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The proliferation of all organisms depends on the coordination of enzymatic events within
large multiprotein replisomes that duplicate chromosomes. Whereas the structure and func-
tion of many core replisome components have been clarified, the timing and order of mo-
lecular events during replication remains obscure. To better understand the replication
mechanism, new methods must be developed that allow for the observation and character-
ization of short-lived states and dynamic events at single replication forks. Over the last
decade, great progress has been made toward this goal with the development of novel
DNA nanomanipulation and fluorescence imaging techniques allowing for the direct obser-
vation of replication-fork dynamics both reconstituted in vitro and in live cells. This article
reviews these new single-molecule approaches and the revised understanding of replisome

operation that has emerged.

he duplication of chromosomes in cells is
Tconducted with high speed and accuracy
by the concerted efforts of many cellular factors
operating in concert within large replication
complexes. A typical example is the replication
machinery of Escherichia coli: It is composed
of more than a dozen components forming an
assembly with a molecular weight over 1 MDa
that unwinds and copies DNA at a rate ap-
proaching 1000 base pairs per second (Chandler
et al. 1975) while making less than one mistake
per 10° nucleotide incorporations (Drake et al.
1969). What makes this achievement even more
remarkable is that the process depends on the

coordination of molecular events over a broad
range of time and length scales, from the break-
ing and reformation of chemical bonds within
DNA polymerases to the large-scale structural
rearrangements of chromosomes. This high de-
gree of efficiency is maintained even in eukary-
otic cells where the process is more complex,
involving additional regulation and a larger
number of cellular components (Bell and Dutta
2002). Although decades of intense research
has revealed the function and architecture of
many core replisome subassemblies, the coordi-
nation of enzymatic events at the replication
fork remains poorly understood because of
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the challenge of directly observing replication
complexes in action.

Recent work has further complicated our
view of the processes at the replication fork
by revealing that replisome composition is
highly dynamic, with components rapidly ex-
changing during synthesis. A partial explana-
tion for these observations emerges when con-
sidering that robust replication in the cellular
environment depends not only on the efficiency
and accuracy of synthesis, but also on the ability
of replisomes to overcome obstacles encoun-
tered on parental chromosomes, such as tran-
scription complexes and DNA lesions (Cox et al.
2000). The recent discoveries of novel mecha-
nisms for replication restart have provided
insight into how replisomes cope with these
obstacles (Heller and Marians 2006; Lopes
et al. 2006; Pomerantz and O’Donnell 2008;
Yeeles and Marians 2011) and revealed that
replication-fork collapse and reassembly may
be a common occurrence even within a single
cell cycle (Cox et al. 2000; Indiani et al. 2009;
Langston et al. 2009). These studies support the
notion that replisomes do not operate as static
assemblies but instead have a dynamic com-
position that is responsive to the cellular envi-
ronment.

To construct a complete understanding of
the replication cycle, we must develop and em-
ploy new methods that allow for the observa-
tion and characterization of short-lived states
and dynamic events at the replication fork.
The last decade has seen great progress toward
these goals with the advent of new techniques
for observing and characterizing single repli-
somes both reconstituted in vitro and in live
cells. These efforts have started to provide a dy-
namic view of the events that occur during chro-
mosome duplication. Flow-stretching nanoma-
nipulation and fluorescence-based assays have
revealed the formation and release of loops dur-
ing Okazaki fragment synthesis and the dynam-
ic exchange of polymerases during replication
(Hamdan et al. 2009; Loparo et al. 2011; Tanner
et al. 2011; Lia et al. 2012). The development
of new fluorescence imaging techniques has
allowed for the real-time observation of indi-
vidual replisomes in vivo, which has led to a

revised understanding of replisome composi-
tion in bacteria (Reyes-Lamothe et al. 2010).
In this article, we review our current under-
standing of replisome function while highlight-
ing a broad range of new methods and technol-
ogies that allow for the direct observation of
events at single replication forks.

