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ABSTRACT: Indoleamine 2,3-dioxygenase (IDO) is a heme enzyme which catalyzes dioxygenation of L-Trp
(tryptophan), yielding N-formylkynurenine. IDO thus plays a key role in L-Trp catabolism in mammals. In
the present study, resonance Raman (RR) spectra of the reduced carbon monoxide- (CO-) bound form of
IDO were measured in order to gain insights into the active site environment of O,. Binding of CO to L-Trp-
bound IDO causes a significant change in the electronic and RR spectra of the heme, indicating that the 7*
orbitals of the carbon atom of CO interact with 7 orbitals of Fe and the porphyrin. On the other hand, binding
of CO to p-Trp-bound IDO does not induce the same change. This is also the case with substrate-free IDO.
Based on the distinct absorption spectra and RR bands of the vibrational signature of CO (»(CO), 6(FeCO),
and v(Fe—CO)) of the L-Trp-bound species relative to the other two species, it is confirmed that sterically
constrained geometry of the Fe—O—0 unit exists as previously reported (Terentis, A. C., et al. (2002) J. Biol.
Chem. 277, 15788—15794). In contrast, binding of p-Trp does not induce such constraint. The comparable
values of V.. reported for L-Trp and p-Trp are interpreted as a result of a change in the rate-limiting step in
the reaction cycle of the enzyme induced by the pb-enantiomer relative to the L-enantiomer. Enhancements of
the overtone and the combination Raman modes of the Fe—CO stretching vibration are evident. The
anharmonicity of the Fe—CO stretching oscillator is significantly higher than those of oxygen carrier proteins.

This is a specific character of IDO and might be responsible for the unique reactivity of this enzyme.

Indoleamine 2,3-dioxygenase (IDO)' is a heme enzyme found
in all mammalian tissues with the exception of liver (/). This
enzyme catalyzes the first step of the kynurenine pathway, which
is the main catabolic pathway of tryptophan (Trp) (2, 3). In the
reaction, two oxygen atoms are incorporated into Trp, yielding
N-formylkynurenine. Recent biomedical studies have suggested
that catabolic activity of the kynurenine pathway is implicated in
immune system disturbances (4), neural disorders (5), tumor
immunoediting processes (6), regulation of T cell immunity (7),
and other conditions. IDO has attracted considerable attention
from biochemists, biophysicists, spectroscopists, and physicians.

The IDO reaction was thought to depend upon a basic
functional group interacting with the NH of Trp to initiate the
proton abstraction step of the reaction (8). However, the 2.3 A
crystal structure of the 4-phenylimidazole-bound derivative of
IDO indicates that such an interaction does not exist (9). Based
on these results, a reaction mechanism was presented in which the
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iron-bound oxygen abstracts the proton. In most reaction
mechanisms suggested thus far, two oxygen atoms of dioxygen
are incorporated into Trp without immediate cleavage of the
0O—0 bond (9). However, recent resonance Raman (RR) studies
have revealed the existence of a Fe''=0-type heme species during
catalytic turnover, which was quite unexpected (/0, /7). This
indicates that O—O bond cleavage takes place during the
oxygenation reaction. A recent theoretical investigation supports
this mechanism (12). It is known that L-Trp ((S)-Trp) is a better
substrate for IDO than p-Trp ((R)-Trp). The K, value for L-Trp
is significantly smaller than that of p-Trp. On the other hand, it
has been reported that the V.« values for the IDO reaction with
L-Trp and with p-Trp are similar (/3). This means that although
IDO favors binding of L-Trp over p-Trp due to steric effects, it
reacts with both enantiomers at similar rates.

In the present study, we employ carbon monoxide (CO) as a
probe to examine the interaction between the substrate and CO in
the IDO-Trp-CO ternary complex for the two Trp enantiomers.
RR results reveal that CO is affected by the distinct active site
environments which are generated upon binding of each of the
two Trp enantiomers. An interaction mode specific to L-Trp is
evident in the absorption and RR spectra.

