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FIGURE 25-2 The Meselson-Stahl experiment. (a) Cells were grown

for many generations in a medium containing only heavy nitrogen,

15N, sa that all the nitrogen in their DMNA was '*N, as shown by a sin- After second

gle band iblue) when centrifuged in a CsCl density gradient. (b) Once doubling in 14

the cells had been transferred to a medium containing only light ni-

trogen, "N, cellular DNA isolated after one generation equilibrated

at a higher position in the density gradient ipurple band. (c) Contin-

uation of replication for a second generation yielded two hybrid DMAs H H L L
and two light DNAs (red), confirming semiconservative replication.
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FIGURE 25-3 Visualization of bidirectional DNA replication. Repli-
cation of a circular chromosome produces a structure resembling the
Greek letter theta (6). {a) Labeling with tritium (*H) shows that bath
strands are replicated at the same time (new strands shown in red).
The electron micrographs illustrate the replication of a circular £ colfi
plasmid as visualized by autoradiography. (b) Addition of *H for a
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short period just before the reaction is stopped allows a distinction to
be made between unidirectional and bidirectional replication, by de-
termining whether label (red) is found at one or bath replication forks
in autoradiograms. This technique has revealed bidirectional replica-
tion in E. call, Bacifius subtifis, and other bacteria.
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MECHANISM FIGURE 25-5 Hongation of a DNA chain. (a) DMNA polymerase | activity requires a
single unpaired strand to act as template and a primer strand to provide a free hydrosyl group at
the 3" end, to which a new nuclectide unit is added. Each incoming nuclectide is selected in part
by base pairing to the appropriate nucleotide in the template strand. The reaction product has a
new free 3" lydroxyl, allowing the addition of another nuclectide. (h) The catalytic mechanism



(S (B 0 o [y (Je g0 (ol S )

(proofreading) Uas> guxas

3’->5’ exonuclease
Vel =V el s S e



DMNA polvmerase I

DMNA polvmerase
active site

— 3A"=5 (proofreading)

i OH 3.!

m %ﬂﬂ
folotoioiototeiol

exonucleasa
active site

ia a rare tantomeric
form of cytosine (C¥)
that paira with A and
ig incorporated into
the growing strand.

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

l The mispaired 3'-0H
end of the growing
% * strand blocks further
elongation. DN A
[ [:] polyvmerase shdes back
ololololol i posiionth

mispaired base in the

3’ =5 exonuclease
1 active aite.
T
w 'CEOQOQ —CEOQ nucleotide 18 removed.
DMNA polvmerase slides
forward and resumes its
polymerization activity.

* OH
ﬁmmm??
LR G

FIGURE 25-T An example of error correction by the 3'—5" exonu-
clease activity of DNA polymerase 1. Structural analysis has located
the exonuclease activity ahead of the polymerase activity as the en-
zyme is oriented in its movernent along the DMNAL A mismatched base
there, a C-A mismatch) impedes translocation of DMA polymerase |
to the next site. 5liding backward, the enzyme corrects the mistake
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TABLE 25-1 Comparison of DNA Polymerases of E coli

DNA polymerase

I I I
Structural gene’ polA polB polC (dnakE)
Subunits (number of different types) 1 7 =10
M, 103,000 ES.DUDT 791,500
3'—5" Exonuclease (proofreading) Yog Yos Yos
5'—3" Exonuclease Yos Mo MNo
Polymerization rate (nucleotides/s) 16-20 40 250-1,000
Processivity (nucleotides added 3-200 1,500 =500,000

before polymerase dissociates)

“For enzymes with more than one subunit, the gane Istad here encodes the subunit with polymerization activity, Nota that dnaf
E an earller deslgnation for the gene now rafamad to 35 poiC.

tPalymarization subunit only DMA palymerase || shares several Subunits with DMA palymarase I, Including the B, v, & &, 1.
and W subunits (see Table 25-2).



