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Abstract The first step in the kynurenine pathway of

tryptophan catabolism is the cleavage of the 2,3-double

bond of the indole ring of tryptophan. In mammals, this

reaction is performed independently by indoleamine 2,3-

dioxygenase-1 (IDO1), tryptophan 2,3-dioxygenase (TDO)

and the recently discovered indoleamine 2,3-dioxygenase-2

(IDO2). Here we describe characteristics of a purified

recombinant mouse IDO2 enzyme, including its pH

stability, thermal stability and structural features. An

improved assay system for future studies of recombinant/

isolated IDO2 has been developed using cytochrome b5 as

an electron donor. This, the first description of the inter-

action between IDO2 and cytochrome b5, provides further

evidence of the presence of a physiological electron carrier

necessary for activity of enzymes in the ‘‘IDO family’’.

Using this assay, the kinetic activity and substrate range

of IDO2 were shown to be different to those of IDO1.

1-Methyl-D-tryptophan, a current lead IDO inhibitor used

in clinical trials, was a poor inhibitor of both IDO1 and

IDO2 activity. This suggests that its immunosuppressive

effect may be independent of pharmacological inhibition of

IDO enzymes, in the mouse at least. The different bio-

chemical characteristics of the mouse IDO proteins suggest

that they have evolved to have distinct biological roles.

Keywords Cytochrome b5 � Oxidation/reduction �
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Introduction

L-Tryptophan is an amino acid containing an indole

nucleus incorporated into its side chain. It is the least

abundant of the essential amino acids, accounting for only

1% of the total amino acid content in humans. The kynu-

renine pathway was first described as a major route for

metabolism of tryptophan in 1947 (Beadle et al. 1947) and

was of interest both as a source of nicotinamide and as the

first metabolic pathway affected by the onset of vitamin B6

deficiency.

The first step of the kynurenine pathway is the oxidative

cleavage of the 2,3-double bond of the indole ring of

L-tryptophan, via the incorporation of molecular oxygen or
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a superoxide anion. The heme-containing enzymes tryp-

tophan 2,3-dioxygenase (TDO) and indoleamine 2,3-diox-

ygenase-1 (IDO1) are both capable of catalyzing this

reaction. The cleavage product, N0-formylkynurenine, is

then hydrolyzed by kynurenine formamidase or decays

spontaneously to kynurenine plus formic acid. Kynurenine

has a number of different metabolic fates, including the

production of the neuroactive metabolites quinolinic and

kynurenic acid (Fig. 1).

Although TDO and IDO1 both catalyze the first step in

the kynurenine pathway, they differ in their substrate

specificity and expression pattern. TDO, a tetramer with a

subunit molecular weight (MW) of 103 kDa, is found

predominantly in the liver (Tankiewicz et al. 2003), pla-

centa (Suzuki et al. 2001) and brain (Haber et al. 1993) and

its expression is up-regulated by glucocorticoids (Danesch

et al. 1983, 1987) and dietary tryptophan (Knox 1966).

Reductants such as ascorbic acid (AA) and borohydride

initiate catalytic activity in vitro by reducing the inactive

ferric (Fe3?) form of the heme iron of IDO/TDO to the

active ferrous (Fe2?) form. TDO is an enantiomer-specific

enzyme, only capable of cleaving the indole ring of

L-tryptophan.

Indoleamine 2,3-dioxygenase-1 is present in the intes-

tine, placenta, lung, blood mononuclear phagocytes, epi-

didymis, endocrine glands and central nervous system

(Hansen et al. 2000; Heyes and Morrison 1997; Stone et al.

2003; Suzuki et al. 2001). Numerous cell types, including

dendritic cells (DCs), macrophages, fibroblasts and endo-

thelial cells, express IDO1 in response to interferon (IFN)-

a, IFN-c, lipopolysaccharide (LPS), interleukin (IL)-1 or

tumor necrosis factor (TNF) exposure. IDO1 is a mono-

meric, heme-containing enzyme that requires reduction of

the ferric heme iron to the ferrous form for activity.

Superoxide anion was long thought to be the cellular

reductant of IDO1; however, recent data suggest that

cytochrome b5 is more likely to be the physiological

electron donor (Maghzal et al. 2008; Vottero et al. 2006).

IDO1 has a broader substrate range than TDO and is

capable of cleaving the indole rings of D- and L-tryptophan,

tryptamine, 5-hydroxytryptophan, 5-hydroxytryptamine

and melatonin (Shimizu et al. 1978; Thomas and Stocker

1999).

High levels of IDO1 activity can lead to depletion of

tryptophan in the cellular environment. This may slow

cellular and microbial growth (Pfefferkorn et al. 1986) or

have immune regulatory effects, such as inducing apoptosis

in T cells (Fallarino et al. 2002; Williams et al. 2007). The

inhibition of T cell responses by IDO1 activity is involved

in pregnancy (Honig et al. 2004), cancer (Frey and Monu

2008) and allergy (Novak 2006). IDO1 expression and the

increased production of down-stream metabolites of kyn-

urenine is associated with several central nervous system

disorders, including AIDS dementia complex (Heyes et al.

1992a, b), Alzheimer’s disease (Heyes et al. 1992a, b) and

cerebral malaria (Hansen et al. 2004; Hunt et al. 2006).

Recently, a paralog of human and mouse IDO1 was

discovered and named indoleamine 2,3-dioxygenase-2

(IDO2) (Ball et al. 2007; Metz et al. 2007; Yuasa et al.

2007). In mice and humans, the IDO1 and IDO2 genes

have a similar genomic structure and are situated adjacent

to each other on chromosome 8, suggesting that they

arose by a gene duplication event. The IDO1 and IDO2

proteins, both human and mouse, have 43% similarity at

the amino acid level. IDO2 is primarily expressed in the

murine kidney, reproductive tract and liver and its

expression does not change in murine malaria, a disease

with high circulating levels of cytokines (Ball et al.

