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ABSTRACT 

Indoleamine 2,3-dioxygenase 2 (IDO2) is a newly discovered target proposed to be a promising 

therapeutic modulator of various peripheral and central pathological states such as autoimmune dis-

orders and immune escape diseases like cancer. The lack of potent hIDO2 inhibitors presents a high 

demand for discovering novel hIDO2 inhibition strategies to explore its indeed pathological role. We 

aim to develop novel, selective, and potent hIDO2 inhibitor candidates by building a new operative 

hIDO2 homology model and utilizing the computational structure/ligand-based methods. First, an 

IDO-focused library of hits besides a new library of candidates, which was self-designed based on 

the previously reported IDO2 inhibitors, was extracted and prepared, respectively, to be ready for the 

virtual screening procedure. Next, 14 potentially competent models were built, and the most prom-

ising models were selected for molecular docking simulations to search a group of potential candi-

dates through their docking scores, ligand binding energies, and ligand-interaction patterns. Among 

the potential candidates, Model 4 was the most competent model for high-throughput screening. The 

molecular docking results suggest that nine novel ligands might be promising candidates for the 

hIDO2 target. These candidates revealed ideal geometry and interaction patterns within the hIDO2 

binding site compared to the reference compounds. Moreover, the candidates showed favorable lig-

and binding energies and exhibited druggability properties. These compounds could inspire further 

studies to discover advanced lead compounds for hIDO2 inhibition. Developing novel hIDO2 inhib-

itors to intervene in the pathological states that trigger autoimmune diseases or equally serious out-

comes such as cancer could be significantly beneficial. 

Keywords: Human Indoleamine-Dioxygenase-2, virtual screening, homology modeling, mo-

lecular docking studies, interaction patterns.

INTRODUCTION  

Tryptophan (Trp) is an essential amino 

acid largely metabolized through the 

kynurenine pathway. The kynurenine pathway 

drives various pathophysiological and physio-

logical processes by producing biologically-

active metabolites and depletion of local Trp 

concentration. The kynurenine pathway is in 

action in the periphery and central nervous 

systems. It controls various common and 

high-risk diseases such as cancer, cerebral ma-

laria, neurological and neurodegenerative dis-

eases, chronic inflammation, infectious dis-

eases, allergic and autoimmune disorders, 

transplantation, and neuropathology (1, 2). 

In the kynurenine pathway, the first reac-

tion is the oxidative cleavage of the indole ring 

of tryptophan (Trp), converting Trp to N-

formyl kynurenine. Trp is an essential amino 

acid, and its demand must be supplied from 

the diet; however, it is the least abundant of all 

dietary amino acids. The kynurenine pathway 

is the major consumer of the dietary Trp 

through converting it to numerous metabolites 

such as quinolinic acid (QA) as a neuroactive 

substrate, xanthurenic acid (XA), picolinic 

acid (PA), and anthranilic acid (AA). Further-

more, the kynurenine pathway is the main 

route for nicotinamide adenine dinucleotide 

(NAD+) synthesis (3). The depletion of Trp 

triggers various physiological actions such as 

modulation of the immune responses; thus, it 

influences transplantation and the develop-

ment of tolerance of tumors. In addition, the 

lack of Trp causes significant effects on cell 

proliferation by slowing down cell division, 

especially that of T-cells, and could be related 

to the proliferation of pathological microor-

ganisms (4).  
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The kynurenine pathway could be cata-

lyzed independently by three enzymes: in-

doleamine 2,3-dioxygenase 1 (IDO1), in-

doleamine 2,3-dioxygenase 2 (IDO2), and 

tryptophan 2,3-dioxygenase (TDO2). The 

IDO1 and TDO2 have been extensively stud-

ied, while the IDO2 paralog could be consid-

ered a newcomer to the field (3, 5). IDO1 and 

IDO2 are found in all mammals, and these 

isoforms are supposed to have arisen primar-

ily through gene duplication. Other verte-

brates, such as amphibians, birds, and fish, are 

likely to have just one type of IDO with a high 

amino acid sequence similarity to the mam-

malian IDO2. These observations assume that 

the ancestral IDO was more IDO2-like (6-8). 

Although three enzymes catalyze the 

kynurenine pathway, their biochemical char-

acteristics and expression patterns are distinct, 

indicating the presence of unique biological 

roles for each enzyme. For instance, the ex-

pression pattern of IDO1 differs dramatically 

from its paralog IDO2. IDO2 is found in a lim-

ited number of tissues, such as the cerebral 

cortex and antigen-presenting cells (APCs) of 

the immune system, which includes dendritic 

cells (DCs) and B cells, and also in the kidney 

and liver. 

On the other hand, IDO1 is expressed in 

much more diverse tissue types (9). Addition-

ally, in the reproductive system of males, 

IDO2 is expressed in the tails of the sperma-

tozoa; however, IDO1 and TDO2 are found in 

the apical and principal cells of the epidermis 

and the head of the spermatozoa, respectively 

(10). In a wide range of cell types, both ex-

pression level and activity of IDO1 isoform 

are stimulated in response to inflammatory 

stimuli and involved in manipulating re-

sponses to infection and inflammation (11, 

12). For example, in endothelial cells, a high 

induction of IDO1 was observed during cere-

bral malaria; thus, the metabolite production 

level of the kynurenine pathway is increased 

(13, 14). It was noticed that blood pressure 

drops down in response to kynurenine path-

way metabolites during sepsis and malaria 

(15). Moreover, studies on dendritic cells ex-

tracted from tumor-draining lymph nodes 

show that a high expression level of IDO1 is 

associated with a poor prognosis; this ob-

served effect is proposed to be a result of sup-

pressing the immune responses generated nor-

mally against the tumor (16, 17).  

Dextro-1-methyl-tryptophan (D-1MT, 

Indoximod, NLG-8189), a well-known IDO1 

inhibitor, is prescribed in cancer immunother-

apy trials as an adjuvant to chemotherapeutic 

compounds such as paclitaxel (18-21). How-

ever, the Levo-1-methyl-tryptophan (L-1MT) 

displayed a higher IDO1 enzymatic inhibition 

potency than D-1MT, while D-1MT of the 

Dextro-type chirality displayed superior anti-

tumor efficiency as a chemotherapeutic agent 

(22, 23). This set in a scientific debate about 

the physiological and pathological role of 

IDO1 enzyme, especially in cancer. This de-

bate is further supported after discovering the 

IDO2 isoform and observing that the D-1MT 

has better IDO2 enzymatic inhibition potency 

than L-1MT (24, 25). Surprisingly, new re-

ports confirmed the ability of IDO2 to modu-

late autoimmune diseases via acting on B cells 

as an immunomodulatory enzyme, which sug-

gests that the action is different from its pa-

ralog IDO1. In multiple models of autoim-

mune inflammatory disorders, the newly 

found enzyme IDO2 works as a pro-inflam-

matory mediator of such pathological states as 

CHS (Contact hypersensitivity), RA (Rheu-

matoid arthritis), and SLE (Systemic lupus er-

ythematosus). Recently, investigating the an-

titumor efficiency of epacadostat, a selective 

IDO1 inhibitor used in patients with meta-

static or unresectable tumors, revealed disap-

pointing results in phase III clinical trials (26). 

