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ABSTRACT: C-C chemokine receptor type S (CCRS) is a ®) )
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(MVC), showed a deceleration in tumor development especially | DSB®® rescoring
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for metastatic colorectal cancer. Based on the crystal structure of
CCRS, we herein describe a multistage virtual screening protocol
including pharmacophore screening, molecular docking, and
protein—ligand interaction fingerprint (PLIF) postdocking filtration for discovery of novel CCRS ligands. The applied virtual
screening protocol led to the identification of four hits with binding modes showing access to the major and minor pockets of the
MVC binding site. Compounds 2—4 showed a decrease in cellular proliferation upon testing on the metastatic colorectal cancer cell
line, SW620, displaying 12, 16, and 4 times higher potency compared to MVC, respectively. Compound 3 induced apoptosis by
arresting cells in the GO/G1 phase of the cell cycle similar to MVC. Further in vitro assays showed compound 3 drastically decreasing
the CCRS expression and cellular migration 48 h post treatment, indicating its ability to inhibit metastatic activity in SW620 cells.
The discovered hits represent potential leads for the development of novel classes of anticolorectal cancer agents targeting CCRS.

1. INTRODUCTION and resistance to DNA-damaging agents.é’7 Consequently,
CCRS has been recognized as an exciting new therapeutic
target for metastatic cancer, with clinical trials now targeting
breast and colon cancers.® A variety of small-molecule ligands
have been identified that can modulate the activity of the
CCRS receptor.”"’

Several CCRS ligands developed for HIV treatment are
considered to be repurposed for cancer treatment.” To date,
maraviroc (MVC) is the only Food and Drug Administration
(FDA)-approved CCRS ligand for HIV treatment. MVC has
been repositioned in clinical trials for cancer therapy. Indeed,
patients treated with MVC showed a deceleration in tumor
development.” MVC has been discovered by high-throughput
screening followed by a long optimization process.” Later
approaches to find CCRS ligands used homology models of
the CCRS receptor' " and ligand-based fragment merging."*
In 2013, a crystal structure of CCRS bound to MVC (Protein

C-C chemokine receptor type S (CCRS) is one of 19 human
chemokine (CC) receptors belonging to family A of the G
protein-coupled receptors (GPCRs).' Like all members of the
GPCR family, CCRS shares the common molecular
architecture of seven transmembrane (TM) helices linked by
three extracellular loops (ECLs) and three intracellular loops
(ICLs).”> The ECLs together with the N-terminus are
involved in chemokine binding, whereas the ICLs as well as
the C-terminus plays an important role in the G protein-
mediated signal transduction. CC ligands bind to the CCRS
receptor, leading to activation of the signaling pathway
mediated by heterotrimeric G proteins and causing cell
motility.' ™ CCRS is mainly expressed on the surface of
white blood cells and plays an important role in human
inflammatory responses to infection. CCRS gained prominence
as a coreceptor important for human immunodeficiency virus
(HIV) host cell entry.* Therefore, blocking the function of
CCRS by CCRS inhibitors has been considered as an effective Received:  February §, 2021
and relatively harmless HIV therapeutic strategy.”” Recent Accepted:  April §, 2021
studies indicated that CCRS is overexpressed in various types Published: April 16, 2021
of cancer. CCRS induces cancer cell homing to metastatic sites,

augments the proinflammatory prometastatic immune pheno-

type, and enhances DNA repair, providing unusual cell survival
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Figure 1. Two-dimensional (2D) chemical structures of CCRS ligands used as training set compounds (T1—16) and their activity values (half-

maximal inhibitory concentration (ICs)).

Data Bank (PDB): 4MBS)"> was published, providing a
structural basis for the virtual discovery of CCRS ligands of
previously undescribed chemotypes. Maraviroc binds to an
allosteric, and not orthosteric, binding site of the CCRS
receptor. Consequently, its pharmacological action should be
described as that of a negative allosteric modulator, rather than
of a competitive antagonist.'© However, the term “CCRS
antagonists” has been widely used for maraviroc and related
compounds in the literature.” ' Very recently, two
pharmacophore-based virtual screening (VS) approaches for
identification of novel CCRS ligands have been reported.
Mirza et al. discovered CCRS, CXCR4, and dual CCRS/
CXCR4 inhibitors of partly novel chemotypes by screening the
MolPort and Interbioscreen databases. However, the identified
compounds were less active compared to the control ligands
MVC and AMD300."” Lin et al. screened the NCI database
identifying potential CCRS inhibitors with higher b1ndm§
affinities than MVC as indicated by free energy calculatlons
However, the results were not supported by biological assays.'®

In the present work, we describe the construction and
validation of a virtual screening (VS) protocol that was used
for mining the Specs database to discover novel CCRS ligands
as anticolorectal cancer agents.

2. RESULTS

The X-ray crystallographic structure of CCRS complexed with
MVC (PDB code: 4MBS)'® was used for inferring chemical
information on inhibitors’ binding to CCRS. MVC binds in an
allosteric pocket located at the extracellular end of the TM

bundle, occupying both the transmembrane site 1 (TMS1), or
minor pocket, and transmembrane site 2 (TMS2), or major
pocket. The minor pocket is delineated by residues from TM1,
TM2, and TM7 and the major pocket between TM3-7.'>"”
Structural information on previously reported CCRS inhibitors
was used to guide the discovery of novel CCRS ligands. A
highly selective ligand-based pharmacophore model was built
and used along with docking and protein—ligand interaction
fingerprints (PLIFs) postdocking filtration to screen the
commercially available Specs database for novel CCRS ligands.
The four top-ranking hits were tested in vitro to evaluate their
anticancer activities.

