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ABSTRACT: Indoleamine 2,3-dioxygenase is an important mammalian target that catalyses the oxidative
cleavage of -tryptophan ta\-formylkynurenine. In this work, the redox properties of recombinant human
indoleamine 2,3-dioxygenase (rhIDO) and its H303A variant have been examined for the first time and
the spectroscopic and substrate-binding properties of rhIDO and H303A in the presence and absence of
substrate are reported. The3FEe+ reduction potential of H303A was found to be80 + 4 mV; in the
presence of-Trp, this value increases t916 + 3 mV. A variety of spectroscopies indicate that ferric
rhIDO at pH 6.6 exists as a mixture of six-coordinate, high-spin, water-bound heme and a low-spin species
that contains a second nitrogenous ligand; parallel experiments on H303A are consistent either with His303
as the sixth ligand or with His303 linked to a conformational change that affects this transition. There is
an increase in the low-spin component at alkaline pH for rhIDO, but this is not due to hydroxide-bound
heme. Substrate binding induces a conformational rearrangement and formation of low-spin, hydroxide-
bound heme; analysis of the H303A variant indicates that His303 is not required for this conversion and
is not essential for substrate binding. The"#Ee*" reduction potential of H303A variant 70 mV

lower than that of rhIDO, leading to a destabilization of the ferremsy complex, which is an obligate
intermediate in the catalytic process. In comparison with the properties of other heme enzymes, the data
can be used to build a more detailed picture of substrate binding and catalysis in indoleamine
2,3-dioxygenase. The wider implications of these results are discussed in the context of our current
understanding of the catalytic mechanism of the enzyme.
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substrate binding and ireroxygen interactions, the identity + 0.23) components; proteolytic digestion followed by
of heme active-site residues, and the role of individual further MALDI analyses and database searching [MASCOT
residues in catalytic activity and substrate binding are all (Matrixscience Ltd., London, U.K.)] unambiguously identi-
unknown. In addition, there is no information on the redox fied both fragments as human IDO. Anion-exchange FPLC
properties of the heme for any IDO: this is an important (AKTA FPLC, Amersham Pharmacia Biotech) using a Mono
omission because the redox properties of the metal ion areQ H/R 5/5 column was used to separate the two components
a key determinant in controlling biological function. (Figure S2B in the Supporting Information). The buffers used
To begin to address these deficiencies, we have examinedvere 20 mM Tris-HCI at pH 8.3 and 20 mM Tris-HCI and
the redox properties (including the influence of substrate on 1 M NaCl (buffer B). Purified samples of rhIDO isolated in
the redox chemistry) and the spectroscopic properties of thethis way hadAsed/Asgo Of >2.02 Purification of H303A was
substrate-bound and substrate-free IDO. We also preseng@s described for rhiDQAuod Acso > 1.2). Samples of rhiDO
detailed functional data for the H303A variant and an and H303A were exchanged into a storing buffer (50 mM
assessment of the likely role of this residue on substrate andTris-HCl at pH 7.4 containing 1 mM EDTA,) prior to freezing
dioxygen binding. The results can be used to build a more in aliquots at—80 °C.
detailed picture of the possible mechanism of the IDO  Absorption coefficients 0,04 = 172 MM cm! andesos
enzyme, and the collective implications of these results are= 108 mM cm™* were determined for ferric rhIDO and
discussed in terms of our current understanding of the H303A, respectively, using the pyridindnemochromagen

mechanism of IDO catalysis. procedure 18). Ferrous rhIDO was generated by the addition
of sodium dithionite. The ferrousoxy derivative was
EXPERIMENTAL PROCEDURES generated either by passing ferrous rhIDO through a 10 mL

column of Sepharose G-25 (Amersham Bioscience) equili-
brated with Q@-saturated buffer or by direct bubbling o, O
gas through a dithionite-reduced sample. For rhIDO, both

Construction of Expression Vector and Bacterial Expres-
sion. Construction of the expression vector and expression

qf rhiDO (14, 15) are described in the Supporting Informa- methods gave identical wavelength maxima for the ferrous

tion. o _ oxy derivative. Other ligand-bound derivatives (azide, cya-
Mutagenesis Site-directed mutagenesis was performed njde, and fluoride) were obtained by the addition of an excess

using a Quikchange mutagenesis kit (Stratagene) accordmg(typica"y 2—4uL) of a concentrated (1 M) solution of ligand

to the p_rotocol of. the manufacture( and confirmed by g the ferric enzyme (typically 525 uM) until no further
sequencing the entire IDO-coding region. The PCR product changes in absorbance were observed.

was transformed in Epicurian Coli BLZl'GOId .(DES) Steady-State AssaySamples were assayed for catalytic
competent cells (Stratagene) for bacterial expression. activity in reactions (25.0°C) that consisted of 1Q:M
Protein Purification and Handling.The recombinant  methylene blue (Sigma), 10g of catalase (bovine liver,
enzyme is isolated fror&scherichia colias the holoenzyme. Sigma), 20 mM.-ascorbate (Sigma), and varying concentra-
Cell pellets were resuspended in sonication buffer (50 mM tjgns (0-40 uM) of L-Trp contained in 100 mM potassium
potassium phosphate buffer at pH 8.0 containing 300 MM phosphate buffer (1 mL total volume)9). The reaction was
potassium chloride) containing two EDTA-free Complete jnitiated by the addition of rhIDO (1@L, ~1 uM). Initial
tablets (Roche) and stirred with 5 mg of lysozyme for 20 rates were monitored by tracking the increase in the
min at room temperature. After 20 min, 5 mg of DNase was concentration oN-formylkynurenine at 321 nmefp; = 3.75
added and the suspension was stirred until it became morgpp-1 ot (20)]. All data were fitted to the Michaelis
fluid. The mixture was sonicated on ice using&0 s bursts Menten equation. pH-dependent data were collected using

from a MSE sonicator. Cell debris was removed by cen- ejther 100 mM potassium phosphate as above or glycine
trifugation (30 min, 20 000 rpm, 8C), and the cell-free  godium hydroxide buffer.