EXPERIMENTAL TOOLBOXES
Mechanical Stretching

The mechanical manipulation of individual
DNA molecules by means of optical trapping,
magnetic tweezing, and flow stretching has pro-
vided powerful tools for probing the function of
nucleic-acid processing enzymes involved in
DNA replication. Optical trapping and magnet-
ic tweezing allow for the direct application of
force on individual DNA molecules and the
read out of enzymatic function using feedback
control of force (Fig. 1A,B). These techniques
have been used to study the mechanism used
by helicases to unwind DNA (Johnson et al.
2007; Lionnet et al. 2007; Sun et al. 2011) and
the forces at work within polymerases during
nucleotide incorporation (Maier et al. 2000;
Wauite et al. 2000). Although these methods pro-
vide the highest resolution of enzymatic func-
tion on DNA, in most cases (Ribeck and Saleh
2008), they are not compatible with multiplex-
ing, which makes collection of statistically sig-
nificant samples sizes difficult and time con-
suming. An alternative approach that can be
multiplexed is a technique where individual
DNA molecules are stretched by laminar flow,
and their lengths are monitored by tracking the
position of small beads attached to their ends
(Fig. 1C) (van Ojjen et al. 2003; Tanner and
van Oijen 2009). Both leading-strand and coor-
dinated synthesis by replisomes have been ob-
served using this method. In the former case,
bead movement reports on the conversion
from an extended double-stranded state to a
contracted single-stranded state (Lee et al.
2006; Tanner et al. 2008). In the latter case,
bead movement reports on the formation and
release of replication loops on the lagging strand
(Hamdan et al. 2009).
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Figure 1. DNA stretching techniques. Three methods of DNA nanomanipulation are shown. (A) Optical
trapping: A focused beam of light traps a bead that is tethered to DNA. Feedback control allows the position
and force on the bead to be precisely monitored and controlled. (B) Magnetic tweezing: Permanent magnets
located above the sample generate a vertical extending force on DNA through a magnetic bead. (C) Flow
stretching: DNA-tethered beads are extended using laminar flow and imaged using wide-field optical micros-
copy. In all cases, the end of the DNA opposite the beads is attached to a functionalized glass surface.

Fluoresence Imaging

Although mechanical manipulation techniques
provide detailed kinetic information about en-
zymatic function, they do not provide direct
information about the composition of protein
assemblies or conformational states adopted by
single enzymes during operation. A complete
understanding of the events at the replication
fork will only be possible by simultaneously
observing the composition and function of sin-
gle replisomes in operation. Fortunately, many
single-molecule fluorescence techniques have
emerged that allow for the characterization of
these properties. Single-molecule fluorescence
resonance energy transfer (FRET) has been
used to distinguish between different replisome
assembly pathways (Xi et al. 2005a,b; Zhang
et al. 2005; Smiley et al. 2006) and to observe
the conformational states adopted by polymer-
ases during substrate engagement (Luo et al.
2007). Single-molecule fluorescence techniques
have also been used to visualize replication
products and short-lived changes in DNA struc-
ture during synthesis (Hamdan et al. 2009;
Pandey et al. 2009). Using these methods, the
activity of fully assembled E. coli replisomes has
been observed in real time on rolling-circle sub-
strates by flow stretching the products and stain-
ing with a DNA-intercalating dye (Fig. 2A,B)
(Georgescu et al. 2009; Tanner et al. 2009,
2011; Georgescu et al. 2012). Finally, both the

composition and structure of the phage T7
replisome have been observed simultaneously
by combining nanomanipulation techniques
with the labeling of individual polymerases
and replication substrates (Fig. 2C) (Loparo
etal. 2011).

Observing Replication-Fork Dynamics In Vivo

Understanding the action of molecular ma-
chines, like replisomes, in their natural cellular
environment is the ultimate goal of biochemical
research. The use of single-molecule fluores-
cence microscopy in live cells promises to reveal
details of composition, architecture, and dy-
namics of active replisomes. The main limita-
tion of this approach is the difficulty in detect-
ing single fluorophores over a high background,
but use of strategies to illuminate small sections
of the cells can provide the desired sensitivity, as
is the case for TIRE HILO, and SPIM (Fig. 3A)
(Tokunaga et al. 2008; Li and Xie 2011). Bacte-
rial cells (with widths <1 wm) have much lower
background fluorescence derived from auto-
fluorescence and out-of-focus fluorophores,
thereby permitting the detection of single mol-
ecules using standard epifluorescence (Li and
Xie 2011). The small number of replication
forks and range of genetic tools make bacteria
perfect models for this approach. The use of
single-molecule techniques has permitted the
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Figure 2. Study of reconstituted replisomes. (A) Schematic of single-molecule rolling-circle replication assay.
Leading-strand synthesis displaces DNA from the circle as the replisome rolls around the template. The displaced
tail is then used for lagging-strand synthesis. The DNA that couples the M13 circle to the surface increases in
length as replication proceeds. Synthesis is monitored by fluorescently staining and flow stretching the newly
synthesized products. (B) Example image of rolling-circle replication products collected using total internal
reflection fluorescence (TIRF) microscopy. (C) Schematic of single-molecule assay for simultaneously measur-
ing replisome activity and composition. Leading-strand synthesis is performed using a replication fork intro-
duced at one end of N DNA. During synthesis, the template is unwound and a compact single-stranded product
is generated on the lagging strand. The conversion from double-stranded to single-stranded DNA is monitored
using a quantum dot (QD) attached to the template. Fluorescently labeled polymerases are monitored as they
enter and exit the replisome during synthesis. All replication substrates are attached to functionalized glass

surfaces for TIRF imaging.

determination of stoichiometry and the study of
dynamics of individual molecules in bacte-
ria. Two strategies have been adopted for these
studies. In the first technique, the sample is
illuminated by short flashes of light at inter-
vals limited by the camera reading time (strob-
ing illumination) (Xie et al. 2008). Strobing il-
lumination has the advantage of allowing large
fields of view. The second technique used con-
sists in concentrating the laser beam in the sam-
ple so it only illuminates a very small region of
the slide, originally ~6 wm diameter (slimfield
microscopy) (Reyes-Lamothe et al. 2010). Slim-
field microscopy can only be used for small cells
but has the advantage of permitting capture
rates of 3 msec and up (Fig. 3B).

