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ABSTRACT: Since the discovery of the implication of indoleamine 2,3-
dioxygenase 1 (IDO1) in tumoral immune resistance in 2003, the search for
inhibitors has been intensely pursued both in academia and in pharmaceutical
companies, supported by the publication of the first crystal structure of IDO1 in
2006. More recently, it has become clear that IDO1 is an important player in
various biological pathways and diseases ranging from neurodegenerative
diseases to infection and autoimmunity. Its inhibition may lead to clinical
benefit in different therapeutic settings. At present, over 50 experimental
structures of IDO1 in complex with different ligands are available in the Protein
Data Bank. Our analysis of this wealth of structural data sheds new light on
several open issues regarding IDO1’s structure and function.

■ INTRODUCTION

The heme enzyme indoleamine 2,3-dioxygenase 1 (IDO1)
catalyzes the initial and rate-limiting step in the kynurenine
pathway of tryptophan metabolism by oxidizing tryptophan
(Trp) to N-formylkynurenine (NFK) through the addition of
molecular oxygen. As a key regulator of immune responses,
IDO1 is an important therapeutic target for diseases that involve
pathological immune escape, such as cancer.1,2 Numerous small-
molecule IDO1 inhibitors have been published since the
discovery of the implication of IDO1 in tumoral immune
resistance, and several compounds entered clinical evaluation.3,4

However, despite compelling preclinical and early clinical data, a
phase 3 clinical trial of the IDO1 inhibitor epacadostat in
combination with pembrolizumab (ECHO-301) failed to
increase the overall and progression-free survival when
compared to pembrolizumab alone.5 Potential reasons for the
negative outcome of this clinical trial and possible solutions have
been suggested, for example, intratumoral kynurenine level
monitoring in combination with the use of more potent and
more selective IDO1 inhibitors or dual IDO1−tryptophan 2,3-
dioxygenase (TDO) inhibitors.6,7 Clinical trials with apo-IDO1
inhibitors, having a different inhibition mechanism from
epacadostat, are ongoing.4,8,9

In addition to its enzymatic activity, IDO1 also displays a
signaling activity mediated by two immunoreceptor tyrosine-
based inhibitory motifs and a post-transcriptional regulatory
site.2 IDO1’s interaction sites with Src homology 2 domain
phosphatases (SHPs),10 phosphoinositide 3-kinases (PI3Ks),11

and suppressor of cytokine signaling 3 (SOCS3)12 are all
localized in the small domain and are distinct from the
enzymatic active site in the large domain (Figure 1A). Novel
aspects of IDO1 biology that potentially influence its role as drug
target in cancer, infectious diseases, autoimmunity, and

neurodegeneration continue to be discovered, such as its
regulation by heme availability,13 its activation by polysulfides,14

its nitrite reductase activity,15 its involvement in the redox
signaling pathways of hydrogen peroxide and singlet oxygen,16,17

and its reactive oxygen species scavenging activity.18 Therefore,
there is an ongoing interest in IDO1’s biology and
pharmacological inhibitors capable of modulating these different
pathways and processes.
More than 50 crystal structures of IDO1 have been published

over the last 15 years, starting with the seminal structure of 4-
phenylimidazole-bound IDO1.19 These structures display a
large diversity with respect to bound cofactors and ligands,
including the clinical-stage IDO1 inhibitors epacadostat
(INCB024360, Figure 1, compound 4),20 navoximod (NLG-
919/GDC919, 3),21 linrodostat (BMS-986 205, 18),22 and
EOS20027123 (formerly PF-06 840 003, 6). These structures
have yielded a wealth of information and have been used
extensively for structure-based drug design.24 In 2018, the first
structures of inhibitor-bound apo-IDO1 were published,13,25

suggesting that heme binding to IDO1 is reversible under
physiological conditions and solving the riddle of how some
previously patented compounds from Curadev, Bristol-Myers
Squibb, and Flexus Biosciences fit into the IDO1 active site.26 X-
ray structures also supported the classification of IDO1
inhibitors into four types,27 according to their preferential
binding to (i) oxygen-bound holo-IDO1, e.g.,1-methyl-L-
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tryptophan; (ii) free ferrous holo-IDO1, e.g., epacadostat; (iii)
free ferric holo-IDO1, e.g., navoximod; and (iv) apo-IDO1, e.g.,
linrodostat.
Four subpockets have been defined in the IDO1 active site

around the heme cofactor.27−30 Pocket A28 (Figure 1A, cyan) is
a hydrophobic pocket on the distal heme side, with Ser167 as the
main hydrogen bonding partner. Its size and accessibility
depend on the conformation of residues 261−265. This pocket
seems to be quintessential for inhibitor binding as it is filled by all
inhibitors with a known binding mode (Figure 1B, moieties
binding to pocket A are marked with a cyan background).
Pocket B28 (Figure 1A, orange) is located toward the entrance of
the active site and is only accessible when the flexible JK-loop
(residues 360−380, Figure 2) is in an open conformation. It is
only filled by larger inhibitors and has not been shown to be
occupied by type iv inhibitors (Figure 1C). Its influence on
inhibitor affinity seems to be less pronounced than pocket A,
which makes it interesting for the modulation of other

compound properties such as absorption, distribution, metab-
olism, and excretion (ADME). Moieties in this solvent-exposed
pocket may also allow the attachment of visual probes, bispecific
inhibitors, or proteolysis targeting moieties.3 Pocket C30 (Figure
1A, yellow) comprises a surface at the entrance of the active site,
which is also occluded by JK-loop closure and has been
postulated to interact with some inhibitors based on docking
predictions.31,32 However, in experimental structures pocket C,
which has also been called “Sa* site”, has rarely been found to
interact with ligands besides buffer molecules except in cases of
the loosely bound conformations of linrodostat and substrate L-
Trp after photolysis.33,34 Pocket D27 (Figure 1A, blue) is a small
binding site located on the proximal heme side that is opened by
a conformational change of Phe270. In wild-type holo-IDO1,
pocket D is isolated from all other binding pockets by the heme
cofactor and acts as a secondary binding site for small ligands. In
apo-IDO1, it becomes connected to the other pockets by the
absence of heme and is filled by most type iv inhibitors (Figure

