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Abstract The hemoprotein indoleamine 2,3-dioxygenase
(IDO) is the first and rate-limiting enzyme in the most
significant pathway for mammalian tryptophan metabo-
lism. It has received considerable attention in recent years,
particularly due to its dual role in immunity and the
pathogenesis of many diseases. Reported here are differ-
ences and similarities between biochemical behaviour
and structural features of recombinant human IDO and
recombinant mouse IDO. Significant differences were
observed in the conversion of substrates and pH stability.
Differences in inhibitor potency and thermal stability were
also noted. Secondary structural features were broadly
similar but variation between species was apparent, par-
ticularly in the o-helix portion of the enzymes. With mouse
models substituting for human diseases, the differences
between mouse and human IDO must be recognised before
applying experimental findings from one system to the
next.
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Introduction

The first and rate-limiting step of the kynurenine pathway,
the major pathway for tryptophan metabolism in humans, is
the oxidative cleavage of the 2,3-double bond of the
indole ring of tryptophan via the incorporation of molec-
ular oxygen by the heme-containing enzyme indoleamine
2,3-dioxygenase (IDO) (Fig. 1).

IDO is a monomeric, cytosolic protein that is present in
most mammalian organs including the intestine, placenta,
lung, blood mononuclear phagocytes, epididymis, endo-
crine and central nervous systems (Heyes and Morrison
1997; Suzuki et al. 2001). IDO has broad substrate speci-
ficity and is capable of oxidatively cleaving several indoles
including p- and L-tryptophan, tryptamine, 5-hydroxy-L-
tryptophan, serotonin and melatonin (Shimizu et al. 1978;
Thomas and Stocker 1999). Mouse IDO is 407 amino acids
in length, with a molecular weight of 45,639 Da. (Habara-
Ohkubo et al. 1991) and human IDO is 403 amino acids
long, with a molecular weight of 45,324 Da. Mouse
and human IDO orthologs show 62% sequence identity,
(Habara-Ohkubo et al. 1991) (Fig. 2) which is low amongst
the kynurenine pathway enzymes (Fig. 1).

Recently, a paralog of human and mouse IDO was
discovered and named IDO-2. (Ball et al. 2007) The tissue
distribution (primarily in the kidney and epididymis) and
tryptophan catabolising activity of IDO-2 is different to
IDO (Yuasa et al. 2007). At the present time, the functional
role of IDO-2 remains unclear.

Under pathological conditions, IDO is over-expressed as
a host immune response to rapidly dividing cells and
pathogens, such as parasites, (Hansen et al. 2000; Medana
et al. 2003; Hansen et al. 2004; Mitchell et al. 2005) bac-
teria, (Manuelpillai et al. 2003; Oberdorfer et al. 2003; van
der Sluijs et al. 2004) and viruses (Potula et al. 2005;
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Fig. 1 Initial steps of the kynurenine pathway. The heme containing
enzyme indoleamine 2,3-dioxygenase (IDO) is capable of catalysing
this reaction. The cleavage product, N'-formylkynurenine, is then
hydrolysed by kynurenine formamidase, (Mouse—Human identity:
69%) or spontaneously, to form kynurenine. Kynurenine is then

Terajima and Leporati 2005; van der Sluijs et al. 2006).
The over-activation of IDO results in the reduction of
tryptophan in the cellular environment, depriving cells
which pose a challenge to the immune system of this
essential amino acid.

The importance of IDO in immunity and disease is
increasingly recognised, with mouse models playing a
significant role in the study of this influential enzyme.
Inhibition of murine IDO has been used to study maternal
tolerance of the foetus, a fundamental paradox of the
immune system (Munn et al. 1998). Through inhibition of
mouse IDO, tryptophan depletion was shown to be essen-
tial in preventing the rejection of allogenic conceptii. More
recently, mouse IDO inhibition has been shown to poten-
tiate chemotherapy antitumor response, providing
important new leads in cancer therapy (Muller et al. 2005a,
b; Hou et al. 2007). These and other findings in mouse
systems must be interpreted cautiously before application
to human models, as no direct comparison of the kinetic
and structural features of mouse and human IDO has been
performed.

