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A dual role for the chromatin reader ORCA/LRWD1
in targeting the origin recognition complex to

chromatin
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Abstract

Eukaryotic cells use chromatin marks to regulate the initiation of
DNA replication. The origin recognition complex (ORC)-associated
protein ORCA plays a critical role in heterochromatin replication in
mammalian cells by recruiting the initiator ORC, but the underly-
ing mechanisms remain unclear. Here, we report crystal and cryo-
electron microscopy structures of ORCA in complex with ORC’s
Orc2 subunit and nucleosomes, establishing that ORCA orches-
trates ternary complex assembly by simultaneously recognizing a
highly conserved peptide sequence in Orc2, nucleosomal DNA, and
repressive histone trimethylation marks through an aromatic cage.
Unexpectedly, binding of ORCA to nucleosomes prevents chromatin
array compaction in a manner that relies on H4K20 trimethylation,
a histone modification critical for heterochromatin replication. We
further show that ORCA is necessary and sufficient to specifically
recruit ORC into chromatin condensates marked by H4K20
trimethylation, providing a paradigm for studying replication initi-
ation in specific chromatin contexts. Collectively, our findings sup-
port a model in which ORCA not only serves as a platform for ORC
recruitment to nucleosomes bearing specific histone marks but
also helps establish a local chromatin environment conducive to
subsequent MCM2-7 loading.
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Introduction

Faithful transmission of genetic information requires accurate, once-
per-cell-cycle replication of chromosomal DNA prior to cell division.
In mammalian cells, replication machineries are assembled at tens

& Franziska Bleichert

of thousands of genomic sites to complete replication in a timely
manner and to sustain genome integrity (Ekundayo & Blei-
chert, 2019; Hu & Stillman, 2023). These replication origins are first
licensed during the G1 phase of the cell cycle by the initiator, the
origin recognition complex (ORC), which loads mini-chromosome
maintenance complexes (MCM2-7) onto DNA with the help of the
co-loaders Cdc6 and Cdtl (Bleichert, 2019; Costa & Diffley, 2022).
When origins fire in S phase, a subset of these loaded MCM2-7 dou-
ble hexamers are activated by the action of Dbf4-dependent and
cell-cycle-dependent kinases (DDK and CDK, respectively)
and converted into active CMG replicative helicases, which support
bidirectional replisome assembly; concomitantly, CDK activity and
metazoan geminin inhibit origin licensing in S phase to prevent re-
licensing of origins and DNA re-replication (Parker et al, 2017; Costa
& Diffley, 2022). Thus, cells rely on a sufficient number of MCM2-7
double hexamers being loaded in G1 to complete genome replication
in S phase. Since under-licensing of origins in G1 poses a major
threat to genome stability, it is critical to establish mechanistic
models for how different genomic regions are efficiently licensed for
DNA replication.

The natural substrate for eukaryotic genome replication is DNA,
which is packaged to various degrees by histone proteins into
nucleosomes and different types of chromatin. Generally, open
chromatin or euchromatin is considered more permissive to replica-
tion initiation than condensed chromatin or heterochromatin. It is
thus not surprising that chromatin context modulates various steps
in DNA replication, including initiation factor recruitment, the loca-
tions and dynamics of MCM2-7 loading in G1, and DNA replication
timing in S phase (Prioleau & MacAlpine, 2016; Ekundayo & Blei-
chert, 2019; Ding & Koren, 2020; Nathanailidou et al, 2020; Mei
et al, 2022). The metazoan initiator ORC, for example, directly
binds the histone modification H4K20me2, associates with
chromatin-binding proteins (e.g., ORCA/LRWD1, HP1, HBOI, and
several transcription factors), and is recruited to early mammalian
replication origins that are enriched in H4K20me2 and the histone
variant H2A.Z (Pak et al, 1997; lizuka & Stillman, 1999; Bosco
et al, 2001; Beall et al, 2002; Prasanth et al, 2004; Bartke
et al, 2010; Shen et al, 2010; Kuo et al, 2012; Long et al, 2020);
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these properties contrast those of S. cerevisiae ORC, which recog-
nizes specific DNA sequence elements at origins (Bell & Still-
man, 1992). Timely replication of heterochromatic domains and the
activity of late-firing origins in mammalian cells, on the other hand,
are in part regulated by trimethylation of H4K20 (Brustel
et al, 2017). Altered H4K20 methylation levels cause DNA replica-
tion stress, DNA damage, defects in cell cycle progression, and
have also been linked to cancer (Fraga et al, 2005; Tardat
et al, 2007, 2010; Schotta et al, 2008; Oda et al, 2009; Beck
et al, 2012). Despite the clear importance of chromatin factors in
genome duplication, the molecular and structural mechanisms
responsible for preparing chromatin as a substrate for replication
initiation and for ensuring that origins are adequately distributed
(to different chromatin domains) across the genome remain poorly
defined and foremost problems in the field.

ORC-associated protein (ORCA; also called LRWD1) has emerged
as a central player in promoting origin licensing in chromatin. ORCA
is a metazoan-specific protein that binds the initiator ORC and has
been suggested to constitute a bona fide member of the initiator
complex in multicellular eukaryotes (Bartke et al, 2010; Shen
et al, 2010; Vermeulen et al, 2010). Like ORC, ORCA associates with
chromatin in a cell-cycle-dependent manner, and most ORCA-
binding sites co-localize with replication origins (Shen et al, 2010;
Wang et al, 2017). Depletion of ORCA reduces ORC recruitment to
chromatin, origin licensing in primary cell lines, S-phase progres-
sion, and impedes postnatal growth of ORCA knockout mice (Shen
et al, 2010; Kang et al, 2022). Heterochromatin is particularly reliant
on ORCA to maintain adequate MCM2-7 loading rates and to sustain
the activity of its origins and timely replication (Brustel et al, 2017;
Mei et al, 2022); these functions appear mediated by ORCA’s ability
to bind repressive trimethylation marks on histones H3 and H4
(H3K9me3, H3K27me3, and H4K20me3) enriched in heterochroma-
tin (Bartke et al, 2010; Vermeulen et al, 2010; Beck et al, 2012; Chan
& Zhang, 2012; Giri et al, 2015). Yet, how ORCA binds these nucleo-
somes and ORC and whether these interactions are sufficient to tar-
get the initiator to specific chromatin contexts are not understood.
Likewise, whether and how ORCA locally alters chromatin architec-
ture to create a conducive environment for initiator recruitment and
loading are unknown.

To resolve these questions, we determined structures of ORCA
in complex with the ORCA-binding region within ORC and with an
H4K20me3-modified nucleosome. These structures uncovered a
conserved, 17-amino-acid peptide in Orc2 and an aromatic cage in
ORCA that are responsible for ORCA’s association with ORC and
the recognition of repressive trimethyl-lysine marks, respectively.
While a WD40 domain in ORCA (ORCAYP?) is sufficient for these
interactions, adjacent protein regions help stabilize ORCA on
mononucleosomes and nucleosome arrays. Using confocal micros-
copy, we also show that ORCA is excluded from unmodified chro-
matin condensates but enriched in these structures when
H4K20me3 is present, which in turn leads to H4K20me3-dependent
recruitment of ORC to chromatin. Surprisingly, H4K20me3-
chromatin condensates are disrupted upon ORCAYP* binding.
These findings suggest a model in which ORCA binding to
H4K20me3-chromatin not only serves as a recruitment platform for
ORC but also reorganizes local chromatin architecture by dimin-
ishing nucleosome self-association in preparation for ORC and
MCM2-7 loading in heterochromatin domains.
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Results

Crystal structure of an ORCA*Orc2 complex
ORCA comprises several conserved protein folds, including
N-terminal LRR and o-helical domains that are connected to a
C-terminal WD40 domain by a variable linker region (Fig 1A). Previ-
ous studies have mapped the ORC-binding site to the WD40 domain
in human ORCA (ORCAYP*?), which is sufficient to associate with
the first 100 amino acids in human Orc2 (Orc2™) (Bartke et al, 2010;
Shen et al, 2010, 2012). We crystallized a complex containing the
corresponding domains of the rat proteins (82.6 and 70% sequence
identity to human ORCAYP*® and Orc2", respectively) and deter-
mined its structure at 1.8 A resolution (Table 1). The structure
revealed that ORCAYP*® folds into a seven-bladed p-propeller
(Fig 1B). Amino acid residues 11-28 of Orc2N bind to the circumfer-
ence of the propeller and engage three of its blades, including
the first and the last (Fig 1B and C). In this manner, Orc2" bridges
N- and C-terminal regions of ORCAYP%° and stabilizes the protein
fold, rationalizing the dependence of ORCA on Orc2 for protein sta-
bility in cells (Bartke et al, 2010; Shen et al, 2012; Shen &
Prasanth, 2012).

The ORCAYP*C.0rc2N interface is composed of highly conserved
residues and is predominantly hydrophobic in nature (Figs 1D and E
and EV1A-D). V14 and 126 in Orc2, for example, are engulfed by
hydrophobic pockets on the ORCA surface, although interactions
are reinforced by electrostatic contacts between Orc2-D19 and two
ORCA lysines (K335 and K337; Fig EV1A-C). To test the significance
of the observed crystallographic contacts, we asked whether puri-
fied single, double, and triple alanine mutants of V14, D19, and 126
in Orc2N, or deletion mutants of this conserved peptide sequence,
can associate with full-length ORCA (ORCA™). In pulldown experi-
ments, the Orc2N-V14A/126A double mutant showed reduced bind-
ing to ORCA™, while the Orc2N-V14A/D19A/I26A triple mutation
and deletion of residues 11-28 (but not residues 1-10) abolished the
interaction with ORCA™ (Figs 1F and EVIE). Incorporating these
Orc2 mutations into the initiator ORC also abrogated the ability of
ORC to bind to ORCA (Fig 1G). Thus, Orc2 residues 11-28 are essen-
tial for ORC-ORCA co-association and constitute the main binding
site for ORCA on ORC. We anticipate that these interactions flexibly
tether ORCA to ORC since the N-terminal Orc2 region is predicted to
be disordered and not visible in prior ORC structures (Jaremko
et al, 2020; Schmidt & Bleichert, 2020). Notably, ORCA orthologs
are not omnipresent across the metazoan kingdom; the conservation
of the ORCA-binding peptide sequence in Orc2 correlates with the
occurrence of an ORCA ortholog, indicating that ORCA binding is
the major function of this N-terminal Orc2 peptide sequence
(Table 2; Appendix Fig S1).

Cryo-EM structure of an ORCA-bound H4K20me3-nucleosome

Despite the established importance of H4K20 trimethylation and
ORCA in DNA replication, it is unknown how ORCA associates with
nucleosomes and how it recognizes this and other repressive his-
tone trimethylation marks. Therefore, we reconstituted a complex
comprising full-length ORCA, Orc2", and an H4K20me3-nucleosome
(trimethylation at H4K20 was installed using methyl-lysine analogs
(Simon et al, 2007)) and determined its structure using cryo-electron

© 2023 The Authors
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Figure 1. Orc2 binds a conserved region at the circumference of the ORCA"™*° p-propeller.
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Domain architecture of ORCA and Orc2. The interaction between the N-terminal region of Orc2 and ORCA"P*° is indicated by gray arrows. WH, winged helix

domain; LRR, leucine-rich repeat domain; o, alpha-helical domain.
Crystal structure of the ORCA"P*°.0rc2" complex. (B)Top view of the ORCA*P*° B-propeller shown in cartoon and Orc2" in surface representation. Blades are num-

bered from N to C terminus. (C) Side view of the ORCA"P* B-propeller (as surface) depicting the binding site for Orc2. Amino acid side chains for the interacting
Orc2 region are shown as sticks. (D) ORCAYP*® surface colored by protein sequence conservation. This view is identical to that in C. Orc2" has been omitted for
clarity.

Sequence logo of the ORCA-binding region in Orc2 highlights conservation of this peptide sequence across metazoan Orc2 orthologs that have ORCA.

Mutations in or deletion of the Orc2 peptide region abrogate the association of Orc2™ with ORCA. Coomassie-stained SDS—PAGE gels of inputs and elutions from in
vitro pulldown assays using MBP-tagged ORCA™ as bait and Orc2"™ wild-type (WT) or mutant proteins as prey. Corresponding control pulldowns with MBP instead
of MBP-ORCA™" as bait are included in Fig EV1E.

