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ABSTRACT: Indoleamine 2,3-dioxygenase (IDO) is a heme-containing enzyme, which catalyzes the initial
and rate-determining step ofL-tryptophan (L-Trp) metabolism via the kynurenine pathway in nonhepatic
tissues. Similar to inducible nitric oxide synthase (iNOS), IDO is induced by interferon-γ and
lipopolysaccharide in the inflammatory response. In vivo studies indicate that the nitric oxide (NO) produced
by iNOS inhibits IDO activity by directly interacting with it and by promoting its degradation through
the proteasome pathway. In this work, the molecular mechanisms underlying the interactions between
NO and human recombinant IDO (hIDO) were systematically studied with optical absorption and resonance
Raman spectroscopies. Resonance Raman data show that the heme prosthetic group in the NO-bound
hIDO is situated in a unique protein environment and adopts an out-of-plane deformed geometry that is
sensitive toL-Trp binding. Under mildly acidic conditions, the proximal heme iron-His bond is prone to
rupture, resulting in a five-coordinate (5C) NO-bound species. The bond breakage reaction induces
significant conformational changes in the protein matrix, which may account for the NO-induced inactivation
of hIDO and its enhanced proteasome-linked degradation in vivo. Moreover, it was found that the NO-
induced bond breakage reaction occurs more rapidly in the ferrous protein than in the ferric protein and
is fully inhibited byL-Trp binding. The spectroscopic data presented here not only provide the first glimpse
of the possible regulatory mechanism of hIDO by NO in the cell at the molecular level, but they also
suggest that the NO-dependent regulation can be modulated by cellular factors, such as the NO abundance,
pH, redox environment, andL-Trp availability.

Indoleamine 2,3-dioxygenase (IDO), a heme-containing
enzyme with a molecular weight of 45 kD (1), catalyzes the
initial and rate-determining step ofL-tryptophan (L-Trp)
metabolism via the kynurenine pathway in nonhepatic tissues
(2). The ferrous form of the enzyme inserts molecular oxygen
on the second and third carbons of the indole moiety ofL-Trp,
which producesL-N-formylkynurenine that subsequently
degrades toL-kynurenine as illustrated in Scheme 1 (3). The
ferric protein may be activated by using superoxide as the
oxidizing agent, but its physiological significance remains
unclear (4, 5). In addition to L-Trp, IDO also catalyzes
pyrrole ring cleavage reactions of a group of indoleamine
derivatives, includingD-Trp, tryptamine, serotonin, and
melatonin (6, 7).

IDO has been found to exhibit disparate physiological
functions. In the eye lens, metabolites ofL-Trp act as UV
filters to protect the retina from high-energy photons.
However, under pathological conditions, these metabolites
may accumulate and form adducts with lens proteins, leading
to senile cataracts (8, 9). In the immune system, IDO is
induced by interferon-γ (IFN-γ)1 (10) or lipopolysaccharide
(LPS) (11) and was found to be essential in pathogen

clearance of a number of microorganisms (12-18). Para-
doxically, IDO also induces immune tolerance; for example,
it was implicated in the maternal tolerance to allogenic
fetuses (19) and in the pathological immune tolerance to
cancers (20, 21). Along the same lines, IDO was suggested
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Scheme 1: Reaction Catalyzed by IDO
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to be involved in physiological suppression of airway hyper-
reactivity in asthma (22). It is postulated that IDO limits both
pathogen and immune cell proliferation by depleting locally
availableL-Trp and/or producing cytotoxic metabolites of
L-Trp (23-25).

Recently, the crystal structures of recombinant human IDO
(hIDO) were resolved in the 4-phenylimidazole (PI) and
cyanide-bound forms (26). The overall structure of hIDO is
comprised of two distinct domains; each exhibits a unique
fold as compared to other known protein structures. The
proximal heme-binding pocket is primarily made up of four
long R helices from the large domain. The heme iron is
coordinated by an evolutionary conserved histidine residue,
His346, on the yellow helix shown in Figure 1A, consistent
with that predicted by mutagenesis studies and spectroscopic
measurements (27-29). One of the two propionate groups
of the heme points toward the distal side of the heme and
forms a hydrogen bond with Ser263 from the green helix.
The other propionate group orients itself toward the proximal
side of the heme and is stabilized by an extended hydrogen-
bonding network involving the Arg343 and Thr395 residues

from the yellow helix, the Asp274, Ser267, and Ala264 residues
from the green helix, and several water molecules as
indicated in Figure 1A. The mutation of the highly conserved
Asp274 residue abolishes the heme-binding activity (27),
suggesting that the hydrogen-bonding network plays an
important structural role. The propionate group also forms
a unique hydrogen-bonding network with the proximal heme
ligand, His346, via two bridging water molecules, as illustrated
in Figure 1C. The hydrogen-bonding network introduces
imidazolate character to the His346, as suggested by the
relatively high frequency of theνFe-His mode (236 cm-1) with
respect to hemoglobins or myoglobins (29).

The distal pocket of the heme is made up of structural
elements from each of the two domains and the loop
connecting them. Unlike peroxidase or cytochrome P450,
no polar residues in the heme distal site were identified as
essential for the dioxygenase activity (26). Instead, two
molecules of 2-(N-cyclohexylamino)ethane sulfonic acid
(CHES), a component of the crystallization buffer, were
found in the heme distal pocket near the iron-bound ligand
and the pyrrole ring D of the porphyrin macrocycle and the
vinyl group. They locate in the vicinity of the Phe226, Phe227,
and Arg231 residues and the Gly261/Gly262 residue pair in the
conserved loop region. Mutagenesis studies suggest that the
CHES-binding region coincides with theL-Trp-binding site
(26), which is indeed consistent with the observations that
L-Trp binds in the distal heme pocket and closely interacts
with heme iron-bound ligands and thatL-Trp binding induces
conformational changes to the propionate and vinyl groups
of the heme (29). Electron paramagnetic resonance spec-
troscopy along with mutagenesis studies suggest that, in the
L-Trp-free hIDO, His303 may coordinate to the distal binding
site of the heme iron (30), accounting for the low-spin
contribution to the ferric protein in the absence ofL-Trp (28,
29). However, in the crystal structure, the His303 residue is
located at a remote helix-turn-helix region (labeled as red
in Figure 1A), which is isolated from the heme group by
the green structural motif. Nonetheless, the highly conserved
flexible loop region, AGGSAG for residues 260-265, may
facilitate the movement of the green motif, thereby allowing
for the coordination of the His303 to the heme iron. Clearly,
such a large-scale structural movement remains to be
confirmed. Although the imidazolate character of the proxi-
mal heme ligand, His346, and the distal polar environment
introduced byL-Trp binding are both in agreement with a
peroxidase-like dioxygen activation mechanism (29), the
possible structural plasticity and the intriguing hydrogen-
bonding networks surrounding the heme group revealed by
the new crystallographic data argue that the detailed dioxy-
genase reaction mechanism may be intricate.

