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ABSTRACT: We have identified two chemotypes of g O L
CREBBP bromodomain ligands by fragment-based high- commoumas %Tn OY@\(“ 1
throughput docking. Only 17 molecules from the original ° (E ool le
library of two-million compounds were tested in vitro. R g’\?‘\ \ ° ™ ’
Optimization of the two low-micromolar hits, the 4-acylpyrrole el e 7 O ) A

1 and acylbenzene 9, was driven by molecular dynamics results e S (V}_, y - — >) e
which suggested improvement of the polar interactions with simulations ool bl ;Lf“b:ﬁ

the Argl173 side chain at the rim of the binding site. The . ,@/)/
synthesis of only two derivatives of 1 yielded the 4-acylpyrrole 17 9 10

6 which shows a single-digit micromolar affinity for the “preu® LE =020k HAC L£ < 0:35keafimol LAC)
CREBBP bromodomain and a ligand efliciency of 0.34 kcal/ OB codesaran

mol per non-hydrogen atom. Optimization of the acylbenzene

hit 9 resulted in a series of derivatives with nanomolar potencies, good ligand efficiency and selectivity (see Unzue, A.; Xu, M.;
Dong, J.; Wiedmer, L.; Spiliotopoulos, D.; Caflisch, A.; Nevado, C. Fragment-Based Design of Selective Nanomolar Ligands of
the CREBBP Bromodomain. J. Med. Chem. 2015, DOI: 10.1021/acs.jmedchem.5b00172). The in silico predicted binding mode
of the acylbenzene derivative 10 was validated by solving the structure of the complex with the CREBBP bromodomain.

Bl INTRODUCTION BRD2 in the complex with rigid fragments, Chung et al
disclosed also the crystal structure of the complex of the
CREBBP bromodomain and paracetamol (F, Figure 1).® Hay
and collaborators described some nonselective CREBBP
ligands while aiming to identify BET inhibitors (G, Figure
1).” Another 3,5-dimethylisoxazole derivative potently and
selectively binding the CREBBP bromodomain (called SGC-
CBP30) has been reported recently (H, Figure 1)."> The SGC

Bromodomains are a-helical modules of about 110 residues
that bind the acetylated side chain of lysine most notably (but
not exclusively) in histone proteins." Bromodomain-containing
proteins have up to six of these modules. Some of these
proteins play a crucial role in numerous cellular processes, such
2 . .
as gene regulation.” The three-dimensional structures of most
of the 61 human bromodomains have been solved by X-ray

crystallography® and in a few cases by NMR spectroscopy.* has also reported the development of a nanomolar CREBBP
Small molecules inhibiting CREBBP bromodomain acetylly- bromodomain inhibitor, I-CBP112, which exhibits weak
sine-binding activity have been identified in the last years binding activity toward the BET bromodomains (I, Figure
(Figure 1). Zhou et al. used NMR spectroscopy (the '"H-N 1).11 Rooney and co-workers developed a dihydroquinoxali-
HSQC spectra) to screen a small compound library and were none series ultimately leading to a modestly selective
the first to identify two compounds that block the interaction nanomolar CREBBP bromodomain inhibitor (J, Figure 1)."?
between pS3 and KAc382-CREBBP at 100 and 50 uM, A series of [1,2,4]triazolo[4,3-a]phthalazines was shown
respectively (compounds A and B in Figure 1).** The same recently to bind unselectively to diverse bromodomains
group identified ischemin, which has an ICy, of S uM for the including CREBBP (K, Figure 1)."?
CREBBP bromodomain (C, Figure 1),** and synthesized a To identify small molecules that bind selectively to the
pS3-like cyclic peptide that binds the CREBBP bromodomain CREBBP bromodomain, we have performed in silico screening
with an ICs, of 5§ uM.> The identification of N-methyl-2- with two crystal structures of this target. ALTA (anchor-based
pyrrolidone as a weak antagonist of acetylated 6peptide-binding library tailoring),'* a four-step procedure developed in house

by the CREBBP bromodomain (D, Figure 1)° ignited studies for docking large libraries of compounds, was used for virtual
on methyl-bearing heterocycles by Hewings and co-workers,
who developed substituted 3,5-dimethylisoxazoles compounds
targeting BET bromodomains, and a poorly selective CREBBP
bromodomain inhibitor (E, Figure 1).” In a study that focused Received: January 29, 2015
on 40 crystal structures of the N-terminal bromodomain of Published: June 30, 2015
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Figure 1. Known CREBBP inhibitors reported in the literature. Compounds B, C, D, E, H, I, and J can be found in complex with the CREBBP
bromodomain in the PDB files 2D82, 2184, 3P1D, 3SVH, 4NR7, 4NR6 and 4NYX, respectively.

