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ABSTRACT. The structure of tryptophan 2,3-dioxygenase (TDO) frétalstonia metalliduransvas
determined at 2.4 A. TDO catalyzes the irreversible oxidation-wfptophan toN-formyl kynurenine,

which is the initial step in tryptophan catabolism. TDO is a heme-containing enzyme and is highly specific
for its substrate -tryptophan. The structure is a tetramer with a heme cofactor bound at each active site.
The monomeric fold, as well as the heme binding site, is similar to that of the large domain of indoleamine
2,3-dioxygenase, an enzyme that catalyzes the same reaction except with a broader substrate tolerance.
Modeling of the putative)-tryptophan hydroperoxide intermediate into the active site, as well as substrate
analogue and mutagenesis studies, are consistent with a Criegee mechanism for the reaction.

Tryptophan 2,3-dioxygenase (TDQ)atalyzes the initial Scheme 1
step in tryptophan catabolism. This pathway also generates
quinolinate, which is the precursor to the pyridine ring of

NH.
the essential redox cofactor NAD. The reaction converts N P _H
L-tryptophan g, L-Trp), the least abundant essential amino A, COOH
acid found in mammals, thi-formyl kynurenine 2, Scheme 5 ypiophan NH
,3-dioxygenase CHO

1) by cleaving the 2,3 bond afTrp and incorporating both
atoms of molecular oxygeri(2). The majority of dietary
tryptophan not used in protein synthesis is metabolized by . ) o
this pathway, while a small amount of tryptophan is utilized  While the chemical mechanism is still poorly understood
to synthesize the neurotransmitter serotonin, which can befor both enzymes, a recent breakthrough is the structure
further converted to melatonin in the brain pineal bogy (  determination of human IDO. This protein binds heme at
TDO was first identified in the liver of mammals by the interface of two domainslg, 13). In addition, the
Kotake and Masayama in 1938 (Although enzyme activity N(_)rtheast Structural Genomics Consortium recently deter-
has also been found in the skif) @nd mouse early concepti Mined the structure of heme-free IDO froBhewanella
(5), TDO is primarily expressed in liver but not other tissues. ©ne€idensigPDB code: 1ZEE). Human IDO arfl oneiden-
Interestingly, another enzyme capable of catalyzing the sameSiS IDO are structurally homologous even though the
oxidative ring opening ob-tryptophan ¢-Trp) was discov-  Séquence identity is only-14%.
ered in 1967 by Higuchi, Yamamoto, and Hayaisi 7). The tryptophan-based quinolinate biosynthesis, also called
While TDO is specific for-tryptophan, this later discovered the kynurenine pathway, had been generally believed unique
enzyme exhibited a much broader substrate acceptanceto the eukaryotes, and a different pathway using aspartate
including L-Trp, D-Trp, 5-hydroxy-Trp, tryptamine, and and dihydroxyacetone to produce quinolinate was found in
serotonin 8—10), and was therefore named indoleamine 2,3- prokaryotes. However, the enzyme activities involved in the
dioxygenase (IDO). IDO also has a much wider distribution. kynurenine pathway were also identified in several bacteria
The enzyme has been found in most tissues except liver,(14). The bacterial TDOs share approximately—2D%
including stomach, intestines, colon, kidney, spleen, lung, sequence identity with their vertebrate orthologs. The
and brain 8, 11). Despite the similarity of the reactions structure of TDO was first determined fro¥anthomonas
catalyzed, the two enzymes share little sequence identity. campestriSPDB code: 1YWO); however, the heme group
was not present, and the active site was not identified.
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In this paper, we report the structure of TDO from Table 1: Data Collection Statistits
Ral_stonig metalliduransvith cofactor her_ne bound in the wavelength (A) 1.1000
active site. The structure was determined by molecular resolution A 2.4
replacement using th¥. campestristructure as the search reflections 479205
model. TheR. metalliduransTDO crystal structure contains unique reflections 183150
- . completeness (%) 97.5 (97.0)
four tetramers per asymmetric unit. Each homotetramer Reyn?® (%) 7.4 (49.8)
consists of 299 amino acids per monomer, corresponding to llo 13.7 (2.3)
a total molecular mass of 134 kDa. The tetramer exhibits redundancy 21(2.1)

222 symmetry, and the monomeric fold of TDO resembles  2Values for the highest resolution shell are given in parentheses.
the large domain of IDO. Each active site resides at the °Rym= >3illi — <I>|/3 <I>, where<I> is the mean intensity of
interface of two monomers, comprised mostly by one the N reflections with intensitie$i and common indicehb,k,|.

monomer and the N-terminus of the other monomer. A type-b

heme molecule is bound at each active site. Modeling and 300 mM sodium chloride, 50 mM sodium phosphate at pH
mutagenesis studies were carried out to investigate the8.0 was used for the crystallization experiments immediately
enzyme mechanism (Scheme 2). without further purification steps.

