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ABSTRACT. Taurinefr-ketoglutarated KG) dioxygenase (TauD), an archetypkG-dependent hydroxylase,

is a non-heme mononuclear'"Fenzyme that couples the oxidative decarboxylatiorokfG with the
conversion of taurine to aminoacetaldehyde and sulfite. The crystal structure of taki@é€'TauD is

known, and spectroscopic studies have kinetically defined the early steps in catalysis and identified a
high-spin F& -oxo reaction intermediate. The present analysis extends our understanding of TauD catalysis
by investigating the steady-state and transient kinetics of wild-type and variant forms of the enzyme with
taurine and alternative sulfonates. TauD proteins substituted at residues surrounding the active site were
shown to fold properly based on their abilities to form a diagnostic chromophore associated with the
anaerobic PeaKG chelate complex and to generate a tyrosyl radical upon subsequent reaction with
oxygen. Steady-state studies of mutant proteins confirmed the importance of His 70 and Arg 270 in binding
the sulfonate moiety of taurine and indicated the participation of Asn 95 in recognizing the substrate
amine group. The N97A and S158A variants are likely to undergo an increase in hydrophobicity and
expansion of the substrate-binding pocket, thus accounting for their decteéasedard pentanesulfonic

acid compared to wild-type TauD. Stopped-flow YVisible spectroscopic examination of the reaction

of oxygen with taurinexKG-F€e'TauD confirmed a minimal three-step sequence of reactions attributed
to FeV-oxo formation k;), bleaching to the Festate upon substrate hydroxylatioky)( rebinding of
excess substrateks), and indicated that none of the steps exhibit detectable sdkéatisotope effects.

This demonstrates that no protons are involved in the rate-determining stepy adxéeformation, in
contrast to heme iron oxygenases. Thé'fexo species is likely to be utilized in conversion of the
alternative substrates pentanesulfonic acid and-rBerpholinopropanesulfonic acid; however, this
spectroscopic intermediate was not detected because of the deckgésedtio. With taurine k; was

shown to depend on the oxygen concentration allowing calculation of a second-order rate constant of
1.58x 1® M~1 s for this irreversible reaction. Stopped-flow analyses of TauD variants provided several
insights into how the protein environment influences the rates 0f-&e formation and decay. The
FeV-oxo species was not detected in the N95D or N95A variants because of a réglkgedtio, likely

related to a decreased substrate-dependent conversion of the six-coordinate to five-coordinate metal site.

o-Ketoglutarate ¢KG)*-dependent dioxygenases are mono- members of this enzyme superfamily are used to repair
nuclear, non-heme Feenzymes that couple the oxidative alkylation damage to DNA and RN/S(4), modify structural
decarboxylation of an-ketoacid to the oxidation of a target  proteins §), regulate hypoxia-induced transcription factor
substrate 1, 2). Hydroxylation reactions catalyzed by |evels 6—8), synthesize antibiotics9( 10), generate plant

; . . . flavonoids, gibberellins, and alkaloid&)—14), metabolize
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D.P.B., and Grant GM063584 to R.P.H.). R.P.H. dedicates this wide range of other biological conversions. In addition to

gﬁmr&g;tion to Professor Chris Walsh on the occasion of his 60th these hydroxylation reactions, 'FeKG-dependent dioxy-
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Scheme 1 binding 32). Interactions with the primary substrate induce
505 Fe(llTaud ) o a switch from six-coordinate to five—coordinat(_e metal ge-
HNT HQN/\/ S0 | NN ometry as deduced from changes to the clavaminate synthase
0, : OH y magnetic circular dichroism spectrad3 34), perturbations
+ 0 't of the UV—visible spectra (yieldingmax = 520 nm andksz
’OMO' 'ONO- . 6O, = 180 Mt cm! in the case of TauD)3@2), and alteration
0 0 ) of resonance Raman spectra (also carried out with TauD)
(35). Stopped-flow U\~ visible spectroscopy, coupled with

Scheme 2 freeze-quench Mesbauer analyses and electron paramagnetic
R-H R-H resonance studies, reveals a novel high-sptiRermediate
nep T OR N Asp_ O\ R (with difference spectra revealingnax = 318 nm andeais
B, FT“Q()I His/:_T("')\olo c = 1500 M* cm?) during the reaction of taurineKG-Fe'-
: © H0 . TauD with oxygen 86). On the basis of its 37-fold decrease
RCOCClCi‘/\ZHZO /,ox @n the depay rate whgan using deuterated ;ubstfﬁbe his
e e RH o intermediate is con&dgred to be responsible for hydrqgen
Asor Fl'(zls X oy ‘le,o\ R D As, | OUR atom abstraction. Continuous-flow resonance Raman differ-
ATk o ooy A j; — % ence spectra (obtained for the intermediate generated with
RCOO", CO, " o H © 160, minus that using®O; at cryogenic temperatures) provide
l l compelling support for an Beoxo intermediate under these
s RH ¢ en 0 R4 O-0 conditions, with a possible metal—hydroperoxo (or _metal—
Aspr. FE(I/V’)O_ o Aspur e(umbiR _ Asp"r-pef(i:v‘)’g R alkylperoxo) species also detectegB). Evidence derived
Hs" Ll o R e ST S by extended X-ray absorption fine structure spectroscopy is
en o/ F \ E , also consistent with formation of an'Fexo species in TauD
g /6_{* — RH  0—0Q . (39). More broadly, the generation of an'f-@xo intermedi-
v (R Aspr gy O ate is supported by hybrid density function calculations of
Hé “o=c=0 "l o=c=0 clavaminate synthasel@) and by biomimetic studies that

confirm the ability to synthesize a mononuclear, low-spin
The generally reported mechanism fof feeKG-dependent  FeV-oxo site in a non-porphyrin ligand environmeat(42).

