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ABSTRACT: The first step of the kynurenine pathway for L-
tryptophan (L-Trp) degradation is catalyzed by heme-dependent
dioxygenases, tryptophan 2,3-dioxygenase (TDO) and indole-
amine 2,3-dioxygenase. In this work, we employed stopped-flow
optical absorption spectroscopy to study the kinetic behavior of the
Michaelis complex of Cupriavidus metallidurans TDO (cmTDO)
to improve our understanding of oxygen activation and initial
oxidation of L-Trp. On the basis of the stopped-flow results, rapid
freeze-quench (RFQ) experiments were performed to capture and
characterize this intermediate by Mössbauer spectroscopy. By
incorporating the chlorite dismutase−chlorite system to produce
high concentrations of solubilized O2, we were able to capture the
Michaelis complex of cmTDO in a nearly quantitative yield. The
RFQ−Mössbauer results confirmed the identity of the Michaelis complex as an O2-bound ferrous species. They revealed remarkable
similarities between the electronic properties of the Michaelis complex and those of the O2 adduct of myoglobin. We also found that
the decay of this reactive intermediate is the rate-limiting step of the catalytic reaction. An inverse α-secondary substrate kinetic
isotope effect was observed with a kH/kD of 0.87 ± 0.03 when (indole-d5)-L-Trp was employed as the substrate. This work provides
an important piece of spectroscopic evidence of the chemical identity of the Michaelis complex of bacterial TDO.

The utilization of heme for dioxygen activation and
insertion of oxygen into organic substrates is prevalent

in nature, with the best-known example being the heme-
dependent monooxygenation reactions catalyzed by cyto-
chrome P450 enzymes.1−3 However, hemoproteins rarely
exhibit dioxygenase activity as their native biological function;
such dioxygenation reactions are frequently catalyzed by
nonheme metal-containing enzymes.4−9

Tryptophan 2,3-dioxygenase (TDO) is the first functionally
defined heme-dependent dioxygenase.10−12 It employs a b-type
ferrous heme to catalyze the oxidative cleavage of the indole
ring of L-tryptophan (L-Trp), converting it to N-formylkynur-
enine (NFK) (Scheme 1). In mammals, TDO is primarily a
hepatic enzyme that participates in the first and rate-limiting
step of the kynurenine pathway, which is the primary route of
L-Trp catabolism.13−20 In addition to mammals, TDO is
present in other organisms such as insects and bacte-
ria.12,19,21−23 An isozyme of TDO, indoleamine 2,3-dioxyge-
nase (IDO), is found in nonhepatic tissues in mammals.24,25

Compared to TDO, IDO exhibits a broader substrate
specificity, allowing for a collection of indoleamine derivatives
as substrates.3,26−29 Although the sequences of the two heme-
dependent dioxygenases are only ∼10% identical, they exhibit
similar active-site architectures.23,30−32

During the past decade, TDO and IDO have attracted
significant attention because of their physiological roles in

immune regulation. They are among the checkpoint proteins
that orchestrate the ultimate amplitude and quality of immune
responses.33,34 A growing body of evidence has established the
link between IDO/TDO upregulation and immunosuppres-
sion in cancer and other diseases.35−44 A recently published
survey of human tumor cell lines revealed that 16% of tumor
cell lines exhibit enhanced expression of IDO, 19% show
enhanced expression of TDO, and 15% show enhanced
expression of both TDO and IDO.45 These findings make
elucidation of the catalytic mechanisms of TDO and IDO
beneficial for inhibitor design and drug discovery.
A working mechanism of TDO is shown in Scheme 1

(adapted and modified from refs 46−53). A ternary complex
[Fe(II)-O2-L-Trp] comprised of the ferrous enzyme, the
primary substrate (L-Trp), and the secondary substrate (O2)
is believed to be the starting point of the chemical steps. In this
complex, the ferrous heme is directly coordinated by O2 with L-
Trp binding at an adjacent binding pocket.53 During the past
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few decades, the scientific community has held the assumption
that TDO and IDO share a common catalytic mechanism in
their reactions.2,3,49,52 However, on the basis of the reported
differences in the biochemical and catalytic behavior of these
isozymes, recent publications from the Raven group raised
concerns regarding this long-standing assumption.47,48 The
center of this controversy is whether the ternary complexes of
the two isozymes take the same route to form a Compound II-
like ferryl intermediate. In IDO, resonance Raman studies
revealed that the Fe(II)−oxy moiety of the ternary complex
exhibits spectroscopic features of a ferric superoxide species.52

Therefore, it is proposed that the terminal oxygen atom of
heme-bound O2 initiates a direct radical addition to C2 or C3
of L-Trp without deprotonation of the indole moiety (route A
in Scheme 1).52,54

Whether the same mechanism is employed by TDO remains
unclear. A recent crystallographic study revealed the structure
of the ternary complex of human TDO.53 Notably, the Fe−O−
O bond angle of the heme-bound dioxygen moiety is
determined to be ∼150°, significantly larger than that expected
for a typical ferrous heme-bound neutral dioxygen.53 This
observation indicated that the heme-bound O2 in human TDO
adopts a superoxide configuration, similar to the scenario for
IDO. Therefore, the catalytic mechanism of TDO is proposed
to resemble that of IDO.53

