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Histone H1 and the high-mobility group (HMG) proteins are chromatin binding proteins that regulate gene
expression by modulating the compactness of the chromatin fiber and affecting the ability of regulatory factors
to access their nucleosomal targets. Histone H1 stabilizes the higher-order chromatin structure and decreases
nucleosomal access, while the HMG proteins decrease the compactness of the chromatin fiber and enhance the
accessibility of chromatin targets to regulatory factors. Here we show that in living cells, each of the three
families of HMG proteins weakens the binding of H1 to nucleosomes by dynamically competing for chromatin
binding sites. The HMG families weaken H1 binding synergistically and do not compete among each other,
suggesting that they affect distinct H1 binding sites. We suggest that a network of dynamic and competitive
interactions involving HMG proteins and H1, and perhaps other structural proteins, constantly modulates
nucleosome accessibility and the local structure of the chromatin fiber.

The chromatin fiber is a dynamic, malleable structure that is
targeted by numerous regulatory factors that modify the his-
tones and the DNA and remodel the structure of the nucleo-
some. The dynamics of the chromatin fiber reflect the com-
bined action of numerous chromatin modifiers, including
architectural proteins such as histone H1 and members of the
high-mobility group (HMG) protein superfamily. The interac-
tion of histone H1 with nucleosomes stabilizes the higher-
order, compact chromatin structure (57, 61), thereby restrict-
ing the ability of regulatory factors, nucleosome remodeling
complexes, and histone modifiers to access their chromatin
binding sites (17, 27, 28, 30, 32, 34). Loss of H1 results in both
up regulation and down regulation of specific gene expression
(2, 26, 53, 56), suggesting that the protein affects the action of
both positive and negative transcriptional regulators. Experi-
ments with H1 knockout mice demonstrate the existence of
cellular mechanisms that strive to maintain a constant level of
H1 and that reduction of H1 beyond a critical point is not
compatible with normal embryonic development (21). Thus,
factors that modulate the interaction of H1 with nucleosomes
may affect a variety of chromatin-related processes and partic-
ipate in genetic regulatory mechanisms.

The HMG superfamily is composed of three families:
HMGB, HMGA, and HMGN, each family being characterized
by a distinct DNA or chromatin binding motif (12). These
non-histones decompact the higher-order chromatin structure
and promote the binding of nuclear regulatory factors (1, 12,
49, 58). Footprinting analysis and in vitro binding assays (29,
64) showed that the chromatin binding sites of the HMG
proteins are similar to those of H1 and suggested that HMG
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proteins and H1 compete for the same binding sites, and recent
photobleaching experiments demonstrated that HMGN pro-
teins affect the binding of H1 to chromatin in living cells (16).
Photobleaching techniques like fluorescence recovery after
photobleaching (FRAP), which is used to monitor the intra-
cellular mobility of molecules in living cells, revealed that the
interaction of chromatin binding proteins with their nuclear
targets is temporary and that these proteins constantly move
throughout the entire nucleus (45). The mobility of Hl-green
fluorescent protein (GFP) and other chromatin-interacting
proteins such as heterochromatin binding protein 1 or HMGN
is a direct indicator of their chromatin binding, since modifi-
cations that weaken this binding increase their intranuclear
mobility (18, 20, 36, 42, 48). At any given time, most of the H1
is bound to chromatin; however, the association of a specific
H1 molecule with a specific nucleosome is transient (20, 36,
42). The transient dissociation of H1 from nucleosomes pro-
vides a window of opportunity for regulatory factors to access
chromatin. HMG proteins move very rapidly throughout the
nucleus (45, 52), raising the possibility that they can access the
nucleosomal sites temporarily vacated by H1 and modulate the
interaction of H1 with chromatin.