Mutations in or deletion of the Orc2 peptide region abrogate the association of ORCA with ORC. In vitro pulldown assay probing the interaction between MBP-
tagged ORCA™ (bait) and ORC assemblies containing wild-type or mutant Orc2. Coomassie-stained SDS—PAGE gels are shown. Rat ORCA and ORC proteins are used

in this and all subsequent figures.

rce data are available online for this figure.
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Table 1. Summary of X-ray diffraction data collection and refinement

statistics.

Sumon Sahu et al

Table 2. Conservation of ORCA across the metazoan kingdom.

ORCA
ORCAYP#°.0rc2M (PDB 8SIU) Phylum conservation Comments
Data collection Chordata +
Beamline SLS-X06DA-PXIII Mollusca + LRR is not present in Gastropoda
Wavelength (&) 0.979092 and Cephalopoda
Resolution range (A) 4551-1.80 (183-1.80) EC AT *
Space group €222, Sl b
. . . Platyhelminthes + ORCA protein sequences are very
Unit cell (:{lmensmns long (~ 1,500-2,250 aa) and in
a,b,c(A) 91.02, 135.43, 78.57 few cases contain other
% B,y () 90, 90, 90 functional domains
Reflections Arthropoda Variable
Total 1,773,956 (90,294) OnisigeeE
Unique 45,458 (2,577) Malacostraca + No LRR
Completeness (%) 99.8 (97.4) Hexanauplia + No LRR
Multiplicity 39.0 (35.0) Branchiopoda  —
Mean I/ 148 (1.1) Chelicerata Variable ORCA gonserved lin some of the
orders in Arachnida
@ 0.999 (0.505) : :
Hexapoda Variable ORCA (no LRR) conserved in
Rmerge (@ll I+ & I-) 0.228 (4.364) some of the orders in Insecta
Rpim (all I+ & I-) 0.037 (0.716) Nematoda _
Wilson B factor 3141 Rotifera -
Phasing Annelida® (+)
FOM 033 Placozoa® )
Refinement Priapulida® (+)
Resolution range (A) 45.51-1.80 20nly a limited number of sequences (<3) is available from these phyla.
Rwork/Réree 0.1697/0.2032
Model composition
e p— 3362 engage the nucleoso'me disk, whereas the oth'er QRQA reglo.ns. FLRR,
—— a-helical fold, and linker) are not resolved, indicating flexibility of
ATIEEN FEEIElNES 386 the N-terminal half of the protein (Fig 2B; Appendix Figs S3C and
Waters 321 $4D). Closer inspection of ORCA-nucleosome contacts revealed that
Mean B factors (A% ORCAWP*? engages both the H4 tail and nucleosomal DNA. The H4
T 3099 tail binds to a conserved surface on ORCA’s B-propeller, with
H4K20 reaching into the central cavity, where it interacts with a
Waters 3939 . . .
— cage of aromatic residues (W294, F344, and Y557) (Figs 2C and D
Root mean square deviation and EV2A). This binding event is somewhat reminiscent of how
Bond lengths (A) 0.010 the PRC2 component EED interacts with H3K27me3 peptides
Bond angles (°) 1.091 (Margueron et al, 2009; Xu et al, 2010), albeit the H4 tail approaches
ORCAYP*® from a different direction compared to histone
Ramachandran plot . . . ) - ]
peptides in complex with EED (Fig EV2B and C). Disruption of the
% favored 97.09 . . WD40 .
aromatic cage in ORCA by mutating tryptophan 294 to
% allowed 291 alanine abrogates the recognition of H3K9me3-, H3K27me3-, and
% outliers 0.0 H4K20me3-containing peptides, which are bound by wild-type
AT ORCA™P*® and ORCA™ in histone peptide arrays (Figs 2E and
% outliers 00 EV2D). Interestingly, ORCA binding to histone peptides with repres-
> - - sive lysine trimethylations is inhibited when the arginine N-terminal
] to the trimethylated lysine is itself methylated, or when the down-
Clashscore 216 stream serine and threonine in H3 are phosphorylated (Fig 2F). In
MolProbity score 115 our structure, the preceding arginine, H4R19, makes multiple elec-

microscopy (cryo-EM) at an overall resolution of 2.9 A (Fig 2A and
B and Table 3; Appendix Figs S2A and B, S3, and S4). The WD40
domains of either one or two ORCA molecules can be seen to
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trostatic interactions with ORCA side chains (N622 and D638) and
backbone carbonyls, which would be unfavorable upon H4R19
methylation (Fig 2D). These interactions also explain why ORCA
only binds repressive trimethylation marks and not H3K4me3 or
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H3K36me3, which are not preceded by an arginine. Furthermore,
H4binding positions ORCAYP*? near the nucleosome edge, facilitat-
ing contacts between the DNA backbone and conserved basic patch
arginine and lysine residues on the B-propeller surface (Figs 2G and
EV2E and F).

To test the importance of these interfaces for ORCA binding to
mononucleosomes, we performed electrophoretic mobility shift assays
(EMSAs) with H4K20me3-nucleosomes and wild-type ORCA™, wild-
type ORCA™P?®, as well as aromatic cage (ORCAF“W?** and
ORCAWP40:W2944) anq basic patch mutant ORCA (ORCAWP4OK393EK394E,
Appendix Fig S2C). Mutation of the aromatic cage reduced the affin-
ity of ORCA™ and ORCAWP*® for H4K20me3-nucleosomes by two-
and fourfold, respectively, while charge reversals in the DNA-binding
site abolished nucleosome binding of ORCAYP* (Fig 2H; Appendix
Fig SSA and B). Thus, both nucleosome-binding sites in ORCAWP*°
synergize to support co-association of ORCA and H4K20me3-
mononucleosomes.

Multiple ORCA domains cooperate to stabilize
ORCA on chromatin

The WD40 domain has previously been reported to be sufficient and
essential for ORCA localization on chromatin in human cells when
ectopically expressed, while the roles of the conserved N-terminal
LRR, a-helical, and linker domains for ORCA function are not under-
stood (Shen et al, 2010). Moreover, only the WD40 domain is
resolved in our cryo-EM mabp, seen to bind the nucleosome (Fig 2B).
Therefore, we were surprised that full-length ORCA bound
H4K20me3-nucleosomes with fivefold higher affinity than the WD40
domain alone (Kg,app of 140 nM vs. 740 nM; Fig 2H). To clarify the
contributions of different ORCA domains to nucleosome binding, we
generated additional deletion constructs that harbored linker and
WD40 domains (ORCAALRR/ %), LRR, o-helical and linker domains
(ORCAAWP4%) | or the LRR domain only (ORCAM™®) and tested their
ability to associate with H4K20me3-nucleosomes (Fig 3A; Appendix
Fig S2C). EMSA experiments showed that all ORCA variants except
for the LRR domain associated with mononucleosomes more effi-
ciently than ORCAWP40, including ORCA that lacked a WD40
domain (Fig 3B; Appendix Fig S5C). These results argue that multi-

ple ORCA regions have an intrinsic affinity for binding

The EMBO Journal

mononucleosomes; we postulate that these non-ORCAWP40-
mediated interactions likely involve heterogeneous associations
with nucleosomal DNA, precluding the capture of these binding
events in our cryo-EM structure of the full-length ORCA-nucleosome
complex.

ORCA promotes origin licensing in heterochromatin, a condensed
form of chromatin with a high density of nucleosomes (Brustel
et al, 2017; Imai et al, 2017; Mei et al, 2022); accordingly, mononu-
cleosomes are imperfect substrates to comprehend mechanistic
ORCA functions in chromatin. Therefore, we reconstituted chroma-
tin arrays bearing 12 nucleosomes on Widom 601 sequences sepa-
rated by 30 bp linker DNA (referred to as chromatin hereafter) as a
more physiological substrate to ask (i) whether ORCA can discrimi-
nate unmodified from H4K20me3-modified chromatin and (ii)
which ORCA domains are required for efficient chromatin binding
(Appendix Fig S6). Addition of full-length ORCA to chromatin arrays
at ORCA concentrations as low as 30-60 nM led to a marked reduc-
tion in the mobility of H4K20me3-nucleosome arrays but not unmo-
dified arrays in native agarose-polyacrylamide gels, which is
indicative of tight binding of ORCA to H4K20me3-chromatin arrays
(Fig 3C and D). ORCA'’s high affinity for H4K20me3-arrays and abil-
ity to distinguish H4K20me3- and unmodified arrays was reliant on
an intact aromatic cage (Appendix Fig S7). By contrast, truncated
ORCA variants were unable to bind H4K20me3-arrays (ORCAM®R
and ORCA*WP4%) or bound arrays less efficiently (ORCAVP*® and
ORCAAMRR/®) than ORCA™ (Fig 3E). Collectively, these results
establish that multiple domains in ORCA cooperate to recruit and
stabilize  ORCA on polynucleosome substrates in a histone
modification-specific manner.

Binding of ORCA’s WD40 domain to nucleosomes inhibits the
self-association of nucleosome arrays

The supramolecular structure of chromatin regulates accessibility to
DNA (Li & Reinberg, 2011; Luger et al, 2012). Chromatin compac-
tion is contingent on multivalent inter-nucleosomal interactions that
are mediated by electrostatic forces between histones, as well as his-
tones and DNA, and is regulated by chromatin-binding proteins
(Schwarz et al, 1996; Dorigo et al, 2003; Gordon et al, 2005;
Zheng et al, 2005; Kan et al, 2009; Liu et al, 2011; Zhang &

Figure 2. ORCA binds nucleosomes using both an aromatic cage and a basic surface patch in the WD40 B-propeller.

A Purification of the ORCA™+0Orc2NeH4K20me3-nucleosome complex for cryo-EM. Size exclusion chromatography of ORCA™-0rc2N, H4k20me3-nucleosomes (NCP),
and the ORCA™+0rc2N+H4Kk20me3-nucleosome complex. Coomassie-stained SDS—PAGE gel demonstrates coelution of histones and ORCA in peak fractions upon

complex formation.

B Cryo-EM structure of the ORCAT0rc2V+H4K20me3-nucleosome complex. Sharpened cryo-EM map (top) and model (as cartoon, bottom) are shown. Dashed boxes

mark interaction sites between ORCA and the H4K20me3-nucleosome.

C,D ORCA binds the H4K20me3-modified H4 tail using an aromatic cage. Zoomed views of the H4-tail-binding site (interaction site 1 in B) are shown. (C) Sharpened
cryo-EM map of the H4+ORCA interface with H4 tail residues and interacting ORCA side chains in stick representation. (D) A rotated view of the H4+ORCA interface,
emphasizing recognition of H4K20me3 by ORCA’s aromatic cage (in purple) and hydrogen bonds or salt bridges (dashed lines) between H4-R19 and ORCA.

E, F ORCA binding to histone peptides containing repressive trimethylation marks requires an intact aromatic cage and unmodified neighboring histone tail residues.
(E) Histone peptide arrays of wild-type (ORCA"®**WT) and aromatic cage-mutant ORCA (ORCA"P*OW2944 (k) summary of histone peptide array results for wild-
type ORCA and effects of combinatorial histone modifications on ORCA binding (v reduced binding; — binding unaltered).

G A basic patch in ORCA engages nucleosomal DNA (interaction site 2 in B). Sharpened cryo-EM map with basic patch side chains shown as sticks. ORCA residues

contacting nucleosomal DNA are colored purple.

H Mutations in ORCA’s aromatic cage and basic patch decrease ORCA’s affinity for H4K20me3-mononucleosomes. Binding curves (mean and s.d.) for wild-type and
mutant ORCA constructs measured by electrophoretic mobility shift assays (EMSAs) are shown. Apparent dissociation constants (Kq app), Standard error of mean
(s.e.), and number of replicate experiments are listed. Representative EMSA gels are included in Appendix Fig S5. N.d., not determined.

Source data are available online for this figure.

