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Abstract
Fast and accurate replication of DNA is accomplished by the interactions of multiple proteins in
the dynamic DNA replisome. The DNA replisome effectively coordinates the leading and lagging
strand synthesis of DNA. These complex, yet elegantly organized, molecular machines have been
studied extensively by kinetic and structural methods to provide an in-depth understanding of the
mechanism of DNA replication. Owing to averaging of observables, unique dynamic information
of the biochemical pathways and reactions are concealed in conventional ensemble methods.
However, recent advances in the rapidly expanding field of single-molecule analyses to study
single biomolecules offer opportunities to probe and understand the dynamic processes involved
in large biomolecular complexes such as replisomes. This review will focus on the recent
developments in the biochemistry and biophysics of DNA replication employing single-molecule
techniques and the insights provided by these methods towards a better understanding of the
intricate mechanisms of DNA replication.
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[A] Introduction
Cell division in every organism involves the faithful duplication of its genetic information.
The accurate replication of the genome is catalyzed by DNA polymerases aided by a
multitude of accessory proteins. Together these proteins constitute the DNA replisome that
is responsible for the rapid and accurate replication of genomic DNA [1,2]. The replisome is
conserved throughout all forms of life from viruses to higher order eukaryotes.

The DNA polymerase is a DNA-dependent polymerase that inserts deoxynucleotides in a 5′
to 3′ direction. Due to the bipolar nature of the duplex DNA (dsDNA), replication of DNA
occurs simultaneously in a bidirectional manner and involves the coordinated synthesis of
DNA strands with opposite polarity. As a result, synthesis of the leading strand is
continuous whereas the lagging strand synthesis is discontinuous. The discontinuous nature
of lagging strand synthesis generates shorter lengths of DNA called Okazaki fragments that
are 1–3 kb long. Accessory factors such as the sliding clamp and clamp loading complexes
not only increase the processivity of DNA polymerases but also assist in the coupling of the
leading and lagging strand syntheses. The high processivity of DNA polymerases has been
attributed to the clamp/clamp-loader complexes, where the processivity clamp is tethered to
the polymerase to form the holoenzyme extending the interaction of the polymerase with
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DNA. Primosomes, a subcomplex of replisomes primarily composed of replicative helicases
and primases, play an essential role in the progress of the replication fork by catalyzing
DNA duplex unwinding and oligonucleotide primer synthesis necessary for Okazaki
fragment formation on the lagging strand by helicases and primases, respectively. Another
important protein involved in the replication of DNA is single-stranded DNA (ssDNA)
binding protein. SsDNA binding proteins bind with high affinity to the ssDNA generated
during various DNA metabolic processes such as DNA replication, repair and recombination
[3]. These proteins are essential for DNA replication and are not only involved in coating
the ssDNA generated during DNA replication, but are also involved in interactions with
replication enzymes such as polymerases, primases and helicases and often stimulate their
functions [3].

Ensemble studies of DNA polymerases have provided a great deal of information on the
kinetic mechanism of the polymerization reaction. Extensive investigations of holoenzyme
and ultimately replisome assembly have determined the order of addition of the accessory
proteins necessary to form an active complex and led to the formulation of detailed kinetic
models for holoenzyme and primosome assembly and the replisome [4]. These studies have
been complemented by structural information obtained for the apo-form and various DNA
polymerase complexes as well as accessory proteins [5–7]. In recent years, the rapidly
growing field of single-molecule enzymology has paved the way for the analysis of details
of DNA replication that cannot otherwise be determined.

Single-molecule techniques have been valuable tools in deciphering protein assemblies and
the function of macromolecular complexes. Unlike ensemble methods that require
synchronization and monitor average behavior, single-molecule techniques require no such
synchronization [8]. This presents an advantage for detecting any transient intermediates
involved in a reaction pathway, thus facilitating the investigation of enzymatic reaction
mechanism manifolds [9]. Furthermore, analysis of a single time-trajectory can yield rate
constants for conformational changes in both the forward and reverse directions [10].
Single-molecule methods have also been instrumental in analyzing the action of molecular
motors such as kinesin [11], myosin [12] and helicases [13]. These approaches have also
been employed to understand the assembly of the holoenzyme complex and the dynamic
interactions between the proteins of the replisome. This review will focus on the recent
advances in the field of DNA replication using single-molecule techniques to deduce and
clarify the behavior of the replisome during DNA synthesis.

[B] Components of the replisome
As discussed above, several components are required to accomplish fast, accurate and
coordinated DNA replication. A brief summary of the proteins that constitute the well-
characterized replisome of three species: T7 bacteriophage, T4 bacteriophage and
Escherichia coli and their respective functions within the replisome is presented below. The
replisome architecture of higher order organisms such as Sacchromyces cerevisiae and
Homo sapiens is still widely debated, because the identity of the replisome proteins is yet
unambiguously defined. However, a brief discussion of the eukaryotic replisome will be
presented in a context to compare conserved functions across replisomes and the
corresponding accessory proteins.

The replisome of T7 phage
Bacteriophage T7 is the simplest of the three systems with its replisome composed of a
polymerase (gp5), helicase/primase (gp4) and ssDNA binding protein (gp2.5) all encoded by
the T7 genome. A schematic representation of the replisome of T7 phage is shown in Figure
1. The processivity factor thioredoxin (Trx) necessary for an efficient DNA synthesis is
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encoded by the E. coli host. The polymerase gp5 and the processivity factor Trx form a 1:1
stochiometric complex. In the absence of the processivity clamp, Trx, gp5 polymerase is a
distributive enzyme incorporating 5–15 nucleotides before dissociation from the primer-
template (P–T) junction. However, the presence of Trx increases the processivity by
thousands of nucleotides in a single binding event [14]. Crystallographic structural
information has revealed that the structure of the gp5-Trx complex resembles other
polymerase structures with a palm, fingers and thumb of a right hand shape [15].

The primase and the helicase activities are carried out by the T7 gene 4 protein. The primase
activity of gp4, responsible for the synthesis of tetraribonucleotide primers that are required
for the lagging strand synthesis, is situated in the amino-terminus of the protein. The
primase recognizes the DNA sequence 5′-GGGTC-3′, 5′-GTGTC-3′ or 5′-TGGTC-3′ and
synthesizes the corresponding tetraribonucleotide primers, where the 3′- C is involved only
in the recognition of the priming sequence, but is not copied by the primase [16–18]. The
primase domain of gp4 is composed of a zinc-binding domain (ZBD) important for the
recognition of the priming site and an RNA polymerization domain (RPD) that is the
catalytic domain for the synthesis of ribonucleotide primers [19]. The helicase activity of
gp4 responsible for unwinding the duplex DNA for the progression of replication fork is
located at the carboxy-terminus of the protein. The functional form of helicase/primase gp4
is assembled as a hexameric ring as shown in Figure 1, which is loaded onto the lagging
strand and unwinds the duplex DNA in a 5′ to 3′ direction. In the absence of the primase/
helicase gp4, the polymerase is incapable of strand displacement synthesis. However, upon
introduction of gp4, the rate of DNA synthesis by gp5 increases dramaticaly. The nascent
ssDNA generated during the unwinding of duplex DNA by gp4 helicase translocating on the
lagging strand is immediately coated with gp2.5, the ssDNA binding protein of T7
preventing the exposed ssDNA from nucleolytic degradation. Furthermore, it has been
demonstrated that gp2.5 binds to gp4 and acts as a modulator of a multitude of its functions
[20]. Although gp2.5 interacts with gp4, it does not have any direct effect on the DNA-
dependent dTTP hydrolysis that is required for the helicase activity. The rate of
polymerization by gp5 and the effect of accessory proteins on the polymerization reaction
and processivity are listed in Table 1.

The replisome of T4 phage
The bacteriophage T4 system provides all the proteins, except for the host cell RNA
polymerase, necessary for the replication and repair of the 169-kb linear genome. It codes
for the eight proteins necessary for DNA replication namely DNA polymerase (gp43), clamp
(gp45), clamp loader (gp44/62), helicase (gp41), helicase loader (gp59), primase (gp61), and
ssDNA binding protein (gp32). The assembly of the T4 replisome mediating the coordinated
DNA synthesis is shown in Figure 2; the activity and processivity for the proteins and
protein complexes are listed in Table 1.Gp43 is the replicative polymerase, which harbors 5′
to 3′ polymerase and 3′ to 5′ exonuclease proof reading activities. Like gp5 in the T7
replisome, gp43 extends both leading and lagging strand DNA. Although a crystal structure
of gp43 from T4 has not been reported, the RB69 polymerase, which shares > 60% amino
acid sequence identity with the T4 polymerase, has been crystallized as an apo-form, a
binary complex with P-T, and a ternary complex with P-T and an incoming nucleotide [21–
23]. These X-ray structures, in conjunction with kinetic studies of gp43, suggest that gp43
adapts the induced-fit mechanism to synthesize the DNA chain.

By itself gp43 is distributive and would not readily accomplish the genomic DNA
replication. To achieve fast and accurate genomic synthesis, assembly of the T4 replisome is
indispensable. When an origin of replication fork opens and a D-loop forms, gp32 binds to
the transiently exposed ssDNA and the helicase loader gp59 is recruited to the site. Gp32-
gp59 binary complexes encircle the ssDNA to form a helicase-loading complex (HLC). The
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sliding clamp gp45 is then loaded at the P-T junction by the clamp-loader complex gp44/
gp62. The polymerase gp43 displaces the clamp loader, resulting in the formation of a
holoenzyme that is inhibited by the interaction between gp59 and gp43 [24]. A homodimer
of gp41 helicase is recruited to the replication site by HLC and is expanded to form a
hexameric ring. Leading strand synthesis starts when gp41 unwinds dsDNA and releases the
inhibition of gp43 by gp59. The lagging strand replication is initiated by the helicase-
primase complex, formed by gp41 and gp61.

