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Insights into the stereoselectivity of human SETD7
methyltransferase†
Bowen Tang,‡a Baicun Li,‡ab Boqun Li,a Jingbo Qin,a Junming Zhao,a Jianwenn Xu,a
Yingkun Qiu,a Zhen Wu*a and Meijuan Fang *a
Human SETD7 methyltransferase (hSETD7) is involved in a wide range of physiological processes, and has
been considered as a signiﬁcant target to develop new drugs. (R)-PFI-2, one hSETD7 inhibitor, could bind to
the pocket of substrates with potent (low nanomolar) activity and high selectivity, while its enantiomer (S)PFI-2 showed 500-fold less activity in IC50 determination. Why do this pair of enantiomers, with nearly
identical structures, exert tremendously diﬀerent inhibitory activity? We performed a total of 900 ns
long-timescale molecular dynamics (MD) simulations and 80 ps hybrid quantum mechanics/molecular
mechanics (QM/MM) MD simulations to understand the molecular mechanism of the stereoselectivity of
hSETD7. For each SAM/hSETD7/PFI-2 system, we characterized and compared the residual ﬂuctuation of
hSETD7, and generated molecular interaction ﬁngerprints (IFP) to exemplify the propensities of SAM/
hSETD7-inhibitor interactions. Based on the QM/MM MD, we accurately captured the diﬀerence of
hydrogen bonds between the SAM/hSETD7/(R)-PFI-2 and SAM/hSETD7/(S)-PFI-2 systems. Especially the
strength of the hydrogen bond between G336 and two inhibitors, which determines the stability of the
post-SET loop. The energy barrier for (S)-PFI-2 was much bigger than (R)-PFI-2 from global minimum to
bioactive conformation as the potential energy surface scanning (PES) showed. Moreover, by estimating
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the binding aﬃnity and phylogenetic tree analysis, we discovered 16 hotspots were essential for binding

DOI: 10.1039/c9ra00190e

both enantiomers but the speciﬁc mode of interaction between these hotspots and enantiomorphs is
diﬀerent. Our ﬁndings reveal the eﬀect of chirality on the inhibition activity of hSETD7 in detail, and
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provide valuable information for hSETD7 structure-based drug development.

