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Although a link between histone acetylation and transcription has been established, it is not clear how
acetylases function in the nucleus of the cell and how they access their targets in a chromatin fiber containing
H1 and folded into a highly condensed structure. Here we show that the histone acetyltransferase (HAT)
p300/CBP-associated factor (PCAF), either alone or in a nuclear complex, can readily acetylate oligonucleo-
somal substrates. The linker histones, H1 and H5, specifically inhibit the acetylation of mono- and oligonu-
cleosomes and not that of free histones or histone-DNA mixtures. We demonstrate that the inhibition is due
mainly to steric hindrance of H3 by the tails of linker histones and not to condensation of the chromatin fiber.
Cellular PCAF, which is complexed with accessory proteins in a multiprotein complex, can overcome the linker
histone repression. We suggest that linker histones hinder access of PCAF, and perhaps other HATs, to their
target acetylation sites and that perturbation of the linker histone organization in chromatin is a prerequisite
for efficient acetylation of the histone tails in nucleosomes.

Chromatin, with its associated linker histones, is a highly
condensed structure that constrains the genome into the nu-
cleus of the cell and suppresses various DNA-related activities
such as transcription and replication. Transcriptional activa-
tion has been associated with changes in the structure of both
chromatin and nucleosomes (57, 58). These changes are me-
diated by chromatin remodeling complexes (59) and by revers-
ible modification of histones (46, 56). Indeed, there is a strong
correlation between the acetylation state of core histones and
the transcriptional competence of specific genes (21, 46, 52).
This correlation has been strengthened by the finding that
several transcription factors have intrinsic histone acetyltrans-
ferase (HAT) activity (28, 46) and that mutants lacking HAT
activity fail to activate transcription of their target genes (23,
55). Recent studies suggest that HATs function in the context
of multiprotein complexes in vivo and that the acetylase activ-
ity of these complexes is more efficient than that of the isolated
transcription factors (15, 32, 48). It is conceivable that some of
the proteins found in these multiprotein complexes function to
facilitate histone acetylation in the context of chromatin.

In chromatin, the N-terminal tails of the core histones are
thought to be involved in internucleosomal interactions and
have been shown to be required for formation of higher-order,
condensed chromatin structure (3, 12, 17). Studies using oli-
gonucleosomes condensed with salt indicate that the HAT
GCN5 can efficiently acetylate the N-terminal tail of histone
H3 (51), suggesting that at least some of the acetylation targets
are available in condensed chromatin. An additional major
factor, known to be involved in the formation and stabilization
of a higher-order, condensed chromatin structure, is histone
H1. Numerous studies have demonstrated that the presence of
H1 inhibits transcription and in some cases transcriptional
activation is associated with removal of H1 (4, 24, 33). How-

ever, some studies have found histone H1 in transcriptionally
active genes (11), albeit in an altered chromatin organization
(42). The link between histone H1 and core histone acetylation
is not clear. It has been suggested that acetylation of H4 during
nucleosome assembly regulates the binding of H1 and the
ability of chromatin to condense (34, 35). While in some cases
active genes are hyperacetylated and contain H1 (10, 31, 37), it
has also been reported that while H1 binds to acetylated oli-
gonucleosomes, this binding inhibits transcription (53). In ad-
dition, studies have demonstrated that histone acetylation al-
ters the capacity of histone H1 to condense chromatin (36) and
that the presence of H1 affects the ability of transcription
factors to interact with the DNA (19, 39). Recent studies have
also shown that the retinoid receptor, a receptor known to
function in part by recruitment of HATs, must also recruit an
activity for displacement or remodeling of the linker histone
H1 (29). These results argue that displacement of H1 is re-
quired prior to acetylation of the target gene and activation of
transcription. In addition, studies involving steroid hormone
receptors, also known to interact with HATs (14), have shown
that activation involves a phosphorylation of H1 that results in
a reduced affinity of H1 for chromatin (25). These receptor
responsive genes whose activation involves the recruitment of
HATs also appear to remodel or remove the linker histone.
These data taken together suggest a concerted mechanism for
gene activation requiring both histone acetylation and reorga-
nization of H1 on chromatin.