The sliding clamp protein gp45 plays an important role in stimulating the activity of gp43.
The crystal structure of gp45 revealed that the homotrimeric gp45 forms a hollow circle with
an inner diameter ca. 35 Å, large enough to accommodate duplex DNA [25]. The sliding
clamp is loaded onto a primed template by the clamp loader composed of four gp44 subunits
and one gp62 subunit.

The T4 primase, gp61, catalyzes the short RNA segment synthesis used to initiate leading
strand replication and Okazaki fragment synthesis along the lagging strand. The priming
recognition sequence is 5′-GTT-3′ in vivo; however, 5′-GCT-3′ is also recognized in vitro.
At high concentrations, gp61 alone synthesizes short primers with varied lengths (mostly
dimer and a small amount of 5 – 45 nt). The addition of gp41 to form the primosome shifts
the preferred recognition sequence from 5′-GCT-3′ by gp61 alone to 5′-GTT-3′, greatly
increases the overall primer synthesis rate, and favors the formation of 5nt RNA primers
[26]. Given appropriate amounts of gp32, gp41 and gp59, each primosome produces one
primer per second, which is sufficient for DNA replication in vivo [26].

The replisome of E. coli
The organization of the E. coli replisome essential for the coordinated synthesis of DNA is
represented in Figure 3. It requires more proteins to assemble the E. coli replisome
compared with bacteriophage replisomes, although the proteins represent functional analogs
found in T4: Pol III is the replicative polymerase; DnaB encodes the helicase; primase is the
product of DnaG; β-clamp functions as the sliding clamp that is loaded onto a P-T junction
by the clamp loader γ-complex; and SSB is the ssDNA binding protein. The holoenzyme of
Pol III consists of ten subunits, including an isolable core polymerase composed of α, ε, and
θ, among which α is the polymerase subunit and the ε subunit harbors an exonuclease
activity. Both the α subunit and the core polymerase are poorly active, incorporating 8 and
20 nt/s respectively, and extend less than 10 bases per binding event [27]. The combination
with β-clamp makes Pol III more active (750 nt/s) and processive (>50 kb). E. coli DNA
primase (DnaG) initiates RNA primer synthesis on the recognition sequences 5′-CTG-3′ and
5′-CAG-3′ producing 8–12 nt primers for Okazaki fragment synthesis. The interaction
between helicase and primase stimulates the activity of the latter by > 103 fold and favors 5′-
CAG-3′ as the recognition sequence. The primosome (DnaG/DnaB) formation is important
for the recruitment of primase to the replication fork. The homotetrameric SSB, χ subunit of
POl III holoenzyme, and primase are crucial for coupled leading and lagging strand
synthesis discussed below. The catalytic rates and processivity of polymerase alone or in
combination with accessory protein(s) are provided in Table 1.

The replisome of eukaryotes
As mentioned above, the exact composition of proteins that comprise a replisome in
eukaryotes is not well defined; however, some of the proteins in such a complex are well
characterized. These include the homotrimeric processivity clamp proliferating cell nuclear
antigen (PCNA), the heteropentameric clamp-loader complex replication factor C (RFC),
heterotrimeric ssDNA binding replication protein A (RPA), and polymerase α. Polymerase
α, involved in the initiation of replication and Okazaki fragment synthesis on the lagging
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strand, possesses the primase activity. Furthermore, the discovery of two major replicative
polymerases Pol δ and Pol ε has lead to the hypothesis that the labor of leading and lagging
strand syntheses is divided between the two polymerases [28,29].

This conclusion was based on a strategy developed by the Kunkel group to study
mutagenesis during leading versus lagging strand replication [30]. They examined the
spontaneous mutational specificity in the URA3 reporter gene placed adjacent to ARS306, an
origin of replication on chromosome III that fires in early S phase in >90 % of cells in yeast
strains that harbor these mutator alleles [30]. It is well known that several amino acid
substitutions at or near the active site of DNA polymerases reduce the fidelity of DNA
synthesis [31]. These mutants are thus error-prone and selectively introduce mismatches, for
example, E. coli Klenow fragment E710A generates A-C mismatches selectively over T-G
mismatches. These two mismatches give rise to an A-T to G-C mutation in vivo, depending
upon which of the two template strands is being replicated when the error is generated.
Using this strategy, a replicative polymerase with the property to generate such selective
mismatches could be used to determine the strand it copies in vivo. Thus polymerase ε is
suggested to be the leading strand polymerase [32] and polymerase δ is thought to be the
lagging strand polymerase of the eukaryotic replisome [33].

The identity of the replicative helicase in eukaryotes is still debated. There are some
suggestions that a minichromosocal maintenance (MCM) helicase is the replicative helicase;
however, the question remains to be unambiguously resolved [34].

[C] Coordination of replication of leading and lagging strands
How the leading and lagging strand syntheses are coordinated has been long debated;
however, the question still remains largely unanswered. A likely solution to coordinate
leading and lagging strands synthesis employs a DNA looping mechanism as shown in
Figures 1, 2 & 3. Both leading and lagging strands form a replication complex and these two
complexes are linked together by accessory proteins: Trx-gp4 complex in T7, clamp-loader
in E.coli and a putative dimer of leading and lagging strand polymerases in T4 phage. The
lagging strand folds back to form a loop that ensures that both parallel polymerizations in
the 5′ to 3′ direction can proceed simultaneously on both strands and the replication fork can
move forward unhindered. The DNA looping, referred to as the trombone model, has been
directly observed and verified by electron microscopy [35].

Whereas leading strand replication needs only one initiation event; replication of the lagging
strand needs multiple initiation events that require the assembly of the holoenzyme
repeatedly along the lagging strand. Generally dilution of the DNA polymerase did not
change the Okazaki fragment pattern supporting a mechanism to recycle the DNA
polymerase on the lagging strand to a newly synthesized RNA primer in order to synthesize
another Okazaki fragment [35]. Two schemes were proposed to explain the trigger for the
release of the polymerase from the lagging strand. In the collision model, when replication
on the lagging strand reaches the end of the previous Okazaki fragment, a “collision”
triggers the release of the DNA polymerase and synthesis of a new RNA primer. In the
signaling model, the DNA polymerase recycling is associated with RNA primer synthesis
and successful trapping of the primer by clamp/clamp-loader complex signals the
polymerase recycling. This does not necessarily require a “collision”, so that the result is
lagging strand synthesis with gapped DNA [36]. Mechanistic details of the primer handoff
remain to be elucidated. For example, is there pausing of the replisome on the replication
fork during priming?
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[D] Ensemble studies on DNA polymerase
A general summary of the ensemble studies on various DNA polymerase catalyzed reactions
is presented here for comparison to the single-molecules studies. Various DNA polymerases
have been extensively studied to understand the kinetic, structural and stereochemical
aspects of the polymerization reaction. The primary focus has been to understand the source
of the high nucleotide specificity involved in selecting the correct nucleotides that are
complementary to the templating bases contributing to the fidelity of the replicative
polymerases [37]. However, exceptions to this include the Y-family of translesion synthesis
(TLS) polymerases, examples of which include pol η, pol ι and pol κ in eukaryotes. TLS
polymerases are capable of synthesizing DNA past lesions in the templating strand. The
active site of the Y-family polymerases is organized to accommodate bulky lesions such as
thymine dimers, 8-oxoguanine and cis-platin with a concomitant loss in specificity but
appears to retain the overall kinetic sequence of nucleotide incorporation [38].

Scheme I shows the derived kinetic mechanism for the incorporation of the incoming
dexoynucleotide triphosphate into the growing DNA chain in the DNA polymerization
reaction by various polymerases based on detailed studies [39–42]. The fidelity of DNA
polymerases and the kinetic and structural factors contributing to the fidelity have been
reviewed elsewhere [37]. However, there are questions regarding the fidelity that remain
unanswered. How does the polymerase regulate the selection of the correct incoming
nucleotide for incorporation over an incorrect nucleotide? Does the rate-limiting step in the
polymerase reaction pathway vary, particularly during misincorporations? If so, how general
is this rate-limiting step variation? What are the factors that determine the switch between
the polymerase mode and exonuclease mode? Questions of this nature as well as those
previously mentioned can be investigated by single-molecule techniques to understand the
details of DNA replication that otherwise would be difficult to determine.

[E] Single-molecule studies of DNA polymerase
On a sufficiently long time scale, a molecule stochastically visits all possible energetic or
conformational states at a probability determined by the Boltzmann distribution. This
dynamic aspect of individual molecules is concealed in ensemble measurements, because
the fluctuation in the collective properties of the large number of molecules of the system is
negligible on any experimental time scale. The ability to observe individual molecules opens
the door to a wealth of information on their dynamic motions. Technological advances in the
fields of optical and magnetic tweezers and fluorescence spectroscopy have paved the way
for the development of novel methods to allow manipulations of molecules at the single-
molecule level. These methods include: the use of single fluorophores on a macromolecule
to probe the fluctuations in a local environment; the creation of single Fluorescence
Resonance Energy Transfer (FRET) pairs to follow intermolecular distance changes; the
manipulation of an individual molecule by Atomic Force Microscope (AFM), and the
attachment of single molecules to micro-sized beads subject to forces generated by optical
and magnetic tweezers, electric field or laminar flow [8,43–46]. Apropos to our discussion,
these methods have been employed to study the assembly and functions of complex
macromolecular structures such as the DNA replisome composed of its multiple protein
partners. The details of the operational principles of these single-molecule techniques are
reviewed elsewhere [8,43–46].