Fluorescence recovery after photobleach-
ing (FRAP) is widely used to probe molecular
dynamics in cells (Lippincott-Schwartz et al.
2001). The technique consists of irreversibly
bleaching a region of the sample and monitor-
ing the diffusion and turnover of fluorescent
molecules expressed as recovery of fluorescence
(Fig. 3C). This technique has been used to study

both the diffusion of free replisome compo-
nents and turnover of active replisome compo-
nents in bacteria and eukaryotes (Sporbert et al.
2002; Solovjeva et al. 2005; Su’etsugu and Er-
rington 2011). Use of photoswitchable proteins
(Patterson et al. 2010) promises to offer an al-
ternative to FRAP in studies of component
turnover, and as it helps to provide single-mol-
ecule data of densely packed replisomes like
those of eukaryotic cells.

LIFE OF A REPLISOME

Given the importance of faithful replication, the
assembly and activity of the replisome must be
stringently orchestrated. The unit of replication,
the replicon, is controlled through initiation by
action of a specific initiator acting at the repli-
con’s origin of replication (Jacob et al. 1963).
The key step during replication initiation is the
helicase loader-mediated loading of the ring-
shaped replicative helicase to an active replica-
tion origin bound by the initiator. The function
of the helicase loader is to open the otherwise
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Figure 3. Study of replisomes in live cells. (A) Two examples of techniques used to enhance the contrast of
fluorescence microscopy: TIRF and high inclined and laminated optical sheet (HILO) microscopy. Both tech-
niques use a tilted light beam, as opposed to epifluorescence, where the beam is perpendicular to the slide.
Depending on the angle used, the beam either results in the illumination of only the ~100 nm closer to the slide
(TIRF) or the creation of a sheet of light that illuminates a slice of the sample (HILO). By reducing the volume
illuminated, the contribution of out-of-focus fluorescent or autofluorescent molecules is also reduced. (B) Two
strategies to detect single molecules in cells: illuminating the sample using short pulses of light followed by
intervals with a length no shorter than the camera’s processing time (strobing) and, alternatively, illuminating a
small region of the sample with the signal captured continuously (slimfield). (C) Use of fluorescence recovery
after photobleaching (FRAP) to study dynamics of molecular machines (enclosed in blue circles). Fluorescent
molecules (yellow balls) are either relatively immobile, when part of a machine and generating fluorescent spots,
or rapidly diffusing in the cytoplasm. Bleaching fluorescence of a region of the cell causes a fraction of molecules
to lose their fluorescence (grey balls). The exchange between fluorescent and bleached molecules can be followed
by changes in the intensity of spots.
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stable toroidal structure of the helicase, so it can
entrap DNA at its center. Both initiator and
helicase loader proteins are members of the
ATPase associated with various activities
(AAA™) superfamily (Duderstadt and Berger
2008), and their action is regulated by nucleo-
tide binding. The initiator in bacteria, DnaA,
destabilizes the duplex by binding and oligo-
merizing at oriC, permitting the recruitment
of the DnaB-DnaC helicase-loader complex
onto ssDNA (Mott and Berger 2007). In con-
trast, eukaryotes, and possibly archaea, load the
MCM helicase onto dsDNA (Evrin et al. 2009;
Remus et al. 2009).

Movement of the replicative helicase away
from the origin occurs concomitantly with dis-
sociation of the helicase loader and recruitment
of primase, the protein responsible for the syn-
thesis of RNA primers on the lagging-strand
template. Recruitment of primase permits the
loading of the remaining replisome compo-
nents, including the replicative polymerase,
processivity clamp, and clamp loader (Fig. 4).
Replication initiation results in the assembly
of two sister replisomes, each facing outward
from the origin. Synchronous loading and fir-
ing of sister replisomes protects chromosomes
from exposing recombinogenic replisome-free
forked structures. Eukaryotes achieve coordina-
tion of these events through the activity of cell-
cycle-regulated phosphorylation of replisome
components, with an inactive MCM helicase
loaded on the origin long before it gets activated
(Masai et al. 2010). In bacteria, coordination is
achieved by coupling cell-cycle-regulated origin
opening by DnaA-ATP to immediate loading of
two DnaB helicases, which in turn stimulate the
assembly of two sister replisomes (Katayama
et al. 2010).

