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Models of Replication

 Watson and Crick1953: “it has not escaped our notice
that the specific base-pairing suggests a possible copy
mechanism”

e A consequence of complementary base pairing is
that nucleotides on one strand of the duplex can be
used to identify nucleotides on the other strand

o After the DNA structure was identified, three
competing models of DNA replication emerged
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Figure 7.8 Three proposed mechanisms of DNA replication. Meselson and Stahl will test these hypothesis.
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The Meselson-Stahl Experiment

* In 1958, Meselson and Stahl used cesium
chloride (CsClI) centrifugation to test the models
of DNA replication

 method to separate molecules with different
molecular weights

less dense

4

5 more
: dense

© 2015 Pearson Education, Inc.



After one round of
replication, the DNA
of an aliquot of cells

was isolated and

centrifuged to
determine its density
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One Origin and bi-directionality: replication in Bacterial DNA

e John Cairns reported the
first evidence of bacterial
origins of replication Al
1963
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Figure 7.12 Bidirectional DNA replication: SCHEME

(a) Bidirectional replication proof (b) Bidirectional replication model
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Eukaryotic
chromosomes have
multiple origins of
replication

Cells are exposed to
high level of radioactive
compound to incorporate
in DNA synthesis (pulse)
and following the pulse
the compound labeled is
removed (Chase)

The alternance between
radioactive and not is
examined by radiography
and the pattern of
alternating pulse and chase
(dark and light) on on both
sides of origin is compatible
with bidirectionality

(a) Result of pulse-labeling experiment

Label

<— Origin of —>
replication A

l

<«— Origin of —>
replication B

e

| Il | Il Il |
ChasePulse Pulse Chase Pulse

concentration

(I
Pulse Chase

High label concentration (darker) results from
the radioactive pulse, and low concentration
(lighter) results from the radioactive chase.

(b) Interpretation according to bidirectional model

Label

<— Origin of —>
replication A

Chase Pulse Pulse Chase Pulse

concentration

|

<— Origin of —>
replication B

PulseChase

The symmetry of the pattern on both sides of
the two origins of replication shown indicates
that replication is proceeding bidirectionally

outward from each replication origin.
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Multiple Replication Origins in Eukaryotes

« Autoradiograph analysis shows multiple origins of
replication (thousands: homo 10.000) on eukaryotic

chromosomes
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7.4 DNA Replication

e Replication is best studied in bacteria

 Replisomes: large complex aggregations of proteins
and enzymes, assemble at each replication fork

il
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B
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o Helicase breaks hydrogen bonds. Topoisomerase
relaxes super-coiling.
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 Best characterized ORIGIN-OF-REPLICATION:
oriC in E.coli (245bp A-T rich)

e Comparison within and between bacterial species
leads to identification of consensus sequences,
characterized by the nucleotides found most often at
each position of DNA in the conserved region

* Replication origins P¢'conserved nucleotide
sequence that acts as the BINDING SITE for
proteins that initiate the replication

(a) E. coli oriC

rrrrrrr
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Bacterial Replication Origins

e Replication origins of bacterial different species have similar
(conserved) but not identical sequences

e oriC is subdivided by 3 sequences made of 13bp (13-mer)
and 4 of 9bp (9-mer). These sequences of oriC are
conserved—they play an essential role in replication—
(sequence itself + spacing for proteins assemble)

—E. coli
chromosome

(a) E. colioriC

P—|
I I
I 7 245 bp\ |
,—13-mer—| [—13-mer—| ,—13-mer—| [—9-mer—| |—9-mer—| |—9-mer-| |—9-mer—|
J—"" f |
// \\ / \
IR UCIM GATCTATTTATTT CELWCIM TTATCCACA
sequence [APNCTNPVV:NEV.YS sequence LY.NV.{clciicy)
‘ Consensus sequence Consensus sequence
L ' | L |
[ I
13-mer tandem repeat array 9-mer tandem repeat array
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Eukaryote Replication Origins

e The multiple origins of replication are called
autonomously replicating sequences (ARS)

e Saccharomyces cerevisiae (yeast) has the most

fully characterized origin-of-replication
sequences: ARS1

e Replication origins of other eukaryotes are less well characterized

(b) S. cerevisiae autonomous replicating sequence 1 (ARS1)
| 95 bp

|
Baj B, B, rn bp —‘

(<1 TTAAAGCA N CGATTCTTTATCCAATAATGAAAAL.YY, NV VNACACGGAAAL, ATTTTCTAG Y, : AGACATTTTATTG
7 ~N

7 ~N
o k7
A/T TTTAT A/G TTT A/T
T/A AAATA T/C AAA T/A

Consensus sequence
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Figure 7.15a Origin of replication sequences in E. coli and yeast.

