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SUMMARY

Histone acetylation marks are written by histone acetyltransferases (HATs) and read by bromodomains
(BrDs), and less commonly by other protein modules. These proteins regulate many transcription-medi-
ated biological processes, and their aberrant activities are correlated with several human diseases. Con-
sequently, small molecule HAT and BrD inhibitors with therapeutic potential have been developed.
Structural and biochemical studies ofHATs and BrDs have revealed that HATs fall into distinct subfamilies
containing a structurally related core for cofactor binding, but divergent flanking regions for substrate-
specific binding, catalysis, and autoregulation. BrDs adopt a conserved left-handed four-helix bundle to
recognize acetyllysine; divergent loop residues contribute to substrate-specific acetyllysine recognition.
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OVERVIEW

Histone acetyltransferases (HATs), sometimes referred to as
lysine acetyltransferases or KATs, form a superfamily of en-
zymes that acetylate the side-chain amino group of lysine
residues on histones, and in some cases also other proteins.
These enzymes contribute to several different transcription-
mediated biological processes including cell-cycle progres-
sion, dosage compensation, and hormone signaling. Aberrant
HAT function is correlated with several human diseases, in-
cluding leukemic translocations, solid tumors, and metabolic
disorders. In addition, protein acetylation reaches beyond
histones and transcription-associated biological processes to
other cellular processes, based on recent proteomic studies.

The acetylationmarks on lysine residues are read by small
protein modules called bromodomains (BrDs), sometimes
referred to as “readers.” These domains are conserved within
many chromatin-associated proteins including someHATs, as
well as other posttranslational modification enzymes (some-
times referred to as “writers”) and ATP-dependent remodeling
proteins. More recently, a PHD finger, previously shown to
target methylated lysine residues, was also shown to bind
acetyllysine (Kac), opening up the possibility that other types
of domainsmayalso read acetyllysinemarks. Currently, many
BrD-containing proteins do not havewell-characterized func-
tions, although somehave been implicated in diseases such as
inflammation, viral infection, solid tumors, and leukemias.

Structural and biochemical studies on HATs and BrDs
have provided important mechanistic insights into the func-
tion of these writers and readers of histone acetylation. Five

well-studied HAT subfamilies include Hat1 (or KAT1 ac-
cording to the Allis et al. 2007 nomenclature), Gcn5/PCAF
(KAT2A/KAT2B), MYST (KAT5), p300/CBP (KAT3B/KAT3A),
and Rtt109 (KAT11). These HAT enzyme subfamily writers
perform similar overall chemistry and have structurally related
core regions that template substrates in an analogous fashion;
however, they fall into subfamilies with very limited to no
sequence homology. Consequently, they contain structurally
divergent core flanking regions, which mediate divergent
mechanisms of catalysis and possibly different modes of sub-
strate recognition and regulation. Many HATs are regulated
by autoacetylation. Inhibition of HATenzymes by small mol-
ecule compounds is in the very early stages of development,
but the prospects for exploitingHATs as therapeutic targets are
strong.

The BrD readers adopt a conserved left-handed four-helix
bundle and possess conserved residues within interhelical
loops that recognize acetyllysine. Other residues flanking ei-
ther side of the acetylated lysine contribute to binding specif-
icity. Interestingly, many bromodomains come in multiples,
and many have divergent functions such as binding two or
more acetyllysine residues simultaneously or, in some cases,
may have other functions distinct from acetyllysine recogni-
tion. Given the association of BrD-containing proteins with
disease, there has been considerable interest in developing
BrD inhibitors. Remarkably, several potent and selective in-
hibitors have already been developed that look promising for
therapeutic applications.
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1 INTRODUCTION TOWRITERS, ERASERS,
AND READERS OF HISTONES

DNA within the eukaryotic nucleus is compacted into
chromatin containing the histone proteins H1, H2A,
H2B, H3, H4. The appropriate regulation of chromatin
orchestrates all DNA-templated reactions such as DNA
transcription, replication, repair, mitosis, and apoptosis
(Williamson and Pinto 2012). The macromolecules that
regulate chromatin fall into distinct classes of molecules.
These include ATP-dependent remodeling proteins that
mobilize the histones within chromatin (Becker andWork-
man 2013), histone chaperones that insert and remove ge-
neric or variant histones into chromatin (covered in
Almouzni and Cedar 2014), posttranslational modification
enzymes that add and remove chemical groups to the DNA
or histone components of chromatin (Bannister and Kou-
zarides 2011), chromatin recognition proteins that specif-
ically recognize DNA, histones or modified histone, or
DNA (Yap and Zhou 2010; Glatt et al. 2011), and noncod-
ing RNA molecules that bind and modulate chromatin
regulatory proteins (Mattick and Makunin 2006; Kurth
and Mochizuki 2009). These macromolecules work in a
highly coordinated fashion to regulate distinct chromatin
templated activities.

The posttranslational modification (PTM) enzymes
include proteins that add chemical groups as well as those
that remove them. The enzymes that mediate histonemod-
ification (i.e., writers) include acetyltransferases, methyl-
transferases, kinases, and ubiquitinases. The enzymes that
remove these modifications (i.e., erasers) include deacety-
lases, phosphatases, demethylases, and deubiquitinases
(Bannister and Kouzarides 2011). Protein domains have
also been identified that can recognize specific histone
modifications (i.e., readers), although there appears to be
more flexibility than the enzymes that create the modifica-
tions (Yap and Zhou 2010; Glatt et al. 2011). For exam-
ple, bromodomains selectively target acetyllysine residues,
whereas many chromodomains bind methylated lysines,
and tudor domains bind methylated arginines. However,
methylated lysines are also recognized by PHD fingers,
WD40 domains, and ankyrin repeats (Brent and Marmor-
stein 2008). Many of these protein domains recognize un-
modified histones as well.

Of the enzymes that perform posttranslational modifi-
cation on histones, the enzymes that mediate lysine acety-
lation and deacetylation were the first identified. In 1996,
Allis and coworkers purified a histone acetyltransferase
(HAT) from Tetrahymena thermophila that was ortholo-
gous to a previously identified transcriptional adaptor
from yeast called Gcn5 and conserved from yeast to man
(Brownell et al. 1996). During the same time, Sternglanz

and coworkers (Kleff et al. 1995) and Gottschling and co-
workers (Parthun et al. 1996) also identified a histone ace-
tyltransferase called HAT1 that was initially proposed to be
a cytoplasmic specific acetyltransferase and later shown to
also harbor nuclear functions (Ruiz-Garcia et al. 1998; Ai
and Parthun 2004; Poveda et al. 2004). In the same year,
Schreiber and colleagues isolated a mammalian histone
deacetylase (HDAC) that was highly homologous to a pre-
viously characterized transcriptional repressor Rpd3 (cov-
ered in Seto andYoshida 2014), alsowith conservation from
yeast to man (Taunton et al. 1996). Subsequent to these
groundbreaking studies, other HATs and HDACs were
identified along with other types of enzymes that modify
histones (Hodawadekar and Marmorstein 2007; Marmor-
stein and Trievel 2009). Many histone posttranslational
modifications can be correlated with different DNA-tem-
plated activities. HAT and HDAC activities, however, are
generally correlated with gene activation and repression/
silencing, respectively. Aberrant HATand HDAC activities
are also correlated with diseases such as cancer and meta-
bolic disorders (Keppler and Archer 2008a; Keppler and
Archer 2008b). To date, the HATs and HDACs are, bio-
chemically and structurally, the most well-characterized
of the histone PTM enzymes. This article will cover what
is known to date about the structure, mechanism of action,
and inhibition of HAT enzymes. Readers are directed to
the collection’s article on HDACs dealing with the topic
of histone lysine deacetylation (Seto and Yoshida 2014,
and other excellent review articles therein).

Bromodomains were the first histone modification
readers that were identified when Zhou, Aggarwal, and co-
workers determined the three-dimensional solution struc-
ture of the PCAF bromodomain using nuclear magnetic
resonance spectroscopy. They also performed related bio-
chemical studies revealing that it is specifically capable of
binding acetyllysinemodifications in peptides derived from
histones H3 and H4 (Dhalluin et al. 1999). Subsequent
studies by others confirmed the acetyllysine-binding prop-
erties of bromodomains from other proteins alongwith the
identification and characterization of other types of protein
domains that specifically recognize other histone modifi-
cations (Yap andZhou 2010). Interestingly, bromodomains
are found in many different types of chromatin regulators
as well as protein complexes that play important roles in
the human biology of health and disease. Thus, recently
they have become attractive therapeutic targets, illustrated
by the discovery of JQ1 and I-BET described in Qi (2014)
and Schaefer (2014) (also discussed in Busslinger and Tar-
akhovsky 2014). In addition to describing HAT structure
and function, this article will also cover what is known to
date about the structure, mechanism of action, and inhibi-
tion of bromodomains.
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2 HISTONE ACETYLTRANSFERASES

2.1 Classification of HATs

Since the isolation of the Gcn5 HAT from Tetrahymena by
Allis and coworkers (Brownell et al. 1996), and the identi-
fication of HAT1 by Sternglanz and coworkers (Kleff et al.
1995) and Gottschling and coworkers (Parthun et al. 1996)
just more than a decade ago, many other HATs have been
identified from yeast to man. Some of these HATs (e.g.,
PCAF and HAT1) show sequence conservation with Gcn5
within their catalytic domain, leading to their classification
as Gcn5-related histoneN-acetyltransferases (GNATs; Neu-
wald and Landsman 1997). Many other HATs, like CBP/
p300, Rtt109, and the MYST proteins have extremely lim-
ited sequence conservation. Based on this sequence diver-
gence within the HAT domain, HATs can be grouped into
at least five different subfamilies (Table 1). This includes
HAT1 (named histone acetyltransferase 1 as the founding
member of the superfamily or KAT1 according to the Allis
et al. 2007 nomenclature), Gcn5/PCAF (named for its
founding member yeast Gcn5 and its human ortholog,
PCAF, or KAT2a/KAT2B according to the alternative no-
menclature), MYST (named for the founding members
MOZ, Ybf2/ Sas3, Sas2, and TIP60, or KAT5), p300/CBP
(named for the two human paralogs p300 and CBP, or
KAT3B/KAT3A), and Rtt109 (named for its initial identi-

fication as a regulator of Ty1 transposition gene product
109, also referred to as KAT11). Although the Gcn5/PCAF,
HAT1, andMYSTsubfamilies have homologs from yeast to
man, p300/CBP is metazoan specific, and Rtt109 is fungal
specific. Although other nuclear HAT subfamilies have
been identified, such as the steroid receptor coactivators
(ACTR/AIB1, SRC1) (Spencer et al. 1997), TAF250 (Miz-
zen et al. 1996), ATF-2 (Kawasaki et al. 2000), and CLOCK
(Doi et al. 2006), their HATactivities have not been studied
as extensively as the five major HAT classes and will not be
further discussed here.

