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The hemoprotein indoleamine 2,3-dioxygenase-1 (IDO1) is the first and rate-limiting enzyme in mamma-
lian tryptophan metabolism. Interest in IDO1 continues to grow, due to the ever expanding influence
IDO1 plays in the immune response. This study examined the contribution of all individual cysteine res-
idues towards the overall catalytic properties and stability of recombinant human IDO1 via mutagenesis
studies using a range of biochemical and spectroscopic techniques, including in vitro kinetic assessment,
secondary structure identification via circular dichroism spectroscopy and thermal stability assessment.
Upon mutation of cysteine residues we observed changes in secondary structure (principally, shifting
from a-helix/B-sheet features to random coil structures) that produced out of plane heme torsion and
puckering, changes to thermal stability (including gains in stability for one mutant protein) and differ-
ences in enzymatic activity (such as, increased ability to convert non-natural substrates, e.g.p-trypto-

Altered substrate binding site

phan) from wild type IDO1 enzyme.

© 2013 Elsevier Inc. All rights reserved.

1. Introduction

The haemoprotein indoleamine 2,3-dioxygenase-1 (IDO1; EC
1.13.11.52) is an immunoregulatory enzyme responsible for the
oxidative cleavage of L-tryptophan to N'-formylkynurenine as the
first step of the Kynurenine Pathway; the major metabolic path-
way for tryptophan breakdown (Fig. 1; Left). Increased expression
of IDO1, principally by IFN-vy release due to inflammation resulting
from infection and/or disease, elicits both innate and adaptive im-
mune responses that can have both beneficial and detrimental con-
sequences. For example, essential amino acid removal such as
tryptophan depletion by increased expression of IDO1 is an an-
cient, efficient and innate method of slowing the growth of infec-
tious agents that rely on endogenous tryptophan stores for
continued metabolic activity [1]. Furthermore, the low tryptophan
cellular environment changes adaptive immune mechanisms,
altering modulatory signals to/from T-lymphocytes, resulting in
both G1-cell cycle arrest and apoptosis. This in turn causes host
immunosuppression and is a major mechanism of both tumour im-
mune escape [2] and prevention of maternal foetal rejection [3,4].
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In addition, IDO1 activity affects the production of down-stream
metabolites of tryptophan (e.g. 3-hydroxykynurenine and quino-
linic acid), which have been shown to play roles in inflammatory
disease symptomology, particularly in the CNS [5,6]. Consequently,
IDO1 has received significant research attention as a potential
therapeutic target in disease states where the immune system is
in a state of dysregulation, for example, ovarian cancer [7]. A great-
er understanding of how the structural components of human
IDO1 interact (vide infra), and how alteration of these interactions
govern both function and stability, may aid both future drug devel-
opment and identification and characterisation of possible delete-
rious single nucleotide polymorphisms [8].

Cysteine residues in proteins are important sites for metal coor-
dination, catalysis and structure stabilisation. Containing a reactive
sulfhydryl (-SH) group, the cysteine moiety can act as a nucleo-
phile and forms thiol radicals, making it possible to form both in-
tra- and intermolecular covalent bonds. However, the ease of
formation of such covalent bonds depends on the overall redox po-
tential, the spatial environment and pH of the protein and sur-
rounding environment. In IDO1, cysteines are well distributed,
mostly in helices. Three cysteine residues are found in the small
domain (which contains nine a-helices and two B-sheets) and five
in the large domain (comprising 15 a-helices and the catalytic
pocket - Fig. 1; Right). IDO1 cysteines do not form disulfide bridges
or co-ordinate to the heme iron so their role in the maintenance of
activity/structure remains largely unknown. We report here on the
contribution of all the individual cysteine residues towards the
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Fig. 1. (Left): 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, or spontaneously, to form kynurenine. (Right) Crystal structure of human IDO-1 showing
positions of all 8 cysteine residues and the active site (PDB: 2DOT, [16]). Active site — pink; heme and co-crystalised phenylimidazole - green. The large and small domains are
coloured red and blue, respectively. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

overall catalytic properties, secondary structure, heme environ-
ment and stability of human IDO1.

