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Abstract

Human indoleamine 2,3-dioxygenase 1 (hIDO1) and tryptophan dioxygenase (hTDO) catalyze the 

same dioxygenation reaction of Trp to generate N-formyl kynurenine (NFK). They share high 

structural similarity, especially in the active site. However, hIDO1 possesses a unique inhibitory 

substrate binding site (Si) that is absent in hTDO. In addition, in hIDO1, the indoleamine group of 

the substrate Trp is H-bonded to S167 through a bridging water, while that in hTDO is directly H-

bonded to H76. Here we show that Trp binding to the Si site or the mutation of S167 to histidine in 

hIDO1 retards its turnover activity and that the inhibited activity can be rescued by an effector, 3-

indole ethanol (IDE). Kinetic studies reveal that the inhibited activity introduced by Trp binding to 

the Si site is a result of retarded recombination of the ferryl moiety with Trp epoxide to form NFK 

and that IDE reverses the effect by preventing Trp from binding to the Si site. In contrast, the 

abolished activity induced by the S167H mutation is primarily a result of ~5000-fold reduction in 

the O2 binding rate constant, possibly due to the blockage of a ligand delivery tunnel, and that IDE 

binding to the Si site reverses the effect by reopening the tunnel. The data offer new insights into 

structure-based design of hIDO1-selective inhibitors.
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INTRODUCTION

L-Tryptophan (Trp) is the least abundant essential amino acid. The majority of dietary Trp 

(~95%) is metabolized to nicotinamide adenine dinucleotide (NAD) via the kynurenine 

(KYN) pathway.1,2 The first and rate-limiting step of the KYN pathway, the dioxygenation 

of Trp to N-formylkynurenine (NFK), is catalyzed by human indoleamine 2,3-dioxygenase 1 

(hIDO1) and tryptophan dioxygenase (hTDO). In addition, to control Trp flux along the 

KYN pathway, hIDO1 and hTDO are involved in cancer immune escape via the Trp → 
KYN → AhR pathway.3–7 Consequently, they have been considered as two important drug 

targets for cancer immunotherapy.8–12 While the roles of hIDO1 and hTDO in cancer 

biology have been subject to extensive studies, molecular properties of the two enzymes 

remain elusive.

hIDO1 and hTDO belong to one of the three major classes of heme-based enzymes that 

utilize atmospheric O2 as a substrate.13 Oxidases, such as cytochrome c oxidase, reduce O2 

to two water molecules by utilizing four electrons and four protons and harness the redox 

energy to pump four protons across the protein matrix. Monooxygenases, such as P450, 

convert one atom of dioxygen to a water by consuming two electrons and two protons and 

exploit the redox energy to insert the other oxygen atom into an organic substrate. 

Dioxygenases, including hIDO1 or hTDO, are unique as they insert both atoms of O2 into 

Trp without utilizing the free energy derived from any oxygen reduction reaction.

Previous spectroscopic studies, combined with QM/MM simulations, suggest that the Trp 

dioxygenation reactions catalyzed by hIDO1 and hTDO follow the same two-step ferryl-

based mechanism (Scheme 1A).14–16 The reaction is initiated by O2 and Trp binding to the 

deoxy enzyme to form the active ternary complex, with a ferric superoxide electronic 

configuration. The iron-bound dioxygen is then inserted into the C2 of the Trp through a 

radical addition reaction to generate the ferryl and Trp-epoxide intermediate (via an 

alkylperoxo transition state). The ferryl moiety then recombines with Trp-epoxide to form 

the product NFK. As the ferryl species is relatively inert, the recombination reaction 

presumably relies on its favorable regioorientation with respect to the Trp-epoxide.

Although hIDO1 and hTDO follow the same two-step ferryl-based mechanism, the multiple 

turnover activity of hIDO1, but not hTDO, is subject to substrate inhibition.17 A two-Trp 
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binding sites model (Scheme 1B) proposed by Lu et al. suggests that at low [Trp] (< ~40 

μM), the substrate binds to the active site (Sa) to generate the active ternary complex, which 

turns over to make NFK; while, at high [Trp], a second Trp can occupy a hypothesized 

inhibitory site (Si) to generate a two-Trp bound inhibitory complex with compromised 

activity.