2.2 Overall HAT Structure

Representative structures of each of the five subfamilies
of HAT proteins have been determined by X-ray crystallog-
raphy, revealing the molecular characteristics of the enzy-
matic domains and molecular insights into catalysis and
substrate acetylation.

Yeast histone acetyltransferase HAT1 (yHAT1) was the
first HAT structure to be reported (Dutnall et al. 1998),
setting the stage for structural analysis of this superfamily
of enzymes. The structure of HAT1 bound to its AcCoA
cofactor consists of an elongated a-b structure (Fig. 1A).
The structure contains a conserved core region containing a
three-stranded b-sheet and a long helix in parallel, span-

Table 1. The five major HAT families

Major HAT
subfamilies

Prominent
members Key structural and biochemical properties

HAT1 yHat1 Member of the GNAT family

Amino- and carboxy-terminal segments used for histone substrate binding

Requires the yHat2 regulatory subunit for maximal catalytic activity

Gcn5/PCAF yGcn5

hGCN5

hPCAF

Member of the GNAT family

Uses a ternary complex catalytic mechanism

Amino- and carboxy-terminal segments used for histone substrate binding

MYST yEsa1

ySas2

ySas3

hMOZ

dMof

hMOF

hTIP60

hHBO1

Uses a ping-pong catalytic mechanism

Requires autoacetylation of a specific lysine at the active site for cognate histone acetylation

p300/CBP hp300

hCBP

Metazoan-specific, but shows structural homology with yRtt109

Uses a ternary Theorell–Chance (hit-and-run) catalytic mechanism

Contains a substrate-binding loop that participates in AcCoA and lysine binding

Contains an autoacetylation loop that requires lysine autoacetylation for maximal catalytic activity

Rtt109 yR11109 Fungal-specific, but shows structural homology with p300

Contains a substrate-binding loop that participates in AcCoA and probably also lysine binding

Requires autoacetylation of a lysine residue near the active site for maximal catalytic activity

Requires one of two histone chaperone cofactors (Asf1 or Vps75) for maximal catalytic activity and

histone substrate specificity

y, yeast; h, human; GNAT, Gcn5-related N-acetyltransferase.
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ning one side of the sheet (Neuwald and Landsman 1997).
The AcCoA cofactor packs and makes interactions along
one edge of this core region. The core region is flanked by a
b-a-loop segment on one side (see top part of Fig. 1A) and
ana-rich segment on the other (see bottompart of Fig. 1A)
that together form a cleft over the central core domain for
the histone substrate to bind and catalysis to occur.

To date, several Gcn5 crystal structures in various li-
ganded forms (Rojas et al. 1999; Trievel et al. 1999; Poux
et al. 2002; Clements et al. 2003; Poux and Marmorstein
2003), a Gcn5/CoA solution structure (Lin et al. 1999),
and the human PCAF/AcCoA structure (Clements et al.
1999) have been reported. Each of the HAT domains shows
a high degree of superposition. The Tetrahymena ternary
structure of aGcn5/CoA/histoneH3complex reveals acore
region with structural conservation with yHat1 that make
analogous AcCoA cofactor interactions, but structurally
divergent amino- and carboxy-terminal regions flank the
core region (Fig. 1B). The cleft over the core domain is
deeper than yHat1 and accommodates the bound histone
H3 peptide (red loop in Fig. 1B) that is contacted largely by
residues from the amino- and carboxy-terminal segments.

Several structures have also been reported of HATs from
the MYST subfamily from yeast to man, including Droso-
phila MOF bound to AcCoA (Akhtar and Becker 2001),
hMOF in unliganded form (Yuan et al. 2012), hMOZ
bound toAcCoA (Holbert et al. 2007), and yEsa1 in various
liganded forms (Yan et al. 2000; Yan et al. 2002; Yuan et al.
2012). Each of the structures superimpose well and show
a structurally conserved core region with HAT1 and Gcn5/
PCAF, but divergent amino- and carboxy-terminal seg-
ments. The structure of yeast Esa1 bound to a linked pep-
tide-CoA conjugate in which residues 11–22 of histone H4
is linked to CoA though lysine 16 (H4K16-CoA) reveals
a/b amino- and carboxy-terminal domains, with the ami-
no-terminal domain containing a TFIIIA zinc finger fold
and the carboxy-terminal segment containing a helix-turn-
helix domain typically found inDNA-binding proteins and
proposed to participate in nucleosomal localization (Fig.
1C) (Holbert et al. 2007). The bound H4K16-CoA bisub-
strate inhibitor provides important details about how both
cosubstrates bind to yEsa1. The CoA portion is packed
against the core domain similar to the Gcn5 andHAT com-
plexes and the lysine portion of the inhibitor is located in
the central cleft formed by the flanking amino- and car-
boxy-terminal segments. The rest of the H4 peptide is dis-
ordered in the crystal structure.

The structures of human p300 (hp300) bound to a Lys-
CoA bisubstrate inhibitor (Liu et al. 2008), yeast Rtt109
(yRtt109) bound to CoA or AcCoA cofactors (Lin and
Yuan 2008; Stavropoulos et al. 2008; Tang et al. 2008), or
bound to cofactor and the Vps75 histone chaperone (Ko-
lonko et al. 2010; Su et al. 2011; Tang et al. 2011) have been
reported. Remarkably, the hp300 and yRtt109 structures
show a high degree of superposition despite the absence
of significant sequence homology (Fig. 1D,E). These struc-
tures reveal an elongated globular domain containing a
central seven-strand b-sheet surrounded by nine a-helices
and several loops. Roughly in the center of this domain is
located the structurally conserved core region that is in-
volved in cofactor interactions, whereas regions that flank
this core diverge from the other HATs. A unique feature
of these HATs relative to the others is a long, approximately
25 residue loop (colored in red in Fig. 1D,E), called the
substrate-binding loop, that encapsulates the cofactor in
yRtt109 and the Lys-CoA bisubstrate inhibitor in hp300.

Taken together, each of the 5 HAT subfamilies shares a
conserved central core region that contributes to AcCoA
cofactor binding, but divergent amino- and carboxy-ter-
minal segments that flank this core also appear to contrib-
ute to histone substrate binding. The p300 and Rtt109
HAT subfamilies (Fig. 1D,E) are structurally conserved
throughout the HAT domain and contain a unique, ap-
proximately 25 residue substrate-binding loop that appears

yHat1 + AcCoA

yRtt109 + AcCoAhp300 + LysCoA

yEsa1 + H4K16CoA

tGcn5 + CoA/H3K14

A

B

C

D E

Figure 1.Overall structure of HAT proteins. Representative members
of the five HAT subfamilies are illustrated as cartoons highlighting
the structurally conserved core region (blue) and flanking amino-
and carboxy-terminal regions (aqua). The cofactor is shown in stick
figure in CPK coloring (carbon, yellow; oxygen, red; nitrogen, blue;
phosphorous, orange; sulfur, brown): (A) yeast HAT1/AcCoA (PDB
1BOB), (B) TetrahymenaGcn5/CoA/histone H3 (PDB code: 1PUA)
with the histone H3 peptide shown in red, (C) yeast Esa1/H4K16-
CoA (PDB code: 3TO6), (D) human p300/Lys-CoA (PDB code:
3BIY) with the substrate-binding loop shown in red, (E) yeast
Rtt109/CoA (PDB code: 3D35) with the substrate-binding loop
shown in red.
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to participate in the binding of both AcCoA and histone
substrates.

2.3 Catalytic Mechanism

HATs transfer the acetyl group from the acetyl-CoA cofac-
tor to theNz nitrogen of a lysine side chainwithin histones.
Structural, biochemical, mutational, and enzymatic analy-
ses have provided insights into the catalytic mechanism of
these enzymes. A remarkable outcome of these studies is
that each HAT subfamily uses a different catalytic strategy
for acetyl transfer. This is unusual for a superfamily of
enzymes that catalyze the same chemical reaction, but per-
haps not so surprising for these enzymes because the trans-
fer of an acetyl group from a thioester to an amine is not a
chemically demanding reaction, thus allowing different
HATsubfamilies to use different chemical strategies to me-
diate acetyl transfer.

Members of the Gcn5/PCAF subfamily of HATs were
the first proteins of the superfamily whose enzymatic prop-
erties were characterized in detail in the context of the
available crystal structures. Specifically, the crystal struc-
tures of Gcn5 and PCAF revealed the presence of a strictly
conserved glutamate in the active site (Glu173 in yGcn5
and Glu570 in hPCAF) that is in position to act as a general
base for catalysis through a well-ordered water molecule in
the crystal structure (Fig. 2A). The glutamate is buried in a
hydrophobic pocket, which likely raises its acid dissocia-
tion constant (pKa) for proton extraction. The importance
of this glutamate residue was confirmed by mutational
analysis (Tanner et al. 1999; Trievel et al. 1999) in which
an E173Q mutant in yGcn5 showed a 360-fold decrease in
enzymatic turnover (kcat; Tanner et al. 1999). Denu and
coworkers also showed that Gcn5 functions through a ter-
nary complex mechanism in which both substrates (i.e.,
lysine and AcCoA) must be bound to the enzyme before
catalysis can occur. This involves deprotonation of the ly-
sine substrate by Glu173, facilitating the direct transfer of
the acetyl group from AcCoA to the lysine side chain (Tan-
ner et al. 1999). Denu and coworkers showed similar results
for PCAF (Tanner et al. 2000), however, an acidic residue, if
any, that protonates the CoA leaving group has not been
identified.