Observations that human pancreatic cancer 

cell lines have an IDO2 over-expression up-

hold the conception that the IDO2 isoform has 

a crucial role in promoting inflammation and 

tumor development which is distinct from its 

paralog IDO1 and could represent a new drug 

target in cancer immunotherapy, particularly 

as a co-therapeutic setting (27-29). Hence, the 

pathophysiological function of IDO2 is still 

unclear and needs to be understood via devel-

oping new selective IDO2 inhibitors that 

could have therapeutic potential in diverse 

pathological states, including tumorigenesis, 

inflammatory, and autoimmune diseases used 

alone or in combination with other antitumor 

agents or B-cell-depletion therapies. In addi-

tion, discovering IDO2 inhibitors could be 

valuable in determining the role of IDO2 in 
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tissues that exhibit constitutive expressions of 

IDO2, such as the reproductive system, kid-

ney, and liver (30, 31). 

The three enzymes hIDO1, hIDO2, and 

hTDO all have a prosthetic group of heme 

(Fe+3), and for optimal enzymatic activity, the 

ferric group (Fe+3) should be reduced to Fer-

rous (Fe+2) (32-34). Thus, the IDO2 inhibitors 

prefer having at least one heteroatom (either 

oxygen or nitrogen) to coordinate with the 

heme iron. Concerning their amino acid se-

quences, hIDO1 and hIDO2 are homologous 

and share moderate overall amino acid se-

quence identity, which is about 43%, while 

TDO2 is not homologous to other IDO en-

zymes (7, 30).  

A limited number of studies focus on the 

IDO2 paralog and mostly investigate the 

mouse type (with an amino acid sequence 

identity of 75% to hIDO2 and almost identical 

in the heme-binding pocket). One of the most 

recent studies presents a potent hIDO2 inhibi-

tor with moderate selectivity developed 

through modifying a previously discovered 

hIDO1/hIDO2 dual inhibitor. The structure 

CPN- 22 (Figure 1-A) displayed for the first 

time a hIDO2 inhibition activity at the nano-

molar level (IC50 = 112 nM). Studying the 

anti-inflammatory effect of this newly discov-

ered candidate showed a diminishing of in-

flammatory cytokines in both adjuvant arthri-

tis (AA) in the rat model and collagen-induced 

arthritis (CIA) in the mice model (35). An-

other study aimed to identify mouse IDO2 in-

hibitors via performing a high throughput 

screening over a library of approved Food and 

Drug Administration (FDA) drugs like proton 

pump inhibitors, Ca+2 channel blockers, and 

antifungals. As a result, the chemical struc-

tures of some candidates identified as selec-

tive mIDO2 inhibitors, such as miconazole, 

clotrimazole, lansoprazole, pantoprazole, and 

tenatoprazole are shown in (Figure-1 B-F). 

The most potent, selective, and promising 

candidate from the chosen classes was tena-

toprazole with an IC50 of 1.8 μM against 

mIDO2, while no activities were observed at 

100 μM concentration against both mIDO1 

and mTDO2 (36).  

Here, we aimed to identify novel and se-

lective hIDO2 inhibitors as a novel target 

which could be a new path for treating com-

plex diseases such as cancer, neurodegenera-

tive diseases, autoimmune disorders, and neu-

ropathology. To enhance the screening effi-

ciency, two libraries of candidates were ap-

plied; one is a focused IDO already prepared 

library, and the second is a self-designed li-

brary built by fragmenting the pre-identified 

IDO2 inhibitors and building a new library of 

small molecules. This was followed by exam-

ining the hIDO2 structure concerning the 

amino acid sequence and the 3D-structure of 

its binding pocket, building a hIDO2 homol-

ogy model as the protein is yet to be crystal-

lized, investigating the interaction patterns of 

previously discovered IDO2 inhibitors, and fi-

nally performing virtual screening and molec-

ular docking studies to identify new potent 

and selective hIDO2 hits. In light of our find-

ings, to our knowledge, we present one of the 

first studies to discuss valuable tools for 

hIDO2 inhibition and to guide and contribute 

to future efforts. 
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Figure (1): Chemical structures of previously discovered hIDO2 inhibitors. (A) CPN-22 (B) Micon-

azole (C) Clotrimazole, (D) lanzoprazole, (E) pantoprazole, (F) tenatoprazole. 
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MATERIALS AND METHODS 

General scheme of work 

 

 

 

https://journals.najah.edu/journal/pmpj/browse-by-issue/


ـــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــ   348 “Homology Modeling of Human Indoleamine-Pyrrole 2,3-Dioxygenase-2 (hIDO2) and ……” 

Palestinian Medical and Pharmaceutical Journal (PMPJ). 2023; 8(3): 343-366 ــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــ  

 

Building hIDO2 homology models  

To diminish the risk of getting false posi-

tive hits, two libraries of hits were applied, the 

1st is an already prepared library called In-

doleamine 2,3 Di-oxygenase-1 Focused Li-

brary, and the 2nd is a self-prepared library. 

The first library included around 7000 hits and 

was extracted from the website 

https://www.chemdiv.com/catalog/focused-

and-targeted-libraries/indoleamine-2-3-diox-

ygenase-1-focused-library/ and directly up-

loaded to the maestro program and was ready 

for docking studies. The screening procedure 

of that library implicated data analysis step 

(clustering, isosteric morphing, pharmaco-

phores extraction, and templates design), sub-

structure searching according to that pharma-

cophore mode, and finally, applying a filtering 

procedure to get a final IDO-focused library 

of hits. A new library of hits was self-designed 

to improve the virtual screening efficiency 

and enhance the probability of getting potent 

and selective designs. The second new library 

of candidates was created based on the chem-

ical structures of candidates reported as the 

most potent and selective IDO2 inhibitors by 

following the conditional design strategy and 

bioisosterism rules. The design strategy was 

based on merging and modifying the terminals 

and linkers of these candidates to achieve bet-

ter geometry, interaction patterns, and occu-

pying capacity within the binding site. Thus, 

the second library of hits included about 4000 

candidates were designed. So, we got a library 

of about 11,000 hits that will be used for the 

virtual screening studies (37, 38).  

Ligand preparation 

The newly designed hits were prepared to 

utilize the Ligprep module integrated into 

maestro-Schrödinger 12.1. This process im-

plicates the addition of hydrogen atoms and 

realizing the bond length, angles, stereochem-

istries, and ring conformations. Also, it in-

cludes generating the ionization states at tar-

get pH (7.4 ± 1.0), possible tautomers, low en-

ergy structures, and corrected chiralities of 

each ligand. Then, minimizing those prepro-

cessed ligands at the force field OPLS-2005 

using a default setting until getting an RMSD 

cut of 0.001 Å. The finally obtained mini-

mized structures were then saved for molecu-

lar docking studies (39). 

