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Introduction

The prokaryotic chromosome is a circular molecule.
They are supercoiled structure that are suspended in cytoplasm.
They are negatively supercoiled during normal growth.

Most prokaryotes contain single circular genome, however some have multiple
copies of genome, such as Vibrio cholerae (Cholera) contains 2 genomes (Trucksis
et. al., 1998) and Borrelia burgdorferi (Lyme disease) contains up to 11 copies of
genome (Ferdows & Barbour, 1989).

2 Borrelia burgdorferi genome are not supercoiled as that of Escherichia coli (E. coli);
rather; their DNA strands are diffused throughout the cell (Hinnebusch & Bendich,
1997).

2 In addition to genome, most prokaryotes also contain linear or circular small DNA
molecules known as plasmid, an extrachromosomal DNA molecule that encode
nonessential genes. It may be found in one or multiple copies in the bacteria.
Borrelia may contain up to 20 plasmids (Fraser et al., 1997).

2 Plasmids are much smaller than genome often contain only 1500 kb and replicate
independently.

2 Replication, which is a duplication of chromosome, starts from a sequence known
as the origin of replication (point at which the DNA opens up) in prokaryotes.
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Introduction

Q

The specific structure of the replication origin varies somewhat from
species to species, but all share some common characteristics such as
high AT content.

Prokaryotes have single replication origin per circular chromosome except
Archaea have several replication origin. It is called as OriC in E. coli.

It is called as theta replication as the structure resembles the Greek
alphabet theta (0).

The replication in prokaryotes occurs in three origin of replication
steps: '
1.) Initiation: at replication origin

2.) Elongation: at replication fork

3.) Termination: at termination sequence

_— Replication fork

Replication is bidirectional Y-shaped formation 5'-tg-3'
of replication fork runs in both directions. l direction
Replication is semi-continuous:

Leading strand — continuous
Lagging strand — fragmented (Okazaki fragments)
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Mode of replication

0 Replication is performed by semiconservative mode, i.e., one strand of DNA is
conserved (template strand) while other strand is not conserved.

Three postulated methods of DNA Replication
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Initiation

2 DNA replication starts with the formation of replication origin which is highly conserved
among bacteria.

0 The oriC replication origin of E. coli 245 base pairs.
0 The key sequences oriC are two series of short repeats; three repeats of a 13 base pair
sequence and four repeats of a 9 base pair sequence.
Tandem array of Binding sites for DnaA protein,
three 13 bp sequences four 9 bp sequences
7 1
EET R I§]
oV A
Consensus sequence Consensus sequence

GATCTNTINTTTT TTATCCACA

1 DnaA protein binds to 9-mer DnaA box consensus sequence, 5-TTATnCACA-3' and
results in unwinding of DNA at oriC. (DiaA complex : DiaA-DnaA complex)

2 Unwinding results in the recognition of DNA by other replication proteins that act
subsequently in the initiation process.

0 Thereafter, integration host factor binds to its single site, which causes a sharp (120-180°)
bend in the double helix (Swinger and Rice, 2004).

2 Acomplex consisting of oriC, IHF, DiaA, and oligomeric ATP-DnaA is considered to make
up the initiation complex in E. coli (Keyamura et al., 2007, 2009).

2 This complex finally leads to the loading of DNA helicases and thereby the formation of
replisomes.
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Initiation

Unbinding of DNA by helicases

5 TTTTTTTTTT TR TIITITY 3

DNA helicase An enzyme that unwinds the double
Bnde helix by breaking the hydrogen bonds

7 between the complimentary bases
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NS Figure 5-16, Molecular Biology of the Cell, 4th Edition,

Figure 5-15. Molecular Biology of the Cell. 4th Edition.
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Initiation

2 Replisome — DNA ploymerases, helicases, SSBs, DNA
ligase, clamps (e.g. topoisomerases).

0 Replisome is a multienzyme complex of >1MDa.

Leading sxrond Clame Polymerase W dimer

A A AL

Leadmg strend Lemplate

Lagging strand template R -
x’%\tf O \QM g e
\ DNA replication

Polymerase | Okazaki fragment

http://www.bioinfo.org.cn/book/biochemi
stry/chapt24/bio3.htm
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Initiation

Regulation of initiation of replication

fully
methylated hemimethylated origins are

origin resistant to initiation

L /&\\ )
\\_,{ A =2

initiation occurs if sufficient origins become fully

resources are available to complete ~ methylated, making them
a round of DNA replication again competent for initiation

Molecular Biology of the Cell, 4th Edition.
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Elongation

2 Elongation of new DNA at a replication fork.

1 Itis catalyzed by enzymes called DNA polymerases, which add nucleotides to the
3' end of a growing strand.
3’ end of .strand

template
strand

5’ end of strand
.

