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Abstract

Indoleamine 2,3-dioxygenase 1 (hIDO1) and tryptophan dioxygenase (hTDO) are two of the only 

three heme-based dioxygenases in humans. They have recently been identified as key cancer 

immunotherapeutic drug targets. While structures of hIDO1 in complex with inhibitors have been 

documented, so far there are no structures of hTDO-inhibitor complexes available. Here we use 

PF-06840003 (IPD), a hIDO1-selective inhibitor in clinical trials, as a structural probe to elucidate 

inhibitor-selectivity in hIDO1 versus hTDO. Spectroscopic studies show that IPD exhibits 400-

fold higher inhibition activity toward hIDO1 with respect to hTDO. Crystallographic structures 

reveal that the binding pocket of IPD in the active site in hIDO1 is much more flexible as 

compared to that in hTDO, which offers a molecular explanation for the superior inhibition 

activity of IPD in hIDO1 with respect to hTDO. In addition to the IPD bound in the active site, a 

second IPD molecule was identified in an inhibitory site on the proximal side of the heme in 

hIDO1 and in an exosite that is ~40 Å away from the active site in hTDO. Taken together the data 

provide new insights into structure-based design of mono and dual inhibitors targeting hIDO1 

and/or hTDO.
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INTRODUCTION

Trp is the least abundant essential amino acid. A small amount of our dietary Trp (~1%) is 

used to synthesize serotonin and melatonin through the serotonin (SER) pathway, while the 

majority of it (~95%) is metabolized through the kynurenine (KYN) pathway.1–3 The first 

and rate-limiting step of the KYN pathway, the degradation of Trp to N-formyl-kynurenine 

(NFK), is catalyzed by human tryptophan dioxygenase (hTDO) and indoleamine 2,3-

dioxygenase (hIDO).1,4–6 hTDO and hIDO hence play an important role in controlling the 

relative Trp flux along the KYN and SER pathways. Over activation of hTDO and hIDO 

leads to upregulation of the KYN pathway, causing depression-associated anxiety, psychosis, 

and cognitive decline (due to serotonin deficiency)7–9 and contributing to neurodegenerative 

disorders, such as Alzheimer’s and Huntington’s disease (due to the production of 

neuroactive metabolites).10–15 Consequently, the two dioxygenases have been recognized as 

important therapeutic drug targets.

Recently it was found that hIDO is expressed in the placenta16 and in cancer cells,17,18 

where the enzyme functions as an immunosuppressor by depleting Trp, the key nutrient 

required for T-cell activation and function, and by promoting the production of 

immunosuppressive kynurenine metabolites.18–23 Accordingly, hIDO was identified as a key 

drug target in immuno-oncology.24–27 In 2006, a second isoform of hIDO (human 

indoleamine 2,3 dioxygenase 2, referred to as hIDO2) was discovered in the human genome,
28,29 in addition to the original isoform (human indoleamine 2,3 dioxygenase 1, referred to 

as hIDO1 hereinafter). Like hIDO1, hIDO2 as well as hTDO were later found to be 

expressed in cancer cells,30–33 where they play crucial roles in suppressing antitumor 

immunity. These exciting new discoveries prompted a great deal of research in drug 

discovery targeting the three enzymes.24,25 Accordingly, a large number of inhibitors, in 

particular those targeting hIDO1, have been developed.34–39

Several frontline hIDO1 inhibitors, such as epacadostat,40,41 PF-06840003 (IPD),42 

navoximod,43,44 and BMS-986205,45,46 have entered clinical trials. Among them, 

epacadostat and IPD stand out, as epacadostat is the most advanced inhibitor that shows 
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unprecedented outcomes in both Phase I/II trials,47,48 while IPD is the only inhibitor that is 

able to cross the blood-brain barrier.42 Last year, the much anticipated phase III trial of 

epacadostat, however, failed unexpectedly,48–51 suggesting that hIDO1 inhibition alone 

might not be sufficient to elicit clinical effects without simultaneously blocking hTDO and 

hIDO2, which also contribute to Trp depletion and kynurenine accumulation in cancer cells.
30–33

Crystal structures of hIDO1 in complex with the substrate L-Trp41 and a variety of 

inhibitors41,42,44–46,52–54 have been reported. Most of the inhibitors bind to the active site 

(Sa), where they coordinate to the heme iron via a N atom, except that (i) epacadostat 

coordinates to the heme iron via an O atom,41 and (ii) IPD sits on top of the heme iron 

without coordinating to it.42 Regardless of the heme iron coordination, all the high affinity 

inhibitors, like the substrate Trp, possess two fragments that occupy the distinct “A” and “B” 

pockets in the Sa site (Figure 1). The smaller inhibitors, such as phenyl imidazole and amino 

triazole occupy only the “A” pocket and typically exhibit lower inhibition activities.

