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Abstract

Human indoleamine 2,3-dioxygenase 1 (hIDO1) is an important heme-containing enzyme that is a
key drug target for cancer immunotherapy. Several hIDO1 inhibitors have entered clinical trials,
among which BMS-986205 (BMS) stands out as the only suicide inhibitor. Despite its “best-in-
class” activity, the action mechanism of BMS remains elusive. Here, we report three crystal
structures of hIDO1-BMS complexes that define the complete binding trajectory of the inhibitor.
BMS first binds in a solvent exposed surface cleft near the active site in an extended conformation.
The initial binding partially unfolds the active site, which triggers heme release, thereby exposing
a new binding pocket. The inhibitor then undergoes a large scale movement to this new binding
pocket, where it binds by adopting a high energy kinked conformation. Finally, the inhibitor
relaxes to a bent conformation, via an additional large scale rearrangement, culminating in the
energy minimum state. The structural data offer a molecular explanation for the remarkable
efficacy and suicide inhibition activity of the inhibitor. They also suggest a novel strategy that can
be applied for drug development targeting hIDO1 and related enzymes.

Human indoleamine 2,3-dioxygenase 1 (hIDO1) catalyzes the first and rate-limiting step of
the kynurenine pathway, the dioxygenation of Trp to A=formyl kynurenine.12 Its ability to
efficiently deprive the essential amino acid Trp and to promote the production of kynurenine
pathway metabolites in the tumor microenvironment has been shown to be critical for cancer
immune escape.3~" Accordingly, hIDO1 is identified as a key cancer immunotherapeutic
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target. A large number of inhibitors targeting hIDO1 have been developed,8 four of which
have entered clinical trials (Figure 1): epacadostat (Incyte Corp.),10 navoximod (NewLink
Genetics),11 PF-06840003 (iTeos Therapeutics/Pfizer),12 and BMS-986205 (Flexus
Biosciences, Inc./Bristol-Myers Squibb).13 Among them, BMS-986205 (referred to as BMS
hereafter) is unique as it is the only suicide inhibitor (that irreversibly inhibits the enzyme
activity) and it exhibits the best cell-based potency.13

Crystal structures of hIDO1 in complex with a variety of inhibitors, including epacadostat,4
PF-06840003,12 navoximod derivatives,® imidazothiazoles,18 phenyl imidazole,1” and
amino triazole,18 have been reported. All of these inhibitors occupy the active site (Sa) and
coordinate to the heme iron via an N atom, except epacadostat, which coordinates to the
heme iron via an O atom, and PF-06840003, which sits on top of the heme iron without
coordinating to it. Regardless of the heme iron coordination, all the high affinity inhibitors
possess two fragments occupying the distinct “A” and “B” pockets in the Sa site (Figure 1).
In contrast, inhibitors with a smaller framework, such as phenyl imidazole,1 typically
occupy only the “A” pocket and exhibit a significantly lower efficacy.

The scaffold of BMS is analogous to that of PF-06840003, both of which possess a fused
aromatic ring (quinoline and indole, respectively) with a side chain group extending out of
it. It is tempting to assume that it binds to the Sa site with the quinoline group and the
cyclohexane/phenyl propanamide group occupying the “A” and “B” pocket, respectively.
However, this scenario is not consistent with the fact that BMS functions as a suicide
inhibitor.%13 A recent study reported by Nelp et al.13 revealed that BMS irreversibly inhibits
hIDO1 by binding to the apo-form, instead of the holo-form, of the enzyme (here, the holo-
and apo-forms stand for the enzyme with and without the prosthetic heme group,
respectively). However, the mechanism by which the enzyme releases the heme and is
targeted by the inhibitor remains elusive. In this work, we sought to delineate the action
mechanism of BMS by carrying out X-ray crystallographic studies.