hydroxylasesZ, 23), first proposed over 20 years ag¥], Spectroscopic and quantum chemical characterization of one
is illustrated in Scheme 2. Resting enzymdg tontains an  such complex has provided additional insight into the ron
Fe' center that is ligated by two histidines and one aspartate oxo bond of the P¥-oxo species43). This highly reactive
(or in some cases glutamate), with three water moleculesintermediate likely accounts for the observed aromatic side-
completing the six-coordinate environment. Tddetoacid  chain self-hydroxylation reactions of the herbicide-degrading
binds directly to the Pecenter through its C-1 carboxylate  TfdA (44), the DNA repair enzyme AlkB45), and TauD
and C-2 carbonyl moieties, thus displacing two water (46, 47). Analogous chemistry might also occur in 4-hy-
molecules, while maintaining a six-coordinatd Eenter B). droxyphenylpyruvate dioxygenas#s-51), another F& and
The primary substrate binds near the active site and promotesy-keto-acid-dependent enzyme which is unrelated in se-
dissociation of the remaining water ligand, leaving thé Fe quence and functions in tyrosine catabolism.
five-coordinate €) and primed to react with oxygen. Binding  The studies described here extend the analysis of TauD
of oxygen produces an Mesuperoxo or P&-peroxo species  kinetic properties in several new directions. First, we
(D) that attacks thexKG carbonyl group ), leading to  characterize the steady-state kinetic properties of a series of
decomposition obKG and heterolytic ©-O bond cleavage.  active-site variants of TauD that were designed on the basis
The resulting F&-oxo speciesR) inserts oxygen into the  of the TauD crystal structure6, 27), illustrated in Figure
target C-H bond of the substrate by hydrogen atom transfer 1. These studies confirm that His 70 and Arg 270 are
and oxygen rebound, as found in heme-type oxygen@8s ( necessary to bind the taurine sulfonate moiety and that Asn

to restore the Mestate of the enzymeA). 95 is important for interacting with the taurine amino group.
Several lines of evidence support the general proposalSecond, we examine the steady-state kinetics of wild-type
shown in Scheme 2. Crystallographic structure€otoli TauD and selected variants with two slow-reacting alternative

TauD @6, 27), Streptomyces clalligerusdeacetoxycepha-  substrates, B3+morpholinopropanesulfonic acid (MOPS) and
losporin C synthasel{, 28), S. clauligerus clavaminate pentanesulfonic acid (PSA). This work demonstrates that the
synthase ¢, 29), Streptomycessp. strain TH1 proline  enzyme can be manipulated to have improved catalytic
3-hydroxylase 10), Arabidopsis thalianaanthocyanidin efficiencies with alternative substrates. Third, we examine
synthase 18), human hypoxia-inducible factor-specific as- the transient kinetics associated with wild-type TauD and
paraginyl hydroxylase8 30), Erwinia carotaora carbap- report that the apparent rate constants do not exhibit
enem synthase?(), andPseudomonas putidg-313 alkyl- detectable solverity/kp isotope effects. This finding dem-
sulfatase §1) identify the protein side chains coordinating onstrates that no protons are involved in the rate-determining
the metal, define the chelate-binding structureiG, and step of F&-oxo formation, a situation that is distinct from

(in some cases) indicate how the primary substrate binds tothat observed in cytochrome P450 enzymes. Fourth, we show
the corresponding protein. TheKG-Fé' complex formed that significant levels of the Peoxo species do not form

in these enzymes exhibits diagnostic metal-to-ligand charge-when using alternative substrates, probably because of the
transfer transitionsigax= 530 nm andszo= 140 Mt cm ! low rate constant of Fé-oxo formation. Fifth, we demon-

in the case of TauD) that can be used to moni{G strate that the rate of formation of the Fexo species
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FicURe 1: TauD active site. A model of the 2.5 A resolution crystal
structure of taurinexKG-Fe'TauD 7) reveals the Peligands

Biochemistry, Vol. 44, No. 10, 20053847

R270K variants of TauD were created by mutagenesis of
tauD in pME4141 @2) using the Stratagene Quickchange
System (Stratagene, La Jolla, CA) as previously described
for the Y256F and Y73l variantgl6). Mutated plasmids were
purified using the QIlAprep Spin miniprep kit (Qiagen
Sciences, Valencia, CA) and subcloned iiocoli DH5c
(Invitrogen, Carlsbad, CA). Each mutation was confirmed
by sequence analysis (Davis Sequencing, Davis, CA).
SpectroscopyAnaerobic samples aiKG-Fe'TauD and
taurineeKG-Fe'TauD were prepared (2 mMKG, 550uM
TauD subunit, and 500M Fe'' in 25 mM Tris buffer at pH
8.0 containing 0, 2, or 5 mM taurine) for the wild-type and
variant enzymes, and UWisible spectra were recorded at
room temperature as previously describ8®)(To assess
the effects of MOPS and PSA on th&G-Fe'TauD spectra,
these reagents (from 100 mM anaerobic stock solutions) were
added to analogousKG-Fe'TauD samples and the spectra
were recorded. All spectra were corrected to account for
sample dilutions. TauD variants were monitored for their
ability to form a tyrosyl radical as previously described for
the wild-type enzyme; anaerobic solutionsd€G-Fée'TauD
(2 mM aKG, 500uM Fé'', and 55QuM TauD subunit in 25
mM Tris buffer at pH 8.0) were mixed with equal volumes
of 100% oxygen-saturated buffer at room temperature, and
the UV—visible spectra were recorded afteB s.
Stopped-flow U\~visible spectra were obtained by using

(aKG, Asp 101, His 98, and His 255), two Trp residues near the gn Olis RSM-16 U\-visible stopped-flow spectrophotom-

metal center (Trp 98 and Trp 248), and selected other residues nea

the taurine-binding site.

depends on the oxygen concentration, allowing calculation

of the second-order rate constant of oxygen binding and the

first-order rate constant of its dissociation. Finally, we
compare the stopped-flow kinetics of selected variant
enzymes to gain some insights into how the protein environ-
ment influences the rate constants associated with the Fe
0XO0 species.