Most studies on the activity of either purified HATs or
multiprotein complexes containing HAT activity have been
performed with either isolated core histones or purified nu-
cleosome core particles. However, in vivo the true substrate of
these HATs is chromatin, which contains histone H1 and is
folded into a highly condensed structure. How these various
acetylases access their targets in the oligonucleosomal chro-
matin fiber has not been examined. In this study we examined
whether recombinant PCAF (rPCAF) and a multiprotein nu-
clear complex containing PCAF (cPCAF) could acetylate oli-
gonucleosome arrays in the presence or absence of linker his-
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tones. We demonstrate that both rPCAF and cPCAF can
acetylate oligonucleosome arrays. Importantly, we demon-
strate that saturation of the oligonucleosome with linker his-
tones specifically blocks the ability of both rPCAF and cPCAF
to acetylate H3. The H1-induced inhibition of acetylation is
due to steric occlusion of the H3 tail by H1 and not to struc-
tural changes associated with the formation of a more con-
densed oligonucleosome array. Furthermore, we demonstrate
that in the presence of subsaturating concentrations of H1, the
PCAF complex, but not free PCAF, is capable of overcoming
the inhibition. The results suggest that H1 hinders access of
PCAF and perhaps other acetylases to their target acetylation
sites and that perturbation of this steric hindrance is a prereq-
uisite for efficient acetylation of histone tails in chromatin. Our
findings raise the possibility that multiprotein complexes that
acetylate or remodel chromatin contain components that mod-
ify the interaction of H1 with chromatin.

MATERIALS AND METHODS

Materials. rPCAF (60) and cPCAF (32) were prepared as previously de-
scribed. A mixture of all isotypes of both the linker histone H1 and core histones
were purified from calf thymus and chicken erythrocyte nuclei, respectively (6),
all as previously described. The globular domains of H5 (GH5) and H1 (GH1)
were prepared from purified H5 and H1, respectively, as previously described
(1). [1-14C]acetyl coenzyme A ([1-14C]acetyl-CoA; 55 mCi/mmol) was obtained
from Amersham.

HAT assay. All assays were performed in buffer A (50 mM Tris-HCl [pH 8.0],
10% [vol/vol] glycerol, 1 mM dithiothreitol, 0.1 mM EDTA, 10 mM butyric acid)
(5) with addition of 50 mM NaCl (unless otherwise indicated). Oligonucleosome
concentrations were 0.1 to 0.25 mg/ml, and the [1-14C]acetyl-CoA concentration
was 18 mM. The assay was performed at 37°C and initiated by addition of the
enzyme to a mixture containing the substrate and acetyl-CoA in buffer A con-
taining 50 mM NaCl. Since the cPCAF is a more potent HAT (32) than rPCAF,
the quantity of rPCAF or cPCAF added to each assay was empirically deter-
mined as the amount of preparation required to yield nearly equivalent activities
on nucleosome core particles. The amount of PCAF used was empirically de-
termined by using various amounts of the preparation to ensure a linear range
for the reaction. All assays were conducted for 20 min at 37°C. The radioactivity
incorporated into the protein substrate was detected in a polyacrylamide gel
assay (18). In this assay, the reactions were stopped by the addition of an equal
volume of a sodium dodecyl (SDS)-gel sample buffer (100 mM Tris-HCl [pH
6.8], 200 mM dithiothreitol, 2% SDS, 0.1% bromophenol blue, 20% glycerol)
and boiled for 5 min, and the proteins were resolved on an SDS–15% polyacryl-
amide gel. Polyacrylamide gel electrophoresis (PAGE) was performed at 15
V/cm and stopped when the bromophenol blue reached the bottom of the gel.
The gels were stained with Coomassie blue for estimation of protein quantities
and vacuum dried, and the radioactivity incorporated into the protein bands was
visualized on a PhosphorImager (Molecular Dynamics) and quantified with Im-
ageQuant software.

