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Novel role of DONSON in CMG helicase assembly
during vertebrate DNA replication initiation
Yoshitami Hashimoto* , Kota Sadano, Nene Miyata, Haruka Ito & Hirofumi Tanaka

Abstract

CMG (Cdc45-MCM-GINS) helicase assembly at the replication ori-
gin is the culmination of eukaryotic DNA replication initiation. This
process can be reconstructed in vitro using defined factors in Sac-
charomyces cerevisiae; however, in vertebrates, origin-dependent
CMG formation has not yet been achieved partly due to the lack of
a complete set of known initiator proteins. Since a microcephaly
gene product, DONSON, was reported to remodel the CMG helicase
under replication stress, we analyzed its role in DNA replication
using a Xenopus cell-free system. We found that DONSON was
essential for the replisome assembly. In vertebrates, DONSON
physically interacted with GINS and Pole via its conserved N-
terminal PGY and NPF motifs, and the DONSON-GINS interaction
contributed to the replisome assembly. DONSON’s chromatin asso-
ciation during replication initiation required the pre-replicative
complex, TopBP1, and kinase activities of S-CDK and DDK. Both S-
CDK and DDK required DONSON to trigger replication initiation.
Moreover, human DONSON could substitute for the Xenopus pro-
tein in a cell-free system. These findings indicate that vertebrate
DONSON is a novel initiator protein essential for CMG helicase
assembly.

Keywords CMG helicase; DNA replication; DONSON; replisome assembly;

Xenopus cell-free replication system

Subject Categories DNA Replication, Recombination & Repair

DOI 10.15252/embj.2023114131 | Received 27 March 2023 | Revised 27 May

2023 | Accepted 29 June 2023 | Published online 17 July 2023

The EMBO Journal (2023) 42: e114131

Introduction

Drosophila humpty dumpty, or DONSON in vertebrates, is an essen-

tial gene required for cellular proliferation, which is named after its

mutant phenotype that produces thin eggshells (Bandura

et al, 2005). The structural components of eggshells are encoded by

clusters of chorion genes, whose copy number is amplified through

endo-replication in the ovarian follicle cells during early develop-

ment to support eggshell biosynthesis (Calvi et al, 1998). Mutations

in the humpty dumpty gene cause a defect in the amplification of

the chorion genes, resulting in the reduced availability of eggshell

proteins (Bandura et al, 2005; Lesly et al, 2017). The human

DONSON gene is a humpty dumpty homolog that was identified

using advanced next-generation sequencing. Its mutation causes

microcephalic primordial dwarfism in patients with Meier–Gorlin

syndrome, microcephaly–micromelia syndrome, as well as micro-

cephaly and short stature with limb abnormalities (Evrony

et al, 2017; Reynolds et al, 2017; Schulz et al, 2018; Knapp

et al, 2020). Interestingly, most of the underlying genes of Meier–

Gorlin syndrome are categorized as initiation factors for DNA repli-

cation, such as ORC1, ORC4, ORC6, CDT1, CDC6, GMININ, CDC45,

and MCM5 (de Munnik et al, 2015; Knapp et al, 2020). Therefore, it

is possible that DONSON is involved in DNA replication initiation;

however, there is currently no direct evidence substantiating this.

The basic mechanism of DNA replication initiation is highly con-

served among eukaryotes (Parker et al, 2017; Moiseeva & Bakke-

nist, 2018; Lin & Prasanth, 2021; Costa & Diffley, 2022; Gillespie &

Blow, 2022). The origin recognition complex (ORC) and mini chro-

mosome maintenance (MCM) complex are each composed of six

subunits, ORC1–6 and MCM2–7, respectively. The gene products

ORC1/4/6 and MCM5 are the components of the ORC and MCM

hetero-hexamers, respectively. The ORC can recognize and demar-

cate potential replication initiation sites (origins) on chromosomal

DNA (Fragkos et al, 2015). During the G1 phase of the cell cycle,

the origin-bound ORC, together with Cdc6 and Cdt1, promotes the

sequential recruitment of two MCM single hexamers to create a sta-

ble MCM double hexamer at the origin, called the pre-replicative

complex (pre-RC). The MCM has potential helicase activity, but it is

inactive as a single or double hexamer. At the onset of the S-phase

of the cell cycle, one MCM double hexamer is converted into two

active replicative helicases, called CMG (Cdc45-MCM-GINS) heli-

cases (Li & O’Donnell, 2018). GINS is a hetero-tetramer consisting of

Sld5, Psf1, Psf2, and Psf3 (Kubota et al, 2003; Takayama

et al, 2003). CMG helicase formation is coupled with initial origin

melting, from where the two CMG helicases travel apart in a 30–50

direction on each leading strand, thereby producing two replication

forks that proceed in opposite directions (Burgers & Kunkel, 2017;

Attali et al, 2021). At the replication forks, replicative DNA polymer-

ases a/d/e and other factors, such as Claspin and Tipin-Tim1, are

further assembled around the CMG to establish the replisome com-

plex (Bellelli & Boulton, 2021).

In Saccharomyces cerevisiae, the conversion process from pre-RC

to CMG requires several chaperone-like initiator proteins, such as
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Sld2, Sld3, Sld7, and Dpb11, that are regulated by the S-phase

cyclin-dependent kinase CDK (S-CDK) and Dbf4/Drf1-dependent

Cdc7 kinase (DDK) (Tanaka & Araki, 2013; Zegerman, 2015). Sld2

and Sld3 are the only two S-CDK targets that are essential for repli-

cation initiation (Tanaka et al, 2007; Zegerman & Diffley, 2007). In

the absence of S-CDK, Sld3 forms a sub-complex with Sld7 and

Cdc45 (Heller et al, 2011; Tanaka et al, 2011; Yeeles et al, 2015). On

the other hand, DDK binds the double hexamer MCM in the pre-RC

and phosphorylating the MCM2/4/6 subunits (Cho et al, 2006;

Masai et al, 2006; Sheu & Stillman, 2006, 2010; Tsuji et al, 2006;

Randell et al, 2010; Ramer et al, 2013), which attracts the Sld3-Sld7-

Cdc45 complex via interaction between the MCM and Sld3 (Deegan

et al, 2016; Fang et al, 2016). Upon S-CDK activation, the phosphor-

ylated Sld2 forms a sub-complex with Dpb11, GINS, and Pole (the

pre-loading complex, pre-LC), while the phosphorylated Sld3

recruits pre-LC via the interaction with Dpb11 to form the pre-

initiation complex (pre-IC; Muramatsu et al, 2010; Heller et al, 2011;

Tanaka et al, 2013). The pre-IC is then converted into the inactive

CMG complex, whose activation presumably requires MCM10 (van

Deursen et al, 2012; Douglas & Diffley, 2016). These chaperone-like

initiator proteins appear to have divergent primary structures

among eukaryotes. Vertebrate Treslin, MTBP, and TopBP1 are the

functional counterparts of yeast Sld3, Sld7, and Dpb11, respectively

(Van Hatten et al, 2002; Kumagai et al, 2010; Sansam et al, 2010;

Boos et al, 2013). In a Xenopus cell-free replication system, Treslin-

MTBP and TopBP1 associate with chromatin independently of each

other, Cdc45, or GINS (Hashimoto & Takisawa, 2003; Kubota

et al, 2003; Kumagai & Dunphy, 2017; Volpi et al, 2021), but the

phosphorylation of Treslin by S-CDK promotes their interaction with

TopBP1 on chromatin, which is essential for the formation of CMG

(Kumagai et al, 2011). In contrast, there is no clear Sld2 functional

equivalent in vertebrates. Vertebrate RecQL4 is a member of the

RECQ family of helicases that are essential for cell viability; how-

ever, its N-terminal region has limited sequence homology with

Sld2 (Mann et al, 2005; Abe et al, 2011; Xu et al, 2021). MCM10

mediates the RecQL4 association with CMG helicase (Xu

et al, 2009), and RecQL4 is required for Pola loading during replica-

tion initiation (Sangrithi et al, 2005; Matsuno et al, 2006). However,

there is no direct evidence that RecQL4 is necessary for the assem-

bly of CMG. The CMG helicase assembly and activation can be

reproduced in vitro using defined factors in S. cerevisae (Yeeles

et al, 2015; Douglas et al, 2018); however, in vertebrates, the origin-

dependent CMG formation has not yet been achieved partly due to

the lack of a complete set of initiator proteins.

Once assembled, CMG helicase is highly stable until replication

termination, after which CMG is disassembled by the p97 (also

known as Cdc48/VCP) complex that recognizes poly-ubiquitylated

MCM7 by Cullin E3 ligase upon the convergence of two replication

forks (Dewar & Walter, 2017; Moreno & Gambus, 2020). We previ-

ously reported that S1 nuclease (single strand-specific endonucle-

ase) treatment induces the dissociation of GINS from CMG during

DNA replication in the absence of Rad51 recombinase and proposed

a model in which Rad51 is required for the restoration of CMG integ-

rity after GINS dissociation upon fork collapse (Hashimoto et al,

2011). Recently, a similar phenomenon entailing the GINS dissocia-

tion from CMG was reported. When replication forks encounter

inter-strand crosslink (ICL) sites, most forks proceed to the replica-

tion traverse pathway and few forks await the arrival of the opposite

fork followed by the replication-coupled ICL repair pathway (Huang

et al, 2013; Zhang et al, 2015, 2021; Semlow & Walter, 2021).

According to the replication traverse model, DONSON constitutively

associates with CMG to form a CMG-D complex in euchromatin,

and CMG-D transiently loses GINS to transform into the CM-D com-

plex, which can bypass the ICL site (Zhang et al, 2020). In hetero-

chromatin, FANCM performs a similar function to DONSON in the

traverse replication by transiently restructuring CMG to CM-F

(Huang et al, 2019; Zhang et al, 2020). Thus, DONSON and FANCM

appear to be profoundly involved in the regulation of CMG under

specific replication stress conditions.

