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Transport of glucose into the human cells is facilitated by members of the glucose transporters such as GLUT1-14 of
SLC2A gene family, out of which GLUT3 is an important glucose transporter for the cancer metastasis as it shows high
expression rate in colorectal cancer, gastric cancer and various other cancers. In this study we screened around 509
ligands from the Zinc database and identified 2 ligands with the highest binding affinity against GLUT3. These
compounds were further developed by QSAR analysis followed by molecular dynamic simulations. The QSAR
improved the binding affinity of both ligands against GLUT3. Considering the frequency of overexpression of GLUT3
in pan cancer, these GLUT3 inhibitors may be very specific in controlling the glucose molecules entry into various
cancer cells to metastasis, resulting in new therapeutic pathways in oncology.
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Glucose is the main energy source for the body as it
provides the required energy to the cells and the tissues to
perform optimally, in the brain, muscles and other essential
tissues. Glucose is transported across the cell membranes and
the proteins that facilitate glucose uptake are called Glucose
Transporter Proteins (GLUTs) which are membrane bound
proteins from the family SLC2A. About 14 GLUT proteins
are expressed in the human body which can be classified into
3 classes based on their structural and sequence similarity.
Each GLUT consists of about 500 amino acid residues [1].
Glycolysis is the process of breakdown of glucose into
lactate. Under hypoxic conditions one molecule of glucose
yields 36 to 38 molecules of ATP and under anaerobic
conditions 2 ATP molecules. However, ATP will be
generated in less quantities as it will produce lactate in the
cytoplasm through lactate dehydrogenase (LDH). This
phenomenon is known as the Warburg Effect. [2-4].

All cells need a source of energy to maintain homeostasis.
However, cancer cells have additional energy requirements
due to their constant growth and division. Tumor cells
require large amounts of nutrients and energy to replicate [5].
These cancer cells mainly rely on glucose metabolism to
grow and divide rapidly. Due to the anaerobic conditions, the
ATP formation is less due to the Warburg effect [4]. As the
demand of glucose increases most cancers show changes in
the expression of GLUT. GLUT3 is upregulated in several
cancers correlating with tumor aggressiveness in brain [6-8],
lung [9-10], laryngeal [11], breast [12], gastric [13], liver
[14] and colorectal cancers [15].

As glucose is hydrophilic in nature it cannot penetrate the
plasma membrane of lipid bilayer. Human GLUTs belong to
the Major facilitator superfamily (MFS). Glucose transport
can take place across the cellular membrane which require
specific carrier proteins called Glucose Transporters [1, 16].
Human GLUTs have 14 members of the sodium-independent
glucose transporters, from GLUT1–GLUT14 which are
encoded by the SLC2A1–SLC2A14 genes, respectively [17].
These glucose transporters contain 12 hydrophobic α-helical
transmembrane (TM) domains which are linked with the
hydrophilic loop between transmembrane (TM6) and
transmembrane (TM7) of Glucose transporter protein [18].
GLUT proteins are characterized in a short intracellular
N-terminal segment and a large C-terminal segment and also
contain a single site for glycosylation on the exofacial end
and in the large loop between TM1 and TM2 or between
TM9 and TM10 [1].

Comparing all the sequences of all GLUTs, which
apparently shows that the putative TM regions exhibit greater
similarities, whereas the sequences within the loops and the
C- and N-termini, shows more differences [19]. GLUT
proteins are categorized into three classes in which Class I
encodes with GLUT1 to GLUT4 and GLUT14, whereas
Class II comprises GLUT5, GLUT7, GLUT9, and GLUT 11

Figure 1. Homology model of human GLUT3.

and on the other hand Class III comprises GLUT6, GLUT8,
GLUT10, GLUT12 and GLUT13 (HMIT) [19, 20] when
analyses based on the phylogenetic analysis of sequence
analysis. GLUT13 which is an H+/myo-inositol symporter is
an exception as all the GLUTs follow facilitated transport
[21].

