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Nonhistone chromosomal proteins HMG-14 and HMG-17 are closely related nucleosomal binding proteins
that unfold the higher-order chromatin structure, thereby enhancing the transcription and replication poten-
tial of chromatin. Here we report that PCAF, a transcription coactivator with intrinsic histone acetyltrans-
ferase activity, specifically acetylates HMG-17 but not HMG-14. Using mass spectrum sequence analysis, we
identified the lysine at position 2 as the predominant site acetylated by PCAF. Lysine 2 is a prominent
acetylation site in vivo, suggesting that this PCAF-mediated acetylation is physiologically relevant. Experi-
ments with HMG-17 deletion mutants and competition studies with various protein fragments indicate that the
specific acetylation of HMG-17 is not determined solely by the primary sequence near the acetylation site. By
equilibrium dialysis we demonstrated that acetylation reduces the affinity of HMG-17 to nucleosome cores. In
addition, we found that the binding of HMG-14 and HMG-17 to nucleosome cores inhibits the PCAF-mediated
acetylation of histone H3. Thus, the presence of HMG-14 and HMG-17 affects the ability of PCAF to acetylate
chromatin, while the acetylation of HMG-17 reduces its binding affinity to chromatin. Conceivably, in HMG-
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17-containing chromatin, acetylation of HMG-17 precedes the acetylation of histones.

Reversible acetylation of the N-terminal tails of histones
plays a key role in the regulation of various nuclear activities
such as chromatin assembly, replication, and transcription (2,
19, 29, 39, 49, 51, 52). The acetylation of lysine residues within
nucleosomes weakens the interaction of the histone tails with
the DNA and leads to chromatin decompaction (16, 17). These
structural transitions enhance the accessibility of the underly-
ing DNA sequence to various factors, thereby reducing the
repressive effect of the nucleosome on transcription and rep-
lication. The relationship between transcriptional regulation
and histone acetylation has been strengthened considerably by
the discovery that certain factors associated with transcrip-
tional activation have intrinsic histone acetylase activity (7, 20,
30, 31, 44, 53), while factors associated with transcriptional
repression contain histone deacetylase activity (26, 44). It is
significant that in some cases this reversible acetylation is tar-
geted and specific. For example, Tetrahymena GCNS prefer-
entially acetylates residues K8 and K16 of histone H4 and K14
of histone H3 (13, 24). In contrast, in Saccharomyces cerevisiae,
transcriptional repression by UMEG6 involves the specific
deacetylation of K5 in histone H4 by the deacetylase RPD3
(40). Furthermore, the pattern of H4 acetylation in hetero-
chromatin is unique, suggesting that specific acetylation marks
discrete functional states of chromatin structure (5, 32). Taken
together with other findings, these results suggest that the
reversible acetylation of histones is not merely a mechanism
for indiscriminately unfolding chromatin but is a key step in the
selective regulation of the expression of specific genes.

Most of the studies on the effect of acetylation on the struc-
ture and function of chromatin have focused on the reversible
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acetylation of the core histones. However, other chromatin-
associated proteins, such as the nonhistone HMG proteins (9,
10), are also reversibly modified (23). In duck erythrocytes, two
acetylation sites in HMG-1 and HMG-14 and three sites in
HMG-17 were identified (42, 43). In the HMG-14/-17 protein
family the major acetylation site detected even in cells not
treated with deacetylase inhibitors is the lysine at position 2
(43). The enzymes responsible for the reversible acetylation of
HMG proteins have not been identified, and nothing is known
about the functional consequences of HMG acetylation.

Chromosomal proteins HMG-14 and HMG-17 are the only
nuclear proteins known to specifically bind to the 146-bp nu-
cleosome core particle and therefore could be considered as an
integral part of the chromatin fiber (9, 10). These HMG pro-
teins specifically interact with the N termini of the core his-
tones (11) and produce distinct footprints on the nucleosome
core (1, 27, 41). Removal of the N termini of the core histones
greatly reduces the binding of the proteins to the nucleosome
core (11). By site-directed cross-linking we demonstrated that
HMG-14 contacts the nucleosome at multiple sites (47). The N
terminus of HMG-14 specifically interacts with histone H2B,
while the C terminus of the protein specifically interacts with
the N terminus of histone H3. In chromatin, HMG-containing
nucleosomes are clustered into distinct domains, which on the
average consist of six contiguous nucleosome-HMG complexes
(35). The binding of HMG-14/-17 proteins to nucleosomes
unfolds the higher-order chromatin structure and enhances
various DNA-dependent activities, such as transcription (12,
14, 15, 34, 45, 46, 48) and replication (50).

A mechanistic view of these findings suggests that HMG-
14/-17 proteins unfold the higher-order chromatin structure,
thereby promoting access to nucleosomes by various regulatory
factors, some of which may have histone acetyltransferase
(HAT) activity. In view of the close proximity between the
acetylation sites in histones (histone tails) and HMG-14/-17
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proteins (47) and the recent observation that some HATS can
modify transcription factors (22), it is plausible that these en-
zymes could also modify HMGs.

