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5 T 7 D N A P R I M A S E I N D U C E D
A LT E R AT I O N S O F R E P L I S O M E
DY N A M I C S C O N T R O L
S Y N C H R O N I Z AT I O N O F D N A
R E P L I C AT I O N

Abstract
DNA synthesis is conducted by the replisome, a multiprotein complex consisting of
helicase, DNA polymerase, primase and single-stranded DNA binding proteins. The he-
licase and DNA polymerase (DNAp) proteins of bacteriophage T7 have low individual
processivities. The processivity of these proteins working in concert, however, is drasti-
cally increased by a multitude of interactions within the replisome. In addition, in the
context of a replisome leading-strand DNA synthesis is synchronized with the discon-
tinuous synthesis of Okazaki fragments on the lagging strand. For each such fragment
a primer is synthesized on the lagging strand by the primase domain of the helicase.
This synthesis can take up to seconds, resulting in more time needed for lagging-strand
than for leading-strand synthesis. In this study, we present single-molecule experiments
to further elucidate the intricate mechanism of replisome synchronization. To this end,
we use optical tweezers to probe leading-strand synthesis of single helicase/DNAp com-
plexes in the absence and presence of rNTPs. In contrast to previous experiments,
we find leading-strand synthesis in the absence of rNTPs interrupted by many pauses.
In the presence of primase activity, leading-strand synthesis activities are shorter and
pauses are even more frequent. Furthermore, we observe that DNA synthesis can take
place in at least two distinct kinetic states. Also, we find pauses with two distinct time-
constants interrupting leading-strand DNA synthesis. Based on these observations we
hypothesize that the primase activity triggers a loss of interaction between DNAp and
the DNA-bound helicase which would cause the leading-strand synthesis to halt. This
model allows for natural synchronization of DNA synthesis as a result of primer synthe-
sis.
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5.1 Introduction

5.1.1 DNA replication

DNA replication requires that both strands of the original double-stranded DNA (ds-
DNA) molecule are copied. Therefore, dsDNA is first unwound by a DNA helicase into
two single strands. Subsequently, DNA polymerase (DNAp) catalyzes the synthesis of
the new strand by adding complementary nucleotides (nt), which finally results in two
exact copies. In vivo, the action of a helicase and DNA polymerase are coupled in the
replisome, in which multiple proteins form a dynamic complex. The function of the repli-
some is to keep essential proteins in close proximity and thereby promote replication.
For bacteriophage T7, the minimal replisome consists of four proteins: a complex of gp5
and its processivity factor E.coli thioredoxin (trx) form the DNA polymerase (DNAp),
an hexameric helicase/primase (gp4) and single-stranded binding protein (gp2.5) (Fig-
ure 5.1). The replisome, however, is not a stable complex, but highly dynamic. Several
studies have shown, for example, that the replisome is capable of exchanging an actively
synthesizing DNAp with DNAp from solution through binding to gp4 [83,112].

Figure 5.1
The T7 DNA replisome is constituted by only four proteins. Gp5 and E.coli thiore-
doxin (trx) form the DNA polymerase (two copies, in blue). Gp4 is the hexameric helicase
and gp2.5 is the single-stranded binding protein that protects transiently exposed ssDNA in
the replication loop. Leading-strand synthesis can be continuous while the lagging-strand is
synthesized in Okazaki fragments because of the orientation of the DNA. Each Okazaki frag-
ment requires a primer (dark green rectangle) made by the primase domain of gp4 to initiate
lagging-strand DNA synthesis.
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5.1.2 Interactions of gp4 and gp5

A remarkable feature of the replisome is a large increase in processivity of the he-
licase/DNAp complex in comparison to the proteins working by themselves. DNAp
alone incorporates ∼500 nucleotides (nt) to a primer before dissociating from the DNA,
at a rate of ∼300-500 nucleotides (nt) per second (Chapter 4) [108, 180]. At the same
time, the processivity of T7 helicase alone is 60 bp at a rate of ∼9 nt s−1 [80]. Sev-
eral studies have shown that hydrolysis of a nucleotide does not provide the helicase
with enough energy to destabilize a base pair completely, causing the processivity to
be low [84, 160]. Instead, the helicase relies on DNAp to provide extra destabilization
energy for efficient DNA unwinding. The coordinated action of both enzymes in the
replisome stimulates the processivity of a single helicase/DNAp complex to >17 kb at
a rate of ∼160 nt s−1 [108].

Three interactions between DNAp and helicase have been identified. Firstly, the C-
terminus of helicase interacts with the thioredoxin binding domain (TBD) of DNAp [65].
Deletion of the C-terminus of helicase (gp4-∆C17) decreases the processivity to 5 kb.
Hence, this electrostatic interaction is essential to keep DNAp that dissociates within
the replisome by creating a reservoir and allowing for rebinding of the dissociated DNAp.
Secondly, the C-terminus interacts also with another part of DNAp, the front basic patch
[185]. This interaction was shown to be involved in the initiation of DNA unwinding by
the helicase. Thirdly, a recent study identified a third interaction, responsible for the
binding of more than half of all helicase/DNAp complexes [96]. It was found that DNAp
interacts with gp4 through the helicase domain of gp4 and the palm domain of DNAp.
Kulczyk et al. hypothesize this interaction forms a stable complex that is maintained
during DNA synthesis. Together these three interactions form the molecular basis of
the enhanced processivity of the replisome complex.

5.1.3 Leading- and lagging-strand synthesis

During replication of dsDNA the replisome needs to deal with the antiparallel orien-
tation of the two ssDNA strands. DNAp only catalyzes the addition of nucleotides at
the 3’-end of the primer. Hence, only the leading strand is synthesized continuously,
while the other strand, the lagging strand, is synthesized in short Okazaki fragments.
Each Okazaki fragment requires a primer for DNAp to initiate DNA synthesis, while
unwound ssDNA of the lagging strand in the replication loop is protected by gp2.5
(Figure 5.1). In T7 DNA replication gp4 helicase encircles the lagging-strand and thus
moves in the 5’-3’ direction. Gp4 also harbors a primase domain. The primase recog-
nizes a 5-nt sequence in the lagging-strand, to which it synthesizes a primer. In the
first step of primer synthesis, it catalyzes the condensation of a pppAC dinucleotide.
Next, the primer is finalized by extending the dinucleotide in the 5’-3’ direction to a
tetraribonucleotide. Consequently, the primer is synthesized in the opposite direction
of replisome movement. After the primer is synthesized, the primer is handed off to a
recruited DNAp and the Okazaki fragment is synthesized. Primer synthesis, however,
is slow and, together with the recycling of lagging-strand polymerase to the new primer,
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might take up to seconds [52, 53, 108]. The question that arises is how the replisome is
capable of synchronizing leading- and lagging-strand synthesis during DNA replication
and in particular primer formation on the lagging strand.