In our study, three programs and servers 

were applied to build homology models to se-

lect the most proper one: 

1. Swiss-Model server 

It is an easy and direct way to insert the 

hIDO2 amino acid sequence, followed by a 

blast search tool to find structure templates. 

The highest-ranked template was selected to 

build models of the hIDO2 protein structure 

(40). The amino acid sequence of hIDO2 had 

been obtained from the UniProt server as a 

blast file, and the UniProt code is Q6ZQW0 

(I23O2_HUMAN). 

2. MPI Bioinformatics toolkit (HH-pred) 

server 

The process started with submitting the 

hIDO2 amino acid sequence and selecting 

PDB-mmCIF70_12_Aug as the structural/do-

main database. Then, the process involved an-

alyzing the submitted sequence, predicting the 

sequence features, Query MSA generation, 

generating query A3M, and finally searching 

the profile HMM database. Then, the highest-

ranked hitlist was used for building our ho-

mology model of hIDO2 (41).   

3. Maestro (version 12.1) Program (Prime-

homology modeling) 

The homology model module (structure 

prediction wizard) integrated into the Maestro 

interface (Schrödinger 12.3) built twelve 

hIDO2 homology models using one or two 

hIDO1 templates. Many steps were followed 

to get highly reasonable and proper homology 

models (42):    

Selecting the proper crystal structure 

(templates): The selection process started with 

applying the Basic Local Alignment Search 

Tool (PSI-BLAST) search module 

(blast.ncbi.nlm.nih.gov), integrated into the 

maestro program, using the target protein se-

quence (hIDO2) as the query sequence and 

PDB as the database. The top-ranked PDB 

codes that showed the best identity to hIDO2 

were collected.  

https://journals.najah.edu/journal/pmpj/browse-by-issue/
https://www.chemdiv.com/catalog/focused-and-targeted-libraries/indoleamine-2-3-dioxygenase-1-focused-library/
https://www.chemdiv.com/catalog/focused-and-targeted-libraries/indoleamine-2-3-dioxygenase-1-focused-library/
https://www.chemdiv.com/catalog/focused-and-targeted-libraries/indoleamine-2-3-dioxygenase-1-focused-library/


Mohammed Qaoud & Murat Şüküroğlu ــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــ  349 

ــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــ  Palestinian Medical and Pharmaceutical Journal (PMPJ). 2023; 8(3): 343-366 

Protein preparation: The selected X-ray 

crystal structures of hIDO1 complexed with 

Fe+2-porphyrin cofactor and different ligands 

were prepared with the Protein Preparation 

Wizard Workflow integrated into the Maestro 

module (Schrödinger 12.3, LLC). This pro-

cess aimed to fix the crude crystal structure 

obtained via filling in missing loops using 

prime, verifying proper assignment of bonds, 

filling in missing side chains, deleting water 

molecules beyond 5 Å from the hit group, cre-

ating zero-order bonds to metals, adding hy-

drogens, creating disulfide bonds, and as final 

minimizing the protein structure and bonds 

(43). These prepared hIDO1 crystal structures 

were utilized as templates for building. 

Alignment using the prime STA method 

Energy-based building model 

Molecular docking studies 

Molecular docking studies usually follow 

a general procedure that starts with preparing 

ligands, selecting and preparing appropriate 

protein structures, and grid generation. This is 

followed by examining ligand-receptor inter-

action patterns and analyzing docking poses 

and scores. Ligand and protein preparation 

steps were applied using the LigPrep and Pro-

tein preparation Wizard modules integrated 

into the maestro program, as explained before.  

Regarding receptor grid generation, the 

receptor grids of the hIDO1 crystal structures 

and the newly built hIDO2 homology models 

were generated using the Receptor Grid Gen-

eration module integrated into the Maestro in-

terface. The grid boxes were defined as a 20 × 

20 × 20 Å space region centered at the original 

ligand of the complex structures. In addition, 

one metal coordination was introduced into 

heme during grid box generation. For the other 

parameters, the default values were assigned. 

The extra-precision mode of the Glide module 

(Glide score XP) integrated into the Maestro 

(Schrödinger 12.3) was utilized (44). After the 

molecular docking studies were completed, 

the Protein-Ligand Interaction Profiler (PLIP) 

server was applied to evaluate the binding 

modes (45).  

Evaluating the newly built homology models 

The previously reported hIDO2 selective 

inhibitors (Tenatoprazole and CPN-22) were 

considered reference candidates (36, 46). 

These previously published inhibitors were 

preprocessed besides our newly prepared hits 

library and were docked into the binding site 

of both hIDO1 and hIDO2-homology model 

using Glide (version 12.3, Schrödinger, LLC, 

New York, NY, 2022) in extra precision (XP) 

mode. 

In order to select the most reasonable 

hIDO1 crystal structure and hIDO2 homology 

model, many strategies were followed, includ-

ing: 

Visual inspection 

 The 3D structures were compared to the 

literature, and the absence of any cracks 

or missing regions was checked. 

 The interaction patterns and geometry of 

positive controls were compared to pub-

lished data in the literature. 

 The proper amino acid alignment of 

hIDO1 and hIDO2 models in their 3D 

structures upon superposition was 

checked. The position of every amino 

acid was checked and ensured that it was 

truly superposed. 

Root-Mean-Square Deviation (RMSD) 

Calculating RMSD is the simplest 

method for evaluating the reliability of the 3D 

structures within their experimental counter-

part.  

The built 3D-homology models were sub-

jected to two RMSD calculations. 

Ligand / Ligand RMSD (called RMSD of 

native docking): The ligand binding to the 

hIDO1 template was prepared using the Lig-

Prep module. Then, this native ligand was 

docked to the homology model, which was 

built utilizing that crystal structure template. 

Those docked ligands were superposed on 

their crystal state, and RMSD was calculated.  

Protein / Protein RMSD: The hIDO2 3D-

homology models' backbones were super-

posed on the hIDO1 crystal protein backbone 

template, and RMSD was calculated.  

Regarding the hIDO1 crystal structures, 

only the RMSD of native docking (L/L 

RMSD) was calculated. 

Enrichment Factor (EF x%): The EF 
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measures the enrichment of active compounds 

in a molecular dataset given a specific per-

centage of that dataset (threshold). The EF is 

the ratio between ligands (hits) found using a 

certain threshold x % (Hits x %). The number of 

compounds at that threshold N x% normalized 

by the ratio between the hits in the entire da-

taset (Hits100%) and the total number of com-

pounds N100%. EF is used to evaluate the abil-

ity of a virtual screening model to identify ac-

tives from in-actives, which was defined as 

Equation (1). 

EF =
𝐻𝑖𝑡𝑠 𝑠𝑒𝑡

𝑛
/

𝐻𝑖𝑡𝑠 𝑎𝑙𝑙

𝑁
                      (eq. 1) 

Hits set is the number of actives in the se-

lected subset n of the ranked database, and 

Hits all is the total number of actives in the 

database of N compounds (47).  

