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ABSTRACT. The Fe(ll)- anda-ketoglutaratef KG)-dependent dioxygenases have roles in synthesis of
collagen and sensing of oxygen in mammals, in acquisition of nutrients and synthesis of antibiotics in
microbes, and in repair of alkylated DNA in both. A consensus mechanism for these enzymes, involving
(i) addition of & to a five-coordinate, (HigjAsp)-facially coordinated Fe(ll) center to whiatKG is

also bound via its C-1 carboxylate and ketone oxygen; (ii) attack of the uncoordinated oxygen of the
bound Q on the ketone carbonyl aiKG to form a bicyclic Fe(IV)-peroxyhemiketal complex; (iii)
decarboxylation of this complex concomitantly with formation of an oxo-ferryl (Fet®}~) intermediate;

and (iv) hydroxylation of the substrate by the Fe@()?~ complex via a substrate radical intermediate,

has repeatedly been proposed, but none of the postulated intermediates occurring after additimasof O
ever been detected. In this work, an oxidized Fe intermediate in the reaction of one of these enzymes,
taurineft-ketoglutarate dioxygenase (TauD) frad&scherichia coli has been directly demonstrated by
rapid kinetic and spectroscopic methods. Characterization of the intermediate and its one-electron-reduced
form (obtained by low-temperatuseradiolysis of the trapped intermediate) by 8&auer and electron
paramagnetic resonance spectroscopies establishes that it is a high-spin, formally Fe(IV) complex. Its
Mossbauer isomer shift is, however, significantly greater than those of other known Fe(lV) complexes,
suggesting that the iron ligands in the TauD intermediate confer significant Fe(lll) character to the high-
valent site by strong electron donation. The properties of the complex and previous results on related
oKG-dependent dioxygenases and other non-heme-Fe(ll)-dependeatttigating enzymes suggest that

the TauD intermediate is most probably either the Fe(lV)-peroxyhemiketal complex or the taurine-
hydroxylating Fe(IV=0?~ species. The detection of this intermediate sets the stage for a more detailed
dissection of the TauD reaction mechanism than has previously been reported for any other member of
this important enzyme family.

The Fe(ll)b-ketoglutarate-dependent dioxygenases couple catalyzed by members of theKG-dependent dioxygenase
oxidative decarboxylation obi-ketoglutarate (2-oxo-1,5-  family. In mammals, reactions necessary for cross-linking
pentanedioic acid, hereafter deno@dG?') with hydroxy- of collagen and for the detection of oxygen and response to
lation of unactivated carbon atoms on a variety of substrates.hypoxia are catalyzed by enzymes in this cl&ss0). Very
Enzymes belonging to this class catalyze numerous meta-recently,oKG-dependent dioxygenases have been shown to
bolically important reactions in organisms from bacteria to participate in DNA repair processes in both bactefia) (
man (—3). Many of these reactions have particular medical, and humans1). In addition, defects in enzymes of this
pharmaceutical, or environmental relevance. For example,family have been associated with several disease s@jtes (
key steps in the biosyntheses of the important antibiotics such as alcoholic liver cirrhosisl8 14), Ehlers-Danlos
penicillin (4), cephalosporing), and vancomycin@) are  syndrome {3), hawkinsinuria {5, 16), and Refsum's disease
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*To whom correspondence should be addressed: Please sen ; : ; :
correspondence to J. Martin Bollinger, Jr., Department of BiochemistrydcOntam 64 previously uncharacterized open reading frames

and Molecular Biology, 208 Althouse Laboratory, University Park, PA~ encoding potential memberg)(

16802. Phone: 814-863-5707. Fax: 814-863-7024. E-mail: jmb21@ ;
psu.edu. Carsten Krebs, Department of Biochemistry and Molecular Recent reviews( 17) would suggest that consensus has

Biology, 306 S. Frear Bldg., University Park, PA 16802. Phone: 814- been reached on a general reaction mechanism for these

865-6089. Fax: 814-863-7024. E-mail: ckrebs@psu.edu. enzymes (Scheme 1 shows this mechanism adapted for the
Abbreviations: TauD, taurine/ketoglutarate dioxygenaseKG, specific case of TauD, the subject of this work). The basic

o-ketoglutarate or 2-oxo-1,5-pentanedioic acidMossbauer isomer . N N

shift; AEo, Mossbauer quadrupole splitting; molar absorptivityAe, tenets of the mechanism are (i) bindingoaG via its C-1

change in molar absorptivity relative to that of the reactant complex. carboxylate and ketone oxygens to the Fe(ll) center of the
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Scheme 1: Working Hypothesis for the Mechanism of Taurine Hydroxylation Catalyzed by TauD

NH,
NH, OH ) o
- OH, | oo 038 oo
“0;57N0H ASppremees b eenn o )
+3H,0 ASpjponenee - aaecnenn OH,  +aKG P107"" g fraurine ol e o{
i SRS < / T
P €00 —> 151'1;;19/Fe +\OH2 — Hisgs™ | =070 Y-S H&/Fe S
SP101"" - F l-_o\“J/ - CO, -2H,0 X -
Hisgs™ T S - succinate Hlis,5 ) Hisss H|i5255
- hydroxytaurine -2
His 55 Co. 530 nm complex 520 nm complex

; o

INHZ NH, INHZ INHZ
0557 058 0 058 0 0,8 o-
= - . -
OH €00" 0 coo o~ - coo 0 o0
Aspror- Fle3’—0\n/‘/ Aspope---- F|Z+ ----- OI,/ Aspjgre--- FLH ------ o Aspjor=--- FIe“ ------- Of/
Hisgy™ | 5 Hisgs™ | 070 Hisg7™ | 0o Hisgg™ | 070
Hisyss Co, Hisyss Hisyss Hisyss
v I
J,NHZ J,NHZ NH, NH,
0,8 0,8 - I - I
3 . 3 0,8 0 0,8 _o _
(") C00~ (") C00~ o7 - coo -0 coo
AP o1 =gt > AP o1 =gt 0. -« ASp o . |3-, 444444 %) > fsp e . |4+7 ______ o
" ) P 101 101
Hisogg™ Hisogg™ Fe Fe
S99 | o) S99 | 0 Hisj™ | 070 Hisq— | =070
His CO, His CO, | |
255 < 255 ].1,'5255 Hi5355
I - I -

binary enzyme~e(Il) complex, with displacement of two  coordination of theaKG ketone carbonyl41, 22). Reso-
water ligands (forming the 530 nm complex in Scheme 1); nance Raman data on the Tat(ll)-aKG complex and

