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Chapter 5: Simultaneous imaging 

of leading- and lagging-strand 

synthesis reveals the 

coordination dynamics of single 

replisomes 
 

 

ABSTRACT: The anti-parallel nature of DNA results in continuous 

synthesis of the leading-strand product, while the lagging strand is 

copied discontinuously through the repeated formation of DNA loops 

and synthesis of Okazaki fragments. How multicomponent replisomes 

coordinate these two reactions remains enigmatic. Using a novel 

single-molecule approach, we simultaneously monitor the rates of 

loop growth and leading-strand synthesis of individual bacteriophage 

T7 replisomes. Correlation of observed rates, using a new kinetic 

change-point algorithm, reveals loop growth both during primer 

synthesis and lagging-strand polymerase synthesis. Unexpectedly, 

most loop growth events occur only during priming, with fluorescence 

imaging showing that most polymerases are not recycled at the 

replication fork, but instead are released to complete Okazaki-

fragment synthesis independently. Individual replication events 

revealed numerous reaction cycle types and pausing events, 

supporting the notion that, while an array of critical interactions and 

regulatory circuits guide replisome function, a multitude of kinetic 

pathways are utilized. 
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5.1 Introduction  

The molecular machinery responsible for DNA replication, the replisome, must 
coordinate an ordered series of enzymatic tasks to efficiently integrate chromosome 
unwinding with DNA synthesis. Due to the antiparallel nature of parental double-
strand DNA (dsDNA), helicase unwinding results in two single-stranded DNA (ssDNA) 
products with opposing polarities. Polymerases, however, can only synthesize DNA 
in the 5’–3’ direction. This constraint permits the polymerase on the leading strand 
to advance continuously in the same direction as the helicase, but forces the one on 
the lagging strand to synthesize in the opposite direction. As a result, synthesis of 
the lagging strand suffers frequent interruptions, producing a series of discrete DNA 
segments, termed Okazaki fragments (22,119). To repeatedly re-initiate synthesis, 
the lagging-strand polymerases rely on primases to produce short RNA primers that 
serve as start sites. 

The asymmetry of synthesis at the replication fork presents a complex 
organizational challenge to the replisome, which must precisely coordinate the 
events on each daughter strand in spite of the operational dichotomy. The textbook 
‘trombone model’ (120) offers an elegant coordination mechanism in which the 
formation of a replication loop reorients the lagging-strand polymerase so that both 
polymerases reside in the same complex and advance in parallel. As synthesis of the 
nascent Okazaki fragment proceeds, the dsDNA product of the lagging-strand DNA 
polymerase and the ssDNA product of the helicase contribute to the formation of a 
loop that grows until the next cycle of Okazaki-fragment synthesis is initiated. The 
dynamic and transient nature of these complex loop structures has made studying 
them challenging, with Electron Microscopy of cross-linked replication 
intermediates in the T4 and T7 systems providing the most compelling 
characterization (25,121). Recent real-time observations of the replication reaction 
at the single-molecule level have provided an additional means of exploration, 
revealing the temporal regulation of looping (51,122). 

Despite advances in our ability to observe the various steps involved in replication, 
it is poorly understood how events on the lagging strand are coordinated with those 
on the leading strand. The production of Okazaki fragments on the lagging strand 
requires repeated cycles of primer synthesis and polymerase loading; both of these 
events are significantly slower than the rate of DNA synthesis at the fork 
(123,124,125,126). How these slow enzymatic steps can occur without losing 
coordination with continuous leading-strand synthesis is a long-standing question in 
the field of replication, and several divergent models have been proposed based on 
studies conducted with different systems (52,53,56,64,82,127,128,129, 130, 131). 

The replication machinery of bacteriophage T7 serves as a model system for the 
study of enzymatic coordination during DNA replication. While consisting of only 
four proteins, the organization of the phage replisome closely mimics that of more 
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complex organisms (26). At its core lies the T7 gene 4 protein (gp4), which assembles 
into a hexameric ring that displays both helicase and primase activity. Multiple 
copies of the T7 DNA polymerase, a 1:1 complex of the T7 gene 5 protein (gp5) and 
the Escherichia coli thioredoxin processivity factor, synthesize DNA on the unwound 
ssDNA. And finally, the T7 gene 2.5 ssDNA-binding protein (gp2.5) transiently coats 
exposed ssDNA to enhance the lagging-strand polymerase synthesis rate (129) and 
aid coordination within the replisome (102). The array of protein–protein 
interactions among these four factors underlie not only physical connections 
between replisome components, but also provide a regulatory network that 
controls the timing of different enzymatic events at the replication fork. 

