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An intriguing mystery about tryptophan 2,3-dioxygenase is
its hydrogen peroxide-triggered enzyme reactivation from the
resting ferric oxidation state to the catalytically active ferrous
form. In this study, we found that such an odd Fe(III) reduction
by an oxidant depends on the presence of L-Trp, which ulti-
mately serves as the reductant for the enzyme. In the peroxide
reaction with tryptophan 2,3-dioxygenase, a previously
unknown catalase-like activity was detected. A ferryl species
(6 = 0.055 mm/s and AE, = 1.755 mm/s) and a protein-based
free radical (g = 2.0028 and 1.72 millitesla linewidth) were char-
acterized by Mossbauer and EPR spectroscopy, respectively.
This is the first compound ES-type of ferryl intermediate from a
heme-based dioxygenase characterized by EPR and Méssbauer
spectroscopy. Density functional theory calculations revealed
the contribution of secondary ligand sphere to the spectroscopic
properties of the ferryl species. In the presence of L-Trp, the
reactivation was demonstrated by enzyme assays and by various
spectroscopic techniques. A Trp-Trp dimer and a monooxygen-
ated L-Trp were both observed as the enzyme reactivation by-
products by mass spectrometry. Together, these results lead to
the unraveling of an over 60-year old mystery of peroxide reac-
tivation mechanism. These results may shed light on how a
metalloenzyme maintains its catalytic activity in an oxidizing
environment.

Hemoproteins perform a wide range of biological functions,
including oxygen transport, storage, electron transfer, mono-
oxygenation, and reduction of dioxygen. However, they rarely
express dioxygenase activity as their native biological function.
Tryptophan 2,3-dioxygenase (TDO)? is the first described
exception (1-3). This enzyme employs a b-type ferrous heme
prosthetic group to catalyze the oxidative cleavage of the indole
ring of L-Trp, converting it to N-formylkynurenine (NFK)
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(Scheme 1). This is the first and rate-limiting step of the kynu-
renine pathway of L-Trp metabolism, which oxidizes over 99%
of L-Trp in mammalian intracellular and extracellular pools (2,
4.-9). The kynurenine pathway constitutes the major steps in
biosynthesis of NAD, an essential redox cofactor in all living
systems (5).

TDO is a hepatic enzyme first discovered in rat liver extracts
in 1936 (1). An analogous enzyme, indoleamine 2,3-dioxyge-
nase (IDO), was isolated 31 years later from tissues other than
the liver (10). Although both enzymes catalyze the same reac-
tion, TDO is highly substrate-specific with L-Trp, whereas IDO
presents a more relaxed specificity. TDO is a homotetramer
with a total mass of ~134 kDa, whereas IDO is a monomeric
protein. The two enzymes share only 14% sequence identity but
conserve similar active site architectures (11-13). In addition to
humans, TDO has also been found in other mammals, such as
rats and mice, as well as in mosquitoes and bacteria (2, 5,
14-18). Recently, a potential heme-dependent dioxygenase
enzyme superfamily has been proposed (19). Moreover, several
other heme-based proteins, such as myoglobin and hemoglo-
bin, express dioxygenase activities from their mutant proteins
under certain circumstances (20, 21). In general, TDO has been
considered as a prototypical member and model system for
studying the chemistry of heme-based dioxygenases.

The ferrous heme in TDO is the catalytic center that binds
and activates molecular oxygen. Like many other Fe(II)-depen-
dent enzymes, TDO becomes auto-oxidized when its primary
substrate is absent. In previous studies, hydrogen peroxide
(H,O,) was implicated as an activator by the finding that the
resting ferric TDO becomes active toward L-Trp after treat-
ment with H,O, (22). This was later confirmed by independent
optical spectroscopic studies from various laboratories (14, 17,
23) and by the observations that the overall enzyme reactivation
was inhibited by catalase and that the addition of peroxide
relieved the reactivation inhibition (14). However, the mecha-
nism by which ferric TDO is reduced to its ferrous form by
reacting with H,O, remains elusive after over 60 years.

Here, we provide unequivocal evidence in support of the for-
mation of the ferrous form of the enzyme by reaction of ferric
TDO with peroxide and L-Trp. A previously unknown two-
phase enzyme reactivation mechanism is proposed based on
the chemical identification of nearly all of the intermediates and
products. In the first phase, the enzyme is oxidized by peroxide
to generate a compound ES-type ferryl intermediate. In the
second phase, the ferryl and the protein-based free radical
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SCHEME 1. Chemical reaction catalyzed by TDO.

intermediates are each reduced by L-Trp. We further hypothe-
size that the physiological significance of the peroxide reactivity
is to allow for the reactivation of the enzyme in an oxidizing
environment.

EXPERIMENTAL PROCEDURES

Reagents—1-Trp (99.5%) was purchased from Sigma. H,'°O,,
(30%, v/v) was obtained from Fisher. The concentration of
H,O, was calculated based on the extinction coefficient of
€340 nm = 43.6 M~ ' cm ™. H,'®0, (2% v/v solution) and H,"'®O
were purchased from Icon Isotopes at 90.0 and 97.6% isotope
enrichment, respectively. All experiments were performed in
50 mM Tris-HCl buffer, pH 7.4, unless otherwise specified. °“Fe
(95% enrichment) was obtained from Science Engineering and
Education Co. (Edina, MN).

Expression and Purification of Ferric TDO—The construc-
tion of the plasmid encoding full-length Cupriavidus metalli-
durans TDO (CmTDO) has been described elsewhere (13). The
protein was purified by using a 100-ml HiLoad nickel-affinity
column and a Superdex 200 size-exclusion column on an
AKTA FPLC system as described in an earlier spectroscopic
study of the enzyme (24). The optical absorption spectrum of
the as-isolated TDO used in this work displays a 405:280 nm
ratio of ~1.4-1.5:1 (supplemental Fig. S1), corresponding to
60— 65% heme occupancy based on the determination of pro-
tein concentration and iron content using inductively coupled
plasma optical emission spectroscopy and EPR spin quantita-
tion technique. The purified enzyme demonstrated a specific
activity of 25 umol/min/mg. The ferrous enzyme used as con-
trol samples in the UV-visible and Mdssbauer experiments was
obtained by dithionite reduction of ferric enzyme under anaer-
obic conditions.

Catalase-like Activity Assay—Oxygen production was mea-
sured in a sealed reaction chamber (3 ml) with an integrated
oxygen electrode unit (Oxygraph System, Hansatech Instru-
ments) at 25 °C. The oxygraph experiments were initiated in
aerated buffer in the absence and presence of L-Trp. The pro-
duction of oxygen was monitored as a function of time. The
kinetic data were fitted to Equation 1,

v/[E] = kealS1"/ (K" + [S]")

where v is the steady state velocity; [E] is the concentration of
TDO; [S] is the concentration of H,O,; k., is the apparent
catalytic turnover constant; K, is the Michaelis-Menten con-
stant; and # is the Hill coefficient or cooperativity index. TDO is
known to exhibit a homotropic cooperativity during L-Trp
binding (25).

UV-visible Spectroscopy—All TDO samples were prepared in
50 mm Tris-HCI, pH 7.4. The absorption spectra were obtained
by using an Agilent 8453 UV-visible spectrophotometer at
room temperature. The enzyme reactivation by peroxide was

(Egq. 1)
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performed under anaerobic conditions using a homemade long
arm sealed cuvette (1 ml). All the reagents had been degassed
and purged with argon prior to the experiments. L-Trp stock
solution was prepared in the reaction buffer in a warm bath
(80 °C). Both L-Trp and H,O, were freshly prepared in 50 mm
Tris-HCl buffer, pH 7.4, that had been previously degassed and
purged with argon. Unless otherwise stated, the final concen-
tration of TDO in the reaction system was 5 um. The enzyme
was made anaerobic in a vial containing concentrated ferric
TDO by repeated evacuation and refilling with argon. A gas-
tight microsyringe was used for addition of various amounts of
argon-saturated oxygen-free H,O, to the enzyme-substrate
complex. NFK concentration was determined by the known
extinction coefficient at 321 nm (€35, ., = 3,150 M~ ' cm™")
(26). The apparent rates of the dioxygenation reaction were
determined from the initial velocity of the NFK formation. The
aerobic reaction of H,O, with TDO in presence of L-Trp was
performed similarly with exclusion of the steps associated with
the oxygen removal.