(a) E. colioriC
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Figure 7.16 Replication initiation at
oriC, requiring DnaA, DnaB, and
DnaC proteins.

* DnaA binds first, bends the
DNA (at 9-mers seq.), and
breaks hydrogen bonds in the
A-T rich sequences (=13-

mers seq.)
 DnaB is a helicase that uses

ATP energy to break
hydrogen bonds of
complementary bases to
separate the strands and
unwind the helix

« DnaB is carried to the DNA
helix by DnaC
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Figure 7.17 DNA supercoiling in bacteria (a) and @ Singie-stiarigd binding (58) peoteln prevaaty

reannealing.

its cutting and release by topoisomerase (b). STB

* The unwound DNA strands are W@wm{ SO0,
more stable reannealing: it is p—
prevented by Single-Stranded (a) Template strand Replication
binding protein (SSB) Replcation (30000

Replication
bubble

» Unwinding of circular chromosomes
will create torsional stress,
potentially leading to
supercoiled DNA Fig.a)

— Supercoiled
DNA

* Enzymes called topoisomerases
catalyze controlled cleavage and
rejoining of DNA that prevents
overwinding Fig.b)

* |[n eukaryotes: linear DNA rotates!
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RNA Primers Are Needed for DNA Replication

e To start the elongation process: DNA polymerase Il
elongates DNA strands by adding nucleotides to the 3’ end of
a pre-existing strand: the overall direction is 5= 3’

* DNA polymerase lll cannot initiate DNA strand synthesis
on its own... needs a 3’'OH-free

 ITIS NECESSARY A PRIMER!! : RNA polymerase (called
primase or DNAG) synthesizes RNA primers

* Primase (RNA-pol/DNAG) joins DnaA, DnaB, and DnaC at

oriC (it is used RNA-pol enzyme because no primer is necessary)

Q DnaG synthesizes RNA primers. () DNA polymerase lll synthesizes daughter strand.
: Leading strand
RNA primer
DNA polymerase Il
g/ @2DnEC » ~— (pol )
5' P 5’ o WL, 3
RNA primer ' b = 3
g s VOVODOT 5, Lagging strand g S >UIPOPOO( S

5 -QQOUMV e
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DO YOU THINK THAT THESE PRIMERS
MADE WITH RNA CAN STAY in the DNA
FOREVER?77?

« OBVIOUSLY NO... WE WILL SEE HOW A
SPECIALIZED ENZYME CALLED
DNA polymerasel will remove the

RNA primers (~12bp and 3'-OH-free)



Continuous and Discontinuous Strand Replication

* The parental strands are the template and
daughter DNA strands are synthesized by
the DNA polymerase Il (pol Ill)
holoenzyme (E. coli)

lllllllllll

e Holoenzyme: refers to a multiprotein
complex in which a core enzyme is
associated with the additional
components

 Replisome: many of the enzymes
participating in the DNA replication are
part of this large complex. The replisome
contains two copies of pol lll and it is
located at the replication fork
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Figure 7.18 The replication

Leading strand:
one copy of pol Il
synthesizes one
daughter strand
continuously in the
same direction as
fork progression

 Lagging strand:
the other copy of pol lll
elongates the daughter

strand discontinuously, in

the opposing direction to
fork progression, via sho
segments (Okazaki
fragments)
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DO YOU REMEMBER THE
RNA-PRIMERS?7?7?7?

IT°S TIME TO REMOVE THEM



Figure 7.19 Removal and replacement of RNA primer nucleotides and ligation of Okazaki fragments in E. coli.
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Figure 7.14 DNA Replication.

o Helicase breaks hydrogen bonds. Topoisomerase
relaxes super-coiling.

3 Helicase

Topoisomerase

9 DNA polymerase Il elongates the leading strand
continuously and the lagging strand discontinuously.
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3 g (IR
O POOVO( T -
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Okazaki  fragment 1
fragment 2
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3
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5
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Okazaki Okazaki  fragment 1
Leading strand fragment 3 fragment 2
DNA polymerase Il
L
3 (pol 1)
5 "
<3 =
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Role Relaxes Unwinds the  Prevents Synthesizes Synthesizes  Removes Joins DNA
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 The DNA pol lll holoenzyme contains 11 protein
subunits, with the two pol lll core polymerases each
tethered to a different copy of the tau (t) protein