MATERIALS AND METHODS

Recombinant human IDO was expressed in Escherichia coli
and purified as previously reported (9). A protein solution was
prepared in 50 mM potassium phosphate buffer, pH 6.5. CO-
bound forms of IDO were prepared by addition of Na,S,04 (to a
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F1GURE 1: Absorption spectra of CO-bound IDO with 30 mM p-Trp (a), without Trp (b), and with 10 mM L-Trp (c). The concentration of IDO

was 30 uM.
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FIGURE 2: Resonance Raman spectra of IDO-(p-Trp)-CO (a), IDO-CO (b), and IDO-(L-Trp)-CO (c). Light-colored spectra are for correspond-
ing C'®0 adducts. The concentration of IDO was 30 M. The accumulation time for Raman scattering data was 60 min for spectra a and b and

90 min for spectrum c.

final concentration of 5 mM) to solutions of ferric IDO contain-
ing 10 mM L-Trp, 0 mM Trp, and 30 mM p-Trp under a '*C'°0
or *C"0 atmosphere. The known concentrations of the L-Trp
and p-Trp solutions were used to prepare the fully bound form as
determined by absorption and RR spectra. Raman scattering of
the sample was measured in a cylindrical spinning cell (inner

diameter =3 mm) at 2400 rpm with excitation at 413.1 nm by a
Kr* laser (Spectra Physics, Model 2060). Laser power of 125 uW
at the sample was chosen to minimize photodissociation of CO.
The detector was a liquid nitrogen-cooled CCD (Roper Scien-
tific, Spec-10: 400B/LN) attached to a single polychromator
(Chromex, 500IS) as described previously (/7). The spectral slit
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width was 8 cm™'. Raman shifts were calibrated with indene as
the frequency standard. The accuracy of Raman shiftsis +1cm ™'
for an isolated intense band. Absorption spectra of the samples in
the spinning cell were measured with a spectrophotometer
(Hitachi, U3310) using a custom-built attachment to fit the
spinning cell to an ordinary cuvette holder. This arrangement
enables us to verify the integrity of the samples before and after
the RR measurements are made. The absorption spectra in
Figure 1 were measured using a cuvette with a 3 mm light path.

RESULTS

Figure 1 depicts absorption spectra of CO-bound IDO in the
presence of p-Trp (a), in the absence of Trp (b), and in the
presence of L-Trp (c). We note that IDO-(p-Trp)-CO (Figure 1a)
and IDO-CO (substrate-free) (Figure 1b) exhibit Soret-, 5-, and
a-band absorption maxima at the same positions (420, 540, and
571 nm, respectively), and these spectra are identical with the
exception of a slight variation in intensity at 420 nm. This
indicates that the electronic structures of the heme in the two
species are very similar. On the other hand, blue-shifted Soret-
and a-band maxima at 416 and 568 nm of IDO-(L-Trp)-CO
(Figure 1c) relative to those of IDO-(p-Trp)-CO and IDO-CO
are evident, indicating that the electronic structure of the heme in
IDO-(L-Trp)-CO is distinct.

Figure 2 depicts RR spectra of IDO-(p-Trp)-CO (a), IDO-CO
(b), and IDO-(1L-Trp)-CO (c). These spectra correspond to the
absorption spectra shown in Figure 1 in the region between 250
and 2200 cm . The light-colored RR spectra are for the *C'*0
isotopomers. The position of the ¥4 mode (an oxidation state
marker) at 1372 cm ™' (a), 1372 cm™' (b), and 1373 ecm ™! (¢) is
consistent with the expected positions of this band for CO
adducts. The bands that exhibit an apparent *C'*0 isotopic
frequency shift in the ca. 2000—1900 and 600—500 cm ™' regions
are vibrational modes of CO, which will be discussed in detail.
The spectral patterns (with the exception of the bands corre-
sponding to the CO-related modes shown in Figures 2a and 2b, as
discussed above) are identical and distinct from the spectral
pattern shown in Figure 2¢, where the following differences are
evident; there is a new band at 328 cm™ ', which is assignable to an
out-of-plane y¢ mode (14), there is intensification of the bands at
428, 1003, 1158, 1212, 1498, 1600, and 1627 cm™ ', and there is
a change in the relative intensities of the bands at 1132 and
1120 cm ™" The bands at 428 and 1627 cm ™" are assignable to the
bending and C=C stretching modes, respectively, of the vinyl
substituents of the porphyrin. The intensification of these bands
indicates the occurrence of a conformational change of the vinyl
substituents (/5). The v; mode (a marker for the coordination
number of the heme) is identified at essentially the same
frequency at 1497, 1499, and 1498 em” ! in Figures 2a, 2b, and
2¢, respectively, and is consistent with a 6-coordinate heme. The
v, mode (a spin state marker of the heme) is located at 1585 cm ™!
for IDO-(D-Trp)-CO and IDO-CO and at 1581 cm™" for IDO-
(L-Trp)-CO. These values are consistent with a low-spin complex.
However, the 4 cm ™' lower frequency of the L-Trp complex
relative to that of the other two species indicates that the
porphyrin core has expanded slightly. The mode at 1626 cm™'
for IDO-(D-Trp)-CO and IDO-CO is assignable to the vc—c
mode of the heme peripheral substituent. Although the frequency
difference of the mode at 1627 cm™' for IDO-(L-Trp)-CO is
insignificant, a significant intensification of the band (Figure 2c)
is an indication of the change in electronic and geometric
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FIGURE 3: Resonance Raman isotopic difference spectra (‘>C'°0
minus *C'®0) of three kinds of IDO-CO species. Panels A, B, and C
are for regions 2100— 1600 cm ™!, 700—280 cm ™!, and 1350—700 cm ™,
respectively. (a) IDO-(pD-Trp)-CO, (b) IDO-CO, and (¢) IDO-(L-Trp)-
CO. These isotopic difference spectra are calculated from the raw
spectra shown in Figure 2. Frequencies shown are apparent readings
of the Raman difference spectra and thus may be slightly different from
those in Tables 1 and 2 obtained after fitting simulations.

