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Binding Mode of Acetylated Histones to Bromodomains:
Variations on a Common Motif

Jean-Rémy Marchand and Amedeo Caflisch*®

Bromodomains, epigenetic readers that recognize acetylated
lysine residues in histone tails, are potential drug targets in
cancer and inflammation. Herein we review the crystal struc-
tures of human bromodomains in complex with histone tails
and analyze the main interaction motifs. The histone backbone
is extended and occupies, in one of the two possible orienta-
tions, the bromodomain surface groove lined by the ZA and
BC loops. The acetyl-lysine side chain is buried in the cavity be-
tween the four helices of the bromodomain, and its oxygen
atom accepts hydrogen bonds from a structural water mole-
cule and a conserved asparagine residue in the BC loop. In
stark contrast to this common binding motif, a large variety of

1. Introduction

Histone proteins arrange DNA into nucleosomes, forming the
chromatin." Diverse modifications of histone proteins influ-
ence chromatin packing, dynamics, and gene expression. Ace-
tylation of lysine residues in histone tails is a frequent post-
translational modification of these highly conserved proteins.”
Bromodomains, four-helix bundles of about 110 residues, are
one of the two protein families described so far to bind pep-
tides with one or more acetyl-lysine residues, the other family
being the evolutionary conserved YEATS domain.”’ There are
61 human bromodomains, and up to six of these modules are
present in bromodomain-containing proteins. The binding af-
finity of histone tails and bromodomains is modest, and
ranges in most cases between 10 and 1000 pm.” A relatively
weak affinity is usually associated with multiple binding modes
and/or a diverse set of weak noncovalent interactions. Thus,
a systematic structural analysis is expected to shed light on
the main interaction motifs between acetylated histone tails
and bromodomains. Herein we review the crystal structures of
human bromodomains in complex with acetylated histone
tails. As of April 2015, there are 26 crystal structures of 11 dif-
ferent bromodomains, 3 histones (H4, H3, and H2A), and 16
patterns of acetylation (8 monoacetylation, 6 diacetylation, and
2 triacetylation). Five complexes determined by solution NMR
spectroscopy are also available, but are not included in this
study because in most of them the 20 deposited conformers
show large structural disorder.
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ancillary interactions emerge from our analysis. In 10 of 26
structures, a basic side chain (up to five residues up- or down-
stream in sequence with respect to the acetyl-lysine) interacts
with the carbonyl groups of the C-terminal turn of helix oB.
Furthermore, the complexes reveal many heterogeneous back-
bone hydrogen bonds (direct or water-bridged). These interac-
tions contribute unselectively to the binding of acetylated his-
tone tails to bromodomains, which provides further evidence
that specific recognition is modulated by combinations of mul-
tiple histone modifications and multiple modules of the pro-
teins involved in transcription.

In all crystal structures, the left-handed four-helix bundle
fold® of the bromodomain is conserved (helices a.Z, aA, aB,
and aC; Figure 1a). The acetyl-lysine binding site is a mainly
hydrophobic pocket formed on one of the two ends of the
bundle by the loop connecting the helices aZ with aA (called
the ZA loop), and the loop between helices aB and aC (BC
loop).”) The backbone of the histone peptide is extended
around the anchor acetyl-lysine, which is buried in the binding
pocket (Figure 1b). The peptide backbone occupies the surface
groove lined by the ZA and BC loops in either of two opposite
orientations, N to C or C to N. Besides the well-described bind-
ing mode of the acetyl-lysine,”® which is present in all struc-
tures, our analysis reveals additional interaction motifs be-
tween histone peptides and bromodomains. These interactions
can be classified by three main types: 1) polar interactions be-
tween the carbonyl groups of the C-terminal turn of helix aB
and a positively charged side chain of the histone, 2) direct
and water-mediated hydrogen bonds between polar groups in
the acetyl-lysine (Kac) binding site and the backbone of the
histone tail, and 3) salt bridges between acidic side chains of
the bromodomain and basic side chains of the histone tail.

