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Inosine monophosphate dehydrogenase (IMPDH) is a key enzyme in de novo

biosynthesis of purine nucleotides. Due to this important role, it is a great target

to drug discovery for a wide range of activities, especially immunosuppressant

in heart and kidney transplantation. Both human IMPDH isoforms are expressed

in stimulated lymphocytes. In addition to the side effects of existing drugs,

previous studies have mainly focused on the type II isoform. In this study, virtual

screening and computer-aided approacheswere employed to identify potential

drugs with simultaneous inhibitory effects on both human IMPDH isoforms.

After Re-docking, Double-step docking, and identification of virtual hits based

on the PLANTS scoring function, drug-likeness and ADME-Tox assessments

of the topmost ligands were performed. Following further evaluation, the

best ligand was selected and, in complex with both isoforms, simulated in

monomeric and tetrameric forms using molecular dynamics to evaluate its

stability and binding pattern. The results showed a potential drug candidate

[(S)-N-(3-hydroxy-1-(4-hydroxyphenyl) propyl)-2-(3-methyl-2,4-dioxo-

3,4-dihydropyrimidin-1(2H)-yl) acetamide] with a high inhibitory effect

on the two human IMPDH isoforms. This drug-like inhibitor could

potentially serve as an immunosuppressant to prevent transplant

rejection response by inhibiting B- and T-lymphocyte proliferation. In

addition, its effect can be evaluated in various therapeutic targets in

which IMPDH is known as a therapeutic target, especially in Covid-19

patients.
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Introduction

Inosine monophosphate dehydrogenase is one of the most

important therapeutic targets in recent years and has been

used in the discovery of antiviral (Dunham et al., 2018),

antibacterial (Juvale et al., 2019), antiangiogenic (Naffouje

et al., 2019), and immunosuppressive (Glander et al., 2021)

drugs. IMPDH catalyzes inosine monophosphate to

xanthosine monophosphate in the presence of nicotinamide

adenine dinucleotide (NAD), and is the rate-determining

enzyme in de novo guanine nucleotide biosynthesis

(Hedstrom, 2009). Humans have two IMPDH isoforms: I

and II (Natsumeda et al., 1990). These enzymes are

expressed in different ratios in most tissues and cells. The

type I isoform is highly expressed in peripheral blood

mononuclear cells and expressed at low levels in the

thymus. Whereas IMPDH type II is least expressed in the

spleen and peripheral blood mononuclear cells (Jain et al.,
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2004). Both isoforms are significantly expressed in stimulated

human lymphocytes (Dayton et al., 1994; Senda and

Natsumeda, 1994). Each isoform will gain more importance

based on its therapeutic applications.

The two isoforms have approximately 84% sequence identity

and 92% similarity in kinetic properties such as substrate

affinities, catalytic activities, and Ki values, as well as contains

514 residues (Konno et al., 1991; Saunders and Raybuck, 2000).

These enzymes are usually homotetrameric and are stable in this

state. Each IMPDH monomer consists of two domains: the

catalytic and cystathionine beta-synthase (CBS). The catalytic

domain is a (β/α) 8 barrel and harbors an active-site loop located

at the end of the β-sheet C-terminal. The most important amino

acid in this loop is catalytic cysteine 331 (Cys331), which

interacts along other amino acids with IMP, and among

IMPDHs is highly conserved (Sintchak et al., 1996; Hedstrom,

2009; Cuny et al., 2017). The CBS subdomain, also known as

Bateman domain, appears to play a role in the binding of IMPDH

to DNA and suggested by mediating interactions have a function

in translation regulation (McLEAN et al., 2004; Mortimer et al.,

2008). CBS domains can bind to adenosine derivatives, regulate

the activity of proteins and also act as internal inhibitors

(Anashkin et al., 2017).

IMPDH inhibitors based on their activities are divided into

three groups. The first and second groups occupy the binding

positions of IMP and NAD sites, respectively. Finally, the third

group ligands binds to allosteric-site that is far from the IMP and

NAD pockets (Shu and Nair, 2008). The most important IMPDH

inhibitors are Mycophenolic acid (MPA), Mizoribine, Ribavirin

(RBV) and Tiazofurin adenine dinucleotide (TAD). All of these

drugs suppress the human immune system and exhibit a wide

range of antiviral activities. For example, RBV approved for the

treatment of infections caused by hepatitis C virus and TAD is

the active metabolite of Tiazofurin that is an anticancer and it

also has antiviral activity (Ishikawa, 1999; Herrmann et al., 2003;

Pankiewicz et al., 2004; Leyssen et al., 2005).

MPA is a potent immunosuppressive drug that inhibits the

division and proliferation of B-and T-lymphocytes. This natural

product has been approved by the FDA for the prevention of

acute rejection of heart and kidney transplantation (Kobashigawa

et al., 1998; Johnson et al., 1999). MPA is mostly an

uncompetitive inhibitor of both IMP and NAD, and is

sometimes considered a non-competitive inhibitor at low

NAD concentrations (Allison and Eugui, 1996; Link and

Straub, 1996; Gan et al., 2002). Despite the application of

MPA, it is easily converted to MPA-7-O-glucuronide, which

reduces its efficacy, and also its side effects have been reported

(Franklin et al., 1995; Davies et al., 2007).

In silico methods have been developed to the investigation

and identification of novel drugs (Yazdani et al., 2021).

Computational screening of chemical libraries to identify

small molecules that bind to a target such as an enzyme

or protein receptor, known as virtual screening (Shoichet,

2004; Rester, 2008). Molecular dynamics (MD) simulation

methods can be applied at each stage of drug discovery and

have a variety of applications (Durrant and McCammon, 2011).

After screening, MD widely used to confirm and refine the

docking solutions (Salsbury Jr, 2010; Lin, 2011).

In addition to the constraints of existing inhibitors, most of

inhibitor development plans have focused on one of the human

IMPDH isoforms (Hedstrom, 2009). Considering the great

similarity and identity between these two isoforms and their

expression in stimulated lymphocytes, a docking-based virtual

screening protocol was conducted to introduce a new dual-

function ligand that inhibits both IMPDH isoforms.

Materials and methods

Preparation of the desired proteins

By the end of 2021, 18 X-ray crystallographic structures have

been reported for the IMPDH isoform type II, whereas only one

has been reported for type I. Three-dimensional (3D) structures

of the IMPDH isoforms; 1NF7 (type II) and 1JCN (type I) at

2.65 and 2.50 Å resolution, were retrieved respectively from the

RCSB Protein Data Bank (RCSB PDB) (Risal et al., 2003; Risel

et al., 2004). Both structures have two protomers (chains A and

B). Because the missing residues at two chains of each structure

were the same and equal, chains A were selected as two structures

representative. All additional cofactors and co-crystallized

ligands in the structures were removed.