In this study, we aimed to elucidate the functional relationship

between DONSON and CMG using a Xenopus cell-free replication

system, which allows for a precise biochemical assessment of the

DONSON requirements during each DNA replication regulatory pro-

cess. We found that DONSON was required for DNA replication ini-

tiation, particularly for CMG helicase formation, and that DONSON

directly interacted with Cdc45, GINS, and Pole via its N-terminal dis-

ordered region independent of replication initiation. These findings

indicate that DONSON is a novel factor which is essential for DNA

replication initiation in vertebrates and suggest that DONSON may

be a functional counterpart of S. cerevisiae’s Sld2.

Results

DONSON’s chromatin association increases during replication
initiation and persists until replication termination

We first compared the primary structure of the DONSON homologs

between Drosophila melanogaster, Homo sapiens, and Xenopus lea-

vis (Fig 1A). Drosophila Humpty Dumpty (HD) and human

DONSON share 72% similarity and 36% identity within their middle

regions, whereas Xenopus DONSON is more closely related to

human DONSON with 83% similarity and 57% identity overall. The

local regions of the N-terminal, middle, and C-terminal share 71, 93,

and 89% similarity and 37, 63, and 70% identity, respectively. The

N-terminal region is rich in basic amino acids (aa 1–122, the isoelec-

tric point 10.69) and contains a potential nuclear localization signal.

According to the AlphaFold protein structure database (https://

alphafold.ebi.ac.uk), the N-terminal region is intrinsically disor-

dered and surrounds the core domain which is composed of the

middle and C-terminal regions (Fig EV1A).

To study the role of DONSON in DNA replication, we utilized a

Xenopus cell-free replication system in which sperm nuclei synchro-

nously initiate and terminate DNA replication within approximately

90 min. We examined the chromatin association of DONSON

before, during, and after DNA replication through immunoblotting

(Fig 1B–D). When sperm DNA was added to the untreated inter-

phase extracts, the amount of associated DONSON gradually

increased, peaking at around 30 min, when most of the nuclei had

initiated DNA replication, and decreased between 45 and 90 min

toward the end of replication (Fig 1B and C, lanes 1–5). This behav-

ior was similar to that of typical replisome factors such as Claspin,

Cdc45, Psf2 (a subunit of GINS), and Pole. In the presence of a

kinase inhibitor to either CDK or Cdc7, which suppresses replication

initiation, the amount of associated DONSON did not increase and

remained at the basal level (Fig 1B, lanes 6–15 and D). This basal
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binding was not inhibited by geminin, a pre-RC formation inhibitor

(McGarry & Kirschner, 1998; Tada et al, 2001) (Fig 1C, lanes 11–15

and D). These features resembled those of TopBP1 and Mcm10,

both of which are implicated in replication initiation. When aphidi-

colin, a DNA polymerase a/d/e inhibitor, impeded the replication

fork progression, DONSON did not dissociate from the chromatin

even after 90 min as with the other replisome factors Claspin,

Cdc45, Psf2, and Pole (Fig 1C, lanes 6–10). Replisome disassembly

during replication termination is dependent on the poly-

ubiquitylation of Mcm7 by Cullin E3 ligase and the subsequent rec-

ognition by p97 resolvase (Maric et al, 2014; Moreno et al, 2014).

Thus, the addition of a p97 inhibitor resulted in the accumulation of

poly-ubiquitylated Mcm7 while a Cullin E3 inhibitor suppressed

ubiquitylation (Fig 1E, lanes 6–15). In the presence of either of these

inhibitors, DONSON remained on the chromatin for 90 min as

Claspin, Cdc45, and Psf2, indicating that DONSON’s chromatin

association persists until replication termination. These results sug-

gest that DONSON is an authentic component of the replisome

complex.

DONSON is required for replisome assembly during DNA
replication initiation

To examine whether DONSON was required for replisome assem-

bly, we performed immunodepletion using two types of anti-

DONSON antibodies to reduce the endogenous DONSON protein

levels by > 95% (Fig 2A). The concentration of endogenous

DONSON was estimated as 50–100 nM through the comparison of

the signal intensities of the endogenous and recombinant DONSON

immunoblots (Figs 2A, lanes 1–8 and EV1C). This depletion proce-

dure also reduced the concentrations of TopBP1 and Claspin by �50

and �70%, respectively (Fig 2A), which may have affected the

Figure 1. DONSON’s chromatin association increases upon replication initiation and persists until the end of replication termination.

A Comparison of primary structures of DONSON orthologs in Drosophila melanogaster, Homo sapiens, and Xenopus leavis. The percentages of sequence similarity and
identity in each region are indicated outside and within parenthesis, respectively. NLS: Nuclear Localization Signal. aa: amino acids.

B–E (B, C, E) Characterization of DONSON’s chromatin association. Sperm nuclei (5,000/ll) were incubated for the indicated times in 20 ll of interphase egg extract.
Chromatin fractions were isolated and analyzed by immunoblotting. His-p27 (100 lg/ml, p27 (CDKi)), PHA-767491 (50 lM, Cdc7i), aphidicolin (10 lg/ml, aph), His-
geminin (50 lg/ml, gem), NMS-873 (100 lM, p97i), and MLN-4924 (20 lM, Culi) were supplemented as indicated. (D) Fold increase of the chromatin-bound
DONSON. Similar experiments with (B) and (C) were performed in triplicate and DONSON signal intensity was quantified by ImageJ. The mean ratio of the post-
initiation (28 or 30 min) to the pre-initiation (14 or 15 min) DONSON intensities is shown in the bar graph. Error bar, mean � standard deviation (SD). P-values
were calculated using the unpaired t-test (two-tailed). ns, not significant.

Source data are available online for this figure.
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initiation efficiency in the DONSON-depleted extract. To allow for

sufficient time for initiation and avoid replisome disassembly due to

termination, we assessed the chromatin fractions at 60 min in the

presence of aphidicolin. Interestingly, the chromatin binding of

Claspin, Cdc45, Psf2, Pole, and PCNA was severely impaired in the

DONSON-depleted extract (Fig 2B, lane 5); a deficit that was rescued

by adding various concentrations of recombinant DONSON

(untagged; Fig 2B, lanes 6–8). The chromatin binding of Treslin and

Mcm4 was not affected by the DONSON depletion, while that of

TopBP1 and Claspin decreased in proportion to their concentrations

in the DONSON-depleted extract. These results suggest that

DONSON was required for replisome assembly during DNA replica-

tion initiation without affecting the origin licensing.

We also attempted to neutralize the function of endogenous

DONSON by adding two kinds of anti-DONSON antibodies (a-DNS
#1, #2) separately to the egg extract (Fig 2C). Since the

concentrations of TopBP1 and Claspin should be unaffected in this

setting, we examined the chromatin fractions at earlier times with-

out aphidicolin. Both anti-DONSON antibodies almost completely

inhibited the chromatin binding of Claspin, Cdc45, and Psf2 at 20–

30 min, which is the timing of replication initiation (Fig 2C, lanes

10–15). Assuming that the anti-DONSON antibodies successfully

neutralized the endogenous DONSON, these results confirm that

DONSON is required for replisome assembly.

The amount of chromatin-bound TopBP1, RecQL4, Mcm10, and

Drf1 (a main partner of the Cdc7 kinase in Xenopus egg extract;

Takahashi & Walter, 2005) increased during replication initiation

(Fig 2C, lanes 1–3). Interestingly, the increase of TopBP1 was

suppressed by CDK or Cdc7 inhibitors, but not by the anti-DONSON

antibodies (Fig 2C, lanes 4–15). These treatments all suppressed the

increase of RecQL4 and Mcm10, while none of them affected the

Drf1 binding. Treslin was consistently associated with chromatin

Figure 2. DONSON is required for replisome assembly during DNA replication initiation.

A Immunodepletion from the interphase egg extract was performed using control IgG beads (mock) or anti-DONSON antibody beads (DDNS). Recombinant Xenopus
DONSON (untagged) was added to the mock- and DONSON-depleted extracts at 0 lM (�), 0.06 lM (×1), 0.18 (×3), and 0.36 lM (×9) as indicated. The extracts (1 ll)
were analyzed by immunoblotting, except lanes 9–11, where 0.4 (0.4), 0.2 (0.2), and 0.1 (0.1) ll were used. Since the anti-DONSON antibody was recognized by
multiple bands, the presumable DONSON band was indicated by dotted lines in a vertically expanded blot. Asterisk (*), non-specific band.

B DONSON requirement for the replisome assembly. Sperm nuclei (5,000/ll) were incubated in 20 ll of the mock- and DONDON-depleted extracts as prepared in (A) for
60 min in the presence of 10 lg/ml aphidicolin. The extracts (0.5 ll) and isolated chromatin fractions were analyzed by immunoblotting.

C DONSON requirement for replisome assembly. Sperm nuclei were incubated for the indicated times and conditions in the egg extract and the chromatin fractions
were analyzed by immunoblotting. Each of two types of anti-DONSON antibodies (a-DNS #1, a-DNS #2) was added at 14 lg/ml to suppress DONSON function.

Source data are available online for this figure.
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under every condition. The Mcm4 migration on SDS–PAGE stalled

over time possibly due to the sequential phosphorylation by Cdc7

and CDK (Fig 2C, lanes 1–3 vs. lanes 4–9). Consistent with the Drf1

binding, anti-DONSON antibodies did not suppress the migration

shift of Mcm4 or Mcm2 phosphorylation at Ser40/Ser41 and Ser53,

which are known Cdc7-dependent phosphorylation sites (Montag-

noli et al, 2008; Fig 2C, lanes 10–15). These results suggest that

DONSON is not required for origin licensing and that CDK and DDK

can act on TopBP1, Mcm4, and Mcm2 in the absence of functional

DONSON before replisome assembly.

