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ABSTRACT. Taurinefr-ketoglutarate dioxygenase (TauD), a non-heme Fe(ll) oxygenase, catalyses the
conversion of taurine (2-aminoethanesulfonate) to sulfite and aminoacetaldehyde concurrent with the
conversion ofo-ketoglutarate KG) to succinate and COThe enzyme allow&scherichia colito use
taurine, widely available in the environment, as an alternative sulfur source. Here we describe the X-ray
crystal structure of TauD complexed to Fe(ll) and both substrat€§, and taurine. The tertiary structure

and fold of TauD are similar to those observed in other enzymes from the broad family of &€@H/
dependent oxygenases, with closest structural similarity to clavaminate synthase. Using the TauD
coordinates, a model was determined for the closely related enzyme 2,4-dichlorophenoxyd¢@tate/
dioxygenase (TfdA), supporting predictions derived from site-directed mutagenesis and other studies of
that biodegradative protein. The TauD structure and TfdA model define the metal ligands and the positions
of nearby aromatic residues that undergo post-translational modifications involving self-hydroxylation
reactions. The substrate binding residues of TauD were identified and those of TfdA predicted. These
results, along with sequence alignment information, reveal how TauD selects a tetrahedral substrate anion
in preference to the planar carboxylate selected by TfdA, providing insight into the mechanism of enzyme
catalysis.

Sulfonates and sulfates are widely available in the Scheme 1: Reaction Catalyzed by TauD
environment where they are utilized as alternatives to

inorganic sulfur sourcesl). For exampleEscherichia coli NHy S0 __TauD. Fell O S S
possessetauABCD and ssuEADCBoperons for utilizing OH +
taurine (2-aminoethanesulfonate) and aliphatic sulfonates, o HSOg
respectively 2, 3). These sulfur sources are taken up by ATP- . o ) 0

binding cassette-type transporters, TauABC and SsuARC ( M o OY\)J\O' + 0

and subsequently oxidized by TauD and SsuDE to release °

sulfite for cell growth B, 6). Similarly, aromatic sulfonates

and_alkyl sulfate esters are metabolizeql by many m_icroor- oxidative decarboxylation aiKG to the hydroxylation of a
ganisms 1) such asPseudomonas putid&-313, which second substrate. In this case, the hydroxylated taurine

p7o ssse_sries SSEED an_g AdtShK forfoxtldatlo_lr] of[t)hese SUbStrate?ntermediate is unstable and decomposes to yield the final
(7, 8). The work described here features TauD, an oXygen"’lseproducts. Sequence analyses indicate that TauD is closely

frolm ,I[E dcoilhreqwrl?d f(?[r the decomposition of taurine and related to several members (referred to as group Il) of the
selecte _0 er sulionates. oKG dioxygenase family X0). For example, a HX(D/E)-
TauD is an Fe(ll)- andi-ketoglutarateKG)*-dependent X23-26(T/S)X114-18HX10-15R motif is found in TauD, YSD
dioxygenase that catalyzes the conversion of taurine to sulfite(a proad specificity yeast sulfonaidG dioxygenase;¥1)),
and aminoacetaldehyde (Schemesd)) (ike many members  TfdA (2,4-dichlorophenoxyacetate (2,4-BNG dioxyge-
nase, a herbicide-degrading enzymE2)], AtsK (an alkyl
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Table 1: Data Collection and Phasing Statistics for TauD and Its Derivatives

native

Xe

MePb(OAc)

(AuCLy)~

wavelength (A) 1.54179

resolution range(A)

40.49-3.00 (3.16-3.00)

1.54179

45.18-3.50 (3.69-3.50)

19.17-3.00 (3.17-3.00)

