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2A: The Structure of Nucleic Acids and Gene Expression

a. describe the structure and roles of DNA and RNA (tRNA, rRNA and mRNA) (knowledge of the
structure and roles of mitochondrial DNA and chloroplast DNA is not required)
b. describe the process of DNA replication and how the end replication problem arises

Lecture Outline
I.  Role of DNA as the Hereditary Material

II.  Structure of DNA
A. Building Blocks of Nucleic Acids
B. Physical Structure of DNA

lll. Replication of DNA
A. DNA Strands as Templates for Replication
B. Mechanism of DNA replication

C. DNA Repair and Maintenance
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Websites

URL

Description

http://learn.genetics.utah.edu/content/basics/

https://highered.mheducation.com/sites/98340923

39/student_viewO/chapterl4/dna replication.html

ml

ot

https://www.dnalc.org/resources/nobel/crick_wats
on_wilkins.html

Website on the basics of genetics with videos
and interactive activties

Animations on DNA replication (Chapter 14)*
Chapter quiz to help reinforce concepts

*Note: you would need to use a laptop/desktop
and download a chrome extension (e.g. “Flash
Player for Chrome”) to view the tutorial.

Animations** and video clips for DNA-related
content (under Molecules of Genetics).

**Note that the animations will take some time to
load.

Animations which illustrate how the DNA
structure was decoded
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l. Role of DNA as the Hereditary Material

Introduction

¢

Life depends on the ability of cells to store, retrieve and translate the genetic instructions required to
make and maintain a living organism.

This hereditary information is passed on from a cell to its daughter cells at somatic cell division, and
from one generation of an organism to the next through the organism’s reproductive cells.

These instructions are stored within every living cell as its genes, which are the information-containing
elements that determine the characteristics of a species as a whole and of the individuals within it.

Characteristic properties

The hereditary material must be:

¢

chemically stable to be able to encode information without fail. It must not change easily due to age,
nutrition, or environment.

able to replicate accurately.

(@]

The molecule responsible for genetic information should act as a template for an accurate copy
of itself during replication so that progeny cells share the same genetic information as the
parental cell. Once this genetic material doubles in amount, it must be partitioned equally into
two daughter cells.

During the formation of gametes, the genetic material is also replicated but is portioned such that
each cell receives only one-half of the original amount of genetic material. Fertilisation of the egg
by the sperm restores the original amount of DNA.

capable of variation.

o

Without variation, all organisms would look alike and would not be capable of change and
adaptation — conditions necessary for the evolutionary process.

Evidence that DNA is the hereditary material

1. Chromosome analysis
2. Constancy of DNA within a cell
3. Correlation between mutagens and their effects on DNA
4. Experiments on bacterial transformation (Griffith, 1928)
HYPOTHESIS: Material in dead bacterial cells can genetically transform living bacterial cells.
Kill the virulent & strain | Mix dead S strain cells with living,
bacteria by heating. | nomvirulent R strain bacteria.
METHOD 3 B B \
—~ =2 B4 =4 %’—?,ﬂ%—w
Living . Living ‘ ‘ I ‘ ‘ : .
:Slstrajn ‘ R strain :‘f: ‘ ‘ ;"f: ‘ A
(virulent) (nomvirulent) 2 L —) L 2
) | Qe \.‘_1 E 1
Injection a
o < P P — Y
™ — b -T:ic- e \‘* \6 - - \ 1 ¥ ——
RESULTS Mouse dies Mouse healthy Mouse healthy Mouse dies
Living S strain cells Mo bacterial cells No bacterial cells Living S strain cells
found in heart found in heart found in heart found in heart
CONCLUSION: A chemical substance from one cell is capable of genetically transforming another cell.
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5. Experiments to identify the transforming principle
(Avery, MacLeod and McCarty, 1944) http://www.dnaftb.org/17/animation.htmi

DETERMINING THAT DNA IS THE HEREDITARY MATERIAL

i ._ . 1. Remove the lipids
e e Has pias and carbohydrates
18 from a solution of
g Choiydate heat-killed S cells.
ke Proteins, RNA, and
' DNA remain.
Add 2. Subject the
; solution to
/- protelnases ribonuclease /- deoxynbonuclease amonts of

- Sample should . Sample should +:++| Sample should ae!merlzymt?;torgt?ig:y

contain i+ contain 1,: contain RNA, or oNA.

NO PROTEIN & ° NO RNA . NODNA
i [ 0
’ 3. Add a small portion

Add R cells Add R cells Add R cells of each sample to a

5% P /- /’ culture containing

el -, . R cells. Observe whether
¢ RN 5 _-' transformation has
(~.'@® - Scells [+'@® -+ Scells | NoScells  occurred by testing for
LA appear e * = appear R appear the presence of virulent
: . S cells.
Transfor]mation occurs No transformation occurs

Conclusion: Transformation cannot occur unless DNA is present.
Therefore, DNA must be the hereditary material.

