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CDK phosphorylation of SLD-2 is required for
replication initiation and germline development

in C. elegans
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yclin-dependent kinase (CDK) plays a vital role

in proliferation control across eukaryotes. Despite

this, how CDK mediates cell cycle and develop-
mental transitions in metazoa is poorly understood. In this
paper, we identify orthologues of Sld2, a CDK target that
is important for DNA replication in yeast, and character-
ize SLD-2 in the nematode worm Caenorhabditis elegans.
We demonstrate that SLD-2 is required for replication
initiation and the nuclear retention of a critical compo-
nent of the replicative helicase CDC-45 in embryos. SLD-2

Introduction

The development of a multicellular organism requires the coor-
dination of cell proliferation with differentiation. CDK plays a
critical role in cell division across eukaryotes, but little is known
about how CDK executes its essential functions in metazoa. As
the cell cycle itself changes dramatically during development
(Budirahardja and Gdnczy, 2009), understanding cell proliferation
in metazoa requires knowledge of both cell division control and the
response of the cell cycle machinery to developmental cues.
One aspect of the cell cycle that changes during develop-
ment is S-phase length (Nordman and Orr-Weaver, 2012), yet
how DNA replication is regulated in vivo in metazoa is poorly
understood. Perfect duplication of the eukaryotic genome is
achieved by a two-step replication initiation mechanism that
is regulated by transition through the cell cycle. The first step
of replication initiation (licensing) results in the loading of the
MCM2-7 helicase onto DNA in an inactive form called the
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is a CDK target in vivo, and phosphorylation regulates
the interaction with another replication factor, MUS-101.
By mutation of the CDK sites in sld-2, we show that
CDK phosphorylation of SLD-2 is essential in C. elegans.
Finally, using a phosphomimicking sld-2 mutant, we dem-
onstrate that timely CDK phosphorylation of SLD-2 is an
important control mechanism to allow normal prolifera-
tion in the germline. These results determine an essential
function of CDK in metazoa and identify a developmental
role for regulated SLD-2 phosphorylation.

prereplicative complex (pre-RC; Remus and Diffley, 2009). Li-
censing can only occur in late M/G1 phase of the cell cycle
because pre-RC formation is inhibited outside of this phase of
the cell cycle. In yeast, CDK is responsible for inhibiting pre-
RC assembly by multiple mechanisms from late G1 phase to
mitosis (Arias and Walter, 2007), whereas in metazoa, there are
additional CDK-independent mechanisms for preventing li-
censing, for example, the inhibition of the pre-RC component
Cdtl both by Geminin binding and by ubiquitin-mediated pro-
teolysis (Blow and Dutta, 2005; Kim and Kipreos, 2007a).

The second step in initiation occurs after the G1-S transi-
tion, when the APC/C is shut off and S-phase CDK activity ac-
cumulates. In the budding yeast Saccharomyces cerevisiae, the
essential function of CDK for replication initiation is the phos-
phorylation of two proteins: Sld2 (Synthetic Lethal with Dpb11
2) and SlId3 (Tanaka et al., 2007; Zegerman and Diffley, 2007),
which facilitates their subsequent interaction with the tandem
BRCAL1 C terminus (BRCT) repeat protein Dpb11 (Labib, 2010).
This phosphodependent complex is important both for the
recruitment of the leading strand DNA polymerase and for
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Figure 1. Bioinformatic screen for novel SId2 orthologues. (A) Scale diagram of the two regions of homology (I [blue] and Il [green]) between SId2 from
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helicase activation through the recruitment of cofactors Cdc45
and GINS (Go-Ichi-Ni-San complex) to loaded MCM2-7 com-
plexes to form the active CMG helicase complex (Muramatsu
etal., 2010; Mueller et al., 2011). The dual role of CDK, both as
an inhibitor of licensing and as an essential regulator of initia-
tion, underscores the importance of this kinase in coordinating
the fidelity of DNA synthesis.

Although much attention has focused on how licensing is
regulated by multiple mechanisms in diverse organisms, how
CDK controls replication initiation outside of fungi has remained
unclear. One possible explanation for this is that surprisingly,
although SId2 and SId3 are essential replication initiation fac-
tors in yeast, they are extremely poorly conserved. A metazoan
orthologue of SId3 (Treslin/Ticrr/C150rf42) has been identified
(Fu and Walter, 2010; Kumagai et al., 2010; Sanchez-Pulido et al.,
2010; Sansam et al., 2010; Pagliuca et al., 2011), and CDK phos-
phorylation of this protein has been shown to be important for
S-phase progression in human cells (Boos et al., 2011; Kumagai
et al., 2011). Despite this, CDK phosphorylation of Sld2, but
not SId3, is essential in the fission yeast Schizosaccharomyces
pombe (Fukuura et al., 2011), and S1d3 orthologues are so far
absent in Drosophila melanogaster (Sanchez-Pulido et al.,
2010; Mueller et al., 2011). This suggests that S1d3 alone is not
the single evolutionarily conserved CDK target required for
replication initiation. Putative S1d2 orthologues have been iden-
tified in vertebrates and insects (Liu, 2010), and these have in-
deed been shown to be important for DNA replication (Sangrithi
et al., 2005; Matsuno et al., 2006; Wu et al., 2008; Xu et al.,
2009b; Thangavel et al., 2010), but there is little evidence to
suggest that S1d2 is an important CDK target outside of yeast.

In this study, we identify S1d2 orthologues across eukary-
otes and characterize SLD-2 function in the nematode worm
Caenorhabditis elegans. We show that CDK-dependent phos-
phorylation of this key DNA replication target is vital for cell
division in a metazoan, and we demonstrate a role for CDK-
dependent regulation of SLD-2 in the developmental context of
the C. elegans germline.

Results

Identification of Sid2 orthologues

across eukaryotes

To understand the evolutionarily conserved functions of SId2, we
set out to identify orthologues of this protein across eukaryotes.
To increase the sensitivity of this screen, we used HMMER (Finn
et al., 2011), a program that determines homology via hidden
Markov models (HMMs), rather than between individual pro-
teins. To generate an HMM for S1d2, we first aligned yeast S1d2
with the putative Sld2 orthologues from vertebrates and flies
(RecQ4/RecQLA4). These RecQ4 proteins contain weak regions
of homology to S1d2 at their N termini and possess an additional
DEAD box helicase domain (Fig. 1 A; Liu, 2010). Alignment
of characterized S1d2 and RecQ4 proteins identified two regions
of significant homology (Matsuno et al., 2006; Marino et al.,
2013), one at the very N terminus of the proteins (Fig. 1, A and
B, region I) and the other at the very C terminus of yeast S1d2
(Fig. 1 A and Fig. S1 B, region II). To confirm the significance

of the alignment of region I, we mutated residues in budding
yeast Sld2 that are either conserved or not conserved in this
alignment (Fig. 1 B, asterisks and number sign, respectively).
Mutation of conserved residues caused synthetic lethality with a
hypomorphic allele of the S1d2-binding protein Dpb11 (Fig. ST A,
dpbll-1), in accordance with a previously published mutant
(sld2-5; Kamimura et al., 1998), whereas mutation of a non-
conserved residue (Fig. 1 B, number sign) showed no synthetic
lethality (Fig. S1 A). This mutational analysis confirms the bio-
logical significance of this alignment of homology region I.

