CMLS, Cell. Mol. Life Sci. 58 (2001) 693—703
1420-682X/01/060693-11 $ 1.50 + 0.20/0
© Birkhduser Verlag, Basel, 2001

ICM LS cellular and Molecular Life Sciences

Structure and function of histone acetyltransferases

R. Marmorstein

The Wistar Institute and the Department of Chemistry, University of Pennsylvania, Philadelphia
(Pennsylvania 19104, USA), Fax +1 215 898 0381, e-mail: marmor@wistar.upenn.edu

Abstract. Histone acetyltranferase (HAT) enzymes are
the catalytic subunit of large multisubunit HAT com-
plexes that acetylate the e-amino group of specific lysine
residues on histone tails to promote transcriptional ac-
tivation. Recent structural and functional studies on the
divergent HAT enzymes GenS5/PCAF, Esal and Hatl
have provided new insights into the underlying mecha-
nism of histone binding and acetylation by HAT proteins.
The three HAT enzymes contain a structurally conserved
core domain that plays a functionally conserved role in

binding the coenzyme A cofactor and in harboring the
putative general base for catalysis. Structurally variable
N- and C-terminal domains appear to contain a related
scaffold that mediates histone substrate binding. These
data provide a framework for understanding the structure
and function of other more divergent HAT proteins such
as TAF ;250 and CBP/p300, and provides a starting point
for understanding how HAT proteins may cooperate with
other factors within in vivo HAT complexes to promote
transcriptional activation.
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Introduction

It has been over 35 years since Allfrey and co-workers
proposed that the acetylation state of histones within
chromatin is correlated with transcriptional regulation [1,
2], whereby hypoacetylated histones are associated with
transcriptionally repressed genes and hyperacetylated
histones are associated with transcriptionally active
genes. Several subsequent studies reinforced this pro-
posal by showing that hyperacetylated core histones are
preferentially associated with transcriptionally active
chromatin [3—7]. Despite the time that has elapsed since
these initial studies, it has only been over the last 4 years
that the proteins that mediate histone acetylation have
been identified and characterized. A major breakthrough
in this area came with the cloning of a histone acetyl-
transferase enzyme from Tetrahymena [8] that turned out
to be a homologue of the previously identified GenS5 tran-
scriptional coactivator/adaptor from yeast [9]. Functional
characterization of yeast GenS mutants revealed a direct
correlation between the ability of the protein to acetylate
histones and to activate transcription [10,11]. Sub-
sequently, a flurry of studies led to the discovery of a
large number of HAT enzymes, many of which, such as
CBP/p300 [12, 13], TAF,250 [14] and SRC-1 [15], were

previously identified transcriptional coactivators. Almost
in parallel to the discovery of HAT enzymes came the
identification of several histone deactylase (HDAC) en-
zymes [16] whose activities have been correlated with
transcriptional repression. These findings underscore the
key role in gene regulation that is played by the enzymes
that modulate the acetylation state of histones.

The primary targets of HAT enzymes are the e-amino
groups of specific lysine residues on the N-terminal tails
of the histone proteins that package DNA into chromatin
[17]. Chromatin structure is generally repressive for
transcription since it occludes much of the DNA surface
from transcription factor binding. This packaging is
mediated by nucleasome core particles that contain
about 146 bp of DNA wrapped around an octomer of
proteins containing two copies each of histones H2A,
H2B, H3 and H4 [18]. Each of the histone proteins con-
tain a globular C-terminal domain that is buried at the
interior of the core particle and a more loosely associat-
ed, but highly conserved, N-terminal tail region that
harbors nearly one-third of the protein mass. The N-ter-
minal histone tail is the sight of covalent modifications
such as methylation, ribosylation, phosphorylation and
acetylation [19]. The precise mechanism that links these
modifications, including acetylation, to transcriptional
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regulation is still poorly understood and is an area of
intense investigation.

Over the last two years significant advances have been
made in the structure and function of HAT proteins. In
this report, I will review what is known about the se-
quence and functional properties of these proteins,
and what we have learned from the structure of three
divergent HAT proteins, GenS/PCAF, Esal and Hatl. 1
will discuss how a correlation of these structural and
functional studies leads to a framework for understanding
how HAT enzymes catalyze acetylation and how they
bind histone substrates. Finally, I will address how these
studies may ultimately lead to a better understanding of
how histone acetylation leads to transcriptional activa-
tion.

