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ABSTRACT: Protein dynamics governs most of the fundamental processes in the human body. Particularly, the dynamics of loops located near
an active site can be involved in the positioning of the substrate and the reaction mechanism. The understanding of the functioning of dynamic
loops is therefore a challenge, and often requires the use of a multi-disciplinary approach mixing, for example, crystallographic experiments
and molecular dynamics simulations. In the present work, the dynamic behavior of the JK-loop of the human indoleamine 2,3-dioxygenase 1
hemoprotein, a target for immunotherapy, is investigated. To overcome the lack of knowledge on this dynamism, the study reported here is based
on 3 crystal structures presenting different conformations of the loop, completed with molecular dynamics trajectories and MM-GBSA analyses,
in order to trace the reaction pathway of the enzyme. In addition, the crystal structures identify an exo site in the small unit of the enzyme, that
is populated redundantly by the substrate or the product of the reaction. The role of this newer reported exo site still needs to be investigated.
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Introduction

Loop dynamics in proteins structures is essential in the descrip-
tion of enzymatic mechanisms,! and can be studied by crys-
tallography.*3 By collecting structures with intermediate ligand
positions, it has been possible to understand the organization
of dynamic loops.!3 These advances play an important role in
the development of effective drug molecules for many thera-
peutic targets.® However, although crucial to a deep under-
standing of the enzyme mechanism, the dynamic nature of
flexible loops is also a well-known challenge to crystal refine-
ment. This is why it is common to use a multi-disciplinary
approach, for example, mixing crystallography and molecular
dynamics, to study these phenomenons.”

In this context, the hemoprotein human indoleamine
2,3-dioxygenase 1 (hIDO1) is involved in the first step of the
kynurenine pathway, aimed at the degradation of L-Trp into a
series of metabolites (L-kynurenine, redox cofactors, neuropro-
tectors, and neurotoxins). This enzyme is a well-known thera-
peutic target in immunotherapy.3-1°In particular, overexpression
of hIDO1 by cancer cells has been shown to induce immune
escape and resistance to immunotherapy''"'* by decreasing T
cell activation.!1315-18 Although more than 50 crystal struc-
tures exist for this therapeutic target,'%37 only partial structures
of the active site, that is, without the refinement of the dynamic
JK-loop, were obtained so far. The JK-loop (residues 360-380)
of hIDO1 is a dynamic loop located at the entrance of the
active site, in contact with the heme cofactor. For the last
5years, it has been shown that it is involved in the closure of
the active site and, consequently, in the inhibition of the

enzyme.’® The difficulty in refining the JK-loop comes from
the high flexibility of its N-terminal part (residues 360-374).
The C-terminal part (residues 375-380) is less flexible and is
stabilized, as reported in most of the published hIDO1 struc-
tures. Depending on the presence of L-Trp or inhibitors, the
JK-loop can adopt 3 interconvertible conformations, that is,
opened, closed, and intermediate. Recently, due to a change in
the crystal packing and despite its agitation, the complete
JK-loop was refined for the first time in the absence of ligand.3”
The structure shows an intermediate form of hIDO1, and the
heme cofactor is located inside the enzyme, involving an elec-
trostatic interaction with the residue K377. Since the informa-
tion on the conformation of the loop is recent, the folding
mechanism remains still unclear. To clarify the latter, it would
be necessary to obtain the conformation of the JK-loop accord-
ing to several intermediate positions of L-Trp when it enters
the active site. Although several reaction snapshots showing
the protein in the presence of L-Trp were recently generated by
molecular dynamics,® the first intermediate position of L-Trp
in crystallography was obtained by Pham et al®® in 2021.
However, the dynamic loop was still only partially refined in
their structure. The other lack of structural information on
hIDO1 comes from the potential identification of an exo site,
whose existence was postulated for the first time by Greco
et al*® in 2019. Although the affinity of L-Trp for this site is
similar to the one observed in hTDO, it has never been dem-
onstrated by crystallographic experiments. Thus, the study of
L-Trp along the reaction pathway characterized by the fully
refined JK-loop and the identification of the exo site are the
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next steps to improve the understanding of the therapeutic tar-
get and help to the design of new drugs.

In the present study, 3 new crystal structures of hIDO1
(resolution values of 2.30, 2.50, and 2.50 A) were refined in
ferrous state with L-Trp inside the active site. L-Trp is
observed in different positions allowing to trace its entry in
the active site as well as the evolution of the dynamic loop dur-
ing this process. To provide more information on the folding
dynamics of the protein in solution, these structures were
simulated using 300ns Molecular dynamics (MD) calcula-
tions. Finally, in order to characterize the influence of the con-
formation of the dynamic loop on the affinity of heme and/or
L-Trp, MM-GBSA calculations were performed.

Experimental Section

Production and purification

Escherichia coli BL21 (DE3) cells were transformed with a
pET-28a plasmid provided by Tong and co-workers*” con-
taining the coding gene for hIDO1 with 2 surface mutations
(K116A and K117A). The production and purification of the
enzyme was performed according to the protocol already
described in the literature.? After purification, the protein
was exchanged into crystallization buffer consisting of 5mM
HEPES/NaOH pH 7.6, 200mM NaCl, 5mM DT, and
concentrated at a concentration of 16 mg/mL using Amicon

filters with a 10kDa molecular-weight cut-off membrane.
The hIDO1 protein is stored at -80°C.

Co-crystallization assays

Before proceeding to co-crystallization assays, the reduced pro-
tein was incubated on ice with L-Trp at a final concentration of
2mM for, at least, 15 minutes. After incubation, using the
hanging-drop vapor diffusion method at 293K, drops were
made with 1 of the well solution and 1 of the protein/L-Trp
solution. The wells contained a solution consisting of 14% to
15% polyethylene glycol 3350, 0.1M KH, PO,/NaOH at pH
6.25 to 6.50. The red crystals appeared in 1day and were left
for at least 2weeks before the diffraction experiment and data
collection. Prior data collection, crystals were soaked for at
maximum 2min in well solution supplemented with a cryo-
solution at a final concentration of 20% glycerol and 20 mM
sodium dithionite. The crystals were subsequently flash-cooled
in liquid nitrogen.