To test whether the ferric form of TDO can react with H,O,,
and directly produce NFK through an unknown shunt pathway,
we performed the enzyme reactivation in the presence of car-
bon monoxide (CO). In these experiments, CO was introduced
to the reaction system either prior to the reaction or in the
middle of the reaction (for comparison) by direct bubbling of
CO gas into the reaction solution containing TDO, H,O,, and
L-Trp.

Mass Spectrometry (MS)—All reagents were prepared using
anaerobic 50 mm Tris-HCl buffer, pH 7.4, which was bubbled
and purged with argon prior to the TDO reaction with peroxide
experiments. The reactions were performed on ice with stirring
using septum-sealed reaction vials. Ferric TDO (100 um) was
allowed to react with H,O, in the presence of L-Trp (5 mm), in
which either H,*®O, or H,*®0, was added to a total concen-
tration of 4 mm through a stepwise addition. After reacting
for 20 min, TDO was removed from the reaction system
using Centriprep-10 at 3,000 X g for 10 min, and the filtrate
was collected for electrospray ionization-mass spectrometry
(ESI-MS) analysis.

ESI spectrometric analyses were conducted on a Waters ESI-
Q-TOF micro mass spectrometer equipped with a Waters alli-
ance 2695 HPLC system (Milford, MA) in a positive mode.
Samples were analyzed through either a direct infusion or
through HPLC separation on a Waters 2695 alliance HPLC sys-
tem before MS analysis. The TDO reaction samples were mixed
with 50% acetonitrile in water containing 0.1% formic acid
before analysis. In LC-MS analysis, collision energy was set to
30 eV. HPLC separation was achieved on a Restek Allure C18
column (100 X 2-mm inner diameter, 3 uMm). Mobile phase A
was composed of water and 0.1% formic acid. Mobile phase B
was composed of acetonitrile and 0.1% formic acid. The elution
gradients were performed as follows: starting at 100% A for 5
min; falling to 0% A over 10 min; staying at 0% A for 15 min; and
then rising to 100% A over 20 min at a constant flow rate of 200
wl/min. MassLynx 4.1 software was used for instrument control
and data acquisition.

Solvent Exchange of the Dioxygenation Product—"'°0O-NFK
was prepared according to the enzyme-based procedures
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described above. A concentrated sample of '°*O-NFK was dis-
solved in H,'®0 (75% '®0) to exchange with solvent on ice for
20 min prior to the ESI-MS analysis. In a parallel experiment, a
concentrated '°O-NFK sample was first dissolved in H,'®O
(75% '®0) for 20 min and then concentrated again by rapidly
evaporating the solvent under a vacuum. Finally, it was re-di-
luted with H,"'®O. The final ratio of H,'®*O/H,'*0O was deter-
mined to be 60:1. This experiment was intended to examine if
the solvent exchange would be fully reversible.

Electron Paramagnetic Resonance (EPR) Spectroscopy—TDO
EPR samples were made in reaction vials containing 50 mm
Tris-HCI buffer, pH 7.4, with 10% glycerol, transferred to EPR
tubes, and quickly frozen in cold isopentane (—140 °C) or liquid
nitrogen after the desired reaction time. The 12- and 30-s sam-
ples were made in EPR tubes by using a System 1000 rapid-
freeze quenching apparatus (Update Instruments Inc.) with a
cold isopentane bath (—140 °C). Typically, 10 EPR samples with
0.15-0.50 mMm TDO were made in each set of experiments with
1- 6 eq of peroxide in different experiments. Multiple sets of the
EPR experiments were conducted to optimize the enzyme/per-
oxide ratio for production of reactive intermediates while min-
imizing loss of the heme cofactor. X-band EPR first derivative
spectra were recorded in perpendicular mode on a Bruker EMX
spectrometer at 100-kHz modulation frequency using a
4119HS resonator. The EPR measurement temperature was
maintained with an ESR910 liquid helium cryostat and an
ITC503 temperature controller. A calibrated frequency meter
was used to aid the g value determination. Spin concentration
was determined by double integration of the EPR signals
obtained under low microwave power conditions and compar-
ing with that of a copper standard (0.5 mm CuSO,, 5 mM EDTA)
obtained under identical conditions.

The relaxation properties of the free radical at different tem-
peratures were analyzed from EPR spectra obtained by varying
microwave powers in the range 0.0002—200 milliwatts. The val-
ues of half-saturation parameters (Py;) were obtained by fitting
the data according to Equation 2.

[oo1/(1 + P/P,,,)"? (Eq.2)

where [ is the EPR signal amplitude, b is the inhomogeneous
broadening factor, and P is microwave power.

Mossbauer Spectroscopy—The °’Fe-enriched protein was
obtained by expressing TDO in Escherichia coli using >’ Fe-en-
riched culture medium as described previously (24). The Moss-
bauer samples were prepared from the as-isolated °”Fe(III)-
TDO and frozen in liquid nitrogen. In the Fe(Il) formation
Maossbauer experiments, a final concentration of 1.0 mMm (heme
concentration) *’Fe-TDO was used. To generate the high
valent Fe(IV) intermediate, 1.6 mM (heme concentration) >’ Fe-
TDO was used to react with 6 eq of H,O, (9.6 mm) and frozen in
liquid nitrogen at 20 or 50 s after reaction. Mdssbauer spectra
were recorded on a constant acceleration instrument with an
available temperature range of 1.5 to 200 K. Isomer shifts are
reported relative to Fe(IV) metal at 298 K. Least square fitting of
the spectra was performed with the WMOSS software package
(WEB Research, Edina, MN). The low temperature Mossbauer
spectra of resting TDO were fit with the standard spin Hamil-
tonian (Equation 3),
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FIGURE 1. A, H,0, decomposition and O, production mediated by Fe(lll)-TDO
in a stirred O, electrode cell in response to discrete additions of H,0,. B,
reaction initiated by TDO. Arrows indicate the time points in which ferric TDO
(5 um) and H,0, (250 um or 1 mm in A and 1 mm in B) were added to the
reaction cell.

H=gB-S+D[S>—S(S+ 1)/3]+E(5>—S5,%) + Aio(S*))
= g,b,B* 1+ (cQV,/12)(31,> — I(I + 1) + n(l> = 1,%))
(Eq.3)

Computational Modeling—The hybrid functional B3LYP
(27) with a Wachter’s basis (62111111/3311111/3111) for
Fe(IV) (28), 6 —311G* for all the other heavy atoms, and 6 -31G*
for hydrogens was used to predict the values of Mdssbauer quad-
rupole splitting and isomer shift, the same approach used in the
previous work for various iron-containing proteins and models
(see supplemental material for more details) (29, 30). In all the
investigated models, the heme group is represented by a por-
phyrin with original 3 substituent replaced by methyl groups,
and the axial histidine group is truncated to be 5-methyl-
imidazole. Geometries of all the structural models investigated
in this work were optimized (see supplemental Table S1-S14
for the optimized coordinates) with the terminal atoms fixed at
the x-ray crystal structure (Protein Data Bank entry 2NW7; see
Ref. 12) positions to mimic the protein environment effect,
using the density functional theory method BPW91 with the
above basis set (31, 32), which is the same approach used pre-
viously to investigate other oxyferryl species (29, 30).