structures of the porphyrin vinyl groups in the L-Trp complex.
The band at 2050 cm ™' is readily assignable to the combination of
the v, mode (1372 cm™") and the v, mode (678 cm "), since the
sum of the two frequencies is equivalent to 2050 cm™". There are
shoulders on the lower frequency side of the ¥(Fe—CO) (Fe—CO
stretching) bands at 523, 516, and 541 em™ !, which are located
approximately at 508, 507, and 528 cm ™. As will be discussed
below, the former three bands exhibit CO-isotope sensitivity, but
the latter three do not. This indicates that the latter three bands
originate from porphyrin vibrations.

Figure 3 depicts isotopic difference RR spectra for regions
between 1600 and 2100 cm ™' (panel A), 280 and 700 cm ™' (panel B),
and 700 and 1350 cm ™" (panel C) obtained by subtracting RR
spectra for *C'®0 from those for '2C'°0, which are shown in
Figure 2. The RR spectra a, b, and ¢ in panels A, B, and C are for
IDO-(p-Trp)-CO, IDO-CO, and IDO-(L-Trp)-CO, respectively.
Band intensities, widths, and positions have been determined
by fitting simulations under the assumption that the observed
Raman bands are of Gaussian band shape. Figure 4 depicts
examples of fitting simulations for isotopic Raman difference
(*C'°0 — 3C'®0) spectra for IDO-(L-Trp)-CO. Panels A, B, and
C are for the 1700—2100, 400—700, and 670—1350 cm ™" regions,
respectively. Spectral series a represents simulated Gaussian
curves. Spectral series b represents the sum of simulated Gaussian
curves. Spectral series ¢ represents the experimentally obtained
isotopic difference spectra (the same series as spectral series ¢ in
Figure 3 but with the linear baseline subtracted if necessary).
Spectral series d represents the residual spectra obtained by
subtracting individual spectra of spectral series b from individual
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FIGURE 4: Results of fitting simulations for isotopic difference RR
spectra for IDO-(L-Trp)-CO species. Panels A, B, and C are for
regions 2100—1700 cm ', 700—400 cm ', and 1350—670 cm ',
respectively. (a) Simulated individual Gaussian curves, (b) sum of
the Gaussian curves in (a), (c) experimentally obtained difference
spectrum from Figure 3-c, whose linear baseline has been subtracted,
and (d) the residual spectrum obtained by subtracting spectrum b
from spectrum c. Panels B and C are versions obtained for different
wavenumber regions. The difference feature marked with an asterisk
is due to incomplete cancellation of a very intense Raman band and is
not caused by a CO-isotope shift.