5.1.4 Competing models

Recently, two competing models have been proposed to explain how lagging-strand
synthesis can keep up with the leading strand and DNA replication could stay synchro-
nized. In a first study, only leading-strand synthesis was studied in a single-molecule
flow-stretching study [108]. In the absence of ribonucleotides (rNTPs) (-NTP), when
primase activity cannot take place, a single helicase/DNAp complex was found to pro-
cessively synthesize leading-strand DNA at a rate of ∼160 nt s−1. In the presence
of rNTPs (+NTP), primers were synthesized on the lagging-strand causing pausing
of leading-strand synthesis, with average duration of pauses of ∼6 sec every ∼2.5 kb.
In these experiments, no additional DNAp was present and as a consequence, lagging-
strand synthesis did not take place. It was concluded that leading- and lagging-strand
synthesis are synchronized by pausing of the leading-strand synthesis when a primer is
synthesized. During a pause, primer synthesis on the lagging strand and recruiting of
DNAp to the primer could take place.

An alternative hypothesis was postulated by Patel and coworkers [137]. In their study
lagging-strand synthesis was observed by having DNAp replicate gp2.5-coated ssDNA.
It was shown that DNAp was actually ∼30% faster on gp2.5-coated DNA than leading-
strand synthesis by a helicase/DNAp complex (188 ± 10 nt s−1 and 132 ± 10 nt s−1,
respectively). The difference in speed would result in 6-7 sec faster DNA synthesis of
an Okazaki fragment (∼3 kb) compared to leading-strand synthesis. This time could be
used by the replisome to initiate a new Okazaki fragment by primer synthesis and re-
cruitment of a DNAp. To facilitate recruitment of DNAp, the primer would stay bound
to the primase domain and is handed off to the recruited DNAp. Therefore, ongoing
leading-strand synthesis would result in a priming loop with gp2.5-coated ssDNA. This
loop is resolved upon binding of a lagging-strand DNAp to the primer, when it becomes
part of the replication loop. In this proposed model, no pausing of leading-strand syn-
thesis would need to occur: synchronization is maintained, since an Okazaki fragment
is fully replicated when a new primer is synthesized.

With magnetic tweezers, it was revealed that primer synthesis in bacteriophage T4
could occur simultaneously with DNA unwinding by the helicase [118]. In this single-
molecule experiment of hairpin unwinding, direct results of a loop were observed. At
the same time, a third alternative mechanism, in which the primase is left behind on
the lagging strand, was found to be in place. The study on this related bacteriophage
shows that Nature has apparently multiple strategies to synchronize DNA replication.

To discriminate between these two models it would be highly advantageous to fol-
low in real-time with high spatial and temporal resolution the replication dynamics of
a single helicase/DNAp complex. Such data would allow much more insight into the
different kinetic states the complex visits at the different stages of the replisome DNA
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synthesis and priming interactions. Using optical tweezers we have been able to probe
leading-strand synthesis of a single helicase/DNAp complex in the absence and pres-
ence of rNTPs with a spatiotemporal resolution that allows for identification of pauses
as short as 0.4 seconds, nearly a 10-fold improvement over previous studies [66, 108].
Resolving the activity and pauses in both the absence and presence of rNTPs has re-
vealed a surprising level of hitherto unreported dynamics of the replisome during DNA
synthesis and primase activity. On basis of these observations we propose a new model
for the synchronization of leading- and lagging-strand synthesis.

5.2 Material and methods

5.2.1 DNA

Phage λ DNA was purchased from Roche. A forked construct for single-molecule exper-
iments was made according to previously published protocols [108]. For use in optical
tweezers, both the 3’-end and the 5’-end were labeled with four biotins (see Figure 5.2a).
On one end, the DNA contains a fork with a primer hybridized to the unbound strand
to initiate leading-strand DNA synthesis.

5.2.2 Experiments

Experiments were performed on a dual-beam optical trapping instrument, which has
been described in detail before [61]. Before starting experiments, the multichannel lami-
nar flow cell was passivated with a POPC lipid bilayer and casein to prevent nonspecific
binding of enzyme to the surface. DNA molecules were tethered in PBS buffer (10 mM
Tris-HCl pH 7.7 and 50 mM NaCl) between two optically trapped microspheres (4.5 µm
streptavidin-coated polystyrene microspheres, Spherotech) using a multichannel lami-
nar flow cell. Tension to the DNA was applied by increasing the distance between the
optical traps. Experiments consisted of first exchanging the buffer to replication buffer
(40 mM Tris-HCl pH7.5, 50 mM potassium glutamate, 10 mM MgCl2, 10 mM dithio-
threitol, 100 µg ml−1 BSA, 0.7 mM dNTPs) containing 36 nM T7 gp4 and 36 nM T7
gp5 complexed 1:1 with E.coli thioredoxin. Upon the observation of activity (i.e. the
lengthening of DNA at constant tension), measurements were started by moving the
molecule (in ∼10 sec) into replication buffer without additional proteins. For +NTP
conditions, 300 µM of rATP and rCTP were added to the replication buffer without
proteins.

5.2.3 Analysis

The distance between the two microspheres was converted to the number of nucleotides
synthesized, using known length differences between ds- and ssDNA. The change points
of the resulting traces were determined by a change-point algorithm written in the Van
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Oijen lab (see Appendix for more details regarding data analysis). Linear segments were
fitted between the found change points. These segments were determined to either be
activity or a pause. In the case of an activity, the duration and amount of synthesized
bp (processivity) were determined. The slope of the fit (processivity/duration) reveals
the rate of DNA synthesis.

