This is an open access article published under an ACS AuthorChoice License, which permits
copying and redistribution of the article or any adaptations for non-commercial purposes.

2

ACS
AUTHORCHOICE

A \
L
A4

http://pubs.acs.org/journal/acsodf

Identification of Sphingosine Kinase-1 Inhibitors from Bioactive
Natural Products Targeting Cancer Therapy

Deeba Shamim Jairajpuri, Taj Mohammad, Kirtika Adhikari, Preeti Gupta, Gulam Mustafa Hasan,
Mohamed F. Alajmi, Md. Tabish Rehman, Afzal Hussain, and Md. Imtaiyaz Hassan™

I: I Read Online

[l Metrics & More |

Cite This: ACS Omega 2020, 5, 14720-14729

ACCESS |

ABSTRACT: Sphingosine kinase 1 (SphK1) is an oncogenic lipid
kinase that catalyzes the formation of sphingosine-1-phosphate via
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renal fibrosis, pulmonary fibrosis, asthma, and neurodegenerative
disorders. In the malignancies of breast, lung, uterus, ovary, kidney,
and leukemia, overexpression of SphK1 has been reported and thus
considered as a potential drug target. In this study, we have
performed virtual high-throughput screening of ~90,000 natural
products from the ZINC database to find potential SphK1-inhibitors. Initially, the hits were selected by applying absorption,
distribution, metabolism, excretion, and toxicity properties, Lipinski’s rule, and PAINS filters. Further, docking analysis was
performed to estimate the binding affinities and specificity to find safe and effective preclinical leads against SphK1. Two
compounds, ZINC05434006 and ZINC04260971, bearing appreciable binding affinity and SphK1 selectivity were selected for 100
ns molecular dynamics (MD) simulations under explicit water conditions. The all-atom MD simulation results suggested that the
ZINC05434006 and ZINC04260971 binding induces a slight structural change and stabilizes the SphK1 structure. In conclusion, we
propose natural compounds, ZINC05434006 and ZINC04260971, as potential inhibitors of SphK1, which may be further exploited
as potential leads to develop effective therapeutics against SphKl-associated diseases including cancer after in vitro and in vivo
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1. INTRODUCTION
Sphingosine-1-phosphate (SIP) is a pleiotropic sphingolipid

mediator that acts as a key player in the regulation of many
central biological processes, including cell proliferation,
apoptosis, angiogenesis, lymphocyte trafficking, and inflamma-
tion." SIP is synthesized from the sphingosine molecule by an
ATP-dependent phosphorylation reaction catalyzed by sphin-
gosine kinase (SphK).” SphK is an evolutionary-conserved,
diverse class of lipid kinase and does not share sequence
homology with other lipid kinases. Two isoforms of SphK,
SphK1 and SphK2, have been recognized in humans, both
possessing five conserved domains (C1—CS). Domains C1—
C3 and CS5 share sequence homology with diacylglycerol
kinase (DGK) and ceramide kinase, whereas domain C4 is
unique to SphK.> Both isoforms catalyze the same biological
reaction, conversion of sphingosine to S1P, despite originating
from the different genes." However, they show distinct
subcellular location, tissue distribution, and substrate specific-
ity.” SphK1 is found in the cytoplasm and translocated to the
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plasma membrane when activated. However, SphK2 is
explicitly present in the nucleus.”

SphK1 is synthesized as a 384-amino acid residue long
polypeptide that lacks a transmembrane domain but contains
various phosphorylation sites for kinase and three calcium/
calmodulin-binding sequences. It is ubiquitously expressed in
the heart, brain, kidney, liver, spleen, and lungs. SphKl is
normally found in the cytosol but gets translocated to the
plasma membrane upon activation. A diverse range of external
stimuli act as activators of SphK1 such as tumor necrosis factor
a, a proinflammatory cytokine, and various several growth
factors, including nerve growth and epidermal growth factors
(EGFs).° Upon stimulation by these agonist molecules, SphK1
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is phosphorylated at Ser225 by an extracellular signal-regulated
kinase that leads to its activation and translocation to the
plasma membrane.” Activated SphK1 further catalyzes the
phosphorylation of sphingosine, resulting in a transient
increase in the intracellular levels of S1P, which acts as a
bioactive lipid molecule having both extracellular function and
intracellular targets.® S1P binds to a family of five G protein-
coupled receptors (S1IPR,_;) and activates several downstream
signaling pathways regulating various cellular processes.”
S1PRs are differentially expressed in various cell types that
explain the diverse signaling and hence the biological functions
of SIP. In addition to interacting with SIPRs placed on the
plasma membrane, S1P also functions as an intracellular
messenger and acts on specific intracellular targets.

