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ABSTRACT: Recent studies on taurine:R-ketoglutarate dioxygenase (TauD) fromEscherichia colihave
provided evidence for a three-step, minimal kinetic mechanism involving the quaternary TauD‚Fe(II)‚R-
ketoglutarate‚taurine complex, the taurine-hydroxylating Fe(IV)-oxo intermediate (J) that forms upon
reaction of the quaternary complex with O2, and a poorly defined, Fe(II)-containing intermediate state
that converts in the rate-limiting step back to the quaternary complex [Price, J. C., Barr, E. W., Tirupati,
B., Bollinger, J. M., Jr., and Krebs, C. (2003)Biochemistry 42, 7497-7508]. The mapping of this kinetic
mechanism onto the consensus chemical mechanism for the Fe(II)- andR-ketoglutarate-dependent
engendered several predictions and additional questions that have been experimentally addressed in the
present study. The results demonstrate (1) that postulated intermediates between the quaternary complex
andJ accumulate very little or not at all; (2) that decarboxylation ofR-ketoglutarate occurs prior to or
concomitantly with formation ofJ; (3) that the second intermediate state comprises one or more product
complex with Mössbauer features that are partially resolved from those of the binary TauD‚Fe(II), ternary
TauD‚Fe(II)‚R-ketoglutarate, and quaternary TauD‚Fe(II)‚R-ketoglutarate‚taurine complexes; and (4) that
the rate-determining step in the catalytic cycle is release of product(s) prior to the rapid, ordered binding
of R-ketoglutarate and then taurine to regenerate the O2-reactive quaternary complex. The results thus
integrate the previously proposed kinetic and chemical mechanisms and indicate which of the postulated
intermediates in the latter will be detectable only upon perturbation of the kinetics by changes in reaction
conditions (e.g., temperature), protein mutagenesis, the use of substrate analogues, or some combination
of these.

The Fe(II)- andR-ketoglutarate-dependent dioxygenases
are a large family of enzymes (1) with roles in the
biosynthesis of collagen (2), the cellular detection of and
initiation of response to hypoxia (3, 4), the biosyntheses of
antibiotic compounds (5-7), the repair of alkylated DNA
(8, 9), and other biological processes. These enzymes couple
the oxidative decarboxylation ofR-ketoglutarate (RKG)1 to
the oxidation (mostly hydroxylation) of unactivated carbon
atoms. Taurine:R-ketoglutarate dioxygenase (TauD) from
Escherichia coli, a member of this family and the subject of
the present study, hydroxylates C1 of taurine (2-aminoethane-
1-sulfonic acid) and other organosulfonates, leading to

elimination of sulfite and thereby initiating the acquisition
of sulfur from compounds that contain the element in a form
that would otherwise be biologically inert (10).

Members of the family to which TauD belongs employ a
conserved His2(Asp/Glu)1-coordinated Fe(II) active site motif
and are presumed to share a common chemical mechanism
(11, 12) (shown in Scheme 1, adapted for the specific case
of TauD). This mechanism, first proposed more than two
decades ago (13), involves several chemically plausible
intermediates. However, until recently, no direct evidence
for any of these species had been reported. Recently, stopped-
flow absorption and freeze-quench Mo¨ssbauer experiments
on TauD provided the first direct demonstration of an
oxidized iron intermediate (hereafter denotedJ) in O2

activation by a member of this family (14). A three-step,
minimal kinetic mechanism for the TauD catalytic cycle,
involving the reactant TauD‚Fe(II)‚RKG‚taurine quaternary
complex,J, and a poorly defined Fe(II)-containing, second
intermediate state, was formulated. The subsequent demon-
stration of a large deuterium kinetic isotope effect on decay
of J upon substitution of C1 of taurine suggested thatJ is
the long-postulated, substrate-hydroxylating Fe(IV)-oxo
complex (15), a suggestion later confirmed by resonance
Raman and EXAFS characterization of the intermediate (16,
17).

The combined kinetic and spectroscopic data allow the
minimal kinetic mechanism to be mapped onto the consensus
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chemical mechanism (Scheme 1). In the kinetic/chemical
mechanism, addition of O2 to the TauD‚Fe(II)‚RKG‚taurine
complex leads through two nonaccumulating complexes
(speciesI andII ) to J. Decay ofJ and taurine hydroxylation
by abstraction of an H atom from C1 and radical rebound
appears kinetically as a single step and generates the second
intermediate, which decays in the rate-limiting step back to
the reactant quaternary complex. The second intermediate
could be either an enzyme‚product(s) complex or the binary
TauD‚Fe(II) complex awaiting rebinding of substrates. Thus,
conversion of the second intermediate state to the O2-reactive
quaternary complex could potentially involve product dis-
sociation, substrate rebinding, a protein conformational
change, or some combination of these processes.

The kinetic/chemical mechanism (Scheme 1) makes
several predictions. First, formation ofJ should be kinetically
first-order with respect to oxygen and the quaternary TauD‚
Fe(II)‚RKG‚taurine complex, so long as the intervening
intermediates fail to accumulate. Second, release of CO2 from
RKG should occur concomitantly with formation ofJ.
Finally, the second intermediate should accumulate to an
extent that direct spectroscopic evidence for its existence and
nature might be obtained. Importantly, elucidation of the
nature of this state would define the rate-limiting step in
TauD catalysis, which is conversion of the second intermedi-
ate back to the O2-reactive quaternary complex.

In this study, the above predictions and outstanding
questions have been addressed experimentally to evaluate
and expand the published description of the TauD reaction
cycle. The results are in full accordance with the published
kinetic and chemical mechanisms and establish (1) that

intermediates between the reactant quaternary complex and
J accumulate to a minor extent or not at all under these
reaction conditions, (2) that decarboxylation ofRKG pre-
cedes or accompanies formation ofJ, and (3) that the rate-
limiting step in the TauD cycle is dissociation of product(s).

