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Summary

Human indoleamine 2,3-dioxygenase (hIDO), a monomeric heme enzyme, catalyzes the oxidative
degradation of L-tryptophan (L-Trp) and other indoleamine derivatives. Its activity follows typical
Michaelis—Menten behavior only for L-Trp concentrations up to 50 uM; a further increase in the
concentration of L-Trp causes a decrease in the activity. This substrate inhibition of hIDO is a
result of the binding of a second L-Trp molecule in an inhibitory substrate binding site of the
enzyme. The molecular details of the reaction and the inhibition are not yet known. In the
following, we summarize the present knowledge about this heme enzyme.
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INTRODUCTION

Heme proteins perform a diverse variety of tasks, including electron transfer, storage and
transport of small molecules, enzymatic functions and gas sensing, owing to the remarkable
chemical properties of the heme prosthetic group (1, 2). Tryptophan 2,3-dioxygenase (TDO)
and indoleamine 2,3-dioxygenase (IDO) are both heme enzymes that catalyze the first and
rate-limiting step in the oxidative degradation pathway of L-tryptophan (L-Trp), by inserting
both atoms of dioxygen (O,) into the C,=C3 bond of the indole ring to yield N-
formylkynurenine (NFK) (Fig. 1a) (3, 4). L-Trp is the scarcest amino acid in mammals. The
majority of our dietary L-Trp is metabolized by TDO along the kynurenine pathway in the
liver (5, 6). It ultimately leads to the biosynthesis of NAD. In contrast to the hepatic TDO,
IDO is distributed in all tissues other than liver. It is thought to be responsible for providing
immune protection to developing mammalian fetal tissue during gestation by decreasing
local L-Trp concentrations and/or by producing cytotoxic metabolites, thereby suppressing
the maternal T-cell-based immune response (7). IDO is also overexpressed in most solid
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tumors, its role in the immune escape of tumors has been proposed (8). An increased level of
IDO expression in tumor cells is correlated with a poor prognosis for survival in several
cancer types (9, 10) making IDO an appealing drug target for cancer theraphy (11, 12) and
calling for the de novo design of inhibitors selective for human indoleamine 2,3-
dioxygenase (h1DO).

THE hIDO ACTIVE SITE

The human isoform of IDO, hIDO, is a heme enzyme of ~45 kDa. Its polypeptide chain is
folded into two distinct domains (13), with the heme sandwiched in between (Fig. 1b). The
large, all-a-helical domain carries the heme prosthetic group, covalently anchored via the
proximal histidine, His346. The small domain covers the top of the heme pocket. A loop
compromised of residues 250-267 connects the two domains and extends over the sixth
coordination site of the heme (Fig. 1b). The indole ring of the substrate is assumed to be
packed against the loop through hydrophobic interactions (14). Interestingly, the catalytic
site of hIDO is essentially devoid of polar residues, with Ser167 being the only exception.
This residue is, however, neither involved in substrate recognition nor in catalytic activity
(15). Residues 360-380 form another flexible loop that could not be resolved in the crystal
structure. It is thought to become ordered and close off the heme pocket once the substrate
binds (16).

Vibrational spectroscopy is known to be a sensitive technique to explore structural details of
the active sites in heme proteins that are too subtle for X-ray crystallography (17). In
particular, the infrared stretching bands of heme-bound CO have been recognized as
excellent reporters for the fine structure and heterogeneity of the active sites due to their
exquisite sensitivity to local electric fields created by amino acid residues surrounding the
active sites (18-21). The CO stretching bands can be studied selectively by using photolysis-
induced difference spectroscopy, which involves measurement of IR spectra before and after
photolysis. The difference of the two spectra contains only absorption features due to
photodissociation of the ligand from the heme iron. This technique yields IR spectra of
heme-bound and photodissociated ligands with exquisite sensitivity and precision. The
stretching bands are fine tuned by interactions of the ligand with its environment, which
provide a rich source of information on active-site conformations, effects of mutation and
ligand docking sites. At ambient temperature, however, the difference spectrum decays
rapidly after photolyzing illumination due to fast ligand rebinding to the heme iron.
Therefore, we use Fourier transform infrared (FTIR) spectroscopy at cryogenic
temperatures, which takes advantage of the fact that kinetic processes in proteins are
thermally activated. Ligand rebinding in heme proteins becomes sufficiently slow near 0 K,
that IR spectra of photodissociated species can be measured on a steady-state spectrometer.
One could argue that processes observed at low temperature may not be relevant for the
functioning of a protein at physiological temperature. However, evidence has accumulated
over the years that this objection is unfounded (17, 22, 23).

