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Abstract: The estimation of the binding of a set of molecules against BRD9 protein was carried out
through an in silico molecular dynamics-driven exhaustive analysis to guide the identification of
potential novel ligands. Starting from eight crystal structures of this protein co-complexed with
known binders and one apo form, we conducted an exhaustive molecular docking/molecular dy-
namics (MD) investigation. To balance accuracy and an affordable calculation time, the systems
were simulated for 100 ns in explicit solvent. Moreover, one complex was simulated for 1 us to
assess the influence of simulation time on the results. A set of MD-derived parameters was com-
puted and compared with molecular docking-derived and experimental data. MM-GBSA and the
per-residue interaction energy emerged as the main indicators for the good interaction between the
specific binder and the protein counterpart. To assess the performance of the proposed analysis
workflow, we tested six molecules featuring different binding affinities for BRD9, obtaining prom-
ising outcomes. Further insights were reported to highlight the influence of the starting structure
on the molecular dynamics simulations evolution. The data confirmed that a ranking of BRD9 bind-
ers using key parameters arising from molecular dynamics is advisable to discard poor ligands be-
fore moving on with the synthesis and the biological tests.

Keywords: molecular dynamics; BRD9; binding predictions; computational studies; molecular
docking

1. Introduction

The highly regulated post-translational modifications (PTMs) on histone proteins ul-
timately determine the overall state of chromatin and the consequent gene expression,
generating what is called “histone code”, a series of signals that can be interpreted by the
recruitment of specific proteins that introduce (writers), remove (erasers), or recognize
(readers) them [1-3]. Lysine acetylation (LysAc) is one of the most frequent, and it is a
reversible PTM that adds an acetyl group on the e-primary amine of lysine side chains. In
this way, the positive charges of the amino acid are neutralized, disrupting the interac-
tions between histones and the negatively charged DNA backbone. This leads to the de-
tachment of DNA from the histones and generates a more relaxed chromatin state (eu-
chromatin), promoting DNA transcription of the genes contained in that particular se-
quence [4].

Among the most important “readers” of the genetic code, bromodomains (BRDs) are
conserved protein domains discovered for the first time in 1992 in the Brahma gene of D.
melanogaster by Tamkun [5], which can interpret the PTMs on histone proteins. The intri-
cate series of events that lead to gene expression or suppression is regulated by multimeric
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chromatin remodeling complexes and, among the known four (SWI/SNF, ISWI, CHD, and
INOB80) [6-9], the switch/sucrose nonfermentable complex (SWI/SNF) is the center of the
attention for its particular involvement in cancer progression [10,11]. Mutations in the
SWI/SNF subunits create a dysregulation in gene expression, and they were retrieved in
20% of human cancers [12], confirming the importance of this complex in antitumoral
therapy. In particular, specific molecules able to interfere with the activity of BRD9, one
of the “reading” subunits contained in human SWI/SNF, prevent gene transcription and
expression, reducing the rate of cancer proliferation. BRD9, like the other bromodomains,
contains four antiparallel left-handed a-helices (aA, aZ, aB, and aC) and two loops (ZA
connecting oA and aZ helices and BC connecting aB and aC helices) [13,14] as shown in
Figure 1A.

A B
BC loop

‘ty

Figure 1. (A) Structure of BRD9 protein. Chains and loops are colored in different colors and named
accordingly. (B) Binding site of BRD9 (PDB: 5F1H [15]). The co-crystallized ligand is in cyan, and
the protein is represented by green ribbons with the molecular surface truncated at 7 A from the
ligand. (C) Key amino acids of BRD9 binding site.

The peculiarity of this protein, which makes it challenging to target, is that the bind-
ing site undergoes a conformational rearrangement upon the interaction with a ligand,
affecting particularly the side chains of Phe44, Phe47, and Tyr106 [16].

This binding-derived rearrangement may also explain the dramatic difference in the
experimental binding affinity between molecules very similar to each other, as even small
variations in scaffold substituent can make the molecule unsuitable for the interaction
with the target [11,14-18]. Accordingly, we decided to investigate whether the molecular
docking would not be completely reliable in discriminating between good/bad BRD9 lig-
ands and which molecular dynamics parameters would be crucial in guiding the selection
process. Moreover, being part of a multimeric complex, BRD9 is relatively small and suit-
able for extensive molecular dynamics studies that, considering the most recent develop-
ments in the in silico calculations, can be carried out in a reasonable time. For this reason,
a retrospective analysis of a training set of known BRD9 inhibitors was performed and
further assessed on a test set containing both active and inactive compounds.
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2. Results

BRD9 is considered a key factor in the progression of several types of cancer [12], but
the development of new ligands for this protein is not straightforward due to their partic-
ular binding modes, which involve the rearrangement of some amino acid side chains.
This results in a laborious drug discovery process with a high rate of failures. Computa-
tional methodologies can accelerate and guide the discovery and development of new
BRD9 binders, helping in discarding compounds that will unlikely make significant con-
tacts with our target. On these bases, to investigate the predictive capability of the sole
molecular docking calculations, we performed both molecular docking and molecular dy-
namics studies on 8 different BRD9 ligand/protein complexes (Figure 2) and one apo form
of the target and calculated some key structural or energetic parameters which are shown
below. For simplicity, the related ligand/protein systems will be mentioned in the follow-
ing paragraphs considering the original PDB code (1-8, Figure 3).

Molecular
Docking

Predicted

binding Binding pose

affinity interactions

Per-residue
interactions

Molecular
Dynamics
Protein-ligand
interactions

Figure 2. Schematic representation of the parameters analyzed in the process.
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Figure 3. Molecular structure of the co-crystallized ligands 1-8 for each complex. The original PDB
code related to the specific ligand is reported in parentheses.

Molecular redocking experiments were initially performed to assess the reliability of
this methodology in predicting the binding mode and, more importantly, the related bind-
ing affinity values. Afterward, we performed three independent molecular dynamics sim-
ulations (MD1-3) for each system and analyzed the corresponding structural and ener-
getic parameters.

