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ABSTRACT: Taurine/R-ketoglutarate dioxygenase (TauD), a non-heme mononuclear Fe(II) oxygenase,
liberates sulfite from taurine in a reaction that requires the oxidative decarboxylation ofR-ketoglutarate
(RKG). The lilac-coloredRKG-Fe(II)TauD complex (λmax ) 530 nm;ε530 ) 140 M-1‚cm-1) reacts with
O2 in the absence of added taurine to generate a transient yellow species (λmax ) 408 nm, minimum of
1600 M-1‚cm-1), with apparent first-order rate constants for formation and decay of∼0.25 s-1 and∼0.5
min-1, that transforms to yield a greenish brown chromophore (λmax ) 550 nm, 700 M-1‚cm-1). The
latter feature exhibits resonance Raman vibrations consistent with an Fe(III) catecholate species presumed
to arise from enzymatic self-hydroxylation of a tyrosine residue. Significantly,18O labeling studies reveal
that the added oxygen atom derives from solvent rather than from O2. The transient yellow species, identified
as a tyrosyl radical on the basis of EPR studies, is formed afterRKG decomposition. Substitution of two
active site tyrosine residues (Tyr73 and Tyr256) by site-directed mutagenesis identified Tyr73 as the
likely site of formation of both the tyrosyl radical and the catechol-associated chromophore. The involvement
of the tyrosyl radical in catalysis is excluded on the basis of the observed activity of the enzyme variants.
We suggest that the Fe(IV) oxo species generally proposed (but not yet observed) as an intermediate for
this family of enzymes reacts with Tyr73 when substrate is absent to generate Fe(III) hydroxide (capable
of exchanging with solvent) and the tyrosyl radical, with the latter species participating in a multistep
TauD self-hydroxylation reaction.

Enzymes in theR-ketoglutarate (RKG)1 dioxygenase
superfamily contain mononuclear Fe(II) active sites and
catalyze a diverse range of chemical transformations that
are often, but not always, coupled to the oxidative decar-
boxylation of RKG (1-3). Clavaminic acid synthase (CS)
typifies the chemical versatility of this enzyme class; it
performs hydroxylation, oxidative cyclization, and desatu-
ration reactions during synthesis of theâ-lactamase inhibitor
clavulanic acid (4). More commonly, members of this
enzyme family catalyze specific hydroxylations of protein
side chains, plant metabolites, or other compounds (5).
Proposed chemical mechanisms by which these mononuclear

sites catalyze their reactions commonly invoke a high-valent
iron-oxo species (6-8) by analogy to the mechanisms
associated with heme enzymes, but direct evidence for such
a species is not yet available.

Here, we focus on one representative of theRKG-
dependent dioxygenase superfamily, taurine (2-aminoethane-
sulfonate)/RKG dioxygenase or TauD. ThisEscherichia coli
enzyme is synthesized in response to sulfur starvation and
allows cells to utilize this widely available sulfur donor by
converting it to sulfite and aminoacetaldehyde (see Scheme
1) (9). The initial steps in TauD catalysis are reasonably well
understood. Fe(II) binds reversibly to His99, Asp101, and
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FIGURE 1: TauD active site. The structure of taurine-RKG-Fe(II)-
TauD (10) reveals the amino acid ligands to the metallocenter
(His99, Asp101, and His255), the binding locations ofRKG and
taurine cosubstrates, and the positions of two tyrosine residues
(Tyr73 and Tyr256) found within 10 Å of the metal center.
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His255 on the basis of X-ray crystallographic characterization
of TauD (Figure 1) (10) and site-directed mutagenesis studies
of the closely related enzyme TfdA [2,4-dichlorophenoxy-
acetate (2,4-D)/RKG dioxygenase] (11). Three water mol-
ecules likely occupy the remaining cis-oriented sites of the
substrate-free TauD octahedral center by analogy to the
Fe(II)-bound waters observed in the crystal structure of
deacetoxycephalosporin C synthase (DAOCS), an enzyme
involved in the synthesis of cepham-based antibiotics (12).
Binding of RKG to Fe(II)TauD results in the bidentate
coordination of the C-1 carboxyl and C-2 carbonyl oxygens
on the basis of TauD structural analysis (Figure 1) (10) as
well as on electronic (13) and resonance Raman (14)
characterization of the binary TauD complex, magnetic
circular dichroism studies ofRKG-Fe(II)CS (15), and
structures of theRKG-bound forms of Fe(II)CS, Fe(II)-
DAOCS, and Fe(II) anthocyanidin synthase (4, 12, 16).
Structural elucidation of taurine-RKG-Fe(II)TauD (Figure 1)
(10) combined with spectroscopic studies of TauD (13, 14)
and CS (17, 18) indicate that substrate does not bind directly
to the metal but that its binding to the anaerobicRKG-Fe(II)-
enzyme complex displaces the remaining solvent molecule
to create an O2 binding site. Subsequent steps involving
reaction of oxygen with the ternary complex remain unclear.