Recent single-molecule experiments on the T7 replication reaction have resulted in 
two prominent models describing the coordination between leading- and lagging-
strand synthesis. In one, primer production on the lagging strand pauses leading-
strand synthesis (Figure 15a), synchronizing the events on each daughter strand, 
and ensuring that the leading-strand polymerase does not outpace the lagging-
strand polymerase (52). In the other, helicase unwinding, and thus leading-strand 
synthesis, continues during primer production by allowing the formation of an ss 
loop, known as a priming loop, between the helicase and primase (132) (Figure 15b). 
A faster synthesis of DNA by the lagging-strand DNA polymerase than the leading-
strand one ensures coordination (53). In both models, the completion of primer 
synthesis leads to loading of a lagging-strand polymerase. The resulting initiation of 
Okazaki-fragment synthesis leads to the formation of an ss-ds loop, or replication 
loop, earlier proposed in the Alberts trombone model, with its growth determined 
by both the ssDNA output of helicase activity and the dsDNA product of the lagging-
strand polymerase (Figure 15c). Various strands of experimental evidence supports 
both these and other models (51,75,133), leaving the mechanism of coordination of 
daughter strand synthesis unresolved.  
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Figure 15: Coordination models. a) Priming pauses the replisome to ensure that leading-

strand synthesis does not outpace lagging-strand synthesis. b) Helicase unwinding and 

leading-strand synthesis continue during priming by the formation of an ss loop composed of 

lagging-strand template rapidly emerging from the helicase. This configuration keeps the 

primer in close physical proximity to the fork facilitating hand-off to a lagging-strand 

polymerase. c) Coupled leading- and lagging-strand synthesis leads to the formation of a ss-

ds loop. 
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Integral to our current understanding of replisome coordination in prokaryotic 

systems is the assumption that a single complex with fixed composition carries out 

all the essential tasks required for daughter-strand synthesis. Early support for this 

idea emerged from rapid dilution experiments showing that replisomes remain 

intact at the fork and are capable of further rounds of synthesis (46,85,134). Recent 

work, however, has revealed that replisome composition is in fact highly dynamic, 

with rapid exchange events occurring frequently during synthesis (48,50,65), raising 

doubts about many long-standing assumptions. The full consequences of these 

exchange events have not been realized in current coordination models. 

Furthermore, the observation that more than two polymerases reside at the 

replication fork (49,65,86,87) allows for the possibility of multiple simultaneous 

rounds of lagging-strand synthesis providing yet another pathway for 

synchronization. While textbooks present a very elegant and deterministic view of 

replisome operation, the broad diversity of observed replisome behaviors suggest 

an underling plasticity that may be an intrinsic feature of replisome function. Clearly, 

methodologies that provide more detailed information about how the events on 

each daughter strand are correlated are required to clarify which enzymatic 

pathways are exploited by the replisome. 

To obtain kinetic detail on coordination between the two daughter strands, we 
developed a novel assay to simultaneously monitor the kinetics of leading-strand 
synthesis and lagging-strand loop formation by single replisomes. In contrast to past 
studies (51), our assay reveals two loop growth populations ss loops, formed during 
priming, and ss-ds loops, formed when both the leading-strand and Okazaki-
fragments are synthesized simultaneously. Strikingly, while ss looping events are 
frequent, occurring multiple times during each replication event, ss-ds loops are 
rare. Using single-molecule fluorescence experiments that visualize how individual 
DNA polymerases are spatially and temporally distributed in and around the 
replisome, we demonstrate that Okazaki-fragment synthesis can proceed through 
several different pathways. Further, we show that a large portion of Okazaki 
fragments are completed behind the replisome while the next fragment is started. 
While these events are paired with highly processive leading-strand synthesis during 
most looping events, leading-strand pausing coincident with priming is also 
observed. Taken together, our findings provide a picture of a highly dynamic 
replisome: continuously changing its composition and operating mode so that 
different reaction pathways can be accessed to ensure rapid and robust replication.  
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5.2 Results 

5.2.1 Two-bead DNA replication assay  

Single-molecule studies of DNA replication allow for the direct observation of 
distinct structural and kinetic states visited by replisomes, providing a real-time map 
of enzymatic pathways. Realization of these observations depends on imaging of 
single replication substrates while they are copied, which can be achieved using 
fluorescence microscopy or force spectroscopy. Existing methods, however, provide 
only a single readout of replication fork progression, such as the amount of DNA 
synthesized (52,135,136) or the formation of loops (51,53,56). In practice, such a 
single-channel readout severely constrains the processes that can be studied, 
typically requiring simplified experimental conditions where some replisome 
components are absent, and only leading-strand synthesis is present 
(52,53,56,64,137). Fully coordinated replication results in the simultaneous 
conversion of a single parental DNA molecule into two daughter DNA molecules, so 
there is a need for novel assays that reveal the dynamic coordination and relative 
kinetics on the leading and lagging strands. 

To study how enzymatic events are coordinated during replication, we developed a 
single-molecule assay to simultaneously monitor length changes in the leading and 
lagging strands. To this end, we introduced a replication fork into the middle of 48.5 
kilobase (kb) long λ phage DNA molecules, resulting in 14.8 kb of parental template 
DNA, and a long 33.7 kb leading-strand arm (Figure 16a). DNA molecules were 
attached through the lagging-strand end of the fork to the bottom surface of a flow 
cell (Figure 16b). To visualize length changes, the parental and leading-strand ends 
of the DNA molecules were each attached to 1-μm beads. A constant laminar flow 
applied to the flow cell results in a drag on the two beads that stretches the DNA 
molecules with a combined force of ~2 pN (see Appendix 5.5 Figure 1) a force low 
enough not to inhibit loop formation and replication kinetics (51). 