2009). While IDO2 was demonstrated to catalyze the first

step in the kynurenine pathway, a physiological role for

the enzyme has not yet been discovered. Metz et al.

(2007) reported that 1-methyl-D-tryptophan (1-MDT) was

a preferential inhibitor of IDO2 over IDO1 when

expressed in T-REx cells. IDO activity in the DCs

residing in tumor draining lymph nodes is thought to

allow tumors to evade an immune response (Frey and

Monu 2008). IDO inhibition with 1-MDT was found to be

an effective chemotherapeutic agent in mouse tumor

models (Hou et al. 2007), but it is yet to be demonstrated

that IDO2 is involved in immune regulation.

Selective inhibitor compounds will be useful for deter-

mining the physiological role of IDO2, but no dissociation

constants thus far have been described for existing com-

pounds. The biochemical characterization of IDO2 has

been hindered by lack of an in vitro assay, as IDO2 shows

little activity in the assay commonly used to measure IDO1

activity (Ball et al. 2007, 2009; Yuasa et al. 2007), which

employs methylene blue (MB) as the electron source. Here,

we present kinetic data demonstrating that cytochrome b5

is capable of reducing recombinant mouse IDO2 (rmIDO2)

and improves its in vitro activity compared to that observed

in the MB assay. We also describe the kinetics of rmIDO2

inhibition by known competitive and non-competitive

IDO1 inhibitors, and the enzyme’s pH stability, thermal

stability and structural features. The data show that IDO1

and IDO2 have very different biochemical characteristics
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despite similar predicted tertiary structures, suggesting

distinct physiological functions.

Experimental procedures

Unless otherwise stated, all reagents were obtained from

Sigma-Aldrich.

Expression constructs for rmIDO1 and rmIDO2

Cloning and construction of the mouse IDO1 expression

vector was performed as outlined earlier (Austin et al.

2009) and sub-cloning of the mouse IDO2 cDNA (pENTR-

mIDO2) as previously described (Ball et al. 2007). The

cDNA was recombined into pDEST17 using LR-recom-

binase according to the manufacturer’s instructions (Invit-

rogen). A Factor Xa cleavage site was engineered into a

pDEST17-rmIDO2 construct to allow for the release of

rmIDO2 from the 6-His fusion partner for use in experi-

ments to verify that the His tag did not influence the

characteristics of expressed IDO2. For sequences of rmI-

DO2 constructs see Supplementary Materials.

Expression of rmIDO2

Cultures of transformed KRX cells (Promega) were grown

in 1 L of Terrific Broth (TB) medium containing carbeni-

cillin (50 mg/mL) at 37�C until an OD600 nm of 0.8 was

reached. The cultures were then grown at room temperature

to an OD600 nm between 1.0 and 1.5. Isopropyl b-D-1-

thiogalactopyranoside (IPTG), rhamnose (20% w/v) and

d-aminolevulinic acid hydrochloride (ALA-HCl) were

added to final concentrations of 1 mM, 0.1% (w/v) and

0.5 mM, respectively (Austin et al. 2009), and the cultures

were grown overnight. Cells were collected as a pellet by

centrifugation at 8,0009g for 15 min and re-suspended in

25 mM Tris buffer pH 7.4, containing 150 mM NaCl.

Concentrations of rhamnose were varied at the time of

induction stage between 0.05% (w/v) and 0.1% (w/v)

(recommended maximum) to optimize expression. The

growth trials were performed in 500 mL TB medium or

Luria–Bertani (LB) media.

Expression of rmIDO1

Escherichia coli Rosetta cells were transformed with the

pDEST 17-rmIDO1 plasmid. Cultures of transformed cells

were grown in 1 L of LB medium containing carbenicillin

(50 mg/mL) and chloramphenicol (35 mg/mL) at room

temperature until an OD600 nm between 0.3 and 0.4 was

reached. IPTG and ALA-HCl were then added to final

concentrations of 0.025 and 0.5 mM, respectively, and the

cultures were grown overnight. Cells were collected as a

pellet by centrifugation at 8,0009g for 15 min and re-

suspended in 25 mM Tris buffer pH 7.4, containing

150 mM NaCl. Purification of rmIDO1 was carried out as

described for rmIDO2.

Purification of rmIDO1 and rmIDO2

One liter pellets of bacterial culture were re-suspended in

25 mM Tris–HCl (pH 7.4), containing 150 mM NaCl,

10 mM imidazole, 10 mM MgCl2, lysozyme (1 mg/mL),

EDTA-free cocktail inhibitor tablets (29), DNase (\1 mg)

and 1 mM phenylmethylsulphonyl fluoride (PMSF). The

re-suspended bacterial pellet was incubated on ice for 1 h.

The suspension was sonicated (Branson Sonifier,

3 9 40 W, 30 s pulses) before centrifugation at 5,0009g

for 20 min to obtain a clear supernatant.

The supernatant (25 mL) was applied to a 1 mL Hi-Trap

chelating column (Amersham Biosciences) that had been

charged with nickel ions and equilibrated with the basal

buffer [25 mM Tris–HCl (pH 7.4), 150 mM NaCl, 1 mM

PMSF, 10 mM imidazole]. Following washing with 18 mL

of basal buffer, recombinant enzyme was eluted on a gra-

dient from 10 to 300 mM imidazole. Fractions with high

A406 nm:A280 nm ratio were pooled, buffer-exchanged into

50 mM Tris (pH 7.4) using an Amicon Ultra (Millipore)

4 mL centrifugal device with a 30,000 Da molecular

weight cut-off, then diluted with a 1:1 addition of 80%

glycerol for storage at -80�C.