Introduction
The SET domain-containing proteins have a common domain
which methylates their substrates by using the cofactor S-adenosyl-L-methionine (SAM) to support the methyl. Human SET
domain-containing lysine methyltransferase 7 (hSETD7)
specically monomethylates Lys-4 of histone (H3K4) which
plays a crucial function in the epigenetic regulation of gene
transcription activation. Recently, hSETD7 has been reported as
having multiple non-histone targets, such as DNA methyltransferase 1 (DNMT1), Foxo3, Rb, SATAT3, Tat, TAF10, p53
Mypt, ER and Pdx1.1–7 Those substrate relating to broad
molecular pathways involved in metabolism, inammation and
cancer, which makes hSETD7 a vital protein for cellular
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function. Abnormal alteration of hSETD7 will cause many types
of diseases.8 For example, SETD7 may be considered as a new
target for the treatment of chronic inammation, cardiovascular defects, oncogenesis and so on.9 Small molecules targeting hSETD7 to interrupt its implicated signaling pathways are
considered as an eﬀective method to treat diseases involving
hSETD7.10 Among those small inhibitors of hSETD7, the vast
majority are SAM-competitive or specically target the SAMbinding pocket. However, those inhibitors displayed poor
selectivity towards hSETD7, as there are numerous SAMdepended methyltransferases in human body. Comparing the
SAM-binding site, the peptide-binding site of hSETD7 has the
ability to recognize consensus sequences to specically bind
substrate proteins from other countless proteins in cells as reported in Raymond C Trievel's work.11 Based on this binding
site, developing selective inhibitors of hSETD7 is possible. The
articially synthesized molecule (R)-PFI-2 was discovered as the
rst potent, selective and cell-active inhibitor of hSETD7 by high
throughput screening (HTS) of a small molecule library from
Pzer in Dalia Barsyte-Lovejoy and co-workers' work.8 Moreover,
they also synthesized (S)-PFI-2 as a negative control with 500fold less potency for cell-based studies. Yuzhe Niu et al. explored
the activity of PFI-2 enantiomers against hSETD7,12 however
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their models with missing cofactor SAM might be not suitable
to explore the stereoselectivity mechanism of hSETD7 to these
two enantiomers. As both enantiomers were SAM-dependent
inhibitors of SETD7 ((R)-PFI-2 and (S)-PFI-2 bind to hSETD7
only in the presence of SAM), which had been identied by
Biacore experiments in Dalia Barsyte-Lovejoy's work. Until now,
the mechanism concerning ligand stereoselectivity that makes
these two enantiomers display signicant diﬀerences in the
activity of hSETD7, has never been mentioned and explored
reasonably. It is oen diﬃcult to obtain accurate information of
physicochemical contributions underlying hSETD7 inhibitors'
binding characteristics from static crystal structures or ligandbased structure–activity relationship analysis, as hSETD7 and
its inhibitors play physiological functions in dynamic conformations instead of in static states in cells.
In this present work, we employed molecular docking,
hybrid quantum mechanics/molecular mechanics (QM/MM)
method and long-timescale molecular dynamics (MD) simulations on atomic level to study how two enantiomers of isoquinolinesulfonamide bind to the hSETD7 enzyme and exert
tremendous diﬀerent biological activity. We chose the crystal
structure (PDB: 4JLG) SETD7 in complex with inhibitor (R)-PFI-2
and S-adenosyl-methionine (SAM) as the starting point of MD
simulations of SAM/hSETD7/(R)-PFI-2 system. Meanwhile, we
docked (S)-PFI-2 into the same binding site of (R)-PFI-2 and
optimized the complex structure of (S)-PFI-2/hSETD7/SAM to
establish SAM/hSETD7/(S)-PFI-2 system before MD simulations.
Then, a total of 900 ns long-timescale molecular dynamics (MD)
simulations (150 ns each case, 6 cases) and 80 ps hybrid
quantum mechanics/molecular mechanics (QM/MM) MD
simulations were performed. Based on our MD calculations,
interaction ngerprint calculations (IFP) analysis, hydrogen
distribution calculation, the potential energy surface scanning
(PES), QM/MM-GBSA calculations of binding free energy, and
phylogenetic tree analysis were performed to explore the detail
of (R/S)-PFI-2/STED7/SAM interaction, and investigate the
mechanism concerning ligand stereoselectivity that made these
two SAM-dependent enantiomers displaying signicant diﬀerences in the activity of hSETD7. These results could shed light
on the understanding of the mechanism of the stereoselectivity
of hSETD7 methyltransferase and provide theoretical support or
further design of new potent STED7 inhibitors.

Materials and methods
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4JLG) for docking success testing that the top-scoring pose
should be within 2.0 Å in root-mean-square (RMSD) value
referring the conformation of crystal structure.14 (S)-PFI-2 was
build based on (R)-PFI-2 with the Maestro 2015-2.15 Both
molecules' geometry of structures were optimized using ligand
preparation model with OPLS_2005 force eld in the
Schrödinger 2015-2. Lastly, the two inhibitors were docked with
the highest precision mode in Glide 6.6. Five poses out of 25 000
per enantiomer were submitted in post-docking energy minimization. The RMSD value of (R)-PFI-2 between the docked pose
with the best docking score 10.913 kcal mol1 and the RMSD
value referred to crystal pose was very small, only 0.337 Å
(Fig. S1†), which implicated this dock process was enough
reliable. For inhibitor (S)-PFI-2, the best docking score is
9.006 kcal mol1 and its related pose was saved into complex
structure (Fig. S2†) for MD study.
Classical molecular dynamics simulation
All-atom MD simulations were performed using Amber14,16
employing explicit model with periodic boundary conditions.
Each case was repeated three times (each 150 ns) starting with
the same structure but at diﬀerent initial velocities. The time
step was 2.0 fs and a sum of 900 ns MD simulations have been
run in this study. All small molecules including two enantiomers (S)-PFI-2, (R)-PFI-2 and co-factor SAM were submitted to
the Gaussian 09 D 01 program17 to calculate the electrostatic
potential at the HF/6-31+G* level. Then, the electrostatic
potential was tted to RESP charge18 by antechamber package.19
The FF14SB and GAFF force eld parameter set were chosen for
enzyme hSETD7 and three diﬀerent compounds ((S)-PFI-2, (R)PFI-2 and SAM) respectively. Both (R)-PFI-2/hSETD7/SAM and
(S)-PFI-2/hSETD7/SAM systems were solvated in TIP3P water
molecules in a truncated octahedron periodic box, then
neutralized by adding 19 Na+ cations. The SHAKE algorithm20
was applied to all hydrogen atoms and the Particle Mesh Ewald
(PME) method21 was chosen to compute the long-range electrostatic interactions with cut-oﬀ of 8 Å. The dynamics were
propagated using Langevin dynamics with Langevin damping
coeﬃcient of 2 ps1 at constant temperature and pressure (NPT
ensemble) of 300 K and 1 atm. The information about trajectory
was saved each 2 ps for data mining in MD production state. All
the calculation and analysis were computed on in-house workstation with three GeForce GTX 980 GPUs and one CPU i7-8700K
with six cores.

