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Incoming dNTP is attacked at the o
phosphate by the 3’ hydroxyl of the
growing DNA chain.
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DNA polymerase |
DNA polymerase
active site

335" (proofreading)

exonuclease
active site

ﬁi;u rare tautomeric
form of cytosine (C*)
that pairs with A and
is incorporated into
the growing strand.

Before the polymerase
moves on, the cytosine
undergoes a tautomeric
shift from C* to C.The
new nucleotide is now
mispaired.

The mispaired 3“0OH
end of the growing
strand blocks further
elongation. DNA
polymerase slides back
to position the
mlspulred base in the
3'35' exonuclease
active site.

The mispaired
nucleotide is removed.
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3' [Cis a rare tautomeric

Figure 25-7 part 2
Lehninger Principles of Biochemistry, Fifth Edition
& 2008 W.H. Freeman and Company

form of cytosine (C¥)
that pairs with A and
is incorporated into
the growing strand.
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Before the polymerase
moves on, the cytosine
undergoes a tautomeric
shift from C* to C.The
new nucleotide is now
mispaired.

The mispaired 3-OH
end of the growing
strand blocks further
elongation. DNA
polymerase slides back
to position the
mispaired base in the
3'>5' exonuclease
active site.
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The mispaired 3-OH
end of the growing
strand blocks further
elongation. DNA
polymerase slides back
to position the
mispaired base in the
3'>5' exonuclease
active site.

The mispaired
nucleotide is removed.



The mispaired
nucleotide is removed.

forward and resumes its
polymerization activity.
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DNA polymerase

| || [}
Structural gene* polA polB polC (dnakE)
Subunits (number of different types) 1 7 =10
M, 103,000 88,000% 791,500
3'— 5’ Exonuclease (proofreading) Yes Yes Yes
5'—3' Exonuclease Yes No No
Polymerization rate (nucleotides/s) 16-20 40 250-1,000
Processivity (nucleotides added

before polymerase dissociates) 3-200 1,500 =500,000

*For enzymes with more than one subunit, the gene listed here encodes the subunit with polymerization
activity. Note that dnak is an earlier designation for the gene now referred to as poiC.

TPolymerization subunit only. DNA polymerase Il shares several subunits with DNA polymerase lll, includ-
ing the B, v,8,8", y, and s subunits (see Table 25-2).

Table 25-1
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Number of
subunits per
Subunit holoenzyme M _of subunit Gene Function of subunit

o 2 129,900 polC (dnaE) Polymerization activity
& 2 27,500 dnaQ (mutD) 3 ::: “Er:ding L Core polymorase

2 8,600 holE Stabilization of £ subunit

2 71,100 dnaX Stable template binding;

core enzyme dimerization Clamp-loading (y) complex that

¥ 1 47,500 dnaXx* Clamp loader *  loads 8 subunits on lagging strand
5 1 38,700 holA Clamp opener at each Okazaki fragment
&' 1 36,900 holB Clamp loader
X 1 16,600 holC Interaction with 55B
W 1 15,200 holD Interaction with yand y
B 4 40,600 dnaN DNA clamp required for

optimal processivity

*The v subunit is encoded by a portion of the gene for the r subunit, such that the amino-terminal 66% of the r subunit has the same amino acid sequence
as the ¥ subunit. The y subunit is generated by a translational frameshifting mechanism (see p. ++) that leads to premature translational termination.

Table 25-2
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Tandem array of Binding sites for DnaA protein,

three 13-bp sequences, five 9-bp sequences,
consensus sequence consensus sequence
GATCTNTTNTTTT TT(A/T)TNCACC
I ¥ v ¥ ¥
DUE R1 IHF R5 I 12 R2 FIS R3 13
EEESE e | [ E Bl E [ Il
Figure 25-11
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DNA unwinding element (DUE).