extract was immediately applied to a 20 mL column of Ni-
NTA Superflow resin (Qiagen) previously equilibrated in a

sonication buffer. The resin was washed with 100 mL of . I L
; Lambda40 UV-vis spectrophotometer. Equilibrium binding
wash buffer (50 mM potassium phosphate at pH 6.0 constants /4 = 0.05 M) were determined according to

containing 300 mM potassium chloride), and the protein was ublished procedure&1) using Tris/HCI (bH 8.6-9.5) and
eIuteq l_Jsing~100 mL of elution buffer_ (sonicat.ion buffer Shosphatepbuffers (pHD?—.CB.O%. Specificgl)ly, this inv)olved
containing 1.00 mM EDTA). The resulting protem was then preparing samples of proteir6—10 uM) and substrate
exchanged into a storing buffer (50 mM Tris-HCl at pH 7.4 (0.10 M) in the same buffer followed by the addition of small

and lde EDT'IA‘)datﬂd frozen in a]!iqulotiwatSO °C. Thist 0.5-2.0 uL) volumes of substrate to the enzyme. Binding
procedure revealed the presence of only two components (se onstants were determined by monitoring decreases in the

Figure S2A in the Supporting Information), and electrospray e
absorbance at 406 nm and fitting to eq2iL

mass spectrometry (not shown) showed two peaksvat g a0
47 170.04+ 1.8 and 45 643.& 1.7, respectively. The major _ ) )
peak at 47 170.0 corresponds to the calculated maés [ ABS;06 = (KpA; + [L-TrPlo)/(Kp + [L-TrPie)
47 168.22 16, 17), Figure S1 in the Supporting Information]
of the intact protein including the N-terminal His tag; the  2Numerous control experiments were carried out on pure mixtures
minor peak corresponds to the calculated ma¥s45 637.48 of the intact and cleaved components as well as on FPLC-purified

; ; samples of intact rhIDO to determine whether the presence of the minor
(16, 17)] of a proteolytically cleaved version of the enzyme component affected the catalytic, redox, or spectroscopic properties of

(clipped at Lys389). MALD+TOF analyses (not shown)  ihe enzyme. We were not able to detect measurable differences in any
also gave majomyz47 1704+ 0.24) and minorifyz 45 621 of the experiments reported in this work.

Electronic SpectroscopyElectronic absorption spectra
(25.0 &+ 0.1 °C) were recorded using a Perkiklmer
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where A, and A are the initial and final absorbancies, Tapie 1: Absorption Spectra Maxima for Various Ferric and
respectively, andifTrplio: is the total concentration of the  Ferrous Derivatives of rhiDO

substrate. A (NM)

Magnetic Circular Dichroism (MCD) SpectroscopyCD derivative rabbit ID® rhIDOS H303A¢
spectra were recorded using Jasco J810_and J730 modeu?erriC 406, 500, 534, 404, 500, 535, 633 408, 531, 568
for the UV—vis and near-IR regions, respectively. An Oxford 570. 632
Instruments SM-1 superconducting solenoid with a 25 mm ferric+L-Trp 412, 540, 576 411, 540, 576 411, 531, 568
room-temperature bore was used to gereaah Tmagnetic ;errous ;1125?, 5545:3 - ﬁg, g%g*‘, 5575§ 455, 529, 559

. . .. - . .. ferrous-oxy , , ) ) n
f!eld. MCD intensities are linear with respect to the mggnenc formoUs—CO 420 539 570 419, 539, 565 420, 537, 567
field at room temperature and are plotted normalized tO torfic—azide  416.5 414 535 572 634 408 531. 568

magnetic field asAe/H (M~ cm™t T-1). Samples were  ferric—cyanide 428, 532, 562 419, 540, 578 417,533, 563
prepared in deuterated sodium phosphate buffer (50 mM) at ferric—fluoride 402, 488, 608 404, 497,537, 407, 531, 568
the appropriate pH (denoted as pH*) or into the same buffer 572,632

containing 20 mML-Trp, to a final concentration o&350 3sh= shoulder.” Isolated from rabbit intestiné.Spectra were run

M for vis/near-IR regions an M for th ret region. in sodium phosphate at pH 7.0,= 0.10 M, and 25.0C, except for
uM for visinea egions anet50«M for the Soret regio footnotesf andg (see below)d Spectra were run in 200 mM potassium

Electron Paramagnetic Resonance (EPR) Spectroscopy.phosphate at pH 7.9 and 25:G. ¢ Taken from ref13 (at pH 8.0 and
X-Band EPR spectra (10 K) were recorded on a Bruker ER- 24 °C). fThese spectra are pH-dependent and were therefore run in
300D series electromagnet and microwave source interfacecs©dium phosphate at pH 8.0, = 0.10 M, and 25.0°C for direct
to a Bruker EMX control unit and fitted with an ESR-9 liquid  Go ooy o with the published spectra (at pH 8ifjaken from ref