Figure 5.2
Assay and example trace for leading-strand DNA synthesis by the T7 replisome.
a) The ends of the lagging strand of a forked DNA molecule are suspended between two micro-
spheres, both held in a separate optical trap. At the fork, leading-strand synthesis is initiated by
the binding of a single helicase/DNAp complex. Leading-strand DNA synthesis is followed by
the increase in distance between the beads at constant force as the suspended DNA is converted
to ssDNA. b) Typical traces of leading-strand synthesis in the absence (black) and presence (red)
of ribonucleotides. In both conditions we observe constant rates of DNA synthesis, interspersed
with pauses.
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5.3 Results
In order to follow leading-strand synthesis by a single helicase/DNAp complex, exper-
iments were performed on DNA that contains a replication fork on one end. To the
unbound end of this fork, a primer was hybridized. DNAp can extend this primer as the
helicase unwinds the downstream dsDNA, converting it into ssDNA (Figure 5.2a). In
this assay, the lagging strand that is suspended between the microspheres is converted
from dsDNA to ssDNA. This conversion leads to a distance change between the micro-
spheres when the force is kept constant. We transform this distance to the amount of
DNA synthesized by the single helicase/DNAp complex by using the worm-like chain
(WLC) and freely-jointed chain (FJC) models for the extension of ds- and ssDNA, re-
spectively, at a given force (see Chapter 4 for details).

In Figure 5.2b typical time traces obtained using this experimental approach are
shown, displaying periods of robust DNA synthesis interspersed with pauses. From
these traces, we can extract the rate, processivity and duration of leading-strand DNA
synthesis by the helicase/DNAp complex. The processivity we report is the so called
”dynamic” processivity, which is used to describe the processivity of bursts of activity
that are interspersed by pauses [182]. In contrast, ”static” processivity can be defined as
the total processivity of a single helicase/DNAp complex, or the sum of all the dynamic
processivities of one complex. In addition, we analyze pause durations and occurrences
to gain information on the (re-)binding of the helicase/DNAp complex and/or restart
of DNA synthesis.

5.3.1 Leading-strand synthesis in the absence of rNTPs

The instant rate of leading-strand DNA synthesis as determined by our change-point
algorithm (see Appendix) is 160 ± 80 nt s−1 (mean ± SD, n=263) (Figure 5.3). This
rate is similar to the rate found in earlier single-molecule experiments of DNA synthesis
[108].

The distribution of durations of bursts of DNA synthesis (n=263) is double expo-
nential, with two time-constants, 6 ± 1 and 30 ± 10 seconds (median ± SD of 3000
bootstraps, see Appendix) (Figure 5.4). From the amplitudes of the double-exponential
fit we determine that 70% of these activities are short events, while the other fraction
represents long uninterrupted DNA synthesis events. The double-exponential distribu-
tion we observed implies that there are at least two states of active DNA synthesis, which
differ in duration of activity, but show the same rate of DNA synthesis. Therefore, we
hypothesize that there are two states: a ”weakly” engaged state (Aweak) causing short
activities (on average 1 kb at 160 nt s−1) and a more ”stable” engaged state (Astable)
leading to longer activities (on average about 5 kb). The dynamic processivities we find
are lower than reported in previous studies of leading-strand synthesis by single heli-
case/DNAp complexes (17 ± 3 kb) [108]. This is probably the result of our capability
to discern shorter pauses and activities than has previously been achieved. The static
processivity of our measurements (13 ± 8 kb, mean ± SD, n=72) is, on the other hand,
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Figure 5.3
The rate of DNA synthesis is constant in -NTP and +NTP. DNA synthesis rate is
determined by fitting linear segments to the individual traces of leading-strand synthesis. All
slopes of active DNA synthesis are used to determine the rate of leading-strand DNA synthesis
at 160 ± 80 nt s−1 (mean ± SD, n=263) in the absence of rNTPs. In the presence of rNTPs
(red) the rate is 180 ± 80 nt s−1 (mean ± SD, n=450). The instant rate of DNA synthesis is
therefore not affected by primase activity.
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comparable to that previously reported for a single helicase/DNAp complex.
We observe two distinct classes of pauses during leading-strand synthesis in the absence
of rNTPs: 80% of the events are short with a time-constant of 2 ± 1 seconds and 20%
are long pauses with a typical time of 8 ± 2 seconds (n=221; Figure 5.5). The two pop-
ulations are indicative of at least two distinct pause states (Pshort and Plong), which
could be caused by different types of disengagement of the helicase/DNAp complex
from the ssDNA-dsDNA fork as will be discussed below.

Figure 5.4
Durations of activity show two states of DNA synthesis. Cumulative distribution
functions of the duration of activity show a double-exponential behavior, indicative of at least
two distinct states of activity, Aweak and Astable. For -NTP (black), the average durations are
6 ± 1 and 30 ± 10 (n=263). In +NTP (red), these durations change to 3 ± 1 and 14 ± 2 sec
(n=450). Therefore, we observe a remarkable decrease (50%) of the duration of activity in the
presence of primase activity for both Aweak and Astable.

In addition to the direct analysis of activities and pauses, we have determined the
occurrence of pauses. Thereto, we divided the total amount of DNA synthesized by the
number of short or long pauses. Firstly, to determine whether a pause is short or long,
we calculated a duration threshold, using the distribution of durations of pauses. The
threshold between short and long pauses (5 sec) shows that 80% of the total amount
of pauses is short. Finally, we find that a short pause occurs once every 6 kb of DNA
synthesized. A long pause occurs every 20 kb. These values differ from the observed
dynamic processivities because all DNA synthesis bursts are taken into account here.
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Figure 5.5
Two paused states with distinct durations are observed. Cumulative distribution func-
tions of the duration of pauses show a double-exponential behavior. This behavior is indicative
of at least two distinct states in which DNA synthesis pauses, Pshort and Plong. For -NTP
(black), the average pause durations are 2 ± 1 and 8 ± 2 (n=221). In +NTP (red), these pause
durations change to 1.3 ± 0.2 and 6 ± 1 sec (n=426). We conclude that these pauses could be
caused by similar mechanisms, since they differ only slightly in duration. However, the ratio of
long to short pauses increases from 1:4 in -NTP to 1:2 in the presence of primase activity.
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5.3.2 Leading-strand synthesis in the presence of rNTPs

In the presence of rNTPs, we probe leading-strand synthesis with the primase domain
activated and synthesizing primers on the lagging-strand. In our experiments we min-
imized the occurrence of lagging-strand synthesis and when it occurs it is easily rec-
ognized by an observable change in rate (see Appendix). The primase domain of gp4
recognizes the priming sequence 3’-CTG(G/T)(G/T)-5’, where the 3’-C is essential for
recognition but is not copied into the RNA primer. A previous study showed that under
these conditions leading-strand synthesis was interrupted approximately every 2.5 kb
for ∼6 seconds [108].

