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Abstract

Human indoleamine 2,3-dioxygenase catalyzes the oxidative cleavage of tryptophan to N-formyl 

kynurenine, the initial and rate-limiting step in the kynurenine pathway. Additionally, this enzyme 

has been identified as a possible target for cancer therapy. A 20-amino acid protein segment (the 

JK loop), which connects the J and K helices, was not resolved in the reported hIDO crystal 

structure. Previous studies have shown that this loop undergoes structural rearrangement upon 

substrate binding. In this work, we apply a combination of replica exchange molecular dynamics 

simulations and site-directed mutagenesis experiments to characterize the structure and dynamics 

of this protein region. Our simulations show that the JK loop can be divided into two regions: the 

first region (JK loopC) displays specific and well-defined conformations and is within hydrogen 

bonding distance of the substrate, while the second region (JK loopN) is highly disordered and 

exposed to the solvent. The peculiar flexible nature of JK loopN suggests that it may function as a 

target for post-translational modifications and/or a mediator for protein–protein interactions. In 

contrast, hydrogen bonding interactions are observed between the substrate and Thr379 in the 

highly conserved “GTGG” motif of JK loopC, thereby anchoring JK loopC in a closed 

conformation, which secures the appropriate substrate binding mode for catalysis. Site-directed 

mutagenesis experiments confirm the key role of this residue, highlighting the importance of the 

JK loopC conformation in regulating the enzymatic activity. Furthermore, the existence of the 
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partially and totally open conformations in the substrate-free form suggests a role of JK loopC in 

controlling substrate and product dynamics.

Graphical abstract

Human indoleamine 2,3-dioxygenase (hIDO) is a heme-containing enzyme, which catalyzes 

the oxidative cleavage of tryptophan (Trp) to N-formyl kynurenine (NFK), the initial and 

rate-limiting step in the kynurenine pathway,1–5 by adding both dioxygen atoms to the 

C2=C3 bond of the indole moiety of the Trp. hIDO is a monomeric enzyme, which is 

ubiquitously expressed in many tissues.6,7 Its expression is induced by interferon-γ, 

lipopolysaccharide, and tumor necrosis factor.1,3,4,6–11 In addition, hIDO suppresses the 

immune response by starving cytotoxic T-cells by consuming local Trp and by producing 

Trp metabolites, which activate regulatory T-cells. The immunosuppressive role of hIDO is 

important for regulating various physiological and pathophysiological conditions, feto-

maternal tolerance, and cancer immune escape.6,7,10–12 It has been shown that hIDO 

inhibitors are able to facilitate regression of established solid tumors in mice,13–15 some of 

which are currently in clinical trials for human cancer therapy.16,17

IDO has been extensively characterized from a biochemical,6,18,19 spectroscopic,20–25 and 

structural perspective.26,27 Although the crystal structure of hIDO has been obtained in its 

substrate-free forms,27,28 the structure and function of the loop connecting helix J to helix K 

(residues 360–380), named the JK loop hereafter, remains unknown due to its highly flexible 

nature.

Human tryptophan 2,3-dioxygenase (hTDO) is another heme dioxygenase, which catalyzes 

the same reaction as hIDO.18,29,30 It has been shown that hTDO is more specific towards L-

Trp,31,32 while hIDO can react with both L- and D-Trp, as well as different indole 

derivatives.7,18,33 The structures of hTDO,34 Drosophila melanogaster TDO,35 Ralstonia 
metallidurans TDO,36 and Xanthomonas campestris TDO (xcTDO)29 show that TDO is a 

homotetrameric enzyme. The structure of xcTDO is particularly important as it was 

crystallized in the substrate-free and substrate-bound forms.29,34,36

Additionally, the second enzyme in the pyrrolnitrin biosynthesis pathway from 

Pseudomonas fluorescens, called PrnB, which converts 7-Cl-tryptophan into 

monodechloroaminopyrrolnitrin, belongs to the dioxygenase superfamily.37 Its structure was 

resolved for the cyanide complex and two ternary complexes with both L-tryptophan or 7-Cl-

L-tryptophan and cyanide.37,38
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Comparison of the structures of the dioxygenases shows that the TDO monomer, PrnB, and 

hIDO display a high degree of structural similarity (see Figure S1). In addition, structure-

based sequence alignment (see Figure S2) shows that the JK loop in hIDO is ∼20 and 15 

residues longer than that in xcTDO and that in PrnB, respectively. In xcTDO, Trp binding 

induces the organization of the JK loop, which like that in hIDO is disordered in the 

substrate-free form, into an Ω-loop structure.29 The JK loop, hence, could play an important 

role in control substrate and product dynamics.

