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Throughout the cell cycle, the histones remain associated with DNA, but the repertoire of proteins associated with the
chromatin fiber continuously changes. The chromatin interaction of HMGNs, a family of nucleosome binding proteins
that modulates the structure and activity of chromatin, during the cell cycle is controversial. Inmunofluorescence studies
demonstrated that HMGNSs are not associated with chromatin, whereas live cell imaging indicated that they are present
in mitotic chromosomes.

To resolve this controversy, we examined the organization of wild-type and mutated HMGN1 and HMGN2 proteins in
the cell nucleus by using immunofluorescence studies, live cell imaging, gel mobility shift assays, and bimolecular
fluorescence complementation (BiFC). We find that during interphase, HMGNSs bind specifically to nucleosomes and form
homodimeric complexes that yield distinct BiFC signals. In metaphase, the nucleosomal binding domain of the protein
is inactivated, and the proteins associate with chromatin with low affinity as monomers, and they do not form specific

complexes. Our studies demonstrate that the mode of binding of HMGNSs to chromatin is cell cycle dependent.

INTRODUCTION

Proper progression through the cell cycle is crucial for cell
survival and for the correct transmission of genetic informa-
tion to newly formed progeny cells. Passage through the
various stages of the cell cycle involves major rearrangement
in the structure and activity of the chromatin fiber. As the
cell enters the mitotic phase, the chromatin becomes highly
condensed and most of the transcriptional activity is inhib-
ited (Gottesfeld and Forbes, 1997; Li et al., 1998; Belmont,
2006). These processes are associated with changes in the
posttranslational modifications in the amino terminal tails of the
core histones (Cheung et al., 2000; Kouskouti and Talianidis, 2005;
Bonenfant ef al., 2007), altered nucleosomal organization in the
promoter of certain genes (Komura and Ono, 2005), and alter-
ations in the intracellular organization of chromatin binding
proteins and transcription factors (Martinez-Balbas et al., 1995;
Hock et al., 1998; He and Davie, 2006). Whereas proteins nec-
essary for chromatin condensation and mitotic chromosome
formation localize to the mitotic chromosome, some but not all
transcription factors and chromatin regulatory proteins are
displaced from mitotic chromatin and are dispersed through-
out the mitotic cell (Isackson et al., 1980; Hock et al., 1998; Zaidi
et al., 2003; Belmont, 2006). Although the relocation of chroma-
tin binding protein is an integral part of the mitotic condensa-
tion, this process has not been studied in detail. It seems that
the displacement of chromatin binding protein from mitotic

This article was published online ahead of print in MBC in Press
(http:/ /www.molbiolcell.org/cgi/doi/10.1091/mbc.E07-10-1018)
on February 20, 2008.

Address correspondence to: Michael Bustin (bustin@helix.nih.gov).

1816

chromatin is not due to changes in the chromatin structure
because the condensed mitotic chromatin remains fully acces-
sible to both transcription factors and structural proteins (Chen
et al., 2005). More likely alterations in the proteins themselves
play a major role in their displacement from mitotic chromatin.

The location of the high mobility group (HMG) proteins
during mitosis has been the subject of several studies
(Isackson et al., 1980; Falciola et al., 1997, Hock et al., 1998;
Prymakowska-Bosak et al., 2001; Pallier et al., 2003; Harrer et
al., 2004; Disney et al., 1989; Saitoh and Laemmli, 1994);
however, to date their intranuclear organization during the
various stages of the cell cycle remains controversial (Pallier
et al., 2003; Dyson et al., 2005). HMG proteins are a super-
family of abundant and ubiquitous nuclear proteins that
bind to chromatin without any known DNA sequence spec-
ificity, and they induce structural and functional changes in
their binding sites (Bustin, 1999; Reeves, 2001; Sgarra et al.,
2004; Bianchi and Agresti, 2005). Although their exact cellu-
lar function is still not fully understood, several types of
experiments indicate that altered expression of these pro-
teins leads to developmental abnormalities and that it is
associated with the etiology of several diseases (Hock et al.,
2007). The interaction of all HMGs with chromatin is highly
dynamic: the proteins move constantly throughout the nu-
cleus and sample the nucleosomes for potential binding sites
in a “stop and go” manner (Scaffidi et al., 2002; Catez et al.,
2004; Harrer et al., 2004; Phair ef al., 2004). Thus, at the level
of the single nucleosome, there is a continuous turnover of
HMGs. However, because the “stop” step is longer than the
“go” step, at the global level most of the HMGs are associ-
ated with chromatin most of the time.

The HMG superfamily is composed of three families,
named HMGA, HMGB, and HMGN (Bustin, 1999; Bianchi
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and Agresti, 2005). HMGA proteins remain associated with
chromatin throughout the cell cycle, and they are located in
the scaffold of the metaphase chromosome (Disney et al.,
1989; Saitoh and Laemmli, 1994; Harrer et al., 2004). Early
immunofluorescence studies indicated that both HMGB and
HMGN are displaced from mitotic chromatin (Isackson et al.,
1980; Falciola et al., 1997; Hock et al., 1998; Prymakowska-
Bosak et al., 2001); however, more recent studies with fluo-
rescently labeled proteins suggested that in living cells both
HMGBs and HMGNs remain associated with the mitotic
chromosome (Pallier et al., 2003). For HMGN:s this finding is
especially puzzling because biochemical experiments dem-
onstrated that during mitosis a large fraction of cellular
HMGN is phosphorylated, a modification that abolishes the
specific binding of these proteins to nucleosomes and chro-
matin (Prymakowska-Bosak et al., 2001).

