporary link between the two cells {referto Fig. 11). cAn, %SQ\
Fil

«  The transfer of DNA is alwaysone-way, > from donor celi (called an F* cell}to recipient
cell (calied an F- cell) in that it possesses an F ptasimid, ¢ ent)

2 On the £ plasmid is a segment of DNA called an F factor (F = fertility) that
carries genes coding for sex pili.

3 Due to the presence of F factor, the donor cell is able to produce appendages
called sex pili fo attach itself to the recipient cedl.

Process : i
ot e, B bgpnes
BDonor E*cell Recipieht ...._,muwﬂsf a@w ha wnd.ug
loxim , L LA
Chmsr s T (1) Conjugation prebits when sex pilus on the
surface o cell make contact with an
F- cell.

double stranded uz»
Cond¥ S1redy Pl
ia

chromasome

{ er the sex pilus attaches, it retracts,
ling the two cells closer. The hellow pilus
% then forms’ @ temporary . mating

EPSTETNEIETs (FES

F plasmid with @ Bacterial &%«
ul

-bridge/conjugation tube.
= Y A single strand of plasmid DNA passes
L . through the bridge and is replicated via the
8-.“”“”“%_“_ n_cmh @ % ¥olling circle DNATERlication|(see below)

(3) The single strand of plasmid DNA in the
recipient cell recircularises and serves as
template serves-as-for the synthesis of a
complementary daughter stand

{4) Through semi-conservative replication, both
cells now contair a double-standed F

’ lasmid. | are now F*.
* onll * call plasmid. Both cells

Fig. 12 - Conjugation involving an F*and F-cell; recipient cell becomes F+

= Bacterial conjugation can occur between bacteria of the same species or of different species.
Suceess rate decreases with decressing relatedness between. species.
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“Rolling girgle BNA replication ...
e AT res

»  For the transfer to take place, one emel

strand of the double-stranded F

plasmid is nicked by a nuclease. — Sy
* The free 3’ end of the nick is extended e s

by DNA polymerase for the synthesis _

of & new complementary strand 4

using the intact strand as the template.

Direction of relling
» The newly synthesized strand

displaces the nicked strand which is
transferred concurrently, via the 5
end, across the mating bridge into the Fig. 11 - Rolling circle DNA replication
recipient cell. .

4
Upon completion of a unit length of the plasmid DNA (after %ﬂ_&. another nick
occurs to release the original sirand and end the replicati he newly synthesized

strand; %MMM

= This form of DNA replication for the plasmid is know. ling circle DA replication
and is also found in some phage genomes. In thi , #t is coupled to the transfer of
DNA to another cell,

1 displacing ciher and

S

In the recipient cell, the single strand of smid DNA re-circularises and serves
as a template for the synthesis of & com entary daughter stand
|

o
N i
ants o Gewaprdan Esﬂss_% oS

. |

| e e A
Faoy WFONR | FOW BNB | g adeyml opis F ol ooty |
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F+05“ e

F factor

@ The circular F plasmid In an F* cell
can be integrated inte the cireular
chromosome by a single crossover
event (dotted ”n?ﬁ

Hfr cell
e 3 o

F- call {/ }

e e P T s

@ The rasulting cell Is called an Hir cell
{for High frequancy of recombination),

-

% Since an Hfr call has all @ A single strand of the F fa@ The location and orientation @ The mating bridge

the F-factor genes, it can breaks and begins to move f of the F factor in the donor usually breaks weif
form & mating bridge with through the bridge. DNA @chromosome determine before the entire
an F-cell and transfer DNA,  replication occurs In both donor sequence of gene ransfer cheomosome and
and racipient cells, resulting In conjugation. In this the rest of the
double-stranded DMNA ex@t% the transfer sequence F factor are transferrad,
for i

Temporary . : f 5y .
— nartia) ] 3 i1 | i Recombinant F~
dipioid )

Two crossovers can result The plece 0{3 ending up outsids the

in the exchange of similar bacterial chromésgme will eventually be
(homelogous) genes between degraded by the Cell’s enzymes. The recipient
the transferrad chrormosome fragment call now contains a new cembination of genes
{orown) and the reciplent ceil's tut no F facter, it Is a recombinant F~ cell.
chromesome (green).

Fig. 13 ~ Conjugation involving Hfr and F- cell; recipient colf rematns F- at the end of the conjugation process
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Rafftes Institution H2 Biclogy (Teachers} 2015-2016

LO 2i Explain how gene expression in prokaryotes can be regulated, through-the concept of simple
operons {including fac and trp operons), including the role of regulatory genes; and
distinguish between inducible and reprassible systems. {Attenuation of trp operon is not
required).

| D) Introduction to Gene Regulation in Bacteria

= All somatic cells of an organism carry fdentical genes. Despite this, cells in a ,B:Eom__z_m_.
organism show a wide variation in structure and function. Far example, 2 liver cell w._mAm
different structure and function from a white blood celi even though they share the same genetic
makewup.

= Even within a single cell, the rate at which certain protein molecules are synthesized varies
according to circumstances and dernand.

I Question: Why do different cell types have different structure and functign |

- This s & resuft of reguialion of gene expression.’ . WQ i
- In sach specialized ceff type, cerfain sefs of genes are ¢, Mﬁwm&.w_m:nm certain set of
tissue-speciic proteins are synthesized, which determi specialized function of the

cell.

- Hence ceriain subsets of the fotal genetic info m%‘mﬁm expressed in any given cefl,
allowing cells to specialise. ﬁ

- Gene regulation can also be influenced by,
responsive fo changes in the environment.

> environment, mh._wbs_‘:m the cell to be
&
. NN rifis Tt inATL detitmed,
+ Some proteins are synthesized continuo “at 2 constant rate/and genes coding for such et~
proteins are said 1o be constitutively &

o ot 0% (4 ey Wy sptndd)

= However not all proteins are o vely expressed. The expression of other genes ase
regulated and there are sevel Wrwamsm by which this is done:
T Breguintvg ming ST NV by W RIVVG -3 L P Wit Ve

tNUYIRTAAAL

)
Legend: \7 = .o% controf

7e3 H Controlling degiadation of E Controling:actiity and haif -

D
1 Controlling'rate o
franscription:

+Iif& of proteirprogiust
Vi
Replication E Transcription a Translztion E
N

PR Coriratiing raté of
iraistation.

Fig. 14 - The Central Dogma and various points of gene regulation

_ Q: Can you suggest which level of gene regulationcontrol predominates? Why? _

“Gpmstietonl-iere]
LBttt mwivnol WA A

[For this topic we will be focusing on regulation at the levef of transcription.]
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[{E) The ize Operon in E. coli

{1) Backaround
= Escherichia coli {E. coli) is a bacterium commonly found in the intestines of humans and other
mammals.

= Ecoli living in the colon of an adult cow is NOT nomally exposed to the milk sugar lactese, a
disaccharide. However, the £. coli living in a calf will be exposed to lactase from the mother's
milk.

= This situation presents a dilemma.

- Should a bacterial cell invest energy and materials to produce lactose-metabolizing enzymes
just in case it ends up in the digestive system of a calf?

- Given that the average life span of an actively growing E. coff cell is about 30 minutes, such
an evolutionary strategy appears wastefid. And yet, if E. coff cells cannot produce those
enzyrmes, they might starve in the middie of an abundant food supply. »mMmMJ

= This dilemma is overcome because £. cofi is able to regulate the ex ol it of genes coding
for various enzymes, thereby allowing them to make use of .WMMWW_.M organic molecules

efficiently. .mwf

Sup
[ GQuestion: What benefit is there for the bacteria to regulate #S«enes?

D

apidly to changes in the environment,
ntage fo such bacteria over those that can’t

- Enables bacleria to respond appropriately
~  Ability to do the above confers a selective®,
reguiate gene expression s
—govovaiinl Vet sy g@wﬂnﬂ,&

(2) Organisation of an operon @

s The basic mechanism for this MWMVﬁoozg_ of gene expression in bacteria, described as the
operon model, was discovere 961 by Nobel prize winners, Francois Jacob and Jacques
Moned at the Pasteur Institu aris,

Their work involved ,_,_mﬂ—mwom bacteria E. coli. mutants. Through their investigations, they found
out that genes involy lactose metabolism in E. coli were clustered together in a region of
the bacteriai ns.,oa,m.u e known as the operon.

* An operon is a ciuster of genes with rela , regulated in such a way that all the
genes in the cluster are turned on and off together (see Fig. 14). It includes a common promoter,
an operator, and more than one structural genes that are controlled as a unit to produce a
single[potycistronic messenger RNA|MRNA).

-» Operator is a site on DNA at which a{repressor protein{binds fo prevent transcription from
initiating at the adfacent promaoter,

- Regulatory gene codes for 2 protein that is involved in the regulation of the expression of
ciher genes eg. repressor, CAP,

- Structural gene is any gene that codes for a protein (or RNA) product that forms part of a
structure or has a metabolic function, ¢.g.enzyme.

= Operons occur primarily in prokaryotes such as E, coff and certain simple eukaryotes e.g.
nematodes.
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> P POU)MEraifer pmovts g, 005 olimdtTon {3} Regulation of the expression of the Lac operon
iac operon . . .
W ol RI® Since the Lac operon produces enzymes involved in the metabolism / hydrelysis of lactose fo
Tl I T glucose (to be used as respiratory substrate) and galactose, # makes sense that Lac operon is
Regulatory gene Promoter Structural genes expressed in the (i) presence of Jactose & (i) absence of glucose.
wy g N — - Hence the expression of the Lac operon is regulated by :

ZﬁlrLJl_ facZ Tmn< W é. (i} Negative reguiation: turned off by repressor protein in the absence of lactose.

ii) Positive regulation: upregulated by the CAP protein in the absence of glucose.
Promoter Regssry Laigitionmn ~TTTRIY (i) ¥ P ghuco:
Y, o Yra gung) N0 Lak

Fig. 15 » Organisation of the Jac operon and its regulatory gene upstream

3 POpIEss Gp FERLTPA E- I T vErdn.

Structural Gene lacZ lacY lacA
Enzyme coded for | g-galactosidase Pemmease Transacetylase
Function Hydrolysss lactose 1o | A membrane transport mwmw netion not wel " By default, the fac operon is no:wmnmwmm%ﬂ%@.vmwmma i-e."off ,mi
ghicose and galactose meﬂﬂﬁﬂ%h%wﬁw_.m% ﬁ%ﬁnm_ﬁmm The regulatory gene lacl, is nu:wmﬂ&mmmw transcribed, resulting | inued production of
e —3 Gl um vt &m%wf certain small amounts of the lac repressor protein (see Fig. 16). ﬁ/« ]
smﬁp%s nww mqw s o\ disaccharides. @ The repressor _u:on..mi is produced in the active form mﬁ%m specifically to the fac
Table O hin th &Mm@os operator sequence via its DNA-binding site. @
T N @ In the absence of lactose, the repressor binds mw.fzm operator site, denying RNA
¥ i E.coli: polymerase access to the promoter. %
i}y Within the /ac operon are three structurg %wwm.«w arranged in the sequence lac Z, lac Y and °dm._=mo.=. tion of the structural genes of the fad on is_hence blocked. This has the effect of
fac A as seen in Figure 14. The en 3, ich they encode are given in Table 1. switching the T8¢ operon off (i.e. the bperon. mmyw ressed},

Vi (W Teineds

ii} The three structural genes are {iriger the confrol of one common promoter sequence »  However, the binding of the re; eSS, @ perator is mediated by weakfinteractions. As sugh,
upstream for RNA polymeras nd and initiate transcription. + Epvinc_ PAkt of KRUPUET®  the re r sometimes a.mmw_um 5 oM the operator, resulting i a bagal level of [ac operon
~ D Gl PR gﬁﬂsﬁ\—%ﬁ?»@v i . A products i.e. galactosidase, perm -and transacetylase within the cell, and whose presence is
iy The operator is locate veen the promoter and the structural® genes to control- the VOUF . equallyimportant and necessanyTerthe regulation of fac operon as shall be discussed later.
- transcription of the enes by controlling access:of RNA polymerase to'the P.@n\,éiw_ BN ot B Sdvin ety B Lol b lew W] vo
- genes, therefore turinghe genes "on” or “off” like bwsqu\. A protin ivelved m g QUG SN Canriy TEPVELT 0y 4 WAL Fv).,
A Xk g e s . =
» A short distance ﬁWMB of the operon is its _.“m_c_»»o_@ mﬂﬁﬂ&m&:ﬂmﬁ%«um:o& _MP..U which Regulatory ge aﬁy@ Operator
has its own pri and ferminator sequences. e

Structural genes
Promoter A
e

JiacZ ey Treca MANMAVYK

- The faclgene codes for the fac repressor protein.
- Note that the regulatory gene is nomally NOT considered to be part of the operan,

. - N
= The fae operon is an example of an inducible operon because the expression of the 3 genes ) Oo:mnfﬂ._m v c?&?@ FfR
(fac Z, lac Y and fac A) is usually “off” but ¢an b2 induced and hence is turned “on” in the transcription No trapscription
presence of an inducer molecute. In fact, lael is named as such because " stands for A d u_cn % %
inducibility”. _ RNA polymerase
<> The inducer molecuie for the /ac operon is lactose, or more accurately, its isomer DNA Fransiation
allolactose. binding ;
- Lactose that is transported into the cells and converied into the inducer, alioiactose. site «
Ri©
4 .
fag repressor protein {active form}
Flg. 16 - Repression of the Jac operan by the repressor molecule, In the absence of lactose
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77 (bY:lac.operondnthe presence of lactose

= The fac repressor protein contains another functional regien apart from is UZ}.E:&:m site.
Known as the allosteric. site. for the specific binding of allotactose, a structural isomer from
lactose. :

@ in the presence of lactose, a few molecules of lactose will enter the cell with the help of
permease and are converfed to allolactose by the few m-mm,_mnﬂow&mmm inelecules present.
{L.actose is sometimes called an inducer / effector molgcule as it causes a response.}

B-galactosidass Aliolactose {an isomer of lactose)

Lactose

catalyses 2 reactions Glucoss + Galactosa

24 (Products of sEiﬁ.ﬂwﬂ_maommv
loazdd (it of B baidctested]

Even though the fac opgfon may be repressed, the rapression is somy
resulting in a Jow basal level of lac operon produsts- ie.
transacetylase) within the etll; (i 0 eLEmMrTeviy

N

& .m.m__g‘..ob 100% efficient,
se, fgalaciosidase (and

Regulatory gene Promoter Ovmaﬁﬂﬂ%mw:ﬂcinmsmw
— Al

YRV = RV B [ T o BRVAYAC

DNA binding m:%ww | @
@ Transcyiption
*All .nmamm .—<
%4 \NANNS Palycistronic @
mMRNA
1
._.Bawumzo_.._ A—<

Transacelylase

Permease @
Bualactosidase

Repressor protein
(active form)

4

*Inducer
(Allolactose)}

Repressor protein
(inactive form)

Allclactose

Rl@

Plasma membrang

Fig. 17- The action of inducer relieving the repression of fac operon In the presence of tactose
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@ Binding_of afiolactose io the allosteric site inactivates the repressor by altering the tertiary
structure of the repressor so that its DNA-binding site is no longer complementary to and
cannot bind to the operator.

xz>_uo_<5mqmmmnm=mnnmmmm_.z_Enaﬁoﬂzw203228_:Emﬁmﬁ_._mqmzmom_go:o::m
structural genes of the operon. .

e The structural genes are transcribed as a single polycistronic mRNA.
Palycistronic mRMA is & messenger RNA that contains the base sequence coding for the amino
acids sequence of several proteins.