(i) binding of the substrate in the vicinity of the Fe(ll) center, inorganic models for it were consistent with this assignment
with formation of a five-coordinate Fe(ll) site by dissociation (20). Hausinger and co-workers also showed that taurine
of a third coordinated water molecule (the 520 nm complex binds synergistically withoKG (decreasing the apparent
in Scheme 1); (i) binding of dioxygen end-on to the open dissociation constant faxtKG from 350uM in the absence

coordination site on the Fe(ll) (compldy; (iv) attack of
the uncoordinated oxygen atom of ©On the carbonyl of

of taurine to 6uM in the presence of 2 mM taurine) and
that its binding slightly blue-shifts the metal-to-ligand charge-

oKG, leading to its oxidative decarboxylation to succinate transfer band tdm.x= 520 nm. Resonance Raman data were

concomitantly with formation of an oxo-ferryl (Fe(I¥0?")
intermediate (complexl ); and (v) hydroxylation of the
substrate by the Fe(I¥jO?~ species by a mechanism that

consistent with conversion from a six-coordinate to a five-
coordinate Fe(ll) site upon binding of tauririzf, and X-ray
crystallographic data provided support for the presence of

might be similar to that employed by the heme-dependent five-coordinate Fe(ll) in the quaternary compl@8), These
cytochromes P-450. Despite the apparent consensus, no direaesults would imply that, in TauD, as in other enzymes in
demonstration of any of the intermediate species after thethis family, the binding of substrate (taurine) serves as a

quaternary enzymee(ll)-aKG-substrate complex has, to our

knowledge, been reported for any enzyme in this class.
Taurineft-ketoglutarate dioxygenase (TauD) froBEs-

cherichia coli catalyzes the hydroxylation of taurine (2-

conformational trigger for oxygen activation. Consistent with
this notion, Ryle et al. found that the Tatke(ll)-aKG
ternary complex reacts much less rapidly withtan does
the TauDFe(Il)-aKG-taurine quaternary complex, as deter-

amino-1-ethanesulfonic acid) and other sulfonic acids at C-1. mined by the loss of the visible chromophore upon mixing
This reaction initiates the elimination of sulfite and thereby Wwith O (19).

allows the bacterium to acquire sulfur from organic sulfonates  The simplicity of its substrate, the relative ease with which
(18). By comparison of kinetic, spectroscopic, and structural it can be prepared in large quantity, its stability, and its recent
data on TauD with those on othelKG-dependent dioxy-  crystallographic characterizatioB3) make TauD particularly
genases and inorganic model complexes, Hausinger and coattractive among members of the Fe@dlG-dependent
workers delineated several important features of the TauD dioxygenase family as a candidate for mechanistic dissection.
reaction cycle 19, 20). They demonstrated that, as in other Herein we report stopped-flow absorption and freeze-quench
enzymes in the family, binding 0&KG to the binary Mossbauer and EPR experiments that directly demonstrate
enzymeFe(Il) complex gives rise to a weak optical absorp- the accumulation of a kinetically competent, oxidized iron
tion band £max = 530 nM,es30 ~ 180 M~ cm™2). Previous intermediate after addition of dioxygen to the quaternary
studies on the cognate complex of another enzyme in theTauDFe(ll)-aKG-taurine complex. On the basis of the
family had shown that this absorption feature arises from a Méssbauer and EPR characteristics of the intermediate and
metal-to-ligand charge-transfer transition associated with its one-electron-cryoreduced form, we conclude that it is a
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high-spin, formally Fe(1V) species with substantial delocal-
ization of the oxidizing equivalent onto the ligands.

MATERIALS AND METHODS

Materials DNA modifying enzymes and reagents for the
polymerase chain reaction (PCR) were purchased from New
England Biolabs (Beverly, MA). Oligonucleotide primers
were purchased from Invitrogen (Carlsbad, CA). DNA
sequence determinations were performed by the Nucleic Acid
Facility of the Penn State University Biotechnology Institute.
E. coli strain BL21(DE3) and the vector pET22b were
purchased from Novagen (Madison, V\E). coli strain DH%x
was purchased from PGC Scientific (Gaithersburg, MD).
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paste was resuspended in 500 mL of buffer A (50 mM-<Tris
HCI, pH 7.6, containing 10% (v/v) glycerol). The cells were
lysed by a single passage through a French pressure cell at
16 000 psi. Following centrifugation of the lysate at 16§00
for 10 min, 0.05 volume equivalents of a 10% solution of
poly(ethyleneimine) in buffer A was added to the supernatant
slowly with continuous stirring. The resulting suspension was
centrifuged at 1600 for 10 min. The supernatant was
brought to 60% of saturation in ammonium sulfate by slow
addition of the solid with continuous stirring. The resulting
suspension was centrifuged at 169G0r 10 min, and the
pellet (29.1 g) was redissolved in buffer A (108 mL)
containing 1 mM sodium EDTA and 1 mM dithiothreitol.
The protein solution was then dialyzed twice agaihé of

Culture media components (yeast extract and tryptone) Wereiis buffer. The dialysate was loaded ord 1 L DEAE-

purchased from Marcor Development Corporation (Hack-
ensack, NJ). Isopropyl-p-thiogalactopyranoside (IPTG) was
purchased from Biosynth International (Naperville, IL).
Ampicillin was purchased from IBI (Shelton, CT). 5,5
Dithio-bis-(2-nitrobenzoic acid) (Ellman’s reagent) was
purchased from Pierce (Rockford, IL). Glycerol, ammonium
sulfate, sodium chloride, ferrous ammonium sulfate, and
sodium hydroxide were purchased from EM Science (Gibb-
stown, NJ). Trizma (Tris) base, 2-amino-ethanesulfonic acid
(taurine), 2-oxo-glutaratexKG), sodium sulfite, imidazole,
poly(ethyleneimine), ethylenediaminetetraacetic acid (EDTA),
and 2-methylbutane were purchased from Sigma Corp. (St.
Louis, MO). Trichloroacetic acid and sulfuric acid were
purchased from Fisher Scientific (Pittsburgh, PA). Dithio-
threitol (DTT) was purchased from USB Corp. (Cleveland,
OH). DEAE-Sepharose FF resin was purchased from Phar-
macia (Piscataway, NJP/Fe metal was purchased from
Advanced Materials and Technology (New York, NY).
Construction of TauD @erexpression StrainrAn 878-bp
DNA fragment containing théauD gene was amplified by
PCR by using a suspension &. coli strain JM109 as
template and primers, “forward” (85GAGAAGTCATAT-
GAGTGAACG-3) and “reverse” (5sCCGTCCACTCTC-
GAGTTACCCC-3). The PCR fragment was restricted with
Ndd (site underlined in “forward”) an&hd (underlined in

Sepharose FF column in buffer A. The column was washed
first with 1 L of buffer A and then with a 750 mL linear
gradient of 6-0.05 M NacCl in buffer A. The protein was
eluted with a 2.25 L linear gradient of 0.68.2 M NacCl in
buffer A. Fractions containing TauD were pooled and
concentrated to~3 mM in an Amicon Diaflow stirred
pneumatic concentrator with a YM-30 membrane. The
protein was dialyzed twice againé L of buffer A, flash-
frozen in liquid nitrogen, and stored aB0 °C. The protein
was estimated to be greater than 95% pure by denaturing
polyacrylamide gel electrophoresis and Coomassie staining.
The concentration of TauD was determined by absorbance
at 280 nm by using the molar absorptivity of the protein
(45 600 Mt cm™Y) calculated according to the method of
Gill and von Hippel 24).

Determination of TauD Actity under Conditions of
Stopped-Flow and Freeze-Quench Experimeht& proce-
dure of Eichhorn et al.1@), which utilizes colorimetric
guantitation of sulfite by its reaction with Ellman’s reagent,
was modified slightly for determination of TauD activity at
5 °C and pH 7.6, the reaction conditions employed in the
stopped-flow and freeze-quench experiments. To each 1 mL
aliquot of air-saturated assay solution containing 50 mM-Tris
HCI, pH 7.6, 5 mM taurine, and 5 mMKG was added 10

uL of a solution containing 5@¢M TauD and 10 mM ferrous

“reverse”) and ligated with pET22b that had been restricted 5 mmonium sulfate in 10 mM imidazoldCl, pH 6.9. The
with the same endonucleases. The ligation solution was usedqction was allowed to proceed af@ for times from 30

to transfornmE. coli DH5a to ampicillin resistance. The entire
TauD coding sequence from a plasmid (pTauD) isolated from
one transformant was verified. This plasmid was then used
to transform the expression stral, coli BL21(DE3).