Figure 1. IDO1 structure and chemical structures of selected cocrystallized inhibitors. (A) Binding pockets and domains. Pocket A (cyan), pocket B
(orange), pocket C (yellow), pocket D (blue), and the heme-binding pocket (green). The site of the iron-binding atom is marked in magenta. The
small domain is shown in dark gray ribbons, and the large domain in light gray ribbons. (B) Holo-IDO1 type ii and type iii inhibitors. (C) Apo-IDO1
(type iv) inhibitors. PDB IDs are given in parentheses. The same color code as that in part A is used to designate moieties binding to specific pockets.
The chemical structures of all cocrystallized ligands can be found in the Supporting Information (Figure S1).
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1C). This pocket was also suggested to be an inhibitory substrate
binding site and was called the “Si site”.29 Here, we additionally
define a “heme-binding pocket” (Figure 1A, green) lined by,
among others, the side chains of His346, Val170, Phe214, and
Ile217. These residues interact with the heme cofactor in holo-
IDO1 and with the central moieties of type iv ligands in apo-
IDO1 (Figure 1C).
Open questions remain regarding IDO1’s structure and

mechanism, such as (i) the plasticity of the active site in response
to bound ligands and redox changes, (ii) the function and
conformations of the JK-loop opening or closing the active site,
(iii) the presence and function of a channel leading to the active
site between helices E and F, (iv) the accessibility of different
active site pockets (A, B, C, and D) depending on IDO1
conformations and their role in inhibitor binding, (v) the origin
of the observed substrate inhibition at high L-Trp concen-
trations, (vi) the failure of classical docking codes to provide
good predictions for holo-IDO1 inhibitors, and (vii) whether
heme binding to IDO1 is reversible and if apo-IDO1 inhibitors
bind reversibly or irreversibly.
Here, we contribute to clarifying these issues based on a

detailed analysis of the available structural data. We also assess
the quality of all structures globally and focused on their ligand
binding sites, giving helpful insights for future structure-based
drug design studies.

■ RESULTS AND DISCUSSION

To date (September 23, 2021), there are 58 structures of IDO1
(Supporting Information, Table S1) available in the Protein
Data Bank (PDB),35 which display a large diversity with respect
to bound cofactors and ligands (Table S2). All of them have
been determined by X-ray crystallography, and there are no
NMR or electron microscopy structures available. Besides six
structures withmutations close to the active site (PDB IDs 4u72,
4u74, 5wmw, 5wmx, 6cxu, and 6cxv),29,36 there are seven ligand-
free holo-IDO1 structures (PDB IDs 6azu, 6dpq chain A, 6dpr-
A, 6e44, 6e45, 6mq6-A, and 7a62),13,25,33,37 three with cyanide

and substrate L-Trp (PDB IDs 5wmu, 5wmv, and 6e35),29 11
with imidazole inhibitors (PDB IDs 2d0t, 4pk6, 5ek2, 5ek3,
5ek4, 6e42, 6kof, 6kps, 6kw7, 6o3i, and 7m7d),19,25,38−41 six
with triazole inhibitors (PDB IDs 4pk5, 6f0a, 6r63, 7ah4, 7ah5,
and 7ah6),27,38,42 six with indazole inhibitors (PDB IDs 7e0o,
7e0p, 7e0q, 7e0s, 7e0t, and 7e0u),43 five with hydroxyamidine
inhibitors (PDB IDs 5wn8, 5xe1, 6e40, 6e41, and
6pu7),25,29,44,45 and two with the indole inhibitor EOS200271
(PDB IDs 5whr and 6pz1).23,46 In addition, there are eight
heme-free apo-IDO1 structures bound to type iv ligands (PDB
IDs 6azv, 6azw, 6e43, 6v52, 6wjy, 6wpe, 6x5y, and
7m63)13,25,33,41,47−50 and three partially heme-free structures
(PDB IDs 6dpq-B, 6dpr-B, 6mq6-B).33

Secondary structure elements have first been visually defined
for IDO1 (helices A−S)19 and later in comparison with TDO
(helices A−K),51 thereby neglecting the small domain. The
latter naming is predominant in the recent literature and has
been complemented by denoting the helices in the small domain
as A′−E′.25 Here, we preserve this convention and define helices
A′−E′ in the small domain and helices A−K in the large domain
based on the available structural data (Figure 2). We found two
new small helices in the long loop connecting helices D and E,
which we called helix DE1 and DE2. To compare the active site
structures of all available complexes, we superimposed each
protein chain with chain A of the cyanide- and L-Trp-bound
structure 5wmu,29 which is of good quality and probably
resembles the enzymatically active state, taking into account
only the backbone of helices B, C, H, J, and K of the large
domain. For the discussion and all figures, we oriented the
reference structure in such a way that the Cβ and Cδ atoms of
the heme lay approximately on the x-axis (front and back of the
active site, blue axis in Figure 1), the Cα and Cγ atoms of the
heme lay on the y-axis (left and right of the active site, red axis),
and the His346−iron bond lay on the z-axis (up and down,
yellow axis).

Structure Quality Assessment. It is often assumed that
structural models deposited in the PDB are of equally high
quality or that their quality only depends on the resolution.