An alternative mechanism, i.e., electrophilic addition to C2
or C3 of L-Trp (route B in Scheme 1), is also plausible for
TDO,47,49 as supported by computational and experimental
evidence from bacterial TDOs.48,50,51,55 These computational
and experimental pieces of evidence cast doubt on the
presumed mechanistic uniformity among TDOs from different
sources.
To provide mechanistic insight into the catalytic reaction of

TDO, we characterized the chemical properties of the ternary
complex of Cupriavidus metallidurans TDO (cmTDO). We
performed rapid kinetic studies to identify reactive inter-
mediates formed during O2-dependent reactions of cmTDO.
In combination with sequential mixing techniques, the chlorite
dismutase (Cld)−chlorite system56 was employed to expand
the upper limit of the O2 concentration in solution. The kinetic
information obtained from these studies was then used to
guide the rapid freeze-quench (RFQ) spectroscopic character-
ization of the reactive intermediates.

■ MATERIALS AND METHODS
Reagents. L-Trp (99%) and sodium chlorite (80%) were

purchased from Sigma-Aldrich. 57Fe-enriched iron(III) oxide
(95% enriched) was purchased from Science Engineering and
Education Co. (Edina, MN). The iron(III) oxide powder was
dissolved in 37% hydrochloric acid while being heated. Excess
hydrochloric acid was neutralized via incremental additions of
a 1 M NaOH solution. The resulting 57Fe(III) solution (bright
yellow color) was degassed and converted to a 57Fe(II)
solution (colorless) via incremental additions of a 100 mM
sodium ascorbate solution under anaerobic conditions.

Protein Preparation. The methods for plasmid con-
struction and overexpression of His-tagged full-length cmTDO
were reported previously.57,58 The cmTDO protein was
purified using a Ni-NTA affinity column on an ÄKTA FPLC
system, followed by a Sephadex G-25 gel filtration column for
the purpose of salt removal and buffer exchange. Ferrous
cmTDO was prepared by dithionite reduction of the ferric
enzyme under anaerobic conditions. 57Fe-enriched cmTDO
was obtained by overexpressing cmTDO in a metal-depleted
LB medium supplemented with 57Fe(II).57,59 Spectroscopic
characterization and kinetic analysis of cmTDO were
performed in 50 mM Tris-HCl buffer with 10% (w/w)
glycerol (pH 7.4). The overexpression plasmid of Dechlor-
omonas aromatica Cld was a gift from J. M. Bollinger (The
Pennsylvania State University, University Park, PA) and J.
Dubois (Montana State University, Bozeman, MT). Cld
catalyzes the degradation of chlorite, generating O2 as a
product. Previous studies showed that the Cld−chlorite system
can achieve in situ evolution of a >5 mM “pulse” of O2 within 1
ms at the easily accessible Cld concentration of 50 μM.56

Rapid Kinetic Studies. Transient kinetics of TDO
measurements were performed at 4 °C using an Applied
Photophysics (Leatherhead, U.K.) SX20 stopped-flow spec-
trometer equipped with a photodiode array detector. The
sample handling unit of the SX20 spectrometer was housed in
an anaerobic chamber from COY Laboratory Products (Grass
Lake, MI). The experimental data were analyzed by the ProK
software package obtained from Applied Photophysics.

RFQ Sample Preparation. RFQ−Mössbauer samples
were prepared using an Update Instruments (Madison, WI)
model 1000 chemical/freeze-quench apparatus. The reservoirs
of the reagents were submerged in a cold water bath with an

Scheme 1. Proposed Catalytic Mechanism for IDO and TDO
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ice slurry. After being rapidly mixed, the reaction mixture was
sprayed and frozen in cold liquid ethane (approximately −130
°C) or isopentane (approximately −140 °C) at different time
points. The samples were further packed into Mössbauer cups
in a custom isopentane bath maintained at approximately
−120 °C. Excess liquid ethane or isopentane was vacuumed off
after sample packing. The RFQ−Mössbauer samples were
stored in a liquid nitrogen dewar before spectroscopic analysis.
Mössbauer Spectroscopy. 57Fe Mössbauer spectra were

recorded with a Janis Research dewar operating at temper-
atures between 4.2 and 100 K in a constant acceleration mode
in transmission geometry. The experimental data were
analyzed using the software SpinCount (written by M.P.H.).
Isomer shifts are reported relative to Fe metal at 298 K.
Steady-State Kinetic Assays. Steady-state kinetic assays

were performed as described previously.58 The catalytic
activity of cmTDO was determined at a saturating amount
(i.e., 2 mM) of L-Trp and (indole-d5)-L-Trp to determine the
kinetic isotope effect.