All three enzymes are fransiated from a single mRNA molecule. Thus, all the genes in an operos
are always expressed {or not expressed) in unison.

(The enzymes are ranslafed separately because each has its own start and stop codon on the
mRNA.)

* The fac operon is thus an inducible operon that exhibited :mumm<%m regulation {by

am@a&.mwmu:_mﬁo_%_.:mo_._m:mmﬂ_.:sins»:mcz.».am:&:a_,»mc_m Eﬁmm_.:mm_.mﬂ_.mmmo_.
that tuns off transcription of the gene(s). "ol b

which: break down molecules. Hence the enzymes are ssed on only when lactose if

present ndlnerrs Alelabiure pX {ubretriit)

uf " ) 9 3 (relnoum of
Tiv ?v L reds ; Peron or Iy A
= 5o far we studied how lactose regulates Ew.mw ession of the /ac operon but that is only part of

a big picture, A second metabolite, m_zﬁ%. is also involved in the regulation of the fac

operon. @@

= 1i you look at the metabolic pat 4n Fig.18, all sugars are converted to glucose before they
enter the respiratory pathway tgJield energy in the form of ATP.

Lactose :Ea_k@v. Pgalactosidase | oo oo 4+ Galactose

@@«f %/ .—mgﬁam W

Glucose
Mm energy cost

o
» inducible genes or operons usually code for enzymes %; of catabolic pathways,

Hydrolysis of glucose in respiratory pathway yielding ATP
Fig. 18 - The lactose metabolic pathway

= Since considerable energy expenditure is required to synthesize additionsai |
enzymes such as f-galactosidase, it makes more sense for £. cofi cells to utilise all available
supplies of .m"%mbWo irst, before they start metabolising lactose.
STerp skt { mehowier)
»  Sowhat regulatdry mechanism ensures that the fac operop is "CFF" when glucose is present?

dogr nbt needl o e ol e
%:Qfﬁam\ N%i feng &&“&ﬂmw

‘ vg_\sw%.&&sﬁ&g
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1. In reafly, the fac operon promotfer has a low affinity for RNA polymerase. Therefore,
even in the presence of factese. which inactivates the repressor, the fac operon is not fully
activated on its own is unable fo fully activate the /ac operon, (Fig. 19)

2. Asecond regulatory mechanism that is sensitive to the presence of glucose is irvolved
in the regulation of the fac operon.

Promater

\l..lst.el..ll\f[J
RNA,

“Activator  palymerase  Operator
xmu:_mnoé. gene binding site binding site G Structural genes

g Al A
_MJL._%%N [gey Ticd WA

o
5 )
3 %esmamm
poorly
ﬁw@,

__._n_:omﬂ The relief of :mume «f@__m:o:.eu«. the inducer
(Allolactose; " allolactose) aloneg # icient to promote expression of
- {7tha. fac operon. Fhe activation of positive regulation
certered an thggctivator protein and its binding site on the

: promoter w/. Edded requirement for the expression of the
in (iractive = fac o :
Repressor protein (inactive - dogs vmm@v

not bind aperator)

umé e AVAVRNY

3

mm_uwmmmoﬂ protein (Active)

Figi1 @Qnﬁ:ﬁ franscription of Jac operon requires more than the

ww/%mmnnm of lactose

@rmq operon therefore involves up-regulation: by. activator: protein,

= ' Positive gene: regula
efn, CAP, which: binds to’ DNA: and -stimulate the’ transcription of the

catabolic mnn<m3q ,
mm:m@ "

e  Similar to the repressor u_dﬁm_a the mn=<m»oq protein has a DNA- u__..n__:u site and an allosteric

site. s em BINTVRATSe w1 HE Macive B,
= The activator protein is the nm.nmvo__a@ activator protein (CAP).’ CAetpunt form

- Its DNA-binding site mg_ﬂﬂ%v&_aﬁm site siuated within the

promoter.’
- lts altosteric site is specific for binding of nb_s_u or cyclic AMP, an alfernative form of AMP

(adenosine monophasphate).
(CAP is thus sometimes refered 16 as cAMP receptor protein (GRP).

last updated bys Dr A Ng, Mrs M Tan, Mr, Low CM, Mes C Khoo and Ms EHor 25
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@ In the absence of glucose, cAMP [evels will increase.,

For info .
Adenylyl eyclase cAMP m:&v:oa_mﬂmﬁmmr

AT® / > N AMP

.ﬂ PPi {Pyrophosphate) M20

Glucose acts to raduce CAMP levels in the coll m..u:m_.. by inhibiting
adenylate cyclase or by stimulafing phosphodiesterase, or hoth.

Fig. 20 - Relationship between AMP, glucose and cARP

" (You just need fo know that T glucose <> S cAMP & 4 glucose - %/ MP)

@ The cAMP binds to the allosteric site of CAP, activating CAP é:_ am to the CAP-binding
site within the promoter,

@j:w binging of activated CAP increases the affinity E.o_.:os_. region for RNA
polymerase. Thus, the increasing the rate of transcrip gt initiation of the Jac operon.

sau?.. artion LAviéng] - 4 potens

herase  Qperator

ding site A Structural genes
\llf)
; : _l_.ljl_ lacZ __.mn.i _..mobs“

j T
@ Transcription

(active) RNApolyrmerase ¥
binds efficiently

R

mqumwmoﬂ protein @

1
Eucom @ nm_-_“_“__w‘ﬂ a . Translation
ucose

{Alloiactoss) a>_,_=u.ga5@ @ w ransacetylase

Permease

B-galactosidase
. . f.l ~
Repressor protein CAP (inactive) e

Enzymes involved in

(inactive) RI® lactose catabolism

Scenario; Lactose high, glucose low->cAMP high. When glucose levels are iow, each CAP
polypeptide has cAMP bound to its aliosteric site. The active form of CAP binds to the DNA at the
CAP-binding site, activating transcription.

Fig. 21 -Transcription of Jac operon requires both lactose as well as the absence of glucose
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.

So for lactose-metabolising enzymes to be produced in appreciable quantity, it is not
sufficient for lactose to be present in the bacterial cell. The other requirement is that glucose
must be in short supply.

This ensures that the preferred carbon source, glucose, & used before other aliernative carbon
sources are used i, ff both glucose and lactose are present, rate of transcription of the operon
genes will still be low.

Thus the Jac operon is under dual control: negative regulation by the fae repressor and
positive regulation by CAP.

Hence, the state of the fac repressor (with or without bou nd allolactose) determines whether the
lac operor's genes undergo transcription or not; the state of GAP {with or without bound cAMP)
controls the rate of transcription when the operon is repressor-free.

(it is as though the operon has both an on-off switch and a volume control.) . Bﬁf

)

- 8

_ {F) The trp Operon (as an example of a repressible operSay

wived N]| the e !
The ﬂévsov,ﬂmun«“\%ﬁv operon (frp is pronounced “trip”) %M%«Wmav_m of @ repressible operon.

Repressible operons in bacteria are associated 32:@  anabofic pathways which invoive the
synthesis of artino acids, nucleotides ete, from w_.%w“ matérials. |5 wap _ss.w\.ﬁs.

ult and they are: turned” *off* in the
i uct of the
HHETC actvit

4 L)

Repressible operons are nommally turned: @m&

presence of an effector molecuie. In MO: ges, thisjeffector molect
UANEGE!

mm:muaacnﬁwoﬁgeﬁﬂ ..
involved in the synth the amino acid
tryptophan which 4§ essential for protein
.wzﬂﬂ%ﬂ.lim:om%%ﬂovmav is usualty "ON".
{Fig. 22} @ ’

However, when conceniration of tophan
rises &.g. when the host mammal consumes a
prozein_rich diet, enzyme synthesis will be
Tepressed, Since.the trp. operon is: turned:
‘off " inthe presence  of tophan,
tryptophan is thus the effector moletule.

Last updated by: Dr A Ng, Mrs M Tan, $r. Low CM, Mrs CKhooand Ms EHor 27
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«  Tryptophan does not act directly on the operator but works together with a repressor molecule to
repress the transcription of the trp operon.

trp operon
A
F Promoter ™

! N Structural genes

Qperator e
P ™~

o€ | owD | twe | o8 | oA KV A
: ¥

._.B:mm_._nao:

v

Reguiatory gene

RNA polymerase

._‘ Aliosteric

DNA-binding y
site sits . @
Transiatigh
trp repressar (inactive) ™ ot % 3 enzymes inw _.,_w_ tryptophan biosynthetic
Fws&@?&% awm\\q_s- @J@ atnway
When tryptophan levels zre low, inactive repressor .
protein is unable to prevent transcription because it \w@
cannot bind io the operator. 4 n
ﬁ/f@w Tryptophan
Fig. 22 - Organisation of ﬁn@mﬂsm up operon; Dafautt ‘On’
™y

T
1.) The tryptophan repressor is sy mwm%na in its inactive form with litte affinity for the fp
operator, which lies within the tp foter. (See Fig. 21)

As tryptophan mnncsc_mnm%mm to the allosteric site of the irp repressor, activating the
repressor. .,
SO o wion o frovasiie

@ The activated EE% protein binds 1 the operator at its DNA-binding site.
- Tryptophan ti&efore serves as a \corepressor, Which works together with a repressor
protein (by actiVating it} to switch an operen-of i) .
° WRTREEIY MY

With repressor bound to operater, RNA polymerase cannot bind te promoter and transcription
cannot proceed, hence turning the operon off.

s Wi, O E5T LTI nuglep¥d bhoed
,/\\M,qaﬁs\ j?&zazw.

a- il
3 Papreseey — provesn o S
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ip cperon
>

' Promater ™
Regulatory gene \Ik(J Structural genas
Onmﬂmﬁwﬂ i e - )
MAYE] o= RYAV REIEDESEITZY NS
F RNA, polymerase cannct bind to

VAN

Allosteric
site

binds operator
o
iy
O = A

. Tryptophan,
Repressor protein M 4 :
(nactive) % | the aliostey

O repress

Fig. 23 - End-productsefifastion by typtophan

promoter and transcription

cannot n_.oowmm

i Active repressor profein

Rl@

Ay
X
e)
ol inducible operon
f{» Repressible operon {consider just negative gene
- regulation)
o
Named example % Trp oypron lac operon
Type of 5@5@0%:&%.5« Anabalic pathways Catabolic pathways
o
Cerepressor tryptophan, an indv o, 1pctode, N0
Effector molecule i product ) BT |
Effect of effector on operon Turns off structural genes T on Stwduml §vhed
Repressor synthesised in . N
activefinactive form g chivgs fovwin Active form
When does repressor bind When complexed with p
operator? corepressor Qn its own
When does repressor not bind N s
operator? On its own When complexed with inducer
. oN
Default operon expression OFF
Crperon expression when OEF oN
effector molecule is present
Table 2. Comparison bet 1a repressible operon and an inducible operon
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{G) Summary of lac and trp Operons

|

lac operon (inducible}

ag me_M_a
Cparaler

Koy 2B\ or Sy repressor

Qpeqator

\Ilfi[}'ll

CAECSIEA T\,

i vl Opeyaic
NMAVER] oor RY AV 555

Reguialery gone 13_.n>o_mw} Stu ganos % CAP
T = T VAR, o e tactose
@ RNA pol o dllolactose
-lactese +actose

+
=%
f=
o
(=]
&

lac repressor active fac repress 3 ive

CAP inactive CAP _:mﬂw Rl ®

Operon off 0 .ﬂ@

e
"y A transcription
AR TRV T AE T T RAVA.
b WSS

@ by
= a0
E] b ﬁ 1A @5 o A
2 'ON

lac repressor active %9 fac repressor inactive

CAP acfive @ CAP active

Operon off dey Operon on

s
N Y iz aperon
_Ia..u operon (repress; 1_ — e - RJCE®
Regutatofrgene \I»I:J Struttural panes

Embe or B repressor

m  tryptophan

Low [tryptophan]

High firyptophan]

Operon on

trp repressor inactive

MY irp repress
.u Operon off

or active

Note: A = active; 1A = inactive
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(H) Glossary \_

Anabolic pathway: Series of reactions that results in the synthesis of one of more menﬂo cellular
components.

Catabolic pathway: Series of reactions that results in the degradation of one or more specific
cellular components.

Colon: Lower and larger parf of the intestine.

Constitutive gene: Refers to a gene that encodes a product required in the mairtenance of basic
celiular processes or celf architecture. Also known as housekeeping genes.
They are expressed all the time.

Inducible enzymes: Enzymes for which synthesis is regulated by the _cwmmman.n@mw absence ofils

substrate. S,
o)

Metabolic pathway: Series of enzymatic reactions that converf on cule to another via a series
of intermediates. It is the sum of catabolic™ nabolic* pathways.

S
Motility: The ability of an organism to move by tseff; uﬁmﬂmﬁ@ mobility.

Operator: A sife orn DNA at which a repressor protein E@ to prevent transcription from initiating at
the adjacent promoter. (Genas VI, Lewir .ﬁf

Polycistronic mRNA: A messenger RNA 3.» coftains the base sequence coding for the amino
acids sequence of sgveral proteins.

Recombination: The formafion of a %Suim@a of genes on a chromosome as a resulf of

crossing over. &M/ﬁﬂ

Regufatory gene: Any of mm% kinds of nucleofide sequence involved in the confroi of the
exprossl structural genes. it codes for a profein involved in regulating the
mx_c Qqca:mﬁom:mmmn.am.c&mmoa@p.ﬁﬁmmzmms__..H.ms.ﬁ.a

Repressible enzyn ﬁf enzyme whose synthesis is requiated by the presence or absence of a
Zy!
§_ ;™ specific metabolite.

Structural gene: Any gene that codes for a protein (or RNA} product that forms part of & structure or
has an enzymatic function. {Genes VI, Lewin. Molc bic of the Cefl, Bruce Alberts)

Terminator: A regulatory sequence that signals the end of transcription
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[ () LINKS

The topic of cell structure is relevant to the following topics and learning outcomes in the A level Biology
syllabus. The links also become clearer when you have gene through the other topics.

eukaryotic genome /
Control of gene

Topic | Topic How it is linked to Bacteria

i Cell division Binary fission is a means by which bacterial DNA replicates and cell
divides. This is hot to be confused with mitesis and cytokinesis.

