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The heterohexameric origin recognition complex (ORC) has
been implicated in many cellular activities, including DNA rep-
lication, transcriptional control, heterochromatin assembly,
centromere and telomere function, and so on. Here, we report a
new function for ORC in mediating histone methylation. Using
the yeast two-hybrid system, we identify a physical interaction
between Orc2p and Spplp, a member of the Setl complex, and
we demonstrate the interaction between the endogenous ORC
and Spp1p by co-immunoprecipitation from yeast extracts. Fur-
thermore, we find that Orc2p physically interacts with trimethy-
lated histone 3 lysine 4 (H3K4) on chromatin by co-immunopre-
cipitation. Finally, we show that the trimethylation of H3K4 is
decreased in orc2-1 cells and abolished in orc2-1, spp1A double
mutants. Our data reveal a novel facet of ORC in mediating his-
tone methylation in collaboration with Spplp and demonstrate
a connection between ORC and chromatin structure via the Set1
complex.

The origin recognition complex (ORC)? is a multifunctional
protein complex that was identified by its affinity to the auton-
omously replicating sequence (ARS) consensus sequence
(ACS) in DNA replication origins (1, 2). ORC serves as a landing
pad for recruitment of downstream replication-initiation pro-
teins like Noc3p, Cdc6p, Cdtlp, and Mcm2-7p, forming a pre-
replicative complex (3, 4). A genome-wide chromatin immuno-
precipitation-on-chip assay identified ~500 ORC binding sites,
with the majority of them being co-localized with MCM bind-
ing sites and replication origins (5). It is inarguable that ORC is
a central player in DNA replication. Further studies have
revealed the functions of ORC in many other cellular processes,

* This work was supported by a grant from the Hong Kong Research Grants
Council (Grant HKUST6114/04M). The costs of publication of this article
were defrayed in part by the payment of page charges. This article must
therefore be hereby marked “advertisement” in accordance with 18 U.S.C.
Section 1734 solely to indicate this fact.

" To whom correspondence should be addressed. E-mail: bccliang@ust.hk.

2 The abbreviations used are: ORC, origin recognition complex; ARS, autono-
mously replicating sequence; ACS, ARS consensus sequence; FACS, fluo-
rescence activated cell sorting; IP, immunoprecipitation; co-IP, co-immu-
noprecipitation; SCM, synthetic complete medium; HA, hemagglutinin;
MNase, micrococcal nuclease; TAP, tandem affinity purification.

s

DECEMBER 5, 2008« VOLUME 283 +-NUMBER 49

THE JOURNAL OF BIOLOGICAL CHEMISTRY VOL. 283, NO. 49, pp. 33803-33807, December 5, 2008
© 2008 by The American Society for Biochemistry and Molecular Biology, Inc.  Printed in the US.A.

such as the establishment of transcriptionally suppressed mat-
ing type loci (HMR and HML) (6-8), transcriptional regula-
tion, and chromatin structure (1, 2).

Diverse lines of evidence have emerged to implicate the
involvement of ORC in chromatin structure in eukaryotes (1,
2). ORC localizes in telomere repeats, and depletion of ORC
leads to dysfunctional telomeres (9). In Saccharomyces cerevi-
siae, the N-terminal part of Orclp recruits the chromatin
silencing protein Sirlp (10). ORC is responsible for positioning
nucleosomes at ARSI (11), and recent work has elucidated a
physical interaction between ORC and histone acetyltrans-
ferase (Hat1lp and Hat2p) (12). In Drosophila, ORC is enriched
at heterochromatin regions and interacts directly with HP1, a
key component of heterochromatin (13). Furthermore, muta-
tions in ORC2 result in mislocalization of HP1. The interaction
between ORC and HP1 is also identified in Xenopus and mam-
malian cells. In human cells, small interfering RNA knockdown
of ORC2 leads to delocalization of HP1 and chromosome con-
densation defects (14). An interesting physical interaction has
also been revealed between Orclp and Hbolp, a histone acetyl-
transferase (15, 16). However, it has never been explored
whether ORC has any function in histone methylation.