The threshold for substrate inhibition in hIDO1 lies in the normal plasma Trp level (~50–100 

μM),18 suggesting that it is probably important for maintaining a steady synthesis of KYN 

pathway metabolites, whose overproduction can be hazardous to cells, in particular when 

large [Trp] fluctuations arise during meals. This type of substrate-controlled regulation is 

perhaps not required for hTDO as it is a constitutive enzyme, whose activity is constantly 

regulated at the protein level through an ubiquitination-linked proteasome degradation 

pathway.19

As hIDO1 and hTDO exhibit very low direct sequence homology, they were originally 

considered as two unrelated enzymes. However, structural studies surprisingly revealed that 

they share high structural similarity, in particular in the Sa site located in the distal heme 

pocket.19–21 More recent structural studies confirm the presence of the inhibitory substrate 

binding site, Si, on the proximal side of the heme in hIDO1,21 but not in hTDO.19 It was 

documented that, other than Trp, the Si site can bind an effector, 3-indole ethanol (IDE).17,21 

IDE, unlike Trp, preferentially binds to the Si site (Scheme 1C);21 in addition, the 

occupation of the Si site by IDE promotes, rather than retards, the enzyme activity. While 

the reported data clearly demonstrated that hIDO1 activity can be tuned by modulating the 

structure of the small molecule occupying the Si site, the molecular mechanism remains 

unclear.

In addition to the Si site, hIDO1 exhibits several unique structural features distinguishing it 

from hTDO.19,21 Most notably, in hIDO1, S167 forms water-mediated H-bonds with the 

indoleamine group of the substrate Trp bound in the Sa site; while in hTDO, S167 is 

replaced by H76, which forms a direct H-bond with the indoleamine group of the Trp 

(Scheme 1C–D). Biochemical studies show that the S167H mutation in hIDO122 or the 

H76S mutation in hTDO23 dramatically reduces the turnover activity of each enzyme.

In this work, we sought to use spectroscopic and crystallographic methods to interrogate the 

molecular mechanisms by which the occupation of the Si site by Trp or IDE and/or the 

S167H mutation in hIDO1 perturbs the enzyme activity.

RESULTS

Substrate Inhibition Is a Result of Impeded Recombination of the Ferryl Moiety with the 
Trp-Epoxide.

The apparent Kd (Trp) of the Sa and Si sites determined during enzyme turnover are 23 and 

70 μM, respectively.21 Spectroscopic studies showed that the two Kd values are sensitive to 

the oxidation and coordination states of the heme iron.24,24 In any case, the Sa site, in 

general, exhibits a much higher Trp affinity than the Si site. To interrogate how the 

occupation of the Si site by Trp retards enzyme activity, we examined the hIDO1 reaction in 
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the presence of 40 μM (under which the Sa site is mostly saturated by Trp, while the Si site 

is minimally occupied), versus 10 mM Trp (under which both the Sa and Si sites are 

saturated by Trp).21

In the presence of 40 μM Trp, the reaction is initiated by O2 and Trp binding to the deoxy 

enzyme (λmax = 426/556 nm) to form the active ternary complex (λmax = 413/544/578 nm) 

(Figure 1A). The apparent kon, 60 s−1, is similar to that observed in the absence of the 

substrate (Figure S1), indicating that under the condition employed, O2 binding precedes Trp 

binding (as a previous study revealed that Trp binding significantly retards O2 binding),26 

and that the observed kon reflects the O2 binding rate constant. The fact that the substrate-

free oxy complex (λmax = 415/542/576 nm, see Figure S1) was not detected during the 

reaction indicates that O2 binding facilitates Trp binding.

