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ABSTRACT

The activation of eukaryotic DNA replication origins
needs to be strictly controlled at multiple steps in
order to faithfully duplicate the genome and to main-
tain its stability. How the checkpoint recovery and
adaptation protein Polo-like kinase 1 (Plk1) regu-
lates the firing of replication origins during non-
challenged S phase remained an open question. Us-
ing DNA fiber analysis, we show that immunodeple-
tion of Plk1 in the Xenopus in vitro system decreases
replication fork density and initiation frequency. Nu-
merical analyses suggest that Plk1 reduces the
overall probability and synchrony of origin firing.
We used quantitative chromatin proteomics and co-
immunoprecipitations to demonstrate that Plk1 inter-
acts with firing factors MTBP /Treslin/TopBP1 as well
as with Rif1, a known regulator of replication tim-
ing. Phosphopeptide analysis by LC/MS/MS shows
that the C-terminal domain of Rif1, which is neces-
sary for its repressive action on origins through pro-
tein phosphatase 1 (PP1), can be phosphorylated in
vitro by Plk1 on S2058 in its PP1 binding site. The
phosphomimetic S2058D mutant interrupts the Rif1-
PP1 interaction and modulates DNA replication. Col-
lectively, our study provides molecular insights into
how Plk1 regulates the spatio-temporal replication
program and suggests that Plk1 controls origin ac-
tivation at the level of large chromatin domains in
vertebrates.

GRAPHICAL ABSTRACT

PIk1 in origin firing

Plk1 interactome
R
r—
Treslin
P J wree @RD =
@ Rif1-PPT) P {TopBP1, 9 =
e o] ! P
So Rif1-PPD i 2By
3 «— p— N Lo
\\\ Origin / \\\ inactive //
~. firing / . Origin /
. y “ /
DNA combing . N
numerical model N / N /
N / \\
N / - /
AN B . /A
high p low p
@ Replication eye Region with high probability
of origin fring
® Inactive origin

To maintain genome stability, eukaryotic DNA replication
must be strictly controlled in space and time during S phase
(1). In higher eukaryotes, DNA replication starts from sev-
eral thousand replication origins, grouped in clusters, which
are activated at different times during S phase. Genome-
wide studies have shown that large adjacent genomic seg-
ments have similar replication timing, which are called repli-
cation domains (2). However, only few factors that regulate
such a multiscale spatio-temporal organization are known.

Initiation of DNA replication is divided into two steps,
origin licensing and origin activation or firing. During G1
phase, the assembly of the pre-replicative complex (pre-RC)
at origins is initiated by the loading of the origin recog-
nition complex (ORC) to DNA sequences, which then re-
cruits Cdc6, Cdtl and the inactive double hexamer heli-
case, the MCM 2-7 complex (origin licensing step). For
origins to fire, the helicase needs to be activated, which
converts the pre-RC into two active bi-directional replica-
tion forks or replisomes. This requires the coordinated ac-
tion of Cyclin- and Dbf4-dependent kinases (respectively,
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CDKs and DDKs), which leads to the recruitment of
Cdc45 and the GINS complex to the pre-RC to form the
core of the replicative helicase, the CMG complex (Cdc45-
MCM-GINS). The activation of the CMG complex is a
critical, multistep process. In metazoans, Treslin/TICRR
(3,4) mediates CDK-dependency of origin firing by a
phosphorylation-mediated interaction with TopBP1 (5,6).
MTBP binds Treslin and forms a stable protein complex
in human and Xenopus (7,8) and together with TopBP1
build the Treslin/MTBP/TopBP1 complex, which serves as
a platform to regulate the pre-initiation complex (pre-1C)
formation, composed of CMG, Treslin/MTBP/TopBP1
and pol €. After CMG formation, active replisomes as-
semble before bi-directional DNA synthesis can start. The
competition between origins for limiting factors such as
Sld3/Treslin and Dbp11/TopBP1, contribute to set their fir-
ing time in budding yeast and Xenopus respectively (9,10).
Another factor regulating replication timing is Rifl (Rapl1-
interacting factor), which modulates late replication in yeast
(11,12), mice (13) and human (14). In higher eukaryotes,
Rifl binds protein phosphatase 1 (PP1) via the SILK and
RVSF motifs within its C-terminal part. This targets PP1 to
pre-RC phospho-sites, acting both negatively on origin ac-
tivation by counteracting the phosphorylation of MCM by
DDK (15-17), and positively on the licensing step (18). In
metazoans, Rifl also modulates cellular responses and sup-
presses DNA replication after the inhibition of Cdc7 (19),
and Rifl bound to the nuclear lamina regulates replication
firing time as a possible organiser of chromatin architecture
(20).

The spatio-temporal DNA replication program is addi-
tionally regulated by the ATR/Chkl dependent replica-
tion checkpoint during normal S phase, even in the ab-
sence of fork stalling or DNA damage both in Xenopus
(21-24) and in mammalian cells (25,26). In the Xenopus in
vitro system, activated replication origins are spaced 5-15
kb apart and clustered in early- and late-firing groups of ori-
gins (21,27,28), the late clusters being inhibited by ATR and
Chkl (21,24). By modelling either the unchallenged or the
checkpoint-inhibited replication pattern, we recently pro-
posed that, as in other eukaryotes, the genome would be
segmented into regions of low and high probability of ori-
gin firing. We showed that the latter escapes intra-S check-
point regulation (29). The necessity for the segmentation
of the genome into high and low probability of origin fir-
ing to model the experimental observations implies that, in
the regions with high probability of origin firing, the tem-
poral difference between two firing events would be smaller
than in other regions of the genome. This leads to an ob-
served synchrony of origin firing and therefore to an ef-
fective observed clustering of replication eyes on a single
DNA fiber. One open remaining question is why origin fir-
ing is under the control of the replication checkpoint in re-
gions with low probability of origin firing (supposedly late
firing (30)), while the regions with high probability of ori-
gin firing (supposedly early firing) escape its regulation. It
has been proposed that the checkpoint adaptation and re-
covery protein Polo-like kinase 1 (Plk1) would act close to
forks to suppress the checkpoint action (31-33) when forks
stall. Plk1 contains a polo-box domain (PBD) that interacts
with phosphorylated sequences in substrates (34). During

prolonged fork stalling, Plk1 targets the checkpoint adap-
tor Claspin, primed by ATR phosphorylation, leading to
the inactivation of Chkl in Xenopus (35). Plkl also inter-
acts with TopBP1 during homologous recombination (36).
Several studies identified, after stress induction, that Plkl
interacts with MCM2 and MCM?7 (31,37), Hbol (38) and
Orc2 (39), which underlined the role of PIk1 in regulating
pre-RC assembly. During normal S phase, we have recently
shown that Plk1 accumulates on chromatin and moreover,
that Plk1 depletion from Xenopus replicating extracts leads
to a decreased DNA replication, an activation of Chk1 and
a decrease in Cdk2 activity (40). We did not detect any
changes in pre-RC proteins bound on chromatin after Plk1
depletion, suggesting that Plk1 does not target the licensing
step in the absence of external stress in this system. How-
ever, the spatio-temporal DNA replication program upon
modulation of Plk1 has not been investigated to better un-
derstand the role of this kinase in origin activation.

Here, we used DNA fiber analysis to demonstrate that
PIk1 depletion decreased fork density and initiation fre-
quency of replication origins. Numerical analyses suggest
that Plk1 depletion reduced the overall probability of ori-
gin firing by decreasing the availability of limiting ori-
gin firing factors and the synchrony of origin firing by
lowering the fraction of early firing regions. However,
PIk1 did not relieve origin inhibition locally as it has
been proposed. Quantitative proteomics of chromatin pro-
tein dynamics after Plkl depletion and ChIP-mass spec-
troscopy revealed multiple Plk1 interacting partners, in-
cluding MTBP/Treslin/TopBP1 and Rifl, all of them con-
firmed by co-immunoprecipitation experiments. In vitro,
PIk1 could phosphorylate C-terminal Rif1 on the consensus
sites for PP1 binding. The depletion of Plk1 increased Rif1-
PP1 binding and decreased the phosphorylation of MCM4
on chromatin, whereas the addition of the C-terminal do-
main of Rifl showed the opposite effects together with an
acceleration of DNA synthesis. Mutations of one of the
phosphorylated residues within the PP1 binding site re-
vealed that this phosphorylation not only modulates Rif1-
PP1 interaction but also DNA replication. Altogether, our
study provides molecular insights into how Plk1 regulates
the DNA replication program in vertebrates and suggests
that Plk1 promotes initiation of DNA replication at the level
of large genomic regions.