In budding yeast, histone 3 lysine residues 4, 36, and 79 are
methylated by Setlp (KMT2), Set2p (KMT3), and Dotlp
(KMT4), respectively (17). Each modified lysine has three
forms: mono-, di-, and trimethylation. The Setl complex, or
COMPASS (complex associated with Setl), is composed of
Setlp, Bre2p (Cps60p), Swdlp (Cps50p or Saf 49p), Swd2p
(Cps35p or Saf 37p), Swd3p (Cps30p or Saf 35p), Spplp
(Cps40p or Safdlp), Shglp (Cpsl5p), and Sdclp (Cps25p or
Saf19p) (18 —21). This complex adds 1-3 methyl groups specif-
ically to H3K4 with different components contributing differ-
ently. Setlp, Swdlp, and Swd3p are required for any H3K4
methylation, Bre2p and Sdc1p are not essential for, but contrib-
ute to, mono-, di-, and trimethylation, and Spp1p is only impor-
tant for trimethylation (22, 23).

Methylation of H3K4 in budding yeast usually defines an
active chromatin state for gene expression (24 —-28). Genome-
wide chromatin immunoprecipitation-on-chip assays have
revealed that the trimethylation of H3K4 co-localizes with pro-
moters and the 5’ end of transcribed genes (29). The H3K4
methylation has also been implicated in position-dependent
gene silencing at telomeres (30) and the mating type locus (31),
heterochromatin formation (31), and ribosomal DNA silencing
(32).

From a genome-wide yeast two-hybrid screen to identify
human proteins that interact with human DNA replication-
initiation proteins, we found that hCGBP (CpG island-binding
protein) physically interacts with several DNA replication-ini-
tiation proteins including ORC.? Because budding yeast is a
more amendable system for genetic and functional studies, we
set out to investigate whether Spplp, the yeast homolog of
hCGBP, interacts with budding yeast replication-initiation pro-
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teins. Indeed, we find a physical interaction between Spp1p and
Orc2p. Here, we report that ORC mediates histone methylation
through cooperation with Spp1lp.

EXPERIMENTAL PROCEDURES

Plasmids, Strains, and Antibodies—The primers used to con-
struct pGBKT7-SPP1 were 5'-GGAATTCATGTCATTACCAC-
AATGGTGTCC-3' (containing an EcoRI site) and 5'-GCGGA-
TCCTTACAAACCTCTTCTTAAAATTTC-3' (containing a
BamHI site). The sppIA strain was generated in W303-1a by
PCR-mediated one-step disruption using forward primer
5'-ATTTGGAAAAGGCTACTTCGACCTCAATAATTT-
CTCAGCCTATCTTTCTACGGATCCCCGGGTTAAT-
TAA-3" and reverse primer 5'-CGAAGTATATATATATGTA-
GAAACTGATATTTGATTAGGCTCCAACGCCGGAATTC-
GAGCTCGTTTAAAC-3'. The SPP1-HA-tagged strain was
constructed using forward primer 5'-AAAAGCAACTAAAT-
ATACAATACTATGAGGAAATTTTAAGAAGAGGTTTG-
CGGATCCCCGGGTTAATTAA-3" and the same reverse
primer as for SPPI deletion. The ORC2-TAP strain is provided
by Andrew Emili (University of Toronto). The anti-histone 3,
anti-dimethylated, and trimethylated H3K4 antibodies were
purchased from AbCam (ab1791, ab7766, and ab8580, respec-
tively). The anti-HA (12CA5) is from Roche Applied Science.
Anti-ORC antibodies are from Bruce Stillman (Cold Spring
Harbor Laboratory).

Yeast Two-hybrid Assay—The yeast two-hybrid system
employed was the MATCHMAKER GAL4 two-hybrid system 3
(Clontech), and the assay was conducted according to the man-
ufacturer’s instructions.