Protein concentration was determined with Bio-Rad�

dye reagent (1:5 Dilution with MilliQ H2O), using bovine

serum albumin (0–1 mg/mL) as a standard. The colored

product was measured at 595 nm using a SpectraMax 190

micro-plate reader.

The fusion protein was cleaved by Factor Xa protease

(Qiagen Co.) according to the manufacturer’s instructions.

Briefly, purified rmIDO2 was concentrated and re-sus-

pended in ice-cold reaction buffer (20 mM Tris–HCl, pH

6.5; 50 mM NaCl; 1 mM CaCl2) and the aliquot was

treated with Factor Xa protease (12.5 U/mL) for 2 h at

4�C. Factor Xa protease was removed through application

of Factor Xa Removal Resin (Qiagen) and the liberated

rmIDO2 separated from undigested His-tagged protein by

application of the aliquot to a Hi-Trap chelating column

equilibrated with reaction buffer.

Biochemical assays

Recombinant proteins were typically added to reaction

mixtures at dilutions of 1:100–1:2,000 depending on the

stock concentration and reactivity of the enzyme. Final

glycerol concentrations in working solutions were less than

0.4% (v/v). Tryptophan catabolizing activity initially was
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determined by the MB/AA assay as described by Takikawa

et al. (1988) and elsewhere (Austin et al. 2009) with minor

modifications.

Using the MB assay, the kinetic properties of rmIDO2

and rmIDO1 were determined against three substrates, i.e.

L-tryptophan (0–40 mM), D-tryptophan (0–200 mM) and

5-hydroxy-L-tryptophan (0–150 mM). Each reaction was

conducted in triplicate. Kinetic parameters (Km, Vmax, and

standard error) were determined using GraphPad Prism 4.

For hypoxanthine/xanthine oxidase activity assays,

rmIDO2 (100 nM in heme) in 50 mM potassium phosphate

buffer pH 7.4, 200 lg/mL catalase, and 50 lM diethylene

triamine pentaacetic acid (DTPA) was incubated for

30 min at 37�C with 2 mM L-Trp, 100 lM hypoxanthine,

and varying concentrations of xanthine oxidase. The rate of

O2
�- generation was determined by the rate of reduction of

ferric cytochrome c. In 50 mM phosphate buffer pH 7.4,

240 lg horse heart cytochrome c was mixed with 615 U

bovine catalase, 50 lM DTPA, and varying concentrations

of xanthine oxidase. Reaction mixtures were incubated at

37�C for 10 min before addition of 100 lM hypoxanthine,

and OD550 nm was then monitored for 5 min at 37�C. The

rate of O2
�- production was calculated using an extinction

coefficient of 21.1 9 103 M-1 cm-1.

For the cytochrome b5 (cyb5)/cytochrome P450 reduc-

tase (CPR) cofactor assay of IDO1 and IDO2 activity, the

standard reaction mixture was similar to Maghzal and

colleagues with minor modifications (Maghzal et al. 2008).

Molecular techniques

SDS-PAGE was performed according to the method of

Laemmli (1970) using a Bio-Rad Mini-Protean III system.

Western blotting was performed according to the methods

outlined elsewhere (Ball et al. 2007).

Protein structure prediction

The structures of mouse IDO2 and mouse cyb5 were pre-

dicted using SWISS-MODEL (Peitsch 1995), via the web

interface of Swiss-PdbViewer. Suitable template structures

were selected based on their sequence similarity. The

structure of mIDO2 was modeled on the crystal structure of

IDO1 (PDB: 2D0T:A, E value = 1e-100, sequence iden-

tity = 43%, resolution = 2.3 Å). The structure of mouse

cyb5 was based on the NMR structure of rat cyb5 (PDB:

1JEX:A, E value = 2e-139, sequence identity = 89%).

After the project was submitted to SWISS-MODEL, opti-

mization was carried out by the GROMOS96-forcefield

(van Gunsteren et al. 1996).

Models of association of mIDO2 with mouse cyb5

were generated by the fully automatic ClusPro protein–

protein docking server (Comeau et al. 2004). Rigid body

docking was performed, using ZDOCK (Chen et al.

2003). ZDOCK uses a fast Fourier transform method to

rapidly search for low-energy configurations based on

shape complementarities, electrostatic potentials, and

desolvation terms. The ZDOCK searches were conducted

at 6� orientational steps and the final 2,000 configurations

subjected to clustering analysis yielding ten final receptor-

ligand complexes. In addition, the structural models of

mIDO2 and cyb5 were entered independently into the

RosettaDock protein–protein docking server (Lyskov and

Gray 2008).

Comparison of Ki values for competitive

and non-competitive inhibitors

For inhibitor testing, known inhibitors of IDO1 (competitive:

1-methyl-L-tryptophan (1-MLT) and 1-MDT; non-compet-

itive: norharman) were added to the standard reaction mix-

ture (outlined above) over a concentration range with carrier

controls. L-Tryptophan substrate concentration was also

varied over a concentration range, with carrier controls. Ki

values were determined via non-linear regression analysis

using GraphPad Prism 4. The following non-linear regres-

sion equations were used: non-competitive, Y = [VmaxX/

(1 ? I/Ki)]/Km ? X; and competitive, Km(app) = Km

[1 ? I/K], Y = VmaxX/[Km(app) ? X].

Circular dichroism

Circular dichroism (CD) spectra were recorded on a

JASCO J-810 spectropolarimeter with 1 mm path length

quartz cuvettes at a temperature of 20�C. Sensitivity was

100 millidegrees, and the scanning speed was 50 nm/min

for an accumulation of 32 scans. CD data were collected

between 300 and 190 nm. Data collected in this region

were further analyzed using SOMCD, the neural network

algorithm (Unneberg et al. 2001). Thermal transition

curves were measured by monitoring k = 222 nm as a

function of the increasing temperature over the range 20–

99�C at 1 �C/min. Tm values were determined by finding

the first derivative of the thermal transition curve using

peak processing software packaged with the JASCO J-810

spectropolarimeter.

