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Single-molecule visualization of Saccharomyces cerevisiae leading-strand
synthesis reveals dynamic interaction between MTC and the replisome

Abstract
The replisome, the multiprotein system responsible for genome duplication, is a highly dynamic complex
displaying a large number of different enzyme activities. Recently, the Saccharomyces cerevisiae minimal
replication reaction has been successfully reconstituted in vitro. This provided an opportunity to uncover the
enzymatic activities of many of the components in a eukaryotic system. Their dynamic behavior and
interactions in the context of the replisome, however, remain unclear. We use a tethered-bead assay to provide
real-time visualization of leading-strand synthesis by the S. cerevisiae replisome at the single-molecule level.
The minimal reconstituted leading-strand replisome requires 24 proteins, forming the CMG helicase, the Pol e
DNA polymerase, the RFC clamp loader, the PCNA sliding clamp, and the RPA single-stranded DNA binding
protein. We observe rates and product lengths similar to those obtained from ensemble biochemical
experiments. At the single-molecule level, we probe the behavior of two components of the replication
progression complex and characterize their interaction with active leading-strand replisomes. The
Minichromosome maintenance protein 10 (Mcm10), an important player in CMG activation, increases the
number of productive replication events in our assay. Furthermore, we show that the fork protection complex
Mrc1-Tof1-Csm3 (MTC) enhances the rate of the leading-strand replisome threefold. The introduction of
periods of fast replication by MTC leads to an average rate enhancement of a factor of 2, similar to
observations in cellular studies. We observe that the MTC complex acts in a dynamic fashion with the moving
replisome, leading to alternating phases of slow and fast replication.
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Abstract. The replisome, the multi-protein system responsible for genome duplication, is a 28 
highly dynamic complex displaying a large number of different enzyme activities. Recently, 29 
the Saccharomyces cerevisiae minimal replication reaction has been successfully 30 
reconstituted in vitro and provides an opportunity to uncover the enzymatic activities of many 31 
of the components in a eukaryotic system. Their dynamic behavior and interactions in the 32 
context of the replisome, however, remain unclear. We use a tethered-bead assay to provide 33 
real-time visualization of leading-strand synthesis by the S. cerevisiae replisome at the 34 
single-molecule level. The minimal reconstituted leading-strand replisome requires 24 35 
proteins, forming the CMG helicase, the Pol ε DNA polymerase, the RFC clamp loader, the 36 
PCNA sliding clamp and the RPA single-stranded DNA binding protein. We observe rates 37 
and product lengths similar to those obtained from ensemble biochemical experiments. At 38 
the single-molecule level, we probe the behavior of two components of the replication 39 
progression complex and characterize their interaction with active leading-strand replisomes. 40 
The Minichromosome maintenance protein 10 (Mcm10), an important player in CMG 41 
activation, increases the number of productive replication events in our assay. Furthermore, 42 
we show that the fork protection complex Mrc1–Tof1–Csm3 (MTC) enhances the rate of the 43 
leading-strand replisome 3-fold. The introduction of periods of fast replication by MTC leads 44 
to an average rate enhancement of a factor of 2, similar to observations in cellular studies. 45 
We observe that the MTC complex acts in a dynamic fashion with the moving replisome, 46 
leading to alternating phases of slow and fast replication. 47 
  48 
Significance Statement. Replication of genomic DNA is essential to all cells. The 49 
replisome, the multi-protein machine that performs DNA replication, contains many moving 50 
parts, the actions of which are poorly understood. Unraveling the dynamic behavior of these 51 
proteins requires novel application of single-molecule imaging techniques, to eliminate 52 
averaging inherent in ensemble methods and to directly observe short-lived events. Here, 53 
we present the first single-molecule observations of an active S. cerevisiae replisome using 54 
purified proteins. We find that a checkpoint complex (Mrc1–Tof1–Csm3), known to bind and 55 
to speed up the replisome, interacts only transiently with the replisome. This work represents 56 
a major step towards establishing the tools needed to understand the detailed kinetics of 57 
proteins within the complex eukaryotic replisome. 58 
 59 
\body 60 
The replisome is the molecular machine that coordinates the enzymatic activities required for 61 
genome duplication. It contains proteins responsible for DNA unwinding, depositing primers, 62 
synthesizing DNA, and coordinating DNA production on both strands. The replisome in 63 
eukaryotes is a sophisticated and highly regulated machine; its assembly is performed by 64 
origin-initiation proteins and kinases that restrict chromosome duplication to a single round to 65 
ensure proper ploidy across multiple chromosomes. Replisome operations must be finely 66 
tuned to adjust to changing cellular conditions and to interface with numerous repair 67 
pathways. While the minimal operating machinery to advance a replication fork has been 68 
established in vitro (1, 2), the reactions were unable to achieve rates measured in vivo. This 69 
deficiency is not surprising considering the several additional proteins that move with 70 
replisomes in vivo (3, 4). The evolution of checkpoints has provided eukaryotic cells with 71 
surveillance mechanisms that orchestrate the recruitment of many other proteins to 72 
replication forks that modulate replisome activity. Using simplified in vitro assays, study of 73 
these additional proteins has resulted in the reconstitution of efficient leading- and lagging-74 
strand DNA replication on naked and chromatinized templates in vitro (1, 3-7). 75 
 76 
Once CMG helicase and the Pol ε leading-strand DNA polymerase (together called CMGE) 77 
are assembled at the replication fork, additional proteins are conscripted to the complex to 78 
form the RPC. These proteins include Ctf4, Csm3, FACT, Mrc1, Pol α, Tof1, and Top1 (8). It 79 