We used the alignment of region I to generate an HMM
to screen for homologous SId2 proteins across eukaryotes by
HMMER. This computational screen identified several new
S1d2 homologues (Fig. 1 C and Table S1). Notably, some of these
newly identified S1d2 homologues appear to lack homology re-
gion II, for example, in the euglenozoan Trypanosoma cruzi and
the fungus Cryptococcus neoformans. From additional BLAST
(Basic Local Alignment Search Tool) searches with the novel
Sld2-like proteins, we also found other SId2 proteins that con-
tain homology region II but appear to lack region I, for example,
in the plant Arabidopsis thaliana and the alveolate Tetrahymena
thermophila (Fig. S1 B and Table S1).

To verify that these new proteins that contain homology
region I, II, or both are genuine S1d2 homologues, we performed
both an HMM profile-to-profile comparison (HHpred; Sanchez-
Pulido et al., 2010) and a reciprocal best-hit analysis (Fig. S1,
C and D). Comparison of the HMMs between novel and character-
ized fungal SId2 proteins verified that they are highly significantly
similar, indicating that these novel proteins are Sld2/RecQL4
homologues (Fig. S1 C). In addition, a reciprocal best-hit analy-
sis by BLAST showed that all the novel Sld2/RecQ4 proteins
aligned in Fig. 1 C are the “best hit” with at least one of the
characterized proteins aligned in Fig. 1 B (Fig. S1 D). Collec-
tively, this analysis strongly suggests that the S1d2 and RecQ4
proteins identified from the HMMER screen are orthologous.

Phylogenetic analysis of these S1d2 orthologues shows that
the Sld2-RecQ helicase fusion is ancestral because it is present
in both animal and plant lineages (Fig. 1 D). Importantly how-
ever, there are several lineages in which the S1d2 homology do-
main is not fused to a helicase domain for example in the fungi,
nematoda, placozoa, and euglenozoa (Fig. 1 D). In the absence
of additional paralogues identified from our HMMER and sub-
sequent BLAST searches, the most parsimonious explanation
for the relationship between the S1d2 and RecQ4 proteins is that
the helicase domain has separated from the SId2 domain sev-
eral times during evolution. This computational screen demon-
strates that although S1d2 is rapidly evolving, S1d2 orthologues
exist across eukaryotes.

C. elegans SLD-2 is essential for
replication initiation

To address the evolutionarily conserved functions of Sld2, we
set out to characterize SId2 in a genetically tractable metazoan
model organism. The bioinformatic screen identified the S1d2
orthologue in the nematode worm C. elegans (gene ID obtained
from WormBase, T12F5.1) as a 249—amino acid protein that
has no RecQ helicase domain (Fig. 1, C and D). Therefore, the
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characterization of this protein would allow the analysis of a
metazoan S1d2 domain in isolation. From the homology of
T12F5.1 to SId2 and from the data presented in this study, we
hereafter refer to T12F5.1 as C. elegans sld-2. We did not find
an orthologue of the RecQ4 helicase domain in C. elegans (see
Discussion and Fig. S5 A).

Knockdown of sld-2 by RNAI results in embryonic lethal-
ity, and in an RNAi-sensitive worm background (we9), this em-
bryonic lethality approaches 100% after 24 h, confirming that
sld-2 is an essential gene in C. elegans (Fig. 2 A). Consistent
with a role for sid-2 in DNA replication, sld-2 RNAI results in
synthetic lethality with a temperature-sensitive mutant in the B
subunit of DNA polymerase o (div-1) at the semipermissive tem-
perature (Fig. 2 B; Encalada et al., 2000). Replication defects in
C. elegans embryos are characterized by a long delay in the di-
vision of the P1 blastomere after division of the AB blastomere
in the second embryonic cell cycle (Encalada et al., 2000). In
accordance with a role for sld-2 in DNA replication, RNAIi of
sld-2 produces a robust P1 division delay (Fig. 2 C). Further
analysis of the embryonic phenotype after knockdown of sld-2
revealed that chromosomes are not effectively segregated be-
fore division (the “cut” phenotype; Fig. 2 D), and embryos
arrest division with abnormally large and undifferentiated cells
(Fig. 2 E). These defects are all characteristic of DNA replica-
tion mutants (Hirano et al., 1986; Encalada et al., 2000).

To directly assess the role of SLD-2 in DNA replication,
we developed a method to analyze the replication dynamics of
individual DNA molecules isolated from C. elegans embryos.
For this, we pulse labeled permeabilized embryos with the nu-
cleoside analogue 5-iodo-2'-deoxyuridine (IdU) and visualized
replicated DNA by anti-IdU immunofluorescence after stretch-
ing the DNA onto slides. This single pulse labeling shows that
sld-2 RNAI resulted in an ~50% reduction in the amount of
replicated DNA during the IdU pulse compared with wild type
(Fig. 3 A). To control for possible effects of sld-2 RNAi on cell
cycle progression, only DNA fibers that contained some IdU
tracks (and hence from S-phase cells) were analyzed. To distin-
guish whether the reduction in DNA synthesis after sld-2 RNAi
is caused by replication elongation or initiation defects, we dou-
ble pulse labeled replicating DNA in embryos first with IdU and
then with 5-chloro-2'-deoxyuridine (C1dU; Fig. 3 B). Ongoing
replication forks are labeled as tracks that contain IdU followed
by CldU, and measurement of the length of CldU tracks allows
the analysis of replication fork rates, whereas the gap between
forks (fork—fork distances) is a measure of initiation frequencies
(Fig. 3 B). From this analysis, we found that C1dU track lengths
are very similar in wild-type and sid-2 RNAi embryos (Fig. 3 C),
which shows that replication elongation is not affected by loss of
SLD-2. Importantly, however, the gap between replication forks
is significantly increased in sld-2 RNAi embryos (Fig. 3 D).
Therefore, the reduction in replication extent caused by knock-
down of sld-2 (Fig. 3 A) is likely a result of a reduced frequency
of origin firing, and from this, we conclude that C. elegans
SLD-2 is required for DNA replication initiation.

It has previously been shown in C. elegans that the conver-
sion of pre-RCs into replisomes results in the nuclear enrichment
of the CDC-45 protein, which is a component of the active form
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of the replicative helicase, the CMG complex (Sonneville et al.,
2012). To address at which stage of replication initiation SLD-2
functions, we analyzed the nuclear accumulation of CDC-45 in
worm embryos. In wild-type embryos, GFP-tagged CDC-45 is
visible in the nucleus before division and disperses from chro-
matin during mitosis (Fig. 3 E, control). After sld-2 RNAIi, how-
ever, nuclear retention of CDC-45 is drastically reduced, and
CDC-45 fails to visibly colocalize with chromatin throughout
cell division (Fig. 3 E). This abrogation of nuclear CDC-45 is
similar to the effect observed after RNAi of pre-RC components
(Sonneville et al., 2012) and shows that SLD-2 likely acts at an
early step in replication initiation in worms, at a point before
formation of the CMG helicase.

SLD-2 is CDK phosphorylated in vivo

and interacts with MUS-101/Dpb11 in a
phosphodependent manner

CDK phosphorylation of S1d2 is a critical step in DNA replica-
tion initiation in both fission yeast and budding yeast (Masumoto
et al., 2002; Tanaka et al., 2007; Zegerman and Diffley, 2007,
Fukuura et al., 2011), yet the importance of CDK regulation of
metazoan S1d2/RecQ4 is not established. To test whether C. el-
egans SLD-2 is a CDK target in vivo, we analyzed endogenous
SLD-2 protein in embryonic extracts. A Western blot for SLD-
2 in embryonic extracts identified multiple bands that increase
in mobility after the addition of phosphatase (Fig. 4 A). The
specificity of these phosphorylated forms was confirmed with a
second polyclonal antibody raised against SLD-2 (Fig. S2 A).
This phosphorylation is at least partly CDK dependent because
the addition of a CDK inhibitor to embryos rapidly reduces the
amount of phosphorylated SLD-2 (Fig. 4 B and Fig. S2 B).