Overexpression of TauDBL21(DE3)/pTauD cells were
grown in enriched medium (35 g/L tryptone, 20 g/L yeast
extract, 5 g/L NaCl, brought to pH 7.3 with NaOH and
supplemented with 150 mg/L ampicillin) while shaking
vigorously in Fernbach flasks at 3T to an optical density
at 600 nm of 0.6-1. Cultures were cooled on ice for 15 min
and then induced to overexpress TauD by addition of IPTG
to 0.2 mM. After induction, cultures were shaken at°ts
for an additional 24 h. The cells were then harvested at 4
°C by centrifugation at 100@dfor 10 min. A typical yield
was 16 g of wet cell mass per L of culture. The cell paste
was either used immediately for protein purification or was
frozen in liquid nitrogen and stored a0 °C prior to being
used.

Purification of TauD All purification steps were carried
out at 4°C. In a representative purification, 107 g of cell

to 90 s and was then terminated by addition of 3@0of
0.5 M trichloroacetic acid. Within 30 s of termination, the
solution was neutralized with 3@ of 0.5 M NaOH. Within
another 30 s, 10QL of a 2.5 mM solution of Ellman’s
reagent in 50 mM TriddCl, pH 7.6, was added. After-a20
min incubation to allow for reaction of the sulfite and
Ellman’s reagent, the absorbance at 411 mw was
determined. The quantity of sulfite produced by TauD in
each assay solution was determined by comparison of its
Au11 to those of standard samples for which known quantities
of added sodium sulfite were reacted with Ellman’s reagent.
Titration of TauD with Fe(ll) to Determine Maximum
Stoichiometry of Bindingsamples of concentrated, pure apo
TauD were dialyzed against 50 mM T44Cl, pH 7.6, to
remove the glycerol from the protein solution. Oxygen was
removed from the protein by placing it into a vacuum flask
and exchanging the headspace of the flask with argon on a
vacuum/gas manifold. After30 cycles of gentle evacuation
and refilling with argon over a period of1 h, during which
time the protein was gently stirred on ice, and the flask was
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sealed and kept at @ overnight to allow for equilibration  duction, glycerol (20% w/v) was present in both protein and
of the solution and gas phases. In a glovebox (MBraun; O, solutions. The resulting reaction solution was passed
Peabody, MA) with a nitrogen atmosphere, buffered; O through an “aging hose” of length appropriate to give the
free solutions of taurinexKG, and ferrous ammonium sulfate  desired reaction time, and the reaction was terminated by
were prepared from dry stocks. Aliquots of the taurine and injection of the solution into the cold+150 °C) 2-meth-
oKG stock solutions were added to the TauD solution (see ylbutane cryosolvent. The total reaction time was calculated
legend to Figure 1 for concentrations). The protein solution as the sum of the known time for transit through the aging
was centrifuged for 4 min at the maximum speed in an hose and the “quench time,” the time elapsed between
Eppendorf Minispin microcentrifuge and placed in a cuvette, injection of the reaction solution into the cryosolvent and
which was then sealed with a rubber septum. The cuvetteits cooling to a temperature below which no further reaction
was removed from the glovebox and this solution was used occurs. For the latter quantity, an estimate of 10 ms was
to “blank” the HP8453 diode array spectrophotometer. An obtained in our earlier work on a different syste?8)(and
aliquot of the buffered ferrous ammonium sulfate solution was assumed in this study.

was added to the protein solution through the rubber septum.  Mossbauer Spectroscgp Méssbauer spectra were re-
The solution was gently mixed and its absorption spectrum corded on spectrometers from WEB research (Edina, MN)
acquired. Additional aliquots were added until the absorbance operating in the constant acceleration mode in a transmission
at 520 nm no longer increased, indicating that saturation hadgeometry. Spectra were recorded with the temperature of the
been achieved. sample maintained at 4.2 K. For low-field spectra, the sample
Stopped-Flow Absorption Experiments and Kinetic Simu- was kept inside a SVT-400 dewar from Janis (Wilmington,
lations. Stopped-flow absorption experiments were carried MA), and a magnetic field of 40 mT was applied parallel to
out at 5°C in an Applied Photophysics (Surrey, U.K.) the y-beam. For high-field spectra, the sample was kept
SX.18MV apparatus equipped with a diode array detector inside a 12SVT dewar (Janis), which houses a supercon-
and housed in the MBraun anoxic chambes-f@e stocks  ducting magnet that allows for application of variable
of the TauDFe(ll)-oKG ternary or TaubrFe(ll)-aKG-taurine  magnetic fields between 0 dr8 T parallel to they-beam.
quaternary complex were prepared as described above forThe isomer shifts quoted are relative to the centroid of the
the Fe(ll) titration experiment, with the exception that ferrous spectrum of a metallic foil ofi-Fe at room temperature. Data
ammonium sulfate was added to the protein in a single analysis was performed using the program WMOSS from
aliquot in the glovebox prior to centrifugation and loading \WEB research.
into the stopped-flow apparatus. The TauD complex solution  gpr Spectroscgp EPR spectra were recorded on an
was mixed in the stopped-flow apparatus with an equal Esp300 spectrometer from Bruker (Billerica, MA) equipped
volume of either buffer A that had been allowed to reach \itn a ER 041 MR Microwave Bridge and a 4102ST X-band
equilibrium at 0°C with a gas phase of 1.05 atm (Figurés  Resonator from Bruker. The temperature was maintained at

3A and 4) or Q-free buffer A (Figure 3B). In the former 77 k by immersion of the sample in liquid nitrogen in a
experiment, a final @concentration of 1 mM was assumed “finger dewar.”

to result @5). Other reactant concentrations are given in the
legend to Figure 3. A path length of 0.2 cm and an integration
time of 1.28 ms were used. Kinetic simulations were
performed with the program KinTekSim (KinTek Corpora-
tion; State College, PA).