In a previous work,26 we have used a combination of docking and molecular dynamics 

simulation to characterize the active sites of both hIDO and xcTDO. We found that the 

active site of hIDO is larger and more flexible than that of xcTDO. This allows the 

coexistence of two different Trp conformations in hIDO (called Cf1 and Cf2). In contrast, 

only one conformation is observed in xcTDO (Figure 1). In Cf1, the Trp has a perpendicular 

orientation with respect to the heme plane and resembles the Trp binding mode in xcTDO 

(see Figure S3) and as such was attributed to the reactive structure. In Cf2, the Trp lies 

almost parallel to the heme and farther from the Fe–O2 moiety, which could account for a 

Trp molecule migrating from solvent into the active site.

In a separate work,39 we have characterized the functional role of a specific residue in the JK 

loop of hTDO, T342, in the highly conserved “GTGG” motif of the JK loop in hTDO 

(Uniprot entry P48775). We found that the single T342A mutation results in a total loss of 

substrate stereoselectivity.39 By means of classical molecular dynamics simulations, we 

determined that this mutation affects not only the specific interaction of this residue with the 

Trp but also the position and dynamics of the JK loop because of the perturbation of the 

interaction between the JK loop and the DE loop [the loop connecting helix D and helix E 

(residues 120–125) (Figure S3)]. As a result, the position of the Trp backbone is affected and 

the enzymatic reaction is significantly inhibited.39

Although classical molecular dynamics simulations are widely used to describe 

conformational dynamics in protein systems, on occasions when extensive sampling is 

required, advanced sampling techniques, such as temperature replica exchange molecular 

dynamics (T-REMD), can be applied to properly explore the free energy landscape and 

avoid being trapped in local energy minima. T-REMD is a commonly used technique for 

improving the sampling of the configurational space in biomolecules.40–42 In T-REMD 

simulations, several replica of the system are run at different temperatures in parallel. After a 

user-defined amount of MD steps, temperatures in two different contiguous replicas are 

allowed to exchange according to a Monte Carlo probabilistic scheme. In this way, the 

conformational sampling is significantly improved with respect to constant-temperature MD 

simulations, which are typically run at lower temperature values. The number of replicas and 

the temperature values are chosen to guarantee an acceptable interchange ratio of ∼10–

20%.43 If the interchange value were within this range, it would mean that the temperatures 

were well-distributed and that the number of replicas was sufficient, indicative of proper 

performance of the replica exchange simulation.

Here, we used a combination of T-REMD and classical molecular dynamics simulations 

(MD) to sample the conformations of the JK loop in hIDO and to analyze its role in Trp 
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binding and catalysis. Our results indicate that the JK loop conformation stabilizes the 

reactive conformation by specific H-bond interactions. They allow us to hypothesize a 

possible role of the conformational flexibility of the JK loop in modulating the activity of 

hIDO.

Materials and Methods

Computational Methods

Starting Structures—Initial structures for full length hIDO were built from the hIDO 

available structure [Protein Data Bank (PDB) entry 2D0T], which corresponds to the 

complex with Phenyl-Imidazol (PI) and not the L-Trp substrate. As in previous works,26 we 

removed the PI ligand and built the oxy in silico. Trp-bound structures (in both 

conformations) were built on the oxy complexes derived from our previous work.45 In this 

structure, the JK loop (residues 360–380) is absent. Sequence structure-based alignment of 

hIDO with xcTDO (PDB entry 2NW8) and PrnB (PDB entry 2×67) [which show a high 

degree of overall structural similarity (see Figures S1 and S2)] indicates that they share a 

common motif consisting of four residues in the C-terminal segment of the loop (residues 

377–383 in hIDO, which we will term JK loopC hereafter): GTGG in xcTDO and hIDO and 

GSGG in PrnB. Because of the similarity in this portion of the sequence, we used both 

xcTDO and PrnB as templates for the JK loopC region. Overall, 30 different JK loop models 

were built using the Modeller program (version 9.14),44 which differ mostly in the N-

terminal region, for which no template is available (see results for further details).