Reported here is a comparative study of the enzymatic
behaviour and secondary structural features of recombinant
human IDO (rhIDO) and recombinant mouse IDO (rmIDO)
allowing greater confidence in the application of results
between murine and human systems.

Materials and methods
Subcloning of IDO cDNA from tissue samples
Murine b-end and human HBEC brain endothelial cell lines

(courtesy of F. Marelli-Berg and Georges Grau, respec-
tively) were treated with 64 units/ml of interferon gamma
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further metabolised by enzymes of the kynurenine pathway, such,
(Mouse—Human identity: 81%) kynurenine monooxygenase, (Mouse—
Human identity: 78%) and kynureninase (Mouse—Human identity:
83%) to different metabolic fates

overnight. RNA was extracted with 1 ml of Tri reagent
(Sigma). Chloroform (0.2 ml) was added, and the lysate
was mixed well. After centrifugation at 12,000g for
15 min, the aqueous layer was transferred to a new tube.
RNAs were precipitated with 500 pl of isopropanol and
pelleted at 12,000g for 15 min. The pellet was washed with
70% (vol/vol) ethanol and resuspended in water. Genomic
DNA contamination was removed by DNase treatment
using a DNAfree kit (Ambion). cDNAs were synthesized
from up to 2 pg of total RNA in a reaction mixture con-
taining 0.1 ng of oligo(dT)18, 0.6 mmol/L of each
nucleotide, 5 U of Prime RNase inhibitor (Eppendorf), and
Moloney murine leukemia virus reverse transcriptase
(Invitrogen).

Primers were designed based on the previously published
sequences of the IDO gene (Human-GenBank® accession
number X17668, Mouse-Genbank® accession number
NM_008324). The primers for cloning of human IDO had
the sequences 5'-CACCATGGCACACGCTATGGAAA-3'
(forward primer) and 5-TTAACCTTCCTTCAAAAGGGA
TT-3’ (reverse primer). For mouse IDO, 5'-CACCATGGCA
CTCAGTAAATATCTC-3' (forward primer) and 5'-CACT
AAGGCCAACTCAGAAGAGCTT-3' (reverse primer).
Both human and mouse IDO forward primers contained a
CACC overhang at the 5’ end to allow for directional
insertion into pENTR™/D-TOPO® vectors (Invitrogen).

The PCR product was initially ligated into the pPENTR ™/
D-TOPO® vector using the pENTR™/D-TOPO® Cloning
Kit (Invitrogen) and transformed into TOP10 E. coli cells.
Plasmid DNA was isolated from positive colonies, and the
human or mouse IDO gene was inserted into pDEST ™17
(Invitrogen) via LR recombination reaction. The products
were then transformed into DHS« E. coli cells, and plasmid
DNA that was isolated from the colonies was screened by
restriction digestion for incorporation of the IDO gene.
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Fig. 2 Sequence alignment of human and mouse IDO. Diagrammatic
representation of human IDO secondary structure is shown above the
mouse/human sequence alignment—a DSSP generated sequence
from human IDO crystal structure (Kabsch and Sander 1983)
b Sugimoto et al. (2006) approved sequence from human IDO crystal

Plasmid DNA isolated from the positive colonies was
sequenced to confirm correct incorporation of the gene and
to verify the sequence. This plasmid DNA was then used to
transform BL21 (DE3) E. coli according to the manufac-
turer’s instructions (Invitrogen).

Large-scale expression of recombinant IDO in E. coli

BL21 (DE3) E. coli transformed with pDEST™17 plasmid
containing human or mouse IDO was grown at 30°C in
Luria-Bertani (LB) medium containing 100 pg/mL ampi-
cillin (Sigma). A single colony of BL21 (DE3) IDO
positive E. coli was inoculated in 100 mL LB medium and
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structure. Global identity between rmIDO and rhIDO was 62%.
Global similarity between rmIDO and rhIDO was 75%. The similarity
consensus plot is shown below the sequence alignment. Red boxes
highlight titratable histidines and carboxylates needed to maintain
activity of human IDO