2.1. Molecular Redocking Experiments and Binding Free Energy (MM-GBSA)

The first assessment of the protein-ligand binding was represented by the redocking
procedure. The molecule contained in each X-ray crystal structure was docked against the
corresponding protein structure to retrieve the exact pose displayed in the 3D structure,
and the associated energy was calculated (calculated binding affinities are given in Table
1). If only calculated binding energies were considered, the data would have misguided
the potency estimation because the molecular docking energies were not always directly
related to the Kb [11,16-21] (see Table 1). Interestingly, the interaction pattern made by
each molecule with the key binding site amino acids (i.e., Phe44, Phe45, Ala46, Val49,
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Ile53, Tyr99, Asn100, Argl01, and Tyr106; see Figure 1B,C) does not show significant dif-
ferences that could direct the selection process.

Table 1. Experimental Kb [11,15,16,18,20-22] and binding free energies calculated with MM-GBSA method. The values
reported for each MD are the mean of the 10 representative structures.

System Experimental Data Calculated Data
(Ligand) Ko (uM) Experimental Binding  Calculated Binding MM-GBSA (kcal/mol)
Affinity (kcal/mol) Affinity (kcal/mol) MD1 MD2 MD3 Av.

4UIW (1) 0.002 -11.9 -9.0 -81.7 -85.3 964 -87.8
5F1H (5) 0.014 -10.7 -9.2 -75.7 =757 724 -74.7
5I1GM (6) 0.042 -10.1 -6.7 -71.1 =711 -71.1 -71.1
5E9V (4) 0.070 -9.8 -4.8 -51.5 -47.7 522 -50.4
6V14 (8) 0.082 -9.7 -8.3 -69.1 -644 -64.0 -65.9
4XY8 (2) 0.397 -8.7 -9.3 -43.5 -51.3 393 -44.7
4761 (3) 0.493 -8.6 -7.9 -54.2 =785  -76.9 -69.9
6VO0S (7) 16 -6.5 -4.5 -25.6 -45.6 —434 -38.2

Moreover, we derived the binding affinity from the experimental Ko using the equa-
tion shown below [22]:

RT

AGexp= InM - m (1)
where M is the Kb (M), R is the gas constant (1.987 cal-K-''mol™), and T is the temperature
in Kelvin. The calculated linear regression shows an impaired correlation between calcu-
lated and experimental binding affinity (Figure 4), with some values very far from the
linear function that describes the system. Overall, a minimal correlation between the ex-
perimental and calculated binding affinity (R?2=0.31) was detected, but some values devi-
ated greatly from this general trend. Specifically, the calculated binding affinity for 4
(5E9V), 6 (5IGM), and 7 (6V0S) differed by more than 2 kcal/mol from the experimental
one [11,17,19,21], which is the first clue that molecular docking cannot be used alone to
efficiently predict new BRD9 binders.

1
—
e
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-8 6V14 (8)
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Figure 4. Correlation between the experimental and calculated binding affinities. The values of
each complex are labeled accordingly.
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Moreover, an ensemble docking experiment was carried out using apo-BRD9 due to
the benefit that this technique brings to the drug discovery process [23]. In detail, the apo
form of the protein is simulated for a medium/long time to sample the variation in the
three-dimensional structure, and the representative frames are extracted to be used as re-
ceptors for molecular docking experiments. In this way, it is possible to mimic a flexible
receptor without resorting to an Induced-Fit docking, which is computationally more ex-
pensive when dealing with large binding sites. The eight compounds 1-8 were docked
against 50 representative structures extracted from one apo-BRD9 MD, and the calculated
docking scores were averaged (Table S1). The results obtained, though, did not match the
experimental data, showing a poor docking score and slight differences between each
other, making them inadequate for compound ranking.

The binding free energy variation (AGpind) represents one of the most used parame-
ters to estimate a ligand-protein binding. In this work, the AGpind was calculated with the
MM-GBSA approach, which is an end-point method based on calculating the difference
between the bound and unbound state of the complex [24]. Each trajectory snapshot was
clustered into 10 groups based on its RMSD compared to frame 0 and a representative
structure for each cluster was chosen (see Materials and Methods). The binding free en-
ergy of the 10 representative systems of each simulation was computed using Prime soft-
ware [25-27], and the mean values were reported (Table 1).

Considering the data reported in Table 1, also the average MM-GBSA AGeina calcu-
lated was not directly related to the Kb. In particular, 4 (6E9V) showed a non-optimal AG-
bind, almost 30 kcal/mol higher than the structure immediately above, namely 6 (5IGM),
but a Kb value that did not differ significantly from the latter. However, it remains clear
that the AGpind from MM-GBSA cannot be the only parameter to be considered to estimate
the quality of protein-ligand binding. Therefore, we evaluated other structural and ener-
getic parameters (namely RMSD, RMSF, protein-ligand interactions, and per-residue en-
ergetic contribution, vide infra) from the MDs, along with data regarding the BRD9-apo
structure, to highlight which could represent key components in the binding evaluation.

2.2. RMSD

At first, the RMSD of each complex during the three replicas was evaluated consid-
ering the deviations in the backbone atoms. In this way, it was possible to have a prelim-
inary idea about the stability of the system throughout time, taking the first frame as the
reference structure.

Generally, all the systems considered tended to reach an equilibrium after 25 ns of
simulation. The apo form of the protein showed an average RMSD value that remained
almost constant throughout time (Figure 5 and Table 2). The global trend of the protein-
ligand complexes was a narrow variation in the backbone RMSD and an average value
sometimes lower than the apo-BRDY, indicating a discrete level of stability of the com-
plexes. The 4XY8 system resulted largely unstable if compared to the unbound protein
structure, with an average RMSD of 4.05 A, and some instability signs, like small peaks
above 4 A, could be found also in 5E9V and 6V0S.
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Figure 5. (a-i) RMSD of the backbone atoms of the nine systems referred to the original system. Each simulation was run
independently three times, specifically for (a) apo-BRD9, (b) 4UIW, (c) 4XYZ, (d) 4761, (e) 5E9V, (f) 5F1H, (g) 5IGM, (h)
6V0S, (i) 6V14.

Table 2. Mean RMSD value of each system during the three simulations and the total average
RMSD value. Average values lower than the apo form of the protein are highlighted in green.