6. Transduction experiments (Hershey and Chase, 1952)
https://tinyurl.com/HersheyChaseExpt

*Note: you would need to use a laptop/desktop and download
a chrome extension (e.g. “Flash Player for Chrome”) to view the tutorial.

Copyright @ The McGraw-Hill Companies, Inc. Permission required for reproduction or display.

DNA

labeled ; g
r capsid b

Viruses in
liquid are not
radioactive.

Bacteria In
sediment are
radioactive.

centrifuge —

1. When bacteria and viruses are cultured together, 2. Agitation in blender dislodges viruses. 3. Centrifugation separates viruses from bacteria and
radioactive viral DNA enters bacterium. Radioactivity stays inside the bacterium. allows investigator to detect location of radioactivity.

a. Viral DNA is labeled {yellow).

Viruses in
il liquid are
2~ radioactive

! @ ? P .
- Bacteria In
e sediment
—— are not
— radioactive.
—

centrifuge ——-

1. When bacteria and viruses are cultured together, 2. Agitation in blender dislodges viruses. 3. Centrifugation separates viruses from bacteria and
radioactive viral capsids stay outside bacteria. Radioactivity stays outside bacteria. allows investigator to detect location of radioactivity.

b. Viral capsid is labeled (yellow).
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. Structure of DNA

A. Building Blocks of Nucleic Acids

*+ Two types of nucleic acids:
o Deoxyribonucleic acid (DNA)
o Ribonucleic acid (RNA)
* Nucleic acids are macromolecules composed of repeating subunits (monomers) called nucleotide
Structure of a nucleotide
¢+ Each nucleotide is composed of:
o apentose sugar (five-carbon sugar); M

o anitrogenous base; and

o aphosphate group CIJ— N/J\H
Base O=l|>—0 CH, o Nitrogenous
(oF base
(adenine)
: + + = Phosphate
: : group OH H
Ribose or Fhosphate Mucleoticle
deoyribose — Sugar
Diagrammatic representation of a nucleotide Structure of a nucleotide
Pentose

¢+ A five-carbon sugar that occurs as a ring form.

¢+ Two types of pentose are found in nucleic acids: ribose (in RNA) and deoxyribose (in DNA).

¢+ Main difference between ribose and deoxyribose:

o  hydroxyl group (-OH) at carbon atom 2 in ribose is replaced by a hydrogen atom (H).

5 o 4
HOCH, OH HOCH, O~ OH
4C. H H CY 4C_ H H CTY
\ < / \ 3o /
H C o C H H C o C H
OH OH OH H
Ribose Deoxyribose

Nitrogenous base
*+ Heterocyclic ring of carbon and nitrogen atoms.

¢+ Each nucleic acid contains four different types of bases, which can be categorised into:

o  Purines (have a six-membered ring fused to a five-membered ring)

o Pyrimidines (have one six-membered ring)
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H | I
o _& c -~ CH
AN N g A _ Cis
Ns * cH " ‘ s HNG s Hi ¢ B
HC2 ; eCH Pl c2 , SCH _G2 | SCH
SN CHEN N o7 N
H H H
Pyrimidine Uracil (U) Thymine (T)
(found in RNA) (found in DNA)
o
H I
o (0
e N
N\ HNS ® ge ™ 7\
g CH \ Il s CH
9 Ccz2 3 4Cc 9
N N
H H
Adenine (A) Guanine (G)
Purine Pyrimidine
DNA Adenine (A) and Guanine (G) Cytosine (C) and Thymine (T)
RNA Adenine (A) and Guanine (G) Cytosine (C) and Uracil (U)

Formation of Nucleotide

¢+ The three components, i.e. pentose, phosphoric acid and a nitrogenous base, join to form a nucleotide

via condensation reaction.

o 1 carbon of the pentose is linked via a glycosidic bond to the nitrogenous base.

o 5 carbon of pentose is linked via a phosphoester bond to the phosphate group.

