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The small ubiquitin-related modifier 2/3 (SUMO2/3) can be post-translationally conjugated to a wide
variety of proteins constituting chromatin, the platform for genetic and epigenetic regulation. Neverthe-
less, it is unclear how SUMO2/3 and SUMO2/3-modified proteins are delivered to the chromatin fibers.
Here we report that the largest subunit of chromatin assembly factor 1 (CAF-1), human p150, interacts
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cient for SUMO2/3 interaction. p150-SUMO?2/3 interaction coincided with regions that replicate chroma-
IS)IIJ\I]X?e lication tin fibers, because accumulation of the proliferating cell nuclear antigen (PCNA), and incorporation of
Chromaptin bromodeoxyuridine (BrdU) were detected at foci co-localized with both p150 and SUMO2/3 during the

CAF-1 S-phase in a cell line expressing epitope-tagged p150. Although inhibition of SUMO2/3 expression had
only a small effect on p150 deposition on the replication sites, depletion of p150 led to delocalization
of SUMO2/3 from the replication foci. Furthermore, p150 mutants deficient in SUMO2/3 interaction,
caused a major reduction of SUMO2/3 at the replication foci. Thus, our findings suggest an expanded role
of p150 as a SUMO2/3-interacting factor, and raise the intriguing possibility that p150 plays a role in pro-
moting delivery of SUMO2/3 or SUMO2/3-modified proteins (or both) on chromatin fibers during

replication.

© 2009 Elsevier Inc. All rights reserved.

Introduction

Small ubiquitin-related modifiers (SUMOs) can be post-transla-
tionally conjugated to a wide variety of cellular proteins; this is
termed SUMOylation [1]. A large proportion of SUMOs, but not
all, localize in the nucleus, implying that the SUMO modification
pathway has an important role in regulating nuclear structures
and functions [2]. So far, at least three vertebrate paralogs have
been reported: SUMO1, SUMO2, and SUMO3. SUMO2 and SUMO3
are more related to each other (95% amino acid identity) than they
are to SUMO1 (~50% identity). Although SUMO1 and SUMO2/3 can
be equally conjugated to a subset of proteins, several lines of evi-
dence indicate that SUMO1 and SUMO2/3 are conjugated to differ-
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ent proteins, and represent unique signals regulating different
cellular functions [3-6]. It is increasingly evident that SUMO2/3
modification plays a crucial role in controlling many aspects of ge-
netic and epigenetic events via regulating assembly and disassem-
bly of chromatin components in vertebrate cells. However, the
mechanism by which different chromatin proteins are selectively
modified or deposited (or both) on chromatin fibers by one paralog
relative to another is unknown.

The dynamics of eukaryotic chromatin fibers during the cell cy-
cle have proven to be important in regulating genetic and epige-
netic stability of eukaryotic cells [7]. Spatiotemporally regulated
delivery/deposition of histone and non-histone proteins onto
DNA during replication is the critical step in establishment and
maintenance of epigenetic marks on chromatin fibers. Among the
crucial factors for such regulation, it has been demonstrated that
the chromatin assembly factor 1 (CAF-1), composed of three sub-
units (p150, p60, and p48), assists in loading histone H3-H4 to
the newly replicated DNA strand [7]. Of particular interest, the
CAF-1 chaperon complex is known to interact with not only his-
tones, but also with multiple non-histone proteins, including the
homotrimeric sliding clamp, proliferating cell nuclear antigen
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(PCNA) DNA polymerase accessory factor [8], methyl CpG DNA
binding domain protein 1 (MBD1) [9,10], and the specific hetero-
chromatin protein 1 (HP1) [11,12]. This implies that CAF-1 has a
role in coordinating not only histone deposition, but also non-his-
tone protein association with chromatin fibers during DNA synthe-
sis. However, in terms of chromatin assembly during DNA
synthesis, the molecular basis of how this spectrum of interaction
of CAF-1 can be regulated remains largely unknown.

