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ABSTRACT: The high-throughput docking protocol called
ALTA-VS (anchor-based library tailoring approach for virtual
screening) was developed in 2005 for the eﬃcient in silico
screening of large libraries of compounds by preselection of
only those molecules that have optimal fragments (anchors)
for the protein target. Here we present an updated version of
ALTA-VS with a broader range of potential applications. The
evaluation of binding energy makes use of a classical force ﬁeld
with implicit solvent in the continuum dielectric approximation. In about 2 days per protein target on a 96-core compute cluster
(equipped with Xeon E3-1280 quad core processors at 2.5 GHz), the screening of a library of nearly 77 000 diverse molecules
with the updated ALTA-VS protocol has resulted in the identiﬁcation of 19, 3, 3, and 2 μM inhibitors of the human
bromodomains ATAD2, BAZ2B, BRD4(1), and CREBBP, respectively. The success ratio (i.e., number of actives in a
competition binding assay in vitro divided by the number of compounds tested) ranges from 8% to 13% in dose−response
measurements. The poses predicted by fragment-based docking for the three ligands of the BAZ2B bromodomain were
conﬁrmed by protein X-ray crystallography.

■

a set of 103 to 104 parent molecules than the docking of a
multimillion compound library and, importantly, the high
accuracy of docked poses of fragments.5,7−9 The successful
identiﬁcation of hit compounds by the ALTA-VS approach has
been reported for several protein targets.10−14
Here we report on an updated version of the ALTA-VS
method, which has three improvements with respect to the
original protocol.10,11 First, a single anchor fragment is required
for ﬂexible ligand docking instead of three fragments as in the
original version of ALTA-VS. Second, it employs an energy
function without any ﬁtting parameters. These two improvements result in a broader range of applicability, in particular to
protein targets with a small binding site and/or for which
inhibitors have not been disclosed. Third, we make use of a
transferable force ﬁeld which treats in a consistent way the
parameters of proteins (CHARMM36)15 and organic compounds (CGenFF).16,17
Bromodomains are left-handed four-helix bundles of about
110 residues.18 The 61 human bromodomains, found in 46
proteins, bind acetylated peptides and in particular acetylated
histone tails.19 The bromodomain binding pocket has been
heavily investigated, both in complex with physiological ligands
or with synthetic small molecules.20 The binding pocket of the
natural ligand (acetylated lysine in histone tails and other
proteins) is formed on one of the two ends of the four-helix
bromodomain fold by the loop connecting the helix αZ and αA,

INTRODUCTION
In vitro fragment-based drug design is an attractive strategy to
cover the chemical space of binders at a reduced cost and a
more eﬃcient approach than brute force high-throughput
screens.1 On the computational side, high-throughput docking
is a valuable asset when it comes to ﬁnding small molecule
binders of proteins.2,3 It can enrich screening libraries usually
with 1% to 10% hit rates.4,5 Recently, evidence has accumulated
on the success of fragment−hit identiﬁcation with force ﬁeldbased approaches which make use of explicit6 or implicit
solvent treatment.5,7−9
In 2005, an eﬃcient computational approach that combines
the advantages of high-throughput docking with those of
fragment-based hit identiﬁcation was introduced.10,11 The
computational protocol was later called anchor-based library
tailoring approach for virtual screening (ALTA-VS, Figure 1).12
ALTA-VS is a four-step protocol: (1) decomposition of the
chemical library into its essential rigid fragments; (2) docking
of the fragments and evaluation of binding energy (with
generalized Born approximation of electrostatic solvation
eﬀects); (3) ﬂexible docking of the parent molecules that
contain the top ranking fragments which are used as
noncovalent binding anchors during docking (three anchor
fragments for each parent molecule in the original version of
ALTA-VS); and (4) energy minimization with ﬁnal evaluation
of binding energy including desolvation eﬀects in the
continuum dielectric approximation (ﬁnite-diﬀerence Poisson
equation). An essential element of the ALTA-VS approach is
the much higher eﬃciency of the fragment-anchored docking of
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Figure 1. Anchor-based library tailoring approach for virtual screening (ALTA-VS). A chemical library, with up to tens of millions of compounds, is
decomposed in nonrotatable fragments, which are docked and scored. Parent compounds containing the top ranking fragments are retrieved and
docked with tethering of the fragment headgroup. Those docked molecules are then further energy minimized with a force ﬁeld and evaluation of
electrostatic desolvation eﬀects by the ﬁnite-diﬀerence Poisson approach. Thus, the ALTA-VS protocol selects 10−102 compounds for in vitro
validation (bottom, left panel) from libraries of 105−107 molecules (top, left) by docking only 103−104 fragments (top, middle) and 103−104
compounds (bottom, middle).

be synthesizable, which is not a limitation as the ﬁnal ranking
and selection for experimental validation are done for the
original compounds (Figure 1).
In the second step, the fragment library is docked with the
program SEED26,27 which requires about one second per
fragment.5 SEED docks the rigid fragments in the target
binding pocket by an exhaustive search with intermolecular
hydrogen bond distances as restraints. For each fragment
position and orientation the binding energy is evaluated with a
force ﬁeld and the generalized Born implicit solvation model is
used to approximate the electrostatic contribution to the
binding free energy.28
For the third step, the fragments with the most favorable
calculated binding energy are selected. Their parent compounds are retrieved and docked with a ﬂexible docking tool.
Here we used RDock,29 which is adequate for the ALTA-VS
approach as it can dock compounds with a tethered
substructure. For each parent compound, the substructure
corresponding to the docked fragment is tethered in the
binding pocket and the orientation of the rest of the molecule is
optimized by a search in the space of rotatable bonds. Flexible
docking software usually employ a very crude approximation of
the binding free energy, especially for the solvation and
torsional energies. Those approximations can lead to
implausible binding poses, which result in a large amount of
false positives in the top ranked compounds. Moreover,
previous reports have emphasized the diﬃculties in docking