River Valley High School
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+ Different nucleotides are formed according to the sugars and bases they contain. (Refer
to table below: Nucleotide and Nucleic Acid Nomenclature)

Base Nucleoside Nudleotide Nudeicacid
Purines
Adenine Adenosine Adenylate RNA
Deoxyadenosine Deoxyadenylate DNA
Guanine Guanosine Guanylate RNA
Deoxyguanosine Deoxyguanylate DNA
Pyrimidines
Cytosine Cytidine Cytidylate RNA
Deoxycytidine Deoxycytidylate DNA
Thymine Thymidine or deoxythymidine Thymidylate or deoxythymidylate DNA
Uracil Uridine Uridylate RNA
Note: “Nucleoside” and “nucleotide” are generic terms that include both ribo- and deoxyribo- forms. Also, ribonucleosides and ribonu-
cleotides are here desig d simply as nucleosides and nucleotides (e.g., riboad ine as ad ine), and deoxyrib leosides and
deoxyribonucleotides as deoxynucleosides and deoxynucleotides (e.g., deoxyriboadenosine as deoxyadenosine). Both forms of naming
are acceptable, but the shortened are more ¢ ly used. Thymine is an exception;“ribothymidine” is used to describe its un-
usual occurrence in RNA.
Table 8-1
Lehninger Principles of Biochemistry, Fifth Edition

© 2008 W.H.Freeman and Company

Formation of Polynucleotide

¢+ Two nucleotides join to form a dinucleotide by condensation reaction between the phosphate group
of one nucleotide and the 3’ carbon of pentose of the other nucleotide.

¢+ The two nucleotides are joined by a phosphoester bond between the phosphate group of one
nucleotide and the 3’ carbon of pentose of the other nucleotide.

0" 0-
-o—-{’=o -o—{’=o
o) 0
5 cl:H
a8 P
4 1
\3_2/ \T_I/
(BH (l)H bond O OH
acton -0—p=0 + HO
—_—
TH
~O—p= B |
! e
|
cHy ) 4
N 1 OH OH
Ny
o
OH OH

¢+ Addition of further nucleotides produces a polynucleotide, with a backbone consisting of alternating
sugar and phosphate groups i.e. sugar-phosphate backbone.

+ 5’ end of a polynucleotide ends with a phosphate group attached to 5’ carbon of pentose

¢+ 3’ end of a polynucleotide ends with an OH group on 3’ carbon of pentose
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A Figure 6.5 {a) Structure of part of 2 polynuclestide. (b) Simplified representation of part of 2 polynuclentide.

B. Physical Structure of DNA

Road to Discovery of Structure of DNA

* Inthe early 1950s, Nobel prize winning chemist Linus Pauling worked out the a-helical structure that
is common to many fibrous proteins and was applying himself to the problem of DNA structure, which
evidence suggested was also a fibrous molecule.

¢+ At the same time, Maurice Wilkins and Rosalind Franklin of King’s college,
London were tackling the same problem using the technique of X-ray
crystallography. They prepared pure fibres of the salt of DNA, from which they
managed to get complete X-ray diffraction patterns.

¢+ Based on the X-ray diffraction data, it is concluded that DNA:
o isalong, thin molecule, diameter of 2 nm

o consists of 2 strands

o s coiled in the form of a helix; one complete turn of double helix is 3.4nm ) o
(b) Franklin’s X-ray diffraction
Iong photograph of DNA

o has 10 bases to each complete turn of the helix
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¢

In 1951, Erwin Chargaff et al analysed the DNA from many different organisms. The DNA were

hydrolysed and the purines (A,G) and pyrimidines (T,C) released were quantified.

It was observed that:

o  The base composition of the DNA of an organism is constant throughout all the somatic cells of

that organism and is characteristic for a given species.

o Inall the double-stranded DNAs, the molar amount of purines (i.e. A + G) is equal to the molar

amount of pyrimidines (i.e. C + T).
o  The amount of adenine (A) is always equal to that of thymine (T)

o  The amount of guanine (G) is always equal to that of cytosine (C)

o The base composition of DNA varies greatly from one organism to another. This is clearly
expressed by the dissymmetry ratio, (A+T) / (G+C).

(b) Base compositions of DNAs from various sources

1

Source A

Human 30.9
Sea urchin 328
E. coli 24.7
Sarcina lutea 134
T7 bacteriophage 26.0

*Source: From Chargaff, 1950.

“Moles of nitrogenous constituent per mole of P. (Often, the recovery was less than 100 percent.)

Base composition

2
T

294
321
236
12.4
26.0

3
G

19.9
17.7
26.0
371
24.0

4
C

19.8
17.3
25.7
371
24.0

Base ratio
5 6

A/T G/C
1.05 1.00
1.02 1.02
1.04 1.01
1.08 1.00
1.00 1.00

A + T/G + C ratio

7

8

A+GQ/NC+T) (A+T)C+ G)

1.04
1.02
1.03
1.04
1.00

1.52
1.58
0.93
0.35
1.08

Based on the above evidences, James Watson and Francis Crick of the Cavendish Laboratory in
Cambridge began building scale models of polynucleotides in the hope that a convincing structure

would emerge.

o According to the proposed model, which was published in 1953, DNA exist as a double helix in
which the two polynucleotide strands are coiled about each other in a right-handed (anti-

clockwise) helix.
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Secondary Structure of DNA — The Double Helix

