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STRUCTURAL BIOLOGY

CDCA?7 is an evolutionarily conserved hemimethylated

DNA sensor in eukaryotes

Isabel E. Wassing11', Atsuya Nishiyama2*1', Reia Shikimachi?, Qingyuan Jia', Amika Kikuchi?,
Moeri Hiruta3, Keita Sugimuraz, Xin Hongz, Yoshie Chiba?, Junhui Peng4, Christopher Jenness't,
Makoto Nakanishi?, Li Zhao?*, Kyohei Arita3*, Hironori Funabiki'*

Mutations of the SNF2 family ATPase HELLS and its activator CDCA7 cause immunodeficiency, centromeric insta-
bility, and facial anomalies syndrome, characterized by DNA hypomethylation at heterochromatin. It remains un-
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clear why CDCA7-HELLS is the sole nucleosome remodeling complex whose deficiency abrogates the maintenance
of DNA methylation. We here identify the unique zinc-finger domain of CDCA7 as an evolutionarily conserved
hemimethylation-sensing zinc finger (HMZF) domain. Cryo-electron microscopy structural analysis of the CDCA7-
nucleosome complex reveals that the HMZF domain can recognize hemimethylated CpG in the outward-facing
DNA major groove within the nucleosome core particle, whereas UHRF1, the critical activator of the maintenance
methyltransferase DNMT1, cannot. CDCA?7 recruits HELLS to hemimethylated chromatin and facilitates UHRF1-
mediated H3 ubiquitylation associated with replication-uncoupled maintenance DNA methylation. We propose
that the CDCA7-HELLS nucleosome remodeling complex assists the maintenance of DNA methylation on chroma-
tin by sensing hemimethylated CpG that is otherwise inaccessible to UHRF1 and DNMT1.

INTRODUCTION

DNA methylation is a broadly observed epigenetic modification in
living systems, playing diverse functions in transcriptional regula-
tion, transposable element silencing, as well as innate immunity
(1). Alterations in DNA methylation patterns are linked to diseases
such as cancers and immunodeficiency (2, 3). One such disease is im-
munodeficiency, centromeric instability, and facial anomalies (ICF)
syndrome. ICF patient cells exhibit hypomethylation of hetero-
chromatic regions, such as satellite 2 repeats at the juxta-centromeric
heterochromatin of chromosome 1 and 16 (4, 5). Mutations in four
genes are known to cause ICF syndrome: the de novo DNA methyl-
transferase DNMT3B, the SNF2-family adenosine triphosphatase
(ATPase) HELLS (also known as LSH, SMARCAG6, or PASG), the
HELLS activator CDCA7, and the transcription factor ZBTB24, which
is critical for the expression of CDCA7 (6-8). In addition, compound
mutations of UHRF], a critical regulator of maintenance DNA meth-
ylation, cause atypical ICF syndrome (9), supporting a further causal
relationship between defective DNA methylation and the disease. The
importance of HELLS and its plant ortholog DDM1 in DNA methyla-
tion has been established in vertebrates and in plants (10-14), and
it has been suggested that the nucleosome remodeling activity of
HELLS/DDM1 facilitates DNA methylation (15, 16). However, it
remains unclear why a role in promoting DNA methylation is
uniquely carried out by HELLS/DDM1 among several other coexisting
SNF2-family ATPases with similar nucleosome remodeling activity,
such as SNF2 (SMARCA2/4), INO80, and ISWI (SMARCA1/5) (17).
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In eukaryotes, DNA methylation is primarily observed as
5-methylcytosine (5mC), commonly in the context of CpG sequences,
where both cytosines in the complementary DNA strands are sym-
metrically (i.e., fully) methylated. 5mC methylation mechanisms
can be functionally classified as maintenance methylation or de novo
methylation (18). Whereas de novo methylation, which is com-
monly mediated by DNMT3-family proteins, does not depend on
preexisting 5mC on the template DNA, maintenance methylation,
mediated by DNMT1-family proteins, occurs at hemimethylated
CpGs, which are generated upon replication of fully methylated
DNA. So far, the SET and RING-associated (SRA) domain of UHRF1
is the only established eukaryotic protein module that specifically
recognizes hemimethylated CpGs (19-21). Through its E3 ubiquitin
ligase activity, UHRFI recruits and activates the maintenance DNA
methyltransferase DNMT1 (22-26). During DNA replication, UHRF1-
mediated dual mono-ubiquitylation of the proliferating cell nuclear
antigen (PCNA)-associated factor PAF15 promotes DNMT1 activity
to support DNA replication-coupled maintenance DNA methylation
(25). In addition, when hemimethylated CpGs elude the imperfect
replication-coupled maintenance methylation mechanism, DNMT1
can catalyze maintenance methylation far behind the replication fork.
It has been suggested that this replication-uncoupled maintenance
DNA methylation acts as a backup mechanism, which is most clear-
ly observed in late-replicating/heterochromatin regions and is sup-
ported by UHRF1-mediated histone H3 dual mono-ubiquitylation,
which activates DNMT1 (7, 25, 27, 28). It was also shown that
HELLS accelerates replication-uncoupled maintenance DNA meth-
ylation at late-replicating regions in HeLa cells (27). Furthermore, it
has been reported that HELLS can assist the recruitment of UHRF1
and DNMT1 to chromatin and promote H3 ubiquitylation (14). While
the observed HELLS-UHRF1 interaction may underlie the impor-
tance of HELLS in replication-uncoupled maintenance methylation
(14), it remains unclear how HELLS is effectively recruited to sites of
hemimethylation in this process.

The abundance of nucleosomes, which bend the DNA that wraps
around the core histone octamer, affects the accessibility/activity of
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many DNA binding proteins (29), including DNA methyltransfer-
ases (30-33). The location of hemimethylated DNA within the nu-
cleosome core particle (NCP) also inhibits its detection by the SRA
domain of UHRF1 (34). In vivo, nucleosomal barriers to DNA
methylation can be alleviated by the SNF2-family ATPase HELLS in
vertebrates and DDM1 in plants (15). Although DDM1 can remodel
the nucleosome on its own (35, 36), we have previously demonstrated
that HELLS alone is inactive and must bind CDCA?7 to form the
CDCA7-HELLS ICF-related nucleosome remodeling complex
(CHIRRC), which exerts DNA-dependent ATPase and nucleosome
remodeling activities (16). In Xenopus egg extracts, CDCA7 is criti-
cal for recruiting HELLS to chromatin, but not vice versa. CDCA7
also interacts with HELLS in human cells (37), and recruits HELLS
to minor satellite DNA in mouse embryonic stem cells (8). The mo-
lecular basis of HELLS-CDCA?7 interaction and CDCA7-chromatin
interaction has not yet been established, however.

CDCA?7 is characterized by its unique zinc-finger domain (pfam
10497; zf-4CXXC_R1), which is broadly conserved in eukaryotes
(fig. S1) (17). CDCA7 homologs with the prototypical zf-4CXXC_
R1 domain, containing 11 highly conserved signature cysteine
residues and three ICF disease—associated residues, are almost exclu-
sively identified in species that also harbor HELLS/DDM1 and main-
tenance DNA methyltransferases (DNMT1/MET1 or DNMTS5),
whereas CDCA7 is almost always lost in species that lack detect-
able genomic 5mC, such as Drosophila, Tribolium, Microplitis,
Caenorhabditis, Schizosaccharomyces pombe, and Saccharomyces
cerevisiae (17). This coevolution analysis suggests that the zf-4CXXC_
R1 domain became readily dispensable in species that lack methyl-
ated DNA (17). However, the function of zf-4CXXC_R1 remains
to be defined. We demonstrate that the zf-4CXXC_R1 domain of
CDCA7 is a sensor for hemimethylated DNA, here referred to as the
hemimethylation-sensing zinc finger (HMZF) domain. Unlike the
SRA domain of UHRF1, the HMZF domain can recognize hemi-
methylated CpGs positioned within the NCP. Our results help
explain how CDCA7 could confer the unique role of HELLS in
maintenance DNA methylation by sensing hemimethylated CpG
within the NCP.

RESULTS

CDCAZ7 selectively binds hemimethylated DNA
CDCA7-family proteins are defined by the presence of a unique
zinc-finger domain (zf-4CXXC_R1), in which all three identified
ICF disease—associated residues are highly conserved (fig. S1)
(17). CDCA7 homologs have coevolved with HELLS and the main-
tenance DNA methyltransferases, but not DNMT3-like de novo
methyltransferases, suggesting a mechanistic link between CDCA?7,
HELLS, and maintenance DNA methylation at hemimethylated
DNA (17). Since CDCA7e (the sole CDCA7 paralog present in
Xenopus eggs) recruits HELLS to chromatin in Xenopus egg extracts
but not vice versa (16), we explored the possibility that CDCA7e
directly recognizes hemimethylated DNA. To test this hypothesis,
beads coupled with unmethylated, hemimethylated, or fully methyl-
ated CpG-containing double-stranded 54-base pair (bp) DNA were
incubated with Xenopus egg extracts. Notably, both CDCA7e and
HELLS were markedly enriched on hemimethylated DNA over
unmethylated or fully methylated DNA (Fig. 1, A to C, and table S1).
When **S-labeled Xenopus laevis CDCA7e produced in reticulocyte
lysates was assessed for its DNA binding in vitro, wild-type CDCA7e
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but not CDCA7e with any of the ICF disease-associated mutations
(R232H, G252V, or R262H) selectively associated with hemimethyl-
ated DNA (Fig. 1D and table S1). Direct and specific binding of
CDCAZ7e to hemimethylated DNA was further confirmed by elec-
trophoretic mobility shift assay (EMSA) using purified recombinant
protein and double-stranded oligo-DNA containing a single hemi-
methylated CpG site (Fig. 1, E to G).

