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BAHCCI1 binds H4K20mel to facilitate the
MCM complex loading and DNA replication
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Mono-methylation of histone H4 lysine 20 (H4K20mel) regulates DNA repli-
cation, cell cycle progression and DNA damage repair. How exactly H4K20mel
regulates these biological processes remains unclear. Here, we report that an
evolutionarily conserved tandem Tudor domain (TTD) in BAHCC1
(BAHCC1™™) selectively reads H4K20mel for facilitating replication origin
activation and DNA replication. Our biochemical, structural, genomic and
cellular analyses demonstrate that BAHCC1'™ preferentially recognizes
H4K20mel to promote the recruitment of BAHCCI1 and its interacting part-
ners, notably Mini-chromosome Maintenance (MCM) complex, to replication
origin sites. Combined actions of the H4K20mel-reading BAHCC1 and the
H4K20me2-reading Origin Recognition Complex (ORC) ensure genomic
loading of MCM for replication. Depletion of BAHCCI, or disruption of the
BAHCC1™™:H4K20mel interaction, reduces H4K20mel levels and MCM load-
ing, leading to defects in replication origin activation and cell cycle progres-
sion. In summary, this study identifies BAHCC1'™ as an effector transducing
H4K20mel signals into MCM recruitment to promote DNA replication.

All of the four possible methylation states of histone H4 lysine 20,
namely, non-, mono-, di- and tri-methylation (H4K20me0O, H4K20mel,
H4K20me2 and H4K20me3), have been suggested to be critical for
regulating a wide variety of biological processes, including DNA
replication, chromosome segregation, cell division, transcription, DNA
damage repair, genome integrity, amongst others'”’. Notably, different
H4K20 methylation states display quite different genomic distribution
throughout the cell cycle, indicating their distinct functionalities” .
For example, the unmodified H4K20meO shows the highest level
during the S phase, followed by gradual methylation during DNA

replication®. Meanwhile, H4K20mel accumulates during the replica-
tion and reaches the highest level at the G2 and M phases®°. Such a
cell cycle-dependent change of H4K20mel is induced at least partly by
dynamic and complex interplays between the H4K20mel-specific
writers, such as SET domain containing 8 (SETS8; also known as KMT5A,
SETD8 and PR-Set7), and the H4K20mel erasers, such as PHD Finger
Protein 8 (PHFS; also known as KDM7B)"". Furthermore, another set
of enzymes, Suppressor Of Variegation 4-20 Homolog 1 (SUV4-20H1;
also known as KMT5B) and Suppressor Of Variegation 4-20 Homolog 2
(SUV4-20H2; also known as KMT5C), convert H4K20mel to the highly
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methylated H4K20me2 and H4K20me3, which are relatively stable
across the cell cycles but increase when cells enter quiescence®'*",

Exquisite mechanisms exist to ensure the accurate and orderly
execution of DNA replication from genomic sites termed replication
origins, which involves the complicated interplays among the repli-
cation initiators and loaders, replisome machinery, and various other
regulatory factors™® 2. Origin recognition and licensing, which occur
strictly during the late mitosis and Gl phase, is one of the most critical
steps during DNA replication, which relies at least partly on Origin
Recognition Complex (ORC) for the chromatin recruitment and load-
ing of Mini-chromosome Maintenance (MCM) complex, a ring-shaped
helicase’®'. Density of the chromatin-associated ORC and MCM
complexes is positively correlated with the replication initiation and
timing, while the appropriate chromatin states, including chromatin
accessibility and the cell cycle phase-associated H4K20 methylation,
play critical roles in regulating the replication complex loading and
origin licensing and activation'**”?>?*, For instance, H4k20me3, a
histone modification enriched in heterochromatin, facilitates the
genomic binding and recruitment of Origin Recognition Complex-
Associated (ORCA; also known as LRWD1), which acts as a replication
origin licensing facilitator to ensure proper replication from the late-
firing origins associated with heterochromatin®. Meanwhile,
H4K20me2, which is read by the Bromo-adjacent Homology (BAH)
domain of ORC1 (ORC1®*), provides a critical mechanism for recruit-
ing ORC. Mis-regulation of this pathway due to germline mutation of
ORC1 leads to the development of Meier-Gorlin syndrome’
H4K20me2 constitutes an overwhelming majority (-80%) of all
H4K20 sites at any given time*; however, only a very limited number
of potential replication origins are eventually selected and used”,
indicating the existence of additional molecular determinants for ori-
gin recognition and/or activation. Indeed, a recent study showed that
H2A.Z in the nucleosome provides a signal for recruiting SUV4-
20H enzymes to deposit H4K20me2, thereby licensing and activating
early-replication origins®. Evidence also points to a critical role of
H4K20mel in the regulation of MCM loading">%, and to date, only the
indirect effects of H4K20mel, such as chromatin compaction and its
influence on H4K20me2 or H4K20me3*""*%3!, were proposed to con-
tribute to replication regulation. A reader specific to H4K20mel
remains to be identified and a regulatory mechanism directly linking
H4K20mel to genome duplication remains to be elucidated. In this
study, we identify BAHCC1™ as a highly selective reader for
H4K20mel, which transduces H4K20mel signals into the recruitment
of MCM to promote efficient DNA replication.

Results

The S phase-enriched BAHCCI regulates DNA replication in a
BAH-independent manner

Previously, we have shown that the BAH Domain And Coiled-Coil
Containing 1 (BAHCC1) protein harbors a C-terminal BAH module
(BAHCC1®*" Fig. 1a) to read H3K27me3 for mediating gene repression®.
Knockdown (KD) of BAHCCI not only altered target gene expression*
but also significantly delayed the cell cycle progression, as assessed by S
phase-associated incorporation of 5-ethynyl-2’-deoxyuridine (EdU) into
the newly synthesized DNA (Supplementary Fig. 1a-c, KD versus WT).
Notably, such a BAHCCI1 loss-associated cell cycle phenotype cannot be
recapitulated by an engineered H3K27me3-binding-defective mutation
of BAHCC1®*, Y2533A (hereinafter referred to as a BAH-dead mutant;
Supplementary Fig. 1a-c, Y2533A versus WT), suggesting a BAH-
independent role of BAHCCI in replication regulation. Next, we asses-
sed the BAHCCI level across different cell cycle stages using the syn-
chronized HeLa and U20S cells. Following a time course post-release of
synchronized cells from the thymidine block-mediated arrest in early S
phase, we used both flow cytometry-based DNA content analysis
(Supplementary Fig. 1d) and the expression level assessment of mitotic
cyclins, namely, cyclin E1 (CCNE1) and cyclin B1 (CCNBI1) that mediate

the G1/S and G2/M transition respectively (Supplementary Fig. le-f), to
define the cell phases. We observed BAHCCI to be relatively higher in
GI-S phase, albert a notable expression across almost all cell stages
(Supplementary Fig. 1le-f). In consistence, more chromatin binding of
BAHCCI was detected in S phase in both HeLa (Fig. 1b) and U20S cells
(Supplementary Fig. 1g). Together, we showed that BAHCCI1, a
chromatin-bound factor enriched in G1/S phase cells, significantly
contributes to DNA replication in a BAH-independent fashion.

A cryptic tandem Tudor domain (TTD) in BAHCC1 (BAHCC1™) is
a highly selective reader of H4K20mel

While the molecular basis underlying the BAHCCl-mediated promo-
tion of replication remains unclear, we noted that BAHCCI harbors an
evolutionarily conserved TTD module (BAHCC1™®; Fig. 1a,c). Tudor
belongs to the so-called Royal superfamily domains, some of which
were reported to bind specific histone modifications, such as the TTD
of P53-binding protein 1 (53BP1'™), a reader of H4K20me2***. To
assess potential histone-binding activity of BAHCC1'™™, we probed a
histone peptide array with the recombinant protein of murine
Bahccl™, and strikingly, we found that it specifically bound the
H4K20mel-containing peptides (Fig. 1d and Supplementary Fig. 2a).
We verified the Bahccl™™:H4K20mel interaction by individual peptide
pull-down and used 53BP1'™ as a control, which revealed their
respective preferential binding to H4K20mel and H4K20me2 (Fig. 1e).
The H4K20mel-specific binding by Bahccl™ was further evaluated by
Isothermal Titration Calorimetry (ITC)— Bahccl™ binding to the
H4K20mel-containing peptide exhibits a dissociation constant (K,) of
40.4 uM while it displayed much weaker binding to H4K20me2 (with a
K4 of >800 uM) and showed no appreciable binding to H4K20meO or
H4K20me3 (Fig. 1f; Supplementary Fig. 2b; Table 1). Meanwhile, the
binding between Bahccl™ and other histone lysine mono-methyla-
tion, including H3K4mel, H3K9mel, H3K27mel, H3K36mel and
H3K79mel, was all much weaker (Supplementary Fig. 2¢c; Table 1). It is
worth noting that the TTD domain of winged eye® (Wge'™), the Dro-
sophila orthologue of BAHCCI, also exhibits a preferential binding of
H4K20mel (Supplementary Fig. 2a, d, and e; Table 1). Altogether, an
evolutionarily conserved TTD module of BAHCCI demonstrates a
direct and highly selective interaction with H4K20mel over the rest
H4K20 methylation states.

Structural basis of the Bahcc1™™:H4K20mel interaction

To understand the molecular underpinning of Bahccl™™-mediated
H4K20mel recognition, we solved the co-crystal structure of murine
Bahccl™ in complex with the H4(14-25)K20mel peptide at a resolu-
tion of 1.90 A (Fig. 2a, b; Supplementary Table 1). Each asymmetric unit
contains two Bahccl™ molecules, with the H4(14-25)K20mel peptide
bound to one but not the other due to crystal packing. At each
Bahccl™ domain, the two Tudor subdomains (designated as Tudor-N
and Tudor-C, respectively) pack against each other through extensive
van der Waals contacts (Fig. 2a, b). Tudor-N is composed of four
twisted anti-parallel B-strands flanked by a short a-helix on one side,
while Tudor-C is formed by a five-stranded B-sheet barrel (Fig. 2a). The
side chain of H4K20mel inserts into a hydrophobic ‘pocket’ lined by
the side chains of three aromatic residues (W1990, Y1998 and F2020)
and two aspartates (D2022 and D2024) of Tudor-C, with its two mono-
methylammonium protons hydrogen bonded to the side chain car-
boxylates of Bahccl D2022 and D2024 (Fig. 2c). Hydrogen bonding of
the latter two acidic residues in the ‘cage’ (D2022 and D2024) with
H4K20mel provides a mechanism for the H4K20mel selectivity, a
binding principle as illustrated previously>**¥. Meanwhile, the side
chain of H4 R23, positioned in parallel to that of H4K20mel, forms
hydrogen bonds with the backbone of Bahccl Y1198 and H2027 as well
as a cation-mt interaction with the indole ring of Bahccl W1990
(Fig. 2c, d). Furthermore, the backbone carbonyl oxygen of H4 V21
forms a hydrogen bond with the side chain Nel atom of Bahccl W1990,
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while its side chain engaging in van der Waals contacts with the side
chain of Bahccl™ S1991 (Fig. 2c). Together, a series of interactions
underpin the sequence-specific recognition of H4K20mel. All the

Bahccl™ residues forming the H4K20mel-binding ‘cage’ are highly
conserved through evolution (Figs. 1c, 2d). To assess the significance
of these ‘cage’ residues, we performed ITC to measure the H4K20mel
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Fig. 1| The S phase-enriched BAHCCI harbors a conserved tandem-Tudor
domain (BAHCCI1™™) for specific readout of H4K20mel. a Domain architecture
of human BAHCCI and mouse Bahccl. TTD, tandem-Tudor domain; BAH, Bromo
adjacent homology. b Time-course measurement for chromatin association of the
indicated protein or histone modification in HeLa cells, released from a double
thymidine block-induced early S arrest. Cell cycle phase and time post-release are
indicated on the top. Experiment was repeated twice with similar results.

¢ Alignment of BAHCCI™ amino acid sequences from different species. Homo,
Homo sapiens; Mus, Mus musculus; Bov, Bovine; Zeb, Zebrafish; Dme, Drosophila
melanogaster. d Histone peptide arrays probed with the purified recombinant

protein of GST-Bahccl™, followed by a-GST immunoblot. Red boxes show the
position of peptides with H4K20 methylation, with red color-highlighted peptides
corresponding the strongest binding in each box. ac, acetylated; mel, mono-
methylated; me2a, asymmetrically di-methylated; me2s, symmetrically di-methy-
lated; me3, tri-methylated. e Pull-down for GST-53BP1"™ (top) or GST-Bahccl™
(middle) using biotinylated peptide with the indicated H4K20 methylation (lanes
1-4), followed by a-GST immunoblot. Bottom panel shows the peptide staining.

f Isothermal Titration Calorimetry (ITC) assay measuring the affinity of Bahccl™
binding to histone peptide with the indicated H4K20 methylation. Ky, dissociation
constant; n.m., not measurable. Source data are provided as a Source Data file.
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Table 1| Summary of ITC measuring the BAHCC1 TTD binding
to histone modification

TTD histone peptide Kd N value

Bahccl1_TTD, WT unmodified No binding n/a
H4K20(14-25)

Bahccl1_TTD, WT H4K20me1(14-25) 40.4+2.7uM 1.00+0.04

Bahccl1_TTD, WT H4K20me2(14-25) 819.7+60.5 uM 1.00*

Bahccl1_TTD, WT H4K20me3(14-25) No binding n/a

Bahccl1_TTD, WT H3K4me1(1-13) 213.2+8.6 uyM 1.00*

Bahccl1_TTD, WT H3K9me1(3-15) 172.7+ 8.9 uM 1.00*

Bahccl1_TTD, WT H3K27me1(22-34) 124.5+10.5 yM 0.88+0.07

Bahccl1_TTD, WT H3K36me1(30-42) 102.0£10.3 uM 0.74+0.07

Bahccl1_TTD, WT H3K79me1(73-85) 350.1+65.1uM 1.00*

Bahccl1_TTD, H4K20me1(14-25) 213.7+£11.8 uM 1.00*

W1990A

Bahccl1_TTD, H4K20me1(14-25) No binding n/a

Y1998A

Bahccl1_TTD, H4K20me2(14-25) No binding n/a

Y1998A

Bahccl1_TTD, H4K20me1(14-25) No binding n/a

D2022A

Bahccl1_TTD, H4K20me1(14-25) No binding n/a

D2024A

Bahcc1_TTD- H4K20me1(14-25) 46.9+9.2 0.68+0.02

BAH, WT *

Bahccl_TTD- H3K27me3(22-34) 21.2+1.8 1.08 +0.02

BAH, WT

Wge_TTD, WT unmodified No binding n/a
H4K20(14-25)

Wge_TTD, WT H4K20me1(14-25) 7.63+0.38 uM 0.87+0.01

Wge_TTD, WT H4K20me2(14-25) 341.3+33.2uM 1.00*

N value, number of binding sites per macromolecule; n/a, not appliable; *, set manually; *, a
BAHCCI1 protein segment containing the dual TTD and BAH domains.

binding by the ‘cage’ mutants of Bahccl™, in which W1990, Y1998,
D2022 and D2024 were each replaced by alanine. We found that the
Bahccl1™™:H4(14-25)K20mel binding was severely reduced or largely
abolished by these ‘cage’ residue mutations (Fig. 2e; Supplementary
Fig. 3a; Table 1). These observations established the molecular basis
underlying specific recognition of H4K20mel by Bahccl™.