To confirm functional assembly of replication substrates and proper attachment of 
the beads, DNA replication was monitored under simplified conditions in which 
gp2.5 and priming (by omission of ribonucleotides; rNTPs) were excluded. Since only 
a fraction of the available binding sites on the DNA ends are occupied by the beads, 
most replication substrates remain singly-labeled during experiments, with only a 
small subpopulation containing beads attached to both ends. Fortunately, the use 
of ultra-wide-field, low-magnification imaging allowed us to visualize tens of 
thousands of beads within one experiment (Figure 16a), providing sufficient 
throughput to offset the low yields. In a fraction of the properly formed bead pairs, 
we observed coordinated movement of both beads, corresponding to helicase 
unwinding and leading-strand synthesis. Tracking the bead positions resulted in a 
rate of leading-strand synthesis (105±19 bp s-1) consistent with past observations 
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obtained using multiple techniques (48,52,53), confirming functional assembly of 
the two-bead substrate and proper attachment of the beads (Appendix 5.5 Figure 
2).  

 

Figure 16: Experimental setup. a) Ultra-low-magnification single-molecule imaging. Tens of 

thousands of single molecules are imaged simultaneously with wide-field optical microscopy 

using a low-magnification, high-numerical-aperture objective producing a large image with 

a narrow depth of field. Representative image showing 27,000 beads collected at 4X 

magnification. (Bottom left) A replication fork introduced into the middle of lambda DNA with 

bead attachment sites at each end. b) Two-bead assembly stretched by flow. The leading-

strand bead (B) extends beyond the parental-strand bead (A) in the flow direction so that 

synthesis does not result in bead interactions.  

5.2.2 Expected outcomes for different mechanisms 

Several models have been put forward to explain how slow enzymatic steps on the 
lagging strand can occur without loss of coordination with continuous leading-
strand synthesis. However, to date, distinguishing among these models has not been 
possible, since direct correlation of kinetic events between the daughter strands has 
been impossible. The assay presented here provides direct observations of kinetic 
events on each daughter strand, allowing for discrimination among mechanisms. To 
elucidate the power of two-channel, single-molecule observations of replication, 
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and provide insight into the types of kinetic information available from our 
observations, here we start by considering the expected experimental outcomes for 
different mechanisms. 

In coordinated replication, different operational modes of the replisome give rise to 
distinct bead kinetics (Figure 17a). During leading-strand synthesis and in the 
absence of loop formation, the length of the leading-strand arm increases, and ss 
template for the lagging strand emerges from the helicase. In the presence of a 
saturating concentration of gp2.5, which is required for coordinated replication 
(103,129), ssDNA is equal in length to dsDNA (51). As a consequence, the position of 
the parental-strand bead (A) remains relatively constant, while the leading-strand 
bead (B) moves downstream with a rate approximately twice the rate of leading-
strand synthesis—with equal contributions from the newly synthesized duplex DNA 
and the gp2.5-extended lagging strand (Figure 17a; first panel). When a priming site 
is recognized by the replisome, and primer synthesis is initiated, distinct outcomes 
are predicted for different models. If primer synthesis causes leading-strand 
synthesis to pause, both beads should remain fixed (Figure 17a; second panel), 
whereas if leading-strand synthesis continues during priming, the two beads will 
move in opposite directions at the rate of leading-strand synthesis as an ss loop 
forms (Figure 17a; third panel). 

Following priming, the loading of a lagging-strand polymerase onto the new primer 
is predicted to result in ss-ds loop formation. Since the DNA substrate is attached to 
the surface by the end of the lagging strand, ss-ds loop formation events pull both 
beads toward the attachment point. However, for the leading-strand bead this 
shortening in length is countered by an increase in length from synthesis by the 
leading-strand polymerase; this results in an observed motion of the bead B that is 
the difference between the leading- and lagging-strand polymerase synthesis rates. 
In contrast, the observed motion of bead A is the sum of the synthesis rates (Figure 

17a; fourth panel).  

Thus, the predicted bead kinetics for each model result in different outcomes 
(Figure 17b,c), demonstrating the wealth of information that can be obtained from 
the assay. One other convenient property of the experimental design is that the 
leading-strand synthesis trace, with all looping events removed, can be obtained by 
simply subtracting the motion of bead A from that of bead B. This analysis allows for 
the kinetics on the leading and lagging strands to be clearly distinguished and 
modeled. 
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Figure 17: Simultaneous imaging of leading- and lagging-strand synthesis. a) Operational 

modes of the replisome discriminated by the two-bead replication assay. b) Predicted bead 

motions observed if pausing occurs during priming. c) Predicted bead motions if ss loops form 

during priming. In both models priming is followed by ss-ds loop formation during lagging-

strand synthesis. d) Observation of simultaneous leading- and lagging-strand synthesis. (Top) 

motion of bead B (black) and leading-strand synthesis B-A (green). (Bottom) corresponding 

