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The regulation of eukaryotic gene expression is determined
by modifications in the chromatin structure. The highly
variable pattern of modifications in the histone chains is
described as the histone code. Two sets of histone proteins
H2A, H2B, H3, and H4 form the octameric core of each
nucleosome. Two turns of genomic DNA are wound around
this octameric core to form the packaging of chromatin
structures. Histone proteins are subject to a wide array of
posttranslational modifications, including methylation, citrul-
lination, acetylation, phosphorylation, ubiquitination, and
sumoylation.[1,2] These histone marks determine the state of
chromatin dynamics and remodeling; the study of their
specific imprint, which outlasts even cell division, is known
as epigenetics.

The N-acetylation of lysine residues in histones H3 and
H4 is mediated by histone acetyltransferases (HATs), which
require acetyl-CoA as a coenzyme to catalyze the reaction.[3,4]

The selectivity of these enzymes depends on both their
substrates and their environment within the cell. Acetylated
histone tail sequences are recognized in turn by bromodo-
mains, a conserved domain structure of approximately 110
amino acids.[5] Brd4 belongs to the BET (bromodomain and
extraterminal domain) family of dual bromodomains (BD1
and BD2), which are thought to play important roles in the
epigenetic memory and control of transcription as well as
viral inheritance across cell division.[6] Besides acetylation, it
has recently been shown that lysine residues of histones from
yeast and mammalian cells are also propionylated and
butyrylated (Figure 1a,b).[7–10] Both modifications are cata-
lyzed by HATs, as shown for p300 and CREB-binding
protein, Esa1, PCAF, and bacterial GCN5-related N-acetyl-
transferases.[10–13] Whereas long-chain acylations, such as

myristoylation (C14) and palmitoylation (C16), cause pro-
teins to target cellular membranes,[14, 15] the function of protein
short-chain propionylation (C3) and butyrylation (C4) is not
yet clear.[16,9] In this study, we analyzed the interaction of
propionyl- and butyryllysine residues on histone chains with
Brd4 bromodomains and the structural basis of this inter-
action. The binding affinities of both short-chain acylations
were similar to or weaker than those observed for lysine
acetylation. The additional carbon atoms aligned between a
highly conserved Pro–Phe motif, which suggests a general
mode of bromodomain recognition.

Brd4 BD1 was crystallized and exposed to the octamer
peptide H3K23prop or H3K14buty, as described in the
Supporting Information. Complex structures were deter-
mined by rigid-body refinement with the free bromodomain
structure[17] and refined to a resolution of 1.75 and 1.65 �,
respectively, with excellent overall stereochemistry (see
Table S1 in the Supporting Information). The two intercon-
necting loops ZA and BC that combine the four canonical
bromodomain a helices (aZ, aA, aB, aC) compose the recog-
nition site for binding to the modified lysine residues (Fig-
ure 1c). Isothermal titration calorimetry (ITC) was used to
determine the dissociation constants and the thermodynamic
parameters of the interaction (Table 1). In comparison with
the acetylated lysine peptides described earlier,[17] the two
propionylated sequences H3K14prop and H3K23prop
showed an approximately threefold weaker binding affinity
for Brd4 BD1 (Kd = 337 and 380 mm, respectively), whereas

Table 1: Thermodynamic analysis (by ITC) of Brd4 bromodomain bind-
ing to lysine-acylated histone peptides.

Interaction[a] Kd

[mm]
DH
[kcalmol�1]

TDS
[kcal mol�1]

Molar
ratio[b]

Brd4 BD1[c] with
H3K14ac[d] 118�28 �0.59�0.022 4.77 1.33
H3K14prop 337�76 �0.64�0.096 4.08 0.92
H3K14buty large n.d. n.d. n.d.
H3K23prop 380�105 �0.63�0.116 4.02 1.06
H4K5ac[d] 325�72 �1.99�0.067 2.76 2.35
H4K5acK8ac 38�3.7 �10.04�0.17 �3.99 0.90
Brd4 BD2[c] with
H3K14ac[d] 327�75 �1.68�0.059 3.07 2.31
H3K14prop 213�15 �1.48�0.047 3.52 1.00
H3K14buty large n.d. n.d. n.d.
H3K23prop 208�16 �0.86�0.031 4.17 0.96
H4K5ac[d] 107�23 �1.81�0.060 3.61 1.91
H4K5acK8ac 212�35 �6.35�0.50 �1.34 1.21

