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To explore potential indoleamine 2,3-dioxygenase 1 (IDO1) inhibitors, we designed a series of compounds
incorporating urea and 1,2,3-triazole structures. IDO1 enzymatic activity experiments with the synthesized
compounds were used to verify their molecular-level activity; for instance, the half maximal inhibitory concentra-
tion value of compound 3c was 0.07 uM. Our research has yielded a series of novel IDO1 inhibitors which may

be beneficial in the development of drugs targeting IDO1 for cancer treatment.

1. Introduction

Urea has an extensive history in medicinal chemistry applications
as a structure fragment, often playing an important role in the
regulation of drug—target interactions. Its two amino groups and
the carbonyl that connect them render it highly druggable (Fig.
1) (Owen et al. 1993). In the design of molecular drugs, the use
of a urea structure fragment may improve the drug’s bioactivity,
increase its selectivity, and optimize its physico-chemical proper-
ties. Furthermore, urea incorporation can be helpful in overcoming
metabolic stability issues and removing toxic pharmacophores,
leading to fewer side effects (Nakagawa et al. 2009). N,N'-Di-
phenylurea (DPU) is the earliest known phenylurea compound
with a symmetrical structure; it is widely found in plants, where it
plays an important role in growth regulation (Nauck et al. 2013).
The function of DPU is similar to that of cytokinin; they both
promote chlorophyll synthesis and inhibit oxidase activity. DPU
is the earliest plant growth regulator used to help maintain plant
freshness and delay aging (Kiser et al 2012). Derivates of DPU
also play important roles in drug design. For example, sorafenib
incorporates the DPU structure and acts as a multi-kinase inhibitor
that can inhibit the activity of b-Raf, c-KIT, c-Raf, fms-like tyrosine
kinase 3 (FLT3), platelet-derived growth factor (PDGFR)-0/f and
vascular endothelial growth factor (VEGFR)-1/2/3. Its typical clin-
ical application is in the treatment of cancerous tumors, notably in
cases of acute myeloid leukemia (Escudier 2007; Liu et al.2007).
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Fig. 1:  Structures of urea, DPU and sorafenib
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The 1,2,3-triazole moiety is a prominent structure element of
nitrogen-containing heterocyclic compounds (Bonandi et al. 2017;
Mao et al. 2020a; Bozorov et al. 2019). Bearing a five-membered
heterocyclic ring comprising three nitrogen and two carbon atoms
(molecular formula: C2N3H3), 1,2,3-triazole has a unique rigid
planar structure, which imparts strong DNA intercalation ability.
Its large dipole moment facilitates a variety of non-covalent inter-
actions with different biological targets; these include hydrophobic
interactions, hydrogen bonding, van der Waals forces, and dipole—
dipole interactions. In addition, the structural characteristics of
1,2,3-triazole allow its use as an electronically equivalent substi-
tute for amide, ester, carboxylic acid, and alkene rigid analogues.
Thus, 1,2,3-triazole has a broad range of biological activities and is
often used as a molecular building block in the synthesis of active
compounds, such as antibacterial (Zhang 2019), anti-malarial
(Dantas et al. 2021; Feng et al. 2021), anti-fungal (Santos et al.
2020), anti-viral (Tan et al. 2021), anti-tubercular, and anti-tumor
drugs (Alam 2022; Linag et al. 2021). The modification of several
drugs in clinical use with 1,2,3-triazole enhances their biological
activity and can lead to the discovery of new biological activities
(Fig. 2). For example, when a terminal alkyne group is introduced
into the parent structure of dolutegravir, an HIV integrase inhibitor,
it reacts with 2-trifluoromethylphenyl azide to produce DTHP. In
in vivo experiments in mice, DTHP substantially inhibited the
proliferation of various lung cancer cells, especially H1975, by
inducing apoptosis and increasing the reactive oxygen species
concentration (Wang et al. 2020). Icotinib, an epidermal growth
factor receptor (EGFR) inhibitor, reacts with 3-chlorophenyl azide
via the terminal alkyne moiety in its structure, to form a7 (Mao
et al. 2020b), which has a strong inhibitory effect on both mutant
lung cancer cells (PC-9) and wild-type lung cancer cells (H460
and A549). Thus, a7 is more effective than icotinib in the clinical
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treatment of lung cancer. In a similar study, 1,2,3-triazole was
introduced into naphthoquinone to produce 7a (Mao et al. 2020),
which inhibits the growth of Caco-2 cells [half maximal inhibitory
concentration (IC, ) = 23.92 uM] by blocking topoisomerases I and
Ilo, and shows selectivity. An indole-2-one derivative containing
the 1,2,3-triazole moiety (13d) induces a strong inhibitory effect
on the VEGFR-2 kinase (IC,, = 26.38 nM) and various tumor cells
(Wang et al. 2021).
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Fig. 2:  Structure of 1,2,3-triazole compounds