In contrast to hIDO1 inhibitors, none of the hTDO inhibitors have entered clinical trials. In 

addition, the crystal structure of hTDO has only recently been solved in a substrate-bound 

state,55 and no structures of hTDO-inhibitor complexes are available to date. Here we sought 

to use IPD, an indole derivative with a reported IC50 of ~0.4 μM and ≫50 μM for hIDO1 

and hTDO, respectively,42 as a structural probe to elucidate the inhibitor selectivity in 

hIDO1 with respect to that in hTDO.

RESULTS AND DISCUSSION

Inhibition Activity of IPD toward hIDO1 versus hTDO.

To quantify the inhibition activity of IPD, we used optical absorption spectroscopy to follow 

the NFK production rate of each enzyme as a function of [IPD]. We found that IPD is able to 

inhibit hIDO1 and hTDO with an IC50 of 1 and 424 μM, respectively (Figure 2), consistent 

with the previously reported values.42 The data demonstrate that IPD inhibits hIDO1 with a 

~400-fold higher potency than hTDO, confirming that IPD is a hIDO1-selective inhibitor.

Heme Coordination State in hIDO1 versus hTDO.

To differentiate the binding modes of IPD in the two enzymes, we used optical absorption 

spectroscopy to define how IPD perturbs the heme coordination state of each enzyme. As 

shown in Figure 3A, the ferric hIDO1 exhibits a Soret band at 404 nm and visible/charge 

transfer bands at 504/632 nm, suggesting a six coordinate (6C) ferric heme with a water 

coordinated to the heme iron as a sixth ligand.5,56–58 IPD binding leads to a dramatic 

reduction in the intensity of the Soret band, the broadening of the bandwidth, and the blue-

shift of the peak maximum from 404 to 398 nm, as well as the appearance of two visible 

bands at 560/598 nm at the expense of the 504/632 nm bands, suggesting that almost all the 

molecules in the 6C water-bound state are converted to a five coordinate (5C) water-free 

state.59 The ferrous hIDO1, on the other hand, exhibits a Soret band at 426 nm and a visible 

band at 559 nm (Figure 3B), typical for a 5C ferrous heme.58,60 Unlike the ferric enzyme, 

the addition of IPD does not perturb the spectrum of the enzyme.
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To quantify the binding affinity, we titrated the ferric enzyme with IPD and calculated the 

difference spectra using the IPD-free spectrum as a reference (Figure S1) and plotted 

ΔA404nm and ΔA598nm as a function of [IPD]. The ΔA404nm plot, shown in inset (i) in Figure 

3A, shows two transitions with Kd of 1.5 and 25.5 μM, suggesting that hIDO1 possesses two 

IPD binding sites, despite the fact that only one IPD molecule was identified in the reported 

structure of the hIDO1-IPD complex.42 The ΔA598nm plot, shown in inset (ii) in Figure 3A, 

in contrast, is best fitted with a single Kd of ~24.9 μM, suggesting that the 598 nm band is a 

spectral marker for the weaker IPD binding site. On the basis of the Cheng–Prusoff 

equation,61 IC50 can be estimated by Kd × [1 + ([S]/KM)], where [S] is the substrate 

concentration used for the activity measurements and KM is the concentration of substrate at 

which the enzyme activity is at half maxima. The calculated IC50 associated with the strong 

binding site is 3 μM (with [S] = 50 μM and KM = 23 μM5), which is similar to the 

experimentally determined IC50 shown in Figure 2A, suggesting that the inhibition activity 

of IPD is dominated by its binding to the strong binding site.