The proposed transport mechanisms for Major Facilitator
Superfamily (MFS) proteins includes a variety of models,
such as the alternate access mechanism and the fixed-site
transporter model [22], in the alternate access mechanism,
the substrate cavity shows a rhythmic pattern of exposure to
the external environment (outward-facing or exo-facial
conformation) and the internal environment (inward-facing
or endo-facial conformation) of the cell [23]. On the other
hand, the fixed-site transporter model proposes the
simultaneous existence of exo- and endo-facial
conformations [24, 25]. These foundational ideas,
particularly highlighted in the context of the GLUT1 protein,
have gained significant attention due to the validation
provided by crystal structures of various human GLUTs
(such as GLUT1, GLUT3, and GLUT5) and their
counterparts, capturing both outward- and inward-facing
conformations in exquisite detail [26-28]. Through these
structural representations, the presence of substrate binding
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Figure 2. SAL3 and SAL18 structures and binding profiles.

sites are unveiled, showing them in either accessible (open
state) or shielded (occluded state) configurations, shedding
light on the intricate mechanisms governing protein transport
in biological systems. These structures help in the homology
structure modeling of GLUT isoforms for computational
ligand screening, which allows for discovery and
identification of specific ligands that interact with GLUT
proteins [29-31].

In this study we used the GLUT3 as the drug target
(receptor) and screened for hits (small molecules) from the
Zinc database [32]. The hits were further optimized by in
silico quantitative structure-activity relationship (QSAR)
analysis to enhance their binding affinities.

Materials & Methods:

GLUT3 homology modeling: Amino acid sequence of the
human GLUT3 protein was copy-pasted into the SWISS
MODEL server (https://swissmodel.expasy.org) and a
homology model was built with a sequence identity of
99.8%. Coordinates of the final model were downloaded and
were used for virtual screening, docking and molecular
dynamics simulations. The 3D model is shown in Figure 1.

Virtual screening from the Zinc database: The homology
model of human GLUT3 was used as a receptor for docking
and a virtual screen was performed using the ZINC database
(https://zinc.docking.org/). Around 509 compounds that were
closely related to the human GLUT1 were screened virtually
to identify the hit molecules. SWISS Dock in combination
with Chimera were used for docking the compounds from the
ZINC database. Compounds were ranked based on their
binding affinity values followed by their binding orientations
in the binding pocket of the receptor, the human GLUT3.

QSAR analysis of hit molecules: The QSAR analysis of hit
compounds from the ZINC database was performed using
ChemSketch software from ACD Labs (Freeware) v2021.2.0
(www.acdlabs.com) for building the 2D and 3D versions of
the small molecules. The 3D models were then docked into
the binding pocket of the human GLUT3 receptor using
AutoDock-Vina as described previously [33].

Molecular dynamics simulations: MD simulations of human
GLUT3 homology model docked with either SAL13 or
SAL18 were subjected to 15 ns of MD simulations each
using Desmond (D. E. Shaw LLC, New York) as described
previously [34]. Simulation interactions diagrams were
prepared using the Maestro graphics user interface from
Schrödinger (Schrödinger LLC, New York). Root mean
square deviations (RMSD) and root mean square fluctuations
(RMSF) of the protein Cα atoms were obtained from the
simulation trajectories.

Results and Discussion:

Virtual screening identifies 2 hit molecules from the ZINC
database: Virtual screening of 509 compounds yielded 2 hit
compounds, ZINC299854414 (Mol. Wt.: 680) and
ZINC49605358 (Mol. Wt.: 670) with binding affinity values
-11.74 kcal/mol. and -11.24 kcal/mol., respectively. These
binding affinity values were obtained from the docking
outputs of SWISS DOCK. The same two compounds were
then re-docked into the same receptor using AutoDock-Vina
and it was found that the binding affinity values decreased
slightly. The AutoDock-Vina docking scores against the
same receptor for ZINC299854414 and ZINC49605358 were
-8.5 kcal/mol. and -9.2 kcal/mol., respectively, with a
difference of 3.24 - 1.34 kcal/mol.
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Figure 3. MD simulations of GLUT3-SAL13 (left)/SAL18 (right)

QSAR-optimization of binding affinities: One of the 2 hit
compounds from the ZINC database was further modified by
visualizing the compound in the binding pocket of the
GLUT3 in PyMol. SWISS Bioisostere [35] was also used to
find better QSAR modifications in addition to the manual
modifications. After several rounds of QSAR and docking,
the hit compound exhibited improved binding affinity. As
shown in Figure 2, SAL13 and SAL18 (both QSAR-
optimized from ZINC49605358) are the resultant molecules
with binding affinity values of -11.5 kcal/mol. and -11.6
kcal/mol., respectively, against the human GLUT3 protein.
These binding affinity values are based on the
AutoDock-Vina scoring and are higher than the
corresponding parent molecule’s binding affinity (-9.2
kcal/mol.). These results suggest that both SAL13 and
SAL18 are equipotent with respect to their binding affinities
against the human GLUT3 protein.