© 2023 The Authors

The EMBO journal 42: 1146542023 5 of 24



The EMBO Journal Sumon Sahu et al

A
, ORCA

5 2007 . Peak fractions NCP-ORCA™+Orc2" ; : = ® Orc2
z B y a ®H4
E 19078 =~ ORCA" H2A/H2B/H3
E 150 =2 DNA
o 35- NCP
§ 100{ *7*
g 158 == ORCAF-Orc2V
C
g 50 Histones
2 Orc2N
2

0

5 75 10 125 15 175 20

Elution volume (ml)

c Aromatic cage: © ORCA @ H4
./ /[N
D E
MBP-ORCAWD40:WT MBP-ORCAWD40:W294A
2 4 6_8 10 12 14 16 18 20 22 24 2 4 6_8 10 12 14 16 18 20 22 24
1. 3 5 7 9 1 13 15 17 19 21 23 1 3 5 7 9 11 13 15 17 19 21 23
2 ® :
& 5
e © ™ E
c G
H H
| |
: :
L. : A
M M
N N
N @ ® @ ® @® N
P P
(O H3K9me3 H3K27me3 () H4K20me3
G F ORCA binding
Basic patch: ORCA DNA H3K9me3 AR QTARK .STGG A PRKQ Methylation !
T . Phosphorylation |,
H3K27me3 PRKQLATKAARK SAPATGG
Methylation —
H4Kk20me3 GG GAKRHRK,,VLRDNIQGIT []Acetylaon  —
H
1.0
2
§ 0751 Kiapp £ S€-
o —@— ORCAR:MT 0.14 +0.004 uM (n = 8)
g o5l --O- ORCAFW2s 0.26 £ 0.007 uM (n = 6)
s ORCAWDWT 0.74 +0.023 uM (n = 8)
5 0251 ORCAWD#W29A 2,92 +0.155 uM (n = 3)
g ’ ORCAWDAD:KSQSE.KSQAE n_d. (n = 5)
w N
0.1 1 10
[ORCA+Orc2] uM
Figure 2.

6 of 24 The EMBO Journal ~ 42: €114654 | 2023 © 2023 The Authors



Sumon Sahu et al

Table 3. Summary of cryo-EM data collection, refinement, and valida-

tion statistics.

EM data collection and processing

Microscope Titan Krios
Camera K3
Voltage (kV) 300
Magnification x105,000
Frames (no.) 35
Total electron dose (e 7/A%) 51
Calibrated pixel size (A) 0832
Defocus range (um) 1-2.2
Movies 3,845
Initial picks (no.) 3,271,302
Refined particles (no.) 31,420
Symmetry imposed c1
Global resolution (A)

FSC 0.5 (unmasked/masked) 7.0/3.2

FSC 0.143 (unmasked/masked) 3.8/29
Local resolution range (A) 27-5.2
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Kutateladze, 2019; Hansen et al, 2021). Classic examples include
the linker histone H1 and heterochromatin protein HP1, which pro-
mote chromatin condensation (Carruthers et al, 1998; Fan
et al, 2005; Maeshima et al, 2016; Gibson et al, 2019; Sanulli
et al, 2019). Since ORCA is enriched in condensed chromatin in
cells (Bartke et al, 2010; Shen et al, 2010; Chan & Zhang, 2012),
we reasoned that ORCA recruitment may alter chromatin compac-
tion. To test this premise, we examined the effect of ORCA on
Mg*"-induced oligomerization of nucleosome arrays by centrifuga-
tion and pelleting, an assay that has been used extensively to
probe chromatin condensation and is considered a powerful
approach to study chromatin structure in vitro (Schwarz
et al, 1996; Gordon et al, 2005; Liu et al, 2011; Maeshima
et al, 2016; Sanulli et al, 2019; Hansen et al, 2021). We incubated
nucleosome arrays with purified ORCA and induced chromatin
compaction by addition of MgCl,; array oligomers were then recov-
ered from the pellet fraction after centrifugation (Fig 4A). In the
absence of ORCA, both unmodified and H4K20me3-nucleosome
arrays pelleted efficiently. Surprisingly, addition of increasing
amounts of full-length ORCA led to a slight but reproducible
increase in H4K20me3-modified nucleosome arrays in the superna-
tant at ORCA concentrations of 0.25-1 uM (Fig 4B). The decrease
in H4K20me3-array pelleting was exacerbated when ORCA’s WD40
domain was added instead of full-length protein, especially at
micromolar ORCAWP*® concentrations (Fig 4C). The higher concen-
tration of ORCAYP?® needed to observe this effect is likely due to
its lower affinity for binding H4K20me3-arrays compared to full-
length ORCA (Fig 3D and E). Moreover, the inhibition of nucleo-
some array pelleting was specific to H4K20me3-modified nucleo-
some arrays and also not seen with any of the other truncated
ORCA variants (Figs 4B and C, and EV3A and B). Mutations in the
aromatic cage or the basic patch restored sedimentation of
H4K20me3-nucleosome arrays in the presence of ORCAF: or
ORCAWYP* (Fig 4D and E). These findings argue that the interac-
tion of ORCA with H4 tails upon recognition of H4K20me3 inhibits
inter-array self-association and chromatin compaction.

Recent studies have shown that chromatin compaction is
coupled to liquid-liquid phase separation (LLPS) (Gibson
et al, 2019; Sanulli et al, 2019). Given our pelleting assay results,
we predicted that binding of ORCA"P*® to nucleosomes in chroma-
tin arrays would impede LLPS under physiological salt concentra-
tions. Indeed, we observed a striking reduction in both size and
number of Mg*-induced chromatin droplets when nucleosome
arrays were incubated with wild-type but not aromatic cage-mutant
ORCAYP%  and inhibition of LLPS was specific to H4K20me3-
nucleosome arrays (Figs 4F and G, and EV3C). Consistent with find-
ings from pelleting assays, full-length ORCA did not reduce the size
of chromatin droplets at micromolar ORCA concentration, indicat-
ing ORCA regions outside the WD40 domain preserve oligomeriza-
tion during ORCAYP**-mediated chromatin decondensation (Fig 4B
and G). Collectively, these results suggest that ORCA, and in the
particular binding of ORCA"P*® to histone H4, alter the physio-
chemical properties of chromatin. We propose that recognition of
H4K20me3 by ORCA’s WD40 domain sequesters the H4 tail,
preventing this histone tail from participating in inter-nucleosome
or nucleosome-DNA interactions that are critical for driving chro-
matin compaction and LLPS (Kan et al, 2009; Gibson et al, 2019);
ORCA regions outside the WD40 repeat, on the other hand,
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Figure 3. ORCA regions N-terminal to the WD40 domain stabilize ORCA binding to nucleosomes and chromatin.

Schematic of ORCA domain architecture and deletion constructs. Note that ORCA constructs harboring the WD40 repeat module were co-expressed and copurified

H4K20me3-mononucleosome-binding curves (means and standard deviations) for different ORCA deletion constructs. Apparent dissociation constants (Kgapp), Stan-
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with Orc2V for increased stability.
B

See Appendix Fig S5 for EMSA gels.
C-E

Full-length ORCA is required for high-affinity binding to H4K20me3-chromatin. (C) Chromatin arrays containing 12 nucleosomes (unmodified or H4K20me3-

modified) were used as a substrate for ORCA binding. (D) Full-length ORCA has a higher affinity for H4K20me3-nucleosome arrays than for unmodified arrays. EMSA
gels are shown. (E) EMSA gels for binding of ORCA deletion constructs to H4K20me3-nucleosome arrays.

Source data are available online for this figure.

compensate for this effect at least partially and stabilize nucleosome
array oligomers.

The ORCA linker region stabilizes chromatin condensates

The opposing effects of the full-length ORCA protein and the WD40
domain on nucleosome array oligomerization and chromatin con-
densate integrity indicate that ORCA regions located outside of the
WD40 domain also modulate chromatin structure (Fig 4).
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Considering that truncated ORCA variants harboring the linker
domain can bind mononucleosomes with sub-micromolar affinity,
even in the absence of a WD40 module, we hypothesized that the
linker domain is involved in bridging different nucleosome arrays
(Fig 3B). Phylogenetic analysis of the ORCA linker sequence uncov-
ered four highly conserved arginine and lysine residues (K232,
R233, K245, and R246 in rat ORCA) embedded in a region of high
sequence variability (Fig 5A). Strikingly, mutation of these basic res-
idues to alanine in ORCA (ORCA™™"Y) did not impede its binding to

© 2023 The Authors
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H4K20me3-mononucleosomes or H4K20me3-chromatin arrays (note
that ORCAM" binds more tightly to H4K20me3-nucleosome arrays
than unmodified ones as seen for ORCA™7; Fig 5B and C, compared
with Fig 3B and D; Appendix Fig SS5A); however, ORCA linker

The EMBO Journal

mutations compromised the pelleting efficiency of nucleosome
arrays even at nanomolar concentrations as evinced by an increase
in the amount of arrays present in the supernatant, and also reduced
chromatin droplet size (Fig SD-F). These effects of ORCA™M"! were
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Figure 4. The WD40 domain of ORCA alters the ability of nucleosomes to self-associate and chromatin compaction.

A Experimental outline of pelleting assay used to study the effect of ORCA on nucleosome array oligomerization.

B-E Binding of ORCA’'s WD40 domain to trimethylated H4 tails decreases the pelleting efficiency of nucleosome arrays. (B) Pelleting assays for H4Kk20me3-modified and
unmodified arrays in the absence or presence of increasing concentrations of full-length (FL) ORCA. Input refers to proteinase K-treated arrays without pelleting. (C)
Pelleting assays for H4K20me3-modified and unmodified arrays in the absence or presence of increasing concentrations of the ORCA WD40 domain. Input refers to
proteinase K-treated arrays without pelleting. (D) Pelleting assays for indicated wild-type and mutant ORCA full-length or WD40 domain constructs at 0.5 and
8 UM ORCA. (E) Quantification (mean and s.d.) of four independent experiments as done in D.

F, G Binding of ORCA’s WD40 domain to trimethylated H4 tails inhibits condensation of nucleosome arrays into phase-separated chromatin droplets. (F) Experimental
setup for generating chromatin droplets. After ORCA binding, condensation was induced by MgCl, addition and arrays were stained with YOYO-1. (G) Confocal
microscopy images of nucleosome array condensates in the absence and presence of wild-type or aromatic cage-mutant (W294A) ORCA™ and ORCA"'P*° (at 4 uM
ORCA concentration, chosen to be in a range that supports ORCA"?*° binding to H4K20me3-nucleosome arrays (see Fig 3E) and that is also in line with previous
studies examining the impact of proteins on chromatin condensation; Gibson et al, 2019). Mean and standard deviation of droplet diameters (n = 865, 1,428, 800,
78, and 773 for H4K20me3 and n = 674, 677, 742, 423, and 582 for unmodified chromatin droplets; order is as for images shown) are listed below each image. See
Fig EV3C for cumulative frequency distributions. Note that ORCA-Orc2™ complexes were used since Orc2 stabilizes the WD40 repeat fold.

Source data are available online for this figure.

specific to H4K20me3-modified chromatin arrays, phenocopying
outcomes observed with ORCAWP4? (compare Figs 4 and 5). Thus,
the ORCA linker domain helps maintain the integrity of H4K20me3-
chromatin condensates after sequestration of H4 tails by ORCA’s
WD40 domain, possibly by engaging in interactions that bridge dif-
nucleosome arrays to stabilize H4K20me3-chromatin
oligomers.

ferent

ORCA recruits ORC to chromatin condensates in an H4K20me3-
dependent manner

In cells, ORCA and ORC co-localize to heterochromatin regions, and
ORCA is able to recruit ORC when tethered to a specific chromosome
locus (Bartke et al, 2010; Shen et al, 2010). We thus asked whether
ORCA is located in chromatin condensates and whether ORCA in turn
regulates the partitioning of ORC to chromatin phases in a histone
modification-dependent manner. To answer the first question, we
purified mCherry-tagged, full-length ORCA and analyzed its distribu-
tion pattern in unmodified and H4K20me3-chromatin condensates by
confocal microscopy (Fig 6A). The data show that ORCA was
uniformly distributed within H4K20me3-chromatin droplets but
accumulated at the phase boundary of unmodified chromatin conden-
sates (Fig 6B). Quantification of fluorescence intensities revealed a
three- to fourfold enrichment of ORCA inside H4K20me3-chromatin
droplets over unmodified ones (Fig 6C). We confirmed these results
biochemically by demonstrating that ORCA co-sediments more effi-
ciently with H4K20me3-modified than unmodified nucleosome array
oligomers (or condensates) upon Mg“—induced compaction (Fig 6D).
Moreover, ORCA enrichment in H4K20me3 chromatin was also
evident when ORCA was added after MgCl,-induced chromatin com-
paction (Fig EV4A-C). Taken together, these data indicate that ORCA
is recruited into the chromatin phase by recognition of H4K20me3
(by the WD40 domain) and that the linker region (which helps main-
tain H4K20me3-chromatin oligomers upon binding of full-length
ORCA) is unable by itself to promote efficient partitioning of ORCA
into unmodified nucleosome array oligomers. Accumulation of ORCA
at the droplet boundary, however, likely alters the physicochemical
surface properties of condensates, which may promote droplet fusion
and possibly explain the larger size of chromatin droplets observed in
the presence of full-length ORCA (Figs 4G and EV3C).