Atomic model preparation and docking protocol
As lack of crystal structure of (S)-PFI-2/hSETD7/SAM complex,
we docked the inhibitor (S)-PFI-2 into its enantiomer (R)-PFI-2
binding site using the exible ligand docking protocol in
Glide dock-XP mode.13 Firstly, we download the crystal structure
(R)-PFI-2/hSETD7/SAM (PDB ID code: 4JLG) and repaired the
crystal structure with adding missing side chains of residues
and other missing atoms and kept all the crystal water molecules. In the receptor grid generation step, a cubic box with 20 
20  20 Å3 size was centered basing on the mass center of the
original co-crystal ligand (R)-PFI-2 with default parameter.
Inhibitor (R)-PFI-2 was spilt from the crystal structure (PDB:

This journal is © The Royal Society of Chemistry 2019

QM/MM MD simulations
Each truncated octahedron system from above molecular
dynamics simulations was partitioned into QM and MM
subsystems. For the QM region, including the residues the
residues 335–337, 266–268 and the inhibitors, was treated with
PM6 which was a semi-empirical quantum chemistry method
based on the Hartree–Fock formalism. Considering the QM
methods was still expensive with a large system, we only use the
data of run-1 from MD for QM calculation. Except for the QM
region, all the rest parts were using the same molecular force
eld as previous classical molecular dynamics simulations. The
RSC Adv., 2019, 9, 9218–9227 | 9219
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cutoﬀ distances of electrostatic and van der Waals interactions
were 20 Å. The prepared systems from last frame of the MD were
rst minimized by the QM/MM calculations. Then, 40 ps QM/
MM MD simulations were performed with time step of 2 fs
for (R)-PFI-2/hSETD7/SAM and (S)-PFI-2/hSETD7/SAM, respectively. The Beeman algorithm to integrate the Newton equations
of motion, as well as the Berendsen thermostat method22 to
control the system temperature at 300 K. The 40 000 frames of
the 40 ps were submitted to the data analysis process. All QM/
MM MD calculations were performed with Amber 14 and
Gaussian 09 D 01.17
Interaction ngerprint calculations (IFP)
The interaction ngerprint (IFP) between hSETD7/SAM and
inhibitors were calculated by IChem soware.23 Firstly, the nal
1000 snapshots from nal 50 ns MD simulation were extracted
and then submitted to IChem, which can encode the protein–
ligand interaction ngerprint (IFP) from the protein–ligand
coordinates.24 IFP have been calculated for over 1000 protein–
ligand complexes, which enabling a broad comparison of relationships between binding site pairwise similarities. Both
antipode–SETD7 complexes in our study displayed only two
diﬀerent types of interactions: hydrophobic contact and polar
interaction. The hydrophobic contacts containing the hydrophobic interaction of alkanes and also including the interaction
of aromatic rings such as the edge-to-face and face-to-faces.
Whilst the polar interaction incorporates hydrogen bond and
ionic bond. We used the default parameters of IChem to
calculate IFP in this work.
Hydrogen distribution calculation
All hydrogen bonds were dened as that angle cutoﬀ for
hydrogen bonds were over 135 and distance cutoﬀ for
hydrogen bonds were no more than 3.5 Å. As reported in this
literature, the percentage of a hydrogen bond in MD runs was
computed as:
FHB ¼

Nfra
 100%
Ntol

(1)