Purification of nucleosomal substrates. Oligonucleosomes, core particles, and
chromatosomes were prepared from chicken erythrocyte nuclei (20). Chicken
erythrocyte chromatin purified in the absence of histone deacetylase inhibitors
represent a pool of histones that are hypoacetylated (27). Purified chicken
erythrocyte nuclei were digested with micrococcal nuclease (MNase; at 100 U/mg
of DNA) at room temperature for 5 min. The treated nuclei were pelleted by
centrifugation (5,000 3 g in a Sorvall SS34 rotor) at 4°C. The nuclei were lysed
by resuspending the pellet in a buffer containing 0.25 mM EDTA, 10 mM
Tris-HCl (pH 7.4), and 1 mM phenylmethylsulfonyl fluoride (PMSF). The re-
suspended material was rocked gently at 4°C for 3 h, and then the nuclear debris
was removed by centrifugation. For preparation of chromatosomes, an additional
MNase digestion was performed, and the reaction was stopped by addition of
EDTA. The chromatin preparation was then stripped of linker histones and
other nonhistone chromosomal proteins. The stripping was accomplished by first
gradually bringing the supernatant to 0.45 M NaCl and then adding 200 ml of a
slurry of carboxymethyl-Sephadex (in 10 mM Tris-HCl [pH 7.4], 1 mM EDTA,
1 mM PMSF, 0.45 M NaCl) per ml of supernatant. The mixture was gently
rocked at 4°C for 1 h, the resin was then removed by centrifugation, and the
process was repeated. The resulting supernatant was then concentrated by spin
dialysis through a 10-kDa-cutoff membrane. For preparation of core particles,
the stripped chromatin was redigested with MNase to yield the core particle,
characterized by the 145-bp DNA. The concentrated digested chromatin was
then layered onto a 40-ml, 15 to 50% (or 5 to 20% for core particle) sucrose
gradient (containing 10 mM Tris-HCl [pH 7.5], 1 mM EDTA, 10 mM NaCl, and
0.1 mM PMSF). The gradients were centrifuged at 28,000 rpm (Beckman SW28
rotor) for 20 h at 4°C. The gradients were fractionated into 0.5-ml fractions, and
the DNA content of each fraction was analyzed by agarose gel electrophoresis.
The size fractions of interest were pooled, spin dialyzed into a buffer containing

10 mM Tris-HCl (pH 7.4), 10 mM NaCl, and 1 mM EDTA, and concentrated to
1.0 mg/ml. The integrity of the samples was verified by MNase digestion to yield
the nucleosomal repeat ladder. Briefly, the oligonucleosomes were digested with
various concentrations of MNase for 2 min at room temperature, the reaction
was stopped by addition of 2 volumes of MNase (20 mM EDTA, 2% SDS), and
each sample was phenol-chloroform extracted twice and ethanol precipitated.
The resulting DNA mixtures were then resolved on a 1.0% agarose gel in 0.53
Tris-borate-EDTA (TBE), and the bands were visualized by ethidium bromide
staining. The integrity of the protein content of the oligonucleosomes was veri-
fied by examination of the samples after SDS-PAGE.

Treatment of oligonucleosomes. In the oligonucleosome compaction studies,
the nucleosome cores or oligonucleosomes were incubated in 2 mM MgCl2 for 30
min at 4°C, and the acetylation assays were performed as described above except
that they were performed in buffer A with 2 mM MgCl2 (and 50 mM NaCl was
excluded). Oligonucleosomes were reconstituted with linker histones (H1, H5,
GH1, or GH5) in buffer A containing 50 mM NaCl and allowed to equilibrate at
20°C for 30 min. MNase digestions were performed as described previously (20)
except in the presence of 50 mM NaCl. For MNase digestion prior to acetylation
reaction, the digests were performed as described above and stopped with the
addition of EDTA and EGTA to 3 and 5 mM, respectively. The digestion
reactions were then diluted twofold into 50 mM NaCl with 23 buffer A (con-
taining 36 mM [1-14C]acetyl-CoA), and the acetylation assay was initiated by
addition of either rPCAF or cPCAF. Reactions were terminated and analyzed as
described above. Chromatosome stop assays were performed on oligonucleo-
somes reconstituted with linker histones (or globular domains). Briefly, the
reconstitutes were digested with MNase (room temperature, 2 min), and the
digestion was stopped by addition of 2 volumes of MNase. The mixture was then
phenol-chloroform extracted and ethanol precipitated, and the resulting DNA
was resolved on a 5% polyacrylamide gel in 0.53 TBE; the bands were then
visualized by staining with ethidium bromide.

RESULTS AND DISCUSSION

The linker histones H1 and H5 specifically inhibit acetyla-
tion of H3 in oligonucleosomes. In the nucleus of the cell, the
transcription factor PCAF is associated with several proteins in
a multiprotein complex, which efficiently acetylates purified
chromatin subunits (32). We wished to examine whether either
rPCAF (60) or cPCAF (32) could acetylate either H1-depleted
or H1-containing chromatin. We purified H1-depleted oligo-
nucleosome arrays (8 to 12-mers) (Fig. 1b) and verified the