MATERIALS AND METHODS
Reagents and antibodies

Antibodies and reagents used in this study are described
in Supplementary Methods S1 and Supplementary Meth-
ods S2, unlisted basic chemicals were from Sigma, Saint-
Quentin-Fallavier, France. Recombinant functional His-
tagged Xenopus Plk1l was expressed and purified as de-
scribed in (40). C-terminal Xenopus Rifl (Rif-CTD, 296
amino acids, MW: 32.4 kDa), cloned in pET30a vector,
a kind gift from B. Dunphy and A. Kumagai (41), was
expressed in Escherichia coli C41(DE3) cells, purified by
Nickel-Sepharose chromatography (GE Healthcare) and
used as an antigen to raise antibodies in rabbits at a com-
mercial facility (Covalab, Villeurbanne, France). Mutant
Xenopus Rif1-CTD S2058A and S2058D DNA sequences
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were ordered from Twist Bioscience (San Francisco, USA),
subcloned in a pET30a vector, expressed and purified as the
wild type Rif1-CTD.

Replication of sperm nuclei in Xenopus egg extracts

Replication competent extracts from unfertilized Xenopus
eggs were prepared as described (42) and used freshly made
unless stated otherwise. When sperm chromatin is incu-
bated in Xenopus egg extract, it is assembled into normal
interphase nuclei, which synchronously start replication af-
ter a typical 20 to 30 min lag phase; replication is completed
40-60 min later. Sperm nuclei were incubated in untreated
mock or Plk1 depleted extracts, in the presence of cyclohex-
imide (250 pg/ml) and energy mix (7.5 mM creatine phos-
phate, | mM ATP, 0.1 mM EGTA, pH 7.7, | mM MgCl,).
Replication was allowed to continue for indicated time. For
DNA combing experiments, Biotin-dUTP (20 pM) was
added at the start of the reaction and labelled DNA was pu-
rified at different times during S phase. For nascent strand
analysis by alkaline electrophoresis, 0.2 pnCi [a**P]-dCTP
(3000 Ci/mmol) (Hartmann Analytic, Braunschweig, Ger-
many) was added and DNA purified, separated and incor-
poration was analyzed as described (28). When indicated,
RifI-CTD recombinant protein was added at a final con-
centration of 640 nM or 1 wM for overexpression or pull-
down experiments, respectively. Our institutional Animal
Care and Use Committee (IACUC) namely Paris Center
and South number 59 approved the study and the proto-
cols herein (approvals number 2012-0062 and 2012-0063),
following the French and the European laws on animal ex-
perimentation.

Immunodepletions and immunoprecipitations

For immunodepletion, anti-Xenopus Plkl or pre-immune
sera were incubated overnight at 4°C with protein A
Sepharose beads. Beads were washed with extraction buffer
EB (50 mM HEPES, 50 mM KCl, 5 mM MgCl,) and in-
cubated in extracts 1 h at 4°C (volume ratio 1:3). For im-
munoprecipitations, Dynabeads protein G were saturated
with 1 mg/ml BSA for  hin 0.1 M acetate buffer pH 5, 0.1%
NP40, washed and bound to pre-immune, Plk1 or Rifl sera.
Coupled beads were washed in EB buffer, then incubated for
1 h with crude LSS extract or nucleoplasmic extract. Beads
were washed three times in 10 mM HEPES (pH 7.5), 150
mM NaCl, 0.5% NP40, 2.5 mM EGTA, and twice in the
same buffer without NP40, then eluted in Laemmli sample
buffer. Nucleoplasmic extracts were prepared by lysing nu-
clei isolated as described in the ChIP section (see below) in
NIBS buffer 0.5% Triton X100.

Molecular combing and detection by fluorescent antibodies

DNA was extracted and combed as described (43). Biotin
was detected with streptavidin-conjugated AlexaFluor594
followed by biotinylated anti-avidin antibody (repeated
twice). DNA was labeled by anti-DNA antibody (mouse),
followed by secondaries; AlexaFluord88-labeled rabbit
anti-mouse, then goat anti-rabbit antibodies for enhance-
ment (24).
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Measurements and data analysis

Images of the combed DNA molecules were acquired and
measured as described (43). For each combing experiment,
a total of 9-60 Mb DNA was measured. The fields of view
were chosen at random. The means of fibers lengths were
comparable inside individual experiments to avoid biases
in eye-to-eye distances. Images of DNA combed molecules
were visualized and acquired using a 100x objective on a
Zeiss Evolve inverted microscope, associated with the Ax-
iovision software. Measurements in pixel on each fiber were
made in ImageJ and then converted into kilobases and an-
alyzed by using Matlab (vR2013a). Replication eyes were
defined as the incorporation tracks of biotin-dUTP of at
least 1kb. Replication eyes were considered to be the prod-
ucts of two replication forks, incorporation tracks at the ex-
tremities of DNA fibers were considered to be the products
of one replication fork. When the label was discontinuous,
the tract of unlabeled DNA needed to be at least 1 kb to be
considered as a real gap. The replication extent was deter-
mined as the sum of eye lengths divided by the total DNA
length. Fork density was calculated as the total DNA di-
vided by the total number of forks. The midpoints of repli-
cation eyes were assumed as the origins of replication. Eye-
to-eye distances (ETED), also named inter-origin distances,
were measured between the midpoints of adjacent replica-
tion eyes. The tracks of biotin-dUTP at the extremities of
the fibers were not considered in the measurement of eye-
to-eye distances and replication eyes length, but were con-
sidered in the calculation of the replication extent and the
fork density, as products of a single replication fork. The
frequency of initiation was obtained as the number of new
initiations defined as replication eyes smaller than 3 kb di-
vided by the length of unreplicated DNA and by the in-
terval in which a detectable initiation event can occur, that
is At = 180 s considering a replication fork speed of ~0.5
kb/min (21).

Chromatin purification and western blot analysis

For analysis of chromatin-bound proteins, proteins were re-
covered using a protocol slightly modified from (44). Repli-
cation reactions were diluted into a 13-fold volume of ELB
buffer (10 mM HEPES pH 7.5, 50 mM KCl, 2.5 mM
MgCl,) containing 1 mM DTT, 0.2% Triton X100, pro-
tease inhibitors and phosphatase inhibitors (Supplemen-
tary Methods S2); chromatin was recovered through a 500
mM sucrose cushion in ELB buffer at 6780 g, 50 s, 4°C.
Interphase was washed twice with 200 nl ELB, 250 mM
sucrose. The pellet was resuspended in Laemmli sample
buffer. For western blots, proteins were subjected to SDS-
PAGE (Polyacrylamide gel electrophoresis) and transferred
to PVDF membranes subsequently incubated with the in-
dicated primary antibody followed by incubation with the
appropriate peroxidase coupled secondary or horseradish
peroxidase-labeled protein A (1/20 000). Immunodetection
was performed according to the manufacturer and perox-
idase activity was revealed using Super Signal West Femto
Chemiluminescence Kit. Imaging of western blots were per-
formed on Biorad ChemiDoc system and optical densi-
ties were obtained using Biorad ImageLab software. To in-
crease the band separation of high molecular weight pro-
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teins (>48 kDa), SDS-PAGE were performed on 8.5% acry-
lamide gels prepared with a 120:1 acrylamide:bisacrylamide
ratio. For quantitative analysis of chromatin-bound pro-
teins by mass spectrometry (Chromass), sperm nuclei (4000
nuclei/pl) were incubated in mock or Plk1 depleted egg
extracts and were allowed to replicate for 40 min. Experi-
ments were carried out in three replicates incubated in par-
allel. Samples were prepared as previously described (45) for
mass spectrometry analysis.

Kinase assays

In vitro phosphorylation of Rifl-CTD by Plkl was
performed by adding 590 nM recombinant Plkl, 0.1
wCi [y*?P]-ATP (Hartmann Analytic, Braunschweig, Ger-
many), 50 pM ATP, 6 pM of recombinant Rif-CTD or
Casein as control substrate for 30 min at 23°C in kinase
buffer 20 mM HEPES, pH 7.2, 10 mM MgCl, 2 mM DTT,
0.1 mM EGTA) with or without 100 nM PIk1 inhibitor
BI2536. Reactions were stopped in Laemmli sample buffer,
proteins were separated by SDS-PAGE. Gels were dried and
bands were quantified on a Phosphorimager Typhoon Trio
(GE Healthcare). An aliquot of each reaction was with-
drawn before the addition of [y3?P]-ATP and loaded on a
Stain-Free gel (BioRad) for visualization. For phosphory-
lation assay in extracts, RifI-CTD (1 wM) was incubated
in mock or Plkl depleted egg extract for 1 h in the pres-
ence of 0.1 pCi [y**P]-ATP and energy mix, at 22°C. Re-
actions were stopped by dilution in three volume of slurry
Nickel Sepharose beads in EB, binding was allowed for 20
min under shaking at 4°C, beads were washed twice with
EB/NP-40 (0.1%) and four times in EB, bound proteins
were eluted by Laemmli sample buffer, followed by 12%
SDS-PAGE and quantification. Rifl-CTD pulldown as-
says for PP1 binding were performed using magnetic Ni-
NTA beads (CubeBiotech, Monheim, Germany).

