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Summary:

Mammalian cells employ diverse pathways to prevent deleterious consequences during DNA
replication, yet the mechanism by which cells survey individual replisomes to detect spontaneous
replication impediments at the basal level, and their accumulation during replication stress,
remains undefined. Here, we utilized Single-Molecule Localization Microscopy coupled with
High-Order-Correlation image-mining algorithms, to quantify the composition of individual
replisomes in single cells during unperturbed replication and under replicative stress. We identified
a basal-level activity of ATR that monitors and regulates the amounts of RPA at forks during
normal replication. Replication-stress amplifies the basal activity through the increased volume of
ATR-RPA interaction and diffusion-driven enrichment of ATR at forks. This localized crowding of
ATR enhances its collision probability, stimulating the activation of its replication-stress response.
Finally, we provide a computational model describing how the basal activity of ATR is amplified
to produce its canonical replication-stress response.

eTOC:

Yin et al. use single-molecule imaging to visualize replisomes at the nanoscale, revealing that
ATR continuously monitors the levels of RPA within replisomes during normal replication. This
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process supports ATR-CHKZ1 activation upon replicative stress, where accumulation of RPA at
forks induces localized ATR crowding, and amplifies its encounter with activators.

Graphical Abstract

i) Replication Fork Surveillance (Local).
During normal replication ATR monitors the levels of RPA at
Replisomes.

ATR:ATRIP

i) Signal Amplification.
Crowding of ATR:ATRIP at stressed forks due to increase
in the levels of RPA.
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iii) Replication Stress Response (Global).
Crowding of ATR:ATRIP at forks increases the interaction
cross-section between ATR-activators and ATR-ATR,
propagating ATR-CHK1 signaling cascade.
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Introduction

Duplication of the eukaryotic genome is performed by multiple replication forks initiated
from origins that are spatially distributed throughout the genome, and tightly regulated in

an orderly fashion(Fragkos et al., 2015). While replication forks are highly coordinated to
ensure an efficient and accurate duplication process, they are also stochastically challenged
by various intrinsic replication impediments such as DNA repeats(Chandok et al., 2012) and
secondary structures(Leon-Ortiz et al., 2014), replication-transcription conflicts(Hamperl
etal., 2017), and DNA lesions(Chang et al., 2019). These intrinsic basal-level blockages
spontaneously occur during normal replication, and results in fluctuations and obtrusions

in replication fork progression, challenging the efficiency and accuracy of replication, and
leading to genome instability(Saldivar et al., 2017; Zeman and Cimprich, 2014).

When cells encounter wide-ranging slowing and stalling of replication forks, they transit
into a state of global replicative-stress. A primary response to replication-stress is the
activation of ATR (Ataxia-Telangiectasia and Rad3-related, Mec1 in yeast), a replication
checkpoint kinase that plays a central role in signaling to its various downstream effectors,
including the cell cycle checkpoint kinase Chk1 (Rad53 in yeast), in the prevention of DNA
replication catastrophe upon conditions of replication stress(Hustedt et al., 2013; Saldivar et
al., 2017). Upon activation, ATR orchestrates two major processes to prevent new replication
liabilities and protect ongoing replisomes: 1) The ATR-mediated global inhibition of origin
firing(Chen et al., 2015; Ge and Blow, 2010; Randell et al., 2010; Santocanale and

Diffley, 1998; Toledo et al., 2013). Although mild replication-stress conditions lead to the
compensatory firing of dormant origins within already active replication factories(Chen

et al., 2015; Ge and Blow, 2010), late origin firing is largely inhibited to ensure a

sufficient RPA pool to protect single-stranded DNA (ssDNA) formed upon stress. Failure
to suppress late origin firing results in exhaustion of the RPA pool and leads to replication
catastrophe(Toledo et al., 2013). 2) ATR mediated stabilization and remodeling of stalled
replication forks via numerous downstream regulators and effectors(Cobb et al., 2005;
Couch et al., 2013; Han et al., 2015; Lossaint et al., 2013; Lucca et al., 2004). For

example, ATR phosphorylates SMARCAL 1 and thereby suppresses its activity in fork
regression(Couch et al., 2013); ATR mediates the recruitment of FANCD2 to stalled forks
to slow replication progression to minimize ssDNA exposure (Lossaint et al., 2013); and

in yeast, Mecl and Sgs1 cooperate to stabilize the polymerases at stalled replication forks
(Cobb et al., 2005).

Despite the central importance of ATR in response to replication-stress, the mechanism of
ATR activation is not fully understood. In vertebrates, ATR is activated via at least two
distinct parallel pathways. During replication stress, RPA accumulates at stress-induced
ssDNA at forks, recruiting the ATR-ATRIP (Mecl1-Ddc2 in yeast) complex (Ball et al.,
2005; Biswas et al., 2019; Deshpande et al., 2017; Zou and Elledge, 2003). ATR is then
activated via interactions with either ETAA1 or TOPBP1 (Dpb11 in yeast) through their
ATR-activation domains (AADs). While ETAAL directly binds to RPA and stimulates

ATR activation(Bass et al., 2016; Haahr et al., 2016), TOPBP1 is recruited at the 5’-ended-
ssDNA-dsDNA fork junction through the RAD9-RAD1-HUS1 (9-1-1) clamp complex
together with other components(Cotta-Ramusino et al., 2011; Duursma et al., 2013; Lee and
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Dunphy, 2013; Puddu et al., 2008) for ATR-Chk1 activation(Kumagai et al., 2006; Mordes
et al., 2008). Although studies have identified the basic components in these separate ATR
activation pathways, the preceding mechanism and activities of ATR prior to its engagement
with TOPBP1 / ETAAL remain unclear. In particular, it is unknown how ATR measures the
amount of RPA at individual replication forks to recognize RPA accumulation at stressed
forks and distinguish these from the unstressed forks that carry relatively less RPA. It is
also unclear whether and how such stress-recognition, which is expected to be constantly
implemented during both normal replication and replication stress, is linked to the activation
of the canonical ATR-Chk1 stress responding activity.

Beyond its activities in replication-stress response, several studies have also been focusing
on ATR activity during unperturbed replication. Quantitative phosphoproteomic analysis in
budding yeast have identified an activity of Mecl, that correlates to normal replication and
distinguishable from its canonical Mec1-Rad53 stress-response activity(Bastos de Oliveira
et al., 2015). In human cells, the use of clinical ATR inhibitors (ATRi) in the absence

of external replication-stress resulted in unscheduled origin firing(Moiseeva et al., 2017;
Petermann et al., 2010; Syljuasen et al., 2005) that was accompanied by reduced fork
progression(Couch et al., 2013; Moiseeva et al., 2017), suggesting that ATR and Chk1 also
negatively regulate origin firing even during unperturbed replication. Despite these efforts, it
remains unclear what are the specific basal-level activities of ATR in the absence of global
replication-stress, and whether and how such activities are connected or converge to its
global replication stress activity.

A major limitation towards a comprehensive understanding of the specific activities of
ATR during normal replication and in response to global replication-stress is posed by

the inadequacy in quantitative analysis with sufficient resolution. Previously, we have
developed a multi-color Single-Molecule Localization Microscopy (SMLM)-based image
mining technique that enables quantification of replication factors at the single-replisome
level(Lee et al., 2021; Yin et al., 2019; Yin and Rothenberg, 2016). Here, we applied this
approach to map the molecular configurations of individual replisomes within single cells as
a function of ATR activity and its effectors during unperturbed replication, and in response
to replication-stress. We identified a basal-level activity of ATR by which the specific
levels of RPA at replisomes are surveyed via the diffusion-controlled ATR-RPA interaction
during normal replication. We found that this basal ATR-RPA interaction regulates the
level of RPA at forks by facilitating the removal of RPA via phosphorylation of RPA2 at
Ser33 which alters its coordination on ssDNA. Importantly, this ATR activity is separable
from the canonical role of ATR-Chk1-mediated origin firing. We propose that this mode
of basal-level ATR-RPA interaction provides a unique diffusion-driven interface between
ATR and RPA by which ATR surveys the RPA content of replisomes. When replication
stress occurs, this ATR-RPA interface is amplified as RPA accumulates at stalled forks,
forming localized concentration gradients of ATR that enable the subsequent activation

of the canonical replication stress response. Based on our findings we have generated a
computational model that describes how the localized basal activity of ATR develops into its
canonical activation of ATR-Chk1 signaling in response to the global replication stress.
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Inhibition of ATR during unperturbed replication leads to RPA accumulation at replication

forks

The inhibition of ATR activity during unperturbed replication was previously shown to
induce new origin firing(Moiseeva et al., 2017; Petermann et al., 2010; Syljuasen et al.,
2005), yet it is unclear whether and how ATR could also impact active replication forks

at the basal-level. To determine this, we sought to quantify specific spatial features of
individual replication forks along with their local density of RPA, as a function of ATR
activity. To resolve replication forks in cells, we utilized multi-color Single-Molecule
Localization Microscopy (SMLM)(Eric Betzig et al., 2006; Rust et al., 2006) of which

