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X-ray Crystal Structure of Escha-ichia coli Taurine'a-Ketoglutarate Dioxygenase 
Complexed to Fa-rous Iron and Substratest+ 
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ABSTRACT: Taurine/a.-ketoglutarate dioxygenase (TauD), a non-heme Fe(I I) oxygenase, catalyses the 
conversion of taurine (2-aminoethanesulfonate) to sulfite and aminoacetaldehyde concurrent with the 
conversion of a.-ketoglutarate (a.KG) to succinate and C◊.1. The enzyme allows Escherichia coli to 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(I I) and both substrates, a.KG and tauri ne. The tertiary structure 
and fold of TauD are similar to those observed in other enzymes from the broad family of Fe(l I)/a.KG­
dependent oxygenases, with dosest structural similarity to clavaminate synthase. Using the TauD 
coordinates, a model was determined for the dosely related enzyme 2,4-dichlorophenoxyacetate/a.KG 
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 carboxyl ate selected by TfdA, providing insight into the mechanism of enzyme 
catalysis. 

Sulfonates and sulfates are widely available in the 
environment where they are utilizoo as alternatives to 
inorganic sulfur sources (1). For example, Escherichia coli 
pos.58SS8S tauABCD and ssuEADCB operons for utilizing 
taurine (2-aminoethanesulfonate) and aliphatic sulfonates, 
respectively (2, 3). These sulfunnurces are taken up by ATP­
binding cas.58lte-typetransporters, TauABC and SsuABC (4), 
and subsequently oxidizoo by TauD and SsuDE to release 
sulfite for cell growth (5, 6). Similarly, aromatic sulfonates 
and alkyl sulfate esters are metabolizoo by many microor­
ganisms (1) such as Pseudomonas putida S-313, which 
pos.58SS8S SsuED and AtsK for oxidation of these substrates 
(7, 8). The work des:;ri boo here features TauD, an oxygenase 
from E. coli requiroo for the decomposition of taurine and 
selectoo other sulfonates. 

TauD isan Fe(II)- and a.-ketoglutarate(a.KG)1-dependent 
dioxygenasethat catalyzes the conversion of taurineto sulfite 
and aminoacetaldehyde (Scheme 1) (5). Like many members 

trhiswork wasSJpported by the BBSRC, MRC, EPSRC, the Royal 
Society through a fellows,ip to P.L.R., and the National Institutes of 
Health through Postdoctoral Fellows,ip GM20196 to M.J.R. 

+ Atomic coordinates have been deposited in the Protein Data Bank 
under codes 1gqw (TauD) and 1gqx (TfdA model). 
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mSJ.edu or P.L.Roach@SJton.ac.uk. 
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Scheme 1: Reaction CatalyzEd by TauD 
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NH2 / ~ NH2 I -~ NH2 
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of the a.KG dioxygenase family (9), TauD couples the 
oxidative decarboxylation of a.KG to the hydroxylation of a 
second substrate. In this case, the hydroxyl atoo tauri ne 
intermooiate is unstable and decomposes to yield the final 
products. Sequence analyses indicate that TauD is closely 
relatoo to several members (referroo to as group II) of the 
a.KG dioxygenase family (10). For example, a HX(D/E)­
X23-25(T/S)X114-133HX10-13R motif is found in TauD, YSD 
(a broad specificity yeast sulfonate/a.KG dioxygenase; (11)), 
TfdA (2,4-dichlorophenoxyacetate (2,4-D)/a.KG dioxyge­
nase, a herbicide-degrading enzyme; (12)), AtsK (an alkyl 
sulfate/a.KG dioxygenase; (8)), clavaminate synthase (CAS; 
(13)), and y-butyrobetaine hydroxylase (GBBH; (14)). Other 
variations of this motif with a significantly shortenoo 

1 Abbreviations: aKG, a-ketoglutarate; TauD, taurine/aKG dioxy­
gena~; Tris, triS:hydroxymethyl)aminomethane; CAS, davaminicacid 
syntha~; 2,4-D, 2,4-dichlorophenoxyacetic acid; TfdA, 2,4-D/aKG 
dioxygena~; AtsK, alkyl SJlfate/aKG dioxygena~; YSD, yeast SJl­
fonate/aKG dioxygen=; GBBH, y-butyrobetaine hydroxyl=; DAOCS, 
deacetoxycephalosporin C syntha~. 