RMSD
Apo 4UIW 4XY8 4761 5E9V 5FIH 5IGM 6V0S 6V14
MD1 2.53 2.07 425 2.75 3.12 1.94 277 1.83 241
MD2 3.45 2.56 3.73 2.63 2.67 1.82 241 3.02 1.87
MD3 2.40 1.89 4.17 3.44 3.16 2.87 248 3.39 2.12
Av. 2.79 2.17 4.05 2.94 2.98 2.21 2.55 2.74 2.13

This preliminary data analysis showed that 4IUW, 5F1H, 5IGM, 6V0S, and 6V14 sys-
tems underwent fewer changes in the overall structure during the simulation time, and it
may roughly indicate a more stabilized protein-ligand complex.

In addition, to understand whether a natural conformational variation of protein
(thus, on the apo structure) may facilitate the interaction with a small molecule, we com-
pared the binding site of each protein-ligand crystal with the snapshots taken from the
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three apo-BRD9 MDs. The residues considered were Gly43, Phe44, Phe45, Phe47, Pro48,
Val49, Ile53, Ala54, Pro55, Tyr57, Met92, Asn95, Ala96, Met97, Tyr99, Asn100, Argl01,
Thr104, and Tyr106. Among those, Phe44, Phe45, Ala46, Val49, 11e53, Tyr99, Asnl100,
Argl01, and Tyr106 (Figure 1C) were considered crucial for the binding. The RMSD of
each crystal structure from all the 3000 snapshots of the apo-BRD9 was calculated, the re-
sults were sorted from the smallest to the greatest, and a threshold of 2.5 A was set to filter
the results. A total of 192 snapshots passed the filtering step, and the corresponding per-
centage (out of the 3000 frames) was reported (Table 3).

Table 3. The number of frames of the apo MDs that had an RMSD < 2.5 A from the ligand/protein
BRD?9 structure was indicated with the related PDB code. The percentage is calculated considering
both the 192 filtered frames (see text for details) and the total frames tested.

Frames of the Apo Form that Resemble the Crystal Structure

System N° Apo Frames Percentage on 192 Frames Percentage on 3000 Frames
4UIW 3 2% 0.001%

4XY8 8 4% 0.003%

4761 7 4% 0.002%

5E9V 26 14% 0.009%

5F1H 20 10% 0.007%

51GM 15 8% 0.005%

6V0S 53 28% 0.018%

6V14 8 4% 0.003%

Interestingly, during the MD simulations, the binding site of apo-BRD9 frequently
resembled 6VO0S (Table 3), indicating that the unbound protein can naturally take a con-
formation that would facilitate the binding with the small molecule reported in this com-
plex, suggesting a positive binding of its ligand to the target protein.

2.3. RMSF

We moved on with the evaluation of which residues or areas of the protein were
involved in the different mobility highlighted by the RMSD, as there is an obvious con-
nection between the high RMSD reported in some complexes and the fluctuation of its
residues. The RMSF value is important to establish the fluctuations of residues side chains
during the molecular dynamics simulations. A high RMSF value in the binding site amino
acids indicates that such residues do not make strong interactions with the small molecule
and, therefore, the binding is not optimal.

The apo-BRD9 showed predictable mobility of the amino acids forming the binding
site, particularly the segment Lys39-Lys62 [18] (Figure 6 and Table 4). This trend was re-
verted in 4UIW, 5F1H, 6V0S, and 6V14 systems, while some spikes remained in the other
protein-ligand complexes. If the mean values of the three MDs were considered, only
4XY8 and 4761 showed binding site residues with a fluctuation above 4 A (Table 4).
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Figure 6. (a—i) RMSF of the 9 systems. Each simulation was run independently three times and the data reported are the

mean of the backbone and side chains values. Residues with an RMSF above 3.0 A are labeled, specifically for (a) apo-
BRDY, (b) 4UIW, (c) 4XYZ, (d) 4Z6], (e) 5E9V, (f) 5F1H, (g) 5IGM, (h) 6V0S, (i) 6V14.

Table 4. Protein residues with a mean RMSF value above 4 A. Key binding site residues are in bold.

System Amino Acids with Mean RMSF above 4 A

Apo Phe47, Thr50, Asp51, Ala52, Ile53, Ala54, Pro55, Met59, 11e60, Lys62
4UIW /

4XY8 Aspb1, Ala52, T1e53

4761 Ala52, I1e53, Pro55, Lys62

5E9V Met59

5F1H /

5IGM Ala52

6V0S Alab2

6V14 /

The analogy between the RMSD and the RMSF observed in 4UIW, 5F1H, 6V0S, and
6V14 corroborates the hypothesis that these complexes are strongly stabilized by the in-
teraction with their ligand.
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2.4. Radius of Gyration

The radius of gyration (Rg) is defined as the root mean square deviation of the atoms
from the protein centroid and can provide further information about the stability and
compactness of the protein during the MD experiments. For each simulation of the 9 com-
plexes, we averaged the values computed in each timestep, and the corresponding fre-
quency of distribution is reported in Figure 7.

0.3
] — Apo
— 4w
—— 4XY8
— 426l
—— 5E9V
] —— 5F1H
0.2 — 5IGM
— 6V0S
— 6V14

0.1

Frequency of distribution

0.0 . . .
13 14 15 16

Radius of gyration (A)

Figure 7. The radius of gyration of the 9 systems. The data were collected as the mean value at
each timestep and plotted as the frequency of distribution.

Despite the different chain lengths of the considered structures, the data showed a
range of variation in Rg values less than 1.5 A for all the systems (Table 5, “range”), mak-
ing them comparable to the apo-BRD9. It is interesting to observe how 5F1H (grey line,
Figure 7) showed very little variations in the frequency distribution of the values, gener-
ating a single high peak. The general trend was a sharp curve with most of the values
grouped around the mean value, and only a few exceptions, like 5E9V and 4XY8, had
wider curve trends.

Table 5. Statistical analysis of the Rg values. The complex showing the lowest range and standard
deviation value is highlighted.