Chromatin immunoprecipitation for Plk1 interactions analy-
sis (ChIP)

Sperm nuclei (4000 nuclei/pl) were incubated in fresh ex-
tracts and were allowed to replicate for 15 and 60 min;
reactions were stopped by a 1/5 dilution in nuclear iso-
lation buffer (NIBS) (50 mM HEPES, pH 7.5, 150 mM
NaCl, 2 mM MgCl,, 10% sucrose). Nuclei were isolated
by centrifugation through 150 pl of a 20% sucrose cush-
ion in NIBS buffer for 5 min at 5000 g (4°C). The purifica-
tion was repeated once and the pellet resuspended in 100 .1
ChIP buffer (50 mM HEPES, pH 7.5, 150 mM NaCl, | mM
EDTA). Crosslinking was performed using 1% formalde-
hyde for 8 min, reaction was quenched by 250 mM Glycine
and nuclei were pelleted for 5 min at 5000 g (4°C), then lysed
in 200 pl ChIP buffer containing 0.5% Triton X100 (ChIP
lysis buffer). The DNA was sheared into fragments of 100
300 bp using Bioruptor Plus sonicator (Diagenode, Licge,
Belgium) in 1.5 ml TPX tubes; 30 cycles 30 s/30 s ON/OFF
(high power) then the soluble DNA was clarified by cen-
trifugation for 15 min at 19 000 g (4°C). Sample was di-
vided threefold; One third was reversed cross-linked in 50
mM Tris pH 8, 10 mM EDTA, 1% SDS at 65°C overnight,
treated with 1 wg/wl RNAse A for 1h at 37°C, then with

1 pg/pl proteinase K for 2h at 55°C, extracted with phenol-
chloroform, ethanol precipitated for DNA shredding con-
trol on agarose gel electrophoresis. The two other thirds
were diluted 2-fold and incubated overnight at 4°C with
either anti-Plk1 or control IgG DMP-crosslinked to Pro-
tein A Sepharose. Beads were washed twice with 200 .l
ChlIP lysis buffer, once in 200 wl ChIP buffer containing 500
mM NaCl and then once in 200 wl ChIP buffer. Finally,
the beads were resuspended in 20 wl 2x Laemmli sample
buffer, samples were separated by SDS PAGE and analyzed
by western blot or by mass spectrometry.

Statistical analysis

Plots and statistical analysis were made using GraphPad
version 6.0 (La Jolla, CA, USA) or Matlab (vR2013a),
means or medians with standard error of mean (SEM), tests
and P-values are indicated in the legends of figures or in fig-
ures.

Chromass and ChIP LC-MS/MS analysis and data process-
ing

Trypsin-generated peptides of the different samples, ChIP
and Chromass, were analyzed with two different instru-
ments. Nano-liquid chromatography elution conditions
were similar for both systems, with a flow rate of 300-400
nl/min and an acetonitrile gradient of 5-35% (v/v) ace-
tonitrile over 100 or 180 min for nanoElute (Bruker) and
nanoRSLC (Thermo) systems, respectively.

For the ChIP samples, proteins were analyzed with a
Triple-TOF 4600 mass spectrometer (ABSciex) coupled to
the nanoRSLC system (ThermoFisher, Illkirch, France)
equipped with a trap column (Acclaim PepMap100C18, 75
pmid. x 2 cm, 3 wm) and an analytical column (Acclaim
PepMapRSLCC18, 75 pm i.d. x 75 cm, 2 pm, 100 A).
MS/MS spectra were acquired by a data-dependent acqui-
sition method involving selection of the 20 precursors giv-
ing the most intense signals, CID fragmentation with the
QI quadrupole set at low resolution to improve sensitivity.
MS raw data were processed with MS Data Converter and
PeakView softwares (ABSciex). Protein identifications were
performed using the MASCOT search engine (Matrix sci-
ence, London, UK) against the Xenbase V9.2 database (46)
with carbamidomethylation of cysteines set as fixed modi-
fication and oxidation of methionines as variable modifica-
tion. Peptide and fragment tolerances were set at 25 ppm
and 0.05 Da, Proteins were validated when identified with
at least two unique peptides. Only ions with a score higher
than the identity threshold and a false-positive discovery
rate of less than 1% (Mascot decoy option) were considered.
Mass spectrometry based-quantification was performed us-
ing spectral count. MS/MS spectral count values were ob-
tained from Scaffold software. Missing values occurring in
spectral count datasets at protein-level were imputed by a
constant value fixed at 0.5 and 0.4.

For the Chromass triplicates samples, proteins were an-
alyzed with a Tims-TOF Pro mass spectrometer (Bruker)
coupled to the nanoElute system (Bruker) equipped with a
trap column (nanoEase C18, 100 A, 5 pm, 180 pm x 20
mm) and an analytical column (Aurora, 25 cm x 75 wm,
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C18 1.6 pm). MS/MS spectra were acquired with the
PASEF ion mobility-based acquisition mode and MS raw
data were processed with DataAnalysis software (Bruker).
The MS files were processed with the MaxQuant software
version 1.6.6.0 and searched with Andromeda search en-
gine against the Xenbase V9.2 database. To search parent
mass and fragment ions, we set a mass deviation of 10 and
20 ppm, respectively. The minimum peptide length was set
to 7 amino acids and strict specificity for trypsin cleav-
age was required, allowing up to two missed cleavage sites.
Carbamidomethylation (Cys) was set as fixed modification,
whereas oxidation (Met) and N-term acetylation were set
as variable modifications. The false discovery rates (FDRs)
at the protein and peptide level were set to 1%. Scores were
calculated in MaxQuant as described previously (47). The
reverse and common contaminants hits were removed from
MaxQuant output. Proteins were quantified according to
the MaxQuant label-free algorithm using LFQ intensities;
protein quantification was obtained using at least two pep-
tides per protein. Match between runs was allowed. Pro-
teins functions and groups were attributed using GO-term
function retrieved from Uniprot database (48), manually
curated.

Statistical and bioinformatic analysis, including
heatmaps, profile plots and clustering, were performed
with Perseus software (version 1.6.12) freely available at
www.perseus-framework.org (49). For statistical com-
parison, we set two groups, each containing up to three
biological replicates. We then filtered the data to keep only
proteins with at least two valid values in at least one group.
Next, the data were imputed to fill missing data points
by creating a Gaussian distribution of random numbers
with a standard deviation of 33% relative to the standard
deviation of the measured values and 1.8 standard devia-
tion downshift of the mean to simulate the distribution of
low signal values. We performed a f-test, P-value <0.05,
SO = 0.1. The heatmap and hierarchical clustering of
proteins that survived the test was performed in Perseus
(1.6.12.0) on logarithmic LFQ intensities after z-score
normalization of the data, using Euclidean distances (49).

Identification of phospho-sites in Rifl by LC/MS/MS

Phosphosite detection was performed after in vitro phos-
phorylation reactions with recombinant XPlk1 and XRif1-
CTD, samples were further processed as followed: S-
Trap™ micro spin column (Protifi, Hutington, USA) diges-
tion was performed according to manufacturer’s instruc-
tions. Briefly, 10 wl of each sample was adjusted to 25 pl
with 5% SDS/50 mM TEAB buffer supplemented with 20
mM TCEP and 50 mM chloracetamide for reduction and
alkylation, respectively. Aqueous phosphoric acid was then
added to a final concentration of 1.2% following by the ad-
dition of S-Trap binding buffer (90% aqueous methanol,
100 mM TEAB, pH 7.1). Mixtures were then loaded on
S-Trap columns. Two extra washing steps were performed
for thorough SDS elimination. Samples were digested with
1 pg of trypsin (Promega) at 47°C for 1 h. After elution,
peptides were vacuum dried and resuspended in 40 wl of
10% ACN, 0.1% TFA in HPLC-grade water prior to MS
analysis. For each run, 1 wl was injected in a nanoRSLC-
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Q Exactive PLUS (RSLC Ultimate 3000) (Thermo Scien-
tific, Waltham MA, USA). Peptides were loaded onto a .-
precolumn (Acclaim PepMap 100 C18, cartridge, 300 pm
i.d. x 5 mm, 5 pm) (Thermo Scientific, Waltham MA,
USA), and were separated on a 50 cm reversed-phase liquid
chromatographic column (0.075 mm ID, Acclaim PepMap
100, C18, 2 wm) (Thermo Scientific, Waltham, MA, USA).
Chromatography solvents were (A) 0.1% formic acid in wa-
ter, and (B) 80% acetonitrile, 0.08% formic acid. Peptides
were eluted from the column with the following gradient 5—
40% B (38 min), 40% to 80% (1 min). At 39 min, the gradient
stayed at 80% for 4 min and, at 43 min, it returned to 5% to
re-equilibrate the column for 16 min before the next injec-
tion. One blank was run between samples to prevent sam-
ple carryover. Peptides eluting from the column were ana-
lyzed by data dependent MS/MS, using top-10 acquisition
method. Peptides were fragmented using higher-energy col-
lisional dissociation (HCD). Briefly, the instrument settings
were as follows: resolution was set to 70 000 for MS scans
and 17 500 for the data dependent MS/MS scans in order to
increase speed. The MS AGC target was set to 3.106 counts
with maximum injection time set to 200 ms while MS/MS
AGC target was set to 1.105 with maximum injection time
set to 120 ms. The MS scan range was from 400 to 2000 m/z.