RESULTS

Reaction of Oxidized TDO and H,0, in the Absence of L-Trp—
The reaction of ferric TDO with H,O, was examined with an
oxygen electrode in a stirred cell at 25 °C. Fig. 1A shows that the
addition of 50 eq of H,O, to the oxidized protein resulted in an
immediate increase in the oxygen concentration of the reaction
chamber. Another addition of H,O, in the same amount led to
a similar increase in the oxygen concentration, indicating that
O, generation is reproducible (Fig. 14). When ferric TDO was
added to the buffer containing H,O,, similar O, production
was observed (Fig. 1B), indicating no dependence on the order
of additions. In contrast, addition of either the protein or per-
oxide alone, as shown in Fig. 1, did not produce O,. These
results demonstrate that O, is produced from H,O, and lead to
the conclusion that Fe(III)-TDO possesses a catalase-like activ-
ity with H,O, in the absence of L-Trp. The k_,, K,,,, and k_,,/K,,,
values of the TDO catalase-like activity determined from steady
state analysis according to Equation 1 are 13 = 2s™', 16 = 3
mwm, and 850 + 65 M~ ' s~ !, respectively (supplemental Fig. S2).
The kinetic data show no cooperative behavior (n = 1) during
O, production from H,0,.
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FIGURE 2. Mdssbauer spectra of >’Fe-TDO. A, reaction of H,0, (9.6 mm) with
TDO (1.6 mm); B, TDO protein in resting state prior to the reaction with H,0,,
and C, difference spectrum of A — 0.25B. All spectra were recorded at 4.2 Kin
an applied field of 45 mT parallel to the direction of the beam of vy rays. The
solid lines are least squares fits with parameters given in the text.

At 4.2 K, the as-isolated >’Fe-TDO shows a six-line magnetic
pattern in Mossbauer spectrum (Fig. 2). The simulation over-
laid on the experimental data (Fig. 2, solid line) is calculated for
an S = 5/2 iron site with & = 0.42 mm/s, AEQ =1.53mm/s,D =
13cm™ ', E/D = 0.01,and A, = 195 kG (Fig. 2B). These values
are indicative of a high spin ferric heme (24). Another sample of
this protein solution was treated with 6 eq of H,0O, (20 s reac-
tion plus 10 s frozen time) prior to the spectroscopic character-
ization (Fig. 24). The Mossbauer spectrum of this sample is
composed of four species. One species is recognized as the high
spin ferric TDO that accounts for 25% of the iron in the sample.
Fig. 2C shows the difference spectrum of A — 0.25B. This dif-
ference spectrum is composed of three overlapping doublets as
indicated on the figure. The fit to the three doublets (Fig. 2C,
solid lines) gives Fe(IV) parameters and relative amounts of the
following: 1) 8 = 0.055 mm/s, AE, = 1.755 mm/s, 33%; 2) 8 =
0.350 mm/s, AE, = 0.703 mm/s, 17%; 3) 8 = 0.585 mm/s,
AE, = 1.5 mm/s, 25%. Species 1 is assigned to an S = 1 Fe(IV)
heme, tentatively in the Fe(IV)=0O form. The parameter ranges
of known S = 1 Fe(IV)-oxo heme species are 6 = 0-0.15 and
AE, = 1.0-1.6 mm/s. The other two species appear to be deg-
radation products of the reaction with peroxide. Species 2 has
parameters in the range of high spin ferric hemes, but the dia-
magnetic doublet indicates that the hemes are forming u-oxo
bridges (33). Species 3 is typical of nondescript Fe(IIl) forma-
tion (34), presumably due to loss of the iron ion from heme. The
same difference spectrum was unchanged in character when
recorded at 100 K. Thus, the addition of 6 eq of H,O,, all at
once, resulted in a 42% loss of the heme and/or °”Fe from TDO,
25% remained unchanged, and 33% of the iron formed an
iron(IV)-oxo heme species. The loss of heme is consistent with
the observed tendency of the protein to lose the b-type heme
cofactor. Similar results were observed for two repeats of the
*’Fe-enriched TDO with H,O, and observation with Méss-
bauer spectroscopy. At longer reaction times (50-s reaction
plus 10-s frozen time), species 1 was decreased from 33 to 20%.

The reaction of TDO with H,O, was also studied by EPR
spectroscopy. The as-isolated ferric TDO displays a nearly axial
EPRsignal at g = 6 (supplemental Fig. S3) and a weak resonance
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FIGURE 3.Change in the EPR signals of TDO during the room temperature
reaction of TDO (150 um) with H,0, (900 um). The times at which the var-
ious EPR samples were frozen after addition of H,O, are listed on the figure.
The g = 2 signal is 20% of the original experimental data. EPR parameters for
obtaining spectra are as follows: temperature, 10 K; microwave frequency,
9.44 GHz; microwave power, 1 milliwatt; and modulation amplitude, 0.8 mT.

at ¢ = 2 (Fig. 3), typical of a high spin ferric ion in a heme
environment. Fig. 3 shows that this ferric EPR signal decreases
in intensity upon addition of H,O,, concomitantly with the
formation of a g = 2.0028 free radical signal. The amplitude of
the EPR signal for the radical is shown on a reduced scale for
comparison with the ferric heme signal. At 30 s, the radical
species has a spin concentration of 18% of the initial ferric heme
concentration. A plot of the concentrations of the high spin
heme and radical species as a function of time is present in
supplemental Fig. S4. At 12 s, the free radical species has a spin
concentration of 40% of the initial iron concentration. The
sharp EPR signal of the 12-s sample at g = 2.0028, shown in
supplemental Fig. S5, is omitted from Fig. 3 for clarity. The
EPR-active radical intermediate is present in addition to the
postulated Fe(IV)-oxo species characterized by Mdssbauer
spectroscopy.

At later reaction times, the radical species decays, and the
high spin ferric EPR signal gradually increases in intensity. At
10 min, the concentration of the high spin heme species is about
70% of its initial concentration due to 30% loss of the heme
under these conditions. The detected loss of heme in the EPR
samples is lower than the ratio obtained by Mdssbauer spec-
troscopy, presumably due to the low concentration of H,O,
used in the EPR experiments. During the reaction time of Fig. 3,
the shape of the high spin heme EPR signal subtly changed to a
more axial species (supplemental Fig. S3), which suggests that
the electronic environment of the heme changes during the
reaction with peroxide. In the 12-s sample, the ferric heme sig-
nal at ¢ = 6 is about 25% of the initial intensity prior to the
reaction with H,O, (supplemental Fig. S4). This observation
suggests that although there are “inequivalent” hemes in the
enzyme, they all react with H,O,.
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FIGURE 4. Optical spectra of TDO. A, Soret bands of ferric and ferrous CmTDO (5 um) in the presence of L-Trp (5 mm) are observed at 406 and 432 nm,
respectively. The Soret band of the ferric sample splits into two parts 30 s after addition of H,0, (30 um). B, ferric TDO (black), after sequential addition of L-Trp
(red), CO (green), and H,0, (blue). The red and green traces are nearly identical to each other. C, optical spectra of TDO and L-Trp taken from the sequential
additions of equal amount of H,0, (see text for experiment details). The inset is the calculated NFK concentration as a function of the added H,O, under

anaerobic conditions. The concentration of H,0, was determined using €, nm = 43.6 M~ ' cm ™~ '. NFK concentration was determined using €557 nm = 3150 M

cm ™! after subtraction of the initial spectrum.

The peak-to-peak line width of the radical signal is 1.72 mT
(supplemental Fig. S5), which is too large for a peroxide-based
free radical (<1 mT)) but typical for a protein-derived aromatic
radical (35, 36). The microwave power saturation behavior of
the free radical signal at g = 2.0028 was measured at 10 and 100
K, respectively (supplemental Fig. S5). The fit to the curves
using Equation 2 led to Py, values of 0.11 and 1.16 milliwatts for
10 and 100 K, respectively. These values suggest a weak inter-
action of the protein radical with the Fe(IV) ion. At approxi-
mately the same reaction time as the Mdssbauer sample, the
spin concentration of the protein radical is found to be compa-
rable with the concentration of the Fe(IV)=0 heme species.
Together, these results suggest the formation of an intermedi-
ate composed of an Fe(IV)=0 heme in close proximity to the
free radical, similar to the so-called compound ES description
based on the initial characterization from cytochrome ¢ perox-
idase (37, 38). Compound ES of cytochrome ¢ peroxidase is a
semi-stable enzyme intermediate that contains an Fe(IV)=0
heme and a Trp radical (39).