X-ray collection and data refinement

The resources of the SOLEIL synchrotron (Gif-sur-Yvette,
France) allowed the collection of data on the PROXIMA-2
(PX2) beamline using a Dectris EIGER X 16 M detector at
100K and at a single wavelength of 0.980 A. Data indexation
was performed with XDS suite.*! Molecular replacement using
Phaser*? and a monomer from PDB entry 7A62 as the model

solved the phase problem. Model building and structure refine-
ment were performed using Coot® and Phenix.* The heme
cofactor, L-Trp, and NFK molecules were added to the mono-
mers using eLBOW.# Three crystallographic structures show-
ing different positions of L-Trp in the active site of hIDO1
have been obtained. For visualization purposes, crystallographic
maps (2Fo-Fc) are cut around the ligands using adequate
Phenix module and a model cut method.** All figures were
generated using PyMOL (version 0.99; Schrodinger)* or
Maestro for the interaction maps.

Binding site studies

The enzyme binding sites were determined with the SiteMap
tool of the Maestro suite.* For this purpose, the crystal struc-
tures were prepared with Protein Preparation Wizard tool.4647
The different ligands were removed manually in order to leave
the pockets empty. The analysis was run to determine at least
10 top-ranked binding sites with 10 site points per site using a
fine grid method.

Model construction and molecular dynamics studies

To study the dynamics of the JK-loop of hIDO1, the crystal
structures 7POR and 7PON were completed by means of a
homology model. The model was constructed with the Maestro
program using Prime and the Structure Prediction Wizard
with the sequence from the structure 7A62 as the starting
model. #6434 The heme cofactor and the L-Trp molecule were
then added to the resulting homology model at a position
observed by crystallography. The resulting structures were used
as starting points for the MD simulations in complement to
the structure hIDO1-closed (7NGE). Each monomer with
an L-Trp molecule in the active site was used as the starting
model. MD simulations of the different protein/ligand
complexes were run using GROMACS 2020°° with the
CHARMM?27 force field! and CMAP corrections for the
protein. H atoms were added using GROMACS. The ligand-
specific topology files were created using the SwissParam
software>? based on the position in the protein and the proto-
nation state of the molecule at pH 7.0. The L-Trp molecule is
allowed to move from its original position during the simula-
tions. The solvatation, the optimization, the equilibration, and
the production stage of the models were performed as previ-
ously described in the literature.?

MM-GBSA analysis

In order to evaluate the affinity of L-Trp and the heme cofactor
depending on the different crystal structures, MM-GBSA cal-
culations were performed using the Maestro Prime tool 464849
The method was applied to the 3 crystal structures containing
the ligand. For the calculation of the affinity of the heme cofac-
tor, the structure without any ligand was also used (PDB code:
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7A62). The monomers from the PDB structures were first pre-
pared with the heme group and, if present, the ligand inside by
the Protein Preparation Wizard tool of the Biologics suite
from Maestro program.*»#7 In order to properly define the
coordinative bonds between the iron ion and the nitrogen
atoms of the porphyrin ring, a preprocessing of the macromol-
ecule is performed by creating zero-order bonds to the metal.
The addition of hydrogen atoms is also done at this stage with
avalidation of the protonation states by the program Epik.46.23.>4
The ferrous redox state was retained for iron in agreement with
the crystallization conditions. The final model was optimized
with the OPLS3e force field.*"> Separate structure files were
then obtained for the ligand and/or the cofactor and the
enzyme. The MM-GBSA calculations were performed using
the VSGB solvatation model“-¢ together with the OPLS3e
force field. The enzyme was kept rigid to preserve a conforma-
tion close to the crystal conformation. Prior to the calculation
using Prime MIM-GBSA, validation tests on the system against
known data have been done using human hemoglobin and
sperm whale myoglobin to validate the ranking of affinity for
the heme cofactor (data not shown).

Results and Discussion
Positions of L-Trp inside the active site

After the analysis of a large amount of hIDO1/L-Trp co-crys-
tals in ferrous condition using synchrotron radiation and the
refinement of the data, 3 crystal structures, presenting different
L-Trp positions in the active site, were obtained (/NGE, 7P0R,
and 7PON). For the clarity of the following manuscript, the
structures will be renamed hIDO1-closed, hIDO1-intermedi-
ate,and hIDO1-opened, respectively. The structures (statistical
data are shown in the Supplemental, Table SI1) present hIDO1
as a dimer of dimer, as already mentioned in the literature.3’
The protein crystallizes in a holo form, with a heme group in
each monomer of the asymmetric unit. Molecules of L-Trp are
observed around the protein and inside the active site of 3
monomers, 1 for each structure. Since crystallization takes
place under reducing conditions, it is also possible to observe
the product of the reaction between hIDO1 and L-Trp,
N-formylkynurenine (NFK), outside the enzyme. The position
of the L-Trp molecules in the 3 active sites relative to the heme
cofactor is shown in Figure 1.

In the structure hIDO1-closed (Figure 1a), L-Trp (occu-
pancies=68%) is located in the so-called reaction position of
the monomer A. As previously mentioned in the literature?
(Supplemental Figure SI1), the aromatic part of L-Trp occu-
pies the pocket A of the active site. The indole site is stabilized
by the hydrophobic core involving Y126, F163, F226, 1.234,
(G262, and A264. S263 forms a hydrogen bond with the nitro-
gen atom of the indole ring. The polar part of L-Trp is posi-
tioned in the pocket B of the active site. The residues R231,
K373, and K377 bring positive charges and stabilize the car-
boxylate part of L-Trp. To allow this interaction, the JK-loop is

closed, as detailed later. The protonated amine group of the
substrate directly interacts with the carboxylate group of the
heme cofactor.