screening. In the first step, the molecules are decomposed into
rigid fragments by an algorithm that cuts at rotatable bonds.'®
In the second step, the fragments are docked and ranked using
an energy evaluation that takes into account solvation effects in
the continuum dielectric approximation.16 Third, the procedure
identifies the molecules that contain at least one of the top
ranking fragments. The final step consists of the flexible
docking of the retrieved molecules followed by energy
minimization and evaluation of desolvation penalties.

Here we report on the in silico discovery by the ALTA
procedure of two hits (compounds 1 and 9) for the CREBBP
bromodomain. To the best of our knowledge, this is the first in
silico screening that targets the CREBBP bromodomain.
Multiple molecular dynamics (MD) runs with explicit solvent
were carried out to further validate the binding mode suggested
by docking and guide chemical synthesis for hit optimization.
The synthesis of only two derivatives of the 4-acylpyrrole hit 1
resulted in a single-digit micromolar ligand of the CREBBP
bromodomain with excellent ligand efficiency. The optimiza-
tion of the acylbenzene hit 9 is described in detail in ref 17.

B DOCKING RESULTS

Docking of Fragments. The ALTA procedure started with
the decomposition of the nearly two million compounds in the
ZINC leads-now library (version of October 2012) by the
DAIM program15 (Figure 2). To target the conserved Asn
involved in binding the natural ligand acetyllysine (numbered
1168 in the PDB structures 3P1C and 3SVH), only fragments
with a hydrogen bond donor or acceptor were kept. Although
the natural ligand (acetyllysine) acts as hydrogen bond acceptor
for the amide side chain of the conserved Asn, it was decided to
also consider fragments with a hydrogen bond donor because
our previous MD simulations revealed that the amide of the
Asn side chain occupies both possible orientations (Figure 2 of
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rigid fragment flexible ligand

docking docking
ZINC Leads-Now library Find the parent compounds in
1,984,949 compounds the Leads-now library

808,588(35VH)/754,411(3P1C)

Generate fragments using DAIM

106,534 fragments after filtering i
1 Dock compounds using AutoDock

Vina

Parameterize fragments using MATCH
96,980 fragments left

Minimize the compound poses
using CHARMM & filter using
hydrogen bonding penalty

Dock fragments to CREBBP
bromodomain structures 3SVH/3P1C
using SEED

Rescore the lowest-energy poses
using SEED
360,071(35VH)/358,540(3P1C)

Minimize the lowest-energy poses
using CHARMM

Filter to obtain optimal anchor
fragments
3,975(35VH)/4,601(3P1C)

Cluster and visualize the top-
ranked 1000 compounds

Figure 2. (Left) Flowchart of fragment docking which is the initial
phase of the ALTA (anchor-based library tailoring) procedure.'** The
program DAIM automatically decomposes molecules into fragments
by cutting at rotatable bonds.'® The fragment-docking tool SEED'®
required about S s per fragment on a single core of an i7 CPU at 2.8
GHz. CHARMM”® minimization of the fragment with rigid CREBBP
took about 2 s per fragment. (Right) Flowchart of flexible ligand
docking which is the second phase of the ALTA procedure. Flexible
ligand docking by AutoDock Vina required about 1 min per
compound.

ref 18). Further removal of fragments without a ring yielded a
set of 106 534 fragments.

The X-ray structures of the CREBBP bromodomain in
complex with the natural ligand acetyllysine (PDB code 3P1C)
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and the synthetic ligand 3,5-dimethylisoxazole (3SVH) show
different orientations of the side chain of the so-called
gatekeeper residue, Vall174 (Figure 3)."” Furthermore, the

Argll73

Figure 3. Overlap of the two crystal structures of the CREBBP
bromodomain used for docking. The helical secondary structure is
shown by ribbons. The conserved Asnl1168 and the residues with
variable side chain orientation that are mentioned in the text are
shown in sticks. The physiological ligand (acetylated lysine) is shown
as sticks (carbon atoms in gray).

