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Virtual domains! Using molecular dynamics (MD) simulations, the importance of structured water molecules in
bromodomains, an important class of
emerging drug targets, was investigated. The results show that structured
water molecules in the acetyl-lysine
binding site can be replaced by cosolvent molecules. This result has important implications for the design of
selective drugs against bromodomain
targets.
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Danzhi Huang,* Emanuele Rossini, Sandra Steiner, and Amedeo Caflisch*[a]
Bromodomains are a-helical bundles of approximately 110 residues that recognize acetylated lysine side chains mainly on histone tails. Bromodomains are known to play an important role
in cancer and inflammation, and as such, significant efforts are
being made to identify small-molecule inhibitors of these epigenetic reader proteins. Here, explicit solvent molecular dynamics (MD) simulations of two bromodomains (BAZ2B and
CREBBP) are used to analyze the water molecules that seem to
be conserved at the bottom of the acetyl-lysine binding site in
most crystal structures of bromodomains. The MD runs suggest that the occupancy of the structured water molecules is
influenced by conformational transitions of the loop that connects helices Z and A. Additional simulations in the presence

of 50 molecules of cosolvent (i.e., 440 mm of dimethylsulfoxide, methanol, or ethanol) indicate that some of the structured
water molecules can be displaced transiently. The residence
time in the acetyl-lysine binding site is calculated to be about
1 ns, 2–5 ns, and 10–30 ns for methanol, ethanol, and dimethylsulfoxide, respectively, while the affinity of the three cosolvents for BAZ2B and CREBBP is in the range of 50–500 mm.
The results described have implications for ligand design, suggesting that only structured water molecules that do not exchange with cosolvent should be maintained in crystal structures used for docking campaigns, and that hydroxy substituents should be incorporated in the ligand so as to map the
structured water molecules replaced by (m)ethanol.

Introduction
Bromodomains bind acetylated lysine side chains mainly in histones and are thus involved in the regulation of transcription.[1,2] As of today, 46 human proteins have been reported to
include one or more of the 61 different bromodomains, with
up to six bromodomains per protein.[3] As some bromodomains play an important role in cancer and inflammation,[4–6]
there is an intense search for small-molecule inhibitors able to
interfere in the process of reading acetylated lysine.[7] The first
three-dimensional structure of a human bromodomain was
solved by nuclear magnetic resonance spectroscopy.[8] Since
then, the crystal and/or solution structures of more than 40
human bromodomains have been published.[9,10] All available
structures show a conserved four-helix bundle topology (Figure 1 a) in which the ZA-loop and BC-loop connect the first
two a helices (Z and A) and last two a helices (B and C), respectively.[10,11] The acetyl-lysine binding site is very similar in
all structures of bromodomains.[10] It is substantially hydrophobic but contains at its bottom several well-ordered water molecules (Figure 1 b), which are present in most crystal structures
of bromodomains.[7,10] In striking contrast to the abundance of
available three-dimensional structures, to date, there have only
been a few computational studies reported in the literature on
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bromodomains.[12–14] In particular, it seems that the dynamic
properties of human apo bromodomains have not been investigated yet by atomistic simulations except for a very recent
simulation study of 20 bromodomains.[15] On the other hand,
several approaches to map (co)solvent to protein surfaces
have been developed using protocols based on energy minimization[16–20] and more recently molecular dynamics (MD).[21–28]
Here, explicit solvent MD simulations are performed to analyze the occupancy of the conserved water molecules in the
acetyl-lysine binding site and their potential displacement by
dimethylsulfoxide (DMSO) or alcohol cosolvents ethanol and
methanol. DMSO and ethanol differ mainly in the capability to
act as a hydrogen-bond donor—only ethanol is able to do so.
Methanol was selected for study because it differs in a single
methylene group from ethanol, which provides information on
size effects and hydrophobic-effect-dominated binding. Two
bromodomains belonging to two different families are used in
the simulations: the bromodomain adjacent to zinc finger domain 2B (BAZ2B) and the binding protein of the cAMP response element binding protein (CREBBP). There are several
examples of explicit solvent MD simulations of small molecules
binding to proteins.[22, 23, 29–33] On the other hand, the present
work is the first simulation analysis of cosolvent binding to
bromodomains. The simulation results reveal that the conformational changes of the ZA-loop are likely to have an influence on water occupancy. Moreover, the results suggest that
some of the water molecules that are conserved in the available crystal structures of bromodomains can be transiently replaced by cosolvent molecules. This information is very useful
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Figure 1. Bromodomain structure and structured water molecules in the bottom of the acetyl-lysine binding site. a) Ribbon illustration of the crystal structure
of the complex between CREBBP and acetyl-lysine (PDB code: 3P1C[10]). Each of the four a-helices and two binding site loops is displayed with a different
color. The side chains of the conserved residues Tyr 1125 of the ZA-loop, and Tyr 1167–Asn 1168 of the BC-loop are emphasized (sticks) together with the
acetyl-lysine ligand (sticks, light colors). The N and C termini are shown with a blue and red sphere, respectively. The structure of BAZ2B (not shown) is very
similar to that of CREBBP. The conserved residues in BAZ2B are Tyr 1901 in the ZA-loop, and Phe 1943–Asn 1944 in the BC-loop. b) Positions of structured
water molecules. Water molecules 1–6 are the same as described in Ref. [7].