Here, FHB the fraction of every specic hydrogen bond was
calculated within range 0–100%. Nfra meant the number of
frames that one specied hydrogen bond emerged. Ntol was the
total gure of collected frames in 100–150 ns.
Potential energy surfaces scanning
In order to gure out the energy barrier of this enantiomers
between the bioactive conformation and global minimum, in
the present work we have calculated the three-dimensional
potential energy surfaces (PES) scanning using the QM
methods. As the energy surface scan based on QM methods
were very expensive, we only use the data from run-1 for PES
scanning calculation. Firstly, the bioactive conformations
(bound states) of both enantiomers were extract from the QM/
MM MD process. All the bounded structures can be classied
into one ensemble as the RMSD value is within 2.0 Å Fig. S3.†
Then, the representative structures (Fig. 4's orange and yellow
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structure) were selected as the starting point for scanning the
potential energy surface. The total energy was calculated as
a function of a two-dimensional grid of 1369 points, constructed by varying the dihedral angles DA1 and DA2 ranging
from 180 to 180 with a step of 10 . And each step followed by
a geometry optimization to avoid unreasonable structures. To
reduce the cost of calculation, the PES scanning was performed
by Semi-Empirical Method PM6 using the Gaussian 09 D 01
soware.17
QM/MM-GBSA calculations of binding free energy
The method of QM/MM-GBSA get great success to investigate
the interaction of inhibitors binding to targets as reported in
everywhere.25–27 Here, the hybrid method of semi-empirical
Hamiltonian PM6 and MM-GBSA was chosen to calculate
binding free energies between hSETD7 and PFI-2 enantiomers
to detect the hidden information behind the stereoselectivity of
hSETD7. 200 frames collected from the nal 40 ps of QM/MM
MD trajectory with an interval of 200 fs were used for calculating the binding energies. The binding free energies DGbind
was calculated as follows:
DH ¼ DEQM/MM + DGsol

(2)

DEQM/MM ¼ DEinternal + DEele + DEvdw

(3)

DGsol ¼ DGnonpol + DGpol

(4)

DGbind ¼ DH  TDS ¼ DEinternal + DEele + DEvdw
+ DGnonpol + DGpol  TDS

(5)

In eqn (2)–(5), the enthalpy part, as the sum of the EQM/MM
and DGpol, was calculated by the QM/MM method. Residues
335–337, 266–268 and antipodes, a total of 152 atoms (Fig. 3),
were treated at the QM level using the semi-empirical PM6
Hamiltonian approach, while all the rest of systems was characterized at the MM level. TDS, DEQM/MM and DGsol were equal
to the conformational entropy upon binding, the changes of the
gas phase QM/MM energy and solvation free energy, respectively. In eqn (4), DEQM/MM was the term including DEinternal
(dihedral, angel and bond energies), electrostatic energies DEele
and van der Waals (VDW) interaction DEvdw. In eqn (5), DGsol
was calculated as sum of the nonpolar (DGnonpol) and polar
(DGpol) contribution. The nonpolar part of DGsol was estimated
from the solvent accessible surface area (SASA) with g ¼
0.0072 kcal mol1 Å2 for the surface tension. The polar part of
DGsol was calculated by solving the linearized Poisson–Boltzmann equation. The entropy changes on inhibitor binding was
calculated by using a normal-mode analysis at the MM level.
The conformational entropy change (TDS) on ligand binding
was computed with the NMODE program in AmberTools 15
package.28
Phylogenetic tree analysis
The Energy data from above QM/MM-GBSA calculation was
submitted into the process of phylogenetic tree analysis. Energy
contributions of 247 residues (from 117 to 363 and including co-
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factor SAM) to both antipodes rendered a two-dimensional
vector. The phylogenetic tree of residues contributing to (R)PFI-2 and (S)-PFI-2 in hSETD7's MORN 3 and SET domain were
produced with the statistical analysis package R-3.3.1 as our
previous work descripted.29,30

Results and discussion
Classical MD simulation
The initial structures of PFI-2/SETD7/SAM that had been
prepared in the similar way as our previous work,29,30 displayed
in Fig. S2,† were submitted to workow of classical MD simulation. To explore the dynamics stability of all the complexes
during the MD simulations, structural and energetic properties
were monitored during the molecular dynamics simulation of
both systems. Root mean square deviations (RMSD) of the
hSETD7 protein backbone atoms relative to their starting
structures during the MD simulation were plotted as Fig. 1(A)

RSC Advances

and (B). Three independent 150 ns long classical MD runs were
performed with diﬀerent initial speeds for each system. As no
large leap value detected in time related RMSD analysis, all
systems are equilibrated well during the simulation time.
To determine the exibility of residues, the overall rootmean-square uctuation (RMSF) of the alpha carbon (Ca) was
calculated along six MD trajectories from (R)-PFI-2/hSETD7/
SAM and (S)-PFI-2/hSETD7/SAM systems. Fig. 1(C) and (D)
illustrate the diﬀerence of residues' exibility between two
systems, and the peaks in the RMSF gures represent the degree
of residues' exibility. The RMSF plots looks similar to each
other on the whole as the only diﬀerence is the absolute
conguration of the inhibitor. However, we found that two
regions still exit large diﬀerence with carefully checking. Residues 190–200 are apparently more exible in (S)-PFI-2/hSETD7/
SAM systems in which the RMSF values are 2-fold comparing in
(R)-PFI-2 bounded systems. The other position is residues 340–
350 belonging to the post-SET loop, which displayed lower