FIG. 1. The linker histone H1 inhibits the acetylation of oligonucleosomes.
(a) Oligonucleosomes were acetylated with either rPCAF or cPCAF (top panel,
Coomassie blue-stained gel; lower panel, PhosphorImager scan). Note that the
addition of H1 inhibits the acetylation of H3. (b) Mnase digestion of the oligo-
nucleosomes devoid of (2) or containing (1) histone H1. The presence of the
167-bp chromatosome stop is indicative of proper H1 placement in chromatin.
Lanes: M, molecular weight markers; 2, undigested control. (c) MNase digestion
of the oligonucleosomes. Lane M, molecular weight standards in base pairs; lane
cp, core particles. The nucleosomal repeat length was determined to be 187 6 15
bp. (d) Mix of individually purified core histones acetylated in the presence or
absence of H1 or in the presence of H1 plus DNA (0.2 mg/ml) (top, Coomassie
blue-stained gel; bottom, PhosphorImager scan). Note that the presence of H1
did not inhibit the acetylation of free histones or of the histone-DNA mixtures.
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integrity of the oligonucleosomes by examining the time course
of MNase digestion (Fig. 1c). Figure 1c shows that the purified
oligonucleosomes exhibit a characteristic (41, 45, 47) nucleo-
somal repeat of 187 6 15 bp. We then compared the abilities
of these HATs to acetylate the histones in these oligonucleo-
somes in the presence or absence of added linker histone H1.
To ensure proper binding of H1, we examined the reconsti-
tuted templates for the appearance of the “chromatosome
stop” (44). Figure 1b shows the MNase digestion of the recon-
stitutes and the appearance of the 167-bp chromatosome stop
indicating that H1 was properly bound. As shown in Fig. 1a,
addition of 1.4 mol of histone H1 per mol of nucleosome
reduced the H3 acetylation by either rPCAF or cPCAF by 90
or 70%, respectively. We specifically tested and found that the
reduction was not due to an H1-induced precipitation of the
chromatin substrate (not shown). In these assays, histone H1
incorporated no counts, indicating that it is not a substrate and
competing for H3 acetylation. The lack of acetylation of H1 is
in complete agreement with our previous finding (18), which
demonstrated that although histone H1 is an excellent sub-
strate for rPCAF in vitro, it could not function as a substrate
when bound to nucleosomes. Significantly, addition of histone
H1 to a mixture of free histones, or to a mixture containing
free histones and 2,000-bp-long DNA, did not affect the effi-
ciency of H3 acetylation (Fig. 1d). Thus, histone H1 is not a
nonspecific inhibitor of HAT activity. We conclude that his-
tone H1 inhibited acetylation specifically, only in the context of
chromatin.

rPCAF and cPCAF exhibit different patterns of inhibition as
a function of H1. Histone H1 inhibits the activity of both
rPCAF and cPCAF in a dose-dependent manner; however, the
dose dependency differs significantly between the two types of
HATs (Fig. 2). The dose response for rPCAF is linear: an
incremental increase in H1 results in a corresponding decrease
in acetylation (Fig. 2a). To test whether this was a general
effect of linker histone binding, we also tested whether linker
histone H5, the avian analog of H1°, could also inhibit rPCAF
in a dose-dependent manner (Fig. 2c). Titration with H5 re-
vealed that the pattern of inhibition was indistinguishable from
that observed with H1, suggesting that the inhibition of acet-
ylation of the H3 tail in chromatin is a general property of
linker histone binding. In contrast, the dose response of H1
inhibition of cPCAF is sigmoidal, with cPCAF inhibited only at
relatively high concentrations of H1 (Fig. 2b).

These results suggest differences in the ability of rPCAF and
cPCAF to overcome the linker histone-induced repression.
Since it has been demonstrated that H1 binds noncoopera-
tively to polynucleosomes (30), we suggest that rPCAF ineffi-
ciently acetylates the H3 in a nucleosome containing either H1
or H5 but can still acetylate the neighboring nucleosomes that
are devoid of linker histone. In contrast, cPCAF can overcome
the presence of H1, so long as the concentration of H1 is not
saturating. Indeed, results of competition experiments, in
which the acetylases and inhibitory amounts of histone H1
were simultaneously added to the oligonucleosomes, provide
additional support for this notion. In these experiments,
rPCAF was only slightly (25%) inhibited, and cPCAF was not
inhibited at all (Fig. 2a and b). The inhibition of rPCAF is due
to competition between H1 and rPCAF for access to the H3
tail. The nucleosomes that bound H1 before they were ac-
cessed by rPCAF are refractory to acetylation. In contrast,
cPCAF was not inhibited because the enzyme complex was
able to bind to oligonucleosomes so long as not all nucleo-
somes within the array were occupied by H1. We conclude that
rPCAF cannot overcome linker histone repression; however,
when PCAF is complexed with accessory proteins in a multi-

protein complex, it can overcome this repression, provided that
a nucleosomal array is not fully saturated. This finding suggests
that a function of the accessory proteins may involve overcom-
ing the H1-mediated repression of acetylation.