Sequence and functional features of HAT's

A large number of transcription-related proteins are
known to have HAT activity (table 1). Sequence analysis
of these proteins reveal that they fall into distinct families
that show high sequence similarity within families but
poor to no sequence similarity between families [20].
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are also different (fig. 1 and table 1). The GenS/PCAF fa-
mily function as coactivators/adaptors for a subset of
transcriptional activators and also contain a C-terminal
bromodomain that has been recently shown to be an
acetyl-lysine targeting motif [28—30], thus suggesting a
mechanistic connection between HAT and bromodomain
function within the GenS5/PCAF family. The steroid re-

Table 1. HAT families and their transcription-related functions.

HAT Organism Function
GCNS5/PCAF family

GenS yeast to human  coactivator (adaptor)

PCAF human coactivator
MYST family

as2 yeast silencing

Sas3 yeast silencing

Esal yeast cell cycle progression

MOF fruit fly dosage compensation
Tip60 human HIV Tat interaction
MOZ human leukeomogenesis
HBOI1 human origin Recognition

interaction

TAF 250 family yeast to human

TBP-associated factor

CBP/p300 family worm to human  global coactivator
Moreover, the HAT domain sizes between families are SRC family mice and human  steroid receptor
different (fig. 1). The first identified transcription-related coactivators
HAT family includes the GenS/PCAF homologues in SRC-1
yeast [21], human (Gen5 [22] and PCAF [23]), Droso- /S*ngyAIB”PCIP/TRAM'”RA“
phila [24], Arabidopsis (accession no. 2642602) and 7e- TIE-2
trahymena [8]. Other HAT families include CBP/p300 GRIP1
from several organisms [12, 13], TAF250, and its homo-  ATF-2 yeast to human  sequence-specific
logues yeast TAF,;130 and Drosophila TAF,230 proteins DNA-binding activator
[14], the MYST (MOZ, YBF2/SAS3, SAS2, Tip60) fa-  GNAT related .
mily, members of the steroid receptor coactivators (SRC- HE112)3 yeas: el"l?nganon
1, ACTR/AIB-1/pCIP/RAC3/TRAM-1 and TIF2/GRIP1) H:;I yeas . 3“ own ted
[25, 26] and ATF-2 [27] (fig. 1 and table 1). yeastto human (glft"yj;;‘)"“‘re ate
In addition to the sequence divergence within the HAT TFIIC human RNA Pol II Initiation
domains of different families, their functional contexts
GCNS5 T HA =

?GCNSJPCAF] [ [T | | Bromo [ |439

yESA1 ~ 1

(MYST) |__|chroma| []zn| HAT | Jaas

hCBP :
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Figure 1. Bar diagram of the different HAT families and their associated domains. A representative member from each HAT family is
shown with the family designation indicated in parenthesis. HAT, histone acetyltransferase domain; Bromo, bromodomain; Chromo, chro-
modomain; Zn, zinc binding domain; C/H, Cys/His rich regions (1, 2 and 3); bHLH-PAS, basic helix-loop-helix and PAS A and PAS B do-
mains; RIDs, LXXLL receptor interacting motifs; Act, transcriptional activation domain; bZip, basic zipper DNA binding domain.
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ceptor coactivators enhance transcription of genes re-
sponsive to liganded nuclear receptors [31]. In addition to
a C-terminal HAT domain these proteins contain an N-
terminal basic-helix-loop-helix-PASA-PASB (bHLH-
PAS) domain [32] found in proteins that regulates various
developmental and physiological events in vertebrates
and invertebrates [32], and central receptor interacting
domains (RIDs). The CBP/p300 proteins are global regu-
lators of transcription [12] and contain several other pro-
tein domains, including a bromodomain and three cy-
stine-histidine rich domains (C/H-1, C/H-2 and C/H-3)
that are believed to mediate protein-protein interaction.
The TAF ;250 family of HAT proteins are subunits of the
TFIID general transcription factor complex that contains
TBP (TATA-binding protein) [14]. Interestingly, these
HAT proteins contain two kinase domains, one at each
end of the protein, in addition to a double bromodomain
that colocalizes to the region of the C-terminal kinase do-
main and that has been shown to have high affinity for a
doubly acetylated histone H4 substrate [29]. The ATF-2
protein is the only sequence-specific DNA-binding tran-
scriptional activator that has been shown to have HAT ac-
tivity [27]. At the N-terminus of ATF-2 is a potent tran-
scriptional activation domain and near the C-terminus is
a basic-zipper (bZip) DNA binding domain [33]. Finally,
the MYST family of HAT proteins have divergent biolo-
gical functions. For example, members such as Sas2 and
Sas3 are positive regulators of transcriptional silencing
[34], MOZ and TIF2 were identified as translocations in
acute leukemias [35, 36] and MOF function is associated
with dosage compensation in Drosophila [37]. Many of
the MY ST members have a chromodomain at their N-ter-
mini and a small zinc binding domain within the N-ter-
minal region of the HAT domain. Interestingly, it has re-
cently been reported that the chromodomain of MOF
binds RNA [38].