for hit identification by high-throughput docking and hit optimization based on docking models.[34–45] Our simulation results
suggest to keep only the structured water molecules that do
not exchange with cosolvent in high-throughput docking campaigns. Moreover, the position of structured water molecules
that are replaced by (m)ethanol can be used to design hydroxy
substituents of initial hits, which can improve the affinity by
up to two orders of magnitude.[46–48]

Results
Simulations without cosolvent
For each of the structured water molecules, the occupancy
was calculated using a threshold value for the distances between the water oxygen atom and three (mainly) backbone
atoms in the acetyl-lysine binding site (Table S1 in the Supporting Information). The positions of water molecules 3 and 7
have the highest occupancy in the simulations of both bromodomains, while the position of water molecule 5 has the
lowest occupancy (Figure 2). These simulation results are consistent with the degree of burial observed in the crystal structures,[7] which is maximal for water molecules 3 and 7. The
time evolution of the water occupancy and root mean square
deviation (RMSD) of the ZA-loop from its position in the crystal
structure show a similar pattern (Figure 2), which indicates that
the presence of the conserved water molecules is influenced
by the motion of the ZA-loop. The structured water molecules
connected by hydrogen bonds (i.e., water molecules 1–3)
show similar temporal patterns of occupancy. In other words,
these three water molecules are either all present or all absent
along the simulation. The same behavior is observed for water
molecules 5 and 6, which are also connected by a hydrogen
bond. On the other hand, water molecule 4 can have temporal
 2013 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

evolution of the occupancy similar as water molecules 1–3 or
5–6.
Simulations with cosolvent
These simulations were started from random positions of 50
cosolvent molecules in the bulk water and without any cosolvent molecule in the acetyl-lysine binding site. The maps of cosolvent occupancy (Figure 3) indicate that DMSO, ethanol, and
methanol bind preferentially to the acetyl-lysine binding site.
From these maps, it also emerges that methanol can bind to
most of the bromodomain surface. Methanol is less specific
than ethanol and DMSO because it is the smallest of these
three cosolvents, and furthermore, in contrast to DMSO, it can
also act as a hydrogen-bond donor.
The time series of the distance of the DMSO molecule closest to the acetyl-lysine binding site of CREBBP demonstrates
that the MD sampling is adequate as multiple binding and unbinding events are observed and by different DMSO molecules
in the 0.5 ms time scale of the MD runs (Figure 4). Cluster analysis of the MD trajectories show that the most populated binding modes of DMSO and (m)ethanol are consistent with the
crystal structure of DMSO bound to CREBBP (PDB code:
3P1E[10]) and 1,2-ethanediol bound to the second bromodomain of TAF1 (PDB code: 3UV4[10]), respectively (Figure 4).
(Note that there are no crystal structures of CREBBP and
BAZ2B with alcohol cosolvent in the acetyl-lysine binding
pocket and no crystal structure of DMSO–BAZ2B.) In their most
populated binding mode, DMSO, ethanol, and methanol
accept a hydrogen bond from the side chain of the same asparagine residue that is involved in binding the natural ligand
acetyl-lysine (Figure 4).
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Figure 2. Water occupancy in the simulations without cosolvent. a) Percentage of water occupancy at each of the seven positions shown in Figure 1 b. Each
bar shows the average and standard deviation calculated over four independent simulations without cosolvent for a total of 4 ms for each of the two proteins
(& BAZ2B; & CREBBP). b) Time series of occupancy of positions of structured water molecules along one of the four 1 ms MD runs for BAZ2B (left) and
CREBBP (right). c) Time series of RMSD from the crystal structure of the carbon atoms in the ZA loop upon structural overlap of the carbon atoms of residues
in nonflexible parts of the bromodomain. These two panels show results for the same MD runs shown in panel b.