MATERIALS AND METHODS

Materials. Culture media components (yeast extract and
tryptone) were purchased from Marcor Development Cor-
poration (Hackensack, NJ). Isopropyl-â-D-thiogalactopyra-
noside (IPTG) was purchased from Biosynth International
(Naperville, IL). Ampicillin was purchased from IBI (Shel-
ton, CT). 5,5′-Dithio-bis-(2-nitrobenzoic acid) (Ellman’s
reagent) was purchased from Pierce (Rockford, IL). Glycerol,
ammonium sulfate, sodium chloride, ferrous ammonium
sulfate, and sodium hydroxide were purchased from EM
Science (Gibbstown, NJ). Trizma (Tris) base, 2-amino-
ethane-1-sulfonic acid (taurine), 2-oxoglutarate (RKG),
sodium sulfite, imidazole, poly(ethyleneimine), ethylenedi-
aminetetraacetic acid (EDTA), sodium hydrosulfite (sodium
dithionite), and 2-methylbutane were purchased from Sigma
Corp. (St. Louis, MO). Trichloroacetic acid and sulfuric acid
were purchased from Fisher Scientific (Pittsburgh, PA).
Dithiothreitol (DTT) was purchased from United States
Biochemical (Cleveland, OH). DEAE-Sepharose FF resin
was purchased from Pharmacia (Piscataway, NJ).57Fe metal
was purchased from Advanced Materials and Technologies
(New York, NY). 1-[14C]-RKG was purchased from New
England Nuclear (Boston, MA). All reagents used for
synthesis of 1,1-[2H]2-taurine were purchased from Aldrich
Chemical Corp. (St. Louis, MO) and, unless otherwise noted,

Scheme 1: Mapping of the Minimal Kinetic Mechanism for TauD Presented in Ref14 onto the Current Working Hypothesis
for the Chemical Mechanisma

aThe assignment of rate constants to individual steps relies on results from this work and from refs14-17. The rate constants refer to the
reaction at 5°C.
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were used without further purification. Silica gel for the
column chromatography was purchased from Sorbent Tech-
nologies (Atlanta, GA).O-[2H]-tert-butyl alcohol (99%
isotopic enrichment) and [2H]5-ammonium hydroxide (99%
enrichment) were purchased from Cambridge Isotope Labo-
ratories (Andover, MA).

Preparation and Characterization of TauD. TauD was
overexpressed and purified as previously described (14), with
a single modification. During overnight incubation following
induction of expression, cultures were shaken at room
temperature (21( 1 °C) rather than 18°C. The quality of
TauD preparations was assessed as previously described (14)
by determination of specific enzyme activity and quantity
of Fe(II) taken up in O2-free titrations of the apoenzyme in
the presence ofRKG and taurine. These titrations were
monitored by development of the metal-to-ligand charge-
transfer band at 520 nm.

Synthesis of 1,1-[2H]2-Taurine.Deuterium-substituted tau-
rine was synthesized from chlorosulfonylacetyl chloride
according to Scheme 2. Conversion to the phenoxysulfonyl-
acetic acid phenyl ester (step A) was accomplished by a
procedure similar to that of Hoogenboom et al. (18). Starting
material (4.0 g, 23 mmol) was added to phenol (4.7 g, 50
mmol) under an argon atmosphere. Toluene (3 mL) was
added to the mixture, followed by refluxing for 12 h. The
toluene was removed under vacuum, and the product was
purified by chromatography on silica. After adsorption of
the crude product, the column was flushed with 1 vol of
hexane to remove any residual toluene, and the product was
eluted with dichloromethane/hexane (60% dichloromethane
by volume). After removal of the solvent under vacuum, the
product was obtained as a cream-colored solid (5.4 g, 19
mmol). 1H NMR (22 °C, 300 MHz, CDCl3): 4.37 ppm
singlet (2H), 7.15 ppm multiplet (2H), 7.36 ppm multiplet
(8H). 13C NMR (22°C, 75 MHz, CDCl3): 54.4 ppm singlet,
121.5 ppm singlet, 122.6 ppm singlet, 127.2 ppm singlet,
128.3 ppm singlet, 130.1 ppm singlet, 130.6 ppm singlet,
149.7 ppm singlet, 150.5 ppm singlet, 160.7 ppm singlet.
MS: m/z ) 293 (MH+).

Phenoxysulfonyl-acetic acid phenyl ester was converted
to carbamoyl-methanesulfonic acid phenyl ester (Scheme 2,
step B) by the procedure of Hoogenboom et al. (18).
Ammonia (∼ 30 mL) was condensed from the gas phase
onto the phenoxysulfonyl-acetic acid phenyl ester (4.0 g, 14
mmol), and the mixture was stirred overnight at-35 °C.
Ethanol (∼ 10 mL of 100%) was added to the solution, which
was refluxed for 30 min and then adsorbed onto silica. The
product was purified by column chromatography using 1:1
(v/v) ethyl acetate/hexane as the mobile phase. After removal
of solvent under vacuum, carbamoyl-methanesulfonic acid
phenyl ester was obtained as a white solid (2.8 g, 13 mmol).
1H NMR (22 °C, 300 MHz, CDCl3): 4.2 ppm singlet (2H),
5.8 ppm singlet (1H), 6.6 ppm singlet (1H), 7.4 ppm multiplet
(5H). 13C NMR (22°C, 75 MHz, CDCl3): 55.2 ppm singlet,
122.6 ppm singlet, 128.4 ppm singlet, 130.7 ppm singlet,

149.5 ppm singlet, 161.9 ppm singlet. MS:m/z ) 216
(MH+).

Carbamoyl-methanesulfonic acid phenyl ester was reduced
to 2-aminoethane-1-sulfonic acid phenyl ester (Scheme 2,
step C) using a borane-methyl sulfide complex. Carbamoyl-
methanesulfonic acid phenyl ester (2.6 g, 12 mmol) was
dissolved under an argon atmosphere in 200 mL of tetrahy-
drofuran, which had been distilled from sodium and ben-
zophenone. This solution was cooled to 0°C, and borane-
dimethyl sulfide (20 mL, 40 mmol) was dripped in as a 2 M
solution in tetrahydrofuran. This solution was then heated
to reflux, stirred for 2 h, and allowed to cool. Ethyl acetate
(100 mL) was added, and the solution was washed with
saturated aqueous solutions of ammonium chloride and then
sodium chloride. The organic phase was dried over anhy-
drous magnesium sulfate and reduced to a clear viscous oil
under vacuum. This oil was then stirred in diethylamine a
minimum of 4 h, after which the diethylamine was removed
under vacuum. The resulting white solid was purified by
column chromatography on silica using 2% methanol in
dichloromethane as the mobile phase. The product (1.2 g,
6.0 mmol) was collected as a clear oil after removal of
solvents under vacuum.1H NMR (22 °C, 300 MHz,
CDCl3): 1.4 ppm singlet (2H), 3.4 ppm multiplet (4H), 7.3
ppm multiplet (5H).13C NMR: (22 °C, 75 MHz, CDCl3)
37.4 ppm singlet, 54.1 ppm singlet, 122.5 ppm singlet, 127.8
ppm singlet, 130.4 ppm singlet, 149.5 ppm singlet. MS:m/z
) 202 (MH+).