DNA polymerase adds

Q
—O-P=0 _ )
Q. nucleotides to the deoxyribose
: (3") ended strand ina 5'to 3'
primer . .
strand direction
3" end
of strand
L S . .
“O-P-Q-P-O~P=0-H>C ;_O; |
(& il @ il O g s
;:wrophosphate OH Accura_c .
- - : — , b 1 error in 1 billion bases
incoming deoxyribonucleoside -O-((;‘O

triphosphate

Speed
500 nt/s in bacteria

50 nt/s in mammals

5’ a'nd_
Molecular Biology of the Cell, 4th Edition. of strand
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Elongation

2 DNA s synthesized in 5°to 3"direction

5" triphosphate
S )
HO-Sco )
. : 3 5 primer
incoming strand
deoxyribonucleoside
triphosphate template
, Strand
5 3
QO —» QO +0
pyrophosphate
; 5-t0-3’ ; 3’ 5’
irection of - ;
: Bacterial chromosome
chain growth doubles in 40 min

,._‘-

Molecular Biology of the Cell, 4th Edition.
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Elongation

RNA polymerase or DNA primase

» Makes the 10 nt RNA primer
required for start of replication
in the beginning of leading
strand.

> In beginning of each Okazaki-
Fragment, it synthesizes primer
sequences of ribose nucleotide.

Figure 5-12. Molecular Biology of the Cell, 4th Edition.
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Elongation

- Topoisomerase in initiation complex prevents over-winding of the DNA double helix
ahead of the replication fork as the DNA is opening up by breaking the strand.

one end of the DNA

double helix cannot

rotate relative to the
other end

the two ends of the DNA double
helix can now rotate relative to
each other, relieving accumulated
strain

OH
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i
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type | DNA
topoisomerase
with tyrosine at

e schive it the original phosphodiester bond

energy is stored in the phosphotyrosine
linkage, making the reaction reversible

DNA topoisomerase covalently
attaches to a DNA phosphate,
thereby breaking a phosphodiester

linkage in one DNA strand ;
spontaneous re-formation

\ of the phosphodiester bond
| regenerates both the DNA

/ helix and the DNA
topoisomerase

[}
QO C O O O ¢

the two ends of the DNA double
helix can now rotate relative to
each other, relieving accumulated
strain

Figure 5-25 part 1 of 2. Molecular Biology of the Cell, 4th Edition. Figure 5-25 part 2 of 2. Molecular Biology of the Cell, 4th Edition.
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Elongation

2 Nucleotides are added by the DNA polymerase.

incoming
deoxyribonucleoside
triphosphate

“th b” DNA polymerase requires:
um

template
strand

1. A free 3-OH group
supplied by RNA Primer
for start of
polymerisation

gapin
helix

2. Mg2+ ions for activity in
active site

“fingers” primer

strand 3. A template to copy

" palmll

Molecular Biology of the Cell, 4th Edition.
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Elongation

2 Nucleotides are added by the DNA polymerase. DNA polymerase is a protein
complex like DNA polymerase Il composed of 10 subunits as shown below.

Subunit function
0 not known
3’ exonuclease
o] polymerase
B clamp
T dimerisation
v =
0 clamp loader
"
X -

Structure of DNA polymerase Il (dnaX)
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Elongation

Binding of SSBs proteins to DNA

sugar-phosphate
backbone of DNA

single strand DNA bases
3 5
[ —— )

2 nm

doain A domain B
(A)  single-strand binding protein (SSB) (B)

Figure 5-18. Molecular Biclogy of the Cell, 4th Edition.
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Elongation

Binding of SSBs proteins to DNA

DNA polymerase

single-stranded region
._ of DNA template
with short regions
of base-paired “hairpins”

Each SSB bind to 7-10 nt
Bind 1in clusters
Cooperative binding
Lowers Tm of template

single-strand
binding protein

monomers ‘

cooperative protein binding straightens region of chain

Figure 5-17. Molecular Biology of the Cell, 4th Edition.
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Elongation

E. coli contains multiple DNA polymerases

DNA poly | DNA poly Il DNA poly Il
Number/cell 400 100 10
Speed (nt/s) 16-20 2-5 250-1000
3' exonuclease Yes . Yes No
5' exnuclease Yes No No
Processitivity 3-200 . ‘ 10000 500000
Role DNA repair DNA repair Replication
RNA primer removal

» DNA poly | was found by Arthur Kornberg at mid 1950’s
> It has three enzymatic activities:

» Polymerase activity

» 3’ to 5’ exonuclease activity

* 5" to 3’ exonuclease activity

Klenow enzyme is lacking one subunit responsible for the 5’ to 3’ exonuclease activity.
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Elongation

replication origin

’_l . - R
nmnnmmrmmmmmnmpmnnmnnnmnnmnm
DNA replication 1s
LOCAL OPENING O .
OF DA HELIX bidirectional
“‘umlm,,’
|Illlllll“lll"llllllllllh ’gnl{m:l}{ﬂ}:n{:ﬁ:{:
A Bidirectional
idirectio
RNA PRIMER
SYNTHESIS _//:\—
Replication
s “ﬁ““mmrm”’mumumumu forks #
Illllllllll!llllllllll!l, \lllnllllllllllllll 1]
lmummu\ v
NEW DNA CHAIN V
STARTS LEADING- s
STRAND SYNTHESIS l
\"o\ﬂlllllllllﬂlllllllllb
mmuumxiuur%m uu&gnummmunm Unidirectional
RNA PRIMERS START
ADDITIONAL NEW
DNA CHAINS
lagging strand leading strand
of fork 1 05 fork 2
unme- s q '?mn
i
aﬁqm"mmm ‘*"""'""um,{m ¥
leading strand lagging strand
of fork 1 of fork 2
--FORK 1 FORK 2 -+

Figure 5-29. Molecular Biology of the Cell, 4th Edition.
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Elongation

replication origin

\ parenta_l DNA helix

|
AT-rich sequence

initiator proteins

BINDING OF INITIATOR
PROTEIN TO
REPLICATION ORIGIN

DNA helicase bound

to helicase inhibitor -EZJ) ——|

BINDING OF DNA
HELICASE TO
INITIATOR PROTEIN

inhibitor

helicase % /

LOADING OF HELICASE
ONTO DNA STRAND

HELICASE OPENS HELIX
AND BINDS PRIMASE
TO FORM PRIMOSOME

RNA PRIMER SYNTHESIS

ENABLES DNA
POLYMERASE TO START

__ }FIRST DNA CHAIN

DNA polymerase
begins leading

strand of fork 1

ADDITIONAL DNA CHAINS
AND FORMATION
OF REPLICATION FORKS

TWO REPLICATION FORKS
MOVING IN OPPOSITE DIRECTIONS

Figure 5-31. Molecular Biology of the Cell, 4th Edition,

Inititation of replication
at the replication origin
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Elongation

0 DNA s synthesized in the replication fork in 5’ to 3’ direction

Direction of feplication Machine Movement

>
. Leading Strand Template Strand £
NN
] Zi : ._ DNA helicase

e

DY/AV/\V/N\

Lagging Strand > 3
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Elongation

0 DNA s synthesized in the replication fork in 5’ to 3’ direction

>

5 5’ triphosphate

Figure 5-7. Molecular Biology of the Cell, 4th Edition.

Here, a primer sequence is added
with complementary RNA
nucleotides by RNA polymerase
called primase, which are then
replaced by DNA nucleotides.

DNA polymerase adds DNA
nucleotides to the 3’ end of the
newly synthesized polynucleotide
strand.

The template strand specifies which

of the four DNA nucleotides (A, T, C,
or G) is added at each position along
the new chain.

Only the nucleotide complementary
to the template nucleotide at that
position is added to the new strand.
Once DNA replication is finished, the
daughter molecules are made
entirely of continuous DNA
nucleotides, with no RNA portions.
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Elongation

0 Leading strand synthesis is continuous whereas lagging strand is synthesized in

fragments
3, S

Ny, _leading strand
> = most recently

'«.'g-._:\. . s "-"--_?" = ~X 51
5 T3 .3 — synthesized 3 | o
S A DNA 3
I - lagging strand with 3
5,‘:-1" Okazaki fragments e
5/

Figure 5-8. Molecular Biology of the Cell, 4th Edition.

DNA polymerase can only synthesize new strands in the 5" to 3’ direction.

The “leading strand” is synthesized continuously toward the replication fork as helicase
unwinds the template double-stranded DNA.

The “lagging strand” is synthesized in the direction away from the replication fork and
away from the DNA helicase unwinds.

This lagging strand is synthesized in pieces because the DNA polymerase can only
synthesize in the 5" to 3' direction. The pieces are called as Okazaki fragments

Length of Okazaki fragments in prokaryotes are 1000-2000 nt.

o 0O O D00
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Elongation

O Error correction or proofreading: Any error that has been left during the
replication is corrected by DNA polymerase.
Q Error repair is achieved with the exonuclease activity of DNA polymerase.

primer
strand

template
strand

POLYMERIZING EDITING

Figure 5-10. Molecular Biology of the Cell, 4th Edition.