Because HMGN have been shown to affect chromatin struc-
ture and function, it is important to determine unequivocally
their fate during mitotic condensation. Here, we examined the
organization of HMGN proteins in the cell nucleus by using
immunofluorescence studies, live cell imaging, gel mobility
shift assays (EMSAs), and bimolecular fluorescence comple-
mentation and also by comparing the chromatin binding prop-
erties of wild-type and HMGN mutant proteins. We find that
indeed, HMGNs can associate with mitotic chromatin; how-
ever, this type of interaction is markedly different from their
specific binding to nucleosomes in interphase chromatin. The
binding of HMGN to mitotic chromatin is not dependent on a
functional HMGN nucleosomal binding domain, and it is
weaker than the binding to interphase nucleosomes in which
HMGN:Ss form specific complexes with nucleosomes. We con-
clude that the interaction of HMGNSs with chromatin is cell
cycle dependent.

MATERIALS AND METHODS

Cell Culture and Synchronization

HeLa ccl2 cells (American Type Culture Collection, Manassas, VA) were
grown in DMEM (Invitrogen, Carlsbad, CA), supplemented with 10% fetal
bovine serum (FBS) (Invitrogen), 2 mM L-glutamine, and 1% penicillin-strep-
tomycin at 37°C in a 5% CO, incubator. Logarithmically growing cells were
enriched for mitotic phase by an 18.5-h treatment with 0.4 ug/ml nocodazole
(Knehr et al., 1995).

Transient and Stable Expression of HMGN-Fusion
Proteins

For examination of HMGN localization of transiently expressed HMGNI1-
yellow fluorescent protein (YFP) and HMGN-YFP, HeLa ccl2 cells were
transfected with plasmids expressing either fluorescent wild-type or mutant
HMGN:-green fluorescent protein (GFP) fusion proteins by using FuGENE 6
transfection reagent (Roche Applied Science, Indianapolis, IN). The localiza-
tion of HMGNT1 was also analyzed in stably transformed rat choriocarcinoma
(Rcho-1) and mouse embryonic stem (ES) cells stably expressing HMGN1-
GFP. Rcho-1 cells (gift from Dr. M. J. Soares, University of Kansas Medical
Center, Kansas City, KS) were transfected with hHMGN1-GFP plasmid by
using Lipofectamine 2000, selected for 2 wk on 250 ug/ml Geneticin (G418;
Invitrogen), fluorescence-activated cell sorted into 96-well plate (30 cells/
well), and propagated as clones in the presence of antibiotic. After 2 wk of
growth, clones were up scaled in medium containing 0.1 pg/ml G418. ES cells
(gift from Dr. A. Nagy, Samuel Lunenfeld Research Institute, Mount Sinai
Hospital, Toronto, Canada) were transfected with hHMGN1-GFP plasmid by
using Dotap kit (Roche Applied Science), selected for 2 wk on 400 ug/ml
G418 (Invitrogen), and HMGN-GFP expressing clones were identified by
direct observation under epifluorescence microscope. Selected single ES
clones were propagated on gamma-irradiated feeder layers, in mouse embry-
onic fibroblasts in DMEM with 15% fetal calf serum (ES tested), 1 mM sodium
pyruvate, 0.1 mM nonessential amino acids, 0.1 mM B-mercaptoethanol, and
1000 U/ml leukemia inhibitory factor.

For live cell imaging, cells were seeded on Mat-Tek dishes (MatTek Cor-
poration, Ashland, MA) and labeled with Hoechst 33342 for 15 min just before
imaging. Images were collected using a confocal microscope (Carl Zeiss, Thorn-
wood, NY) at 63X objective with zoom 2.
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Preparation of Nucleosomes and Proteins

Nucleosome core particles were prepared from chicken red blood cells as
described previously (Ausio et al., 1989). Wild-type and mutant HMGN
proteins were expressed in and purified from Escherichia coli cells as described
previously (Lim et al., 2004).

Electrophoretic Mobility Shift Assay

Core particles and core particle DNA were incubated with increasing con-
centrations of HMGN1 or HMGN1-S2024EE proteins in 2X Tris borate-EDTA
(TBE; 180 mM Tris, 180 mM boric acid, and 2 mM EDTA, pH 8.3) containing
1% (wt/vol) Ficoll 400 on ice for 15 min. The mixtures were electrophoresed
on 5% native polyacrylamide gel electrophoresis in 2X TBE at 4°C. After
electrophoresis, gels were stained with ethidium bromide and then processed
for photography.

Confocal Microscopy

Cells were grown on coverslips in DMEM supplemented with 10% FBS at
37°C in a 5% CO, incubator. Cells were washed with phosphate-buffered
saline (PBS), fixed with 4% formaldehyde in PBS for 10 min at room temper-
ature, washed with PBS, and then permeabilized with 1% Triton X-100 for 5
min at room temperature. The cells were then incubated in blocking buffer
(PBS containing 3% bovine serum albumin, 0.05% Tween 20, and 0.1% Triton
X-100) for 20 min, followed by incubation with the primary antibody in
blocking buffer for 2 h at room temperature. The cells were washed with PBS
and incubated with secondary antibody conjugated to fluorescein isothiocya-
nate (Invitrogen) for 1 h at room temperature. After the final wash steps, cover
slips were mounted onto glass slides using Vectashield mounting solution
containing 4,6-diamidino-2-phenylindole (DAPI; Vector Laboratories, Burlin-
game, CA). Confocal laser scanning microscopy was performed using a Zeiss
LSM 510 laser scanning confocal microscope using the 354-nm line of a UV
laser and the 488- and 543-nm lines of argon and helium-neon lasers.