2.1. Pharmacophore Generation. Pharmacophore mod-
eling is a powerful technique to identify ligands’ structural
features important for biological activity. To build a
pharmacophore model, a total of 2827 compounds with
experimentally known CCRS inhibitory activity were retrieved
from the BindingDB (http://www.bindingdb.org).”® To
guarantee maximal structural diversity, these compounds
were grouped based on their chemical scaffolds and structural
similarity, resulting in 39 different clusters (Table SI,
Supporting Information). The most active compound from
each cluster was selected, resulting in 39 training set
compounds representing various chemical scaffolds.”'~*" The
selected compounds were then aligned on the coordinates of
MVC obtained from its crystal structure bound to the CCRS
receptor (PDB code: 4MBS)"* using the align.svl script®®
MOE. For each compound, low energy conformations were
generated and the conformer with the highest alignment score
was selected. After visual examination, 16 compounds showing
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Table 1. Statistical Parameters of Pharmacophore Hypotheses Built with CCRS Training Set Compounds. Parameters of PH-1
and PH-9 are shown in bold.

pharmacophore hypothesis overlap features” TH AH TPR FPR EF

PH1 12.30 2Hyd 600 59 0.98 0.24 3.73
1Aro
1Cat

PH2 12.27 2Hyd 901 59 0.98 0.36 2.56
1Aro
1Don

PH3 11.49 2Hyd 866 59 0.98 0.35 2.66
1Aro
1Cat

PH4 11.49 2Hyd 1138 59 0.98 0.46 2.05
1Aro
1Don

PHS 11.45 2Hyd 457 53 0.88 0.18 4.33
1Acc
1Cat

PH6 11.44 2Hyd 912 SS 091 0.37 237
1Acc
1Don

PH7 10.76 2Hyd 1916 60 1.00 0.78 1.26
2Acc

PHS8 10.46 2Hyd 1440 59 0.98 0.59 1.64
2Acc

PH9 12.30 2Hyd 406 59 0.98 0.16 5.29
1Aro
1Cat
LS

“Total number of hits (TH), number of active hits (AH), true-positive rate (TPR), false-positive rate (FPR), enrichment factor (EF) of
pharmacophore mapping. bHydrophobic (Hyd), aromatic (Aro), cationic (Cat), H-bond donor (Don), H-bond acceptor (Acc), ligand shape (LS).

(A)

Figure 2. Ligand-based pharmacophore model (PH9) for CCRS inhibitors: (A) three-dimensional (3D) spatial arrangement and distance
constraints between the chemical features of the pharmacophore model represented by blue (cationic center, Cat), orange (aromatic center, Aro),
and green (hydrophobic, Hyd) spheres. (B) Overlay of the crystal coordinates of MVC on the pharmacophore model (PH9).

the highest structural alignment with MVC (F score <—200) using the Pharmacophore Elucidate module implemented in
were chosen as a basis for building the pharmacophore model MOE® (Figures 1 and S1). Eight different pharmacophore
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hypotheses (PH1—8) were postulated comprising features
targeting the minor and major pockets of MVC’s binding site
simultaneously (Figure S2). Six out of the eight hypotheses
(PH1-6) had either a positive charge center or a hydrogen-
bond donor feature representing a positively charged basic
nitrogen atom. With the exception of PH?7, all pharmacophore
hypotheses had either a hydrophobic or an aromatic feature
complementary to a deep hydrophobic pocket present in
TMS2. Five models (PH1—4 and PH7) had a hydrophobic
feature corresponding to the carbon linker between the
quaternary nitrogen and the deep hydrophobic pocket binding
teature. Finally, a hydrophobic spacer at the interface between
TMS1 and TMS2 was present in six pharmacophore
hypotheses (PH3-8).

The plausibility of the resultant hypotheses was measured by
the degree of active overlay expressed by the overlay score
(Table 1). In addition, retrospective screening was conducted
to evaluate the ability of hypotheses to separate the actives
from inactives. To this end, a small-molecule test set was
generated for model validation. Thus, 60 of the active CCRS
inhibitors from the literature that were not included in the
training set were labeled as actives and a total of 2444
molecules, with similar physical properties as actives
(molecular weight (MW), number of hydrogen-bond donors
and hydrogen-bond acceptors, number of rotatable bonds, and
octanol—water partition coefficient (logP)), were labeled as
inactives. The inactive compounds comprised 91 experimen-
tally confirmed inactive compounds, 201 CCRS decoys from
the GPCR Decoys Database (GDD),”” and 2152 inhibitors of
other target proteins obtained from the GPCR Ligand Library
(GLL)*’ Drugbank.68 The multiconformation test set
compounds were mapped to the pharmacophore hypotheses.
As shown in Table 1, all models had an enrichment factor (EF)
value larger than 1 (1 corresponds to random screening).
Representing the basic nitrogen atom with a cationic feature
decreased the number of mapped inactives as shown by the
higher EF values of PH1, 3, and 5 compared to those of PH2, 4
and 6, respectively. PH1 had the highest overlay score of 12.3
and could retrieve 59 out of 60 known CCRS inhibitors
(sensitivity (Se) = 0.98), exclude 1844 out of a total of 2444
inactives (specificity (Sp) = 0.76), and showed a high mapping
EF of 3.73. Introduction of additional spatial constraints in the
form of ligand shape (LS) can prevent more inactives from
mapping the pharmacophore model. Consequently, ligand
shape defined by the cocrystallized structure of MVC was
added as an additional constraint to PHI1. The resultant
hypothesis (PH9) was capable of excluding 2038 out of a total
of 2444 inactives, showing superior specificity (0.84) and a
higher mapping EF (5.29) compared to those of PH1. PH9
comprised four pharmacophore features: two hydrophobic,
one aromatic, and a positively charged center (Figure 2A).
Overlay of the crystallized coordinates of MVC on PH9
showed that the cationic feature represents the protonated
tropane ring nitrogen that is engaged in a salt-bridge
interaction with Glu2837%, The aromatic feature corresponds
to the phenyl group that reaches deep in the hydrophobic
subpocket of TMS2 forming 7—z interactions with Tyr108*.
Finally, the two hydrophobic features are related to the
isopropyl group of the triazole ring binding to TMS1 and to
the aliphatic middle chain whose length was reported to be
critical for maintaining the distance between the carboxamide
nitrogen and the tropane nitrogen'® (Figure 2B). In