This results in a very low error rate of 1 in 1 billion nucleotides
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Elongation

Error correction
» 3’ to 5’ exonuclease activity corrects errors

0~Z~ unpaired 3’-OH end of primer
v A blocks further elongation of
gtrand A %’o primer strand by DNA polymerase

N L
-MOHOEOH-H°HO}='-HO

rare tautomeric form of C {C*)
template | happens to base-pair with A
strand and is thereby incorporated by
-1 DNA polymerase into the primer strand

3'-to-5’ exonuclease activity
attached to DNA polymerase
chews back to create a base-paired
3’-OH end on the primer strand

MOM*MO&OMOHOMOH%MO
normal cytosine (C) destroys its

base-pairing with A DNA polymerase continues

the process of adding
nucleotides to the base-paired
3-OH end of the primer strand

"

l rapid tautomeric shift of C* to

unpaired 3-OH end of primer
blocks further elongation of
primer strand by DNA
polymerase

-m-m-m-m-m-m-m-
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Elongation

Sealing the nick of Okazaki fragments

new RNA primer
RNA synthesis by DNA
primer  primase

g:—S’ 3'¢gm5’ 5
» DNA ligase seals the nicks between . .agéing- gm polymerase adds to new
i strand primer to start new
Okazaki fragments template } Okazaki fragment
: 3 m— —5
> It requires close and free 3'-OH and 5-P L —
and proper base-pairing DNA polymerase finishes
DNA fragment
4
» NAD" required in prokaryotes S S

old RNA primer erased
and replaced by DNA

ATP required in eukaryotes nick sealing by DNA ligase
joins new Okazaki fragment
to the growing chain

! —— 5
g’ 3

Figure 5-13. Molecular Biology of the Cell, 4th Edition.
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Elongation

Sealing the nick of Okazaki fragments — Nick sealing by DNA ligase

(NMN)
(NAD*Y) b, base
b base +
s -0 9 ATP AMP
O \‘ \ /
H + O, 5
DNA ligase
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Termination

Termination of replication takes place at the termination site in the prokaryotic

DNA
0 DNA replication terminates
Origin when replication forks reach
ific ‘termination sites’,
Counterclockwise ’/J-\\ Clockwise specific

fork ‘ fork I.e. replication forks mee_t
)\ 1 each other on the opposite
end of the parental circular

DNA.
( TerG \k ‘;‘T%B Q The two replication forks are
Terk g Py, P / Counter- synchronized by 10-23 bp Ter
Clockwise ~~_12'B T‘;rC g‘:ikt‘:;? sequences that bind Tus
fork trap proteins
O Tus proteins can only be
displaced by replisomes
Terminus Utilization Substance (Tus) coming from one direction

O Tus protein binds to terminator sequences (Ter sequence) and acts as a
counter-helicase when it comes in contact with an advancing helicase. The
bound Tus protein effectively halts DNA polymerase movement.
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Enzymes and Proteins of Prokaryotic DNA Replication

Enzyme/protein Specific function

DNA pol | Exonuclease activity removes RNA primer and replaces
with newly synthesized DNA

DNA pol Il Repair function

DNA pol Il Main enzyme that adds nucleotides in the 5'-3' direction

Helicase Opens the DNA helix by breaking hydrogen bonds
between the nitrogenous bases

Ligase Seals the gaps between the Okazaki fragments to create
one continuous DNA strand

Primase Synthesizes RNA primers needed to start replication

Sliding Clamp Helps to hold the DNA polymerase in place when

nucleotides are being added

Topoisomerase Helps relieve the stress on DNA when unwinding by
causing breaks and then resealing the DNA

Single-strand binding Binds to single-stranded DNA to avoid DNA rewinding
proteins (SSB) back.
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Steps of the DNA replication in prokaryotes

(.

(I

O 00000

DNA unwinds at the origin of replication.

Helicase opens up the DNA-forming replication forks; these are extended
bidirectionally.

Single-strand binding proteins coat the DNA around the replication fork to
prevent rewinding of the DNA.

Topoisomerase binds at the region ahead of the replication fork to prevent
supercoiling.

Primase synthesizes RNA primers complementary to the DNA strand.
DNA polymerase starts adding nucleotides to the 3'-OH end of the primer.
Elongation of both the lagging and the leading strand continues.

RNA primers are removed by exonuclease activity.

Gaps are filled by DNA pol by adding dNTPs.

The gap between the two DNA fragments is sealed by DNA ligase, which
helps in the formation of phosphodiester bonds.
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Steps of the DNA replication in prokaryotes
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