For analysis of living cells, DNA was stained with the cell-permeant
Hoechst 33342 and the images were processed using Zeiss software (Carl
Zeiss).

Salt Extraction of HMGN Proteins and Western Blotting

Logarithmically growing and metaphase HelLa cells were collected and
washed with PBS. The cells were incubated in HEPES buffer containing 0.1%
Triton X-100 and various concentrations of NaCl ranging between 0.1 and 0.4
M for 10 min at room temperature. Cells were centrifuged at 10,000 rpm for
10 min, and the supernatant and the pellet were separated and resuspended
in 2X Laemmli sample buffer (Bio-Rad, Hercules, CA). Proteins were sepa-
rated using polyacrylamide gels (Bio-Rad), and they were transferred onto a
polyvinylidene difluoride membrane (Immobilon P; Millipore, Billerica, MA)
by semidry transfer. After transfer, the membranes were blocked with 1X
casein/Tris-buffered saline (TBS) blocker (Bio-Rad) for 1 h at room tempera-
ture and incubated overnight at 4°C with anti-HMGN?2 antibodies. The mem-
brane was washed with TBS containing 0.1% Tween 20, and then they were
incubated with goat anti-rabbit IgG secondary antibody coupled to peroxi-
dase (Pierce Chemical, Rockford, IL). The HMGN antibodies were detected by
enhanced chemical luminescence (GE Healthcare, Little Chalfont, Bucking-
hamshire, United Kingdom).

Bimolecular Fluorescence Complementation Assay (BiFC)

HMGNT1 and HMGN2 ¢DNAs were subcloned into pBiFC-YC155 and pBiFC-
YN155 expression vectors (kindly provided by Tom Kerppola, University of
Michigan School of Medicine, Ann Arbor, MI), which produce either hemagglu-
tinin (HA)-tagged-YC or Flag-tagged-YN fusion proteins. HepG2 were tran-
siently transfected with FUGENE HD according to the provider’s instructions
(Roche Applied Science). For cotransfections, each construct was used at 1 ug.
Fluorescence complementation in living cells was inspected ~18-24 h after
transfection by using a Leica TCS-SP2/AOBS and the 514-nm laser line of an
argon laser. Interference contrast was used to control viability and integrity of
cells. Parallel immunolocalizations were used to control transfection, coexpres-
sion, and localization of HMGN fusion proteins on chromosomes. For immuno-
localization, cells grown on coverslips were washed in PBS, fixed in 2% formal-
dehyde/PBS for 15 min, washed again, and permeabilized for 5 min with ice cold
0.5% Triton/PBS. Expression of YC-fusion proteins was controlled using mono-
clonal rat-antibodies directed against HA-tag (1:50; gift from Aloys Schepers,
GSF-National Research Center for Environment and Health, Munich, Germany);
expression of YN-fusion proteins was controlled using mouse antibodies directed
against Flag-tags (1:500; Sigma-Aldrich, St. Louis, MO). Secondary antibodies
were anti-rat cyanine (Cy)5 (1:100; Dianova, Hamburg, Germany) and anti-
mouse Texas Red (Tx-Red, 1:100; Dianova). Antibodies were diluted in PBS, pH
7.4, and incubated subsequently for 45 min in a humidified chamber at room
temperature. To stain DNA, 10 ul of 5 ug/ml Hoechst/PBS was added and
incubated for a further 10 min. After two final wash steps, coverslips were
mounted in Mowiol. Inmunofluorescences were analyzed using a HCX P1 APO
Ibd.Bl. 63X 14 oil immersion objective by sequential scanning by using the
405-nm diode for Hoechst staining, the 514-nm laser line of an argon laser for
YFP, the 561-nm DPSS-Laser for Tx-Red, and a HeNe-Laser at 633 nm for Cy5.
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RESULTS

HMGNSs Localize to Mitotic Chromosomes in Live but
Not Fixed Cells

Because of the conflicting results regarding the association
of HMGNs with mitotic chromatin, we first reinvestigated
the intracellular distribution of the HMGN1 and HMGN2
proteins in HeLa cells during different stages of the cell cycle
by using both immunofluorescence and live cell imaging
with GFP-tagged HMGN proteins. Confocal immunofluo-
rescence microscopy by using affinity-purified antibodies
specific for HMGN1 and HMGN?2 revealed that in inter-
phase nuclei, both HMGN1 and HMGN?2 proteins were
dispersed throughout the entire nucleus, but they are ex-
cluded from nucleoli (Figure 1, A and B, left). During the
immunofluorescence studies, we noted that exclusion of
HMGN protein from nuclei serves as a measure that the
fixation procedure did not alter the intranuclear organiza-
tion of the proteins. Indeed, mutants that do not bind to
chromatin accumulate in nucleoli (Prymakowska-Bosak et
al., 2002; also see Figure 4). Therefore, we avoided cell fixa-
tion conditions that lead to nucleolar localization of wild-
type HMGNSs.