In the structure hIDO1-intermediate, the substrate is
located in the monomer B (occupancies=86%), in a position
that is close to the one recently described by Pham et al®
(Supplemental Figure SI2a). However, unlike Pham et al no
photochemical intermediate is observed in the present case.
The currently observed position is thus a temporary position
showing the entry of L-Trp into the active site. It mainly occu-
pies pocket B, opened by the intermediate conformation of the
JK-loop. The heme cofactor interacts with the nitrogen atom
of the indole group and participates to the stabilization of the
polar part of L-Trp by means of a hydrogen bond with a water
molecule in interaction with the protonated amine. The car-
boxylate part of L-Trp is stabilized by the main chain of G236
and K238.1In this case, K373 and K377 are not directly involved
in the stabilization of the polar part.

The structure hIDO1-opened (Figure 1¢) contains L-Trp in
monomer C with an occupancies of 87%. The molecule is not
positioned in a reactive position but in another intermediate
position which is more upstream of the active site. This posi-
tion has never been reported in any other crystal structure but
is very close to the metastable positions resulting from the MD
analysis of Greco et al.** Consequently, L-Trp lies in pocket B
and does not have access to pocket A. The stabilization of the
indole ring of L-Trp is mainly achieved by the heme cofactor.
Concerning the polar part, the heme cofactor interacts directly
with the protonated amine while R231 is involved in an elec-
trostatic interaction with the carboxylate function. In the pre-
sent case, the JK-loop is located too far from the active site to
contribute to an interaction with the substrate or the cofactor.
On the whole, the heme conformation is not totally planar in
order to interact with the ligand in the case of the 2 temporary
intermediate positions. Such a distortion is known for other
hemoproteins but has never been highlighted for hIDO1.57

Conformation of the JK-loop according to the
L-Trp position

Depending on the relative position of L-Trp with respect to the
active site and the heme cofactor, the dynamic loop adopts dif-
ferent conformations. In the case of the hIDO1-closed struc-
ture (Figure 2a), a closed loop is observed with very little surface
opening (Figure 2b). The mean B-factor for the loop in a
closed position in presence of L-Trp amounts to 94 A2, This
value is 16 A2 lower than the ligand-free structure (PDB code:
7A62, 110 A2), and is totally acceptable in comparison to the
average of B-factor on the whole structure (56.5 A2). Tt sug-
gests that the presence of L-Trp in the reaction position and
the closure of the loop lead to a huge stabilization of the loop
compared to the previously published ligand-free structure.’
In such a closed conformation of the C-terminal part of the
loop, K377 adopts 2 distinct conformations according to the
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Figure 1. General view and zoom on the position of the residues in the active site with respect to L-Trp in structure: (a) hIDO1-closed (¢ =1.0,
carve=1.4, (b) hIDO1-intermediate (¢ =0.8, carve=1.8), and (c) hIDO1-opened (G =1.0, carve=1.6). All interaction maps were obtained using the

program Maestro.

location of L-Trp (Figure 2¢). When L-Trp is inside the active
site, K377 is oriented toward the substrate (K377 (A) in green
with an occupancy of 83%) which is stabilized. The distances
between the nitrogen atom of K377 and the 2 oxygen atoms
belonging to the carboxylate group of L-Trp amount to 3.0 and
3.6 A. In this position, K377 brings a positive charge near the
carboxylate of the cofactor. The distances between the nitrogen
atoms of K377 and the oxygens from the carboxylate of the
heme cofactor amount to 3.1 and 4.8 A. Otherwise, K377
(K377 (B) in gray with an occupancy of 17%) interacts only
with the cofactor at distances between the nitrogen atom and
the 2 oxygens of 4.0 and 4.7 A, as observed in the case of
the substrate-free structure. Thus, the loop has a dual role,
both stabilizing the substrate and the cofactor.

In the temporary intermediate positions (Figure 3a, I), a
first possible conformation shows that the loop is no longer
closed but is partially open, as already described by Pham et al30
(Supplemental Figure SI2b). It is explained by the position of
the ligand which has not yet fully entered the active site. The
loop has not yet fully closed. Consequently, the agitation of the
loop increases due to its partial opening. The presence of the
ligand in a temporary intermediate position leads to a less sta-
ble JK-loop with a mean B-factor of 114 A2 for the refined
C-terminal part. The C-terminal part remains close to the
active site, allowing the electrostatic interaction of the pro-
tonated amine from K377 with the carboxylate group of the
cofactor, at a distance of 5.2 A (Figure 3a, II). As already men-

tioned in the case of the structure without ligand,?* this
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Figure 2. JK-loop in monomer A of hIDO1-closed structure: (a) relative conformation of the loop with respect to the active site, (b) surface of the protein

with the closure of the loop, and (c) alternative conformations of K377 with an interaction between K377(A) (green) and L-Trp or an interaction between
K377(B) (gray) and the heme cofactor.

. B

Figure 3. Conformation of the JK-loop in different states of the active site. (a) |, Conformation of the JK-loop in hIDO1-intermediate structure according to
the ligand position. Il, Role of K377 for the interaction with the heme cofactor. Ill, Van der Waals surface resulting of the partial opening of the JK-loop. (b)
I, Conformation of the JK-loop in hIDO1-opened according to the ligand position. I, Positioning of the C-terminal part away from the ligand. The refined
fragment is from T379 to G380. Ill, Van der Waals surface resulting from the total opening of the JK-loop.