Structurally, SphK1 is a monomeric protein with two
domains: N-terminal domain (NTD) and C-terminal domain
(CTD). The NTD adopts an a/f fold formed by a
fundamental core of a twisted parallel j-sheet with flanking
a-helices on either side. On the other hand, CTD possesses a
sandwiched antiparallel f-sheet assembly formed by 11 p-
strands with four a-helices present on one side of the sheet.
The ATP-binding site of SphK1 resides deeper inside the
cavity between NTD and CTD, whereas the lipid-binding
pocket is buried in the hydrophobic core of CTD.” The crystal
structure of SphK1'? reveals the presence of an ATP-binding
pocket that involves five conserved domains and a structural
motif S;0GDGg, X5 K o3. Argl8S forms the ATP-binding site
along with other amino acid residues that play a crucial role in
catalysis.

An upregulation of SphK1 is reported in different
malignancies, including lung, brain, breast, colorectal, and
prostate cancers.”' """ A close link between the overexpression
of SphK1 to malignant tissues such as angiogenesis and
tumorigenesis is reported.'” S1P is known to be involved in
many biological processes and plays a crucial role in breast
cancer development.'® The SphK1 action is mediated by some
developmental factors such as estradiol (E2), EGF, vitamins,
and cytokines IL1 and IL6.'” SIP/SphK1 signaling has been
associated with the pathophysiology of various metabolic and
inflammatory diseases, including pulmonary fibrosis, diabetes,
obesity, rheumatoid arthritis, sepsis, and Alzheimer’s dis-
ease.'"™** All these findings revealed that SphKl is an
attractive drug target for the development of effective
therapeutic molecules to address cancer and other SphKI-
associated diseases.”””* Numerous synthetic molecules such as
SK1-I, PF-543, and FTY-720 have been developed that target
the SphK1/S1P signaling axis and showed inhibitory action in
UM to nM ranges. SKI-I, an inhibitor of SphKl, has
demonstrated to inhibit the growth of glioblastoma multiforme
cell lines and causes a reduction in the tumor growth and
vascularization in a mice model.”> FTY-720 is an FDA-
approved sphingosine analog generally used for the treatment
of multiple sclerosis. It has been used to increase the sensitivity
of prostate cancer cells and murine xenografts toward
radiotherapy.*®

The known kinase inhibitors are often plagued with
specificity and selectivity issues where the off-targeting leads
to deleterious effects.””~>” Most of the inhibitors are checked
during the initial phases of clinical trials because of the toxicity
concerns.’’ Thus, it is imperative to design inhibitors that are
target-specific and safer. Structure-based drug discovery is a
smart and relevant approach to identify lead molecules that
exhibit high affinity and target selectivity.”'>* We adopted a

systematic structure-based drug design approach as illustrated
in Figure 1.
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Figure 1. Pipeline used in this study illustrates the process of filtering
compounds using a virtual high-throughput screening approach (left
to right). ROS: Lipinski’s rule of five; MW: molecular weight; HBA:
hydrogen bond acceptor; and HBD: hydrogen bond donor.

In this work, we virtually screened a pool of 90,000 natural
compounds by applying Lipinski’s rule of five, absorption,
distribution, metabolism, excretion, and toxicity (ADMET)
properties, carcinogenicity, and PAINS filter. Subsequently, we
have used a structure-based virtual high-throughput screening
(VHTS) approach to dock filtered compounds with SphK1 by
utilizing the molecular docking approach.”>*® The binding
affinity and interaction analysis was carried out to explore the
binding pattern of the selected compounds with SphK1. We
further evaluated the structural dynamics and stability of
SphK1 and its docked complexes with the selected compounds
by utilizing all-atom molecular dynamics (MD) simulations
and principal component analysis (PCA). We performed MD
simulations on three systems, one apo and two ligand-bound
states of SphK1 for 100 ns, to describe their interaction and
conformational dynamics of SphK1 under an explicit solvent
environment.