2. Materials and methods
2.1. Materials

All chemicals were of analytical grade unless otherwise speci-
fied. A Hi-Trap chelating column and Microspin Sephadex G-25
columns were obtained from Amersham Biosciences. Sephadex
G25 (NAP 10) columns were purchased from Pharmacia Biotech.
Amicon Ultra 4 mL centrifugal devices were obtained from Milli-
pore. A Superdex 75 PC 3.2/30 column was purchased from Phar-
macia LKB Biotechnology. 8-Aminolevulinic acid (ALA), ampicillin,
ascorbic acid, catalase (bovine), imidazole, isopropyl-B-p-thioga-
lactopyranoside (IPTG), i-kynurenine, kanamycin, lysozyme, p-
dimethylaminobenzaldehyde (p-DMAB), phenylmethylsulfonylflu-
oride (PMSF) and L-tryptophan were obtained from Sigma-Aldrich.
Bovine serum albumin (BSA) (Fraction V) was obtained from Amer-
sham. Coomassie blue R250 was purchased from Bio-Rad. DNase
and EDTA-free cocktail inhibitor tablets were products of Roche.

2.2. Site-directed mutagenesis of the IDO1 expression plasmid pQE9-
IDO1

Plasmid DNA was isolated using a GenElute Plasmid Miniprep Kit
(Sigma), according to the manufacturer’s instructions. Site-directed
mutagenesis of pQE9-IDO1 was undertaken using the QuikChange®
site-directed mutagenesis kit (Stratagene) per the manufacturer’s
instructions. All primers were synthesised by Sigma-Genosys (Cas-
tle Hill, Australia). Primers used for site-directed mutagenesis and
sequencing are outlined in Supplementary Data. Dye terminator
DNA sequence analysis was performed using an ABI-PRISM 377
DNA sequencer (Applied Biosystems) to confirm mutations.

2.3. Bacterial Strain

The Escherichia coli strain (EC538, pREP4) used for expression
studies has been previously used for the recombinant expression
of human IDO1 [9]. Briefly, a single colony of E. coli (EC538) cells
containing plasmids pQE9-IDO and pREP4 was inoculated in
100 mL LB medium and cultured overnight. The 100 mL culture
was added to 900 mL of the same medium and incubated at

30 °C to an optical density of 0.6 at 600 nm. IPTG (100 mM), ALA
(500 mM), and PMSF (1 M) were then added at final concentrations
of 0.1, 0.5, and 1 mM, respectively. Each culture was incubated for
a further 3 h. Cells were collected as a pellet by centrifugation at
5000g 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 centrifuged at 3000g for 15 min at 4 °C. The bac-
terial pellet was stored at —20 °C.

2.4. Purification of wild type IDO1 and mutant IDO1 proteins

One litre pellets of bacterial culture, obtained according to the
method described above, was suspended in 25 mM tris(hydroxy-
methyl)methylamine (Tris) buffer at pH 7.4, containing 150 mM
NaCl, 10 mM imidazole, 10 mM MgCl, and 1 mM PMSF. The sus-
pension was then centrifuged at 5000g for 20 min at 4 °C and the
supernatant discarded to remove any residual PBS storage buffer.

The newly washed pellets were resuspended in 20 mL of ice-
cold buffer as outlined above, with the addition of EDTA free-cock-
tail inhibitor tablets (x2) and DNase (<1 mg). The suspension was
French pressed three times at 10,000 p.s.i. and centrifuged at 5000g
for 20 min to obtain a clear supernatant and pellet. The clear super-
natant (20 mL) was then applied to a 1 mL Hi-Trap chelating col-
umn charged with nickel ions; equilibrated with the basal buffer
[Tris 25mM pH 7.4; 150 mM NaCl; 1 mM PMSF] containing
10 mM imidazole. After washing with 18 mL of this buffer, IDO1
(wild type or mutant) protein was eluted on a stepwise gradient
incorporating washings at imidazole concentrations of 30, 40, 50,
65, 80 mM, and elution at 190 mM.

The protein collected at the elution step was then buffer-ex-
changed into 50 mM Tris pH 7.4 using a Sephadex G25 (NAP 10)
column. The desalted fractions were pooled and concentrated to
a volume of 50 pL using an Amicon Ultra 4 mL centrifugal device
with a 30,000 Da molecular weight cut-off. The concentrated frac-
tion was then applied to a Superdex 75 PC 3.2/30 column according
to the manufacturer’s instructions, after equilibration with 50 mM
Tris pH 7.4. Fractions were collected in 75 pL aliquots at a flow rate
of 60 puL/min over 3.5mL. The fractions with the highest
406:280 nm absorbance were pooled for analysis.