2. The Conserved Binding Motif

The 11 bromodomains analyzed here are BRD4(1) (the first bro-
modomain of the BRD4 protein), CREBBP, ATAD2A, BRD2(1),
BRD2(2), TIF1a, BPTF, BAZ2A, BAZ2B, BRPF1, and TRIM33
(Table 1). In all available crystal structures, the Kac side chain of
the histone tail is anchored in an elongated pocket located be-
tween the ZA and BC loops of the bromodomain by a con-
served network of hydrogen bonds and van der Waals interac-
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Figure 1. a) Structure of the complex of the BRD4(1) bromodomain (green) with the H4(1-12)K5acK8ac peptide
(salmon). The cartoon and ribbon model of this representative complex (PDB code 3UVW)* is supplemented by
the side chains of the Kac, the almost strictly conserved Tyr in the ZA loop, the conserved Asn in the BC loop
(sticks), as well as the structural water that bridges the Kac and Tyr side chains (red sphere). b) Binding mode of
histone tails obtained by structural alignment of all complexes of human bromodomains with histone tails to the
BRD4(1)-H4 complex. The bromodomain structure (green) is shown only for the BRD4(1) bromodomain. All bro-
modomain images were rendered using PyMOL version 1.7.0, Schrodinger LLC.

tions (Figure 2a). The oxygen atom of the Kac acetyl group
acts as hydrogen bond acceptor for two highly conserved resi-
dues of the bromodomain. It interacts directly with the amide
group of the conserved Asn residue of the BC loop (e.g.,
Asn140 in BRD4(1) and Asn1064 in ATAD2A), and it forms
a water-bridged polar interaction with the hydroxy group of
the highly conserved Tyr residue located in the ZA loop (e.g.,

a) ZA loop
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CHEMMEDCHEM
Minireviews