Rg Statistics
Apo 4UIW 4XY8 47Z6l 5E9V 5FIH 5IGM 6V0S 6V14
Minimum 13.7 13.8 14.9 14.6 14.6 14.5 14.5 14.5 13.8
Maximum 14.4 14.5 16.0 15.2 15.9 15.0 15.1 15.1 14.5
Range 0.72 0.70 1.15 0.66 1.27 0.47 0.63 0.58 0.72
Mean 14.0 14.1 15.4 14.9 15.1 14.8 14.8 14.7 14.1
Std. Dev. 0.105 0.116 0203 0.130 0.196 0.074 0.125 0.092 0.122

2.5. Protein-Ligand Interactions

The interactions made by the investigated ligand with the target were monitored
during the three simulations, and the data were averaged to obtain the mean value for
each residue. In Figure 8 we plotted such values, highlighting the contribution of each
type, expressed as the fraction of the total simulation time (i.e., the ratio between the du-
ration of the contact and the total length of the MD). If a single type of contact has an
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Interaction Fraction above 1.0, like in 4UIW, 4761, 5F1H, and 5IGM systems, it means that

the residue has multiple interaction points that are considered as separate entities and

their contributions are cumulative.

90} ¥AL
V0l ¥HL
10} O¥V
00} NSV
66 AL
L6 L3N
96 VIV
1937
09 371
LS ¥AL
SS Odd
1A Al
€S 371
0S ¥HL
6V VA
8y O¥d
Ly 3Hd
oY VIV
S¥ 3Hd
v 3Hd
€V A9
¢V SIH

w o w o
i puc = =
uojjoely uoorIBU|

901 AL

0L ¥HL
€0} dSV

10l D¥V
00} NSV
66 AL

86 dHL
96 VIV
G6 NSV

09 37
6S LI
LS HAL

SS Odd
S Vv
€S 371

¢S VIV
6V VA
Ly 3Hd
S 3Hd
v 3Hd
¢V SHH

< i < i e
o~ - - o o

uoljoely UopoeIAU|

4XY8 (BRDY/2)

9
«

B Water Bridges Mean
M lonic Mean

I Hydrophobic Mean
M H-bond Mean

4UIW (BRD9/1)

Residue

Residue

(b)

(a)

901 ¥AL
Y0l ¥HL
101 DYV
001 NSV
66 AL
96 VIV
LS ¥AL
VS VIV
€5 371
1S dSV
0S ¥H1
6V TVA
Ly 3Hd
oY VIV
S 3Hd
v 3Hd
€V A9
¢y SIH
0¥ dSV

5E9V (BRDY/4)

i 0. 0
- s o

uojjoely uoyorIBU|

S o
o~ o

cLL I
0Ll VIV
N IAER
901 ¥AL
001 NSV
66 MAL
96 VIV
1S ¥AL
GG O¥d
¥ VIV
€5 371
67 VA
8 O¥d
LY 3Hd
9 VIV
Sy IHd
¥ IHd
€7 A1
v SIH
I Oud

0 S o S
- - o o

uoyoely uoyoRIdU|

4761 (BRDY/3)

2.0

Residue

Residue

(©)

(d)

901 MAL
Y01 ¥HL
10} DYV
001 NSV
66 ¥AL
1S ¥AL
[ivs vav
€6 37l
05 ¥HL
67 VA
L 3Hd
S¥ IHd
[y and
€7 A1D
Zv SIH
¥ Odd

5IGM (BRDY/6)

w9 ©
- - o

uoypoely UoORIBIU|

8 E

901 ¥AL
001 NSV
66 AL
96 VIV
LS ¥AL
S VIV
€5 3T

6% TVA

5F1H (BRDY/5)

Ly 3Hd

S¥ 3Hd

v 3Hd

¢y SIH

o w o w o
o - - = P
uoyoely uopoeIBU|

Residue

Residue

(e)

()



Molecules 2021, 26, 7192

14 of 30

Interaction fraction
-
o

g
o

-
o

el
)

s
o

6V0S (BRD9/7) 20 6V14 (BRD9/8)
[
9
515
@©
&
§ 1.0 —
2
3
F 8os
£ P
S - - 7 . o.o—-
$3IL 532333858883 8 ¢ 3 & 5 ¢ 3 3 8 8 8 8
® W w w Qo <4 w<Qo xr << e » W oW o w 4 w << - x
- < Z 0 @ -
:EffpiddgEitzec T & &&= 2 8F g E
Residue Residue
(8) (h)

Figure 8. (a-h) Protein-ligand interactions of each ligand/protein complex. Values reported are the mean of the three rep-
licated MDs and they are expressed as the fraction of total time. Values above 1.0 are due to the cumulative effect of the
various type of interactions, specifically for (a) 4UIW, (b) 4XYZ, (c) 4261, (d) 5E9V, (e) 5F1H, (f) 5IGM, (g) 6VOS, (h) 6V14.
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As expected, compounds 1 and 5 showed a strong interaction pattern with the bind-
ing site amino acids while 7 made irrelevant contacts with the protein counterpart, in con-
trast with what could be hypothesized from the RMSD and RMSF analysis. The strong
interaction made by 6 with Asn100, known to be a key residue in BRD9 [14,18], repre-
sented another peculiar aspect that can suggest an average protein-ligand binding. The
main interaction types appeared to be hydrogen bond and hydrophobic contacts due to
the chemical nature of the compounds (Figure 3), which contained extended aromatic
moieties and several hydrogen bond donors/acceptors.

2.6. Per-Residue Interaction

It also appeared interesting to acknowledge the energetic contribution of each resi-
due to the interaction with the small molecule; therefore, the binding energy was decom-

posed in its single components, and the mean value of each residue was reported (Figure
9).
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Figure 9. (a—h) Per-residue interactions of the 8 complexes reported as the mean value of the three replicated dynamics.
Residues with energetic values below —5.0 kcal/mol are labeled in black and residues above +5.0 kcal/mol are labeled in
red, specifically for (a) 4UIW, (b) 4XYZ, (c) 4761, (d) 5E9V, (e) 5F1H, (f) 5IGM, (g) 6VO0S, (h) 6V14.

