MICROREVIEW

Mechanism of Taurine: a-Ketoglutarate Dioxygenase (TauD) from
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The iron(m)- and o-ketoglutarate-dependent dioxygenases
comprise enzymes that catalyze a variety of important reac-
tions in biology, including steps in the biosynthesis of colla-
gen and antibiotics, the degradation of xenobiotics, the re-
pair of alkylated DNA, and the sensing of oxygen and re-
sponse to hypoxia. In these reactions, the reductive acti-
vation of oxygen is coupled to hydroxylation of the substrate
and decarboxylation of the co-substrate, a-ketoglutarate. It is
believed that a single, conserved mechanistic pathway for
formation of a high-valent iron intermediate that attacks the
substrate is operant in all members of this family. Application

of a combination of rapid kinetic and spectroscopic tech-
niques to the reaction of taurine/a-ketoglutarate dioxygen-
ase (TauD), one member of this large enzyme family, has led
to the detection of two reaction intermediates. The first inter-
mediate, which is termed J, is a high-spin Fe!V-oxo complex.
Decay of J exhibits a large, normal C1 deuterium kinetic iso-
tope effect, demonstrating that it is the species activating the
C-H bond for hydroxylation. The second intermediate is an
Fe''-containing product(s) complex.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2005)

1. Introduction

The Fe'- and o-ketoglutarate («KG)-dependent dioxy-
genases are a large and functionally diverse family of en-
zymes that employ a structurally conserved, mononuclear,
non-heme Fe! center.['"*) The Fe!' center is facially coordi-
nated by three protein ligands, two histidines and one as-
partate or glutamate.>-*! These residues are organized in a
His-Xxx-(Asp/Glu)-(Xxx),-His sequence motif.’] The Fe!l
center is used to activate dioxygen to effect (1) the decar-
boxylation of the co-substrate, t KG, and (2) a two-electron
oxidation of the substrate. In most cases the substrate oxi-
dation is a hydroxylation of an unactivated carbon atom,
although other two-electron oxidations, such as desatu-
ration and cyclization reactions, are effected by some family
members. 4

The aKG-dependent dioxygenases catalyze a wide vari-
ety of reactions with diverse biological functions, which
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have recently been summarized by Hausinger.’] They cata-
lyze reactions involved in the degradation of xenobiotics,”
and the biosyntheses of connective tissue,!®*! various antibio-
tics,'%1?l and a wide variety of plant secondary metabolites,
including flavonoids, gibberellins, and alkaloids (see ref.l*]
and references cited therein). In addition, the dysfunction
of members of the aKG-dependent dioxygenase family has
been implicated in the etiology of several disease states.[!?]

Recently, several additional reactions of importance to
human biochemistry have been found to be catalyzed by
aKG-dependent dioxygenases. The first involves repair of
alkylated DNA and RNA by the enzyme AlkB.['*!31 Stud-
ies on AlkB from E. coli have demonstrated that it can hy-
droxylate the N-linked carbon of alkyl groups on 1-alkyl-
adenine and 3-alkylcytosine residues in DNA and RNA,
leading to elimination of the potentially mutagenic substitu-
ent and repair of the base.l'4!%l Eight putative homologues
of AlkB have been identified in humans, but they are less
well studied than E. coli AlkB.['*17]

The second involves control of oxygen homeostasis by
the transcription factor, hypoxia inducible factor
(HIF).I'®1T When oxygen levels drop, an adaptive response
is initiated by the HIF-mediated transcriptional activation
of genes that, for example, direct synthesis of new blood
vessels (angiogenesis) and production of red blood cells
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(erythropoiesis) to combat hypoxia.?”! HIF activity is con-
trolled by posttranslational hydroxylation of specific amino
acid residues in its o-subunit. These reactions are catalyzed
by two aKG-dependent dioxygenases. Because molecular
oxygen is a co-substrate, the activities of the enzymes pro-
vide the mechanism by which oxygen levels are sensed by
cells. The first enzyme is the HIF-specific prolyl-4-hydrox-
ylase, which hydroxylates Pro564 of the HIFa-protein.['81°]
Hydroxylated HIFa forms a complex with the von Hippel-
Lindau (VHL) tumor suppressor protein, is ubiquitinated,
and consequently is subject to proteasomal degradation.
The second enzyme catalyzes the hydroxylation of a specific
asparagine, Asn803.?!2] This enzyme has been termed
FIH, factor inhibiting HIF. Hydroxylation of Asn803 pre-
vents binding of HIFa to the transcriptional coactivator,
p300, rendering it (HIFa) inactive. These processes play im-
portant roles in the pathophysiology of human diseases, in-
cluding cancer, cardiovascular, and pulmonary dis-
eases.?%-23] Manipulation of these processes is thus consid-
ered a promising strategy for drug design.**+23

