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ABSTRACT: Indoleamine 2,3-dioxygenase 1 (IDO1) is considered as a promising target for the treatment of several diseases,
including neurological disorders and cancer. We report here the crystal structures of two IDO1/IDO1 inhibitor complexes, one
of which shows that Amg-1 is directly bound to the heme iron of IDO1 with a clear induced fit. We also describe the
identification and preliminary optimization of imidazothiazole derivatives as novel IDO1 inhibitors. Using our crystal structure
information and structure—activity relationships (SAR) at the pocket-B of IDO1, we found a series of urea derivatives as potent
IDO1 inhibitors and revealed that generation of an induced fit and the resulting interaction with Phe226 and Arg231 are essential
for potent IDOI inhibitory activity. The results of this study are very valuable for understanding the mechanism of IDO1
activation, which is very important for structure-based drug design (SBDD) to discover potent IDO1 inhibitors.
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>< -ray crystallography is a powerful tool for clarifying target
protein structures and plays a critical role in drug

discovery, especially in structure-based drug design (SBDD),
which is one of the most useful methods for lead generation
and optimization. Detailed analysis of the crystal structure of a
target protein/ligand complex is essential for SBDD and its
success. Starting point of SBDD study is to obtain the suitable
crystals of target protein/ligand complexes. However, the
difficulty of it often depends on the target protein.' For
example, heme-containing proteins present a challenge because
preparation of highly active recombinant protein is very
difficult.”

Indoleamine 2,3-dioxygenase 1 (IDO1) is a heme-containing
protein that catalyzes the oxidative cleavage of the C2—C3
double bond of the indole in tryptophan to provide N-formyl-
kynurenine. This reaction is known as the initial and rate-
limiting step in the kynurenine pathway of tryptophan
catabolism in mammals.”™® The generated N-formyl-kynur-
enine is further metabolized to bioactive metabolites, including
kynurenine, kynurenic acid, 3-hydroxy-kynurenine, and quino-
linic acid, which are known to be involved in a number of
neurological disorders, such as Alzheimer’s disease, Parkinson’s
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disease, and cerebral ischemia.” In addition, overexpression of
IDOLI has been reported in many tumor cells,® and IDO1 is
considered as one of the key factors that contributes to cancer
immunosuppression in tumor microenvironment. IDO1 helps
create a tolerogenic state in both the tumor and its draining
lymph nodes by both direct suppression of T cells and
enhancement of local regulatory T cells.” As IDO1 is strongly
induced by interferon y, which is produced by cytotoxic T
lymphocytes,'® it presumably impairs the antitumor efficacy of
other immune therapy. Therefore, inhibition of IDO1 would be
very useful for the treatment of not only neurological diseases
but also cancer.

To date, several types of IDOI1 inhibitors, including
tryptophan derivatives as represented by 1-methyltryptophan
(1-MT),"" 4-phenyl imidazole (PI) analogues,'>'® the
thiazolotriazole compound Amg-1,'* and the hydroxylamidine
compound 1,"* have been reported (Figure 1). Compound 1
has the most potent IDO1 inhibitory activity (ICs, = 67 nM, ref
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Figure 1. Structures of representative IDO1 inhibitors.

15) in currently reported IDO1 inhibitors. Even though a
number of IDO1 inhibitors have been reported, only the crystal
structure of IDO1/PI complex is currently available.'® This
indicates that preparation of suitable crystals of IDO1/IDO1
inhibitor complex would be very difficult, probably due to
additional technical issues distinctive of IDO1 as a heme-
containing protein.2

It is reported that PI interacts directly with IDO1 heme iron
at the imidazole nitrogen and that its phenyl group fits deeply
into one of IDO1 hydrophobic pockets (pocket-A). The other
hydrophobic pocket (pocket-B) is occupied by two molecules
of the buffer N-cyclohexyl-2-aminoethanesulfonic acid (CHES)
(Figure 2a; and the stereoview, see Figure SI in the Supporting
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Figure 2. (a) Crystal structure of IDO1/PI (purple) complex (PDB:
2DOT). CHES is colored in blue. (b) Crystal structure of IDO1/Amg-
1 (green) complex (PDB: 4PKS). Main chain Ala260-Ser263 (yellow),
Phe226 (pink), and Arg231 (cyan) are shown in both panels.