T-REMD Calculations—Starting from the aforementioned structures, we performed 

temperature replica exchange molecular dynamics (T-REMD) simulations. Simulations were 

performed in the oxy complexes of hIDO in the SF state and in the substrate-bound states 

with Trp bound in either binding site (termed Cf1 and Cf2). For each case, 30 replicas 

(corresponding to the different starting JK loop structures) were run spanning a temperature 

range of 290–472 K. Each replica was run for 50 ns. This represents a total of 1.5 μs per 

system (total simulation time of 4.5 μs). All simulations were performed using the GPU 

(CUDA) version of the PMEMD module of the Amber14 package,46–49 using the 

Amber99SB force field. Details about additional parameters (including heme 

parametrization) can be found in our previous publications.21,26,30,33 To properly explore the 

conformational space of the JK loop and to avoid unfolding events, the residues in the JK 

loop region were completely free to move, whereas a position restraint was applied on the 

rest of the protein Cα atoms, using a force constant of 50 kcal mol−1 Å−2.

After the simulations, the three lowest-temperature trajectories (at 290, 295, and 300 K) 

were analyzed. Clustering analysis was performed on these three trajectories using Cpptraj, 

a program within the Amber14 package.50 A cutoff of 2.5 Å was used [i.e., structures where 

the loop structures with a root-mean-square deviation (rmsd) of <2.5 Å are included in the 

same cluster]. We considered the three most populated clusters as representative structures.

Equilibrium Molecular Dynamics Simulations of the hIDO Complexes—Starting 

from the central structures of the three most populated clusters (populations of >10%), we 

performed classical molecular dynamics (MD) in explicit solvent. Structures were immersed 
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in an octahedral box of TIP3P waters,51 using a 10 Å minimal distance from the protein 

surface to the box. All simulations were performed with the PMEMD module of the 

AMBER14 package49 using standard simulation parameters, under periodic boundary 

conditions. We used Ewald sums to treat long-range electrostatic interactions,52,53 the 

SHAKE algorithm to keep bonds including hydrogen atoms at their equilibrium length, a 2 

fs time step for the integration of Newton's equations,54 and the Langevin thermostat55 to 

control the system temperature. A 12 Å cutoff for explicit electrostatic interactions was used 

in all cases. Equilibration consisted of an energy minimization of the initial structures, 

followed by a slow heating to 300 K at a constant volume. MD runs consisted of 45 ns 

trajectories and were run in the NPT ensemble.

Pocket Shape and Volume Characterization—To estimate the pocket shape and 

volume characteristics of each representative structure of the three conformations, we use 

the pocket volume measurer program (POVME 2.0)43,56 using the trajectories calculated for 

each case.

Solvent-Accessible Surface Area Calculations—For each representative structure of 

the Trp-bound hIDO, the solvent-accessible surface area (SASA) was calculated using the 

“rolling ball” algorithm57 where the SASA corresponds to the surface swept out by a probe 

sphere with a radius of 1.4 Å, which approximates the radius of a water molecule.

Binding Free Energy Calculations—The binding free energy was computed from the 

molecular dynamics trajectories, using the MM-GBSA (molecular mechanics, general-Born 

surface area) approach58 implemented in AMBER14.49 The binding free energy, 

, was calculated by

where  corresponds to the substrate binding energy in vacuum and  is 

the corresponding free energy for the solvation of each species. We performed an energy 

decomposition for the residues involved in the main interactions with the Trp.