EXPERIMENTAL PROCEDURES

Enzyme Purification and Assay#lild-type and altered
forms of TauD were purified as previously describdé)(

bter (0.4 cm path cell) or a Hi-Tech Scientific model SF-
61DX stopped-flow spectrophotometer (1.0 cm path length)
in single-mixing mode. Oxygen was removed from the Olis
instrument by flushing with 100 mM dithionite and rinsing
with several milliliters of anaerobic, 25 mM Tris buffer at
pH 8.0. The Hi-Tech apparatus was made anaerobic by
flushing the flow system with an anaerobic buffer solution
consisting of 0.1 unit/mL of protocatechuic acid dioxygenase
and 40QuM protocatechuic acid at pH7 (53). This solution

was allowed to stand in the flow system overnight, and then
the flow unit was thoroughly rinsed with anaerobic buffer
before experiments. Enzyme and substrate solutions were
placed in glass tonometers and made anaerobic by equilibra-
tion with oxygen-free argon that has been passed through

For detailed steady-state kinetic analyses, enzyme assay@n Oxyclear oxygen removal column (Labclear). One syringe
were carried out using time points from 10 s to 5 min and contained 10 mM taurine, 10 mMKG, concentrations of

the sulfite production progress curves were ana|yzed by Fe' and TauD as noted in the individual studies, and 25 mM

fitting the data to the equation

— -1
Pt - Ui(l - exp(_kinaclt))kinact 1)
whereP; is the accumulated product at tiye;; is the initial
rate, andkinact is the inactivation rate constarig). TauD is
known to undergo irreversible inactivation during catalysis
using taurine 46); thus, complete kinetic analysis of TauD

Tris buffer at pH 8.0, whereas the other syringe contained
buffer that had been saturated with the selected concentration
of oxygen (100, 50, 21, 10, or 5%) at room-temperature
resulting in oxygen concentrations of 1.15, 0.575, 0.242,
0.115, and 0.058 mM. The experiments were carried out at
4 °C. Experiments with MOPS and PSA were performed as
described above, except that the concentrations of these
reactants (before mixing) were varied between 10 and 40
mM. TauD variants were analyzed as for the wild-type

and its variants with taurine and other sulfonates requires enzyme. Where noted, the initial concentration of taurine

comparison ofkinae: Values. For routine studies, kinetic

was increased for selected variants. The experimental data

constants for taurine, MOPS, and PSA were determined bytq the Olis stopped-flow kinetic measurements were fitted
evaluating the sulfite produced after 5 min, and the data werepy global analysis using GlobalWorks software (On Line

fit to the Michaelis-Menten equation. Assays were carried
out at pH 8.0 in 5 mM Tris buffer or at pH 6.9 in 10 mM
imidazole buffer at 30C.

Site-Directed MutagenesisThe H70A, Y73S, D94A,
N95A, N95D, N97A, W98, S158A, W248F, Y256l, and

Instrument System, Inc., Jefferson, GA§4), providing
singular value decomposition spectra corresponding to the
global changes in absorbance of each phase of the reaction.
Apparent rate constants from kinetic traces on the Hi-Tech
instrument were calculated from exponential fits using
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Table 1: Kinetic and Spectroscopic Parameters for Wild-Type TauD and Selected \fariants

TauD Keat taurineKn, KealKm Kinact oKGP taurineblKG®

variant (s (uM) (uM~tsh (s esooM~emt espoM~temt
wild type 125+ 0.5 58+ 6 0.224+0.03 0.0032+ 0.0007 240 270
H70A 230 230
Y73l 7.3+ 0.6 243+ 33 0.030+ 0.007 0.013t 0.001 260 290
Y73S 11.0+£ 2.0 630+ 200 0.018+ 0.009 0.0018t 0.0004 240 257
D94A 6.6+ 0.7 52+ 7 0.13+0.03 0.009+ 0.002 240 270
N95A 0.83+ 0.05 1500+ 600 0.0006+ 0.0003 0.01Gt 0.005 200 200
N95D 1.75+ 0.7 1500+ 300 0.0012+ 0.0007 0.005# 0.0033 210 220
NO7A 3.8+ 05 44+ 17 0.09+ 0.04 0.0034 0.0013 240 270
Wasl 15.1+1.2 75+ 30 0.20+0.10 none detected 140 240
S158A 6.3+ 0.8 100+ 20 0.06+ 0.02 0.0028+ 0.0017 230 270
W248F 455+ 0.4 100+ 30 0.046+ 0.017 0.0032+ 0.0017 220 260
Y256F 6.2+ 0.3 122+ 17 0.05+0.01 0.00874 0.0012 220 260
R270K 220 220

2 Analyzed at pH 8.0 and 36C using taurine as the substratdExtinction coefficient at 520 nm for the chromophore associated with the
anaerobiaxKG-Fé'TauD protein.¢ Extinction coefficient at 520 nm for the anaerobic tauri€G-Fe' TauD samples.

Trr|rrrr | rrr oo

KinetAsyst3 software (Hi-Tech Scientific, Salisbury, U.K.) 0.24

> |

and Program A (see below). 02F E
2H,0 Sobent Isotope EffectFor examination of solvent 2 - E
isotope effects, the enzyme was lyophilized, dissolved in S 0.16 3 E
buffer (>95%?2H0), and mixed with other reagents similarly S o012k 3
prepared ifH,O. The 3H values were determined by adding 2 - ]
0.4 to the pH electrode readings). £ 0.08 3 3
Simulations Kinetic traces from the stopped-flow spec- 0.04 F 3
trophotometers were simulated by models of consecutive - | : : ; ]
functions using Program A (developed by Chung-Yen Chiu, 0 e
Rong Chang, and Joel Dinverno under the direction of David 0.24 3 ' ' ' ' B
P. Ballou, University of Michigan) based on the Marquardt 02F _'
Levenberg nonlinear fit algorithm56). The simulations o 0 165 3
allowed estimation of rate constants and extinction coef- STF E
ficients and provided insight into the confidence of these L012F 3
. (=] r ]
estimated values. 2008 3 3
RESULTS < 0.04 - 3
Spectroscopic Characterization of AaiSite Variants of o L
TauD.To confirm proper folding of the TauD variants, each Q24 T rrrrrrrrrrrrrrrr Ty
mutant protein was examined for its ability to genersites- 0.2 c 3
Fe'TauD, taurineaKG-F€e'TauD, and tyrosyl radical chro- “E :
mophores§2, 49. As shown in Table 1, all variant proteins § 0.16F =
produced the diagnostic metal-to-ligand charge-transfer 8 0.12 C ]
spectra that arise fromKG chelation of protein-bound metal o °F E
in the absence and presence of taurine. The absorbance & 0.08F =
intensity of theaKG-Fe'W98I variant is approximately half 0.04E 3
of that shown for other proteins in the table. This result is E 5
shown in the spectrum of theKG-Fe'W98I protein (black L T e e ST
trace of Figure 2B) in comparison to those of the N95D and 300 400 500 600 700