Molecular dynamic simulations reveal differential backbone
movements in GLUT3 with SAL13 and SAL18: MD
simulations of GLUT3 docked with SAL13/SAL18 revealed
that the overall RMSD and RMSF profiles of the protein Cα
atoms are different. As shown in Figure 3 the overall RMSD
of GLUT3 with SAL13 (top left panel) rose to 1.6 Å within
the first 5 ns of the simulation while the overall RMSD of
GLUT3 with SAL18 (top right panel) slowly rose to 1.6 Å in

the last 5 ns of the simulation. These results suggest that the
protein moved first in order to accommodate the movements
of SAL13 while SAL18 pushed the protein to move
potentially due to its additional methyl groups.

The RMSF of GLUT3 displayed differential profiles for
SAL13 and SAL18. As seen in Figure 3, SAL13 bound
GLUT3 (bottom left panel) has more RMSF within the first
100 amino acid residues followed by residues around 250.
On the other hand SAL18 bound GLUT3 (bottom right
panel) has comparatively less RMSF within the first 100
amino acid residues followed by additional RMSF around
350 while maintaining the RMSF at 250. Taken together,
both SAL13 and SAL18 induce differential RMSF within the
GLUT3 protein over 15 ns MD simulations.

Both SAL13 and SAL18 showed consistent contacts with
GLUT3 over 15 ns MD simulations: Except for 2 additional
methyl groups, SAL18 is structurally identical to SAL13.
Both SAL13 and SAL18 showed persistent contacts with the
GLUT3 throughout the 15 ns MD simulation. As shown in
Figure 4 (left column) SAL13 primarily displayed more
hydrophobic interactions (pale purple bars) along with
hydrogen bonds (green bars) and water bridges (blue bars).
SAL18 (Figure 4, right column) primarily exhibited more
hydrogen bonds (green bars) along with hydrophobic
interactions (pale purple bars) and water bridges (blue bars).
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Figure 4. SAL13 (left) and SAL18 (right) binding profiles.

As seen in Figure 4, the additional methyl groups of SAL18
are involved in hydrophobic interactions (green highlighting
line). These hydrophobic interactions lead to the formation of
an additional contact with Leu445 in the triazole ring area for
SAL18 suggesting that its binding profile is better than that
of SAL13.

Conclusion and Future directions:

In the current study, we performed the QSAR-optimization of
a hit molecule from the ZINC database screened against the
human GLUT3 protein. Our in silico optimizations improved
the binding affinity of the hit molecule. SAL18 has a better
binding profile than SAL13 even though both exhibited
similar binding affinity values against the human GLUT3
protein. In future, both SAL13 and SAL18 will be
synthesized and evaluated in vitro to confirm the current
findings.
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Full figure legends:

Figure 1. Homology model of human GLUT3.

Figure 2. SAL3 and SAL18 structures and binding profiles.
The 2-dimensional structures of SAL13 and SAL18 are
shown in the top row. The bottom row shows the overall
binding profiles of SAL13 and SAL18 shown as white color
stick models in the binding pocket of the human GLUT3
(shown in green color). Both bind deep into GLUT3.

Figure 3. MD simulations of GLUT3 with SAL13 (left) and
SAL18 (right). The overall Cα RMSD and RMSF of GLUT3
docked with SAL13 (left column) and SAL18 (right column)
over 15 ns MD simulations are shown here. Both the RMSD
and RMSF profiles of GLUT3 look different for SAL13 and
SAL18 indicating that they are bound differently in GLUT3.

Figure 4. SAL13 (left) and SAL18 (right) binding profiles.
Both compounds show persistent contacts with GLUT3
throughout the MD simulation. SAL18 has a better binding
profile compared to SAL13 overall.
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