1.54179

1.54179
38.35-3.50 (3.69-3.50)

no. of unique observations 16727 10885 16933 10880

no. of total observations 98529 138591 157963 194517
completenesq%) 99.3(99.8) 99.9 (99.9) 99.2 (97.0) 99.9 (100.0)
multiplicity? 5.9 (6.0) 5.0 (5.0) 5.8 (5.6) 6.0 (6.3)
Rmergd? (%) 6.5 (27.0) 5.3(13.2) 7.0 (30.5) 10.3(19.2)
WMlo()B 10.5(2.8) 12.6 (5.6) 10.5(2.5 6.2 (3.6)

Reuiis (cen/acen/anom)

phasing power (cen/acen/anom)
isomorphous difference (%)

no. of sites

0.80/0.77/0.88
1.23/1.61/1.42
23.4
2

4

1.18/1.34/1.38
255

0.85/0.82/0.98
0.98/1.27/0.74
13.8
2

2The numbers in parentheses indicate values for the highest resolutiohRaisige = ;¥ nlln; - DhVY; > ndh0x 100.

sequence separating the HX(D/E) motif from the second His (pH 7.0), and 20% ethylene glycol. Drops were prepared by

residue are found in the extended familyadfG dioxyge-
nases. Structurally characterized representatives afkli2
dioxygenase superfamily include CAS3, deacetoxycepha-
losporin C synthase (DAOCS1Y), proline 3-hydroxylase
(16), anthocyanidin synthasel?), and isopenicillin N
synthaseX8, 19), a related enzyme that does not utili#z€G.

mixing equal volumes of protein and well solutions with a
total drop size of 48 ulL. Hexagonal diamond-shaped
crystals were obtained after 2 days, reaching a general size
of 0.2 x 0.1 x 0.1 mm after 6 days. Careful control of the
crystallization conditions, in particular, the Fe(ll) concentra-
tion and the time spent deoxygenating the protein, allowed

Each of these family members possesses a core motif of eightess nucleation, resulting in crystals of a maximum size of
beta-sheets arranged in a “jellyroll” manner, with the order 1.0 x 0.5 x 0.5 mm. The crystals were shown to belong to
of strands being identical in each structure and with similarly space groupgP6,22 (a = b = 117 A, ¢ = 202 A), and the
arranged Fe(ll) ligands (the Asp/Glu and two His residues largest crystals were found to diffract X-rays to 2.8 A
shown in the above motif). All of the family members are resolution. The solvent content of the crystals was 60%,
likely to function by related mechanisms, and observations giving a Matthews coefficient of 3.0. The crystals were very
made on one representative may allow accurate predictionssensitive to changes in their surrounding solution, which
for the others. initially caused difficulties in finding a suitable cryopro-
Here, we structurally characterize TauD, use it to model tectant, but this problem was resolved by modification of
the structure of TfdA, and interpret the structures in terms the crystallization conditions such that no subsequent cryo-
of earlier mechanistic studies. In particular, the structures protection step was necessary.
reveal the proximity of the iron center to residues knownto  Data Collection and Structure DeterminatioAn inter-
undergo post-translational processing by self-hydroxylation pretable electron density map was obtained using the multiple
reactions in both Tauband TfdA @0). Additionally, the isomorphous replacement method. Crystals were cryocooled
structures show the unique features involved in distinguishing in a stream of nitrogen (Oxford Cryosystems) at 100 K as
tetrahedral anionic substrates from planar carboxylate sub-soon as possible after removal from the anaerobic environ-
strates within this enzyme family. ment. No additional cryoprotectant was used after removal
of the crystal from the hanging drop. Diffraction data were
collected using a Rikagu RU-200 rotating anode generator
Enzyme Purification and AssafiauD apoprotein was yvith Osmic focusing mirrorfs and a 345 mm Mar Researc_:h
purified and assayed as previously describ&d).( The image plate. The xenon derivative was prepared by exposing
reconstituted enzyme exhibited specific activities ranging @ crystal mounted in a nylon loop to xenon gas (10 bar) for
from 4.2 to 7.8umol min-1 (mg of proteir). 10 min. The other heavy atom derivatives were prepared by