Figure 2. Secondary structure elements of IDO1. (A) Human IDO1 sequence (Uniprot ID P14902). The small domain comprises residues 1−120,
and the large domain comprises residues 121−403. Helices are marked in red, and β-strands are marked in green. Residues 381−383 are part of either
the JK-loop (cyan) or helix K depending on the bound ligand. The novel small helices in theDE connection are calledDE1 (241−243) andDE2 (264−
266). (B) Secondary structure elements mapped onto the IDO1 structure (PDB ID 5wmu).29
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However, these models are based on an interpretation of
experimental data. One tool to globally assess the quality of a
structural model is the wwPDB Structure Validation Report.52,53

The results of this assessment are visually summarized on the
PDB access sites of each X-ray structure by comparing five
parameters (R-free value, clashscore, Ramachandran outliers,
side chain outliers, and real-space R-value Z-score outliers) with
the average values of all deposited X-ray structures. Together
with the resolution and the atomic B-factors, also called
temperature factors or atomic displacement parameters, these
values give an indication of the quality of a model. Another tool
is the diffraction-component precision index (DPI),54,55 which
measures the uncertainty of the atomic coordinates of the 3D
model. Here, we report for each IDO1 structural model its
resolution, itsR-free value, and its DPI (Supporting Information,
Table S1). Seven IDO1models have a DPI larger than 0.8 Å and

therefore a high global coordinate uncertainty (PDB IDs 2d0u,
4pk6, 5xe1, 6azv, 6azw, 7e0o, and 7m63).
However, more important in the context of structure-based

drug design is the local structure quality at the ligand binding
sites. Specific tools have been developed for this purpose, for
example, the Validation Helper for Ligands and Binding Sites
(VHELIBS)56 and the Electron Density Support for Individual
Atoms (EDIA) as well as its extension for multiple atoms
(EDIAm).57 Here, we computed the VHELIBS classification,
EDIAm value, and average B-factor for each ligand of interest.
The values for the heme-pocket ligands, the iron-bound ligands,
the A-pocket ligands, and the D-pocket ligands are reported in
Tables S2 and S3. A ligand with a B-factor above 100 Å2 is
considered to be significantly disordered, and a ligand with an
EDIAm value below 0.4 is considered to show substantial
inconsistencies with the electron density fit. We marked the

Figure 3. Structural flexibility. (A) Correlation between the per-residue backbone rmsd of different IDO1 X-ray structures and the average per-residue
B-factors. The residue numbers of outliers are given, and outliers with a high rmsd but a low average B-factor are marked in green. (B) Average IDO1
structure, colored as a function of the rmsd. The heme cofactor is colored by the atom type and displayed to indicate the active site. (C) Position of
helix K in apo-IDO1 (purple, 6wjy) as compared to holo-IDO1 (tan, 6e42), highlighting the position of Leu384. (D) Conformations of Phe270 in apo-
IDO1 (magenta), holo-IDO1 without a pocket D ligand (light blue), and holo-IDO1 with a pocket D ligand (green). Pocket D is shown as a blue
surface.
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ligands that failed one of these filters in red in Table S2. The
VHELIBS analysis additionally yields information about the
quality of the ligand binding site (Table S3) . In the following,
we focus our discussion on higher-confidence models when
multiple models with similar ligands are available.
Models with a high global coordinate uncertainty and models

with significantly disordered ligands should be used with
caution, for example, in structure-based drug design studies. In
the following, we will refer to structural models as structures in
agreement with common practice, keeping in mind that both the
underlying experimental data and its interpretation can be of
varying quality.
Structural Flexibility. To distinguish the structural

flexibility in response to bound ligands and cofactors from
thermal motions of intrinsically flexible loops, we structurally
aligned all IDO1 X-ray structures (apo and holo) and calculated
the root-mean-square deviation (rmsd) of the backbone of each
residue from its average position as well as the average B-factor
for each residue. Residues located in flexible loops should
simultaneously display high rmsd values and high B-factors,
while residues with well-defined but distinct positions in
different structures should display high rmsd values but low B-
factors (Figure 3A). The results of this analysis show that
residues 282−285 in the EF-loop (Figure 2) and residues 360−
383 in the JK-loop (mainly unresolved because of this flexibility)
fit the first category. On the other hand, residues 261−270 close
to the active site fit the second category, having a high rmsd but a
low B-factor. These residues, which belong to the C-terminal
part of the DE-loop, helix DE2, and the N-terminal part of helix
E, thus adopt different positions in response to different ligands
and potentially also in response to different heme oxidation
states. For residues 260−265, the role of providing flexibility was

already postulated in 2006 based on their highly conserved and
glycine-rich sequence (AGGSAG).19 We will discuss the
different positions and conformations of these residues and
their impact on the size and shape of pocket A throughout this
work.
Apo and holo-IDO1 structures are very similar, with an

average backbone rmsd of 0.6 Å. However, the N-terminus of
helix K is in a slightly different position, with Leu384 moving
into the space freed by the absence of heme in apo-IDO1
(Figure 3C). Besides this region, the largest structural difference
between apo and holo structures concerns Phe270, which
adopts a conformation in the apo structures that would clash
with the heme cofactor in the holo structures and that closes the
solvent channel between helices E and F (Figure 3D). Pocket D,
as defined for the holo structures, is filled by all apo-IDO1
ligands, with the exception of one structure (PDB ID 6azv).

JK-Loop Structure. In most IDO1 structures, the JK-loop is
unresolved because of its flexibility, and the N terminus of helix
K starts around residue Thr382 (Figure 4A). This loop has been
divided into a highly disordered and solvent-exposedN-terminal
part comprising residues 360−376 (JK-loopN) and a C-terminal
part comprising residues 377−383 (JK-loopC).58 In structures of
the K116A/K117A double mutant, which was developed to
generate new crystal forms by reducing the surface entropy to
obtain high-resolution diffraction data,25 helix K is extended on
its N terminus, already starting around residue Thr379 (Figure
4B). All these structures can safely be assumed to have an open
loop conformation because in a closed conformation there
would be specific contacts that would reduce flexibility andmake
the electron density more visible. They probably represent the
resting state of the ligand-free holo enzyme, which is then
perturbed by substrate or inhibitor binding. This assumption is

Figure 4. JK-loopC conformations. Residues Thr379 and Arg231 are highlighted in cyan, and their hydrogen bonding network is shown by thin orange
lines. (A−C) Holo-IDO1 with open JK-loopC conformations. (D and E) Holo-IDO1 with closed JK-loopC conformations. (F) Apo-IDO1 with
partially closed JK-loopC conformation. Additional conformations are shown in Figure S2.
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supported by the only structure with a completely resolved JK-
loop (PDB ID 7a62-C, Figure 4C).37 Although the loop residues
have a poor electron density and very high B-factors (150 Å2),
they clearly show an open conformation for the ligand-free
ferrous holo-IDO1 structure.
In the substrate (L-Trp) bound structures (PDB IDs 5wmu,