Here we report that PCAF specifically acetylates HMG-17
but not HMG-14, and we demonstrate that the specificity of
acetylation may require a distinct protein conformation. We
examine the ability of PCAF to acetylate HMG-nucleosome
complexes and demonstrate that the presence of HMG-14/-17
proteins affects the rate of acetylation of the N termini of core
histones. We studied the effect of acetylation on the interaction
of HMG-17 with nucleosomes and show that acetylation of
HMG-17 affects its interaction with nucleosomes. These find-
ings represent the first identification of an acetylase capable of
specifically acetylating a nonhistone structural chromosomal
protein and provide insight into a mechanism whereby HATSs
affect transcription in the context of chromatin.

MATERIALS AND METHODS

Substrates and enzymes. Recombinant human PCAF containing the Flag tag
(Kodak) was prepared as described previously (53). Histone H1 was extracted
from calf thymus with 5% trichloroacetic acid and purified by chromatography
on Amberlite IRC-50 (8). Histone H3 was extracted from calf thymus with 0.1 M
HCI, oxidized, and purified on Sephadex G-100 (28). Chromosomal protein
HMG-1 was isolated from calf thymus by extraction with 0.35 M NaCl and
purified by ion-exchange chromatography (38). Recombinant wild-type HMG-14
and HMG-17 and their N- and C-terminal truncation mutants were expressed
and purified as previously described (48). Nucleosome core particles were puri-
fied from chicken erythrocytes as previously described (1, 4). Cytochrome ¢ and
acetyl-coenzyme A (CoA) were obtained from Sigma. [1-'*Clacetyl-CoA (55
mCi/mmol) was obtained from Amersham. [*H]acetyl-CoA (26 Ci/mmol) was
obtained from Moravek, Inc.

HAT assay. All assays were performed in buffer A (50 mM Tris-HCI, pH 8.0;
10% glycerol [vol/vol]; 1 mM dithiothreitol; 0.1 mM EDTA; 10 mM butyric acid)
(6). Substrate concentrations were 0.1 to 0.25 mg/ml, and the [*H]- or
[1-"*CJacetyl-CoA concentrations were 9 pM (unless otherwise indicated). The
assay was performed at 37°C and was initiated by the addition of the protein
substrate to a mixture containing the acetyltransferase and acetyl-CoA in buffer
A (21). The radioactivity incorporated into the protein substrate was detected by
a polyacrylamide gel assay. In this assay, the reactions were stopped by the
addition of an equal volume of a sodium dodecyl sulfate (SDS) gel sample buffer
(100 mM Tris-HCI, pH 6.8; 200 mM dithiothreitol; 2% SDS; 0.1% bromophenol
blue; 20% glycerol) and then boiled for 5 min; the proteins were then resolved
on a 15% polyacrylamide-SDS gel. The electrophoresis was performed at 15
V/em and stopped when the bromophenol blue reached the bottom of the gel.
The gels were stained with Coomassie blue to estimate the protein quantities and
then soaked in Enlightening Enhancer solution (Dupont) for 30 min and vacuum
dried; the radioactivity incorporated into the protein bands was then visualized
on a PhosphorImager (Molecular Dynamics) and quantified with ImageQuant
software. Acetylation of the nucleosome-HMG-17 complexes was performed as
just described, except that the chicken nucleosomes were reconstituted with
various amounts of HMG-17 prior to the acetylation reaction. In another set of
experiments, the proteins were labeled with [*H]acetyl-CoA (26 Ci/mmol;
Moravek, Inc.) as described above. After electrophoresis and Coomassie blue
staining, the protein bands were excised and digested in 30% hydrogen peroxide
(65°C, overnight), and their radioactivity was determined by liquid scintillation
counting. The competition assays were performed as just described except that
various amounts of competitor (a 2X to 5X molar excess above the level of
HMG-17) were added. Acetylation of peptides was examined either by autora-
diography of [*CJacetate-labeled peptides, by excising [*H]acetate-labeled pep-
tides from the polyacrylamide gels, or by mass spectral analysis.

Mass spectral analysis. HMG-17 was acetylated by PCAF with nonradioactive
acetyl-CoA as described above. To increase the yield of acetylated protein, the
reaction time was extended to 4 h, with addition of fresh enzyme every hour
and addition of 10 pM acetyl-CoA along with the final addition of enzyme.
After acetylation, HMG-17 was purified by high-pressure liquid chromatography
(HPLC) with an Aquapore butyl column (Applied Biosystems) and with a water
(0.1% trifluoroacetic acid [TFA])-acetonitrile (0.1% TFA) gradient of 0 to 30%
acetonitrile. HMG-17 was eluted from the column at approximately 20% aceto-
nitrile. The HMG-17 peak was collected and subjected to mass spectral analysis
to determine the level of acetylated residue. The mass of the modified protein
mixture was analyzed by using a single quadrupole mass spectrometer (Finnigan
SSQ-7000) equipped with an electrospray ion source. To identify the acetylation
sites, we subjected the acetylated HMG to mass analysis and found that the
protein incorporated a single acetyl group (see Fig. 3A). We purified the mono-
acetylated protein by HPLC and digested it with Glu-C (Promega) (in 50 mM
ammonium bicarbonate, pH 8.0), and the resulting fragments were analyzed by
nanospray ion-trap mass spectrometry (Finnigan model LCQ, equipped with a
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nanospray ion source). We searched for fragments with masses corresponding to
monoacetylated Glu-C peptides and observed a single species corresponding to
Pro(1)-Glu(6) with an M + H of 771; the unacetylated fragment would thus have
a mass reduced by 42 (mass of acetyl group), i.e., an M + H of 729. The
collision-induced ion products of this fragment were analyzed. Only the products
consistent with acetylation of lysine 2 were observed.