As expected, the rate of DNA synthesis, 180 ± 80 nt s−1 (mean ± SD, n=450) we
observed is basically unaffected by the primase activity (Figure 5.3) [108]. The distri-
bution of synthesis durations can be fitted with two time-constants: 3 ± 1 and 14 ± 2
sec (n=450), with again 70% of the activities being short. Therefore, also in the +NTP
case at least two distinct states of activity, Aweak and Astable are present with equal
probabilities. The durations of both states, however, are halved in comparison to the
durations in -NTP, indicating that primase activity has a large effect on DNA synthesis
(Figure 5.4). Because of the higher frequency of pausing, the dynamic processivity of the
short and long DNA synthesis states decreases to about 0.5 kb and 2.5 kb, respectively.
The static processivity of a single helicase/DNAp complex did not change significantly
(13 kb ± 4 kb, N=60), as expected.

The pauses in the presence of rNTPs are also distributed double-exponentially with
durations similar to without rNTPs, 1.3 ± 0.2 and 6 ± 1 sec (median ± SD of 3000
bootstraps, n=426) (Figure 5.5). The majority, 65%, of these pauses is short. There is
a modest increase in the occurrence of Plong, but overall the durations of pauses seem
similar to the pausing of leading-strand synthesis in the absence of primase activity.

Another indication that primase activity increase the frequency of pausing of leading-
strand synthesis is provided by the higher occurrence of pauses. First, we determined
the threshold duration for short and long pauses to be 3 sec. Next, we divided the
total amount of nucleotides synthesized by the amount of short or long pauses. This
resulted in the occurrence of a short pause every ∼3 kb and a long pause per ∼5 kb of
synthesized DNA in the presence of rNTPs.

5.3.3 Lagging-strand synthesis and additional DNAp on the
helicase

As mentioned above we occasionally observe lagging-strand synthesis in the presence
of rNTPs. Lagging-strand synthesis leads to apparent negative rates of DNA synthesis
(Figure S5.1), which can be explained by realizing that leading-strand synthesis occurs
at a rate of about 170 nt s−1, whereas we have shown in Chapter 4 that DNAp on naked
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ssDNA synthesizes DNA at a rate of ∼400 nt s−1 (for DNA tension <25 pN). Hence ds-
DNA is produced faster by the lagging-strand synthesis than ssDNA is generated by the
helicase/DNAp complex. This leads to the observation of the negative rate around 200
nt s−1 we measured (see Appendix). Our ability to discriminate between leading-strand
synthesis alone and the combination of leading- and lagging-strand synthesis allows us
to reject the hypothesis that the pauses observed during leading-strand synthesis in the
presence of rNTPs are caused by lagging-strand synthesis of additional helicase-bound
DNAp (Figure S5.2) [137]. Instead, we show that leading-strand synthesis pauses in
both the absence and presence of rNTPs independent from lagging-strand synthesis.

5.3.4 Resolving the kinetic pathways of individual enzyme
complexes

Single-molecule experiments cannot only identify subpopulations but also reveal the
kinetic pathway of individual helicase/DNAp complexes. From the above results it is
clear there are, at least, two states of DNA synthesis and two pause states. To get a
better picture of the probabilities of switching between the kinetic states, we calculated
the branching ratios and rates of the transitions between the four states we can discern,
assuming at first the circular scheme presented in Figure 5.6. First, we determined
the duration thresholds of short and long activities in the same manner as we did for
pauses. For -NTP, the threshold was 12.5 sec and for +NTP 6 sec. Next, we scored
for individual traces every time there was a change in activity (i.e. an activity of 20
sec, with a subsequent pause of 2 sec is scored as a transition from long activity to a
short pause, denoted as Astable–Pshort). Subsequently, we calculated the relative prob-
abilities of going towards a different state by dividing the occurrence of a transition by
the total occurrences of transitions out of a state, for example Astable–Pshort/(Astable–
Pshort+Astable–Plong). Since the rate of exiting a state is the inverse of the observed
duration, we could calculate the actual rate of each transition by multiplying the branch-
ing ratios with the exit rate of a state (Figure 5.6 and Table S5.1). From this first order
analysis we determined an increase in the transition rates to both pause states when
we compare +NTP with -NTP. The increase in these rates was expected because of
the reduction in duration of both short and long DNA synthesis activities we observed
in the presence of rNTPs. The transition into Plong seems to increase relatively more
than the transition into Pshort, especially the transition from Astable. These findings
agree with the observation that the presence of rNTPs causes leading-strand synthesis
to pause relatively long and more frequently [108]. This observation is also evident
from the ratio between long and short pauses: for -NTP this ratio is 1:4, for +NTP it
doubles to 1:2, as determined from the relative weights of the fits. Surprisingly, we also
observed in increase in the transition into Astable, caused by an increase in the occur-
rence of Astable. Such increase is hard to explain by primase activity, as it is unlikely
that this would also stabilize the helicase/DNAp complex. These results suggested that
the first-order kinetic model needed to be modified.



5.4 Discussion 131

Additional information, to verify an alternative model, was obtained by comparing
the branching ratios of the different states instead of the rates (see Table S5.1). We
observed that, in +NTP, the relative probability of entering a pause is the same from
both Astable or Aweak activities. Additionally, the binding into Astable is independent
from history (coming from Pshort or Plong). This observation leads to a hypothesis that
Aweak is an intermediate for binding into Astable, which would drastically alter our inter-
pretation of the duration of Astable. Firstly, the duration of Astable is now the composite
of one stably and two weakly engaged activities. There is also a limited probability that
Astable is composed of multiple cycles of Astable and Aweak. Consequently, the actual
duration of Astable in -NTP, decreases to ∼17 sec, while the duration for +NTP goes
down to ∼6 sec. We modeled this more complex ”intermediate model”(Figure S5.3)
and used Berkeley-Madonna to solve the differential equations and to extract rates for
the different transitions [114]. We used the observed exit rates of the states as well as
the relative occurrences of the different states as inputs, and adjusted the rates out of
Aweak to comply with the occurrences of the different states. From this analysis we
find that the most substantial impact of the primase activity is a decrease of the exit
rate of Astable and an increase of the rate into Pshort (see Appendix, Figure S5.3 and
Table S5.3). The observed increase of long pauses is now an indirect result of the higher
occurrence of weak activities that are more probable to result into long pause states.