5wmv, 6e35, and 6e46),25,29 JK-loopC is always resolved. Here,
helix K is shorter with respect to the ligand-free state, and
residues 377 to 383 form a bulge that closes the active site and is
stabilized by numerous hydrogen bonds (Figure 4D). At the
same time, the side chain of Arg231, which has been shown to be
important for the enzymatic activity of IDO1,19 flips inward to
form both a salt bridge with the carboxylate group of the L-Trp
substrate and a hydrogen bond to the backbone of the JK-loop
residue Lys377. Interestingly, the same loop conformation is
present in the amino-triazole (11) bound structure (PDB ID
6f0a)42 where, in addition to the inhibitor, a free L-Ala is bound
to IDO1, mimicking the amino acid function of the L-Trp
substrate by making the same interactions (Supporting
Information, Figure S2A). It was shown by the authors of this
structure that the presence of free alanine improves the IC50
value of the inhibitor for IDO1 5- to 10-fold,42 suggesting that
the active site closure by the bulge is beneficial for its binding
affinity. In the EOS200271 (6) bound structures (PDB IDs
5whr and 6pz1),23,46 the active site is also closed, and the loop
makes similar interactions but adopts a slightly different
conformation as the succinimide group is smaller than the L-
Trp backbone. Additionally, Arg231 cannot form a salt bridge
with the ligand and remains flipped out in a solvent-exposed
position (Figure 4E). Yet another distinct closed loop
conformation is present in the complex of IDO1 with an
indazole compound (14, PDB ID 7e0u).43 Here, the loop is
pushed aside by the B-pocket extension of the ligand, which
nevertheless makes hydrophobic interactions with Gly378 and
Thr379 (Figure S2B).
In most apo-IDO1 structures, JK-loopC is unresolved and

therefore probably also in an open conformation. One structure
(compound 16, PDB ID 6e43) is the exception,25 where the
loop is resolved starting from Ala376 and displays a partially
closed conformation (Figure 4F). This conformation is distinct
from all loop conformations seen in the holo structures and does
not directly interact with the ligand.

In summary, the JK-loop is highly flexible and can adopt
distinct conformations in response to bound ligands. In ligand-
free holo-IDO1, JK-loopC seems to prefer an open conforma-
tion, showing little interaction with heme. Only ligands of a
specific size and polarity, mimicking those of L-Trp, have been
shown to be stabilized by interactions with this loop. Smaller
ligands cannot stabilize a closed-loop conformation, while larger
ligands occupy all of pocket B and impede loop closure.
Therefore, JK-loop interactions contribute to the binding
affinity of only a small part of IDO1 inhibitors. So far, no apo-
IDO1 inhibitor has been shown to interact with the JK-loop.

Solvent and Gas Channel. The channel leading from the
protein surface to the heme that passes between helices E and F
(Figure 5) was first described in 2017,29 although it was also
present in earlier X-ray structures. This channel is open in most
holo-IDO1 structures except for the ligand-free ferric IDO1
structures with Ala264 bound to the heme iron (PDB IDs 6azu
and 6e44-A/C), where an inward movement of helix E
diminishes its size. Due to its size and occupation by water
molecules in higher-resolution structures, it is safe to assume
that this channel provides access for water and also probably O2
to the active site. The substrate L-Trp and the heme cofactor, on
the other hand, are more likely to enter the active site through
the larger opening provided in the ligand-free state by the
opened JK-loop (Figure 4A). In apo-IDO1, the channel is
generally closed by the side chain conformation of Phe270.

Ligand-Free and Substrate-Bound Holo-IDO1. Holo-
IDO1 exists in two oxidation states, a ferric state with a net
charge of −1 and a ferrous state with a net charge of −2 on the
heme cofactor, substantially influencing the electrostatics in the
highly hydrophobic active site. While the reduced state is the
enzymatically active state, the ferric state is prevalent both under
aerobic in vitro conditions and in crystallographic studies. The
reductant sodium dithionite has been used to obtain ferrous
IDO1 after protein crystallization, therefore potentially
hindering larger structural rearrangements.25,37 The two X-ray
structures of free ferrous IDO1 (PDB IDs 6e45 and 7a62),25,37

and the five structures of free ferric IDO1 (PDB IDs 6azu, 6dpq-
A, 6dpr-A, 6e44, and 6mq6-A)13,25,33 generally show very few
structural differences (backbone rmsd <0.5 Å). In all structures,
residues 261−265 on one side and Phe163 on the other side are
in proximity and close access to pocket A in the distal heme site
(Figure 6A). However, there are two distinct conformations of

Figure 5. IDO1 water and oxygen channel structure, shown for the cyanide- and L-Trp-bound complex (PDB ID 5wmu). The hydrogen bonding
network of the solvent molecules inside the channel is highlighted by thin green lines.
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residues 261−265. In all ferrous structures and five of the 11
ferric IDO1 chains (PDB IDs 6dpq-A, 6dpr-A, 6e44-B/D, and
6mq6-A), residues 261−265 adopt a similar backbone
conformation as that in the ligand-bound structures (Figure
6A). In the other six ferric IDO1 chains (PDB IDs 6azu-A−D
and 6e44-A/C), the backbone amide oxygen of Ala264 is bound
to the heme iron, which is accompanied by a backbone
rearrangement of Gly262 (Figure 6B). It is unclear which one of
the two conformations observed in the ferric state is prevalent
under physiological conditions and if the observed structural
changes are due to heme oxidation or different crystallization
conditions.
The three cyanide- and L-Trp-bound structures (PDB IDs