These data suggest that the H1-mediated inhibition of acet-
ylation is different for rPCAF and cPCAF. rPCAF is simply
competing with H1 for access to the individual nucleosome
within the array. In contrast, the H1-mediated repression of
cPCAF may be mediated by a more global feature of the
nucleosomal array, perhaps H1-mediated condensation. Alter-
natively, it has been demonstrated that more than one H1 can
associate per nucleosome within an array (8, 30). It was shown
that nucleosomes contain two binding sites for H1, a low-
affinity site and a high-affinity site (30). Perhaps the inhibition
of cPCAF at high levels of H1 is mediated by the binding of
additional H1 molecules per nucleosome.

These data show that cPCAF can overcome the H1-medi-
ated inhibition of acetylation, providing that the template is
not fully saturated. These results present the interesting pos-
sibility that while rPCAF is competing with H1 for the individ-
ual nucleosomes within the array; cPCAF is competing for the
array. In other word, if cPCAF binds to a nucleosome within

FIG. 2. The linker histones H1 and H5 inhibit the acetylation of oligonu-
cleosomes in a dose-dependent manner. Oligonucleosomes were reconstituted
with varied amounts of H1 or H5 and then acetylated with either rPCAF or
cPCAF, as indicated. The relative specific activity (Rel. Sp. Act.) of H3 was
determined for each point in the titration and plotted as a function of the H1/H4
ratio (determined from the Coomassie blue-stained gels). Each graph is a com-
posite of at least three independent titrations. The open symbols labeled
H11HAT show the level of acetylation when the acetylases and H1 were added
at the same time.
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the array, it can acetylate and overcome H1 binding in the
entire oligonucleosome. To test this quasi-processive mecha-
nism for cPCAF, we examined the ability of H1 to inhibit the
acetylation of H3 in chromatin subunits containing linker
DNA. We purified these subunits from chicken erythrocyte
nuclei and stripped them of endogenous H1. The DNA puri-
fied from the H1-stripped chromatin subunit (CM) prepara-
tion had an average length of 185 bp of DNA and contained no

core particle (Fig. 3a). We then reconstituted the purified CMs
with H1 and examined the ability of H1 to inhibit the acetyla-
tion by either rPCAF or cPCAF. Figure 3c shows that recon-
stitution of H1 onto the CMs inhibits the acetylation of H3 by
rPCAF, albeit to a reduced extent (60%) compared to that
same ratio of H1 on oligonucleosomes (Fig. 2). Interestingly,
linker histone H1 did not inhibit the acetylation by cPCAF at
any concentration tested. Since the H1-mediated inhibition
was either abolished or diminished in assays using CMs, we
used a gel mobility shift assay to determine if H1 could bind to
the purified CMs. Figure 3b show the results of the gel shift
assay performed at ratios of H1 to nucleosome similar to those
used in the acetylation experiment. The appearance of the
shifted band (CM1H1 in Fig. 3b) indicates that the particles
bound H1. These results indicate that cPCAF can overcome
the inhibitory effect of H1 and acetylate the template. We
conclude that the ability of cPCAF to overcome H1-mediated
inhibition does not arise from a processive mechanism. These
results suggest that cPCAF can overcome the presence of H1
and that the inhibition observed at saturating concentrations of
H1 may arise from a structural feature of the H1 condensed
chromatin array.

Linker histone-dependent inhibition of H3 acetylation is not
due to chromatin condensation. The linker histone H1 binds to
nucleosomes and compacts the structure of the chromatin fiber
(54). These effects might be especially significant at high con-
centrations of H1 where the fiber is completely condensed (16)
and where more than one H1 molecule can bind per nucleo-
some (8, 30). Therefore, the inhibition of acetylation by H1
could arise either from a structural change in the histone tails
associated with condensation or from steric occlusion arising
from either direct interactions of the H3 tail with H1 or an
H1-induced conformational change in the H3 tail. To test
whether the H1-dependent inhibition of acetylation was due to
chromatin compaction, we examined the ability of rPCAF and
cPCAF to acetylate oligonucleosomal arrays in the presence of
2 mM Mg21 ions, conditions which are known to favor con-
densation of oligonucleosomal arrays (40, 43). Figure 4 shows
that Mg21 ion-dependent condensation of the oligonucleo-
somes does not inhibit acetylation by either rPCAF or cPCAF.
On the contrary, condensation of chromatin with Mg21 ions
results in a stimulation of the activity of both rPCAF and
cPCAF for both nucleosome cores and oligonucleosomes but
not for a mixture of core histones (Fig. 4). The specific activity
of the H3 extracted from the mono- or oligonucleosomes was
normalized to that obtained with free histones. In all cases, the

