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Multiple-scattering (MS) analysis of EXAFS data on met-indoleamine 2,3-dioxygenase-2 (IDO2) and
analysis of XANES have provided the first direct structural information about the axial donor ligands
of the iron center for this recently discovered protein. At 10 K, it exists in a low-spin bis(His) form with
Fe-Np(av) =197 A, the Fe-Nj,, bond lengths of 2.11 A and 2.05 A, which is in equilibrium with a high-
spin form at room temperature. The bond distances in the low-spin form are consistent with other
low-spin hemeproteins, as is the XANES spectrum, which is closer to that of the low-spin met-Lb than
that of the high-spin met-Mb. The potential physiological role of this spin equilibrium is discussed.

© 2014 Elsevier Inc. All rights reserved.

1. Introduction

L-Tryptophan (Trp) is the least abundant, essential amino-acid
in mammals [1]. The major route for human Trp metabolism
(~90% of all ingested Trp) is the ‘Kynurenine Pathway’ (KP), which
leads to the production of biologically active kynurenine metabo-
lites [2], nicotinamide adenine dinucleotide and niacin [3,4]. The
first, rate-limiting step of the KP is the oxidative cleavage of the
2,3-double bond of the indole ring of Trp to form N-formylkynure-
nine. Since the 1960s, this reaction was believed to be catalyzed by
two heme-containing dioxygenases, the constitutively expressed
tryptophan 2,3-dioxygenase (TDO) [5] and the inflammatory
cytokine-induced indoleamine 2,3-dioxygenase-1 (IDO1) [6]. More
recently it has been found that mammals possess a third dioxygen-
ase enzyme capable of catalysing the oxidative cleavage of Trp,
subsequently named indoleamine 2,3-dioxygenase-2 (ID0O2)
[7-9]. The discovery of a third initiating protein of the KP has
attracted considerable research interest due to the established
roles of Trp metabolism [10] and TDO/IDO1 dysfunction in numer-
ous pathological conditions, including cancer [11,12] and malaria
[13,14].

Phylogenetic analysis suggests that IDO1 arose in mammals
from the gene duplication of an ancestral IDO2-like gene
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approximately 300 million years ago [15]. Interestingly, while
modern IDO1 and IDO2 proteins share some amino acid sequence
identity (43% for both the human and mouse proteins) [16], both
enzymes show little similarity to TDO, indicating functional con-
vergence in Trp metabolism evolution [9]. This evolutionary diver-
sity is reflected in the distinct tissue expression patterns of each
enzyme. In mammals, TDO is primarily expressed in the liver
[17].IDO1, in contrast, is found in almost all tissues and non-hepa-
tic organs [18], including the intestine, placenta, lung, endocrine
glands and central nervous systems [19-21]. IDO2 is primarily
expressed in the kidney, reproductive tract, and liver [7].

IDO1 is a monomeric protein (MW 42 kDa) that is inactive in its
native ferric form. IDO1 metabolic activity requires a reductant co-
factor in order to bind Trp with high affinity [22]. In vitro IDO1
assays generally use a methylene blue/ascorbic acid reduction sys-
tem, but the physiological reductant is suggested to be cytochrome
bs [23]. Similarly IDO2 (MW 42 kDa) must be reduced to its ferrous
form for enzymatic activity and cytochrome bs is the most efficient
reductant in vitro [16].

Multiple-scattering (MS) analyses of EXAFS have been used for
the structural characterizations of met- and deoxy-myoglobin
(Mb) [24], as well as the NO adducts of IDO1 [25]. The validity of
the EXAFS model used here has been verified for deoxy- and
met-Mb by comparison of the EXAFS-derived bond lengths with
those found in subsequent very high resolution XRD structures
(~1A) [26,27]. The crystal structure of human IDO1 [28] has been
used previously to model a likely structure for IDO2 (mouse) [16];
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however, the fine details of the active site/heme structure have not
yet been determined experimentally. Hence, we report the first
structural information on the heme moiety of mammalian IDO2
protein (i.e., mouse met-IDO2) as determined by multiple-scatter-
ing analyses of extended X-ray absorption fine structure (EXAFS).