Co-IP Assay—Co-IP assay was performed as described previ-
ously (33) with modifications. In brief, 100 ml of log phase cells
(Agoo ~ 2) were harvested for each sample, and total protein
extracts were obtained by bead-beating in 400 ul of IP/lysis
buffer-100 (100 mm (NH,),SO,; other components as in Ref.
33). After harvesting the extract, the pellet was extracted again
with 400 ul of the IP/lysis buffer-200 (200 mm (NH,),SO, con-
taining 200 wg/ml ethidium bromide; other components as in
Ref. 33). After the extract was harvested, the pellet was rinsed
with 400 ul of IP/lysis buffer-0 (no (NH,),SO,; other compo-
nents as in Ref. 33). The three extracts were combined as total
protein extract for co-IP. Some 25 ul of protein G beads (Zymed
Laboratories Inc.) were added to preclear the protein extract at
4 °C for 1 h. Afterward, the samples were incubated with 5-10
pg of antibody or control mouse IgG (Pierce) for 1-1.5 h and
then with 25 ul of protein G beads for 1 h. After extensive wash
with IP/lysis buffer-100 (100 mm (NH,),SO,), the beads were
boiled in 25 ul of 2X Laemmli’s buffer for 3 min.

Chromatin Binding Assay—A chromatin binding assay to
separate total yeast proteins into the crude chromatin pellet
and supernatant fractions and the stringent chromatin binding
assay involving the use of micrococcal nuclease (MNase) to
partially digest the crude chromatin followed by ultracentrifu-
gation to pellet the released chromatin were performed essen-
tially as described previously (34).

Co-IP with MNuase-digested Chromatin Fraction—The crude
chromatin pellet isolated using the chromatin binding assay
was digested with 1000 IU of MNase in 300 ul of MNase buffer
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(I mm boric acid; 5 mm NaCl; 5 mm CaCl,; adjusted to pH 8.8) at
37 °C for 10 min. (It was confirmed that the resultant DNA
fragments were less than 200 bp.) The supernatant was adjusted
to standard IP/lysis buffer, and the co-IP assay was performed
as described above.

Cell Synchronization and FACS—Cells were arrested in G,
phase with 5 ug/ml « factor for 2.5-3 h and then released into
fresh YPD medium. Cells were harvested at various time points,
and FACS analysis was performed as described (33).

RESULTS

Spplp Interacts with ORC through Orc2p—We performed
yeast two-hybrid assays using SPPI as the bait to test its possible
interactions with replication-initiation proteins. We co-trans-
formed the host AH109 cells with pGBKT7-SPP1 (SPPI con-
structed in the DNA binding domain vector pGBKT7) and indi-
vidual plasmids expressing replication-initiation proteins in the
activation domain pGADT7 vector. The transformants were
streaked on SCM-2 (synthetic complete medium, lacking
leucine and tryptophan), SCM-3 (lacking leucine, tryptophan,
and histidine), and SCM-4 (lacking leucine, tryptophan, histi-
dine, and adenine) plates. We found that cells containing
pGBKT7-SPP1 and pGADT7-ORC2, and those containing the
positive control plasmids (pGBKT7-ORC3 with pGADT7-
ORC2, and pGBKT7-p53 with pGADT7-T antigen) were able
to grow on both SCM-3 and SCM-4 plates (Fig. 14). The neg-
ative control strains containing pGBKT7-SPP1 and the
pGADT?7 vector, or the pGBKT7 vector and pGADT7-ORC2,
could not grow on SCM-3 or SCM-4 plates (Fig. 1A). These data
suggest that Spplp interacts with Orc2p. The cells co-trans-
formed with pGBKT7-SPP1, and individual plasmids express-
ing other replication-initiation proteins (Orc1p, 3p-6p, Noc3p,
Cdc6p, Mcm2p-7p, Cdcd5p) or Lamin C in pGADT7 could not
grow on SCM-3 or SCM-4 plates (data not shown). These data
suggest that there is a specific physical interaction between
Spplp and Orc2p. The interaction between Spplp and Orc2p
in the yeast two-hybrid system was confirmed by a co-immu-
noprecipitation assay using yeast protein extracts expressing
the two-hybrid proteins (data not shown).