The crystal structure of the yEsa1 member of theMYST
subfamily of HATs revealed the presence of a glutamate
residue (Glu338) that is strictly conserved within the
MYST HATs. It overlays with the catalytic glutamate resi-
due of Gcn5/PCAF, and a yEsa1 E338Q mutant only cata-
lyzed background levels of acetylation (Yan et al. 2000).
Interestingly, a subsequent structural analysis and enzy-
matic characterization revealed that an active site cysteine
residue (Cys304), conserved within the MYST HAT sub-

family, also plays an important catalytic role with C304S
and C304A mutants shown to be highly defective (Fig. 2B)
(Yan et al. 2002). Kinetic analysis with both substrates is
consistent with a ping-pong catalytic mechanism, in which
the enzyme first forms an acetylated intermediate involving
Cys304 before the formation of an acetylated histone prod-
uct. In this mechanism, Glu338 is proposed to serve as
a general base, which deprotonates both Cys304 and the
histone lysine side chain in preparation for both acetyl-
transfer events (Yan et al. 2002). Paradoxically, a more re-
cent report shows that Esa1 assembled within a physiolog-
ically relevant piccolo NuA4 complex does not show a
strong dependence on Cys304 for catalysis, leading the in-
vestigators to conclude that yEsa1 within the piccolo NuA4
complex proceeds through a ternary catalytic mechanism
similar to Gcn5/PCAF (Berndsen et al. 2007). This would
suggest that the same HATenzyme may use different cata-
lytic mechanisms within different cellular contexts.

The p300 crystal structure reveals that there is no glu-
tamate residue that is analogous to the key residues within
the Gcn5/PCAF and MYST HATsubfamilies that function
as general base residues for catalysis (Liu et al. 2008).
Mutagenesis and kinetic analysis of the potential catalytic
residues in the active site uncovered only two residues
(Tyr1467 and Trp1436) that showed a significant effect
on catalysis when mutated (Fig. 2C) (Liu et al. 2008); a
Y1467F substitution showed about a 400-fold reduction
in catalytic efficiency (kcat/KM), a W1436A substitution
reduced the catalytic efficiency 50-fold, and aW1436F sub-
stitution showed a more modest effect on catalysis. Based
on the position of these residues in the structure, Tyr1467
was proposed to play a role as a general acid for catalysis,
whereas Trp1436 was proposed to help orient the target
lysine into the active site. These residues are strictly con-
served within the p300/CBP HAT subfamily, correlating
with the notion that Tyr1467 and Trp1436 are important
for catalysis. Thus, it appears that p300/CBP does not use a
general base for catalysis, in contrast to the Gcn5/PCAF
and MYST HAT subfamilies. Taken together with the fact
that hp300 is inhibited potently by a more primitive Lys-
CoA inhibitor, but poorly by bisubstrate inhibitors with
longer peptide moieties (Lau et al. 2000) and the observa-
tion that longer peptides are better substrates for p300
than lysine, it was proposed that the p300/CBP subfamily
of HATs use a “hit-and-run” or Theorell–Chance acetyl-
transfer mechanism that is distinct from the catalytic
mechanisms used by the Gcn5/PCAF and MYST HAT
subfamilies.

The kinetic mechanism for acetylation by Rtt109 and
Hat1 has been less well-characterized than the other HAT
subfamilies.We know both enzymes require the association
of other protein regulatory subunits for full activity. In the
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case of Rtt109, it harbors very low acetyltransferase activity
on its own (Driscoll et al. 2007; Tsubota et al. 2007), but
its activity is stimulated by association with either the Asf1
or Vps75 histone chaperone proteins (Han et al. 2007a;
Han et al. 2007b; Tsubota et al. 2007; Berndsen et al. 2008;

Albaugh et al. 2010). Although it is not clear how these his-
tone chaperones enhance the catalytic activity of Rtt109,
the crystal structures of Rtt109/Vps75 complexes (in both
2:2 and 2:1 stoichiometries) show no significant changes in
the Rtt109 active site as a function of Vps75 binding, sug-

tGcn5 + CoA/H3K14 yEsa1 + H4K16CoA

hp300 + LysCoA yRtt109 + AcCoA

E338

Y1467

F192

E276

C D

BA

E

C304

H4K16CoA

CoA

H3K14

E173

W

W222

W1436

LysCoA

E187

D277

hHAT1 + AcCoA/H4K12

AcCoA

H4K12

AcCoA

Figure 2. Catalytic mechanism of HAT proteins. Active sites of representative members of the HAT subfamilies are
illustrated highlighting the relevant side chains on a backbone cartoon of the active site. (A) Tetrahymena Gcn5/
CoA/histone H3. Key catalytic residues are labeled and hydrophobic residues of the active site that likely raise the
pKa of Glu 173 are shown in stick figure in CPK coloring with carbon in green. A segment of the histone H3 peptide
is shown in red. W indicates a well-ordered water molecule that participates in catalysis. The numbering is for yeast
Gcn5. (B) Yeast Esa1 bound to the H4K16CoA bisubstrate inhibitor (stick figure and CPK coloring with carbon
atoms in yellow). Key catalytic residues are labeled and hydrophobic residues of the active site that likely raise the pKa
of Glu 338 are shown. Residues flanking K16 in the peptide are disordered in the structure. (C) Human p300 bound
to the Lys-CoA bisubstrate inhibitor (stick figure and CPK coloring with carbon atoms in yellow). Residues shown
to play catalytic roles are labeled with other potential catalytic residues shown in stick figure. The substrate-binding
loop is shown in red. (D) Yeast Rtt109/CoA. Potential catalytic residues in the corresponding position of hp300 are
shown. The CoA molecule is shown in stick figure in CPK coloring with carbon atoms in yellow. The substrate-
binding loop is shown in red. (E) hHAT1/AcCoA/histone H4. The three general base candidate residues are
represented as green stick figures and a segment of the histone H4 peptide is shown in red.
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gesting that thehistonechaperonesmerely functiontodeliver
histone substrates to Rtt109 for acetylation (Kolonko et al.
2010; Su et al. 2011; Tang et al. 2011). The crystal structure
of Rtt109 alone revealed that despite its overall structural
superpositionwith thehp300HATdomain, thekeycatalytic
residues of hp300 (Tyr1467 andTrp1436) are not conserved
inRtt109 (Fig. 2D). Instead, kinetic analysis showed that the
Rtt109/Vps75 complex uses a sequential kinetic mecha-
nismwhereby theRtt109–Vps75 complex,AcCoA, andhis-
toneH3 substrates formacomplex before chemical catalysis
(Albaugh et al. 2010). Structural, mutational, and kinetic
analysis of Rtt109 points to the importance of Asp89 and
Trp222 forcatalysis. TheD89NandW222Fmutants showed
about a 25-fold defect in catalytic rate; however, this was
mostly because of a KM effect for AcCoA binding (Tang
et al. 2011), as was the 1000-fold reduced catalytic efficiency
of a D288N mutant (Albaugh et al. 2010; Kolonko et al.
2010). Key residues involved in catalytic turnover, such as
a general base or acid, have not been identified for Rtt109
and thus may not be present in this case.

Although a detailed enzymatic study of yHat1 has not
been reported, a recent study provides important new in-
sights (Wu et al. 2012). Specifically, the structure determi-
nation of human HAT1 (hHAT1) bound to AcCoA and a
histone H4 peptide centered around K12 reveals that three
residues, Glu187, Glu276, and Asp277, are in proximity to
the Nz nitrogen of H4K12 and thus could act as potential
general base residues for catalysis (Fig. 2E) (Wu et al. 2012).
A superposition of the hHAT1 active site with yGcn5
and yEsa1 (MYST subfamily) reveals that residues in these
enzymes that function as a general base of catalysis (i.e.,
glutamates 173 and 338, respectively) superimpose with
Glu276 of hHAT1 (Glu255 in yHat1; Yan et al. 2000; Wu
et al. 2012), which is strictly conserved among Hat1 ortho-
logs. In hHAT1, mutating Glu276 to Gln causes a 28.5-fold
decrease in kcat. E187Q and D277N mutations, however,
cause a more modest ≏15.3- and ≏8.1-fold decrease in
kcat, respectively. E276Q and E187Q increase the pKa of
ionization from 8.15 to 8.74 and 9.15, respectively, whereas
D277N only increases the pKa slightly to 8.35 (Wu et al.
2012).Hat1, however, unlikeMYSTHATs, does not contain
a cysteine residue in the active site of the enzyme. Taken
together, these observations suggest that Glu276 of hHAT1,
and probably also Glu187, play a role as general base(s) for
catalysis, through a ternary complex mechanism similar to
the Gcn5/PCAF HAT subfamily.

A comparison of the catalytic mechanisms of the dif-
ferent HAT subfamilies reveals remarkable diversity in the
way each subfamily mediates acetyl transfer. This is likely to
be a reflection of the relatively low chemical “cost” that is
required to transfer an acetyl group from a thioester to an
amine, as opposed to some other more demanding chem-

ical reactions such as phosphorylation, and the relatively
long evolutionary time that HATs had to evolve.

2.4 Histone Substrate Binding

To date, the only direct molecular insights into histone
binding by HATs has come from structural studies of two
HAT proteins; one study provided structural information
on the hHAT1HAT domain bound to AcCoA and a histone
H4 peptide centered around Lys12 (Wu et al. 2012)whereas
other studies have focused on the Tetrehymena Gcn5
(tGcn5) HAT domain bound to CoA and several cognate
substrate peptides including histone H3 (centered around
Lys14; Rojas et al. 1999; Clements et al. 2003; Poux and
Marmorstein 2003), histone H4 (centered around Lys8),
and p53 (centered around Lys320; Poux and Marmorstein
2003). These structures reveal that the histone peptide
substrates bind across a groove formed by the central core
region found at the base and the amino- and carboxy-
terminal regions on flanking sides that mediate the major-
ity of the interactions with the substrate peptide (Fig.
3A,B). A comparison of the structures of tGcn5 bound to
different peptides revealed that 15 of the 19 residues of H3
are ordered in the structure rather than less than 10 residues
for the H4 and p53 peptides, which is consistent with the
.1000-fold greater catalytic efficiency of Gcn5 for H3 over
H4 and p53 (Trievel et al. 2000). These structures also
revealed a more ordered and extensive protein–peptide
interaction in residues carboxy-terminal to the reactive ly-
sine, arguing that substrate interactions carboxy-terminal
to the target are more important for substrate binding by
the Gcn5/PCAF HAT subfamily (Fig. 3A). These interac-
tions involve mostly hydrogen bonds to backbone residues
and van der Waals interactions with side chains. Not sur-
prisingly, the residues of tGcn5 that make contact to the
peptide substrate are highly conserved within the Gcn5/
PCAF subfamily.