Crystallization Crystals were grown by the hanging drop addition of a cqncentrated solution of the he_avy atom _(_0.5
method using Linbro multiwell plates under an anaerobic #L) t0 the hanging drop. The crystals were highly sensitive
atmosphere of argon (0-D.2 ppm Q) at 17 °C. All to changes in their environment, and extensive difficulties
materials except the protein solution were placed in the Were encountered due to lack of isomorphism between
anaerobic environment at least 24 h prior to crystallization different crystals. It was necessary to screen a large number

experiments. The protein solution was prepared by adding of crystals before suitable derivatives were obtained. Data

EXPERIMENTAL PROCEDURES

1.4 molar equivalents of Feg@om a 15 mM solution to
75 ulL of protein (18 mg/mL in 20 mM Tris, pH 7.0). After
1 min, 5uL of 200 mM oKG, 5 uL of 200 mM taurine (pH
7.0), and 5L of 100 mM DTT were added. Crystals grew
from a variety of poly(ethylene glycol) (PEG) precipitants
and buffers. Optimization of crystal size led to a well solution
(500uL) containing 26-28% PEG 1000, 75 mM imidazole

2 Unpublished observations by M. J. Ryle, A. Liu, R. B. Muthuku-
maran, B. S. Phinney, R. Y. N. Ho, J. McCracken, L. Que, Jr., and R.
P. Hausinger.

statistics are shown in Table 1. Data were processed with
MOSFLM (22) and the CCP4 suite of progranf3]. Heavy
atom sites for the xenon derivative were determined using
CNS @4), and sites for the other derivatives were determined
by difference Patterson methods. Initial phases were calcu-
lated using the program SHARRS) and subsequently
improved by solvent flattening, histogram matching, and
2-fold noncrystallographic symmetry averaging using the
program DM @6). The overall figure of merit increased from
0.42 to 0.68 following density modification. Skeletonized
electron density was calculated using MAPMAR[), and



Crystal Structure of TauD

Table 2: TauD Refinement Statistics

resolution limits (A) 40.443.00
Reryst (%) 28.1

Reree (%0) 32.0

rmsd bonds (A) 0.009
rmsd angles®) 1.4

rmsd dihedrals®?) 24.6

rmsd impropers?) 0.89
averageB-factor (42) 63.15

a protein model was built using the program QB8)
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allow favorable interactions with Arg278, Lys71, His214,
and the backbone amide of Ser117.

RESULTS AND DISCUSSION

Crystal Growth TauD crystals were obtained from anaero-
bic protein solutions containing Fe(IQKG, taurine, buffer,
and precipitants. The inclusion of both taurine ads was
absolutely required for crystal growth, suggesting that
substrate binding confers a more rigid structure to the protein.
Such results are consistent with the reported increased affinity

Refinement of the model was carried out by simulated for aKG in the presence of taurine21). Furthermore,

annealing with torsion angle dynamics using CNS. A
maximum temperature of 5000 K and a cool rate of 50 K
were used. GroupeB-factor refinement with two groups

spectroscopic studies carried out on copper-substituted TfdA,
a protein that is~30% identical in sequence to TauD, showed
that binding of the two substrates resulted in enhanced

per residue was performed after each simulated annealingdefinition of the metal site environment@). The solution

step. The initial model was built using strict noncrystallo-

used for crystal growth was pink due to low-lying metal-

graphic symmetry, changing to NCS restraints when the to-ligand charge-transfer transitions arising from chelation

majority of the model was built, and a significant drop in

of Fe(ll) by the C-1 carboxylate and C-2 keto groupstsiG

Riree resulted. Clear peaks in the electron density difference (4. = 520 nm andesyo = 180 Mt cm™, (21)). Although

maps identified the positions of the iron and the two

this chelate structure is present within the crystal (see below),

substrates. Restraints on the binding distances and angles othe crystals appeared colorless.