To test the interaction between the endogenous Orc2p and
Spplp, we performed reciprocal co-IP assays using protein
extracts from SPPI-HA-tagged yeast cells. Spplp-HA was
immunoprecipitated by anti-HA antibody, and the immuno-
precipitates were probed by anti-Orc2 and -Orc3 antibodies.
Orc2p and Orc3p could be co-immunoprecipitated with Spplp
(Fig. 1B, lane 5), whereas no signal was detected in the control
mouse IgG pellet (lane 4) or untagged strain control (lane 2). In
the reverse co-IP, we detected Spplp-HA in the precipitates
pulled down by anti-Orc2 antibody (Fig. 1C) and anti-ORC3
antibody (Fig. 1D). Together with the yeast two-hybrid data, the
co-IP results strongly suggest that Spplp physically interacts
with ORC through Orc2p in vivo.

Genetic interactions were also investigated between Spplp
and replication-initiation proteins or replication regulators.
The SPPI deletion has a synthetic sickness phenotype with
orc2-1 and orc5-1, respectively, but not with mcm?2-1, mem3-1,
memS5-1, cdc6-1, cdc7-4, or cdc28-4 (data not shown), suggest-
ing that ORC and Spp1p participate in a common pathway.
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FIGURE 1. ORC physically interacts with Spp1p and trimethylated H3K4. A, Spp1p interacts with Orc2p by
the yeast two-hybrid system. pGBK7-SPP1 expressing Spp1p fused to the DNA binding domain (BD-SPP1) was
co-transformed into AH109 cells together with pGADT7-ORC2 expressing Orc2p fused to the activation
domain (AD-ORC2). Cells expressing BD and AD-ORC2, and those expressing BD-SPP1 and AD, were used as
negative controls. Positive controls included cells expressing BD-ORC3 and AD-ORC2 and those expressing
BD-p53 and AD-T antigen. The transformants were streaked on SCM-2 (synthetic complete medium, lacking
leucine and tryptophan), SCM-3 (lacking leucine, tryptophan, and histidine), and SCM-4 (lacking leucine, tryp-
tophan, histidine, and adenine) plates. B, co-immunoprecipitation assay confirmed the interaction between
ORC and Spp1p with protein extracts from SPP1-HA-tagged strains. Spp1p-HA was immunoprecipitated by
anti-HA antibody, and the immunoprecipitates were probed by anti-Orc2 antibody. WCE, whole cell extracts;
Ctr. IgG, control IgG. C and D, reverse co-IP confirms the physical interaction. Anti-Orc2 (C) and -Orc3 (D)
antibodies were employed to immunoprecipitate yeast extracts, and Spp1p in the precipitates was detected
by anti-HA antibody. E, Orc2p interacts with trimethylated H3K4. The proteins from affinity precipitation in
ORC2-TAP strain were immunoblotted by various antibodies against Orc2p, -3p, -5p, -6p, H3, and trimethylated
H3K4, respectively. X, cross-reaction band by the anti-Orc3 antibody. F, co-IP assay with MNase-released chro-
matin fraction suggests that ORC interacts with trimethylated H3K4 on chromatin. Log phase W303-1a cells
were harvested, and the chromatin fraction was completely digested with MNase. The supernatant containing
the proteins from digested chromatin was diluted into the standard IP/lysis buffer, and co-IP assay was
performed.
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Because ORC and histone 3 are
both chromatin-binding proteins,
the co-IP of ORC with histone 3
might be bridged by DNA. To
address this concern, we used
ethidium bromide to release pro-
teins from DNA in the co-IP assays
described above. To further
exclude the possibility of DNA/
chromatin-mediated co-IP, we
employed co-IP assay with pro-
teins released from completely
digested chromatin. The anti-
Orc3 immunoprecipitates were
blotted by anti-Orc3 and anti-tri-
methylated H3K4 antibodies (Fig.
1F). Thetrimethylated H3K4 was co-
immunoprecipitated with Orc3p,
lending support to the conclusion
that the association of ORC with tri-
methylated H3K4 is through pro-
tein-protein interactions, which can
occur on chromatin and can be
maintained after the proteins have
been released from chromatin.

