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Protein arginine methyltransferase 5 (PRMT5) is the most promising anticancer target in PRMT family. In
this study, based on the first S-adenosylmethionine (SAM) competitive small molecule inhibitor (17,
compound number is from original paper) of PRMT5 reported in our recent paper, we determined the
molecular mechanism of 17 interacting with PRMT5 by computational methods. Previously reported
CMP5 was also thought of as a SAM competitive inhibitor of PRMT5, but the direct inhibition activity
against PRMT5 at enzymatic level was not provided. Therefore, we tested the half-maximal inhibitory
concentration (IC50) of CMP5 against PRMT5 at enzymatic level for the purpose of summarizing the
interaction characteristics of SAM binding site inhibitors with PRMT5. Additionally, as the essential
interacting partner of PRMT5, the binding attributes of the WD-repeat-containing protein MEP50
(methylosome protein 50) was investigated, and nine key residues that contribute most to
PRMT5:MEP50 interaction were identified. These results could be helpful in discovering new potent and
specific inhibitors of PRMT5, as well as in designing mutant residue assay to modulate the catalytic
activity of PRMT5.

© 2017 Elsevier Inc. All rights reserved.
1. Introduction

As one of the common cellular posttranslational modifications
in eukaryotic organisms [1,2], arginine methylation mediated by
protein arginine methyltransferases (PRMTs) plays crucial roles in
many cellular processes, e.g. gene transcription, RNA processing,
DNA repair, etc [3,4]. PRMTs could methylate many different pro-
tein substrates in nucleus and cytoplasm, which links up well with
its important and diverse function. The PRMT family consists of
nine members (PRMT1e9) in human cells [5], and they all use SAM
as the methyl donor while the N-atoms in the sidechain of arginine
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residues as the methyl acceptor during catalysis. According to the
states of methylated arginine [monomethylarginine (MMA),
asymmetric dimethylarginine (ADMA), and symmetric dimethy-
larginine (SDMA)], PRMTs can be further classified into three types:
type I, II and III. PRMT1, -2, -3, -4, -6 and -8 belong to type I, which
could convert arginine to MMA and further to ADMA [5,6]. PRMT5
[7] and �9 [8] appertain to type II which could generate MMA and
SDMA, while PRMT7 is the only type III PRMT enzyme that solely
produces MMA [9].

Numerous studies [10e13] have indicated the vital roles of
PRMT5misregulation in disease development, notably in cancer. As
a consequence, mounting efforts [12,14e18] have been made to
develop PRMT5 inhibitors (Chart 1) considering its potential ther-
apeutic prospect in cancer therapy. Although inhibitors of every
PRMT member are reported [2], only one PRMT5 inhibitor (GSK-
3326595) has been put into clinical trials. Thus, PRMT5 drawsmore
ts of the first S-adenosylmethionine competitive inhibitor and the
ginine methyltransferase 5 by combined computational methods,
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Chart 1. Previously reported PRMT5 inhibitors.
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attention among PRMTs and becomes themost promising target for
anticancer therapy. Two sites (SAM binding site, substrate binding
site) on PRMT5 that can be occupied, thus the reported PRMT5
inhibitors (Chart 1) can be classified into SAM binding site (com-
pound 1e4 [18e21],17 [14]) and substrate binding site (EPZ015666
[17]) inhibitors. However, the binding sites of some inhibitors
(CMP5 [12], DC-C01 [15] and P5i-6 [16]) have not been verified.
According to the structure characteristics, previously reported
PRMT5 inhibitors can be grouped into SAM analogues (1e4), which
have poor selectivity and druggability, and non-SAM analogues.

Compound 17 is the first SAM competitive inhibitor of PRMT5
reported in our recent paper with an IC50 of 0.33 mM [14]. To probe
its binding mode with PRMT5, we tried to obtain the complex
crystal structure but failed. Therefore, as an alternative method, we
used molecular docking and molecular dynamics (MD) simulation
to investigate the interactions between 17 and PRMT5 in the pre-
sent study. CMP5 was also reported to be a SAM binding site in-
hibitor of PRMT5 [12], but its direct inhibition activity against
PRMT5 at enzymatic level was not tested. As the aim of this study is
to summarize the interaction characteristics of SAM binding site
inhibitors with PRMT5 by computational methods, it is necessary to
acquire the IC50 of CMP5. We thus synthesized this compound and
used radioactive methylation assay to test its activity against
PRMT5. Our result showed that the IC50 value of CMP5 was above
50 mM,which indicated that PRMT5 is not the direct target of CMP5.
Accordingly, its binding interaction with PRMT5 was not investi-
gated in the current work.