. a 30 (at 4°C). " Spectrum run in sodium phosphate at pH &.6; 0.10
Helium ﬂow cryostat from Oxford Instruments and a dual \, and 25.0°C. ' nd = not detectable. Taken from ref29 (at pH 6.0
mode microwave cavity from Bruker (ER-4116DM). Quan- and 25°C).

tification of S= %/, species was carried out by comparison

with the spin standard CG(EDTA) using the method of Aasa A o5f,
and VanngardZ2). Magnetic field magnitude is detected 0.4
by a Hall probe within the cavity of the instrument. % 0.3 |
Additionally, theg values of the CYEDTA standard § = £ H
2.32 and 2.075) were used to ensure the correct field values 3 o2

for the detected frequency (observed values identical to those Al

given above). Frequency is monitored within the EMX unit Yo" 200 300 800700
and also with an additional frequency counter attached to Wavelength (nm)
the microwave source.

0.50

ElectrochemistryAneorobic ([Q] < 2 ppm) redox titra- B o5 . 0a6
tions were performed in a Belle Technology glovebox under 04 $os
nitrogen @3). Solutions (100 mM potassium phosphate g - 038
containing 10% glycerol) of rhIDO~4 uM, pH 7.0) or § 0.3 T
3
<

H303A (~10 uM, pH 8.0) were titrated electrochemically 0.2 $ PH
(24) using sodium dithionite as a reductant and potassium 0.1 \7\3\
ferricyanide as an oxidant. Mediators (@M phenazine 0 . . .
methosulfate, &M 2-hydroxy-1,4-naphthoquinone, Q1 300 400 500 600 700
methyl viologen, and kM benzyl viologen) were used to Wavelength (nm)
mediate in the range froat100 to—480 mV @3, 25). Data
were fitted to the Nernst equation for a single electron process

(26). Potentials are quoted against the standard hydrogen
electrode (SHE).

(@)

Absorbance

RESULTS

Characterization of rhIDO. S0 200 500 600 700
UV—Vis SpectroscopyVavelength maxima for various ferric Wavelength (nm)
and ferrous derivatives of rhIDO are given in Table 1. There FIGURE 1: (A) UV—vis spectra (pH 8.1 and 25.C) of ferric
are no reported wavelength maxima for human IDO (hIDO); "MIDO in the absence ) and presence (- - -) of 20 mM-Trp.

. . Absorbance values in the visible region have been multiplied by a
we have therefore compared wavelength maxima with the aetor of 5. (B) pH dependence of the Wvis spectra of rhIDO
corresponding maxima for the wild-type rabbit enzyme, for in the presence of 20 mM-Trp. (Inset) Fit of the absorbance at
which most of the published data have been obtained. 406 nmhtoats)iggrlle ngLrﬁ)ttigne%r%iegiéég?%rfb;rzge) \Sl\lllljse:pig é?rﬁ r\]/qisible
Wavelength maxima are similar in most cases, although theref€gion have : oro.
are differences in the cyanide and azide derivatives. Theéessgh%ea?_d_ -2)56?203) %ﬁﬁ?ﬁ. H303A in the absence-{ and
spectrum (Figure 1A) of the ferric form of rhIDOlfax =
404, 500, 535, and 633 nm) has maxima that are consistentevidence for formation of ahydroxide-bound heme with
with a mixed population of high- and low-spin heme species. increasing pH: there are no substantial changes in peak
Wavelength maxima of 406 and 630 nm for rhIDO have positions or intensities in the pH range of 550.7 (data
been previously reportedl®). This spectrum shows no not shown), although there is a drop in the Soret band above
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Ficure 2: (A) Plot of the equilibrium binding constarip, versus 0.75
pH for binding of L-Trp to rhIDO. Data were fitted to a single
proton process. (B) Representative data set for determination of

Kp at pH 7.0. The visible region has been multiplied by a factor of f.: 0.50
5, and arrows indicate the direction of change in absorbance upon £
successive additions ofTrp. (Inset) Fit of data at 406 nm to eq 1 ;
(conditions: 50 mM potassium phosphate at 2. S 0%
34

pH ~8.5. Above pH~9 and below pHx5, the enzyme was o %
not stable enough to allow meaningful data collection.

Substrate BindingBinding of L-Trp to ferric rhIDO leads 025

800 1000 1200 1400 1600 1800

to the formation of a low-spin specied.ax = 411, 540, Wavelength (nm)

and 576 nm, Figure 1A). A comparison with other heme

; ; ; — Ficure 3: Room-temperature MCDx & T in the UV—vis (A) and
g;%temsd[eégé hor§ehrad|shhperct)X|dasel (EH 12%_‘?910 314’. d near-IR (B) regions of ferric rhIDO at pH* 6.6+¢, [rhIDO] =
» an nm; horse heart myoglobin (p -9, Mixe 132 uM in both cases), ferric rhIDO at pH* 8.0 (- - -, [rhIDG}

high spin/low spin) Amax = 411, 485" 541, 583, and 598 35 and 169M in the Soret and vis/near-IR, respectively), and
nm (28)] indicates that the spectrum for rhIDO arises from ferric rhIDO at pH* 8.0 in the presence of 20 mMTrp (—,

formation of a low-spin, hydroxide-bound heme. This new [rhIDO] = 45 and 224M, respectively).
substrate-bound species is now pH-dependent (Figure 1B).gpin jigand-metal charge-transfer derivative, € Bpectra