When bound to hHAT1, the H4 peptide adopts a well-
defined conformation that harbors a b-turn at its amino
terminus, which would otherwise be in an extended form
in freeH4 (Fig. 3B) (Wu et al. 2012). Two hHAT1 conserved
hydrophobic residues (Trp199 and Tyr225) interact with
Gly9 and Lys8 at the b-turn of the H4 peptide, respectively,
to enforce the orientation of the substrate at the entrance
of a groove (Wu et al. 2012). The carboxyl terminus of
the H4 peptide contains two positively charged residues
(Arg17 and Arg19) that make extensive hydrogen-bond
and charge–charge interactions with invariant residues
of hHAT1 (Glu64 and Asp62). The substrate-binding
groove of hHAT1 narrows where H4 Lys12 binds allowing
only Gly11 and Lys12 to be accommodated. The strictly
conserved Glu276 of hHAT1 also makes hydrogen-bond
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interactions with H4 Gly11 and Lys12. Together, these spe-
cific interactions explain the preference for Lys12 of H4 as
the acetylation target of hHAT1 (Wu et al. 2012).

The structures of human p300 (Liu et al. 2008) and
the MYST HAT domain protein, yEsa1 (Yuan et al. 2012),
crystallized with bisubstrate inhibitors has provided some
information about histone substrate binding. hp300 was
cocrystallized with a Lys-CoA bisubstrate inhibitor that
shows an IC50 of ≏400 nM, and is a more potent inhibitor
than peptide-CoA inhibitors, consistent with its Theorell–
Chance catalytic mechanism. The structure of the hp300/
Lys-CoA complex revealed that the lysine portion of the
bisubstrate inhibitor sits in a hydrophobic tunnel with
the backbone of the lysine residue proximal to an electro-
negative groove on one side (Fig. 3C). This electronegative
groove shown for hp300 also contains two pockets separat-
ed by a distance corresponding to about 3–4 amino acid
residues. Correlatingwith this observation, an alignment of
all known p300/CBP substrates reveals that they all contain
a basic amino acid either three or four residues upstream of
or downstream from the target lysine. Mutagenesis of res-
idues that form these pockets increases the KM for histone
H3 substrate, highlighting the importance of this site for
protein substrate binding by p300 (Liu et al. 2008). Taking
this data together, the p300/CBPHATsubfamily havemore
promiscuous substrate-binding properties relative to the
Hat1, Gcn5/PCAF, and MYST HATs.

The yEsa1 HAT domain was reported crystallized with
an H4K16CoA bisubstrate inhibitor (Yuan et al. 2012).
Although the yEsa1 HAT domain and the CoA, linker,

and lysine portion of the bisubstrate inhibitor is well-
resolved, the rest of the peptide portion of the bisubstrate
inhibitor is not and is presumed to be disordered (Fig. 3C).
Like the hp300/Lys-CoA structure, the yEsa1/H4K16CoA
complex shows a groove for peptide binding proximal to
the lysine portion of the bisubstrate inhibitor for histone
peptide substrate to bind, although this groove is more
apolar than that of the hp300 HAT domain. This likely
reflects the greater degree of substrate selectivity of the
MYST proteins over the p300/CBP HAT subfamily.

Taken together, the structures that are available of
HAT domains bound to peptide substrates or CoA-peptide
bisubstrate inhibitors provide important insights into
the general mode of peptide binding although the molec-
ular details that underlie substrate-specific binding is still
unclear.

2.5 Regulation by Autoacetylation and Protein
Cofactors

Acetyltransferase activity is regulated in at least two ways,
through interaction with regulatory protein subunits and
through autoacetylation. Many acetyltransferases function
in the context of multiprotein complexes that modulate
their catalytic activity and/or substrate specificity (Carroz-
za et al. 2003; Lee and Workman 2007). For example, the
recombinant Gcn5 and PCAF proteins are active on free
histones (acetylating H3K14 and, to a lesser extent, H4K8/
K16) or histone peptides, but are much less active on nu-
cleosomes. However, Gcn5/PCAF function in cells exclu-

hHAT1 + AcCoA/H4K12tGcn5 + CoA/H3K14 hp300 + Lys/CoA yEsa1 + H4K16/CoA

B CA D

Figure 3. Histone substrate binding by HAT proteins. Close-up electrostatic view of HAT domain structures with
histone peptide substrates or CoA-peptide bisubstrate inhibitors. Protein surfaces are colored according to electro-
static potential with the degree of red, blue, and white coloring correlating with electronegative, electropositive, and
neutral charge, respectively. (A) Structure of tGcn5 bound to CoA (CPK coloring with carbon atoms shown in
yellow) and a 19-residue histone H3 peptide (CPK coloring with carbon atoms shown in purple) centered around
K14. (B) Structure of hHAT1 bound to AcCoA (CPK coloring with carbon atoms shown in yellow) and a 20-residue
histone H4 peptide (CPK coloring with carbon atoms shown in purple) centered around K12. (C) Structure of the
hp300/LysCoA complex. The LysCoA bisubstrate inhibitor is shown in CPK coloring with carbon atoms in yellow.
(D) Structure of the yEsa1/H4K16CoA complex (only the lysine side chain of the H4K16 peptide component of the
bisubstrate inhibitor is ordered in the crystal structure and shown in CPK coloring with carbon atoms in yellow).
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sively as multiprotein complexes and their assembly into
these complexes facilitates nucleosomal acetylation and
modulates intrinsic acetylation activity and substrate acet-
ylation specificity (Carrozza et al. 2003; Lee and Workman
2007). Gcn5/PCAF-containing complexes such as SAGA/
SLIK in yeast and TFTC/STAGA in human (Nagy and Tora
2007) acetylate lysines in histone H3, H4, and H2B within
chromatin.MYSTHATs are also assembled inmultiprotein
complexes in cells to modulate histone acetylation in chro-
matin (Sapountzi andCote 2011). For example, Esa1 is part
of NuA4 and piccolo/NuA4 complexes for chromatin acet-
ylation. It is not clear yet what the molecular basis for how
associated proteins within the HAT complexes modulate
the HATactivity and specificity to their respective catalytic
subunits.

Several HATs require the binding of cofactors for cata-
lytic activity. For example, the Sas2 member of the MYST
HATs requires the binding of Sas4 and Sas5 for acetyltrans-
ferase activity (Sutton et al. 2003; Shia et al. 2005). Hat2
and Hif1 elevate yHat1 acetyltransferase activity by about
10-fold when assembled into the NuB4 complex (Parthun
et al. 1996). On its own, Rtt109 shows very low activity. The
histone chaperones, Vps75 or Asf1, modulate Rtt109 ace-
tylase activity and substrate specificity by several hundred-
fold (Kolonko et al. 2010); the Rtt109/Vps75 complex se-
lectively acetylates H3K9 and H3K27, whereas the Rtt109/
Asf1 complex preferentially acetylates H3K56 near the H3
core region (Driscoll et al. 2007; Han et al. 2007a; Han et al.
2007b;Tsubota et al. 2007;Tang et al. 2011).Associated sub-
units of Hat1 (Ruiz-Garcia et al. 1998) and Rtt109 (Tang
et al. 2008; Kolonko et al. 2010; Tang et al. 2011) may con-
tribute to catalysis, at least in part, by facilitating produc-
tive binding to the respective cognate histone substrates,
based on kinetic data, but more work is required.

Another mode of regulating HAT activity that has re-
cently come to light is the autoacetylation of HAT proteins.
In particular, three HATsubfamilies have now been shown
to be regulated by autoacetylation: Rtt109, p300/CBP, and
MYST.

p300 contains a highly basic loop of about 40 residues
embedded in themiddle of its HAT domain that was shown
to undergomultiple autoacetylation through a intermolec-
ular mechanism (Karanam et al. 2007) to regulate the cat-
alytic activity of the protein, with the hyperacetylated forms
correlated with the active and hypoacetylated forms with
the inactive forms of the enzyme (Thompson et al. 2004).
In addition, recombinant p300 protein with a cleaved
“autoacetylation loop” has been shown to be constitutively
active (Thompson et al. 2004). The molecular basis for
how autoacetylation regulates p300 activity is not clear
because the reported p300/Lys-CoA crystal structure does
not contain an intact autoacetylation loop. However, Cole

and colleagues proposed a model of regulation where-
by the highly basic autoacetylation loop sits in the electro-
negative substrate-binding site to directly compete with
substrate binding. The loop would then be released from
the substrate-binding site on autoacetylation for cognate
substrate binding (Fig. 4A) (Liu et al. 2008).

R1109 was also known to be autoacetylated but the
molecular basis for this was not known until structures of
Rtt109 were reported revealing a buried acetyllysine resi-
due (Lys290; Fig. 4B) (Lin and Yuan 2008; Stavropoulos
et al. 2008; Tang et al. 2008). The acetylation of Lys290 is
required for full acetylation activity (Albaugh et al. 2011).
This acetyllysine at 290 forms hydrogen bonds with
Asp288, amutationally sensitive Rtt109 residue.Mass spec-
trometry analysis showed that this acetylation occurs in
vitro as well as in yeast cells (Tang et al. 2008). Reports
addressing the functional importance of Lys290 modifica-
tion have yielded contradictory results with regard to gen-
otoxic agent sensitivity in vivo (Lin and Yuan 2008;
Stavropoulos et al. 2008; Tang et al. 2008). A recent study
by Denu and coworkers showed that Lys290 autoacetyla-
tion increases the overall Kcat and decreases the KM for
AcCoA binding (Albaugh et al. 2011), although the molec-
ular basis for this is unknown.