We first crystallized the inhibitor-free hIDO1 complex and then soaked it with BMS as a
function of time. Through a large scale screening process, we identified three unique forms
of the hIDO1-BMS complex and solved their structures (Table S1). Although hiDO1
functions as a monomer in free solution, all the three structures were solved in a dimeric
form as reported previously.14:17 In the first structure (C0/C2), one subunit is in an inhibitor-
free holo-form (CO), which represents the starting inhibitor-free structure, and the other
subunit is trapped in an apo-form (C2), with the inhibitor bound near the “A” pocket of the
Sa site. In the second structure (C1/C3), one subunit is trapped in a holo-form (C1), with the
inhibitor bound near the “B” pocket of the Sa site, while the other subunit is in a new apo-
form (C3), in which the inhibitor occupies both the “A” pocket of the Sa site and a
previously identified inhibitory binding site (Si) on the proximal side of the heme.14 In the
last structure (CO/C3), one subunit is in the CO form, while the other is in the C3 form. The
C3 structures identified in the C1/C3 and C0/C3 complexes are essentially identical (see
Supporting Information). They are similar to that of hIDO1 in complex with a BMS
analogue reported by Nelp et al.,13 suggesting that C3 is the energy minimum state of the
complex. Taken together, the data suggest that the inhibitor binding reaction follows a
sequential CO — C1 — C2 — C3 mechanism as will be discussed below.
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The inhibitor-free CO structure exhibits an overall protein fold similar to that of the hiIDO1-
CN-Trp/IDE complex (PDB code: 5SWMV),14 where the Sa and Si sites are occupied by the
substrate Trp and an effector 3-indole ethanol (IDE), respectively (Figure S1A). However,
the JK-Loop connecting the J-helix to the K-helix is completely disordered, as observed in
other substrate-free complexes.12-14-18 The F270 side chain moves down to the now empty
Si site. In addition, a water molecule enters the Sa site and sits on top of the heme iron.

In the C1 structure (Figures 2 and S1B), BMS binds in a solvent-exposed surface cleft in an
extended conformation near the “B” pocket of the Sa site. The quinoline group, which sits
perpendicular to the heme, is stabilized by r-stacking with the heme, F226, and F163. The
phenyl propanamide moiety extends out via the cyclohexane linker along one side of the
DE-hairpin to the roof of the “B” pocket. The binding induces a large scale rotation of the
W237 side chain, such that it sterically hinders the DE-hairpin from assuming its native
conformation, causing its partial unfolding.

The partial unfolding of the DE-hairpin and/or the close proximity of the bound BMS to the
heme plausibly weaken the H346—iron coordination bond, thereby triggering the release of
the heme. It leaves a spacious hydrophobic void in the interior of the protein that drives a
large-scale movement of the mostly hydrophobic inhibitor into it. In this new C2 site
(Figures 3A,B and S1C), BMS adopts an unusual kinked conformation. The phenyl group
occupies the “A” pocket of the Sa site, where it is stabilized by n-stacking with Y126 and
F163. The quinoline moiety lies in a space equivalent to that occupied by the heme, where it
is stabilized by r-stacking with H364 in a T-shaped configuration. The C1 — C2 transition
induces the refolding of the DE-hairpin to its native conformation. The significantly smaller
size of the quinoline ring with respect to that of the heme, however, leads to imperfect
packing that triggers the entry of a glycerol molecule (a cryoprotectant used for the crystal
preparation) into the Si site.

The conformational strain of the BMS molecule and its imperfect packing in the C2 site
trigger an additional structural transition. In the new C3 structure (Figures 3A,C and S1D),
BMS relaxes to a bent conformation, with its quinoline group extending out into the Si site.
The quinoline group is stabilized by r-stacking with F270 and by H-bonding with R343.
The phenyl and propanamide moieties move slightly up away from the Si site to establish H-
bonds with S167 and H346 via its amine and carbonyl group, respectively.

Comparison of the three distinct binding poses of BMS reveals that the inhibitor in the C3
structure establishes the most extensive interactions with its protein surroundings,
underscoring the scenario that it is the energy minimum state of the complex. The overall
fold of the enzyme remains almost the same along the full binding trajectory, despite the fact
that the DE-loop is transiently unfolded during the CO — C1 transition and that the inhibitor
is translocated/rearranged by up to 15 A within the protein matrix during each of the C1 —
C2 — Ca3 transitions. The kinetic path by which BMS finds its way to the final binding site
highlights the incredible plasticity of the protein and the unusual flexibility of the inhibitor
(Figure 3D). The recognition and binding of BMS along the presumably energetically
downhill trajectory can be described by a combination of three extremes of possible
mechanisms. BMS initially binds to the C1 site in an extended conformation based on a
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classical lock and key mechanism. It cracks open the active site, allowing the release of the
heme and the exposure of the new C2 site, where the inhibitor binds in a high energy kinked
conformation via a conformational selection mechanism. Finally, the inhibitor relaxes to a
bent conformation in the C3 site through an induced fit mechanism.