with low-spin heme dominating at alkaline pH. Apof in the near-IR region (Figure 3B) are also consistent with a
6.7+ 0.1 can be extrgcted from_ a plot of the absorb'ance at mix of high- and low-spin species. In this case, two CT bands
406 nm versus pH (inset of Figure 1B). To quantify the 5rq ohserved at 1040 and 1570 nm. The 1570 nm band arises
binding interaction, the equilibrium binding constas, for from ligand-metal charge transfer from the porphyrin to the
binding of L-Trp to ferric IDO was measured. At pH 7.0, & feric d orbitals of low-spin iron (CI), and its position is
value for Kp of 0.57 £ 0.05 mM was determined (ot consistent with bisnitrogenous ligatioB2 33). The MCD

shown). This binding constant varies with pH (Figure 2), gpecira of high-spin heme species also contain liganettal
indicating that it is sensitive to titration of another group. A =T pands CTand CT, which shift with changes in the

fit of these data to a single proton process yields<a qf axial ligation @8, 34). The CT, band is observed as the

7.8+ 0.1. negative trough of the derivative in the visible region (see
Steady-State KineticSteady-state oxidation afTrp at above). The feature at 1040 nm is the positive lobe of the
pH 8.0 gave values fdtrandKy of 5.2+ 0.2s*and 7.1 CT, derivative, and the negative lobe of this band is obscured
+ 1.1uM, respectively kealKm = 0.73uM~* s7%). Steady- by the more intense Gband at 1570 nm. This negative
state data for rhIDO have been reportdd)((but no Kea lobe obscures in turn with the vibrational sideband of the
was reported). There is no reportkd; for hIDO; Ku has  CTj feature. Together, the positions of Glare consistent
been previously reported as20 uM (19) and 18uM (27) with coordination of a nitrogen ligand and a second, neutral
for hIDO. ligand to the heme (e.g., histidine/water). The intensities of
MCD Spectroscopy (Ferric rhIDO at Acidic and Alkaline the transitions suggest roughly equal populations of high-
pH). UV —vis and near-IR MCD spectra of rhIDO at pH 6.6 and low-spin heme at this pH.
(Figure 3A and 3B, respectively) are characteristic of ferric At pH 8.0 (Figure 3), there is an increase in intensity in
heme, showing both low- and high-spin features. MCD the Soret and visible regions, reflecting an increase in low-
spectra for rabbit IDO have been published previoug8 (  spin heme content, and a decrease in thel@zifid (641 nm),
30), but did not include measurements in the near-IR region reflecting a decrease in high-spin heme content. In the near-
from which very detailed information can be obtained. For IR region, the 1040 nm feature has decreased to a similar
rhiDO, the Soret crossover is at 410 nm and its peak-trough extent (15% of total heme population) and the more intense
intensity is between the values expected for a purely low- CT feature at 1570 nm now has a vibrational sideband at
spin (120-160 M~*cm* T-4) or high-spin (5-25 M~*cm ! 1346 nm. There are no major changes in wavelength maxima
T1) species §1). Low-spin bands dominate the visible of the CT bands compared to pH 6.6, which suggests that
region, but a negative feature at 641 nm is part of a high- the two dominant species observed at acidic pH (low-spin
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Ficure 4: Room-temperature MCD spectieGal of ferrous rhiDO D
(66 M) at pH* 6.6.
bisnitrogenous and high-spin histidine/water) are unchanged.
In contrast to previous work3p), there is no evidence at E
room temperature for the formation of a histidine/hydroxide 186

219

species at alkaline pH, in agreement with the observation
(vide suprg that the UV~vis spectrum of rhiDO is pH-
independent. Histidine/hydroxide coordination is character- Magnetic Field (Gauss)

istic of intense CT, bands, which are shifted to a lower FGURES: Perpendicular mode X-band EPR spectra of ferric rhIDO

iatidi ; at pH 6.6 (A), ferric rhIDO at pH 8.0 (B), ferric rhIDO in the
wavelength compared to histidine/neutral ligand sped@8s ( presence of 20 mM-Trp at pH 8.0 (C), ferric H303A at pH 7.5

34, 36). (D), and ferric H303A in the presence of 20 mMTrp at pH 7.5
MCD Spectroscopy (Ferric rhIDO+ L-Trp). In the (E). Conditions: microwave frequency, 9.67 GHz; microwave

presence of-Trp at pH 8.0, there is a clear increase in Power, 2 mW; modulation amplitude, 10 G; temperature, 10.8 K;

intensity throughout the Soret and visible regions, which scan speeds and time constants are the same for all spectra. Spectra
S . . . . - have been adjusted for differences in the enzyme concentration and
indicates an increase in low-spin heme. The high-spia CT (e eiver gain where required. Gains were typically of the order of
band at 641 nm (Figure 3A) is diminished in intensity and 2 x 10—8 x 10.

accounts for onlyx~7% of the total heme species. There are

shifts in the bands throughout the visible region that indicate suggests that any internal (nitrogenous) ligands present in
formation of a new low-spin species; this is confirmed in the ferric form are no longer coordinated.

the near-IR spectrum, where a new feature at 1000 nm is EPR Spectroscop¥PR spectra for human IDO have not
observed. The shift in peak wavelength from the position of been published, although rabbit IDO has been exami2@d (
the CT; positive lobe, the absence of a corresponding CT The EPR spectrum of rhIDO at pH 6.6 (Figure 5A) contains
band in the visible region, and the clear vibrational sideband high- and low-spin species withvalues ofg = 5.96, 5.53,

in the second CT feature suggest that this band is a,CT and 1.99 andg = 2.94, 2.25, and 1.50, respectivély.
feature arising from a new low-spin species rather than from Rhombicg values of 2.94, 2.25, and 1.50 are associated with
a feature of a high-spin Gband. Its maximum at 1000 nm  bishistidine ligation, in which the histidine planes are near
is similar to that observed for hydroxide-bound myoglobin parallel @3, 43, 44). The high-spin signals are slightly
(1035 nm) 8, 37) and hydroxide-bound horseradish per- rhombic with splitting on theg,, feature atg = 5.7.