As the cells enter mitosis, both proteins seem to dissociate
from chromatin, and in prophase, metaphase, and anaphase
cells (Figure 1, A and B, middle three panels) the HMGN
signal associated with mitotic chromatin is much weaker.
Most of the protein is dispersed throughout the entire cell,
and it does not colocalize with the DNA. As the nuclear
envelope reforms upon entering telophase, both HMGN1
and HMGN?2 proteins seem to reassociate with the chroma-
tin, and they colocalized with DNA (Figure 1, A and B,
right). These results are fully consistent with most previous
reports that in fixed cells HMGN proteins are highly de-
pleted from mitotic chromatin (Hock et al., 1998; Pryma-
kowska-Bosak et al., 2001).

In contrast, confocal analyses of live HeLa cells transiently
expressing HMGN1-YFP and HMGN2-YFP proteins reveal
that a large portion of these fusion proteins, which are
highly expressed (Supplemental Figure 1), remain associ-
ated with mitotic chromatin (Figure 1, C and D), a finding
that also is in agreement with previous results (Pallier ef al.,
2003). Likewise, in both live mouse embryonic stem cells
and rat Cho-1 cells that stably express HMGN1-GFP, the
green fusion protein is clearly associated with mitotic chro-
mosomes (Figure 1E). Thus, indeed, the various experimen-
tal approaches yield conflicting results, raising the question
whether HMGNSs and similar chromatin binding proteins
are associated with mitotic chromatin.

It has been suggested that the discrepancy between the
results obtained by immunofluorescence and those obtained
by imaging live cells are due to the fixation procedure, and
that paraformaldehyde fixation “releases” HMGN from mi-
totic chromosomes (Pallier et al., 2003). This explanation is
puzzling because the chemical composition of the mitotic
chromatin fiber is similar to that of the interphase chromatin
fibers. Antibodies to histones stain intensely the core his-
tones in both fixed interphase chromatin and in fixed con-
densed mitotic chromosomes, an indication of similar acces-
sibility of antigenic determinants. Indeed, the condensed
mitotic chromatin is fully accessible to structural proteins
(Chen et al., 2005). We therefore reasoned that if the organi-
zation of HMGN in mitotic chromatin is similar to that of
interphase chromatin, paraformaldehyde fixation should
also disrupt the binding of HMGN to interphase chromatin
and examined in detail whether in fixed interphase chroma-
tin HMGN remains associated with DNA. Profiling of the
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Figure 1. Visualization of HMGN:S in fixed and living cells. (A and
B) Immunolocalization of HMGN1 and HMGN2 during the cell
cycle. Immunostaining of HMGNSs is presented in green (top), cor-
responding DAPI staining is shown in blue (middle), and the
merged figures are shown in bottom panels. The cell cycle stages are
indicated above the figures. Note in interphase, HMGN1 and
HMGN?2 proteins are distributed all over the nucleus, excluding the
nucleoli. In prophase, metaphase, and anaphase cells, HMGN pro-
teins are undetectable on chromatin. In telophase, HMGN proteins
reassociate with chromatin. (C and D) Fluorescent images of HMGN
fusion proteins in transiently transfected live cell. In living cells,
transiently expressed HMGN1-YFP or HMGN2-YFP fusion proteins
associate with chromatin in both interphase and mitotic cells. (E)
Fluorescent images of HMGN1-GFP fusion proteins in stably

Molecular Biology of the Cell



— DNA
— HMGN1
2500
B N ) !
% 5 0 15 20 2
250 Distance (um)
gzoo T ;
2o W ‘wﬂ w%iwﬂﬂm ll\
58 J

0 2 46 8 1012 1416 18
Distance (um)

A

2 4 6 8 10121416 18

Distance (um)
e
HMGN2-YFP ] ¥ W
-DNA % 5 10 15 20 2
Distance (um)

HMGN1-YFP
-DNA

Figure 2. Paraformaldehyde fixation does not remove HMGN
from interphase chromatin. In fixed cells (A and B), HMGNs and
DNA were detected by immunofluorescence as in Figure 1. In
Living cells (C and D), HMGN-YFPs were directly visualized
through YFP fluorescence, and DNA was stained with Hoechst
33342. The graphs show relative intensity of each signal along the
white arrows and localization profiles of DNA and HMGN: in fixed
and live cells. Note that in all cells the DNA and HMGN' s colocalize.

fixed cells clearly demonstrates that in fixed interphase cells,
HMGN remain associated with the nucleosomal DNA and
the intranuclear distribution of the wild-type HMGNT1 in
interphase fixed cells (Figure 2, A and B) is indistinguishable
from that HMGN-GFP in live cells (Figure 2, C and D). These
findings are fully compatible with previous observations
that wild-type HMGN compete with HMGN-GFP for nu-
cleosome binding sites (Catez ef al., 2003). Our finding that
HMGN is associated with paraformaldehyde-treated inter-
phase chromatin, but not with similarly treated mitotic chro-
matin, suggests that the fixation “prevents” their binding to,
rather than “releasing” them from, mitotic chromosomes, a
significant conceptual difference that is relevant to the un-
derstanding of the organization of HMGNs in the mitotic
chromatin.