DONSON is required for DNA replication

We next examined the replication activity at 60 min (the middle

timing of DNA replication) in the extracts supplemented with anti-

DONSON antibodies by observing the incorporation of Cy3-dCTP

into the nuclei under fluorescence microscopy (Fig 3A), and in the

DONSON-depleted extracts by monitoring the incorporation of Cy5-

dUTP into the sperm genome DNA via agarose gel electrophoresis

(Fig 3B). We found that both the addition of anti-DONSON anti-

bodies and DONSON depletion caused a severe reduction in Cy3

and Cy5 intensities, which suggests that DONSON is required for

DNA replication which is consistent with the role of DONSON in

replisome assembly. Moreover, the addition of GST- or His-tagged

or untagged versions of the recombinant DONSON proteins could

partially but significantly restore this activity (Figs 3B, lanes 1, 2, 3,

6 and EV1B and C). Interestingly, deletion mutants lacking the N-

terminal 154 amino acids could not restore these activities (Fig 3B,

lanes 4, 5), demonstrating that the N-terminal region is essential for

replication initiation and confirms the significance of the rescue

achieved by full-length DONSON.

We failed to fully rescue the replication activity through the addi-

tion of our recombinant DONSON in the DONSON-depleted extract.

This could be due to several reasons: a reduction in the initiation

and replisome factors such as TopBP1 and Claspin (and possibly

other factors), abnormal activation of checkpoint signaling, insuffi-

cient quality of recombinant DONSON, or the multiple roles of

DONSON in DNA replication (e.g., initiation as well as progression).

Although the TopBP1 level was reduced in the DONSON-depleted

extract, we previously demonstrated that a small amount of TopBP1

was sufficient for replication initiation (Hashimoto & Taki-

sawa, 2003). To determine whether a Claspin shortage may be the

reason, we added recombinant Claspin and DONSON to the

DONSON-depleted extracts at a level similar to that of the endoge-

nous proteins (Fig EV2A). However, the activity was not fully res-

cued (Fig EV2B and C). Therefore, it is unlikely that a reduction in

TopBP1 and Claspin was responsible for the incomplete rescue.

We then addressed whether DONSON depletion could suppress

the origin firing by activating the ATM/ATR checkpoint signaling

pathways. Immunoblotting of the nuclear fractions showed that

DONSON depletion did not cause the phosphorylation of Chk1, an

ATR effector kinase, in the absence of aphidicolin (Fig EV3A, nuclei,

lanes 1–6), which indicates that the ATR-Chk1 pathway was not

activated. The addition of aphidicolin to the mock-depletion extract

induced Chk1 phosphorylation and was nullified by the addition of

caffeine, an ATM/ATR inhibitor (Fig EV3A, nuclei, lanes 7, 8). In

contrast, Chk1 phosphorylation scarcely occurred in the DONSON

depletion extract with aphidicolin, and the addition of recombinant

DONSON partially induced Chk1 phosphorylation, which was

equivalent to the level of replication activities under each condition

without aphidicolin (Figs EV3A, nuclei, lanes 9–12 and 3B). The

immunoblotting of the chromatin fractions showed that caffeine

treatment increased the amount of the replisome factors Claspin,

Cdc45, and Psf2 in the mock depletion in both the absence and pres-

ence of aphidicolin (Fig EV3A, chromatin, lanes 1, 2, 7, 8). This

indicates that the suppression of checkpoint signaling increased the

replisome number irrespective of replication stress under control

conditions. The caffeine treatment also increased the replisome

number in DONSON depletion extract with recombinant DONSON

in the presence of aphidicolin (Fig EV3A, chromatin, lanes 11, 12),

but the treatment did not increase the replisome number in the

absence of aphidicolin (Fig EV3A, chromatin, lanes 5, 6). Moreover,

the replication activity was not restored to the level of the mock

depletion by caffeine treatment in DONSON depletion extract with

recombinant DONSON (Fig EV3B). These results suggest that the

ATM/ATR checkpoint pathway was not active in the DONSON

depletion extract without aphidicolin. Therefore, partial rescue by

the recombinant DONSON was not due to the abnormal activation

of checkpoint signaling.

DONSON is dispensable for replication restart and progression

To clarify whether DONSON was required for replication progres-

sion, we examined the salt-sensitivity of DONSON’s chromatin bind-

ing by increasing the NaCl concentration in the chromatin isolation

buffer, which originally contained 100 mM KCl. The addition of

0.2 M NaCl treatment almost completely dissociated DONSON as

well as TopBP1, Treslin, Pole, and Claspin from the chromatin

under various conditions (Fig 4A, lanes 3, 6, 9, 12). In contrast,

Mcm7, Cdc45, Psf2, and PCNA were resistant to this treatment

(Fig 4A, lanes 3, 12), suggesting that DONSON can be eliminated

from the replisome complex without disrupting the integrity of the

CMG helicase. Accordingly, we examined the requirement of

DONSON for replication restart and progression after fork stalling as

shown in Fig 4B. In this procedure, DNA replication was first initi-

ated in the presence of aphidicolin, and nuclear fractions containing

stalled replication forks were isolated and transferred to an

aphidicolin-free extract in the presence of CDK inhibitors, in which

replication restart and progression were permissible but without a

new origin firing. Under these conditions, we examined whether the

presence of a control IgG or anti-DONSON antibody cause a differ-

ence in the chromatin association of the replication-replated pro-

teins (Fig 4C) and DNA replication activity (Fig 4D and E). When

analyzing the chromatin fractions, we added aphidicolin to the sec-

ond extract to suppress the replication termination. Although the

amount of all the examined proteins were slightly decreased by the

addition of the NaCl treatment (Fig 4C, lanes 1–4 vs. 5–8), the chro-

matin binding of the salt-sensitive proteins (TopBP1, Claspin, Pole,
and DONSON) was restored in the second extract with the control

IgG (Fig 4C, lanes 1, 2, 4, 5). However, the anti-DONSON antibody

specifically suppressed DONSON binding without affecting the other

replication-related proteins in both the NaCl-treated and untreated

samples (Fig 4C, lanes 3, 4, 7, 8). These results suggest that the re-

association of TopBP1, Claspin, and Pole with the replisome at the

stalled forks does not require DONSON once DNA replication has

been initiated. Importantly, DONSON inhibition did not cause any
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significant difference in the observed DNA replication activities

without aphidicolin under both NaCl-treated and untreated condi-

tions (Fig 4D, Normal/a-C or a-DNS vs. 0.2 M NaCl/a-C or a-DNS).
Taken alone, the second extracts did not support the de novo DNA

replication initiation due to the presence of CDK inhibitors (Fig 4D,

2nd extract/a-C, a-DNS). Similar results were obtained when analyz-

ing the incorporation of Cy5-dUTP into the sperm genome DNA

(Fig 4E). These results suggest that DONSON is dispensable for rep-

lication restart and progression after fork stalling. Therefore, the

reason for the incomplete rescue in the DONSON depletion extract

may be either because the recombinant DONSON was not fully func-

tional for replication initiation or because other limiting factor were

missing in the depleted extract.

N-terminal region of DONSON physically interacts with Cdc45,
GINS, and Pole

The N-terminal 154 amino acid deletion mutant could not rescue

the DNA replication (Fig 3B). Thus, we further prepared a series of

N-terminal and C-terminal deletion mutants (Figs EV1B and D, and

Figure 3. DONSON is required for DNA replication.

A DONSON requirement for DNA replication. Sperm nuclei were incubated for 60 min in egg extract with no IgG (non), control IgG (a-control), or one of the two kinds
of anti-DONSON antibodies (a-DNS #1, a-DNS #2) in a final concentration of 14 lg/ml. Cy3-dCTP was added to all of the reactions at 1 lΜ to visualize the DNA rep-
lication. After incubation, the nuclei were fixed, stained with Hoechst 33258, and observed under a fluorescent microscope. Representative images are shown above.
Scale bar; 50 lm. The relative Cy3 intensity of > 100 nuclei was quantified using ImageJ and is shown in the box plot below. The boxes define the upper and lower
quartiles; the whiskers define max to min values; the X-mark indicates each mean value; the central band indicates each median; the circles indicate outliers. P-
values were calculated using the Mann–Whitney test. ns, not significant.

B DONSON requirement for DNA replication. Sperm nuclei (5,000/ll) were incubated for 60 min in 10 ll of the untreated (control), mock- (mock), and DONDON-
depleted (DDNS) extracts with 2 lM Cy5-dUTP. Aphidicolin (aph) was added to the mock-depleted extract (2.5 lg/ml) as a negative control. Various versions of the
recombinant Xenopus DONSON (1–6) were added to the DONSON-depleted extracts at about 0.06 lM. 1; untagged DONSON, 2 and 3; GST-DONSON, 4 and 5; GST-
DONSON (residues 155–579) (DN154), 6; His-DONSON. In the reactions corresponding to lanes 3 and 5, 3C protease was added to separate the GST from DONSON.
After incubation, the genomic DNA was isolated and subjected to 0.8% TAE agarose gel electrophoresis, followed by SYBR Gold staining. The Cy5 and SYBR Gold fluo-
rescent signals show replicated DNA and total DNA, respectively. The same experiment was performed in triplicate; the relative Cy5 intensities to the control reaction
were quantified using Image J, as shown in the bar graph below. Error bar, mean � standard deviation (SD). P-values were calculated using the unpaired t-test (two-
tailed). ns, not significant.

Source data are available online for this figure.
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5A, 1–157, 133–579, 1–476, 1–369) to evaluate their ability to sup-

port the replisome assembly; however, none of those deletion

mutants could restore the chromatin binding of the replisome fac-

tors in the DONSON-depleted extract (Fig 5A). These results suggest

that the entire DONSON protein contains essential sections for repli-

some assembly.