Once the ternary complex is completely formed, its concentration remains almost constant 

up to ~1 s (Figure 1B), as indicated by the kinetic trace at 415 nm shown in the inset. The 

constant population of the ternary complex leads to active turnover, with an apparent product 

formation rate constant (kNFK) of 2.1 s−1 (calculated based on the kinetic trace at 321 nm). 

As the substrate Trp is slowly consumed, the ternary complex gradually converts to the 

substrate-free oxy complex, as suggested by the progressive shift of the Soret maximum 

from 413 to 415 nm. In a much longer time window (Figure 1C), the substrate-free oxy 

complex autooxidizes to its ferric form (presumably by releasing superoxide), as indicated 

by the shift of the Soret maximum from 415 to 406 nm.

The observation that during active turnover (i.e., Step (2) in Figure 1B) only the active 

ternary complex is populated indicates that (i) O2 and Trp binding occurs much faster than 

the dioxygenase chemistry (hence the deoxy complex is not detected), and (ii) the 

recombination of the ferryl and Trp-epoxide to form NFK occurs much faster than its 

formation from the active ternary complex (hence the ferryl and Trp-epoxide intermediate, 

[Fe4+=O Wo], is not detected).

The comparable reaction observed in the presence of 10 mM Trp is also initiated by O2 and 

Trp binding to the deoxy enzyme to form the ternary complex (λmax = 415/547/576 nm) 

(Figure 2A). However, the apparent kon is ~4-fold slower (14 s−1), indicating that Trp is pre-

bound to the enzyme prior to O2 binding, and that Trp binding retards O2 binding, as 

reported previously.24,26

The ternary complex then constantly turns over to make NFK (Figure 2B). At the same time, 

a shoulder at 591 nm, characteristic for the ferryl derivative of hIDO1,14,24,27 is slowly 

developed. We postulate that during turnover the ternary complex can leak out of the 

reactive cycle to form the [Fe4+=O Wo]W species (where the subscripted “W” indicates the 

occupation of the Si site by Trp). The leakage of the active ternary complex to form the 

[Fe4+=O WO]W species leads to a ~ 2-fold slower apparent kNFK (0.9 s−1). The [Fe4+=O 

Wo]W species persists up to ~1000 s (Figure 2C), during which a minute amount of NFK is 

produced. In a much longer time window, the enzyme slowly converts to the resting ferric 

state (data not shown), probably due to an autoxidation process.
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Taken together the data suggest that Trp binding to the Si site introduces conformational 

changes to the Sa site, which perturbs the regioorientation of the ferryl with respect to the 

Trp-epoxide, thereby retarding their recombination to generate NFK.

IDE Promotes Enzyme Turnover by Preventing Trp from Binding to the Si Site.

To investigate the effect of IDE, we carried out side-by-side comparison of the hIDO1 

reaction in the absence versus presence of IDE. Here 150 μM Trp and 2 mM IDE were 

employed to ensure that [Trp] is high enough to saturate the Si site, yet low enough to allow 

IDE to replace it.21 The reactions were conducted at 10 °C, so that they can be compared 

with the S167H reaction (vide infra).

In the absence of IDE, the progression of the reaction (Figure 3A–C) is similar to that shown 

in Figure 2. The presence of 2 mM IDE reduces the apparent kon from 31 to 17 s−1 (Figure 

3D). The kon is sensitive to [O2] (data not shown), indicating that it reflects the O2 binding 

rate constant. The population of the [Fe4+=O WO]W species is significantly reduced (as 

indicated by its spectral marker at 594 nm in Figure 3B vs 3E). In a longer time window, the 

oxy complex gradually converts to the inactive ferric species, with an apparent kox of 0.07 s
−1 (Figure 3F).

The data indicate that the occupation of the Si site by IDE (Scheme 1C), unlike Trp, does not 

introduce adverse structural changes to the Sa site, and that IDE rescues the enzyme activity 

by blocking the Si site from Trp binding.

S167H Mutation Severely Retards O2 Binding That Can Be Rescued by IDE Binding to the 
Si Site.