HELLS and CDCA7 enrichment on

hemimethylated chromatin

We next examined whether CDCA7e and HELLS are enriched on
hemimethylated DNA in the context of chromatin. CDCA7e binds
hemimethylated 3-kb DNA beads chromatinized in egg extract with
similar specificity as UHRFI (fig. S2A). As expected, higher molecular
weight H3 species, characteristic for mono- and di-ubiquitylation
of H3 by UHRF1, can be distinguished on the hemimethylated
substrate.

Enrichment of CDCA7e and HELLS on hemimethylated DNA
was also seen on native chromatin substrates. Adding sperm nuclei
to egg extracts promotes functional nuclear formation, upon which
DNA replication is rapidly executed between 30 and 60 min after
incubation (38). Replication of the highly methylated sperm chro-
matin transiently generates hemimethylated DNA, which induces
maintenance DNA methylation by UHRF1 and DNMT1 (24-26).
When maintenance methylation is inhibited, hemimethylated DNA
is expected to accumulate during DNA replication. To inhibit
maintenance methylation, we used recombinant mouse DPPA3
(mDPPA3), which binds to UHRF1 and inhibits its association
with chromatin (39, 40). In control egg extracts, DNMT1, UHRFI,
HELLS, and CDCA7e transiently associated with chromatin in S
phase (40 to 60 min after sperm nucleus addition to egg extracts)
(fig. S2B). In the presence of mDPPA3, DNMT1 and UHRF1 failed
to associate with chromatin, while CDCA7e and HELLS exhibit
robust and continuous chromatin accumulation during the time
course (fig. S2B). These results support the idea that CDCA7e and
HELLS are enriched on highly hemimethylated chromatin generated
upon DNA replication in the absence of active maintenance DNA
methylation. Consistent with this idea, chromatin association of
CDCA7e and HELLS was suppressed when DNA replication was
inhibited by geminin (fig. S2C) (41). Since CDCA7 and HELLS re-
cruitment is observed even when mDPPA3 depleted UHRF1 from
chromatin, this rules out the possibility that CDCA7 and HELLS
recruitment to hemimethylated DNA is mediated by UHRFI1. Of
note, although it has been reported that UHRF1 and HELLS interact
(14), we failed to detect measurable interaction between UHRF1
and HELLS in Xenopus egg extracts by reciprocal coimmunopre-
cipitation assays (fig. S2, D and E).

Selective recognition of hemimethylated DNA by the CDCA7

HMZF domain is evolutionarily conserved

Hemimethylated DNA-specific binding was also observed for
human CDCA?7. Using the recombinant zf-4CXXC_R1 domain of
human CDCA7 (Fig. 2A and fig. S3, A and E), we found that the
cysteine-rich segment (amino acids 264 to 340 of NP_665809) of the
domain alone does not exhibit any detectable DNA binding capacity
(fig. S3B). Adding an N-terminal extension (amino acids 235 to 263)
to the cysteine-rich segment weakly increased binding to the oligo-
DNA with a hemimethylated CpG (fig. S3C). However, extending
the cysteine-rich segment to include the evolutionarily conserved C
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Fig. 1. CDCA7 selectively binds hemimethylated DNA. (A) Magnetic beads coupled with double-stranded 54-bp DNA oligos containing unmethylated CpGs (un-Me),
fully methylated CpGs (full-Me), or hemimethylated CpGs [hemi-Me; (F) and (R) to indicated 5mC in the forward- or reverse- strand; table S1], were incubated with inter-
phase Xenopus egg extracts. Beads were collected after 10 min and analyzed by Western blotting. SDS-polyacrylamide gel electrophoresis (SDS-PAGE) was stained with
SYBR Safe to visualize loading of the 54-bp DNA. Representative of n = 3 independent experiments. (B) Quantification of CDCA7e signal in Western blot analyses described
in (A). CDCAZ7e signal at the DNA beads is normalized relative to the DNA signal. A.U., arbitrary units. n = 3 (biological replicates). The means and SEM are shown. (C) Quan-
tification of HELLS signal in the Western blot analyses described in (A). HELLS signal at the DNA beads is normalized relative to the DNA signal. n = 3 (biological replicates).
The means and SEM are shown. (D) 355-labeled X. laevis CDCA7e proteins (wild type or with the indicated ICF3-patient associated mutation) were incubated with control
beads, or beads conjugated 200-bp unmethylated or hemimethylated DNA (table S1). 35-labeled xKid (80), a nonspecific DNA binding protein, was used as a loading
control. Autoradiography of >S-labeled proteins in input and beads fraction is shown. (E) Coomassie staining of purified 3xFLAG-tagged CDCA7e"" and CDCA7e"%32H
used in (F) and (G). (F and G) EMSA using recombinant X. laevis (F) cDCA7e" and Q) CDCA7e*3% |n graphs, data points from each biological replicate are annotated in

a unique color.
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Fig. 2. Selective binding of hemimethylated CpG by the HMZF domain of CDCA?7 is evolutionarily conserved. (A) Schematic of H. sapiens CDCA7 (isoform 2
NP_665809). Positions of the HMZF (zf-4CXXC_R1) domain (purple), three ICF3-patient mutations (cyan), and conserved cysteine residues (yellow) are shown. (B) EMSA
assay using the purified HMZF domain (amino acids 264 to 371) of H. sapiens CDCA7. (C to F) Magnetic beads coupled with double-stranded 54-bp DNA oligos containing
unmethylated (un-Me), hemimethylated (hemi-me), or fully methylated (full-Me) CpGs were incubated for 10 min in the presence of the indicated 355-Jabeled CDCA7
homolog and 3*S-labeled xKid proteins. SDS-PAGE gels were stained with SYBR-Safe to visualize loading of the 54-bp DNA. Representative autoradiographs of >>S-labeled
proteins in input and DNA pull-downs are shown. Quantifications of pulled-down 3>S CDCA?7 signal relative to the DNA signal are shown in a bar graph indicating the
mean with SEM. In graphs, data points from each biological replicate are annotated in a unique color. The means and SEM are shown. (C) Pull-down of **S-labeled human
CDCA?7 paralog CDCA7L (amino acids 322 to 454 of NP_061189) from Xenopus egg extract. Bar graph shows the quantification of data from n = 3 independent experi-
ments. (D) Pull-down of **S-labeled N. vectensis CDCA7 homolog (EDO33918.1) from boiled and clarified Xenopus egg extract supernatant. Bar graph shows the quantifica-
tion of data from n = 4 independent experiments. (E) Pull-down of 3*S-labeled C. gigas CDCA7 homolog (XP_011438013) from boiled and clarified Xenopus egg extract
supernatant. Bar graph shows quantification of data from n = 3 independent experiments. (F) Pull-down of **S-labeled A. thaliana CDCA7 homolog (NP_195428) from
boiled and clarified Xenopus egg extract supernatant. Bar graph shows quantification of data from n = 4 independent experiments.

Wassing et al., Sci. Adv. 10, eadp5753 (2024) 23 August 2024 40f18



SCIENCE ADVANCES | RESEARCH ARTICLE

terminus (amino acids 341 to 371), which contains two predicted
alpha helices, conferred highly selective hemimethylation-dependent
DNA binding (Fig. 2B). Therefore, we refer to the zf-4CXXC_R1
domain (corresponding to highly conserved amino acids 260 to 360
of NP_665809; figs. S1 and S3A) as the HMZF domain.

To assess evolutionary conservation of the observed hemimeth-
ylated DNA selectivity, CDCA7 homologs from various species
were further tested for their DNA binding preference. Similar to hu-
man CDCA?7, the HMZF domain of human CDCA?7 paralog CDCA7L
(amino acids 322 to 454 of NP_061189), displayed preferential bind-
ing to hemimethylated DNA (fig. S1 and Fig. 2C). Hemimethylated
DNA-selective binding was also observed with invertebrate CDCA?7
homologs of the sea anemone Nematostella vectensis (EDO33918.1)
and the pacific oyster Crassostrea gigas (XP_011438013), as well as a
homolog of the plant Arabidopsis thaliana (NP_195428) (Fig. 2, D to
F). While all CDCA7 homologs tested displayed notably increased
binding to hemimethylated DNA over both unmethylated or fully
methylated DNA, a weak but reproducible preference for fully
methylated DNA over unmethylated DNA was detected for A. thaliana
CDCAY in this DNA pull-down assay (Fig. 2F). Together, these results
demonstrate that the HMZF domain of CDCA7 acts as a highly
selective hemimethylated DNA binding module and suggest that
this characteristic is evolutionarily conserved in plants and animals.

CDCAZ7 recognizes a hemimethylated CpG at the major
groove of linker DNA

Since CDCA?7 stimulates nucleosome remodeling activity of HELLS,
we asked how the nucleosome could affect recognition of hemi-
methylated CpG by CDCA?7. To address this question by biochemi-
cal and structural approaches, we generated the recombinant HMZF
domain of human CDCA7 (hCDCA7,64-371 C339S). The C339S
substitution was included to improve protein homogeneity during
purification while maintaining robust hemimethylated CpG-
specific binding (fig. S3, D and E); C339 is not broadly conserved
in CDCA7 family proteins and is substituted to serine in X. laevis
CDCA7e and C. gigas CDCA7 (fig. S1) (17). EMSA demonstrated

A /5 3, 3
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hCDCA7 ‘ g PR |
(bp) *TTil. r
1200 11 ' | ! t
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that the nucleosome-hCDCA7,64-37; complex was readily ob-
served when a hemimethylated CpG was positioned at the linker
DNA at either the 5" or 3’ end [Nuc-78W or Nuc+75W, annotated
by the base position at the Watson (W) or Crick (C) strand, where
position 0 indicates the dyad] (Fig. 3A and table S2). However, the
complex formation was undetectable when the hemimethylated
CpG was located within the NCP (Nuc+64W; Fig. 3A and table S2).