Nitric oxide (NO) is an important regulator of IDO. In
the immune system, NO is produced by the inducible isoform
of nitric oxide synthase (iNOS), which, like IDO, is induced
by IFN-γ and LPS (31, 32). Several lines of regulatory
crosstalk have been delineated between iNOS and IDO as
illustrated in Scheme 2. For example, one kynurenine
pathway metabolite ofL-Trp, 3-hydroxyanthranilic acid
(3HAA), inhibits iNOS at both the expression and catalytic
level (33). Another L-Trp metabolite, picolinic acid, acts
synergistically with IFN-γ to induce iNOS expression (34)
(not shown in Scheme 2 for clarity). Conversely, NO
produced by iNOS inhibits IDO by preventing its IFN-γ-

FIGURE 1: (A) Crystallographic structure of hIDO (PDB entry code
2DOT). The proton attached to the nitrogen atom of the proximal
histidine (H346) is colored white. The water molecules are labeled
as cyan spheres. The hydrogen bonds are shown as dotted lines.
The critical residues that may be involved inL-Trp binding are
indicated in blue. (B) Distorted porphyrin macrocycle in the ferric
derivative of hIDO. For clarity, the methane bridge carbon atoms
and the propionate groups are omitted. (C) Hydrogen-bonding
network connecting the heme-propionate group and the proximal
heme ligand, His346. In this model, the deprotonated propionate
group of the heme withdraws the proton (yellow sphere) from the
His346 through a proton relay pathway, thereby introducing the
imidazolate character to it.
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induced expression (35) (pathway 1). NO also inhibits the
catalytic activity of IDO by interacting with it directly (35-
37) (pathway 2) or by increasing IDO degradation through
the proteosome pathway (38) (pathway 3). The molecular
mechanisms underlying the NO-related inhibition of IDO
remain unknown. Previous spectroscopic studies have yielded
equivocal results. On the basis of X-ray absorption data (39),
Aitken and co-workers reported that NO-bound ferrous hIDO
is five-coordinate (5C), with a broken proximal Fe-His346

bond, but the Soret band was identified at 418 nm, consistent
with a six-coordinate (6C) low-spin heme (i.e., the heme iron
is coordinated by NO, His346, and four nitrogen atoms of
the porphyrin macrocycle) (28, 40).

To further investigate the interactions between NO and
hIDO protein (pathways 2 and 3 in Scheme 2), we have
initiated a series of optical absorption and resonance Raman
spectroscopic studies of the NO adducts of both ferric and
ferrous derivatives of hIDO. The effects of pH and oxidation
states of the heme andL-Trp on the structural properties of
NO-bound hIDO were systematically evaluated. The data
will be discussed in the context of the regulatory mechanism
of hIDO by NO in vivo.

MATERIALS AND METHODS

The recombinant hIDO protein was prepared on the basis
of previously described procedures (29). The catalytic activity
of hIDO was confirmed by monitoring product (N-formyl-
kynurenine) formation with an optical absorbance at 321 nm
with an extinction coefficient of 3750 M-1 cm-1 (6).
Naturally abundant NO for the Raman measurements was
obtained from Tech Air (White Plains, NY), while the iso-
topically labeled gas,15N16O, was supplied by Icon (Summit,
NJ). All other materials were purchased from Sigma.

The hIDO samples used were first purged with argon in
an anaerobic cell. The NO-bound ferric complexes were
formed by injecting 400µL of 1 atm NO into the sample
cell with a Hamilton gastight syringe. To form the NO-bound
ferrous complexes, hIDO was first reduced by the injection
of argon-purged sodium dithionite, followed by an injection
of 400µL of 1 atm NO. The concentration of the dissolved
NO for both the ferric and ferrous samples was estimated to
be∼500µM based on the volumes of the cell and the sample
solution. In the pH titrations with various buffers, potassium
phosphate buffer (200 mM) was used for the pH 7.0 and
6.2 preparations, while sodium acetate buffer (200 mM) was
used for the pH 5.7, 5.3, 5.0, and 4.6 preparations. For the
pH titrations with acetic acid, incremental amounts of argon-
purged 10% acetic acid were injected to the hIDO sample

in 0.7 M Bis-Tris buffer or a control sample, horse heart
myoglobin (Mb), in 0.1 M Bis-Tris buffer. The pH value
for each data point was estimated by measuring the pH of
the protein-free sample with a pH-meter.

Optical absorption and resonance Raman spectra were
taken on instruments described previously (29). Briefly,
optical absorption spectra were taken on a Shimadzu
UV2100U spectrophotometer with a slit width of 1 nm. The
resonance Raman spectra were obtained by using 406.7 or
413.1 nm excitation from a Kr ion laser (Spectra Physics,
Mountain View, CA). The laser beam was focused to a∼30
µM spot on the spinning sample cell that rotates during
spectral acquisition to avoid photodamage. The typical laser
power was 5 mW. The spectral integration times for the pH
7.8 and 4.6 samples were 15-23 and 80 min, respectively.
It is important to point out that NO-bound ferric hemeproteins
are, in general, prone to autoreduction, especially under laser
illumination; as such, the redox state and the integrity of
the protein were carefully confirmed here by examining the
optical absorption spectra prior to and after each Raman
measurement. The NO-dependent vibrational modes were
identified by isotope substitution experiments (29). The
Raman spectra of the15N16O-hIDO adducts thus obtained
were subtracted from those of the corresponding14N16O-
hIDO adducts; in the resulting difference spectra, all of the
heme vibrational modes were canceled out and the remaining
peaks were the modes associated with NO.