Thus, the incorporation of the 1,2,3-triazole group into the
molecular structure of a drug can considerably improve its anti-
tumor performance. In this study, we explored the possibility of
improving the anti-tumor efficiency of N,N'-diphenylurea (DPU)
by introducing various 1,2,3-triazole groups into its structure.

2. Investigations and results
2.1. IDOI inhibition study

Based on literature surveys, we selected the HeLa cell-based func-
tional assay to study the indoleamine 2,3-dioxygenase 1 (IDO1)
inhibition activities of the designed compounds (Yue et al. 2009;
Malachowski et al 2016; Qian et al. 2016). We employed Amg-1
as a positive control; its IC, value was measured to be 3.97 uM
under our experimental conditions (which is close to the actual
value). As shown in the Table, the activities of compounds 3a-3e
against IDO1 were all below 6 uM, with 3¢ reaching 0.07+£0.04
UM. This indicates that all the synthesized compounds 3a—3e have
good inhibitory activity against IDO1.

Table: IDO1 inhibitory activities of designed derivatives

Compounds IDOL IC, (uM)
3a 0.36+0.09
3b 1.67+0.52
3c 0.07+0.04
3d 5.09+1.31
3e 5.56x1.09

Amg-1 3.97+0.88

IC,, values were fitted from single point inhibition curves, and two parallel experiments were per-
formed for each compound. IC, values were calculated using Graph Pad Prism 8.0 software. These
results are reported as the averages + SD.

2.2. Molecular docking studies of compound 3c

To better understand the potential of the designed compounds
against IDO1, we selected compound 3¢, which had the best inhib-
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itory activity, for binding mode analysis. The docking score of
compound 3¢ was measured as —7.808, with the distance between
the triazole ring and heme iron being 4.3 A. The two N atoms of the
urea group act as hydrogen bond donors to form hydrogen bond
interactions with heme. Hydrophobic amino acids such as V125,
Y126, C129, V130, F163, F164, F226, F227, R231, 1234, A260,
A264 and F291, 1354 and L.384 formed hydrophobic interactions
with compound 3¢, similar to co-crystal complexes. Among the
amino acids, F226 and R231 are essential for IDO1 inhibitory
activity. Figure 3 shows the interaction of compound 3¢ and the
IDO1 protein.

Fig 3: The 3D binding mode of compound 3¢

2.3. Conclusions

In this study, five compounds containing urea and 1,2,3-triazole
structures were designed. Compound 3¢ exhibited the best inhibi-
tory effect on IDO1 (IC, =0.07uM), and molecular docking studies
confirmed compound 3¢ to be the most promising of the devised
compounds. Therefore, we plan to optimize this compound and
carry out further experimental studies at cellular and animal levels.

3. Experimental

3.1. Materials and chemistry

1,2,3-Triazole derivatives were synthesized independently by our research group.
All reagents were gained from commercial source without further purification. '"H
NMR and ""C NMR spectra were recorded by Bruker 600 spectrometer in DMSO-d,
solution. Chemical shifts (d) were showed in parts per million. Tetramethylsilane
(TMS) was used as internal reference, while coupling constants were expressed in
hertz. High-resolution mass spectra (HR MS) measurements were carried out using a
Bruker Micro ToF II mass spectrometer.