All of the HAT proteins that have been characterized in
vivo are associated with large multiprotein complexes.
For example, yeast Gen5 (yGenS) is part of at least two
multiprotein complexes, Ada and SAGA [39], and PCAF
is part of a SAGA-like complex in vivo [40]. Within the
MYST family of proteins, Esal is the catalytic subunit of
the histone H4-specific NuA4 (Nucleosome acetyltrans-
ferase of histone H4) histone acetyltransferase complex
[41]; MOF is a component of the MSL complex that re-
gulates dosage compensation in Drosophila [37]; and
Sas3 is the catalytic subunit of the histone H3-specific
HAT complex, NuA3 (Nucleosome acetyltransferase of
histone H3) [42].

A general feature of HAT proteins is that although the re-
combinant proteins will acetylate free histones, nucleo-
somal acetylation only occurs in the context of the in vivo
HAT complexes [26]. Detailed biochemical characteriza-
tion of the acetylation activity of HAT proteins reveals
that each HAT family generally has a unique substrate
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Table 2. Substrate Specificity For HAT Proteins And HAT Com-
plexes.

HAT Substrate
GCNS5/PCAF family
GenS H3 (14), H4 (8, 16)
PCAF H3 (14), p53 (320), MyoD (99, 102, 105)
E2F1 (117, 120, 125), HMGI(Y) (71)
GCNS5/Ada H3 (14, 18), H2B (nucleosomes)
GCN5/SAGA H3 (9, 14, 18), H2B (nucleosomes)
PCAF/complex H3, H4 (nucleosomes)
MYST family
Esal H4 (5, 8, 16), H3 (14), H2A (5)
MOF H4 (16), H3, H2A
Tip60 H4, H3, H2A
Sas3 H3, H4, H2A
Esal/NuA4 H4, H2A (nucleosomes)
Sas3/NuA3 H3 (nucleosomes)
MOF/MSL H4 (nucleosomes)
CBP/p300 H2A (5), H2B (12, 15), H3 (14, 18),
H4 (5, 8), p53 (373, 382), HMG I(Y)
(65), TFIIF
SRC-1 H3 (9, 14)

specificity [20] (table 2). In addition, these specificities
are further modulated within the context of the multisub-
unit in vivo HAT complexes (table 2). For example, re-
combinant yGenS will preferentially acetylate lysine 14
on histone H3, but will also acetylate to a lesser extend
lysines 8 and 16 of histone H4 [10, 11, 43]. However, in
the context of the Ada and SAGA complexes, the sites
that are acetylated on nucleosomal H3 are expanded [44],
and histone H2B is also a substrate [10, 11]. Recom-
binant yeast Esal (yEsal) will efficiently acetylate se-
veral lysines on histone H4 as well as lysine 14 of histone
H3, whereas the Esal-containing NuA4 complex has a
strong preference for histone H4 only [41].

In addition to catalyzing histone acetylation, a number of
HAT proteins, including CBP/p300 and PCAF, possess in-
trinsic transcription factor acetyltransferase (FAT) activity
(table 2). PCAF acetylates specific lysines on the tran-
scriptional activators, MyoD [45], E2F1 [46] and p53
[47,48], and on the transcriptional architectural protein
HMGI(Y) [49]. CBP/p300 also acetylates specific lysines
on p53 [47,48] and HMGI(Y) [49], and on the general
transcription factors TFIIEB and TFIIF [50]. In many, but
not all of these cases, acetylation has been shown to en-
hance the DNA binding affinity of the affected protein.
In addition to the HAT proteins that function in RNA Pol
IT transcription, several that effect other biological pro-
cesses have also been identified. Cytoplasmic, or B-type
HAT proteins, acetylate newly synthesized histones H3
and H4 prior to their deposition in replicating chromatin
[51]. The most well studied B-type HAT, Hatl from yeast
(yHatl), is the catalytic subunit of the Hatl/Hat2 com-
plex that acetylates histone H4 for replication-dependant
chromatin assembly [52, 53]. Hat1 homologues from hu-



696 R. Marmorstein

man [54] and maize [55, 56] have also been identified. In-
triguingly, Hatl from yeast and human has also been lo-
calized to the nucleus [54, 57], suggesting a role in tran-
scription- or replication-related histone acetylation.
There is also evidence that HAT proteins are used for Pol
IIT transcription since subunits of the TFIIIC complex
(TAFIIIC90, TAFIIIC 110 and TAFIIIC 220), that are
required for initiation of Pol III transcription also have
HAT activity [58, 59].