the Fe(ll) ligands were used due to the low resolution of the

Upon exposure to oxygen, the crystals developed a strong

data. The values were taken from the published CAS yellow color over a period of less than 1 h. It is possible

structure (PDB ID, 1DRY). Residues not visible in the

that this chromophore derives either from histidyl-Fe(lll)

density were omitted from the model, while those whose charge-transfer transitions or, based on separate stifdies,
side-chains were not visible were modeled as alanine. Thea tyrosyl radical {max = 408 nm) generated from a protein
final model contains 4348 protein atoms, out of a theoretical side chain. When the oxygen level was allowed to exceed 1
maximum of 4582. Refinement statistics are shown in ppm during setup of the crystallization, a green color was

Table 2.
Modeling MethodsThe PHD predicted TfdA secondary
structure elements2@) were aligned with the crystallo-

graphically determined secondary structures of TauD (de-

termined here) and CAS1 (PDB ID: 1DS1). The TfdA

observed and subsequent crystal growth was poor. Again,
based on separate studfes, is likely that the green
chromophore derives from a catecholate-Fe(lll) species
generated by self-hydroxylation reactions of the enzyme.
Structure Refinementhe structure of TauD complexed

sequence was modeled onto the TauD chain A and CAS1with the essential cofactor, ferrous iron, and two substrates,

crystal structures ignoring iroaKG, and primary substrates
using Modeller4 80). TfdA residues for which there were

aKG and taurine, has been solved at 3.0 A resolution (Figure
1). The initial electron density map following density

not coordinates of an equivalent residue in TauD were modification was of good quality for residife®4—150 and

masked. From the initial model, the loop refinement method 180-280, and for the two additional alpha helices present
was used to correct am-helix distortion near residues 34 in residues +93. A model was constructed of those regions
36 and to remove six disallowed phi/psi angles. This method that were well defined in the electron density map and with
was also used in efforts to remodel the loop formed by polyalanine traces through the other visible secondary
residues 86110, which contained a knot. Numerous possible structure elements. This model produced stable refinement
models were generated for this region, even including the by simulated annealing, and the resulting improved phases
additional criterion that residues 9803 form anao-helix allowed the majority of the protein chain to be modeled,
as suggested by PHD secondary structure prediction. Noaccounting for 277 of the 283 residues. There are two
model was convincingly superior to the others, and since molecules in the asymmetric unit, with few significant

this region of TfdA contains a 16 amino acid insertion when
compared to TauD, residues-8611 were omitted from the
model. aKG and iron were inserted into the TfdA model
based on alignment of its 2 His 1 carboxylate facial triad
with that of TauD, with direct substitution of teKG and

differences between them. Chain A has an aveBxfgctor

of 49.7, while chain B has an avera@efactor of 77.0.
Residues 164168, present in chain A, were not well defined
in chain B and were omitted from the model for chain B.
The side chains of 13 residues in chain A (including residues

iron positions. The residues interacting with the C-5 car- 165-169) and 14 in chain B were not well defined, and these

boxylate ofaKG (Thrl41l and Arg274) were adjusted to

residues were modeled as alanine. All of these residues are

optimize hydrogen bonding and ionic interactions, based onin loops on the surface of the protein, and none are part of
the CAS1 and TauD coordinates. 2,4-D was manually the structural jellyroll motif or active site environment.

positioned into the modeled TfdA active site using Insightll
(Molecular Simulations Inc.). As an initial constraint, the
sites of hydroxylation (i.e., the. carbon of the 2,4-D side

According to Procheck, there are no Ramachandran outliers.