This analysis gave us a deeper understanding of the role played by each residue in
the binding with its small molecule. The results highlighted that 1 and 5 have a strong
protein-ligand interaction, with several residues showing interaction energy values below
=5.0 kcal/mol that compensated the disruptive contribution energies of some residues
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(Figure 9), in perfect accordance with the hypothesis formulated during the analysis of
the previous parameters. Therefore, disruptive energetic contributions involving key
binding site residues, like in the case of 1, 4, and 7, may indicate a destabilization of the
BRDY/ligand binding and must be taken into account in the prediction.

2.7. Summarizing All the Data Analysis

Each parameter derived from the molecular docking and MD simulations was eval-
uated separately and classified as “good” (green), “intermediate” (yellow/orange), or
“bad” (red); the threshold values reported below were then set to match the experimental
affinity ranking scale; the results are reported in Table 6. It is worth noting that docking
score-derived information reflects a static picture of the binding event. Specifically, the
interaction patterns detected with this method (Table 6) are not sufficiently different from
each other and, accordingly, they cannot represent discriminative factors for separating
“good” binders from “bad” ones.

In detail:

e  The docking score, the MM-GBSA energy, per-residue total energy, and per-residue
binding site energy are colored according to their value, i.e., the best value in green
(i.e., =9.3 kcal/mol), the worst (i.e., 4.4 kcal/mol) in red, and the others in green-to-
red gradient.

e  The number of interactions reported represents the amount of key binding site resi-
dues that interact with the ligand for at least 50% of the total time. Good values are
above or equal to 3.

e The RMSD is classified according to the average value of the apo structure (2.79 A).
Values below 2.6 A are considered good, values between 2.6 and 3.0 A are considered
intermediate because they resemble the unbound state of the protein, and values
above 3.0 A are classified as bad ones.

e  The RMSF column reports the binding site residues with an average fluctuation value
above 4.0 A. If more than 2 residues show this behavior, the parameter is considered
not favorable.

e  Theradius of gyration is discriminated according to the width of the apo-BRD9 curve
(0.72 A). Values below this threshold are considered positive.

Table 6. Analysis of the seven parameters considered and the subsequent binding prediction. The eight ligand/protein
complexes are ranked based on the experimental Ko. Good values are in green, bad values are in red, and average values
are in yellow/orange.

Molecular Docking Molecular Dynamics Parameters

System Parameters Prediction
(Ligand) D;)Z::rl:g Interactions 2 CI:/IISI\S/[;& Blzzzili:zlsdir:b Per;liiiiziue Interactions¢ RMSDe¢ RMSFf Rgs
4UIW (1) -7.6 8 -87.80 -29.13 -62.96 5 217 0 0.7 Excellent
5F1H (5) -9.2 7 ~74.73 -15.20 -56.43 3 2.21 0 0.47 Good
5IGM (6) -6.7 7 -71.09 -20.48 -20.48 3 2.55 0 0.63 Good
5E9V (4) 4.8 7 -50.44 1.61 -32.19 0 2.98 0 1.27 Intermediate
6V14 (9) -8.3 7 -65.86 -20.57 -20.57 2 2.13 0 0.72 Intermediate
4XY8 (2) -9.3 7 -44.67 0.00 0.00 1 4.05 1 1.15 Bad
4761 (3) -7.9 8 -69.85 -13.99 -13.99 2 2.94 2 0.66 Intermediate
6V0S (7) 4.5 7 -38.17 5.55 -12.45 1 2.74 0 0.58 Bad

2 Number of interactions made with binding site residues. ® Calculated considering only the energetic contribution of
residues with values below -5.0 kcal/mol. < Calculated considering only the energetic contribution of binding site residues
with values below -5.0 kcal/mol. ¢ Number of binding site residues with an interaction time fraction above 0.5. ¢ Calculated
according to the average RMSD value of the apo form (2.79 A). f Number of residues belonging to the binding site with a
fluctuation above 4.0 A. 8 Width of the distribution curve (apo form width: 0.72 A).

From the analysis of the data reported in Table 6, it was clear that no parameter could
be selected as a unique determiner of the binding between a small molecule and its target.
The proposed analysis cannot determine the experimental binding affinity, but it is useful
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to give a general ranking when multiple ligands are available and to highlight the most
promising compounds in a small set of molecules. In general:

o if the MM-GBSA, the per-residue contributions (both total and binding site), and the
interactions are favorable, the compound considered is in the top part of the ranking
(“Good” in Table 6).

e If the per-residue contributions are not satisfactory, but the overall interactions are
encouraging, the compound is likely to belong to the middle part of the ranking (“In-
termediate” in Table 6).

e Despite the MM-GBSA value, if both the per-residue contributions and the interac-
tions made are not sufficient, the compound is placed among the worst in the final
ranking (“Bad” in Table 6).

The per-residue energy contributions reported are useful to discriminate the role
played by the binding site residues and the total variation of energy caused by the protein-
ligand contacts. In some cases, like 5IGM (6), the binding site per-residue energy is even
above zero, but this destabilizing energetic component is mitigated by the total interaction
energy. If the total and the binding site per-residue energy coincide, like in 4Z6I (3), 5IGM
(6), and 6V14 (8), it means that the whole binding energy involves the binding site key
residues and, despite being of modest entity, this suggests that the molecule is a good
binder. The binding prediction that can be made out of these data reflects the experimental
binding values; the best compound is correctly identified, and the mediocre/bad binders
are properly classified. One may find unexpected the “intermediate” classification given
to 5E9V (4), especially considering the positive binding site per-residue energy and the
lack of interactions with the key amino acids. This can be explained considering that the
MM-GBSA AGving, the absence of out-of-range fluctuations, and the total per-residue en-
ergy contribution (caused by the interactions made with non-fundamental amino acids
[17]) mitigate the unfavorable outcomes of the per-residue energy and the modest pro-
tein/ligand interactions and result in a prediction in line with the experimental Ko. From
this analysis, 4261 (3) is the only misplaced protein-ligand complex, due to its per-residue
interactions energy, that is entirely derived from binding site residues contributions, and
a discrete MM-GBSA AGeind was classified as “intermediate” as 6V14 (8), which shows a
very similar analysis outcome. Moreover, to evaluate if 100 ns were enough in this type of
study, we extended the 4UIW MD1 reaching a total simulation time of 1 us. Interestingly,
the analysis of the results obtained in this way (see Supplementary Materials Figures S1-
S5) did not deviate significantly from the results obtained in 100 ns of simulation. These
considerations suggest that a total simulation time of 100 ns is sufficient to study the pro-
tein-ligand complex behavior and this confirms that the proposed method is both quick
and reliable.