To verify the BAHCCI:H4K20mel interaction in cells, we first
performed co-immunoprecipitation (colP) in Hela cells and detected
strong association of BAHCC1 with histones harboring H4K20mel, less
so for H4K20me2, and no detectable interaction with other tested
histone lysine mono-methylation such as H3K4mel, H3K36mel and
H3K27mel (Fig. 2f). As previously reported®’, BAHCC1®** binds to the
histones carrying H3K27me3 but not H4K20me3 (Fig. 2f). Although the
BAHCC1"™:H4K20me?2 interaction (with a measured Kd of >800 uM;
Table 1) was much weaker than the BAHCC1"™:H4K20mel interaction,
H4K20me?2 is significantly more abundant in cells than H4K20mel and
detected in ~80% of histone H4 at any given cell cycle stage. Addi-
tionally, a recent profiling of H4K20 methylation showed that about
54% of genomic sites with H4K20mel overlap those with H4K20me2*,
while another mass spectrometry-based study of immunoaffinity-
purified mono-nucleosomes reported the pairing of H4K20mel with
H4K20me2 in asymmetrically modified mono-nucleosomes in differ-
ent cell models®. High H4K20me2 abundance in cells, as well as its
coexistence with H4K20mel genome-wide, may explain the observed
H4K20me2 association in the BAHCC1 colP experiments. In agreement
with this notion, correlational studies using histone modification
profiles showed high colocalization of BAHCC1 with H4K20mel, and
relatively less so with H4K20me2, using the publicly available chro-
matin immunoprecipitation sequencing (ChIP-seq) data®® (Fig. 2g) or
our own Cleavage Under Targets and Tagmentation (CUT&Tag) data

(Fig. 2h-i). Conceivably, H4K20mel can be generated from H4K20me2
due to the action of demethylases® and conversely, H4K20mel can be
converted to H4K20me2 due to the action of SUV4-20H methylases*".
Towards this end, we employed A-196, a potent and selective inhibitor
of SUV420H1 and SUV420H2*°, to remove the global H4K20me2 and
H4K20me3, leading to a concomitant increase of H4K20mel in Hela
cells (Supplementary Fig. 3b, left). Following A-196 treatment, we
detected a concurrent increase of BAHCC1 in the chromatin-bound cell
fraction (Supplementary Fig. 3b, right); furthermore, CUT&Tag of
H4K20mel and BAHCCI in Hela cells after the A196 treatment
detected global increase of H4K20mel and concurrently elevated
BAHCC1 binding at same sites (Supplementary Fig. 3¢, d), which again
points to the BAHCC1:H4K20mel interaction in cells.

Altogether, BAHCCI preferentially binds H4K20mel in vitro and in
cells, in agreement with the molecular basis revealed by structural
studies of the Bahccl:H4K20mel co-crystal.

BAHCCI™™ maintains the cellular level of lowly

methylated H4K20

To further dissect the biological function of the H4K20mel-binding
BAHCCI™™, we utilized CRISPR-cas9-based editing to generate Hela
cells with homozygous H4K20mel-interaction-defective mutation at
BAHCCI™™ (BAHCC1""%** equivalent to murine Bahccl"*°®* in Fig. 2d;
hereinafter referred to as a TTD-dead mutant) (Supplementary
Fig. 4a, b, TTD mutant versus WT). Out of the BAHCC1™-edited cells,
we additionally identified lines with the small deletion-caused BAHCC1
frameshift, leading to BAHCCI1 truncation, which we designated as
BAHCCI1 knockout (KO; Supplementary Fig. 4a, b, KO versus WT). Co-IP
in Hela cells showed that the association between the TTD-dead
mutant (Y1993A) of BAHCC1 and H4K20mel was disrupted, compared
to WT control, whereas association between such a TTD-dead mutant
and H3K27me3 remained intact (Fig. 3a), indicating a division of labor
in reading distinct histone modifications by different BAHCC1 mod-
ules. Interestingly, we consistently observed global levels of
H4K20mel to be decreased in cells bearing BAHCC1 KO or BAHCC1'™™-
dead mutation, relative to WT, while the global levels of other histone
methylations such as H4K20me3 and H3K27me3 were unaffected
(Fig. 3b). Previously, we generated mouse embryonic fibroblast cells
(MEFs) carrying homozygous H3K27me3-binding-defective mutation
of Bahccl® (Y2537A as the BAH-dead mutant®’; Supplementary
Fig. 4c), in which the H4K20mel level was unaffected compared to WT
(Fig. 3c, right). Here, we also generated MEFs with homozygous
H4K20mel-binding-defective mutation at Bahccl™ (Y1998A as the
TTD-dead mutant; Supplementary Fig. 4d) and found that, relative to
WT, these Bahccl-TTDY*®*)-bearing MEFs displayed the decreased
H4K20mel and, to a lesser extent, decreased H4K20me2, without
affecting global levels of H4K20me3 or H3K27me3 (Fig. 3c, left).
Independent results of HeLa and MEF cells thus consistently pointed to
specific interplay between BAHCCI'™ and the lowly methylated
H4K20, notably H4K20mel.

Next, we further assessed the H4K20 methylation levels at single-cell
resolution by using flow cytometry. Compared to WT Hela cells, those
bearing BAHCC1 KO or BAHCCI-TTD** mutant showed the sig-
nificantly decreased H4K20mel (Fig. 3d, e) and H4K20me2 (Supple-
mentary Fig. 5a, b) across all cell cycle phases including G1, S and G2/M.
Consistently, relative to WT controls, MEFs bearing the TTD-dead mutant
of Bahccl also displayed the exactly same decreased patterns of
H4K20mel (Supplementary Fig. 5c, d) and H4K20me2 (Supplementary
Fig. Se, f). In contrast, no decreases (or even a very mild increase) of
H4K20mel (Supplementary Fig. 5g, h) and H4K20me2 (Supplementary
Fig. 5i, j) were observed in MEFs with the Bahccl BAH-dead mutation
(Y2537A) compared to WT.

Lastly, we conducted genome-wide mapping of H4k20mel and
corroborated its significant decrease in HeLa cells bearing BAHCC1 KO
or the TTD*** mutation, compared to WT, with the more dramatic
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decrease seen in BAHCCI-KO cells, as assessed by independent H4K20me2. In agreement with the BAHCC1"™:H4K20mel engage-
approaches, either Cleavage Under Targets and Release Using Nucle- ment, the chromatin association of BAHCC1™™-dead mutant was sig-
ase (CUT&RUN, Fig. 3f) or CUT&Tag (Fig. 3g). Notably, genomic nificantly decreased, compared to WT, as assessed by CUT&RUN and
mapping using HeLa cells with the BAHCCI-TTD"*** mutation versus CUT&Tag (Supplementary Fig. 6b, c).

WT also detected a decrease of H4K20me2 (Supplementary Fig. 6a), Collectively, these results unveiled a role for BAHCCI™™ in reg-
presumably due to a decrease of H4K20mel, the precursor of ulating the homeostasis of lowly methylated H4K20.
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Fig. 2 | Structural and genomic analyses of the Bahcc1™™:H4K20mel associa-
tion. a Ribbon diagram of murine Bahccl™ bound to the H4(14-25)K20mel pep-
tide (yellow stick). The two subdomains of TTD, designated as Turdo-N and Tudor-
C, are colored in green and blue, respectively. b-d Electrostatic surface of murine
Bahccl™ (b) and close-up view (c) of Bahccl™™ bound to the H4(14-25)K20mel
peptide, with the H4K20mel-binding pocket highlighted in d (with the corre-
sponding ‘cage’ residue of human BAHCC1"™ shown in parentheses). The hydrogen
bonds in (¢) and (d) are depicted in dashed lines. e Summary of ITC measurements
for the binding between the indicated Bahccl™ mutant and H4K20mel peptide.
f Co-immunoprecipitation (Co-IP) for binding of endogenous BAHCC1 with the
indicated histone species in HeLa cells. Experiment was repeated twice with similar
results. g Correlation analysis of BAHCC1 CUT&RUN dataset with histone

modification, including the indicated ChIP-seq data of H4K20 methylation® or
ENCODE histone modification profiles. h Heat-maps showing CUT&Tag signals of
BAHCCI, H4K20mel, H4K20me2 and H3K4mel (after normalization to spike-in
control signals), + 5 kb from the centers of BAHCC1 peaks in HeLa cells. Color scale
was quantified using the median of Fragments Per Kilobase per Million (FPKM) at
the called peaks, with blue and yellow indicating high and low signals, respectively.
i Boxplot comparing the BAHCC1 CUT&Tag signals at chromatin regions with
H4K20mel relative to H4K20me2 or H3K4mel. RPKM, reads per kilobase per mil-
lion mapped reads. P-value is generated by unpaired two-tailed Mann-Whitney U
test. Center lines represent the medians, edges of the box indicate the 25th and 75th
percentiles, and whiskers indicate the 5% minima and 95% maxima.

The BAHCCI"™:H4K20mel interaction facilitates the timely cell
cycle progression

H4K20 methylation regulates cell cycle progression and DNA
replication®”. The H4K20 methylation decrease caused by the
BAHCC1™™-dead mutation prompted us to analyze the cell cycle pro-
gression in mutant cells. Relative to WT Hela cells, those bearing the
BAHCCI1 KO or TTDY¥*** homozygous mutation both showed the sig-
nificantly delayed cell cycle progression following the release from
early S arrest (Fig. 3h; Supplementary Table 2). Likewise, MEFs bearing
the Bahccl TTD??®* mutation versus WT controls also displayed the
delayed cell cycle progression following release from serum starvation
(Supplementary Fig. 6d). These observations support that the
BAHCCI1-mediated H4K20mel readout is important for proper cell
cycle progression.

BAHCCI interacts with the MCM complex

To further dissect the mechanism underlying the BAHCCl-mediated
regulation of cell cycle progression, we conducted Biotin Identification
(BiolD), a proximity-dependent interactome assay*"*?, and identified
the BAHCCl-associated proteins (Supplementary Fig. 7a; Supplemen-
tary Data 1). Interestingly, we identified several MCM complex subunits
from the BAHCCI BiolD experiments using two different cell lines,
HeLa and U20S (Fig. 4a), in addition to the HDAC:Sin3 complex (such
as Sin3A, Sin3B, HDAC1 and HDAC2) that was previously reported to
the BAHCCl-interacting partner®>****, The association with MCM
complex immediately suggested a mechanism for the cell cycle pro-
gression defect observed with the BAHCC1™™-mutant cells and there-
fore, we explored it further. Here, we first verified the association
between endogenous BAHCC1 and the MCM complex subunits, MCM2
and MCM3, by colP (Supplementary Fig. 7b). Co-IP using the cell
sample treated with a non-specific nuclease, benzonase, also detected
association between exogenous BAHCC1 and MCM3 or ORC1, an ORC
subunit required for the MCM loading, after their co-expression in
Hela cells, suggesting a DNA-independent interaction (Fig. 4b; Sup-
plementary Fig. 7c). To further assess such an interaction, we recon-
stituted the system by tethering BAHCC1, which was fused to the DNA-
binding domain of GAL4 (GAL4"®") in a doxycycline-inducible
expression vector, onto the genomic location integrated with the
5xGAL4-binding sites and a downstream luciferase reporter in MEFs
(Supplementary Fig. 7d). Following doxycycline-induced expression of
GAL4"®P-BAHCCl in cells (Supplementary Fig. 7e, top), we detected the
expected GAL4"®-BAHCCI recruitment to the 5xGAL4-binding sites,
compared to mock without doxycycline treatment (Fig. 4c, FLAG
panel: + versus -). Concurrently, we observed the significant enrich-
ment of endogenous MCM2 at same 5xGAL4-binding sites after
induction of GAL4°®*-BAHCC1 (Fig. 4c, MCM panel: + versus -). Next,
we repeated this assay by co-expressing HA-tagged MCM3 together
with either GAL4"® only or the GAL4"®°-BAHCCI1 fusion (Supplemen-
tary Fig. 7e). While both GAL4°®® and GAL4"®°-BAHCCI1 showed the
expected targeting to 5xGAL4-binding sites (Supplementary Fig. 7f, P1-
P3 versus a negative control [NC] locus), only in the presence of
GAL4"®P-BAHCC1, and not GAL4°®®, did we observe significant

enrichment of endogenous MCM2 and exogenously introduced HA-
MCM3 at same sites (Supplementary Fig. 7g, h, red versus blue). Fur-
thermore, we detected the decreases in chromatin binding of MCM2
and MCM3 in Hela cells bearing the BAHCC1"™P-dead mutant (Y1993A)
or BAHCC1 KO, compared with WT (Fig. 4d, e; Supplementary Fig. 7i),
corresponding to the impaired BAHCC1 genome binding (Supple-
mentary Fig. 6b, ¢). It appeared that the decrease of MCM2 chromatin
occupancy was more severe in cells with the BAHCC1™™-dead mutation
than those with BAHCC1 KO (Fig. 4d), indicating that BAHCC19%**
mutant may act in a dominant-negative fashion to sequestrate critical
partners such as MCM. Together, these observations support a model
that BAHCCI interacts with MCM complex to facilitate its optimal
chromatin recruitment.