C. elegans SLD-2 has eight CDK consensus sites (Fig. S5 C),
and we set out to address whether SLD-2 is phosphorylated at
these CDK sites in vivo. For this, we expressed sld-2 transgenes
that are either wild type or have all eight CDK sites mutated
to alanine (8A) or aspartic acid (8D). These transgenes have
C-terminal GFP fusions and are expressed from the germline-
specific mex-5 promoter integrated as a single copy at a Mos
transposon site (Frgkjer-Jensen et al., 2008; Zeiser et al., 2011).
Importantly although the SLD-2—-GFP wild-type protein is heav-
ily modified, particularly in embryos, removal of the eight CDK
consensus sites, either in the 8A or the 8D mutant, greatly in-
creases the mobility of SLD-2 (Fig. 4 C). From these experi-
ments, we conclude that SLD-2 is CDK phosphorylated in vivo
in C. elegans.

To understand the physiological importance of CDK
phosphorylation of C. elegans SLD-2, we set out to determine
whether this phosphorylation regulates the interaction of SLD-2
with other proteins. The essential function of CDK phosphoryla-
tion of SId2 in yeast is to facilitate the interaction with the BRCT
repeats of the replication initiation factor Dpb11 (Masumoto et al.,
2002; Tanaka et al., 2007; Zegerman and Diffley, 2007). To test
whether this phosphodependent interaction is conserved, we
first performed a yeast two-hybrid assay between SLD-2 and
the C. elegans orthologue of Dpb11 (MUS-101). This assay
shows that SLD-2 indeed interacts with the C terminus of MUS-
101 encompassing BRCT repeats 5 and 6 (Fig. 4 D). Although
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Figure 2. C. elegans sld-2 is essential. (A) Mean embryonic lethality after sld-2(RNAi) by injection into young adult N2 or RNAi-sensitive we9 worms at
15°C (n = 11). Embryo lethality is scored as the number of unhatched eggs relative to the total number of F1 eggs. (B) Mean embryonic lethality for wild-
type N2 and div-1(or148ts) worms with and without sld-2(RNAi] injection at 21.5°C, 0-24 and 24-48 h after egg laying. n = 20 except for sld-2(RNAi]
in which n = 51. (C) The timing of cell division in early embryos, extruded from N2 worms with or without injection of sld-2 RNAi, was analyzed by
time-lapse differential interference contrast (DIC) imaging. The lengths of time after PO cell nuclear envelope breakdown until the onset of nuclear envelope
breakdown in the AB blastomere or the P1 blastomere are shown. n = 9. (D) Images of the early C. elegans embryo from we? worms with or without sld-2
(RNAI) by injection. SLD-2 was visualized by anti-SLD-2 immunofluorescence using affinity-purified Ab 5058. An arrow indicates DNA stuck in the plane of
cytokinesis—the cut phenotype. (E) Differential interference contrast images showing C. elegans embryos of the same age, from mothers of the we? strain
either uninjected or injected with sld-2 (RNAi). Arrows indicate large undifferentiated cells. Error bars are SEMs. Bars, 10 pM.
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Figure 3. C. elegans sld-2 is required for
replication initiation. (A) Replication extent of
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this yeast two-hybrid assay does not measure whether this in-
teraction is phosphodependent, we note that C. elegans SLD-2
is modified in a cell cycle-dependent manner when expressed
in yeast (Fig. S2 C). To address whether this interaction is di-
rect and CDK dependent, we phosphorylated SLD-2 in vitro
and analyzed interactions with MUS-101 by pull-down assay.
SLD-2 is effectively phosphorylated by CDK in vitro, whereas
a mutant lacking any CDK consensus sites (8A or 8D) is not
(Fig. 4 E). Importantly, the pull-down assay shows that SLD-2
interacts directly with the C terminus of MUS-101 specifically
after CDK phosphorylation (Fig. 4 F). The enrichment for the
phosphorylated forms of SLD-2 in the MUS-101 pull-down

and the abrogation of this interaction in the SLD-2 8A mutant
(Fig. 4 F) indicate that this interaction is CDK phosphoryla-
tion dependent.

Having demonstrated that SLD-2 is targeted by CDK and that
this phosphorylation event mediates the interaction with MUS-
101, we next set out to address whether this CDK phosphory-
lation of SLD-2 is important in vivo. Although the SLD-2 8A
mutant does not interact with MUS-101 either in vitro (Fig. 4 F)
or by yeast two-hybrid analysis (Fig. 5 A), the SLD-2 8D
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Figure 5. C. elegans SLD-2 is an essential A
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mutant interacts with MUS-101 both in a yeast two-hybrid analy-
sis (Fig. 5 A) and in a pull-down in the absence of CDK activity
(Fig. 5 B). From this, we conclude that the 8D mutant is an
effective phosphomimic for the interaction between SLD-2 and
MUS-101. As a result, if CDK-dependent regulation of SLD-2
is essential in C. elegans, mutation of the CDK sites in sld-2 to
alanine should not be compatible with viability, but mutation of
these CDK sites to aspartic acid, which acts as a phosphomimetic
(Fig. 5, A and B), should be viable. To test this, we analyzed the
activity of transgenes expressing sld-2 wild type or the CDK
mutant 8A and 8D versions of sld-2 (described in Fig. 4 C).
These sid-2 transgenes are codon altered to be refractory to RNAi
of endogenous sld-2, and we confirmed that these transgenes

JCB « VOLUME 204 « NUMBER 4 « 2014

are similarly expressed and that their levels are indeed unaf-
fected by RNAI of endogenous sid-2 (Fig. S3).

We first tested whether these sld-2, sid-2(8A), or sld-2(8D)
transgenes can rescue the replication defect after knockdown
of endogenous sld-2. For this, we analyzed the delay in the divi-
sion time of the P1 cell in the early embryo, which is an indica-
tor of defects in DNA replication (Fig. 2 C). As expected, RNAi
of sid-2 results in a delay in P1 division, and this delay is fully res-
cued by expression of a wild-type sld-2::gfp transgene (Fig. 5 C).
Importantly, the sld-2(8A) mutant does not rescue the P1 divi-
sion delay, whereas the sld-2(8D) mutant largely rescues this
defect (Fig. 5 C). This experiment suggests that CDK phosphor-
ylation of SLD-2 is required for its function in replication.
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To test whether CDK phosphorylation of SLD-2 is essen-
tial for viability, we measured the embryonic lethality in these
strains after sld-2 RNAI. As expected, the wild-type sld-2 trans-
gene fully rescues the lethality of sld-2 RNAIi (Fig. 5 D). The
sld-2(8A) mutant does not rescue lethality, suggesting that CDK
phosphorylation of SLD-2 is essential (Fig. 5 D). In contrast,
the sld-2(8D) mutant that bypasses the requirement for CDK for
the interaction of SLD-2 with MUS-101 (Fig. 5, A and B),
nearly fully rescues the lethality of the sid-2 RNAi (Fig. 5 D).
From these results, we conclude that CDK phosphorylation of
SLD-2 is essential for viability in C. elegans.

CDK regulates SLD-2 localization

in the germiline

In this paper, we have demonstrated the physiological impor-
tance of CDK phosphorylation of SLD-2 for embryonic viabil-
ity. To investigate SLD-2 regulation in a developmental context,
we analyzed the C. elegans germline, which contains both pro-
liferating and differentiating nuclei. The distal end of the germ-
line consists of ~200 mitotically dividing germ nuclei, and
immediately adjacent to this mitotic zone, germline nuclei begin
differentiation by transitioning into meiosis. The transition zone
is distinguished from the mitotic zone by crescent-shaped DAPI
or histone-stained nuclei (Jeong et al., 2011).