|HF (integration host factor)
FIS (factor for inversion stimulation



DnaC-dependent

DnaA-ATP loading of DnaB
O DnaB

B ¢ ¢ ._ @—D:a::l’
) \-) \ 4

oriC -
binding DnaA-dependent @
denaturation of
- DUE the DUE region DnaC + ADP + P,
Figure 25-12
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DnaA protein, amember of the AAA+ ATPase

protein family (-ATPases associated with diverse cellular
activities



Number of

Protein M, subunits Function

DnaA protein 52,000 1 Recognizes ori sequence; opens duplex at specific
sites in origin

DnaB protein (helicase) 300,000 6* Unwinds DNA

DnaC protein 174,000 6* Required for DnaB binding at origin

HU 19,000 2 Histonelike protein; DNA-binding protein; stimulates
initiation

FIS 22,500 » DNA-binding protein; stimulates initiation

IHF 22,000 2 DNA-binding protein; stimulates initiation

Primase (DnaG protein) 60,000 1 Synthesizes RNA primers

Single-stranded DNA-binding

protein (558) 75,600 4* Binds single-stranded DNA
DNA gyrase (DNA topoisomerasell) 400,000 4 Relieves torsional strain generated by DNA unwinding
Dam methylase 32,000 1 Methylates (5')GATC sequences at oriC

*Subunits in these cases are identical.

Table 25-3
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DNA topoisomerase Il Leading strand synthesis
(DNA gyrase) (DNA polymerase Ill)
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RNA primer
from previous
Okazaki
fragment

Lagging strand synthesis
(DNA polymerase lll)

Figure 25-13b
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Continuous synthesis on the
leading strand proceeds as
-
_t ﬂ[‘ is unwound by the Dnas

= Clamp-loading complex
with open B sliding clamp

Lagging strand
RMA primer

of previous
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fragment

& The next § clamp s readied as
ngy AL *'L MMMMII

‘are transferred to the new
template primer and its B
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Okazaki fragment
~ synthesis nears
completion.

Primase

Primase binds to
DnaB, synthesizes
a new primer, then
dissociates.

New
RNA primer

(<)

A new B clamp is loaded onto
the new template primer by the

.~ clamp loader.

Synthesis of a new
Okazaki fragment is
completed on the
lagging strand.

Figure 25-14 part 2
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Lagging strand core subunits

are transferred to the new
template primerand its B
: clamp. The old B clamp is
(c] == d) _== discarded.
A new B clamp is loaded onto Discarded
the new template primer by the s

s

) ' ... clamp loader.

——p

Synthesis of a new
Okazaki fragment is
completed on the
lagging strand.

Figure 25-14 part 3
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(e)

The next B clamp is readied as
Okazaki fragment synthesis is
initiated.
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template primer and its B
(d) clamp. The old B clamp is
= discarded.
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Number of
Protein M, subunits Function
SSB 75,600 4 Binding to single-stranded DNA
DnaB protein (helicase) 300,000 6 DNA unwinding; primosome constituent
Primase (DnaG protein) 60,000 1 RNA primer synthesis; primosome constituent
DNA polymerase lll 791,500 17 New strand elongation
DNA polymerase | 103,000 1 Filling of gaps; excision of primers
DMNA ligase 74,000 1 Ligation
DNA gyrase (DNA topoisomerase Il) 400,000 4 Supercoiling

Source: Modified from Hornberg, A.(1982) Supplement to DNA Replication, Table 511-2, W.H. Freeman and Company, New York.

Table 25-4
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multiple copies of a 20 bp sequence called Ter

The Ter sequences function as binding sites for the protein Tus
(terminus utilization substance)

Origin
Counterclockwise Clockwise
fork fork
TerG TerB
TerF rera -/ Counter-
TerB TerC clockwise

Clockwise

fork trap fork trap

Figure 25-18
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Replication in Eukaryotic Cells

Origins of replication have a well-characterized
structure in some lower eukaryotes but they are
much less defined 1 n higher eukaryotes

Yeast ( Saccharomyces cerevisiae) has defined
replication origins called autonomousdly replicating
seguences (ARS), or replicators.

Yeast replicators span 150 bp and contain several
essential conserved sequences. About 400 replicators
are distributed among the 16 chromosomes of the
haploid yeast genome



Rate of movement of the replication fork in
eukaryotes (~50 nucleotides/s); only one-
twentiethth as observed in E. coll.