Y256F variants (black traces of parts A and C of Figure 2, Wavelength (nm)
respectively) or wild-type enzyme (black trace of Figure 3). FiGure 2: Effect of taurine addition on the absorbance spectra of

; i ; _ the oKG- and Fé-bound states of selected variants. Anaerobic
Anaerobic addition of taurine to theKG-bound mutant samples of the (A) N95D. (B) W8I, and (C) Y256F variants of

protein samples (blue traces pf Figure 2) yielded _spectra thatT,up (5504M subunit) were adjusted to contain 50M Fe' and

all resembled that of the taurine- an&G-bound wild-type 2 mM oKG in 25 mM Tris buffer at pH 8.0 (black traces).
enzyme (blue trace of Figure 3A). The enhancement in Subsequent addition of taurine (5, 2, and 2 mM, respectively)
absorbance for theKG-Fe' TauD W98I sample upon adding ~ resulted in spectra shown by the blue traces.

taurine is reminiscent of the behavior reported deketoa- )

dipate and taurine binding to the wild-type enzyrB)( As other samples, and the spectral maxima of these enzymes
in that case, the Chromophore intensity Changes may bedld not shift as notably as for most other Samples. Also of
attributed to taurine enforcing a constraint on the bound Significance, the R270K and H70A variants failed to undergo
a-ketoacid to enhance the absorbance of the metallocente taurine-induced change in their spectra.

complex. The three electronic transitions of the N95D and  The Fé- and aKG-bound form of wild-type TauD (i.e.,
Y256F spectra were less distinct than those observed in theenzyme-lacking taurine) is known to react with oxygen to
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0.25 11— 1). Alteration of residues that are proposed to interact with
- ] the sulfonate moiety of taurine [His 70 and Arg 270 based
02F on structural results2@, 27)] eliminated the production of
§ s sulfite. Substitution of Asn 95 with Ala or Asp caused a
50-15 - large increase in th&,, of taurine, consistent with this
5 - residue being important for taurine recognition. The Y73S
2 0.1 2 enzyme had an 11-fold increase in taurkig compared to
< - wild-type TauD, and the Y73I, S158A, W248F, and Y256F
0.05 - variants exhibited-2-fold increases, while the other variants
0 T T T shown in Table 1 had negligible influence on this parameter.
C L BN L B L LB L R Notably, the Y73I, D94A, N95A, N95D, and Y256F variants
- ; were found to inactivate more rapidly than the wild-type
0'2:' enzyme. Conversely, enzyme inactivation was less in the
§ 0 15:_ Y73S protein and not detected in the W98l variant. All
- variants were diminished in their catalytic efficiendsa{
S 0.1 3 Km) compared to the wild-type enzyme (Table 1).
2 TF Spectroscopic Characterization and Steady-State Kinetic
< 0.05F Properties of TauD with Alternate SulfonatesMOPS and
s PSA are known to be substrates of Taw2)( The addition
o] . of MOPS to anaerobioaKG-F€e'TauD increased the absor-
F E bance and shifted the maximum to a shorter wavelength
02 E 3 (Figure 3C), analogous to the spectral change produced by
& - ] addition of taurine (Figure 3A). In contrast, absorbance
0.15 £ ] changes were less evident for PSA (added at 5 or 20 mM
g - ] concentrations, resulting in equivalent spectra), as illustrated
2 01F - in Figure 3B. We attribute the near identity of spectra in the
< C ] absence and presence of PSA to the retention of six-
0.05 F - coordinate geometry of the metal because of continued
T T coordination of water when PSA is present.

Prior steady-state kinetic studies of wild-type Taul2)(
0\ vavaagth Gy 100 yielded values oK for MOPS (145M) and PSA (590

Ficure 3: Perturbations to the absorbance spectrum of anaerobic#M) that were higher than for taurine (8/) and showed
aKG-FdTauD (black traces) by addition of (A) taurine, (B) PSA. that these alternative sulfonates turn over about half as fast

and (C) MOPS (blue traces). The final reactant concentrations were@S the normal substrate (2.0 and Lgnol min™* (mg
550 uM TauD subunit, 50uM Fé', 2 mM aKG, and either 2 protein) ! versus 4.1umol min~* (mg protein)?, corre-
mM taurine, 5 mM PSA, or 2 mM MOPS, in 25 mM Tris buffer sponding tok., values of 1.1, 1.0, and 2.2°9. All of the
at pH 8.0. previously reported values were obtained at°@and pH
) o ) . 6.9. We reevaluated the kinetics of PSA and MOPS