The MS files were processed with the MaxQuant
software version 1.6.6.0 and searched with Andromeda
search engine against the Xenopus laevis database from
XENLA 9.2 Xenbase.pep.fa. To search parent mass and
fragment ions, we set an initial mass deviation of 4.5 and
20 ppm, respectively. The minimum peptide length was set
to 7 amino acids and strict specificity for trypsin cleav-
age was required, allowing up to two missed cleavage sites.
Carbamidomethylation (C) was set as fixed modification,
whereas phosphorylation (STY), oxidation (M) and N-
term acetylation were set as variable modifications. Match
between runs was not allowed. The false discovery rates
(FDRs) at the protein and peptide level were set to 1%.
Scores were calculated in MaxQuant as described previ-
ously (47). The reverse and common contaminants hits were
removed from MaxQuant output. The phosphopeptides
output table and the corresponding logarithmic intensities
were used for phosphopeptide analysis. The phosphopep-
tide table was expanded to separate individual phosphosites
(47).

Numerical simulations

A Monte Carlo method was used to simulate the DNA
replication program and the simulation results were com-
pared to the DNA combing data for mock and Plk1 de-
pleted samples by using a genetic optimization algorithm
as described previously (29). In the simulation, the genome
is constituted as a vector of 10° blocks of value 0 for the un-
replicated blocks and 1 for the replicated blocks. Each block
represents 1 kb. Potential origins are distributed randomly
along the genome with an average density of one origin per
2.3kb (50). Origin initiation is regulated by the encounter
between a not activated origin and a limiting factor, which
number N(¢) increases during S phase as N (1) = Ny +
Jt. The probability of successful origin firing after an en-
counter between the limiting factor and a potential origin is
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heterogeneous over the genome: it corresponds to P, for a
fraction 6 of the genome and to P,,, for the remining 1 — 6
fraction. Moreover, we consider that the probability within
a distance d from an active replication fork is F,..;. Once
an origin is activated, the two replication forks elongate in
opposite direction of one block for each step of calculation.
The limiting factor is sequestrated by the forks and is made
available for further origin activation once two converging
forks merge.

RESULTS

PIk1 depletion decreases initiation frequency and reduces the
synchrony of origin firing

Plk1 depletion induces a decrease in the rate of DNA syn-
thesis, while adding back recombinant Plk1 rescues repli-
cation (40). The decrease could either result from a reduc-
tion of the frequency of origin firing or from a decrease
in fork speed or from both. In order to directly monitor
origin firing, we performed DNA combing experiments in
the Xenopus in vitro system. This model system has the ad-
vantage that all nuclei synchronously enter S phase, which
easily allows to analyze origin activation all over S phase.
Plk1 was efficiently depleted from egg extracts by a spe-
cific anti-Xenopus Plkl antibody (Figure 1A). Sperm nu-
clei (2000 nuclei/pl) were incubated in mock or Plkl de-
pleted egg extract in presence of Biotin-dUTP. The reac-
tions were stopped at different times during S phase and the
DNA was purified, combed and labelled to be visualized by
fluorescence microscopy (Figure 1B). In three independent
experiments, 4000 DNA fibers (467 Mb) were measured
and analyzed for replicated fraction, fork density and ini-
tiation frequency, eye-to eye distances, eye lengths (Figure
1C and Supplementary Table S1). In all experiments, repli-
cation fork density and initiation frequency decreased after
Plk1 depletion, with a more pronounced effect during early
and mid S phase (Figure 1C and Supplementary Figure S1).
Considering all early to late S phase time points, mean repli-
cated fractions significantly decreased to 54.8% (Figure 1D)
after Plk1 depletion. Likewise, we also observed a signifi-
cant mean decrease of fork density (51.1%) and of initiation
frequency (52.7%) in the absence of Plk1. Altogether, these
observations demonstrate that the decrease in DNA synthe-
sis after Plk1 depletion is due to a reduction of the number
of activated origins.

After considering global, averaged replication parame-
ters described above, we precisely analyzed local parame-
ters on individual fibers. Eye-to-eye distances were signif-
icantly increased in the absence of Plkl (median increase
1.4- and 1.6-fold) during mid and late S phase (Figure 2A
and Supplementary Figure S2), consistent with the global
decrease in initiation frequency (Figure 1D). Further, we
observed that eye lengths were also significantly larger dur-
ing mid and late S phase after Plk1 depletion (Figure 2B,
1.4-1.5-fold increase of medians and Supplementary Fig-
ure S2). This result could indicate that after Plk1 depletion,
replication fork speed was increased. However, during very
early S phase, mean eye lengths were not larger but actu-
ally smaller after Plk1 depletion (Supplementary Table S1),
arguing against a direct, positive effect on fork speed. Al-
ternatively, this average increase in eye lengths could result

from fewer small eye lengths, which means a decrease in new
initiation events after Plk1 depletion (Figure 1C, D, Supple-
mentary Figure S3A).

In order to exclude that the changes in replication pa-
rameters after Plk1 depletion are not simply a consequence
of a delay in entering S phase or a delay of the replication
program, we grouped together all fibers from the three ex-
periments and sorted within six bins corresponding to the
replicated fraction of each single fiber. We observed a signif-
icant decrease of the mean frequency of initiation and fork
density and, at the same time, a significant increase in the
mean eye-to-eye distances and eyes lengths after Plk1 de-
pletion (Figure 2C, D and Supplementary Figure S3B, C).
Altogether, this shows that Plk1 depletion modifies repli-
cation parameters, independently of the replicated fraction
of individual fibers, and does not just induce a general de-
lay of the replication program. We further noticed that, af-
ter Plk1 depletion, the number of unreplicated DNA fibers
and fibers with zero to four replication eyes were overrepre-
sented, whereas fibers with more than five eyes were under-
represented. Fibers with replication extent of 85-99% were
overrepresented (Supplementary Figure S4A—C). This ob-
servation suggests that Plk1 depletion affects the distribu-
tion of active origins in a heterogeneous manner along the
genome.

Next, we fitted these experimental combing data by our
recently developed minimal model of DNA replication (29).
This model assumed that origin firing is stochastic and
given by the encounter of limiting replication factors with
potential origins and the import/activation rate of limiting
replication factors, J. The probability of origin firing is het-
erogeneous along the genome, meaning replication origins
located in a fraction 6 of the genome have a probability of
firing P, higher than the probability of firing P,,, of those
located in the remaining fraction 1- 6 (Figure 3A). The frac-
tion 6 of the genome corresponds to regions of efficient and
synchronous firing. Finally, the presence of replication forks
promotes other origin firing with a probability P,.,; within
a distance d from the fork.

For both our experimental conditions, mock and Plkl
depleted samples (70 and 85 min time point of Figure 2A
and B), the model well reproduced all replication parame-
ters (Supplementary Figure S5). By comparing pairwise val-
ues of model parameters for the Amock and APlk1 samples,
only the reduction of 6 and J values were statistically signif-
icant (Figure 3B—H). This is consistent with the observed
decrease of initiation frequency, fork density and increase
of eye-to-eye distances by DNA combing. According to the
model, this demonstrates that Plk1 depletion could reduce
the fraction 6 of the genome that presents an efficient activa-
tion of origins, thereby reducing the extent of regions where
replication origins seem to fire synchronously. In addition,
PIk1 depletion would reduce the overall firing probability
via the reduction of the rate of available limiting replication
factors.

Dynamics of the chromatin proteome after Plk1 depletion

Since our results above suggest that Plk1 depletion affects
the availability of replication factors, we analyzed the dy-
namics of the abundance of chromatin-bound proteins after
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Figure 1. Plk1 depletion decreases replication fork density and initiation frequency during unchallenged S phase. (A) Xenopus egg extracts were mock- or
Plk1-depleted and remaining Plk1 was quantified on western blot using anti-Plk1 antibody. * marks a non-specific band. (B) Sperm nuclei (2000 nuclei/ 1)
were incubated in mock- or Plk1-depleted Xenopus egg extracts in the presence of Biotin-dUTP for different times and analyzed by DNA combing. Selection
of three representative DNA fibers of early S phase from mock- (top three) or Plk1-depleted (bottom three) extract; in red, replication eyes labeled by Biotin-
dUTP, in green, whole DNA fibers. (C) Replicated fraction (%), fork density (kb ') and frequency of initiation (kb~! s™!) for three independent experiments
at 2 or 3 time points were calculated and reported in the table. (D) scatter blot of ratios A Plk/Amock of replication parameters for each line shown in C,
with mean (n = 8) and standard deviation, P values, one sample t-test, compared to theoretical mean 1.