2.5. Analysis of wild type IDO1 and mutant IDO1 proteins

Protein concentration was determined with Bio-Rad dye re-
agent using BSA (0-1 mg/mL) as the standard. The coloured prod-
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uct was measured at 595 nm using a Shimadzu UV-Vis spectro-
photometer. Proteins were visualised using SDS-PAGE analysis
by the method of Laemmli [10]. Ultraviolet (UV) and visible (Vis)
spectra of proteins were recorded with a Shimadzu UV-Vis spec-
trophotometer, with 1 cm pathlength quartz cuvettes. Circular
dichroism (CD) spectra were recorded on a JASCO J-810 spectropo-
larimeter with 1 cm and 1 mm pathlength quartz cuvettes. Sensi-
tivity was 100 millidegrees, and the scanning speed was 50 nm/
min for an accumulation of 32 scans. Further analysis of CD data
was undertaken using the CDpro and K2D programs according to
established protocols [11,12]. Thermal transition curves were mea-
sured by monitoring /=222 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.

2.6. Kinetic studies

IDO1 activity was determined as described by Takikawa et al.
[13] with minor modifications. In brief, the standard reaction mix-
ture (200 pL) contained 50 mM potassium phosphate buffer (pH
6.5), 20 mM ascorbic acid (neutralised with NaOH), 200 pg/mL cat-
alase, 10 uM methylene blue, 400 uM i-tryptophan, and IDO1
(either wild type or mutant protein). The reaction was carried
out at 37 °C for 60 min and stopped by the addition of 40 pL of
30% (w/v) trichloroacetic acid. After heating at 65 °C for 15 min,
the reaction mixtures were centrifuged at 11,500g for 7 min. The
supernatant (125 pL) was transferred into a well of a 96-well
microtitre plate and mixed with 125 pL of 2% (w/v) p-DMAB in ace-
tic acid. The yellow pigment derived from kynurenine was mea-
sured at 480 nm using a Fluorostar microtitre plate reader (BMG
Lab Technologies). A standard curve of i-kynurenine was used to
determine product formation, ranging in concentration from 0-
500 pM.

Using this assay, the kinetic activity of wild type IDO1 and the
IDO1 mutants was determined against two substrates, i.e. L-trypto-
phan and p-tryptophan. As IDO1 enzyme samples were a mixture
of active holoenzyme (heme-containing IDO1) and inactive apoen-
zyme (heme-free IDO1), the kinetic parameters were determined
as a function of concentration of holoenzyme [14]. The concentra-
tion of holoenzyme for each sample was resolved using the extinc-
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tion coefficient at 406 nm for rabbit intestinal IDO1 of
£=140 mM~' cm~' [15]. The amount of wild type and mutant pro-
tein was adjusted to give an initial velocity for each substrate
where the percentage of conversion of substrate at each concentra-
tion was less than 10%. Apparent Michaelis—Menten constants (K,
Vmax) Were determined by varying concentrations of L-tryptophan
and p-tryptophan with concentration ranges of 0-200 pM and 0-
3000 pM, respectively. Each reaction was conducted in triplicate.

3. Results and discussion
3.1. Structural analysis of wild type and mutant IDO1 species

Following the purification of the wild type and mutant IDO1
proteins, the products obtained were subjected to SDS-PAGE anal-
ysis. For each isolated protein, one homologous band was observed
with a molecular mass of ~45 kDa (data not shown).

Far UV CD spectra were obtained and analysed using Cdpro and
K2D3 deconvolution programs to determine whether Cysteine (C)
to Alanine (A) mutations changed the secondary structure of
IDO1 when compared to wild type (Fig. 2A). The analyses showed
that wild type IDO1 protein exhibited a configuration consisting of
63% a-helical, 4% pB-sheet and 33% random coil (Table 1); consistent
with the known secondary structure of human IDO1 elucidated
from Sugimoto et al.’s crystal structure [16]. The mutant IDO1 pro-
teins differed in structural composition when compared to wild
type enzyme (Table 1- 38-71% o-helical, 3-17% B-sheet and 26-
44% random coil), however all proteins (with the exception of
C335A-IDO) maintained similar proportions of a-helical, p-sheet
and random coil structure (i.e. % o-helix > % random coil > % B-
sheet). In the case of protein C335A-IDO, the percentage of random
coil was higher than both a-helix and B-sheet. Interestingly, the
residue C335 is in close proximity to the cofactor entrance flexible
loop (residues 360-380 - unresolved by X-ray crystallography) of
IDO1. The mutation of C335A appears to alter a segment of the
large domain (Fig. 1 - Red) resulting in the increased proportion
of random coil observed for this enzyme.