To understand how ORCA modulates recruitment of the initiator
ORC to chromatin, we next examined the distribution pattern of
ORC in chromatin condensates as a dependency of ORCA and
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H4K20 trimethylation. Here, we used preformed chromatin conden-
sates (by MgCl, addition) to mimic a compacted chromatin state
(Fig GE). Initially, we focused on ORC that contained an N-
terminally truncated Orcl subunit (Orc1AN) to avoid confounding
effects of the intrinsically disordered region (IDR), which can drive
phase separation of metazoan ORC in the presence of DNA (Parker
et al, 2019). Addition of GFP-tagged ORC™'2N alone to chromatin
droplets did not lead to any substantial accumulation of ORC inside
H4K20me3- or unmodified condensates but only at the phase
boundary (Fig 6F and H). By contrast, in the presence of ORCA,
ORC™!2N (like ORCA) strongly accumulated inside droplets formed
with H4K20me3-modified nucleosome arrays but not unmodified
ones (Fig 6G and H). Similar results were obtained when full-length
ORC was used in these experiments, with ORC being enriched inside
condensed chromatin droplets in an H4K20me3- and ORCA-
dependent manner (Fig EV4D-G). The higher background parti-
tioning of full-length ORC into chromatin condensates that is seen
without H4K20me3 or ORCA is likely attributable to the Orcl-IDR
participating in multivalent interactions with DNA regions in nucle-
osome arrays. On account of these findings, we conclude that ORCA
is essential and sufficient to specifically target ORC to condensed
chromatin in a histone modification-specific manner in this reconsti-
tuted system.

Discussion

Licensing of replication origins is a prerequisite for subsequent DNA
replication and must be adequately distributed across different chro-
matin regions to ensure that no part of the genome is left unrepli-
cated. How precisely this task is achieved in tightly packed and
less accessible chromatin environments remains an open question.
In this study, we provide a structural and mechanistic framework
for how the heterochromatin-binding protein ORCA interfaces with
the MCM2-7-loading factor ORC and nucleosomes to alter the physi-
cochemical properties of chromatin and to recruit the initiator com-
plex to condensed chromatin in a histone modification-specific
manner.

Our structural and biochemical findings support the role of the
ORCA-WD40 repeat domain as a major hub in coordinating
the interactions between the initiator ORC and nucleosomes. ORC
and ORCA co-associate into a stoichiometric complex, in which the
initiator core is flexibly tethered to ORCA’s WD40 domain through a

© 2023 The Authors
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Figure 5. Conserved basic residues in the ORCA linker are required to maintain higher-order nucleosome assemblies upon ORCA binding.

A
B

Sequence logo of the ORCA linker region highlighting highly conserved arginine and lysine residues.

Mutation of conserved basic residues in the linker region does not interfere with binding of ORCA to H4K20me3-mononucleosomes. Binding curves (mean and s.d.)
for wild-type and linker mutant ORCA measured by electrophoretic mobility shift assays (EMSAs) are shown. Apparent dissociation constants (Kqapp), Standard error
of mean (s.e), and number of replicate experiments are listed. Representative EMSA gels are included in Appendix Fig S5A. Data for wild-type ORCA™--Orc2 are
replotted from Fig 2H for comparison.

Mutation of conserved basic residues in the linker region does not interfere with binding of ORCA to nucleosome arrays. EMSA gels are shown.

Linker mutations in ORCA reduce the pelleting of H4K20me3-arrays and chromatin droplet formation. (D) Pelleting assays of H4K20me3-modified and unmodified
arrays in the absence or presence of increasing concentrations of full-length (FL) ORCA-containing mutations in the linker region. Input refers to proteinase K-
treated arrays without pelleting. (E) Confocal microscopy images of nucleosome array condensates in the presence of full-length ORCA-containing mutations in the
linker domain. Mean and standard deviation of droplet diameters are listed. (F) Cumulative frequency distribution of chromatin droplet diameter in the presence of
the ORCA linker mutant. Number of droplets measured is indicated. Distributions for other experimental conditions are replotted from Fig EV3C for comparison.

Source data are available online for this figure.
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conserved sequence fragment near the N-terminus of Orc2 (Fig 7A).
The coevolution of the Orc2 peptide sequence with the presence of
an ORCA ortholog among a subset of metazoan phyla lends cre-
dence to the importance of this interaction (Table 2; Appendix
Fig S1). Flexibility of the ORCA-ORC linkage could help ensure that
ORCA binding does not interfere with the binding of core initiation
factors (Cdc6, Cdtl, and MCM2-7) to ORC during MCM2-7 loading.

Sumon Sahu et al

Collectively, our findings rationalize at a structural level how ORCA,
through its WD40 module, can recruit ORC (and in turn, MCM2-7)
to a chromosomal locus when artificially tethered to this region,
allowing the creation of a replication origin (Takeda et al, 2005;
Shen et al, 2010).

How does ORCA localize to heterochromatin? Previous reports
have shown that ORCA associates with repressive histone
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Figure 6. ORCA and ORC are recruited to chromatin condensates in a histone modification-specific manner.

A-D ORCA is distributed inside H4K20me3-nucleosome array condensates but not unmodified chromatin condensates. (A)Experimental setup for examining ORCA
enrichment in H4K20me3-chromatin. The endpoint is either confocal imaging of chromatin droplets or pelleting of nucleosome arrays by centrifugation. (B) Confo-
cal microscopy images of unmodified and H4K20me3-modified chromatin droplets in the presence of mCherry-labeled ORCA. Merged images for YOYO-1 and
mCherry channels are shown for boxed droplets. (C) Radially averaged distribution profiles for mCherry-ORCA intensities in unmodified and H4K20me3-chromatin
droplets. The means are represented as solid and dashed lines, while colored areas mark standard deviations. (D) Coomassie-stained SDS-PAGE gel of histones and
ORCA partitioning into supernatants and pellet fractions in nucleosome array pelleting assays.

E-H

ORCA-mediated recruitment of ORC into preformed H4K20me3-chromatin droplets. (E) Schematic of experimental setup. DAPI is used to stain array DNA. (F) Confo-

cal microscopy images of chromatin droplets in the presence of GFP-labeled ORC (harboring a deletion of the N-terminal region in Orcl) and the absence of
mCherry-labeled ORCA. (G) Confocal microscopy images of chromatin droplets in the presence of GFP-labeled ORC (harboring a deletion of the N-terminal region
in Orcl) and mCherry-labeled ORCA. (H) Quantification of ORC-GFP and mCherry-ORCA intensities at droplet centers. Statistical significance according to the
Kruskal-Wallis test and Dunn’s multiple comparisons test is indicated by asterisks (****P < 0.0001). See also Fig EV4.

Source data are available online for this figure.
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Figure 7. Model for ORCA’s dual role in targeting ORC to chromatin.
A Summary of ORC-ORCA-nucleosome (H4K20me3) interactions.
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B Model for ORCA-mediated chromatin reorganization and ORC recruitment to chromatin for origin licensing. ORCA and ORC may be recruited individually or as a

preformed complex.

trimethylation marks, an activity that has also been attributed to its
WD40 domain (Bartke et al, 2010; Vermeulen et al, 2010; Beck
et al, 2012; Chan & Zhang, 2012; Giri et al, 2015). Our cryo-EM
structure of ORCA in complex with a nucleosome, in conjunction
with biochemical experiments, uncovered an aromatic cage at the
center of ORCA’s WD40 propeller that is responsible for recognition
of H3K9me3, H3K27me3, and H4K20me3 (Fig 2). While aromatic
cages are common in chromatin readers, to our knowledge, this
example is only the second one in a WD40 domain to recognize his-
tone lysine trimethylation, the other being EED (Margueron
et al, 2009; Xu et al, 2010). Histone H3 and H4 residues surrounding
the trimethylated lysine are likely bound by ORCA in an analogous

© 2023 The Authors

manner, which is corroborated by an inhibitory effect of arginine
methylation prior to Kme3 in all three peptide contexts (Fig 2).
When H4K20 is trimethylated, binding of ORCA to the H4 tail posi-
tions a basic patch in the WD40 domain near nucleosomal DNA
between superhelical locations 1 and 2, promoting electrostatic
interactions and stabilizing ORCA on the nucleosome. We predict
that ORCA will approach nucleosomes with K9 and K27 trimethyla-
tion in the H3 tail in a distinct manner than those with H4K20me3
due to different positions and restraints of the histone tails, allowing
the formation of alternate contacts with nucleosomal DNA. It is also
feasible that more than two ORCA proteins associate with a single
nucleosome containing multiple repressive trimethylations in
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different histone tails. Of note, nucleosome binding by ORCA has
been suggested to be modulated by CpG methylation, possibly by
recognizing 5-methylcytosine directly in DNA (Bartke et al, 2010;
Wang et al, 2017). When bound to H4K20me3-nucleosomes, we
observe no contacts between ORCA and the DNA major groove (the
location of the methyl group of 5-methylcytosine in double-stranded
DNA), indicating that DNA methylation may be read out either by
flexible, N-terminal ORCA domains or indirectly by an ORCA-
interacting protein.

Our experimental observations demonstrate that ORCA is capa-
ble of reorganizing nucleosome self-associations in a histone
modification-specific manner and provide a molecular mechanism
for how this outcome is accomplished. Using nucleosome arrays,
we uncovered that ORCA binding to H4 tails containing K20me3
attenuates the self-association of nucleosome arrays and chromatin
aggregation even at nanomolar ORCA concentrations (Figs 4B and
SD). This outcome is driven by the WD40 domain, while other
ORCA protein regions, including the linker domain, stabilize chro-
matin condensates. Histone tails, especially that of H4, have estab-
lished roles in promoting higher-order chromatin organization
through multivalent interactions with nearby nucleosomes and
DNA, and through charge neutralization during chromatin compac-
tion (Kan et al, 2009; Gibson et al, 2019). For example, mutations in
the H4 tail that abolish positive charges inhibit the formation of
chromatin condensates at physiological salt concentrations (Gibson
et al, 2019). The same H4 tail region is sequestered by ORCA’s
WD40 domain upon binding to H4K20me3, preventing H4 tail inter-
actions that drive nucleosome array oligomerization, chromatin
compaction, and LLPS. In this regard, ORCA engagement of H4 tails
would mimic effects on inter-nucleosomal interactions seen in the
presence of certain H4 tail modifications, such as acetylation and
sumoylation (but not H4K20 trimethylation; Shogren-Knaak
et al, 2006; Liu et al, 2011; Dhall et al, 2014). ORCA regions outside
the WD40 domain are capable of counteracting the inhibitory effect
of ORCAYP*® on H4K20me3-nucleosome self-association to some
extent, likely by bridging different nucleosomes to help maintain
chromatin oligomers that are structurally distinct from those with-
out ORCA (and those composed of unmodified nucleosomes). ORCA
interactions with the nucleosome acidic patch may contribute to
nucleosome bridging since mutation of this negatively charged sur-
face diminished ORCA association in a recent nucleosome interac-
tome screen (Skrajna et al, 2020). Besides H4 tails, H3 tails are also
involved in nucleosome-nucleosome and nucleosome-DNA interac-
tions (Zheng et al, 2005); while ORCA binds H3K9me3- and
H3K27me3-peptides and nucleosomes (Bartke et al, 2010;
Vermeulen et al, 2010; Fig 2), whether sequestration of the H3 tail
by ORCA elicits similar consequences on chromatin compaction as
that of the H4 tail is currently unknown but will be an important
focus of future studies.