Plk1 depletion using an unbiased global and quantitative
label-free proteomic approach, i.e. Chromass (45). In tripli-
cate reactions, sperm nuclei were allowed to initiate replica-
tion in either mock or Plk1 depleted egg extracts, chromatin
was purified after 40 min and subjected to LC/MS/MS. We
could quantify 868 proteins across samples and found 62
proteins significantly modulated by Plkl depletion in the
chromatin fraction compared to the control: 27 increased

and 35 decreased (Figure 4 and Supplementary Table S2).
Amongst the proteins decreasing, we found several repli-
cation proteins associated with the active replication fork
such as Pol 8 and €, GINS3, Rfc2 and Rfc4, consistent with
the decrease in the fork density observed by DNA combing
experiments. No increase but in fact a decrease of factors
like ATM, Mrell and MSHG6 was also found to be consis-
tent with our observation that Plk1 depletion itself does not
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Figure 2. Plk1 depletion increases eye-to-eye distances, independently of replicated fraction of DNA fibers. Sperm nuclei (2000 nuclei/l) were incubated
for different times in mock- (AM, dark grey) or Plkl-depleted (AP, blue) Xenopus egg extracts in the presence of Biotin-dUTP. (A) Eye-to-eye distance
distribution (n = 77-1151) and (B) eye length distribution (n = 196-2507) (kb) (scatter dot plots with median) of one combing experiment representative
of middle and late S phase. All DNA fibers were then grouped together in different bins according to their replicated fraction. Means (n = 51-1189) with
SEM of (C) fork density (kb~') and (D) eye-to-eye distances (kb), calculated for the different bins of replicated fractions of all fibers. * indicates significant
difference (Mann—Whitney U test, two-sided, P < 0.05: P-values: * 0.01-0.05; ** 0.001-0.01; *** 0.0001-0.001; ****<0.0001).

induce DNA damage in the absence of exogenous replica-
tion stress (40). We were intrigued by the increase of three
important replication factors involved in the regulation of
origin firing: MTBP, TopBP1 and Rifl. MTBP together
with Treslin and TopBP1 are necessary for the assembly of
the pre-initiation complex (Pre-IC), but also for the check-
point response.

PIk1 depletion leads to a slower release of Treslin/MTBP/
TopBP1 from chromatin during S phase

First, we confirmed in six immunodetections experiments
that the levels of MTBP, TopBP1 and, to a lesser extent,
Treslin increased significantly on chromatin after Plk1 de-
pletion compared to mock depletion (Figure 5A and B). To
ascertain the specificity of Plkl depletion, we added back
recombinant XPlk1 to the extracts, which rescued chro-
matin Treslin/MTBP/TopBP1 levels comparable to those
of mock. Since it was surprising to observe higher levels
of these firing factors along with a decrease of origin fir-
ing, we followed the dynamics of Treslin/MTBP/TopBP1
on chromatin in a time course experiment along S phase
in the presence or absence of Plkl (Figure 5C and quan-

tification in Supplementary Figure S6). Consistent with
Treslin/MTBP/TopBP1 being necessary for Cdc45 recruit-
ment, we observed that all three proteins preceded Cdc45
loading on chromatin, which indicated the start of S phase
at 30 min. Treslin/MTBP/TopBP1 levels on chromatin
peaked during early S phase, preceding maximal fork den-
sity (compare with parallel experiment, Figure 1 C, replicate
3), then declined afterwards, in agreement with what is ob-
served for their yeast homologues Sld3/SId7 and Dbpl1,
which do not travel with replication forks (51-54). How-
ever, MTBP, TopBP1 and Treslin remained bound to chro-
matin for a longer period in the absence of Plk1. In budding
yeast, the MTBP homologue Sld7 needs to be released from
chromatin for CMG activation to allow elongation (53).
Therefore, Plk1 depletion induced a longer persistence of
the Treslin/MTBP/TopBP1 complex on chromatin, possi-
bly slowing down the recycling frequency of these proteins.

MTBP is phosphorylated in an ATR/Chk1 and DDK depen-
dent manner

In order to investigate whether Plk1 could directly interact
with Treslin/MTBP and TopBP1, we performed immuno-
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Figure 3. Numerical simulations: Plk1 depletion decreases the fraction of the genome with high probability origin firing, 6, and the rate of import of
limiting factors, J. (A) Diagram of numerical model from (29): Potential replication origins located in a fraction 6 of the genome have a probability of
firing P, higher than probability of firing P,,; of potential origins located in the complementary genome fraction 1 - 6. The firing of a potential origin
requires its encounter with limiting factors whose number N (r) = Ny + Jt increases as S phase progresses. The origin firing probability over a distance d
ahead of a replication fork is enhanced of a probability Pj,..;. (B-H) Inferred model parameters by fitting Amock and APIk1 depleted combing data for two
different time points as indicated with replicated fraction: circles indicate the mean value of the parameters over 100 different runs of the genetic algorithm
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precipitations from interphase egg extracts using mock or
PIk1 antibody coupled to protein A coated beads. We ob-
served that Treslin, MTBP and TopBP1 were specifically
enriched on Plkl beads compared to mock beads (Figure
6A), supporting a specific interaction between Plkl and
the Treslin/MTBP/TopBP1 complex. On high resolution
SDS-PAGE gels, MTBP appeared as a doublet on western

blots; moreover, after Plk1 depletion the upper band was in-
creased in comparison to the lower band (Figure 6B). This
suggested that MTBP could be post-translationally modi-
fied, possibly by phosphorylation. Digestion with Lambda-
phosphatase demonstrated that the upper MTBP band
was indeed a phosphorylated form (Figure 6C), which in-
creased following S phase progression (Figure 6D). It was
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Figure 4. Dynamics of chromatin bound proteins after Plkl depletion
by LC/MS/MS. Sperm nuclei (4000 nuclei/pl) were allowed to replicate
in Xenopus egg extracts, chromatin was isolated and analyzed according
the Chromass protocol (Materials and Methods). Heat map of significant
(P < 0.05) increased or decreased proteins in Plkl depleted samples ver-
sus control samples (A, B, C are triplicates). Protein MSI intensities are
normalized across samples using z score: red indicates intensity above av-
erage, bright green below. For each protein, GO-term functions retrieved
from Uniprot database manually curated. Plk1.L and PIk1.S signifies pro-
teins encoded by the two different subgenomes L and S of X. laevis.

previously shown that Treslin is phosphorylated by Chkl
(23) in Xenopus. We therefore asked whether the phosphory-
lation of MTBP could also be dependent on the replication
checkpoint kinases ATR/ATM and Chk1. Upon inhibition
of ATR/ATM by caffeine together with the Chk1 inhibitor
AZD 7762, we found that almost all MTBP remained un-
phosphorylated (Figure 6 D). Inhibiting ATR/ATM alone
had a smaller effect on MTBP dephosphorylation whereas
Chkl1 inhibition alone had no visible effect on MTBP phos-
phorylation (Supplementary Figure S7). This observation
could be explained by a cooperative effect of the check-
point kinases as concluded in a recent study, published
while our work was in revision (55). In yeast, the Tres-
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Figure 5. Plkl depletion stabilizes the binding of Treslin, MTBP and
TopBP1 on chromatin. Sperm nuclei (2000 nuclei/pl) were added to mock-
and Plkl-depleted egg extracts. Isolated chromatin was subjected to gel
electrophoresis and western blot analysis using the indicated antibodies.
(A) Representative western blot at 70 min for mock-depleted extracts, Plk1-
depleted extracts and Plk1-depleted extracts replenished with recombinant
Plk1 (300 nM). (B) Mean fold increase with SEM of MTBP, TopBP1, and
Treslin optical density of bands in western blots (OD) normalized to Orc2
in six independent experiments at mid S phase (60-70 min) for depletions
(n = 8), three experiments for add back with recombinant Plk1 (n = 3). *
indicates significant differences, ns not significant, two-sided, unpaired ¢-
test. (C) Asin (A) but chromatin fractions were isolated at indicated times,
in parallel with combing experiment from Figure 2.

lin homologue Sld3 shifts in a DDK dependent manner
in G1 phase (56). We therefore tested whether DDK in-
hibition by the Cdc7 inhibitor PHA767491 (17,57) would
also cause shifts of both MTBP and Treslin (Figure 6E and
Supplementary Figure S8). Both proteins indeed shifted
down upon Cdc7 inhibition in chromatin fractions. Alto-
gether, these data strongly suggest that the phosphoryla-
tion of Treslin and MTBP is regulated by the ATR/Chkl
dependent checkpoint and by DDK. To conclude, Plk1 in-
teracts with Treslin/MTBP and TopBP1 and, after Plkl
depletion, the Treslin/MTBP/TopBP1 complex showed an
increased and prolonged association to chromatin. Con-
sequently, a slower recycling of these rate-limiting initia-
tion factors could explain a decrease in origin firing, possi-
bly via a direct interaction between Plk1 and the phospho-
Treslin/MTBP/TopBP1 proteins.