Receiver Operating Characteristics - Area 

Under the Curve (ROC-AUC) and robust      ini-

tial enhancement (RIE) 

The ROC curve indicates the ability of a 

program to distinguish between ligands and 

decoys (48).  

Ramachandran Plot 

Ramachandran plots serve as a n  indi-

rect verification tool of the stereochemistry 

and geometry of the complex by establishing 

that none of the geometries are in the forbid-

den electrostatically unfavored regions of the 

plot. A good quality model would be expected 

to have over 90% of residues in the most fa-

vored regions (49). 

XP-Glide Docking Studies 

The prepared enzyme structures and ho-

mology models were evaluated based 

on their ability to properly rank the po-

tent candidates with higher docking scores 

compared to low potent candidates that are 

supposed to show low docking scores.  

MM-GBSA 

The capability of hIDO1 crystal struc-

tures and the newly built homology models to 

rank the potent candidates firstly, in contrast 

to non-potent, concerning the binding affinity 

using the prime Molecular mechanics – Gen-

eralized Born Model and Solvent accessibility 

(Prime MM-GBSA) model integrated into the 

Maestro-Schrödinger 12.3 program. The MM-

GBSA model estimates the ligand binding en-

ergies and the ligand strain energies of the 

docked molecules within the binding pocket. 

The Prime MM-GBSA model worked at the 

OPLS-2005 force field and VSGB solvent 

model (The VSGB 2.0 Model, 2017). Thus, 

the total free energy of ligand-receptor bind-

ing was calculated using the resulting Glide 

pose viewer file of the docked ligands. Upon 

binding, the following Equation is applied to 

calculate the changes in free energy: 

ΔG bind = G complex – (G protein + G 

ligand) ----------------------------------------Eq.1 

Where ΔG bind is the ligand-binding en-

ergy, G complex, G-protein, and Gligand are 

the minimized energies of protein-ligand com-

plex, unbound protein, and unbound ligand, 

respectively (50). 

Selecting hIDO1 crystal structures 

Aiming to estimate the selectivity of our 

proposed hits over hIDO1 paralog, there is a 

demand to study their interaction patterns 

within hIDO1 via applying molecular docking 

and MM-GBSA studies. To select a proper 

hIDO1 crystal structure, evaluating parame-

ters such as RMSD, ROC-AUC, RIE, and EF 

calculations were applied. 

Molecular docking studies and selection cri-

teria of promising potent hIDO2 hits 

Obtaining a proper hDO2 homology 

model was followed by subjecting the newly 

built library of hits to molecular docking and 

binding affinity studies. The library of hits 

was docked to the selected model. To select 

the most promised hits that are expected to 

work as a new, novel, and selective hIDO2 in-

hibitor, well-established criteria were followed 

and based on the following: 

- Top 0.5% ranked XP-docking score.  

- Top 0.5% ranked MM-GBSA score. 

- The ability to perform π-π stacking or hy-

drophobic with deeply embedded resi-

dues like F-180 and ILE-181 indicates 

that the hit penetrates deeply to the 

hIDO2 binding site.   

- Perform a short and strong coordination 

bond with Fe+2-porphyrin. 

- They form superior  hydrogen bonds 
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and hydrophobic and polar interactions.  

- Occupy the binding pocket optimally. 

- Optimally ADME-T parameters. 

- Have a good selectivity over the hIDO1 

paralog.  

These summarized criteria are superior to 

that observed in CPN-22 and tenatoprazole. 

Drug likeness analysis 

In order to assess the druggability of our 

finally selected candidates, the drug-likeness 

was assessed by calculating a set of de-

scriptors referred to the absorption, distribu-

tion, metabolism, excretion, and toxicity 

(ADME-T). The QikProp module integrated 

into the maestro Schrödinger suite (Schrö-

dinger Release 2022-3) was used to estimate 

the ADME-T descriptors. It is an easy-to-use, 

quick, and accurate module (51, 52).  

RESULTS  

Building of hits library 

To build the 2nd (self-designed) library, 

The CPN-22, and the proton pump inhibitor 

tenatoprazole showed the best potency and se-

lectivity toward IDO2 enzyme over the IDO1 

paralog (35, 36). Fragmenting these ideal can-

didates and trying to merge or modify these 

parts to various bioisosteric analogs, which 

could simulate these replaced parts, resulted in 

designing a new library of about 4000 hits. 

These newly designed hits were drawn and 

subjected beside the 1st (focused IDO library) 

into maestro-Schrödinger 12.3 to be prepared 

using the LigPrep module.  

Building of homology models 

Swiss-Model server 

Using the Swiss-Model server, a hIDO2-

homology model (model 1) was built based 

on the hIDO1 crystal structure (PDB code 

7E0U.1.A, X-ray resolution = 2.28 Å), Se-

quence identity = 45.31%, coverage range 30- 

416 a.a. (ratio = 0.91), QMean = 0.76, Rama-

chandran favored = 95.6%. The heme-porphy-

rin and the ligand were added by superposing 

the newly built homology model on the crystal 

structure of hIDO1-7E0U. The heme-porphy-

rin structure connected covalently to HIS-360, 

and the binding site was checked and defined 

precisely. 

MPI Bioinformatics toolkit (HH-pred) server 

The homology model, 2 of the hIDO2 

enzyme, was built using the HH-pred based 

on the top-ranked hIDO1 crystal structure 

(PDB code 6E43-B (X-ray resolution = 1.7 

Å), Identities 44%, Similarity: 0.815, proba-

bility 100, E value = 6.8e-73, Score: 567.07, 

Aligned cols: 387, Template Neff: 8.8. The 3-

D model structure was gotten as PDB file then 

once superposed to its template, the ligand, 

and heme-porphyrin were added to the model. 

The heme-porphyrin structure formed a cova-

lent bond to HIS-360, and the ligand was iden-

tified precisely within the binding site.      

Maestro Program version 12.1 (Prime-homol-

ogy modeling) 

As the maestro program is a comprehen-

sive and advanced tool to perform bioinfor-

matics studies, including homology modeling, 

the modeling process could be controlled at 

many stages, from selecting and preparing the 

crystal templates to the final step of building a 

homology model. 

Selecting the Proper Crystal Structures (tem-

plates) 

As a result of applying PSI-BLAST 

search on the target protein sequence of 

hIDO2 as a query sequence and PDB as a da-

tabase, the top-ranked PDB protein codes 

showed the highest amino acid identity (44%) 

to hIDO2 were collected. Those noted PDB 

codes are summarized in (Table 1) including 

their X-ray resolution, missing amino acid, 

and crystallized ligands. All crystal structures 

were found with missing amino acids of chain 

loop structure (generally at amino acid 361-

379), usually lost during crystallization. The 

selected structures have excellent X-ray reso-

lutions (less than 3 Å) except 2D0U, with a 

resolution equal to 3.4 Å. 

After that, these hIDO1 templates were 

prepared, optimized, minimized then utilized 

separately for homology modeling. As a re-

sult, twelve hIDO2 homology models (mod-

els 3 – 14) were built.   