The third process contributes to iron homeostasis by
controlling the activity of the iron regulatory protein 2
(IRP2). It is known that IRP2 is posttranslationally modi-
fied, and that modified IRP2 is subject to ubiquitination
and proteasomal degradation.?®2”! This process is remark-
ably similar to the constitutive degradation of the HIFa-
protein in oxygen homeostasis. Current evidence suggests
that the posttranslational modification of IRP2 is also car-
ried out by a aKG-dependent dioxygenase.l?8-2]

2. Mechanism

It is thought that the aKG-dependent dioxygenases use
a conserved mechanistic pathway to activate O, and form

a high-valent iron intermediate that attacks the substrate,
leading to hydroxylation or a related two-electron oxi-
dation.[>*3% The consensus mechanism for hydroxylation
was first formulated by Hanauske-Abel and Giinzler solely
on the basis of theoretical considerations.?'1 Nevertheless, it
has thus far held up to the experimental and computational
scrutiny of the enzymes and inorganic models of them that
has since been carried out. A modified version of this
mechanism, adapted for the specific case of the enzyme
taurine/aKG dioxygenase (TauD) from E. coli, is shown in
Scheme 1. The first step in the mechanism is binding of
aKG in a chelating mode to the binary enzyme-Fe!' com-
plex, a step that gives rise to a weak (¢ = 200 M 'cm™)
absorption feature in the visible regime (with a peak at
530 nm in TauD). Solomon and co-workers demonstrated
for the enzyme clavaminate synthase by a combination of
UV/Visible absorption, CD, and MCD spectroscopy and
computational studies that this feature arises from a metal-
to-ligand charge transfer (MLCT) transition involving the
coordinated oKG ligand.’?! The iron site in the ternary
enzyme-Fe":0KG complex is six-coordinate (6C), nearly oc-
tahedral, and in the high-spin configuration. The next step
in the consensus mechanism is binding of substrate to the
ternary enzyme-Fe"-aKG complex.?3 Substrate binds in
the vicinity of the Fe!l center, but not directly as a ligand,
causing changes in the CD and MCD spectra that are in-
dicative of conversion to a five-coordinate (5C) square-py-
ramidal Fe!l site.[’?] Hausinger and co-workers have shown
that, for TauD, binding of substrate results in a shift of the
peak of the MLCT band from 530 nm to 520 nm.[3 Que
and co-workers studied the ternary enzyme-Fe:*aKG and
quaternary enzyme-Fe"-aKG-substrate complexes of TauD,
as well as model complexes for them, by resonance Raman
spectroscopy.l*’! The bidentate binding mode of the co-sub-
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Scheme 1. Consensus mechanism for the Fe'- and a-ketoglutarate-dependent dioxygenases, adapted for the specific case of taurine/a-

ketoglutarate dioxygenase. The assignment of rate constants at 5 °C to individual steps of the mechanism is based on refs.[

strate, aKG, has also been demonstrated by X-ray crystallo-
graphic studies of a number of aKG-dependent dioxygen-
ases (see ref.’l and references cited therein). The structures
reveal that the carbonyl group of oKG binds trans to the
protein carboxylate ligand, whereas the C1 carboxylate
group of aKG binds opposite to one of the histidine resi-
dues. Interestingly, it can bind either trans to the histidine
of the His-Xxx-Asp/Glu-motif, which is termed “in line”
binding mode, or it can bind trans to the histidine more
distant in sequence (“off line” binding mode).’! There is X-
ray crystallographic evidence for flexibility of «KG-binding
in some of the enzymes. For example, in clavaminate syn-
thase, 0t KG binds “in line” when the substrate analogue de-
oxyguanidinoproclavaminate is bound, and it binds “off
line” when NO as an analogue of oxygen coordinates to the
Fe center of the deoxyguanidinoproclavaminate complex.!
Another example is the enzyme alkyl sulfatase, for which
“in line” coordination of aKG to the Fe™ center is ob-
served, whereas “off line” binding is observed when the Fe!l
is substituted with Na*.37! In addition, aKG binding is sta-
bilized by the ionic interaction of its C5 carboxylate group
with an arginine or lysine residue.