Generally, far UV CD spectroscopy indicated that site-directed
mutagenesis of individual cysteine residues had only subtle effects
on overall protein secondary structure. Spectra were obtained at
high protein concentrations, which allowed greater sensitivity of

B

Wavelength (nm)

Fig. 2. (A) Circular dichroism spectra of mutant and wild type IDO1 proteins. CD spectra were conducted in 10 mM Tris (pH 7.4) buffer with a 10 mm pathlength cuvette.
Protein concentration: 1 mg/mL. The region 200-250 nm is shown. (B) Circular dichroism spectra of mutant and wild type IDO1 proteins. CD spectra were conducted in a
1 mm pathlength cuvette. Protein concentration: 5-10 mg/mL. The region 310-500 nm is shown.
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Table 1
Secondary structure analyses of wild type IDO1 and cysteine to alanine IDO1 mutants.

IDO1 a-Helix (%) B-Sheet (%) Random coil (%)
Wwild Type 62.92 4.24 32.84

C85A 70.48 3.49 26.03

C112A 43.66 14.49 41.85

C129A 70.54 343 26.03

C159A 70.68 3.42 259

C206A 65.65 3.43 30.92

C272A 49.45 10.93 39.62

C308A 49.72 10.6 39.68

C335A 38.64 17.27 44,09

both the aromatic amino acid side chain and heme environments,
respectively. All proteins were oxidised, showing UV-Vis absor-
bance maxima at 406 nm (Supplementary Data). Overlay of the
310-500 nm CD spectral data reveals measurable changes to mu-
tant IDO1 spectra when compared to wild type, indicating struc-
tural changes to the environment of the heme B cofactor
(Fig. 2B). For example, C85A-IDO1 shows two distinct peaks at
395 nm and 420 nm - this Soret peak splitting is possibly due to
lowered effective symmetry of the heme B group resulting in a lift
to the degeneracy of the ©* molecular orbital associated with the
Soret transition [17]. Although the present results do not allow
us to specify how amino acid substitution affects the heme B moi-
ety (e.g. torsion, doming or out of plane twisting due to indirect
structural changes), when viewed in conjunction with substrate ki-
netic data (see Biochemical Analysis below), the near UV/Soret spec-
tral changes reveal that only subtle changes are required to alter
the normal orientation of critical residues and the heme group
within the active site.

The thermal transitions of wild type and mutant IDO1 proteins
were monitored by measuring molar ellipticity at /=222 nm (o~
helix region) as a function of the increasing temperature over the
range 20-99 °C (Fig. 3). T;,, values for wild type and mutant pro-
teins were determined from the first derivative of the melting
curves (Fig. 3 inset). No protein sample refolded upon cooling. A

small global increase in stability was observed in C206A-IDO1 over
wild type IDO1, however for all other mutant proteins loss of ther-
mal stability was observed. C206 is located in the large (Fig. 1 -
red) IDO1 protein domain and alanine substitution has increased
the percentage of o-helix structure within the mutant protein
when compared to wild type IDO1 (Table 1). The small increase
to highly ordered a-helix may explain the slower rate of denatur-
ation observed in C206A-IDO1.

3.2. Biochemical analysis of wild type and mutant IDO1 species

The enzymatic activity of wild type IDO1 and each mutant-IDO1
protein was analysed using L-tryptophan and p-tryptophan as sub-
strates. The kinetic parameters of wild type and mutant IDO1 for 1-
tryptophan and p-tryptophan are given in Table 2. For L-trypto-
phan, all mutants showed a decrease in enzymatic efficiency when
compared to the wild type IDO1, with C85A-IDO1 and C206A-IDO1
showing the largest Vih.x/K;n reductions of 86% and 85%, respec-
tively. Interestingly, both these proteins displayed measurable dif-
ferences in their spectroscopic characteristics (i.e. Soret peak
splitting and thermal stability changes, respectively) when com-
pared to wild type IDO1, thus providing supporting data to con-
clude that cysteine mutation has altered both protein structure
and function, particularly in relation to the cofactor binding site.
Residue C206, for example, is located on the same a-helix as ‘gat-
ing’ residues F226, F227 and R231, which are critical to IDO1 sub-
strate recognition (Fig. 4A). The loss of L-tryptophan enzymatic
activity observed for C206A-IDO1 may be due to an alteration of
the hydrophobic interactions and stabilisation bonds provided by
F226, F227 and R231 to the heme-binding pocket of wild type
IDO1 [16], resulting from mutation of C206 to Alanine. Residue
C85 (Fig. 1 - small domain, blue) is located at the cleft joining
the large and small domains of IDO1. Due to its spatial position
(Fig. 4B), C85 is unlikely to interact directly with substrate, how-
ever, the substitution of the bulky aromatic cysteine residue with
the simple, smaller alanine residue may change contact/binding
between domains by altering hydrophobic interactions, salt
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Fig. 3. Thermal transition of mutant and wild type IDO1 proteins at 4 =222 nm over the range 20-99 °C.
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Table 2
Kinetic parameters of wild type and mutant IDO1 for t-tryptophan and p-tryptophan.