5wmu, 5wmv, and 6e35)29 probably resemble the enzymatically
active state most closely despite their ferric oxidation state, with
the cyanide mimicking the dioxygen. In these complexes, access
to the active site is closed by the JK-loopC and a flip of the
Arg231 side chain (Figure 6C, see discussion above). Residues
261−265 and Phe163 are pushed apart in the y-direction with
respect to the ligand-free state. The indole ring of L-Trp, which is
sandwiched between Ala264 and the perpendicular aromatic
side chain of Phe163 (Figure 6C and D), is perpendicular to the
heme plane but off-center in y-direction, probably in an optimal
conformation to react with iron-bound dioxygen. Besides
hydrogen bonds with Thr379 of JK-loopC and a salt bridge
with Arg231 at the entrance of the active site, L-Trp forms
another salt bridge between its amino function and one heme
propionate. In the back of the active site, L-Trp forms hydrogen
bonds with Ser167 and Tyr126 bridged by two water molecules

(Figure 6D). In the reduced state and the absence of cyanide
(6e46),25 L-Trp binds in a similar fashion. However, its indole
ring is slightly rotated, with loop 262−265 and Phe163 moving
inward and narrowing the sandwich structure. In summary, the
active site seems to be optimally suited to accommodate L-Trp
by providing a largely hydrophobic environment for the indole
ring on the one hand and hydrogen bonding partners and
charge-neutralizing groups for all of its polar functions on the
other hand.
To sum up, it is not completely clear if redox changes in the

heme cofactor induce structural changes in the active site. If they
exist, they seem to be confined to the structure of residues 261−
265. However, L-Trp binding clearly induces major structural
changes in the active site, opening pocket A and closing JK-
loopC, thereby closing or reducing the sizes of pockets B and C.

Pocket D and Substrate Inhibition. There are three main
hypotheses for the observed substrate inhibition of IDO1, which
causes reduced enzyme activity at high L-Trp concentra-
tions.59−61 At present, the wealth of structural data available
for IDO1 allows for a re-evaluation of these hypotheses.

• The inhibitory binding site hypothesis. This hypothesis
evokes a second inhibitory L-Trp binding site Si,

61−64

which has later been suggested to be located at the heme
proximal site29,36 coinciding with pocket D. In holo-
IDO1, pocket D is opened by a conformational change of
the side chain of Phe270 and can accommodate 3-
indoleethanol (PDB ID 5wmv),29 halogen-substituted
phenyl azoles (PDB IDs 6e42, 6r63, 7ah4, 7ah5, and
7ah6),25,27,65 and EOS200271 (6, PDB ID 6pz1)46 at the
high ligand concentrations used in crystallization experi-
ments (Figure 7A). It can be classified as a secondary
binding site as it has never been found bound to a ligand
when pocket A is empty. L-Trp binding to pocket D has
only been observed when a F270G mutation (PDB ID
5wmw) was introduced,29 significantly increasing the size
of this pocket by replacing a benzyl group with a hydrogen
atom (Figure 7B). The average B-factor of the D-pocket
bound L-Trp is very high (135−146 Å2), and the EDIAm
value is extremely low (0.05−0.06) in both protein chains,
indicating a high coordinate uncertainty based on a low
electron density. For comparison, when soaking IDO1
crystals with a 20 mM solution of ligand 9 (PDB 6e42),
this ligand binds not only to pocket A (B-factor of 34 Å2,
EDIAm value of 1.00) and pocket D (B-factor of 38 Å2,
EDIAm value of 0.98) but also to low-affinity sites on the
surface of the protein.25 However, under similar
conditions (crystal soaking with a 25 mM solution of L-
Trp) there is no structural evidence of L-Trp binding to
pocket D in the wild-type ferrous protein (PDB ID
6e46).25 This finding also undermines the hypothesis that
L-Trp was never observed in pocket D in wild-type IDO1
because its affinity for this pocket was lower in the ferric
state than in the ferrous state.29 We conclude that
available structural data do not support the hypothesis
that pocket D is a L-Trp binding site that leads to
inhibition.

• The ordered binding and blocked access hypothesis. The
second hypothesis suggests that bound L-Trp prevents
molecular oxygen from approaching the heme iron.66

While it is true that L-Trp binding induces a closing of the
active site through conformational changes of JK-loopC

and Arg231 as discussed above, the water and gas channel

Figure 6.Holo-IDO1 active site structures. Hydrogen bonds are shown
as thin green lines. (A) Ferrous ligand-free form with a closed A pocket
(PDB ID 6e45). (B) Ferric ligand-free form with Ala264 bound to
heme iron and a closed A pocket (PDB ID 6e44). (C) Cyanide−L-Trp
bound structure (PDB ID 5wmu). The active site is closed off from the
solvent by the movement of Arg231 and the JK-loopC, forming
hydrogen bonds with L-Trp through Thr379. (D) The same structure as
that shown in part C showing details of cyanide and L-Trp binding.
Thr379 is omitted for clarity.
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passing between helices E and F and leading to the heme
is open both in the ligand-free ferrous IDO1 structure
(PBD ID 6e45) and in the L-Trp bound ferrous IDO1
structure (PDB ID 6e46, Figures 7C and D).25 Therefore,
there is no structural evidence for this hypothesis.

• The ordered binding and reduction potential hypothesis.
The third hypothesis attributes substrate inhibition to a
slower turnover when L-Trp binds to ferrous IDO1 before
O2.

67 This slowdown has further been attributed to
modulation of the heme reduction potential by L-Trp
binding.68 Comparing the electrostatic potential (ESP,
computational details are given in the Supporting
Information) in the active site of the ferrous ligand-free
state (PDB ID 6e45) to the ferrous L-Trp bound state
(PDB ID 6e46)25 indeed reveals a striking difference
(Figure 7C and D, respectively). In the ligand-free state,
the ESP close to the heme iron is strongly negative, while
in the L-Trp bound state the ESP at the heme iron is
strongly positive. This inversion seems to be mainly
induced by the proximity of the positively charged amino
group of L-Trp, even though it forms a salt bridge with a

heme propionate. The negatively charged carboxylate
group of L-Trp points further away and forms a salt bridge
with Arg231. This change in the electrostatic potential
should cause an increase of the heme redox potential Em

0

and render O2 binding less favorable, as this step
corresponds to an oxidation of the iron ion. The finding
of an increased Em

0 due to L-Trp binding is in good
agreement with experimental data34,68,69 and supports the
hypothesis of the heme redox potential being the origin of
the observed substrate inhibition in IDO1.68

Holo-IDO1 Type ii and iii Inhibitors. All cocrystallized
holo-IDO1 inhibitors bind to pocket A in the heme distal site,
and larger ligands also occupy pocket B (Figure 1B). For some
smaller ligands, a second molecule binds to pocket D (Table
S2). The solvent and gas channel between helices E and F is
open in all structures. JK-loopC is mostly in an open
conformation, with the exception of three structures (PDB
IDs 5whr, 6a0f, and 7e0u; Figures 4 and S2). The cocrystallized
holo-IDO1 inhibitors can be divided into three main chemical
classes, namely (i) indoles, (ii) hydroxyamidines, and (iii)
azoles.