hTDO exhibits spectra similar to those of hIDO1 in both the ferric and ferrous states. The 

ferric enzyme has a Soret band at 405 nm and visible/charge transfer bands at 501/631 nm, 

suggesting a 6C water-bound ferric heme, while the ferrous enzyme has a Soret band at 431 

nm and a visible band at 556 nm, indicating a 5C ferrous heme. However, unlike that 

observed in hIDO1, the addition of IPD does not perturb the spectrum of hTDO in either the 

ferric or ferrous state. Taken together the spectroscopic and activity data indicate that (i) the 

binding of IPD to ferric hIDO1, but not hTDO, leads to the dissociation of the water ligand 

from the heme iron, (ii) IPD, unlike other inhibitors shown in Figure 1, does not directly 

coordinate to the heme iron in either hIDO1 or hTDO, and (iii) hIDO1 has two IPD binding 

sites.

Crystal Structure of hIDO1-IPD Complex.

To obtain the structure of the hIDO1-IPD complex, we crystallized hIDO1, soaked it with 

IPD and then freeze-trapped it in liquid nitrogen as a function of time (~0–9 h). The 

structures of the crystals were solved in a dimeric form as reported previously,41,52 although 

the enzyme functions as a monomer in free solution. Two types of complex structures were 

identified. The first structure detected at ~4 h is a homo dimer with one IPD molecule bound 

in the Sa site of each subunit (referred to as hIDO1-IPD adduct hereinafter). The second 

structure observed at a relatively longer soaking time (~9 h) is a mixed-ligand species, where 

one subunit is trapped in hIDO1-IPD adduct state, while the other subunit binds two IPD 

molecules (referred to as hIDO1-IPD2 adduct hereinafter), one in the Sa site and the other in 

a previously identified inhibitory site (Si)41 on the proximal side of the heme. The detection 

of the hIDO1-IPD2 adduct is consistent with the two IPD binding sites apparent from the 

solution spectrophotometric titration results shown in Figure 3A.

We refined the structure of the mixed-ligand complex, where the subunit A and B are 

trapped in the hIDO1-IPD and hIDO1-IPD2 adduct state, respectively, to a resolution of 2.65 

Å (Table S1) (PDB Code: 6PZ1). The structure of the hIDO1-IPD adduct is similar to that 

published by Crosignani et al.,42 while that of the hIDO1-IPD2 adduct, shown in Figure 4, 

has never been reported in the past. Comparison of the structures of the two subunits reveals 
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that the occupation of the Si site by IPD does not affect the binding pose of the IPD bound in 

the Sa site (Figure S2A–B) or the overall structure of the enzyme, except that local structural 

perturbations are evident in the Si site (vide infra). The observation that IPD binding to the 

Si site does not affect the structure of the Sa site, where the Trp dioxygenation reaction takes 

place, suggests that the inhibition activity of IPD shown in Figure 2A is a result of its 

binding to the Sa site, not the Si site. It, combined with the spectrophotometric titration data 

shown in Figure 3A, suggests that the Sa site is the high affinity IPD binding site with a Kd 

of 1.5 μM, while the Si site is the low affinity site with a Kd of 25.5 μM.

hIDO1 is a two-domain α-helical protein. The large C-terminal domain contains the Sa site, 

where the heme prosthetic group and the substrates, Trp and O2, bind. The small N-terminal 

domain (colored in green), sitting on top of it, contains the A-Helix (colored in cyan), which 

forms the roof of the Sa site. The C-terminal domain of an active site loop, JK-Loop, adapts 

a reverse β-turn structure (referred to as the JK-LoopC), which shields the Sa site from the 

bulk solvent. The N-terminal domain of the JK-Loop (referred to as the JK-LoopN), on the 

other hand, is disordered.

Strong electron density associated with IPD is evident in the Sa site on the distal side of the 

heme (Figure S2A,B). Although a racemic mixture of IPD was used in this study, the 

inhibitor is best modeled with the R enantiomer (referred to as IPDR hereinafter) as reported 

previously.42 IPDR is surrounded by a group of hydrophobic residues (Figure 4B), including 

F163/ F164 from the B-Helix, F226/L234 from the D-Helix, A264 from the DE-Loop, T379 

from the conserved “GTGG” domain5 in the JK-LoopC, and Y126/C129/V130 from the A-

Helix. The indole ring sits in the “A” pocket, where it lies perpendicular to the heme, with 

its C2~4.0 Å away from the heme iron and its indoleamine H-bonded with the side chain of 