The recent decade has witnessed a rapid growth in the application of single-molecule
techniques to study the biochemistry of DNA replication. In 2000, in the first report on the
use of a single-molecule technique to study a DNA polymerase, the Bustamante group
elegantly examined a single T7 polymerase carrying out DNA synthesis by monitoring the
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total length of primed ssDNA where one end was attached to a bead held by a micro pipette
and the other end was attached to a bead trapped by a focused laser beam [47]. Extension by
the DNA polymerase increases the double-stranded content of the primed DNA substrate
leading to a decrease in the total DNA length under stretching forces greater than 6 pN. The
same strategy has been exploited in other techniques that use different methods to stretch a
single DNA molecule. For example, the Croquette group used magnetic force exerted on the
DNA substrate through a magnetic bead attached to the free end of the primed ssDNA
substrate that was immobilized on a microscope coverslip [48,49]. Additionally, the van
Oijen group employed laminar flow to produce a drag force on a bead attached to the free
end of a surface immobilized ssDNA molecule in order to stretch the DNA [50–54] and Kim
et al. reported a multiplexed version of this technique with improved flow stability [55].

Fluorescence based single-molecule methods have also been applied in the study of
replisome assembly. The Benkovic/Hammes collaboration used single-molecule FRET
(smFRET) to study the assembly of the T4 primosome [56] and polymerase holoenzyme
[57]. SmFRET has also been successfully employed by the Zhuang group to investigate how
HIV reverse transcriptase, an RNA-dependent DNA polymerase, switches its function
between DNA polymerase and RNase H activities [58,59]. Luo et al. probed T7 DNA
polymerase conformational changes by monitoring the single-molecule fluorescence
intensity of a Cy3-labeled primer-template DNA substrate [60]. In addition to the above
methods, the van Oijen group reported a direct visualization of the elongation of double-
stranded DNA with the aid of a fluorescent intercalating dye [61]. All these single-molecule
studies of the DNA replisome will be examined in greater detail below to understand deeper
several aspects of DNA replication. Before proceeding to the details of these single-
molecule studies of DNA replication enzymes, a brief discussion of the elastic properties of
ssDNA and dsDNA is presented below.

[F] DNA end-to-end distance as a function of stretching force
Several single-molecule techniques in the study of DNA enzymes are based on the
differential elastic properties of ssDNA and dsDNA [47–49,51–55,62–66], and hence it is
important to briefly describe the elasiticity of ssDNA and dsDNA. The elastic properties of
ssDNA and dsDNA have been exploited in the study of enyzmes that generate either form of
these DNA substrates during their function. For example, helicases produce ssDNA upon
unwinding the duplex DNA and the ssDNA thus available is used as a template during
replication by polymerases. With Watson-Crick base pairing and π-π stacking interactions,
helical dsDNA is much more rigid than ssDNA. Consequently, dsDNA and ssDNA have
distinct characteristic stretching curves with the end-to-end distance as a function of the
stretching force, as shown in Figure 4. For dsDNA, a large stretching force is needed to
stretch the dsDNA a small fraction longer than its full contour length. In contrast, ssDNA is
much more elastic and can be stretched almost twice as long as its fully extended contour
length. When the stretching force is ~ 60 pN, the helical structure of dsDNA is broken, and
the molecule is denatured and overstretched to the length of corresponding ssDNA. A
persistence length of ~ 50 nm for dsDNA and 0.8–3 nm for ssDNA was obtained by fitting
these curves with the Worm-Like-Chain model. At a specific force, ssDNA and dsDNA
have a fixed specific length of ( ) and ( ) respectively, where the length corresponds to one
nucleotide and hence, the total length of a primed ssDNA substrate is calculated as ( ) = ( ) +
( ) where and are the number of nucleotides in the template strand that are single-stranded
and double-stranded respectively. Therefore, the change in the total DNA length is
expressed as Δ = Δ ( ) − ( ), where Δ is the change in the number of single-stranded
nucleotides converted into double-stranded nucleotides. Consequently the change in the total
length of stretched DNA can be used to measure the rate at which DNA polymerase extends
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the primer. Various DNA replication enzymes studied at the single-molecule level are
described in detail below.

[G] Single-molecule analysis of DNA polymerase activity
The activity of the T7 DNA polymerase tethered to Trx clamp in a 1:1 ratio was studied on a
primed ssDNA substrate stretched by an optical trap setup shown in Figure 5a [47]. The
experimental setup is briefly discussed next. A 10 kb plasmid DNA fragment was attached
between two beads, where one end was held on the tip of a glass pipette and the other end in
an optical trap. SsDNA was obtained by using the force-induced exonuclease activity of T7
DNA polymerase to remove the desired length of the non-template strand. The bead
positions were imaged to obtain the end-to-end length of the DNA and the change in the
light momentum of the bead which exits the dual beam trap was used to measure the force
[47]. The replication rate was obtained from the change in the length of the ssDNA in the
presence of polymerase and deoxynucleotides at any given force. Replication rates at
various enzyme concentrations and various applied forces were measured. At a mean force
of 34 ± 8 pN the enzyme stalled during DNA synthesis; however, occasionally
polymerization occurred briefly above 50 pN.

Unlike the constant polymerization activity obtained from ensemble measurements, the
enzyme showed bursts of activity where the mean width of the burst corresponds to an off-
rate of 0.13 ± 0.1 s−1 that was independent of the enzyme concentration and DNA stretching
force (Figure 5b). The gap width between the adjacent bursts is negatively-dependent on the
polymerase concentration. Therefore, the burst of activity is attributed to the enzyme loading
onto and dissociating from the DNA substrate. The height of the burst varies between 26 and
60 bases at a force of 20 pN suggesting that each individual enzyme molecule behaves
differently. The replication rate is found to be force-dependent, increasing from ~ 100 nt/s at
zero force to a maximum of ~200 nt/s at 6.5 pN and then decreasing with increased force
until it halts at 34 ± 8 pN, indicating the presence of a force dependent rate-limiting step in
the polymerase reaction. In light of an induced-fit mechanism, the force dependence of the
reaction was attributed to the effect of tension on the entropic term of the active energy of
the rate equation. Fitting the data to an energetic model led to the conclusion that the finger
domain organizes two nucleotides at the active site during each catalytic cycle.

Surprisingly, it was also observed that a force-induced burst of exonuclease activity is
observed at high forces. No exonuclease activity was reported below a force of 34 pN where
polymerization was predominant; however, when the template tension was greater than 40
pN the exonuclease activity increased to about 30 ± 11 nt/s. The exonucleolytic rate became
independent of force above 42 pN and is two orders of magnitude faster than that observed
at zero force on dsDNA. The mechanism of the tension induced exonuclease activity is not
clear and may be characteristic of the T7 polymerase rather than a general property of all
polymerases. It should be noted here that the rate of the reaction was dependent on the
applied force, and hence the processivity measured also was dependent on the force. A
measure of the processivity of 400 bases was obtained at a low force of 15 pN. It should be
interesting to see whether other DNA polymerases behave identically at the single-molecule
level.

An analogous set of measurements was carried out by Maier et al. on two polymerases, the
Klenow fragment of E. coli Pol I and T7 Sequenase, on a primed ssDNA substrate stretched
with magnetic forces in a magnetic tweezers apparatus. The Klenow fragment is produced
from E. coli DNA polymerase I by the protease subtilisin and retains the polymerase and 3′
to 5′-exonuclease activities of the parent enzyme and replicates DNA with high fidelity. T7
Sequenase derived from DNA polymerase gp5 lacks the exonuclease activity of the wild-
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type polymerase. The behavior of the Klenow fragment at the single-molecule level is
consistent with that noted above for the wild-type T7 polymerase and displays a burst of
replication activity with a pause between each burst, as well as, a force-dependent rate of
replication. The replication rate of 13 nt/s and 200 nt/s for Klenow fragment and T7
Sequenase respectively at low forces is comparable to 7 nt/s for Klenow fragment and 230
nt/s for T7 Sequenase obtained from ensemble measurement [39,41,67,68]. Based on fitting
the force dependent replication rate to a mechanochemical model, it was concluded that T7
Sequanase and Klenow fragment organize two and four template nucleotides respectively in
their cognate active sites. This, however, raises a question of whether there is a correlation
between the number of bases involved in the rate-limiting step of the polymerization
reaction and the number of template bases within a polymerase active site.

The number of template nucleotides implicated in the active site - two for T7 polymerase
and four for Klenow fragment - contradicts the observations from crystal structures of
polymerases. For example, the ternary complex structure of T7 DNA polymerase/P–T
junction DNA/dNTP shows that this polymerase has a compact active site and holds only
one template base in its active site [15]. The rest of the template is located outside of the
catalytic site almost perpendicular to the duplex region of the growing DNA chain. To
reconcile this contradiction, the Herschbach group has employed a model involving a local
instead of a global end-to-end profile to evaluate the mechanical work done on DNA by the
enzyme [62]. This model assumed that the polymerase changes the geometry only of the
ssDNA segment that is close to the active site and provided a satisfactory proof of the force-
dependence of the replication rate for both enzymes.

The single-molecule methods above focused on the rate of replication and the processivity
of single DNA polymerases under an applied force. The other important feature of
polymerases is their high fidelity. The initial dNTP binding step of polymerization
contributes to base selectivity for high-fidelity polymerases such as the T7 and T4
polymerases and the E. coli Klenow fragment. The conformational change that occurs in
these polymerases upon binding the dNTP prior to the chemistry step has been proposed to
be the rate-determining step for complementary dNTPs [39,41,68]. Crystal structures of
several DNA polymerases have shown that the fingers subdomain of the polymerases
completely encloses the incoming dNTP in the ternary complex structures [15,69–72].
Fluorescence studies with either a fluorescent nucleotide or a FRET pair have indicated that
there is a rapid equilibrium between the open and closed conformational states and that the
closing of the fingers is a fast step [69,73–76]. However, with fluorescently labeled T7 DNA
polymerase this step could be partially rate-limiting for the base selectivity [77]. Hence, it is
of great interest to understand how the enzyme's conformational dynamics contribute to the
fidelity of base selection.