interaction confirms the role of lysine K377 to maintain the have any longer a role in stabilizing the substrate. In this case,

cofactor in its pocket during the positioning of the substrate due to a larger agitation, the N-terminal part is too disordered

and to avoid lability of the latter. Therefore, the loop does not to be refined. It may be caused by the rapid positioning of
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Figure 4. Molecular dynamics studies on hIDO1-closed as obtained from 300ns of MD simulation at 310K and 1 bar. (a) Final 300ns-MD conformation of
the JK-loop compared to the hIDO1-closed crystal structure. Induced fit of the JK-loop in hIDO1-closed during the MD production stage in comparison to
the crystal structure, respectively in green and yellow while the helix F is in blue. (b) Superposition of the L-Trp conformation in the hIDO1-closed crystal
structure (in green) and as obtained from 300 ns of MD simulation (in yellow). (c) RMSF analyses of hIDO1-closed (with and without ligand) in comparison

to free-ligand hIDO1 MD studies.3®

L-Trp, resulting in a fast rearrangement of the loop at the
N-terminus. As a consequence, the protein surface is much
more open than in the case of hIDO1-closed (Figure 3a, III).
In the second possible conformation (Figure 3b, I), the more
upstream position of L-Trp leads to a fully opened JK-loop as
indicated by the fragment composed of residues T379 to T382
(Figure 3b, II). Since the ligand is not well positioned in the
active site, the loop is not well refined, even at the C-terminus.
The surface is widely open (Figure 3b, III) and the A-site is
hardly accessible to the ligand at this stage of the enzymatic
reaction.

Exploration of the behavior of the JK-loop by

molecular dynamics

Molecular dynamics (MD) simulations were carried out to
study the behavior of the solvated dynamic loop depending on
the different ligand positions. The analysis of the 300ns
hIDO1-closed MD trajectory highlights that L-Trp does not
significantly move during the simulations (Figure 4a and b).
Consequently, the distance between the protonated amine of
L-Trp and the carboxylate group of the cofactor amounts to
3.6 + 1.0A. This is close to the distance of 3.0A observed
experimentally by crystallography. The conformation of the

loop observed from a 300 ns-MD trajectory with L-Trp is con-
sistent with the starting closed-structure resulting from crys-
tallographic experiments. Nevertheless, a slight induced fit is
observed (Figure 4a) wherein the last turn of the K helix is
deconstructed in contrast to the experimental structure. It leads
to a complete closure of the protein surface by bringing the
JK-loop closer to the helix F (residues 286-300). Residue T379
directly interacts with residue D394 in the helix F' (Supplemental
Figure SI3). The MD simulation confirms the presence of an
interaction, described by Greco et al* between the JK-loop and
the helix EF. Due to the complete closure, the K377/ heme
interaction is lost at 300 ns. However, it is hypothesized that
the closure preserves enough heme inside the active site to
avoid the need of the stabilizing K377/heme interaction.
During the MD simulation, K377 moves to assist the stabili-
zation of the substrate. Particularly, the distance between the 2
oxygen atoms of L-Trp and K377 varies over the 300 ns, with
an average of 4.1 + 1.1A for O1 and 5.8 + 1.2 A for O2 from
L-Trp, in comparison to the 3.0 and 3.6 A observed in the
crystal structure. On the whole, the results of the simulations
confirm the stabilization of the loop observed in crystallogra-
phy. Indeed, the RMSF analysis of the Ca atoms (Figure 4c,
green) of the protein shows a stable and non-agitated loop for
the C-terminal part compared to the results already published
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RMSF analyses of hIDO1-intermediate in comparison to free-ligand hIDO1 and hIDO1-closed simulations, (b) Position of L-Trp at 1 ns of production (in
red) in comparison to the position observed in the crystal structure (in orange), and (c) Left—2 MD snapshots of the displacement for the JK-loop during

the production stage after 1ns (in red) and after 300ns (in yellow). Right -
between the heme and K377.

Interaction between L-Trp and K373 after 300ns in yellow. Loss of contact

for the protein without ligand (Figure 4c, black).?” When a
MD simulation is performed without L-Trp but with the same
starting close conformation for the loop, the agitation of the
C-terminal part is recovered (Figure 4c, pink). This agitation
increase comes from a reopening of the enzyme, leading to a
conformation of the intermediate JK-loop in the absence of
ligands (data not shown). It thus suggests that the ligand is
essential for a stabilization of the JK-loop.

In the same way as the 300ns-IMD simulation with L-Trp
in the closed conformation, 2 other 300ns-MD simulations
were performed with structures with the JK-loop in interme-
diate and opened conformations as starting points. First,
the 300ns-MD trajectory for hIDO1 with the JK-loop in the
intermediate conformation shows a total reorganization of the
loop and ligand position, leading to a drastic increase of the
RMSF values for the C-terminal part of the loop (Figure 5a).
The L-Trp stays relatively mobile until it finds its definite posi-
tion within the active site (Figure 5b and c). The more advanced
position in the active site is considered as an additional inter-
mediate position of L-Trp in the active site (Figure S¢, in yel-
low) as is not the known reactive position for the substrate

(Supplemental Figure SI4). This position is stabilized after

200ns until the end of the simulation. During its migration,
the distance between the protonated amine of L-Trp and the
heme cofactor varies with an average of 3.8 + 1.3 A. The dis-
placement of L-Trp leads to the displacement of the JK-loop.
The access to the active site of the protein gradually closes. In
this intermediate conformation of the JK-loop, K377 points
outwards the enzyme. However, the cofactor is maintained in
the active site due to the establishment of an interaction
between K373 and the substrate acting as a network between
the JK-loop, the substrate and the heme (Figure 5c, left). The
simulation starting from the reconstructed hIDO1-opened
structure does not show the same displacement trend due to
the fact that L-Trp does not undergo a full 180° rotation around
its initial position. The unproper orientation of the indole ring
with respect to the heme cofactor and the closure of the pocket
A prevent the displacement of L-Trp in the active site.
Consequently, L-Trp remains in its position and the JK-loop is
still open. In a biological context, it is hypothesized that L-Trp
would potentially slightly exit the enzyme to rotate and to re-
enter in the correct orientation.