It is noteworthy that, in contrast to our sequential mechanism, a previous study performed by
Nelp et al. suggests that BMS targets only the apo-form of hIDOL1 to form the inhibitory
complex C3.13 To differentiate the two mechanisms, we carried out spectroscopic studies of
the binding reaction in free solution. As illustrated in Figure S4, when [BMS] is high enough
to saturate the enzyme, mixing hiIDO1 with BMS leads to heme release with a rate
independent of [BMS] (as the reaction is ratelimited by heme release), which is consistent
with the data reported by Nelp et al. However, at relatively low [BMS], an increase in [BMS]
gradually increases the total amount of heme released, while the apparent heme release rate
progressively decreases owing to the facilitated bimolecular heme rebinding reaction. The
kinetic data fully support our mechanism, while disagree with the Nelp mechanism.

In conclusion, it is a nontrivial task to define binding trajectories of inhibitors due to the
dynamic nature of protein targets. As such inhibitor binding pathways are typically only
attainable by molecular dynamics simulations. This work demonstrates for the first time that
a full binding trajectory of a drug to its target can be experimentally determined by X-ray
crystallography. It calls for additional molecular dynamics simulations to further define the
molecular details of each step of the binding reaction. The unprecedented interplay between
inhibitor binding, protein unfolding, heme release, and inhibitor migration/rearrangement
suggests a novel strategy that can be applied for drug development targeting hiDO1 and
related enzymes.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Molecular structures of hIDO1 inhibitors entered into clinical trials. The active site structure

of the hIDO1-epcadostat complex is shown in the upper left inset to illustrate the locations
of the “A” and “B” pockets in the active site (Sa). The fragments occupying the “A” and “B”
pockets in each inhibitor are depicted in green and blue, respectively. The N and O atoms
coordinated to the heme iron are labeled in red. The PDB code of hIDO1 in complex with
each inhibitor and the cell-based potency of the inhibitor are indicated in the parentheses.
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Figure 2.
Initial binding of BMS in the C1 site. (A) C1 structure with the D-helix, DE-hairpin, DE-

loop, and E-helix highlighted in cyan. The equivalent structural elements taken from the CO
structure (highlighted in magenta) are superimposed to highlight the large scale rotation of
W237 and the partial unfolding of the DE-hairpin during the CO — C1 transition. The JK-
loop connecting the J-helix to the K-helix is disordered and unresolved in the structure. (B)
Expanded view of the C1 site and the 2Fg—F¢ map of the bound BMS contoured at 1.0c.
The associated Fo—F¢c omit map and Polder map are shown in Figure S2A. (C) Surface view
of the BMS binding site, where the D-helix, DE-hairpin, DE-loop, and E-helix are
highlighted in cyan. BMS and the heme are shown as cyan and gray sticks, respectively.
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Figure 3.
Sequential movement of BMS from the C1, C2, to C3 sites. (A) C1 structure with the D-

helix, DE-hairpin, DE-loop, and E-helix (see the definitions in Figure 2) highlighted in cyan.
The equivalent structural elements taken from the C2 structure (highlighted in magenta) are
superimposed to highlight the refolding of the DE-hairpin during the C1 — C2 transition.
The BMS and H346 in the C1 structure are shown as cyan and gray sticks, respectively. The
BMS bound in the C2 and C3 sites (magenta and green sticks, respectively) are
superimposed in the C1 structure to illustrate the inhibitor binding trajectory. (B) Expanded
view of the C2 site and the 2Fg—F¢ map (contoured at 1.00) of the bound BMS (magenta
sticks) and glycerol (cyan sticks), a cryoprotectant used for the crystal preparation. (C)
Expanded view of the C3 site and the 2Fg—F¢c map (contoured at 1.00) of the bound BMS
(green sticks). The associated Fo—F¢ omit maps and Polder maps are shown in Figure
S2B,C. (D) Three BMS conformers identified in this work.
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