FIG. 3. The H3 tails in chromatosomes can be acetylated by cPCAF. Chro-
matin subunits containing linker DNA were prepared from purified chicken
erythrocyte nuclei and stripped of linker histones (designated CM). (a) Length of
the DNA obtained from the CM preparation. Lanes: M, molecular weight mark-
ers; CP, DNA obtained from purified core particles (145 bp, designated with a
star); CM, DNA obtained from the CM preparation (average of 185 bp, desig-
nated with an arrow). (b) Gel shift assay performed in the acetylation buffer and
resolved on a 0.9% agarose gel in 0.53 TBE. CP, core particle; CM, H1-stripped
chromatin subunit preparation; CM1H1, position of the H1-shifted CM. (c)
Acetylation assay performed after reconstitution of the CMs with increasing
amounts of H1. M, molecular weight markers. Positions of H1 and H3 are
designated at the right. The middle section in panel c shows the PhosphorImager
scan of the Coomassie-stained gels and represents the incorporation of [14C]ac-
etate into H3. The bottom section shows the calculated specific activity for H3 for
each lane in the gel above. Note that rPCAF exhibits a concentration depen-
dence for added H1 whereas the activity of cPCAF is unaffected by the addition
of H1.

FIG. 4. Chromatin compaction does not inhibit acetylation of oligonucleosomes by rPCAF or cPCAF. (a) Acetylation of either a mixture of purified core histones,
core particles, or oligonucleosome (oligomer) in the presence or absence of 2 mM Mg21. (b) Relative specific activity (Rel. Sp. Act.), at either 0 or 2 mM Mg21, of
H3 in each of the lanes in panel a, normalized to acetylation of histone H3 in a mix of core histones (core histones). Cp, core particle; Om, oligonucleosome. Note
that the condensed oligonucleosomes in 2 mM Mg21 were very efficiently acetylated by both rPCAF and cPCAF.
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specific activity of H3 extracted from oligonucleosomes was
significantly higher than that of the H3 extracted from core
particles (Fig. 4b). These results indicate that both rPCAF and
cPCAF acetylate H3 tails in oligonucleosomes more efficiently
than the H3 tails in core particles. Furthermore, while addition
of Mg21 ions did not affect the acetylation of free, uncom-
plexed histones, the ions did elevate the specific activity of H3
in both core particles and oligonucleosomes. These results
indicate that the Mg21 ion-dependent stimulation is due to
changes in the substrate and not to effects on the enzymatic
activity of the HATs.

These finding are in agreement with a recent report that the
ability of GCN5, a close homolog of PCAF, to acetylate his-
tones in chromatin is also stimulated by the addition of Mg21

ions (51). These results indicate that these HATs prefer con-
densed chromatin as a substrate. We conclude therefore that
both rPCAF and cPCAF readily acetylate condensed chroma-
tin and therefore the inhibitory effects of H1 are not due solely
to the induction of a higher-order, more compact chromatin
structure.

Although Mg21 ion-induced condensation of chromatin re-
sults in a structure that is hydrodynamically similar to an H1-
mediated structure (8, 13, 17), the H1-mediated condensed
structure must present distinct topological features. We there-
fore examined the acetylation of H1-reconstituted oligonucleo-
somes as a function of MNase digestion (Fig. 5). During this
digestion, the H1-containing oligonucleosomes are gradually
converted to chromatosomes, thereby eliminating any consid-
eration of higher-order chromatin structure. Oligonucleo-
somes were reconstituted with sufficient linker histone H1 to
result in 80 and 60% inhibition of acetylation by rPCAF and
cPCAF, respectively. The reconstituted structures were then
subjected to a time course of MNase digestion (Fig. 5a repre-
sents the products of the MNase digestion prior to acetyla-
tion), and each time point was analyzed for the ability of
rPCAF and cPCAF to acetylate the mixtures. The inhibitory
effects of H1 were not relieved by digestion to chromatosomes,
and H3 did not incorporate any additional counts (Fig. 5b and
c). Thus, the H1-dependent inhibition of acetylation cannot be
due solely to the formation of a higher-order, condensed chro-
matin structure. Together, these results indicate that H1 inhib-
its the acetylation of H3 in chromatin by sterically hindering
access to the H3 tail. Further, these results combined with

those in Fig. 3 indicate that the binding of H1 to oligonucleo-
somes results in a subunit conformation that is distinct from
that of H1 reconstituted onto a purified chromatosomes. In
other words, H1 binding to oligonucleosomes forms a stable
conformer, and this conformation is maintained when digested
to chromatosome, while reconstitution onto chromatosomes
previously stripped of H1 results in a conformation that is not
repressive to acetylation by the PCAF complex.