has been shown that Mrc1, a yeast homolog of Claspin and an S-phase specific mediator 80 
protein of the DNA damage response, is recruited to the fork (8, 9) and increases the rate of 81 
replication in vivo about 2-fold (10-12). In vitro studies confirm that Mrc1 increases the speed 82 
of replication forks to rates similar to those measured in vivo (5). inclusion of Csm3/Tolf1 83 
stimulated the functional association of Mrc1 with the replisome. Mrc1 binds both the N- and 84 
C-terminal halves of Pol2, the polymerase/exonuclease of Pol ε (13). Given that we have 85 
only begun to determine the exact roles of the individual proteins at the fork, understanding 86 
basic mechanisms during DNA replication that coordinate enzymatic activity has thus far 87 
been very challenging. To date, all in vitro methods used to study S. cerevisiae DNA 88 
replisome activity have relied on traditional biochemical techniques (1-5, 7). Such 89 
experiments have provided the molecular mechanisms that target the replicative 90 
polymerases to their respective strands during bulk DNA synthesis (1-3, 14). However, these 91 
ensemble methods only report averages of total DNA synthesis. The dynamic behaviors that 92 
actually govern transitions through multiple conformational states, driven by a hierarchy of 93 
strong and weak interactions, are inaccessible using traditional biochemical assays. This 94 
knowledge is essential to understand these processes in biophysical detail. Single-molecule 95 
based approaches of DNA replication allow real-time observation of individual replisomes, 96 
revealing rare intermediates and often surprising dynamics during replication that cannot be 97 
otherwise detected (15-17). 98 
 99 
Here, we use single-molecule tethered-bead assays to study the kinetics of the leading 100 
strand replisome of a eukaryote, which has homologous replication machinery to that used in 101 
human. The minimal replisome system is reconstituted from the helicase complex Cdc45, 102 
MCM2–7, GINS (CMG), the leading-strand DNA Pol ε, the clamp loader Replication Factor C 103 
(RFC), the sliding clamp Proliferating Cell Nuclear Antigen (PCNA) and single-stranded DNA 104 
(ssDNA) binding protein (SSB). In the current report we observe synthesis of the leading 105 
strand in real time at rates consistent with cellular observations. In the presence of 106 
Minichromosome maintenance protein 10 (Mcm10), we observe a 3-fold increase in the 107 
number of productive replication events and an increase in the basal rate of the minimal 108 
replisome, supporting the role of Mcm10 in fork rate and stability after origin firing (6). Mrc1 109 
forms a complex with Tof1 and Csm3, referred to as the MTC fork protection complex. The 110 
MTC complex is generally thought to function when the replication fork is challenged with 111 
DNA damage or at replication fork barriers (8, 9, 18). In the presence of MTC we observe 112 
significantly increased rates of replication, consistent with values previously published (5), 113 
and observations that MTC regulates fork speed in the cell (13). Unexpectedly, the MTC 114 
complex causes multiple changes in rate over time during a single leading-strand replication 115 
reaction observed at the single-molecule level. In sum, the observations documented herein 116 
show a highly dynamic interaction between MTC and the leading-strand replisome. 117 
 118 
Results. 119 
Single-molecule visualization of leading-strand synthesis. We use a single-molecule 120 
tethered-bead flow-stretching assay (19, 20) to directly visualize the replication kinetics of 121 
individual S. cerevisiae leading-strand replisomes. A linear and double-stranded DNA 122 
substrate (Fig. S1) containing a replication fork is attached to a microbead on one end and 123 
the surface of a microscope cover slip on the other (Fig. 1 C). We apply a laminar flow to 124 
exert a controllable drag force on the beads, and thus stretch out the DNA molecules. We 125 
use ultra-wide-field, low-magnification microscopy to image thousands of beads and relate 126 
bead movement to changes in DNA length (17) (Fig. 1 A and B). At drag forces lower than 6 127 
pN, ssDNA is approximately six times shorter than double-stranded DNA (dsDNA) (19, 21). 128 
Movement of the bead against the direction of flow, therefore, reports on the conversion from 129 
dsDNA to ssDNA. With leading-strand synthesis effectively converting parental DNA into 130 
ssDNA on the lagging strand, we can now monitor leading-strand synthesis by a gradual 131 



shortening of individual DNA molecules. Topoisomerase is not required because the DNA is 132 
free to rotate at both ends, thus preventing accumulation of supercoils. Automated fitting of 133 
the bead images and tracking of the bead positions as a function of time provides a read out 134 
for these interconversions with high precision (~50 nm, corresponding to ~200 bp; (17)). 135 
Simultaneously tracking thousands of beads enables high data throughput and the 136 
characterizations of sub populations within individual experiments. We can characterize 137 
properties of individual replisomes such as rate (and changes therein) and the product 138 
length (the total number of nucleotides synthesized per replisome during the experiment). 139 
To recapitulate previous in vitro (2) results at the single-molecule level, we visualized 140 
leading-strand DNA synthesis using the single-molecule tethered-bead flow-stretching assay 141 
(Fig. 1 D). The biotinylated fork is tethered to the streptavidin coated surface of the flow cell 142 
and the digoxigenin couples to a 2.8-µm, anti-digoxigenin coated bead ((Materials and 143 
Methods)). The leading-strand arm of the fork contains a 3' ssDNA tail that is exposed to the 144 
solution to facilitate loading of CMG helicase 145 
Measuring the length difference between ssDNA and dsDNA provides a ratio between the 146 
number of processed nucleotides by the DNA polymerase and the amount of observed 147 
shortening. Due to the presence of ssDNA binding protein the measured contour length of 148 
ssDNA will be higher than that for naked ssDNA. To correct for this difference, we measured 149 
the change in ssDNA length upon RPA binding and the ratio was derived between the 150 
lengths of dsDNA and RPA-coated ssDNA (Fig. S2). This value was 106 ± 10 %, making 151 
RPA-coated ssDNA almost the same length as dsDNA. RPA is therefore incompatible with 152 
the visualization of changes in DNA length during leading-strand synthesis. Consequently, 153 
we used E. coli SSB in all replication assays, as ssDNA coated with SSB has a contour 154 
length that is 24 ± 2 % that of dsDNA, corresponding to an experimental conversion factor of 155 
5596 ± 73 nt/µm (Fig. S2). E. coli SSB and S. cerevisiae RPA give indistinguishable results 156 
in the leading-strand synthesis reaction (Fig. S3).  157 
 158 
Single-molecule replication rates of Pol ε-dependent leading-strand synthesis. The 159 
experimental strategy for establishing the leading-strand replisome is outlined in Fig. 1 D. 160 
First, CMG is loaded onto the fork under a flow of buffer. Subsequently, leading-strand 161 
synthesis is initiated by introducing a flow of buffer containing CMG, Pol ε, PCNA, RFC, 162 
PCNA, Mg2+, all four dNTPs and ATP (See Materials and Methods for precise details). Fig. 2 163 
A shows length changes of two individual DNA molecules as a function of time. A gradual 164 
shortening of the DNA is clearly visible, indicating sustained conversion of dsDNA into 165 
ssDNA. To detect rate changes and to identify different operational modes of the leading-166 
strand replisome, we used an unbiased, multiline-fitting algorithm based on change-point 167 
theory (17, 22) (Fig. 2 A, black lines). The rates obtained from this algorithm are weighted by 168 
the DNA segment length, reflecting the number of nucleotides that were synthesised at this 169 
rate. This places more significance to the longer rate segments, as they have a higher 170 
signal-to-noise ratio compared to shorter ones. The rate was determined by fitting the rate 171 
histogram with a Gaussian function, resulting in a rate of 5.4 ± 0.7 nt/s (mean ± s.e.m) (Fig. 172 
2 B), consistent with earlier ensemble reactions using 32P-dNTPs (2). The rate values in 173 
these single-molecule experiments are consistent with previously reported ensemble 174 
experiments (1, 2) and use of yeast extracts in single-molecule experiments (23). Instead of 175 
using processivity, a term that is ambiguous in definition when comparing experiments with 176 
very different protein and DNA concentrations, we leverage the precise nature of our single-177 
molecule measurements to define the product length of individual DNA products. The overall 178 
product length for an experiment is determined by measuring the total amount of dsDNA 179 
converted into ssDNA for every trajectory and fitting their distribution with a single-180 
exponential decay (assuming a single rate-limiting step determining the end of an event). 181 
The product length of Pol ε-dependent leading-strand synthesis was measured to be 0.9 ± 182 
0.2 kilonucleotides (knt) in the 20-minute observation time (Fig. S4 A). These rate values for 183 