conclusion, PH9 showed the capacity to recognize CCRS
inhibitors effectively and thus was selected for VS.

2.2. Molecular Docking. Molecular docking simulation
studies were performed using GOLD 5.5 (Cambridge
Crystallographic Data Centre, Cambridge, U.K.).”””® The
crystal structure of CCRS cocrystallized with the FDA-
approved inhibitor MVC (PDB code: 4MBS)"® was used in
this study. To validate the docking protocol, MVC was first
docked into its binding pocket of the CCRS receptor. All of the
resultant poses converged to a binding mode similar to that of
the experimentally determined position of MVC, with the best
ranking pose having a root-mean-square deviation (RMSD)
value of 0.52 A (Table S2). MVC binds to a deep pocket
formed by residues in the extracellular part of the TM domain
stabilizing the CCRS receptor in an inactive state (Figure S3).
This binding site is divided into minor (TMS1) and major
(TMS2) pockets. TMS1 is defined by Tyr37"%¥, Trp86>%,
Tyr892‘63, Thr28474°, and Met2877*, while TMS2 is defined
by Thr195%%°, 11e198%*?, Leu255%%, Thr259%%°, and
Met2797% in addition to a deep hydrophobic subpocket
defined by Phe109°%, Phe112%%, Trp248%* and Tyr251%%".
Two residues, Glu2837° and Tyr108>%* overlap at the
interface of both pockets. The triazole ring of MVC occupies
TMS], forming aromatic interactions with Trp862'60. TMS2 is
occupied by the difluorocyclohexyl group interacting with
Thr195%* and 1le198>** in addition to a phenyl ring reaching
deep in the hydrophobic subpocket and forming hydrophobic
interactions with Tyr108>**. Finally, the protonated nitrogen
of the tropane group forms a salt bridge with Glu283”%. The
docking protocol was further assessed for the molecular
recognition between ligands and their binding site in terms of
enrichment performance. For that, docking of a test set
comprising 20 active compounds and 537 inactive compounds
was conducted to further check the docking ability to decrease
the false-positive rate, and the validation test set was designed
including any inactive compound that escaped the initial
pharmacophore filtration. The enrichment of active com-
pounds was assessed by the enrichment factor (EF) and area
under the receiver operator characteristic (ROC) curve
(AUROC) values. GoldScore showed good enrichment
performance with an AUROC value of 0.79 and an EF at 1
and 5% of the ranked list of 4.64 and 3.97, respectively, as
shown in Figure S4.

Protein—ligand interaction fingerprints (PLIFs) were further
used to enhance the performance of the docking algorithm.
PLIFs were previously reported to give better results than
standard scoring functions in terms of identifying the correct
binding modes of ligands and recovering active compounds in
VS trials.”' =" Crystal structures and mutation studies’*”
identified Tle198%*, Tyr108%**2, and Glu283" as key residues
that are essential for CCRS receptor binding and thus can be
used to filter ligands’ docked poses. Four PLIF models (PLIF-
MI1—PLIF-M4) based on one, two, or three essential residues
(see Table 2 for details) were applied, and their performance
was evaluated by screening the docked poses of the test set
compounds (Figure S4). As shown in Table 2, filtering the
docked poses based on PLIF-M1 resulted in excluding 26.82%
of the FPs (specificity = 0.27). Additional filtration based on
either Ile198>** (PLIF-M2) or Tyr108>** (PLIF-M3) besides
Glu2837* resulted in excluding more FPs (specificity = 0.57
and 0.49, respectively). Filtration based on interactions with all
three residues (PLIF-M4) resulted in a relatively similar
reduction of the FP retrieval (specificity = 0.57). On the other
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Table 2. Statistical Parameters of Postdocking Filtration of
the Validation Database Using Various PLIF Models.
Metrics of PLIF-M3 post-docking filtration are shown in
bold”

PLIF model
(PLIE-M) key residue(s) AH TPR FH FPR
PLIE-M1 Glu2837% 20 1 393 0.73
PLIF-M2 Glu2837%, Ile-98%4 19 095 232 043
PLIF-M3 Glu2837%, Tyr108>** 20 1 273 0.508
PLIF-M4 Glu2837%, Ile-98%4, 19 095 231 043

Tyr108>32

“Number of active hits (AH), true-positive rate (TPR), number of
false hits (FH), false-positive rate (FPR).

hand, PLIF-M1 and M3 could successfully recognize all CCRS
inhibitors (sensitivity = 1), whereas for PLIF-M2 and M4, the
retrieval rate was 95% (sensitivity = 0.95).