H4K20 trimethylation, a histone modification enriched in hetero-
chromatin, plays a pivotal role in ensuring timely replication of this
chromatin domain in mammalian cells (Schotta et al, 2004; Brustel
et al, 2017). At a molecular level, this outcome is thought to be
mediated by ORCA (Shen et al, 2010; Beck et al, 2012; Brustel
et al, 2017; Mei et al, 2022). Collectively, our structural and bio-
chemical findings afford the integration of the multiple ORCA activi-
ties into a mechanistic model of how ORCA could promote
replication of condensed chromatin regions (Fig 7B). In cells, ORCA
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associates with a subset of ORC assemblies in G1 (Shen et al, 2012)
and recruits these to chromatin with repressive histone trimethyla-
tion marks. Binding of ORCA to H4K20me3 will compete with nucle-
osome self-associations and locally decondense chromatin, thereby
increasing accessibility to DNA. ORC, tethered to ORCA, will then
form productive interactions (in the center of the ORC ring; Li
et al, 2018; Schmidt & Bleichert, 2020) with DNA needed for MCM2-
7 loading. This model does not rely on high nuclear ORCA concen-
trations since only a few sites need to serve as origins. We envision
that this dual functionality of ORCA (i.e., serving as a recruitment
platform for ORC and locally remodeling chromatin) is particularly
suited to overcome specific challenges faced during MCM2-7 loading
in condensed chromatin regions due to reduced DNA accessibility.
This model provides a molecular rationale for the H4K20me3-
dependent enrichment of ORCA, ORC, and MCM2-7 at genomic
sites, in particular, at late-replicating origins, and the ORCA-
dependent acceleration of origin licensing in heterochromatin
observed in cells (Beck et al, 2012; Brustel et al, 2017; Mei
et al, 2022). We note that such a scenario does not prohibit contri-
butions of other proteins (e.g., HP1; Pak et al, 1997; Prasanth
et al, 2004) and of other ORC-chromatin interactions (e.g.,
H4K20me2 binding by the bromo-adjacent homology domain in
Orcl or DNA associations mediated by the IDR in Orcl; Oda
et al, 2010; Beck et al, 2012; Kuo et al, 2012; Parker et al, 2019) to
initiator recruitment, nor does it preclude a role for ORCA in MCM2-
7 loading at H4K20me3-independent origins. Indeed, ORCA also
associates with H4K20me3-independent origins, as well as those
marked by H3K9me3 (Brustel et al, 2017; Wang et al, 2017). Future
efforts will define how the different repressive histone marks coop-
erate to drive recruitment of ORCA-ORC to chromatin, whether
these associations can enhance MCM2-7 loading in condensed chro-
matin in our reconstituted system, and whether and how specific
heterochromatin components such as HP1 and histone H1 modulate
origin licensing efficiency.

Our phylogenetic analysis of ORCA helps reconcile some dispa-
rate experimental observations pertaining to the role of H4K20
methylation in DNA replication in metazoa. In mammalian systems,
altered expression levels of the enzymes that catalyze H4K20 meth-
ylation interfere with proper control of replication origin activity,
inducing under- or re-replication of DNA caused by deregulated ori-
gin licensing (Tardat et al, 2007, 2010; Beck et al, 2012). By con-
trast, origin function in flies is not sensitive to aberrant H4K20
methylation (McKay et al, 2015; Li et al, 2016). Conspicuously, Dro-
sophila species and various other arthropods do not encode an
ORCA ortholog, while ORCA is universally conserved across verte-
brates. The lack of ORCA in flies, in conjunction with the dispens-
ability of the Orcl-BAH domain (which binds H4K20me2 in
mammals) for the recruitment of Drosophila ORC to chromatin (Par-
ker et al, 2019), can explain why origins in flies are not subject to
regulation by H4K20 methylation. The absence of ORCA is shared
by some other invertebrates; future research will be needed to test
whether the role of H4K20 methylation in origin licensing is corre-
lated with the presence of ORCA more broadly.

ORCA and ORC have established functions in heterochromatin
organization. While ORC interacts with HP1, ORCA has been found
in complex with several histone methyl transferases and helps sus-
tain H3K9me2/3 and H4K20me3 marks (Pak et al, 1997; Prasanth
et al, 2004, 2010; Giri et al, 2015; Giri & Prasanth, 2015; Brustel
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et al, 2017; Wang et al, 2017). Both initiation factors remain associ-
ated with heterochromatin in post-G1 cells after completion of origin
licensing. How these distinct functions of ORCA and ORC are regu-
lated throughout the cell cycle is not immediately apparent. In this
regard, it is interesting that ORCA contains several annotated phos-
phorylation sites that cluster in its linker domain (some near the
conserved basic linker residues), a region that we show stabilizes
ORCA on nucleosomes and antagonizes the chromatin decondensa-
tion activity of the WD40 repeat domain in vitro. Since phosphoryla-
tion of other proteins, including HP1, can influence their ability to
engage in multivalent interactions (Larson et al, 2017; Yamazaki
et al, 2022), it is tempting to speculate that ORCA’s functions in ori-
gin licensing and heterochromatin organization may be in part regu-
lated by differential phosphorylation throughout the cell cycle to
control local chromatin compaction. Our reconstituted system pro-
vides a powerful tool for exploring these exciting possibilities in the
future and for studying the coordination of both origin licensing and
heterochromatin organization functions of ORCA.

Materials and Methods

Cloning, expression, and purification of rat ORCA and ORCA-Orc2

Wild-type full-length (FL) Rattus norvegicus (Rn) ORCA and ORCA
truncations ORCA"P® (aa 269-648) and ORCA“™®®/* (aa 211-648)
were cloned into modified pFastBac baculovirus expression vectors
by ligation-independent cloning (LIC), while ORCA truncations
ORCAMR (aa 1-128) and ORCA*WP40 (aa 1-270) were cloned into
pET28a-derived E. coli expression vectors. A dual affinity tag
containing 6xHis and maltose-binding protein (MBP) followed by a
tobacco etch virus (TEV) cleavage site was added in frame 5’ to the
ORCA coding sequences. mCherry-ORCA fusions were generated
by adding the mCherry coding sequence in between the 6xHis-MBP-
TEV tag and the ORCA open reading frame. Orc2™ encoding amino
acid residues 1-100 was cloned as an N-terminal 6xHis-TEV
fusion into baculovirus expression vector 4B (QB3 MacroLab,
UC Berkeley). Expression vectors encoding ORCA mutants
(ORCAFL:W294A’ ORCAWD40:W294A’ ORCAWD4O:K393E,K394E) and
ORCAFL:KZSZA,R233A,K245A,R246A or also referred to as ORCAFL:liMuI)
were generated by site-directed mutagenesis and verified by DNA
sequencing.

ORCA™® and ORCA*WP*0 were expressed in BL21 RIL E. coli cells.
Four liters of shaker culture in 2xYT media with 30 pg/ml kanamycin
and 34 pg/ml chloramphenicol were grown at 37°C to an ODggp nm Of
0.6 and expression was induced with 0.5 mM IPTG for ~ 18 h at 18°C.
Cells were harvested by centrifugation at 3,500 g in a Sorvall Evolution
RC centrifuge and lysed by sonication in lysis buffer containing 50 mM
Tris-HCl pH 7.8, 1 M NaCl, 10% glycerol, 30 mM imidazole, 1 mM -
mercaptoethanol, 200 pM PMSF, and 1 pg/ml leupeptin. The lysate
was clarified by centrifugation at 23,426 g for 30 min and loaded onto
a 5 ml HisTrap HP column (Cytiva). After a wash with 250 ml lysis
buffer, ORCA™®® and ORCA2WP*® were eluted with elution buffer
(50 mM Tris-HCI pH 7.8, 300 mM KCl, 250 mM imidazole, 10% glyc-
erol, 1 mM f3-mercaptoethanol) and further purified by affinity chro-
matography using 5-8 ml amylose resin (New England Biolabs).
Proteins were eluted with 50 mM Tris—HCI pH 7.8, 300 mM KCI, 10%
glycerol, 20 mM maltose, and 1 mM f-mercaptoethanol. Affinity tags
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were cleaved off by digestion with 4-6 mg His-tagged TEV protease.
Uncleaved protein and TEV were removed by passing the protein solu-
tion through a 5 ml HisTrap HP column (Cytiva). Finally, cleaved
ORCA"R and ORCA*WP*C were subjected to gel filtration chromatogra-
phy on a HiLoad 16/600 Superdex 75 pg column (Cytiva) equilibrated
in 50 mM Tris pH 7.8, 300 mM KCl, 10% glycerol, 1 mM DTT, con-
centrated in 10 K Amicon Ultra-15 concentrators (Millipore), and flash
frozen in liquid nitrogen for storage at —80°C.

Full-length ORCA, ORCAWP40, ORCA®R*% and ORCA mutants
were expressed in insect cells by infecting 24 1 High5 cell cultures
with ORCA baculoviruses (generated according to the Bac-to-Bac
protocol, Thermo Fisher Scientific) either alone or by co-infection
with Orc2N baculovirus for ~ 48 h. Cells were harvested by centrifu-
gation, resuspended in lysis buffer (50 mM Tris—-HCl pH 7.8,
300 mM KCl, 10% glycerol, 50 mM imidazole, 1 mM f-
mercaptoethanol, 200 uM PMSF, and 1 pg/ml leupeptin), and lysed
by sonication. Soluble proteins were recovered after two rounds of
ultracentrifugation at 38,724 g for 45 min and a 30 min precipita-
tion step with 5-10% ammonium sulfate, and loaded onto a 5 ml
HisTrap HP column (Cytiva). The HisTrap HP column was washed
with 60-100 ml lysis buffer and bound proteins eluted with a 50—
250 mM imidazole gradient in 50 mM Tris-HCl pH 7.8, 300 mM
KCl, 10% glycerol, and 1 mM B-mercaptoethanol. ORCA or
ORCA-Orc2N-containing fractions were subsequently loaded onto an
amylose column prepacked with 3.5-5 ml resin. After washing the
column with 50 ml wash buffer (50 mM Tris—HCI pH 7.8, 300 mM
KCl, 10% glycerol, and 1 mM B-mercaptoethanol), bound proteins
were eluted in wash buffer supplemented with 20 mM maltose and
incubated with 6xHis-tagged TEV protease for 18-36 h. Subse-
quently, uncleaved protein, His-TEV, and affinity tags were removed
by nickel affinity chromatography on a 5 ml HisTrap HP column
(Cytiva) in 50 mM Tris-HCIl pH 7.8, 300 mM KCl, 10% glycerol,
50 mM imidazole, and 1 mM p-mercaptoethanol. ORCA and
ORCA.-Orc2N were then further purified by gel filtration chromatog-
raphy using a 16/600 HiLoad Superdex 200 pg column (Cytiva)
equilibrated in 50 mM Tris—HCI pH 7.8, 300 mM KCl, 10% glycerol,
and 1 mM DTT. Peak fractions for ORCA and ORCA-Orc2N were
pooled, concentrated, flash-frozen in liquid nitrogen, and stored at
—80°C. 6x-His-MBP-tagged ORCA was purified in an analogous
manner, but TEV digestion and the second nickel affinity chroma-
tography step were omitted. Note that rat ORCA and ORC proteins
were used throughout this study because human ORCA is very
poorly expressed in several heterologous expression systems.

Except for ORCA®®, all protein concentrations were determined
according to the Beer-Lambert equation with NanodropOne
(Thermo Fisher Scientific) absorbance readings at 280 nm. Extinc-
tion coefficients for each protein construct were calculated based on
protein sequence. Due to the lack of tryptophans, ORCA™®® protein
concentration was measured using the Qubit protein assay Kkit
(Thermo Fisher Scientific).

Expression and purification of recombinant rat Orc2™

Wild-type and mutant N-terminal fragments (amino acids 1-100) of
RnOrc2 (Orc2M) were cloned into a LIC-converted, pET-derived
E. coli expression vector (vector 1B, QB3 Macrolab, UC Berkeley) as
N-terminal 6xHis-TEV fusions. Orc2" constructs were expressed in
BL21 RIL E. coli cells cultured in 2xYT medium with 50 pg/ml
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kanamycin and 34 pg/ml chloramphenicol upon induction with
0.5 mM IPTG for 3 h at 37°C. Two liters of culture per construct
were harvested by centrifugation, resuspended in 60 ml lysis buffer
(50 mM Tris—HCl pH 7.6, 600 mM KCI, 50 mM imidazole, 10%
glycerol, 1 mM f-mercaptoethanol, 200 uM PMSF, and 1 pg/ml
leupeptin), and lysed by sonication. The clarified lysate (by 30 min
centrifugation at 23,426 g) was loaded onto a 5 ml HisTrap HP affin-
ity chromatography column (Cytiva), which was washed with
150 ml wash buffer (50 mM Tris-HCl 7.6, 600 mM KCl, 50 mM
imidazole, 10% glycerol, and 1 mM p-mercaptoethanol). Bound
proteins were eluted with 250 mM imidazole in wash buffer and fur-
ther purified by gel filtration on a HiLoad 16/600 Superdex 75 pg
column (Cytiva) equilibrated in gel filtration buffer (50 mM Tris—
HCl pH 7.6, 600 mM KCl, 10% glycerol, and 1 mM f-
mercaptoethanol). Peak fractions containing 6xHis-Orc2N  were
pooled, concentrated, flash-frozen, and stored at —80°C.