a minimal leading-strand replisome are consistent with previously reported ensemble 184 
experiments (1, 2). In the absence of the four dNTPs no replication events were observed, 185 
demonstrating that the observed bead movements are enzyme dependent. We note that 186 
previous ensemble assays of recombinant CMG show that CMG binds DNA for up to one 187 
hour, and that these longer time windows enable CMGE–PCNA to eventually complete 188 
synthesis of a 3-kb template (1-3). In our current setup, however, the typical observation 189 
time is 20 minutes, and we cannot directly observe when enzyme binding and/or unbinding 190 
occurs. The processivity/stability of these components on DNA and proficiency to exchange 191 
with components from solution will be the subject of a future study. 192 
To exclude the possibility of Pol ε-independent unwinding of dsDNA by CMG, we performed 193 
the experiment in the absence of Pol ε. As expected, we do not see any replication events 194 
(Fig. 2 A). We also performed the experiment lacking CMG, but detect no replication events, 195 
consistent with inability of Pol ε to strand-displace.  Combining these results, we conclude 196 
that the effective shortening of the DNA substrate arises from CMG–Pol ε dependent 197 
leading-strand synthesis. This observation provides us with the ability to monitor leading-198 
strand replication of S. cerevisiae in real time at the single-molecule level. Additionally, it 199 
affords us the opportunity to characterize interactions between proteins within the leading-200 
strand replisome, one replisome at a time.  201 
 202 
Mcm10 increases the number of productive replication events. Mcm10 has been 203 
identified as an important player in CMG activation (24, 25) and maintenance of the 204 
replication fork (26). Studies using reconstituted purified proteins have demonstrated that 205 
Mcm10 is not absolutely required for leading/lagging strand fork function in vitro (1). To 206 
understand the effect of Mcm10 during leading-strand replication at the single-molecule 207 
level, we added equimolar amounts of CMG and Mcm10 during initial CMG loading and in 208 
the subsequent replication reaction. The addition of Mcm10 did not result in any Pol ε-209 
independent unwinding of dsDNA by CMG. However, addition of Mcm10 to the leading-210 
strand replication reaction resulted in an average of 1.3-fold increase in rate (11.0 ± 0.6 nt/s, 211 
Fig. 3 B), consistent with previous ensemble observations (6). Interestingly, we did notice a 212 
significant ~3-fold increase in the number of trajectories that show replication events (Fig. 2 213 
C). The efficiency is defined as a percentage of the number of correctly tethered beads that 214 
show replication. The average number of correctly tethered beads is 981 ± 147 (N = 5 215 
experiments). This increase in efficiency suggests that Mcm10 facilitates the assembly of an 216 
active leading-strand complex, or enhances its stability as observed earlier (6). 217 
Consequently, all further single-molecule experiments included Mcm10. 218 
 219 
Addition of MTC increases replication rates of Pol ε-dependent leading-strand 220 
synthesis. Previous studies demonstrated that MTC is required for maximal fork speed in 221 
vivo (10, 12, 13), and in vitro (5). The in vitro ensemble experiments, however, did not inform 222 
on the lifetime of MTC binding to a leading-strand replisome or on its effect on the 223 
instantaneous replication rates. The Mrc1, Tof1 and Csm3 proteins are present in the RPC 224 
in a substoichiometric fashion, suggesting they are not present in every replisome or only 225 
transiently associated (8). To provide access to this important kinetic information, we 226 
repeated the tethered-bead assay in the presence of 30 nM MTC (Fig. 3 A). We observe a 2-227 
fold increase in average replication rate (19.7 ± 1.2 nt/s) in the presence of MTC consistent 228 
with in vivo observations of fork speed in the presence and absence of Mrc1 (Fig. 3 B), and 229 
an increase in product length (compare Fig. S4 B with Fig. S4 C). The overall 1.8-fold rate 230 
increase is consistent with several in vivo studies of Mrc1 deficient cells (10-12). Previous 231 
work reported that Mrc1 is responsible for the increased fork speed, even though the 232 
interaction of MTC with the replisome is largely mediated by Tof1, and that Mrc1 function is 233 
largely aided by the presence of Tof1 (5, 8, 12, 13, 18). Consistent with this observation, the 234 
increase in leading-strand fork speed we observe requires MTC and is not observed using 235 



only the (Tof1–Csm3) TC complex. Leading-strand replication performed in the presence of 236 
the TC complex, resulted in the loss of the higher rates and loss of the increase in product 237 
length compared to the MTC complex that includes Mrc1 (Fig. 3 B, andE, and Fig. S4 D).  238 
 239 
MTC induces multiple rate changes within a single leading-strand replication 240 
complex. The single-molecule rate distribution for MTC-mediated leading-strand synthesis 241 
shows a bimodal rate distribution, comprised of a slow population with a rate of 7.4 ± 0.2 nt/s 242 
(mean ± s.e.m) and a fast population with a rate of 21.1 ± 0.7 nt/s. While these observations 243 
appear to suggest an unsaturated reaction, we have titrated MTC into bulk assays from 0–244 
120 nM MTC and observe saturation at 15 nM, less than the 30 nM MTC used in the 245 
experiments of this report (Fig. S5). The appearance of these two populations highlights the 246 
importance of using single-molecule techniques, as this bimodal distribution would not be 247 
visible in traditional ensemble-averaging assays. This bimodal distribution can be explained 248 
by two possible mechanisms — one in which MTC speeds up a subset of replisomes, or one 249 
in which MTC interacts with all replisomes, but only transiently. If the first mechanism were 250 
true, a subset of trajectories would exhibit faster rates consistent with these replisomes 251 
associated with MTC, whereas the rest would exhibit the slow rate observed in the absence 252 
of MTC. If the second mechanism were true, we should see both slow and fast rates within a 253 
single trajectory, resulting in multiple rate changes per replisome. To distinguish between 254 
these two possibilities, we first quantified the number of rate changes for each replisome. 255 
Rate changes were defined by the change-point line-fitting analysis (Fig. S6). On average 256 
we observe 4.5 times more rate changes when MTC is present (Fig. 4 A). This high 257 
frequency of rate changes within individual reactions identifies that MTC interacts with all 258 
replisomes, but only transiently. 259 
Furthermore we examined the distribution of rates associated with individual switches 260 
between rates. We did so by plotting the rate of a change-point segment within a single-261 
molecule trace, versus the rate of the previous change-point segment in the same trajectory 262 
(Fig. 4 B). The points in this transition plot represent rate pairs from trajectories with multiple 263 
rate changes. While we do observe some rate changes in the absence of MTC (Fig. 4 B 264 
top), the points in the transition plot are clustered close to the diagonal. This clustering 265 
indicates that the rate changes are only minor, and are probably due to the small intrinsic 266 
rate variations of Pol ε−dependent synthesis. In contrast, when MTC is present the points in 267 
the transition plot lie much further away from the diagonal (Fig. 4 B bottom). This deviation 268 
from the diagonal shows that the change in the rate between two segments in a single 269 
trajectory is large. These large changes imply that the replisome can transition from fast, 270 
MTC-mediated rates to the slow rates, and vice versa. To quantify the average change in 271 
rate between transitions within a single trajectory, we calculated the average distance from 272 
the diagonal for all the points in the transition plot. In the presence of MTC the average rate 273 
change is ~2.5-fold higher with a rate change of 13.6 ± 1.1 nt/s (mean ± s.e.m) compared to 274 
5.9 ± 0.6 nt/s in the absence of MTC. Moreover, the fact that the off-diagonal points are 275 
symmetrically distributed around the diagonal illustrates that it is just as likely for a slow rate 276 
segment to be followed by a fast rate segment, as it is for a fast rate segment to be followed 277 
by a slow one. This lack of bias reveals that MTC can bind and unbind from the replisome 278 
after replication has started. This observation further supports that MTC undergoes cycles of 279 
binding to the replisome from solution, and dissociation. We verified that placing the 280 
3XFLAG tag on the C-terminus of Mrc1 and no tag on Csm3 within MTC instead of the N-281 
terminal FLAG–Mrc1 (i.e. compared to use of a C-terminal FLAG tag on Mrc1 and a C-282 
terminal calmodulin tag on Csm3 in (5, 7)) did not result in appreciable differences in the 283 
ability of MTC to induce multiple rate changes within single leading-strand replication 284 
complexes (Fig. S7). 285 
 286 