Experimental Methods

Chemicals and Protein Expression and Purification—Hemin chloride and Tris base 

(triple crystallized, ≥99.9% pure) were obtained from Porphyrin Producs, Inc. (Logan, UT) 

and Fisher Scientific (Fair Lawn, NJ), respectively. All other chemicals were of the highest 

available purity (>99%) from Sigma-Aldrich. Wild-type hIDO1 was prepared as described 

elsewhere.59 The mutants were constructed by using the QuikChange II Site-Directed 

Mutagenesis Kit (Stratagene, La Jolla, CA). The proteins were expressed and purified with 

the same protocol as the wild-type enzyme.59 The purified proteins were stored in pH 7.4 

Tris buffer (50 mM) at −80 °C until they were used.
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Optical Absorption Studies—All the samples were prepared in a pH 7.4, 100 mM Tris 

buffer in the presence or absence of 30 mM L-Trp. All the optical absorption spectra were 

recorded in a 1 cm path length or cylindrical Raman quartz cuvette with a UV2100 

spectrophotometer (Shimadzu Scientific Instruments, Inc.) with a spectral slit width of 1 nm.

Steady-State Activity Measurements—The steady-state activities of the proteins were 

measured with a standard protocol as described elsewhere.31,33 All the reactions were 

controlled at 25 °C by a Neslab RTE-111 water bath circulator unless specified otherwise. 

The initial linear velocities of the reactions, V, 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 with a spectral slit width of 2 nm. V was calibrated with the 

concentration of the enzyme and plotted as a function of substrate concentration, [S]. All the 

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

Results

JK Loop Structural Modeling

As stated above, all the hIDO structures available in the Protein Data Bank correspond to a 

substrate-free (SF) state, where the JK loop (residues 360–380) was not resolved because of 

the lack of a substrate and its highly flexible nature.27,28,60 In contrast, the crystal structures 

of xcTDO (PDB entries 2NW7 and 2NW8)29 and PrnB (PDB entries 2×66 and 2×67)37 

were determined in both substrate-free and Trp-bound forms. In the Trp-bound structures, 

either a complete JK loop (xcTDO) or a fragment of it (PrnB) was ordered in these 

structures.29,37 These two enzymes display a high degree of structural similarity with hIDO 

(Figure S1); in addition, the JK loop anchoring points with the bound Trp are well-

conserved. Furthermore, sequence comparison (Figure S2) indicates the presence of a four-

residue motif, “GT(S)GG”, in the JK loopC region. The conserved motif results in many JK 

loopC structures harboring similar characteristic glycine turn conformations.61 On the other 

hand, the N-terminal segment of the loop (residues 359–376 in hIDO, named JK loopN 

hereafter) shows higher sequence diversity and a larger set of possible conformations. 

Taking into account the sequence identity in the JK loopC region, we constructed 30 

different initial conformations as the starting points for the T-REMD simulations (vide 
supra).

JK Loop Structure and Dynamics

To gain insight into the JK loop conformation and dynamics, we performed three 

independent T-REMD simulations, each consisting of 30 replicas, corresponding to SF and 

two Trp-bound complexes of hIDO (termed Cf1 and Cf2 as shown in Figure 1).26 Overall, 

the simulations show that the JK loop explores an enormous range of conformational space 

(the rmsd of the loop against the averaged conformation is >16 Å).

To gain a first glimpse of the possible conformations of the JK loop, we performed a 

clustering analysis of the three different T-REMD simulations, corresponding to the SF, Cf1, 

and Cf2 states. This joint analysis indicates that the JK loopC region adopts specific and 

well-defined conformations (vide infra). On the other hand, JK loopN is far more flexible 
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(rmsd of >10 Å). It adopts transient conformations with secondary structure elements, but 

there is no prevalent conformation.