Preparation of M@sbauer and EPR Sampléghe (non-
freeze-quenched) samples used to acquiredfdauer spectra
for the TauDFe(ll) binary and TauBFe(ll)-aKG-taurine
quaternary complexes (Figure 2, spectra A and B) wer
prepared as described above, with the exception that the irongegy LTS
stock containecP’Fe(ll) and was prepared as previously
described 26) by dissolution of5’Fe(0) in Q-free 2 N Determination of Optimum Fe(ll)/TauD Ratio and Reac-
H.SO,. Prior to its addition to the protein, the final, acidic tant ConcentrationsAs a prelude to the kinetic/spectroscopic
57Fe(l1) stock (50 mM Fe(ll) in 100 mM remaining i was experiments to address the mechanism of TauD, equilibrium
mixed with 0.5 volume equivalents of ree 1 M Trig binding measurements similar to those previously reported
HCI, pH 7.6, to avoid transient acidification of the protein by Ryle et al. 19) were carried out to determine the optimum
solution. After the samples were fully constituted (see legend Fe(ll)/TauD stoichiometry. Consistent with the previous
to Figure 2 for concentrations), they were transferred to work, the visible chromophore of the TatlEe(ll)-aKG-
Mdossbauer cells, sealed in vials, removed from the glovebox, taurine quaternary complex was seen to develop rapidly (on
frozen by immersion of the vials in liquid nitrogen, removed the time scale of the manual mixing) as Fe(ll) was added in
from the vials, and stored in liquid nitrogen. the absence of Oto a solution containing the enzyme

The apparatus and procedure for preparation of freeze-(typically 0.5-1 mM) and its two substrates (5 mM each)
quenched Mssbauer and EPR samples have been describedFigure 1). Plots of the background-corrected (protein
(27). The TauB*Fe(Il)-0oKG-taurine complex was prepared absorption removed) absorbance at 520 nm fthg of the
in the glovebox as above, loaded into a syringe, and removedcomplex) as a function of the concentration of Fe(ll) (inset
from the glovebox. By actuation of the drive motor, this to Figure 1) could be analyzed to give an apparent dissocia-
solution was mixed at 3C in a volume ratio of 1:2 with tion constant K4) for the complex of 6+ 4 uM and a
O,-saturated buffer A. In preparation of samples for cryore- maximum complex stoichiometry of 0.8 0.05 Fe(ll)/TauD

Cryoreduction by Low-TemperatugeRadiolysis Freeze-
guenched 20-ms samples suitable for EPR arigdlauer
spectroscopy were irradiated in tierradiation facility of
the Breazeale nuclear reactor at Penn State University using
a %9Co-source (activity 26 krad/h). A total dose of ca. 1.4
Mrad was delivered. During theirradiation, the temperature
of the samples was maintained at 77 K by immersion in
o liquid nitrogen.
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Ficure 1: Absorption spectra acquired during titration at room
temperature of TauD (0.88 mM) with Fe(ll) in the absence of O
and the presence of 5 mpKG and 5 mM taurine. The sample
prior to the first addition of Fe(ll) (containing all other components)

was used as spectral reference. The spectra shown correspond to

1.2 mM (solid line), 0.86 mM (dotted line), 0.63 mM (dashed line),
0.41 mM (solid line with triangular symbols), 0.19 mM (solid line
with circular symbols), and 0 mM (solid line with square symbols)
Fe(ll). The points in the inset depict the absorbance at 520 nm

(background corrected to the line defined by the absorbances at

318 and 800 nm) as a function of concentration Fe(ll). The solid
line is a fit of the quadratic equation for binding to the data. The
fits from all (6) such titrations gave a mea#t: tandard deviation)
Fe(ll)/TauD stoichiometry of 0.8 0.05) and a meanH standard
deviation) dissociation constant of & (4) uM.

(meanst standard deviations from six trials). Fe(ll)/TauD
ratios equal to or slightly greater than the mean stoichiometry

were selected for the stopped-flow absorption and freeze-

quench Masbauer experiments. Similar titration experiments

(not shown) established, in agreement with results reported t

by Ryle et al. 19), that anaKG concentration of 5 mM is
effectively saturating.

Changes at the Fe(ll) Site upon Substrate Binding
Monitored by Masbauer Spectroscopplso as a prelude
to the mechanistic experiments, changes at the Fe(ll) cente
upon conversion of the TauBe(ll) binary complex to the
TauD Fe(ll)-aKG-taurine quaternary complex were moni-

tored by Mssbauer spectroscopy. The spectrum of the binary

complex, recorded at 4.2 K in a 40-mT magnetic field applied
parallel to they-beam, is shown in Figure 2A. It can be
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FIGURE 2: Mossbauer spectra of TauD samples recorded at 4.2 K
fin a 40-mT magnetic field applied parallel to thebeam. A and B

are spectra of the binary TauEe(ll) complex and the quaternary
TauD-Fe(ll)-aKG-taurine complex, respectively. These samples
contained 2.25 mM TauD, 1.09 mFFe(ll) and either (A) O or

(B) 5 mM aKG and taurine. C through F are spectra of freeze-
quenched samples from the reaction of the quaternary J=esD
(I) -aKG-taurine complex with @ The concentrations after mixing

simulated as a broad quadrupole doublet with parameterswere 1.5 mM TauD, 1.5 mM’Fe(ll), 5 mM oKG, 5 mM taurine

(isomer shift,d, of 1.274+ 0.05 mm/s; quadrupole splitting,
AEg, of 3.06+ 0.05 mm/s) typical of high-spin Fe(Il). Upon
addition of aKG and taurine (Figure 2, spectrum B), the
Maossbauer parameters change significantly=(1.16+ 0.05
mm/s,AEq = 2.76 &+ 0.05 mm/s). The reduction in isomer
shift upon binding of the substrates has been shown to occu
in other mononuclear non-heme-Fe(ll) enzyn$; 80) and

is consistent with the conversion of a six-coordinate Fe(ll)
site to a five-coordinate, square-pyramidal site.

Stopped-Flow Absorption:idence for Two Intermediates
in the TauD ReactianThe time-dependent absorption spectra
acquired after initiation of the hydroxylation reaction at 5
°C by mixing of the TaubBFe(ll)-aKG-taurine quaternary
complex with Q-saturated buffer provide clear evidence for
the accumulation of two distinct intermediate states prior to
the regeneration of the initial quaternary complex following
consumption of @ To illustrate this conclusion, the es-
sentially invariant spectra from a control experiment in which
the quaternary complex was mixed with,-free buffer
(Figure 3B) have been subtracted from the experimental

and 1.3 mM Q. The reaction times were (C) 20 ms, (D) 80 ms,
(E) 200 ms, and (F) 5 min. The solid line above spectrum C is a
theoretical simulation, generated by using the parameters quoted
in the text, of the spectrum of the intermediate. The simulated
spectrum has been normalized to 46% of the area of spectrum C.
The solid line overlaid with spectrum C is the summation of the
Simulated spectrum at this percentage with the spectrum of the
quaternary Taulre(ll)-aKG-taurine complex (50% of B).

The control establishes that the changes that are observed
in the complete reaction are associated with reaction of the
complex with Q, and the subtraction removes absorption
from the protein (including the reactant complex) and
contaminants so as to reveal these changes more clearly. An
additional control experiment was conducted to confirm that,
as reported by Ryle et all9), absorbance changes are
smaller and are observed only on a much longer time scale
when the ternary Taulbe(ll):aKG complex (i.e., with
taurine omitted) is mixed with ©(Figure 4B). The first
intermediate state in the complete reaction is characterized
by an absorption feature centered at 318 nm (Figure 3C, solid
, trace). It develops to its maximum extent within the first

time-dependent spectra of the complete reaction (Figure 3A).20—25 ms and then decays within a reaction time-0800
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noted. As decay of the first intermediate proceeds, the
difference spectrum comes to reflect more closely the
negative feature at 520 nm attributable to loss of the starting
quaternary complex (Figure 3C, dotted trace in main figure
and inset). This observation indicates that the second
intermediate state has less absorption than the first in this
spectral region. Finally, the weakly absorbing second inter-