MTC is transiently associated to the CMGE leading-strand replication fork complex. 287 
We reasoned that if MTC is indeed weakly bound to the replisome, we should be able to 288 
decrease the frequency of rate transitions by lowering the concentration of MTC. Replication 289 
reactions performed in the presence of either 10 nM or 3 nM MTC, showed a reduction in the 290 
number of fast rates as well as the frequency of transitions within a single trajectory (Fig. 291 
S8). To extend these observations, we performed leading-strand synthesis under conditions 292 
permitting preassembly of replisomes at the fork. If indeed MTC transiently associates with 293 
the replisome, we should not see the faster rates when we include MTC during the assembly 294 
phase, but omit it from the subsequent replication reaction, as it would dissociate by the time 295 
the replication reaction started. As predicted, the rate distribution did not show the fast 296 
population (Fig. 4 C). In contrast, when the CMGE complex is assembled on DNA and Pol 297 
ε is omitted from the subsequent replication reaction but MTC is present in the buffer flow, 298 
the faster population is evident (Fig. 4 D). This result indicates that Pol ε remains stably 299 
bound to the replisome, consistent with previous reports (3). Combining these results, we 300 
hypothesize that MTC has a weak affinity for the leading-strand replisome and interacts in a 301 
dynamic fashion to increase the rate of the replication fork. 302 
 303 
Discussion. 304 
We have used a DNA-stretching assay to visualize in vitro leading-strand synthesis by the S. 305 
cerevisiae replisome at the single-molecule level. Similar experiments have been reported 306 
for the T7 and E. coli replisomes (17, 20, 27, 28), but a detailed kinetic analysis of the 307 
eukaryotic replisome at the single-molecule level has been unavailable thus far. The leading-308 
strand synthesis rates observed here are similar to those previously reported in ensemble 309 
biochemical reactions (1, 5) and within the range of replication fork movement observed 310 
inside the cell (12, 29, 30). This assay has allowed us to probe the effect of Mcm10 and 311 
MTC on leading-strand replisome activity, confirming reports that Mcm10 stimulates the 312 
minimal replisome in the absence of MTC (6), and that MTC stimulates the replisome rate by 313 
an average of 1.8-fold, as summarized in Fig. 5. The observations of Mrc1 dependent 314 
stimulation of fork rate are also consistent with cell biology studies of fork movement in Mrc1 315 
cells (10-12). Interestingly, observation at the single-molecule level has revealed unexpected 316 
kinetic behaviors that would have been impossible to observe with conventional biochemical 317 
assays.  318 
We observe that Mcm10 does not substantially increase the rate or product length of 319 
leading-strand synthesis, but does increase the number of productive replication events, 320 
consistent with a recent study indicating that Mcm10 stabilizes the CMG on DNA (6). This 321 
Mcm10 associated increase in efficiency could be relevant to the conclusions that Mcm10 322 
functions as an activator of the CMG complex throughout DNA replication (6, 31), assisting 323 
stabilization of CMG or helping it overcome possible obstacles. Mcm10 is also known to 324 
activate Mcm2–7 during replication initiation (24, 32, 33). It is conceivable that Mcm10 helps 325 
activate Mcm2–7 in our in vitro leading-strand system through a similar mechanism. It also 326 
remains possible that Mcm10 stabilizes Pol ε or otherwise enhances its synthesis activity. 327 
The current study demonstrates that the MTC complex increases the rate of leading-strand 328 
synthesis in an unexpected fashion (summarized in Fig. 5 C). The MTC complex appears to 329 
act in a highly dynamic fashion, only transiently active at the replisome. This observation is 330 
consistent with the substoichiometric presence of these subunits in the RPC complex (34). 331 
We observe processive leading-strand reactions at the single-molecule level with short-lived 332 
phases of higher rates that we interpret as corresponding to MTC binding to the replisome. 333 
Interestingly, the instantaneous rate during these phases increases by 3-fold, but average 334 
out to an approximately 2-fold average rate increase because they do not persist throughout 335 
the entire trajectory of an individual replisome. Further, the 2-fold average rate increase is 336 
consistent with observations of Mrc1 in the cellular context (10-12). The fluctuating rates per 337 
single-molecule trajectory suggest that MTC is distributive, and does not bind to the 338 



replisome in a stable manner. Distributive behavior of critical replisome components has 339 
precedent in bacterial DnaG primase (35). When we compare the rates of successive 340 
segments within one trajectory we see that fast MTC-mediated rates can be followed by slow 341 
rates and vice versa. Furthermore, the amplitude of these rate changes is on average ~2.5 342 
fold higher than the rate changes without MTC. This observation demonstrates that MTC or 343 
one of its components (e.g. Mrc1) associates with and dissociates from the replisome 344 
multiple times during leading-strand synthesis. The fact that we do not observe any fast 345 
rates when MTC is omitted during the replication phase, but present during the CMG loading 346 
phase of a preassembly experiment, further supports the conclusion that transient 347 
interactions exist between MTC and the replisome. These data contrast with previous 348 
models that suggest that Mrc1 stably binds to both CMG and Pol ε (8), though we note that 349 
cross-linking in ChIP assays prevents dynamics, and pull downs are not quantitative. It was 350 
proposed that this pair of interactions could be responsible for the faster rates, by tethering 351 
Pol ε to CMG (13, 36). The higher kinetic resolution of our experiments reveals the dynamic 352 
interaction of MTC with the replisome, with the population-averaged observables consistent 353 
with earlier biochemical assays. From the current study, however, we cannot conclude 354 
whether MTC acts to stimulate the DNA polymerase or the rate of unwinding, or both.  355 
It is important to note that the exact phosphorylation state of the proteins is expected to play 356 
a role in MTC–replisome interactions (37).  In addition, the current study focuses on the 357 
enzymes of leading-strand synthesis while additional proteins could play a role in MTC 358 
behavior. Replication proteins in S. cerevisiae undergo many post-translational modifications 359 
before and during replication (38, 39). For example, Dbf4-dependent kinase (DDK) and 360 
(cyclin-dependent kinase) CDK are known to control replication initiation by phosphorylation 361 
of many proteins involved in forming the origin recognition complex (39, 40). Additionally, 362 
phosphorylation of replisome components plays an important role in programmed fork arrest 363 
through phosphorylation of Mcm2–7, which promotes recruitment of Tof1–Csm3 by the 364 
replisome (37). S. cerevisiae recombinant expressed CMG and Tof1–Csm3 are 365 
phosphoproteins that facilitate their interaction (37). Interestingly, upon co-expression of 366 
CMG the vast majority of expressed proteins are free Mcm2–7, Cdc45 and GINS that do not 367 
simply self-assemble into a CMG complex (40). Thus, it is possible that the small amount of 368 
recombinant CMG recovered from expression cells is in fact assembled at origins (2). We 369 
note that Mrc1 has previously been shown to be the only component of MTC that enhances 370 
replisome rate (5) and since our observations rely on the conversion of dsDNA to ssDNA, it 371 
is possible that the dynamic interactions reported herein are of Mrc1 instead of the entire 372 
MTC complex.  373 
It is tempting to speculate a possible biological reason for a dynamic interaction of 374 
Mrc1/MTC with the replisome. We presume that the different replication rates that 375 
correspond to the association state of Mrc1/MTC reflect different conformations of the 376 
replisome. Different replisome conformations may in turn facilitate active site configurations 377 
(i.e. enzymatic velocities), additional protein interactions or exchange with other partners, in 378 
a differential manner. An interesting aspect of MTC activity is its phosphorylation state. For 379 
example, it is well known that Mrc1 mediates the DNA-damage response through 380 
phosphorylation of Mrc1 by the Mec1/Rad53 kinases (41). The advantage of a dynamic 381 
interaction of Mrc1/MTC with CMG could provide an interesting type of regulation. The 382 
dynamic interaction between MTC and the replisome documented herein could ensure a 383 
complete sampling of the phosphorylation state of MTC by all replisomes, as opposed to 384 
only a subset of replisomes carrying a fully phosphorylated MTC complex. A dynamic 385 
mechanism of MTC–replisome interaction would allow the MTC to act as a potentiometer for 386 
damage. The ratio of modified and unmodified MTC (i.e. in response to DNA damage) would 387 
be “sensed” by all replisomes equally, instead of a stark division in the case of a stable 388 
interaction of MTC with CMG, which would result in different fork speeds within the same 389 
cell. Hence, a dynamic interaction would provide a gradual titration of phosphorylated MTC, 390 
equally sampled by all replisomes, and consequently provide a more uniform fork speed. 391 



