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In brief

Single-molecule imaging reveals that
metazoan lagging-strand DNA synthesis
is distributive, and it relies on the
repeated recruitment of Pol a and Pol §
rather than their stable replisome
association, thereby uncoupling leading-
and lagging-strand synthesis.
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SUMMARY

DNA’s anti-parallel structure presents a topological challenge to the replisome, as leading and lagging
strands must be synthesized in opposite directions. How lagging-strand synthesis is coordinated with lead-
ing-strand synthesis remains unresolved in eukaryotes. To address this question, we directly visualized the
dynamics of lagging-strand polymerases Pol a and Pol 8 at active replication forks using single-molecule im-
aging in Xenopus nuclear extracts. Surprisingly, we find that neither Pol a nor Pol § is stably tethered to the
replisome. Instead, lagging-strand synthesis occurs distributively and entails the rapid recruitment of new
molecules of Pol @ and Pol § for each Okazaki fragment. Consequently, leading- and lagging-strand synthesis
are not intrinsically coupled. We propose that metazoans solve the problem of anti-parallel replication not by
actively coordinating leading- and lagging-strand synthesis, but instead simply by recruiting new polymer-

ases to synthesize each Okazaki fragment.

INTRODUCTION

In eukaryotes, Polymerase ¢ (Pol €) synthesizes the leading
strand continuously, while Polymerase o-Primase (Pol o) and
Polymerase & (Pol 8) synthesize lagging-strand fragments
discontinuously.’™ For a typical vertebrate with a 6-billion
nucleotide (nt) genome, lagging-strand synthesis poses a
monumental task, as ~40 million Okazaki fragments (~150
nt each) must be synthesized before each cell division. First,
Pol o is recruited to the replicative helicase CMG
(CDC45-MCM2-7-GINS) and engages the lagging-strand tem-
plate.® Second, Pol a synthesizes a 6-10 ribonucleotide (rNTP)
primer,® extends it by 20-30 deoxyribonucleotides (dNTPs),
then disengages from the template.”® Third, the proliferating
cell nuclear antigen (PCNA) is loaded onto the primer-template
junction, promoting the recruitment of Pol 5,7 which extends
the primer'® until colliding with a downstream Okazaki frag-
ment."" Finally, the flap endonuclease 1 (FEN1) cleaves the
RNA primer and neighboring Okazaki fragments are ligated.'®
Primer-template junctions that form transiently during lagging-
strand synthesis (or persistently during replication stress) acti-
vate the kinase ATR (ataxia-telangiectasia and Rad3-
related)—the master regulator of the S-phase checkpoint.'?"®
ATR phosphorylates the effector kinase CHK1 (checkpoint ki-

nase 1), which launches numerous cellular responses to safe-
guard genome integrity.'*

Early studies of bacteriophage replication revealed that both
the DNA primase and the lagging-strand DNA polymerase are
stably tethered to the replisome, thus enabling it to processively
synthesize many consecutive Okazaki fragments.®'® To ratio-
nalize this, it was proposed that the lagging-strand DNA tem-
plate forms a trombone-like loop to facilitate the coordinated
synthesis of leading and lagging strands by a single stable
enzyme complex.

Although prokaryotic and eukaryotic replication machineries
evolved independently,’” the trombone model originally pro-
posed for prokaryotes was adopted for eukaryotes. Two recent
studies support the trombone model in yeast'®'® (Figure 1A): an
in vitro reconstitution study reported that Pol /3 travel with the
replisome for tens of minutes—long enough to synthesize hun-
dreds of Okazaki fragments,'® while another study imaged poly-
merases in live yeast and concluded that Pol o/ are recycled for
multiple Okazaki fragments.'®

To elucidate the mechanism of lagging-strand synthesis in
higher eukaryotes, we directly visualized Pol o/8 at active forks
in Xenopus nuclear egg extract, which contains all soluble
nuclear proteins and faithfully recapitulates replication.?®"
Surprisingly, we find that Pol o/ reside at active forks for only
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Figure 1. Pol a/8 are not stably tethered to the replisome

(A) Cartoon of the trombone model.

(B) Single-molecule experiment workflow.

(C) Kymograms of Pol o747 (green) and FEN1™<kGR (blue) where 20 nM of Pol o*%*7 was spiked into undepleted extract containing ~700 nM of endogenous Pol
o.

(D) Survivor probability curves for Pol o747
(dark/light green).

(E) Kymograms of Pol 8747 (cyan) and FEN1™<*CR (blue) where 20 nM of Pol §*7%4” was spiked in to undepleted extract containing ~1,000 nM of endogenous Pol
S.

(F) Survivor probability curves for Pol §*7%47-binding event duration. Pol *7%4” residence time at forks (dark/light blue) is much shorter than the photobleaching
control (gray).

-binding event duration. AF647 photobleaching times (gray) are much longer than Pol «*7®*7 residence time at forks

(legend continued on next page)
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15-30 s (whereas Pol o resides at stalled forks for several mi-
nutes). We find that the sudden removal of soluble Pol o and
Pol & from DNA replication reactions abruptly stops the synthesis
of new Okazaki fragments. We show that blocking lagging-
strand synthesis does not impair CMG progression, thus
indicating that leading- and lagging-strand synthesis are not
intrinsically coupled in metazoa. Our data support a "distribu-
tive" mechanism of lagging-strand replication, where new copies
of Pol o/8 must be constantly recruited to the fork to sustain the
synthesis of new Okazaki fragments.

RESULTS

Neither Pol a nor Pol § are stably tethered to the
replisome during unperturbed replication

The defining feature of the trombone model is that lagging-
strand polymerases are stably tethered to the replisome and
should travel with forks for several minutes (Figure 1A). To test
this idea, we labeled recombinant Pol o/6 (Figures S1A and
S1B) with Alexa-Fluor 647 and monitored the dynamics of Pol
o747 and Pol §°F%47 at forks via single-molecule imaging in Xen-
opus egg extracts (Figure 1B).

We flow-stretched A DNA and tethered it to a functionalized
coverslip in a microfluidic flow-cell (Figure 1B). The flow-cell
was incubated with Xenopus egg extracts that support efficient
replication.? Extracts were supplemented with FEN1 fused to
the fluorescent protein mKikGR (monomeric Kikume Green-
Red) (FEN1™K*GR) 'which serves as a marker of lagging-strand
synthesis.”

First, we spiked 20 nM of Pol o*™*" into undepleted extract,
which contains ~700 nM of endogenous Pol «. Pol «*™4” bound
to elongating replisomes and resided at forks for ~30 s before
dissociating (Figures 1C and 1D, light green). In egg extracts,
forks travel at 300-500 nt/min and Okazaki fragments measure
100-500 nt,** therefore 30 s corresponds to 1-2 Okazaki frag-
ments being synthesized. Although we did observe long-lived
Pol P47 binding events, they were exclusively associated
with stalled forks (Figures S1C and S1D).

Second, we spiked 20 nM of Pol §°F%* into undepleted
extract, which contains ~1,000 nM of endogenous Pol 5. We
found that Pol 8*F%*7 transiently bound to elongating replisomes
and resided at forks for only ~15 s (Figures 1E and 1F, light blue).
Unlike Pol o, Pol & was not retained at stalled forks (Figure S1E).

Short Pol o/8 residence times may reflect concentration-
dependent exchange as reported for polymerases in yeast.'®
Endogenous Pol a (~700 nM) and Pol § (~1,000 nM) concentra-
tions in undepleted extract are comparable to Pol o (360-
630 nM) and Pol 6 (300-650 nM) concentrations reported in
human cells.?® To determine the lowest polymerase concentra-
tion that supports normal replication, we performed an ensemble
replication assay and found that Pol a/8 concentrations above
~50 nM supported replication as well as undepleted extract
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(Figures S1F-S1l). Polymerase concentrations below 50 nM
resulted in elevated pCHK1 levels relative to mock-depleted
controls (Figures S1J and S1K).

To test whether polymerase exchange is concentration-
dependent, we repeated the spike-in experiment using Pol
a-depleted extract supplemented with 5 nM of Pol o*"%4” and
45 nM of unlabeled Pol o (50 nM in total—the lowest concentra-
tion that supports normal replication). Lowering the Pol o con-
centration to 50 nM did not significantly change its residence
time at the fork (Figures 1G and 1D, dark green).

We performed a similar experiment in Pol 5-depleted extract
supplemented with 5 nM of Pol §*F%*” and 45 nM of unlabeled
Pol & and found that Pol §°F®*” bound to forks for only ~22 s
(Figures 1H and 1F, dark blue). Pol &’s residence time is different
from that of Pol a, which suggests that they do not form a stable
complex as hypothesized previously.”®?” Consistent with this,
Pol a and Pol & coimmunoprecipitated (colP) only weakly
(Figure S1L).

