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Abstract

The initial and rate-limiting step of the kynurenine pathway in humans involves the oxidation of
tryptophan to N-formyl kynurenine catalyzed by two hemeproteins, tryptophan 2,3-dioxygenase
(hTDO) and indoleamine 2,3-dioxygenase (hIDO). In hTDO, the conserved H76 residue is
believed to act as an active site base to deprotonate the indole NH group of Trp, the initial step of
the Trp oxidation reaction. In hIDO, this histidine is replaced by a serine. To investigate the role
of the H76, we have studied the H76S and H76A mutants of hTDO. Activity assays show that the
mutations cause a decrease in ke and an increase in Ky for both mutants. The decrease in the Kgat
is accounted for by the replacement of the active site base catalyst, H76, with a weaker base,
possibly a water, whereas the increase in Ky, is attributed to the loss of the specific interactions
between the H76 and the substrate as well as the protein matrix. Resonance Raman studies with
various Trp analogs indicate that the substrate is positioned in the active site by the ammonium,
carboxylate, and indole groups, via intricate H-bonding and hydrophobic interactions. This
scenario is consistent with the observation that L-Trp binding significantly perturbs the electronic
properties of the Oy-adduct of hTDO. The important structural and functional roles of H76 in
hTDO is underscored by the observation that the electronic configuration of the active ternary
complex, L-Trp-O,-hTDO, is sensitive to the H76 mutations.

Introduction

Tryptophan 2,3-dioxygenase (TDO) is a heme-containing enzyme that catalyzes the

oxidative cleavage of tryptophan (Trp) to N-formyl kynurenine (NFK), the initial and rate-

limiting step of the kynurenine pathway, by adding both oxygen atoms of dioxygen to the
C,=C3 bond of the indole moiety of Trp as illustrated in Scheme 1.1-6 Trp is the scarcest
essential amino acid in mammals. The majority of our dietary Trp (~95%) is metabolized
along the kynurenine pathway in the liver by TDO, which ultimately leads to the
biosynthesis of NAD and NADP.” A small amount of the Trp (~1%) is used to synthesize

the neurotransmitter serotonin.® Consequently, TDO plays a critical role in determining the

relative Trp flux in the serotonergic and kynurenic pathways.
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Indoleamine 2,3-dioxygenase (IDO) is another heme-containing enzyme that catalyzes the
same reaction of Trp.? It is primarily present in mammals and is ubiquitously distributed in
all tissues other than liver.2:910 |n contrast, TDO is mainly present in liver and has not only
been found in mammals but also in mosquitoes and bacteria.1-3-11.12 The expression of IDO
is induced by interferon-y (IFN-y) and is closely linked to a wide spectrum of immune-
related pathophysiological conditions,1-8:10.13 whereas TDO is inducible by glucocorticoid
hormones and is regulated by the availability of the physiological substrate, Trp.14.15
Despite the fact that IDO and TDO catalyze the same reaction, they share very low sequence
homology (~10%), and exhibit distinct biochemical properties. IDO oxidizes L-Trp, D-Trp,
and various indoleamine derivatives, whereas TDO is more specific for L-Trp.1-216.17 DO
can bind oxygen, independent of the presence or absence of the substrate, whereas TDO
only forms stable oxygen complex in the presence of Trp.1:18.19

Although IDO and TDO were discovered several decades ago, their crystallographic
structures were not resolved until recently.20-22 The structure of the human isoform of IDO
(h1DO) is monomeric, with two a-helical domains sandwiching the prosthetic heme
group.20 The proximal heme binding pocket is primarily made up of four long a-helices
from the larger domain, in which the heme iron is coordinated by an evolutionary conserved
histidine residue, H346. On the other hand, the structures of two bacterial isoforms of TDO
(xcTDO and rmTDO from Xanthomonas campestris and Ralstonia metallidurans,
respectively),20-22 which are believed to be structurally analogous to that of the human
isoform (hTDO), are tetrameric, with one heme per monomer. As the L-Trp-bound structure
is only available for xcTDO, hereafter, the structure-related discussions will be based on the
structure of xcTDO.

In xcTDO, the heme is coordinated by H240, an absolutely conserved residue in TDO. 21.23
Despite the low sequence homology between xcTDO and hIDO, xcTDO exhibits high
structural similarity with the large domain of hIDO. Structure-based sequence alignment
shows that most of the critical residues involved in substrate—protein interactions in xcTDO
and hTDO are conserved in hIDO.2122 Nonetheless, the evolutionarily conserved H55 in
XcTDO, which has been implicated in the initial deprotonation of the indole NH group of the
substrate during the oxygen reaction,?4 is replaced by a serine in hIDO. As this serine
residue is also absolutely conserved in the IDO family of enzymes, the oxygen reaction
carried out by hIDO is believed to proceed via a mechanism distinct from that of hTDO.24
Comparative studies of hIDO and hTDO carried out by Batabyal and Yeh suggest that the
active base critical for the deprotonation of the substrate in hIDO is the heme-bound Oy, in
contrast to the H76 in hTDO (corresponding to the H55 in xcTDO), as illustrated in the
cartoon shown at the bottom of Scheme 1.24:25

Recently, hIDO has been recognized as an important drug target for cancer and neurological
disorders;8:10.13.26-28 it js hence important to understand the structural and functional
properties of hIDO as compared to hTDO to develop a potent inhibitor specifically targeting
hIDO. In this work, we sought to evaluate the structural and functional role of the H76 in
hTDO by systematically investigating the H76S mutant, a mimic of hIDO, and the H76A
mutant. For the structural studies, a diatomic heme ligand, CO, along with various substrate
analogs were used as active site probes. Resonance Raman and optical absorption
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spectroscopies were employed to monitor the substrate—protein interactions in the mutants as
compared to the wild type protein. The functional properties were assessed by steady-state
activity measurements, along with Michaelis—Menten analysis. The active ternary complex,
L-Trp-O,-hTDO, was identified for the first time and shown to be sensitive to the mutation
in the H76 residue. The data are integrated and discussed in the context of the enzymatic
mechanism of this fascinating dioxygenase.