To analyze the kinetic as well the pH titration data, optical
spectra were fitted with a linear combination of two reference
spectra with a program written with MathCad software
(Mathsoft, Cambridge, MA). For kinetic measurements, the
two reference spectra were obtained from the 6C NO-bound
species produced immediately after the addition of NO and
the 5C species obtained after equilibrium was reached. For
the pH titration experiments, the spectra of the samples at
pH 4.6 and 7.0 were used as references. If background
scattering in the optical absorption spectrum was significant
because of aggregation formation, it was treated as a baseline
for the linear analysis. The amount of aggregation formed
was estimated by measuring the light scattering at 515 nm,
where the absorption extinction coefficients of the 6C and
5C states are minimal and almost equal. The light-scattering
data were confirmed by estimating the loss of the soluble
protein in the solution.

The out-of-plane displacements of the heme macrocycle
of hIDO were calculated from the crystal structures of hIDO
(26) by using the normal-coordinate structural decomposition
(NSD) engine version 2.0, which is available on the Inter-
net (http://jasheln.unm.edu/jasheln/content/nsd/NSDengine/
start.htm) (41).

RESULTS AND DISCUSSION

NO-Bound Ferric Complex. As a first step to investigate
the interactions between NO and hIDO, we measured the
optical absorption and resonance Raman spectra of the NO-
bound ferric hIDO at pH 7.8. As shown in Figure 2A, the
Soret andR/â bands of NO-bound ferric hIDO are identified
at 417 and 566/531 nm, respectively, which are very similar
to those reported for rabbit IDO (28, 40). The addition of
L-Trp to hIDO causes the Soret band to shift to 414 nm,
which is accompanied by a slight decrease in the intensity
ratio of theR/â bands.

Scheme 2: Regulatory Crosstalk between iNOS and IDO
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Figure 3A shows the low-frequency resonance Raman
spectrum of the NO-bound ferric hIDO. The low-frequency
Raman spectrum of a hemeprotein typically contains iron-
ligand stretching/bending modes as well as in-plane and out-
of-plane heme deformation modes. In general, the out-of-
plane porphyrin modes are Raman-inactive for a planar heme,
but they may be activated when the heme adopts an out-of
plane geometry because of structural constraints imposed by
the surrounding protein matrix (42-44). The 674, 340, and
751 cm-1 bands in Figure 3A are assigned to the in-plane
skeletal modes,ν7, ν8, and ν15, respectively (42). The

presence of the out-of-plane heme modes at 731, 711, 682,
and 347 cm-1 (assigned asγ5, γ11, γ15, andγ6, respectively)
(42, 44) indicates that the heme group in the NO-bound ferric
hIDO adopts an out-of-plane geometry. The out-of-plane
deformation of a heme may be quantitatively evaluated with
the NSD method developed by Shelnutt et al. (41). With
this method, the out-of-plane deformation symmetry can be
broken down into a linear combination of normal modes,
including ruffling (B1u), saddling (B2u), doming (A2u), waving
(Eg), and pyrrole-propellering (A1u) deformations. In addition,
the out-of-plane displacement along each distortion coordi-
nate can be calculated. A cursory examination of the crystal
structures of the 4-phenylimidazole-bound (PDB entry code
2D0T) and cyanide-bound (PDB entry code 2D0U) ferric
derivatives of hIDO suggests that the heme is significantly
distorted (Figure 1B). With NSD analysis, the total out-of-
plane distortion (Doop) of the 4-phenylimidazole-bound
hIDO is calculated to be 0.47 and 0.43 Å in the A and B
subunits, respectively, as summarized in Table 1. It was also
found that the out-of-plane distortion of the heme in hIDO
is dominated by the saddling deformation with a B2u

symmetry. Similar deformation symmetry was found in the
cyanide-bound derivative (Table 1), but the out-of-plane
displacement decreases to 0.28 and 0.30 Å for the A and B
subunits, respectively, suggesting that the extent of heme
deformation is sensitive to the identity of its distal ligand.

The presence of the out-of-plane porphyrin modes with
A2u (γ5 andγ6), B1u (γ11), and B2u (γ15) symmetry types in
the L-Trp-free NO-bound ferric hIDO (Figure 3A) suggests
that the heme is distorted along these symmetry coordinates.
The mixed symmetry type is distinct from that observed in
the 4-phenylimidazole- and cyanide-bound derivatives (Table
1), indicating that the out-of-plane distortion is specifically
induced by NO binding. Further binding ofL-Trp to the
protein changes the relative intensities of these out-of-plane
modes, the concurrent appearance of new modes at 725, 554,
and 529 cm-1, and the broadening of theν7 mode (probably
because of its upshift in frequency and hence the overlapping
with the γ15 mode), suggesting changes in the deformation
symmetry of the heme macrocycle (42, 43, 45). The changes
in the deformation symmetry of the heme macrocycle in
hIDO are associated with the shift of one of the two heme
vinyl stretching modes (νvinyl) from 1631 to 1628 cm-1

(Figure S2 in the Supporting Information) and the in-plane
vinyl bending mode (δvinyl) from 421 to 424 cm-1 (Figure
3), indicating thatL-Trp binding induces a conformational
change in one of the two heme vinyl groups. This observation
may be accounted for by the fact that Phe226, one of the
residues making up theL-Trp-binding site (Figure 1A), is in
close proximity to the pyrrole ring D of the porphyrin
macrocycle and the vinyl group attached to it. TheL-Trp-
induced structural perturbation may influence the conjugation

FIGURE 2: Optical absorption spectra of NO-bound ferric (A) and
ferrous (B) complexes of hIDO (30µM) in the absence and presence
of 34 mM L-Trp (as indicated) at pH 7.8. The spectra are offset
from each other for clarity.

