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Proliferating cell nuclear antigen (PCNA) is a ubiquitous protein that interacts with multiple partners and regulates nuclear ac-
tivities, including chromatin assembly, histone modifications, replication, and DNA damage repair. The role of specific partners
in regulating PCNA activities is not fully understood. Here we identify the nucleosome binding protein HMGN1 as a new PCNA-
interacting protein that enhances the binding of PCNA to chromatin but not to purified DNA. Two tetrapeptides in the conser-
vative domain of HMGN1 contain amino acids necessary for the binding of HMGN1 to PCNA. Deletion of both tetrapeptides
abolishes the HMGN1-PCNA interaction. PCNA preferentially binds to the linker DNA adjacent to an HMGN-containing
nucleosome. In living cells, loss of HMGN1 decreases the rate of PCNA recruitment to damaged DNA sites. Our study identifies a
new factor that facilitates the interaction of PCNA with chromatin and provides insights into mechanisms whereby nucleosome
binding architectural proteins affect the cellular phenotype.

The interaction of regulatory factors with their cognate binding
sites in chromatin plays a key role in the orderly progression of

DNA-dependent processes such as transcription, repair, and rep-
lication. These interactions are facilitated by dynamic changes in
chromatin structure resulting from the action of various chroma-
tin modifiers, including that of the various chromatin-binding
architectural proteins such as the linker histone H1 (9, 46) and
members of the high-mobility-group (HMG) protein superfamily
(3, 8). Numerous studies established that HMG proteins affect
distinct chromatin functions and impact the cellular phenotype
(3, 19); however, these proteins do not bind to specific DNA se-
quences, and the molecular mechanisms responsible for their bi-
ological effects are not fully understood. Conceivably, the biolog-
ical effects of HMGs could in part be due to their ability to
associate with specific nuclear factors. Here we demonstrate that
HMGN1, a prominent member of the high-mobility-group N
(HMGN) protein family (6, 33), interacts specifically with prolif-
erating cell nuclear antigen (PCNA), an important nuclear regu-
latory factor, and that this interaction facilitates the binding of
PCNA to chromatin.

HMGN is a family of ubiquitous vertebrate proteins that bind
specifically to the 147-bp nucleosome core particle (CP), the
building block of chromatin (13, 21). The interaction of the
HMGN variants with chromatin is highly dynamic, the proteins
continuously roam throughout the nucleus, and the residence
time of any HMGN molecule on any CP is relatively short (10, 11).
Although HMGN variants bind to all CPs, their global organiza-
tion is not random: genome-wide studies indicate that the
HMGN1 variant preferentially localizes to chromatin regulatory
regions such as DNase I hypersensitive sites, promoters, and func-
tional enhancers (14). Analysis of mice and cells that either over-
express or lack HMGN proteins revealed that changes in HMGN
levels alter the cellular transcription profile (37, 48) and affect the
rate of repair of DNA damaged by either UV or ionizing radiation
(4, 5). All these effects are contingent on the ability of HMGN to
bind to CPs; yet by itself, this binding does not fully explain some
of the specific effects of HMGN variants on transcription (37) and
histone modification (25).

HMGN proteins could affect the cellular phenotype by part-
nering with other nuclear proteins and affecting their chromatin
binding. In this study, we used affinity chromatography and mass
spectrometry (MS) to search for proteins that interact with
HMGN1, a major member of the HMGN protein family which
has been shown to affect both transcription and DNA repair, but
only in the context of chromatin. We identify several partners and
concentrate on PCNA, a ubiquitous nuclear protein known to
play a major role in DNA replication (27). In addition, PCNA
affects DNA repair, chromatin assembly, and chromatin modifi-
cation (26, 40, 41), processes that do not always occur during the
S phase of the cell cycle. While the factors affecting the binding of
PCNA to replicating DNA have been studied in detail (27), less is
known about the factors affecting the interaction of PCNA with
interphase chromatin.

Here we show that the nucleosome binding protein HMGN1
affects the interaction of PCNA with chromatin. We demonstrate
that the interaction between PCNA and HMGN1 is specific, iden-
tify the protein regions involved in this interaction, and demon-
strate that HMGN1 enhances the interaction of PCNA with chro-
matin both in vitro and in vivo. These studies provide insights into
the molecular mechanisms whereby HMGN proteins affect the
cellular phenotype and into factors that affect the intranuclear
organization of PCNA. We propose that HMGN1 facilitates the
interaction of PCNA with chromatin and enhances its rate of re-
cruitment to damaged DNA sites.
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MATERIALS AND METHODS
Materials. Affinity-purified rabbit anti-HMGN1 and anti-H3 were de-
scribed previously (7). The following materials were used: anti-CREB (C-21)
from Santa Cruz, antiactin (clone AC-74) from Sigma, horseradish peroxi-
dase (HRP)-conjugated goat anti-rabbit antibody (Millipore), anti-PCNA
from Santa Cruz Biotechnology (PC10; catalog no. sc-56), human PCNA
(Cell Sciences; catalog no. CRP150), and TNT Quick coupled transcription/
translation systems for 35S-PCNA labeling (Promega). MIN6 (43) and simian
virus 40 (SV40)-transformed mouse embryonic fibroblasts (MEFs) (5), hu-
man HMGN1, and human HMGN1 S20,24E mutants were as described pre-
viously (42). Vectors for glutathione S-transferase (GST) fusion proteins were
cloned into pGEX-4T (GE Healthcare; catalog no. 28-9545-49) and expressed
in Escherichia coli BL21(DE3)-RIL or Rosetta-Gami (Stratagene). Mamma-
lian expression vectors for HMGN1-Cherry and yellow fluorescent protein
(YFP)-PCNA fluorescent fusion proteins were cloned in pEYFP vector
(Clontech; GenBank accession no. U57608). Retroviral vectors for expressing
hemagglutinin (HA) and FLAG-tagged HMGNs were described previously
(37).