S167. The succinimide group occupies the “B” pocket, where it lies parallel with the heme 

and perpendicular to the indole ring. Its imide group H-bonds with the heme propionate-7 

group and the peptide N atoms of A264 and T379. The H-bond with T379 anchors the JK-

LoopC in a “closed” conformation, similar to that in the Trp complex,41 and distinct from the 

disordered structures detected in the substrate-free protein and all other known inhibitor 

complexes41,44,52–54,62

In subunit B, additional electron density associated with IPD is evident in the Si site on the 

proximal side of the heme (Figure S2B).41,63 The binding pose of IPD is distinct from that 

in the Sa site as illustrated in the right lower inset in Figure 4A. The indole ring of IPD sits 

in a hydrophobic pocket, while the succinimide ring stretches out toward the H346 side 

chain and the heme propionate-6 group. As illustrated in Figure 4C, IPD binding to the Si 

site introduces significant structural rearrangement to the Si site. In particular, the F270 side 

chain rotates up to accommodate the indole ring of the inhibitor, while the F214 and H346 

side chains moves out to leave room for the succinimide group. In addition, the side chain of 

H287, which sits at the junction between the EF-Loop and the E-Helix, rotates by ~90°.

Crystal Structure of hTDO-IPD Complex.

Unlike hIDO1, hTDO is a homo tetramer made of a dimer of dimers, where each dimer is 

stabilized by domain-swapping of a ~50 residue long N-terminal fragment.5,55 To obtain the 

structure of the hTDO-IPD complex, we crystallized hTDO and used a soaking method, 
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similar to that described above, to generate the complex crystals. Two distinct types of 

complex structures were identified. At ~30 min, we detected a species where only one IPD 

molecule is found in the Sa site in each subunit (referred to as hTDO-IPD adduct 

hereinafter), while at a longer soaking time (~4 h), we found a new species (referred to as 

hTDO-IPD2 adduct hereinafter) in which two IPD molecules are present in each subunit, one 

in the Sa site and the other in a previously identified exosite (Sexo)55 that is >40 Å away 

from the Sa site.

We refined the structures of the hTDO-IPD and hTDO-IPD2 complexes to a resolution of 

2.02 Å (PDB Code: 6PYZ) and 2.40 Å (PDB Code: 6PYY), respectively (Table S1). 

Comparison of the two structures reveal that the occupation of the Sexo site by IPD does not 

affect the overall structure of the enzyme. The observation that IPD binding to the Sexo site 

does not affect the structure of the Sa site, where the dioxygenase chemistry occurs, suggests 

that the Sa site, not the Sexo site, is responsible for the inhibition activity of IPD shown in 

Figure 2B.

The structures of the four subunits of the tetramer are almost identical. Each monomer 

contains a core domain that binds the heme at one end and holds a helix–loop–helix domain 

(colored in green) at the other end (Figure 5A). The core domain shares high structural 

similarity with the large domain of hIDO1, while the N-terminal A-Helix from the 

neighboring subunit mimics the A-Helix from the small domain in hIDO1 that forms the 

roof of the Sa site. The helix–loop–helix domain observed in hTDO is absent in hIDO1; 

conversely, the N-terminal small domain, the disordered JK-LoopN, and the long DE-

Hairpin present in hIDO1 is absent in hTDO.

Clear electron density is evident in the distal heme pocket. It is surprisingly best-fitted with 

the S enantiomer (referred to as IPDS hereinafter) (Figure S3A,B), distinct from the R 

enantiomer identified in hIDO1. IPDS is surrounded by mostly hydrophobic residues, 

including F72 and F140/L147 from the B and D-Helix, respectively, G152 from the DE-

Loop, T342 from the JK-Loop, and Y42/Y45/L46 from the A-Helix (Figure 5B). The indole 

group occupies the “A” pocket, where its indole ring lies perpendicular to the heme and its 

indoleamine group H-bonds with the side chain of H76. The succinimide group extends out 

into the “B” pocket, with its imide group H-bonding with (i) the heme propionate-7 group, 

(ii) the side chain of R144, and (iii) the peptide N atom of T342. The H-bond with T342 

locks the JK-Loop in a closed conformation as that found in the Trp complex.55 Similar to 

that in hIDO1, IPD does not coordinate to the heme iron, but there is a water molecule that is 

positioned ~2.5 Å away from the heme iron in a triad formed by the peptide amine group of 

G152 and the indole amine and imide oxygen of IPD. The presence of the water in hTDO, 

but not hIDO1, is in good agreement with the spectral data shown in Figure 3.