Fig. 1 RMSD and RMSF plots for (R/S)-PFI-2/SETD7/SAM systems. Black, red, green: trajectories of three independent MD simulations (run-1,
run-2, run-3). (A) and (B) are the RMSD plots of (R)-PFI-2/SETD7/SAM system and (S)-PFI-2/SETD7/SAM system, respectively. (C) and (D) are the
RMSF plots of (R)-PFI-2/SETD7/SAM system and (S)-PFI-2/SETD7/SAM system, respectively.

This journal is © The Royal Society of Chemistry 2019
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RMSF value in (R)-PFI-2/hSETD7/SAM systems than in (S)-PFI-2
bounded systems. The above two mentioned parts were colored
in the dynamics ensembles as displayed in Fig. S4.† As the postSET loop directly involving in constructing the binding site, the
exibility change of this region may relate to the diﬀerence of
aﬃnity between these two enantiomers.

Interaction ngerprint (IFP)
It is interesting to investigate the inhibitor stereoselectivity of
the hSETD7 protein and illuminate how the stereochemical
arrangement of 3-triuoromethyl-benzyl group at chiral carbon
determines the enantiomers' enormous activity diﬀerence, in
which (R)-PFI-2 (IC50 z 2 nM) are 500-fold more active than (S)PFI-2 (IC50 z 1 mM).8,31–34 To illustrate how each antipode
interacts with hSETD7, we generated the interaction ngerprints (IFP) based on the 1000 frames from the nal 50 ns MD
simulation. As shown in Fig. 2, both inhibitors interact with
D256, SAM, Y337, Y335, Y305, Y245, W260, V274, V255, T266,
S268, P340, S268, P341, N263, L267, H339 and H252. It is

Paper

obvious that both inhibitors form strong hydrophobic interactions with the co-factor S-adenosyl-L-methionine (SAM). When
we investigated the interaction mode between (R/S)-RFI-2 and
SAM in the dynamics structure from our all-atom MD simulation, we found the average distance between the pyrrolidine
moiety of both enantiomers and the methyl group of SAM is
under 5 Å at the most of time (Fig. S5†). This interaction can
explain why (R)-PFI-2 is a SAM-dependent inhibitor, which has
been proved by the surface plasmon resonance (SPR) experiments in Dalia Barsyte-Lovejoy's works.8 Besides SAM, residue
S268, S340, T266, V255, V274, W260, and Y337 with frequency >
0.50 are mainly contributor of hydrophobic interaction in the
binding mode of (R)-PFI-2 (Fig. 2(A)). While for (S)-PFI-2, these
residues are D256, N263, V255, Y335 and Y337 (Fig. 2(B)). All of
these hydrophobic interactions are essential for stabilizing the
structure of ternary-system, especially for stabilizing the postSET loop (residues 334–350) which was missing in many
crystal structures of hSETD7.8,31–34
In addition, polar interaction is also important to stabilize
structure or to improve activity of the inhibitor. The IFP analysis

Fig. 2 The interaction ﬁngerprints of the enantiomeric inhibitors with SETD7/SAM. (A) and (B) are the normalized frequency of hydrophobic
interactions in the last 50 ns for (R)-PIF-2/hSETD7/SAM and (S)-PIF-2/hSETD7/SAM system, respectively. (C) and (D) are the normalized
frequency of hydrogen bonds or ionic bonds in the last 50 ns for (R)-PIF-2/hSETD7/SAM and (S)-PIF-2/hSETD7/SAM system, respectively. Cyan,
magenta, and bright-orange areas represent the three diﬀerent MD simulations presented in this work.
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hSETD7a
Donor