Luo et al. reported a single-molecule fluorescence study on the conformational dynamics of
the active T7 polymerase/P–T/dNTP complex by taking advantage of the environmental
sensitivity of Cy3 fluorescence [60]. This assay probed the conformational change
associated with the dNTP binding. Binding of T7 polymerase to a Cy3 labeled primer-
template enhanced the fluorescence of Cy3 by reducing the relaxation rate of the dye from
its excited state. Furthermore, binding of a complementary dNTP induced a conformational
change in T7 polymerase that led to a further enhancement of the Cy3 fluorescence. By
using a polymerization incompetent dideoxy-terminated primer with an exonuclease
resistant phosphorothioate linkage between the penultimate and 3′ terminal nucleotide, the
conformational change associated with the active ternary complex formation was obtained
from the Cy3 fluorescence response upon introduction of dNTP in the presence of Mg2+.
The rate associated with this conformational change when measured for the complementary
dNTP was much higher than the DNA replication rate, while the rate associated with a non-
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complementary dNTP was significantly slower than the DNA replication rate. The
relationship between the rates of the conformation change and the correctness of the
incoming nucleotide led to the conclusion that the conformational change step upon dNTP
binding contributes to the high fidelity of DNA synthesis by the T7 polymerase. Thus
Watson-Crick base pairing contribution to fidelity was augmented by the molecular
interactions between the polymerase-DNA binary complex and the incoming dNTP.

One of the important developments based on single-molecule techniques is real-time DNA
sequencing. The traditional and commercial method of DNA sequencing uses a DNA
polymerase to incorporate 3′-dideoxynucleotides that terminate the DNA synthesis, but does
not exploit the high catalytic rates or the processivity of the polymerase [78]. There are
reports of methods that enhance the performance of DNA sequencing, that are still limited
by the necessity for chain termination and short sequence read out (~400 nucleotides) [79–
82]. The Turner group has provided a proof-of-concept for an approach to highly
multiplexed single-molecule, real-time DNA sequencing based on the observation of the
temporal order of fluorescently labeled nucleotide incorporations during uninterrupted DNA
synthesis by a single DNA polymerase molecule [83]. Using this approach, they obtained
with fifteen reads, a consensus sequence with 99.3% accuracy and no errors beyond those
that arise from the fluorophore of the nucleotides. This method might prove to be a great
tool for sequencing especially highly repetitive DNA, where challenges remain for de novo
assembly or alignment.

[H] Characterization of ssDNA binding protein using single-molecule force
spectroscopy

SsDNA binding protein (SSB) plays an essential part in DNA replication as it binds to the
nascent ssDNA segment cooperatively and selectively to prevent the ssDNA from forming a
secondary structure, as depicted in Figures 1, 2 &3. Its C-terminal domain is responsible for
interaction with other proteins and the N-terminal domain is responsible for cooperative
binding [1]. The preference of gp32 to bind ssDNA over dsDNA often leads one to expect
this protein to destabilize dsDNA. However, wild-type gp32 does not affect the dsDNA
melting temperature whereas its C-terminal truncated form does [84]. The origin of the
ability of gp32 to specifically bind to ssDNA without destabilizing dsDNA was addressed
by using single-molecule force spectroscopy [63–66]. In this technique, force is applied to
the dsDNA using an optical tweezers setup similar to the one shown in Figure 5a. The
stretching curve is recorded during the stretching phase in which dsDNA is stretched until it
is denatured and overstretched, and in the relaxation phase in which the pulling force is
gradually released. In the absence of a DNA binding protein, such as SSB, the stretching
curve of the stretching phase overlaps perfectly with that of the relaxation phase as shown in
Figure 6a. In the presence of a protein-DNA interaction, a hysteresis usually appears in the
stretching curves, i.e. the stretching curve of the stretching phase does not overlap with that
of the relaxation phase, and also the force needed to overstretch dsDNA may differ from that
in its absence. The magnitude of the overstretching force and hysteresis consequently is
dependent on the thermodynamic and kinetic aspects of the DNA-protein interaction.

Three types of single-molecule force spectroscopic measurements have been performed to
understand the gp32-DNA interaction. In the first type of experiment stretching curves were
recorded for the stretching and relaxation phases for wt gp32, Truncate I in which the C-
terminus of gp32 was removed, and Truncate III in which both the C- and N-termini were
removed leaving only the ssDNA binding core. These proteins exhibited different effects in
the stretching-force profile of a single dsDNA as shown in Figure 6. In the case of 200 nM
Truncate I, the dsDNA overstretching force was reduced significantly indicating that the
dsDNA was significantly destabilized (Figure 6a). In contrast, wt gp32 showed no effect on
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the overstretching force, but caused a hysteresis in the stretching curve that suggested gp32
remians associated with the denatured DNA. The destabilization effect of gp32 on dsDNA
appeared at a high concentration as shown in Figure 6b. In the presence of 200 nM and 400
nM wt gp32, the force needed to overstretch dsDNA was reduced significantly with the
effect increasing with increasing protein concentration. Destabilization of dsDNA by wt
gp32 was not observed in ensemble measurements. In the presence of 80 nM Truncate I, the
stretching curve resembled that of ssDNA (Figure 6b and 4a). The large hysteresis in the
stretching curves for full-length gp32 and Truncate I implicate formation of a stable protein-
DNA complex upon denaturation of the dsDNA. In contrast Truncate III exerted a
significant effect on the dsDNA overstretching force only at a low ionic strength of 50 mM
NaCl, with a corresponding smaller hysteresis in the stretching curve (Figure 6c), suggesting
that its binding to DNA is weakened by removing the N-terminus. The differential effects of
these three proteins revealed that the N-terminal domain primarily is responsible for the
cooperative binding of gp32 to ssDNA through stabilizing the protein/ssDNA complex
offset by the C-terminal domain's preferred interaction with dsDNA [65].

The second type of measurement involved monitoring the stretching force as a function of
time. As shown in Figure 6, a larger force is needed to overstretch dsDNA without SSB than
in the presence of SSB. If overstretching dsDNA to a fixed length is complete on a shorter
timescale than that needed for dsDNA binding by SSB, the effective concentration of bound
SSB is zero at the instant of stretching and the overstretching force will be comparable to
that without SSB. At later times when the association of SSB with DNA reaches
equilibrium, the force needed to maintain the DNA length equals the overstretching force in
the presence of SSB. For the same reason, after a rapid relaxation of stretched SSB coated
dsDNA, the force increases at longer times because of the dissociation of excessive SSB
molecules from the dsDNA that occurred in the relaxation. The rates at which the force
increases and decreases corresponds to the rates of dsDNA melting and re-annealing by SSB
respectively. The dsDNA melting rate and re-annealing rate for gp32 and Truncate I were
measured using this force-time experiment (Figure 7). In the presence of full length gp32
and Truncate I, the force decreased exponentially to an equilibrium value in the stretching
phase and increased exponentially to the same equilibrium value in the relaxation phase,
providing a denaturing rate of 18 bp/s and a reannealing rate of 57 bp/s for the full-length
gp32 and denaturing and annealing rates of 80 bp/s and 107 bp/s respectively for Truncate I.
These results suggest that the C-terminus of gp32 kinetically down regulates the ssDNA
binding properties of gp32 protein.

The third type of measurement determined the overstretching force as a function of pulling
rate. Both the stretching force and the binding of SSB act to destabilize dsDNA. Intuitively,
when pulling dsDNA slowly, SSB has time to find and associate with the nascent binding
site. The availability of SSB-DNA binding energy demands less mechanical work from the
pulling force to stretch the DNA molecule; therefore, the slower the pulling rate, the less
overstretching force is necessary. A theoretical framework was proposed to relate the pulling
rate to the overstretching force. Briefly, the binding rate of SSB to stretched DNA is
determined by the time SSB takes to find a binding site on an ssDNA segment of efficient
length and the probability at which such a binding site is produced. The probability is a
function of the pulling force; the larger the pulling force, the greater the probability of
revealing a binding site. For a rigorous derivation, one should refer to the original paper
[64].

This method was applied to measure the cooperative binding and non-cooperative binding
rates, binding size and non-specific binding rate of gp32 to ssDNA, as well as, the non-
specific binding and sliding rates of gp32 on dsDNA. The cooperative binding rates at
various protein concentrations were fit to this theoretical model assuming that the
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cooperative binding of gp32 to a nascent ssDNA segment generated during unwinding of
duplex DNA was enhanced by 1-D diffusion of gp32 on dsDNA. The measured cooperative
binding rate constant for full length gp32 was 32 s−1 at 200 nM, much lower than 28 000 s−1

for Truncate I. The binding site size for gp32 was 7 nt. Thus the ability of gp32 to
specifically bind ssDNA without destabilizing dsDNA could be attributed to its slow
cooperative binding rate which prevents binding of gp32 to spontaneously frayed dsDNA.

Salt effects on the equilibrium binding of SSB (T4 gp32 and T7 gp2.5) to either ssDNA or
dsDNA were measured by the stretching force method and confirmed that the C-terminal
truncated proteins had high ssDNA binding affinity and salt sensitivity [63–66].