cultured overnight. The 100 mL culture was added to
900 mL of the same medium and incubated at 30°C to a
density of 0.6 OD at 600 nm. After small scale optimiza-
tion studies to determine appropriate levels of growth
supplements, 1 mM isopropyl -p-1-thiogalactopyranoside
(IPTG), 0.2% (w/v) L-arabinose, 0.5 mM J- aminolevulinic
acid (ALA), and 1 mM phenylmethanesulphonylfluoride
(PMSF) were then added. Each culture was incubated for a
further 3 h. Cells were collected as a pellet by centrifu-
gation at 3,000g for 20 min at 4°C. The pellet was
suspended in 20 mL ice-cold (Dulbecco’s) phosphate—
buffered saline (PBS) containing 1 mM PMSF and cen-
trifuged at 3,000g for 15 min at 4°C. The pellet was stored
—20°C.
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Purification of recombinant IDO (human or mouse)

Frozen pellets from 1 L of bacterial culture, obtained
according to the method described earlier, were thawed and
suspended in Tris(hydroxymethyl)methylamine (Tris) buf-
fer (25 mM) at pH 7.4, containing NaCl (150 mM),
imidazole (10 mM), MgCl, (10 mM), lysozyme (1 mg/mL),
ethylenediaminetetraacetic acid (EDTA) free-cocktail
inhibitor tablets (2%, Roche), DNase (<1 mg) and PMSF
(1 mM). The resuspended bacterial pellet was incubated on
ice for 1 h. The suspension was sonicated (Branson Sonifier,
3 x 40 W, 30 s pulses) before centrifugation at 5,000g for
20 min to obtain a clear supernate and pellet.

The clear supernate (25 mL) was then applied toa 1 mL
Hi-Trap chelating column (Amersham Biosciences)
charged with nickel ions; equilibrated with the basal buffer
[Tris (25 mM), pH 7.4; NaCl (500 mM), and PMSF
(1 mM)] containing imidazole (10 mM). Following wash-
ing with 18 mL of basal buffer, recombinant IDO was
eluted at an imidazole concentration of 300 mM, after
purification with a stepwise gradient incorporating imid-
azole concentrations of 50, 65 and 80 mM. The protein
collected at the elution step was then buffer exchanged into
Tris (50 mM), 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 and stored at —80°C.

Protein purity was monitored by sodium dodecyl sul-
phate-polyacrylamide gel electrophoresis (SDS-PAGE)
using a Bio-Rad® Mini-Protean III system according to the
method of Laemmli (1970) with some modifications. Pro-
teins were resolved on 12% acrylamide gels and stained
with Coomassie Brilliant Blue.

Protein concentration was determined with Bio-Rad®
dye reagent (1:5 dilution with MilliQ H,0O) using bovine
serum albumin (0-1 mg/mL) as a standard. The coloured
product was measured at 595 nm using a SpectraMax
190 micro-plate reader.

Assay of IDO kinetic activity

IDO activity was determined as described by Takikawa
et al. (1988) with minor modifications. In brief, the stan-
dard reaction mixture (200 pL) contained 50 mM
potassium phosphate buffer (pH 6.5), 20 mM ascorbic acid
(neutralised with NaOH), 200 pg/mL catalase, 10 pM
methylene blue, substrate and IDO (either mouse or
human). The reaction was carried out at 37°C for 1 h and
stopped by the addition of 40 pL of 30% (w/v) trichloro-
acetic acid. After heating at 65°C for 15 min, the reaction
mixtures were centrifuged at 11,500g for 7 min. The
supernate (125 plL) was transferred into a well of a 96-well
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microtitre plate and mixed with 125 pL of 2% (w/v)
p-dimethylaminobenzaldehyde (p-DMAB) in acetic acid.
The yellow pigment derived from reaction with kynurenine
was measured at 480 nm using a SpectraMax 190 micro-
plate reader (Molecular Devices, Sunnyvale, USA). A
standard curve of L-kynurenine was used, ranging in con-
centration from 0 to 500 uM.