Crystallization of R. metallidurans TDO and X-ray Inten-
MATERIALS AND METHODS sity Measurementslnitial conditions for growing TDO
SuppliesAntibiotics, 5-aminolevulinic acid hydrochloride, ~ crystals were found using commercial screening solutions
and the buffer components were purchased from Sigma_(Hampton Research) and improved for better diffraction
Aldrich. Plasmid purification kits and Ni-NTA resin were quality after extensive optimization of conditions. Optimized
obtained from Qiagen (Valencia, CA). Methanol D4 was crystals ofA18TDO (25 mg/mL) grew by vapor diffusion
procured from Cambridge Isotope Laboratories, Inc. (CIL). against a reservoir of 0-8L.2 M tri-sodium citrate dihydrate
Construction, Expression, and Purification of Ralstonia PH 6.5 in the presence of 1 mMTrp at 22°C. Crystals of
metallidurans TDO The genes encoding. metallidurans ~ A18TDO belong to the space groupl with unit cell
TDO were PCR cloned into vector pET28a (Novagen) and dimensions ob = 72.5A,b=132.1 A,c=139.9 A,a =
expressed with a fused 6-His tagEscherichia colistrain 67.0°, f = 85.1°, andy = 89.9". X-ray diffraction data were
BL21 (DE3) (Novagen) in Terrific Broth (DIFCO) with coIIect_ed at the National Synchrotron Light Source (NSLS),
kanamycin selection (Zﬁg/ml_) A heme precursoﬂ_ami_ beam“n.e X25. Temperature was controlled by an Oxford
nolevulinic acid, was required for the expression of the fully cryodevice, and 25% (vol/vol) glycerol cryoprotectant was
active enzyme and was added to the cell culture at@0 used when necessary. All diffraction data were indexed,
mL prior to induction. To encourage crystal formation, TDO  integrated, and scaled using HKL20Q®). Data processing
was expressed from a series of constructs that truncated thétatistics are summarized in Table 1.
N-terminus of the original TDO gene. We found a dramatic ~ Structure Determination and Refinemehhe structure of
effect of N-terminal start positions on protein solubility and R. metalliduransTDO with the N-terminal 18 residues
stability. Diffraction quality TDO crystals were grown from  truncated was determined by molecular replacement using
a construct that lacked 18 N-terminal residua4§TDO). the CNS software packag@Q). There are four complete
The recombinant protein was purified by metal-chelate tetramers in thePl unit cell, corresponding to a solvent
affinity chromatography using a Ni-NTA column (Novagen). content of 50.3% and Matthews coefficient of 2.47Ba.
Freshly purified protein{25 mg/mL) in 200 mM imidazole, A tetramer ofX. campestrigDO (PDB code: 1YWO0), which
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and Argl34. The conformational search allowed torsional
rotation about the FeO1, O1-02, 02-Cy, Cy—Cf, Cf—

Table 2: Refinement Statistics

Lisnﬁtg'rogfﬁétem atoms 2§'4130 Ca, and @x—C bonds (O1 and O2 are the two incorporated
number of water molecules 1543 oxygen atoms). The generated structures were energy
root-mean-square deviation from ideal geometry minimized to a gradient of 0.01 kJ/mol & vacuo using
bonds (A) 0.012 the AMBER?* force field @5, 26), an electrostatic potential
R fgzgolris((%eg) 2%:‘2187 with a distance dependent 4r dielectric treatment and a TNCG
Ried (%) 27.3 minimization technique?7). The AMBER* parameters for
Ramachandran plot the heme were adapted from D. A. Giammog8)( To test
most favored regions (%) 92.3 the effect of solvation on the minimization, the conforma-
aggg'r%rl‘gll agﬁ’l‘g@géerge'oigis((@ 70'61 tional search was repeated with a minimization that uses the
e e grons 0 N GB/SA (29) solvation model. This search yielded a global
average B factors @ minimum similar to the one from thimm vacuosearch.
protein residues 45.6
water molecules 44.3
heme 41.9 ©\
aR factor = Y nul|Fobd — K|Fcall/>nulFobd WhereFops and Fea are HOOC \/\g’R_//N I\R SE COOH
obse(ved and calculated structure factors_, respectiVlgr Riee the LN o O\o NH
sum is extended over a subset of reflections (5%) excluded from all 27 o i ?
stages of refinement. 7 Fe 8 e
shares about 47% sequence identity withmetallidurans @ /@
TDO but lacks the heme group, was used as a search probe Z N ¥
to separately locate each of the four tetramers. The initial HOOCS R/ S COoH
rigid body refinement and simulated annealing resulted in N Oy Q’O NH,
an R-factor of 37%. A composite omit map was calculated 9 Fe Fe 10
and averaged based on the 16-fold noncrystallographic i
symmetry (NCS) using the program RAVEJ). The Mutagenesis of RmTD@&tandard methods were used for

averaged map showed clear density and allowed unambigu-°PNA manipulations 80, 31). Plasmid DNA was purified
ous positioning of the heme groups. The 16 iron positions With & Qiagen Miniprep kitE. colistrain Machl (Invitrogen)
were further confirmed by calculating an anomalous differ- Was used as a recipient for transformations during plasmid
ence Fourier map using data collected at the iron edge (date€onstruction and for plasmid propagation and storage.