Reaction of Oxidized TDO and H,O, with .- Trp—The as-iso-
lated TDO exhibits visible absorbance characteristics of a his-
tidine-ligated ferric heme protein with a Soret band at 405 nm
(supplemental Fig. S1). In the presence of L-Trp, the Soret band
shifts to 406 nm (Fig. 4). The intensity of this 406-nm band
decreases, and new features at 432 and 321 nm develop during
the addition of H,O, to a reaction mixture containing ferric
TDO and excess (1,000 eq, 5 mm) L-Trp (Fig. 4). The 321-nm
spectral feature resembles the optical data for the dioxygen-
ation reaction of ferrous TDO using O, as the oxidant, and the
absorbance in the range of 310—-330 nm has previously been
used to measure the formation of NFK (2, 40). Hence, the
absorption at 321 nm is tentatively assigned to NFK produc-
tion. When H,O, was incubated with L-Trp in the absence of
TDO, the development of the 321-nm chromophore did not
occur, indicating that NFK formation is an enzymatic process.
As shown below, the NFK formation is due to generation of the

JULY 29,2011 +VOLUME 286+NUMBER 30

=1

ferrous form of enzyme. When the peroxide reaction was car-
ried out in the presence of hydroxyurea, a known scavenger of
protein-based free radicals, the NFK production in the anaero-
bic reaction with peroxide is significantly inhibited (Fig. 5), sug-
gesting the protein radical detected by EPR spectroscopy is
indeed an intermediate in enzyme reactivation. In contrast,
NEK production in the normal catalytic cycle of Fe(II)-TDO
and O, is not affected by the presence of hydroxyurea (supple-
mental Fig. S6). The inset (top panel) in Fig. 4C shows a slightly
less than 1:2 ratio of [NFK]/[H,O,]stoichiometry. When the
peroxide reaction was carried out under aerobic conditions, the
amount of NFK formed was not associated with the concentra-
tion of peroxide because the reaction mediated by the ferrous
enzyme had multiple sources of O, (supplemental Fig. S7).

The fully reduced TDO, generated by chemical reduction by
dithionite, presents a Soret band at 432 nm when L-Trp is
bound (Fig. 4A). During the course of the reaction of ferric TDO
with H,O, and L-Trp, the Soret band decreases, whereas an
additional spectral shoulder feature emerges at 432 nm (Fig. 4).
The 432-nm chromophore matches the Soret band of ferrous
TDO complex with L-Trp, suggesting the formation of the fer-
rous TDO from a fraction of the ferric form of the enzyme. To
confirm the formation of Fe(II) heme, CO was introduced to
stabilize the presumed ferrous species in a separate test. In our
previous study of ferrous TDO, the CO adduct exhibits a Soret
band at 421 nm in the presence of L-Trp, and it is stable in the
presence of O, (24). A similar 421-nm peak has also been
reported for the ferrous-CO adduct of human TDO (41). When
CO was bubbled into a solution containing ferric TDO and
L-Trp, the addition of CO does not cause an observable shift of
the Soret band. However, upon further addition of H,O,, a
421-nm band corresponding to the ferrous-CO adduct of TDO
is generated (Fig. 4B).

The formation of the active Fe(Il) form of TDO from the
ferric state by peroxide was further verified by Mossbauer spec-
troscopy. Fig. 64 shows the Mdssbauer spectrum of substrate-
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FIGURE 5. Formation of NFK as a result of the peroxide reaction with ferric
TDO (5 pm) and L-Trp (5 mm). The spectra were taken from the anaerobic
titration of 35 eq of H, 0, (total 175 um) in the absence (A) and presence (B) of
hydroxyurea (10 mm). Each trace was obtained after the reaction was com-
plete and subtracted against a spectrum of ferric TDO at the same concentra-
tion (5 um).
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FIGURE 6. Mdssbauer spectra of °’Fe-TDO. A, ferric TDO (1 mm) with 50 eq of
L-Trp; B, after treatment with CO and H,0, (2 mm); and C, difference spectrum
of B — 0.5A. All spectra were recorded at 4.2 K in an applied field of 45 mT
parallel to the direction of the beam of yrays. The solid line is the least squares
fits with parameters given in the text.

bound ferric TDO before addition of CO and peroxide. CO gas
was bubbled through an anaerobic sample of ferric TDO with
L-Trp for 5 min, after which 2 eq of H,O, were added, and the
sample was immediately frozen in liquid nitrogen. The spec-
trum of the H,O,-treated sample is shown in Fig. 6B. The dif-
ference spectrum (Fig. 6C), generated by subtracting 50% of the
unreacted enzyme-substrate complex, shows a doublet indicat-
ing a diamagnetic species. The Mdssbauer parameters of this
species are the same as those of ferrous-CO adduct character-
ized in our recent work (24).
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It is known that CO reacts with the ferrous heme of TDO and
that the ferrous-CO complex is catalytically inactive (41). Like
O,, CO does not bind to ferric hemoproteins (42). With this
knowledge in hand, CO was again employed as a probe to test if
the ferrous heme generated by addition of H,O, is catalytically
active. Fig. 7 shows that the NFK production is inhibited by CO,
indicating the dioxygenation product is generated by the Fe(II)
heme. When the reaction was initiated by addition of ferric
TDO, the initial rate of the CO-treated reaction system
dropped by ~6.5-fold compared with that of the untreated
sample under the same conditions (Fig. 7A). In a separate set of
experiments, CO was introduced into the system 15 s after the
reaction was initiated. An inhibition of the NFK formation was
observed (Fig. 7B), demonstrating depletion of catalytically
active Fe(II) enzyme by forming a stable but inactive Fe(II)-CO
complex. Before CO was bubbled into the system, the forma-
tion of Fe(II) heme was visualized at 432 nm. After a small lag
phase upon addition of CO, a sharp decrease of [Fe(II)] was
observed (Fig. 7C). The absorbance at 421 nm was concomi-
tantly increased due to the formation of the ferrous-CO adduct
(Fig. 7B). These experiments further show that the formation of
NEK is catalyzed by ferrous TDO, and an enzyme reactivation
mechanism must exist during the reaction with peroxide under
appropriate conditions discussed later.

Source of Oxygen in NFK—Mass spectrometric analyses of
the reaction of ferric TDO and L-Trp with H,*¢0, and H,**0,
were conducted. The enzyme was removed by filtration after 5
min of reaction with peroxide and prior to the mass spectrom-
etry analysis as described under “Experimental Procedures.”
Fig. 84 shows that the substrate L-Trp presents an ion of mass-
to-charge ratio (m/z) 205, corresponding to the anticipated
[M + H]™ form. The ion at m/z 243 in this control sample is
tentatively assigned to the dimeric form of Tris (M, 242). A new
major ion at m/z 237 is present in the TDO reaction mixture
with H,"'®0, as the oxidant (Fig. 8B). This new ion is absent in
the control sample where TDO was omitted (Fig. 84). The
32-dalton mass shift of the m/z 237 ion compared with the
substrate is consistent with production of NFK in which two
oxygen atoms have been incorporated into L-Trp. In addition, a
peak at 71/z 409 was observed in the reaction and is tentatively
assigned to an L-Trp dimer (supplemental Fig. S8). It was unde-
tectable when either TDO or H,O, was absent or in the regular
dioxygen reaction of ferrous TDO and O,. The /2409 ion was
invariant when '®O-enriched peroxide was employed in the
reaction.