2. RESULTS AND DISCUSSION

2.1. Filtration of Natural Compounds. First, the
physicochemical parameters for all compounds present in the
ZINC library of natural products were calculated through the
SwissADME webtool and Discovery Studio. From the library
of ~90,000 compounds, a total of 32,902 compounds were
selected after all the applied filters. The filtered compounds
follow Lipinski’s rule of five (molecular weight < S00 Da, log P
< S, number of hydrogen bond donor < 5, and hydrogen bond
acceptor < 10) and the bioavailability score of a minimum of
0.55. All these compounds do not possess any carcinogenic
and PAINS patterns. The physicochemical parameters and
their scores for the finally selected two compounds along with
known SphK1 inhibitors are presented in Table 1. The
identified compounds show similar properties when compared
to the known SphK1 inhibitors PF-543 and SKI-II. All the four,
two identified compounds, ZINCO05434006 and
ZINC04260971, and two known SphK1 inhibitors, PF-543
and SKI-II, follow Lipinski’s rule.

The filtered compounds on the basis of their physicochem-
ical, ADMET, and other druglike properties were selected. The
ADMET properties of compounds were predicted through the
pkCSM web server.”” These properties show all the parameters
of the selected compounds, ZINC05434006 and
ZINC04260971, and the known SphKl inhibitor, PF-543,
within the range of drug ability (Table 2). The identified
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Table 1. Physicochemical Properties of the Selective Compounds and Known Inhibitors against SphK1 Following Lipinski’s
Rule
s. no. compound ID molecular formula molecular weight rotatable bond H-bond acceptor H-bond donor log P

1 ZINCO05434006 C,,;H,NO, 460.53 s 7 2 448

2 ZINC04260971 CyHLN,0, 483.52 6 7 2 426

3 PF-543 Cy,HyNO,S 465.60 9 5 1 450

4 SKI-II C,sH,,CIN,08 302.80 3 4 2 4.80
Table 2. ADMET Properties of the Selected Compounds and Known SphK1 Inhibitors, PF-543 and SKI-II

absorption distribution metabolism excretion toxicity

compound ID GI absorption (%) water solubility

ZINC05434006 100.00 soluble
ZINCO04260971 100.00 soluble
PE-543 93.21 soluble
SKI-II 88.05 soluble

BBB/CNS permeation

no

no

no

no

CYP2D6 substrate OCT?2 substrate AMES/skin sens.

no no no
no no no
no no no
yes no no

compounds ZINC05434006 and ZINC04260971 show better
ADMET properties than the known SphK1 inhibitors, PF-543
and SKI-II, as they have higher GI absorption compared with
PF-543 and SKI-II (Table 2).

2.2. Structure-Based Virtual Screening. To find and
select the high-affinity inhibitors of SphK1, the structure-based
virtual screening was carried out on the filtered compounds
employing the molecular docking approach. Here, we noticed
that several compounds possess an appreciable binding affinity
to the SphK1. We selected the top 10 hits out of 32,902
compounds showing considerably higher binding affinities to
SphK1. Selected hits show affinity in the range of —11.8 to
—12.2 keal/mol to SphK1 (Table 3). The binding affinity for

Table 3. List of the Top 10 Hits and Known SphK1
Inhibitors, PF-543 and SKI-II, with Their Binding Affinity
toward SphK1

s. no. compound ID binding affinity (kcal/mol)
1 ZINC12898623 -122
2 ZINC02149103 —12.1
3 ZINC05434006 —12.0
4 ZINC04260971 -11.9
S ZINC05433944 —-11.9
6 ZINC03839231 —-11.8
7 ZINC06623685 -11.8
8 ZINC08296863 —-11.8
9 ZINC08788772 —11.8
10 ZINC12898106 —11.8
11 PF-543 -9.1
12 SKI-IT -8.8