not shown). Residues 13442 and residues 27282, which Site-directed mutagenesis was performed on pRmT-
correspond to the missing residues #2425 and 266265 ~ DO-PXHta by a standard PCR protocol usiigiTurbo DNA

in the structure oiX. campestriSTDO, were built in based polymerase per the manuf_acturer S m;tructlons (Invitrogen)
on the averaged density. Residues-2886, which are also ~ 2ndDpnl (New England Biolabs) to digest the methylated
missing from theX. campestrisTDO structure (residues parental DNA prior to transformation. For each mutant, a
251-259), showed clear density in monomers A, D, H, I, third primer was designed to screen for the presence of the
L, N, and P, but various extents of flexibility in other ~Mutant by colony PCR with an appropriate vector-specific
monomers. Simulated annealinB;factor refinement, and ~ Primer. Only clones that produced a PCR product were

water placement were implemented with CN8))(and ~ Sedquenced. In every case, the mutagenesis primer pair
Refmac5 £2), amidst rounds of rebuilding with the program ponsnsted of the primer whose sequence is in Table 3 and
O (23). The NCS restraints were applied throughout the itS reverse complement.

refinement and gradually loosened up on the regions that ACtivity of TDO Mutants.Substrate solutions of varying
exhibited variations among monomers. All residues of the concentrations were prepared by dissolving the required
final model have good stereochemistry with no disfavored @mount oft-tryptophan and ascorbic acid (reducing agent
backbone and dihedral angles. The refinement statistics ard® keep the enzyme in the Fe(ll) oxidation state) in a molar
summarized in Table 2. ratio of 4:1 in 100 mM phosphate buffer at pH 7.0. &0

Modeling of the Tryptophan Hydroperoxide into the Aeti of freshly purifi_ed enzyme (strength varying from 100 to
Site.The modeling of the putative hydroperoxide intermedi- 2004M depending on the preparation of enzyme) was added
ate (7, 8, 9, and10) into the active site of TDO was carried to 45_0/4L of the substrate squt|o.n and the apparent patalyt|c
out using the program Macromodel, version 7.24)( activity _of all the mutants and wild type was determined by
Modeling simulations were preformed in which thg-€ measuring the rate of product formation at 321 mn+(3152
Cy torsion was either constrained (anti periplanar or syn M+ cm™* for NFK). TheKy, for tryptophan andk, for the
coplanar) or allowed to freely rotate. The base shell of atoms &ctive mutants and wild type were determined by fitting the
included all residues within 20.0 A of the heme iron and 'ate of product formation versus substrate concentration to
was used as the starting model for energy minimization. The the Michaelis-Menten equation using Grafit 5.0.133.
intermediate was built into the active site, followed by RESULTS
removal of water molecules and hydrogen atoms were added
appropriately. The starting structure was subjected to mixed Crystal Structure of R. metallidurans TDQVe have
Monte Carlo MCMM/lowmode conformational search steps determined the structure oR. metalliduransTDO by
allowing residues in # 4 A shell around the active site to molecular replacement at 2.4 A in space grd¥p Four
move. This included the key residues Tyr43, Phe68, His72, tetramers (ABCD, EFGH, IJKL, and MNOP) were found in
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Table 3: Primer Sequences and Used for Mutagenesis and Screening

mutant mutagenesis primer (top strand)/screening primer

Y130F GATGACGCCGCCCGAGTTCAGCGCGATGCGCCCATACCTGACGCCGCCCGAGTTCAGC

F68A GATCACAATGAGATGCTCGCAATCGTCCAACACCAGACCACCGATCACAATGAGATGCTCGC

T271A GGTGCCGCCCGCGCCGCGCTTGAATCCGATTACCCGCTCGACTGTGGCTGACGCCTTCGGTGCCGCCCGC
R134A GAGTACTCGGCCATGGCTCCATACCTGGGGGCATCGTCCGCCCCCAGGTATGGAGC

Ficure 1: Structure of TDO. The TDO tetramer is color coded by subunits and shown down a 2-fold axis in panels (A) and (B). (C)
Stereodiagram of TDO monomer shown witkhelices in dark blue andi@helices in light blue. Loop 266276 adopts two conformations

in different subunits. The open conformation is in green and the closed conformation is in red. (D) The topology diagram with the helical
bundles highlighted.