In conclusion, the branching of the different states leads to a complex kinetic scheme.
There is a clear increase in the rates to paused states in the presence of rNTPs, in
both models presented. However, at this point, it is difficult to conclusively favor one
particular model because other models still need to be considered. Nevertheless, we can
interpret the data in the biological context and suggest experiments to fully elucidate
the dynamics of leading-strand synthesis.

5.4 Discussion
We observed two types of durations of activity, both in -NTP and +NTP. This showed
that there are two distinct states of helicase/polymerase complex that result in DNA
synthesis. We suggest that there is a ”stably engaged” complex and a ”weakly engaged”
complex (Astable and Aweak). Interestingly, the processivity of Astable in -NTP (∼5
kb) is similar to the ”static” processivity reported for leading-strand synthesis with
gp4-∆C17. In this mutant the interaction between DNAp and the C-terminus is not
present. Loss of the stable interaction between the helicase and DNAp therefore causes
complete dissociation of DNAp from the replisome and termination of DNA synthe-
sis. We hypothesize that Astable might be terminated by loss of the stable complex of
helicase and DNAp but with the DNAp still connected to the C-terminus. In +NTP,
the processivity of Astable in +NTP decreases to a length that is comparable to aver-
age length of an Okazaki fragment (∼3 kb) [109]. Given our hypothesis that Astable
represents a stable contact with the helicase, we can imagine that successful priming
might actually destabilize this state, reducing its average length to that of an Okazaki
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fragment. Primase activity thus actively terminates stable DNA synthesis.

The disengagement from the Aweak state is much more frequent. Aweak only syn-
thesizes ∼1 kb in the absence of rNTPs, which is similar to the processivity of DNAp
alone [108, 180] 4. This similarity leads to a hypothesis that termination of Aweak
might involve dissociation of DNA from the DNAp active site. This would cause the he-
licase/DNAp complex to stall because the helicase alone cannot move efficiently through
dsDNA. In the presence of rNTPs, the processivity of Aweak becomes only ∼500 bp. We
speculate that the weakly engaged state is already sensitive to the first step of primer
synthesis (dinucleotide condensation), which could take place on every encounter of a
primase recognition sequence. This would be a different pausing mechanism than the
dissociation of the DNA from the active site, although both are triggered by primase
activity. A possible model with two different disengagements from both states of DNA
synthesis is presented in Figure 5.7.

Besides the two active states we also observed two different pause states. The sim-
ilarity in duration of pauses in -NTP and +NTP suggests that these pauses are due
to a similar mechanism of disengagement. For example, the duration of a pause is de-
termined by the time needed to rebind stably the helicase or the time it takes for the
DNA to rebind the DNAp. In previous studies, long pauses were only observed in the
presence of rNTPs. This could be explained by the increase of the ratio of long pauses
in +NTP, which enhances the occurrence of resolvable long pauses, even when the spa-
tiotemporal resolution is lower than in our assay. Below we put forward a possible
and testable biological model of the helicase/DNAp complex and how it could logically
cause synchronization of leading- and lagging-strand synthesis.

5.4.1 Model

As discussed, we noticed that the duration of Astable matches the average Okazaki frag-
ment, which could indicate that the processivity of Astable and the length of an Okazaki
fragment are linked. Here we explore cause and consequence of this potential link. The
helicase/DNAp complex encounters a primase recognition sequence about every 250 bp.
Taking into account the average size of an Okazaki fragment, only 1 in 10 sequences
leads to synthesis of a full primer [109]. In the absence of rNTPs, the encounter of recog-
nition sequence will have no effect. In the presence of rNTPs, however, primase activity
is activated and primers are synthesized. In our model we propose that Astable is not
directly affected by the encounter of a recognition sequence. Yet, during the synthesis of
a full primer, the stable complex might be triggered to disengage causing leading-strand
synthesis to pause. Disengagement could be triggered by a conformational change in
the primase domain of the helicase needed for extension of the dinucleotide condensated
in the first step [144]. At the same time, one would expect that such a trigger causes
the lagging-strand DNAp to disengage. This would in turn help the synchronization of
leading- and lagging-strand synthesis. The disengagement of both polymerases will stall
synthesizes and buys time for extension to a full primer. Concurrently, it frees DNAp
for hand-off to the newly synthesized primer and start the new Okazaki fragment. At
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Figure 5.6
The transition rates (s−1) between the two states of activity and two states of paus-
ing. The trajectory of a single event is followed and the branching probabilities are calculated
for the absence of rNTPs (black) and presence of rNTPs (red). This ratio is multiplied with
the inverse of the duration of a state. The found transitions are given in rate per second ± SD.
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this point, we cannot link one of our paused states to this event but, intuitively one
would expect that dissociation of DNAp from the helicase leads to a longer pause than
dissociation of DNA from DNAp. Hence, we hypothesize that the long pauses could
represent the loss of stable helicase/DNAp complexes, triggered by full primer synthesis.

A question that arises from this model is whether leading- and lagging-strand DNAp
would have the same affinity for either strand after dissociation from the stable com-
plex. If that would be the case, single helicase/DNAp complexes should perform lagging-
strand synthesis half of the time a primer is synthesized. From our and previous studies,
however, there is no indication that lagging-strand synthesis occurs this often (see Fig-
ure S5.1). Hence, it appears likely that there is a bias for helicase-bound DNAp to first
bind the leading-strand and subsequently the lagging-strand. We speculate that this
preference can be caused by two mechanisms: (i) DNAp has a higher affinity for the
primer-template of the leading-strand. The synthesized primer on the lagging-strand
is short (4 nt) and therefore DNAp could have a lower affinity for the lagging-strand
primer-template. (ii) Steric hindrance of the helicase prevents DNAp from binding the
lagging-strand. Restart of leading-strand synthesis moves the replisome downstream
and reliefs its steric hindrance. This would allow an additional DNAp to bind the
lagging-strand. In the next section, we will propose experiments to test these hypothe-
ses.