[I] Real-time observation of dsDNA unwinding by replicative helicases
Helicases use the energy of NTP hydrolysis to unwind dsDNA or translocate on ssDNA.
One intriguing question is how helicases couple NTP hydrolysis to the unwinding of
dsDNA. Two competing mechanisms have been suggested. The simplest scenario is the
passive unwinding mechanism in which ATP hydrolysis is used to generate directed ssDNA
translocation of the enzyme to prevent reannealing of the transient thermal fraying of
dsDNA at a fork junction. In the alternative active unwinding mechanism, the enzyme
actively destabilizes DNA basepairs at a fork junction, shifting the equilibrium of the fork
toward opening. Single-molecule experiments have been used to answer this question for
two replicative helicases, gp4 from T7 and gp41 from T4.

The Wang group has studied the ssDNA translocation and DNA unwinding properties of the
T7 helicase [85]. The experimental configuration consisted of a dsDNA substrate with one
strand attached to the surface of a microscope coverslip and the other strand attached to a
microsphere held in a feedback-enhanced optical trap so that its position and the force on it
could be measured (Figure 8a). In order to measure the ssDNA translocation rate of gp4, the
dsDNA was mechanically unwound by moving the coverslip to generate a segment of
ssDNA of known length and observing the time necessary for the helicase to reach the fork
junction detected as a drop in the tension on the microsphere. In this manner, a ssDNA
translocation rate of 322 ± 62 nt/s was measured at 14 pN. Helicase unwinding activity was
monitored as an increase in the ssDNA length detected as a change in the microsphere
position under constant tension. The unwinding rate showed a distinctive DNA sequence-
dependence consistent with the periodicity of pseudorepeats in the DNA substrate (Figure
8b), indicating that it is harder for the helicase to unwind the DNA when the affinity
between the two DNA strands is stronger, i.e. the unwinding rate was slower in GC-rich
regions than in AT-rich regions of the DNA. The unwinding rate was also found to depend
on the force exerted to separate the dsDNA strands thereby assisting helicase motion. The
average unwinding rate increased nonlinearly with respect to force; at low force (5.2 pN) the
unwinding rate of 29 bp/s was similar to that measured in bulk (10–15 bp/s; [86]), while at
higher force (11.2 pN) the unwinding rate of 220 bp/s approached the ssDNA translocation
rate. The average processivity of DNA unwinding was also dependent on force; at 11.2 pN,
most helicase molecules completely unwound the remaining 3.6 kb DNA, while at 5.2 pN,
the average length was only 343 bp.

The ssDNA translocation and DNA unwinding properties of the T4 helicase have been
studied by the Croquette and Benkovic groups [49]. Experiments were carried out by
tethering the two ends of a DNA hairpin between the surface of a microscope slide and a
magnetic bead with force being applied to the DNA molecule through magnets positioned
above the sample (Figure 8c). Helicase unwinding activity was monitored as an increase in
the end-to-end distance of the DNA substrate in the presence of gp41 and varying
concentrations of ATP over forces ranging from 3 to 11.5 pN. Following the complete
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unwinding of the hairpin by a helicase molecule, the ssDNA translocation velocity was
measured from the gradual decrease in the end-to-end distance of the DNA substrate as the
hairpin reannealed in the wake of the helicase translocating on ssDNA over the same ATP
concentration and force ranges. In the case of the T4 helicase, the ssDNA translocation rate
was 314 ± 15 nt/s independent of the applied force, while the unwinding rate was highly
dependent on the force, approaching the ssDNA translocation rate at high force and
extrapolating to 30 bp/s at zero force in a nonlinear fashion (Figure 8d). As expected, the
helicase activity was dependent on the concentration of ATP following Michaelis-Menten
kinetics with a Km of 1.1 ± 0.1 mM ATP.

Both studies used models to determine the passive/active nature of the helicase from the
force dependent unwinding velocities. In both cases a helicase was considered a passive
helicase if the fork junction was required to open n basepairs, the step size of the helicase,
before translocation could take place; alternatively, an active helicase directly destabilized
the dsDNA near the fork junction to facilitate unwinding. In the case of the T7 helicase, a
strictly passive helicase model did not fit the data. Instead the Wang group used three
parameters to describe the active nature of the T7 helicase: the step size, the interaction
range of the helicase with the fork junction, and the interaction potential increase per base
ΔGd. A good agreement between the measured unwinding velocity dependence on force and
simulated data was obtained with a step size of 2 bp, an interaction range of 6 bp, and an
interaction potential increase per base of 1.2 kBT. Considering that the free energy required
to open a single GC basepair is ~3.4 kBT, their results support an active unwinding
mechanism for T7 helicase, although the model also indicates that the helicase is not
optimally active. In the case of the T4 helicase, the passive/active nature of the helicase is
introduced in to the model through the fork opening and closing rates, thus the unwinding
rate was equal to the maximum helicase ssDNA translocation rate times the probability that
the next n basepairs are opened. The measured unwinding velocity dependence on force and
ATP concentration was best fit by a model with a step size of 1.4 bp and a helicase
destabilization energy equal to 0.05 kBT. In other words, the destabilization of the double
helix by gp41 was very small (<15% of the base-pairing energy), consistent with the T4
helicase unwinding DNA by an essentially passive mechanism. Based on the helicase
destabilization energy values, the T4 helicase is closer to the ideal passive helicase, whereas
T7 helicase stands somewhere between the purely passive unwinding model and the purely
active unwinding model. It should be noted that the passive/active classification
distinguishes between two extreme cases that do not reflect the continuum of behaviors
probably existing in nature. Indeed, both studies comment on the relatively slow unwinding
velocity of each helicase at low force suggesting that the helicase needs to be coupled with
the DNA polymerase or other replisome protein in order to achieve the maximum unwinding
rate observed in DNA replication. This coupling between helicase and DNA polymerase
may provide additional helix destabilization energy thereby shifting the unwinding
mechanism from passive or moderately active to an optimally active unwinding mechanism.

[J] Primosome and holoenzyme assembly studied by single-molecule FRET
The single-molecule studies investigating the functions of replication proteins individually
have been discussed so far. In the context of in vitro and in vivo DNA replication, it is
important to look at the assembly of these proteins as they essentially form the active
complexes for the synthesis of leading and lagging DNA strands. The primosome,
comprised of helicase and primase, plays essential roles in DNA replication. The assembly
of the T4 primosome from gp41 helicase, gp61primase, gp59 helicase loader and gp32 was
studied with smFRET by the Benkovic and Hammes groups [56]. In these experiments, a
fluorescence microscope equipped with a multi-wavelength Ar-ion laser and three filter sets
was used. The first filter set was coupled to a 488 nm laser line to excite the donor
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fluorophore Alexa Fluor-488 and record the FRET signal of the donor. The second filter set
was coupled with a 488 nm laser line to collect the fluorescence signal from the acceptor
Alexa Fluor-555 or Cy3. The third filter set was coupled to a 514 nm laser line to directly
excite and detect the acceptor fluorescence signal, which is useful to verify the presence of
the acceptor modified molecule.

The interactions between proteins and the surface immobilized forked-DNA were probed by
attaching fluorescent dyes to the proteins. Each of these four proteins alone was able to bind
to the forked-DNA from solution. The protein-protein complex formation on the forked-
DNA was investigated systematically by smFRET in the presence of ATP or ATPγS, a non-
hydrolyzable analog of ATP. It was demonstrated that an ordered process of primosome
assembly begins with gp32 and gp59 forming a tight 1:1 complex on the forked-DNA
substrate agreeing well with earlier reports from ensemble measurements [24,87]. This
complex formation involves gp32 binding to the forked DNA with subsequent or
simultaneous binding of the gp59 helicase-loader complex. In the presence of ATPγS, gp41
forms a weak complex with the DNA coated with gp32 and gp59, whereas in the presence of
ATP, gp41 binds to gp59 and is loaded onto the DNA. With ATP, the unwinding activity of
gp41 displaces gp32 and gp59 probably by translocation. In the presence of ATP, gp61
unlike gp41 could not be loaded onto the DNA/gp32/gp59 complex, but gp41/61 could be
loaded onto a DNA.

From these single-molecule results a primosome assembly pathway was devised as shown in
Figure 9. Gp32 and gp59 bind to forked-DNA, and then gp41 binds to gp59 that in the
presence of nucleotide and ATP hydrolysis leads to dissociation of gp32 and gp59 from the
DNA. Finally gp61 binds to gp41 to form the active primosome complex. In the context of
the replication fork, the polymerase and the processivity clamp are present in the functional
replisome and the above pathway for the primosome assembly may be modified. Results
from electron microscopy on DNA/replisome complexes reveal a bobbin-like structure on
lagging strand ssDNA composed of gp32 and gp59. The results from this work, however,
suggest that the active primosome is composed only of the gp41 and gp61 complex. Since
gp61alone does not bind at the interface of gp32 and gp59, it is suggested that gp59 is
imbedded at other loci in the bobbin and may reflect an abortive complex or act in the
coordination of the action of the leading and lagging strand holoenzymes [88].

A strategy analogous to the above experiment was used to investigate the formation of
holoenzyme from T4 gp43 polymerase and processivity clamp gp45 in the presence of the
clamp loader complex gp44/62 [57]. In this case, the clamp gp45 and the polymerase gp43
were labeled with the acceptor, Alexa Fluor-555 and the donor Alexa Fluor-488
respectively. The smFRET signals between the donor and the acceptor in these experiments
suggested that there are four pathways for the assembly of gp43/gp45 holoenzyme on
forked-DNA. The assembly pathways involve: (a) binding of the gp45-gp44/62 complex to
DNA followed by gp43 binding; (b) binding of gp44/62 to DNA followed by sequential
binding of gp45 and gp43; (c) binding of gp45 to DNA followed by sequential binding of
gp44/62 and gp43; and (d) binding of gp43 to DNA and then binding of the gp45-gp44/62
complex. Pathway c is possible because gp45 is partially open in solution unlike other clamp
proteins [89,90].