Re-docking

Molegro Virtual Docker (MVD) version 6.0 includes four

search algorithms and four scoring functions, that from their

combination, various docking protocols it will be obtained

(Thomsen and Christensen, 2006). Search algorithms are used to

detect ligand orientations into the related conformational space

(poses) and to assess and rate these poses to choose the best pose, the

scoring function has been applied (Leach, 2001). In this research,

two search algorithms, MolDock Optimizer and MolDock Simplex

Evolution (MolDock SE), with two scoring functions, PLANTS

score and PLANTS score Grid, were used. The accuracy of these

protocols was evaluated by re-docking to enhance the success of the

molecular docking procedure. To obtain the crystallized ligand

position among the four created protocols and select the best

protocol, re-docking was performed. For each docking protocol,

1,000 poses were generated, and the lowest score in each protocol

was considered as the best pose. The best poses of docking

simulation protocols with the co-crystallized ligand position were

compared using root mean square deviation (RMSD). Finally,

RMSD was calculated by UCSF Chimera (Pettersen et al., 2004),

and the lowest RMSD was recognized as the best and most reliable

Frontiers in Pharmacology frontiersin.org03

Yazdani et al. 10.3389/fphar.2022.977568

https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2022.977568


protocol. All re-docking processes were performed using the X-ray

crystallographic structure of type II human IMPDH in complex

with the RVB ligand (1NF7).

Ligands screening library preparation

The ZINC 15 database (http://zinc15.docking.org) which is

encompasses more than 120 million compounds, including

drugs, natural products, metabolites, and annotated compounds

was used to select ligands for virtual screening (Sterling and Irwin,

2015). The IMP ligand was used as a reference for the initial

screening of the ligand library reconstruction. Initial screening

was performed based on the partition coefficient (logP) and

molecular weight (Mwt) of the IMP. Predefined subsets were set

to drug-like, and the compounds were filtered according to

molecular charge, pH range, and reactivity criteria. Finally, the

selected ligands were downloaded in 3D conformations in the

mol2 format for virtual high-throughput screening.

Double-step docking

After preparing the target proteins and screening library, the best

docking protocol obtained from re-docking was implemented using

MVD.Inthefirstdocking,thedrug-likecandidatesweredockedtothe

active site of the type II IMPDH crystallographic structure (1NF7).

Subsequently, 10% of the best results based on PLANT score were

selected for the next step. Next dockingwas carried out against active

site of the crystal structureof type I IMPDHproteinPDB1JCN.After

second docking, top twelve ranked ligands were determined and

comparedwith IMPas themain substrate andMPAas an important

inhibitor of IMPDH.Theparameter settings for all dockingswere set

to the default MVD. The scoring function was set to an affinity grid

resolution of 0.3 Å. Ten runs were performed for each ligand with a

threshold energy of 100.0 kcal/mol for pose generation.

Drug-likeness and ADME-Tox tests

After re- and double-step docking, ADME (Absorption,

Distribution, Metabolism and Excretion) and, bioactivity

computational prediction, and toxicity analysis were accomplished.

TheADMETpredictions is used to understand the pharmacokinetic

profiles of the chemical compounds. ADME properties including

blood-brain barrier, human intestinal absorption, plasma protein

binding (PPB), aqueous solubility, intestinal epithelium cell line

biological simulations, and toxicity prediction tests such as the

Ames test, carcinogenicity, and rat acute toxicity (LD50) were

tested by PreADMET and admetSAR servers. The drug-likeness

properties were checked using DruLiTo software and SwissADME

tool (Daina et al., 2017). Open Bable GUI tools software was used

to obtain all the required formats from available mol2 format.

MD simulations

MD was used to predict the sustainability and estimate the

kinetics and thermodynamics of binding ligand-protein

complexes obtained from double-step virtual screening.

MD simulations was carried out using the GROMACS 4.6.5.

GROMOS 54A7 was used to create proper topologies. The systems

were placed at a distance of 2 nm from the cubic box to the protein

surface and solvated using the TIP3P model of water. Na+ or Cl-

ions were added to neutralize of the system. After solvation and

neutralization, the selected docked complexes were subjected to

energy minimization using the steepest descent algorithm in

5,000 steps for each simulation. Equilibration of the systems at a

temperature of 300 K and pressure of 1 bar was carried out

under the NVT and NPT ensembles. To compute the

electrostatic interactions and constraints of the bond lengths,

the PME method and LINCS algorithm were used, respectively

(Zamani Amirzakaria et al., 2021). Eventually, MD runs were

performed separately during 50 ns for two complexes in

monomeric form.

To validate the results, two complexes with tetrameric form

were also subjected to a 500 ns large-scale MD simulation. In

addition, the MM-PBSA method (Kumari et al., 2014) was used

to evaluate the MD trajectory data in order to calculate the

binding free energies of the ligand-receptor complexes.

Results

Re-docking

The IMP sites of the proteins were identified using MVD

program (Figure 1). The main residues at this site were as follows:

Ser68, Pro69, Met70, Asp71, Thr72, Val73, Thr74, Asp274,

Ser276, Gln277, Asn303, Val304, Arg322, Val323, Gly326,

Ser327 (2hIMPDH), Cys327 (1hIMPDH), Gly328, Ser329,

Ile330, Cys331, Ile332, Thr333, Gln334, Glu335, Val336,

Met337, Asp364, Gly365, Gly366, Ile367, Gln368, Met385,

Met386, Gly387, Ser388, Leu389, Leu390, Tyr411, and Arg412,

Met414, Gly415. These residues are relatively conserved among

IMPDH enzymes of different species (Nair and Shu, 2007).

Re-docking is a docking validation procedure that was used

to determine which molecular docking algorithms can better

predict the co-crystallized ligand position. Based on re-docking

results, the best docking protocol was determined based on
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RMSD results (Figure 2). Comparing the position of the docked

ligand with the four mentioned protocols against the co-

crystallized ligand position, the MolDock SE search algorithm

with the PLANTS SCORE scoring function protocol showed the

lowest RMSD (Figure 2). Therefore, choosing this docking

protocol appears to be more logical and reliable.

Double-step docking

A ligand screening library was constructed by applying

certain parameters among millions of compounds. Initially,

these ligands were docked to the type II hIMPDH isoform.

The best results of the first docking stage were considered as

FIGURE 1
Overview of the selected cavities in both isoforms along with their characteristics.

FIGURE 2
Protocols used in Re-docking to select the best search algorithm and scoring function for virtual screening.
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the screening libraries for the second docking stage. This step was

performed against the type I isoform of this enzyme and with the

presence of the top ten percent of the first step docking results.

The top ligands in terms of binding energy were determined

based on the PLANTS scoring function during double-step

docking (Table 1). These ligands have high affinity to both

hIMPDH isoforms and can be potential inhibitors. Among

these compounds, Zinc355749373 showed a higher affinity for

both isoforms than the other ligands. The physicochemical

characteristics of these ligands are given in Table 2. According

to the initial screening for the construction of the ligand library

from the Zinc database, all the ligands were subjected to

Lipinski’s rule of five (Ro5). This rule examines five important

physicochemical parameters of a compound to assess its

pharmacological ability, which leads to filtration of low-

absorption ligands (Lipinski et al., 1997). In accordance with

Ro5, all the top 12 selected ligands in terms of binding energy had

a molecular weight of less than 500 Da, hydrogen bond donors

and acceptors were less than 5 and 10, respectively, and their logP

did not exceed 5.

TABLE 2 Characterization of topmost ligangds obtained from double-step docking.