Materials and Methods

All chemicals, other than Trp, used for this study were of analytical reagent grade from
Sigma-Aldrich Corp. (St. Louis, MO) unless otherwise indicated. L- and D-Trp were
obtained from Fluka Chemical Corp. (Ronkonkama, NY). O,, CO, and Ar were obtained
from Tech Air (White Plains, NY). The 13C180 isotope was purchased from Icon Isotopes
(Summit, NJ). All the chemicals were used without further purification, and prepared with
deionized water (Millipore).

Cloning, Expression, and Purification of the Wild Type hTDO

Full-length hTDO has a high tendency to aggregate in free solution and to form inclusion
bodies when expressed in Escherichia coli. To overcome these problems, we have designed
a truncated version of hTDO by using the sequences of xcTDO and paTDO (from
Pseudomonas aeruginosa) as a guide. In this new construct the 1-17 and 389-406 fragments
were deleted, as they are not present in the bacterial TDOs (Figure S1, Supporting
Information), indicating that they might not be critical for the structure and function of
hTDO. Indeed, with this new construct, we were able to produce a soluble, yet fully
functional form of hTDO.24

The cDNA of hTDO, with N- and C-termini truncated and a hexa-histidine tag attached to
the C-terminus, was cloned into a pET14b vector and transformed into E. coli BL21(DE3).
The transformant was selected from a single colony on a LB kanamycin agar plate and was
used to inoculate a LB medium, supplemented with 50 pg/mL kanamycin. This starter
culture was grown overnight at 37 °C, and was subsequently used to inoculatea1 L LB
medium. The resulting E. coli culture was grown at 37 °C in a shaker at 250 rpm until the
optical density at 600 nm reached ~0.8. The expression of hTDO was induced by isopropyl
1-thio g galacto-pyranoside (IPTG), with a final concentration of 1 mM. An aliquot of
hemin, with a final concentration of 8-10 uM, was added to the culture to ensure the
complete incorporation of the heme prosthetic group into the recombinant protein. The
culture was grown at 25 °C for additional 6-8 h in a shaker at 150 rpm. The cells were
harvested by centrifugation and stored at =20 °C until use.

The cell pellet thus prepared was resuspended in pH 7.8 lysis buffer (300 mM NaCl, 50 mM
KoHPO4, 10 mM L-Trp, and 5% glycerol), supplemented with protease inhibitors (Roche).
The suspension was sonicated in an ice bath, following incubation with lysozyme and
DNasel (10 and 0.2 mg per liter culture, respectively) for 30 min at 4 °C. The cell lysate was
centrifuged twice at 18 000 rpm for 30 min. The supernatant was collected and loaded onto a
Ni-NTA column (Novagen). The column was washed with ~15 column-volumes of lysis
buffer, followed by a sequential wash with 10, 30, and 60 mM imidazole in lysis buffer (5
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column-volumes each). The protein was eluted with 250 mM imidazole in lysis buffer. The
imidazole was subsequently removed by overnight dialysis. The purified protein was frozen
in aliquots and stored in liquid nitrogen until use.

To stabilize the protein and minimize aggregation, 10 mM L-Trp and 5% glycerol were
present throughout the whole course of the purification process. Before each experiment, L-
Trp and glycerol were removed by passing the protein through a G25 column, followed by a
sequential wash with a 10K Centricon (Millipore). The complete removal of the L-Trp was
confirmed by resonance Raman spectroscopy, which is sensitive to the presence of L-Trp.
The protein was purified to near homogeneity as indicated by the SDS-PAGE (12%) data
and the elution profile from a size-exclusion column (Supedex 200) attached to an AKTA
Purifier (Amersham Biosciences) (see Figure S2 in the Supporting Information), with a yield
of ~12 mg per liter of E. coli culture.

Shortly after our initial report on the wild type truncated hTDO,24 Basran et al. reported the
expression, purification, and functional studies of the full-length hTDO.22:30 They showed
that the protein can be expressed in a mixture of apo and holo form; in addition, its activity
can be introduced by reconstituting it with hemin. The k.5 and Ky, values of the
reconstituted protein toward L-Trp were reported to be similar to the values we obtained
from the truncated version of hTDO,2429 despite the fact that for their assay a mixture of
methylene and ascorbate was used as the reductant?? (instead of a typical protocol with
ascorbate alone used by us?4 and others®18:22.30-34) ‘Intriguingly, the activity of the full-
length enzyme toward D-Trp, reported by Basran et al., is extremely low and is only
detectable with a saturating concentration of D-Trp (50 mM). In contrast, with our enzyme,
we were able to observe significant activity with a wide range of D-Trp concentrations.24 To
account for the disparity, Basran et al. argued that the higher affinity and activity toward D-
Trp observed in our assay is a result of residual L-Trp remaining in our enzyme solution, as
L-Trp was used throughout our purification procedure. Although this is a legitimate concern,
it can be fully ruled out; to avoid the possible contamination by L-Trp, prior to each
experiment we treated the sample with a thorough cleaning procedure, and the complete
removal of the L-Trp was confirmed by resonance Raman spectroscopy, as described above.
More importantly, consistent with our observations, other mammalian TDO has been shown
to be reasonably active toward D-Trp.33 In addition to its much lower activity toward D-Trp,
the full-length hTDO prepared by Basran et al. showed two distinct features as compared to
our enzyme: (1) the ferrous deoxy protein exhibited a six-coordinate low-spin configuration,
in contrast to a more typical five-coordinate high-spin heme of our enzyme;24 and (2) the
O,-complex is not observable upon mixing the deoxy enzyme with Oo, in contrast to the
meta-stable nature of our O-adducts (vide infra). While the origin of the unique results from
Basran et al. remains to be investigated, it is important to note that N-terminal truncation in
rat liver TDO, which is not stable in its full-length form,39:35 did not affect its spectroscopic
properties as well as its activity.30 Likewise, N-terminal truncation in rmTDO was shown to
improve its solubility and stability, without affecting the integrity of its overall structural
properties.22 These data fully support the reliability of our enzyme preparation.
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Expression and Purification of the H76S and H76A Mutants of hTDO

The H76S and H76A mutations were created by using the QuikChange 11 kit (Stratagene).
The sequences were verified by DNA sequence analysis. The mutants were cloned,
expressed, and purified by using the same protocol as that described for the wild type
protein.