FIGURE 3: Low-frequency resonance Raman spectra of NO-bound
ferric complexes of hIDO (30µM) in the absence (A) and presence
(B) of 34 mM L-Trp at pH 7.8 in 50 mM Tris buffer. Isotope
difference spectra (14N16O minus15N16O) are shown in the insets.
The laser excitation wavelength was 413.1 nm. The 755 cm-1 band
labeled with an asterisk partially originates from tryptophan in free
solution as shown in Figure S1 in the Supporting Information.

Table 1: Out-of-Plane Distortion of the Heme in the
4-Phenylimidazole (PDB Entry Code 2D0T) and Cyanide-Bound
(PDB Entry Code 2D0U) Derivatives of hIDO Calculated on the
Basis of NSD Analysis

PDB subunit Doop B2u B1u A2u Eg(x) Eg(y) A1u

2D0T A 0.47 0.47 0.01 0.03 0.03 0.03 0.00
B 0.43 0.43 0.01 0.06 0.02 0.02 0.02

2D0U A 0.28 0.28 0.02 0.01 0.01 0.01 0.00
B 0.30 0.29 0.06 0.03 0.01 0.03 0.01
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of the π-electron system of the heme, thereby accounting
for the altered Soret andR/â transitions shown in Figure
2A.

The Fe-NO stretching (νFe-NO) and Fe-N-O bending
(δFe-NO) modes of hIDO are identified at 598 and 575 cm-1,
respectively. They shift to 589 and 562 cm-1, respectively,
upon isotope substitution of14N16O with 15N16O (inset of
Figure 3A). The frequencies of these modes are very similar
to those reported for Mb (46). Although L-Trp introduces
conformational changes to the heme prosthetic group as
discussed above, the NO-associated modes are surprisingly
insensitive toL-Trp binding (Figure 3B), suggesting that the
bound substrate (L-Trp) is not in the vicinity of the Fe-NO
moiety. In contrast, the ligand-associated Raman modes in
the CO-bound ferrous derivative or CN--bound ferric deriva-
tive are significantly perturbed byL-Trp binding, indicating
the close proximity between the heme-bound ligands and
the L-Trp (29). Furthermore, the out-of-plane distortion of
the heme group in the CO- or CN--bound state is not
immediately obvious (if there is any), andL-Trp binding does
not disturb its conformation, althoughL-Trp binding does
cause an upshift of both theδvinyl andνvinyl (29), similar to
that found in the NO-bound derivative. On the basis of these
observations, we hypothesize that the insensitivity of the Fe-
N-O moiety toL-Trp in the NO-bound hIDO is a result of
the unique out-of-plane deformation symmetry of the heme,
which forcesL-Trp to be situated distant from the heme-
bound NO.

NO-binding-induced heme distortion has been observed
in a NO-transport protein, nitrophorin (47), and a NO-
producing protein, iNOS (44). In both cases, the out-of-plane
deformation of the heme has been proposed to retard heme
reduction, which is important for their physiological func-
tions. Intriguingly, a recent paper by Papadopoulou et al.
reported that the reduction potential of hIDO increases upon
L-Trp binding (30); our data are hence consistent with the
possibility that the increase in the reduction potential is a
consequence of the alteration in the heme deformation
symmetry. The implication of the nonplanar heme in hIDO
certainly warrants further investigation.

NO-Bound Ferrous Complex.The Soret andR/â bands
of the NO-bound ferrous hIDO are identified at 417 and 570/
542 nm, respectively (Figure 2B), again similar to those
reported for the rabbit IDO (28, 40). L-Trp binding induces
a shift in the Soret band to 415 nm, which is concomitant
with a decrease in the intensity ratio of theR/â band. Parts
A and B of Figure 4 shows the low-frequency resonance
Raman spectra of the NO-bound ferrous hIDO in the absence
and presence ofL-Trp, respectively. In theL-Trp-free hIDO,
two isotope-sensitive modes are identified at 572 and 595
cm-1 (550 and 586 cm-1, respectively, for15N16O). Upon
L-Trp binding, a new band appears at 463 cm-1 (453 cm-1

for 15N16O), which is accompanied by a slight upshift of the
572 cm-1 mode to 579 cm-1 (562 cm-1 for 15N16O) and a
loss of the 595 cm-1 mode. The assignments of these NO-
related vibrational modes are somewhat ambiguous because
of the bent nature of the Fe-N-O moiety in the ferrous
protein. In NO-bound ferrous Mb, two modes at 452 and
560 cm-1 had been reported asδFe-N-O andνFe-NO, respec-
tively, by several research groups (46, 48). However,
recently, these assignments were questioned by Zeng et al.
(49). Using nuclear resonance vibrational spectroscopy, the

authors concluded that the two modes were in factνFe-NO

andδFe-N-O, respectively, opposite to the conventional view.
Although density functional theory (DFT) calculations carried
out by Spiro and co-workers suggested that there may be
mixing of the two modes (50), here, we tentatively assign
the 463 and 579 cm-1 modes to νFe-NO and δFe-N-O,
respectively, on the basis of the assignment of Zeng et al.
(49). Likewise, the 572 and 595 cm-1 modes present in the
L-Trp-free hIDO are assigned to theδFe-N-O modes of the
two conformers of hIDO.