A\ mediate state decays as the starting quaternary complex is
S regenerated and its 520 nm absorption returns, resulting in
= a nearly featureless difference spectrum (Figure 3C, dashed
400 500 600 700 trace).
Wavelength (am) Trapping of a Neel Fe Intermediate and Characterization
B by Mssbauer SpectroscopVhe nature of the intermediate
states was probed by rapid freeze-quenclssb@auer spec-
troscopy. The 4.2-K/40-mT spectrum of a sample that was
rapidly frozen (“freeze-quenched”) after a reaction time of
20 ms, near the time of maximum absorbance at 318 nm in
the stopped-flow experiments, exhibits a contribution from
the high-spin Fe(ll) site of the reactant complex and an
additional prominent peak at 0.75 mm/s (Figure 2, spectrum
C). The deconvolution of this spectrum (solid line plotted
over spectrum C in Figure 2) reveals that it is composed of
50 £ 3% of the spectrum of the quaternary complex
(spectrum B) and 46 3% of a quadrupole doublet with
= 0.31+ 0.03 mm/s and\Eq = 0.88 + 0.03 mm/s (solid
line plotted above spectrum C). Spectra of samples in which
the reaction was quenched after 80 ms, 200 ms, and 5 min
(Figure 2, spectra D, E, and F) can be analyzed as
superpositions of the contributions from high-spin Fe(ll) and
the 6 = 0.31 specie$.They reveal that the absorption of
(o the new species decreases with increasing timeH23%
0 on oz ~ after 80 ms, 13+ 3% after 200 ms, and zero after 5 min).
1 Mmoo Thus, the Masbauer spectra unambiguously demonstrate the
T T TR accumulation of a novel Fe intermediate in the reaction of
the TauDFe(ll)-aKG-taurine complex with @

300 400 500 600 700
Wavelength (nm)

FK“TURE 3 .L.JV—VtiSsiUg afbsorplti?]ﬂ SP?Cztri aC'\(/JIU}redDaftzeg eql\ljlal- Further insight into the electronic structure of the novel
volume mixing at 5°C of a solution of 2.4 mM TauD, 2.2 m intermediate was obtained by determination of itssstmauer
Pl oMk, and 1 mh e n SO FHCE 0 S magneto e T appied paae 0 e
shows the subtraction of the spectra in B from those in A. The ¥-Peam. The spectrum of the intermediate (Figure 5,
spectra were recorded 20 ms (solid lines), 68 ms{dashed lines), spectrum B) was obtained by subtracting the experimental
210 ms (dotted lines), and 10 s (dashed lines) after mixing. spectrum of the reactant complex (solid line in Figure 5,

, ) . . spectrum A) from that of the 20-ms freeze-quenched sample
ms (Figure 4A, circular points). The difference spectrum (paiched data points in Figure 5, spectrum A), which contains
corresponding to the time of maximal accumulation of the he maximum concentration of the intermediate. The spec-
first intermediate state exhibits, in addition to the positive t,m of the reactant complex was scaled to an intensity of
feature at 318 nm, a less intense negative feature at lowergqoy, (its contribution to the spectrum of the 20 ms sample)
energy attributable to loss of the charge-transfer band of the o 1 this subtraction. The spectrum of the intermediate
reactant complex (Figure 3C, solid trace). The minimum of 4,5 ohtained provides detailed insight into the nature of the
this difference spectrum is, however, red-shifted by ap- gjectronic ground state of the intermediate. The fact that the
proximately 65 nm from the peak of the reactant complex jnermediate gives rise to a quadrupole doublet in a weak
that has decayed (inset to Figure 3C). This shift is attributable (40 mT) magnetic field but displays hyperfine interactions
to (i) significant absorption by the first intermediate in the ;;, 5 strong externally applied field is typical of species with

region of thedmax Of the starting complex and (i) the more  jneqer-spin electronic states. Importantly, the 8-T spectrum
precipitous “trailing off” toward lower energy of the

intermediate’s spectrum in comparison with that of the
starting complex. Indeed, the intermediate is approximately the 6 = 0.31 mm/s intermediate is, through the entire course of the

isosbestic with the startlng_ complex at Agax O_f 520 nm, reaction, attributable to high-spin Fe(ll) species, the spectral contribution
and, consequently, the kinetic trace at this wavelength attributable specifically to the high-spin Fe(ll) of the reactant complex
exhibits a lag phase during the accumulation of the inter- changes slightly as a function of reaction time. This observation suggests
mediate (Figure 4A, squares). This coincidence may (in }:he presence of varying quantities of one or more additional high-spin
e - . . o e(ll) species with Mesbauer parameters that are slightly different
addition to differences in the reaction conditions employed) fom those of the reactant complex. The Fe(ll) species are not resolved
explain why evidence for the intermediate was not previously due to their large line-widths and the similarity of their parameters.
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Ficure 4: Kinetic traces from (A) the reaction of Figure 3A and (B) the reaction of the ternary ‘Fa{D)-aKG complex (in the absence

of taurine) with Q-saturated buffer under the same conditions. The symbols depict the experimental absorbances at 318 nm (circular
points, left axis), 520 nm (square points, right axis), and 700 nm (triangular points, right axis). The solid lines in A are simulations of the
kinetic data according to the parameters summarized in Scheme 2 and the text.

T T T splitting parameters are very similar to those observed for
1 the high-spin Fe(lV) site of intermediak¢ from ribonucle-
otide reductase3(l) (see Table 1 for comparison), suggesting

0.01

S 0.4} that these two Fe(IV) sites may be similar. We have therefore
g simulated the 8-T spectrum of the TauD intermediate using
‘9:, the known intrinsicA/gyfn tensor of intermediat, and

g 0.0 adjustingD andE/D of the S= 2 ground state (note that the

2 intrinsic ZFS parameters of the Fe(IV) site ®¥f are not

known, sinceX has anS = 1/2 ground state). Values @f

~ +15 cm! and E/D ~ 0 together withA/gySn = (—20,

—20, —15) T yield good agreement with the experimental
-4 0 4 spectrum (solid line in Figure 5, spectrum B). Importantly,
VELOCITY (mm/s) simulations show that the width of the outer lines is sensitive

FIGURE 5. Mossbauer spectra of TauD samples recorded at 4.2 K to anisotropies of the internal magnetic field within theyx

in an 8-T magnetic field applied parallel to thebeam. The plane. ForD > 0 andE/D = 0, [$,0= [$,[] and with

spectrum of the 20-ms sample is shown in A. Overlaid as a solid _ . - . .
line is the experimental 4.2-K/8-T spectrum of the quaternary ~/9vBn = Ay/Gyfy, isotropic internal fields in the xy

complex, scaled to 50% of the total absorption of the spectrum of Plane are obtained, which reproduce_ the sharpness of the
the 20-ms sample. The reference spectrum for the TauD intermedi-outer lines well. It should be emphasized that the value of

ate is shown in B. It is obtained by removing 50% of the spectrum D required for optimal simulation of the experimental
of the quaternary complex from the spectrum of the 20-ms sample. spectrum strongly depends on the choiceAdfnSn. In
The solid line overlaid with the experimental data in B is a o .
theoretical simulation using the parameters quoted in Table 1. addition, forD >0 anldE/D ~ 0, the state lowest in e'nergy
has a spin expectation value very close to zero in small
is a sharp, six-line spectrum with peak separations that reflectmagnetic fields and thus gives rise to a quadrupole doublet,
an effective magnetic field of ca. 24 T at thée nucleus. as is observed experimentally in the 40-mT spectrum. A
The effective magnetic field is a consequence of an internal precise determination of the complete set of spin Hamiltonian
magnetic field of ca. 32 T oriented antiparallel to the parameters by measurement of$dbauer spectra in varying
externally applied 8-T field. The internal magnetic field is externally applied fields and temperatures is in progress and
given by the expressiofi®[H4A/gnSn, in which [Bis the will be reported later.
expectation value of the electronic spin afthyfn is the Cryoreduction of the Neel Fe Intermediate to an Fe(lll)
hyperfine tensor for thé’Fe nucleusA/gySy is dominated Complex.The Mtssbauer spectra unambiguously demon-
by the Fermi contact term, which yields an isotropic value strate that the novel intermediate is paramagnetic and has
of ca.—22 T. From the magnitude of the internal magnetic an integer-spin ground-state 8f> 2. As noted above and
field, Bin = 32 T, we estimateé$las 1.5 at 8 T. This spin  elaborated in the Discussion, these properties and itssMo
expectation value unambiguously requires that the intermedi-bauer parameters strongly suggest that the Fe center of the