motion of bead A showing looping dynamics during replication (black) with loop growth and 

release events indicated by red and gray bars, respectively. Proper conversion of observed 

bead displacements (right axis) to DNA length changes (left axis) depends on careful 

consideration of all forces at the distinct DNA regions. e) Results of kinetic change-point 

analysis for the molecule shown in D. Red lines indicate segments fit based on detected 

change-point positions.  .    
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5.2.3 Simultaneous imaging of leading- and lagging-strand 

synthesis  

Observation of replication by single T7 replisomes reveals highly processive leading-
strand synthesis correlated with multiple cycles of loop growth and release on the 
lagging strand. Figure 17d shows length changes in an individual DNA molecule as a 
function of time in the flow of a buffer containing gp4, gp5, gp2.5, Mg2+, four 
deoxynucleoside 5’-triphosphates, ATP and CTP - the subset of ribonucleotide 
triphosphates required for primase activity by gp4 (98,138). Surprisingly, loop 
formation events start simultaneously with the initiation of leading-strand 
synthesis, a time at which limited lagging-strand template is available, and they 
occur continuously until the leading strand is completely duplicated. Rate reductions 
that coincide with loop formation events are observed in the bead B trace, as 
compared to the corrected leading-strand trace (bead B – bead A). 

To interpret the observed bead behavior, we considered the expected traces for the 
coordination models (Figure 17b,c). The pausing model predicts stalling events in all 
traces prior to loop formation; this is not visible for the trace shown here. In 
contrast, the ss-loop model predicts a slowing of bead B motion during ss-loop 
growth (Figure 17c), consistent with the observed rate reductions (Figure 17d, 

traces ‘B’ versus ‘B-A’). However, subsequent to these slowing events the ss-loop 
model predicts a pause or reversal in bead B motion during ss-ds-loop growth (given 
a lagging-strand rate that is greater than or equal to the leading-strand rate). 
Strikingly, neither of these behaviors is observed, suggesting alternative 
possibilities: that ss-ds loops are too short lived to be apparent in the traces, that 
the lagging-strand synthesis rate is much lower than the leading-strand rate, or that 
ss-ds loops are not present. 

To distinguish among the alternate mechanistic interpretations, we used an 
unbiased, quantitative analysis of the bead kinetics to identify different operational 
modes of the replisome. Past studies relied on manual identification of changes in 
bead kinetics resulting from polymerase synthesis (52,64), loop growth (51), or 
pausing events (52); but two-bead observations of coordinated replication display a 
higher level of complexity reflecting a combination of multiple behaviors. 
Furthermore, background noise due to random bead fluctuations, which obscures 
the transitions between kinetic states, is more pronounced at the low forces 
required to avoid inhibition of loop formation (51). A method to overcome these 
issues is not available, so we developed a novel multi-line fitting procedure to detect 
kinetic change points and model distinct linear regions in a rigorous unbiased 
manner.  

Building on the success of a previously developed method to detect changes in 
intensity in single-molecule fluorescence detection (139), we employed change-
point theory to fit distinct linear regimes in bead motion. Briefly, regions of 
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enzymatic activity are modeled by recursively fitting line pairs to smaller and smaller 
subregions. During each fitting cycle the most likely time point where a kinetic 
change occurred is used as the location where one line ends and the next begins. 
The line pair resulting from this procedure defines the next two subregions for 
analysis. To avoid over fitting, only two-line fits above a threshold value are accepted 
(corresponding to a 1% false positive rate given the experimental error). This 
procedure allows for automated analysis of the experimental observations and 
results in a complete list of distinct regions and their corresponding kinetics (Figure 

17e).  

5.2.4 Priming and lagging-strand synthesis events underlie 

looping dynamics  

The replication coordination models considered here allow for at most two possible 
loop types – ss loops and ss-ds loops (Figure 15). In addition to the qualitative 
differences expected in bead motion for each type as discussed above, distinct loop 
growth rates are predicted. Ss loops grow at the rate of leading-strand synthesis, 
whereas ss-ds loops grow as the sum of both polymerase synthesis rates (Figure 

17a). To classify the types of loops observed, we used the results from kinetic change 
point analysis of 53 individual molecules to construct a two-dimensional map of loop 
growth vs. leading-strand synthesis (Figure 18a). Analysis of the loop-growth rates 
reveals two broad populations described well by two Gaussians (109 ± 26 bp s–1, 240 
± 45 bp s–1). In contrast, the leading-strand synthesis rate during loop growth events 
is best fit by a single Gaussian (129 ± 66 bp s–1). Based on the observed kinetics, the 
slow loop-growth events can be classified as ss loops, having approximately the 
same rate as leading-strand synthesis, and the fast loop growth events as ss-ds 
loops, having nearly twice the rate of synthesis of the leading strand.      