Chromatin PIk1 interactome during S phase

In mitosis, Plk1 has been shown to interact through its polo-
box domain with several hundreds of proteins from differ-
ent cellular compartments (58), but only few S phase in-
teracting proteins have been identified so far. Our previous
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Figure 6. Plkl co-immunoprecipitates with MTBP, Treslin and TopBP1. (A) Egg extracts were incubated with control (IP Ctrl) or Plk1 (IP Plk1) antibody
coupled Sepharose beads. Immunoprecipitates and input extract were subjected to gel electrophoresis and western blot analysis using the indicated anti-
bodies. (B) Chromatin fractions, 60 min after the addition of 2000 nuclei/wl in mock- or Plk1-depleted extracts, analyzed by western blot with indicated
antibodies. (C) Chromatin fractions, isolated 60 min after the addition of 2000 nuclei/p.l in egg extracts were treated or not with A phosphatase and sub-
jected to western blotting with indicated antibodies. (D) Sperm nuclei were incubated in egg extracts in the absence or presence of the ATR /ATM inhibitor
caffeine (5 mM) and the Chkl1 inhibitor AZD7762 (0.5 wM), reactions were stopped at indicated times, chromatin was purified and subjected to western
blotting with indicated antibodies. (E) Sperm nuclei were incubated in egg extracts in the absence or presence of the Cdc7 inhibitor PHA767491 (50 M),
reactions were stopped at 60 min, chromatin was purified and subjected to western blotting with indicated antibodies.

results show that Plk1 is recruited to chromatin at the time
when the pre-RC assembly takes place (40), before DNA
replication starts. In order to specifically identify Plk1 inter-
actions with chromatin and nuclear proteins, we developed
a Plk1-chromatin immunoprecipitation approach followed
by a proteomic shotgun analysis (ChIP-MS) (Figure 7A).
Nuclei were purified after pre-RC assembly before the start
of DNA replication (15 min), then during DNA replication
(60 min). Purified nuclei were crosslinked, solubilized and
the DNA was fractionated by sonication. This was followed
by immunoprecipitation using anti-Plk1 and control anti-
bodies and LC/MS/MS analysis. More than 112 proteins
were found enriched at least 3 fold in the Plk1 immunopre-
cipitate compared to the control (Supplementary Table S2).
Among those proteins, several are known Plk1-interacting
proteins such as topoisomerase 2, Orc2, MCM?2, Aurora
A or Kif2 (Figure 7B). In addition, we identified several
new putative Plk1 interacting partners implicated in replica-
tion initiation or elongation such as Wdhd1/And-1, Rfc2-5,
Rpa3 and interestingly MTBP, Rif1 and PP1. Chromatin re-
modeling factors were another novel class of proteins that
we identified in the chromatin Plk1 network, especially the

NuRD complex (Chd4, Mta2, HDAC, Rbbp7) and a FACT
subunit SSRP1, all involved in the regulation of DNA repli-
cation in Xenopus (59,60). Rifl, for which we have already
observed a significant increase on chromatin after Plk1 de-
pletion, was the most interesting candidate since it is a ma-
jor regulator of replication timing at the level of large repli-
cation domains (13,14). We therefore investigated in more
detail the interaction between Rif1 and Plk1 during S phase
in the Xenopus system.

PIk1 interacts with Rifl and phosphorylates Rifl on several
sites in vitro

Immuno-detection analysis of chromatin fractions showed
that Rifl amounts were significantly increased (mean 1.7)
after Plk1 depletion compared to mock (Figure 8A), con-
firming the Chromass result (Figure 4). This increase was
abolished by the addition of recombinant Plk1. In order to
confirm a direct interaction between Plk1 and Rifl, we per-
formed co-immunoprecipitation experiments in cytoplas-
mic egg extracts with either Plk1 or Rifl antibody coupled
beads (Figure 8B). We found that Rif1 co-precipitated with
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Figure 7. ChIP mass spectroscopy reveals potential Plk1 interactions with DNA replication proteins. (A) Experimental diagram of the ChIP MS approach
from the Xenopus in vitro system after 15 min (pre-RC assembly) and 60 min (ongoing replication) incubation of sperm nuclei (4000 nuclei/.l) in egg
extracts. (B) Identified nuclear proteins enriched more than 3-fold (spectral counts) in Plk1- versus mock-ChIP were classified into various functional
groups according to GO-term location and functions retrieved from Uniprot database manually curated.

Plk1 and conversely that Plkl co-precipitated with Rifl.
This reciprocal co-immunoprecipitation between Plk1l and
Rif1 in cytoplasmic extracts was further confirmed in nucle-
oplasmic extract (Supplementary Figure S9). We were un-
able to obtain the full length 275 kDa Rifl recombinant
protein. To circumvent this potential limitation, we used
the C-terminal domain of Rif1 (Rif1-CTD), known to bind
PP1 via conserved SILK and RVSF consensus sites in meta-
zoans. Because RifI-CTD contains several Plk1 phospho-
rylation motifs and the gamma catalytic subunit of PP1 was
found enriched in the proteomic Plk1-ChIP approach (Fig-
ure 7B), we tested if Plk1 could phosphorylate RifI-CTD
in vitro. Recombinant Rif1-CTD was incubated with re-
combinant active Xenopus Plk1 in the presence or absence
of the Plk1 inhibitor, BI2536, and [y3*P]-ATP (Figure 8C
and Supplementary Figure S10). We observed the phospho-
rylation of Rif1-CTD, which decreased in the presence of

the Plk1 inhibitor. In order to demonstrate that endoge-
nous Plk1 also phosphorylates RifI-CTD in S phase egg ex-
tracts, we incubated Rif1-CTD in mock and Plk1 depleted
egg extract in the presence of [y**P]-ATP. RifI-CTD was
then purified using Ni-Sepharose beads and analyzed by
SDS-PAGE (Figure 8D). As expected, we found that Rifl-
CTD was phosphorylated in mock depleted egg extract,
whereas its phosphorylation decreased in Plk1 depleted ex-
tracts. Rifl-CTD phosphorylated in vitro by recombinant
PIk1 was analyzed by LC/MS/MS and ten highly confi-
dent phosphorylation sites were detected (Figure 8E and
Supplementary Table S2). Amongst them, six residues are
conserved between X. laevis and human Rifl and four have
been reported to be phosphorylated in vivo in human cells
by mass spectrometry experiments on the curated Phospho-
SitePlus website (http//www.phosphosite.org). The most
abundant phosphorylated site in our analysis was Serine
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Figure 8. Pkl interacts with Rifl and phosphorylates the C-terminal region of Rifl. (A) Left: Chromatin was purified after 70 min incubation of sperm
nuclei (2000 nuclei/pl) in extracts depleted of mock, Plk1 or Plkl replenished with recombinant Plk1 (300 nM) (AP + Plkl) and analyzed by western
blotting, right: mean (n = 17 and 8) fold change with SEM of Orc2 normalized Rif1 signal compared to mock depletions from four different experiments,
Wilcoxon signed rank test, * indicates significant and " non-significant differences. (B) Cytoplasmic extract, LSS (Input) was incubated with control or
Plk1 antibody coupled to Sepharose beads (respectively IP Ctrl and IP Plk1) or with control or Rifl antibody coupled to Sepharose beads (respectively IP
Ctrl and IP Rif1). The input and immunoprecipitates were subjected to gel electrophoresis and western blot analysis using the indicated antibodies. (C) In
vitro phosphorylation of recombinant RifI-CTD (6 wM) or control substrate casein (6 M) by recombinant Plk1 (60 nM) in the presence of [y32P]-ATP
with or without the Plk1 inhibitor BI2536 (100 nM); left, representative autoradiography of SDS-PAGE; right, mean with SD of relative phosphorylation
of three independent experiments, t-test, P value 0.005. (D) Phosphorylation of Rifl-CTD in S phase egg extracts: Rif1-CTD was added to mock- or
Plk1- depleted extract in the presence of [y 32P]-ATP, purified using Ni-Sepharose beads and analyzed on SDS-PAGE. Top, autoradiography; middle,
Coomassie stain; bottom, mean (7 = 2) with SEM of relative phosphorylation of Rif1-CTD normalized to total RifI-CTD pulled down (Coomassie). (E)
Identified phosphopeptides and modified amino acids in RifI-CTD phosphorylated in vitro by recombinant Plk1, as in (D), but in the presence of cold
ATP, by LC/MS/MS analysis. (F) Diagrammatic representation of Xenopus Rifl with RifI-CTD composed of three C-terminal regions (CR) comprising
PP1 binding motifs SILK and RVSF located in CRI, adapted from (74).
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2058, located in the PP1 binding motif RVSF (Figure 8F).
This S2058 followed by a Phenylalanine forms a motif pre-
viously identified as a Plk phosphorylation site (p[S/T]F)
(61). We conclude that Rifl interacts with Plk1 and is phos-
phorylated on several sites by Plk1 within its C-terminal do-
main, particularly on a PP1 binding site, in vitro as well as in
S phase Xenopus egg extracts in a Plk1 dependent manner.