form a transient tyrosyl radical myolymg Tyr 73 t.hat exhibits transformation using the same conditions as well as using
an absorbance at 408 nm@). It is likely that this tyrosy| pH 8.0 buffer (for comparison to the stopped-flow spectro-
radical is produced by react||on of the tyrosine with a highly gcopic studies at pH 8.0, described below), analyzing the
oxidizing species such as Fexo. Therefore, to assess \yjid-type protein and two variants (Table 2). Surprisingly,
whether the variant proteins were capable of reacting with o K values determined for wild-type enzyme at pH 6.9
oxygen to produce s_uch a species, Fhey were tes_ted for theirusing MOPS and PSA (300 and 17@Kl) were significantly
ability to carry out this chemlstry. Wlth tht_a exception of the higher than those reported previousB2) for these condi-
Tyr 73 variants, all of the proteins listed in Table 1 formed ions, whereas the values for taurine were similar. While our
the tyrosyl radical when the F-éorms of the mutant enzymes | values are very close to those published earlier for MOPS
were mixed with oxygen in the presenceafG (data not  4nq pSA, our value for taurine is nearly 5-fold greater. The
shown). The tyrosyl radical did not form in the presence of inetic parameters, includindnae are only minimally
the substrate, except with the H70A and R270K variants. affected by pH at the values chosen for the experiments.
Normally, the highly oxidizing F¥-oxo intermediate reacts On the basis of the TauD structure (Figure 1), the N97A
with substrates, but when no substrate is present, it abstractgnq S158A variants may be expected to possess larger active-
an electron or hydrogen atom from a nearby tyrosyl residue. sjte pockets and thereby facilitate binding of larger substrates.
The H70A and R270K variants do not bind taurine, so that A5 symmarized in Table 2, these variants exhibited slightly
the tyrosyl radical is formed, even in the absence of taurine. gecrease®,, and increased catalytic efficiency values for
The capacity of the mutant proteins to generatedHe&- the larger substrate PSA at both pH conditions compared to
bound chromophore confirms that they fold correctly and he wild-type enzyme. In contrast, the N97A and S158A
their ability to form a tyrosyl radical demonstrates their yariants resembled the wild-type enzyme in their interactions
capacity to activate oxygen. with MOPS.

Steady-State Kinetic Properties of A&iSite Variants of Stopped-Flow Analysis of Wild-Type TaubPrevious
TauD. The TauD active-site variants were examined for their stopped-flow investigations of the reaction of wild-type
steady-state kinetic properties and rates of inactivation (TabletaurineeKG-Fe'TauD with oxygen identified a three-step

WO
o
o
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Table 2: Comparison of Steady-State Kinetic Parameters for Selected TauD Variants Using Alternative Sulfonates at Two pH Values

substrate (pH) and Keat Km Keal Kim Kinact
TauD variant (s (M) uM~ts™h (s

taurine (6.9) wild type 10.4 2.7 76+ 24 0.14+ 0.08 0.0034+ 0.003

taurine (6.9) N97A 3&E12 60.2+ 4.9 0.061+ 0.024 0.0058t 0.0017
taurine (6.9) S158A 7.2 0.05 323+ 26 0.022+ 0.003 0.0058t 0.0012
taurine (8.0) wild type 12305 58+ 6 0.22+0.03 0.0032+ 0.0007
taurine (8.0) N97A 3.805 44+ 17 0.09+ 0.04 0.0037 0.0013
taurine (8.0) S158A 6.3 0.8 100+ 20 0.06+ 0.2 0.0028+ 0.0017
PSA (6.9) wild type 2.1+ 0.6 1700+ 300 0.0012+ 0.0005 0.0038t 0.0018
PSA (6.9) N97A 1402 630+ 270 0.0026+ 0.0014 0.0057 0.0008
PSA (6.9) S158A 392 1.0 602+ 274 0.0065+ 0.0045 0.0062t 0.0015
PSA (8.0) wild type 3513 2600+ 500 0.0013+ 0.0006 0.0042t 0.0017
PSA (8.0) N97A 2.83t1.25 1100+ 300 0.0025+ 0.0005 0.0037 0.0008
PSA (8.0) S158A 3.0&: 0.90 900+ 200 0.0045+ 0.0003 0.0035t 0.0007
MOPS (6.9) wild type 0.95-0.03 300+ 90 0.0031+ 0.0010 0.0026t 0.0010
MOPS (6.9) N97A 0.59 0.25 236+ 136 0.0025+ 0.0024 0.0035 0.0026
MOPS (6.9) S158A 1.250.10 247+ 68 0.0050+ 0.0013 0.0036@t 0.0015
MOPS (8.0) wild type 12407 440+ 170 0.0039+ 0.0026 0.0037 0.0013
MOPS (8.0) N97A 1.83:0.63 960+ 250 0.0018+ 0.0010 0.0052t 0.0030
MOPS (8.0) S158A 1.6% 0.22 480+ 140 0.0033t 0.0003 0.0046at 0.0017

a Conditions were the same as for Table 1, except for the identity of the sulfonate.

Scheme 3
0.08

ki kz k3

I — 1II — 11l —— 1V 0.07 -

sequence of reactions (Scheme 3, with species Bpecies

I) in which the initial samples (exhibiting 520 nm absor-
bance) converted at a second-order rate con$tatd an
FeV-oxo intermediate (withimax of 318 nm and a shoulder
at ~500 nm), followed by generation of a bleached' Fe 0.04
species associated with a first-order rate constais,aind

subsequent restoration of the 520 nm absorbance as the 0'0335.3 AR P R
substrates rebind when oxygen is depleted with apparent rate ' '

constantks (36, 37). _ Time (s) -
. o - Ficure 4: Detection at two wavelengths and simulations of the
The three-step sequence of reactions is illustrated in Flgurestopped_ﬂow U\-visible kinetics of wild-type TauD. Spectra were

4 for an anaerobic sample that was mixed with buffer optained after mixing 1.1 mM TauD subunit, 1.0 mM'E&0 mM
containing 1.15 mM oxygen (such that the final concentra- aKG, and 10 mM taurine in 25 mM Tris buffer at pH 8.0, with an
tions of enzyme active sites and oxygen are approximately equal volume of buffer containing 1.15 mM oxygen. The experi-
equivalent, with excessKG and taurine) at 4°C and mental data (0.4 cm path length using the Olis instrument) at 365

nm (r nd 520 nm n r r mpared with th
monitored at 365 and 520 nm. The steps associatedkyith simélggsg?ﬁ?e:-s?ei t?me célﬁ?:es?g:;aclfﬁ%:s?tﬁgt vsgr:(z:]en;rz;te%
andk, are most easily observed as the increase and decreasby using the parameters shown in the text.
in absorbance at 365 nm. The data at 520 nm show the step
associated witlk, as a decrease in absorbance and that with and 365 nm, each trace exhibited the same kinetics of
ks as an increase. As shown, simulations of these dataformation and decay of the Feoxo intermediate and the
according to Scheme 3 using rate constants of 158 000 M small upward deviation at0.2 s was not observed (Figure
st and 12 and 7 ¢ reproduced the experimental traces. 5). The identity in apparent rate constants is significant
The initial extinction coefficients used in the simulations because it argues against the possibility that multiple
(289 and 246 M! cm™%) were consistent with the spectrum intermediates with overlapping absorbance features are

of Figure 3A and the 520 nm value of Table 1. The small formed during this reaction.