Despite these studies revealing the dynamic nature of MTC within a replisome, future 392 
studies are required to understand how replication proteins interact in vitro and in living cells.  393 
 394 
Materials and Methods. 395 
 396 
Protein expression and purification. CMG, Pol ε, RFC, PCNA, RPA and SSB were 397 
purified as described (2). Purification of Mcm10 and MTC are in Supporting Information. 398 
Linear fork DNA substrates.  399 
DNA replication templates used in ensemble leading-strand experiments were prepared as 400 
described (2, 14). The replication substrate used for surface tethering and bead attachment 401 
in single-molecule experiments was constructed using a 19,979 bp PCR λ-phage product 402 
and the HPLC purified oligonucleotides listed in Table S1 (Integrated DNA Technologies). 403 
See Supporting Information for full details. 404 
Single-molecule tethered bead assay. Flow cells were prepared as described (17, 42). 405 
First, CMG was loaded at the fork using 30 nM CMG, 30 nM Mcm10, and MTC (where 406 
indicated) in replication buffer (25 mM Tris-HCl pH 7.6, 10 mM Mg acetate, 50 mM K 407 
glutamate, 40 µg/ml BSA 0.1 mM EDTA, 5 mM DTT and 0.0025% (v/v) Tween-20) at 15 408 
µL/min for 10 min. Reactions were initiated by introducing 30 nM CMG, 30 nM Mcm10, 40 409 
nM Pol ε , 20 nM PCNA, 6 nM RFC, 250 nM E. coli SSB and MTC (where indicated) in 410 
replication buffer supplemented with 5 mM ATP and 60 µM dCTP, dGTP, dATP, and dTTP. 411 
See Supporting Information for full details. 412 
Ensemble leading-strand replication assays. Replication reactions (25 µL) contained 413 
25mM Tris-acetate pH 7.5, 5% (v/v) glycerol, 40 µg/ml BSA, 3 mM DTT 2mM tris(2-414 
carboxyethyl)phosphine, 10 mM Mg acetate, 50 mM K glutamate, 0.1 mM EDTA, 5 mM ATP, 415 
and 120 µM of each dNTP unless otherwise noted. See Supporting Information for full 416 
details.  417 
Code availability. Source code for most analysis tools is available at GitHub under Single-418 
Molecule Biophysics beadpy, or upon request. 419 
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Figure Legends. 532 

 533 

Fig. 1. Single-molecule tethered-bead DNA-stretching assay. (A) Experimental setup. DNA 534 
molecules are tethered in a microfluidic flow cell. Beads attached to DNA ends are imaged 535 
with wide-field optical microscopy. DNA molecules are stretched by applying a laminar flow 536 
of buffer. (B) A representative field of view showing 4,000 beads. (Inset) Image of beads 537 
attached to DNA flow-stretched in one direction (magenta) superimposed with an image of 538 
the same bead-attached DNA molecules stretched in the opposite direction (green) shows 539 
the presence of a large number of DNA-bead tethers. The beads that are improperly 540 
tethered are shown in black. The black scale bar is 150 µm. (C) DNA template. A replication 541 
fork was introduced at one end of a 20-kb linear substrate, with a bead attachment site at the 542 
other end. The fork is attached to the surface via a biotin on the 5′ tail. (D) Schematic of 543 
leading-strand replication by the minimal S. cerevisiae replisome. As dsDNA is converted 544 
into ssDNA, the DNA shortens and the bead moves against the direction of flow. 545 

 546 

Fig. 2. Single-molecule visualization of leading-strand synthesis by S. cerevisiae. (A) 547 
Representative trajectories showing Pol ε-dependent leading-strand synthesis (left). When 548 
Pol ε is omitted no replication events are observed (right). The black lines represent the rate 549 
segments identified by the change-point algorithm. (B) Histogram of the instantaneous 550 
single-molecule rates. The black line represents a Gaussian fit with a rate of 5.4 ± 0.7 nt/s 551 
(mean ± s.e.m.) (N = 161 trajectories). (C) Efficiencies of leading-strand synthesis, defined 552 
as the number of beads that show replication events over the total number of correctly 553 
tethered beads. The efficiency is ~3-fold higher (11.4 ± 0.2 %, N = 3 experiments) in the 554 
presence of SSB and Mcm10,compared to experiments without Mcm10 (4.0 ± 0.3 %, N = 4 555 



experiments) or without SSB (3.0 ± 0.1 %, N = 2 experiments). The errors represent the 556 
experimental error. 557 

 558 

Fig. 3. Effect of MTC on replication kinetics. (A) Representative trajectories showing Pol ε-559 
dependent leading-strand synthesis without MTC (left - green), with MTC (middle - blue), 560 
and with TC (right - orange). The black lines represent rate segments identified by the 561 
change-point algorithm. (B) Average single-molecule rates (mean ± s.e.m.), of all segments 562 
determined by the change-point algorithm, using CMGE (8.4 ± 0.5 nt/s), CMGE + Mcm10 563 
(11.0 ± 0.6 nt/s), CMGE + Mcm10 + MTC (19.7 ± 1.2 nt/s) and CMGE + Mcm10 + TC (9.6 ± 564 
0.5 nt/s). (C) Histogram of the instantaneous single-molecule rates for CMGE + Mcm10. The 565 
black line represents a Gaussian fit with a mean rate of 11.9 ± 2.2 nt/s, similar to the rates 566 
obtained without Mcm10 (Fig. 2B) (N = 96 trajectories). (D) Histogram of the instantaneous 567 
single-molecule rates for CMGE + Mcm10 + MTC. The histogram shows a bimodal 568 
distribution and was fit with the sum of two Gaussian distributions (black line), resulting in 569 
rates of 7.4 ± 0.2 nt/s and 21.1 ± 0.7 nt/s (N = 225 trajectories). (E) Histogram of the 570 
instantaneous single-molecule rates for replication by CMGE + Mcm10 + TC (omitting Mrc1). 571 
The fast population associated with MTC activity is not present (N = 111 trajectories).  572 