The dissociation of the water ligand creates an open co-
ordination site, and it is proposed that this is the site to
which oxygen adds.™3% Indeed, it has been shown that
binding of the substrate increases reactivity toward O,
many-fold.?83°1 Thus, the enzymes have evolved what
amounts to a conformational “trigger” for O, activation,
which serves to favor the formation of reactive intermedi-
ates only in the presence of the target substrate, thereby

Eur. J. Inorg. Chem. 2005, 4245-4254 www.eurjic.org

39,61,68,72,78]

minimizing the potentially inactivating self-oxidation reac-
tions that have been demonstrated to occur in a number of
the enzymes when the ternary enzyme-Fe:aKG complex
reacts with O, in the absence of substrate.[*?4?1 Addition of
oxygen to the coordinatively unsaturated Fe!! center of the
quaternary complex yields intermediate I, in which the O,
moiety is proposed to coordinate end-on to the Fe center. I
is a {FeOO}® complex, and computational studies from the
Solomon group suggest that it should be described as a
Fe'-superoxo species.[**] These calculations were calibrated
by correlating experimental and computational data for the
related {FeNO}’ complexes,*’] which have been prepared
by addition of NO to the Fe'' forms of a number of dif-
ferent mononuclear non-heme enzymes*+* and models
thereof.[**47] The postulated Fe-superoxo complex I is
proposed to react by a nucleophilic attack of the uncoordi-
nated O atom on C2 of aKG, thereby forming the bicyclic
species, II. The next step in the proposed mechanism is de-
carboxylation of aKG and cleavage of the O-O bond to
yield an Fe'V-oxo, intermediate, J.[*8] Alternative structures
for the Fe'Y-oxo intermediate have been proposed. These
include a mixed anhydride of carbonic and succinic acids,
in which the O atom is inserted into the C1-C2 bond of
aKG.B3! The products of decarboxylation of aKG are succi-
nate and CO,. Importantly, the mechanism predicts that
one O atom of succinate should derive from O,, and this
has been verified for several of the enzymes by use of %0,
(see ref.l¥ and references cited therein). In the next step, the
Fe'V-oxo intermediate is proposed to abstract a H atom
from the substrate, yielding IV, which consists of a Fe''-
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OH complex and a substrate radical. Although IV has
never been detected directly, evidence for the formation of
a substrate radical was obtained by Begley and co-workers
in their study of prolyl-4-hydroxylase (P4H) from Parame-
cium bursaria Chlorella virus 1.1*°) P4H-directed oxidation
of a peptide substrate containing 5-oxaproline was shown
to result in conversion of the proline analogue to aspartate
in a process that is likely to involve rearrangement of the
expected substrate radical intermediate. In the normal cata-
lytic processes, “oxygen rebound” of the Fe'"-OH complex
of IV with the substrate radical generates the hydroxylated
product and a Fe!' center. Thus, the mechanism also pre-
dicts that the O atom incorporated into the substrate should
be derived from dioxygen, and this has also been verified by
isotopic labeling experiments. Importantly, incorporation of
180 from O, has been shown for some enzymes to be less
than stoichiometric, suggesting that the O atom in J or IV
(or both) may exchange with solvent (see ref.’] and refer-
ences cited therein). Alternatively, the oxo group may be
protonated and a coordinated hydroxide ligand may be-
come deprotonated and be incorporated into the product.
This mechanism was named “ferryl-flip”.13 The hydroxide
ligand required for this mechanism is not shown in
Scheme 1, but coordination of a hydroxide ligand in ad-
dition to the ligands shown is entirely possible, especially
considering that J and IV are depicted as having only five
ligands.

Significant insight into the mechanism was also obtained
from studies on inorganic model complexes.! Fe'V-oxo
complexes have been synthesized and characterized spectro-
scopically,P%4 and oxygen activation by Fe'! centers coor-
dinated by o-ketoacids has been investigated in de-
tail.3>35-1 These studies revealed that the a-ketoacid can
bind as a monodentate or bindentate ligand, but only the
latter exhibits the diagnostic MLCT band. Decarboxylation
is accelerated by electron-withdrawing substituents on the
a-ketoacid, consistent with the proposed nucleophilic at-
tack of the superoxo species of I on the a-ketone car-
bonyl.[57]

Although the aforementioned studies provided support
for the consensus mechanism, until very recently none of
the proposed intermediates (enclosed in brackets in
Scheme 1) had been directly detected for any enzyme in the
family. In 2002, we selected one member of this enzyme
family, TauD, which catalyzes hydroxylation of C1 of taur-
ine (2-aminoethane-1-sulfonic acid) and other organosul-
fonates to initiate elimination of sulfite for sulfur acqui-
sition,!” for kinetic studies designed finally to reveal inter-
mediates in this important reaction cycle. Several character-
istics made it an ideal choice for such studies.** It is rela-
tively small (32 kDa), soluble to high concentration, ther-
mally stable, and readily obtained in large quantity by over-
expression in E. coli.’¥ In addition, its substrate, taurine,
is chemically simple, making analogues with chemical or
isotopic substitutions designed to perturb the reaction kin-
etics or mechanism synthetically accessible.