The existence of the multiple pathways for T4 holoenzyme assembly provides a mechanism
to effectively recycle lagging-strand polymerase during DNA replication. It has been shown
that there are multiple pathways for the initiation of DNA replication in bacteriophage T4
[91]. The early stages of T4 phage infection involve initiation of the leading strand DNA
synthesis from an RNA primer that forms an R-loop structure. In the late stages of T4 phage
infection, DNA replication involves priming from DNA recombination intermediates such
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as D-loop structures that are formed by the invasion of a partially unreplicated 3′-terminus
derived from the homologous region of another segment of chromosomal DNA. Thus, the
holoenzyme is assembled on either the D-loop or R-loop structures to initiate the processive
leading strand synthesis. However, the lagging strand synthesis requires the repetitive
assembly of the holoenzyme on a short RNA primer. Hence, the nature of specific DNA
structures might influence the choice of the assembly pathway of the holoenzyme. Several
of the assembly pathways for the primosome and the holoenzyme of T4 phage might be
general and possibly be conserved among other replisomes.

[K] Single-molecule observation of coordinated leading and lagging strand
synthesis

How the leading and lagging strand syntheses are coordinated at the same pace is both
remarkable and puzzling. The leading strand DNA synthesis by the T7 replication
machinery composed of gp5, Trx and gp4 was studied by the van Oijen group on a long λ,
phage DNA molecule that was immobilized onto a functionalized surface through the 5′-end
of the lagging strand and stretched by a drag force on a microbead attached to the 3′-end of
the same strand created by flow as shown in Figure 10b [52]. A replication complex without
the lagging strand polymerase was preassembled on a primed λ, DNA fork. The leading
strand DNA synthesis was initiated by introducing Mg2+ copying the leading strand
template generated by the gp4 helicase. The leading strand synthesis was detected by the
decrease in the DNA length; the lagging strand will remain single-stranded due to the
absence of a lagging strand polymerase. The difference between the lengths of ssDNA and
dsDNA was employed to calculate the number of nucleotides incorporated by the leading
strand polymerase. The rate of nucleotide incorporation by the leading strand polymerase
was found to be 164 ± 20 bp/s and corresponds well with the helicase unwinding rate
obtained for the T7 helicase of 130 bp/s [92].

The processivity obtained in this single-molecule study was 17 ± 3 kb, which is dramatically
different from the processivity of 1 kb for gp5 polymerase alone [93] or the 60 bp
unwinding processivity of gp4 alone [86]. The high processivity most likely originates from
the stabilization of the replisome complex by the interaction of the thioredoxin binding
domain of gp5 polymerase and the acidic C-terminal tails of gp4 and gp2.5 [94]. In the
presence of rNTP necessary for primer synthesis by gp4, pauses approximately 6 s long
were observed in the leading strand DNA synthesis as shown in Figure 10a (Trace 2). When
a gp4 enzyme lacking the zinc-binding domain that forms the active hexameric helicase but
defective in primase activity was used, no such pauses were observed even when rNTPs
were present (Figure 10a, Trace 4). Therefore, the pauses in the leading strand synthesis
were attributed to DNA-templated RNA primer synthesis by the replisome.

The inclusion of additional DNA polymerase in this assay ensured the formation of both the
leading and lagging strand holoenzymes. In this case a gradual shortening of the DNA
associated with a pause is followed by a sudden increase in the length of the DNA. This is
attributed to the replication loop formation and its release during lagging strand DNA
synthesis. The average pause of 6 s agrees well with ensemble measurement of the rate of
primase catalyzed primer synthesis of 1–3 nt/s. The pauses reveal that leading strand
synthesis is halted until primer synthesis on the lagging strand is completed allowing the
leading and lagging strand holoenzymes to resume coordinated DNA synthesis. Primer
synthesis, therefore, acts as a brake on leading strand DNA synthesis, i.e. initiation of primer
synthesis interrupts the leading strand DNA synthesis allowing time for primer synthesis and
other probably slow steps in Okazaki fragment initiation to be completed before resuming
synthesis on the leading strand. The molecular mechanism responsible for the pauses
observed in the leading strand DNA synthesis by the primase activity is not well defined at

Perumal et al. Page 15

Biochim Biophys Acta. Author manuscript; available in PMC 2011 May 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



this time [53]. The possibility of primase-RNA-DNA interactions as the cause of stalling has
been ruled out due to the low affinity of the primase for the P-T junction [95]. Among other
possibilities is an allosteric modulation of the helicase activity by the primase that arises
during primer synthesis.

It had been previously demonstrated from bulk biochemical assays that the C-terminal tail of
gp4 is required for maintaining the interaction of gp4 with gp5/Trx for effective strand-
displacement synthesis [96,97]. Furthermore, the crystal structure of gp5/Trx revealed the
presence of two basic loops (residues 275–285 and residues 299–314) [15]. Plausible
electrostatic interactions of the acidic C-terminus of gp4 and the basic loops of gp5 were
probed by mutational analysis of these proteins, where the C-terminal acidic tail of gp4
containing 17 amino acids was removed and the basic residues of gp5 were mutated to
alanines. A measure of the rate and processivity of these proteins at the single-molecule
level showed that the mutation of either of these proteins led to a drastic reduction in the
processivity of leading strand DNA synthesis from 17 kb for the wild-type enzyme to 6 kb
for the gp5 mutant and 5 kb for the gp4 C-terminal deletion mutant. It should be noted that
the rate of DNA synthesis was not significantly reduced. Thus, it is evident that there exists
an electrostatic interaction between the C-terminal tail of gp4 and the basic loops of gp5
confirming an earlier suggestion [96,97].

As discussed above, the primase and helicase of the T4 phage, E. coli and eukaryotic
replisomes exist as two separate polypeptides and not as a covalently fused primase and
helicase protein like the T7 phage. Although the primase and helicase proteins from these
species are not covalently linked, they do form tightly coupled complexes during in vitro
DNA replication [98,99]. It is possible for such an electrostatic interaction to extend to these
replisomes as well.

In the above single-molecule study of the leading strand synthesis from T7, the replication
loop formation and release in the lagging strand was observed in the presence of the gp4
protein. However, ssDNA binding protein, an important protein involved in the lagging
strand synthesis was not included. The lagging strand DNA synthesis was studied in the
presence of T7 SSB gp2.5 and the lagging strand polymerase employing the single-molecule
system shown in Figure 11a [54]. The polymerization reaction was monitored by the change
in the DNA length of the substrate indicated by the movement of the bead attached to the
DNA substrate. The time trace of the DNA length contains a series of valleys, as shown in
Figure 11b, attributed to the loop formation due to lagging strand synthesis and subsequent
loop release.

The factors that contribute to triggering loop release need to be identified in order to
understand how the coordination of leading and lagging synthesis is achieved. The loop
length was measured to be 1.4 kb, corresponding to twice the Okazaki fragment size of 0.8
kb. Furthermore, the rate of 146 bp/s for DNA shortening during the replication loop growth
is nearly twice that of 80 bp/s observed for leading strand polymerization alone [52]. This
indicates that the loop is formed during coordinated leading and lagging stand DNA
synthesis with a net rate contributed by both polymerases. It was also found that there is
always a lag time, 12.0 s on average, between loop release and the formation of a new loop.
Both the loop length and the lag time are dependent on the concentration of ATP and CTP;
reducing their concentration decreases the loop length and increases the lag time. This effect
on loop size can be compensated for by adding a pAC dinucleotide that can be utilized for
primer synthesis; however, the lag time is only a function of the ATP and CTP
concentrations. These data indicate that initiation of primer synthesis triggers loop release
before the completion of the previous Okazaki fragment. Statistical analysis of the relative
length of a pair of successive loops implicated the completion of an Okazaki fragment as
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another trigger for releasing the loop. The existence of these two modes for triggering loop
release guarantees that the lagging-strand polymerase is efficiently recycled. Nevertheless,
observation of replication fork dynamics by measurement of the conversion of ssDNA to
dsDNA is indirect. Whether the observed events of loop expansion and collapse as well as
replisome pausing are events tightly coupled to primer synthesis will require assays that
measure the extent of primer synthesis at a given pause.

A single-molecule experiment similar to the one discussed above was performed using the
E. coli replication machinery with the Pol III holoenzyme composed of the core polymerase
along with DnaB helicase and DnaG primase [51]. The substrate was a preassembled
replication fork and the experimental setup was identical to that used for the T7 single-
molecule assay [52]. However, primer extension by Pol III holoenzyme was monitored as
the lengthening of the DNA as the ssDNA was converted into dsDNA. The Pol III
holoenzyme with a clamp-loader complex lacking χ and ψ subunits extends a primer with a
rate of 347 nt/s with a processivity of 1.4 kb. For comparison the processivity obtained from
ensemble measurements is reported to range from one hundered to several hundred
nucleotides [100]. The authors have argued that the discrepancy between the single-
molecule and ensemble measurements arises from multiple-binding events and difficulties in
obtaining precise values from ensemble measurements. Such a variation is also evident in
the processivity value for the T7 polymerase obtained by the Bustamante group, where the
single-molecule measurement yielded a value of 420 bases compared with 15–20 bases
obtained from ensemble experiments. In addition, enzyme dependent pauses were observed
that reflect a slow association of the enzyme on the DNA substrate and further comfirm
single-enzyme event measurements.