Tyr97 in BRD4(1) and Tyr1021 in
ATAD2A; Figure 2a). Throughout
the text, the three-letter code
and one-letter code are used for
the bromodomain and histone
residues, respectively. The scatter
plot of the distance of the acetyl
oxygen atom from its two
donors shows that the hydrogen
bond with the water molecule
has a shorter distance than that
with the conserved Asn (Fig-
ure 2b). This observation is con-
sistent with the optimal distan-
ces between heavy atoms in O—
HN and O-HO hydrogen
bonds” and a similar analysis of
40 complexes of BRD2(1) with
different fragments.” Thus, the
higher degree of conservation of
the ZA loop Tyr (58 of 61 human
bromodomains) than the BC
loop Asn (48 of 61) is congruent
with the greater strength of O—
HO hydrogen bonds than O—HN
hydrogen bonds.” Furthermore, mutagenesis experiments of
the bromodomain of BRD2 have shown that the mutation of
the conserved Tyr113 to Ala abolished the binding of H4K12ac
similarly to the mutation of the conserved Asn156 to Ala.*™ In
addition, in the structures of the complexes of the TRIM33 bro-
modomain and H4, the hydrogen bond to the conserved Asn
is not present (PDB codes 3U50 and 3U5P).”
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Figure 2. a) Representative example (PDB code 3UVY)®® of the conserved binding mode of the Kac side chain (salmon) in the Kac binding site of the BRD4(1)
bromodomain (green). The conserved Asn in the BC loop (Asn140 in BRD4(1)) forms a direct hydrogen bond with the acetyl oxygen atom of Kac (black
dashed lines), while the highly conserved Tyr in the ZA loop (Tyr97) is involved in a water-bridged hydrogen bond (dashed lines and red sphere); van der
Waals contacts between the methyl group of Kac and hydrophobic residues are also shown (dashed lines). b) Scatter plot of the distances between the acetyl
oxygen atom of the Kac side chain and the water molecule bridging to the conserved Tyr and the side chain amide nitrogen atom of the conserved Asn. The
Kac O—H20 distance is almost always shorter (i.e., stronger hydrogen bond) than the Kac O—N Asn distance.
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Table 1. Summary of the interactions between acetylated histone peptides and bromodomains.
PDB code Ref. BrD Histone™ ZA loop™ Macrodipole B BC loop™! Direction'®
2DVQ [6a] BRD2(1) H4(1-15)K12ac S1,R3 K8 L10, G11, G13, A15 N—C
2DVR [6a] BRD2(1) H4(1-15)K5acK12ac K8 L10, G11, G13, A15 N—C
2DVS [6a] BRD2(1) H4(10-21)K12ac N—C
2E3K ch. 1 [6b] BRD2(2) H4(1-15)K5acK12ac R3,9' G7, K89 G9 N—C
2E3K ch. 21 [6b] BRD2(2) H4(1-15)K5acK12ac G9, G11,G13 C—N
3034 [6¢] TIF1a H3(13-32)K23ac A25 R26 T22, A24, R26,9" K27 C—N
3035 [6c] TIF1a H3(23-31)K27ac A25 N—C
3036 [6¢] TIF1a H4(14-19)K16ac A15 G14 N—C
3Qzs [6f] BPTF H4(12-21)K16ac H18 R19 R17, H18 C—N
3QzZT [6f] BPTF H4(12-21)K16ac R171 G14 N—C
3Qzv [6f] BPTF H4(7-17)K12ac L10, G11 K8, G9 N—C
3Uvw [6d] BRD4(1) H4(1-12)K5acK8ac R3 S1, G2, G6, K8ac N—C
3UVX [6d] BRD4(1) H4(11-21)K12acK16ac G13, G14, K16ac, R17 N—C
3UvY [6d] BRD4(1) H4(15-25)K16acK20ac R17,9V H18, K20ac, V21 N—C
3UW9 ch. 1 [6d] BRD4(1) H4(7-17)K8acK12ac N—C
3UW9 ch. 21 [6d] BRD4(1) H4(7-17)K8acK12ac G C—N
4N3W [6€] CREBBP H4(5-25)K20ac H18, V21 R17 H18 N—C
4N4F [6e] CREBBP H4(5-25)K12acK16ac L10, G11 K8 G9, L10 N—C
4QBM [14] BAZ2A H4(14-22)K16acK20ac H18, L22 R19 R17, R19, K20ac, V21 C—N
4QC1 [14] BAZ2B H3(9-19)K14ac R17 G13, A15, P16, R17,9 K18 C—N
4QC3 ch. 11 [14] BAZ2B H4(7-13)K8acK12ac L10 C—N
4QC3 ch. 2 [14] BAZ2B H4(7-13)K8acK12ac G11 N—C
4QUT NA ATAD2A H4(9-16)K12ac G9, G11 N—C
4QuU NA ATAD2A H4(3-16)K5acK8acK12ac R3,% G6 N—C
4QYD [6g] BRPF1 H4(4-17)K12ac L10, G11 K8 G9, G11 N—C
4QYL [6g] BRPF1 H2A(1-12)K5ac R3, Q6 G2, G4, G8, A10 N—C
4TT2 [6h] ATAD2A H4(1-20)K5ac R3 R3 N—C
3U50 [9] TRIM33 H3(1-22)K14acK18ac R179 C—N
3U5P [9] TRIM33 H3(1-28)K14acK18acK23ac R179 C—N
[a] Sequence of the histone peptide in the crystal structure. The Kac in the acetyl-lysine binding site is in boldface (for details, see Section 2. The Conserved
Binding Motif). [b] Backbone polar groups of the histone that are involved in direct or water-bridged hydrogen bonds with polar groups in the ZA loop (for
details, see Section 5.1. Backbone hydrogen bonds). Distance threshold for hydrogen bonds of 3.8 A. [c] Histone basic side chain that acts as a cap for the
C-terminal turn of the aB helix (for details, see Section 4. Electrostatic Interactions with the C-Terminal Turn of Helix aB). [d] Same as [b] for the BC loop.
[e] Directionality of the histone peptide in the binding groove (for details, see Section 3. Orientation of the Histone Backbone). [f] Two identical bromodo-
mains bind to a single diacetylated peptide. [g] Salt bridge between the basic side chain of the histone and an acidic side chain of the bromodomain (for
details, see Section 5.2. Charged interactions). [h] Residue at the C-terminal turn of the B helix just upstream of the BC loop. Note that for [b] and [d], the
backbone polar groups of Kac are involved 21 times out of 29 in direct (6 cases) or water-bridged (15 cases) hydrogen bonds with polar groups of ZA and
BC loops.

