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Background and Objective: GIT1 (G-protein-coupled receptor kinase interacting protein-1) has been found to be highly related
with cancer cell invasion and metastasis in many cancer types. B-Pix (p21-activated kinase-interacting exchange factor) is one of the
proteins that interact with GIT1. Targeting GIT1/B-Pix complex might be a potential therapeutic strategy for interfering cancer
metastasis. However, at present, no well-recognized small-molecule inhibitor targeting GIT1/B-Pix is available. Thus, we aim to
discover novel GIT1/B-Pix inhibitors with simple scaffold, high activity and low toxicity to develop new therapeutic strategies to
restrain cancer metastasis.

Methods: GIT1/B-Pix inhibitors were identified from ChemBridge by virtual screening. Briefly, the modeling of GIT1 was performed
and the establishment of GIT1/B-Pix binding pocket enabled the virtual screening to identify the inhibitor. In addition, direct binding of
the candidate molecules to GIT1 was detected by biolayer interferometry (BLI) to discover the hit compound. Furthermore, the
inhibitory effect on invasion of stomach and colon cancer cells in vitro was carried out by the transwell assay and detection of
epithelial-mesenchymal transition (EMT)-related proteins. Finally, the binding mode of hit compound to GIT1 was estimated by
molecular dynamics simulation to analyze the key amino residues to guide further optimization.

Results: We selected the top 50 compounds from the ChemBridge library by virtual screening. Then, by skeleton similarity analysis
nine compounds were selected for further study. Furthermore, the direct interaction of nine compounds to GIT1 was detected by BLI to
obtain the best affinitive compound. Finally, 17302836 was successfully identified (Kp = 84.1£2.0 uM). In vitro tests on 17302836
showed significant anti-invasion effect on gastric cancer and colorectal cancer.

Conclusion: We discovered a new GIT1/B-Pix inhibitor (17302836) against gastrointestinal cancer invasion and metastasis. This
study provides a promising candidate for developing new GIT1/B-Pix inhibitors for tumor treatment.
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Introduction

Gastrointestinal cancers including gastric cancer and colorectal cancer are the third and fifth leading cause of cancer
deaths in China, respectively.' Metastasis is the main cause of their progression and mortality.> To discover new targets
and therapeutic agents for intervening metastasis has been long focused and deemed as promising strategies for cancer

treatment. Small G proteins, such as the ADP-ribosylation factor (Arf) family proteins and Rho family proteins, play an
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important role in cell migration by controlling cytoskeleton aggregation and deaggregation.>* Small G proteins could be
activated or deactivated via binding or hydrolysis of GTP, which are mediated by guanine nucleotide exchange factor
(GEF) and GTPase-activating protein (GAP), respectively. Therefore, GAP and GEF are key regulatory factors that
influence cell adhesion, cell polarity and cell migration.>°

GIT, a scaffold protein including GIT1 and GIT2, is the GAP protein for Arf small GTP-binding proteins, can limit the
activity of Arfproteins.” In contrast, B-Pix is the GEF protein for the Rho family small G protein members Racl and Cdc42,
function to enhance the activity of Rho small G proteins.” GIT1 regulates many physiological and pathological processes

including enhancing angiogenesis to promote fracture healing,® spinal cord ischemia-reperfusion injury,”'’

schizophrenia,'"'?

etc, through multiple signal pathways. Previous studies suggested that GIT1 overexpression was
correlated with stronger ability of invasion and metastasis in multiple types of malignant neoplasms, including liver,
lung, gastric cancers, melanoma, and osteosarcoma.'>"!7 While knockdown of GIT1 in these cancer cells significantly
retarded their invasion and metastasis.'>~'” Moreover, the interaction of B-Pix with GIT1 was vital in the progression of
tumor invasion and metastasis.'>'® GIT and PIX proteins can also form complexes that are recruited to focal adhesion by
paxillin, thus regulate cytoskeleton assembly and depolymerization through synergistic regulation of Arf GTPase and Rho
GTPase pathways, thereby regulating cell adhesion, cell polarity and cell migration. It is closely related to the occurrence
and progression of cancers, especially the invasion and metastasis.”'® Inhibiting the interaction between GIT1 and B-Pix
are proved to effectively interfere the invasion of human gastric cancer'® and lung adenocarcinoma cells.'®

Thus, GIT1/B-Pix is a promising therapeutic target to inhibit tumor invasion and metastasis. However, small-molecule
inhibitors targeting GIT1/B-Pix are rare, due to the flat interface of protein-protein interaction is challenging for drug
discovery. Recently, our group developed the first small-molecule GIT1/B-Pix inhibitor and proved its activity in
inhibiting the metastasis of gastric cancer. But its effective concentration is still high for drug use and its scaffold is
too complex for further development as drug.'” Therefore, the discovery of more GIT1/B-Pix inhibitors with simpler
scaffold, higher activity and lower toxicity is of great significance for developing new drugs for targeting GIT1/B-Pix to
provide new therapeutic strategies to interfere cancer metastasis.