the unit cell and were related by pseudo-four-fold noncrys- phobic interactions, hydrogen-bond interactions, and salt
tallographic symmetry. The pseudo-four-fold axis is nearly bridges.
parallel to the crystallographia-axis. Each homotetramer The TDO monomer is an ali-helical structure, consisting
has approximate dimensions of 70 70 x 60 A. No of 13 a-helices and four 3 helices. The core motif of TDO
systematic global differences were observed among the fouris composed of three longrhelices (3, a4, andal1), which
tetramers; however, the 16 monomers showed significantalso form most of the heme binding site. The three longest
variation at the N-terminus and the loop region comprised a-helices are flanked by the shortehelices and 3-helices.
of residues 266276. The overall three-dimensional structure The interhelical interfaces are lined mostly with hydrophobic
of R. metalliduransTDO is presented in Figure 1. side chains. The unusually long (seven residues, two turns)
In each tetramer, the four monomers are related by threehelix 3,-3 and helicest6 ando.7 form a smaller three helix
mutually perpendicular two-fold axes (222 point symmetry). bundle near the heme binding site. The long helical bundle
Each molecule has a central channel formed by long helicesis surrounded by five other sharthelices {5, a8, 09, a10,
from each of the four monomers. The channel has a diameterand o13). In addition, the two N-terminak-helices from
of approximate} 5 A and is mostly hydrophilic. Using tetra-  the adjacent monomer of the major dimer cross over the
mer ABCD as a representative, adjacent monomers havesurface of the helical bundle and pack agam3tand loop
more extensive interactions at the-B interface than atthe  138-142.
A—D interface, burying a surface area of 6200 and 2780 A Each monomer contains a heme binding site, which is
at the two interfaces, respectively. The dimer (AB, CD) con- located at the end of the long helical bundle and formed by
tains a heme group within one monomer, but the cavity for six o-helices (3, 04, a5, 06, a1l, andal2), two 3 helices
the predicted.-Trp binding site is partially formed by the  (310-1 and 3¢-2), two glycine-rich loops (loop 138142 and
adjacent monomer. Therefore, the tetramer can be viewedloop 266-276), andal from the adjacent subunit (Figure
as a dimer of dimers, in which each dimer contains all of 2A). The heme binding site is described in detail below.
the amino acid residues required to form two complete active  Glycine-Rich Loops and Alternate Conformatioi$ie
sites. The subunit interfaces are formed by a mixture of hydro- structure oR. metallidurans’DO has two glycine-rich loops
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Ficure 2: The open and closed conformations and the heme binding environment. (A) A heme group is bound in the closed conformation.
Two glycine-rich loops are colored in pink. The N-terminal loop aridirom the adjacent subunit are colored in cyan. (B) Loop-2566

from subunit H (molecule EFGH) is in the open conformation (in green) and interacts with an adjacent molecule (IJKL). The closed
conformation of monomer A is superimposed and colored in red. (C) Loop-266 from monomer A (closed form) is shown in ball-
and-stick representation, and helix-3 and the loop 138142 in ribbon. The hydrogen bonds are indicated by dashed lines. (D) A hydrogen-
bond network is found near the heme group in both conformations. Three of the residues involved, Tyr43*, Glu76, and Ser145, are strictly
conserved.

formed by residues 138142 and 266276, for which the
corresponding residues in thé campestrisTDO structure

are disordered. Both loops are involved in formation of the - - _ -
heme binding site. Loop 138142 was built with a similar molecule subunit conformation disordered residues

Table 4: Summary of the Glycine-Rich Loop 26876 from the 16
Monomers$

conformation in each of the 16 monomers; however, the 1 (ABCD) A closed
loops showed relatively high-temperature factors after refine- 2 %gg‘z‘
ment. Loop 266-276, showed different extents of flexibility D open
among monomers as reflected by the quality of the electron 2 (EFGH) E 270-274
density and the magnitudes of the refined temperature factors. F 270-274
The loop was included in monomers A, D, H, I, L, N, and S 270
P but omitted or built partially for the other monomers. The 5 31 | o
seven monomers for which the entire loop 2656 could J 269-272
be built show the loop to reside primarily in two different K 268-273
conformations (Table 4). Monomers A and | show a closed 4 (MNOP val open 970-274
conformation relative to the heme group, while monomers ( ) N o
. pen

D, H, L, N, and P show an open conformation. o) 269-272

Monomer A, which has slightly better density than P open

monomer |, will be used to describe the closed conformation  aThe conformation is only indicated for the monomers that have
for loop 266-276. In the closed conformation, residues 270  the complete loop built.