In an attempt to improve the enrichment performance of the
docking protocol, the filtered poses were rescored using three
different scoring functions, DSXPPB ,7676 ChemPLP, and
ChemScore. As shown in Table 3, rescoring showed an
improvement in the EF values compared to those of GoldScore
with DSX"P®, showing the best performance based on the
higher AUROC and EF values. Filtering the docked poses
based on PLIF-M3 and rescoring the filtered poses using
DSX"P® showed the highest AUROC value of 0.86 and an EF
of the top 1 and 5% of the ranked list of 9.76 and 6.83,
respectively (Figure S4D). Overall, postdocking processing
using PLIF-M3 and rescoring the filtered poses using DSX">"
enhanced the enrichment performance of the docking
algorithm and thus was used for prospective VS.

2.3. Virtual Screening. Our multistage virtual screening
protocol (PH9—D0cking—PLIF—M3—DSXPDB rescoring) was
utilized to screen the Specs database’” comprising 213 504
structurally diverse compounds. As the database had under-
gone stringent druglike and desirable chemical group filters, we
directly uploaded the database on Pharmit server’® to undergo
a knowledge-based conformational search, resulting in a total
of 2819976 conformers. The resultant conformers were
screened using the pharmacophore model described earlier
(PHY), narrowing down the database to $847 compounds that
fulfill the required chemical features and steric constraints. To
examine their binding modes, these hit compounds were
docked into the MVC binding site of the CCRS receptor using
GOLD (version 5.5). The generated poses were then filtered
based on PLIF-M3, reducing the number of hits to 5374
compounds. The filtered poses were finally rescored using
DSX"P? followed by visual examination of the top-scoring
compounds. The structures of the top 1% scored compounds
are shown in the Supporting Information (Figure SS).
Although commercially available, the four highest-ranking

compounds 1—4 (Figure 3A) have not been reported in the
literature. All four hits showed a Tanimoto coefficient (Tc) less
than 0.5 against the initial training set of 39 CCRS inhibitors.
The hits represent partly novel chemotypes distinct from
known high-affinity CCRS inhibitors.

The proposed binding modes of compounds 1—4 indicated
similar orientations to that of MVC with a protonated amino
group forming a salt bridge with Glu2837*° and other groups
occupying the major and minor pockets of the MVC binding
site (Figure 4). The docked pose of compound 1 showed a 3,4
dimethoxyphenyl ring occupying TMS1 and a phenyl ring
located in the hydrophobic subpocket of TMS2. The
Glu2837*° residue formed ionic interaction with the
protonated isothiourea moiety. Interestingly, the 1-(3-ethoxy
phenyl) pyrrolidinedione group projected toward ECL2
making several interactions with Ser180, a residue that is not
involved in the binding of MVC.

Docking of compound 2 showed its indole ring located in
TMS1 and forming z—7z interactions with Trp86>%, a 4H-
pyran ring occupying TMS2 with a p-tolyl ring extending into
the hydrophobic groove, making z—7 interactions with
Tyr108>* and a phenyl ring in a position topologically
equivalent to the cyclohexyl ring of MVC projecting toward
TMS.

The binding mode of compound 3 revealed the adamantane
ring filling TMS1 and involved in hydrophobic interactions
with Trp86*%. The basic amine formed a salt bridge with
Glu2837*° in addition to a cation—z interaction with
Tyr108>%. The TMS2 site accommodated a phenyl ring
with an alkoxy substituent that could partially extend in the
hydrophobic groove. Finally, a thiophene ring showed a similar
binding orientation to that of the cyclohexyl ring of MVC
extending toward TMS.

Lastly, docking of compound 4 revealed a benzyl ring fitting
at the interface between TMS1 and TMS2 and a secondary
amine slightly shifted toward TMS2 yet maintaining the salt-
bridge interaction with Glu2837*°. The hydrophobic subpock-
et of TMS2 was occupied by one of the two phenyl rings, with
the other phenyl ring oriented toward TMS. TMS1 was
occupied by the benzyloxy group pointing toward TM1.

2.4. Cell Viability Assay. The effect of MVC and
compounds 1—4 on cell proliferation was investigated in a 3-
[4,5-dimethylthiazol-2-yl]-2,5-diphenyltetrazolium bromide
(MTT) dye reduction assay on the SW620 CRC cell line as
described previously.® Surprisingly, for compound 1, a
concentration-dependent (ECg, = 298.1 uM) increase in the
SW620 CRC cell proliferation was observed after 48 h
treatment, indicating a possible agonistic (positive allosteric)
effect at CCRS receptors (Figure S). In contrast, compounds
2—4 behaved similar to MVC (CCRS antagonist, negative
allosteric modulator), causing a concentration-dependent

Table 3. Docking Enrichment Comparison Using Different Scoring Functions. Metrics of DSX"® scores post PLIF-M3
filtration and Goldscore with no PLIF filtration are shown in bold for comparison.

