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The Fe(ll)- and-ketoglutarate-dependent dioxygenases catalyze
hydroxylation of unactivated carbon atoms on a variety of substrates
by coupling reductive activation of dioxygen with oxidative
decarboxylation ofi-ketoglutarate (2-oxopentane-1,5-dioic acid;
hereafter denotedKG?Y). This elegant strategy for alkyl group
functionalization is orchestrated by a conserved Alp-facially
coordinated, mononuclear Fe(ll) center to whitKG and (pre-
sumably) oxygen bind. A consensus mechanism for these enzymes
in which an oxo-ferryl (Fe(I\VJ=02") intermediate is formed upon
decarboxylation ofttKG and initiates hydroxylation by abstraction
of a hydrogen atom from the target carbon of the substrate, has
repeatedly been proposed, but neither the Fef®~ complex
nor any of the several other postulated intermediates between
addition of G to the Fe(ll) center and substrate hydroxylation has
ever been directly demonstrated for any member of this fafdily.

Recently, we used kinetic and spectroscopic methods to characteriz%

a high-spin Fe(IV) complex in the catalytic cycle of one of these
enzymes, taurineKG dioxygenase (TauD) fror&scherichia coli
which catalyzes hydroxylation of taurine (2-aminoethane-1-sulfonic
acid) at C1* A minimal kinetic mechanism involving three steps
(formation of the Fe(lV) intermediate in a bimolecular reaction
between the quaternary Tati2(ll)-aKG-taurine complex and £
decay of the complex to an Fe(ll)-containing second intermediate,
and conversion of this second intermediate back to the reactant
complex; Scheme Slwas shown to account well for both the
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Figure 1. Kinetics of, and C1-deuterium KIE on the reaction &t of,

the quaternary TaufBe(ll)-aKG-taurine complex with limiting @ moni-

tored (A) by stopped-flow absorption and (B) by freeze-quenclsdidauer.

In (A), a solution of the quaternary complex (in 50 mM Tris buffer, pH

7.6) containing 2.0 mM TauD, 1.8 mM Fe(ll), 17 mdKG, and 17 mM

ynthetic'H-taurine ©) or 2H-taurine (0) was mixed with air-saturated

uffer in a volume ratio of 2:5. The path length was 1 cm. In (B), a solution

of the quaternary complex (same buffer) containing 4 mM TauD, 3.6 mM

57Fe(ll), 10 mMaKG, and 10 mM synthetiéH-taurine @) or H-taurine

(m) was mixed with an equal volume of,@aturated buffer. The solid lines

are simulations according to Scheme S1 and assumptions (0.87 equiv of

Fe(ll) bound, 72% of complex active) indicated by previous woikhe

initial concentrations of @were calculated according to ref 7.

10 107

feature at 318 nm (Figure S1A). Previous work showed that this
feature is attributable to the Fe(IV) intermedi&fifference spectra
from short times (less than 0.030 s) in the otherwise-identical

transient-state kinetic/spectroscopic data and the steady-state catd€action employing the syntheti¢i-taurine are very similar and

lytic rate. Although the oxidation and spin state of the novel Fe-
(IV) complex were unambiguously defined, its position in the
catalytic cycle and relationship to hypothetical intermediates in the

are also dominated by the positive 318-nm feature of the Fe(IV)
complex (Figure S1B). However, this feature persists for much
longer in the?H-taurine reaction. Comparison of the 318-nm kinetic

consensus mechanism were not. In this work, we demonstrate thaffaces © andd in Figure 1A) illustrates that the amplitude is nearly

substitution of the C1 hydrogen atoms of taurine with deuterium
slows decay of the Fe(IV) intermediate by37-fold without

twice as great (under these conditions) and the decay phase is much
slower with 2H-taurine (). These stopped-flow data, as well as

affecting the rates of the two other resolved steps of the minimal all other stopped-flow and freeze-quench kinetic data from experi-
mechanism. A kinetic isotope effect (KIE) of this magnitude ments carried out under different reaction conditions (see below),
requires that decay of the intermediate occur concomitantly with, €@n be accounted for by the same kinetic scheme simply by
or be tightly kinetically coupled to, cleavage of the-& bond. adjustment of the rate constant for decay of the Fe(IV) gomplex
Thus, the results prove that the novel Fe(IV) complex either is the from (13 2) s°* for *H-taurine to (0.35 0.05) s for ?H-taurine,
hydroxylating intermediate or rapidly and reversibly converts to Setting limits of 28< ki/kp < 50 on the KIE. _
the hydroxylating species. Chemical logic dictates that the former  The freeze-quench Msbauer method was used to confirm that
possibility is more likely. the observed effect on decay of the 318-nm absorption is indeed a
Absorption spectra from a control reaction betweera@d the reflection of a large KIE on depay of the Fe(IV) intgrmediatg.
quaternary TaubFe(ll)-aKG-taurine complex, which was formed Samples were prepared by rapidly freezing the reaction solution