Steady-State Activity Assay

For the activity assay, the ferric hTDO was rapidly mixed with sodium ascorbate (100-fold
excess with respect to the protein) in the presence of a desired amount of L-Trp in pH 7.0
phosphate buffer (L00 mM) at room temperature. The final concentration of hTDO was 3.5
UM for H55S and 0.5 uM for H55A. The reaction rate was followed by monitoring the
product formation at 321 nm (e = 3750 M~tcm™1 for N-formyl kynurenine).18:24 The initial
product formation rate was plotted as a function of L-Trp concentration; the data were
analyzed by Michealis-Menten curve fitting with Origin 6.1 software (Microcal Software,
Inc., MA).

Spectroscopic Measurements

The optical absorption spectra were taken on a spectrophotometer, UV2100, from Shimadzu
Scientific Instruments, Inc. (Columbia, MD) with a spectral slit width of 1 nm. The
resonance Raman spectra were taken on the instrument described elsewhere.3¢ Briefly, the
413.1 nm excitation from a Kr ion laser (Spectra Physics, Mountain View, CA) was focused
to a ~30 um spot on the spinning quartz cell rotating at ~1000 rpm. The scattered light,
collected at a right angle to the incident laser beam, was focused on the 100 pm-wide
entrance slit of a 1.25 m Spex spectrometer equipped with a 1200 grooves/mm grating
(Horiba Jobin Yvon, Edison, NJ), where it was dispersed and then detected by a liquid
nitrogen-cooled CCD detector (Princeton Instruments, Trenton, NJ). A holographic notch
filter (Kaiser, Ann Arbor, MI) was used to remove the laser line. The Raman shift was
calibrated by using indene (Sigma) as a reference. The laser power was kept at ~5 mW for
all measurements, except that used for the CO complexes, in which it was kept at ~1-2 mW
to avoid photodissociation of the heme-bound CO. The acquisition time was ~20-30 min for
all the spectra obtained.

The ferrous derivative was prepared by reducing the ferric protein, prepurged with Ar gas,
with sodium dithionite under anaerobic conditions. The CO-bound ferrous complexes were
obtained by injecting CO gas into the reduced enzyme with a gastight syringe. The
concentration of the protein samples used for the Raman measurements was ~15-50 UM in
pH 7.0 phosphate buffer (100 mM).

Stopped-Flow Measurements

The kinetic measurements were performed at 25 °C with a 7*180 stopped-flow instrument,
equipped with a photodiode array detector, from Applied Photophysics Inc. (Leatherhead,
UK). To ensure the absolute anaerobic conditions, prior to each experiment, the entire
solution flow-path in the stopped-flow system was flushed with an anaerobic sodium
dithionite solution several times with gastight syringes. At the last run, the anaerobic sodium
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dithionite solution was allowed to sit for 30 min to quench any residual oxygen. The
dithionite solution was subsequently washed away with Ar-purged anaerobic buffer, prior to
sample loading. The ferrous deoxy derivative of hIDO was prepared by reducing the ferric
enzyme, prepurged with argon gas, with a stoichiometric amount of sodium dithionite in an
anaerobic buffer, as guided by optical absorption measurements. All the deoxy samples were
transferred with gastight syringes to the stopped-flow system. For the L-Trp-bound enzyme,
hTDO was incubated with desired amount of L-Trp at least for 2 h prior to each
measurement. All experiments were performed in pH 7.0, phosphate buffer (100 mM). The
stopped-flow data were analyzed by using ProK software from Applied Photophysics Inc.
(Leatherhead, UK).

Results and Discussion

Structural Properties of the H76S and H76A Mutants

As shown in Figure 1A, the ferric derivative of H76S has a Soret maximum at 403 nm and a
charge-transfer band at 630 nm, typical for a six-coordinate water-bound heme species. The
ferrous protein displays a Soret maximum at 431 nm and a visible band at 554 nm,
consistent with a five-coordinate high-spin heme. The CO-complex, on the other hand,
exhibits a Soret maximum at 418 nm, with o/ bands at 567/535 nm, indicating a Six-
coordinate low-spin heme. These spectral features are somewhat different from those of the
wild type protein as summarized in Table 1, suggesting that the mutation in the H76 residue
to serine slightly perturbs the electronic properties of the enzyme. As shown in Figure 1B,
the spectral features of the H76 A mutant are almost identical to those of the H76S mutant,
indicating that the electronic perturbation is not sensitive to the nature of the substituent of
the H76 residue.

In the H76S mutant, L-Trp-binding to the ferric derivative causes the Soret to shift from 403
to 408 nm and the charge transfer band at 630 nm to disappear, which are concurrent with
the appearance of a broad absorption at ~500-600 nm (Figure 1C). The data indicate a high-
spin to low-spin transition, plausibly due to partial deprotonation of the heme-bound water,
as that suggested for the wild type protein.24 L-Trp binding to the ferrous deoxy and CO-
derivatives, on the other hand, only causes minute changes to the spectra. These changes
induced by L-Trp binding are similar to those observed in the wild type enzyme.?* In
contrast, in the H76 A mutant, substrate binding hardly perturbs the spectra of the various
derivatives (Figure 1D).

To further evaluate the structural role of the H76 residue, resonance Raman studies were
conducted. The general characteristics of the resonance Raman spectra of heme-proteins
have been well established.36-40 In the high frequency region, the spectrum is dominated by
the totally symmetric porphyrin in-plane vibrational modes. The 1, mode in the 1550 and
1600 cm™1 region is sensitive to the spin-state of the heme iron.36-38 The 15 mode in the
1475-1520 cm™1 region is sensitive to both the spin-state and the axial-coordination state of
the iron. On the other hand, the strong 14 mode in the 1350 and 1400 cm™1 region is
sensitive to the oxidation state of the iron as well as the 7-electron density of the porphyrin
macrocycle. Additional bands in the low frequency region of the spectrum (200-1000
cm™1), including iron-ligand stretching modes, bending modes associated with the
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propionate and vinyl groups peripheral to the heme and heme out-of-plane modes, offer
valuable structural information regarding the active site structures of heme-proteins, as these
modes are typically sensitive to H-bonding, hydrophobic and/or steric interactions imposed
on the heme group by its surrounding protein matrix.