oxidase at pH 12.3 (1100 nm3§ 39), both of which have At pH 8.0 (Figure 5B), the high-spin signals are diminished
histidine/hydroxide ligation at room temperature. The second With respect to the low-spin species, with the latter account-
CT;s feature at 1515 nm is shifted by60 nm from its ing for ~80% of the heme population at 10.8 K. Minor but
maximum in the absence of tryptophan but remains in the sharp features g= 2.52 and 1.86 (middlg value obscured)
range expected for histidine/nitrogenous axial ligation, and represent a low-spin species whasgalues are consistent
there are no changes in the corresponding EPR spagies ( With those seen in histidine/hydroxide coordination: because
= 2.94, vide infra) upon binding ofL-Trp, which suggests  there is no evidence of histidine/hydroxide coordination in
no major changes in the ligation or ligand conformation in the MCD spectra at room temperature (as discussed above,
this species. The intensity of this band accounts~¥80% Figure 3), this probably reflects a freezing-induced artifact.
of the heme population. There are numerous examples in the heme literature (par-

MCD Spectroscopy (Ferrous rhiDOYhe spectrum of ticularly the peroxidase literature, see for example4®f
ferrous rhIDO (Figure 4) contains an asymmetric Soret of water/histidine-coordinated heme producing a fraction of
feature with a positive peak at 436 nm, positive features at l0W-Spin heme species at cryogenic temperatures for which
524, 552, and~770 nm, and negative features at 532 and there is no evidence at room temperature. The factors that
592 nm. The spectrum is similar to ferrous myoglob#e,(  influence this are not known.

41) and ferrous horseradish peroxidad@)( both of which
contain five-coordinate, high-spin heme. We therefore assign A minor feature § = 4.23) is commonly observed for heme proteins

ferrous rhIDO as containing a five-coordinate high-spin heme and represents high-spin adventitious iron. The splitting orgthe6
feature is unusual for six-coordinate (His®) ligation and may be

as the single species, with histidine as the fifth (proximal) gye to small amounts of buffer-derived phosphate binding to the heme
ligand. There is no evidence for low-spin heme, which under cryogenic conditions.

1000 2000 3000 4000 5000
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A 0.4 yel 025 potential was 16+ 3 mV (inset of Figure 6B), an increase
903 | \ of 46 mV over the value for the substrate-free enzyme.
s Characterization of the H303A Variant.
§ 0.2 e On the basis of sequence comparisons with IDO-like
<04 Potential (mV vs SHE) myoglobins 46), IDO is proposed to contain both proximal
[assigned as His346L4)] and distal histidine residues. In
900 400 500 800 700 the absence of crystallographic information, the highly
Wavelength (nm) conserved His303 residue is believed to be located near the
0 heme distal pocket.
B o2 gzz Electronic and EPR Spectroscofhe UV—vis spectrum
g 020 EO \ of ferric H303A' (Amax = 408, 531, 568 nm, Figure 1C and
S o015 oo Table 1) shows that the Soret band has red-shifted compared
20.10 00 0 100 to rhIDO but is still characteristic of high-spin heme. This

Potential (mV vs SHE)

spectrum is pH-independent, as observed for rhIDO. The

0.05
q spectrum of ferrous H303A is essentially identical to that of

O A o (o9 00 rhIDO (Table 1). Cyanide binds to H303A, as evidenced by

gih (nm) the change in the electronic spectrum and its similarity to

c 08 f. o that of rhIDO. There is a decrease in intensity of the Soret
0.6\, Soeo band upon addition of azide to H303A but no corresponding

0% _ changes in the visible region that indicate formation of the

0.50

P T expected low-spin heme. Upon bindingefirp at pH 8.0
Potential (mV vs SHE) (Figure 1C), the Soret band shifts to a valug. = 411

Absorbance
o
>

0.2
0 nm) that is characteristic of low-spin heme formation and
300 400 500 600 700 that is similar to that observed for rhIDO, but in the visible

Wavelength (nm) region, there is no measurable change as observed for rhIDO.

Ficure 6: (A) Selected absorption spectra obtained during redox EPR analyses indicate that the ferric derivative (Figure 5D)
titration of rhIDO at pH 7.0. The fully oxidized (O) and fully has a much higher proportion of high-spin herge<(5.98,

reduced (R) spectra are indicated. The inset shows a plot of the L2 .
absorbance at 429 nm against the potential. The solid line is a fit 2-23: and 2.00) than for rhIDO. Significantly, the low-spin

of the data to the Nernst equation for a single electron process.Signals arising from the low-spin, bisnitrogenous speaes (
Essentially identical results were obtained by fitting the data at 410 = 2.96, 2.29, and 1.50) are very considerably diminished
nm. (B) Similar set of absorption spectra collected during redox (the very weak signal that does remain probably arises from

titration of the substrate-bound form of rhIDO at pH 7.0. The inset o . : e
shows a plot of absorbance data at 429 nm against the potential,C.OordmmPn of another strong field Ilg.and). The low spin
with the corresponding Nernst fit. Fits of the data at 410 nm Signals § = 2.47,2.19, and 1.86) associated with hydroxide