Acceleration of DNA replication after RifI-CTD addition
depends on PP1 interaction with Rif1-S2058 in the RVSF mo-
tif

Next, we wondered whether the presence of Rifl-CTD
would affect replication. For that purpose, we incubated
sperm nuclei in egg extracts without or with Rifl-CTD
(640 nM) in the presence of [a*?P]-dCTP. DNA was purified
at indicated times and analyzed by gel electrophoresis fol-
lowed by the quantification of 3*P incorporation into DNA
(Figure 9A). We found that the addition of RifI-CTD sig-
nificantly increased DNA replication (Figure 9A and E).
In parallel, chromatin fractions were analyzed by western
blotting. Chromatin-bound PP1 was drastically lower in the
presence of RifI-CTD than in the control while the phos-
phorylation of MCM4 was strongly increased (Figure 9B).
These results show that a six-fold excess of RifI-CTD ver-
sus the endogenous Rifl (62) in extracts interferes with PP1
binding to chromatin, maybe by titrating PP1 away, leading
to a more active MCM complex, thereby increasing origin
activation and accelerating DNA replication.

In order to investigate if RifI-CTD effectively binds PP1
in extracts and to test whether S2058 modifications within
in the PP1 binding motif RVSF would affect this binding,
we produced a non-phosphorylatable S2058A as well as
a phosphomimetic S2058D mutant of Rifl-CTD. We re-
trieved PP1 bound to wild type RifI-CTD from extract
(Figure 9C), showing that the C-terminal domain of Rifl
contributes to PP1 binding (17,63). Both mutants showed
decreased PP1 binding but to a quite different degree;
whereas the phosphomimetic S2058D mutant strongly re-
duced PP1 binding (9%), the S2058 A mutant was still able
to bind substantial amounts of PP1 (54%) compared to the
wild type Rif1-CTD (Figure 9 C and D).

We reasoned that if a functional PP1-RifI-CTD inter-
action is responsible for the acceleration of DNA replica-
tion, then the S2058D mutant should fail to enhance DNA
replication. As expected, we found that adding the phos-
phomimetic mutant S2058D did not increase DNA repli-
cation, on the other hand, the non-phosphorylatable mu-
tant S2058A was still able to increase DNA replication to
an extent similar as wild type Rifl-CTD (Figure 9E), in
agreement with the observed differences in PP1 binding
of these mutants (Figure 9D). Likewise, chromatin bound
PP1 was higher in replication reactions after addition of the
phosphomimetic S2058D mutant compared to the WT and
the non-phosphorylatable S2058 A mutant (Supplementary
Figure S11). These different results demonstrate that the
phosphorylation of S2058 inhibits the Rifl-CTD-PP1 in-
teraction and can modulate DNA replication. If Plk1 di-
rectly regulates the Rif1-PP1 interaction by phosphoryla-
tion during DNA replication, then we would expect to see
more PP1 to endogenous Rifl on chromatin after Plk1 de-

pletion. Indeed, we observed in Plkl depleted replication
reactions that the amount of chromatin bound PP1 signif-
icantly increased (1.6-fold) and that MCM4 phosphoryla-
tion decreased compared to the control (Figure 9F and G).
Therefore, we conclude that the phosphorylation by Plk1 at
S2058 in the RVSF motif of RifI-CTD prevents its inter-
action with PP1, suggesting thereby a mechanism by which
PIk1 could counteract the inhibitory action of Rif1-PP1 in
the activation of replication origins (Figure 9H).

DISCUSSION

In this study, we have explored how Polo-like kinase 1 regu-
lates the spatio-temporal replication program. Our findings
indicate that Plk1 positively controls replication origin fir-
ing at the level of early, efficiently replicating genomic re-
gions. First, DNA combing experiments showed that Plk1
depletion generates a reduction of the replication initiation
frequency and an increase of eye-to-eye distances. Second,
two different proteomic approaches together with Plkl1 co-
immunoprecipitation experiments identified the origin fir-
ing proteins Treslin/MTBP/TopBP1 as well as the replica-
tion timing regulator Rifl as novel PIkl interacting part-
ners. Third, Plkl phosphorylates Rifl at its PP1 binding
site and the binding of Rifl-PP1 on chromatin increased
in a Plkl dependent manner, suggesting a so far unde-
scribed mechanism for regulation of origin firing by Plk1.
Finally, our numerical simulations of replication parame-
ters extracted from the DNA combing experiments, sug-
gest that Plk1 promotes the synchrony of initiations within
highly efficient domains and increases the overall initiation
efficiency via modulating the availability of limiting replica-
tion factors.

PIk1 promotes replication origin activation in Xenopus

Our DNA combing study revealed that after Plk1 depletion
replication fork density and initiation frequency decrease,
whereas locally, distances between neighboring replication
eyes increase. This strongly argues that Plk1 promotes ori-
gin activation. In addition, our data imply that the syn-
chrony of firing of groups of early efficient origins firing
is perturbed after Plkl depletion, or in other words that
Plk1 could interfere with the organization of the genome
that is normally divided into early regions with efficient ori-
gins and later regions composed of less efficient origins. We
also observed that eye lengths increased during mid and late
S phase after Plk1 depletion. This could be explained ei-
ther by the decrease of new initiations (small eyes) or by a
higher fork speed to ensure complete replication in presence
of a reduced number of activated origins (64). Alternatively,
more origins could be initiated close to forks (65,66), rapidly
merging and no longer appearing as single initiation events.
Replication in the Xenopus in vitro system mimics very rapid
embryonic S phase in early embryonic cell cycles before the
onset of transcription at the mid-blastula transition (MBT).
We recently found that the level of active, phosphorylated
PIk1 is high before the MBT, but suddenly declines after
the MBT when the DNA replication program slows down
due to a decrease in fork density (40,67). The decrease of
active Plk1 levels around the MBT could contribute to the
decrease of origin activation at that stage of development.
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Figure 9. Rifl-CTD accelerates DNA replication dependent on PP1 interaction with Rif1-S2058. (A) Rif1-CTD or buffer was added to sperm nuclei
(2000 nuclei/pwl) replicating in egg extracts in the presence of [ 32P]-dCTP, DNA was purified at indicated times and replication was analyzed on alkaline
gel electrophoresis, the mean incorporation with SEM from two independent experiments was plotted. (B) Rifl-CTD or buffer was added to sperm
nuclei replicating in egg extracts, chromatin was purified at indicated times, specified proteins were analyzed by western blotting. (C) Buffer (-), wild type
(WT), 1 M Rifl-CTD mutants respectively (S2058D) and (S2058A) were added to egg extracts, recovered by pull-down after 1h incubation using Ni-
magnetic beads, then analyzed by western blotting using anti-PP1 (PP1vy) or anti-Rif1 (RifI-CTD) antibodies. (D) PP1 bound to RifI-CTD was quantified,
normalized to Rifl, and expressed as mean fraction with SEM of PP1 bound to WT Rif1-CTD in three independent experiments, unpaired or one sample
t-test. (E) Asin (A) WT, S2058D and S2058A Rif1-CTD were incubated in replicating reactions and [« 32P]-dCTP incorporation was quantified after DNA
gel electrophoresis then plotted as mean fold increase compared to control (buffer) with SEM, in 3 (for WT, S2058D) or 5 (for WT, S2058A) independent
experiments with different time points within (n = 9, n = 15 respectively), Mann-Whitney test. (F) Rif1-CTD or buffer was added to sperm nuclei (2000
nuclei/pl) replicating in mock- (Amock), or Plk1- (APlk1) depleted extracts, chromatin was purified after 60 min and indicated proteins were analyzed by
western blotting. (G) Fold increase of chromatin bound PP1 normalized to Orc2 OD on western blots in Plk1- versus mock- depleted extracts from five
different replication reactions with different time points, scatter dot blot with mean (n = 13), Wilcoxon signed ranked test, P-value above blot. (H) Model
of Plk1 regulating origin activation via phosphorylation of Rif1 which interrupts the Rif1-PP1 interaction.
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Using Plk1-ChIP mass spectroscopy during S phase, we
identified most of the members of the Orc and MCM com-
plex, mentioned in earlier studies (31,37,39,68). In addi-
tion, we identified replication elongation proteins such as
Rfc2-5, whose direct or indirect interaction with Plk1 could
explain the possible effect on fork speed. The decrease in
the initiation frequency after Plk1 depletion could be at-
tributed to a more active replication checkpoint in the ab-
sence of Plk1 (40). However, the involvement of other par-
allel pathways could not be excluded. In fact, we identified
in this study Rifl and MTBP/Treslin/TopBP1 as new Plk1
interacting proteins, which are important regulators of both
DNA replication and intra-S phase checkpoint.