An idea that has lingered for decades is that,
after replisome assembly at origins, sister repli-
somes remain attached to each other as repli-
cation progresses, with their action potentially
coordinated. This idea was born as part of a
segregation model proposed before the concept
of bidirectional elongation had been established
(Jacob et al. 1963), and it was later formulated
explicitly by Dingman (1974). This concept of a
replication factory containing sister replisomes

was expanded to accommodate the observation
that each eukaryote replication fluorescent fo-
cus needed to contain up to 40 replisomes to
accommodate the total number of replication
forks per cell predicted by other means (Cook
1999). One could imagine that in such putative
mega-factories, coordination of the activities
of all origins could be coupled, or that any co-
ordination would be solely between sister repli-
somes. Support for at least the sister-replisome
factory model came from structural and bio-
chemical data of SV40 helicase, T-ag (it is load-
ed onto the origin as double hexamer, and its
action is dependent on the maintenance of this
link between hexamers) (Weisshart et al. 1999;
Valle et al. 2000; Alexandrov et al. 2002). Early
fluorescence microscopy studies of replisomes
and chromosomal loci within Bacillus subtillis
and Saccharomyces cerevisiae also supported the
existence of a replication factory that pulled in
the unreplicated DNA and extruded the repli-
cated DNA (Lemon and Grossman 1998, 2000;
Kitamura et al. 2006).

Nevertheless, with better resolution as-
says, evidence for independent action and cel-
lular positioning of replisomes has accumu-
lated. Fluorescence microscopy of E. coli cells
showed that single replisomes track indepen-
dently on the chromosome during replication,
although closely spaced sister replisomes are
not always spatially separable in epifluorescence
(Reyes-Lamothe et al. 2008). The situation may
be the same in eukaryotes (e.g., in Xenous
egg extracts, where sister replisomes separated
from each other as replication proceeded on a
stretched template without any visible effect on
their rate) (Yardimci et al. 2010). Consistent
with the independent progression of sister forks,
their functional independence has been demon-
strated in E. coli, B. subtillis, and S. cerevisiae
(Breier et al. 2005; Wang et al. 2007; Doksani
et al. 2009), where blocking or slowing down
one of them does not prevent the normal pro-
gression of its sister. There is no a priori reason
for sister replisomes to stay together, and if
they were complexed into a fixed structure, it
would seem difficult to generate the precate-
nane interlinks between newly replicated sisters
that result from individual fork rotation as
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Figure 4. Replisome architecture. The arrangement of the different components of the E. coli replisome is shown.
At the front of the replication fork, a hexameric helicase melts the dsDNA. Helicase binds primase, and it is
connected to the three replicative polymerases (Pol III) via the T subunit of the clamp loader. A leading-strand
polymerase travels in the same direction of the fork, while the two remaining polymerases can potentially act on
the lagging strand. Each active polymerase is bound to the homodimeric B-clamp, which acts as a processivity
factor. The leading strand is synthesized continuously, whereas the lagging strand requires cycles of chain
elongation. Progression of helicase causes the accumulation of ssDNA, which is covered by the homotetrameric
SSB. The clamp loader (heteropentamer) loads B-clamp, mediates primase handover to polymerase, and con-
nects the polymerase with helicase. The architecture of the replisome in other systems is thought to be similar to
that of E. coli (Yao and O’Donnell 2010). Some differences with phage and eukaryote replisomes are listed.

replication proceeds (Hearst et al. 1998; Wang
et al. 2008). It seems likely that, in many cases,
the proposed factories result from diffraction-
limited light microscopy of densely replisome-
populated chromosomal regions. Indeed, super-
resolution microscopy of human cells showed
the number of replisomes per fluorescent spot
to be between two and three (Cseresnyes et al.
2009).

Elongation of replicating DNA strands
occurs with a 5’ to 3 directionality (Kornberg
and Baker 1992) (Fig. 4). The anti-parallel na-
ture of DNA permits continuous synthesis only
in the strand elongated in the same direction
as the migration of the replication fork, the
leading strand. Meanwhile, the copying of the
complementary strand, lagging strand, occurs
discontinuously and requires cycles of priming,
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clamp loading, polymerase loading, and poly-
merase release at every Okazaki fragment (Fig.
5). Single-stranded DNA binding proteins have
to cover and protect the stretches of ssDNA until
they are displaced by polymerase. Other auxil-
iary activities, like removal of RNA primers and
ligation of Okazaki fragments, mediated by pro-
teins not generally thought of as part of the
replisome, have to be accomplished to obtain
an uninterrupted copy of DNA. The cytoplas-
mic pool of proteins involved in lagging-strand
synthesis is limited, and this imposes their need
to be recycled (Fig. 5).