upward deviation at-0.2 s in the 365 nm trace (where the  The rates of Pé-oxo formation and decay were examined
simulation does not fit well) likely arises from a small {5 the wild-type enzyme as a function of the oxygen
proportion of the sample undergoing more than one turnover concentration. To examine a wide range of oxygen concen-
(vide infra). Analogous transient kinetic studies of the trations, some of these experiments utilized low concentra-
taurineelKG-Fe'TauD reactivity with oxygen were carried  tions of enzyme, resulting in traces that exhibited compli-
out in 2H,0 at 4°C (pH 8.34). The data were essentially cations at times greater thar0.2 s because of additional
indistinguishable from those carried out in® and rate turnovers (upper panel of Figure 6). Thus, valuegpthe
constants derived by simulations revealed no detect- gpparent rate constant associated with the third phase of
able differences beyond experimental uncertainty (data noty,mover, were obscured, and the final decreases in absor-
shown). bance at 320 nm and increases at 520 nm indicate the return
When the reaction was monitored with limiting concentra- to the substrate-bound form of the enzyme when oxygen was
tions of substrates over a series of wavelengths between 315lepleted. Nevertheless, from these and other experiments,

0.06

0.05 1

Absorbance
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0.14 1
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FiIGURE 5: Stopped-flow UV~visible kinetics of the P¥&-oxo
intermediate monitored at varied wavelengths. An anaerobic solution 904
containing 25QuM TauD, 200uM Fe', 250uM oKG, and 250 ]
uM taurine in 25 mM Tris buffer at pH 8.0 was mixed with an
equal volume of buffer equilibrated with 1.15 mM,,Cand the
absorbance intensities were monitored at 315, 320, 330, 340, 360,
and 365 nm (topbottom, 1 cm path length using the Hi-Tech
instrument).

B 0 O N @
.. 7. 9.7
o

O dB

the apparent first-order rate constants df Fexo formation

(k1) and decayK;) could be estimated for several enzyme
concentrations (lower panel of Figure 6). The observed rate
constants of F¥-oxo formation are directly dependent on

w
T
o
DO
e

Apparent rate constants (5'1)
[\N]
[=]

:r 2 $

the oxygen concentration, whereas the rate constant'vf Fe 1041 o

oxo decay was not (as evident from the upper panel of Figure ol e N
6; the points associated with the decay rates at the lowest 0 100 200 300 400 500 600
oxygen concentrations, which approximate the enzyme 0, concentration (uM)

concentration, are not well-determined). . .
) ) FicurRe 6: Oxygen concentration dependence of the rates of
To better understand the results depicted in the lower panelformation and decay of the Meoxo species. (Upper panel)

of Figure 6, apparent rate constants were estimated byAbsorbance changes at 320 nm (upper traces) and 520 nm (lower

; ; et ; . traces) observed upon mixing 10M/ wild-type TauD subunit,
simulating kinetic traces generated by using the three steploomvI Fo' 10 mM oKG, and 10 mM taurine in 25 mM Tris

consecutive model (Scheme 3). For example, W.e used buffer at pH 8.0, with an equal volume of buffer equilibrated with
158 000 Mt s%, k; of 12 s%, andk; of 7 st (derived by 1.15 mM (black), 0.575 mM (red), 0.242 mM (green), 0.115 mM
simulating the data in Figure 4 that were obtained with high (navy blue), or 0.058 mM (magenta) oxygen (1 cm path length
conceniralions of enzyme and oxygen) to smulate waces(SNY e 1SS, SmenY, over pene), feparer, o
for eac_h Q concentratlon and taunrtieKG-Fé'TauD con- oxygen concentration after mixing. The obyserved rate constants of
centration (approximated on the basis of thé Eencentra- FéV-oxo formation €, A, O andv) and decay 4, a, B and v)
tion). The simulated traces were then fit to two exponentials, were obtained using 50M TauD (® and <), 55 M TauD (a

and the derived rate constants were plotted as in the loweranda), 1254M TauD @ and0), and 250uM TauD (v andv).
panel of Figure 6. The plot (shown in Figure S1 of the . ) .
Supporting Information) nicely reproduced the major features ~ Stopped-Flow Analysis of TauD Varianténaerobic

of the data; i_e_k2 was unaffected by the ﬂ:oncentration, Samples of selected TauD variants were incubated Wllth Fe
except when it approached the enzyme concentration, and*KG, and taurine at pH 8.0, mixed with buffer containing
k, was linear with the @ concentration with a nonzero 0.242 or 1.15 mM oxygen, and monitored at 320 nm by
intercept. Somewhat better fits to the intercept and slope of stopped-flow UV-visible spectroscopy at 4C (a selection

the apparent rate constants of'~exo formation were  of traces are shown in Figure 8). We presume that the
obtained by reducings to 2.5 s? (Figure S2 of the intermediates observed in the mutant proteins are the same
Supporting Information). Our ability to accurately mimic the as that seen in the wild-type enzyme. The apparent first-
data shown in the lower panel of Figure 6 by using Scheme order rate constants andk, for FéV-oxo formation and

3 provides support for this kinetic scheme. decay in these variants (derived from multiple experiments)

Stopped-flow spectroscopic analyses of wild-type TauD are provided in Table 3 at both oxygen concentrations. In
were extended to assess the reaction of the enzyme withaddition, we compare the apparent second-order rate con-
alternative substrates. Significantly, the absorbance changestants of these samples, calculated as the slopes of plots of
believed to be associated with thé\exo intermediate was ki versus Q concentrations for the two points. In the case
not observed when using either MOPS or PSA (Figure 7). of the wild-type enzyme, we found that the apparent second-
A reasonable interpretation of these results is that the reactionorder rate constant underestimates the true second-order rate
exhibits a smallk; with these slow substrates, so that constant by~37%; similar underestimation is also likely to
significant levels of the intermediate never develop. apply to the variants. The results indicate that the apparent
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Ficure 7: Stopped-flow U\+visible kinetic data for the reaction
of aKG-Fé'TauD plus alternative sulfonates with oxygen. Spectra
were obtained after mixing 1.1 mM TauD subunit, 1.0 mM' Fe
10 mM oKG, and 10 mM sulfonate in 25 mM Tris buffer at pH
8.0, with buffer containing 1.15 mM oxygen at’€ (0.4 cm path
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A Absorbance