Stretching the DNA template in our experiments may disfavor
the formation of trombone-like loops'®'® and favor the separation
of sister replisomes®® (contrasting with reports that sister repli-
somes may remain physically coupled in vivo®®). To address
this, we measured the residence time of Pol o/5 on singly tethered
DNA molecules that are not under tension. These DNAs are rapidly
chromatinized and compacted into a diffraction-limited spot
(Figure 1B, dotted circle). We found that Pol o/ reside on repli-
cating single-tethered DNA for ~43 s (Figures STM-S10) and
18 s (Figure S1P-S1R) respectively, consistent with the distribu-
tive mechanism. These data indicate that neither Pol o nor Pol &
reside at the fork long enough to synthesize several consecutive
Okazaki fragments, regardless of their total concentrations.

Binding of a single copy of inactive Pol a/6 to the fork
does not impair lagging-strand synthesis

The trombone model predicts that the incorporation of a single
inactive Pol a/8 into the replisome should block lagging-strand
synthesis for several minutes. To test this prediction, we gener-
ated catalytically dead Pol o (Pol aP®2) by mutating its POLA1
subunit (D998S, D1000S) as described before'® (Figure 2A).
Notably, Pol aP%3 retains its RNA primase activity.'® We verified
that Pol aP*®® cannot rescue replication in a Pol a-depleted
extract (Figures 2B and S2A). Spiking 20 nM of fluorescently
labeled Pol «P%2 into undepleted extract revealed that it resides
at forks as long as wild-type Pol a (Figures 2C and 2D). Impor-
tantly, the recruitment of Pol «®%29 to the replisome did not impair
lagging-strand synthesis as monitored by growing FEN1™KKGR
tracts (Figure 2C). We verified that the fluorescent tag does not
affect Pol o’s activity (Figures S2B and S2C).

Similarly, we generated catalytically dead Pol & (Pol 8°°39) by
mutating POLD1 (D606A, D761A) as previously described®
(Figure 2E). We confirmed that Pol 52 cannot rescue replica-
tion in Pol 3-depleted extract (Figures 2F and S2D). Spiking

(G) Kymograms of Pol o747 (green) and FEN1™XKGR (bjye) where 5 nM Pol «*F847 was spiked into Pol a-depleted extract supplemented with 45 nM unlabeled

Pol a.

(H) Kymograms of Pol 54747 (green) and FEN1™<SR (blue) where 5 nM Pol 747 was spiked into Pol 5-depleted extract supplemented with 45 nM unlabeled Pol
8. In (D) and (F), boxes depict the 95% confidence interval (Cl) estimated via bootstrapping; “n” denotes the number of events.

See also Figure S1.
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Figure 2. A single copy of catalytically dead Pol a/6 does not impair Okazaki fragment synthesis

(A) Diagram of catalytically dead Xenopus Pol a.

(B) Plasmid replication assay: Pol a-depleted extract was supplemented with 100 nM of recombinant Pol «'™ or Pol aP®2°,

(C) Kymograms where 20 nM of fluorescent Pol «P%3 (

magenta) was spiked into undepleted extract containing ~700 nM of endogenous Pol a.

(D) Survivor probability curves of binding event duration for Pol «P*2 (magenta) versus Pol oV" (green).

(E) Diagram of catalytically dead Xenopus Pol .

(F) Plasmid replication assay: Pol 5-depleted extract was supplemented with 100 nM of recombinant Pol 8™ or Pol §°°2¢,
(G) Kymograms where 20 nM of fluorescent Pol ghead (orange) was spiked into undepleted extract containing ~1,000 nM of endogenous Pol §.
(H) Survivor probability curves for binding event duration: Pol §°°2 (orange) versus Pol 8"VT (cyan). In (D) and (H), boxes depict the 95% Cl; n denotes the number

of events.
See also Figure S2.

20 nM of fluorescently labeled Pol 8°°3% into undepleted extract
revealed that it binds to forks (Figure 2G) but resides on DNA
much longer than wild-type Pol & (Figure 2H). This is consistent
with previous reports that human Pol §°°3¢ dissociates from its
template slowly.>*° We verified that the fluorescent tag does
not affect Pol §’s activity (Figures S2E and S2F). Strikingly,
although Pol 8% initially bound to the edge of the
FEN1™KKGR hybble, Pol §°°%¢ did not travel with the advancing
fork (Figure 2G). This suggests that Pol & is deposited behind
the fork (Figure S2G) and corroborates the idea that Pol § is
not stably tethered to the replisome.

These findings indicate that the replisome can tolerate the
recruitment of a single inactive Pol /8 without impairing lag-
ging-strand synthesis.

4 Cell 189, 1-12, December 24, 2026

Lagging-strand synthesis stops shortly after chasing
with extract depleted of Pol o/6
The surprisingly short residence time of Pol /6 on nascent DNA
(Figures 1D and 1F) suggests that these polymerases rapidly
dissociate from the fork and that new molecules of Pol o/6 are
frequently recruited from solution to sustain lagging-strand syn-
thesis. If so, processive lagging-strand synthesis should require
an abundant pool of soluble Pol a/5. To test this hypothesis, we
performed a chase experiment in which we initiated replication in
undepleted extract, then flushed the flow-cell with mock-
depleted, Pol a-depleted, or Pol §-depleted extract (Figure 3A).
Chasing with mock-depleted extract did not affect the growth
of FEN1™KKGR tracts, thus indicating that the chase did not
impair lagging-strand synthesis (Figures 3B and 3C). In contrast,
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chasing with Pol a-depleted or Pol 5-depleted extract abruptly
halted FEN1™*GR tract growth 1-2 min after starting the chase
(Figures 3D-3l). We verified that the chase removed >99% of
endogenous Pol o/8 from the flow-cell (Figures S3A and S3B).
These experiments indicate that Pol a/d are not recycled at the
fork and that processive lagging-strand synthesis cannot occur
in the absence of soluble polymerases. Importantly, this sudden
halt in lagging-strand synthesis is not caused by ATR/CHK1 acti-
vation, as there is no detectable pCHK1 signal in extract
collected from the flow-cell (Figure S3C, lanes 10 and 14), due
to the low DNA concentration in these reactions.

We observed similar results when chasing with Pol
o/8-depleted extract supplemented with catalytically dead Pol
a/d (Figures S3D-S3G). These experiments show that neither
Pol a nor Pol & are stably tethered to the replisome, but that
new copies of Pol o/8 must be recruited to the fork to support
the synthesis of new Okazaki fragments.

Leading- and lagging-strand synthesis are not
intrinsically coupled

Our finding that Pol o/6 are not stably affixed to the replisome
suggests that leading- and lagging-strand synthesis are not
intrinsically coupled. To test this prediction, we performed
single-molecule chase experiments in which we monitored sin-
gle-stranded DNA (ssDNA) accumulation by imaging replication
protein A (RPA) tagged with mKikGR (RPA™KKGR) and CMG dy-
namics by visualizing GINS Ilabeled with Lumidyne555
(GINSLDSSS).

First, we chased with mock-depleted extract supplemented
with DMSO (Figure 4A). During this chase, CMG speed did not
change, and there was littte RPA™KKGR signal at the fork
(Figure 4B) because there is little exposed ssDNA during unper-
turbed replication.

Second, we chased with mock-depleted extract containing
50 pM of aphidicolin (a replicative polymerase inhibitor that
blocks leading- and lagging-strand synthesis®'~°). During this
chase, CMG slowed down to ~40 nt/min and RPA™CR gccu-
mulated behind the helicase (Figure 4C). This is consistent with
previous reports that CMG slows down ~10-fold when DNA syn-
thesis is inhibited,** and that fast replisome progression requires
leading-strand synthesis by Pol ¢.°

Third, we chased with extract containing 100 pM of CD437 —a
Pol « inhibitor.>® During this chase, a long tract of RPA™KKGR
accumulated behind CMG (Figure 4D), which is consistent with
RPA binding to the lagging-strand template in the absence of

Cell

Okazaki fragment synthesis. Notably, CMG did not slow down
during the CD437 chase, thus suggesting that blocking Okazaki
fragment synthesis did not impair leading-strand synthesis
(Figure 4D, cartoon). We verified that nucleotide incorporation
continued during the CD437 chase (Figures S4A-S4C). Because
100 pM of CD437 ablates Pol a activity (Figure S4D), any dNTP
incorporation must come from leading-strand synthesis.

Finally, we chased with Pol a-depleted extract supplemented
with 500 nM of Pol a”®2, which should rapidly block Okazaki
fragment synthesis. Like the CD437 chase, chasing with Pol
«P®2 did not alter CMG speed, but it resulted in massive accu-
mulation of RPA™KKGR hehind CMG (Figures 4E and 4F). These
data indicate that the rate of leading-strand synthesis is not
intrinsically coupled to that of lagging-strand synthesis.

Although lagging-strand priming is suppressed during the Pol
oPead chase, we observed forks where the RPA tract was cleared
in the opposite direction of CMG progression (Figure 4G). These
events were rare (~1/100 molecules) and likely resulted from
infrequent priming by trace amounts of wild-type Pol o remaining
after the chase. These RPA-clearing events are consistent with
the idea that Pol & extends Okazaki fragments without being
attached to the replisome.