Once replication has initiated, the two di-
verging forks normally continue until they each
meet a converging fork and replication termi-
nates. Precisely what occurs mechanistically
when replication forks converge, how the tor-
sional tension is handled, and how overreplica-
tion is avoided still needs to be determined.
Replicon size varies from a few kb to many Mb
(Table 1), and is determined by the spacing of
potentially active origins within a chromosome;
in eukaryotes, replicon size can change dra-
matically during development (Méchali 2010).
Replisomes are not always loaded in pairs.
Replication of some plasmids, some of them
~100 kb long (Nordstrom 2006), is unidirec-
tional, presumably because only a single repli-
some is loaded by a single replicative helicase,
showing that there is no physical impediment
to a single replisome forming and acting at a
given initiation.

COORDINATION OF LEADING- AND
LAGGING-STRAND SYNTHESIS

Processive replication depends on the spatial
and temporal coordination of enzymatic events
at the replication fork. An essential characteris-
tic of this coordination is the reorientation of
the lagging-strand DNA through the formation
of a loop during Okazaki-fragment synthesis,
which allows the leading- and lagging-strand
polymerases to move coordinately in parallel.
Electron-microscopy studies have visualized
the formation of these lagging-strand loops
and characterized their length distributions
(Park et al. 1998; Lee et al. 2002; Chastain

et al. 2003), but the timing and mechanisms
underlying the transitions that occur during
Okazaki-fragment synthesis have remained less
clear. There are at least three enzymatic events
that must occur during each cycle: the synthesis
of a primer, its handoff to the lagging-strand
polymerase, and loop release (Fig. 5). Several
recent studies have begun to elucidate the kinet-
ics of this process, providing experimental ob-
servations that discriminate between different
mechanisms of regulation for each stage of the
cycle.

Two mechanisms have been proposed for
ensuring efficient loop release and a fluid tran-
sition from the synthesis of one Okazaki frag-
ment to the next. In the signaling mechanism,
primer synthesis triggers loop release even if
nascent Okazaki-fragment synthesis is unfin-
ished. Supporting this model is the observation
that Okazaki-fragment size is dependent on pri-
mase activity in the E. coli, T7, and T4 systems
(Li and Marians 2000; Lee et al. 2002; Yang et al.
2006) and sensitive to helicase-primase interac-
tions in E. coli (Tougu and Marians 1996). Ad-
ditional support comes from the observation
of ssDNA gaps on the lagging strands in E. coli
and T4 (Yang et al. 2006; Georgescu et al. 2012).
An alternative model, the collision mechanism,
proposes that the lagging-strand polymerase
dissociates once it has encountered the 5’ ter-
minus of the previously synthesized Okazaki
fragment. This model is supported by the ob-
servation that the T4 DNA polymerase and
E. coli DNA polymerase III holoenzyme disso-
ciate rapidly when they encounter a 5 terminus
(Hacker and Alberts 1994; Carver et al. 1997; Li
and Marians 2000; Lopez de Saro et al. 2003; Yao
et al. 2009). However, a recent E. coli study sug-
gests the collision mechanism is too slow to
explain the observed rate of replication (Dohr-
mann et al. 2011).

Direct observation of coordinated synthe-
sis using single-molecule methods has provided
compelling evidence that reconciles the seem-
ingly contradictory findings of past work. The
formation and release of single replication loops
has been observed by fully reconstituted T7
replisomes by tracking length changes in flow-
stretched DNA substrates (Hamdan et al. 2009).

8 Cite this article as Cold Spring Harb Perspect Biol 2014;6:a010157



m Cold Spring Harbor Perspectives in Biology

PERSPECTIVES

Voo’

www.cshperspectives.org

Replication-Fork Dynamics

Primer synthesis Primase dissociation from helicase

'

e .

7
" olle -+

Primase binding to ssDNA @ @

Polymerase unloading

Figure 5. Replisome dynamics. The major source of molecular exchange during replication is produced during
the synthesis of the lagging strand. Primase binds to ssDNA (1) and produces a primer forming a short loop in
the process (2). The primase then dissociates from helicase, possibly remaining bound to the primer (3).
Loading of B-clamp displaces the primase (4) and recruits one of the idle polymerase in the replisome (5).
Polymerase elongates the chain causing the growth of a DNA loop (6). Finally, the lagging-strand polymerase
detaches from the B-clamp and causes the release of the DNA loop, while the clamp remains bound to DNA (7).
For simplicity, only the collision mechanism for loop release is depicted. SSB, B-clamp, primase, and likely
polymerase (during loop release, not shown here) are exchanged with the diffusing pool of proteins in the
cytoplasm at different stages of the cycle. For clarity, only a part of the replisome is represented in the different
steps.
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Table 1. Facts on DNA replication dynamics