solvent-exposed side chain of Argl173 seems very flexible in
the two crystallographic structures. In 3P1C, it is just above the
Leu-Pro-Phe segment (called LPF, in the following; this
tripeptide stretch corresponds to the WPF segment in most
bromodomains). On the contrary, in 3SVH the Argll73
guanidinium points outward (Figure 3). Given these differ-
ences, it was decided to use both structures for docking. After
the preparation of the two protein structures (see Experimental
Section), the fragment library was docked into the binding
pocket by the program SEED.'¢

Two additional filters were applied to reduce the number of
docked fragments to about 4000 for each of the two CREBBP
structures (Figure 2, left): (a) SEED total energy efficiency
more favorable than —0.125 kcal mol™" ¢! and (b) hydrogen
bonding penalty of less than or equal to 1.*' These criteria
efficiently enriched the fragments involved in hydrogen
bond(s) with the Asn1168 side chain, a key interaction present
in the complex of the natural ligand with CREBBP (Figure 3).
Quantitatively, after filtering there were 91% and 82% of
fragments forming at least one hydrogen bond with the
Asnl1168 side chain for 3SVH and 3P1C, respectively, while
before filtering there were 33% and 41%, respectively.

To assess the predictive ability of the procedure used for
fragment ranking, six fragments from known inhibitors were
also docked by SEED (Figure 4). Importantly, the pose of these
fragments predicted by SEED matches within 1 A the binding
mode observed in the crystal structures.

For each of the two crystal structures used for docking, the
receiver-operator characteristic (ROC) plot generated using
about 100 000 fragments with optimal SEED energy efficiency
(considered as false positives) and six fragments from known
inhibitors (true positives) gives an area under the curve of
0.985. The individual ranks of the six known fragments are
listed in Figure 4. Thus, the very large area under the curve and
the good ranks of the fragments from known inhibitors provide
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Figure 4. Validation of the filtering and ranking procedures. The figure
shows the six fragments from known CREBBP and BET
bromodomain inhibitors®* that were used as validation set, ie.
considered as true positives. The two integers below each fragment are
their ranks among the 96 724 putatively inactive fragments docked
into the 31PC structure (gray) and the 100027 putatively inactive
fragments docked into 3SVH (green), respectively.

evidence that the filtering and ranking procedure is able to
prioritize true positives.

Docking of Compounds with Optimal Anchor Frag-
ments. About 4000 fragments were used to retrieve the
molecules in the ZINC library which they originated from
(called parent compounds hereafter). There were 808 588
(3SVH)/754 411 (3P1C) parent compounds in total and for
each of them at most 15 poses were generated by AutoDock
Vina.2® All the poses were then minimized, filtered, and
rescored using the SEED total energy (Figure 2, right). In the
end, the top-ranking poses of 1000 compounds according to
the SEED total energy were chosen and analyzed. They were
clustered based on the functional groups interacting with the
conserved Asn1168, which in the following is referred to as the
“head group”. The chemical space of the head groups was
rather condensed (Figure S). Thus, only 20 compounds
(representing all of the head groups) were chosen for further
investigation by MD simulations to verify the stability of the
binding mode.

This analysis ruled out three compounds, as they moved out
of the binding site within 100 ns (Figure Sl in Supporting
Information). The remaining 17 molecules were purchased and
tested by a competition binding assay (BROMOScan at
DiscoveRx).”* Two of these compounds (1 and 9), both
featuring an acetylated aromatic ring, showed an equilibrium
dissociation constant (Kj) in the low uM range (Figure 6,
Figures S2 and SS). Note that the acylaryl moieties of
compounds 1 and 9 do not appear in Figure S because they
were not among the most frequent in the 1000 top ranked
compounds. Nonetheless, the aforementioned clustering and
MD simulations were able to identify them.