PCNA deletion mutants have been constructed with the QuikChange
site-directed mutagenesis kit (Stratagene; catalog no. 200518) using cus-
tom-designed primers and the open reading frame of mouse PCNA
cloned into pTnT vector (Promega).

Cross-linking and immunoprecipitation of HMGN1 protein part-
ners. MIN6 cells expressing HA-tagged HMGN1 were collected from 10
15-cm culture dishes and cross-linked by 1% formaldehyde (FA) (Sigma)
in phosphate-buffered saline (PBS) for 15 min at room temperature (RT).
Following quenching with 2.5 M glycine (final concentration, 125 mM)
for 5 min, cells were pelleted, lysed in DNase I digestion buffer (15 mM
Tris-HCl [pH 7.5], 60 mM KCl, 15 mM NaCl, 1 mM CaCl2, 3 mM MgSO4,
0.5 mM dithiothreitol [DTT], 0.5% Triton X-100, and protease inhibi-
tors), and briefly sonicated. The nuclei were collected by centrifugation at
700 � g for 10 min at 4°C and treated with 500 U/ml DNase I for 20 min
at RT, and the digestion was stopped by adding 2 volumes of 2� radio-
immunoprecipitation (RIPA) buffer containing 20 mM EDTA and pro-
tease inhibitors. The samples were sonicated briefly, clarified, and loaded
on immobilized anti-HA agarose resin. After 3 washes with NETNM buf-
fer (20 mM Tris-HCl [pH 8.0], 150 mM NaCl, 1 mM EDTA, 1% NP-40,
10% glycerol, 5 mM MgCl2, and 0.5 mM DTT), the resin was boiled for 20
min at 100°C to reverse formaldehyde cross-links. Following centrifuga-
tion, the eluted proteins were then fractionated on a 4 to 20% SDS-PAGE
gradient gel and visualized with a SilverQuest silver staining kit (Life
Technologies). The following modifications were used for SV40-trans-
formed MEFs expressing HA-HMGN1. Cells were cross-linked with 2
mM dithiobis(succinimidyl propionate) (DSP) in PBS for 30 min at RT,
and the reaction was terminated by adding 1 M Tris-HCl (pH 7.5) to a
final concentration of 20 mM for 15 min at RT. After being washed with
PBS, the cells were lysed in buffer A (10 mM HEPES [pH 7.9], 10 mM KCl,
1.5 mM MgCl2, 0.34 M sucrose, 10% glycerol, 1 mM DTT, and protease
inhibitors) on ice for 10 min. Triton X-100 was added to a final concen-
tration of 0.1%, and the pellet was homogenized, briefly sonicated, resus-
pended in buffer C (20 mM Tris-HCl [pH 7.5], 420 mM NaCl, 25%
glycerol, 1.5 mM MgCl2, 0.2 mM EDTA, 0.5% NP-40, 0.5 mM DTT, and
protease inhibitors) and sonicated briefly. The suspension was clarified by
centrifugation and treated as described for MIN6 cells.

Protein identification by MS. Silver-stained bands excised from SDS-
PAGE gels were trypsin digested. MS analysis was performed as described
previously (38).

GST-HMGN1 pulldown assay. GST pulldown assays were performed
as previously described (15), with minor modifications. For the in vitro
binding assay, cells were lysed with buffer (50 mM Tris-HCl [pH 8.0], 100
mM NaCl, 0.5 mM EDTA, 0.5% Triton X-100, 1 mM DTT, and protease
inhibitors) and sonicated. Extracts were incubated with 20 �l of glutathi-
one-Sepharose beads (GE Healthcare) for 1 h. The beads were washed
twice with binding buffer 150 (20 mM HEPES [pH 7.9], 0.1% IGEPAL
CA630, 1 mM EDTA, 1 mM DTT, 150 mM NaCl, and protease inhibitor

cocktail) and once with binding buffer 500 (same components except 500
mM NaCl) sequentially and then washed once more with binding buffer
150. Full-length and various deletion mutants of PCNA were synthesized
with [35S]Met using an in vitro transcription/translation system according
to the manufacturer’s instructions (Promega). Then, 10 �l of reaction
product was mixed with GST or GST fusion proteins in 1 ml of binding
buffer 150. After being rocked at 4°C for 2 h, the resin was washed four
times with binding buffer 150. Then, the bound proteins were released by
reaction with SDS-sample buffer and boiling. The proteins were analyzed
by SDS-PAGE followed by autoradiography.

Fusion proteins were expressed in Escherichia coli strain BL21(DE3)-
RIL (Stratagene) and purified using glutathione-Sepharose beads (GE
Healthcare). For the in vitro binding assay, PCNA was labeled using a
plasmid and reticulocyte cell-free transcription/translation extract (Pro-
mega; TNT Quick coupled transcription/translation systems, catalog no.
L1170). The recombinant wild-type and deletion mutant HMGN1-GST
fusion proteins, along with control GST, were isolated, checked for purity,
and divided into equal amounts. Purified GST fusion proteins (10 �g)
were incubated with 20 �l of glutathione-Sepharose beads (Amersham
Biosciences) and in vitro 35S-labeled translated PCNA for 1 h at 4°C. The
bound fractions were resolved on an SDS-PAGE gel. Gels were dried and
exposed to storage phosphorimage screens, scanned with a Storm 840
(Amersham), and visualized by autoradiography.