2.8. Test Set

To test the proposed methodology, six known BRD?9 ligands [11,16,17,19] with dif-
ferent affinities for the target, ranging from low nM to high pM values, as well as no-
binders, were selected (Figure 10).
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Figure 10. Chemical structures and Kb values of the six compounds 9-14 used in the test set.

To mimic a real case study, where no structural information is available, the ligands
were first submitted to a molecular docking calculation to select the best binding pose.
The six molecules were docked against BRD9 (PDB code: 5F1H) using Glide [28-31] in
Extra Precision (XP) mode, saving 10 maximum poses for each compound. The binding
poses were evaluated, separately considering both the docking score and the interactions
made with the protein, and in five cases out of six the best ranked pose according to the
docking score corresponded to that establishing the best interaction pattern. Interestingly,
when the binding mode of 10 was analyzed, the pose that showed the best protein-residue
interactions (i.e., Asn100 and Tyr106) was the second one if considering the docking score
as the ranking parameter (Figure 11A). In this case, we decided to verify whether an in-
correct evaluation in the pose choice could lead to wrong results and, for this reason, we
analyzed both the poses returned by Glide (named from now on 10a and 10b).
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Figure 11. (A) Comparison between the two poses of 10 (10a, purple carbons, and 10b, green car-
bons) in BRD9 binding site (cyan ribbons). (B) Superimposition between the good pose of 10 (green
carbons) and its crystallized binding mode (cyan carbons).

Initial important considerations should be made on the docking score because, from
the mere analysis of the calculated binding affinity, some inconsistencies with the experi-
mental data are clear (Table 7). In particular, compound 10, which has a good affinity for
the target (Ko =99 nM) poorly performed in molecular docking experiments. On the other
hand, 14 featured a good predicted binding affinity, but it was reported to have low/no
interaction with BRD9. This again confirmed, on BRD9, that an analysis based only on the
molecular docking could lead to false positive and false negative results and a deeper
testing phase was necessary to evaluate the binding more appropriately.
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Table 7. Calculated docking score and MM-GBSA AGeind for the 6 tested compounds (9-14).

Experimental Data Calculated Data
Experimental ..
Complex . 3. . .. Calculated Binding MM-GBSA
KD (uM)  Binding Affinity Affinity (kcal/mol) AGbind
(kcal/mol)

9 0.0094 -10.9 -94 -78.88
10a -5.3 -52.01
10b 0.099 96 -5.2 ~70.70

11 1.01 -8.2 -7.4 -70.41
12 17.0 -6.5 -5.9 -76.08
13 / / -5.7 -58.69
14 / / -7.9 -64.27

The complexes were then simulated in a single MD as before (see Materials and
Methods Section) and the analysis was carried out as outlined in the previous steps. The
MM-GBSA was the starting point to discriminate good binders from poor ones. Like in
the training set, the MDs were clustered into 10 groups according to their RMSD from
frame 0 (see Materials and Methods), and the corresponding AGoind for the representative
structure of each cluster was calculated. The values are reported as the mean of the 10
values (Table 7). As in the training set, the correlation between experimental binding af-
finity and MM-GBSA was not perfect but, interestingly, 10a showed the worst AGping, fol-
lowing the docking score, despite being the second-best binder in the set. Conversely, 10b
showed a much better AGpind maintaining an almost unchanged docking score, suggesting
that the correct binding pose is fundamental in this type of experiment.

As predicted, the analysis of the most common and immediate MD parameters
(RMSD, RMSF, and Rg) did not provide useful information to discriminate more and less
active compounds (Figure 12A). In detail, no complexes showed RMSD values above 4 A,
except for a spike in the trend of 10a and 14 which, however, could not indicate a signifi-
cant instability in the complex.
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Figure 12. (A) RMSD, (B) RMSF, and (C) Rg analysis of the six protein-ligand complexes.

In addition, the RMSF analysis showed no relevant fluctuation, excluding Ala52 and
Ile53 (belonging to the binding site) in 13 and Lys62 in 12, indicating instability in connec-
tion with these ligands (Figure 12B). The radius of gyration of the first five proteins fol-
lowed a similar pattern, with the curves being narrow and all centered within 14.60 and
14.75 A. The system related to compound 14, instead, showed a double-peaked trend and
the curve was shorter and wider than the others. The lack of compactness reported may
suggest that BRD9/14 is a less stable complex (Figure 12C). Nevertheless, based only on
these data, one could not discriminate correctly the molecules tested.

The analysis of the per-residue interactions (Figure 13) provided, as expected, a use-
ful insight into the behavior of each molecule. Specifically, compound 9 received the
strongest energetic contribution from Asp40, which, despite not being a key residue in the
binding site of BRD9, had interaction energy around -20 kcal/mol; moreover, Phe44 and
Tyr106, two crucial binding site amino acids, also showed considerable binding energy.
The only relevant energies reported for 11 were computed for Asp100 and Tyr106, while
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the chaotic and unpaired situation of 12 indicated an unstable binding, particularly due
to the high repulsive force generated by Argl01, one of the key residues of the binding
site. The binding energies involving other key amino acids were modest and could not
counterbalance the two massive disruptive contributions. As assessed before, 10a per-
formed poorly with irrelevant binding energies, following the trend highlighted in the
previous steps. This confirmed that the starting binding pose is fundamental, and a wrong
choice can greatly influence the predictions. Indeed, 10b shows good binding energies
with binding site amino acids, namely Phe47, Asn100, and Tyr106. The two non-bonding
compounds (13 and 14) showed a mediocre binding with Phe44, Asn100, and Tyr106,
making them comparable with poor binders like 11 or 12, despite 14 having a docking
score of —7.94 kcal/mol. Concerning the protein-ligand interactions, the trend highlighted
was similar to per-residue interaction energies (Figure 14).
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Figure 13. (a-g) Per-residue interaction of the six complexes. Residues with energetic values below -5.0 kcal/mol are la-
beled in black and residues with values above +5.0 kcal/mole are labeled in red. (a) BRD)/9, (b) BRD)/10a, (c) BRD)/10b,
(d) BRD)/11, (e) BRD)/12, (f) BRD)/13, (g) BRD)/14.
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Figure 14. (a—g) Protein-ligand interaction histogram of the six complexes expressed as total time fraction. Values above
1.0 are the result of the cumulative effect of multiple interaction types or hydrogen bond donors/acceptors. (a) BRD)/9, (b)
BRD)/10a, (c) BRD)/10b, (d) BRD)/11, (e) BRD)/12, (f) BRD)/13, (g) BRD)/14.