The absence of theνFe-NO mode and presence of the two
δFe-N-O modes at unusually high frequencies (∼12 and 35
cm-1 higher than Mb) in theL-Trp-free hIDO indicate an
atypical distal heme environment and reflect the unique
plasticity of the protein matrix. These structural character-
istics may play an important role in driving the proximal
heme iron-His bond cleavage reaction and the associated
protein conformational changes as will be discussed in the
following sections. The two newνFe-NO andδFe-N-O modes
observed in the presence ofL-Trp are∼11 and 19 cm-1

higher than those reported for Mb as well as other heme
protein systems (46, 51, 52), implying that L-Trp binding
induces the protein to convert to a new structure and that
L-Trp is in close proximity to the heme-bound NO, in sharp
contrast to that in the ferric NO derivative. In general, the
Fe3+-N-O moiety in heme proteins assumes a linear
geometry, while the Fe2+-N-O moiety prefers a bent
conformation (50). The sensitivity of the Fe-N-O moiety
to L-Trp binding in the ferrous derivative of hIDO but not
the ferric derivative argues that the Fe-N-O moiety may
bend towardL-Trp, thereby forcing it to interact withL-Trp.
This observation suggests that the Fe-O-O moiety in the
active form of hIDO may interact withL-Trp in a similar
fashion (because it also prefers a bent geometry) and this

FIGURE 4: Low-frequency resonance Raman spectra of NO-bound
ferrous complexes of hIDO (30µM) in the absence (A) and
presence (B) of 34 mML-Trp at pH 7.8 in 50 mM (B) or 200 mM
(A) Tris buffer. Isotope difference spectra (14N16O minus15N16O)
are shown in the insets. The laser excitation wavelength was 413.1
nm. The 755 cm-1 band labeled with an asterisk partially originates
from tryptophan in free solution as shown in Figure S1 in the
Supporting Information.
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interaction may be essential for oxygen insertion toL-Trp
during the enzymatic reaction of hIDO.

The data shown in Figure 4A reveal that the heme group
in the NO-bound ferrous hIDO is significantly distorted,
similar to the ferric derivative (Figure 3A), as evident by
the presence of several out-of-plane porphyrin modes, such
asγ5, γ11, andγ15 (with A2u, B1u, and B2u symmetry types,
respectively). The differences in the relative intensities of
these modes in the ferrous form versus the ferric derivative
suggest that the deformation symmetries of the ferric and
ferrous heme groups are not identical. Akin to the ferric
species,L-Trp binding alters the deformation symmetry of
the heme macrocycle and the geometry of the vinyl group
(as evident by the changes in theδvinyl andνvinyl modes shown
in Figure 4 and Figure S2 in the Supporting Information,
respectively). Intriguingly, the shift of theδvinyl from 420 to
424 cm-1 observed here is very similar to those present in
the NO-bound ferric derivative (Figure 3), the CO-bound
ferrous derivative (29), and the cyanide-bound ferric deriva-
tive (29), consistent with the view thatL-Trp binds in the
vicinity of the vinyl group attached to the pyrrole ring D of
the porphyrin macrocycle (Figure 1A). The structural change
induced byL-Trp binding, like the ferric derivative, may
account for the perturbed Soret andR/â transitions shown
in Figure 2B and at the same time provide a structural
explanation for the inhibitory effect ofL-Trp on the proximal
Fe-His bond cleavage reaction of NO-hIDO (vide infra).

pH Effects on the NO-Bound Ferrous Complex.During
the sample preparation, we found that the structure of the
NO-bound ferrous hIDO is very sensitive to small fluctua-
tions in pH. To investigate the pH effect, we first examined
the acidic form of hIDO at pH 4.6 with optical absorption
as well as resonance Raman spectroscopies. We found that
the optical absorption spectrum of the ferrous deoxy deriva-
tive of hIDO at pH 4.6 is very similar to that at neutral
conditions (data not shown). Upon the addition of 400µL
of 1 atm NO (dissolved [NO]∼500 µM), rapid changes in
the optical absorption spectrum were observed (Figure 5A).
At the first observable time point (∼1 min), the spectrum
exhibits a Soret maximum at 415 nm with a pronounced
shoulder on the low wavelength side of the peak. Over the
next 15 min, the spectrum develops a Soret maximum at
394 nm, with a concomitant decrease in the intensity at 415
nm. The rate of this transition is ascertained by linear analysis
of the time-dependent spectra by using the first and last
spectra as the references. One typical example of the linear
analysis is shown in Figure 5B; the negligible residuals
between the data and the simulated spectrum demonstrate
the reliability of the process. The resulting populations of
the 394 nm species are plotted as a function of time in the
inset of Figure 5A. The kinetic trace thus derived is fitted
with a single-exponential function with a time constant of 3
min.

The 394 nm optical transition is typical of a 5C NO-bound
ferrous heme, as that found in several other hemeproteins,
such as soluble guanylate cyclase (sGC) (53), cytochrome
c′ (54), cystathioneâ-synthase (55), CooA (56), heme-
regulated inhibitor (HRI) (57), and the acidic form of Mb
(58). To confirm this assignment, low-frequency resonance
Raman spectrum of the 394 nm species was obtained. As
shown in Figure 6A, the intensified 348, 678, and 755 cm-1

modes, along with the overall spectral pattern, are very

similar to those found in the 5C form of the NO-bound
ferrous sGC and Mb (46, 59, 60). In addition, the Fe-NO
stretching mode identified at 523 cm-1 is identical to that
reported for sGC and Mb. To further confirm that the 394

FIGURE 5: (A) Time-dependent spectra obtained following the
addition of NO to the ferrous complex of hIDO at pH 4.6. The
progression of the spectra is indicated by the arrow. The initial
spectrum was taken∼1 min after the addition of NO. The inset
shows the kinetic trace of the 5C high-spin species obtained by
linear analysis of the time-dependent spectra. The dotted line shows
the best single-exponential fit of the kinetic trace with a time
constant of 3 min. (B) Typical example for the linear analysis of
the time-dependent spectra obtained att ) 2 min. The thick solid
line and the dotted line are the experimentally observed data and
the simulated spectrum, respectively. The difference between the
data and the simulated spectrum is shown at the bottom as indicated.