10.1021/bi016014e CCC: $22.00 © 2002 American Chemical Society 
PublishEd on Web 03/27/2002 
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Table 1: Data Collection and Phasing Statistics for TauD and Its Derivatives 

native Xe 

wavelength (A) 1,54179 1,54179 1,54179 1,54179 
reSJI uti on range" (A) 
no. of unique observations 
no. of total observations 
completeness"(%) 
multiplicity• 

40,49-3,00 (3, 16-3,00) 
16727 

45, 18-3,50 (3,69-3,50) 
10885 

19,17-3,00 (3,17-3,00) 
16933 

38,35-3,50 (3,69-3,50) 
10880 

98529 138591 157963 194517 
99,3 (99,8) 99,9 (99,9) 99,2(97,0) 99,9 (100,0) 
5,9(6,0) 5,0(5,0) 5,8(5,6) 6,0(6,3) 

Rn,B"ge°'b (%) 6,5 (27,0) 5,3(13,2) 7,0(30,5) 10,3 (19,2) 
(1/a(I ))8 10,5 (2,8) 12,6 (5,6) 10,5 (2,5) 6,2(3,6) 
Rcu11s (cen/acen/anom) 
phasing power (cen/acen/anom) 
iSJmorphousdifference (%) 

0,80/0,77/0,88 
1,23/1,61/1,42 

0,85/0,85/0,88 
1, 18/1,34/1,38 

0,85/0,82/0,98 
0,98/1,27/0,74 

23,4 25,5 13,8 
no, of sites 2 4 2 

a The numbers in parentheres indicate values for the highest reSJlution bin, b Rm"ge = LjLhllh,i - (lh)I/Iiih(lh) x 100, 

sequence separating the HX(D/E) motif from the second His 
residue are found in the extended family of a.KG dioxyge­
nases. Structural I y characterized representatives of the a.KG 
dioxygenase superfamily indude CAS (13), deacetoxycepha­
losporin C synthase (DAOCS) (15), praline 3-hydroxylase 
(16), anthocyanidin synthase (17), and isopenicillin N 
synthase (18, 19), a related enzyme that does not utilize a.KG. 
Each of these family members posses.5es a core motif of eight 
beta-sheets arranged in a "jellyroll" manner, with the order 
of strands being identical in each structure and with similarly 
arranged Fe(II) ligands (theAsp/Glu and two His residues 
shown in the above motif). All of the family members are 
likely to function by related mechanisms, and observations 
made on one representative may allow accurate predictions 
for the others. 

Here, we structurally characterize TauD, use it to model 
the structure of TfdA, and interpret the structures in terms 
of earlier mechanistic studies. In particular, the structures 
reveal the proximity of the iron center to residues known to 
undergo post-translational processing by self-hydroxylation 
reactions in both TauD2 and TfdA (20). Additionally, the 
structures show the unique features i nvolvoo in distinguishing 
tetrahedral anionic substrates from planar carboxylate sub­
strates within this enzyme family. 

EXPERIMENT AL PROCEDURES 

Enzyme Purification and Assay. TauD apoprotein was 
purified and assayed as previously described (21). The 
reconstituted enzyme exhibited specific activities ranging 
from 4.2 to 7.8 µmol min-1 (mg of protein-1). 

Crystal I ization. Crystals were grown by the hanging drop 
method using Linbro multiwell plates under an anaerobic 
atmosphere of argon (0.1-0.2 ppm ~) at 17 °c. All 
materials except the protein solution were placed in the 
anaerobic environment at least 24 h prior to crystallization 
experiments. The protein solution was prepared by adding 
1.4 molar equivalents of FeS04 from a 15 mM solution to 
75 µL of protein (18 mg/ml in 20 mM Tris, pH 7.0). After 
1 min, 5 µL of 200 mM a.KG, 5 µL of 200 mM taurine (pH 
7.0), and 5 µL of 100 mM DTT were added. Crystals grew 
from a variety of poly(ethylene glycol) (PEG) precipitants 
and buffers. Optimization of crystal size loo to awell solution 
(500µL) containing 20-28% PEG 1000, 75 mM imidazole 