DISCUSSION

Pol o and Pol 6 function distributively during lagging-
strand synthesis
Data presented here support a distributive mechanism of lag-
ging-strand synthesis in higher eukaryotes (Figure 4H). We find
that Pol « resides at the fork long enough for CMG to unwind
150-250 nt of template DNA (Figure 1D), thus indicating that
new Pol « molecules must be recruited to prime new Okazaki
fragments. We find that Pol & is deposited behind the fork
(Figure 2G), and that lagging strands are extended in the opposite
direction of fork progression (Figure 4G), which indicates that Pol
8 is not tethered to the replisome. Like Pol o, new Pol 8 molecules
must be recruited to extend new Okazaki fragments. As CMG
continuously unwinds DNA, it exposes the lagging-strand tem-
plate and facilitates the recruitment of new Pol o/6 molecules
for further rounds of distributive Okazaki fragment synthesis.
The distributive mechanism has several potential benefits. (1) It
renders lagging-strand replication robust to the binding of
inactive Pol o/8 (Figures 2C and 2G). Since Pol o/6 contain Fe-S
clusters that are essential for their enzymatic function,** ¢ endog-
enous or exogenous oxidative stress may inactivate some

Figure 3. Chasing with Pol a/§-depleted extract rapidly blocks Okazaki fragment synthesis

(A) Diagram of single-molecule chase experiments.

(B) Kymograms of FEN1™<R (gray) in a chase experiment with mock-depleted extract. Red lines mark the start/stop of chase flow.

(C) The growth rate of FEN1™<CR tracts before/after the mock chase.

(D) Kymograms from a chase with Pol a-depleted extract. Dashed line marks the edge of FEN1 tracts fitted by two lines with a changepoint (yellow).
(E) Changepoint time for the chase with Pol a-depleted extract (zero denotes the chase start).
(F) The growth rate of the FEN1™<*SR tracts before/after chasing with Pol a-depleted extract.

(G) Kymograms from a chase with Pol 3-depleted extract.
(H) Changepoint time for the chase with Pol 8-depleted extract.

() The growth rate of FEN1 mKikGR tracts before/after chasing with Pol 8-depleted extract. In (C), (E), (F), (H), and (I) n denotes the number of forks. In (C), (F), and (),
“ns” denotes p > 0.05, ™** denotes p < 0.0001 (computed via Kolmogorov-Smirnov test); boxes represent 95% ClI; lines represent the median. In (E) and (H) green/

cyan curves represent Gaussian fits.
See also Figure S3.
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Figure 4. Leading- and lagging-strand synthesis are not intrinsically coupled

(A) Single-molecule chase experiment workflow.

(B) Kymograms of CMG (green) and RPA™<* SR (magenta) where the chase extract contains DMSO. CMG was labeled with GINS-25%5,

(C) Kymograms where the chase extract contains 50 pM aphidicolin.

(D) Kymograms where the chase extract contains 100 pM CD437.

(E) Kymograms where the chase contains Pol a-depleted extract with 500 nM Pol o239,

(F) CMG speeds measured after the chase. ns denotes p > 0.05, *** denotes p < 0.0001 (computed via Kolmogorov-Smirnov test). Horizontal lines and boxes
represent the median and 95% CI.

(G) Kymograms of CMG (green) and RPAMKIKGR (magenta) from experiment in (E) depicting rare events where RPA is cleared away from CMG (cartoon illustrates
how RPA is cleared).

(H) Cartoon of proposed distributive mechanism of lagging-strand synthesis.
See also Figure S4.

Cell 189, 1-12, December 24, 2026 7



j.cell.2026.09.060

Please cite this article in press as: Lynch et al., Metazoan lagging-strand DNA synthesis is distributive, Cell (2026), https://doi.org/10.1016/

¢? CellPress

OPEN ACCESS

polymerases.* (2) It does not require active mechanisms to slow
down leading-strand synthesis if it outpaces lagging-strand syn-
thesis. (3) It does not require the lagging-strand template to form
loops or any machinery to manage such loops. (4) It may allow re-
plisomes to pass through cohesin rings: CMG alone has a diameter
of 10-15 nm,*° so the persistent presence of Pol a (12-15 nm)” and
Pol § (7-10 nm)*' may impede the ability of the replisome to pass
through a cohesin ring (30-40 nm in diameter).*

What causes Pol a to dissociate from the replisome? In the
absence of nucleotides, Pol a forms a complex with CMG on
forked DNA, and this interaction is mediated by multiple CMG-
Pol a contacts.® Mutating just one of these interfaces destabilizes
the CMG-Pol « interaction and reduces priming in vitro.> We spec-
ulate that the major conformational changes experienced by Pol a
during primer synthesis”?® disrupt Pol o’s interaction with CMG,
thus triggering its dissociation from the replisome. Future studies
capturing CMG-Pol o structures at different stages of primer syn-
thesis are needed to test this prediction.

What causes Pol & to dissociate from the fork? It could be trig-
gered by Pol &’s low intrinsic processivity, or by its collision with
the previous Okazaki fragment."' We propose that Pol & is not
tethered to CMG during Okazaki fragment elongation, which is
similar to how it functions during homologous recombination™
and break-induced replication.**

Reconciling our observations with previous reports

A study tracking Pol a/8 dynamics in live yeast concluded that
these polymerases bind chromatin long enough to synthesize
many consecutive Okazaki fragments.'® However, it remained
unclear if the binding events measured in that study occurred
at elongating forks. We find that Pol o resides at active forks
for only ~0.5 min compared with > 2 min at stalled forks
(Figures S1C and S1D). We surmise that some of the long-lived
Pol o binding events reported in vivo'® occurred at stalled forks.
Unlike Pol a, we do not observe long-lived Pol § binding at stalled
forks (Figure S1E). It is unclear whether the long-lived binding
events measured in yeast'® reflect Pol § binding at forks or Pol
5 participating in DNA repair.**~*® In human cells, Pol § colocal-
izes with PCNA for only ~4 s° (during which forks travel ~130 nt
in human cells), consistent with the distributive mechanism.

An in vitro reconstitution study found that yeast Pol o/3 travel
with CMG long enough to synthesize > 100 Okazaki fragments. '®
However, this study used polymerase concentrations 10-100x
lower than in cells,>>*® which cause ATR checkpoint activation
in yeast*”*® and in Xenopus nuclear extract (Figures S1J and
S1K). We find that Pol o/6 functions distributively across physio-
logical concentrations (Figures 1D and 1F). Interestingly, the
same study found that a polymerase-dead but primase-profi-
cient Pol a (equivalent to Pol «P%®® used here, Figure 2A)
supported DNA replication in vitro.'® This contrasts with our
observation that Pol «P®2 cannot support replication in extract
(Figure 2B). We surmise that RNA primers synthesized by Pol
aP®3 are unstable in the nucleoplasm (and likely in vivo) due to
RNases or other enzymes. Contrary to the previous report,'®
we conclude that Pol a’'s DNA polymerase activity is essential
for lagging-strand synthesis.

Previous studies found that decreasing Pol a’s concentration
in vitro® or in vivo®” resulted in longer lagging-strand fragments,
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which is difficult to reconcile with the trombone model. These
reports are consistent with the distributive model: low Pol o con-
centrations cause less frequent priming, resulting in longer Oka-
zaki fragments.

Itis possible that discrepancies between our findings and those
from yeast studies'®'® reflect real differences in lagging-strand
synthesis mechanisms in fungi versus metazoa. For example,
Pol §’s interaction with PCNA is more stable in yeast than in met-
azoa,’®*° and yeast Pol 8-PCNA is more processive than its hu-
man counterpart.'"°"°? There are also structural differences in
the Pol a-CMG interface between yeast and metazoa.® Finally, a
recent study reported that Okazaki fragment maturation (which in-
volves the coordinated action of Pol 8 and FEN1) is much slower in
metazoa than in yeast,*® which is consistent with our findings that
Pol & does not travel with the fork but remains behind CMG, where
it can participate in lagging-strand maturation.

Comparing DNA polymerase dynamics in eukaryotes
versus prokaryotes

Classic in vitro experiments demonstrated that prokaryotic DNA
polymerases can be recycled for multiple Okazaki fragments un-
der dilute conditions, when the recruitment of soluble polymer-
ases is limiting."'®°*°° However, high processivity under dilute
conditions contrasts with lower processivity (i.e., more frequent
polymerase exchange) at high concentrations of soluble poly-
merases.’®®" To rationalize these discrepancies, a biophysical
model was proposed to explain how a protein remains stably
associated with a complex at low concentrations, yet it ex-
changes rapidly with its counterparts in solution at high concen-
trations.®” Such concentration-dependent exchange was
measured via single-molecule imaging of reconstituted bacte-
rial®' and yeast'® replisomes. However, even when polymerases
exchange most frequently, individual bacterial DNA polymer-
ases®®®" or individual yeast Pol o/6'® are reused for several
consecutive Okazaki fragments.