In addition to the kinetic modeling, several lines of evidence support the idea that 
the observed DNA shortening in the parental strand (A) is the result of ss- and ss-ds-
loop formation. Exploiting the large excess of DNA molecules singly labeled with 
parental strand beads, we explored experimental conditions with altered looping 
dynamics. First, we inhibited priming by omitted rNTPs and observed that looping 
was abolished (Appendix 5.5 Figure 3a), consistent with inhibition of both priming 
and lagging-strand synthesis. Second, to differentially probe the two loop 
populations, we conducted experiments with preassembled replisomes where the 
leading-strand polymerase and gp4 helicase-primase are pre-loaded onto the DNA, 
and the experiment is conducted only in the presence of gp2.5, dNTPs, and rNTPs. 
These conditions selectively prevent ss-ds loop formation due to the absence of 
lagging-strand polymerases (Appendix 5.5 Figure 3b). Consistent with our 
classifications, the faster loops were abolished, while the slower loops remained 
(Appendix Figure 3c). Furthermore, the lengths of ss loops increased when only the 
leading-strand polymerase was present (Appendix 5.5 Figure 3d,e). This observation 
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suggests that polymerase loading or ss-ds loop formation – both impossible for 
preassembled leading-strand replisomes without lagging-strand polymerases – 
regulate ss loop length.   

 

Figure 18 Looping dynamics. a) Two-dimensional map of leading-strand synthesis versus loop 

growth. Individual peaks represent the relative rates at given times determined by kinetic 

change-point analysis with widths defined by the standard error from linear fitting. One-

dimensional averaged and binned distributions are displayed for each axis (gray bars – top 

and right) with indicated peak rates obtained from Gaussian fits. b) Histogram of ss loop 

lengths (red bars) fit with a single-exponential decay (black line). Ss loops shorter than 0.5 kb 

were not included in the fitting due to undersampling resulting from experimental noise. Gray 

bar represents the projected number of events from the fit. c) Distribution of lagging-strand 

synthesis rate (red bars; Nmol = 7) constructed using a Gaussian kernel (see experimental 

procedures). d) Distribution of the relative rates of leading- and lagging-strand synthesis 

during ss-ds looping events (red bars; Nmol = 7). Peak rates for c and d were obtained from 

Gaussian fits (black lines).   
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Examination of loop formation frequencies reveals the unexpected finding that ss 
loops form five times more often than ss-ds loops (Figure 18a,b). Further, we 
observe only 7 events of ss-ds loop formation among the 53 molecules studied 
(representing a total of 405 kb of leading-strand synthesis), accounting only for 1% 
of the synthesis required to complete duplication of the lagging strand. Experiments 
performed at lower stretching forces yielded similar results, excluding the applied 
force being responsible for inhibition of formation of ss-ds loops. Finally, we found 
the measured rate of lagging-strand synthesis in the ss-ds loops to be lower than the 
rate of leading-strand synthesis (Figure 18c,d), contrary to the requirement in the 
ss-loop model for a faster lagging-strand rate to ensure synchronization. Whereas 
past measurements of lagging-strand synthesis rates have been predicated on the 
assumption that primer extension on a ssDNA coated with single-stranded binding 
protein is an accurate proxy for lagging-strand synthesis within a replisome (53,140), 
by using our two-bead assay we are able to directly measure the rates within 
replisomes. 

5.2.5 The ultimate fate of lagging-strand polymerases  

Several recent studies examining the composition of the replisome during 
replication have revealed that polymerase exchange is a frequent event (50,65), 
occurring on the same timescale as Okazaki fragment synthesis. These observations 
cast doubt on the classic model of replication in which polymerases are retained 
within the replisome and recycled from one Okazaki fragment to the next. The 
triggers for the recycling process are proposed to be either a signaling event (by a 
protein factor or catalytic step) or a collision event (when the lagging-strand 
polymerase reaches the previous Okazaki fragment). However, if a new polymerase 
is used for the synthesis of each Okazaki fragment, as suggested by the exchange 
observations (50.65), these pathways are not needed. Supporting this line of 
reasoning, several studies have suggested that no specific protein factor exists for 
signaling (141), and that collision events are orders of magnitude too slow to 
support efficient replication (90). Taken together, these findings suggest that 
polymerase release is a stochastic event with many possible triggers. The previously 
reported single-molecule observations of polymerase exchange (50,65) present the 
possibility that polymerases may remain bound to Okazaki fragments outside the 
context of a loop to continue DNA synthesis after release from the replisome.  

To determine the ultimate fate of lagging-strand polymerases that are released from 
the replisome, we used fluorescence time-lapse microscopy to visualize 
fluorescently labeled polymerases during rolling-circle replication (Figure 19a). 
Analysis of processive replication events reveals that polymerases are continually 
released from the replisome and left behind (Figure 19b), consistent with 
completion of Okazaki-fragment synthesis in the wake of the replisome. Some 
polymerases remain bound on the lagging-strand for very long times (minutes), 
consistent with stalling upon completion of Okazaki-fragment synthesis (90,142). 
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We measure the mean spacing between polymerases on the lagging strand to be 
3.9 ± 0.3 kb, consistent with most polymerases rapidly completing Okazaki-fragment 
synthesis near the replication fork and dissociating from the lagging strand 
(assuming Okazaki fragments of ~1 kb in length and a synthesis rate of ~200 bp s-1 

for primer extension outside the replisome (52,53) (Figure 19c). Furthermore, a 
previous study showed that the frequency of exchange at the replication fork is 
inversely correlated with the priming frequency, consistent with lagging-strand 
polymerases first binding to the replisome, loading onto newly synthesized primers, 
and being released onto the lagging strand (65). Taken together, these observations 
provide an explanation for our observed low number of ss-ds loops at the replication 
fork.  