Cloning, expression, and purification of recombinant rat ORC

Full-length, wild-type RnORC subunits Orcl-5 were cloned into a
single multibaculovirus expression vector (series 11 vector, QB3
Macrolab, UC Berkeley) by BioBrick assembly. A 6xHis-tag and a
TEV cleavage site were added to the N-terminus of RnOrcl, while
an MBP-TEV tag was added to the N-terminus of RnOrc4. Multiba-
culovirus vectors containing Orc2 with V14A, D19A, and 126A muta-
tions (Orc2V14A-P19A1264) " o) lacking amino acids 11-28 (Orc221t-
28y, or Orcl lacking amino acids 1-425 encompassing the BAH
domain and the intrinsically disordered region (Orc1AN) were also
generated. For LLPS experiments, Oorc1f or Orc12™2s fused to a C-
terminal msfGFP tag were used for multibaculovirus construction.
Bacmids were generated in DH10Bac cells and used to transfect
Sf9 cells for baculovirus production according to the Bac-to-Bac pro-
tocol (Thermo Scientific Fisher, catalog number 12659017). Two to
four liters of High5 cell cultures (Thermo Scientific Fisher, catalog
number B85502) were infected for 48 h with high-titer multibaculo-
virus and harvested by centrifugation at 500 g for 20-30 min. 35 ml
lysis buffer (50 mM Tris—HCI pH 7.8, 300 mM KCl, 50 mM imidaz-
ole, 10% glycerol, 200 uM PMSF, 1 pg/ml leupeptin, and 1 mM f-
mercaptoethanol) per liter High5 cells were used to resuspend cells
that were then lysed by sonication. The lysate was clarified by a
combination of ultracentrifugation at 38,724 g for 45 min, precipita-
tion with 20% ammonium sulfate, and a second round of ultracen-
trifugation at 38,724 g for 45 min. RnORC was purified by nickel
and amylose affinity chromatography using a 5 ml HisTrap HP col-
umn (Cytiva) and 2.5-4 ml amylose column (New England
Biolabs), respectively. Nickel and amylose columns were washed
with 50-60 ml lysis buffer or amylose wash buffer (50 mM Tris—HCl
pH 7.8, 300 mM KCl, 10% glycerol, and 1 mM B-mercaptoethanol),
and proteins were eluted with a 30 ml 50-250 mM imidazole gradi-
ent (from HisTrap HP column) or 20 ml of 20 mM maltose (from
amylose column), both in 50 mM Tris-HCl pH 7.8, 300 mM KCl,
10% glycerol, and 1 mM p-mercaptoethanol buffer. Affinity tags
(except for msfGFP) were cleaved off by incubation of RnORC with
2-4 mg TEV protease overnight, followed by another nickel affinity
step using a 5 ml HisTrap HP column (Cytiva) to remove TEV. Con-
centrated RnORC was subsequently loaded onto a Superose 6
Increase 10/300 GL, HiPrep 16/60 Sephacryl S-400 HR, or HiLoad
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16/600 Superdex 200 pg gel filtration column equilibrated in 50 mM
Tris—HCI pH 7.8, 300 mM KCl, 10% glycerol, and 1 mM DTT or in
25 mM HEPES-KOH pH 7.6, 500 mM potassium glutamate, 10%
glycerol, and 1 mM DTT. RnORC peak fractions were concentrated,
flash-frozen in liquid nitrogen, and stored at —80°C.

Expression and purification of Xenopus histones

Wild-type recombinant X. laevis histones H2A, H2B, H3, and H4, as
well as H4K20C mutant histone, were expressed in BL21 RIL or
BL21 (DE3) pLysS cells and purified from inclusion bodies under
denaturing conditions as described previously (Luger et al, 1999a,
1999b). Unfolded histone proteins (in 7 M guanidinium hydrochlo-
ride, 20 mM Tris—HCl pH 7.5, 10 mM DTT) were loaded onto a
HiPrep 26/10 desalting column (Cytiva) equilibrated in purification
buffer (7 M urea, 20 mM Tris-HCI pH 7.8, 150 mM NaCl, 1 mM
Na-EDTA, 5 mM B-mercaptoethanol). Pooled histone fractions were
then added to HiPrep 16/10 Q FF and Hiprep 16/10 SP FF columns
(Cytiva) connected in series. Columns were washed with purifica-
tion buffer, after which the HiPrep 16/10 Q FF column was removed
and the protein eluted from the Hiprep 16/10 SP FF column by grad-
ually increasing the NaCl concentration from 150 mM to 1 M. Puri-
fied histones were dialyzed three times against 4 liters of MilliQ
water with 2 mM B-mercaptoethanol and lyophilized for storage at
—80°C. H4K20C histone was purified using a similar protocol except
that the NaCl concentration in the purification buffer was reduced
to 50 mM.

MLA installation on H4K20C

The methyl-lysine analog (MLA) approach described previously
(Simon et al, 2007; Simon & Shokat, 2012) was used to generate his-
tone H4 trimethylated on lysine 20 (H4K20.me3, referred to as
H4K20me3 throughout the manuscript). Ten milligrams of lyophi-
lized histone H4K20C were dissolved in alkylation buffer (1 M
HEPES-NaOH pH 7.8, 4 M guanidinium chloride, 10 mM bp/1-
methionine, and 20 mM DTT) and 100 mg of (2-bromoethyl)
trimethylammonium bromide (Sigma-Aldrich) were added to the
reaction. After 2 to 2.5 h incubation at 50°C, DTT was added to a
final concentration of 10 mM with further incubation at 50°C for
another 2-2.5 h. Subsequently, the 1 ml reaction was quenched by
the addition of 50 pl 14.2 M B-mercaptoethanol (Sigma-Aldrich) and
purified on a PD-10 column (Cytiva) pre-equilibrated with 3 mM (-
mercaptoethanol in MilliQ water. H4K.20me3 was lyophilized and
stored at —80°C.

Successful installation of trimethyl-lysine analogs on H4K20C
was confirmed by intact protein mass spectrometry as a shift of
approximately +86 Da. Lyophilized H4K20C and H4K.20me3 were
dissolved in LCMS-grade water with 0.1% formic acid and analyzed
using a 6550 iFunnel Q-TOF LC/MS system (Agilent Technologies)
with a Dual AJS electrospray ion source with direct injection at a
flow rate of 0.150 ml/min in 90% water and 10% acetonitrile
mobile phase. Prior to data acquisition, the system was tuned to the
3,200 m/z mass range with positive-ion polarity in extended
dynamic range (2GHz) instrument mode. Data analysis was
performed with the Bioconfirm module of the Agilent MassHunter
Qualitative Analysis B.07.00 software (Agilent Technologies).
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Reconstitution of histone octamers

Unmodified and H4K20me3-histone octamers were reconstituted
and purified as described previously (Luger et al, 1999a, 1999b).
Lyophilized histones were dissolved in unfolding buffer (20 mM
Tris-HCl pH 7.5, 6 M guanidinium hydrochloride, and 10 mM
DTT), mixed at a final concentration of 1 mg/ml with a 1.1- to 1.2-
fold excess of H2A and H2B compared to H3 and H4, and dialyzed
three times against 2 1 of refolding buffer (10 mM Tris-HCl pH 7.5,
2 M NaCl, 1 mM EDTA pH 8, 5 mM B-mercaptoethanol, or 5 mM
DTT). The histone octamer was further purified by gel filtration
chromatography on a HiLoad 16/600 Superdex 200 pg gel
filtration column in refolding buffer. Peak fractions containing equi-
molar ratios of all four histones were pooled, concentrated, and
stored at 4°C.

Nucleosomal DNA purification

Widom 601 DNA for reconstitution of mononucleosomes was
obtained by large-scale purification of a plasmid containing 32 cop-
ies of Widom 601 DNA (Lowary & Widom, 1998). Six liters of Nova-
Blue E. coli cells transformed with plasmid DNA were grown in
2xYT media with 50 pg/ml kanamycin for 24 h. Plasmid DNA was
released by alkaline lysis and further purified on a 600 ml Sepharose
6 column (Cytiva) in TES2000 (50 mM Tris—HCI pH 8.0, 2 M KCl,
1 mM EDTA pH 8). Fractions containing plasmid DNA were pooled,
precipitated with 0.5 volumes isopropanol for 30 min at 22°C, and
digested overnight at 37°C with 5,000 units EcoRV in Cutsmart
buffer to release Widom 601 DNA inserts. Subsequently, Widom
601 DNA was separated from the vector backbone by precipitation
with PEG 6000 and concentrated by ethanol precipitation. Pellets
were resuspended in 10 mM Tris-HCI pH 7.5 and 1 mM EDTA pH
8, and stored at 4°C.

Nucleosome array DNA containing 12 repeats of Widom 601
DNA separated by a 30 bp linker was obtained by amplifying plas-
mid pWM-12x601-30bplinker (a kind gift from Mike Rosen) in
HB101 E. coli cells grown in 2xYT with 100 pg/ml ampicillin. Cells
were harvested from 5 1 of culture grown for 23 h and plasmid DNA
was isolated with the PureLink HiPure Expi Gigaprep Kit (Thermo
Fisher Scientific) according to the manufacturer’s instruction. The
12x601 DNA array was released by digestion with 2,000 units
EcoRYV for 18 h at 37°C and further purified by precipitation with 5—
6% PEG 6000. Array DNA was stored in 10 mM Tris—HCI pH 8.0,
and 0.1 mM EDTA pH 8.

Reconstitution of mononucleosomes and nucleosome arrays

Nucleosome core particles were assembled by mixing histone octa-
mers and DNA at a 1.1:1 molar ratio at 4 uM DNA concentration in
2 M KCl, followed by stepwise dialysis against 200 ml high-salt
buffer (20 mM Tris pH 7.5, 1.4 mM KCl, 0.1 mM EDTA pH 8, 1 mM
DTT). The salt concentration was lowered in a stepwise manner by
the addition of low-salt buffer (20 mM Tris pH 7.5, 10 mM KCl,
0.1 mM EDTA pH 8, 1 mM DTT) to 1.2 M KCl, 1.0 mM KCl, 0.8 M
KCl, and 0.6 mM KCl over a duration of ~ 20 h. Afterward, the
reconstitution was dialyzed twice against 200 ml low-salt buffer.
The nucleosome concentrations were determined by measuring
DNA absorbance at 260 nm.
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Reconstitution of nucleosome arrays was initiated by mixing his-
tone octamer with 12x601 array DNA at 3 uM of 601 DNA repeats,
equimolar amounts of histone octamer, and 1 pM MMTV buffer
DNA in 2 M KCI. Excess H2A/H2B dimer was also added to recon-
stitution reactions to a final concentration of 0.6-1.5 uM, respec-
tively, to avoid hexasome incorporation into nucleosome arrays.
Reconstitution reactions were dialyzed against 1 | high-salt buffer
(10 mM Tris-HCI pH 7.5, 1 mM EDTA, 2 M KCI, 1 mM DTT) for
1 h, after which the KCl concentration was gradually lowered dur-
ing salt gradient dialysis by adding ~ 1.8 1 low-salt buffer (10 mM
Tris—HCl pH 7.5, 1 mM EDTA, 200 mM KCI, 1 mM DTT) at a flow
rate of 0.9 ml/min. Subsequently, the dialysis buffer volume was
reduced to 500 ml and the KCl concentration was further lowered
by gradually adding ~ 800 ml no-salt buffer (10 mM Tris-HCl pH
7.5, 1 mM EDTA, 1 mM DTT). In a final dialysis step, nucleosome
arrays were dialyzed for 4-5 h against 500 ml buffer containing
10 mM Tris—HCI, pH 7.5, 0.1 mM EDTA, and 1 mM DTT and then
purified by two rounds of precipitation with 4 mM MgCl, and stored
in 10 mM Tris-HCI, pH 7.5, 0.1 mM EDTA, and 1 mM DTT. Suc-
cessful reconstitution of nucleosome arrays was confirmed by
restriction digest with BsiWI (cuts in Widom 601 repeat) or Nlalll
(cuts in 30 bp linker DNA) in Cutsmart buffer and analysis of prod-
ucts by agarose gel electrophoresis (after deproteinization with pro-
teinase K) or native 1% agarose/2% polyacrylamide gel
electrophoresis. Concentrations of nucleosome arrays were deter-
mined by measuring the absorbance of DNA at 260 nm. Throughout
the manuscript, array concentrations are given as concentrations of
individual nucleosomes or DNA repeats within the array.