GoldScore ChemPLP ChemScore DSX'PE

(re)scoring method/PLIF  AUROC EF1% EF5% AUROC EF1% EF5% AUROC EF1% EF5% AUROC EF1% EF5%
none 0.79 4.64 3.97 0.86 9.28 6.96 0.79 9.28 4.97 0.81 9.28 3.97
PLIF-M1 0.74 8.26 491 0.83 8.26 5.90 0.78 8.26 5.90 0.84 8.26 7.86
PLIF-M2 0.76 8.80 6.09 0.75 440 508 0.77 440 508 0.86 8.80 8.12
PLIF-M3 0.77 4.88 4.88 0.80 4.88 4.88 0.79 4.88 6.83 0.86 9.76 6.83
PLIF-M4 0.76 8.77 6.07 0.74 4.38 5.06 0.77 4.38 6.07 0.86 8.77 8.09
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Figure 3. Chemical structures of hit compounds showing the basic nitrogen (blue) and functional groups fitting in TMS1 (green) and the
hydrophobic subpocket of TMS2 (red). Interactions between the ligands and specific residues derived from the CCRS X-ray structure (PDB code:
4MBS) are depicted by dotted lines. Structure of MVC is added for comparison.

decline in the survival rate of the SW620 cells. Interestingly,
while MVC displayed ICs, = 401 uM, compounds 2—4 were
significantly more potent with ICsy = 34.5, 25.0, and 96.2 uM,
respectively (Figure 6). The most potent compound 3 was
further investigated in western blot, cell cycle, and migration
assays.

2.5. Cell-Cycle Assay. The effect of compound 3 on the
cell cycle of SW620 CRC cells was examined as previously
reported.’ As shown in Figure 7, the control samples showed a
high distribution in the GO/G1 phase (46.5%), moderate
distribution in the S phase (34.3—37.2%), and a significantly
low distribution in the G2/M phase (8.5—12.5%). After 48 h
treatment with compound 3, cells showed a high increase in
the GO/G1 fraction by 8.6% and a nonsignificant change in the
S phase relative to controls. This was followed by a subsequent
decrease in the G2/M phase by 4.5%. The observed arrest of
the cell cycle in the GO/G1 phase induced bgr compound 3 is
similar to that previously reported by MVC.

2.6. Cell Migration Assay. The effect on migration and
metastasis ability of SW620 CRC cells in response to
compound 3 relative to MVC was investigated by the Boyden
chamber assay.”” At 24 h post-treatment, a significant increase
was observed in cell migration compared to controls treated
with compound 3 (P-value = 0.0015). On the other hand, cells
exposed to MVC showed a significant decrease in cell
migration compared to controls (P-value = 0.0249). Com-
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pound 3 showed a significant decrease in cellular migration
relative to controls 48 and 72 h post treatment with P-values of
0.0026 and 0.0014, respectively. On the other hand, cells
treated with MVC showed no significance in cell migration
compared to controls with P-values of 0.1413 and 0.9916,
respectively (Figure 8). Overall, the cellular migration
inhibitory effect of compound 3 was superior to that observed
by MVC.

2.7. Western Blot. To examine a possible involvement of
CCRS receptors in inhibiting SW620 CRC cells’ viability and
migration, the expression level of the CCRS receptor following
exposure to compound 3 was examined using Western blot
analysis.® SW620 CRC cells were exposed to an ICj,
concentration of compound 3. The expression levels of the
CCRS receptor were examined at the protein level after 12 and
48 h. After 12 h, a significant 8-fold increase in the CCRS
expression level compared to the control was observed. In
contrast, after 48 h, the CCRS expression level compared to
the controls significantly decreased (Figure 9). These findings
suggest a strong correlation between the observed cellular
effects of compound 3 and the CCRS receptor.

3. DISCUSSION

The interest in the role of CCRS in the onset and progression
of tumorigenesis has led to the current focus on CCRS as an
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Figure 5. In vitro effect of compound 1 on the viability of SW620
CRC cells showing an approximate ECs, value of 300 ym.

exciting new therapeutic target for metastatic cancer with
ongoing clinical trials targeting breast and colon cancers. The
discovery of potent and selective CCRS inhibitors with novel
chemotypes appears promising for the development of
antineoplastic agents. Herein, we utilized the 3D structure of
CCRS in complex with MVC" and developed an integrated
three-step protocol including pharmacophore modeling and
molecular docking with PLIF postdocking filtration to identify
novel CCRS ligands. The pharmacophore model comprised
four features covering the minor (TMS1) and major (TMS2)
pockets of the MVC binding site in CCRS as follows: (a) an
aromatic moiety for interaction with Tyrl108*** in the
hydrophobic subpocket of TMS2; (b) a hydrophobic feature
interacting with Trp86>% in the TMS1 pocket, in addition to

two features at the interface of the major and minor pockets;
(c) a basic feature for interaction with Glu2837%%; and (d) a
hydrophobic feature representing the carbon linker between
the basic amine and the hydrophobic group located in TMS1
(Figure 2). The pharmacophore model revealed a symmetric
distribution of hydrophobic/aromatic properties relative to the
central cationic feature. Prospective VS using the multistage
protocol resulted in discovery of four hit compounds 1—4 with
binding modes mimicking that of MVC, occupying the major
and minor pockets of the MVC binding site. Compounds 2—4
exhibited a remarkable reduction of cell proliferation of SW620
cells in a concentration-dependent manner displaying ICs,
values 34.5, 25, and 96.2 yM and being 12, 16, and 4 times
more potent than MVC, respectively. The most potent
compound 3 induced apoptosis by arresting cells in the GO/
G1 phase of the cell cycle similar to MVC. This appears to be
in agreement with our previous work where targeting CCRS by
MVC induced a significant arrest in the GO/G1 phase of the
cell cycle in CRC cells.” Western blot and migrating assay
showed compound 3 drastically decreasing the CCRS
expression and cellular migration 48 h post treatment,
indicating its ability to inhibit metastatic activity in SW620
cells. The high CCRS inhibitory activity of compound 3 might
be explained by its high structural complementarity with the
MVC binding site. It binds across both the major and minor
pockets and forms the characteristic ionic interaction with
Glu2837*°. However, its structure did not completely occupy
the hydrophobic subpocket of the major pocket, suggesting
possible future structural modification, introducing bulky
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Figure 7. Impact of compound 3 ICs, on the cell cycle of SW620 CRC cells at 48 h post treatment in comparison to the control samples C-1 (cells

treated with compound 3 solvent) and C-2 (cells only).

hydrophobic substituents on the central phenyl ring to further
increase the compound’s potency (Figure 4C).