■ RESULTS AND DISCUSSION

Stopped-Flow Ultraviolet−Visible (UV−vis) Study in
the Absence of L-Trp. Figure 1A shows the time-resolved
UV−vis spectra of ferrous cmTDO upon stopped-flow mixing
with an O2-saturated buffered solution. The observation of
isosbestic points at 415, 531, and 607 nm (marked with
asterisks in the figure) suggests a single-phase transition from
ferrous TDO (Soret band at 432 nm; visible bands at 553 and
585 nm) to ferric TDO (Soret band at 406 nm; visible bands
at 504 and 543 nm). It is evident that no oxy−ferrous species
accumulated during this process. Kinetic analysis of the
spectral change at 432 nm reveals that the experimental data
can be satisfactorily fit by a single-exponential equation,
yielding an apparent rate constant of 0.023 ± 0.001 s−1 (Figure
1A, inset). These observations are consistent with previous
reports on TDOs from other bacteria, such as Pseudomonas
f luorescens TDO (pfTDO) and Xanthomonas campestris TDO
(xcTDO), which demonstrated that in the absence of L-Trp,
the ferrous heme does not form a stable adduct with O2.

48,60

Notably, under similar reaction conditions, the formation of
an oxy−ferrous species was captured in both human IDO and
human TDO.48,52 This comparison not only reveals differences
in the reactivity of the heme moiety between TDO and IDO
but also underlines important variations in the chemical
properties between bacterial TDOs and human TDO despite
the high degree of structural similarity of their active sites.
Next, we studied the reaction between ferrous TDO and O2

at an elevated O2 concentration by employing the Cld−
chlorite system. Previous work from the Bollinger group
demonstrated that this means of in situ O2 evolution allows for
a >5 mM “pulse” of O2 to be generated in a very short period
of time (i.e., within a number of milliseconds).56 Figure 1B
shows the time-resolved UV−vis spectra of a sequential-mixing
stopped-flow experiment involving the Cld−chlorite system.
First, Cld was mixed with chlorite to generate an O2-enriched
solution; after a 50 ms delay, this O2-enriched solution was
mixed with an anaerobic solution containing ferrous cmTDO.
The concentration of O2 in the final reaction mixture was 5
mM. The spectral changes caused by the reaction between
ferrous cmTDO and 5 mM O2 strongly resemble those
observed in Figure 1A and show a more rapid and complete
conversion from ferrous to ferric TDO. There seems to be no

noticeable spectral evidence for the accumulation of an oxy−
ferrous species.
Interestingly, the time-resolved absorbance change at 432

nm cannot be satisfactorily fit by a single-exponential equation;
a double-exponential function is required (Figure 1B, inset).
The corresponding apparent rate constants of the double-
exponential fitting were determined to be 0.66 ± 0.01 and
0.040 ± 0.001 s−1. On the basis of the isosbestic points shown
in Figure 1B, we postulate that the double-exponential kinetics
does not involve an intermediate and thus does not result from
a biphasic sequential reaction model; instead, it is most likely
caused by the heterogeneity of the heme cofactor in cmTDO.
X-ray crystallographic studies showed that TDO adopts a
“dimer of dimers” quaternary structure.31,32 Quantitative
electron paramagnetic resonance and Mössbauer spectroscopic
characterizations revealed the presence of two inequivalent
heme species in both the Fe(II) and Fe(III) states of cmTDO,
consistent with the “dimer of dimers” quaternary structure that
dictates the electronic properties of the heme cofactor.59

Figure 1. Time-resolved (0−60 s) UV−vis spectra of ferrous cmTDO
upon stopped-flow mixing with O2. (A) For the single-mixing
stopped-flow experiment, an O2-saturated solution was mixed with an
anaerobic ferrous cmTDO solution. The concentration of TDO after
mixing was 15 μM. (B) For the sequential-mixing stopped-flow
experiment, in the first mix, Cld (5 μM) was combined with chlorite
(20 mM) to generate a burst of O2 at 10 mM; in the second mix, the
O2-enriched solution was combined with an anaerobic ferrous TDO
solution. There was a 50 ms delay between the first mix and the
second mix to ensure a complete production of O2 from chlorite. The
data were collected immediately after the second mix. The
concentration of TDO after mixing was 100 μM, and the
concentration of O2 in the final reaction mixture was 5 mM. Notably,
the concentration of TDO was increased compared to that of the
single-mixing experiment to minimize the spectral contribution from
Cld, which also contains heme. In panel B, the light path of the
stopped-flow UV−vis measurement was reduced from 10 to 2 mm to
maintain linearity of detector response. In both sets of plots, the
arrows indicate the trends of the changes in the spectra, and the
asterisks indicate the isosbestic points (i.e., 415, 531, and 607 nm)
identified on the spectra. The insets show the time-resolved
absorption change at 432 nm and corresponding exponential fittings.
The X-axis of the inset of panel B is plotted on a log 2 scale for a
better comparison between the two fitting results.
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Therefore, the double-exponential kinetics observed in this
study may correspond to two distinct Fe(II)-to-Fe(III)
transition processes originating from the heterogeneity of the
heme cofactor. It is not clear why such a phenomenon was not
observed at a lower O2 concentration. Further studies are
needed to elucidate the molecular basis for the different
reactivities of the two inequivalent hemes toward molecular
oxygen.
Stopped-Flow UV−vis Study in the Presence of L-Trp.