Here we used FRAP to show that through a dynamic com-
petition process, members of each of the three HMG families
weaken the binding of H1 to chromatin. Competition with H1
is dose dependent and is observed both in euchromatin and in
heterochromatin. We detect competition for chromatin bind-
ing sites among members of the same HMG family, but not
among members of different HMG families. The results indi-
cate that each HMG family competes with H1 through distinct
chromatin binding sites, without affecting the binding of mem-
bers of a different HMG family. Our data indicate that H1
binding to chromatin is modulated at least in part by a com-
petition process involving the HMG proteins and suggest that
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a dynamic and competitive network of chromatin interactions
involving H1, HMG proteins, and perhaps other structural
proteins plays a key role in regulating the local structure and
activity of the chromatin fiber.

MATERIALS AND METHODS

Cell lines, vectors, and purified proteins. Experiments were performed either
with a BALB/c 3T3 cell line expressing H1°-GFP or with mouse embryonic
fibroblasts as previously described (16, 42). pPEGFP-HMGBI1 was kindly provided
by P. Scaffidi (52). Mouse embryonic fibroblasts were transfected with pEGFP-
HMGBI1 24 h before a FRAP experiment, with Fugene 6 reagent (Roche) in
accordance with the supplier’s recommendations. HMGN and fluorescently la-
beled HMGN proteins were prepared as described previously (16, 42). The
HMGA1la, HMGBI, and HMGB-box mutant proteins were obtained as de-
scribed previously (37, 50). Protein concentrations were determined by the Brad-
ford assay (Bio-Rad) and by Coomassie blue staining of SDS-PAGE gels.

Microinjection into cultured cells. Cells were plated 2 days prior to injection.
Before injection, the medium was replaced with Dulbecco modified Eagle me-
dium completed with a 5 mM final concentration of HEPES-Na, pH 7.4. Cells
were injected at 37°C with a Micromanipulator 5171 and a Microinjector 5246
(Eppendorf) as described previously (16) and incubated at 37°C in 5% CO, for
at least 30 min before a FRAP experiment. Fluorescent Texas red-labeled high-
molecular-weight dextran (Molecular Probes) was added to the injection mixture
to identify injected cells. On average, cells were injected with 10 to 20 fl of
solutions ranging from 0.05 to 0.4 mM in HMG proteins. Injection of 15 fl of a
0.4 mM solution introduces 3.6 X 10° molecules of HMG into the nucleus.

Microscopy and FRAP. Immunostainings were performed with rabbit anti-
HMGBI (11) or rabbit anti-HMGAL1 (50) and anti-rabbit secondary antibody
conjugated to either Alexa-Fluor 488 or Alexa-Fluor 594 (Molecular Probes) as
described previously (47). DNA was stained with Hoechst 33342 (Molecular
Probes). Imaging and FRAP experiments were performed with a Zeiss LSM 510
confocal microscope as described previously (16, 42). Typically, five prebleach
images were collected, followed by a 135-ms bleach pulse with a spot 3 wm in
diameter. Bleaching was performed with the 488-nm line of a 25-mW argon laser
set to 100% and the 543- and the 633-nm lines of two HeNe lasers. Single images
were collected with the 488-nm line of the argon laser (set to 1%) every 296 ms
for 20 s in short-time experiments and every 3 s for 200 s in long-time experi-
ments. To increase the sensitivity of FRAP experiments performed on HMGBI1-
GFP, half of the nucleus was used as a bleached area. Pictures were then
collected every 296 ms for 45 s. FRAP recovery curves were generated from
images with the background subtracted. Total fluorescence was determined for
each image and compared to the total prebleach fluorescence to determine the
amount of fluorescence lost during the imaging. The fluorescence intensity in the
bleached area was normalized to the initial fluorescence in the bleached area. In
a typical experiment, 8 to 15 cells were used for FRAP. Each experiment was
repeated at least three times. The Student ¢ test was used to determine the
significance of the results.