The methyl group at the tip of the Kac side chain is involved
in optimal van der Waals contacts with hydrophobic residues
in the ZA loop (Figure 2a). Some of these hydrophobic resi-
dues are conserved in the human bromodomain family. In par-
ticular, 55 of 61 human bromodomains have a Phe residue in
the conserved Trp-Pro-Phe triad of the ZA loop (e.g., Phe83 in
BRD4(1) and Phe1009 in ATAD2A, and the remaining four bro-
modomains have a Leu), 42 human bromodomains have a Val
residue four positions downstream of the conserved Phe (e.g.,
Val87 in BRD4(1) and Val1013 in ATAD2A, and only one bromo-
domain has a hydrophilic residue at this position), and 31
human bromodomains have a Pro in the Trp-Pro-Phe triad
(e.g., Pro82 in BRD4(1) and Val1008 in ATAD2A, and only seven
bromodomains have a hydrophilic residue at this position). In-
terestingly, the crystal structures of BRD4(1) with propionyl-
lysine and butyryl-lysine” indicate that the hydrophobic sub-
pocket can accommodate aliphatic groups slightly larger than
the single methyl group of the acetyl-lysine.

In the three crystal structures of bromodomains with the iso-
lated uncapped Kac amino acid (PDB codes 3P1C,"*¥ 4NR9,™
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and 4QSP"?), the binding mode of the acetyl group is identical
to that in the complexes with the histone tails. The binding af-
finity of the uncapped Kac amino acid for five different bromo-
domains ranges between 1 and 7 mm in chemiluminescence
experiments using AlphaScreen technology."® The contribution
of the Kac side chain in the context of the histone tail might
be significantly higher than the affinity of the uncapped Kac
because the (partial) desolvation of the two formal charges of
the uncapped, zwitterionic Kac penalizes the binding of the
isolated Kac amino acid.

3. Orientation of the Histone Backbone

Twenty-three of the 26 crystal structures contain an acetylated
histone peptide interacting with only one bromodomain. In
these 23 structures, the histone peptide binds in two different
orientations with respect to the Kac binding site. According to
a directionality given by the binding trench of the bromodo-
main from the aB to the aZ helix (Figure 1), the histone pep-
tide is directed in an N—C and C—N orientation 17 and 6
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times, respectively (Table 1). The binding mode of the Kac side
chain is not influenced by the orientation of the peptide back-
bone in the studied structures. Notably, two orientations are
observed for the BPTF bromodomain and the histone peptide
H4(12-21)K16ac in two crystal structures with different space
groups (PDB codes 3QZS and 3QZT, respectively).®? The pep-
tide is oriented in opposite directions in the two crystal struc-
tures, despite nearly identical bromodomain conformation
(RMSD of the Ca. atoms of only 0.5 A).*" This observation pro-
vides evidence for nonspecific recognition of H4K16ac by BPTF
and a possible context-dependent binding orientation that is
modulated by the concomitant binding of additional histone
tail marks to other domains of BPTF, e.g., its plant homeodo-
main (PHD) finger.®”

The three remaining crystal structures (BRD4(1), BRD2(2),
and BAZ2B) contain diacetylated histone tails interacting with
two bromodomains (i.e., two molecules of the same bromodo-
main), so that the peptide docks in an N—C orientation in one
of the two bromodomains and C—N in the other. In BRD4(1)
(PDB code 3UW9)*¥ and BAZ2B (PDB code 4QC3),"¥ the H4(7-
13)K8acK12ac peptide contains the three-residue segment G-L-
G between the two Kacs; in BRD2(2) (PDB code 2E3K)*" the
H4(1-15)K5acK12ac peptide includes the six-residue stretch G-
G-K-G-L-G between the two Kacs. In both cases, the sequence
linker is glycine rich and thus flexible. Overall, these observa-
tions argue in favor of a high adaptability of bromodomains
and a context dependency for binding acetylated peptides.