(B)
The blue bands rapresent g Phosphorus
the two sugar-phosphate
chains
Carban in
sugar-phosphate
Pairs of basas form “backbons”

horzentd connections
betwseen the chains,

carbon of one sugar 1o the 5 carbon of
the naxt sugar along the backbone,

[Ea:h phosphate group links the 3"

(C): Schematic representation (right)
of a short segment of a DNA
molecule, showing (i) the sugar-
phosphate  backbones of the
polynucleotide strands,

(i) their antiparallel nature (opposite
chemical polarity), and

(iii) complementary base pairing

© 2008 by Sinauer Associates, Inc.
All rights reserved. Used with
permission.
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(A): Francis Crick (left) and James Watson
(right)

(B): Diagram (left) and space-filling model
(right) of Watson-Crick double helix model
of the structure of DNA

© 2008 by Sinauer Associates, Inc. All
rights reserved. Used with permission.

hydrogen bonds that haid the two

Pairs of complementary bases form
strands of the DNA double helix together.

The strands both run in a 5-to-3°
direction—they are antiparallsl 5" end
3 end
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Main Features of the Double Helix
The double-helical model of DNA proposed by Watson and Crick (1953) has the following main features:
1. DNA consists of two polynucleotide strands.

2. Each polynucleotide strand forms a right-handed (anticlockwise when viewed from top down) helical
spiral and the two strands coil around each other to form a double helix.

3. The diameter of the double helix is 2nm.

4. The two polynucleotide strands ran in opposite directions i.e. they are antiparallel. One strand is
oriented in the 5’ to 3’ direction while the other is oriented in the 3’ to &’ direction.

5. Each strand has a sugar-phosphate backbone, with:

o phosphate groups that project outside the double helix, and
o  nitrogenous bases that orientate inwards towards the central axis at almost right angles

»  This orientation is important because it puts the relatively hydrophobic nitrogenous bases in
the molecules interior and thus away from the surrounding aqueous medium.

6. Specific, complementary base pairing occurs between adenine (A) and thymine (T) and between
cytosine (C) and guanine (G).

7. The bases of the opposite strands are bonded together by relatively weak hydrogen bonds.
o A-T base pair is held by two hydrogen bonds
o C-G base pair is held by three hydrogen bonds

one nucleotide —

- > - - > -
sugar-phosphate complementary base pairs sugar-phosphate
backbone P backbone o

one polynucleotide chain H-bond; " one polynucleotide chain

A adenine . .
O phosphate I G guanine } two rings wide
: Z:‘;{g‘s’l‘;z } one ring wide

e ' —=—————— hydrogen bonds

(sugar)

Fig 5.48 DNA - diagrammatic structure of straightened chains

8. The number of nucleotides containing adenine is equal to the number of nucleotides containing
thymine, while number of nucleotides containing cytosine is equal to the number of nucleotides
containing guanine. Thus ratio of Ato T is 1:1 and ratio of Cto G is 1:1

9. Along the central axis of the DNA molecule, the base pairs are stacked 0.34nm apart. One complete
turn of the double helix has ten base pairs and spans a distance of 3.4nm.

River Valley High School 11 2025 JC1 H2 Biology
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10. Because of the way of the bases bond with each other, the two sugar phosphate backbones of the
double helix are not equally spaced along the helical axis.

o  This result in grooves of unequal sizes between the backbones called the major groove and
minor groove.

o Both these grooves are large enough to allow protein molecules to make contact with the bases.

Figures show two proteins binding to major grooves of DNA

Source: DNA binding proteins - BioLibretext

River Valley High School 12 2025 JC1 H2 Biology
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Why do the bases form specific, complementary base pairing?

1. Available space within the double helix

1 1
¢ The DNA double helix has a uniform Purine + purine: too wide
diameter of 2 nm.

¢ T and C are pyrimidines, which have a

1

1

single ring. A and G are purines, which :
are about twice as wide as pyrimidines. : O O

¢+ A purine-purine pair is too wide and a :

1

1

Pyrimidine + pyrimidine: too narrow

pyrimidine-pyrimidine pair is too narrow
to account for the 2nm diameter of the

. 1 1
double helix. I ) o
PUI’II‘I_S + pyrn'nldlne: width
> Solution: pair a purine with a : . consistent with X-ray data
R .

pyrimidine.

|
I I
Copyr

2. Hydrogen-bonding ability of the bases

¢+ Each nitrogenous base has
chemical side groups (such “ H
as H, N and O) that can form /

hydrogen bonds with its -
appropriate partner. r \ r / )
¢ Such chemical side groups /= 7 /" N — Heeoooons N

in purines and pyrimidines Sugar N Sugar = }.7"
have well defined positions. \
[¢] Sugar N——Hesoooeee o Sugar
¢+ A can form 2 hydrogen Adenine (A) Thymine (T) 7
. . H
bonds with T; G can form 3 Guanine (G) Cytosine ()
hydrogen bonds with C. Copyright © 2005 Poarson Education, Inc, Publishing as Pearson Benjamin Cummings. Al rights reserved

What is the significance of the complementary base pairing?