RESULTS

To test for competition among nuclear proteins for chroma-
tin binding sites, we microinjected a potential competitor pro-
tein into the cytoplasm of cells expressing a GFP fusion protein
and used FRAP to monitor the mobility of the GFP fusion
protein in the injected cells and uninjected control cells. By
microinjecting H1 or HMGNT1 into the cytoplasm of cells ex-
pressing H1°-GFP or fluorescent HMGNI1, we already demon-
strated that this approach is suitable to monitor competition
between a chromatin binding protein and its fluorescently la-
beled counterpart, i.e., proteins that bind to identical binding
sites (16). To test whether the HMG proteins and protein
fragments that we planned to use here (Fig. 1A and B) do
indeed enter the nucleus, we microinjected proteins into the
cytoplasm of cells and used immunofluorescence to visualize
the location of the protein in the injected cells. The injected
cells were easily identifiable by the Texas red-labeled high-
molecular-weight dextran that was coinjected and remained in
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the cytoplasm (Fig. 1C). We found that within 1 h of injection,
most if not all of the injected protein accumulated in the
nucleus (Fig. 1C) (47).

To test whether HMG proteins could affect the binding of
H1 to chromatin, we microinjected purified proteins from each
of the three HMG families, HMGB, HMGN, and HMGA
(Fig. 1A and B) into the cytoplasm of H1°-GFP-expressing
cells and used FRAP (Fig. 2A) to compare the mobility of
H1°-GFP in injected cells to that in uninjected control cells
(Fig. 2B). We assessed the effect of the injected proteins by
measuring the time needed to recover either 40% (t40) or 80%
(t80) of the H1°-GFP prebleach fluorescence intensity and by
determining the amount of fluorescent intensity recovered
within 20 s (R20s) of photobleaching (Fig. 2D and Table 1). In
control uninjected cells, the average t40 was 12.5 s (range, 11
to 14 s) and the R20s was less than 50% (Fig. 2C, blue curves).
In cells injected with HMGBI protein, the R20s increased by
12.3% (P < 0.005) and the t40 decreased by 6.8 s (P < 0.005)
(Fig. 2C). Similarly, injection of HMGN2 or HMGAL protein
significantly increased the R20s values for H1°-GFP recovery
by 11.8 and 8.2% (P < 0.005) and decreased the t40 to 4.5 and
7 s (P < 0.005), respectively. The effect was not due to the
microinjection technique, since injection of neither Texas red-
labeled dextran nor histone H2B affected H1°-GFP recovery or
global localization (data not shown, Fig. 2B, and reference 16).
The decrease in H1°-GFP binding is due to competition for
chromatin binding sites, since injection of the HMGBI dele-
tion mutants HMG AB1-box and HMG BBI1-box (Fig. 1A),
which bind DNA and chromatin weakly (24, 44, 62), did not
affect H1 mobility (P > 0.7) (Fig. 2C) while the HMGB1-A+B
mutant, which binds DNA and chromatin as strongly as does
wild-type HMGBI (24, 44, 62), increased the mobility of H1°-
GFP (Fig. 2C). These results are consistent with previous find-
ings that the injection of an HMGN point mutant form that
does not bind to chromatin did not affect H1°-GFP mobility
(16). Thus, the increase in H1 mobility is specific to the in-
jected HMG protein and involves HMG interactions with
chromatin.

The levels of HMG proteins vary among cells and change
during development and differentiation. Ultimately, these vari-
ations may affect the interaction of H1 with chromatin. We
therefore tested if the HMG proteins would increase the mo-
bility of H1 in a dose-dependent manner. Injection of a 0.05 or
0.1 mM solution of HMGALI increased the R20s of H1°-GFP
by 2.3% * 0.26% or 8.0% = 1.98%, respectively. Likewise,
injection of increasing concentrations of HMGN2 or HMGB1
resulted in increased R20s values for H1°-GFP (Fig. 2E). The
results show a dose-dependent effect of HMG proteins on H1
mobility and are consistent with the view of a competition
mechanism.