Investigation of the TauD reaction by rapid kinetic
(stopped-flow and freeze-quench) and spectroscopic meth-

4248 © 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

ods (UV/Visible, Mossbauer, EPR, resonance Raman, X-
ray absorption) led to the detection of two intermediates in
the catalytic cycle not previously detected for any member
of the family. These studies are summarized in the following
sections.

3. Detection of Two Intermediates in the TauD
Reaction

The first evidence for the accumulation of two intermedi-
ates was obtained from stopped-flow absorption experi-
ments.[°!] Changes in the spectrum after mixing of the qua-
ternary TauD-Fe-aKG-taurine complex with an oxygen-
ated buffer solution (but not after a control mix with O,-
free buffer) were shown to be dominated by a positive fea-
ture at 318 nm, which reaches maximum intensity after ap-
proximately 20 ms (Figure 1, A), and a negative feature as-
sociated with loss of the chromophoric reactant complex,
which develops fully only after the 318 nm feature has de-
cayed (inset to Figure 1, A). These observations were ra-
tionalized by a minimal kinetic mechanism involving two
accumulating intermediate states, the 318-nm absorbing
first intermediate, J, which also absorbs into the visible re-
gime to partially compensate for the loss of the absorption
from the reactant complex, and a second species lacking
both UV and visible absorption that accumulates prior to
regeneration of the reactant complex. Rate constants of
1.5x10>m ! s7! for formation of J, 13 s~! for decay of J to
the second intermediate, and 2.5 s! for conversion of this
intermediate back to the reactant quaternary complex were
shown to accommodate the data well. Kinetic traces at
318 nm and 520 nm illustrate the three-step sequence clearly
(Figure 1, B).

Although revealing their accumulation, the stopped-flow
absorption experiments provided no clues as to the struc-
tures of the two intermediates, nor their positions within
the catalytic cycle. Rapid freeze-quench (RFQ) Mdossbauer
spectroscopy provided the first such clues.[®!] Mixing of the
quaternary complex, which has a spectrum typical of a
high-spin Fe!! species (Figure 1, C, top), with O,-containing
buffer results in a new Mossbauer absorption line at
+0.75 mm/s (Figure 1, C). With increasing reaction time,
the new peak was found to decay (Figure 1, D, filled circles)
with the same time-dependence predicted for J (Figure 1,
D, solid line), thereby establishing that the Mdssbauer ab-
sorption at +0.75 mm/s is associated with J. Analysis of the
experimental spectra revealed that J exhibits a quadrupole
doublet (solid line shown above the spectrum of the 20-ms
sample in Figure 1, D) with unusual parameters, an isomer
shift (d) of 0.31 mm/s and a quadrupole splitting parameter
(AEg) of 0.88 mm/s. In general, the reduced isomer shift of
J suggested that it is an oxidized species, but the value did
not allow assignment of oxidation state, because it is higher
than any of the isomer shifts reported for Fe!V com-
plexesP1-02%1 but also at the low extreme for high-spin
Fe!'l, Indeed, a trigonal bipyramidal high-spin Fe'' model
complex reported by MacBeth et al. has the same isomer
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Figure 1. (A) UV/Visible absorption spectroscopic changes re-
corded 20 ms (solid lines), 68 ms (dot-dashed lines), 210 ms (dotted
lines), and 10 s (dashed lines) after equal-volume mixing at 5 °C of
a solution of 2.4 mm TauD, 2.2 mm Fe!!, 10 mm aKG, and 10 mMm
taurine with O,-saturated buffer. The inset is a magnification of
the absorbance changes in the 500-nm region. (B) Absorbance kin-
etic traces at 318 nm (circles) and 520 nm (triangles). The solid lines
are simulations according to the rate constants shown in Scheme 1.
(C) 4.2-K/40-mT Mossbauer spectra of RFQ samples from the re-
action of the TauD-Fe''-aKG-taurine complex with O,. The reac-
tion times are shown. A simulation of the spectrum of J (6 =
0.31 mm/s, AEg = 0.88 mm/s) is shown as solid line. (D) Concentra-
tion of J determined from RFQ Mdssbauer spectroscopy (circles)
and a simulation according to Scheme 1 (solid line). All figures are
adapted from Price et al.lo!]

shift, 0.31 mm/s.”l Exposure of samples containing high
levels of J to y-irradiation at 77 K (cryoreduction) moni-
tored by EPR and Mdssbauer spectroscopy was shown to
convert it to one (or more) high-spin Fe'™ complex, estab-
lishing the formal oxidation state of J as +IV.[!]