Several recent reports have shown that the hMOF
MYST protein is autoacetylated at an active site lysine
(Lys274) and that this autoacetylation is required for cog-
nate acetyltransferase activity both in vitro and in vivo (Lu
et al. 2011; Sun et al. 2011; Yuan et al. 2012). The lysine that
was found to be autoacetylated in hMOF is strictly con-
served in MYST proteins, and Yuan et al. also showed that
acetylation of this lysine residue occurs in yeast Esa1 and
Sas2 and is required for acetylation of these proteins in vitro
and for function of these enzymes in cells (Yuan et al.
2012). The structure of the yEsa1/H4K16CoA complex
with this active site lysine in the acetylated form (Lys262Ac)
reveals that it sits in the active site pocket with the acetyl
CO group making hydrogen bonds to Tyr289 and Ser291,
and the methyl group making van der Waals interactions
with phenylalanines 271 and 273; the aliphatic region of
Lys262Ac makes van der Waals interactions with the lysine
of the H4K16CoA bisubstrate inhibitors (Fig. 4C) (Yuan
et al. 2012). Each of the residues that contact the acetylated
lysine is strictly or highly conserved among the entire
MYST protein subfamily further arguing for the impor-
tance of this acetylated lysine inMYST function. The struc-
ture of the hMOFHATdomain has also been determined in
unliganded form (Yuan et al. 2012). This structure reveals
that Lys274 exists in two states. In one state it is acetylated
and in the same conformation as Lys262Ac of yEsa1, mak-
ing analogous intra-atomic interactions. In a second state,
Lys274 is unacetylated and flipped by about 90˚ out of the
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active site, such that the lysine forms a long hydrogen bond
with Glu350, the general base for catalysis. This position
would block cognate lysine binding (Fig. 4C). This is con-
sistent with biochemical studies that show that a K to R
mutant of this lysine in hMOF is defective in cognate sub-
strate binding (Yuan et al. 2012). Taken together, these
structural, biochemical, and functional studies show that
autoacetylation of MYST proteins in the active site is re-
quired for cognate substrate acetylation.

2.6 Inhibitors of Acetyltransferases and Implications
for Drug Development

HATs mediate many different biological processes includ-
ing cell-cycle progression, dosage compensation, repair of
DNA damage, and hormone signaling. Aberrant HAT
function is correlated with several human diseases includ-
ing solid tumors, leukemias, inflammatory lung disease,
viral infection, diabetes, fungal infection, and drug addic-
tion (Heery and Fischer 2007; Renthal and Nestler 2009).
The p300/CBPHAT has properties of both an oncoprotein
and tumor suppressor protein. As an oncoprotein, the CBP

HAT forms translocation products with MLL (mixed lin-
eage leukemia) andMOZ (monocytic leukemia zinc-finger
protein), another HAT, in a subset of acute myeloid leuke-
mias. When mutated, the p300 HAT is found in a subset of
colorectal and gastric cancers making it a bonafide tumor
suppressor. The activities of HATs and HDACs are also
changed in asthma and chronic obstructive pulmonary
disease because bronchial biopsies and alveolar macro-
phages from asthmatic patients show increased HAT and
reduced HDAC activity (Barnes et al. 2005). p300-mediat-
ed acetylation of the HIV-1 viral protein, integrase, in-
creases its activity in integrating the HIV-1 virus into the
human genome (Cereseto et al. 2005). The leading diabetes
drug, Metformin, was shown to act through p300/CBP
inhibition, and heterozygous CBP knockout mice are no-
ticeably lean with increased insulin sensitivity (He et al.
2009). The Rt109 HATwas also reported to be required for
the pathogenesis of Candida albicans, the most prevalent
cause of hospital-acquired fungal infections (Lopes da
Rosa et al. 2010). Studies in drug addiction and the related
disease of depression using animal models have also un-
covered interesting correlations between stages of drug ad-
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diction and histone acetylation status (Renthal and Nestler
2009).

Because of the correlations between several human dis-
eases and histone acetylation balance, proteins thatmediate
histone acetylation have become attractive drug targets.
Although subnanomolar HDAC inhibitors are available,
they show poor selectivity among the class I, II, and IV
HDACs (Marsoni et al. 2008), and although potent sirtuin
activators and inhibitors have been reported they also show
modest selectivity (Sanders et al. 2009). HDAC-specific
inhibitors are thus actively being pursued, but obtaining
themmay be particularly challenging because the class I, II,
IV, and class III HDACs each share a highly homologous
active site and catalytic mechanism (Marsoni et al. 2008).

The development of potent HAT inhibitors has not
progressed nearly as far as the development of HDAC in-
hibitors. The most potent and specific inhibitors have
come from the development of peptide-based bisubstrate
inhibitors in which coenzyme A is directly linked to the Nz
nitrogen of the target lysine within histone peptides (Lau

et al. 2000). Using this technology, Cole and coworkers
developed submicromolar inhibitors that show selectivity
between the Gcn5/PCAF and p300/CBP HATs (Lau et al.
2000). These bisubstrate inhibitors are a proof of principle
that selective HAT inhibitors can be prepared, although
peptide-based inhibitors do not generally have favorable
pharmacokinetic properties (Heery and Fischer 2007).
Nonetheless, structures of such bisubstrate inhibitors
have been determined bound to Gcn5 (Poux et al. 2002)
and p300 (Figs. 1D and 3B) (Liu et al. 2008). This has
provided us with the knowledge of a molecular scaffold
from which small molecule compounds with improved
pharmacologic properties can be screened against (Hoda-
wadekar and Marmorstein 2007; Wang et al. 2008).

Several natural product HAT inhibitors have been re-
ported including the PCAF and p300 inhibitors, anacardic
acid (Fig. 5A) (Sung et al. 2008), and garcinol (Fig. 5B)
(Balasubramanyam et al. 2004a). Natural products that
have been shown to inhibit p300 include curcumin (Fig.
5C) (Balasubramanyam et al. 2004b), Epigallocatechin-3-
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gallate (Fig. 5D) (Choi et al. 2009), and plumbagin (Fig.
5E) (Ravindra et al. 2009). Each of these inhibitors shows
IC50 values in the low micromolar range. Although several
derivatives of many of these inhibitors have been prepared
and evaluated in cells (Heery and Fischer 2007; Furdas et al.
2012), they have not been rigorously biochemically evalu-
ated in vitro and their structures bound to HAT proteins
have not been determined, so their mode of action is still
unclear.

Some high-throughput screens have been reported,
identifyingHAT inhibitors with similarlymodest potencies
to the compounds discussed in the previous paragraph.
The high-throughput screening of a 70,000 compound li-
brary yielded a family of isothiazolones (CCT077791 and
CCT077792) as PCAF inhibitors that were subsequently
derivatized as low micromolar PCAF and p300 inhibitors
(Fig. 5F) (Gorsuch et al. 2009). Cole and coworkers also
used virtual ligand screening of about 50,000 compounds
to identify a pyrazolone-containing small molecule p300
HAT inhibitor with Ki ≏400 nM and selectivity against the
Gcn5/PCAF, MYST, and Rtt109 HATs (Fig. 5G) (Bowers
et al. 2010). More recently, there have been reports of small
molecule inhibitors toMYST proteins. Zheng and cowork-
ers performed an in silico inhibitor screen against the Ac-
CoA-binding site of yEsa1 and then assayed the hits against
the yEsa1 and hTIP60 MYST proteins, hp300 and yGcn5
(Wu et al. 2011). This resulted in the identification of four
inhibitors that have IC50 values for hTIP60 ranging from
149 mM to 400 mM, with the most potent compound (com-
pound a, Fig. 5H) shown to be competitive with AcCoA
binding and with some selectivity over Gcn5, but not p300.
Zheng and coworkers (Ghizzoni et al. 2012) prepared an-
alogs of the known natural product HAT inhibitor, anacar-
dic acid, and evaluated them as HAT inhibitors. They
identified a series of 6-alkylsalicylates that showed selectiv-
ity for MYST proteins over Gcn5 and p300, with the most
potent compound (20) competitively binding to AcCoA,
with IC50 values of 74 mM and 47 mM for hTIP60 and
hMOF, respectively (Fig. 5I). In summary, the HAT inhib-
itors that have been developed to date only have moderate
potency and specificity, therefore motivating the need to
develop more potent and selective HAT inhibitors.

2.7 Conclusions and Open Questions

Over the last decade, several HAT structures have been de-
termined and their catalytic mechanisms have been char-
acterized. These studies have revealed that HATs fall into
distinct subfamilies that show remarkable diversity in ami-
no acid sequence, but retain a structurally conserved core
region that mediates AcCoA cofactor and substrate lysine
binding. The structurally distinct flanking regions mediate

different HAT-associated functions such as histone sub-
strate binding and nucleosome targeting. Remarkably, the
different HAT subfamilies use different chemical strategies
to acetylate their substrates.

There is much that we still do not understand about
HATs, setting the stage for future studies. Open questions
include the following: (1) What are the exact molecular
details of how autoacetylation regulates HAT function,
and is autoacetylation indeed regulatory? It is clear that
many HATs, including the p300/CBP, MYST, and Rtt109
subfamilies, are autoacetylated.We currently only havemo-
lecular insights into the mode of autoacetylation in MYST
proteins. (2) How do associated HAT subunits in multi-
protein complexes stimulate, modulate, or coordinate with
HATactivity? The structure determination of relevant HAT
complexesmay address this. (3)What is themolecular basis
of HATsubstrate specificity? Different HATs appear to har-
bor different substrate preferences. For example, although
the Gcn5/PCAF and Rtt109 HATs have a relatively restrict-
ed substrate preference, p300/CBP is considerably more
promiscuous. The highly acidic substrate-binding site of
p300/CBPhas provided some insights into the promiscuity
of this HAT subfamily, yet the molecular basis of substrate
selectively of other HATs is poorly understood. (4) HAT
inhibitors that have been identified to date have relatively
modest potency and selectivity profiles. There is clearly
significant interest in developing potent and selective small
molecule HAT inhibitors. It is likely the structure deter-
mination of HAT/inhibitor complexes will be required to
facilitate the development of more potent and selective
inhibitors with possible therapeutic applications. (5) How
much nonhistone acetyltransferases are similar or different
to HATs is not currently known, yet is an area of significant
interest. Recent proteomic studies on prokaryotic and eu-
karyotic cells have revealed that protein acetylation reaches
beyond histones and transcription-associated biological
processes (Choudharyet al. 2009;Zhanget al. 2009). Inboth
eukaryotes and prokaryotes, thousands of acetylated sites
have been identified, and protein acetylation occurs in cel-
lular compartments outside of the nucleus, associated
with most cellular processes in living organisms including
protein translation, protein folding, DNA packaging, and
mitochondrial metabolism (Smith and Workman 2009;
Spange et al. 2009). Some of the proteins that mediate
nonnuclear activities are just beginning to be identified
(Ivanov et al. 2002; Akella et al. 2010), but it is likely that
there are many other acetyltransferases, with sequence di-
vergence from the currently known histone acetyltransfer-
ases, that are yet to be identified. (6) Zhao and coworkers
have reported that lysine propionylation and butyrylation
occur in cells and these reactions can be catalyzed by the
p300 HAT (Chen et al. 2007). Whether known HATs or
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other acetyltransferases can indeed use propionyl-CoA and
butyryl-CoA to catalyze such reactions, or whether they are
catalyzed by other enzymes in cells to regulate distinct bio-
logical processes remains an open question.