When H,'®0, was used instead of H,'®0,, an ion of m/z 241
was detected (Fig. 8C). This ion is consistent with the incorpo-
ration of two atoms of %0 into the product from H,'®0,. An
ion at m/z 237 was also observed due to the presence of the
unlabeled '°O fraction of the peroxide reagent (90% *O enrich-
ment). Although the experiment was carried out under O,-free
conditions, oxygen leak could have occurred during the process
of filtering the enzyme out of the reaction system, thus gener-
ating a small fraction of NFK containing unlabeled oxygen. The
amplitude of m/z 237 ion is estimated to correspond to less than
20% of the sum of the total product ions. In Fig. 8C a significant
ion of m/z 239 is also present, which corresponds to the
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FIGURE 7. Effect of CO on the enzyme reactivation and formation of NFK. A, preincubation of CO into a solution of L-Trp (5 mm) and H,O, (10 um) (solid trace)
compared with that in the absence of CO (dotted trace). The reaction was initiated by addition of ferric TDO (1 um). B, CO bubbling 15 s after the reaction, which
was initiated by addition of TDO (solid trace). The dotted trace shows a control experiment in the absence of CO. C, change of the Soret absorbance as a function
of reaction time monitored at 421 nm (corresponding to Fe(ll)-CO adduct) and 432 nm (ferrous heme in TDO), respectively. CO gas was bubbled into the

solution after 50 s of the reaction. The experiments were carried out under aerobic conditions.
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FIGURE 8. ESI-MS characterization of L-Trp (A), the reaction product of L-Trp and H,'®0, catalyzed by ferric TDO (B), and the TDO reaction using isotope-labeled
H,'80, as the oxygen donor (C). A '0-NFK sample, generated from the TDO reactivation process, was dissolved in an '®0-enriched water ('°0/'#0 ratio of 3:5)
after concentrating the reaction solution and removing the enzyme by filtration (D). A copy of sample D was further diluted by 'O water to reach afinal '°0/'#0
ratio of 60:1 (1.6% '20) (E). TDO reaction was carried out in H,"®0-based Tris-HCl buffer (F).

incorporation of one atom of '°O and one atom of *®0 into
L-Trp. To investigate the cause of the '*O/'®0 scrambling, a
sample of '°*O-NFK was prepared that presents the ion of m/z
237 of Fig. 8B. The '°O-NFK sample was then re-dissolved in a
solvent containing '®0-enriched water (78.1 atom %) with
H,'°O/H,'®0 ratio of 1:4. The final '*O/'®O ratio was ~3:5.
Fig. 8D shows that a new ion at m/z 239 is generated from the
nonlabeled NFK in a post-enzymatic reaction process in the
presence of '®0-enriched water, which indicates that one '*0O
from solvent is exchanged into '°O-NFK.

The '®O water-exchanged sample containing both the m/z
237 and 239 ions was then added to "°O water to reach a H,'°O/
H,"®0 ratio of 60:1 (1.6% 'O atom) and was analyzed again by
ESI-MS after a few minutes of solvent exchange. Fig. 8E shows
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that the m/z 239 peak is substantially reduced, whereas the
original m/z 237 ion becomes the predominating species, which
indicates a reversible solvent exchange for NFK. No m/z 241
peak was observed in either of the exchange experiments, indi-
cating that one and only one oxygen site in the product NFK is
solvent-exchangeable.

A parallel set of experiments was performed using unlabeled
H,0, as the oxidant in "®O-based solvent. The m1/z 237 and 239
ions are present in the H,'°0,/H,'®0 sample (Fig. 8F), consist-
ent with solvent exchange after the catalytic reaction to form
the m1/z 239 ion. Collectively, these results suggest that the two
new oxygen atoms incorporated into NFK are both derived
from H,0,, and one of the oxygen atoms is readily exchange-
able with solvent.
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Identification of a Minor but Reproducible Mono-oxygenated
Tryptophan Product—In addition to the dioxygenation prod-
uct NFK, two ions at m/z 220 and 221 are observed in the
reaction of ferric TDO + L-Trp with unlabeled H,O, (Fig.
8B). As described below, the m/z 220 ion is shown in the
MS/MS experiments to be a fragment of NFK. The m/z 221
ion is, however, 16 daltons greater than L-Trp, which is con-
sistent with the insertion of one oxygen atom into L-Trp. In
the isotope-labeling experiments using H,'®0, as the oxi-
dant, a corresponding m/z 223 ion, 18 daltons greater than
L-Trp, is observed at the expense of the m/z221 ion (Fig. 8C).
The m/z 221 ion was not observed in the control mass spec-
trometry measurements of normal turnover using ferrous
TDO, L-Trp, and O,

Fig. 9 shows the results of an LC-MS experiment using
H,'°0,, with H,*#0 solvent to further characterize the two ions
at m/z 220 and 221. The substrate (m1/z 205) shows the greatest
retention time of 16.6 min. The m/z 237 and 239 ions with a
retention time of 6.1 min are due to the dioxygenation product
NFK (Fig. 9D). The former has two °O atoms inserted, and the
latter has a '°O and an "0 atom inserted into the substrate.
The m/z 243 ion with a 2.9-min retention time is attributed to
the Tris-HCl buffer used in the reaction, and the m/z 214 ion is
a fragment of the Tris-HCl buffer (Fig. 9B). The ions at m/z 221
and 223 have a retention time of 5.3 min (Fig. 9C). It should be
noted that the much longer solvent exchange took place in the
LC-MS experiments. The observation of the m/z 223 ion in
H,'®0 indicates that the presumed monooxygenated by-prod-
uct is solvent-exchangeable but at a much slower rate. When
'80-enriched peroxide was used in the experiments without LC
separations, the m/z 223 ion was observed, although m/z 221
ion was nearly absent (Fig. 9C).

ESI-MS/MS experiments were subsequently conducted to
characterize the major products of m/z 237 and 239 ions. The
supplemental Fig. S9 confirms that m/z 220 and 222 are the
fragments of NFK (m/z 237 and 239, respectively), as a conse-
quence of each losing a —**OH or —**OH group during ioniza-
tion. The absence of the m/z 221 (223 with '®0) ion in the
MS/MS spectrum of the m/z 237 (239 with *#0) ion is consist-
ent with the LC-MS and isotope labeling results and thus con-
firms that the m/z 221 ion is not a fragment of the NFK. The
presence of the m/z 223 ion in the '*0 sample suggests an iso-
tope equivalent of the presumed monooxygenated tryptophan
(Trp-O). From these results, it can be concluded that the m/z
221 ion (223 with '80) has arisen from Trp-O. In a post-reac-
tion treatment experiment after removing the enzyme by filtra-
tion, the sample containing the Trp-O was incubated with
H,O, overnight at 4 °C in the absence of TDO. The m/z 221 (or
223 with '80) ion was unchanged in the spectrum after the
peroxide treatment.

Modeling Study—The TDO ferryl species observed in our
Mossbauer study exhibits an unusually large quadrupole split-
ting parameter of 1.755 mm/s at the physiologically relevant pH
7.4. This is greater than that of any other reported Fe(IV)-oxo
species of hemoproteins but is smaller than that of protonated
Fe(IV)-oxo (see under “Discussion”). Density functional theory
calculations on the TDO ferryl intermediate were performed to
evaluate the possible structural influences on the Mdssbauer
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FIGURE 9. LC-MS characterization of the TDO reaction with H,0, and
L-Trp. A, HPLC of the reaction product of H,'®0,-dependent oxygenation
mediated by ferric TDO performed in H,'®0. MS spectra at retention time of
2.88 (B), 5.25 (C), and 6.10 min (D).

parameters, including protonation of the oxo group, hydrogen
bonding to the oxo group from a distal histidine and a con-
served Ser-Gly pair, and conformational change of the proximal
histidine ligand (Table 1). The data presented suggest that the
relatively large positive value of quadrupole splitting of param-
eter is a result of the H-bonding to the oxo group (see under
“Discussion” and supplemental material).

DISCUSSION

Reactivation of Ferric TDO—This work describes an exten-
sive effort to uncover the long standing reactivation mystery of
the reactivation of ferric TDO by an oxidant. Although the acti-
vation of ferric TDO by H,O, in the presence of L-Trp has been
known since 1950 (22), the mechanism of the reactivation was
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TABLE 1
Results of various models for TDO ferryl species

HB represents the Ser'**~Gly'*® residues hydrogen-bonded to the oxo group. In 7A, the terminal atoms in the distal histidine are fixed at x-ray-determined positions, and
in 8A, those atoms are allowed to be optimized. In 9A, all atoms of the HB group (CmTDO Ser'**~Gly'*®) are also allowed to be optimized compared with 8A.