called ZA loop, and the loop linking the αB and αC helices,
named BC loop. The bromodomain family has high therapeutic
interest, with 14 inhibitors currently in clinical trials.21,22 Their
crucial implication in epigenetics aﬀects gene expression with
potential involvement in cancer, inﬂammation, and neurological
diseases.23
The new version of ALTA-VS is applied here to screen a
library of nearly 77 000 compounds for the bromodomains of
ATAD2, BAZ2A, BAZ2B, BRD4(1), and CREBBP. In contrast
to previous in silico screening campaigns which focused each
on a single protein target and made use of diﬀerent
libraries,5,24,25 the same protocol (updated ALTA-VS) and
library were employed in the present study for ﬁve related
proteins. The updated ALTA-VS protocol has led to the
discovery of 27 small-molecule inhibitors with micromolar
potency for the target bromodomain and, in particular, 15
compounds with an aﬃnity below 100 μM. Furthermore, the
predicted binding mode of the three inhibitors of the BAZ2B
bromodomain was conﬁrmed by protein X-ray crystallography.

■

THEORY
The ALTA-VS strategy consists of four steps here illustrated in
detail. The ﬁrst step is the decomposition of each molecule of
the library into rigid fragments, which are deﬁned such that all
rotatable bonds are cut. The original library is usually a
collection of commercially available compounds. In contrast,
the generated fragment library includes molecules that may not
B
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highly ﬂexible compounds.30 In the ALTA-VS approach the size
of the conformational space of ﬂexible ligands is reduced
substantially by fragment anchoring. The original implementation of the ALTA-VS procedure12 made use of the SEED
docking of fragments in three diﬀerent subpockets and
subsequent linkage of the fragments with a ﬂexible docking
algorithm developed in-house called FFLD.31 This approach
required the empirical deﬁnition of three subpockets, which
might not be possible for targets with small and/or shallow
binding site. For instance, one can hardly deﬁne three
subpockets in the binding site of bromodomains.32 The
availability of open source software for ﬂexible docking with
possibilities of substructure tethering such as RDock gave us
the opportunity to sample docking positions of putative ligands
with a single anchored head group.
Once the molecules are docked, the fourth and last step
consists in minimizing the energy of the poses and rescoring
them, i.e., estimating their binding free energy. Here, we
employ the Poisson equation solver33 of the CHARMM
package34 to compute the electrostatic component of the
binding process, including solvation energy, and add the
electrostatic term to the ligand/bromodomain van der Waals
energy. Importantly, a force ﬁeld-based energy function was
used here without any ﬁtting parameters, while the original
ALTA-VS protocol used a scoring function based on a linear
interaction energy model with two multiplicative parameters for
van der Waals and electrostatics contributions, respectively.12

bonds were deﬁned according to the following SMARTS
pattern: [!$([NH]!@C(O))&!D1&$(*#*)]&!
@[$([NH]!@C(O))&!D1&!$(*#*)]. Missing valences
were ﬁlled with a hydrogen atom, which only for a small
number of fragments led to spurious hydrogen-bond donors.
The generated virtual fragments were subsequently uniquiﬁed
with Open Babel,38 which led to 6436 rigid fragments. In a next
step, we prepared the fragments for docking with SEED. The
software CGenFF 1.0 was used to assign CGenFF 3.0.1
parameters to the fragments.16,17 After parametrization and
preparation, 6406 fragments were left for docking, which
corresponds to a loss of only 0.5% of the fragments during the
parametrization.
Preparation of Protein Targets. Crystal structures of
proteins were selected with a preference for those solved in the
laboratory of the authors and according to the following
rationale: (1a) does an in-house holo crystal structure exist? Yes
for BAZ2B (PDB code 5e73), BRD4(1) (4pci), and CREBBP
(4tqn). (1b) If not, is there a holo crystal structure available in
the literature? Yes for ATAD2 (5a5r) and BAZ2A (4bqm). (2)
We chose the structure with the most potent small organic
binder at the time of the study (in-house for 1a and in the PDB
for 1b), with the exception of BAZ2A for which a single holo
structure was available bound to an acetylated histone tail
peptide. Hydrogen atoms of the protein and the six structurally
conserved water molecules19 were added and minimized with
CHARMM.34 The minimization took place in the presence of
the ligand of the crystal structure. Heavy atoms were ﬁxed,
while added atoms were free to move during a two-stage
minimization in vacuo which consisted of 5000 steps of steepest
descent and 100 000 steps of conjugate gradient with
convergence threshold based on the energy gradient of 0.01
kcal/(mol Å). The convergence threshold was reached in all
case.
Docking and Selection of Anchor Fragments. Docking
of fragments was carried with our in-house docking software
SEED26,27 with the same protocol for the ﬁve bromodomains.
The six conserved water molecules were considered part of the
receptor. The binding site was deﬁned by two residues and two
structurally conserved water molecules. The two residues are
the evolutionary conserved asparagine whose side chain is
involved in a hydrogen bond with the acetyl group of the
natural ligand (Asn1064 for ATAD2, Asn1873 for BAZ2A,
Asn1944 for BAZ2B, Asn140 for BRD4(1), Asn1168 for
CREBBP), and the central residue of the so-called WPF shelf
(Val1008 for ATAD2 which has an RVF shelf, Pro1817 for
BAZ2A, Pro1888 for BAZ2B, Pro82 for BRD4(1), Pro1110 for
CREBBP). The two water molecules are the one that bridges
the acetyl group to the conserved tyrosine (Tyr1021 for
ATAD2, Tyr1830 for BAZ2A, Tyr1901 for BAZ2B, Tyr97 for
BRD4(1), Tyr1125 for CREBBP) and the conserved water
molecule the farthest from it (HOH3081 for ATAD2,
HOH2214 for BAZ2A, HOH2138 for BAZ2B, HOH381 for
BRD4(1), HOH1339 for CREBBP). The interior dielectric
constant of the protein was set to 2.0, and the solvent dielectric
constant, to 78.5.
Following previous evidence of the importance of key
hydrogen bonds as a ﬁlter,13 we discarded the fragments that
did not have any hydrogen bond-acceptor atom within a
distance of 4 Å from the side chain nitrogen of the conserved
asparagine. Three energy-based functions were used to ﬁlter
compounds from the diﬀerent energy components calculated
by SEED: Delta electrostatics, total energy eﬃciency, and