DonorH

Acceptor

Frac AvgDist AvgAng

(R)-PFI-2
GLY336@N
SER268@N
LIG@N2

GLY336@H
SER268@H
LIG@H16

LIG@O1
0.61 2.832
LIG@O2
0.15 2.915
GLY336@O 0.49 2.886

159.9947
161.7102
147.302

(S)-PFI-2
GLY336@N
SER268@N
THR266@OG1
LIG@N2

GLY336@H
SER268@H
THR266@HG1
LIG@H16

LIG@O1
LIG@O2
LIG@O3
THR266@O

155.8762
149.7309
156.0332
162.9637

0.47
0.19
0.12
0.68

2.872
2.889
2.832
2.873

Angle cutoﬀ for hydrogen bonds >135 , distance cutoﬀ for hydrogen
bonds (D–H–A) <3.5 Å.
a

has suggested that the polar interaction between this pair of
enantiomers and residue G336 on post-SET loop are requisite
for keeping the binding state of both enantiomers (Fig. 2(C) and
(D)). Moreover, S268 plays an important role in the polar
interaction with two enantiomers. This residue's strength of
polar interaction is opposite to its strength of hydrophobic
interaction, when comparing the IFP maps. T266 has displayed
strong polar interaction (Fig. 2(D)) in the binding mode of (S)PFI-2, despite its weak hydrophobic interaction. It always forms
a hydrogen bond with the sulfonyl of (S)-PFI-2 as displayed in
Table 1. However, T266 displayed very weak polar interaction to
bind (R)-PFI-2 (Fig. 2(C)). On the other hand, the contributions
from the residues G336 and H339 which are located in the postSET loop in SAM/hSETD7/(S)-PFI-2 system are smaller than that
in SAM/hSETD7/(S)-PFI-2 system, which result in the post-SET
loop more exible in (S)-PFI-2/hSETD7/SAM system than in
(R)-PFI-2/hSETD7/SAM system. All the diﬀerences are caused by
the chiral center of PFI-2. As the congurations of chemical
groups on the chiral center of (R)-PFI-2 and (S)-PFI-2 are

diﬀerent, the residues near the groups of the enantiomer are
induced to change the orientation of those residues' side chains
to bind the inhibitors.
Hydrogen bonds analysis based on QM/MM MD simulations
As the classical MD just described the interactions between
atoms using a force led as a simple potential energy function,35
it lacked the information of electronic structure of molecules.
However, the descriptions of electronic structure are very
important when involving the hydrogen bonds' forming and
breaking. In order to more accurately investigate the hydrogen
bond for insight into the stereoselectivity of hSETD7 methyltransferase to the (R/S)-PFI-2, we used the hybrid quantum
mechanics/molecular mechanics (QM/MM) MD simulations
that had been successfully applied in many researches.25–27 In
this study, the QM regions were displayed in Fig. 3, where the
average surface of electrostatic potential (EPS) was plotted. The
range of electrostatic potential was from 48.00 to
76.00 kcal mol1 mapping in the blue-white-red color bar.
There are lacking very high positive electrostatic potential in (R/
S)-PFI-2 comparing with adjacent residues as showed in electrical potential surfaces Fig. 3(A) and (B). The sulfonamide
group is the main negative electrostatic potential region of PFI2, which is directly connecting the chiral carbon. This part plays
an important role in the hydrogen bond and polar interaction
between PFI-2 and residues of binding site. The hydrogen
bonds between the inhibitor and its related residues are displayed in Fig. 3 and Table 1. Notably, the hydrogen bond
between residue GLY336 and inhibitor is obviously diﬀerent.
There are two H bonds between (R)-PFI-2 and residue GLY336,
while only one for (S)-PFI-2 and GLY336. As GLY336 located in
the post-SET loop, more and stronger H-bonds between the
residue and inhibitor will make the loop more stable. This can
explain why the post-SET loop of (S)-PFI-2 bound system
displays more exible in above RMSF plots. The hydrogen bond

Fig. 3 Electrostatic potential surfaces of QM region. The electrostatic potential is measured in eV, with range as shown in the corresponding
color bar. Hydrogen bonds are displayed by yellow dashes. (A). (R)-PFI-2 and the key residues of binding site. (B). (S)-PFI-2 and the key residues of
binding site.
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Fig. 4 Potential energy surface (PES) obtained along DA1 and DA2 dihedral angles. B structures stand for the bioactive conformation. M
structures stand for globe minimum.

(LIG@N2/THR266@O) are the most stable in (S)-PFI-2 bound
system, but this H-bond is almost not presenting between the
residue THR266 and (R)-PFI-2. As the residue THR266 located in
the tail part of b17 (ref. 31) which is opposite side to post-SET
loop in the binding cle, the aﬃnity of (S)-PFI-2 is less depended on the post-SET loop comparing with (R)-PFI-2.

from the 40 ps of QM/MM MD trajectory. In the calculation of
QM/MM-GBSA, the same QM region as QM/MM MD simulation
was used. Each calculated energy component and related
experiment data are list in Table 3. The predicted binding free
energies were 11.69 and 6.25 kcal mol1 in (R)-PFI-2/
hSETD7/SAM and (S)-PFI-2/hSETD7/SAM system, respectively.