0.00+

-0.024
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Ficure 8: Overlay of the stopped-flow U¥visible kinetic traces

of wild-type TauD and selected variants. The traces obtained with
the Hi-Tech instrument illustrate the differences observed at 320
nm during the reaction of TauD and its variants (280 enzyme,
250uM Fé', 10 mM oKG, and 10 mM taurine in 25 mM Tris at
pH 8.0), mixed with an equal volume of buffer containing 0.242
mM (top) or 1.15 mM (bottom) oxygen. The traces correspond to
the wild-type enzyme (black) and the N95D (red), N97A (dark

length using the Olis instrument). The absorbance changes areblue), W8I (green), S158A (blue), and Y256F (magenta) variants.

presented from 5 to 800 ms at (upper panel) 365 nm and (lower

panel) 520 nm for experiments utilizing taurine (black), MOPS
(blue), and PSA (red).

second-ordek; can vary from 6.4x 10*to 1.87x 10° M1
s1, corresponding to a variation of the true second-order
rate constant from 8.% 10* to 2.56 x 1® M~ s™L, The
S158A protein exhibited the longest-lived intermediate of

Table 3: Apparent Rate Constants Associated with-Bro
Formation and Decay in Wild-Type TauD and Selected Varfants

those tested and generated the highest concentration of theygsa/N95D

presumed P¥-oxo species, especially at the lower oxygen
concentration, primarily because of its smal(with the large

k; also contributing). In contrast, in buffer containing 0.575
mM oxygen, the largesk, was associated with the W98|

sample, resulting in the shortest-lived intermediate observed.

The Y73l protein exhibited the largdstvalue of all samples
investigated. The kinetics of the N97A and Y256F variants
closely resembled that of the wild-type protein, but signifi-

cantly less of the intermediate was observed. Finally, none

of the intermediate could be observed in the N95D or N95A
variants.

DISCUSSION

Steady-State Kinetics of Wild-Type and Variant Forms of
TauD Using Alternatie Sulfonates The present work

0.121 mM Q 0.575mM Q

TauD speciesk; (s ko(s™) k(s k(sh) kP(ACPM s
wild type 3144 12+4 85+6 12+3 1.19+ 0.23

73l 53+5 20+7 138+7 16+4 1.87+ 0.26
Y73S 363 9+1 77+4 15+6 0.90+ 0.15
N97A 283 6+£1 78+8 10+3 1.10+ 0.24
Wwosl 383 9+3 674 1942 0.64+ 0.15
S158A 282 342 101+2 5+1 1.61+ 0.09
Y256F 21+3 10+£2 68+6 11+3 1.03+ 0.20

2 Rates as determined by KinetAsyst3 and the Marquardt algorithm
of Program A.° The apparent second-order rate constants are derived
from the slopes of plots ok; versus the oxygen concentration.
Simulations have shown that this value underestimates the true second-
order rate constant by about 37% for the wild-type enzyinNo
intermediate detected.

1) that His 70 and Arg 270 are critical to recognition of the
taurine sulfonate group. The taurio&G-Fé'TauD structure

(26, 27) reveals that His 70 lies 2.32 A from the closest
sulfonate oxygen atom, while the two guanidino nitrogens
of Arg 270 are 2.73 and 3.16 A from a second sulfonate
oxygen (with the third sulfonate oxygen interacting with the