Information). According to Shiro et al,'® site-direct muta-
genesis analysis of IDO1 catalytic activity is ensured by two
amino acid residues: Phe226 and Arg231, both of which are
part of the residues forming pocket-B. They hypothesized that
both residues are directly involved in substrate recognition by
hydrophobic interactions.
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Almost all studies of IDO1 inhibitors make use of the crystal
structure information on IDO1/PI complex or related plausible
docking models to optimize their compounds. However, many
of these studies discuss only the structure—activity relationships
(SAR) at the pocket-A and the interaction with the heme iron
without addressing SAR at the pocket-B. The reason should be
that PI is a fragment-like inhibitor and interacts directly with
heme iron and pocket-A, not pocket-B.

In our discovery study for novel IDOI inhibitors, we
considered that crystal structure information on IDO1/IDO1
inhibitor complex at pocket-B and elucidation of SAR at
pocket-B are important for finding potent IDO1 inhibitors.
Herein we report crystal structures of two IDO1/IDO1
inhibitor complexes, where the inhibitor interacts directly
with pocket-B. We also describe the identification and SAR of a
series of imidazothiazole derivatives as novel IDO1 inhibitors.

First, we sought to obtain the crystal structure of IDO1/
IDO1 inhibitor complex. For that, we initially prepared a highly
homogeneous recombinant IDO1 protein with a heme content
ratio of approximately 78% compared to fully native heme-
incorporated IDO1 protein.'* Incubation in 0.75 mM &-
aminolaevulinic acid at 30 °C for 12 h and purification with a
strong reductant buffer containing 1 mM tris(2-carboxyethyl)-
phosphine (TCEP) were essential in achieving a heme content
ratio of more than 70%. Next, we turned our attention to
crystallization of IDO1/IDO1 inhibitor complex. Here, adding
the inhibitor while removing TCEP using a desalting column
was very important for crystallization. Investigation of some
currently reported IDO1 inhibitors led to the crystal structure
of IDO1/Amg-1 complex as shown in Figure 2b (for the omit
map and the stereoview, see Figure S2ab in the Supporting
Information). Interestingly, contrary to a previous report,14
which suggests that Amg-1 does not interact with heme iron,
we found that the nitrogen of thiazolotriazole in Amg-1 was
directly bound to the heme iron and that tolyl group was placed
at pocket-A. Furthermore, IDO1/Amg-1 complex showed a
remarkable induced fit compared to IDO1/PI complex. Pocket-
A expanded as structure of the main chain Ala260-Ser263
changed, and a shift of both Phe226 and Arg231 resulted in
extension of pocket-B. The amide side chain of Amg-1 located
at the expanded pocket-B, and the methylenedioxyphenyl
moiety took a position adjacent to both residues. These
findings were considered as encouraging for SBDD since they
provided, for the first time, an induced fit for the crystal
structure of IDO1/IDO1 complex and allowed acquisition of
precise structure information, where IDOI inhibitor directly
interacted with IDO1 protein at both pocket-A and pocket-B.

To confirm the potential of the basic scaffold of Amg-1, we
evaluated IDO1 inhibitory activity of the para-tolyl thiazolo-
triazole compound 2. Like PI, compound 2 showed weak IDO1
inhibitory activity (Figure 3). The crystal structures of Amg-1
and PI revealed that both 2 and PI would bind to IDOL1 at the
same site and that 2 would directly interact with the heme iron.
We focused on the pK, value of the nitrogen atom bound to the
heme iron to design a novel IDO1 inhibitor since compound 2
calculated pK, value (1.09) was significantly lower than that of
PI (6.56). As it is generally known that the basicity of a ligand is
very important for forming a metal complex, we assumed that it
would be possible to improve IDO1 inhibitory activity of 2 by
control of the basicity of the nitrogen atom. Namely, we
thought that strong basicity of nitrogen atom would result in
strong binding to heme iron of IDOI; consequently, such
compound should have potent IDO1 inhibitory activity. Hence,
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Figure 3. Design of the new imidazothiazole scaffold based on 2 and
PI pK, values. The nitrogen atom that binds to the heme iron is
highlighted in red. ICy, values are the mean of at least two
independent assays. pK, values were calculated by ACD/Laboratories
ver. 11.0.

we designed the para-tolyl imidazothiazole compound 3 as a
novel scaffold by combining 2 and PI The calculated pK, value
of the corresponding nitrogen atom of 3 was 7.04, which is
similar to the basicity of PI. As predicted, IDO1 inhibitory
activity of 3 was more potent than that of 2. These findings
indicated that 3 is a good starting compound for our discovery
study.