273 make a type B turn and cover the heme binding site
(Figure 2A). Two hydrogen bonds are donated to a propi- and Lys268, forming three hydrogen bonds. Two hydrogen
onate side chain of the prosthetic group by the backbonebonds are formed between loop 26576 and the other
amide groups of Gly272 and Thr274 (Figure 2C). In addition glycine-rich loop (138-142) and helix 3-1: between the

to interactions with the heme group, there are a significant side chain of Thr271 and the carbonyl or Ser140, and
number of hydrogen-bonding interactions between protein between the guanidinium group of Arg134 and the carbonyl
atoms found in the closed conformation. Four hydrogen group of Arg269. Arg269 also makes an electrostatic
bonds are formed within the loop: between Gly273 (NH) interaction with the Glu275 side chain; however, the density
and Gly270 (CO), between Gly270 (NH) and Thr274 (CO), for the Glu275 side chain is poor, which suggests possible
and two hydrogen bonds between the Arg269 guanidinium disorder.

group and Gly273 (CO). In addition, a water molecule In the open form of loop 266276, the heme group is
bridges Val277 (NH) and the carbonyl groups of Gly266 partially exposed to the solvent, although the clear density
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Ficure 3: The heme binding site. (A) Stacking interactions provided by aromatic residues. (B) Hydrogen-bond interactions.

and relatively low-temperature factors indicate that the appear more likely to take the open conformation. The
prosthetic group is still tightly bound. Monomer H has the observation of two distinct loop conformations and the extent
best density at the glycine-rich loop and therefore will be of loop flexibility suggest that the loop likely undergoes a
used to describe the open form (Figure 2B). Compared to conformational change between the open and the closed
the closed conformation, the open form has fewer direct forms at some point during the chemical reaction.

hydrogen-bonding interactions within the molecule. Only one  Heme Binding SiteTDO has a heme binding site for each
hydrogen bond, from the amide group of Gly276, is donated monomer that is located at one end of the helical bundle.
by the glycine-rich loop to the propionate group of the heme. Six a-helices (3, a4, a5, 06, all, andal2), two 3, helices
The carbonyl group of Gly273 makes two hydrogen bonds (3,,-1 and 3¢-2), the two glycine-rich loops, and helixl
with Arg282. There is no direct hydrogen bond formed from the adjacent monomer form a mostly hydrophobic
within the loop; however, water molecules mediate hydrogen cavity. The heme binding geometry is similar between the
bond formation between loop residues. The number of water open and the closed loop 26876 conformations, except
molecules and their positions vary among monomers. In that the hydrogen bonds donated by the loop are different in
monomer H, there are five water molecules bridging protein the two conformations. Monomer A was chosen to describe
residues from the loop 26&76 forming an intensive  the heme binding scheme for the closed form.

hydrogen-bonding network, while in monomer L there is only Eight aromatic residues, Phe68, Trp119, Tyr130, Phe143,
one ordered water molecule forming a total of three hydrogen Tyr148, Trp253, and Tyr279, and Tyr43* (residues from an
bonds. adjacent monomer are indicated with an asterisk throughout),

In addition, the loop in the open conformation forms a line the heme binding cavity and provide stacking interactions
hydrophilic interface with a neighboring molecule, related with the heme cofactor (Figure 3A). In addition, the side
either by translational symmetry or NCS. Monomers D, H, chains of Met79, Leu122, Met125, Val261, Val264, 1le265,
L, and P showed similar hydrophilic interactions between and Leu280 contribute to the hydrophobicity of the heme-
the loop 266-276 and the N-terminal region of an adjacent binding cavity. The two propionate groups of the heme are
molecule (Figure 2B), with five or six hydrogen bonds at stabilized by hydrogen-bonding interactions (Figure 3B). The
the interface. Monomer N shows hydrogen bonding interac- Ser141 side chain and the backbone amide groups of Gly272
tions at the interface but is different from monomers D, H, and Thr274 donate three hydrogen bonds to one of the
L, and P. In monomer N, loop 26@76 forms two hydrogen  propionate groups. The side chains of Arg149 and Tyr279,
bonds with the connecting loop betweeh?2 ando13 from and a water molecule form three hydrogen bonds to the other
an adjacent molecule. propionate group.

The two monomers adopting the closed conformation, His257, which is absolutely conserved in all TDO se-
monomer A and |, both have loop 26@76 exposed to the  quences, is nearly perpendicular to the plane of the heme
solvent. The five monomers in the ordered open conforma- and coordinates to the iron atom with the &tom (Figures
tion (D, H, L, N, and P) all have favorable crystal packing 2A and 3B). This histidine residue is the only endogenous
contacts with an adjacent tetramer. The loops for the otheraxial ligand coordinated to the heme, consistent with
monomers, which either lack interpretable density or have spectroscopic studies3d, 34). His257 is surrounded by
weak density, are all potentially at a different crystal packing mostly hydrophobic interactions that are provided by Trp119,
contact interface, except monomers E and M for which the Trp253, Val261, and Leu280. A water molecule bridges the
loop is solvent exposed. Using the interpretable density for No of His257 and Arg254 (CO). The other axial position is
the partially ordered loop, the remaining nine monomers free in the structure and available fop €oordination. The
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revealed 79 amino acid sequences after removing duplicates

Table 5: The Energies and Torsion Angles from the Modeling . . | "
and partial sequences. Multiple sequence alignment using

putative intermediate energy (k¥/mol) _ torsionangle ) ysTALW (36) showed that the sequences fall into three
57; —gé-gg _1175’3;60 subgroups. Group 1 contains all 26 eukaryotic sequences and
9 17215 13.8 one bacterial sequencBdellovibrio bacteriovorus). Group
10 ~202.58 ~18.9 2 is formed by 46 bacterial sequences, includitgmetal-
8 - no torsional constraints —234.82 90.6 lidurans and X. campestris Group 3 has six members,
7 - no torsional constraints —221.39 —51.0