the increased sensitivity and spatial resolution provides nanoscale features of the molecular
complexes that cannot be resolved via diffraction-limited fluorescence microscopy (Figure
S1A). The SMLM of U20S cells immunostained against PCNA, RPA, and MCM reveals
that PCNA, RPA and MCM spatially organized into fork-like configurations (Figure 1A and
1B). We also used SMLM to examine the organization of nascent DNA (pulse labeled with
EdU, STAR Methods), PCNA, and MCM, which displays similar fork-like arrangements
(Figure S1A). To ensure that the identification and analysis of individual forks within

the densely populated SMLM images are unbiased, and robust, we performed multiplexed
pattern recognition by using a Triple Correlation Function (TCF) based multi-color image
mining algorithm(Lee et al., 2021; Yin et al., 2019), whose scheme is illustrated in Figure
1C-E and Methods S1. This approach computes the probability density for the occurrence
of all possible 3-color molecular-patterns (or triplets), generating a probability density plot
as a function of the lengths of the three edges that define a triangular configuration (Figure
1D (ii)). Figure 1E shows the most frequent PCNA-RPA-MCM configuration derived from
the TCF of a single nucleus, which is comparable to a single replisome with respect to

its morphology and scale(Goswami et al., 2018; Xiang et al., 2018). To display the pooled
replication fork configurations from multiple S-phase cells, we overlaid the TCF-resolved
fork patterns of each cell (Figure 1F, and S1B) providing a statistical representation that
incorporates intrinsic variations factors (Methods S1). The average molecular density of
RPA within each replisome-pattern, termed RPA¢qrk, Was derived from the probability
density computed via TCF (STAR Methods, Methods S2)(Lee et al., 2021; Yin et al., 2019)
and encoded into the size of the circles in Figure 1G. We note that in the early S-phase
nucleus, MCM is overloaded and generally more abundant on chromatin at unfired and
dormant origins (Figure S1C - S1E)(Ge et al., 2007). As these MCM s are not spatially
associated with active replisomes, they do not affect the TCF quantification of RPAs (see
simulations in Figure S1F, S1G, and Methods S2). The number of replication foci (PCNA
foci) and chromatin bound MCMs were estimated via Auto Correlation Function (ACF)
analysis of the SMLM data (Sengupta et al., 2011; Veatch et al., 2012) (Figure S1C-S1E,
and Methods S4), and was in good agreement with the estimates provided by previous
studies (Table S1) (Baddeley et al., 2010; Chagin et al., 2016; Cseresnyes et al., 2009; Su et
al., 2020).

To determine whether ATR activity contributes to the levels of RPA at forks during
unperturbed (basal-level) replication, we quantified RPA¢,k in cells that were treated with
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ATR inhibitor (ATRI, VE-821, 2 uM) for three hours. This analysis revealed that the
inhibition of ATR activity induces an increase in RPAgk (Figure 1G - 11) during basal-level
replication, where the accumulation of RPA at forks is reversible and gradually decreases
following removal of ATRi (Figure 1J). We note that the removal of ATRi by releasing

the cells into fresh culture medium without ATR inhibitors might not immediately lead

to the full recovery of ATR activity, resulting in slower recovery kinetics in both RPA¢q«
and ATR-mediated origin firing as indicated by the overall RPA density within a nucleus
(RPAgional, Figure S2). To exclude the possibility that the observed accumulation of RPA at
forks is due to an ATRi-induced fork damage in the form of collapsed or recessed replication
forks(Whelan et al., 2020; Whelan et al., 2018), we examined the levels of both yH2AX
and pRPA-Ser4/Ser8, which were unchanged following ATRi treatment (Figure S3). These
measurements indicate that the observed increase in the levels of RPA at forks resulted from
inhibition of ATR activity, and is not due to fork damage.

ATR prevents RPA accumulation at replication forks separable from its activity in limiting

origin firing
In mammalian cells, inhibition of ATR can cause excess origin firing (Moiseeva et al., 2017)
and thereby consumes more dNTPs, and in yeast inhibition of Mecl can downregulate the
dNTP pools (Zhao; et al., 2001). We therefore sought to examine whether the ATRi-induced
increase in RPAsok is due to the ATRi-induced overconsumption of the dNTPs. To this end,
we blocked origin firing by inhibiting CDC7 (CDC7i, PHA767491, 20 uM)(Dungrawala
et al., 2015; Moiseeva et al., 2019; Toledo et al., 2013), and measured RPAyk With or
without inhibition of ATR (Figure 2A — 2C). We found that inhibition of CDC7 did not
affect the levels of RPAfk (Figure 2D, CDC7i+ATRIi- vs. CDC7i-ATRIi-), nor prevent RPA
from accumulating at forks when ATR was also inhibited (Figure 2D, CDC7i+ATRi+ vs.
CDCT7i+ATRIi-), suggesting that the ATRi-induced increase in RPA¢q is not due to the
ATRi-induced excessive consumption of dNTPs, and that the ATR activity of limiting RPA
accumulation at forks is separable from its activity in limiting origin firing. We note that
while we did not observe significant reduction in origin firing when acute CDC7i was
applied, such CDCY7i treatment did drastically block the origin firing induced by ATRI
(Figure 2E). These results agree with previous studies that CDC7i does not significantly
affect basal-level replication but strongly limit ATRi / ChkZli-induced origin firing(Ercilla et
al., 2020; Moiseeva et al., 2017; Rainey et al., 2017; Toledo et al., 2013).

Chk1 is the main propagator of the canonical ATR-Chk1 activity in limiting origin

firing during unperturbed replication(Moiseeva et al., 2017) and in response to replication
stress(Toledo et al., 2013). We therefore examined whether Chk1 contributes to the basal-
level ATR activity in regulating the accumulation of RPA at forks. As shown in Figure

S4, inhibition of Chk1 did not result in an increase in RPAqk, but contributed to a rise in
new origins firing as previously reported(Moiseeva et al., 2017; Toledo et al., 2013). These
results further indicate that the basal activity of ATR that regulates the levels of RPA at forks
during unperturbed replication is separable from its canonical ATR-Chk1 activity in limiting
origin firing.

Mol Cell. Author manuscript; available in PMC 2022 October 21.
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The physical interaction between ATR and RPA is mediated by the ATR co-factor ATRIP
(Ddc2 in yeast), and is necessary for stimulating ATR-Chk1 signaling during replication
stress(Cortez et al., 2001; Deshpande et al., 2017; Zou and Elledge, 2003). We therefore
sought to explore whether ATRIP is also required for the basal-level activity of ATR for
regulating RPA accumulation at forks. To determine this, we measured the levels of RPA
at forks in cells where ATRIP expression was reduced (~50%) via siRNA. As shown in
Figure 3A and 3B, the reduction of ATRIP resulted in a detectable increase in the levels
of RPA¢ork, Suggesting that the basal-level activity of ATR that regulate RPA¢k requires a
physical interface between ATR-ATRIP complex and RPA-ssDNA.

Phosphorylation of RPA2 Ser-33 prevents RPA from accumulating at replication forks

Our observation that the basal activity of ATR is independent of ATR-Chk1 signaling
(Figure 2D), but relies on a physical interaction between ATR-ATRIP and RPA (Figure 3B),
led us to the hypothesis that a direct interaction between ATR and RPA may contribute to the
removal of RPA from ssDNA at forks. Ser33 on the N-terminal domain of RPA2 is amongst
the primary phosphorylation sites for ATR kinase(Liu et al., 2012), and the phosphorylation
of the N-terminal of RPA2 was suggested to affect RPA-ssDNA affinity(Fanning et al.,
2006). To test this, we largely depleted endogenous RPA2 via siRNA and supplemented

the cells with exogenous expression of wild-type (WT) RPA2, or RPA2 mutants Ser33-to-
Ala (S33A, phospho-dead) and Ser33-to-Asp (S33D, phospho-mimic) (Figure 4A). Cells
were characterized using flow cytometry showing that cell cycle progression was severely
impaired upon depletion of RPA2, but recovered in cells that were supplemented via
expression of the exogenous wildtype or mutant RPA2 (Figure S5A). Next, we preformed
SMLM imaging and TCF analyses of RPA¢k in these cells, revealing an appreciable
increase in the levels of RPAs in cells expressing RPA2-S33A as compared to cells
expressing RPA2-S33D (Figure 4B and 4C). This trend indicates that the coordination of the
RPA trimer on ssDNA may improve when the polar Ser33 or the negatively charged Asp33
is replaced by a hydrophobic alanine. Of note, we did not observe an obvious reduction in
RPA¢qk for cells expressing RPA2-S33D as compared to RPA2-WT, suggesting that while
the phosphorylation of Ser33 is necessary for the removal of RPA from ssDNA, it is not
sufficient in-itself to facilitate RPA’s removal.