To gain structural insight into CDCA7-hemimethylated DNA
interaction, cryo-electron microscopy (cryo-EM) single-particle
analysis was conducted on hCDCA7564-371 C339S in complex with
Nuc+75W (figs. S4 and S5 and tables S2 table S3). The initial cryo-
EM map showed a density around the major groove of the hemi-
methylated CpG in the linker DNA (fig. S4). Three-dimensional
(3D) variability analysis and 3D classification generated a cryo-EM
map of 3.18-A resolution for the NCP, where core histones and the
phosphate backbone of DNA were clearly resolved. Local refine-
ment and local classification generated a 4.83-A resolution map for
the extra cryo-EM density located outside of the linker DNA, repre-
senting hCDCA7;64-371 C339S (Fig. 3B and figs. S4 and S5). A pro-
visional structural model of linker DNA-bound hCDCA7,44-37; was
generated by fitting an AlphaFold2 (AF2)-predicted structure to the
extra cryo-EM density at the linker DNA (fig. S5C) (42, 43). How-
ever, the extra density remained somewhat ambiguous as the AF2-
predicted structure of the HMZF domain could not fully account
for the observed cryo-EM density.

CDCA?7 can recognize a hemimethylated CpG at the major
groove of the NCP

Despite its low resolution, the cryo-EM map of the linker DNA-
bound hCDCA7,64-371 suggested that the HMZF domain primarily
contacts hemimethylated CpG in the major groove of the DNA
(Fig. 3B). This contrasts with the recognition of hemimethylated
CpG by the SRA domain of UHRF1, which involves extensive en-
gagement of the DNA at both the major and minor grooves and
base-flipping of 5mC (19-21). Given the abundant histone-DNA
contacts within the minor groove of the NCP, SRA binding to

B

W hCDCA7
Nucleosome g

- + CDCA7

<3 nucleosome

Fig. 3. Cryo-EM structure of hCDCA7 bound at linker DNA. (A) EMSA analyzing the interaction of hCDCA7264-371 C339S with nucleosomes carrying hemimethylated
CpG at the indicated positions. (B) A composite cryo-EM map (top) and the model structure (bottom) of hCDCA764-371 C339S (generated from AF2) bound to Nuc+75W
shown in (A). The map corresponding to CDCA?7 is colored purple except for the conserved C-terminal helix, which is colored orange.
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hemimethylated CpGs is necessarily obstructed within the NCP
(fig. S6A) (34). We hypothesized that the binding mode of CDCA7
may therefore be more amenable to detecting hemimethylated CpGs
within the NCP.

To explore this hypothesis, the provisional structural model of
linker DNA-bound hCDCA?7;64-371 was superimposed at different
positions along the NCP to predict where CDCA7 may recognize a
hemimethylated CpG (figs. S5C and S6, B and C). Consistent with
the observed lack of CDCA?7 binding at the NCP in the previously
tested mononucleosome (Nuc+64W; Fig. 3A), the HMZF domain
was predicted to sterically clash with the nucleosome when the
hemimethylated CpG was placed at this position (fig. S6B). Guided
by the structure prediction, four additional locations of hemimeth-
ylated CpG in the Widom 601 nucleosome positioning sequence
were tested for their recognition and binding by hCDCA7;64-371
C339S (Fig. 4A, fig. S6C, and table S2) (44). Formation of the
nucleosome-hCDCA7564-37; C339S complex was readily detected by
EMSA for mononucleosomes where the structural model pre-
dicted successful binding (Nuc-58W; Nuc-58C). For those mononu-
cleosomes where the structural model predicted that CDCA7
sterically clashes with the nucleosome (Nuc-62W; Nuc-64C), no
clear nucleosome-hCDCA7564-371 C339S complex was detected
(Fig. 4A and fig. S6C). Quantification of the nucleosome and free
DNA signal detected by EMSA further shows that when the hemi-
methylated CpG is accessible within the NCP (Nuc-58W; Nuc-58C),
the nucleosome, rather than free DNA, is preferentially bound by
CDCA?7, while the reverse is true when hemimethylated CpG is in-
accessible on the nucleosome (Nuc-62W; Nuc-64C) (Fig. 4B). This
suggests that CDCA?7 binds more strongly to hemimethylated CpGs
that are accessible on the NCP compared to those in free DNA
(Fig. 4B). In contrast, nucleosomes remained unbound by the SRA
domain regardless of the hemimethylated CpG position on the NCP
(fig. S6D), whereas the SRA domain can bind to hemimethylated
CpG in the linker DNA (fig. S6A). Together, these data demon-
strate that the HMZF domain, but not the SRA domain, can sense
hemimethylated CpGs within the outward facing major groove of
the NCP.

We next conducted cryo-EM single-particle analysis on hCD-
CA7;64-371 C339S in complex with the linker-free mononucleosome
carrying a hemimethylated CpG at the NCP (Nuc-58W) (fig. S7 and
tables S2 and S3). The initial cryo-EM map showed a density at the
major groove of the NCP at the expected position of the hemimeth-
ylated CpG (fig. S7, A and B). 3D classification generated a cryo-EM
map of 3.0-A resolution for the NCP, and local refinement and local
classification generated a ~4.0-A resolution map for the extra cryo-
EM density located at the hemimethylated CpG, which aligns well
with the AF2-predicted structure of the HMZF domain of hCD-
CA7364-371 (Fig. 4C). This higher-resolution structure confirms
that CDCA7 contacts the hemimethylated CpG at the major
groove without eliciting any drastic distortions of the nucleosomal
DNA. The R274 side chain forms a van der Waals interaction with
the methyl group of the 5mC (-58W), while it also establishes a
Hoogsteen-like pairing with the adjacent guanine (G; -57W) of the
CpG dyad (Fig. 4D). R274 thus confers preferential binding of
CDCA7 to ahemimethylated versus unmethylated CpG. Meanwhile,
the side chain of Q275 is located within hydrogen bond distance of
the cytosine (C; 57C) and guanine (G; 58C) of the unmethylated
CpG dyad on the complementary strand. If this cytosine were to
be methylated to form a symmetrically methylated CpG, it would
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sterically clash with the side chain of Q275 and consequently push
R274 and destabilize its interaction with the original 5-methyl CpG
(Fig. 4E). Q275 is highly conserved among CDCA7 homologs across
eukaryotes (fig. S1) (17). Overall, the ICF-associated residue R274
appears to be one of the key residues that accounts for the highly
selective binding specificity of CDCA?7, whereas the ICF-associated
residue R304, as well as the evolutionarily conserved S330 residue,
contact the DNA phosphate backbone adjacent to the 5mC (Fig. 4F
and fig. S1). ICF mutations R274C/H or R304H are predicted to dis-
rupt CDCA7-DNA binding, while the third ICF-associated residue,
G294, is positioned such that its ICF mutation (G294V) is predicted
to disrupt the coordination of a zinc ion and negatively affect the
overall structure of the HMZF domain of CDCA?7 (fig. S7C).

The obtained structure of CDCA7 bound to the NCP (Fig. 4C) is
distinct from the provisional model generated from the lower reso-
lution cryo-EM density at the linker DNA (figs. S5C and S7D). This
may indicate that CDCA?7 adopts different configurations when
sensing hemimethylated CpG at the NCP compared to the linker
DNA. It is also possible that the low resolution of the cryo-EM den-
sity precluded accurate structure determination of the linker-bound
CDCA7. Whether or not CDCA7 can engage hemimethylated CpG
in multiple binding modes remains a future subject of the study.

Characterization of the HELLS-CDCA?7 interaction interface
Our previous coevolution analysis has shown that the evolutionary
preservation of CDCA7 is tightly coupled to the presence of HELLS;
while CDCA7 and HELLS were frequently lost from several eukaryote
lineages, all the tested eukaryotic species that encode CDCA?7 also
have HELLS (17). As this suggests an evolutionarily conserved func-
tion involving both CDCA?7 and HELLS, we reasoned that the
HELLS-CDCAY interaction interface is likely also conserved in these
species. We used AF2 structure prediction of HELLS-CDCA?7
complex using sequences of HELLS/DDM1 and CDCA7 homologs
from diverse eukaryotic species to identify likely CDCA7-HELLS in-
teraction domains. In all tested cases [X. laevis HELLS-CDCAZ7e,
Homo sapiens HELLS-CDCA7 and HELLS-CDCA7L, Ooceraea biroi
(clonal raider ant) HELLS-CDCA?7, N. vectensis HELLS-CDCA?7,
and A. thaliana DDM1-CDCA7], AF2 predicted the interaction
of an N-terminal alpha helix of CDCA7 (amino acids 74 to 105 of
X. laevis CDCA7e) with an N-terminal alpha helix of HELLS/
DDM!1 (amino acids 63 to 96 of X. laevis HELLS), as well as multiple
segments within the SNF2_N domain of HELLS/DDM1 (Fig. 5, A
and B, and fig. $8). The N-terminal putative CDCA7-binding
alpha helix of HELLS corresponds to the previously annotated CC2
(coiled-coil2) segment, while it has been reported that the deletion
of the preceding CC1 activates human HELLS by releasing its auto-
inhibition (45). AF2 also predicted an additional shorter CDCA7-
binding interface in X. laevis and H. sapiens HELLS (amino acids
163 to 172 in X. laevis HELLS) (Fig. 5, A and B, and fig. S8, A to D).
The putative interacting alpha helices of CDCA7 and HELLS/
DDM1 are evolutionarily conserved in divergent green plant and
animal species (Fig. 5, C and D, and figs. S8, C to G, and S9), where-
as sequence conservation of the second CDCA7-binding interface
in HELLS is less clear (Fig. 5E).