Determination of pH and salt profiles

The pH stability test was carried out in a standard reaction

mixture containing 100 mM potassium phosphate buffer,

100 mM KCl. The pH was varied in increments of 0.2 pH

units within a range of pH 6–9. For salt stability tests the

standard reaction mixture contained 100 mM potassium

phosphate buffer, pH 7.4, with salt concentrations ranging

from 0 to 300 mM. For pH and salt profiles, the

568 C. J. D. Austin et al.
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L-tryptophan concentration was kept constant for rmIDO1

(400 lM) and rmIDO2 (30 mM).

UV–visible spectroscopy

Optical absorption spectra of rmIDO1 and rmIDO2 (10–

15 lM in heme) were recorded in 100 mM potassium

phosphate buffer (pH 7.5) degassed with argon in a Spec-

traMax 190 micro-plate reader. Ferrous iron (Fe2?) rhIDO1

was formed by the addition of a molar excess of a buffered

sodium dithionite solution. Nitric oxide (NO) was intro-

duced by direct addition of 2 mM solution of diethylamine

NONOate (DEANO) in deoxygenated phosphate buffer

(pH 7.5). RmIDO1 and rmIDO2 spectra were gathered

immediately after addition of sodium dithionite or sodium

dithionite and DEANO.

Reduction of rmIDO2 by cytochrome b5

The reduction of rmIDO2 by recombinant human cyto-

chrome b5 was investigated by adding 8 lM Fe3?–rmI-

DO2 to a reaction mixture purged with argon gas and

containing 0.2 lM human recombinant cytochrome b5,

2 lM purified human NADPH:CPR, 56 U glucose-6-

phosphate dehydrogenase, 375 U bovine catalase, 20 mM

glucose-6-phosphate, 4 mM NADP?, and 200 lM DTPA

acid in 100 mM phosphate buffer, pH 7.4. The reaction

was carried out at 25�C in a septum-sealed cuvette thor-

oughly purged with argon gas. Difference spectra were

recorded every 30 s from 350 to 750 nm against a ref-

erence sample containing the reaction mixture without

rhIDO, using a Beckman-Coulter DU800A spectropho-

tometer. Solutions of glucose-6-phosphate dehydrogenase

and NADPH:CPR were gel-filtered prior to use to remove

any interfering substances such as ammonium sulfate and

dithiothreitol.

Results and discussion

The discovery of a third enzyme capable of catalyzing the

cleavage of L-tryptophan adds a new dimension to the

important role played by the kynurenine pathway in

physiological processes including innate immunity. Char-

acterization of rmIDO2 through the comparison of kinetic

and structural features to human and mouse IDO1 helps to

define a new target for pharmacological intervention.

Expression, purification and characterization

The heterologous over-expression of rmIDO2 protein was

optimized using KRX cells. The best expression conditions

were obtained using TB medium and induction with a final

concentration of 0.1% (w/v) rhamnose. The expression

system was supplemented with ALA, a natural precursor of

heme, in order to increase the heme content as reported for

IDO1 (Austin et al. 2004) and other heme proteins (Del-

carte et al. 2003). Purification of the protein over a Ni-NTA

column yielded 7.5 mg/L of cell culture. Only one band

was observed by SDS-PAGE for both isolated proteins

with a molecular mass of *45 kDa. pDEST17 clones,

including recombinant IDO enzymes investigated in this

study, contain a 3.2 kDa N-terminal addition to allow for

expression of the 6-His tag. Theoretical molecular weights

for rmIDO1 and rmIDO2 are therefore 45.3 and 45.2 kDa,

respectively.

Expression of rmIDO2 was demonstrated by Western

Blot analysis with both mIDO2 and His tag antibodies. A

specific band of predicted size for rmIDO2 (*45 kDa) was

observed (Supplementary Data). Comparison between the

biochemical activities of His-tag cleaved and non-cleaved

rmIDO-2 indicated that the addition of the 6-His tag had

little effect on kynurenine production (Supplementary

Data).

Circular dichroism

Circular dichroism spectra were acquired to compare the

gross secondary structure of rmIDO1 and rmIDO2

(Fig. 2a). Far UV CD spectra were analyzed using SOM-

CD (Table 1). Analysis showed that both enzymes are

predominantly a-helical, 71 and 75% for rmIDO1 and

rmIDO2, respectively. RmIDO2 had a higher percentage of

random coil, 16%, as opposed to 10% in rmIDO1. Despite

these small differences, the secondary structures of both

mouse enzymes were broadly similar to each other as well

as the observed secondary structure elucidated from the

crystal structure of human IDO1 (61% a-helix, 1% b-sheet)

(Sugimoto et al. 2006).

Stability data: thermal and pH

While secondary structure and the heme environment of

rmIDO2 are similar to rmIDO1 and hIDO1, distinctions in

both pH and thermal stability were observed. Thermal

denaturations of rmIDO1 and rmIDO2 were observed using

CD spectrometry. Loss in structure was monitored at

k = 222 nm (Fig. 2b). The Tm of the denaturation process

for rmIDO1 was 60�C, with a possible second intermediate

at a Tm of 48�C. RmIDO2 denatured in a single step, with a

Tm at 48�C. The optimum activity of rmIDO1 occurred at

pH 6.0–6.5, whereas rmIDO2 was most active at pH 7.4–

7.5 (Fig. 3). Tests with various buffers showed that

100 mM potassium phosphate pH 7.5 was a suitable buffer

for rmIDO2 in the MB assay and was therefore used for

further analysis.
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Localization in vivo may be a factor in thermal/pH

enzyme stability. For example, IDO2 is present in sperm

tails (Ball et al. 2007), and sperm synthesis in the testis

occurs at a significantly colder (*2�C) temperature than

core body temperature (Harrison and Weiner 1949). Sem-

iniferous fluid has a normal pH of 7.2–8.0 (World Health

Organization. 1999), consistent with the observed optimal

pH range for IDO2 activity (Fig. 3).