Two-dimensional polyacrylamide gels. Nucleosome-HMG-17 reconstituted
complexes were acetylated by PCAF in buffer A as described above and, without
further treatment, were immediately loaded, in the first dimension, onto a native
5% polyacrylamide (30:1, acrylamide-N,N'-methylene-bis-acrylamide) gel (0.75
mm by 6 cm) in 0.2X Tris-borate-EDTA (TBE). The gels were run at 20 V/cm
at 4°C until the xylene cyanol dye migrated to approximately 70% of the gel
length. The nucleosome complexes were visualized with ethidium bromide, and
the lanes of interest were excised from the native gel and placed perpendicularly
on top of a 15% polyacrylamide gel (1.5 mm by 15 cm) composed of resolving gel
(1.5 mm by 8 cm) and 3% stacking gel (1.5 mm by 3.5 cm) containing SDS. The
gel strip was embedded into a layer of stacking gel that was identical to the first
layer of the stacking gel. Then, 0.5X SDS—gel sample buffer was layered over the
embedded gel slices. The second dimension was run at 15 V/cm at room tem-
perature until the bromophenol blue reached the bottom of the gel. The gels
were stained with Coomassie blue and quantified by using a Molecular Dynamics
scanning densitometer and the ImageQuant software. After the scanning, the
gels were soaked in Enlightening Enhancer solution for 30 min and dried under
a vacuum, and the radioactivity incorporated into each band was quantified by
using a Molecular Dynamics Phosphorlmager and the ImageQuant software.
The specific activity of each band was determined from the densitometric and
PhosphorImager analysis.

Equilibrium dialysis. HMG-17 was acetylated in buffer A containing radioac-
tively labeled acetyl-CoA for 3 h at 37°C (as described above). Fresh PCAF was
added after each hour. After acetylation, PCAF was heat inactivated by incu-
bating the reaction mixture at 95°C for 5 min. The heat inactivation fully abol-
ished the acetylation activity of PCAF without affecting the ability of HMG-17 to
bind to nucleosomes, as measured by gel shift assays. Gel shift assays were
performed by mixing either heat-treated or untreated HMG-17 with nucleosome
cores in the acetylation buffer. The complexes in the sample were then resolved
by using a 5% polyacrylamide gel in 0.2X TBE; the gels were then run at 4°C for
2 h, and the complexes were visualized by using ethidium bromide. The dialysis
was performed by using Teflon equilibrium chambers (Sialomed, Inc.) and 100-
kDa cutoff membranes; this exclusion limit allows for the free movement of
HMG-17 across the membrane while preventing the movement of the nucleo-
some. One chamber contained chicken core particles (50 pl [60 ng/ul] in 2X
TBE); the other chamber contained various concentrations of PCAF-treated
HMG-17 (heat treated) in 2X TBE. The chambers were then placed on a rocker
platform at 4°C for 5 days, a time sufficient to achieve equilibrium. The protein
compositions (histones and HMG-17) of the samples removed from each cham-
ber were then analyzed on a 15% polyacrylamide gel containing SDS. The
amount of HMG-17 in the samples was quantified by densitometry of the Coo-
massie blue-stained bands. No change in the nucleosome concentration was
detected. The bands were then excised from the gel and digested in 30% hydro-
gen peroxide (65°C, overnight), and the radioactivity in each band was deter-
mined by scintillation counting. The specific activity was determined from the
quantitation values from the Coomassie blue-stained gels and the total amounts
of tritium in the gel slices.

RESULTS

PCATF specifically acetylates HMG-17 and not HMG-14. To
examine whether the two closely related nonhistone proteins
HMG-14 and HMG-17 are specifically acetylated by PCAF, we
tested the ability of the enzyme to incorporate radioactive
acetate into these proteins (Fig. 1). As we previously demon-
strated, purified recombinant PCAF self-acetylates and specif-
ically acetylates free H3, nucleosome-bound histone H3, and
free linker histone H1 but not all proteins containing multiple
lysines, such as cytochrome ¢, or the nonhistone protein
HMG-1 (21). PCAF also exhibits a remarkable selectivity for
the HMG proteins; it specifically acetylates HMG-17 but not
HMG-14. To exclude the possibility that the HMG-14 stock
solution inadvertently contained a PCAF inhibitor, we tested
whether the enzyme could selectively acetylate HMG-17 in a
mixture containing both HMG-14 and HMG-17. The results
shown in Fig. 1 show that PCAF selectively acetylates HMG-17
even under conditions where HMG-14 is in excess and that the
presence of HMG-14 has no significant effect on the level of
acetylation of HMG-17. The specific activity of HMG-17 was
50-fold higher than that of HMG-14, 3-fold lower than that of
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FIG. 1. Specific acetylation of HMG-17 by PCAF. The specificity of PCAF
acetylation was tested by using several substrates. Panel A shows the protein gel,
and panel B is the corresponding phosphorimage showing the incorporation of
['“Clacetate. Substrates are as indicated (Hist.H3, histone H3; Nucl., chicken
nucleosome core particles; Hist.H1, calf thymus histone H1; and Cyt. C, cyto-
chrome c¢). The arrow to the right of each panel designates the position of PCAF.

nucleosome-bound H3, and about 80-fold lower than that of
either free histone H3 or histone H1. No signal was obtained
with either HMG-1 or cytochrome c.