8 The numbering schemes used for identifying amino acid residues

chain and the carbon adjacent to the sulfur of taurine) were of TauD and TfdA are based on the gene sequences, rather than the

superimposed. Since TfdA selectively oxidizes fhve-R
hydrogen of 2,4-D¥1), this hydrogen was positioned to face

positions in the isolated proteins. The amino terminal methionine
residues of both proteins are processed by methionine aminopeptidase.
The TauD and TfdA numbering schemes used here differ by the

the iron active site. The substrate carboxylate was rotated toaddition of one residue compared to those we have used previously.
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Ficure 1: Structure of TauD. (A) Ribbon diagram of the TauD subunit with labeled secondary structure. The N-terminal region is in
dark-blue, the jellyroll motif is in light-blue, and the extended insert into the jellyroll motif is in red. (B) The two molecules of TauD per
asymmetric unit colored bf-factor. The Fe(ll)- andxKG- binding ligands and substrates are shown. Figure3 Were produced using
Molscript (43), Figures 4 and 6 were produced with Bobscrig)( and all pictures were rendered with Raster3B)(

Dimerization Interface.The two TauD molecules per
asymmetric unit were not related by simple 2-fold rotation
and are unlikely to account for the observed dimeric nature
of this enzyme%). Rather, we propose that a dimer formed
by a crystallographic 2-fold rotation represents the biological
dimer (Figure 2). By application of crystallographic sym-
metry, the same dimeric arrangement can be generated for
both molecules in the asymmetric unit. A significant number
of hydrogen bonds are formed between the monomers
including Thr122 OGZt Prol2 N, Arg237 NH2- GIn235
O, Glu233 OE1— Tyr256 OH, Arg239 NE— LeulO O,
Asn258 OD1— Glu233 N, Asn258 ODL- Glu233 OEL1,
Arg237 NH2 — Pro232 O, Glu233 OE2- Ala259. The
dimer has a buried surface area of 1778 Avhich is
comparable to an average value of 2000fdk similar sized
proteins 82). Furthermore, the number of hydrogen bonds
formed between the monomers is comparable to that found
in other dimers with a similar buried surface ar8a)( The Ficure 2: Diagram of the proposed biological dimer of TauD.
residues at the contact area are in regions of lower average o ) .
B-factor, as expected for residues in the interior of a the sub_strate-_blndlng pocket also show considerable differ-
multimer. The dimer contact area is on the side of the protein €nces, including the loop between Thr87 and Asn97.
opposite to the active site, and comprises mainly residues Iron and aKG binding.The positions of the ferrous iron
of 06 andpB14 and the connecting loop between them, with and two substrates could clearly be seen in the difference
additional interactions involvinggl and the loop between  electron density map (Figure 4). Although the resolution of
B7 andps. the electron density was not sufficient to allow determination

Topology.The main chain of the TauD subunit contains Of the exact orientations of the substrates, this information
17 strands of;-sheet, eight of which form a jellyroll motif ~ could be inferred from the hydrogen bonding possibilities
(B5—8 andp14—17) (Figure 1). Thes-sheets form the core ~ With protein side chains. The pentacoordinate ferrous iron
of the structure, around which are arranged @ikelices.  is bound to the protein throtiga 2 His— 1 carboxylate facial
Flexible regions, indicated by highBrfactors, are found in  triad (33) made up of residues His99, Asp101, and His255.
the external loops 7480 (34-35), 18-26 (32-a1), and the The aKG is bound in a bidentate manner with the C-1
extended loop 156183. The TauD structure shows a high carboxylate and the 2-oxo group coordinated to Fe, while
degree of similarity to that of CASL@) (Figure 3), despite  the C-5 carboxylate forms a salt bridge with Arg266 and a
the low extent of sequence identity between these proteinshydrogen bond with Thr126. Both of these residues, along
(7.7% when compared over the length of alignment). The with the three metal-binding ligands, are conserved across
similarity is most clear in th@-sheet core and helices 3, 4, this subfamily (Figure 5) and are certain to perform the same
and 6, which are adjacent to the jellyroll mafifstrands in ~ function in each member.
the primary sequence. Overall, 48% of the protein backbones Taurine Binding.The structure implies potential hydrogen
of TauD and CAS superimpose with a rms deviation of 1.64 bonds between three amino acid side chains and the taurine
A. The most significant difference in the overall structures amine group. These H-bonds form a distorted tetrahedral
is in the extended loop between strap@sand(10 (Argl56- environment around the amine and involve the phenolic side
Pro183), which extends over the principle substrate-binding chain of Tyr73, the amide oxygen of Asn95, and the hydroxyl
pocket. Substantial differences are observed in the loopof Serl58. The taurine sulfonate interacts with Arg270,
Glu66—Val79 (between helix 2 and strand 5) which defines His70, and the backbone-M\H of Val102. Neutralization of
part of the taurine-binding pocket. Other residues bordering the sulfonate charge is achieved by an ionic bond to Arg270.