B EXPERIMENTAL RESULTS

Optimization of 4-Acylpyrrole Hit 1 Guided by MD
Simulation Results. The binding mode of compound 1
obtained by rigid-protein docking into CREBBP bromodomain
indicates that its acyl group acts as hydrogen bond acceptor for
the side chain of the conserved Asn1168 (Figure S2A). Thus,
five additional commercially available 4-acylpyrrole derivatives

DOI: 10.1021/acs.jmedchem.5b00171
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Figure 5. Most frequent anchor fragments in the 1000 top ranked compounds. The methyl groups in green are H atoms in some of the compounds.

were tested. Among these, compounds 2, 3, and 4 showed
activity at S0 4#M in a competition binding assay (Table 1).**
Next, we analyzed the predicted binding modes of

compounds 1—4, which share the presence of an amide as a
linker connecting the 4-acylpyrrole (the compounds’ “head
group”) with a partially exposed moiety (called “tail group”

henceforth). Their binding poses, as predicted by docking, are

overall similar (Figure S3). The acyl oxygen is involved as
Kd=13 uM Kq = 29 uM acceptor in a hydrogen bond with the amide side chain of
Asn1168. The two alkyl substituents on the pyrrole ring further
strengthen the binding mode by van der Waals interactions
with the side chains of Leul120 on the ZA loop and Val1174.
The linker amide establishes a hydrogen bond with one of the
structured water molecules while maintaining the conserved
water molecule network within the binding site. Interestingly,

Figure 6. CREBBP bromodomain hits identified by the fragment-
based ALTA procedure. In the binding mode predicted by docking the
acetyl group accepts a hydrogen bond from the side chain of Asn1168.
Ky values for the CREBBP bromodomain were measured by the
competition binding assay24 (Figure SS).

Table 1. Experimental Validation of 4-Acylpyrroles Binding to the CREBBP Bromodomain®

Thermal shift
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“The thermal shift experiments were carried out at a protein concentration of 2 ,uM and a ligand concentration of 100 #M. At least 16 measurements
were acquired for each compound. All standard error values were below 0.2 °C. “Dissociation constants were measured by a competition binding
assay (Figure S5).>* The percentage of the measured signal at an inhibitor concentration of 50 #M with respect to the negative control DMSO is
given in brackets with lower values indicating stronger binding. Measurements at each dose were done in duplicate. “The ICg, values were
determined by a TR-FRET assay (see Su%porting Information). The values are averages of duplicate dose—response measurements. Compound 1 is
a false negative in the TR-FRET assay. “The ligand efficiency has units of kcal/(mol HAC) where HAC is the heavy atom count. °Hit 1 was
identified by the ALTA procedure. Compounds 2—4 were identified by substructure search, and compounds § and 6 were synthesized (see Scheme
1). ND: not determined.
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Figure 7. Structural stability and multiple binding modes of compound 1 in complex with the CREBBP bromodomain. (A) Two independent MD
runs were started from the binding mode obtained by docking using different initial velocities. The 100 000 snapshots (saved every 20 ps) were
overlapped using the Car atoms of the helical segments of the CREBBP bromodomain, and the time series of the RMSD of the heavy atoms of
compound 1 was calculated. (B) MD simulations suggest multiple binding modes for compound 1. The free-energy profile*” of the binding of
compound 1 to the CREBBP bromodomain (red curve) is shown together with the trace of the temgoral evolution of the system during the 2 us
MD sampling (black dots). The dynamical trace illustrates the transitions between free-energy basins.*® The free-energy profile is annotated with the
following intermolecular hydrogen bond distances (blue): between the oxadiazole and the guanidinium of Arg1173 (top), the NH of the pyrrole and
the backbone carbonyl of Prol1110 (middle), and the acetyl oxygen and the amide of the conserved Asn1168 (bottom). The distances were
calculated between donor and acceptor atoms, and they were averaged every 4 ns. The two hydrogen bonds involving the 4-acylpyrrole are stable,
while the hydrogen bond with the Arg1173 is unstable. (C) The most populated binding mode and two alternative binding modes of compound 1
are indicated with Roman numerals (I, II, and III, respectively).

