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ABSTRACT: Histone acetyltransferase (HAT) proteins often exhibit a high degree of specificity for lysine-
bearing protein substrates. We have previously reported on the structure of theTetrahymenaGcn5 HAT
protein (tGcn5) bound to its preferred histone H3 substrate, revealing the mode of substrate binding by
the Gcn5/PCAF family of HAT proteins. Interestingly, the Gcn5/PCAF HAT family has a remarkable
ability to acetylate lysine residues within diverse cognate sites such as those found around lysines 14, 8,
and 320 of histones H3, H4, and p53, respectively. To investigate the molecular basis for this, we now
report on the crystal structures of tGcn5 bound to 19-residue histone H4 and p53 peptides. A comparison
of these structures with tGcn5 bound to histone H3 reveals that the Gcn5/PCAF HATs can accommodate
divergent substrates by utilizing analogous interactions with the lysine target and two C-terminal residues
with a related chemical nature, suggesting that these interactions play a general role in Gcn5/PCAF substrate
binding selectivity. In contrast, while the histone H3 complex shows extensive interactions with tGcn5
and peptide residues N-terminal to the target lysine, the corresponding residues in histone H4 and p53 are
disordered, suggesting that the N-terminal substrate region plays an important role in the enhanced affinity
of the Gcn5/PCAF HAT proteins for histone H3. Together, these studies provide a framework for
understanding the substrate selectivity of HAT proteins.

Histone proteins have long been known to play an
important role in packing DNA into the cell (1); however,
the fact that the post-translational modification to histones
plays a more direct role in the regulation of gene expression
is now appreciated. Among the modifications that occur on
histones are acetylation, phosphorylation, methylation, ri-
bosylation, and ubiquitination (for reviews, see refs2 and
3). The first histone modification enzymes to be studied in
mechanistic detail were the histone acetyltransferases (HATs),
which transfer an acetyl group from coenzyme A (CoA) to
theε-amino group of a lysine residue within the N-terminal
tails of the histone proteins. Histone acetylation has been
demonstrated to be correlated with gene activation, and
conversely, histone deacetylation has generally been cor-
related with gene repression or silencing (4-7). In addition,
there is now a growing body of evidence that shows histone
acetylation at some histone sites functions synergistically,
and in some cases antagonistically, with other histone
modifications such as phosphorylation (8, 9) and methylation
(10; reviewed in ref2). These and related findings have led

to the “histone code” hypothesis, whereby discrete combina-
tions of histone modifications elicit distinct transcriptional
responses (11, 12).

An interesting property of HAT proteins, which distin-
guishes them from other enzyme superfamilies that catalyze
the same chemical reaction, is that they form subfamilies
with little or no sequence homology. In correlation with this,
different HAT subfamilies generally have distinct histone
substrate specificities (reviewed in ref13). For example, the
Gcn5/PCAF HAT family has a preference for lysine 14 on
histone H3 (14), while they also acetylate lysines 8 and 16
on histone H4 to a lesser degree (15, 16). In contrast, all but
the Sas3 member of the MYST HAT family show an
enhanced preference for lysine residues on histone H4 over
those on histone H3 (17-20). Moreover, the substrate
binding specificities of the HAT proteins are expanded by
subunits within thein ViVo HAT complexes. For example,
the Gcn5-containing ADA and SAGA complexes also
acetylate histone H2B (21). Interestingly, some HAT fami-
lies, such as p300/CBP, show little specificity for histones.
Finally, several HAT proteins, such as PCAF and p300/CBP,
have been shown to acetylate nonhistone proteins such as
the p53 tumor suppressor protein (22, 23), also at distinct
lysine sites.