Interestingly, compound 3 caused a significant increase in
CCRS expression in SW620 cells 12 h after exposure before a
drastic decrease was observed after 48 h. In accordance,
compound 3 affected cell migration in a similar manner with a
significant increase in cell migration 24 h post treatment
followed by complete abolishment after 48 h. These findings
could suggest a positive feedback response as a result of a high
CCRS inhibitory effect of compound 3, where cells respond by
initially increasing the CCRS expression prior to complete
removal of CCRS receptors, indicating failure of the cells to
restore its activity. This behavior is distinct from that observed
for MVC, where no effect was observed on CCRS expression
levels at 48 h post treatment. Similar results were previously
observed where MVC did not change the CCRS expression,
indicating MVC’s failure to induce CCRS internalization.*

Unexpectedly, while MVC and compounds 2—4 inhibited
proliferation of SW620 cells, compound 1 was found to
increase SW620 cell proliferation, indicating its possible
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agonistic effect. This is remarkable considering that prospective
VS campaigns often result in antagonists even when an agonist-
bound VS model is used.*"** The distinct pharmacological
profiles of MVC, compound 1, and compound 3 need to be
further assessed in functional assays.

The docked poses showed compound 1 extending toward
ECL2, which is not the case for compounds 2—4 (Figure 4A).
ECL2 was reported to have a regulatory function in GPCR
activation, with several residues in ECL2 playing a role in
stabilizing the protein in the active state rather than the
inactive one.”> One can only speculate that binding of
compound 1 induces a conformational change in ECL2
distinct from that induced by compounds 2—4. However, it
needs to be further investigated by, e.g.,, prolonged molecular
dynamics (MD) simulations of the docked poses to examine
for loop movements.

In conclusion, an integrated three-step protocol including
pharmacophore modeling and molecular docking followed by
PLIF postdocking filtration was applied for virtual screening of
the Specs database to find CCRS receptor ligands with novel
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Figure 8. Impact of compound 3 on migration of SW620 CRC cells at 24, 48, and 72 h post treatment in comparison to MVC, C-1 (cells treated
with solvent of compound 3), C-2 (cells treated with MVC solvent), and C-3 (cells only).
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Figure 9. Impact of compound 3 ICy, on the CCRS protein expression level in SW620 CRC cells at 12 and 48 h post treatment in comparison to
controls: C-1 (cells only), C-2 (cells treated with MVC solvent), and C-3 (cells treated with compound 3 solvent).

chemical scaffolds. Our VS protocol led to the identification of
four novel hit compounds. Three hits showed potency
comparable to or higher than MVC in cellular assays on
colorectal cancer cells. Although the discovered hits belong to
novel chemical classes, their structures share a protonable basic
group and several aromatic rings that, as indicated by
molecular docking experiments, occupy the major and minor
pockets of the MVC binding site. The discovered hits are
potential leads for the development of novel classes of
anticolorectal agents targeting CCRS.

4. METHODOLOGY

4.1. Compound Preparation. All molecules were
prepared in Molecular Operating Environment (MOE)®
version 2016.10 by washing, partial charge calculation, and
energy minimization using the MMFF94x forcefield and a
gradient of 0.0001 kcal/(mol A). Protonation and tautomeric
states at pH 7.0 were generated by the Structure Protonation
and Recognition System (SPORES).** Multiconformations of
compounds were generated by the low MD conformational
search algorithm implemented in MOE using the following
settings: energy window (7 kcal/mol), elimination of the
duplicate conformer threshold (RMSD, 0.25 A), total number
of iterations (10000 steps), rejection limit (100 steps),
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majorization—minimization (MM) iteration limit (500 steps),
and maximum conformation limit (10 000 conformers).