2. Materials and methods
2.1. Protein preparation

Cloning of the mouse IDO2 cDNA into the pDEST-17 for bacte-
rial-expression of N-terminal 6x His tagged proteins has been
described previously [16]. Briefly, cultures of transformed KRX
Escherichia coli cells (Promega) were grown at 37 °C in 1 L of Ter-
rific Broth medium supplemented with carbenicillin (50 mg/mL)
until an ODggonm Of 0.8 was reached. The temperature was lowered
to 20-22 °C until the ODggoonm Was between 1.0 and 1.5. Then,
expression of a heme-containing IDO2 protein was induced over-
night by adding iso-propyl Bp-1-thiogalactopyranoside (1 mM),
rhamnose (0.1% w/v) and the heme precursor, §-aminolevulinic
acid hydrochloride (0.5 mM). KRX E. coli were collected by centri-
fugation at 8000g for 15 min, resuspended and incubated for 1 h
on ice in 25 mM Tris buffer pH 7.4, 150 mM Nacl, 10 mM imidaz-
ole, 10 mM MgCl,, lysozyme (1 mg/mL), EDTA-free cocktail inhibi-
tor tablets (2x), DNase (<1 mg) and 1 mM phenylmethylsulfonyl
fluoride (PMSF). The suspension was sonicated (Branson Sonifier
3 x 40 W, 30 s pulses) before clearing the supernate by centrifuga-
tion at 5000g for 20 min.

The supernate (25 mL) obtained from 1 L of culture was applied
to a 1 mL Hi-Trap chelating column (Amersham Biosciences) that
had been charged with nickel ions and equilibrated with basal buf-
fer (25 mM Tris-HCl pH 7.4, 150 mM NaCl, 1 mM PMSF, 10 mM
imidazole). After washing with 18 mL of basal buffer, the protein
was eluted by gradually increasing the concentration of imidazole
from 10 mM to 300 mM. Fractions with a high A0s:A250 ratios (i.e.,
Soret heme absorbance to protein absorbance ratio) were pooled,
desalted into 50 mM Tris-HCl pH = 7.4, 40% glycerol and concen-
trated to 1 mM using an Amicon Ultra 4 mL centrifugal device
(Millipore) with a cut-off of 30000 kDa (utilising IDO2 protein
preparations from a total of 28 L of bacterial culture). The protein
was stored at —80 °C before analysis.

2.2. X-ray absorption spectra (XAS) data collection

The iron K-edge XAS of the met-IDO2 was recorded at SSRL on
beamline 7-3 with a harmonic rejection mirror fully tuned. Data
were collected as fluorescence spectra, using a Canberra 30-element
Ge detector. The samples were held at a temperature of 10 Kusing an
Oxford Instruments continuous-flow liquid helium cryostat. A
calibration channel with an Fe foil was used to account for energy
shifts in the monochromator [29]. The energy of the incident beam
was calibrated with an iron foil, setting the first inflection point to
7111.2 eV, throughout an Ey of 7130.0 eV was used. During the
collection of data, the edge of each XAS spectrum was monitored
for photodecomposition; due to photodamage only one scan was
collected on each spot (12 scans in total, with two samples).

2.3. XAFS model

The porphyrin fragment was modelled in two-dimensional
space [30] and with fourfold symmetry (Fig. S1). A number of mod-
els were considered for both adducts with the S3 value set at 0.97,
as was determined for met-myoglobin [24]. The models were: (i) a
five-coordinate heme protein with the imidazole ring of the
histidine as the proximal axial ligand, as described previously

[24,25,30]; (ii) with an aqua ligand as the distal ligand; (iii) one
with two N-bound histidines; and (iv) another with one N-bound
and one C-bound histidines. The C-bound model was included as
isomerisation between N- and C-bound imidazoles in complexes
of Ru(Il) and Ru(Ill) has previously been reported [31]; it is con-
ceivable that such isomerisation could also be present in low-spin
Fe(Ill) complexes. A complete set of restraints and constraints for
these models is contained in the Supporting Information
(Table S1) where o is analogous to the estimated standard
deviation.

MS analyses of XAFS data were performed using the XFIT pro-
gram, which employed non-linear least-squares fitting of the XAFS
spectrum, through the minimization of the sum of the square of
the residuals [24,32]. XFIT integrates the FEFF6.01 program in its
model fitting calculations, which included multiple-scattering
codes [33,34]. The goodness-of-fit parameter (R) and Monte Carlo
calculations were performed as reported previously [24,30,35,36].
The rms (root mean square) errors that result from the Monte Carlo
analysis were combined with systematic errors to obtain the final
conservative error estimate [30]. All background subtraction, splin-
ing, and normalization procedures were performed using XFIT as
reported previously [24,30].

A window from 0 to 12 A~ with a cosine edge function was
applied to the XAFS data. The Fourier transform had a window
applied from 0.5 to 4.5 A. This window filtered the majority of
the atomic XAFS (between 0 and ~1.5 A).