2 DNA and genomics DNA replication occurs during binary fission.

3 Virus and bacteria Generalised and specialized transduction.

4 Prokaryotic and Bacteria are prokaryotes.

Gene expression In bacteria using the operon system is regulated at

expressions the level of transcripticn. .ﬁ/
5 immunclogy The mede of transmission and infection of =rial pathogen.
The modes of action of antibiotics, inc enicillin, on bacteria.
I
S
| Some Keywords N
S
Structural gene Generalised fac Nﬁmﬂf lac repressor
transductian . %W,Wf
; . %
Sex pilus Specialised transduction, A.WW} Negzative gene
%y regulation
Mating bridge/ Prophage @ facY Positive gene regulation
conjugation tube @
af -
F* plasmid Templata @ lac Permease
Regulatory gene 00&% Jac operon Transacetylase
Constitutive @nmucm i operon B-galactasidase
mbination
Peptidoglycan cell wall } Recombinant Repressible cperon and  Aliolactose/lactose
enzyme
Circular DNA Lytic cycle Tnglucible operon and Allosteric site
enzyme/s

708 ribosomes Lysogenic cycie Operatar Catabolite activator

protein (CAP)
Binary fission Transformation Promoter CAP binding site
Regulatory gene RNA polymarase . Paolycistronic mRNA cAMP
Inducer/ Co-induger Co-repressor Catabelic Anabolic

Last updated by: Dr A Ng, Mrs M Tan, Mr. Low CM, Mrs G Khooand Ms EHor 32

carousel comiamafatunicom




Raffles Institution H2 Biology 2018-2019

CORE IDEA:
(2) GENETICS AND INHERITANCE
ORGANISATION AND CONTROL OF PROKARYOTIC AND EUKARYOTIC SENOME (1)

ORGANISATION OF
PROKARYOTIC AND

EUKARYOTIC GENOME
Content o ) ﬁwf&
S

Genome organisation at the DNA level

Learning Qutcomes .ﬂ/
Candidates should be able to;

2 (d) Describe the structure and organisation o* vi onao and eukaryotic genomes
' {including DNA/RNA, msm_m..aoca_w.m:m er of pucleotides, packing of DNA,
linearity/circularity and presence/absence :mv

2{h) Ummn:_um the structure and E:Bo; of fq ding DNA in eukaryotes (je. portions that do
not encode protein or RNA, infrons, centromeres, iclomeres, promoters,
enhancers and silencers). e?% e of transposons, satellite DNA, pseudo-genes and

duplication of segments is not ‘ed.)
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This handout is the effort of Biology teachers at RI. It has been and will continue to be
updated.
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_ (A) Comparing Structure & Organisation of Prokaryotic & Fukaryotic Genomes

Note: Genome refers fo a complete set of genstic material in a particular celfuiar cormponent.

packing/coiling

DNA Mocc_m helix
some looping around histone-like
proteins

ormaiion of 1stpad domeins

% o
ﬁ

>© Cireutar ehramossmal DA,
@f 4
&

@,ﬁy

(A) Unfolded chromosome from E. colf
has a diameter of 430um,

(B) DNA is folded into chromosomal
looped domains by protein-DNA
associations. Six domains are
shown, but actual number is about
50.

{C) Supercoiling cause further
compaction, such that it
fills an area of about 1 pm.

Feature Prokaryotic genome Eukaryotic genome
Size Smaller (10°-107 base pairs) Larger (107-10" base pairs)
Appearance Generally a single, circular molecule Muitiple, linear molecules
Molecule Double Helix DNA
Association with Yes — relatively less Yes — large amounts
proteins e.g. histone-like proteins e.9. histones, scaffold proteins
Level of DNA Relatively low: High:

g«hﬁﬁy

A0 flbae - Hymrachromatin

Ol ol it

Louped domates £100-m ey

3]

Weatap ke chronime

{A) DNA double helfix is associated
with proteing called histones.
DNA molecutes are negatively-
charged, histone are positively-
charged. Thus, the DNA molectle is
held around histones by
electrostatic interactions, Most of
DNA is wound zround octamers of 8
histone proteins to form
nuclessomes, the 10 nm fibre.
Remainder of DNA, called linker,
joins adjacent nucleosomes,

(B) The 10-nm fibre coils around itseif to
form a 30 nm chromatin fiber (or

solenoid),
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{GY The 30-nm fibre forms loops called ﬂ (B) Non-coding DNA in the Eukaryotic Genome
looped domains (a 300-nm fibre) [
when associated with scaffold o Includes any part of a genome that'does not code for proteins or RNA products (i.e. IRNA,
proteins. tRNA etc).

(D) Supercoiling present. The oops o Was onginally referred to as ‘junk DNA'. However, we now know that non-coding DNA can play
further coil and fold to produce important roles in the eukaryotic cell (e.g. regulatory functions). Also, non-coding DNA may
characteristic metaphase have as-yet undetermined functions that are possibly important. This explains their presence in
chromosome. genomes over hundreds of generations. Hence, you should avoid using the term ‘junk DNA'

Location Nucleoid region, not membrane-bound | Nucleus {surrounded by nuclear and use the term non-coding DNA instead.
envelope}
Extrachromesomal | Present — plasmids (much smaller rings | No plasmids (rowever mitochondria o Foms a large component of the eukaryotic genome (Figs. 1 and 2). Note, however, that the
DNA of DNA compared with bacteria and chloroplast have their own DNA) size of a genome (i.e. amount of DNA) of an organism is not atways proportional o its complexity
chromasome) e {i.e. number of genes). e.g., the lily piant has 18 times mare DNA than ns, but produces
Number of genes Fewer genes (e.g 4,500) Many.feries (e.9. 25,000} fewer proteins than us. ﬁwmff.
Non-coding regions | Not common — typically less than 15% ..Omsﬁap n - about 98% .
(between and N tor .smn.n ﬁhﬂszbﬂ%ﬁv ymw%
within genes) a iy ... %
|. introns None present KN..M Many present yf“.
{rare; only in some genes) £ B
ii. promoters sEregent D
. enhancers/ Rarely present .%!C Present 3
silencers .
iv. repeated Few A’ﬂ@, Marty
sequences PN
V. Operons Many £, Few known ones (e.d. in nematodes)
Origin of replication | One (] Many
{per chromosome) N @
o
&
@ 100 @
£
£ gy
S Figure 2, Types of DNA sequences in the human genome.
m 0 A staggering 98.5% of the human genome comprises of non-coding DNA.
E w
= N
g “” o Most of the non-coding sequences consist of repeated sequences. That means they can be
L found a few hundred to a few million times all over the genome.
& .
w e i G o Repefitive sequences can be found grouped together in a tandem amay/tandem repeats. A
O prokaryones Oneecdied  Fang  Irvemabrotes Chordatcs Vertcbrates  Humara typical tandem repeat consists of a short nucleotide sequence repeated consecutively
wkargotes  Plans many times in a row.
i i ies. .
Hﬂ“mu”__ﬁoﬂw.u_MmM&Hmh.wh.ﬁ%“ﬂﬂwﬁwwwﬂﬂwa e.g. In Drosophila, tandem repeats forms 19% of the genome. An example of a tandem repeat,
which consists of sequence AATAT is: AATATAATATAATATAATATAATAT
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S— =i beppeon oo fact
M. _zqnoﬁm,%. + Eg. Altemative processing of the calcitonin gene transerit in rats yields two different protein
gim?:ﬂwﬁ% products, calcitonin-gene-refated peptide (CGRP) in the brain and calcitorin in the thyroid (Fig.
ure

5). The pre-mRNA franscript has two poly(A) sites; one predominates in the brain, the other in

» Are non-coding sequences found within a gene. the thyroid. In the brain, splicing eliminates the exon 4 while in the thyroid, exon 4 is retained.

»  Are found between exons in a molecule.

- Exons are the coding regions of DNA in & gene that codes for proteins or RNAs, PolyiAjsite  Pofyia}site

Function

deavage and
polvadenylation polyadenyfation

se and are determined by the sequence of nucle at the intron-exon
boundaries. P

It oo @izﬁ@%
W

a SnRNA (small a_._n_mm.: m.z.ﬁ.v_.oﬁm_: noammmx. Points of excision

Start of frangoription

Iniron ¢ ..

Genet

Primary L

& "
G ot z

JPra-mRNA n
. WX Figure 3, Outline of splicing. The introns in a £ >
Splicing @ gene are franscribed along with the exons (boxes) Figure 5. Alternative splicing of u%z.p to produce different protain isoforms.

in the primary transcript/pre-mRNA. Then, introns @

are excised and exons are joined tagether. Distribution /ie
¢ In eukaryotes only WWI

)
Fina g i eMicy Wit mivgng !

; b
o ‘ b g Phrntae ¢ WRAVITIVY I,
*  Anadvantage %m_nm_.:mm,\m splicing is that it enables a larger number of proteins ta be produced 4

refative o the number of genes. Alternative splicing produces different protein isoforms from
one gene (Fig. 4). Isoforms are alternative forms of the same protein, About 40-60% of human
genes produce multiple proteins in this way.

Matuyre franscript:
Mature mRNA

of a single pre-mRNA can
rnation of exons is spliced together. T

m@sm.g
et finad
int 12 in3 pre-mRNA citf t ,
Normal RNA splicing _ Altemative RNA splicing (possThility 2) , Bl Bwu
Afternative RNA m%__.ﬂ:m {possiblity 1} Qk.
T w
polypeptide 1 polypeptide 2 polypeptide 3
Figure 4. Three of the various ways of alternative RNA splicing. The different mRNAs are transiated into
different proteins.
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TS
Structure
» Are non-coding DNA sequences lotatedijust'ipstreal

gene.

Function

Jrn, ‘determines the binding

ranscrption:

+ How do the sequences within a promoter regulate gene expression?
o There are similar sequences known as critical elements/short mw%,“w:nmm (e.g. at the «10
and -35 sites in bacterial promoter) found in promoters of diffe; enes.
o The consensus sequence was derived from the most oe_._.@w y occurring bases within
criticat elements/short, O

Tratistription
ﬁna ANA
Figure 6. Conventiopa Aumbering system of promoters. Positions of -10 and .35 sequences are
shown relative to cription start site for 2 typical bacterial promoter. The first nucieotide where

transcription u%. designated +1 and the preceding nucieotide is -1. There is ne zero,

— s U §g§g\u
T G R

Figure 7. 35 and -10 sequences within a
variety of bacterial promeoters. The
consensus sequence is shown at the
bottom. Spacer regions are shown ~ for
example, Ni7 means 17 nucleotides
betwesn the end of -35 region and start of
-10 region.

T

CONSENSUS

Distribution B preanoed (Q.m_?@i‘ yrvetens
+ [n prokaryotes and eukaryotes - §§§ T
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3. ENHANCERS & SILENGERS - Gontrol element (regulatory sequence)

. ancers and silencers are short gon-coding [ona]seguences which are-usually-located
ar-away (up fo thousands of nucleotides upstream or downstreamyfrom:the promoter, but can
also be found within an intron or near the gene to be controlled.
s They are reguiatory elements.

.Function F Gungiol OMSU{T EALTG

_Enhancers h
« Enhaiicers are DNA sequences that héip tolingrease frequency of transcription.

« Enhancers, when bound with‘specific transcription: f known as activators; in
frequency of transcription by.promoting-assembly of transcriptiontinitiation: complex.

__._g_m_w_,omw_ ,.:gf_,
« . Siléricers are DNA sequences that help to'reduce efficiency of *_..umw tion:
+ Silencers, when bound with specific transcription factors ki as repressors; decrease

frequency of transcription by iithibiting assembly of tran tion initiation complex.

%

Activalor
protein

3

Core " ANA transeription
promoler  js incraased.

r.l[,%w
Silencer  Core
promoter  RNA trangeriplion
is inhibited.

{b} Gana repression

Figure 8. Overview of transcriptional regulation at (2} enhancer and {b) silencer.
Distribution

s in eukaryotes only
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i "h. TELOMERES AND TELOMERASE.

All eukaryotic chromosomes must have 2 types of DNA sequences for it to be functional, to
maintain its structural integrity and be passed on to subseguent generations.
They are the 1) origins of replication ({o initiate DNA replication)

2) telomeres, and

3) a centromere* (Fig. 14).

Telomere Key features:

* » Eukaryotic chromosomes are usually linear,

..pzuﬁnmuoxnuﬂa@nﬂummwm:moqﬂéuaﬂo
hundreds of milions of base pairs in Jength. .ﬂ%d

Qriginof . g aryatic chromesomes oceyr Tn sets, @
fepiicalion  ptany species are dipfoid, which means Emm p

chiromosome. A typical chromo:
containg botween a few bu ﬁ@a several
Crigin of thousand differant genes. ‘ﬁ
replication
» Each chromoseme Sw@m% ofiging of
Kimstochore  TEPlication that are .@b rsed abeut every

. 100,006 base paj
preteins d Mm@v

contzins a centromare
ilien site for the
roteins.

somatc cells contain 2 sets of Bﬂuﬁﬁ
* Genes are nterspersed guuﬂ%

g
:
@
-
%
7

2 contain spatiaized sequences
f%ana &t oth ands of the linear
/f mosome:

@. Repetifive sequences are gommenly found
near sentromeric and telomeric regians, but
they may also be interspersed throughout
the chromesome. :

COrigin of
replication

1
S WA@_QEOE — Ganes

= Repetitive sequences

Figure 9. Eukaryotic chromoseme,
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TELOMERES
(A} Nudieus nm..q.o:._omoﬁn (B) Repeat1 Repeat2 Repeat3 Repeatd

Chromaosome

B e A W W W B I

THAS 5 s A T8N AT A G (R
CEETHAGGGTTAGGGTTAGGGTTAGGGTTA
CCCARTCCCAATCCCAATCCC

efomere
Qverhang
(]
Qrganism  Telomenic repeat sequence
telomenc Homo sapiens TTAGGG
DNA {human being}
Ropeats

mmg.ﬂm_da_\%m visiae TG
{yeast) @
mp._aa@m@ TITTGGGG
{cilia .
A TTTAGGG

Wwfh%gmﬁ:o

Figure 10,
(A) Telomeres on a chromosome.
Thitp/fwwew.chemsoc. fenries/Z00 fal_B

G D
(B) End of the telomere, and the single-stranded reg

sequence TTAGGG are shown. In reality, human tel
(C) Telomeric repeat sequences of different spegie

Structure (Fig. 10) %

* Telomeres are nucleotide sequen: Ad-

s Telomeres arenon-coding:ragi :MWE

{multiple repetitions of one sh
nucleotides long. @

= Telomeres have a:single: ed:region:of D

This region of DNA do

- The:3"siny

region of the

nd loopsi]

mosomes.

NA made up of 2 series of tandem repeat seqiiences
cleotide sequence) where each repeat is about 5-10

NA &t their 3’ ends known as the:3%overhang.

plementary strand.
Kand displaces the same sequence in the upstream
ere and binds to the complementary sequence of the other strand. This

process is @ ht about by special telomere-binding proteins.

i N,\#fsasaqe@ Figure 1
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Function
-

Role 1: 4m.o..:m«m¥m=m

o Whatis Ew,mnalnmv cation _:ou_m_.: cu_m 13)
- The end replication Qo_u_m_: occurs durng the replication of linear eukaryotic
chromosomes.
- During DNA replication, DNA polymerase requires a free 3'OH of a pre-existing strand
to add free nudleotides.
- An RNA primer is synthesised to provide a free IOl end for the addition of free
nucleotides.
-~ However, the:RNApHmer’ {at the end of the DNA strand} i

End of parentat
DNA strands

Removal of priters and
replacement with DA
whera a 3' end Is available

Second round
of repfication

E

New feading strand 3

New lagging strand &

& Further rounds
of replication

Figure 13. End-replicaion problem.
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o Due to the end-replication problem, the ends of chromosomes shorten with every round of
DNA replication.
o Sincetel es an rtening of chromosomal ends l¢ads to shortening
‘ofthe télomeres: Wittiout any deleterious: gffects.
[ ._.sm genes within the chromosome will thus not be eroded/lost with each round to DNA
replication, preventing loss of vital genetic information.
- Eventually, telomeres in cells which have divided many times tend to be shorter.

gene telomere

‘>

Figure 14. Shortening of telomeres, but not genes, m%@ﬁ:n of linear chromosomes in dunlins.
)

?_ﬁ?sswgﬁn% ;

« Role 2: Telomeres;prit

o The single stranded 3' overhang m:am of linear chromosomes poses some problems.
Without telomeres, chromoseime grids ook fike broken chromosomes, and lead to:
e The single stranded 3/ sifgle-stranded o<m3m:m of one terminal end of a chromosome

lar to DNA damage formed due to double stranded breaks, and
igger cell arrest and cell death Hmuouﬁoamv

o Although telomeres shorfen with every round of DNA rej
1 cells,, embryonic stem cells and cancer cells cani

Jﬁg. AR v RN D
o Telomerase prevents shortening of telomeres by lengthening thefm. %Qa?aw

Last updated by: Mdm S Cross, Ms E Horand Dr A Tan 12

carousel.comfiamafatunicom




Rafflas Institution HZ Biclogy 2018-2019 Ruffles Institution H2 Biology 2018-2019

Structure {Fig, 16}

1, A short S-nucleotide segment of - Om_.na.o_._a.m_..m.m are constricted regions on chromosomes where spindle fibres attach to during
RNA within telomérase binds to nuclear division.
part of a tandem DNA repeat in N2l Mg * Centromeres can be located anywhere along the length of .
the 3'overhang. ) zloH end . Eﬁ.ﬂz%osm_ centromeres have a long strefch of DNA, comprising largely or entirely of
e e repefiive non-coding DNA. In humans, the centromere region is made up of tandemly

repeating units of 170 base pairs.
» Eachisister chromatid has its own centromeric DNA sequences.