Much of our understanding of the molecular basis for HAT
specificity has been derived from structural analysis of
TetrahymenaGcn5 (tGcn5) in complex with various histone
H3 peptides. The first such structure contained tGcn5 bound
to coenzyme A (CoA) and an 11-residue histone H3 peptide
centered around lysine 14 (24). This structure revealed a
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central core catalytic domain and N- and C-terminal domains
associated with histone substrate binding. A more recent
structure of tGcn5 bound to a 19-residue histone H3
substrate, preferred∼100-fold over the 11-residue histone
substrate when assayedin Vitro, revealed the molecular basis
of the sequence specificity for lysine 14 of histone H3 (25,
26). In brief, the tGcn5 protein crystallized with a 19-residue
histone H3 peptide revealed that 15 of the 19 peptide residues
are ordered and that a 12-amino acid core sequence mediates
extensive main chain and side chain contacts with the protein,
while residues flanking this core mediate backbone contacts
that also contribute to histone binding specificity. Another
recent structure of tGcn5 bound to a 19-residue histone H3
peptide phosphorylated at serine 10 (25), a modification that
had been shown to enhance binding of histone H3 to Gcn5
(8), reveals that phosphorylation results in additional his-
tone-Gcn5 contacts, both local and distal to the phospho-
rylation site.

Although histone H4 and p53 have been shown to be
biologically relevant substrates for Gcn5/PCAF HAT proteins
in ViVo (22, 23, 27, 28), biochemical studies employing the
PCAF HAT domain reveal that they are poor substrates
relative to histone H3 (26). The amino acid sequence around
lysines 8 and 320 of histone H4 and p53, respectively, exhibit
little homology in sequence to the amino acids proximal to
lysine 14 of histone H3, possibly explaining the reduced
preference of the Gcn5/PCAF HAT proteins for the histone
H4 and p53 substrates. To investigate the molecular basis
for how Gcn5/PCAF HAT proteins can accommodate
binding to histone H4 and p53, we now report on the crystal
structures of tGcn5 bound to 19-residue histone H4 and p53
peptides. Our data indicate that the Gcn5/PCAF HATs can
accommodate such varied substrates by utilizing analogous
interactions with the lysine target and two C-terminal residues
with a related chemical nature, suggesting that these con-
served interactions play a general role in tGcn5/PCAF
substrate binding selectivity. Comparison of the tGcn5
peptide structures also reveals that substrate regions N-
terminal to the target lysine play an important role in the
enhanced affinity of the Gcn5/PCAF HAT proteins for
histone H3 over the histone H4 and p53 substrates. Together,
these studies provide a framework for understanding the
substrate binding specificity of HAT proteins.

MATERIALS AND METHODS

Protein OVerexpression and Purification.The HAT do-
main ofTetrahymenaGcn5 (tGcn5) (residues 48-210) was
overexpressed in bacteria and purified essentially as described
previously (24). The purified protein was concentrated in a
buffer containing 20 mM sodium citrate (pH 6.0), 150 mM
NaCl, and 10 mMâ-mercaptoethanol to∼20 mg/mL,
aliquoted, flash-frozen, and stored at-20 °C.

Cocrystallization and Data Collection.The tGcn5 HAT
domain was cocrystallized with a 19-residue histone H4
peptide (residues 1-19) and coenzyme A (CoA), using
hanging drop vapor diffusion at 4°C. A 1.0 µL complex
solution containing 0.4 mM tGcn5, 1.5 mM histone H4 19-
mer peptide (H4p19), and 1 mM Na-CoA was combined with
1.0 µL of a reservoir solution containing 1.6 M ammonium
sulfate, 50 mM Tris-HCl (pH 8.5), and 25 mM magnesium
sulfate and equilibrated over 1.0 mL of the reservoir solution.

Crystals grew to typical dimensions of 25µm × 50 µm ×
50 µm over 3-5 days and were harvested at 4°C into a
buffer of 1.7 M ammonium sulfate, 50 mM Tris-HCl (pH
8.5), and 25 mM magnesium sulfate. Crystals were cryo-
protected by transfer to harvest buffer supplemented with
glycerol at concentrations increasing steadily from 5 to 25%.
Crystals were subsequently flash-frozen in liquid nitrogen-
condensed propane for storage prior to data collection.