2.3.1. Determinacy

The number of parameters being fitted, p, compared to the
number of independent information data points (independent
points in the EXAFS plus the number of independent structural
parameters), N;, was calculated to give the degree of determinacy
N;/p. If this ratio is <1, then the model is considered to be underde-
termined and a unique fit is not possible. In all cases, the ratio was
>1 and, hence, the models were overdetermined. The value of N; is
given by [37]: N;=2(Ar)(Ak)/m+ > [D(N — 2) + 1]; where D is the
number of dimensions in which the refinement takes place (two
for the planar porphyrin and three for the free rotation of the axial
groups) and N is the number of atoms in the unit. These calcula-
tions are combined to give the determinacy values reported in
the tables.

2.3.2. Goodness-of-fit (Residual)

The method of determining the goodness of fit was through an
R-value, where R is given by: R = (%] xZaiculated=0)'* Where 2 is the
quantity that was minimized during the refinement and yZ,icutated=0
is the value of ¥? when the calculated XAFS is uniformly 0 [33].
Residual R values of <20% were considered reasonable [35].

2.3.3. Monte-Carlo error analysis

Monte Carlo analyses were conducted to estimate the rms devi-
ations in final parameters arising from the noise in the data. Two
consecutive sets of 16 x 16 Monte-Carlo cycles were calculated
and the random (statistical) errors due to noise in the data were
estimated by Monte-Carlo calculations, and the systematic errors
were assigned a conservative value of 0.02 A.

3. Results

The XANES edge energy of met-IDO2 was at a similar energy to
that of met-Mb [24]| and met-leghemoglobin (Lb) [38], 7126.5 eV
(Fig. 1). However, the shape of the met-IDO2 spectra was similar
to that of low-spin met-Lb rather than high-spin met-Mb. The posi-
tion and structure of the edge spectrum were sensitive indicators
of both the local coordination environment and the photodecom-
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Fig. 1. XANES spectra (10 K) of 40% aqueous glycerol solutions of met-IDO2 and
published spectra of met-Mb [24] and met-Lb [38].

position of met-IDO2 during scanning. The edge was monitored
during the collection of the data since such proteins are easily
reduced to Fe(Il) even at 10K [39]. A shift in the edge energy
was evident for subsequent scans, so only the first scan at each
position was used.

The XANES and pre-edge regions of the spectra provided signif-
icant qualitative information with regard to the symmetry, and
spin and oxidation states of the metal. Oyanagi et al. noted that
the edge feature at ~7123 eV is observed in low-spin complexes
but disappears in high-spin complexes [40]. These changes were
evident when the XANES spectra of met-Mb and met-IDO2 were
compared (Fig. 1). The met-IDO2 has an edge feature at
~7123 eV, similar to that of the low-spin met-Lb [38], whereas it
is absent in the high-spin met-Mb species [24].

A basic five-coordinate model with the Fe-N, bond length
started at 1.99 A, the Fe-N. bond length started at 2.0 A and with
free rotation of the imidazole ring gave a poor fit to the EXAFS data
(R=25.3%). However, when a sixth ligand with a nitrogen-bound
imidazole ring was included, the residual value dropped to 17.5%,
which is a good fit to the data (Table 1, Fig. 2). The structure of
the heme moiety of met-IDO2 from the best multiple-scattering
(MS) fit to the EXAFS data is shown in Fig. 3 and these results
are compared with other models in Table 1. The observed and
calculated EXAFS, y(k) x k3, the corresponding Fourier transforms,
the residuals, A[y(k) x k?], and the window functions used in the
Fourier filter for the N-bound bis-histidine bound IDO2 for this
fit are shown in Fig. 2.

The best fit to the data was obtained using a model with the
Fe-N, bond length started at 1.99 A, the Fe-Nyisa bond length
started at 2.0 A and three-dimensional rotation allowed for both
the distal and proximal ligands. The fitted value for Fe-Ny(av)
was 2.00 A, the Fe-Ny;sa bond length was 2.11 A and the Fe-Ny;ss
distance was 2.05 A (R = 18.6%, determinacy 1.12). EXAFS does not
distinguish between the distal and proximal histidines and, there-
fore, it only provided evidence for a bis(His) six coordinate heme
iron site with two distinct Fe-Ny;s distances. Experimental details

Table 1
Fe-ligand dimensions as determined by MS EXAFS analyses of met-IDO2.

(A"

Amplitude

Radial Distance (&)

Fig. 2. (A) EXAFS and (B) Fourier transform amplitude of EXAFS of an aqueous/
glycerol solution of met-IDO2 at ~10 K.

including paths and importance factors (Table S3) are contained in
the Supporting Information.

Other models examined gave worse fits to the data, including a
five-coordinate model (25.3%) and six-coordinate models with the
sixth ligand being an aqua ligand (24.4%) and C-bound histidine,
with the N-bound histidine planar (20.1%). A model including the
entire collected k-range (16 A~') gave a higher residual (29.9%)
due to increased noise levels but showed no change in the fitted
parameters, within experimental error, which reinforces the valid-
ity of the proposed structure (Table S4). Furthermore, a model with
both axial ligands restrained to have the same bond length gave a
worse fit to the data (20.6%, Table S4).