The BAHCC1™:H4K20mel interaction facilitates MCM loading
To further analyze the regulatory role of BAHCCI during DNA repli-
cation, we defined genome-wide binding sites of BAHCCI1, as well as the
ORCI1 subunit of ORC as a marker of potential sites of MCM recruit-
ment and loading**, in HeLa cells (Fig. 4f). First, a set of genomic sites
showed overlapping binding of BAHCC1 and ORC1, which we termed
BAHCCI1:0ORCl1-cobound regions (Fig. 4f). In agreement with a role of
the BAHCC1"™:H4K20mel interaction, both BAHCCI and H4K20mel
levels were significantly higher at regions bound by BAHCC1 only or
cobound by both BAHCC1 and ORC1, when compared with those
bound by ORC1 alone and not BAHCCI1 (Fig. 4g, h, left panels of WT).
Meanwhile, the ORC1 binding level was higher at regions bound by
ORCI1 alone, compared to the other two above sets of genomic sites
(Supplementary Fig 7j). Importantly, we observed the MCM2 and
MCM3 binding at those BAHCCI1:ORCI-cobound regions to be sig-
nificantly more enriched, than those seen at sites with BAHCCI or
ORC1 alone (Fig. 4i, j, red in left panels of WT). In the cells carrying the
BAHCCI"™-dead mutation, genome-wide binding of BAHCCI,
H4K20mel, MCM2 and MCM3 were all significantly decreased,
including significant loss of MCM2 and MCM3 from the BAHCC1:ORCl-
cobound regions (Fig. 4g-j, see right panels of Y1993A). We made
similar observations at individual replication origins previously map-
ped nearby or within the genes of MYC, TOP1 and MCM4"*%*° (Fig. 4k;
Supplementary Fig. 8). These results collectively support a crucial role
of the BAHCC1"™:H4K20mel interaction for optimal MCM loading at
BAHCC1/ORCl1-cobound chromatin regions, indicating cooperation
between BAHCC1 and ORCI for facilitating replication origin licen-
sing and activation.

We next examined MCM'’s chromatin association in cells subject
to detergent and salt extraction. Compared to WT, Hela cells bearing
either the BAHCC1 KO or BAHCC1'™-dead mutation (Y1993A)
showed defects in MCM chromatin association and loading, as
assessed by immunoblotting after cell fractionation (Fig. 5a). Here,
MCM2 and MCM3 are markers of the full MCM2-7 complex and we
infer MCM loading as resistance to both detergent and high salt
extraction. Similarly, we observed the impaired MCM chromatin
association and loading in MEFs bearing the Bahccl™-dead mutation
(Fig. 5b). In contrast, no changes in MCM chromatin association were
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observed in MEFs with the Bahcc1®*"-dead mutation (Y2735A), rela-
tive to WT (Supplementary Fig. 9a). These results indicated a
requirement of BAHCC1™™, and not the C-terminal BAHCCI1®*", for
efficient MCM loading, in line with the preferential H4K20mel
readout by BAHCC1™™, The significantly decreased MCM loading was
further quantified at single-cell levels and confirmed by flow

10h 11h 12h  14h 16h 18h 20h 22h  24h

cytometry-based assessment of MCM2 in both Hela (Fig. 5c, d) and
MEF cells (Fig. 5e; Supplementary Fig. 9b). Furthermore, we exam-
ined the MCM loading factor and observed the impaired chromatin
association of ORC4, a marker of ORC, in Hela cells bearing
BAHCCI1"™-dead mutation or BAHCC1 KO relative to WT, as assessed
by flow cytometry (Fig. 5f, g). By immunoblotting, we found the
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Fig. 3 | BAHCC1 knockout (KO), or the H4K20mel-engagement-defective
mutation of BAHCCI™™, affects H4K20mel homeostasis in cells. a Co-IP for the
interaction between the indicated histone species and endogenous BAHCC], either
wild-type (WT; left) or with an engineered H4K20mel-binding-defective mutation
(Y1993A or TTD-dead; right), in HeLa cells. Experiment was repeated independently
twice with similar results. b, c Immunoblotting for the total level of the indicated
histone methylation in HeLa (b) and MEF (c) cells bearing the BAHCC1 KO or
mutation (TTD-dead: Y1993A of human BAHCC1"™, equivalent to Y1998A of murine
Bahccl™; or BAH-dead: Y2537A of murine Bahccl®), compared to respective
WT cells. Experiment was repeated twice with similar results. d, e Analytical flow
cytometry-based assessment of H4K20mel intensity (y-axis in d) and its quantifi-
cation (e) across different cell cycle phases, determined by EdU labeling and DAPI
staining of HeLa cells with BAHCC1 KO or the BAHCC1™™-dead mutation (Y1993A),
compared to WT. Error bars in (e) indicate mean + s.d.; Two-tailed unpaired t-test:

***% P <0.0001; in the panels from left to right: n=6,185 (Gl), 6,908 (S), 1,518 (G2/
M), 6,253 (G1), 6,191 (S), 1,387 (G2/M), 5,580 (G1), 6,865 (S), and 1,778 (G2/M).

f, g Heatmaps (top panels) and box plots (bottom panels) showing the H4K20mel
CUT&RUN () or CUT&Tag (g) signals (after normalization to spike-in control sig-
nals) at the genomic regions + 5 kb from the centers of H4K20mel peaks, in HeLa
cells bearing BAHCC1 KO or the BAHCC1"™-dead mutation (Y1993A), compared to
WT. Color scale was quantified using the median of FPKM at the called peaks, with
blue and yellow indicating high and low signals, respectively. P-values are analyzed
by two-tailed Wilcoxon test. Center lines represent the medians, edges of the box
indicate the 25th and 75th percentiles, and whiskers indicate the 5% minima and
95% maxima. h Flow cytometry analysis for cell cycle progression of HeLa cells with
BAHCC1 KO or the TTD-dead (Y1993A) mutation, compared to WT, post-release
from the early S arrest. Source data are provided as a Source Data file.

chromatin association of CDC6 or CDT1 unaltered (Supplementary
Fig. 9¢). Collectively, we conclude that the H4K20mel:BAHCC1™™
interaction functions to promote DNA replication, at least partly,
through chromatin association of MCM.

The BAHCC1"™:H4K20mel interaction is required for proper
S-phase progression

Given the observed defects in MCM complex loading, we further
analyzed the rate of DNA synthesis by EdU pulse-labeling and found it
to be impaired in HeLa cells bearing the BAHCC1"™™-dead mutation
(Y1993A) or BAHCCI1 KO, relative to WT (Fig. 6a, b). Likewise, we
quantified EdU incorporation defects in MEFs bearing BAHCC1™™-dead
mutation (YI998A) compared to WT cells (Fig. 6¢, d). The BAHCC1™™-
dead mutant, but not BAHCC1®*"-dead mutant, recapitulated the EdU
incorporation defects seen with BAHCC1 KO, in both Jurkat and MEFs
(Supplementary Fig. 1b, ¢ and Supplementary Fig. 9d, e versus
Fig. 6a-d), highlighting a specific role for BAHCC1"™ in facilitating DNA
replication. Previously, it has been demonstrated that the appearance
of PCNA foci marks the onset of the S phase®® and once the PCNA foci
disappear, the cell progresses into G2 until nuclear envelope break-
down in M phases®. We next took this strategy to conduct the single
cell-based live imaging assays by introducing a mTurquoise2-tagged
PCNA® into MEFs, either WT or with the Bahcc1™™-defective mutation.
Here, we observed that the Bahccl'™-defective MEFs displayed the
significantly prolonged S phase, but not Gl or G2/M phase, and a
corresponding lengthening of the entire cell cycle in these mutant cells
(Fig. 6e-g). Additionally, it has been reported that PCNA is loaded as an
integral component of active replication forks®, and the DNA-bound
PCNA is therefore a quite reliable marker of the relative number of
active replication forks, irrespective of fork speed. Next, we used flow
cytometry to quantify the chromatin-bound PCNA level in the S phase.
Here, our results revealed the globally decreased PCNA loading in HeLa
cells with BAHCC1 KO or BAHCC1™™-defective mutation relative to WT
controls (Fig. 6h, i), indicating the broadly impaired replication origin
activation in S phase cells with the BAHCCI loss-of-function. This result
is consistent with the MCM loading defect in these cells (Fig. 5a) and is
a logical consequence of fewer licensed origins. Together, optimal
replication origin activation and S-phase progression require the
BAHCC1™™-mediated preferential reading of lowly methylated H4K20,
notably, H4K20mel.

Discussion

Different H4K20 methylation states and their specific readers play
crucial roles in a variety of biological processes, including DNA repli-
cation and stress response, transcription, DNA damage repair, chro-
mosome segregation and genome integrity. Previously, it has been
reported that H4K20me2 and H4K20me3 serve as docking sites,
respectively, for the BAH domain of ORCI* and the WD40 domain of
ORCA/LRWDI1%, which recruit and/or stabilize the chromatin binding
of replication initiators and loader machineries for ensuring

appropriate replication firing and timing. Additionally, Long et al.
showed that H2A.Z directly recruits the SUV4-20H enzymes to deposit
H4K20me2, thus licensing and activating the early-replication
origins®, During genomic DNA replication, the unmodified
H4K20meO of new histones is recognized by its specific readers such
as the Ankyrin Repeat domain of TONSL® and BARD1®, which act to
recruit DNA damage repair complexes (namely, TONSL-MMS22L and
BARD1-BRCA1) for monitoring the replicative stress and ensuring
genome stability>*>. In the literature, studies investigating the roles of
H4K20mel versus H4K20me2 during the DNA replication are quite
limited, with the former often considered as an intermediate state for
generating H4K20me2. Partly, this limitation is due to a lack of
knowledge regarding specific readers that discriminate H4K20mel
over the highly methylated H4K20. Consequently, the direct roles for
H4K20mel in regulating DNA replication and cell cycle progression
remain elusive to date.

In this study, we fill in the above gap by demonstrating BAHCC1 to
be a high-affinity, high-selectivity reader for H4K20mel and a crucial
regulator of cell replication. BAHCCI, a chromatin-associated factor
expressed across almost all cell cycle stages, is particularly enriched in
G1/S phase cells and required for efficient execution of DNA replica-
tion. Such a regulation of the replication process relies on BAHCCI™™,
which preferentially reads H4K20mel, and not BAHCCI®*", another
BAHCC1 modaule that functions as a H3K27me3-specific reader®’. Our
structural and biophysical analyses also revealed the molecular
underpinnings for the BAHCC1™™-directed sensing of H4K20mel. The
sequence specificity for BAHCC1™™:H4K20mel interaction is under-
pinned by the surface concaves flanking the H4K20mel pocket, which
anchor the side chains of the H18, V21 and R23 residues in H4
(Fig. 2b, c). Additionally, a set of residues form the binding ‘cage’ to
directly engage H4K20mel (Fig. 2d); here, hydrogen bonding between
the H4K20mel sidechain and the two conserved acidic ‘cage’ residues
(i.e., D2022 and D2024 in murine Bahccl™™) can sterically exclude the
highly methylated H4K20, resembling what was previously reported
for other monomethyl-lysine readers***, which provides an explana-
tion for the observed H4K20mel preference. Strikingly, BAHCC1 KO
and the BAHCC1'™-defective point mutation resulted in a global
decrease of H4K20mel, a phenomenon not observed with the
H3K27me3-binding-defective mutation of BAHCCI®", Furthermore,
the unbiased interactome study of BAHCCI revealed the interaction
with MCM complex and consistently, our genomic profiling showed
that the level of MCM'’s chromatin recruitment is positively correlated
with the presence of BAHCCI (a preferential reader of H4K20mel) and
ORCI1 (a preferential reader of H4K20me2), thereby connecting both
H4K20mel and H4K20me2 directly with the origin licensing and
replication initiation. Importantly, cells harboring the BAHCC1™™-
defective mutation exhibit defects in the chromatin recruitment and
loading of BAHCC1 and MCM complexes, leading to the broadly
impaired replication origin activation in S phase cells, as assessed by
genomic loading of PCNA, a quite reliable indicator for the number of
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active replication forks™. Based on the observations of this study and
previously published works>*>*>?%%° we favor a model (Fig. 6j) that (1)
during replication, BAHCC1 is essential for maintaining global
H4K20mel, which is deposited in the previous M phase by the writer
SETS, and a direct BAHCC1'™:H4K20mel interaction functions to
facilitate the chromatin association and/or loading of MCM complex;
(2) acting in parallel with such a BAHCC1"™-directed signaling is that
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the maintained H4K20mel marks are further catalyzed by SUV4-20H
enzymes (activity of which is facilitated by the presence of the histone
variant H2A.Z in the nucleosomal context?®**) to generate H4K20me2
and H4K20me3, which directly recruit ORCI*> and ORCA/LRWDI1%,
respectively, as well as their associated ORC and MCM complexes; (3)
due to both signaling axes of H4K20mel:BAHCCI™™:MCM and
H4K20me2-H2A.Z:ORCI*A"/ORC:MCM, the optimal density of origin
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Fig. 4 | BAHCCI interacts with MCM complex and ORCI. a BiolD-based identifi-
cation of BAHCCl-associated proteins in HeLa and U20S cells. BiolD/Control shows
ratio of results from biotin-treated versus vehicle-treated cells, with cut-off set to the
log2-transformed value of fold change (FC) above 1. MCM and HDAC complex sub-
units are highlighted in red and blue, respectively. b Co-IP for Flag-BAHCCI inter-
action with HA-MCM3 or HA-ORC1 in Hela cells, without (left) or with benzonase
treatment (right). ¢ ChIP-qPCR for GAL4”*-BAHCCI-Flag (a-Flag) and MCM2 binding
at the 5xGAL4-binding sites in MEFs, after the GAL4”**-BAHCCI-Flag expression
induction by doxycycline (dox) treatment (+) versus mock (-). Mock-treated cells and
a negative control (NC) locus serve as cell and locus controls, respectively. ChIP
signals, presented as means + SD, were normalized to those of 1% of input (n=3
replicated experiments). Two-tailed unpaired ¢-test was conducted. Exact P-values are
labeled. d, e Heatmaps (top) and box plots (bottom) showing CUT&Tag signals of
MCM2 (d) and CUT&RUN signals of HA-MCM3 (e), + 5 kb from the peak centers in

Hela cells with BAHCC1 KO or BAHCC1™-dead mutation, compared to WT (after
normalization to spike-in control signals). Color scale was quantified using the
median of FPKM at peaks, with blue and yellow indicating high and low signals,
respectively. f Venn diagram showing overlap between the BAHCC1 and HA-tagged
ORCI1 peaks in Hela cells. g-j Box plots showing the binding signals of BAHCCI1 (g),
H4K20mel (h), HA-MCM3 (i) and MCM2 (j) at genomic regions bound by BAHCC1
only or HA-ORC1 only or co-bound by both in HeLa cells with WT BAHCCI (left) or the
TTD-dead/Y1993A mutation (right). k Integrated Genomics Viewer (IGV) views of
BAHCC1, HA-ORC1, MCM2, HA-MCM3 and H4K20mel/2/3 at MYC in HeLa cells with
WT BAHCCI or BAHCCI™™-dead mutation. For (d, e) and (g—j) P-values are analyzed
by two-tailed Wilcoxon test for paired comparison or two-tailed Mann-Whitney U test
for unpaired comparison. Center lines represent the medians, edges of the box
indicate the 25th and 75th percentiles, and whiskers indicate the 5% minima and 95%
maxima. Source data are provided as a Source Data file.

licensing complexes is achieved at those BAHCCI/ORCI-cobound
chromatin regions, thus permitting the fruitful replication initiation
and firing.