Crystal Structure of TauD Biochemistry, Vol. 41, No. 16, 2005189

Ficure 3: Comparison of the structures of TauD (on the right) and CAS1 (PDB ID 1DRY, on the left). The beta-strands of the conserved
jellyroll motif are colored separately in green. Similarity of the core structures is apparent, while the main differences involve the extended

loops over the active sites.
J Ser 158 ) Ser 158

Ficure 4: Stereodiagram of the active site of TauD. Shown are the protein ligands to the iron, the two substrates and other important
protein side-chains. A 2fm—DF. electron density map is shown contoured at 1.0 sigma around the substrate molecules.

His70 both interacts with substrate and forms a hydrogen understood in relation to the available substrate-binding
bond with the backbone NH of Val72; thus, His70 is  cavity and presumably the higher importance of the sul-
probably uncharged and is likely to form a hydrogen bond fonate-binding ligands over those binding the taurine amine
from atom NE2 of the imidazole to the sulfonate group. group.

While Arg270 is partially conserved across a range of the Modeling of the TfdA Structur&fdA is particularly well
group Il dioxygenases (Figure 5), presumably to act as a characterized by biochemical and biophysical methd@s (
counterion to the substrate anion, the hydrogen bonds from12, 31, 34—39) and therefore is worth modeling to extend
Val102 and from the side chain of His70 permit TauD to our knowledge of thexKG-dioxygenase superfamily. The
select a tetrahedral sulfonate anion. Consistent with this predicted overall fold of TfdA is very similar to that of TauD,
hypothesis, His70 is conserved within those dioxygenasesas expected for such closely related protein3({% sequence
that metabolize a sulfonate or sulfate substrate (e.g., AtsKidentity). Analysis of the TfdA model by Procheck gave an
(8) and YSD (L1) in Figure 5), but is not found in those acceptable overall average G factor-60.22. Interactions
aKG dependent dioxygenases that bind substrates containingvith the 2,4-D carboxylic acid are proposed to involve
a carboxylate (for example, CAS, TfdA, or CarC in this Arg278, Lys71, His214, and the backbone amide of Ser117
figure). These three interactions explain how TauD can select(Figure 6). Two of these interactions correspond to the taurine
a tetrahedral sulfonate anion in preference to, for example, sulfonate-binding residues, Arg270 and the M of Val102

a carboxylate group. In contrast, the residues interacting with of TauD. Gly67 in TfdA replaces the third sulfonate-binding
the taurine NH are less well conserved. Tyr73 does not residue, His70, whereas TfdA residues His214 and Lys71
appear to be conserved with other enzymes. Asn95 anddo not have similar counterparts in TauD. In addition to the
Ser158 are conserved with TfdA, but the TfdA equivalents potential interaction with the carboxylate, TfdA Lys71
are predicted to occupy alternative positions (see below). In (conserved with the taurine amine ligand Tyr73 in TauD)
addition to the lack of conservation of the taurine amine could reasonably interact with the ether oxygen of 2,4-D.
ligands, the taurine amine group is relatively solvent exposed, Additional interactions with the substrate are certain to
and there is a sizable cavity adjacent to the amine. TauD isinvolve residues 86111 which could not be convincingly
known to convert a number of alternative substrats ( Modeled. However, some potential models suggested that
including certain much larger sulfonates such asN3-(  Lys95 could orient to hydrogen bond with the ether oxygen
morpholino)propanesulfonic acid (MOPS), which can be ©f 2,4-D. The remaining residues analogous to the hydrogen
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Ficure 5: Secondary structure based sequence alignment of the grof) IkKG-dependent dioxygenases. An initial alignment was