DMEM medium, fetal bovine serum and Hela cell line were purchased from ATCC
(Virginia, USA). Recombinant Human IFN-y was purchased from R&D systems
(Emeryville, CA, USA). Acetic acid, 3.05 N trichloroacetic acid and 4-(dimethyl-
amino)benzaldehyde and were obtained from Sigma Aldrich.

The phenyl isocyanate derivatives 1a—1b were reacted with 2-aminophenylacetylene,
N,N-Diisopropylethylamine (DIPEA) and 2-(7-Azabenzotriazol-1-yl)-N,N,N’,N’-te-
tramethyluronium hexafluorophosphate (HATU) in N,N-dimethylformamide (DMF)
to form compounds 2a-2b, which were then reacted with various azide derivatives
to yield compounds 3a-3e (Gimeno et al. 2010; Guo et al. 2022). The molecular
structures of these compounds were analyzed using 'H NMR, '*C NMR, and MS.
These five compounds were then tested for their anti-IDO1 activity.

3.2. General procedure for preparation of compounds 2

To a solution of 4-bromophenyl isocyanate (2.0 g, 0.01mol) in CH,CI, (100 mL) was
added 2-aminophenylacetylene (1.2 g, 0.01mol) in one portion. After stirring at room
temperature for 2.5 h, the mixture was concentrated, and the residue was purified by
column chromatography on silica gel (eluent: PE/EA = 2:1) to give compound 2a as
pale yellow solid.

3.2.1. 1-(2-Ethynylphenyl)-3-(4-methoxyphenyl)urea (2a)

White solid-"H NMR (600 MHz, DMSO- d,) § 9.26 (s, 1H), 8.63 (s, 1H), 8.06 (d, J
=8.4 Hz, 1H), 7.65 (d, J = 7.8 Hz, 1H), 7.62 (dd, J, = 7.8 Hz, J, =1.2 Hz, 1H), 7.43
(t, J =7.2 Hz, 1H), 7.28 (t, J = 9.0 Hz, 2H),7.15 (m, 1H), 7.06 (d, J = 7.8 Hz, 1H),
3.65 (s, 3H), 2.89 (s, 1H). "C NMR (151 MHz, DMSO-d,) & 154.74, 153.89, 142.68,
135.65, 132.26, 128.63, 124.84, 121.36, 119.23, 117.36, 114.61, 79.15, 71.53, 55.23.
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Conditions: a). Isocyanate (0.01 mol) in 100 mL CH,Cl, and 2-aminophenylacetylene
(0.01 mol) was added, then stirring at r.t. for 2.5 hours; b) Urea (1.0 mmol) and azido
(1.2 mmol) added to 15 mL of mixed solvent (water: zert-butanol=2:1), then the reac-
tion was operated under copper sulfate pentahydrate (0.1 mmol) and sodium ascorbate
(0.2 mmol) at 80 °C for 4 hours.

Scheme: Reaction routes and structures of compounds 3a—3e

3.2.2. 1-(4-Bromophenyl)-3-(2-ethynylphenyl)urea (2b)

White solid; 'H NMR (600 MHz, DMSO- d,) § 9.56 (s, 1H), 9.03 (s, 1H), 8.26 (d, J =
8.4 Hz, 1H), 7.78-7.75 (m, 1H), 7.54 (dd, J, = 7.8 Hz, J, =1.2 Hz, 1H), 7.42 (, /= 7.2
Hz, 1H), 7.25 (t, J = 8.4 Hz, 2H),7.17 (m, 1H), 7.04 (d, J = 7.8 Hz, 1H), 2.97 (s, 1H).
“C NMR (151 MHz, DMSO- d,)) & 154.64, 153.45, 141.94, 136.68, 132.75, 129.53,
124.64, 121.65, 118.63, 116.16, 112.71, 78.24, 72.74.

3.3. General procedure for preparation of compounds 3

The reaction reagents were compound 2a (0.32 g, 1.0 mmol) and 1-(azidometh-
yl)-2-bromobenzene (0.2g, 1.2 mmol), which were added to 15 mL of mixed solvent
(water: tert-butanol=2:1). The reaction was performed in copper sulfate pentahydrate
(0.1 mmol) and sodium ascorbate (0.2 mmol) at 80 °C for 4 h. The reaction status was
monitored by TLC, and after completion of the reaction, the mixture was extracted
through dichloromethane (15 mLx3). The organic phase was combined and washed
successively with water and brine, then dried over sodium sulfate and concentrated in
vacuo. The desired compound 3a was isolated by column chromatography (CH,CL/
MeOH=20:1).