Compound Mol. F Mol. Wt logP HBD HBA tPSA Rot B

Zinc000355749373 C16H19N3O5 333.344 −1.028 3 7 113 6

Zinc000275637796 C16H20N4O5 348.359 −1.069 4 6 127 6

Zinc000361009822 C10H9F3N6O4 334.214 −1.14 2 6 128 4

Zinc000354495307 C17H25N5O3 347.419 −1.397 2 5 112 8

Zinc000362649164 C14H21N7O3 335.368 −1.991 2 8 112 5

Zinc000573536990 C13H16N8O3 332.324 −1.971 1 10 121 3

Zinc000495649702 C15H26N4O5 342.396 −1.134 1 7 85 4

Zinc000585286331 C18H25N3O4 347.415 −1.015 3 5 93 4

Zinc000031937817 C16H28N6O2 336.44 −1.295 2 8 79 6

Zinc000217441,397 C15H19N5O5 349.347 −1.809 3 8 133 4

Zinc000217041949 C16H23N5O4 349.391 −1.027 3 8 116 5

Zinc000048237288 C15H22N6O3 334.38 −1.033 1 8 94 5

IMP(control) C10H13N4O8P 348.208 −2.152 3 11 185 4

TABLE 1 Top ranked ligands based on binding affinity against both human IMPDH isoforms.

SN Ligands 1hIMPDH 2hIMPDH

Plant score Rerank score HBond Plant score Rerank score HBond

1 Zinc000355749373 −82.5676 −99.253 −5.43796 −82.0586 −111.981 −21.1384

2 Zinc000275637796 −80.8324 −101.283 −9.09656 −77.5632 −94.3062 −13.6505

3 Zinc000361009822 −80.4871 −104.455 −7.97591 −76.1787 −120.019 −18.1332

4 Zinc000354495307 −79.1711 −113.165 −3.96413 −76.2036 −62.1408 −5.60583

5 Zinc000362649164 −77.3334 −106.064 −4.46735 −77.5076 −114.029 −14.0202

6 Zinc000573536990 −76.0579 −99.1823 −8.96631 −78.8602 −114.572 −23.5771

7 Zinc000495649702 −78.66 −107.791 −5.3116 −79.3803 −105.042 −10.9105

8 Zinc000585286331 −77.7542 −82.0037 −3.36807 −82.5813 −106.717 −4.91384

9 Zinc000031937817 −73.3156 −84.7015 −0.93079 −83.8054 −103.981 −12.0494

10 Zinc000217441,397 −77.6534 −90.9367 −8.93364 −82.346 −100.274 −9.72875

11 Zinc000217041949 −73.2131 −80.5838 −5.25843 −83.5722 −52.0103 −8.16447

12 Zinc000048237288 −74.9626 −106.001 −5.07809 −80.4708 −100.163 −7.19021

13 IMP(control) −60.0844 −81.3601 −7.23357 −59.0203 −80.051 −11.4567
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TABLE 3 Structures and hydrogen bonds of topmost ligands in complex with IMPDH isoforms over double-step docking.

Ligands Structure Hydrogen bond interactions

1hIMPDH 2hIMPDH

Zinc000355749373 Asp364 . . . O14
Asn303 . . . O14
Gly387 . . . N1
Ser388 . . . O3

Tyr411 . . .O24
Ser329 . . . O24
Ile367 . . . O3
Asn303 . . . O14
Asp364 . . . O14
Asp274 . . . O20

Zinc000275637796 Asn303 . . . O16
Gly324 . . . O16
Cys327 . . . O13
Gly326 . . . O13
Ser276 . . . O4
Ser276 . . . O1

Arg322 . . . O16
Arg322 . . . O13
Asp274 . . . O16
Asp274 . . . O13
Ser68 . . . O10

Zinc000361009822 Ser329 . . . O22
Ser329 . . . N20
Gly366 . . . N1
Ile367 . . . O3

Ser329 . . . N19
Tyr411 . . . N19
Asp364 . . . N10
Ser327 . . . O5
Gly328 . . . O5
Cys331 . . . O3

Zinc000354495307 Gln334 . . . N0
Ser329 . . . N7
Gly326 . . . O8

Asp364 . . . N7
Arg322 . . . O2
Met414 . . . O10

Zinc000362649164 Ser329 . . . O21
Ser388 . . . O21
Gly387 . . . N22
Cys327 . . . N5
Gly326 . . . O10

Ser329 . . . O21
Ser68 . . . N25
Arg322 . . . O1
Cys331 . . . O10
Thr333 . . . O10

Zinc000573536990 Ser329 . . . N3
Ser329 . . . N4
Ser388 . . . N2
Ser388 . . . N3
Gly387 . . . N1
Gly326 . . . O23

Ser329 . . . N4
Ser329 . . . N3
Ser329 . . . N2
Tyr411 . . . N2
Ser388 . . . N2
Gly415 . . . O23
Thr333 . . . O19
Cys331 . . . N16

Zinc000495649702 Ser68 . . . O21
Ser388 . . . O25
Ser329 . . . O23

Ser68 . . . O21
Arg322 . . . O21
Ser329 . . . O25

Zinc000585286331 Gly324 . . . O24
Asn303 . . . O24

Ser68 . . . O24
Asp364 . . . O13
Ile367 . . . O20

(Continued on following page)
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TABLE 4 Druglikeness assesments of topmost ligands using DruLiTo and SwissADME tools.

Compounds Druglikeness

Lipinski
rule

Ghose
filter

CMC like
rule

Veber
filter

MDDR like
rule

BBB
lilkeness

Egan
filter

Muegge
filter

Zinc000355749373 ✔ 1 violation 1 violation ✔ 1 violation ✔ ✔ ✔

Zinc000275637796 ✔ 1 violation 1 violation ✔ ✔ 1 violation ✔ ✔

Zinc000361009822 ✔ 1 violation 1 violation ✔ 1 violation ✔ ✔ ✔

Zinc000354495307 ✔ 1 violation 1 violation ✔ 1 violation ✔ ✔ ✔

Zinc000362649164 ✔ 1 violation 1 violation ✔ 1 violation 1 violation ✔ ✔

Zinc000573536990 ✔ 1 violation 1 violation ✔ 1 violation 1 violation ✔ ✔

Zinc000495649702 ✔ 1 violation 1 violation ✔ 1 violation ✔ ✔ ✔

Zinc000585286331 ✔ 1 violation 1 violation ✔ 1 violation ✔ ✔ ✔

Zinc000031937817 ✔ 1 violation 1 violation ✔ ✔ 1 violation ✔ ✔

Zinc000217441,397 ✔ 1 violation 1 violation ✔ 1 violation 1 violation ✔ 1 violation

Zinc000217041949 ✔ 1 violation 1 violation ✔ 1 violation 1 violation ✔ ✔

Zinc000048237288 ✔ 1 violation 1 violation ✔ ✔ ✔ ✔ ✔

TABLE 3 (Continued) Structures and hydrogen bonds of topmost ligands in complex with IMPDH isoforms over double-step docking.

Ligands Structure Hydrogen bond interactions

1hIMPDH 2hIMPDH

Zinc000031937817 Arg322 . . . O0 Ser68 . . . N10
Thr333 . . . O0
Leu389 . . . O18
Gly387 . . . O18
Ser388 . . . O18
Gln441 . . . O0

Zinc000048237288 Ser329 . . . O24
Arg322 . . . O12
Gly387 . . . N21
Ser388 . . . N20

Met414 . . . O7
Gly415 . . . O7
Ile367 . . . N21
Ser329 . . . O24
Tyr411 . . . O24

Zinc000217041949 Met337 . . . O4
Ser276 . . . O24
Ser329 . . . O19

Thr333 . . . O19
Gln441 . . . O19
Gln441 . . . O17
Gly365 . . . O4
Tyr411 . . . O24
Ser329 . . . O24

Zinc000217441,397 Asp274 . . . O22
Gly326 . . . O0
Cys339 . . . N8
Met337 . . . O7

Asp364 . . . O22
Thr333 . . . O0
Asp274 . . . N8
Asp274 . . . O20
Arg322 . . . O20
Arg322 . . . O7
Asp364...O22
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The hydrogen bonds between various atoms of the top ligands

and both isoforms are shown in Table 3. The length of the hydrogen

bonds formed and the number of these bonds significantly affect the

binding energies of the ligands. However, the importance of

electrostatic and steric interactions between the ligand and the

protein should not be overlooked.