The clustering analysis of the JK loopC region of the three different states (SF, Cf1, and Cf2 

states) shows that the observed conformations can be classified into three groups that we 

named closed, intermediate, or open-extended conformations (Figure 2). Additionally, the 

closed conformation displays a quite rigid loop, especially in the Trp-bound states (the rmsd 

in Cf1, for example, is 1.6 Å). Visual comparison of the closed and intermediate 

conformations indicates that the closed conformation is closer to the distal pocket, as 

indicated by the Gly380 NH–heme propionate 7 distance (dashed line in Figure 2), which 

ranges from 2 to 5 Å in the closed conformation and from 5 to 10 Å in the intermediate 

conformation. Indeed, in the Cf1 structure, the GTGG motif of JK loopC interacts with the 

Trp backbone, isolating the active site from the solvent (vide infra). The T-REMD 

simulations show that the three conformations are interconvertible, manifesting the high 

flexibility of the loop.

Analysis of the JK Loop Conformational State and Its Role in Trp Binding

With the relevant JK loop conformational states described above, we analyzed the relevant 

conformations of both JK loop regions in each state, Cf1, Cf2, and SF. Figure 3 shows the 

predominant structures of each state derived from cluster analysis of the complete loop. For 

Cf1, the predominant conformations show a high variability in the JK loopN region (with a 

rmsd of 12.4 Å) while the JK loopC region stays tightly in a similar position (with a rmsd of 

1.6 Å) (Figure 3A). For Cf2, there is higher variability in both the JK loopN and JK loopC 

regions (Figure 3B). The closed conformation of the JK loopC region is scarcely populated 

(for population analysis of JK loopC, see Table S1). In addition, the Trp in the Cf2 is more 

mobile than that in Cf1 and can adopt multiple conformations, in contrast to the Trp in Cf1. 

Finally, for SF, although the closed conformation is extensively visited, several intermediate 

or open-extended conformations are observed. Interestingly, in the SF state (Figure 3C), the 

closed conformations show a variability much greater than that in the Cf1, as evidenced by 

the higher RMSD of the JK loopC region (3.9 Å in the SF state vs 1.6 Å in Cf1). This 

increased flexibility is consistent with the loss of specific interactions between the substrate 

and the GTGG motif in JK loopC (vide infra).

Detailed Structural and Functional Characterization of JK Loop Conformational States

Having determined the main conformational states of the JK loop and their relation to Trp 

binding, we then analyzed interactions responsible for defining these states and their impact 

on the functional properties of hIDO. We performed additional 45 ns molecular dynamics 

simulations of the most representative conformations of each hIDO complex. Analysis of the 

interactions between Trp and the JK loopC region in the Cf1 “closed” state shows the 

existence of strong H-bonds of the NH and OH groups of Thr379 in the “GTGG” motif with 

the Trp backbone (see Figure 4A). These H-bonds cannot be established in the “open-

extended” state because of the large distance between these residues and the substrate. 

Additionally, Thr382 OH and Gly380 NH also interact with a heme propionate, which holds 

JK loopC in the closed state. These interactions are lost when the loop opens, reaching the 

open-extended conformation, allowing Trp to move farther into the solvent, like that found 
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in the Cf2 state. In this open-extended JK loop conformation, the “GTGG” motif is 

completely exposed to solvent.

To further address the role of Thr379 in relation to the JK loop conformation, we performed 

a 70 ns MD simulation for the T379A mutant starting from the closed conformation of Cf1. 

The results show that although during the time scale of our simulation the main interactions 

between the residues of the active site and the Trp are retained, they are significantly 

weakened with respect to those found in the wild-type (wt) enzyme (see Table S2 for 

details). In the T379A mutant, the interaction between the Thr379 OH group and the Trp is 

lost; in addition, the extent of the observed interaction between Trp and Ala379 is reduced to 

48% (with respect to 91% of the comparable interactions in the wt enzyme) (Table S2). This 

results in a larger variation in the JK loop position compared to that of the Cf1 conformation 

of the wt enzyme. As expected, Ala379 cannot strongly interact with the Trp backbone, 

promoting the opening of the JK loop.

Visual inspection of different loop states (Figure 2) shows that when JK loopC is in the 

closed conformation it isolates the active site from the bulk solvent, which only opens in the 

open-extended state. The data suggest that JK loopC controls Trp and NFK dynamics.