Decay of J is accompanied by an increase of the intensity
of the high-energy line (at = 2.7 mm/s) of the Mdssbauer
quadrupole doublet of the high-spin Fe!' species, demon-
strating that the second intermediate contains Fe'l.[3]

4. Placement of the Intermediates within the
Catalytic Cycle and Integration of the Kinetic
and Chemical Mechanisms

The stopped-flow absorption and freeze-quench Mdss-
bauer data by themselves established neither the identities
nor the positions within the catalytic cycle of the two inter-
mediates. The formal +1V oxidation state of J and +II state
of the second intermediate suggested that the former occurs
before taurine hydroxylation and the latter after, but the
lack of good precedents for intermediates in the catalytic
cycle precluded more definitive assignment by simple com-

Eur. J. Inorg. Chem. 2005, 4245-4254 www.eurjic.org

parison of Mossbauer and optical properties. For example,
it is possible to depict both I and II (in addition to J) with
“resonance structures” having the Fe in the +IV oxidation
state. Similarly, the second intermediate might be either a
product(s) complex or the TauD-Fe!! binary complex await-
ing rebinding of substrates. Additional kinetic experiments
resolved these issues.

4.1 J is the Hydroxylating Intermediate

The position of J in the catalytic cycle was resolved by
testing for substrate deuterium Kkinetic isotope effects
(KIEs) on formation and decay of the intermediate. 1,1-
[PH],-taurine and the (control) unlabeled substrate were
synthesized and used to prepare the reactant quaternary
complex for reaction with O,. A large normal KIE (ky/kp
=~ 37) on decay of J, but no KIE on its formation, were
observed. This result was shown both by stopped-flow ab-
sorption measurements (Figure 2, A) and by RFQ Mdss-
bauer (Figure 2, B).[8! The result suggests that J is respon-
sible for cleavage of the CI1-['>H] bond, mdking the most
likely identity of the complex the Fe'V-oxo species in
Scheme 1. This conclusion was subsequently confirmed by
resonance Raman and X-ray absorption spectroscopic ex-
periments (see below).

A THN tHN
n p*'[ TSO;3
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/Il) 1

"l) "

IIHII

.'w—n,-..:"-:,'_ 1 0
0.01 0.1 1 0.01 0.1 1
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Figure 2. (A) Structures of 1,1-['H],-taurine and 1,1-[?’H],-taurine.
Kinetics of J monitored by (B) stopped-flow absorption and (C)
RFQ Mossbauer spectroscopy. The circles and squares represent
the experimental data obtained using 1,1-['H],-taurine and 1,1-[>H],-
taurine, respectively. The solid lines are simulations for J according
to the rate constants shown in Scheme 1. In B, a solution contain-
ing 2.0 mm TauD, 1.8 mm Fe!', 17 mm aKG and 17 mM taurine was
mixed with air-saturated buffer in a volume ratio of 2:5 at 5 °C. In
C, a solution containing 4 mm TauD, 3.6 mm "Fe'!, 10 mm oKG,
and 10 mm taurine was mixed with an equal volume of O,-satu-
rated buffer at 5 °C. Adapted from Price et al.[%%]
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4.2 An Integrated Kinetic/Chemical Mechanism:
Verification of its Predictions

The identity of J and the apparent failure of precursors
to accumulate suggested that J forms rapidly after the ini-
tial slower addition of O, to the quaternary complex. The
demonstration of a first-order dependence of the kinetics
of formation of J on the concentration of O, proved this
pointl®! and allowed an upper limit to be established for
the quantity of a precursor that can accumulate.?”) The
demonstration by chemical quenched-flow experiments that
loss of CO, from aKG correlates with formation of J estab-
lished a second important prediction of the integrated
mechanism and provided support for the structure assigned
to J. The large C1 deuterium KIE on conversion of J to
an Fe!' complex, again apparently without accumulation of
intervening intermediates (e.g., IV in Scheme 1), indicates
that the postulated “radical rebound” to the C1 radical is
rapid compared to the preceding H atom abstraction. The
implication that decay of J should be kinetically correlated
with formation of product has been verified by chemical
quenched-flow experiments quantifying sulfite released by
the immediate product, 1-hydroxytaurine. All that remained
was to establish the nature of the second intermediate and
define the steps involved in its rate-limiting conversion back
to the reactant quaternary complex.