3.3.1. 1-(2-(1-(2-Bromobenzyl)-1H-1,2,3-triazol-4-yl)phenyl)-3-(4-me-
thoxyphenyl)urea (3a)

Brown solid; 'TH NMR (600 MHz, DMSO-d,) 3 9.76 (s, 1H), 9.33 (s, 1H), 8.70 (s, IH),
8.10 (d, J = 8.4 Hz, 1H), 7.71 (d, J = 7.8 Hz, 1H), 7.67 (dd, J, = 7.8 Hz, J, =1.2 Hz,
1H), 7.43 (t,J=7.2 Hz, 1H), 7.38 (t, /= 9.0 Hz, 2H), 7.33 (td, J, = 7.8 Hz, J,=1.8 Hz,
1H), 7.32 — 7.28 (m, 2H), 7.07 (t, J = 7.2 Hz, 1H), 6.86 (d, J = 9.0 Hz, 2H), 5.79 (s,
2H), 3.71 (s, 3H); "C NMR (151 MHz, DMSO- d,) § 154.95, 153.38, 146.47, 137.19,
135.03, 133.42, 131.21, 131.02, 128.81, 128.74, 128.43, 123.86, 123.51, 122.68,
122.28, 120.89, 118.96, 114.35, 55.62, 53.79.

3.3.2. 1-(2-(1-(3-Bromobenzyl)-1H-1,2,3-triazol-4-yl)phenyl)-3-(4-me-
thoxyphenyl)urea (3b)

White solid; 'H NMR (600 MHz, DMSO-d,)  9.69 (s, 1H), 9.32 (s, 1H), 8.74 (s,
1H), 8.10 (d, J = 8.4 Hz, 1H), 7.65 (dd, J, = 7.8 Hz, J, =1.8 Hz, 2H), 7.56 (dt, J, =
7.2 Hz, J,=1.8 Hz, 1H), 7.39 (dd, J, = 7.2 Hz, J, =1.8 Hz, 3H), 7.37 (d, J = 7.8 Hz,
1H), 7.32 - 7.28 (m, 1H), 7.10 — 7.03 (m, 1H), 6.89 — 6.83 (m, 2H), 5.73 (s, 2H), 3.72
(s, 3H); *C NMR (151 MHz, DMSO-d,) § 154.97, 153.37, 146.61, 138.75, 137.19,
133.37, 131.65, 131.51, 131.40, 128.76, 128.46, 127.89, 127.69, 123.63, 122.67,
122.37, 12219, 120.91, 118.95, 114.36, 55.62, 53.12, 52.84.

3.3.3. 1-(2-(1-(3-Methoxybenzyl)-1H-1,2,3-triazol-4-yl)phenyl)-3-(4-me-
thoxyphenyl)urea (3c)

Brown solid; '"H NMR (600 MHz, DMSO-d,) & 9.72 (s, 1H), 9.34 (s, 1H), 8.71 (s,
1H), 8.10 (d, J = 8.2 Hz, 1H), 7.64 (d, J = 7.8 Hz, 1H), 7.39 (d, J = 9.0 Hz, 2H), 7.30
(q, J = 7.8 Hz, 2H), 7.06 (t, J = 7.8 Hz, 1H), 6.99 (s, 1H), 6.93 (t, J = 7.8 Hz, 2H),
6.86 (d, J=9.0 Hz, 2H), 5.67 (s, 2H), 3.75 (s, 3H), 3.71 (s, 3H); *C NMR (151 MHz,
DMSO-d,) 6 159.96, 154.96, 153.37, 146.60, 137.60, 137.19, 133.40, 130.47, 128.70,
128.43,123.48, 122.64, 122.18, 120.90, 120.60, 118.99, 114.36, 114.10, 55.61, 53.62.