2 Unpublished ob~rvations by M, J, Ryle, A, Liu, RB, Muthuku­
maran, B, S, Phinney, RY, N, Ho, J, McCracken, l, Que, Jr,, and R 
P, Hausi nger, 

(pH 7.0), and 20% ethylene glycol. Drops were prepared by 
mixing equal volumes of protein and well solutions with a 
total drop size of 4-8 µL. 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(II) concentra­
ti on and the ti me spent deoxygenati ng the protein, al I owed 
less nudeation, resulting in crystals of a maximum size of 
1.0 x 0.5 x 0.5 mm. The crystals were shown to belong to 
space group P6222 (a= b = 117 A, c = 202 A), and the 
largest crystals were found to diffract X-rays to 2.8 A 
resolution. The solvent content of the crystals was 60%, 
giving a Matth€Ws coefficient of 3.0. The crystals were very 
sensitive to changes in their surrounding solution, which 
initially caused difficulties in finding a suitable cryopro­
tectant, but this problem was resolved by modification of 
the crystal Ii zati on conditions such that no subsequent cryo­
protecti on step was necessary. 

Data Collection and Structure Deterrrination. An inter­
pretable electron density map was obtained using the multiple 
isomorphous replacement method. Crystals were cryocooled 
in a stream of nitrogen (Oxford Cryosysterns) a 100 K as 
soon as pos.5ible after removal from the anaerobic environ­
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 
with Osmi c focusing mirrors and a 345 mm Mar Research 
image plate. The xenon derivative was prepared by exposing 
a crystal mounted in a nylon loop to xenon gas (10 bar) for 
10 min. The other heavy atom derivatives were prepared by 
addition of a concentrated solution of the heavy atom (0.5 
µL) to the hanging drop. The crystals were highly sensitive 
to changes in their environment, and extensive difficulties 
were encountered due to lack of isomorphism between 
different crystals. It was necessary to screen a large number 
of crystals before suitable derivatives were obtained. Data 
statistics are shown in Table 1. Data were processed with 
MOSFLM (22) and the CCP4 suite of programs (23). Heavy 
atom sites for the xenon derivative were determined using 
CNS (24), and sites for the other derivatives were determined 
by difference Patterson methods. Initial phases were cal cu-
1 ated using the program SHARP (25) and subsequently 
improved by solvent flattening, histogram matching, and 
2-fol d noncrystal I ographi c symmetry averaging using the 
program DM (26). The overall figure of merit increased from 
0.42 to 0.68 following density modification. Skeletonized 
electron density was calculated using MAPMAN (27), and 
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Crystal Structure of TauD 

Table 2: TauD Refinement Statistics 

res:,lution limits (A ) 
Raye1(%) 
Rrree(%) 
rms::l bonds(A) 
rms::l angles(0

) 

rms::l dihedrals(0
) 

rms::l i mpropers (°) 
average B-factor (A 2) 

40.44-3.00 
28.1 
32.0 
0.009 
1.4 
24.6 
0.89 
63.15 

a protein model was built using the program O (28). 
Refinement of the model was ra-rioo out by simulatoo 
annealing with torsion angle dynamia; using CNS. A 
maximum temperature of 5000 K and a cool rae of 50 K 
were used. Groupoo B-fador refinement with two groups 
per residue was performoo after each simulatoo annealing 
step. The initial model was built using strict noncrystallo­
graphic symmetry, changing to NCS restraints when the 
majority of the model was built, and a significant drop in 
Rtrre resultoo. Clear peaks in the electron density difference 
maps identifioo the positions of the iron and the two 
substrates. Restraints on the binding di stances and angles of 
the Fe(I I) ligands were used due to the low resolution of the 
data. The values were taken from the publishoo CAS 
structure (PDB ID, 1DRY). Residues not visible in the 
density were omittoo from the model, while those whose 
side-chains were not visible were modeloo as alanine. The 
final model contains 4348 protein atoms, out of a theoretical 
maximum of 4582. Refinement statistics are shown in 
Table 2. 