3 ACETYLLYSINE READERS

3.1 Structure and Acetyllysine Recognition
by Bromodomains

The bromodomain (BrD) is regarded as the first histone-
binding module, whose function is to recognize or “read”
acetylated lysine (Dhalluin et al. 1999; Sanchez and Zhou
2009). The bromodomain adopts a distinct structural fold
involving a left-handed four-helix bundle (aZ, aA, aB, and
aC), termed the “BrD fold.” The interhelical aZ-aA (ZA)
andaB-aC (BC) loops constitute a hydrophobic pocket that
recognizes the acetylated lysine (Fig. 6A). Two conserved
tyrosine residues in the interhelical loops (one in the ZA
loop, the other at the carboxyl terminus of aB) that con-
tribute to the hydrophobic pocket are found in themajority
of bromodomains (Sanchez and Zhou 2009). They are,
however, not necessarily the determinants for acetyllysine
recognition (Charlop-Powers et al. 2010). A highly con-
served asparagine residue at the beginning of the BC loop
(immediately following the second conserved tyrosine)
forms a hydrogen bond with the acetyllysine carbonyl ox-
ygen via its side-chain amide nitrogen (Fig. 6B). Together,
these characteristics are critical for acetyllysine recognition.
Bromodomain binding to acetyllysine in isolation is specif-
ic, but occurs with moderate affinity, with dissociation
constants (Kd) typically in the range of tens-to-hundreds
micromolar (Vandemark et al. 2007; Zhang et al. 2010).

The overall three-dimensional structure of the bromo-
domain is well-conserved (Dhalluin et al. 1999; Sanchez
and Zhou 2009, and references therein), and changes little
on acetyllysine peptide binding, with the exception of the
conformational adjustment of the ZA and BC loops. Spe-
cificity by the bromodomains is dictated by the sequences
within these loops interacting with both the acetylated ly-
sine and up to three ormore residues flanking either side of
the acetylated lysine (Fig. 6A) (Zeng et al. 2008a; Zhang
et al. 2010). The acetylated lysine ligand inserts into the
pocket in a similar way as shown in different BrD struc-
tures, whether the acetylated lysine-containing ligand is a
peptide derived from a histone tail, HIV-1 Tat, or p53
(Mujtaba et al. 2002; Mujtaba et al. 2004).

Bromodomains, like other histone-recognition mod-
ules, occur in multiples. The structure of the tandem bro-
modomains of TAF1 (TAFII250) shows two bromodomains
packed together to form a “U” shape (Fig. 6C) (Jacobson
et al. 2000). The individual domains fold independently
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Figure 6. Bromodomains as acetyllysine-binding domains. In all
structures, the histone peptide is in yellow and the main and side
chains of the protein residues are color-coded by atom type. (A) The
three-dimensional solution structure of the PCAF bromodomain
bound to an H3K36ac peptide (PDB code: 2RNX) is illustrated as
a ribbon diagram (left) and a surface electrostatic representation
(right) of the proteinwith red and blue colors representing negatively
or positively charged amino acid residues, respectively. (B) The ace-
tyllysine-binding pocket is depicted from the crystal structure of the
GCN5 bromodomain (green) in complex with an H4K16ac peptide
(PDB code: 1E6I). This stick diagram shows key residues and bound
water molecules (magenta spheres) contributing to acetyllysine rec-
ognition. Hydrogen bonding interactions are indicated by dotted
lines. (C) The crystal structure of the tandem bromodomains of
uncomplexed humanTAF1 (PDB code: 1EQF). (D) The crystal struc-
ture of the first bromodomain of Brdt bound to an H4K5acK8ac
peptide (PDB code: 2WP2).
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and their acetyllysine-binding pockets are ≏25 Å apart,
equivalent to a span of 7–8 residues on a peptide. The
TAF1 dual bromodomains bind with significantly higher
affinity to peptides that are di- or tetra-acetylated at K5/
K12, K8/K16, K5/K8/K12/K16 over a monoacetylated H4
peptide. This is consistent with the notion that each bro-
modomain binds one acetylated lysine on the samepeptide.
With the complex structure still elusive, however, this mod-
el remains to be confirmed.

A structural study of the tandem bromodomains in
yeast Rsc4 showed that only the second bromodomain
interacts with an acetylated H3K14 peptide, and this inter-
action is disrupted by phosphorylation at H3S10 (Vande-
mark et al. 2007). The two bromodomains fold like one
autonomous unit with extensive contacts between the two
bromodomains, and are more compact than the TAF1
structure, with the acetyllysine-binding sites 20 Å apart.
Further, when a fusedH3 peptide-Rsc4 dual bromodomain
proteinwas acetylated byGcn5, it was found that the amino
terminus of Rsc4 was acetylated at a Gcn5-target consensus
sequence. Acetylation of the Rsc4 amino-terminal se-
quence resulted in its binding to the first bromodomain,
which precluded binding of the fused histone peptide to
the second bromodomain. This suggests that Gcn5 pro-
vides an autoregulatorymechanism to control Rsc4 activity
by acetylating both activating (i.e., H3 lysine acetylation)
and inhibiting modifications (e.g., amino-terminal region
of Rsc4).

The Polybromo (PB1) protein contains six bromodo-
mains in tandem at its amino terminus and is involved in
chromatin remodeling. It was hypothesized that the pres-
ence of multiple bromodomains might enable it to recog-
nize specific nucleosomal acetylation patterns that would
target PB1 and its parent PBAF complex to chromatin
(Thompson 2009). Structures available for all but the
fourth bromodomain confirm that secondary and tertiary
structure is generally well-conserved among the bromodo-
mains. All but the sixth bromodomain contain an addi-
tional two small helices within the ZA loop. However,
sequence analysis indicates that these domainsmay be clas-
sified separately from one another, suggesting different li-
gands and affinities for each (Sanchez and Zhou 2009).
Indeed, each bromodomain appears to have preferences
for different acetylated lysines on H2A, H2B, H3, or H4
(Thompson 2009; Charlop-Powers et al. 2010) although
the fifth and sixth bromodomains may serve as nonspecif-
ic-binding modules that stabilize PB1 binding to a specific
acetylated histone sequence via the other four bromodo-
mains. Notably, in the only PB1 bromodomain complex
structure available, the H3K14ac peptide does not interact
with the conserved Tyr residues that contribute to the hy-
drophobic pocket, but instead interacts with Leu and Val

residues from the first additional helix within loop ZA and
the amino terminus of aC, respectively (Charlop-Powers
et al. 2010). Because these residues are not conserved
among other bromodomains within PB1, it is likely that
PB1 uses multiple modes of recognition of their biological
ligands.

Some bromodomains have been reported to interact
with histones containing more than one acetylated lysine.
For example, Brdt, a testis-specific bromodomain and
extraterminal domain (BET) protein, recognizes and com-
pacts hyperacetylated chromatin. Brdt contains two tan-
dem bromodomains, the overall structures of which are
similar, and their ligand-binding pockets are comparably
large. Interestingly, however, the first bromodomain recog-
nizes two acetylated lysines within its pocket (H4K5ac/
K8ac), whereas the second recognizes a single acetylated
lysine (H3K18ac; Fig. 6D) (Moriniere et al. 2009). Notably,
H4K5ac recognition represents the canonical mode of
acetyllysine binding by the bromodomain (i.e., interacting
with the conserved Asn108 and Tyr65 in Brdt), whereas the
acetylated side chain of H4K8ac is largely bound in a hy-
drophobic cavity on the protein surface consisting of the
side chains of residues Trp49, Pro50, Leu60, and Ile114.
Despite the general structural similarity of the two bromo-
domains in Brdt, the sequences in the ZA and BC loops
differ and determine that only the first bromodomain is
able to interact with the H4K5ac/K8ac peptide. Based on
sequence conservation, the ligand-binding specificity of
the two bromodomains in BET proteins is likely conserved
for other BET proteins. Indeed, this mode of one domain
interacting with two modifications within a single-binding
pocket was also reported recently for BRD4 (Filippako-
poulos et al. 2012), and also for BRD3, whose first bro-
modomain interacts with double acetylated lysines of a
nonhistone protein—the hematopoietic transcription fac-
tor GATA1—that is important for erythroid target gene
activation (Gamsjaeger et al. 2011; Lamonica et al. 2011).

3.2 The Human Bromodomain Proteins

The human genome encodes 42 bromodomain-containing
proteins that contain a total of 56 unique individual bro-
modomains (Schultz et al. 2000; Sanchez and Zhou 2009).
The diversity of the human bromodomain family can be
illustrated by clustering the 56 bromodomain sequences
into eight groups, each of which share similar sequence
length and at least 30% sequence identity (Fig. 7) (Sanchez
et al. 2000). Bromodomain proteins represent a wide vari-
ety of functionality in chromatin biology and gene tran-
scription. Among themost notable bromodomain proteins
are the HATs discussed in Section 2—PCAF, GCN5, and
p300/CBP—which function as transcription coactivators.
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It has been suggested that the bromodomains in these
nuclear HATs contribute to substrate recruitment and
specificity involving histones and nonhistone proteins,
thereby providing a functional link between lysine acetyla-
tion and acetylation-mediated protein–protein interac-
tions in chromatin-mediated gene transcription (Sanchez
and Zhou 2009). Bromodomains are also found in some
histone lysine methyltransferases such as ASH1L andMLL,
however, a detailed understanding of their function re-
mains elusive.