Our simulation results showed that 17 displayed a bindingmode
similar to SAM and formed quite stable hydrogen bonds and hy-
drophobic interactions with PRMT5, with the binding free energy
of �27.27 kcal/mol. In addition, by analyzing the MD trajectories of
SAM-PRMT5:MEP50 and SAM-PRMT5 models, regions responsible
for the interaction between PRMT5 and MEP50 were localized.
Further investigation identified nine key residues that contributed
most to PRMT5:MEP50 interaction, and this findings were further
validated by fragment docking and direct coupling analysis (Fd-
DCA) method.
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2. Material and methods

2.1. Molecular docking

The coordinates of the crystal structures of PRMT5 with SAM
analogue (A9145C), MEP50 and H4 peptide were retrieved from the
PDB (accession 4GQB [19]). As part of important residues (208e211
and 246e247) of MEP50 in this crystal structure was not deter-
mined, we used the coordinate of MEP50 from another PDB
(accession 4X60 [17]) which contains the relatively entire MEP50
(sequence: Leu19ePro328). The protein structure of PRMT5:MEP50
was manually constructed by combining PRMT5 (sequence:
R13eLeu637) and MEP50 from the two crystal structures. Molec-
ular docking was performed to obtain the binding mode of 17 to
PRMT5:MEP50 with Glide 6.7 (grid-based ligand docking with
energetics) program [22,23]. The protein structure was prepared
using the Protein Preparation Wizard Workflow provided in the
Maestro graphical user interface of the Schr€odinger program suite,
and the default settings were used. Residues within 15 Å around
A9145C in PRMT5 were defined as binding sites at which the
docking grids were created. The default settings were adopted for
the cutoff, neutralization, scaling and dimension of the binding
pocket. Compound 17 and the methyl donor SAMwere prepared by
LigPrep and the default settings were adopted. Then the extra
precision (XP) mode was used to dock 17 and SAM into the defined
binding site without constraint. Finally, the 17-PRMT5:MEP50 and
SAM-PRMT5:MEP50 complex models were obtained, respectively.
The SAM-PRMT5 model was constructed from SAM-PRMT5:MEP50
complex with manual deletion of MEP50.

2.2. Molecular dynamics simulation

100 ns MD simulations were performed on 17-PRMT5:MEP50,
SAM-PRMT5:MEP50 and SAM:PRMT5 models. The protonation
states of ionizable residues of each model were determined using
the Hþþ program [24]. Each complex model was surrounded by a
periodic box of transferable intermolecular potential 3P water
ts of the first S-adenosylmethionine competitive inhibitor and the
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molecules that extended 10.0 Å from the protein atoms. Counter-
ions were added to neutralize the simulation system. Molecular
dynamics simulations were performed using the AMBER 14.0
package [25] with isothermal-isobaric (NPT) ensemble and periodic
boundary conditions. The Amber14SB force field and the general
Amber force field (GAFF) [26] were used for protein and small
molecules respectively. The charges and force field parameters of
SAM and 17 that were not existent in GAFF were derived by ante-
chamber [26,27]. During MD simulations, all bonds involving
hydrogen atoms were constrained with the SHAKE algorithm [28],
and an integration step of 2 fs was used. Electrostatic interactions
were calculated using the particle-mesh Ewald method [29]. The
nonbonded cutoff was set to 10 Å, and the nonbonded pairs were
updated every 25 steps. Each simulation was coupled to a 300 K
thermal bath at 1 bar pressure by applying the algorithm of
Berendsen et al. [30].

2.3. MM-PBSA calculations

Based on the equilibrated dynamic trajectory, the binding free
energy was calculated using the MM-PBSA method encoded in the
AMBER 14.0 program. A total of 2000 snapshots from the trajectory
were extracted every 50 ps, and the MM-PBSA calculation was
performed on each snapshot using the MMPBSA.py.MPI module.