To experimentally validate these HELLS-CDCA7-binding inter-
faces, *°S-labeled X. laevis HELLS or CDCA7e proteins with or
without these segments were incubated with Xenopus egg extracts to
allow for binding to endogenous HELLS/CDCA?7e proteins. Coim-
munoprecipitation experiments demonstrate that deleting the first
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Fig. 4. Cryo-EM structure of hCDCA7 bound at NCP. (A) EMSA analyzing the interaction of hCDCA7564-371 C339S with nucleosomes carrying hemimethylated CpG at the
indicated positions. (B) Quantification of the free DNA (orange) and nucleosome signal (blue) detected by EMSA upon the addition of h\CDCA7564-371 C339S relative to the
signal detected in the absence of CDCA7. Line graph shows the average from n = 3 independent experiments. (C) A composite cryo-EM map (top) and the structure of
hCDCA7264-371 C339S (middle) bound to the nucleosome harboring a 5mC at the Watson strand, position -58 (Nuc -58W). The map corresponding to CDCA7 is colored
purple, conserved C-terminal helix indicated in orange. Overlay of atomic model of hCDCA764-371 C339S on the cryo-EM map (bottom). (D) A structure of hCDCA7264-371
C339S bound to the nucleosome (Nuc -58W). Key residues for the selective recognition of hemimethylation, R274 and Q275, are shown as purple stick model. The methyl
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methylated CpG dyad (5mC-58 W/5mC 57C) (F) A structure of hCDCA764-371 C339S bound to the nucleosome (Nuc -58 W). Residues contacting the phosphate backbone
of DNA are shown.
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Fig. 5. Identification of HELLS-CDCA?7 interaction interface. (A) Schematics of X. laevis HELLS and CDCA7e. Positions of the signature 11 conserved cysteine
residues and 3 ICF disease-associated mutations in CDCA7e are marked in yellow and cyan, respectively. CC1 is a coiled-coil domain important for autoinhibi-
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predicted CDCA7-binding interface of HELLS (amino acids 63 to
96) abolished HELLS-CDCAZ7e interaction, whereas deleting the
second interface of HELLS (amino acids 163 to 172) also reduced
CDCA7e binding, albeit to a lesser extent (Fig. 5F). This result sug-
gests that the N-terminal CC2 of HELLS acts as a critical CDCA7-
binding interface. Conversely, deleting the predicted HELLS-binding
interface in CDCA7e (amino acids 74 to 105) abolished HELLS
interaction (Fig. 5G). The result was also confirmed by using
full-length or truncated versions of recombinant 3xFLAG-tagged
CDCA7e (fig. S10); all mutants lacking the N-terminal alpha helix
abolished HELLS binding, whereas the N-terminal portion that in-
cludes this alpha helix but lacks the HMZF domain retains robust
HELLS binding. Together these data support the AF2 predicted
model in which CDCA7 and HELLS interact via their evolutionarily
conserved N-terminal helices. We name these helices in CDCA7
and HELLS, respectively, HLBH (HELLS-binding helix) and C7BH
(CDCA?7-binding helix).

CDCAZ7 recruits HELLS to hemimethylated DNA

The experiments above showed that CDCA?7 directly binds to hemi-
methylated DNA (Figs. 1 to 4) and that both HELLS and CDCA7
are enriched on chromatin with hemimethylated DNA (fig. S2). To
test whether HELLS accumulation onto hemimethylated DNA
directly depends on CDCA7, unmethylated, hemimethylated, or
fully methylated 3-kb DNA beads were incubated with mock
-depleted (AMOCK), CDCA7e-depleted (ACDCA7e), or HELLS-
depleted (AHELLS) interphase egg extracts. HELLS reproducibly
exhibited its highest binding at the hemimethylated substrate in
mock-depleted extract (Fig. 6, A and B), and CDCA7e preferentially
accumulated at hemimethylated DNA beads in mock- and HELLS-
depleted extract (Fig. 6, A and C). Depletion of CDCA7e did not
co-deplete HELLS from egg extracts but dramatically reduced the
binding of HELLS to all DNA substrates (Fig. 6, A and B). Further-
more, when *°S-labeled HELLS was incubated with egg extracts, it
preferentially bound to hemimethylated DNA over unmethylated
DNA (Fig. 6D). This hemimethylated DNA-specific binding was
abolished by CDCA?7 depletion or deleting the CDCA7-binding
helix from HELLS (C7BH: A63-96) (Fig. 5B). On the basis of these
observations, we conclude that CDCA7 recruits HELLS to hemi-
methylated DNA.

The role of HELLS and CDCA?7 in UHRF1-mediated histone

H3 ubiquitylation

Studies using ICF patient-derived cells and cell lines, as well as targeted
depletion/knockout in culture cells, suggested that HELLS and CDCA7
are especially required for maintaining DNA methylation at heterochro-
matic, late-replicating regions (6, 27, 37, 46). It was also suggested that
HELLS/DDM1-dependent methylation is mediated by DNMT1/MET1
(plant DNMT1) (14, 47). However, we did not detect any measurable
impact of CDCA7e or HELLS depletion on maintenance DNA methyla-
tion of sperm or erythrocyte nuclei in Xenopus egg extracts as monitored
by the incorporation of S-[methyl-’H]-adenosyl-L-methionine (fig. S11)
(24). The apparent absence of a role for HELLS and CDCA7e in bulk
maintenance DNA methylation could be explained by their function
in replication-uncoupled maintenance methylation specifically, which
is mediated by UHRF1-dependent H3 ubiquitylation (25). It has
been shown in HeLa cells that HELLS facilitates UHRF1-mediated H3
ubiquitylation (14) and promotes the replication-uncoupled mainte-
nance methylation at late-replicating regions (27).
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Therefore, we next attempted to examine the potential role of
CDCA7e and HELLS in H3 ubiquitylation on chromatin after DNA
replication. For this purpose, we first induced the accumulation
of hemimethylated CpG on sperm nuclei by replicating sperm
chromatin in the presence of mDPPA3, which inhibits chromatin
association of UHRF1 (Fig. 7A). The sperm nuclei containing hemi-
methylated DNA were subsequently transferred to fresh egg extracts
with or without aphidicolin, which inhibits DNA replication. As
expected, UHRFI readily and transiently associated with these
chromatin substrates after the transfer and promotes H3 ubiquity-
lation even in the presence of aphidicolin, demonstrating that
UHRF1-mediated H3 ubiquitylation was uncoupled from DNA
replication (Fig. 7A). To test the role of CDCA7 and HELLS in
H3 ubiquitylation in the context of replication uncoupled mainte-
nance methylation, we repeated this experiment using CDCA7- or
HELLS-depleted extracts. In mock-depleted extract, CDCA7, HELLS,
and UHRFI1 were already detectable on the hemimethylated chro-
matin immediately upon nuclear transfer (0 min), whereas DNMT1
and ubiquitylated H3 emerged within 2 min. However, CDCA7
or HELLS depletion attenuated the appearance of chromatin-
associated H3 ubiquitylation and DNMT1 without affecting the
level of chromatin-bound UHRF1 (Fig. 7, B and C). CDCA?7 deple-
tion did not affect sperm DNA replication in egg extract (fig. S12),
suggesting that the observed decrease in ubiquitylated H3 or
DNMT1 accumulation was not caused by lower starting levels of
hemimethylated DNA in the transferred sperm nuclei. Together,
these results support the idea that CDCA?7 recruits HELLS to hemi-
methylated chromatin to facilitate UHRF1-mediated replication-
uncoupled H3 ubiquitylation, which in turn activates DNMT1 to
promote maintenance DNA methylation.

DISCUSSION

Among several SNF2-family ATPases that can remodel nucleo-
somes, HELLS/DDM1 plays a unique role in DNA methylation
(17). It has also been reported that HELLS promotes replication-
uncoupled maintenance DNA methylation by facilitating histone
H3 ubiquitylation (14). Our present study revealed a previously
missing molecular link between HELLS and the maintenance meth-
ylation pathway by identifying CDCA7 as a hemimethylated CpG
sensor that recruits HELLS to hemimethylated DNA via its unique
HMZF domain.

Although mutations of DNMT3B (ICF1), ZBTB24 (ICF2),
CDCA7 (ICF3), and HELLS (ICF4) cause ICF syndrome, the ge-
nomic DNA methylation pattern in the de novo DNA methyltrans-
ferase—defective ICF1 patient cell lines is distinct from ICF2-4 cell
lines, in which CpG-poor regions with heterochromatin features are
particularly hypomethylated (46). In addition, coevolution analysis
indicated that CDCA7 and HELLS have stronger evolutionary links
to DNMT1 than to DNMTS3 (17). These observations suggested that
CDCA7 and HELLS promote DNA methylation in a mechanism
distinct from de novo DNA methylation, which is now consolidated
by our demonstration that the CDCA7 HMZF domain specifically
recognizes hemimethylated CpG, the substrate of the maintenance
DNA methyltransferase DNMT1. ICF disease-associated mutations
in CDCA?7 abolish its hemimethylated DNA binding, supporting
the functional importance of hemimethylation detection by CDCA?7.