The GNAT superfamily of acetyltansferases

Neuwald and Landsman have noted that Gen5/PCAF and
Hatl belong to a functionally diverse superfamily of N-
acetyltransferases (called GNATs for GCN5 related N-
acetyltransferases), containing limited sequence homo-
logy within four 15—33-amino acid segments called mo-
tifs A, B, C and D [60]. However, GenS, P/CAF and Hatl
do not harbor statistically significant sequence homology
within motif C. The crystal structure of two members of
the GNAT family, yHatl bound to acetyl-coenzyme A
[61], and the Serratia marcescens aminoglycoside 3-N-
acetyltransferase (SmAAT) bound to coenzyme A (CoA)
[62] reveal that motifs A, B and D form a structurally con-
served domain (fig. 2). Within this conserved domain,
contiguous motifs A—D form three antiparallel 3 strands
followed by an o helix on the underside of the ff sheet and
roughly parallel to its direction. Motif B adopts a differ-
ent structure in the two proteins, although in both cases
the CoA cofactor is bound between the A—D and B sub-
motifs [63], and CoA interactions with the A—D motif are
very similar in the two proteins.

The recent structure determination of the HAT GNAT
members GenS5/PCAF [64, 65] and yEsal (which only
shows sequence homology in motif A) [66] also reveals a
homologous structure corresponding to the A—D motif
with analogous CoA interactions mediated by these mo-
tifs. Interestingly, the structure of N-myristoyl transferase
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(NMT) [67, 68], which is not a member of the GNAT pro-
teins, also contains structural homology in the region cor-
responding to motifs A—D of the GNAT proteins [63].
These observations imply that other HAT proteins that
show sequence divergence from the GNAT proteins, will,
nonetheless, contain a structurally homologous A-D
motif for CoA interaction.

Overall structure of HATs

A detailed comparison of the HAT domains of various
members of the GenS/PCAF family in several different
liganded forms [64, 65, 69], with the MY ST family mem-
ber yEsal bound to CoA [66] and yHatl bound to Ac-
CoA reveals structural homology that extends beyond the
A—D motif of the GNAT proteins (fig. 2). The HAT pro-
teins also show a structurally conserved loop-f-strand re-
gion immediately C-terminal to the helix of the A—D mo-
tif of the GNAT proteins (figs 2 and 3a). In each of the
HAT proteins, this structurally homologous region occurs
roughly at the center of the molecule and forms a scaffold
for the folding of the corresponding N- and C-terminal
domains, and I therefor refer to this region of the HAT
proteins as the core domain.

In contrast to the structurally similar core domains of the
HAT proteins, the protein segments N- and C-terminal to
the corresponding core domains show structural diver-
gence (fig.2). Interestingly, the histone H4-specific
yEsal and yHatl structures are more similar to each other
than to the histone H3-specific GenS5/PCAF structure.
Both the yEsal and yHat1 structures show a f-rich N-ter-
minal protein segment and an a-helix-rich C-terminal
segment with similar overall topologies, whereas the
Gen5/PCAF structure shows more dramatic differences.
Despite the overall structural differences within the N-
and C-terminal segments of the three HAT proteins, sub-
regions within the N- and C-terminal segments show
good alignment upon superposition of the core domains.

tGen5/CoA/Histone H3

yEsa1/CoA

yHAT1/Ac-CoA

Figure 2. Overall structure of HAT proteins. (4) Structure of the Tetrahymena Gen5/CoA/histone H3 peptide complex. The central core
domain is colored in blue, the N-terminal subdomain is colored in aqua and the C-terminal subdomain is colored in green. CoA is shown
as a stick figure in red, and the 11-amino acid histone H3 peptide is indicated in pink. (B) Structure of the MYST HAT family member,
yeast Esal, bound to CoA. (C) Structure of the deposition-related (B-type) HAT, yeast Hatl, bound to Ac-CoA.
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Specifically, an a-helix-loop region just N-terminal to
the core domain and a loop-a-helix region just C-termi-
nal to the core domain superimpose well (fig. 5d).