Drug-likeness

To choose a ligand as a drug, in addition to having a high

affinity for the target, a series of regulations must also be

considered. Some of these regulations, such as Lipinsky’s

rules, were applied when the ligand library was construct.

TABLE 5 ADME and Toxicity profiles of topmost ligands obtained from PreADMET and admetSAR server.

Compounds ADME Toxicity

BBB Caco2 HIA CYP inhibition/substrate AMES toxicity Carcinogens LD50 in rat

Zinc000355749373 BBB-
0.9455

Caco2-
0.6193

HIA+
0.8294

noninhibitor/Nonsubstrate Non toxic Non-
carcinogens

2.0644

0.7289 0.7993

Zinc000275637796 BBB-
0.8742

Caco2-
0.7464

HIA+
0.8247

noninhibitor/Nonsubstrate Non toxic Non-
carcinogens

2.4168

0.6862 0.8926

Zinc000361009822 BBB+
0.8867

Caco2-
0.6371

HIA+
0.9842

noninhibitor/Nonsubstrate Non toxic Non-
carcinogens

2.4850

0.5458 0.6374

Zinc000354495307 BBB+
0.7883

Caco2-
0.6792

HIA+
0.8793

noninhibitor/Nonsubstrate Non toxic Non-
carcinogens

2.5121

0.9017 0.9155

Zinc000362649164 BBB+
0.8451

Caco2-
0.6141

HIA+
0.9192

noninhibitor/Nonsubstrate Non toxic Non-
carcinogens

2.6914

0.6484 0.8475

Zinc000573536990 BBB+
0.9864

Caco2-
0.5397

HIA+
1.0000

noninhibitor/Nonsubstrate Toxic Non-
carcinogens

2.7100

0.5329 0.8151

Zinc000495649702 BBB+
0.5304

Caco2-
0.5644

HIA+
0.7838

noninhibitor/Nonsubstrate Non toxic Non-
carcinogens

2.3787

0.8323 0.9412

Zinc000585286331 BBB-
0.9128

Caco2-
0.8411

HIA+
0.5425

noninhibitor/Nonsubstrate Non toxic Non-
carcinogens

2.2415

0.8757 0.9159

Zinc000031937817 BBB+
0.5734

Caco2-
0.6361

HIA+
0.9936

inhibitor/Nonsubstrate Non toxic Non-
carcinogens

2.1940

0.7675 0.8710

Zinc000217441,397 BBB-
0.6911

Caco2-
0.7335

HIA+
0.9919

noninhibitor/Nonsubstrate Non toxic Non-
carcinogens

2.0148

0.5000 0.7951

Zinc000217041949 BBB-
0.8496

Caco2-
0.7504

HIA+
0.9913

noninhibitor/Nonsubstrate Non toxic Non-
carcinogens

2.0664

0.5285 0.7823

Zinc000355749373 BBB-
0.9455

Caco2-
0.6193

HIA+
0.8294

noninhibitor/Nonsubstrate Non toxic Non-
carcinogens

2.0644

0.7289 0.7993

IMP (control) BBB+
0.8446

Caco2-
0.7846

HIA-
0.6465

noninhibitor/Nonsubstrate Non toxic Non-
carcinogens

1.9834

0.9292 0.9094

MPA (myfortic) (control) BBB+
0.5826

Caco2-
0.5583

HIA+
0.9409

noninhibitor/Nonsubstrate AMES toxic Non-
carcinogens

2.9907

0.9619
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Filters and other rules such as drug-likeness, ADME and toxicity

tests were also reviewed for the top ligands selected from docking.

For drug-likeness, Ro5 was investigated as mentioned above, and

no violations of this rule were observed for top ligands. Other

rules such as BBB Lilkeness, CMC, and MDDR-like rule and

filters including Veber (GSK) (Veber et al., 2002), Muegge

(Bayer) (Muegge et al., 2001), Ghose (Amgen) (Ghose et al.,

1999), and Egan (Pharmacia) (Egan et al., 2000) for top ligands

were evaluated. None of the top ligands selected with these

considerations showed more than one violation (Table 4),

which could be a pleasant result for the selected ligands.

ADME

To obtain parameters such as BBB, CaCo2, HIA, and CYP

of the twelve top ligands, the ADME test was performed. This

computational test predicts the absorption, distribution,

metabolism, and excretion of compounds, which are very

important for the final approval of potential ligands as drugs.

To better understand these analyses, IMP as the main

substrate and MPA as an approved drug were used as the

controls. HIA indicates the intestinal absorption levels in

humans. HIA’s high score is important for oral

administration of the drug, and compounds with high

scores can be easily absorbed by the gastrointestinal tract.

Among the top ligands, Zinc573536990, with a full score,

showed a high intestinal absorption potential. Most of the

compounds with a high probability showed intestinal

absorption (Table 5). Ligands with high BBB also indicate

high absorption by the blood-brain barrier. This difference in

BBB values was due to the different hydrophobicity of the

ligands. Caco-2 cells are also a criterion for evaluating cellular

interactions, absorption, or transfer from the intestinal

epithelial barrier. It was predicted that not all top ligands

would cross the Caco-2 cell line. The efflux prediction of

pharmacological compounds is done through

P-glycoprotein (P-gp) metabolism by the microsomal

enzyme family that called cytochrome P450 (CYP450).

CYPs are responsible for a large part of drug’s metabolism.

It was found that 11 of the 12 top ligands, similar to controls

could act as Noninhibitors and Nonsubstrate for CYP450

(Table 5). This means that these ligands cannot disrupt the

biotransformation of drug compounds by CYP450 and are not

metabolized by this enzyme.

Toxicity

The toxicity of the top ligands was investigated using the

following three parameters: AMES, carcinogenesis, and

LD50 tests (Table 5). The Ames was used to determine

mutagenic ligands. Results revealed that Zinc573536990 is

mutagen only. MPA which is used as a control in

the Ames test, also showed mutagenic activity. Carcinogenicity

analysis did not show any carcinogenic ligands. The higher scores

of LD50 for ligands compared to the IMP, revealed that all

of them are suitable and non-lethal.

FIGURE 3
RMSD plot of hIMPDH isoforms (monomeric forms) in complex with selected ligand during the course of 50 ns simulation time.
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FIGURE 5
Binding pose and hydrogen bonds of best hit ligand during MD simulation. Type 1 (A) and type 2 (B) hIMPDH along with its involved residues
(highlighted in the figure) in hydrogen bonding in complex with Zinc355749373.