The discovery of lead compounds is the basis for the development of small-molecule antitumor drugs, which are
mainly obtained from two approaches: target-based drug discovery (TDD) and phenotypic drug discovery (PDD). In the
present study, based on a TDD strategy, we successfully identified a small-molecule inhibitor targeting GIT1/B-Pix
protein complex by virtual screening®® plus direct binding detection. The new candidate molecule 17302836 binds to
GIT1 with a moderate affinity, but its relatively high activity against gastrointestinal cancer invasion and metastasis was

verified in vitro.

Materials and Methods
Modeling of the GIT| Protein

The X-ray structure of mouse GIT2 (aa.6-358) was downloaded from the Research Collaboratory for Structural
Bioinformatics (RCSB) protein database (https://www.rcsb.org/, PDB ID: 6JMT). The protein sequence of human
GIT1 was obtained from the UniPort protein database (https:/www.uniprot.org/ Q9Y2X7). Robetta, AlphaFold, Swiss-
Model and I-TASSER webserver were applied to construct the three-dimensional (3D) structure model. The top-scored
structure of each server was evaluated by the UCLA-DOE LAB-SAVES v 6.0 server with ERRAT, VERIFY 3D and
PROCHECK methods. The highest-scored model of each method was selected for quality assessment. The visualization

of the predicted structure models was performed using the PyYMOL program (Schrodinger, LLC, 2015).

Molecular Docking

For GIT1/B-Pix, the coordinates of the crystallographic structure of the GIT2/B-Pix (PDB code: 6JMT) were used as
docking template. Then, the modelled GIT1 structure was superposed to the coordinates of the GIT2 by PyMOL to
obtain the GIT1/B-Pix complex. The energy minimizations of the generated structure were employed using Sybyl-X 2.0
with the Powell method under AMBER7 FF99 force field and AMBER charges. The energy minimizations were
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terminated when the iterations reached 10,000 steps or the energy gradient less than 0.5 kcal/mol. The processed complex
was further optimized by molecular dynamic simulation.?'

For docking of GIT1 and 17302836, the compound was prepared by Chem 3D 20.0 and GaussView 6.0.16 to
optimize the configuration and minimize the energy. Then protein-molecule docking was performed between the
prepared GIT1 protein and the optimized compound using software Sybyl-X 2.0 to gain the docked complex.?

Virtual Screening

Virtual screening (VS) is a drug discovery strategy that searches libraries of small molecules for structures with the
highest probability of binding to a drug target.”* Based on the established binding pocket of GIT1, a virtual screening was
initiated to identify GIT1/B-Pix inhibitors with novel structure and potential activity from the ChemBridge database with
1.3 million compounds. In brief, the protein GIT1 was prepared by Sybyl-X 2.0 software. The binding pocket was
generated by scanning the mutichannel surface and LEU271 and LEU279 were selected to generate the binding pocket.
The screening was performed using Sybyl-X 2.0 software with Surflex-Dock (SFXC) mode. Compounds with docking
scores cut-off at 8.0 were chosen for a further docking using Surflex-Dock Geomx (SFXC) mode in Sybyl-X 2.0.
Eventually, nine candidates were purchased among 50 top ranked compounds the for follow-up studies.

Compound Sources

Compounds for screening test were purchased from Topscience (Shanghai, China). A larger quantity of 17302836 was
synthesized following literature procedures and identified by 'H-NMR and '*C-NMR. All final compounds were
determined by HPLC analysis to achieve a purity of > 95%.

Molecular Dynamics Simulation

Molecular dynamics (MD) simulations were conducted for the docked complex using AMBER20 with ff19SB force field
for protein and gaff force field for small molecule.>**> TLEaP module and pmemd.MPI were used to prepare the
structures and minimize the structures, respectively. After minimization and equilibration, MD simulations for the
different systems were implemented, respectively. The system was performed under periodic boundary conditions
using NPT ensemble at 300 K, 0.9% NaCl and pH 7.5. Then the system was solvated in the OPC water model and
subsequently placed into a regular hexahedron box with a minimal distance of 8 A for the solute from the box borders.

Trajectory Analysis

The simulation trajectories were analyzed by using the CPPTRAJ module of AMBER 2020. The root mean square
deviation (RMSD) and root mean square fluctuation (RMSF) were calculated to evaluate the equilibrium of the system.
After the protein reached equilibrium, the average structures of the models were generated by using the CPPTRAIJ

module. The binding interactions between GIT1 and compound 17302836 were characterized using LigPlot+.2%

Calculation of Binding Free Energies

To calculate the binding free energies of GIT1 and compound 17302836, 100 ns MD simulation was performed using the
MD protocol until the system reached equilibrium. The binding free energies were calculated using the MM/GBSA*®
method implemented in AMBER 2020. One hundred snapshots were extracted from the equilibrium trajectory for MM/
GBSA free energy calculation. Per-residue energy decomposition was also performed to evaluate the energy contribution
of each residue.