■

EXPERIMENTAL SECTION
Assembly of the Screening Library. The chemical
library35 of the Lausanne Bioscreening Facility was used here
because it is a large collection of diverse compounds which are
commercially available. The library we assembled from their
service contained 76 731 chemically diverse molecules from
seven vendors (see Supporting Information, section S1).
We used the ChemAxon software suite to prepare the library,
with a special focus on protonation and tautomeric states. To
the best of our knowledge and at the time of the study, the
ChemAxon software suite relied on the largest training set for
organic molecule pKA calculations.36 The electronic library was
processed and cleaned with the Calculator Plugins of Marvin
15.1.5.0, 2015, ChemAxon (www.chemaxon.com) with the
following steps:
• ChemAxon structurechecker module to check for
aromaticity and valence issues.
• ChemAxon stereoisomers module to generate a maximum of four stereoisomers per molecule.
• ChemAxon dominanttautomerdistribution module to
generate tautomers (protomers) at pH 7.2, ﬁltering out
structures with a predicted occupancy below 25%.
• ChemAxon leconformer module to generate one clean
conformer per molecule (optimization level 3, MMFF94,
in vacuo).
This preparation protocol generated 135 840 structures,
corresponding to 75 830 unique molecules. Thus, the loss of
molecules was about 1%. Chemical library properties, e.g.,
molecular weight, number of hydrogen bond donors, heavy
atom count, are available in the Supporting Information,
section S1.
Fragmentation of the Library. The molecules were
fragmented into their essential rigid fragments by cutting all
rotatable bonds with a script relying on the RDKit.37 Rotatable
C
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Table 1. Statistics of the ALTA-VS Protocol in the Five Bromodomains
number of fragments (out of 6406)
unique parent compounds
conformers generated by the RDKit
conformers tethered by RDock
poses obtained by docking
poses minimized and scored after clustering (of X unique
compounds)

ATAD2

BAZ2A

BAZ2B

BRD4(1)

CREBBP

142
2954
21831
19861
393620
202541 (2819)

137
894
9095
5122
102440
85889 (636)

184
2791
22408
15255
305100
168680 (1997)

210
2520
20456
10269
205380
114293 (1290)

192
2476
20521
10209
204180
105264 (1254)

parameters were set as default. Twenty docking runs were
carried out for each bromodomain/small molecule pair.
Rescoring and Selection of Compounds. Poses were
clustered to avoid redundant binding modes with the RDKit
(threshold of 1 Å) and converted to CHARMM ﬁle formats.
Statistics on number of poses and compounds are in Table 1. A
total of 676 667 poses were energy minimized by CHARMM
which was used also to evaluate the electrostatic contribution to
the binding free energy by ﬁnite-diﬀerence Poisson calculations.
During minimization the bromodomain atoms and six
conserved water molecules were kept rigid. The minimization
protocol consisted of 500 steps of steepest descent followed by
10 000 steps of conjugate gradient, with a tolerance of the
energy gradient of 0.01 kcal/(mol Å). A distance-dependent
dielectric constant of 4r (where r is the distance between
atomic nuclei, i.e., positions of partial charges) was used during
the minimization to avoid in vacuo minimization artifacts.44,45
The CHARMM pbeq module was used for the ﬁnite-diﬀerence
Poisson calculations on the minimized structures.33 The
dielectric constant was set to 4.0 for the solute (bromodomain,
six structural waters and ligand) and to 78.5 for the solvent.
The dielectric constant of 4.0 for the solute is a factor of 2.0
larger than the one used for docking the fragments (in the
generalized Born calculations in SEED). It was chosen to
partially account for the ﬂexibility of the ZA loop, which is
more relevant for the docking of the parent compounds than
the head groups. The grid for the Poisson equation calculation
was centered on the center of mass of the protein, with a
nonfocused grid spacing of 1.0 Å and a focused grid spacing of
0.3 Å. The number of grid points was automatically calculated
in each dimension as (40 + (X, Y, Z)max − (X, Y, Z)min)/1.0 for
the nonfocused grid and (10 + (X, Y, Z)max − (X, Y, Z)min)/0.3
for the focused grid. The 40 and 33 (= 10/0.3) additional grid
points in each dimension for the unfocused and focused grid,
respectively, are required to extend the boundary by 20 and 5
Å. The ionic strength was set to zero as it has little inﬂuence on
the single point calculations of the binding free energy of
protein−ligand complexes typical in pharmaceutical applications.46−49 In the absence of an ionic atmosphere the Poisson−
Boltzmann equation reduces to the Poisson equation. Similarly,
no term was included for the nonpolar contribution to the free
energy of solvation.50−54
After energy minimization, some docked poses could move
out of the asparagine subpocket because of unrealistically
strained conformations or strongly unfavorable contacts. A ﬁlter
was applied again to keep only compounds that interact with
the conserved asparagine (distance <4.0 Å to the side chain
nitrogen atom). Upon ﬁltering, the top 100 compounds
according to Delta electrostatics, and top 100 according to
total energy eﬃciency were selected for each bromodomain.
Some of these compounds were discarded as they contained
chemotypes of known bromodomain inhibitors (e.g., dimethy-