The catalytic event of ferrous cmTDO in the presence of L-Trp
and O2 was characterized by stopped-flow UV−vis spectros-
copy. As shown in Figure 2, the course of the catalytic event

can be divided into three distinct stages. Upon rapid mixing of
ferrous cmTDO and a solution containing both substrates, a
catalytic intermediate with a Soret band at 416 nm was formed
within 0.2 s (Figure 2A). This intermediate was assigned as the
catalytic ternary complex of cmTDO based on the similarity of
its spectral characteristics to those of the ternary complexes
captured in other TDOs.48,52,60 In the next stage (0.2−3 s), the
UV−vis spectra remained unaltered (Figure 2B), suggesting
that a steady state was established in the reaction system.
During this stage, Michaelis−Menten kinetics was observed, as
indicated by the linear plot of product formation at 321 nm
(Figure 3).
In the last stage (3−60 s), a transition from the ternary

complex to ferrous TDO occurred (Figure 2C). This transition
was triggered by a disruption of the steady state in the reaction

system, due to product inhibition known for TDO,61 which
slowed the reaction when the concentration of the product
increased in the reaction system (Figure 3). The mechanism of
product inhibition in cmTDO remains unclear and requires
further study. We postulate that the product NFK may bind at
a site different from the active site and regulate the catalytic
activity of cmTDO allosterically.
Notably, the stopped-flow UV−vis spectrum of the ferrous

TDO species at the very beginning of the reaction (t = 0.002 s)
is slightly different from the spectrum of the ferrous TDO
species at the end of the reaction (t = 60 s). The former
exhibited a higher extinction coefficient of the heme Soret
band at 432 nm (Figure 4). The observed spectral variance

originated from a difference in the chemical identities of these
two ferrous species. The ferrous species at the beginning of the
reaction was primarily substrate-free, whereas the ferrous
species at the end of the reaction was bound with L-Trp. Our
previous work showed that the binding of L-Trp to cmTDO
induces a decrease in the extinction coefficient of the heme
Soret band.58 The substrate-bound ferrous species at the end
of the reaction was catalytically unproductive as a result of the
binding of the product NFK. This is evident from Figure 3,
which shows that the catalytic reaction was completely halted
at 60 s, due to product inhibition.
Subsequently, we studied the dioxygenation reaction at an

elevated O2 concentration. Figure 5 shows the time-resolved
UV−vis spectra of cmTDO in a sequential-mixing stopped-
flow experiment. First, Cld was mixed with a buffered solution
containing chlorite and L-Trp to generate an O2-enriched
solution; after a 50 ms delay, this O2-enriched solution
containing L-Trp was mixed with an anaerobic solution of
ferrous cmTDO. The concentration of O2 in the final reaction

Figure 2. Time-resolved (0−60 s) UV−vis spectra of ferrous cmTDO
upon stopped-flow mixing with an O2-saturated solution containing L-
Trp. The final concentration of TDO after mixing was 15 μM. The
final concentration of L-Trp was 2.5 mM. The final concentration of
O2 in the reaction mixture was ∼1 mM. The time course of the
reaction can be divided into three distinct stages: (A) 0−0.2 s, (B)
0.2−3 s, and (C) 3−60 s. The arrows indicate the trends of the
changes in the spectra.

Figure 3. Time-resolved (0−60 s) change in the optical absorbance at
321 nm. The blue line is a linear fit of the experimental data during
the steady state (0.2−3 s) of the reaction. See the legend of Figure 2
for experimental details.

Figure 4. Spectral comparison between two ferrous TDO species
captured in the stopped-flow reaction of cmTDO. See the legend of
Figure 2 for experimental details.
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mixture was 5 mM. As shown in Figure 5, the course of the
catalytic event can be divided into three distinct stages, similar
to the results shown in Figure 2. The increase in the O2
concentration significantly shortened the duration of the pre-
steady state from 0.2 to 0.04 s (Figure 5A). This observation
suggests that the rate of formation of the catalytic ternary
complex was dependent on the concentration of O2, consistent
with previous studies of pfTDO.60 After the short pre-steady
state, the reaction entered into the steady state with the ternary
complex being the dominating species in the reaction system
(Figure 5B). During this stage (0.04−1.2 s), the UV−vis
spectra remained unperturbed. In the last stage of the reaction
(1.2−100 s), the reaction shifted out of the steady state due to
product inhibition, similar to the results observed in Figure 2C.
In this stage, a gradual conversion of the ternary complex to
ferrous cmTDO was observed (Figure 5C). The newly formed
ferrous enzyme is believed to be catalytically unproductive, as

previously discussed in Figure 2C. The newly formed ferrous
enzyme was gradually oxidized to the ferric state after exposure
to a very high concentration (∼5 mM) of O2 present in the
reaction system (Figure 5C).