We next examined whether DONSON interacts with other repli-

cation proteins using a pull-down assay with FLAG-tagged DONSON

fragments in the absence of sperm nuclei (Fig 5B). The full length

and N-terminal 1–157 amino acid fragments co-precipitated strongly

with Pole, Cdc45, and GINS (Sld5/Psf2), but not with TopBP1,

RecQL4, Treslin, Mcm7, and Claspin. No strong interaction was

detected with the middle (amino acids 133–369) or C-terminal

regions (amino acids 358–579). Two short amino acid sections were

conserved in the N-terminal disordered region of the vertebrate

DONSON (H. sapiens, G. gallus, and X. laevis): the first was PGYSP

(residues 6–10 in Xenopus, the PGY motif) and the second was

RRNPF (residues 65–69 in Xenpus, the NPF motif) (Figs 5C and

EV1A). We mutated the PGY and NPF to AGA (PY-2A) and AAA

(NPF-3A), respectively, or both to AGA/AAA (PY/NPF-5A). The PY-

2A and NPF-3A mutation in the N-terminal and full-length Xenopus

DONSON fragments lost their affinity for GINS and Pole, respec-

tively, and the PY/NPF-5A mutants lost affinity for both (Figs 5D,

lanes 1–5 and EV4A, lanes 1–5), indicates that the PGY and NPF

motifs physically interact with GINS and Pole, respectively. The

interaction with Cdc45 was weakened and lost by the NPF-3A and

PY/NPF-5A mutations, respectively (Figs 5D, lanes 4, 5 and EV4A,

lanes 4, 5). Since these motifs are conserved in human DONSON

(P6GYSP10, R76RNPF80), we examined whether it also interacted

with GINS, Pole, and Cdc45 in Xenopus egg extract. As with the

Xenopus protein, the full-length human DONSON co-precipitated

with GINS and Pole in a PGY and NPF motif-dependent manner

(Fig 5E, lanes 1–5, 7). Although we observed an interaction with

Cdc45, it was not affected by the PY/NPF-5A mutations in contrast

to the Xenopus protein (Fig 5E, lane 5). The C-terminal point muta-

tion K489T, which has been identified in patients with microcephaly

(Reynolds et al, 2017), did not affect the interaction with GINS, Pole,
and Cdc45 as was predicted from its position (Fig 5E, lane 6). These

results indicate that DONSON forms a sub-complex with GINS, Pole,
and Cdc45 in solution independent of replication initiation and that

the interaction of DONSON with GINS and Pole is mediated by its

conserved PGY and NPF motifs in the N-terminal region of verte-

brate DONSON.

Interaction of DONSON with GINS is required for efficient DNA
replication initiation

To clarify the significance of the interaction between DONSON and

GINS and Pole for the replisome assembly, we examined whether

recombinant human and Xenopus DONSONs with the PY-2A, NPF-

3A, and PY/NPF-5A mutations could restore the replisome assembly

in the DONSON-depleted extracts (Figs 6A and EV4B). Wild-type

human DONSON was as efficient as Xenopus DONSON for the loading

of replisome factors Pole, Cdc45, GINS, PCNA, and Claspin onto chro-

matin (Fig 6A, lanes 6 and 11). This indicates that human DONSON is

functional for the replisome assembly in Xenopus egg extract and

implies that the DONSON function as an initiation factor is conserved

in mammalian cells. Although equivalent amounts of recombinant

proteins were added to each extract (Fig 6A, extract, lanes 6–10), PY-

2A and PY/NPF-5A were less efficient than the wild-type protein for

the loading of replisome factors (Fig 6A, chromatin, lanes 7, 9); how-

ever, NPF-3A and K489T were as efficient as the wild-type proteins

(Fig 6A, chromatin, lanes 8, 10). Similar results were obtained with

the Xenopus PY-2A, NPF-3A, and PY/NPF-5A mutants (Fig EV4B,

lanes 5–8). These results suggest that the interaction of DONSON with

GINS is important for the replisome assembly in replication initiation

while the interaction with Pole is dispensable. However, both NPF-3A

and K489T mutants did not associate with chromatin as abundantly

as the wild-type protein did (Figs 6A, chromatin, lanes 6, 8, 10, and

EV4B, chromatin, lanes 5, 7), suggesting that the interaction with Pole
and integrity of the C-terminal region may be required to stably main-

tain DONSON as part of the replisome.

We also examined whether these recombinant DONSON proteins

could restore the replication activity in the DONSON-depleted

extracts by monitoring the incorporation of Cy3-dCTP (Figs 6B and

EV4C). Both the human and Xenopus wild-type DONSON could par-

tially restore the replication activities at similar levels, and compara-

ble activities were obtained by the NPF-3A (human or Xenopus) or

K489T (human) mutants (Figs 6B and EV4C). In contrast, the PY-2A

and PY/NPF-5A mutants (human or Xenopus) were substantially

less efficient than the wild-type in restoring the replication activities

(Figs 6B and EV4C). These results emphasize the importance of the

DONSON-GINS interaction in the DNA replication initiation.

DONSON’s chromatin association requires TopBP1

To gain further insight into the mechanism of replisome assembly,

we examined whether the chromatin binding of DONSON and the

other initiation factors were dependent on GINS, Cdc45, and

TopBP1 (Fig 7A and B). These analyses categorized the initiation

factors into three major groups. Group-1 included MCM, Treslin,

Drf1, and TopBP1, which were independent of GINS and Cdc45. In

addition, MCM, Treslin, and Drf1 were independent of TopBP1.

Group-2 included RecQL4 and Mcm10, whose increased and stable

bindings were dependent on GINS, Cdc45, and TopBP1. Group-3

included Claspin, Cdc45, and GINS, which were fully dependent on

GINS, Cdc45, and TopBP1. Cdc45 and GINS were dependent on

each other as previously demonstrated (Kubota et al, 2003).

DONSON’s behavior was different from those of the other initiation

factors. In the absence of GINS or Cdc45, DONSON chromatin bind-

ing transiently and slightly increased at 30 min and declined at

40 min (Fig 7A, lanes 5–12), which suggests that GINS and Cdc45

are necessary for stable DONSON chromatin association. Interest-

ingly, DONSON chromatin binding was entirely dependent on

TopBP1 (Fig 7B, lanes 5–12). Thus, DONSON appears to be situated

between Group-2 and -3. Since DONSON forms a sub-complex with

GINS, Cdc45, and Pole independent of replication initiation (Figs 5

and EV4A), these results suggest that chromatin-bound TopBP1

recruits the sub-complex via DONSON under the control of CDK and

DDK.

CDK and DDK require DONSON to promote replisome assembly

The chromatin binding of Drf1 and the phosphorylation-dependent

migration shift of Mcm4 were not affected by the presence or

absence of DONSON, GINS, Cdc45, and TopBP1 (Figs 2C and 7A
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and B), which suggests that CDK and DDK may regulate MCM,

Treslin, and TopBP1 for replication initiation in the absence of

DONSON. To examine whether the actions of CDK and DDK, before

the loading of DONSON onto the chromatin, were sufficient for

replisome assembly, we performed a nuclear transfer experiment

(Fig 7C). The sperm nuclei were first incubated with control IgG or

anti-DONSON antibody, and then, the nuclei were isolated and incu-

bated with control IgG or anti-DONSON antibody in the presence or

absence of CDK and Cdc7 inhibitors. Since the replisome assembly

had already occurred in the first extract with the control IgG, similar

amounts of Cdc45 and Psf2 were detected on the chromatin irre-

spective of the presence of anti-DONSON antibody, or CDK and

Cdc7 inhibitors in the second extract (Fig 7C, lanes 1–6). Although

the anti-DONSON antibody should have inhibited the replisome

assembly in the first extract, Cdc45 and Psf2 loading were allowed

in the second extract with the control IgG (Fig 7C, lane 7). This

Figure 4. DONSON is dispensable for replication restart and progression after fork stalling.

A Salt-sensitivity of chromatin-bound DONSON. Sperm nuclei (5,000/ll) were incubated in 20 ll of egg extract under each of the conditions as indicated, and the chro-
matin fractions were isolated with normal buffer plus 0 (�), 0.1, or 0.2 M NaCl, and analyzed by immunoblotting. In addition, 0.5 ll of each extract (ext) was analyzed
for comparison.

B Experimental procedure to investigate the requirement of DONSON in replication restart and progression after fork stalling. In this procedure, DNA replication was
first initiated in the presence of aphidicolin, and the nuclear fractions containing the stalled replication forks were isolated and transferred to an aphidicolin-free
extract in the presence of CDK inhibitors, in which replication restart and progression are allowed without a new origin firing.

C The chromatin fractions were isolated and analyzed by immunoblotting.
D The nuclei were observed under fluorescent microscopy as in Fig 3A. The relative Cy3 intensity of > 100 nuclei was quantified using ImageJ and is shown in the box

plot. The boxes define the upper and lower quartiles; the whiskers define max to min values; the X-mark indicates each mean value; the central band indicates each
median; the circles indicates outliers. a-C; control IgG. a-DNS; anti-DONSON antibody. Negative controls were prepared by incubating the sperm nuclei in the second
extract without undergoing the first reaction (2nd ext/a-C, 2nd ext/a-DNS). P-values were calculated using the Mann–Whitney test. ns, not significant.

E (left) The isolated genomic DNA was analyzed in the same manner as in Fig 3B. (right) The same experiment was repeated six times. The relative Cy5 intensities to
the control reaction (normal a-C) were quantified using Image J, as shown in the bar graph. Error bar, mean � standard deviation (SD). P-values were calculated
using the unpaired t-test (two-tailed). ns, not significant.