3.3.4. 1-(2-(1-(3-Bromobenzyl)-1H-1,2,3-triazol-4-yl)phenyl)-3-(4-bro-
mophenyl)urea (3d)

White solid; 'H NMR (600 MHz, DMSO-d,) 8 9.79 (s, 1H), 9.67 (s, 1H), 8.75 (s, 1H),
8.08 (d,J = 8.0 Hz, 1H), 7.67 (dd, J, = 7.8 Hz, J, =1.2 Hz, 1H), 7.65 (s, 1H), 7.57 (d,
J =72 Hz, 1H), 7.49 — 7.44 (m, 4H), 7.39 (d, J = 7.8 Hz, 1H), 7.36 (1, J = 7.8 Hz,
1H), 7.32 (t, J = 7.8 Hz, 1H), 7.11 (t, J = 7.8 Hz, 1H), 5.73 (s, 2H); *C NMR (151
MHz, DMSO-d,) & 153.05, 146.52, 139.87, 138.73, 136.73, 131.89, 131.66, 131.51,
131.41, 128.81, 128.49, 127.70, 123.71, 123.12, 122.46, 122.37, 120.91, 119.31,
113.74, 52.85.
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3.3.5. 1-(4-Bromophenyl)-3-(2-(1-(3-methoxybenzyl)-1H-1,2,3-triazol-4-
yl)phenyl)urea (3e)

White solid; 'H NMR (600 MHz, DMSO-d,) & 9.84 (s, 1H), 9.69 (s, 1H), 8.73 (s,
1H), 8.08 (d, J = 7.8 Hz, 1H), 7.67 (d, J = 7.8 Hz, 1H), 7.48 (d, J = 9.0 Hz, 2H),
7.67 (d, J = 9.0 Hz, 2H), 7.33 — 7.29 (m, 2H), 7.10 (t, J = 7.2 Hz, 1H), 7.00 (s, 1H),
6.93 (1, J = 8.4 Hz, 2H), 5.67 (s, 2H), 3.75 (s, 3H); “C NMR (151 MHz, DMSO-d,)
5 159.95, 153.06, 146.51, 139.89, 137.57, 136.72, 131.88, 130.46, 128.74, 128.46,
123.54,123.09, 122.44, 120.91, 120.60, 119.34, 114.36, 114.09, 113.73, 55.60, 53.63.

3.4. IDOI enzymatic inhibition assay

To demonstrate the inhibitory effect of the designed compounds against IDO1, Hela
cell density was adjusted using DMEM complete medium and subsequently seeded
into 96-well cell culture plates at 100 uL per well for a total of 50,000 cells, and then
incubated at 37 °C, 5% CO, overnight. The next day, 100 uL various concentrations
of the compounds were diluted by medium containing 100 ng/mL human IFNy, and
added into 96-well then incubated for 18 h. The third day, 140 uL of medium was
removed into a new 96-well plate and added 10 pL of 6.1 N TCA to precipitate the
protein at 50 °C for 30 min. Sediment was centrifuged at 2500 rpm for 10 min. Then
supernatant was transferred to another 96-well plate and mixed with 100 uL [2%
(w/v)] of 4-(dimethylamino) benzaldehyde in acetic acid. The plate was incubated at
room temperature for 10 min, the yellow color derived from kynurenine was recorded
by measuring absorbance at 480 nm using a microplate reader (PE, USA). Graphs of
inhibition curves with IC, values were generated using Prism 6.0 (Mao et al. 2020a).

3.5. Molecular docking

Molecular docking was performed with standard precision in Schrodinger 2015. The
crystal structure of IDO1 complexed with Amg-1 (PDB: 4PK5) was obtained from
RCSB PDB database. Protein and compounds were processed by Protein Preparation
Wizard and LigPrep module, respectively. IDO1 protein was prepared by assigning
bond orders, adding hydrogens, creating zero-order bonds to metals, creating disulfide
bonds, deleting waters beyond 5.00 A from het groups, structural optimization and
energy minimization. Compounds were optimized under the OPS2005 force field. A
grid of size 20 x 20 x 20 Ais generated centered on Amg-1 while generating metal
coordination constraints centered on heme. 3D binding mode of the compound 3¢ was
visualized by PyMOL (version 2.4.0) software with best docking score.
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