Exchange of the C1 protia of 2-aminoethane-1-sulfonic
acid phenyl ester for deuteria was effected by treatment with
sodiumt-butoxide inO-[2H]-tert-butyl alcohol (Scheme 2,
step D). 2-Aminoethane-1-sulfonic acid phenyl ester (0.50
g, 2.5 mmol) was dissolved in 30 mL ofO-[2H]-tert-butyl
alcohol (99% isotopic enrichment) under an argon atmo-
sphere. Sodiumt-butoxide (0.096 g, 1.0 mmol) was added
to this solution, which was stirred at 60°C overnight.2H2O
(60 mL, 99.9% isotopic enrichment) was added to quench
the exchange reaction. This mixture was extracted with
dichloromethane, and thetert-butyl alcohol layer was reduced
under vacuum to a pale yellow, viscous oil. This material
was carried forward without further purification. The con-
taminant contributing the pale yellow color could be removed
by column chromatography on silica gel using 2% methanol
in dichloromethane as mobile phase. After removal of the
solvent, 1,1-[2H]2-2-amino-ethanesulfonic acid phenyl ester
(0.30 g, 1.5 mmol) was obtained as a clear, viscous oil.1H
NMR (22 °C, 300 MHz, CDCl3): 1.4 ppm singlet (2H), 3.3
ppm singlet (2H), 7.3 ppm multiplet (5H).13C NMR (22
°C, 75 MHz, CDCl3): 37.4 ppm singlet, 122.5 ppm singlet,
127.8 ppm singlet, 130.4 ppm singlet, 149.5 ppm singlet.
MS: m/z ) 204 (MH+).

1,1-[2H]2-2-aminoethane-1-sulfonic acid phenyl ester was
converted to the free acid via hydrogenolysis of the phenolic
carbon-oxygen bond (Scheme 2, step E) in a procedure
similar to that described by Sturm et al. (19). The ester (0.30

Scheme 2: Synthetic Route to 1,1-[2H]2-taurine
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g, 1.5 mmol) was dissolved in 12 mL of tetrahydrofuran,
which had been distilled from sodium and benzophenone.
To this solution was added 1.8 mL of [2H]5-ammonium
hydroxide (26% in2H2O) and 0.15 g 10% palladium on
carbon (Pd/C) catalyst. This mixture was then capped and
stirred for 3 h under just greater than 1 atm H2(g). After
filtration, the solution was extracted with dichloromethane.
Lyophilization of the aqueous layer afforded 1,1-[2H]2-2-
aminoethane-1-sulfonic acid (0.15 g, 1.0 mmol) as a fine
white powder.1H NMR (22 °C, 300 MHz, D2O): 3.05 ppm
triplet (2H), 3.3 ppm triplet (2H).13C NMR (22°C, 75 MHz,
D2O): 47.7 ppm singlet, 35.7 ppm singlet. HRMS:m/z )
126.0198 (M-).

Steady-State Rates of CO2 and Sulfite Production.Assays
monitoring 14CO2 release from 1-[14C]-RKG and sulfite
release from taurine in the steady-state followed the proce-
dures described in our previous work (15).

Kinetics of CO2 Production in a Single TurnoVer. The
kinetics of production of14CO2 from 1-[14C]-RKG in a single
turnover were determined by chemical quenched-flow ex-
periments. Oxygen was removed from concentrated stocks
of pure TauD in 50 mM Tris‚HCl, pH 7.6 (buffer A), as
previously described (14). In a glovebox (MBraun; Peabody,
MA) containing a nitrogen atmosphere, O2-free solutions of
RKG, taurine and ferrous ammonium sulfate were prepared
from dry stocks by dissolution in buffer A. Aliquots of these
stocks were added to the enzyme to achieve the concentra-
tions listed in the legend to Figure 2. 1-[14C]-RKG, supplied
in 10% ethanol in water, was added directly to the protein
solution in an aliquot small enough to ensure that the final
ethanol concentration was less than 0.02%. The protein
solution was centrifuged for 3 min at the maximum speed
in an Eppendorf Minispin microcentrifuge and then loaded
into one syringe of an Update Instruments System 1000
chemical/freeze-quench apparatus. Air-saturated buffer and
the quench solution (either 2 M HCl or 4 M NaOH) were
loaded into separate syringes. In the experiment, actuation
of the ram drive caused the protein and O2-saturated buffer
to be mixed at 5°C and to pass through a reaction hose of
length appropriate to give the desired reaction time. Upon
emerging from the reaction hose, this solution was mixed
with the quench solution and then injected into a 15 mL
scintillation vial. Within 30 s, a CO2 trap (a 1 mm square
piece of filter paper that had been soaked in 2 M NaOH and
then placed in a smaller plastic scintillation vial) was placed
inside, the entire system was sealed with a rubber septum,
and 1.2 mL 2 M HCl was injected through the septum. The
entire system was gently shaken for 90 min at room
temperature to allow for trapping of the14CO2. The filter
paper was removed and dried overnight at 37°C in a fresh
scintillation vial. An 8 mL aliquot of scintillation fluid was
added to each of the two vials containing the original
quenched reaction mixture and the dried CO2 trap. Radio-
activity present in each vial was quantified in a Perkin-Elmer
1217 Rackbeta scintillation counter. To account for variation
in the volume of sample delivered in the quenched-flow
“shots,” the radioactivity in the volatile (trap) fraction
(corresponding to14CO2) was divided by the sum of the
radioactivity in the volatile and nonvolatile (sample) fractions
to obtain a fractional conversion.