Mitotic Phosphorylation of the HMGN Nucleosomal
Binding Domain

HMGNSs bind specifically to nucleosome cores through a
highly conserved region known as the nucleosome binding
domain (NBD) (Bustin, 1999). During mitosis, two serines
located in the NBD are phosphorylated, a modification that
abolishes the interaction of HMGNSs with chromatin. NBD
phosphorylation has been proposed as the main mechanism

Figure 1 (cont). transfected, live, mouse embryonic (top row) and
Rcho-1 (bottom row) cells. In living cells stably expressed HMGN1-
GFP, the fusion proteins associate with chromatin in both inter-
phase and mitotic cells. Arrow points to mitotic cells. HeLa cells
(A-D), ES cells (E, top), and Rcho-1 cells (E, bottom). All pictures
shown are optical sections made with a confocal microscope.
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Figure 3. Cell cycle-dependent phosphorylation of HMGN-YFP
fusion proteins. HeLa cells were transfected with HMGN1-YFP,
HMGN2-YFP, or the mutated fusion proteins HMGN1S2024E-YFP
or HMGN252428E-YFP. Total cell extracts were prepared from log
phase (L) or mitotic cells (M), and they were subjected to immuno-
blot analysis using antibodies recognizing HMGNSs phosphorylated
at the two serines located in their NBDs (Prymakowska-Bosak et al.,
2001). Wild-type HMGN-YFP fusion proteins show mitotic specific
serine phosphorylation in the NBD (top). Western analyses with
actin demonstrate equal loading, and Western analyses for YFP
(middle) demonstrates that all extracts contained comparable
amounts of fusion proteins.

preventing the binding of HMGN proteins to mitotic chro-
matin (Prymakowska-Bosak et al., 2001). Conceivably, the
HMGN-YFP fusion proteins remain associated with mitotic
chromatin, whereas the wild-type HMGN does not, because
the YFP fused to the HMGN interferes with the mitotic
phosphorylation of the NBD. To test this possibility, we
examined the phosphorylation of transfected HMGN1-YFP
and HMGN2-YFP in logarithmically growing and mitotic
HeLa cells. As controls, HeLa cells were transfected with
vectors expressing HMGN-NBD-mutant proteins in which
the two serines are replaced by glutamic acid; therefore, they
cannot be phosphorylated. Western analyses of whole cell
extracts with an affinity purified antibody that specifically
recognizes the phosphorylated NBD of HMGNs (Pryma-
kowska-Bosak ef al., 2001) demonstrate that during mitosis
both HMGNI1-YFP and HMGN2-YFP fusion proteins are
efficiently phosphorylated in their NBD, just like the endog-
enous proteins (Figure 3). Thus, although efficiently phos-
phorylated, HMGN-YFP fusion proteins do associate with
mitotic chromatin, suggesting that the binding of HMGs to
mitotic chromatin differs from the binding to interphase
chromatin.

NBD-independent Binding of HMGN-YFP to Mitotic
Chromatin

Previous studies established that phosphorylation of two
highly conserved serines in the HMGN NBD, which in
HMGNT are located in position 20 and 24 and in HMGN?2 at
position 24 and 28, abolishes the specific binding of HMGN
to chromatin, both in vivo and in vitro. The primary binding
target of HMGNSs in chromatin is the nucleosome core par-
ticle. At physiological ionic strength, each nucleosome core
particle binds two molecules of HMGN and forms a com-
plex that can be detected by mobility shift assays (Postnikov
and Bustin, 1999). Because we now find that although
HMGN-GEFP fusion proteins are efficiently phosphorylated
during mitosis they still bind to mitotic chromosomes, we
first retested whether indeed, the HMGN1 S20,24E mutant
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Figure 4. Chromatin interactions of HMGN proteins bearing muta-
tions in their NBD. (A) EMSA of wild-type and HMGN1520,24E mu-
tants with core particle (CP) and purified DNA prepared from core
particles (CP-DNA). CPs (left) or CP-DNA (right) were incubated with
increasing concentrations of either HMGN1 or HMGN1S2024E pro-
teins, and then the complexes were separated on 5% native page in 2X
TBE. Arrows indicate nucleosome-HMGN complexes (CP-2HMGN1),
nucleosome core particles (CP), and naked DNA (CP-DNA). Note
that high concentrations of HMGN1 S20,24E mutant bind to CPs
and that the wild-type and mutant HMGNs bind with the same
affinity to CP-DNA. (B) HMGN mutants bind to mitotic chromo-
some, in living cells. HMGN1-520,24EE-YFP, HMGN1-520,24AA-
GFP, or HMGN2524,28EE-YFP fusion proteins were expressed in
HelLa cells. Confocal microscopy of live cell images show that all the
mutant fusion proteins associate with both interphase and mitotic
chromatin. Top row, protein fluorescence; middle row, DNA; and
bottom, merge images.

does not bind to nucleosomes. Direct comparison of mobility
shift of equal amount of wild-type and HMGN1S520,24E
double mutant clearly demonstrates that the mutant does
not bind to nucleosomes and that it does not produce a
mobility shift (Figure 4A, left). However, at high concentra-
tions this mutant does interact with the core particle, and it
produces a smear (lanes 9 and 10), an indication of nonspe-
cific, or low affinity, binding. Similarly, high concentrations
of both wild type HMGN1 and double mutant HMGN1-
520,24E also produce smears with purified, 147-base pair
core particle DNA (CP DNA), which is devoid of core his-
tone (Figure 4A, right). Thus, HMGN can bind with low
affinity to DNA and even chromatin, independently of a
functional NBD. We estimate (Postnikov et al., 1994) that
under our experimental conditions, the affinity of HMGN1
for nucleosomes is ~3 times higher than for purified DNA
and that wild-type and HMGN1520,24E mutant bind with
the same affinity to purified DNA.