All the newly built models were prepared, 

optimized, and minimized to be ready for 

docking and evaluation studies. 
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Table (1): PDB codes of hIDO1, resolution, missing parts, and ligands. 

PDB code X-ray resolution (Å) Missing a.a. ligand 

2D0T 2.3 361-379 4-phenyl imidazole 

2D0U 3.4 361-379 cyanide 

7E0S 2.7 363-380 (1R,2S)-2-(((6-Bromo- 

1H-indazol-4 yl)amino) methyl) cyclohexane-

1-ol 

7E0Q 2.46 361-381 (1S,2R)-2-(((6-Bromo- 

1H-indazol-4-yl)amino) methyl) cyclohexane-

1-ol 

7E0U 2.27 363-373 6-Bromo-N-(((1S,2S)-2- 

chlorocyclohexyl)methyl)- 1H-indazol-4-

amine (39) 

7E0T 2.1 361-378 (1R,2S)-2-(((5-Bromo-1H- 

indazol-4-yl)amino) methyl) Cyclohexan-1-ol 

4U74 2.31 363-379 4-phenyl imidazole 

6E43 1.71  BMS-978587 

Evaluation tools 

In order to choose the most reasonable 

hIDO2 homology models, which could be 

used confidently in screening studies, all 14 

models of hIDO2 were subjected to the fol-

lowing discriminatory evaluation tools: 

Amino acid superposition in 3-D structure 

Upon superposing the newly built homol-

ogy models on their templates, the amino ac-

ids superposition of the hIDO2 homology 

model and the hIDO1 crystal structure tem-

plate was checked. It was the first time to de-

tail the opposing amino acids observed in 3-D 

structures. As shown in (Table S1) (supple-

mentary materials), the differences between 

paralogs hIDO1 and hIDO2 concerning the 

binding position of Fe+2-porphyrin structure 

and amino acids sequencing within the bind-

ing pocket and entrance gate during the 3-D 

superposition state are summarized, and the 

differences are highlighted. As observed, the 

Fe+2-porphyrin cofactor of both paralogs binds 

to HIS amino acid but at a different position. 

The cofactor binds covalently to HIS-360 in 

hIDO2 but to HIS-246 in hIDO1 paralog. 

Checking the amino acids superposition re-

vealed that the seven amino acids HIS-143, 

LEU-146, ILE-181, TYR-184, SER-277, 

LEU-368, and PRO-380, identified within the 

hIDO2 binding pocket, are replaced with 

TYR-126, CYS-129, PHE-164, SER-167, 

ALA-260, ILE-354, and GLU-364 in hIDO1, 

respectively. Concerning the pocket entrance, 

the two amino acids MET-234 and Val-400 in 

hIDO2 are replaced with ILE-217 and LEU-

384 in hIDO1, respectively. Other amino ac-

ids identified within the binding pocket and 

entrance are found as identical types. All ho-

mology models showed similar superposition 

results, which indicate the high correlation be-

tween them, so further evaluating tools were 

applied to select the best proper one.  

Root-Mean-Square Deviation calculations 

To evaluate our 14 newly built homology 

models, both L/L RMSD and P/P RMSD were 

calculated. The calculated RMSD value refers 

to the distance average between all the atoms 

in two 3-D structures once superposed. It is a 

discriminative indicator that emphasizes the 

proper building process of homology models. 

Optimally, the P/P RMSD value should not 

exceed 2 Å to be applicable for another evalu-

ation process; however, minimal perturbations 

in a loop between domains can result in a mis-

leading high RMSD. Also, Getting an L/L 

RMSD value lower than 2 indicates that the 

molecular docking procedure works well (53). 

As summarized in (Table 2), model 4, which 

was built using the two templates 

2D0T/2D0U, showed the best and ideal L/L 

and P/P RMSD values (less than 2) as a result 

of superposing model 4 (protein backbone + 
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ligand) on the both 2D0T and 2D0U. (Figures 

2-A and B) show the 3-D structure superposi-

tion of model 4 over the 2D0T backbone and 

ligand, respectively. It showed high 3-D struc-

ture fitting reflected that recorded low RMSD 

values. The amino acid sequence alignment of 

hIDO2 on 2D0T and 2D0U using Prime STA 

is shown in (Figure 2-C).  

Model 4, as an ideal one, was selected to 

be subjected to a different evaluation process 

to ensure that it could be used confidently. 

Models 1, 3, and 5, which showed semi-ideal 

RMSD values due to little deviations in some 

regions, were also processed for the other 

evaluation parameters to get further support-

ive data. 

  

 

 

 
Figure (2): (A) protein backbone superposition of hIDO2 (model 4, green ribbon) on hIDO1 (PDB ID: 2D0T-

A, blue ribbon). (B) Ligand Superposition between the docked pose of phenyl imidazole within hIDO2 model 

4 (orange ribbon) and the native crystallized pose of hIDO1 (PDB ID: 2D0T-A, purple ribbon). (C) Prime STA 

alignment sequence of hIDO2 model 4 on the hIDO1 proteins (PDB ID: 2D0T and 2D0U). The red color indi-

cates the presence of un-similarity in amino acid residues. (D) Ramachandran plot analysis of hIDO2-homol-

ogy models 4. The Ramachandran plot allows φ/ψ distributions for homology models as determined in the 

Maestro program. Residues in the favored regions are located in the orange region, while residues in the al-

lowed regions are in the yellow region. The outliers are proline 208, Glycine 303, and Glycine 263. 

P2
08 

G3
03 

G 263 

(B) 

(A) 

(C) 

(D) 

https://journals.najah.edu/journal/pmpj/browse-by-issue/


ـــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــ   354 “Homology Modeling of Human Indoleamine-Pyrrole 2,3-Dioxygenase-2 (hIDO2) and ……” 

Palestinian Medical and Pharmaceutical Journal (PMPJ). 2023; 8(3): 343-366 ــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــ  

Table (2): The RMSD, enrichment factors, AUC-ROC, and RIE calculations of the newly built 

hIDO2-homology models using different programs. 

  

Enrichment factor (EF %) 

The EF is an effective parameter applied 

to assess the power of the prepared protein 

structures to distinguish the active candidates 

from in-actives. Here, the homology models 

1, 3, 4, and 5 were subjected to the Enrichment 

factor (EF %) tool at 1, 2, 5, 10, and 20. The 

EF% values were calculated and summarized 

in (Table 2). The EF20% presents the late-stage 

enrichment, while the EF1% presents the early-

stage enrichment. Regarding the tested hIDO2 

homology models, model 4 showed superior 

early-stage enrichments with EF1% and EF2% 

values equal to 29 and 14, respectively. This 

means that within the top 1% and 2% of the 

docking ranked database, 29 % and 14 % of 

the known ligands can be found, respectively. 

Within the moderate and later stages of en-

richments (EF5, 10, and 20%), models 1, 4, and 5 

showed similar enrichment efficiency with 

less than 6. Models 1 and 5 revealed similar 

EF at the early stage enrichment (EF1% and 

EF2%) with EF equal to 14 and 7, respectively. 