Investigation ofRKG-Fe(II)TauD reactivity toward oxygen
revealed a novel self-hydroxylation reaction, as presented
below. Significantly, evidence for the participation of a
tyrosyl radical in this TauD modification was obtained.

EXPERIMENTAL PROCEDURES

Enzyme Purification and Assay. Wild-type TauD apopro-
tein was purified and assayed as previously described (13).
Selected variants of TauD, described below, were purified
and assayed in the same manner. The activities of wild-type
and variant TauD proteins were observed to decrease over
the assay time course; thus, progress curves were analyzed
by fitting the data to the equation

wherePt is the accumulated product at timet, Vi is the initial
velocity, andk(inact) is the inactivation rate constant (19).

Site-Directed Mutants of TauD Lacking ActiVe Site Ty-
rosines.The Y73I, Y73S, Y256I, and Y256F variants of
TauD were created by direct mutation oftauD in pME4141
(9) by using the Stratagene Quickchange System (Stratagene,

La Jolla, CA). The mutagenic primers used were (Y256I)
5′-CGCGTGACCCAGCACATTGCCAATGCCGATTAC-
3′, (Y256F) 5′-CGCGTGACCCAGCACTTTGCCAATGC-
CGATTAC-3′, (Y73I) 5′-GAATTGATTCACCCTGTTAT-
TCCGCATGCCGAAGGG-3′, and (Y73S) 5′-GAATT-
GATTCACCCTGTTAGCCCGCATGCCGAAGGG-3′. The
mutated plasmids were subcloned into DH5R (Invitrogen,
Carlsbad, CA) and purified by using a Wizard Midi-Prep
Kit (Promega, Madison, WI), and the identities were
confirmed by sequence analysis.

Spectroscopy. Stopped-flow UV/visible spectra were ob-
tained by using a 0.4 cm path length Olis RSM-16 UV/visible
stopped-flow spectrophotometer as previously described (13).
Additional electronic spectra were recorded on a Beckman
DU 7500 spectrophotometer in a 1 cmpath length cuvette.
Resonance Raman spectra were collected on an Acton AM-
506 spectrometer (1200-groove grating) using a Kaiser
Optical holographic supernotch filter and a Princeton Instru-
ments liquid N2-cooled (LN-1100PB) CCD detector with 4
cm-1 spectral resolution. The 647.1 and 568.2 nm laser
excitation lines at 100 mW power were obtained with a
Spectra Physics BeamLok 2060-KR-V krypton ion laser. The
Raman spectra were obtained at room temperature by 90°
scattering in a spinning cell, and Raman frequencies were
referenced to indene. For each sample the entire spectral
range was obtained by collecting spectra at two different
frequency windows, and the resulting spectra were spliced
together. Baseline corrections (polynomial fits) and curve
fits (Gaussian functions) were carried out by using Grams/
32 Spectral Notebase version 4.04 (Galactic). EPR spectra
were recorded on a Bruker ESP300E spectrometer equipped
with an Oxford liquid He cryostat.

HPLC Methods.Quantitation of the concentration ofRKG
remaining and succinate produced during O2 treatment was
carried out by using HPLC methods. Samples of Fe(II)TauD
(0.5 mM in subunit and metal ions) were adjusted to 1 mM
RKG, and the headspace was exchanged to 100% O2 while
the extent of chromophore formation was monitored. Alter-
natively, sample containing 0.55 mM subunit, 0.5 mM Fe(II),
and 2 mMRKG was mixed with an equal volume of O2-
saturated buffer, and the extent of chromophore formation
was monitored. Aliquots (100µL) were removed at selected
time points for HPLC determination, and the reactions were
quenched by the addition of 5µL of 6 M H2SO4. The samples
were centrifuged for 5 min, and 50µL aliquots were loaded

Scheme 1

Pt ) Vi(1 - e-k(inact)t)k(inact)-1 (1)
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onto an Aminex HPX-87H column (Bio-Rad) using a
Shimadzu LC-10AD VP pump equipped with a Waters
universal LC injector (Model U6K). The organic acids were
eluted using 0.013 M H2SO4 and detected by a Waters
differential refractometer (Model R401). Data were plotted
on a HP 3390A integrator and the concentrations determined
by comparison to solutions of known concentration.

RESULTS

Reaction ofRKG-Fe(II)TauD with O2. Upon being mixed
with buffer equilibrated under 100% O2, the lilac-colored
chromophore associated with anaerobicRKG-Fe(II)TauD
(λmax ) 530 nm;ε530 ) 140 M-1‚cm-1) converted initially
to a yellow species (λmax ) 408 nm; minimumε408 ) 1600
M-1‚cm-1) that slowly transformed to a greenish brown
chromophore (λmax ) 550 nm; ε550 ) 460 M-1‚cm-1) as
shown in Figure 2. Significantly, the 408 nm species was
not observed during oxygen exposure of taurine-RKG-Fe(II)-
TauD orRKG-free Fe(II)TauD. Furthermore, the presence
of RKG and the absence of taurine were required for
formation of the 550 nm species. The intensities of the
transient and 550 nm chromophores were highly dependent
on the concentration of Fe(II). Maximal 408 nm chromophore
formation was observed when Fe(II) concentrations were
approximately stoichiometric with the subunit concentrations.