Modeling Methods. The Pl-iD prooictoo TfdA secondary 
structure elements (29) were alignoo with the crystallo­
graphically determinoo secondary structures of TauD (de­
terminoo here) and CAS1 (PDB ID: 10S1). The TfdA 
se::iuence was modeloo onto the TauD chain A and CAS1 
crystal structures ignoring iron, a.KG, and primary substrcies 
using Modeller4 (30). TfdA residues for which there were 
not coordinates of an equivalent residue in TauD were 
maskoo. From the initial model , the loop refinement method 
was used to correct an a.-helix distortion near residues 34-
36 and to remove six disal lowoo phi/psi angles. This method 
was also used in efforts to remodel the loop formoo by 
residues 86- 110, which containoo a knot. Numerous possible 
models were generatoo for this region, even including the 
additional criterion tha residues 96-103 form an a.-helix 
as suggestoo by Pl-iD secondary structure prooiction. No 
model was convincingly superior to the others, and since 
this region of TfdA contains a 16 amino ocid insertion when 
comparoo to TauD, residues 86-111 were omittoo from the 
model. a.KG and iron were i nsertoo into the TfdA model 
based on alignment of its2 His- 1 carboxylatefacial triad 
with that of TauD, with direct substitution of the a.KG and 
iron positions. The residues interacting with the C-5 car­
boxylate of a.KG (Thr141 and Arg274) were adjustoo to 
optimize hydrogen bonding and ionic interactions, based on 
the CAS1 and TauD coordinaes. 2,4-D was manually 
positi onoo into the model oo TfdA active site using I nsightl I 
(Molecular Simulations Inc.). As an initial constraint, the 
sites of hydroxylation (i.e. , the a. carbon of the 2,4-D side 
chain and the carbon adjacent to the sulfur of taurine) were 
superimposed. Since TfdA selectively oxidizes the pro-R 
hydrogen of 2,4-D (31), this hydrogen was positionoo to face 
the iron active site. The substrate carboxyl ate was rotatoo to 
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allow favorable interactions with Arg278, Lys71 , His214, 
and the backbone amide of Ser117. 

RESULTS AND DISCUSSION 

Crystal Growth. TauD crystalswereobtainoofromanaero­
bic protein solutions containing Fe(I I), a.KG, taurine, buffer, 
and precipitants. The inclusion of both tauri ne and a.KG was 
absolutely requi roo for crystal growth, suggesting that 
substrate binding confers a more rigid structure to the protein. 
9.Jch results are consistent with the reportoo i ncreasa:l affinity 
for a.KG in the presence of taurine (21). Furthermore, 
spectroscopic studies carrioo out on copper-substitutoo TfdA, 
a protein that is ~ 30% identical in se::iuenceto TauD, showoo 
that binding of the two substrates resultoo in enhancoo 
definition of the metal site environment (10). The solution 
used for crystal growth was pink due to low-lying metal­
to-ligand charge-transfer transitions arising from chelation 
of Fe(I I) by the C-1 carboxyl ate and C-2 keto groups of a.KG 
(A max = 520 nm and E520 = 180 M- 1 cm- 1, (21)). Although 
this chelate structure is present within the crystal (see below) , 
the crystals appearoo colorles.5. 

Upon exposure to oxygen, the crystals developoo a strong 
yellow color over a period of les.5 than 1 h. It is possible 
that this chromophore derives either from histidyl-Fe(l 11) 
charge-transfer transitions or, based on SEl)aratestudies,2 from 
a tyrosyl ra:tical (Amax = 408 nm) generatoo from a protein 
side chain. When the oxygen level was allowoo to exceoo 1 
ppm during setup of the crystallization, a green color was 
observoo and subse::iuent crystal growth was poor. Again, 
based on separate studies,2 it is likely that the green 
chromophore derives from a catecholate-Fe(l 11) species 
generatoo by self-hydroxylation reactions of the enzyme. 