Biolayer Interferometry (BLI)

The direct interaction between GIT1land small-molecule compounds was measured by ForteBio Octet RED (Sartorius,
Germany). GIT1 (1.0 mg/mL) was biotin-labeled using an EZ-Link™ NHS-PEG4-Biotin kit (#A39259, ThermoFisher,
USA) following the manufacturer’s protocols. GIT1 concentration was adjusted with PBST (0.05% Tween 20) to 100 pg/
mL, then the biotinized protein was fixed to Octet SA biosensors (Sartorius, Germany) in PBST (0.05% Tween 20) buffer
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until the binding signal was at least 4 nm, after which the biosensors were rehydrated for 10 min, and the biosensors were
transferred to PBST buffer until the baseline was stable.

Each small-molecule compound was diluted with PBST (0.05% Tween 20, containing 0.1% bovine serum albumin
and 1.0% DMSO) to 400, 200, 100, 50, and 25 uM, respectively, a solvent control (0 uM) was also prepared. Then the
binding between GIT1 and compounds were on the Octet BLI Discovery platform. This process included an equilibrium
(600 s), baseline (60 s), association (200 s), and dissociation (200 s) step in sequence. BLI responses during the whole
process were recorded. In addition, to avoid the nonspecific binding, blank SA sensors (no protein fixed) were set as
reference for subtraction.

Statistical analysis was performed using Octet Analysis Studio software (Sartorius, Germany) with double-reference
subtraction method and 1:1 model to calculate combination-related parameters such as the Ky value.

Cell Culture

Human colorectal cancer cell line HCT116 and human gastric cancer cell line MGC803 were provided by the Department
of Gastroenterology, Xinqiao Hospital, Third Military Medical University (Chongqing, China), and authenticated by STR
profile. The use of the cell line was approved by the Ethics Committee of Third Military Medical University. Cells were
cultured in DMEM (ThermoFisher) medium containing 10% fetal bovine serum (Lonsera, URY), 1% penicillin/
streptomycin (ThermoFisher). And cells were incubated at 37 °C under a 5% CO, atmosphere and passaged when the
cell confluence reached 80%.

Detection of the Cytotoxicity of 17302836

The cytotoxicity of 17302836 against HCT15 and HCT116 cell lines were detected by cell counting kit-8 (CCK-8) assay.
Cells were seeded into 96-well plates at a density of 5,000 cells/well and cultured overnight. After the cell attached,
17302836 was added at concentrations of 4.0, 8.0, 16, 24, 32, 50, 60, 80, 100 uM and cells were incubated for 24 h. Then
each well was added with 10% CCK-8 reagent (APExBIO, USA) and incubated at 37 °C for 1.5 h in the incubator. The
absorbance was measured on a Multi-Mode Detection Platform (SpectraMax Paradigm, Molecular Devices, USA) at 450
nm to calculate the cell viability or cell inhibition rate.

Western Blotting Assay of Cell Lysate Extracts

Cells were lysed using RIPA lysate (Beyotime, China) with protease inhibitors and phosphatase inhibitors (Beyotime,
China) and collected using cell scalper. The total cell extracts were cleaved at 4 °C for 30 min, then centrifuged at
17,000g for 10 min, and the precipitated pellets were removed. The total proteins in the lysate supernatant were
quantified by BCA kit (Beyotime, China) to regulate the protein concentration of the samples. Four times loading buffer
(Bio-Rad, USA) with the addition of 10% B-mercaptoethanol was added and the protein was denatured at 95 °C for 10
min. Prepared samples containing 30 pg protein were subjected to 8% or 10% SDS-PAGE (Bio-Rad, USA), and proteins
were transferred onto 0.22 pm PVDF membrane (Bio-Rad, USA). The membranes were incubated overnight at 4 °C with
the corresponding primary antibody including B-tubulin (Cell Signaling Technology, CST#2128S, 1:1000 dilution), ZO-1
(CST#8193T, 1:1000 dilution), N-cadherin (CST#13116S, 1:1000 dilution) and E-cadherin (CST#3195S, 1:1000 dilu-
tion), followed by rabbit secondary antibody (Bio-Rad#1,706,515, 1:3000 dilution) at room temperature for 1.5 h.
Finally, proteins were visualized using chemiluminescence kit (Beyotime, China) in the chemiluminescence imaging
system (Vilber, France), and analyzed quantitatively using the system’s analysis software EvolutionCapt-v18.12.