Model 3 was reported with poor enrichment 

and showed 0 enrichments at the early stages.   

Receiver Operating Characteristics - Area 

Under the Curve (ROC-AUC) and robust      ini-

tial enhancement (RIE) 

The ROC-AUC parameter is utilized to 

estimate the capacity of a method. It evaluates 

the ability of protein structure to differentiate 

between decoys and ligands and could be ob-

tained from the ROC curves. Observing a 

ROC-AUC value closer to 1 and a higher RIE 

value indicates that the method has a better 

predictive ability than a random one (54). As 

summarized in (Table 2), model 4 showed 

ideal ROC-AUC and RIE values equaled 0.8 

and 6.13, respectively. Models 1, 3, and 5 

showed similar ROC-AUC values but with 

lower RIE values, which indicates that model 

4 is still the proper one over the others. 

The Ramachandran Plot analysis  

Analysis of model 4, as shown in (Figure 

2-D), regarding the Ramachandran plot, re-

vealed that only three amino acids (proline 

208, Glycine 303, and Glycine 263) were 

found outliers which indicates the propriety of 

model 4, while other models showed weak in-

dications. 

Binding Site Geometry and Enveloped Resi-

dues 
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(F) (G) 

Figure (3): (A) 3D-geometry of hIDO2 binding site displaying pocket A, B, linker, and solvent 

accessible region. Docking simulation of (B) CPN-22, (C) tenatoprazole, (D) A1-compound, (E) A3- 

compound (F) A4-compound, and (G) A7-compound within the binding pocket of hIDO2 homology 

model (based on 2D0T/2D0U). The active site is a 3D gray electrostatic surface (transparency 80%). 

Ligands are shown as stick structures-orange color. Red dashes represent hydrogen bonds; π-π stack-

ing in green dash lines. Blue dash lines indicate the presence of the Pi-cationic bond. 

As shown in (Figure 3-A), the binding 

site identified within model 4 includes two 

main pockets, pocket A and pocket B. pocket 

A locates directly over the Fe+2-porphyrin 

structure and is enveloped by such residues 

like L-146, H-143, and F-180, I-181, T-184. 

Pocket B is displayed as an elongated pocket, 

right to pocket A, and involves residues like 

K-255, N-257, G-278, and R-248. A linker-

like groove connects the two pockets. Addi-

tionally, there is a solvent-accessible region 

that directly exists below pocket B. Those ob-

served regions, geometries, and residues' po-

sitions are identical to those previously re-

ported in the literature (35, 36).  

Molecular Docking Studies and MM-GBSA 

To evaluate the ability of homology 

model 4 to hold the approved potent and se-

lective hIDO2 properly, besides assessing the 

reliability of their binding interactions, geom-

etry, docking scores, and binding energy 

within the binding pocket, molecular docking 

and MM-GPSA studies were applied. The cal-

culated docking scores and ΔG binding energy 

of CPN-22 and tenatoprazole are summarized 

in (Table 3). CPN-22, the most potent hIOD2 

previously found, showed docking score and 

binding energy equal to -7.5 and -80.24, re-

spectively, which are higher than that ob-

served for tenatoprazole (docking score = -

6.6, ΔG binding energy = -75.26). Addition-

ally, the binding geometry and interaction pat-

tern of both compounds within the hIDO2 

binding site is shown in (Figures 3-B and C) 

and found to be similar to that recorded in the 

literature. Both structures are characterized by 

forming short and advanced binding interac-

tions with the Fe+2-porphyrin, a crucial inter-

action for potency, besides many other fa-

vored hydrogen bonds and hydrophobic inter-

actions with the surrounding residues. The 

3D-docking simulations show a superior fit-

ting of CPN-22 compared to tenatoprazole, 

consistent with the observed XP-glide dock-

ing score and ΔG-binding affinity. The ob-

served ideal and advanced binding patterns 

and the ability to rank these selective ligands 

properly emphasize the reliability of model 4. 

Thus, it is a confident model and could be ap-

plied for our final screening.  
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Table (3): The XP- Glide docking scores, calculated binding energy (ΔG), and interaction patterns 

of the selected hits and positive control ligands:  

 

Fe+2-porphyrin (Å): bond distance to Fe+2 structure. H. Bs: hydrogen bonds. π-π stacking: pi-pi stacking bonds. HPHO 

interactions: hydrophobic interactions. π-Cation interaction: pi-cation interactions. 

Selecting the hIDO1 crystal structure 

As shown in (Table 4), evaluating three 

PDB structures referred to the hIDO1 enzyme 

resulted in the PDB ID: 2D0T displaying the 

highest EF values at both primary stages, 

EF1%, and EF2%, equaled 17 and 8.4, respec-

tively. Also, it showed that the lowest RMSD 

protein backbone equaled 0.075 and the opti-

mum of both ROC-AUC and RIE values. 

Thus, the 2D0T backbone was selected to ap-

ply for the molecular docking and hits selec-

tivity studies. 

Table (4): Results of enrichment and RMSD calculations of hIDO1 crystals. 

PDB codes AUC-ROC RIE EF 1% EF 2% EF 5% EF 10% EF 20% 
Ligand 

superposition (RMSD) 

2D0T 0.74 3.09 17 8.4 3.4 1.7 0.83 0.075 

7E0T 0.81 3.41 0 0 3.4 3.3 2.5 0.59 

4U74 0.76 2.67 0 0 8.4 3.4 1.7 0.48 

The finally selected hits  

The chemical structures of the finally se-

lected hits are summarized in (Figure 4). The 

docking scores, calculated binding energy 

(ΔG), and interaction patterns of the selected 

hits besides the positive control ligands (CPN-

22 and tenatoprazole) are summarized in (Ta-

ble 3). The 3D-docking simulations of comp. 

As representative hits, A1, A3, A4, and A7 
are shown in (Figure 3-D, E, F, and G), re-

spectively. As observed, all the selected hits 

showed superior XP-glide docking scores and 

ΔG-binding affinity besides exhibiting ad-

vanced interaction patterns and geometries 

compared to both positive controls (CPN-22 

and tenatoprazole). In addition to that fruitful 

and advanced hydrogen bonds, hydrophobic 

interactions, and shorter coordination bonds to 

Fe+2-porphyrin, hits like A1, A4, A7, and A8 

show special interactions that are supposed to 

play a key role in boosting docking scores and 

binding affinities such as π-π stacking and π-

cationic interactions that did not be observed 

in the positive controls. 
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Additionally, as shown in the 3-D dock-

ing simulation, the binding site is much opti-

mally occupied and filled by our newly dis-

covered hits. All the selected hits are novel 

structures and predicted to have superior po-

tency and selectivity over the previously 

tested ones. On the other hand, those ideal be-

haviors observed within the hIDO2 binding 

site contrast with that observed within the 

hIDO1 binding site. As summarized in (Table 

3), they showed lower docking scores and ΔG 

binding energies as a result of that less optimal 

binding patterns and interactions within 

hIDO1. 