To gain further mechanistic insights into the contribution of Ser33 phosphorylation on RPA2
to the removal of RPA, we sought to understand how the coordination of RPA binding to
ssDNA is affected by phosphorylation of Ser33. To measure this, we designed an in-vitro
single-molecule FRET (smFRET) assay that utilizes a 32-nt-long ssDNA 3’ tail as the
sSDNA substrate, ensuring that binding of RPA is limited to a single RPA trimer. To
monitor the specific coordination of RPA2 on the ssDNA, a FRET pair (Cy3-Donor and
Cy5-Acceptor) were positioned 12-nt apart at the 3’-end of the ssDNA tail as depicted in
Figure 5A. Since ssDNA alone favors a coil-like collapse conformation in physiological
conditions, this FRET pair normally resides close to each other and yields high FRET
efficiency (Figure 5B, DNA Only). Upon addition of RPA and its binding to ssDNA,

the RPA-bound ssDNA is extended, which increases the distance between the FRET pair,
and results in lower FRET values (Figure 5B, DNA + RPA). Using this approach, we
measured the FRET values of ssDNA bound by recombinant wild-type RPA trimers or by
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mutant RPA with S33A or S33D mutant. The coordination of the ssDNA segment bound by
WT RPAZ2 or the S33A mutant showed persistent and tight binding as exemplified by the
real-time SmFRET trajectories showing stable low FRET (RPA2-bound) state (Figure 5C)
and the resulting single peak distribution in the FRET histograms (Figure 5D). The FRET
histograms for the S33D mutant displayed two district distributions, consisting of a low
FRET (RPA2-bound) state (~85%), and a high FRET (DNA-Only) state (~15%), indicating
that the binding coordination of S33D RPA2 onto the sSDNA segment is less stable than
that of WT or S33A RPA2. Indeed, we observed corresponding trends for a portion of
individual SmFRET trajectories in which the sSDNA segment displayed binding-unbinding
fluctuations when interacting with the S33D mutant, in contrast to the persistent low FRET
state observed in the SmFRET trajectories of WT and S33A RPA2 (Figure 5D and 5E,
respectively).

To further probe the effect of RPA2 Ser33 on the coordination between the RPA trimer

and ssDNA, we designed a similar ssDNA oligo substrate with the FRET pair positioned
relatively distal to the 3’ end, thereby monitoring the coordination of RPA1 on ssDNA
(Figure S6A). The binding of RPA to this substrate resulted in extended coordination of
ssDNA by RPA1 displaying a single peak distribution at the low FRET (RPA1-bound)

state for the WT and S33A RPA as well as for the S33D mutants (Figure S6B-S6D).

The absence of the FRET population at the high FRET (DNA Only) state, or any binding-
unbinding fluctuations in SmFRET trajectories, indicates that the coordination of RPA1 with
ssDNA is consistent and unaffected by the phosphorylation state of RPA2 Ser33, providing
further validation that the two FRET substrates used here can distinctly probe the sSDNA
coordination of RPA2 and RPA1. These findings suggest that phosphorylation of Ser33 does
not directly cause RPA to dissociate from ssDNA, but rather ease the coordination of RPA
and its unloading, likely by other fork-associated factors (Figure 5F).

ATR basal-level activity supports the formation of an ATR concentration gradients at
replication forks during replication stress

The basal-level activity of ATR that we have identified limits the accumulation of RPA at
replications forks during unperturbed replication, and is separable from its role in regulating
origin activation. We therefore sought to understand whether and how the basal-level ATR
activity is related to its canonical ATR-Chk1 activity in responding to replication stress.
To determine this, we induced varied levels of replication stress by exposing cells to

low and medium concentrations of hydroxyurea (HU) for a short duration (2hrs), and
measured the levels of either RPA or ATR at forks (ATR¢ork) using TCF analysis, as a
function of replication stress and ATR activity. These experiments revealed an increase in
the local concentration of RPA and ATR at forks as replication stress increases (Figure
6A and 6B), suggesting that the rising levels of replication-stress lead to an increase

in the amount of RPA localized at forks, and such stress-driven accumulation of RPA
expands the interaction interface between ATR and RPA, thereby amplifies the basal
ATR-RPA interaction. We postulate that this amplified basal interaction at forks generates
diffusion-controlled concentration gradients that act as a precursor, providing a crowding
environment that serves as platform for global ATR signaling and the activation of its
canonical replication stress response.
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To further verify that the amplification of the basal ATR-RPA interaction leads to the
concentration gradient of ATR around replication forks, we devised a computational
approach that simulates the diffusion-controlled interaction between ATR and RPA at
different stress levels and measures the concentration of ATR around the stressed replication
fork. As illustrated in Figure 6D, we simulated a certain number of ATR molecules (green
particles) freely diffusing within a reaction cube at the initial time point (= 0), where

RPA molecules residing at a replication fork were positioned at the center. The model
incorporates the diffusion dynamics of ATR and monitors the temporal profile of the
reaction at different levels of replication stress by considering and deriving the following
independent parameters as the simulation progresses through each time point (¢=1, 2

...): 1) the number of RPA at the fork linearly increased with a slope depending on the
stress level applied; ii) ATR that diffuses into the collision radius of RPA at the fork
establishes ATR-RPA contacts; and iii) the number of RPA at the fork decreases as ATR
facilitates RPA removal, following a single-exponential decay with the rate proportional to
the number of ATR-in-contact. Figure 6E displays the resulting number of ATR-in-contact
with the fork-bound RPA at different stress levels of replication-stress for 100 iterations,
providing a robust reproduction of the diffusion-controlled amplification of the basal ATR-
RPA contact and formation of concentration gradients with increased replication stress.

We further used this simulation to model how the localization of ATR at the fork affects

its collision frequency with other ATR molecules and with its activators, and thereby
stimulates the trans-activation of the ATR-Chk1 signaling. For this analysis, within each
iteration the ATR molecules that establish contacts with RPA at the fork (Figure 6D(ii))
were set to diffuse locally for a certain duration, and the frequency of ATR diffusing into
the collision radius of other ATR molecules or its activators (set at the fork) were recorded.
As shown in Figure 6F and 6G, the increased concentration of ATR at the vicinity of the
fork (Figure 6E) resulted in enhanced collisions amongst ATR molecules and between ATR
and its activators, which together guarantees sufficient probabilities for the activator- and
auto-phosphorylation-mediated ATR activation, respectively(Bass et al., 2016; Haahr et al.,
2016; Kumagai et al., 2006; Liu et al., 2011; Mordes et al., 2008).

Discussion

Model connecting ATR fork surveillance activity to its canonical replication-tress response

The ability to resolve and quantify the specific molecular and spatial features of individual
replication-forks within single cells opens new avenues of research by providing previously
undetectable information. Using this new approach, we have quantified the single-fork
characteristics of ATR activities to identify a basal activity of ATR during unperturbed
replication, and establish the mechanistic convergence from this basal activity to its response
to replication stress. Based on our results, we propose a new integrated model for ATR
roles during replication, as illustrated in Figure 7: During normal basal-level (unperturbed)
replication, ATR stochastically and frequently contacts RPA at replication forks in a
diffusion-controlled manner (Figure 7A). In active replication forks whose progression is
unchallenged, the exchange of RPA is rapid such that the ATR-RPA interaction is too
transient to allow for a productive reaction between ATR and RPA. At forks that encounter
transient impediments that lead to accumulation of RPA, the prolonged physical contact
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between ATR and RPA will increase the probability of ATR to phosphorylate Ser33 on
RPA2 and thereby facilitate RPA’s removal (Figure 7B). When cells encounter global
replication stress leading to wide-ranging slowing or stalling of replication forks, the
diffusion-controlled ATR-RPA contacts are amplified with the rapid accumulation of RPA at
stressed forks, promoting local molecular crowding of ATR. The concentration gradients

of ATR at the vicinity of forks substantially increases the probability for productive
collisions between ATR and its activators TOPBP1(Kumagai et al., 2006; Mordes et al.,
2008) / ETAAL(Bass et al., 2016; Haahr et al., 2016) for ATR activation, and between

ATR molecules for ATR auto-phosphorylation(Liu et al., 2011) and overall ATR signal
amplification. The amassment of these localized amplification events leads to the emergence
of the canonical global replication-stress response and activation of checkpoint kinases,
limiting origin firing and arresting active replicative helicases (Figure 7C). Combined, this
model presents the mechanistic correlation between ATR surveying replication forks via
ATR-RPA contact and ATR responding to replication stress via enrichment and crowding of
ATR at forks (Figure 7D).