To evaluate the effect of S167H mutation, we first examined its turnover activity. As shown 

in Figure 4A, the mutation almost totally abolishes the enzyme activity as reported 

preiously.22 Surprisingly, it can be dramatically rescued by IDE, leading to an apparent Km 

of 20 μM and a kcat of 0.6 s−1.

IDE titration studies show that, at low [IDE], it promotes enzyme activity with an apparent 

Kd of 200 μM (see the inset), likely due to its binding to the Si site, as that observed in the 

wild-type enzyme.21 At relatively high [IDE], an increase in [IDE] leads to a decrease in the 

activity, with an apparent Kd of 500 μM, suggesting that IDE can act as a competitive 

inhibitor by competing with Trp for the Sa site. Comparable IDE titration of the wild-type 

enzyme shows a similar Kd toward the Si site (230 μM), but a much higher Kd toward the Sa 

site (≫10 mM).21

We next examined the reaction kinetics of the S167H mutant. The mixing of the ferrous 

deoxy enzyme (λmax = 432/ 558 nm) with Trp and O2 unexpectedly leads to an inactive 

ferric species (λmax = 409/500/631 nm), without populating any active ternary complex, 

while the addition of IDE dramatically stabilizes the ternary complex (λmax = 417/544/578 

nm) (see the red trace in Figure 4C). The data suggest that the abolished activity of the 

S167H mutant is a result of facilitated autoxidation of the ternary complex and/or retarded 

O2/Trp binding to form the ternary complex and that IDE rescues the activity by stabilizing 

the ternary complex.
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To further delineate the mechanism by which S167H mutation abolishes the enzyme activity 

and that by which IDE rescues it, we examined the mutant reaction under the condition 

comparable to that employed for the wild-type reaction (Figure 3), with an exception that an 

O2-staturated buffer ([O2] ~ 1.25 mM), instead of an air-saturated buffer ([O2] ~ 0.25 mM), 

was used to facilitate the O2 binding reaction. This distinct condition leads to partial 

accumulation of the active ternary complex as well as the inactive [Fe4+=O WO]W species 

(as indicated by the appearance of the 594 nm band), before the enzyme is fully oxidized to 

the ferric species (Figure 5A–C).

The progression of the reaction is in general similar to that observed in the wild-type 

reaction (Figure 3). The kinetics, however, is significantly perturbed. Like that observed in 

the wild-type reaction, the apparent kon for O2 and Trp binding to the deoxy species to form 

the ternary complex, 0.03 s−1, is sensitive to [O2] (data not shown), indicating that the 

reaction is rate limited by O2 binding and that the rate constant reflects the O2 binding rate 

constant. The bimolecular O2 binding rate constant, 48 M−1 s−1 (calculated based on [O2] = 

625 μM), is ~5000-fold lower than that of the comparable wild-type reaction (2.5 × 105 M−1 

s−1, calculated based on [O2] = 125 μM). In addition, the apparent kNFK is reduced by ~30-

fold.

In the presence of IDE (Figure 5D–E), the inactive [Fe4+=O Wo]W species is no longer 

detected (as indicated by the disappearance of the 594 nm band), consistent with the view 

that IDE competes with Trp for the Si site. Remarkably, the bimolecular O2 binding rate 

constant is increased by ~800-fold (from 48 to 4.0 × 104 M−1 s−1). As a result, the apparent 

kNFK is 3-fold faster, despite the fact that the apparent kox is significantly elevated. These 

data indicate that the abolished activity of the S167H mutant is mostly a result of the 

impeded O2 binding reaction and that IDE rescues the activity by promoting O2 binding, 

presumably via binding to the Si site.

S167H Mutation Blocks a Ligand Delivery Tunnel That Is Reopened by IDE Binding to the 
Si Site.

We then crystallized the S167H-CN-Trp complex in the absence or presence of IDE and 

refined its structure to a resolution of 2.5 and 2.6 Å, respectively (Table S1).