 

Figure 19: Ultimate fate of lagging-strand polymerases. a) (left) Rolling-circle replication 

assay with replisome components shown as in Figure 16b with the addition of yellow dots 

representing the fluorecent labels for imaging. Replication results in a lengthening of the 

lagging strand that is stretched by flow. This allows the remaining polymerases to be 

distinguished from the replisome. b) Replisome (gray) and polymerase (black) positions as a 

function of time obtained from fluorescence peak tracking. Regions of light blue shading 

represent standard error from peak fitting. c) Histogram of polymerase spacing on the 

lagging strand (red bars; Nmol = 222) fit with a single-exponential decay (black line). Spacings 

shorter than 3 kb were not included in the fitting (gray bar) due to undersampling resulting 

from DNA fluctuations and the diffraction limit.   
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5.2.6 Pauses in leading-strand synthesis  

Previously we reported that priming activity increases the frequency of pausing 
events during leading-strand synthesis, promoting the idea that priming stalls the 
replisome and synchronizes the daughter strands (52). A molecular explanation for 
these pausing events comes from the observation that priming involves bridging 
interactions between neighboring primase subunits in the gp4 hexamer (127,143) 
(Figure 15a). These interactions may constrain the conformational freedom of the 
helicase and induce a stalled state. While the observation of ss loops excludes the 
necessity of pausing for coordination, infrequent pausing events in leading-strand 
synthesis are clearly visible (Figure 20a). Since our observations are obtained by 
subtracting all lagging-strand contributions (bead B – bead A), the observed pauses 
can only represent stalling of leading-strand synthesis. Kinetic change-point analysis 
reveals pausing events in less than half of the molecules, with a pause lifetime of 9 
± 1.6 s, and a projected frequency of 12 kb (Figure 20b).   

Determining the molecular origin of the observed pausing behavior is difficult since 
a multitude of pausing pathways may exist. Beyond priming events, pauses could 
arise due to complete replication fork collapse and restart, or the stalling and 
dissociation of any one critical protein factor. Interestingly, using optical tweezers, 
Wuite and colleagues have recently reproduced the leading-strand pausing behavior 
observed in past flow-stretching assays (52), solidifying the link between priming 
and pausing frequencies. Their increased temporal resolution also reveals the 
existence of pauses on multiple time scales consistent with a multi-pathway pausing 
landscape. Notably, absent from these and earlier single-molecule studies of 
pausing, however, were lagging-strand polymerases and ssDNA-binding proteins 
(gp2.5), both of which have dramatic influences on replisome kinetics.  

Our two-bead assay enables the study of these leading-strand pauses in the context 
of a fully functional replisome and provides additional information about the 
relationship between pausing and loop-formation events. The kinetics exhibited by 
individual molecules suggest that most occurrences of pauses are related to looping 
events (Figure 20c). To quantify the correspondence, we constructed a histogram of 
all pause positions relative to loop growth by normalizing to a constant loop 
duration. Emerging from this analysis is the clear trend that pausing events occur 
most often at the end of loop growth or right after loop release (Figure 20d). Since 
almost all loops are ss loops, the results of this analysis are consistent with past 
observations of pause frequency increasing in conditions with priming (52). These 
findings further refine our understanding of pausing behavior extending it to show 
that, under conditions of coordinated replication, pauses only occur during or after 
completion of some priming events (pauses are half as frequent as ss loops and not 
all pauses occur during loop release (Figure 18b, 20d)), suggesting they may be a 
consequence of the conformational rearrangements involved, rather than an 
intrinsic feature of the process. 
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Figure 20: Pauses in leading-strand synthesis. a) Representative pausing event in leading-

strand synthesis (black) from a two-bead event (bead A trace omitted). Red lines indicate 

segments fitted based on detected change-point positions with the inset providing a close-up 

view. b) Histogram of pause duration (red bars; Nmol = 20) fit with a single-exponential decay 

(black line). Pauses shorter than 5 seconds were not included in the fitting. Simulations 

showed that given the experimental error, these pauses are detected less than half the time. 

Gray bar represents the projected number of events from the fit. c) Example trajectory 

showing the correspondence of pausing in leading-strand synthesis (top – black line) to loop 

growth and release (bottom – black line) on the lagging strand. Red lines indicate segments 

fitted based on detected change-point positions. d) Distribution of pause locations (top) 

relative to loop formation (bottom) constructed by scaling to a constant loop duration. 
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5.3 Discussion 

5.3.1 A unified model for primer synthesis regulation 

Our results reconcile divergent priming models previously proposed and provide 
new insights into past observations. In a prior study, we reported the first real-time 
single-molecule observations of loop formation (51). Using the T7 replisome as a 
model system, the work relied on a flow-stretching assay similar to the one 
presented here, but with only a single bead attached to the parental strand. As a 
consequence, the observations only provided information about looping—namely, 
loop growth rates, lengths and relative spacing—resulting in an interpretation 
without independent information on synthesis of the leading strand. Based on the 
looping kinetics alone, we concluded that all loops were ss-ds loops, with 
contributions from both leading- and lagging-strand synthesis. Lengths of loops and 
waiting times between them were interpreted in the context of a model in which 
both signaling and collision mechanisms regulate ss-ds loop release. 