Discussion
As mentioned above, the analysis of the occupancy of the
structured water molecules in the presence of cosolvent is
useful for docking and hit optimization. The seven structured
water molecules are present in the most populated binding
mode of the cosolvent while they can be displaced for more
buried binding modes. The time series of water or cosolvent
occupancy (Figure 5; see also Figure S1 in the Supporting Information) show that the cosolvent displaces mainly the structured water molecules at positions 1 and 5. In addition, there
is transient displacement of water molecules 2–4 and 6 by
methanol and ethanol. In contrast, the deeply buried water
 2013 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

molecule 7 is displaced much less frequently by cosolvent. For
example, with BAZ2B, the displacement of individual structured water molecules by ethanol is observed in 10 %, 0.3 %,
0.5 %, 0.1 %, 4 %, 0.3 %, and 0 % of the MD sampling for positions 1–7, respectively (for other values of cosolvent occupancy, see Table S2 in the Supporting Information).
The sampling of multiple binding and unbinding events
allows one to extract the kinetics directly from the MD simulations (Table 1). The binding and unbinding times are calculated
from the fitting of the respective cumulative distribution (Figure S2 in the Supporting Information) as in a previous MD
study of the (un)binding of cosolvent molecules from the
FK506 binding protein.[32, 33] The binding times are similar
ChemMedChem 0000, 00, 1 – 8
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Figure 3. Maps of cosolvent/bromodomain contact frequencies. The surface of the protein is colored according to the percentage of MD snapshots in which
the center of mass of any of the 50 molecules of cosolvent is within 0.7 nm of any nonhydrogen atom of the protein. The structures in the first and third columns are oriented such that the acetyl-lysine binding pocket is perpendicular to the plane of the image. The structures in the second and fourth columns are
obtained by 1808 rotation around a horizontal axis in the plane of the image. These maps show that, for all three cosolvents and both bromodomains, the
acetyl-lysine binding pocket is the main binding site.

(factor of five between the slowest and fastest) for the three
cosolvents and two bromodomains, which is a consequence of
diffusion-limited binding as the three cosolvents used in this
study have similar size and polarity. Methanol, the smallest of
the three cosolvents investigated here, has the lowest occupancy of the acetyl-lysine binding site for both bromodomains,
which is due to its short residence times (about 1 ns). DMSO
and ethanol have higher occupancy than methanol because of
longer residence time (2.4–26 ns) and similar binding time. The
slower unbinding of DMSO and ethanol with respect to methanol might be a consequence of their slightly larger size and/or
hydrophobicity. Each of the three cosolvents has similar unbinding times for the two bromodomains. The only exception
is the three times longer unbinding time of DMSO from
CREBBP compared with BAZ2B. It is interesting to note that
this simulation result is consistent with the higher affinity of
DMSO for CREBBP than for BAZ2B (Table 1), as measured by
a peptide-displacement assay[4, 49] with AlphaScreen technology.[50] The experimental results indicate how strongly DMSO
competes with an acetylated histone peptide that is a known
ligand of the corresponding bromodomain. Note that the competition experiments do not measure directly the cosolvent
dissociation constant and therefore a perfect agreement between experimental measurements and dissociation constants
derived from the simulations is not expected.
 2013 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Conclusions
The simulations of bromodomains in pure water show that the
occupancy of the conserved water molecules depends on the
orientation of the ZA-loop. In the simulations with cosolvent,
most of the structured water molecules at the bottom of the
acetyl-lysine binding pocket can be transiently displaced by
ethanol or methanol. The heterogeneous occupancy of the
structured water molecules revealed by the MD simulations is
helpful for ligand design, for example, in deciding which of the
structured water molecules to take into account for highthroughput docking campaigns. Furthermore, the water molecules displaced by (m)ethanol can be used directly in ligand
design, where the inclusion of hydroxy substituents in the
ligand so as to map the positions of these displaced structured
water molecules could give rise to an increase in binding affinity.

