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In silico drug discovery protocols typically include structure-based, fragment-based, quantitative structure-activity
relationship (QSAR) studies, crystallographic solvent mapping, etc. In this study we combined the QSAR studies guided
by the conserved crystallographic water molecules in the active site of human uridine phosphorylase-2 (hUPP-2) using
the hUPP-2 receptor taken from PDB ID: 3P0F. The pre-existing inhibitor (5-benzylacyclouridine) complexed with
hUPP-2 in this structure was taken as the starting lead compound (AG01001). Our current solvent-guided QSAR
(SG-QSAR) studies systematically replaced the four conserved water molecules in the active site of hUPP2, one at a
time, while optimizing the structure of AG01001 simultaneously. We were successful in improving the binding affinity of
AG01001 from -8.0 kcal/mol. to -9.7 kcal/mol. The final SG-QSAR optimized compound (AG01056), although showed
an improvement in its binding affinity in the absence of conserved waters (-9.7 kcal/mol.), showed a significant decrease
in its binding affinity in the presence of conserved waters (-6.7 kcal/mol.) suggesting that AG01056 is indeed SG-QSAR
optimized. AG01056 will be synthesized and evaluated in the future for its in vitro inhibitory activity.

Graphical abstract:
The structure of
(AG01001) from PDB
ID: 3P0F was
optimized using the
solvent molecules in
the binding site using
SG-QSAR to obtain
the final optimized
compound (AG01056).
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Cancer is still one of the leading causes for human
morbidity worldwide with 10 million deaths in the year 2020
according to the World Health Organization (WHO). The
cancers pertaining to breast, lung, prostate, gastric, skin,
colon and rectum were listed among the most frequent [1].
Most often the chemotherapy (CTX) involving a cocktail of
various anti-cancer drugs (ACDs) [2] is used as the first line
of defense. Typically the ACDs include DNA
damaging/alkylating agents such as cisplatin [3], cytotoxic
antibiotics such as doxorubicin [4], antimetabolites such as
antifolates (methotrexate) [5], purine analogs
(mercaptopurine) [6], pyrimidine analogs (fluorouracil) [7],
innate immunity boosters such as recombinant interferon
gamma [8], histone deacetylase enzyme inhibitors such as
belinostat [9], antiandrogens such as flutamide [10],
antiestrogens such as tamoxifen [11], monoclonal antibodies
(rituximab) [12], protein kinase inhibitors (imatinib) [13],
natural products from plants such as taxanes (paclitaxel)
[14], vinca alkaloids such vin-blastine) [15], topoisomerase
inhibitors such as etoposide [16] and other agents such as
pomalidomide [17], etc. Usage of pyrimidine analogs in CTX
such as 5'-fluorouracil (5FU) and capecitabine (prodrug
containing 5FU) primarily involves the uridine and
thymidine starvation of cells due to low levels of uridine and
thymidine [18]. This leads to decreased levels of DNA
synthesis and/or replication and dysfunctional RNA
molecules in the tumor cells which ultimately triggers
apoptosis [19]. Most of the ACDs in CTX rely on this
cellular apoptotic phenomenon. The 5FU is known to cause
liver injury [20] due to toxic intermediate metabolites that
may cause inhibition of mitochondrial function [21] and
other issues such as neuronal disorders [22]. The 5FU and
capecitabine are activated by the human uridine
phosphorylase-2 (hUPP-2). Inhibition of hUPP-2 has been
shown to have modulatory effects on the toxicology of 5FU/
capecitabine by raising the cellular uridine levels [23]. It has
been previously shown that 5-benzyl acyclouridine (BAU)
inhibits hUPP-2 with nanomolar potency (Ki: 98 nM [24]).
The X-ray crystal structure of hUPP-2 in complex with BAU
has been previously published with PDB ID: 3P0F [25]. Our
recent structural analysis of hUPP-2 in complex with the
BAU revealed at least four conserved crystallographic water
molecules. In this study, we hypothesized that the binding
affinity of BAU can be increased by redesigning BAU taking
advantage of the 4 conserved waters in the active site of the
hUPP-2. Accordingly, we performed a systematic solvent-
guided quantitative structure-activity relationship (SG-
QSAR) analysis study on BAU.

Materials & Methods:

Designing BAU analogs: Chemsketch software was used to
prepare the 2D all the structures of BAU (AG01001) analogs.

Figure 1. Two-dimensional structure of 5-bezylacyclouridine
(BAU). This diagram was generated using ChemSketch
software from ACD Labs.