4. Discussion

Our previous study of the spectral characteristics of met-IDO2
showed that it is a mixed-spin species at room temperature [16],
A similar spin-equilibrium exists for met-IDO1. This has been
attributed to a thermal equilibrium between the high-spin aqua
(expected to be similar to met-Mb [24]) and low-spin states, with

Bond lengths (A)

Mean squared displacement factor (A2)

Other refinement parameters

Fe-N, Fe—N,x Fe-L Fe-N, Fe-N,x Fe-L E, (eV) R (%)
Five coordinate 1.99 2.12 0.002 0.003 -3.69 253
Aqua ligand 2.00 2.15 1.98 0.003 0.004 0.0005 -3.30 244
C-bound histidine 2.00 2.08 1.93 0.002 0.001 0.001 -4.37 20.1
N-bound histidine 1.97 2.11 2.05 0.002 0.001 0.001 -4.61 18.6
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Fig. 3. EXAFS-derived molecular structure of the active site of met-IDO2 at ~10 K.

the low-spin complex predominating as the temperature decreases
[41]. At room temperature and neutral pH, the high-spin form of
human met-IDO1 dominates with the distal ligand being a weakly
bound aqua ligand [42]. However, earlier work had suggested that
the sixth ligand of rabbit met-IDO1 was a distal histidine [43]. The
crystal structure and the low temperature (10 K) used in this study
enabled the determination of the heme structure of the low-spin
met-IDO2 species in the equilibrium, as has been observed previ-
ously with Lb [44]. Further evidence for the low-spin Fe(Ill) centre
for IDO2 is the bond lengths of the Fe-ligands in comparison to
those of met-Mb [24] (Table S2). The bond lengths for Fe-Np,
Fe-N.x are both longer in the met-Mb protein [24] (1.97 A cf.
2.05A and 2.11 A cf. 2.17 A, respectively).

The shape of the EXAFS and Fourier transform differs from a
typical high-spin Fe(Ill) heme, such as the aqua adduct in metMb
[24] (Figure S2). The electron occupation of the anti-bonding
dxz_y2 and d,. orbitals in high-spin Fe complexes correlates to longer
bond lengths compared to low-spin complexes, where they are
unoccupied.

It is evident that such low-spin bis(His) coordination exists in
many heme systems and is readily distinguished using EXAFS
and XANES analyses from the high-spin met-forms in which the
aqua or other oxygen-donor ligands occupy the sixth coordination
site [24,35,38,45,46]. In all of these systems the active oxidation
state is Fe(Il), which binds to O, to form Fe(Ill)-superoxo species.
This spectroscopic Fe(Ill)-superoxo assignment of oxidation states
for many of these species in the solution-state has been
determined by various techniques, including resonance Raman
spectroscopy, XANES and EXAFS [38,46-48]. Like the other heme
proteins, IDO1 and IDO2 bind O, to the deoxy-protein where, in
this case, it is involved in oxidation of substrates and the bis(His)
met-form may help to reduce toxicity of the inactive met-form.
While there is no evidence, as yet, for a specific binding protein,
like there is for a-Hb [46,47], which forces the met-form to adopt
a non-toxic bis(His) heme configuration, it is possible that such a
protein—protein interaction occurs in vivo for both IDO1 and
IDO2. This aspect should be explored in the future.

The combined multiple-scattering EXAFS and XANES approach
adopted here to determine the structural parameters and nature
of axial binding in heme proteins in solution has now been well-
established [24,25,30,35,38,47-51], and will be used to follow
other aspects of the biochemistry of IDO1 and IDO2 in the future.

5. Conclusions

This is the first three-dimensional structure of the heme envi-
ronment of the mammalian hemeprotein IDO2. Unlike met-Mb, it
has two forms at physiological temperatures, the high-spin form,
which is likely to be similar to met-Mb, and a low-spin form, which
has shorter bond distances and an N-bound bis-histidine structure.
It is interesting to speculate on the roles of these two forms since
the high-spin met form of many heme proteins is toxic and in some
cases, where there is a physiological role, the low-spin bis(His)
form is stabilized, as is the case for neuroglobin [45] and the bind-
ing of the a-hemoglobin stabilizing protein to o-hemoglobin [46].
There may also be intracellular co-factors for IDO1 and IDO2 that
stabilise the low-spin form, while a small equilibrium concentra-
tion of the potentially toxic but more reactive high-spin form is
required for catalytic activity, and these properties should be
investigated in the future.
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