*+ Specific, complementary base pairing between A-T and G-C meant that the nucleotide sequence
in one strand could dictate the nucleotide sequence in the complementary strand.

*+ Forexample, if one strand has the sequence 5’-GAATTC-3’, the complementary, antiparallel strand
would have the sequence 3'- CTTAAG -5’

*+ This is necessary in DNA replication and transmission of the information stored in the molecule. If
the base sequence in one of the strands is accidentally altered, the cell can repair the damaged
strand by using the remaining intact partner as a template.

Stability of the DNA molecule

¢+ In order for DNA to be a stable storage of genetic information, its structure must be relatively resistant
to spontaneous changes.

¢+ The high degree of stability of the DNA double helix results from:

1. Phosphoester bonds between nucleotides are strong covalent bonds.

o  They confer strength and stability on the polynucleotide strand, preventing breakage of the
strand during DNA replication.

2. A large number of hydrogen bonds between base pairs. (note: each hydrogen bond, by itself is
weak)

Hydrophobic interactions between the stacked base pairs.

The exposure to outside influences of only the sugar-phosphate backbone.

o  The potentially reactive side-groups of deoxyribose are already involved in various different
bonds such as glycosidic and phosphoester bonds.

River Valley High School 13 2025 JC1 H2 Biology
Lecture Topic 7: DNA Replication



5. The involvement of nitrogenous bases in hydrogen bonds.

o The nitrogenous bases which form the repository of genetic information are safely tucked
inside the double helix and are rather immobilised by the geometric tightness of the molecule.

6. [ONLY in eukaryotes] The DNA double helix is tightly wound around an equal mass of histones
(positively-charged proteins) to form a repeating array of nucleosomes.

o  The histones form ionic bonds with the negatively charged phosphate groups of DNA.

o The nucleosomes are eventually folded into higher order structures such as chromosomes,
in which DNA is prevented from thermal and physical damage.

-At the shpks( level, chromatin ) DNA double helix
is a double-stranded helical ‘ (‘ .
structure of DNA.
) / ‘ l \ ‘l
o l
& l »
""5\ DNA is complexed . Each nucleosome consists of A chromatosome consists
@}T\ with histones to eight histone proteins around of a nucleosome plus the

}&ﬂ, form nudeosomes. which the DNA wraps 1.65 times. H1 histone.
N

—

/uﬂ ,\ \
V‘W 3 ":: B

Nucleosome core of

eight histone molecules %,, £
B .. .that forms loops averaging Chromatosome

300 nm in length. B The nucleosomes fold up to |

Histone HI

\ | produce a 30-nm fiber...
300 nm = 2
Ay gt & : .
%
o ¢ 7
sl O ™
[ The 300-nm fibers are
compressed and folded to v = e
250-nm-wide fiber — | produce a 250-nm-wide fiber. BB Tight coiling of the 250-nm

" T s
WA {é[i&fzmﬁmwwwww,c L

Annunziato, A. (2008) DNA packaging: Nucleosomes and chromatin. Nature Education
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11 Replication of DNA

A. DNA Strands as Templates for Replication

¢

The idea that there is specific pairing of nitrogenous bases in DNA led Watson and Crick to the correct
double helix. At the same time, they saw a functional significance of the base-pairing rules:

“It has not escaped our notice that the specific pairing that we have postulated immediately suggests
a possible copying mechanism for the genetic material.”

The two strands of DNA are complementary — each stores the information necessary to reconstruct
the other.

When a cell copies a DNA molecule, each strand serves as a template for the synthesis of new,
complementary strand. Nucleotides line up along the template strand according to the base-paring
rules and are linked to form a new strand.

Where there was one double-stranded DNA molecule at the beginning of the process, there are now
two DNA molecules — each an exact replicate of the ‘parent’ molecule to ensure faithful transmission

@&
s

(a) The parent molecule has (b) The first step in replication (c)Each parental strand now (d) The nucleotides are

two complementary is separation of the two serves as a template that connected to form the
strands of DNA. Each base DNA strands. determines the order of sugar-phosphate back-

is paired by hydrogen nucleotides along a new, bones of the new strands.
bonding with its specific complementary strand. Each “daughter” DNA
partner, A with T and G molecule consists of one
with C. parental strand and one

new strand.