spectra of spectral series c. The flat features of spectral series d
show excellent fit with the individual spectra shown in panels A,
B, and C. The same sets of spectra in the 1700—2100 and
400—700 cm ™" regions for IDO-CO and IDO-(p-Trp)-CO are
shown in Figure 5. Table 1 summarizes the Raman frequencies
based on the fitting simulations shown in Figures 4 and 5 with
their vibrational assignments. Table 2 summarizes the details of
the fitting simulations for the »(CO) (C—O stretching) band.
In Figure 3, the most apparent difference among the IDO-
(p-Trp)-CO, IDO-CO, and IDO-(1-Trp)-CO species is found in the
frequency of the »(CO) mode region at 1915/1844, 1942 and 1890/
1855, and 1903/1815 cm ™" for *C'°0/"*C"*0. The ¥(CO) mode of
IDO-CO was not observed in the previous report (15). However, in
the present study, the existence of the band is evident in spectrum b
in panel A of Figure 3. It is likely that CO is most easily
photodissociated in the substrate-free state under the previously
adopted experimental conditions. The ¥(CO) frequency of the three
species is distinct, and we note that the bandwidth for IDO-(L-Trp)-
CO is significantly narrower than those of the other two species,
indicating the existence of a sterically constrained conformer.
We observed the ¥(Fe—CO) mode at 531/496, 522/492, and 542/
525 em™ ! for the '*C'%0/"C'"®0 isotopomers for IDO-(p-Trp)-
CO, IDO-CO, and IDO-(L-Trp)-CO (Figures 4B and 5B,D). We
can identify another prominent isotopic shift in the Raman bands
in the 591—562 cm ™' region and assign this band to the d(FeCO)
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FiGuRre 5: IDO-(p-Trp)-CO (A and B) and IDO-CO (C and D)
versions of Figure 4. The 700—1350 cm™ ' region is not shown.

(FeCO bending) mode (16, 17). Fitting simulations showed that the
frequency of the (FeCO) band is 586/562, 579/562, and 591/570
em” ! for IDO-(p-Trp), IDO-CO, and IDO-(L-Trp)-CO, respec-
tively, for the *C'°0/"*C'®0 isotopomers. We note that there is
significant enhancement of the band for IDO-(1-Trp)-CO at 591/
570 ecm™' (Figure 3B, spectrum c). The concentration of
L-Trp (10 mM) used was the concentration at which substrate
inhibition takes place (/8). We carefully examined the region of the
v(Fe—CO) mode of the RR spectra for L-Trp concentrations of
100 uM (data not shown) and for 10 mM concentrations and
confirmed that for both concentrations of Trp there was only a
single band assignable to the ¥(Fe—CO) mode at 542 cm ™. This
indicates that IDO-(L-Trp)-CO exhibits a single v(Fe—CO) band
at L-Trp concentrations of 100 uM and 10 mM. We also observed
the heme deformation mode (/6) at 374/361, 373/351, and 373/
349 ¢cm™~' for the three species (Table 1). This mode indicates
sensitivity to the CO isotope. We have not performed the fitting
analyses for this mode due to the weak intensity of the difference
features in the isotopic difference spectra (Figure 3B). Therefore,
the frequency of this mode should contain larger error. In addition
to these modes, we identified an isotopic difference pattern in
Figure 4C in the 700—1350 cm ™" region at 1267/1245, 1218/1202,
1169/1133, 1067/(not observed), 919/899, 874/855, and 740/729
em”! for the '*C'%0/"*C"®0 isotopomers for IDO-(L-Trp)-CO.
We have performed fitting simulations with respect to these modes
as exemplified in Figure 4 and assigned the Raman bands to v; +
0(FeCO), v; + v(Fe—CO), 20(FeCO), 2v(Fe—CO), ys + o-
(FeCO), ys + v(Fe—CO), and v(Fe—CO) + v(Fe—His) (16).
These assignments are summarized in Table 1.

DISCUSSION

The v(CO) Frequency of the >C'°0 Species. Each of the
three species (IDO-(L-Trp)-CO, IDO-CO, and IDO-(p-Trp)-CO)
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Table 1: CO-Isotope-Sensitive Raman Frequencies for '*C'*0/"*C'®0 Isotopomers”

Raman shift/cm™

1

»(CO) v7 + 0(FeCO) v; + v(Fe—CO) 20(FeCO) 29(Fe—CO) 6 + 0(FeCO)
p-Trp 1959-1919/1846 1263/1234 1207/1173 no”/1126 1053/979 no”/no”
no Trp 1946/1857 1252/1237 1197/1164 no®/1120 1023/972 no”/no”
L-Tr 1913-1902/1816 1267/1245 1218/1202 1169/1133 1067/n0” 919/899

P
Raman shift/cm ™'

6 + ¥(Fe—CO) »(Fe—CO) + v(Fe—His)° O(FeCO) »(Fe—CO) Sheme? pobs¢ yobs¢
p-Trp no’/no” 738/715 586/562 531/496 374/361 678 no”
no Trp no’/no” 734/716 579/562 522/492 373/351 678 no®
L-Trp 874/855 740/729 591/570 542/525 373/349 678 328