4.2. Pharmacophore Model Generation. A total of 2827
previously known CCRS inhibitors, characterized by their
excellent experimental performances, were collected from the
binding database (http://www.bindingdb.org).”* Compounds
were clustered based on their chemical scaffolds using the
publicly available sca.svl script® in MOE, and structurally
similar scaffolds were further clustered using the BIT _MACCS
ﬁngerprint86 and a Tanimoto coefficient (Tc) >85%. The most
active compound from each cluster was selected for building
the pharmacophore model by overlying it on the crystallized
coordinates of MVC using the publicly available align.svl
script® in MOE.® A stochastic conformational search with an
energy window of 7 kcal/mol was conducted for each
compound to compute a collection of alignments. The
conformation with the highest similarity to MVC (most
negative F score) was chosen as a basis to search for the
common pharmacophoric features shared by all active
compounds using the Pharmacophore Elucidate module
implemented in MOE.®® The pharmacophore models were
generated by the use of pharmacophore features and projected
pharmacophore features based on the Unified annotation
scheme. Models were automatically generated such that the
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resultant queries matched all training set compounds and had a
maximum number of five features. The shortest allowed
distance between features was set to 1.0 A with clustering of
features within 1.25 A from each other. The generated
pharmacophore hypotheses were validated by retrospective VS
using a test set composed of 2504 compounds. The test set
included 60 CCRS inhibitors collected from the literature,”’™>*
which were labeled as actives. The remaining 2444 molecules
were labeled as inactives, comprising 91 biologically confirmed
inactive compounds, 201 CCRS decoys obtained from the
GPCR Decoys Database (GDD),”” and 2152 inhibitors of
different targets including GPCRs [adenosine A2a receptor
(AA2A), f-1 adrenergic receptor (ADRB1), -2 adrenergic
receptor (ADRB2), C-X-C chemokine receptor type 4
(CXCR4), and dopamine D3 receptor (DRD3)] and non-
GPCRs [angiotensin converting enzyme inhibitors, carbonic
anhydrase inhibitors, cyclooxygenase-1 (COX-1) inhibitors,
and renin inhibitors], all obtained from the GPCR Ligand
Library (GLL)®” and Drugbank.”® All molecules were prepared
as described in the compound preparation Section 4.1. The
test set compounds were mapped to the pharmacophore model
using the pharmacophore search protocol available in MOE.
The following metrics were used to evaluate the effectiveness
of the models in the identification of active compounds:
sensitivity (Se), specificity (Sp), and enrichment factor (EF).
The best model was further refined by considering spatial
information, where the crystallized coordinates of MVC were
used as a template to derive a molecular shape constraint.
4.3. Molecular Docking. A genetic algorithm based on
Cambridge Crystallographic Data Center (CCDC) Genetic
Optimization for Ligand Docking (GOLD version 5.5)%7°
was employed for molecular docking using the crystal structure
of CCRS protein complexed with MVC (PDB: 4MBS)."”
Binding site residues were defined by specifying the crystal
structure ligand coordinates and using the default cutoff radius
of 6 A, with the “detect cavity” option enabled. The docking
experiments were performed using the GoldScore scoring
function. The search efliciency of the genetic algorithm was at
200% setting with the receptor kept rigid. Water molecules
were kept in the pocket while allowing the ligand to displace
them during the docking experiment. For each compound, 50
complexes were generated and clustered based on their RMSD
with the threshold set at 0.75 A using the complete linkage
method. The quality of pose prediction was assessed by
calculating the heavy atom RMSD between the docked poses
and the original PDB coordinates of MVC. The docking
protocol was further assessed in terms of enrichment
performance by retrospective screening of a validation database
of 557 compounds. A set of 20 previously reported CCRS
inhibitors along with 537 inactives, of which 91 biologically
confirmed inactive compounds, 201 CCRS decoys obtained
from the GPCR Decoy Database (GDD),%” and 245 ligands
for other GPCR and non-GPCR proteins were docked into the
crystal structure of the CCRS receptor. All of the docked poses
were imported into the MOE database for calculating their
protein—ligand interaction fingerprints (PLIF) rows, which
were utilized for generating amino acid interaction fingerprints
using eight types of interactions (side-chain hydrogen bonds
(donor or acceptor), backbone hydrogen bonds (donor or
acceptor), solvent hydrogen bonds (donor or acceptor), ionic
interactions, and 7 interactions). The cavity used for the PLIF
analysis consisted of the same set of residues used in the
docking experiments. Finally, the resultant docked poses were

filtered using a set of reference PLIFs (PLIF-M1-4) and
rescored using three different scoring functions: ChemPLP,
ChemScore in GOLD, and DrugScore (DSX) (version 0.9)"°
utilizing the DrugScore’™® potential. The receiver operator
characteristic (ROC) curves were plotted based on the true-
positive ra tes (TPRs) and false-positive rates (FPRs) to
evaluate the model optimization. The enrichment factor (EF)
and area under the ROC curve (AUROC) values were
calculated and used as model selection criteria for prospective
VS runs. Figures were prepared using Pymol.”’

4.4. Prospective Virtual Screening. The validated
pharmacophore model (PH9) was utilized as a 3D query for
screening the commercially available Specs database.”’
Compounds were prepared as described in the compound
preparation section, saved in the smi file format, and 3D
conformations were generated using the knowledge-based
conformational search method of the Pharmit server.”® The
resultant conformations were mapped to the pharmacophore
model such that hit molecules match all of the query features.
Using GOLD, the identified hit compounds were docked into
the MVC binding site of the CCRS protein (PDB code:
4MBS)"® using the GoldScore scoring function. The search
efficiency of the genetic algorithm was at 200% setting with the
receptor kept rigid. Finally, the docked poses were filtered
using PLIF-M3 and rescored using DSX"’2.”® The chemical
similarity of selected compounds was calculated using the
BIT_MACCS fingerprint*® and Tanimoto coefficient against
the 39 initial training set compounds.

4.5. Cell Line. SW620, a metastatic human colon
adenocarcinoma cell line, was obtained from American Type
Culture Collection (ATCC). It was cultured using the Roswell
Park Memorial Institute (RPMI)-1640 medium (Invitrogen,
Darmstadt, Germany) supplemented with fetal bovine serum
(10%) and L-glutamine (2 mM). The cell line was maintained
under standard incubation conditions (37 °C and 5% CO,)
with a humidified atmosphere. The free pathogenic contam-
ination SW620 cell line was passaged routinely to keep the
logarithmic growth phase of the cell population.

4.6. Compound Preparation. The compounds were
purchased from SPECS,”” prepared using different solvents
in a stock solution of 2 mg/mL, and stored at —20 °C.
Compound 1 is dissolved in dimethyl sulfoxide (DMSO)
(Merck, Germany), compounds 2 and 4 in ethanol (Merck,
Germany), and compound 3 in methanol (Merck, Germany).
MVC was prepared in a stock solution of 25 mg/mL in ethanol
(Merck, Germany).