Chromatin preparations. Isolation of nuclei, preparation of nucleo-
some core particles, fractionation of chromatin fragments on sucrose gra-
dients, and H5/H1 removal by ion-exchange chromatography were as
described previously (2, 34, 35).

PCNA-chromatin binding assay. Mobility shift assays were done as
described previously (34). Recombinant HMGN1 or PCNA or mixtures
of both (20 to 200 nM) were incubated with 50 nM core particles in 5 �l of
2� Tris-borate-EDTA (TBE) with 2% Ficoll for 15 min on ice. Samples
were then loaded directly onto a 5% polyacrylamide gel made in 2� TBE
and electrophoresed at 4°C. For gel filtration, 1 �g of HMGN1 was incu-
bated with either 0.2 �g of PCNA or 10 �l of 35S-PCNA for 5 min at RT in
10 �l of TEENT-20 [10 mM Tris-HCl (pH 8), 1 mM EDTA, 1 mM EGTA,
100 �M 4-(2-aminoethyl)benzenesulfonyl fluoride (AEBSF) 20 mM
NaCl, 0.05% Tween 20] and added to 10 �g of chromatin in 50 �l of
TEENT-20. After 5 min, the mixture was loaded onto a Superose 12 HR
10/150 column equilibrated with TEENT-20. Fractions containing chro-
matin-bound and free PCNA were pooled and analyzed either by Western
blotting with anti-PCNA antibodies or by a Storm phosphorimaging sys-
tem. The analyzed volume of the free fraction was 5-fold higher than that
of the bound fraction.

For replicating factor C (RFC)-assisted assays, the reaction mixture
(slightly modified from reference 32) contained 20 mM Tris-HCl (pH
7.6), 20 mM NaCl, 5 mM MgCl2, 1 mM glutathione, 0.05% Tween 20, 1
pmol of various DNA preparations or polynucleosomal fraction from
chicken, 10 �l of in vitro-labeled 35S-PCNA, and 1 pmol of yRFC�N in a
total volume of 50 �l. Also, 1 pmol of HMGN1, 1.5 mM ATP, or 2 units of
potato apyrase (Sigma-Aldrich) was optionally added as indicated in Fig.
4F. After incubation at 37°C for 5 min, the reaction mixture was either
spin dialyzed with an Amicon Ultra 100K or loaded onto a size exclusion
column and processed as described above.

Confocal microscopy, FRAP, and microirradiation. For fixed-cell
imaging, cells were plated onto poly-D-lysine-coated coverslips. Fluores-
cence recovery after photobleaching (FRAP) analysis and microirradia-
tion experiments were done with an LSM710 confocal microscope, with
live cells plated onto MatTek glass bottom plasticware dishes (catalog no.
P35GC-1.5-14-C). A constant temperature of 37°C and 5% CO2 were
maintained during the experiment using an XL-LSM710S1 incubator
(PeCon). FRAP experiments were done using 458-, 488-, and 514-nm
lines of an argon laser and the 543-nm line of an HeNe laser as described
previously (12). In a typical experiment, several spots, in 6 to 10 cells, were
used for FRAP. Each experiment was repeated at least three times. UV A
laser microirradiation assays were done with a 405-nm diode laser at
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100% output as described previously (28). Cells were sensitized for mi-
croirradiation by incubation in a medium containing bromodeoxyuri-
dine (BrdU) (10 mg/ml) for 24 to 48 h. The microirradiated spot was 0.58
�m in diameter. At each time point, the fluorescence signal of the irradi-
ated region was corrected for background and normalized to the total
fluorescence signal.

Determination of free and chromatin-bound PCNA after DNA
damage. MEFs grown to 90% confluence were exposed to 20 J/m2 UV
light and harvested at different times following irradiation as described
previously (20), with slight modifications. Briefly, the harvested cells were
resuspended in buffer A [100 mM NaCl, 300 mM sucrose, 3 mM MgCl2,
10 mM piperazine-N,N=-bis(2-ethanesulfonic acid) (PIPES) (pH 6.8), 1
mM EGTA, 0.2% Triton X-100, 100 �M Na3VO4, 50 mM NaF, and pro-
tease inhibitors (Roche Applied Science)], incubated for 5 min on ice with
gentle shaking, and centrifuged at 14,000 � g for 3 min at 4°C. The super-
natants contain the soluble, non-chromatin-bound PCNA. The pellet was
washed once in buffer A and resuspended in buffer B (50 mM Tris-HCl
[pH 7.5], 150 mM NaCl, 5 mM EDTA, 1% Triton X-100, 0.1% SDS, 100
�M Na3VO4, 50 mM NaF, and protease inhibitors) for immunoblotting.
The samples were sonicated and then incubated for another 10 min on ice
before centrifugation to isolate the chromatin-bound fraction.

RESULTS
Specific interactions between HMGN1 and PCNA. In the nu-
cleus, part of the HMGN1 forms metastable complexes with var-
ious nuclear proteins, most of which have not yet been identified
(24). Because these interactions are weak, we used formaldehyde-
treated cells to stabilize putative complexes and identify HMGN1
interacting proteins. MIN6 cells stably expressing either HA-
tagged HMGN1 protein or empty vector were cross-linked with
formaldehyde, the nuclei were isolated and treated with DNase I
to digest the chromosomal DNA to nucleosome size fragments
(Fig. 1A), and the cross-linked material was fractionated by HA-
affinity chromatography. Fractionation of the de-cross-linked
proteins on SDS-PAGE gradient gels reveals that in the cells ex-
pressing HMGN1-HA, but not in the mock-transfected cells, a
large number of proteins were retained on the anti-HA-conju-
gated resin (Fig. 1A).