Cytophaga hutchinsoniPolaribacter filamentusRalstonia
solanacearum Streptomyces filamentosusostoc puncti-
side chain of His72, which is highly conserved, protrudes forme andGloeobactewiolaceus which have relatively high
into a small cavity at the opposite side of the heme relative sequence divergence compared to the first two groups.
to His257 and provides a stacking interaction with the heme Members from different groups share approximately-20
(Figure 2A). The size of the cavity is appropriate to 30% of identities. The three subgroups of TDOs appear to
accommodate the substrates. The side chain of the fullyhave higher homology in the N-terminal halves of the
conserved tyrosine residue, Tyr43* frawl of the adjacent  sequences (approximately 150 amino acids). The C-terminal
monomer, also inserts into the cavity. This tyrosine residue, halves of the sequences show low intergroup homology.
which helps to form the heme binding site, is the only residue While sequences are more conserved within group 1 and

from the adjacent subunit withia 5 Aradius of the heme.

The hydroxyl group of Tyr43* forms a hydrogen bond with

group 2, group 3 has low similarities within the group.
There are 10 absolutely conserved amino acid residues

Glu76, which in turn hydrogen bonds to Ser145 (OH) and among all 79 sequences: Tyr43, Phe68, Glu76, Argl07,

GIn147 Ne atom (Figure 2D).
Modeling of the Hydroperoxy Intermediat&lthough the

Argl34, Serl4l, Glyl142, Serl45, His257, and Gly273. All
the conserved residues are clustered around the heme binding

substrate -Trp was present in the crystallization condition, site except Arg107, which is located at the subunit interface
there was no corresponding electron density in any of the approximately 10 A away from the heme and may be
16 subunits. Because attempts to obtain experimental datastructurally important rather than catalytically important. In
for a substrate or product complex have so far been theR. metalliduransIDO structure, Phe68, Serl41, Gly142,
unsuccessful, we prepared a model of the hydroperoxy Gly176, and His257 are involved in heme binding. Phe68
intermediate in the predicted active site (Table 5). The global stacks with the heme at its hydrophobic face. Ser141 and
energy minimum structure for the hydroperoxy intermediate Gly142 are on one of the glycine-rich loops wrapping around
showed two residues with significant conformational the heme group, and Ser141 hydrogen bonds to the propi-
change: Tyr43* and His72. The rest of the heme binding onate group of the heme. Gly273 is part of the other glycine-
site residues are essentially the same as the unliganded TDQich loop. His257 is the endogenous axial ligand coordinated
structure. The tryptophan ring of the intermediate stacks to the heme iron atom. Tyr43*, Glu76, and Ser145 appear
perpendicularly to the side chain of Phe68. While the to only provide stacking and van der Waals interactions to
minimum energy structure corresponded to&-Cy torsion the heme group; however, these three residues also form an
angle in between anti periplanar and syn coplanar, theinteresting chain of hydrogen bonds (Figure 2D). Arg134 is
constrained simulations showed a clear preference for therelatively far from the heme binding site, approximately 7 A
S-anti periplanar structuré) over structure, 9, and10. away from the heme group, and does not provide direct
In this model, the.-Trp substrate forms good hydrogen bonds interactions. However, the side chain of Argl34 has a
between its carboxylate group and Tyr130, Arg134, and the moderately high-temperature factor, which suggests confor-
amide group and side chain of Thr271, and hydrogen bondsmational flexibility. More interestingly, the Arg134 side chain
between its amino group and Thr271 and a propionate of shields from the solvent a small cavity on one side of the

the heme group (Figure 4).
Activities of Mutants and Substrate Analogu&everal

heme plane (Figure 2A). In addition to Argl134, the cavity
is formed by the heme group, the two glycine-rich loops,

mutants and several substrate analogues were tested folTyr43*, Phe68, His72, and Tyr130. His72 and Tyr130 are

activity (Table 6).p-Trp (11), tryptamine (2), indole
propionic acid 13), and indole {4) were not substrates for

both highly conserved. His72 is replaced by a threonine
residue in three group 2 bacterial speci@hgrmobifida

TDO. L-Trp was not a substrate for the F68A, R134A, and fusca Streptomyces coelicoloandStreptomyces:@rmitilis).
T271A mutants; however, the Y130F mutants showed a 15- Tyr130 is replaced by a phenylalanine residue in ap-
fold increase in activity compared to wild type TDO using proximately half of the TDO sequences. The high degree of

L-Trp as the substrate.

NH, NH,
WIH
COOH COOH
3\ \ N ©j\\
N N N N
H H H H
1 12 13 14
DISCUSSION

Comparison with Other TDO#\ BLAST (35) search of
the sequence database starting virthmetalliduransTDO

amino acid conservation around this cavity is consistent with
its role as the active site. On the basis of modeling studies,
Tyrd3*, Phe68, His72, and Arg134 are possibly involved in
tryptophan binding and/or catalysis.