“Vibrational frequencies of CO-isotope-sensitive Raman bands with their assignments. The frequencies of Raman bands were determined by fitting
simulations shown in Figures 4 and 5 and are rounded off to the least significant digit. The »(CO), 3(FeCO), oheme, and v(Fe—CO) denote the C—O stretching
mode, the FeCO bending mode, the heme deformation mode, and the Fe—CO stretching mode, respectively. “no: not observed. ‘Assignment according
to ref 76. The v(Fe—His) mode is located at approximately 200 cm '. “CO-isotope-sensitive heme deformation mode. Assignment according to

ref 16. “Frequencies from Figure 2.

measured in the present study show two positive Raman bands
for '*C'%0 but only one negative Raman band for '*C'*0 in the
»(CO) frequency region of the isotopic difference spectra
(Figures 4 and 5). The IDO-(L-Trp)-CO spectrum exhibits the
two bands at 1913 and 1902 cm™" for *C'°O and one band at
1816 cm ™" for *C'0. The relative intensities of the two former
Raman bands are identical as shown in Table 2. If there are two
conformers, both of the "*C'°0 and the *C'™0 isotopomers
would be expected to have two »(CO) modes, but this is not the
case. Instead, our interpretation is that there is one conformer
that gives an intermediate frequency at 1908 cm™' for '*C'%0.
This band splits into two bands as a result of an incidental
interaction with another oscillator at a similar frequency. The
combination of the v, mode at 1373 cm™ ' with the ¥(Fe—CO)
mode at 542 cm™', which is silent in the RR spectrum, may be
responsible (1373 + 542 = 1915). Under an approximation of the
C—0 harmonic oscillator, the reduced masses of >C'®0 and
¢80 are calculated to be 6.857 and 7.548 amu, respectively.
The isotopic shift of the »(CO) frequency can be estimated as
1823 and 1813 cm ™" at the lowest for the 1913 and 1902 cm™!
species, respectively, upon replacement of '>C'°0 with '*C'®0.
These are the lowest limits assuming that the RR band has 100%
C—O stretching character. We locate the »(CO) frequency at
1908 cm™!, which is the average frequency of 1913 and 1902
cm” ', as stated above. The observed »(CO) frequency for *C'*0 is
1816 cm ™" and an intermediate frequency of 1823 and 1813 cm ™.

The IDO-(p-Trp)-CO species also exhibits the two »(CO)
bands at 1959 and 1919 cm ™" for '*C'°0 and one at 1846 cm™'
for *C'®0 (Table 2). Similarly, for IDO-(L-Trp)-CO, we located
a single »(CO) mode at 1939 cm™! which represents an inter-
mediate frequency between the 1959 and 1919 cm ™' (Figure 5A-a)
bands. These two bands have similar band widths of 20.1 and
20.3 cm™', respectively.

In the case of the absence of Trp, there are also two bands at
1946 and 1892 cm™" for "2C'%0 and one band at 1857 cm ™' for
B0 (Table 2, Figure 5). In this case, it is likely that the band at
1892 cm ™! represents a combination of the v4 mode at 1372 cm™!
and the ¥(CO) mode at 522 em™' (1372 em™" + 522 em™' =
1894 cm ™). The Raman band originating from the combination
mode (v4 4+ Vre_c) was detected at 1885 cm ™! for cytochrome ¢
oxidase (S. Yanagisawa and T. Ogura, unpublished observations).
The degree of enhancement of the combination mode depends

Table 2: Analyses of the »(CO) Bands in Figures 4 and 5“

p-Trp frequency 1958.8 1918.6 1846.2
width 20.1 20.3 31.7
relative intensity 0.1142 0.3391 0.6250

no Trp frequency 1945.6 1892.3 1856.7
width 25.7 9.5 24.2
relative intensity 0.3545 0.0792 0.5733

L-Trp frequency 1912.7 1901.7 1815.6
width 15.0 8.3 10.0
relative intensity 1.244 1.224 2.230

“Numerical data showing the results of fitting simulations shown in
Figures 4 and 5 for the bands in the »(CO) region. Simulated bands,
bandwidths, and relative intensities are shown. Relative intensity is ex-
pressed as calculated area of a simulated Raman band. Units for frequency
and width are in cm ™",

upon the anharmonicity of the Fe—CO oscillator (vide infra).
The bandwidths of the 1946 and the 1857 cm ™' bands are 25.7 and
242 cm™', respectively. Although the previous report failed to
observe the »(CO) mode in the absence of Trp (most likely as a
result of photodissociation) (15), it is observed in the present study.

