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The dynamic balance of sphingolipids plays a crucial role in diverse biological processes such as mitogenesis, cell migration

and angiogenesis. Sphingosine kinases (SKs) including SK1 and SK2 phosphorylate sphingosine to sphingosine 1-phosphate
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(S1P), and control the critical balance. SK1 overexpression was reported to increase cell survival and proliferation.

Although several SK1 selective inhibitors have been reported, detail analysis toward the selectivity to understand the

molecular mechanism has not been investigated to our knowledge. Herein, the crystal structure of SK1 and a homology

model of SK2 were used to dock to five inhibitors (1, 2, 3, 4 and 5). Protein-ligand complexes were then submitted to

molecular dynamics study and MM-PBSA binding free energy calculations. By analyzing the binding model of these
inhibitors, we found that residues ILE 170, PHE 188 and THR 192 in SK1 significantly contribute a favorable binding energy

to the selectivity.

Introduction

The dynamic balance of sphingolipids including ceramide,
sphingosine, and sphingosine 1-phosphate (S1P) plays a crucial
role in diverse biological processes such as cell proliferation,
apoptosis motility, and cell differentiation.”™ Both ceramide
and sphingosine induce apoptosis in cancer cells, while S1P has
the opposite effect’. Sphingosine (SKs) that
phosphorylate sphingosine to S1P control the critical balance.®

kinases

” There are two isoforms of SKs existing in mammalian cells,
namely SK1 and SK2, which are encoded by two distinct genes
located on two separate chromosomes. The expression
pattern of the two SK subtypes is different: SK1 distributes
mostly
membrane upon phosphorylation,g‘9 while SK2 can localize in
the nucleus to inhibit DNA synthesis and regulate HDAC1/2
activity.lo'11
different biological effects. SK1 overexpression was reported
to increase cell survival and proliferation,lz' 3 while the role of
SK2 is still in debate.™ **.

A variety of sphingosine kinase inhibitors
developed,7' 16-18 including SK1-selective inhibitors and SK2-
selective inhibitors. However, design of highly SK1 selective
ligands is quite challenging. SK1 and SK2 are highly
homologous and share a high similarity and identity in their

in the cytoplasm and migrates to the plasma

The two SKs have been reported to possess
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sequence. Moreover, the ligand binding domains
evolutional conserved.*® Although a few previous works have
attempted to interpret the possible mechanism of inhibitor
selectivity in SK isoforms, exact mechanism is still not clear.®*#
The first crystal structure of SK1 was reported in 2013(PDB ID:
3vzD). From then on several crystal structures of SK1 are
available in the protein data bank. Based on the crystal
structure of SK1, our group has successfully conducted a
virtual screening and found several promising inhibitors
against SK1.2*

In this study, homology modeling followed by molecular
dynamics (MD) simulation was performed to achieve a 3D
structure of SK2. Complexes of five inhibitors (Figure 2)
obtained from docking study were subjected to the second
round MD simulations. Molecular mechanics Poisson—
Boltzmann solvent-accessible surface area (MM-PBSA) method
was used to estimate free binding energies.z‘r’"30 The detailed
analyses of three inhibitors (1, 2 and 3) and an additional study
of 4 and 5 provided insight into the protein-inhibitor binding
mechanism and helped to elucidate the structural and
energetic basis for achieving selectivity. We found that
residues ILE170, PHE 188 and THR192 in SK1 contributed
significantly to the selectivity. We expect that this study will be
helpful for the rational design of potential and selective
inhibitors of SK1.

are

Materials and methods
Homology modeling

SK2 has three isoforms. The shortest one is SK2a which is
generally referred as “SK2” in literature.™ 3! SK2b is the
predominant form of SK2 in several human cell lines and
tissues.’ SK2c is the one with an N-terminal extension and an
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additional C-terminal sequence.32 The size of SK2 is almost
twice that of SK1 (618 amino acids for SK2a, while 384 for
SKla),31 but they share as high as 80% similarity and 45%
overall sequence identity.33 The active regions which is
included in the five highly conserved regions are shared by all
knew eukaryotic SKs. These indicate that homology modeling
of SK2 based on SK1 is plausible.