Bromodomain proteins are involved in chromatin re-
modeling, the topic of Becker and Workman (2013). Bro-
modomain-containing remodelers include SMARC2 (also
known as BRM, SNF2/SWI2) and SMARC4 (BRG1), and
somewith ATP-dependent helicase activity include ATAD2
(ATPase family AAA domain-containing protein 2;
ANCCA) and ATAD2B. Further, double bromodomains
are seen in many proteins including TAF1/TAF1L, the
TFIID 250-kDa subunit of the transcription initiation

complex, as well as the BET proteins of BRD2, BRD3,
BRD4, and the testis-specific protein BRDT. The BET
proteins play an important role in the assembly of the pro-
ductive transcriptional activation complex through the re-
cruitment of the p-TEFb complex (CDK9 and cyclin T1) to
RNA polyermase II, which is required for transcriptional
elongation (Chiang 2009).

3.3 The Association of Bromodomains with Other
Chromatin Modules

Bromodomains are often present with a variety of other
conserved protein modules of different functions with-
in the same proteins (Basu et al. 2008; Basu et al. 2009).
For instance, PCAF, GCN5, p300/CBP are histone lysine
acetyltransferases, whereas HRX/ALL-1 is a histone lysine
N-methyltransferase and SNF2L2 is an ATP-dependent
helicase. More than 15 different domain types have been
identified to occur within the same proteins as bromodo-
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Figure 7. The phylogenetic tree of human bromodomains. Sequence similarity–based dendrogram of the human
bromodomains was generated using the neighbor-joiningmethodwithMEGA (Kumar et al. 2004). Sequences of the
human bromodomains were obtained from the SMART database (Letunic et al. 2004) and aligned with SMART
bromodomains’ hidden Markov models using Hmmalign (Sonnhammer et al. 1997). (Modified from Zhang et al.
2010.)
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mains, including the PHD, PWWP, B-box type zinc finger,
ring finger, SAND, FY Rich, SET, TAZ zinc finger, helicase,
ATPase, BAH (bromo-adjacent homolog) domain, WD40
repeat, and MBD (methyl-CpG-binding domain) (Schultz
et al. 2000).

The modular domain that is most frequently associated
with the bromodomain is the PHD (plant homeodomain)
finger, which is a C4HC3 zinc-finger-like motif present in
nuclear proteins (Sanchez and Zhou 2011). A PHD has
been identified in 19 of the 42 human bromodomain-con-
taining proteins. In 12 of these proteins the PHD and bro-
modomain are separated by a short amino acid sequence
(less than 30 residues). The relative arrangement of the
tandem domains vary based on the length and composi-
tion of the linker sequence, as well as the residues of the
domains that may form an interacting surface. The PHD–

bromodomain fragment of KAP1 (also known as TIF1b or
TRIM28), a transcriptional corepressor for KRAB zinc-
finger proteins (Zeng et al. 2008a), lacks several conserved
residues within its bromodomain, believed to preclude its
ability to directly bind to acetylated lysine. The tandem
domains function cooperatively as a single unit, with helix
aZ forming a hydrophobic core between the two folds (Fig.
8A) (Zeng et al. 2008b). The intimate association between
the domains enables the PHD finger, which is an intramo-
lecular E3 sumoylation ligase, to sumoylate the bromodo-
main, which enables KAP1 to recruit SETDB1 (a histone
H3 lysine 9 specific methyltransferase) to chromatin for
gene silencing (Ivanov et al. 2007; Zeng et al. 2008a). Con-
versely, the PHD–bromodomain tandemmodule of BPTF,
a subunit of a nucleosome-remodeling factor complex, rep-
resents two foldeddomains separated bya helical linker that
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form no contacts between each other. Transcription pro-
teins such as BPTF (Fig. 8B) (Li et al. 2006), MLL1 (Wang
et al. 2010), TRIM24 (Tsai et al. 2010), or TRIM33 (Fig. 8C)
(Xi et al. 2011) have tandemPHDdomainmodules. Several
recent studies have shown that these are able to interactwith
histone H3 in both acetylation-dependent and methyla-
tion-sensitive manner, positively or negatively, thus high-
lighting a functional coordination between these two
important histone modifications in gene transcriptional
regulation.

The second most common domain associated with
the bromodomain is another bromodomain; 11 of the 42
BRD-containing proteins contain two bromodomains.
Polybromo is an exception, containing six bromodomains.
In the transcription initiation factors TAF1 and the TFIID
210-kDa subunit, as well as in some of the Polybromo
bromodomain pairs, the two bromodomains are separated
by short amino acid sequences (less than 20 residues).
The structure of the TAF1 bromodomains suggests that
they form a tandem arrangement that binds selectively to
multiple acetylated histone H4 peptides (Jacobson et al.
2000).

3.4 Functions of Human Bromodomain Proteins
in Gene Expression

The complexity and variability of the domain composi-
tion in human bromodomain proteins and the influence
of neighboring domains (such as the PHD finger) on the
function of the bromodomain itself make it difficult to
predict functions of bromodomain proteins based on
sequence similarity alone. Indeed, growing evidence shows
that in addition to histones, bromodomain-containing
proteins bind acetylated lysine residues in nonhistone pro-
teins that play an important role in control of gene
transcription in chromatin. Many of the human bromodo-
main proteins do not have well-characterized functions,
although some have been implicated in disease processes.

The BET protein BRD4 plays an important role in var-
ious biological processes, many of them nonchromatin-
related, by means of its two bromodomains. BRD4 func-
tions in the inflammatory response through interactions
with both histone and nonhistone targets. It acts as a co-
activator for the transcriptional activation of NF-kB via the
binding of the bromodomains to the acetylated Lys310 on
the RelA subunit of NF-kB (Huang et al. 2009). BRD4 also
plays a cellular role by stimulating G1 gene transcription
and promoting cell-cycle progression to the S phase (Mo-
chizuki et al. 2008). With regard to its role in chromatin-
related processes, a recent study has reported that BRD4
binds, via its bromodomains, to H4K5ac, and is able to
accelerate the dynamics of messenger RNA synthesis by

decompacting chromatin and, hence, facilitating transcrip-
tional reactivation (Zhao et al. 2011).

BRD4 can control the transcription of viral genes. For
example, this protein has been shown to regulate HIV-1
transcription by inducing the phosphorylation of CDK9
(cyclin-dependent kinase 9) at Thr29 in the HIV transcrip-
tion initiation complex, thereby inhibiting CDK9 kinase
activity and leading to the inhibition of HIV transcription
(Zhou et al. 2009). BRD4 is also involved in the inhibition
of the proteasomal degradation of the papillomavirus
E2 protein (Gagnon et al. 2009). Further, BRD4 associates
with Kaposi’s sarcoma-associated herpesvirus-encoded
LANA-1 (latency-associated nuclear antigen) throughmo-
lecular interactions involving the carboxy-terminal region
(Ottinger et al. 2006) and the extraterminal domain (Lin
et al. 2008) of BRD4. Additionally, both BRD4 and BRD2
proteins interact with the murine g-herpesvirus 68 protein
orf73, which is required to establish viral latency in vivo
(Ottinger et al. 2009).

BRD4 plays a role in cancer as well. Its activation may
predict the survival of patients with breast cancer (LeRoy
et al. 2008). Crawford et al. proposed that the activation of
BRD4 manipulates the response to the tumor microenvi-
ronment in vivo, resulting in a reduction of tumor growth
and pulmonary metastasis in mice (Crawford et al. 2008).
Microarray analysis of multiple human mammary tumor
cell lines showed that the activation of BRD4was predictive
of a slower rate of cancer progression and/or improved
survival. These results suggest that the dysregulation of
BRD4-associated pathways likely plays a key role in breast
cancer progression.

The coupling of histone acetylation to transcription
in vivo by BRD2 and BRD3was shown; in human 293 cells,
these proteins preferentially associate with specific H4
modifications along the entire lengths of genes, allowing
RNA polymerase II to transcribe through the nucleosomes
(LeRoy et al. 2008). In addition, BRD2 also shows histone
chaperone activity (LeRoy et al. 2008). BRD2 is essential for
murine embryonic development (Shang et al. 2009) and is
associated with juvenile myoclonic epilepsy in humans (Pal
et al. 2003).

In mice, the bromodomain andWD-repeat-containing
protein BRWD1 is required for normal spermiogenesis and
the oocyte-embryo transition (Philipps et al. 2008). A mu-
tation in BRWD1 leads to phenotypically normal, but in-
fertile mice. The bromodomain of the HAT transcriptional
coactivator p300 has been suggested to play a role in the
IL-6 signaling pathway by mediating the interaction of the
STAT3 amide-terminal domain with p300, thereby stabiliz-
ing enhanceosome assembly (Hou et al. 2008).

ATAD2, another bromodomain-containing protein,
functions as an estrogen-regulated ATPase coactivator in
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both estrogen receptor a and androgen receptor signaling.
This protein is required for the formation of transcriptional
coregulator complexes in gene expression in chromatin
(Zou et al. 2007). Chen and colleagues have suggested
that ATAD2 also plays an important role in the develop-
ment of prostate cancer by mediating specific androgen
receptor functions during both cancer cell survival and
proliferation (Zou et al. 2009).

3.5 Pharmacological Inhibition of Bromodomains
in Gene Transcription

Owing to the functional importance of bromodomain-
containing proteins in human biology, chemical modula-
tion of bromodomain/acetyllysine binding, involved in
chromatin-mediated gene transcription, is an attractive
therapeutic strategy for a number of human diseases (Muj-
taba et al. 2006; Prinjha et al. 2012). This strategy was first
suggested for controlling HIV-1 transcriptional activation
and replication in infected host cells (Zeng et al. 2005).
Transcriptional activation of the integrated HIV provirus
requires a molecular interaction between the HIV-1 Tat
trans-activator, acetylated at lysine 50 and the bromodo-
main of the host transcriptional coactivator PCAF (Dorr
et al. 2002; Mujtaba et al. 2002), suggesting that blocking
this host–virus interaction could result in a reduction in
Tat-mediated viral transcription. Indeed, small-molecule
bromodomain inhibitors such as N1-aryl-propane-1,3-di-
amine compounds (Fig. 9A) were shown to be able to block
PCAF bromodomain binding to K50-acetylated HIV-1 Tat
in cells and effectively attenuate Tat-mediated HIV tran-
scriptional activation (Zeng et al. 2005; Pan et al. 2007).