FIGURE 6: Low-frequency (A) and high-frequency (B) regions of
the resonance Raman spectrum of the NO-bound 5C high-spin
derivative of hIDO (30µM) at pH 4.6. The laser excitation
wavelength was 406.7 nm.
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nm species is indeed a 5C NO-bound ferrous species, the
high-frequency resonance Raman spectrum was obtained.
Again, the overall spectral pattern (Figure 6B) is nearly
identical to that of the NO-bound 5C form of other
hemeprotein systems. When these data are taken together,
they demonstrate that NO binding to hIDO at pH 4.6 results
in the breakage of the proximal Fe-His bond that leads to
a NO-bound 5C heme species.

To systematically evaluate the pH effect, we titrated the
NO-bound ferrous hIDO with a series of buffers from pH
7.0 to 4.4 (see the Materials and Methods). At each pH, the
sample was allowed to incubate for 1 h to ensure that the
reaction reached completion. At pH 7.0, 100% of the 6C
NO-bound species was observed. As the pH decreases, the
population of the 5C species increases until it reaches 100%
at pH 4.4. It is important to note that a significant amount
of protein aggregation was observed at medium-low pH
values. As quantitized by light scattering at 515 nm (see the
Materials and Methods), the amount of aggregation follows
a bell-shape curve as a function of pH with a maximum at
pH 5.3, at which point∼50% of the protein forms aggrega-
tion. To examine the mechanism underlying the 6Cf 5C
transition, each spectrum of the soluble protein at a given
pH was fitted with a linear combination of the 6C and 5C
spectra. If background scattering in the optical absorption
spectrum was significant because of aggregation formation,
it was treated as a baseline for the linear analysis. The
resulting population of the 6C species is plotted as a function
of pH in Figure 7A, which exhibits a transition midpoint of
pH 5.3. Intriguingly, the transition midpoint for the 6Cf
5C conversion matches the maximum population point of
the aggregation, suggesting that the aggregates are derived
from an intermediate state positioned between the 6C and
5C states along the reaction coordinate as will be discussed
below. Similar pH titration experiments were carried out by
adding appropriate amounts of acetic acid to the protein
solutions as described in the Materials and Methods.
Comparable results were obtained, as shown in Figure 7A,
confirming the reliability of the titration data.

To test if the aggregation formation is a reversible process,
we jumped the pH 5.3 sample back to neutral pH by adding
incremental amounts of NaOH. It was found that the
aggregation can be fully converted to the soluble 5C form
but not the 6C state, although 100% of 6C was expected at
pH 7.0 on the basis of the data shown in Figure 7A. Likewise,
the 5C derivative cannot be reverted back to the 6C form
by jumping the pH from 4.6 to 7.0. The inability for the
aggregates and 5C to convert to 6C suggests a high-energy
barrier separating the aggregation and 5C states from the
6C at neutral pH. When these data are taken together, they
suggest a reaction scheme as illustrated in the left panel of
Scheme 3. In this model, lowering pH first induces the
conversion of the 6C species to an intermediate form (I),
which either further transforms to the 5C species or forms
aggregates that precipitate out of the solution. The relative
energetics of 6C, I, 5C, and aggregates are pH-sensitive as
illustrated by the free-energy curves shown in the right panel
of Scheme 3 (for clarity, the aggregation state derived from
I is not shown). At pH 7.0, 6C is the lowest energy state,
because it is the only species populated; in addition, the
activation energy barrier for the If 6C transition is very
high because the aggregates and 5C preformed at acidic pH
cannot be converted to 6C at neutral pH. At the transition
midpoint (pH 5.3), 6C and 5C are isoenergetic because 6C
and 5C are equally populated (Figure 7A); in addition, I is
higher in energy than the 6C, 5C, and aggregation states
because I is not populated at a detectable level. At pH 4.4,
5C (the only species populated) is the lowest energy state;
furthermore, the energy barrier for the 6Cf I transition is
higher than that of the If 5C transition, as suggested by
the two-state kinetic behavior shown in Figure 5A for the
6C f 5C transition.

We hypothesize that the 6Cf I transition is associated
with protein conformational changes that lead to the exposure
of buried hydrophobic groups in hIDO to the solvent, thereby
enhancing the propensity for protein aggregation; moreover,
the I f 5C transition is associated with an additional
structural transition that reburies at least part of the exposed
hydrophobic groups, thereby converting the protein to a new
soluble form. To further understand the conformational
changes in NO-hIDO, we compared its pH-induced struc-
tural transition to that of NO-bound ferrous Mb. Similar to
NO-hIDO, low pH conditions induce the breakage of the
proximal Fe-His bond in NO-Mb and hence the formation
of the 5C species. The populations of the 6C derivative were
obtained by linear analysis as described above and are plotted
as a function of pH in Figure 7A. The transition midpoint
of NO-Mb determined here (pH 4.8) is almost identical to
that reported in the literature (58) and is lower than that of
NO-hIDO, despite the fact that the proximal Fe-His bond

FIGURE 7: (A) Acid titration of hIDO2+-NO (30µM) with a series
of buffers (0) or acetic acid (9). As a control, Mb2+-NO was
titrated with acetic acid (b). The data were fitted with sigmoidal
curves to guide the eyes. (B) Amount of aggregation formation in
hIDO as a function of pH generated during the pH titration shown
in A.

Scheme 3: Proposed Reaction Scheme for the NO-Induced
Reaction of hIDO and the Associated Potential Energy
Diagram
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is stronger in hIDO as compared to Mb (theνFe-His for hIDO
and Mb are 236 and 220 cm-1, respectively) (29, 61). In
NO-Mb, the 6Cf 5C transition curve appears to be much
sharper (Figure 7A). It is believed to be initiated by the
protonation of the proximal His, and a total of six protons
with similar pKa values are involved (58). Because the 6C
f 5C transition in NO-Mb is fully reversible and no
aggregation was observed, we hypothesize that the broader
transition curve of NO-hIDO is a result of the protonation
of a collection of protonatable amino acid side chains with
differing pKa values and it is the protonation of these side
chain groups that catalyzes the conformational changes
associated with the 6Cf 5C conversion in NO-hIDO.
However, the possibility of the involvement of a smaller
number of protons in hIDO as compared to that of NO-Mb
cannot be excluded at present.