Crystallization and structure determination of rat
ORCAVP*°.0rc2™

For crystallization and structure determination of rat
ORCAWYPH.0rc2N, a selenomethionine (SeMet)-derivatized protein
complex was expressed and purified from HighS cells grown in
media lacking methionine but supplemented with 2 mM r-cysteine
(Sigma-Aldrich). High5 cells were infected with baculoviruses
encoding 6xHis-TEV-tagged RnOrc2N (amino acids 1-100) and
6xHis-MBP-TEV-tagged RnORCAYP*® for 48 h before cell
harvesting. Twenty-four hours after infection, selenomethionine
(Sigma-Aldrich) was added to a final concentration of 100 pg/ml.
Purification of selenomethionine-derivatized ORCAWP*°.0rc2N was
performed as described for other ORCA-Orc2N assemblies above,
except that the Superdex 200 gel filtration chromatography was
performed in buffer composed of 20 mM HEPES-NaOH pH 7.6,
150 mM NacCl, and 0.5 mM TCEP and that 0.5 mM TCEP was added
to all purification buffers. We note that the ORCAVP*® crystalliza-
tion construct contains point mutations K646R/T647R at the C-
terminus that escaped detection during cloning and sequencing
analysis but that do not interfere with Orc2 binding.

The rat ORCAWP*0.0rc2N complex was crystallized by vapor dif-
fusion in sitting drop format. Crystals grew as clusters of small
plates within 12-14 days at 19-22°C upon combining 1.5 pl of
ORCAWYP*.0rc2N complex at a concentration of 8 mg/ml (in 20 mM
HEPES-NaOH pH 7.6, 150 mM NacCl, and 0.5 mM TCEP) with an
equal volume of reservoir solution containing 1.2 M ammonium sul-
fate and 100 mM MES pH 5.3. These crystals were used for streak
seeding into fresh 3 ul drops containing 5 mg/ml protein complex
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and reservoir solution (1.2 M ammonium sulfate and 100 mM MES
pH 5.3) to obtain larger crystals, which grew to their maximum size
within 5-7 days. Crystals were cryoprotected by exchanging the
mother liquor to 0.1 M ammonium sulfate, 40% ethylene glycol,
and 0.1 M MES pH 5.3, harvested by looping, and flash-frozen in
liquid nitrogen.

Crystal screening and data collection were performed at the
X06DA-PXIII beamline at the Swiss Light Source (Villigen PSI, Swit-
zerland), which is equipped with a PILATUS 2 M-F detector and
multi-axis PRIGo goniometer. SeMet single-wavelength anomalous
dispersion (SAD) datasets were collected from a crystal that
diffracted to greater than 2 A at a wavelength of 4 = 0.979092 A
with an oscillation range of 0.2 degrees and X-angles ranging from 0
to 90° at 5° increments. Diffraction data were processed with XDS,
and reflection intensities merged with the CCP4 program AIMLESS
(Kabsch, 2010; Winn et al, 2011). Three SeMet datasets collected
from the same crystal at different X-angles on the PRIGo goniometer
were merged for further processing. ORCAWP*.0rc2N crystals
belonged to space group C 2 2 2;, with unit cell dimensions of
a=91.02 A,b=13543 A, and c = 78.57 A.

Phases were determined experimentally by single-wavelength
anomalous dispersion. Five SeMet sites were identified with HYSS
in PHENIX and used for phase calculation (Adams et al, 2010;
Liebschner et al, 2019). Density modification resulted in an electron
density map that was of sufficient quality for automated de novo
model building using PHENIX AUTOBUILD (Adams et al, 2010;
Liebschner et al, 2019). The model was improved by iterative
rounds of refinement in PHENIX (real space, individual xyz, individ-
ual B-factors, occupancies, and TLS) with subsequent manual model
rebuilding in COOT (Emsley et al, 2010). The final model has excel-
lent geometry (MOLPROBITY; Chen et al, 2010; Williams
et al, 2018, score of 1.15, Table 1) and contains ORCAYP4? and resi-
dues 11-28 of Orc2.

Reconstitution and cryo-EM structure determination of an
ORCA-H4K20me3-nucleosome complex

A complex containing full-length RnORCA, the N-terminal 100 resi-
dues of RnOrc2 (co-purified with ORCA as described above), and an
H4K20me3-mononucleosome was obtained by mixing
ORCA.0rc2N and nucleosomes at a molar ratio of 2.5 to 1 (final
10 pM ORCAf-0Orc2™ and 4 pM nucleosome) in 20 mM HEPES-
KOH pH 7.5, 50 mM KCI, and 1 mM DTT. 300 pl of the reconstitu-
tion reaction were incubated on ice for 30 min and subsequently
crosslinked for 10 min by adding an equal volume of crosslinking
buffer (20 mM HEPES-KOH pH 7.5, 50 mM KCl, 1 mM DTT, and
0.1% glutaraldehyde). Crosslinking was stopped by the addition of
60 pl quenching solution with 900 mM Tris pH 7.5, 9 mM lysine,
and 9 mM aspartate. 300 pl of crosslinked complex were purified by
gel filtration chromatography on a Superose 6 Increase 10/300 GL
column (Cytiva) equilibrated in reconstitution buffer. Peak fractions
were concentrated to an absorbance of 10 at 280 nm for cryo-EM
grid preparation.

Cryo-EM grids were prepared by applying 3.5 pl of concentrated
ORCA™.0rc2N-H4K20me3-nucleosome complex on a 300-mesh
R1.2/1.3 UltrAuFoil grid (Quantifoil Micro Tools GmbH), which had
been glow discharged in a PELCO easiGlow system (Ted Pella) for
25 s at 25 mA. The sample was allowed to adsorb to grids for 30 s
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and then plunge frozen at 4°C in liquid ethane using a Vitrobot
Mark IV (Thermo Fischer Scientific). Cryo-EM data were collected
using Serial EM (Mastronarde, 2005) on a 300 kV Titan Krios G2
transmission electron microscope (Thermo Fischer Scientific)
equipped with a post-GIF K3 direct detector in super-resolution
mode at a nominal magnification of 105,000 and a physical pixel
size of 0.832 A. A multi-hole exposure scheme was applied with
3 x 3 holes imaged per stage position. Movies (35 frames) were
recorded at a defocus range of 1-2.2 pm using a total electron dose
of 51 electrons per A2

Super-resolution cryo-EM movies were binned twofold and
motion corrected with MotionCor2, followed by estimation of con-
trast transfer function (CTF) parameters with GCTF (Zhang, 2016;
Zheng et al, 2017). Particles were auto-picked in RELION in a
template-free manner and imported into CryoSPARC, which was
used for all subsequent processing steps (Fernandez-Leiro &
Scheres, 2017; Punjani et al, 2017, 2020; Zivanov et al, 2018;
Punjani & Fleet, 2021). Particles were subjected to 2D classification
and those in poorly defined classes were discarded. Cleaned parti-
cles were used for ab initio reconstruction and subsequent heteroge-
neous refinement against 10 initial volumes. Two classes
resembling nucleosomes were kept for further processing by several
rounds of homogeneous 3D refinement and 3D classification using a
focus mask encompassing weak ORCA density to increase ORCA
occupancy and resolve ORCA flexibility. The final set of particles
was subjected to CTF refinement and non-uniform refinement, and
the resulting 3D volume was post-processed using DeepEMhancer
(Sanchez-Garcia et al, 2021).

Model building was initiated by docking crystal structures of
ORCAWP*0.0rc2N (this study) and of the nucleosome (PDB 3LZ0;
Vasudevan et al, 2010) into the cryo-EM map, followed by several
rounds of manual rebuilding in COOT and real-space refinement in
PHENIX (using secondary structure and Ramachandran restraints
for protein, and base pair and base stacking restraints for DNA;
Adams et al, 2010; Afonine et al, 2018). The final model has excel-
lent geometry as indicated by a MOLPROBITY score of 1.56 (Table 3;
Williams et al, 2018).

Structure analysis

Structure analysis was performed with UCSF Chimera, UCSF Chi-
mera X, and PyMOL (Pettersen et al, 2004; Goddard et al, 2007,
2018; The PyMOL Molecular Graphics System, Version 1.8.2.0
Schrodinger, LLC). Multiple sequence alignments were performed
with MAFFT and conservation scores were calculated using
CONSURF (Katoh et al, 2005; Katoh & Toh, 2008; Ashkenazy
et al, 2010; Yariv et al, 2023). Sequence logos were calculated with
WebLogo3 (Crooks et al, 2004). Figures were rendered in UCSF Chi-
mera X and PyMOL (Pettersen et al, 2004; Goddard et al, 2007,
2018; The PyMOL Molecular Graphics System, Version 1.8.2.0
Schrédinger, LLC).

Identification of Orc2 and ORCA orthologs and multiple sequence
alignments

Orc2 and ORCA orthologs across the metazoan kingdom were iden-

tified using the human and rat Orc2 and ORCA protein sequences
(UniProt identifiers Q13416, Q75PQ8, Q9UFCO, and A0A140UHX1)
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as a query in NCBI blastp searches. In the case of ORCA, candidate
ORCA orthologs outside the phylum chordata, particularly those
that lack an LRR domain, were tested in reverse blast searches
against the human proteome database to ensure they are true homo-
logs of ORCA. In addition, blastp searches with human EED
(UniProt identifier 075530), which is similar in structure and pro-
tein sequence to ORCA, were done to avoid misassignment of EED
orthologs as ORCA. Protein hits from initial blastp searches that
retrieved proteins other than ORCA with high confidence or
that were more similar to EED than ORCA are unlikely true ORCA
orthologs and were excluded from further analysis. We note that
several ORCA orthologs identified in Mollusca (Gastropoda and
Cephalopoda) and most in Arthropoda appear to lack an LRR
domain, while ORCA orthologs in Platyhelminthes are embedded in
very long protein sequences (1,800-2,500 aa) that in few cases con-
tain other functional domains. Using the above criteria, no orthologs
were identified in Nematoda or Rotifera, and many classes or sub-
classes within the phylum Arthropoda.

In vitro pulldown assays

The interaction of RnORCA with wild-type or mutant RnOrc2N was
examined by affinity pulldowns. Reactions were set up at 18.5 uM
Orc2™ and 10 uM MBP-tagged ORCA™ or MBP alone in 50 mM
Tris-HCl pH 7.6, 300 mM KCl, 10% glycerol, and 1 mM -
mercaptoethanol. After incubation on ice for 30 min, 35 ul of each
binding reaction were added to 30 pl amylose bead slurry (New
England Biolabs). Amylose beads were washed three times with
1 ml binding buffer and bound proteins were eluted with 20 pl bind-
ing buffer supplemented with 20 mM maltose. Input and eluted pro-
teins were analyzed by SDS-PAGE and stained with Coomassie
brilliant blue.

RnORCA binding to RnORC containing wild-type or mutant Orc2
was analyzed in pulldown assays using MBP-tagged ORCA as bait.
MBP-ORCA and ORC were mixed at 0.5 uM each in 25 mM HEPES-
KOH pH 7.5, 300 mM potassium glutamate, 10% glycerol, 10 mM
magnesium acetate, and 1 mM DTT. 45 pl of binding reactions were
incubated with 25 pl amylose bead slurry for 20 min on ice. Beads
were then washed twice with 1 ml binding buffer and proteins
eluted in 30 pl 25 mM HEPES-KOH pH 7.5, 300 mM potassium
glutamate, 10% glycerol, 10 mM magnesium acetate, 20 mM
maltose, and 1 mM DTT and detected by SDS-PAGE and Coomassie
staining.