These findings suggest that as a new antiviral strategy for
intervening HIV-1 replication, targeting a host cell protein
essential for viral reproduction rather than a viral protein
may minimize the problem of drug resistance caused by
mutations of the viral counterpart as observed with prote-
ase inhibitors (Ott et al. 2004).

Mounting evidence shows that many transcription fac-
tors undergo site-specific lysine acetylation, and the acety-
lated lysine then functions to recruit transcription or
chromatin effector proteins to facilitate their target gene
activation in the chromatin context. One such transcrip-
tion factor is the human tumor suppressor p53, whose
function in gene transcription is dependent on acetylation
of several carboxy-terminal lysine residues by HAT coacti-
vators such as CBP. It was shown that lysine acetylation of
p53 is important for p53 recruitment of CBP via the CBP
bromodomain binding to K382-acetylated p53 for p53 tar-
get gene expression (Mujtaba et al. 2004). Studies from the
Zhou laboratory have shown that small-molecule chemi-
cal- or peptide-based inhibitors, selectively targeting the
CBP bromodomain, inhibit p53 transcriptional activity
in cells by blocking p53-K382ac binding to the CBP bro-
modomain, promoting p53 instability by changes in its
posttranslational modification states (Mujtaba et al. 2006;
Sachchidanand et al. 2006; Gerona-Navarro et al. 2011).
Excessive p53 activity has been reported in numerous dis-
ease conditions. For instance, during myocardial ischemia,
elevated p53 activity causes irreversible cellular injury and
cardiomyocyte death. A small molecule named ischemin
(Fig. 9A,B) has shown positive effects in reversing the det-
rimental consequences of myocardial ischemia. This mol-
ecule was developed to inhibit the acetyllysine-binding
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activity of the bromodomain of CBP. The study further
showed that cells treated with ischemin have altered post-
translational modifications on p53 and histones, inhibit
the interaction between p53 and CBP, and reduce p53-
mediated transcriptional activity in cells. Overall, this
leads to the prevention of apoptosis in ischemic cardio-
myocytes (Borah et al. 2011). These studies suggest that
small-molecule modulation of acetylation-mediated inter-
actions in gene transcription can serve as a new approach to
therapeutic interventions of human disorders such asmyo-
cardial ischemia.

More recently, several highly selective and potent small-
molecule inhibitors for the BET family bromodomain pro-
teins have been developed (Fig. 9A,C) (Prinjha et al. 2012).
For instance, the work by Bradner and colleagues first re-
ported that a BET bromodomain-specific inhibitor JQ1
blocks the binding of BRD4 bromodomainsto lysine-acet-
ylated histone H4 (Filippakopoulos et al. 2010). BRD4 is a
known component of the recurrent chromosomal translo-
cation product with the NUT protein in an aggressive hu-
man squamous carcinoma. Competitive binding by JQ1
displaces the BRD4-NUT fusion oncoprotein from chro-
matin, prompting squamous differentiation and specific
antiproliferative effects in both BRD4-dependent cell lines
and patient-derived xenograft models (Filippakopoulos
et al. 2010). In another study, Vakoc and coworkers studied
acute myeloid leukemia, an aggressive hematopoietic ma-
lignancy that is characteristic of altered epigenetic land-
scapes (Zuber et al. 2011). Suppression of Brd4 by shRNA
or inhibition of BRD4 by JQ1 led to dramatic antileukemic
effects both in vivo and in vitro, and also led to myeloid
differentiation and leukemia stem-cell depletion. Inhibi-
tion of BET protein recruitment to chromatin with small-
molecule bromodomain inhibitors including I-BETand I-
BET151 (Fig. 9A) has also been shown as an effective treat-
ment for MLL-fusion leukemia (Dawson et al. 2011). In
their study of multiple myeloma, a Myc oncoprotein-
dependent hematologic malignancy, Delmore et al. have
shown that the BET-specific inhibitor JQ1 generates a po-
tent antiproliferative effect associated with cell cycle arrest
and cellular senescence (Delmore et al. 2011). These studies
suggest that inhibitors of BET bromodomains represent
a new therapeutic strategy for malignancies that are char-
acterized by pathologic activation of c-Myc (Delmore
et al. 2011;Mertz et al. 2011). Finally, BET bromomdomain
inhibition can reduce transcriptional activation of proin-
flammatory cytokines. For example, I-BET has been shown
to be an effective means of down-regulating inflamma-
tory gene expression in activated macrophages, conferring
protection against lipopolysaccharide-induced endotoxic
shock, and bacteria-induced sepsis (Nicodeme et al. 2010).
Moreover, MS417, an improved thienodiazepine-based

BET-specific bromodomain inhibitor (about five- to 10-
fold more potent than JQ1) can attenuate HIV-infection
triggered NF-kB transcriptional activity in activation of
proinflammatory genes in mouse kidney cells, and also
ameliorate HIV-induced kidney injury in HIV transgenic
mice treated with MS417 (Zhang et al. 2012).

3.6 Other Acetyllysine Readers

Acetyllysine binding was regarded a unique molecular
function exclusive to the bromodomains following its dis-
covery in 1999 (Dhalluin et al. 1999). In 2008, Lange and
coworkers reported that the tandemPHDfingers of human
DPF3b, a component of the BAF chromatin remodeling
complex, interacts with histone H3 in a manner sensitive
to lysine acetylation and methylation (Lange et al. 2008).
The PHD finger is a highly versatile protein module that
has been shown to interact with histone H3 sequences in a
modification-sensitive manner (Sanchez and Zhou 2011).
A structural analysis of the tandem PHD fingers (PHD12)
of human DPF3b provided a detailed molecular basis for
the idea that its binding to histone H3 is modulated posi-
tively by lysine acetylation but negatively by lysine methyl-
ation (Zeng et al. 2010). Specifically, the tandem PHD
fingers fold as one functionally cooperative unit, and inter-
act with an unmodified H3 peptide with an affinity of Kd

≏2 mM; acetylation at K14 enhances H3 binding to a Kd of
0.5 mM, whereas methylation at H3K4 almost abolishes the
interaction. The H3 peptide lies across a surface shared by
the two domains with a b-strand from R2-K4 of H3 that
contributes to the b-sheet of the second PHD finger
(PHD2), a sharp kink at the middle of the peptide due to
interactions between the first PHD finger (PHD1) and K9,
and K14ac interacting with a hydrophobic pocket formed
by PHD1 (Fig. 8D). Additionally, the H3K14ac acyl chain
interacts with Arg289 and Phe264 of PHD1, and the acetyl
amide group forms a hydrogen bond with the side chain of
Asp263 of PHD1. The complex structure of DPF3b PHD12
bound to an amino-terminally acetylated H4 peptide con-
firms that the PHD1 interacts with the acetyl group with
the same residues. The recognition of the acetyllysine by
DPF3b PHD1, however, is structurally distinct from the
pattern used by the bromodomains, and is completely dif-
ferent from PHDfinger’s mechanism formethyl-lysine rec-
ognition, which uses a surface on the opposite side of the
fold.

3.7 Conclusions and Open Questions

The role of the bromodomain as the main protein domain
known to recognize acetyllysine residues on proteins in-
volved in gene transcription is much more complex and
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broad than initially envisioned (Dhalluin et al. 1999; Jacob-
son et al. 2000; Sanchez and Zhou 2009). Despite the large
family size of the bromodomains, the acetyllysine recogni-
tion mechanism appears strictly conserved. However, it
appears that our current knowledge on sequence-depen-
dent recognition by individual bromodomains is very lim-
ited. This is in part because of the binding affinity of lysine-
acetylated histones or nonhistone proteins by bromodo-
mains is quote modest (in the range of tens-to-hundreds
micromolar). Furthermore, the high degree of sequence
variation and conformational flexibility of bromodomain
ZA and BC loops, which comprise the acetyllysine-binding
pockets, strongly indicates that more structural charac-
terization of bromodomains in complex with their true
biological ligands is required. Studies of individual bromo-
domains have identified varied ligand-binding specificities
that are dependent not only on the characteristics of the
bromodomain itself, but also on the other protein domains
present in the same protein. Studies of bromodomain-con-
taining proteins have highlighted the role of these domains
in many important biological processes and their associa-
tion with disease. The characterization of the multiplicity
of molecular interactions mediated by bromodomains is
therefore essential for deciphering the role of individual
domains and proteins in chromatin-dependent gene tran-
scription. This challenging task may be facilitated by the
high structural coverage of the human bromodomain fam-
ily, which presents a unique opportunity for the rational
design of selective small molecules that could serve as tools
tomodulate and control gene expression in humanbiology.
The more recent observation that the PHD fingers can also
bind acetylated lysine residues also leaves open the possi-
bility that still other types of domains may also be used for
acetyllysine recognition.

4 PERSPECTIVES

Over the last decade we have learned that the writers and
readers of lysine acetylation have many fascinating and
unanticipated properties. The HAT enzymes that create
the modification come in many different flavors, are regu-
lated by autoacetylation, and interact with other protein
subunits. They acetylate many different substrates—his-
tone and nonhistone—to mediate diverse biological pro-
cess and are attractive drug targets because of their
association with diseases such as cancers and metabolic
disorders. Acetylation marks are also recognized (“read”)
by dedicated protein modules such as bromodomains,
PHD fingers, and possibly other types of domains, to me-
diate downstream biological signals. Interestingly, many of
the properties listed for lysine acetyltransferases are com-
mon to the superfamily of kinase enzymes, including the

recognition of phosphomarks by protein segments such as
SH2, PTB, and FHA domains (Taylor and Kornev 2011).
However, because studies of kinases are more extensive
and date back further, they are much better understood.
Indeed, one could argue that the acetylation pathway for
signal transduction and gene expression is in the same
position phosphorylation was several decades ago. This
raises the question: Does acetylation rival phosphorylation
for mediating key signal transduction events in biology?
Time will tell.
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