Additional residues of SK2, compared to SK1, result from its N-
terminal region (residue 1-176) and central proline-rich region
(residue 381—513).10'34 Both the N-terminal region and the
center proline-rich region are not found in SK1 or any other
proteins. The sequence of SK2 was then analysed by vsL2B*
and PONDR-FIT?® methods, as shown in Figure 1. Both the N-
terminal region and the center proline-rich region are located
in intrinsically disordered protein regions, which may partly
explain the reason why the crystal structure of SK2 is still
unavailable. The N-terminal region possesses a nuclear
localization signal outside the active region, while the central
proline-rich region was reported to coincide with the
sphingosine binding region of these enzymes.37 Herein we
truncated the N-terminal region and kept the central proline-
rich region while building the homology model. The sequence
of SK2 was obtained from Uniprot database (Uniprot ID:
Q9NRAOQ). A BLAST (Basic Local Alignment Search Tool) search
was carried out with protein databank database for
identification of a template structure.®® Only the structure of
SK1 showed an acceptable similarity, as expected. Crystal
structure of SK1 bound with the sphingosine (PDB ID: 3VZB)
was chosen as a template for homology modeling.23 Modeler
compiled in Discovery Studio 4.1 was used to construct the
homology models.>* A model with the lowest DOPE Score was
picked from the constructed 100 models. Loops were refined
by Loop Refinement tool compiled in Discovery Studio 4.1
before the model was subjected to MD simulation.

Molecular Dynamics Simulation to Stabilize Homology Model

MD simulation was performed using the AMBER v14
software.”® The structure from homology modeling was

prepared with LEap module employing ff14SB force field

0.5
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Figure 1. Disordered protein regions profile of SK2. Intrinsic disorder was
predicted by the VSL2B (shown in green line) and PONDR-FIT (shown in blue line)
methods. Segments with scores above 0.5 indicate disordered regions, while
those below 0.5 correspond to ordered regions. Most of the N-terminal region
and the central proline-rich region are located in intrinsically disordered protein
regions.
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parameters.41 An octahedral box of TIP3P water molecules
extending 9 A from protein was created to solvate the
system.42 Sodium ions were added to neutralize the system.
SHAKE algorithm was used to constrain heavy atom bond
lengths with hydrogens.43 The Particle Mesh Ewald method
with 9.0 A cut-off for nonbond interactions was used for long-
range electrostatic interactions.** 5000 steps of the steepest
descent algorithm and 5000 steps of conjugate gradient
algorithm were employed to minimize the system, then the
temperature was increased gradually from 0 K to 325 K within
100 ps using harmonic positional restraints of 10 kcal/mol/A.
The restraint was gradually removed through three phases of
200 ps relaxation at constant isotropic pressure of 1 atm and
temperature of 325K. The production simulation was carried
out without restrains for 500 ns in the NPT ensemble (T=325K,
thermostat relaxation time = 2.0 ps; P=1 atm). The coordinates
were extracted every 5 ps, resulting in a total of 100000
snapshots. Equilibration was monitored by assessing root-
mean-square deviations (RMSD) using the cpptraj module.*
Preparation of receptor-ligand complexes

1, 2 and 3 with experimental determined ICsy values were
inspected in detail in this study. The activity and selectivity of
the ligands are reported in Table 1.%® Another two SK1
selective inhibitors, PF-54318 (4) and VPC96091" (5) with
respectively larger than 100-folds and 10-folds selectivity,
were also evaluated. Structure of 2 was extracted from the
crystal structure of SK1 (PDB ID: 4L02), while 1, 3, 4 and 5 were
constructed manually. All these ligands were prepared using
the Prepare Ligands tool compiled in Discovery Studio 4.1.
Both the structures of SK1 and the homology model of SK2
were prepared by the Prepare Protein tool compiled in
Discovery Studio 4.1. The active site of SK1 was defined from
PDB site record, while the active site of the homology model of
SK2 was identified from receptor cavities and comparison with
the structure of SK1. Molecular docking was performed by
using LibDock tool.*® The poses with the highest LibDockScore
were used to create receptor-ligand complexes. All ten
complexes were then submitted to molecular dynamic
simulation for further study.