Experimental Section
Simulation protocols: The coordinates of CREBBP and BAZ2B were
downloaded from the protein database (PDB codes: 3DWY[10] and
3G0L[2] , respectively).[51] To reproduce neutral pH conditions, the
side chains of aspartates and glutamates were negatively charged,
those of lysine and arginine residues were positively charged, and
ChemMedChem 0000, 00, 1 – 8
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and chloride ions, the parameters
for which are from the CHARMM
PARAM22 force field,[52] were
added randomly by replacing
noncrystallographic water molecules to compensate for the total
charge of each bromodomain and
to approximate an ionic strength
of about 150 mm. The MD simulations were carried out with Gromacs 4.5.5[53] using the CHARMM
PARAM22 force field[52] and the
TIP3P model of water.[54] Parameters for the three cosolvents were
determined according to the
CHARMM general force field.[55]

Periodic boundary conditions
were applied and electrostatic interactions were evaluated using
the particle-mesh Ewald summation method.[56] The van der Waals
interactions were truncated at
a cutoff of 1.0 nm. The MD simulations were performed at constant temperature (310 K) using
the velocity rescaling thermostat
and constant pressure (1 atm).[57]
The
LINCS algorithm was used to
Figure 4. Reversible binding and major binding modes. a) Time series of distance between the center of the
fix
the
covalent bonds involving
acetyl-lysine binding site in CREBBP and the closest DMSO molecule. Different DMSO molecules are “labeled” by
hydrogen atoms, and a time step
different colors. b) The most populated binding mode of DMSO from the MD simulations of CREBBP. DMSO is
shown by sticks colored by atomic element (O: red; S: yellow; C: green (pose obtained by MD) or magenta (bindof 2 fs was used in all runs. Before
ing mode in crystal structure PDB code: 3P1E[10]). The surface of CREBBP is colored by atomic element (C: yellow;
each MD simulation, the whole
N: blue; O: red). The same is shown for c) methanol and d) ethanol. The pose obtained by MD for methanol and
system was relaxed by energy
ethanol is similar to the binding mode of 1,2-ethanediol (C atoms in magenta) in the second bromodomain of
minimization until the maximal
[10]
TAF1 (PDB code: 3UV4 ).
force on individual atoms was
smaller than 100 kJ mol 1 nm 1.
After the minimization, initial
atomic velocities, corresponding to the Boltzmann distribution at
a temperature of 310 K, were randomly assigned and a constrained
MD run was performed for 1 ns. During the constrained simulations, heavy atoms of the protein were fixed to their initial positions with a force constant of 1000 kJ mol 1 nm 1. The constraints
were released, and the system was equilibrated for 10 ns before
data collection for analysis. For each of the two bromodomains
(CREBBP and BAZ2B), four independent 1 ms MD runs without cosolvent were carried out. In addition, two independent MD runs of
0.5 ms each were performed for each of the six cosolvent/bromodomain systems. Details of the simulation protocol are given in the
Supporting Information.
Figure 5. Water displacement by cosolvent: Time series of occupancy of ethanol (grey dots) or water (black dots) at each of the seven positions of structured water molecules along one of the two simulations of BAZ2B carried
out in the presence of 50 molecules of ethanol molecules.