Mass spectrometry analysis of the proteins fractionated on
polyacrylamide gels identified several putative HMGN1-interact-
ing proteins (Fig. 1A and supplemental material available upon
request), including PCNA, a ubiquitous protein involved in sev-
eral biologically important functions. Five peptides originating
from PCNA were conclusively and unambiguously identified by
MS/MS and SEQUEST program analysis (supplemental material
available upon request). The coverage of the observed peptide
mass map was 30% of the full possible coverage PCNA in the
database. Western analysis verified the presence of PCNA in the
cross-linked affinity-fractionated material (data not shown).

To further verify the specificity of the interaction between
HMGN1 and PCNA in living cells, and to test whether the interaction
is cell type or cross-linking agent specific, we stably transfected SV40-
transformed mouse embryonic fibroblasts (SV-MEFs) with vectors
expressing either HA-tagged HMGN1 or just HA, cross-linked the
cells with dithio(bissuccinimidyl propionate) (DSP), and purified the
complex by immunoaffinity chromatography on immobilized anti-
HA. Western analysis of input and bound fractions revealed that
PCNA was bound to the HA-HMGN1 (Fig. 1B). Thus, the experi-
ments in SV-40-MEFs fully support the notion that HMGN1 forms
specific complexes with PCNA.

Identification of the interaction sites in HMGN1 and PCNA.
To test whether HMGN1 and PCNA interact directly, and in an

attempt to identify the major HMGN1 protein domains involved
in this interaction, we used reticulocyte cell-free transcription/
translation to synthesize 35S-labeled PCNA and bacterial expres-
sion vectors to prepare GST fusion proteins of HMGN1 and sev-
eral HMGN1 deletion mutants (Fig. 1D). The deletion mutants
were prepared to selectively lack the major functional domain of
HMGN1 (33). The recombinant wild-type and deletion mutant
GST-HMGN1 fusion proteins, as well as the control GST, were
purified to homogeneity by affinity chromatography (Fig. 1F).

Equal amounts of the GST fusion proteins were incubated
with 35S-labeled PCNA, the complexes were purified on gluta-
thione-Sepharose, and the bound fractions were resolved on an
SDS-PAGE gel and visualized by autoradiography. The results
indicate that the full-length HMGN1 protein and the two C-
terminally truncated mutants associate specifically with the
PCNA, while the deletion mutants lacking either the 42 N-ter-
minal amino acids or just the region spanning amino acids 13
to 42 did not (Fig. 1F).

To further define the protein region through which HMGN1
interacts with PCNA, we created an additional set of GST-fused
expression vectors coding for deletion mutants lacking various
regions in the HMGN1 region spanning amino acids 13 to 42 (Fig.
2A and B). Binding assays of the purified GST-HMGN1 deletion
mutants (Fig. 2B) revealed that only two deletion mutants,
HMGN1�13–38 and HMGN1�18 – 42, failed to interact with 35S-
labeled PCNA (Fig. 2A and C). The data demonstrate that either
one of two tetrapeptides, 18RRSA21 and 34KPKK37, is necessary for
the interaction of HMGN1 with PCNA. Deletion of either one of
these, by itself, does not eliminate PCNA binding. Only deletion of
both regions causes total ablation of the HMGN1-PCNA interac-
tion.

PCNA is known to interact with numerous proteins through
several overlapping sites, which have been mapped (25, 38). To
further test the binding of HMGN1 to PCNA, we carried out pull-
down experiments with a set of PCNA deletion mutants that span
sites that were previously identified as protein binding sites on
PCNA (Fig. 2D). Pulldown experiments with 35S-labeled full-
length PCNA or with these mutants revealed that only full-length
PCNA bound efficiently GST-HMGN1�C54. In contrast, none of
the five PCNA deletion mutants tested was able to do so (Fig. 2D).
Thus, the interaction between HMGN1 and PCNA involves dis-
tinct sites in both PCNA and HMGN1. It is dependent on two
distinct tetrapeptides in HMGN1 and on PCNA regions known to
serve as binding sites for protein partners and to play a role in
PCNA trimerization.

HMGN1 enhances the binding of PCNA to chromatin. In the
eukaryotic nucleus, PCNA affects not only DNA replication
but also DNA repair, chromatin assembly, and additional ac-
tivities that occur in the context of chromatin. A fraction of the
nuclear PCNA is associated with chromatin, an association that
is affected by posttranslational modifications in PCNA (27, 29,
45). Given that HMGN1 interacts specifically with PCNA and
also binds specifically to the 147-bp core particle (CP), we
tested whether it affects the interaction of PCNA with the chro-
matin fiber.

To test whether PCNA can bind to CPs and if HMGN1 affects
this binding, we used gel mobility assays, a commonly used
method to detect the interaction of chromatin-binding proteins
with nucleosomes. As previously demonstrated, HMGN1 binds
cooperatively to CPs to form complexes containing 2 molecules of

Postnikov et al.

1846 mcb.asm.org Molecular and Cellular Biology

http://mcb.asm.org


HMGN1 per CP (Fig. 3A, lanes 1 to 4). In this assay, PCNA did not
bind to the CPs (Fig. 3A, lane 8). Reaction mixtures containing
HMGN1, PCNA, and CP did not contain “supershifts” (high-
molecular-weight [MW] complexes) that run slowly on polyacryl-
amide gels, an indication that HMGN1 does not facilitate the
binding of PCNA to CPs (Fig. 3A, lanes 5 to 7).