To characterize the accessibility, we determined the volume and shape of the Trp binding 

pocket in each JK loop conformation. The results show that in the closed Cf1 state the 

average pocket volume is 1778 Å3 (the volume of Trp is 227 Å3). Solvent accessibility 

between the active site and bulk is blocked, mainly because of the presence of Thr379 and 

Arg231, both of which interact strongly with the substrate. In the open-extended Cf2 state, 

the pocket volume increases to 5079 Å3 and bulk solvent can clearly access the active site 

(Figure 4C). Panels B and C of Figure 4 illustrate the differences between the closed and 

open conformations and highlight the gating function of JK loopC. Figure 4D shows the 

results of the same analysis for T379A mutant. Interestingly, in spite of conservation of the 

Cf1 closed conformation, the pocket volume of the closed state increases to 4399 Å3, similar 

to the volume of the open conformation of the wt enzyme. Because of the weaker A379–Trp 

interaction, the pocket also extends toward the protein surface (see Figure 4D). Additionally, 

in this closed state, the T379A binding site and solvent are connected in contrast to the 

isolation of the active site from the bulk solvent observed in the wt enzyme for Cf1.

To further monitor the Trp accessibility to the active site in the different conformational 

states, we computed the Trp solvent-accessible surface area (SASA) for both the closed Cf1 

and open-extended Cf2 states. The SASA indicates how deeply buried the substrate is inside 

the hIDO structure. The results show Trp-SASA is very small (1.8 Å2 on average) in the Cf1 

closed state, while that in the Cf2 open-extended states is 89.2 Å2 on average. These data 

suggest that in the Cf2 open-extended state, Trp is probably dissociating from the protein. It 

is important to highlight that in the Cf1 T379A mutant the Trp-SASA is 4.2 Å2 on average, 

showing that the Trp is more exposed to the solvent. Figure 5 depicts the protein surface in 

the closed Cf1 state and open Cf2 state, clearly showing that in Cf1 the Trp is buried in the 

protein matrix while in Cf2 it is much more exposed to the solvent because of the opening of 

JK loopC.
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To obtain insight into the Trp binding affinity in the different JK loop conformations, the 

binding free energy and the contribution from both Thr379 and Arg231 were computed 

using an MM-GBSA scheme. This kind of approach typically yields overestimated binding 

free energy values, but they are very useful for extracting comparative trends.62 The results, 

presented in Table 1, show that the Trp binding energy is doubled in the closed loop 

conformation (most populated state in Cf1) compared to the open-extended loop 

conformation observed in Cf2. Interestingly, in the open-extended loop conformation, the 

interaction with Thr379 is weakend and the interaction with Arg231 is almost lost. 

Additionally, when comparing the results for wt-Cf1 and T379A-Cf1, we observe a 

significant decrease in Trp binding energy for the mutant protein, confirming the role of 

Thr379 in Cf1 stabilization. Similar to the previous observation, the mutant weakens not 

only the interaction between the backbone CO of this residue and the Trp but also that 

between Arg231 and the Trp (see Table S2).

Activity Studies of the T379A and R231L Mutants

To confirm role of Thr379 and Arg231 in controlling substrate–protein interactions, we 

prepared and studied the T379A and R231L mutants. As shown in Figure 6A, in the SF 

state, the ferric T379A mutant exhibits a Soret band at 403 nm and visible bands at 500 and 

533 nm, as well as a charge-transfer band at 632 nm (Figure 6A). They are consistent with a 

water-bound ferric heme with a mixed six-coordinate high-spin (6CHS) and low-spin 

(6CLS) electronic configuration.25 Binding of L-Trp to the ferric T379A mutant causes the 

shift of the Soret band to 407 nm, as well as the diminishment of the intensity of the 500 nm 

band and increases in the intensities of the 533 and 562 nm bands. It is also associated with 

the disappearance of the charge-transfer band at 632 nm. The spectral change indicates the 

conversion of the water-bound species to a 6CLS species, which has been attributed to 

hydroxide-bound ferric protein in wt hIDO1.63 The spectral features of T379A are similar to 

those of the comparative derivatives of wt hIDO.19 On the other hand, the R231L mutant 

(Figure 6B) shows spectral features similar to those of T379A and wt hIDO1, except that the 

presence of 30 mM L-Trp only slightly perturbs the spectrum, presumably because of 

incomplete binding of L-Trp.