In this paper, we show that CAF-1 p150 is a SUMO-interacting
protein and propose its role in the delivery of SUMO2/3 or
SUMO2/3-modified proteins (or both) to chromatin fiber in the
context of DNA replication.

Materials and methods

Plasmids. To generate p150 expression vectors, human CAF-1
p150 was amplified by PCR using the oligonucleotides listed in
the Supplemental Materials.

Antibodies. Two rat monoclonal antibodies and two rabbit poly-
clonal antibodies, against SUMO1 and against SUMO2/3 were used
as described previously [13]. The other antibodies used in this
study were anti-Flag M2 (Sigma), anti-Hisg (Roche), anti-HA (Clon-
tech), anti-PCNA (PC-10, Santa Cruz Biotechnology), anti-p150 (ss1,
abcam) and anti-BrdU (Ab-3, Thermo Scientific).

Recombinant protein expression and GST-pull-down assay. Expres-
sion and purification of recombinant proteins were carried out as
previously described [13]. GST-pull-down assay was carried out
according to Uchimura et al. [13].

Cell cycle synchronization, and indirect immunofluorescence assay.
Cells were synchronized with the double thymidine block protocol.
In brief, cells were blocked by replacing the normal culture med-
ium with fresh culture medium containing 2.5 mM thymidine for
12 h. Cells were released from the block by removing the thymi-
dine-containing medium, washing the monolayer twice, and incu-
bating for 10 h in fresh normal culture medium. The cells were
blocked again for 12 h, after that they were released to continue
their cell cycle synchronously from the G4/S border. Indirect immu-
nofluorescence analysis was carried out according to Uchimura
et al. [13]. For BrdU staining, cells were treated with 10 uM BrdU
for 15 min. Cells were fixed with 4% paraformaldehyde and perme-
abilized with 0.5% Triton X-100 followed by denaturing with 2 N
HCI for 30 min. For PCNA staining, cells were fixed in methanol
at —20 °C for 5 min.

Immunoprecipitation. For the immunoprecipitation described in
Fig. 2B, cultured cells were treated with dimethyl-3,3-dithiobispro-
pionimidate-2HCl (5 mM) (Pierce) on ice for 30 min. Then cells
were rinsed with an ice-cold buffer (100 mM Tris-HCIl, pH 8.0,
150 mM NaCl), and lysed in the buffer containing 50 mM Tris-
HCI, pH 7.5, 1% Triton X-100, 300 mM NacCl, 10 mM MgCl,, 2 mM
NaF, 20 mM N-ethyl maleimide, 10% glycerol, and the protease
inhibitors, followed by sonication. The lysate was subjected to
immunoprecipitation as described previously [13]. The immuno-
precipitated proteins were eluted with SDS-sample buffer contain-
ing 300 mM DTT to cleave completely the cross-linked S-S-bonds.

Results and discussion
Identification of CAF-1 p150 as a SUMO2/3-interacting protein

To identify a chromatin protein(s) that interacts with SUMO2/3,
we performed a yeast two-hybrid screening [13], and isolated the
partial cDNA fragments of a mouse homologue of the large subunit
of histone chaperone CAF-1 p150. As a step toward understanding
the role of p150 in binding SUMOZ2/3, we first obtained the full-
length human p150 cDNA (Fig. 1A) and generated the recombinant

protein to perform a glutathione S-transferase (GST) pull-down as-
say (Fig. 1B). Hisg-p150 appeared to associate more efficiently with
GST-SUMO2- and GST-SUMO3-beads than with GST-SUMO1-beads.
When a lysate prepared from the 293S cells expressing Flag- and
hemagglutinin (HA)-epitope-tagged human p150, designated as
FH-p150, was used in the GST pull-down assay, the preferential
interaction of FH-p150 with GST-SUMO2/3-beads was pronounced
(Fig. 1C). Next, to determine the region responsible for binding to
SUMO2/3, we generated a series of deletion mutants of recombinant
p150. Eight amino acid residues of p150 (p15095_105) were found to
be essential and sufficient for binding to GST-SUMO02/3 (Fig. 1A and
D). In addition, two kinds of p150 point mutants, designated Hisg-
p150-199A and Hisg-p150-D100A, eliminated the interaction with
GST-SUMO3, confirming the importance of p1509g_1¢s5 for in vitro
interaction between p150 and SUMO2/3 (Fig. 1E).