Figure 7. Substrate inhibition hypotheses. (A and B) D-pocket ligands colored by their atomic B-factors. (A) Ligand 9 in WT IDO1. The average B-
factor of the D-pocket ligand is 38 Å2 (PDB ID 6e42-A). (B) L-Trp in the F270G mutant IDO1. The average B-factor of the D-pocket ligand is 147 Å2

(PDB ID 5wmw-B). Pocket D is substantially bigger in the mutant structure, and the electron density for the second L-Trp is weak. (C and D)
Electrostatic potential in the IDO1 active site in the ferrous state, top view along z-axis. Only residues 261−265 and Phe163 are shown for clarity. (C)
Ligand-free structure (PDB ID 6e45). (D) L-Trp bound structure (PDB ID 6e46). L-Trp binding induces a positive potential at the heme iron, which
increases the reduction potential and hinders O2 binding.
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Of the first class, only the structure of indole EOS200271 (6)
has been experimentally determined (PDB IDs 5whr and
6pz1).23,46 EOS200271 is distinguished from all other ligands by
not forming a bond to the heme iron and by inducing the closure
of JK-loopC. Despite its similarity to the substrate L-Trp, the
conformation of its indole ring is different (Figure 4D and E).
EOS200271 displays an IC50 value of 0.41 μM and a ligand
efficiency (LE) of −0.51 kcal/mol, which is the highest of any
holo-IDO1 inhibitor that binds both to pockets A and B
(Supporting Information, Table S4). Apparently, its affinity to
IDO1 is driven by interactions with JK-loopC and pocket A,

compensating for the absence of a stabilizing iron bond seen in
all other holo-IDO1 inhibitors.
In the hydroxyamidine−IDO1 complexes (PDB IDs 5wn8,

5xe1, 6e40, 6e41, and 6pu7),25,29,44,45 the active site structure is
similar to the cyanide- and L-Trp-bound state, but Phe163 and
residues 261−265 adapt slightly to the shapes of the inhibitors.
The phenyl ring of epacadostat (4, PDB IDs 5wn8 and
6e40)25,29 binds perpendicular to the heme plane (green and
blue planes in Figure 8C, 86° angle), while the planar
hydroxyamidine function (gray plane in Figure 8C) binds at
an angle of 47° to the heme and fits perfectly into the funnel

Figure 8. Holo-IDO1 type ii and iii inhibitors. Hydrogen bonds are shown as thin green lines. Planar substructures and their orientations are
highlighted. (A−C) Epacadostat-bound structure (PDB ID 6e40). (D−F) Navoximod-bound structure (PDB ID 6o3i). (G and H) Top view of the
navoximod-bound structure and the cyanide- and L-Trp-bound structure (PDB ID 5wmu). The orientations of the main aromatic planes are shown in
green. Residues 261−264 are shown in orange. (I) Active site structure comparison between the cyanide- and L-Trp-bound structure (PDB ID 5wmu,
gray) on the one hand and the navoximod-bound structure (PDB ID 6o3i, green) on the other hand.
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provided by the backbone of Ala264 and the side chain of
Phe163 (Figure 8A−C). The furazan ring of epacadostat (Figure
8C, magenta plane) fits nicely into the space between Gly262
and Ser263 on the left side, Leu234 above, and Phe163 and
Phe226 on the right side but does not make any hydrogen
bonding interactions. The N-ethylsulfamide chain, which
extends toward Arg231 in its open conformation and forms a
hydrogen bond with it in some structures, experiences fewer
steric constraints from the protein (Figure 8B). This binding
mode of epacadostat, which was determined independently by
two groups,25,29 is different from the one of the first reported
hydroxyamidine structure (5, PDB ID 5xe1)44 of the Incyte lead
compound 5l.70 In this structure with a high coordinate
uncertainty, ligand 5 was assumed to bind through the amidine
nitrogen atom to the heme iron, a binding mode that was shown
to be in conflict with quantum chemical calculations.71 Using
density functional theory (DFT) calculations to optimize the
geometry of ligand 5 bound to a heme model system
(Supporting Information, Table S5), we found that only the
neutral ligand binds in a conformation close to the one seen in
the X-ray structures of epacadostat, with the phenyl ring roughly
perpendicular to the heme plane and the amidine group forming
an angle of about 40° with the heme plane (Figure 8C). The
calculations show that the heme-bound conformation is
influenced more by the protonation state of the ligand than by
the redox state of the heme iron, supporting the hypothesis that
the hydroxyamidines bind to IDO1 predominantly in their
neutral form. This is at variance with our earlier findings,71

which were based on less reliable X-ray data.44 The IC50 values of
the cocrystallized hydroxyamidine ligands are in a narrow range

between 35 and 73 nM (Table S4). Interestingly, the smaller
lead compound 5 (67 nM, PDB ID 5xe1) has the same potency
as epacadostat (73 nM, PDB IDs 5wn8 and 6e40), which
extends further into pocket B. The LE for 5 (−0.54 kcal/mol) is
therefore higher than that for epacadostat (−0.39 kcal/mol);
however, epacadostat was optimized for other properties such as
oral bioavailability.20