RFQ−Mössbauer Spectroscopic Characterization of
the Catalytic Ternary Complex of cmTDO. Our stopped-
flow results show that the ternary complex of cmTDO was the
dominant species during the steady state of the catalytic
reaction, revealing a wide time window for capturing this
intermediate via RFQ techniques. The incorporation of the
Cld−chlorite system allowed for the production of O2 at
concentrations higher than the solubility of O2 (∼2 mM for an
O2-saturated buffer),56 thereby generating excess O2.
Our previous Mössbauer spectroscopic studies of ferrous

cmTDO showed that there are two major heme species in
approximately equal amounts.59 The two heme species
represent a “dimer of dimer” quaternary structure of
cmTDO. Figure 6 shows the representative Mössbauer spectra

of a double-mixing RFQ experiment, which aimed to capture
the ternary complex of cmTDO. Similar to the stopped-flow
setup, a solution containing L-Trp and chlorite was mixed with
an equal volume of a second solution containing Cld; after a 50
ms pause to ensure a complete production of O2 from chlorite,
the mixture was further mixed with an anaerobic 57Fe-ferrous
TDO solution and then freeze-quenched in liquid ethane. At a
delay time of 40 ms after the second mix, the Mössbauer data
recorded at 100 K showed a nearly quantitative conversion of
ferrous heme to a single S = 0 species, which corresponds to
the catalytic ternary complex. The Mössbauer spectrum of the
40 ms sample was fitted with parameters δ = 0.25 mm/s and
ΔEQ = 2.28 mm/s (∼85% of Fe) for the S = 0 species (Figure
6A). A minor Fe(II) species [δ = 0.93 mm/s, and ΔEQ = 2.67

Figure 5. Time-resolved (0−100 s) UV−vis spectra of cmTDO in a
sequential-mixing stopped-flow experiment. In the first mix, Cld (5
μM) was combined with a buffered solution containing chlorite (20
mM) and L-Trp (10 mM) to generate a burst of O2 at 10 mM; in the
second mix, the O2-enriched solution containing L-Trp was combined
with an anaerobic ferrous TDO solution. There was a 50 ms delay
between the first mix and the second mix to ensure a complete
production of O2 from chlorite. Data collection was initiated
immediately after the second mix. The final concentration of
cmTDO after mixing was 15 μM. The final concentration of L-Trp
was 2.5 mM. The final concentration of O2 was 5 mM. The time
course of the reaction can be divided into three distinct stages: (A)
0−0.04 s, (B) 0.04−1.2 s, and (C) 1.2−100 s. The arrows indicate the
trends of the changes in the spectra. Notably, the absorbance at 432
nm first increased but then decreased in panel C. A control
experiment was performed to assess the spectral contribution of
Cld. The control experiment used the same sequential-mixing setup as
described above, but with the anaerobic ferrous cmTDO solution
replaced by an anaerobic buffer. The time-resolved UV−vis spectra of
the control experiment showed that the spectral contribution of Cld
was minimal (Figure S1).

Figure 6. Mössbauer spectra of 57Fe-enriched cmTDO in a
sequential-mixing RFQ experiment. In the first mix, Cld (100 μM)
was combined with a buffered solution containing chlorite (20 mM)
and L-Trp (25 mM) in a 1:1 ratio to generate a burst of O2; in the
second mix, the O2-enriched solution containing L-Trp was combined
with an anaerobic 57Fe-enriched ferrous TDO solution (2.1 mM) in a
2:1 ratio. There was a 50 ms pause between the first mix and the
second mix to ensure a complete production of O2 from chlorite. The
reaction was quenched (A) 40 ms and (B) 7 s following the second
mix. The final concentration of TDO after mixing is 0.7 mM. The
final concentration of L-Trp is 8.3 mM. The final concentration of O2
is 6.7 mM. The Mössbauer data were collected at 100 K. The doublet
parameters of the simulations are indicated as δ/ΔEQ, both in
millimeters per second. The spectra are displayed for equal areas.
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mm/s (∼15% of Fe)] was also present in the sample (Figure
6A). The parameters of the S = 0 species are similar to those of
oxy−ferrous heme complexes characterized in other heme-
dependent proteins. For example, the O2 adduct of myoglobin
has values of δ = 0.27 mm/s and ΔEQ = 2.31 mm/s.62 The
minor Fe(II) species in the RFQ−Mössbauer sample is
assigned as the adduct of ferrous TDO and L-Trp at a spin
state of S = 2, based on the similarity of its Mössbauer
parameters to those reported for the adduct of ferrous TDO
and L-Trp.59 Notably, the adduct of ferrous TDO and L-Trp is
comprised of two inequivalent heme species with slightly
different ΔEQ values, due to the “dimer of dimers” quaternary
structure of cmTDO.59 These two inequivalent heme species
were not resolved on the spectrum of this RFQ−Mössbauer
sample due to their small amounts in the sample. Therefore,
the parameters of the minor Fe(II) species shown in Figure 6A
represent averages of the parameters of the two inequivalent
heme species.
At a much longer delay time of 7 s, the S = 0 species

vanished (Figure 6B). The spectrum of Fe(II) cmTDO bound
with L-Trp returned with a minor amount of Fe(III) cmTDO
(16%, δ = 0.41 mm/s, and ΔEQ = 1.28 mm/s). The Fe(II)
cmTDO in this sample was composed of two species in equal
amounts (42%, δ = 0.92 mm/s, and ΔEQ = 2.39 mm/s; 42%, δ
= 0.99 mm/s, and ΔEQ = 3.43 mm/s), corresponding to the
two inequivalent heme species for the adduct of ferrous TDO
and L-Trp.59