electrostatic eﬃciency. The Delta electrostatics is the diﬀerence
between the fragment/receptor electrostatic interaction and the
electrostatic free energy of hydration of the fragment (both
calculated with the generalized Born approach). It measures the
intermolecular electrostatic interaction relative to the free
energy of solvation of the fragment assuming a rigid
conformation of both protein and fragment. The total energy
eﬃciency is the total binding free energy divided by the number
of non-hydrogen atoms (HAC = heavy atom count), which
tends to penalize large ligands. The electrostatic eﬃciency is the
fragment/receptor electrostatic interaction divided by HAC.
This term tends to favor compounds with favorable electrostatic interaction with the protein, normalized by the number of
heavy atoms to avoid a systematic bias toward large polar
compounds.
For each of the ﬁve bromodomains, the top 150 fragments
were selected individually based on Delta electrostatics, total
energy eﬃciency, and electrostatic eﬃciency. Then, the
fragment selections between targets were compared to be
mutually exclusive for each target. In other words, only
fragments selected for a single bromodomain were retained, i.e.,
promiscuous fragments were discarded. This resulted in a
number of fragment ranging from 137 (for BAZ2A) to 210 (for
BRD4(1), Table 1). Interestingly, the numbers of fragments
passing the ﬁlters reﬂect the druggability of the related
bromodomains: BRD4(1) is considered the most promiscuous
of the 61 human bromodomains, followed by CREBBP.39
BAZ2B is usually considered a diﬃcult target,40 but the fast
growing number of binders7,41 would tend to rank it as a
midrange druggability target. The bromodomains of BAZ2A
and ATAD2 have been reported as very diﬃcult targets.42 They
were also the two bromodomains with the smallest number of
fragments identiﬁed by ALTA-VS.
Docking of Parent Compounds. The number of parent
compounds of the top ranking fragments ranged from 894 (for
BAZ2A) to 2954 (for ATAD2) (Table 1). Docking was then
carried out with RDock, a ﬂexible docking software, by
tethering the fragment in the pose it had after SEED fragment
docking. Diverse conformers of the parent compounds were
generated with RDKit, using the ETKDG algorithm.43 Fifty
conformer generation runs were used per molecule and a
threshold of diversity of 2 Å between conformers. Tethering
was performed with the helper script of RDock, which relies
partly on Open Babel, leading to some loss during the
automatic detection of substructures in molecules. For ﬂexible
ligand docking, the binding site deﬁnition made use of a radius
of 10 Å around each atom of the crystal ligand for all
bromodomains except BAZ2A. Since BAZ2A had an acetylated
peptide as ligand, we used the ligand of the closest analog,
BAZ2B, after structural superposition. During the docking runs,
the conserved water molecules were kept ﬁxed and the
compounds’ head groups tethered as explained earlier. Other
D
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values. Out of these 68 molecules, the number was reduced to
39 mostly because of compound solubility, chemical novelty,
and cost management. The binding aﬃnity were investigated
with the same assays as described before, with a curve ﬁtting of
10-point dose responses for the AlphaScreen assay (ATAD2,
BRD4(1), and CREBBP) and a curve ﬁtting of 12-point dose
responses in duplicates for the BROMOscan assay (BAZ2A,
BAZ2B) (dose−response curves in the Supporting Information,
section S3). Positives controls were as follows: JQ157 for
ATAD2 (IC50 = 64 μM) and BRD4(1) (IC50 = 0.02 μM),
SGC-CBP3058 for CREBBP (IC50 = 0.08 to 0.15 μM), and
undisclosed for BAZ2A and BAZ2B.
It is important to provide evidence of speciﬁc binding for the
active compounds. The 26 compounds that showed activity in
dose−response assays were negative in tests for known panassay interference (PAINS) substructures at the FAF-Drugs4
Web server.59 Furthermore, the 26 actives resulted negative in a
test for known aggregation substructures or properties at the
Aggregator Advisor Web server.60
X-ray Crystallography. BAZ2A and BAZ2B bromodomains were produced and crystallized as described previously.61
Brieﬂy, proteins were puriﬁed by IMAC, followed by buﬀer
exchange, tag removal by TEV protease, a second IMAC and a
size-exclusion chromatography. Complexes with the compounds of interest were obtained by cocrystallization for
BAZ2A and by soaking for BAZ2B. Compounds were dissolved
in the crystallization solution devoid of DMSO and MPD,
which bind to the binding pocket of bromodomains.62
Diﬀraction data were collected at the Elettra Synchrotron
Light Source (Trieste, Italy), XRD1 beamline (PDB codes
5OR8 and 5OR9) and at the Swiss Light Source, Paul Scherrer
Institute (Villigen, Switzerland), beamline PXI (PDB code
5ORB). Data were processed with XDS63 and Aimless;64 high
resolution cutoﬀ was selected according to Karplus and
Diederichs.65 BAZ2B crystals soaked with compound 30 were
strongly anisotropic: ellipsoidal diﬀraction data were treated
making use of the STARANISO server (http://staraniso.
globalphasing.org/cgi-bin/staraniso.cgi). Structures were solved
by molecular replacement with Phaser66 using PDB 4IR5 as
search model for BAZ2B and PDB 5MGJ for BAZ2A. Initial
models were reﬁned alternating cycles of automatic reﬁnement
with Phenix67 and manual model building with COOT.68

lisoxazole and acetylbenzene derivatives), or were commercially
unavailable (in January 2016). Finally, 142 molecules (out of
186) were selected for testing for ATAD2, 30 (of 65) for
BAZ2A, 25 (of 67) for BAZ2B, 38 (of 152) for BRD4(1), and
25 (of 163) for CREBBP (Table 2). Only a fraction of
Table 2. Summary of Experimental Results Per Targeta
ATAD2 BAZ2A
N tested
active in single
dose
IC50/KD <
400 μM
IC50/KD <
100 μM
X-ray
structures

BAZ2B

BRD4(1)

CREBBP

total

142
44

30
3

25
10

38
9

25
2

260
68

19

0

2

3

2

26

10

0

2

2

1

15

N/A

1

2

N/A

N/A

3

a

Actives in single dose were deﬁned by using a threshold of less than
65% inhibition of the competitor ligand. Values of IC50 were measured
for ATAD2, BRD4(1), and CREBBP by AlphaScreen, while KD values
were measured for BAZ2A and BAZ2B by BROMOScan. X-ray
crystallography was carried out only for the BAZ2A and BAZ2B
bromodomains.