* The tau proteins are joined to a protein complex
called the clamp loader; two additional proteins
form the sliding clamp

|||||||||||
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Figure 7.20 DNA polymerase Il holoenzyme: the processivity issue and the sliding clamp

Pol lll core
polymerase

 The DNA pol lll holoenzyme
contains the two pol lll core,
N each joined to the clamp
Stidingclame— 1oader by two copies of the
tau (t) (TOTAL= protein11
protein subunits) and two
additional proteins form the
sliding clamp

Clamp loader

1T protein

(a) Two views of the sliding clamp

Pol Ill core
polymerase

; — . (b) Sliding clamp operation
The high processivity secret is an

association between sliding clamp and
core-polymerase |l

Sliding clamp

|

Template strand

Direction of replication

© 2015 Pearson Education, Inc. Newly replicated strand DNA polymerase




The Trombone Model of DNA Replication:
A. Kornberg 1960s one enzyme-two strands

© 2015 Pearson Education, Inc.
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Figure 7.22 The Trombone Model of DNA Replication:
A. Kornberg 1960s one enzyme-two strands

Lagging strand
5’ Lagging strand

Okazaki DNA polymerase
fragment 3' OH Okazaki
A B fragment
RNA primer
5’
SSB bound to DNA o

Parental duplex (| : _ Slidin
000 < ®
o

Clamp loader
T proteins
I.eadmg strand

DNA polymerase :
3’ OH Daughter

duplex

0 DNA helicase denatures the parental duplex, and SSB
coats leading strand and lagging strand templates. The
leading strand DNA pol lll-sliding clamp complex
synthesizes the leading strand continuously. The lagging
strand pol lll-sliding clamp complex synthesizes an
Okazaki fragment.
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Lagging strand

New RNA primer

@e l.oadmg strand

3’ OH

6 Primase binds the lagging strand template and synthesizes a
new RNA primer. SSB is released ahead of leading strand and
lagging strand synthesis, and ahead of RNA primer synthesis.
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Lagglng strand
3’

Pol | binds
sliding clamp.

I Pol lll is

| released. ~ Primase

is released. 8

&
C
90
o

New RNA primer

Leading strand

3' OH

0 Lagging strand DNA pol lll completes synthesis of an Okazaki
fragment and is released by the sliding clamp. A DNA pol |
replaces pol lll to begin removal of the RNA primer and
replacement of RNA nucleotides by DNA nucleotides.
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Lagging

DNA ligase

Sliding clamp
transfer

Clamp loader

Leadlng strand

3' OH

O DNA ligase joins Okazaki fragments. The clamp loader places
a new sliding clamp near the 3’ end of the RNA primer on the
newly primed lagging strand. Lagging strand DNA pol lll binds
the sliding clamp and initiates synthesis of a new Okazaki
fragment.
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* Eukaryotes have many more DNA polymerases than
bacteria

 DNA polymerase o carries out synthesis of RNA
primers

* Polymerase 0 and polymerase ¢ carry out lagging and
leading strand synthesis, respectively

e Each interacts with proliferating cell nuclear
antigen (PCNA), which functions as the sliding clamp
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Table 7.1 DNA Replication Proteins and Enzymes

Table 7.1 DNA Replication Proteins and Enzymes

Domain
Rolein
Bacteria Eukarya Archaea Replication
DnaA Orc1-6 Orc1/Cdc6  Replication-
origin
recognition
DnaB, DnaC Cdc6/Cdt1 Orc1/Cdc6é  Helicase activity
Mcm2-7 Mcm
GINS GINS Helicase
recruitment
DnaG Primase/pol o Primase Primer synthesis
DNA Pollll  DNA pol 6 Pol B DNA synthesis
7 DNApole  PolD )
DNA pol | RPA RPA DNA synthesis
RnaseH FEN1/DNA2  FEN1/DNA2 Primer removal
B (sliding) PCNA PCNA DNA polymerase
clamp progression
Tau protein  RFC RFC Replication

fork
progression
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Table 7.2 Properties of Selected Bacterial, Eukaryotic, and Archaeal DNA Polymerases

© 2015 Pearson Education, Inc.