Table 3 summarizes the estimated v(CO) frequencies for the
IDO-(L-Trp)-CO, IDO-CO, and IDO-(p-Trp)-CO species pre-
pared with '*C'®0 based on the discussion above. The shift values
(A(*C'0)) for IDO-(L-Trp)-CO, IDO-CO, and IDO-(p-Trp)-
CO upon replacement with Bc®0 are —92, —89, and —93 cm ™/,
respectively (Table 3). It is known that there is a linear inverse
relationship known as the back-bonding correlation between
»(CO) and v(Fe—CO) for different types of CO-bound
hemoproteins (/9—22). When the corresponding data of the
three different CO derivatives of IDO are placed in a plot of
v(CO) vs ¥(Fe—CO), the resulting linear relationship is similar to
the relationship observed for hemoproteins with histidine-ligated
protoheme. IDO-(L-Trp)-CO is located at a position close to
that of horseradish peroxidase (vco = 1904 em ' and Vee_co =
537 em™') (23—25) and hemoglobin from Ascaris nematode
(veo=1909 cm ™" and vpe_co = 543 cm™ ") (26).

Active Site Environment. The v(CO) and the v»(Fe—CO)
frequencies are different for the three species, and accordingly,
the frequencies of the overtone and combination bands are
different as shown in Table 1. The observation of both the
fundamental and the first overtone of the »(Fe—CO) mode at
542/1067, 522/1023, and 531/1053 cm ™" for the IDO-(L-Trp)-CO,



10086  Biochemistry, Vol. 49, No. 47, 2010

Table 3: Estimated »(CO) Frequencies (See Text)”
»(CO) ('2C'0/"*C**0)/em™!

Av(*C®0)/em™!

p-Trp 1939/1846 -93
no Trp 1946/1857 -89
L-Trp 1908/1816 -92

“The estimated true »(CO) frequencies for '*C'*0/"*C"*0 for IDO-(p-Trp)-
CO, IDO-CO, and IDO-(L-Trp)-CO and their shift values (A(*>)C'*0/*C!*0))
which occur upon isotopic substitution.

IDO-CO, and IDO-(p-Trp)-CO species, respectively, have allowed
us to calculate the anharmonic constant (). Here, the expected
frequencies for the fundamental and overtone in the presence of
anharmonicity are v,(1 — 2y) and 2v,(1 — 3y) (27). The obtained
values for IDO-(L-Trp)-CO, IDO-CO, and IDO-(p-Trp)-CO are
0.014, 0.015, and 0.015, respectively. These values represent
the averages of two independent experiments. The values are
identical for the three species. We note that these values are signi-
ficantly higher than those of myoglobin (0.008) and hemoglobin
(0.010) (27) and those of other hemoproteins (28). Anharmonicity
of an oscillator is a result of distortion of the potential curve in
which the oscillator vibrates. The anharmonicity observed for the
Fe—CO oscillator of IDO in the present study is 2-fold higher
than that of oxygen carriers and has almost the same value for
IDO with bound L-Trp, bound p-Trp, and in the absence of Trp.
This means that the characteristics of the heme pocket environ-
ment which provide anharmonicity to the Fe—CO oscillator are
intrinsic and not induced by binding of substrate. A clear
difference between the heme pocket structures of oxygen carriers
and IDO is that the distal histidine which is present in the oxygen
carriers is missing in IDO. A higher degree of anharmonicity
facilitates mixing of vibrations of more than one oscillator, and
this might be related to the specific reaction mechanism of IDO.
Detectability of a combination mode (v + Vie—co) at 1892 cm ™!
might be a result of the high degree of anharmonicity. Notably, a
similar combination mode was detectable for bovine heart
cytochrome ¢ oxidase at 1885 cm™". The anharmonicity observed
for cytochrome ¢ oxidase is estimated to be 0.012, which is an
intermediate value between those of the oxygen carriers and IDO.
The higher anharmonicity identified for IDO compared to that of
oxygen carriers is a specific character of this enzyme and might be
responsible for the unique reactivity of this enzyme.