Chemsketch was also used to generate the molecular weight,
log P, log D, pKa values etc. for the analogs in the study.
Chemsketch 3D view was used for generating the 3D
conformers of each analog.

Preparation of the receptor: The 3D-structure of the hUPP2
in an inactive conformation with the bound
5-benzylacyclouridine (PDB-ID: 3P0F) was downloaded
from the protein data bank (https://www.rcsb.org) and was
analyzed using the PyMOL software. The protein-drug
complex along with their interactions was saved for further
analysis. The chain-A along with the four water molecules
were saved as a protein molecule that served as the docking
receptor. The receptor was further converted from .pdb
format to .pdbqt file format using AutoDock Tools molecular
graphics. The final receptor.pdbqt file was used to generate
the docking grid.

Preparation of docking grid: The macromolecule (receptor)
is taken to set the grid (a virtual box of dimensions that is set
to cover the active site of the macromolecule, containing the
area of the small molecule binding site and the obtained
points of the dimensions and the center is used to create a
configuration text file that is given to the Autodock Vina to
read the file for extracting the binding affinities of different
poses of each analog of the small molecule (ligand) [26]. The
version 1.5.7 of Autodock tools is used to set the protein
structure molecule from the 3P0F is used to adjust the grid to
10, 8 and 12 for X-dimension, Y-dimension and Z-dimension
respectively. The 3-D center of the grid is taken as 14.128,
-1.754 & 58.337 (x-center, y-center & z-center respectively).
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Figure 2. Analogs with binding affinity greater than AG01001.

The rotatable and non-rotatable bonds of each of the analogs
are adjusted and saved as .pdbqt file formats. The files are
saved in the .pdbqt formats for the AutoDock Vina to
recognise and read the file for obtaining the binding
affinities. AutoDock Vina produces the table of possible
binding affinities by changing its modes of each analog (the
binding pose of the drug molecule varies). The highest
binding affinity is considered in each case. Analog
AG010056 has the highest binding affinity of -9.7 kcal/mol
while the parent drug (AG01001) has the binding affinity of
-8.4 kcal/mol.

Molecular docking: The parent drug (AG01001) was
re-docked using Vina software [27] as a positive control and
subsequently all the analogs were docked using the same grid
one at a time. Each of the PDBQT files of the analogs are
used to compile in the configuration files. The configuration
file helps Autodock Vina to read the files and compile which
calculates the binding affinities. The command “--config
conf.txt --log log.txt'' helps the Autodock Vina to read the
configuration file and write the log file (which is also a text
file that gets automatically created after Vina finishes its
run). Autodock Vina creates a possible number of poses of
each analog, based on the evaluation of each binding pose
with respect to the hUPP2 (receptor/protein); the best one
with the best binding pose was considered for log-p values.

Structural analysis: The output files of each analog with the
possible binding poses were evaluated using the PyMOL
software and all the analogs are found with the better in the
first binding pose. The molecular weights and the Log-P
values of all the analogs were calculated using the
Chemsketch software. Polar contacts were calculated in
PyMOL and were considered only if they were relevant to
that particular binding pose. Other binding poses showing
non-selective binding and/or non-selective hydrogen bonds
were discarded.

Results and Discussion:

In silico QSAR of the analogs: The binding affinities of all
the tested analogs are summarized in Figure 2 and Figure 3.

Figure 3. Analogs with binding affinity less than AG01001.

As shown in Table S1, the minimum (-4.4 kcal/mol.) and
maximum (-16.5 kcal/mol.) binding affinities were obtained
for the analogs AG01013 & AG01011, respectively,
compared to the parent AG01001. As shown in Figure 2, the
analogs, AG01011, AG01012, AG01014 and AG01016
showed significantly higher binding affinities compared to
the parent compound, AG01001. As shown in Figure 3,
AG01013 showed the least binding affinity among the 60
analogs that were built and tested in this study. Analogs with
binding affinity values less than that of the parent compound
were discarded irrespective of their binding poses. Similarly,
analogs with binding affinity values greater than that of the
parent compound were only considered for further analysis if
their binding poses were similar to the parent compound.
Hence the analog, AG01056 was considered as the lead
molecule even though its binding affinity was far less than
AG01011. Upon checking the binding pose and the
corresponding binding affinity value, we further evaluate the
binding profiles with polar contacts.
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Figure 4. Binding profiles of analogs
AG01001, AG01020, AG01034,
AG01041, AG01042, AG01044,
AG01045, AG01046, AG01047,
AG01048, AG01051, AG01052 and
AG01054 are shown in panels A to M,

respectively. All analogs show multiple hydrogen bonds in the
active site that are comparable to the parent compound, AG01001.