with synthetic 1-fH]-taurine {H-taurine) obtained by a procedure ~ &fter 0.021, 0.084, and 0.16 s for thé-taurine reaction and after
mimicking that used to prepare the ZH],-taurine H-taurine)? 0.084, 20 and5.0s for_the otherwise-identft#itaurine reaction.
are essentially indistinguishable from those previously obtained with Weak-field (40 mT applied parallel to thebeam), 4.2-K spectra

commercial taurind Changes are dominated by a transient, positive ©f these samples are superpositions of the quadrupole doublet of
the Fe(lV) species and the (at least two) incompletely resolved

doublets characteristic of Fe(ll)-containing complexes (reactant and
intermediate). The concentrations of the Fe(IV) complex determined
from its contribution to each spectrur® (and B in Figure 1B)
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complex in the’H-taurine reaction would represent the sum of the
rate constants for coupled and uncoupled decay, whereas it is likely
that only the former involves CiH cleavage. Thus, the true KIE
could be as large as 58 (3¢ 0.11/0.07), or larger if error limits

are considered.

Because théH-taurine has deuterium atoms at both prochiral
positions on C1, the observed KIE is expected to represent the
. product of primary and secondary effects. If an upper limit of 2 is
taken for the (normal) secondary KIE, the primary effect is
1 calculated to be at least 16 (considering all error limits). The
magnitude of this effect suggests that quantum-mechanical tunneling
4 may contribute to €H bond cleavage.

The combined spectroscopic and kinetic data establish that
i productive decay of the high-spin Fe(lV) intermediate requires
cleavage of the CiH bond of taurine. The simplest interpretation
of this result is that the Fe(lV) complex is the H-abstracting
intermediate. Alternatively, the Fe(IV) complex may undergo rapid
and reversible conversion to the H-abstracting species. However,
in the consensus mechanism~B bond cleavage is preceded
immediately by decarboxylation, and the latter is expected to be
irreversible. Therefore, we consider it extremely likely that the

taurine with Q-saturated buffer in a volume ratio of 2:5. The solid lines Fe(IV) Complex is the C,iH, abstract!ng |ntermed|§te. Ongomg
are the theoretical spectrum of the Fe(IV) intermedigée= 0.31 mm/s, spectroscopic characterization of this novel species will reveal
AEq = 0.88 mm/s) scaled to 22%, 46%, and 63% of the total iron absorption Whether it is the generally postulated Fe@%(p?~ complex or some

in (A), (B), and (C), respectively. The Mgbauer spectrometer has been other structure.

described.
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Figure 2. Selected 4.2 K, weak-field Mssbauer spectra of samples
prepared by rapid freezing of the reaction &bof the quaternary TauD
Fe(ll)-aKG-taurine complex with @ Spectra A and B are of the 0.084 s
time-points from the'H-taurine ancPH-taurine reactions, respectively, of
Figure 1B. Spectrum C is of a sample frozen 0.11 s after mixing a solution
of 3.6 mM TauD, 3.25 mM7Fe(ll), 12.3 mMaKG, and 12.3 mM2H-
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(greater) maximum value in théd-taurine reaction (spectrum B), ) ) ) o
due to its much slower decay. For both reactions, the kinetics of  SUPPOrting Information Available: ~Characterization of the syn-
the Fe(IV) complex agree well with those predicted by Scheme 1 thetic ‘H-taurine andtH-taurine, procedure for measuring €@yoduc-
(solid traces in Figure 1B). Under optimized reaction conditions tlpn f_rom_ aKG, the scheme used for S|mulat|op of the kinetic data,
(i.e., excess @ rather than the limiting-©conditions employed kinetic-difference abgorptlon spectr.a fr_om_reactlons of the qugternary
L . . . TauDFe(ll)-aKG-taurine complex with limiting @for both'H-taurine
for the above kinetic experiments), the increased lifetime of the N . , :
o . o : o and ?H-taurine, and Mesbauer spectra of all six samples from the
_complex with H-taurlr_le permits its accumulgtlon £060% O.f the experiment of Figure 1B (PDF). This material is available free of charge
iron in the sample (Figure 2, spectrum €Jhis augmentation of via the Internet at http://pubs.acs.org.
lifetime and purity should prove extremely useful for ongoing
spectroscopic characterization of the complex.
The steady-state rates of decarboxylatiorn#iG and release
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