In contrast to the hydroxyamidine ligands, the cocrystallized
azole ligands (imidazoles, 1,2,3-triazoles, 1,2,4-triazoles, and
indazoles) need more space above the heme iron in z-direction
to bind the azole ring perpendicular to the heme plane.
Therefore, the heme and the protein part below the heme are
shifted to the right in the azole complexes, while the protein part
above the heme is moved to the left (Figure 8I, green arrows).
The distance between the side chain of Phe163 and Ser263 has
to increase to accommodate the azole ring between them, as
shown in Figure 8D−F for the example of navoximod (3). This
forced opening is smaller in case of the small phenyl azoles
binding only to pocket A and larger in case of the fused azole
ligands with extensions into pocket B, where additional space
needs to be provided for the linker between the A pocket moiety
and the B pocket extension (Figure 8D). The aromatic rings of
navoximod are roughly perpendicular to the heme plane (green
and blue planes in Figure 8F, 84° angle) and point toward the
heme propionate group and Gly262 (Figure 8G), not directly
toward pocket B. This is different from the indole plane in the
cyanide- and L-Trp-bound structures (Figure 8H), which is
parallel to residues 261−264 and points directly toward the
opening of pocket A. It is noticeable that the azole inhibitors
with the highest efficiencies (Table S4) are the small inhibitors

Figure 9.Halogen substituents in pocket A. (A) “High position” shown in compound 8. (B) The fluorine position, shown in navoximod (3). (C) “Low
position”, shown in compound 13. (D) 6-Substituted indazole (12) with a sulfur−bromine halogen bond.
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that bind only to pocket A, reaching a high maximal LE of−0.80
kcal/mol (MMG-0752, 10, PDB ID 7ah6).65 In comparison, the
highest LE reached by azole inhibitors extending into pocket B is
significantly lower (−0.48 kcal/mol, compound 2, PDB ID
5ek4). Even more pronounced than in case of the hydrox-
yamidines, the extension of azoles into pocket B lowers the LE.
While these ligands profit from very favorable iron binding
energies, they suffer from the drawback that they are not
properly oriented to access pocket B. The penalty for this
suboptimal complementarity depends on the exact nature and
structure of the azoles and can apparently be diminished by
fusing the aromatic rings in pocket A, such as in navoximod, the
imidazothiazoles, or the indazoles.
A large number of holo-IDO1 inhibitors feature a substituent

on the aromatic ring located in pocket A in proximity to Val125,
Cys129, Leu234, and Gly262 (Figure 9). This substituent is
most often a halogen atom or a methyl group. Some inhibitors
feature two halogens, one of which is always a fluorine (Figure
1B).65 According to their position in pocket A along the z-axis,
these substituents can roughly be divided into three classes.
Larger substituents such as bromide can be located either in a
“high position” (Figure 9A) or in a “low position” (Figure 9C).
The smaller fluoride substituent preferentially points away from
Cys129 and toward the entrance of pocket A (Figure 9B). In
many cases, these substituents have been shown to be crucial for
increasing the ligand affinity. For example, removing the
bromine substituent from MMG-0752 (10, PDB ID 7ah6)
increases the IC50 value by a factor of 100 from 0.020 to 2 μM.65

The distance between the halogen substituents and the sulfur
atom of Cys129 is often smaller than the sum of their van der
Waals radii. However, a halogen bond with Cys129 is only
observed in case of the 6-Br-substituted indazoles (Figure
9D).43 In all other cases, including the 7-Br-substituted
indazoles (Figure 9C),43 the C−halogen··· S angle disagrees
with a halogen bond, where this angle should be close to 180°
due to the σ-hole of the C−halogen bond.72,73 On the other
hand, a “side-on carbon interaction” between the electro-
negative belt around halogen atoms and the positively polarized
amide carbon of Gly262 is sometimes present.65 The influence
of the sulfur−bromine halogen bond can be estimated from the
potencies of the indazole ligands 12 (PDB ID 7e0s) and 13
(PDB ID 7e0t), which differ only in the bromine position. The
IC50 value of the ligand with the sulfur−bromine halogen bond is
only better by a factor of two (0.64 versus 1.23 μM).43 As
manifest by the methyl substituent also frequently found in this
position, hydrophobic ligand−protein contacts certainly con-
tribute to increasing the binding affinity of substituted ligands.
Additionally, the influence of the aromatic substituents on the
electronic structure of the heme binding group canmodulate the
binding affinity.65

In summary, the 4-phenylimidazole (1)-bound structure
(PDB ID 2d0t)19 has long served for structure-based drug
design studies, but it may not reflect the most favorable active
site conformation. In all cocrystallized ligands, extensions into
pocket B decrease the LE but might be of great importance for
modulating other ligand properties. Docking predictions have

Figure 10. Structures of type iv Apo-IDO1 inhibitors. (A) Phenylurea compound 16 (PDB ID 6e43). (B) BMS-978 587 (15, PDB ID 6azv). (C) N-
phenylamide 20 (PDB ID 6wjy). (D) Linrodostat (18, PDB ID 6dpr-B). (E) Ligand 21 with an aliphatic A-pocket moiety (PDB ID 6v52). (F)
Benzamide 17 (PDB ID 6wpe).
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proven to be unreliable for capturing the subtle structural effects
that penalize B-pocket extensions for azole ligands.
Apo-IDO1 Type iv Inhibitors. In 2018, the first two

structures of ligand-bound apo-IDO1 were released (PDB IDs
6azv and 6azw),13 which were soon followed by a structure of
improved quality (PDB ID 6e43).25 To date, there are eight
completely heme-free IDO1 structures available (PDB IDs 6azv,
6azw, 6e43, 6v52, 6wjy, 6wpe, 6x5y, and 7m63),13,25,33,41,47−49

all of which are bound to an inhibitor in the active site (Figure
1C). Additionally, in three structures there is a heme in only one
of the two refined protein chains, while the other chain is heme-
free (PDB IDs 6dpq-B, 6dpr-B, and 6mq6-B).33 Based on these
intermediate structures, it was concluded that the apo-IDO1
inhibitor linrodostat (18) triggers heme release and acts as an
irreversible (suicide) inhibitor.33 However, these conclusions
were drawn from a study in a crystalline environment at very
high nonphysiological protein and ligand concentrations.
Independent detailed cellular and kinetic studies by different
groups, on the other hand, suggest that heme binding to IDO1 is
reversible under physiological conditions and that a large part of
cellular IDO1 is in an apo-form capable of activation by added
heme.13,41,74 Consequently, apo-IDO1 inhbitors also bind
reversibly to IDO1, albeit with a very high, sometimes sub-
nanomolar, affinity.
Interestingly, in the structure of a phenylurea ligand (16) that