The above model is attractive in its simplicity. The activities stem from similar bind-
ing modes and they are terminated by pauses that are caused by similar dissociations
of the helicase/DNAp and DNA complex, both in the absence and presence of rNTPs.
There are, however, alternative models that could describe the observations in this and
previous studies. Primase activity, for example, might terminate activity by transition
to a different state of pausing. This would cause a different pause from the two types
of pauses states observed in -NTP. An alternative mechanism has been proposed that
invokes allosteric effects due to primer synthesis preventing dTTP hydrolysis by the
helicase, thereby stalling the replisome [144]. Our data, nevertheless, already show
pausing in -NTP, unlike previous studies. Therefore, the kinetic states of our model do
not change from -NTP and +NTP, but only the transition rates are affected by primase
activity.

5.4.2 Future experiments

Our hypothesis, that only full primer synthesis would destabilize Astable can be vali-
dated by performing experiments like the ones presented here in slightly different con-
ditions. For example, the effect of the two distinct steps of primer synthesis on DNA
synthesis dynamics could be investigated. The primer is synthesized in a condensation
and subsequent extending step. A pAC dinucleotide can be used to mimic the first
condensation step [66]. If the subsequent rNTPs are omitted, no full primer can be
synthesized since the next step involves polymerization of two single ribonucleotides.
These experimental conditions allow studying of our hypothesis by isolating the first
step of primer synthesis. More precisely, there will be no conformational change of
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Figure 5.7
Proposed model of leading-strand synthesis by a single replisome. The heli-
case/DNAp complex can synthesize DNA either in a stably engaged (Astable) or a weakly
engaged state (Aweak). There are two states in which DNA synthesis is paused (Pshort and
Plong). In Plong, the only interaction between DNAp and the replisome would be through the
C-terminus of gp4. In Pshort, the replisome is paused as DNAp is no longer able to synthesize
the new strand, either due to loss of interaction with gp4 or dissociation of DNAp from the
DNA.
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the primase domain since the dinucleotide cannot be extended. Therefore, there would
be no trigger for disengagement of the stable complex. Consequently, the first step
of primer synthesis would not affect Astable. Aweak, however, would be affected since
there is initial recognition of the priming sequence, leading to disengagement of this
state of DNA synthesis. Another way to directly gain information on the amount of
primers actually synthesized is to use a fluorescent probe that bind to RNA-DNA hy-
brids (i.e. an intercalator like YOYO). A single fluorophores can readily be detected in
optical tweezers [24] and could contribute to understanding the primase activity of the
replisome.

Additional experiments could be performed with mutants of gp4 and/or DNAp. Sev-
eral mutants of gp4 have shown altered processivity and slower DNAp mutants were
used to probe DNAp exchange [83,96,112,185]. For example, it would be interesting to
see whether one of the two pause states can be directly related to an interaction of heli-
case with DNAp. We expect the long pause to disappear completely when a gp4 mutant
lacking the C-terminus is used. In addition, leading-strand synthesis the presence of
the slower DNAp mutant, gp5-Y526F would lead to insight in DNAp exchange during
primase-induced pausing. Likewise, the number of DNAp at the replisome could be
resolved by adding fluorescence microscopy [24,61]. Use of different fluorescent-labeled
DNA polymerase would provide much needed information on the dynamics of DNAp
binding at the replisome.

In conclusion, we show that the replisome is far more dynamic than reported up
to now. Even in the absence of rNTPs, leading-strand synthesis is interrupted by
frequent pauses. In the presence of rNTPs and the synthesis of primers for lagging-
strand synthesis, the frequency of pausing increases further. The increased frequency of
pausing due to primase activity likely assists in synchronization of leading- and lagging-
strand synthesis.



A P P E N D I X

Additional DNAp on helicase
In the presented experiments, there is only a lag of about 10 seconds between the loading
of a helicase/DNAp complex and the start of experiments. In previous studies, the flow
cell was flushed extensively prior to initiation of DNA synthesis to make sure additional
DNAp dissociated from the helicase [108, 112]. In our experimental setup, we did not
do this. Instead, we can actually discern uncoordinated lagging-strand synthesis from
DNAp enzymes that remain on the ssDNA or helicase after incubation in the +NTP
conditions (Figure S5.1). DNAp will elongate a primer faster than the replisome is
moving. Since such lagging-strand primer extension moves in opposite directions from
the leading-strand synthesis, we observe a ”negative” overall replication rate when both
events take place at the same time. The negative rates have been omitted from overall
analysis. Brief analysis of the duration of negative rates gave an average duration of
1.1 ± 0.2 sec (n=76, median ± SD, 3000 bootstraps). Moreover, these observed rates
make sense when compared to the dynamics of DNAp enzymes on ssDNA described
in Chapter 4. The rates of DNA polymerization by a single DNAp are ∼400 nt s−1

with a duration of approximately 1 sec. Simultaneous leading-strand synthesis at 170
nt s−1 would lead to an observed rate of ∼230 nt s−1.Therefore, both the observation
of a ”negative” replication rate and the duration of these events agree with the idea of
transient uncoordinated lagging-strand DNA synthesis [109].

In addition, we analyzed replication events starting from different time points after
incubation to quantify whether additional DNAp on the helicase or ssDNA would have
an effect on the duration of activity or pausing during leading-strand synthesis. The
idea of this method is based on the expected dissociated rate of the additional DNAp;
waiting long enough would result in the disappearance of these DNAp from the tested
construct. In fact, the average time an additional DNAp stays bound to the helicase was
estimated by Loparo et al. to be 44 ± 6 sec [112]. Thus, if additional DNAp would play
a role, different results are expected at the beginning of a data trace than towards the
end of data traces that last much longer than 44 seconds. We used cut-off time-points
of 10, 20, 50, 100 and 150 seconds after incubation and we did not observe significant
differences before and after, indicating that the leading-strand synthesis dynamics is
unaffected by additional DNAp (Figure S5.2). The duration of activity for -NTP is
slightly changed but this is the result from the fact that this data contains as expected
a significant amount of long uninterrupted replication activities that start before the
cut-off time-points and are thus discarded.