Peptide array binding assays

Modified histone peptide arrays (Active Motif) containing 384
unique histone modification combinations were used to examine
binding of RnORCA to histone peptides. Arrays were blocked at
room temperature for 1 h in a solution of 5% non-fat dry milk in
TBST (10 mM Tris=HCl pH 7.5, 150 mM NaCl, and 0.05%
Tween20). After three 5-min washes in TBST, arrays were equili-
brated in binding buffer (50 mM Tris-HCl pH 7.6, 300 mM KCl,
10% glycerol, 1 mM B-mercaptoethanol, and 0.4 mg/ml BSA) and
incubated overnight at 4°C with MBP-tagged ORCA™™™, ORCAWP*, or
ORCAWP0:W294A 3t 3 final concentration of 2-4 uM in binding
buffer. Arrays were washed three times with binding buffer and
incubated with an HRP-conjugated anti-MBP monoclonal antibody
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(New England Biolabs, RRID: AB_1559738) at a dilution of 1:4,000
in wash buffer (50 mM Tris—HCI pH 7.6, 300 mM KCl, 10% glyc-
erol, 1 mM f-mercaptoethanol, 0.05% Tween 20) for 8 h at 4°C.
Arrays were then washed three times in wash buffer for 5 min, incu-
bated with ECL reagent (BioRad), and imaged in an Azure C400
chemiluminescence reader. Data were analyzed with Active Motif’s
Array Analyze Software.

Electrophoretic mobility shift assays (EMSAs)

Binding affinities of different RHORCA or RnORCA-Orc2™ proteins to
H4K20me3-nucleosomes were determined using electrophoretic
mobility shift assays (EMSAs). EMSA experiments were performed
in 20 pl reactions containing twofold serially diluted ORCA or
ORCA-Orc2™ ranging from 8 pM to 31.25 nM and 50 nM mononu-
cleosome in binding buffer (20 mM HEPES-KOH pH 7.5, 70 mM
KCl, 1 mM DTT, and 6.25% sucrose). After 1-h incubation on ice,
5 ul of each reaction were loaded onto a 5% native polyacrylamide
gel and bound and unbound nucleosomes separated at 200 V for
2.5 h in 0.5 x Tris-Borate-EDTA buffer (TBE) at 4°C. Gels were
stained with ethidium bromide and imaged in a Gel Doc EZ Imager
(BioRad). Band intensities of unbound nucleosomes were quantified
with ImageJ and used to calculate the percentage of ORCA-bound
nucleosomes. Data from at least three independent experiments
were plotted as a function of ORCA concentration and fit to the Hill
equation in GraphPad Prism 9 to determine apparent dissociation
constants (Kg,app)-

Binding of ORCA or ORCA-Orc2M to nucleosome arrays was
determined similarly as described for mononucleosomes except that
the nucleosome concentration (or 601 DNA repeat concentration)
was reduced to 20 nM and ORCA-bound and unbound nucleosome
arrays were separated by electrophoresis in native 1% agarose/
1.5% polyacrylamide gels (APAGE) run for 1.5 h at 100 V at 4°C.
APAGE gels were stained with 1:50,000 dilution of SYBR Gold and
imaged in a Typhoon 5 laser scanner (Cytiva) using LD488 laser
and 525BP20 filter settings.

Note that ORCA proteins harboring a WD40 repeat domain were
copurified with Orc2™ for increased expression and stability.

Pelleting assays of nucleosome arrays

Unmodified or H4K20me3-nucleosome arrays were incubated at
100 nM repeat concentration with increasing amounts of ORCA or
ORCA-Orc2N complexes (increasing twofold from 31.25 nM to
8 uM, or at 0.5 and 8 uM) in 20 mM HEPES-KOH pH 7.5, 70 mM
KCl, and 1 mM DTT for 1 h on ice. Magnesium chloride was then
added to each 15 pl reaction to a final concentration of 4 mM. Reac-
tions were incubated at 22°C for 30 min, followed by 10 min centri-
fugation at 20°C at 21,300 g. Supernatants were transferred to a
fresh Eppendorf tube, and proteins in both supernatants and pellets
were digested with proteinase K (0.1 mg/ml proteinase K/0.2% SDS
final concentrations) for 30 min at 37°C. Nucleosome array DNA in
supernatants and pellets was separated in 1% agarose gels
containing ethidium bromide and visualized using a Gel Doc EZ
Imager (BioRad). Band intensities in supernatants and pellets from
at least three independent experiments were quantified with ImageJ
and normalized to input array DNA run on each gel for comparison.
Again, we note that ORCA proteins harboring a WD40 repeat
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domain were copurified with Orc2 for increased expression and
stability.

For examining co-pelleting of ORCA with nucleosome arrays,
unmodified and H4K20me3-nucleosome arrays were incubated at
0.5 uM (refers to each nucleosome repeat) with 1 uM ORCA™-Orc2N
in 20 mM HEPES pH 7.5, 100 mM KCl, and 1 mM DTT for 1 h on
ice. Afterwards, MgCl, was added to 4 mM and reactions kept at
22°C for 30 min and then centrifuged at 21,300 g for 10 min. To
analyze ORCA™.Orc2N recruitment to preformed chromatin oligo-
mers, nucleosome arrays were first incubated at 1 uM in 20 mM
HEPES pH 7.5, 100 mM KCl, 1 mM DTT, and 4 mM MgCl,, for
30 min at 22°C prior to adding an equal volume of ORCA™Orc2N to
1 uM concentration, or buffer only. Reactions were incubated for
1 h at 22°C before centrifugation. Proteins in supernatants and pel-
lets were analyzed by SDS-PAGE and stained with Coomassie
brilliant blue.

Confocal microscopy of ORCA-chromatin droplets

The effect of RnORCA-Orc2N complexes (ORCA™WT.Orc2M,
ORCAFL:WZ94A' OrCZN, ORCAWD4O:WT.OI_C2N, ORCAWD4O:W294A'OTC2N,
and ORCAPM'™Ut. Orc2N) on condensation of nucleosome arrays
was examined by confocal fluorescence microscopy of chromatin
droplets stained with YOYO-1. Unmodified and H4K20me3-
nucleosome arrays were mixed at 100 nM per repeat with 4 uM
ORCA-Orc2N in 20 mM HEPES pH 7.5, 100 mM KCl, and 1 mM DTT
for 1 h on ice to allow protein binding. An ORCA concentration of
4 uM was chosen to be in a range that supports ORCA"*° binding
to H4K20me3-nucleosome arrays (see Fig 3E) and that is in line with
prior experiments studying chromatin condensation (Gibson
et al, 2019). Subsequently, MgCl, and YOYO-1 were added to 4 mM
and 45 nM, respectively, to induce oligomerization of nucleosome
arrays. 20 pl of each sample were transferred to a passivated 384-
well plate with glass bottom and imaged after 60 min incubation at
22°C. For localization of ORCA, an N-terminal mCherry fusion of
full-length ORCA bound to His-tagged Orc2N was added to 10%
of the final ORCA concentration, which was incubated with nucleo-
some arrays either before (Fig 6A-C) or after Mg®-induced chroma-
tin oligomerization (Fig EV4A and B).

Passivation of 384-well plates was performed as described in Gib-
son et al (2019). The 384-well glass bottom plates (Cellvis) were
washed five times with MilliQ water and treated with 2% Hell-
manex solution (Hellma) for 2-3 h at room temperature. Wells were
then rinsed three times with MilliQ water, treated with 0.5 M NaOH
for 30 min, and washed again with MilliQ water three times. mPEG-
silane (Creative PEGworks) dissolved in 95% ethanol at 20 mg/ml
was added to each well and incubated overnight (> 18 h) in a
humidified container protected from light. mPEG-silane solution
was removed by 10 washes with 95% ethanol and 3-5 washes with
MilliQ water. Afterward, plates were air-dried, sealed, and stored for
future use. Immediately prior to adding samples, wells were incu-
bated with 60 pl 100 mg/ml BSA per well for at least 30 min,
followed by three washes with MilliQ water.

Chromatin condensates formed in the presence of various
ORCA-Orc2™ assemblies were imaged in an inverted laser scanning
confocal Zeiss LSM880 microscope with a 100 x oil objective (1.46
numerical objective aperture) using the ZEN v2.1 software (Zeiss).
Image acquisition was performed with 488 nm (to excite YOYO-1)
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and 561 nm (to excite mCherry, if applicable) lasers. Images were
saved as czi file format with metadata.

Confocal fluorescence microscopy of ORC recruitment to
chromatin droplets

To analyze the ability of RnRORCA to recruit RnORC into condensed
chromatin, nucleosomal arrays were first allowed to oligomerize
into chromatin condensates at 400 nM repeat concentration in
20 mM HEPES-KOH pH 7.5, 150 mM KCI, 1 mM DTT, and 4 mM
MgCl,. DAPI was added to a concentration of 25 nM for subsequent
visualization of arrays. After 30 min incubation at room tempera-
ture, an equal volume of ORCO™!FL ORCOreIAN425 ' ORCAFY (without
Orc2Y), or premixed ORC and ORCA were added to achieve final
concentrations of 100 nM for ORC (50% unlabeled and 50% GFP-
labeled Orcl) and 400 nM for ORCA (75% unlabeled and 25%
mCherry-labeled ORCA). ORC and/or ORCA were incubated with
nucleosomal arrays for 1 h at 22°C in a passivated 384-well plate
with glass bottom prior to imaging.

Chromatin droplets in the presence of ORC and ORC/ORCA were
collected with a 100 x oil immersion objective (1.49 numerical
objective aperture) using a spinning disk confocal Nikon Ti2
inverted microscope (Yokogawa CSU-W1) equipped with a Hama-
matsu ORCA-Fusion Gen-III sCMOS camera. Fluorophores were
excited using 405 nm (for DAPI), 488 nm (for GFP), and 561 nm
(for mCherry) lasers. Images were acquired using the Nikon Ele-
ments AR software (Nikon), saved in nd2 file format with metadata,
and further processed using ImageJ/FIJI and MATLAB (Schindelin
et al, 2012). Exposure times and gain settings were kept constant for
each channel between equivalent experiments.

Chromatin droplet image analysis

Acquired raw images (~ 20) were combined in ImageJ/FUI into a
tiff stack for further processing using custom-written MATLAB
scripts for measuring droplet size and intensity distributions.
Briefly, all stack images were first pre-processed by applying a 4 x 4
median filter to downweigh noise in the image, normalization, and
binarization into black and white using Otsu’s global thresholding
method (Otsu, 1979). The built-in MATLAB functions “imclear-
border”, “bwareafilt”, and “regionprops” were used for removing
boundary objects, eliminating small clusters close to the diffraction
limit or noise, and extracting image features for measuring area,
centroid, as well as major and minor axes lengths. For images with
very small clusters close to the optical diffraction limit (~ 300 nm),
manual intensity thresholding was used instead of Otsu’s global
threshold. Each cluster in the binary image after pre-processing
represented a condensate.

For droplet size measurement, major and minor axes lengths
determined by MATLAB “regionprops” were averaged to compute
the diameter of each droplet. Droplet diameter measurements from
all image stacks were stored in an array to plot the size distribution.
Size distributions of droplets were plotted and descriptive statistical
parameters were calculated using GraphPad Prism 9.

Fluorescence intensity distributions in condensates were used to
describe the localization of ORC and ORCA and calculated in
MATLAB. Fluorescence intensities for ORC-GFP and ORCA-mCherry
in the respective channels were radially averaged, and 1D radial
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profiles were plotted. Briefly, droplets between 2.5 pym and 4 pm
diameter were selected for analysis to avoid boundary effects in the
intensity distribution for smaller droplets. A polar coordinate binary
mask (r, 6) was defined for intensity averaging along the 6-direction
from the center r = 0 to the exterior of the condensate. The radial
coordinate (r) was normalized by the radius of the condensate to
I'norm- Lhe intensity versus ryom profiles were binned into equal-
width bins, and mean and standard deviation of the profiles were
calculated in MATLAB.

Data availability

The PDB coordinates, structure factors, and cryo-EM maps have
been deposited into the Protein Data Bank and Electron Microscopy
Data Bank under the following accession numbers: PDB 8SIU
(http://www.rcsb.org/pdb/explore/explore.do?structureld = 8SIU)
for the RnORCAYP°.0rc2M crystal structure, and PDB 8SIY
(http://www.rcsb.org/pdb/explore/explore.do?structureld = 8SIY)
and EMD-40522 (http://www.ebi.ac.uk/pdbe/entry/EMD-40522)
for the RnORCA™.Orc2N-H4K20me3-nucleosome complex cryo-EM
structure. The code for analyzing LLPS data has been deposited in
the Zenodo repository and is available at https://doi.org/10.5281/
zenodo.8147618.

Expanded View for this article is available online.
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