In CO-ligated myoglobin (MbCO), the distal histidine, HisE7, is the main determinant of
active site heterogeneity sensed by the CO stretching vibration (18, 20, 21). Two major
conformations, called A substates, are observed at neutral pH, associated with the dominant
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A1 (1,945 cm™1) and the weaker Az (1,933 cm™1) bands (23-25). In both A substates, a
neutral HisE7 imidazole side chain resides in the distal pocket close to the heme iron,
placing a positive partial charge from the Ne2 hydrogen near the CO (26, 27). Removal of
the HisE7 imidazole from the CO proximity, which can be achieved by lowering the pH,
gives rise to an Ag band at ~1,967 cm™L. Upon protonation, the HisE7 imidazole rotates and
swings out of the heme pocket (26, 27). The A substates not only differ in structural details
but also in their ligand binding properties (28).

The FTIR spectrum of hIDO-CO determined at 4 K shows three different conformations at
neutral pH, Aqg25, A1937, and Aqg47 (Fig. 2) (29). Rather low stretching frequencies indicate
an interaction between the CO ligand and a positive partial charge (18, 19), consistent with
the reported resonance Raman results (30). As there is no polar amino acid at the hIDO
active site (13), we suggest that the positive partial charge originates from a backbone
amine. In the 3D structure of hIDO-CN, the distance between the ligand N and the backbone
amide N of Ala264 is 2.9 A (13) and thus sufficiently short to establish an interaction.
Quantum mechanics (QM)/molecular mechanics (MM) studies have proposed an interaction
with Gly265 (31). Both Ala264 and Gly265 are part of the flexible loop that connects the
two hIDO domains (13) and, therefore, might adopt slightly different orientations with
respect to the bound ligand that result in measurable frequency differences.

Increasing concentrations of L-Trp at the active site are reflected in an A state band at 1,895
em1 (Agupstrate: As) that emerges at the expense of the A bands of substrate-free hIDO-CO,
in the following subsumed as Agr (Fig. 2) (29). The frequency of this band is again
consistent with the resonance Raman result (30). Its shape is slightly asymmetric and might
be a superposition of two bands with very similar peak positions. The strong red shift
suggests that the L-Trp substrate has established a hydrogen bond to the heme-bound CO. A
combination of classical molecular dynamics and hybrid quantum-classical (QM/MM)
methodologies suggests that L-Trp can be accommodated in hIDO-CO in two conformations
(31). In the first conformation, the indoleamine group of L-Trp is close to the CO, but the
perpendicular positions of CO and L-Trp with respect to the heme plane do not allow a
proper orientation for a hydrogen bonding interaction. In the second conformation, the L-
Trp indole moiety is oriented almost parallel to the heme plane, and a hydrogen bond is
found between the indole-NH and the ligand. This conformation might be represented by the
Ag band.

Ligand Migration in hIDO

FTIR-Temperature Derivative Spectroscopy (TDS) has found wide-spread application in the
study of CO migration and binding in heme proteins (17, 32-35). The technique is a
convenient method for the investigation of thermally activated rate processes that are
characterized by distributed enthalpy barriers. TDS is a relaxation method in which a
nonequilibrium state is created by perturbation of a sample at a temperature at which
approach to equilibrium is slow. In heme protein studies, the sample is perturbed by ligand
photolysis. Subsequently, the temperature, T, is ramped up linearly in time in the dark at a
constant rate. During the temperature ramp, IR spectra are taken continuously (1
spectrum/K). They reveal the response of the sample after the perturbation, including ligand
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rebinding to the heme iron. At cryogenic temperatures (T < 200 K in our cryosolvent),
rebinding is characterized by a static distribution of rebinding enthalpy barriers due to the
absence of large-scale conformational motions (36-38). Protein molecules with small
barriers rebind their ligand first, and the continuous increase in temperature causes
molecules to rebind sequentially with respect to their barrier heights. TDS is a so-called
“rate window method,” which allows all processes to occur with a characteristic time scale,
which is ~100 s at the heating rate used in our experiments. The data are presented as two-
dimensional contour plots, in which the absorbance changes between successive spectra are
plotted versus temperature and wave number. Contours are usually spaced logarithmically,
which emphasizes weak features, and solid and dotted lines depict gain and loss of
absorption with temperature, respectively.