Structure Refinement. The structure of TauD complexoo 
with the essential cofactor, ferrous iron, and two substraes, 
a.KG and taurine, has been solvoo a 3.0 A resolution (Figure 
1). The initial electron density map following density 
modification was of good quality for residues3 94- 150 and 
180- 280, and for the two additional alpha helices present 
in residues 1-93. A model was constructoo of those regions 
that were wel I defi noo in the electron density map and with 
polyalanine traces through the other visible secondary 
structure elements. This model producoo stable refinement 
by simulcioo annealing, and the resulting improvoo phases 
allowoo the majority of the protein chain to be modeloo, 
accounting for 277 of the 283 residues. There are two 
molecules in the asymmetric unit, with fw significant 
differences between them. Chain A has an aver~e B-factor 
of 49.7, while chain B has an aver~e 8-factor of 77.0. 
Residues 164-168, present in chain A, were not well definoo 
in chain B and were omittoo from the model for chain 8. 
The side chains of 13 residues in chain A (ind udi ng residues 
165- 169) and 14 in chain B were not well definoo, and these 
residues were modeloo as alanine. All of these residues are 
in loops on the surface of the protein, and none are part of 
the structural jellyroll motif or active site environment. 
According to Procheck, there are no Ramachandran outliers. 

3 The numbering s::hemes uSEd for identifying amino acid residues 
of TauD and TfdA are baSEd on the gene sequences, rather than the 
positions in the iSJlated proteins The amino terminal methionine 
residues of both proteins are procesead by methionine ami nopepti d~. 
The TauD and TfdA numbering s::hemes uSEd here differ by the 
addition of one residue compared to thoffi we have uSEd previousy . 
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FIGURE 1: Structure of TauD. (A) Ribbon diagram of the TauD subunit with labaed secondary structure. The N-terminal region is in 
dark-blue, the jellyrol I motif is in I ight-bl ue, and the extended insert into the jellyrol I motif is in red. (B) The two molecules of TauD per 
asymmetric unit colored by B-factor. The FE(I I)- and a.KG- binding Ii gands and substrates are shown. Figures 1-3 were produced us ng 
M olscri pt (43), Figures 4 and 6 were produced with Bobscri pt (44), and all pictures were rendered with Raster3D (45) . 

Dirrerization 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 (5). Rather, we propose that a di mer formed 
by a crystallographic2-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 
induding Thr122 OG1 - Pro12 N, Arg237 NH2 - Gln235 
0, Glu233 OE1 - Tyr256 OH, Arg239 NE - Leu10 0, 
Asn258 OD1 - Glu233 N, Asn258 OD1 - Glu233 OE1, 
Arg237 NH2 - Pro232 0, Glu233 OE2 - Ala259. The 
dimer has a buried surface area of 1770 A2, which is 
comparable to an average value of 2000 A 2 for si mi I ar sized 
proteins (32). Furthermore, the number of hydrogen bonds 
formed between the monomers is comparable to that found 
in other dimers with a si mi I ar buried surface area (32). The 
residues at the contact area are in regions of lower average 
B-factor, as expected for residues in the interior of a 
multi mer. The di mer contact area is on the side of the protein 
opposite to the active site, and comprises mainly residues 
of a.6 and /314 and the connecting loop between them, with 
additional interactions involving /31 and the loop between 
J37 and /38. 

Topology. The main chain of the TauD subunit contains 
17 strands of /3-sheet, eight of which form a jellyroll motif 
(,85-8 and /314-17) (Figure 1). The /3-sheets form the core 
of the structure, around which are arranged six a-helices. 
Flexible regions, indicated by higher B-factors, are found in 
the external loops 74-80 (,84-/35), 18-26 (,82-a.1), and the 
extended loop 156-183. The TauD structure shows a high 
degree of similarity to that of CAS (13) (Figure 3), despite 
the low extent of sequence identity between these proteins 
(7.7% when compared over the length of alignment). The 
similarity is most dear in the/3-sheet core and helices 3, 4, 
and 6, which are adjacent to the jellyroll motif /3-strands in 
the primary sequence. Overal I, 48% of the protein backbones 
of TauD and CASsuperimposewith a rmsdeviation of 1.64 
A. The most significant difference in the overall structures 
is in the extended loop between strandsj39 and /310 (Arg156-
Pro183), which extends over the pri nci pl e substrate-binding 
pocket. Substantial differences are observed in the loop 
GI u66-V al 79 (between helix 2 and strand 5) which defines 
part of the tauri ne-bi ndi ng pocket. Other residues bordering 

FIGURE 2: Diagram of the proposed biologica dimer of TauD. 

the substrate-binding pocket also show considerable differ­
ences, induding the loop between Thr87 and Asn97. 