Potential energy surface scanning

Table 2

Spatial conguration has a fundamental inuence on the biological and chemical properties of inhibitors. It is very important to illustrate the relation between the conformational
energy barrier of these enantiomers and their bioactivity. By
scanning the potential energy surface as showed in Fig. 4, the
energy barrier (Table 2) of (R)-PFI-2 is 1.56 kcal mol1, which is
far small than that of (S)-PFI-2 from global minimum to
bioactive conformation. It means (S)-PFI-2 access to its bioactive
conformational ensemble more diﬃcult than (R)-PFI-2, this
may directly contribute to the tremendous diﬀerent inhibitory
activity between two enantiomers.
Estimation of binding aﬃnity
Considering the importance of electronic structure of molecules
in hydrogen bonding and polar interactions, QM/MM-GBSA was
used to calculate the binding free energies with frames collected

9224 | RSC Adv., 2019, 9, 9218–9227

Bioactive energy barriera

(R)-PFI-2

DA1 ( )

DA2 ( )

Energy
(kcal mol1)

Minimum
conformation
Bioactive conformation
DEbarrier

109.143

36.74

272.07

169.143

46.74

270.51
1.56

(S)-PFI-2

DA1 ( )

DA2 ( )

Energy
(kcal mol1)

Minimum
conformation
Bioactive conformation
DEbarrier

132.42

141.75

270.58

132.42

168.25

263.79
6.79

DA1 ¼ 41H–12C–20N–50H; DA2 ¼ 40H–11C–12C–20N. All the labels of
PFI-(2) displayed in ESI Fig. S6.

a
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Table 3 Estimation of binding aﬃnity of antipodes to hSETD7/SAM
with QM/MM-GBSA method (unit, kcal mol1)a

Component

(R)-PFI-2

(S)-PFI-2

DEvdw
DEele
DGnonpol
DGpol
TDS
DGbind
KD
KD(exp)
IC50(exp)

37.8282  2.9011
27.5558  3.8818
6.8594  0.2221
40.6085  2.9286
19.9388  6.6670
11.6947  3.4291
2.98 nM
4.2  0.2 nM
2.0  0.2 nM

35.9261  2.9906
26.4493  3.9708
6.1644  0.2901
38.6015  3.2797
23.6860  4.4071
6.2529  3.2903
2.77  104 nM
NA
1.0  0.1 mM

a
DEele the electrostatic interaction energies. DEvdw the vander Waals
interaction energies. DEpol the polar solvation free energy. DEnonpol
the nonpolar olvation free energy. TDS the enthalpic contribution to
binding in temperature 300 K. DGbind the total binding energy. KD
this term calculated from DGbind ¼ RT ln KD with R ¼ 1.9858775 
103 kcal K1mol1 KD(exp) the experimental dissociation constant was
determined from Biacore SPR studies. But there is no KD(exp) for (S)PFI-2.

DEvdw, DEele, and DGnonpol primarily contributed to the binding
of two antipodes with hSETD7/SAM, while the polar solvent
energy (DEpol) impeded the binding. Although both IC50 and KD
can represent aﬃnity of a ligand to its receptor, the dissociation
constant KD is a thermodynamic constant which is a more
appropriate choice to accurately determine the binding free
energy.36 Based on this, we convert the binding free energy to
the dissociation constant KD 2.98 nM, which is very closed to the
experimental value 4.2 nM in (R)-PFI-2 bound system. The above

Fig. 5

result indicates that the theoretical calculation in this research
work is reliable as the calculated binding aﬃnities agree with
related experimental values.
Phylogenetic tree analysis of residues' contribution
In order to overall characterize the contribution of each residue
to the interaction between hSETD7/SAM system and PFI-2, we
generated a phylogenetic tree to identify hot spots from 247
residues (including the cofactor SAM) according to binding
energy decomposition. Three clusters of residues were discovered as in Fig. 5. Residues favoring (R)-PFI-2 or (S)-PFI-2 binding
were colored in purple. The highest contribution
(4.354 kcal mol1) of the residue TYR325 was in dark violet.
The lower contribution of residues faded gradually towards
white which equaled zero in energy contribution. While, the
residues hindering (S)-PFI-2 or (R)-PFI-2 binding were colored in
gray. The most unfavorable residues were colored in black
(LYS317 0.607 kcal mol1 in (S)-PFI-2/hSETD7/SAM system) and
the color of the lower faded gradually towards white too. Obviously, the residue with the most favoring PFI-2 binding energy is
much bigger in absolute value than the most impeding the
binding.
As displayed in Fig. 5, energy contribution of set A (LEU267,
TYR335, GLY336, HIE339, SAM364, SER268, TYR337, VAL274,
VAL255, THR266, ASN263, ASP276, TRP260, HIE252, TYR245,
TYR305 and cofactor SAM) is consistently higher than set B and
C, which indicated that the group A playing an important role to
interact with (R)-PFI-2 or (S)-PFI-2. Residues from set B were
against to binding both (R)-PFI-2 and (S)-PFI-2. The group C is