produced a virtually identical midpoint potential. (C) Redox titration ligation in rhIDO are broader for H303A, which suggests
of H303A at pH 8.0, with a fit of the data at 429 nm to the Nernst the presence of a range of conformers. Addition_€frp

equation shown in the inset. (Figure 5E) leads to an increase in low-spin hemeg at
- o 2.53, 2.19, and 1.86: these sharp signals are consistent with
Upon addition ofi.-Trp at pH 8.0, sharp rhombic signals 5 phygroxide-bound heme species that is in a defined
(g = 2.52, 2.19, and 1.86) are observed (Figure 5C) that onformation, rather than a range as observed above. An
arise from low-spin heme and are associated with histidine/ \ycp spectrum of H303A could not be obtained because
hydroxide coordination. Minor signals frqm high-spin heme heo sample was unstable during repeated exchange i@o D
(g = 5.96) and the other low-spin specigs € 2.94) are Steady-State KineticThe H303A variant was observed
also present in th|s spectrum. _ _ to be capable of steady-state oxidationLefrp at pH 8.0
Redox PotentiometrySelected spectra obtained during under conditions identical to those used for rhIDO, with
anaerobic redox titration of rhIDO are shown in Figure 6A. values fork. andKy of 2.7+ 0.1 s and 15+ 1.0 uM,
The redox process was clearly reversible, with no sign of respectively ke./Kn = 0.18uM 1 s71). This is in agreement
hysteresis in the oxidative or reductive directions; spectra with previous steady-state analyses on the H303A variant
collected in the oxidative and reductive stages were near(14).
identical at equivalent potentials. Clean isosbestic points were  Redox PotentiometrySelected spectra obtained during
observed, indicating only two absorbing species. Control redox titration of H303A are shown in Figure 6C. Data
experiments confirmed that the observed reduction potential pptained at 423 nm (to monitor formation of ferrous heme)
was not altered in the presence of the minor (cleaved) were fitted to a single electron process (Nernst equation) and
component. Upon reduction of rhIDO, there is a decrease ingave a reduction potential 6f99 + 2 mV, representing a
intensity of the Soret band and a shift to a longer wavelength, destabilization of the ferrous heme of almost 70 mV
consistent with the formation of ferrous heme (Table 1). Data compared to rhIDO.
were fitted to a single electron process (Nernst equation) at  Formation of Ferrous-Oxy Deriative. To check whether
either 407 nm (not shown) or 429 nm (inset of Figure 6A); thjs decrease in reduction potential was functionally signifi-
these analyses at different wavelengths gave results that wergant, we tested whether destabilization of the ferrous
within error of one another. The reduction potential (average derivative may affect stability of the catalytic ferrotexy
value from data at 407 and 429 nm) wa80 &+ 4 mV.

In the presence of 15 mM-Trp (Figure 6B), similar ~ <7he H303A variant has been prepared previoud),(but no
absorbance changes were observed. In this case, the reductiatetailed spectroscopic or redox analyses were presented.
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A 06 Table 2: Distribution of Heme Species in Ferric rhIDO at Different
8 pH Values in the Presence and Absence of Substrate, as Determined
c 04 from MCD? and EPR Analysés
Ke)
2 02 proximal/ —Trp (%) +Trp (%)
< e N distal ligand pH 6.6 pH 8.0 pH 8.0

0 - His/H,O (HS) 50 35 7

300 400 500 600 700 His/X (LS) 50 65 33

Wavelength (nm) His/OH~ (LS) nd nd 60

B aHS = high-spin heme; LS= low-spin heme; nd= not detected.

The percentages stated are derived from MCD intensities, and errors
on percentages are estimatedtgs$. Spectra are quantified with the
reference to well-characterized model systems [e.g., myoglobin and
its complexes and other low-spin compoung§]; As a guide, a typical
high-spin intensity for 100% population of histidine-bound heme is 1
0 % M~ cm™ T~ (peak-trough intensity) and for 100% population of
300 400 500 600 700 low-spin histidine-ligated heme is between 0.8 and 12 b1 T
Wavelength (nm) (peak maximum).