Replication of human chromosomes proceeds
bidirectionally from many origins, spaced 30 to
300 kbp apart



Eukaryotes have several types of
DNA polymer ases

Eukaryotic DNA
polymerase

DNA polymerase a
DNA polymerase 6
DNA polymerase €

Analogous activity
In prokaryotic cells

As primase
As DNA pol Il
As DNA pol |



Regulation of Replication in Eukaryotic Cdlls

Regulation ensures that all cellular D NA isreplicated
once per cell cycle. Much of thisregulation involves
proteins called cyclins and the cyclin-dependent
kinases (CDK's) with which they form complexes.

The cyclins are rapidly destroyed by ubiquitin-dependent
ptroteolysis at the end of the M phase (mitosis), and the
absence of cyclins allows the establishment of
pre-replicative complexes (pre-RCs) on replication
Initiation sites.



G2 Phase
No DNA
synthesis
RNA and
protein
synthesis
continue,

S Phase
DA synthesis
doubles the
amount of DINA
in the cell. RNA
and protein also
synthesized.

M Phase
Mitosis (nuclear
divizion) and
cytokinesis

{eell division)
yield two
daughter cells.

Restriction
A cell that passes this
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to pass into 3 phase,
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Terminally
differentiated
cells withdraw
from cell evele
indefinitely,

Reentry point
A eell returning
from GO

enters at early
1 phase.

(1 Phase

RMA and protein
synthesiz. No DNA
synthesis,

point

Phosphorylation of
Jun and Fos in nucleus

|
transeriptional
regulation

Cyclins, Transeription
CDKs factor E2F

transeriptional
regulation

Enzymes for
DNA synthesis

Passage from
(51 to 8 phase
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In rapidly growing cells, the pre-RC forms at
the end of M phase. In slow-growing cells, It
does not form until the end of Gl. Formation of
the pre-RC renders the cell competent

for replication, an event sometimes called
licensing.

Initiation of replication in all eukaryotesisthe
loading of the replicative helicase a,
heterohexameric complex of minichromosome
maintenance (M CM) proteins (MCM2 to
MCM7)
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Enzymes/proteins

Type of damage

Mismatch repair

Dam methylase

MutH, MutL, MutS proteins
DNA helicase I

SSB

DNA polymerase Il
Exonuclease |
Exonuclease VI

Recl nuclease

Exonuclease X

Mismatches

DNA ligase

Base-excision repair .

DNA glycosyinsas Abnormal bases (uracil,
hypoxanthine, xanthine);

g::"d':":z::::: 4 alkylated bases; in some

DNA :"' y other organisms,

'gase pyrimidine dimers

Nucdleotide-excision repair

ABC excinuclease DNA lesions that cause

DNA polymerase | large structural changes

DNA ligase (e.g., pyrimidine dimers)

Direct repair

DNA photolyases Pyrimidine dimers

0°Methylguanine-DNA 0®-Methylguanine

methyltransferase

AlkB protein 1-Methylguanine,

3-methylcytosine
Table 25-5
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MutH cleaves the
unmethylated strand
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v
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Gene name Protein encoded and/or role in DNA repair

Genes of known function

polB (dinA) Encodes polymerization subunit of DNA polymerase ll, required for replication
restart in recombinational DNA repair

pien Encode ABC excinuclease subunits UvrA and UvrB

uvrB

umuc Encode DNA polymerase V

umuD

sulA Encodes protein that inhibits cell division, possibly to allow time for DNA repair

recA Encodes RecA protein, required for error-prone repair and recombinational repair

dinB Encodes DNA polymerase |V

ssb Encodes single-stranded DNA-binding protein (SSB)

himA Encodes subunit of integration host factor {IHF), involved in site-specific
recombination, replication, transposition, regulation of gene expression

Genes involved in DNA metabelism,

but role in DNA repair unknown
uvrD

recN

Genes of unknown function
dinD

dinF

Encodes DNA helicase Il {DNA-unwinding protein)
Required for recombinational repair

Note: Some of these genes and their functions are further discussed in Chapter 28.

Table 25-6
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