A phylogenetic tree of energy contribution for residues 117–363 of SETD7 and co-factor SAM.
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the largest cluster, in which most of residues are far away from
PFI-2 and display weak favorable or unfavorable contributions
for binding PFI-2. Notably, the residues of cluster A directly
construct the inhibitor-binding pocket that all those residues
are within 5 Å of the two inhibitors, as displayed in Fig. S7 (see
ESI†), and the energy contribution sum of cluster A was the
major part of the total energy (90.46% for (R)-PFI-2/hSETD7/
SAM system, 89.18% for (S)-PFI-2/hSETD7/SAM system). The
cofactor SAM also present in set A, which suggest that SAM/
hSETD7 system will be more favorable to bound PFI-2 than
simple hSETD7 system. This conclusion is consisted with the
report that (R)-PFI-2 is a SAM dependent inhibitor. Residue
TYR335 is the highest contributor for binding (R)-PFI-2
(4.354 kcal mol1) and (S)-PFI-2 (3.744 kcal mol1). This
residue also located in post-SET loop and its aromatic ring
together with LEU267, TYR305 and TYR245 constructed the
hydrophobic channel, which occupied by the methyl of SAM
and the pyrrolidine moiety of PFI-2 (Fig. S8†). Although residues
THR266 and GLY336 are also presenting in group A, but the
degree of contribution is diﬀerence. THR266 showed obviously
stronger interaction with (S)-PFI-2 (3.56 kcal mol1) than with
(R)-PFI-2 (0.93 kcal mol1).
On the contrary, residue GLY336 display higher contribution
in binding (R)-PFI-2 (2.30 kcal mol1) than (S)-PFI-2
(1.25 kcal mol1). The diﬀerent energy contributions of
those residues are consisted with the above hydrogen bonds
analysis, which make the (R)-PFI-2 interact with GLY336 closely
and make post-SET loop more stable. Together, these 16 hotspots are essential for this of pair of enantiomers binding in the
substrate-binding site, but the diﬀerent interacting mode of
these residues directly decide the binding ability of each
enantiomer.

Conclusions
In our atom structural details report, various computational
approaches were integrated to explore the molecular stereoselectivity of hSETD7 methyltransferase to the two enantiomeric
inhibitors. The calculated binding aﬃnity of (R)-PFI-2 by QM/
MM-GBSA method were in good agreement with experiments.
We discovered that both inhibitors are favoring with the same
16 hotspots analyzed in the phylogenetic tree of energy contribution. These 16 residues constituted the substrate-binding
pocket and made these two enantiomeric inhibitors binding
stably. However, the interaction mode of (R/S)-PFI-2 are obviously diﬀerent as interaction ngerprint presented. While
diﬀerent binding modes induced conformation change of postSET loop to t the inhibitors. In addition, the hydrogen bonds
analysis from QM/MM MD simulations revealed that diﬀerent
hydrogen bond network eﬀect the exibility of post-SET loop,
which had also been detected in the RMSF analysis of the six
MD trajectories. Moreover, based the potential energy surface
scanning of inhibitors, (S)-PFI-2 would cost to more energy to
cross the energy barrier into the bioactive conformations than
(R)-PFI-2. Thus, the diﬀerent bioactive energy barriers for these
two enantiomeric inhibitors can help to discriminate their
eﬃcacy. These ndings provide new insights into the issue of
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ligand stereoselectivity of hSETD7 and will be helpful for the
design of new hSETD7 targeted drugs. For example, this analysis suggests that modifying the sulfonamide part to
substituted boric acid may be a start point for the covalent
inhibitor designing of hSETD7. This structural modication
does not disrupt the interacting mode of RFI-2 (R) and the
substituted boric acid may be covalent bonding the side chain
of SER268 based on the interaction ngerprint calculation and
hydrogen bonds analysis.
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