As expected, 9 showed a stable interaction pattern with key amino acids (Phe44, 1153,
Tyr99, Asn100, and Tyr106) throughout the whole dynamic (Figure 14), suggesting being
the compound with the best activity. Compounds 11 and 12, on the other hand, showed
an opposite trend in the interactions with Asn100, which was involved in the binding for
less than 0.5 and more than 1.5 fraction of time, respectively (due to the double hydrogen
bond donor/acceptor on the side chain). The other amino acids were only marginally in-
volved in the binding, with a slightly better performance of 12 compared to 13. Interest-
ingly, 10a made almost no connection with BRD9, corroborating the hypothesis that the
starting binding pose is fundamental to obtain reliable outcomes. A summary of the anal-
ysis performed is reported in Table 8.
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Table 8. Analysis of the seven parameters considered and the subsequent binding prediction. The six tested complexes
related to the test set compounds 9-14 are ranked based on the experimental Kp. Good values are in green, bad values are
in red, and average values are in yellow/orange.

Molecular Docking Molecular Dynamics Parameters
System Parameters Prediction
(Ligand)  Docking . o ctionss MM-GBsA LcrResidue  PerResidue | ions¢ RMSD: RMSF¢ Rge
Score Binding Site P Total ¢
9 -9.4 8 -78.88 -17.67 -61.60 4 297 0 0.69 Excellent
10a -5.3 7 -52.01 -5.88 -13.00 0 3.25 0 0.90 Bad
10b -3.8 6 -70.70 -17.36 -17.36 3 2.19 0 0.75 Good
11 -7.4 7 -70.41 -13.66 -13.66 3 3.35 0 1.00 Intermediate
12 -5.9 9 -76.08 -15.37 -29.07 4 3.23 1 0.86 Good
13 -5.7 8 -58.69 -12.03 -17.96 2 3.32 0 0.94 Bad
14 -7.9 8 -64.27 -18.56 -18.56 3 3.15 2 1.01 Bad

2 Number of interactions made with binding site residues. ® Calculated considering only the energetic contribution of
residues with values below -5.0 kcal/mol. < Calculated considering only the energetic contribution of binding site residues
with values below -5.0 kcal/mol. ¢ Number of binding site residues with an interaction time fraction above 0.5. ¢ Calculated
according to the average RMSD value of the apo form (2.79 A). f Number of residues belonging to the binding site with a
fluctuation above 4.0 A. 8 Width of the distribution curve (apo form width: 0.72 A).

The poor performance of 10a, in stark contrast with 10b, confirmed that the choice of
the correct docking pose, from which the MD will be started, can influence the results up
to provide false-positive or false-negative results. This often happens because a canonical
MD simulation only explores the local energetic minimum and does not have either the
time or the “strength” to explore the energetic surface, suggesting the use of alternative
methods (e.g., metadynamics) in these uncertain cases. Concerning the other molecules,
the trend is generally preserved, and 9 is by far the molecule with the best performance.

3. Discussion

In the case of BRD9 protein, semi-rigid molecular docking experiments and related
data only may not be exhaustive for the selection of promising ligands. This finding is in
agreement with previous reports, where the use of an Induced Fit docking was necessary
to accommodate the small molecule properly in the binding site [16]. In detail, after a pre-
liminary redocking step, we have here shown the correlation between the calculated and
the experimental binding energy was not perfect, indicating that an in silico study should
not be based only on this type of experiment. Therefore, an extensive retrospective MD
study was carried out to assess which MD-derived parameters could be combined to for-
mulate a reliable binding hypothesis. From the analysis of the data reported, it was possi-
ble to highlight the key MD parameters to be considered in the evaluation of a small set
of possible BRD9 binders. In detail, common structural parameters like RMSD, RMSF, and
Rg were proved to be not sufficient to point out the best binders correctly and are not
directly related to the experimental Ko. The energetic parameters, on the other hand,
showed a deeper and more useful insight into the nature of the binding. The per-residue
interactions and the MM-GBSA AGvind were particularly crucial in evaluating the contacts
between the target and the small molecule it contained. The molecular docking/molecular
dynamics procedure was validated using a set of six molecules, four of them showing
different binding affinities for BRD9, and two non-binders. Following the procedure
tuned with the training set, the molecules were docked against a reference BRD9 crystal
structure, and the binding poses were evaluated not only based on the docking score but
also considering the interactions made by the compounds with the protein. Interestingly,
compound 10 presented a particular outcome in which the top-ranked pose was not the
one with the best protein/ligand interactions. To investigate the consequences of a wrong
binding pose choice, both were simulated and analyzed to determine their differences.
Not surprisingly, the complex containing the pose with the highest number of protein/lig-
and contacts showed better results if compared to the other one, confirming the initial
hypothesis that the starting point is crucial for the correct outcomes of the MDs. Moreover,
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we performed a retrospective study on the crystal structure of BRD9/10, comparing the
experimental binding mode with that was identified as the best one obtained by molecular
docking experiments. Interestingly, the two molecules are oriented in a very similar way
(Figure 11B), confirming that 10b was indeed the best outcome of the calculation. In this
respect, further consideration should be made on the binding pose selection process, even
for relatively short MD simulations and small protein domains like BRD9: whether mul-
tiple poses are returned (i.e., a significant variation in the molecule arrangement inside
the binding pocket), all those showing promising predicted binding with the protein
counterpart should be taken into account in the following MD experiments.