T4 17 E. coli Archaea S. cerevisiae.  Human
Length of Okazaki fragment (kb)*  1.5-2.2 2.3 1.5 0.09-0.16 0.16° 0.1-0.2°
Primer length (nt)? 4-5 4-5 10-12 ~10 8-10 11-14
SSB/RPA binding (nt)** 10 14 32o0r64 4.5-5 19 or 27 8 or 30
Rate of fork progression (bp sec™')® 600 370  600—1000 88-330 26—48 25
Replicon size (kb)™ 40 166 4600 1000, 700, 500 36 ~100

*Edenberg and Huberman 1975; Kornberg and Baker 1992; Debyser et al. 1994; Chastain et al. 2000; Matsunaga et al. 2003;
Smith and Whitehouse 2012.

Okazaki fragment length matches that of nucleosome binding in yeast. Multiples of 165 nt, 330 nt, and 495 nt were
reported.

“Extrapolation from the study of SV40 system.

9Erick and Richardson 2001; Matsunaga et al. 2003.

“Kim et al. 1992; Kornberg and Baker 1992; Blackwell and Borowiec 1994; Kumaran et al. 2006.

‘Extent of binding by a functional unit; T4 gp32 is a monomer, T7 gp2.5 is a homodimer, bacterial SSB is a homotetramer,
archaeal SSB is a monomer, and the eukaryotic RPAs are heterotrimers.

8Edenberg and Huberman 1975; Rabkin and Richardson 1990; Kornberg and Baker 1992; Myllykallio et al. 2000;
Raghuraman et al. 2001; Kerr et al. 2003; Duggin et al. 2008.

"Edenberg and Huberman 1975; Kornberg and Baker 1992; Duggin et al. 2008; Liachko et al. 2010.

This work shows that loop formation occurs
only half the time during replication, a finding
consistent with previous electron microscopy
studies (Park et al. 1998; Lee et al. 2002; Chas-
tain et al. 2003). Analysis of loop sizes and delay
times between loops, a step unobservable in
bulk-phase assays, shows that both the initia-
tion of primer synthesis and the completion
of an Okazaki fragment serve as triggers for
loop release. Single-molecule studies conducted
with E. coli replisomes have also revealed a
mixture of loop-release mechanisms (Tanner
et al. 2011; Georgescu et al. 2012). Further-
more, E. coli replisomes composed of two poly-
merases prematurely terminate Okazaki syn-
thesis, whereas replisomes composed of three
polymerases almost always complete synthesis
(Georgescu et al. 2012). These studies show that
replisomes use both signaling and collision
mechanisms to regulate lagging-strand synthe-
sis. The combination of these two mechanisms
is likely critical for highly processive and coor-
dinated synthesis. While the signaling mecha-
nism allows for rapid transitions from Okazaki-
fragment synthesis to the site of a new primer,
the collision mechanism ensures that polymer-
ases do not stall if a new primer has not been
synthesized before they encounter the previous
Okazaki fragment.

Although lagging-strand synthesis involves
many more enzymatic steps than leading-strand
synthesis does, the duplication of DNA on both
strands is coordinated by mechanisms that are
not completely understood. Single-molecule
techniques have allowed for detailed investiga-
tions of this issue, which have provided new
evidence in support of several explanations.
Flow-stretching experiments, conducted using
the T7 replisome, have shown that activation of
primase, by the addition of required ribonucle-
otides, causes transient pauses in leading-strand
synthesis (Lee et al. 2006; Hamdan et al. 2009)
with an average duration consistent with the
kinetics of primer synthesis (Kusakabe and
Richardson 1997; Frick et al. 1999). These ob-
servations reveal a possible mechanism for en-
suring that the slow enzymatic events on the
lagging strand do not cause leading-strand syn-
thesis to proceed faster than lagging-strand syn-
thesis. An alternative explanation is supported
by recent single-molecule experiments investi-
gating the T7 leading-strand synthesis reaction
(Pandey et al. 2009) and T4 helicase-primase
complex (Manosas et al. 2009). These studies
demonstrate the formation of a small ssDNA
loop between the helicase and primase that
may allow the replisome to continue during
primer synthesis. In this case, a faster rate of
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lagging-strand synthesis has been suggested as
a mechanism to ensure efficient coupling of
daughter-strand synthesis.