FIGURe 7: UV—vis spectra (100 mM potassium phosphate at pH
7.9 and 25.0C) of the ferric () and ferrous-oxy (---) derivatives  gpecies in approximately equal population. The high-spin
fé griglr?ﬁa\(/é)baeg% Fﬂ[ﬁﬁgﬁ ég)b)f‘gsfg::t;g?g? 5 alues in the visible species is confirmed by MCD as arising from histidine/water
ligation. Similar conclusions were reached using resonance
Raman spectroscopg%), and His346 has been assigned as
the (proximal) ligand in this casé4). The low-spin species,
which has been observed previousB9(35), is assigned
by MCD as being consistent with bisnitrogenous ligation.
Hydroxide ligation, as previously proposeb), is ruled out
by the MCD analyses. The identity of the sixth ligand has
been a matter of ongoing speculation in the literature
(reviewed in refl). EPR data for the H303A variant are
useful in this context and are consistent with two possible
interpretations: either that His303 is the sixth nitrogenous
ligand in this low-spin species or that His303 is located in a
region of the protein that is (indirectly) involved in control-
ling a larger conformational change within the protein
structure that leads to formation of this low-spin derivative.
It is not known, at this stage, whether the high- and low-
spin components are in equilibrium with one another and, if
s0, on what time scale this occurs. If they are in equilibrium,
then a conformational rearrangement of the protein structure
DISCUSSION would presumably be necessary for the two forms to
) _ interconvert (and the fact that significant changes in iron
Development of our understanding of the detailed mech- coordination geometry occur upon binding of the substrate
anism of the IDO enzyme has been hampered by the limitedjngicate that conformational changes of this kind are
quantities of pure enzyme that can be extracted and purifiedrealistic)®
from readily available sources. For the human enzyme, there - The electronic spectrum of ferric rhiDO is pH-independent,
is very little functional or spectroscopic information available ngicating that the distal water molecule does not titrate
(14, 35 46, 48, 49). In this work, we have developed an yyjthin the experimentally accessible pH range (pH-518.7
efficient bacterial expression system for production of hIDO i, our experiments). This is in contrast to the related
and have used this to examine the redox, spectroscopic, angryptophan 2,3-dioxygenase enzyme (which catalyses the
substrate-binding properties of the enzyme. In this section, same reaction as IDO), in which the electronic spectrum is
the major findings are discussed in the context of our current p_dependents). The electronic spectra are consistent with
understanding of the nature of the heme environment, thethe MCD data, which clearly indicate that there is essentially
mechanism of substrate binding, and the redox propertiesng hydroxide-bound heme at either pH 6.6 or 8.0. There is
of the IDO enzyme. an increase in low-spin heme at pH 8.0, but this is due to an
Heme Coordination Esironment. A summary of the increase in the bishistidine species and not to the formation
various species present in solution for ferric rhiDO at of hydroxide-bound heme. An increase in the low-spin
different pHs and in the presence and absence of the substratgomponent at alkaline pH has also been observed by
is given in Table 2. Overall, the electronic, MCD, and EPR resonance Raman and assigned as hydroxide-bound heme

spectra at acidic pH are clearly consistent with the presence(3s). Our data show that this assignment is incorrect, which
of two distinct species in solution: a high- and low-spin heme

Absorbance

intermediate. Under conditions that resulted in clean forma-
tion of the ferrousoxy complex for rhIDO (see the
Experimental Procedures), formation of the ferroozy
complex for H303A was not observed. Hence, for rhIDO, a
species with wavelength maxima of 412, 539, and 576 nm
(Figure 7 and Table 1) was obtained: these maxima are in
the range expected for ferrouexy heme [e.g., 418, 543,
and 581 nm for sperm whale myoglobitgj]. The identical
experiment with H303A gave no characteristic oxy peaks in
the visible region and no shift in the Soret maximum (Figure
7). In separate rapid-scanning stopped-flow experiments (not
shown), no further evidence for transient formation of a
ferrous—oxy complex was obtained. Attempts to increase
the yield of the ferrousoxy derivative by addition of
imidazole (to 10 mMY, which has been shown to recover
hydrogen-bonding interactions with bound ligandg)( were
unsuccessful.

6This is not the only example of a heme protein with mixed
5 Imidazole was not observed to bind to ferric H303A under these coordination geometry. Other examples include leghemogldih (
conditions (as evidenced by UWis spectroscopy). and cytochrome at alkaline pH §1).
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would explain the reporteF) failure to detect anyre-on- Scheme 2: Proposed Mechanism for Substrate Binding and
stretching frequency at alkaline pH. Hydrogen-Bond Formation in IDO
Substrate BindingMCD and EPR spectra confirm that O, Protein
the predominant species present in the substrate-bound form ©[§_< NHy* e Protein
of rhIDO is hydroxide-bound heme. This is consistent with (E&_B
resonance Raman spectra for the substrate-bound derivative . A N '
of human IDO g5) and previous MCD/EPR spectra for _ | __ , __ | __ +cTe 1
rabbit IDO Q9). In contrast to the ferric enzymeige supra, hI‘(Hism) e e
the spectrum of this substrate-bound species is now pH-
dependent and akp of 6.7 was derived (Figure 1B). The l
spectroscopic changes reflect titration of an ionisable residue
that affects binding of-Trp, which explains the appearance &N/’E
of high-spin signals at acidic pH (weaker binding at acidic L
pH). The pH dependence of the binding interaction can also —_——
be determined separately by measuring the chankjg with e
pH (Figure 2; K, = 7.8). The two [K, values are in
reasonable agreement and are assumed, but not unambigu- 1L
ously confirmed to report, on the same process. This is

discussed in more detail below. \
A comparison of the pH-dependent properties of substrate- Ao —g
free and substrate-bound rhIDO provides new information
that is particularly informative in terms of our understanding S
of the ,SUbStrate'bmdmg procegs. The fact that th? spectrum Ferric rhIDO is represented as a mixture of high-spin (water-bound)
of ferric rhiIDO shows no evidence for formation of @& ang low-spin (proposed as histidine-bound) species. Deprotonation of
hydroxide-bound heme is an unexpected observation in viewthe distal water molecule is induced on substrate binding by favorable
of the fact that several other heme proteins with known hydrogen-bond interactions between the substrate and an active-site
histidine/water coordination, including the closely related acid/base group (the latter only being accessible in the presence of the

. . . substrate). Unspecified hydrogen-bonding interactions between the
tryptophan 2,3-dioxygenase enzyme, have titratable dIStaIcarboxylate and amine groups of the side chain-®fp and the protein

water molecules [e.g., myoglobiag), leghemoglobing3), are also envisaged. Note that the chemistry of the indole ring does not
and cytochromec peroxidase %4, 55)]. A conveniently require an active-site base to be present for catalysis, because

positioned hydrogen-bond acceptor’ usua”y but not exclu- electrophilic addition to the indole ring is possible in the absence of a
sively the distal histidine residue, is the normal way in which Pase-

deprotonation of the bound water is facilitated. Why, then,
does the distal water molecule in ferric rhIDO not titrate in
a similar manner? The most reasonable explanation is that,
in the absence of the substrate, there is no suitable hydrogen
bond acceptor able to stabilize hydroxide formatiqive

note that Terentis et al3f) have proposed a direct hydrogen
bond between the distal histidine and the distal water