Proximal and distal tubules of the kidney are respon-

sible for amino acid filtration from plasma; as a result of

this high volume throughput, amino acid levels found in

the kidney tubules can be much higher than plasma

(Silbernagl 1988). With a high capacity for substrate,

constitutive expression (Ball et al. 2007) and optimum

activity within the physiological plasma pH range, IDO2

may metabolise L-tryptophan taken up from the renal

filtrate.

Structure prediction

Given the similar secondary structures and 43% sequence

identity between mouse IDO2 and human IDO1, the crystal

structure of human IDO1 described by Sugimoto et al.

(2006) was considered an appropriate scaffold for pre-

dicting the structure of mouse IDO2. To better visualize

some of the similarities and differences in the heme envi-

ronment and secondary structure of hIDO1, mIDO1 and

mIDO2, we used spectroscopic studies to probe the heme

site and structure prediction software to model the 3D

structure of mIDO2.

The large predicted domain of mouse IDO2 consists of

13 a-helices and two 310 helices. The smaller predicted

domain of mouse IDO2 is comprised of six a-helices, two

short b-sheets and three 310 helices (Fig. 4). A comparison

of the amino acids 360–380 is not possible as disordered

electron density prevented resolution of this region of the

enzyme in the Sugimoto et al. (2006) crystal structure.

There is a high degree of amino acid conservation in the

heme-binding sites of hIDO1 and mIDO2. However, sub-

strate access to the heme in mIDO2 (Fig. 4a) appears to be

decreased in comparison to hIDO1 (Fig. 4b) due to steric

hindrance by bulky amino acids at the entrance to the

‘pore’. Specifically, substitution of the human IDO1 I217

and L384 with methionine (mIDO2: M221 and M385,

respectively—Fig. 4c, d) may result in a reinforcement of
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heme binding (Kurokawa et al. 2004) or a change in the

oxidation state of heme (Kim et al. 2001). As indicated by

the predicted three-dimensional structure of mouse IDO2,

this methionine might be responsible for differences in

accessibility of the heme-binding site, substrate binding

and catalytic activity between mIDO2 and mIDO1.

Three amino acids (F226, F227 and R231) were deemed

critical to maintaining dioxygenase activity in IDO1

(Sugimoto et al. 2006). Forming part of the entrance to the

heme-binding pocket, these residues are involved in sub-

strate recognition through hydrophobic F226, F227 and

R231 interactions (Figs. 4, 5). Two of the three amino

acids are conserved in mouse IDO2, namely F230 (corre-

sponding to F226 in human IDO1) and R235 (corre-

sponding to F231 in human IDO1). F227 (human IDO1)

has undergone a substitution to Y231 (mouse IDO2). While

a phenylalanine–tyrosine mutation is considered conser-

vative, in terms of amino acid structure and degree of

nucleotide change, this mutation may make the heme-

binding pocket of mIDO2 more susceptible to phosphory-

lation (Calalb et al. 1995) or sulfation (Kehoe and Bertozzi

2000). Reduced substrate activity in IDO2 may be due to

post-translational modification not experienced by IDO1.

Spectral characteristics

The Soret band for heme proteins is typically observed in

the near-ultraviolet region at approximately 400 nm.

Alteration of the porphyrin chromophore via reduction or

ligand binding produces shifts in the visible spectrum that

can offer valuable comparative data. Proteins containing

high spin heme species typically absorb in the 400–410 nm

region, while low spin species absorb above 410 nm. In the

a/b region, low spin ferric species give two prominent

bands, whereas high spin species have more complex

spectral features.

RmIDO2, like rmIDO1, is a ferric (Fe3?) type heme

protein. Under oxidized conditions, rmIDO1 and rmIDO2

both displayed similar c-Soret peaks at 406 nm (Fig. 6a)

and double peaks in the a/b region (albeit at different

wavelengths—rmIDO1: 540 and 575 nm; rmIDO2: 538

and 585 nm; Fig. 6b). This mixed spin character is similar

to human IDO1 and some mammalian globins (Feis et al.

1994; Terentis et al. 2002).

The spectrum of Fe2? rmIDO1 and rmIDO2 provides

structural information on the catalytically active enzyme

(Fig. 6). Dithionite-reduced rmIDO1 and rmDO-2 (Fe2?)

both displayed c-Soret bands at 428 nm (Fig. 6a) and broad

a/b peaks at around 555–560 nm (Fig. 6b). Again, both

enzymes displayed similar absorbance spectra; reduction

altered the heme into a high spin-state as indicated by the

red shift in the Soret peak and broadening of peaks in the a/

b region.

We also examined interactions with NO (Fig. 6), a

known inhibitor of rhIDO1, to assess changes in the heme

environment of catalytically active rmIDO2. A bolus

Fig. 4 Superimposed structures

of rhIDO1 (PDB-ID: 2D0T) and

rmIDO2. Residues

superimposed were obtained

from pairwise sequence

alignment. RhIDO1 is blue and

rmIDO2 is green. There is a gap

in PDB data for rhIDO1

between the amino acids 360–

380. a Substrate access to heme

moiety in rmIDO2. b Substrate

access to heme moiety in

rhIDO1; negative charges (red),

positive charges (blue), sulfur

atoms (yellow). c Amino acids

within 4 Å of the heme in

mIDO2 (except D278).

d Amino acids within 4 Å of the

heme in hIDO1 (except D274)
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addition of 2 mM DEANO resulted in a large red shift of

the Soret c band maximum for both enzymes, the appear-

ance of two distinct bands in the a/b region for rmIDO2,

and a small blue shift for the existing a/b peaks in rmIDO1

(Fig. 6c, d). Under both oxidized and reduced conditions,

rmIDO1 and rmIDO2 displayed low spin absorbance

characteristics, indicative of direct binding of NO to form

an iron-complex independent of the redox state, similar to

rhIDO1 (Thomas et al. 2007). This suggests that NO could

potentially also inhibit IDO2 activity. The addition of

DEANO to Fe2? rmIDO1 and rmIDO2 resulted in a shift of

the c-Soret band to 418 and 419 nm, respectively (Fig. 6e).