By contrast, when we recapitulated conditions that should
favor polymerase recycling (chasing with polymerase-depleted
extract), we did not observe processive Okazaki fragment syn-
thesis (Figures 3D and 3G). This suggests that unlike prokaryotic
and fungal systems, metazoan lagging-strand replication is
intrinsically non-processive. The need for metazoa to constantly
recruit new Pol a/8 molecules during replication may explain why
high concentrations of Pol a/8 are present in human cells (~300-
600 nM).2® For example, there are ~200,000 copies of Pol o/5 in
each human cell,® compared with only a few thousand active
replication forks at any time.®>®* This vast excess of lagging-
strand DNA polymerases is likely needed to ensure that Pol o/
are rapidly recruited during Okazaki fragment synthesis.

Leading-strand synthesis and lagging-strand synthesis
are not intrinsically coupled

It was previously thought that leading- and lagging-strand syn-
thesis may be intrinsically coordinated to prevent ssDNA accu-
mulation on the lagging-strand template.®>~° We find that there
is no such intrinsic coupling in metazoa (Figure 4F). Instead, our
data support a model in which the lagging-strand machinery is
rapidly recruited to forks ensuring that Okazaki fragment synthe-
sis keeps up with the rate of leading-strand synthesis. Our
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findings are consistent with in vitro reconstitution studies report-
ing that fast leading-strand synthesis can proceed in the
absence of lagging-strand synthesis for yeast® and human’
replisomes.

There is conflicting data regarding the coupling of leading- and
lagging-strand synthesis in human cells: one study found that
treating cells with low doses of the Pol a-inhibitor CD437 does
not impair leading-strand synthesis,® while another study found
that higher doses of CD437 activate ATR and slow down forks, in
part via fork reversal.”® Given that ATR activation is stimulated by
primer-template junctions generated by Pol o, it is unclear
whether these studies utilized CD437 concentrations sufficient
to ablate Pol a activity. Consistent with this idea, another study
in human cells found that very high doses of Pol « inhibitor sup-
press ATR activation.”" Since there is no checkpoint signaling in
our single-molecule experiments (Figure S3C), we demonstrate
that metazoan leading- and lagging-strand synthesis are not
intrinsically coupled. Such uncoordinated replication was also
observed in prokaryotes,”?~’* suggesting a convergent evolution
of this mechanism.

Limitations of the study

Immunodepleting Pol § co-depleted ~90% of Topoisomerase Il
a (Topo Il «), causing a defect in plasmid decatenation
(Figures S4E and S4F) that was fully rescued by 200 nM of re-
combinant Topo Il « (Figures S4E and S4G). To mitigate this,
we supplemented Pol §-depleted extract with 200 nM Topo Il o
in all ensemble experiments.

Pol o’s residence time at active forks is consistent with one Pol a
molecule priming one Okazaki fragment. We cannot exclude the
possibility that occasionally, one Pol o molecule may prime two
consecutive Okazaki fragments, as we cannot directly measure
individual lagging-strand fragments in our single-molecule assay.
We cannot rule out that several Pol 8 molecules are needed to
extend each Okazaki fragment, as proposed previously.’

Except for chase experiments, there is no extract flow during
single-molecule experiments. To minimize shear forces, the
extract flow rate was kept very low (10 pL/min) during chases, re-
sulting in no distortion of double-tethered DNAs (Figure 3B).

Forks are slower in our experiments (~300-500 nt/min) than in
human cells (~1,000-2,000 nt/min) because cells are cultured at
37°C, while our experiments were performed at 24°C (Xenopus is
a cold-adapted organism and extract experiments fail
above ~26°C).

A small fraction (5%-15%) of Pol a/3-binding events occur
behind forks (Figures S4H and S4l)—they may represent poly-
merases binding to ssDNA gaps far behind CMG or non-specific
binding to the coverslip (Figures S4J and S4K).
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mPEG-Succinimidyl Valerate, MW 5,000 Laysan Bio Cat# MPEG-SVA-5000-1g
Biotin-PEG-SVA, MW 5,000 Laysan Bio Cat# Biotin-PEG-SVA-5000-100MG
Streptavidin from Streptomyces avidinii Sigma Aldrich Cat# S4762-5MG

Streptavidin, Alexa Fluor 647 conjugate Thermo Fisher Scientific Cat# S21374

Aphidicolin from Nigrospora sphaerica Sigma-Aldrich Cat# A0781-5MG

Critical commercial assays

Q5 High-Fidelity 2X Master Mix NEB Cat# M0492S

NEBuilder HiFi DNA Assembly Master Kit NEB Cat# E2621S

ZR BAC DNA Miniprep kit

Zymo Research

Cat# D4049
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Tni insect cells

Expression Systems

Cat# 94-002S

Experimental models: Organisms/strains

Xenopus laevis, adult female
Xenopus laevis, adult male

Nasco Healthcare
Nasco Healthcare

Cat# LM00531; RRID:XEP_Xla

Cat# LM00715MX

Oligonucleotides

Forward cDNA primer for polai.S: This paper N/A
atgtcagactccggaagtttcg

Reverse cDNA primer for polai.S: This paper N/A
ttatttaatggtgttgagtgtctggaacagcet

Forward cDNA primer for pola2.L: This paper N/A
atgtctgtgtcagcaaagagcatt

Reverse cDNA primer for pola2.L: This paper N/A
ttaaactctcaccacctgagcagaa

Forward cDNA primer for prim1.S: This paper N/A
atggatttgtcggtgtatgatccg

Reverse cDNA primer for prim1.S: This paper N/A
ttaaaattctttcttcagatcacttttgttcagaagt

Forward cDNA primer for prim2.S: This paper N/A
atgctgttctccagggatagaaaatatagg

Reverse cDNA primer for prim2.S: This paper N/A
tcagtattcactgaagatctgctctagg

Forward cDNA primer for poldi.L: This paper N/A
atggatttcaaaagaaagaaaggaccatct

Reverse cDNA primer for pold1.L: This paper N/A
ccaagctgggggtccaaag

Forward cDNA primer for pold2.L: This paper N/A
atgtttacagatctagctatttctggggg

Reverse cDNA primer for pold2.L: This paper N/A
tcaatcacccaattcgtcatctge

Forward cDNA primer for pold3.L: This paper N/A
atggacgagctgtacctggag

Reverse cDNA primer for pold3.L: This paper N/A
tcacttcttctggaagaagcccat

Forward cDNA primer for top2a.L: This paper N/A
atggagaccgaacctttgcagc

Reverse cDNA primer for top2a.S: This paper N/A
ttaaaagtcatcgtcagaatcctccag

Recombinant DNA

pJP006: Pol o antigen (POLA1; Amino acids This paper N/A
1 - 340-6xHis)

pLDLO048: Pol 6 antigen (POLD1; Amino This paper N/A
Acids 1 - 89 -6xHis)

pLDL113: GINS-S6-6xHis This paper N/A
pLDL157: TwinStrep-HRV3C-S6-Pol o This paper N/A
pLDL158: TwinStrep-HRV3C-S6-Pol & This paper N/A
pLDL171: TwinStrep-HRV3C-S6-Pol This paper N/A
aDead (POLA1; D998S and D1000S)

pLDL184: TwinStrep-HRV3C-S6-Pol This paper N/A
8Dead (POLD1; D606A and D761A)

pLDL189: Twinstrep-HRV3C- This paper N/A

Topoisomerase Il a
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Software and algorithms

MATLAB Mathworks matlab; RRID:SCR_001622

Imaged NIH imagej; RRID:SCR_003070

Image Stabilizer Plugin for ImageJ Kang Li https://www.cs.cmu.edu/~kangli/code/

Image_Stabilizer.html

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Xenopus Laevis

Eggs from adult (2-4 years old), female Xenopus laevis frogs (RRID:XEP_Xla, NASCO Healthcare, Cat# LM00531) were used to pre-
pare egg extracts and the testes of adult, male Xenopus laevis frogs (NASCO Healthcare, Cat# LM00715MX) were used to prepare
sperm chromatin. All animals were healthy, not subjected to previous procedures, and no animal husbandry was performed. Frogs
were housed at the Boswell Small Amphibians Research Facility at Stanford School of Medicine in compliance with Institute Animal
Care and Use Committee (IACUC) regulations and all experiments involving frogs were approved by the Stanford University APLAC
(Administrative Panel on Laboratory Animal Care).

Insect Cell Lines
Sf9 cells (Expression Systems, Cat# 94-001S) and Tni cells (Expression Systems, Cat# 94-002S) were cultured in ESF 921 insect cell
culture medium (Expression Systems, Cat# 96-001-01) at 27°C for baculovirus production and protein overexpression.

Bacterial Cell Lines Used
DH10EMBacY (Geneva Biotech, Cat# DH10EMBacY), DH5« (New England Biolabs (NEB), Cat# C2987H), and Rosetta (DE3) pLysS
(Novagen, Cat# 70956-4) bacteria were cultured in LB broth (Thermo Fisher Scientific, Cat# BP9723) at 37C for plasmid production
and protein overexpression.

METHOD DETAILS

Experimental Design

Each experiment was repeated at least twice, with independent extract preparations. No randomization/stratification strategy was
used. At least 50-100 individual measurements (replication forks, polymerase binding events, etc.) were used for quantification (the
exact number is reported in each figure, with details in the figure legend).