Table 7.2  Properties of Selected Bacterial, Eukaryotic,

and Archaeal DNA Polymerases

Polymerase Functions
Bacterial polymerases
DnaG RNA primer synthesis

I RNA primer removal, proofreading,
mutation repair

1l DNA replication, proofreading

Eukaryotic polymerases

Primase/a Primer synthesis and lagging strand
synthesis

o Lagging strand synthesis,
proofreading, DNA mutation repair

€ Leading strand synthesis,
proofreading, DNA mutation repair

Archaea polymerases

Primase Primer synthesis

PolB DNA synthesis

PolD DNA synthesis
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 DNA replication is very accurate, mainly because
DNA polymerases undertake DNA proofreading, to
correct occasional errors

 Errors in replication occur 1/10° (billion) nucleotides
in E. coli

e Proofreading ability of DNA polymerase enzymes is
due to a 3'-to-5' exonuclease activity
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Figure 7.23 DNA polymerase proofreading activity: the example of pol | and pol Il

(a) DNA polymerase error

Mismatched

base pair
Polymerase

active site

Mismatches give not proper
hydrogen bond length

s’ Daughter strand

3’ Template strand

Exonuclease
active site

(b) Exonuclease removal of mismatched base pair

Daughter strand rotates out of 7
the polymerase site and into

the exonuclease site.

The displacement causes a
P rotation of the new strand
into the exonuclease site

Exonuclease
cleavage

(c) Daughter strand resumes DNA synthesis

Several nucleotides are
removed (also the erroneous
one) and the strand rotate back
to the polymerase site
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Finishing Replication

* The leading strand of linear chromosomes can be replicated
to the end

* The lagging strand requirement for a primer means that
lagging strands cannot be completely replicated: the

primer of RNA at the very end of the chromosome will be
removed and never replaced by DNA

\ { ™
(A Removal of the RNA primer leads 1o

the shortening of the chromosome

I 1
| Telomere _~ after aach round of repication.
~ A - /-:‘-571 Chromosome shortaning eventuelly
TS STPAAOINT: = .

New

strands,

Parent DNA

36
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« This problem is resolved by repetitive sequences at the ends
of chromosomes, called telomeres, THE ENZYME
CATALYZING THIS REACTION IS TELOMERASE

(ribonucleoprotein)

* These repeats ensure that incomplete chromosome
replication does not affect vital genes

N\
| Remonval of the RNA primer leads to

New | the shortening of the chromosome
strands, 3 Telomere _~ after each round of replication.
pi-”f-""’ DNA - \ ) /.. | Chromosome shortaning eventually
‘ “TI ST AAAIYN: < 850 1o ool e
Sy SO 111111111111 QAT TTTTTITITT ; .
= "
B l Telomerass
y / RNA tamplate
“TTTTTTTTTTTTTTTTTITTTTTTTTTTTTIIIONr / ((rr—
An RNA saquence In
<MLL JUUUUULY © JUUMMMNEEE - | omenase acts as 6
1 template for DNA. This
enzyme adds the telomernc

SOQUeNce to the 3" end of

B L the chromasome.
LML, (MUY, | /

the primer for DNA repilcation
has been removed

“TTTTTITTTTRTTTTTTTYTTTTTTTRPRTRVITITMIIMINNIIN > &'~ ] [ne orionallenath of the
LU (UL (LWL el
/ restored, Note the gap where
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Figure 7.24 Loss of DNA at telomeres.

* Telomeres are synthesized
by the ribonucleoprotein
telomerase 13

« The RNA in telomerase is
complementary to the
telomere repeat sequence
and acts as a template for

addition of DNA H

» Telomere sequences in most i , e rea P |
organisms are quite similar o / \j
(in homo telomere sequence Wi
is 5-TTAGGG-3’ and the .. B B B E
telomeric RNA molecule is 3’- L[ﬂ
AAUCCC-5) e e e

removal primer retdval
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Figure 7.25 Telomerase synthesis of repeating telomeric sequence.

o Attachment of telomerase

Gap left by RNA Telomerase
primer removal
5 ...AACCCC\
€ ! ’ m ,
ona _ THTITIT. 3 TR

’

.TTGGGGTTGGGGTTC a

) Elongation of DNA

..AACCCC
3 5
5'
.. TTGGGGTTGGGGTTGGGH u“‘ =l
New DNA
synthesis
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9 Translocation of telomerase

...AACCCC A, CAAC.
¥ T e —
5 N}

.. TTGGGGTTGGGGTTGGGGTT

() Elongation of DNA

...AACCCC
o

5 '
..TTGGGGTTGGGGTTGGGGT

6 Telomere completion (by DNA polymerase)

AACCCCAACCCCAACCCCAACCCCAACC

5,J.|.|.|.|.|.|.|.|.|.|.|.|.|.|.|.|.|.|.:-- TR

.. TTGGGGTTGGGGTTGGGGTTGGGGTTGG
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Importance of Telomerase Activity

* Mice that are homozygous for loss-of-function
mutations of the TERT (telomerase reverse
transcriptase; encodes telomerase) gene give
rise to developmental defects