Structural Comparison of TDO and IDA@DO catalyzes
the oxidative ring opening aof-Trp but also accepts other
substrates while TDO does not. The structure of human TDO
was recently reported by Shiro et all2( 13). An initial
structural homology search for TDO using the DALI server
(37) revealed IDO at a low similarity scor& (= 4.8). A
further pairwise comparison of TDO with only the large
domain of IDO showe a Z score of 15.3 and a root mean



152 Biochemistry, Vol. 46, No. 1, 2007
A

Zhang et al.

Ficure 4: Models for the binding of the putative tryptophan hydroperoxide at the active site of TDO. (A) Binding of tryptophan hydroperoxide

in the anti periplanar conformatio)( (B) Binding of tryptophan hydroperoxide in the syn coplanar conformati®h (n both cases, the
configuration at the carbon attached to the hydroperoxide is S. The structure of TDO (substrate free) is superimposed and colored in gray
for the carbon atoms.

Table 6: TDO Mutants and Substrate Analogues

KealKim relative
mutant substrate uM™ts™h activity
native L-tryptophan {) 3.06x 10°° 1
native D-tryptophan 1) inactive 0
native tryptamine 12) inactive 0
native indole propionic acidl@) inactive 0
native indole 14) inactive 0
F68A L-tryptophan {) inactive 0
Y130F  L-tryptophan {) 45.80x 10°° 15
T271A  L-tryptophan ) inactive 0
R134A  L-tryptophan 1) inactive 0

squared deviation of 2.4 A for 186 aligned residues, even

though the sequence identity is only 1538

While TDOs function as homotetramers, IDO has been
reported as a monomeric proteft0f with molecular weight

small N-terminal domain comprised of about 155 residues
and the large C-terminal domain of 248 residues.

The structure of TDO and the large domain of IDO ultilize
the same fold with 10 common helices, includiag* and
the three longx-helicesa3, a4, andall (Figure 5A). The
heme binding sites also superimpose along with the second-
ary structural elements. The main difference is that the IDO
structure utilizes its small domain to cover the top of the
heme binding site, while TDO uses the N-terminal region,
especially helbal* from the adjacent subunit. Human IDO
only has one glycine-rich loop (361 GGSAG 365), which is
structurally equivalent to residues 13943 in the TDO
structure. IDO residues 36{B80 are missing in the structure;
however, this region is near the other glycine-rich loop (266
276) in the TDO structure and therefore is potentially the
structural equivalent and could also function to close off the

around 45 kDa. Interestingly, the structures of human IDO active site. IDO has 10 extra residues in this region, which
(PDB codes: 2DOT and 2D0U) each have two monomers could be responsible for the difference in substrate specificity
in the asymmetric unit related by two-fold NCS, which between TDO and IDO.

appear to form a disulfide bond at the monomer/monomer
interface (3). However, the interface is mostly lined with

Despite the overall low sequence identity, the heme bind-
ing environment is mostly conserved between two structures

hydrophilic residues and does not have extensive interactions(Figure 5B). The absolutely conserved residues in the TDO
between the two monomers, which suggests that the disulfidesubstrate binding site are also present in human IDO with the
bond is more likely an artifact from the crystal packing. In exception of Gly142, which is replaced by an alanine residue.
addition, the monomeric IDO contains a complete active site, His72 has a structural equivalent of the serine residue in IDO.
and the structure is folded into two distinct domains: the Tyrl30 is replaced by a phenylalanine residue.
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Ficure 5: TDO and IDO superimposed. (A) The structures of TDO and IDO are shown in thin ribbon diagram. The monomer A of TDO
is in wheat color and the N-terminal region includiod anda2 from monomer B is in red. The small and large domains of IDO are
colored in dark blue and light blue, respectively. (B) The heme binding sites are shown in ball and stick with the carbon atoms from TDO
in blue and IDO in gray. The ligand 4-phenylimidazole in the structure of human IDO is highlighted in green for the carbon atoms.
Structurally equivalent residues are labeled in blue for TDO and in gray for IDO. Conserved residue Arg134 is also present in human IDO
(Arg231) but is not included in the figure.