The appearance of peaks in the a/b region at 545 and

575 nm was observed in both enzymes (Fig. 6f).

Kinetic activity

In the MB/AA assay, for the major IDO1 substrate

L-tryptophan, the Km of rmIDO2 was 430 times higher than

that of rmIDO1, with little evidence of the substrate inhi-

bition that becomes apparent with IDO1 at high tryptophan

concentrations (20–40 mM). Despite the high tryptophan

concentrations, the Vmax of the enzyme remained low

(Table 3). Differences in the reduction potentials of

mIDO1 and mIDO2 may account for the disparate behavior

in the presence of MB/AA.

There is also a discrepancy between the in vivo and in

vitro kinetic activity of the enzyme. We reported that

rmIDO2 generated 45% less kynurenine than rmIDO1

when the two proteins were expressed at similar levels in

intact mammalian cells (Ball et al. 2007). Clearly, the

current IDO1 in vitro assay system utilizing MB/AA is

inadequate for optimal IDO2 activity.

We replaced MB/AA with hypoxanthine and xanthine

oxidase, a well-established enzymatic system to generate

O2
�- (Fig. 7). We chose the concentrations of hypoxan-

thine and xanthine oxidase such that the amounts of O2
�-

generated would be in molar excess when compared to

rmIDO2 levels. The result obtained show that while O2
�-

can activate isolated rmIDO2, the extent of this activation

is modest, yielding levels of activity similar to the MB/

AA system.

Recently it has been shown that cyb5, not the superoxide

anion radical, is a major reductant of human IDO1 in cells

(Maghzal et al. 2008). We hypothesized that cyb5 acts in a

similar way with mouse IDO2. To test whether cyb5 can

reduce rmIDO2–Fe3?, we monitored the spectral changes

to rmIDO2–Fe3? in the presence of recombinant human

cyb5, CPR and an NADPH-regenerating system under

anaerobic conditions (Fig. 8). Using UV–visible absorption

spectroscopy, difference spectra showed a time-dependent

decrease in absorbance at *406 nm (c-Soret band) and the

appearance of a peak at *420 nm. In addition, appearance

of distinct a/b bands at 542 and 577 nm was observed

concomitantly with a decrease in absorbance at 510 and

620 nm (Table 2).

The addition of human cyb5/CPR to rmIDO2 in the

presence of NADPH resulted in spectral changes similar to

those reported for rhIDO1 (Maghzal et al. 2008) and

methemoglobin (Kuma 1981) (Fig. 8). These results pro-

vide direct evidence that the cyb5/CPR system can reduce

rmIDO2.

Fig. 5 Alignment of the amino acid sequences of human IDO1 and

mouse IDO2. Sequence identity: 43%. Amino acids highlighted in red
interact with the heme molecule. Yellow region could not be modeled

because of the disordered electron density. Outlined amino acids are

those that are most likely involved in substrate recognition by

hydrophobic interactions (Sugimoto et al. 2006). Bold alignment
sequence alignment of active site residues of two mammalian IDO1

enzymes. Methionine 385 of mouse IDO2 has a prominent alternative

position to other IDO enzymes (as indicated by arrow and green
highlighting)
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In vitro assays of rmIDO2 activity incorporating cyb5/

CPR were conducted. Recombinant human cyb5 effectively

activated rmIDO2 in the presence of purified human CPR

and an NADPH-regenerating system (Table 3). CPR is a

physiological electron donor of cyb5 (Schenkman and

Jansson 2003), and has been used previously in vitro

(Maghzal et al. 2008). The presence of both cyb5 and CPR

was required for this activity, as either protein alone failed

to activate rmIDO1 or rmIDO2, even in the presence of

NADPH (data not shown).

RmIDO2 showed a significant decrease in Km and an

increase in Vmax when incubated at 37�C in the presence of

an equimolar ratio of cyb5/CPR. The Km of rmIDO2 in the

presence of cyb5/CPR was decreased 20-fold (from 12,000

to 580 lM) over the MB/AA assay. The Vmax of rmIDO2

was increased 4.5-fold in the cyb5/CPR assay, from 0.027 to

0.13 lmoles/(min mg) of protein (Table 3). For experi-

ments with rmIDO1 in the presence of cyb5/CPR we

observed a significant decrease in the kynurenine turnover of

the enzyme (from 3.38 to 0.12 lmoles/(min mg) of protein).

The substrate affinity of rmIDO1 for L-tryptophan remained

the same. A drop in Vmax whilst Km remains stable is

indicative of non-competitive inhibition. This implies that

cyb5 interacts with rmIDO1 not through direct competition

with the substrate-binding site, but via another mechanism

(e.g. protein–protein structural changes). This mechanism

appears to be similar for both rmIDO1 and rmIDO2 as

substrate turnover in the presence of cyb5/CPR is similar.
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Fig. 6 Characterization of

NO-inhibited rmIDO1 and

rmIDO2. Ferric and Ferrous

rmIDO1 and rmIDO2: a Soret c
region, b a/b region. Ferric

rmIDO1 and rmIDO2 incubated

in the presence of DEANO:

c Soret c region, d a/b region.