The conformational changes associated with the NO-
induced 6Cf 5C transition presented here for hIDO are
not unprecedented. It has been demonstrated in theR chain
of human hemoglobin (62) and in another important heme-
protein, sGC, which is linked to a cascade of signal
transduction pathways in vivo (63). On the other hand,
although protein aggregates are typically considered as
nonphysiologically important byproducts of native functional
proteins, recently, the important roles of aggregated proteins
have begun to be unveiled in several important biological
systems. They have been implicated in neurodegenerative
diseases, such as Huntington’s, Parkinson’s, Alzheimer’s, and
prion diseases, as the toxic materials that cause diseases (64).
In contrast, yeast prion aggregates produce heritable changes
in the phenotype that are beneficial for the organism (65).
Likewise, a prion-like state of a neuronal isoform of CPEB
(cytoplasmic polyadenylation element-binding protein) has
been suggested to help maintain long-term synaptic changes
associated with memory storage (66). Considering these new
findings, a functional role of the aggregation state of NO-
hIDO certainly cannot be ruled out.

pH Effects on the NO-Bound Ferric Complex.To inves-
tigate if the oxidation state of the heme iron affects the pH-
induced structural changes, the reaction of the ferric hIDO
following the addition of 400µL of 1 atm NO (dissolved
[NO] ∼500 µM) at pH 4.6 was monitored by optical
absorption spectroscopy. In contrast to the ferrous protein,
within the deadtime of our measurements (∼1 min), a Soret
band at 417 nm andR/â bands at 566/530 nm, typical for a
6C NO-bound ferric heme protein, were observed (Figure
8A), indicating that the NO-binding reaction to the ferric
protein is completed within∼1 min. The 6C NO-bound ferric
species gradually converts to a 394 nm species, which is
almost identical to the NO-bound 5C ferrous hIDO shown
in Figure 5A. Resonance Raman spectroscopic studies of the
394 nm species confirm that it is indeed a 5C NO-bound
ferrous hIDO (see Figure S3 in the Supporting Information).
The conversion from the 6C NO-bound ferric state to the
5C NO-bound ferrous state exhibits a clear isosbestic point
at 399 nm, reflecting a two-state-like structural transition.
Each time-resolved spectrum can be fitted with a linear
combination of the first and last spectrum with satisfactory
residuals. The population of the 5C species thus obtained is
plotted as a function of the reaction time in the inset of Figure
8A. The resulting kinetic trace is fitted with a single-
exponential function with a time constant of 64 min. On the

basis of these observations, we propose the following
sequential model:

In this model, the 6C NO-bound ferric hIDO is first
autoreduced by NO to generate 6C NO-bound ferrous hIDO
with a rate constant ofk1. The reaction is followed by the
breakage of the proximal Fe-His bond, thereby leading to
the 5C NO-bound species, an identical reaction as that shown
in Figure 5A (hence, 1/k2 ∼ 3 min). The 6C NO-bound
ferrous species shown in the bracket does not accumulate to
a detectable level, because the reaction is rate-limited by the
autoreduction process (i.e., 1/k2 ∼ 1/kobs ∼ 64 min).

Autoreduction of the NO-bound ferric heme has been
reported in several hemeprotein systems. Although the detail
mechanism remains unclear, it is the general consensus that
the electron source for the reduction is from NO molecule-
(s) (67-70). To test this proposal in hIDO, we reduced the
amount of NO injected into the reaction mixture by a factor
of 8 and followed the same reaction as a function of time.
As shown in Figure 8B, the Soret maximum first red-shifts
from 406 to∼413 nm (Figure 8B), reflecting NO binding
to the ferric protein, and subsequently blue-shifts to 395 nm,
indicating the same autoreduction and Fe-His bond breakage

FIGURE 8: Time-dependent spectra obtained following the addition
of (A) 400 µL and (B) 50µL of 1 atm NO to the ferric complex
of hIDO at pH 4.6. The progression of the spectra is indicated by
the arrows. The initial spectrum was taken∼1 min after the addition
of NO. The inset in A shows the kinetic trace of the 5C NO-bound
ferrous species obtained by linear analysis of the time-resolved
spectra; the dotted line shows the best single-exponential fit of the
kinetic trace with a time constant of 64 min. The inset in B shows
the kinetic traces of the 6C NO-free ferric species (IDO3+), 6C
NO-bound ferric species (IDO3+-NO), and 5C NO-bound ferrous
species (IDO2+-NO5C) obtained by linear analysis of the time-
resolved spectra; the dotted lines show the best fit of the kinetic
traces.

hIDO3+-NO (6C)98
k1

[hIDO2+-NO (6C)]98
k2

hIDO2+-
NO (5C) (1)
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reaction as that shown in Figure 8A and illustrated in eq 1.
It is noted that the Soret maximum does not shift all of the
way to 417 nm, a wavelength expected for the NO-bound
ferric derivative, because it is not populated to an appreciable
level during the reaction. Linear analysis of the time-resolved
spectra with the standard spectra of hIDO3+, hIDO3+-NO
(6C), and hIDO2+-NO (5C) results in the kinetic traces
shown in the inset of Figure 8B. The kinetic traces are fitted
with a three-state sequential model: hIDO3+ f hIDO3+-
NO (6C) f hIDO2+-NO (5C). The rates for the first and
second steps are estimated to be 56 and 150 min-1,
respectively. The best-fitted kinetic curves are shown as the
dotted lines in the inset of Figure 8B. The reduction of the
rate for the hIDO3+-NO (6C)f hIDO2+-NO (5C) transi-
tion in response to the decrease in the NO concentration
confirms that the electron source for the autoredution process
is NO. The prerequisite for NO-hIDO to be reduced prior
to the bond-breakage reaction suggests that the redox state
of the heme, in addition to the abundance of NO, is an
important factor for the regulation of hIDO activity in vivo.