FIGURE 4
Root mean square fluctuations (RMSF) analysis. RMSF graphs of type 1 (A) and type 2 human IMPDH isoforms (B) in the presence of best hit
ligand over 50 ns MD simulation (monomeric forms). The green circles marked on the diagrams are residues that are hydrogen bonded to the ligand
atoms. The areas marked with black arrows that have a high RMSF are the residues that are mostly located in the loop regions.
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MD simulations and binding free energy
calculations

RMSD profiles obtained from MD simulations over a period

of 50 ns were analyzed to evaluate the stability of the ligand-

receptor complexes. Figure 3 shows the deviation of the backbone

of the initial structure during the simulation period of time. The

RMSD values during the simulations of both complexes ranged

approximately from 0.07 to 0.75 nm. The RMSD values of both

complexes reached to 0.55 nm after 13 ns and no significant

fluctuation was observed after that (Figure 3).

Root mean square fluctuation (RMSF) plots were used to

assess the flexibility and dynamism of the structures. The high

peaks marked (Figures 4A,B) in both structures are residues that

mainly located in the loop regions. These residues are far from

the inhibitor binding site and do not interact with the inhibitor,

FIGURE 7
RMSD plots of 1hIMPDH-Zinc355749373 (A) and 2hIMPDH-Zinc355749373 (B) tetrameric complexes during the course of 500 ns simulation time.

FIGURE 6
Tetrameric forms of hIMPDH1 (A) and hIMPDH2 (B) in complex with Zinc355749373 ligand (solid green). The IMP site of each monomer
individually interacts with this inhibitor.
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and their flexibility is expected to not have a significant effect on

the stability of the complexes. The areas with lower RMSF values

shown in the diagrams, are residues that have a hydrogen bond

with the inhibitor and reduced fluctuation.

The hydrogen bonds of the best hit ligand with both isoforms

during MD simulation are shown in Figure 5. As a result, RMSD

and RMSF profiles validated the stability of the inhibitor-proteins

complexes and the docking results.

The large-scale MD simulations for tetrameric state which

is the functional form of IMPDH isoforms, were performed to

validate the monomeric state with more accurate results. The

tetrameric forms of 1hIMPDH-Zinc355749373 and 2hIMPDH-

TABLE 6 Some of the most important human IMPDH inhibitors.

Name Mechanism Condition Disesese Reference

Mycophenolate
mofetil

Noncompetitive inhibitor Approved Organ transplant rejection (Wang et al. (2020); Hedstrom,
(2009); Shu and Nair, (2008))

Uncompetitive inhibitor

IMP and NAD + site

Merimepodib Noncompetitive inhibitor Phase 2 Hepatitis C virus infection Wang et al. (2020)

Phase 2 COVID-19

Mercaptopurine — Approved Acute lymphoblastic leukaemia Wang et al. (2020)

Ribavirin Competitive inhibitor IMP-
site

Approved Hepatitis C virus infection (Wang et al. (2020); Hedstrom,
(2009); Shu and Nair, (2008))

Approved Liver Transplantation

Thioguanine — Approved Acute myeloid leukaemia Wang et al. (2020)

Mizoribine Competitive inhibitor IMP-
site

Approved Rheumatoid Arthritis (Hedstrom, (2009); Shu and Nair,
(2008))

Phase 4 Renal Transplant Recipient Patients

Tiazofurin Noncompetitive inhibitor
NAD-Site Inhibitors

Investigational Antiviral effects Cancer treatment (Hedstrom, (2009); Shu and Nair,
(2008))

Benzamide
Riboside

NAD-Site Inhibitors Investigational Angiogenesis Inhibitor (Hedstrom, (2009); Shu and Nair,
(2008))

EICAR Competitive inhibitor IMP-
site

Investigational Antileukemic and antiviral activity (Hedstrom, (2009); Shu and Nair,
(2008))

Zinc355749373 IMP-site inhibitor Investigational (in
silico)

Transplant organs patients and other diseases in which
IMPDH is considered as a therapeutic target

This study

Probably a competitive
inhibitor

FIGURE 8
MM/PBSA free energies of 1hIMPDH-Zinc355749373 (A) and 2hIMPDH-Zinc355749373 (B) complexes in tetrameric form calculated from
molecular dynamics trajectory data.
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Zinc355749373 complexes (Figure 6) were generated using the best

docking protocol identified in the re-docking. The RMSD values of

tetrameric forms during 500 ns simulations, validated the results

obtained from simulations of themonomeric forms (Figure 7). The

two complexes in tetrameric form stabilized after 100 ns, and this

state continued until the end of the simulations. Given that the

proteins are homotetramers, no significant differences were

observed in the chains simulation results.

The binding free energy analysis of 1hIMPDH-

Zinc355749373 and 2hIMPDH-Zinc355749373 complexes

was calculated using g_mmpbsa tool. The binding free

energy values and related energies, such as electrostatic

interactions, van der Waals forces, polar solvation, and

SASA energies for each chain, were obtained by the MM-

PBSA method (Figure 8). The mean binding free energies of

1hIMPDH-Zinc355749373 (−121.23 kJ/mol) and 2hIMPDH-

Zinc355749373 (−126.46 kJ/mol) tetrameric complexes were

in accordance with the docking scores (Table 1) and indicated

a high and almost equal affinity of the inhibitor to both

isoforms.

Discussion

hIMPDH inhibition

The de novo biosynthesis of guanine nucleotides has a

particular importance for stimulated cell proliferation, because

the salvage pathway alone may not be sufficient (Cuny et al.,

2017). IMPDH is a rate-determining enzyme in de novo guanine

nucleotide biosynthesis (Hedstrom, 2009). For this reasons,

IMPDH is a potential therapeutic target for a range of

diseases including organ transplant rejection, cancer, and viral

infections. The two human IMPDH isoforms have different

expression levels in different cells of the body. Despite various

reports, the mRNA expression of both isoforms increases when

lymphocytes and immune responses are stimulated (Dayton

et al., 1994). Therefore, inhibition of both isoforms is

important for suppressing the immune system. Our in silico

studies have shown that the Zinc355749373 ligand could

potentially inhibit both hIMPDH isoforms and is a potential

drug candidate for a variety of purposes, especially to suppress

the immune system.

Each known drug or inhibitor of IMPDH acts through a

different mechanism. The Zinc355749373 inhibitor identified in

this study could act as a competitive inhibitor due to screening

among ligands similar to IMP (main substrate). Comparison of the

binding energy between two ligands display Zinc355749373 has a

higher affinity for both isoforms than the IMP.

Zinc355749373 competes with the IMP, binds with a higher

affinity to IMPDH, occupies IMP positions, and finally inhibits

enzyme activity. This type of binding is reversible and the main

substrate can replace the nhibitor at higher concentrations. Based on

the available information from zinc 15 database, no activity has been

reported for this ligand thus far, and it seems to be a good alternative

to MPA. To confirm the results of this research, it is necessary to

evaluate this inhibitor in vitro and in vivo studies. Table 6 lists the

several human IMPDH inhibitors.

hIMPDH inhibitors as an option to COVID-
19 treatment

Increased IMPDH activity in virus-infected cells due to the

high need for viral replication in the nucleotide pool highlights

the importance of this enzyme as a therapeutic target for viral

infections (Nair and Shu, 2007). Therefore, inhibition of IMPDH

and reduction of guanine nucleotide levels in infected cells leads

to antiproliferative and antiviral effects. Previously, antiviral

effects have been reported for some IMPDH inhibitory

compounds, such as MPA (Chan et al., 2013), Ribavirin

(Koren et al., 2003) and Mizoribine (Saijo et al., 2005) against

some members of the coronavirus family, such as SARS-CoV-

1 and MERS-CoV. Therefore, IMPDH may be considered as a

possible therapeutic target for COVID-19 patients. In a recent

study examining the proteome profiling of COVID-19-infected

cells, nucleic acid metabolism was identified as one of the

metabolic pathways for the major cluster (Bojkova et al.,

2020). This finding underscores the limitation COVID-19

proliferation under IMPDH inhibition, which limits the

purine biosynthesis. For as much as the replication of

coronaviruses depends on the host cellular nucleotide pools.