Ferrous rmIDO1 and rmIDO2 in

the presence of DEANO:

e Soret c region, f a/b region
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Other known substrates of IDO1 were tested with rmI-

DO2 in both the MB/AA and Cyb5/CPR assay. With the

MB/AA assay, D-tryptophan and 5-hydroxy-L-tryptophan

were turned over by nanomolar rmIDO2 concentrations in

the presence of high millimolar concentrations of substrate

([150 mM) (data not shown). The possibility of contami-

nation by L-tryptophan in preparations of alternate sub-

strates represents a significant potential complication at

such high concentrations, so these data have not been

included here. Smaller indoles, tryptamine and serotonin,

were also trialled as alternative substrates in the cyb5/CPR

assay. However, no significant metabolism of either mol-

ecule was observed.

Both human IDO1 and mouse IDO1 show an obvious

affinity for the artificial reducing system of MB/AA. As

previously demonstrated (Maghzal et al. 2008), the MB/

AA assay is an efficient but inaccurate representation of

IDO1 enzyme activity in vivo. RmIDO2, however,

showed extremely low L-tryptophan metabolising activity

in the presence of MB/AA. Cytochrome b5 in vitro

induced entirely different behaviors in these two related

enzymes. Addition of cyb5 to a reaction mixture con-

taining rmIDO1 results in a reduction in turnover rate of

IDO1 for L-tryptophan. A drop in Vmax whilst Km remains

stable is indicative of non-competitive inhibition. How-

ever, in the case of rmIDO2 the presence of cyb5

increased both substrate affinity and turnover rate of

product. The final turnover rate in the presence of cyb5

for both rmIDO1 and rmIDO2 was similar; indicating the

possibility that, in vivo, kynurenine production by both

enzymes plays a significant physiological role. However,

while product turnover is similar, substrate affinity

between rmIDO1 and rmIDO2, even in the presence of

cyb5, remains significantly different (Table 3; Ki 29 vs.

530 lM, respectively).

There are several distinct mechanisms through which

the cyb5/CPR system may act as a positive modifier of

IDO2 activity. The direct transfer of an electron would

reduce IDO2 into its active ferrous form. Alternatively,

modification of the active site via a two heme protein

complex could increase access of substrate or decrease

uncoupling time of the product. Protein–protein docking

studies and electrostatic potentials of mIDO2 and cyb5

(Fig. 9) indicated that the two proteins may be capable of

forming a complex.

Protein–protein docking

Rigid body docking using ZDOCK (Chen et al. 2003)

yielded ten final predicted receptor-ligand complexes. In 3

of these complexes cyb5 interacted with the heme active

site of mIDO2 (Fig. 9c). In the other predicted complexes,

however, the major site of interaction was on the opposite

side of the proposed active site of the IDO2 molecule

(Fig. 9d). Thus, the structural models of mIDO2 and cyb5

were entered independently into the RosettaDock protein–

protein docking server. The best result obtained indicated

0 50 100 150 200 250
0

1

2

3

Xanthine Oxidase [mU/mL]

n
m

o
le

s/
m

in
/m

g
 o

f 
p

ro
te

in

Fig. 7 Activation of rmIDO2 by xanthine oxidase/hypoxanthine.

Reaction mixtures were incubated at 37�C for 1 h in the presence

of 100 lM hypoxanthine. O2
�- production was confirmed by rate

of reduction of ferric cytochrome using e550 nm = 21.1 9
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Fig. 8 Reduction of rmIDO2–Fe3? by cytochrome b5 in the absence

of oxygen. Spectra shown between 380 and 650 nm. Inset shows a/b
region between 480 and 650 nm. Up arrow and down arrow indicate

increases and decreases in absorbance over time, respectively

Table 2 Optical properties of ferric and ferrous NO complexes of

rmIDO1 and rmIDO2

IDO adduct Soret c band a/b Bands

rmIDO1–Fe3? 406 540, 575

rmIDO1–Fe3?–NO 418 532, 567

rmIDO1–Fe2? 428 *560

rmIDO1–Fe2?–NO 419 545, 575

rmIDO2–Fe3? 406 538, 585 (shoulder)

rmIDO2–Fe3?–NO 415 *540, 570

rmIDO2–Fe2? 428 *555

rmIDO2–Fe2?–NO 419 545, 575
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binding of cyb5 opposite the active site as shown in Fig. 9d

(energy score values of 1,000 predicted complexes: -438

to -424). When the complex in which cyb5 bound close to

the mIDO2 heme active site was entered into RosettaDock,

less favorable energy scores (-400 to -370) resulted.

Thus, although both displayed interactions are theoretically

possible, a binding opposite the heme active site is

energetically favoured. Only structural models of the two

molecules were available for docking analysis, and the

protein–protein interaction model needs to be confirmed by

mutational studies and, ideally, by X-ray crystallography.

(A similar protein–protein docking study for human IDO1

and human cyb5 was completed—yielding similar types of

interactions—see Supplementary Data 4.)

Table 3 Kinetic and inhibitor parameters of rmIDO1 and rmIDO2 for L-tryptophan at pH 7.4

L-Tryptophan 1-Methyl-L-tryptophan 1-Methyl-D-Tryptophan Norharman

Vmax (units/mg) Km (lM) Ki (lM) Ki (lM) Ki (lM)

rmIDO1 (MB) 3.38 ± 0.15 28 ± 4 105 ± 30 11,300 ± 400 1,080 ± 120

rmIDO1 (cyb5/CPR) 0.12 ± 0.01 29 ± 9 80 ± 20 No competitive inhibition 1,730 ± 570

rmIDO2 (MB) 0.027 ± 0.003 12,000 ± 3000 2,750 ± 560 No competitive inhibition 690 ± 50

rmIDO2 (cyb5/CPR) 0.13 ± 0.01 530 ± 100 440 ± 120 No competitive inhibition 1,960 ± 340