Effects ofL-Trp on the pH-Induced Structural Change.To
test if L-Trp binding affects the NO-induced proximal iron-
His bond cleavage reaction in hIDO, the same pH-induced
reactions shown in Figures 5A and 8A were tested in the
presence ofL-Trp. To our surprise, the addition ofL-Trp
totally inhibits the 6Cf 5C transition in both the ferric and
ferrous states, although in the case of the NO-bound ferric
hIDO, acidic pH seems to induce partial denaturation of the
protein matrix as indicated by the noticeable release of heme
into free solution. Although it is unclear exactly how binding
L-Trp to the distal side of the heme affects the stability of
the proximal heme Fe-His bond, resonance Raman data
shown in Figure 4 suggest that a direct interaction between
L-Trp and the peripheral groups of the heme and the
associated changes in the deformation symmetry of the heme
macrocycle and the surrounding protein matrix may be
responsible for the stabilization of the proximal Fe-His
bond.

CONCLUSIONS

On the basis of the spectroscopic studies reported here,
the heme macrocycle in the NO-bound ferrous derivative of
hIDO adopts an out-of-plane structure and the heme and its
bound exogenous ligand (NO) are located in an unusual
protein environment that is sensitive to the binding of the
substrate,L-Trp. A small decrease in pH from neutrality
induces the rupture of the proximal heme iron-His bond,
which leads to the formation of a 5C NO-bound derivative.
We hypothesize that the unexpected lability of the Fe-His
bond discovered here accounts for the discrepancy between
the optical absorption and X-ray absorption data reported
by Aitken et al. (39), because the high-energy X-ray beam
may introduce a small structural perturbation to hIDO,
thereby weakening the Fe-His bond. We have demonstrated
that the proximal iron-His bond cleavage reaction is
associated with protein conformational changes, which may
provide a molecular mechanism that accounts for the
increased degradation of hIDO in vivo induced by NO (38).
Hucke et al. reported that NO increased hIDO degradation
in the proteosome over a period of 16 h (38). For a protein
to enter the proteosome degradation pathway, it must first
expose a normally buried conformational motif or amino acid

sequence that is recognized by ubiquitin ligase as a degrada-
tion signal. We postulate that the cleavage of the proximal
Fe-His bond induced by NO changes the deformation
symmetry of the heme macrocycle, which subsequently
induces conformational changes to the protein matrix, thereby
exposing the degradation signal to the ubiquitin ligase
system. It is important to point out that NO-induced protein
conformational changes have been demonstrated in another
important hemeprotein, sGC, which potentiates a cascade of
signal transduction pathways in vivo (63). Intriguingly, the
bond cleavage of sGC occurs at neural pH, whereas that of
hIDO only takes place when the pH slightly departs from
neutrality (pH<6.5), and it is fully inhibited by the substrate,
L-Trp.

It remains uncertain if the NO-inactivation mechanism of
hIDO can be modulated by pH andL-Trp in vivo as implied
by this work, because the local pH andL-Trp concentration
under (patho)physiological conditions are not available in
the literature; nonetheless, two previously proposed scenarios
do support their physiological significance. First, the activity
and expression of IDO in tumor cells have been linked to
tumoral immune resistance (20), plausibly because of the
depletion ofL-Trp that is essential for immune cell prolifera-
tion (23). This hypothesis is supported by a recent discovery
that an hIDO inhibitor was found to potentiate the effects of
chemotherapeutic agents on tumor regression (21). Histori-
cally, the intracellular environment of cancer cells was
thought to be acidic because of an increased production of
lactic acid (71, 72). More current work, however, indicates
that the cytosolic pH of tumor cells is not acidic (73), despite
an acidic extracellular environment (74). Nevertheless, a
breakdown in the intracellular pH homeostasis may be
responsible for the immune-linked spontaneous regression
of some malignant tumors (see refs75and76and references
therein). It is plausible that a breakdown in the pH homeo-
static mechanisms in cancer cells causes a slight decrease
in pH that leads to the reduction in hIDO activity and increase
in hIDO degradation, thereby reducing immune tolerance to
cancer and facilitating immune mobilization against cancer
cells. Second, Thomas and Stocker proposed a sequential
antimicrobial defense mechanism for the immune response,
in which hIDO activity is a first-line of defense against
invading pathogens, whereas iNOS activity is a component
of a later-line defense against persistent infection (77). In
view of the facts that IDO activity has been linked to immune
tolerance and that one of the metabolites of hIDO inhibits
iNOS at both the expression and catalytic level (33), it is
important that hIDO activity is repressed efficiently by NO
produced by iNOS and it is reasonable to hypothesize that
the NO-inhibition efficiency is optimized during the transition
from the hIDO-related defense phase to the iNOS-associated
defense phase, when theL-Trp concentration is most likely
at its lowest point. Conversely, when the cellular level of
L-Trp is relatively high, it may be essential to maintain the
activity of hIDO by preventing NO inactivation of hIDO.
Hence, it would appear logical that the NO-induced inactiva-
tion of hIDO can be inhibited byL-Trp.

In summary, although NO can inhibit hIDO by directly
binding to the heme iron, its further conversion to the 5C
species provides a sound mechanism to account for the well-
timed and efficient NO inhibition required for the immune
response. It accounts for the inhibition mechanism of hIDO
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by NO produced by the immune system that allows for the
sequential execution of hIDO and iNOS activity in pathogen
and tumor clearance processes and the spontaneous regres-
sion of tumor cells failing to control their cellular pH
environment. Our data suggest that the NO-dependent
regulatory mechanisms of hIDO can be modulated by several
cellular factors, including pH, redox environment, and NO
and L-Trp abundance. Considering the complexity of the
immune system, these extra points of regulation may be
indispensable for guaranteeing that hIDO activity is ac-
curately controlled. Exactly how these factors affect hIDO
activity in a synergetic fashion under physiological conditions
is certainly worthy of further investigation.
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resonance Raman spectra of the 6C NO-bound ferric and
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spectra of the 5C NO-bound ferrous derivative of hIDO
produced by the addition of NO to the ferric enzyme at pH
4.6. This material is available free of charge via the Internet
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