Using this assay, the kinetic properties of recombinant
human IDO (rhIDO) and recombinant mouse IDO
(rmIDQO) were determined against three substrates, i.e.
L-tryptophan, p-tryptophan and 5-hydroxy-L-tryptophan.
Apparent Michaelis-Menten constants (K,,) were deter-
mined with varying concentrations of these substrates.
The concentration ranges for L-tryptophan, D-tryptophan
and 5-hydroxy-L-tryptophan were 5-600, 1-45,000 and
304,000 uM, respectively, including carrier controls.
Each reaction was conducted in triplicate. Kinetic param-
eters (K, Vimax) were determined using GraphPad Prism 4
(GraphPad software Inc., CA, USA).

A variation of this assay was used to determine pH
stability of rthIDO and rmIDO. Briefly, pH of the 50 mM
potassium phosphate buffer, used within the standard
reaction mixture, was varied by increments of pH 0.5 over
the range pH 6-9. For the pH range 4.1-5.5, 50 mM
potassium hydrogen phthalate was used to buffer the
reaction mixture. Specific activity of rmIDO and rhIDO
was determined using 200 pM L-tryptophan as the
substrate.

Comparison of K; values for competitive
and non-competitive inhibitors of IDO

For inhibitor testing, known inhibitors of IDO (Competi-
tive: 1-Methyl-L-Tryptophan (1-MLT); Non-competitive:
Norharman) were added to the standard reaction mixture
(outlined above) over a concentration range of 50-500 pM
with carrier controls. L-Tryptophan substrate concentration
was also varied between the ranges 25 and 200 uM with
carrier controls. K; values were determined via non-linear
regression analysis using GraphPad Prism 4. The following
non-linear regression equations were used with GraphPad
Prism: non-competitive, {Y = [Vn.xX/(1 + /K)I/K, +
X}; and competitive, K,(app) = K[l + /K], Y = V. X/
[Km(app) + X].

Statistical analysis

Comparisons were performed using a two-way ANOVA
statistical analysis followed by a Bonferroni’s comple-
mentary analysis or Student’s ¢ test where relevant.
P values deemed significant are described in figure legends.
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Structural analysis of mouse and human recombinant
IDO

Circular dichroism (CD) spectra were recorded on a
JASCO J-810 spectropolarimeter with 1 mm pathlength
quartz cuvettes at a temperature of 20°C. Sensitivity was
100 millidegrees, and the scanning speed was 50 nm/min
for an accumulation of 4 scans. CD data were collected
between 300 and 190 nm for both human and mouse
recombinant IDO at a concentration of 1 mg/mL. Decon-
volution of spectra was performed in the CDPro software
package (SELCON, CDSSTR, CONTINLL) using a 43
protein reference set (Sreerama and Woody 2000).

Thermal transition curves were measured by monitoring
a specific wavelength (4 =222 nm or 205 nm) as a
function of the increasing temperature over the range
20-99°C at 1°C/min. Ty, values were determined by finding
the first derivative of the thermal transition curve using
peak processing software packaged with the JASCO J-810
spectropolarimeter.

Sequence alignment was performed with CLUSTALW
and edited with Jalview. Similarity was determined using
the EMBOSS Pairwise Alignment Algorithm (Rice et al.
2000) “needle” utilising the Needleman-Wunsch global
alignment algorithm (Needleman and Wunsch 1970).

Results and discussion
IDO purity, purification and kinetic activity

Following the purification (Table 1) of the rmIDO and
rhIDO proteins, the products obtained were subjected to
SDS-PAGE analysis (Fig. 3). As determined by SDS-
PAGE, only one homologous band was observed for both
isolated proteins with a molecular mass of ~45-50 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

rmIDO rhiDO

116000 ——»
80000 —p»

51000—p g SN

34700 —p

30000 ——Pp

Fig. 3 SDS-PAGE analysis of the eluted rmIDO (left) and rhIDO
(right) taken from Hi-Trap chelating column. The numbers on the left
indicate molecular mass of markers in Daltons

molecular weights for recombinant mouse and human IDO
are therefore 48.8 and 48.5 kDa, respectively.

The values for K, and V., are characteristic properties
of the enzyme and substrate system. Both rmIDO and
rhIDO showed similar activity measurements for L-tryp-
tophan, p-tryptophan and 5-hydroxy-L-tryptophan, with all
values appearing within the same order of magnitude.
However, significant differences in substrate activity and
efficiency were apparent (Table 2) [supplemental data
Figs. (a)—(c)].