The known in vivo acetylation sites of both HMG-14 and
HMG-17 are located in the N-terminal region of the proteins
(42, 43) and involve lysine residues which are evolutionarily
conserved among all the members of the HMG-14/-17 protein
family (9, 10). Our finding that PCAF specifically acetylated
HMG-17 but not HMG-14 raised the possibility that the site
acetylated by PCAF is a novel, previously unidentified site. To
identify the protein region containing the site acetylated by
PCAF, we tested a series of HMG-17 deletion mutants for
their ability to serve as substrates for this enzyme (Fig. 2).
Mutants of HMG-17 lacking either 4 or 16 residues from the N
terminus (designated HMG-17AN4 and HMG-17AN16) were
very poor substrates for PCAF acetylation; the specific activity
of these deletion mutants was 10-fold lower than that of full
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FIG. 2. Specificity of the acetylation reaction with HMG-17 truncation mu-
tants. Panel A shows the protein gel; panel B is the corresponding phosphorim-
age showing the incorporation of ['*Clacetate. Substrates are as indicated
(HMG-17AC37, an HMG-17 truncation mutant lacking 37 residues from the C
terminus; HMG-17AN16, an HMG-17 truncation mutant lacking 16 residues
from the N terminus; HMG-17AC22, an HMG-17 truncation mutant lacking 22
residues from the C terminus; HMG-14AC26, an HMG-14 truncation mutant
lacking 26 residues from the C terminus; and HMG-17AN4, an HMG-17 trun-
cation mutant lacking the first 4 residues from the N terminus).
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HMG-17. Although it is possible that PCAF acetylates more
than one site, these data clearly indicate that the major PCAF-
mediated acetylation site in HMG-17 is located in the N-
terminal region of the protein, most probably in the first four
amino acids. Consistent with this interpretation, removal of 22
residues from the C terminus of HMG-17 (producing mutant
HMG-17AC22, containing the first 67 amino acids of HMG-
17) had no discernible effect on acetylation. However, removal
of 37 residues from the C terminus (i.e., mutant HMG-
17AC37, containing the first 52 amino acids of HMG-17) re-
duced the acetylation to the same level as that observed with
the N-terminal deletion mutants, suggesting that the acetyla-
tion site also could reside between residues 52 and 67. None-
theless, the results suggest that only one of these regions con-
tains an acetylation site but that both protein regions appear to
be required for efficient acetylation.

Identification of the acetylated lysine. Analysis of the trun-
cation mutants indicated two regions as possible targets for the
acetylation of HMG-17 by PCAF in vitro. One region resides
in the first four N-terminal amino acids and represents a pre-
viously identified site of modification in vivo (42, 43). Impor-
tantly, the first four residues, PKRK, are conserved among all
the members of this protein family (9, 10), including HMG-14,
which is not acetylated by PCAF. The second region, located
between residues 52 and 67, has not been previously shown to
contain an acetylation site in vivo. Nevertheless, this region is
a sequence with significant divergence between HMG-14 and
HMG-17 (9, 10). To unequivocally identify the acetylation site,
the full-length acetylated protein was subjected to mass spec-
trum sequence analysis. Mass analysis of the modified protein
detected only two molecular species: unacetylated and mono-
acetylated forms of HMG-17 (Fig. 3A). Mass spectrum analy-
sis of a Glu-C digest of the protein revealed a single acetylation
site, the lysine at position 2 (Fig. 3B and C; see Materials and
Methods for the rationale of this analysis). No acetylation sites
were detected beyond residue 47. These data, in combination
with the truncation mutant analysis, indicate that the region
between residues 52 and 67 is required for acetylation in the
N-terminal region (lysine 2), although this region is not acety-
lated.