Transwell Assay

Transwell assay was performed in 24-well plate (Coring, USA) using an 8 um porechamber (Corning, USA) coated with
diluted Matrigel (Corning, USA) (for HCT116, 1:10 diluting ratio was applied, and for MGC803, 1:4 was applied). Cells
were starved and treated with the compound in indicated concentrations in serum-free DMEM medium with 0.3% DMSO
(Thermo Fisher Scientific, USA) overnight, then 200 uL containing 1.0x10° (for HCT116) or 3.0x10* (for MGC803)
were seeded onto the upper chamber. The lower chambers were filled with 10% serum-DMEM medium. After incubating
at 37 °C for 24 h, the cells that had invaded to the lower surface of the filter were fixed with 4% paraformaldehyde and
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stained with 0.1% crystal violet and rinsed with PBS buffer. Finally, cells on the upper surface of the filter were wiped off
with a cotton swab, and the cells on the lower surface were recorded and counted under microscope.

Statistical Analysis

The statistical analysis was performed using GraphPad Prism 8.0 software. Data of cell-based assays were presented as
mean + SD stemming from > 5 biologically independent experiments, number of replicates were indicated in each figure
caption. In addition, two-tailed #-tests and one-way ANOVA were conducted to compare the difference between two or
multiple groups, respectively. The P-value < 0.05 was considered statistically significant.

Results
The Molecular Modeling of GIT I/B-Pix

Previous study has demonstrated that GIT1 of the Homo sapiens is a multidomain scaffold protein for regulating cell
shape and migration. The domains include a N-terminal zinc-finger ArfGAP domain (aa.1-124), an ankyrin repeats
(ANK1-3, aa.132-228), a Spa2 homology domain (SHD) domain (aa.264-358), a coiled-coil domain (denoted as the CC
Domain, aa.409—473) and a C-terminal focal adhesion targeting (FAT) domain (aa.643—755). In addition to the above
domains, the protein also has some disordered regions (aa.354—416, 471-501, 572—606). As the crystal structure of
human GIT1 has not been solved yet, the modeling of GIT1was first performed.

Since the binding between GIT and B-Pix is mainly mediated by the SHD domain, the region of amino acid 8—
354 was selected for protein model construction.'” To generate a reasonable protein model, a total of four protein
models were built by Robetta, AlphaFold, Swiss-Model, I-TASSER, respectively. Since the structure of mouse
GIT2 was reported in 2020,'” we performed the amino acid sequences alignment between human GIT1 and mouse
GIT2 (PDB ID: 6JMT) using the Clustal W algorithm (Figure 1A).?>~*° It is shown that the sequence in identity is
84.9% (298/351) and 93.2% (327/351) for similarity. Therefore, the 3D structures of GIT1 models were aligned to
the crystal structure of GIT2 from Mus musculus to compare the differences of protein structures. It is shown that
the helix of the models was consistent to the GIT2 crystal structure and aligned well except for the flexible loop
region. Referring to the zinc ion of GIT2 protein, the zinc ion of GIT1 protein model is also modelled to the
corresponding GIT1 protein position (Figure 1B).

To determine the protein models for further docking and molecular dynamic simulation study, the generated model was
further validated using ERRAT, VERIFY 3D, and Ramachandran Plot embedded in SAVES v 6.0 server (Table S1 ).3132 For
ERRAT evaluation, the overall quality factors of all the models showed good high resolution, and their value are greater than
93%. Specifically, I-TASSER server model scored the highest, with an overall quality factor of 96.1988, followed by Robetta
server model with a score of 95.3216, AlphaFold model with a score of 93.4328 and Swiss-Model model with a score of
93.1343. VERIFY 3D was utilized to further calculate the percentage of amino acids that scored > 0.1 in the 3D/1D profile.
Among these models, only the model constructed by Robetta has an amino acid ratio equal to 80%, which meets the
requirements, while the other three models are all below 80%. At last, we evaluate the protein models by Ramachandran plot.
In Ramachandran Plot evaluation, the quality of Robetta model is as good as that of AlphaFold and Swiss-Model model. For
the Robetta model, 93.3% of the residues were in the most favoured region and 5.4% in the allowed regions. These overall
values indicated that the Robetta structure employed the best quality in the range of the theoretical protein structure models
(Figure 1C). Therefore, the protein model constructed by Robetta server was used for the docking study. Then, GIT1/B-Pix
were obtained to GIT1 protein model by referring to the crystal structure of GIT2/B-Pix complex from Mus musculus (PDB
ID: 6JMT). The aligned complex was prepared by the protein prepare module of Sybyl-X 2.0 software and the optimized
structure of the complex was chosen for the following MD study.