4.3 Assignment of the Second Intermediate as a Product
Complex

The initial transient-kinetic study on TauD had reported
that binding of aKG to the TauD-Fe!! binary complex is
relatively slow (2-6 s'! at 4 °C) and, somewhat surprisingly
for an association reaction, of kinetic order zero in o KG.?4
This report implicated a unimolecular step associated with
formation of the TauD-Fe"-aKG complex as the rate-limit-
ing step and suggested that the second intermediate might
be the binary complex. Resolution of the Mdssbauer spec-
trum of the second intermediate showed that it is distinct
from that of the TauD-Fe!! complex and also different from
those of the TauD-Fe"aKG and TauD-Fe:uKG-taurine
complexes.[*?! Re-examination of aKG binding by stopped-
flow absorption experiments monitoring development of
the MLCT band at 530 nm showed that formation of the
complex is remarkably complex, but much faster overall
than the rate-limiting conversion of the second intermediate
back to the reactant complex (Figure3, A).’*] Taurine
binding to the TauD-FeaKG complex is fast, but prior
binding of taurine impedes binding of aKG (Figure 3, B),
consistent with the preferred or obligatory order of sub-
strate binding that has been seen in the reactions of other
members of this family and providing a rationale for inhibi-
tion by taurine of both steady-state turnover and quater-
nary complex re-formation. The demonstration that forma-
tion of J upon mixing of TauD-Fe!! simultaneously with all
three substrates is only slightly slower than upon mixing of
the quaternary complex with O, (and much faster than the
2.5%0.5s! decay of the second intermediate) ruled out the
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possibility that steps involved in substrate binding contrib-
ute to the rate-limiting conversion of the second intermedi-
ate to the quaternary complex. This conclusion left only
steps involved in product dissociation as candidates for the
rate-limiting step and implied that the second intermediate
is a product(s) complex. Support for these inferences came
from examining the dependence of k., on solvent viscosity.
With 1,1-['H],-taurine, the significant reduction of kg, by
increasing viscosity is consistent with rate-limiting diffusion
of product from the active site. By contrast, with 1,1-[?H],-
taurine as substrate, the large KIE renders H atom abstrac-
tion rate-limiting, leading to a much less pronounced sol-
vent-viscosity effect.l*]

0.06

530

<
S 003

001 0.1 1 10
Time (s)

Figure 3. Absorbance-vs.-time traces monitoring binding of oKG
in the absence (A) and presence (B) of taurine. In A, TauD contain-
ing 0.69 equivalents of Fe'! was mixed at 5 °C in the absence of O,
with solutions of aKG 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) oKG. In B, both sets of traces are from experi-
ments in which TauD containing 0.69 equivalents of Fe!! was mixed
with a solution of aKG to give final concentrations of 0.49 mm
TauD and 3 mm (solid traces), 6 mm (dotted traces), or 9 mm
(dashed traces) aKG. For the lower three traces, taurine was pres-
ent in the TauD-Fe'' solution such that [taurine] was 5 mM after
mixing. In the upper three traces, taurine was present in the oKG
solution, also giving 5 mM taurine after mixing. Adapted from Price
et al.’!

5. Structural Characterization of J

The results described in Sections 3 and 4 established that
J contains a (formally) Fe' center and that it cleaves the
C1-H bond of taurine to initiate its hydroxylation. In the
consensus mechanism, the C1-H abstracting species is an
FeY-oxo species. Characterization of J by a variety of spec-
troscopic and computational methods described in the fol-
lowing sections demonstrated that J is indeed the long-pos-
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tulated Fe™V-oxo complex. Interestingly, the Fe center of J
is in the high-spin (S = 2) configuration.

5.1 Mossbauer Spectroscopy

Mossbauer spectra of J recorded in varying external
magnetic fields allowed for the determination of the spin
state of the Fe center and the associated zero-field splitting
(ZFS) parameters, D and E/D. The facts that J gives rise to
a quadrupole doublet in a weak (40-mT) magnetic field but
displays increasing magnetic splitting with increasing exter-
nally applied magnetic field is typical of paramagnetic com-
plexes with (almost) axial integer-spin electronic ground
states and D > 0. The 8-T spectrum of J exhibits six sharp
lines with peak separations that reflect an effective magnetic
field of about 24 T experienced by the 3’Fe nucleus, corre-
sponding to an internal magnetic field of ca. 32 T oriented
antiparallel to the externally applied 8-T field (Figure 4,
A).[°!l The magnitude of the internal magnetic field is much
larger than those experimentally observed for the many
low-spin (S = 1) heme and non-heme Fe-oxo com-
pounds,30-52.62.701 guggesting that S of the Fe'V site in J is
larger than 1. To illustrate this point, a simulation of the
spectrum of a low-spin (S = 1) non-heme Fe'-0xo complex
is shown in part B of Figure 4 for comparison.>!l Analysis
of the field-dependent spectra under the assumption that
the Fe!V site of J is in the high-spin (S = 2) configuration
yielded D =10.5cm ™!, E/D = 0.03, g = (2.0, 2.0, 2.0) (fixed),
0 = 031 mm/s, AEq = -0.88mm/s, # = 0 (fixed), and
Algyfny = (<18 T, 18 T, not determined).l”!l Interestingly,
these parameters are similar to those observed for the high-
spin Fe!V site of intermediate X from E. coli ribonucleotide
reductase,® thereby corroborating the assignment of J as
a high-spin Fe'Y species.