Stopped-Flow Absorption Experiments and Kinetic Simu-
lations. Stopped-flow absorption experiments were performed

at 5°C on an Applied Photophysics (Surrey, U.K.) SX.18MV
stopped-flow apparatus equipped with a photodiode array
detector and housed in the MBraun anoxic chamber. In all
cases, the optical path length was 1 cm. For the series of
experiments examining the dependence of formation ofJ
on [O2], the O2-free TauD‚Fe(II)‚RKG‚taurine complex was
mixed in the stopped-flow apparatus with buffer solutions
containing varying [O2], which were prepared by mixing
appropriate volumes of O2-saturated and O2-free buffer
solutions. The stopped-flow mixing ratio was either 1:1 or
2:5 (protein/O2-buffer). For experiments investigating binding
of substrates, the mixing ratio was 1:1. In some experiments
with small absorbance changes, a photomultiplier detector
was used in place of the diode array. Experimental details,
including final reactant concentrations, are given in the figure
legends. Simulation of the stopped-flow kinetic data was
accomplished with the program KinTekSim (KinTek Cor-
poration, Austin, TX).

Preparation of Freeze-Quench Mo¨ssbauer Samples. Prepa-
ration of freeze-quenched samples for Mo¨ssbauer analysis
was carried out as previously described (14). Reactant
concentrations and reaction times are given in the appropriate
figure legend.

Mössbauer Spectroscopy and Data Analysis. Mössbauer
spectra were recorded on a spectrometer from WEB research
(Edina, MN) operating in the constant acceleration mode in
transmission geometry. Spectra were recorded with the
temperature of the sample maintained at 4.2 K. The sample
was kept inside an SVT-400 dewar from Janis (Wilmington,
MA), and a magnetic field of 40 mT was applied parallel to
the γ-beam. The quoted isomer shifts are relative to the
centroid of the spectrum of a metallic foil ofR-Fe at room
temperature. Data deconvolution and analysis were per-
formed by using the program WMOSS from WEB research
and the Mathematica software package from Wolfram
Research Inc. (Champaign, IL).

RESULTS AND DISCUSSION

Dependence of the Kinetics ofJ on Concentration of O2.
In the synthesis of the TauD kinetic and chemical mecha-
nisms presented in Scheme 1, the 318-nm-absorbingJ forms
from the TauD‚Fe(II)‚RKG‚taurine complex and O2 via two
intervening species that, because of unfavorable kinetics (i.e.,
slower formation and faster decay), do not accumulate. Thus,
the scheme predicts that formation ofJ should be kinetically
first-order in the quaternary complex and first-order in O2.
The dependence on [O2] was interrogated specifically, with
the quaternary complex as the limiting reactant and a
maximum O2 concentration of 1.4 mM (20). As predicted,
A318-versus-time traces (Figure 1) show a clear dependence
on [O2] in the formation phase. Values ofkobs extracted by
fitting the equation for a two-exponential rise-fall to these
data show a linear dependence on [O2] (inset to Figure 1A).
To evaluate the concentration dependence more rigorously
(without complication from the incomplete kinetic resolution
of the formation and decay phases and the violation of
pseudo-first-order conditions at low [O2]), traces were
simulated (solid lines in Figure 1A) according to the
published 3-step kinetic mechanism (14). Agreement is good
after the first∼15 ms. The deviation at shorter reaction times
may be a result of a prolonged mixing artifact. Indeed, the

Kinetic Dissection of TauD Mechanism Biochemistry, Vol. 44, No. 22, 20058141



first few milliseconds of data show a steep decay phase that
is certainly a mixing artifact. If this artifact is not fully
extinguished until∼15 ms, then the deviation of the
experimental traces from the theoretical traces would be
explained. Alternatively, the deviation at early time could
reflect accumulation of an absorbing precursor toJ. Indeed,
the resonance Raman study of Proshlyakov et al. reported a
band at 583 cm-1 that shifted to 555 cm-1 when the reaction
was carried out with18O2 (16). This feature was tentatively
ascribed to an additional intermediate, possibly a precursor
to J. To assess the possibility that a precursor accumulates,
the A318 traces were simulated according to an expanded
kinetic mechanism that includes a dissociable initial complex
with O2 as a precursor toJ (lines in Figure 1B; parameter
values are given in Figure S1, Supporting Information). The
expanded mechanism allows for better agreement in the early
regions of the traces due to absorbance from the precursor.
However, the approximately first-order dependence of the
traces on [O2] at longer times effectively sets upper limits
both on the quantity of the precursor that can accumulate
(∼0.3 equiv) and on the time of maximal accumulation (∼1
ms). The minimal and fast accumulation of such a species
would explain its failure to be detected in previous freeze-
quench Mo¨ssbauer experiments, in which a quench time of
10 ms was estimated andJ was observed to have reached
or approached its maximum level at the shortest accessible
reaction time. Faster quenching (21) or lower reaction
temperatures (16) would be required for detection of such a
species by freeze-quench Mo¨ssbauer.

While this work was in review, Grzyska et al. (22)
published the results of similar experiments examining the
dependence of the kinetics ofJ on [O2]. Over a smaller range

of [O2] (<0.6 mM compared to<1.4 mM in the present
study), these authors also demonstrated (by the same analysis
depicted in the inset to Figure 1A) an approximately first-
order dependence. In this case, simulations of individual
traces were not shown, and no attempt was made to set an
upper limit for accumulation of a precursor toJ.

Kinetics of Decarboxylation ofRKG in a Single TurnoVer.
To assess the timing of decarboxylation ofRKG relative to
formation of J and, thus, to determine whether the C1
carboxylate ligand is present in the intermediate, the kinetics
of 14CO2 production in a single turnover were defined in
chemical quenched-flow experiments with 1-[14C]-RKG.
Given theKD for RKG binding of the TauD‚Fe(II) complex
in the presence of 5 mM taurine (20( 19 µM) (23), the
concentration of protein (1 mM) was sufficiently high to
ensure that theRKG was 98% saturated with enzyme. Acid,
base, and denaturant quenching were tested. Acid and base
quenching yielded kinetic data in mutual agreement, and
fitting the compiled data as an exponential rise gave an
apparent first-order rate constant of 42 s-1 (Figure 2). With
the concentration of O2 employed (0.26 mM), this apparent
first-order rate constant corresponds to a second-order rate
constant of 1.6× 105 M-1 s-1, in excellent agreement with
the value obtained in simulation of the stopped-flow absorp-
tion data ((1.5( 0.2)× 105 M-1 s-1). These results suggest
that decarboxylation occurs during formation ofJ. To assess
the less likely possibility that decarboxylation occursafter
formation of J but both acid and base quenching lead to
cleavage of the intact C1-C2 bond in this complex, attempts
were made to quench with organic solvents (THF) and
denaturants (5.5 M urea, 4 M guanidinium‚HCl). Unfortu-
nately, none of these treatments terminated the reaction
sufficiently rapidly to permit accurate kinetics of14CO2

production to be obtained. Thus, the possibility that both acid
and base quenching ofJ induce cleavage of theRKG C1-
C2 bond cannot rigorously be excluded.