The production of the two chromophores in O2-exposed
RKG-Fe(II)TauD is reminiscent of, but distinct from, the
generation of a blue species (ε580 ) 1000 M-1‚cm-1)
observed in the uncoupled reaction of O2 with RKG-Fe(II)-
TfdA (20). The TfdA-derived spectrum arises from self-
hydroxylation of Trp112 (located adjacent to the His113
metal ligand), ligand exchange, and metal oxidation to form
an Fe(III)-O-Trp chromophore. The TauD results suggest that
a unique self-hydroxylation reaction may take place in this
protein. Because resonance Raman spectroscopic character-
ization was critical to the identification of the TfdA chro-
mophore, analogous spectroscopic studies were carried out
with TauD.

Resonance Raman Spectroscopy of O2-ExposedRKG-
Fe(II)TauD.The resonance Raman spectrum of the greenish
brown sample derived from exposure ofRKG-Fe(II)TauD
to O2 exhibits a set of vibrations not observed in the spectrum
of RKG-Fe(II)TauD before exposure to O2 (Figure 3). This

spectrum resembles those of tyrosine hydroxylase complexed
with various catecholamines (21, 22) and those of recom-
binant phosphomannose isomerase and the R2 protein of
ribonucleotide reductase obtained from an F208Y mutation
(Table 1), both of which possess dihydroxyphenylalanine
(dopa) side chains chelated to the metal center (23, 24).
Specifically, the bands in the 1100-1500 cm-1 region arise
from catecholate ring deformations, while those at 500-650
cm-1 can be assigned to metal-ligand vibrations associated
with the five-membered iron-catecholate chelate ring. In
contrast, the pattern of peak frequencies and intensities in
the TauD spectrum is distinctly different from those of
protocatechuate 3,4-dioxygenase (25), uteroferrin (26), and
O2-exposedRKG-Fe(II)TfdA (20), respectively ruling out
the presence of Fe(III)-O-Tyr and Fe(III)-O-Trp chromo-
phores. Thus it would appear that a tyrosine residue has
become hydroxylated to dopa in the course of forming the
greenish brown chromophore.

Isotope labeling experiments have been carried out to
determine the origin of the oxygen atom that is inserted into
the Tyr residue. Samples were prepared fromRKG-Fe(II)-
TauD in H2

16O buffer and exposed to18O2 or from RKG-
Fe(II)TauD in H2

18O buffer and exposed to16O2 (Figure 3C).
The 1261 cm-1 band is associated with an aromatic ring
deformation involving the catecholate C-O bonds (22). No
shift is observed in the18O2 experiment, but there is a 7 cm-1

downshift in the H2
18O experiment. For comparison, a 4 cm-1

downshift is reported for the tyrosine hydroxylase-[3-18O]-
dopamine complex (22), but no shift is observed for [3-18O]-
dopa208 R2 (23). While the reason for this variability is not

FIGURE 2: Repetitive scan UV/visible spectroscopic analysis of the
reaction ofRKG-Fe(II)TauD with oxygen-saturated buffer. Spectra
were obtained for anaerobic Fe(II)TauD (0.5 mM ferrous am-
monium sulfate and 0.55 mM TauD subunit in 25 mM Tris buffer,
pH 8.0) containing 2 mMRKG (red trace) and the sample 13 s
after adding an equal volume of O2-saturated buffer (yellow trace)
or longer times up to 100 min (gray traces) in a cuvette of 1 cm
path length. In addition, a scan was taken after 3 h (blue trace).

FIGURE 3: Resonance Raman spectrum ofRKG-TauD species.
Raman spectra were obtained for the (A) lilac-coloredRKG-Fe(II)-
TauD (568.2 nm excitation), (B) a greenish brown sample formed
upon exposure ofRKG-Fe(II)TauD to O2 (647.1 nm excitation),
and (C) a greenish brown sample formed upon exposure ofRKG-
Fe(II)TauD in H2

18O to O2 (647.1 nm excitation).
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apparent, it is clear that18O from water, but not from O2, is
incorporated into the newly formed catecholate of TauD.