RPA as a versatile signaling platform

RPA is the primary respondent to newly exposed ssDNA, immediately binding and
protecting it from potential degradation. The ssSDNA-bound RPA must then be removed in a
timely manner to allow the transient SSDNA to be later accessed by replicative polymerases
during normal replication, or other proteins during Homologous Recombination (HR)
mediated repair. It is therefore important to be able to efficiently alter the RPA-ssDNA
affinity. Our data identified that during normal replication the basal activity of ATR is
necessary for facilitating the removal of RPA via phosphorylation of RPA2 at Ser33.
Indeed, ATR inhibition had been found to disrupt the recruitment of PALB2 and Rad51

at IR-induced RPA-positive DNA double strand break (DSB) foci(Buisson et al., 2017).
We speculate that these could also partially be attributed to the ATRi-induced failure in
removing RPA. In addition, it was found that RPA with hyper-phosphorylated N-terminal of
RPA2 could not be recruited to replication sites(Vassin et al., 2009). This can be explained
by our data that phosphorylation of RPA2 enhances the removal of RPA from replication
forks, and this will also likely contribute to the exclusion of hyper-phosphorylated RPA.
Furthermore, ATR-facilitated RPA removal could also serve as an auto-regulatory approach
to limit ATR activation fluctuating at the basal levels during normal replication, since RPA
removal would prevent further recruitment of ATR and amplification of ATR signaling

at undisturbed forks. We note that while our data reveals that ATR activity supports the
removal of RPA from replication forks by phosphorylating Ser33 on RPAZ2, it does not
exclude the possibility that other factors also participate in this process and further alter
RPA-ssDNA affinity for the full removal of RPA(Fanning et al., 2006; Yates et al., 2018).

The ATR-RPA interface at forks provides a unique mechanism of feedback

The basal activity of ATR facilitates the removal of RPA at forks, and is separable from its
canonical ATR-Chk1 signaling in replication stress, yet it defines an interface that provides
a unique feedback mechanism between ATR and RPA that enables recognition of stress
for the canonical activation of ATR. Our data indicates that this unique feedback mode
between ATR and RPA at forks is mediated via a diffusion-controlled ATR-RPA contact,
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whereby the accumulation of RPA at forks induces localized crowding of ATR, increasing
the reaction cross-section of ATR with its activators. This feedback mechanism addresses the
enduring question of how ATR ‘calculates’ the amount of RPA to determine if it reached the
activation threshold(Saldivar et al., 2017), as it establishes an interface that directly connects
ATR activity in surveying replication forks with the canonical activation of ATR in response
to replication stress.

Another major question regarding ATR activation is why cells adopt two parallel activation
pathways that are independently mediated by TOPBP1 and ETAA1(Saldivar et al., 2017).
While both TOPBP1 and ETAAL activate ATR in response to replication stress, it was
reported that the ATR-mediated phosphorylation of Chk1 and other downstream effectors is
highly dependent on TOPBP1 but hardly affected by ETAAL, whereas the ATR-mediated
RPA phosphorylation is insensitive to TOPBP1 but strongly relies on ETAAL(Bass et

al., 2016). Furthermore, it was reported that such ATR-mediated RPA phosphorylation is
significantly influenced by ETAAL even during unperturbed replication(Bass et al., 2016;
Haahr et al., 2016). As our data identified a distinct activity of ATR phosphorylating RPA
during normal replication, we speculate that the specific roles of TOPBP1 and ETAA1
correspond to the activation of different ATR functions, with TOPBP1 participates in

the activation of ATR-Chk1 signaling in response to replication stress, while ETAAL is
responsible for ATR-mediated RPA phosphorylation during both unperturbed and stressed
replication. Nevertheless, whether such a mechanistic correlation exists would benefit from
future studies.

Replication related DNA damage due to inhibition of ATR

It is largely accepted that the major source of stress-induced DNA damage in cells with
defective or inactive ATR stems from the excess origin firing in the absence of functional
ATR-Chk1 signaling(Toledo et al., 2013) which then exhausts the pool of RPA and leads to
replication catastrophe. However, overexpression of RPA or suppression of origin firing

in ATR-inhibited cells only delayed but did not prevent the emergence of replication
catastrophe and DNA damage(Dungrawala et al., 2015). Specifically, the Cortez group have
used iPOND-MS to analyze ATR-inhibited cells upon HU treatment, which showed that the
Non-Homologous End Joining (NHEJ) repair proteins are only enriched at ATRi-induced
newly fired replication forks, whereas most DSB sensor and HR repair proteins are recruited
to forks even when ATRi-induced excess origin firing was blocked via CDC7i(Dungrawala
et al., 2015). This suggests that in addition to its role in limiting origin firing, ATR also
protects the pre-existing replication forks(Dungrawala et al., 2015). Our data shows that
inhibition of ATR results in extreme RPA accumulation at ongoing forks during replication
stress, and explains how ATR protects the pre-existing forks since the ATRi-induced
accumulated RPA could block the access of related repair and stress response proteins to the
ssDNA(Myler et al., 2016). Therefore, the proper exchange of RPA at forks as mediated by
ATR could prevent excessive replication stress events that can lead to undesired remodeling
at ongoing forks.

In summary, our study defines the basal activity of ATR in replication fork surveillance
that is independent of the canonical ATR-Chk1 signaling in replication stress. This distinct
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activity is mediated by ATR-RPA interface at replication fork, establishing a unique
feedback mechanism that enables the full activation of the ATR-Chk1 signaling when
replication stress occurs. The multi-color SMLM and TCF analysis applied here allows us to
detect and quantify the fine features of individual replication forks in cells and provide
unique mechanistic insights. We anticipate that the multi-color SMLM-TCEF platform
described here can be broadly utilized as a powerful approach for the identification and
quantitative analyses of specific molecular patterns at crowded cellular locations. Finally,
the newly defined activity of ATR along with the experimental approach can be used for
establishing an accurate delineation of ATR-Chk1 signaling to offer precise therapeutic
approach for ATRi related therapies.

Limitation of the Study

Beyond the general challenges in multi-color SMLM imaging, there are also major
limitations in utilizing image analyses approaches for extraction of information from the
crowded and seemingly chaotic multi-color SMLM images. The TCF analysis is one of
the few endeavors in multiplexed SMLM image mining, but it also has clear limitations.
For example, while the TCF plots the probability density distribution of triplet patterns
(the individual replisomes in this study), it lacks a physical model to analytically describe
the TCF profile for in-depth quantifications of the underlying heterogeneity amongst the
obtained patterns. Although in this study the dispersion of the TCF distribution profile is
guaranteed to be comparable across different experiments by analyzing only the early-S
phase cells and maintaining identical treatment conditions (cellular fixation, IF staining,
etc.), it is still limited in formulating or refining the mathematical structure of such TCF
distribution, and instead the most frequent patterns (the maximum of the TCF profile) is
utilized as the only metric in the current format of this approach for further interpretation.
Ongoing and future efforts in our and other labs are aimed at further development of
rigorous and comprehensive mathematical models that can be applied for refining the
interpretation of the TCF distribution in a more precise manner.

STAR Methods
RESOURCE AVAILABILITY

Lead Contact—Further information and requests for resources and reagents should
be directed to and will be fulfilled by the Lead Contact, Eli Rothenberg
(Eli.Rothenberg@nyulangone.org).

Materials Availability—Plasmids generated in this study are available upon request from
the lead contact.

Data and Code Availability—Reconstructed SMLM images, TCF configurations,
RPAfork and RPAg|opay, etc. are available on Mendeley Data at DOI: 10.17632/s4b8ztvnxd.1

Matlab code for TCF analysis is available on Github at Codes for the Triple- and Pair-
Correlation algorithms, as well as a testing demo (with simulation codes) are available at
DOI: 10.17632/s4b8ztvnxd.1
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Any additional information required to reanalyze the data reported in this paper is available
from the lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Cell Culture—For SMLM imaging in Figs. 1, 2, 6, S1, S2, and S4, U20S cells (ATCC
HTB-96) were grown on glass coverslips (Fisher Scientific, 12-548-B) for 24 hours in
DMEM media (ThermoFisher 11965) with 10% FBS (Gemini Bio. 100-106) and 100 U/mL
Penicillin-Streptomycin (ThermoFisher 15140). The cells were synchronized to G0/G1
interface via 48 — 72 hours Serum withdrawal, followed by 17 hours incubation with full
medium for entry into S-phase. Different inhibitors were introduced at 14 hours after release
(early S-phase) for 3 hours prior if otherwise not stated, while HU (0 — 500 uM) was added
during the last 2 hours of kinase inhibitors treatment.

Small Interfering RNA (siRNA)—For SMLM imaging in Figure 3, 4, and S5,

ATRIP and RPA2 were depleted via SiRNA reverse transfection. SiRNA reverse
transfections were performed using Lipofectamine RNAiMax (ThermoFisher) following the
manufacturer’s instructions. STORM experiments were done 72 hours after transfection.
The siRNAs used in this study are: ATRIP siRNA (Qiagen, siATRIP, SI03071523):
CAGGGTCATCCCTAAGCCTTT; RPA2 siRNA (Dharmacon, siRPA2, J-017058-09-0010):
AACAUGAAGUU-CUGCGGUA.