UHREF1, the critical activator of DNMT], selectively recognizes
hemimethylated CpG to initiate DNA methylation maintenance
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Fig. 7. CDCA7e and HELLS regulate replication-uncoupled maintenance DNA methylation. (A) Xenopus sperm nuclei were incubated for 120 min in interphase
Xenopus egg extract in the presence of 1.1 pM recombinant mDPPA3. Chromatin was isolated and reincubated in interphase egg extract in the presence or absence
of 150 mM aphidicolin (APH). (B) Sperm nuclei were incubated for 120 min in mock-depleted extracts, CDCA7e-depleted or HELLS-depleted extracts supplemented with
mDPPA3. Chromatin was isolated and reincubated in mock-depleted, CDCA7e-depleted or HELLS-depleted extracts in the presence of aphidicolin. Chromatin was then
isolated at 0 and 2 min, and chromatin-bound proteins were analyzed by Western blotting using indicated antibodies (left). Representative of n = 3 independent experi-
ments shown. (C) The intensity of dually monoubiquitylated H3 (H3Ub,) and DNMT1 signal relative to chromatin-bound ORC2 signal at 2 min was measured using Image)J
(n = 3).The means of the intensities of three independent experiment are shown as relative value (max = 1.0). Data points from each biological replicate are annotated in
a unique color. (D) Schematic of the proposed function of CDCA7/HELLS in DNA methylation maintenance. A hemimethylated CpG in a nucleosome dense region is un-
detected by the SRA domain of UHRF1. CDCA7 detects the hemimethylated CpG on the nucleosome via the HMZF domain. CDCA7 recruits and activates HELLS, which
unwraps DNA from the nucleosome to make the hemimethylated CpG accessible to the SRA domain of UHRF1, promoting its E3 ligase activity to ubiquitylate H3. DNMT1
activated by ubiquitylated H3 executes maintenance DNA methylation. DMSO, dimethyl sulfoxide.

(19-21). However, since UHRF1 cannot bind hemimethylated CpG
within the NCP (34), it remained unclear whether a specialized
mechanism exists to detect this mark on the NCP. Our study now
demonstrates that the HMZF domain can sense hemimethylated
CpG within the NCP, depending on its position. Cryo-EM struc-
tural analysis of CDCA7 bound at a hemimethylated CpG does not
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indicate any notable distortions of the hemimethylated DNA, which
is in stark contrast to the base-flipping induced by the SRA domain
of UHRF1 (19-21). Instead, our structural model indicates that
5mC recognition by the HMZF domain is limited to interactions
within the major groove of the DNA. This allows hemimethylated
CpG detection even within the NCP if it is positioned in accessible
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major grooves. Although not all hemimethylated CpGs on the NCP
are readily accessible by CDCA7, particularly in the context of
strong nucleosome positioning sequences such as Widom 601, we
anticipate that most native DNA sequences are flexible enough to
shift the CpG into accessible positions. Residues Q275 and R274, the
latter of which is mutated in patients with ICF3, are key to the hemi-
methylation selectivity of CDCA7, while ICF-associated residue
R304 is important to mediate contact with the DNA backbone. The
role of R274 in forming a van der Waals contact with 5mC and a
hydrogen bond with the adjacent 3’ guanine mimics the mechanism
by which other methyl-binding proteins, such as MeCP2, recognize
mCpG in the major groove (48). As MeCP2 additionally coordi-
nates water molecules in the major groove to enhance 5mC binding
(49), similar coordination of water molecules by the HMZF domain
may contribute to hemimethylation selectivity.

In a recently reported crystal structure of CDCA7-bound to
non-B form DNA, the Q275 and R274 residues also contact a hemi-
methylated CpG dyad, although the precise mechanism of hemi-
methylation discrimination appears to be different between the two
structural models (50), suggesting that the HMZF domain may ex-
hibit hemimethylation selectivity in several different DNA contexts.
The overall 3D configuration of the HMZF domain is notably simi-
lar between our AF2-instructed model and the crystal structure,
validating the usage of the AF2 model in our cryo-EM structure
analysis.

We found that CDCA7 and HELLS assist H3 ubiquitylation
and subsequent DNMT1 recruitment in hemimethylated sperm
chromatin, suggesting that HELLS supports maintenance DNA
methylation via UHRF1 activation at the chromatin, in line with a
previously reported study (14). Although the complex regulation of
the multi-domain UHRF1 protein is not yet fully understood, it has
been shown that engagement of the SRA domain is important to
mediate the allosteric activation of UHRF1 and target its E3 ligase
activity to H3 (51, 52). We envision that the recruitment and activa-
tion of HELLS to hemimethylated nucleosomes via CDCA7 un-
wraps DNA from the NCP and may additionally increase the
accessibility of the histone H3 N-terminal tail otherwise associated
with linker DNA (53), thereby promoting hemimethylated CpG
binding of the SRA domain of UHRFI and the subsequent activa-
tion of UHRFI1 E3 ligase activity toward the H3 N-terminal tail
(Fig. 7D) (54). In this way, hemimethylated CpG-binding by CDCA7
may promote methylation of DNA normally found within the NCP. We
propose that the unique capability of CDCA7 to detect hemi-
methylated CpGs even in the context of the nucleosome sets the
CDCA7-HELLS complex apart from other nucleosome remodelers
and makes it uniquely suitable to promote DNA methylation. This
may explain why CDCA7 and HELLS are particularly important in
heterochromatin with low-methylated CpG density (11, 46, 55),
where the chance that a hemimethylated CpG may be directly acces-
sible to DNMT1 and activate its processive enzymatic activity is
minimal (56, 57).

Assisted by AF2 structural prediction, we demonstrated that two
evolutionarily conserved alpha helices at the N-terminal regions of
CDCA?7 and HELLS are responsible for their interaction. It has been
shown that HELLS on its own is catalytically inactive (16, 58). Delet-
ing the N-terminal alpha helix CC1 of human HELLS preceding the
CDCA7-binding helix (C7BH/CC2) activates the ATPase and nu-
cleosome remodeling activities of HELLS (45). Similarly, the N-
terminal region of Arabidopsis DDM1 harboring CC1 and CC2
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form an autoinhibitory (AutoN) domain (Fig. 5D) (36). Consistent
with its proposed autoinhibitory function, the AF2 models predict
that the highly acidic CC1 of Arabidopsis DDM1 associates with the
basic cleft that captures DNA on the NCP (fig. S8, G to I) (36); this
CCl1 placement should interfere with DDM1 binding to the nucleo-
some. Intriguingly, the AF2 model predicts that the binding of
CDCAY is insufficient to affect CC1 association with the DNA bind-
ing cleft of DDM1 (fig. S8G). It is thus possible that the plant CDCA7
recruits DDM1 to hemimethylated DNA but is not essential for
DDM1 activation, although it remains to be tested whether the plant
CDCA?7 binds DDM1. For animal HELLS homologs, CC1 and CC2
are predicted to form a long continuous helix (Fig. 5 and fig. S8, C to
F), while the acidic feature of the autoinhibitory CCl is evolution-
arily conserved (Fig. 5D). Future studies are needed to test whether
binding of CDCA?7 activates HELLS/DDM!1 by displacing the CC1
from the DNA binding cleft.

We note two limitations in this study. First, the capacity of
CDCAY7 to recognize hemimethylated DNA and promote mainte-
nance methylation in the context of heterochromatic nucleosomes
remains to be tested. However, since CDCA7 and HELLS are con-
served in insects and other invertebrates, such as N. vectensis, where
DNA methylation is largely associated with gene bodies and not
with heterochromatic transposable elements (59, 60), the role of
CDCA?7-HELLS is unlikely to be limited to heterochromatin. Al-
though this study focused on the role of CDCA7 in maintenance
methylation, it is possible that hemimethylated DNA sensing by
CDCA? also plays an important role in other processes, such as
DNA repair, resolution of DNA-RNA hybrids, and macroH2A de-
position (37, 61-65). Second, although our data clearly show that
CDCA7 selectively binds to DNA with a single hemimethylated
CpG over unmethylated or symmetrically methylated CpG, further
investigations are needed to test whether CDCA?7 has more opti-
mized substrates. The binding may be affected by DNA sequence,
density, and spacing of hemimethylated CpG, or other modifica-
tions, such as 5-hydroxymethylcytosine. Paradoxically, we have pre-
viously shown that CDCA7 and HELLS abundantly associate with
nucleosome arrays in Xenopus egg extracts in a manner indepen-
dent of hemimethylated CpG or H3K9me3 (16), while the recombi-
nant CDCA7 HMZF domain did not bind the mononucleosome
if a hemimethylated CpG was placed at inaccessible positions
(Fig. 3A and fig. S4A). The potential function of hemimethylation-
independent CDCA7 binding to chromatin is a subject for future
studies.

MATERIALS AND METHODS
Xenopus egg extracts
At the Rockefeller University, X. laevis was purchased from Nasco
(female, LM00535MX) or Xenopus 1 (female, 4270; male, 4235);
all vertebrate animal protocols (20031 and 23020) followed were
approved by the Rockefeller University Institutional Animal Care
and Use Committee. In Figs. 1 (A to C), 2 (C to F), 5 (F and G),
and 6, and figs. S2 (A, D, and E) and S11, freshly prepared crude
cytostatic factor (CSF) metaphase-arrested egg extracts were pre-
pared as previously published (66). To prepare interphase extracts,
0.3 mM CaCl, was added to CSF extract containing cycloheximide
(250 ng/ul).

At the Institute of Medical Science, University of Tokyo, X. laevis
was purchased from Kato-S Kagaku and handled according to the
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animal care regulations at the University of Tokyo. In Fig. 7 and
figs. S2 (B and C), S10, and S12, clarified cytoplasmic extracts were
used. Crude interphase egg extracts were prepared as described pre-
viously (25, 67), supplemented with cycloheximide (50 pg/ml),
cytochalasin B (20 pg/ml), 1 mM dithiothreitol (DTT), aprotinin
(2 pg/ml), and leupeptin (5 pg/ml) and clarified by ultracentrifuga-
tion (Hitachi, CP100NX, P55ST2 swinging rotor) for 20 min at
48,400g. The cytoplasmic extracts were aliquoted, frozen in liquid
nitrogen, and stored at —80°C. The clarified cytoplasmic extracts
were supplemented with an energy regeneration system [2 mM
adenosine triphosphate (ATP), 20 mM phosphocreatine, and cre-
atine phosphokinase (5 pg/ml)].