4, Electrostatic Interactions with the C-Termi-
nal Turn of Helix oB

In 10 of 26 structures, a basic side chain up to five residues up-
stream or downstream in sequence with respect to the Kac is
involved in hydrogen bonds with the free carbonyl groups of
the C-terminal turn of helix aB (Table 1 and Figure 3). This heli-
cal-capping interaction is a favorable monopole-dipole interac-
tion in which the positive charge of the amino or guanidinium
group (of histone K or R residues, respectively) acts as monop-
ole while the backbone carbonyl groups of helix aB form the
negative pole of the macrodipole. The presence of a helical
macrodipole close to the conserved Asn residue is part of the
global bromodomain fold and not restricted to some members
of the family. It could be an important secondary interaction
hotspot for the recognition of histone tails by these modules.
The single point mutation R17A (where R17 acts as C-terminal
cap for helix aB; PDB code 4QC1)" abolished the binding of
the histone peptide H3(9-19)K14ac to BAZ2B in an isothermal
titration calorimetry experiment." Using the same experimen-
tal technique, the R19A mutation of H4(14-22)K16ac and
BAZ2A (PDB code 4QBM)" led to the same result.™ Similarly,
the single point mutation K8A (where K8 acts as C-terminal
cap for helix aB, PDB code 2DVQ)® decreased the binding af-
finity of the histone peptide H4(1-15)K12ac for BRD2(1) by
a factor of three in a surface plasmon resonance binding
assay.® Thus, the capping interaction with helix oB is frequent
but not essential; its high frequency is likely to be a conse-
quence of the conserved four-helix bundle fold of bromodo-
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C-terminal turn
of helix aB

Figure 3. Representative example of a polar interaction between a histone
basic side chain, K8, (salmon sticks) and the C-terminal turn of helix aB
(green, carbonyl groups in sticks) as observed in the complex of CREBBP
with H4(5-25)K12acK16ac (PDB code 4N4F).“® The charged amino group of
the Lys side chain acts as a C-terminal cap which is an interaction with the
helical macrodipole. The Kac residue (balls and sticks) and the conserved
Asn (thin sticks) are also shown.

mains. In an inverse sense, it is interesting to note that in the
nucleosome core particle, the N-terminal turn of some of the
histones helices (a1 of H2B, H3, and H4; a2 of H2A, H2B, H3,
and H4) are capped by the phosphate groups of DNA, which is
an interaction between negatively charged groups and the
positive pole of the helical macrodipole of the conserved his-
tone folds."! These macromolecular complexes suggest that o-
helical protein domains involved in transcription share electro-
static helical-capping interactions.

5. Additional Interactions

Besides the interactions involving the acetyl-lysine side chain
and the capping interaction with helix aB (both mentioned
above), a large variety of ancillary interactions emerge from
our analysis of the 26 crystal structures. Acetylated peptide
binding to bromodomain is stabilized, at least in part, by het-
erogeneous polar interactions that include intermolecular hy-
drogen bonds (mainly involving the backbone of the histone
tail and polar groups of the BC loop) and salt bridges (Table 1).

5.1. Backbone hydrogen bonds

In all crystal structures there are multiple hydrogen bonds be-
tween the backbone of residues in the vicinity of the Kac (£5
residues) and backbone or side chain atoms of residues of the
BC and ZA loops. They form a complex network of polar inter-
actions and are of two types: direct or water-mediated hydro-
gen bonds (Figure 4). These networks of hydrogen bonds ex-
hibit variability in number and positions along the histone
peptide sequence. Many of them involve the polar groups of
glycine residues in the histones, which are particularly abun-
dant in H2A and H4 histone tails. In only two cases (PDB codes
2DVQ™ and 4QYD®?), residues located further than five posi-
tions away from the Kac are involved in hydrogen bonds with
the bromodomain. In contrast to the abundance of peptide/
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Figure 4. Representative example of multiple polar interactions between histone peptide and bromodomain polar groups in the binding groove. The plot
shows a two-dimensional representation of the hydrogen bonds (dotted lines) between the backbone of H2A(1-12)Kac5 (residues with blue labels) and polar
groups in the Kac binding site of the BRPF1 bromodomain (green labels) (PDB code 4QYL).*® Water-bridged polar interactions are labelled (H,0). The side
chain of Asn83 acts as donor for a hydrogen bond with the acetyl group of Kac5 (red labels).