A comparison of the 3 crystal structures, superimposed to
MD illustrating transient intermediate positions of L-Trp
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Figure 6. Superposition of the different conformations for the JK-loop in the 3 PDB structures and the MD simulations. The structure hIDO1-closed is in
green, hIDO1-intermediate in orange and hIDO1-opened in blue. Structures from MD simulation after 300ns is in yellow: (a) JK-loop opening according to
the different structures, (b) trajectory of L-Trp in the different structures, and (c) interactions network between the JK-loop, the substrate and the heme to
maintain the cofactor in the active site in the MD simulation and in hIDO1-closed structure.

allows to propose a possible refolding trajectory for the JK-loop.
When L-Trp enters in the active site of hIDO1, the loop is first
open (Figure 6a, I). L-Trp adopts a temporary intermediate
position which corresponds to position 1 or position 2
(Figure 6b) in crystallography. In the case of position 1, it must
first perform a 180° rotation to allow a better anchoring of the
substrate in the active site to shift in the A-pocket. As a result,
the loop changes from an open to an intermediate conforma-
tion (Figure 6a, I and III). This conformation is close to the
conformation of the loop in the ligand-free structure
(Supplemental Figure SIS5). Stabilizing interactions are likely
established between the loop, L-Trp and the cofactor to allow
the confinement of the heme and the substrate into the active
site (Figure 6¢). The substrate is displaced into pocket A,
through a movement from position 2 to position 3 and then 4
(Figure 6b) through favorable hydrophobic stabilizations. The
stabilization of the L-Trp in this final position allows the clo-
sure of the active site (Figure 6a,IV).If a dioxygen molecule is
previously bound to the iron ion under the right oxidation-
redox conditions, the reaction can take place. After reaction, it
is suggested that less favorable interactions with the product of
the reaction lead to the opening of the loop and the release of
the product.

Influence of the crystallographic conformations on
the affinity

All the above results indicate the occurrence of a strong inter-
action between the heme cofactor and the C-terminal part
of the JK-loop. In order to evaluate the resulting affinity,
MM-GBSA (Table 1).

calculations were performed

Concerning the holo protein/substrate complexes, the results
highlight the same order of affinity for the different crystal
positions of L-Trp with respect to the holo protein. In all cases,
these negative values for the binding AG for the 3 structures
support the possible observation of these temporary intermedi-
ates in crystallography. It suggests that the influence of the
conformation of the loop on the substrate affinity is negligible.
Contrarily, the affinity of the heme for the protein is strongly
influenced by the conformation of the loop. In the open-loop
situation, the binding AG is positive, showing no affinity of the
heme for the enzyme. Thus, such a conformation state favors
the apo versus the holo form. When the loop is in an interme-
diate position (hIDO1-ligand free and hIDO1-intermediate
with L-Trp), the binding AG for the cofactor presents a nega-
tive value which favors the holo rather than the apo form. It
can be explained by the electrostatic interaction observed
between K377 and the cofactor. The closure of the enzyme
drastically decreases the AG by a factor of 10, leading to an
increase of the heme affinity and, consequently, a decrease of
the heme lability. This analysis supports the role of the JK-loop

on the modulation of cofactor lability.

Questioning the existence of an exo site in hIDO1

In the 3 crystal structures, it is possible to observe L-Trp or
NFK molecules outside the enzyme, mostly at the interface
between monomers in the crystal packing (Supplemental
Figure SI6). However, in the 3 crystal structures reported in the
present work, L-Trp and NFK molecules are observed in some
monomers, with no other monomer less than 10A away by
crystal symmetry. Such a location site, called as exo site, is
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Table 1. MM-GBSA calculations of the different PDB structures with a partially or totally refined JK-loop.

STRUCTURES PDB CODE AG BETWEEN AND HOLO PROTEIN AND L-TRP AG BETWEEN APO PROTEIN AND HEME
Ligand-free 7A62 / =241
Closed with L-Trp 7NGE -40.6 -33.2
Intermediate with L-Trp 7POR -43.8 -3.9
Opened with L-Trp 7PON -29.8 0.7

Influence of the JK-loop conformation on the affinity for L-Trp or heme cofactor. The affinity for L-Trp or heme cofactor is calculated on the basis of the position as

observed in the corresponding crystal structure. In the case of the affinity of the heme cofactor, the substrate is removed from the active site during the calculation.

Values of AG are in kcal/mol.

(@)

l.
Pocket Il M E60 .

Q54

. (9 Pocket |

Figure 7. L-Trp and NFK binding in the exo site of the small subunit of hIDO1. Pocket | is in green while pocket Il and Ill are respectively in blue and in
pink. (@) I, NFK in monomer C of hIDO1-intermediate as positioned in the pockets | and Il. Il, L-Trp in monomer B of hIDO1-intermediate as positioned in
the pocket | and Ill. (b) Interaction maps of L-Trp or NFK in the exo site of the different monomers (I=Monomer B of hIDO1-closed, Il=Monomer B of
hIDO1-intermediate, lll=Monomer C of hIDO1-intermediate, IV=Monomer A of hIDO1-opened).

located in the small subunit (I50-R56 and W92-R100). Within
the structure hIDO1-closed, L-Trp is found in monomer B. In
hIDO1-intermediate, 2 monomers (B and C) contain L-Trp
and NFK, respectively. The hIDO1-open structure contains
an NFK molecule in monomer A. In addition, MD analyses
of a free NFK outside the protein lead to its displacement
around the exo site during the 300ns MD production stage
(Supplemental Figure SI17).

L-Trp and NFK are not in the same orientation in the dif-
ferent monomers, as illustrated in Figure 7. It is explained by
the amount of electrically charged residues of the exo site,
which stabilize the polar groups of the molecules. Nevertheless,
the common aromatic moiety of the ligands occupies a pocket
(pocket I, in green, Figure 7a) composed of residues 149, 150,
G53, and L55. However, the stabilization of the polar part of

the ligands can be achieved with 2 other pockets (II and III).
Pocket II (Figure 7a, I, in blue) is composed of the residues
R100, E57, and/or E60, while the pocket III (Figure 7a, I, in
pink) includes the main chain of residues K94 and G93, as well
as the lateral chain of D98. The contribution of R56 appears in
both polar pockets. The interaction maps (Figure 7b) highlight
that the occupancy of pocket II or III is not a ligand-depend-
ent process. Indeed, the position of L-Trp in the hIDO1-closed
structure (Figure 7b, I) is close to that of NFK in monomer C
of hIDO1-intermediate (Figure 7b, III). In contrast, the polar
part of L-Trp in the monomer B of hIDO1-intermediate
(Figure 7b, II) is closer to the position of NFK in hIDO1-
opened (Figure 7b, IV).