Iron and a.KG binding. The positions of the ferrous iron 
and two substrates could clearly be seen in the difference 
electron density map (Figure 4). Although the resolution of 
the electron density was not sufficient to al I ow determination 
of the exact orientations of the substrates, this information 
could be inferred from the hydrogen bonding possibilities 
with protein side chains. The pentacoordinate ferrous iron 
is bound to the protein through a 2 His - 1 carboxylate facial 
triad (33) made up of residues His99, Asp101, and His255. 
The a.KG is bound in a bidentate manner with the C-1 
carboxylate and the 2-oxo group coordinated to Fe, while 
the C-5 carboxylate forms a salt bridge with Arg266 and a 
hydrogen bond with Thr126. Both of these residues, along 
with the three metal-binding ligands, are conserved across 
this subfamily (Figure 5) and are certain to perform the same 
function in each member. 

Taurine Binding. The structure implies potential hydrogen 
bonds between three amino acid side chains and the taurine 
amine group. These H-bonds form a distorted tetrahedral 
environment around the amine and involve the phenolic side 
chain of Tyr73, the amide oxygen of Asn95, and the hydroxyl 
of Ser158. The taurine sulfonate interacts with Arg270, 
His70, and the backbone N-H of Val 102. Neutralization of 
thesulfonate charge is achieved by an ionic bond to Arg270. 
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FIGURE 3: Comparison of the structures of TauD ( on the right) and CAS1 (PDB ID 1 DRY, on the I Eft). The beta-strands of the conserved 
je lyroll motif are colored separatey in green. Si mi larity of the core structures is apparent, while the man differences i nvolvethe extended 
loops over the active sites. 

) se,158 ; Ser 158 

Thr 126 1-'1 

•• • -\F . ' 
Arg 266 . ?O 

FIGURE 4: Stereodiagram of the active site of TauD. Shown are the protein ligands to the iron, the two substrates and other important 
protein side-cha ns. A 2mF0 -DF0 eectron density map is shown contoured at 1.0 sigma around the substrate molecules. 

His70 both interacts with substrate and forms a hydrogen 
bond with the backbone N-H of Val72; thus, His70 is 
probably unchargoo and is likely to form a hydrogen bond 
from atom NE2 of the imidazole to the sulfonate group. 
While Arg270 is partially conservoo acros.c; a range of the 
group 11 dioxygenases (Figure 5), presumably to act as a 
counterion to the substrate anion, the hydrogen bonds from 
Val102 and from the side chain of His70 permit TauD to 
select a tetrahooral sulfonate anion. Consistent with this 
hypothesis, His70 is conservoo within those dioxygenases 
that metabolize a sulfonate or sulfate substrate (e.g., AtsK 
(8) and YSD (11) in Figure 5), but is not found in those 
a.KG dependent di oxygenases that bind substrates containing 
a carboxylate (for example, CAS, TfdA, or Care in this 
figure). These three interactions explain how TauD can sel eel 
a tetrahooral sulfonate anion in preference to, for example, 
a carboxylategroup. In contrast, the residues interacting with 
the taurine NH2 are les.c; well conservoo. Tyr73 does not 
appear to be conservoo with other enzymes. Asn95 and 
Ser158 are conservoo with TfdA, but the TfdA equivalents 
are prooictoo to occupy alternative positions (see below). In 
addition to the lack of conservation of the taurine amine 
Ii gands, the tauri ne ami ne group is rel ati vel y sol vent exposoo, 
and there is a sizable cavity adjacent to the amine. TauD is 
known to convert a number of alternative substrates (5), 
induding certain much larger sulfonates such as 3-(N­
morpholino)propanesulfonic acid (MOPS), which can be 

understood in relation to the available substrate-binding 
cavity and presumably the higher importance of the sul­
fonate-binding ligands over those binding thetaurine amine 
group. 