bromodomain hydrogen bonds, there are very few intrapep-
tide backbone hydrogen bonds.

We previously investigated the binding of the tetrapeptide
Kac-G-G-Kac (from the diacetylated histone tail H4(5-
8)K5acK8ac) into the BRD4(1) and CREBBP bromodomains by
using molecular dynamics (MD) simulations."™ Each system
was simulated in parallel with two different force fields to
assess potential systematic errors due to the choice of force
field. In all simulations, i.e., irrespective of the force field and
bromodomain, we observed direct and water-bridged hydro-
gen bonds between the backbone polar groups of the histone
tetrapeptide and residues in the ZA and BC loops. Moreover,
the simulations unmasked an alternative binding mode in
which the Kac NH group acts as donor for a hydrogen bond
with the backbone carbonyl group of the Pro residue of the
conserved Trp-Pro-Phe triad (i.e., Pro82 in BRD4(1) and Pro1110
in CREBBP) which is located at the N-terminal part of the ZA
loop.™ This simulation result suggests that the polar groups
on the periphery of the Kac binding site not only provide fa-
vorable hydrogen bond donors and acceptors for the main
binding mode, but might also facilitate the process of binding
of the histone tail. Notably, the backbone carbonyl group of
the Pro residue of the conserved Trp-Pro-Phe triad can also in-
teract with hydrogen bond donors of small-molecule ligands
as observed for BAZ2B"" and BRD4(1).1

5.2. Charged interactions

There are ten salt bridges between basic side chains of the
peptide and acidic side chains of the bromodomain in the 26
structures (Figure 5). Seven of these salt bridges involve resi-
dues of the BC or ZA loops and are exposed to the solvent so
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that their contribution to the free energy of binding is likely to
be small because of the desolvation penalty and freezing of
degrees of freedom (i.e., rotameric states) of the side chains. In
the remaining three cases, the salt bridge competes with the
interaction between the positive moiety of the histone tail and
the helix macrodipole. Interestingly, in 20 of the 26 structures,
positively charged side chains are present in the histone se-
quence up to five residues away from Kac but are not involved
in salt bridges with the bromodomain. Many of them are not
resolved in the crystal structure which indicates that they are
very flexible and point mainly toward the solvent.

6. Summary and Outlook

The analysis of 26 crystal structures of human bromodomains
in complex with acetylated histone peptides reveals
a common binding motif and variable ancillary interactions.
The binding mode of the Kac side chain in the conserved
cavity of the bromodomain four-helical fold is common to all
structures. This finding is consistent with the nearly 100 crystal
structures of complexes of bromodomains and small fragments
that have a hydrogen bond acceptor that emulates the oxygen
atom of the acetyl group.®™®"”! |n addition to this anchor
point, a wide variety of polar interactions are present: 1) a fa-
vorable electrostatic interaction between a basic side chain of
the histone tail and the C-terminal turn of helix aB (Figure 3),
2) direct and water-mediated hydrogen bonds between the
backbone of the histone peptide and polar groups in the ZA
and BC loops (Figure 4 and Table 1), and 3) various salt bridges
at diverse positions along the histone sequence (Figure 5).
While heterogeneous hydrogen bonds and electrostatic inter-
actions contribute to the binding affinity, the Kac side chain is
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Figure 5. Representative examples of the variety of salt bridges observed in the crystal structures of complexes of acetylated histone peptides (salmon with
charged side chains in sticks) and bromodomains (green, charged side chains in sticks). The interactions are shown by dashed lines. a) K8 and R3 of
H4K5acK12ac and Asp432 of BRD2(2) (PDB code 2E3K);®” b) R3 of H4K5acK8acK12ac and Asp1066 of ATAD2A (PDB code 4QUU); c) R17 of H4K16acK20ac and
Asp144 of BRD4(1) (PDB code 3UVY);*¥ d) R17 of H4K16ac and Asp101 of BPTF (PDB code 3QZT);* e) R19 of H4K16acK20ac, C-terminal turn of helix aB and
Asp1875 of BAZ2A (PDB code 4QBM);""¥ f) R26 of H3K23ac, C-terminal turn of helix aB and Glu978 of TIF1a (PDB code 3034).%9