Units are expressed as lmoles/min. For methylene blue (MB) assays, the standard reaction mixture (200 lL) contained, 20 mM AA (neutralized

with NaOH), 200 lg/mL catalase, 10 lM MB, 50 nM rmIDO1 or rmIDO2 and substrate. For cyb5/CPR assays, the standard assay mixture

(200 lL) contained, 50 nM rmIDO1 or rmIDO2 and substrate in the presence of 50 nM recombinant human cytochrome b5 (cyb5) and 50 nM

NADPH cytochrome P450 reductase (CPR). Concentrations of other compounds were as follows: 5 mM glucose 6-phosphate (G6P), 2.8 units of

glucose-6-phosphate dehydrogenase (G6PDH), 2 mM NADPH. All reactions were performed in 100 mM phosphate buffer, pH 7.4 and were

performed at 37�C for 30 min. The reactions were stopped by adding trichloroacetic acid, and kynurenine was measured in the supernatants. Data

are mean ± standard error of the mean (SEM)

Fig. 9 Docking models of

mIDO2 and cyb5. a Electrostatic

surface potential of mIDO2,

b electrostatic surface potential

of cyb5. Blue positive potential,

red negative, white neutral. c, d
The protein–protein interaction

site was calculated using the

ClusPro and the RosettaDock

protein–protein docking servers.

Best energy scores were

obtained for the complex shown

in d where cyb5 binds opposite

to the heme active site.

However, the complex shown in

c, where cyb5 directly influences

the active site of the enzyme,

could theoretically occur but is

predicted to be less

energetically favorable
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Inhibitors of rmIDO2

The ability of known IDO1 inhibitors (1-MDT, 1-MLT and

1-MT) to block the activity of IDO2 in T-REx cells has

been assessed previously (Metz et al. 2007). We investi-

gated how isolated, purified rmIDO1 and rmIDO2 activity

was affected by the D- or L-stereoisomers of 1MT and a

known non-competitive inhibitor of IDO1, norharman

(Table 3).

In the MB/AA activity assay, rmIDO1 activity was

preferentially inhibited by 1-MLT (Ki 105 lM) versus

1-MDT (Ki 11.3 mM). No significant change in the Ki of

1-MLT (Ki 80 lM) against rmIDO1 was observed in the

cyb5/CPR assay. However, for 1-MDT, the addition of

cyb5/CPR resulted in a loss of inhibitory activity, albeit

from very low inhibition to nil.

The stereoselectivity of the tryptophan-binding site of

IDO1 has been previously investigated by Peterson et al.

(1994) 1-MLT showed greater inhibition (52.3% at

100 lM inhibitor concentration) of human IDO1 than

1-MDT (5.7% inhibition at 100 lM). This observation was

supported by Southan et al. (Southan et al. 1996), who

showed that 6-nitro-L-tryptophan (52% inhibition at 1 mM)

is an effective inhibitor of the enzyme, whilst 6-nitro-D-

tryptophan showed almost no inhibitory activity (7%

inhibition at 1 mM).

Inhibition of rmIDO2 activity showed a similar pattern

to rmIDO1. 1-MLT was a more potent inhibitor of rmIDO2

than 1-MDT in both the MB/AA and cyb5/CPR assays

(2.75 mM and 440 lM, respectively). For 1-MDT, under

these assay conditions, no inhibition of rmIDO2 activity

could be observed.

We observed a similar trend for the inhibition of mIDO2

activity in transfected HEK293T cells (Supplementary

Data 5). These results contrast with a previous study on the

inhibitory behavior of 1-MDT against IDO2 (Metz et al.

2007). Our study found that 1-MLT was a better inhibitor

of both mouse IDO1 and IDO2 using three different bat-

ches of 1-MDT and 1-MLT in three types of activity assay.

1-Methyl-D-tryptophan is efficacious as a chemothera-

peutic agent in mouse tumor models (Hou et al. 2007). The

report that 1-MDT was a selective inhibitor of IDO2 sug-

gested that IDO2 was involved in immune responses to

tumors (Metz et al. 2007). This was puzzling as 1-MDT

was not effective in IDO1-/- mice, suggesting that the

compound acted through IDO1 (Hou et al. 2007). The lack

of mIDO2 inhibition by 1-MDT does not support its role in

evasion of immune responses by tumors. However, as it is

still not clear how the anti-tumor activity of 1-MDT could

be mediated through IDO1, other indirect inhibitory

mechanisms in vivo may need to be considered.

Norharman, a non-competitive inhibitor, based on the

b-carboline structure, showed comparable levels of

inhibition of rmIDO1 and rmIDO2 in the MB/AA assay,

indicating a similar mode of action/binding site on both

enzymes (Table 3). In the presence of cyb5/CPR, norhar-

man did not inhibit kynurenine production with similar

potency. Non-specific interaction of norharman with cyb5/

CPR, or steric hindrance of the norharman-binding site due

to interaction between proteins in the activity assay, may

account for these differences in inhibitory potency.

For future experiments requiring inhibition of both

IDO1 and IDO2 activity, L-stereoisomer tryptophan ana-

logs or norharman (and related compounds) may offer the

best lead compounds for testing. Further development of

IDO1 or IDO2 selective inhibitors is required.

In 1989, Sono stated that ‘‘some physiological electron

carrier(s) between the donor(s) and the dioxygenase might

exist. Such an activation process may not require O2
�-’’

(Sono 1989). Since then, IDO-like proteins have been

discovered with a myoglobin-like oxygen transport

activity in molluscs (Suzuki et al. 1998), and cyb5 has

been shown to regulate IDO1 activity in yeast (Vottero

et al. 2006) and mammalian cells (Maghzal et al. 2008).

As a close evolutionary relative of both IDO1 and the

gastropod myoglobins, the role cyb5 plays in activation of

rmIDO2 in vitro lends further support to the conclusions

drawn by Vottero et al. and Maghzal et al. that reduction

by cyb5 is a characteristic of all enzymes in the IDO

family.
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