The bandwidth of the ¥(CO) mode for IDO-(L-Trp)-CO is
ca. 10 cm™ ", This is significantly smaller than that of IDO-CO
(ca. 24 em™ ") and IDO-(p-Trp)-CO (ca. 32 cm™') which are
shown in Figure 3 and Table 2. Here, we adopt a bandwidth for
the C'0 isotopomers, since they originally exhibit only one
conformer and thus only one ¥(CO) band. This means that the
conformation of CO for the IDO-(L-Trp)-CO species is restricted
as pointed out previously for IDO (15) and for tryptophan 2,3-
dioxygenase (29). On the other hand, if we examine the v(Fe—CO)
mode, the frequency and shift values (A(**C'*0)) upon “C'®0
substitution are 542 cm ™' (A(PC'®0) = —17 em™"), 522 cm™!
(A(*C®0) = —30cm™"), and 531 em ™ (A(**C'80) = —35¢em ™)
for IDO-(L-Trp)-CO, IDO-CO, and IDO-(p-Trp)-CO, respec-
tively. The isotopic shift value for IDO-(L-Trp)-CO is significantly
small. This means that the vibrational displacement of the carbon
atom of CO for the IDO-(L-Trp)-CO species is significantly smaller
than that of the other two species based upon the relationship
between the vibrational displacement and the frequency shift
which occurs upon isotopic substitution (30). Since the absorption
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spectrum and most of the RR spectral patterns are similar (with the
exception of the bands associated with CO of the IDO-(p-Trp)-CO
species (Figures la and 2a) and those of the IDO-CO species
(Figures 1b and 2b)), the binding of p-Trp to IDO-CO does not
perturb the electronic and geometric structures of the porphyrin. It
is notable that binding of p-Trp to IDO is confirmed by the
frequency shifts of RR bands associated with CO under these
experimental conditions. The frequency shifts are ascribed to a
change in polarity of the heme pocket environment which is
expected to occur upon binding of p-Trp. On the other hand, the
absorption and RR spectral patterns of IDO-(L-Trp)-CO species
(Figures 1c and 2c) are distinct from those of IDO-CO (Figures 1b
and 2b). This means that binding of L-Trp significantly perturbs the
electronic and geometric structure of the porphyrin. The character-
istic features of IDO-(L-Trp)-CO include a higher v(Fe—CO)
frequency, a lower »(CO) frequency, and an enhanced 6(FeCO)
band. These characteristics have been reported for strapped heme
model complexes (37). Taking these results into consideration, the
carbon atom of CO sits very close to L-Trp, and this causes the
vibrational displacement to be restricted. A hydrogen bond should
exist between the O atom and L-Trp as indicated in a previous
report (15). Under these conditions, the degree of Fe d,, — CO x*
back-donation is significant. This causes a decrease in the bond
order of C—0 (20, 31). This is reflected in the low ¥»(CO) frequency
at 1908 cm ™' for the L-Trp species relative to the other two species
(Table 3). A positive polar environment enhances the back-
bonding effect (22, 32). This kind of geometry, in which O, is
hydrogen-bonded to L-Trp, seems to be essential for the enzymatic
reaction involving the IDO-(L-Trp)-O, complex and is favorable
for cleavage of the O—O bond before incorporation of two oxygen
atoms into Trp, to generate the ferryl-oxo intermediate (10, 11).
These effects are not seen for the IDO-(p-Trp)-CO species. The RR
activation of the »(00) mode at 1138/1062 cm ™" (for °0,/'%0,)
for the oxygenated intermediate in the presence of L-Trp should be
caused by similar geometry. This mode is not activated in the
absence of L-Trp (10, 11, 33, 34).

The sharp prominent Raman band at 328 cm ™', assigned to
the porphyrin y¢s mode, is seen only for IDO-(L-Trp)-CO
(Figure 2c) and not for IDO-CO and IDO-(p-Trp)-CO. This
band was identified for the ferric cyanide complex but was not
identified when the enzyme is in the reduced state (15). It is also
seen for the ferryl-oxo intermediate and the oxygenated inter-
mediate in the presence of L-Trp (330—332 cm ") (34) but not for
the oxygenated intermediate in the absence of L-Trp (/7). Thus,
the band at 328 cm™' could serve as a marker for the structure
of the Fe-ligand moiety when L-Trp is bound. Under these
conditions, deformation of the porphyrin plane occurs, and
out-of-plane mode also becomes enhanced (15). Here, we note
that this band is detectable not only for diatomic ligands such as
CO, O,, and CN™ but also for monatomic ligands such as 0.
This might be an indication of an interaction of the Fe=0O
fragment with the L-Trp derivative during turnover.