Given the possibility of an NBD-independent binding of
HMGN proteins to DNA and in some cases even chromatin,
we investigated the binding of NBD mutants to chromatin in
living cells. We transiently transfected HeLa cells with
either HMGN1-520,24AA-GFP or HMGN1-520,24EE-YFP or
HMGN2-524,28EE-YFP construct, and we examined their
distribution in interphase and metaphase chromatin in liv-
ing cells by using confocal microscopy. In the interphase
nuclei, both alanine and glutamic acid mutant proteins were
distributed all over the nucleus, including the nucleolus,
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Figure 5. Salt extractability of HMGN2 protein from log phase and
mitotic HeLa cells. Log phase and mitotic HeLa cells HMGN2
proteins were extracted with increasing concentrations of NaCl. The
soluble protein fractions were subjected to immunoblot analysis. As
expected, histone H1 is not extracted at the NaCl concentrations
used. The Coomassie Blue panels indicate that at each NaCl con-
centration, equal amount of protein from interphase and metaphase
cells were loaded on the gels.

suggesting that these mutant proteins behave differently
than the wild-type proteins, which invariably are excluded
from nucleoli (compare with Figure 1). Interestingly, in
metaphase cells, the mutant HMGN-fusion proteins local-
ized to condensed chromosomes just like the wild-type fu-
sion proteins (compare Figure 1C with Figure 4B), an unex-
pected finding because our in vitro mobility shift analyses
(Prymakowska-Bosak et al., 2001) and our fluorescence re-
covery after photobleaching (FRAP) measurements (Catez et
al., 2003) clearly indicate that these mutants do not bind to
nucleosomes. Together with our finding that mitotic HMGNs
are phosphorylated, these results indicate that phosphorylation
does not preclude the association of HMGNs with chromatin
in living cells; in mitotic cells, the binding of HMGN:Ss to chro-
matin is independent of a functional NBD and therefore dif-
ferent from their binding to interphase chromatin.

Low-Affinity Binding of HMGN1/2 Proteins to Mitotic
Chromosomes

Because mutations in the NBD of HMGN weakens their
binding to nucleosomes and because the HMGNs associated
with mitotic chromatin could be phosphorylated, we com-
pared the chromatin-binding of endogenous HMGN in in-
terphase and mitotic cells by testing their extractability from
chromatin with various NaCl concentrations. Interphase and
nocodazole-arrested mitotic HeLa cells were collected and
extracted using increasing salt concentration ranging from
0.1 to 0.4 M NaCl. The soluble fractions were collected and
subjected to immunoblot analysis (Figure 5). The results
reveal that with <0.2 M NaCl, very little HMGN2 was
extracted into the supernatant of the interphase cells; the
protein was extracted starting 0.3 M NaCl, and significant
HMGN accumulated in the extract when interphase cells
were extracted with 0.4 M NaCl. In contrast, significant
amounts of endogenous HMGN2 could be extracted from
mitotic cells with NaCl concentrations as low as 0.1 M and
the amount of HMGN2 extracted with 0.3 M NaCl concen-
trations from mitotic cells was significantly higher than that
extracted from interphase cells. These results indicate that
the association of HMGN with mitotic chromatin is weaker
compared with interphase chromatin.

Molecular Biology of the Cell
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Figure 6. BiFC assays indicate difference in the organization of
HMGNs in interphase and mitotic chromatin. (A) Schematic dia-
gram showing the principle of BiFC. For BiFC, two proteins were
fused to the nonfluorescent halves (YC-partner and YN-partner) of
YFP. Complementation of functional fluorescent fluorophores is
diagnostic of stable interaction of the fusion proteins. Because YC-
partners also contain an HA-tag and the YN-partners contain a
Flag-tag, expression of both BiFC partners can be visualized by
immunofluorescence. (B) BiFC assays of live cells. The fusion pro-
teins expressed in the cells are indicated. Note that cells expressing
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Bimolecular Fluorescence Complementation Analyses
Reveal HMGN Homo-Complementation in Interphase, but
Not in Mitotic Cells

Previous in vitro analyses revealed that HMGNs bind to
nucleosomes and form complexes containing two molecules
of either HMGN1 or HMGN2. Nucleosomes containing only
one HMGN molecule, or nucleosomes containing one mol-
ecule of each HMGN1 and HMGN2 are not detected under
physiological conditions (Postnikov et al., 1997; Postnikov
and Bustin, 1999). We reasoned that if the binding of
HMGNSs to mitotic chromatin differs from their binding to
interphase chromatin the frequency of homodimer forma-
tion would also be altered. We therefore used BiFC analysis
(Kerppola, 2006) to compare the binding of HMGNs to
interphase and mitotic chromatin, in living cells. BiFC en-
ables direct visualization of protein interaction in living cells
and is based on the principle that tethering two nonfluores-
cent constituents of a potentially fluorescent protein to the
same macromolecular complex will yield a fluorescent sig-
nal (Hu and Kerppola, 2003). The generation of a BiFC is not
instantaneous; to generate a signal the interacting partners
need to be tethered in proximity for at least several seconds
(Kerppola, 2006). For our BiFC analyses, we cotransfected
HepG2 cells with the combinations HMGN1-YC:HMGN1-
YN, HMGN2-YC:HMGN2-YN, or HMGN1-YC:HMGN2-
YN. These expression vectors contained Flag-tags on the YN
(YFP N-terminal half) partner and HA-tags on the YC (YFP
C-terminal half) partner to allow specific localization of both
fusion proteins. Close tethering of an HMGN-YN and
HMGN-YC to the same nucleosome for a sufficiently long
period, would yield a fluorescent signal, whereas random
binding to distant nucleosomes, or colocalization for very
short times, would not. The cells were analyzed for the
presence of fluorescence complementation in live cells and
by immunofluorescence in fixed cells (Figure 6B) 1824 h
after transfection (Figure 6C).