In the two-bead assay presented here, the observable from the previous assay is 
matched with an independent readout of leading-strand synthesis, providing critical 
information previously absent. Additionally, in the time since publication of the 
previous study two reports emerged demonstrating the formation of ss loops in 
both the T7 and T4 phage systems (53,56). The additional leading-strand readout 
described in this work has allowed us to interpret the looping dynamics in the 
context of a much more complete set of observables. Application of our novel kinetic 
change-point method provides more precise modeling of the loop growth rates and 
allows for the identification of slow ss loops and fast ss-ds loops. Taken together, 
these findings lead us to conclude that the looping behavior observed represents a 
mixture of both loop types, instead of exclusively ss-ds loops as suggested in 
Hamdan et. al. (51)  

A long-standing question in the field of replication has been whether the behavior 
of subsystems of the replisome is different than their activity in the context of the 
unified whole. The models for priming discussed in this work support two divergent 
views. In one, priming sets the clock for the replication fork by transiently stalling 
synthesis, in the other, the leading strand is less influenced by the events on the 
lagging strand. The ability to correlate events on the leading and lagging strands has 
allowed us to evaluate these ideas directly. Examination of the relative positioning 
of leading-strand pauses and lagging-strand looping events shows that pauses tend 
to punctuate looping events, providing a more detailed view of enzymatic 
coordination within the replisome. Precisely how some priming events trigger 
pausing on the leading strand, and whether these pauses are involved in 
synchronization or are simply a byproduct of the complex acrobatics required to 
orchestrate the process, will require further studies beyond the scope of this work. 
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However, the observed correspondence between primase-induced pausing and the 
formation of an ss loop during priming illustrates how communication among 
subsystems of the replisome is likely to be an integral part of the replication cycle.   

5.3.2 Multi-pathway life cycle of a replisome 

Our findings suggest a timeline for the sequence of events that occur during phage 
T7 replication (Figure 21). The process begins with unwinding of parental duplex 
DNA by the helicase coupled to synthesis by the leading-strand polymerase (Figure 

21; panel A). As the leading-strand complex progresses, the primase subunits within 
gp4 continuously sample the lagging-strand template as it emerges from the 
helicase. Once a priming site sequence is recognized and engaged, priming proceeds 
in two steps. First, two rNTPs are condensed into a dinucleotide, followed by 
extension into a full tetranucleotide primer (123,144,145). Leading-strand synthesis 
is continuous during this process resulting in ss loop formation (Figure 21; panel B). 
Upon completion of primer synthesis, a polymerase bound to the helicase loads 
onto the primer (Figure 21; panel C). Infrequently, stalling of leading-strand 
synthesis occurs, consistent with our previously observed primase-induced halting 
of leading-strand synthesis (52). Our proposed pathway diverges most significantly 
from past work in the next stage: Our data show the majority of polymerase loading 
events on the lagging strand culminate in polymerase release from the helicase 
(Figure 21; panel E), consistent with recently observed high frequencies of 
polymerase exchange at the fork (65). Okazaki-fragment synthesis would then 
proceed behind the replisome, with ss-ds looping events (Figure 21; panel D) only 
happening in rare cases where polymerase exchange is slow.  

Several features of our proposed sequence of events confer robustness to replisome 
operation. First, ss loop formation removes the need for a direct signal to stop 
leading-strand synthesis during each cycle of lagging-strand synthesis, dramatically 
simplifying the communication required within the replisome (53,56). Second, the 
frequent release of polymerases from the helicase upon completion of loading 
rapidly frees up additional polymerase binding sites on the helicase, allowing more 
polymerases to associate with the replisome and become available for loading onto 
new primers (65). Third, by forgoing polymerase recycling, and allowing for 
completion of Okazaki synthesis after polymerase release, the T7 replication 
machinery has more time to conduct primer synthesis and polymerase loading at 
the fork. Such a mechanism aids in ensuring that leading-strand synthesis does not 
outpace lagging-strand synthesis. Furthermore, polymerase dissociation from the 
lagging strand during Okazaki-fragment synthesis does not require signaling or 
collision mechanisms of regulation. Overall, these characteristics support the idea 
that T7 replisomes have a narrower operational mandate than previously thought, 
whereby polymerases must be efficiently targeted to primers, but can then readily 
exchange to reset the cycle. 
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Figure 21: Life cycle of a replisome. Multiple pathways confer robustness to replisome 

operation. a) The replisome conducts leading-strand synthesis while searching for a priming 

site. b) During priming an ss loop grows on the lagging strand while leading-strand synthesis 

continues. Infrequently, this process causes pausing of leading-strand synthesis. c) 

Completion of primer synthesis triggers polymerase loading onto the new primer. d) 

Infrequent formation of ss-ds loops as the replisome performs Okazaki-fragment synthesis. 

e) More often polymerases are released onto the lagging strand so that Okazaki fragment 

synthesis can be completing behind the replisome while the next round of primer synthesis 

and polymerase loading take place. 