L 1 L L L L

-4 0 4
Velocity (mm/s)

Figure 4. (A) 4.2-K/8-T Mossbauer reference spectrum of J. The
solid line is a spin Hamiltonian simulation according to parameters
given in the text. (B) Theoretical simulation of the spectrum of the
low-spin Fe!'Y-oxo complex reported by Rohde et al.: S =1, D
29em™!, E/ID = 0, g = (2.3, 2.3, 2.0), 6 = 0.17mm/s, AEq
1.24 mm/s, n = 0.5, Algyfn = (-22.5, -18.2, -2.9) T.I51

5.2 Resonance Raman Spectroscopy

The assignment of J as an Fe™V-oxo complex was to this
point based solely on chemical precedent and intuition.

Eur. J. Inorg. Chem. 2005, 4245-4254 www.eurjic.org

Resonance Raman experiments by Proshlyakov et al. pro-
vided the first direct evidence for the assignment.l”! One of
the spectroscopic hallmarks of the Fe'Y-oxo unit is a vi-
brational frequency in the 800 cm™! region which is down-
shifted by approximately 35 cm™' for the 30 isotopomer.[”]
This downshift is close to the value predicted for a Fe-O
diatomic harmonic oscillator. Proshlyakov et al.l’?l suc-
ceeded in obtaining the stretching frequency of the Fe™V-oxo
unit of J by using continuous flow of reactants (quaternary
complex and O,) at low temperature (- 38 °C) to generate
the intermediate and collecting at a distance from the mixer
corresponding to a reaction time of 150 ms. This time was
selected on the basis of absorption data recorded under the
same experimental conditions, which suggested that the
concentration of J would be at its maximum then. Reso-
nance Raman difference spectra, which were obtained from
the reaction carried out with either '°O, or '30,, revealed
bands at 821 cm™! (1°0,) and 789 cm ! (*20,). The energies
of these bands are close to those observed in resonance Ra-
man spectra of Fe'V-oxo units found in heme enzymes and
heme and non-heme model complexes.>!-73l Consequently,
these features were attributed to the Fe=O stretching fre-
quency.

In addition to the vibration of the Fe'Y-oxo unit, the au-
thors observed a second O isotope-sensitive feature at
583 cm ! (1°0,) and 555 cm ! (*¥0,). Because Fe!Y-oxo spe-
cies do not exhibit a band in this region, the authors
reasoned that it originates from a different intermediate.
Interestingly, terminally coordinated Fe''-superoxo oxyhe-
moglobins exhibit the Fe-O stretching frequency in this re-
gion, in addition to the O-O stretching frequency in the
1130 em™ region.[” The authors did indeed observe a de-
rivative band in the 1100 to 1160 cm ™! spectral region, but
it overlaps with an intense solvent band, hence not allowing
for its unambiguous assignment. This raises the possibility
that the features at 583 (555) cm ! may also emanate from
a Fe-superoxo species, e.g. structure I of Scheme I.
Whereas this assignment is plausible, the vast quantities of
protein required and the inflexibility of the apparatus neces-
sitated by the extraordinary technical demands of the ex-
periment prevented the crucial demonstration of the ex-
pected time-dependent decrease in the ratio of intensities of
the 583/555 cm™' band of the putative precursor and the
821/789 cm™! band of J. If the lower energy feature does
indeed arise from a precursor to J, the complex should be
detectable by RFQ Mossbauer experiments carried out with
similar reaction conditions, because it should have an inte-
ger-spin ground state, give rise to a quadrupole doublet at
42K in a small externally applied magnetic field, and,
therefore, be detectable even at relatively modest concentra-
tions.

5.3 X-ray Absorption Spectroscopy

The second prominent characteristic of the Fe!'Y-oxo
group is a short (ca. 1.65 A) Fe—O bond.[31:52.70.75-77] Be.
cause of the high reactivity of the Fe-oxo unit, the bond
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length generally cannot be determined using X-ray crystal-
lography. The recent report of the first X-ray structure of a
Fe-0xo non-heme model complex is a remarkable excep-
tion.’! For the case of J, the Fe—O distance was determined
by X-ray absorption spectroscopy.l’®! These experiments re-
quired that the Fe™-oxo complex be the predominant spe-
cies in the sample. Accumulation of J to 80% of the Fe in
the sample was made possible by the use of 1,1-[>*H],-taur-
ine and the large deuterium KIE on decay of J.°8! X-ray
absorption spectra of samples containing primarily J were
shown to exhibit the hallmarks of a FeV-oxo unit. First,
the edge energy is significantly higher than that of the qua-
ternary TauD-Fe"-aKG-taurine complex, suggesting that J
is in a high oxidation state. Second, the pre-edge feature
caused by the 1s—3d transitions is intense, which is caused
by the less centrosymmetric ligand environment of the Fe
center imposed by the oxo ligand. Third, fitting of the EX-
AFS region of the spectra requires the assumption of a
short, 1.62 A, interaction between the Fe and one of its li-
gands. Importantly, the coordination number for this short
interaction was found to range from 0.5 to 0.8, in agree-
ment with the fraction of J in the sample determined inde-
pendently by Mossbauer spectroscopy. On the basis of the
extensive precedent, the 1.62 A interaction was assigned to
the Fe'V-oxo unit.