The replacement of S167 with a histidine in the mutant allows its side chain to form a direct 

H-bond with the indoleamine group of the Trp (see the upper left inset in Figure 6A), in a 

fashion similar to that found in hTDO.19 The larger size of the new side chain pushes the 

indole ring of the Trp away from it by ~0.6 Å. As a result, the distance between the terminal 

N atom of the CN ligand and the C2 of the Trp is slightly longer (Figure 6B).

The mutation does not perturb the overall structure of the enzyme (Figure 6A), however, it 

significantly modulates the heme binding pocket, in particular in the region near DE-Loop, 

E-Helix, and EF-Loop (highlighted in magenta in Figure 6A), where the backbone 

conformations are significantly perturbed; in addition, the side chains of F270 and H287 

undergo large-scale rotations (Figure 6B). Intriguingly, these structural changes are localized 

in a region that coincides with a previously identified water tunnel.21 The tunnel enters from 

the corner connecting E-Helix to EF-Loop and runs along E-Helix to the region near F270, 
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where it bifurcates into two branches. One branch extends into the Sa site along the DE-

Loop, while the other branch reaches out to the Si site on the proximal side of the heme. The 

downward movement of the F270 side chain induced by the mutant partially blocks the 

water tunnel.

In the presence of IDE, IDE is identified in the Si site (Figure 6C) with a binding pose 

similar to that observed in the wild-type complex.21 The occupation of the Si site by IDE 

surprisingly reverses the mutant structure back to a wild-type like conformation. In 

particular, it moves the F270 side chain up, which presumably reopens the water tunnel.

Taken together the kinetic and crystallographic data suggest that the water tunnel is a 

conduit that delivers O2 into the Sa site during enzyme turnover, that the severely retarded 

O2 binding kinetics of the S167H mutant is a result of the clogged ligand delivery tunnel, 

and that IDE rescues the activity by reopening the tunnel.

CONCLUDING REMARKS

The work presented here reveals that the occupation of the Si site by Trp in the wild-type 

hIDO1 elicits the inhibition effect by impeding the recombination of the ferryl with Trp-

epoxide, without significantly perturbing the initial O2 binding and insertion or the 

subsequent O−O bond cleavage. It also underscores the importance of the water tunnel in 

delivering O2 into the Sa site during active enzyme turnover. The fact that the Si site and 

water tunnel are unique to hIDO1 suggests that they present novel target sites for structure-

based design of new generations of hIDO1-selective inhibitors.

EXPERIMENTAL SECTION

Protein Expression and Purification.

The S167H mutant was constructed with QuikChange II Site-Directed Mutagenesis Kit 

(Stratagene, La Jolla, CA) and verified by DNA sequencing. The mutant protein was 

expressed and purified following the same protocol as that for the wild-type protein.17,28,29 

The purified proteins were stored in pH 7.4 Tris buffer (50 mM) at −80 °C until usage.

Stopped-Flow Measurements.

The experiments were performed by 1:1 mixing of the deoxy ferrous enzymes with a Trp-

containing air-saturated buffer (~0.25 mM O2)30 or O2-saturated buffer (~1.25 mM O2)30 in 

a π* 180 system from Applied Photophysics Ltd. (Leatherhead, Surrey, UK). The deoxy 

ferrous enzyme was prepared by stoichiometrically titrating N2-purged ferric enzyme with 

dithionite; a minute excess dithionite was added to ensure the system was fully anaerobic 

before mixing. All the solutions were prepared in pH 7.4 Tris buffer (50 mM). The 

experiments were carried out with the temperature controlled at 20 or 10 °C by a circulating 

water bath (Neslab RTE-9DD).

Activity Measurements.

The steady-state activities were measured with 0.25 μM enzyme in 50 mM Tris buffer (pH 

7.4) at 25 °C with a standard protocol.17,28,29 The initial linear velocities of the reactions, v, 
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were obtained by monitoring the formation of the product, NFK, at 321 nm (ε = 3750 M
−1cm−1) as a function of time with a UV2100 spectrophotometer (Shimadzu Scientific 

Instruments, Inc.) with a spectral slit width of 2 nm. The v was calibrated with the 

concentration of the enzyme. The IDE titration was carried out with 0.1 mM Trp. All the 

data were analyzed with Origin 6.1 software (Microcal Software, Inc., MA).