Next the effect of the DnaB helicase and the DnaG primase on leading strand synthesis was
assayed. To efficiently load the helicase onto the lagging strand of the substrate, the
helicase-loader protein DnaC was also included in the experiment. Thus, DnaB and Pol III
holoenzyme lacking the χ and ψ subunits of the clamp-loader complex replicated the leading
strand at a rate of 417 bp/s with a processivity of 10.5 kb. This observed processivity is
significantly lower compared to the value obtained from bulk biochemical assays of >50 kb
[101]. The authors attribute this deviation to the differences in single and multiple binding
events between the single-molecule and the ensemble assays. However, in the previous case
where DnaB was absent in the assay, the processivity obtained from the single-molecule
measurements was greater than the ensemble case. One possible explanation is that the
movement of the helicase is challenged by a surface immobilized fork substrate leading to a
lower probability of reinitiation of leading strand synthesis upon dissociation of any one of
the replisome components. Upon introduction of the primase and under conditions of active
priming, leading strand synthesis proceeded with a similar rate, but with a significantly
reduced processivity of 2.9 kb and no observable pausing. This is in sharp contrast to the
results on leading strand synthesis for the T7 replisome described earlier. How the
interaction between primase and helicase accelerates the departure of helicase from the
replisome thereby decreasing its processivity requires further clarification especially
whether the reduction in processivity is indeed the mechanism by which the E. coli
replisome achieves coordination of leading and lagging strand synthesis.

Recently a promising single-molecule method was presented by Tanner et al. for measuring
coordinated DNA replication [61]. The real-time observation of coordinated DNA synthesis
by the T7 and E. coli replisomes at the single-molecule level was obtained through the direct
visualization of the growing DNA chain (Figure 12). The authors employed a well
established rolling-circle DNA substrate capable of highly processive DNA synthesis. The
polymerization of the substrate attached to the surface by a biotin-streptavidin conjugate was
initiated by introducing all the replication proteins responsible for both leading and lagging
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strand synthesis. The growing chain of DNA was stretched by constant laminar flow and the
increasing dsDNA length was monitored directly with the aid of an intercalating dye,
SYTOX Orange. This provided a real-time measure of the growing DNA molecules and
furnished replication rates by plotting the endpoint trajectories versus time as shown in
Figure 12c. A replication rate of 75.9 ± 4.8 bp/s and a processivity of 25.3 ± 1.7 kb at 22 °C
were obtained for the T7 replisome. When the temperature was raised to 37 °C, the authors
observed a slight increase in the rate of the reaction and the processivity doubled to 51 ± 9
kb. The replication rate and processivity for the E. coli system was observed to be 535.5 ±
39 bp/s and 85.3 ± 6.1 kb, respectively. The replication rate observed here is in good
agreement with other single-molecule and ensemble measurements. Although the
processivity of 85 kb is much larger than the 10 kb observed in other single-molecule
observations that did not include SSB, the value is in accord with ensemble assays where a
processivity of 50 kb has been reported [102,103]. This underscores the importance of SSB
in the coordination of leading and lagging strand DNA synthesis.

[L] Study of the dynamic behavior of HIV reverse transcriptase by smFRET
Another type of DNA polymerase, a reverse transcriptase falls within the context of DNA
polymerases. The reverse transcriptases are RNA-dependent DNA polymerases that
synthesize DNA in a 5′ to 3′ direction employing RNA templates. The reverse transcriptase
(RT) of human immunodeficiency virus (HIV), responsible for the cause of Acquired-
Immune Deficiency Syndrome (AIDS) in humans, has been an extensively studied member
of this group of enzymes. The HIV RT has been reviewed in detail by Le Grice in this issue;
however, in order to discuss the single-molecule studies on this class of RNA-dependent
DNA polymerases, a brief summary of this enzyme is presented below.

The HIV RT is a multifunctional enzyme with DNA polymerase and RNase H activities.
This enzyme catalyzes the synthesis of dsDNA from its RNA genome in three successive
steps. The first involves the synthesis of the minus strand of the DNA employing the viral
RNA as the template to form a RNA-DNA hybrid. This hybrid becomes the substrate for the
RNase H activity of the enzyme leading to partially degraded RNA fragments that bear
purine-rich sequences known as polypurine tracts (PPTs). These tracts are used as primers
for the synthesis of the plus strand of the dsDNA completing the replication of the viral
genome.

Crystal structures of the enzyme in complex with RNA-DNA or DNA-DNA duplexes with
or without dNTP, in conjunction with biochemical studies, revealed that RT interacts with
either nucleic acid duplex and the incoming nucleotide for polymerization. However, when
RT is acting as an RNase, the enzyme interacts with the RNA-DNA complex positioning the
RNA strand within a second active site. It is, thus, important for the activities of RT to be
well regulated in order to process the substrate correctly.

The Zhuang group, through a series of elaborately designed smFRET experiments, was able
to observe RT undergoing a dynamic switch between its DNA polymerase and RNase H
activities [58]. In these experiments, the position of fluorescent probes on the DNA/DNA
substrate and RT were systematically varied to precisely determine the orientation of RT
binding to the substrate by measuring the smFRET, as illustrated in Figure 13. In these
experiments, the protein and the DNA substrate were labeled with a fluorescent donor and
acceptor, respectively. In Figure 13a, the fluorescent donor was attached to the RNase H
domain of RT and the acceptor was conjugated to the 3′-terminus of the template. When RT
binds to the P-T substrate in the polymerization orientation, the donor and the acceptor are
proximal so that a FRET with a high efficiency of 0.9 was observed; accordingly, when the
5′-terminus was labeled with the acceptor as showed in Figure 13b, the distance between the
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donor and the acceptor was increased due to the change in the position of the acceptor so
that the FRET efficiency dropped to 0.3. Movement of the donor probe to the RT finger
domain generated a high efficiency FRET (Figure 13c). Data from Figure 13a–c clearly
demonstrate that when the template is primed with a DNA primer, RT binds to the P-T
DNA/DNA junction in a polymerase active mode.

With the same experimental design but using RNA as the primer, RT bound to the RNA/
DNA substrate in an RNase mode as revealed in Figure 13d–f. With a series of RNA/DNA
hybrid primers and the RT probe in the RNaseH domain two separate FRET efficiency
peaks were observed (Figure 13g) indicating that RT binds to its substrate with different
orientations depending upon the backbone composition of the 5′-end of the primer. RT binds
to a substrate with a DNA primer or a hybrid primer containing DNA at the 5′-end with its
DNA polymerase domain close to the 3′-end of the DNA primer competent for polymerase
activity. In contrast RT binds to a substrate with an RNA primer or a hybrid primer
containing RNA at the 5′-end RT binds with its RNase H domain close to the 3′-end of the
primer in a conformation competent for RNase activity. These results indicate that the
substrate binding orientation is the determining factor for polymerase or RNase activity.
However, when an RNA PPT and its derivatives were used as primers, a portion of RT
bound in its polymerase mode consistent with previous reports that PPTs serve as the
primers for DNA-dependent DNA synthesis in vivo. Additional experiments showed that a
correct incoming dNTP increased the probability of RT binding in the polymerase-
competent orientation, whereas, the anti-HIV drug nevirapine, a non-nucleoside RT inhibitor
that allosterically inhibits DNA synthesis by binding in a hydrophobic pocket near the
polymerase active site, increased the probability of RT binding in the RNase-competent
orientation. These smFRET experiments strongly support the hypothesis that the substrate
composition determines the activity of RT.

The distributive nature of RT is reflective of the dissociation from its DNA extension site.
How the enzyme finds the 3′-end of the primer and resumes DNA synthesis was addressed
by Liu et al. using smFRET experiments [59]. By varying the length of the primer labeled
with a dye as shown in Figure 14 a–c, smFRET revealed how RT moves along the substrate.
When a 19mer DNA primer with an RNA template was used, RT binds to the P-T substrate
with a FRET efficiency of 0.9. When the primer length was increased to 38 or 56
nucleotides, two FRET populations were observed suggesting that RT moves between the
5′-end of the primer and the 3′-P-T junction (Figure 14b, c). The temporal dependence of the
sliding was tracked: no energy transfer was observed until 20 s, after which a moderate but
constant FRET signal was recorded (Figure 14d) suggesting that RT moved 5′ to ′ the duplex
as depicted in scenario A of Figure 14f. Surprisingly, Liu et al. also observed a short but
drastic change in the FRET signal (Figure 14e). This observation suggested that occasionally
RT binds incorrectly and must flip to a correct orientation (Scenario B). On such substrates
RT binds randomly followed by sliding in either direction along the DNA primed duplex
until the 3′-end of the primer is identified. The presence of a correct dNTP increased the
frequecny of RT binding to the 3′-end. In summary, the smFRET experimental results show
that RT searches for its synthesis site through a binding and sliding mechanism.

[M] Comparison of ensemble and single-molecule measurements of the
replisome

The results obtained from the single-molecule observations of the activities of replisome
eznymes individually or in complex with other proteins are tabulated in Table 1 for
comparison with the corresponding values from ensemble methods. The single-molecule
experiments generally involve indirect measurement of the DNA polymerization from
changes in DNA length. Almost all reports of single-molecule studies involve the use of a
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force to stretch the DNA or have the reaction initiated on force-stretched DNA substrates.
Furthermore, these reactions are force-dependent. The single-molecule studies provide a
more precise processivity value often not attainable in ensemble measurements owing to
multiple binding events but in reasonable agreement. One exception appears to be the the
processivities measured with the intercalating dye that are significantly higher than the other
values, for example, 25 kb (22 °C) or 51 kb (37 °C) compared to 17 kb for the T7 replisome
and 85 kb compared to 10.5 kb for the E. coli replisome. This might arise from inaccuracy in
measuring the signal intensity of the intercalating dye or its effect on the replication process
itself.