We use especially designed illumination protocols to selectively populate transient docking
sites in heme proteins. To measure rebinding from states that can be populated at the lowest
temperatures (“site B,” “primary docking site”), the sample is illuminated for 1-10 sec at 4
K. To sample recombination from sites with higher recombination barriers (“remote” or
“secondary docking sites,” “sites C and D”), the slow cool protocol is applied. Here, the
laser light is kept on while the sample is cooled from 160 to 4 K.

In a typical oxygen-storage protein such as Mb, transient ligand docking sites inside the
protein matrix modulate the ligand association and dissociation kinetics (23, 39-42). The so-
called primary docking site B located close to the binding site (A site) plays a key role, as it
is the only site through which bond formation can occur. As long as this site is available,
ligands entering the protein will be efficiently captured. In their study of oxygen binding in a
large variety of mutant Mbs, Scott et al. (43) suggested that the globin acts like a baseball
glove that “catches” and then traps incoming ligands long enough to allow bond formation
with the heme iron. A recent comparison of different heme-containing globins has revealed
that ligand migration between discrete docking sites is a general phenomenon in this class of
proteins (17). Indeed, without these preformed sites, globins could not efficiently bind O, at
a ferrous heme iron (23, 35, 40, 43), which has to be located in the protein interior for
protection against oxidation. By contrast, nitrophorin 4, an NO transporter, does not need
protection against oxidation because its function relies on a ferric heme (44).

Transient docking sites exist also in the enzyme hIDO as can be inferred from the narrow
bands in range 2,090-2,160 cm™1 associated with photolyzed CO (Fig. 2). Band amplitudes
and positions depend on the temperature, at which the sample was illuminated, and on the
illumination period, which implies that multiple sites are accessible (Fig. 2). The A state
TDS contour map of substrate-free hIDO-CO illustrates rebinding in Agg from a primary
docking site B at ~20 K (Fig. 3a). For comparison, rebinding from site B in the Ag, A4, and
Ag conformational substates of Mb peaks at ~30, 50, and 70 K, respectively (32, 45). The
different temperatures have been explained by various degrees of steric hindrance against
rebinding exerted by the HisE7 side chain, with minimal hindrance in Ag because the side
chain is rotated away from the binding site. Similarly, we can assume that CO ligands face
essentially no steric hindrance against recombination in the Agr conformations of hIDO,
thus placing the site very close to the binding site.
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Recombination from a more remote site D extends from ~140-200 K (Fig. 3b). The average
rebinding temperature (~170 K) is significantly higher than that required in wild-type Mb
[~120 K, (23)]. As yet, there is no structural information on where the site is located inside
the protein.

The Effect of L-T on Ligand Migration and Binding

The photoproduct spectra of L-Trp bound hIDO-CO are different from those of substrate-
free hIDO-CO, especially after extended illumination at higher temperatures (Fig. 2b),
suggesting that L-Trp binding markedly affects CO migration and rebinding. The low
amplitude of the Ag band recorded after 10-sec illumination at 4 K (Fig. 3c) illustrates that
only ~25% of all CO ligands in L-Trp-bound hIDO molecules have been trapped at site B.
Although the photolysis quantum yield for CO is ~1 (46), most ligands are not observed to
rebind in the TDS experiment because they rebind too fast even at the lowest temperature.
Apparently, the accessibility of site B is significantly reduced as compared to substrate-free
hIDO, possibly because the site is partially blocked by the substrate. Those few ligands that
do dock at site B in Ag encounter higher enthalpy barriers against rebinding as compared to
those from Agf; the average recombination temperature is increased from 20 to ~45 K (Fig.
3c).