Crystal Preparation.

The growth of S167H-CN-Trp complex crystal was initiated by mixing a protein solution 

(40 mg/mL) with a precipitant solution (100 mM sodium thiosulfate in 100 mM CAPS 

buffer (pH 10.0) and 20% (w/v) PEG 8000). Crystals were grown at 4 °C using the 

microbatch method. The S167H-CN-Trp complex was prepared with 10 mM Trp in the 

absence of IDE or 2 mM Trp in the presence of 10 mM IDE. The crystal was cryoprotected 

by supplementing the mother solution with 20% (v/v) ethylene glycol before it was flash-

frozen in liquid nitrogen for data collection.

Crystallographic Data Collection and Analysis.

The data were collected remotely using the Stanford Synchrotron Radiation Lightsource 

(SSRL) beamline 9–2. The diffraction images were indexed, integrated, and scaled with 

XDS31 and Aimless.32 The Karplus–Diederichs method33 was used to find a proper 

resolution cutoff for each structure. Molecular replacement was conducted with Phaser35 

through the CCP4i graphic interface35 using the 4-phenylimidazole complex structure (PDB 

code: 2D0T) as the search model. Further model building was performed using COOT.36 

Structure refinements were performed using Refmac5.35,37,38 Data processing and 

refinement statistics are summarized in Table S1. The structural models were displayed with 

PyMOL (http://www.pymol.org/), based on the subunit B, as its electron density is stronger 

than that of the subunit A. The PDB codes of the S167H-CN-Trp complexes without and 

with IDE are 6CXU and 6CXV, respectively. The electron density maps of Trp and IDE are 

shown in Figure S2.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Reaction kinetics of hIDO1 in the presence of 40 μM Trp.
The spectra were obtained as a function of time following the initiation of the reaction by 

mixing an air-saturated buffer with ferrous deoxy hIDO1 (in the presence of Trp) in a 

stopped-flow system at 20 °C. The final [hIDO1], [O2] and [Trp] were 6, 125, and 40 μM, 

respectively, after mixing. The time window associated with the spectral data shown in each 

panel is indicated in the lower left corner. In each panel, the progression of the reaction is 

highlighted in the kinetic trace(s) shown in the inset, where the key kinetic constants are 

indicated. A schematic illustration of the reaction cycle is shown at the top of each panel, 

where the elementary steps of the reaction occurring within the given time window, as well 

as the detectable intermediates, are highlighted in red. “W” stands for Trp, while [Fe4+=O 

Wo] stands for the hypothesized ferryl and Trp-epoxide intermediate.
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Figure 2. Reaction kinetics of hIDO1 in the presence of 10 mM Trp.
The spectra were obtained as a function of time following the initiation of the reaction by 

mixing an air-saturated buffer with ferrous deoxy hIDO1 (in the presence of Trp) in a 

stopped-flow system at 20 °C. The final [hIDO1], [O2] and [Trp] were 6 μM, 125 μM and 10 

mM, respectively, after mixing. The time window associated with the spectral data shown in 

each panel is indicated in the lower left corner. In each panel, the progression of the reaction 

is highlighted in the kinetic trace(s) shown in the inset, where the key kinetic constants are 

indicated. A schematic illustration of the reaction cycle is shown at the top of each panel, 

where the elementary steps of the reaction occurring within the given time window, as well 

as the detectable intermediates, are highlighted in red and blue. The hypothesized 

intermediate, [Fe4+=O Wo], is not shown in the reactive cycle for clarity. [Fe4+=O Wo]W 

stands for the ferryl Trp-epoxide intermediate, when the Si site is occupied by Trp (as 

indicated by the subscripted “W”).
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Figure 3. 
Steady-state kinetics of hIDO1 in the absence (A–C) or presence (D–F) of IDE. The spectra 

were obtained as a function of time following the initiation of the reaction by mixing an air-

saturated buffer with ferrous deoxy hIDO1 (in the presence of Trp) in the absence or 

presence of IDE in a stopped-flow system at 10 °C. The final [hIDO1], [O2], [Trp], and 