the finally selected two compounds ZINCO05434006 and
ZINC04260971 were estimated as —12.0 and —11.9 kcal/
mol, respectively. Both compounds showed to have a higher
affinity toward SphK1 as compared with known SphKl
inhibitors, PF-543 and SKI-II, as they show an affinity of
—9.1 and —8.8 kcal/mol, respectively (Table 3). The free
energy of binding was also estimated through AutoDock 4,
which uses the AMBER-based scoring function in docking
calculations. The free energy of binding for ZINC05434006
and ZINC04260971 for SphK1 was calculated as —11.16 and
—11.03 kcal/mol, respectively, while the free energy of binding
for PF-543 and SKI-II toward SphK1 was calculated as —9.32
and —8.94 kcal/mol, respectively. This comparison of
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predicted binding affinities from two different tools suggests
that the selected compounds show a significant affinity to the
SphKI1.

2.3. Molecular Docking. To find the specific compounds
bind to the substrate-binding site of SphKl, a detailed
interaction analysis was carried while using Discovery Studio.
The possible binding conformers of the top 10 hits were split
and their interaction toward the SGK1 binding pocket was
analyzed in detail. We identified ZINCO05434006 and
ZINCO04260971, which interact with a set of functionally
critical residues of SphK1 (Figure 2). Many residues of the
SphK1 kinase domain participate in the protein—ligand
interaction. A detailed binding pattern of these compounds
with SphK1 is illustrated in Figure 2.

We analyzed the interactions of selected inhibitors with the
functionally important residues of the binding pocket of
SphK1. Both the compounds interact with the substrate-
binding (Asp178), active site (Asp81), and ATP-binding site
(Argl91) residues of SphK1 (Figure 3). Both the compounds
share hydrogen bonds with the substrate-binding site (Asp178)
and offer many common interactions as a pattern shared by the
known inhibitors PF-543 and SKI-II. The hydrogen bonding is
strong enough to keep the compounds inside the SphKl1
pocket. We observed many specific interactions between the
critically important residues of SphK1 and the identified
compounds, which suggest their strong and stable binding with
SphK1. The SphK1 complexes with the selected compounds
were stabilized by many noncovalent interactions offered by
the lipid substrate binding site (Asp 178), active site (Asp81),
and ATP-binding site (Argl91) of SphK1. Interestingly, both
the compounds make hydrogen-bonded interaction to Asp178.
We observed that ZINCO05434006 and ZINC04260971
interact with the substrate-binding site of SphK1 and mimic
the pose of cocrystallized known SphK1 inhibitors PF-543 and
SKI-II. Analysis of interaction pattern suggests that the
compounds ZINC05434006 and ZINC04260971 may serve
as ATP/substrate-competitive inhibitors of SphK1.

2.4. MD Simulations. Three systems, apo-SphK1, SphK1-
ZINCO05434006-, and SphK1-ZINC04260971-bound com-
plexes, were subjected to all-atom MD simulations for 100
ns. The potential energy of SphKl apo, SphKIl-
ZINCO05434006, and SphK1-ZINC04260971 was calculated
as —890,000, —879,465, and —880,921 kJ/mol, respectively.
Other dynamic parameters such as systems volume, density,
kinetic energy, enthalpy, and total energy were further

https://dx.doi.org/10.1021/acsomega.0c01511
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Figure 2. Interaction of the selected compounds ZINC05434006 and ZINC04260971 along with known SphK1 inhibitors PF-543 and SKI-II
toward SphK1. (A) Overall structural representation of SphK1 complexed with the selected compounds and known inhibitors. (B) Residues of
substrate-binding pocket participating in hydrogen bonding to the selected compounds. (C) Surface potential representation of SphK1 binding
pocket occupied by the selected compounds and known inhibitors. Asp178 substrate—binding site; Asp81—active site; and Argl191—ATP binding

site.
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Figure 3. : Two-dimensional (2D) plot of SphK1 interactions with (A) ZINC05434006, (B) ZINC04260971, (C) PF-543, and (D) SKI-IL.