The observation that the H3K27me3-binding-defective mutation
of BAHCC1®" does not cause the DNA replication defects points to a
division of labor in reading distinct histone modifications by different
BAHCC1 modules. To test this notion, we purified a recombinant
BAHCCI1 protein fragment covering dual TTD and BAH domains
(termed BAHCCIPA"T™) which exhibits the expected strong binding to
H4K20mel peptide and H3K27me3 peptide (Table 1 and Supplemen-
tary Fig. 10a). Here, we further measured binding of BAHCC1*A* "™ t0 a
set of in vitro reconstituted mono-nucleosomes, either un-modified or
modified with either H3Kc27me3 alone (with c indicating methylation
mimetic®), H4Kc20mel alone or both modifications (Supplementary
Fig. 10b). Biolayer interferometry (BLI)-based measurement showed
that binding of BAHCC1®A*™™ to the H3Kc27me3/H4Kc20mel dually
modified mono-nucleosomes is stronger than binding to either one of
the two singly modified mono-nucleosomes and is ~2.5-folds stronger
than binding to unmodified ones (Supplementary Fig. 10c). The
binding differences seen in this nucleosomal system are modest when
compared to what was detected using histone H4 peptides, which is
most likely due to the existence of DNA and the use of mono-nucleo-
somes: besides BAHCC1™™- and BAHCC1**"-mediated histone interac-
tions, BAHCC1 may interact with DNA, which is widely observed for
various histone readers (such as Bromo, Tudor and Chromo
domains)**°. Overall, these results support a notion that BAHCC1™™
and BAHCCI®* may direct the readout of differential histone mod-
ifications, either independently or in an additive fashion. We focus this
current study on the BAHCCI"™:H4K20mel engagement during
replication in G1/S phases, in which PRC2, the H3K27me3 writer, was
reported to exhibit the weakest genomic binding and low activity®’. It
is also worth mentioning that H4K20mel represents a multifunctional
histone modification—in several model systems, H4K20mel was shown
to colocalize with H3K27me3°"* and/or facultative heterochromatin®,
leading to chromatin compaction®**, while H4K20mel was also
reported to mark the actively transcribed regions®, the sites generally
lacking H3K27me3. In agreement, our genomic profiling of HeLa cells
detected the genomic regions showing H4K20mel positivity but
lacking H3K27me3, as well as those positive for both H4K20mel and
H3K27me3 (Supplementary Fig. 10d, H4K20mel versus H3K27me3 in
top left panel). Thus, we speculate that dual BAHCC1™™ and BAHCC1®**
modules may elicit context-dependent regulatory effects, which await
investigation in future.

Furthermore, genomic binding of BAHCCI1 exhibits a positive
correlation with both H4K20mel and PHF8, the H4K20mel demethy-
lase exhibiting high activity in G1/S”, at the genome-wide scale (Sup-
plementary Fig. 10d; with Pearson correlation scores measured to be
0.57-0.61 and 0.62-0.63, respectively). In agreement with such co-
occupancy patterns, we detected overall decrease of H4K20mel at the
BAHCCI1-bound genomic regions upon KO of BAHCC1 or introduction

of the H4K20mel-interaction-defective mutation at BAHCC1™™,
indicating a role for BAHCC1 in sustaining the H4K20mel home-
ostasis. Conceivably, the BAHCC1™-mediated engagement of
H4K20mel may protect it from demethylation by PHF8 (which is
highly active in G1/S”) and/or additional methylation by SUV4-20H.
The decrease of H4K20mel, the substrate of SUV4-20H, can addi-
tionally lead to decrease of H4K20me2 as the cell cycle progresses.
Requirement of the BAHCC1"™™”:H4K20mel binding for maintenance
of H4K20mel is reminiscent of what was reported for Mixed Lineage
Leukemia 1 (MLLI, also known as KMT2A), which employs a CXXC
domain to protect unmethylated CpG DNA from methylation®. Fur-
ther study is warranted to examine the involvement of numerous
potential demethylases and methylases that could influence
H4K20mel/2 homeostasis under the content studied herein. The
collective effects of H4K20mel and H4K20me2 perturbations may
better explain the observed defects in MCM and ORC loading upon
BAHCCI loss-of-function. Please note that BAHCCI is preferentially
expressed in G1/S phase cells whereas the activity of SET8 (the
H4K20mel writer) exhibits a quite different dynamics, with the
induced H4K20mel peaking during G2/M"**. SET8 was also reported
to regulate chromatin compaction during mitosis******, and
H4K20mel in mitotic cells was reported to be recognized by the non-
structural maintenance of chromosomes (SMC) condensin II
subunits®. These observations point to a BAHCCl-independent role
for SET8 and H4K20mel during mitosis. Together, the interplays
among different H4K20 methylation states and their readers, erasers
and writers are rather complex and context-dependent (e.g. the
origin licensing in G1/S phases, as well as the chromatin compaction
and chromosome segregation during mitosis).

While our in vitro biochemistry and co-crystal structure data
strongly support the high H4K20mel selectivity, we also found
BAHCCI to be associated with H4K20me2 based on colP and histone
maodification profiling results in cells, which can be explained by the
below reasons. On one hand, such association may come from a co-
occurrence pattern of H4k20mel and H4K20me2 genome-wide; for
instance, the mass spectrometry-based profiling of immunoaffinity-
purified mono-nucleosomes and genomic mapping of H4K20 methy-
lation reported the coexistence of H4K20mel with H4K20me2***%, On
the other hand, we detected a low-affinity in vitro binding of
BAHCC1™ to H4K20me2, with a Kd measured to be over 800 pM.
Given that H4K20me?2 is detected in about 80% of H4 molecules in any
given cell stage and more abundant than H4K20mel, it remains a
possibility that a weak BAHCC1'™ binding to H4K20me2 can further
promote the tethering of BAHCCI and partners to replication origins
(see a dashed line in Fig. 6j), albeit to an arguably lesser extent than
contribution of the BAHCC1™™:H4K20mel-based force (which, in an
in vitro system, is about 20-folds stronger than BAHCC1"™™ binding to
H4K20me2; Table 1).

A key finding of this work is to mechanistically connect
BAHCCI™™, a preferential reader of H4K20mel, with the replication
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Fig. 5 | The BAHCC1"™:H4K20mel interaction facilitates MCM loading. a, b
Immunoblotting to assess the chromatin association and loading of MCM2 and
MCMS3 in Hela (a) or MEF cells (b) bearing the BAHCC1™™-dead mutation (Y1993A
for HeLa or Y1998A for MEF) or BAHCC1 KO, compared to WT. MCM loading is
inferred from resistance to high salt extraction. GAPDH serves as a chromatin
fractionation control and histone H3 as a loading control. ¢ Flow cytometry-based
assessment of MCM2 chromatin binding (y-axis) across different cell cycle stages, as
determined by EdU incorporation and DNA content (DAPI intensity, x-axis) in HeLa
cells with BAHCC1 KO (right) or its TTD-dead mutation (Y1993A; middle), relative to
WT (left). Blue, MCM2 positive/EdU-negative (G1 phase); Orange, MCM2 positive/
EdU positive (S phase); Gray, MCM2 negative nuclei (mainly G2/M). d Quantification
of the intensities of MCM2 chromatin binding in the origin licensing phase (G1) of
Hela cells with BAHCC1 KO (right) or its TTD-dead mutation (Y1993A; middle),
relative to WT (left). Error bars indicate mean + SD; Two-tailed unpaired t-test:

P < (0.0001; from left to right: repl, n=2,936 (WT), 2,766 (Y1993A) and 2,737
(KO); rep2, n=2,974 (WT), 2,955 (Y1993A) and 2,750 (KO); rep3: n=4,261 (WT),
2,495 (Y1993A) and 3,235 (KO). e Chromatin binding of MCM2 (y-axis) shown as a
function of DAPI intensity (x-axis) and cell cycle stages, discriminated by EdU
labeling in MEFs bearing either WT or TTD-dead (Y1998A) Bahccl. f Chromatin-
associated ORC4 levels (y-axis) shown as a function of DAPI intensity (x-axis) and
cell cycle stages, discriminated by EdU labeling in HeLa cells bearing either WT (left)
or TTD-dead (Y1993A; middle) BAHCC1 or its KO (right). Green and purple colors
refer to cells with loaded ORC4 in G1 and S phases, respectively, while gray color
designates cells without loaded ORC4. g Quantification of the intensities of
chromatin-bound ORC4 in G1 phase cells shown in (f). Error bars indicate mean +
s.d.; Two-tailed unpaired t-test: ***P < 0.0001; from left to right: repl, n=3,920
(WT), 3,382 (Y1993A) and 4,096 (KO); rep2, n=3,617 (WT), 2,803 (Y1993A) and
2,590 (KO). Source data are provided as a Source Data file.

origin activation and cell cycle progression. It unveils a previously
unknown layer of replication regulation and adds to the reported
modulatory mechanisms directed by ORC1 (a preferential reader of
H4K20me2)?, H2A.Z (a facilitator of H4K20me2 deposition)****, ORCA/
LRWD1 (a binder of H4K20me3-containing nucleosome and ORC
complex)®*®, amongst others. However, the limitations of this work
exist. As mentioned above, a low-affinity interaction between
BAHCCI™ and H4K20me2 may contribute to the observed defects
upon mutation of BAHCC1™™, which awaits the detailed study. Addi-
tionally, this work assessed the steady state levels of H4K20 methyla-
tion after BAHCCI loss-of-function and future effort shall be directed
to tease out the regulatory roles for BAHCCI in distinct chromatin
environment, such as euchromatin (early origins) versus

heterochromatin regions (late origins), as well as the cell stage-specific
modulation of H4K20 methylation dynamics.

Methods

Plasmids

The plasmids for bacterial expression of the BAHCCI™ protein
domain, which includes the amino acids 1904-2044 of murine Bahccl
and its Drosophila homolog domain, the amino acids 1094-1264 of
winged eye (wge)*, were generated by subcloning the corresponding
cDNA fragment into a modified pRSFDuet vector containing a Hise-
SUMO tag or a GST-fusion vector (GE Life Science; GEX-4T1 and GEX-
6P2) and used as before®**”*%, A bacterial expression vector containing
53BP1™ (amino acids 1235-1709) was a gift of S. Frye and used as
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described before®’. To generate the BAHCC1 protein segment harbor-
ing both the TTD and BAH domains (BAHCC1™™®) we constructed a
cDNA fragment encoding BAHCCI residues 1899-2638 but with internal
deletion of residues 2070-2493 to minimize proteolytic degradation
during protein purification, followed by insertion into an in-house
bacterial expression vector containing an N-terminal His,-MBP tag.

\< MCM &' \MCM
p Normal DNA
replication

impaired DNA
replication

Less BAHCCT1;
reduced H4K20me1/2
reduced MCM loading;

A full-length ¢cDNA of human BAHCC1 (NM_001291324.2) was
synthesized by BGI Geneland/Qinglan Inc. Synonymous mutations
were introduced into this cDNA for creating restriction enzyme sites to
facilitate cDNA subcloning and mutagenesis. The synthesized full-
length BAHCCI1 cDNA, together with an in-frame fused EGFP tag at the
N-terminus and a 3 x FLAG tag at the C-terminus, was cloned into a
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Fig. 6 | The BAHCC1"™:H4K20mel interaction is required for proper S-phase
progression. a, b Flow cytometric analysis of DNA synthesis by EdU pulse labeling
and DNA content (a) and quantification of EdU incorporation in S phase (b) using
Hela cells with BAHCC1 KO (right) or its TTD-dead/Y1993A mutation (middle),
relative to WT (left). Two-tailed unpaired t-test in (b): ***P < 0.0001; n=4,800
(WT), 4,053 (Y1993A) and 3,805 (KO) S phase cells determined by flow cytometry.
Values represent means + SD. ¢, d Flow cytometric analysis of EU labeling (c) and
quantification of EdU labeling in S phase (d) using MEFs bearing WT Bahccl (left) or
its TTD-dead mutant (right; YI998A). Two-tailed unpaired t-test in (d):
****p<(0.0001; n=2,549 (WT) and 3,166 (Y1998A) S phase cells determined by flow
cytometry. Values represent means + SD. e Representative live-cell imaging views of
MEFs expressing mTurquoise-tagged PCNA to mark the boundaries of S phase by
PCNA localization. One representative cell from each population of MEFs bearing
either WT (top) or TTD-dead/Y1998A-mutated Bahccl (bottom) is shown. Bar,

10 pum. f, g Quantification of the total cell cycle length (f) and the length of the
indicated cell cycle phases (g) based on live cell imaging. WT (blue), n=40; TTD-
dead/Y1998A-mutated (red), n = 35. Values represent means + SD. Two-tailed
unpaired t-test was conducted (P=0.008). h, i Representative flow cytometry
analysis (h) and quantification (i) of the chromatin-loaded PCNA levels in the S
phase of HeLa cells with WT BAHCC1, BAHCC1 KO or the BAHCC1"™-defective
mutation (Y1993A). The x-axis and y-axis in (h) measured the DNA content and
chromatin-bound PCNA levels, respectively, with S phase cells showing in purple. S
phase cells from three independent experiments were quantified in (i). One-tailed
paired ¢t-test was conducted using WT as controls (n =3 biological replicates per
group). *P< 0.05; **P < 0.001. Values represent means + SD. j A working model
showing that H4K20mel:BAHCC1"™-mediated and H4K20me2:0RC1**-mediated
signaling axes promote the optimal MCM loading for efficient replication origin
activation. Source data are provided as a Source Data file.