The A state TDS map obtained after slow cool illumination shows rebinding in Ag from site
B and, as the L-Trp concentration used was not sufficient to saturate the sample, in Agg
from site D at ~170 K (Fig. 3d). The contours at ~1,890 cm™1 that stretch from ~70 to 200 K
are not related to rebinding but rather to a slight band shift (Figs. 3d and 4a). At the highest
temperature reached in the experiment (T = 180 K), ~60% of all CO ligands in Ag are still
trapped at the secondary docking site D. Apparently, the L-Trp bound at the active site
prevents their recombination, presumably, by blocking the migration pathway from site D to
site B, from where rebinding could occur.

For complete relaxation of the sample, temperatures of ~250 K are required (Fig. 4). Starting
at ~210 K, the cryosolvent (55% glycerol/45% buffer, vol/vol) turns liquid, which allows
large-scale protein motions. As a consequence, L-Trp leaves the active site as, under
anaerobic conditions, the ligand-free ferrous enzyme has a lower affinity for L-Trp as
compared with the CO complex (29, 47). It is noted that in this context, “ligand-free” refers
only to the actual binding site; the CO ligands are still inside the protein at the secondary
docking site D. The removal of the L-Trp “road block” facilitates CO rebinding (29). As a
consequence, “excess” substrate-free hIDO-CO is formed that was not present prior to
photolysis, represented by the Agg bands with positive amplitude in Fig. 4b and the
absorption increase in Agg at 210-230 K in Fig. 4a. Return of L-Trp to the active site of CO-
ligated hIDO completes the relaxation process. The isosbestic point in Fig. 4b indicates a
two-state transition from hIDO-CO to L-Trp bound hIDO-CO.

These data strongly suggest that, for the enzyme to be active, the ligand has to bind before
the substrate because, otherwise, access to site B and thus to the binding site is significantly
hindered. One may argue that site D is located on a migration side path and the substrate
only blocks off the ligands that are trapped in site D, whereas ligands entering from the
solvent are not affected and can easily access site B. Then, the docking site D would simply
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be a void space in the enzyme, without functional significance, that becomes occupied
because of the special illumination conditions. This scenario would exclude the build-up of
“excess” substrate-free hIDO-CO, however.

The Enzymatic Reaction

The molecular details of the mechanism by which O, is activated and inserted into the
substrate in the dioxygenase reactions are not yet known, presenting a major knowledge gap
in heme oxygen chemistry. It is generally believed that the dioxygenase reaction of hIDO is
initiated in the ferrous state. Recent data suggest that the ferrous enzyme first binds Oo,
followed by L-Trp, to generate the ternary complex. This binding sequence is supported by
several observations. (i) The hIDO matrix provides at least two ligand docking sites, the
primary site B and the more remote site D. L-Trp at the catalytic site acts like a road block
for ligand dissociation (A — B) and association (D — A). (ii) Kinetic studies of CN~
binding to hIDO at ambient temperature have shown that prebinding of L-Trp to hiDO
retards cyanide association and dissociation, whereas prebinding of CN~ facilitates L-Trp
binding and retards L-Trp dissociation (47). (iii) Based on the K4 values of O, and L-Trp
binding to the ferrous, ligand-free enzyme, binding of O, followed by L-Trp binding is also
thermodynamically favored under physiological concentrations of O, and L-Trp.

Once the ternary complex is formed, the two atoms of O, are inserted into the C,=C3 bond
of the indole moiety. On the basis of the ionic mechanism proposed early on (4), the first
step of the dioxygenase reaction of hIDO involves the deprotonation of the indole NH group
of L-Trp by an active base. The electron movement associated with the deprotonation
reaction facilitates the electrophilic addition of the heme-bound O, to the C,=C3 bond of the
L-Trp indole, thereby leading to the formation of the heme iron-bound 3-indolenylperoxy
intermediate, which is subsequently converted to the product, NFK, either via the dioxetane
intermediate or via a Criegee type rearrangement (4, 16). In 2009, it was shown, however,
that deprotonation of the indole N—H is not essential for catalysis (48). The most recent
data support a consecutive two-step reaction in which the dioxygenase reaction is initiated
by the insertion of the terminal atom of O, into the C,=C3 of the indole ring, giving rise to a
ferryl intermediate (49) and an indole 2,3-epoxide, which recombine to generate NFK (50).