Molecular Dynamics Study to Explore the Binding Pocket of GIT]I

To determine the key residues of the binding pocket of GIT1, we conducted a 40 ns molecular dynamic simulation and
the RMSD was used to explore the stability of the GIT1/B-Pix system (Figure 2A). From RMSD analysis, GIT1 attained
its equilibrium (plateau) state at 5 ns, with the RMSD value of 2.28 A (Figure 2B), while the p-Pix peptide reach stability
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Figure | The molecular modeling of GIT I/B-Pix. (A) The amino acid sequences alignment of the GIT| and GIT2 using Clustal W. Highly conserved residues (conservation
score > 0.7) were framed in blue according to physicochemical properties. The secondary structure depiction was based on the crystal structure of GIT2 from Mus musculus
(PDB ID: 6)JMT). (B) Robetta, AlphaFold, I-TASSER, Swiss-Model-predicted GIT| 3D cartoon structure and GIT2 crystal structure comparison (flesh, green, brown, purple,
yellow, respectively). (C) The ERRAT, VERIFY 3D, and Ramachandran Plot graphs used to validate the chosen model (Robetta).

at 1 ns with RMSD of 0.52 A (Figure 2B). Because of the multiple binding region between the B-Pix peptide and four
helixes of GIT1, the binding pose of the B-Pix has slight excursion. Compared with the docking structure, the H1 helix of
GIT1 (from 260 to 271, near the binding interface) and adjacent loop (from 251 to 260, far from the binding interface)
showed an obvious fluctuation, while other regions showed a rather slight shift (Figure 2A).

To further decipher the momentous residues for the binding pocket, the MM/GBSA free energy calculation was
carried out. The binding free energy of GIT1/B-Pix system was —59.18+4.80 kcal/mol, resulting from Van der Waals
(VDW) energy (AE,qy), electrostatic interaction energy (AE.), electrostatic contribution solvation free energy (AGgg),
and nonpolar solvation free energy (AGsa) (Table 1). Obviously, AE.. terms made the greatest contribution to the
assembly, indicating that VDW interactions generated the primary binding energy in the system.

To analyze the specific interactions in the system, the hydrogen bond analyses were carried out based on the MD
simulation. During the MD simulation, the hydrogen bonds between SER322 (GIT1) and ASP532 (B-Pix), ASP346
(GIT1) and TYRS542 (B-Pix), as well as ARG274 (GIT1) and GLU531 (B-Pix) were found in more than 10% of the
frames of the MD trajectory (Table S2). Besides, the decomposition energy GIT1/B-Pix system (Figure 2C) suggested
that ALA264, LEU268, LEU271, ARG274, LEU275, LEU279, SER322, ARG325, LEU343, and ASP346 of GIT1
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Figure 2 Molecular dynamics study to explore the binding pocket of GIT 1. (A) The Al model superimposed on the last configuration after 40 ns of simulation for GIT| and
B-Pix peptide. The initial and the last configurations of GIT| were shown in grays and cyans, respectively, while the initial and the last configurations of B-Pix were shown in
salmon and magenta, respectively. (B) The root mean square deviation (RMSD) of GIT| and B-Pix peptide. (C) Binding free energy decomposition of GIT| and B-Pix peptide
system. (D) The key residues for the binding interaction of GIT| and B-Pix peptide. (E) The binding pocket of GIT]I.

contributed favourable energies lower than —2.0 kcal/mol. Among these residues, there are hydrogen bonds between
SER322 (GIT1) and ASP532 (B-Pix), ASP346 (GIT1) and TYRS542 (B-Pix), as well ARG274 (GIT1) and GLUS531 (B-
Pix), whereas the binding interaction between ALA264, LEU268, LEU271, LEU275, LEU279, SER322, and LEU343

Table | Components of the Binding Free Energy (Kcal/Mol) of
GITI/B-Pix System Calculated by MM/GBSA Approach

AEvdw

AEele

AGgp AGga ATotal

—71.8+4.6

—485.1+27.7 | 508.6+26.0 | —11.0£0.6 | —59.2+4.8
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with B-Pix peptide was hydrophobic interaction from the side chain of GIT1 and B-Pix (Figure 2D). Other residues,
including PHE335 (GIT1), THR324 (GIT1), and Leu332 (GIT1) also proved important to the interaction of hydrophobic
interaction with energy contributions lower than —1.0 kcal/mol. Based on these results, we established the binding pocket
by Sybyl-X 2.0 program (Figure 2E), which is formed by LEU271, LEU275, GLU278, LEU279, ASP282, LEU283,
THR324, AGR325, GLY328, AGR329, LEU332 and LEU343.

Virtual Screening and Identification of Potential GIT | Inhibitors

Using the established docking model,'> we performed high-throughput docking toward commercial library ChemBridge
containing over 1.3 million compounds in Sybyl-X 2.0 program (Figure 3). Fifty compounds with highest total scores
were chosen from two rounds of docking and further analyzed for their scaffold types and other docking parameters
(detailed information shows in Table S3). Finally, nine small-molecule compounds were chosen for the following
research after comprehensive consideration. Information of the nine compounds outperformed in the virtual screening
were shown in Figure 3.