Unfortunately, interpretation of the isotope effects in the
low-frequency region is not as straightforward. The two
sharper features at 623 and 644 cm-1, both assigned to the
Fe-O4 vibration, are unaffected in the isotope labeling
experiments (Table 1). This is not surprising as O4 is the
native oxygen atom of the Tyr residue that is converted to
dopa. The fact that there are two features associated with
Fe-O4 is attributed to the presence of two forms of the
enzyme, respectively with and without the bound bicarbonate
derived from the oxidative decarboxylation ofRKG. Expul-
sion of the bound bicarbonate by addition of the substrate
taurine results in the loss of the 623 cm-1 peak.2 The Fe-
O3 stretch is associated with the much broader feature at
580 cm-1 in the16O enzyme. This band disappears upon the
incorporation of18O from water into the catecholate (Figure
3C). In isotope labeling studies of other protein complexes
with dopa-like ligands, the vibration associated with the Fe-
O3 bond has been observed to downshift upon18O incor-
poration into the 3-O atom (Table 1). However, rationalizing
the disappearance of the 580 cm-1 band in the TauD
spectrum would require a rather large downshift of ca. 35
cm-1 so that it merges with the 544 cm-1 feature. Further-
more, corresponding spectra from the18O2 experiments are
difficult to interpret because the features below 600 cm-1

appear even broader. Despite the ambiguity of the low-
frequency data, the accumulated results nevertheless indicate
that the dopa O3 oxygen atom in TauD derives from water,
just like the oxygen atom incorporated into the HO-Trp
residue formed upon exposure ofRKG-Fe(II)TfdA to O2

(20).
Stopped-Flow Spectroscopic Analysis of the 408 nm

Intermediate in O2-ExposedRKG-Fe(II)TauD. To better
define the properties of the transient 408 nm species, stopped-
flow UV/visible spectroscopic methods were used. This
analysis allowed examination of the kinetics of formation
of the 408 nm feature (and the accompanying 385 nm
shoulder) generated upon mixingRKG-Fe(II)TauD with
100% O2-saturated buffer (Figure 4). Enzyme,RKG, Fe(II),

and oxygen were all required to obtain this yellow species.
As summarized in Table 2, the rate constant for 408 nm
species formation (∼0.25 s-1) was independent of the
concentrations of iron andRKG but did appear to depend
on oxygen concentration. Not surprisingly, the signal am-
plitudes were diminished in cases where theRKG or oxygen
concentrations were less than that of the enzyme subunit.
When measured over the first 20 min, this feature decayed
in an apparent first-order process at 0.58( 0.10 min-1 and
then declined an additional∼15% over the next 2 h.

EPR Spectroscopic Changes in O2-ExposedRKG-Fe(II)-
TauD. The transient yellow chromophore described above
exhibited features reminiscent of those reported previously
for tyrosyl radicals (27, 28); hence, confirmatory studies were
carried out using electron paramagnetic resonance (EPR)
spectroscopy to test for such a species. Oxygen exposure of
RKG-Fe(II)TauD led to the rapid development of an intense
EPR feature atg ) 2 in addition to a rhombic high-spin
Fe(III) signal atg ) 4.3 (Figure 5A). Comparison to a 1,1-
diphenyl-2-picrylhydrazyl standard of known concentration
suggested stoichiometric formation (0.9( 0.4 spin per mole
of subunit) of this radical species, again in a process requiring
enzyme,RKG, Fe(II), and oxygen. Expanded spectra of the
g ) 2 feature recorded at 4, 100, and 220 K (Figure 5B)
highlight the effect of temperature on the signal line shape.
Simulation of the spectrum recorded at 165 K (Figure 5C)
was achieved by usingg-values and proton hyperfine

2 M. J. Ryle, K. D. Koehntop, A. Liu, L. Que, Jr., and R. P.
Hausinger, unpublished observations.

Table 1: Resonance Raman Vibrations of Proteins with Fe(III) Catecholate and Related Chromophores

Raman vibrations (cm-1)protein/complexa ref

RKG-Fe(II)TauD+ O2 544 580 623 644 1128 1261 1314 1345 1425 1453 1475 this work
RKG-Fe(II)TauD+ 18O2 ? ? 623 644 1261 1314 1345 1425 1453 1475
RKG-Fe(II)TauD+ O2 in H2

18O 548 623 644 1128 1254 1314 1345 1425 1453 1475
dopa208 RNR R2 512 592 619 1143 1263 1319 1350 1475 156923
[3-18O]dopa208 RNR R2 499 584 617 1143 1263 1319 1350 1475 1569
TH-dopamine 528 592 631 1275 1320 1425 1475 22
TH-[3-18O]dopamine 522 580 629 1271 1320 1425 1475
TH-noradrenaline 530 624 636 1171 1271 1328 1428 1476 22
TH-[3-18O,4-18O]noradrenaline 512 552-597 624 1168 1266 1317 1424 1474
recombinant phosphomannose isomerase 591 631 1266 1330 1428 1482 165024
protocatechuate 3,4-dioxygenase 592 826 1172 1254 1506 160426

(Fe-O-Tyr) 854 1180 1266
uteroferrin (Fe-O-Tyr) 575 805 1168 1285 1503 160327

872
RKG-Fe(II)TfdA + O2 (Fe-O-Trp) 564 750 898 1240 1274 1344 162220

970
a RNR R2) the R2 protein of ribonucleotide reductase fromE. coli; TH ) tyrosine hydroxylase.