Visualization of SLD-2::GFP revealed localization to the
majority of nuclei in the mitotic zone of the germline (Fig. 6 A),
regardless of cell cycle stage. Similarly, we observed in early
embryonic cell cycles that SLD-2 is nuclear from as soon as the
nuclear membrane forms after mitosis until nuclear envelope
breakdown in the next mitosis (unpublished data), suggesting that
nuclear localization of SLD-2 is not regulated during the mi-
totic cell cycle. Interestingly, however, SLD-2::GFP localiza-
tion ends abruptly at the meiotic transition zone, as determined
by the virtual absence of GFP signal in the crescent-shaped mei-
otic nuclei (Fig. 6 A). Although absent from the meiotic region
of the germline, SLD-2::GFP reappears in developing oocyte
nuclei in the loop region of the gonad and in mature oocytes
(Fig. S4 A). It is likely that this pattern of SLD-2 protein in
the germline is generated posttranslationally because the sid-
2::gfp transgenes analyzed here are expressed from the mex-5
promoter with a rbb-2 3'UTR, which drives transcription/trans-
lation throughout the germline (Fig. S4 C, H2B control; Merritt
et al., 2008; Zeiser et al., 2011).

To address whether the sharp transition in SLD-2 abun-
dance at the mitotic—meiotic boundary is regulated by CDK
phosphorylation, we analyzed the localization of the SLD-2
mutants that cannot be phosphorylated by CDK. SLD-2 (wild
type)::GFP protein is undetectable in the transition zone nuclei
in 82% of gonads analyzed, with 18% showing very faint ex-
pression in a small number of transition zone nuclei and 0%
showing any expression in the pachytene nuclei (Fig. 6 B, n =
22). In contrast, the SLD-2 (8A)::GFP protein is present in the
nuclei of the transition zone in 85% of gonads (Fig. 6 C, n =20),
and 45% show SLD-2 (8A) nuclear localization in the pachy-
tene nuclei (not depicted). This indicates that the CDK consen-
sus sites of SLD-2 are important for restricting the expression of
SLD-2 in the meiotic region of the germline.

Previously in this paper, we showed that the SLD-2 8D
mutant is an effective phosphomimetic for the interaction with
MUS-101 (Fig. 5). Despite this, we found that SLD-2 (8D)::
GFP is present in the transition zone nuclei in 90% of analyzed
gonads and in the pachytene nuclei of 60% of gonads (Fig. 6 D,
n = 20). This pattern of SLD-2 localization is similar to the 8A
mutant not to the wild-type protein. From this, we conclude that
the 8D mutant is not able to confer regulation of SLD-2 local-
ization at the transition zone border and that this localization is
likely to be independent of the interaction with MUS-101. The
persistence of the SLD-2 CDK site mutant proteins in the mei-
otic region of the germline suggests that CDK phosphorylation
contributes to the restricted meiotic localization of SLD-2.

Cyclin E/Cdk?2 is required for proliferation of the C. el-
egans germline, and Cyclin E/CYE-1 has a restricted localiza-
tion in the germline that is similar to that of SLD-2, with high
expression in the mitotic zone and oocytes and absence from the
transition zone and pachytene region (Brodigan et al., 2003).
RNAI of cye-1 results in abnormal enlarged distal germline nu-
clei that arrest proliferation before S phase (Fox et al., 2011;
Jeong et al., 2011). Given the similar localization of CYE-1
and SLD-2, we tested whether the SLD-2 localization pattern
was CYE-1 dependent. Strikingly, we found that SLD-2::GFP
is undetectable in the distal regions of cye-1(RNAi) germlines
(Fig. 6 E). RNAI of cye-1 did not affect the localization of an
H2B transgene with the same regulatory sequences (Fig. S4 C),
confirming that this regulation is specific to SLD-2. The loss
of SLD-2 signal in the distal tip region of the germline after
cye-1 RNAI (Fig. 6 E) is unlikely caused by direct phosphoryla-
tion because the SLD-2 (8A) mutant that cannot be CDK phos-
phorylated is still present in this region (Fig. 6 C). Therefore,
although distal germline SLD-2 expression requires CYE-1, the
loss of SLD-2 signal may be because cye-1 (RNA1) causes cell
cycle exit.

To test this further, we examined SLD-2 expression in
gld-1 mutant germlines, which display hyperproliferation and
ectopic CYE-1 expression (Biedermann et al., 2009). Consis-
tent with a requirement for proliferation for SLD-2 expression,
we observed that gld-1(RNAi) animals have widespread expres-
sion of SLD-2::GFP in the germline (Fig. S4 B). Together, these
data indicate that the SLD-2 protein is regulated by both prolif-
erative signals and by a CDK-dependent mechanism specifi-
cally at the meiotic transition zone in the C. elegans germline.

Regulated CDK phosphorylation of SLD-2
is important for proliferation

DNA synthesis can only occur once per cell division because
the two steps of replication initiation are separated into differ-
ent parts of the cell cycle (Fig. 7 A). We have demonstrated
that one of the critical steps in the initiation of replication in
C. elegans is the CDK phosphorylation of SLD-2. Importantly,
the sld-2(8D) mutant can constitutively mimic the essential re-
quirement for CDK phosphorylation of SLD-2 (Fig. 5). There-
fore, the sld-2(8D) mutant can, at least in part, bypass one
aspect of the cell cycle regulation of the replication initiation
mechanism (Fig. 7 A, blue line).
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Figure 6. CDK regulates SLD-2 localization in the germline. (A) Confocal images of the distal region of the C. elegans gonad extruded from an sld-2::
gfp, mcherry::histone h2b adult worm. This sld-2::gfp transgene is integrated as a single copy at a Mos transposon site and is expressed from the mex-5
promoter with a tbb-2 3'UTR. (B-D) As in A. The dotted line delineates the start of the transition zone as determined by the appearance of crescent-shaped
nuclear histone signal. (E) As in A, but after cye-1 RNAI by feeding at 25°C. DIC, differential interference contrast. Bars, 10 pM.

To investigate the importance of timely phosphorylation Knockdown of either cdc-14 or lin-35 (Rb), which are required
of SLD-2, we tested whether the sid-2(8D) mutant showed genetic to regulate entry into the cell cycle in C. elegans (Boxem and
interactions with factors that are required for cell cycle regulation. van den Heuvel, 2002; Saito et al., 2004), showed virtually no
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P-values from a t test are represented between columns.

synthetic lethality in strains harboring the sid-2 mutant trans-
genes (Fig. 7 B). We next tested two factors that have been shown
to be important for coordinating replication licensing in C. ele-
gans cul-4 and cdt-2 (Zhong et al., 2003; Kim et al., 2008).
CUL-4 and CDT-2 form part of a cullin RING ubiquitin ligase
that regulates replication licensing by the degradation of several
factors, including CDT-1, outside of G1 phase (Fig. 7 A, red;
Kim et al., 2008). We found that RNAI of either cul-4 or cdt-2
resulted in synthetic lethality with the phosphomimetic sld-2(8D)
mutant but not with sld-2(8A) (Fig. 7 B). Importantly, endoge-
nous SLD-2 is still present in this experiment, and the domi-
nance of the sld-2(8D) mutant in this genetic interaction with
cul-4/cdt-2 likely reflects the fact that the aspartate residues act

as a gain-of-function mutation to constitutively bypass the CDK
phosphorylation of SLD-2. This synthetic lethality between the
sld-2(8D) mutant and deregulated licensing suggests that the
proper timing of CDK phosphorylation of SLD-2 during the cell
cycle is important for viability (Fig. 7 A, blue line).