Figure 2 shows the resonance Raman spectra of the ferric H76S and H76A in the presence
and absence of L-Trp, as compared to the wild type protein. For all the substrate-free
enzymes, the strongest band is 4 at 1371 cm™1, indicating a six-coordinate ferric heme. The
3/ v» bands at 1480/1560 cm~1 and 1506/1583 cm™1 are characteristic of a six-coordinate
high-spin and low-spin heme, respectively.37:38 The mixed-spin character of the ferric heme
indicates that the iron is coordinated with a water molecule in the distal position, consistent
that concluded from the optical absorption data. L-Trp binding to the H76A mutant causes a
considerable enhancement of the six-coordinate low-spin bands as indicated by the relatively
stronger intensities of the low-spin marker lines at 1506/1583 cm™1. The data suggest that L-
Trp binds in the vicinity of the heme-bound water, lowers its pK, and partially converts the
weak field ligand, water, to a strong field ligand, a hydroxide. In the H76S mutant, the
addition of L-Trp triggers a more pronounced transition to a mostly low-spin species, similar
to that reported for hIDO.25 For hIDO, Terentis et al. proposed that the spin-transition is a
result of the deprotonation of the heme-bound water by the indole NH group of the L-Trp.25
Likewise, we hypothesize that the mutation of the H76 to Ser causes the indole ring of the
L-Trp to move closer to the heme-bound water, favoring the hydroxide-bound configuration
in hTDO. Consistent with this hypothesis, in hIDO, two 11¢.oq Modes were identified at 496
and 546 cm1 in the L-Trp-bound ferric enzyme, but not in the substrate-free enzyme, based
on H,0-D5,0 substitution experiments.2> Comparable isotope substitution experiments were
performed with the wild type and the mutants of hTDO; unfortunately, N0 .o modes
could be identified, presumably due to their weak Raman cross-sections. An analogous L-
Trp binding-induced spin transition has also been reported for TDOs from Pseudomonas and
rat liver, 4142 suggesting that it is a general feature for the IDO/TDO-type of enzymes.

In the low frequency region of the wild type spectrum, the 677 and 340 cm™~1 bands are
assigned to the 1~ and 15 modes, respectively, whereas the bands at ~387 and 423 cm™! are
attributed to the bending modes of the propionate (Jpropionate) @nd Vinyl (&iny1) groups of the
heme, respectively.*3 The mutation of the H76 to serine or alanine does not significantly
affect these modes. L-Trp binding to the wild type hTDO leads to the splitting of the &y
mode to 423 and 431 cm™ and the &yropionate MOde to 376 and 387 cm™.24 These spectral
changes are consistent with the crystallographic data of the L-Trp-bound xcTDO, in which
one of the two propionate groups of the heme forms an H-bond with the ammonium group
of the L-Trp. In contrast to the wild type protein, L-Trp binding in either of the two mutants
does not bring about noteworthy changes to the low frequency modes, indicating H76 plays
an important role in positioning the substrate in the active site of hTDO.

Steady-State Activity of the H76S and H76A Mutants

To examine the activity of the mutants, the oxidized enzymes were rapidly mixed with a
desired amount of L-Trp in the presence of 100-fold excess of sodium ascorbate (as a
reductant). The product formation was followed as a function of time by monitoring the
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absorbance change at 321 nm (& = 3750 M~1cm™1 for NFK).24 The initial linear rate for the
product formation is plotted as a function of L-Trp concentration in Figure 3. The
Michaelis—Menten equation fit of the data show that the k., and Ky, values of the H76S
mutant are 0.03 s™1 and 1.2 mM, respectively, whereas those of the H76A mutant are 0.2 s71
and 0.5 mM, as listed in Table 2. As compared to the wild type enzyme (with Keg; and Ky of
2.1 s71and 0.2 mM), the mutants display much lower ke and higher Ky, confirming the
important structural role of H76 in controlling the oxygen chemistry of L-Trp. The activity
of the H76S and H76A mutants toward D-Trp has also been examined; in contrast to L-Trp,
neither mutant shows detectable activity toward D-Trp.

Recent crystallographic studies of the H55S and H55A mutants of xcTDO revealed two
active site water molecules.** The first water molecule was found in the ligand binding site
~3.5A away from the heme iron, similar to that observed in the wild type protein.2 This
water molecule, like that in the wild type protein (see Figure 4), forms H-bonds with the
ammonium and indole NH groups of the L-Trp, as well as the backbone NH group of the
G125. The second water molecule occupies the space vacated by the H55 side chain. In the
H55A mutant, this water forms an H-bond with the indole NH group, whereas that in the
H55S mutant, is situated further away from the indole NH group and forms an H-bond with
the S55. We hypothesize that a water molecule, comparable to the second water in xcTDO,
is present in the H76S and H76A mutants of hTDO and acts as a base to deprotonate the
indole group of the substrate, accounting for the residual activities of the mutants. We
attribute the much lower k. value of the H55S mutant to a longer distance between the
water and the heme-bound ligand as implicated by the crystallographic data of the H55S and
H55A mutants of xcTDO.*

The function of an active site water as a base catalyst is not unprecedented. In a nonheme
dioxygenase, MhpB, from E. coli, an active site residue, H115, is believed to act as acid/
base catalyst during the enzymatic reaction. The residual activity found in the H115A
mutant of MhpB has been attributed to an alternative catalysis by a solvent water molecule
bound in the site normally occupied by H115.4% Likewise, the role of solvent water
molecules in enzyme catalysis has been widely recognized in the reactions of heme
containing oxygenases, such as P450, nitric oxide synthase, and heme oxygenase.46-49

Although the active species for the dioxygenase reaction of hTDO is the ferrous enzyme,
Batabyal and Yeh reported that the ferric wild type hTDO exhibits significant activity
toward L-Trp, but not D-Trp.24 Although the origin of the activity remains unclear, similar
activity of the ferric hnTDO toward L-Trp was later reported by Basran et al.2? In contrast,
for the H76S and H76A mutants, the ferric derivatives shows no activity toward either L-Trp
or D-Trp, further highlighting the critical role of the H76 residue in hTDO.