Nature of the Rate-Limiting Step: Kinetics of Binding of
Substrates.As noted, the rate-limiting conversion of the
second intermediate back to the reactive quaternary complex
could involve substrate binding, product release, a protein
conformational change, or some combination of these events.
A previous study (23) reported that binding ofRKG to the

FIGURE 1: Absorbance-versus-time traces (318 nm) after mixing
at 5°C of an O2-free solution containing 0.72 mM TauD, 0.5 mM
Fe(II), 0.1 mM RKG, and 4.28 mM taurine in buffer A with an
equal volume of buffer A containing varying concentrations of O2.
The symbols are the data from experiments with final O2 concentra-
tions of 0.15 mM (squares), 0.3 mM (triangles), 0.6 mM (circles),
and 0.95 mM (crosses). The solid lines are from simulations that
are described in the text and that employed the parameters shown
in Table S1 (Supporting Information). (A) Simulations according
to the three-step minimal kinetic mechanism (14). (B) Simulations
based on a four-step mechanism that includes a dissociable initial
O2 complex as a precursor toJ.

FIGURE 2: Kinetics of production of14CO2 from 1-[14C]-RKG in
single-turnover, chemical-quenched-flow experiments in which the
TauD‚Fe(II)‚RKG‚taurine complex in buffer A was mixed at 5°C
with O2-containing buffer A. The concentrations after mixing were
1.1 mM TauD, 1 mM Fe(II), 0.06 mMRKG, and 5 mM taurine.
The circular points are average values from experiments using either
4 N NaOH or 2 N H2SO4 as the quench solution. The error bars
are the standard deviations for each reaction time in five independent
trials. The solid line is a fit of the equation for an exponential
increase and corresponds tok ) 42 s-1. From this value and the
O2 concentration of 0.26 mM, a second-order rate constant of 1.6
× 105 M-1 s-1 is calculated.
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binary TauD‚Fe(II) complex exhibits zero-order kinetics with
respect toRKG and has a rate constant at 4°C (2-6 s-1)
very similar to that reported for conversion of the second
intermediate to the reactive quaternary complex at 5°C (2.5
( 0.5 s-1 (14)). Thus, binding ofRKG was initially favored
as the most likely candidate for the rate-limiting step (14).
To evaluate this hypothesis, the kinetics of binding ofRKG
to the TauD‚Fe(II) complex in the presence and absence of
taurine were examined by monitoring development of the
Fe(II)-to-RKG charge-transfer transition at 520-530 nm.
Binding ofRKG is multiphasic (Figure 3A). With increasing
[RKG], the fraction of the reaction that is complete in the
dead-time of the instrument (1.3 ms) increases. The shape
andλmax of the spectrum that develops in this fastest phase
are indistinguishable from those characterizing subsequent
changes. A phase with an apparent first-order rate-constant
of >100 s-1 and observed amplitude that decreases with
increasing [RKG] is then observed. A second observed phase
with smaller amplitude and an apparent first-order rate
constant>20 s-1 is observed. Finally, a phase that is too
slow to be on the catalytic pathway (k < 0.5 s-1) is also
observed at all concentrations. The observation of several
kinetic phases may be explained one of two ways. Multiple
conformational states of the enzyme may be present, as has
previously been proposed (23, 24), and these may bindRKG
with different kinetics, affinities, or both; alternatively,
productive binding ofRKG may involve multiple steps,
including the bimolecular association of the substrate and
enzyme and one or more unimolecular (conformational) steps
to convert this initial complex into the species that is
competent to go forward in the catalytic cycle. This issue is
resolved below. The order of substrate binding was probed

by additional O2-free substrate-mixing experiments. Mixing
of the TauD‚Fe(II)‚RKG ternary complex with taurine
revealed that the slight shift inλmax of the Fe(II)-to-RKG
transition (from 530 to 520 nm) associated with taurine
binding (23) is complete in the dead-time of the stopped-
flow, consistent with the previous report that taurine can bind
rapidly afterRKG. Mixing of the TauD‚Fe(II) complex with
both substrates simultaneously gave multiphasic kinetics
(Figure 3B, upper three traces) similar to those observed in
the mix of the binary complex withRKG alone. The
dependence of the absorbance at completion on [RKG] in
the absence of taurine (Figure 3A) but independence in its
presence (Figure 3B) is a reflection of the previously
demonstrated synergistic binding of the two substrates, which
reduces the apparentKD for RKG from ∼300 µM in the
absence of taurine to∼20 µM in the presence of 5 mM
taurine (23). When taurine was present with the TauD‚Fe-
(II) complex prior to mixing withRKG in the stopped-flow
apparatus, development of the chromophore was significantly
slowed (Figure 3B, lower three traces). The demonstration
by X-ray crystallography that TauD assumes a “closed”
conformation upon binding of taurine to the TauD‚Fe(II)
complex (24) provides a simple structural explanation for
this observation. The observations that taurine binding to the
TauD‚Fe(II)‚RKG complex is very fast and that prior binding
of taurine impedes binding ofRKG imply a preferred or
obligatory order of substrate binding (RKG and then taurine),
as has been observed for otherR-ketoacid-dependent dioxy-
genases (see ref11 and references therein).

To distinguish whether the kinetic complexity inRKG
binding arises from the presence of multiple conformational
states (parallel binding processes) or from a multistep
(sequential) binding process, an experiment was performed
in which the binary TauD‚Fe(II) complex was mixed
simultaneously withRKG, taurine, and O2, and the kinetics
of formation ofJ were defined by monitoring development
of its absorption feature at 318 nm. As shown in Figure 4,
formation ofJ is only slightly slower in this reaction than
in mixing of the preformed quaternary complex with O2

(compare circles to dotted trace, which is a simulation for
the reaction of preformed quaternary complex with O2).
Results of a control experiment in which taurine was omitted
(Figure 4, squares) establish that both substrates must bind

FIGURE 3: Absorbance-versus-time traces monitoring binding of
RKG in the absence (A) and presence (B) of taurine. In A, TauD
containing 0.69 equiv of Fe(II) was mixed at 5°C in the absence
of O2 with solutions ofRKG to give final concentrations of 0.49
mM TauD and 1.5 mM (solid trace), 3 mM (dotted trace), 6 mM
(dashed trace), 9 mM (solid trace with open circles), or 15 mM
(solid trace with open squares)RKG. In B, both sets of traces are
from experiments in which TauD containing 0.69 equiv of Fe(II)
was mixed with a solution ofRKG to give final concentrations of
0.49 mM TauD and 3 mM (solid traces), 6 mM (dotted traces), or
9 mM (dashed traces)RKG. For the lower three traces, taurine was
present in the TauD‚Fe(II) solution such that [taurine] was 5 mM
after mixing. In the upper three traces, taurine was present in the
RKG solution, also giving 5 mM taurine after mixing.