PiggyBac (PB) vector of PB-EF1a-MCS-IRES-Neo (System Biosciences
#PB533A-2), creating the PB-EFla-GFP_BAHCCI1 3xFLAG-IRES-Neo
plasmid. To generate a doxycycline (dox)-inducible expression con-
struct of BAHCCl, we replaced the EFla promoter in PB-EFla-
GFP_BAHCCI1_3xFLAG-IRES-Neo with a tight TRE promoter from pCW-
Cas9 (Addgene #50661) and then, a reverse Tet repressor (rTetR)
element from pCW-Cas9 was inserted between the UbC promoter and
the IRES2 element, which created the dox-inducible PB-TRE-EGFP -
BAHCCI1_3xFLAG-rTetR-IRES-Neo plasmid. An in-frame fusion of
BAHCC1 with either BirA* (for biotin identification [BiolD] experi-
ments) or the GAL4 DNA-binding domain (GAL4_DBD; for targeting
BAHCCI1 to the genomic sites with upstream activating sequence
[UAS]) was generated by replacing the N-terminal EGFP in the above
dox-inducible PiggyBac-BAHCCI plasmid with PCR-amplified BirA* or
GAL4_DBD, which created the dox-inducible plasmids of PB-TRE-Bir-
A* BAHCCI1 3 x FLAG-rTetR-IRES-Neo and PB-TRE-GAL4 _DBD -
BAHCC1_3 x FLAG-rTetR-IRES-Neo. The plasmids of dox-inducible
pCW-3 x HA-ORCl-blasticidin and pCW-3 x HA-MCM3-blasticidin were
made by replacing Cas9 in pCW-Cas9 with the cDNA fragment of ORC1
(NM_004153.4) and MCM3 (NM_002388.6) respectively, with a 3 x HA
tag fused to the N-terminus and with the puromycin cassette replaced
by blasticidin. A lentiviral plasmid containing the mTurquoise-tagged
PCNA was used as described before®. A fragment covering the 5xUAS
sites and a downstream luciferase gene was amplified by PCR from a
pGL2-SV40-LUC plasmid (Addgene, cat# 26280) and then inserted into
the PB-CMV-MCS-EFla-Puro plasmid (System Biosciences, cat#
PB510B-1) to replace the CMV promoter, which produces a PiggyBac-
based delivery system for genomic insertion of the GAL4_DBD/5xUAS-
luciferase reporter (termed PB-5xGAL4-LUC-puro).

Cell culture and stable cell line generation

Cells used in this study included HeLa (American Tissue Culture Col-
lection [ATCC], CCL-2), U20S (ATCC, HTB-96) and 293FT (Thermo
Fisher Scientific, R70007), which were cultured in the DMEM base
medium supplemented with 10% of fetal bovine serum (FBS) and 1% of
penicillin and streptomycin. Mouse embryonic fibroblast cells (MEFs)
were cultured in DMEM base medium supplemented with 20% of FBS
and 1% of penicillin and streptomycin as recommended’. Lentivirus or
retrovirus containing 3xHA-MCM3, 3 x HA-ORC1 or mTurquoise-PCNA
was prepared in 293FT cells and used for cell infection to generate the
stable cell lines as described before®*””?, PiggyBac-based genomic
insertion was conducted by co-transfection of a transposase plasmid
(System Biosciences, cat# PB200PA-1) and a PiggyBac (PB) elements-
containing vector (such as the above PB plasmid with tagged BAHCCI,
or a GAL4_DBD/5xUAS-luciferase reporter) into cells (such as HelLa or
MEFs), followed by drug selection and/or generation of clonal cell lines.

Cell synchronization and release
For synchronization of HeLa cells in early S phase, we employed a
double thymidine block protocol™”. In brief, HeLa cells were first

incubated with culture medium containing 2 mM thymidine (Sigma,
cat# T9250) for 12 h, then washed with sterile 1xPBS for three times,
and incubated with regular medium for 11 h, which was then followed
by a second block step with 2 mM thymidine for 12 h. At this point, cells
were synchronized and released from the block into S phase upon
cultivation in normal medium. The released cells were collected at
different timepoints (0-24 h) for downstream analyses, which inclu-
ded propidium iodide (PI) staining and flow cytometry, RT-qPCR of cell
cycle markers such as Cyclin E1 (CCNE1) and Cyclin B1 (CCNB1), and
western blotting (WB). Synchronization of U20S cells was conducted
using a single thymidine block protocol, while synchronization of
MEFs used a serum starvation protocol™. For the latter, MEFs were
cultured in serum-free medium for 3 days and at this point, most cells
were in GO phase. Then, these synchronized cells were released by
cultivation in normal FBS-containing medium and collected at differ-
ent timepoints for downstream analyses.

Antibodies

A home-made a-BAHCCI antibody was previously generated and used
as before®. Detailed information for the antibodies used for WB, co-
immunoprecipitation (co-IP), chromatin immunoprecipitation (ChIP),
flow cytometry, Cleavage Under Targets & Release Using Nuclease
(CUT&RUN), and Cleavage Under Targets and Tagmentation (CUT&-
Tag) is provided in Supplementary Data 2.

Chemical compounds

The SUV420H1 and SUV420H2 selective inhibitor, A-196 (Sigma,
SML1565), was dissolved in dimethylsulfoxide (DMSO) as 5 mM stock
solution and used as before®. A three-day treatment with 5uM A-196,
relative to DMSO, was applied for HelLa cells in this study.

DNA content analysis

Cells were fixed and stained with propidium iodide (Sigma) to quantify
the DNA content for cell cycle analysis. Briefly, cells were trypsinized
and counted using a BioRad automated cell counter. 500,000 live cells
were transferred to a 4 mL flow cytometry tube and pelleted. Next,
they were washed with PBS and fixed in 80% methanol at -20 °C for at
least 3 h or overnight. Following fixation, the cells were washed and
resuspended in 1mL 1xPBS plus 0.5% of BSA. RNase (100 ug/mL;
Sigma Aldrich) and propidium iodide (25 ug/mL) was added and the
cells were incubated in the dark for 1h at room temperature. DNA
content was detected using a Thermo Fisher Attune NxT flow cyt-
ometer (available in the UNC flow cytometry core facility), followed by
analysis with Flowjo software.

5-ethynyl-2’-deoxyuridine (EdU) labeling analysis

Cells were incubated with 10 uM EdU (provided in the commercial
Click-iT Imaging Kits, Invitrogen, cat# C10337; 30 min for Hela cells
and 2 h for MEFs) before collection. Then, cells were washed twice with
1x PBS and fixed in 4% formaldehyde for 15 min at room temperature,
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followed by incubation with 0.5% Triton X-100 and 1% BSA in 1x PBS
for 20 min at room temperature. EdU labeling was conducted using the
commercial Click-iT Imaging Kit (Invitrogen) according to the manu-
facturer’s instructions. Finally, EdU-labeled cells were resuspended in
1x PBS with 1 pg/mL DAPI (Life Technologies) and incubated for 1h at
room temperature. Cells were analyzed with the Thermo Fisher Attune
NXT flow cytometer, followed by analysis with Flowjo software.

Preparation of chromatin-associated cell fractions

Preparation of the chromatin-associated fraction of cells was con-
ducted as before”. Briefly, cells were collected and washed with cold
1xPBS and then resuspended in the CSK-100 buffer (10 mM PIPES pH
7.0, 100 mM NaCl, 300 mM sucrose, 3 mM MgCl, and 0.5% Triton X-
100; freshly supplemented with the inhibitor cocktail of protease and
phosphatase [Roche]), followed by incubation on ice for 20 min and
centrifugation at 3,000 rpm for 15min. After the supernatant was
removed, the remaining cell pellet was washed once with the ice-cold
CSK-100 buffer and collected as the chromatin-bound cell fraction for
immunoblotting. For assaying the chromatin-loaded fraction of MCMs,
we followed the same preparation protocol as above, except that the
higher salt CSK-300 buffer (10 mM PIPES pH 7.0, 300 mM NaCl,
300 mM sucrose, 3 mM MgCl, and 0.5% Triton X-100; supplemented
with inhibitors of protease and phosphatase) was used instead.

Co-immunoprecipitation (Co-IP)

Collected cells were resuspended in cell lysis buffer (50 mM Tris-HCI (pH
8.0), 150 mM NaCl, 2mM EDTA, 0.1% SDS and 1% Triton X-100; freshly
supplemented with inhibitors of protease and phosphatase [Roche]).
The total cell lysate was subjected to brief sonication and high-speed
centrifugation to remove cell debris. For benzonase nuclease treatment,
1l benzonase (=250 units/pL; Sigma-Aldrich, cat# E1014) was added
into the cell lysate after brief sonication, followed by incubation on ice
for 1h. The cell supernatant was collected after centrifugation and
incubated with primary antibodies on a rotator overnight at 4 °C. Then,
50 pL of Dynabeads (Invitrogen) was added and incubated at 4 °C for
additional 2h. Beads were washed five times with lysis buffer, and
resuspended in 2x protein sample loading buffer. Samples were boiled at
90 °C for 10 min before separation by SDS-PAGE gels and WB.

Protein expression and purification

As mentioned above, a gene fragment encoding murine Bahccl™
(amino acids 1904-2044) or Drosophila Wge™ (amino acids 1094-
1264) was subcloned into a modified pRSFDuet vector containing a
Hiss-SUMO tag, followed by transformation using the Escherichia coli
BL21(DE3) RIL cells. Likewise, a bacterial expression plasmid contain-
ing an N-terminal Hise,-MBP tag and a construct harboring BAHCC1's
dual TTD and BAH domains (His¢c-MBP-BAHCC1'™®*) was used for
bacterial transformation. The transformed BL21(DE3) RIL cells were
first grown at 37 °C. After the cell density reached an optical density at
600 nm of 0.8, the temperature was lowered to 16 °C. For protein
expression in bacteria, cells were induced with 0.4 mM isopropyl -d-
thiogalactopyranoside (IPTG) at 20 °C for 16 h. The cells were then
collected, lysed and the insoluble pellet was removed by centrifuga-
tion. Subsequently, the proteins were purified by Ni**-NTA affinity
chromatography. As of Hiss-SUMO tagged TTD proteins, the affinity-
purified sample was cleaved by ULP1 and dialyzed against a buffer
containing 25mM Tris, pH 7.5, 300 mM NaCl; next, the proteins were
then subjected to a second Ni?*-NTA column to remove the Hiss-SUMO
tag and ULP1 protease, and then were concentrated and subjected to
size-exclusion chromatography (Superdex 200 16/60, GE) equilibrated
with 25 mM Tris, pH 7.5, 100 mM NaCl and 2 mM DTT. As of the His4-
MBP-tagged BAHCC1"™®*" protein, the affinity-purified sample was
first subject to ion-exchange chromatography on a Heparin column
(Cytiva Inc) and size-exclusion chromatography on a Hiload 16/60
Superdex 200 pg column (Cytiva Inc); then, the purified protein

samples were concentrated in 25 mM Tris-HCI (pH 7.5), 100 mM NaCl,
5% glycerol and 5 mM dithiothreitol (DTT), and stored at —80 °C before
use. Lastly, the His,-MBP tag was removed from the purified HissMBP-
BAHCCI™™*®* fysion protein via proteolytic cleavage with Tabacco
Etch Virs (TEV) protease and nickel affinity chromatography, followed
by size-exclusion chromatography on a Hiload 16/60 Superdex 200 pg
column.

All the mutants of Bahccl™™ were generated by direct mutagen-
esis and purified as described above. For structural determination, a
L1962M/L2018M double mutation was introduced into mBahccl to
allow selenomethionine-labeling of the protein. Recombinant protein
of 53BP1"™ was generated and used as described before®’.

Assays for reader protein binding by histone peptide arrays and
peptide pull-down

Assaying the binding specificity of the reader proteins was performed
using the Modified™ Histone Peptide Array (Active Motif, cat# 13005)
according to the vendor’s user manuals. Pull-down using the biotiny-
lated histone peptide was performed as previously described**”>. Two
versions of biotinylated H4 peptides, either amino acids 11 to 30 or 11
to 27 of H4, which carry unmodified H4K20, H4K20mel, H4K20me2 or
H4K20me3, were used in independent experiments and produced
same results. In brief, each one of the individual biotinylated histone
peptides was incubated with Pierce™ High Capacity NeutrAvidin™
Agarose (Thermal Fisher, cat# 29204) for 4 h at room temperature,
followed by extensive washing to eliminate the unbound peptide.
Then, 20 uL of the prepared peptide:Avidin resin complexes were
incubated with 20 ug of the purified GST fusion protein in the pull-
down buffer (20 mM HEPES [pH 7.9], 200 mM KClI, 0.05% of IGEPAL
CA-630 and 5% of glycerol), supplemented with 1mM DTT, 0.1mM
PMSF and protease inhibitor cocktail [Roche]. After extensive washing,
the GST protein bound to resin was released and collected after boiling
in protein loading buffer for 5 min and, after brief centrifugation, the
supernatant was collected and separated by SDS-PAGE for either
western blotting with a-GST antibody or for silver staining.

Isothermal titration calorimetry (ITC) measurements

Both murine Bahcc1™ (amino acids 1904-2044) and histone peptides
were dialyzed at 4 °C against a buffer containing 20 mM Tris-HCI (pH
7.5), 50 mM NaCl and 0.5mM DTT. For all the peptides, a C-terminal
tyrosine was introduced for the purpose of spectrophotometric mea-
surement. Protein and peptides concentrations were determined based
on their respective ultraviolet absorption at 280 nm wavelength. ITC
measurements were carried out at 7 °C on a MicroCal iTC200 system
(GE Healthcare), including a total of 15-17 injections with spacing of
180 s and a reference power of 5 pcal/s. The subsequent ITC data were
processed with software ORIGEN (MicroCal) using a one-site
fitting model.