<
»
T

ate have an electronic ground state with> 2. The intermediate is best described as high-spin Fe(lV). To further
reasonable assumption that the TauD intermediate is mono-corroborate this assignment, we sought to test the prediction
nuclear and the absence of an EPR signal inghe 4.3 that one-electron reduction of the intermediate should
region (vide infra) imply that the intermediate h8s= 2. produce a high-spin Fe(lll) complex. To achieve reduction,

The fact that the TauD intermediate has a low isomer shift we employed-radiolysis at low temperature (cryoreduction).
(0.31 mm/s) and &= 2 ground state, together with the fact In this technique, a glycerol-containing sample is exposed
that its cryoreduction yields a high-spin Fe(lll) species (vide to high-energy radiation (e.g., from®Co source), while
infra), provides strong evidence for a high-spin Fe(lV) the sample is immersed in liquid nitrogen. This procedure
assignment. In particular, its isomer shift and quadrupole generates mobile electrons, which can reduce transition metal
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Table 1: Comparison of the Intrinsic Mebauer Parameters of the High-Spin Fe(lV) Sites in the TauD Intermediate and Internfefiiate
Ribonucleotide Reductase

species o [mm/s] AEq [mm/s] Algnn [T]2 D [cm™]® E/DP ref
TauD intermediate 0.31 —0.88 (—20,—20,—15¥ ~+15 ~0 this work
Fe(IV) site ofX 0.26 -0.6 20,20, —15) nct 31

aGiven with respect to the spin of the Fe(lV) sie= 2.?S = 2 was assumed for the simulatidgrParameter fixed during simulatiofiNot

determined due to th8 = 1/2 ground state of intermediae
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‘ A ] FiGure 7: 77-K X-band EPR spectra of a 20-ms sample recorded
0.0 L AL L 1 before (top) and after (bottom) cryoreduction. Experimental pa-
05+ | rameters were: frequency, 9.51 GHz; power, 2 mW; modulation
‘ I T T T T T S TR T B amplitude, 10 G; modulation frequency, 100 kHz.

-8 -4 0 4 8
VELOCITY (mm/s) 32% after reduction) by the procedure. Thus, the cryoreduc-

FIGURE 6: 4.2-K/40-mT Msbauer spectra of a 20-ms sample tion yield under these conditions is ca. 30% (13/45).
recorded (A) before and (B) after cryoreduction (as described in Importantly, the contribution from the quaternary complex
the text). Spectrum C is the difference spectrum-BA, and the (55% of the total intensity) is unchanged, implying that only
solid line in C is a theoretical simulation of 13% of the TauD he Fe site of the intermediate is susceptible to cryoreduction.
intermediate, which is converted to the new magnetic sub-spectrumTh d in the ab i f th d le doublet
(indicated by arrows in B) by cryoreduction. € _ecreasg in the ,a sorp '9” 0 . € qua rUP‘?e ouble
associated with the intermediate is accompanied by the
ions and clusters in metalloproteins (e.g., see32fand appearance of a broad, magnetically split component extend-
references therein). Importantly, the geometry of the metal ing from —8 mm/s to+ 8 mm/s. Although these features
center is retained during the procedure, because the samplare weak and not very well resolved, they are reminiscent
is kept at low temperature (77 K). This technique has been of a high-spin Fe(lll) center in the slow relaxation limit, as
used, for example, to reduce the formally Fe(IV/IV) cluster is expected for the one-electron reduced state of the high-
Q from methane monooxygenase by one electron to an Fe-spin Fe(lV)-containing intermediate.
(IN/1v) species @3). By analogy, we expected that the high- To obtain further evidence that the cryoreduced species
spin Fe(lV) site of the TauD intermediate could be cryore- contains a high-spin Fe(lll) site, we monitored the effect of
duced to a high-spin Fe(lll) site. y-irradiation also by EPR spectroscopy. No EPR signals are
The Mssbauer spectrum of a glycerol-containing sample detected in the spectrum recorded before cryoreduction
in which the quaternary TauBe(ll)-aKG-taurine complex (Figure 7 top), as is expected for a sample containing integer
was reacted with ©for 20 ms prior to freeze-quenching spin Fe-centers (both the intermediate and the quaternary
(Figure 6, spectrum A) is essentially identical to the spectrum complex have ar = 2 ground state). After irradiation,
shown in Figure 2, spectrum C, and is explained as a several EPR-active species are observed (Figure 7 bottom).
superposition of spectral contributions from the novel In addition to an intense signal gt= 2 originating from
intermediate (45%) and reactant complex (55%). After organic radicals, there is a pronounced, quasi-isotropic signal
y-irradiation of this sample at 77 K with a total dose of 1.4 atg= 4.2, which is typical of high-spin Fe(lll) sites in nearly
Mrad (Figure 6, spectrum B), the two quadrupole doublets rhombic environments. Taken together, thédgloauer and
arising from the quaternary complex and the intermediate EPR data provide strong evidence for the conversion of the
are still visible, but a broad, magnetically split component novel intermediate to a high-spin Fe(lll) species by cryore-
(indicated by arrows) is also detectable. The effect of the duction. This demonstration is, in turn, strong evidence for
y-irradiation is best represented by the difference spectrumassignment of the formal oxidation state of the intermediate
of the experimental spectra taken before and after theas-+IV.
procedure (Figure 6, spectrum C). In this representation, the The Nature of the Second Intermediate State and Its
spectral features of the species generated by cryoreductionCorversion to the Reactant CompleRecay of the Mas-
point downward, and the features of the species that arebauer signature of the first intermediate species is associated
converted by the procedure point upward. The intensity of with the return of quadrupole doublet components attributable
the doublet associated with the intermediate is diminished to Fe(ll) species. This observation and the above conclusion
by 13% (from 45% of the total intensity before reduction to that the second intermediate state absorbs weakly suggest
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Scheme 2: Kinetic Mechanism Used to Simulate the
Stopped-Flow Data and the Kinetics of the First Intermediate
Determined by Mesbauer

TauD.Fe(Il)  aKG .Taurine

318~ 115 M em’!