FIGURE 4: Absorbance-versus-time traces after mixing at 5°C of
TauD‚Fe(II) complex with O2, RKG and taurine. Final concentra-
tions after mixing were 0.5 mM TauD‚Fe(II), 0.2 mM O2, 5 mM
RKG, and either 0 mM taurine (squares) or 5 mM taurine (circles).
The dotted line is a simulation according to the 3-step kinetic
mechanism (14), which assumes preformed reactive quaternary
complex. The dashed line is a simulation according to an expanded
mechanism that places a 3 s-1 step for quaternary complex
formation prior to O2 addition. The solid line is a simulation
according to this same expanded mechanism, but with an effective
rate constant of 150 s-1 for formation of the quaternary complex.
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for rapid O2 activation, as has previously been documented
in different experiments (14). Simulation of the experimental
trace implies that the requirement forRKG and taurine
binding imposes a lag in formation ofJ characterized by a
rate constant of at least 150 s-1 (solid trace), corresponding
to a second-order rate constant of at least 3× 104 M-1 s-1.
By contrast, if a step involved in formation of the O2-reactive
complex were to be primarily rate-limiting (2.5 s-1), forma-
tion of J would be markedly slower and its accumulation
suppressed upon initiation of the reaction by mixing simul-
taneously with all three substrates (Figure 4, dashed trace).
These observations suggest that the kinetic complexity in
RKG binding arises from parallel processes involving
different states of the enzyme. More importantly, they
eliminate substrate binding steps as candidates for the rate-
limiting step.

Nature of the Rate-Limiting Step: SolVent Viscosity
Effects.The large C1 deuterium kinetic isotope effect (kH/
kD ∼ 35) on decay ofJ (15) and the absence of accumulation
of an Fe complex betweenJ and the second intermediate
establish that taurine hydroxylation and decay ofJ are
kinetically correlated (with a rate constant of 13( 2 s-1)
and, therefore, that chemical steps also are not rate-limiting.
Thus, only steps involved in the release of products remain
as viable candidates. Release of products could involve
simple dissociation, a protein conformational change required
for dissociation, an Fe-ligand-substitution step required for
dissociation of a coordinated product (e.g., succinate, as
shown in Scheme 1), or some combination of these processes.
Variation of solvent viscosity has been used extensively to
provide evidence that product release is rate-limiting in
enzyme reactions (25-27). The idea is that diffusion of
products away from the active site is less rapid at higher
viscosity, leading to diminution ofkcat when product dis-
sociation is rate-limiting but not when chemical steps are
rate-limiting. Of the possible constituents of product release
in the TauD reaction, simple dissociation is expected to be
most sensitive (directly proportional) to the relative solvent
viscosity (RV). Ligand substitution within the active site
should be insensitive, and a conformational change might
or might not be slower at higher RV. The dependence of
kcat on solvent viscosity was examined, with glycerol used
as viscogen, to determine whether the rate-limiting step is
diffusional in nature. Indeed, thekcat decreases with increas-
ing solvent viscosity (Figure 5, circular points and solid line).
A control experiment was performed with 1,1-[2H]2-taurine
as substrate. Previous results have shown that the large

deuterium kinetic isotope effect on hydroxylation renders the
chemical step rate-limiting for this substrate, which, in turn,
should eliminate the solvent viscosity effect. As expected,
the dependence ofkcat for hydroxylation of 1,1-[2H]2-taurine
on RV (Figure 5, square points and dashed line) is much
less pronounced (<20% of the effect for 1,1-[1H]2-taurine).
These data support the deduction that steps involved in
product release limitkcat for hydroxylation of 1,1-[1H]2-
taurine. However, because thekcat is not strictly proportional
to RV, it is likely that the product release step is complex,
involving both simple dissociation and one or more additional
steps that are insensitive (or less sensitive) to RV (e.g., ligand
dissociation or a conformational change).

Explanation for PreViously ObserVed Slow Phase of TauD‚
Fe(II)‚RKG Complex Regeneration.In the study that first
detectedJ and presented the minimal kinetic mechanism for
TauD catalysis (14), the one aspect of the kinetic data that
was not successfully rationalized was a slow phase in
regeneration of the 520 nm charge-transfer band of the TauD‚
Fe(II)‚RKG‚taurine complex following depletion of O2
(which was limiting with respect to the other substrates) and
decay of the putative Fe(II)-containing intermediate. This
phase was too slow to be on the catalytic pathway, implying
that it must be attributable to conditions employed in the
stopped-flow experiments but not the steady-state determina-
tions ofkcat (e.g., the much greater concentration of enzyme).
Accumulation of products was cited as a likely cause. The
evidence for a preferred or obligatory binding order ofRKG
and then taurine would suggest that product release probably
occurs in the order of 1-hydroxytaurine followed by succi-
nate. Interference with this sequence upon trapping of the
TauD‚Fe(II)‚succinate complex by taurine (which was
present in excess in the stopped-flow experiments) might
then explain the previously observed slow phase in regenera-
tion of the quaternary complex. This hypothesis makes two
predictions that were tested in this study. First, the slow phase
should become less pronounced with diminishing concentra-
tion of taurine. Figure 6A shows that this prediction is borne
out. Second, taurine might become inhibitory at high
concentrations. Indeed, taurine inhibition is observed and is
most pronounced at higher solvent viscosity (Figure 6B),
when release of product (presumably succinate) is retarded
(vide supra). Thus, inhibition of succinate release by the out-
of-sequence binding of taurine is at least partly responsible
for the slow phase of quaternary complex regeneration.