Sy ki SEAvbed o

ﬁ@« ﬁﬁ wmu %m %m 0o g@ 6o oe 9,_5..,_

N
a 3 B 8 r w@é@

Bowes of oot -

2. The adjacent part of the RNA within
telomerase is used as a template to
synthesise a short 6-nuclectide
repeat sequence.

Figure 15.  Action 58 20 ~a @ wfm
of telomerase. N o n - leom, wwm,w« m
[The McGraw-Hill Gompanies, .
ERLAVAS, inc} A
\ﬂ.sw)_xbcs . i tmrerotaboles}
3. After the repedt is made, telbmerase €} W Figure 16. .
TEE T N o id be ,vmf {Above) Banding pattern of shromosomes of an | Sest. A special type of
: staining show that centromeres are darkly-stainin S.
{0 make another %# [http:iwww insectsclence, org/2.247 3
oy {Right} A chromosome, highly cond d, 8t Tal proph or metaphase
oty ﬁ?i* s stage of nuclear division. Twe chromatidsérs™een ‘touching' at the centromeres.
\4?4& I -

Function

at _._.o_._._om.ouo_._m chromosomes can be separated to
opposite poles! Since kinetochores bind specifically to centromeric regions, special DNA
sequence in centromeric region must be important for kinetochore recogrition.

-
IIsIY u%mﬁumm% . <§:ocﬁ. m_.&.oamam_ m_.:_u_.onmw, chromosomal alignm d segregation will result, leading fo
ATCCCAATOCOAATOLOAAUCEEAAULTE aneuploidy and conditions such as Down's Syndrome,

h.-n 1 FEEERT A AR RN ERRAE ERERE] 5

;

Newly synthesized strand  KNA primer that is eventually removed

Distribution
e SOH W . + Centromeres are found in linear chromosomes only - hence in eukaryotes.
Distribution
« Telomeres are found at both ends of linear chromasomes - henice in eukaryotes.
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Circular DNA Exons Spliceosome RNA polymerase
Linear DNA Genome Alternative RNA Consensus sequence
splicing
Plasmid Promoter Tandem repeats Specific transcription
factors
Histones Enhancer Telomeres Activators
Chramatin fiber Silencer telomerase Repressors
MNucleosomes Non-coding Centromere Transcription initiation
complex
Introns Splices Splicing Kinetochore proteins 3’ overhang
Superceiling Operon General transcription
factors ﬁ@f

f@@
O
G gy @

Bonnh ( (ding reaFmné

(oodgs foy wrotein ,

AN o %u%4 e\| ﬁ 1

& Titvenn§ ReAIIEOTY) Rep gorted
o feaUpnCEd stuonce?
@ I Uivom 65
s momkors ouanies]  Telswioved (ot
Glenterd
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NAME: CT GROUP:

CORE IDEA 2 : GENETICS AND INHERITANGE
ORGANISATION AND CONTROL OF PROKARYOTIC AND EUKARYOTEC GENOME (M}

CONTROL OF PROKARYOTIC
AND EUKARYOTIC GENOME

Content

Control of Gene Expression Amﬂf

Learning Outcomes - @@

Candidates shouki be able to: Qﬂf

2 {) Explain how gene expression in prokaryotes tan be lated, through the concept of simple
operons (including Jac and {rp operons), including e of regulatory genes; and distinguish
between inducible and repressible systems ﬁ_@wy dge of atienuation of #rp operon is not
required). (Covered in Bacleria notes) @y

2() Explain how differential {ie. Spatiai and tem
at different levels: s,

i. chromatin level (histone modific: %:Q DNA methylation);

ii.. transcriptional level (control nts, such as promoters, silencers and enhancers, and
proteins, such as transcrip ctors and repressors;

pest-transcriptional _m<&¢m¢ ssing of pre-mRNA in terms of splicing, polyadenylation and
5' capping); AN

iv. translational level e of RNA, §' capping, initiation of transtation); and

'S uomﬂ.nmzmwmmo:m_, | (bicchemical modification and protein degradation).

gene expression in eukaryotes can be regulated

)

References
Campbell, NA, ang ce J.B. {2008). Biology (8th Ed), Pearson Education, inc.
Brooker, R.J. (2005 Genetics: Analysis and Principles (2" Ed), McGraw-Hill.

Alberts, B. et a/, (2008) Molecular Biology of The Cell (5% Ed), Garland Science.

Lewin, B. (2000) Genes VIi (7* Ed), Oxford University Press.

Green. Stout and Taylor (1997) Biciogicai Science 2 (3¢ Ed), Cambridge University Press.

Last updated by : Nidm $ Cross, Ms E Hor, Dr A Tan, Ms E Choo, Mrs M Tan 1

carousell.com/iamafatunicomn

Rafflss Institution H2 Biology 2018-2079

This handout is the effort of Biology teachers at Rl It has and will continue fo be
updated.
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. _ (E) Brief Overview of Transcription and Translation in Prokaryotes and Eukaryotes
[{A) " introduction to Gene Regulation Transcription Eukaryotes Prokaryotes
= Regulation of gens expression incudes a wide range of mechanisms that are used by cells to Mww:%mﬂ recoanized by oneral Step 1:
i ction of ific gens products (protein or RNA). &r general : :
increase or decrease the production of specific g P ® ) transcription factors 1) Sigma factor binds to core RNA
= Some proteins are synth d continuously at a fixed rate and genes coding for such proteins 1) General _ transcription factors” polymerase to form RNA polymerase
are said to befcoligtitifively’exprass : assemble at the TATA box in the holoenzyme. :
- ’ promoter region. 2) RNA polymerase holoehzyme scans
N . ; 2) Recruitment of RNA polymerase*. along the DNA, and its sigma factor
«  However, not all proteins are constitutively expressed. Any step of gene expression may be - 4 :
madulated. The expression of other genes are requlated and there are several mechanisms by which 3) The whole complex of transcription recognizes and binds to the promoter

factors and RNA polymerase bound to elements at both the -10 and -35
the promoter is called a franscription saquences,

- initiation complex*.

this is done:

Legend: \_/ = point of control

Ll Controlfing degradation of
mRNA

Replication

&
Controlling rate of %ﬁ&a@ rate om. Initiati

transcription translation | wwieh & nitiation
owien 3 gl N

Mt ovh % e i g@?aﬁ»&@
Figure 4. The Central o@ and Yarious points of gene regukation.

o

HpgTt of control of gene regulation predominates? Why?

R ppngy AP A S [y oty yn/ §§§\w§2

¥ ~ Witph i 0N
Gttt voda cod ~ fiolovpt 19 DS .
n %.R b 1¢ “— Lonyevies Vespultes Step 2: RNA polymerase unzips and separates* the two strands of the DNA double
. helix at the pramoter by breaking hydrogen bonds* that link base pairs. DNA now
& Pove g4 proftewns Leritre has twa exposed strands:
MF NS e Mpoy & PrfeaT) desdpites (1) one strand is used as the template*;
#s\%& (2) the ather strand is not ranscribed. (NB: It is not spelt as TRANSCRIPTED!)
fropurtieg | o), featires dee-
Vo Siep 3:
iy ﬁg_ﬁasf;ﬂ i 1) Free ribonucleotides are matched up with the DNA template by complementary
lod % fant b - , base pairing*.
Elongation 2) mRNA is synthesized and elengated in the 57 fo 37 direction™.
3) RNA polymerase catalyses the joining of adjacent ribonucleotides through the
formation of covalent phosphodiester bonds®.
Last updated by : Mdm & Cross, Ms E Hor, Dr A Tan, s E Choo, Mrs M Tan 3 Last updated by : Mdm S Crass, Ms £ Hor, Dr A Tan, Ms E Choo, Mrs M Tan 4
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Step 4 | Post Eukaryotes Prokaryotes
RNA polymerase maoves atang the DNA template strand from the 3" end towards the &' transcriptional
end (¥’ to 5 direction) separating the 2 DNA strands and catalyzing the assembly of modification -
the ribonuclectides. 1) Addition of S'cap None

2} Splicing - the process where introns
Step 5: are excised and exons are joined
As RNA polymerase continues down the template strand, the region of DNA that has Homm.Em_,. ]
just been transeribed reanneals. 3 >.”_ﬁ_,_ﬂ_%: of poly A tail at 3'end of pre-

ml

Primaty RNA {ranscript

Rewinds —a Unwinds — Process
3 30
m.. A Y .mﬁ
A &
" RS
ﬁuw. Translation Eukaryotes _uqorm_.paﬂ.om
Step & JBfr 6 Step 1: ] . mﬁw
1) RNA  polymerase transcribes . #{) Transcription proceeds through a 1) Small ribosomal subunif, ranslation initiation factors bind to
sequence in the DNA called w_ﬂm\ terminator sequence in the DNA eukaryotic translation initiatig the small ribosomal subunit and
polyadenylation signal (AAU in factors (elFs)} and _:._.n_m..no?nw@ facilitate the binding of the small
the pre-mRNA, 2) The transcribed terminator (an RNA form a compiex. (There is int n ribpsomal.subunit to:Shine-Dajgarno’
- sequence) folds back to form a between ather eukaryotic, tion | :seguence on the mRNA.
2) At a paint about 10-3% wlicleotides hairpin loop and functions as the initiafion factors, the &' d the | 2) Initiator tRNA then binds to start
dewnstream from t lydenylation termination signal, causing the RNA poly-A tail of the mRN cularising codon, AUG, on mRNA
signal, proteins mmﬁ te with growing polymerase to detach from the DNA the mRNA ) ] "N 3) Large ribosomal subunit binds to
RNA transcript gfid-fieave it from the and release the RNA transcript. 2) Complex from 1) %o the &' cap of complete the formation of the
RNA uowﬁaﬁ , causing it to be an mRNA an ves in the & to 3 translation initiation complex.
released. @ s DMAnon-template stand sequence direction al e MRNA to locate
DhA COTTAGGETACXXXXGTAGCCT AAAAAA
Eada T A A A HNEEENGN
4& T TATTT ENNEE _ .
@ w Transenpton _ e Initiatior
Termination
? AU A A A BEER M
b
Endonuclease x Halrpin loop
FACOgNizes AAUAAR,
and cuts the
mAtA 11 10 30
ALCISOTCES aWway
Stem
Cut
= | = Mé_w slranded uracls
m.lllma uuuy ¥
RNA Sequence ot e
4} The iniiator-tRNA is now positioned at the P site leaving the A site vacant for the
addition of the next aminoacyMRNA molecule,
5) GTP is required for the initiation stage.
Last updated by : Mdm $ Cross, Ms E Hor, Dr A Tan, Ms E Choo, Mrs M Tan 5 Last updated by : Mdm S Cross, Ms E Hor, Dr A Tan, Ms & Cheo, Mrs M Tan 6
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Step 2: Codon recognition
A second tRNA carrying the next Amingond .
aminc acid binds fo the A site by _. il
forming hydregen bonds between mnia (L
the anticodon of the tRNA and the  aibosome eacy for g
second codon of the mRNA via ..,_.,Esiay =
complementary base pairing®. : 4
ey
.. Step 3: Peptide bond formation
A peptide bond* is formed
between the methionine and the b
second amino acid in the A site. y
This Is catalyzed by peptidyl o
transferase present in the large 2T
Elongation ribosomal subunit, L
oyt 3 Puanam V@!E‘.}I
Step 4: Translocation rﬁ
1) The fibosome shifts one codon downte JARNA in a 5’ to 3’ direction,
« 13%RNA shifted to E site and releled into cytosol.
» 20 aminoacyHRNA shifted fr ite to P site.
= The A site emply and rea receive 3@ aminoacyl-tRNA, with anticoden
complementary to third cadufof MRNA.
2) Thus, 2,
= P gite holds tRNA ing the growing polypeptide chain
= A site holds 1RN ing the next amino acid
« E site hold tR| ich has donated its amino acid and is ready to leave.
3) The ribosome @ ifiues to franslate the remaining codons on the mRNA untii the
ribosome E.Nm._.,mm a stop codon® on mRNA (UAA, UGA, or UAG).
[
Step 5: ﬂﬁf
1) ,_.mﬂ_@ 'on aceurs when ane of the stop codons enters the A site.
2) ‘thigde’codons are not recognized by any tRNAs. Instead, they are recogrized by
ase factors which trigger the eventual hydrolysis of the bond between the
polypeptide and the tRNA in the P site.
m\u The polypeptide is released from the ribosome as it completes s folding to assume
the necessary secondary and protein structures.
4} The ribosome dissembles into its subunits.
Termination
."wcs.puﬁoocﬂ&ho_. URA)
[ 2] 5]
Last updatad by : Mdm % Cross, Ms E Hor, Or A Tan, Ms E Choo, Mrs M Tan 7
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Based on our understanding of the process of transcription and transtation, lef us now fook at how gene
expression in prokaryotes and eukaryotes can be regulated.

VrReen

1N [

(1) Control @ transcriptional level (Pro)
‘Contralling when and how often a gene is transcribed]

Note: Transcriptional control is the most important level of regulation in prokaryotes, followed by
translational control.

fRefer to Prok and Zuk Part I |

= The promoter is a DNA sequence where RNA polymerase holgenzyme* (with its sigma factor) binds

to and starts/inifiates transcription. .@v
Promoter M¢ ' &
Non-template ! L ! . ﬁ.&j. 3_3 A..Bu
e —35 16~18 bp m.m_...».mus_
W T w
e
Tompl
m““..._ﬂnuﬁ Trangchplian
T S—
. ANA
Figure. 2. General structure of prokaryotic pro . By convention, nuclectide sequences are given as that

on the non-emplate DNA strand. The _uqo_aﬁwg. actually includes transcriptional start site {+1), where
transcription of a gene actually begins. U_._.ﬂwwg of transcription is referred to as "downstream” and the other
direction as “upstream”. @

» Sequences at the
(a) ~10 site are know,

{b) -35 site are _A%mr T35 sequ

« Many promoters :ﬁ.& -10 and -35 sequences that are similar to the ‘ideal’ / consensus sequence. The
consensus sequence*at

» Bacterial promoters confain %uonma critical elements/short sequences.