Based on these interpretations, the Zinc355749373 Ligand,

which in this bioinformatics study clearly identified the drug

potential and its inhibitory effect on both human isoforms of

IMPDH, can be evaluated as a potential drug for the treatment of

COVID-19 patients. Since the inhibitory effect of Merimepodib,

an IMPDH inhibitor, on COVID-19 replication in vitro has

recently been identified (Bukreyeva et al., 2020).

Conclusion

This study aimed to identify the potential inhibitors of both

human IMPDH isoforms. In addition to side effects and other

problems, previous inhibitors generally have a greater inhibitory

effect on one isoform. Therefore, an urgent need for newer, safer,

and more orally bioavailable IMPDH inhibitors is strongly felt.

Furthermore, in patients with acute transplant rejection,

inhibition of both isoforms of this enzyme to suppress the

immune system can be associated with better results.

The initial results of this study were associated with the

introduction of inhibitors of both isoforms in terms of binding

energy. Then, by applying various filters and tests, the
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Zinc355749373 [(S)-N-(3-hydroxy-1-(4-hydroxyphenyl) propyl)-2-

(3-methyl-2,4-dioxo-3,4-dihydropyrimidin-1(2H)-yl) acetamide]

ligand showed the characteristics of a potential drug ligand. Also,

the MD simulation of this ligand in the complex with both

isoforms confirmed the docking results. This potential drug

inhibitor can be used in clinical assessments for further

verification. In addition to evaluating of this dual-function

inhibitor as an immunosuppressant, its anticancer

and antiviral activities can be appraised in vitro, given the

current conditions, especially in patients with Covid-19.

Data availability statement

The datasets presented in this study can be found in online

repositories. The names of the repository/repositories and accession

number(s) can be found in the article/Supplementary Material.

Author contributions

All authors listed havemade a substantial, direct, and intellectual

contribution to the work and approved it for publication.

Conflict of interest

The authors declare that the research was conducted in the

absence of any commercial or financial relationships that could

be construed as a potential conflict of interest.

Publisher’s note

All claims expressed in this article are solely those of the

authors and do not necessarily represent those of their

affiliated organizations, or those of the publisher, the

editors and the reviewers. Any product that may be

evaluated in this article, or claim that may be made by its

manufacturer, is not guaranteed or endorsed by the

publisher.

Supplementary material

The Supplementary Material for this article can be found

online at: https://www.frontiersin.org/articles/10.3389/fphar.

2022.977568/full#supplementary-material

References

Allison, A., and Eugui, E. (1996). Purine metabolism and immunosuppressive
effects of mycophenolate mofetil (mmf). Clin. Transpl. 10, 77–84.

Anashkin, V., Baykov, A., and Lahti, R. (2017). Enzymes regulated via
cystathionine B-synthase domains. Biochemistry. 82, 1079–1087. doi:10.1134/
S0006297917100017

Bojkova, D., Klann, K., Koch, B., Widera, M., Krause, D., Ciesek, S., et al.
(2020). Proteomics of sars-cov-2-infected host cells reveals therapy targets.
Nature 583, 469–472. doi:10.1038/s41586-020-2332-7

Bukreyeva, N., Mantlo, E. K., Sattler, R. A., Huang, C., Paessler, S., and Zeldis, J.
2020. The impdh inhibitor Merimepodib suppresses sars-cov-2 replication in vitro.
Biorxiv.

Chan, J. F., Chan, K.-H., Kao, R. Y., To, K. K., Zheng, B.-J., Li, C. P., et al. (2013).
Broad-spectrum antivirals for the emerging Middle East respiratory syndrome
coronavirus. J. Infect. 67, 606–616. doi:10.1016/j.jinf.2013.09.029

Cuny, G. D., Suebsuwong, C., and Ray, S. S. (2017). Inosine-5’-Monophosphate
dehydrogenase (impdh) inhibitors: A patent and scientific literature review (2002-
2016). Expert Opin. Ther. Pat. 27, 677–690. doi:10.1080/13543776.2017.1280463

Daina, A., Michielin, O., and Zoete, V. (2017). Swissadme: A free web tool to
evaluate pharmacokinetics, drug-likeness and medicinal chemistry friendliness of
small molecules. Sci. Rep. 7, 42717. doi:10.1038/srep42717

Davies, N. M., Grinyo, J., Heading, R., Maes, B., Meier-Kriesche, H.-U., and Oellerich,
M. (2007). “Gastrointestinal side effects of mycophenolic acid,” in Renal transplant
patients: A reappraisal (Oxford, United Kingdom: Oxford University Press).

Dayton, J. S., Lindsten, T., Thompson, C. B., and Mitchell, B. S. (1994). Effects of
human T lymphocyte activation on inosine monophosphate dehydrogenase
expression. J. Immunol. 152, 984–991.

Dunham, E. C., Leske, A., Shifflett, K., Watt, A., Feldmann, H., Hoenen, T., et al.
(2018). Lifecycle modelling systems support inosine monophosphate
dehydrogenase (impdh) as A pro-viral factor And antiviral target for new world
arenaviruses. Antivir. Res. 157, 140–150. doi:10.1016/j.antiviral.2018.07.009

Durrant, J. D., andMccammon, J. A. (2011). Molecular dynamics simulations and
drug discovery. BMC Biol. 9, 71. doi:10.1186/1741-7007-9-71

Egan, W. J., Merz, K. M., and Baldwin, J. J. (2000). Prediction of drug absorption
using multivariate statistics. J. Med. Chem. 43, 3867–3877. doi:10.1021/jm000292e

Franklin, T. J., Jacobs, V., Bruneau, P., and Ple, P. (1995). Glucuronidation by
human colorectal adenocarcinoma cells as A mechanism of resistance to
mycophenolic acid. Adv. Enzyme Regul. 35, 91–100. doi:10.1016/0065-2571(94)
00010-z

Gan, L., Petsko, G. A., and Hedstrom, L. (2002). Crystal structure of A ternary
complex of tritrichomonas foetus inosine 5 ‘-Monophosphate dehydrogenase:
Nad+ orients the active site loop for catalysis. Biochemistry 41, 13309–13317.
doi:10.1021/bi0203785

Ghose, A. K., Viswanadhan, V. N., and Wendoloski, J. J. (1999). A knowledge-
based approach in designing combinatorial or medicinal chemistry libraries for
drug discovery. 1. A qualitative and quantitative characterization of known drug
databases. J. Comb. Chem. 1, 55–68. doi:10.1021/cc9800071

Glander, P., Waiser, J., Hambach, P., Bachmann, F., Budde, K., Eckardt, K.-U.,
et al. (2021). Inosine 5′-monophosphate dehydrogenase activity for
the longitudinal monitoring of mycophenolic acid treatment in kidney
allograft recipients. Transplantation 105, 916–927. doi:10.1097/TP.
0000000000003336

Hedstrom, L. (2009). Imp dehydrogenase: Structure, mechanism, and inhibition.
Chem. Rev. 109, 2903–2928. doi:10.1021/cr900021w