Beside the crystallographic and MD results, a computa-
tional study was performed by Maestro*® to determine the
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Table 2. SiteMap analyses of for the different monomers with ligand in the exo-site or in the active site in the 3 hIDO1 crystal structures.

STRUCTURE MONOMER MOLECULE IN ACTIVE SITE VOLUME (A3) EXO SITE SITE VOLUME (A3)
EXO SITE SITE SCORE SCORE

Closed A / 1.074 119.4 0.646 69.4

B L-Trp 1.036 460.4 0.718 81.6
Intermediate B L-Trp 1.023 621.9 0.611 51.2

C NFK 1.018 535.7 0.573 45.5
Opened A / 1.029 446.4 0.745 89.4

C NKF 1.064 376.0 0.729 71.0

possible binding sites at the protein surface. The calculations
were performed using the SiteMap tool on monomers with or
without a ligand in the exo site. Although the known active
site of hIDO1 is recognized as the best site with a site score
higher than 1.0,% the program also finds the site of the small
subunit with a lower score around 0.6 to 0.7 (Table 2). The
volume of the active site is lower in the case of monomer A in
hIDO1-closed due to the closed conformation of the JK-loop.
In the 2 other monomers, it is more open due to the absence
of refinement of the JK-loop. According to this approach, the
exo site has an overall size between 45 and 90 A3 (Table 2).
This shows some variability of the pocket depending on the
monomer. Surprisingly, the hIDO1-intermediate structure is
characterized by narrower binding sites. So far, it is not pos-
sible to establish a link between the position of the loop and
the size of the exo site. Observation of the site surface inter-
acting with L-Trp or NFK inside shows that this exo site is
indeed able to accommodate an NFK as well as a L-Trp mol-
ecule (Supplemental Figure SI8). All these results support the
recent study performed by Greco et al** who suggested that
an exo site may be present in hIDO1. The study of the role

for this site is an interesting track to follow in the near future.

Conclusions

The dynamic loop of hIDO1 has long been a poorly under-
stood area in the enzyme. To shed light on the reaction path-
way of the protein, we present results obtained through X-ray
diffraction experiments, molecular dynamics (MD) simula-
tions, MM-GBSA calculations and protein binding site analy-
sis. In particular, 3 new crystal structures highlight 3 possible
conformations of the JK-loop. These conformations can be
related to both (1) the entry and position of the ligand in the
active site and (2) the binding of the cofactor inside the enzyme
pocket involving the residue K377. MDD trajectories have sup-
ported the existence of these conformations of the JK-loop in
solution and revealed additional snapshots at the 3 temporary
intermediates observed in crystallography. The set of these 5
positions allowed a better understanding of the dynamics of
the JK-loop during substrate positioning. Together with the
MM-GBSA results, it is now clear that the JK-loop has a fun-
damental role in the lability of the heme cofactor. All the results

form a solid basis for the design of holo or apo inhibitors for
the protein. The analysis of the crystal structure, as well as pro-
tein binding site analysis, confirm the previously published
hypothesis of Greco et al*’ about a novel exo site in hIDO1,
which remains a challenging and unexplored road. The precise
characterization of the exo site is crucial to understand its role
within the small subunit of the enzyme.

Acknowledgements

The authors thank the Soleil Synchrotron and the
PROXIMA-1 and PROXIMA-2 beamlines staffs for the
access to synchrotron-radiation facilities and for the precious
advices during the experiment. The authors are also grateful to
Professor Liang Tong for providing the hIDO1 plasmid. This
research used the resources of the Plateforme Technologique
de Calcul Intensif (PTCI; http://www.ptci.unamur.be) located
at the University of Namur, Belgium, which is supported by
the FNRS-FRFC, theWalloon Region and the University
of Namur (Conventions Nos. 2.5020.11, GEQU.G006.15,
1610468,and RW/GEQ2016). The PTCI is a member of the
Consortium des Equipements de Calcul Intensif (CECI).
(http://www.ceci-hpe.be).

Author Contributions

The authors’ contributions are as follows. As head of the labora-
tory, JW designed the project and supervised the work. For the
experimental part, MM performed the experiments, refined and
analyzed the different crystallographic structures with the feed-
back of JW. For the theoretical part, the Molecular Dynamics
protocols were developed by MM and LL. The interpretation of
the results has been done in consultation with the different
authors of the present manuscript. During the writing process,
MM took the lead of the redaction. All authors provided critical
feedback and helped the analysis of the manuscript..

ORCID iDs
Manon Mirgaux "2 https://orcid.org/0000-0002-6469-0552
Johan Wouters (2 https://orcid.org/0000-0002-4920-6857

Supplemental material
Supplemental material for this article is available online.


http://www.ptci.unamur.be
http://www.ceci-hpc.be
https://orcid.org/0000-0002-6469-0552
https://orcid.org/0000-0002-4920-6857

Mirgaux et al

11

REFERENCES

1.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

Haufroid M, Mirgaux M, Leherte L, Wouters J. Crystal structures and snap-
shots along the reaction pathway of human phosphoserine phosphatase. Acta
Crystallogr D Struct Biol. 2019;75:592-604.

Havel K, Shallom D, Niefind K, et al. Crystal structure and snapshots along the
reaction pathway of a family 51 a-L-arabinofuranosidase. EMBO J. 2003;
22:4922-4932.

Gerlits O, Tian J, Das A, Langan P, Heller WT, Kovalevsky A. Phosphoryl
transfer reaction snapshots in crystals: insights into the mechanism of protein
kinase a catalytic subunit. J Bio/ Chem. 2015;290:15538-15548.