Role of the central core domain in CoA binding
and catalysis

The core domain in each of the HAT proteins plays a con-
served role in binding the CoA cofactor (fig. 3b). The
CoA is bound in a cavity formed on the surface of the
core domain and buries over one-half of the CoA-acces-
sible surface area and approximately 500 A2 of protein
surface area. Most of the CoA contacts are mediated by a
B-strand-loop-a-helix segment of the central core do-
main, corresponding to motif A of the GNAT proteins. In
each case, the CoA is bound in a bent conformation which
helps facilitate an extensive set of protein interactions
that are mediated predominantly by the pantetheine arm
and the pyrophosphate group of the CoA. Strikingly,
nearly every functional group of the 16-member panthe-
teine arm-pyrophosphate chain is contacted by the pro-
tein. In addition, nearly all of these contacts are mediated
by either protein backbone hydrogen bonds or protein
side chain van der Waals interactions. Surprisingly, the
adenine base of CoA does not mediate protein contacts in
either of the structures, and as a result it adopts a some-
what different orientation within each structure. Inter-
estingly, the structure of a putative HAT from yeast,
Hpa2, bound to CoA [70], shows a tetrameric arrange-
ment in which the adenine bases of one dimer mediate
base-pair interactions with the other dimer to form the
tetramer [70]. The physiological relevance of this is not
known; however, it suggests that HAT proteins may em-

A

yEsal/CoA
hPCAFCoA
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ploy the adenine moieties of Ac-CoA for other in vivo
functions such as to stabilize higher-order structures.

A correlation of the structural and functional data de-
monstrates that the core domain of yGen5 also plays an
important role in catalysis. The structure of yGen5 re-
veals that Glul73, located in the 4 strand of the core do-
main and strictly conserved within the Gen5/PCAF fa-
mily of HAT proteins, is in an ideal position to function
as a general base for catalysis [64, 69] (fig. 4a). Glul73
is centered within an electronegative patch, which would
be an ideal docking site of a positively charged lysine
substrate, and the Glu73 side chain is partially buried
within a hydrophobic patch which would serve to raise its
pK, value to facilitate proton extraction from the e-amino
group of the target lysine. Correlating with the structural
studies, mutagenesis studies find that a FAE to AAA
triple mutation in positions 171—173 of yGCNS is one of
the most debilitating mutations made within the HAT do-
main [10]. In vivo and in vitro analysis of a E173Q mu-
tant of yGen5 further supports the role of Glul73 in cat-
alysis [69]. In vivo, the E173Q mutation (yGen5-E173Q)
results in a debilitated growth phenotype and low levels
of transcription, similar to that seen for the yGenS dele-
tion strain. Detailed kinetic analysis of yGen5-E173Q
[71] reveals that the protein has K, values for CoA and
histone H3 that are indistinguishable from the wild-type
protein, showing that the mutation does not effect sub-
strate recognition. In contrast, the K, value is down 360-
fold for the mutant relative to the wild-type protein at pH
7.5, demonstrating that the catalytic step is inhibited by
the mutation. At pH 9.5, where deprotonation of the tar-
get lysine is not required, K, is only down by six-fold for
the mutant relative to the wild-type protein, further sup-
porting the catalytic role of Glul73 in yGen5.

Figure 3. The core domain of HAT proteins. (4) Schematic superposition of the core domains of P/CAF (red), Esal (blue) and Hatl (green)
highlighting the close alignment of the core domain, the associated CoA cofactor (stick figure) and the corresponding putative catalytic
bases. (B) A representative view of HAT core domain-CoA interactions are illustrated for the yEsal/CoA complex. Only protein regions
and side-chain residues that mediate direct hydrogen bonds or van der Waals interactions with CoA (red) are indicated. Esal color coding
is as indicated in the legend to figure 2, and a bound water molecule is shown in yellow.
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The ternary Tetrahymena Gen5 (tGen5)/CoA/histone H3
complex allows one to derive a detailed mechanism of ca-
talysis that is mediated by the glutamate within the core
domain of Gen5 [64] (fig. 4). Glul22 of tGen5 (Glul73
in yGenY) is bound to a water molecule located between
the Glul22 side chain and the reactive Lys14 residue of
the histone H3 peptide, and is held in place by hydrogen
bonds from the backbone carbonyl of Vall23 and the
backbone NH of Tyr160. This water molecule is ideally
located to shuttle a proton from the reactive Lys14 of the
histone to Glul22 of the protein. Once the lysine proton
is extracted, the acetyl group of the Ac-CoA, which is hy-
drogen-bonded to the backbone NH of Leul26 (in the
tGCNS5/acetyl-CoA structure), is transferred to the reac-
tive Lys14 side chain of the histone. The backbone NH of
Luel26 probably functions to polarize the carbonyl group
of the thioester prior to nucleophilic attack of the amino
group and stabilize the negative charge that develops on