Ternary Complex of hTDO

To gain a better understanding of the oxygen chemistry of hTDO, the active ternary complex
(L-Trp-O,-hTDO) of the wild type and the H76S and H76A mutants were examined with a
stopped-flow system, equipped with a photodiode detector. For this set of the experiments,
the ferric enzyme was first purged with argon and titrated with a stoichiometric amount of
dithionite. The complete reduction of the sample was confirmed by in situ absorption
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measurements. The reduced deoxy derivative of the enzyme was transferred to the stopped-
flow instrument, maintained under anaerobic conditions, where it was mixed with the
aerobic phosphate buffer (pH 7.0). The progression of the reaction was monitored by optical
absorption measurements. As a control experiment, the deoxy enzyme was mixed with an
argon-saturated buffer. The optical absorption spectrum obtained following the mixing
exhibits the typical Soret and visible bands for the pure deoxy species (data not shown),
which remained stable within the time window monitored (~100 s), confirming the
anaerobicity and the reliability of the stopped-flow measurements.

As a first step, the O,-complex of the substrate-free wild type enzyme was examined. As
shown in Figure 5A, in the absence of L-Trp, the wild type ferrous enzyme spontaneously
autooxidizes to the ferric derivative upon exposure to oxygen. The lack of clear isosbestic
points suggests that the autoxidation reaction goes through an intermediate state. To resolve
the intermediate, the time-resolved data were fitted with a three-state sequential model by
using a global-fitting software, ProK (Applied Photophysics Inc.). The residuals from the
fitting are negligible, confirming the reliability of the model.

Figure 5B shows the best fitted standard spectra of the three species. They display Soret
maxima at 431, 412, and 407 nm, respectively, which are assigned to the deoxy ferrous, O,-
complex and ferric species, respectively. Intriguingly, the f/a bands in the 500-600 nm
region, typical for a six-coordinate low-spin O,-bound ferrous heme, are too weak to be
observed. Nonetheless, the data indicate that the deoxy protein binds O, to form the O,-
complex, which subsequently autooxidizes to the ferric species by releasing the dioxygen as
superoxide. The best fitted rate constants associated with the two reactions are 1.38 and 0.13
s1. The much slower autoxidation rate as compared to the O,-binding rate leads to a
maximum of ~80% population of the O,-complex transiently, as may be seen in the insert of
Figure 5B.

In the presence of L-Trp, the Oy-complex of hTDO is much more stable, perhaps due to the
fact that, in the presence the substrate, the active site is completely devoid of solvent
molecules, which retards the autoxidation process. As shown in Figure 6, the Soret
maximum of the O,-adduct is located at 417 nm in the presence of L-Trp, which is 5 nm
higher than its absence; in addition, the two visible bands, fla, are now fully visible at
543/576 nm. The unique spectral feature introduced by L-Trp binding indicates that the L-
Trp bound in the active site is important in modulating the electronic properties of the O,-
heme moiety. The spectroscopic properties of the ternary complex of hTDO are similar to
those reported for a bacterial TDO analog (pfTDO) from Pseudomonas fluorescens, which
exhibited a Soret maximum at 418 nm and visible bands at 545 and 580 nm.18:50 Although,
unlike hTDO, in the absence of the substrate the O,-compex of pfTDO auto-oxidized to the
ferric form without populating a transient oxygen intermediate.

The active ternary complexes of the H76S and H76A mutants of hTDO, like the wild type
protein, are stable enough to be detected spectroscopically. As shown in Figure 6, the H76S
mutant exhibits a Soret maximum of 417 nm, similar to that of the wild type protein.
However, its bandwidth is significantly broader and the intensity of the a band is notably
reduced with respect to that of the f-band. On the other hand, in the H76 A mutant, the Soret
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maximum and a band shift to 416 and 572 nm, respectively, with respect to the wild type
enzyme, while the £ band remains at almost the same position, but with a relatively lower
intensity. The sensitivity of the spectral features of the active ternary complex of hTDO to
the mutations of the H76 residue is consistent with the proposed structure of the active
ternary complex24 shown in the right panel of Figure 6. Taken together, the data
demonstrate that the modulation of the electronic properties of the Oo-heme moiety
introduced by L-Trp is mediated via the H76 residue.

Substrate—Protein Interactions

To understand, from a structural point of view, how the substrate—protein interactions
influence the electronic properties of the O,-heme moiety in the active ternary complex of
hTDO, and how the interactions are regulated by the H76 residue, we employed CO as a
structural probe for the active site of the enzyme.

CO has been recognized as an excellent structural probe for the distal ligand binding pocket
of hemeproteins, as the Fe—CO and C-O bond strengths are modulated by interactions
between the heme-bound CO and its immediate surroundings. In general, the Fe—-C-O
moiety can be represented by two extreme structures.

Fed™—C = 0°+(I) & Fe=C=0(II) (1)

When CO is exposed to positive polar surroundings, instead of a hydrophobic or negative
polar environment, the form (1) is destabilized.>! As a result the bond-order of the Fe-CO
bond is higher, which is concurrent with a lower C-O bond order. On this basis, the ve.co
and vc_o frequencies are inversely correlated, which can be used as a quantitative measure
of the electrostatic potential of the ligand binding site of hemeproteins,36.38.51-54

With resonance Raman spectroscopy, Batabyal and Yeh showed that in the wild type
substrate-free hTDO, the 1e.co and 1e_o are at 496 and 1958 cm™1, respectively.24 L-Trp
binding causes them to shift to 488 and 1972 cm™2, indicating a low electrostatic potential
surrounding the CO. In contrast, in hIDO, the ye.co and vc_o are at 518 and 1933 cm™,
respectively; upon L-Trp binding, they shift to 542 and 1901 cm™2, indicating a positive
polar electrostatic potential surrounding the CO.25 On the basis of these data, it was
proposed that in hIDO the indole NH group of the L-Trp forms an H-bond with the CO,2°
whereas in hTDO the NH group of the L-Trp donates an H-bond to the H76 side chain,
forcing the aromatic ring of the indole side chain to face the CO.24 Extending from that
work, in the current study we systematically investigated the substrate—protein interactions
in hTDO by using CO along with Trp and Trp analogs, including L-Trp, D-Trp, tryptamine
(TAM), and indole propionic acid (IPA), as structural probes. The structures of the Trp
analogs employed are shown in Scheme 2. The role of the H76 residue in regulating the
substrate—protein interactions are evaluated by examining the H76S and H76 A mutants with
respect to the wild type protein.