Mechanistic ImplicationsThe mechanism by which TDO The Criegee rearrangemer® (o 4) requires an anti
catalyzes the oxidative ring opening of the indole ring of periplanar arrangement of the-® bond and the C2C3
tryptophan is still poorly understood. This reaction is bond of the indole (i.e.,7 or 8), while the dioxetane
significantly different from the well-studied oxidative aro- mechanism requires a syn coplanar configuration @.e,
matic ring opening reaction catalyzed by the non-heme 10). These four putative intermediates have been modeled
dioxygenases. For the latter enzymes, the substrate andnto the active site. The resulting energies and torsion angles
molecular oxygen are coordinated to the active site iron, andare given in Table 5. The modeling suggests that the binding
this coordination is a key part of the catalytic mechanism of the R-hydroperoxides/(and9) is less favorable than the
(39). Such coordination is not possible for TDO because the binding of the S-hydroperoxide8 &nd10) and that binding
heme has only one vacant coordination site, which is of the anti periplanar conformatior8)( is favored over
occupied by the oxygen during the reaction. The tryptophan binding of the syn coplanar conformatiobdj. While these
is therefore not coordinated to the heme iron in TDO. results provide some support for the Criegee mechanism, this

Two mechanistic proposals for TDO are outlined in support is tentative: when the torsional angle constraint is
Scheme 2 40). For both mechanisms, the heme iron removed, both the R and the S hydroperoxides bind tightly
catalyzes the formation of the tryptophan hydroperoxdde  with the oxygen located halfway between the syn and the
most likely by a single electron-transfer mechanism. In the anti conformations.

Criegee mechanism, this hydroperoxide rearranges to give The structures generated by modeling the S-hydroperox-

4 which then collapses t6. Ring opening of hemiacet&l ides @ and 10) into the active site are shown in Figure 4.
gives formylkynurenine2. In the second mechanism, the For the anti hydroperoxide8) the carboxylate is anchored
hydroperoxide3 is converted to the dioxetan® which at the active site by hydrogen-bonding interactions with

undergoes a retro 2 2 cycloaddition to give2. This Arg134, Tyr130, and the hydroxyl and amide NH of Thr271.
mechanism is considered unlikely due to the high strain in The tryptophan amino group is hydrogen bonded to the
6, but it has not been rigorously excluded. An alternative hydroxyl of Thr271 and to the heme propionic acid side
mechanism involving water addition to the C2 carborB8of  chain. The indole ring is stacked against Phe68. Overall, there
can be eliminated because both oxygen atoms from moleculaiis good structural complementarity between the intermediate
oxygen are incorporated into the produdt and the active site functionality with only one possible
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exception: a basic residue for the deprotonation/reprotonationmanuscript, and the staff of beamline X25C at the National

of the indole nitrogen is not apparent.
For the syn hydroperoxidel(), there are no interactions
between the carboxylate and the enzyme, the tryptophan

Ser140 and the indole is stacked over the heme. A basic
residue for the deprotonation/reprotonation of the indole
nitrogen is also not apparent in this model. Overall, there is
poor structural complementarity between this intermediate

and the active site functionality. 3.

The oxidation of substrate analogues, as well as the
catalytic properties of active site mutants, were examined
to experimentally differentiate between the syn and anti
conformations of the boundSf-tryptophan hydroperoxide.
The results are shown in Table 6.

The model for the binding of the anti hydroperoxid® (
predicts specific strong interactions between the enzyme and

the amino and carboxylate groups of the substrate as well 6

as high selectivity for the-isomer of tryptophan over the
D-isomer. In contrast, the model for the binding of the syn 7
hydroperoxide 10) predicts weak or no interactions between
the enzyme and the amino and carboxylate groups of the
substrate as well as low selectivity for theisomer of
tryptophan. This suggests that thattryptophan {11),

tryptamine (2), indole propionic acid13), and indole {4) 9.

will be good substrates for the enzyme if the oxidation
proceeds via the dioxetane mechanism and poor substrates
if the oxidation proceeds via the Criegee mechanism. Our

observation that none of these analogues are substrates forll.

TDO (Table 6) supports the model for the binding of the
(9-tryptophan hydroperoxide in the anti periplanar confor-
mation and suggests that the oxidation occurs by the Criegee
mechanism. The results of active site mutagenesis experi-

ments are generally in agreement with this analysis. In the 13-

model for the binding of the anti hydroperoxi@ Phe68
forms the indole-binding pocket, Arg134 forms hydrogen
bonds to the substrate carboxylate group and the hydroxyl
of Thr271 forms hydrogen bonds to the substrate amino and 1
carboxylate groups. As predicted, the F68A, R134A, and
T271A mutants are inactive. The model suggests that the
hydroxyl of Tyr130 also forms a hydrogen bond to the
substrate carboxylate. The mutagenesis experiments do not
support this interaction because the Y130F mutant shows a
15-fold increase in catalytic activity rather than the expected

decrease. All mutants bound the heme cofactor suggesting 17.

that loss of activity was not due to protein misfolding. The
mutants were also analyzed using the model for the binding ;4
of the syn hydroperoxide. The large loss of catalytic activity

observed for the F68A, R134A, and T271A mutants is not 19.

consistent with this model.

In conclusion, the modeling of the tryptophan hydroper-
oxide into the active site of the enzyme coupled with
substrate analogue and active site mutagenesis studies are
consistent with a Criegee mechanism for the indole oxidative
ring opening reaction. Additional biochemical experiments

are in progress to further elucidate the mechanistic details 21.

of this important oxidation.

22.
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