supports predictions based on crystallographic data (Figurebackbone N-H of Val 102 at a distance of 2.68 A). Loss of
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key interactions in the R270K and H70A variants results in bound complex is not the rate-determining step, in contrast
inactive enzymes (Table 1). On the basis of their ability to to the case of cytochrome P455].
form both thea KG-Fé'TauD chromophore (at 530 nm) and The generally reported mechanism of this family of
a transient tyrosyl radical (detected at 408 nm), these proteinsenzymes, shown in Scheme 2, implies that formation of the
still fold properly, bind oKG, and activate oxygen. In  Fe&V-oxo specied proceeds fronC to D and E. Perhaps
contrast, these proteins fail to undergo a taurine-dependentsurprisingly, this complex process appears to occur in a single
UV —visible spectroscopic change because of their inability phase (Figures 4, 5, and 8). One explanation is that upon
to bind the substrate. forming D (or a reversible precursor dD) subsequent
Although Tyr 73 and Ser 158 originally were proposed to reactions leading td= are very fast. Although unlikely,
directly interact with the amine group of taurir), a higher another possibility is that species suchCasr E might not
resolution structure27) reveals that these residues are too have easily identifiable spectral features.
distant (3.94 and 4.04 A) to form hydrogen bonds with the ~ The studies described here represent the first effort to
amine nitrogen. The closest residue to the taurine amine ischaracterize the oxygen dependence dffe&o formation
Asn 95 (3.45 A to its amide oxygen), while His 99 (a metal in any Fé/aKG-dependent oxygenase. Our results were
ligand), Asn 97, and Asp 94 are 4.24, 4.58, and 4.84 A away compatible with the three-step Scheme 3, wherl.58 x
from taurine, respectively. Substitution of Asn 95 with Ala 10° M~!s™!) is the second-order rate constant for the reaction
or Asp leads to the greatest increas@%-fold at pH 8.0) in of oxygen with taurinexKG-Fé'TauD. By way of compari-
Kn (Table 1), although 4- and 11-fold increases were son, a second-order rate constant of x4B80° M~* s~ was
observed for the Y73l and Y73S variants. Of the mutant determined for formation of an unidentified intermediate in
proteins examined, the N95A and N95D enzymes demon- the mechanistically related enzyme 4-hydroxyphenylpyruvate
strated the greatest decrease&q i again highlighting the  dioxygenase48).
importance of Asn 95 in properly positioning the substrate  The reactions with the alternative sulfonates MOPS and
for catalysis. PSA were catalyzed byKG-F€e'TauD at rates that were 28
Additional insights into TauD reactivity were derived from and 14% of that with taurine (at pH 8.0); however, turnover
steady-state kinetic analyses with alternative substrates. Theof these substrates did not result in accumulation of detect-
Km values for taurine, MOPS, and PSA reported here at pH able amounts of the intermediate (Figure 7). The products
6.9 are 1.4-, 2-, and 2.9-fold greater than those initially formed from these substrates are sulfite and the correspond-
reported 22), and additional small variations were noted ing aldehyde, analogous to the reaction with taurine.
upon changing to pH 8.0. Furthermore, thg; values Therefore, we presume that an'f=exo species occurs during
determined here for utilization of taurine, MOPS, and PSA catalysis, as in Scheme 2. With MOPS and PSA, the lack of
at pH 6.9 are 4.7-fold greater, equivalent, and 2-fold greater, observable intermediate must be due to a small ratio of the
respectively, than those originally reported2). These apparent first-order rate constarkgk, (Scheme 3). We
greater values likely reflect a better quality enzyme obtained estimate that the turnover numbers for PSA and MOPS at 4
here and the use of single-time-point assays in the prior work °C are 0.6 and 0.374. If k, remains at~12 s (as for
that did not account for time-dependent enzyme inactivation. taurine),k; could be as low as 17, which would account
In contrast to the published statement that maximal activity for no observable Fé-0xo species. As in the case of taurine,
was observed at pH 6.9 for this enzyn22), we find larger the rate-determining step for turnover of these alternative
keat andkeafKm values for each of the three substrates at pH substrates must occur after the decay of the intermediate.
8.0 compared to pH 6.9. Substitution of Ala for Ser 158 or  Transient Kinetics of Variant TauD Proteinghe kinetics
Asn 97 is likely to increase the size and hydrophobicity of of the oxygen reaction with taurineKG-Fe'TauD were
the taurine-binding site. As expected, both mutant enzymesaffected by substitution of residues near the active site. The
displayed relative decreases Kk, using the more hydro- W98l variant is rather remarkable in exhibiting a highg
phobic substrate PSA compared to taurine. At the same time,and has a greater resistance to inactivation (sméaligy
the S158A variant exhibited a large increase in the taurine than that of the wild-type enzyme (Table 1). As depicted in
Km, especially at the lower pH value, suggesting that Ser Figure 8, the rate of formation of the 'Feoxo species in
158 assists in binding the protonated amine in this substrate this protein was similar to that of the wild-type enzyme, but
No comparable amine is present in PSA, and MOPS containsthe decay of the intermediate was significantly faster (note
only a tertiary amine. the largek; in Table 3 at high oxygen concentrations)
Transient Kinetics of Wild-Type TaulVild-type enzyme implying a faster substrate hydroxylation step. We speculate
kinetics data were simulated according to the three-stepthat the rapid oxygen insertion into the substraten Table
mechanism of Scheme 3. Best fits were obtained with 3) at least partially accounts for the enhanced resistance to
apparent rate constants (158 000! and 12 and 7§ inactivation of the protein by competing more effectively
at pH 8.0 and 4C) that are closely similar to those (145 000 with the autoinactivation reaction, a process that involves
M~1stand 13.7 and 2.53% at pH 7.6 and 5C) previously abstraction of a hydrogen atom from a nearby tyros#&; (
reported by Price et al36) using the same general approach. 47) when no substrate is present. Restated, we suggest that
These parallel results provide assurance that we are studyinghe W98I enzyme rapidly carries out substrate hydroxylation
the same process as the other investigators. None of the rateesulting in less protein self-oxidation. The S158A variant
constants exhibited a detectable solvent isotope effect,exhibits only small changes in its steady-state kinetics, but
suggesting that no protons from the solvent are involved in as revealed by the stopped-flow studieskitis much smaller
any of the observed steps. The lack of solvent deuterium than that for the wild-type enzyme. These observations imply
isotope effect on the rate constant associated with&eo a slower substrate hydroxylation step and suggest that one
formation means that protonation of the preceding oxygen- function of Ser 158 is to help orient the taurine appropriately



3854 Biochemistry, Vol. 44, No. 10, 2005

for catalysis. Because of the longer lifetime and larger 5.

proportion of the intermediate observed in this protein, the
S158A variant may be particularly useful for future charac- ¢
terization of the F¥-oxo properties. The Y73l variant is
notable for its largé; andk,. We speculate that removal of

the aromatic group, while retaining a hydrophobic environ-
ment, enhances oxygen access to the active site, thus placing
Tyr 73 along the route of oxygen transfer. The lovker
observed in the Y73S variant is consistent with this notion,
because decreased hydrophobicity along the oxygen transfer

route would hinder the rate of oxygen binding. This g,

substitution also results in an 11-fold increase in keof
taurine. The N95D and N95A variants exhibit significant
decreases i, large increases in thi€y, of taurine, and 9
minimal changes to the spectrum of thi€G-bound proteins
upon binding taurine (Figure 2). No evidence for ai'Fe
oxo intermediate was observed in the stopped-flow traces,
but this species is likely to be used during catalysis. We
speculate that the substitution of this Asn by Asp or Ala
may impede conversion of the six-coordinate intermediate
B to the five-coordinate intermediateé (Scheme 2), thus
resulting in a greatly reduced rate of "Fexo formation.
The steady-state and transient kinetic properties of the N97A
and Y256F variants are much like those of the wild-type
enzyme, yet the intensity of the presumed’Fexo species

is smaller. We have no clear understanding of why the 13.

absorbance intensity of this intermediate would be less but
suggest that it may involve subtle conformational changes

of the metallocenter. Overall, these stopped-flow studies of 14
TauD variants have begun to identify how the protein
environment can influence the kinetics associated with the
FeV-oxo intermediate, and they set the stage for further ;g
investigations to define the mechanism of catalysis.
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