Table 2: Effect of Reactant Concentration on the Rate of 408 nm
Chromophore Formation

[RKG]
(mM)

[Fe(II)]
(mM)

[TauD]
(mM)

[O2]
(mM)

obsd
rate (s-1)a amplitude nsb npc

0.125 0.25 0.275 0.5 0.20( 0.03 0.072 12 3
0.25 0.25 0.275 0.5 0.20( 0.02 0.113 8 2
0.5 0.25 0.275 0.5 0.22( 0.01 0.143 3 1
1.0 0.25 0.275 0.5 0.21( 0.01 0.134 6 2
2.0 0.25 0.275 0.5 0.27( 0.04 0.114 10 4
4.0 0.25 0.275 0.5 0.22( 0.03 0.113 15 3
4.0 0.125 0.275 0.5 0.23( 0.04 0.068 11 3
4.0 0. 25 0.275 0.1 0.11( 0.03 0.052 8 3

a Rates were obtained by using a single-wavelength, single-
exponential fitting routine provided in the Olis software package.
Individual scans were fit from 10 ms to 15 s.b Number of stopped-
flow traces averaged to obtain the presented rates.c Number of
independent protein preparations used for comparisons.
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coupling constants consistent with those previously reported
for tyrosyl radicals (see figure caption for magnetic resonance
parameter values) (27-29). These proton hyperfine couplings
predict an odd-alternate distribution of the unpaired electron
spin density about the aromatic ring as well as dihedral angles
of 48° and 72° for the orientation of the methylene protons
relative to the ring plane (30). The EPR signal attributed to
the tyrosyl radical decayed over time at room temperature
(Figure 5A), coincident with loss of the 408 nm species.

To address the question of proximity of the tyrosyl radical
to the high-spin Fe center, inversion recovery experiments
using the three-pulse spin-echo sequence (π-T-π/2-tau-
π-tau-echo) were carried out. In these experiments, the
amplitude of the spin-echo was monitored as a function of
T, keeping tau in the spin-echo sequence constant. Data
obtained at 5 K show complex recovery functions that can
be fit to a single-exponential decay with a lifetime of 11µs.
This estimate ofT1 is about 1000 times shorter than that
measured by Evelo et al. (31) for the dark-stable tyrosyl
radical of photosystem II at 5 K. In that system, relaxation
was enhanced by the Mn cluster of the oxygen-evolving
apparatus that is approximately 15-20 Å away (32). Because
the dipolar contribution to the spin-lattice relaxation varies
as S(S + 1)/r6, we would expect to gain a factor of 10 in
recovery rate based on the higher spin of the Fe center.
However, the additional factor of 100 inT1 enhancement

likely results from a dipolar distance that is a factor of 2
shorter. On the basis of these preliminary results, the metal
center is likely 7-10 Å from the tyrosyl radical. As shown
in Figure 1, both Tyr73 and Tyr256 residues are within this
distance of the metal center. Experiments to assess the effects
of spectral and spin diffusion on our measured T1 values
are currently underway.

Temporal Relationships amongRKG Decomposition,
Spectroscopic Changes, and Enzyme InactiVation.The head-

FIGURE 4: Formation of the transient yellow intermediate during
reaction ofRKG-Fe(II)TauD with oxygen using stopped-flow UV/
visible spectroscopy. (A) Stopped-flow spectral changes were
analyzed upon mixing equal volumes of 100% O2-saturated buffer
andRKG-Fe(II)TauD (1.0 mMRKG, 0.55 mM TauD subunit, and
0.5 mM ferrous ammonium sulfate) in 25 mM Tris buffer, pH 8.0.
The least intense spectrum was recorded at 10 ms, and spectra with
increasing intensity were obtained at 1 s intervals (0.4 cm path
length). (B) A single-exponential fit of the observed changes in
408 nm absorbance over time yielded a rate constant of chro-
mophore formation of 0.29( 0.02 s-1. The plot includes both the
data and the overlapping fit. (C) The residuals are shown for the
single-exponential fit.