Crystals of the tGcn5 complex with a 19-residue p53
peptide (residues 311-329) and CoA were cocrystallized
using hanging drop diffusion at room temperature. A 1.0µL
complex solution containing 0.4 mM tGcn5, 1.5 mM p53
19-mer peptide (p53p19), and 1.0 mM Li-CoA was combined
with 1.0 µL of the reservoir solution containing 1.7 M
ammonium sulfate, 100 mM Hepes (pH 7.5), and 100 mM
sodium chloride and equilibrated over 1.0 mL of the reservoir
solution. Crystals grew to typical dimensions of 50µm ×
100µm × 100µm over 2-3 days. Crystals were harvested
at room temperature into a buffer of 1.8 M ammonium
sulfate, 100 mM Hepes (pH 7.5), and 100 mM sodium
chloride, in the manner described above for the tGcn5-
H4p19-CoA complex, and cryoprotected using successive
exposure to the harvest buffer supplemented with glycerol
at concentrations increasing from 5 to 25%, followed by
flash-freezing in liquid propane.

Diffraction data from both crystal forms was collected at
the A1 beamline at the Cornell High Energy Synchrotron
Source. Data were collected at-180 °C using a single
wavelength (λ ) 0.9213 Å) and were processed and scaled
using the MOSFLM (29) and SCALA (30) program suites.
Both complex crystals were isomorphous in theP3221 space
group with similar unit cell dimensions:a ) b ) 65.132 Å
andc ) 96.568 Å anda ) b ) 64.740 Å andc ) 96.413
Å for the tGcn5-h4p19-CoA and tGcn5-p53p19-CoA
complexes, respectively.

Structure Determination and Refinement.The structures
of both tGcn5 complexes were determined by molecular
replacement with AMORE (31), using the tGcn5 protein
extracted from the ternary tGcn5-H3p11-CoA complex
(PDB entry 1QSN) as a search model (24). The structures
were refined with CNS (32) and the models manually
adjusted with O (33), using Sigma A-weightedFo - Fc maps.
Advanced stages of refinement incorporated individual
B-factor refinement, introduction of the coenzyme A and
peptide models at 2.5 and 2.25 Å resolution, respectively,
and careful addition of solvent molecules. The final ligand
models were verified againstFo - Fc maps generated prior
to addition of these molecules for refinement. The final
protein models for the two tGcn5 complexes have excellent
fits to their respective electron density maps, with the
exception of N-terminal residue 48, which was not modeled
in either complex. In addition, in the case of the tGcn5-
p53p19-CoA model, carboxyl-terminal residue Arg210
could not be modeled and Arg61 was modeled as an alanine
because of poor electron density in these solvent-exposed
regions. The CoA molecules of both complexes had excellent
fits to the electron density, particularly in the pantothenic
arm region, consistent with previous tGcn5 complex models
(24, 34). Only eight of the 19 H4p19 residues and six of the
19 p53p19 residues could be modeled because of poor
electron density in other regions of the substrates. Both the
tGcn5-H4p19-CoA and tGcn5-p53p19-CoA models were
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refined to 2.25 Å resolution with excellent crystallographic
statistics (Table 1).

RESULTS AND DISCUSSION

OVerall Structure of the Complexes.The tGcn5 structures
with CoA and the 19-residue histone H4 and p53 substrates
described here were both determined at high resolution (2.25
Å) and are crystallographically isomorphous to the corre-
sponding complex with the 19-residue histone H3 complex
determined at 2.3 Å resolution (25). We therefore feel
confident that a structural comparison of these complexes
reflects inherent structural differences as opposed to crystal
packing artifacts. Both the tGcn5-H4p19-CoA and tGcn5-
p53p19-CoA complexes show overall architectural features
that are typical of previously described Gcn5/PCAF struc-
tures (Figure 1) (24, 25, 35, 36). Briefly, the HAT domain
consists of a mixedR/â topology, comprised of fiveR-helices
and six â-strands. The N-terminal (â1-R1-R2) and C-
terminal (R4-R5-â6) regions of the protein lie on opposite
sides of a catalytic core (â2-â3-â4-R3-â5) that is
structurally conserved among the Gcn5/PCAF proteins as
well as each of the other HAT proteins structurally charac-
terized to date, including Esa1 (37) and Hat1 (38). Together,
the central core and the flanking N- and C-terminal domains
create an “L-shaped” cleft into which the CoA and peptide
substrates bind nearly orthogonally to the short and long part
of the L-shaped cleft, respectively. When compared to the
tGcn5-H3p19-CoA complex, the protein components of
the tGcn5-H4p19-CoA and tGcn5-p53p19-CoA com-
plexes have rms deviations of only 0.8960 and 0.8011 Å for
all atoms, respectively (25), emphasizing their high degree
of structural homology. The highest degree of variability
among the protein component of the three complexes occurs
for solvent-exposed residues 183-188 of tGcn5, which form