the pyrrole nitrogen acts as a hydrogen donor to the carbonyl analysis of the cumulated MD sampling reveals three sub-basins
of Pro1110 (in the LPF segment), an interaction first observed corresponding to three main binding modes, respectively
in MD simulations of the CREBBP and other bromodomains (Figure 7B,C). The largest basin (i.e., pose I) contains about
with the natural acetyllysine ligand.* It is interesting to note 75% of the 50000 MD snapshots (saved along 2 us of total
that this MD simulation result was confirmed by two reports on MD sampling) and corresponds to the binding mode predicted
inhibitors forming a similar hydro%en bond to the conserved by automatic docking. Within this basin, the two hydrogen
proline of various bromodomains.” bonds formed by the 4-acylpyrrole with the conserved Asn and
The partially exposed tail group of compound 1 is a 1,3,4- Pro residues are stable. In addition, the 1,3,4-oxadiazole forms a
oxadiazole ring, which is in van der Waals contact with the stable interaction with the LPF segment. On the other hand,
Prol110 side chain in the LPF shelf. Compound 1 is also the direct hydrogen bonds between the 1,3,4-oxadiazole
involved in favorable polar interactions with the guanidinium nitrogen atoms and the guanidinium group of Argll73 are
group of Argl173. This positively charged residue is unique to sporadic and show frequent fluctuations during which a single
CREBBP (and its paralogue EP300), and thus, interactions water molecule inserts itself to form a water-mediated hydrogen
with its side chain are likely to result in selectivity toward bond. Quantitatively, the shortest distance between any of the
CREBBP (cf. also refs 4b, 7, 12, and 17). On the contrary, the two oxadiazole nitrogen atoms of compound 1 and any NH
tail moieties of compounds 2 and 3 (a 4,6-dimethylpyridin- atoms of the Arg1173 guanidinium is shorter than 3.5 and § A
2(1H)-one and a 4-ethyl-4H-1,2,4-triazole, respectively) are only in 17% and 33% of the MD snapshots, respectively (Figure
predicted to insert into the so-called ZA channel, which is 7B).
hydrophobic in the CREBBP bromodomain. The second largest free-energy basin is sampled in both
Given the promising K; value of compound 1 (Figure 6 and simulations and is similar to the binding pose predicted by

Table 1), we aimed to further validate its predicted binding docking of compounds 2 and 3 (compare pose II in Figure 7C
mode into CREBBP by carrying out explicit solvent MD to Figure S3). In this alternative pose the 4-acylpyrrole group is

simulations of the complex. Two independent 1 ys MD runs anchored in the acetyllysine binding pocket, whereas the 1,3,4-
were launched with different initial assignment of the random oxadiazole group is in a different orientation with respect to the
velocities. The time series of the root-mean-square deviation previous conformation, as it flips toward the ZA channel on the
(RMSD) of compound 1 show that the binding mode is overall other side of the binding site.

stable, although deviations of different magnitude are observed Finally, a third binding conformation was revealed by the

in the two MD runs (Figure 7A). The free-energy profile free-energy profile (pose III in Figure 7C) with the displace-

1344 DOI: 10.1021/acs.jmedchem.5b00171
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Figure 8. Thermal shift values (AT,,) measured in a panel of six bromodomains belonging to six different subfamilies. The plot shows for each
compound and each bromodomain the independent measurements (dots) and median value (circle). The dashed line at 1 °C is an arbitrary
threshold. The compounds are sorted by compound number along the x-axis, and different colors are used for different bromodomains (legend).

Table 2. Experimental Validation of Acylbenzenes Binding to the CREBBP Bromodomain and Selectivity versus BRD4(1)
Bromodomain®

Selectivity

[a] [b]
Compound Kd (uM) LE CREBBP vs. BRD4(1)!"

N
H O
HO. N
10 0.77 0.35 >65
(@) o
(¢}

“Kj values for the CREBBP bromodomain were measured by the competition binding assay”* (Figure S5). The ligand efficiency has units of kcal/
(mol HAC) where HAC is the heavy atom count. “Ratio of the K values for BRD4(1) and CREBBP bromodomains as measured by the competition
binding assay. ND: not determined. “Hit 9 was identified by the ALTA procedure, while compound 10 was synthesized.

ment of the tail group away from the LPF segment and the side chain and thus favor selectivity for CREBBP bromodomain
rotation of the acyl group of the pyrrole, which maintains the over other bromodomains. Therefore, we decided to carry out a
hydrogen bond with the side chain of the conserved Asn. small hit optimization campaign, namely, to replace the 1,3,4-
The MD analysis of compound 1 suggested that a negatively oxadiazole with a carboxylic group. To this end, we synthesized
charged group instead of the 1,3,4-oxadiazole ring might result compounds $, 6, and 8 (Scheme 1). Compound 8 was prepared
in more favorable electrostatic interactions with the Argl173 by condensation of commercially available 4-acetyl-3,5-
1345 DOI: 10.1021/acs.jmedchem.5b00171
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Figure 9. (A) The binding mode of compound 10 predicted by docking and MD simulations (carbon atoms in cyan) is similar to the crystal
structure of the complex (carbon atoms in green, from PDB code 4TQN) except for the orientation of the amide linker. Note that both orientations
of the amide linker were sampled during the MD simulations but the one observed in the crystal structure was less populated which is likely due to
the fact that the MD runs were started with the wrong orientation and the length of the individual runs is too short to reach equilibrium. The crystal
structure of CREBBP (gray) is rendered by a ribbon representation with relevant side chains in sticks. (B) Time series of the RMSD of compound
10 along 10 independent MD runs of 100 ns each. The RMSD values were calculated for the heavy atoms of the ligands after overlapping the Car
atoms of the helical segments of the CREBBP bromodomain. (C) Time series of the distance between the carbonyl oxygen of compound 10 and the
Asn1168 side chain N atom (red), and the distance between the carboxyl carbon atom of compound 10 and Arg1173 C¢ (blue) along the trajectory.