Source data are available online for this figure.
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demonstrates that the effects of DONSON inhibition were success-

fully negated so that the replisome assembly was restored in the sec-

ond extract. Nevertheless, Cdc45 and Psf2 loading was inhibited by

the addition of either a CDK or Cdc7 inhibitor in the second extract

with the control IgG (Fig 7C, lanes 8, 9), indicating that CDK and

DDK had not accomplished their functions in the first extract with

the anti-DONSON antibody. When the anti-DONSON antibody was

included in both the first and second extracts, DONSON did not

allow for replication initiation, thus resulting in no replisome assem-

bly (Fig 7C, lanes 10–12). To exclude the possibility that CDK- and

DDK-dependent phosphorylations were lost before DONSON could

generate the replisome assembly in the second extract, we

performed the same experiment in the presence of phosphatase

inhibitors (Fig EV5). When okadaic acid, a protein phosphatase 1

Figure 5. Identification of GINS- and Pole-interacting motifs within DONSON.

A Ability of DONSON deletions to support replisome assembly. The DONSON depletion experiment, as that in Fig 2B, was performed using 3 × FLAG-tagged versions of
the full length (amino acid residues 1–579) or N-terminal/C-terminal deletions (amino acid residues 1–157, 133–579, 1–476, 1–369) of Xenopus (x) DONSON, whose final
concentrations were about 0.06 lM. The signals derived from DONSON are indicated with dotted lines. His-p27 and His-geminin were used as negative controls.
Asterisk (*), non-specific bands.

B Interaction of DONSON with the replication factors. 3 × FLAG-tagged full length (xF), N-terminal region residue 1–157 (xN), middle region residue 133–369 (xM), and
C-terminal region residue 358–579 (xC) versions of Xenopus DONSON were added to an interphase egg extract at about 8.8 lM. After incubation for 15 min, the whole
extract was subjected to a pull-down assay using FLAG-M2 beads, and the precipitated proteins were analyzed by immunoblotting (FLAG-IP). The extracts (2.5%) were
analyzed for comparison (Input).

C (above) CLUSTALW alignment of the N-terminal amino acid sequences of DONSON in Homo sapiens (Hs) (residues 1–114), Gallus gallus (Gg) (residues 1–93) and
Xenopus laevis (Xl) (residues 1–109). Identical amino acid (*), amino acid with identical nature (:), amino acid with similar nature (.). Two highly conserved amino acid
stretches (PGYSP, RRNPF) are shadowed. (below) A three-dimensional structure of human DONSON predicted by the AlphaFold database. The amino acid numbers
are indicated in the structure.

D Identification of GINS- and Pole-interacting motifs in the N-terminal region of DONSON. The FLAG-IP experiment, as in (B), was performed with 2 lM of 3 × FLAG-
tagged versions of wild-type (xN-WT), P6A/Y8A (xN-2A), N67A/P68A/F69A (xN-3A), and P6A/Y8A/N67A/P68A/F69A (xN-5A) of Xenopus DONSON each with an N-terminal
with 157 amino acids. The extracts (6.7%) were analyzed for comparison (Input).

E Interaction of human DONSON with Xenopus GINS and Pole in egg extract. The FLAG-IP experiment, as in (B), was performed with 1 lM of 3 × FLAG-tagged versions
of wild-type (hF-WT), P6A/Y8A (hF-2A), N78A/P79A/F80A (hF-3A), P6A/Y8A/N78A/P79A/F80A (hF-5A), K489T (hF-KT) of full-length human DONSON each as well as
3 × FLAG-tagged wild-type Xenopus DONSON (xF-WT). The extracts (5%) were analyzed for comparison (Input).

Source data are available online for this figure.
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and 2A inhibitor, was added at > 1.5 lΜ, the DNA replication activ-

ity was severely inhibited (Fig EV5A). Therefore, we used okadaic

acid at lower concentrations (0.4–1.6 lΜ) in both the first and sec-

ond extracts in the nuclear transfer experiment (Fig EV5B). In addi-

tion, we used a nuclear isolation buffer supplemented with a

phosphatase inhibitor cocktail. However, insufficient replisome

assembly was observed under every condition (Fig EV5B, lanes 2–

12) other than in the control (Fig EV5B, lane 1). These results sug-

gest that both CDK and DDK require DONSON for DNA replication

initiation and that CDK and DDK without DONSON are not sufficient

for replisome assembly when DONSON is not present at the same

time as the kinases.

Discussion

Almost all essential factors for replication initiation in yeast have

functional counterparts in higher eukaryotes including vertebrates

(Moiseeva & Bakkenist, 2018; Gillespie & Blow, 2022). To date, Sld2

is the sole exception. Regarding its role in DNA replication initiation,

DONSON appears more closely related to Sld2 than RecQL4, despite

the lack of obvious sequence homology between DONSON and Sld2.

We demonstrated that DONSON forms a sub-complex with GINS,

Pole, and Cdc45 independent of replication initiation (Figs 5 and

EV4), which somewhat resembles the pre-LC (Dpb11-Sld2-GINS-

Pole) in S. cerevisiae (Muramatsu et al, 2010) except that the sub-

complex contains Cdc45 instead of TopBP1 (a Dpb11 ortholog). Here

we called this sub-complex (DONSON-GINS-Pole-Cdc45) the pre-LC-

like complex (Fig 7D). Considering that the Dpb11–Sld2 interaction

is essential for the replication initiation and CMG assembly in S. cere-

visiae (Kamimura et al, 1998; Takayama et al, 2003; Tak et al, 2006;

Muramatsu et al, 2010), and assuming that DONSON performs a

Sld2-like function in vertebrates, DONSON may interact with

TopBP1 before CMG assembly. In contrast to the yeast Dpb11, we

found that TopBP1 stably binds to the chromatin independent of

GINS, Cdc45, and DONSON in Xenopus egg extract (Figs 2C and 7A).

Therefore, TopBP1 may not need to join with the pre-LC-like com-

plex in solution before being loaded onto the chromatin. Instead,

TopBP1 together with Treslin and MCM may create a platform on

the chromatin for the loading of the pre-LC-like complex (Fig 7D).

Moreover, we observed that the chromatin binding of DONSON was

entirely dependent on TopBP1 (Fig 7B). In S. cerevisiae, Cdc45 is

recruited as a complex with Sld3-Sld7, is exclusively depending on

MCM and DDK and does not require CDK and pre-LC (Heller

et al, 2011; Yeeles et al, 2015). In contrast, in Xenopus egg extracts,

Cdc45 requires not only MCM, DDK, and Treslin-MTBP but also S-

CDK, GINS, DONSON, and TopBP1 (Figs 2B and C, and 7A and B;

Mimura & Takisawa, 1998; Jares & Blow, 2000; Walter, 2000; Van

Hatten et al, 2002; Hashimoto & Takisawa, 2003; Kubota et al, 2003;

Kumagai et al, 2010; Kumagai & Dunphy, 2017). Therefore, Cdc45

may be recruited as a member of the pre-LC-like complex. However,

whether this pre-LC-like complex exists as a stoichiometric complex

in egg extract is currently unknown. Since DONSON depletion from

egg extract did not cause any obvious reduction in the amount of

GINS, Pole, and Cdc45 (Figs 2A and B, and EV4B), it is possible that

only a small portion of DONSON interacts with these proteins. We

Figure 6. Interaction of DONSON with GINS is required for efficient DNA replication.

A Requirement of GINS- and Pole-interacting motifs within DONSON for replisome assembly. This DONSON depletion experiment, as that in Fig 2B, was performed
using the same recombinant proteins as in Fig 5E. Human proteins were added at 0.3 lM each and Xenopus protein at 0.06 lM. His-p27 (p27) and His-geminin (gem)
were used as negative controls.

B Requirement of GINS- and Pole-interacting motifs within DONSON for replication activity. The same experiment procedure was used as in Fig 3A for the mock- and
DONSON-depleted extracts with the same recombinant proteins as in Fig 5E. Xenopus proteins were added at 0.06 lM each while human proteins were added at
0.3 lM. The relative Cy3 intensity of > 100 nuclei was quantified using ImageJ and is shown in the box plot. The boxes define the upper and lower quartiles; the whis-
kers define max to min values; the X-mark indicates each mean value; the central band indicates each median; the circles indicates outliers. P-values were calculated
using the Mann–Whitney test. ns, not significant.

Source data are available online for this figure.
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considered the concentrations of endogenous DONSON, GINS, and

Cdc45 to be 50–100, 120, and 160 nM, respectively (Fig 2A; unpub-

lished data) (Mimura & Takisawa, 1998). In the future, the stoichi-

ometry of the interactions between DONSON, GINS, Pole, and Cdc45

requires further investigation.

We demonstrated that both S-CDK and DDK kinase activities are

required for CMG assembly after phosphorylating MCM (and possi-

bly Treslin and TopBP1) in the absence of functional DONSON

(Fig 7C). The formation of the pre-LC-like complex is likely indepen-

dent of S-CDK and DDK as it occurred in a Xenopus egg extract with-

out sperm nuclei (Fig 5). Therefore, at least one substrate in the pre-

LC-like complex may need to be phosphorylated by S-CDK and DDK

before the complex is loaded onto the chromatin platform made of

MCM-Treslin-TopBP1. This scenario differs from that in S. cerevi-

siae, where the pre-LC formation itself is dependent on S-CDK

(Muramatsu et al, 2010). MCM4 is presumably the only essential

DDK substrate required for replication initiation, since deletion of

the auto-inhibitory domain of MCM4’s N-terminus bypassed the

DDK requirement (Sheu & Stillman, 2006, 2010). In the future, it is

important to clarify which substrates are required to be phosphory-

lated for loading of the pre-LC-like complex and how those phos-

phorylation events are coordinated with CMG assembly.