theR5 helix in the complexes with histone H3 and p53, but
form a loop in the histone H4 complex. We conclude that
this region of the protein is inherently flexible.

Within the catalytic core of the tGcn5-H4p19-CoA and
tGcn5-p53p19-CoA complexes, the CoA binds in a very
analogous position, showing very little divergence in the
position of the pantothenic arm, consistent with the structure
of other HAT complexes, including Hat1 (38), Esa1 (37),
and other tGcn5 complex structures (24, 25, 35, 36). In
contrast, the adenosine base of CoA varies greatly between
the structures, also consistent with other HAT complex
structures mentioned above.

The greatest structural divergence among the tGcn5
complexes with histones H3 and H4 and p53 maps to the
peptide substrates (Figure 1). While 15 of the 19 histone
H3 residues crystallized with tGcn5 are ordered in the
tGcn5-CoA-H3p19 complex, only the reactive lysine and
either seven or five of the residues C-terminal to the catalytic
lysine of the histone H4 and p53 peptide substrates could
be confidently modeled in their respective complexes (Figure
2). The corresponding ordered peptide residues of the three
complexes overlay well with rms deviations of 0.921 and
0.578 Å, respectively, for the CR atoms of the histone H4
and p53 peptides relative to the histone H3 peptide within
the complexes (Figure 1C).

Mode of Histone H4 and p53 Substrate Binding.Figure 3
shows a sequence comparison of the Gcn5/PCAF HAT
substrates, H3p19 (Lys14), H4p19 (Lys8), and p53p19
(Lys320). Remarkably, except for the lysine acetylation
target, there are no residues that are strictly conserved
between the substrates. Lys14 of histone H3 and Lys8 of
histone H4 have been shown to be substrates forTetra-
hymenaGcn5 (tGcn5), yeast Gcn5 (yGcn5), and human
PCAF (hPCAF) bothin Vitro and in ViVo (14-16, 27, 39).

Table 1: Data and Refinement Statistics

tGcn5-CoA-H4p19 tGcn5-CoA-p53p19

Crystal Parameters
unit cell dimensions a ) 65.13 Å,b ) 65.13 Å,c ) 96.57 Å,

R ) 90.0°, â ) 90.0°, γ ) 120.0°
a ) 64.74 Å,b ) 64.74 Å,c ) 96.41 Å,

R ) 90.0°, â ) 90.0°, γ ) 120.0°
space group P3221 P3221

Data Collection
resolution range (Å) 27.1-2.0 27.8-1.9
total no. of reflections 81056 91754
no. of unique reflections 23766 23773
Rsymm(%) 6.9 3.9
I/σ (%) 4.6 11.3
completeness (%) 93.5 87.0

Refinement Statistics
resolution range (Å) 27.1-2.25 27.1-2.25
I/σ(I) cutoff 0.0 0.0
final model

protein atoms 1361 1344
water atoms 47 62
CoA atoms 48 48
peptide atoms 48 46

Rworking (%) 24.1 24.7
Rfree (%) 27.2 27.7
rms deviation

bond lengths (Å) 0.008 0.009
bond angles (deg) 1.41 1.51

averageB-factor (Å2)
overall 29.60 26.09
protein 27.42 24.09
water 29.86 32.80
CoA 49.49 29.25
peptide 71.22 64.62
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However, PCAF is the only member of the Gcn5/PCAF
family of HAT enzymes that has been demonstrated to
acetylate p53 at Lys320. In this study, we used tGcn5 for
our structural studies because of its amenability for cocrys-
tallization with peptide substrates. Since tGcn5, yGcn5, and
hPCAF show a high degree of sequence and structural
homology, in addition to similarities in substrate preferences
for histones H3 and H4 (16), we feel that tGcn5 provides a
suitable model for understanding substrate binding specificity
by the Gcn5/PCAF family of HAT proteins.