dimethyl-1H-pyrrole-2-carboxylic acid 7 and methyl 3-amino-
benzoate. Consequent hydrolysis (in the presence of LIOH) of
the methyl ester in 8 and in the commercially available
compound 4 afforded the final compounds § and 6 in 59% and
65% vyield, respectively.

As predicted, the 4-acylpyrrole derivative 6 is more potent
than the hit 1 in the competition binding assay and the TR-
FRET assay (Table 1). Concerning their selectivity, compounds
5 and 6 show similar thermal shift values for CREBBP and
BRD4(1) and no shift for four bromodomains belonging to
other subfamilies (Figure 8).

Optimization of Acylbenzene Hit 9 and MD Simu-
lations. Concurrent with the investigations on the 4-
acylpyrrole derivatives (compounds 1—6), we optimized the
acylbenzene hit 9 as described in ref 17. In short, after
purchasing a few commercially available derivatives of 9,
optimization by chemical synthesis guided by analysis of the
docking pose resulted in compound 10, which showed an
improved potency (0.77 uM vs 29 uM) and ligand efficiency
(0.35 vs 0.24 kcal/mol per non-hydrogen atom) compared to
the parent compound 9. In addition, 10 showed more than 65
times higher affinity for CREBBP than for the first
bromodomain of BRD4 (Table 2, Figure SS).

The binding mode of the benzoic acid derivative 10 obtained
by docking was first validated by 10 MD simulations of 100 ns
each during which the direct salt bridge between the carboxyl

1346

group of 10 and the guanidinium of Argl173 was present for
about 70% of the time (up to 80% considering also a single-
water bridged interaction, Figure 9B,C). The crystal structure
of acylbenzene 10 in complex with the CREBBP bromodomain
at 1.7 A resolution (PDB code 4TQN, Table S1) is in line with
the binding mode predicted by docking and MD simulations
(Figure 9A).

B CONCLUSIONS

We have identified two chemical classes of CREBBP
bromodomain inhibitors by the ALTA procedure'* for
fragment-based high-throughput docking. The ranking of
fragments and molecules was based on the evaluation of the
binding energy using a classical force field and including the
desolvation penalty calculated in the continuum electrostatics
approximation. The hit rate of our in silico screening procedure
was high, as two active molecules (K values of 13 and 29 yM
for ligands 1 and 9, respectively) were identified by testing in
vitro only 17 compounds. Optimization of the two hits was
guided by the results of explicit solvent MD simulations.

The 4-acylpyrrole hit 1 underwent a limited optimization
because of its lack of selectivity for CREBBP, which is
consistent with a recent report on the discovery of 4-acylpyrrole
derivatives as BET bromodomain inhibitors.”** One of these
BET inhibitors (called XD14) was reported to bind also to the
CREBBP bromodomain with an affinity of 1.6 yM in the

DOI: 10.1021/acs.jmedchem.5b00171
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competition binding assay, which is similar to the one of our
inhibitor 6. Of note, our compound 6 has a heavy atom count
(HAC) of 22 and thus a more favorable ligand efficiency for
CREBBP (0.34 kcal/mol per HAC, Table 1) than the larger
XD14 (29 HAC and 0.28 kcal/mol per HAC).

The acylbenzene hit 9 was optimized by chemical synthesis
of less than 30 derivatives which are described in detail in ref
17. Briefly, the potency was improved from micromolar to
nanomolar with a remarkable increase in ligand efficiency from
0.24 kcal/mol per HAC for the hit 9 to 0.35 kcal/mol per HAC
for the derivative 10. The optimization of both potency and
selectivity was based on the favorable polar interactions with
the Argl173 guanidinium of the CREBBP bromodomain as
observed in the MD simulations.