We investigated the evolutionary conservation of the amino
acid sequence of p15095_105s. We performed a database search
and revealed that p1509g_105 Was highly conserved from yeast to
humans (Supplemental Fig. 1A). It should be noted that p1509s_
105 does not overlap with the previously identified protein binding
domains in p150, such as the binding domains for HP1 [11], PCNA
[14], p60 [15,16] and MBD1 [9] (Fig. 1A), and is not involved in the
basic histone chaperone activity of CAF-1 [11,14], suggesting that
p15093_105 has a (previously unknown) role among the CAF-1
p150 family. Furthermore, analysis of p150gs_105 polypeptide se-
quence revealed a sequence motif that closely matched the con-
served SUMO-interacting/binding motif (SIM) found in other
SUMO-binding proteins [17], indicating that p1509¢g_195 may repre-
sent a canonical SIM (Supplemental Fig. 1B), and p150 is a SIM-
containing SUMO2/3-interacting protein. To examine the affinity
of p150gs_105 (SIMp150) with SUMO2/3, we performed a “Bead
Halo” assay, which is a simple and rapid procedure that was devel-
oped to detect low-affinity interactions in real-time under equilib-
rium binding conditions (Supplemental Fig. 1C and D) [18], and
revealed that that the affinity of p150gg_195 With SUMO3 was al-
most similar to, although less pronounced, than that of SIM derived
from MCAF1 (GST-SIMpcar1), @ previously well-characterized SIM
(Kg=~1.3 uM) [19].

p150-SUMO02/3 interaction occurs in vivo

To assess whether p150 interacts preferentially with SUM02/3
in vivo, we observed subcellular localization of transiently ex-
pressed Flag-tagged p150 and endogenous SUMO2/3 in HeLa cells.
As shown in Fig. 2A, a substantial number, but not all, of the cells
showed multiple foci in which both Flag-p150 and endogenous
SUMO2/3 were enriched. We detected few cells containing foci
that were co-stained with both anti-SUMO1 and anti-Flag antibod-
ies. In addition, an immunoprecipitation analysis revealed that
multiple SUMO-modified proteins were co-precipitated with both
anti-SUMOT1 and -SUMO?2/3 antibodies. However, the signals de-
tected by anti-SUMO2/3 antibody appeared significantly greater
than those by anti-SUMO1 antibody (Fig. 2B). Collectively, these re-
sults indicate the preferential binding of p150 to SUMO2/3 over
SUMOT1 in vivo.