Figure 7. CDK and DDK cannot accomplish their functions in the replisome assembly without DONSON.

A, B Requirement of GINS, Cdc45, and TopBP1 for the DONSON chromatin association. Sperm nuclei (5,000/ll) were incubated in 20 ll of mock-, GINS-, Cdc45- or
TopBP1- depleted egg extract (DGINS, DCdc45, DTopBP1) for the indicated times and conditions, and the chromatin fractions were isolated and analyzed by immu-
noblotting. The extracts (0.5 ll) were also analyzed. Replication proteins were categorized into three groups (Group-1, �2, �3) based on their dependency on GINS,
Cdc45, and TopBP1.

C (above) Requirement of DONSON for CDK and DDK function in the replisome assembly. Sperm nuclei (5,000/ll) were incubated for 50 min in 120 ll of egg extract
with control IgG (a-cont) or anti-DONSON antibody #1 (a-DNS). Each part of this first reaction (1st) was divided equally into six parts, and the nuclear fractions
were isolated and transferred to 20 ll of flesh extract with control IgG (a-cont) or anti-DONSON antibody #1 (a-DNS) in the presence or absence of CDK inhibitors
(Ci: 100 lM roscovitine, 100 lg/ml His-p27) and Cdc7 inhibitor (7i: 50 lM PHA-767491). Aphidicolin was added to the first and second extracts at 10 lg/ml to sup-
press replication termination. After incubation for 40 min in the second reaction (2nd), the chromatin fractions were isolated and analyzed by immunoblotting. In
addition, the extracts (0.5 ll) were analyzed (ext). (below) It is summarized whether or not replisome assembly was allowed under each condition, where DONSON,
CDK, and Cdc7 were either functional (+) or non-functional (�) in the 1st and 2nd incubations.

D Model of DONSON function in the replisome assembly based on our observations.

Source data are available online for this figure.
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We identified the PGY and NPF motifs in DONSON as the GINS

and Pole interaction sites, respectively (Fig 5). Both motifs reside

within the N-terminal region, which is predicted to be intrinsically

disordered (AlphaFold database) and may function as a flexible

interaction arm (Fig EV1A). The PGY and NPF motifs are not unique

to DONSON and their function as protein–protein interaction motifs

has been previously described (de Beer et al, 2000; Morgan

et al, 2003; Bonnon et al, 2007). Paranodin, a neuronal paranodal

membrane glycoprotein, has a motif with PGY repeats which medi-

ates Paranodin trafficking through the interaction with contactin

(Bonnon et al, 2007). The Esp15 homology (EH) domain is often

found in proteins associated with endocytosis and vesicle traffick-

ing, and EH domains bind to their target proteins via NPF motifs (de

Beer et al, 2000; Morgan et al, 2003). Therefore, similar structural

interfaces may be used for these interactions.

Since the DONSON protein with the PY-2A mutation was sub-

stantially less efficient in DNA replication (Figs EV4 and 6), it can

be deduced that the interaction via the PGY motif between DONSON

and GINS contributes to CMG assembly. However, the PGY motif is

not conserved in Drosophila HD and C. elegans DONSON-like pro-

tein (Gene symbol: dnsn-1, Gene ID: 173431). In these organisms,

DONSON orthologs may function differently from that of vertebrates

and may possibly be more similarly to that of yeast. On the other

hand, the NPF motif is conserved in both Drosophila and C. elegans.

Although this motif was apparently dispensable for replication initi-

ation under the control condition, the DONSON protein with the

NPF-3A mutation did not bind to chromatin as stably as the wild-

type DONSON (Figs EV4 and 6). Therefore, the NPF motif may

allow DONSON retention as a replisome component rather than Pole
recruitment. In the future studies, it will be of interest to explore the

physiological function of the DONSON-Pole interaction.
We found that human DONSON was functional for DNA replica-

tion in Xenopus egg extract (Figs 5 and 6). This suggests that the

role of DONSON is conserved in mammalian cells, which allowed

us to test the biochemical activity of human DONSON proteins with

the various mutations identified in patients with microcephaly. In

human cells, DONSON depletion by siRNA causes increased rates of

spontaneous fork stalling, which can be rescued by the overexpres-

sion of wild-type GFP-DONSON but not by the K489T mutant GFP-

DONSON (Reynolds et al, 2017). Other mutants such as Y282C,

F292L, and M446T show no or reduced nuclear localization but

K489T has normal nuclear localization (Reynolds et al, 2017). We

examined the replication ability of K489T and observed no signifi-

cant difference from the wild-type in replication initiation in

Xenopus egg extract (Fig 6B). However, we observed that the K489T

mutant, as the NPF-3A mutant, was unstable on the chromatin

(Fig 6A); thus, this defect may cause microcephaly symptoms in

patients. In DONSON-depleted cells, spontaneous chromosomal

breakage and the fragmentation of mitotic chromosomes increased,

which was suppressed with the co-depletion of MUS81 or XPF

(structure specific fork targeting nucleases) (Reynolds et al, 2017).

Taken together, DONSON appears to play multiple roles in DNA rep-

lication: CMG assembly, replication traverse of ICL, and protection

of stalled forks from nuclease attack. Future research should address

which function is defective in each DONSON mutation identified in

patients with Meier–Gorlin syndrome, microcephaly–micromelia

syndrome, and microcephaly and short stature with limb

abnormalities.

In conclusion, we identified DONSON as a novel initiator protein

that is essential for CMG helicase assembly in vertebrates. These

findings will contribute to the understanding of the control of repli-

cation initiation and help the establishment of the in vitro reconsti-

tution system of vertebrate DNA replication using defined factors.

Materials and Methods

cDNA cloning, mutagenesis, and primers

We inserted the annealed DNA oligo (50-BglII-3 × FLAG-BamHI-30-
sense and 50-BamHI-3 × FLAG-BglII-30-anti) that encodes for

3 × FLAG into the BamHI restriction site of the pGEX 6P-1 vector

(Cytiva) to create a modified pGEX 6P-1 vector, which we named

pGFEX 6P-1. This vector was used to produce a GST-3 × FLAG-tagged

recombinant protein that retained the PreScission Protease target

sequence (Cytiva) between the GST and 3 × FLAG.

The cDNA encoding for the wild-type X. laevis DONSON

(xDONSON) was amplified by PCR with the primers 50-EcoRI-
xDONSON and xDONSON-SalI-30 using X. laevis oocyte cDNA as a

template and cloned it into pGEX 6P-1, pGFEX 6P-1, and pHEX-1

between the EcoRI and SalI restriction sites (xDONSON/pGEX 6P-1,

xDONSON/pGFEX 6P-1, xDONSON/pHEX-1). The pHEX-1 vector is

a modified pGEX 6P-1 in which the GST-encoding sequence was

replaced by the His8-encoding sequence (provided by Dr S Mochida,

Kumamoto University). The xDONSON/pGEX 6P-1 vector was

digested with BamHI, which produced two fragments: one, the

cDNA encoding xDONSON residues 155–579 with pGEX6P-1 and

the other, encoding the xDONSON residues 1–154 with a large por-

tion of the vector’s multi cloning sites. The former fragment was iso-

lated and self-ligated to create xDONSON 155-579/pGEX 6P-1. Each

of a series of the cDNA sequences encoding the xDONSON residues

1–157, 133–579, 1–467, 1–369, 133–369, and 358–579 was amplified

by PCR using the xDONSON/pGEX 6P-1 vector as a template with

each of the following primer sets: 50-EcoRI-xDONSON and

xDONSON-V157-SalI-30 (for 1–157), 50-EcoRI-xDONSON-D133 and

xDONSON-SalI-30 (for 133–579), 50-EcoRI-xDONSON and

xDONSON-K467-SalI-30 (for 1–467), 50-EcoRI-xDONSON and

xDONSON-A369-SalI-30 (for 1–369), 50-EcoRI-xDONSON-D133 and

xDONSON-A369-SalI-30 (for 133–369), and 50-EcoRI-xDONSON-E358
and xDONSON-SalI-30 (for 358–579). These PCR products were

cloned into pGFEX 6P-1 between the EcoRI and SalI restriction sites

to create xDONSON 1-157/pGFEX 6P-1, xDONSON 133-579/pGFEX

6P-1, xDONSON 1-467/pGFEX 6P-1, xDONSON 1-369/pGFEX 6P-1,

xDONSON 133-369/pGFEX 6P-1, and xDONSON 358-579/pGFEX

6P-1.

The cDNA sequences encoding for the xDONSON full-length and

residues 1–157 with the P6A/Y8A mutations were each amplified by

PCR using the xDONSON/pGEX 6P-1 vector as a template with each

of the following primer sets: 50-EcoRI-xDONSON-P6A/Y8A and

xDONSON-SalI-30 (for full length), and 50-EcoRI-xDONSON-P6A/
Y8A and xDONSON-V157-SalI-30 (for 1–157). These PCR products

were cloned into pGFEX6P-1 between the EcoRI and SalI restriction

sites to create xDONSON P6A/Y8A (PY-2A)/pGFEX 6P-1 and

xDONSON 1–157 P6A/Y8A (PY-2A)/pGFEX 6P-1. The entire plas-

mid sequences were amplified using xDONSON/pGFEX 6P-1 and

xDONSON 1-157/pGFEX 6P-1 as the template DNA with two
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complementary primers containing the N67A/P68A/F69A mutations

(xDONSON-N67A/P68A/F69A-sense and xDONSON-N67A/P68A/

F69A-anti). The PCR mixture was treated with DpnI to digest the

template DNA, and the remaining PCR product was transformed

into E. coli to create xDONSON N67A/P68A/F69A (NPF-3A)/pGFEX

6P-1 and xDONSON 1–157 N67A/P68A/F69A (NPF-3A)/pGFEX 6P-

1. These vectors were used as the template DNA to create

xDONSON P6A/Y8A/N67A/P68A/F69A (PY/NPF-5A)/pGFEX 6P-1

and xDONSON 1–157 P6A/Y8A/N67A/P68A/F69A (PY/NPF-5A)/

pGFEX 6P-1 in the same manner as for the P6A/Y8A mutations.