The space equivalent to the Si site on the proximal side of the heme in hIDO1 is blocked by 

the bulky side chains of F158 (equivalent to F270 in hIDO1) and W324 in hTDO (Figure 

5A), which prevents it from binding IPD. However, clear electron density associated with a 

second IPD is evident in the Sexo site (Figure S3C,D). The binding pose of IPD in the Sexo 

site is different from that in the Sa site, as shown in the inset in Figure 5A. The indole ring of 

IPD is stabilized by W208, via π-stacking with its side chain and H-bonding with its peptide 
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carbonyl group (Figure 5C). The succinimide ring is anchored in position by H-bonding 

with the side chain of R211 and the peptide carbonyl group of R103.

Why Is IPD a Selective hIDO1 Inhibitor?

As highlighted in Figure 6A, the binding pose of IPD bound in the Sa site in hIDO1 is 

distinct from that in hTDO. Specifically, its indole ring rotates ~30° such that the 

indoleamine group forms a H-bond with the side chain of S167. In addition, its succinimide 

ring moves down and lies parallel with the heme. Together these unique structural features 

destabilize the water ligand of the heme iron in hIDO1, forcing it to move out of distal heme 

pocket.

In hIDO1, the binding pose of IPDR significantly deviates from that of the substrate Trp 

(Figure 6B). In particular, the indole ring rotates toward S167, enabling their direct H-

bonding interaction (instead of the water mediated H-bonding interaction in the Trp 

complex). Although the succinimide ring coincides well with the ammonium group of the 

Trp, allowing it to H-bond with the propionate-7 group of the heme, it is displaced from the 

carboxylate group of the Trp, preventing it from H-bonding with R231. In contrast, the 

binding pose of IPDS in hTDO is similar to that of Trp (Figure 6C). Specifically, the 

orientation of the indole ring of IPDS and its H-bond with H76 are almost identical to those 

associated with Trp; in addition, the succinimide ring coincides well with the ammonium/

carboxylate groups of the Trp. Furthermore, the distal water superimposes well with the 

terminal atom of the iron-bound O2 in the hTDO-O2-Trp complex.

The unique binding pose of IPD with respect to Trp in hIDO1 is associated with significant 

conformational rearrangement in the Sa site (Figure 6D). In contrast, there is no noticeable 

protein conformational difference between the IPD and Trp complexes of hTDO (Figure 

6E). The data suggest that the Sa site in hIDO1 is more flexible, which can change its 

conformation to optimize the inhibitor-protein interactions, thereby driving the preferential 

binding of the R enantiomer based on an induced-fit mechanism, while that in hTDO is more 

rigid, which forces it to preferentially bind the S enantiomer based on a lock-and-key 

mechanism. The structural flexibility of the Sa site in hIDO1 revealed here is consistent with 

its much broader substrate selectivity with respect to hTDO,1,5 as well as its unusual protein 

plasticity recently revealed in the BMS-986205 complex.46

Although a racemic mixture of IPD was employed in this work, pure R and S enantiomers 

were identified in the Sa sites of hIDO1 and hTDO, respectively, indicating high inhibitor 

stereoselectivity in each enzyme. Consistent with this notion, previous studies reported by 

Crosignani et al.42 showed that the efficacy of the R enantiomer of IPD in hIDO1 is ~200-

fold stronger than that of the S enantiomer. While the relative efficacy of the R and S 

enantiomers of IPD in hTDO remains to be determined, the current data suggest that hTDO 

binds the S enantiomer much stronger than the R enantiomer.