Table 4. Systematic and Energetic Parameters for apo-SphK1, SphK1-ZINC05434006, and SphK1-ZINC04260971 Systems

system rmsd (nm) RMSF (nm)
SphK1 030 0.13
SphK1-ZINC05434006 0.26 0.12
SphK1-ZINC04260971 0.28 0.11

R, (nm) SASA (nm?) enthalpy (kJ/mol) density (g/L)
1.96 145.61 —744,675 1028.44
1.99 147.20 —735,691 1029.08
2.00 147.0S —736,909 1029.11

calculated to ascertain the equilibration and stability of the
systems where we found no major changes when comparing
the free SphK1 and its complexes (Table 4).

2.5. Structural Deviations and Compactness. Binding
of any compound to their receptor (protein) can induce large
conformational changes. Root-mean-square deviation (rmsd)
is used to estimate the structural dynamics of protein.”*~*’ To
assess the structural dynamics of SphKl1 in free and complex
states, we calculated the rmsd of all the systems. The average
rmsd of SphKl in apostate, SphK1-ZINC05434006, and

SphK1-ZINC04260971 complex was found at 0.30, 0.26, and
0.28 nm, respectively (Table 4). The rmsd of all the three
systems shows that SphK1 gets stabilized after ZINC05434006
and ZINC04260971 binding. The ZINC05434006 and
ZINC04260971 binding leads to a fewer conformational
change in the SphKl structure from its native one (Figure
4A). The rmsd of SphK1 complexed with ZINC05434006 and
ZINCO04260971 shows a slight decrease that is equilibrated
throughout the simulation trajectory, suggesting durable
stability of these protein—ligand complexes (Figure 4A,

14723 https://dx.doi.org/10.1021/acsomega.0c01511
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Figure 4. Dynamics of the SphK1 structure as a function of time. (A)
RMSD plot of SphK1 before and after compound binding. (B)
Residual fluctuation plot of SphK1 and upon ZINC05434006 and
ZINC04260971 binding.

upper panel). The probability distribution function (PDF)
plots for rmsd show a minor decrease in the rmsd value of
ligand-bound systems of SphK1 compared with SphK1 alone
(Figure 4A, lower panel).

To explore the residual vibrations in free SphK1 and its
ligand-bound states, the fluctuations of each residue were
plotted as root-mean-square fluctuation (RMSF). Random
residual fluctuations present in SphK1 can be observed in
different regions from N- to C-termini (Figure 4B). The
fluctuations of the SphK1 backbone were compared with each
residue after the ZINC05434006 and ZINC04260971 binding.
The fluctuations were found to be minimum at several residues
in the case of SphK1-ZINC05434006 and SphKl1-
ZINC04260971 complexes (Table S). Initially, the RMSF of
the SphK1-ZINC05434006 system was increased up to that of
Gly160, but thereafter, it is minimized up to Val325, including
the substrate-binding site in SphK1. The RMSF suggested that
the fluctuations of the residues are reduced in the region where
ZINC05434006 and ZINC04260971 are binding (Figure 4B,
upper panel). A slight increase in fluctuations of SphK1 after
ligand binding was noticed, which might be due to ligand
adjustment in the SphK1 binding pocket.

The PDF analysis suggested a slight increase in the PDF of
SphK1 RMSF while in the ligand-bound state (Figure 4B,
lower panel). The higher fluctuations observed in the region of
residue 25—125 flap particularly in the SphK1-ZINC05434006
complex can be interrelated with the docking results, where
fewer close interactions are formed between the protein—
ligand at this region (Figure 3A). These residual fluctuations
suggest increased dynamics of internal vibration in SphKl1
while in complexes with ZINCO05434006. The decreased
fluctuations in both the complexes, particularly in the region of
residue 175-325 flap, suggest that this region of SphKl
directly binds with the ligands and forms many close
interactions with ZINC05434006 and ZINCO04260971, there-
by showing a reduced RMSF in comparison to the other
regions of SphKI1.

The radius of gyration (Rg) is a structural parameter
associated with the overall conformation and three-dimen-
sional (3D) structure of a protein, which has been utilized to
get insights into their compactness and folding behavior.*'~**
We estimated the stability of apo-SphK1l, SphKI-
ZINCO05434006, and SphKI1-ZINC04260971 systems by
calculating their R, values. The average values of R, for apo
SphK1, SphK1-ZINC05434006, and SphK1-ZINC04260971
complexes were calculated as 1.96, 1.99, and 2.00 nm,
respectively. The R, plot depicts a minor increase in R; values
while in the case of the bound states. This increase in R, is
possibly due to the SphK1 packing while its binding pocket is
occupied by ZINC05434006 and ZINCO04260971. Here, no
structural swift was observed in SphKl in after compound
binding, where R, attains a stable equilibrium and thus suggests
stability of the complexes throughout the trajectory (Figure
SA).