Molecular dynamics simulations and MM-PBSA calculations

MD simulations of receptor-ligand complexes were performed

N
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Figure 2. Molecular structures of inhibitors
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Figure 3 Sequence alignment result between SK2 and the template sequence of SK1 (PDB ID: : 3VZD)

using the GPU-PMEMD program of AMBER 14 software. The while the ligands employed General Amber Force Field

receptors were assigned with ff14SB force field parameters, (GAFF)49 with  AM1-BCC charges.

0, 1 Receptor-ligand

— \ + - complexes were prepared with LEap program. An octahedral
\\) L box of TIP3P water molecules extending 9A from the solute
was created to solvate the complex. Sodium ions or chloride
ions were added to neutralize the system. SHAKE algorithm

was used to constrain heavy atom bond lengths with

//q\ | hydrogens. The Particle Mesh Ewald method with 9.0 A cut-off
('"\ \a for nonbond interactions was used for long-range electrostatic
Ao 8 A . T interactions. 5000 steps of the steepest descent algorithm and

\_ 5000 steps of conjugate gradient algorithm were employed to
— L minimize the system, then the temperature was increased
\ ) a gradually from 0 K to 300K within 100 ps using harmonic
q 1 positional restraints of 10 kcal/mol/A. The restraint was

> gradually removed through three phases of 200 ps relaxation

at constant isotropic pressure of 1 atm and temperature of
. 300K. The production simulation for each complex was carried
out without restrains for 40 ns in the NPT ensemble (T=300K,

£ T thermostat relaxation time = 2.0 ps; P=1 atm). Equilibration
;- I, \ \ o J'/“ was monitored by assessing RMSD using the cpptraj module.
A T -, \ R Y - . .
a0 i
Oeo i i =5 3 pa s o 15 Binding free energy calculations were performed using the
Phi trajectories described earlier to investigate the differences of

binding affinity between inhibitors and the binding pockets of

Figure 4 Ramachandran plot of MD stabilized homology model SKs. For different receptor-ligand systems, the process of

stabilized status was used for the binding free energy
calculation. The calculations were performed using MM-PBSA
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method implemented in AMBER 14 according to the following
equation.

AGping = AG complex = AGprotein—AGiigand &)

AGping = AH - TAS (2)

The AH refers to the enthalpy contribution which is consisted
of the molecular mechanics energy in the gas phase (AGyu)
and the solvation free energy (AGs,,), while -TAS stands for
the conformational entropy effect due to binding.

AGping = AGyy + AGyo— TAS (3)

Although Normal-mode analysis (NMA) can be used to
estimate the entropy contribution, this method is considered
to be problematic and time-consuming. Moreover the NMA
approach also does not involve the solvent entropy. Previous
studies have illustrated that normal-mode analysis would not
greatly improve the correlation between the -calculated
binding free energy and the experimental binding energy.‘r’2 In
that case, we omitted the solute entropy term in this study.
AGpn, can be further divided into a van der Waals contribution
(AE,qw) and electrostatic interaction energies (AE..). And the
solvation free energy AG,, can be computed as the
summation of a polar component (4G, 1) and a nonpolar
component (AGp, son)-

AGum = AE 4w + AEere (4)
AGsoiy =AGpoysoiv +AGpp,solv (5)

AGpo 50 s calculated by solving the Poisson—Boltzmann
equation using the PBSA module of Amber. AG,,,, is
calculated from the solvent-accessible surface area (SASA)
using the equation:

AG 501, = YSASA + 8 (6)

where y is set to 0.0072 kcal/mol/ A and 6 to 0 kcal/mol.

Free energy decomposition analysis can be performed by MM-
PBSA decomposition or MM-GBSA decomposition.53' ** In this
paper, MM-PBSA decomposition was performed to get a
detailed insight into the interactions between the ligand and
each residue in the binding site. The binding interaction of
each ligand—residue pair includes three terms: the van der
Waals contribution (AE,4,), the electrostatic contribution
(AE.ie), and the solvation contribution (AG,,,).