IDO1 L-tryptophan p-tryptophan

Vinax K Vinax/Km Vinax K Vinax/Km

min~! uM uM~! min~! min~! mM mM~ ! min~!
Wild type 120 20 6 160 5 32
C85A 30.6+2.0 35.9 0.852 85.3+3.8 2.1 a1
C112A 59.8+1.5 18.7+2.0 3.2 109.4 £ 0.6 1.3+0.0 85
C129A 101.1 £15.0 423 2.39 314+13 3.7 8.5
C159A 1104 2.5 75.9 145 403 +3.5 44 9.2
C206A 455+2.6 50.9 0.894 64.7+3.4 1.7 38
C272A 51.2+04 38.1+£0.9 13 101.0+1.3 3.7+0.2 28
C308A 943+24 90353 1.0 117.5+£1.7 33+0.2 35
C335A 56.8+0.6 17.1+£0.8 33 96.1+4.2 9509 10.1

Fig. 4. (A) Crystal structure of wild type IDO-1 showing C206 and €335 relative to the active site (PDB: 2D0T). Carbon atoms of co-crystalised phenylimidazole (PI) and heme
are coloured green. Carbon atoms of gating residues F226, F227 and R231 are coloured fuschia. C206 is directly connected to the gating residues via a rigid alpha helix (colour
cyan for contrast). C335 is directly connected to the heme-binding residue H346 (grey carbons, helix also in cyan). With both helices running parallel, structural changes are
potentially transmitted to the heme and/or the gating residues via these rigid structures. (B) Crystal structure of wild type rhIDO-1 showing the proximity between C85 and
C129 (5.7 angstroms) and the heme active site (PDB: 2DOT, [16]). C129 makes up the roof of the indole binding pocket (occupied here by the phenyl ring of co-crystalised
phenylimidazole, PI). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

bridges, or hydrogen bonding resulting in the observed loss of met-
abolic activity. Any changes to the active site of C85A-IDO1 is likely
mediated through C129 (Fig. 4B), which is positioned in-between
the heme group and C85, and forms part of the roof of the IDO1 ac-
tive site.

A large drop (69%) in p-tryptophan metabolism was observed in
C335A-IDO1 (Table 2; Fig. 4A). Given the substantial alteration in
secondary structure observed for the mutant enzyme C335A-
IDO1 (increased proportion of random coil - see Structural Analy-
sis), its location on the same long a-helix chain as the proximal
co-ordination binding residue (Histidine 346) and proximity to
the flexible loop of IDO1 located at the entrance to the cofactor ac-
tive site, a significant change in substrate efficiency is not unex-
pected. Interestingly, proteins C85A-IDO1, C112A-IDO1 and
C206A-IDO1 showed an increased ability to convert p-tryptophan
when measured against the efficiency of the wild-type, with
C112A-IDO1 showing the highest increase (265%). This would indi-
cate that while amino acid modification has affected the ability of
L-tryptophan to interact with the heme b co-factor, protein struc-
ture modification has altered p-tryptophan substrate accessibility.
From these results, it is clear that cysteine residues play a role in
maintaining the strict geometric complementarity that is required
for the formation of the substrate/co-factor complex and the nor-
mal enzymatic function of wild type IDO1.

This study is the first to investigate the role cysteine residues
play in the metabolic stability of IDO1. While not involved directly
in heme b binding or disulphide bond formation, cysteine residues
within IDO1 play an important role in the maintenance and stabil-
ity of normal structure and kinetic behaviour.

Appendix A. Supplementary data

Supplementary data associated with this article can be found, in
the online version, at http://dx.doi.org/10.1016/j.bbrc.2013.05.119.
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