The solvent-accessible surface area (SASA) is the surface
area of a protein that is accessible to its surrounding solvent.**
SASA is one of the fundamental properties of a protein that is
utilized to evaluate its structural folding—unfolding dynamic
under the solvent environment.”*® We have calculated and
investigated the SASA of SphK1, SphK1-ZINC05434006, and
SphK1-ZINC04260971 to explore their folding behavior
during simulation. The average values of SASA for SphKl,

Table S. Finally Selected Compounds against SphK1 and Their Chemical Properties

S. Compound ID
No.

IUPAC name

Chemical structure

1. | ZINC05434006

[(35,3aR,6R,6aS)-3-[(4-
cyclopentylpyrimidin-2-yl)amino]-
2,3,3a,5,6,6a-hexahydrofuro[3,2-b]furan-6-
yl] N-naphthalen-1-ylcarbamate

2. | ZINC04260971

1-[(35,3aR,6S,6aR)-6-|
y1)-2,3,34,5,6,6a-hexahydrofuro[3,2-

(4-phenyltriazol-1-

) o
~"Y
N~ 4 HN\Q\
N e

b]furan-3-yl]-3-(4-phenoxyphenyljurea

$

O

yl]lamino]phenol

3. PF-543 [(2R)-1-[[4-[[3-(benzenesulfonylmethyl)-5- Q _
methylphenoxy]methyl]phenylJmethyl]p ) o VQA p
yrrolidin-2-ylJmethanol J LAQ OH

4. | SKI-II 4-[[4-(4-chlorophenyl)-1,3-thiazol-2-

Jopkel
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Figure S. Structural compactness of SphK1. (A) Time evolution of
the radius of gyration. (B) SASA plot of SphKI1 as a function of time.
(C) Time evolution of stability of intramolecular hydrogen bonds
formed within SphK1, where (D) shows the PDF of intramolecular
hydrogen bonds.

SphK1-ZINC05434006, and SphKI1-ZINCO04260971 were
calculated as 145.61, 147.20, and 147.05 nm?, respectively.
We observed a slight increase in the SASA of SphKl1 in the
presence of ZINC05434006 and ZINC04260971, which is
projected due to the exposure of some inner residues to the
surface (Figure SB). Overall, the SASA immediately achieved
an equilibrium after 20 ns without any shift during the entire
simulation, which suggests folding stability of SphK1 before
and after ligand binding.

Intramolecular hydrogen bonds (H-bonds) within a protein
play an essential role to stabilize its 3D structure and overall
conformation.”’”* To validate the stability of apo-SphKl,
SphK1-ZINC05434006, and SphK1-ZINC04260971 com-
plexes, we computed the dynamics of intramolecular H-
bonds paired within 0.35 nm. The computed average number
of intramolecular H-bonds formed within SphK1 apo, SphK1-
ZINCO05434006, and SphK1-ZINC04260971 were estimated
as 251, 254, and 253, respectively (Figure SC). A few numbers
of H-bonds increased in SphK1 after compound binding,
which might be due to the higher compactness of some
intramolecular space within the protein. The PDF analysis of
hydrogen bond dynamics indicates that the complexes of
SphK1-ZINC05434006 and SphK1-ZINC04260971 are stable
with a minimal change (Figure SD).

2.6. Hydrogen Bonding Analysis. The H-bonds formed
between a protein and ligand can be explored to get insights
into the stability of a protein—ligand complex to understand
the molecular recognition and specificity of interactions.*” To
evaluate the complex stability, we have studied the dynamics of
intermolecular H-bonds of ZINC05434006 and
ZINC04260971 with SphK1 paired within 0.35 nm. Our
analysis suggests an average of two H-bonds were shared by
ZINCO05434006 and ZINCO04260971 to SphK1, which were
stable throughout the trajectory (Figure 6). Both the
compounds bind in the SphK1 binding pocket with two to
three H-bonds with mutability and up to two H-bonds with
higher stability, supporting the molecular docking result. The
PDF of H-bonding suggests that ZINC05434006 and
ZINC04260971 bind to SphK1 with one and two H-bonds,
respectively, with higher stability and distribution throughout
the simulation trajectory (Figure 6, lower panel).