Copyright © 2005 Pearson Education, Inc. Publishing as Pearson Benjamin Cummings. All rights reserved
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B. Mechanism of DNA Replication

¢+ The mechanism of DNA replication as suggested by Watson and Crick’s semi-conservative model is
conceptually simple. This involves separation of parental DNA strands, whereby each acts as a
template for the synthesis of a new daughter strand. The daughter molecule therefore comprises one
parental strand and a new daughter strand.

¢+ The mechanism of DNA replication involves the following steps:

1. Location of origin of replication

Leading Lagging
strand strand

2.
3. Synthesis of RNA primer ':L\L
4. =_>/ s

Synthesis of daughter DNA strands

-
-
@) Single-strand binding ©) The leading strand is 7\ -

proteins stabilize the synthesized continuously Lagging Leading
unwound parental DNA. in the 5’ — 3’ direction by : strand OVERVIEW strand
DNA polymerase. 3

Separation of parental DNA strands Origin of replication

Helicases unwind the
parental double helix.

o The lagging strand is
synthesized discontinuously.
Primase synthesizes a short
RNA primer, which is
extended by DNA polymerase
to form an Okazaki fragment.

5 DNA
Parental DNA Polymerase

6 After the RNA primer is
replaced by DNA (by another
DNA polymerase, not shown),
DNA ligase joins the Okazaki
fragment to the growing
strand.

“Overall direction of replication

DNA ligase

A summary of DNA replication.

The detailed diagram (left) shows one replication fork, but as indicated in the overview diagram (right), replication usually occurs
simultaneously at two forks, one at either end of a replication bubble. Notice in the overview diagram is initiated by a RNA primer, as is each
Okazaki fragment in a lagging strand. Viewing each daughter strand in its entirety, you can see that half of it is made continuously as a
leading strand, while the other half (on the other side of the origin) is synthesised in fragments as a lagging strand.
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=

Location of Origin of Replication

1

2)

3)

Replication of a DNA molecule begins at specific sites called origins of replication.
The two polynucleotide strands separate and form a replication bubble. At each end of a replication
bubble is a replication fork (a Y-shaped region where the new strands of DNA are elongating).
Replication of DNA proceeds in both directions, until the entire molecule is copied.
Parental (template) strand
Origin of replication

Replication begins at specific 9 P Daughter (new) strand
sites where the two parental (1] VN o
strands separate to form = —~ = — = -
replication bubbles. w, R —d 5

Bubble Replicationfork :.1
The bubbles expand laterally, M .
as both DNA replication B ... |}
proceeds in both directions. TN T -

Y
Eventually, the replication 3
bubbles fuse, and synthesis of Two daughter DNA molecules
the daughter strands is
complete. (a) In eukaryotes. DNA replication begins at many sites (b) In this micrograph, three replication
along the giant DNA molecule of each chromosome. bubbles are visible along the DNA
of a cultured Chinese hamstercell
(TEM).
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2. Separation of Parental Strands

During replication, there is a continual need for the separation of the base pairs of the parental DNA
molecule so that DNA strands can act as templates for the synthesis of daughter DNA strands. Three types
of proteins are involved in the separation of parental DNA strands: (i) Helicase, (ii) Single-strand DNA-
binding proteins, and (iii) Topoisomerase.

1. Helicase catalyses the breakage of hydrogen bonds, thus separating the two parental DNA strands.

o The parental DNA strands have the tendency to bind together via hydrogen bonds. Hence,
helicase activity requires energy (in the form of ATP) to break the bonds and keep the strands
apart.

2. Single-strand DNA-binding proteins (SSB proteins) bind tightly to single-stranded regions of DNA
to help maintain the stability of the replication fork.

o  Single-stranded DNA is very labile — binding of SSB proteins keeps it from being degraded.

o Binding of SSB proteins also keeps the single-stranded DNA in an extended configuration and
prevents it from folding back on itself. This ensures that the DNA is still “readable” by DNA
polymerase.

DMA polymasrass r
e Figurl: S5=17 The effect of ﬂng]!_

single-stranded region 1{,ra|11:I DiMA-binding proteins (558
af DA template proteini) on the structure of

wwith short regions singlo-strandoed DMNA, Because each
of base-paired “hairpins”

protein meleculs profors to bind next wom
previoush bound molecule, long rows of
& thit protein form an 3 DNA single sorand)
E Thit cooperative binding straightens out thi
DA remplate and facilitages the DMNA
- polymerization process. The “hairpin
helices™ shown in the bare. single-stranded
DA result from a chance matching of
short regions of complementary
nucleotide sequence: they are similar to
the short helices that typically form in
RMA molecules (see Figure |-&).

sengle-arand
binding pretein
MOoNOMers

cooperative protain binding stralghtens reglon of chain

3. Topoisomerase create a transient break by nicking a strand of DNA. This helps to unwind the double
helix ahead of the replication fork for initiation of replication.

o  The tension holding the DNA double helix in its coiled and supercoiled structure can thus be
relieved.