(@) -10 site is 5-TATAAT-3
() -35 site is §-TTGACA-3

-promotes: (Fig. 2a). The shape of the RNA polymerass
A AT T 2 ‘and sigma facter is complementary to the nucleotide
sequence that they bind to.

Binding ot RNA
polymerase
holoenzyme

Figure 2a. Sigma factor of RNA
polymerase holoenzyme recognises a
prokaryotic promoter

'
Last vpdated by : Mdn S Cross, Ms E Hor, Dr A Tan, Ms £ Choo, Mrs M Tan g
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romoter is determined by how simitar the -10_and -35
sequences are to the consensus sequences. The more similar the sequences are to the consensus

sequences, the stronger the promoter. Strong promoters have a higher frequency of transeription. *  In prokaryotes, genes with related functions are grouped into an operen, Expression of these genes
N are controlled by a single promoter and franscribed into a single, polycistronic* mRNA. J—

i [Refer to ‘Genetics of Bacteria] 1

« An operon consists of an operator, a common promoter and fwo oF more structural genes. Th
constitutively expressed regulatory gene is usually located upstream cof the operon, and can code-
for either an active or an inactive repressor.

Promoter

Transeribad -—-»
for:

An operon allows the bacteria fo cogrdinatély regulate a-aroup of nenes that sficade gene
roducts with related functions; As operans consist of @ set of structural genes that lie near one
another on the chromosome and they are coordinately transcribed, these structural genes are
turnad cr or turned off together, The expression of the structural genes occurs as a single unit. In
a@f this way, prokaryotes can, for example, turn on all of the structural geng®.of the lac operon so that

. } . . they can take up and use lactose, when lactose is needed and availshle in their environment B
- ces with . % s btained after . : - - BY
Mmomnmm.m:ﬂmﬂw wma M 0 owwmo:_.m.o..ﬁa.i in fwo bacterial promoters. ?Wg nsus sequence is obtaine grouping the genes logether, control of gene expression vmooa%w efficient.

CONSENSUS

K ] — Small molecules help the operon fine tune control of gene m@?mm_cg.
=, % . - ZRepréssort; when bound to the operator, will block bi a@ of RNA polymerase to the promoter .
er to start transeription. and prevent gene franscription of the. group of str ‘genes. :
- Small effector molecules such as anindicer* (e olactose*, lac operon) can further control
transcription frequen

In prokaryotes,

R @ aliolactose {inducer)
RNA ua;‘ao_dfwwvv

care enzy|

RNA  polymerase haloenzyme comprises a core

by @f polymerase and sigma factor. As the assembled RNA
TP \,@ polymerase scans along the DNA, #is sigma factor
W @ recognises the crtical elements at both 10 and -35
/i, positions.
| 2
@ RNA polymerase
& LBrg anvine

s RNA polymerase heloenzyme unzips and separates part
FHL of the double-stranded DNA for transeription. Cnly ane of
the two DNA strands is used as a template.

RMA potymerase {b) Prolint  Prolin2  Frolein3

e S orayme After a short distanca, the sigma factor dissociates from Figure 5. The bacterial fac operon with (a) an active repressor and (b) a repressor inactivated by allolactose.
N @ the polymerase. Synthests of RNA continues.
A TS S A A
transgrint -
Figure 4. Sigma factor helps RNA polymerase core enzyme recognise a prokaryotic promoter. Diagram
shows transcription initiation process. AN R Aty §5§§\§§¢
LR eguilationj{el] i allab; igm etermines which genes can be

transcribed. "A”simple change of sigma factors can zallow different sets of genes 7 opegrons to be : : A
transcribed by the same RNA polymerase core enzyme. - RNA splicing does not occur; bacterial mRNA is used for tranglation as it js being produced.

Last updated by : Mdn S Cross, Ms E Hor, Dr A Tan, Ms E Choo, Mrs M Tan QSES% pied ] Last updated by : Mdm S Cross, Ms E Hor, Dr A Tan, Ms E Choo, Mrs M Tan 10
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R AR
Co translational leve! (Pro
tControlling how many polypeptides can be

nlike in eukaryotes, have a relatively short half-life. Short mRNA

response to environmental changes. mMRNAs are degraded b fihonucleases (RNases) into
constituent ribonuciectides usually z few minutes affer they are synthesised.
~ EERNIETL YWhen induced by certain changes in conditions (2.4 Emn.&.,mw_.mm changes), an antisense
a particular, mRNA will be quickly synthegsigeglby the ba i
NA: complementary fo_thy
further helps gene regulation because the gt

=)

ion(details not needed). o
antizense RNA «m_ﬁ%@a

ITOTT T L] @3@:3 6. Anti-sense RNA forms a

A GG
Mcmmommmmwonnmﬁ double-stranded and reduces half-life
. o?.:_uz?

» In prokaryotes, the:Shing:Dald
of each AUG start codon in

* (5-AGGAGG-3") is found a few nuclectides upstream
TRNA. The small ribosomal subunit will bind to this

[t

sequence 5o that the start an be correctly pesitioned in the subunit before initiator IRNA and
large Kbosomal subunit n@, ong for transtation.

[ stop | stop !

ranstation ransiation

Protein 1 not synthesised Protein 2 synthesised

Figure 7. Blocking translation initiation. A polycistronic mRNA coding for two proteins is shown,
S0 Shine-Dalgamo sequences. IF; Initiation factors [refer to next section].

Last updated by : Mem S Gross, Ms E Hor, Dr A Tan, Ms E Choo, Mrs M Tan il
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(b) ‘binding:of an apti-sensé RNA complementary to the mRNA at/near Shine-Calgamo sequence.
- prevents hinding of small ribosomal subunit to Shine-Dalgame sequence as it recognises only
single-stranded mRNA. When ribosomes cannat assemble properly, translation cannot occur

and polypeptides cannot be synthesised.

* [nitiation factors are required for proper positioning of the small ribosomal subunit together with initiator
tRNA on the mRNA, and fhe subsequent recruitment of the large ribosomal subunit which together
forms the tranglation initiation complex*:

Mg

Boors

B X
@.@ MH g .
N Qo

@@, a oo

T rarmslation knbiation gomplex

Figure 8. Initiation factors {IF in diagram) are needed for translation initiation.

[14) Contrél@ postuansiatonal level (Pro)
T Controllifg proteins that are atready present in‘the-celt by activating or inhibiting their functions]

= Not significant, however,
1, Covalent modification.
2. Phosphorylation/ dephosphoryiation
3. Protein degradation

do occur to regulate protein activity

Last updated by : Mdm S Cross, Ms E Hor, Dt A Tan, Ms E Choo, Mrs M Tan 12
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Grtrollir By e RERGTnG Cht
Qryganisation of chromatin structure

* Organisation of DNA into chromatin helps to:

{a) pack DNA into a compact form that fits inside the nucieus of a cell.

(b} regulate gene expression - physical state of DNA in / near a gene determines if the gene is

accessible for transcription.

» Sore sections within a chromosome are more compact than others:
(a) Heterochromatin* = highly compacted DNA where DNA s_.sn e

formation.of heterochromatin _.mm:_ﬁ s

(b) Euchromatin®= less compacted DNA where DNA win

~ formation of euchromatin promotes access of RMA
factors to promoters of genes hence allowi 3

complex*. MWV

JE

» Chromatin is a dynamic structure that alternat
: £y

tightly around histones,
lyinerase and general transeription
ormation of the franscription initiation

een heferochramatin and euchromatin,

.Om:mmxuamm_oaﬁzcm no:nﬂ% S.
modifying chromatin structure.

+ XM Chromatin remod %/Wiooan_mx are

Satkicture T of

:niicledsomes temporan

-~ allows mi@fo_ﬁ:mﬂmwm and general
EUM ey »S:mo:vwi.w_ factors involved in gene

the promoter to

R ehts _»z> polymerase and general
ﬁgd%,?_sga qm_._mozvco: factors involved in mm:m
expression  from  accessing

romoter, thersby

s transcription.,

BRVRERY setw® HEFOUC tirgined
K ¥ chwannsiin,

nucleosomes.
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* DNA methylation* 5<o_<mm addition:of 2 methyl group to

~selected- cytosine™” (C) 7 nucleotides located i _Msa_@: Smetvieyiosine
sequence CG. (L5 ¥t goppom®e VA e
= DNA methylation can be found extensively within w.w R
heterochromatin. 3 “ WFO mathylstion
]

Figure 10. Methylation of 2 cytosine base.

» RTEMENRR DNA methyiation usuzlly prevents transcription by:
(a): blocking: binding _of general transcription factors and :@:omi,m.3<m3_.3m assembly of
transeription initiation complex at the promoter. ,
(b) “recruiting DNA-binding proteins (i (i.e. transcriptionat __.mmmoﬁa%..mnoam deacefifases* and
repressive chromatin remodeling complexes) to the w_._mﬁa\_mﬂma toiéondense chromatin
- results in:gene silencing/ no gene expression. .ﬂf
: ;f

,wwz.o_._..m:_.. to decondense and condense,
respectively, and m_»mBHm between loose and mmw&ﬂ&w&m:mmﬁ states. Gene expression can then be

manipulated. @ ] Z._s m ﬁ.&
X estone, AC hstavise,
» ERUENR Acetylation of histones is om% byhi o H i

~ addition'of acetvl: groups (-COCHS;) + ne residues removes’ omn_<m charges’on histones,
decreasing the electrostatic interactiéns between the :mmmn<m_<,o=mama DNA _and 5@ histones,
Tight binding between DNA and{hfones is loosened, making the ‘Bromoter région  more
accesgible’to RNA polymerasswand qeneral transcription factors. Acetylation works in concert

with chromatin remodeling c %, allowing formation of the transeription initiation complex
ing in transcription Gry

restores a tighterinteraction wm?.mmr DNA
and histones; Tnhibiting transeHE tion.

group

% Tiote o,
Figure 11. Histone acetyiation and deacatylation.

This is an example of covalent modification
of histones,

Last updated by : Mdm $ Cross, Ms E Hor, Br A Tan, Ms E Chao, Mrs M Tan 14
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Additional info; (bt that doesn't mean ltwon't be 1sted as info here may help you answer guestions} -
X chromosome inactivation
A special case of gene silencing is X chromosome inactivation:

— there are 2 X chromosomes in females and 1 in male {mammals ke humans, and flies). If genes
are expressed in the same amount, females will obtain double the amount of gene products.

— 1 of the 2 X chromosomes In diploid cells of such organisms is therefore inactivated. This is
achieved by compaciing its chromesemal DNA via extensive formation of heterochromatin,
histone modifications, DNA methylation etc.

~ the highly compacted chromosome is called a Barr body. Most ¢fits genes cannot be expressed,
only several can. As a result of inactivation, enly genss on 1 of the 2 X chromosome can be
transcribed readily. This prevents excessive amount of geng products from accumulating.

Eithar X chromosome cant be inacfivated. This resulls in
2 possitietypes of celis.

Normal X chromosomg

: T
»  Gens amplification refers to %@v:nmmo: of a specific gene muitiple times to create more copies
of that gene, @

tion Tesults in a cell which has 2 normal number of all other genes except
t which exist in high topy number. During transcription and translation,
mRNA and increased copies of the required protein will be obtained.

Reltlilelg Gene al
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3,

2)_Control @

%% s = Controf elements are non-coding DNA segments that frangcription factors* bind o in order to
S & .
af e regulate transcription.
p Pl )
o ¥ 1%/ Conirol glements,can.be divided into:
SMW 20 {a)  Proxima! controi elements {e.g. gromaoters”)
o dite . - hon-coding DNA thaf usuaily lie directly upstream of the transcription start site. They are

Wl o] e Gbound by general transcription factors".

%W/ Transcription factors are gene regulatory p

v
31

{b)".Distal control elements (e.g. enhancers* and silencers*)
. non-coding DNA that can be located thousands of nuclectides upstream or downstream
of the gene, or even withinan intron. They bind to other types of transcription factors known
as specific transcription factors®.

control olomants contrel olements

Distal Proximal ﬁﬂf

\ 7 \/ / Exon  Intron Exon Qx
DNA 7 R ; QH—H
oy
Promoter XMW%
Upstream “4——{b=—> Downstré ey

Figure 13. Types of euka ontrol elements.

“a,
s needed for transcription. They bind to control

elements as well as other transcription f; roteins,
.-
o\
B elaalat (e o

= The promoter* is located just upst gam of the transcription start site of 2 gene.

= Asin prokaryotes, they function #..!. oghition site for the binding of general transcription factors
and RNA polymerase to stard te transeription.

= There are critical elemants{shirf sequences in the promoter that itmprove the efficiency of the promoter

by hetping to recruit RNAspulymerase and general transcription factors to the promater.

[Nl In eukaty mﬁimm similarity of critical elements to consensus sequences is not that crucial

in_controlling gené/@xpression. This is markedly different from gene regulation in prokaryotes.

Eukaryotic cells rélyheavily on other factors such as presence of enhancers/ silencers.

» Critical elements / short sequences within the eukaryotic promoter:
). TATA box* at -25 site
= af a relatively fixed position.
= Has a consensus sequence of 5-TATAA-3'

» EXSWETE Important in ‘determining: precise location_ of the: transcription start _site. lis
deletion will result in transcription starting at a varisty of iocations, resuiting in a truncated/ non-

functional protein. It is similar in function to Pribnow box {-10 element} in prakaryotic promoters.

TATA box
Figure 13a. Position of a eukaryotic promoter

Last updated by : Mdm S Cross, Ms E Hor, Dr A Tan, Ms E Choo, Mrs M Tan 16
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2V CAAT End'GC boxes:

= Can be found at varying _oomw_osm within the anoﬁm_.. although most commonly found at the
iocations of -75 and ~80, respectively. They are not always prasent; GC can be found in muttiple
copies.

» CAAT box has a consensus sequence of 5-GGCCAATCT-3 whereas GC box has a consensus
seguence o* 5-GGBLEE-3.

Tranaasiptemal

LT b i I ey st B

Codingesiund sotuentes; ﬁwg

A3 GC it CAAT bovas

SEERD el WU SOnion T,

(up to thousands of nuclectides upstream or downgiream) from the promoter, but can also be found
within an intron or near the gene to be controllég
*  They are regulatory elements. ﬁ/fw

[Ny Enhancers and silencers NA sequences that help to increase and reduce frequency
of transctiption, respectively: . @
Amv mz:manmwm* whe _uo :

ecific transcription factors* known as defivators:
¢ promoting assembly of transcriptien initiation noau_mx

(b Siléiivers", when bagri by specific transcription factors™ known as:réprossors”: deciéase
wofrag tra gt by ishibiting assembly of transcriptior: initiation complex.