A complete understanding of how prim-
er synthesis influences coordinated replica-
tion depends on careful consideration of the
steps involved in RNA polymerization. Several
studies have demonstrated that primer synthesis
proceeds in two distinct stages (Kusakabe and
Richardson 1997; Frick et al. 1999; Qimron et al.
2006): the formation of a dinucleotide and the
slow extension of that dinucleotide to form a
full-length primer. During replication, this is a
stochastic process in which only a fraction of
priming sequences are recognized and utilized
by primase (Lee et al. 2006). In between these
actual primer-synthesis events, primase scans
the lagging strand for initiation sites. Whereas
it has been demonstrated that dinucleotide for-
mation and primer synthesis can trigger repli-
cation loop release and cause pausing (Lee et al.
2006; Hamdan et al. 2009), the molecular events
that cause the primase to utilize one priming
site and bypass others are not understood. The
formation of a small ssDNA priming loop may
allow the primase to efficiently utilize the pri-
mase-recognition sequences for dinucleotide
formation while allowing the helicase to con-
tinue unwinding (Fig. 5). Then, once a ribodi-
nucleotide has formed, slow extension into a
full-length primer may occur, a process that
could cause the replisome to pause. This dy-
namic balance between priming-loop forma-
tion and replisome pausing could provide an
optimal compromise between speed and coor-
dination and would provide an explanation
for the current experimental evidence. Work
conducted with E. coli and T7 systems has shown
that primase activity depends on in trans inter-
actions between adjacent primases bound to the
helicase (Lee and Richardson 2002; Corn et al.
2005), providing a structural framework that
could explain the observed pausing behavior.

Primase action not only regulates the length
of Okazaki fragments, but also the transfer of
the replicative polymerase to the primer. A sin-
gle Toprim-family protein comprises bacteri-
al and phage primases, whereas two subunits
(which share no homology to bacteria pri-

Replication-Fork Dynamics

mases) comprise archaeal and eukaryotic pri-
mases (Kuchta and Stengel 2010). Nevertheless,
in all cases, the result of their function is a prim-
er that is just a few bp long (Table 1). What
determines the distribution of Okazaki-frag-
ment sizes (Table 1) is not known, but it is
likely that the interaction between primase and
helicase plays a role. Binding of bacterial DnaG
primase to DnaB helicase stimulates primase
ssDNA binding and priming (Corn and Berger
2006). In turn, association of up to three pri-
mase molecules increases the processivity of
helicase, probably by stabilizing its structure
(Bailey et al. 2007). E. coli primase, present at
50—100 copies per cell (Kornberg and Baker
1992), remains bound to DNA after primer syn-
thesis every cycle (Yuzhakov et al. 1999), imply-
ing the need for fast turnover of the primase.
Finally, two primase proteins may need to inter-
act to function (Corn and Berger 2006). Con-
sidering all these constraints, the cellular pri-
mase pool only accounts for the elongation of
less than 75 kb of DNA. It is therefore possible
that the activity of the otherwise idle primase is
fine-tuned by the frequency of its association to
helicase (Corn and Berger 2006). Such a sce-
nario is supported by the observation that prim-
ing frequency increases with primase concentra-
tion, this holding true for T4 and even T7 phage
systems, the latter having primase and helicase
as parts of a single peptide. The situation is less
clear for archaea and eukaryotes. However, pri-
mase interacts with the MCM helicase through
GINS, mediated by Ctf4 in S. cerevisiae, suggest-
ing a role of this interaction for the coordination
of their respective activities (Marinsek et al.
2006; Gambus et al. 2009; Tanaka et al. 2009).
Primase remains bound to the primer-tem-
plate to stabilize, protect, and selectively trans-
fer it to the replicative polymerase (Yuzhakov
et al. 1999). Handing off the primer to the po-
lymerase seems to occur in a number of ways
according to the different replisome architec-
tures. In E. coli, as with other bacteria, the hand-
ing off of primer seems to occur simultaneously
with the loading of the clamp onto the primer.
After synthesizing the primer, primase forms
a ternary complex with DNA, and binding
of primase to SSB stabilizes this interaction
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(Yuzhakov et al. 1999). The nonessential com-
ponent of the clamp loader, x, was suggested to
compete for the interaction with SSB, releasing
primase from the template (Yuzhakov et al.
1999). It is nevertheless likely this model is
incomplete given that x is not essential for via-
bility (Kelman and O’Donnell 1995) and be-
cause genetic and structural evidence suggests
rather a structural role for x maintaining pro-
cessivity of leading-strand synthesis (Marceau
et al. 2011). The question of how the switch
from primase to polymerase is regulated in
bacteria remains open. In eukaryotes, primase
is part of a heterotetramer that also includes
DNA polymerase Pol a. In this system, the
length of primer and the handover to the
DNA polymerase subunit is regulated by the
noncatalytic subunit of primase (p58) (Kuchta
and Stengel 2010). A typical RNA primer would
be ~10 nt in length, onto which Pol o adds
~20 nt more before it is replaced by Pol & via
RFC clamp-loader-mediated handoff (Waga
and Stillman 1998). For binding to RPA, RFC
competes with Pol a; for binding to the primer,
PCNA gets loaded, and then Pol & displaces RFC
again through a competition for RPA (Yuzha-
kovetal. 1999; Maga et al. 2000). The theme of a
stable interaction between primase and poly-
merase facilitating primer transfer has also
been proposed in the replisome of phage T7
(Kato et al. 2004).