Unwound

parental

duplex - Movement of the
P S growing fork during DMA replication

—— induces farmation of positive supercails in
. DA / the duplex DNA ahead of the Tork. In
S replication 1 ordor for extensive DNA synthesis 1o
gireular > proceed, the positive supercoils must be
wmplate | removad (relaxed). This can be accom-
: LOverwound  glished by £ colt DNA gyrase and by
L region sukaryetic type | and type || topoisomaer-
ases, lAdapted from A Kornberg and
T. Baker, 1992, DNA Repiication, 2d ed.,

W. H. Freeman and Company, p. 380.]

5. @
Topoisomerase
OOO DNA p(swivel)
O helicase . . R .
OO Figure 15-10  Proteins Involved in Unwinding the DNA at
the Replication Fork. Three types of proteins are required for this
(\ , pe / - aspect of DNA repfication. The actual unwinding proteins are the heli-
P [ lo / ) / cases; the principal one in £ coki, which is part of the primosome, oper-
@ ates 5" — 3’ along the template for the lagging strand, as shown here.
Single-strand binding proteins (SSB) stabilize the unwound DNA in an ex-
tended position. A topoisomerase forms a swivel ahead of the replication

Single-stranded DNA fork: in E. coli, this topoisomerase is DNA gyrase.
3 binding protein (SSB)
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3. Synthesis of RNA Primers

Enzymes that synthesise DNA cannot initiate the synthesis of a polynucleotide; they can only add
nucleotides to the 3’ OH end of an already existing strand that is base-paired with the template strand.
The initial oligonucleotide — known as a primer - is actually a short stretch of RNA, not DNA.

1. A portion of each parental DNA strand serves as a template for making the RNA primer with
complementary base sequence.

2. An enzyme called primase catalyses synthesis of RNA primer in 5’ to 3’ direction.

o RNA primer is about 10 nucleotides long in eukaryotes.

3. DNA polymerase (lll) can now elongate the strand by adding the next dNTP to the free 3’ hydroxyl
group of the primer.

4. DNA polymerase (1) will later replace RNA nucleotides of the primers with DNA nucleotides.

Primase Single-stranded region
of parental DNA

l € RNA primer is

synthesized by primase.

WIIIIIIIIIIIIIIIIIII

RNA primer

Newly made DNA

(2] DNA polymerase Ill uses
primer to initiate DNA
synthesis in 5’ — 3’ direction.

5’ 3
3" 5’

Newest

DNA

RNA still to
be replaced /

€ DNA polymerase |
replaces RNA with DNA.

5 3
3 5
o

() DNA ligase seals gap in new strand.
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4. Synthesis of Daughter DNA Strands

1.

The separated parental DNA strands form the template along which deoxyribonucleoside
triphosphates (dNTPs) align themselves by complementary base pairing i.e. adenine to thymine and
guanine to cytosine.

DNA polymerase (lll) catalyses the formation of a phosphoester bond between the 3’ hydroxyl group
of the last nucleotide in the growing strand and the 5’ phosphate group of the incoming dNTP.

o Inthis process, the incoming dNTP loses two of its phosphates as a pyrophosphate molecule when
they form the covalent phosphoester bond with the growing strand. The energy released from
pyrophosphate bond breakage is coupled to phosphoester bond formation.

DNA polymerases (lll) thus catalyses the polymerisation of the new DNA strand in 5’ to 3’ direction.

New strand Template strand
5" end 3’end 5'end 3’end

Pyrophosphate

Nucleoside 2@,
triphosphate 5 end 5"end

Copyright © 2005 Pearson Education, Inc. Publishing as Pearson Benjamin Cummings. All rights reserved

Each growing new DNA strand is antiparallel to its parental template strand.
The leading strand is synthesised continuously as a single polymer along the template strand.
o  The leading strand is polymerised in the mandatory 5’ to 3° manner towards replication fork.

The lagging strand is synthesised discontinuously as a series of short fragments called Okazaki
fragments along the template strand.

o  Each Okazaki fragment requires an RNA primer for strand initiation.

o Each Okazaki fragment is polymerised in the mandatory 5 to 3' manner against the overall
direction of the replication fork. About 100 to 200 nucleotides per fragment in eukaryotes.

Copyright © The McGraw-Hill Companies, Inc. Permission required for reproduction or display.
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7. DNA ligase catalyses the formation of a phosphoester bond between the 3’ end of each new Okazaki
fragment and the 5’ end of the growing strand to form a continuous strand.

8. Each daughter DNA molecule now consists of a newly synthesised strand and a parental strand.

End-Replication Problem

Upon the completion of DNA replication of linear DNA in eukaryotes, the RNA primers complementary to
the 3’ ends of both daughter DNA molecules cannot be replaced after their removal. This results in the
newly synthesised strands being shorter than the template strands. This is known as the end replication
problem.