FIGURE 5: EPR spectroscopic evidence for a transient tyrosyl radical
in TauD. (A) The EPR spectra recorded at 4 K using 50 µW
microwave power for samples frozen at the indicated times after
mixing equal volumes ofRKG-Fe(II)TauD (2 mMRKG, 0.5 mM
ferrous ammonium sulfate, and 0.6 mM protein subunit) and O2-
saturated buffer. A single-exponential fit (not shown) of the change
in peak-to-peak intensity of theg ) 2 signal (using values at 3375.2
and 3398.5 G) versus time resulted in a rate of signal loss of 0.50
( 0.02 min-1. (B) Expanded spectra of theg ) 2.0 region recorded
at 4, 100, and 200 K for the O2-exposed (∼13 s) sample containing
0.5 mM RKG, 0.25 mM ferrous ammonium sulfate, and 0.28 mM
TauD subunit. (C) Simulation (blue trace) and experimental
spectrum (black trace) for an analogous sample recorded at 165 K.
The simulation provided the following spin Hamiltonian param-
eters: gx, 2.0068;gy, 2.0044;gz, 2.0023; proton hyperfine coupling
constants (in MHz), methylene protons (24.5, 24, 31) and (<6, <6,
<6); 2,6 protons (-7.0, -4.4, -1.1); 3,5 protons (-27.3, -8.8,
-19.6).
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space of a vial containing anaerobicRKG-Fe(II)TauD was
replaced by 100% O2 while changes in the organic acid
concentrations and 550 nm absorption were monitored
(Figure 6A). This method of mixing the sample with oxygen
resulted in a slow absorption increase at 550 nm compared
to that observed by mixing sample with oxygen-saturated
buffer (Figure 2 or 6B) but allowed greater ease in monitor-
ing the levels ofRKG and succinate. Chromophore formation
occurred after the consumption of approximately 1 equiv of
RKG and generation of about 1 equiv of succinate per TauD
subunit. When the reaction was repeated by mixing the
anaerobic sample with an equal volume of O2-saturated
buffer, the chromophore (Figure 6B, squares) formed at a
greatly increased rate (0.18( 0.04 min-1 using data collected
up to 20 min), and nearly stoichiometric levels (0.8 per
subunit) of the organic acid were converted to succinate and
CO2 within 0.2 min (not shown). Incubation for a total of
100 min led to a doubling of the intensity of the 550 nm
absorption (to the 100% value in Figure 6B) and the
decomposition of an additional 0.4RKG per subunit.
Significantly, the tyrosyl radical formed rapidly and decayed
(monitored by the decrease in 408 nm absorption and by
loss of EPR spectral intensity with first-order rate constants
of 0.58( 0.10 min-1 and 0.50( 0.02 min-1, respectively)
prior to generation of the 550 nm species.

The activity of theRKG-Fe(II)TauD sample was assessed
at different times after mixing with oxygen. Anaerobic
solutions ofRKG-Fe(II)TauD were mixed with equal vol-
umes of O2-saturated buffer [resulting in final concentrations

of 275µM TauD subunit, 250µM Fe(II), and 0.5 mMRKG]
for varied periods of time, adjusted to 250µM taurine, further
reacted for 1 min, quenched by EDTA addition, and analyzed
for sulfite. As shown in Figure 6B (triangles), taurine
additions at 5, 10, 60, 600, and 1200 s resulted in the
production of 170, 125, 63, 5.4, and 2.0µM sulfite. For
comparison, a control sample with taurine present in the
original solution yielded 220µM sulfite. Thus, as shown in
Figure 6B, the enzyme lost activity more rapidly (1.7 min-1)
than the observed decay of the tyrosyl radical. This result is
not surprising when one considers that, in addition to any
irreversible inactivation that may occur from side chain
modification, TauD is likely to be reversibly inactivated
simply by oxidation of the metal center on the basis of studies
carried out with TfdA (19). Indeed,∼60% of the original
TauD activity was recovered by dithionite reduction, EDTA
treatment, dialysis, and reintroduction to the assay conditions.

Properties of TauD Variants.Enzyme variants were
created with substitutions at Tyr73 and Tyr256 (located 6.5
and 9.3 Å from the metallocenter, respectively; Figure 1) to
assess the possibility that an active site tyrosine residue is
modified in the reaction ofRKG-Fe(II)TauD with oxygen.
As shown in Figure 7, formation of the tyrosyl radical
(observed at 408 nm) required the presence of Tyr73 but
not Tyr256. Furthermore, the greenish brown chromophore
was clearly formed in the Tyr256 mutant proteins, but the
variants lacking Tyr73 exhibited significantly reduced ab-
sorbance at 550 nm with no clear maximum. These results
suggest that Tyr73 participates in the formation of both of
these chromophores. Analysis of TauD variants confirmed
that Tyr73 was required to generate the EPR signal signifying
radical formation (Figure 8).

To assess the potential importance of Tyr73 and Tyr256
to catalysis, the kinetic properties of the Y73I, Y73S, Y256I,
and Y256F TauD variants were compared to the activity of
the wild-type enzyme (Figure 9 and Table 3). Significantly,

FIGURE 6: Relationships amongRKG consumption, succinate
formation, and chromophore formation during O2 treatment ofRKG-
Fe(II)TauD. (A) Anaerobic samples of Fe(II)TauD (0.5 mM in
subunit and metal ions) were adjusted to 1 mMRKG and exposed
to 100% O2 without shaking while the extent of chromophore
formation was monitored (triangles). Aliquots were removed for
HPLC determination ofRKG (circles) and succinate (squares) at
the indicated times. (B) An analogous sample was mixed with 100%
O2-saturated buffer. The changes in spectral intensities at 550 nm
(squares) and 408 nm (open circles) were each fit to single-
exponential processes for data collected between 25 s to 20 min,
resulting in rates of 0.18( 0.04 min-1 and 0.58( 0.10 min-1.
Also shown is the remaining activity (triangles) and theg ) 2 EPR
signal intensity (closed circles, derived from Figure 7A) fitted to
rates of 1.7( 0.7 min-1 and 0.50( 0.02 min-1, respectively.