the only group involved in a conserved binding motif. In this
context, it is important to note that MD simulations have pro-
vided evidence that Kac can interact with the bromodomain in
a binding mode slightly more buried than that observed in the
crystal structures.!™

No specific interaction motif emerges from our analysis
which is consistent with the modest specificity of bromodo-
mains for any particular pattern of acetylation. Moreover, the
structural analysis reveals that the histone peptide can bind in
opposite directions, N to C or C to N, in the binding groove.
For instance, the same acetylated histone peptide can bind in
both orientations in BPTF. Allis and co-workers postulated that
the bromodomain of BPTF could recognize H4K16ac in a mono-
valent binding (N—C or C—N orientation) or in a bivalent
binding concomitant to the binding of another epigenetic
mark, H4K4me3, by another domain of BPTF, a PHD finger
(compatible only with the N—C orientation).®” Thus, the crys-
tal structures of bromodomain/histone tail complexes provide
further evidence of a combinatorial readout of multiple histone
marks in the field of epigenetics, as already postulated in
2000"® and reaffirmed recently.”

Most histone sequences studied in this review are flexible,
with the presence of numerous glycine residues at positions
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adjacent to the Kac, as pointed out by Zhou and co-workers in
a study of yeast bromodomains.'”” No histone in the studied
subset has a proline residue at position Kac + 1, as observed in
yeast histone binder sequences."” The occurrence of positively
charged residues around the Kac in the binder sequence is
high in the 26 studied structures, but they do not necessarily
interact directly with the bromodomain. This agrees with the
suggestion of electrostatic interactions primarily needed for
steering the peptide to the binding site, but not necessarily
present in the bound state.l'"

The specificity of bromodomains to acetylated histone tails
is still not completely clear. Bromodomains have low affinities
for acetylated histone peptides (~10-1000 pm), and the differ-
ence between specific and nonspecific binding may be
modest.”" Vollmuth and Geyer showed that BRD4 bromodo-
mains could bind histones with propionyl-lysine with affinity
and binding mode similar to that of Kac."” Bromodomains are
also known to bind acetylated peptides in non-histone pro-
teins, for example BRD3 to GATA1,”? PCAF to HIV-1 Tat,?
CREBBP to p53,%" or NF-kB to BRD4(2).” Other types of inter-
actions between bromodomains and acetylated peptides may
occur. BRD4(1), the most promiscuous bromodomain for small-
molecule binding,*® can accommodate two Kac residues in
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the binding pocket. The binding affinity is increased relative to
the monoacetylated peptide. Moreover, another family of pro-
tein modules has been described recently to bind Kac residues
of histone tails in humans, the YEATS domains.? The immuno-
globulin-like fold of the YEATS module is completely different
from the four-helix bundle topology of bromodomains. More-
over, the Kac binding pocket in YEATS domains does not re-
semble the one in bromodomains.*!

It is likely that new crystal structures of bromodomains in
complex with (histone) peptides with multiple marks will shed
more light on the complexity of recognition by these reader
modules. In particular, structures with more than one protein
domain will play a key role in deciphering the histone code at
atomic-level detail. Such in-depth knowledge will be crucial to
identify small molecules that bind potently and selectively to
bromodomains, which will be useful for understanding the
biological role of individual members of the family of (human)
bromodomains.

Keywords: bromodomains - crystal structures - epigenetics -
histone binding - histones - noncovalent interactions
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