Parental DNA -
SRR RN RO RCRRORCR, -
RNA priming and
DNA synthesis

3)
5)’
RNA primer
A, 1,1, TRV 1,1 TR
5!
Removal of primers

and filling of gaps

with DNA where a
3’ end is available

TR R o

5.!‘

\\Gap remains unfilled
OO OO0, =

Further rounds
of replication

Shorter and shorter
daughter molecules
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1. The end replication problem arises due to the specificity of DNA polymerase. DNA polymerase can
only add deoxyribonucleotides to the free 3’-OH end of a pre-existing polynucleotide, not to the 5’ end.
Without a 3’ hydroxyl group at the 5’ ends of the newly synthesised strand, the addition of the DNA
nucleotides is not possible, resulting in a gap.

2. This progressive shortening of DNA strands with each replication limits the number of cell divisions to
approximately 40-60 times, a phenomenon known as the Hayflick limit, before apoptosis
(programmed cell death) is triggered.

3. Telomeres found at the ends of DNA molecules are used to buffer the loss of important genetic
information as a result of this end replication loss.
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C. DNA Repair and Maintenance

DNA Repair during Replication:

¢

¢

The accuracy of DNA replication cannot be attributed solely to the specificity of base pairing. DNA
repair mechanisms do contribute to the accuracy.

o errors in the completed DNA molecule amount to only one in a billion nucleotides

o Initial pairing errors between nucleotides and those in the template strand are 100 000 times
more common — an error rate of one in 10 000 base pairs.

During DNA replication, DNA polymerases proofread each nucleotide against its template as soon as
the nucleotide is added to the growing strand. Such proofreading is achieved by the 3" to %

exonuclease activity of the DNA polymerase.

5t 5
G
T
G Primer ,
A terminal 3—*5
Jomismaten/  eyonuclease
\E: Al | of
- olymerase
T #i A poy
T A Continues in
3'fo 5 direction
CiiEiG till it finds a
G complementary
Au T match
5] 5 &

(a)

Figure 5.27 “Proofreading” by the 3'—-5" exonuclease
activity of DNA polymerases during DNA replication. If DNA
polymerase is presented with a template and primer contain-
ing a 3" primer terminal mismatch (a), it will not catalyze
covalent extension (“polymerization™). Instead, the 3—5'

DNA Repair and Maintenance of Existing DNA:

!
~ .

Polymerase
activity

exonuclease activity, an integral part of many DNA poly-
merases, will cleave off the terminal mismatched nucleotide
(b). Then, presented with a correctly base-paired primer
terminus, DNA polymerase will catalyze 5—3' covalent
extension of the primer strand (c).

¢
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Maintenance of the genetic information encoded in DNA requires frequent repair of various kinds of
damage to existing DNA.

DNA molecules are constantly subjected to potentially harmful chemical and physical agents, such as:
o Reactive chemicals such as free radicals (in the environment and occurring naturally in cells)

o Radioactive emissions

o  X-rays

o Ultraviolet light

which can change nucleotides in ways that can affect encoded genetic information, usually adversely.
Fortunately, changes in DNA are usually corrected before they become self-perpetuating mutations
o  Each cell continuously monitors and repairs its genetic material

o Because repair of damaged DNA is so important to the survival of an organism, it is no surprise
that many DNA repair enzymes have evolved.

Most mechanisms for repairing DNA damage take advantage of the base-paired structure of DNA.

o Usually, a segment of the strand containing the damage is excised by a DNA cutting enzyme —
a nuclease.

o  The resulting gap is filled in with nucleotides properly paired with nucleotides in the undamaged
strand.

o  This type of repair is called nucleotide excision repair.
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¢+ One function of the DNA repair enzymes in our skin cells is to repair genetic damage caused by
ultraviolet rays of the sunlight

o  One such type of damage is the covalent linkage of thymine bases that are adjacent on a DNA
strand.

o  Such thymine dimers cause the DNA to buckle and interfere with DNA replication.

o Inherited genetic defect in the nucleotide excision repair enzymes — xeroderma pigmentosum.
Individuals with this disorder are hypersensitive to sunlight. Mutations in their skin cells caused
by ultraviolet light are left uncorrected and cause skin cancer.

@ A thymine dimer
distorts the DNA molecule.

e A nuclease enzyme cuts
the damaged DNA strand
~ at two points and the
/| damaged section is
— / removed.
Nuclease
DNA ©® Repair synthesis by
polymerase ) aDNA polymerase
fills in the missing
TT— nucleotides.
DNA
ligase @ DNA ligase seals the

free end of the new DNA
to the old DNA, making the
strand complete.
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