FIGURE 7: UV/visible spectroscopic analysis of the reaction of
RKG-bound TauD variants with oxygen. Spectra were obtained∼10
s (A) and 2 h (B) after mixing anaerobicRKG-Fe(II)TauD samples
(0.5 mM ferrous ammonium sulfate, 0.55 mM TauD subunit, and
2 mM RKG in 25 mM Tris buffer, pH 8.0) with equal volumes of
O2-saturated buffer. Spectra are presented for wild-type TauD (black
trace) and the Y256I (blue trace), Y256F (red trace), Y73I (green
trace), and Y73S (purple trace) variants.
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each of these modified proteins was active, thus establishing
that neither of these tyrosines is essential for catalysis.
Although past studies had assumed linear kinetics over the
first few minutes of the assay (9, 13), the TauD variants and,
to a lesser extent, the wild-type enzyme exhibited inactivation
kinetics within this time frame (Figure 9). This behavior is
not surprising since the activities of severalRKG-dependent
dioxygenases are known to decrease over time in a process
that is partially reversed by ascorbic acid. For example, the
related enzyme TfdA was shown to undergo a combination
of irreversible inactivation (possibly associated with enzyme
self-hydroxylation (20)) and ascorbate-reversible inactivation
(presumably due to metal oxidation) (19). TauD was
inactivated 35% more rapidly in the absence of ascorbate
(kinact 0.25( 0.04 min-1) than in its presence (Table 3) when
compared at 1 mM taurine. On the basis of the calculated
initial rates shown in Table 3, each of the mutant proteins is
less active than the wild-type enzyme (detailed kinetics are
provided for only two variants since the other two mutant

proteins exhibited very little activity). Some loss of activity
is not unexpected for cases where active site residues are
altered, as demonstrated by prior studies with TfdA (33). In
particular, Tyr73 has been suggested to participate in binding
taurine via a hydrogen-bonding interaction (10). Consistent
with this assignment, the Y73I mutant protein resulted in a
5-fold increase inKM of taurine compared to the wild-type
enzyme. In contrast, a more modest 2-fold increase inKM

was observed for the Y256F variant.

DISCUSSION

We have obtained evidence demonstrating thatRKG-
Fe(II)TauD reacts with oxygen in the absence of taurine to
generate a transient tyrosyl radical that subsequently gives
rise to a catechol. This self-hydroxylation reaction is
manifested by the appearance of a greenish brown chro-
mophore that arises from a catecholate-to-iron(III) charge-
transfer transition (λmax 550 nm,ε 700 M-1‚cm-1). Compared
with other iron(III) catecholate chromophores such as those
found in the complexes of tyrosine hydroxylase with dopa-
mine or noradrenaline (22), dopa208 R2 (34), and recom-
binant phosphomannose isomerase (24), greenish brown
TauD has an extinction coefficient that is about one-third as
large, suggesting that only∼33% of the enzyme has been
modified. This assessment is consistent with the observation
that about 60% of enzyme activity can be recovered after
treating samples with a reducing agent plus chelator, dialyz-
ing, and examining the enzyme in fresh assay buffer. On
the basis of results from site-directed mutagenesis studies,
we identified Tyr73 as the site of both radical and catechol
formation. Below, we discuss a reasonable chemical mech-
anism to account for these transformations. In addition, we
relate these results to uncoupled reactions observed in the
broader family of non-heme oxygenases and speculate on
the possible roles of these transformations.

The multistep sequence of reactions described above for
oxygen-exposedRKG-Fe(II)TauD appears to be initiated
with O2-dependentRKG decomposition. This reaction is
likely to parallel that which occurs during catalysis in the
presence of taurine. In the commonly invoked mechanism
for this enzyme family (Scheme 2), an iron(IV) oxo species
responsible for substrate oxidation is suggested to be derived
from O2 binding to the iron(II)RKG center and attack by
the bound superoxide on theR-keto carbon ofRKG, followed
by decarboxylation and heterolytic O-O bond cleavage (4,
6-8). There is currently no direct spectroscopic evidence
for this iron(IV) oxo intermediate, although such species have
been observed for heme (35) and for non-heme diiron
enzymes such as methane monooxygenase (36) and ribo-
nucleotide reductase (27). Perhaps this lack of evidence
speaks to the relative instability and greater reactivity of a
mononuclear iron(IV) oxo species in a non-heme ligand
environment. We propose that when substrate is absent, the
TauD iron-oxo species still forms but attacks the nearby
(6.5 Å distant) Tyr73 instead, leading to formation of the
tyrosyl radical and an Fe(III) OH center. The transient tyrosyl
radical in TauD then rebounds with the Fe(III) OH center to
form an iron(II) catecholate complex. Subsequent oxidation
in the presence of air generates the observed 550 nm
chromophore. It is clear from the kinetic data presented above
that the Tyr‚/Fe(III) OH intermediate must have a sufficient
lifetime to allow solvent exchange to occur with the