Transient Transfection—For SMLM imaging in Figure 4 and S5, cells were also
transfected with different myc-RPA plasmids using Lipofectamine 3000 (ThermoFisher) for
48 hours according to manufacturer’s protocol (see Figure 4A for Western Blot validation

of efficiency of RPA2 replacement). Such transfection was performed 24 hours after

SiRPAZ2 transfection. The S33A-RPA2 and S33D-RPA2 mutants were generated based on
pEF6-RPA2-Myc(Vassin et al., 2009). DNA fragments with S33A or S33D site-directed
mutagenesis were obtained by overlap polymerase chain reaction (PCR). RPA2-Myc
fragment in pEF6-RPA2-Myc was then replaced with S33A-RPA2-Myc or S33D-RPA2-Myc
using Xbal-Pmel site.

METHOD DETAILS

Computation of the TCF—Typically, the TCF, as well as other correlation functions,
could be computed in the frequency domain in their Fourier forms 5;(k) = p;(R). The Fourier

form of the TCF, termed as the bispectrum f(ky.k3), could be calculated as Equation (1):

F(k1.K2) = 51(kq + ka)pa(ky)p3(kz) ®

where * denotes conjugate. However, such computation involves 4D Fourier Transform and
therefore infeasible for even high-performance cluster computers. However, since SMLM
data consists of localization coordinates (rather than intensity values at each pixel across
the entire image canvas), we directly calculated the TCF from the obtained coordinates

by visiting each coordinate in the first channel, and calculating §p,(rq) and ép3(rp) in the

second and third channels at rq, and r, displaced from the location of the visited coordinate,
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respectively(Yin et al., 2019). Moreover, since the triplets are randomly oriented in the ROI,
the TCF at ry = (r1,0), rp = (2, 0 + A9) was averaged along 6 € [ — x, z], and f(ry,rp) was thus

transformed to f(r, 2, r3) Where r3 = 1 + r3 + 2rirycos A6.

Post-Processing of the TCF—The TC profiles as the function of the triple-wise
distances were Gaussian smoothed (o = 15 nm), followed by recording of all the
local maxima that were greater than mean + 2.5SD, where the mean and the SD are

the expectation and standard deviation of the smoothed TC profile (Methods S1). The

configuration was then determined as (d§¢™, a8, dRG™) = argmax f(dpG. dpg. drG)- The

resolved triangular configurations with the perimeter of = 180 nm were rejected. The PCNA-
MCM axis of the resolved triangle configurations were aligned onto the same horizontal

line with their mid-points fixed at the origin, and overlaid together so that the statistical
relative position of RPAL to PCNA-MCM is displayed. For EQU-PCNA-MCM pattern, the
EdU-MCM axis were aligned onto the same horizontal with the position of MCM fixed

at the origin. The local density of RPAL within each fork pattern is calculated by dividing

the Cross-Correlation-Function (CCF) of PCNA-MCM at a§%*X from the recognized local

maximum of the TCF, followed by multiplying the average global density of RPA1
(Methods S2). Nuclei with unrecognizable local maximum of the TCF or nonpositive CCF
of PCNA-MCM were not considered in our statistics.

Microscope setup for SMLM imaging—For SMLM-SR imaging we used a custom-
built optical imaging platform based on a Leica DMI 300 inverse microscopy(Yin et al.,
2019). Different fluorophores were excited by different laser lines. Briefly, a 639 nm laser
(CNI), 561 nm laser (Cobolt), and 488 nm Laser (OBIS) were aligned and reflected into

an HCX PL APO 63X NA = 1.47 OIL CORR TIRF Obijective (Zeiss) by a penta-edged
dichroic beam splitter (FF408/504/581/667/762-Di01-22x29). The 488, 561, and 639 nm
laser lines were adjusted to ~ 0.8, 1.0, and 1.5 kW/cm?, and excited cell samples at Highly
Inclined and Laminated Optical sheet (HILO) illumination mode. A 405 nm laser line
(Applied Scientific Pro., SL-405 nm-150 mW) was also introduced to drive Alexa Fluor 647
fluorophores back to their ground state.

Photons from different fluorophores were sequentially collected for multi-color imaging.
The emitted photons were first expanded by a 2X lens tube (Diagnostic Instrument) and
filtered by a single-band pass filter (Alexa Fluor 647: FF01-676/37, Semrock; Alexa Fluor
568: FF01-607/36, Semrock; Alexa Fluor 488: FF01-531/40, Semrock) that switched

in a filter wheel (ThorLabs, FW102C) in accordance with the sequentially switched
illumination. The fluorophores were then modulated with a chromatic aberration correction
lens (Thorlabs, AC354-300-A, see below for channel alignment and chromatic aberration
correction) before collected on a SCMOS camera (Photometrics, Prime 95B). All raw image
stacks were acquired at 33 Hz for a minimum of 2000 frames.

SMLM localization and Reconstruction—Given the nature of the patterned noise of

the sSCMOS Camera, each pixel of the images was weighted by the inverse of its variance,
followed by box-filtering with a box size of 4 times of the FWHM of a 2D Gaussian PSF.
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The filtered image was then extracted from the raw image, followed by roughly localizing
the local maximums. The local maximums from all the frames of the image stack were

then submitted for 2D-Gaussian multi-PSF fitting (DAOSTORM)(Holden et al., 2011). The
2D-Gaussian multi-PSF fitting was achieved through the Maximum Likelihood Estimation
(MLE) with up to 4 PSFs. In brief, the likelihood function at each pixel was a convolution of
a Poisson distribution of the shot noise governed by the photons emitted from fluorophores
nearby, and a gaussian distribution of the readout noise that characterized by the expectation,
variance, and the analog-to-digital conversion factor. These factors describe the pattern
noise of the camera and were pre-calibrated(Huang et al., 2013). The fitting accuracy was
estimated by Cramér-Rao lower bound (CRLB), and the distribution of the accuracy of

all successive localizations were fitted into a skew-Gaussian distribution. In addition, the
localizations appeared in consecutive frames within 2.5 times of the localization precision
were considered as one blinking event. Such localizations were weighted by the inverse

of its own CRLB determined variance and averaged into one localization(Huang et al.,
2013) for the purpose of Auto-PC computation. We note that the raw coordinate lists

from this DAOSTORM fitting were then directly submitted to Auto- and Triple-Correlation
analyses. For display purpose, the representative images were generated by rendering the
raw coordinates into 10 nm pixel canvas and convolved with a 2D-Gaussian (o = 10 nm)
kernel.

Microscope setup for smFRET—For smFRET we used a custom-built optical imaging
platform based on an Olympus IX70 inverse microscopy. A 532 nm laser (UltraLaser,
MGL-FN-532-1000) was collimated and reflected into a 100x NA = 1.49 TIRF Objective
(Olympus) by a dichroic beam splitter (Semrock, Di03-405/488/532/635-t1) at a center-off
position to achieve a TIRF illumination. A 639 nm laser (ultraLaser, MRL-FN-639-800) was
also aligned to examine number of molecules immobilized onto the surface. Photons from
Cy3 or Cy5 were first split by a 635 nm edged beam splitter (Semrock, Di03-635-t1) and
filtered by single-band pass filters 582 + 32 nm (Semrock, FF01-582/64) and 680 + 21 nm
(Semrock, FF01-680/42), respectively. The fluorescence splitter and filters were integrated
in an achromatic beam-splitting device (Photometrics, OptoSplit 11). The photons form Cy3
and Cy5 were then collected on to an EMCCD camera side-by-side (Andor, iXon 897). All
raw image stacks were acquired at 33 Hz for 4000 frames, with the EM gain was set to 300.
The apparent pixel size with this configuration is ~ 160x160 nm?2.

smFRET analysis—The single molecule PSFs in both donor and acceptor channels were
localized and measured independently. Similarly, each PSF, 7x7 pixel? square cropped
from each local maximum, was localized by fitting into a 2D Gaussian profile via MLE,
followed by aligning the localizations from the two channels together (see below for channel
alignment). A FRET pair was identified if the localizations of a donner and an acceptor

are not further than 2 pixels (~300 nm), and their MLE-fitted intensities were readout
throughout the entire time stacks. Note that if a submitted PSF failed for MLE fitting

(i.e. a PSF bleached from a time point), the intensity was calculated by subtracting the
background of the PSF from its maximum pixel. The raw FRET trajectories, excluding the
bleaching (of either the donor or the acceptor) part were then submitted to the voFRET
algorithm for Hidden-Markov-Model (HMM) analysis(Bronson et al., 2009). Note that 1
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to 4 states were attempted for each trajectory and the best fitted number-of-states was
determined via Maximum Evidence(Bronson et al., 2009). The FRET histograms (Fig. 4E)
and the Transition Density Plot (TDP, Figure. 5E and S6D) were then calculated from the
HMM-idealized FRET trajectories and normalized by the number of molecules.