Herrmann, E., Lee, J. H., Marinos, G., Modi, M., and Zeuzem, S. (2003). Effect of
Ribavirin on hepatitis C viral kinetics in patients treated with pegylated interferon.
Hepatology 37, 1351–1358. doi:10.1053/jhep.2003.50218

Ishikawa, H. (1999). Mizoribine and mycophenolate mofetil. Curr. Med. Chem. 6,
575–597. doi:10.2174/092986730607220401123549

Jain, J., Almquist, S. J., Ford, P. J., Shlyakhter, D., Wang, Y., Nimmesgern, E., et al.
(2004). Regulation of inosine monophosphate dehydrogenase type I and type ii
isoforms in human lymphocytes. Biochem. Pharmacol. 67, 767–776. doi:10.1016/j.
bcp.2003.09.043

Johnson, A. G., Rigby, R. J., Taylor, P. J., Jones, C. E., Allen, J., Franzen, K., et al.
(1999). The kinetics of mycophenolic acid and its glucuronide metabolite in adult
kidney transplant recipients. Clin. Pharmacol. Ther. 66, 492–500. doi:10.1016/
S0009-9236(99)70012-3

Juvale, K., Shaik, A., and Kirubakaran, S. (2019). Inhibitors of inosine 5′-
monophosphate dehydrogenase as emerging new generation antimicrobial
agents. Medchemcomm 10, 1290–1301. doi:10.1039/c9md00179d

Frontiers in Pharmacology frontiersin.org15

Yazdani et al. 10.3389/fphar.2022.977568

https://www.frontiersin.org/articles/10.3389/fphar.2022.977568/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fphar.2022.977568/full#supplementary-material
https://doi.org/10.1134/S0006297917100017
https://doi.org/10.1134/S0006297917100017
https://doi.org/10.1038/s41586-020-2332-7
https://doi.org/10.1016/j.jinf.2013.09.029
https://doi.org/10.1080/13543776.2017.1280463
https://doi.org/10.1038/srep42717
https://doi.org/10.1016/j.antiviral.2018.07.009
https://doi.org/10.1186/1741-7007-9-71
https://doi.org/10.1021/jm000292e
https://doi.org/10.1016/0065-2571(94)00010-z
https://doi.org/10.1016/0065-2571(94)00010-z
https://doi.org/10.1021/bi0203785
https://doi.org/10.1021/cc9800071
https://doi.org/10.1097/TP.0000000000003336
https://doi.org/10.1097/TP.0000000000003336
https://doi.org/10.1021/cr900021w
https://doi.org/10.1053/jhep.2003.50218
https://doi.org/10.2174/092986730607220401123549
https://doi.org/10.1016/j.bcp.2003.09.043
https://doi.org/10.1016/j.bcp.2003.09.043
https://doi.org/10.1016/S0009-9236(99)70012-3
https://doi.org/10.1016/S0009-9236(99)70012-3
https://doi.org/10.1039/c9md00179d
https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2022.977568


Kobashigawa, J., Miller, L., Renlund, D., Mentzer, R., Alderman, E., Bourge, R.,
et al. (1998). A randomized active-controlled trial of mycophenolate mofetil in heart
transplant recipients. Mycophenolate Mofetil Investigators. Transplantation 66,
507–515. doi:10.1097/00007890-199808270-00016

Konno, Y., Natsumeda, Y., Nagai, M., Yamaji, Y., Ohno, S., Suzuki, K., et al.
(1991). Expression of human imp dehydrogenase types I and ii in Escherichia coli
and distribution in human normal lymphocytes and leukemic cell lines. J. Biol.
Chem. 266, 506–509. doi:10.1016/s0021-9258(18)52465-0

Koren, G., King, S., Knowles, S., and Phillips, E. (2003). Ribavirin in the treatment
of sars: A new trick for an old drug? Cmaj 168, 1289–1292.

Kumari, R., Kumar, R., Consortium, O. S. D. D., and Lynn, A. (2014). G_Mmpbsa
A gromacs tool for high-throughput mm-pbsa calculations. J. Chem. Inf. Model. 54,
1951–1962. doi:10.1021/ci500020m

Leach, A. R. (2001). Molecular modelling: Principles and applications. London,
United Kingdom: Pearson Education.

Leyssen, P., Balzarini, J., De Clercq, E., and Neyts, J. (2005). The predominant
mechanism by which Ribavirin exerts its antiviral activity in vitro against
flaviviruses and paramyxoviruses is mediated by inhibition of imp
dehydrogenase. J. Virol. 79, 1943–1947. doi:10.1128/JVI.79.3.1943-1947.2005

Lin, J.-H. (2011). Accommodating protein flexibility for structure-based
drug design. Curr. Top. Med. Chem. 11, 171–178. doi:10.2174/
156802611794863580

Link, J. O., and Straub, K. (1996). Trapping of an imp Dehydrogenase− substrate
covalent intermediate by mycophenolic acid. J. Am. Chem. Soc. 118, 2091–2092.
doi:10.1021/ja9534056

Lipinski, C. A., Lombardo, F., Dominy, B. W., and Feeney, P. J. (1997).
Experimental and computational approaches to estimate solubility and
permeability in drug discovery and development settings. Adv. Drug Deliv. Rev.
23, 3–26. doi:10.1016/s0169-409x(00)00129-0

Mclean, J. E., Hamaguchi, N., Belenky, P., Mortimer, S. E., Stanton, M., and
Hedstrom, L. (2004). Inosine 5′-monophosphate dehydrogenase binds
nucleic acids in vitro and in vivo. Biochem. J. 379, 243–251. doi:10.1042/
BJ20031585

Mortimer, S. E., Xu, D., Mcgrew, D., Hamaguchi, N., Lim, H. C., Bowne, S. J.,
et al. (2008). Imp dehydrogenase type 1 associates with polyribosomes
translating rhodopsin mrna. J. Biol. Chem. 283, 36354–36360. doi:10.1074/
jbc.M806143200

Muegge, I., Heald, S. L., and Brittelli, D. (2001). Simple selection criteria for drug-
like chemical matter. J. Med. Chem. 44, 1841–1846. doi:10.1021/jm015507e

Naffouje, R., Grover, P., Yu, H., Sendilnathan, A., Wolfe, K., Majd, N., et al.
(2019). Anti-tumor potential of imp dehydrogenase inhibitors: A century-long
story. Cancers 11, 1346. doi:10.3390/cancers11091346

Nair, V., and Shu, Q. (2007). Inosine monophosphate dehydrogenase as A probe
in antiviral drug discovery. Antivir. Chem. Chemother. 18, 245–258. doi:10.1177/
095632020701800501

Natsumeda, Y., Ohno, S., Kawasaki, H., Konno, Y., Weber, G., and Suzuki, K.
(1990). Two distinct cdnas for human imp dehydrogenase. J. Biol. Chem. 265,
5292–5295. doi:10.1016/s0021-9258(19)34120-1

Pankiewicz, K. W., Patterson, S. E., Black, P. L., Jayaram, H. N., Risal, D.,
Goldstein, B. M., et al. (2004). Cofactor mimics as selective inhibitors of
NAD-dependent inosine monophosphate dehydrogenase (IMPDH)-the
major therapeutic target. Curr. Med. Chem. 11, 887–900. doi:10.2174/
0929867043455648

Pettersen, E. F., Goddard, T. D., Huang, C. C., Couch, G. S., Greenblatt, D. M.,
Meng, E. C., et al. (2004). Ucsf chimera—a visualization system for

exploratory research and analysis. J. Comput. Chem. 25, 1605–1612. doi:10.
1002/jcc.20084

Rester, U. (2008). From virtuality to reality-virtual screening in lead discovery and
lead optimization: A medicinal chemistry perspective. Curr. Opin. Drug Discov.
Devel. 11, 559–568.