2.4. Fragment docking and direct coupling analysis (Fd-DCA)

Fd-DCA was a recently reported computational method that
could accurately estimate druggable proteineprotein interfaces
[31]. We used this method to further validate the findings that were
obtained by free energy decomposition.
Fig. 1. (A) The binding mode of 17 with PRMT5. SAM was also displayed for comparison. PR
clarity, the hydrogen atoms of 17 and SAM were not shown. (B) Hydrogen bonds and hydro
lines, while hydrophobic contacts are represented by an arc with spokes radiating towards
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2.5. General procedure for the synthesis of CMP5

Commercially available reagents were used without further
purification. Organic solvents were evaporated with reduced
pressure using a Buchi R-100 rotary evaporator. Reactions were
monitored by TLC using Yantai Jiangyou (China) pre-coated GF254
silica gel plates. Silica gel column chromatography was performed
on silica gel (200e300mesh) fromQingdao Haiyang Chemical Plant
(China). NMR spectra were measured on a Bruker Avance 600
spectrometer. Chemical shifts were expressed in d (ppm) and
coupling constants (J) in Hz using solvent signals as internal stan-
dards (CDCl3, dH 7.27 ppm).
2.5.1. Synthesis of 1-(9-Ethyl-9H-carbazol-3-yl)-N-(pyridin-2-
ylmethyl)methanamine (CMP5) [32]

A solution of N-ethyl-3-carbazolecarboxaldehyde (100 mg,
0.45 mmol), 2-(aminomethyl)-pyridine (49 mg, 0.45 mmol) and
glacial acetic acid (1 drop, cat.) in anhydrous tetrahydrofuran (10mL)
was stirred at room temperature for 1 h. Sodium triacetoxyborohy-
dride (95 mg, 0.45 mmol) was added in a single portion and the
mixture stirred for a further 18 h. The reaction mixture was diluted
with ethyl acetate and washed with a saturated aqueous solution of
sodium hydrogen carbonate. The combined organic phase was
washed with water, brine, and then dried over anhydrous magne-
sium sulfate, and the solvent was removed under vacuum. Purifica-
tion by column chromatography (ethyl acetate) afforded 5 as an
orange oil (88mg, 0.28mmol, 60%). CMP5was obtained by stirring 5
in HCl/Et2O at room temperature for 1 h. 1H NMR (600 MHz, CDCl3)
d 8.60 (dd, J ¼ 5.0, 1.6 Hz, 1H), 8.09e8.14 (m, 2H), 7.64 (td, J ¼ 7.7,
1.7 Hz, 1H), 7.52e7.44 (m, 2H), 7.42e7.32 (m, 3H), 7.24 (t, J ¼ 7.4 Hz,
1H), 7.17 (dd, J ¼ 7.5, 5.0 Hz, 1H), 4.35 (q, J ¼ 7.3 Hz, 2H), 4.06 (s, 2H),
MT5 and MEP50 were shown as cartoons, while 17 and SAM were shown as sticks. For
phobic interactions between 17 and PRMT5. Hydrogen bonds are indicated by dashed
the ligand atoms. Molecular graphic figures were prepared with the LigPlotþ program.
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Fig. 2. Time dependencies of the weighted root-mean-square deviations (RMSD) for the backbone atoms of 17, PRMT5 and MEP50 from their initial positions during the 100 ns
simulation.
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4.02 (s, 2H), 1.43 (t, J ¼ 7.3 Hz, 3H). The 1H NMR spectral data of 5
were in agreement with the literature data [32].
2.6. Direct inhibition activity of CMP5 against PRMT5 at enzymatic
level assay

We followed the radioactive methylation assay method that we
previously reported [14] to test the direct inhibition activity of
CMP5 against PRMT5 at enzymatic level.
Table 1
PRMT5 residues involved in hydrophobic interactions
with 17 during the simulation time and the corre-
sponding occupancy rates. Only the occupancy rates
above 50% were shown.

Residues Occupancy rate

Pro314 74%
Leu315 54%
Tyr324 69%
Phe327 92%
Gly365 81%
Val391 79%
Glu392 75%
Lys393 93%
Ser417 50%
Ser418 80%
Asp419 66%
Met420 65%
Glu435 99%
Leu436 89%
Arg950 89%

Table 2
The binding free energy of 17, SAM andMEP50 to PRMT5 calculated by theMM-PBSA
method. All calculated values were given in kcal/mol. DG ¼ DGgas þ DGsolv. DGgas
represents the binding free energy in vacuumwhile DGsolv represents the solvation
free energy change.