Like the tGcn5-CoA-H3p19 complex, the ternary tGcn5
complexes with the histone H4 and p53 peptide substrates
show that the N-terminal (R1-R2) and C-terminal (R5-
â6) loops, which comprise the sides of the binding cleft, as
well as theâ-sheet of the central core (â-strands 2-4), which
makes up the floor of the binding cleft, together anchor the
substrate (Figure 1). These interactions serve as the scaffold
for substrate binding.

The reactive lysine (K8) and seven C-terminal substrate
residues of the histone H4 substrate (G9-A15) make
interactions with the tGcn5 protein, while seven residues
N-terminal to the reactive lysine (S1-G7) and four C-
terminal residues (K16-R19) could not be modeled in the
structure and are presumably disordered (Figure 2A). Most
of the protein interactions are mediated by van der Waals
contacts with Lys8 and the three C-terminal residues, Gly9,

FIGURE 1: Overlay of peptide substrates bound in a ternary complex
with tGcn5 and CoA. (A) Superposition of histone H3, histone H4,
and p53 19-residue peptides, with the corresponding main chains
shown in yellow, green, and orange, respectively. The protein, from
the H3 complex model, is shown in blue with secondary structural
elements labeled, and coenzyme A is colored purple. The respective
proteins were used to align the superposition. (B) Like panel A,
but rotated approximately 90° about the vertical axis. (C) Super-
position of histone H3, histone H4, and p53 19-residue peptides.
Histone H3 is shown in yellow, histone H4 in green, and p53 in
orange. Residues in positions 0,+2, and+4 of each are highlighted
in various shades of blue (as indicated).

FIGURE 2: Electron density map of histone H4 and p53 peptides
bound to tGcn5. (A) A Sigma A-weightedFo - Fc map omitting
the entire modeled histone H4 peptide (green) is shown in blue at
a level of 1.75σ. (B) A Sigma A-weightedFo - Fc map omitting
the entire modeled p53 peptide (orange) is shown in blue at a level
of 2.0σ.

Substrate Recognition by Gcn5/PCAF Acetyltransferases Biochemistry, Vol. 42, No. 49, 200314369



Leu10, and Gly11 (Figure 4A,C). Lysine 8 contacts 10
different protein residues (Leu77, Met80, Val123, Ala124,
Phe125, Leu126, Thr159, Tyr160, Ala161, and Phe169) and
CoA. Glycines 9 and 11 are each contacted by residues Lys79
and Asp162, while Gly9 is also contacted by CoA and protein

residues Leu77 and Met80; Gly11 is also contacted by
Asn163 and Phe164 and forms an H-bond from Asn163.
Leu10 is contacted by CoA and protein residues Leu77,
Lys79, Asp162, Asn163, Phe164, and Ala165. Strikingly,
the vast majority of protein residues that contact the histone

FIGURE 3: Sequence alignment of Gcn5/PCAF substrates. The substrates, histone H3 (K14), histone H4 (K8), and p53 (K320), are aligned
with the reactive lysine residues shown in red and the residues that make analogous protein interactions highlighted in blue. Other residues
that are conserved in at least two of the substrates are shown in aqua. Regions of structural overlap are boxed.
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H4 substrate are conserved with the Gcn5/PCAF HAT family
or are mutationally sensitive in yGcn5 (40), emphasizing the
importance of these interactions for substrate binding by the
Gcn5/PCAF HAT proteins.