Specific acetylation of the evolutionarily conserved residue
within a tetrapeptide present in both HMG-14 and HMG-17
suggests that the presence of the acetylation site is not suffi-
cient to confer this specificity. We therefore used competition
assays to identify which regions of the protein are required for
the specific acetylation of HMG-17 by PCAF. As summarized
in Fig. 4B, neither HMG-14, which contains the conserved
sequence for the acetylation, nor mutants containing this site
efficiently competed for the specific acetylation of HMG-17 by
PCAF. Likewise, PCAF failed to acetylate any of the peptides
containing this acetylation site. However, the HMG-17AN4
mutant, which lacked the acetylation site, could efficiently com-
pete for acetylation of HMG-17, whereas the HMG-17AN16
mutant (lacking the first 16 amino acids) could not (Fig. 4A).
Therefore, we conclude that the region between residues 5 and
16 may play a role in the specific acetylation of HMG-17 by
PCAF. However, additional regions may be required because
mutant HMG-17AC37, which lacks the 37 C-terminal residues
and contains an intact N terminus that includes the acetylation
site, was not acetylated (see also Fig. 2). In addition, a peptide
containing residues 52 to 67 (present in HMG-17AC22 and
absent HMG-17AC37) could not effectively compete for acet-
ylation. We therefore conclude that the primary sequences
near the acetylation site are not the only factors responsible for
the specific acetylation of HMG-17 by PCAF.
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FIG. 3. Mass spectrum identification of the acetylated lysine in HMG-17. (A) Mass analysis of the full-length acetylated HMG-17. The peak designated HMG-17
is the full-length unmodified protein (m/z = 9,261), and the peak designated ACHMG-17 corresponds to HMG-17 with a single modification (one acetyl group, total
m/z = 9,308). (B) Mass analysis of the Glu-C peptide (generated from the full-length acetylated species) containing the modification and identification of the modified
lysine (position 2). (C) Region of the mass spectra containing the modified lysine. The mass analysis from panel B was performed from the spectra depicted in panel C.

Acetylation of the nucleosome-HMG-17 complex. In chro-
matin, HMG-17 and the closely related protein HMG-14 form
specific complexes with nucleosomes (9, 10, 35-37). In these
complexes, the C-terminal region of HMG-14 makes specific
contacts with the N-terminal region of histone H3 (11, 47),
which is preferentially acetylated by PCAF (53). We there-
fore tested the activity of PCAF on nucleosomes containing
HMG-17. Specifically, we examined whether PCAF can acet-
ylate the nucleosome-bound HMG-17 and, in addition, wheth-
er HMG-17 affects the ability of PCAF to acetylate the N-ter-
minal region of histone H3. In these experiments (Fig. 5) the
concentrations of nucleosome-bound HMG-17 were in the
same range as those used for the acetylation of free HMG-17
(Fig. 1).

The results indicate that the nucleosome-bound HMG-17 is
less efficiently acetylated by PCAF than is the free HMG-17
(inset in Fig. 5). This conclusion is based on our finding that
the specific activity of free HMG-17 is only threefold lower
than that of nucleosome-bound H3 (Fig. 1) and on the inability
to detect radioactivity in the nucleosome-bound HMG-17
(compare the “—” and “+” lanes in the inset in Fig. 5). In
addition, we found that the presence of HMG-17 in nucleo-
somes decreased the efficiency of H3 acetylation by PCAF

(Fig. 5). An incremental increase in the ratio of HMG-17
protein to the nucleosome core results in an incremental de-
crease in the acetylation of histone H3. In addition, increasing
the time of acetylation of the complexes enhanced the acety-
lation of H3 proportionately with time but did not alter the
percentage of inhibition (not shown). These results suggest
that the binding of HMG to nucleosomes interferes with the
PCAF-mediated acetylation of nucleosomal H3. Similar results
were obtained by analyzing the complexes by using a two-
dimensional gel system (not shown). In the two-dimensional
gel assay, the acetylated complexes are first resolved on a
native polyacrylamide gel; the components of the resolved
complexes (consisting of free nucleosome, nucleosome plus
one bound HMG, and the final complex of nucleosome plus
two bound HMGs) are then analyzed by using a denaturing gel
containing SDS. The components of each complex are deter-
mined, and the specific activity of each species in the complex
is determined. The specific activity of the nucleosomal H3
(specific activity, 214 dpm/optical density [OD] unit) was three-
fold lower than that of H3 in the complex containing two
bound HMGs/nucleosome (specific activity, 67 dpm/OD unit).
These results are consistent with the one-dimensional analysis
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FIG. 4. Determinants for the specific acetylation of HMG-17. (A) The acet-
ylation of HMG-17 is inhibited by a deletion mutant lacking the first 4 amino
acids but is not inhibited by a deletion mutant lacking the first 16 amino acids. In
these experiments the acetylation of HMG-17 was performed in the presence of
0.2 pg of competitor per pl. (B) Schematic diagram summarizing the studies
indicating that residues 5 to 16 and a peptide longer than 52 residues of HMG-17
are required for the specific acetylation of HMG-17. Acetylation and competi-
tion studies were done as described in Materials and Methods. The designations
for the truncation mutants are as indicated in Fig. 2. Three peptides were used:
pl4N11, a peptide containing the first 11 residues of HMG-14 (contains the
conserved Lys-2); p17N16, a peptide containing the first 16 residues of HMG-17
(including the acetylated Lys-2); and p1752-67, a peptide containing residues 52
to 67 of HMG-17 (residues included in the acetylated HMG-17AC22 mutant but
absent in the HMG-17AC37 mutant that is not a substrate). The HMG-17AC22
mutant was not tested (ND) as a competitor since it can function as a substrate.
The HMG-17AC37 mutant was not tested as a competitor since it contains a fully
intact N terminus, including the conserved acetylated Lys-2, yet it cannot func-
tion as a substrate. It is also indicated whether the substrate could (+) or could
not (—) function as a substrate for acetylation or as a competitor for the acet-
ylation of HMG-17. The boxes in the diagram indicate the evolutionarily con-
served domains in HMG-14/-17. NA, not applicable.