Model R0 AE, [
A mmy/s mmy/s
TDO Experimental 1.755 0.055
1A Fe'Y(porphyrin)*~ (His)°(O)>~ 1.654 1.54 0.14
1B Twisted His 1.648 1.97 0.13
2A Fe"Y(porphyrin)>~ (His)°(OH)"' ~ 1.799 3.02 0.08
2B Twisted His 1.795 3.19 0.11
3A Fe"V(porphyrin)*~ (His)°(O~HB)>~ 1.663 1.78 0.12
3B Twisted His 1.657 2.20 0.11
4A Fe"(porphyrin)*~ (His*H,0)°(0)*~ 1.656 1.44 0.14
4B Twisted His 1.646 2.14 0.12
5A Fe"Y(porphyrin)*~ (His+H,0)°(O-+HB)*~ 1.665 1.66 0.11
5B Twisted His 1.660 2.11 0.11
6A Fe"V(porphyrin)*~ (His)°(OH~HB)"' ~ 1.792 3.07 0.10
7A Fe'Y(porphyrin)*~ (His)°(O-+HB)>~ (distal His) — 1 1.664 1.82 0.12
8A Fe"Y(porphyrin)>~ (His)°(O-+HB)>~ (distal His) — 2 1.672 1.97 0.09
9A Fe'V(porphyrin)?~ (His)°(O~HB)> (distal His) — 3 1.670 2.01 0.10
Catalase-Like Cycle Dioxygenase Cycle
0, H,0,
NG P
Y
o ‘ .
active form
H,0; ( ) o,
. * . Tp
Protein
(resting state) (Cpd 1) (Cpd ES) [Trp-] Dy

Trp-Trp

SCHEME 2. Mechanism of enzyme reactivation by hydrogen peroxide in tryptophan 2,3-dioxygenase. The reactivation pathway branches at the com-
pound ES-type ferryl intermediate. In the absence of L-Trp, a catalase-like activity is present. The enzyme reactivation occurs when the protein radical and the
ferryl species are each reduced by L-Trp. Intermediates shown in parentheses are predicted but not detected experimentally.

not resolved. The optical and Mdssbauer spectroscopic data
shown in this work confirm that the addition of H,O, to the
ferric form of TDO in the presence of L-Trp results in reduction
of the enzyme to produce ferrous heme. The enzyme assay
demonstrates that the ferrous enzyme generated by peroxide is
catalytically active and is inhibited by CO. A plausible mecha-
nistic model is presented in Scheme 2 that brings together the
EPR, Méssbauer, optical, and mass spectrometry data. The
spectroscopic observations of each of the proposed intermedi-
ates and products that have been presented here, including the
ferryl intermediate, protein-based free radical, O, production,
Trp-Trp dimer, monooxygenated Trp, and the normal product
NKEF, provide unequivocal support for this model.

In the proposed reactivation model, the first step of the reac-
tion involves a peroxide-dependent process to generate com-
pound ES (Scheme 2). The second step involves the following
two branching pathways that deplete compound ES: () a cata-
lase-like reaction leading to O, production, and (b) reduction of
the protein radical and Fe(IV)=O0 species by L-Trp resulting in
Trp-O and ferrous TDO. The second branching reactions con-
sume the two oxidizing equivalents stored in compound ES
intermediate and, consequently, lead to enzyme reactivation
and L-Trp dimerization. The reduction of the protein radical by
the presence of L-Trp is a necessary step for the Fe(IV)=0 to
oxidize the substrate and become reduced to ferrous in branch
B, because the high valent Fe(IV) ion alone can no longer per-
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form the catalase-like function. We performed a set of experi-
ments in which the protein radical is quenched by a scavenger,
such as hydroxyurea, and we found that the catalase-like reac-
tion is stalled. Consequently, O, production is inhibited and so
is the NFK production in the anaerobic experiments (Fig. 5).
The reactivated enzyme turns over L-Trp with O, to produce
NFK, which is observed both optically and with mass spectrom-
etry. Under anaerobic conditions, the source of oxygen for the
Fe(II)-dependent dioxygenation reaction arises solely from
the catalase-like catalytic cycle. Under aerobic conditions the
oxygen is not limited to that produced by the catalase-like activ-
ity and L-Trp is quickly converted to NFK. High concentration
of peroxide can inhibit the enzyme reactivation in the aerobic
experiments. This is due to the depletion of L-Trp and oxidation
of the newly generated ferrous TDO (supplemental Fig. S7).
Although the presence of both H,O, and -Trp will cause
TDO reactivation, there are two prerequisites for spectral
detection of Fe(II) heme from the ferric enzyme as follows: 1)
L-Trp must be present in large excess relative to enzyme, and 2)
L-Trp/H,0, ratio must be greater than 2. The branched path-
ways shown in Scheme 2 are the competing reactions. Branch A
is [H,O,]-dependent, although it is independent of [L-Trp].
Conversely, branch B is [L-Trp]-dependent. H,O, is also
required for branch B to take place, so it is not independent of
[H,0,]. A large excess of L-Trp must be present for branch B to
effectively compete with branch A. The branched pathways are
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also internally connected. When the concentration of H,O, is
increased, the rate of O, formation also increases; at the same
time, the NFK formation should decrease as branch A com-
petes with branch B. However, the O, generated from branch A
would become a substrate of the dioxygenase reaction in
branch B, hence masking this effect. O, production was also
detected in the reaction of TDO and H,O, in the presence of
L-Trp, but at a much slower and variable rate depending on the
reaction conditions, e.g. the concentration and ratio of H,O,
and L-Trp. Because the Fe(II)-TDO consumes O,, the change of
O, concentration is a net effect of the catalase-like activity and
the NFK formation. Thus, the classic kinetic measurements
would not be very informative unless the exact concentration of
the ferrous enzyme is characterized by spectroscopic methods
at all times and under each of those conditions. Nevertheless,
the observation of O, production in the presence of L-Trp sug-
gests that the catalase-like reaction is not affected by the pres-
ence of the enzyme-bound L-Trp. Hence, the catalase-like
activity is probably an intrinsic property of TDO.

An intriguing aspect of the reactivation of TDO is the reduc-
tion of Fe(III) to Fe(Il) heme in the absence of a reducing agent.
H,0, is a common oxidant with a standard reduction potential
1.32 V for the couple H,0,/2H,0O at pH 7.0 (43), which is sig-
nificantly higher than that of IDO (—30 mV) (44), and it is also
expected to be much higher than that of CmmTDO based on the
reported data of Xanthomonas campestris TDO (<+150 mV)
(12). Scheme 2 reveals that the reducing power in the TDO
reactivation is ultimately derived from L-Trp.

A full conversion of Fe(III) to Fe(IT) in TDO reactivation was
never observed in this work. We believe this is due to the pres-
ence of competing reactions and because the ferrous heme can
be re-oxidized. The amount of ferrous heme generated by this
method depends on the concentrations of peroxide and L-Trp.
In the presence of CO, the ferrous heme is stabilized against
oxidation. The presence of CO also inhibits the production of
NFK, indicating that the formation of NFK is through the nor-
mal enzyme cycle catalyzed by ferrous TDO and O, rather than
a short circuit or peroxide shunt described for cytochrome
P450 enzymes (45—48). The experimental results presented
here do not include evidence for a ferryl intermediate in the
presence of L-Trp, but the observation of the ferryl intermediate
in the absence of L-Trp suggests that the protein active site is
capable of forming the ferryl intermediate. Previously, a high
valent ferryl intermediate has never been trapped in TDO.
Hence, it is likely that the decay rate of the high valent Fe(IV)
intermediate is greater than the formation rate when the pri-
mary substrate L-Trp is available. The Fe(IV)-oxo intermediate
would thus never accumulate in the presence of L-Trp.