compounds were selected for the bromodomains of BRD4(1)
and CREBBP as many of the top ranking compounds showed
some similarity with known inhibitors of these two highly
targeted bromodomains. Furthermore, for four of the ﬁve
bromodomains several compounds were discarded because of
close similarity among each other (e.g., pairs of molecules
diﬀering by a single halogen atom) while for ATAD2 almost all
top ranking compounds were purchased because of the low
druggability of this target and to generate some initial SAR. All
the scoring and experimental data of the purchased compounds
are available in the Supporting Information, section S5,
including smiles chemical format depiction.
Validation Assays. Competition binding assays were
performed to verify which compounds were true binders of
their respective targets. Molecules were ﬁrst tested in a single
dose experiments at high concentration depending on the
solubility (between 50 μM and 500 μM). In all cases, the
DMSO concentration was 0.1%, except for ATAD2 for which it
was 1%. ATAD2, BRD4(1), and CREBBP experiments were
carried out by AlphaScreen assays55 at Reaction Biology Corp.
The AlphaScreen assay makes use of a donor bead (on the
competitor molecule) that can transfer singlet oxygen to an
acceptor bead (on the bromodomain target) when the two
beads are in close proximity (<200 nm). The acceptor bead
then emits a luminescent signal. When a compound binds the
target, the donor/acceptor complex is disrupted, leading to a
loss of singlet oxygen transfer and loss of the signal. The donor
was histone H4 peptide (1−21) K5/8/12/16Ac-Biotin for
ATAD2, CREBBP, and BRD4(1). The BAZ2A and BAZ2B
assays were performed at DiscoverX with the BROMOscan
proﬁling service.56 The BROMOscan assay is a competition
binding assay based on DNA-tagged bromodomain and
quantitative PCR. The ligand used for the assay is proprietary
and undisclosed.
The 68 compounds exhibiting a remnant binding of the
competitor below 65% with respect to DMSO solution (Table
2) were considered for dose−response assays, i.e., determination of IC50 (ATAD2, BRD4(1), and CREBBP at Reaction
Biology Corp.) and KD (BAZ2A and BAZ2B at DiscoveRX)

■

RESULTS AND DISCUSSION
ALTA-VS Identiﬁes Binders for Four of the Five
Bromodomains. The binding free energy of nearly 700 000
poses was evaluated upon minimization and ﬁnite-diﬀerence
Poisson calculation of the electrostatic contribution to
desolvation (see the Experimental Section). The top 25−38
compounds were selected for 4 of the 5 bromodomains, while
142 compounds were retained for ATAD2, which is a very
diﬃcult target.69 Evaluation of the 260 compounds was
performed by competition-binding assays (AlphaScreen at
Reaction Biology Corp. and BROMOscan at DiscoverX). A
total of 68 compounds (26%) showed less than 65% binding of
the competitor molecule in single dose experiments at
maximum dilution concentration (between 50 and 500 μM
for most compounds). Thirty-nine of the 68 single-dose actives
were evaluated in dose−response assays. The remaining 29
molecules were not considered further because of solubility
and/or novelty considerations. Of the 39 single-dose actives
that underwent dose−response measurements, 26 compounds
showed an aﬃnity below 400 μM, and 15 compounds below
E
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Table 3. In Vitro Results for the 26 Compounds That Showed Activity in a Dose−Response Assay and Compound 30a

F
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Table 3. continued

a

Aﬃnities measured for the BAZ2B bromodomain are KD values, while for the other bromodomains, they are IC50 values measured by AlphaScreen.
The single-dose value is the percentage of remaining binding of the competitor molecule with respect to DMSO solution at the compound
concentration shown in [μM]; thus, smaller single-dose values reﬂect stronger binding of the tested molecule. The compounds are ordered according
to the aﬃnity. The star indicates the hydrogen bond acceptor that is predicted to be involved in the hydrogen bonds with the side chain of the
conserved asparagine and the water molecule bridging to the conserved tyrosine. X-ray structures were solved for the complexes of compound 1 and
BAZ2A (PDB code 5OR8), compound 13 and BAZ2B (5OR9), and compound 30 and BAZ2B (5ORB).
b

100 μM (Table 2). Compound 30 showed signiﬁcant inhibition
of the BAZ2B bromodomain at a single dose of 50 μM but did
not show activity in the dose−response assay. It is a

competitive binder as its crystal structure in complex with
BAZ2B conﬁrmed that it binds in the pocket of the natural
ligand (see below). The deﬁnition of an aﬃnity threshold is not
G
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Figure 2. Comparison of binding modes from docking into BAZ2B (carbon atoms of ligands in salmon) and crystallography (carbon atoms of
ligands in green). Two orientations are shown for each complex (top and bottom panels, respectively). van der Waals contacts (yellow dashed lines)
with adjacent protein chains (blue) are labeled with the distance in angstroms (red). (A) Binding mode of compound 1. The crystal pose has been
solved in complex with BAZ2A (PDB code 5OR8), while the docking pose originates from BAZ2B. The major diﬀerence in the binding pocket of
BAZ2A versus BAZ2B is the gatekeeper residue: valine (green) in BAZ2A and isoleucine (salmon) in BAZ2B. The diﬀerence in bulkiness between
these residues explains the tilt between head-groups observed in the bottom panel. (B) Binding mode of compound 13 in BAZ2B. A diﬀerent
stereoisomer has been docked than the one crystallized in BAZ2B (PDB code 5OR9), which is also involved in crystal contacts (bottom part). The
headgroup of the docking pose is slightly less buried than in the crystal structure. (C) Binding mode of compound 30 in BAZ2B. The crystal (PDB
code 5ORB) and docking binding modes are essentially identical, with the main diﬀerence laying in the methoxybenzene tail, which contacts an
adjacent protein chain of a crystal symmetric unit and is aﬀected by a signiﬁcant anisotropy (bottom part). All images were rendered using PyMOL,
version 1.8.4, Schrödinger LLC.