Reaction rates of the polymerases and helicases obtained from both the ensemble and single-
molecule studies also are in good agreement so that gratifyingly the behavior of the enzymes
is identical under both conditions (Table 1). In the holoenzymes examined thus far the rates
of replication were similar for both the single-molecule and ensemble levels, the exception
being the T7 holoenzyme whose rate of 164 nt/s in the absence of rNTPs was two-fold faster
than ~80 nt/s.

[N] Conclusions
In summary, single-molecule methods can address a variety of important questions on DNA
replication such as: protein/DNA interactions; the movements of polymerase, primase and
helicase during DNA synthesis; the assembly pathway of a replisome at the replication fork
from its constitutional components; the coordination of leading and lagging strand DNA
synthesis; and the sliding and switching of an enzyme to capture its substrate. Although
limited so far in number, these successful single-molecule studies of DNA replication are
encouraging and demonstrate the power of the methods. Single-molecule kinetics of DNA
polymerase made it possible to “visualize” the dynamic movement of polymerases and
replisome components on the DNA chain by tracking the movement of a bead tethered to the
macromolecule, by the change in mechanical tension or by the energy transfer between dyes
attached to DNA and proteins. All measurements such as the rate of DNA polymerase
extension, its processivity, and the rates of helicase unwinding correspond to similar
measurements using ensemble experiments.

The advantage of single-molecule experiments is in detecting the transient states that are
invisible due to the “averaging effect” in ensemble experiments. For example, the switch
between the polymerase active mode and exonuclease active mode for the T7 polymerase
depends on the applied mechanical tension on the DNA chain, which is difficult, if not
impossible, to demonstrate by ensemble experiment since it is not feasible to apply
mechanical tension on millions or billions of DNA molecules simultaneously. Another
example is the observation of leading strand synthesis pausing during primer synthesis
required for initiation of lagging strand synthesis in T7 DNA replication in single-molecule
experiments providing evidence for the coupling between leading and lagging strands
synthesis although tempered by the cautionary note expressed earlier. These transient but
important events monitored at the single-molecule level increase our understanding about
the DNA replisome and underscore the potential utilization of the techniques in the system
to probe other unanswered questions.

However, compared to ensemble experiments, the manipulation of biomolecules for single-
molecule experiments is much more complicated. There are several factors that need to be
taken into consideration when designing single-molecule experiments. Although the effect
of modification of macromolecules are contributing factors in these and ensemble
experiments, a difficulty general to single-molecule experiments is the concentrations
employed in the assays [104]. In ensemble experiments, the concentration of protein or
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substrate are sub-micromolar or even higher; however, in single-molecule experiments, in
order to reduce the background signal, the concentrations of enzyme and substrate are
typically in the nanomolar and sometimes the sub-nanomolar range. The reduced
concentration may shift the equilibrium dynamics from a productive enzyme-substrate
complex to dissociated individual molecules and result in few events being observed. For
instance, with a Kd equal to 50 nM between a DNA polymerase and a DNA substrate, in
ensemble experiments containing 100 nM polymerase and DNA, the concentration of
polymerase-DNA complex formed is 50 nM (50% of total enzyme); however, if the
polymerase and substrate are reduced to 10 nM, the concentration of polymerase-DNA
complex formed would be only 1.5 nM (15% of total enzyme). This applies to a higher order
replisome where loss of auxiliary proteins may not be recognized. The rates of extension by
DNA polymerases in ensemble studies are systematically higher than those of single-
molecule studies and the reason might be due to one or more of these factors.

Almost all of the complexes involved in DNA metabolism such as replication, repair,
recombination and transcription involve multiple pathways and many interacting protein
partners. The nature of the complexes and their respective functions can be studied in the
future employing single-molecule techniques with further improvements. With the exception
of FRET based analyses of individual enzyme function or replisome assembly, investigation
of replisome DNA synthesis have relied primarily on length changes in the DNA. Because
these cannot be verified by actual product analysis, these conclusions are inferential. Future
studies should aspire to direct measurements. The real challenge lies in our ability to extend
these techniques to monitor the dynamics of enzymes in vivo in their natural environment.
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Scheme 1.
Kinetic Scheme for the DNA chain elongation catalyzed by DNA polymerases.
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Figure 1.
Schematic representation of the T7 replisome (Courtesy of Nathan Tanner).
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Figure 2.
Model of the replication fork of the T4 replisome.
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Figure 3.
Schematic representation of the replication fork of E. coli (Reproduced with permission
from Ref. [51]).
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Figure 4.
Force-extension profile for dsDNA and ssDNA. The experimental data (dotted curves) can
be well fit with the Worm-Like-Chain model (solid red curves) using 0.7 nm and 53 nm as
the persistence length for ssDNA and dsDNA respectively. (Reproduced with permission
from Ref. [50]).
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Figure 5.
(a) Optical trap setup (b) Decrease of ssDNA fraction during DNA replication (red curve)
and the DNA replication rate obtained by taking the derivative of the ssDNA fraction with
respect to time. (Reproduced with permission from Ref. [47]).
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Figure 6.
Stretch-force profile of a single dsDNA in the presence of wt gp32, Truncate I or Truncate
III (Reproduced with Permission from Ref. [65]).
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Figure 7.
Stretching force as a function of time when dsDNA is stretched and then relaxed in the
presence of wt gp32 and Truncate I (Reproduced with permission from Ref. [65]).
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Figure 8.
Real-time observation of dsDNA unwinding by replicative helicases. (a) Experimental
configuration involving an optical trap. (b) Measured and predicted instantaneous velocity
of T7 helicase along dsDNA template positions. (c) Experimental configuration of magnetic
tweezers apparatus. (d) The unwinding rate (red circles) and rezipping rate (blue circles) for
T4 helicase as a function of applied force. (Figures a and b reproduced with permission from
Ref. [85].
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Figure 9.
Assembly of the T4 primosome, gp41(helicase)/61(primase), onto surface immobilized
forked-DNA promoted by gp32 and gp59 in the presence of ATP. (Reproduced with
permission from Ref. [56]).
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Figure 10.
Observation of leading strand synthesis by T7 DNA replication proteins using single-
molecule method. (a) DNA length decreases during leading strand synthesis; ZBD, zinc-
binding domain is necessary for primase activity; rNTP is material for primer; gray arrows
denote pauses. (b) The single-molecule event corresponding to the time trace in Panel a.
(Reproduced with permission from Ref. [52]).
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Figure 11.
(a) Schematic depiction of loop formation during lagging strand synthesis; the red circles are
gp2.5; the blue objects are the gp4 helicase/primase and the green objects are the
polymerase/Trx complex. (b) Time course of the change in DNA length during DNA
synthesis of a single DNA molecule. The change in the DNA length is monitored by
observing the beadmovement. The gradual decrease in the length of the DNA is due to the
replication loop formation during lagging strand DNA synthesis and the rapid increase in the
DNA length arises from the release of the replication loop as shown in panel (a)
(Reproduced with permission from Ref. [54]).
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Figure 12.
(a) Schematic depiction of single-molecule measurement using a rolling-circle substrate. (b)
A picture of the image field. (c) Length of DNA as a function of time (Reproduced with
permission from Ref. [61]).
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Figure 13.
(a–f) SmFRET experimental design for probing the binding orientation of HIV RT on DNA/
DNA or DNA/RNA substrates. Red and green indicate the position of the Cy5 and Cy3
probes, respectively. Letter H represents the RNase H domain; Letter F represents the finger
domain. (g) Binding orientation as a function of the backbone composition of the 5′-end of
the primer. Letter xR:yD means a primer containing from 5′ to 3′ x ribonucleotides and y
deoxyribonucleotides (Reproduced with permission from Ref. [58]).
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Figure 14.
(a–c) Sliding of RT along DNA primed substrates with the finger domain facing the 3′-end
of the DNA primer and the observed FRET distribution. (d) Donor and acceptor
fluorescence time traces corresponding to the binding scenario in Panel f (e) A quick change
in FRET corresponding to a flip in the binding orientation at the 3′-end of the DNA primer.
(Reproduced from Ref. [59]).
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Table 1

Rate of polymerization and processivities obtained from ensemble and single-molecule measurements:

Ensemble studies Single-molecule studies

Protein Complex Rate of reaction (nt/s) Processivity (kb) Rate of reaction (nt/s) Processivity (kb)

Phage T7:

Gp4 15 [86] 0.06 [86] 29 (5.2 pN) [85] 0.343 (5.2 pN) [85]

Gp5 - 0.015 [93] 210 (exo-) [48] -

Gp5+Trx 110 [93] 10 [93] 100 [47] 0.42 (15 pN) [47]

Gp5+Trx+gp4 120 [92] - 164 [52] 17 [52]

Gp5+Trx+gp4+gp2.5 300 [105] 10 [105] 75 (22 °C) [61]
141 (37 °C)[61]

25 ± 17 [61]
51 ± 9 [61]

Phage T4:

Gp41 30 [106] 0.65 [107] 30 [49] 0.8 [49]

Gp43 250 [108] 0.85 [108] - -

Gp43+gp45 600 [108,109] 3 [108,109] - -

Gp43+gp45+gp41+gp61+gp32 250 [108,109] > 20 [109] - -

E. coli:

DnaB 291 [110] - - -

Klenow Fragment 50 [67] 0.188 [67] 13 [48] -

Pol III 20 [27] 0.01 [27] - -

Pol III + β 750 [102,103] 1 [103] 347 [51] 1.40 [51]

Pol III+β+DnaB - - 417 [51] 10.5 [51]

Pol III + β+DnaG - - 340 [51] 2.9 [51]

Pol III+β+DnaB+SSB 750 [101,102] >50 [101,102] 535 [61] 85 [61]
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