The imidazothiazole derivatives were prepared by the
following sequence (Scheme 1). First, the imidazothiazole
scaffold was constructed in 3 steps as previously described'”
with some modifications. Treatment of the 4-bromothiazol-2-
amine 4 with N,N-dimethylformamide dimethyl acetal gave the
amidine compound $. Salt formation in ethyl bromoacetate and
subsequent treatment of the salt 6 with DBU afforded the
imidazothiazole compound 7. Suzuki couplings'® with boronic
acids or pinacol boronates proceeded smoothly to provide 3-
substituted imidazothiazole derivertives 8a—h. The bromine
compound 8i, benzyl compound 8j, and fused ring derivative
11" were prepared from the corresponding thiazol-2-amine
9i—j and 10 by a similar method. Reduction of the ethyl ester
8a with LiAlH, and AICl; gave the methyl compound 3. The
amide derivatives 13a—c were readily prepared in 2 steps.

Hydrolysis of the ethyl ester 8a to give the carboxylic acid 12
and subsequent amide formation reaction with R*CH,CH,NH,
and WSC-HCI gave the amide compounds 13a—c. The urea
derivatives 17a—g were easily prepared in 4 steps from 8i.
Reduction of the ethyl ester 8i with DIBAL-H afforded the
alcohol 14 in 94%. The alcohol group of 14 was then converted
with DPPA and DBU" to the azide compound 15, which was
reduced under Staudinger conditions® to provide the amine
compound 16. Finally, treatment of 16 with isocyanate gave the
urea compounds 17a—g.

To improve IDOI1 inhibitory activity, we first examined a way
to optimize pocket-A using ethyl ester derivatives. As shown in
Table 1, the para-tolyl compound 8a was preferable to the

Table 1. IDO1 Inhibitory Activity of the Ethyl Ester
Derivatives 8a—j and 11

1 Q ° O,
?\ /z'o\/ Q\ N
7NN NN
=\ sy

8a+ "

compd R! IDO1 ICy, (uM)*
8a 4-tolyl 18 £ 3.7
8b 3-tolyl >100
8c 2-tolyl >100
8d phenyl >100
8e 1-cyclohexenyl >100
8f 4-Et-C¢H, 24 + 4.0
8g 4-MeO-CcH, 56 + 2.0
sh 4-CL-C¢H, 81+ 17
8i 4-Br-C¢H, 5.5 +22
8j benzyl >100
11 >100

“ICs, values are the mean of at least two independent assays.

Scheme 1. Synthesis of the Imidazothiazole Compounds“
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13a: R% = phenyl
13b; R? = 3-Cl-CgH,4
13c: R? = 3,4-methylenedioxyphenyl
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17a: R® = phenyl

17b: R® = benzyl

17c: R® = cyclohexanyl

17d: R® = 3,4-methylenedioxyphenyl

Br

17e: R® = 3-OMe-CgH,
17f: R® = 4-OMe-CgH,
17g: R® = 4-CN-CgH,

“Reagents and conditions: (a) N,N-dimethylformamide dimethyl acetal, DMF, 80 °C; (b) ethyl bromoacetate, 80 °C; (c) DBU, DMF, 60 °C; (d)
R'B(OH), or R'BPin, Pd(PPh,),, K,CO;, 1,4-dioxane-H,0 (3:1), 100 °C; (e) LiAlH,, AICl;, THF, reflux (15%); (f) 1 N NaOH, MeOH-THF
(99%); (g) R:CH,CH,NH,, WSC-HCI, HOBY, i-Pr,NEt, DMF; (h) DIBAL-H, THF, 0 °C (94%); (i) DPPA, DBU, DMF, 60 °C (75%); (j) PPh,,

H,0, THF, 45 °C (90%); (k) R’NCO, i-Pr,NEt, THF.
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meta-tolyl compound 8b or the ortho-tolyl compound 8c, while
the nonsubstituted phenyl compound 8d and the 1-cyclohexene
compound 8e were not effective. IDO1 inhibitory activity of
the ethyl compound 8f and the methoxy compound 8g was less
than that of 8a. Fortunately, introduction of a halogen atom
onto the para-position was favorable, allowing both the chlorine
compound 8h and the bromine compound 8i to be more
effective than the para-tolyl compound 8a. Both the benzyl
compound 8j and the fused ring type compound 11 were
inactive.