 573 

Fig. 4. MTC interaction with the replisome is transient. (A) The number of rate changes per 574 
trajectory without MTC (top) is 4.5 times lower than with MTC present (bottom). (B) 575 
Transition plots showing the rate of a segment as a function of the rate of the previous 576 
segment for trajectories with multiple segments, with (top) and without (bottom) MTC. The 577 
distance from the diagonal (dashed line) is ~2.5-fold higher with MTC (13.6 ± 1.1 nt/s, mean 578 
± s.e.m) than without MTC (5.9 ± 0.6 nt/s, mean ± s.e.m.) (C) Histogram of the 579 
instantaneous single-molecule rates obtained with MTC was present during loading but 580 
omitted from the replication phase. The rate is 6.6 ± 0.4 nt/s, similar to the rates obtained in 581 
our continuous flow experiments without MTC. No MTC mediated fast rate population was 582 
observed (N = 101 trajectories). (D) Histogram of the instantaneous single-molecule rates 583 
obtained from an experiment where Pol ε was present during loading but omitted from the 584 



replication phase. In contrast to the experiment in (C), the faster population is present. Fitting 585 
with the sum of two Gaussians gives rates of 6.0 ± 0.2 nt/s and 21.1 ± 0.7 nt/s (N = 196 586 
trajectories). 587 

 588 

Fig. 5. Leading-strand synthesis by the S. cerevisiae replisome. (A) The minimal 589 
reconstituted leading-strand replisome supports leading-strand synthesis at a rate of 5.4 ± 590 
0.7 nt/s. (B) Addition of Mcm10 increases the rate ~1.5 fold (11.9 ± 2.2 nt/s). (C) The MTC 591 
complex speeds up the leading-strand replisome by ~3.5 fold. Our single-molecule 592 
measurements demonstrate that MTC has a weak affinity for the replisome and only 593 
transiently interacts to speed up replication. 594 

Supporting Information. 595 

Purification of Mcm10 and MTC complex.  596 

Mcm10: The gene encoding Mcm10 was amplified by PCR along with an N-terminal 10 597 
histidine tag and a C-terminal 3X FLAG tag and cloned into pET-16b. E.coli cells (BL21-598 
CodonPlus (DE3)-RIL) containing the dual tagged Mcm10 expression plasmid were grown to 599 
an OD600 of 0.6 (ampicillin and kanamycin resistant), induced with isopropyl β-D-1-600 
thiogalactopyranoside (IPTG) for 18 h at 15°C, and collected and lysed using a pressure 601 
cell. Supernatant of lysed cells was applied to a 10 mL Chelating Sepharose Fast Flow (GE 602 
Healthcare) column charged with 50 mM nickel(II) sulfate and equilibrated with equilibration 603 
buffer (20 mM Tris-HCl pH 7.9, 5 mM imidazole, 500 mM sodium chloride, 0.01% (v/v) NP-604 
40). After loading, the column was washed with equilibration buffer, then proteins were 605 
eluted in equilibration buffer containing 375 mM imidazole. Fractions were monitored by 606 
SDS-PAGE and peak fractions containing Mcm10 were applied to a 6 mL Anti-Flag M2 resin 607 
(Sigma) equilibrated in 20 mM Tris-HCl pH 7.5, 10% (v/v) glycerol, 500 mM sodium chloride, 608 
1 mM dithiothreitol, 1 mM magnesium chloride, 0.01% (v/v) NP-40. After loading and 609 
subsequent washing with 50 mL equilibration buffer, the proteins were eluted using two 6 mL 610 
treatments of elution buffer containing 0.2 mg/mL 3X FLAG peptide (EZ Biolab) for 30 min. 611 
Fractions (100 µL) were collected and Mcm10 containing fractions were aliquoted, flash 612 
frozen in liquid N2, and stored at –80°C (Figure S9). 613 

Mrc1-Tof1-Csm3 complex: The genes encoding 3XFLAG-Mrc1 (FlagMrc1), Tof1 and 6xHis 614 
Csm3 (Csm3His) were amplified from genomic DNA by PCR and inserted into yeast 615 
integration vectors similar as described for CMG in (1). Briefly, FlagMrc1 was integrated at the 616 
Ade2 locus, untagged Tof1 at the His3 locus, and Csm1His at the Leu2 locus, each under 617 
control of the Gal1/10 promoter. We also produced a yeast strain having a C-terminal Mrc1 618 
3X FLAG tag and untagged Tof1, Csm3; the same procedure was used to purify both 619 
complexes (MfTC; Figure S9). Cells were initially grown at 30°C in SC-glucose under 620 
selection and then they were divided into flasks containing YP-glycerol. Cell strains were 621 
grown at 30°C to OD600 of approximately 0.7, then induced by adding 20 g galactose/L for 6 h. 622 
After induction, cell pellets were collected by low speed centrifugation, resuspended in a 623 
minimal volume of 20 mM HEPES, pH 7.6, 1.2% (w/v) polyvinylpyrrolidone and flash frozen 624 



by dripping into liquid N2. Induced cells were lysed using a cryogenic grinding mill (SPEX), 625 
powder was thawed in the cold room and then resuspended in 250 mM potassium 626 
glutamate, 50 mM HEPES pH 7.5, 1 mM EDTA pH 8.0 plus protease inhibitors (P8215, 627 
Roche). Cell debris was removed by centrifugation at 4°C and the supernatant was mixed 628 
with 1.5 mL of anti-Flag M2 affinity resin (Sigma-Aldrich) for 1 h. The anti-FLAG resin was 629 
pelleted at 1000 × g and washed five times with 250 mM potassium glutamate, 50 mM 630 
HEPES pH 7.5, 1 mM EDTA pH 8.0 followed by centrifugation. Then the anti-Flag affinity 631 
resin was resuspended in 2 mL of buffer containing 250 mM potassium glutamate, 50 mM 632 
HEPES pH 7.5, 1 mM EDTA pH 8.0 containing 10% (v/v) glycerol. This protein solution was 633 
then loaded by gravity onto the same column and washed with buffer containing 250 mM 634 
potassium glutamate, 50 mM HEPES pH 7.5, 1 mM EDTA pH 8.0, 750 mM sodium chloride. 635 
The MTC complex was then eluted with the same buffer containing 0.2 mg/mL 3X FLAG 636 
peptide (EZ Biolab), but without sodium chloride. Eluted proteins were concentrated and 637 
further purified using a Superose 12 gel filtration column in 2X PBS containing 10% (v/v) 638 
glycerol. Fractions were analyzed by SDS-PAGE and MTC-containing fractions were flash 639 
frozen in liquid N2 and stored at –80°C (Figure S9). 640 

Single-molecule linear fork DNA substrates. The replication substrate used for surface 641 
tethering and bead attachment in single-molecule experiments was constructed using a 642 
19,979 bp PCR λ-phage product and the HPLC purified oligonucleotides listed in Table S1 643 
(Integrated DNA Technologies). Briefly, bacteriophage λ DNA (New England Biolabs) was 644 
used as a template for PCR. A NheI site and digoxigenin modification were incorporated 645 
using primers 20kbF and 20 kbR. Next, the PCR product was digested with NheI (New 646 
England Biolabs), and the enzyme was heat inactivated and concentrated by ethanol 647 
precipitation. To assemble the fork duplex, a 1:1 molar ratio of both complementary-fork arm 648 
and bio-fork arm oligonucleotides were annealed by heating to 94°C for 5 min in 649 
hybridisation buffer (10 mM HEPES pH 7.5, 5 mM magnesium acetate, 50 nM sodium 650 
chloride, 0.5 mM EDTA) in the presence of 1.5-fold molar excess of the C2 primer 651 
oligonucleotide. Next, a 1.1-fold molar excess of pre-formed fork duplex was ligated with the 652 
NheI-digested PCR fragment hybridisation buffer for 48 hours at 16 °C with 400 U of T4 653 
DNA ligase (New England Biolabs). Linear fork substrates were diluted to 1.5 nM for 654 
subsequent use. 655 