Previous studies have shown that RNAi of cul-4 or cdt-2
result in sterility (Simmer et al., 2003; Ceron et al., 2007; Kim
and Kipreos, 2007b), suggestive of failures in germline develop-
ment. Because the sld-2(8D) mutant enhances embryonic lethality
when replication licensing is deregulated (Fig. 7 B), we tested
whether timely CDK phosphorylation of SLD-2 is also impor-
tant to prevent sterility. Under conditions at which RNAI of cul-4
induces a low level of sterility, we observed an enhancement
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in sterility in the sld-2(8D) but not the sld-2(8A) mutant back-
ground (Fig. 7 C). This suggests that both CUL-4 and timely CDK
phosphorylation of SLD-2 are important regulators of germline
development. Consistent with this, we observed that the combi-
nation of the s/d-2(8D) mutant with cul-4 RNAi resulted in a syn-
ergistic increase in worms with abnormal gonads (Fig. 7 D). The
nuclei in the proliferative zone of these abnormal gonads are
enlarged and are fewer in number relative to wild-type gonads
(Fig. 7 D). This germline phenotype is similar to that observed
after ionizing radiation exposure (Craig et al., 2012) and pos-
sibly reflects arrest in the cell cycle as a result of the accumula-
tion of DNA damage arising from rereplication of the genome.
Together, the genetic interactions of the s/d-2(8D) mutant sug-
gest that timely CDK-dependent regulation of replication initia-
tion is important for proliferation fidelity in metazoa.

Discussion

Evolution of Sid2/RecQ4

From a bioinformatic screen, we have identified S1d2 orthologues
across eukaryotes and characterized sld-2 function in the nema-
tode worm C. elegans. The functional and phenotypic similari-
ties of worm sld-2 to yeast Sld2 confirm that this bioinformatic
screen was effective in identifying genuine SId2 orthologues.
Reciprocal best-hit analysis shows that the S1d2 and RecQ4
proteins are very likely orthologous, and phylogenetic analysis
suggests that although the SId2-RecQ helicase protein is ances-
tral, these domains have separated multiple times in evolution
(Fig. 1 D). For example, in the fungal lineage, the chytridio-
mycete Batrachochytrium dendrobatidis contains two S1d2-like
proteins, one with a RecQ helicase domain and the other with a
tubulin-like domain (Fig. 1 D and Table S1). The presence of an
Sld2-RecQ4 protein in this organism suggests that the separation
of the S1d2 domain from the helicase domain occurred after the
divergence of the chytrids in the fungal lineage.

Although the helicase domain is essential in flies (Capp
et al., 2009; Xu et al., 2009b; Crevel et al., 2012), the N-terminal
S1d2 homology region alone of RecQLA4 is sufficient for viability
in chicken cells (Abe et al., 2011) and mice (Mann et al., 2005)
and can largely complement the loss of replication initiation ac-
tivity of RecQ4-depleted frog egg extracts (Matsuno et al.,
2006). These studies show that the N-terminal S1d2-like domain
can be functionally separated from the helicase domain in sev-
eral organisms, which may explain the frequency of separation
of these domains during evolution (Fig. 1 D).

C. elegans SLD-2 is a 249—amino acid protein that lacks a
helicase domain. Interestingly, although we find orthologues of
the other members of the RecQ helicase family in C. elegans,
we do not find any orthologue of the RecQ4 helicase in this or-
ganism (Fig. S5 A). This suggests that during the evolution of
the nematoda, the helicase domain of RecQ4 was lost, whereas
the SId2 domain was conserved. This does not exclude the pos-
sibility that the RecQ4 helicase domain may play roles in repli-
cation as well as repair in other organisms (Capp et al., 2010;
Liu, 2010) and that such functions may be fulfilled by the other
RecQ helicases in C. elegans.
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Conservation of the essential functions of
CDK in replication initiation

In yeast, phosphorylation of S1d2 and S1d3 and their subsequent
interaction with Dpbl1 are the minimal roles of CDK in rep-
lication initiation (Tanaka et al., 2007; Zegerman and Diffley,
2007). Recent work has shown that CDK phosphorylation of
S1d3 (Treslin/Ticrr/C150rf42) is important for S-phase progres-
sion in human cells (Boos et al., 2011; Kumagai et al., 2011).
Despite this, S1d3 phosphorylation is not essential in the fission
yeast S. pombe (Fukuura et al., 2011), and S1d3 orthologues have
not yet been identified in D. melanogaster (Sanchez-Pulido
et al., 2010). S1d2, on the other hand, is an essential CDK target
in both budding and fission yeast (Masumoto et al., 2002; Noguchi
et al., 2002; Fukuura et al., 2011) and orthologues exist across
eukaryotes (Fig. 1 D).

One argument that has been put forward to suggest that
S1d2/RecQ4 is not an important CDK target in metazoa is that
the essential CDK site in budding and fission yeast SId2 (T84
and T111, respectively; Fig. S5 B; Tak et al., 2006; Fukuura
et al., 2011) is not conserved in RecQ4 (Boos et al., 2011).
Here, we show that C. elegans SLD-2 is CDK phosphorylated
in vivo (Fig. 4), and this phosphorylation is essential for vi-
ability (Fig. 5). Importantly, none of the eight CDK sites in
C. elegans SLD-2 show homology to the essential CDK site
in yeast Sld2 (Fig. S5, B and C). We note that C. elegans
SLD-2 interacts with the C-terminal region of MUS-101 en-
compassing BRCT repeats 5/6, whereas budding yeast S1d2
binds to a different region of Dpb11-BRCT repeats 3/4 (Tak
et al., 2006). This may reflect the fact that CDK sites can
evolve rapidly, as has been demonstrated for pre-RC com-
ponents (Moses et al., 2007), resulting in a coevolution in
the interaction region with Dpb11/MUS-101. Interestingly,
as in worms, human RecQL4 has been shown to bind to the
C-terminal BRCT repeats of the Dpbl1 orthologue TopBP1
(Ohlenschldger et al., 2012). Because Xenopus laevis/human
RecQ4/RecQL4 are CDK phosphorylated in extracts and in
cells, respectively (Matsuno et al., 2006; Xu et al., 2009a), it
is likely that SId2/RecQ4 is an important CDK target in vivo
across eukaryotes.

In yeast, the phospho-SId2-Dpbl1 interaction is impor-
tant to bring the active helicase component GINS and the lead-
ing strand polymerase to replication origins (Muramatsu et al.,
2010). Here, we demonstrate a similarly important phosphode-
pendent interaction between SLD-2 and MUS-101. Although
the sld-2(8A) mutant that cannot bind to MUS-101 is inviable,
whereas the sld-2(8D) mutant that restores binding to MUS-101
is viable (Fig. 5), we cannot rule out that other CDK-dependent
interactions involving SLD-2 are also important in C. elegans.
The exact role of SLD-2 in the replication initiation reaction
is not currently clear, but the failure of embryos after sld-2
RNAI to retain the helicase component CDC-45 in the nucleus
(Fig. 3 E) strongly suggests that SLD-2 acts at an early step
in replication initiation, before establishment of the CMG heli-
case. This is consistent with work in human cells demonstrating
a requirement for RecQL4 for CMG assembly (Im et al., 2009),
providing further evidence that SLD-2 and RecQ4 proteins are
indeed functional orthologues.