Results and discussion
Model building and validation

The sequence of SK2 was retrieved from the Uniprot
database(Uniprot ID: QQNRAO).55 The crystal structure of SK1
(PDB ID: 3VZB) was selected as the template for building the
homology model of SK2 as the result of BLAST search. Figure 3
shows the final alignment. The N-terminal region not found in
SK1 or any other proteins was truncated while building the
homology model. Modeler compiled in Discovery Studio 4.1
was used to construct the homology models. A model with the
highest score was picked from the constructed 100 models.

4| J. Name., 2012, 00, 1-3

Loops were refined by Loop Refinement compiled in Discovery
Studio 4.1. The validation of the model was performed by
Verify 3D°® which shows 82.11% of the residues have an
averaged 3D-1D score > 0.2(ESI,T Figure S1). This suggests that
the model is good enough to be a starting point for the next
phases of studies.

To adapt its physiological environment, the homology model
was submitted to molecular dynamic simulation. During the
MD simulation, the RMSD change of backbone atoms of the
model rose gradually during the initial 300ns, and reached a
stable state after 300ns, which indicated the system attained
equilibrium (Figure 7a). Compared with the initial structure,
the major change came from the central proline-rich region
(Figure 5). The structure with the lowest RMSD to the average
structure of the last 10ns was used to create the receptor-
ligand complexes. The Ramachandran plot(Figure 4) was
obtained to inspect the quality of the stabilized structure.®’
The chosen structure shows a good model quality with 98.1%
residues in the allowed region, 1.4% in the marginal region and
only 0.6% residues in the disallowed region.

Figure 5 MD simulation stabilized structure of SK2 (yellow) overlap the initial
homology model (magenta)

Table 1. Binding free energies calculations for SK1 and SK2 complexes®.

Term SK1-1 SK1-2 SK1-3 SK2-1  SK2-2  SK2-3
AE g -68. 66 -57.60 5525  -57.82  -52.49  -48.71
(1. 94) (1.41) (1.56) (2.03) (1.89) (1.61)

DE e -7.35 -19. 55 -24.73 856  -17.13  -23.10
(2.04) (1.11) (3.09) (1.42)  (1.18)  (2.28)

DGy -76.00 -77.14 79.98  -66.38  -69.61  -71.80
(2. 63) (3.65) (3.18) (2.92)  (3.24)  (5.30)

DGpojsory  AT.37 47.41 49.36 41.46 41.84  45.40
(3.89) (4.77) (2.79) (3.66)  (5.36)  (3.55)

DGopsoy  —13.51 -13.39  -13.50  -1036  -9.52  -11.17
(0. 19) (2.19) (1. 51) (0.57) (3.25) (0.37)

AGeo 33.85 34.01 35.86 31.10 32.31 34.22
(3. 88) (3.61) (4.41) (3.34)  (5.40)  (4.26)

AGping -42.15 -43.13 4412 -3528  -37.30  -39.58
(3.99) (4.52) (4.64) (3.39)  (4.42)  (3.39)

4Gy -40.48 -43.92 4564  -33.07 -33.07 -35.11

a All values are given in kcal/mol with standard deviations in parentheses

This journal is © The Royal Society of Chemistry 20xx
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Figure 6 Comparisons between AGping.resique Of SK1 and SK2, (a) 1, (b) 2 and (c) 3

MM-PBSA calculations and binding energy decomposition analysis

The binding poses of the five ligands to SKs were searched and
ranked by docking analysis based on their docking scores. The
poses with the highest LibDockScore, which suggested the
most possible binding model, were selected to generate the

This journal is © The Royal Society of Chemistry 20xx
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Figure 7(a) RMSD of backbone atoms of the homology model; (b) RMSDs of
backbone atoms of protein in SKs complexes; (c) RMSDs of ligands in SK1
complexes; (d) RMSDs of ligands in SK2 complexes

SK1 and SK2 were similar. The hydrophilic part of the ligands
extends into the binding pocket, while the more hydrophobic
part exposes to the opening of the pocket.