2.7. Principal Component and Free Energy Land-
scapes. The dynamic movement of a protein structure can be
explored through its phase space behavior. We performed PCA
to investigate the conformational dynamics of apo-SphKl,
SphK1-ZINC05434006, and SphK1-ZINC04260971 via inves-
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Figure 6. Stability of hydrogen bonds formed. (A) Intermolecular
hydrogen bonds between compounds ZINC05434006 and (B)
ZINC04260971 with SphK1 (the lower panel shows the probability
of distribution of hydrogen bonding as a PDF).

tigating their collective motions while utilizing essential
dynamics approach.”® The PCA helps to understand the
dynamic motion and overall flexibility of a protein and its
docked complexes with the small molecules in a conforma-
tional subspace. The conformational sampling along the
eigenvector (EV) 1 and EV2 projected by the C* atom of
SphK1 before and after ZINC05434006 and ZINC04260971
binding in the essential phase space is illustrated in Figure 7A.

—_— 5
 —— SphK1-ZINC05434006
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Figure 7. Essential dynamics showing SphK1 conveying PCA. (A) 2D
projections of trajectories on two EVs illustrating different projections
of SphK1. (B) Projections of trajectories on EVs concerning time. (C)
Atomic fluctuations of SphK1 on EV 1.

Here, we observed that the SphK1-ZINC05434006 and
SphK1-ZINC04260971 complex occupied the same conforma-
tional subspace. However, the overall flexibility of the SphK1-
ZINC05434006 complex was slightly increased at both EVs
with overlapping of stable clusters with the subspace of SphK1
in the free state (Figure 7B). The overall PCA including the
atomic fluctuations suggests that SphK1 is quite stable during
the simulation after compound binding.

To further investigate the conformational behavior of
SphK1, Gibbs free energy landscapes (FELs) were generated
using the first two EVs. Figure 8 shows the FELs of apo SphK1,
SphK1-ZINC05434006, and SphK1-ZINC04260971 complex
systems. The deeper blue color in the plots illustrates the
structural conformations with lower free energy. SphK1 shows
a single global minimum restricted to a single local basin.
However, SphK1 while in complex with ZINC05434006
acquired multiple minima and with varying conformational

https://dx.doi.org/10.1021/acsomega.0c01511
ACS Omega 2020, 5, 14720—-14729


https://pubs.acs.org/doi/10.1021/acsomega.0c01511?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.0c01511?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.0c01511?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.0c01511?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.0c01511?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.0c01511?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.0c01511?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.0c01511?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.0c01511?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.0c01511?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.0c01511?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.0c01511?fig=fig7&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://dx.doi.org/10.1021/acsomega.0c01511?ref=pdf

http://pubs.acs.org/journal/acsodf

ACS Omega

B 14
12
=1 S0

o
E 10 g s
3 N
0] o,

¥}

G(Kj/mol)

o s ®

Figure 8. Gibbs energy landscapes of (A) free SphK1, (B) SphK1-ZINC05434006, and (C) SphK1-ZINC04260971.

states, while the SphKI1-ZINC04260971 system did not
progress to multiple global minima, showing the overall single
global minimum limited to a single basin. This PCA suggests
that the presence of ZINC05434006 and ZINC04260971 does
not affect much the conformation and the position of the
sampled subspace of SphK1 (Figure 8B—C).

Altogether, the physicochemical and ADMET properties,
interaction analysis in comparison of the known SphK1
inhibitors (PF-543 and SKI-II), and MD simulation studies
suggest that the identified two natural compounds,
ZINCO05434006 and ZINC04260971, can be further utilized
as a potent scaffold in development of high-affinity inhibitors
of SphK1 (Table 5).