Next, we attempted to optimize pocket-B by converting the
ester moiety of 8a and prepared the amide derivatives (13a,
13b, and 13c), which have a side chain the same length as that
of Amg-1 (Table 2). However, these compounds showed

Table 2. IDO1 Inhibitory Activity of the Amide Derivatives

13a—c
N’g \/\RZ
7
S/IQN
compd R? IDO1 ICy, (uM)®

13a phenyl 3.5+ 1.0
13b 3-Cl-C4H, 1.9 £ 0.5
13¢ 3,4-methylenedioxyphenyl 3612

“ICs, values are the mean of at least two independent assays.

almost the same IDOL1 inhibitory activity as Amg-1 (ICy, = 3.0
UM, ref 14), even though their basic scaffold had a potential
superior to that of Amg-1. We therefore suspected that the side
chain of these compounds in pocket-B should not be located
exactly at the same position as the side chain of Amg-1. In fact,
the crystal structure of IDO1/13b complex supported this
hypothesis (Figure 4; for the omit map and the stereoview, see

Consequently, 13b generated an induced fit and located
adjacent to Phe226, but not to Arg231.

These results indicated that as in Amg-1, a linearly rigid
linker had to be introduced into the side chain to allow
interaction with both the Phe226 and Arg231. Hence, we
designed to introduce a urea group as a linearly planar unit into
the linker moiety (Table 3). Introduction of the urea unit

Table 3. IDO1 Inhibitory Activity of the Urea Derivatives
17a—g

Br.

s
4 /'IL{ g '
§7 N
compd R’ IDO1 ICy, (uM)*
17a phenyl 0.22 + 0.03
17b benzyl 0.75 + 0.01
17¢ cyclohexanyl 1.8 £ 040
17d 3,4-methylenedioxyphenyl 0.12 + 0.04
17e 3-MeO-C¢H, 0.16 + 0.03
17f 4-MeO-C(H, 0.19 + 0.05
17g 4-CN-C(H, 0.077 + 0.015

“ICs, values are the mean of at least two independent assays.

predictably improved IDOI inhibitory activity in a large
number of derivatives (17a, 17d, 17e, 17f, and 17g) with the
same length of side chain as Amg-1. The benzyl compound 17b
was less effective than the phenyl compound 17a, which
showed that the length of the linker is very important for an
adjacent location to Phe226 and Arg231. IDO1 inhibitory
activity of the cyclohexane compound 17c¢ was much lower
than that of the phenyl compound 17a. This suggested that the
phenyl group interacts with Phe226 by a 7—x interaction not a
hydrophobic interaction (Figure S). Furthermore, the meta-

Figure 4. Crystal structure of IDO1/13b complex (green) (PDB:
4PK6). Main chain Ala260-Ser263 (yellow), Phe226 (pink), and
Arg231 (cyan) are shown.

Figure S3a,b in the Supporting Information). The nitrogen of
imidazothiazole in 13b was directly bound to the heme iron
and that tolyl group located at the expanded pocket-A in the
same manner as Amg-1. However, the side chain of 13b was
bent sharply at the methylene moiety since the shape of pocket-
B was dramatically changed by the shift of Phe226.

1122

Phe226 Arg231
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Figure S. Plausible interactions of urea derivatives with Phe226 (pink)
and Arg231 (cyan).

and/or para-substituted compounds (17d, 17e, 17f, and 17g)
were more effective than the unsubstituted compound 17a.
Particularly, the nitrile compound 17g was the most effective
compound with an IDO1 inhibitory activity comparable to that
of 1. These SARs support the idea that electrostatic interaction
of Arg231 with a functional group substituted at the meta- and/
or para-position of the phenyl group is necessary for potent
IDO1 inhibitory activity. These results demonstrate that
induced fit by extension of pocket-B and resulting interaction
with both Phe226 and Arg231 would be essential for potent
IDO1 inhibitory activity and are in accord with the results of
previous site-direct mutagenesis analysis.'® Furthermore, this is
the first case that clarified in detail the SAR at pocket-B.

In summary, to find novel potent IDO1 inhibitors, we
determined the crystal structures of two IDO1/IDO1 inhibitor
complexes, one of which showed that Amg-1 is directly bound
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to the heme iron of IDO1 with a clear induced fit. Using this
information, we identified the para-tolyl imidazothiazole
compound 3 as a novel IDO1 inhibitor. Additionally, on the
basis of crystal structure information on IDO1/13b complex,
we found a series of urea derivatives as potent IDO1 inhibitors.
Our novel structure information and SAR at the pocket-B
revealed that generation of an induced fit and the resulting
interaction with Phe226 and Arg231 are essential for potent
IDO1 inhibitory activity. We believe that this study is very
important for understanding the mechanism of IDOI1
activation, which is very important for SBDD to find potent
IDO1 inhibitors. Further efforts to discover a promising
candidate are in progress.

B ASSOCIATED CONTENT

© Supporting Information

Supplementary figures, synthetic procedures, characterization,
purification method of recombinant IDO1 protein, biological
assays, and X-ray crystallography. This material is available free
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