The dioxygenase reaction catalyzed by hIDO1 does not consume any electrons.18 However, 

an electron source is required to sustain the multiple turnovers of the reaction, as the active 

ternary complex is prone to autoxidation, via the release of superoxide. Accordingly, we 

used a widely used methylene blue/ascorbate system64 as the reductant to measure the 

steady-state activity of the enzyme. Kinetic studies show that the T379A mutation results in 

a 25-fold reduction in the activity toward L-Trp, as evidenced by the ∼5-fold reduction in 

kcat (4.3 and 0.87 s−1 for wt hIDO and T379A, respectively) and a 5-fold increase in KM (23 

and 112 μM for wt hIDO and T379A, respectively). In contrast, the R231L mutation 

abolishes all the activity toward L-Trp.

Discussion

In this work, we used a combination of T-REMD simulations and site-directed mutagenesis 

experiments to shed light on the structure and dynamics of the flexible active site JK loop 
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that is absent in the crystal structure of hIDO. This loop is significantly longer than that of 

the other proteins of the same superfamily. Additionally, there is a high degree of sequence 

similarity in the JK loopC region characterized by the “GTGG” motif. Our simulation results 

showed that the JK loopC segment is able to adopt different conformations characterized as 

closed, intermediate, and open-extended conformations. The JK loopN region is far more 

flexible, and although it can adopt transient conformations with secondary structure 

elements, there are no dominant conformations. The JK loopC conformation is linked with 

substrate binding. When Trp binds in the reactive conformation (Cf1), JK loopC adopts the 

predominantly closed conformation. In the absence of substrate, or when Trp is in the 

alternative conformation (Cf2), JK loopC is more flexible and more likely to be in the open 

conformation. In this context, it is interesting to note that this kind of loop opening–closing 

mechanism that regulates substrate entry has also been proposed for other heme-based 

oxygenases, as shown for the widely studied P450Cam.65–67 Although their fold is different, 

the common mechanism highlights the relevance and plasticity of the heme oxygenase active 

site beyond the IDO/TDO family.

Our results suggest that the dynamic nature of JK loopC allows it to directly modulate 

substrate and product dynamics. In the absence of substrate, the high flexibility of the loop, 

dominated by the open conformations, allows Trp to enter the protein. This entry is followed 

by loop closure, resulting in tight binding of Trp, which is held in place in an active 

conformation by Thr379 and Arg231, allowing the enzymatic reaction to occur. After 

catalysis, these interactions are possibly weakened, leading to the opening of JK loopC to 

allow product release. The role of the loop, and in particular of Thr379, in binding and 

positioning of the substrate is consistent with the activity studies of the T379A mutant that 

show a 5-fold reduction in kcat and a 5-fold increase in Km toward Trp, which, although 

representing moderate variations on the kinetic parameters, indicate that Thr379, and hence 

the JK loop, participate in Trp binding and catalysis. The increase in Km is possibly related 

to a higher loop flexibility and a larger population of the open-extended conformation, 

which weakens substrate protein interactions. Previous studies of TDO45,68 have shown that 

the reaction barrier is tightly related to the proper positioning of the Trp, which is perturbed 

in the T379A mutant.

The role of JK loopN is far more difficult to address. Our results show that it displays high 

flexibility without secondary structures, and more importantly, it extends out from the 

protein core domain into the solvent. This behavior is not uncommon in protein regions that 

interact with other proteins and/or become chemically modified for regulatory purposes. 

With this in mind, we performed a database search in Prosite,69 which resulted in the 

prediction of two phosphorylation sites: 367TSED and 372SKL (the latter is also reported in 

http://www.phosphosite.org/). The JK loopN post-translational modification, through 

phosphorylation, for example, or its binding to another protein, could prevent JK loopC from 

opening, which in turn would inhibit substrate binding, rendering hIDO inactive. 