Potential Physiological Relevance—H,O, is naturally pro-
duced by enzymes such as oxidases in organisms as a by-prod-
uct of aerobic respiration. Basal levels of H,O, are present in
most cells. In healthy individuals, H,O, is produced in suffi-
cient quantity to counteract unwanted bacterial invaders (49).
During oxidative stress of the organism, reactive oxygen spe-
cies, including H,O,, may be overproduced (50). In this study,
we show the first clear spectroscopic observation that H,O, is
able to react with ferric TDO and L-Trp to produce the catalyt-
ically active form of the enzyme. The H,0O,-based mechanism
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of enzyme reactivation may be physiologically important
because TDO is a hepatic enzyme, and hepatocytes are known
to be an oxidizing environment that may cause inactivation of
TDO by oxidizing its iron ion. In contrast, the catalytic activity
of IDO is known to be inhibited by H,O, (51). It is worth noting
that IDO exists in tissues other than the liver and is unlikely to
become oxidized under normal cellular conditions, suggesting
that the H,O,-triggered reactivation mechanism found in TDO
would not be necessary for IDO. Under normal physiological
conditions, H,O, is present at low levels in cells. However, we
find that a small amount of peroxide is sufficient to cause
enzyme reactivation under aerobic conditions and when the
primary substrate L-Trp is present. This is significant as amino
acids are neither stored nor excreted in the human body. They
have to be degraded. TDO is the key enzyme responsible for
tryptophan degradation. In general, the discovery of such an
enzyme reactivation mechanism by peroxide is important for
understanding strategies how a ferrous enzyme maintains its
catalytic activity in an oxidizing environment.

By-products of the Enzyme Reactivation—Two minor
by-products were detected after enzyme reactivation as follows:
Trp-Trp and a Trp-O species. An m/z of 409 ions correspond-
ing to the L-Trp dimer is observed in our mass spectrometric
study, which is absent in the control samples described under
“Results.” The dimerization of L-Trp is tentatively attributed to
the result of reduction of the protein radical by L-Trp. Our
isotope labeling analyses show that Trp-Trp dimer is insensi-
tive to '*O-enriched peroxide. Thus, its formation is not linked
with the oxo group of the ferryl intermediate. The Fe(IV)-oxo
intermediate oxidizes an enzyme-bound L-Trp to generate a
monooxygenated product via a two-electron oxidation. This
monooxygenated product is experimentally detected by mass
spectrometry (m/z 221). An '®O-enriched form (m/z 223) is
also observed. LC-MS experiments provided further evidence
for the presence of a monooxygenated product.

The minor Trp-O product is a by-product of reactivation and
is expected to be only equivalent to the ferrous heme concen-
tration. Because of the limitation of L-Trp solubility, one cannot
increase the enzyme concentration to the millimolar range for
performing the reactivation reaction. The yield of Trp-O is
unfortunately insufficient for further structural characteriza-
tions by other means such as NMR spectroscopy. Thus, its pre-
cise chemical structure is presently unknown. The most likely
candidate is an epoxide, derived from O-insertion of the indole.
An alternative candidate is 6-hydroxytryptophan, which is
observed in the reaction of L-Trp, H,0,, and a triple mutant of
myoglobin (53). The Trp-O by-product survives during the
enzyme reactivation. A similar Trp-O product was not
observed in the dioxygenase cycle of the ferrous TDO reaction
with O, as the oxidant nor is it shown in the reaction of perox-
ide with ferrous TDO. The structure of Trp-O is probably insig-
nificant in this work because this minor product is not gener-
ated from the ferrous heme-dependent catalytic cycle of the
dioxygenase reaction. Nonetheless, the finding of the Trp-O
by-product has helped us understand how the reactivation pro-
ceeds through the involvement of L-Trp.

Catalase Activity of TDO—W.e have identified a previously
unknown catalase-like activity for TDO by two sets of experi-
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TABLE 2
The kinetic properties of catalase activity in hemoproteins
Protein Ko K, k. /K,
st mm Mgt
Horse liver catalase (52) 3.8 X 107 1100 3.5 X 107
E. coli catalase-peroxidase (76) 1.6 X 10* 3.9 4.1 X 10°
Mpycobacterium tuberculosis KatG (77) 1.0 X 10* 52 1.9 X 10°
Recombinant KatG (52) 2.3 X 10° 30 7.7 X 10*
Periplasmic catalase-peroxidase (KatP) (78) 1.8 X 10* 27 6.4 X 10°
N“-Acetylated microperoxidase-8 (79) 4.1 40.9 100.2
Catechol oxidase (80) 0.063 1.2 63
Hemoglobin (bovine) (81) 1.92 24 80
TDO (this work) 13 16 850

ments. The first entails direct observation of O, formation from
H,0O,, and the second is the spectroscopic study of an
Fe(IV)=0 species necessary for a catalase-like catalytic mech-
anism. Similar to other heme enzymes for which this catalase-
like function is not native, the data presented here indicate that
this activity is detrimental to the function of the enzyme. The
addition of concentrated peroxide without L-Trp results in rad-
ical formation and irreversible partial loss of enzymatic activity
as shown by the loss of heme and iron from the enzyme in our
Mossbauer experiments. It has been shown that the heme-
based catalases and the enzymes with a promiscuous catalase-
like catalytic activity have a wide range of catalytic efficiencies
(Table 2). The catalase-like activity observed from TDO, at 13
s~ !, is significantly below those found in native catalases or the
bifunctional catalase-peroxidase KatG. However, it is apprecia-
ble in comparison with the catalase activities of other hemopro-
teins whose primary biological activities are not catalase (Table
2). Whether the catalase-like activity has a physiological role in
vivo is speculative. However, the reactivity of TDO with H,O, is
important for enzyme reactivation when the primary substrate
is present.

In the mechanism of catalase, the ferric heme reacts with the
first peroxide molecule to produce a reactive oxoferryl and a
mr-cationic porphyrin radical, which subsequently reacts with a
second peroxide to produce an O, molecule and water (54, 55).
Our observation of an approximate ratio of 1:2 of [NFK]/
[H,O,] stoichiometry under anaerobic conditions (Fig. 4, inset)
is consistent with the catalase mechanism. The observed NFK/
H,O, ratio is slightly under 1:2, which is puzzling. This devia-
tion may be explained by the nonproductive consumption of
peroxide in the following processes: 1) the small amount of
peroxide used to generate ferrous heme; 2) peroxide-induced
heme degradation observed in our Mdssbauer study; and 3)
oxidation of the newly generated ferrous heme. The last process
is inconsequential when O, is the limiting reagent.

Ferryl Intermediate of TDO—We present clear spectroscopic
evidence for the first experimental observation of a high valent
Fe(IV) species in TDO. The detection of a monooxygenated
product is consistent with the recent successful detection of an
oxoferryl intermediate in the orthologous enzyme IDO by res-
onance Raman spectroscopy (56). Such a high valent Fe(IV)
intermediate was expected to exist in the enzyme mechanism in
arecent ONIOM study (57).

We show that the addition of H,O, to ferric TDO, in the
absence of L-Trp, generates an Fe(IV)-oxo species and a pro-
tein-based radical with a concomitant decrease in ferric TDO
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concentration. At approximately the same reaction time, the
concentrations of the Fe(IV)-oxo and radical species are com-
parable. Thus, the generation of the Fe(IV)-oxo and radical spe-
cies in nearly equal amounts is consistent with formation of a
compound ES-type intermediate, rather than an Fe(IV)-oxo/
porphyrin cation intermediate (compound I) observed in cata-
lases. The presence of a compound ES species, which may be
derived from a compound I-type intermediate in this case, may
be critical for the subsequent enzyme reactivation to occur,
because the Fe(IV)=0 species and radical intermediate will
have to be reduced by L-Trp through separate reactions.

The observed radical species has properties in common with
those of protein-based aromatic radicals. The Py, value of the
observed radical in TDO (1.2 milliwatts at 100 K) is significantly
higher than that of isolated free radicals (36), for example 0.07
milliwatts at 90 K (58), indicating the presence of a relaxation
mechanism. The Py, value for the protein-based Trp radical of
compound ES species of cytochrome ¢ peroxidase is 1.5 milli-
watts at 100 K (59), and the Tyr radical of P450-ES is 1 milliwatt
at 70 K (60). These higher Py, values have all been attributed to
relaxation of the radical by the adjacent heme iron. The Py,
value of the TDO radical is indicative of its close proximity to
the metal center. The site of the radical in TDO is to be deter-
mined by future study. There are at least four tyrosine and tryp-
tophan residues in the immediate vicinity of the enzyme active
site. The identification of the radical site is challenging because
a mutation of a tyrosine/tryptophan (fated to be a free radical)
can result in the radical moving to a nearby tyrosine/trypto-
phan, as demonstrated in other heme-based enzymes such as
prostaglandin H synthase (61).