produced based on a 3D alignment of CAS1 (PDB ID: 1DRY) and TauD. The other sequences were then aligned to the existing alignment.

The sequences (with Swiss-Prot accession numbers) are Faufd)i taurinetlKG dioxygenase (P37610); CAS1, CAS2treptomyces
clavuligerus clavaminate synthase 1 and 2 (Q05581 and Q05582); TRistonia eutroph&,4-DiaKG dioxygenase (P10088); PvcB,

Pseudomonas aeruginopgioverdine biosynthesis enzyme (030371); AtBKeudomonas putidakyl sulfatettKG dioxygenase (QOWWUS);

YSD, Saccharomyces cerisiae sulfonatedKG dioxygenase (Q12358); CarE&rwinia carotaora carbapenam biosynthesis enzyme

(Q9XB59); GBBH,Pseudomonas sp-butyrobetaine hydroxylase (P80193); SyFBeudomonas syringagringomycin biosynthesis enzyme
| (P97053). The TauD secondary structure is colored red for helix, greg¢hdoands of the jellyroll motif, and yellow for oth@rstrands.

Conserved Fe(ll)- andKG-binding ligands are marked with black triangles. Taurine-binding ligands within TauD are marked below the

alignments with gray triangles. Produced using Alscriff)(

bond partners of the taurine amine in TauD (e.g., Serl73)

are predicted not to interact with the 2,4-D ether.

The TfdA model is consistent with previous observations
and predictions made about TfdA. For example, Arg78 is
surface exposed in the model and accounts for the reported

protease sensitivity of this sitd?). In addition, the model

V/‘ﬁ@?m

tagenesis and spectroscopic analyses that His114, Asp116,

and His263 bind iron {0). The model vindicates a prior
carboxylate oKG (10). Thr141 is positioned to hydrogen

supports previous predictions based on site-directed mu-
suggestion that Arg274 forms a salt bridge with the C-5

bond this moiety ofxKG, consistent with conservation of a

hydroxylated amino acid at that position in group Il dioxy-

Ficure 6: Model of the TfdA active site. The predicted active site

of TfdA is shown with protein ligands to the iron and residues that

genases. The model is in agreement with previous results

suggesting that His214 functions in 2,4-D binding or catalysis stabilize binding of the two substrateskKG and 2,4-D.
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Scheme 2: Proposed Mechanism of TauD

SOy
H,0 NHg 22
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ol
o O His 255 o His 255
NHZ/H/SO‘"’
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Q Fe''—Asp 101 —_— H,O0—Fe""—Asp 101 +
o | e HSO5
o His 255 2 His 255 3