Figure 7 shows the low frequency Raman spectra of the CO-complexes of the wild type and
the H76S and H76A mutants of hTDO, in the presence or absence of Trp or Trp analogs.
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The assignments of all the vge.co modes were confirmed by 12C160-13C180 jsotope
substitution experiments (see Figure S3A in the Supporting Information). To interpret the
Raman data in a quantitative fashion, the 1=¢.co modes were deconvoluted into a minimum
set of Gaussian peaks, as shown in Figure 8.

In the substrate-free wild type protein, the broad vge.co mode at ~496 cm™1 can be
deconvoluted into three peaks at 485, 500, and 517 cm™1 (Figure 8, panel A1), whereas
those of the H76S and H76A mutants are made up by two peaks at 491/517 and 490/515
cm™L, respectively (Figure 8, panel B1 and C1). The small peak at 514 cm™ (shaded in
gray), which is present in all the spectra, is assigned to an intrinsic heme mode, as it does not
shift upon 12C160-13C180 isotope substitution.24

The binding of Trp (or Trp analogs) to the wild type protein and mutants introduces distinct
spectral changes to the 1£¢.co modes, which are sensitive to the structure of the Trp/Trp
analogs employed. On the basis of the L-Trp-bound xcTDO structure shown in Figure 4, the
binding of Trp or Trp analogs may lead to four possible Fe-CO conformers, as summarized
in the left scheme, in which the Fe-ligand moiety faces (i) the aromatic indole ring of the L-
Trp, (ii) the NH group of the G152 residue (corresponding to G125 in the xcTDO structure
shown in Figure 4), (iii) the ammonium group of the L-Trp, and/or (iv) the indole NH-H76
pair.

In the wild type protein, L-Trp binding causes the merging of the three ve..co components
into one sharp peak at 488 cm~1, along with the appearance of a small peak at 502 cm~1
(Figure 8, panel A5). They are assigned to the conformer-i and conformer-iv, respectively.
The linewidths of both peaks are significantly reduced as compared to those found in the
substrate-free enzyme, indicating reduced conformational freedom of the Fe~C—O moiety
due to the restriction imposed by the L-Trp. The binding of D-Trp (Figure 8, panel A4), on
the other hand, leads to the merging of the three vge.co components into one main peak at
491 cm™1, assigned to the conformer-i, similar to that induced by L-Trp binding.
Nonetheless, as compared to the L-Trp-bound enzyme, the peak position is up-shifted (from
488 to 491 cm™1) and the peak width is increased (from 15 to 20 cm™1); in addition, the
minor component at 502 cm™1 (conformer-iv) is completely lost. The data suggest that D-
Trp is anchored in the distal site in a fashion similar to that of L-Trp, that is, with the
aromatic indole ring facing the heme-bound ligand, but the substrate—protein interactions are
perturbed due to the change in the stereo-orientation of the side chain group of the substrate.

The binding of IPA, in which the ammonium group of L-Trp is replaced by a hydrogen
atom, leads to two peaks at 486 and 515 cm™1 (Figure 8, panel A3), assigned to the
conformer-i and conformer-ii, respectively. On the other hand, the binding of TAM, in
which the carboxylate group is replaced by a hydrogen atom, leads to three peaks at 485,
510, and 525 cm™1 (Figure 8, panel A2), assigned to the conformer-i, conformer-ii, and
conformer-iii, respectively. It is conceivable that, in the TAM-bound state, the loss of the H-
bonding interaction between the carboxylate group and the protein matrix loosens the binary
complex, thereby allowing the ammonium group to interact with the heme-bound ligand.
The distinct spectral features introduced by IPA and TAM, as compared to L-Trp,
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demonstrate the importance of the ammonium and carboxylate group in controlling the
substrate—protein interactions in hTDO.

In the H76S mutant, L-Trp binding causes a small shift of the two peaks to 490/514 cm™1
(Figure 8, panel B5), as well as the intensity enhancement of the 490 cm™1 peak and the
broadening of the 514 cm™1 peak. The 490 cm™~1 component, like the 488 cm™1 peak in the
L-Trp-bound wild type enzyme, is assigned to the conformer-i. Its 2 cm™1 higher peak
position and considerably broader line width as compared to that of the 488 cm™1 peak in the
wild type protein (22 vs 15 cm™1) suggest that the tight substrate—protein interactions
illustrated in Figure 4 are partially relaxed due to the loss of the H-bond between the H76
and the indole NH group. The 517 cm~1 component is assigned to the conformer-ii. In the
H76A mutant (Figure 8, panel C5), L-Trp binding leads to a spectrum similar to that of the
L-Trp-bound H76S, indicating that the two substrate-bound mutants exhibit similar
structures. Consistent with this observation, the vc_o modes of the L-Trp-bound H76A and
H76S mutants were identified at the same frequency, 1968 cm™1, which is 4 cm™ lower
than that of the wild type protein (see Figure S3B in the Supporting Information).

The binding of D-Trp to the H76S and H76 A mutants (Figure 8, Panels B4 and C4) causes
the shifts of the two peaks to 492/521 and 493/523 cm™2, respectively, which are assigned to
the conformer-i/conformer-iii. The presence of conformer-iii, instead of the conformer-ii
observed in the L-Trp-bound protein, indicate that D-Trp is bound in a unique geometry
such that its ammonium group may interact with the heme-bound CO. The differences
observed in the D-Trp- versus L-Trp-bound states in the mutants are much more significant
as compared to that observed in the wild type enzyme, indicating that the substrate
stereospecificity is more pronounced in the mutants. The binding of TAM or IPA (Panels
B2-3 and C2-3), on the other hand, induces only minute changes to the 1¢.co mode, as
compared to the substrate-free form. They suggest a weak substrate—protein interaction, due
to the loss of the H76, as well as the ammonium or carboxolate group of the substrate, the
three critical structural components in modulating the substrate—protein interaction in hTDO.