Alignment of different color channels—To ensure accurate alignment of the SMLM
and smFRET data acquired in the different channels, we carried out an alignment/
registration routine (see methods and Supporting Figure 6 in Ref. Yin et al., 2019). In brief,
the red (639 nm excited) channel was set to the reference channel to which the other one /
two channels (blue: 488 nm excited and green: 561 nm excited for SR or 532 nm excited
for FRET) were aligned using polynomial mapping algorithm. To generate a map mapping
the blue and green channel to the reference channel, we acquired diffraction-limited images
of spatially separated fluorescent beads (ThermoFisher, T-7279) which emitted fluorescence
spanning a broad range covering all the three channels. The mass center of the ith of N

> 200 beads in the reference channel was recorded as (x/f, yf) and that in the other two
channels was recorded as (x“HX, yCHX) The localizations were then submitted to a 2nd

polynomial function

@

where x = [xieF, ¢ el rel, o STy = [yl yef yaef o el et

) ) ) s AT 5 I ) ) ) s Vi 5 1
A= (x,-CHX)l(y,-CHX)m(l = |,j/3], denoting the maximum integer smaller than
j/3; m= j—3|j/3], denoting the modulo of j/3; j =0,1,2,---,8); and

T T
K09 = [k 989, e, o Y] and KO = [k, 4P, o kP, i)

k™ and k) were optimized by resolving Equation (2) and then applied to warp the
coordinates of experimental samples from the blue and green channel to the red channel
using Equation (2).

The system mapping corrections in A, was derived to also incorporate axial calibration and
other sources of mapping errors(Carlini et al., 2015; Li et al., 2019) described in Methods
S3.

Monte Carlo Simulation—1000 ATR molecules were seeded in a cube measuring 1000
% 1000 x 1000 units (in 3 dimensions). Each ATR molecule exhibited Brownian diffusion
with the step size randomly generated from a Gaussian distribution (o = 5 units). ATR
were reflected at the boundary of the cube to avoid loss of the molecules. A replisome

was designed as a sphere with radius of 10 units and positioned at the center of the cube.
The number of RPA molecules linearly grows with time to simulate the stress induced
accumulation of RPA at forks, and such growth was assigned at the very beginning of each
time point (iteration). Within each iteration, if ATR diffused onto the replisome and there
were enough RPA to accommodate them, ATR would remain until RPA was removed. The
number of RPA decreased exponentially at a speed proportional to the number of ATR
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in-contact with the replisome. 10 simulations were performed for each stress level and the
number of RPA and ATR molecules were obtained.

Within each iteration as described above, the ATR-in-contact were also used for a nested
simulation where the ATRs exhibited Brownian diffusion within the replisome with the step
size randomly generated from a Gaussian distribution (o = 2). 100 Brownian steps were
performed for one simulation and the occurrence of ATR visit the center of the replisome (r
= 2 units) and that of ATR collide with each other (collision radius = 2 units) were recorded.
10 simulations were performed for each stress level.

Cell pre-extraction, fixation, and fluorescent labeling—*For specific analysis of
only chromatin bound replisomes and RPA we carried out pre-extraction prior to fixation

to achieve fine removal of nuclear proteins that are unbound to chromatin(Britton et al.,
2013). Briefly, cells were permeabilized with 0.5% Triton X-100 in CSK buffer (10 mM
Hepes, 300 mM Sucrose, 100 mM NaCl, 3 mM MgCly, pH = 7.4) for 10 minutes and

fixed with paraformaldehyde (4%) for 30 minutes. The cells were then washed twice

with blocking buffer (2% glycine, 2% BSA, 0.2% geltin, and 50 mM NH4Cl in PBS).

Note that due to ATR’s high diffusiveness, we fixed the cells before carrying out the
permeabilization for imaging in Figure 6. Cells were treated with the click-reaction cocktail
without fluorophore conjugated picolyl azide (Click-iT chemistry, ThermoFisher, C10640)
for better staining of PCNA via the PC10 antibody(Ligasova et al., 2012). The cells were
blocked with blocking buffer for 1 hour at room temperature (RT) or overnight at 4°C for
further immunofluorescence staining (see below for antibody concentration and incubation
durations). After immunofluorescence staining, the fixed cells were then mounted onto
microscope glass for SMLM-SR imaging in freshly mixed imaging buffer (1 mg/mL glucose
oxidase, 0.02 mg/mL catalase, 10% glucose, and 100 mM cysteamine (MEA)).

Epi-fluorescence—U20S cells grown in presence of EAU (10 pM) for 3 hours were
treated with HU (500 uM, 2 hours), ATRi (VE821 2uM, 3 hours), ATRi + HU (HU was
introduced during the last 2 of the 3 hours ATRi treatment), Chk1i (UCNO1, 300nM, 1 hour)
and Chk1i (3 hours). Cells were washed twice with PBS, permeabilized with 0.5% Triton
X-100 in CSK buffer (10 minutes) and fixed with paraformaldehyde (4%, 15 minutes).

EdU incorporation was detected using the Click-iT Plus EdU Alexa Fluor 488 Imaging Kit
(C10337; Molecular Probes) and then incubated in blocking buffer overnight. Cells were
incubated with primary antibody to yH2AX (1:1000, Millipore, JBW301) and then Alexa
Fluor 568 secondary antibodies (1:200, Molecular Probes) diluted in blocking buffer for 1

h each at room temperature. Nuclei were counterstained with Hoechst-33342, mounted, and
images were captured using a ZEISS Axio Observer.D1/5 equipped with a Plan-apochromat
63x%/1.4 N.A. oil immersion objective.

Flow Cytometry—At 48 h after the different myc-RPA transfection, cells were harvested
and washed twice in ice-cold PBS, fixed in 70% iced ethanol, and treated with 50ug/ml
propidium iodide (PI) along with 50ug/ml RNase A for 1 hr at room temperature. Cells were
analyzed for DNA content by flow cytometry using a FACSCalibur™ cell analyzer (Becton
Dickinson). The proportions for each cell population in G1, S, or G2/M phase of the cell
cycle were then estimated by using Modfit cell cycle analysis software.

Mol Cell. Author manuscript; available in PMC 2022 October 21.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Yin et al.

Page 18

Western Blotting—Cells were harvested using Laemmli sample buffer (Bio-Rad)
containing (final concentration) 2% SDS, 10% glycerol, 5% 2-mercaptoethanol, 0.002%
bromphenol blue, and 60 mM Tris-HCI (pH ~ 6.8), and lysed by heating the samples at 95°C
for 15 minutes. Protein extracts were calibrated and resolved by SDS-polyacrylamide gel
electrophoresis on Nupage 4 — 12% Bis-Tris, 3 — 8% Tris-Acetate gels (Invitrogen), or 4 —
15% TGX gels (Bio-Rad) in 1 x Tris-Glycine-SDS buffer. Proteins were transferred onto
polyvinylidene difluoride (PVDF) membrane (Millipore) and incubate in blocking buffer
(5% milk in TBST) for 1 hour at room temperature or overnight at 4°C. The membrane was
then incubated with primary antibodies for 1 hour at room temperature or overnight at 4°C,
followed by incubation with secondary antibodies conjugated with horseradish peroxidase.
Blots were detected using an Enhanced Chemiluminescence Detection Kit (GE Healthcare)
and were developed with a LICOR Odyssey imager or Western Lightning Plus-ECL reagent.

DNA oligonucleotides, Inhibitors, and Antibodies—DNA oligonucleotides used in
Figure 5 are:

5-TGGCGACGGCAGCGAGGCTTTTTTTTTTTTTTTTTITTT-iCy3-TTTTTTTTTTTT-3’-
Cy55’-GCCTCGCTGCCGTCGCCA-3’-biotin

DNA oligonucleotides used in Figure S6 are:

5-TGGCGACGGCAGCGAGGCTTTTTTTTTTTTTTTIT-iCy3-TTTTTTTTTTTTTT-3’
Cy5-5’-GCCTCGCTGCCGTCGCCA-3’-hiotin

For the inhibitors used in this study, cells were treated with inhibitors 3 hours before
fixation. ATRi: VE-821 (Selleckchem), 2 uM, 3 hours incubation; CDC7i: PHA767491
(Selleckchem), 20uM, 3 hours incubation; Chk1i: UCNO1 (Sigma-Aldrich), 100 nM, 1 hour
incubation; Chk2i: PV1019 (Sigma-Aldrich), 5 uM, 3 hours incubation; For Hydroxyurea
treatments (HU, Sigma-Aldrich), cells were treated 2 hours before fixation.

Antibodies against the imaged proteins are (ms = mouse; rb = rabbit; AF = AlexaFluor): ms-
anti-PCNA (SCBT sc56, 1:1,000), rb-anti-MCM®6 (AF568 conjugated, Abcam ab211916,
1:1,000), rb-anti-RPA1 (AF647 conjugated, Abcam ab199240, 1:10,000), rb-anti-pS4/
S8RPA2 (Abcam ab87277, 1:1000). Secondary antibodies are: goat-anti-ms (AF488
conjugated, ThermoFisher, 1:10,000), goat-anti-rb (AF647 conjugated, ThermoFisher,
1:10,000).