Control of SLD-2 localization

in the germline

Although CDK is critical for cell cycle regulation, we understand
very little about how the targets of CDK contribute to develop-
mental changes in cell proliferation (Budirahardja and Gonczy,
2009). To our knowledge, this characterization of SLD-2 is the
first description of an essential CDK target required for replica-
tion initiation in an animal. SLD-2 localization is strictly lim-
ited to the proliferative nuclei of the C. elegans germline (Fig. 6).
This regulation of SLD-2 is at least in part CDK dependent be-
cause the 8A and 8D mutants show abnormal localization in the
meiotic region of the gonad. Recent work has shown that Cyclin
E directly phosphorylates the translational repressor GLD-1 to
form a negative feedback loop that is vital for the balance of
germline proliferation and differentiation (Jeong et al., 2011).
Although the physiological importance of the CDK-dependent
restriction of SLD-2 in the mitotic zone of the germline is not
currently clear, this regulation may represent a control mechanism
that together with repression of GLD-1 is important to balance
mitotic cycles with meiotic entry. Despite this, we do not detect
significant differences in the number of nuclei in the proliferative
zone of sld-2(wt), sld-2(8A), or sld-2(8D) gonads (unpublished
data). From this, we hypothesize that other replication factors
may also be targeted by CDK to facilitate meiotic entry.

In addition to direct CDK-dependent regulation of SLD-2
in the germline, we also provide evidence for other levels of
regulation of SLD-2 localization. RNAi of cye-1 results in loss
of SLD-2::GFP signal from the distal germline nuclei (Fig. 6 E).
This loss of SLD-2::GFP signal is unlikely to be directly CDK
dependent because it is not mirrored by the SLD-2 8 A mutant
that cannot be phosphorylated by CDK (Fig. 6 C). It may be
that the lower SLD-2 abundance in the distal tip region of
cye-1(RNAi) animals reflects the fact that these nuclei are no
longer proliferative (Brodigan et al., 2003). A reduction in the
levels of RecQ4 in nondividing cells has indeed been observed
in the wing and eye imaginal discs in D. melanogaster (Wu et al.,
2008). The multiple levels of regulation of SLD-2 demonstrated
here suggest that the C. elegans germline will be a good model
to study mechanisms that control DNA replication initiation
during development.

Regulated CDK phosphorylation of SLD-2

is important during germline development

Although much attention has been given to how eukaryotes
regulate replication licensing in different cell cycle stages, in
diverse organisms, very little is known about the importance of
restricting the replication initiation activity of CDK to S phase
of the cell cycle. To our knowledge, the gain-of-function sld-
2(8D) allele, which bypasses the essential requirement for CDK
phosphorylation of SLD-2, is the first tool to directly address
the importance of this regulation in metazoa. With this allele,
we show that deregulation of CDK phosphorylation of SLD-2
results in embryonic lethality and sterility when replication li-
censing is compromised. We hypothesize from this genetic in-
teraction that by bypassing at least some of the requirement for
CDK activation at the G1-S transition, the sld-2(8D) allele may
reduce the time window to inhibit licensing before replication

initiation begins (Fig. 7 A), leading to a greater risk of rereplica-
tion and genome instability.

The maintenance of genome integrity is not only important
in the germline, but the accumulation of replication errors is also
likely to be an early step in tumorigenesis (Blow and Gillespie,
2008). Significantly, mutations in RecQ4, the human orthologue
of SLD-2, are the cause of several human disorders, including
Rothmund-Thomson syndrome, which leads to a cancer predis-
position (Liu, 2010). Investigating the functions of SLD-2/RecQ4
and understanding how replication fidelity is maintained in di-
verse cell types in a whole animal will therefore be important to
understand how cancers develop in humans.

Materials and methods

Bioinformatics

Multiple sequence alignments were performed using ClustalX (Thompson et al.,
1994) and manually refined. HMM were generated from the multiple se-
quence alignments using HMMER 3.0 (Eddy, 2009) and were used to
search against the NCBI proteomes with the associated tools. HMM profiles
were compared using HHPred as previously described (Séding et al., 2005;
Sanchez-Pulido et al., 2010). The orthologue network was generated using
a reciprocal best hit with BLAST as described in the legend of Fig. S1.

Strains
The C. elegans Bristol strain N2 was used as wildtype strain. The div-1{ts)
strain used was EU548 div-1(or148ts) (B. Bowerman, University of Oregon,
Eugene, OR). For immunofluorescence and nucleoside analogue labeling of
embryos, the RNAI supersensitive strain JA1320 (we9) was used. Transgenic
strains were generated via Mos1-mediated single copy transgene insertion
transformation (Frekjser-Jensen et al., 2008). Transgenes were inserted into
the Mos1 insertion strain EG4322: #Ti5605 II; unc-119(ed9) lll. The cdc-
45::gfp strain (TG1754) was a gift of A. Gartner and J. Blow (University of
Dundee, Dundee, Scotland, UK; Sonneville et al., 2012).

Mutations and transgenes used in this study are listed as follows:
N2 wild type, JA1320 (we9), JA1564 (weSi35 [Pmex-5::sld-2(wt)::
egfp/tbb-2 3'UTR; cb-unc-119(+)] Il; unc-119(ed?9) ll), JA1563 (weSi34
[Pmex-5::sld-2(8D)::egfp/tbb-2 3'UTR, cb-unc-119(+)] Il; unc-119(ed?9) I},
JA1566 (weSi37 [Pmex-5::sld-2(8A)::egfp::tbb-2 3'UTR, cbunc-119(+)] II;
unc-119(ed9) ll), JA1570 (weSi35 [Pmex-5::sld-2(wt)::egfp/tbb-2 3" UTR;
cbunc-119(+)] I, weSil4 [Pmex-5::mCherry::his-58/tbb-2 3'UTR, cb-unc-
119(+)]IV; unc-119(ed9) ll), JA1589 (weSi34 [Pmex-5::sld-2(8D)::egfp/tbb-
2 3'UTR; cbunc-119(+)] II; weSi14 [Pmex-5::mCherry::his-58/tbb-2 3' UTR,
cb-unc-119(+)] IV; unc-119(ed9) Ill), JA1590 (weSi37 [Pmex-5::sld-2(8A)::
egfp::tbb-2 3'UTR, cb-unc-119(+)]I; weSi14 [Pmex-5::mCherry::his-58/tbb-
2 3'UTR, cbunc-119(+)] IV; unc-119(ed9) ll), JA1522 (weSi6 [Pmex-5::
his-58::egfp/tbb-2 3'UTR; cb-unc-119(+)] Il; unc-119(ed9) ll), EU548 div-
1{or148ts) (B. Bowerman), and TG1754 (gtis65 [pie-1p::GFP(lap)::cdc-45 +
unc-119(+)]; s37 [pie-1p::mCherry::his-58 + unc-119(+)]; unc-119(ed9) Ill;
Sonneville et al., 2012). Transgenes were inserted into the Mos1 insertion
strain EG4322 (#Ti5605 II; unc-119(ed9) lll) using the method of Frokijser-
Jensen et al. (2008). Note that egfp is the GFPF64LS65T variant.