4. Materials and Methods
4.1. Structure Selection and Preparation

At the time of the study, 46 crystal structures of BRD9 were available in the Protein
Data Bank with 16 apo structures or BRD9/histone complexes. Out of the 30 BRD9-ligand
structures, one representative crystal for each compound series was chosen. The eight
chosen ligand-BRD?9 co-crystal structures and the apo form of BRD9 (Table 9) were down-
loaded from the Protein Data Bank and processed with the Protein Preparation Wizard
tool available in the Schrodinger Suite [32]. This tool resolves common mistakes in the
imported structure, like the bond order and the protonation state, and optimizes the H-
bond network at physiological pH. In this way, both protein and co-crystallized ligands
are parametrized.

Table 9. Structural information of the ten crystal complexes used. References are reported in
square brackets.

PDB Ligand Resolution (A)
4YY4 [20] / 1.47
4UIW [18] Hi1B 1.73
4XY8 [16] 43U 1.70

4761 [19] 413 1.95
5E9V [17] 5LO 1.80
5F1H [15] 5U6 1.82
51GM [21] BMF 1.60
6VO0S [11] EAE 2.40
6V14 [11] QMG 1.70

4.2. Redocking, Molecular Docking Experiments, and Ensemble Docking

For the redocking experiments, the required molecular docking grids were generated
using the centroid of each ligand as the center of the box, and all the molecular docking
experiments were carried out using the software Glide [28-31] in Extra Precision mode
(XP). In the initial step, 10,000 poses were generated for each ligand, and the best 800 were
kept for minimization. Eventually, only the 10 top-ranked poses were saved. For the mo-
lecular docking of the test set compounds, among the initial 8 structures of the training
set, 5F1H [15] was chosen as the macromolecule counterpart because it featured an opti-
mal resolution (1.82 A), making this system suitable for molecular docking experiments.
Also, the original ligand/protein complex [15] contained a well-characterized and potent
inhibitor (BI-9564), featuring a molecular shape and volume intermediate between all the
investigated compounds, thus making the related protein conformation suitable for bind-
ing the different investigated ligands. The tests were carried out with the same procedure
illustrated above. In ensemble docking, the frames of one of the apo-BRD9 MD simulations
were clustered into 50 groups according to their RMSD difference from frame 0 (see Sec-
tion 4.4) and the representative structure of each cluster was used as the receptor for the
molecular docking. The necessary grids were built using Glide [28-31] and the centroid
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of the volume between key residues in the binding site (i.e., Phe44, Tyr99, Asn100, Arg101,
and Tyr106) was considered as the center of the box. The eight compounds were docked
in XP mode following the parameters illustrated above.

4.3. Systems Setup

After the preparation phase, the resulting structures were prepared for the MD sim-
ulation. Using the System Setup tool of the software Desmond [33,34], they were inserted
in a cubic box with a buffer distance of 10 A on the three-axis and solvated with TIP3P
water molecules. The systems were neutralized, adding an appropriate number of Na* or
Cl-ions, and 0.15 M of NaCl was added to mimic the physiological conditions.

4.4. Molecular Dynamics

All the simulations of both apo-BRD9 and ligand-containing structures were carried
out using the software Desmond [33,34] with the OPLS-2005 force field. Initially, each
system was relaxed with an internal protocol: the first step is a Brownian Dynamics in
NPT ensemble (i.e., keeping the number of molecules, the pressure, and the temperature
of the system constant) at 10 K for 100 ns, followed by two 12 ns steps at 10 K, in NVT and
NPT ensemble respectively, with restrains on heavy solute atoms. Then, two phases of 12
ns and 24 ns, respectively, were carried out in an NPT ensemble at 300 K with and without
restrains. After the relaxation phase, the systems were simulated independently for 100
ns three times in an NPT ensemble at 310 K. For 4UIW, starting from the final frame of the
MD1, an additional 900 ns of MD (total simulation time: 1us) were carried out to study
whether longer times could influence results. Eventually, to simplify some of the follow-
ing analysis, each trajectory was clustered into 10 groups based on the RMSD from the
initial frame. One representative structure was selected for each cluster. For the test set
compounds, only one MD was carried out for each complex.

4.5. Per-Residue Interaction Analysis

To determine the energetic contribution of each residue in the ligand binding, a score-
in-place molecular docking was performed with Glide [28-31] as before (see “Redocking
and Molecular Docking Experiments” Subsection) on each representative structure taken
from the MDs using the same parameters of the canonical docking score (see above for
details). During molecular docking, the per-residue interaction energy was computed
and, in the training set, the mean value of the three replicas was reported.

4.6. MM-GBSA

The free energy was calculated on the representative structure extracted from each
MD cluster with the MM-GBSA method using the software Prime [25-27] in the VSGB
solvent model. The residues within 6 A from the ligand were left free to move to reduce
steric clashes.
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5. Conclusions

In this work, we reported an in silico molecular dynamics-driven exhaustive analysis
method to guide the estimation of the binding affinity of a set of molecules against BRD9
protein. As highlighted from the training set, the docking score alone may misguide the
selection of promising compounds and, therefore, has to be combined with other param-
eters. For this purpose, it is useful to perform molecular dynamics (MD) simulations and
calculate the energetic and structural parameters of each complex. This is a fast way to
roughly discriminate good binders from bad ones as they immediately stand out; the de-
termination of the mediocre binders is instead challenging and not always univocally pos-
sible. The advantage of the proposed method is that it is relatively fast: generally, a single
MD of a system containing 44,000 atoms on a machine equipped with six Gold Intel®
Xeon® 6230 CPUs can take about 48 h, and the whole data extrapolation can last no more
than few days, and it can help exclude compounds with poor performance for the selected
target.

Supplementary Materials: The following are available online: PDB coordinates of the 5F1H recep-
tor used for the molecular docking and the selected poses for the test set compound; ensemble dock-
ing results (Table S1); data related to 1 pus MD simulation of 4UIW system (Figures S1-S5).
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