DGgas DGsolv DG

17 �96.98 69.71 �27.27
SAM �317.82 260.48 �57.34
MEP50 �1907.37 1646.85 �260.52
3. Results

3.1. The predicted binding mode of 17 is similar to that of SAM

Molecular docking was used to gain the binding mode of 17 to
PRMT5. As shown in Fig. 1A, 17 displayed binding mode similar to
that of SAM. The detailed interactions between 17 and PRMT5 were
shown in Fig. S1. To further validate the interaction, 100 ns MD
simulation was performed on the inhibitor-enzyme (17-
PRMT5:MEP50) complex model obtained by molecular docking. To
examine the structural stability of the 17-PRMT5:MEP50 complex
model duringMD simulations, the time evolution of weighted root-
mean-square deviations (RMSDs) for backbone atoms of
PRMT5:MEP50 protein and for heavy atoms of 17 from their initial
positions (t ¼ 0) were calculated. As illustrated in Fig. 2, RMSD
values of 17, PRMT5 and MEP50 were all steady during the simu-
lation. For the simulated time span of 100 ns, 17 displayed general
stability and confinement in the SAM binding pocket of PRMT5, in
conformity with the conformation from the docking result, indi-
cating that the 17-PRMT5:MEP50 complex model is thermody-
namically favored. During this simulation time window, no
significant conformational change of the PRMT5:MEP50 surface
had been observed.

By analyzing the MD trajectory, we found that 17 showed strong
tendency to be localized in the SAM binding pocket of PRMT5. Two
conserved hydrogen bonds formed between 17 and residues E444
and K393 were found, with occupancy rate of 91.63% and 61.37%,
respectively. It is worthwhile to note that, two hydrogen bonds
between 17 and residues Glu435 and Tyr334 (Fig. S1) were
configured in the original 17-PRMT5:MEP50 complex model ob-
tained by molecular docking, whereas both occupancy rates were
lower than 50% during the 100 ns MD simulation. This could
rationalize the necessity of employing MD simulation to obtain the
rational binding mode of small molecules. As illustrated in Fig. 1B
and Fig. S2, besides the two residues involved in hydrogen bonding
interaction, residues associated with hydrophobic interactions
Please cite this article in press as: K. Zhu, et al., Interaction assessmen
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between 17 and PRMT5 formed a hydrophobic pocket. The corre-
sponding occupancy rates of the hydrophobic interaction residues
were shown in Table 1. In order to quantify the binding affinity
between 17 and PRMT5:MEP50, MM-PBSA method encoded in the
AMBER 14 programwas used to calculate the binding free energy of
the 17-PRMT5:MEP50 complex. As shown in Table 2, 17 indeed
showed potent binding affinity with PRMT5.
3.2. Previously reported PRMT5 inhibitor CMP5 did not show
inhibitory activity against PRMT5 at enzymatic level

CMP5was previously reported as a SAM binding site inhibitor of
PRMT5, without being tested its direct inhibitoty activity at enzy-
matic level. As one purpose of this study is to summarize the
interaction characteristic of SAM binding site inhibitors with
ts of the first S-adenosylmethionine competitive inhibitor and the
ginine methyltransferase 5 by combined computational methods,
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Scheme 1. Reagents and conditions: (a) NaBH(OAc)3, AcOH, THF, rt, 18 h; (b) HCl/Et2O, rt, 1 h.
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PRMT5 by computational methods, wemust know the IC50 of CMP5
against PRMT5 at enzymatic level. Therefore, we synthesized this
compound by following previously reported methods [32] (Scheme
1) and tested its inhibition against PRMT5 at enzymatic level ac-
cording to the methods that we previously employed to screen
PRMT5 inhibitors. The assay result showed that CMP5 displayed
barely inhibitory activity against PRMT5 at 50 mM with an inhibi-
tion rate of 7.8%. Based on the aforementioned observations, we
believe that PRMT5 is not the direct target of CMP5 despite the fact
that it could block initiation and maintenance of B-cell
transformation.