(10). Specifically, His214 interaction with a carboxylate tentatively identified this unique modification as arising from
oxygen of 2,4-D accounts for the 10-fold increaseip of Tyr256. The aromatic ring of Tyr256 &9 A from the metal
2,4-D in a H214A mutant. Although substitution of His217 center, on the opposite side gfstrand 15. The modified
by Ala was also shown to lead to a 2.5-fold increas&n Tyr256 is suspected to form a chromophore involving the
of 2,4-D (10), this residue is more distant from the active oxidized metal iorf,implying that the position of the metal
site and is predicted neither to bind substrate directly nor also moves in the modified form of the enzyme. Efforts to
participate in catalysis. The observed effects may alterna-obtain crystals of cross-linked protein containing this green
tively arise from reduced substrate access to the active sitechromophore were unsuccessful. A transient tyrosyl radical
or to altered positioning of a 2,4-D ligand. Finally, evidence also has been detected in TatiDhe location of this radical
for an interaction with the substrate ether atom, presumedhas not been determined, but it is reasonable to suggest
to involve Lys71, but possibly also Lys95, is provided by Tyr256 as the site for radical formation during synthesis of
studies involving the substrate 2,4-dichlorocinnamic acid the modification described above. Alternatively, the taurine-
(38). This compound closely resembles 2,4-D in structure, binding ligand Tyr73 is located opl7 A from the metal-
but lacks the ether bond leading to a much higkgr locenter and is another potential site for radical formation.

Sites of Post-translational Modifications in TauD and Structural studies are unable to address this point, and
TfdA The availability of the TauD structure and TfdA model alternative approaches will be needed to identify the location
allowed us to examine the locations of post-translational of the radical species.
modifications that are known to occur within the enzymes.  Reaction Mechanismn Scheme 2 we propose a mech-
Mass spectrometric methods have revealed that upon expoanism for the reaction catalyzed by TauD that is also
sure of thenKG-bound enzymes to oxygen Trp128, Trp240, applicable to TfdA. The orientation @fKG binding relative
and Trp248 in TauBand Trpl113 in TfdA 20) become to the 2 His— 1 carboxylate facial triad is analogous to that
hydroxylated. These modifications would not be expected found in CAS (3), and suggests that oxygen binds opposite
to be present within the anaerobically prepared TauD crystals,the second His in the motif. This arrangement differs from
but the low resolution precludes the use of structural data tothat in DAOCS where oxygen is thought to bind opposite
confirm the absence of hydroxylation of these residues. Thethe first His (L5). Spectroscopic measurements are consistent
mechanism by which these modifications are introduced is with a shift from 6-coordinate to 5-coordinate geometry
unclear. Although the three TauD Trp residues all lie within around the TauD and TfdA metal sites promoted by the
10.5 A of the metallocenter (Trp128 7.5 A, Trp240~ binding of taurine or 2,4-D, respectivel2l, 37, 40).
10.5 A, Trp248~ 6.0 A), these residues are positioned close Substrate binding thus creates an oxygen-binding site, with
to His255, trans to the proposed oxygen binding site and bound oxygen ideally positioned for insertion into the
the taurine binding cavity. These residues comprise a tight appropriate €H bonds of the respective substrates. This
hydrophobic cluster in TauD that is conservatively substituted situation is clearly analogous to the hydroxylation reaction
with alternative hydrophobic residues in other family mem- performed by CASX3). Such reactions of non-heme ferrous
bers (Figure 5). The hydroxylated Trp residue in TfdA occurs iron enzymes are generally suggested to proceed through an
adjacent to the His114 ligand, approximately 10.5 A from Fe(IV)=0 intermediate 13, 41, 42), as shown in Scheme
the metal center. TauD possesses Trp at the correspondin@. In the absence of substrate, this intermediate or some other
position (Trp98), yet hydroxylation of this residue has not activated oxygen species decays to generate hydroxylated
been observed in the taurine-degrading enzyme. aromatic residues within the TfdA2Q) or Taul? proteins.

In addition to the hydroxy-Trp modifications, a catecholate The TauD structure and TfdA model provide important
species was detected in oxygen-exposed solutions containingnformation about the roles of residues surrounding the metal
TauD, Fe(ll), andoKG.? Mass spectrometric analysis has center that function in substrate binding and catalysis. These
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studies set the stage for more detailed analysis of the TauD 21. Ryle, M. J., Padmakumar, R., and Hausinger, R. P. (1999)

and TfdA enzyme mechanisms using other mutagenic,
biochemical, and biophysical techniques.
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