* The defects are detected in the fourth and fifth
generations, due to loss of telomere length with each
generation

* By the fourth and fifth generations, shortening of
chromosomes is critical and apoptosis is induced
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 Telomere length is important for chromosome stability, cell
longevity, and reproductive success

 Telomerase is active in germ-line cells and some stem cells
In eukaryotes

 Differentiated somatic cells and cells in culture have virtually
no telomerase activity; such cells have limited life spans.
Telomerase is normally turned off in somatic cells

e Reactivation of telomerase can lead to aging cells that
continue to proliferate, a feature of many types of cancer

e TERT reactivation is one of the most common mutations in
cancers of all types
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MOLECULAR ASSAYS
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7.5 Molecular Genetic Analytical Methods
Make Use of DNA Replication Processes

* Molecular biologists have used their understanding
of DNA replication to develop new methods of
molecular analysis

* Two widely used methods include:
> polymerase chain reaction (PCR)

> dideoxynucleotide DNA sequencing

43
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 The polymerase chain reaction (PCR) is an
automated version of DNA replication that produces
millions of copies of a short target DNA segment

e PCR requires:

* A double-stranded DNA template containing the target
sequence to be amplified

A supply of the four DNA nucleotides

A heat-stable DNA polymerase (Taq, is isolated from Thermus aquaticus)

Two different single-stranded DNA primers (starting point for Tag

polymerase to add nucleotides)

A buffer solution
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(a) Targetlreglon

DNA €) Denaturation of DNA

by heating (95°C)
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(b) Targetlreglon

First cycle completed. Up to 35 additional
cycles double the amount of replicated
DNA from the target region in each cycle.
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Figure 7.26 Polymerase chain reaction (PCR).
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Separation of PCR Products

 Amplified DNA fragments are
separated from the rest of the reaction
mixture by gel electrophoresis

 PCR product sizes are measured in
base pairs (bp)

Verification of PCR product on
agarose or separide gel

3kb

— 383

ladder PCR fragments
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 Method to know the precise sequence of bases

 The most famous DNA-sequencing protocol is by
Sanger in 1977 (di-deoxy nucleotide method)

e Sanger Sequencing requires:
DNA polymerase
* (dNTPs)

« a small amount of one dideoxynucleotide
(ddNTP), which lacks a 3'-OH group
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Figure 7.28a Nucleotides used in DNA sequencing reactions.

(a)
Chemical structure

(0] (o} (0)

Il I Il
O—P—0O0—P—0—P—0O

I
o- O- (o) Nitrogenous

/ base
H2C 5’ fo)

4[ H H 1 r
Reacts to form 3 2] H

phosphodiester bond |~OH H

Deoxynucleotide triphosphate (dNTP)

o o o
I I |
e e e e

(on O (o) Nitrogenous
/ base
H,C 5 o)
No hydroxyl group; \H HAY
cannot form & 2| H
phosphodiester bond H H

Dideoxynucleotide triphosphate (ddNTP)

© 2015 Pearson Education, Inc.

(b)
5’ 3

P
7
o” \/o CH, H G
HCS o | N N—H-.0 H H
ii H N 4 G\(N ) - o
T & 7 N e SCH
B H T Moy 7 o_ 0
—~N %
dictP | o” o N=Hegyy o, @S
3! H2C5’ 0. \NH 74 §
v, 0o N=— =N @ \
O H H >§ N H
VRS - H O “H—N C.H
7 [} O 2
o Nof 3H H S
7\ o 9 \ 7
o O_, ~_| Cannot for_m /p\
//P\o phosphodiester bond H 0% O
g H H__N A H
2 0. o J/A / N 5
H 5'CH
z H X H 2
dTTP recruited by WN%N/H N/)CH d o

DNA polyermerase OH H %L{ H— “HO 3 \P//
] [¢] N\ o o
CH, H—N T
| b g Z § "
Incorporation of ddNTP is a o H
chain-termination reaction O~ CH

that stops replication.

48

5’



© 2015 Pearson Education, Inc.

Strand to be sequenced

Ww

Strand to be sequesced

Strand to be sequenced

Strand to be sequenced

ddé ddA ddT ddC

Length of
fragment
30
29
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0

0

=
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=
==

$328.0000858828
mmw&m

=

dideoxy-

GACG
GAC
GA

5‘

GACGCTGCGA
GACGCTGCG
GACGCTGC
GACGCTG
GACGCT
GACGC

Termination by

This sequence

is complement
to DNA template
strand
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Figure 7.30 Interpretation of a DNA sequencing gel.
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