3.3. Key residues involved in interactions between PRMT5 and
MEP50 were identified

MEP50, as the most important interacting partner of PRMT5, is
essential for the catalytic activity of the latter. To probe the in-
teractions between MEP50 and PRMT5, we constructed SAM-
PRMT5:MEP50 and SAM-PRMT5 complex models, and then per-
formed 100 nsMD simulations on the twomodels. Reliability of this
two MD trajectories was confirmed by the stable RMSD values
(Figs. S3 and S4) for backbone atoms of proteins (PRMT5 and
MEP50) and for heavy atoms of SAM. In addition, we calculated the
distance between the methyl carbon atom of SAM and the amino
nitrogen atom of Arg3 residue of the SAM-PRMT5:MEP50 model
during simulation, which represents a key factor of the methylation
reaction catalyzed by PRMT5. As shown in Fig. S5, the distance
Fig. 3. Residue fluctuations of SAM-PRMT5:MEP50 an
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fluctuated at ~3.5 Å, suitable for catalysis, which further supported
the reliability of this model. Then based on the MD trajectory of
SAM-PRMT5:MEP50 model, the binding free energy of SAM and
MEP50 to PRMT5 were calculated by MM-PBSA method, respec-
tively. As shown in Table 2, SAM displayed more potent binding
affinity to PRMT5 compared with 17, and the hydrogen bonds and
hydrophobic interactions between SAM and PRMT5 were shown in
Tables S1 and S2. As expected, the interaction between MEP50 and
PRMT5 was very potent, with a binding free energy
of�260.52 kcal/mol. To identify the regions of PRMT5 that involved
in the binding with MEP50, the largest root-mean-square fluctua-
tion (RMSF) values were calculated for the two models. Our results
indicate that two regions (residues 54e74 and 158e180) of PRMT5
were responsible for the binding of MEP50 to PRMT5 (Fig. 3),
because the residue fluctuations of the two regions significantly
decreased in the SAM-PRMT5:MEP50 model compared with those
in the SAM-PRMT5 model.

In order to further identify key residues that contribute most to
the binding between PRMT5 and MEP50, energy decomposition
calculation was performed. As we can see from Table 3, 22 residues
of PRMT5 and 16 residues of MEP50 contributed to the binding
between PRMT5 and MEP50. Then by further analyzing these res-
idues, we found that a total of six residues (R49, R62, R91, R164,
I168 and H271) of PRMT5 and three residues (R52, W54 and R164)
of MEP50 contribute most to the binding free energy, with energy
contribution < �5.0 kcal/mol (Fig. 4). This findings were in accor-
dance with the Fd-DCA calculation results (Fig. S7).
d SAM-PRMT5 models over 100 ns simulations.
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Table 3
Decomposition of binding free energy DG into contributions from residues in PRMT5 and MEP50 binding surface. Only residues with contribution < �2 kcal/mol were shown.
Values that are more negative indicate more contributions to substrate binding by the corresponding residues.

Residues number (PRMT5) Energy contribution (kcal/mol) Residues number (MEP50) Energy contribution (kcal/mol)

Asn21 �4.52 Ser50 �2.08
Pro24 �4.39 Arg52 �8.97
Glu25 �2.50 Trp54 �8.88
His47 �4.97 Ile127 �2.80
Arg49 �17.38 Tyr163 �2.69
Phe50 �2.63 Arg164 �7.02
Lys51 �3.41 Ala167 �2.18
Pro58 �2.78 Glu188 �4.14
Arg62 �9.24 Lys201 �2.80
Arg68 �4.57 Ala203 �2.62
Arg91 �7.67 Ser204 �4.40
Lys95 �4.53 Gln205 �3.86
Val96 �2.06 Glu276 �4.34
Lys98 �2.38 Asp298 �2.02
Glu161 �2.82 Phe299 �3.14
Arg164 �6.57 Trp318 �2.48
Ile167 �3.84
Ile168 �5.65
Glu169 �4.72
Asn170 �3.33
Thr269 �3.57
His271 �7.43

Fig. 4. Key residues that contributed most (with energy contribution < �5 kcal/mol) to the binding between MEP50 and PRMT5. (A) Identified residues were shown as sticks while
PRMT5 and MEP50 were shown as cartoons. (B) Energy contributions of key residues of PRMT5 and MEP50 that contributed most to the binding.
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4. Discussion

Acting as one of the most promising anticancer target in PRMT
family, PRMT5 attracts more and more attention and considerable
efforts have been made to discover inhibitors of PRMT5. With the
purpose of providing clues to identify SAMbinding site inhibitors of
PRMT5, we conducted the current study. Up to now, 17 and CMP5
were reported as SAM competitive inhibitors, but the direct inhi-
bition activity of CMP5 against PRMT5 at enzymatic level was not
tested. Therefore, CMP5 was synthesized and tested its direct
Please cite this article in press as: K. Zhu, et al., Interaction assessmen
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inhibition against PRMT5 at enzymatic level. Our result showed
that the IC50 of CMP5was above 50 mM, suggesting that PRMT5was
not the direct target of CMP5. Then, only the 17-PRMT5:MEP50
model was constructed and assessed its binding characteristics to
PRMT5. In addition, the interaction between PRMT5 and MEP50
was also investigated by combined computational methods, and
nine key residues were identified to contribute most to the inter-
action. This finding is of great useful in designing mutant residue
assay to modulate the catalytic activity of PRMT5 as well as in
identifying new PRMT5 inhibitors.
ts of the first S-adenosylmethionine competitive inhibitor and the
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