Single-molecule tethered bead assay. Flow cells were prepared as described previously 656 
(17, 42). All single-molecule tethered bead assays were performed at 30°C. Briefly, a PDMS 657 
lids was placed on top of a PEG-biotin-functionalized microscope slide (24 × 60 mm) to 658 
create a 3 mm wide and 100 µm high flow channel with Y junctions at both inlets and outlets. 659 
Polyethyleme tubes (PE-60: 0.76 mm inlet diameter and 1.22 mm outer diameter) were 660 
inserted to allow for a buffer flow. To help prevent non-specific interactions of proteins and 661 
DNA with the surface, the chamber was blocked with blocking buffer (20 mM Tris-HCl pH 662 
7.5, 2 mM EDTA, 50 mM sodium chloride, 0.5 mg/ml BSA, and 0.0025% (v/v) Tween-20). 663 
The forked DNA substrates (20 pM) were flowed through the chamber for 12 min at 10 664 
µL/min. After a brief wash with blocking buffer, tosylactivated paramagnetic beads (2.8 µm 665 
diameter, Life Technologies) functionalized with anti-digoxigenin (Roche) were introduced at 666 
60 µL/min, until even surface coverage was achieved. Untethered beads were washed out of 667 
the chamber at 60 µL/min with ~600 µL of buffer. The leading-strand replication reaction was 668 
performed in stages. First, CMG was loaded at the fork by pre-loading 30 nM CMG, 30 nM 669 
Mcm10, and MTC (where indicated) in replication buffer (25 mM Tris-HCl pH 7.6, 10 mM 670 
magnesium acetate, 50 mM potassium glutamate, 40 µg/ml BSA 0.1 mM EDTA, 5 mM 671 
dithiothreitol and 0.0025% (v/v) Tween-20) at 15 µL/min for 10 min. Next, a magnet was 672 
introduced above the flow cell to limit surface interactions. Finally, replication reactions were 673 
initiated by introducing 30 nM CMG, 30 nM Mcm10, 40 nM Pol ε , 20 nM PCNA, 6 nM RFC, 674 



250 nM E. coli SSB and MTC (where indicated) in replication buffer supplemented with 5 675 
mM ATP and 60 µM dCTP, dGTP, dATP, and dTTP. The beads were illuminated with a fiber 676 
illuminator (Thorlabs) and movies were collected at 4 fps using a 29 megapixel CCD camera 677 
(Prosilica GX6600; Allied Vision Technologies; 5.5 µm pixel size) with StreamPix imaging 678 
software (NorPix) at 4 × magnification with a lens (TL12K-70-15; Lensation) mounted 679 
directly to the camera. Leading-strand replication was monitored over a period of 20 min by 680 
tracking the movement of the beads and converting changes in position to nucleotides using 681 
custom Python software programmed in house. 682 
 683 
Bead selection and processing. Typical tethered bead experiments generated movies 684 
between 1000 and 10 000 beads per frame having file sizes of ~50 GB, making rapid and 685 
efficient data analysis challenging. Trajectories were selected using a highly-staged and 686 
automated set of processing steps. First, beads with high fitting error and those that could 687 
not be tracked were rejected. The remaining beads were further filtered to remove those that 688 
are immobile due to surface interactions, those that dissociated prior to enzymes reaching 689 
the flow cell, and those with any additional nearby beads influencing movement. Remaining 690 
beads were then analyzed for activity using kinetic change point analysis, and those with 691 
greater than 1000 nucleotides of total synthesis were kept. Remaining trajectories were 692 
corrected for instabilities in the flow by taking all the trajectories present from start to finish, 693 
centering these at zero, and then taking the median x and y positions at each time point. 694 
These are then boxcar smoothed to create a drift trajectory, which is subsequently 695 
subtracted from each trajectory. Next, these filtered trajectories were manually curated to 696 
remove those with bead movement greater than 0.3 µm in the transverse direction, those 697 
that do not have a clear start or end point, and those that start before enzymes have 698 
reached the flow cell. Regions of enzymatic activity were processed using kinetic change-699 
point analysis using a global noise threshold (17, 22) and replication rates determined using 700 
the conversion factor derived in Fig. S2. Kinetic change-point segments containing less than 701 
8 data points were also rejected.   702 
Once all kinetic change points were determined, rate distributions were constructed using 703 
slopes from single change-point segments. Each rate was weighted by its segment length to 704 
attach more significance to the longer segments, as they have a higher signal-to-noise ratio 705 
compared to shorter ones. The Gaussian distributions were binned using the square-root 706 
rule to generate the final distributions seen in Figs. 2–4 and Fig. S7–8. Product-length 707 
histograms were generated using the total length of DNA synthesized in a single trajectory to 708 
produce the final distributions seen in Figs. 2–4 and Fig. S4, 7, 8. These distributions were fit 709 
with a single-exponential decay (assuming a single rate-limiting step determining the end of 710 
an event). All distributions were made and fitted using Matlab 2014b (Mathworks). The 711 
transition plots in Fig. 4 and Fig. S7–8 were generated by plotting the rate of a segment as a 712 
function of the rate of the previous segment, using only trajectories that have multiple rate 713 
segments.  714 
 715 
Efficiency of leading-stand synthesis. The number of tethered beads was determined by 716 
counting the number of beads showing a proper flow reversal giving a length of 6.6 ± 0.1 µm 717 
(mean ± s.e.m). A typical experiment yielded 981 ± 147 correctly tethered beads (N = 5 718 
experiments). The efficiency is defined as the number of replication events meeting the 719 
selection criteria outlined in molecule selection and processing (Materials and Methods), 720 
divided by the average number of correctly tethered beads. 721 
 722 

Ensemble leading-strand DNA replication assays.  723 



All reactions contained 25mM Tris-acetate pH 7.5, 5% (v/v) glycerol, 40 µg/ml BSA, 3 mM 724 
DTT, 2mM TCEP, 10 mM magnesium acetate, 50 mM potassium glutamate, 0.1 mM EDTA, 725 
5 mM ATP, and 400 µM of each dNTP. The 2.8 kb linear forked templates (1) were primed 726 
with a 5’-32P-labeled 37-mer oligonucleotide. Replication assays were performed by first 727 
incubating 30 nM CMG with 1.25 nM primed linear forked template in the presence or 728 
absence of 60 nM MTC for 5 min at 30ºC, followed by addition of 5 nM RFC, 25 nM PCNA, 729 
and 10 nM Pol ε for 4 min in the presence of dATP and dCTP to promote clamp loading and 730 
polymerase binding and to prevent the 3'–5' exonuclease activity of Pol ε from removing the 731 
primer. Reactions were started by addition of the withheld nucleotides (dGTP and dTTP), 5 732 
mM ATP, and either 600 nM S. cerevisiae RPA or 600 nM E.coli SSB as indicated. 733 
Reactions were allowed to proceed for the indicated times at 30°C and then quenched by 734 
adding an equal volume of 2X stop solution (40 mM EDTA and 1% (w/v) SDS). Reactions 735 
were run on 1.3% (w/v) alkaline agarose gels at 35 V for 16 h, backed with DE81 paper, and 736 
compressed for 12 h.  Gels were exposed to a phosphorimager screen and imaged with a 737 
Typhoon FLA 9500 (GE Healthcare). 738 

 739 

 740 

 741 

Figure legends Supporting Figures 742 

 743 

Fig. S1. Length quantification of linear DNA substrate used in tethered bead assay using 744 
single-molecule fluorescence imaging. (A) Histogram showing the length of linear DNA 745 
templates. The black line represents a Gaussian fit to the data with a mean length of 20.1 ± 746 
0.2 kb (N = 104 molecules). Error represents standard error of the mean. (B) Fluorescence 747 
image of a single linear DNA template labeled with SYTOX Orange. Imaging was performed 748 
as described in (15) Scale bar represents 10 µm.  749 