In order to determine whether these compounds directly bind to GIT1, the kinetic parameters of the binding affinity of
the nine candidate compounds to GIT1 were detected using a biolayer interferometry (BLI) assay. The results showed
that 17302836 has highest affinity to GIT1 among these compounds with a Kp value of 84.142.0 uM (Figure 4).
Compounds 63329390 and 82892519 were less affinitive (Kp values were 150.4+3.5 and 188.3+4.2 uM, respectively,
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Figure 4 Kinetic measurement of the binding affinity of the compounds 17302836 (A), 63329390 (B) and 82892519 (C) to GIT| by BLI assay. Concentrations ranging from
25 to 400 uM with real-time response for each step of the kinetic assay were shown.

3082 e Drug Design, Development and Therapy 2024:18

Dove!


https://www.dovepress.com/get_supplementary_file.php?f=461609.docx
https://www.dovepress.com
https://www.dovepress.com

Dove Wang et al

Table 2 The Kp Values of 9 Small-Molecule
Compounds by BLI

ZINC No. Score Kp value ?
63329390 9.7101 150.4+3.5
69082287 9.6553 614.5+198.5
16787216 9.393 1257.0+136.1
15814559 8.8705 6925.0+£3266.0
6059523 8.8411 555.3+50.0
17302836 8.6503 84.1+2.0
82892519 8.4926 188.3+4.2
99674219 8.3766 2629.0+£26.6
9000141 8.3252 578.7+21.5

Notes: *Each value represents the mean * standard devia-
tion of three experiments.

Figure 4), while others showed only slight affinity (Kp values over 500 uM). The detailed Kp values of all other

compounds were shown in Table 2.

Synthesis of 17302836

To obtain large amount of 17302836 for further research, we established a de novo synthesis strategy (Scheme 1), starting
from a proline derivative S1 and a phenethylamine substrate. The amide product S2 was generated smoothly, after which
the hydroxy group was protected to provide S3 for the next substitution. The thiobenzimidazole moiety was then
conjugated to the molecule via a SN2 reaction. S5 was then obtained after deprotection of Boc and subsequent assembly
of the substituted benzyl to the N atom provided the target product. Generally, compound 17302836 could be obtained in

five steps with acceptable yield, starting from simple substrates and concise reactions (see Supplementary Methods for

details and Figure S3 for the spectrum).

OH
Boc~ - OTs
F NH, N Boc~N
m NH  TsCl/TEA/DMAP NH
N o HATU / DIPEA / DMF -
Boc » DCM / 0-25 °C
25°C /12h 0°C [ 3h
s2 s3
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F F
N K,CO; / Acetone/
A\
@:N%SH Dioxane
H 90°C /18 h

Cl
N
S
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o Cl CHO HN o 4 .
(o) . HCI/EA S
o NH 25°C/0.5h NH )/\NH

P A NH N;\NH DA N
NaBH(OAc);
AcOH / DCE L F

0,
25°C/18h S5 s4

17302836

F

Scheme | The synthetic route of 17302836. DCM for dichloromethane, EtOAc for ethylacetate, DIPEA for N,N-diisopropylethylamine, DMF for N,N-dimethylformamide,
HATU for |-[bis(dimethylamino)methylene]-|H-1,2,3-triazolo[4,5-b]pyridinium 3-oxid hexafluoro-phosphate, TEA for Triethylamine, DMAP for 4-dimethylaminopyridine.
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Inhibition of 17302836 Against Invasion and Metastasis in Gastrointestinal Neoplasms
After determining the direct interaction between 17302836 and GIT1, we next investigated whether compound 17302836
could effectively inhibit tumor invasion and metastasis via interfering the GIT1/B-Pix interaction. Based on our previous
study,'> we chose gastrointestinal tumor cell lines including stomach cancer cell MGC803 and colorectal cancer cell
HCT116 as representatives. First, the cell viability was detected using CCKS assay to evaluate the toxicity of 17302836
in cell lines MGC803 and HCT116. The result showed that the compound did exhibit cytotoxicity in both cells under
high concentrations, with ICs, values 33.56+7.45 uM and 15.17+0.88 uM, respectively (Figure S1). Then in the transwell
assay to evaluate the anti-invasive effect of the compound, concentrations within “safe” concentration range were
selected for to exclude the cytotoxicity-induced cell loss that could influence the anti-invasive activity evaluation.
Under comparatively low concentrations, compound 17302836 could still exhibit considerable anti-invasive activity.
Concentrations 1.0, 5.0 and 10 pM were tested for HCT116, while 2.0, 8.0 and 16.0 uM for MGCS803 (Figure 5A).
Obvious inhibition could be observed under 5.0 uM concentration for HCT116, which was more sensitive to 17302836
treatment. MGC803 was less sensitive, but 8.0 uM 17302836 was still enough to induce obvious inhibition on cell