does not reach pocket D, the pocket is filled by a benzoate with a
high affinity that is kept during the purification steps after
bacterial expression (PDB ID 6e43, Figure 10A).25 Compound
16, an analogue of the preclinical development candidate BMS-
978 587 (15),75 donates hydrogen bonds to Ser167 through the
nitrogen atoms of its urea function. It also accepts hydrogen
bonds from His346 and the backbone of Ala264 through its
carboxylate function. The carboxylate is optimally placed by the
cyclopropyl extension of the central phenyl group, which is
perpendicular to the heme plane in holo-IDO1. The toluene
group fills pocket A, while the two aliphatic substituents of the
aniline group extend to the back of the heme binding pocket.
The methyl substituent of the toluene group is located in the
same site as the halogen and methyl substituents of the holo-
IDO1 inhibitors (Figure 9).
Most ligands in the other apo structures are analogues of

linrodostat (Figure 10D) with either the same N-phenyl-amide
scaffold (PDB IDs 6azw, 6dpr, 6mq6, 6wjy) or the inverted
benzamide scaffold (PDB IDs 6wpe and 6x5y), which was
developed to avoid genotoxicity by the potential metabolic
release of 4-chloroaniline.41 In the N-phenyl-amides, the para-
substituted phenyl ring is bound to pocket A, and the amide
nitrogen forms a hydrogen bond with Ser167 (20, PDB ID
6wjy). This binding mode superimposes almost perfectly with
the position of the para-bromo aniline substructure of the type iii
inhibitorMMG-0752 (10, PDB ID 7ah6), which forms the same
hydrogen bond with Ser167 (Supporting Information, Figure
S3). The amide oxygen forms a solvent-bridged hydrogen bond
toHis346. The central part of the ligands is sandwiched between
His346 and the back of the heme binding pocket, while the other
extremity extends into pocket D. When the D-pocket extension
is a quinoline, it forms a hydrogen bond with Arg343 (Figure
10D). In case of the bicyclo[1.1.1]pentane ligand (20, PDB ID
6wjy), the phenyl group in pocket D cannot form this hydrogen
bond. Instead, an additional amide group participates in a
solvent-bridged hydrogen bond network between the ligand and
the protein. Ligand 21 shares this motif and binding mode to
pocket D (PDB ID 6v52, Figure 10E), although the phenyl

group in pocket A is replaced by a simple aliphatic n-propane
extension.
In the benzamide scaffold (PDB IDs 6wpe and 6x5y), the

para-substituted phenyl ring bound to pocket A also forms a
hydrogen bond with Ser167 through its amide nitrogen, but the
amide oxygen forms a solvent-bridged hydrogen bond to Ser263
instead of His346 (compound 17, Figure 10F). The central
moiety in these ligands is provided by a tetrahydroquinoline
moiety located between His346 and Val170. Pocket D is
partially filled by an aromatic six-membered ring.
In summary, type iv inhibitors display a very high affinity for

IDO1 and have been shown to bind to a physiologically relevant
state. They provide a different inhibition mechanism with
respect to epacadostat, which has not shown clinical efficacy in
the ECHO-301 clinical trial in immuno oncology. Two different
classes of type iv inhibitors can be distinguished, namely the
phenylureas and the linrodostat analogues. In the second class, a
large variety of chemical scaffolds seem to be tolerated.

■ SUMMARY AND CONCLUSIONS
In summary, our detailed analysis of the available structural data
for IDO1 outlines the plasticity of the active site pockets upon
the binding of different ligands. In its ligand-free form, access to
pocket A is closed by the movements of residues 261−265. The
influence of the heme redox state on the conformation of
residues 261−265 is not yet clearly established. In the L-Trp
substrate-bound state, pocket A opens and JK-loopC and Arg231
reorganize to close off the access to the active site, while the
solvent and gas channel between helices E and F remains open.
Pocket B is severely reduced in size, and pocket C becomes
unavailable for ligand binding in the closed JK-loopC

conformation.
The structural data suggest that pocket D is a secondary

binding site for small and predominantly planar ligands in holo-
IDO1 and does not bind L-Trp. It contradicts the inhibitory
binding site hypothesis and the blocked access hypothesis but it
is in good agreement with the ordered binding and reduction
potential hypothesis based on the modulation of the heme
reduction potential by L-Trp binding as the source of the
observed substrate inhibition at high L-Trp concentrations.
Regarding cocrystallized holo-IDO1 inhibitors, our analysis

suggests that (i) the heme position and residues 261−265 adapt
to the bound ligand, (ii) inhibitors based on heme-bound azoles
display a very high ligand efficiency for small ligands but do not
allow for direct access to the B pocket due to their preferred
orientation, (iii) hydroxyamidine inhibitors allow easier access
to the B pocket due to their unique heme-binding conformation,
(iv) only few inhibitors with chemical characteristics similar to
those of L-Trp seem to induce and profit from active site closure
by JK-loopC, and (v) B-pocket extensions decrease the ligand
efficiency but can be beneficial for tuning other ligand
properties.
Unfortunately, classical force-field-based modeling tools do

not yield the level of detail necessary to describe the energetics of
the ligand−heme interactions in the active site, which are very
sensitive to the electronic nature of the iron-binding group. An
understanding of these energetics and preferred ligand binding
conformations necessitates calculations at the quantum
mechanical level. As we have demonstrated before, classical
docking tools cannot be trusted to predict binding modes and
rank activities of different heme-binding groups.27,28,65,71,76

Here, we extend this observation and suggest that classical
docking also fails to predict affinities of azole compounds
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extending from pocket A to pocket B, as the intricate
dependency on the preferred heme-binding geometry is not
captured in these approaches.
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