Although PCNA did not bind to the 147-bp CP, it is still pos-
sible that it could interact with chromatin or even with isolated
mononucleosomes that contain linker DNA. To test this possibil-
ity, we developed an in vitro binding assay in which we used size
exclusion chromatography to separate chromatin-bound PCNA
from free PCNA. A typical experiment consisted of mixing chro-

matin or nucleosomes with either nonradioactive or 35S-labeled
recombinant PCNA, with or without HMGN1, and fractionating
the mixtures on Superose 12 HR 150/5 into high- and low-molec-
ular-weight fractions. The high-molecular-weight fraction, which
elutes near the void volume, contains chromatin fragments, while
the unbound PCNA elutes near the total volume fraction (Fig.
3B). The ratio of chromatin-bound to free PCNA is determined
either by Western blotting or by autoradiography.

We found that the amount of PCNA bound to native chroma-
tin fragments was about 2-fold higher than that bound to chro-
matin fragments fully stripped of both H1 and nonhistone pro-
teins (Fig. 3C). Significantly, efficient binding of PCNA to the

FIG 1 HMGN1 interacts with PCNA. (A) DNase I digestion kinetics of cross-linked chromatin used for affinity chromatography. Shown is 1% agarose gel
electrophoresis of the digested chromatin. The arrow indicates the fraction taken for affinity chromatography. (B) Identification of nuclear proteins specifically
bound to HA-tagged HMGN1 in MIN6 cells that stably express either HA-tagged HMGN1 or only HA tag (for mock affinity isolation). Shown is a silver-stained
4 to 20% SDS-PAGE gradient gel of the proteins recovered from anti-HA-conjugated resin. Arrows point to specific HMGN1 partners identified by mass
spectrometry. WSTF, Williams syndrome transcription factor. (C) Immunoprecipitation of PCNA by HA-HMGN1 in mouse embryonic fibroblasts. Shown are
Western blotting experiments of HA immunoprecipitates from cells stably expressing either HA-tagged HMGN1 or HA-empty vector (e), with the antibodies
indicated on the right of each lane. CBB, Coomassie brilliant blue. (D) Schematic representation of HMGN1 deletion mutants designed to identify the PCNA
interaction domain. (E) SDS-PAGE analysis of the deletion mutants shown in panel D. (F) Identification of HMGN1 regions that interact with PCNA by GST
pulldown assays. GST-HMGN1 or GST-HMGN1 deletion mutants were incubated with in vitro-translated 35S-PCNA, purified on glutathione-Sepharose,
fractionated on SDS-PAGE gels, and visualized by autoradiography.
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stripped chromatin could be restored by adding purified HMGN1
but not by adding purified H1 (Fig. 3C). Thus, HMGN1 enhances
the binding of PCNA to chromatin.

To determine whether the size of the chromatin fragment af-
fects the ability of HMGN1 to enhance the binding of PCNA to
chromatin, we fractionated the salt-extracted micrococcal nu-
clease-digested chromatin on sucrose gradients (Fig. 3D) and
tested the effect of HMGN1 on the interaction of PCNA with three
nucleosome preparations differing only by length. We found that
HMGN1 enhances the binding of PCNA to polynucleosomes
(fraction P, 12 nucleosomes on average) more efficiently than to
oligonucleosomes (fraction O, 4 nucleosomes), and it did not af-
fect the binding of PCNA to mononucleosomes (Fig. 4D). Thus,

HMGN1 enhances the binding of PCNA to longer chromatin
fragments more efficiently than to shorter fragments.

HMGN1 binds specifically to CPs, while PCNA binds prefer-
entially to DNA. We therefore tested whether the ability of
HMGN1 to enhance the chromatin binding of PCNA is indeed
contingent on the ability of HMGN1 to bind to nucleosomes. We
found that wild-type HMGN1 enhances the binding of PCNA to
polynucleosomes, but the double mutant HMGN1 S17,21E,
which does not bind to CPs (36, 42), does not (Fig. 4A). Further-
more, neither the wild type nor the mutant affects the interaction
of PCNA with purified DNA (Fig. 4B). Thus, HMGN1 enhances
the interaction of PCNA with chromatin by binding to nucleo-
somes.

FIG 2 Identification of the PCNA-binding regions in HMGN1. (A) Schematic representation of HMGN1 deletion mutants for fine mapping of the region
responsible for interaction with PCNA. The dotted boxes depict the locations of the critical HMGN1 tetrapeptides necessary for PCNA binding. (B) SDS-PAGE
analysis of purified deletion mutants shown in panel A. (C) Autoradioagraphic identification of HMGN1 regions that interact with PCNA using cell-free 35S
labeling and a GST pulldown assay. (D) Identification of PCNA deletions which abrogate the interaction between PCNA and HMGN1. 35S-labeled PCNA or
PCNA deletion mutants were incubated with either purified �C54 HMGN1-GST or only GST proteins, and the complex was purified on glutathione-Sepharose,
fractionated on an SDS-PAGE gel, and visualized by autoradiography.
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HMGN1 may enhance the interaction of PCNA with chroma-
tin either by first binding to PCNA and targeting it to chromatin
or by first binding to chromatin and inducing structural changes
that enhance the subsequent binding of PCNA. To gain insight
into this question, we tested whether the binding of PCNA to
polynucleosomes depends on the order of addition of the three
components of reaction: polynucleosomes, HMGN1, and PCNA
(Fig. 4C). The results did not show a preference for order of
addition, most likely because the binding of both HMGN1 and
PCNA to chromatin and the formation of the PCNA-HMGN1
complex are reversible processes leading to a fast equilibration
of the system.