We next tested whether the state of chromatin compaction
affects the HMG-H1 competition. We identified euchromatin
and heterochromatin domains as regions stained weakly or
strongly by H1°-GFP and Hoechst (42) and by their pattern of
staining with antibodies to either acetylated or methylated
lysine 9 of histone H3 (data not shown). In condensed hetero-
chromatin, the H1°-GFP mobility is lower than in euchroma-
tin, suggesting stronger H1 binding in the former. The injected
HMGB and HMGA increased the mobility of H1°-GFP in
euchromatin (t80 changed from 100 s to less than 50 s, P <
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FIG. 1. (A) Competitors used in this study. A representation of the proteins and protein fragments injected is shown. The relative DNA or
chromatin binding activity of each protein is indicated on the right (see text for reference). (B) Coomassie blue staining of an SDS-PAGE gel
containing the proteins used in this study. M, molecular size markers (sizes are in kilodaltons). (C) All of the injected HMG proteins accumulate
within the nucleus (for HMGN, see reference 47). HMG proteins or fragments, each at a 0.4 mM final concentration, were mixed with Texas
red-labeled dextran and injected into the cytoplasm of mouse fibroblasts. The HMG injected into the cell is indicated at the top of each column.
The cells were fixed 1 h after injection, immunostained with appropriate antibodies, and examined by confocal microscopy. The left side of each
row indicates the image visualized. The pseudocolored images of anti-HMG immunostaining emphasize the significant increase in the protein
concentration in the nuclei of the injected cells. Note that these are confocal images and do not accurately reflect the quantitative increase in
protein. The scale indicates the color code used, from blue (low intensity) to red (high intensity). Bars, 5 pm.

FIG. 2. HMG proteins decrease H1°-GFP binding to chromatin. (A) FRAP assay of H1°-GFP-expressing cells showing the fluorescence signal
(top) and enlarged pseudocolored images of the boxed area (bottom). Bleached areas are circled. Bar, 5 wm. (B) Confocal imaging of live
H1°-GFP-expressing cells injected with a solution containing Texas red-labeled injection marker. (C) Quantitative FRAP analysis of H1°-GFP-
expressing cells either left uninjected (blue curves) or injected (red curves) with a 0.4 mM solution of HMGB1, HMGN2, HMGBI1-A box,
HMGBI1-B box, or HMGB1-A+B box or a 0.2 mM solution of HMGA1. The time required to reach 40% recovery (t40) is indicated by blue and
red arrows, and the statistical significance (¢ test) is indicated. The difference in recovery between the two curves (AR20s) is indicated next to the
curves. The boxes above each graph of the upper panel outline the main functional domains characteristic of each injected HMG family. The boxes
above each graph of the lower panel outline the HMGBI segments injected. (D) Graph outlining the kinetic parameters measured (see text).
(E) Dose-dependent increase in AR20s of H1°-GFP upon injection of the indicated concentration of an HMG protein.

0.005) and also in heterochromatin (t80 changed from about that all of the three HMG families decrease the chromatin
125 s to about 80 s, P < 0.05) with little effect on the immobile residence time of H1 in both euchromatin and heterochroma-
H1 fraction (t > 200 s) (Fig. 3 and Table 1). Together with our tin. Thus, the HMG proteins can compete for H1 binding sites
previous findings on HMGN (16), these results demonstrate regardless of the degree of chromatin compaction.
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TABLE 1. HMGB and HMGA increase the intranuclear mobility of H1°-GFP*
t40 R20s t80 R200s
Expt Chromatin domain - :
Avgttlrsnlg ) Pvalue Avg % = SD P value Avgitlrsn]; ©) Pvalue Avg % = SD P value

H1°-GFP Mixed 14.7 =427  <0.005 46.4 = 6.2 <0.005
H1°-GFP + HMGBI1 79+23 587+ 6.5
H1°-GFP Mixed 114 +49 <0.005 46.7 = 5.6 <0.005
H1°-GFP + HMGBI- 7.0+ 1.8 578 £5.2