A

\;; HH+

Leul 26(H)

a
o 0
H 3 ‘\ il
" k A " k
e
—~— ~ff—
Hs/CDA
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Y ij \”/

a o
- HS-J
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the oxygen in the tetrahedral transition state. Once Lys14
of the histone substrate is acetylated, the acetylated his-
tone substrate is released, probably due to a steric clash
between the acetylysine and nearby backbone carbonyls
of the protein.

Recent studies on the HAT domain of yEsal indicate that
its core domain also plays an important role in catalysis
[66]. A superposition of the yEsal core domain with the
core domains of GenS/PCAF reveals that the residue cor-
responding to Glul73 in yGen5 (570 in PCAF) superim-
poses most closely in three-dimensional space to Glu338
in yEsal (fig. 3a). This superposition occurs despite the
fact that the two glutamate residues arise from different
secondary structure elements of their corresponding pro-
teins. Glu338 of yEsal is conserved within the entire
MYST family and is also in an ideal chemical environ-
ment to function as a catalytic residue. Functional char-
acterization of an E338Q mutant of yEsal (yEsal-

CHy
Hz‘NBI\
¥ CoA
e

Figure 4. Catalytic mechanism for Tetrahymena GenS. (4) A detailed view of the active site of the ternary tGCNS5/CoA/histone H3 com-
plex. The region around histone H3 Lys14 targeted for acetylation is shown in red. Relevant regions of CoA (green) and protein (blue) in-
volved in catalysis or that make important hydrogen bonds (dotted line) or van der Waals interactions are also shown. The putative cata-
lytic base, Glul22, and the water molecule proposed to play a catalytic role are shown in yellow. (B) Proposed reaction mechanism for
tGCNS5-mediated catalysis of histone H3. Protein residues and CoA functionalities that play a direct role in the catalytic mechanism, and

the Lys14 substrate of histone H3, are indicated.
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yEsal/CoA

Figure 5. The histone binding site of HAT proteins. (4) Detailed view of tGen5 interactions with histone H3 in the tGenS/CoA/histone H3
complex. Relevant protein regions are shown in blue, the histone H3 peptide is shown in red, the CoA molecule is shown in green and wa-
ter molecules that mediate protein-peptide interactions are shown in yellow. (B) Superposition of tGen5 in various liganded states:
tGCN5/CoA/histone H3 complex (blue), tGCNS5/ acetyl-CoA (aqua) and tGCNS (gray). (C) Conservation of residues within the MYST fa-
mily are mapped on the surface of yEsal/CoA structure to illustrate the putative histone substrate binding site. Only residues that are con-
served in at least five of six MYST members are shown in yellow coloring. The color coding of Esal domains (internal ribbon) are as in-
dicated in the legend to figure 2, and CoA is indicated as a red stick model. (D) Schematic superposition of the histone substrate binding
site for P/CAF (pink) (human Gen5 homologue) with Esal (blue, with CoA in red) and HAT1 (green). Only the core domain and CoA for

Esal is shown for clarity.

E338Q) further supports its catalytic role. An in vitro
HAT assay reveals that wild-type yEsal has robust ac-
tivity, whereas yEsal-E338Q has an activity that is only
marginally higher than background levels. Moreover, in
vivo studies demonstrate that whereas wild-type yEsal
effectively complements an Esal deletion strain, while
yEsal-E338Q does not. Transformation of a wild-type
gene into a strain bearing yEsal-E338Q also does not
complement the deletion, further suggesting that the mu-
tation acts as a dominant negative.

Interestingly, a superposition of the core domain of yHat1
with the core domains of GenS5/PCAF and yEsal also re-
veals that Glu254 of Hatl superimposes well with the pu-
tative general base residues of the other HAT proteins,
suggesting that Glu255 may play an important catalytic
role in yHatl. In support of this, within the Hatl protein
family, Glu254 is strictly conserved within a stretch of se-

quence that shows poor conservation. Taken together,
these observations suggest that the structurally conserved
core domains of Gen5/PCAF, yEsal and yHatl mediate
functionally conserved roles in CoA binding and cataly-
sis.