PERSPECTIVES

Although great progress has been made in
understanding the coordination of enzymatic
events at the replication fork, many mechanis-
tic questions remain unanswered. In particu-
lar, how conformational and structural changes
within replisomes are coupled to replication-
fork progression remains largely unknown.
The studies discussed in this article demon-
strate that a complex network of interactions
between different replisome components regu-
lates each stage of lagging-strand synthesis.
However, detailed kinetic studies are needed
to clarify the timing and importance of each
interaction within active replication complexes.
For example, although primer synthesis has

been shown to cause polymerase pausing events
and the formation of small priming loops, the
importance of these events and the conforma-
tional states involved still need to be determined.
Likewise, the mechanism by which newly syn-
thesized primers are handed off to polymer-
ases on the lagging strand remains obscure.
Until recently, the replisome was thought
to operate as a stable multiprotein machine
with a defined structure throughout replication.
Now it is clear that replisome architecture is
actually highly dynamic with individual com-
ponents rapidly exchanging with their coun-
terparts in solution. In particular, during lag-
ging-strand synthesis, primase, SSB/RPA, the
lagging-strand replicative polymerase, and the
enzymes that remove the RNA primers and li-
gate the new Okazaki fragments are known to
dissociate and turnover locally or to be recycled
into the cellular pool. The turnover frequency
of clamp-loader components is not known,
but recent work has shown that leading-strand
polymerases frequently exchange in contrast
to previously proposed models (Loparo et al.
2011). Sliding clamps are recruited continuous-
ly during lagging-strand synthesis, with single
molecule in vitro analysis showing that they
can be recycled locally (Tanner et al. 2011),
but the situation in vivo remains unclear. The
influence of these turnover events on replica-
tion-fork progression is not fully understood.
However, subunit exchange is emerging as a
general feature of the action of many large mul-
tiprotein complexes, as evidenced by the dem-
onstration that flagellar motor components are
continually turned over as the bacterial flagella
rotates (Delalez et al. 2010; Li and Xie 2011).
Although the importance of continual sub-
unit exchange for efficient replisome operation
is not known in all cases, these events appear to
play a critical role when the replisome encoun-
ters obstacles. During replication, DNA lesions
and other barriers to fork progression lead to
replication stalling or breaking of the template.
In response to these events, a range of different
machineries can be recruited specifically to the
replisome through association with the slid-
ing clamp, SSB/RPA, or single-stranded DNA
or though recognition of other structures at
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the stalled or broken fork. Recently, many novel
mechanisms of replication restart have been
discovered, revealing a web of possible reaction
pathways to overcome these obstacles (Heller
and Marians 2006; Lopes et al. 2006; Pomerantz
and O’Donnell 2008; Yeeles and Marians 2011).
In particular, specialized translesion polymer-
ases, which are capable of synthesizing across
damaged DNA bases (Fujii and Fuchs 2004),
enter the replisome through exchange events
and allow for lesion bypass. Even though these
specialized polymerases are capable of bypass-
ing DNA damage, they synthesize at slower rates
and introduce more errors making them poorly
suited for normal replication. To alleviate this
problem, these specialized polymerases ex-
change after bypass, returning the replisome
to normal operation.

The single-molecule in vivo and in vitro
techniques highlighted in this article provide a
powerful set of tools to address complex mech-
anistic questions about replisome function. In
vivo imaging allows for the direct visualization
of single replication complexes during opera-
tion under the most physiologically relevant
conditions. These techniques have been used
to determine replisome composition in E. coli
cells, revealing for the first time that the repli-
some operates with three polymerases, one more
than is required to synthesize the two daughter
strands. In vivo imaging methods have also been
used to visualize lagging-strand polymerase ex-
change events within active replisome com-
plexes, demonstrating that highly dynamic pro-
cesses can be probed (Lia et al. 2012). However,
many remaining questions about replisome op-
eration cannot be addressed using in vivo tech-
niques alone because of the difficulty of directly
monitoring synthesis rate, the introduction of
components with severe mutations or trunca-
tions, and the lack of control over reaction con-
ditions. In vitro single-molecule approaches are
ideal for these types of situations because both
the replication rate and replisome composition
can be probed simultaneously and a wide range
of reaction conditions can be tested (Loparo
etal. 2011; Tanneretal. 2011). The combination
ofboth in vivo and in vitro techniques discussed
in this article promise to address a wide range

Replication-Fork Dynamics

of complex mechanistic questions about DNA
replication previously inaccessible using tradi-
tional approaches.
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