RmIDO showed a threefold higher substrate efficiency
(Vimax/K) ratio than thIDO when L-tryptophan was used as

Table 1 A summary of purification of thIDO and rmIDO from the bacterial pellets of 1 L culture of E. coli BL21 (DE3), pDEST-17 containing

the appropriate IDO gene

IDO type Step Volume (mL) Total protein

Total activity

Specific activity Yield (%) Fold

(mg) (uMol/h) of rIDO* (uMol h! mgfl) purification
Mouse Crude extract 20.0 340 4,200 12 100 1
Hi-Trap 3.50 11 2,387 217 57 18
Human Crude extract 20.0 354 5,310 15 100 1
Hi-Trap 3 6.6 1,860 282 35 19

Final samples recovered from the Hi-Trap chelating column gave a single band on SDS-PAGE (Fig. 1). The final recovery for rmIDO and rhIDO
was 57 and 35% from the crude extract, respectively. For rmIDO the yield was 3.5 mg/L of growth media. For rhIDO the yield was 3 mg/L of

growth media

*Enzyme activity was determined with 200 pM L-tryptophan as the substrate
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g § g substrate, with a significant difference in K, being noted.
g H H A significant difference in both the V.« and K, of
= s § § 5-hydroxy-L-tryptophan was also observed, with a twofold
z X2 == difference in the V,../K,, ratio. Again, rmIDO had the
- higher substrate efficiency. For b-tryptophan, neither
iét enzyme displayed a significant difference in kinetic
& properties.
& No significant difference in the inhibitory effects of
_i SRS norharman could be determined between rmIDO (K; =
= | H+#H 1,080 uM) and rhIDO (K; = 1,280 puM). The K; of 1-MLT
E o % S e was 105 pM for rmIDO and 62 pM for rhIDO, indicating
that 1-MLT is a better inhibitor of rhIDO than rmIDO;
- however, the observed differences were not significant.
. E In a biological context, the significant increase in sub-
K- o strate efficiency of rmIDO for L-tryptophan and 5-hydroxy-
" >§ % § g L-tryptophan indicates that the binding site of rmIDO more
T readily accepts L-amino acid substrates as does rhIDO.
;‘ - 5 Q Tryptophan levels in mouse serum are 25% higher than
E % _ j ; humans (mouse: 104 pmol L™ vs. human: 73 pmol L™")
& «‘é N % °c g (Fernstrom and Wurtman 1971; Huang et al. 2002). As a
% fi el e possible adaptation to higher circulating tryptophan levels,
RS % S due to dietary differences between species, mouse IDO
g g - S 3 z appears to have become more efficient at converting
S| 2 i E o e L-tryptophan than human IDO. 1-MLT and norharman
ARG g inhibited IDO activity in both species, in a similar manner.
g ~ é Interestingly, rmIDO showed no significant difference in
g = 2 down-regulation of activity with the chiral inhibitor,
gh Q-_E E I-MLT. Despite rmIDO favouring r-amino acid catabo-
= \é ‘2 § § 2 lism, it is less able than rhIDO to accommodate the methyl
2 =2 = group of 1-MLT, either due to differences in the binding
g S — interaction or steric hindrance.
< $52
= HH| =
g slgglt "
R EI RS pH stability
£ | E S
8 BZ T “é The general trend in enzymatic activity was the same for
E ? éé j j % both rmIDO and rhIDO over the pH range studied (pH
":% R I = 4.0-9.0, Fig. 4). At alkaline pH, rhIDO remained signifi-
8 = g cantly more active than rmIDO, as evidenced by a smaller
E g @ relative drop in specific activity from the maximum (47%
5 g'_‘a ; for rhIDO, as opposed to 70% for rmIDO) at pH 9.0. Below
Ej g 21 w o |8 pH 5.0, rmIDO had significantly higher activity than rhIDO.
g il Bl 2 The local pH environment, as well as the relative pK, of
% A 9 amino acid side chains can have a profound effect on the
5 S|+ '92 activity of an enzyme in vitro. Mutation studies have
% SACH N = g shown that titratable histidines and carboxylates, such as
-_E 2_:% - § His**® (the proximal heme ligand), Arg®' and Asp*’*
S & ~|o —|%& residues are vital in maintaining tryptophan catabolising
% 5 ;g__‘s j;l j;l % activity in human IDO (Highlighted in red, Fig. 2)
E TISElR 2 8 (Littlejohn et al. 2003; Sugimoto et al. 2006). While these
« o = § groups remain conserved in mouse IDO, the surrounding
2o 2 gz amino acid environments (especially in the loop containing
&8 S E |3 the proximal heme ligand; Mouse—Human identity: 43%)
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Fig. 4 Graph of pH versus percentage change of maximum activity.
RmIDO had a global maximum at pH 6.0; rhIDO had a global
maximum at pH 6.5. Statistical results are expressed as the
mean =+ standard error of the mean (SEM); mouse versus human:
#* P <0.01, #*** P < 0.001