Osborne MJ, Schnell ], Benkovic SJ, Dyson HJ, Wright PE. Backbone dynamics
in dihydrofolate reductase complexes: role of loop flexibility in the catalytic
mechanism. Biochemistry. 2001;40:9846-9859.

Somavarapu AK, Kepp KP. The dynamic mechanism of presenilin-1 function:
sensitive gate dynamics and loop unplugging control protein access. Neurobiol
Dis. 2016;89:147-156.

Renault L, Guibert B, Cherfils J. Structural snapshots of the mechanism and
inhibition of a guanine nucleotide exchange factor. Nature. 2003;426:
525-530.

Papaleo E, Saladino G, Lambrughi M, Lindorff-Larsen K, Gervasio FL, Nussi-
nov R. The role of protein loops and linkers in conformational dynamics and allo-
stery. Chem Rev. 2016;116:6391-6423.

LiF, Zhang R, Li S, Liu J. IDO1: an important immunotherapy target in cancer
treatment. Int Immunopharmacol. 2017;47:70~77.

Liu M, Wang X, Wang L, et al. Targeting the IDO1 pathway in cancer: from
bench to bedside. J Hematol Oncol. 2018;11:100-112.

Phillips RS, Iradukunda EC, Hughes T, Bowen JP. Modulation of enzyme
activity in the kynurenine pathway by kynurenine monooxygenase inhibition.
Front Mol Biosci. 2019;6:3-9.

Uyttenhove C, Pilotte L, Théate I, et al. Evidence for a tumoral immune
resistance mechanism based on tryptophan degradation by indoleamine
2,3-dioxygenase. Nat Med. 2003;9:1269-1274.

Takikawa O. Biochemical and medical aspects of the indoleamine
2,3-dioxygenase-initiated L-tryptophan metabolism. Biochem Biophys Res Com-
mun. 2005;338:12-19.

Moon YW, Hajjar J, Hwu P, Naing A. Targeting the indoleamine 2,3-dioxygenase
pathway in cancer. J Immunother Cancer. 2015;3:51-10.

Prendergast GC, Malachowski W], Mondal A, Scherle P, Muller AJ. Indole-
amine 2,3-dioxygenase and its therapeutic inhibition in cancer. In# Rev Cell Mol
Biol. 2018;336:175-203.

Mellor AL, Munn DH. IDO expression by dendritic cells: tolerance and trypto-
phan catabolism. Nat Rev Immunol. 2004;4:762-774.

Munn DH, Mellor AL. Indoleamine 2,3-dioxygenase and tumor-induced toler-
ance. J Clin Investig. 2007;117:1147-1154.

Katz JB, Muller AJ, Prendergast GC. Indoleamine 2,3-dioxygenase in T-cell
tolerance and tumoral immune escape. Immunol Rev. 2008;222:206-221.
Prendergast GC. Immune escape as a fundamental trait of cancer: focus on IDO.
Oncogene. 2008;27:3889-3900.

Sugimoto H, Oda SI, Otsuki T, et al. Crystal structure of human indoleamine
2,3-dioxygenase: catalytic mechanism of O2 incorporation by a heme-contain-
ing dioxygenase. Proc Natl Acad Sci USA. 2006;103:2611-2616.

Peng YH, Ueng SH, Tseng CT, et al. Important hydrogen bond networks in
Indoleamine 2,3-dioxygenase 1 (IDO1) inhibitor design revealed by crystal
structures of Imidazoleisoindole derivatives with IDO1. J Med Chem. 2016;
59:282-293.

Peng YH, Liao FY, Tseng CT, et al. Correction to unique sulfur-aromatic inter-
actions contribute to the binding of potent Imidazothiazole indoleamine
2,3-dioxygenase inhibitors. J Med Chem. 2020;63:7445-1659.

Crosignani S, Bingham P, Bottemanne P, et al. Discovery of a novel and selective
indoleamine 2,3-dioxygenase (IDO-1) inhibitor 3-(5-fluoro-1H-indol-3-yl)pyr-
rolidine-2,5-dione (EOS200271/PF-06840003) and its characterization as a
potential clinical candidate. ] Med Chem. 2017;60:9617-9629.

Lewis-Ballester A, Karkashon S, Batabyal D, Poulos TL, Yeh SR. Inhibition
mechanisms of human indoleamine 2,3 dioxygenase 1. J Am Chem Soc. 2018;
140:8518-8525.

Lewis-Ballester A, Pham KN, Batabyal D, et al. Structural insights into sub-
strate and inhibitor binding sites in human indoleamine 2,3-dioxygenase 1. Na#
Commun. 2017;8:1693-1697.

Kumar S, Waldo JP, Jaipuri FA, et al. Discovery of clinical candidate (1R,4r)-4-
((R)-2-((S)-6-Fluoro-5H-imidazo[5,1-a]isoindol-5-yl)-1-hydroxyethyl)cyclo-
hexan-1-ol (Navoximod), a potent and selective inhibitor of indoleamine
2,3-dioxygenase 1. ] Med Chem. 2019;62:6705-6733.

Alexandre JAC, Swan MK, Latchem M]J, etal. New 4-Aminol,2,3-triazole
inhibitors of Indoleamine 2,3-dioxygenase form a long-lived complex with the
enzyme and display exquisite cellular potency. Chembiochem. 2018;19:552-561.
Luo S, Xu K, Xiang S, et al. High-resolution structures of inhibitor complexes of
human indoleamine 2,3-dioxygenase 1 in a new crystal form. Acta Crystallogr F'
Struct Biol Commun. 2018;74:717-724.

28.

29.

30.

31

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.
47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

Nelp MT, Kates PA, Hunt JT, et al. Immune-modulating enzyme indoleamine
2,3-dioxygenase is effectively inhibited by targeting its apo-form. Proc Natl Acad
Sci USA. 2018;115:3249-3254.

Pham KN, Lewis-Ballester A, Yeh SR. Structural basis of inhibitor selectivity in
human indoleamine 2,3-Dioxygenase 1 and Tryptophan Dioxygenase. J Am
Chem Soc. 2019;141:18771-18779.