;é.mé..m%mummjnm of enhancer sequences, many eukaryotic genes have very low levels of basal
transeription. Enhancer sequences can increase rate of transcription 10 to 1000 fokl,

increage”

Function
Enhancer sequences allow the binding of specific transcription factors*® calied activators®, This
increases the frequency of transcription of the genes they conirel, - fEHeacHvatio

EREEE

Ments a<o_<ma in m._

mn_“_e.m»oa

Last updatad by : Mém S Cross, Ms & Hor, Dr A Tan, Ms € Choo, Mrs M Tan 17
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* Activators bind to enhancers to increase frequency of transcription by

. Promoting _assembiy Ackiyptors. SPRCETDNA Promarer
tiation complex o et
— N3
Enhemests

e Upon binding of activators fo enhancers, @ acwtor preotsins tind
spacer DNA (regions of ron-ranscribed 10 sneor soquences
Uz> between genes} bends. )

gndi f spacer DNA: allgws | diredt:

€} OVA bonding bringa the
voE:..mBmm m:&o_. generasl transcription breund activaiars clossr

factors at the promoter, promoting the  fofpremoier Other
assembly of franscription initiation complex. and ANA polymarase

Figure 14, Looping mechanism that allows for Qn.a..?c_a_sgsn
interaction between activators and RNA Hﬁﬂiﬁhﬂﬁﬁ/

polymerase / transcription factors at the promoter. factors and heip
form oo astive

R

mo_._:n mﬂ_e‘mﬁoﬂ

chromesie rrmedaling
complex

33...§uzﬁr§s

ganors! trinscription Lictors

A RNA
el
Figure 15. Recruitment of histone acetytase and TRANSCRIPTION ACTIVATION
chromatin remodeling complex to loosen DNA from
histones under the infl of an activator bound
to its enhancer.
Last updated by : Mdm $ Cross, Ms E Hor, Dr A Tan, M3 E Choo, Mrs M Tan 18
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low binding of specific transcription factors® called repressors? which
es thesfrequency.of franscriptionof the genes they control. Xigene’: i

terulatory elements invelved in the; doWriredul fi:of transcription as they
of the franscription initiation complex* via their interaction with

repressors”.
_ﬂuuammﬂtﬂ NP
Theso regubstory proteios bid to “sloneer " an 3
Activaters the DHA provestng tha bindlng of acdwator do :
The eeyulatary protelus bind 10 DHA at diziant siies iy snhancess andso slowing Transeripiinn,
Imovn x enhancess, Whan THR folds wo that tho
sihanear i Brocghi irlo Froxeny with the trmscaription:
Lomphe, the activator pratelins Tntarae with the complox
to mergme the Tate ol dranzcriplion.
* * Gonoral Tnbeription Factors
.\\\ e, (Rtinn focturs, In respunse
pa— Rencer to ol =2, positon ANA polymerae

aq»n.n_msao;r,unﬁcnanp
o.izn.a._.uwssﬂns
cribo the mAKA

N

Figure 16. Overview of w%:w:oﬂm and silencers act in concert to regulate efficiency of transcription.

A\
4

regulatory
sequences
1
I I
distal proximat
control element control efement
|
_ ! _
enhancer silencer promoter
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» Repressors bind to silencess to decrease
the frequency of transcription by several
different mechanisms:

- dctivotion surface

™ FEpressm

compotiaive
? K DNA,
AfCémpetitive DN B binding
- Enhancer region overaps with
sllencer region. Therefore, hinding of
repressor  prevents  binding  of
_activator, e @ :
BiMasking activation surface’ 7

- Repressor binds to activator to frasiing the %y

! siencer
sachancer

prevent i from interacting with activatine o i ™~ .

general transcription factors, wortece e ?,M.m., TATA
C.IDirect’ interaction’  with  ‘geheral . it Sy she

transeription:factors. -~ e peting st

binding site for Mcivalnr .
forrepressor s

TATA,
Mechani of rep in downregulating

transcription  factors m,_.@m NA
polymerase to the Eoﬂo@

« RNA processing takes place after transcription, Majority of post-transcriptional modifications occur on
mRNA,

» RNA processing occurs only in eukaryotes, where it takes place in nucleus of the cell. In
rokaryotes, mRNA undergoes little or no modification following synthesis by RNA polymerase.
Indeed, many of them are being translated simultaneously while they are being transcribed.

»ERN : d immediately:after transcriptio
transcript / nascent mRNA / precursor mRNA. Thi
that can be exported out of the nucleus for translation.

pre-mRNA/ primary mRNA
BgEoie dimatire mRNA

» CENMEREN RNA processing is cruciat to regulate gene expression. For instance, (1) translation of
incompletely processed pre-mRNAs containing introns produces defective proteins that might
interfere with functioning of the cell. (2} By altering mRNA stabifity, it affects the amount of protein that
can be made,

Last updated by : Mdm 5 Cross, Ms E Het, Dr A Tan, Ms E Choo, Mrs M Tan 20
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= Postiranscriptional modification of mRNA is carred out in this order;

{a) capping atthe 5’ end
{b) splicing of pre-mRNA
{c) adding a poly-A tail to the 3' end {polyadenylatior)

Primary RNA
wanscript & HER
(pre-mihAY ik gt
Cap 2rd toif dddod;
g introns excised spd
Tafron mz»A e | exons spsiend togeiner
{eplicesome)

{untransimted  tolf

Figure 18. Modifying pre-mRMA into a mature, functi

.HS.W Poly-2 @wfﬂf

2613-2018

Triphosptete brdpe

Teamescriaed bases

Figure 19. Addition of a 7-methylguanosine cap fo 5"

Lzt updated by : Mdm S Cross, Ms E Hor, Dr A Tan, Ms E Choo, Mrs M Tan
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=l clisly Importance of 7-methylguanosine cap at 5' end of MRNA:
(i) processing (mRNA splicing and polyad ylation):
~E5tea) Cog m (amengst aff other RNA molecules in the cell),
] ursion the correct RNA molecute.

(i) export out of nucleus

— &' cap is recognised by certain proteins, which are reguired for the mRNA fo exit from
nucleus via nuclear pores,

(i) batf-life

(iv) translation
— g

[Note: 5 cap is added 25 mRNA is being synthesised]

o

%c Splicing of pre-mRNA,

»  Splicing is a_pr during whi
toaethenbiia sblicessarie"

*  Invoives spliceosome®, a snRNA (small nuciear RNA,
precise and are determined by sequence of acowmogm...- 5

o

n complex, Points of excision are very
intron-exon boundaries,

Splicensome L\ /Y

components

Exvised
Intron

mRNA

© 5t
Exon 1 Exon 2
COpyrigM & Peareoh Edncation, me., publianitg 2 Banjamin Cummingo.
Figure 2¢. Splicing of pre-mRNA. Involves spiicecsome, a snRNA (small nuclear RNA)-vratein complex. Points
of excision are very precise and are determined by sequence of nucleotides at intron-xon boundaries.
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« [FERNTEER Importance of alternative splicing [Refer to ‘Org and Control Part Il:
- & Em.amz..y franscript can bexgpliced iffere &9 This a Smm._%i

jature-RNA and subsequenifly ere

By having different polypeptides at any one time, different metaboiic

Alternative Splicing
%«Esﬁ.rm goned an
\ / Sorusries
rature MRNA, : €-g.
cAnNOt [TET 7 )
Figure 21. In alternative splicing, different mRNA ts are obtained from one gene. Different

these from another MRNA molecuie. Alternative splicin ‘necurs for exons found on the same mMRNA. 2 of the

possible combinations are shown here. . W

combinations of exons are found on the mature mRNA. m from one mRNA molecule will not be joined with
>
3

e idding a poly-A ilto 3’ m:n_ of

gins wi
IphdEphz
3" end of the mRNA. Length oﬁﬁ? y-A tail <m_,_mm among different mRNAs.

= The tibonucleotides are m%< the enzyme poly-A polymerase.

g cleavage

Upstocam element

miana 5 FRIRERE A AAA A ¥

cmg chemeat

Figure 22. Addition of a poly-A tail to the 3' end of pre-mRNA. Many adenine-containing nucleotides are added.
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= GEROEREL Importance of poly-A tail at 3’ end of mRNA:

(i) enhances the half-life/stability of the mRNA transcript by slowing down its degradation by
ribonucleases in nucleus and cytoplasm.

serves as a signal to direct export of mature mRNA from nucleus te cytoplasm.

interacts with the 5' cap for translation by recruiting initiation factors (proteins) to form the transiation
initiation complex.

elf-2

Figure 23, interaction between eiF (eukaryotic
initiation factor) at aﬂ%ws and the poly-A tail is
necessary for tra) n initiation.

Translation initi factors will bind to the 5’ cap
and poly .orS 5ing the MRNA to circuiarise. At
the same ﬁ:m_mﬁ_oa initiation factors will
bind o i .sz.o, and small nbosomal subunit
to *o_@o_ﬂu_mx This complex will then scan the
_WM.%. locate the AUG start site.

o

el T cap
seditioned »ﬂﬂf

fovitiation fad

a a_mmqm_.n ribonuclease.
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] 0 ] Ll _
= During transtation initlation, small nbosomal subunit
binds to 5° cap of mRNA.

.mm.n_mm._.ﬂm_._m_mﬂ_.oiammzo:omzvm@w«m_ﬁmﬁ%
Slefignalrenresson t binds io:
uniranslated region

Translational
repressor

() 3 untranslated region to interfere with the

interaction between 3 poly-A tail, initiation e AAMAR 3
factors and 5 cap which is needed for
translation. Figure 24. Transiational repressors can block

translation initiation.

Interaction betyéeh, elF (sukaryofic initiation
factor) at 5 the poly-A tail is necessary for
transiation .oﬁo_._. Typically translation initiation
factors %;fm o the &' cap and poly A tail causing
the m circularise, If the & UTR or 3' UTR is
biocké® by 2 translation repressor protein,

ion will not ocour.

-

neededtabegin protein synthesis. They are required for proper positioning of the

Initiation factors are

small ribosamal subunit togefRer with initiator tRNA on mRNA, 2nd the subsequent recruitrment of large
ribosomai subunif. Eukalyetic initiation factors are different from those used by prokaryotes and are
greater it gquand
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Actdltional infe: (but that dogsn’t mean 1t won'l be tested as info hera may help you answer guestions)

e.g. elF2 (eukaryotic initiation
factor 2) is inactivated when
phosphorylated; conversely elF4
is activated when
phosphorylated.

Figure 26. Phosphorylation of
elF2 (caused by certain stress
conditions} leads to inhibition of
translation initiation.

Fransiefion is fnhiblioe
atuse e Inidalor (EkaM
Sa0s vk Did o the 408 suburlt

el Tevel (B . _ ]
.?mﬂm__, By activating or inhibiting function of the prote;
P

iy serve as functional proteins.

Ra=elchlsly Further processing y-cleavage andfor covalent modification such as glycosylation,

disulfide bond formation, and&itathment of prosthetic groups ete. is required.

— For sukaryotes, these ebdifications occur when polypeptides pass through rough endoplasmic
reticulum (RER) ms@ﬁ@m_ apparatus.

LSEEL LT 0
Activity B proteins with

of phosphate group)or

e

= As mentioned earlier, for some eukaryotic initiation factors ddition:
canrenderit A iactivisswhile’dap horylation-h :

Phospharylation and activation of kinases in phosphorylation cascade can be used to transduce a
signal from the extraceliular environment to the intracellular environment such that an appropriate
celiular response is produced. (To be covered in mare detail under the topic of Celi Signaling)
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Regulatio
Function. Proteins which are no jonger needed will be degraded immediately.
v ‘_.o tag a protein for degradation, an enzymegubigmit b
BEOLSIRE The ubiquitin-fagge Counise:
can gave this Eoﬁm_: nto smaller peptides that can be further degraded by enzymes in the cytoplasm,
¥ P
Genomic level
_— L Enzymatic compornents of the
e ubiquitintagged protain is proteasome cut the protein Into
Multiple ubiguitin melecules are  fecogrized by a proteasome, Which — small peptides, which can be further :
atlached to a protein by enzymes unfolds the protein and sequesters it deqy, " inth it !
ins the cytosal. within a central cavity. mMm by other enzymes in the Transcription level
<
o
Post-transcription
level
Proteasome
and ubiguitin
10 be recycled
S
i
L)
.,M..w )
e
5
ﬂcmwm_.wn_wa d Proteln fragments % )
Protein entenng a {peptides) @ e
proteasome Transiation level oy
Figure 27. Protein m\mﬁ%ﬁn_o: by proteasome with the help of ubiquitins. o
egd. m:.nomw_.&mo? ate.”
Postranslation uro«uwoé_uzos__Doe_.aw_u_._oé_ua.os
level to aotivatel inactivate proteins
Protein .
degradation @
. &
-7 [- N B
/ur o °9 Broken-
o® $9. down
- Q9 protein
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Kevwords include;

Promoter

RNA polymerase

General
transcription
facior

Transcription
initiation complex

-10 sequence/
Pribnow box

-35 sequence

RNA polymerase
holoenzyme

Sigma factor

o

Consensus
sequence

Frequency of
transeripfion

Shine Dalgarno
sequence

Transiation
initiation factors

AUG, start codon

UAG, UAA UGA,
Stop codon

Small ribesoma
subunit

subunit m@,
w
@@

2
)
AN

H2 Blology

Transfation
initiation compliex

mRNA

Chromatin
remodaling
compiex

DNA methylation

Histone momq_mm‘wf@@ Repressors

Histone «ﬂ%ﬂ%f
nmmu@@f@
Z%Mm_w

chafged DNA
N
Large ribosomal %« Enhancers
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Silencers
Specific transcription
factors
TATA box

Aﬁn‘m?.mnoa
&

5 cap

Poly A tail
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CORE IDEA
(2) Genetics & Inheritance

ORGANISATION AND CONTROL OF PROKARYOTIC AND EUKaARYOTIC GENOME (I1T)

CANCER

Content
The Malecular Biology of Cancer

Learning Outcomes

Candidates should be able to: 5,

2 (o) Expiain the significance of the mitotic cell cycle (including growth, qmm%MW:a asexual
reproduction) and the need to regulate it tightly (This was covere T mitosis). (Knowledge
that dysregulation of checkpoints of cell division can result in ugténtrolied cell division and
cancer is required, but detail of the mechanism is not require

2 {p) ldentify the causative factors, including genetic, chemicales
loss of immunity, which may increase the chances of¢

2 (q) Explain how the loss of function mutation of tumour |
in function mutation of proto-oncogenes, including

2 () Describe the development of cancer as a multi-aiép process that includes accumulation of
mutations, angiogenesis and metastasis. ,m, ’

ogens, ionising radiation and

o
X

Py
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Brooker, R.J. (2005) Genetics: Anal @ﬁewza Principles (2% Ed), MeGraw-Hill.
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@fw
ﬁo Table of Contents
(A) 1 introduction?Z e
(B) Causalive factars of Cancer
1  Heredity causes
2 {Chemical carcinogens
3 lonising radiation
4  Loss of immunity
(C) Molecular basis of Cancer
1 Proto-oncogenes
2 Tumour suppressor genes
3  Gain-infunction muiation vs loss-
in-function mutation
(D) Physiological basis of cancer
(B) Treatment of cancer
(F) Links
*" This handout is the effort of several Biology teachers at Rl. It has and will continue to be
updated.
= Any information given in a double-lined box is for your information only.
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[ (A} Intreduction ]

= Cancer is a group of disesses characterised by uncontrolled cell division and spread of
abnormai celis.

» The cell cycle is well reguiated as it is important for normal growth and development. It is
regulated at certain control points known as checkpeints, At these checkpoints, stop and go-
ahead signais can determine whether or not the cell cycle can proceed.

« The main checkpoints are at Gy, Gz and M phase.

G, checkpoint

M checkpoint

G, ol int
= Cancer occurs when the dysregulation §F theckpoints of cell division occur of cells escape
the cell cycle control Hmn_..mz.m_.:@mﬂ normally regulates their growth. This leads to
uncontrolled division of cells. @w& -

= Eventually a mass of cells @m tumour can result. Tumour cells are genetically identical
and derived from a singk etically altered cell {i.e. mutant ceil).