AB boxes
H1°-GFP Mixed 114+ 49 0.78 46.7 = 5.6 0.70
H1°-GFP + HMGBI- 13.1 = 6.0 46.6 = 7.2

A box
H1°-GFP Mixed 114 +49 0.89 46.7 = 5.6 0.69
H1°-GFP + HMGBI- 12.7 = 3.8 47.0 =43

B box
H1°-GFP Mixed 12.4 5.0 <0.03 492 + 7.1 <0.04
HI1°-GFP + HMGA1 7.6 £2.7 574 +6.9
H1°-GFP Euchromatin 102 + 40 <0.005 879 74 <0.05
H1°-GFP + HMGBI1 45.0 =17 92.7 5.4
H1°-GFP Heterochromatin 125 + 44 <0.05 84.6 59 <0.05
H1°-GFP + HMGBI1 81.3 =34 88.4 + 49
H1°-GFP Euchromatin 102 + 40 <0.005 879 74 <0.05
H1°-GFP + HMGBI1- 55.4 =27 94 =89

AB boxes
H1°-GFP Heterochromatin 128 = 47 0.1 84.6 £59 0.16
H1°-GFP + HMGBI1- 104 + 42 872 £6.2

AB boxes
H1°-GFP Euchromatin 102 + 35 <0.05 879 £ 7.4 0.3
HI1°-GFP + HMGAI1 49.7 = 42 90.4 = 7.1
H1°-GFP Heterochromatin 128 + 47 <0.005 84559 <0.05
H1°-GFP + HMGAI1 82.8 + 26 88.6 = 6.7

“ The time required to reach 40% (t40) or 80% (t80) of the prebleach fluorescence was determined for each curve. The recoveries 20 s (R20s) or 200 s (R200s) after
bleaching are means of the last five images of each curve. Results are from 8 to 15 cells. The statistical significance of the t40, t80, R20s, and R200s values relative to

those of controls was determined by the Student ¢ test.

Our finding that each of the HMG proteins increased the
mobility of HI raises the possibility that the various HMG
families interact with the same H1 binding sites on the nucleo-
somes and thus cross compete for chromatin binding. We
therefore performed experiments in which we targeted HMGN
or HMGBI proteins, rather than H1. Microinjection experi-
ments targeting fluorescently labeled HMG proteins revealed
no competition among HMG proteins from different families.
Whereas members of one family such as HMGNI1 and
HMGN?2 cross compete for chromatin binding sites (Fig. 4A
and B), neither HMGB1 nor HMGALI affected the chromatin
residence of HMGN2 (Fig. 4C and D and Table 2). Likewise,
HMGN?2 did not affect the chromatin residence time of
HMGBI1 (Fig. 4F and Table 2). HMGAI1 reproducibly in-
creased the chromatin residence time of HMGBI (Fig. 4E),
suggesting that the DNA-unbending activity of HMGA1 (49)
affects the chromatin binding of HMGBI1. Our finding that
HMG proteins from different families do not compete for
chromatin binding sites suggests that each family binds to dif-

ferent types of binding sites. Taken together, these findings
indicate that each of the HMG families weakens H1 binding
through competition for distinct H1 chromatin binding sites.
Lack of competition among the HMG families and the
HMGAI-mediated increase in the chromatin binding of
HMGBI raise the possibility that the effect of the HMG pro-
teins on the binding of H1 to chromatin is additive, or even
synergistic. We therefore measured the intranuclear mobility
of H1°-GFP in cells injected with HMGA1, HMGBI, or
HMGN?2 protein either alone or in pairs. We used a protein
concentration of 0.05 or 0.1 mM since within this concentration
range the increase in the mobility of H1 is approximately
proportional to the amount of injected protein (Fig. 2E). At
these low concentrations, injection of only one HMG protein
resulted in a small but reproducible increase in H1°-GFP mo-
bility (1.7 to 2.3% increase in the R20s) (Fig. 5A). Upon
injection of an HMGB1-HMGN?2 mixture, the R20s of H1°-
GFP increased by 8.7% = 3.4% rather than 4%, as would have
been expected had the effect been additive. Likewise, upon
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FIG. 3. HMG proteins decrease the H1°-GFP binding in euchro-
matin and heterochromatin. Quantitative FRAP analysis of H1°-GFP-
expressing cells either left uninjected (gray curves) or injected (black
curves) with a 0.4 mM solution of HMGBI (A and B) or with 0.2 mM
HMGAL1 (C and D). FRAP analysis was performed on either euchro-
matin (A and C) or heterochromatin (B and D). Gray and black arrows
indicate the t80 values, and the statistical significance (¢ test) is indi-
cated.