ORC and Spplp Cooperate to
Mediate Histone 3 Lysine 4
Trimethylation—To search for the
functional significance of the asso-
ciations among ORC, Spplp, and
histone 3, the H3K4 methylation
pattern was analyzed in various
strains (W303-1a, spplA, orc2-1,
and orc2-1, sppIA double mutants).
Whole cell extracts from log phase
cells were subject to immunoblot-
ting with antibodies against differ-
ent ORC subunits and di-, and trim-
ethylated H3K4 (Fig. 2A4). With
SPPI deletion, the trimethylation of
H3K4 was reduced to a third at
25 °C, in line with previous results
(22). When SPPI deletion was com-

ORC Interacts with Histone 3 When Histone 3 Lysine 4 Is
Trimethylated—Spplp is a component of the Setl complex,
which is responsible for methylation of H3K4. Having deter-
mined that ORC physically interacts with Spp1p, we examined
whether ORC interacts with histone 3. The affinity precipitates
from the ORC2-TAP strain were blotted by various antibodies
(anti-Orc2, -Orc3, -Orc5, -Orc6, -H3, and -trimethylated
H3K4). The results show that not only Orc3p, -5p, and -6p, but
also H3 and trimethylated H3K4, associated with Orc2p (Fig.
1E, lane 4). None of them was detectable in the untagged con-
trol strain (Fig. 1E, lane 2). Correlating the recent work demon-
strating a connection between ORC and histone acetyltrans-
ferase (12), our data suggest that ORC may dynamically
communicate with nucleosomes that contain an intricate com-
bination of modifications.
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bined with orc2-1, the trimethylation of H3K4 was greatly
reduced at 25 °C. At 37 °C, H3K4 trimethylation was mostly lost
inspp1A and orc2-1 single mutants and completely abolished in
the orc2-1, spp1A double mutant. Together with data showing
the interactions among ORC, Spp1lp, and histone 3, our results
suggest that ORC and Spplp cooperatively mediate H3K4 tri-
methylation. In addition, notice that dimethylation of H3K4
was also lowered in sppIA and orc2-1 single mutants at 37 but
not 25 °C and in the double mutant at both 25 °C and 37 °C.
Spplp Is a Chromatin-binding Protein and Binds to Chroma-
tin throughout the Cell Cycle—As a histone methylase, Spplp
together with other members of the Setl complex should in prin-
ciple bind to chromatin. We investigated the chromatin associa-
tions of Spplp using the stringent chromatin binding assay (Fig.
2B) Similar to Orc3p, Spplp is a chromatin-binding protein as it
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FIGURE 2. ORC and Spp1p collaboratively mediate histone 3 lysine 4 trimethylation. A, sppTA, orc2-1
single and double mutants are defective for H3K4 trimethylation. Cells of various strains (W303-1a, sppTA,
orc2-1, and orc2-1, spp1A double mutants) were incubated at 25 °C to log phase or shifted to 37 °C for 2 h
before harvesting. Whole cell extracts were separated by PAGE and immunoblotted with anti-Orc2, -Orc3,
-0rc5, -Orc6, -H3, -dimethylated H3K4, and -trimethylated H3K4 antibodies, respectively. X, cross-reaction
band by the anti-Orc3 antibody. B, Spp1p is a chromatin-binding protein. The stringent chromatin binding
assay was conducted using SPP1-HA-tagged strain. Orc3p was used as a reference. WCE, whole cell extracts;
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20° \\— through Spplp. The significance of
10° \\. the interactions may have implica-
0 tions in various cellular processes.
i Replication Origin Selection—An
IC 2€ unsolved puzzle in DNA replication
F wW303-1a is how replication origins are
selected. ORC in budding yeast is
120 commonly thought to be directed to
replication origins by the conserved
90’ __/ \ ACS (1). From sequence analysis in
Pel the S. cerevisiae genome, the num-
’ 0 «f\ ber of matches to ACS is over-
whelmingly larger than de facto
ORC binding sites and replication
40 | M) origins (5, 35). Apparently, ACS is
90° 1207 necessary but not sufficient for ORC
\ binding. Additionally, biochemical