CUT&RUN and CUT&Tag

CUT&RUN*"7 was performed as we have previously described**”
using the commercially available kit (EpiCypher CUTANA™ pAG-
MNase for ChIC/CUT&RUN, cat# 15-1116). Briefly, 0.5 million cells were
collected and used for CUT&RUN, and 0.3 ng of sonicated chromatin
from Drosophila S2 cells was added into each sample for spike-in
normalization. CUT&RUN was conducted as before**”> and DNA was
purified by using the Monarch DNA Cleanup Kit (NEB, cat# T1030S)
according to the manufacturer’s instructions. Finally, multiplexed
CUT&RUN libraries were prepared using the NEB Ultra Il DNA Library
Prep kit (E7645).

CUT&Tag was performed using the previously published
protocol”®” and the commercially available CUTANA™ pAG-TnS5 kit
(EpiCypher, cat# 15-1017). In brief, 0.1 million cells were collected and
incubated in NE buffer (20 mM HEPES-KOH pH 7.9, 10 mM KCl, 0.1%
Triton X-100, 20% Glycerol, 0.5mM Spermidine, and 1x Roche
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cOmplete™ Protease Inhibitor Cocktail) for 10 min on ice to isolate
the nuclei. For spike-in control normalization, 2% of MEFs cells
(murine) were added to HeLa cells (human) for each sample. ConA
beads (Bangs Laboratories, BP531) were activated in bead activation
buffer (20 mM HEPES pH 7.9, 10 mM KCI, ImM CaCI2, and 1mM
MnCI2) and then incubated with the nuclei for 10 min at room tem-
perature. The ConA beads-nuclei slurry was resuspended in 50 pL
cold Antibody150 Buffer (20 mM HEPES pH 7.5, 150 mM NacCl, 0.5 mM
Spermidine, 1x Roche cOmplete™ Protease Inhibitor Cocktail, 0.03%
Digitonin, and 2mM EDTA) and incubated overnight at 4 °C with
0.5 ug of the primary antibodies against the protein of interest. The
following day, the beads-nuclei slurry was resuspended in cold Dig-
toninl50 buffer (20 mM HEPES pH 7.5, 150 mM NaCl, 0.5mM Sper-
midine, 1x Roche cOmplete™ Protease Inhibitor Cocktail, and 0.03%
Digitonin) and incubated with 0.5pug of the secondary antibodies
(anti-rabbit secondary antibody, ABIN101961) for 30 min at room
temperature. After two washes with cold Digtoninl50 buffer, the
beads-nuclei slurry was resuspended in 50 uL of the cold Digto-
nin300 buffer (20 mM HEPES pH 7.5, 300 mM NacCl, 0.5mM Sper-
midine, 1x Roche Protease Inhibitor Cocktail, and 0.01% Digitonin)
and incubated with 2.5 uL CUTANA™ pAG-TnS5 for 1h at room tem-
perature. The beads-nuclei complexes were then washed twice with
Digtonin300 buffer, followed by incubation with 50 uL Tagmenta-
tion buffer (Digitonin300 buffer plus 10 mM MgCI2) for 1 h at 37 °C.
10 pL SDS Release buffer (10 mM TAPS pH 8.5 and 0.1% SDS) was
added into the beads after washing with 50 pL TAPS buffer (10 mM
TAPS pH 8.5 and 0.2mM EDTA), followed by incubation for 1h at
58°C in a thermocycler. Finally, 30 uL SDS Quench buffer (0.67%
Triton-X 100 in molecular-grade water) was added and the resulting
CUT&Tag DNA was purified by using NEB Monarch DNA Cleanup Kit
followed by multiplexed library preparation.

All the multiplexed libraries of CUT&RUN or CUT&Tag were
subjected to pair-end deep sequencing on a NextSeq500 platform
(available from shared facilities of the university).

Analysis of CUT&RUN and CUT&Tag datasets

CUT&RUN’*" and CUT&Tag’®”® data were analyzed as previously
described**”**°, Fastq files were mapped to the reference genome
(either hgl9, mm10 or dm3) using bowtie2.3.5%". Normalization against
the spike-in control signals was conducted as we recently
described®®, The non-primary alignments, PCR duplicates, or black-
list regions were removed from the aligned data by using Samtools
(v1.9), Picard ‘MarkDuplicates’ function (v2.20.4), and bedtools
(v2.28.0), respectively. Peak calling was conducted by MACS2 (macs2
callpeak -f BAMPE -g hs/mm -keep-dup 1)**. Bigwig files, heatmaps and
averaged plotting of CUT&RUN and CUT&Tag signals were generated
by deeptools (v3.3.0)®. The Integrative Genomics Viewer (IGV) was
used for viewing the generated bigwig files.

Reverse transcription followed by quantitative PCR (RT-qPCR)
and chromatin immunoprecipitation (ChIP) followed by quan-
titative PCR (ChIP-qPCR)

RT-qPCR and ChIP-qPCR were conducted as we described before***°,
The RT-gPCR and ChIP-gPCR primer information is provided in Sup-
plementary Data 2.

Crystallization and structure determination

The Bahccligps-2044:H4(14-25)K20mel complex was crystallized using
the sitting-drop vapor diffusion method at 20 °C by mixing 2 pL of
Bahcclygp4.2044:H4(14-25)K20mel (1.3 mM: 3 mM) with 4 pL of reser-
voir solution containing 100 mM MES (pH 6.5), 10 mM Li,SO,, and 8%
PEG20000. Crystals grew into full size in 2 days. The reservoir solution
supplemented with 15% glycerol was used as cryo-protectant when the
crystals were flash-frozen in liquid nitrogen. The diffraction data were
collected on the beamline 5.0.1. at the Advanced Light Source (ALS),

Lawrence Berkeley National Laboratory. The data were indexed, inte-
grated and scaled by HKL2000 package®. The structure was solved
using the Se-SAD method with the data collected for the Bahccl™
L1962M/L2018M mutant. The initial model was built using the Autosol
module in the PHENIX software package®. Subsequently, structural
refinement was carried out using the data collected for the native
crystals of wild-type Bahccl™™. Iterative cycles of model rebuilding and
refinement were performed using COOT®’ and PHENIX, respectively.
The same R-free test set was used throughout the refinement. The
statistics for data collection and structural refinement is summarized
in Supplementary Table 1.

CRISPR-cas9-based genomic editing for site-specific mutation
of BAHCCI™™ and for BAHCC1 knockout (KO)

The Alt-R CRISPR-Cas9 System (Integrated DNA technologies [IDT]
Inc.) in combination with a single-stranded oligodeoxynucleotide
donor (ssODN) was used to introduce a point mutation into the
genomic region coding for BAHCCI™, by using a previously
described protocol®. For the Alt-R CRISPR-Cas9 System, the trans-
activating CRISPR RNA (tracrRNA) labeled with ATTO 550, the S.p.
HiFi Nuclease V3 and electroporation enhancer were all purchased
from IDT, and the crRNA targeting the site to be mutated (Y1993 in
BAHCC1I™™ for HeLa cells) and the ssODN were both custom-
designed and synthesized by IDT. Three phosphorothioate bonds
were added at the 5’- and 3’-ends of ssODN to stabilize the donor
oligonucleotides and to ensure more efficient homology-directed
DNA damage repair. Synonymous mutations were introduced at the
same time to prevent recutting the target sequence after the desired
point mutation was introduced. Sequence information for the crRNA
and ssODN are listed in Supplementary Data 2. Preparation and
delivery of the CRISPR-cas9-ribonucleoprotein (RNP) complex and
ssODN into cells were conducted according to the manufacturer’s
protocol. Briefly, tracrRNA and crRNA were mixed at a 1:1 ratio and
heated at 95 °C for 5 min. Then, the heated mixture was cooled in the
dark at room temperature to form the crRNA:tracrRNA duplex. Next,
the S.p. HiFi Cas9 Nuclease was added to the diluted duplex followed
by 10-20 min’ incubation to form the RNP complex (Alt-R CRISPR-
Cas9 crRNA:tracrRNA and S.p. HiFi Cas9 Nuclease). The RNP com-
plexes were further mixed with ssODN and electroporation enhancer
and delivered into Hela cells with an Amaxa nucleofector machine
and the Cell Line Nucleofector Kit R (Lonza, VCA-1001). After 36 h,
ATTO 550-positive cells were sorted by FACS (conducted by the UNC
flow cytometry core facility) and split into 96-well plates with one cell
per well. Finally, clonal lines derived from single-cell clones with
homozygous BAHCC1**** mutation (defined as TTD-mutated), or
with the damaging mutations such as frameshift caused by deletion
(defined as BAHCC1 KO), were identified by PCR-base genotyping
and then, by direct Sanger sequencing of PCR products. MEFs car-
rying murine Bahccl TTD mutation (Y1998A) were derived with the
below reagents. The guide RNA targeting the murine Bahccl"?*®
codon in exon 23 was cloned into a T7 promoter vector followed by
in vitro transcription (protospacer sequence 5- gTCCCGGTGTCTA-
TATCC-3’; the lower-case g represents a heterologous guanine added
for T7 in vitro transcription) and silica spin column purification. SNP
complex used for editing of murine Bahccl gene contained Cas9
protein, the above guide RNA and donor oligonucleotide designed to
facilitate homologous recombination to introduce the Y1998A
mutation (i.e. TAT above to GCC [corresponding to GGC below]; with
donor sequence as 5- GCCTCAGCCCTAGTCCCGGCCTCGAGCATG
CTTACCTCGAACCACATTGCCTGGGGCTAGACACCGGGACTTCTGAC
TCCAGTAGGCACAGACCCGGGTACCAGGTGGAA-3). MEFs carrying
wildtype (WT) or BAH-mutated (Y2537A) Bahccl were generated and
maintained as described before®. Before use, all the WT and mutant
cell lines were verified by genotyping and Sanger sequencing to
ensure cell identities.
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FACS-based analyses of H4K20 methylation and chromatin-
bound PCNA, ORC and MCM complex
Cells were incubated with 10 pM EdU in the culture medium (30 min
for Hela cells, and 2 h for MEFs) and then collected. Then, cells were
washed twice with 1x PBS and fixed in 4% formaldehyde for 15 min at
room temperature. EdU-labeling was performed as described above.
The a-H4K20mel (Abcam cat# ab9051) or a-H4K20me2 (Abcam cat#
ab9052) antibodies, which were diluted 1:200 in 1xPBS containing
0.1% of IGEPAL CA-630 and 1% of BSA, were then added onto EdU-
labeled cells and mixed, followed by incubation in the dark at 37 °C for
1h (or overnight at 4 °C). Next, cells were washed once with 1xPBS with
0.1% IGEPAL CA-630 and 1% BSA and incubated with Alexa Fluor 594-
labeled anti-rabbit secondary antibody (Invitrogen, A-21207; 1:500
dilution) for 1 h at 37 °C in the dark. Finally, cells were resuspended in
400 pL 1 x PBS containing 1 pg/mL DAPI, 1% BSA, 0.1% IGEPAL CA-630
and 100 pg/mL RNase. After incubation in the dark for 1 h at 37 °C, cells
were analyzed with the Thermo Fisher Attune NxT flow cytometer.

Analysis of chromatin-bound MCM, ORC and PCNA was per-
formed as previously described”. Briefly, cells were treated with 10 pM
EdU (Santa Cruz Biotechnology, cat# 69075-47-4) before collection
(30 min for Hela cells, 2 h for MEFs). Cells were then trypsinized and
collected, then lysed on ice for 8 min in the CSK buffer (10 mM Pipes
pH 7.0, 300 mM sucrose, 100 mM NaCl, and 3 mM MgClI2) with 0.5%
triton X-100 with a cocktail of protease/phosphatase inhibitors
(Roche). After washing once with 1 x PBS containing 1% BSA, cells were
then fixed in 1xPBS containing 4% paraformaldehyde for 15 min at
room temperature. For EQU detection, samples were incubated in
1xPBS containing 1 mM CuSO04, 1 uM Alexa 647-azide (Life Technolo-
gies) and 100 mM ascorbic acid for 30 min at room temperature in the
dark. Then, cells were labeled in primary antibody and incubated in the
dark at 37 °C for 1 h. Next, cells were labeled with secondary antibody
and incubated in the dark at 37 °C for 1h Finally, cells were resus-
pended in 1xPBS containing 1% BSA, 0.1% NP-40, 1 pg/mL DAPI and
100 pg/mL RNAse A and incubated in the dark overnight at 4 °C, fol-
lowed by analysis using an Attune NxT flow cytometer (Thermo Fisher
Scientific).

Collected data were analyzed by using the FCS Express 7 software
(De Novo Software). Control samples were prepared by omitting pri-
mary antibody or EdU labeling to define the thresholds of detection.
Primary antibodies used were the following: a-MCM2 (used at 1:100;
BD Biosciences, cat# 610700), a-PNCA (used at 1:100; Santa Cruz
Biotechnology, cat# sc-25280) and «-ORC4 (used at 1:50; Santa Cruz
Biotechnology, cat# 136331), and secondary antibody was Donkey anti-
mouse Alexa 488-labeled secondary antibody (used at 1:1,000, Jackson
Immuno Research, cat# 715-545-150). The gating strategy is provided in
Supplementary Fig. 11.

Live cell imaging

The pLenti-mTurquoise-PCNA® plasmid was stably introduced via viral
transfection into MEFs containing WT Bahccl or TTD-mutated
Bahcc1™®A, Cells expressing PCNA-mTurquoise were plated on
fibronectin (1 ug/cm2; Sigma)-coated F1141 glass-bottom plates (Cell-
vis) with FluoroBrite™ DMEM (Invitrogen) supplemented with 10% of
FBS, 4 mM I-glutamine and antibiotics (penicillin and streptomycin).
Fluorescence images were acquired using a Nikon Ti Eclipse inverted
microscope with Plan Apochromat dry objective lenses 20x (NA 0.75).
Images were captured using an Andor Zyla 4.2 sCMOS detector with
12 bit resolution. Autofocus was provided by the Nikon Perfect Focus
System (PFS), and a custom enclosure (Okolabs) was used to maintain
constant temperature (37 °C) and atmosphere (5% CO2) in a humidi-
fied chamber. The CFP filter set was from Chroma, 436/ 20 nm; 455 nm;
480/40 nm (excitation; beam splitter; emission filter). Images were
collected every 10 min using NIS-Elements AR software. No photo-
bleaching or phototoxicity was observed in cells imaged by this
protocol.