137
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Figure S 5.1
Negative rates show uncoordinated lagging-strand synthesis. a) Example trace dis-
plays negative rates in the presence of rNTPs. The inset shows the rates found in this trace.
b) All observed rates during DNA synthesis show that the negative rates vary from approx-
imately 100-350 nt s−1. This agrees with simultaneous leading-strand synthesis by a heli-
case/polymerase complex and uncoordinated lagging-strand synthesis by a DNAp. These events
make up ∼10% of the total activity events (n=76) and were discarded from analysis.

Analysis

Change-point analysis

Change-point detection is used to analyze the traces obtained from experiments. Here
we will briefly describe the analysis and the relevant parameters. For more information,
we refer to papers introducing change-point analysis for single-molecule experiments
[175, 181]. The change-point detection is based on a statistical test that determines
whether there is enough evidence to support a change in the data. For this purpose
a likelihood function that assumes a change is compared to a likelihood function that
assumes no change. In our situation, the model for a region is quite simple:

y = a · x+ b+ n

where x is the time, a is the slope, b is the slope and n is the noise, in this case
governed by a Gaussian distribution. Given this model, the probability of observing yi
given xi, ak and bk is:

p(yi|xi, ak, bk) =
1√

2πσ2
e−(

yi−ak·xi−bk )2

2σ2
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Figure S 5.2
Results do not depend on additional DNA polymerases in replisome. The distri-
butions of the duration of activity or pause are not altered if the data before cut-off time is
discarded. Duration of activity (left panels) and duration of pause (right). top panels: absence
of rNTPs, bottom panels: presence of rNTPs. The activity in the absence of rNTPs changes
slightly because long activities that started directly and do not show pauses are discarded.
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where ak and bk are the slope and intercept of the line, respectively and σ is the
standard deviation of the Gaussian distribution. From this formula it follows that the
likelihood of a given a series of N independently collected observations is:

L(Y |X; ak, bk) =
N∏
1
p(yi|xi, ak, bk)

=

N∏
1

1√
2πσ2

e−(
yi−ak·xi−bk )2

2σ2

The likelihood function assuming a change is build up by summing the likelihood
functions of two linear segments. The most likely location for the change point to occur
will be the index at which the maximum value of the likelihood function is given. The
likelihood function assuming no change is only one linear fit. Because these likelihood
functions are probabilistic functions, the ratio is also a probability function. A confi-
dence interval is used to determine whether there is enough probability to assume a
change. In practice, the change-point detection is iterated until the probability of a
change point is below the threshold.

Sigma and threshold/confidence interval

The value of sigma and the confidence interval have direct implications for the amount
of change points detected. A 99% confidence interval was chosen to limit the number of
false-positive change points. The value of sigma is inversely correlated to the number
of change points detected. A small sigma will lead to overfitting (false-positives) and
therefore a large number of change points. Conversely, a small sigma leads to underfit-
ting (false-negatives) and fewer detected change points. Although the sigma is given by
the noise on the data, it is hard to put a constant number on it. For example, the noise
in this experiment depends in part on the force feedback—as the tethered dsDNA is
converted to ssDNA, the noise in the system increases. For this reason, three different
values of sigma were probed (25, 50 and 150 bp). To overcome the overfitting in these
traces, the found linear segments between change points were concatenated when sub-
sequent segments had slopes that were either both pauses or both activities (see pause
threshold). Although the outcomes for some of the rates depended on the chosen value,
all showed similar trends. In the end, a sigma of 50 bp was chosen on the basis that the
other values seemed to underfit (undetected rate changes) and overfit (high number of
concatenations).

Pause threshold

To extract rates for binding and unbinding, pauses and activities have to be scored sep-
arately. Therefore, a threshold for pausing had to be determined. We have determined
the threshold interval at rates between -75 and 75 nt s−1. Any rate that falls within this
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interval is a pause, while rates that fall outside this interval are scored as activities. This
threshold makes sure that all found activities are actual activities, and are not poised
with pauses. Force drift and active force feedback for clamping cause an increase in
noise of the system. To accurately score activities the threshold is determined as only
one standard deviation from the rate of DNA synthesis. This will result in the loss
of some low-rated activities (false-negatives), but will prevent false positives caused by
drift and/or noise of the system. Subsequent linear segments that are both scored as a
pause or activity are concatenated to correctly determine binding and unbinding rates.

Bootstrapping
The data from the experiments is limited. Therefore it is hard to determine the accu-
racy of fitted values, especially for the double-exponential fits to the duration of events.
To get a measure of the accuracy we resample the data sets (bootstrapping). Bootstrap-
ping is a method that randomly creates a same-size data set from the original data set,
first introduced in 1979 [45]. Since there is replacement of a sample, each generated
data set will be different. 3000 generated data sets are individually fitted with a dou-
ble exponential, which allows for histogram construction of the fitted values. We use
the median and SD to represent the average duration and a measure of the accuracy,
respectively.

Missed events

We observe activities and pauses as short as 0.4 seconds. Below this threshold, we
are not able to accurately resolve an event due to the finite resolution of the system.
Consequently, we discard any events shorter than 0.4 seconds. We can, however, deter-
mine the amount of activities and pauses we miss. On basis of the distribution of the
durations we can estimate the number of events that fall below the threshold. In the
cumulative distribution functions (Figures 5.4 and 5.5), the shortest duration at ∼0.4
sec is normalized to 1. We can use the weights of the fits to easily determine the y-value
at t=0. By dividing this value by 1, we calculate the number of observed events. In
this way, we estimate that we miss approximately 25% of the pauses and 10% of the
activities for both -NTP and +NTP.

Alternative thresholds for resolving kinetic pathway

To resolve the kinetic pathway of single replisome we had to determine whether an event
is of short or long duration. To do so, we have determined a threshold based on the
weights of a double-exponential fit to the data. For example, the threshold for activities
in the absence of rNTPs (12.5 sec) is determined so that 70% of the activities are of
short nature. In contrast, the threshold for activities in +NTP is similarly calculated
to be only 6 sec. Although this seems a valid way of determining the threshold, an
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Table S 5.1
Rates and probabilities of occurrences for a first-order model with individual thresh-
olds. The transition rates and occurrences of the first-order model are calculated using indi-
vidual thresholds for activities and pauses of -NTP (black) and +NTP (red.