invasion.
1501 HeT116
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E 100+
s
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0
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20009 yGcso3
™ ) 1600
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o] 2 1200+
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Figure 5 17302836 suppresses invasion in gastrointestinal cancer cell lines HCT | 16 and MGC803. (A) Anti-invasion effect of 17302836 in HCT | 16 and MGC803 detected
by transwell (n=6); (B) EMT-related protein expression to detect tumor invasion and metastasis in HCT |16 and MGCB803 detected by Western blotting (n=5).
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Moreover, EMT-related protein expression was detected to study the underlying mechanism of the anti-invasive effect
of 17302836 in MGC803 and HCT116. The upregulation of effector molecules ZO-1 and E-cadherin, as well as the
downregulation of N-cadherin revealed that 17302836 inhibited the EMT progression to affect the cell invasion
(Figure 5B and Figure S2). In conclusion, compound 17302836 effectively inhibit cell invasion in gastric and colorectal
cell lines HCT116 and MGC803, and exhibited better activity than the reported inhibitor,'> which is more promising to
be developed as a lead compound targeting GIT1/B-Pix.

Binding Mode Analysis of 17302836 to GIT| Based on Molecular Dynamics (MD)

Simulation

One hundred nanosecond MD simulation was performed to study the interaction and the conformational stability of
17302836 to the active site of GIT1 binding to B-pix. The stability of 17302836 binding to GIT1 protein was evaluated
by the RMSD and RMSF analysis. As shown in Figure 6A, the RMSD trajectory of the GIT1 reached stability at ~30 ns,
with the RMSD value of 3.4273+0.2909 A, while the ligand 17302836 had a large drift at the initial stage of simulation,
and tended to be stable at 30 ns, with the RMSD value of 2.552440.1448 A (Figure 6A). The per-residue RMSF analysis
showed that the fluctuations of the residues decreased in binding site such as LEU288, ASP291, LYS276, while that in
other regions were slightly increased (Figure 6B). In addition, a total of 100 frames extracted from equilibration
trajectory were utilized to the MM/GBSA free energy calculation. The result showed that 17302836 could strongly
bind to GIT1 with total binding free energy (AG) of —53.3762 kcal/mol. The detailed van der Waals interaction energy
(AE,qw), electrostatic interaction energy (AE..), electrostatic salvation energy (polar contribution) (AGgg) and none-
lectrostatic salvation component (nonpolar contribution) (AGga) are listed in Table 3.

To accurately investigate the binding interaction, the energy decomposition strategy was employed for identification
of key amino acid residues. First, the aromatic rings (phenyl, benzimidazole and pyrrole) of 17302836 were surrounded
by the hydrophobic chamber site and mainly formed hydrophobic interactions with 6 residues (LEU288, GLU287,
ALA273, LYS275, LEU341, LEU352). Among them, LEU288 donated the largest energy contribution with the value
of —4.1997 kcal/mol, mainly contributed by van der Waals for hydrophobic interactions (Figure 6C). Second, the nitrogen

A B mm VanderWaals C
mmm  Electrostatic
10 6 == Polar Solvation
m=s Non-Polar Solv.

w= Total

8 — 17302836 3

— GIT1

RMSD (nm)
- N w » o o

Energy(kcal/mol)
RMSF (Angstorm)

Leu288
Asp 291

T T T T T T T 1
50 100 150 200 250 300 350 400

‘:"9) -
% |
,a‘-’o/ -

%
“,

%

o

T T T 1 v v v
0 20 40 60 80 100 & 4 &
Time(ns) N

Residues

D ARG

ARG 338 VAL
292
u ILE
LEU LEU o
341 217
LEU
GLY Lvs

&4 337

GLU
287

LEU

288 o
LEU @
282
LEU

/ .
LYs -/ v ALA 352
276 / m

LYS.
340

Y

Figure 6 Molecular dynamics simulation analysis between GIT| and 17302836. (A) and (B) Time evolution plot of root mean square deviation (RMSD) of GIT| (black) —
17,302,863 complex (red) and root mean square fluctuation (RMSF) of GIT|; (C) Free energy contributions of key amino acid residues calculated by MM/GBSA method; (D)
The 2D representation of the MD result of the compound (17302836) binds with GIT1; (E) Key residues for the interactions in GIT1/17302836 systems during the MD
simulations. The binding pockets of GIT| was shown as surface and colored by magentas (left). The key residues of GIT| were displayed in sticks and the hydrogen bonds are
shown with blue lines, while the hydrophobic interactions were shown as red dashed lines. The compound 17302836 is colored magenta and shown by sticks (right).
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Table 3 Components of the Binding Free Energy (Kcal/
Mol) of 17302836 Docking with GIT| Calculated by MM/
GBSA Approach