Evaluation of the binding profiles: The binding profiles
including the hydrogen bonds, van der Waals contacts, etc.
were analyzed for a total of 13 compounds including the
parent (AG01001). As shown in Figure 4, all the 12 analogs
showed hydrogen bonding within the active site with the key
amino acid residues similar to AG01001 (Table 1). However,
the binding profile for AG01056 will be published elsewhere
and hence it is not displayed in Figure 4. Overall, these
binding profiles support their corresponding binding
affinities in comparison to the parent compound suggesting
that the SG-QSAR is a better way of lead optimization rather
than simple in silico QSAR studies.

Solvent guidance: The four conserved crystallographic water
molecules that were chosen within a radius of 5 Å from the
original compound, BAU were successfully used in the
current solvent guided QSAR. During this process we added
an additional benzene ring to the compound (Figure 4, panel
B) that acted as a strong anchor for the compound while the
solvent mapping was explored. Analogs with extremely high
binding affinity values were not considered in this study as
they were designed strictly based on the solvent molecules
ignoring the binding orientation of the parent molecule,
AG01001.

Table 1. Number of hydrogen bonds made by each one of the
analogs displayed in Figure 4. The receptor may have none of the
waters deleted (0Δ) or two waters deleted (2Δ) or three waters
deleted (3Δ).

Table 2. Binding affinities of selected analogs against receptors
containing 3 (1Δ), 2 (2Δ), 1 (3Δ), 0 (4Δ) and 4 (0Δ) conserved
water molecules in their active site.

However, these compounds will be considered further in
a future study. As shown in Table 2, the active site waters
were systematically replaced with a parallel QSAR of the
parent compound, AG01001 that resulted either in an
increase or decrease in the overall binding affinity of the
analog. Hence we only considered those analogs that follow
the binding orientation and hydrogen bonding pattern of the
parent compound in this study. Evidently from Table 1,
AG01056 is the only analog that showed a systematic
increase in the binding affinity replacing the active site
waters and a sudden drop in the binding affinity in the
presence of all four waters. This trend was not clearly seen
for any of the other analogs listed in Table 1 thus making
AG01056 the lead molecule obtained through SG-QSAR.
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Pharmacological properties of analogs: The BAU analogs
evaluated in this article have altered properties such as an
increase in the molecular weight or change in the predicted
LogP values that may affect their pharmacological properties
such as the bioavailability and ADME-T (absorption,
distribution, metabolism, excretion and toxicity). However,
the increase in molecular weight is not significantly high
even though some analogs violate Lipinski's rule of five.
These details can be understood only after the synthesis and
evaluation of these analogs in future.

Conclusion:

The current study successfully explored the conserved
crystallographic water molecules in the active site of the
hUPP-2 by taking the PDB ID: 3P0F as the starting structure.
Four conserved water molecules were identified (highlighted
with white circles in the graphical abstract of this article) that
were systematically replaced along with the QSAR of BAU.
The new analog, AG01056 identified in this study has
potential implications in combination chemotherapy where
one could reduce the toxic effects of 5-FU, Capecitabine, etc.
This analog will be synthesized and evaluated in future.
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Full Figure Legends:

Figure 1. Two-dimensional structure of 5-bezylacyclouridine
(BAU) along with its binding orientations into the receptor
binding pockets, A1, A2 and A3 taken from the PDB ID:
3P0F. This diagram was generated using ChemSketch
software from ACD Labs.

Figure 2. Analogs with binding affinity greater than the
parent compound, AG01001. A total of 20 compounds were
identified with their binding affinity values ranging between
-8.4 kcal/mol. and -16.5 kcal/mol.

Figure 3. Analog with binding affinities lower than the
parent compound, AG01001. A total of 39 compounds were
identified with their binding affinity values ranging between
-8.4 kcal/mol. and -4.4 kcal/mol.

Figure 4. Binding profiles of analogs AG01001, AG01020,
AG01034, AG01041, AG01042, AG01044, AG01045,
AG01046, AG01047, AG01048, AG01051, AG01052 and
AG01054 are shown in panels A to M, respectively. All
analogs show multiple hydrogen bonds in the active site that
are comparable to the parent compound, AG01001. The
heterocyclic ring that forms the uridine base is constantly
engaged in three hydrogen bonds in all panels which was one
of the criteria that was implied in choosing the lead
molecule.
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