Modeling of the TfdA Structure. TfdA is particularly wel I 
characterizoo by biochemical and biophysical methods (10, 
12, 31, 34-39) and therefore is worth modeling to extend 
our knowlooge of the a.KG-dioxygenase superfamily. The 
prooictoo overall fold of TfdA is very similar to that of TauD, 
asexpectoo for such dosely relatoo proteins (~30% sequence 
identity). Analysis of the TfdA model by Procheck gave an 
acceptable overall average G factor of -0.22. Interactions 
with the 2,4-D carboxylic acid are proposoo to involve 
Arg278, Lys71, His214, and the backbone amide of Ser117 
(Figure6). Two of these interactions correspond to thetaurine 
sulfonate-binding residues, Arg270 and the N-H of Val 102 
of TauD. Gly67 in TfdA replaces the third sulfonate-binding 
residue, His70, whereas TfdA residues His214 and Lys71 
do not have similar counterparts in TauD. In addition to the 
potential interaction with the carboxylate, TfdA Lys71 
(conservoo with the taurine amine ligand Tyr73 in TauD) 
could reasonably interact with the ether oxygen of 2,4-D. 
Additional interactions with the substrate are certain to 
involve residues 86-111 which could not be convincingly 
modeloo. However, some potential models suggestoo that 
Lys95 could orient to hydrogen bond with the ether oxygen 
of 2,4-D. The remaining residues analogous to the hydrogen 
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FIGURE 5: Secondary structure based sequence alignment of the group II (10) a.KG-dependent dioxygenases. An initial alignment We£ 

produced based on a 30 alignment of CAS1 (PDB I 0: 1DRY) and TauO. The other sequences were then aigned to the existing alignment. 
The sequences (with SNiss-Prot accession numbers) are TauO, E.coli taurine/a.KG dioxygenase (P37610); CAS1, CAS2., S:reptomyces 
clavuligerus dataminate synthase 1 and 2 (Q05581 and Q05582); TfdA, Ralstonia eutropha 2,4-O/a.KG dioxygenase (P10088); PvcB, 
Pseudomonasaeruginosa pyoverdine biosynthesisenzyme(030371); AtsK, Pseudomonas putida akyl sulfate/a.KG dioxygenase (Q9WNU5); 
YSO, Saccharomyces cerevisae sultanate/a.KG dioxygenase (Q12358); Care, Erwinia carotovora carbapenam biosynthesis enzyme 
(Q9XB59); GBBH, Pseudomonassp. y-butyrobetanehydroxylase(P80193); SyrB, Pseudomonassyringaesyringomycin biosynthesisenzyme 
I (P97053). The TauO secondary structure is colored red for helix, green for /3-strands of the jellyroll motif, and yellow for other /3-strands. 
Conserved FE(I I)- and a.KG-binding I igands are marked with black triangles. Tauri ne-bi ndi ng Ii gands within TauO are marked below the 
alignments with gray triangles. R"oduced us ng Alscri pt (46). 

bond partners of the taurine amine in TauD (e.g., Ser173) 
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 site (12). In addition, the model 
supports previous predictions based on site-di reeled mu­
tc{lenesi sand spectroscopic analyses that His114, Asp116, 
and His263 bind iron (10). The model vindicates a prior 
suggestion that Arg274 forms a salt bridge with the C-5 
carboxylate of a.KG (10). Thr141 is positioned to hydrogen 
bond this moiety of a.KG, consistent with conservation of a 
hydroxylated amino acid at that position in group II dioxy­
genases. The model is in c{lreement with previous results 
suggesting that His214 functions in 2,4-D binding or catalysis 

F1GURE6: Model oftheTfdA activeste. Thepredictedactiveste 
of TfdA is shown with protein Ii gands to the iron and res dues that 
stabilize binding of the two substrates, a.KG and 2,4-0. 
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Crystal Structure of TauD 

Scheme 2: Proposed Mechanism of TauD 
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(10). Specifically, His214 interaction with a carboxylate 
oxygen of 2,4-D accounts for the 10-fold increase in Km of 
2,4-D in a H214A mutant. Although substitution of His217 
by Ala was also shown to lead to a 2.5-fold increase in Km 
of 2,4-D (10), this residue is more distant from the active 
site and is predicted neither to bind substrate directly nor 
participate in catalysis. The observed effects may alterna­
tively arise from reduced substrate aCCes.5 to the active site 
orto altered positioning of a2,4-D ligand. Finally, evidence 
for an interaction with the substrate ether atom, presumed 
to involve Lys71, but possibly also Lys95, is provided by 
studies involving the substrate 2,4-dichlorocinnamic acid 
(38). This compound dosely resembles 2,4-D in structure, 
but lacks the ether bond leading to a much higher Km. 