 
 

(A1) (A2) 

 

 
 

 

(A3) (A4) 

  
(A5) (A6) 

  

(A7) (A8) 

 
(A9) 

Figure (4): The chemical structures of finally selected hits. 
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Drug-likeness analysis 

The druggability of our finally selected 

candidates was assessed by calculating the 

ADME-T parameters; all obtained data are 

summarized in (Table 5). All the selected can-

didates revealed optimum safety, physic-

chemical, and pharmacokinetics profiles. So, 

these candidates agree with the FDA-ap-

proved conventional drugs and are highly rec-

ommended to be synthesized to test their bio-

logical activity at both in-vitro and in-vivo 

stages. 

Table (5): ADME-T analysis of CPN-22 and the finally selected hits.  

  
 

The ADME-T properties of synthesized 

molecules using QiKProp module (schrö-

dinger 12.1, LLC, NY) running in normal 

mode. Mol Mw: molecular weight of the mol-

ecule. PSA: van der Waals surface area of po-

lar nitrogen, oxygen, and carbonyl carbon at-

oms. SASA: total solvent accessible surface 

area (SASA) in square angstroms using a 

probe with a 1.4 Å radius. FOSA: Hydropho-

bic component of the SASA (saturated carbon 

and attached hydrogen). FISA: Hydrophilic 

component of the SASA (SASA on N, O, H 

on heteroatoms, carbonyl C). PISA: π (carbon 

and attached hydrogen) component of the 

SASA. WPSA: Weakly polar component of 

the SASA (halogens, P, and S). Volume: To-

tal solvent-accessible volume in cubic ang-

stroms using a probe with a 1.4 Å radius. 

QPpolrz: Predicted polarizability in cubic 

angstroms. #metab⁑: number of likely meta-

bolic reactions. Dipole: computed dipole mo-

ment of the molecule. QPlogPo/w: predicted 

octanol/water partition coefficient. QPlog-

Poct++: predicted octanol/gas partition coef-

ficient. QPlogBB: predicted brain/blood par-

tition coefficient. QPlogHERG: Predicted 

IC50 value for blockage of HERG K+ chan-

nels. QPlogS: predicted aqueous solubility, S 

in mol dm−3. QPlogKhsa: prediction of bind-

ing to human serum albumin. Rule of three: 

number of violations of Jorgensen's rule of 3. 

Rule of five: number of violations of Lipinski 

rule of 5. 

DISCUSSION 

The kynurenine pathway is the main met-

abolic pathway responsible for metabolizing 

the dietary amino acid Trp. Recently it at-

tracted the most attention and is supposed to 

have a key role in various pathological and 

pharmacological states such as cancer and 

rheumatoid arthritis. The two catalyzing en-

zymes IDO1 and TDO2 were studied exten-
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sively, and many potent candidates were dis-

covered, but unfortunately, within the clinical 

studies, no satisfactory results were achieved. 

This turned the attention to the third catalyz-

ing enzyme (IDO2), which is currently an in-

teresting field of research. The absence of 

PDB protein crystal structure, at least until 

now, is considered a real obstacle that led to 

slowing the research progress and, hence, 

slowing the exploration of the ambiguous 

pathological role of IDO2. Thus, building a 

proper and confident hIDO2 homology model 

and finding new potent and selective hIDO2 

inhibitors are becoming urgent issues, our pro-

ject goals here.  

As a result of that shortage in libraries 

concerning IDO2 analog that could be applied 

properly, there was an obligation to build a 

supportive library of hits besides the found 

IDO library. To enhance the confident use of 

that library, the fragment-based drug design 

strategy was followed utilizing the two newly 

discovered promising candidates, CPN-22 and 

tenatoprazole. CPN-22 was selected as the 

most potent hIDO2 inhibitor discovered, with 

IC50 equaled 112 nM and selectivity index 

(SI=hIDO2 IC50 / hIDO1 IC50) equaled 4. On the 

other hand, however, tenatoprazole is less po-

tent than CPN-22, with IC50 equaled 1.5 μM, 

it exhibited the most SI equaled about 50. So 

thinking about fragmenting these two ideal 

candidates and trying to merge or modify the 

fragments that are estimated to fit and occupy 

the main two pockets, linker region and sol-

vent accessible region, is supposed to get su-

perior candidates that could be embedded 

more within the binding site, optimally fit the 

binding pockets and exhibit favored geome-

try. This strategy could decrease the risk of 

getting false ligands and be more proper for 

biological assays.  

As a result of the absence of an hIDO2 

protein crystal structure, there was an urgent 

to build a new hIDO2 homology model. Due 

to that low and problematic identity between 

the hIDO1 and hIDO2 (identity = 44%) to 

build an efficient model and get promised hits, 

many automated homology model servers 

were applied. According to the literature, it 

was reported that most homology models pro-

grams like Prime, SWISS-MODEL, MOE, 

MODELLER, ROSETTA, Composer, OR-

CHESTRA, and I-TASSER could produce 

reasonable models when the sequence identity 

is high. However, in the case of low sequence 

identity, similar to our situation here, the 

prime program (integrated into the maestro in-

terface) showed better results than the other 

programs (55). Another advantage reported to 

the maestro program is utilizing the PSI-

BLAST search to find the 3D- structures tem-

plates. This tool is considered a highly effi-

cient strategy to find the best proper and accu-

rate 3-D structures to build a high-resolution 

homology model (53). Then, the obtained 

high-ranked hIDO1 crystal structures were 

prepared to fix cracks and fill missing residues 

to be properly utilized for the building pro-

cess. These prepared hIDO1 structures were 

subjected to prime modeling servers. 

Also, aiming to improve the building pro-

cess, the strategy of utilizing multiple hIDO1 

templates was applied, besides using a single 

template, to build our homology models. As a 

result, the 14 newly built models were sub-

jected to a difficult evaluation to select the 

best efficient, reasonable, and optimized 

model. The evaluating process included spe-

cific tools such as testing the amino acid su-

perposition in 3-D structure, binding site ge-

ometry, dimension, and enveloped residues, 

calculating L/L and P/P RMSD, Ramachan-

dran plot, ROC-AUC and RIE, Enrichment 

factor (EF), and finally evaluating the docking 

poses, scores, and binding affinity of positive 

controls. As a result, model 4 showed the best 

indicators, so it was selected as a proper and 

reasonable model for molecular docking stud-

ies and screening.   