It should be noted that, when proteins immunoprecipitated
with anti-Flag antibodies were probed with anti-Flag antibody,
we failed to detect the SUMOylated FH-p150 bands that were ex-
pected to migrate above the 150 kDa band of the non-modified
full-length FH-p150 (Fig. 2B and Supplemental Fig. 2A). In addition,
we tested SUMOylation of p150 using the E. coli SUMOylation sys-
tem [20]; however, the results were negative (Supplemental
Fig. 2B). Thus, these results indicate that p150 was not an efficient
SUMOylation substrate. Rather, it is feasible that p150 has an
important role in regulating the interaction with other chromatin
proteins containing SUMO2/3 moiety.
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Fig. 1. CAF-1 p150 is a SUMO-interacting protein. (A) Schematic representation of human CAF-1 p150, and a summary of the GST pull-down assay. p150 deletion constructs
are represented as thin black lines. The table on the right summarizes the pull-down assay. + indicates sufficient binding, — indicates negligible binding. (B) 500 pl of the
lysate from E. coli expressing recombinant full-length Hisg-p150 was incubated with beads bound to 5 pg of GST-only, GST-SUMO1, GST-SUMO2 and GST-SUMO3. Proteins
associated with the beads were analyzed by immunoblot analysis using anti-Hise antibody. (C) 500 Ll of the lysate prepared from the 293S cells expressing Flag-HA-tagged
p150 (FH-p150), was incubated with beads bound to 5 pug of GST-only, GST-SUMO1, GST-SUMO2 and GST-SUMOS3. Proteins associated with the beads were analyzed by
immunoblot assay, using the anti-Flag antibody. (D) 500 p of the lysate from E. coli expressing recombinant full-length Hiss-SUMO3 was incubated with beads bound to 5 pug
of GST-only, GST-1509g_105 and GST-1509g_10,. Proteins associated with the beads were analyzed by immunoblot analysis using anti-Hisg antibody. (E) five hundred
microliters of the lysate from E. coli expressing recombinant full-length Hisg-p150-wild type, -I99A, and -D100A mutants were incubated with beads containing GST-only or
GST-SUMO3. Proteins associated with the beads were analyzed by immunoblot analysis using anti-Hisg antibody.

p150-SUMO2/3 interaction appears in DNA replication foci

Considering that p150 is a component of histone delivery/depo-
sition factor and is concentrated at the sites of DNA replication
during the S-phase [15,21], we expected that the p150-SUMO2/3
foci represented the regulated accumulation of SUMO2/3 at the
sites of DNA replication via the interaction with p150 in cells
undergoing S-phase progression. To investigate whether p150-
SUMO2/3 interaction occurred at the replication sites, we estab-
lished a cell line in which Flag-HA-tagged p150 (FH-p150) was sta-
bly expressed. As shown in Supplemental Fig. 3, the cell line,
designated as NFH-p150 293S, expressed FH-p150 approximately
6-times more than did endogenous p150, and grew normally in
comparison with the control 293S cell line. Because this cell line al-
lowed us to detect the precise distribution of p150 as well as p150-
SUMO2/3 interaction in vivo, we examined whether p150-SUMO2/
3 interaction appeared during the S-phase in this cell line using a
conventional method: pulse labeling with bromodeoxyuridine
(BrdU) and immune-staining with the antibody specific for PCNA,
a protein constituting the replication machinery at sites of ongoing
replication, were combined [21,22].

To identify cells undergoing S-phase, we labeled cells with BrdU
for 15 min followed by immunofluorescence analysis using anti-
body against BrdU. Among the BrdU-positive cells (approximately
40% of the total cell population), we found multiple foci that were
triple-stained with antibodies for BrdU, FH-p150, and SUMO2/3
antibodies, suggesting that p150-SUMO2/3 interaction appeared

in the cells undergoing S-phase (Fig. 3A). To determine whether
FH-p150 and SUMO2/3 were located at the replication machinery,
we used an antibody against PCNA and found that many of the
PCNA-positive cells in which p150 and SUMO2/3 were co-localized
with punctuate nuclear foci (Fig. 3A). These data indicate that both
FH-p150 and SUMO2/3 accumulated at active sites for DNA syn-
thesis, and suggest the existence of p150-SUMO interaction during
the S-phase in NFH-p150 293S cells.

Furthermore, we demonstrated that the cells expressing either
HA-p150-199A (Fig. 3B) or HA-p150101.93s (data not shown), two
of the SUMO-interaction-deficient mutants, significantly impaired
the accumulation of SUMO2/3 at the PCNA foci; this provides fur-
ther evidence that p150 is a necessary component for deposition of
SUMO2/3 to sites of DNA replication, and confirms the importance
of SIMp150 for interaction with SUMO2/3 at the replication foci.