PDB code 5OR8), 13 and 30 in BAZ2B (2.0 Å resolution PDB
code 5OR9, and 2.1 Å resolution PDB code 5ORB,
respectively). The binding of 1 to BAZ2A is essentially
identical to the docking pose in BAZ2B (Figure 2, panel A).
The 1,3-dimethyl benzimidazolone headgroup is tilted as
compared to the docking pose, probably due to the diﬀerence
in the gatekeeper residue, as described in previous studies.61,74
The crystal pose of the 1-methyl cyclopentapyrazole headgroup
of compound 13 displays similar contacts with the conserved
asparagine pocket as the docking pose but is less buried (Figure
2, panel B). The rest of the molecule is diﬀerently placed in the
crystal pose compared to the docking pose. This can be
ascribed to one or both of the following causes. First, the
electron density indicates that a single enantiomer is present, or
at least largely predominant, as already observed with other
compounds,7,41 while the other enantiomer was used for
docking. Second, crystal contacts may inﬂuence the binding
mode of the tail group. The ﬂuorophenyl group of compound
13 is in van der Waals contact (3.5, 4.2, and 4.4 Å) with a
symmetric protein chain (Figure 2, panel C). Compound 30,
which contains the same 1-methyl cyclopentapyrazole head-

straightforward. It has been reported by several groups that the
KD values measured by the BROMOscan assay are up to an
order of magnitude more favorable than the IC50 values
obtained by AlphaScreen.5,70−72 We decided to use the same
threshold for both assays because most of the compounds (33
of 39) were evaluated by the Alphascreen assay. If one excludes
BAZ2A (see below), the success ratio (number of actives/
number of tested molecules) ranged from 8% to 13% (19
binders of 142 compounds tested for ATAD2) with the 400μM threshold, and from 4% to 8% (2 binders of 25 compounds
tested for BAZ2B) with the100-μM threshold (Tables 2 and 3).
In addition to the 26 binders identiﬁed in dose−response
measurements, we investigated the binding of compounds 1,
13, 30, 31, and 187 (Supporting Information section S4) by
means of X-ray crystallography. These ﬁve compounds
originate from the docking into BAZ2B and were tested by
crystallography in both BAZ2B and BAZ2A. These two
bromodomains share a very similar binding site, the only
diﬀerence being the gatekeeper residue (valine in BAZ2A,
isoleucine in BAZ2B).73 Crystal structures of three of the ﬁve
molecules were determined: 1 in BAZ2A (2.4 Å resolution,
H
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Figure 3. Orientation of the water molecule bridging to the conserved tyrosine in the structure prepared for BAZ2A (red and white sticks) vs the
correct orientation as used for the other four bromodomains (purple and cyan sticks). (A) One of the two hydrogen atoms in the water of BAZ2A
points toward the α-helix of the protein (red arrow) instead of pointing toward the solvent (black arrow). (B) The water molecule in the BAZ2A
structure cannot act as hydrogen bond bridge with the side chain of the conserved tyrosine, a common feature found in most bromodomain
inhibitors (one example is shown with carbon atoms in orange).

an interesting strategy to ﬁlter out false positive in virtual
screening protocols.76 Diﬀerent scores are thought to
compensate each other for their weaknesses. Here, we depart
slightly from consensus scoring and make use of multiple
ranking schemes according to individual energy contributions.
Three diﬀerent energy terms were used at the fragment
selection stage and two of them are employed for the ﬁnal
ranking of the parent compounds. The three scores used, viz.,
Delta electrostatics, total energy eﬃciency, and electrostatic
eﬃciency, favor diﬀerent molecules. Delta electrostatics highlights the electrostatic complementarity between the receptor
and the molecule and somewhat represents how better the
molecule ﬁts electrostatically in the protein environment rather
than in water. Total energy eﬃciency favors molecules with a
limited number of non-hydrogen atoms and is dominated by
the steric complementarity between the ligand and the
macromolecule (van der Waals interaction). Electrostatic
eﬃciency emphasizes the direct electrostatic interaction
between the ligand and the protein, in particular strong polar
interactions such as charged contacts, weighted by the number
of non-hydrogen atoms. Only Delta electrostatic and total
energy eﬃciency were eﬀectively used at the ﬁnal compound
selection step, electrostatic eﬃciency not selecting any unique
molecule. In other words, all molecules selected because of
electrostatic eﬃciency at the purchase stage were already,
redundantly, chosen because of Delta electrostatics or total
energy eﬃciency. Of note, other combinations of scores and
consensus scoring for fragments or compounds selection would
also ﬁt in the ALTA-VS strategy.
Inactive compounds (false positives in the ALTA-VS) were
deﬁned with a percentage of remnant binding between the
competitor molecule and the protein of at least 65%. Binding
molecules (true positives) were deﬁned as those with an
evaluated binding aﬃnity (IC50 or KD) and/or crystal structure,
although not all molecules with a remnant substrate binding
<65% were evaluated in dose−response assays. Of the 192
inactive compounds (i.e., false positives), 66 were chosen only
because of Delta electrostatics, 60 because of total energy
eﬃciency, and 66 were common to both energy terms used for
ranking (Table 4 and Supporting Information, section S2).
Thus, the three possible combinations of the two energy terms
tend to produce equally false positives. Interestingly, the same
is observed for true positives. Of the 27 actives (26 dose−
response actives and 1 dose−response inactive but with a