The cDNA encoding for the wild-type H. sapiens DONSON

(hDONSON) was amplified by PCR with the primers 50-EcoRI-
hDONSON and hDONSON-SalI-30 using the HeLa cell cDNA as a

template and cloned into pGFEX 6P-1 between the EcoRI and SalI

restriction sites to create hDONSON/pGFEX 6P-1. This vector was

used as the template DNA to create hDONSON P6A/Y8A (PY-2A)/

pGFEX 6P-1, hDONSON N78A/P79A/F80A (NPF-3A)/pGFEX 6P-1,

hDONSON P6A/Y8A/N78A/P79A/F80A (PY/NPF-5A)/pGFEX 6P-1,

and hDONSON K489T/pGFEX 6P-1 as with the xDONSON mutants

using the primers: 50-EcoRI-hDONSON-P6A/Y8A, hDONSON-SalI-30,
hDONSON-N78A/P79A/F80A-sense, hDONSON-N78A/P79A/F80A-

anti, hDONSON-K489T-sense, and hDONSON-K489T-antisense.

The cDNA encoding Xenopus Cdc45 (xCdc45) was amplified by

PCR with the primers 50-SalI-xCdc45 and xCdc45-EagI-30 using

X. laevis oocyte cDNA as a template and cloned into pGEX 6P-1

between the SalI and NotI restriction sites to create xCdc45/pGEX

6P-1.

The sequences of 3 × FLAG-encoding oligonucleotides and PCR

primers are as follows (single and double underline indicates the

restriction and mutation sites, respectively):

50-BglII-3 × FLAG-BamHI-30-sense (50-GATCTGACTACAAAGACCAT
GACGGTGATTATAAAGATCATGACATCGATTACAAGGATGACGAT

GACAAGG-30).
50-BamHI-3 × FLAG-BglII-30-anti (50-GATCCCTTGTCATCGTCAT
CCTTGTAATCGATGTCATGATCTTTATAATCACCGTCATGGTCTTT

GTAGTCA-30).
50-EcoRI-xDONSON (50-TATGAATTCATGGCCGAGCTACTGCCCGGA
TATTC-30).
xDONSON-SalI-30 (50-TATGTCGACTTATTTCCAGGTGTACCTGTAG
TCGG-30).
xDONSON-V157-SalI-30 (TATGTCGACTTACACGGATCCCTTAGGTA

TCTC).

50-EcoRI-xDONSON-D133 (TATGAATTCGATGCCGATCCACTTGTAAA

GACC).

xDONSON-K467-SalI-30 (TATGTCGACTTACTTAAGCGCGTGCATTG

TTGC).

xDONSON-A369-SalI-30 (TATGTCGACTTATGCCTCATCTGCTTCTG

CTGTGC).

50-EcoRI-xDONSON-E358 (TATGAATTCGAGAAAGAAAATGGCACA

GCAGAAGC).

50-EcoRI-xDONSON-P6A/Y8A (TATGAATTCATGGCCGAGCTACTGG

CCGGAGCTTCCCC).

xDONSON-N67A/P68A/F69A-sense (GTAAAGCGGCGGGCCGCAG

CTGCCAGCCTAGAG).

xDONSON-N67A/P68A/F69A-anti (CTCTAGGCTGGCAGCTGCGGCCC

GCCGCTTTAC).

50-EcoRI-hDONSON (TATGAATTCATGGCCCTTTCGGTGCCCGGCT

AC).

hDONSON-SalI-30 (TATGTCGACTCAGGATCTCCAATTATAAATGT
AG).

50-EcoRI-hDONSON-P6A/Y8A (TATGAATTCATGGCCCTTTCGGTGG

CCGGCGCCTCACC).

hDONSON-N78A/P79A/F80A-sense (GCTGCTCGGAGGGCCGCAG

CCGCCCGCCTGGACAA).

hDONSON-N78A/P79A/F80A-anti.

(TTGTCCAGGCGGGCGGCTGCGGCCCTCCGAGCAGC)

hDONSON-K489T-sense (CTGACCATGCTGCTCACATCTTCACAGAG

TGG).

hDONSON-K489T-antisense.

(CCACTCTGTGAAGATGTGAGCAGCATGGTCAG)

50-SalI-xCdc45 (TATGTCGACTCATGTTTGTGAGTGATCTCCG).

xCdc45-EagI-30 (ATCGGCCGTCATGACTTTAGAGAAATAAGAGC).

Recombinant proteins and antibody production

GST-xDONSON (full length, residues 155–579), GST-3 × FLAG-

xDONSON (full length, residues 1–157, 133–579, 1–467, 1–369,

133–369, and 358–579), GST-3 × FLAG-xDONSON-P6A/Y8A (PY-

2A) (full length, residues 1–157), GST-3 × FLAG-xDONSON-N67A/

P68A/F69A (NPF-3A) (full length, residues 1–157), GST-3 × FLAG-

xDONSON-P6A/Y8A/N67A/P68A/F69A (PY/NPF-5A) (full length,

residues 1–157), and GST-3 × FLAG-hDONSON full length (wild-

type, P6A/Y8A, N78A/P79A/F80A, P6A/Y8A/N78A/P79A/F80A,

K489T) were expressed in Rossetta (DE3) pLys (Novagen) and puri-

fied with Glutathione Sepharose 4B (glutathione beads) (Cytiva)

according to the manufacturer’s protocol. To remove the GST tag,

the glutathione beads bound to the GST-tagged proteins were

treated with PreScission Protease (Cytiva) and the flow-through

fractions were collected. His-xDONSON (full length) was expressed

in Rossetta (DE3) pLys and purified with Ni-NTA agarose (QIAGEN)

according to the manufacturer’s instructions. The purified proteins

were concentrated, and buffer exchanged with phosphate buffered

saline (PBS) (�) using an Amicon Ultra-0.5 10 K (or 30 K) ultrafil-

tration device (Merck). His-xDONSON was used as an antigen to

immunize rabbits (#1, #2). Anti-DONSON antibodies (#1, #2)

were affinity purified with the antigen immobilized on Affi-Gel10

(Bio-Rad).

GST-xCdc45 was expressed in BL21 (DE3) codonplus RIL-X

(Agilent Technologies). The E. coli pellet was suspended in lysis

buffer (PBS (�) plus 1 mM phenylmethylsulfonyl fluoride (PMSF)

and 1% NP40), sonicated, and centrifuged. The insoluble pellet

was washed with lysis buffer and re-suspended in SDS–PAGE

sample buffer. The sample was subjected to SDS–PAGE, followed

by Zinc staining (Thermo Fisher). A band corresponding to GST-

xCdc45 was excised, de-stained, washed with PBS (�), sheered

through a G18 needle, and used as an antigen to immunize rab-

bits. To create the antigen beads, the insoluble pellet was re-

suspended and lysed with the buffer (0.1 M NaCl, 0.5% SDS,

5 mM DTT, 20 mM Hepes-NaOH [pH7.5]) and coupled to Affi-

Gel15 (Bio-Rad). Anti-xCdc45 antibodies were affinity purified

using the antigen beads.

His-p27 and His-geminin were prepared as previously described

(Hashimoto et al, 2010) and were used at 100 and 50 lg/ml

� 2023 The Authors The EMBO Journal 42: e114131 | 2023 13 of 17

Yoshitami Hashimoto et al The EMBO Journal



to suppress CDK activity and replication licensing reaction,

respectively.

Xenopus laevis egg extracts, chromatin fractions, nuclear
fractions, replication activity, and chemicals

The S-phase (interphase) egg extract and demembranated sperm

nuclei were prepared as previously described (Kubota & Taki-

sawa, 1993). To normalize the replication activity, we used a mix-

ture of three different extract preparations for the experiments. The

concentration of the sperm nuclei was 5,000 nuclei/ll and the reac-

tion temperature was 23°C in all experiments using the egg extracts.

The chromatin and nuclear fractions were prepared as previously

described (Hashimoto & Tanaka, 2022).

To detect the total replication activity, 2 lM Cy5-dUTP (Cytiva)

was included in each reaction, and the genomic DNA was purified

and analyzed by agarose gel electrophoresis as previously described

(Hashimoto & Tanaka, 2021). To detect the replication activity

in each nucleus, 1 lM Cy3-dCTP (Cytiva) was included in each reac-

tion, and nuclei were collected by centrifugation onto a poly-L-lysine

coated coverslip (IWAKI) and observed under a fluorescence micro-

scope (Olympus IX70) as previously described (Hashimoto &

Tanaka, 2021).

The following chemicals were used at the indicated concentrations:

Aphidicolin (Sigma-Aldrich, 10 lg/ml), PHA-767491 (Sigma-Aldrich,

50 lM), NMS-873 (Sigma-Aldrich, 100 lM), MLN4924 (Sigma-

Aldrich, 20 lM), roscovitine (Sigma-Aldrich, 100 lM), okadaic acid

(Sigma-Aldrich, 0.4–3.0 lM), and caffeine (Wako, 5 mM).

Nuclear transfer experiment

The nuclear transfer experiments (in Figs 4, 7, and EV5) comprised of

three steps: the first reaction, nuclei isolation, and second reaction. In

the first reaction, the sperm nuclei (5,000/ll) were incubated in 20 ll
of egg extract with aphidicolin for 50 min, which is sufficient for the

completion of replication initiation under normal conditions. To iso-

late the nuclei, the first reaction mixture was diluted with 400 ll of EB
buffer (100 mM KCl, 2.5 mM MgCl2, 50 mM HEPES-KOH, pH 7.5)

and layered onto 200 ll of a 30% (w/v) sucrose cushion made with

the EB buffer. These buffers, containing the additional 0.2 M NaCl or

phosphatase inhibitor cocktail (PhosSTOP, Roche), were used for the

removal of the chromatin-bound DONSON in Fig 4 or to suppress the

de-phosphorylation during nuclei isolation in Fig EV5, respectively.