Studying the amino acid superposing and 

the opposing residues between the two ana-

logs hIDO1 and hIDO2 revealed that, how-

ever, the moderate similarity between the two 

paralogs hIDO1 and hIDO2, their heme-bind-

ing site implicates a high degree of amino acid 

conservation. As shown in (Table S1), which 

summarizes the residues found within the 

heme-binding site and entrance of hIDO1and 

hIDO2, replacing I-217 of hIDO1 with methi-

onine residue in hIDO2 besides substituting of 

L-384 of hIDO1 with V-400 in hIDO2 inside 

the entrance yielded some accessibility hin-

drance of substrates to the binding pocket of 

hIDO2. These bulky residues, methionine, 

and valine, are also supposed to be responsible 
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for the differences in catalytic activity, sub-

strate binding pattern, and the three-dimen-

sional structures between IDO2 and IDO1(30, 

56). In hIDO1, the F-227 residue plays a crit-

ical role in conserving the dioxygenase activ-

ity via involvement in substrate recognition 

due to its high ability to generate effective hy-

drophobic interactions. The Tyrosine substi-

tutes this decisive hydrophobic amino acid in 

hIDO2. However, regarding the residue 

charge and chemical structure, this mutation 

from phenylalanine to Tyrosine is assumed to 

be conservative. However, this minimal 

change could manipulate the behavior of 

IDO2 binding pockets by reinforcing their sul-

fation and phosphorylation susceptibility (57). 

Additionally, both enzymes show differences 

in the position where the porphyrin-Fe+2 struc-

ture is anchored; however, all are stabilized 

over the histidine residue. The heme of por-

phyrin is stabilized over H-346 and H-360 in 

hIDO1, and hIDO2, respectively, which indi-

cates further differences in their 3-D struc-

tures and catalytic activity. 

Molecular docking studies were applied 

to predict the interaction pattern of the ligand-

protein complexes within the binding pocket. 

Additionally, the docking simulations were 

used to distinguish the promising leads by re-

alizing the best binding poses and type of in-

teractions observed. Docking simulation of 

CPN-22 and tenatoprazole to model 4 re-

vealed an ideal binding mode and geometry 

similar to that observed in the literature (35, 

36). It is believed that the higher SI of tena-

toprazole over CPN-22 stemmed from that 

better filling of pocket A. As summarized in 

(Table S1), replacing seven residues (espe-

cially Y-126 in hIDO1 with H-143 in hIDO2) 

resulted in a larger pocket A in the hIDO2 pa-

ralog. The pyridine ring structure of tenatopra-

zole has an ideal occupying and fitting behav-

ior to pocket A than the Br-phenyl amide ring 

of CPN-22, which resulted in better SI. 

On the other hand, the higher inhibition 

potency of CPN-22 stemmed from the better 

fitting of pocket B. As a result of merging and 

modifying those optimum fragments of both 

CPN-22 and tenatoprazole in a new library, 

new hits have been selected that are supposed 

to have higher potency and selectivity com-

pared to the positive controls. The molecular 

docking simulation of hit A3 shows replacing 

the triazole ring in CPN-22 with the pipera-

zine ring, resulting in better binding geometry 

and interactions within the hIDO2 binding 

site. As shown in (Figure 3-E), the piperazine 

ring plays multi-functional roles via forming 

strong and short coordination bonds to the 

Fe+2-porphyrin structure, embedding the pic-

olinamide amide ring more to pocket A re-

sulted in forming better hydrophobic interac-

tion, and the protonated nitrogen participates 

in further polar interactions—additionally, 

docking simulation of comp. A4 (Figure 3-F) 

shows that replacing the Br- group in CPN-22 

with the hydroxyl group created a new hydro-

gen bond with T-184 within pocket A. Also, 

replacing the pyridine ring with a benzimidaz-

ole ring resulted in forming π-cationic interac-

tion with R-248 and a new hydrogen bond 

with S-252. The presence of longer linker and 

bulker terminals as found in compound A7 or 

more lipophilic linker as found in comp. A1 to 

that observed in tenatoprazole led to exhibit-

ing better fitting and embedding character 

than the benzimidazole ring. 

In summary, the structural activity rela-

tionship (SAR), as illustrated in (Figure 5), a 

2D scheme was drawn to present the structural 

features preferred to achieve reasonably po-

tent and selective IDO2 inhibitors. The SAR 

suggests that pocket A is optimally occupied 

with one Hexa-aromatic ring (blue color) and 

owns at least one non-protonated basic atom 

(X), like nitrogen. Substituting the meta or 

para-position with large polar functional 

groups like methoxy substituents is preferred 

to enhance the potency and selectivity. The 

linker (green color) is highly preferred to be 

simple, two carbon distance dilating from the 

ortho position of the ring, so the nitrogen atom 

will coordinate properly with the Fe+2-porphy-

rin cofactor, which is a critical interaction 

within the binding site. As pocket B is a large 

and elongated structure, so could tolerate a se-

ries of aromatic and non-aromatic rings (red 

color) connected with 2-3 carbon chains, 

providing some flexibility. It is preferred to in-

corporate many polar functional groups, such 

as hydroxyl and protonated nitrogen atoms, to 

form hydrogen bonds with the surrounding 

residues. The terminal ring is preferred at meta 

or para positions with large polar substituents 

like Br or methoxy. Finally, incorporating a 

polar aromatic ring within the middle region 
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provides superior effects as it directly opposes 

the solvent-accessible region; this could par-

ticipate mainly in stabilizing the ligand within 

the binding pocket and enhancing the affinity.   

 

 

  

Figure (5): The proposed structural activity relationship (SAR) to gain potent and selective IDO2 

inhibitors is shown as a 2D scheme. The X is preferred to be a non-protonated basic atom like nitro-

gen, while the R1 and R2 groups are supposed to be large polar functional groups at meta or para- 

positions. 

Finally, the selected candidates showed 

an ideal druggability profile, and all estimated 

physic-chemical and pharmacokinetic de-

scriptors locate within the recommended val-

ues and sometimes showed better druggability 

profiles than CPN-22.  

CONCLUSION 

To sum up, the demand for new anti-

cancer/anti-inflammatory drugs has become 

urgent. Recently, many reports indicated that 

the IDO2 enzyme is a key modulator and po-

tential target in many complex diseases such 

as cancer and autoimmune diseases. Discov-

ering new selective IDO2 inhibitors is still 

challenging due to the absence of IDO2 pro-

tein crystal structure. The rare studies on 

IDO2 enzymes, especially in the human type, 

and the few selective hIDO2 inhibitors raised 

the demand to find new potent and selective 

candidates and to examine the human type 

(hIDO2) more. This study described building 

a new hIDO2 homology model, which suc-

cessfully passed all the evaluating parameters 

that assessed its ability to be applied confi-

dently. To minimize the risk and to grow up 

the possibility of finding potent and selective 

candidates, two libraries of hits were utilized, 

the 1st is already found in the literature, and the 

2nd is a self-designed library built based on the 

previously reported selective IDO2 and 

docked to our recently built homology model. 

As a result, 9 new candidates were discovered 

that are supposed to have higher potency and 

selectivity against hIDO2 than the reference 

drugs. Many strategies were applied to em-

phasize their activity, such as glide XP-dock-

ing score, MM-GPSA, ability to interact ef-

fectively with the Fe+2-porphyrin, and embed-

ded deeply within the IDO2-binding pocket. 

Additionally, all the selected hits showed op-

timum druggability and safety profiles. These 

newly discovered compounds are suggested to 

inhibit hIDO2 potentially and selectivity; they 

are considered promising candidates to realize 

the ambiguous role of IDO2 in various patho-

logical states, particularly in cancer and rheu-

matoid arthritis. 
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