group as compound 13, has a binding mode essentially identical
in the crystal structure as in the docked pose. The main
diﬀerence between docking and crystal poses lays in the
position of the methoxybenzene tail, which is again in contact
with a symmetric unit in the crystal pose (4.4, 5.5, and 5.5 Å
contacts, Figure 2), at least in its most abundantly populated
orientation. Compounds 1 and 13 were conﬁrmed binders in
dose−response measurements, unlike 30, which presented
interesting single-dose activity but was not conﬁrmed in dose−
response measurement. The starting dilution for the dose−
response experiment of compound 30 was 50 μM, which is
much smaller than the millimolar concentration used for
soaking into BAZ2B. Furthermore, electron density is clearly
deﬁned for compounds 1 and 13, while it strongly degrades in
the region of the methoxybenzene tail for compound 30,
indicating high mobility and/or multiple conformations for this
part of the molecule. Overall, the docking poses of the three
compounds are similar to the crystal poses: the headgroup is
correctly predicted and the main source of variability comes
from the tails which are partially solvent exposed and seem not
to interact speciﬁcally with the protein.
It is important to note that in vitro experiments were
performed on only 0.03% (for BAZ2B and CREBBP) to 0.2%
(for ATAD2) of the initial library (the nearly 77 000
compounds of the Lausanne Bioscreening Facility). In four
out of the ﬁve targets, micromolar binders were identiﬁed. For
the BAZ2A bromodomain, the three compounds that showed
activity in the single-dose measurement were not conﬁrmed by
the dose−response assay. Out of any consideration of
druggability for this target, we discovered a posteriori a
nonoptimal preparation of the BAZ2A bromodomain structure.
The crucial water molecule that acts as hydrogen-bond bridge
to the side chain of the conserved tyrosine (Tyr1830) was
protonated such that it could not allow for the water-mediated
hydrogen bond (Figure 3). The failure on BAZ2A is due, at
least in part, to the incorrect orientation of the structurally
conserved water molecule as most crystal structures of
complexes of bromodomain inhibitors provide evidence of its
hydrogen-bond bridging role.70 This interaction was unfortunately not possible in our structure. This points out again the
central importance of the preparation of the system for a virtual
screening campaign, to the smallest details.75
Two Energy Terms Used for Final Ranking Show
Similar Predictive Ability. Consensus scoring has emerged as
I

DOI: 10.1021/acs.jcim.7b00336
J. Chem. Inf. Model. XXXX, XXX, XXX−XXX

Article

Journal of Chemical Information and Modeling
Table 4. Analysis of Energy Terms Used for Rankinga

chosen by Delta
electrostatics
chosen by total energy
eﬃciency
chosen only by Delta
electrostatics
chosen only by total
energy eﬃciency
chosen by both Delta
electrostatics and total
energy eﬃciency

inactive in singledose
measurement
(N = 192)

active in singledose
measurement
(N = 68)

IC50, KD,
or crystal
(N = 27)

132

47

17

125

36

15

66

22

10

60

15

10

66

31

7

ranked. This step could be described as a fragment to hit
expansion step. The goal is to grow from low aﬃnity (i.e., high
micromolar to millimolar) fragment binders to low micromolar
hits whose potency can be interesting as starting points for
further optimization in a medicinal chemistry pipeline.
Another big advantage of the ALTA-VS protocol is its cost
and time eﬃciency. For each target, the small molecule library
of nearly 77 000 compounds was investigated by docking only
about 6000 fragments, followed by fragment-anchored docking
of 1000 to 3000 parent molecules (more precisely 10 000 to
20 000 conformers), generating 100 000 to 200 000 poses for
ﬁnal minimization and ﬁnite-diﬀerence Poisson calculations
(Table 1). If we consider a simple ﬂexible docking protocol on
the 77 000 molecules and extrapolate from our numbers, we
would have ended up with roughly 10 million poses to be
minimized per target, meaning an overall cost of ∼50 million
ﬁnite-diﬀerence Poisson single point calculations for this
project. On a relatively small protein like a bromodomain,
the ∼50 million ﬁnite-diﬀerence Poisson calculations would
have required ∼1 to 2 million CPU h on a cluster with
commodity processors (Xeon E3-1280 processors at 2.5 GHz
in our study). Furthermore, it is important to note that the
ALTA-VS relies solely on open-source/free for not-for-proﬁt
institutions software (Table 5), namely SEED (docking and
scoring engine for fragments), RDock (ﬂexible docking
engine), CHARMM (scoring engine, in particular the version
available at no cost for not-for-proﬁt institutions), CGenFF
(small molecule parametrizer), RDKit (data processor), Open
Babel (data processor), and ChemAxon’s Marvin Suite (small
molecule parameters calculator).
Limitations. There are limitations in the ALTA-VS
approach. Some are inherent to all virtual screening campaigns
and some are more speciﬁc (although not restricted) to our
(re)scoring scheme. First of all, as exempliﬁed by the failed
BAZ2A campaign, the preparation of the input structures
(protein target, compound library) can strongly inﬂuence the
results. Furthermore, in most human bromodomains the
binding pocket for the natural ligand is rather small and rigid
and can be deﬁned by one or two conserved residues, which is
not necessarily the case for other targets, e.g., proteases. For
those proteins with large and/or ﬂexible binding site, the SEED
program could be used in a preprocessing step with a small
subset of fragments to target a broadly deﬁned binding site
and/or multiple conformers originating from molecular
dynamics77 or crystal structures.8 In this way, individual

a

A total of 260 molecules were tested in single-dose assays, which
yielded 192 inactive compounds using a threshold of less than 65%
remaining inhibition of the competitor ligand. Out of 68 molecules
qualifying as active, 39 were chosen for dose−response assays, and 26
had a measurable IC50 (ATAD2, BRD4(1), or CREBBP) or KD
(BAZ2A or BAZ2B). In addition, compound 30 was not active in the
dose−response assay (with a starting concentration of 50 μM), but its
structure in complex with its target bromodomain (BAZ2B) was
solved.

crystal structure), 10 (37%) were selected only according to
Delta electrostatics ranking, 10 (37%) only according to total
energy eﬃciency, and 7 (26%) because of both terms (Table 4
and Supporting Information, section S2). Thus, the two energy
terms used for the ﬁnal selection of the compounds show
similar sensitivity and speciﬁcity.
Advantages of Fragment-Tethered High-Throughput
Docking. The ALTA-VS protocol presented in this paper has
several major advantages. The scoring of compounds includes
solvation energies which is crucial to ﬁlter out false positives.13
The scoring function is based on a transferable force ﬁeld and
thus does not require a training set for ﬁtting. Another pivotal
asset is the placement of fragment head-groups in the binding
pocket. Docking of rigid fragments decreases the complexity of
the problem and allows for exhaustive sampling of the positions
in the binding pocket. Placing fragments in binding pockets
with SEED proved to have very good predictive power.5,7,9
Thanks to the correctly placed head-groups, the subsequent
tethered docking also reduces the risks of failure by reducing
the complexity of the sampling. Only conformations of the
molecule around the tethered fragment need to be sampled and
Table 5. Software Used for the ALTA-VSa
software