» Cancerous cells ca ,mwﬂ_o mutations. Unlike narmal cells, cancerous cells escape control
mechanisms that n ly limit their growth and division, Mutations in two groups of genes,
proto-oncogenes* ans fmour suppressor genes”, contribute to many kinds of cancer.

What do gene mutations do?
A gene mutation can instruct a healthy cell to:

a continue to divide. Profo-oncogenes”, when they become orcogenes™, can tell a cell to grow
and divide more rapidly. This creates many new celis that all have that same mutation.

fail to stop uncontrolied cell growth. Normal cells know when to stop dividing so that you have
just the right number of each type of call. Cancer cells lose the controls due to mutations in the
tumor suppressor genes* that tell them when to stop dividing.

make mistakes when repairing DNA errors. DNA repair genes look for errors in a cell's DNA
and make comrections. A mutation in 2 DNA repair gene may mean that other errors are not
corrected, causing cells to accumulate mutations and become cancerous.
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1. Heredity canses

Check points Gheckpoint is passed if Examble; Mutation in the BRCA? gene in humans
Gy »_ DNA is not damaged
Gz « DNAis not damaged = BRCAT is a tumor suppressor gene found in all humans and located on the fong am of
+ chromosomes have replicated successfully chromosame 17,
»__accumulation of sufficient cyclins to bind with Cdks to form MPF
M + __all chromosomes are attached to spindle fibres from both poles * BRCAT produces a normal protein preduct that is respensible for repairing DNA. If BRCAT is
" One way in which regulation cccurs at the G checkpoint is as follows. mutated, defective BRCA1 protein is unable to fix DNA damage leading to mutations in other
- Two types of regulatory proteins are involved in the conirol of the cell cycle: eyelins genes, increasing the risk for cancer. The mutations car accumulate within 2 single call and fead
and cyclin-dependent kinases (Cdks). o uncontroffed cell division.
- Cyclins need to bind to Cdks to activate the Cdks.
- Cdk activity levels hence depend on the levels of its eyclin partner. = BRCA1 has been found to have roles in DNA repair, ubiquitination and transcriptional regulation,
- MPF (maturation-promoting factor) is a cyclin-Cdk complex that triggers a cell's passag
past the Gz checkpoint into the M phase. = Researchers have identified hundreds of mutations in the BRCA7T gene, many of which are
Py _ associated with an increased rigk of cancer. Waomen with an abnormal B 7 gene have up to
{5) During Gi, the i) Sydfes it own_m_ﬁ._w an 80% risk of developing breast cancer by age 90 and a 55% risk of de ing ovarian cancer.

tegradation of cyclin
m continues, and the
GCdk component of
MPF is recycled,

1 ntinues  through
+| &2.9Gcling are protected
doegradation during
is stage and hence
accumulates,

21s0 increase the risk of

In addition to breast and ovarian cancer, mutations in the BRCAT ger
prostate cancers. KA

2, Chemical carcinogens aet
o
«&

* Smoking has been correlated to an increased risk | zveloping fung cancer. The carcinagens in
cigarette smoke belong to multiple chemical QM%W. cluding polycyclic aromatic hydrocarbons,

Example 1. Smoking (Fig. 1

(4) During anaphase,
the cyclin component
of MPF is degraded,
tortninating the M
phase. The colt enters
the G1 phase.

N-nitrosamines, aromatic amines, aldehydes, w arganic hydrocarbons, and metals.

{2} Cyclin combines with
Cdk, to produce MPF. Once
sufficient MPF molecutes
accumulate. the cell passes
the G2 checkpoint and
beglns mitosis.

carcinogens to farms that can covalent! fo DNA forming DNA adducts.

Most carcinogens in cigarette smoke % a metabolic acfivation process to converi the

Competing with the activation pr is metabolic detoxification, which excretes carcinogen
metabolites in generally _._mn.:_mmg s. If we are less abie to detoxify the carcinogens, then we
could be more susceptible to caticer.

[(B) Causative factors of ganesr | @

gm.m.m Normally there are ampls, teéllular repair systems that can remove DNA adducts and maintain
norrmal DNA, structure, ever if repair enzymes are overwhelmed by DNA damage or for other

reasons cannot fundtign efficiently, DNA adducts may persist and increase the likelihcod of

developing somatic mutations.

What causes gene m

* Gene mutations %.mw.nm born with. Gene mutations that increase cancer risk can be inherited
from our parents if the mutations are present in gemm cells, which are the reproductive cells of the

body (eggs and sperm). Persistent DNA adducts can cause miscoding (e.g., insertion of the wreng base} during DNA

* Gene mutations that occur after birth. Cancer-causing mutations can also be acquired during replication when DNA polymerase enzymes process the adducts incorrecty.

one's lifetime, as the result of errors that occur as cells divide during a person’s lifetime. Other « Another cause of cancer is due to nicotine and tobacco-specific nitrosamines that bind to nicofinic

factors can also cause gene mutations such as exposure to substances {chemicals in tobacco e L R
- y receptors and other cellular receptors, This binding then leads to the activation of protein kinase B
smoke) or exposure to radiation, such as ultraviolet rays from the sun, that can damage DNA. and protein kinase A which in tum could activate signafing pathways in cells resulfing in

~ uneontrolled cell division. i
. = When DNA damage occurs due fo the chemical carcinogens in cigarefte smoke, ‘_U.z..y
methyltransferases will be recruited. These enzymes may cause hypermethylation of promoter
regions of genes, which can result in gene silencing. If this occurs in fumor-suppressor genes, the
result can be uncontrolled cell division.
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base then interacis with adjacent bases on the same DNA strand 1o create new bonds to form

Proten dimers. ‘
Recent Kinese A z0d B
binding activation and = The effects of UVEB on DNA are mostly caused by the jormation of these dimers between two
ather changes adjacent pyrimidines (cytosine and/or thymine) on the same DNA strand. (Fig. 2).

[5

Tnitiation of | Regular ) ] ﬂ::w.ﬂh% Temat
n_mwm#n. n_nun&nmw nnmmwno_. _v_n_uvmro s_%—z:_w»u mE.u_ueW_.n.n e Lamor. | uns“_nﬂ_. WM&T Lo concer
Hicotine E-MHHME mechanisms
addietion Metaboli )
mhbﬁn_ﬂwmg HEu.uh/
Apoptosis
Exeretion Normal DiVA
“Fumor-stippressor Awl@r
- gent inaztivation @
Gene promoter hypermetizyletion angt other chenges KMMM , .
Figure 1. Link between cigarette smoking and cancer n:qo@&:ou@m in tobacco smoke . Figure 2. DNA damaged by UVB radiation o@ dimer ) )
Example 2: Asbestos = These reactions occur hundreds of times within secofds of exposing skin io sunlight
Wﬁm@v {approximately 80,000 dimers per cell within one hour ght exposure), though most of this
+ Ashestos can be found in some construction materials; &fich as in vermicuiite insulation. Since the damage is temporary. The human body has inbuit sfdtelns of DNA repair, to recognise and
sarly 1970s, use of asbestos has declined substa due to health concerns. eliminate such changes. Almost immediately, the sechion sumrounding the flawed segment is
' A @@? ) excised and replaced by the cormect sequence, @ jonally such ermors are left unrepaired or
= Asbestos fibers can be released inte the m:?u asbestos-containing matesials are disturbed or incorectly repaired and the damage Umnaawﬂ d~permanent mutation which can lead to the
degraded. .&Mw development of skin cancer.
- d t developing mesothelioma, a malignant cancer of the = DNA mutations resulting from unrepai @im_.mvm._”ma pyrimidine dimers frequently arise in the
”_Mo:w%mﬂwﬂow._wn ow%mwwmwﬂ_ﬂmsmﬂm 2 3 acamm< pind 9 p53 tumor suppressor gene in ski _._.W_mwm (see section C2). The protein produced from the p53
mﬂl ’ gene in a healthy cell stops the e so that DNA damage can be repaired prior to the cell's
= When ashestos fivers kil celiS~itey do so by inducing a process that leads to the release of a replication. Failing this, it has am Mportant rale in the pathway leading to apoptosis. Mutated po3
protein that starts a partic be of inflammatory reaction. This causes the release of mutagens genes E___ not be able to sto A%n&_. cycle or cause mvovﬁom_m in om.:m. with significant mutations,
and factors that anomma@sﬂ growth. esulting in accumulation o@La F\WE ons in these cells which may then divide uncentraliably.
3. lonising radiati o:\a@ = UV-gpecific p53 Scﬁ%:m,‘m been reporied in 50% of human basal cell carcinoma and in over
- L 90% of squamous @_ carcinoma (the most common types of skin cancer), making them the
Esxampie: Ultraviolet Tight mutations most frequently found in skir cancer patients.
+ Wavelengths of both uitraviolst A (UVA 320-400nm} and uitraviolet B (UVB 280-320nm) radiation 4. Loss of immunity
have been implicated as carcinogens. The two wavelengths of radiation are able to penetrate to . l X . i
different nmuﬁm of the skin and hence affect different cells in the epidermis and dermis. * People infected with HIV are several thousand times more likely than uninfected people to be
diagnosed with Kaposi sarcoma, at least 70 times more likely to be diagnosed with non-Hodgkin's
» UVE radiation is mainly absorbed by epidermal components such as proteins or DNA, whereas lymphoma, and, among wemen, at least 5 imes more fikely 1o be diagnosad with cervical cancer
izt deeply into the skin and reaches the lower epidermis and dermal . .
MMﬂaWMWﬁ_o: penetrates deeply into P « The connection between HIV and certain cancers is not completely understood, but the link likely
) depends on a weakened immune system. Infection with HIV weakens the immune system and
. e . . at mage to skin cell components. reduces the body's ability to fight infections that may lead to cancer. Many people infected
UVA radiation's toxicity malnly Gomes from oxidative damags (o s P with HIV are also infected with other viruses that cause certain cancers. The following are the
« UVE ragiation directly damages the DNA within skin cells. DNA damage occurs when the most important of these cancer-related viruses:
chemical bonds within a DNA molecule are altered. A photon of UVB radiation penetrates the cell . | . . .
and could cause the hydrogen bond between the nitrogenous bonds to break. The unbonded = Human herpesvirus 8, also known as Kaposi sarcema-associated herpes virus, is the cause of
Last updated by; Mrs Selvi Nair, Mdm Sharen Cross & Ms Eva Hor 5 Last updated by: Mrs Selvi Nair, Mdm Sharon Cross & Ms Eva Hor 6
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Kaposi sarcoma.
« Epstein Bar virus causes some subtypes of non-Hodgkin's and Hodgkin's lymphoma.
= Human papillomavirus causes cervical cancer.
= Hepatitis B virus and hepatitis C virus both can cause liver cancer,

* Infection with most of these viruses is more commen among pecple infacied with HIV than ameng
uninfected people.

* Kaposi's sarcoma is a type of skin cancer, which has traditionally occurred in oider men of Jewish
or Mediterranean descent, young men in Afica, or people who have received organ
transplantation.

= Kaposi's sarcoma causes lesions to arise in multiple sites in the body, including the skin, yrph
nodes, and organs such as the liver, spleen, lungs, and digestive tract. &Ma

* When a person is infected with this DNA virus, the viral genome is int d into that of the host
cell. Within the viral genome, there are genes that control that D esis, affect cellf division
and also affect the tumour suppression pathways which could re, tumour formation,

How does the Epstein Barr Virus cause lymphoma .ﬁ“@.

* Lymphoma is a group of blood celf tumors that develop phatic cells. Hodgkin's tymphoma
is a fype cancer which criginates from a specific ty )k white blood cells called lymphocytes.
Non-Hodgkin lymphomas are diverse group of c_o%ﬂ cers that include any kind of lymphoma

except Hodgkin's ymphomas.

* The Epstein-Barr virus (EBV) is the first :cﬁm%/q:.:m identified with a proven association with the
pathogenesis of cancer. EBV preferential} cts B iymphocytes.

» According to cument knowledge, nﬁmww_w encoded by EBV interfere with a number of important
cellular pathways, thereby leading.fe, tumour formation. These EBV antigens have been found io
immortalise 8 cells by facititatj 53 degradation, enhancing transcription of certain host and
viral genes, blocking apoptosis@nd affecting chromatin remodeling processes.

S

[ (C)_Molecular basis of nmﬂ_ﬂwmw ]

= Proto-oncogene products
~  &re proteins derived from proto-cncagenes.

- are involved in'StiFmiilEte 5
- e.g. growth factors, growth factor receptors, transcription factors etc.

of a proto-oncegefte’s protein product or

fty:of that protein product,
s are converied to oncogenes through gain-in-function_mutations* (see
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Mutation mechanisms that leads to the formation of oncogene

fitation: within the proto-oncogene?
equence of the prote-oncogene protein.

e.d.. a regulatory protein (such as a growth factor encoded by proto-
ancogene)

> becomes hyperactive or more resistant to degradation.

mutation in base sequences of fggirlato

promaters of proto-oncogenes)

~ leads fo increased transcription, and excess production of the
growth-stimulating protain.

emgnts (2.9,

Proto-sncogens

oy

DNA

W

@

alement

Point mutation ﬂm.o Point mutation
within the gene ﬁx within a controet

S
oY
& &
Hyperactive or .ﬁ.@ Kormal growth-stimulating
nmm_.unmana-..mmmmﬁwwmgmi protein in excess

Figure 3. Co ﬁw:om of point mutation{s} within a control element of
a gene, or thexdene itself

- The :uﬁ@dz\» rzplication process is flawed. Instead of making a
mi% v of a region of a chromosome, many copies are produced.
EA s to the production of many copies of the genes that are

memﬂma o:Emﬁmm_mﬂmuﬂmm_.ozoz_._mn_._w.oaomoam.

k# If @ proto-oncogene is included in the amplified region, the number of
proto-oncogenes in a cell is amplified
¥ leads tojexcess tion o

Increass in amount of mye proteins causes leukaemia

Figure 4. Conseguence of gene amplification of the mye gene—an
increase in the amount of proto-cncogene's protein product (key: ¢ means

cellular).
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AN

fa} Chromosomal

= [f azptitesol
2 leads to in

Figure 5. Abnormal crossover b
can cause a common proto-on

oncogene now falls under
upregulating its gene express

m.m_._m_onmzoa.

s involves  upUSLA gt

et S T e

hemo

products.

tagolis chromesomes.

(Fig

Chromesetne K

£ Byromosoma A

Chromosema K

N
°mi...a:._..so:..ﬁ._n.me.._m chromosomes
fo become oncegenic. The proto-

i

Inserts into,

F
i

Mechanism 1: Retroviral genome

silencer of the proto-onecogene.

and inactivates the

Mechanism 2: Retrovirus with its own
enhancer inserts into the host genome,
and upregulates franscription of the:
proto-oncogene.

Figure 6. Viral genome integrating into host cell genome mutates a
common prefo-oncogene into an ancogene.

Mechanism 3; Virus camying a hamologue of the:
profo-oncogene, which codes for a stronger
inducer of ceil profferation. When the viral
genome is inserted here, overal gene product
from profo-oncogene is increased,

ot -of -
(TN
MR
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- the binding of a growth factor ta the receptor triggers a series of reactions inside a celi. This
results in binding of GTP to an inactive Ras.protein, thereby activating the Ras pro
growthi factor to::

a
- the activated Ras proteins dtransduce ‘signals  froim:ith
ign proc s, thereby leading to cell division.
(Details of cell signaling will be covered in the future).
- the Ras protein cannot stay active for too long, since cell division cannot go on indefinitely. At
the appropriate time, the Ras protein becomes inactive again. When there is a need for the call

1o dividefwhen growth factor binds again, the Ras protein will be activated.