The Inhibitory Site

At L-Trp concentrations below 50 M, the steady-state activity of hIDO follows Michaelis—
Menten behavior; yet a further increase in the L-Trp concentration leads to a decrease in the
activity (51, 52). Substrate inhibition has been well known for rabbit IDO (53, 54). It was
generally believed that, at high concentrations of L-Trp, the substrate binds directly to the
ferric heme iron, thereby inhibiting its reduction to the active ferrous state (54). For hiDO,
this scenario was discarded on the basis of two observations: (i) the dissociation constant of
L-Trp from ferric hIDO (K4 = 0.9 mM) is significantly higher than the self-inhibition
constant, K (0.17 mM) (51), and (ii) the redox potential of L-Trp-bound ferric hIDO is ~46
mV higher than that of the substrate-free enzyme (55), indicating that L-Trp binding to the
ferric enzyme does not prevent its reduction. On this basis, it was proposed that substrate
inhibition of hIDO is a result of the binding of the second L-Trp molecule in an inhibitory
substrate binding site of the enzyme (51). Computational docking experiments of 3-indole-
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ethanol (IDE) into the crystal structure of hIDO have suggested that a pocket occupied by a
CHES molecule in the crystal structure (13) might at least partially coincide with the
allosteric site (14). Unfortunately, such computational studies may yield ambiguous results
because residues 360-380 are not resolved in the crystal structure of hIDO, but they may
play an important role in substrate binding. FTIR and UV/Vis absorption data have provided
the first, still indirect evidence for two distinct L-Trp binding sites (29). It was shown that
CO escapes into the solvent upon photodissociation from the heme iron at T > 200 K.
Concomitantly, L-Trp exits the active site and migrates to a secondary binding site or into
the solvent. Although L-Trp is spectroscopically silent at this site, it is still noticeable due to
its pronounced effect on the CO association kinetics, which is significantly slower than
those of L-Trp-free hIDO.

Equilibrium titration studies of ferric hIDO-CN show explicitly that this species is capable
of binding two L-Trp molecules, with Kgq; = 18 pM and Kqp = 26 mM (47). In ligand-free
hIDO, a second binding site was not observable. With O, as a ligand, K, has been
determined as 0.17 mM (51). Binding of the effector IDE causes an elevation of Ko,
indicating that IDE competes with L-Trp for the second binding site and, once bound, does
not retard the active site catalysis. Therefore, the apparent enzymatic activity is increased. In
contrast, mitomycin C is an uncompetitive inhibitor that binds to the second site and inhibits
the turnover at the active site (51).

CONCLUSIONS

The catalytic reaction of hIDO requires the concerted interaction between the protein, the
ligand (O,), which binds to the heme iron, and the substrate (L-Trp). Hence, for optimal
turnover of the enzyme, the protein scaffold has to provide easy access for both O, and L-
Trp to the heme active site. Binding of the voluminous L-Trp calls for a rather large “entry
gate.” As both oxygen atoms are inserted in the reaction, efficient ligand escape pathways
are most likely not required. But the reaction product NFK must be expelled from the active
site to allow the uptake of new reagents. Binding of a molecule at the inhibitory site causes
an allosteric structural transition that either advances or prevents the inhibition of the
catalytic activity, depending on the nature of the molecule. In summary, the hIDO
polypeptide chain is expected to be highly flexible to adjust to the actual situation.
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Figure 1.
(a) The dioxygenase reaction catalyzed by IDO and TDO. (b) Cartoon representation of
hiDO.
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4-K FTIR photolysis difference spectra of substrate-free (dashed lines) and L-Trp-bound
(dotted, solid) hIDO-CO determined after (a) 10-sec illumination at 4 K and (b) slow
cooling from 160 to 4 K under continuous illumination (rate 0.3 K/min). Stretching bands of
heme-bound CO missing after photolysis are plotted with negative amplitude. Photoproduct
bands that emerge during photolysis have positive amplitudes.
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TDS contour maps of (a, b) hIDO-CO and (c, d) L-Trp bound hIDO-CO obtained after (a, c)
10-sec illumination at 4 K, and (b, d) slow cooling under continuous illumination from 160
to 4 K. Shown are the absorption changes in the bands of hemebound CO. Contours are

spaced logarithmically.
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(a) A state TDS contour map of L-Trp-bound hIDO-CO obtained after slow cooling under
continuous illumination from 160 to 140 K (rate 0.3 K/min). (b) FTIR spectra collected
during the TDS experiment.
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