PCNA does not bind to purified CPs (Fig. 3A), but it does to

mono- and oligonucleosomes (Fig. 3D), suggesting that it inter-
acts mainly with the linker DNA between adjacent CPs. We there-
fore tested whether HMGN1 targets the PCNA to the linker region
adjacent to the CPs containing HMGN1. In this experiment, poly-
nucleosomes stripped of H1 and nonhistones were incubated with
35S-PCNA and limited amounts of HMGN1, sufficient to bind
only 50% of the nucleosomes (Fig. 4D). The mixture was formal-
dehyde fixed, nuclease digested, and immunoprecipitated using
antibodies to HMGN1, which have been shown to efficiently im-
munoprecipitate chromatin fragments containing HMGN1 (14).
After reversal of the cross-links, equal amounts of mononucleo-
somes (normalized by measuring DNA [Fig. 4D]) from immuno-
precipitated (HMGN1-containing) and nonbound (HMGN1-

FIG 3 HMGN1 facilitates PCNA binding to chromatin in vitro. (A) HMGN1 does not facilitate the binding of PCNA to the 147-bp CP. A mobility shift assay
demonstrates that HMGN1 (lanes 2 to 4) but not PCNA (lane 8) binds to CPs. The lack of supershifts in lanes 5 to 7 indicates that HMGN1 does not promote
the binding of PCNA to CPs. (B) Size exclusion chromatography assay for analysis of the effect of HMGN1 on the binding of PCNA to chromatin. PCNA is added
to chromatin in either the presence or absence of HMGN1. Chromatin-bound PCNA elutes in the void volume, while free PCNA elutes in the total volume. (C)
HMGN1 enhances the binding of PCNA to chromatin. Left side, DNA and protein gels of micrococcal nuclease-digested chromatin. Lane 1, not salt stripped; lane
2, stripped with 0.5 M NaCl. Right side, Western analysis of free (F) and chromatin-bound (CB) PCNA present in various chromatin preparations. The ratio of
CB to F PCNA, determined by scanning the film, is indicated. An average of three replicates is presented, with standard deviations. Note that addition of HMGN1,
but not of H1, to chromatin increased the amount of chromatin-bound PCNA. (D) HMGN1 preferentially enhances PCNA binding to longer chromatin
fragments. Left, sucrose gradient fractionation of salt-stripped micrococcal nuclease-digested chromatin; right, Western analysis of the relative amounts of
chromatin-bound and free PCNA. PCNA was added to either polynucleosomes (P, fragments ranging from 9 to 15 nucleosomes), oligonucleosomes (O, 2 to 6
nucleosomes), or mononucleosomes (M) in either the presence or absence of HMGN1 and fractionated on size exclusion columns (see panel B).
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free) fractions were fractionated on polyacrylamide gels, and the
relative amount of 35S-PCNA in each fraction was determined by
autoradiography. Quantification of the ratios of 35S-PCNA indi-
cates a 40% preference for PCNA binding in the immunoprecipi-
tated fraction, an indication that PCNA binds preferentially to the
linker region adjacent to the HMGN-containing CPs.

PCNA is uploaded to replicating DNA in ATP-dependent
manner by replicating factor C (RFC) (27). We therefore tested
whether the HMGN1-dependent binding of PCNA to chromatin
is affected by RFC. To this end, we incubated polynucleosomes
with PCNA in either the presence or absence of HMGN1 and then
added to these reaction mixtures either RFC alone, RFC and ATP,

FIG 4 (A) The interaction of HMGN1 with nucleosomes enhances the binding of PCNA to chromatin. 35S-PCNA was added to salt-stripped polynucleosomes
in the presence of either native HMGN1 or mutant HMGN1 which does not bind to chromatin, and the mixture was fractionated on size exclusion columns. The
relative amounts of chromatin-bound (CB) and free (F) PCNA were determined by ImageQuant analyses of autoradioagraphic images. Shown are images from
2 separate experiments. The CB/F values were obtained from triplicate experiments. (B) HMGN1 does not affect the binding of PCNA to purified DNA. (C)
HMGN1 improves the binding of PCNA to polynucleosome (poly) independently of order of addition. (D) PCNA binds preferentially adjacent to HMGN-
containing nucleosomes. Mixtures of polynucleosomes, HMGN1, and 35S-PCNA were formaldehyde cross-linked, digested to mononucleosomes, and immu-
noprecipitated with anti-HMGN1. The amount of 35S-PCNA in the precipitate (HMGN-containing nucleosomes) and supernatant was analyzed by polyacryl-
amide gels followed by autoradiography. Scans of the DNA gel and of the autoradiograph, and the ratio of DNA and PCNA in the precipitate (P) to that in the
supernatant (S), are on the right. (E) HMGN1-mediated enhancement of PCNA to polynucleosomes is not dependent on RFC. Shown are autoradioagraphs of
35S-PCNA in the CB and F fractions in the presence and absence of HMGN1. The RFC, ATP, and apyrase present in the various experiments are indicated on the
left. The ratio of CB/F for 35S-PCNA in the absence of HMGN1 was normalized to 1.0. (F) HMGN1 does not affect the RFC-mediated loading of PCNA onto
purified DNA.
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or RFC, ATP, and apyrase. After a 5-min incubation period, each
mixture was applied to a Superose 12 column and the ratio of
chromatin-bound to free PCNA was quantified as described
above. The results indicate that in the absence of HMGN1, RFC
and ATP did not enhance the binding of PCNA to oligonucleo-
somes (Fig. 4E). Likewise, RFC and ATP did not affect the
HMGN1-facilitated recruitment of PCNA to the oligonucleo-
somes (Fig. 4E). In contrast, RFC and ATP did facilitate the bind-
ing of PCNA to purified DNA (Fig. 4F). The effect was abolished
by apyrase, attesting to the ATP dependence of the PCNA loading
onto the DNA. Significantly, HMGN1 did not affect the binding of
PCNA to DNA either in the presence of RFC and ATP (Fig. 4F) or
in the absence of these components (Fig. 4B).