FIGURE 8: EPR spectroscopic analysis of the reaction ofRKG-
bound TauD variants with oxygen. AnaerobicRKG-Fe(II)TauD (0.5
mM ferrous ammonium sulfate, 0.55 mM TauD subunit, and 2 mM
RKG in 25 mM Tris buffer, pH 8.0) was mixed with an equal
volume of O2-saturated buffer. Spectra are presented for wild-type
TauD (black trace) and the Y256I (blue trace), Y256F (red trace),
Y73I (green trace), and Y73S (purple trace) variants. Samples were
frozen at∼13 s, and the EPR spectra were recorded at 200 K using
50 µW microwave power.

FIGURE 9: Progress curves of wild-type and mutant TauD proteins.
The production of sulfite (9) was monitored as a function of time
using standard assay conditions in the presence of 640µM taurine.
Samples examined included 1µg of wild-type TauD (closed circles)
or 2 µg of the Y73I (inverted closed triangles), Y256F (closed
triangles), Y73S (open circles), and Y256 I (closed squares) variants.

Table 3: Summary of Kinetic Parameters for Wild-Type TauD and
Selected Variants

enzyme
KM (taurine)

(µM)
kcat

(min-1)
kcat/KM

(µM-1 min-1)
inactivation
ratea (min-1)

wild type 58( 6 758( 26 13.1( 1.8 0.19( 0.04
Y73I 243( 33 438( 35 1.80( 0.32 0.76( 0.06
Y256F 122( 17 371( 16 3.04( 0.55 0.52( 0.07

a Calculated for data using 1 mM taurine.
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kinetically labile high-spin Fe(III) center, thereby providing
a mechanism for the incorporation of18O from H2

18O into
the resulting dopa residue as detected in the resonance Raman
studies. A similar mechanism is proposed for the formation
of the dopa residue in dopa208 R2 with the 3-O atom derived
from solvent water (23). In this case, the Fe to Tyr distance
is 5.3 Å (27).

The RKG-dependent dioxygenases are known to exhibit
low, but detectable, oxygen reactivity in the presence of only
RKG and metal ions (e.g., refs13 and 20). In contrast,
binding of the primary substrate leads to increased oxygen
reactivity due to displacement of a water molecule from the
six-coordinateRKG-bound active site, thus creating a binding
site for O2 (e.g., refs13, 17, and18). It has long been known
that the RKG-dependent dioxygenases undergo oxidative
inactivation in the presence of poor substrates due to the
uncoupling ofRKG decomposition and substrate oxidation
(e.g., refs37-40). As observed here with TauD, ascorbate
can enhance the activity of these enzymes by reducing the
oxidized metallocenter to restore the catalytically active
Fe(II) state. In addition to this reversible type of inactivation,
irreversible modifications of these proteins also occur (19).
For example, oxygen exposure ofRKG-Fe(II)TfdA results
in hydroxylation of an active site Trp residue (20), and
oxidation of 1-aminocyclopropane-1-carboxylate oxidase
leads to enzyme fragmentation (41). The results described
here provide another example of irreversible modifications
due to oxidative reactions involving tyrosine. On the basis
of the rapid inactivation of our Tyr73 variants, we speculate
that tyrosine hydroxylation may afford protection to TauD
by preventing more damaging reactivity (e.g., backbone
cleavage) with activated oxygen intermediates. More sig-
nificantly, these studies provide the first evidence related to

the identity of a distinct intermediate, a tyrosyl radical, in
the oxidative inactivation of anyRKG-dependent dioxyge-
nase. The likely involvement of a tyrosyl radical in TauD
self-hydroxylation reactions may relate to the mechanisms
of tyrosine or tryptophan amino acid side chain hydroxylation
or cross-linking reactions noted in selected other non-heme
iron and other metal-containing proteins (27). These modi-
fications, including the hydroxy-Trp in TfdA (20) and F208Y
hydroxylation in the R2 protein of ribonucleotide reductase
(42), likely form through the participation of aromatic radical
intermediates.

In conclusion, we suggest that oxygen-exposedRKG-
Fe(II)TauD catalyzes oxidative decomposition of theR-keto
acid analogous to that occurring during catalysis when taurine
is present, resulting in generation of a putative, formally
iron(IV) oxo species. We further suggest that this moiety
reacts with the nearby Tyr73 to form an iron(III) amino acid
radical species, as depicted in Scheme 2. The TauD radical
species then participates in additional reactions resulting in
the catechol-containing derivative.
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