Preparing DNA for Single-Molecule Studies

All single molecule experiments used doubly tethered A phage DNA. The 48.5 kb DNA substrate as purchased from NEB (#N3011S)
has 12-nt 5’ ssDNA overhangs on both ends. We used the Klenow Fragment (3’ to 5’ exo-) polymerase (NEB, Cat# M0212S) to fill in
the overhangs with biotin-dCTP (Thermo Fisher Scientific, Cat# 19518018) and biotin-dGTP (PerkinElmer, Cat# NEL541001EA). The
product is separated with electrophoresis and electro-eluted from the gel before use in tethering. A step-by-step detailed protocol for
preparing biotinylated A DNA is available in.”

Xenopus Egg Extract Preparation

Xenopus laevis egg extracts were prepared following published protocols.®*"® Frogs were primed with 50 IU of human chorionic gonad-
otropin (CHORULON) (Merck, Cat# 133754) 5-7 days before extract preparation. To induce ovulation, 500 IU of CHORULON was in-
jected 20-22 hr before extract preparation. High-speed supernatant (HSS) was prepared from 5-6 adult female frogs, and nucleoplasmic
extract (NPE) was prepared from 15-20 frogs. Sperm chromatin was purified from adult male frog testes and used for NPE preparation.

Ensemble Replication Assay

To validate antibodies and recombinant proteins, ensemble DNA replication experiments were performed following a detailed pro-
tocol described in a recent methods article.”® Since all proteins of interest (POIs) in this study are dispensable for Mcm2-7 double-
hexamer loading, all licensing reactions were performed with HSS depleted of POI.

Protein Co-lImmunoprecipitation Assay

To test if Pol « and Pol & form a complex in solution, 100 nM of each polymerase was mixed together in a 20 pL reaction made up of
ELB-Sucrose, 0.05% NP-40S, and 0.1 mg/mL BSA. The mixture was incubated for 1 hour at room-temperature with gentle rotation.
10 pg of affinity-purified anti-POLD1 antibody was incubated with 60 pg Dynabeads Protein A (Invitrogen, Cat# 10002D) for 1 hour at
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room-temperature with gentle rotation. Beads were washed twice with ELB-Sucrose + 0.05% NP-40S and then incubated with the
polymerase mixture and incubated for 1 hour at room-temperature with gentle rotation. Beads were washed three times with ice-cold
ELB-Sucrose + 0.05% NP-40S. Bound proteins were eluted by boiling beads in 15 pL 1x Laemmli buffer (50mM Tris-HCI pH 6.8, 2%
SDS, 10% glycerol, 0.1% bromophenol blue, 2.5% p-mercaptoethanol).

Western Blotting and Coomasie Staining

All samples were boiled in 1x Laemmli buffer and run on 4%-15% Mini-PROTEAN TGX Precast Protein Gels (Bio-Rad #4561086)
using Tris-Glycine-SDS Running Buffer (Boston BioProducts #BP-150). EZ-Run Prestained Rec Protein Ladder (Fisher Scientific
#BP36031) or Precision Plus Protein Dual Color Standard (Bio-Rad #1610374EDU) was run alongside samples to infer protein
band sizes. For Coomasie staining, protein gels were incubated with Optiblot Blue InstantBlue Coomassie Protein Stain (Abcam
#ab119211) for at least 1 hour at room temperature with gentle shaking. For immunoblotting, proteins were transferred from the
gel onto a PVDF membrane (VWR #10061-492) in transfer buffer (Fisher Scientific #NC9297917). Membranes were blocked in 1x
TBST (1x Tris Buffered Saline (TBS) (25 mM Tris pH 7.4, 150 mM NaCl), 0.1% Tween 20) containing 5% (w/v) BSA for 1 hour at
room temperature with gentle shaking. Following a wash in 1xTBST, the membrane was incubated with primary antibodies diluted
in 1x TBST containing 5% (w/v) BSA overnight at 4C with gentle shaking. Membranes were washed three times with 1x TBST and
incubated with secondary antibody diluted in 1x TBST + 5% BSA for 1 hour at room temperature with gentle shaking. Membranes
were washed three times with 1x TBST, developed using SuperSignal West Pico PLUS Chemiluminescent Substrate (Fisher Scien-
tific, Cat# P134577), and imaged using Azure c600 (Azure Biosystems).

Cloning and Plasmids

To prepare an antigen consisting of Xenopus laevis POLA1 amino acids 1 — 340, the corresponding DNA sequence was PCR ampli-
fied out of X. laevis egg cDNA. The resulting PCR product was assembled into pET28b(+) using the NEBuilder HiFi Mix (NEB, Cat#
E2621S), yielding plasmid pJP006.

To prepare an antigen consisting of X. laevis POLD1 amino acids 1 — 89, the corresponding DNA sequence was PCR amplified out
of X. laevis egg cDNA. The resulting PCR product was assembled into pET28b(+) using the NEBuilder HiFi Mix (NEB, cat# E2621S),
yielding plasmid pLDL048.

To prepare full-length X. laevis Pol a individual subunits were first cloned out of cDNA. The pola gene was PCR amplified out of
cDNA and assembled into BamHI/Hindlll linearized pLib, yielding plasmid pLDL152. The pola2 gene was PCR amplified out of cDNA
and assembled into BamHI/Hindlll linearized pLib, yielding plasmid pLDL153. The prim1 gene was PCR amplified out of cDNA using
primers and assembled into BamHI/Hindlll linearized pLib, yielding plasmid pLDL154. The prim2 gene was PCR amplified out of
cDNA and assembled into BamHI/Hindlll linearized pLib, yielding plasmid pLDL155. To tag the N-terminus of POLA1 with a
TwinStrep-3aaLinker-HRV3C-S6-10aalinker cassette, the pola’ gene was PCR amplified out of pLDL152 and the resulting PCR
product was assembled with a geneblock (synthesized by IDT) into BamHI/Hindlll linearized pLib yielding plasmid pLDL156. All
four subunits were then cloned into a single plasmid using the biGBac multigene construction strategy.’” twinstrep-3aalinker-
hrv3c-s6-10aalinker-polal was PCR amplified out of LDL156 using primers oLDL108/0LDL109, pola2 was PCR amplified out of
pLDL153 using primers oLDL110/0LDL111, prim1 was PCR amplified out of pLDL154 using primers oLDL112/0LDL113, and
prim2 was PCR amplified out of pLDL155 using primers oLDL114/0LDL117. The four resulting PCR products were assembled
into Swal linearized pBiG1a, yielding the complete insect expression plasmid pLDL157.

To prepare a polymerase dead X. laevis Pol a, essential aspartic acids in the DNA polymerase active site of POLA1 were mutated to
serine as previously described for the Saccharomyces cerevisiae ortholog.'® D996 and D998 from S. cerevisiae Pol1 were mapped to
D998 and D1000 in X. laevis POLAT.

To prepare full-length X. laevis Pol & individual subunits were first cloned out of cDNA. The pold1 gene was PCR amplified out of
cDNA and assembled with a 3xflag-3aalinker-hrv3c-s6-10aalinker containing geneblock (synthesized by IDT) into pACEBac1,
yielding plasmid pLDL148. The pold2 gene was PCR amplified out of cDNA and assembled into pIDC, yielding plasmid pLDLO79.
The pold3 gene was PCR amplified out of cDNA using primers and assembled into pIDC, yielding plasmid pLDL080. All three subunits
were then cloned into a single plasmid using the MultiBac multigene construction strategy.’® The pold3 gene was extracted from
pLDL080 and inserted into linearized pLDLO079, yielding pLDL081. The pLDL081 and pLDL148 vectors were fused by Cre-recombi-
nation, yielding pLDL149. The 3xFLAG tag was replaced by a TwinStrep tag via Gibson assembly, yielding the complete insect
expression plasmid pLDL158.

To prepare a polymerase dead X. laevis Pol 5, essential aspartic acids in the DNA polymerase active site of POLD1 were mutated to
alanine as previously described for the Homo sapiens ortholog.? D602 and D757 from H. sapiens POLD1 were mapped to D606 and
D761 in X. laevis POLD1.

To prepare full- length X. laevis Topo Il o the gene for top2a was cloned out of cDNA and inserted into a PCR linearized pLib backbone
that already contained the DNA sequence for an upstream twinstrep-HRV3C cassette, yielding the insect expression plasmid pLDL189.

To prepare full-length X. laevis GINS with an S6 tag, a pGC124 containing psf3-10aalinker-sort-6xhis and sld5 was used as a start-
ing point. A 10aalinker-s6-6xhis cassette was added to the C-terminus of psf3, yielding the psf3-10aalinker-s6-6xhis and sld5
containing plasmid pLDL112. The pLDL112 (psf3-10aalinker-s6-6xhis/sld5) and pGC033 (psf1/psf2) vectors were fused by Cre-
recombination, yielding the complete GINS expression plasmid pLDL113.
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Antibody Preparation

Custom polyclonal antibodies were generated as previously described.’® Briefly, the His6 tagged antigen sequence was cloned into
pET28b(+) (see Cloning and Plasmids). The antigen was expressed in Rosetta (DE3) pLysS (Novagen, Cat# 70956-4) upon induction
with 0.5-1.0 mM IPTG for 3 hrs at 37°C. Soluble antigens were purified in native buffer, whereas insoluble antigens were purified in
denaturing buffer (see table and ‘Recombinant Protein Expression and Purification’ below). The Ni-NTA eluate (still containing
400 mM imidazole) was used to immunize rabbits. All antibodies used in this study were raised by Cocalico Biologicals.