TABLE 25-2 Subunits of DNA Polymerase lll of E. coll

Number of
subunits per
Subunit  holoenzyme M, of subunit Gene Function of subunit
o 2 129,800 polC (dnaE)  Polymerzation activity
£ 2 27,500 dna) (mutD) 3'—5" Proofreading exonuclease Core polymerase
f 2 8,600 holE
T 2 71,100 dnaX Stable template binding;
core enzyme dimerization Clamp-loading (~y) complex that
¥ 1 47,500 dnaX’ Clamp loader loads B subunits on lagging
& 1 38,700 halA Clamp opener strand at each Okazaki fragment
&' 1 36,900 holB Clamp loader
X 1 16,600 holC Interaction with SSB
ilr 1 15,200 holD Interaction with + and y
B 4 40,600 dnal DNA clamp required for

optimal processivity

“Tha ¥ SUbunit 15 encoded by a potlan of e gene for the + subunit, such that the amino-terminal S6% of he r subURt has
the ama amind acld sequance as the -+ subunit, The v subunit k& ganerated by a ransltonal Tramashifing mechanlsm (s2e
Box 27-1) that leads to premature translational termination.



FIGURE 25-10 DNA polymerase Il (a) Architecture of bacterial
Core (celd) DMA polymerase |1l Two core domains, composed of subunits a, &,
and 8, are linked by a five-subunit ¢ complex falso known as the
clamp-loading complex) with the composition t2y85". The v and
subunits are encoded by the same gene. The y subunit is a shortened
version of 7; the = subunit thus contains a domain identical to y, along
with an additional segment that interacts with the core polymerase.
The ather two subunits of DNA polymerase 1%, x and f (not shown),
also bind to the ¢ complex. Two 8 clamps interact with the two-core
subassemnbly, each clamp a dimer of the B subunit. The complex in-
teracts with the DnaB helicase through the  subunit. (b) Two B sub-
units of £, coli polymerase [l forrm a circular clamp that surrounds the
DMA. The clamp slides along the DMNA molecule, increasing the pro-
cessivity of the polymerase Il holoenzyme to greater than 500,000 by
preventing its dissociation from the DMAL The end-on view shows the

>
helicaze “m_____> @\\I twio 8 subunits as gray and light-blue ribbon structures surrounding a
I

| space-filling model of DMNA. In the side view, surface contour models
of the B subunits (gray) surround a stick representation of a DMNA dou-
ble helix ilight and dark blue) (derived from PDE |D 2POL).
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FIGURE 25-11 Arrangement of sequences in the E. coli replication
origin, oriC. Although the repeated sequences (shaded in color) are
not identical, certain nuclectides are particularly commaon in each po-

Consensus sequence
TTATCCACA

sition, forming a consensus sequence. In positions where there is no
consensus, M orepresents any of the four nucleotides. The arrows indi-
cate the orientations of the nucleotide sequences.
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TAEBLE 25-3 Proteins Required to Initiate Replication at the E. coll Origin

Number of
Protein M. subunits Function
Dnad protein 52,000 1 Recognizes on sequence; opens duplex at specific sites in
origin
DnaB protein (helicase) 300,000 6 Unwinds DNA
DnaC protein 29,000 1 Required for DnaB binding at ornigin
HU 19,000 2 Histonelike protein; DNA-binding protein; stimulates initiation
Primase (DnaG protein) 60,000 1 Synthesizes RMA primers
Single-stranded DNA-binding
protein (SSB) 75,600 4 Binds single-stranded DNA
RNA polymerase 454,000 5 Facilitates DnaA activity
DNA gyrase (DNA topoisomerase 1) 400,000 4 Relieves torsional strain generated by DNA unwinding
Dam methylase 32,000 1 Methylates (5")GATC sequences at onC