The globular domains of H1 and H5 are poor inhibitors of
acetylation. Linker histones are a family of chromatin-associ-
ated proteins with evolutionarily conserved sequence and
structure (54). They have a tripartite structure composed of
highly charged N- and C-terminal tails and a conserved central
globular domain (1, 7). The purified globular domains bind to
nucleosomes near the dyad axis and interact with two gyres of
the nucleosomal DNA in a manner similar to that observed for
the full-length protein (1, 50). However, since the globular
domain lacks both the C- and N-terminal tails, the binding of
this domain does not induce chromatin condensation (2).

To further examine the nature of the linker histone-induced
inhibition of acetylation, we tested the ability of the purified
GH1 and GH5 to inhibit the acetylation by either cPCAF or
rPCAF. Chromatosome stop assays (Fig. 6a), which are char-
acteristic for proper placement of GH1 and GH5 in nucleo-
somes (44), confirmed that both GH1 and GH5 were properly
bound to the nucleosomes.

Next we tested the ability of the globular domains to steri-
cally block the PCAF-mediated acetylation of the H3 tails in
oligonucleosomes. We reconstituted the oligonucleosomes
with increasing concentrations of either GH1 or GH5 and
examined the ability of either cPCAF or rPCAF to acetylate
the H3 tails. The results (Fig. 6b and c) demonstrate that
neither GH5 nor GH1 is capable of inhibiting acetylation of
cPCAF at any concentration tested. Comparison of these re-
sults to those observed for the full-length H1 (Fig. 2b) shows
that while H1/H4 ratios of 1.2 resulted in a greater than 80%
reduction in H3 acetylation, the same or greater ratio (up to
1.6) of GH1 to H4 had no effect on H3 acetylation. Likewise,
the rPCAF-mediated acetylation was inhibited by either GH1
or GH5 (Fig. 6d and e) to a lesser extent than that observed for
the full-length proteins (Fig. 2a and c). Thus, while increased
ratios of H1 resulted in a gradual decrease in H3 acetylation,
leading to complete inhibition of acetylation (Fig. 2a), a

FIG. 5. The H1-mediated inhibition of H3 acetylation is not due to formation of higher-order chromatin structure. MNase digestion of oligonucleosomes to
mononucleosomes does not relieve the H1-dependent inhibition of rPCAF or cPCAF. Oligonucleosomes reconstituted with H1 were subjected to time course of
digestion with MNase (a; 2, no digestion). The MNase concentration and time of digestion was adjusted to yield about 80% monomer at the last point. The digests
were stopped, and then the mixture was acetylated with either rPCAF or cPCAF. The bar graphs indicate the percent inhibition relative to the undigested control in
the absence of linker histone H1. In the Coomassie blue-stained gels (b and c), the band above H3 is MNase. The lower panel shows the incorporation of [14C]acetate
into H3.
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GH1/H4 ratio as high as 1.6 resulted in no greater than a 60%
inhibition of H3 acetylation (Fig. 6d). Similarly, GH5 was a
much poorer inhibitor of rPCAF than the full-length H5 (com-
pare Fig. 2c to Fig. 6e). Taken together, these data indicate
that the inhibition of acetylation by the linker histones is steric
in nature and largely mediated by the linker histone tails. We
note, however, that the globular domains alone partially inhibit
the acetylation activity of rPCAF but not that of cPCAF.

The slight differences in the abilities of GH1 and GH5 to
inhibit the rPCAF-mediated acetylation may reflect differences
in their specific interactions with nucleosomes. Indeed, previ-
ous studies of GH1 and GH5 have indicated differences both in
their binding to DNA (49) and in their ability to self-associate
(26). In addition, prior studies have noted distinct conforma-
tions for H1 and H5 (9) that could reflect some differences in
their specific contacts with histones in the nucleosome oc-
tamer. These differences could account for the observed dif-
ferences in their ability to inhibit acetylation.