Activity: 12.3 Activity: 6.0
Pause: 5.2 Pause: 3.4

State Duration (s) SD Occ. Duration (s) SD Occ.
Aweak 5.9 ± 1.3 0.68 3.2 ± 0.5 0.63
Astable 33 ± 20 0.32 14 ± 2.4 0.37
Pshort 1.9 ± 0.6 0.68 1.3 ± 0.2 0.63
Plong 7.8 ± 2.3 0.32 6.3 ± 1.1 0.37
Transition Rate (s−1) SD Occ. Rate (s−1) SD Occ.
Aw to Psh 0.12 ± 0.03 0.67 0.21 ± 0.05 0.67
Aw to Pl 0.05 ± 0.01 0.33 0.11 ± 0.03 0.33
Ast to Psh 0.02 ± 0.01 0.79 0.05 ± 0.01 0.66
Ast to Pl 0.006 ± 0.002 0.21 0.024 ± 0.007 0.34

Psh to Aw 0.40 ± 0.15 0.79 0.50 ± 0.11 0.65
Psh to Ast 0.12 ± 0.04 0.21 0.29 ± 0.06 0.35
Pl to Aw 0.11 ± 0.07 0.87 0.11 ± 0.03 0.73
Pl to Ast 0.01 ± 0.01 0.13 0.04 ± 0.01 0.27

issue arises when we try to compare the two different conditions. A hypothesis might
be that the all activities and pauses are caused by similar mechanism, irrespective of
the absence or presence of rNTPs. In that case, it is necessary to determine the same
threshold value for both conditions.

To investigate this hypothesis we have also analyzed the branching probabilities and
rates of transitions by using the average of the thresholds of -NTP and +NTP (9.2 sec
for activities and 4.2 sec for pauses, Tables S5.2 and S5.4). As a result, in +NTP the
occurrence of Astable decreases. This results in rates of transition to Astable that are
similar as in -NTP. The most remarkable changes due to primase activity are increased
rates into Pshort, a modest increase from Astable to Plong and an increase of the rate to
Aweak. From these observations the more frequent pausing in leading-strand synthesis
would be explained by a decrease in stable activities, caused by higher rates into, mainly
short, pauses. The results from this analysis are interesting, although the assumption
that the threshold values can be averaged needs further investigation.
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Table S 5.2
Rates and branching probabilities for a first-order model with averaged thresholds.
The transition rates and occurrences of the first-order model are calculated using averaged
thresholds for activities and pauses of -NTP (black) and +NTP (red).

Activity: 9.2
Pause: 4.2

State Duration (s) SD Occ. Duration (s) SD Occ.
Aweak 5.9 ± 1.3 0.60 3.2 ± 0.5 0.74
Astable 33 ± 20 0.40 14 ± 2.4 0.26
Pshort 1.9 ± 0.6 0.64 1.3 ± 0.2 0.71
Plong 7.8 ± 2.3 0.36 6.3 ± 1.1 0.29
Transition Rate (s−1) SD Occ. Rate (s−1) SD Occ.
Aw to Psh 0.11 ± 0.03 0.67 0.23 ± 0.06 0.73
Aw to Pl 0.07 ± 0.02 0.33 0.09 ± 0.02 0.27
Ast to Psh 0.02 ± 0.01 0.79 0.06 ± 0.02 0.75
Ast to Pl 0.006 ± 0.002 0.21 0.018 ± 0.006 0.25

Psh to Aw 0.35 ± 0.25 0.66 0.61 ± 0.13 0.77
Psh to Ast 0.18 ± 0.13 0.34 0.18 ± 0.04 0.23
Pl to Aw 0.11 ± 0.10 0.86 0.13 ± 0.03 0.80
Pl to Ast 0.02 ± 0.02 0.14 0.03 ± 0.01 0.20

Table S 5.3
Rates and branching probabilities for the ”intermediate” model with individual
thresholds. The intermediate model is modeled in Berkeley-Madonna (see Figure S3) [114].
The corrected observed rates and occurrences based on individual thresholds of activities and
pauses are used to extract the transition rates for -NTP (black) and +NTP (red).

Activity: 12.3 Activity: 6.0
Pause: 5.2 Pause: 3.4

State Duration (s) Occurrence Duration (s) Occurrence
Aweak 5.9 0.68 3.2 0.63
Astable 17 0.32 6 0.37
Pshort 1.9 0.68 1.3 0.63
Plong 7.8 0.32 6.3 0.37
Transition Rate (s−1) Occurrence Rate (s−1) Occurrence
Aw to Psh 0.13 0.72 0.21 0.64
Aw to Pl 0.03 0.17 0.05 0.15
Aw to Ast 0.02 0.11 0.07 0.21

Psh to Aw 0.50 0.77
Pl to Aw 0.14 0.16
Ast to Aw 0.06 0.17
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Table S 5.4
Rates and branching probabilities for the ”intermediate” model with averaged
thresholds. The intermediate model is modeled in Berkeley-Madonna (see Figure S3) [114].
The corrected observed rates and occurrences based on averaged thresholds of activities and
pauses are used to extract the transition rates for -NTP (black) and +NTP (red).

Activity: 9.2
Pause: 4.2

State Duration (s) Occurrence Duration (s) Occurrence
Aweak 5.9 0.68 3.2 0.63
Astable 17 0.32 6 0.37
Pshort 1.9 0.68 1.3 0.63
Plong 7.8 0.32 6.3 0.37
Transition Rate (s−1) Occurrence Rate (s−1) Occurrence
Aw to Psh 0.11 0.65 0.25 0.74
Aw to Pl 0.04 0.24 0.06 0.18
Aw to Ast 0.02 0.11 0.03 0.08

Psh to Aw 0.50 0.77
Pl to Aw 0.14 0.16
Ast to Aw 0.06 0.17

Figure S 5.3
Rates based on trajectories of single DNAp/helicase complexes. In black the rates
in absence of rNTPs, while the rates in the presence of rNTPs are displayed in red. The
pause durations, and therefore the rates out of a pause, do not change in the presence of
rNTPs. Primase activity, leads to an increase in all rates of out of Aweak. The rate into Pshort,
increases another 50%.