PIlk1-Rif1 interaction

Rifl is a multi-functional protein known to regulate repli-
cation timing (13,14) and to individually inhibit the firing
of late origins by targeting PP1 phosphatase to those ori-
gins, counteracting Cdc7/Dbf4 dependent MCM4 phos-
phorylation (15-17). A negative regulation of Rifl by Plk1
could therefore account for the decrease in initiation fre-
quency, the increase of eye-to-eye distances and the changes
in synchrony of origin firing after Plkl depletion. Three
observations strongly support that Plkl could regulate
DNA replication, at least in part, via a direct interac-
tion and a phosphorylation of Rifl: (i) Rifl and Plk1 co-
immunoprecipitated both in cytosolic egg extracts and in
nuclear extracts. (ii) In vitro the C-terminal domain of Rifl
was phosphorylated by recombinant Plkl and was also
phosphorylated in a Plkl-dependent manner in extracts.
(ii1) Most of the in vitro phosphorylation in the Rifl C-
terminal domain by Plkl occurred at S2058, in a highly
conserved PPI binding site RVSF which, when mutated,
strongly decreased PP1 binding. In human cells, the ho-
mologous residue (S2205) was reported to be phosphory-
lated by Chkl in a substrate screen (69), but also in re-
sponse to ATR /Chk]1 inhibition in a Cdk1 dependent man-
ner (70), which makes the RVSF motif a key target site
for Rifl/PP1 regulation. Mutation of Serine 2058 into the
phosphomimetic Aspartate almost abolished PP1 binding
to Rifl, consistent with findings in human cells (70), sug-
gesting that the phosphorylation interrupts the Rif1-PP1 in-
teraction. The non-phosphorylatable mutation still allows
to bind substantial amounts PP1, although the interaction
was decreased compared to the wild type. Similarly, in in
vitro assays PP1 binds to a non-phosphorylated Rifl pep-
tide (71) and the S2205A mutation of a small human Rif1
peptide inhibited only slightly PP1 binding (63). In addi-
tion, the overexpression of RifI-CTD in extracts led to an
increase in DNA replication with a strong decrease of the
binding of PP1 to chromatin and a MCM4 hyperphospho-
rylation. Those effects are similar to the effect of Rifl im-
munodepletion in Xenopus (17) or to those of Rifl knock-
down in human cells (18). The addition of RifI-CTD could
titrate free PP1 and/or compete with endogenous Rifl on
chromatin. In strong support for this, we found that the
addition of the phosphomimetic S2058D mutant of Rifl—
CTD failed to increase DNA replication whereas the non-
phosphorylatable S2058 A mutant still supports an accelera-
tion of DNA replication. This observation suggests that the

phosphomimetic mutant cannot bind enough PP1, there-
fore cannot not titrate away PP1 and fails to enhance DNA
replication. The non-phosphorylatable mutant would still
be able to titrate enough PP1, because its interaction with
PP1 remains efficient. After Plk1 depletion, PP1 is signifi-
cantly increased on chromatin together with an hypophos-
phorylation of MCM4, concomitantly, we observed a small
but significant increase of chromatin bound Rifl. We can
hypothesize that lowering Rifl Serine 2058 phosphoryla-
tion by depleting Plk1 would increase Rif1 /PP1 interaction
and stabilize this complex on chromatin thereby increasing
MCM4 dephosphorylation.

Rifl is also known to play a role as chromatin organizer
(13,20), a role which was described as partially independent
of'its interaction with PP1 (72). Both the N- and C-terminal
domain of Rifl have been shown to mediate DNA binding
(73,74). It cannot be excluded that the interaction between
Rif1 and PIk1 interferes more indirectly with the replication
timing by modifying the role of Rifl as a chromatin orga-
nizer. On one hand, the direct phosphorylation of the Rifl
C-terminus by Plk1 could promote its removal from chro-
matin, necessary for the activation of late origins. On the
other hand, Plk1 could also inhibit the checkpoint result-
ing in a decreased Cdk activity, regulating Rifl. Indeed, in
Drosophila it has been shown that an increased Cdkl ac-
tivity induces Rifl removal from chromatin during late S
phase (75). However, in Xenopus Rifl is not necessary for a
response to replication stress (41) and seems to regulate S
phase progression in parallel with ATR/Chkl in a human
cell line (17), independently of its role in the checkpoint.
Therefore, the most likely analysis of our results is a direct
regulation of Rif1 by Plk1 by negatively interfering with the
Rif1-PPI interaction.

Plk1-Treslin/MTBP/TopBP1 interaction

Our results show that Plkl interacts with pre-IC proteins
that may favor origin firing. PIk1 interacts with MTBP on
chromatin and co-immunoprecipitates with MTBP/Treslin
and TopBP1 in cytosolic egg extract. We found that MTBP
is most likely not phosphorylated by Plk1 itself, since it
remains phosphorylated after Plk1 depletion, but MTBP
is phosphorylated both in a DDK and replication check-
point dependent manner, as it has been evidenced for Tres-
lin (23) and TopBP1 (69). The phosphorylation by a prim-
ing kinase may create a docking site for Plk1, via its polo-
box domain, to bind to Treslin/MTBP/TopBP1 for fur-
ther regulation, a mechanism already described for ATR
which phosphorylates the Chkl mediator, Claspin, allow-
ing to bind Plk1 (35). Reciprocal co-immunoprecipitation
has shown that Plk1 and TopBP1 interact in cytosolic ex-
tracts from asynchronous human culture cells and that this
interaction increases in mitosis (36). A potential limitation
of our study is that we do not establish which of the three
pre-IC proteins could directly interact with Plk1 in S phase
Xenopus extracts to help deciphering the biochemical nature
and functionality of this complex. After Plk1 depletion, we
observed an increase of Treslin/MTBP/TopBP1 on chro-
matin, especially at late stages of S phase, which could be
the consequence of a slower S phase progression. Following
this rational, an increase of Treslin/MTBP/TopBP1 should

120Z Jaquardeg z0 uo 1senb Aq 201Z9£9/95/qexB/ieu/c601 "0 /10p/a|onie-a0ueApe/eu/wod dno-olwapeoe//:sdiy Woll papeojumo(]



produce an increase of fork density in late S Phase of
the Plk1 depleted sample compared to mock; we however
measured the opposite, a decrease in fork density (Fig-
ure 1D and 2D). This suggests, but does not exclude that
the increase of Treslin/MTBP/TopBP1 on chromatin is
not an effect of a slower replication progression. In yeast,
S1d3/S1d7/Dbpl1 are rate limiting and dissociate from ori-
gins during CMG formation (9,76). The MTBP orthologue
S1d7 is necessary to stabilize Sld3 (Treslin orthologue) and
reduces its affinity for Cdc45 (53). In the absence of SId7,
the dissociation of GINS from the origin and S phase pro-
gression are delayed. Treslin and TopBP1 are also limit-
ing factors during early Xenopus development (10). Our
hypothesis is that the interaction between Plkl and the
Treslin/MTBP/TopBP1 proteins is necessary for the timely
release of these limiting factors from the activated origins
in order to recycle them to other yet un-activated pre-RCs,
but further experiments are required to evidence this and to
better characterize the mechanism involved.

A numerical model to explain how Plk1 regulates the spatio-
temporal replication program

In order to enrich our different experimental observations,
we made use of a newly developed numerical model (29). In
this model, the probabilities of origin firing in the fraction 6
of the genome ( P;,,) and close to replication forks ( B,..;) are
independent of Chkl action. Conversely, the background
probability of origin firing in the remaining 1 — 6 fraction
of the genome is strongly regulated by Chkl action. The
fraction 6 of the genome, with high probability of origin
firing, increases as DNA replication progresses.

After fitting this model to the DNA combing data ob-
tained in the absence of Plkl, two parameters significantly
decreased: (i) the fraction 6 of the genome with high prob-
ability of origin firing, in other words, it reduces the total
extent of early replicating regions and hence, changes the
partitioning between regions of high and low firing proba-
bility. (ii) J, the import/activation rate of available limiting
factors. The decrease of J suggests a direct implication of
PIk1 in the availability of limiting replication factors such
as MTBP, Treslin or TopBP1, which we also identified as
PIk1 interacting partners.

Since MTBP has been shown to be enriched in regions
which replicate preferentially early (77), the interaction be-
tween MTBP and Plkl could favor the origin firing in
early regions. In addition, Rifl has been shown to control
the replication timing domain structure through regulating
higher order chromatin structure. It is therefore tempting
to propose that the crosstalk between Rifl and Plk1 could
take part in the regulation of this replication parameter 6.
Furthermore, the fact that local origin firing probabilities
are independent of the presence or absence of Plkl and
Chk1 (29) rules out the possible regulation of Chk1 through
an inhibitory action of PIk1 close to replication fork, as it
has been proposed in case of replication stress (31,32,78).
Therefore, Plk1 does not repress the Chk1 inhibition of ori-
gin firing, especially close to active replication forks, but
seems to limit the inhibitory action of Chkl on origin fir-
ing in a more global manner as indicated by the 6 and J pa-
rameters. This minimal model with only seven parameters
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well reproduced our experimental data. However, we can-
not exclude that more complex numerical models including
additional or alternative assumptions may also fit our data.

The deregulation of S phase and its spatio-temporal
DNA replication program often results in genomic insta-
bility and cancer development. Plk1 is frequently overex-
pressed during the growth of aggressive cancers (79), but its
role has been mainly restrained to the deregulation of mito-
sis. We previously found that Plk1 overexpression acceler-
ated DNA replication (40). Here, we provide novel molec-
ular insights into how Plk1 controls the spatio-temporal
DNA replication program in vertebrates during unper-
turbed S phase via the negative regulation of the Rif1-PP1
interaction. Further investigations remain necessary to bet-
ter understand how Plk1 links three-dimensional chromatin
architecture to replication origin firing.
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