In conclusion, both the binding affinity and ligand efficiency
of the ALTA hits were improved by the chemical synthesis of a
small set of derivatives as in previous applications of the ALTA
procedure.**** MD simulations played a key role, as they
provided additional support to the binding mode predicted by
docking. Furthermore, the analysis of the interaction motifs
along the MD trajectories efficiently guided the hit optimization
process.

B EXPERIMENTAL SECTION

Preparation of the Fragments for Docking. The fragments
used in this study were generated from the molecules in the ZINC
leads-now library (version of October 2012) by the program DAIM
which carries out an automatic decomposition by cleaving all rotatable
bonds."® The resulting fragments were parametrized according to the
CHARMM general force field (CGenFF)* using the program
MATCH.>' About 9% of the fragments were lost in this process
because the chemical space is not fully covered by this program yet.

Preparation of the Protein. The atomic coordinates of chain A of
the 3P1C and 3SVH PDB files were used. Six of the structured water
molecules in the receptor binding pocket (water 1, 2, 3, 4, 6, and 7, as
defined in ref 32) were kept for docking. PSFGEN was used to add the
missing atoms (including hydrogens). Hydrogen atom positions were
minimized with CHARMM?® using the CHARMM?27 force field.

Docking of Fragments. The program SEED (solvation energy for
exhaustive docking)m was used to dock the fragments. SEED
calculates the electrostatic energy using a continuum approximation
with an efficient numerical evaluation of the Born radii. These radii
approximate the space occupied by the solute (ie., low-dielectric
volume) around individual atoms and are employed in the generalized
Born formula for the calculation of the electrostatic contribution to the
intermolecular interaction and desolvation of the ligand.*®

Flexible Docking of the Parent Compounds. The parent
compounds of the top 3975 (3SVH) and 4601 (3P1C) fragments were
retrieved from the ZINC leads-now library. These were docked to the
corresponding CREBBP bromodomain structure using AutoDock
Vina.®> All the poses were then refined via minimization by
CHARMM.* During minimization the interaction energy between
the receptor and the compound was evaluated by the sum of the van
der Waals and electrostatic energy. The latter energy was computed
with a modified Coulombic term, i.e., distance-dependent dielectric
constant (4.0r, where r is the distance between partial charges). Then,
the poses were filtered by a hydrogen bonding penalty (cutoff 1.0).*!
The remaining compounds were then rescored using the total energy
calculated by the program SEED.'

The predictive ability of the filtering and scoring of flexible
molecules was verified using ROC curves. Seven known inhibitors
were used as true positives. ROC curves with AUC values higher than
0.67 were obtained for both structures (Figure S4).

MD Simulations. All MD simulations were carried out by
GROMACS 4.6** with the CHARMM27/CGenFF force field** The
predicted binding poses were used as starting conformations and
solvated in cubic water boxes with the TIP3P water model.>> Long-
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range electrostatics were treated with the particle mesh Ewald method,
while the van der Waals interactions were truncated at a cutoff of 10 A.
After 1 ns of equilibration, production runs were carried out in the
NPT ensemble at 310 K. The time step was 2 fs, and snapshots were
saved for analysis every 20 ps.

Clustering of MD Snapshots and Free-Energy Profile of
Binding of Compound 1. A hierarchical tree-based algorithm®® was
used for clustering the coordinate sets saved along the MD
simulations. The two 1 s trajectories were combined, and a total of
50 000 MD snapshots (i.e., one snapshot every 40 ps) were employed
for clustering. The RMSD of the ligand heavy atoms and a final fine-
grained threshold of 1.0 A were used for clustering by the tree-based
algorithm (with 10 levels of the tree and initial RMSD threshold of
12.0 A). The tree-based algorithm generated 3929 clusters which were
used for calculating the free-energy profile by an automatic procedure
which is able to identify all free-energy basins.”’

Protein Purification and Binding Assays. Protein purification
and thermal shift measurements were performed as reported
previously.””® The description of the competition binding assay and
TR-FRET assay is given in the Supporting Information.
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General procedures for the fragment docking, synthesis and
characterization, and biophysical and biological evaluation of
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