Risal, D., Strickler, M., and Goldstein, B. (2003). Crystal structure of the
human type I inosine monophosphate dehydrogenase and implications for
isoform specificity. Proc. Natl. Acad. Sci. U. S. A. 96, 3531. doi:10.1073/pnas.
96.7.3531

Risel, D., Strickler, M., and Goldstein, B. (2004). Crystal structure of human
inosine monophosphate dehydrogenase type ii complexed with the mpa/nad analog
C2-MadRcsb protein Data Bank. Availabel at: https://www.rcsb.org/structure/
1NF7.

Saijo, M., Morikawa, S., Fukushi, S., Mizutani, T., Hasegawa, H., Nagata, N., et al.
(2005). Inhibitory effect of mizoribine and Ribavirin on the replication of severe
acute respiratory syndrome (Sars)-Associated coronavirus. Antivir. Res. 66,
159–163. doi:10.1016/j.antiviral.2005.01.003

Salsbury, F. R., Jr (2010). Molecular dynamics simulations of protein dynamics
and their relevance to drug discovery. Curr. Opin. Pharmacol. 10, 738–744. doi:10.
1016/j.coph.2010.09.016

Saunders, J. O., and Raybuck, S. A. (2000). Inosine monophosphate
dehydrogenase: Consideration of structure, kinetics, and therapeutic
potential. Annu. Rep. Med. Chem. 35, 201–210. doi:10.1016/S0065-7743(00)
35019-9

Senda, M., and Natsumeda, Y. (1994). Tissue-differential expression of two
distinct genes for human imp dehydrogenase (ec 1.1. 1.205). Life Sci. 54,
1917–1926. doi:10.1016/0024-3205(94)90150-3

Shoichet, B. K. (2004). Virtual screening of chemical libraries. Nature 432,
862–865. doi:10.1038/nature03197

Shu, Q., and Nair, V. (2008). Inosine monophosphate dehydrogenase (impdh)
as A target in drug discovery. Med. Res. Rev. 28, 219–232. doi:10.1002/med.
20104

Sintchak, M. D., Fleming, M. A., Futer, O., Raybuck, S. A., Chambers, S. P., Caron,
P. R., et al. (1996). Structure and mechanism of inosine monophosphate
dehydrogenase in complex with the immunosuppressant mycophenolic acid.
Cell 85, 921–930. doi:10.1016/s0092-8674(00)81275-1

Sterling, T., and Irwin, J. J. (2015). Zinc 15–ligand discovery for everyone.
J. Chem. Inf. Model. 55, 2324–2337. doi:10.1021/acs.jcim.5b00559

Thomsen, R., and Christensen, M. H. (2006). Moldock: A new technique for
high-accuracy molecular docking. J. Med. Chem. 49, 3315–3321. doi:10.1021/
jm051197e

Veber, D. F., Johnson, S. R., Cheng, H.-Y., Smith, B. R., Ward, K. W., and Kopple,
K. D. (2002). Molecular properties that influence the oral bioavailability of drug
candidates. J. Med. Chem. 45, 2615–2623. doi:10.1021/jm020017n

Wang, Y., Zhang, S., Li, F., Zhou, Y., Zhang, Y., Wang, Z., et al. (2020).
Therapeutic target database 2020: Enriched resource for facilitating research and
early development of targeted therapeutics. Nucleic Acids Res. 48,
D1031–D1041. doi:10.1093/nar/gkz981

Yazdani, M., Khezri, J., Hadizadeh, N., Zakaria, J. Z. A., Naderi, M., Mahmoodian,
S., et al. (2021). Depinar, A drug that potentially inhibits the binding and entry of
covid-19 into host cells based on computer-aided studies. Res. Pharm. Sci. 16,
315–325. doi:10.4103/1735-5362.314830

Zamani Amirzakaria, J., Malboobi, M. A., Marashi, S.-A., and Lohrasebi, T.
(2021). In silico prediction of enzymatic reactions catalyzed by acid phosphatases.
J. Biomol. Struct. Dyn. 39, 3900–3911. doi:10.1080/07391102.2020.1785943

Frontiers in Pharmacology frontiersin.org16

Yazdani et al. 10.3389/fphar.2022.977568

https://doi.org/10.1097/00007890-199808270-00016
https://doi.org/10.1016/s0021-9258(18)52465-0
https://doi.org/10.1021/ci500020m
https://doi.org/10.1128/JVI.79.3.1943-1947.2005
https://doi.org/10.2174/156802611794863580
https://doi.org/10.2174/156802611794863580
https://doi.org/10.1021/ja9534056
https://doi.org/10.1016/s0169-409x(00)00129-0
https://doi.org/10.1042/BJ20031585
https://doi.org/10.1042/BJ20031585
https://doi.org/10.1074/jbc.M806143200
https://doi.org/10.1074/jbc.M806143200
https://doi.org/10.1021/jm015507e
https://doi.org/10.3390/cancers11091346
https://doi.org/10.1177/095632020701800501
https://doi.org/10.1177/095632020701800501
https://doi.org/10.1016/s0021-9258(19)34120-1
https://doi.org/10.2174/0929867043455648
https://doi.org/10.2174/0929867043455648
https://doi.org/10.1002/jcc.20084
https://doi.org/10.1002/jcc.20084
https://doi.org/10.1073/pnas.96.7.3531
https://doi.org/10.1073/pnas.96.7.3531
https://www.rcsb.org/structure/1NF7
https://www.rcsb.org/structure/1NF7
https://doi.org/10.1016/j.antiviral.2005.01.003
https://doi.org/10.1016/j.coph.2010.09.016
https://doi.org/10.1016/j.coph.2010.09.016
https://doi.org/10.1016/S0065-7743(00)35019-9
https://doi.org/10.1016/S0065-7743(00)35019-9
https://doi.org/10.1016/0024-3205(94)90150-3
https://doi.org/10.1038/nature03197
https://doi.org/10.1002/med.20104
https://doi.org/10.1002/med.20104
https://doi.org/10.1016/s0092-8674(00)81275-1
https://doi.org/10.1021/acs.jcim.5b00559
https://doi.org/10.1021/jm051197e
https://doi.org/10.1021/jm051197e
https://doi.org/10.1021/jm020017n
https://doi.org/10.1093/nar/gkz981
https://doi.org/10.4103/1735-5362.314830
https://doi.org/10.1080/07391102.2020.1785943
https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2022.977568

	Identification of a potent dual-function inhibitor for hIMPDH isoforms by computer-aided drug discovery approaches
	Introduction
	Materials and methods
	Preparation of the desired proteins
	Re-docking
	Ligands screening library preparation
	Double-step docking
	Drug-likeness and ADME-Tox tests
	MD simulations

	Results
	Re-docking
	Double-step docking
	Drug-likeness
	ADME
	Toxicity
	MD simulations and binding free energy calculations

	Discussion
	hIMPDH inhibition
	hIMPDH inhibitors as an option to COVID-19 treatment

	Conclusion
	Data availability statement
	Author contributions
	Conflict of interest
	Publisher’s note
	Supplementary material
	References