Role of the N- and C-terminal domains in histone
substrate binding

The mode of histone binding by GenS5/PCAF is visualiz-
ed in the structure of the ternary tGen5/CoA/histone H3
complex [64]. The structure reveals that the 11-amino
acid histone H3 peptide (centered around the Lys14 tar-
get of histone H3) is bound in a pronounced protein cleft
of the tGCNS protein above the core domain and flanked
on opposite sites by the N- and C-terminal protein seg-
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ments (fig. 5a). The 11-residue histone H3 peptide adopts
a random coil structure and buries a total of 1562 A2 of
solvent-exposed surface area upon complex formation.
Most of the protein-peptide interactions are mediated by
the loop-a2 N-terminal segment and the loop-a4 C-ter-
minal segment. Remarkably, most of these interactions
involve the backbone of the histone H3 peptide, and
about 75% of these interactions involve Lys14 and the
five residues C-terminal to it.

In addition to Lys14 of the histone H3 substrate, Gly13
and Pro16 play important roles in histone H3 binding spe-
cificity. The requirement for Lys14 and Pro16 stem from
the extensive protein interactions, and the requirement for
Glyl3 appears to derive from its unusually constrained
packing environment within the protein. Significantly, of
the mapped acetylation sites of recombinant yGen5 for
K14 in histone H3, and for K8 and K16 in histone H4,
only positions 13 and 16 (and the reactive lysine at posi-
tion 14) show homology among the three sequences. Po-
sition 13 is a glycine in all three cases and position 16 is
either a proline, leucine or histidine, each of which can
provide hydrophobic surfaces to mimic the interactions
mediated by Prol6 of the histone H3 peptide in the com-
plex. Thus, the histone H3 binding determinants of
tGCNS appear to be restricted to a small G-K-X-P recog-
nition sequence.

Comparison of the ternary tGen5/CoA/histone H3 com-
plex with the binary tGen5/CoA and apo-tGen5 struc-
tures also demonstrates that CoA plays an unanticipated
structural role in configuring the HAT domain for histone
H3 binding (fig. 5b). A superposition of the three struc-
tures reveals that CoA binding widens the histone H3
peptide binding groove by moving the C-terminal protein
segment outward. This groove is further widened upon
binding of the histone H3 peptide. A comparison of CoA-
protein contacts between the binary and ternary com-
plexes also shows that CoA interactions to the core do-
main are left largely unchanged, whereas CoA interac-
tions with the N- and C-terminal protein segments, which
also interact with the histone H3 peptide, make different
CoA interactions. Taken together, it appears that CoA-
mediated protein contacts that in turn facilitate histone
H3 contacts.

Neither the yHatl/Ac-CoA [61] or yEsal/CoA [66]
structures have bound peptide, so one cannot directly vi-
sualize HAT protein-histone interactions in these cases.
However, a mapping of conserved and surface-exposed
residues in the respective HAT families highlights the im-
portance of the a-helix-loop region in the N-terminal seg-
ment (a2-loop in yEsal and a7-loop in yHatl) and a
loop-a-helix region in the C-terminal segment (loop-a4
in yEsal and loop-a9 in yHatl). This is shown for Esal
in figure 5c. These segments flank opposite sides of the
core domain, and as in Gen5, form a pronounced cleft
that is proximal to the CoA and the putative general base
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for catalysis. Correlatively, a superposition of the core
domains of Gen5/PCAF, yEsal and yHAT1 shows that
these same regions that show sequence conservation wit-
hin the corresponding HAT families superimpose remar-
kably well. This is surprising given the overall structural
divergence of the corresponding N- and C-terminal seg-
ments between these proteins. Taken together, the three
HAT proteins analyzed here suggest a conserved structu-
ral framework for histone substrate binding whereby se-
quence divergence within this framework may modulate
the binding to specific histone targets. This proposal is
consistent with the observation that the analogous struc-
tural regions of GNAT proteins that bind non-histone tar-
gets have significantly more divergent N- and C-terminal
structures.