Mössbauer Spectroscopic EVidence for the Fe(II)-Contain-
ing Intermediate.Previous evidence for the accumulation of
the proposed Fe(II)-containing intermediate was indirect:
decay of the 318-nm absorption and Mo¨ssbauer quadrupole
doublet ofJ were found to occur concomitantly with a regain
in intensity of the broad doublet characteristic of high-spin
Fe(II) species but prior to regeneration of the 520-nm band
of the reactant quaternary complex. These observations
required the accumulation of a third state (in addition to the
quaternary complex andJ) and implied that this state contains
high-spin Fe(II). To determine if the Mo¨ssbauer-spectro-
scopic features of the inferred second intermediate are distinct
from those of the quaternary complex, the spectrum of the
previously reported 200-ms sample (14) (Figure 7A, hash
marks) was reanalyzed. Scheme 1 predicts maximum ac-
cumulation of the second intermediate at this time under the
reaction conditions employed. The solid line plotted over

FIGURE 5: Effect of solvent viscosity on the steady-state rates of
hydroxylation of 1,1-[1H]2-taurine (circles) and 1,1-[2H]2-taurine
(squares). Activity was measured at 5°C in buffer A with 5 µM
TauD, 1 mM Fe(II), 1 mMRKG, 0.5 mM taurine, and ambient O2
(∼380µM). Glycerol was used to vary the relative viscosity (RV)
from 1.6 (0% w/w glycerol) to 6.4 (38% w/w glycerol) (28).
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the data is an experimental reference spectrum ofJ (see
Figure S2, Supporting Information), scaled to 11% of the
total intensity of the spectrum. Removal of the contribution
of J gives a spectrum (hash marks in Figure 7B) that,
although it overlaps considerably with that of the TauD‚Fe-
(II)‚RKG‚taurine quaternary complex, has an overall splitting
of the two peaks that is∼0.2 mm/s smaller. This result
suggests that the spectrum of the second intermediate is
partially resolved from that of the reactant complex due
primarily to a smaller quadrupole splitting parameter,∆EQ.
To generate a reference spectrum of the second intermediate,
the contribution arising from the quaternary complex must
be removed. Whereas it is not possible to determine the
quantity of quaternary complex present in the 200-ms sample
from analysis of the Mo¨ssbauer spectrum, this value can be
estimated based on the following considerations. Previous
analysis of data from this experiment (14) had revealed that
only 70% of the TauD‚Fe(II)‚RKG‚taurine complex reacted
rapidly with oxygen, whereas the remaining 30% did not
react (or reacted much less rapidly). In addition to the 30%
of inactive quaternary complex, Scheme 1 predicts 8% of
the catalytically active Fe sites to have re-formed the
quaternary complex after 200 ms, thus allowing us to
estimate that the 200-ms sample contains 35% quaternary
complex (30% inactive and 8% of 70% catalytically active).
The reference spectrum of the second intermediate (Figure
7C, hashed marks) is thus obtained by subtracting 35% of
the spectrum of the quaternary complex from the spectrum
of Figure 7B. Fitting the resulting spectrum as one quadru-
pole doublet (Figure 7C, solid line) yieldsδ ) 1.17 mm/s
and∆EQ ) 2.56 for the second intermediate. As a measure
of the uncertainty in these parameters, several additional

reference spectra of the second intermediate were generated
by removing varying contributions from the quaternary
complex (25-45% in 5% increments). These reference
spectra were then fitted by a single quadrupole doublet.
Under this analysis, the isomer shift varies from 1.17 to 1.18
mm/s and that the quadrupole splitting parameter varies from
2.52 to 2.59 mm/s (Table S1, Supporting Information). The
uncertainty of∆EQ is caused by the overlapping nature of
the spectral features of the quaternary complex and the
second intermediate; when less quaternary complex is
removed, the∆EQ deduced for the second intermediate is
larger, because the quaternary complex has a larger∆EQ.

Whereas it is not possible to determine whether the
features that we attribute to the second intermediate arise
from one species or several species with similar Mo¨ssbauer
parameters, it is clear that they are distinct from those of
the quaternary complex. Moreover, these features are distinct
from those of the binary TauD‚Fe(II) and ternary TauD‚Fe-
(II) ‚RKG complexes, because the high-energy lines of these
complexes are at even higher energies (2.78 and 2.65 mm/s,
respectively) than that of the quaternary complex. This is
illustrated in Figure 7D-F, in which the reference spectrum
of the second intermediate (hash marks) is compared to
spectra of the quaternary, ternary, and binary complexes,
respectively (solid lines).

To determine the kinetics of the second intermediate by
Mössbauer spectroscopy, the time-dependent spectra were
analyzed under the assumption that each spectrum can be
described as a superposition of three reference spectra,
representing the quaternary complex,J, and the second
intermediate. Fitting of the experimental data was performed

FIGURE 6: Inhibition of (A) regeneration of the quaternary TauD‚
Fe(II)‚RKG‚taurine complex after a single turnover and (B) catalysis
in the steady state by increasing concentrations of taurine. (A)
∆A520-versus-time traces after mixing at 5°C of a solution
containing 1.2 mM TauD, 1 mM Fe(II), 10 mMRKG, and 2 mM
(solid, bold), 6 mM (dashed, bold), 10 mM (solid), or 40 mM taurine
(dashed) with an equal volume of air-saturated buffer A. (B)
Inhibition of steady-state turnover at 5°C by high concentrations
of taurine at RV) 1.6 (circles) and RV) 4.8 (squares). The assay
conditions were the same as in Figure 4, except that the taurine
concentration was varied as indicated.