5.4 Concluding remarks 

The conservation of replisome architecture throughout the domains of life suggests 
that these complex protein assemblies have highly refined operating principles; 
however, single-molecule studies are beginning to reveal the boundaries of these 
principles, the myriad of infrequent events that occur and different pathways that 
can be followed. Moreover, dramatic differences in operation emerge in response 
to environmental changes. While exchange is frequent under conditions with excess 
replisome components in solution, replisomes can be preassembled and continue 
replicating long after excess components have been removed from the solution (46, 
84, 106,134,136). While these two observations may appear to contradict one 
another, it is likely that the presence of excess components in solution directly drives 
these exchange events by initiating a competition between binding sites at the 
replication fork (65,106,146,147). In the case of the polymerases, these binding 
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surfaces are numerous including the primer, the helicase or clamp-loader, and even 
in some cases single-stranded binding proteins (26,102,122). In the absence of 
competition, polymerases can continually sample all these sites at the replication 
fork, providing multiple points of contact that ensure they remain attached. 
However, under conditions of competition, the relatively low affinity of individual 
interactions within the replisome allow polymerases from solution to quickly 
outcompete those at the fork, driving polymerase exchange and release.      

Simultaneous real-time imaging of leading- and lagging-strand synthesis extends our 
understanding of replisome function one step further, allowing for visualization of 
the dynamics of replisome coordination between the daughter strands directly. 
These studies show that replisomes explore a multitude of enzymatic pathways and 
coordination strategies during replication. We envision a spectrum of exchange 
frequencies and mechanisms among replication systems. The bacteriophage T7 
replisome may sit at one extreme of this spectrum, with polymerase exchange 
underling almost every cycle of Okazaki-fragment synthesis (65). While cellular 
replisomes, such as in E. coli, have a higher degree of complexity with more 
intercomponent connections, they also undergo rapid exchange of components 
(50). Recent work in S. cerevisiae has further extended this trend by revealing that 
rapid exchange ensures proper assembly of the leading- and lagging-strand 
polymerases at the eukaryotic replication fork (148). All roles of these exchange 
events in replication are not known, but clearly such processes are also critical when 
considering that robust replication in cells depends on the ability of replisomes to 
overcome obstacles encountered on parental chromosomes, such as transcription 
complexes and DNA lesions (149). Exploration of how daughter-strand synthesis is 
coordinated in various replication systems using direct single-molecule observations 
will undoubtedly broaden our understanding of synchronization mechanisms and 
allow for reconciliation of past models.    



96 
 

5.5 Appendix 

Figure 1: Full kinetic model for 2-bead results. Expressions relate the rates of synthesis to the 

distance traveled. 
 = length of a single base pair or base of DNA, � = base pairs synthesized 

per time.  Lengths are different for three distinct regions: 
 parent, 
 lead, and 
 lag. 

At 15 μL/min of flow with two 1 μm beads:  


 parent  =   1/3,700   μm/bp        force is 0.77 pN 


 lead       =   1/3,300   μm/bp        force is 1.25 pN 


 lag          =   1/3,150   μm/bp        force is 2.02 pN  

 (Sum of forces - length is for dsDNA, which is assumed to be the same as gp2.5-coated  

ssDNA). 
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Figure 2:. Highly coupled polymerase and helicase action allows for processive leading-strand 

synthesis. In contrast to past experiments (52), here, leading-strand synthesis was performed 

in the presence of gp5 polymerase and gp4 helicase-primase in solution. This results in a 

lower rate of leading-strand synthesis than measured previously (164 ± 20 bp s-1) in flow-

stretching assays, due to excess polymerases associated with the helicase (48,52). These 

continuous flow conditions were required due to the limited lifetime of the two-bead 

assemblies. Continuous flow conditions also result in lower efficiency of data collection as 

reflected in the small number of observations reported. Small deviations from a one-to-one 

correspondence are observed between leading-strand synthesis and unwinding due to 

background fluctuations in flow. 
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Figure 3: Looping dynamics. a) Comparison of w/NTPs vs no NTPs looping. Loops are NTP 

dependent and not due to fitting error. b) Cartoon explanation of preassembly condition. c) 

Single-bead data for pre-assembled replisomes with no lagging-strand polymerases.  Looping 

still occurs – must be from priming loop formation. d) Two representative traces for large 

priming loop formation events observed in the absence of lagging-strand polymerases but 

presence of gp2.5, NTPs, and dNTPs. e) Preassembly priming loop lengths. Loop lengths are 

increased under pre-assembly conditions as compared to the coordinated replication 

condition with gp5 and gp4 also in solution (Figure 18b).   