Figure 7. xm@wf.wi in transducing signals from growth receptors.

o

= Mutation in ras gene
- can be caused by any of the mechanisms in Fig. 3to 6.
- results in a constitutively active Ras protein. This leads to increased cell division even when
the growth factor does not bind to the receptor.
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2.iTumour supp!

ithibit:cell-

cellular-genes:that code for products whicki
igion and helps-to-preventiunconfrollet Sig) -
» Products of timour supg cyele amrest, DNA repair andfor apoptosis

Umolr suppressor genes activate cell
(programmed cell death).
» Tumour suppressor genes contribute {¢ cancer when thera is efossoffimctiohyrntatio

Examnple of tumour suppressor gene: o53 gene Ls resyte W tem f@ﬁé
= The p53 gene* is the most commonly mutated gene in human cancers. About 50% of 2l hursan asé
cancers are associated with mutation in this gene,

e

» The p53 gene codes for a Spesif

§3)that binds fo DNA to promote éu

oteins. As a specific

25f
cell cycle is halted so that there is enough time for the &f@mvmiﬁ damaged DNA and
prevent production of mutant daughter cells qﬂf
(b) -DIVACTepair: S
- presernves genomic integrity and prevents s that may lead to formation of
oncogenes or inactivate other tumer-suppress:
And when DNA damage is beyond repair:

(c) finiate’spoptosis (cell death)
- Apoptosis is a process where cell sl

i3 important as it removes cell| with p Tal to cause cancer.

:.m:mm% tion factor, the p53 protein can activate genes that are 55@

velphaiprotel ot res Hrowt
without repairing DNA/ ce! wwrka.wﬁo apoptosis.
- When mutations accumulate ov 2, organisms run an increased risk of developing cancer cells.
- Mutations in p53 could be to point mutation or chromosomal translocation or retroviral

integration.
Cell with Zoasm.w,«%

Cell with Mutant p53

(a) ® @
el
«Alllll ~DNA damage — — — — — — ..v&
= e
e\..(?.\nl

Increased expression Increased expression

o:umm?onm_nm..oa__ oﬂvmmuqo“mm:,nm__ Mmhww_mmwm Eoﬁm_s_m_._ow
stops dividing stops dividing

DNA cannot .
be repaired \ /Acz_» repaired
——
oo @ @

Apoptosis Normal celt divisicn

DMA not repaired, Cell
doesn't stop dividing.

(2] In a normal cell, if the DNA is damaged, the levels of p53 protein are increased. pS3 protein activales gends i hait the cell cycle, repair
damaged RNA or bring about apoptosis. After the DNA Is repaired, the cell continues to divide normally. {b) However, ¥ the damaged DNA is
found in & call with a mutant p53 gene, the celf will continue to divide, leading to perpetuation of genetic Sons and ity 1o cancer,
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3. Gain-in-function mutation vs loss-in{function mutation g&r eiives WJ\R&
Gain-in-function mutation Loss-in-function mutation
Definition - A muiation that causes a gene to [« A mutstion that causes a gene

be expressed in a cell at a time |  product to befdn-funchon:
when it is not normally expressed

20182019

« Gene products of proto-oncogenes
become hyperactive/ resistant to
degradation/ are produced in
excessive amounts

Gene  products of  tumour-
suppressor genes (such as p53
protein) are defective and cannot
activate other genes.

Type of genes the | Affects preto-oncogene, e.g. ras gene | Afiects twmollr suppressor gene, e.g.
mutation affects p53 gene

Number of alleles | Only one copy of the allele need ta be | Both copies ofi.alele need @ be

that has to be| mutated. This is known as a dominant | mutated. Thi nown as a recessive

mutated in order | mutation. mutation, @
o

to be cancerous
- mutation in just one copy is enough - if o%fm mutated, there is sfill
to give extra gene producis (such as Nbifier copy of the nomal allele
growth factor). m@ma% can function normally (e.g. its
%W. products can stilt activate other

- A nomal cell is sensitive to genes for DNA repair).
amount of such gene produc

mﬁ_‘mSomzmnm__Sa_m mw
normal contret, f/

Can't stop cell cyde to repair
damages to DNA.

Cells with accumulated mutations
keep dividing.

cycle (in cancer

cells) mﬂw
$@

Type of mutation | Dominan ticn

£
Table 1. Two kinds of 35&@? that affect proto-oncogenes and oncogenes.

Cancer

invelves

¥ v

‘ Gain-of-function mutation _ _ Loss-of-function mutation
N in ,—~ in @ of
_ Proto-oncogenes __ Tumour suppressor genes _

to 33;_\ m.m,_‘ eg ,_\ to form @

Effect on cell | Overstimulate call &.mﬂ& N

Recessive mutation

proto- Suppressor
oncogensg _ QNCOgEnaes _ _ ~Ra8 ms.wo;m _ % p53 gene _ Mutated genes
— _ turnour
sSuppresser
leading ."O.e genes
ﬁ unconirolied cell division ﬁ
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[ (D} Physiclogical basis of cancer |

+ Cancer can be caused by spontaneous genetic mutations, viruses, environmental factors (including
carcinogens such as UV rays) and genetic predisposition.

Cancer ang IMours

« cancer has often been closely associated with the formation of fumours, but having a fumour #
cancer.

» there are 2 iypes of lumours )

1. benign* tumour - mutations in several genes that are irvolved in the regulation of call m_.o,..ﬁ?
division and cell death can result in a big mass of cells that keeps on dividing and growing,
and does not die off readily. However this tumour is jocalized and does not spread to other
regions. This is known as a benign tumour and is non-cancetous.

2. malignant* tumour* - a benign tursour can fransform into
tumour. A malignant fumour results whensmore.m utati
| isiol allow the tumour to acquire ,we.f
- invasiveness (srodes normal surrounding tissue} and
- ability to undergo metastasis (can spread to other the body): .
tumours originate from a single aberrant cell that preiiferates fo give rise to a primary
tumour whose cells eventually metastasise er parts of the body to form

secondary tumours (Fig. 9). mﬁm%! i
1. Cells grow as benign 2. Broak through %
tumaour in epithelium lamina

i .Gin basaf lamina

cerous one i.e. a malignant
ulate'from thefE6mEHY

3. invade capillary

5. Escape from blood
vessel {extravasation).

mh. Adhesion to blood
vessel walls

Figure 9. Spread of a malignant tumour.
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Differences between normal and cancer cells

Nomal cells

Cancerous cells

1. Proto-oncogene

to premote the normal growth and

division is regulated.

Normal cells have  proto-
oncogenes, whese functions are

division of cells. Rate of cell

Cancerous cells have
oncogenes, which are the
mutated  form  of  prote-
oncogenes. Gain of function

mutation result in excessive cell
division.

2. Cell division

Show controlled cell division,

Oncogenes cause uncontrolled
cell division.

3. Nuclei / mutation

Normal nuclei present.

Cancer cells have abnormal
nuclei. The chromosomes
have mutated; some parts of the

times and then stop dividing.

chromosome.giay be duplicated
and some .
il
4. Apoptosis Normal cells show programmed | Cancérgus cells do not show
cell  death/apoptosis. They | ap s. They can divide
divide for a certain number of |4 itely,

@

5. Contact inhibition

contact with other cellg!

AN

o,

Normal cells show copfatt]

inhibition. This means nﬁ%}m_._ Yy

do not divide furthes @MJ in
o

Cancerous cells do not show
contact inhibition.

6. Differentiation

Normal cells
become = ised cells.

Lo

rentiate to

mnmnmm:mm.ﬁ . such as nerve
cells, do @ iivide.

Cancerous cells fail to
differentiate properly.

7. Tumour suppressor
gene

b
4
P

9ims

_u_,mwmqm of tumour suppressor

Tumour suppressor genes are
absent or have been mutated
(resulting in loss-in- function of
fumour suppressor genes).

8. Cell adhesion/
metastasis

Cell adhesion
-Formation cf tissue and organs

Can detach from surrounding
cells

9. Angiogenesis «
formation of blood
vessel

Does not stimulate new bicod
vessels

Stimulates growth of new blocd
vessels within fumours.

10. Nucleo-cytoplasmic
ratio

High nucleo-cytoplasmic ratio

Low nucleo-cyteplasmic ratio

Figure 10. Main differences between normal cells and cancerous cells
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The development of cancer requires the agcurmulation of mutations in the genes which control
requlatory checkpoints of the celi cycle in a single cell.

This wili disrupt the normal cell cycle, thus causing the cell fo undergo excessive cell growth
and proliferation resulting in uncontrolled ceil division®.

A gain-in-function mutation” is a gominant* mutation where mutation in just one copy/aflele of a
proto-oncogene will result in its pverexpression which wili result in the production of excessive

factors, leading to cell projiferation

Loss-of- funclion mutation™ is 2 recessive” mutation where mutation in both _copiesizlleles of a

o

Upregulation/activation of the genes coding for telomerase result | meres being lengthenad
and the cell can thus divide indefinitely as the chromosomes mﬁﬁmﬂ_wm ented from shortening with
each DNA replication cycle. .mf.

Multiple mutations that are unrepaired in a single cell W:mwo%%_wo;m_ and confinues to divide will
allow the cells to accumuiate more and more mutations. ﬁ@y

: "_,.;o a tumourmass of cells.
sty trolled oy
within the

Loss of contact inhibition wili enable the cells fo g#

Giogenesis'is the growth of new blood vi

é85els formed can tEARERT
-prod

coniributes to metastalic Spread o mﬁh

_=mn_c=m.m:mmomm:mmmm_mo:_‘.osmao:_ncz:muw_v.mmomom_nmmEoommmmmm:o:mmioc:armm_m:,@.
However, in cancer cells, m@. nesis is always 'switched on'.

Lack of oxygen (hyp &v@oocma result due to rapid growth of the tumour, thus stimulating the
production of angiogénie growth factors by cancer cells. These growth factors will bind to receptors
on endothelial cell lls that line the interior of blood vessels). Endothefial celis will then detach
from its surrounding tissues and move towards the {umour resulting in development of blood
vessels.

Finally the cancer cells must metastasise. i.e. leave the primary site and spread to other
tissues in different parts of the body via the bloed stream and form secondary tumours there,

The above sieps should occur for cancer to develop.

As it takes years o accumulate these mutations, developing cancer increases with age.
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2, Activation 4. Loss of
of ras tumor-
suppressor

oncogene
' gene p53

> ¢ 3. Loss of = e . :

Small Benigr  tumour- CERECTS, Additional M

rger b . lignant

growth {polyp) suppressor La wwms%::_us mutations nanar
gene DCC

Fig. 11. Multi-step model of cancer development - colorectal cancer. The first 5ign is often a polyp in the
calon lining. Through gradual accumulation of mutations that mutate proto-oncogenes, ncogenes and knock
aut of tumour suppressor genes, the polyp can develop into a malignant tumaur, >@ cogene and & mutated

n
apithelial cells

£53 tuour suppressor gene are often involvead,
‘The End

e

.»%Eo_._m:ia?ﬁﬁmgewma_wamm:ﬂso_._._umﬁm_mmmmmaﬁo_._m_.mamzzm_nw.ocm: a@.%m”_
E) Treatment of cancer ms&fom

Based on certain hallmarks of cancer, various methods havs n developed to treat cancer

£
Cancer hallmark 5% . Treatment
Uncontrolled profferation due to: Chemotherdgy smitotic inhibitors that prevent assembty of
- selfsufficiency in  growth | microtuby@ss {e.g. vinblastine & vincristine from
signals Catha s roseus) arrests mitosis at mefaphase,

m,..mﬂ.\w resulting in cell death,

- insengitivity to anti-growth /fa

signals ‘M/

Evasion of apoptosis ﬂmﬁrm evasion of apoptosis renders tumour calls immortal, To
/Va“ Kkill tumour cells, classical cancer treatments usually rely on

™ chemo- and/or radiation therapy to induce cell death.

Mitotic inhibitors which prevent assembly of microtubules

would also circumvent the problem of limitless cell division.

Limitless cefl division @M«i

Since télomerase activity is necessary for the limitless
proliferation of cancer cells, telomerase inhibitors might
provide an effective therapy to limit the growth of cancer
cells by triggering telomere shortening and cell death.

The formation of blood vessels c¢an be inhibited using
angiogenesis inhibitors. This limits avallability of nutrients
and oxygen to tumour cells, thereby limiting tumour growth.
Angiogenesis is an essential component of tumour
metastasis, as it provides an efficient route of exit for
tumour cells to leave the primary site and enter the
bloedstream. Thersfore, angiogenesis inhibitors zlso serve
to block metastasis of fumour cells from the primary site, as
well as the growth of metastases at secondary sites,

Angiogenesis

Metastasis
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(F) Links Keywords include:
The topic of orgarization and contrel of prokaryotic and sukaryotic genome and cancer is relevant to Careinogen constitutive Tumeur
the other topics and leaming cutcomes in the A level Biclogy syllabus. :
Uncontrolted cell division p53 gene Angiogenesis
Topic Topic GComments
No. Proto-onheogene Dominant P53 protein
1 Cellular Functions Cancer cells do not heed the normal signals that regulate the cell
(Cell Division} cycle. They escape ceff cycle checkpoints, undergoing . Tumour suppresser gene Recessive Contact inhibition
uncontrolled proliferation and cell divisions despite presence of
damaged DNA. Gain in function mutation Benign Apoptosis, programmed ceil
: death
3 Genetics of Viruses | Viruses are involved in 10-20% of alt cancers, The infection of a .
cell by such viruses {e.g. retroviruses) leads to the expression of Loss of function mutation " Malignant -Cell-cell adhesion
viral proteins that enhance the growth petential/survival of that
cell; these viruses either carry a copyzof an oncogene or the Ras gene Metastasis

integration of viral genome leads to aftered expression of proto- .
oncogenes or tumour suppressor-géfics. Often, the viral infection Ras protein

alone is not sufficient to cause nwsmm.woﬁﬂ time, coupled with the

S

accumulation of mutations that efhance growth of the cell, cancer

may develop. o

4 Crganisation and In many malignant tumBurs, the gene for telomerase is activated.
Control of Telomerase reverse$ the shortening of chromosome ends during
Prokaryotic and DNA replication rodiction of telomerase in cancer cells removes
Eukaryolic Genome | the natural limitt: the number of times the cell can divide.
{1 and Iy N

5 Cellular Physiology Cell signdling pathways can lead to inactivationfactivation of
and Biochemistry proteinfactors that regulaie gene expression.
(Cell Signaling & o
Communication) RN

<] Cellular Physiology . TFhe proteins encoded by many proto-oncogenes and tumour

o

and Bischemistry _ < [-Suppressor genes are componernits of cell-signaling pathways, e.g.
{Cel Signalling 8.-~>~| ras protein and p53 respectively. These proteins convey external

Communication}, > | signals to the DNA in the cell's nucleus, leading to cell division or
i inhibition of cell division respectively.

The ras protein is a G-protein that relays a signal from a growth
factor receptor (receptor tyrosine kinase} on plasma membrane to
a cascade of protein kinases. The cellular response at the end of
the pathway is the synthesis of a protein that stimulates the cell
cycle.
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