Chromatin isolation

Xenopus sperm nuclei (3000 to 4000 per pul) was added to interphase
extract and incubated at 22°C. Extract was diluted 5- to 10-fold in
chromatin purification buffer [(CPB): 50 mM KCl, 5 mM MgCl,,
2% sucrose, and 20 mM Hepes-KOH (pH 7.6)] supplemented with
0.1% Nonidet P-40 (NP-40). With the exception of Fig. 1A, CPB
was additionally supplemented with 2 mM N-ethylmaleimide and
0.1 mM PR-619. Diluted extracts were layered onto a CPB-30% su-
crose cushion and centrifuged at 15,000g for 10 min at 4°C. The
chromatin pellet was recovered in 1X Laemmli sample buffer and
boiled, and Western blotting was performed against the indicated
proteins. For reincubation of hemimethylated chromatin, Xenopus
sperm nuclei (3000 to 4000 per pl) were incubated with 80 pl mock-,
CDCA7-, or HELLS-depleted extracts in the presence of 1.1 pM
glutathione S-transferase (GST)-mDPPA3 for 120 min. Extracts
were then diluted to 300 pl with CPB buffer and then added with
900 pl Cell lysis buffer (Wizard Genomic DNA Purification Kit,
Promega). After 10 min incubation at room temperature (RT),
(invert two to three times once during the incubation), chromatin
was isolated by centrifugation at 16,500¢ for 20 s at RT in a fixed-
angle rotor and washed with CPB buffer twice.

Antibodies and Western blotting

Xenopus CDCA7e, HELLS, PAF15, DNMT1, and UHRF1 were
detected with rabbit polyclonal antibodies previously described
(16, 24, 25). Rabbit polyclonal histone H3 antibody (ab1791) was
purchased from Abcam. Rabbit polyclonal histone H4 antibody
(catalog no. 61521) was purchased from Active Motif. In Fig. 1A,
fig. S2A, and Fig. 6A, antibodies were used in LI-COR Odyssey
blocking buffer at the following dilutions: affinity purified anti-
CDCA7e (2 pg/ml), affinity purified anti-HELLS (3.5 pg/ml), anti-
UHRF]1 serum (1:500), anti-H3 (1:1000), and anti-H4 (1:1000).
Primary antibodies were detected with IRDye secondary antibodies
(catalog no. 926-32211; catalog no. 926-68070, LI-COR BioSciences)
and subsequently imaged and quantified on an Odyssey infrared
imaging system. In fig. S2 (B and C), Fig. 7, and fig. S10, anti-
DNMT1 (1:500) and anti-UHRF1 (1:500) sera were used in 5% milk
in phosphate-buffered saline with 0.05% Tween 20 (PBS-T); anti-
PAF15 (1:500), anti-CDCA7e (1:500), and anti-HELLS (1:500)
sera were used in Sol 1 (Toboyo, Can Get Signal immunoreaction
enhancer solution). Primary antibodies were detected with horse-
radish peroxidase (HRP)-conjugated secondary antibodies (rabbit
IgG-, Protein A-, or mouse IgG-conjugated with HRP, Thermo
Fisher Scientific) and enhanced chemiluminescence detection
reagent (Amersham). After exposure to the wrapped membrane,
x-ray film was developed. The intensity of each band was quantified
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using Image] by measuring background-subtracted regions of
interest intensities.

Immunodepletion

To immunodeplete CDCA7e or HELLS from extracts used for DNA
beads pull-down experiments, 37.5 pg of affinity purified anti-
CDCAY or anti-HELLS antibodies was coupled to 150 pl of Protein
A Dynabeads (Thermo Fisher Scientific) and used to deplete 100 pl
of extract at 4°C for 45 min. To immunodeplete CDCA7e or HELLS
from extract used for chromatin isolation experiments, 170 pl of an-
tiserum was coupled to 40 pl of recombinant Protein A Sepharose
(rPAS, GE Healthcare). Antibodies bound beads were washed ex-
tensively in CPB and supplemented with 4 pl of fresh rPAS. Beads
were split into two portions, and 100 pl of extract was depleted in
two rounds at 4°C, each for 1 hour. Mock depletion was performed
using purified preimmune rabbit IgG (Sigma-Aldrich).

Immunoprecipitations

For coimmunoprecipitation from Xenopus egg extracts in fig. S2
(D and E), anti-HELLS antibody (12.5 pg), or anti-UHRF1 serum
(85 pl) were coupled to 50 pl of Protein A Dynabeads for 1 hour at
RT. For coimmunoprecipitation from Xenopus egg extracts in Fig. 5
(F and G), anti-HELLS and anti-CDCA?7e antibodies (25 pg) were
coupled to 100 pl of Protein A Dynabeads for 1 hour at RT and
cross-linked with Pierce BS; (Thermo Fisher Scientific), following
the manufacturer’s protocol. Antibody beads were washed exten-
sively in sperm dilution buffer [5 mM Hepes, 100 mM KCIl, 150 mM
sucrose, and 1 mM MgCl, (pH 8.0)]. UHRF1, HELLS, and CDCA7
mutants were cloned into pCS2 vector by Gibson assembly and
radiolabeled with EasyTag L-[*°S]-methionine (PerkinElmer) using
the TnT Coupled Reticulocyte Lysate System (Promega) according
to the manufacturer’s instructions. Immunoprecipitation was per-
formed in interphase egg extracts (Fig. 5, F and G) supplemented
with cycloheximide (250 ng/pl) and the following ratios of Tnt ly-
sates: 7 pl of the indicated *°S-labeled HELLS mutants with 1 pl *S-
labeled xCDCA7e in 50 pl of extract (Fig. 5F), 7 pl of the indicated
33S_labeled CDCA7 mutants with 1 pl **S-labeled HELLS in 50 pl of
extract (Fig. 5G), 2 pl 3S-labeled UHRF1 and 2 pl **S-labeled
CDCA?7 per 25 pl of extract (fig. $2D), and 3.5 ul *°S-labeled HELLS
with 0.5 pl **S-labeled UHRF1 per 25 pl of extract (fig. S2E). Extract
was added to the beads and incubated on ice for 1 hour with flicking
every 20 min. The extract was diluted with 10 volumes of CSF-XB
[100 mM KCl, 1 mM MgCl,, 50 mM sucrose, 5 mM EGTA, and
10 mM Hepes (pH 8.0)], and beads were recovered on a magnet. Beads
were washed and recovered three times with 150 pl of CSF-XB with
0.1% Triton X-100. Beads were resuspended in 1X Laemmli buffer
and boiled, and supernatants were resolved by SDS-polyacrylamide
gel electrophoresis (SDS-PAGE). Gels were fixed in fixative (1:2:7
glacial acetic acid:methanol:H,0), dried, and exposed on a Phos-
phorImager screen. Control immunoprecipitation was performed
using purified preimmune rabbit IgG (Sigma-Aldrich).

DNA pull-down assays

To generate unmethylated, fully methylated and hemimethylated
biotinylated 54-bp DNA substrates, 54-bp DNA oligos listed in
table S1 were annealed in a thermocycler and purified with size-
exclusion chromatography, Superdex 200 Increase 10/300 GL
(Cytiva). Unless otherwise indicated, the hemimethylated 54-bp
DNA oligo contains the 5mCs in the forward strand. To generate
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biotinylated hemimethylated pBlueScript DNA substrates, a poly-
merase chain reaction (PCR)-linearized pBlueScript template was
methylated by the CpG methyltransferase M.SssI according to man-
ufacturer’s protocol (catalog no. EM0821, Thermo Fisher Scientific).
DNA synthesis across the methylated linearized pBlueScript tem-
plate was subsequently performed in Q5 High-Fidelity 2X Master
Mix (New England Biolabs Inc.) using a 5" biotinylated primer (5’-/5
Biosg/ CGTTCTTCGGGGCGAAAACTCTCAAGG -3') purchased
from Integrated DNA Technologies. The reaction mix was purified
using the QIAquick PCR purification kit (QIAGEN), and the resul-
tant hemimethylated DNA product was subsequently purified from
the reaction mix by conjugation to streptavidin M280 Dynabeads
(Invitrogen). For nonmethylated 3-kb DNA substrates, the above
protocol was performed using unmethylated linearized pBlueScript
DNA template during DNA synthesis. Fully methylated pBlueScript
DNA substrates were generated by methylating the nonmethylated
pBlueScript DNA substrates with CpG methyltransferase M.SssI
(Thermo Fisher Scientific) before DNA-bead conjugation. Methyla-
tion status of all BlueScript DNA substrates was confirmed by re-
striction digest with BstUI (New England Biolabs Inc.). BlueScript
DNA substrates were coupled to streptavidin beads at ~2 pg of
DNA/5 pl of bead slurry in bead coupling buffer [50 mM tris-Cl,
0.25 mM EDTA, and 0.05% Triton X-100 (pH 8.0)] supplemented
with 2.5% polyvinyl alcohol and 1.5 M NaCl for at least 2 hours at
RT. Fifty-four-base pair DNA substrates (table S1) were conjugated
to streptavidin M280 Dynabeads at ~500 ng of DNA/10 pl of bead
slurry. Two hundred-base pair ultramers with Widom 601 nucleo-
some positioning sequence (table S1) (44) were purchased from In-
tegrated DNA Technologies and conjugated to streptavidin M280
Dynabeads at ~1 pg of DNA/5 pl of bead slurry. After conjugation,
DNA-streptavidin beads were collected and incubated in 50 mM
tris-Cl, 0.25 mM EDTA, and 0.05% Triton X-100 with 1 mM biotin
for at least 30 min. DNA beads were extensively washed in sperm
dilution buffer [5 mM Hepes, 100 mM KCl, 150 mM sucrose, and
1 mM MgCl, (pH 8.0)] before performing any pull-down assay. As
boiled supernatants of cell lysates are known to prevent proteins
from binding to beads nonspecifically (68), in vitro DNA pull-
downs were performed in boiled and clarified extract supernatant
where indicated (Fig. 2, D to F) (68). Boiled and clarified egg extract
supernatant was prepared by boiling CSF extract for 15 min fol-
lowed by ultracentrifugation for 30 min at 260,000g. Supernatant
was aliquoted, frozen in liquid nitrogen, and stored at —80°C. All
DNA pull-downs were performed at 20°C.