Individual cells were segmented and tracked in time-lapse movies
by a user-assisted approach as previously described®. In brief, all
movies were pre-processed using rolling ball background subtraction.
Individual cells in the movie were manually tracked using in-house
developed ImageJ scripts. Using user-defined tracks, nuclear regions of
interest (ROI) were segmented automatically based on intensity of
PCNA followed by separation of touching nuclei by a watershed algo-
rithm. In case of failed segmentation, the user could manually define
polygons as replacement ROIs.

Cell cycle phases were separated according to the distribution of
PCNA fluorescent reporter. When no PCNA foci are detected after
division, the cell is in G1 phase. The appearance of PCNA foci marks the
onset of the S phase. Once the foci disappear, the cell progresses into
G2 until nuclear envelope breakdown in M phases.

BiolD

BiolD, a proximity-dependent biotinylation labeling for the identifi-
cation of associated proteins, was conducted as previously
described****, First, doxycycline-inducible PiggyBac vector PB-TRE-
BirA* BAHCC1_3xFLAG-rTetR-IRES-Neo was introduced into HeLa and
U20S cells, followed by establishment of stable cell lines by neomycin
selection. The stable cell lines were subjected to treatment of 0.5 pg/
mL doxycycline into the culture medium, either simultaneously added
with or without 50 pM biotin (with the latter serving as BiolD controls),
for inducing the expression of BirA* BAHCCI1_3xFLAG for 24 h. Then,
cells were collected and washed twice with cold 1xPBS. The cell pellets
were resuspended in 1 mL RIPA lysis buffer (10% glycerol, 25 mM Tris-
HCI pH 8.0, 150 mM NaCl, 2 mM EDTA, 0.1% SDS, 1% NP-40, and 0.2%
sodium deoxycholate; freshly supplemented with inhibitors of pro-
tease and phosphatase). After a mild sonification, the lysates were
incubated with 1 pl of benzonase (Sigma-Aldrich, E1014) on ice for 1 h.
Then, centrifugation was performed at the maximum speed for 30 min
at 4 °C, and the supernatant was collected and incubated with Neu-
travidin beads (Thermo Fisher, 29204) overnight at 4 °C. The Neu-
travidin beads were then sequentially washed twice with RIPA buffer
and TAP lysis buffer (10% glycerol, 350 mM NaCl, 2 mM EDTA, 0.1% NP-
40, 50 mM HEPES, pH 8.0). Finally, the beads were washed three times
with ABC buffer (50 mM ammonium bicarbonate, pH 8.0) and sub-
jected to mass spectrometry-based analysis.

Mass spectrometry-based protein identification from BiolD

Mass spectrometry-based analysis were performed as previously
described***¢. BiolD samples were eluted from beads by adding 50 pL
2x Laemmli buffer (Boston Bioproducts) and heated at 95 °C for 5 min.
50 pL total of each sample was separated by SDS-PAGE using a 4-20%
Tris-glycine wedge well gel (Invitrogen) and stained with Coomassie
blue. Each SDS-PAGE gel lane was sectioned into 12 segments of equal
volume. In-gel trypsin digestion was applied to each segment as fol-
lowing: Gel slices were resuspended in 50% methanol (Fisher) and
50 mM ammonium bicarbonate (Sigma-Aldrich) for destaining. Then
reduction was performed in 10 mM Tris [2-carboxyethyl] phosphine
(Pierce) followed by alkylation in 50 mM iodoacetamide (Sigma-
Aldrich). Gel slices were then dehydrated in acetonitrile (Fisher), fol-
lowed by incubation with 100 ng porcine sequencing grade modified
trypsin (Promega) in 50 mM ammonium bicarbonate (Sigma-Aldrich)
for 12-16 h at 37 °C. Peptide products were then acidified in 0.1% for-
mic acid (Pierce). Tryptic peptides were separated by reverse phase
XSelect CSH C18 2.5um resin (Waters) on an in-line 150 x 0.075 mm
column using a nanoAcquity UPLC system (Waters). Elution of pep-
tides were conducted in a 30 min gradient with buffer A:B ratio from
97:3 to 67:33 (buffer A: 0.1% formic acid, 0.5% acetonitrile; buffer B:
0.1% formic acid, 99.9% acetonitrile). Eluted peptides were ionized by
electrospray (2.15 kV) followed by MS/MS analysis using higher-energy
collisional dissociation (HCD) on an Orbitrap Exploris 480 mass
spectrometer (Thermo) in top-speed data-dependent mode. MS data
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were acquired using the FTMS analyser in profile mode at a resolution
0f 240,000 over a range of 375 to 1,500 m/z. Following HCD activation,
MS/MS data were acquired using the ion trap analyser in centroid
mode and normal mass range with precursor mass-dependent nor-
malized collision energy between 28.0 and 31.0. Proteins were identi-
fied by searching the UniProtKB database restricted to homo sapiens
using Mascot (Matrix Science) with a parent ion tolerance of 3 ppm and
a fragment ion tolerance of 0.5 Da, fixed modifications for carbami-
domethyl of cysteine, and variable modifications for oxidation on
methionine and acetyl on N termini. Scaffold (Proteome Software) was
used to verify MS/MS-based peptide and protein identifications. Pep-
tide identifications were accepted if they could be established with
<1.0% false discovery by the Scaffold Local false discovery rate algo-
rithm. Protein identifications were accepted if they could be estab-
lished with <1.0% false discovery and contained at least two identified
peptides. Protein probabilities were assigned by the Protein
Prophet algorithm41. Proteins were filtered out if they had a spectral
count <8 in all sample groups and the counts were normalized to log2-
normalized spectral abundance factor (NSAF) values. Significant
interacting proteins were defined with a cut-off of a log2-transformed
fold change above 1 in the experimental versus control samples.

Bio-layer interferometry (BLI) binding assay

Nucleosome core particles (NCPs) were prepared following previously
reported protocols®®. In essence, Xenopus laevis histone proteins,
which include H3 (WT or Cl110S/K27C mutant), H4 (WT or K20C
mutant), H2A and H2B, were produced from E. coli BL21 (DE3) RIL cells,
followed by reconstitution of histone octamers and NCPs. 5-biotin
labeled Widom 601 DNA’* was prepared by PCR amplification using
forward primer: 5-biotin- CTCTCTCCGTAAACATGCTGGAGAA-3" and
reverse primer 5-GCGGACGGATAACCGATCGGATGTATATATCTGACA-
3. All nucleosomes were confirmed by 5% TBE (Tris-borate-EDTA) native
gel with SYBR Gold staining. Chemical modifications of H3 and H4
proteins to produce methyl-lysine analogs of H3K27me3 (H3Kc27me3)
and/or H4K20me3 (H4Kc20me3) were performed as previously
described” and confirmed by mass spectrometry.

The binding affinity of MBP-tagged BAHCCI'™®A" protein for
nucleosomes, unmodified or modified with H4Kc20me0, H4Kc20mel,
H4Kc20me2, H3Kc27me3, or H4Kc20mel/H3Kc27me3, were mea-
sured at 30 °C by BLI on a gator prime instrument (Gatorbio, USA) at a
shaking speed of 1000 rpm, using MBP alone (control) or MBP-
BAHCCI"™*®* and NCPs. The binding buffer contains 20 mM Tris-HCI
(pH 7.5), 50 mM NaCl, 1mM DTT, 0.01% Tween-20 and 0.01% NP-40.
Prior to the experiments, all biosensors were equilibrated in the
binding buffer for 10 min. Assembled NCPs were diluted to 10 nM and
immobilized on streptavidin biosensors (Gatorbio, USA) until the shift
signal reached a level of ~0.8. After a 120 s baseline step in binding
buffer, the ligand-loaded biosensors were incubated with various
concentrations (250 to 2000 nM) of MBP or MBP-BAHCC1"™® pro-
tein solution for 120 s to measure the association kinetics, and then
incubated with the binding buffer for 600 s to measure the dissocia-
tion kinetics. Data were aligned and baseline corrected and
analyzed using the Gatorbio data analysis software. The data were
fitted using 1:1 mode and the results were plotted in GraphPad Prism
9.1.0. Experiments were independently performed twice to ensure
consistency.

Statistics and reproducibility

Experimental data are presented as mean +s.d. of three independent
experiments unless otherwise noted. Statistical analysis was performed
using unpaired two-sided Student’s ¢-test when comparing two sets of
data with assumed normal distribution. We used a two-tailed Wilcoxon
test to generate the p-values for comparisons of signals from deep-
sequencing data. All statistical analysis and visualizations were performed
using GraphPad or Excel. Statistical significance levels are denoted as

following: *p < 0.05; *p < 0.01; **p < 0.00L; ***p < 0.0001. No statis-
tical methods were used to predetermine sample size. All data from
representative experiments (such as western blot images) were inde-
pendently repeated at least twice with similar results.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

Next-generation sequencing data sets have been deposited in NCBI's
Gene Expression Omnibus and are accessible through GEO Series
accession number GSE213114 and GSE293272. Published available data-
sets used in this study include ChIP-seq of H4K20 methylation in HelLa
cells, GSM3983187 (H4K20mel), GSM3983189 (H4K20me2), and
GSM3983191 (H4K20me3), and in Hela-S3 cells ENCFF669QWC
(H3K4mel), ENCSROOOAOE (H3K4me2), ENCSR340WQU (H3K4me3),
ENCFF626BOH (H3K9me2), ENCFF761QZP (H3K9me3), ENCFFOOOBCD
(H3K36me3), ENCFF265XYQ (H3K79mel), and ENCFF432DS)
(H3K79me2). Coordinates and structural factors for the Bahccl TTD-
H4K20mel complex have been deposited in the PDB under accession
code 8YES8. The mass spectrometry proteomics data from the BiolD
experiments have been deposited in the ProteomeXchange Consortium
via the PRIDE partner repository with the dataset identifier PXD036436
[http://proteomecentral.proteomexchange.org/cgi/GetDataset?ID=
036436]. Source data are provided with this paper.
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Supplementary Figure 1. Expression of BAHCC1 is enriched in the S
phase cells.



a-c, Immunoblotting for endogenous BAHCC1 (a) and flow cytometry-based 5-
ethynyl-2'-deoxyuridine (EdU) labeling analysis (b,c) of Jurkat cells carrying the
in-frame knock-in (Kl) of a 3xFlag tag into C-terminus of BAHCC1 (termed
Jurkat_ BAHCC1_3xFlag_KIl), which are either the lines expressing wildtype
(WT) BAHCC1 or those with BAHCC1 knockdown (KD) or with the Kl of a
H3K27me3-binding-defective mutation at BAHCC1B8A" (Y2533A; termed as
BAH-dead). Quantification of Alexa Fluor 488-conjugated EdU labeling of S
phase cells in b is presented in ¢ as means + SD (from left to right: n = 3,173
[WT], 2,935 [KD] and 2,560 [Y2533A]; Two-tailed unpaired t-test: ****, P <
0.0001; ns, not significant). d, Flow cytometry-based analysis of propidium
iodide (PI) staining to define the cell DNA content (2N to 4N; x-axis) and the
cell cycle progression. The used cells are either asynchronized U20S cells
(asyn; shown on the top) or cells at the indicated timepoint (0 to 18 hours)
following the release of synchronized U20S cells from an early S arrest caused
by a single thymidine block. e-f, Reverse transcription followed by quantitative
PCR (RT-gPCR) for expression of BAHCC1 and mitotic cyclins (i.e., CCNE1
and CCNB1, which mediate the G1/S and G2/M transition, respectively) at the
indicated timepoint after the release of U20S cells (e; synchronized by a single
thymidine block, shown as the hour 0) or HelLa cells (f; synchronized by a
double thymidine block at hour 0) from an early S arrest. n = 3 replicated
experiments. Error bars indicate mean + SD. g, Immunoblotting for the
indicated protein in U20S cells after release from an early S arrest. Experiment
was repeated twice with similar results. Source data are provided as a Source
Data file.
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Supplementary Figure 2. Both the mammalian BAHCC1™™ and its
Drosophila orthologue, Wge™™®, selectively bind to H4K20me1.



a, Coomassie blue staining of the purified GST fusion protein containing murine
Bahcc17™° (lanes 1-2) or Drosophila Wge'™P (lane 3). Source data are provided
as a Source Data file. b, ITC binding curve for assessing direct interaction
between the recombinant protein of murine Bahcc1™™ and the histone H4
peptide carrying either unmodified H4K20 (H4K20me0), H4K20mef1,
H4K20me2 or H4K20me3. n.m., not measurable. Source data are provided as
a Source Datafile. ¢, ITC binding curve for assessing direct interaction between
murine Bahcc1™™® recombinant protein and the histone peptide carrying the
indicated mono-methylated lysine. d, Histone peptide array probed with the
recombinant protein of GST-Wge''P, followed by immunoblotting with o-GST
antibody. Red boxes highlight those peptides carrying H4K20me1, either singly
modified or in combination with adjacent modification. The corresponding
peptide identifications are same as annotated in main figure 1d. Experiment
was repeated twice with similar results. e, Individual ITC binding curve (left
three panels) and composite plot (the far-right panel) for assessing the direct
interaction between the recombinant protein of Drosophila Wge™™ and the
peptide with the indicated H4K20 methylation.
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Supplementary Figure 3. Molecular characterization of

BAHCC17™P:H4K20me1 interaction.
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a, ITC binding curve for assessing direct interaction between the recombinant
protein of the indicated mutant murine Bahcc1™® and the H4K20me1- or
H4K20me2-containing peptide (n.m., not measurable). b, Immunoblotting to
assess the chromatin association of BAHCC1 (right panel; with H4 as a loading
control), as well as the total level of the indicated histone modification (left
panels), in Hela cells treated with 5 yM of A-196, a SUV420H1 and SUV420H2
selective inhibitor, for 3 days, compared to DMSO. Experiment was repeated
twice with similar results. Source data are provided as a Source Data file. ¢c-d,
Heatmap (c) and averaged signals (d) of H4K20me1 (left panels) and BAHCC1
binding (right panels) at the genomic regions * 5 kb from the centers of
H4K20me1 peaks in Hela cells, either mock or treated with 5 uM of A-196 for
3 days, based on CUT&Tag (after normalization to signals of spike-in controls).
Color scale was quantified using the median of FPKM at the called peaks, with
blue and yellow indicating high and low signals, respectively. P-value is
generated by unpaired two-tailed Mann-Whitney U test. Center lines represent
the medians, edges of the box indicate the 25th and 75th percentiles, and
whiskers indicate the 5% minima and 95% maxima.
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Supplementary Figure 4. Generation of HeLa cells and MEFs harboring
knockout (KO) of BAHCC1 or its TTD-dead mutation.