CONCLUSIONS

The structures reported here reveal that the Sa site of hIDO1 is much more flexible than that 

of hTDO, manifesting the importance of flexible docking in rational drug design targeting 
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the two enzymes. In addition, the structures offer the first direct evidence demonstrating that 

the Si site in hIDO1 and Sexo site in hTDO can be occupied by small molecules other than 

the substrate Trp. Previous studies show that Trp binding to the Si site in hIDO1 retards the 

Trp dioxygenation activity in the S site,41,63 a and that Trp binding to the Sexo site in hTDO 

does not affect the Trp dioxygenation activity in the Sa site, but it regulates the cellular 

lifetime of the enzyme.55 The data reported here suggest that these secondary sites can be 

occupied by potential inhibitors that directly reduce hIDO1 activity by inhibiting the Sa site 

activity of the enzyme, or indirectly reduce hTDO activity by promoting the cellular 

degradation of the enzyme. In summary, the structural data reported here open up new 

avenues for structure-based drug design targeting the two important immunosuppressive 

enzymes.

METHODS

Activity and Spectroscopic Measurements.

The steady-state activities of hIDO1 and hTDO were measured with 50 and 100 μM L-Trp, 

respectively, in 50 mM Tris buffer (pH 7.4) at 20 °C with standard protocols as reported 

previously.56,63 The initial linear velocities of the reactions as a function of the concentration 

of PF-06840003 (IPD) were obtained by monitoring the formation of the product, NFK, at 

321 nm (ε = 3750 M−1 cm−1) as a function of time with a UV2100 spectrophotometer 

(Shimadzu Scientific Instruments, Inc.) with a spectral slit width of 2 nm. IPD was 

purchased from Advanced ChemBlocks Inc., as a racemic mixture. All the data were 

analyzed with Origin 6.1 software (OriginLab Corporation).

All the absorption spectra were obtained with the UV2100 spectrophotometer with a spectral 

slit width of 1 nm. The hIDO1 samples (4 μM) and hTDO samples (5 μM) were prepared in 

the absence or presence of 0.2 mM and 5 mM IPD, respectively, in 50 mM Tris buffer (pH 

7.4). To determine the Kd value(s), we titrated ferric IDO1 with IPD and calculated the 

difference spectra using the IPD-free spectrum as a reference (see Figure S1). The ΔA404nm 

and ΔA598nm were then plotted as a function of [IPD] (see the insets in Figure 3A). The 

ΔA598nm plot is best-fitted with a one-binding site model, Y = [(A × X)/(Kd + X)], with a Kd 

of 24.9 ± 5.5 μM, while the ΔA404nm plot is best-fitted with a two-binding site model, Y = 

[(A1 × X)/(Kd(1) + X)] + [(A2 × X)/(Kd(2) + X)], with Kd(1) = 1.5 ± 0.2 μM and Kd(2) = 

25.5 ± 1.1 μM.

Crystal Preparation.

hIDO1 and hTDO proteins were expressed and purified as reported previously.56,64 All the 

crystals were grown by using the under-oil microbatch method. The hIDO1 crystals were 

grown by mixing protein solutions (40 mg/mL) with the precipitant solution (100 mM 

sodium thiosulfate in 100 mM CAPS buffer and 20% PEG 8000 at pH 10) as reported 

previously.41 The crystals were then soaked with 32 mM IPD and harvested as a function of 

soaking time. They were then cryoprotected by supplementing the mother solution with 20% 

(v/v) glycerol and flash-frozen in liquid nitrogen for data collection.
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The hTDO crystals were grown by mixing protein solutions (45 mg/mL) with the precipitant 

solution (50 mM sodium citrate, 2% Tacsimate and 5% PEG 3350 at pH 5.6) in the presence 

of 5 mM α-methyl tryptophan as reported previously.55 The crystals were then soaked with 

10 mM IPD as a function of time before they were cryoprotected by supplementing the 

mother solution with 25% (v/v) ethylene glycol and flash-frozen in liquid nitrogen for data 

collection.

Crystallographic Data Collection and Analysis.

All the crystallographic data were collected by the Lilly Research Laboratories 

Collaborative Access Team (LRL-CAT) beamline staff at Sector 31 of the Advanced Photon 

Source. The diffraction images were indexed, integrated, and scaled with XDS65 and 