o
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1

[Intermediate] (mM)
(=1
S

€700 ~ 40 M em

0.2
2557 145,000 M 571
%)
0 1 1 1 | 1 |
0 0.1 0.2 0.3
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Second Intermediate First Intermediate
-1 Ficure 8: Comparison of the concentrations of the first intermedi-
Agyig=100M" em’ 13.7s Aey1s=1,550 M em’! ate determined by analysis of spectrafcof Figure 2 (data points)
Atsro=-165 M cm! < Acsro=-10 M cm’! with those predicted by Scheme 2 (solid line).
Agrp0=-20 M " em’ Agrgo=-40 M cm’! flow data, the simulation overpredicts the quantities of the

3 EachAe parameter represents the difference in the molar absorp- intermediate if it is assumed that the concentration of the
tiVity O.f the intermediate Stat? at the Wavelength indicated by the Starting quaternary Comp|ex is equa' to the known concentra-
subscript from the corresponding value of the reactant complex. tion of the limiting constituent (Fe(ll) or TauD, depending
on whether the Fe(ll)/TauD ratio was less than or greater
than the complex stoichiometry of 0.9 determined in the
titration experiments). This observation suggests that a
fraction of the starting complex either is unreactive toward
O, or reacts with markedly different (slower) kinetics.
Heterogeneity in reactivity is commonly observed in “single-
turnover” experiments with enzymes and seems to be
observed almost invariably in Fe-dependent oxidases and
“oxygenases (see, for example, referen8; 84)). Best
agreement between the simulation and data is obtained when
it is assumed that the concentration of the reactive complex
is 0.72 times the expected concentrafiavith this assump-

i ) tion and the parameters given in Scheme 2, the stopped-
of 25 (at .5 C) tha_t we have _deduced for conversion of flow kinetic trae:es can be s?mulated well (compare solid IFi)rF:es
the second intermediate state into the reactant quaternang, 4 qata points in Figure 4A: see below for discussion of
complex (see _beloyv). Thus, it is. likety that t_he single the imperfect agreement befween tAgyo traces at long
pbserved step in which the second intermediate is Convertedreaction time), and the predicted concentrations of the first
into the quaternary complex is composed of three elementaryintermediate (solid line in Figure 8) match almost precisely

steps, the rate-limiting unimolecular step followed by rapid with those determined by Msbauer (data points in Figure
binding of aKG and taurine.

_ Simulation of the Stopped-Flow Kinetic Data and Predic- " pe steady-state turnover number predicted by Scheme 2
tion of the Steady-State Turmer Rate.The Kinetic traces  (yjth the O, concentration expected of an air-saturated
from three diagnostic wavelengths: 318 nm (circles, lefthand so|tion, the condition under which our activity assays have
axis), where the first intermediate dominates; 520 NM peen carried out) is 1.3 Here, it has again been assumed
(squares, righthand axis), where the reactant complex antinat 0.72 of the enzyme is reactive. The fact that the measured
the first intermediate both absorb; and 700 nm (triangles, y5jue of 1.3+ 0.2 s (mean standard deviation for four
righthand axis), where the reactant complex and the seconqpgependent trials) agrees well with the predicted value
intermediate state contribute (see below), are shown in Figuregstaplishes that all three observed steps are kinetically

4A. These traces he}ve i!’]itial and final absorbance values Ofcompetent to be constituents of the hydroxylation pathway.
zero because, as in Figure 3C, the absorption from the

reactant complex has been removed by subtraction. TheDISCUSSION
traces can be simulated according to Scheme 2. The . - .
parameters of the simulations are the concentrations of the,. Kinetic Description of the Taub Reacyoﬁhe demonstra-
guaternary complex and (the rate constants for the three tion t_hat SCh?me_ 2 can saUsfactany account for the
steps of the reaction sequence, and the changes in molapxpenmental kinetic traces at three diagnostic wavelengths,
absorptivity Ae) from those of the reactant complex for the : — _
two intermediates t he tree wavelengths, These parameters,| 16 % Aleialbe o feeiogerery 1 e st e sssumpion
are summarized in Scheme 2, along with estimates from theoverprediction of the quantities of the first intermediate as a function
titration experiments of the molar absorptivities of the of time. This reversibility would have important implications for the
reactant complex at the three wavelengths. The quantitiesidentity of the intermediate, and could be demonstrated by explicit

of the first intermediate determined in the freeze-quench variation of the concentrations of the reactants (the quaternary complex
and Q). In the absence of direct demonstration of reversibility, we

Mossbauer experiments provide crucial constraints for this consider reactant heterogeneity to be the simplest and most probable
simulation. With rate constants consistent with the stopped- explanation.

that it is a TauDBFe(ll)-product complex, the TaubBe(ll)
binary complex, or a mixture thereof. Ryle et all9)
previously showed that binding ofKG to the binary Taub
Fe(ll) complex to generate the visible chromophore is
relatively slow and that subsequent binding of taurine is fast
(>140 s1). They further showed that the kinetics @KG
binding are independent ofKG concentration. This result
suggests that a unimolecular step (e.g., a protein conforma
tional change or dissociation of an Fe ligand) is rate-limiting
for binding of aKG. The apparent first-order rate constant
that they reported for the binding reaction at@ (4.4 +

2.8 s') is not significantly different from the rate constant
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the kinetics of the first intermediate determined independently knowledge, mononuclear, high-spin Fe(IV) species are
in the freeze-quench Misbauer experiments, and the steady- unknown to date. High-spin Fe(lV) sites have, however, been
state turnover number indicates that it accurately reflects demonstrated or proposed in several protein and inorganic
important features of the TauD catalytic cycle. However, it dinuclear Fe complexes. In one model system, a high-spin
clearly also contains some simplifications and untested Fe(IV)=0?" site has been proposed to form by isomerization
assumptions. First, it presumes the bimolecular nature of theof an Fe(ll1)}-(0?>"),—Fe(lV) species to a putative Fe(lll)-
step in which the first intermediate is formed, and this kinetic O?~-Fe(IV)=0?" unit (40). The Fe(lV) site in this complex
characteristic has not been verified by explicit variation of has an isomer shift of 0.10 mm/s, toward the upper end of
reactant concentrations. Second, it considers all three stepshe range characterizing the low-spin Fe(IV) complexes but
as irreversible. The likelihood that this assumption is correct still considerably less than that of the TauD intermediate.
is dependent on the placements of the intermediate states irSignificantly larger isomer shifts have been observed for the
the TauD cycle. Clearly, decarboxylation@KG and O-O high-spin Fe(lV) site of the formally Fe(IV)Fe(lll) complex
bond cleavage are expected to be irreversible, but earlier stepX in ribonucleotide reductase protein R2 € 0.26 mm/s
may not be. Perhaps most importantly, the scheme takes nq31)) and the two (putatively high-spin) Fe(lV) sites of the
account of the fact that significant concentrations of the formally Fe(IV)Fe(IV) complexQ in methane monooxyge-
products, succinate, 1-hydroxytaurine (or its breakdown nase ¢ between 0.14 and 0.21 mm/s for its two sit&d, (
products) and C@ are produced through the course of the 41)). These two protein diiron complexes (especially the
reaction. The time-dependent accumulation of these productsformer) provide encouragement that an isomer shift as high
could complicate the kinetics of recovery of the reactant as 0.31 mm/s may be possible for a high-spin mononuclear
complex in the last phase of the reaction. This complication Fe(IV) species. One factor that could contribute to the
could rationalize the only significant discrepancy between unusually high isomer shift of the TauD intermediate is
the simulations and the data, thel—10 s regime of the  electron donation by the ligands, which would confer Fe-
Asyversus-time trace. As seen in Figure 4A, a very slow (lll) character to the high-valent site. This notion has
phase of recovery of the 520 nm absorption characteristic previously been advanced to explain the observation that the
of the reactant complex is not predicted by Scheme 2. Amongisomer shifts of the Fe(lV) sites in the aforementioned
all the kinetic phases for all three wavelengths, it is the protein-bound diiron intermediates are invariably greater than
recovery phase ofsyo that should, according to Scheme 2, those of the most directly comparable inorganic models for
be most diagnostic of the conversion of the second inter- them. For example, the formally Fe(lV) site in the protein
mediate into the reactant quaternary complex. Therefore, theintermediate, clusteX from ribonucleotide reductase, has
disagreement between the simulation and data probably arisean isomer shift (0.26 mm/s) 0.16 mm/s greater than the Fe-
from an oversimplification relative to this step that is inherent (IV) site in the putative Fe(llB-O> —Fe(IV)=0?" model
in Scheme 2, and the most likely culprit is the unaccounted- complex with which it shares the same number of valence
for accumulation of products. The ability of Scheme 2 to electrons. The Fe(lV) site of an Fe(lll)Fe(IV) model with
accurately predict the steady-state rate provides support forexclusively carboxylate coordination (as opposed to the
this attribution. The slow phase of recoveryAsbois much pyridine and amine coordination of the first model complex)
too slow (from approximation of the-110 s portion of the has a significantly larger isomer shift (0.19 mm/gR)
Asyo kinetic trace as a first-order process, a rate constant of suggesting that one simple factor that can influence the
0.4 s'tis estimated) to be part of a catalytic cycle operating capacity of the coordination sphere to confer partial Fe(lll)
at 1.3 s?, and, of course, this turnover number has been character and thereby increase isomer shift is the chemical
determined under initial velocity conditions (i.e., in the nature or charge of the ligands. Perhaps the Fe ligands of
absence of products). the TauD intermediate are particularly well-suited to partially