a, Sanger sequencing to confirm the BAHCC1T™® homozygous mutation
(middle: Y1993A due to an engineered TAC-to-GCG codon substitution) or
BAHCC1 KO (bottom: KO due to a four-nucleotide homozygous deletion),
generated by CRISPR—cas9-mediated gene editing in HelLa cells. WT control
cell is shown in top panel. b, Immunoblotting for endogenous BAHCC1 in Hela
cells bearing either WT or Y1993A-mutated BAHCC1 or BAHCC1 KO.
Experiment was repeated twice with similar results. Source data are provided
as a Source Data file. c-d, Sanger sequencing verification of the indicated
homozygous mutation of Bahcc1, either Y2537A in the BAH domain (c) or
Y1998A in the TTD domain (d), in the engineered MEFs cells. RT-gPCR for
Bahcc1 is shown on the right, showing the roughly same expression levels. n =
3 replicated experiments. Error bars indicate mean £+ SD.
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Supplementary Figure 5. Mutation of BAHCC1™™®, but not BAHCC1BAH
leads to global reduction of H4K20me1/2.
a-b, Flow cytometry-based assessment of H4K20mez2 intensity (y-axis in a) and
its quantification (b) across different cell cycle phases, determined by the EdU
labeling and DAPI staining in HeLa cells with the BAHCC1 KO or BAHCC1T™P-
dead mutation (Y1993A), compared to WT. Error bars in (b) indicate mean +
SD; Two-tailed unpaired t-test: ****, P <0.0001; n = 3,257 (G1), 4,187 (S), 1,190
(G2/M), 4,562 (G1), 8,253 (S), 2,188 (G2/M), 4,865 (G1), 7,221 (S), and 2,494



(G2/M) in the panel (b) from the left to right. c-f, Flow cytometry-based
assessment of H4K20me1 (c-d) and H4K20me2 (e-f) intensity (y-axis in c,e)
and their quantification (d,f) across different cell cycle phases, determined by
EdU labeling and DAPI staining in MEFs bearing the Bahcc1'™P-dead mutation
(Y1998A), compared to WT. Error bars in (d,f) indicate mean + SD; Two-tailed
unpaired t-test: ****, P < 0.0001; n = 2,228 (G1), 2,400 (S), 705 (G2/M), 3,290
(G1), 3,106 (S) and 534 (G2/M) in the panel (d) from the left to right; n = 1,418
(G1), 3,498 (S), 854 (G2/M), 3,299 (G1), 3,135 (S) and 672 (G2/M) in the panel
(F) from the left to right. g-j, Flow cytometry-based assessment of H4K20me1
(g-h) and H4K20me2 (i-j) intensity (y-axis in g,i) and their quantification (h,j)
across different cell cycle phases, determined by EdU labeling and DAPI
staining in MEF cells bearing the Bahcc1®AH-dead mutation (Y2537A),
compared to WT. Error bars in (h,j) indicate mean + SD; Two-tailed unpaired t-
test: **, P < 0.01; ****, P < 0.0001; ns, no significance; cells in the panel (h)
from left to right: n = 1,957 (G1), 2,398 (S), 656 (G2/M), 1,441 (G1), 1,517 (S)
and 1,146 (G2/M); and cells in the panel (j) from left to right: n = 1,898 (G1),
2,284 (S), 633 (G2/M), 1,526 (G1), 1,476 (S) and 1,270 (G2/M). Source data
are provided as a Source Data file.
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Supplementary Figure 6. Mutation of BAHCC1™™® causes the defects in
BAHCC1’s chromatin association and the cell cycle progression.



a, Heat maps (top) and box plot (bottom) showing the H4K20me2 CUT&Tag
signals in HelLa cells bearing WT (left) or Y1993A-mutated (right; TTD-dead)
BAHCC1 in the genomic regions +5Kb around the centers of H4K20me2 peaks.
Color scale was quantified using the median of FPKM at the called peaks, with
blue and yellow indicating high and low signals, respectively. P value is
generated by unpaired two-tailed Mann-Whitney U test. Center lines represent
the medians, edges of the box indicate the 25th and 75th percentiles, and
whiskers indicate the 5% minima and 95% maxima. b-c, Heat maps (top) and
box plot (bottom) showing the BAHCC1 CUT&Tag (b) and CUT&RUN (c)
signals in HelLa cells bearing WT (left) or Y1993A-mutated (right) BAHCC1 in
the genomic regions +5Kb around the centers of BAHCC1 peaks. P value is
generated by unpaired two-tailed Mann-Whitney U test. Center lines represent
the medians, edges of the box indicate the 25th and 75th percentiles, and
whiskers indicate the 5% minima and 95% maxima. d, Flow cytometry analysis
of cell cycle progression using MEFs bearing WT (left) or Y1998A-mutated
Bahcc1 (right; corresponding to human BAHCC17™P-dead mutant, Y1993A),
upon the release (at hour 0) of synchronized cells from serum starvation.
Experiment was repeated twice with similar results.
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Supplementary Figure 7. BAHCC1 associates with the MCM complex,
facilitating its chromatin recruitment/loading.



a, Immunoblotting for doxycycline (dox)-inducible, Flag-tagged fusion of BirA*-
BAHCC1 in U20S (left) and Hela cells (right) after treatment with 0.5 pg/mL
dox (+), compared to mock (-), for 24 hours. Source data are provided as a
Source Data file. b, Co-IP for the association between endogenous BAHCC1
and MCM subunits (namely, MCM2 and MCM3 as the markers of full MCM2-7
complex) in Hela cells. IgG serves as a control. Experiment was repeated twice
with similar results. Source data are provided as a Source Data file. ¢, Co-IP
using FLAG antibody for the association between exogenous Flag-tagged
BAHCC1 and HA-tagged MCM3 or ORC1, after their co-expression in HelLa
cells. Experiment was repeated twice with similar results. Source data are
provided as a Source Data file. d, A schematic showing recruitment and
reconstitution of GAL4PBP-BAHCC1-Flag fusion protein (with GAL4PBP-Flag
alone serving as a control) onto the 5xGAL4-binding sites (5xXUAS) integrated
in the genome of MEFs bearing Bahcc1™™P-dead mutation. A clonal cell line with
a stably integrated 5xUAS-luciferase plasmid was used to ensure that all cells
have the exact same 5xGAL4 binding sites. P1-P3, the 3 genomic positions
assayed by ChIP-gPCR. UAS, Upstream Activating Sequence (i.e., the
GAL4PBP binding site). e, Immunoblotting for dox-inducible expression (0.5
ug/mL doxycycline treatment for two days) of GAL4PEP alone or the GAL4PBP-
BAHCC1 fusion (assessed by a-FLAG antibody), as well as HA-MCM3 that was
exogenously introduced (assessed by a-HA antibody) into the above MEF
clonal line bearing genomic integration of the 5xUAS:luciferase plasmid.
Source data are provided as a Source Data file. f-h, ChIP-gPCR analysis of the
binding by Flag-tagged GAL4PBP alone or GAL4PBP-BAHCC1 fusion (a-FLAG;
f), MCM2 (g), or HA-MCM3 (a-HA; h) at the 5xGAL4-binding site and nearby
regions (n = 3 replicates; data are means * SD). Except for panel f that shows
the GAL4 binding signals as the percentage of input signals in both cells, the
remaining panels show the enrichment of signals after normalization to those
of cells with the GAL4PBP alone. NC, a negative control locus. Dashed line
indicates the background signal levels. Two-tailed unpaired t test was
conducted. *, P <0.05; **, P< 0.01; ****, P < 0.0001; ns, not significant. Source
data are provided as a Source Data file. i, Immunoblotting to assess HA-tagged
MCM3 after transduction into HelLa cells bearing either WT or TTD-dead
(Y1993A) BAHCC1. Cells were used for mapping genomic binding by HA-
MCM3. Source data are provided as a Source Data file. j, Box plots showing
the CUT&RUN signals of HA-ORC1 at the genomic regions that are bound by
BAHCC1 only or HA-ORC1 only or co-bound by the two, as defined in the WT
Hela cells. P value is generated by unpaired two-tailed Mann-Whitney U test.
Center lines represent the medians, edges of the box indicate the 25th and 75th
percentiles, and whiskers indicate the 5% minima and 95% maxima.
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Supplementary Figure 8. Integrated Genomic Viewer (IGV) views showing
binding of the indicated protein at VICM4, TOP1 and TUBB4B in HelLa cells
bearing either WT BAHCC1 (blue) or TTD-dead (Y1993A; red) BAHCCA1.
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Supplementary Figure 9. Mutation of BAHCC1'™™® causes the defects in
MCM loading and chromatin binding by ORCA4.

a, Immunoblotting to assess the chromatin association (lanes 3-4) and
chromatin loading (lanes 5-6) of the indicated MCM subunit in MEFs bearing
WT Bahcc1 or its BAH-dead mutant (Y2537A). Experiment was repeated twice
with similar results. Source data are provided as a Source Data file. b,
Quantification of the intensities of MCM2’s chromatin binding in G1 phase MEF
cells bearing either WT or TTD-dead (Y1998A) Bahcc1. Error bars indicate



mean + SD. Two-tailed unpaired t-test: ****, P < 0.0001; from left to right: rep1,
n = 2,863 (WT), 5,973 (TTD dead); rep2, n = 2,181 (WT), 4,459 (TTD dead);
rep3, n = 2,452 (WT), 5,973 (TTD dead). Source data are provided as a Source
Data file. ¢, Immunoblotting to assess the chromatin association of CDC6 and
CDT1 in HelLa cells bearing either WT BAHCC1, the TTD-dead BAHCC1
(Y1993A) or BAHCC1 KO. Experiment was repeated twice with similar results.
Source data are provided as a Source Data file. d-e, Flow cytometry analysis
of EdU labeling (d) and its quantification (e) in MEFs bearing WT (left) or BAH-
dead (Y2537A) Bahcc1. Error bars indicate mean + SD. Two-tailed unpaired t-
test in e: ns, not significant; n = 2,398 (WT), 1,517 (BAH dead).
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Supplementary Figure 10. BAHCC1™™ and BAHCC1BAH may direct the
readout of differential histone modifications, either independently or in an
additive fashion.

a, ITC binding curve for MBP-tagged BAHCC1TT0-BAH with the H4K20me1 (left)
or H3K27me3 (right) peptide. Data are mean + SD (n = 2 independent
measurements). b, Images of biotinylated nucleosome core particle (NCP) with
the indicated modification on a native 5% TBE gel. Source data are provided
as a Source Data file. ¢, The BLI kinetic curves to measure the binding of MBP-
tagged BAHCC1T™P-BAH to NCP with the indicated modification. The
concentrations of BAHCC1T™®-BAH ysed for each kinetic measurement are
indicated. The Ky value and SD were derived from two independent
measurements. MBP-tag alone (bottom/right panel) serves as a negative
control. d, Pearson correlation plot for the indicated factor in HeLa cells, based
on CUT&RUN datasets.
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Supplementary Figure 11. Gating strategy for flow cytometry-based
analysis, with H4K20me1 and MCM2 as examples.
a-b, Gating to discriminate cells from debris via FS-area versus SS-area and
singlets (individual cells) from clumps of cells/doublets via DAPI-height versus
DAPI-area (a), as well as cells positively stained by H4K20me1 from the
background (b). Left: negative control to define the background, only stained
with the secondary antibody and DAPI but neither H4K20me1 primary antibody



nor EdU labeling. Right: experimental samples showing the gating to identify
DNA synthesis (EdU) and stained H4K20me1 cells.

¢, Cell cycle phases were determined with DAPI and EdU.

d, Gate to show the distribution of H4K20me1-positive cells in different cell
cycle phases (G1, S, G2/M). Left, cells stained with only secondary antibody
and DAPI but no primary antibody; Right, experimental samples stained with
DAPI, EdU and H4K20me1 antibody.

e-f, Gating to discriminate cells from debris via Forward Scatter (FS)-area
versus Side Scatter (SS)-area and singlets (individual cells) from clumps of
cells/doublets via the DAPI height versus DAP| area (e), as well as
determination of cell cycle phases with DAPI and EdU (f).

g, Left: negative control to define the background staining with neither EdU
detection nor MCM2 primary antibody. Cells were stained with DAPI, subjected
to EdU detection chemistry, and stained with secondary antibody. Background
thresholds were set by using these controls and applied to experimental
samples. Right: gating to identify cells with DNA synthesis (EdU) and MCM
loaded (anti-MCM2). Gates define color schemes for color dot plots.

h, Non-specific background staining by the secondary antibody was measured
by using a negative control sample stained without primary antibody (left) or
with primary antibody (right). Only G1 cells defined by DNA content and DNA
synthesis are shown.



Supplementary Table 1. Data collection and refinement statistics.

mBahccl 1904.2044-H4K20me

Se-mBahccl 1904-2044 LI%IM/L2017M-H4K20H1€

Data collection
Space group
Cell dimensions
a, b, c(A)
o, B,y ()
Wavelength
Resolution (A)
Rsym Or Rimerge
1/ol
Completeness (%)
Redundancy

Refinement

Resolution (A)

No. reflections

Ruwork / Riree

No. atoms
Protein
Peptide
Water

B factors
Protein
Peptide
Water

r.m.s. deviations

Bond lengths (A)
Bond angles (°)

P2121 21

57.7,65.3,78.7
90, 90, 90

0.9774

50.00-1.85 (1.92-1.85)®
7.1 (68.8)

46.0 (4.1)

99.9 (100)

12.9 (13.0)

46.5-1.90 (1.95-1.90)
24054 (1835)
18.7/23.4 (22.8/27.0)

1955
54
154

45.4
72.5
48.6

0.007
1.116

P21212:

58.1, 65.0, 78.7
90, 90, 90

0.9774

50.0-2.10 (2.18-2.10)
7.0 (29.3)

25.0 (5.7)

100 (100)

6.4 (6.5)

* Values in parentheses are for highest-resolution shell. Each dataset was collected from a single

crystal.



Supplementary Table 2. Percentage and statistics for the cell cycle stages

post-release from the early S arrest (0 to 24 hours) using HeLa cells with

WT BAHCC1 or BAHCC1_TTD mutant or BAHCC1 KO

(related to Fig. 3h).
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