injection of an HMGN2-HMGA1 or HMGA1-HMGBI1 mix-
ture, the H1°-GFP R20s increased by 10.2% = 4.2% and
12.1% = 1.5%, respectively (Fig. 5A). Thus, coinjection of
proteins from different HMG families produced a synergistic
rather than an additive effect on the mobility of H1°-GFP,
suggesting that the HMG proteins function cooperatively to
weaken the binding of H1 to chromatin (Fig. 5B).

DISCUSSION

Our main finding is that members of all of the canonical
HMG protein families compete with the linker histone H1 for
chromatin binding sites. Our studies are relevant to the under-
standing of molecular mechanisms regulating chromatin dy-
namics and the local compaction of the chromatin fiber. The
results raise the possibility that the network of dynamic com-
petition between histone H1 and HMG proteins modulates the
local compactness of the chromatin fiber and the ability of
regulatory factors to access their nucleosomal targets. Given
that many nuclear proteins are in a constant state of flux, and
their binding to chromatin is transient (T. Misteli, unpublished
observation; 39), it is likely that competition for chromatin
binding plays a major role in chromatin dynamics and genetic
regulatory mechanisms.

Several in vitro studies have suggested that competition with
nuclear proteins, mainly HMG proteins, might affect the bind-
ing of H1 to chromatin (12, 29, 43, 64). Our studies indicate
that such a competition occurs in living cells. The average
nucleus contains 107 nucleosomes, an equal number of H1
molecules (59), and approximately 10° HMGB, 10° HMGN,
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FIG. 4. HMG proteins from different families do not compete with
each other. The fluorescent target and the fluorescence recovery
curves of the target determined in the absence of an injected compet-
itor are gray. The fluorescence recovery curves determined in the
presence of an indicated competitor are black. Gray and black arrows
indicate the t80, and the statistical significance (¢ test) is indicated. The
AR20s is indicated next to the curves.

and 10* HMGA molecules (12, 31). While the amount of H1
varies little among cells, the cellular amounts of the various
HMG proteins fluctuate significantly, especially during devel-
opment (14, 19, 25, 33, 35). Certain malignancies are associ-
ated with significant increases in the levels of HMGAZ2 (22, 23,
49). Furthermore, immunofluorescence analysis indicates that
the HMG proteins are clustered into foci, suggesting that at
selected nuclear loci there is a significantly higher concentra-
tion of these proteins (40, 46). By injecting 0.05 to 0.4 mM
protein solutions, we introduce 4 X 10° to 3.6 X 10° HMG
molecules into the nucleus, a quantity that corresponds to 4 to
35% of the potential nucleosomal and H1 binding targets.
Thus, even though histone H1 is in excess over HMG and the
chromatin interactions of H1 are stronger than those of HMG
proteins, the amounts of HMG protein introduced into the cell
are sufficient to cause detectable alteration in the chromatin
binding of H1.