MD simulation was applied to refine the receptor-ligand
complexes by allowing both the ligands and receptors to adjust
their conformations obtained from molecular docking. RMSD
changes relative to their starting structures were plotted to
estimate the dynamic stabilities of the 6 detailed inspected
complexes. As shown in Figure 7b, the RMSD values of each
system tend to converge after 20ns, indicating the systems
reached a stable and equilibrated condition. As shown in
Figure 7c and 7d, the RMSD values of each ligand tend to
converge quickly, indicating that conformations these ligands
adapted were stable during the simulations.

To compare the binding affinities of the three ligands with SK1
and SK2, MM-PBSA method was used to calculate the binding
free energy. Table 1 shows experimental binding affinity and
binding free energy estimated from over 100 snapshots
extracted evenly from the last 10 ns MD trajectories. Although
the calculated binding free energies are slightly different from
the experimental value, the ranking of calculated binding free
energies is in consonant with the experimental values. This
suggests that MD simulation coupled with MM-PBSA
simulations is able to reproduce the trend of affinities of the
inhibitor among the set of SKs.

Selectivity of 1

Table 2 shows the decomposition values on a per-residue basis
of the surrounding residues. Comparisons of AG,;,qy between
SK1 and SK2 for three primary inhibitors are shown in Figure 6
and Figure 8. The RMSD deviation of 1 is larger than that of 2
and 3, which can be explained by the larger substituting
naphthalene group. The selectivity of 1 is mainly from five