In addition to the obvious perturbations to the vge.co modes as discussed above, the data
shown in Figure 7 show that substrate-binding to the wild type and mutants of hTDO
introduces spectral shifts and intensity changes to a number of low frequency modes, in
particular the Spropionates Avinyl @nd vg at ~389, 428, and 357 cm™L, respectively, as well as
the out-of-plane modes at 718/424 cm~1.58 These spectral changes are sensitive to the
structure of the substrate and the mutation in the H76 residue, demonstrating that the
structural properties of the heme are closely coupled to the substrate through the H76
residue.

The Raman data reported here are consistent with the crystallographic data of xcTDO. The
crystallographic structures of xcTDO show that L-Trp binding introduces significant
structural changes to the protein matrix,2! accounting for the spectral differences between
the substrate-free and L-Trp-bound enzyme. In the substrate-bound xcTDO, as shown in
Figure 4, the L-Trp is positioned above the distal ligand-binding site by extensive
hydrophilic as well as hydrophobic interactions, including: (1) the H-bond between the
indole NH group of the L-Trp and the side chain of H55, (2) the H-bonds between the
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ammonium and carboxylate groups of the L-Trp and the Y113, R117, and T254, as well as a
distal water and a propionate group of the heme, and (3) the hydrophobic interactions
between the aromatic indole ring and the hydrophobic clusters involving the L120 and F51,
as well as the Y24, Y27, and L28 from a second subunit of the tetrameric enzyme. In
addition to forming an H-bond with the indole NH group, the H76 may play a role in
maintaining the integrity of the hydrophobic pocket, as its aromatic ring fits perfectly in the
back of the hydrophobic pocket housing the indole ring of the substrate (Figure 4). The
Raman data demonstrate that the tight interaction between the substrate and the protein is
relaxed due to the loss of the H-bond between the H76 and the indole NH group of the L-
Trp, as well as the perturbed interaction between the indole ring and the hydrophobic
pocket, in the H76S and H76 A mutants, and/or the elimination of the ammonium/
carboxolate group of the substrate.

Implications in the Oxygen Chemistry of hTDO

In contrast to the monooxygnase reaction of the P450 type of enzymes, the dioxygenase
reaction of TDO and IDO are poorly understood despite their physiological importance.
Based on the ionic mechanism proposed by Hamilton,15° the first step of the dioxygenase
reaction involves the deprotonation of the indole NH group of Trp by an active base (see
Figure S4 in the Supporting Information). It is followed by the electrophilic addition of the
heme-bound O, to the C,=C3 bond of Trp, leading to the formation of the heme iron-bound
3-indolenylperoxy intermediate. The peroxy intermediate subsequently converts to the
product, NFK, via either the dioxetane intermediate or Criegee type rearrangement.1:34.55
An alternative radical mechanism, involving electron transfer from the deprotonated L-Trp
to the heme-bound O,, followed by radical recombination to generate the 3-indolenylperoxy
intermediate, has also been proposed by Leeds et al.3* Nevertheless, none of the postulated
intermediates, except for the dioxygen-bound intermediate, have been identified
experimentally in either IDO or TDO.

The oxygen reaction carried out by TDO has been shown to be at least partially rate-limited
by the initial deprotonation of the L-Trp, on the basis of the H/D kinetic isotope effect of
~4.34 The importance of the NH group of the indole ring in the oxygen chemistry carried out
by the dioxygenases has been demonstrated by Cady and Sono decades ago.%8 It was shown
that the methylation of the NH group or its substitution with a sulfur or oxygen atom
abolished the enzymatic activity. In addition, the inclusion of an electron-donating group in
the indole ring of L-Trp facilitates the oxygen chemistry, whereas the addition of an
electron-withdrawing group to the ring retards the reaction.? Furthermore, Makino et al.
showed that the attachment of an electron withdrawing group to the porphyrin macrocycle
slows down the oxygen reaction of L-Trp.5” These data fully support the ionic mechanism
described above and demonstrate that the deprotonation of L-Trp is involved in the rate-
limiting step of the reaction.

On the basis of comparative studies, Batabyal and Yeh proposed that the active base
deprotonating the L-Trp is the H76 in hTDO, whereas that in hIDO is the heme-bound
dioxygen (see the bottom cartoon in Scheme 1).24 The results reported here underscore the
critical role of this evolutionarily conserved H76 in hTDO as the base catalyst, as well as a
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structural conduit for the positioning of the indole ring of the L-Trp in a regioorientation
favoring the electrophilic addition reaction of the heme-bound O» to the C,=C3 bond of the
L-Trp in the active ternary complex (Figure S4 in the Supporting Information).

In contrast to what is observed in hTDO, Thackray et al. showed that the mutation of the
H55 to serine or alanine in xcTDO causes its ke, toward L-Trp to decrease by a factor of 7,
regardless of the nature of the substituent for the H55, whereas the Ky, remains almost
unchanged, as listed in Table 2.4 The distinct response of xcTDO and hTDO to the
mutation of the H55 and H76 residues, respectively, like their differences in the activities
toward D- and L-Trp,1821.24 reflects the fundamental differences between the two enzymes,
despite the fact that they share ~34% sequence homology and that most of the critical distal
residues are conserved.2! One possible structural difference in the active site that may
account for the differential activities of xcTDO and hTDO is the replacement of the Y113 in
xcTDO with Phe in hTDO, as the Y113 in xcTDO plays a critical role in anchoring the
substrate in its active site by forming an H-bond with the carboxylate group of the L-Trp;
the loss of the hydroxide group on the Y113 residue may significantly disturb the substrate—
protein interactions in hTDO. The understanding of the differences between human and
bacterial TDO would certainly improve our knowledge regarding the evolution of the
structure and function of TDO family of enzymes.

On the basis of the activity studies of the wild type and H55S and H55A mutants of xcTDO,
Forouhar et al.?! and Thackray et al.** proposed that the H55 does not act as an active site
base during the oxygen reaction, based on two observations: (1) the activity is insensitive to
pH from 6-8.3, and (2) the mutations in the H55 do not completely abolish the activity of
the enzyme. In our view, this evidence is not strong enough to exclude the base-catalyst role
of H55, considering the fact that: (1) it has been demonstrated in rat liver TDO that the rate-
limiting step of the reaction is altered as the pH is raised to 8, on the basis of kinetic isotope
effect measurements,34 and (2) the presence of an alternative base in the active site of the
mutants, such as a water molecule as we proposed here, may account for the residual
activities of the mutants.