All antibodies used in this study were affinity purified. 1-5 mg of purified antigen was cross-linked to 1 mL of AminoLink Plus
Coupling Resin (Fisher Scientific, Cat# P120501) according to the manufacturer’s protocol. 10-30 mL of serum was incubated
with the affinity resin for 30 minutes at room temperature. The resin was washed twice with 10 mL of 1x PBS + 500 mM NaCl,
and twice again with 10 mL of 1x PBS. Next, antibodies bound to the affinity resin were eluted 5-6 times with 1.0 mL of 200 mM
glycine-HCI pH2.5. Each elution was collected into a tube containing 0.1 mL of 1M Tris-HCI pH 9.0, which immediately neutralized
the glycine. Eluted fractions were pooled and dialyzed against 1 L of 1x TBS (50 mM Tris-HCI pH8.0, 150 mM NaCl) + 10% (w/v) su-
crose. The IgG concentration was measured using a Nanodrop, normalized to 1 mg/mL via dilution or spin-concentration, aliquots
were flash frozen in liquid nitrogen, and stored at -80°C.

Target protein Antigen Depletion Condition pg IgG per  Primary Ab. Conc.
(Rabbit #) Antigen Plasmid purification uL extract for WB
Anti-xGINS, Whole GINS complex Psf2- pGC127, Native 1:1 0.2 pg/mL
(SU289) 10aa-sort-His6 (insect)

Anti-xPOLA1 (1-340 aa)-His6 pJP006 Native 2:1 0.2 pg/mL
(SU375) (bacteria)

Anti-xPOLD1, (1-89 aa)-His6 pLDL048 Native 1:1 0.2 pg/mL
(SU329) (bacteria)

Recombinant Protein Expression Purification
FEN{MKIKGR RpAMKIKGR "and SFP Synthase were purified following previously published protocols.

Pol a was purified as follows. A bacmid was generated by transforming DH10EMBacY cells with [pLDL157] pBiG_TwinStrep-HRV3C-
S6-Pol a, and the resulting bacmid was purified with the ZR BAC DNA Miniprep Kit (Zymo Research, Cat# D4049). Baculovirus was
amplified in three 72-hour stages (PO, P1, P2) in Sf9 cells. TwinStrep-HRV3C-S6-Pol a was expressed in 1 L of Tni suspension culture
by infection with 2 mL of P2 baculovirus for 48 hrs. Cells were harvested, pelleted by centrifugation, and flash frozen in liquid nitrogen.
Cell pellets were thawed and resuspended in 100 mL of lysis buffer (25 mM HEPES-NaOH pH 7.5, 300 mM NaCl, 10% glycerol, 1 mM
DTT - bubbled with argon gas to remove dissolved oxygen) supplemented with 1x Pierce Protease Inhibitor EDTA-free (ThermoFisher
Scientific, Cat# A32965) and lysed by Dounce homogenization. Lysate was cleared by ultracentrifugation at 35,000 rpm for 45 min at
4°C in a Beckman Type 70 Ti rotor (Beckman Coulter). Cleared lysate was incubated with 1 mL of Strep-Tactin®XT 4®Flow resin (IBA
Lifesciences, Cat# 2-5010-010) for 1 hr at 4°C. The resin was washed with 3x10 mL lysis buffer. The protein was eluted from the resin
using 4 mL lysis buffer supplemented with 50 pg/mL HRV3C Protease for 2 hours at 4°C on a rotator, and flash frozen in liquid nitrogen.
Eluent was thawed and, diluted with 2 mL of no-salt buffer (25 mM HEPES-NaOH pH 7.5, 10% glycerol, 1 mM DTT) to reduce the NaCl
concentration to 200 mM, and loaded on a Mono Q 5/50 GL column (Cytiva, Cat# 17516601). The protein was eluted in 20 CVs off the
column with a linear gradient of 200 mM - 1000 mM NaCl and eluted around ~400 mM NaCl. Peak fractions were pooled, spin concen-
trated to ~0.5 mL using the Amicon Ultra-4-10K column (Merck Millipore, Cat# UFC801024) applied to a Superdex 200 Increase 10/300
gel-filtration column (Cytiva, Cat# 28-9909-44) equilibrated in 25 mM HEPES-NaOH pH 7.5, 10% glycerol, 1 mM DTT and 150 mM
NaCl. Peak fractions were pooled, spin concentrated to ~6 pM using the Amicon Ultra-4-10K column (Merck Millipore, Cat#
UFC801024), and frozen in liquid nitrogen and stored at —80 °C. Approximately 100 pg total protein was obtained from 1 L of Tni cells.
The Pol «P** mutant was purified as described for the wild-type protein.

Pol & was purified as follows. A bacmid was generated by transforming DH10EMBacY cells with [pLDL158] pBiG_TwinStrep-
HRV3C-S6-Pol §, and the resulting bacmid was purified with the ZR BAC DNA Miniprep Kit (Zymo Research, Cat# D4049). Baculo-
virus was amplified in three 72-hour stages (PO, P1, P2) in Sf9 cells. We initially attempted to express Pol & in Tni Cells, however the
POLDS subunit was not recovered (presumably due to proteolysis). Instead, TwinStrep-HRV3C-S6-Pol § was expressed in 2 L of Sf9
suspension culture by infection with 4 mL of P2 baculovirus for 65 hrs. Cells were harvested, pelleted by centrifugation, and flash
frozen in liquid nitrogen. Cell pellets were thawed and resuspended in 200 mL of lysis buffer (25 mM HEPES-NaOH pH 7.5,
300 mM NaCl, 10% glycerol, 1 mM DTT - bubbled with argon gas to remove dissolved oxygen) supplemented with 1x Pierce Pro-
tease Inhibitor EDTA-free (ThermoFisher Scientific, Cat# A32965) and lysed by Dounce homogenization. Lysate was cleared by ul-
tracentrifugation at 35,000 rpm for 45 min at 4°C in a Beckman Type 70 Ti rotor (Beckman Coulter). Cleared lysate was incubated with
1 mL of Strep-Tactin®XT 4®Flow resin (IBA Lifesciences, Cat# 2-5010-010) for 1 hr at 4°C. The resin was washed with 3x10mL lysis
buffer. The protein was eluted from the resin using 4 mL lysis buffer supplemented with 50 pg/mL HRV3C Protease for 2 hours at 4°C
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on a rotator, and flash frozen in liquid nitrogen. Eluent was thawed and, diluted with 2 mL of no-salt buffer (25 mM HEPES-NaOH pH
7.5, 10% glycerol, 1 mM DTT) to reduce the NaCl concentration to 200 mM, and loaded on a Mono Q 5/50 GL column (Cytiva, Cat#
17516601). The protein was eluted in 20 CVs off the column with a linear gradient of 200 mM — 1000 mM NaCl and eluted around
~350 mM NaCl. Peak fractions were pooled, spin concentrated to ~0.5 mL using the Amicon Ultra-4-10K column (Merck Millipore,
Cat# UFC801024) applied to a Superdex 200 Increase 10/300 gel-filtration column (Cytiva, Cat# 28-9909-44) equilibrated in 25 mM
HEPES-NaOH pH 7.5, 10% glycerol, 1 mM DTT and 150 mM NaCl. Peak fractions were pooled, spin concentrated to ~4 pM using
the Amicon Ultra-4-10K column (Merck Millipore, Cat# UFC801024), and frozen in liquid nitrogen and stored at —80 °C. Approxi-
mately 50 pg total protein was obtained from 2 L of Sf9 cells. The Pol § P24 mutant was purified as described for the wild-type protein.