Examination of live interphase cells transfected with a
mixture of plasmids expressing both HMGN1-YC and
HMGNI1-YN showed strong fluorescence, an indication that
the differentially labeled HMGN1 proteins remained suffi-
ciently close, for a sufficiently long time, to produce a fluores-
cent signal (Figure 6Ba). Likewise, cells transfected with a
mixture of plasmids expressing both HMGN2-YN and
HMGN2-YC also produced a prominent fluorescent signal
(Figure 6Bb). Live cells transfected with a mixture expressing
HMGNI1-YC and HMGN2-YN (Figure 6Bc) produce a drasti-
cally lower signal an indication that the frequency of het-
erodimerization, in which HMGN1 and HMGN2 are in prox-
imity for sufficient time, is significantly lower than in cells
transfected with only one type of HMGN. Live mitotic cells did
not produce a significant BiFC signal in any of the combination
tested, suggesting that that most of the HMGNSs are not in

one type of HMGN fused to the two parts of YFP produced a BiFC
signal (a and b), whereas cells transfected with HMGN1 and
HMGN?2, each fused to a different fragment of the YFP, did not (c).
(C) Immunofluorescence analyses of the expression of the fusion
proteins. Note that combinations that produce strong BiFC in inter-
phase did not produce a signal in metaphase even though the
proteins are associated with chromosomes (compare a, b with d, e;
lanes 4). DNA staining is shown in blue; the immunolocalization of
YC-partners bearing HA-tags, detected with anti Cy5-labeled sec-
ondary antibody, is shown in magenta. The immunolocalization of
YN-partners bearing Flag-tag HA-tags, detected with Tx-Red la-
beled secondary antibody is shown in red. The complemented YFP-
fluorescence (BiFC) is shown in yellow. Absence of yellow (in row
4, c and d) indicates lack of BiFC.
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proximity, or if they are, they remain so for only a very short
period.

To further verify that all tested cell do indeed express the
various HMGN fusion proteins, we fixed the cells and visual-
ized the expression of the HMGN-YN and HMGN-YC fusion
proteins with antibodies to either the HA- or the Flag-tag
(Figure 6C). In agreement with the results obtained in live cells,
coexpression of either HMGN1-YC or HMGN-YN or coexpres-
sion of HMGN2-YC and HMGN?2-YN produced a BiFC signal,
but coexpression of any combination of HMGN1 and HMGN2
did not. In the fixed mitotic cells, the fusion proteins could be
detected associated with chromosomes using the antibodies to
the Flag- and HA-tags. Even though significant amount of
protein remain associated with these chromosomes, none of
the protein combinations produced a significant BiFC signal.
The faint signals are due to random, occasional colocalization
of molecules bearing complementary fragments of the fluores-
cent protein. We therefore conclude that the association of
these proteins with mitotic chromatin differs from their orga-
nization in interphase chromatin, where they form specific
homodimeric complexes with nucleosomes.

DISCUSSION

The mechanisms whereby the cell lineage-specific genetic
information is accurately transmitted from generation to
generation, without being disrupted by the major reorgani-
zation of the chromatin fiber that occurs during each mitotic
cycle, are not fully understood. Because HMGN, and similar
structural proteins, affect chromatin structure and activity, it
is important to determine whether they are associated with
the mitotic chromatin. Our study demonstrates that the in-
teraction of HMGNs with chromatin is cell cycle dependent
and that the binding of these proteins to interphase chroma-
tin differs from their association with the condensed chro-
mosome. In interphase, the binding is dependent on a func-
tional nucleosome binding domain, whereas in mitotic
chromatin it is not.

Our conclusions are based on the following experimental
observations. First, most immunofluorescence analyses indi-
cate that HMGN proteins are highly depleted from mitotic
chromosomes. Immunofluorescence is a widely used tech-
nique that has been repeatedly used to visualize proteins in
mitotic chromosome. There is no obvious reason why the
various procedures used in immunofluorescence should
specifically dislodge HMGNs from mitotic chromatin be-
cause it does not dislodge them from interphase chromatin
(Figure 2). Second, bimolecular fluorescence complementation
assays demonstrate that in living interphase cells HMGNs
form complexes that yield a signal, whereas in mitotic cells
they do not. Previous studies established in HMGN form ho-
modimeric complexes with nucleosomes, two molecules of
either HMGN2 or HMGNI1 are bound to the same nucleo-
somes. Heterodimeric complexes in which one molecule of
HMGNT1 and one molecule of HMGN?2 are bound to the same
nucleosome are not stably formed under physiological condi-
tions. The BiFC results are fully compatible with the notion that
in interphase cells HMGN homodimeric complexes are suffi-
ciently stable to generate a signal, whereas in mitotic chromatin
they are not. The slight differences between HMGN1 and
HMGN?2 in the appearance of the BiFC pattern may be indic-
ative of functional specificity. Third, the NaCl concentration at
which HMGN can be extracted from mitotic cells is lower than
that required to extract them from interphase cells, an indica-
tion that the binding to interphase chromatin is stronger.
Fourth, HMGN bearing mutations in their NBD do associate
with mitotic chromatin. Numerous in vitro and in vivo exper-
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iments demonstrated that mutations of the conserved serines
located in the NBD abolish the specific interaction of HMGNSs
with nucleosomes. Thus, the association of HMGNs with mi-
totic chromatin does not involve a functional NBD.