AEvdw AEele AGGB AGSA ATotal

—48.1£2.7 | —26.5+7.2 | 27.1£6.0 | —5.9£0.3 | —53.4+3.1

of benzimidazole also possessed a hydrogen bond interaction with ASP291 with a distance value of 2.74 A. The nitrogen
atom also formed a hydrogen binding with ARG334 with 3.64 A (Figure 6C). These results show that these amino acids
played an important role in the combination of 17302836 and GIT1. The detailed interaction between GIT1 and
compound 17302836 was shown in Figure 6D and E.

Discussion

Gastrointestinal cancers including gastric cancer and colorectal cancer are highly malignant cancer types, and are the
third and fifth leading cause of cancer deaths in China, respectively.' The high occurrence of cancer metastasis is the
main cause of tumor progression and mortality. To discover new targets and therapeutic agents for intervening metastasis
has been long focused and deemed as promising strategies for cancer treatment. Studies have shown that GIT1/B-Pix
complex plays a vital role in tumor invasion and metastasis.'>**** An endogenous protein NaalOp can interrupt GIT1/p-
Pix interaction and thus interfere the invasion and metastasis in lung cancer.'® This effect was also verified in gastric
cancer by our group using a small-molecule compound.'® Therefore, the inhibition of GIT1/B-Pix interaction is
a potential strategy for prevention of tumor invasion and metastasis. As small-molecule compounds are more suitable
for drug development,*® we have focused on the development of small-molecule GIT1/B-Pix inhibitors with high
selectivity, high affinity and low toxicity. However, it is well-recognized that to find the inhibitors for PPI targets such
as GIT1/B-Pix is a challenging task. In our previous work, 14-5-18 was identified from a self-constructed compound
library with high degree of structural specificity, but no candidate was generated by conventional commercial library
ChemDiv. As far as we know, 14-5-18 is still the only small-molecule inhibitor of GIT1/B-Pix. However, although the
affinity 14-5-18 is fair (Kp = 7.7+0.1 uM), its effective concentration for invasion and metastasis inhibition in vitro and
in vivo is still high (concentrations 10-50 pM were used in cell assays). Moreover, its scaffold, which contains
continuous bridged and spiro rings, is too complex for further development.'> Thus, more small-molecule inhibitors
with simpler scaffold, high efficiency and low toxicity are in great demand. In this study, we identified a novel small-
molecule inhibitor 17302836 targeting the GIT1/B-Pix complex in the ChemBridge library by virtual screening and direct
binding detection by BLI assay. Further experiments also confirmed that 17302836 exhibited good inhibition of cell
invasion in HCT116 and MGCS803 cell lines with only slight cytotoxicity. It is interesting that 17302836 outperformed in
efficient concentrations (1.0-10 uM for HCT116 and 2.0-16 uM for MGC803) compared with 14-5-18, although its
affinity was lower (Kp to GIT1 is 84.1+2.0 uM). The underlying mechanism might be the better cell penetration or
solubility of 17302836. Furthermore, the flexible structure of 17302836 could be easier for structural modification,
comparing with the rigid scaffold of 14-5-18. The abovementioned advantages suggest that 17302836 could be more
promising for further development as drug candidate (Figure 7).

In our previous work, the fluorescence polarization (FP) assay was used to detect the potential inhibitory activity of
the hit compounds, which resulted in very limited compounds for further development when we cut off at ICso > 100
uM."® In the present work, BLI was used to determine the direct binding. As the Kp, value could be generated in a single
experiment, more compounds were possible to be selected for further evaluation. And 17302836 have shown good
potency even if its affinity was not quite satisfying. Therefore, expect for the difference between compound libraries, we
demonstrated that using BLI to evaluate the direct binding would be a more suitable evaluation assay.

At the same time, the major limitation of this study is lack of animal experiments to evaluate the pharmacological and
pharmacokinetic properties of 17302836, as well as more solid evidence to exclude its possible off-target effects. These
aspects are under investigation, and the results will be demonstrated in due course.
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Figure 7 The graphic abstract. 17302836, a compound obtained through virtual screening, validated by direct binding, could disrupt the GITI/B-Pix protein-protein
interaction and thus inhibit metastasis of gastrointestinal cancer cells.

Conclusion

In conclusion, in this study, a small-molecule inhibitor 17302836 targeting GIT1/B-Pix interaction was successfully
identified by virtual screening. In gastric cancer and colorectal cancer cells, 17302836 showed good in vitro anti-invasion
activity. This study provides a promising candidate for developing new GIT1/B-Pix inhibitors for tumor treatment.
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