Notably, the RFQ−Mössbauer experiments employed a
concentration of cmTDO in the low millimolar range, much
higher than that used in the stopped-flow UV−vis experiments.
Therefore, the onset of product inhibition in the RFQ−
Mössbauer experiments would occur at a much earlier time
window, because a bolus of the product NFK can be generated
within tens or hundreds of milliseconds at such a high enzyme
concentration. Therefore, the substrate-bound Fe(II) species
in Figure 6B was catalytically unproductive, due to the binding
of the product NFK. Compared to the stopped-flow data
shown in Figures 2C and 5C, the catalytically unproductive
species in Figure 6B was generated within a much shorter time
window. The rapid generation of this catalytically unproductive
species was caused by the early onset of product inhibition in
the RFQ−Mössbauer sample.
The origin of the Fe(III) species in Figure 6B is unknown.

Because this species was not present in the RFQ−Mössbauer
sample collected an earlier time point (i.e., 40 ms as shown in
Figure 6A), we postulate that it is an oxidation product of
ferrous TDO, generated due to (1) a halt of the catalytic
reaction caused by product inhibition and (2) the high
concentration of O2 in the reaction system.
The RFQ experiment was repeated except that 57Fe-ferrous

TDO was combined with L-Trp under an anaerobic condition
prior to being mixed with O2. The preformation of the binary
complex of ferrous TDO and L-Trp in this set of RFQ samples
can significantly accelerate the formation of the catalytic
ternary complex. At delay times of 3, 40, and 250 ms, the same
S = 0 species was again observed in a nearly quantitative yield
(Figure S2).
These results demonstrate that both heme species in the

“dimer of dimers” structure of cmTDO underwent reactions to
generate the ternary complex. The electronic properties of the
ternary complex of cmTDO are closely aligned with those of
oxy-myoglobin. Notably, the electronic properties of oxy-
myoglobin can be described as an Fe(II) center having partial

delocalization of the dπ electrons onto the oxygen.
62 The iron−

oxygen interaction is highly covalent, so the iron valence is
neither 2 nor 3, which also means the oxy is neither truly O2
nor superoxo.

Kinetic Isotope Effect. The presence of the ternary
complex as the dominant species during the steady state of
cmTDO suggests that the decay of this reactive intermediate is
the rate-limiting step of the catalytic reaction. To provide
further experimental support for this finding, we studied the
kinetic isotope effect (KIE) in cmTDO using (indole-d5)-L-
Trp as the substrate. Our activity assays revealed a KIE value
(kH/kD) of 0.87 ± 0.03 (Figure S3), which is much more
significant than the value previously reported for rat TDO (i.e.,
0.96).63

This observed KIE represents an inverse α-secondary KIE,
which is a secondary KIE (2° KIE) where the isotopic
substitution occurs α to the reaction site. The α-2° KIE
involves a rate difference for isotopic substitution of a bond
(denoted as the “isotopic bond”) that is not broken in the rate-
determining step. The rate difference arises from a vibrational
change on the isotopic bond caused by the chemical transition
in the rate-determining step. The magnitude of the vibrational
change is determined by the difference in the vibrational
energy of the isotopic bond between the starting state and the
transition state. In general, a lower vibration energy in the
transition state compared to the starting state is expected to
yield a normal kinetic isotope effect. In contrast, a higher
vibrational energy in the transition state compared to the
starting state is expected to yield an inverse kinetic isotope
effect.64,65 An inverse α-2° KIE for a C−H bond (i.e., the
carbon is the reaction site, and the isotopic substitution occurs
at the hydrogen) is typically observed when the carbon atom in
the C−H bond undergoes a hybridization change from sp2 to
sp3 during the rate-determining step. The vibrational shift in
the C−H bond caused by a hybridization change from sp2 to
sp3 is dominated by the vibrational change in the out-of-plane
bending mode. The wavenumber for the out-of-plane bending
mode at the sp2 hybridization state (the starting state) (i.e.,
800 cm−1) is lower than that at the sp3 hybridization state (the
final state) (i.e., 1340 cm−1). The wavenumber for the out-of-
plane bending mode in the transition state is typically located
between those in the starting state and the final state and thus
is higher than that in the starting state. Accordingly, the
vibrational energy in the transition state is higher than that in
the starting state, corresponding to an inverse kinetic isotope
effect. The magnitude of an inverse α-2° KIE usually ranges
from 0.8 to 0.9, depending upon the transition-state
structure.66

Mechanistic Implications. An emerging body of evidence
indicates that the assembly processes of the ternary complexes
of TDO and IDO differ. IDO can use superoxide as a
substrate, whereas TDO cannot.67 In TDO, especially bacterial
TDOs, the binding of the primary substrate (L-Trp) is believed
to precede the binding of the secondary substrate (O2).