studies suggest that the ability of

ORC to distinguish specific from
J nonspecific sequences is limited (3).
It has been widely speculated that
ORC may recognize a unique chro-
matin structure, apart from ACS (3).
The ORC-interacting Setl complex
may be one of the elusive epigenetic
determinants of origin selection.
How the interaction between ORC

T
1C2C

Sup., supernatant; Pel., pellet. C, Spp1p binds to chromatin throughout the cell cycle. SPP1-HA-tagged cells

were harvested at different time points released from « factor block, and chromatin binding assay was per-
formed. D, the FACS analysis of the SPP1-HA-tagged cells used in C. E, the overall level of trimethylated
H3K4 on chromatin is constant in the cell cycle. The chromatin binding assay was performed using
W303-1a cells released from the « factor block. The chromatin pellet and supernatant fractions were
immunoblotted by anti-Orc5, -dimethylated H3K4, and -trimethylated H3K4 antibodies. F, FACS analysis

of W303-1a cells used in E.

was detectable in low speed pellet, MNase supernatant, and high
speed pellet fractions. To examine the chromatin binding pattern
of Spp1lp along the cell cycle, we harvested cells at different time
points after they were released from « factor block and performed
a chromatin binding assay (Fig. 2, C and D). Spplp was found to
bind chromatin constitutively throughout the cell cycle.
Constant Binding of Di- and Trimethylated H3K4 to Chro-
matin along the Cell Cycle—As Orc2p and Spplp bind chroma-
tin throughout the cell cycle and cooperatively regulate the tri-
methylation of H3K4, it is worthwhile to examine the
chromatin binding pattern of H3K4 trimethylation in the cell
cycle. The W303-1a cells released from « factor were har-

33806 JOURNAL OF BIOLOGICAL CHEMISTRY

and Spplp is modulated along the
cell cycle and whether Spplp is con-
nected to replication origins are of
instant interests and warrant fur-
ther exploration.

Functional Overlap of ORC and
the Set1 Complex—The functions of ORC and the Set1 complex
overlap in diverse cellular processes. The accumulated data on
the cellular functions of the Setl complex and ORC point to a
surprising coincidence (2, 23). To summarize, they both partic-
ipate in transcriptional regulation, heterochromatin formation,
telomere and centromere functions (9, 36), and S phase check-
point (37-39). The connections of the two protein complexes
in these cellular activities need to be vigorously tested and will
be a fertile area of future research.

Regulation of H3K4 Trimethylation in the Cell Cycle—There
is no discernible variation of the global level of ORC and tri-
methylated H3K4 on chromatin along the cell cycle. However,
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as the chromatin binding assay detects the overall level of chro-
matin association of proteins, it is possible that H3K4 trimethy-
lation may be spatially regulated along the chromosomes in the
cell cycle, and the association between ORC and Spplp may
occur at certain sites of chromosomes. Bearing in mind the
genome-wide distribution of ORC, we postulate a spatial mod-
ulation of trimethylation of H3K4 regulated by ORC and Spp1lp
when they encounter each other on chromosomes, exerting
epigenetic controls over a variety of cellular processes.
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