The sharp bands at 1627 and 428 cm™ "' for IDO-(L-Trp)-CO
are ascribed to the ¥(C=C) and d(Cg—vinyl) modes of the vinyl
substituents (Figure 2c). The enhancement of the d(Cz—vinyl)
mode at 421 cm ™" was previously reported for the IDO-(L-Trp)-
O, ternary intermediate (/0) and attributed to the movement of
the vinyl groups with respect to the porphyrin plane (15). The
ternary intermediate exhibits bands at 1629 and 422 cm™' (34).
These bands are very close to the bands observed for IDO-
(L-Trp)-CO. The results are consistent with the occurrence of a
conformational change of the vinyl groups with respect to the
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heme plane, since the degree of conjugation of the 7 electrons
between the vinyl C=C and the porphyrin is directly related to
the RR enhancement. This makes the IDO-(L-Trp)-CO deriva-
tive a good model for the IDO-(L-Trp)-O, ternary intermediate.
It is notable that the corresponding bands at 1626 and 423 cm ™!
for IDO-(p-Trp)-CO and IDO-CO (Figure 2a,b) are not as sharp
and prominent, relative to the corresponding bands at 1627 and
428 cm ™! for IDO-(L-Trp)-CO. Finally, it shoud be noted that the
intensification of some of the Raman bands for IDO-(L-Trp)-CO
is partially due to an increase in the Raman cross section, since
the Soret absorption maximum shifts from 420 to 416 nm, closer
to the excitation wavelength of 413.1 nm.

The ¥(Fe—CO) frequency at 542 cm ™" for IDO-(L-Trp)-CO is
identical at L-Trp concentrations of 100 uM and 10 mM. This
means that the second “inhibitory” molecule of L-Trp does not
bind to a position which is close to the first “substrate” molecule
of t-Trp. This is consistent with the results reported for the
oxygenated intermediate (34), where the »(OO) and v(Fe—0,)
frequencies were found to be independent of the concentration of
L-Trp (50 uM versus 8 mM), although the X-ray structure shows
a relatively large heme pocket.

The Enzymatic Activity for L-Trp and p-Trp. It has been
reported that the K, values of IDO for L-Trp and p-Trp are
significantly different (0.02 mM vs ca. 5 mM for L- and p-Trp,
respectively), but the V., is of the same order (120 and 160 mol
of Trp (mol of IDO) ™" min™" for L- and p-Trp, respectively) (13).
However, these observations are inconsistent with the interpreta-
tions of the present work. The specific binding fashion of O,
which involves significant interactions with Fe d; and porphyrin
o orbitals is essential for enzymatic activity. This specific inter-
action is seen only for IDO-(L-Trp)-CO. Although p-Trp does
not induce such an interaction, as probed by Fe—C—O vibra-
tional modes, V.« for D-Trp is similar to the Vyax for L-Trp. This
could be rationalized by the O—O bond of the IDO-(L-Trp)-O,
ternary complex being favorably cleaved with the rate-limiting
step occurring subsequently. On the other hand, in the IDO-(p-
Trp)-O, ternary complex, the rate-limiting step is expected to be
the O—O bond cleavage step. If the rates of the rate-limiting steps
for IDO with bound L-Trp and p-Trp are close, the V. for the
two enantiomers would be expected to be similar.

The enzymatic activity assay was performed using ascorbate/
methylene blue or NADH/cytochrome b5 reductase/cytochrome
bs as the reducing system. Thus, one might consider that the rate-
limiting step could be different as a result of the intramolecular
reaction in IDO and could represent an electron transfer step
between the reductant and the mediator or between the mediator
and IDO. However, since both the oxygenated and the ferryl-oxo
intermediates are detectable when the reaction is initiated using
IDO reduced with Na,S,04 (11), it is natural to consider that the
rate-limiting step of N-formylkynurenine formation is repre-
sented by the rate of decay of either the oxygenated intermediate
or the ferryl-oxo intermediate.

CONCLUSIONS

Binding of L-Trp but not p-Trp causes significant change in
absorption spectra of IDO-CO. We have used vibrational
signatures of CO as a probe to investigate the interaction between
CO and Trp and have demonstrated a distinct CO binding
fashion in IDO-(L-Trp) relative to IDO-(p-Trp) and substrate-
free IDO. CO sits very close and is hydrogen-bonded to L-Trp
and is constrained, so that the vibrational displacement is
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restricted. It has become evident that IDO-(L-Trp)-CO is a good
model for IDO-(L-Trp)-O,. Activation of O, to initiate the
dioxygenation reaction should take place favorably through a
binding mechanism in which back-bonding can provide overlap
of the 7t electronic states of dioxygen with those of the porphyrin.
The extent of back-bonding and the extent of steric constraint are
significantly lower when p-Trp is bound to IDO. The different
rate-limiting step for L-Trp and p-Trp reactions can account for
the comparable V.« although the extent of back-bonding in the
ternary complex is different between these enantiomers. Signifi-
cantly higher anharmonicity of the Fe—CO stretching oscillator
of IDO, reflecting a specific heme environment, relative to that of
oxygen carrier proteins might be responsible for the unique
reactivity of the enzyme.
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