For DNA bead pull-downs analyzed by Western blot (Figs. 1A
and 6A and fig. S2A), 5 pl of DNA-conjugated beads were incubated
in 30 pl of interphase Xenopus egg extract, supplemented with cy-
cloheximide (250 ng/pl) and 300 uM aphidicolin. After incubation,
the beads were washed three times in bead wash buffer (10 mM K-
Hepes, 50 mM sucrose, 1 mM MgCl,, 100 mM KCl, 0.5 mM tris(2-
carboxyethyl)phosphine (TCEP), and 0.1% Triton X-100). Beads
were resuspended in 1X Laemmli buffer and boiled, and superna-
tants were resolved by SDS-PAGE. Western blotting was performed
against the indicated proteins.

To assess protein binding by autoradiography [Figs. 1D, 2 (C
to F), and 5 (F and D), and fig. S2 (D and E)], indicated proteins
were expressed and radiolabeled with EasyTag 1-[*°S]-methionine
(PerkinElmer) using the TnT Coupled Reticulocyte Lysate System
(Promega) according to the manufacturer’s instructions. The C-
terminally GFP-tagged DNA binding domain of xKid (xKid-DBD,
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amino acids 544 to 651) was cloned into pCS2 vector by Gibson
assembly. cDNA of CDCA7 homologs was purchased from Gen-
Script (clone IDs OAb17308D; OSf02364; and OCr101632D) and
cloned into pCS2 vector by Gibson assembly. The cDNA purchased
for N. vectensis (0Sf02364) encodes a truncated protein sequence
(ED0O33918.1) that corresponds to amino acids 157 to 313 of the
full-length protein (XP_001626018.2).

To assess the recruitment of HELLS to hemimethylated DNA
in egg extract using autoradiography (Fig. 6D), 5 pl of DNA-
conjugated beads were incubated in 30 pl of interphase Xenopus
egg extract supplemented with cycloheximide (250 ng/pl), 300 pM
aphidicolin 3 pl of **S-labeled HELLS, and 0.9 pl of **S-labeled
xKid-DBD per microliter of extract. To assess the in vitro bind-
ing of CDCA?7e ICF mutants to hemimethylated DNA by autoradi-
ography (Fig. 1D), 5 pl DNA beads were incubated in 20 pl of
binding buffer [10 mM Hepes, 100 mM NaCl, 0.025% Triton X-
100, and 0.25 mM TCEP (pH 7.8)] supplemented with 4 pl of *S-
labeled CDCA7 and 1 pl of **S-labeled xKid. To assess binding of
CDCA7 homologs, DNA bead pull-down was performed using
10 pl of DNA-conjugated beads incubated in 30 pl of interphase
Xenopus egg extract (Fig. 2C) or boiled and clarified extract super-
natant (Fig. 2, D to F), supplemented with 3 pl of *°S-labeled CDCA7
and 0.9 pl of *S-labeled xKid. Beads were washed and recovered
three times and boiled in 1x Laemmli buffer, and supernatants
were resolved by SDS-PAGE. For DNA quantitation, SDS-PAGE
gel was stained with 0.01% SYBR-Safe (Thermo Fisher Scientific)
for 15 min before imaging. Gel was fixed in fixative (1:2:7 glacial
acetic acid:methanol:H,0), dried, and exposed on a PhosphorIm-
ager screen.

Detection of DNA methylation maintenance and DNA
replication in Xenopus egg extract

DNA methylation of replicating sperm or erythrocyte nuclei in
egg extract was assayed by the incorporation of "H-SAM (S-
[methyl—3H]—adenosyl—L—methionine; PerkinElmer, NET155H). De-
membranated sperm nuclei were prepared as published previously
(69). Erythrocyte nuclei were prepared from blood collected from
dead adult male X. laevis frogs that were euthanized for testis dissec-
tion, following the protocol published previously (70), with the ad-
dition of an extra dounce homogenization step before pelleting the
nuclei over the 1 M sucrose cushion. Erythrocyte nuclei were stored
at —20°C in 50% glycerol STMN buffer [10 mM NaCl, 10 mM tris
(pH 7.4), 3 mM MgCl,, and 0.5% NP-40]. Sperm or erythrocyte nu-
clei were replicated in cycling egg extract (3000 nuclei/ul extract)
supplemented with cycloheximide (250 ng/pl) and 0.335 pM H-
SAM (82.3 Ci/mmol) for 1 hour at 20°C. Replication was inhibited
by the addition of 200 nM of recombinant GST-tagged nondegradable
geminin (fig. S11, an expression plasmid provided by W. Matthew
Michael) (41) or 500 nM of His6-geminin (fig. S2C, a gift from
T. Takahashi). The reaction was stopped by the addition of 9 volumes
of CPB. Genomic DNA was purified using a Wizard Genomic DNA
Purification Kit (Promega) according to the manufacturer’ instruc-
tions. DNA pellets were resuspended in scintillation fluid (Scinti-
Verse; Thermo Fisher Scientific) and quantified using a liquid
scintillation counter (PerkinElmer, Tri-Carb 2910 TR). To monitor
DNA replication in egg extracts, [«-32P] dATP (3000 Ci/mmol,
PerkinElmer) and sperm nuclei were added to interphase extracts
and incubated at 22°C. At each time point, extracts were diluted in
reaction stop solution (1% SDS and 40 mM EDTA) and treated with
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Proteinase K (NACALAI TESQUE Inc.) at 37°C. The solutions were
spotted onto Whatman glass microfiber filters followed by 5% tri-
chloroacetic acid containing 2% pyrophosphate. Filters were washed
twice in ethanol and dried. The incorporation of radioactivity was
counted in the scintillation cocktail.

Protein purification
For 3xFLAG-tagged full-length mDPPA3 or xCDCA?7e expression
in insect cells, Baculoviruses were produced using a BestBac v-cath/
chiA Deleted Baculovirus Cotransfection kit (Expression system)
following the manufacturer’s instructions. Proteins were expressed
in Sf9 insect cells by infection with viruses expressing 3xFLAG-
tagged mDPPA3 or xCDCA7e for 72 hours at 27°C. S{9 cells from
a 750-ml culture were collected and lysed by resuspending them in
30 ml of lysis buffer [20 mM tris-HCI (pH 8.0), 100 mM KCl, 5 mM
MgCl,, 10% glycerol, 1% NP-40, 1 mM DTT, leupeptin (5 pg/ml),
aprotinin (2 pg/ml), trypsin inhibitor (20 pg/ml), and phenylmeth-
ylsulfonyl fluoride (100 pg/ml)], followed by incubation on ice for
10 min. A soluble fraction was obtained after centrifugation of the
lysate at 15,000 for 15 min at 4°C. The soluble fraction was incu-
bated for 4 hours at 4°C with 250 pl of anti-FLAG M2 affinity resin
equilibrated with lysis buffer. The beads were collected and washed
with 10 ml of wash buffer and then with 5 ml of EB [20 mM Hepes-
KOH (pH 7.5), 100 mM KCI, and 5 mM MgCl,] containing 1 mM
DTT. Each recombinant protein was eluted twice in 250 pl of EB
containing 1 mM DTT and 3xFLAG peptide (250 pg/ml, Sigma-
Aldrich). Eluates were pooled and concentrated using a Vivaspin
500 (GE Healthcare).

¢DNA of human CDCA?7 encoding residues 264 to 371, 235 to 340,
and 264 to 340 were subcloned into modified pGEX4T-3 plasmid
(Cytiva) engineered for N-terminal GST and a small ubiquitin-like
modifier-1 (SUMO-1) fusion tag (pGEX-ST) (71). cDNA of hu-
man UHRF1 SRA domain encoding residues 390 to 680 (SRA 399
to 680) was subcloned into modified pGEX-ST plasmid. Protein was
expressed in Escherichia coli strain Rosetta 2 (DE3) (Novagen) for the
expression of human CDCA7264,371, CDCA7235,340, CDCA7264,340,
and human SRAj399_¢30. The cells were grown at 37°C in LB
medium containing ampicillin (50 pg/ml) and chloramphenicol
(34 pg/ml) until reaching on optical density of 0.7 at 660 nm and
then cultured in 0.2 mM isopropyl-B-p-thiogalactopyranoside for
15 hours at 15°C. The cells were lysed by sonication in 40 mM tris-
HCI (pH 8.0) buffer containing 300 mM NaCl, 0.1 mM DTT (or
0.5 mM TCEP for CDCA7 residues 235 to 340 and 264 to 340),
30 uM zinc acetate, 10% (w/v) glycerol, and a protease inhibitor
cocktail (Nacalai). After removing the debris by centrifugation, the
supernatant was loaded onto Glutathione Sepharose 4B (Cytiva).
After GST-SUMO tag was removed by SUMO-specific protease, the
sample was loaded onto HiTrap Heparin column (Cytiva). Last, the
protein was further purified using size-exclusion chromatography
Hiload 26/600 S75 (Cytiva).