Interestingly, the nearby Tyr353 in helix J has been shown to become nitrated upon exposure 

to peroxynitrite, leading to IDO inhibition.70 This regulation role is consistent with the fact 

that JK loopN is present only in hIDO, where it has to regulate the immune system, and not 

hTDO or its bacterial counterparts, which are involved in maintaining Trp homeostasis. 

However, further studies are needed to confirm this idea.
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Taking our results into account, we conclude the JK loop in hIDO is a highly dynamic loop, 

which presents large structural fluctuations, in agreement with the fact that this loop was 

disordered in the X-ray crystallographic structure. The T-REMD simulations show that JK 

loopC is able to adopt closed structures and open-extended conformations, which are in 

dynamic equilibrium. The closed structure, which is predominant in the Trp-bound enzyme, 

helps to bind and position the substrate properly for catalysis, thereby modulating hIDO 

activity. The lack of structure in the JK loopN and its dynamic nature suggest that it could be 

the target of post-translational modifications and or protein–protein interactions, thereby 

providing an additional layer of control over hIDO activity
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Figure 1. 
(A) Three-dimensional structure of hIDO and (B) structure-based sequence alignment of the 

JK loops of hIDO, PrnB, and xcTDO. The JK loop connecting the helix J and helix K is 

disordered, and hence missing in the structure. The DE loop is colored orange. The Trp 

residues labeled in green sticks and red sticks represent the Cf1 and Cf2 conformations, 

respectively. The sequence motifs labeled in green and red in panel B highlight in black the 

highly conserved “GT(S)GG” motif and the potential phosphorylation sites in gray.
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Figure 2. 
Three JK loop conformations resulting from clustering analysis of JK loopC in the SF, Cf1, 

and Cf2 states. The closed, intermediate, and open-extended conformations are colored red, 

blue, and green, respectively. In each conformation, the JK loopC and JK loopN regions are 

highlighted by the bright and pale colors, respectively. The dashed line indicates the distance 

between the backbone N atom of Gly380 and the carbon atom of the heme propionate 7 

group.
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Figure 3. 
Three most populated clusters for (A) Cf1, (B) Cf2, and (C) SF resulting from cluster 

analysis of the whole JK loop. The loops colored red, blue, and green represent the closed, 

intermediate, and open-extended conformations, respectively.
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Figure 4. 
(A) Main interactions among the Trp, the heme group, and the residues of JK loopC in Cf1. 

(B–D) Free volume in the Trp binding pocket: in the closed state, with Arg231 and Thr379 

represented as the doorknob (B), in the open-extended conformation (C), or in the closed 

conformation of Cf1 in the T379A mutant (D).
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Figure 5. 
Protein surface view of hIDO in the (A) Cf1 and (B) Cf2 states. The surfaces corresponding 

to the loop region are colored (A) red or (B) green.
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Figure 6. 
Absorption spectra of (A) T379A and (B) R231L mutants of hIDO and (C) Michaelis–

Menten plots of the T379A mutant and wild-type hIDO as a function of L-Trp concentration. 

Panels A and B show the optical absorption spectra of ferric T379A in the absence (black 

line) and presence of ∼30 mM L-Trp (red line). The visible bands (475–700 nm) are 

expanded by a factor of 5. Spectra were generated in a sealed Raman quartz cuvette in the 

presence of ∼50 μM enzyme in pH 7.4, 100 mM Tris buffer. The Michaelis–Menten plots 

were generated using 100 nM enzyme. The reaction was initiated by addition of ascorbate to 

the reaction mixture in pH 7.4 Tris buffer at 25 °C.
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Table 1
MM-GBSA Binding Free Energies (kilocalories per mole) for Trp Calculated for the Most 
Populated Cluster of Each hIDO-Bound Conformation of the wt Enzyme and the T379A 
Mutant

wt Cf1 wt Cf2 T379A Cf1

total −58 ± 3 −24 ± 3 −51 ± 3

Thr/Ala379 −4.9 ± 0.8 −3.5 ± 0.6 −2.8 ± 0.8

Arg231 −15 ± 1 −0.8 ± 0.7 −13 ± 1
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