lack consensus. The response of these dissimilar structural
features to charge may explain the differences in trypto-
phan catabolising activity observed.

CD spectroscopy: secondary structure analysis

CD spectra were acquired to compare the gross secondary
structure of rmIDO and rhIDO (Fig. 5). Far UV CD spectra
were analysed using Cdpro (Table 3). The data collated in
Table 3 was compared to the available secondary structure
data derived from the human IDO crystal (Sugimoto et al.
2006). RhIDO used in this study and crystallised human
IDO showed comparable levels of a-helix and f-sheet,
giving greater validity to the predicted secondary structure
of rmIDO.

The secondary structures of both species were broadly
similar, with enzymes being predominantly o-helical, 71
and 61% for rmIDO and rhIDO, respectively. However, the
difference in a-helix proportions is large enough to provide

CD[mdeg]
II
|
|

200 220 240 260
Wavelength (nm)

Fig. 5 Circular dichroism analyses of recombinant mouse (blue line)
and human (green line) IDO. Circular dichroism spectra were
conducted in 10 mM Tris (pH 7.4) buffer with a 1 mm pathlength
cuvette. Protein concentration: 1 mg/mL. The region 195-260 nm is
shown

Table 3 Secondary structure analyses of rmIDO and rhIDO

Protein rmIDO  rhIDO-predicted RhIDO-observed
(%) (%) (Sugimoto et al. 2006)
a-helix 71 61 63%
p-sheet 4 7 1%
p-turn 15 19 ND
Random coil 10 13 ND

ND No data on the percentage of f-turn and random coil

some context for the observed variation in kinetic activity.
Experimental data supports the conclusion that rmIDO has
a greater preference for L-amino acids molecules with
small attached moieties (see “IDO purity, purification and
kinetic activity”). Compositional differences around the
rmIDO active site, particularly in the amount of «-helix
structures, could play a substantial role in the divergence of
activity from rhIDO.

CD spectroscopy: thermal unfolding

Thermal denaturations of rmIDO and rhIDO were observed
using CD spectrometry. Loss in structure was monitored at
A = 222 nm (Fig. 6). With over 60% of the IDO protein in
both mouse and human species consisting of «-helix
structures (Chen et al. 1974), this region was of significant
interest. Figure 6 shows the loss of secondary structure of
rmIDO and rhIDO as a function of temperature. RhIDO
(green line) showed a two state denaturation with inter-
mediates displaying T;,, of 48 and 70°C. The T,, of the
denaturation process for rmIDO was 60°C, with a possible
second intermediate at a Ty, of 44°C.

Whilst many physical and kinetic properties of thIDO and
rmIDO show similarities, distinctions in pH, thermal
stability, substrate activity and efficiency of these increas-
ingly studied proteins are apparent. With a dependence on
mouse models to substitute for human conditions when
studying the pathogenesis of disease, the differences
between mouse and human IDO must be recognised and
accounted for, before applying interpretation of experi-
mental findings from one system to the next.

Temperature (°C)

Fig. 6 Thermal transition of rmIDO (blue) and rhIDO (green) at
A = 222 nm over the range 20-99°C
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