Pham KN, Lewis-Ballester A, Yeh SR. Conformational plasticity in human
Heme-Based dioxygenases. J Am Chem Soc. 2021;143:1836-1845.

Pham KN, Yeh SR. Mapping the binding trajectory of a suicide inhibitor in
human indoleamine 2,3-dioxygenase 1. J Am Chem Soc. 2018;140:14538-14541.
Rohrig UF, Reynaud A, Majjigapu SR, Vogel P, Pojer F, Zoete V. Inhibition
mechanisms of indoleamine 2,3-dioxygenase 1 (IDO1). J Med Chem. 2019;62:
8784-8795.

White C, McGowan MA, Zhou H, et al. Strategic incorporation of polarity in
heme-displacing inhibitors of Indoleamine-2,3-dioxygenase-1 (IDO1). ACS
Med Chem Lett. 2020;11:550-557.

Zhang H, Liu K, Pu Q_, et al. Discovery of Aminocyclobutarene-derived indole-
amine-2,3-dioxygenase 1 (IDO1) inhibitors for cancer immunotherapy. 4CS
Med Chem Lett. 2019;10:1530-1536.

Li D, Deng Y, Achab A, etal. Carbamate and N-pyrimidine mitigate amide
hydrolysis: structure-based drug design of tetrahydroquinoline IDO1 inhibitors.
ACS Med Chem Lett. 2021;12:389-396.

Rohrig UF, Majjigapu SR, Reynaud A, etal. Azole-Based indoleamine
2,3-dioxygenase 1 (IDO1) inhibitors. / Med Chem. 2021;64:2205-2227.

Pu Q_, Zhang H, Guo L, et al. Discovery of potent and orally available bicy-
clo[1.1.1]pentane-Derived Indoleamine-2,3-dioxygenase 1 (IDO1) inhibitors.
ACS Med Chem Lett. 2020;11:1548-1554.

Alvarez L, Lewis-Ballester A, Roitberg A, et al. Structural study of a flexible
active site loop in human indoleamine 2,3-dioxygenase and its functional impli-
cations. Biochemistry. 2016;55:2785-2793.

Mirgaux M, Leherte L, Wouters J. Influence of the presence of the heme cofactor
on the JK-loop structure in indoleamine 2,3-dioxygenase 1. Acta Crystallogr D
Struct Biol. 2020;76:1211-1221.

Greco FA, Albini E, Coletti A, et al. Tracking hidden binding pockets along the
molecular recognition path of I-trp to Indoleamine 2,3-dioxygenase 1. ChemMed-
Chem. 2019;14:2084-2092.

Kabsch W. Xds. Acta Crystallogr D Struct Biol. 2010;66:125-132.

McCoy AJ, Grosse-Kunstleve RW, Adams PD, Winn MD, Storoni LC, Read
RJ. Phaser crystallographic software. J Appl Crystallogr. 2007,40:658—674.
Emsley P, Lohkamp B, Scott WG, Cowtan K. Features and development of coot.
Acta Crystallogr D Biol Crystallogr. 2010;66:486-501.

Adams PD, Afonine PV, Bunkéczi G, et al. Phenix: a comprehensive python-
based system for macromolecular structure solution. Acta Crystallogr D Biol Crys-
tallogr. 2010;66:213-221.

Moriarty NW, Grosse-Kunstleve RW, Adams PD. Electronic ligand builder and
optimization workbench (elbow): a tool for ligand coordinate and restraint gen-
eration. Acta Crystallogr D Biol Crystallogr. 2009;65:1074-1080.

Schrodinger. Schrodinger Rrelease 2021-2, SiteMap. LLC; 2021.

Madhavi Sastry G, Adzhigirey M, Day T, Annabhimoju R, Sherman W. Protein
and ligand preparation: parameters, protocols, and influence on virtual screening
enrichments. J Comput Aided Mol Des. 2013;27:221-234.

Jacobson MP, Pincus DL, Rapp CS, et al. A hierarchical approach to all-atom
protein loop prediction. Proteins. 2004;55:351-367.

Jacobson MP, Friesner RA, Xiang Z, Honig B. On the role of the crystal
environment in determining protein side-chain conformations. J Mo/ Biol.
2002;320:597-608.

Abraham MJ, Murtola T, Schulz R, et al. Gromacs: high performance molecular
simulations through multi-level parallelism from laptops to supercomputers.
SoftwareX. 2015;1-2:19-25.

MacKerell AD Jr, Banavali N, Foloppe N. Development and current status of the
CHARMM force field for nucleic acids. Biopolymers. 2000-2001;56:257-265.
Zoete V, Cuendet MA, Grosdidier A, Michielin O. Swissparam: a fast force
field generation tool for small organic molecules. J Comput Chem. 2011;32:
2359-2368.

Greenwood JR, Calkins D, Sullivan AP, Shelley JC. Towards the comprehen-
sive, rapid, and accurate prediction of the favorable tautomeric states of drug-like
molecules in aqueous solution. J Comput Aided Mol Des. 2010;24:591-604.
Shelley JC, Cholleti A, Frye LL, Greenwood JR, Timlin MR, Uchimaya M.
Epik: a software program for pK a prediction and protonation state generation
for drug-like molecules. J Comput Aided Mol Des. 2007;21:681-691.

Harder E, Damm W, Maple ], et al. OPLS3: a force field providing broad cover-
age of drug-like small molecules and proteins. J Chem Theory Comput. 2016;12:
281-296.

LiJ, Abel R, Zhu K, Cao Y, Zhao S, Friesner RA. The VSGB 2.0 model: a next
generation energy model for high resolution protein structure modeling. Prozeins.
2011;79:2794-2812.

Neya S, Suzuki M, Hoshino T, et al. Molecular insight into intrinsic heme dis-
tortion in ligand binding in hemoprotein. Biochemistry. 2010;49:5642-5650.