[

dependent spectrum of the substrate-bound enzyme and the
pH dependence af-Trp binding, because-Trp can now

act as a proton donor/acceptor, shuttling a proton between
the distal water molecule and the acid/base group. The pH
dependencies observed in this work would therefore be
assigned as arising from the titration of one of the residues

molecule in ferric IDO, but this is only consistent with the ndicated in Scheme 2, but we cannot unambiguously assign

pH-independent spectrum of the ferric form if th&pof these [, values at th|s-stag9e. ,

the bound water is unaffected by the hydrogen bond or if it 1 he fact that H303A is catalytically competent foffrp

is lowered to such an extent as to still be outside the tUrnover suggests that substrate binding is not critically
accessible pH range.) The fact that pH-dependent behaviord€Pendent upon the presence of this residue. This is in
is observed in the tryptophan-bound form presumably means@dreement with the EPR data for the H303A variant beqause
that substrate binding induces a conformational change within #303A is observed by EPR to form a low-spin, hydroxide-
the overall protein structure that favors deprotonation, such Pound heme upon addition of the substrate. These results
that a suitable (pH-dependent) hydrogen-bond acceptor isClearly indicate that errotonanon of the_ distal water
now accessible. One possible scenario that accounts for oufMolecule can occur in H303A and are interpreted as
observed data is depicted in Scheme 2. Here, the binding ofmdlcatlng elther_that His303 _does not act as the_: acid/base
the substrate leads to a hydrogen-bonding interaction betweerfCCeptor in the wild-type protein or that an alternative proton-
an unspecified active-site acid/base group, the bound sub-ransfer mechanism is available in this variant.

strate, and the distal water molecule. In the absence of the Redox Properties and Dioxygen Bindifigable 3 collates
substrate (Scheme 2, left), no such hydrogen-bonding the redox data obtained in this work. The reduction potential

interaction occurs. This would be consistent with the pH- ©f IDO has not been previously reported. The magnitude of
the observed potential for rhiDG-G0 + 4 mV) is useful in

7 This would, necessarily, also have to include the sixth ligand to
the heme in the low-spin form which, although it ligates to the heme, & Clearly, the X, values of the groups involved need to be in a
must also be unable to induce deprotonation of the bound water similar range for proton shuttling to occur. We note that the relevant
molecule in the absence of the substrate. As we have mentioned abovepK, values of free-Trp are out of the physiological range (Scheme 1)
it is likely that conformational changes in the protein structure are but that shifts in the I§, values could occur upon binding to the enzyme.
involved, such that mobile residues may move in and out of the active- Formally, however, Scheme 2 does not require complete deprotonation
site pocket. or protonation ofL.-Trp: we envisage a “concerted” process.
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Table 3: Summary of Fe/Fe&™ Reduction Potentials Obtained in i_nfluences the hydrogen-bon_ding . structure (_)f the bound
This Paper (Refer to Figure 6) ligand would be consistent with this observation.
enzyme —Trp (mV) +Trp (MV) Clearly, there are many questions that remain to be
answered, but these data help to build a more informed
rhiDO —30+ 42 16+ 3° . . . .
H303A —99+ 2b ne picture of the detailed mechanism of IDO catalysis and

provide a useful and testable framework for further structure/

a b c = i . . . . .
pH 7.0.7pH 8.0.%nd = not determined. function studies on this important mammalian target.

a functional context. It is lower than those observed in the ACKNOWLEDGMENT
myoglobins E° ~ + 50 mV (reviewed in re66), in which
stabilization of the ferrousoxy complex is required, but is
higher than those observed in the heme peroxidagés [
typically in the range from-100 to—250 mV 67—63)], in
which charge separation of the-@ peroxide bond and
stabilization of the high-valent ferryl intermediate is required.

In the peroxidases, there is a strong hydrogen bond betweerlljlnd Dr. Bernard Rawlings (University of Leicester) and
the proximal histidine and an aspartic acid group: this y

stabilizes the ferryl intermediate and drives the potential Professor Chris Cooper (University of Essex) for insightful

S ) ) . _discussions.
down. Charge separation is not necessary in the globins: in

this case, there is no strong hydrogen bond and a highergyppORTING INFORMATION AVAILABLE

reduction potential, favoring ferrous heme, is observed. Using

resonance Raman techniques, Terentis et 28) pave The construction of the expression vector, mutagenesis/
suggested a strong hydrogen_bonding partner to the proxima|bacteria| expression of recombinant IDO, and protein puri-
ligand in IDO, analogous to the proximal Asp residue in the fication; nucleotide sequence of human IDO (Figure S1);
heme peroxidases, although in this case, the identity of the(A) SDS-PAGE gel of a sample of rhIDO prior to FPLC
hydrogen-bonding partner is not known [Asp274 has been analysis, showing molecular weight markers (left), (B) SDS
suggested, howevet4)]. On the basis of comparisons with PAGE gel of a purified sample of rhIDO after FPLC (Figure
the reported reduction potentials for the peroxidases, theS2). This information is available free of charge via the
potential for rhiDO is substantially higher than would be Internet at http://pubs.acs.org.
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