DNA fiber analysis

To allow large amounts of DNA to be recovered for fiber analysis, we
used the JA1320 (we9) C. elegans strain that has increased sensitivity to
RNAi by feeding. In RNAi control experiments, bacteria contained only the
empty vector L4440. RNAi or control was fed to L3 larvae at 15°C for 60 h.
Then, adult worms were collected by filtration on a 41-pm nylon filter.
Embryos were collected from adult worms by bleaching. To allow incorpo-
ration of nucleoside analogues, the embryos were treated with 0.2 U/ml
chitinase (C6137; Sigma-Aldrich) for 25 min at RT. Double pulse labeling
of embryonic replication intermediates was performed with a first pulse of
50 pM IdU (Sigma-Aldrich) for 10 min directly followed by a second pulse
of 500 pM CIdU (Sigma-Aldrich) for 10 min. Embryos were then fixed in
4% PFA (Sigma-Aldrich) for 15 min at RT.

Processing of the DNA samples. Fixed embryos were included in an
agarose plug (1% final low melting point agarose; UltraPure Low Melting
Point Agarose; Invitrogen) to prevent DNA breakage during the processing
of the sample. Agarose plugs were incubated in 0.5 M EDTA, 1% sarkosyl
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(N-lauroylsarcosine sodium salt; Sigma-Aldrich), and 1 mg/ml Proteinase
K (Roche) for 12 h. This incubation was repeated once. Agarose plugs
were equilibrated for 3 h (3 x 1 h) in 50 mM MES (Sigma-Aldrich) and
1 mM EDTA. Finally, the plugs were melted at 68°C for 20 min in 400 pl
of 50-mM MES and 1-mM EDTA. The resulting solution was transferred
to 42°C for 5 min before incubation with 2 U B-agarase | (New England
Biolabs, Inc.) for 12 h at 42°C.

Stretching of DNA fibers. DNA fibers were manually stretched on si-
lanized cover slides (Labit et al., 2008; Demczuk and Norio, 2009). Slides
were fixed for 10 min in methanol/acetic acid (3:1) and air dried.

Immunolabeling. The slides were treated with 2.5 M HCl for 1 h and
dehydrated in ethanol 70, 90, and 100%, 1 min each. Slides were washed
four times in PBS and 0.1% Tween 20 for 20 min and blocked in PBS, 0.1%
Tween 20, and 3% BSA for 1 h at 37°C. The slides were then incubated at
37°C with the following antibodies, rinsed four times in PBS and 0.1%
Tween 20 for 20 min between each incubation: (a) 30 min in 1:750 rat
anti-BrdU (detect CldU only; OBTOO30G; AbD Serotec). (b) 20 min in 1:50
Alexa Fluor 488-conjugated chicken anti-rat antibody (A-21470; Molecular
Probes). (c) 20 min in 1:50 Alexa Fluor 488-conjugated goat anti—chicken
antibody (A-11039; Molecular Probes). (d) 1 hin 1:5 mouse anti-BrdU (de-
tect both I1dU and CldU; 347580; BD). (e) 20 min in 1:50 Alexa Fluor
594-conjugated rabbit anti-mouse antibody (A-11062; Molecular Probes).
() 20 min in 1:50 Alexa Fluor 594-conjugated donkey anti-rabbit anti-
body (A-21207; Molecular Probes). (g) 30 min in 1:1,000 mouse anti-DNA
antibody (MAB3034; EMD Millipore). (h) 20 min in 1:50 Alexa Fluor 350~
conjugated rabbit anti-mouse antibody (A21062; Molecular Probes). (i)
20 min in 1:50 Alexa Fluor 350-conjugated donkey anti-rabbit antibody
(A10039; Molecular Probes). Finally, the slides were rinsed four times in
PBS for 20 min, air dried quickly, mounted in 50% glycerol in PBS, and
sealed. Slides were stored at 4°C until observation. Microscopy was per-
formed using a microscope (DeltaVision; Applied Precision).

Analysis of replication stretches. Using Image) (National Institutes of
Health), we estimated the size of the background signal, and according to
the distribution of these parameters, we then defined a threshold defining
the minimal size of a replication stretch.

Preparation of adult worm and embryonic lysates

Worms were collected at the adult stage, filtered, washed in M9, and re-
suspended in 4x Laemmli buffer. For embryonic lysates, adult worms were
bleached, washed in M9 buffer, and resuspended in 4x Laemmli buffer.
Samples were sonicated for 15 min (15 x 30-s pulse followed by 30-s
pause in a sonication device [Bioruptor; Diagenode]) and incubated at
95°C for 5 min. This operation was repeated once. Finally, samples were
centrifugated at 14,000 g for 5 min before SDS-PAGE analysis. For West-
ern blots of endogenous SLD-2, we raised two rabbit polyclonal antibodies
against full-length SLD-2-6HIS (Ab 5057 and Ab 5058). These antibodies
were dffinity purified against GST-SLD-2 and were shown to be specific in
Western blots of worm extracts both by analysis of GFP-tagged SLD-2 and
by the disappearance of SLD-2 bands after RNAI.

Yeast two-hybrid analysis and expression of C. elegans SLD-2 and
MUS-101 in budding yeast

MUS-101 full length, 1-803 aa, and 679-1,183 aa were fused to the
LexA protein in pBTM116 that was coexpressed with C. elegans SLD-2
fused to the GAL4 activation domain in pACT2 in the yeast strain L40. In-
teractions were assayed using the two reporter systems: (LexAop)s-HIS3
and (LexAop)g-lacZ.

C. elegans MUS-101 and SLD-2 were expressed in budding yeast
from the GAL1-10 galactose inducible promoter according to the following
scheme. Cell cultures exponentially growing in YP (yeast peptone)-raffinose at
30°C were synchronized in G1 with 5 pg/ml a-factor. When >95% cells
were arrested in G1 phase, 2% galactose was added to the cell cultures.
After 30 min of induction, cells were washed and released in YP-galactose
medium without a-factor to allow entry into S phase with high levels of the
overexpressed proteins.

In vitro CDK phosphorylation and GST pull-downs

SLD-2 was cloned into pET21a to generate an N-terminal T7 tag and a
C+erminal 6HIS tag. Protein was expressed in BL21 codon+ cells after
induction with 1 mM IPTG for 4 h at 37°C. T7-SLD2-HIS protein was puri-
fied on a HisTrap HP column (GE Healthcare) in buffer A (40 mM sodium
phosphate buffer, pH 7.1, 1% Triton X-100, 0.2% Tween 20, 0.05% NP-
40, 10% glycerol, 300 mM NaCl, 20 mM imidazole, pH 8, 1T mM benza-
midine HCI, 0.1 mM PMSF, 1 mg/ml leupeptin, and 1 mg/ml pepstatin A)
and eluted in buffer A + 400 mM imidazole. Protein fractions were sub-
sequently dialyzed against buffer A.
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For in vitro phosphorylation, cyclin A/CDK2 purified from Escherichia
coli (Zegerman and Diffley, 2007) was used to phosphorylate 34 pmol SLD-
2 for 30 min at 37°C in CDK buffer (10 mM sodium phosphate buffer, pH
7.1, 150 mM NaCl, 10 mM MgCly, 1 mM ATP, and 1 mCi y-[*2P]ATP) to a
total volume of 20 pl.