Dynamics of p150-SUMO2/3 interaction during S-phase

The number, distribution and size of p150-SUMO2/3 foci varied
from cell to cell (Fig. 3A, and data not shown), implicating the spa-
tiotemporal regulation of p150-SUMO2/3 interaction with replica-
tion machinery during the S-phase. Therefore, we aimed to locate
sites of DNA replication more precisely by PCNA staining, and
investigate the interaction dynamics of p150 and SUMO2/3 with
replication machinery. We first synchronized NFH-p150 293S cells
at the beginning of the S-phase by thymidine block and then
released them for various times to prepare cell populations at
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different stages of the S-phase. Based on the well defined spatio-
temporal organization of sites of DNA replication, which were
identified by either the time period after release from the thymi-
dine block, PCNA staining or BrdU incorporation (or both) [21-
25], we grouped the immunostaining patterns of the synchronized
cell population during the S-phase progression into three catego-
ries (Fig. 3C): early S-phase patterns with a high density of small
foci spread throughout the nucleus detected after 1-4 h release;
mid S-phase patterns with a scattered medium foci throughout
the nucleus, and a faint concentration on the nuclear rim observed
after 4-6 h release; and late S-phase patterns with a few large dots
located mainly at the nuclear and nucleolar periphery, detected
after 8-10 h release.

In early S-phase, the number and fluorescence intensity of PCNA
dots rapidly increased as the cells were allowed to progress into S-
phase and begin replication around the euchromatic regions. Dur-
ing this time, anti-HA and -SUMO2/3 antibodies detected many
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Fig. 2. SUMO2/3-p150 interaction is detectable in vivo. (A) HeLa cells expressing Flag-p150 were fixed, and subjected to indirect immunofluorescence analysis using anti-Flag
antibody either with anti-SUMO2/3 (upper panel) or anti-SUMO1 (bottom panel) antibody. Insets on the right side of each picture show 2.5-fold magnification of selected
regions (white boxes). Merged images are shown on the right side. Bar =10 pm. (B) Exponentially growing NFH-p150 293S cells and 293S cells were subjected to
immunoprecipitation analysis with anti-Flag antibody as described in Materials and methods. Western-blot analyses using anti-Flag (left panel), anti-SUMO1 (middle panel),
or anti-SUMO2/3 (right panel) antibody, are shown. Arrowheads indicate SUMO-modified proteins that co-immunoprecipitated with FH-p150.

small dots spread throughout the nucleus and co-localized with
the PCNA dots, suggesting that p150-SUMO2/3 interaction oc-
curred at the PCNA-containing replication machinery (upper pa-
nel). The pattern of p150-SUMO?2/3 interaction detected by anti-
HA and -SUMO2/3 antibodies changed during the mid (middle pa-
nel) and late S-phase (bottom panel); that is, the nuclear interior at
these stages appeared to be filled with p150-SUMO?2/3 foci coinci-
dent with PCNA foci. The small number of large, homogeneously
stained PCNA foci detectable at the nuclear and nucleolar periph-
ery during mid or late S-phase (or both), may correspond to consti-
tutive heterochromatin [22-25]; the p150-SUMO2/3 foci co-
localized with PCNA foci during mid and late S-phase in this cell
line, would represent the constitutive heterochromatin regions.
These results indicate dynamic associations of p150 and SUMO2/
3 with PCNA-containing replication machinery, and imply that
p150-SUMO interaction may be regulated spatiotemporally during
the S-phase.
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Fig. 3. p150-SUMO2/3 interaction occurs at/around the sites of DNA synthesis during S-phase in NFH-p150 293S cells. (A) Exponentially growing NFH-p150 293S cells in
which FH-p150 was stably expressed were incubated in the presence of BrdU for 15 min followed by indirect immunofluorescence analysis using antibodies as indicated.
Bar = 10 pm. (B) HelLa cells expressing HA-p150wt and HA-p150-199A were expressed were subjected to indirect immunofluorescence analysis using antibodies as indicated.
Bar = 10 pm. (C) Exponentially growing NFH-p150 293S cells were arrested at the G1/S boundary by the double thymidine-bock procedure. After culturing in standard
medium for 1 h (upper panel), 6 h (middle panel) and 8 h (bottom panel), the cells were fixed and subjected to indirect immunofluorescence analysis using antibodies as

indicated. Bar = 10 pum.