Conclusions and implications for other HATs

Despite the fact that yEsal shows weak sequence homo-
logy to PCAF/Gen5 and yHatl, the entire core domain of
the three HAT proteins superimpose remarkably well and
also mediate very similar CoA interactions. The studies
described above also suggest that the core domains of
yEsal and PCAF/Gen5, and possibly also yHAT1, con-
tain a structurally superimposable general base for cat-
alysis and thereby share a related catalytic mechanism.
Taken together, it is reasonable to propose that protein
members from other HAT families, such as CBP/p300
and TAF;250, also contain a structurally conserved core
domain that mediates functionally conserved roles in
CoA binding and catalysis.

Regions N- and C-terminal to the core domain of the
HAT proteins Gen5/PCAF, yEsal and yHAT1 show over-
all structural divergence. Nonetheless, a superposition of
the core domains of these proteins reveal striking super-
position between a N-terminal a-helix-loop and a C-ter-
minal loop-a-helix. These superimposed regions coloca-
lize to the precise regions of tGen5 within the ternary
tGenS5/CoA/histone H3 peptide complex that play partic-
ularly critical roles in histone substrate binding. More-
over, in each case, these regions contain surface-exposed
residues that are highly conserved within their respective
HAT families, and directly flank the core domain which
harbors the putative catalytic base. Taken together, the
three HAT proteins analyzed here appear to have a con-
served structural framework for histone substrate binding
that likely extends to other more divergent HAT proteins.
Moreover, it is likely that sequence divergence within this
framework modulates the binding to specific histone tar-
gets.

A comparison of tGen$ in various liganded forms reveals
that the CoA cofactor plays an unanticipated structural
role in histone substrate binding. CoA makes direct inter-
actions with the same helix-loop and loop-helix segments



CMLS, Cell. Mol. Life Sci.  Vol. 58, 2001

from the N- and C-terminal protein domains, respec-
tively, that mediate histone substrate interactions. More-
over, these interactions appear to influence structural
movement of the C-terminal segment of tGCNS. Cor-
relatively, CoA also makes interactions with these homo-
logous N- and C-terminal segments in both the
yEsal/CoA and yHatl/Ac-CoA structures, and it is
reasonable to assume that CoA also mediates structural
movements in these respective HAT proteins to facilitate
histone-specific binding. Since the histone H4-specific
HAT proteins, Esal and Hatl, are more similar to each
other than to the histone H3-specific GenS/PCAE, it is
likely that the N- and C-terminal segments of yEsal and
yHatl represent a more histone H4-specific structure,
whereas the corresponding segments of Gen5/PCAF and
PCAF represent a more histone H3-specific structure.
Whether this is indeed true will require the structural ana-
lysis of other more divergent HAT proteins such as
CBP/p300 or TAF,250. Nonetheless, the structural and
functional studies presented here provide a framework for
understanding how HAT proteins acetylate and bind
histone substrates.

Perspectives

Although we have learned much over the last few years
about catalysis and substrate binding by HAT enzymes,
several questions about HAT function still remain. Most
notably, it is not clear how histone target specificity is
achieved. The ternary tGenS5/CoA/histone H3 complex
reveal that protein-peptide interactions are mediated pre-
dominantly by not-discriminative peptide backbone
contacts and sequence specificity determinants are re-
stricted to a small G-K-X-P recognition sequence. Func-
tional data demonstrate that HAT proteins and HAT com-
plexes have similar but distinct substrate specificities,
supporting the notion that substrate specificity is mod-
ulated, at least in part, by other proteins and/or other pro-
tein domains, within the in vivo HAT complexes. In this
vain, both the Gen5/PCAF [64] and yEsal [66] structures
reveal conserved patches of residues that do not appear to
be directly involved in substrate binding but may high-
light contact sites for other proteins or protein domains
within the in vivo HAT complexes. A resolution of the
substrate specificity issue will likely require the struc-
tural analysis of the larger in vivo HAT complexes. A re-
lated question is, what directs different HAT complexes
to different histones?

The observation that aberrant HAT activity is associated
with diseased states, such as the association of the HAT
proteins MOZ and CBP in acute leukemias [35, 36, 72],
leads to the prospect of designing HAT specific inhibitors
to effect disease progression. In theory, such inhibitors
should be possible to design since bisubstrate peptide in-
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hibitors that exhibit HAT specificity have already been
reported [73]. Aside from the disease connection, the
availability of HAT-specific inhibitors would be a useful
research tool since it would help one to sort out which
HAT is acetylating which substrate and when. Finally, the
million dollar question is, how does histone acetylation
lead to transcriptional activation? In order to answer this
question, it may be necessary to understand why large
multimeric HAT complexes are required to carry out the
simple task of transferring an acetyl group to the e-amino
groups of histone lysines.
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