Stes of Post-translational Modifications in TauD and 
TfdA. The avai I abi I ity of the TauD structure and TfdA model 
allowed us to examine the locations of post-translational 
modifications that are known to occur within the enzymes. 
Mass spectrometric methods have revealed that upon expo­
sure of the a.KG-bound enzymes to oxygen Trp128, Trp240, 
and Trp248 in TauD2 and Trp113 in TfdA (20) become 
hydroxylated. These modifications would not be expected 
to be present within the anaerobically prepared TauD crystals, 
but the I ow resolution pred udes the use of structural data to 
confirm the absence of hydroxylation of these residues. The 
mechanism by which these modifications are introduced is 
undear. Although the three TauD Trp residues all lie within 
10.5 A of the metallocenter (Trp128 ~ 7.5 A, Trp240 ~ 
10.5A, Trp248 ~ 6.0 A), these residues are positioned close 
to His255, trans to the proposed oxygen binding site and 
the taurine binding cavity. These residues comprise a tight 
hydrophobic dusta- in TauD that is conservatively substituted 
with alternative hydrophobic residues in other family mem­
bers (Figure 5). The hydroxylated Trp residue in TfdA occurs 
adjacent to the His114 ligand, approximately 10.5 A from 
the metal center. TauD possesses Trp at the corresponding 
position (Trp98), yet hydroxylation of this residue has not 
been observed in the tauri ne-degradi ng enzyme. 

In addition to the hydroxy-Trp modifications, a catecholate 
species was detected in oxygen-exposed solutions containing 
TauD, Fe(I I), and a.KG.2 Mass spectrometric analysis has 

2 /i 
H20 His 255 HS03-

tentatively identified this unique modification as arising from 
Tyr256. The aromatic ring of Tyr256 lies 9 A from the metal 
center, on the opposite side of ,8-strand 15. The modified 
Tyr256 is suspected to form a chromophore involving the 
oxidized metal ion,2 implying that the position of the metal 
also moves in the modified form of the enzyme. Efforts to 
obtain crystals of cross-linked protein containing this green 
chromophore were unsuccessful. A transient tyrosyl radical 
also has been detected in TauD.2 The location of this radical 
has not been determined, but it is reasonable to suggest 
Tyr256 as the site for radical formation during synthesis of 
the modification described above. Alternatively, thetaurine­
binding ligand Tyr73 is located only 7 A from the metal­
locenter and is another potential site for radical formation. 
Structural studies are unable to address this point, and 
alternative approaches will be needed to identify the location 
of the radical species. 

Reaction Mechanism. In Scheme 2 we propose a mech­
anism for the reaction catalyzed by TauD that is also 
applicable to TfdA. The orientation of a.KG binding relative 
to the 2 His- 1 carboxylate facial triad is analogous to that 
found in CAS (13), and suggests that oxygen binds opposite 
the second His in the motif. This arrangement differs from 
that in DAOCS where oxygen is thought to bind opposite 
the first His (15). Spectroscopic measurements are consistent 
with a shift from 6-coordinate to 5-coordinate geometry 
around the TauD and TfdA metal sites promoted by the 
binding of taurine or 2,4-D, respectively (21, 37, 40). 
Substrate binding thus creates an oxygen-binding site, with 
bound oxygen ideally positioned for insertion into the 
appropriate C-H bonds of the respective substrates. This 
situation is dearly analogous to the hydroxylation reaction 
performed by CA S ( 13). Such reactions of non-heme ferrous 
iron enzymes are generally suggested to proceed through an 
Fe(IV)=O intermediate (13, 41, 42), as shown in Scheme 
2. In the absence of substrate, this intermediate or some other 
activated oxygen species decays to generate hydroxylated 
aromatic residues within the TfdA (20) or TauD2 proteins. 
The TauD structure and TfdA model provide important 
information about the roles of residues surrounding the metal 
center that function in substrate binding and catalysis. These 
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studies set the stc{le for more detailoo analysis of the TauD 
and TfdA enzyme mechanisms using other mutc{lenic, 
biochemical, and biophysical techniques. 
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