All of our results indicate that the binding of linker histones
to nucleosomes sterically hinders access of the H3 tails to
rPCAF and that this steric occlusion occurs at the level of the
individual nucleosomes within the array. These conclusions are
supported by our findings that linker histones inhibit the
rPCAF-mediated acetylation on both oligomers and chroma-
tosomes. Furthermore, this steric occlusion is mediated by
both the globular domain and the linker histone tails. The
partial inhibition observed with the globular domains, in con-
junction with the stimulation of acetylation observed by mag-
nesium-induced condensation of the oligonucleosomes, clearly
indicates that the inhibition cannot be due solely to the H1-
mediated condensation. Taken together, these results strongly
indicate that the inhibition of rPCAF is mediated by steric
occlusion of the H3 tail by the linker histone. Further studies
now under way using truncation mutants of the linker histones
will allow for a more detailed understanding of the mechanism
by which linker histones inhibit rPCAF.

In contrast, cPCAF is capable of overcoming the steric effect
of H1, perhaps by altering the organization of H1 in chromatin.
Our results show that acetylation of oligonucleosomes by
cPCAF is not inhibited by subsaturating concentrations of H1
or by saturating concentrations of the globular domains. Fur-
thermore, the acetylation of chromatosomes by cPCAF is not
inhibited by H1. These results indicate that the complex can
overcome the steric effect of linker histones at the level of the
individual nucleosome. Thus, it seems that the PCAF complex
contains a factor(s) that is capable of reorganizing the H1-
containing nucleosomes, thereby allowing access of PCAF to
the H3 tail. Like rPCAF, the acetylation activity of cPCAF was
not inhibited by magnesium-induced condensation, indicating
that the enzyme in complex is not inhibited by condensation of
the oligonucleosomes. However, high concentrations of H1 do
inhibit the acetylation activity of cPCAF. This inhibition may
be due to the binding of more than one H1 molecule per
nucleosome in the array (8, 30). Alternatively, the inhibition
could result from a structural feature of the fully condensed
H1-containing oligonucleosomes that is distinct from that of
Mg21 condensed chromatin. The PCAF complex contains nu-
merous polypeptides (32); purification, identification, and re-
constitution of factors within the complex will lead to a more
thorough understanding of the mechanism whereby this and
other nuclear complexes that target nucleosomes overcome the
repressive nature of linker histone H1.

In summary, our findings suggest that efficient acetylation
requires changes in the organization of H1 on chromatin and
that some members of cPCAF may act to modify the organi-
zation of H1. Indeed, others have shown that although H1 is
present in actively transcribed regions, it exists in an altered
conformation (42). Since GCN5 targets the same acetylation
sites as PCAF (22, 38, 51), it is likely that it too will be inhibited
by H1. We have recently observed that H1 also inhibits the
ability of p300 to acetylate histones in oligonucleosomes (un-
published data). We suggest, therefore, that changes in the
chromatin organization of H1 may be a general prerequisite,
necessary to allow access to nucleosomes for various regulatory
factors that affect the structure and regulate the function of
chromatin.

ACKNOWLEDGMENTS

We thank Y. Postinikov, J. Wagner, C. Laufer, M. Bergel, H.
Shirakawa, and M. Prymakowska-Bosak for helpful discussions. We
also thank J. Allan (Edinburgh University) for providing the globular
domains of H1 and H5.

FIG. 6. GH1 and GH5 are poor inhibitors of acetylation. The oligonucleo-
somes were reconstituted with either GH1 or GH5. Proper binding of the
globular domains was verified by the chromatosome stop assay (a) Lanes: MW,
DNA molecular weight markers; Cp, DNA purified from chicken core particles;
2LH, DNA purified after digestion of the oligonucleosomes in the absence of
linker histones; GH1, DNA purified after digestions of oligonucleosomes in the
presence of GH1 (GH1:H4 5 1.2:1); GH5, DNA purified after digestion of
oligonucleosomes in the presence of GH5 (GH5:H4 5 1.2:1). Arrows indicate
positions of the MNase-protected chromatosome stop DNA; stars indicate po-
sitions of the core particle DNA. (b to e) Oligonucleosomes reconstituted with
different amounts of GH1 or GH5 were acetylated with either cPCAF (b and c)
or rPCAF (d and e). The specific activity of H3 normalized to that in the absence
of any added globular domain (Rel. Sp. Act.) was plotted as a function of the
GH1/H4 or GH5/H4 ratio (determined from the Coomassie blue-stained gel of
each reaction). Each graph represents a composite of at least two independent
titrations.
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