HMGN proteins are the only well characterized proteins
known to bind specifically to the 147-base pair nucleosome
core particle. Their nucleosomal binding is conferred by the
highly conserved eight-amino acid motif “RRSARLSA,”
which is present in all HMGN proteins. Our EMSA experi-
ments with wild type and HMGN1 mutants demonstrate
that the serines 20, 24 are critical amino acid residues for
specific nucleosome binding. Mutation of these serines abol-
ished the nucleosome binding of HMGNI1 proteins, indicat-
ing that these two serines are essential for NBD-dependent
nucleosome association. Previous studies revealed that these
serine residues are phosphorylated during mitosis (Pryma-
kowska-Bosak et al., 2001) and that phosphorylation pre-
vents specific binding to nucleosomes. In cells treated with
phosphatase inhibitors phosphorylated HMGN1/N2 pro-
teins are found in the cytoplasm (Louie et al., 2000). Further-
more, the intranuclear distribution of the HMGN1 S20,24E-
YFP mutant in living cells is different from that of the
wild-type fusion proteins, an indication of altered binding to
chromatin. Likewise, FRAP analyses indicated that the in-
tranuclear mobility of the HMGN1 520,24 E mutant is faster
than that of the wild-type HMGN1, an indication that its
chromatin residence time is shorter (Catez ef al., 2003). The
low salt extractability of the NBD-mutants corroborates that
NBD-independent binding affinity is low. Together, the data
indicate that the HMGNSs associated with mitotic chromo-
somes do not form specific nucleosome complexes, as they
do in interphase chromatin.

Our in vitro EMSA assays showed that at high concentra-
tions HMGN1 mutants lacking a functional NBD do bind to
nucleosomes (Figure 4). However, they produce a smear
rather than a specific band, an indication that the binding
does not form a stable, discrete complex. Likewise, both the
HMGN1S520,24E mutant and the wild-type HMGN produce
a smear with purified DNA. These results indicate that the
proteins can associate with chromatin and DNA even when
their NBD is not fully functional. In fact, although loss of
NBD abolishes the specific binding of HMGN to nucleo-
somes their chromatin binding affinity is reduced by only
threefold. Thus, it is possible that in some cases HMGNSs that
lack an intact NBD domain will associate with DNA and
chromatin. In these cells, or in cells in which the NDB is not
efficiently phosphorylated, under certain fixation conditions,
HMGNSs will remain associated with mitotic chromosomes.
As noted herein, results obtained with fixation conditions
that show association of HMGNs with nucleoli should be
viewed with caution.

Our findings provide an explanation for the apparent
discrepancy between the immunostaining experiments,
which demonstrate significant depletion of HMGNs from
mitotic chromatin, and live cell imaging, which indicates
that fluorescent HMGN fusion proteins are present on mi-
totic chromatin. In fixed cells the endogenous proteins are
depleted from chromosomes and the proteins are immobi-
lized by the fixation procedure. In contrast, in the living
cells, the fusion proteins can repeatedly reassociate with
DNA or chromatin, creating a steady state in which a sig-
nificant portion of the protein seems to be permanently
bound to the mitotic chromosomes. This effect is most obvi-
ous in transiently transfected cells expressing high levels of
HMGN-YFP fusion proteins (Supplemental Figure 1) aug-
menting the visualization of the low-affinity binding to mi-
totic chromosomes. However, we find HMGN-GFP binding

Molecular Biology of the Cell
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Figure 7. Model depicting the chromatin binding characteristics of
HMGN proteins during cell cycle. In interphase nuclei, two mole-
cules of HMGNT1 or two molecules of HMGN2 proteins occupy one
nucleosome core particle. These homodimeric complexes are suffi-
ciently stable to yield a BiFC signal. In mitosis, some HMGNs could
still be associated with chromatin; however, the binding is not
specific, and they do not form homodimers and mitotic cells do not
yield a BiFC signal.

to mitotic chromosomes also in stably transformed, live
mouse embryonic stem cells and Rcho-1 cells, which usually
express lower amounts of exogenous HMGN protein.

In summary, we find that the mode of HMGN binding to
mitotic chromosomes differs from their mode of binding to
interphase chromatin. The data suggest that in interphase,
chromatin HMGNs bind to nucleosomes specifically and
form homodimeric complexes, whereas during mitosis the
proteins associate with chromatin weakly and do not form
specific complexes with nucleosomes (Figure 7). Our results
may also be relevant to the interaction of HMGB proteins
with interphase and mitotic chromatin, because immunoflu-
orescence studies indicate that the proteins are not (Isackson
et al., 1980; Falciola et al., 1997), whereas live cell imaging
suggest that HMGBs are (Pallier et al., 2003), present in
chromosomes.
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