 750 



Fig. S2. Determination of conversion factors of ssDNA coated with either RPA or SSB. (A) 751 
First, leading-strand synthesis shortens (Δl1) the DNA by converting the lagging-strand DNA 752 
to ssDNA. Next, SSB (or RPA) coats the lagging strand resulting in lengthening (Δl2) of the 753 
DNA. In experiments where SSB is present all the time, only an effective shortening is seen, 754 
i.e., (Δl1 – Δl2). To generate ssDNA, strand-displacement synthesis was performed using 60 755 
U/mL of φ29 DNA polymerase (New England Biolabs) on surface-tethered forked DNAs 756 
containing replication forks in replication buffer as described (20). After strand-displacement 757 
synthesis, the flow cell was washed excessively with replication buffer to remove any 758 
residual φ29 DNA polymerase. Then either S. cerevisiae RPA or E. coli SSB was flowed in 759 
at 250 nM at 15 µL/min. (B) RPA coated ssDNA has a similar length to dsDNA. (C) E. coli 760 
SSB coated ssDNA is shorter than dsDNA. (D) Ratio between S. cerevisiae RPA 761 
lengthening and shortening for 25 DNA molecules. Mean ratio 106 ± 10%. (E) Ratio between 762 
E. coli SSB lengthening and shortening for 14 DNA molecules. Mean ratio 24 ± 2%. Errors 763 
represent the error of the fit.   764 

 765 

Fig S3.  SSB and RPA are interchangeable for leading-strand replication.  Alkaline agarose 766 
gel of leading-strand products by CMGE leading-strand replisomes Reactions were 767 
performed as described in Materials and Methods but included 400 µM dNTPs. Reactions in 768 
the presence of either RPA or SSB are shown, both with (lanes 7–12) and without MTC 769 
(lanes 1–6). Reactions were stopped at the indicated times. 770 

 771 

Fig S4. Distributions of product lengths for leading-strand replication. (A) Histogram of the 772 
total product length per trajectory (0.9 ± 0.2 knt). The fit represents a single-exponential 773 
decay function (black line; the first two bins are undersampled and not included in the fit). 774 



The error represents the error of the fit. (B) Histogram of the total product length per 775 
trajectory for replication by CMGE + Mcm10. A single-exponential fit (black line) shows that 776 
the average product length is the same as without Mcm10 (1.4 ± 0.3 knt). (C) Histogram of 777 
the total product length per trajectory for replication by CMGE + Mcm10 + MTC, fitted to a 778 
single-exponential decay function. The total product length (1.7 ± 0.4 knt) is 1.5-fold higher 779 
than the value found in (B). (D) Histogram of the total product length per trajectory using 780 
CMGE + Mcm10 + TC, fitted to a single-exponential decay function. The total product length 781 
(1.0 ± 0.2 knt) is similar as obtained without TC (N = 111 trajectories). In all product-length 782 
histograms, the short values are undersampled and not included in the fits. 783 

 784 

Fig. S5. MTC titration into leading-strand replisome reactions. Alkaline agarose gel of 785 
leading-strand products at different concentrations of MTC indicated above the gel.  786 
Reactions were stopped at the indicated times below the gel. See Methods for details. 787 

 788 



Fig. S6. Six representative trajectories of enzymatic events observed. (A) Three example 789 
trajectories showing Pol ε-dependent leading-strand synthesis without MTC. (B) Three 790 
example trajectories showing Pol ε-dependent leading-strand synthesis in the presence of 791 
30 nM MTC. The black lines represent the rate segments identified by the change-point 792 
algorithm. 793 

 794 

Fig. S7. C-terminally tagged MTC (MfTC) transiently interacts with the replisome. (A) 795 
Histogram of the instantaneous single-molecule rates, weighted by segment length for 796 
replication by CMGE + Mcm10 + 30 nM MfTC. The histogram shows a bimodal distribution 797 
of the rates. The data were fit with the sum of two Gaussian distributions (black line), 798 
resulting in a rate of 6.0 ± 0.2 nt/s for the slow population and 20.0 ± 0.6 nt/s for the fast 799 
population (N = 195 trajectories). (B) Histogram of the total product length per trajectory for 800 
replication by CMGE + Mcm10 + 30 nM MfTC. A single-exponential fit (black line) shows that 801 
the total product length is similar to the value measured with MTC (1.7 ± 0.4 knt). (C) The 802 
number of rate changes per trajectory with MfTC is similar to MTC (Fig 4). (D) Transition plot 803 
showing the rate of a segment as a function of the rate of the previous segment for 804 
trajectories with multiple segments, with MfTC present. The distance from the diagonal 805 
(dashed line) is (12.1 ± 0.9 nt/s, mean ± s.e.m) similar to MTC (Fig 4). 806 



 807 

Fig. S8. Lower MTC concentrations result in a reduction in the number of fast rates as well 808 
as the frequency of transitions within a single trajectory. (A) (Top) Histogram of the 809 
instantaneous single-molecule rates, weighted by segment length for replication by CMGE + 810 
Mcm10 + 10 nM MTC. The histogram shows a bimodal distribution of the rates. The data 811 
were fit with the sum of two Gaussian distributions (black line), resulting in a rate of 5.8 ± 0.3 812 
nt/s for the slow population and 17.5 ± 0.6 nt/s for the fast population (N = 251 trajectories). 813 
(Bottom) Histogram of the instantaneous single-molecule rates, weighted by segment length 814 
for replication by CMGE + Mcm10 + 3 nM MTC. The data were fit with the sum of two 815 
Gaussian distributions (black line), resulting in a rate of 6.2 ± 0.3 nt/s for the slow population 816 
and 25.3 ± 0.3 nt/s for the fast population (N = 184 trajectories). (B) Transition plots showing 817 
the rate of a segment as a function of the rate of the previous segment for trajectories with 818 
multiple segments, with 10 nM (top) and 3 nM (bottom) MTC present. The perpendicular 819 
distance from the diagonal (dashed line) is ~2-fold lower when 3 nM MTC is present (4.5 ± 820 
0.7 nt/s, mean ± s.e.m) compared with 10 nM MTC (9.5 ± 0.6 nt/s). (C) (Top) Histogram of 821 
the total product length per trajectory for replication by CMGE + Mcm10 + 10 nM MTC. A 822 
single-exponential fit (black line) shows that the product length is the same as the the value 823 
measured with 30 nM MTC (1.9 ± 0.5 knt). (Bottom) Histogram of the total product length per 824 
trajectory for replication by CMGE + Mcm10 + 3 nM MTC. A single-exponential fit (black line) 825 
shows that the total product length is similar to the value measured without MTC (1.0 ± 0.2 826 
knt).  827 

 828 

Fig S9.  Purification of MTC, TC, Mcm10, and MfTC. Coomassie blue stained SDS-PAGE 829 
gels of MTC (left), TC (second from left), Mcm10 (third from left) and MfTC (right panel) are 830 



shown. The three left panels are the protein preparations used for this work, with the 831 
exception of Fig. S7, which used the MfTC preparation in the rightmost panel. The left two 832 
panels (MTC and TC) are an 8% SDS-PAGE, the third (Mcm10) is a 12% SDS-PAGE, and 833 
the last (MfTC) is a 4–20% gradient SDS-PAGE. All proteins contain one or two tags, as 834 
documented in Materials and Methods. 835 

 836 

 837 

 838 

 839 
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