3 This
notion was initially evidenced from a pioneering kinetic study
by Hayaishi and co-workers.60 They showed that accumulation
of the oxy−ferrous complex of pfTDO can be observed only in
the presence of L-Trp, and that in the absence of L-Trp the
ferrous heme does not readily bind O2. It is eventually oxidized
to the ferric state by O2.

60 The binding of oxygen with the
ferrous heme in the presence of L-Trp was determined to be a
reversible process, with the rates of forward and reverse
reactions of oxygen binding determined to be 5 × 106 M−1 s−1
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and 230 s−1, respectively.60 Recent spectroscopic studies of
xcTDO also showed that binding of O2 to the ferrous heme
occurs only in the presence of L-Trp.48 An induced-fit behavior
occurs in TDO upon L-Trp binding, as revealed by the crystal
structures of substrate-free and substrate-bound xcTDO32 as
well as by a recent modeling study based on the crystal
structure of Drosophila melanogaster TDO (dmTDO).23 L-Trp
recognition can establish a complex and extensive network of
substrate−enzyme interactions, which stabilizes the active-site
region and completely shields it from the solvent by switching
from an open conformation to a closed conformation through
loop movements.32 Thus, the Trp−TDO binary complex
represents an intermediate stage in the formation process of
the ternary Michaelis complex of TDO. On the contrary, IDO
is generally believed to bind O2 prior to L-Trp.68,69 Unlike
TDO, IDO can form its oxy−ferrous adduct regardless of L-
Trp.70 The rate constants for binding of O2 and CO to the
heme center of ferrous IDO are not significantly perturbed by
L-Trp.70 In addition, Yeh et al. showed that conversion of ferric
IDO to the ferryl form via peroxide oxidation significantly
facilitates L-Trp binding.71 Upon combination of this
phenomenon with a previous observation that cyanide-bound
ferric IDO has an affinity for L-Trp much higher than that of
the ligand-free ferric enzyme,68,72 it is suggested that regardless
of the heme redox state, ligand binding to the heme iron of
IDO can introduce conformational changes that favor L-Trp
binding.71 Moreover, since the early studies of IDO, inhibition
of the dioxygenase activity at high L-Trp concentrations has
been noted.24,73 A recent mechanistic study by Raven and
colleagues on the substrate-inhibition effect revealed that this
phenomenon can be ascribed to the sequential, ordered
binding of O2 and L-Trp.69 At low concentrations of L-Trp, O2
binds first followed by the binding of L-Trp; at higher
concentrations of L-Trp, the order of binding events is
reversed, and L-Trp binding disfavors the subsequent O2
binding step, diminishing the catalytic activity.69 Overall, the
proposed mechanisms of Michaelis complex assembly for
TDO and IDO are in accordance with the results of steady-
state kinetic studies. In TDO, the Km value of L-Trp is larger
than the Kd value of L-Trp for the ligand-free ferrous enzyme.74

However, in IDO, the Km value of L-Trp is much smaller than
the Kd value of L-Trp for the ligand-free ferrous enzyme, while
the Km value of O2 is similar to the Kd value of O2 for the
ligand-free ferrous enzyme.68,72,75

One exception among TDOs from different sources is
human TDO. In contrast to TDOs from nonmammalian
sources, an oxy−ferrous species was captured in human TDO
in the absence of L-Trp.48,52 Moreover, the Km value of L-Trp
in human TDO is much smaller than the Kd value of L-Trp for
ligand-free ferrous human TDO,53 resembling the results from
IDO instead of TDOs from nonmammalian sources. These
comparisons reveal important variations in the chemical
properties between human TDO and TDOs from non-
mammalian sources. In terms of reactivity toward molecular
oxygen, human TDO is more similar to IDO instead of TDOs
from nonmammalian sources. The non-uniformity among
TDOs from different sources appears to originate from subtle
differences in their active-site structures. Recent crystallo-
graphic studies revealed that the orientation of the heme
moiety and the positioning of specific loop structures in the
active site of human TDO are slightly different from those of a
bacterial TDO.53