For GST pull-downs, MUS-101 (679-1,182) was cloned into pET2lb
to generate an N-terminal 6HIS and a C-terminal GST tag. Protein was ex-
pressed in BL21 codon+ cells after induction with 1T mM IPTG for 4 h at
37°C. HIS-MUS-101-GST protein was purified on a HisTrap HP column in
buffer A as previously stated. Protein fractions were dialyzed into GST
binding buffer (40 mM Tris, pH 7.5, 1% Triton X-100, 0.2% Tween 20,
0.05% NP-40, 10% glycerol, 150 mM NaCl, 1 mM benzamidine HCI,
0.1 mM PMSF, 1 pg/ml leupeptin, and 1 pg/ml pepstatin A) and incu-
bated with glutathione-Sepharose 4B (GE Healthcare) for 4 h at 4°C. Sep-
harose-bound protein was washed into pull-down buffer (10 mM Tris, pH 7.5,
10% glycerol, 0.1% NP-40, 1 mM EDTA, and 150 mM NaCl). For pull-
downs, 0.4 pg CDK phosphorylated or unphosphorylated protein was in-
cubated with 0.8 pg glutathione-Sepharose-bound HIS-Mus-101-GST in
200 pl of pull-down buffer (made up of 350 mM NaCl with 50 ng/ml BSA
added). Pull-downs were incubated at RT for 30 min, and bound protein
was washed with 2x pull-down buffer and 350 mM NaCl and pull-down
buffer and 150 mM NaCl. SLD-2 protein was visualized with anti-T7 West-
ern (Ab18611; Abcam), 1 in 500 overnight incubation in 5% milk and
TBST (0.1% Tween). GST-MUS-101 was visualized by Coomassie stain.

For the GST pull-down between GST-MUS-101 and the SLD-2 8D
mutant, E. coli lysates prepared in the following buffer (10 mM, Tris, pH 7.5,
1 mM EDTA, 0.1% NP-40, 10% glycerol, 300 mM NaCl, T mM benzamidine
HCl, 0.1 mM PMSF, 1 mg/ml leupeptin, and 1 mg/ml pepstatin A) were pre-
mixed fo a final volume of 250 pl before the addition of 30 pl glutathione—
Sepharose beads, prewashed in lysis buffer. lysate and beads were incu-
bated for 1 h at 4°C before washing three times in 1 ml lysis buffer.

In vivo CDK phosphorylation of C. elegans SLD-2

N2 worms were grown at 20°C until they reach the adult stage. Adult
worms were collected by filtration on 41-pm nylon filter. Embryos were col-
lected from adult worms by bleaching. Embryos were then treated with
0.2 U/ml chitinase for 25 min at RT. Chitinase-treated embryos were then
treated with X\ phosphatase (P0753; New England Biolabs, Inc.) or 10 pM
Cdk 1/2 inhibitor Ill (217714; EMD Millipore) as described in the figure
legends. Reactions were stopped by the addition of 4x Laemmli buffer.
Samples were processed for SDS-PAGE analysis as described in the pre-
vious paragraph.

RNAi injection and AB-P1 delay measurement

Before RNAI injection, JA1563, JA1564, JA1566, and N2 were synchro-
nized and grown at 25°C to the young adult stage. Worms were injected
with sld-2 double-stranded RNA, corresponding to the entire sld-2 ORF,
and subsequently incubated at 25°C. For AB-P1 division measurements,
worms were cut open in egg buffer to release the eggs and placed on
0.5% egg buffer and 3% agar pads. Embryo videos were made 20-31 h
after injection at 20°C. Videos were taken with an upright light microscope
(DMRE; Leica) and a digital camera (ORCA-ER C4742-80-12AG; Hama-
matsu Photonics) using Openlab software (PerkinElmer). Videos consist of
stacks of 12 levels taken every 10 s for durations that covered the PO and
P1 nuclear envelope breakdown.

Genetic interaction between sld-2 and cul-4/cdt-2
A smallscale screen for genetic interaction between sld-2 and factors in-
volved in the G1-S transition was performed (see Fig. 7 B for details). L1 lar-
vae were seeded on RNAI plates and incubated at 20°C until they reached
the adult stage. Adult PO worms were placed on RNA plates and were al-
lowed to lay eggs for 1 h at 20°C. Embryonic lethality was scored by divid-
ing the number of unhatched F2 eggs by the number of hatched L2 larvae.
Germline defects were detected by seeding L4 larvae on RNAI plates
and incubating at 20°C until 24 and 36 h after they reached the adult stage.
For each of these time points, PO adult worms were isolated and allowed to
lay eggs for 1 h at 20°C. From these plates, L1 stage worms (n = 50) were
isolated onto fresh plates. The total brood sizes of these F1 worms were
counted. F1 worms laying no eggs were scored as sterile.

SLD-2 Immunofluorescence

After freeze cracking embryos as in Andrews and Ahringer (2007), fixa-
tion was performed for 10 s in ice-cold methanol and 20 min at RT in 4%
PFA (4% PFA from a freshly opened vial in PBS, 80 mM Hepes, 1.6 mM
MgSOy,, 0.8 mM EGTA,; Hepes is added at a pH of 6.9, and the pH of the
final solution should reach values around 7-7.5). Samples were washed



five times in PBST (PBS and 0.2% Tween 20), and blocked in PBSTB (PBST
and 0.1% BSA) for 30 min at RT before overnight incubation with primary
antibody at 4°C. Slides were washed 3x for 10 min with PBST, incubated
with secondary antibody for 1 h at 37°C, and washed twice with PBST
and once with PBS before mounting with Mowiol. Primary antibodies were
SLD-2 (Ab 5058; this study) and tubulin (rat monoclonal MAB1864; EMD
Millipore). Secondary antibodies labeled with Alexa Fluor dyes were ob-
tained from Molecular Probes. Primary and secondary antibodies were
diluted in PBSTB before administration to the samples.

RNAi of cye-1 and gld-1

RNAI of cye-1 (C37A2.4) and gld-1 (T23G11.3) was performed by feed-
ing L1 or L3 worms as indicated in the legend of Fig. S4 and Fig. 6 at
25°C for 3.5 and 2.5 d, respectively, using RNAi clones from Fraser et al.
(2000) and Kamath et al. (2003).

Microscope image acquisition

Embryos/gonads were imaged at RT using a 40x, 1.3 NA and 63x, 1.4 NA
objectives (Carl Zeiss) on an microscope (Axioplan 2; Carl Zeiss) fitted
with a confocal detection system (LSM 510 Meta; Carl Zeiss). Images were
acquired using the LSM 510 Meta software (Carl Zeiss). Live worms were im-
mobilized in 2 mM tfetramisole (Sigma-Aldrich). Composite images were
obtained using Image] software.

DNA fibers were imaged using a 60x, 1.42 NA objective on an
wide-field microscope (IX81; Olympus) fitted with a camera (CoolSNAP
HQ?; Photometrics). Images were acquired using the DeltaVision software
and further processed using Image).

Online supplemental material

Fig. S1 demonstrates the significance of the SId2 alignment in Fig. 1 B and
the subsequent bioinformatic screen for Sld2 orthologues. Fig. S2 shows
that two separate rabbit polyclonal antibodies identify phosphorylated
forms of SLD-2 in worm extracts and that this protein is modified in a cell
cycle-dependent manner when expressed in budding yeast. Fig. S3 shows
the expression of codon altered sld-2::gfp transgenes relative to endoge-
nous SLD-2 and shows that RNAi of endogenous sld-2 does not affect the
expression of these fransgenes. Fig. S4 shows the expression of SLD-2::
GFP in the distal tip and loop region of the germline and shows the expres-
sion of SLD-2::GFP after gld-T and cye-1 (RNAI), with a control showing
that the effect of CYE-1 on SLD-2 localization is independent of the regula-
tory elements of the transgene. Fig. S5 shows the conservation of RecQ he-
licase family members in C. elegans and an alignment of the CDK sites in
yeast and worm SId2 proteins. Table S1 provides the accession numbers of
the Sld2/RecQ4 orthologues identified in the bioinformatic screen for Sld2
homologues. Online supplemental material is available at http://www.jcb

.org/cgi/content/full/jcb.201310083/DCT1.
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