“subunits In these cases am Mantical,
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TABLE 25-4 Proteins at the E. coli Replication Fork
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 RMNA primer synthesis; primosome constituent
DNA polymerase I 791,500 17 New strand elongation
DNA polymerase | 103,000 1 Filling of gaps; excision of primers
DNA ligase 74,000 1 Ligation
DNA gyrase (DNA topoisomerase ) 400,000 4 supercoiling

Modifled from Kombarg, & {1982) Supplement to DNA Repfication, Table S11-2, W, H. Freaman and Company, New vark.
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A FIGURE 4-33 Schematic diagram of leading-strand

and lagging-strand DNA synthesis at a replication fork.
Mucleotides are added by a DNA polymerase to each growing
daughter strand in the 5'—3" direction (indicated by arrowheads).
The leading strand is synthesized continuously from a single
RMNA primer (red) at its 5" end. The lagging strand is synthesized
discontinuously from multiple RNA primers that are formed
periodically as each new region of the parental duplex is
unwound. Elongation of these primers initially produces Okazaki
fragments. As each growing fragment approaches the previous
primer, the primer is removed and the fragments are ligated.
Repetition of this process eventually results in synthesis of the
entire lagging strand.
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FIGURE 25-13 Synthesis of Okazaki
fragments. (a) At intervals, primase
synthesizes an RNA primer for a new
Okazaki fragment. Mote that if we
consider the two ternplate strands as
lving side by side, lagging strand
synthesis formally proceeds in the
opposite direction from fork movement.
(k) Each primer is extended by DA
polymerase |1, () DMNA synthesis
continues until the fragment extends as
far as the primer of the previously added
Okazaki fragment. A new primer is
synthesized near the replication fork to
begin the process again.



FIGURE 25-14 DNA synthesis on the leading Care
and lagging strands. Events at the replication fork | )
are coordinated by a single DNA polymerase (11 —p- Leading

) . . . +— —————— strand
dimer, in an integrated complex with DnaB
helicase. This figure shows the replication Clamp-loading complex
process already underway (parts (a) through (e) - with open 4 sliding clamp
are discussed in the textl. The lagging strand is i Lagging strand
looped so that DNA synthesis proceeds steadily -
on both the leading and lagging strand templates DnaB RENA primer
at the same time. Red arrows indicate the 3" end Dofkpm‘-il;?us

L aza

of the two new strands and the direction of DINA fragment

synthesis. Black arrows show the direction of
movement of the parent DMNA through the
complex. An Ckazaki fragment is being
synthesized on the lagging strand.

(@) Continuous synthesia on the leading strand proceeds
as DINA is unwound by the DnaB helicaze.
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FIGURE 25-16 Mechanism of the DNA ligase reaction. In each of
the three steps, one phosphodiester bond is formed at the expense of
another. Steps (1) and (2) lead to activation of the 5" phosphate in
the nick. An AMP group is transferred first to a Lys residue on the en-
zyme and then to the 5' phosphate in the nick. In step @), the 3'-
hydroxyl group attacks this phosphate and displaces AMP, producing a

phosphodiester bond to seal the nick. In the E. coli DNA ligase reac-
tion, AMP is derived from NAD™. The DNA ligases isolated from a
number of viral and eukaryotic sources use ATP rather than NAD™,
and they release pyrophosphate rather than nicotinamide mononu-

cleotide (NMN]) in step D.
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FIGURE 25-17 Termination of chromosome replication in

E. coli. (a) The Ter sequences are positioned on the chromo-
some in two clusters with opposite orientations. (b) Replication
of the DNA separating the opposing replication forks leaves the
completed chromosomes joined as catenanes, or topologically
interlinked circles. The circles are not covalently linked, but
because they are interwound and each is covalently closed,
they cannot be separated—except by the action of topoiso-
merases. In E. coli, a type 1l topoisomerase known as DNA
topoisomerase IV plays the primary role in the separation of
catenated chromosomes, transiently breaking both DNA strands
of one chromosome and allowing the other chromosome to pass
through the break.
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