The reactive lysine (Lys320) and seven C-terminal sub-
strate residues of the histone p53 substrate (G9-A15) make
interactions with the tGcn5 protein, while nine residues
N-terminal to the reactive lysine (N311-K319) and four
C-terminal residues (K16-R19) could not be modeled in
the structure and are presumably disordered (Figure 2B). As
with the tGcn5 complex with histone H4, the reactive Lys320
and the three residues C-terminal to it (Lys321, Pro322, and
Leu323) are the most extensively contacted residues of the
tGcn5 protein (Figure 4B,D). Interestingly, many of the same
protein residue interactions are conserved, despite the
divergence in sequence of the three residues C-terminal to
the reactive lysine.

Comparison of tGcn5 Bound to Different Peptide Sub-
strates.A comparison of the structures of tGcn5 cocrystal-
lized with 19-residue peptides from histone H3, H4, and p53

substrates reveals that while the histone H3 substrate makes
extensive contacts with 15 of 19 residues, the histone H4
and p53 complexes show interactions with only eight and
six residues, respectively. The finding that histone H4 and
p53 substrates make less extensive contacts with the tGcn5
protein than with the histone H3 substrate is consistent with
biochemical studies demonstrating that histone H3 is pre-
ferred over the other substrates. Specifically, enzymatic
studies show that H3p19 has a specificity constant (Kcat/Km)
that is increased by∼1000- and∼10000-fold over those of
the H4p19 and p53p19 peptide substrates, respectively (26).
The same enzymatic studies reveal that that the 19-residue
histone H3 peptide is preferred over an 11-residue histone
H3 substrate by∼100-fold. Consistent with these biochemi-
cal studies, the structure of tGcn5 crystallized with the 19-
residue histone H4 and p53 peptides is more structurally
similar to tGcn5 crystallized with the 11-residue histone H3
peptide than the crystallographically isomorphous tGcn5
complex structure crystallized with the histone H3 19-residue
peptide.

FIGURE 4: Detailed interactions of tGcn5 with histone H4 and p53 peptide substrates. (A) Schematic diagram of the comparative tGcn5-
H4p19-CoA vs tGcn5-H3p19-CoA protein-peptide interactions. Protein residues making hydrogen bonds are shown with a solid line,
and van der Waals contacts are shown with a dashed line. Peptide residues modeled in the structure are shown in black, and peptide
residues that could not be modeled are shown in gray. Residues colored blue make the same interactions in both the tGcn5-H4p19-CoA
and tGcn5-H3p19-CoA structures; cyan denotes residues that make histone H4-specific interaction, and magenta denotes residues that
make H3-specific interactions. Residues shown in green depict interactions where H4 residues are not in orientations proximal for comparison.
(B) Schematic diagram of the comparative tGcn5-p53p19-CoA and tGcn5-H3p19-CoA interactions. All elements are colored as described
for panel A. (C) Detailed stereodiagram of the tGcn5-H4p19-CoA complex interface. The protein secondary structural elements are
shown in dark blue. Protein residues making hydrogen bond or van der Waals interactions with H4p19 are shown with side chains (main
chain for glycines) in light blue. H4p19 is shown in green. CoA is shown in purple. Water is represented by a yellow sphere. Hydrogen
bond interactions are depicted with a dashed line. (D) Detailed stereodiagram of the tGcn5-p53p19-CoA complex interface. All elements
are depicted as described for panel C, except p53p19 is colored orange.
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In the tGcn5-H3p11-CoA complex (cocrystallized with
an 11-residue histone H3 peptide), the C-terminus of the
peptide is well-ordered with each of the five side chains
modeled, three of which are contacted by the tGcn5 protein
(24). In contrast, residues N-terminal to the reactive lysine
are less well-ordered. While the backbone of the N-terminus
could be modeled, three of the extreme N-terminal residues
could only be modeled as shorter side chains; furthermore,
there were no side chain contacts observed in the N-terminus.
Together, the tGcn5 structures with H3p11, H4p19, and
p53p19 each reveal five to seven side chain residues
C-terminal to the reactive lysine that are ordered and
participate in protein contacts. In addition, each of these
structures exhibits poorly ordered side chains in residues
N-terminal to the reactive lysine, where H3p11 exhibits only
an ordered backbone region. Consistent with the structural
results, H3p11, H4p19, and p53p19 each exhibit significantly
reduced substrate specificity constants relative to that of
H3p19, where the values for H4p19 and p53p19 peptides
are 10-100-fold lower than that for H3p11. On the basis of
these correlations, we hypothesize that residues C-terminal
to the reactive lysine of the tGcn5 substrates play a
particularly important role in substrate selectivity, while
residues N-terminal to the reactive lysine play a more
important role in substrate affinity.