Aimless.66 The Karplus–Diederichs method67 was used to find a proper resolution cutoff for 

each structure. Molecular replacement was conducted with Phaser68 through the CCP4i 

graphic interface69 using hIDO1-CN-Trp complex structure (PDB code: 5WMU) and the 

hTDO-Trp complex structure (PDB code: 5TIA) as the search model for hIDO1 and hTDO, 

respectively. Further model building was performed using COOT.70 Structure refinements 

were performed using Refmac5.69,71,72 Data processing and refinement statistics are 

summarized in Table S1. The structural models were displayed with PyMOL (http://

www.pymol.org/).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Chemical structures of hIDO1 inhibitors (A) and active site structure of hIDO1 (B). The 

structure of the substrate L-Trp is shown at the upper left corner as a reference. The asterisks 

indicate the chiral centers in L-Trp and IPD. The PDB code of hIDO1 in complex with the 

substrate or an inhibitor is indicated at the bottom of each structure. The atom in each 

inhibitor that coordinates to the heme iron as the sixth ligand is labeled in red. The 

fragments in each structure that occupy the “A” and “B” pockets of the Sa site are 

highlighted in green and red, respectively. The locations of the “A” and “B” pockets in the 

Sa site are elucidated in (B) based on the structure of the epacadostat complex (PDB code: 

5WN8), where the bound inhibitor is shown as yellow ball-and-sticks.
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Figure 2. 
Inhibition activity of IPD toward hIDO1 (A) and hTDO (B). The activities of hIDO1 and 

hTDO were measured at pH 7.4 in the presence of 50 and 100 μM L-Trp, respectively.
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Figure 3. 
Spectral changes introduced by IPD binding to ferric and ferrous hIDO1 (A,B) and hTDO 

(C,D). The black and blue spectrum shown in each panel were obtained in the absence or 

presence of IPD, respectively. The inset in each panel shows the expanded view of the 

visible region of the spectra. Inset (i) and (ii) in (A) show a plot of ΔA404nm and ΔA598nm 

obtained as a function of [IPD] based on the difference spectra shown in Figure S1. They 

were fitted with a two-binding site model and one-binding site model, respectively, as 

described in the Methods; the residuals from the fitting (with the same scale as the data) are 

shown at the bottom of each plot.
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Figure 4. 
Crystal structure of hIDO1-IPD2 adduct (PDB code: 6PZ1). The bound IPD molecules are 

shown as green sticks. The lower right inset in (A) shows the superimposed structures of the 

IPD molecules bound in the Sa and Si site, where the double arrow indicates the rotation of 

the succinimide ring along the C–C bond linking it to the indole ring. The expanded views 

of the Sa and Si sites are shown in (B,C) to elucidate the protein-IPD interactions in each 

binding site. The chiral center in IPD bound in the Sa site is indicated by the asterisk in (B); 

the electron density map associated with the inhibitor is best fitted with the R enantiomer 

(see Figure S2A,B). The Si site structure in (C) is superimposed with those associated with 

the hIDO1-IPD adduct from subunit A (shown as magenta sticks) to illustrate 

conformational changes induced by IPD-binding to the Si site. The major conformational 

changes are indicated by the arrows.
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Figure 5. 
Crystal structure of hTDO-IPD2 adduct (PDB code: 6PYY). The bound IPD molecules are 

shown as green sticks. The inset in (A) shows the superimposed structures of the IPD 

molecules bound in the Sa and Sexo site, where the double arrow indicates the rotation of the 

succinimide ring along the C–C bond linking it to the indole ring. The expanded views of 

the Sa and Sexo sites are shown in (B,C) to elucidate the protein-IPD interactions in each 

binding site. The chiral center in IPD bound in the Sa site is indicated by the asterisk in (B); 

the electron density map associated with IPD is best fitted with the S enantiomer (see Figure 

S3B).
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Figure 6. 
Superimposed structures of hIDO1-IPD and hTDO-IPD complexes (A) and those of IPD and 

Trp-bound complexes of hIDO1 (B,D) and hTDO (C,E). The asterisks in A–C indicate the 

chiral centers in IPD. In (D,E) the residues within ~5 Å from the bound IPD (gray) and Trp 

(magenta) in hIDO1 and hTDO are shown to highlight the significant protein structural 

rearrangement in the Sa site associated with the replacement of Trp by IPD in hIDO1 

(indicated by the arrows), which are absent in hTDO. The “GTGG” motif shown in (D) is a 

part of the JK-Loop. The PDB codes of the hTDO-IPD and hIDO1-IPD adducts are 6PYY 

and 6PZ1, respectively; those of hTDO-O2-Trp and hIDO1-CN-Trp complexes are 5TI9 and 

5WMU, respectively.
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