[a] All measurements were made at 25 8C. [b] BD1/peptide or BD2/
peptide. [c] Brd4 BD1 comprised residues 42–168; Brd4 BD2 comprised
residues 349–464. [d] Measurements were taken from Ref. [17].
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the affinity of the butyrylated peptide was too weak to be
measured. For BD2, propionylated and acetylated peptides
showed similar binding affinities (Figure 2 a), whereas again
the dissociation constant of H3K14buty could not be deter-
mined. The binding of Brd4 bromodomains to a dodecamer
peptide containing twin histone-acetylation marks,
H3K5acK8ac, was also analyzed by ITC. A specific inter-
action of this motif with BD1 of BrdT, another BET family
bromodomain, was recently described.[18] Indeed, a significant
increase in binding affinity for Brd4 BD1 was observed
(38 mm, Figure 2b) relative to that of the singly acetylated

Figure 1. Lysine acyl modifications in histones. a) Nz-acylation of
lysine residues. Acetyllysine is extended to propionyl- and butyryllysine
by one and two additional methylene groups, respectively. b) Epige-
netic marks on lysine residues in histone H3 and H4 N-terminal
sequences. Lysine sites that are known to become methylated (me) or
acetylated (ac) are labeled. Recent studies identified additional propio-
nylation (prop) and butyrylation (buty) marks in human and yeast
histones.[7,8] c) Structure of the H3K23prop peptide bound to Brd4
BD1. Displayed is the electron-density omit map of the histone peptide
at 1.0s from diffraction data recorded to a resolution of 1.75 �.

Figure 2. Isothermal titration calorimetry measurement of the interac-
tions between Brd4 bromodomains and histone sequences. a) ITC
measurements of H3K23prop peptide binding to Brd4 BD2 revealed a
dissociation constant of 208 mm. b) The binding of BD1 to the twin-
acetylation motif H4K5acK8ac showed a Kd value of 38 mm.
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(K5ac) variant (325 mm). The interaction of this twin-acety-
lation motif with Brd4 was as tight as reported for BrdT;
likewise, the preferred specificity for BD1 over BD2 could be
confirmed for Brd4. As similarly found in BrdT, this
specificity might be due to an aspartate residue in the BC
loop at position 144 of Brd4 BD1. In contrast, BD2 contains a
larger histidine residue at this site. The increased affinity of
Brd4 for the H4 twin-acetylation motif K5/K8 supports recent
observations of the control of inducible gene expression for
primary response genes by a Brd4-mediated transition from
promoter-proximal pausing to transcriptional elongation.[19]

The crystal structures of both modified lysine peptides
bound to Brd4 BD1 showed that a shell of surrounding water
molecules remained intact, whereas the additional methylene
groups kinked outward (Figure 3 a,b; see also Figure S1 in the
Supporting Information). The hydrophobic moieties aligned
within distances of 3.7–4.0 � in a hydrophobic groove
spanned by residues Pro82, Phe83, Val87, and Ile146 (see
Figure S1c,d in the Supporting Information). These residues
are highly conserved in BET-family bromodomains; only
Ile146 changes (to valine) in BD2s (Figure 4a). Residues that
interact with H3K23prop within a shell of 3.8 � aligned
exclusively in the ZA and BC loop. Furthermore, water-
mediated contacts to the histone peptide were formed by the
backbone carbonyl groups of Pro82, Gln85, Met105, and
Met132 and the side chains of Tyr97 and Asn140 (Figure 3c).
Interestingly, the directionality of the peptide chain varied for
different histone ligands as a result of ionic contacts formed
� 3 residues from the modified lysine residue (see Figure S2
in the Supporting Information); a similar observation was
reported previously.[20] A similar shell of water molecules
lining the surface of the binding pocket was observed for the
butyrylated histone peptide (see Figure S3 in the Supporting
Information). Overall, this interaction network suggests a
general mode of bromodomain binding to short-chain his-
tone-acylation marks.

It is surprising that the propionyl- and butyryllysine
moieties do not penetrate deeper into the bromodomain
binding site and displace a water molecule from the sur-
rounding water shell but rather loop outward, loosely flanked
by hydrophobic contacts (Figure 4b). Trapped water mole-
cules in the active site of a protein–ligand interaction
contribute significantly to the energy landscape and specific-
ity of binding.[21] The release of one or two water molecules
from the recognition site would be expected to increase the
entropy of binding and could lead to the formation of
additional hydrophobic contacts, for example, to Met132 of
Brd4. Both effects would increase the binding affinity for the
bromodomain. Instead, the contribution of the entropy is
rather similar for all monoacylated H3 peptides (Table 1),
which indicates that the discrete network of noncovalent
water bonds remains intact. The change in enthalpy is also
very small, in line with the overall low binding affinity and the
observation that the bromodomain undergoes no significant
conformational changes upon ligand binding. From these
results it seems that nature has avoided tight binding for the
recognition of acylated-histone marks by bromodomains. The
activation pattern for gene expression is based on weak
binding affinities; that is, histone activation requires a

systemic combination of multiple simultaneous interactions
rather than singular high-affinity binding.[22] These multiple
modification sites enable high variability based on a small set
of modifications, which require cooperative binding and
synergistic effects in the recognition of the epigenetic code.