J. Name., 2013, 00, 1-3 | 5




“Molecular B

ARTICLE

Journal Name

Table 2. Energy contributions of SK1 and SK2 residues to the binding of ligands®

SKs Residue 1 2 3

AEygw AEee AGson AGing AEugw AEee AGson AGping AEugw AEee AGson AGing
SK1 ALA 111 -0.30 0.08 -0.40 -0.62 -0.16 -0.06 -0.07 -0.29 -0.49 -0.04 0.51 -0.03
SK2 ALA 281 -0.43 -0.02 0.51 0.07 -0.19 -0.24 0.94 0.50 -0.47 -0.07 0.09 -0.45
SK1 LEU 163 -0.58 -0.03 0.16 -0.45 -0.38 -0.10 -0.04 -0.53 -0.70 0.13 -0.21 -0.77
SK2 LEU 333 -0.68 -0.06 -0.04 -0.78 -0.75 -0.12 0.09 -0.78 -0.20 0.03 -0.05 -0.22
SK1 PHE 169 -1.35 -0.29 0.90 -0.74 -1.04 -0.27 0.93 -0.38 -1.18 -0.35 1.27 -0.26
SK2 PHE 338 -0.24 0.09 0.14 -0.01 -0.83 -0.28 0.58 -0.53 -0.91 -0.26 0.58 -0.60
SK1 ILE 170 -3.29 -1.07 2.17 -2.18 -2.86 -1.07 1.84 -2.08 -3.15 -0.72 1.79 -2.07
SK2 VAL 339 -0.83 -0.01 0.19 -0.65 -3.53 -0.89 3.57 -0.86 -2.16 -0.41 1.07 -1.50
SK1 VAL 173 -0.82 0.17 -0.22 -0.86 -0.74 0.32 -0.22 -0.64 -0.79 0.20 -0.18 -0.77
SK2 VAL 343 -0.03 -0.03 0.03 -0.03 -0.66 0.09 -0.08 -0.66 -0.54 0.11 -0.13 -0.56
SK1 PHE 188 -2.49 -0.50 1.36 -1.63 -2.38 -0.75 0.69 -2.43 -2.57 -0.50 1.43 -1.64
Sk2 PHE 358 -2.33 -0.18 0.41 -2.10 -2.13 -0.55 1.20 -1.47 -2.71 -1.14 1.39 -2.46
SK1 THR 192 -0.97 -2.12 1.80 -1.29 -0.93 -2.20 1.06 -2.07 -0.95 -1.97 1.16 -1.75
SK2 THR 362 -0.72 -0.24 0.45 -0.51 -0.92 -2.25 2.13 -1.03 -1.02 -1.68 2.02 -0.68
SK1 LEU 255 -1.34 -0.26 0.22 -1.38 -1.53 -0.09 0.26 -1.36 -1.47 -0.22 0.25 -1.44
SK2 LEU 540 -1.56 -0.16 0.15 -1.57 -1.75 -0.31 0.21 -1.86 -1.64 -0.18 0.16 -1.67
SK1 LEU 257 -0.99 -0.14 0.10 -1.02 -1.52 -0.41 0.18 -1.76 -0.76 -0.04 0.16 -0.63
SK2 LEU 542 -1.00 -0.01 0.17 -0.84 -0.75 -0.03 0.15 -0.64 -0.56 0.03 0.00 -0.53
SK1 LEU 264 -2.45 -0.24 2.17 -0.51 -1.99 -0.03 1.12 -0.90 -2.50 -0.49 2.27 -0.72
SK2 LEU 549 -1.99 -0.23 1.35 -0.87 -2.22 -0.48 1.64 -1.06 -1.66 -0.12 1.66 -0.12
SK1 MET 268 -0.99 0.00 0.29 -0.70 -0.71 0.08 0.23 -0.40 -0.63 0.01 0.19 -0.43
SK2 LEU 553 -0.15 -0.06 0.20 -0.01 -0.20 -0.10 0.18 -0.12 -0.32 -0.10 0.13 -0.29
SK1 LEU 295 -1.14 -0.48 0.98 -0.65 -1.26 -0.90 1.35 -0.81 -0.97 -0.40 0.74 -0.62
SK2 LEU 580 -0.38 -0.15 0.13 -0.40 -0.73 -0.38 0.22 -0.89 -0.74 -0.22 0.04 -0.91
SK1 PHE 299 -2.30 -0.25 0.69 -1.86 -2.56 -0.10 0.80 -1.86 -2.51 -0.26 0.84 -1.92
SK2 PHE 584 -1.51 -0.02 0.35 -1.18 -2.43 -0.14 0.46 -2.11 -2.15 -0.32 0.50 -1.97
SK1 MET 302 -1.70 -0.27 0.91 -1.06 -1.45 0.10 0.75 -0.60 -1.46 -0.29 0.90 -0.85
SK2 MET 587 -1.70 0.01 0.58 -1.11 -1.54 0.15 0.54 -0.85 -1.72 -0.02 0.68 -1.06
SK1 GLY 338 -0.76 -0.43 0.66 -0.52 -0.62 -0.16 0.32 -0.46 -0.72 -0.46 0.66 -0.52
SK2 GLY 623 -0.64 -0.50 0.86 -0.28 -0.71 -0.42 0.67 -0.47 -0.80 -0.31 1.05 -0.06

? All values are given in kcal/mol. AE,qy: van der Waals energy contributions, AEe.: electrostatic energy contributions, AGs,,: solvation energy contributions, AGping:

total free energy contributions

residues ALA111 (ALA281), ILE170 (VAL339), THR192 (THR362),
MET268 (LEU553) and PHE299 (PHE584), with the absolute
differences of AGy;,q between SK1 and SK2 no less than 0.5
kcal/mol.

MM-PBSA decomposition studies were carried out to inspect key
residues. Table 2 summarizes 15 residues contributed significant
binding energies. As shown in Table 2,the replacement of SK2
VAL 339 by SK1 ILE 170 causes the free energy contribution
decrease from -0.65 kcal/mol to -2.18 kcal/mol, and the
replacement of SK2 leu553 by SK1 MET268 causes the free
energy contribution decrease from -0.01 kcal/mol to -0.70
kcal/mol. The favorable free energies for both pair residues
are mainly from the van der Waals energy of the side chain. As
shown in Figure 8a, the methyl of the SK1 MET268 mainly
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interacts with the middle benzene ring of the inhibitor and
forms alkyl-it interaction, while SK2 leu553 is too far away
from the inhibitor to form efficient contents. As illustrated in
Table 2, Figure 8a and 8d, residue ILE 170 forms a strong van
de Waals contact and electronic interaction with the middle
benzene ring of the inhibitor. Thus it is possible that a more
potent interaction between the aromatic ring of the inhibitor
and SK1 ILE 170 could lead to an improvement of SK1
selectivity.