Conclusions

Resonance Raman data indicate that the substrate L-Trp is positioned in the active site by
the polar interactions between the ammonium and carboxyl groups of the L-Trp and the
protein matrix, as well as the hydrophobic interactions between the aromatic indole ring and
its surroundings, including the imidazole ring of the H76. The activity studies show that the
mutation of the H76 residue to serine and alanine causes 70 and 10-fold decrease in the kgat
value and the 6 and 3-fold increase in the Ky, value, respectively. Taken together the data
support the scenario that, during the dioxygenase reaction, the H76 residue functions as a
base catalyst to deprotonate the indole NH group of the L-Trp, the initial step of reaction. In
addition, it acts as a structural conduit to position the indole ring of the L-Trp in a proper
regioorientation favoring the electrophilic addition reaction of the heme-bound O, to the
C,=C3 bond of the L-Trp. We hypothesize that the residual activities of the mutants are due
to the replacement of the active site base catalyst, H76, with a weaker base, possibly an
active site water. Optical absorption data show that the substrate-free hTDO binds O to
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form a metastable Op-complex, contrary to the general belief that TDO does not bind O,
without the substrate. The perturbation in the electronic properties of the Op-complex of
hTDO introduced by L-Trp binding and the sensitivity of the electronic properties of the
active ternary complex, L-Trp-O,-hTDO, to the mutation in the H76 residue further support
the role of H76 in regulating the tight substrate—protein interactions in hTDO. In summary,
the data reported here demonstrate that the H76 residue plays a critical role in modulating
the oxygen chemistry of hTDO by controlling substrate binding and the deprotonation of the
indole NH group of the L-Trp. These data establish an important basis for our current
understanding of the oxygen chemistry carried out by heme-containing dioxygenases.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Optical absorption spectra of the ferric, ferrous, and CO-derivatives of the H76S and H76A
mutants of hTDO in the absence (A and B) and presence (C and D) of L-Trp. The visible
bands are expanded by a factor of 4 and are staggered for clarity. The protein solutions were
buffered at pH 7 with 100 mM phosphate. The concentration of L-Trp used for C and D was

20 mM.
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Figure 2.
Resonance Raman spectra of the ferric derivative of the H76S and H76 A mutants of hTDO,

with respect to the wild type enzyme, in the presence and absence of L-Trp. The small
shoulder at 1357 cm~! in the L-Trp bound wild type and H76S mutant is a result of a small
amount of photoinduced reduction of the ferric heme. The protein concentrations are ~25-40
UM. The protein solutions were buffered at pH 7 with 100 mM phosphate. The concentration
of L-Trp was 20 mM. The excitation wavelength for the Raman measurements was 413.1
nm and the laser power was ~5 mW. The sharp peaks labeled with asterisks are the plasma
lines from the laser.
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Figure 3.

Activity assay of the H76S (A) and H76A (B) mutants of hTDO. The activities were
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measured with 3.5 uM H76S (A) and 0.5 uM H76A (B). The solid lines show the Michaelis—
Menten curves best fit the data. The ket and Ky, obtained from the fits are as indicated.
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Figure 4.
Distal pocket structure of the L-Trp-bound xcTDO. The PDB code is 2NWS8. The cyan

sphere, which occupies part of the ligand binding site, is a water molecule. The residues that
make up the hydrophobic pocket housing the aromatic indole ring of the substrate are
labeled in black. The residues labeled with asterisks, which are attached to the peptide
region labeled in yellow, are from another subunit of the tetrameric enzyme. The H-bonding
interactions that stabilize the L-Trp are indicated by the dotted lines. The residues labeled in
magenta are important in forming H-bonds with the ammonium and carboxylate group of
the L-Trp. The H55 and G125 correspond to the H76 and G152 in hTDO, respectively.
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Reaction of the wild type ferrous deoxy hTDO with O,. The spectra shown in (A) were
obtained as a function of time following the mixing of the ferrous deoxy enzyme with air-
saturated buffer. The standard spectra of the ferrous deoxy species, O,-complex and the
ferric species obtained from global analysis of the data shown in (A) based on a three-state
sequential model are shown in (B). The time evolutions of the three standard species are
shown in the inset. The samples were prepared in 100 mM phosphate (pH 7) as described in

the text.
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Optical absorption spectra of the ternary complex (LTrp-O,-hTDO) of the wild type and the
H76S and H76A mutants of hTDO. The visible bands are expanded by a factor of 4 and are
staggered for clarity. The samples were prepared in 100 mM phosphate (pH 7) as described
in the text. The concentration of L-Trp was 10 mM. Right panel shows the hypothesized

structure of the active ternary complex of hTDO.
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Figure 7.
Resonance Raman spectra of the CO-derivative of the wild type and the H76S and H76A

mutants of hTDO in the presence and absence of Trp and Trp analogs. The concentration of
Trp or Trp analog is 26 mM. “SF” stands for substrate-free. The excitation wavelength for
the resonance Raman measurements was 413.1 nm and laser power was about ~1-2 mW.
The structures of TAM, IPA and Trp are shown in Scheme 2. The scheme on the left shows
the hypothesized structures of the various conformers of the wild type protein, with Trp or
Trp analog bound to them, as discussed in the text.
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Figure 8.
Vee-co Modes of the wild type and H76S and H76A mutants of hTDO in the presence or

absence of Trp and Trp analogs. The data were taken from Figure 7. “SF” stands for
substrate-free. Each 1¢.co mode was deconvoluted into a minimum set of Gaussian peaks,
as shown under each mode. Each peak maximum is indicated; the line width is shown in the
parenthesis. It is important to note that the physical line widths of the peaks appearing in the
figure are comparable within each panel, but not comparable between the panels, as the x
axes are not the same for the panels. The small Gaussian peak at 514 cm™ colored in gray,
which is present in every spectrum, is an intrinsic heme mode; it is not labeled for clarity.
The similarity between the raw data (solid curve) and the best-fitted spectra (dotted curve)
demonstrates the reliability of the deconvolution method. (Left) Scheme illustrating four
possible conformers (i—iv) of the Trp or Trp analog-bound wild type hTDO, along with their
associated vge_co frequencies.
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