We conclude that HMGN1 enhances the interaction of PCNA
to chromatin but not to purified DNA and that this effect does not
involve the RFC-dependent uploading of the PCNA to chromatin.

HMGN1 enhances the rate of recruitment of PCNA to DNA
damage sites. The intranuclear organization and chromatin inter-
actions of PCNA change during the cell cycle and in response to
DNA damage. During G1/G2, PCNA is dispersed in multiple small
foci and binds weakly to chromatin, while during S phase the
PCNA is strongly bound at sites of replication (16, 39). To test
whether HMGN1 affects the intranuclear organization and chro-
matin binding of PCNA in living cells, we transfected mouse em-
bryonic fibroblasts (MEFs) derived from Hmgn1�/� and their lit-
termate Hmgn1�/� mice with vectors expressing YFP-PCNA and
used fluorescence recovery after photobleaching (FRAP) to assess
the mobility of PCNA. Since the FRAP analyses involve single-cell
studies, the cell cultures were not synchronized. Cells in which the
YFP-PCNA localized to multiple small foci were considered to be
in G1/G2, while cells with large and distinct clusters of YFP-PCNA
were considered to be in S phase (Fig. 5A, left).

FRAP analysis revealed that in both Hmgn1�/� and Hmgn1�/�

MEFs, PCNA moved throughout the nuclei of G1/G2-phase cells
much faster than in S-phase cells (Fig. 5A, right). In these FRAP
assays, HMGN1 did not affect the nuclear dynamics of PCNA.
Likely, HMGN1 did not affect the mobility of PCNA during G1/G2

because only a small fraction of the cellular PCNA is associated
with chromatin. Indeed, cellular-fractionation experiments indi-
cate that in these MEFs, less than 5% of the nuclear PCNA is
chromatin bound (Fig. 5E). HMGN1 affects only the binding of
proteins to chromatin, and therefore any putative effects would be
masked by the vast excess of non-chromatin-bound PCNA. Like-
wise, during S phase, most of the PCNA is bound to the replicating
DNA rather than to chromatin; therefore, HMGN1 is not ex-
pected to affect this interaction.

A key event in the nuclear response to DNA damage is the
accumulation of PCNA at the damaged sites in chromatin (16, 39,
44). In light of our finding that HMGN1 affects the interaction of
PCNA with chromatin, we UV irradiated Hmgn1�/� and
Hmgn1�/� MEFs, used Triton X-100 to fractionate the PCNA into
soluble (non-chromatin-bound) and chromatin-bound fractions
(20, 23), and measured the relative amount of free and chromatin-
bound PCNA by Western blotting (Fig. 5C and D). In these stud-
ies, we used cells at high confluence (�90%) to minimize cells in S
phase, since PCNA accumulates in replication factories and is re-
sistant to Triton X-100 extraction. We found that prior to irradi-
ation, only 3% of the PCNA in Hmgn1�/� MEFs and less than 1%
of the PCNA in Hmgn1�/� MEFs is associated with chromatin.

Thus, loss of HMGN1 does reduce the binding of PCNA to chro-
matin, a finding that is in agreement with the in vitro studies.

Following UV treatment, the fraction of PCNA associated with
chromatin increases until 80 min postirradiation, when it is ap-
proximately 10% of the cellular PCNA. Loss of HMGN1 decreased
significantly the amount of chromatin-bound PCNA only within
first 5 min after the UV irradiation, most likely because HMGN1
affects the initial step of recruitment of PCNA to the damaged
sites.

To test whether HMGN1 indeed affects the rate of PCNA ac-
cumulation at the damaged site, we performed microirradiation
assays (28) in live Hmgn1�/� MEFs coexpressing HMGN1-

FIG 5 (A) Organization of PCNA in mouse embryonic fibroblasts during
G1/G2 and S. Shown are confocal images of cells expressing YFP-PCNA. (B)
FRAP analysis of PCNA at G1/G2 and S in Hmgn1�/� and Hmgn1�/� MEFs.
(C) Western analysis of the effects of DNA damage on the levels of soluble
(non-chromatin-bound) PCNA in Hmgn1�/� and Hmgn1�/� MEFs. (D)
Western analysis of the effects of DNA damage on the levels of chromatin-
bound PCNA in Hmgn1�/� and Hmgn1�/� MEFs. (E) Increased binding of
PCNA to UV-damaged chromatin of Hmgn1�/� and Hmgn1�/� MEFs. West-
ern analyses were quantified using ImageQuant software. The graph shows the
means of three biologically independent experiments, plus or minus standard
deviations.
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Cherry and YFP-PCNA fusion proteins. These assays reveal that
PCNA, but not HMGN1, accumulates rapidly at the damaged site
(Fig. 6A). Likely, the metastable HMGN1-PCNA complexes dis-
sociate rapidly, and while PCNA remains associated with the DNA
at the damaged site, HMGN1 does not. Analysis of the PCNA
recruitment kinetics in Hmgn1�/� and Hmgn1�/� MEFs reveals
that loss of HMGN1 reduced the rate of PCNA accumulation to
the damage sites (compare blue line to green line in Fig. 6B).
Furthermore, expression of exogenous HMGN1 in either
Hmgn1�/� or Hmgn1�/� MEFs increased the amount of PCNA
accumulated at the site of DNA damage (Fig. 6B). Control studies
with empty plasmids verified that the effect is not due to the ex-
perimental manipulations involved in the transfection steps.
Thus, HMGN1 enhances the rate of PCNA recruitment to the
damaged sites in the chromatin of living cells.