As shown in Scheme 1, the ternary complex’s electronic
structure is crucial for determining whether the catalytic
pathway proceeds via electrophilic addition or superoxide
attack. However, heme Fe−O2 bonding is a remarkably
complex matter, and its nature has been a subject of active
debate for decades on the extensively investigated model
system, oxy-myoglobin/hemoglobin, in the field of bioinor-
ganic and biophysical chemistry.76 The electronic structure of
the ternary complex of TDO can be theoretically described in
the following configurations: ferrous−oxy [Fe2+(S = 0)−O2(S
= 0)], ferric−superoxide [Fe3+(S = 1/2)−O2−(S = 1/2)], a
ferrous center antiferromagnetically coupled to 3O2 in a three-
center, four-electron bond, affording the [Fe2+(S = 1)−O2(S =
1)] species, and finally a multiconfigurational model that mixes
all three other possibilities. The molecular mechanism for
binding of O2 to myoglobin/hemoglobin has been extensively
studied by Mössbauer spectroscopy, resonance Raman spec-
troscopy, nuclear resonance vibrational spectroscopy (NRVS),
X-ray absorption spectroscopy (XAS), DFT and QM/MM
calculations, and X-ray crystallography, yet there is still no
consensus regarding the nature of Fe−O2 bonding.77 Our
understanding leaned heavily on a recent observation of an
electronic configuration shift of the Fe−O2 bonding in oxy-
hemoglobin through XAS investigation,78 which lends strong
support to the multiconfigurational model.1,78 The contribu-
tion of the local environment to the bonding nature has also
been demonstrated in model complex studies.79 Thus, the
oxidation state of the heme iron in the ternary complex of
cmTDO would not be a clean ferrous or ferric state. Likewise,
the oxygen is neither truly O2 nor superoxo. An added
complication is that the biological origin of the proteins could
also have a discernible impact on the multiconfigurational
character of the heme Fe−O2 bond in their respective oxy
complexes.
Our stopped-flow UV−vis spectroscopic results with

cmTDO demonstrate that an oxy−ferrous complex of
cmTDO can be observed only when L-Trp is present,
consistent with previous studies of other bacterial TDOs. On
the basis of the RFQ−Mössbauer results of the ternary
complex of cmTDO and the current understanding of the
nature of heme Fe−O2 bonding, we propose that an
electrophilic addition (route B of Scheme 1), rather than a
direct radical addition (route A of Scheme 1), to the indole
moiety of L-Trp is involved in the catalytic mechanism of
cmTDO. It is postulated that such a catalytic mechanism may
be applicable to other bacterial TDOs. Human TDO, however,
may adopt a catalytic mechanism resembling that of IDO,
which involves a direct radical addition to the indole moiety of
L-Trp.53 This notion is consistent with a recent study in
another bacterial TDO, Pseudomonas TDO (paTDO), which
employed a heme-modification approach that introduces
different substituents on the heme cofactor of paTDO.55

The work on paTDO suggests that the initial step of the
dioxygen activation by paTDO is a direct electrophilic addition
of the heme-bound O2 to the indole ring of L-Trp.
As shown in Scheme 1, the chemical step following the

formation of the ternary complex of TDO comprises an sp2-to-
sp3 transition for C2 or C3 in the indole ring of L-Trp. Notably,
this is the only chemical step that involves a change in
hybridization from sp2 to sp3. In view of the stopped-flow UV−
vis spectroscopic results, the formation of a covalent bond
between the terminal oxygen atom of O2 and the indole ring of
L-Trp is the rate-limiting step of the dioxygenase reaction of
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cmTDO. In L-Trp, the only C−H bond that experiences a
change in hybridization from sp2 to sp3 is the C−H bond at
C2. We postulate that an electrophilic attack at C2, instead of
C3, by the terminal oxygen atom of O2 occurs and results in
the observed inverse α-2° KIE.
It is noteworthy that the kinetics and spectroscopic data

described in this work provide support to the proposed route B
but cannot definitively define the nature of the ternary
complex. A more convincing conclusion about the mechanism
will be drawn through capturing and characterizing additional
reactive intermediates, such as the proposed carbocationic
intermediate. This goal might be achieved by altering the
kinetics in the crystalline lattice or through the use of carefully
designed substrate analogues, which have strategically placed
electron-withdrawing or electron-donating groups to either
disfavor or favor the hypothetical carbocationic structure
drawn in our proposed mechanism (Scheme 2). Unfortunately,
TDO is known to have a very low tolerance for substrate
analogues due to a tight fitting of its substrate in the active
site.49 The substrate specificity is one of the most prominent
different behaviors between IDO and TDO. Introducing
different substitution groups onto L-Trp may cause a cascade
of disruptions of the catalytic event of TDO. These challenges
must be mitigated in future studies.

■ CONCLUSIONS

This work describes the first Mössbauer characterization of the
catalytic intermediate identified in the progression of the
stopped-flow reaction of TDO. The results provide an
important piece of spectroscopic evidence of the chemical
identity of the ternary complex of cmTDO and shed light on
the catalytic mechanism of heme-dependent dioxygenases. On
the basis of the discussions, a catalytic mechanism for bacterial
TDO is proposed (Scheme 2). This catalytic mechanism
features electrophilic addition to C2 of L-Trp by the terminal
oxygen atom of O2. This work also highlights the differences in
the reactivity of the heme moiety between TDO and IDO as
well as between bacterial TDOs and human TDO, despite the
high degree of structural similarity in their catalytic active sites.
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