the histidine side chains were neutral. For each bromodomain, the
crystal water molecules close to the binding site and with low
B factor values were kept while the remaining water molecules
were deleted. Subsequently, the structure was solvated in a water
box, the size of which was chosen to have a minimal distance of
1.1 nm between the boundary and any atom of the protein. Fifty
molecules of methanol, ethanol, or dimethylsulfoxide (DMSO) corresponding to a concentration of 440 mm were placed randomly in
the bulk water. Solvation water molecules within 0.24 nm of any
heavy atom of the protein or the cosolvent were removed. Sodium
 2013 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Analysis: The analysis of the MD trajectories was carried out with
CHARMM[58] and the MD analysis tool WORDOM.[59] Occupancy of
each of the seven positions of the structured water molecules was
determined using the triplets of binding site atoms listed in
Table S1 in the Supporting Information.
Clustering according to pairwise RMSD of the cosolvent atoms was
carried out using the leader algorithm as implemented in
WORDOM. First, the structural overlap was determined using the
bromodomain carbon atoms excluding those in the flexible regions, i.e., the ZA and BC loops and the five terminal residues.
Upon overlap of the bromodomain structures, the RMSD was evaluated for the nonhydrogen atoms of the cosolvent molecule closest to the acetyl-lysine binding site. A threshold value of 0.2 nm for
ChemMedChem 0000, 00, 1 – 8
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Table 1. Thermodynamics and kinetics of cosolvent binding.
Simulation results
koff/kon[a] [mm]
Occupancy[b] [%]

Protein

Cosolvent

ton [ns]

toff [ns]

BAZ2B

methanol
ethanol
DMSO

1.1
0.7
2.6

0.9
2.4
8.9

543
124
128

CREBBP

methanol
ethanol
DMSO

0.5
1.0
2.1

1.3
4.5
26

176
94
36

KD[c] [mm]

Experimental data
Affinity[d] [mm]

54
82
67

375
97
218

–
–
347

55
86
75

360
71
147

–
–
18

[a] Dissociation constant evaluated as the quotient of koff and kon which are derived from fitting of the cumulative distributions of unbinding times and
binding times, respectively (Figure S2 in the Supporting Information). The characteristic time of the slow phase of the double-exponential fitting is used to
calculate the binding rate kon = 1/(ton[cosolvent]) and unbinding rate koff = 1/toff. The concentration of the cosolvent in the simulation box is 440 mm. The
distance between the binding site center and the mass center of the cosolvent is used to monitor binding. The binding site center of CREBBP is defined
by the geometric center of the carbon a atoms of residues Pro 1110, Pro 1114, Tyr 1125, and Asn 1168. The binding site center of BAZ2B is defined by the
geometric center of the carbon a atoms of residues Pro 1888, Pro 1892, Tyr 1901 and Asn 1944. The threshold distances used for the calculations of binding
and unbinding times are 0.4 nm and 0.8 nm, respectively. Results with different cutoff combinations are listed in Table S3 in the Supporting Information.
Using binding cutoffs in the range 0.3–0.5 nm and unbinding cutoffs in the range 0.7–0.9 nm results in differences in KD smaller than a factor of three.
[b] The occupancy of the active site was determined using the same threshold for the distance between the binding site center and the mass center of
the cosolvent as for the unbinding kinetics (0.8 nm). [c] Dissociation constant (KD) calculated from occupancy of acetyl-lysine binding site using KD = [cosolvent] [unbound protein]/[bound protein] = [cosolvent] (100 occupancy)/occupancy. The robustness of the occupancy upon changes in the threshold is
shown in Figure S3 in the Supporting Information. Using threshold values ranging from 0.5 to 0.9 nm results in differences in KD smaller than a factor of
two. [d] Experimental value of binding affinity measured by AlphaScreen peptide displacement assay.[4,49]

the RMSD from the cluster representative was used for assigning
a snapshot to a cluster.
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