[IDE] were 4 μM, 125 μM, 150 μM, and 2 mM, respectively, after mixing. The time window 

associated with the spectral data shown in each panel is indicated in the lower left corner. It 

is noted that the time window in (C) is >5 times larger than that in (F). A schematic 

illustration of the reaction cycle is shown in the inset in each panel, where the elementary 

steps of the reaction occurring within the given time window, as well as the detectable 

intermediates, are highlighted in red and blue. The notations are defined in Figure 2.
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Figure 4. 
Abolished activity of S167H and its rescue by IDE. (A) Turnover activity of S167H in the 

absence (black) or presence (red) of 100 μM IDE, obtained with 0.25 μM enzyme. The inset 

shows a plot of the enzyme activity as a function of [IDE], showing two distinct IDE binding 

sites. All the data were obtained at room temperature. (B–C) Stopped-flow data obtained by 

mixing an air-saturated buffer with deoxy S167H (in the presence of Trp) in the absence or 

presence of IDE at 20 °C. The final [hIDO1], [O2], [Trp], and [IDE] were 4, 125, 100, and 

100 μM, respectively, after mixing. The time window associated with the spectral data 

shown in each panel is indicated in the lower left corner. The inset in (C) shows the spectra 

obtained during the initial stage of the reaction (0–0.5 s). “Oxy” stands for the active ternary 

complex.
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Figure 5. 
Steady-state kinetics of S167H in the absence (A–C) or presence (D–E) of IDE. The spectra 

were obtained as a function of time following the initiation of the reaction by mixing an O2-

saturated buffer with ferrous deoxy S167H (in the presence of Trp) in the absence or 

presence of IDE in a stopped-flow system at 10 °C. The final [hIDO1], [O2], [Trp], and 

[IDE] were 4, 625, 100, and 100 μM, respectively, after mixing. The time window associated 

with the spectral data shown in each panel is indicated in the lower left corner. It is noted 

that the time window in (C) is >2 times larger than that in (E). A schematic illustration of the 

reaction cycle is shown in the inset in each panel, where the elementary steps of the reaction 

occurring within the given time window, as well as the detectable intermediates, are 

highlighted in red and blue. The notations are defined in Figure 2. The right inset in (E) 

summarizes the key kinetic constants associated with the wild-type (WT) and the S167H 

reactions, where kon′ stands for the bimolecular O2 binding rate constant calculated from 

the observed kon based on the [O2] employed for each reaction.
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Figure 6. 
Crystal structure of the S167H mutant of hIDO1. (A) Overall structure of the S167H mutant. 

The major structural perturbation introduced by the mutation is highlighted in magenta. The 

substrate Trp, heme, and the heme ligands (CN and H346) are shown as gray sticks. The 

upper left inset highlights the direct H-bond between H167 and the indoleamine in the 

S167H mutant versus the water-mediated H-bonds between S167 and the indoleamine group 

of the substrate Trp in the wild-type enzyme. (B) Expanded view of the major structural 

change induced by S167H mutation, where the structures of the S167H-CN-Trp complex 

and the wild-type complex (PDB code: 5WMU) are shown in magenta and green, 

respectively. The hypothesize ligand delivery tunnel is shown in gray surface representation. 

(C) Structural change introduced by IDE binding to the Si site in the S167H mutant. The 

structures of the S167H-CN-Trp complexes without and with IDE are shown in magenta and 

cyan, respectively.
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Scheme 1. 
Two-Step Ferryl-Based Dioxygenase Mechanism of hIDO1 and hTDO (A), Two-Trp 

Binding Sites Model Accounting for the Substrate-Inhibition Behavior of hIDO1 (B), Active 

Site Structure of the hIDO1-CN-Trp Complex with the Si Site Occupied by IDE (C), and 

Active Site Structure of the hTDO-O2-Trp Complex (D)
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