Thus, our results demonstrate that, indeed, in living cells all
members of the HMG superfamily can compete with H1 and
weaken its binding to chromatin. The competition involves
chromatin binding since point or deletion mutant forms of
HMG that do not bind to chromatin or to DNA do not affect
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TABLE 2. Absence of competition for chromatin binding between HMG families”

t80 R20s”
Expt© Effect on mobility
Avg time (s) = SD P value Avg % = SD P value
HMGNI1 8.81 £4.2 <0.005 90.2 £7.0 0.12 Increase
HMGNI1 + HMGN2 41714 94.2 +3.76
HMGN2 587+19 <0.02 88.6 £ 5.1 0.10 Increase
HMGN2 + HMGN1 3.77 £0.9 93.1 £3.8
HMGNI1 540 £ 1.6 >0.6 91.0 £2.0 >0.5 None
HMGNI1 + HMGBI1 4.68 = 0.95 91.6 £ 4.0
HMGN2 5.04 £0.8 >0.9 945 +29 >0.5 None
HMGN2 + HMGA1 5.08 £ 1.0 93.7 £3.5
HMGBI1? 52028 <0.01 98.5 + 2.0 >0.4 Decrease
HMGBI1 + HMGA1 10.20 = 2.3 97324
HMGBI1” 5.78 = 2.0 >0.7 98.7 + 3.0° >0.8 None
HMGB1 + HMGN2 539 £2.6 98.4 0.9

“ Analysis was done as for Table 1.

® For HMGBI, the R was measured at 45 s rather than at 20 s (i.c., R45s rather than R20s).

¢ Mixed chromatin domains were tested in each experiment.

the intranuclear mobility of H1. We cannot exclude the possi-
bility that, in addition, HMG-induced changes in chromatin
modify the binding of H1. This possibility is still compatible
with the main conclusion that HMG proteins may modulate
the binding of H1 to chromatin. The effects are seen in both
euchromatin and heterochromatin, an indication that HMG
proteins can affect H1 binding throughout the entire nucleus,
regardless of the state of chromatin compaction and histone
modification. Thus, the effect of HMG seems to be genome
wide rather than gene or locus specific, which is consistent with
the observation that HMG proteins bind chromatin without
DNA sequence specificity (12). The ability of HMG proteins to
affect nucleosome accessibility at many chromatin loci may
explain their involvement in a wide range of nuclear activities,
including transcription, replication, repair, and recombination
(1, 8, 12, 14, 29, 43, 49, 64). Previous FRAP experiments
indicated that the in vivo chromatin interactions of the various
H1 variants are indistinguishable (36, 42), suggesting that
HMG proteins could compete with all of the cellular H1 vari-
ants.

Convincing experiments in numerous laboratories have
demonstrated that the linker H1 promotes and stabilizes chro-
matin compaction. Although Tetrahymena sp. survives com-
plete deletion of its particular H1 form (54), overexpression of
the linker histone in yeast (41) or drastic reduction of H1 levels
in mice (21) is lethal. Invariably, loss of H1 is associated with
noticeable changes in gene expression. Although H1 was ini-
tially considered strictly a transcriptional repressor, it is now
clear that loss of H1 leads to both up and down regulation of
gene expression (2, 26, 53). Thus, H1 impedes the action of
both transcriptional activators and repressors, most probably
by promoting chromatin compaction (10, 57), stabilizing nu-
cleosomal structures (60), and obstructing nucleosomal access
(27). 1t follows that factors that modulate the interaction of H1
with chromatin may regulate nucleosomal access.

Although in some cases loss of HMG is not compatible with
normal development (3, 15), it is important to note that their

action may not always be necessary for cell survival (4, 6, 9, 15,
51, 63). By modulating the interaction of H1, and perhaps
other proteins, with chromatin, HMG proteins optimize the
cellular response to changing external or internal conditions.
For example, loss of HMGNI1 reduced, rather than abolished,
the rate of DNA repair and therefore decreased, rather than
abolished, the ability of a cell to survive UV damage (9).
Significantly, it was shown that a change in the balance be-
tween H1 and HMG proteins caused by injection of either H1
or HMGA into mouse embryos (5), and more recently of
HMGN into Xenopus laevis embryos (33), induces gene expres-
sion modification and chromatin structure changes that can be
accompanied by developmental defects.