FIGURE 7: Analysis to determine the Mo¨ssbauer spectrum of the
Fe(II)-containing intermediate (A-C) and comparison to the spectra
of the TauD‚Fe(II)‚RKG‚taurine, TauD‚Fe(II)‚RKG, and TauD‚
Fe(II) complexes (D-F, respectively). (A) The spectrum of a
sample prepared by reacting the TauD‚Fe(II)‚RKG‚taurine complex
with O2 at 5 °C for 200 ms (hash marks). Concentrations after
mixing were 1.5 mM TauD, 1.5 mM57Fe, 5 mM RKG, 5 mM
taurine, and 1.3 mM O2. The solid line is a reference spectrum of
J, scaled to 11% of the total absorption. (B) Removal of the
contribution ofJ to the spectrum in A results in the hash-marked
spectrum. The solid line is the spectrum of the TauD‚Fe(II)‚RKG‚
taurine complex, scaled to the same intensity. (C) Removal of 35%
of the spectrum of the TauD‚Fe(II)‚RKG‚taurine complex results
in the reference spectrum for the second intermediate, displayed
as hash marks. The solid line overlaid is a quadrupole doublet with
the parameters given in the text and Table S1 (Supporting
Information). (D-F) The hash-marked spectrum in each case is
the reference spectrum of the second intermediate. The solid line
is the spectrum of the TauD‚Fe(II)‚RKG‚taurine complex (D), the
TauD‚Fe(II)‚RKG complex (E), or the TauD‚Fe(II) complex (F)
scaled to the same intensity. All experimental spectra were collected
at 4.2 K in a 40-mT magnetic field.
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by systematically sampling linear combinations of the
reference spectra, with coefficients varied in step sizes of
1% of the total absorption. The linear combination with the
lowestø2-value was considered to be the best solution. The
relative amount of each component was then calculated by
the relative area contributed by its reference spectrum. This
correlation relies on the justified assumption that the Mo¨ss-
bauer f-factor is the same for all species at 4.2 K. This
analysis was carried out for the set of five reference spectra
for the second intermediate described above.

Two series of samples (time courses) were analyzed. The
first time course previously reported in Price et al. (14) was
reanalyzed to determine the kinetics of formation of the
second intermediate. A new time course was prepared to
define the kinetics of decay of the second intermediate and
the reappearance of the quaternary complex. For this new
time course, simulation of the kinetics ofJ confirmed that,
as in the previously described experiment, only∼70% of
the Fe(II) present in the sample was competent to react
rapidly with O2 to form J. The results of the analyses of the
two time courses are summarized in Table 1. The experi-
mental Mössbauer spectrum for each time point of the decay
time course (hash marks) and the best fit to the experimental
spectrum (solid line), which corresponds to the summation
of reference spectra in the proportions given in Table 1, are
shown in Figure S3, Supporting Information. The range of
the relative amounts of the three species was obtained from
the analysis with the five sets of reference spectra. The large
uncertainties observed for the quantities of the quaternary
complex and second intermediate are caused by the signifi-
cant overlap of their spectral features. To test whether the
deconvolutions of the Mo¨ssbauer are meaningful, these
results were compared to those obtained independently from
stopped-flow absorption experiments. Because the regenera-
tion of the quaternary complex as monitored by the increase
of absorption at 520 nm in stopped-flow absorption experi-
ments is not well-reproduced by simulations using the simple
three-state model, the kinetic data from the Mo¨ssbauer
analyses were compared directly to stopped-flow data from
an experiment with similar reaction conditions (see Figure
8). At 480 nm, the reactant quaternary complex andJ are
approximately isosbestic. Thus, the decay and rebound of
absorbance at this wavelength should correlate with the
accumulation and disappearance, respectively, of the less
intensely absorbing second intermediate. At 600 nm,J and
the second intermediate are essentially transparent, and thus,

theA600-versus-time trace should directly reflect disappear-
ance and reaccumulation of the quaternary complex. Previous
work allows estimation of the extinction coefficients for all
three species at both wavelengths:ε480 ) 185 M-1cm-1 and
ε600 ) 130 M-1cm-1 for the quaternary complex,ε480 ) 185
M-1cm-1 andε600 ) 0 M-1cm-1 for J, andε480 ) 0 M-1cm-1

and ε600 ) 0 M-1cm-1 for the second intermediate. The
concentrations of the species can be obtained from Mo¨ss-
bauer by correlating the relative amounts with the known
total 57Fe concentration. Comparison of these concentrations
to the stopped-flow absorption kinetic data scaled according
to the estimated molar absorptivities is shown in Figure 8
for the second intermediate (panel A) and the quaternary
complex (panel B). The agreement is satisfactory and
corroborates that the partially resolved Mo¨ssbauer features
do, in fact, arise from the second intermediate.

Attempts to generate a species with this same partially
resolved Mössbauer spectrum by addition of succinate to the
TauD‚Fe(II) binary complex, either in the presence or
absence of taurine, were unsuccessful. Whereas perturbations
to the spectrum were observed, the resulting features were
broad and did not reproduce those deduced for the second
intermediate. It is likely that the product state differs in some
important aspect as a result of having been formed through
the catalytic cycle. For example, the Fe(II) may have a low
coordination number (as depicted in Scheme 1) that is not

Table 1: Relative Amounts, Given as a Percentage of the Total Iron
Concentration, of TauD‚Fe(II)‚RKG‚Taurine,J, and the Second
Intermediate, Determined by Mo¨ssbauer Spectroscopy

time (s) TauD‚Fe(II)‚RKG‚taurine J Fe(II) intermediate

Formation Time Course
0.02 48( 3 44( 3 8 ( 3
0.08 29( 6 26( 3 42( 6
0.2 35( 10 11( 3 54( 10

Decay Time Course
0.02 43( 3 48( 3 9 ( 3
0.42 53( 8 5 ( 3 42( 8
1 59( 6 <3 38( 6
3 65( 5 <3 32( 5
6 69( 4 <3 28( 4
8 74( 4 <3 23( 4

10 73( 4 <3 24( 4

FIGURE 8: Time dependence of the relative amounts of the second
intermediate (A) and the TauD‚Fe(II)‚RKG‚taurine complex (B)
obtained from analysis of stopped-flow absorption (left axis) and
Mössbauer (right axis) spectroscopic experiments. The negative of
the absorbance changes monitored at 480 nm (-∆A480, solid line
in panel A) correlates with the concentration of the second
intermediate. The absorbance change at 600 nm (A600, solid line in
panel B) correlates with the concentration of the TauD‚Fe(II)‚RKG‚
taurine complex. Relative amounts obtained from analysis of the
Mössbauer data are shown as circles (decay time course) and
triangles (formation time course) in panels A and B. The error bars
reflect the results obtained from analyses using reference spectra
for the second intermediate, which were generated by removing
either more (45%) or less (25%) of the quaternary complex than
its estimated amount (35%). For both plots, the scales were
determined as described in the text. The final concentrations in the
stopped-flow experiment were 2 mM TauD, 1.4 mM Fe(II), 5 mM
RKG, 5 mM taurine, and 0.9 mM O2, and those in the Mo¨ssbauer
experiment are given in the legend of Figure S3 (Supporting
Information).
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reproduced merely by binding of succinate to the (presum-
ably initially six-coordinate) Fe(II) of the resting binary
complex.
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