The selectivity of PHE299 (PHES584) toward SK1 is majorly
driven by van de Waals contact, as shown in Table 2. The
distances between PHE299 (PHE584) and 1 are 3.6A and 3.94,
and PHE299 adopts a more favourable formation to interact
with the thiazole ring of the inhibitor. Thus PHE299 has a lower

This journal is © The Royal Society of Chemistry 20xx
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Figure 8 Comparisons the position of residues between SK1 and SK2

(a)Binding mode of 1 and key residues in SK1; (b)Binding mode of 2 and key residues in
SK1; (c)Binding mode of 3 and key residues in SK1; (d)Binding mode of 1 and key
residues in SK2; (e)Binding mode of 2 and key residues in SK2; (f)Binding mode of 3 and
key residues in SK2;

van der Waals energy and electrostatic energy contribution
toward SK1. The distances between 1 and ALA111 (ALA281)
are 4.2 A and 3.7 A respectively, however, ALA111 has a low
solvation energy as shown in Table 2. This explains the
favourable interaction between ALA111 and 1.

A strong hydrogen bond is formed between the O atom of the
side chain of SK1 THR192 and 1, while hydrogen bond is
relatively weak between SK2 THR362 and inhibitor. The
distances between O atom of the side chain of THR192
(THR362) and the N atom of 1 are 3.3 A and 6.1 A respectively,
and the electrostatic energy contributions are -2.12 and -0.24
kcal/mol, illustrating that the contribution of electrostatic
energy is the main driven force. This indicates that the
formation of a hydrogen bond to THR192 could lead to an
improvement of SK1 selectivity.

Selectivity of 2

As shown in Figure 6b, selectivity of 2 is mainly from five
residues ALA111 (ALA281), ILE170 (VAL339), THR192 (THR362),

This journal is © The Royal Society of Chemistry 20xx
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Table 3a

Key residues responsible for selectivity of 4°

SKs  Residues AE 4w AE. . AGsoy AGying
SK1 ILE 170 -3.07 -3.45 3.43 -3.09
SK2 VAL 339 -1.23 -0.42 1.42 -0.23
SK1 PHE 188 -2.03 -0.26 0.97 -1.32
SK2 PHE 358 -0.64 -0.01 0.23 -0.42
SK1 MET 302 -1.76 -0.59 0.85 -1.49
SK2 MET 587 -1.22 -0.04 0.61 -0.65
SK1 PHE 299 -2.28 -0.31 0.73 -1.86
SK2 PHE 584 -2.24 -0.35 1.21 -1.39
Table 3b
Key residues responsible for selectivity of 5°

SKs Residues AE 4w AE . AG;,, AGying
SK1 ILE 170 -2.67 -0.07 0.50 -2.55
SK2 VAL 339 -1.86 -0.10 0.64 -1.51
SK1 PHE 188 -1.57 -0.05 0.65 -1.20
SK2 PHE 358 -0.15 -0.02 0.20 0.02
SK1 LEU 264 -2.05 0.07 0.47 -1.79
SK2 LEU 549 -1.52 -0.25 0.77 -1.21
SK1 LEU 298 -1.10 -0.61 0.26 -1.53
SK2 LEU 583 -1.09 0.17 0.00 -1.01
SK1 PHE 299 -1.96 -0.34 0.88 -1.62
SK2 PHE 584 -0.93 0.02 0.26 -0.71

® All values are given in kcal/mol. AE,,: van der Waals energy contributions,
AE: electrostatic energy contributions, AG,: solvation energy contributions,
AGping: total free energy contributions

As shown in Figure 6b, selectivity of 2 is mainly from five
residues ALA111 (ALA281), ILE170 (VAL339), THR192 (THR362),
PHE 188 (PHE 358) and LEU257 (LEU542) with the absolute
differences of AGy;,q between SK1 and SK2 no less than 0.5
kcal/mol. The mechanism of favourable selectivity contributes
by ALA111 (ALA281), ILE170 (VAL339), and THR192 (THR362) is
similar to that of 1.