Antibodies against the blotted proteins are:

Ms-anti-RPA2 (Millipore, MABE285, 1:1000), rb-anti-c-myc (Bethyl, A190-105A,
1:1000), ms-anti-B-tubulin (Sigma-Aldrich T8328, 1:1000), Ms-anti-HRP (Abcam,
ab181708, 1: 10000), Rb-anti-HRP (Abcam, ab34885, 1:10000).

QUANTIFICATION AND STATISTICAL ANALYSIS

All statistical analyses are described in the figure legends. The student t-tests between two
interested groups were performed in OriginLab. All experiments were completed at least
three times unless otherwise indicated.
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Highlights:
Inhibition of ATR (ATRi) results in RPA accumulation at forks during normal replication
ATRIi-induced RPA accumulation is independent of Chk1 but requires ATR-RPA contacts
ATR-mediated phosphorylation of Ser33 at RPA2 facilitates RPA’s removal from forks

HU-induced RPA amplifies the diffusion-driven ATR-RPA contact, leading to crowding
of ATR
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Figure 1. ATR prevents RPA accumulation at replication forks during unperturbed replication.
(A and B) Representative multi-color SMLM images of replication factors PCNA, RPA, and

MCM in S phase cells that were either non-treated (A, NT) or treated with ATR inhibitor (B,
ATRI). Magnified panels for each image show representative triplet patterns of individual
replisomes.

(C and D) Schematic illustration of the data mining workflow using TCF based approach

for recognition of triplet patterns. Any molecule 7from the Red, jfrom the Green, and &
from the Blue channel can form a triplet Aijk, defined by their distances [drg. drB, dgg]- The
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occurrence of all these triplets (e.g. Aijk, Aijm, Aljg, ...) is then counted as a function of their
triple-wise distances (i). When many molecules of the three species form a similar triplet
pattern (i.e. many triplets with similar [drg, drB. dgG]). the probability density distribution

of such triplet rises at [drg. drB, dg] from the level of uncorrelated random patterns (ii)

(Methods S1).

(E) The most populated triplet pattern as derived from the single-cell TCF distribution (D,
ii).

(F and G) Workflow for pooled representation of the TCF-resolved single-replisome
configurations; The single-replisome configuration is resolved for each cell (F) and the
configurations for multiple cells are overlaid (G).

(H) Quantification of the levels of RPAgk for the TCF-resolved single replisome
configurations shown in (G) reveals an ATRi-induced RPA accumulation at forks. Mean
values are shown as the black bar, N = 193 and 177 for NT and ATRI, respectively.

(1 and J) Kinetics of ATRi-mediated RPA accumulation at forks. Mean values and the 15t and
3" quartile are marked as black and colored bars, respectively. N = 193, 53, 70, and 177 for
NT, 60, 120, and 180 minutes treatment in (I), respectively; N = 193, 177, 72, 68, and 79 for
NT, 0, 60, 90, 120 minutes release in (J), respectively.
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Figure 2. ATR prevents RPA accumulation at replication forks independent of ATR activity in

limiting origin firing.

(A and B) Representative SMLM images of replication fork factors PCNA, RPA, and MCM
in S phase cells that were treated with CDC7i (A) and CDC7i+ATRi (B). Magnified panels
for each image show representative triplet patterns of individual replisomes.

(C) Overlaid PCNA-RPA-MCM TCF-resolved single-replisome configurations from SMLM
images of single cells under different treatments. Circle size represents the average density

of RPA at each fork within a nucleus.
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(D) Quantification of the levels of RPAgk for the TCF-resolved single replisome
configurations shown in (C) reveals that ATRi induces RPA accumulation even when
excessive origin firing is suppressed via CDC7i. Mean values and the 15t and 3"

quartile were marked as black and colored bars, respectively, N = 193, 177, 67, and 97

for CDC7i-ATRi-, CDC7i-ATRi+, CDC7i+ATRIi-, and CDC7i+ATRi+, respectively. Right
panel: quantification of the abundance ratio between data with ATRi treatment and w/o ATRi
treatment (ATRi / no ATRIi). Error bar in log (Abundance Ratio) is the propagated SEM.
(E) Quantifications of the levels of RPAg|qna) Within each single cell at different ATRI

and CDCYi treatment conditions, indicating that inhibition of CDC7i suppresses the ATRi-
induced origin firing. Mean values and the 15t and 3" quartile were marked as black

and colored bars, respectively, N = 1863, 1267, 277, and 483 for CDC7i-ATRi-, CDC7i-
ATRi+, CDC7i+ATRi-, and CDC7i+ATRi+, respectively. Right panel: quantification of the
abundance ratio between data with ATRi treatment and w/o ATRi treatment (ATRi / no
ATRI). Error bars in log (Abundance Ratio) is the propagated SEM.
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Figure 3. ATRIP is necessary for the ATR basal-activity in regulating the levels of RPA at forks.
(A) Overlaid PCNA-RPA-MCM TCF-resolved single-replisome configurations from SMLM

images of single cells under different treatments as indicated. Circle size represents the
average density of RPA at each fork within a nucleus.

(B) Quantification of the levels of RPA¢qk for the TCF-resolved single replisome
configurations shown in (A) reveals that ATRIP is necessary for the ATR basal activity

in regulating the RPA level at forks. Mean values and the 15t and 3' quartile were marked as
black and colored bars, respectively, N = 38, 46, 29, and 47 for siCTRL-NT, siCTRL-ATRI,
SIATRIP-NT, and siATRIP-ATRI, respectively. Right panel: quantification of the abundance
ratio between data as indicated. Error bars in log (Abundance Ratio) is the propagated SEM.
(C) Schematic illustration of ATR basal activity mediated by ATRIP for regulating RPA
levels at replication forks.
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Figure 4. ATR regulates the accumulation of RPA at forks via phosphorylation of RPA2 Ser-33.
(A) Western-blot analysis of the expression of RPA2 and RPA2 mutants for RPA2 siRNA

and RPA2 siRNA + transfection of myc-tagged wild-type (WT) RPA and S33A, S33D RPA2
mutants.

(B) Overlaid PCNA-RPA-MCM TCF-resolved single-replisome configurations from SMLM
images of single cells harboring RPA2 WT and RPA2 phosphor-mutants and under CDC7i
treatment conditions. Circle size represents the average density of RPA at each fork within a
nucleus.

(C) Quantification of the levels of RPA¢qk for the TCF-resolved single replisome
configurations shown in (B) reveals that the expression of the phosphor-dead RPA2 S33A
results in an accumulation of RPA at forks that is independent of origin firing. Mean values
and the 15t and 3" quartile were marked as black and colored bars, respectively, N =

43, 48, 52, 41, 39, and 56 for WT-CDC7i-, S33D-CDC7i-, S33A-CDC7i-, WT-CDC7i+,
S33D-CDC7i+, and S33A-CDC7i+, respectively.

(D) Quantification of the abundance ratio between data as indicated. Error bars in log
(Abundance Ratio) is the propagated SEM.

(E) Schematic illustration of the regulation of RPAs. levels by ATR via phosphorylation of
RPA2 at Ser33.
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Figure 5. RPA2 S33 phosphorylation affects the coordination of ssSDNA bound RPA.
(A) Schematic illustration of the single-molecule FRET assay for probing RPA2

coordination for ssDNA bound RPA trimer. The Cy3-Cy5 FRET reporter was labeled at

the 3’-end of the 32nt-long ssDNA, with 12nt distancing in between, so that the changes in
FRET efficiency represents altered coordination of RPA2 on ssDNA.
(B) Representative SmFRET trajectories for DNA-Only (left panel) and with RPA with WT
RPA2 bound (right panel).
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(C) Representative SmFRET trajectories of ssSDNA bound by WT RPA (top panel)

or by RPA with RPA2 S33A (middle panel) and RPA2 S33D (bottom panel). The
SmFRET trajectory for RPA2 S33D displays fluctuation in FRET signal indicating that
phosphorylation of RPA2 at S33 reduces its coordination on ssSDNA.

(D) FRET histograms for ssDNA bound RPA showing the specific FRET states (in red)
for WT (top), S33A (middle) and S33D (bottom) as compared to sSSDNA only (blue),
revealing that S33D also populates unbound state corresponding to binding fluctuations of
the phosphorylated RPA2 onto ssDNA.

(E) The Transition Density Plot (TDP) generated from HMM analysis of SmMFRET
trajectories for the ssSDNA bound RPA with WT (top), S33A (middle) and S33D (bottom)
RPA2. This shows specific transitions for S33D corresponding to RPA2-ssDNA binding
fluctuations. N provides the number of trajectories analyzed by HMM to generate the TPD
analysis for each condition.