An overlay of the 19-residue peptides from H3, H4, and
p53 reveals that despite the divergence in sequence between
the substrates (Figure 3), the C-terminal regions overlay
surprisingly well (Figure 1C). Examination of the protein-
peptide interactions in this region reveals that the majority
of these interactions involve H-bond and van der Waals
contacts with the peptide main chain and predominantly van
der Waals interactions with the peptide side chains (Figure
4A,B). This comparison also reveals that three nonadjacent
side chains in the peptide at positions 0,+2, and+4 (where
0 denotes the reactive lysine) show the best superposition
(Figure 1C). The substrate interactions with the protein are
maximized at these positions by utilizing residues analogous
in chemical nature to those present in the preferred histone
H3 substrate. In particular, each of these residues contains
an analogously positioned aliphatic region for protein contact.
In the case of histone H4, residues at the 0,+2, and+4
positions in the peptide are Lys8, Leu10, and Lys12,
respectively, compared to Lys14, Pro16, and Lys18 residues
found in histone H3, respectively. Figure 4A shows in detail
the interactions of H4p19 with tGcn5 and compares them
with H3p19-tGcn5 interactions. Many of the interactions
of the peptide with the protein at these positions are
conserved (Figure 4A). The catalytic lysines in both the
histone H3 and H4 complexes utilize hydrophobic inter-
actions within the binding cleft with CoA, Leu77, Thr159,
and Tyr160. Additional hydrophobic interactions are also
present between histone H4 and Val123, Phe125, Leu126,
Ala161, and Phe169. Furthermore, the main chain of this
residue has a hydrogen bond with Ala124 to secure binding
of the catalytic residue. At position+2, the histone H4 Leu10
residue is buried into the floor of the binding site. It is in
position to make buried, hydrophobic contacts in the same
manner as Pro16 of histone H3. Leu10 of histone H4 makes
virtually all of the same van der Waals contacts as Pro16 of
histone H3, which includes interactions with Leu77, Asp162,
Asn163, Phe164, Ala165, and CoA. As a result of a shift in

the side chain density of Lys79, Leu10 of histone H4 does
not make contacts with this residue. Lys12, at position+4
of histone H4, maintains two of the three van der Waals
contacts observed with histone H3, specifically with Asn163
and Phe164. However, as mentioned before, the shift of the
Lys79 side chain precludes interaction with Lys12 of histone
H4. An additional H-bonding interaction with Asn163 and
histone H4 helps secure the Lys12 side chain within the
binding site. The histone H4 sequence is very glycine-rich,
and the glycines at positions-1 and+1 of the histone H4
peptide make additional stabilizing interactions with the
protein that are analogous to those of the histone H3 complex.
The Gly9 residue has conserved hydrophobic interactions
with Leu77, Lys79, Met80, and Asp162 and a water-
mediated hydrogen bond with Pro79. Gly11 makes conserved
hydrophobic interactions with Lys79, Asn163, and Phe164.
The structural overlap with histone H3 of the histone H4
substrate is relatively poor C-terminal to Lys12 (position+4)
of histone H4, and the two substrates make relatively
divergent interactions with the tGcn5 protein.