Electrophoresis mobility shift assay

Ten microliters of samples were incubated for 30 min at 4°C in a
binding buffer [20 mM tris-HCI (pH 7.5) containing 150 mM NaCl,
1 mM DTT, 0.05% NP-40, and 10% (w/v) glycerol], and electropho-
resis was performed using a 0.5 X tris-acetate buffer [20 mM tris-
ascetic acid containing 0.5 mM EDTA) at constant current of 8 mA
for 100 min in a cold room on a 7.5% polyacrylamide gel purchased
from Wako (SuperSep, Wako). Equimolar excess (0.5, 1.0, and 2.0)
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of the CDCA?7 264-371 or 0.77, 1.54, and 3.85 equimolar excess
of 3xFLAG-xCDCA7WT or 3xFLAG-xCDCA7R232H were added
to the sample solution including 0.5 pM hemi-, full- and un-
methylated DNA (upper: 5'- CAGGCAATCXGGTAGATC, lower:
5'-GATCTACXGGATTGCCTG, where X indicates cytosine or 5mC,
and the hemimethylated DNA substrate contains 5mC in the upper
strand, GeneDesign Inc.). Equimolar excess (3.0, 5.0 and 10.0) of
the CDCA?7 264-340 and 235-340 were added to the sample solution
including the 0.5 pM DNA.

For analyzing the interaction with reconstituted nucleosomes,
0.5, 1.0, 2.0, and 3.0 equimolar excess of the CDCA7 264-371 or
SRA 399-680 were added to 0.1 pM nucleosomes in 10 pl of reaction
solution [binding buffer: 20 mM tris-HCl (pH 7.5), 50 mM NaCl,
1 mM DTT, 10% Glycerol, and 0.05% NP-40], and electrophoresis
was performed using a 0.5 X TBE buffer (45 mM tris-borate and
1 mM EDTA) at constant current of 10 mA for 95 min in a cold
room on a 7.5% polyacrylamide gel. To analyze the interactions, DNA
was detected and analyzed by staining with GelRed (Wako) and the
ChemiDoc XRS system (BIORAD), respectively.

Nucleosome reconstruction

Recombinant human histone H2A, H2B, H3.1, and H4 proteins
were produced in E. coli and purified using gel filtration chromatog-
raphy and cation exchange chromatography as reported previously
(72). The histone proteins were refolded into a histone octamer. All
DNA including a single hemimethylated CpG were based on the
Widom 601 nucleosome positioning sequence (44). For preparation
of DNA with a hemimethylated CpG at the 5'-linker, the Widom
601 sequence was amplified using the primers (table S2, Eurofins
Genomics). For preparation of DNA with a hemimethylated site in
the 3’-linker and nucleosomal DNA, the Widom 601 sequence was
amplified with BsmBI site at the 3’-region and digested by BsmBI
(table S2). The fragment was ligated with oligonucleotides including
a single hemimethylated CpG (table S2). DNAs with 5mC at posi-
tions of —58 and —62 on the Watson strand and —58 and —64 on the
Crick strand of the Widom 601 sequence were amplified using
primer containing 5mC (dyad base is position of +0) (table S2). The
DNAs were purified with anion-exchange chromatography, HiTrap
Q HP (Cytiva). The histone octamers were reconstituted into
nucleosome with purified DNAs by salt dialysis method, and the
nucleosomes were purified with HiTrap Q HP. The purified nucleo-
somes were dialyzed against 20 mM tris-HCl buffer (pH 7.5) con-
taining 1 mM DTT and 5% glycerol. The nucleosomes were frozen
in liquid nitrogen and stored at —80°C.

Cryo-EM data collection and data processing

Three microliters of the human CDCA764-371 C339S in complex
with the nucleosome harboring a single hemimethylated CpG, in
which 5mC is positioned at +75 on Watson strand in the 3’-linker
DNA (Nuc+75W) and —58 on Watson strand (Nuc-58W) of Widom
601 sequence, were applied onto the glow-discharged holey carbon
grids (Quantifoil Cu R1.2/1.3, 300 mesh). The grids were plunge-
frozen in liquid ethane using a Vitrobot Mark IV (Thermo Fisher
Scientific). Parameters for plunge-freezing were set as follows:
blotting time, 3 s; waiting time, 3 s; blotting force, —10; humid-
ity, 100%; and chamber temperature, 4°C. Data were collected at
RIKEN BDR on a 300-kV Krios G4 (Thermo Fisher Scientific) with
a K3 direct electron detector (Gatan) with BioQuantum energy fil-
ter. A total of 4000 and 19,346 movies of the CDCA7:Nuc+75W and
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CDCD7:Nuc-58W complexes were recorded at a nominal magnifi-
cation of x105,000 with a pixel size of 0.83 A, in a total exposure of
60.7 and 51.4 e7/A? per 48 frames with an exposure time of 2.2 and
2.6 s, respectively. The data were automatically acquired by the im-
age shift method of the EPU software (Thermo Fisher Scientific),
with a defocus range of —0.8 to —1.6 pm.

Data processing and model refinement

All data were processed using cryoSPARC v4.2.1 and v4.4.0 (73). The
movie stacks of were motion corrected by Patch Motion Correction. The
defocus values were estimated from the contrast transfer function
(CTF)byPatch CTF Estimation. Micrographs of CDCA7:Nuc+75W
under 8-A CTF resolution were cut off by Curate Exposures. A total
of 1,881,583 and 9,315,129 particles of CDCA7:Nuc+75W and
CDCD7:Nuc-58W complexes were automatically picked using
Blob Picker, respectively. Particles (1,583,471 and 8,009,770 of
CDCA7:Nuc+75W and CDCD7:Nuc-58W, respectively) were ex-
tracted using binning state (3.31 A per pixel), and these particles
were subjected to 2D classifications. Particles were further curated
by heterogeneous refinement using the maps derived from cryo-
SPARC Ab-Initio Reconstruction as the template.

In the process of CDCA7:Nuc+75W, the selected suitable class
containing 854,921 particles were classified by several round of
heterogeneous refinement. Last, 3D reconstruction using 672,791
particles was performed by nonuniform refinement, and a 2.9-A
resolution map was obtained according to the gold-standard Fourier
shell correlation = 0.143 criterion. For further classification, 3D
variability and 3D classification were conducted, obtaining the maps
at 3.3-A resolution, which includes the map corresponding to the
linker DNA region. Nonuniform refinement was performed using
the particles selected by 3D variability and 3D classification (82,876
and 94,542 particles, respectively) (71), and a 3.2-A resolution map
was obtained (fig. S4). The focused mask corresponding to linker
DNA containing the hemimethylated CpG bound by hCDCA?7 was
created for local refinement. Local refinement improved the map at
4.83-A resolution (154,998 particles) (fig. S5). The structure of nu-
cleosome moiety was created using Protein Data Bank (PDB) ID:
3LZ0. Linker DNA was generated using program Coot (74), and
the structure of the nucleosome combined with linker DNA was re-
fined with program PHENIX (75). A structure model of human
CDCA7364-371 was generated from AF2 (AF-Q9BWT1-F1). The
model was manually fitted to the focused map, taking into account
the surface potential of the protein and characteristic C-terminal o
helix of hCDCA?7.

In the process of CDCA7:Nuc-58W, the selected suitable class
containing 1,745,728 particles were classified by several round of
heterogeneous refinement, resulting in reconstruction of 3D model
using 1,501,235 particles performed by nonuniform refinement. For
further categorize the structure, 3D classification was conducted,
obtaining the maps at 3.0-A resolution using 257,342 particles,
which include the map corresponding to CDCA7 bound to 5mC at
the -58 position on the Watson strand of Widom 601 sequence. The
structure of nucleosome and CDCA?7 moiety was created using PDB
ID: 3LZ0 and AF2 model (AF-Q9BWT1-F1). The models were
manually fitted to the map using the program Coot, and the struc-
ture of CDCA7:Nuc-58W was refined with the program PHENIX
using phenix.real_space_refine.

Details of the data processing are shown in figs. S4, S5, and S7,
and table S3. The protein structures were visualized using Pymol
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(The PyMOL Molecular Graphics System, version 2.2, Schrodinger
LLC.) and UCSF ChimeraX (version 1.5).

Prediction of the interactions between HELLS and CDCA7

We collected protein sequences of HELLS and CDCA7 from five
species, including H. sapiens, X. laevis, O. biroi, N. vectensis, and
A. thaliana. We then ran AF2 (version 2.2.2) (76) to predict the in-
teractions between HELLS and CDCA? in the five different species.
For each prediction, we selected the best model for further structural
analysis. We implemented a cutoff distance of 5 A between nonhy-
drogen atoms to extract the interface residues between HELLS and
CDCAY7. The same cutoff was also applied to compute the pDockQ
(77) metric for each of the five predictions. A pDockQ of greater
than 0.23 indicates an acceptable predicted model, while a pDockQ
of greater than 0.5 indicates a confident predicted model (77). To
evaluate the convergence of the interface, we used MAFFT (78) to
align the HELLS and CDCA?7 protein sequences, respectively. The
sequence alignments were visualized using MVIEW (79). The pro-
tein structures were visualized using Pymol (The PyMOL Molecular
Graphics System, version 2.1, Schrédinger LLC).

Statistical analysis
Cryo-EM data collection statistics are available in table S3.

Supplementary Materials
This PDF file includes:

Figs.S1to S12

Tables S1to S3
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