The nuclei were centrifuged at 6,620 g for 3 min at 4°C, washed with

300 ll of EB buffer containing 15% (w/v) sucrose, and centrifuged at

6,620 g for 1 min. In the second reaction, the nuclei pellet was re-

suspended in 20 ll of egg extract and further incubated under various

conditions. When analyzing the chromatin-bound proteins by immu-

noblotting (Figs 4C, 7C, and EV5B), aphidicolin was added to the sec-

ond reaction to avoid replisome dissociation due to replication

termination. In the experiments in Fig 4C–E, roscovitine and His-p27

were added to the second reaction to suppress de novo replication ini-

tiation. In Fig 4E, Cy3-dCTP was added to the second reaction to

detect the replication activity. In Figs 7C and EV5B, anti-DONSON

antibody (#1) was added to suppress the functioning of endogenous

DONSON in the first and/or second reactions while control IgG was

used as a control for the anti-DONSON antibody.

Immunodepletion

The interphase egg extract was incubated twice (for DONSON,

Cdc45, and GINS) or three times (for Cut5/TopBP1) with ProteinA

Sepharose Fast Flow (Cytiva) (15 ll per 100 ll extract) and then

conjugated with the control IgG or specific antibody (antibody

beads) for 30 min each. The amount of antibody used per depletion

round (for 100 ll of extract) were as follows: anti-DONSON anti-

bodies (#1 30 lg, #2 30 lg) for DONSON depletion, anti-Cdc45 anti-

body (40 lg) for Cdc45 depletion, anti-Psf2 antibody (12 lg), and
anti-Psf3 antibody (28 lg) for GINS depletion, anti-Cut5/TopBP1

antibody (20 lg) for Cut5/TopBP1 depletion, and control IgG (60,

40, or 20 lg) for mock-depletion. The flow-through extract after two

rounds of antibody beads treatment was used as the depleted extract

for further experiments. The anti-Psf3 antiserum and antigen pep-

tide were provided by Dr K Kamada (RIKEN) (Kamada et al, 2007).

Anti-Psf3 antibody was affinity purified using the immobilized anti-

gen on an NHS-Activated Sepharose 4 Fast Flow (Cytiva).

Immunoprecipitation (FLAG-IP)

Each 20 ll of the interphase egg extract was combined with each of

the various recombinant DONSON proteins and incubated for

15 min at 23°C. The mixture was diluted with 200 ll of EB buffer

plus 0.2% NP40, supplemented with 5 ll of FLAG M2 affinity gel

(Sigma-Aldrich) and incubated for 40 min at 6°C with constant gen-

tle rotation. The M2 gel was then centrifuged, washed twice with

0.5 ml of EB buffer plus 0.2% NP40, and washed once with 0.5 ml

of 50 mM Tris–HCl (pH 7.5). The washed gel was re-suspended in

SDS–PAGE sample buffer to elute the proteins bound to the gel,

which were then analyzed by immunoblotting.

Immunoblotting and antibodies

SDS–PAGE and immunoblotting were performed according to stan-

dard procedures. Chemiluminescent signals were detected utilizing

a ChemiDoc XRS+ (Bio-Rad) and quantified using ImageJ software.

Primary antibodies or antisera were used at the indicated dilutions.

Rabbit polyclonal antibodies to xDONSON (#1 51 lg/ml, 1:100) and

xCdc45 (94.8 lg/ml, 1:500–1,000) were prepared in this study. Rab-

bit polyclonal anti-xPsf2 antibody (62 lg/ml, 1:100) was prepared

as previously described (Hashimoto & Tanaka, 2018). Rabbit anti-

sera to xCut5/TopBP1 (1:3,000), xRecQL4 (1:600), xMcm10

(1:1,000), xClaspin (1:1,000), xPole (p60) (1:1,000), xSld5 (1:300),

and xMcm2 (1:2,000) were provided by Dr Y Kubota (Osaka Univer-

sity) and Dr H Takisawa (Osaka University). The rabbit antiserum

to xDrf1 (1:3,000) was provided by Dr TS Takahashi (Kyusyu Uni-

versity). The following antibodies were obtained from the indicated

companies: rabbit polyclonal antibodies to DONSON (1:500, Novus

38599), Treslin (1:500, abcam ab124268), MCM4 (1:2,000, abcam

ab4459), Pole (p260) (1:1,000, Novus 57,240), phospho-MCM2

(Ser53) (1:1,000, Bioss bs-10608R), phospho-MCM2 (Ser40/Ser41)

(1:1,000, Bethyl A300-788A), rabbit monoclonal anti-Histone H3

(1:800, Cell Signaling 4499); mouse monoclonal antibodies to

MCM7 (1:2,500, Santa Cruz sc-9966), PCNA (1:1,000, Santa Cruz sc-

56), FLAG (1:1,000–3,000, Sigma-Aldrich), and b-actin (1:5,000,

abcam ab8224).
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Expanded View Figures

Figure EV1. The structure of DONSON and its deletion construct.

A The three-dimensional structure of human DONSON was predicted by the AlphaFold database. The views from three different directions are shown. The amino
acid numbers are indicated in the structure.

B A schematic diagram for the deletion constructs of Xenopus DONSON. Each number indicates the residues number of the protein.
C, D Purified recombinant DONSON proteins were subjected to SDS–PAGE and stained with Coomassie Brilliant Blue. His-X, 8 × His-tagged Xenopus DONSON. GST-X,

GST-tagged Xenopus DONSON. X, untagged Xenopus DONSON. 3FG-X, 3 × FLAG-tagged Xenopus DONSON. 3FG-H, 3 × FLAG-tagged human DONSON. The proper
size of each product is indicated with dotted lines.
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Figure EV2. Requirement of Claspin for DNA
replication in the DONSON-depleted extract.

Similar to Fig 3B at different incubation times (30, 45,
60, 75 min) using untagged DONSON with or without
His-Claspin (DDNS + CD, DDNS + C).
A The immunoblotting of the extracts used is

shown.
B The isolated genomic DNA was analyzed by

agarose gel electrophoresis.
C The relative Cy5 intensities in three independent

experiments are shown in the bar graph. Error
bar, mean � SD. P-values were calculated using
the unpaired t-test (two-tailed). ns, not
significant.

Figure EV3. Involvement of checkpoint
signaling in DNA replication in the DONSON-
depleted extract.

A Involvement of checkpoint signaling in the
replisome assembly. Sperm nuclei (5,000/ll) were
incubated in 20 ll of the mock- and DONDON-
depleted extracts for 45 or 60 min in the absence
(�) or presence (+) of 10 lg/ml aphidicolin (aph).
3 × FLAG-tagged recombinant Xenopus DONSON
(rec) and caffeine (caf) were added at 0.06 lM
and 5 mM, respectively. The nuclear and
chromatin fractions were isolated and analyzed
by immunoblotting with 0.5 ll of the extracts
(ext).

B Involvement of checkpoint signaling in the
replication activity. This was the same as the
experiment in Fig 3A and was performed using
the mock- and DONSON-depleted extracts under
aphidicolin-free conditions as in (A). The relative
Cy3 intensity of > 100 nuclei was quantified
using ImageJ and is shown in the box plot. The
boxes define the upper and lower quartiles; the
whiskers define max to min values; the X-mark
indicates each mean value; the central band
indicates each median; the circles indicates
outliers. P-values were calculated using the
Mann–Whitney test. ns, not significant.
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Figure EV4. Interaction of DONSON with GINS is important for DNA replication initiation.

A This FLAG-IP experiment was performed in the same manner as in Fig 5B using 1.2 lM of 3 × FLAG-tagged versions of the wild-type (xF-WT), P6A/Y8A (xF-2A), N67A/
P68A/F69A (xF-3A), and P6A/Y8A/N67A/P68A/F69A (xF-5A) of full-length Xenopus DONSON. The extract (6.7%) was analyzed for comparison (Input).

B The DONSON depletion experiment, as in Fig 2B, was performed using the same recombinant proteins as in (A) (final concentration of each, 0.06 lM). His-p27 (27)
and His-geminin (gem) were used as negative controls. The DONSON-depleted (DDNS) and mock-depleted extracts were mixed at 9:1 (mock1, lane 9) and 8:2 (mock2,
lane 10), respectively.

C Under the same conditions as in (B) except that it was aphidicolin-free, the replication activity was analyzed in the same manner as Fig 3A. The relative Cy3 intensity
of > 100 nuclei was quantified using ImageJ and is shown in the box plot. The boxes define the upper and lower quartiles; the whiskers define max to min values; the
X-mark indicates each mean value; the central band indicates each median; the circles indicates outliers. P-values were calculated using the Mann–Whitney test. ns,
not significant.
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Figure EV5. Effect of phosphatase inhibitors on DNA replication.

A The effect of okadaic acid (OA) on the replication activity. Sperm nuclei (5,000/ll) were incubated for 60 min in 10 ll of extract in the presence of 0 (�), 0.75, 1.5, and
3.0 lM OA. DNA replication activity was detected in the same manner as Fig 3B.

B The effect of phosphatase inhibitors on the replisome assembly after nuclei transfer. The same experiment as in Fig 7C was performed in the presence of phosphatase
inhibitors. The indicated concentrations of OA were added to the 1st and 2nd extracts. After the first incubation, nuclei were isolated using a buffer containing a
phosphatase inhibitor cocktail.
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