Should propionyl- or butyryllysine in histones now be
considered a special epigenetic mark? Short-chain lysine N-
acyl modifications, such as acetylation (C2), propionylation
(C3), and butyrylation (C4), may indeed be regarded as linear
analogues to tetrahedral mono-, di-, and trimethylation.
However, the observation that the binding affinities for
bromodomains remained similar or even decreased relative to
that of peptides with acetylated lysine favors a modification
that is recognized comparably well. Likewise, there is
increasing evidence that the modifying histone acetyltrans-
ferases do not differentiate between acetyl-, propionyl-, and

Figure 3. Structural basis of the recognition of propionylated and
butyrylated lysine residues by Brd4 bromodomains. a) Electron-density
map of H3K23prop bound to Brd4 BD1. Displayed is the omit map at
1.0s of the modified lysine residue and the surrounding water
molecules. b) Electron-density map contoured at 1.0s of H3K14buty
bound to Brd4 BD1 from diffraction data recorded to a resolution of
1.65 �. c) Interaction map of H3K23prop with Brd4 BD1. Water-
mediated contacts are shown by dashed lines. Hydrophobic van der
Waals contacts to residues within the binding cavity spanned by Pro82,
Phe83, Val87, Leu94, and Ile146 are shown as oval sites. Only atoms
visible in the electron-density map of the ligand are displayed.
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butyryl-CoA, so that the abundance of the donor substrate
may determine the type of modification.[10–13] Similarly,
depropionylation and debutyrylation is mediated by histone
deacetylases (HDACs), as shown for sirtuins from bacteria
and higher organisms.[11, 23] The short-chain acyl modifications
of histones may therefore rather be tolerated as metabolic
side effects.

Propionyl-CoA is derived from the catabolism of odd-
chain fatty acids and amino acids, whereas butyryl-CoA is a
metabolic intermediate formed during the b oxidation of fatty
acids as well as a substrate for fatty-acid elongation.[10] The
concentration of short-chain CoAs thus fluctuates depending
on the diet and cellular physiological conditions.[24,25] For
example, under conditions of starving, more propionyl-CoA
could be produced from the resorption of lipid bodies and
subsequently transferred to histone sites. It might be interest-
ing to analyze how a specific diet of fatty acids could influence
gene activation, or how defects in the metabolic degradation
of lipid bodies could affect histone modification. An equal or
decreased binding affinity to bromodomains, as observed in
this study, would ensure that the gene-expression machinery is
at least partially maintained.

On the basis of our findings, we suggest that BET-family
bromodomains recognize histone propionylation, and to a
lesser extent butyrylation, similarly to acetylation. Whereas
the water shell in the bromodomain recognition site remains
untouched, one might envision that the hydrophobic moiety
could have a significant contribution at the surrounding
surface of the binding site, as observed for K8 in the twin-
acetylation motif H4K5acK8ac.[18] A combination of acety-
lated and propionylated or butyrylated lysine modifications
might be well-suited to form such an arrangement with
appropriate interactions. However, it remains open whether a
different domain may interact with these modifications with
much higher affinity and specificity, so that these histone
marks could be assigned a different functionality and readout
scheme.
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Figure 4. Interaction of short-chain acylated lysine residues with the
bromodomain recognition site. a) Details of the sequence alignment of
human BET-family bromodomains. BD1s and BD2s show high homol-
ogy among themselves, which suggests similar binding preferences.
Interaction sites with the N-acylated histone sequences are indicated.
Contacts mediated by water molecules are highlighted in blue.
b) Superimposition of models of Brd4 BD1 bound to acetyl-, propionyl-,
and butyryl-modified lysine residues of histone H3 peptides (PDB
accession codes 3JVK, 3MUK, 3MUL). The surrounding water shell
remains intact, and the additional methylene groups curl toward a
hydrophobic and highly conserved cavity spanned by residues Pro82,
Phe83, and Val87 of the ZA loop and Ile146 of helix aC. The slope of
the peptide backbone varied for different ligands, as indicated by
arrows. The superimposition was performed on the apo form of the
bromodomain structures.
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