Topo Il a was purified as follows. A bacmid was generated by transforming DH10EMBacY cells with [pLDL189] pLib_TwinStrep-
HRV3C-Topo Il a, and the resulting bacmid was purified with the ZR BAC DNA Miniprep Kit (Zymo Research, Cat# D4049). Baculovirus
was amplified in three 72-hour stages (PO, P1, P2) in Sf9 cells. TwinStrep-HRV3C-Topo Il a was expressed in 1 L of Sf9 suspension
culture by infection with 2 mL of P2 baculovirus for 65 hrs. Cells were harvested, pelleted by centrifugation, and flash frozen in liquid
nitrogen. Cell pellets were thawed and resuspended in 100 mL of lysis buffer (25 mM HEPES-NaOH pH 7.5, 300 mM NaCl, 10% glycerol,
1 mM DTT) supplemented with 1x Pierce Protease Inhibitor EDTA-free (ThermoFisher Scientific, Cat# A32965) and lysed by Dounce
homogenization. Lysate was cleared by ultracentrifugation at 35,000 rpm for 45 min at 4°C in a Beckman Type 70 Ti rotor (Beckman
Coulter). Cleared lysate was incubated with 1 mL of Strep-Tactin®XT 4®Flow resin (IBA Lifesciences, Cat# 2-5010-010) for 1 hr at
4°C. The resin was washed with 3x10mL lysis buffer. The protein was eluted from the resin using 4 mL lysis buffer supplemented
with 50 pg/mL HRV3C Protease for 2 hours at 4°C on a rotator, and flash frozen in liquid nitrogen. 2 mL of eluent was thawed and, diluted
with 4 mL of no-salt buffer (25 mM HEPES-NaOH pH 7.5, 10% glycerol, 1 mM DTT) to reduce the NaCl concentration to 100 mM, and
loaded on a Mono S 5/50 GL column (Cytiva, Cat# 17516801). The protein was eluted in 20 CVs off the column with a linear gradient of
100 mM - 1000 mM NaCl and eluted around ~300 mM NaCl. Peak fractions were pooled, spin concentrated to ~0.5 mL using the Ami-
con Ultra-4-10K column (Merck Millipore, Cat# UFC801024) applied to a Superdex 200 Increase 10/300 gel-filtration column (Cytiva,
Cat# 28-9909-44) equilibrated in 25 mM HEPES-NaOH pH 7.5, 10% glycerol, 1 mM DTT and 150 mM NaCl. Peak fractions were
pooled, spin concentrated to ~4 pM using the Amicon Ultra-4-10K column (Merck Millipore, Cat# UFC801024), and frozen in liquid ni-
trogen and stored at —80 °C. Approximately 300 pg total protein was obtained from 1 L of Sf9 cells.

GINS was purified as follows. A bacmid was generated by transforming DH10EMBacY cells with [pLDL113] pACEBac1_GINS-S6-
6xHis, and the resulting bacmid was purified with the ZR BAC DNA Miniprep Kit (Zymo Research, Cat# D4049). Baculovirus was amplified
inthree 72-hour stages (PO, P1, P2) in Sf9 cells. GINS-S6-6xHis was expressed in 1/2 L of Tni suspension culture by infection with 2 mL of
P2 baculovirus for 48 hrs. Cells were harvested, pelleted by centrifugation, and flash frozen in liquid nitrogen. Cell pellets were thawed and
resuspended in 100 mL of lysis buffer (25 mM HEPES-NaOH pH 7.5, 500 mM NaCl, 10% glycerol, 1 mM DTT, 1 mM PMSF, 20 mM Imid-
azole) supplemented with 1x Pierce Protease Inhibitor EDTA-free (ThermoFisher Scientific, Cat# A32965) and lysed by Dounce homog-
enization. Lysate was cleared by ultracentrifugation at 35,000 rpm for 45 min at 4°C in a Beckman Type 70 Ti rotor (Beckman Coulter).
Cleared lysate was incubated with 0.5 mL of Nickel-NTA resin (Qiagen 30230) for 1 hr at 4°C. The resin was washed with 3x10 mL lysis
buffer. The protein was eluted from the resin using 5x0.5mL lysis buffer supplemented with 300 mM Imidazole, and flash frozen in liquid
nitrogen. Eluent was thawed and, diluted with no-salt buffer (25 mM HEPES-NaOH pH 7.5, 10% glycerol, 1 mM DTT) to reduce the NaCl
concentration to 150 mM, and loaded on a Mono Q 5/50 GL column (Cytiva, Cat# 17516601). The protein was eluted in 20 CVs off the
column with a linear gradient of 150 mM - 800 mM NaCl and eluted around ~300 mM NaCl. Peak fractions were pooled, spin concen-
trated to ~0.5 mL using the Amicon Ultra-4-10K column (Merck Millipore, Cat# UFC801024) applied to a Superdex 200 Increase 10/300
gel-filtration column (Cytiva, Cat# 28-9909-44) equilibrated in 25 mM HEPES-NaOH pH 7.5, 10% glycerol, 1 mM DTT and 150 mM NaCl.
Peak fractions were pooled, spin concentrated to ~3 pM using the Amicon Ultra-4-10K column (Merck Millipore, Cat# UFC801024), and
frozen in liquid nitrogen and stored at —80 °C. Approximately 2 mg total protein was obtained from 1/2 L of Tni cells.

Fluorescent Labeling Using SFP Synthase

For AF647 labeling, 1 mg of Alexa Fluor 647 C2 maleimide (Thermo Fisher Scientific, cat # A20347) was reacted with 2 mg CoA-SH
(Sigma-Aldrich, Cat # 234101-100MG) in 100 mM sodium phosphate pH 7.0 for 1 hour in the dark on a rotator at room temperature.
The resulting product was separated from unreacted dye and unreacted CoA-SH by preparative HPLC using a reverse-phase Eclipse
XDB-C18 column (PN 977250-102, 21.2 x 250 mm cartridge, 7 pm). The sample was run with a gradient of 0% (vol/vol)-50% (vol/vol)
acetonitrile in 0.1% (vol/vol) TFA/water over 30 min at 10 mL/min. The AF647-CoA product eluted around ~36% acetonitrile. Peak
fractions were pooled, lyophilized, and resuspended to a final concentration of 1 mM in DMSO. For LD555 and LD655 labeling,
LD555-CoA and LD655-CoA was purchased from Lumidyne Technologies.

Site-specific fluorescent labeling of the S6 tag was performed in between the chromatography steps described above. Immedi-
ately following ion-exchange chromatography the molar concentration of the POl was estimated by the integrated intensity of the
Abs280 reading on the FPLC chromatogram using a theoretical extinction coefficient. The POl was spin concentrated to ~0.5 mL
and supplemented with 10 mM MgCl,, a 2-fold molar excess of SFP synthase and a 10-fold molar excess of CoA conjugated
dye. Reactions were incubated for 1 hour in the dark on a rotator at room temperature, then applied to a Superdex 200 Increase
10/300 gel-filtration column to separate unreacted fluorophore and SFP from the POI. The peak fractions were pooled and concen-
trated. Protein labeling efficiency was estimated based on absorbance measurements at 280 nm and the absorption peak for the
respective dye. The biochemical activity of the labeled protein was tested following a published detailed protocol.”
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Ensemble Plasmid Replication Assay
All plasmid replication assays were conducted following a detailed protocol”® using 4 ng/uL pBlueScript as the template DNA. Sam-
ples were taken at specified timepoints to monitor «*2P-dCTP incorporation or for western blotting.

Single Molecule Replication Assay

All single molecule experiments were conducted following a detailed protocol,”® except for the following modifications. In the », DNA
tethering step, 20 pM of streptavidin®*” (Thermo Fisher Scientific, Cat# S21374) was added to the streptavidin solution.
Streptavidin®®*” spots were used as a fiducial marker for focusing immediately before starting imaging. After A DNA tethering,
DNA was licensed in HSS for 10 minutes. In this study, Replication Mix (10 pL of NPE, 10 uL of HSS, 3 - 6 pL of ELB-Sucrose,
1 pL of 600 ng/pL pBlueScript carrier plasmid DNA, 1 pL of ATP regeneration Mix, 1 pL of 70 pM FEN1™KKER or 1 I of 11 pM
RPA™KGR "and 1-3 uL of fluorescently labeled protein of interest = 30 pL total) was flowed into the microfluidic chamber at a rate
of 10 pL/min. The reaction was then imaged continuously (10-30 sec/frame) without washing out the free fluorescently labeled pro-
tein. Thus, fluorescent protein (5-20 nM) was present in the replication reaction during the entire duration of the experiment unless
indicated otherwise. Optimal replication efficiency was achieved when the single-molecule replication reaction contained equal vol-
umes of NPE, HSS, and buffer. The concentrations of proteins examined in this study were estimated using quantitative western blots
(see table below).

Protein of interest Concentration in NPE (nM) Concentration in replication reaction (nM)
Pol o ~2,100 nM ~700 nM
Pol § ~3,000 nM ~1,000 nM

For single molecule “chase” experiments the same procedure described above was repeated through the licensing step.
Following licensing Replication Mix was flowed into the microfluidic chamber to initiate the reaction. After the flow completed, the
inlet tubing was changed to a Chase Mix without starting flow. The Streptavidin®"®*” spots were used as a fiducial marker for focusing
immediately before starting imaging. 15 minutes into the imaging acquisition the Chase Mix was flowed into the microfluidic chamber
at 10 ul/min during continuous imaging.

When the replication reaction was chased with POI-depleted extract (Figure 3), samples from (1) the undepleted extract, (2) the
depleted extract, and (3) the microfluidic flow-cell channel were taken for western blotting to validate the effectiveness of the chase
in washing out the POI. To take the flow-cell sample, immediately after finishing the experiment, the inlet tubing was ripped out, and
1 pL was withdrawn from the flow-cell channel using a fine pipet tip. Initial attempts to chase with Pol a/5-depleted extract resulted in
substantial quantities of Pol o/6 from the initial Replication Mix persisting in the flow-cell (data not shown). Increasing the volume of
the chase flow was necessary to wash out >99% of Pol o/5. In Figure 3 the reactions were chased with 55 pL of Pol o/5-depleted
Chase Mix. We found that smaller 20 uL chase volumes were sufficient to block lagging strand synthesis when the Chase Mix
was supplemented with catalytically dead polymerase as a competitor (Figures S3D-S3G). We note that it is critically important
to measure the contents of the flow-cell in these types of experiments, as failure to effectively wash out a POI will lead to experimental
artifacts.