DISCUSSION

The intranuclear organization and chromatin interaction of
PCNA are highly dynamic and change during the cell cycle and in
response to DNA damage. Photobleaching analyses revealed that
during the S phase of the cell cycle, PCNA is tightly associated with
replication foci, while during G1 and G2, the protein is evenly
distributed throughout the nucleus and its residence time at any
specific site is very short. Throughout all the phases of the cell
cycle, PCNA accumulates rapidly at sites of damaged DNA, where
it is tightly bound, as judged by its long residence time (16, 39).
While the factors affecting the loading of PCNA to replication foci
and to damaged DNA sites have been studied in some detail, little
is known about factors that affect the steady-state organization of
PCNA in nonreplicating nuclei.

In agreement with previous findings, our FRAP analyses also
indicate that in living cells at G1/G2, the residence time of PCNA is
very short. Nevertheless, the FRAP recovery curve is similar to
those of some transcription factors which are known to interact
with chromatin (31), and our chromatin immunoprecipitation
(ChIP) analyses reveal that PCNA is associated with chromatin.
Thus, like most nuclear proteins, PCNA binds transiently and
continuously to nucleosomes, albeit with a very short chromatin
residence time.

We found that HMGN1 interacts specifically with PCNA and
enhances its steady-state interaction with the chromatin fiber.
HMGN1 interacts with PCNA not only in living cells but also in
vitro, in the absence of any additional cellular components, an
indication that the proteins bind directly to each other. HMGN1
enhances the binding of PCNA to chromatin but not to naked
DNA, and HMGN1 mutants that do not bind to nucleosomes fail
to enhance the interaction of PCNA with chromatin. Further-
more, HMGN1 enhances the interaction of PCNA to an array
containing 12 nucleosomes more efficiently than to an array con-
taining only 4 nucleosomes and does not affect the binding of
PCNA to either mononucleosomes or to the 147-bp CP. HMGN1
is known to induce both local and global changes in chromatin.
Together with our finding that PCNA is preferentially bound ad-
jacent to a nucleosome containing HMGN1 (Fig. 4D), the results
suggest that HMGN1 facilitates the interaction of PCNA with the
linker DNA by altering the local structure of the chromatin fiber.
In addition, it is possible that HMGN1-mediated changes in
PCNA conformation would also influence this process.

The interaction of HMGN proteins with nucleosomes is
known to affect the structure and activity of chromatin and en-

FIG 6 HMGN1 enhances the rate of recruitment of PCNA to UV-damaged sites in chromatin. (A) Fluorescence microscopy of a MEF coexpressing HMGN1-
Cherry and YFP-PCNA before and 90 s after microirradiation. Arrows point to the irradiated site. (B) Recruitment kinetics of PCNA to DNA damage site in
Hmgn1�/� and Hmgn1�/� cells transfected either with control vectors (empty) or with vectors expressing HMGN1 (HMGN1 OE). The number of cells analyzed
is indicated. Error bars indicate standard deviations.
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hance the rate of DNA repair in the context of chromatin. Rescue
experiments with Hmgn1�/� cells revealed that HMGN1 muta-
tions that abolish either its nucleosome binding or chromatin
“unfolding” activity also reduce its ability to enhance the repair of
UV-damaged DNA (4, 5). Given the role of PCNA in DNA repair,
it is likely that factors that affect its recruitment to damaged sites
impact the efficiency of the repair process. Thus, our present find-
ings that HMGN1 enhances the rate of recruitment of PCNA to
damaged sites, a process that can be independent of RFC (30),
suggest an additional mechanism whereby HMGN1 affects DNA
repair. Conceivably, the delayed accumulation of PCNA at the
DNA damage site in Hmgn1�/� cells (Fig. 6) might ultimately
affect the rate of repair and genome stability.

By virtue of their highly disordered structure (33, 37), HMGN
proteins can form complexes with multiple proteins (24). Increas-
ing evidence links the interaction of HMGNs with other nuclear
proteins to their biological function. Thus, the interaction of
HMGN3 with PDX1 in beta cells affects insulin secretion (43), the
interactions of HMGN2 with PITX2 (1) or with the phosphory-
lated prolactin receptor-Stat5a complex (17) modulate specific
transcriptional events, HMGN1 modulates estrogen activity by
interacting with estrogen receptor � (47), and Cockayne syn-
drome protein A interacts with HMGN1 at DNA sites damaged by
UV (18). We now find that the interaction of HMGN1 with PCNA
modulates the binding of PCNA to chromatin and its recruitment
to damaged DNA sites. Taken together with previous analyses of
genetically altered mice and Hmgn1�/� cells (4, 5, 18) and with the
known role of PCNA in DNA repair processes (27), our studies
strengthen the conclusion that HMGN1 affects the rate of DNA
repair.

We note that HMGN1 is not a bona fide DNA repair factor and
does not affect the RFC-dependent loading of PCNA onto dam-
aged DNA. HMGN1 is a nucleosome binding protein that affects
the structure of chromatin and the levels of histone modifications
(6, 25, 33). Changes in chromatin are one of the earliest cellular
responses to DNA damage. These changes affect the interaction of
nuclear proteins such as histone H1 (10) or ATM (22) with chro-
matin. By interacting with PCNA and by modulating chromatin
structure, HMGN1 may affect the intranuclear organization of
PCNA, most likely its dynamic steady-state interaction with the
chromatin fiber, which could be altered during the initial phases
of the DNA damage response. Thus, our findings provide insights
into the mechanisms whereby architectural proteins affect the in-
teraction of regulatory factors with chromatin and impact the cel-
lular phenotype.
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