source type, licensing

ALTA-VS usage

link

open source, GNU GPL

small molecule calculations,
data processing
ﬁle handling

Marvin Suite
(ChemAxon)
CGenFF

proprietary, free for noncommercial use

small molecule calculations

proprietary, permitted academic purpose

SEED

binary executable free for all purpose

small molecule
parametrization
rigid docking, scoring

RDock

open source, GNU LGPLv3

tethered ﬂexible docking

CHARMM

proprietary, free version without DOMDEC and GPU high performance
modules for academic and nonproﬁt laboratories

minimization, scoring

http://www.rdkit.org/docs/Install.
html
http://openbabel.org/wiki/
Category:Installation
https://www.chemaxon.com/
download/marvin-suite/
https://www.paramchem.org/
tech.php
http://www.biochem-caﬂisch.uzh.
ch/download/
http://rdock.sourceforge.net/
download/
http://charmm.chemistry.harvard.
edu/charmm_lite.php

RDKit

open source, Creative Commons Attribution−ShareAlike 4.0

Open Babel

a

All software are either free for academics and/or open source.
J
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the incorrect orientation of a structurally conserved water
molecule (Figure 3) resulted in a poorer outcome than for the
other four bromodomains for which the orientation of the
conserved water was correct. This water molecule acts as
hydrogen bond-bridge between a conserved tyrosine side chain
and the natural ligand (acetylated lysine) or the large majority
of known inhibitors. The correct orientation of the water
hydrogens plays a critical role because the electrostatic energy,
which is based on partial charges, is very sensitive on the
position and orientations of dipoles, and the water molecule has
a strong dipole moment of 2.35 D in the force ﬁeld used in this
work.
Fourth, two diﬀerent energy terms were used for the ﬁnal
selection of compounds: Delta electrostatics (i.e., the protein/
ligand electrostatic interaction minus the free energy of
hydration) and total binding energy divided by the number
of non-hydrogen atoms. These terms showed similar predictive
ability (Table 4). More precisely, selection of compounds for in
vitro testing by either of the two terms (or both) resulted in a
similar amount of true positives (sensitivity) and similar
numbers of false positives (speciﬁcity).
In conclusion, the present study and our previous
applications of the ALTA-VS protocol10−14 provide strong
evidence of the usefulness and eﬃciency of fragment-anchored
docking of ﬂexible molecules for in silico screening. The ALTAVS protocol can be employed also for screening for covalent
binders by replacing tethered docking with covalent docking. If
experimental binding modes of fragment hits are available, they
can be integrated in the protocol and replace docked pose for
tethered docking. Since the updated version of the ALTA-VS
makes use of a transferable force ﬁeld and does not require any
training set for ﬁtting parameters, it should be applicable to
most target proteins of known three-dimensional structure. It
also has the notable advantage to be based solely on open
source and/or free for academics software.

subpockets with favorable binding energy for the probe
fragments could be identiﬁed from multiple structures. More
speciﬁcally to our protocol, the ALTA-VS is based on singlepoint energy calculations; entropy and the contribution of
diﬀerent metastable states (e.g., multiple orientations of the
nonanchor moiety) to the free energy of binding are neglected.
Additionally, the scoring relies on the continuum dielectric
approximation in both the fragment and full molecule stages.
Thus, it suﬀers from the theoretical limitations of such models,
like the depiction of the protein as a macroscopic dielectric
medium, the deﬁnition of the dielectric boundary, and the
disregard of nonpolar contributions to the hydration free
energy.78 However, the assumptions made seem to be a good
compromise in terms of computational performance versus
quality of the scoring, when having to rescore hundreds of
thousands or even millions of poses.44 Moreover, the quality of
the scoring calculations also depends on the quality of the force
ﬁeld used. We used state of the art and fully consistent force
ﬁelds CHARMM36 for the protein 15 and CHARMM
generalized force ﬁeld (CGenFF)16,17 for all the fragments
and parent molecules of the library used for ALTA-VS.

■

CONCLUSIONS
The number of commercially available small organic molecules
is growing steadily and is already close to one hundred
million.79 Such continuous growth calls for eﬃcient protocols
for in silico screening, particularly for protein structure-based
methods. The ALTA-VS protocol for fragment-anchored ligand
docking (Figure 1), introduced in 2005 and further improved
for the present application to bromodomains, combines the
advantages of docking with those of fragment-based approaches. Four main results emerge from the present study.
First, the updated ALTA-VS protocol is able to screen a library
of nearly 77 000 compounds (about 150 000 poses for energy
minimization, Table 1) within 2 days of computational time on
a 96-core compute cluster (equipped with Xeon E3-1280 quad
core processors at 2.5 GHz). Most of the computational time is
required for energy minimization of the docked poses and
evaluation of electrostatic solvation by the ﬁnite-diﬀerence
Poisson equation which require around 1.5 min per pose.
Overall, the ALTA-VS has identiﬁed ligands for four
bromodomains (Table 2). More precisely, 15 of the 39
compounds for which dose−response measurements were
performed have an aﬃnity of 100 μM or better (Table 3).
Second, the application of the updated ALTA-VS protocol
provides evidence of the usefulness of the novel aspects.
Retrospectively, the use of a single anchor fragment in the
updated ALTA-VS protocol has resulted in 15 active molecules
(out of 27) consisting of only two ring systems. These ligands
would not have been identiﬁed by the original version of
ALTA-VS, which required three anchor fragments. Furthermore, most of these ligands have only one ring system (the
headgroup) fully buried in the bromodomain binding site while
the tail groups are rather ﬂexible and can assume multiple
orientations which is not congruent with the role of anchor
fragment. Another new aspect of the updated ALTA-VS
protocol is the use of a transferable force ﬁeld without any
ﬁtting parameter. The paucity of known inhibitors of the
ATAD2 bromodomain would have hindered the derivation of
the ﬁtting parameters which was necessary in the original
ALTA-VS protocol.
Third, the preparation of the protein structure used for
docking is a crucial step. In the ALTA-VS campaign for BAZ2A,
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