3. CONCLUSIONS

SphK1 is an important enzyme that regulates the sphingolipid
rheostat accountable for determining cell fate. The develop-
ment of targeted therapeutics to address the clinical manage-
ment of cancer without being cytotoxic has received growing
interest. Natural compounds have been acknowledged to be
effective and curable in many complex diseases including
cancer and neurodegenerative diseases. Here, we performed
structure-based virtual screening of natural compounds against
SphK1 to identify its potent inhibitors, which can further be
used in drug development against cancer. The identified two
natural compounds (ZINC05434006 and ZINCO04260971)
were selected by evaluating their druglike properties, binding
affinities, and a specific interaction toward the SphK1 binding
pocket. MD simulation studies further revealed that
ZINCO05434006 and ZINC04260971 strongly bind to SphK1
and forms a stable complex with minimal structural dynamics.
Both compounds bearing anticancer activity and kinase
inhibitor potency as predicted through the PASS analysis.
This study predicted a considerable inhibitory potential of
identified natural compounds that could be a starting point for
the development of new SphKl inhibitors. Experimental
studies are further required before the clinical implications of
these compounds.

4. MATERIALS AND METHODS

4.1. Computational Environment and Web Resour-
ces. Computational tools, including MGL Tools,”" AutoDock
Vina,™” Discovery Studio visualizer,”> and the GROMACS
package,”* were employed for screening and simulation studies.
Various web resources such as NCBIL>® Protein Data Bank
(PDB),”® ZINC database,”” SwissADME,*® and standalone
QtGrace™ were used in retrieving and analyzing the data.
Structural coordinates of human SphK1 were taken from the
PDB (PDB ID: 3VZB, resolution: 2.0 A)'° and refined further
through the MGL tools. A library of ~90,000 compounds

containing natural products and their derivatives was down-
loaded from the ZINC database.

4.2. Filtration of Natural Compounds. Initially, the
ZINC library containing ~90,000 was filtered based on their
physicochemical properties following Lipinski’s rule of five.
The PAINS screening was done to filter those compounds
having PAINS patterns with a high tendency of binding with
multiple targets. The filtered compounds were further screened
for their carcinogenicity and ADMET properties. Compounds
that were noncarcinogenic and possess acceptable ADMET
properties were selected further to process with the structure-
based virtual screening.

4.3. Structure-Based Virtual Screening. The atomic
coordinates of the 3D structure of human SphKl1 were
downloaded from the PDB (PDB ID: 3VZB).'” The
cocrystallized D-sphingosine and water were removed, and
the structure was subsequently refined in MGL tools. The
docking was performed using AutoDock Vina, with a
structurally blind search space having a grid size of 50, S8,
and 56 A, centralized at 53.15, 51.79, and —1.54 for X, Y, and Z
coordinates, respectively. The filtered library which contains
32,902 compounds was subjected to screen with structure-
based molecular docking to select compounds with higher
binding affinities for SphK1. The compounds with higher
docking scores were subjected to splitting to generate all
possible docked conformers and further analyzed through
Discovery Studio for detailed interaction to SphKl. In
interaction analysis, the only compounds having a specific
interaction toward the substrate binding site of SphK1 were
selected.

4.4. MD Simulations. All-atom MD simulations were
performed on SphK1 before and after the binding of the
identified compounds, ZINC05434006 and ZINCO04260971,
for 100 ns at the molecular mechanics level at 300 K utilizing
GROMOS 54A7 force field in the GROMACS 5.1.2 package.
The topology parameters for compounds ZINC05434006 and
ZINCO04260971 were produced in the PRODRG and
complexed into the protein topology to make SphKl-
ZINC05434006 and SphK1-ZINC04260971 complex systems.
All apo-SphK1, SphK1-ZINC05434006, and SphKI-
ZINC04260971 were solvated using the simple point charge
(spc216) in a cubic box. All the three systems were minimized
to remove steric clashes by utilizing 1500 steps of the steepest
descent approach. The temperature of all the three systems was
then raised from 0 to 300 K during the equilibrium phase of
100 ps at a constant volume with a stable pressure of 1 bar.
The final MD run was set to 100,000 ps for all the three
systems, and the resulting trajectory files were studied through
the GROMACS utilities and plotted using the QtGrace tool.
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