The residues of the p53 peptide are very bulky relative to
the glycine-rich residues of the H4p19 and H3p19 peptides,
yet regions of the p53p19 peptide show structural overlap
with these peptides. Of the six residues in the p53p19 peptide
that were modeled, as found with the histone H4 peptide,
the residues in positions 0,+2, and +4 show the best
superposition when overlaid with the histone H3 peptide
(Figures 1C and 4B). In p53p19, these residues correspond
to Lys320 (position 0), Pro322 (position+2), and Asp324
(position +4). Similar to Lys14 of histone H3, Lys320 of
p53 makes van der Waals interactions with Leu77, Ala124,
Thr159, Tyr160, and CoA. Lys320 also makes additional
van der Waals contacts with Val123, Phe125, Leu126,
Ala161, and Phe169. Lys320 of p53p19 has an additional
hydrogen bonding interaction with Ala124, like that found
in H4p19. Pro322, at position+2 of p53, has interactions
nearly identical to those found with Pro16 of H3p19,
excluding one. Both prolines are found buried within the
protein binding cleft making extensive hydrophobic contacts
with Leu77, Asp162, Asn163, Phe164, Ala165, and CoA.
Asp324 of p53, at position+4, which is in the same
orientation as Lys18 of H3p19, also makes conserved
hydrophobic contacts with Asn163 and Phe164 and hydrogen
bonds to Asn163. Analogous to histone H4, the p53p19
residues in positions+1, +3, and+5 make some hydro-
phobic interactions that are conserved with histone H3,
despite the bulkier nature of these residues in the p53
substrate. These include interactions of Lys321 of the p53
peptide with Leu77, Lys79, and Met80 of tGcn5; Leu323
of the p53 peptide with Lys79, Asp162, and Asn163 of
tGcn5; and G325 of the p53 peptide with Phe164 of tGcn5.

General Features of Substrate SelectiVity by the Gcn5/
PCAF HAT Family.Taken together, a comparison of tGcn5
bound to three different cognate substrates suggests how the
Gcn5/PCAF family can accommodate a variety of substrates
with divergent sequence flanking the reactive lysine. Specif-
ically, the following correlations can be made. (1) The
reactive lysine itself at position 0 and regions C-terminal to
the reactive lysine, and in particular residues at positions
+2 and+4, play a particularly important role in substrate
selectivity. Interestingly, these residues make strongly con-
served contacts, which take advantage of their similar
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chemical nature and permit similar aliphatic interactions,
despite the divergence in sequence. The backbone of the
substrate in this region in positions+1 and +3 also
contributes to substrate binding. (2) The substrate region
N-terminal to the reactive lysine plays a particularly impor-
tant role in modulating substrate affinity.

Members of the Gcn5/PCAF HAT family have also been
demonstrated to acetylate lysine residues within other
substrates, including lysines 9 and 18 of histone H3 (14),
lysine 16 of histone H4 (15, 16), and a variety of other
nonhistone substrates such as HMGI (41), MyoD (42), and
HIV-1 Tat (43, 44). These residues also exhibit significant
sequence divergence within their respective cognate sites;
however, residues present at positions+2 and+4 in these
substrates could make homologous aliphatic interactions with
the Gcn5/PCAF HAT proteins. Another notable feature of
the known substrates for the Gcn5/PCAF HAT proteins is
that they usually contain a small side chain at position-2,
usually glycine or alanine (Figure 3). Although position-2
is disordered in histone H4 and p53 peptides bound to tGcn5,
it may be that the absence of significant side chain contact
in this region may nonetheless be important for substrate
binding. Consistent with this conclusion, the structure of the
tGcn5-CoA-H3p19 complex, which has a glycine at this
position, has relatively poor electron density (25), and
modeling of a large side chain in this position would require
significant protein rearrangement.

In ViVo, members of the tGcn5/PCAF HAT family function
as multisubunit protein complexes to acetylate their protein
substrates (21), and substrate binding specificity is modulated
in the context of such complexes (14, 16). It may be that
the role of one of more of the subunits within these HAT
complexes is to facilitate more optimal contacts with
substrates that have inherently poor affinity for the isolated
HAT protein, such as the case with the histone H4 and p53
Gcn5/PCAF substrates. Addressing this possibility will
require a structure determination of an intact HAT complex
bound to a physiologically relevant substrate. Nonetheless,
the studies presented here delineate the fundamental require-
ments for substrate binding by the Gcn5/PCAF HAT
proteins, that may then be further elaborated by other protein
subunits to extend the substrate selectivity, and possibly also
the biological activities, of HAT proteins.
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