(Fig. 4) and suggest that the inhibition of H3 acetylation is
mediated by the binding of HMG-17 to nucleosome.

The titration data (Fig. 5) and the two-dimensional gel anal-
yses (not shown) indicated that HMG-17 impedes but does not
prevent the acetylation of histone H3. These results suggest
that the binding of HMG-17 to nucleosome cores affects the
kinetics of H3 acetylation, most probably by sterically hinder-
ing the accessibility of PCAF to the N-terminal region of H3.
Since HMG-14 is not acetylated but its interaction with nu-
cleosomes is indistinguishable from that of HMG-17, we tested
whether HMG-14 inhibited the acetylation of the nucleosomal
H3 to the same degree as HMG-17. The results indicate that
both proteins inhibited the PCAF-mediated acetylation of nu-
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FIG. 5. HMG-17 inhibits the acetylation of nucleosomal H3. Nucleosomes
reconstituted with various amounts of HMG-17 were acetylated by PCAF, and
the proteins were resolved on SDS-polyacrylamide gels. The incorporation of
['*Clacetate into each protein was determined by phosphorimaging. The figure
depicts the decrease in specific activity of nucleosomal H3 as a function of added
HMG-17. The inset shows the protein gel (left panel) and the corresponding
phosphorimage (right panel) showing '“C incorporation either into the nucleo-
somes alone (—) or into nucleosomes containing stoichiometric amounts of
HMG-17 (+).

cleosomal H3 (Fig. 6). In contrast, the HMG-17AC37 trunca-
tion mutant, which lacks the C-terminal region but binds with
equal affinity compared to the full-length protein (36), exhibits
a reduced ability to inhibit H3 acetylation (Fig. 6). These
results are in agreement with previous observations that the C
terminus of HMG-14 contacts the N-terminal tail of histone
H3 (47) in the region where it exits from the nucleosome (25),
i.e., very close to the acetylation sites. We conclude therefore
that interactions between the C-terminal domain of HMG-
14/-17 proteins and the N-terminal tail of H3 reduce the rate of
acetylation of the H3 by PCAF.
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FIG. 6. The C-terminal region of HMG-17 hinders the acetylation of nucleo-
somal H3. A gel assay was used to monitor the acetylation of nucleosomal H3 as
a function of added HMG-17 (@), HMG-14 (O), or HMG17AC37 (A, a trunca-
tion mutant of HMG-17 lacking 37 residues from the C terminus). HMG-14 and
HMG-17 inhibited H3 acetylation; in contrast, the C-terminal truncation mutant
of HMG-17 was a poor inhibitor of nucleosomal H3 acetylation.
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Binding of acetylated HMG-17 to nucleosome core particles.
Chromosomal HMG-14/-17 proteins bind to nucleosome core
particles in a highly specific manner, forming unique com-
plexes that yield distinct DNA footprints (1, 27, 41). The in-
teraction of these proteins with nucleosome cores can be dis-
rupted by single point mutations, especially by mutations in the
nucleosomal binding domain of the proteins (48). Our finding
that PCAF fails to acetylate the nucleosome-bound HMG-17
raises the possibility that the lysine at position 2 is also in close
contact with a nucleosomal component and that acetylation of
this residue may affect the binding of HMG-17 nucleosomes.
We therefore examined whether acetylation of HMG-17 by
PCAF altered its interaction with core particles.

Mobility shift assays indicated that the acetylated HMG-17
protein could bind to nucleosomes (not shown). We examined,
by using equilibrium dialysis, whether the acetylated form
bound to nucleosomes with the same affinity as did the unmod-
ified form. In these studies we first acetylated HMG-17 with
PCAF and then heat inactivated the PCAF. Heat treatment of
HMG-17 had no effect on its ability to bind to nucleosome,
as measured by gel shift experiments (Fig. 7B). Since only a
fraction of the HMG-17 was being acetylated, the reaction
mixture contained both modified and unmodified HMG-17.
Control experiments, without nucleosomes, demonstrated that
the acetylation does not affect the partitioning of the proteins
across the membrane, since both the amount of and the spe-
cific activity of the protein was identical in both chambers (Fig.
7A). In contrast, when one of the dialysis chambers contained
nucleosome cores, the specific activity of the free HMG-17 in
the chamber devoid of nucleosome cores was greater than that
of the HMG-17 in the chamber containing nucleosome cores
(Fig. 7A). Furthermore, at nucleosome concentrations that
approach the HMG-nucleosome dissociation constant (about
1077 M; see reference 36) the difference in the specific activity
between the free and bound HMG-17 fractions varied as a
function of HMG-17 concentration and was most pronounced
at low concentrations of HMG proteins. The data indicate that
the acetyl-HMG-17 binds to nucleosomes with a reduced af-
finity compared to the unmodified form of the protein. We
conclude therefore that the specific acetylation of HMG-17 by
PCAF affects its interaction with nucleosome cores.