Recent experimental studies and density functional theory
calculations suggest that the AE, value might correlate with the
protonation state of some heme-based ferryl species (62, 63).
The parameter range for protonated Fe(IV)-OH species is
2.00-2.5 mm/s (64), whereas the range for unprotonated
Fe(IV)=0 is 1.0-1.6 mm/s (62-66). The AE,, of the TDO
Fe(IV)-oxo intermediate (1.755 mm/s determined at the phys-
iologically relevant pH 7.4) lies between these ranges (Table 3).
The quadrupole splitting parameter of the TDO intermediate is
noticeably greater than those of any other heme-based ferryl
species but is much smaller than those of protonated basic fer-
ryl species. The nearest value is found in MauG, another
enzyme that oxidizes L-Trp inside a protein (67). A bis-Fe(IV)
intermediate has been trapped from MauG, and one of the
hemes is described as an oxyferryl species with a AE, value of
1.70 mm/s (67).
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TABLE 3

Comparison of the Mdssbauer parameters of TDO Fe(lV) intermediate with known heme-based ferryl moieties

Abbreviations used in this table are as follows: CcP, cytochrome ¢ peroxidase; HRP, horseradish peroxidase; Mb, myoglobin; JRP, Japanese radish peroxidase. P450-I was
trapped and characterized from CYP119, the thermophilic P450 from Sulfolobus acidocaldarius (68).

Intermediate Iron species Trans ligand Spin ) AL, Refs.
mm/s mmy/s
CcP-ES [Fe**=0*"1* Histidine S§=1 0.05 1.55 38
HRP-I [Fe**=0*"]* Histidine S=1 0.08 1.25 82,83
HRP-II Fe*"=0?" Histidine S=1 0.03 1.61 83
Mb-II Fe'" =0?" Histidine S§=1 0.09 1.43 84
JRP-I [Fe**=0*"]* Histidine S=1 0.10 1.33 85
JRP-II Fe*"=0?" Histidine S=1 0.03 1.59 84
Mb (annealed) Fe'*=0>" Histidine S=1 0.10 1.49 86
CPO-1 [Fe**=0*"]* Cysteine S=1 0.13 0.96 87,76
CPO-II Fe'*=02" Cysteine S=1 0.11(3) 1.59 63
P450-1 [Fe*"=0*"1* Cysteine S§=1 0.11 0.90 68
TDO Fe*"=0>" Histidine S=1 0.055 1.755 This work
MauG Fe*" =0%" Histidine §S=1 0.06 1.70 67
(heme site 1)
Basic CPO-II [Fe** =0 JH* Cysteine s=1 0.10(3) 2.06(3) 63
Basic P450;,,5 [Fe*"=0>"H" Cysteine §=1 0.13 2.16 62
Basic P450,,,,, [Fe*"=0*"]H" Cysteine S=1 0.14 2.06 62

Protein environments can conceivably provide a range of
proton interactions with the oxyferryl heme. A possible inter-
pretation of the atypical quadrupole splitting value was exam-
ined in this work by density functional theory calculations per-
formed on 14 structural models (supplemental Tables S1-S14).
Because the iron equatorial heme ligands in TDO are the same
as those found with other heme proteins that display typical
Méssbauer AE, values for Fe(IV)=O species, these models
were used to evaluate the structural contributions that can
directly affect the iron axial ligands as follows: 1) protonation of
the oxo group; 2) hydrogen bonding to the oxo group; 3) hydro-
gen bonding to the proximal His; and 4) conformation of the
proximal His. All the models were generated on the basis of the
x-ray crystal structure of the substrate-free TDO (Protein Data
Bank code 2N'W7). Geometries of the models (see supplemen-
tal Tables S1-S14 for the optimized coordinates) were opti-
mized using the method developed previously for defining
other oxoferryl species (29) with the terminal atoms fixed at the
x-ray crystal structure positions to mimic the protein environ-
ment effect (supplemental Fig. S10). Both the Mssbauer quad-
rupole splitting and isomer shift parameters for these models
were calculated using the density functional theory method,
which enabled accurate predictions of these two properties in
various iron proteins and models covering all iron spin states
and coordination states (29, 30).

As shown in Table 1, the predicted Mossbauer isomer shifts
(8) of these models are all close to the experimental value with
no significant difference, indicating its insensitivity to the sec-
ondary structural changes along the axial positions. In con-
trast, the predicted Méssbauer quadrupole splittings (AE,)
display a large range from 1.44 to 3.19 mm/s, suggesting its
role as a sensitive structural probe. The best agreement with
the experimental value was found by incorporation of the
nearby hydrogen bonding residues Ser'**~Gly'** (these two
residues are fixed at their x-ray positions except for the pep-
tide bond atoms CONH, which were allowed to be opti-
mized). The predicted AE, value of 1.78 mm/s for model 3A
(i.e. Fe'Y(porphyrin)>~(His)°(O-+HB)>~, see supplemental
Table S5) is in excellent agreement with the experimental mea-
surement of 1.755 mm/s described in this work. These calculations
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SCHEME 3. Proposed solvent exchange mechanism on the carbonyl
group of NFK.

suggest that the AE, value of the TDO ferryl species originates
from the hydrogen bonding interaction provided by the unique
protein environment, similar to the computational results
obtained for the MauG Fe(IV) species (30).

An examination of the high resolution crystal structures of
TDO from both Cupriavidus metallidurans and Xanthomonas
campestris (Protein Data Bank entries 2NOX, 2NW7, and
2NW8) suggests that the conserved active site residues at the
distal pocket, His”* and Gly"** (CmTDO numbering system),
are ideal candidates for hydrogen bonding with the Fe(IV)-
bound oxo group. These residues are also conserved in the
human enzyme. The role of these two residues has already been
investigated in recent experimental and computational studies
(25, 56, 69, 70) by several laboratories. The consensus is that the
heme site in the dioxygenase can indeed generate a high valent
Fe(IV)-oxo species under appropriate conditions and that the
protein microenvironment is critical for dictating the chemical
and physical property of the intermediate.

Oxygen Exchange with Solvent in NFK—An unexpected
minor finding of this study is that one of the oxygen atoms in
the reaction product NFK is exchangeable with water in the
time frame of minutes. Based on the well known ketonic oxygen
exchange with water, and the fact that both the carboxylate
oxygen and the amide group of NH-COOH can exchange with
a buffered solvent slower than a ketone (71-74), we propose
that the ketone carbonyl group exchanges its oxygen with sol-
vent via a diol intermediate mechanism. Scheme 3 depicts a
plausible mechanism for the solvent exchange. The nucleo-
philic attack at the ketone carbon by water generates a diol
intermediate. This is facilitated by a transient state with a six-
member ring structure. The finding of NFK solvent exchange
may become important in the mechanistic studies of the
enzyme with "®O. A previous ®O study was carried out by
Hayaishi et al. (75) in the absence of the knowledge of solvent
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exchange described in this work. The less than theoretical '*O
content was found in kynurenine, the hydrolysis product of
NFK, and the exact contents vary in different sets of experi-
ments (75). Furthermore, the results of **0, and '®0 water are
not mutually consistent. This was thought to be caused by
either an exchange reaction during the isolation procedure or
by preferential utilization of '°O over '*O by TDO (75). The
previous observations can be fully explained by our proposed
'80-exchange mechanism. It is the ketonic oxygen exchange
that causes less than one atom of 20 in kynurenine, rather than
the preference of *°O over '®*O hypothesized in the previous
study. The exact '®*O content in NFK and kynurenine is depen-
dent on the sample preparation procedures, i.e. the longer sol-
vent exchange time lowers *#O content.
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