Although each of the HMG proteins affects the chromatin
binding of H1 and members of the same HMG family compete
with each other for chromatin sites, different types of HMG
proteins do not compete with each other. Several reasons
could account for the lack of competition among different
types of HMG proteins. One possibility is that the major chro-
matin binding sites of each family localize to distinct nuclear
compartments or to unique chromatin domains. Another pos-
sibility is that each type of HMG protein recruits specific pro-
tein partners that target the HMG protein to unique chromatin
regions (38, 49). Finally, since histone H1 has a tripartite struc-
ture (7, 13) and binds to nucleosomes through multiple sites
(57, 61), it is conceivable that each HMG family affects a
distinct set of H1 nucleosome binding sites. The last possibility
is compatible with our observation of the synergistic effect of
distinct HMG families on H1 binding. The functional interplay
between HMG proteins and H1 is also fully compatible with
the available data showing that loss of H1, or addition of HMG
proteins, reduces the compaction of chromatin, changes the
transcriptional profile, and enhances the accessibility of nu-
cleosomal components to various regulatory factors.

Our study emphasizes that binding of H1 to chromatin is
modulated not only by posttranslational modifications (20, 30,
36) but also by a dynamic, stochastic process in which HMG
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FIG. 5. HMG proteins act synergistically to compete with H1 for
chromatin binding. (A) Shown are the AR20s values between unin-
jected and injected cells expressing H1°-GFP (see Fig. 2D). The con-
centration of the injected proteins is indicated below each bar.
(B) Scheme of the HI-HMG chromatin binding network. The lines
connecting the HMG families, crossed by an X, indicate lack of com-
petition between members of different HMG families. The light gray
lines indicate that, by itself, each of the HMG families reduces the
binding of H1 to chromatin. The converging black lines indicate that
members of distinct HMG families weaken the binding of HI to
chromatin synergistically. The scheme points emphasize that H1 is a
target common to all of the HMG proteins.

proteins continuously weaken the binding of H1 to chromatin.
The probability of one competition event (i.e., the binding of
one HMG molecule instead of one H1 molecule) will depend
on the relative quantity of each HMG protein present in the
vicinity of a given nucleosome. Control of the local HMG
concentration (for example, by up or down regulation of HMG
gene expression) will thus increase or decrease the probability
of the “stochastic” binding event. The dynamic properties of
both H1 and HMG proteins are the driving force facilitating
the competition between these chromatin binding proteins. We
suggest that during the transient dissociation of the entire, or
even part of, the H1 molecule from its nucleosomal binding
site, the rapidly moving HMG proteins bind to the vacated site,
thereby hindering H1 rebinding or providing a temporary
wedge that further weakens the binding of H1. By reducing the
binding of H1 to chromatin, the HMG proteins increase the
ability of positive or negative regulatory factors to access their
nucleosomal targets.

The example we provide with histone H1 and the HMG
proteins is likely to reflect a general mechanism. Indeed, with
the exception of core histone proteins, all of the chromatin-
associated proteins (Misteli, unpublished observation) are
highly mobile within the nucleus and bind to chromatin tran-
siently. Chromosomal proteins are thus able to roam an entire
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nucleus within seconds and scan the nucleus for potential bind-
ing sites. Since the binding of proteins to chromatin is tran-
sient, binding sites become frequently and repeatedly unoccu-
pied and thus constantly available for binding by proteins
roaming in the vicinity. The pool of competitors locally avail-
able will stochastically modulate the occupancy of the binding
site. The pool of competitors may vary depending on their level
of expression and their concentration or sequestration within
specific nuclear compartments (55). The network of continu-
ous, dynamic interaction of chromatin binding proteins with
their nucleosomal targets provides flexibility to the structure
and activity of the chromatin fiber.
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