DISCUSSION

We report here that PCAF specifically acetylates HMG-17
but not the closely related protein HMG-14, that this acetyla-
tion reduces the affinity of HMG-17 for nucleosome cores, and
that the presence of HMG-14/-17 proteins on nucleosome
cores affects the ability of PCAF to acetylate histone H3. These
findings broaden the scope of the molecular interactions af-
fected by PCAF and raise the possibility that PCAF affects
transcription in the context of chromatin, not only by acetylat-
ing the conserved lysine residues in the N termini of the core
histones (2, 19, 29, 39, 49, 51, 52) or general transcription
factors (22) but also by modifying specifically and selectively
nonhistone structural proteins. In addition, the data suggest a
possible mechanism involved in selectively regulating the in-
teraction of HMG-14/-17 with chromatin.

Specific acetylation of HMG-17. Previous studies with cells
and tissue slices incubated with radioactively labeled acetyl-
CoA suggested that all of the HMG proteins, including HMG-
14 and HMG-17, could be acetylated (23). Analysis of radio-
actively labeled HMG proteins extracted from unbutyrated
duck erythrocytes revealed that the lysine residue at position
2 is the only residue that is constitutively acetylated in both
HMG-14 and HMG-17 proteins (42, 43). Thus, the site mod-

ACETYLATION OF HMG-17 3471

A

Protein

ty)

1V1

HMG-17 (Sp. Act

1 2 3 4

control 80 40 20 HMG-17 added (ng/pl)
1.5 28 46 F/B
B
Heat Treated Untreated

Cp+2HMG
Cp+1HMG

Cp

N 2 [N .
i i A \ vy

-

0 135 27 50 135 27 50
HMG-17 added (ng/ul)

FIG. 7. Acetylation of HMG-17 reduces its binding affinity to nucleosome
cores. Equilibrium dialysis (described in Materials and Methods) was used to
determine the relative binding affinities of acetylated versus unacetylated HMG-
17 to nucleosomes. (A) A mixture of acetylated and unacetylated HMG-17 (set
1, control, 80 ng/ml; set 2, 80 ng/pl; set 3, 40 ng/pl; and set 4, 20 ng/pl) were
placed in one chamber, and the adjoining chambers were filled with either buffer
(2X TBE [set 1, control]) or chicken nucleosome cores (60 ng/ul [sets 2 to 4]).
The inset shows the quantity of HMG-17 in the control chambers of set 1 (with
no nucleosome added). The specific activity of the HMG-17 in these control
chambers is shown as set 1, columns a and b. Note that the specific activity in
both chambers was identical. The specific activity of HMG-17 in each of the two
chambers in the remaining sets is given as either bound (B) or free (F). Note that
the specific activity of the free form was always greater than that of the bound
form, indicating that the unmodified HMG bound with greater affinity. The ratio,
F/B, is an indication of the increase in specific activity of the unbound HMG-17.
(B) Nucleoprotein gel assay showing that heat-treated (95°C, 5 min) HMG-17
bound to core particles (Cp) in a manner that is indistinguishable from the un-
treated HMG-17. The samples were mixed on ice in the acetylation buffer and
contained 0.43 pg of the nucleosome core particles per ml and the indicated
amounts of HMG-17. Labels: Cp, core particle with no HMG-17 added; Cp+
1HMG, core particle with one HMG-17 bound; and Cp+2HMG, saturated com-
plex of core particle with two bound HMG-17s.
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ified in vitro by PCAF, i.e., lysine 2 in HMG-17, is the same as
the in vivo modification site and is therefore physiologically
relevant.

Our finding that PCAF specifically acetylates the lysine at
position 2 only in HMG-17 is surprising since the first four
amino acid residues are identical in both HMG-14 and HMG-
17. We used deletion mutant analysis and competition studies
to gain insights into the structural features that render HMG-
17 a suitable substrate for PCAF. The HMG-14/-17 protein
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family contains several highly conserved protein domains (see
Fig. 4) (9, 10). The region between the first and the second
conserved domains is highly divergent between HMG-14 and
HMG-17. This region contains 8 residues in HMG-14 (VSSA
EGAA) and 12 residues in HMG-17 (AEGDAKGDKAKYV).
Analysis of various deletion mutants indicated that this region
is required for the specific acetylation of HMG-17 (Fig. 4).
Interestingly, this sequence is reminiscent of the sequence mo-
tif [--K--G(G/A)K-(not G)-K--, where hyphens represent any
residue] that is acetylated in H3 by the closely related yeast
GCNS5 (24). We have found that human GCNS5 and PCAF
exhibit identical substrate specificities (unpublished data). Al-
though in HMG-17 this sequence is not acetylated in vitro by
PCAF or in unbutyrated duck erythrocytes it is acetylated in
butyrate-treated duck erythrocytes (42, 43). We therefore con-
clude that this region, where the sequence of the two HMG
proteins is divergent, is involved in the selective acetylation of
HMG-17. However, our results also indicate that additional
regions in the protein are involved in conferring selectivity to
the acetylation process. A peptide containing both the acety-
lation site and this HMG-17-specific region was not acetylated
and did not inhibit the acetylation of the entire protein (Fig. 4).
Most strikingly, a deletion mutant lacking only the 22 C-ter-
minal amino acids was efficiently acetylated, while a deletion
mutant lacking the 37 C-terminal amino acids was not acety-
lated (Fig. 2 and 4). These findings suggest that the protein
region spanning residues 52 to 67 contributes to the acetylation
in the N-terminal region of the protein. However, a peptide
spanning this region did not inhibit the acetylation and does
not contain an acetylation site.