p150 is required for delivery/deposition of SUMO2/3 at the replication
foci

To assess the role of p150 in SUMO2/3 delivery/deposition on
chromatin fibers undergoing DNA replication, we transfected
NFH-p150 293S cells with two independent pSilencer plasmids
containing siRNAs against p150 (#1 and #2) to down regulate its
expression. As shown in Fig. 4A, immunoblot analysis indicated
efficient reduction of FH-p150 by both pSilencer plasmids. After
48 h treatment with p150 pSilencer plasmids, we performed
immunostaining with anti-SUMO02/3 antibody; there were many
cells with a remarkable reduction in SUMO2/3 accumulation at
the foci detected by both anti-FH-p150 and -PCNA antibodies
(Fig. 4B and C). In contrast, when we transfected NFH-p150 293S
cells with two independent siRNAs against SUMO2/3 to down reg-
ulate their expression, many of the SUMO2/3-knockdown cells
showed accumulation of the p150 foci co-stained with anti-PCNA
antibody (Fig. 4D). Taken together, these results indicate that

SUMO2/3 was not a necessary component for p150 localization,
but the level of p150 in the cells has significant effects on the depo-
sition of SUMO2/3 to the sites of DNA replication, suggesting a
p150-dependent mechanism to deliver preferentially SUMO2/3 or
SUMO2/3-modified proteins (or both) to the chromatin fibers dur-
ing the S-phase.

The exact target chromatin protein(s) of p150 (i.e. SUMOyla-
tion-dependent and replication-coupled) remain unexplained.
However, several proteins are feasible. For instance, many studies
have demonstrated that p150 may act to initiate heterochromatin
assembly by interacting with heterochromatin associated proteins
such as HP1, MBD1, and SETDB1 [10,12,22,26,27]; these appear to
be efficient SUMOylation substrates or interacting partners for
SUMO [13,26,28,29]; thus, we assume that one or some of the com-
ponents involved in the assembly of HP1-MBD1-SETDB1-contain-
ing heterochromatin are candidates for the SUMOylation-
dependent delivery to replicating heterochromatin by p150. More
work is needed to identify SUMO02/3 modified chromatin protein(s)
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representative of the non-transfected cells is also shown (upper panel). Bar = 10 um.

which associates with p150 and explore the precise functional role
of p150-SUMO2/3 interaction at the replication sites.

Conclusion

We demonstrated that p150 interacts directly with SUMO2/3,
and found that the binding of p150 with SUMO2/3 is dependent
on SIM located near its N-terminus. When p150 was over-ex-
pressed in cultured human cells, we found that SUMO2/3 foci dra-
matically changed their number, distribution and size as the S-
phase progressed, and most of these foci, but not all, appeared at
the regions where the DNA and chromatin fibers actively replicate.
In addition, we revealed that reduced expression of p150 failed in
the delivery of SUMO2/3 to the DNA replication foci. Thus, in the
context of DNA/chromatin synthesis, our identification of CAF-1
p150 as a SIM-containing SUMO2/3-interacting protein shows that
it is a novel regulatory component in the SUMO modification path-
way, and should warrant continued studies on the functional sig-

nificance of p150-SUMO2/3 interaction in the deposition of
chromatin proteins.
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Supplementary data associated with this article can be found, in
the online version, at doi:10.1016/j.bbrc.2009.11.071.
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