The distances between chlorine in the meta position of the
end benzene ring of 2 and LEU257 (LEU542) are 3.6 A and 4.0
A respectively. This explains the more favourable van der Waal
energy contribution of SK1 LEU257 is much lower, which
indicates that halogen substitution in the meta position of the
end benzene ring may have a more positive effect on
improving the selective ability of SK1 inhibitors.

Comparing the binding position of SK1 PHE 188 and SK2
PHE358 in the complexes with 2, the dipole moment of the
aromatic rings of SK1 PHE188 aligns with that of middle
benzene ring of the inhibitor in a less parallel fashion which
results in a more efficient stacking.58 This implies that an
effective stacking with PHE 188 should be helpful to the
selectivity of SK1 inhibitors.
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While PHE299 (PHES584) has a favorable contribution to
selectivity of 1 binding to SK1, it is unfavorable for selectivity
of 2 binding to SK1. As shown in Figure 8b and 8e, although
PHE299 adopts a similar conformation as PHE584 in the
complexes of 2, PHE584 has a lower solvation energy.

Selectivity of 3

As shown in Figure 6c, selectivity of 1 is mainly from four
residues, ILE170 (VAL339), THR192 (THR362), PHE 188 (PHE
358) and LEU264 (LEU549) with the absolute differences of
AGping between SK1 and SK2 no less than 0.5 kcal/mol.

The mechanism of favorable selectivity contributes by PHE 188
(PHE 358), ILE170 (VAL339) and THR192 (THR362) is similar to
that of 1.

Unlike ALA111 (ALA281) to 1 and 2, solvation energy of
ALA111 to 3 is higher than ALA281 to 3. And it causes ALA111
(ALA281) to have an unfavorable contribution to SK1
selectivity.

The averaged distances between the inhibitor and side chain
of LEU264 (LEU549) are 4.1 A and 4.9 A. This is in accordance
with the van der Waals interaction.

Additional study of 4 and 5

Two more SK1 selective inhibitors with distinct structural
types, 4 and 5, were chosen to conduct MD simulation and
each system reached a stable and equilibrated condition (ESI, T
Figure S2). MM-PBSA decomposition studies were performed
based on each stabilized trajectory. Although the ICs, of these
two inhibitors have not been reported, the Ki value of them
indicates their strong inhibitory activity and selectivity. Table
3a shows that residues ILE170, PHE 188, MET 302 and PHE 299
in SK1 contribute significantly to selectivity of 4, while Table 3b
shows that ILE170, PHE 188, LEU 264, LEU 298 and PHE 299
contribute the most of selectivity of 5. In all, both inhibitors
emphasize the importance of contribution from residue ILE170
and PHE 188, which is consistent with key residues confirmed
by 1,2 and 3.

Conclusions

The 3D homology structure of SK2 constructed from the
structure of SK1 were stabilized by MD simulation. Three SK1
selective inhibitors (1, 2, and 3) with experimental determined
ICso and two additional inhibitors (4, 5) were docked into the
binding pocket of SKs. The protein-ligand complexes were then
submitted to MD simulations, and analysed by MM-PBSA
method. The calculated binding free energies of inhibitor 1, 2
and 3 are consistent with the experimental binding free
energies. The decomposition of free energy contributions into
individual residue shows that there are mainly five residues
primarily contributing to selectivity for 1, five residues for 2,
and four residues for 3. Converging with the results of 4 and 5,
ILE170, THR192 and PHE 188 in SK1 were found to hold the
most important position in selectivity of SK1 inhibitor. The
chlorine in the meta position of the end benzene ring may also
lead to an increasing selectivity resulting from a more
favorable van der Waals energy. The information obtained
from this study provides better structural understanding of

8| J. Name., 2012, 00, 1-3

inhibitors binding to SKs, and can be conveniently used for
future structure-based design of selective SK1 inhibitors.
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