Taken together, these results suggest that the specific acet-
ylation of HMG-17 by PCAF is not solely dependent on the
primary amino acid sequence in the vicinity of the acetylated
lysine. These results therefore raise the possibility that the
HMG-17 protein but not the HMG-14 protein adopts a con-
formation recognizable by PCAF. Although previous studies
failed to detect ordered structures in free HMG-14/-17 pro-
teins, we note that there are 7 proline residues in the 14-
amino-acid region spanning residues 30 to 44 of HMG-17. In
the homologous region of HMG-14 there are only three pro-
line residues. The high proline content in HMG-17 could re-
duce the conformational freedom of the polypeptide chain and
perhaps promote a conformation recognizable by PCAF.

Acetylation of the HMG-17-nucleosome complex. PCAF
and GCNS acetylate free histones more efficiently than the
nucleosome-bound histones (24, 53). Similarly, PCAF acety-
lates free HMG-17 more efficiently than nucleosome-bound
HMG-17. For GCNS, efficient acetylation of histones in nu-
cleosomes requires additional cofactors such as the Ada com-
plexes found in S. cerevisiae (18). A similar situation may be
applicable to the PCAF mediated acetylation of HMG-17-
nucleosome core complexes, where coactivators may enhance
the efficiency of acetylation of HMG-17 in the nucleosome
complex. In addition, the redundancy in histone acetylases
suggests that a similar situation may exist for the acetylation of
HMG-17, where PCAF is probably not the only HAT to func-
tion on HMG-17.

HMG-14 and HMG-17 form specific complexes with and
stabilize the structure of the nucleosome cores (11; for a re-
view, see reference 9). In these complexes, the C-terminal
region of HMG-14/-17 proteins is in close proximity to the
N-terminal region of histone H3, which is the main nucleoso-
mal target of PCAF (53). We found that the presence of both
HMG-14 and HMG-17 inhibits histone H3 acetylation. The
C-terminally deleted form of HMG-17, which binds to nucleo-
somes with the same affinity as did the intact protein (36),
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inhibits the acetylation of H3 to a significantly lower degree
than did intact HMG-17 (Fig. 6). Therefore, we suggest that in
the HMG-nucleosome complex the C terminus of HMG-17
(and HMG-14) sterically hinders the interaction between
PCAF and H3. The reversible acetylation of the N termini of
the histones is a key step in the reorganization of the chroma-
tin structure leading to transcriptional activation (3, 19, 29, 52).
Our finding that the presence of HMG-14/-17 affects the acet-
ylation of H3 points to an additional mechanism whereby these
proteins may affect DNA-dependent processes occurring in
chromatin.

Role of HMG acetylation in chromatin function. Results
from several laboratories indicate that HMG-14/-17 proteins
enhance transcription (12, 14, 15, 34, 45, 46, 48) and replica-
tion (50), but only from chromatin and not from DNA tem-
plates. The enhancement of these DNA-dependent activities is
associated with the unfolding of the higher-order chromatin
structure and is due to the interaction of the proteins with the
N termini of the core histones (11, 47) and with histone H1
(14). By unfolding the higher-order chromatin structure, these
HMG proteins facilitate the access of various chromatin-mod-
ifying factors to the underlying oligonucleosomal chain, i.e., to
the primary level of DNA packing in chromatin.

On the other hand, it is well documented that the binding of
HMG-14/-17 stabilizes the structure of the nucleosomes (11;
for a review see reference 9), a situation that seems inconsis-
tent with transcriptional activation. It is generally accepted that
nucleosomes repress transcription and that destabilizing this
structure is a prerequisite for transcriptional activation (33).
Our finding that PCAF acetylates a known in vivo acetylation
site and that this modification reduces the affinity of HMG-17
to nucleosomes suggests a possible mechanism to resolve this
conflict of HMG. Conceivably, the binding of HMG-17 to
nucleosomes unfolds the higher-order chromatin fiber and en-
hances the accessibility of various factors, including HATS, to
the primary level of chromatin organization, i.e., the nucleo-
somes in the 10-nm chromatin fiber. The temporary stabiliza-
tion of the nucleosome in this first stage of HMG-17 action
may promote transcription from chromatin, especially if cer-
tain components of the transcriptional machinery preferen-
tially recognize the nucleosome core particle. In a later stage a
HAT-containing complex acetylates the protein, thereby re-
ducing its affinity to nucleosomes and alleviating its stabilizing
affects on the nucleosome structure. This model provides a
unifying concept for the effect of HATs on the interaction of
nuclear protein with their targets. Specific acetylation of the
structural nonhistone protein HMG-17 reduces its binding af-
finity to nucleosome cores much as the specific acetylation of
the N termini of histones reduces their affinity for the nucleo-
somal DNA.
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