Identity of the Neel TauD Fe IntermediateThe most absorb the iron high-valency by strong electron donation.
intriguing issue raised by the above results is the identity of In the following, we discusd—IV of Scheme 1 as
the novel first intermediate. Two arguments provide strong candidate structures for the novel intermediate. Of these, we
evidence that the novel intermediate contains a formally high- strongly disfavor structur®/, which could be produced by
spin Fe(IV) center. (i) The Mssbauer spectra show that the abstraction of a hydrogen atom from C-1 of taurine by an
intermediate has an integer spin ground state 8ith 2. Fe(IV)=0?" complex, for the following two reasons. First,
Since TauD is a mononuclear Fe enzyme, we conclude thatwe consider it extremely unlikely that a state containing a
it has anS= 2 ground state. (ii) Cryoreduction of the TauD substrate radical would accumulate, i.e., be stable relative
intermediate is accompanied by the formation of a high-spin to its precursor, and second, it seems unlikely that the Fe
Fe(lll) species. Therefore, the intermediate must have asite of IV would have sufficient Fe(IV) character to be
formal oxidation state greater thaflll, i.e., +1V. consistent with the low isomer shift of 0.31 mm/s.

The isomer shift of the novel intermediate+£€ 0.31 mm/ Each of the remaining structurels, I, andlll , can be
s) is, however, unusually large for an Fe(lV) species. The depicted as a resonance hybrid with formally Fe(IV) and Fe-
majority of known Fe(IV) species, including the many heme (Ill) contributors, as is suggested by the spectroscopic data
Fe(IV)=0?" intermediates (see r8b and references therein)  on the intermediate. Unfortunately, none of these structures
and several inorganic heme and non-heme models (e.g., refias direct precedent among known inorganic or protein
36—39) that have been characterized have isomer shifts lesscomplexes.
than 0.14 mm/s. All of these species contkiw-spin(S= Of the three, we considdr, in which the Q-moiety is
1) Fe(lV) sites, and their electronic structures may be bound end-on to the Fe center, to be the least likely candidate.
significantly different from that of the proposed high-spin Formation of a species with significant Fe(lV) character by
(S = 2) Fe(lV) site of the TauD intermediate. To our a simple two-electron oxidative addition ot @ an Fe(ll)
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precursor is, to our knowledge, unprecedented. In fact, REFERENCES

computational studies by Solomon and co-workers suggest
that this initial Fe(ll)-Q adduct would best be described as
a high-spin Fe(lll) § = 5/2) antiferromagnetically coupled

to a superoxide radical anio® & 1/2) to yield anS = 2
ground state43). The isomer shift of the TauD intermediate

is significantly lower that of similar high-spin Fe(lll) sites
(e.g., the Fe(lll) form of tyrosine hydroxylasé4) exhibits

an isomer shift of 0.56 mm/s). However, in the absence of
more direct experimental precedent, we do not feel justified
to exclude structuré from consideration.

The second possible structure of the TauD intermediate
is the bicyclic peroxyhemiketal compleX (in Scheme 1)
resulting from attack of the uncoordinated oxygen of species
| on the ketone carbonyl aiKG. Conceivable resonance
formulations for such a species would include both Fe(IV)-
peroxo and Fe(lll)-superoxo contributors. It is not obligatory
that an intermediate of this structure occur in the conversion
of the initial Fe(I1)-Q adduct to the presumptive Fe(F4D?~
hydroxylating species: the attack of the uncoordinated
oxygen on thexKG carbonyl and decarboxylation could also

be concerted rather than sequential, as is shown in Scheme

1. However, precedent for this structural motif is found in
the coordination chemistry of rhodiumg, 46), iridium (46,

47), and cobalt46). In particular, Rh and Ir complexes, in
which the metal is in the-1ll oxidation state and is facially
coordinated by the peroxide and a bidentate quinone
hemiketal anion, have been structurally characteriz (
47). Analogous Fe complexes are, to our knowledge, not

known, but they have been proposed as intermediates in the

reaction cycles of several mononuclear non-heme-Fe en-
zymes (, 17, 20).

The third possibility is that the intermediate is an
Fe(IV)=0?" species with associated resonance formulations
(" in Scheme 1). As previously noted, many such species
have been characterized in heme proteins (se&5efnd
references therein), but they all have low-spf € 1)
electronic ground states. The only high-spin Feff@¢~
species reported to date is the putative dinuclear Fe(lll)
0% —Fe(IV)=0?" species 40).

In conclusion, we have obtained kinetic and spectroscopic
evidence for an intermediate in the reaction of taurikes
dioxygenase, TauD, with dioxygen. Importantly, it is the first
report of an oxidized intermediate for any of the Fe@KRG-
dependent enzymes. This intermediate is kinetically com-
petent to be on the taurine hydroxylation pathway. We have
demonstrated by Mesbauer spectroscopy that this species
contains a formally high-spin Fe(lV) site. Ongoing spectro-
scopic characterization of the intermediate should allow for
definitive assignment of its structure, while kinetic studies
to test for temporal correlation between its formation or decay
and transformation of the substrates (or their chemical or
isotopic derivatives) should permit placement of the species
within the TauD catalytic cycle. The study thus sets the stage
for a dissection of the TauD reaction that should provide
unprecedented insight into the mechanism of oxygen activa-
tion by theaKG-dependent dioxygenases.
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