Pol o/8-depleted chase flow-cell samples from Figure 3 were monitored for CHK1 phosphorylation by Western blot (Figure S3C
lanes 10 and 14). Flow cell samples were taken 30 minutes after the chase flow occurred. Using identical depletion conditions,
we monitored CHK1 phosphorylation in ensemble plasmid replication assays in (1) mock-depleted, (2) mock-depleted supplemented
with 5 uM aphidicolin, (3) Pol a-depleted, and (4) Pol 8-depleted extract (Figure S3C) and took samples for Western blotting at time-
points comparable to when the flow-cell sample was taken.

For chase experiments in Figure 4, replication was initiated in GINS-depleted extract supplemented with 20 nM GIN and
~367 nM RPA™KKGR  The reactions were chased with GINS-depleted extract supplemented with ~367 nM RPA™KKGR gng
DMSO, 50 uM aphidicolin, 100 uM CD437, or Pol a-depleted extract supplemented with 500 nM Pol «°%2?. GINS"P*°® was used dur-
ing the 500 nM Pol aP®*® chase to avoid spectral overlap (Pol aP*2? was labeled with Alexa Fluor 647). All reactions received a
matched final concentration of 0.8% DMSO.

For chase experiments in Figures S4A-S4C GINS-depleted extract was supplemented with 20 nM GINS-P%5® and ~367 nM
RPAT™KKGR Replication reactions were chased with GINS-depleted extract supplemented with DMSO or 100 uM CD437. 16.7 uM
dUTPA?P®47 was included in the chase flow. During this, GINS-?%%% and RPA™SR \vere imaged continuously. After 30 minutes
the channels were washed with 50 uL. DNA Buffer [10 mM Tris pH 8.0, 50 NaCl, 0.5 mM EDTA] flowed at 10 uL/min. The post-imaged
dUTPAZP%47 \yas aligned to the GINS P%5/RPATKKGR moyie using the Streptavidin®™*7 fiducial spots.

The following settings were used for imaging FEN1™<%CR: TIRF arm set to 9000 (~67°), 500 ms exposure, 10 s/frame, 8% 488 nm
laser power (~60 pW power out of the objective, ~0.6 W/cm? power density), EM Gain Multiplier = 100, EM Conversion Gain = 1, 10
MHz at 16-bit read-out speed.

SLD655

e8 Cell 189, 1-12.e1-e10, December 24, 2026



Please cite this article in press as: Lynch et al., Metazoan lagging-strand DNA synthesis is distributive, Cell (2026), https://doi.org/10.1016/
j.cell.2026.09.060

Cell ¢? CellPress

OPEN ACCESS

The following settings were used for imaging both Pol «**” and Pol §*7%4": TIRF arm set to 9000 (~67°), 500 ms exposure, 10
s/frame, 25% 640 nm laser power (~380 pW power out of the objective, ~3.8 W/cm? power density), EM Gain Multiplier = 100,
EM Conversion Gain = 1, 10 MHz at 16-bit read-out speed.

The following settings were used for imaging RPA™R: TIRF arm set to 9000 (~67°), 500 ms exposure, 30 s/frame, 10% 488 nm
laser power (~68 pW power out of the objective, ~0.68 W/cm? power density), EM Gain Multiplier = 100, EM Conversion Gain =1, 10
MHz at 16-bit read-out speed.

The following settings were used for imaging GINS-%%%: TIRF arm set to 9000 (~67°), 500 ms exposure, 30 s/frame, 25% 561 nm
laser power (~500 pW power out of the objective, ~5.0 W/cm? power density), EM Gain Multiplier = 100, EM Conversion Gain =1, 10
MHz at 16-bit read-out speed.

The following settings were used for imaging GINS-%%%: TIRF arm set to 9000 (~67°), 500 ms exposure, 30 s/frame, 25% 640 nm
laser power (~380 pW power out of the objective, ~3.8 W/cm? power density), EM Gain Multiplier = 100, EM Conversion Gain =1, 10
MHz at 16-bit read-out speed.

The following settings were used for dUTP*%P%47; TIRF arm set to 9000 (~67°), 500 ms exposure, 10 s/frame, 25% 640 nm laser
power (~380 pW power out of the objective, ~3.8 W/cm? power density), EM Gain Multiplier = 150, EM Conversion Gain = 3, 10 MHz
at 16-bit read-out speed.

QUANTIFICATION AND STATISTICAL ANALYSIS

Single-Molecule Data Analysis

Each replication initiation experiment imaged 6-8 fields of view (FOVs) over the course of 45-60 minutes with a resolution of 10-30
seconds/frame. Each FOV typically contained 50-200 DNA molecules stretched to ~80% of their contour length. A suite of MATLAB
scripts written in house were used to select and analyze data as described in our recent methods article.”® Below we summarize the
data analysis pipeline specific for the single molecule experiments analyzed in this study.

Selecting DNA Molecules for Analysis

Regions of interest (ROIs) corresponding to individual DNA molecules were selected manually based on the previews of DNA stained
with SYTOX Orange (these were acquired before the start of the experiment). Only well-separated DNA molecules were used in the
analysis.

Analyzing Polymerase Binding/Dissociation

To analyze the binding and dissociation of polymerases we employed an approach previously described in®" for analyzing replication
initiation factors. ROIs corresponding to polymerase binding events were selected from edges of FEN1 tracts, corresponding to the
position of the replisome. For the analysis of fork-distal binding events (Figures S4H and S4l) ROIs corresponding to polymerase
binding events were selected from FEN1 tracts behind the fork, corresponding to nascent DNA that the replisome had already moved
past.

To analyze the binding and dissociation of polymerases on singly tethered molecules (Figures STM-SIR), ROIs were also
selected from the DNA Preview — singly tethered molecules appear as diffraction limited sources of SYTOX signal. Only
singly-tethered molecules that replicated (displayed FEN1 signal) were analyzed. To minimize the number of “non-productive”
binding events (Figures S1C and S1D) analyzed, we applied the following criteria: total FEN1 signal was integrated over time.
This signal increases as the molecule replicates but eventually peaks and decreases presumably due to completion of DNA
replication triggering FEN1 unloading. Polymerase binding events were therefore only selected from time points prior to the
peak in FEN1 signal.

Changepoint Analysis
To identify the time when lagging strand synthesis ceased following chases in Figure 3, the edge of the FEN1 tract was fit with the
following bilinear model in MATLAB:

_ aix+b X< Xo
b(x) = {a2x+(a1 —ax)bxo X > Xo

where X, is the changepoint time, a; is the slope before the changepoint, a; is the slope after the changepoint, and b is the y-intercept.
To confirm the robustness of the changepoint analysis we compared the goodness of fit to a linear model that lacks a changepoint
term. The following monlinear model was fit to the same FEN1 tract:

m(x) = aix+b

For each model we approximated the Bayesian Information Criterion (BIC) of the fit using:

BIC =~ nlog (?) +K log(n)
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where n is the sample size, sse is the sum of squared errors of the fit, and K is the number of parameters in the model.®?

the difference of the BIC scores for each FEN1 tract:
ABIC = BICmono/inear - Bleilinear

We computed

where larger ABIC values indicate the FEN1 tract was better fit by the bilinear model. Comparing the ABIC values across the chases
confirmed that the Pol a-depleted and Pol §-depleted chases were better modeled by the bilinear fitting than the mock chase (data
not shown).

CMG Velocity Analysis
To measure CMG velocity during/after the chase we fit the GINS-P%°° signal with a linear model in MATLAB and extracted the slope.
Only timepoints that occurred after the chase were used for fitting.

Data Reporting

Details for statistical analysis are indicated in figure legends. Unless otherwise specified, error bars represent 95% confidence inter-
vals (Cl) for the median calculated using MATLAB’s built in bootstrapping function. The exact meaning of the number ‘N’ reported in
each figure is indicated in the figure legends (usually it refers to the number of replication forks or polymerase binding events).
p-values were computed using the two-sample two-tailed Kolmogorov-Smirnov test function built into MATLAB. ‘n.s.” denotes
not significant, * = p value <0.05, ** = p value <0.01, *** = p value <0.001, *** = p value <0.0001.

Data Acquisition and Analysis Software
Nikon Elements AR (v5.20.02) was used to acquire the raw microscopy data. Imaged Fiji (v2.1.0) was used to stabilize the raw mi-
croscopy movies. MATLAB (R2023a) was used to analyze the data using a suite of custom functions and scripts written in house.

ADDITIONAL RESOURCES

Raw data collected for this study is available here: https://doi.org/10.25740/sq803bx0564
Custom MATLAB scripts used to analyze the data are available here: https://doi.org/10.25740/sq803bx0564
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