4.7. Statistical Analysis. The analysis was performed
using GraphPad Prism 8.01 software in which data were
expressed as the mean + standard error of the mean (SEM).
Statistical significance was calculated using one-way analysis of
variance (ANOVA). A P-value of less than 0.05 was considered
statistically significant (****P-value less than 0.0001, ***P-
value less than 0.001, **P-value less than 0.01, *P less than
0.05).

4.8. Cell Viability Assay. The viability of SW620 cells was
assessed by the 3-[4,5-dimethylthiazol-2-yl]-2,S-diphenyltetra-
zolium bromide (MTT) dye reduction assay after treatment
with MVC (Selzentry, Pfizer) and compounds 1—4. Briefly,
96-well plates were used to seed the SW620 cells at a
preoptimized density (5 X 10° cells/well) and then treated
with increasing concentrations of MVC (340—585 uM) and
compounds 1—4 (4—123 uM) for 48 h. A 10 uL/well MTT
solution (10 mg/mL in phosphate-buffered saline (PBS)) and
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dissolving newly formed formazan crystals with 100 uL of
acidic 2-propanol (0.04 N HCI) were added to assess the
surviving cell fractions from the controlled and treated groups
(five replicates/sample). Using the enzyme-linked immuno-
sorbent (ELISA) plate reader (Anthos Mikrosysteme GmbH,
Krefeld, Germany), the optical density was measured at 540
nm wavelength with a 690 nm reference filter. The experiment
was repeated twice with five replicates to validate the results.
Cell survival rates were calculated as the percentages of
untreated controls, and inhibitory concentrations (ICs) were
determined by GraphPad Prism 8.01 software.

4.9. Cell-Cycle Assay. The effect of compound 3 on the
cell cycle was determined by propidium iodide (PI) fluorescent
staining and flow cytometry analysis (FACS). In brief, SW620
cells were seeded in 25 cm? cell culture flasks at a preoptimized
density of 350 000 cells and then treated with the compounds’
ICs,. The cells were harvested after 48 h from the treatment
and suspended in 0.1 mL of PBS followed by the addition of
ice-cold ethanol (70%) for fixation. The cells were resuspended
after an incubation period of 2 h at 4 °C using PBS containing
RNase-A (1 mg/mL) to digest their RNA and then incubated
again for 30 min at 37 °C. Afterward, the analysis was done
immediately in less than 30 min using a FACS Canto (BD
Biosciences, San Jose, CA) after the addition of PI (50 pug/
mL). Ten thousand events (cells) were analyzed from each
sample, using ModFit LT software. The cells’ distributions in
GO0/G1, S, and G2/M phases of the cell cycle were calculated.
Experiments were repeated twice to validate the results.

4.10. Cell Migration Assay. The cell migratory potential
of the SW620 cell line in response to compound 3 treatment
was assessed using the Boyden Chamber assay. In brief, SW620
cells were seeded in 25 cm? cell culture flasks at a preoptimized
density of 350 000 cells and then treated with the compounds’
ICs(. After 48 h from the treatment, the cells were harvested
and suspended in Opti-MEM medium and seeded with an
equal cell density of 50 000 cells in 8 ym pore-size hanging cell
culture inserts (Millipore, Switzerland). Afterward, the inserts
were transferred to 24-well plates in which each well contains
700 puL of RPMI medium supplemented with 10% FBS and
incubated for 24, 48, and 72 h. The migrated cells were
quantified after each incubation period using a fluorescence
reader (Synergy 2, Biotek, Germany) with excitation (560/15)
and emission (590/20) filters after the addition of 140 uL of
Cell Titer Blue dye (Promega, Germany) for 4 h at 37 °C.

4.11. Western Blot. The protein expression level of CCRS
in response to compound 3 treatment was assessed using
western blot. Briefly, SW620 cells were seeded in 25 cm? cell
culture flasks at a preoptimized density of 350 000 cells and
then treated with the compounds’ ICs,. Cells were harvested
after the treatment and washed in PBS after being transferred
to 1.5 mL microcentrifuge tubes. Radioimmunoprecipitation
assay (RIPA) buffer (150 mM sodium chloride, 1.0% NP-40,
0.5% sodium deoxycholate, 0.1% sodium dodecyl sulfate, 50
mM Tris, pH 8.0) supplemented with complete protease
inhibitor cocktail tablets (Roche, Mannheim, Germany) was
used to lyse the cell pellet. The produced lysate was agitated
for 30 min at 4 °C, and after spinning at 14 000 rpm at 4 °C
for 20 min, the supernatant was collected using the Pierce
protein assay. The supernatant was quantified for protein
concentration, and the total protein lysates (20 ug) were
subjected to electrophoresis using 4—20% polyacrylamide gel
electrophoresis (PAGE) gels (Nippon Genetics Europe). After
the protein was transferred onto poly(vinylidene difluoride)
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(PVDF) membranes, the membranes were then probed for
CCRS protein using specific antibody CKR-S (Santa Cruz
Biotechnology, Heidelberg) as per the manufacturer’s
instructions. Using antimouse horseradish peroxidase (HRP)
conjugated antibody (Cell Signaling Technologies, Germany)
and then visualization using the ECL System (Amersham,
Germany), immunoblots were developed. The endogenous
reference levels of GAPDH (Santa Cruz Biotechnology,
Heidelberg) were used to normalize the protein expression.
Experiments were repeated twice to validate the results. The
relative concentrations were assessed using Image]J software in
which densitometric analysis of digitized autographic images
was analyzed.
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