(F) Schematic illustration of the observed binding fluctuations of RPA2 domain onto ssDNA
via Ser-33 phosphorylation.
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Figure 6. Replication-stress amplifies the basal ATR-RPA interface and enriches ATR at forks.
(A and B) Quantification of the effect of replication stress and ATR inhibition on the levels

of RPAfqrk (A) and ATRyqrk (B) for the TCF-resolved single-replisome configurations for the
different treatment conditions as indicated. Replication stress induces a modest increase in
the level of RPA and ATR at forks, and the levels of RPA are further amplified upon ATRI
treatment. Mean values and the 15t and 3 quartile were marked as black and colored bars,
respectively. For RPA¢k, N = 193, 35, 44, 177, 58, and 62 for HUO_ATRi-, HU50_ATRIi-,
HU500_ATRi-, HUO_ATRi+, HU50 ATRi+, and HU500 ATRi+, respectively; For ATR¢ork,
N = 85, 46, 47, 46, 45, and 52 for HUO_ATRi-, HU50_ATRi-, HU500_ATRi-, HUO_ATRi+,
HUS50_ATRI+, and HU500_ATRIi+, respectively. We note that the inhibition of ATR and
replication stress have both led to an increase in the levels of RPAsork and AT Ry though
their specific trends differ. Note that while the ATRi-accumulated RPA at forks could
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harbor more ATR (as compared to NT ATRgrk), the overall transient nature of ATR-RPA
interaction along with the direct inhibition of ATR can also reduce the association of ATR.
(C) Schematic illustration of replication stress induced enrichment of ATR at forks driven by
the basal level ATR-RPA interface.

(D) Computational model for the replication-stress induced amplification of ATR basal
activity with increase of RPAs levels thereby leading to the canonical ATR-chk1
activation. Simulation workflow: ATR (green particle) were randomly seeded in a reaction
cube and exhibit Brownian diffusion. RPA (red particle) were initialized at the fork fixed

at the center of the cube, and increased at each iteration as replication stress is applied (i);
the increase in RPA at the fork amplifies the frequency of the diffusion-driven ATR-RPA
contact, resulting in enrichment of ATR at the fork (ii); To incorporate the basal activity of
ATR that limits RPA accumulation at forks, RPA were simulated to decrease exponentially
with the rate proportional to the number of ATR interacting with RPA (ATR-in-contact, iii).
(E - G) Trajectories of ATR-fork and ATR-ATR reaction kinetics derived from the Monte
Carlo simulation in (D) for increasing levels of replication stress: (E) The enrichment of
ATR at the fork as a result of the diffusion controlled ATR-RPA contacts, (F) Frequency

of diffusion-mediated encounters of ATR with replication fork due to the replication-stress
induced formation of a localized concertation gradient, which enhances the probability

of ATR engaging with its activators at the fork, (G) Frequency of diffusion-mediated
encounters of ATR with other ATR molecules at the vicinity of the replication fork increases
due to the ATR concertation gradient. Mean + SD, N = 10 simulations for each scenario/
condition.
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Figure 7. Model depicting the basal-level activity of ATR in replication-fork surveillance and as a
platform for replication-stress induced activation of the canonical ATR-Chk1 signaling.

(A-B) Basal-level activity of ATR during normal replication: ATR monitor the level of
RPA at replication forks via diffusion-controlled ATR-RPA contact, preventing RPA from
accumulating at impeded forks via phosphorylation of Ser33 at RPA2.

(C) Gradual increase in global replication stress lead to the accumulation of RPA at forks,
and the basal ATR-RPA contacts is amplified accordingly. This results in local crowding of
ATR at the vicinity of forks. The formation of ATR concentration gradients around forks
guarantees a high probability for the diffusion-mediated encounter of ATR with its activators
at the fork, which drives the activation of the canonical ATR-Chk1 signaling.

(D) Schematic semi-quantitative illustration of the reaction coordinates for ATR-RPA
interface at replication forks and its progression and expansion with increase replicative-
stress, whereby the activation of the canonical ATR-Chk1 replication stress response
emerges from the basal activity of ATR.
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REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Mouse monoclonal anti-PCNA (SR) Santa Cruz Cat# sc-56, RRID: AB_628110

Rabbit monoclonal anti-MCM6 (AlexaFluor 568 conjugated, SR) Abcam Cat# ab211916, RRID: N/A

Rabbit monoclonal anti-RPA70 (AlexaFluor 647 conjugated, SR) Abcam Cat# ab199240, RRID:
AB_2687566

Rabbit polyclonal anti-RPA32(phosphor S4+S8) (SR) Abcam Cat# ab87277, RRID:

AB_1952482

Goat polyclonal anti-Mouse (AlexaFluor 488 conjugated, SR)

Thermal Fisher

Cat# A-11001, RRID:
AB_2534069

Goat polyclonal anti-Rabbit (AlexaFluor 647 conjugated, SR)

Thermal Fisher

Cat# A27040, RRID:
AB_2536101

Mouse monoclonal anti-yH2AX (IF)

Millipore

Cat# 16-193, RRID: AB_310795

Goat polyclonal anti-Mouse (AlexaFluor 568 conjugated, IF)

Thermal Fisher

Cat# A-11004, RRID:

AB_2534072

Mouse monoclonal anti-RPA32 (WB) Millipore Cat# MABE285, RRID:
AB_11205561

Rabbit polyclonal anti-Myc (WB) Bethyl Cat# A190-105A, RRID:
AB_67390

Mouse monoclonal anti-g-Tublin (WB) Sigma-Aldrich Cat# T8328, RRID: AB_1844090

Mouse polyclonal anti-HRP (WB) Abcam Cat# ab181708, RRID: N/A

Rabbit polyclonal anti-HRP (WB) Abcam Cat# ab34885, RRID:
AB_732995

Bacterial and Virus Strains

Biological Samples

Chemicals, Peptides, and Recombinant Proteins

ATR inhibitor, VE-821 Selleckchem Cat# S8007, CAS No.
1232410-49-9

CDC7 inhibitor, PHA767491 Selleckchem Cat# S2742, CAS No.
942425-68-5

Chk1 inhibitor, UCN-01 Sigma-Aldrich Cat# U6508, CAS No.
112953-11-4

Chk2 inhibitor, P\V1019 Sigma-Aldrich Cat# 220488, CAS No.
516480-79-8

Hydroxyurea Sigma-Aldrich Cat# H8627, CAS No. 127-07-1

Hoechst-33342 Thermo Fisher Cat# H3570, CAS No.
23491-52-3

DMEM cell culture medium Thermo Fisher Cat# 11965

FBS

Gemini Bio

Cat# 100-106

Penicillin-Streptomycin

Thermo Fisher

Cat# 15140
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REAGENT or RESOURCE SOURCE IDENTIFIER
Critical Commercial Assays
Click reaction kit for EdU and Alexa Fluor 647 azide Thermo Fisher Cat# 10640

Lipofectamine RNAiMax reagent

Thermo Fisher

Cat# 13778075

Lipofectamine 3000 transfection kit

Thermo Fisher

Cat# L3000015

Deposited Data

Representative images, uncropped gels, all the data This study DOI: 10.17632/s4b8ztvnxd.1

Experimental Models: Cell Lines

U208 ATCC Cat# HTB-96, RRID:
CVCL_0042

Experimental Models: Organisms/Strains

Oligonucleotides

ATRIP FlexiTube GeneSolution QIAGEN S103072496

ON-TARGET plus Human RPA2 siRNA Dharmacon S0O-2916681G

5 -TGGCGACGGCAGCGAGGCTTTTTTTTTTTTTTTTTTTT-iCy3- IDT N/A

TTTTTTTTTTTT-3'-Cy5 (Figure 5)

5-GCCTCGCTGCCGTCGCCA-3 -biotin (Figure 5) IDT N/A

5 -TGGCGACGGCAGCGAGGCTTTTTTTTTTTTTTTT-iCy3- IDT N/A

TTTTTTTTTTTTTT-3" (Figure S6)

Cy5-5"-GCCTCGCTGCCGTCGCCA-3’-biotin (Figure S6) IDT N/A

Recombinant DNA

Plasmid pEF6-RPA2-WT-Myc This study N/A

Plasmid pEF6-RPA2-S33D-Myc This study N/A

Plasmid pEF6-RPA2-S33A-Myc This study N/A

Software and Algorithms

Reconstruction of SMLM (CUDA + Matlab)

CUDA, MathWorks

MATLAB, RRID: SCR_001622

TCF (Matlab) Yinetal., 2019 DOI: 10.17632/s4b8ztvnxd.1

FACSCalibur BD Biosciences RRID: SCR_000401

ImagelJ Schneider et al., https://imagej.nih.gov/ij/
2012

Originlab OriginLab https://www.originlab.com/

Other
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REAGENT or RESOURCE

SOURCE

IDENTIFIER
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