5.4 Proposed Structure of J

The data indicate that J has an Fe'-oxo unit with the
iron in high-spin configuration. To the best of our knowl-
edge, the only other example of a high-spin Fe™-oxo unit
is a dinuclear model complex.”! Importantly, the large
number of characterized mononuclear heme and non-heme
Fe'Y-oxo species all have a low-spin (S = 1) Fe'V-oxo
group.’0-32:62.701 In a trigonal bipyramidal ligand field the
d-orbitals split into two low-lying e-sets and one orbital
high in energy (d,z). To evaluate the possibility that the four
low-lying orbitals can accommodate four unpaired elec-
trons, resulting in the experimentally observed S = 2 config-
uration, density functional calculations on the trigonal bi-
pyramidal model of J shown in Figure 5 were conducted.[”!]
This model contains two imidazole ligands (one axial and
one equatorial), two equatorial carboxylate ligands, and the
axial oxo ligand. The three protein ligands derived from
the (His),-(Asp); triad are represented by the two imidazole
ligands and one of the carboxylate ligands. They coordinate
the Fe center facially. The second equatorial carboxylate
ligand mimics one of the products of the reaction, succi-
nate. The other product of the decarboxylation reaction,
CO,, has not been included in this model, although interac-
tions of CO, with the Fe center have been reported. Coordi-
nation of CO,, derived from hydrogencarbonate in the
buffer, to the Fe' center opposite to the more distant (in
sequence) histidine has been detected by X-ray crystallogra-
phy for deacetoxycephalosporin C synthase,'®”! and by per-
turbation of the Fe'l-catecholate chromophore in TauD,
which is obtained by the self-hydroxylation of tyrosine 73

4252 © 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

followed by coordination of the catecholate to the iron.[!

Geometry optimization of the model of J does not result
in significant structural changes and yields a lower energy
for the S = 2 state, suggesting that the trigonal bipyramidal
geometry is one way of rationalizing the high-spin state of
the Fe!Y center of J.

0] WY
Aspaea.. N, cor
CFé—0
His =—
O
His
'y
] . - I
succinate *

His255

Figure 5. Structural model of intermediate J in TauD obtained by
DFT calculations. Adapted from Krebs et al.l”!]

As noted, the Mossbauer isomer shift of J is unusually
high, approaching values observed for high-spin Fe'' com-
plexes.[®”1 Because DFT methods can predict Mossbauer
parameters with considerable accuracy,®!#4 the compari-
son of calculated and experimental parameters provides a
means of validating structural models for reactive interme-
diates of unknown structure. Although the Mdssbauer iso-
mer shift of the trigonal bipyramidal model calculated by
this approach (0.22 mm/s) is lower than the experimentally
observed isomer shift of J (0.31 mm/s), the deviation is still
within the uncertainty of the method (0.10 mm/s).B!1 Al-
though further calculations, in particular those taking into
account the effect of the protein, are clearly warranted to
more rigorously evaluate potential structures for J, the
agreement between theory and experiment suggests that J
may have a trigonal bipyramidal structure with an axial oxo
ligand.

6. Conclusion and Outlook

Two intermediates detected in the reaction of the quater-
nary TauD-Fe-aKG-taurine complex with oxygen have
been assigned by a combination of rapid kinetic and spec-
troscopic methods as a high-spin Fe'V-oxo species, J, which
abstracts H from CI of taurine, and a product(s) complex,
V in Scheme 1, that releases product in the rate-limiting
step of the catalytic cycle. Other intermediates in the con-
sensus mechanism are kinetically masked, and therefore do
not accumulate. Current efforts are directed towards ac-
cumulation of these intermediate states for their spectro-
scopic characterization. For example, the resonance Raman
spectroscopic studies by Proshlyakov et al. suggest that in-
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termediate I or II may accumulate when the reaction is car-
ried out at low temperature (35 °C).[?1 Perturbation of the
reaction kinetics by the use of substrate analogues, variant
proteins, or both may also allow for accumulation and char-
acterization of additional complexes in the cycle.
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