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ABSTRACT: Thioredoxinreductionin plantchloroplastss catalyzedoy a uniqueclassof disulfide reductasesvhich usea
one-electrondonor, [Fe;$;)?+ ferredoxin, and has an active site involving a disulfide in close proximity to a
[FesS4)2™ cluster. In this study, spinachferredoxin:thioredoxirreductas€FTR) reducedwith stoichiometricamountsof
reducedbenzylviologenor frozenunderturnoverconditionsin the presencef thioredoxinis shownto exhibit a slowly
relaxing S = 1/2 resonancég = 2.11,2.00, 1.98) identicalto that of a modified form of the enzymein which one
of the cysteinesof the active-sitedisulfide is alkylated with N—ethylmaleimide(NEM—FTR). Hence,in accord
with the previousproposal[Staples, C.R.Ameyibor,E., Fu,W., Gardet-Salvil., Stritt-Etter,A.-L., SchirmannP.,
Knaff, D.B.,andJohnson, M.K.(1996) Biochemistry35, 11425—11434],NEM—FTR is shownto be a stable
analogueof a one-electron-reduceenzymaticintermediate. The propertiesof the Fe-Sclusterin NEM—FTR
havebeen further investigated bgsonancédRamanand electronnucleardouble resonancespectroscopieghe results,
takentogetherwith the previousUV—visible absorption,variable temperaturemagneticcircular dichroism, and
resonanceRamandata, indicate the presenceof a novel type of [Fe4S4]3* clusterthat is coordinatedby five
cysteinateswith little unpairedspin densitydelocalizedbnto the cluster-associateglsteineof the active-sitalisulfide.
While the ligationsite of the fifth cysteingemainsundefined,the best candidateis a cluster bridging sulfide. On
the basisof the spectroscopiand redoxresults,mechanisticschemesare proposedfor the benzyl viologen-
mediatedtwo-electron-reductiorof FTR and the catalytic mechanisnmof FTR. The catalyticmechanisninvolves
novel S-basedlusterchemistryto facilitate electrontransfer to the active-site disulfide resulting in covalent attachment
of the electron-transfer cysteine and generation ofrfeinterchange cysteine that is required for the thiol—disulfide
interchange reaction with thioredoxin.

Chloroplast ferredoxin:thioredoxin reductase (FT&jta- Electrons are transmitted from the light-harvesting thylakoid
lyzes a key step in light regulation of several carbon membranes to a 2Fe ferredoxin (Fd) and then utilized to
assimilation enzymes in oxygenic photosynthedis Z%). cleave the disulfide in thioredoxiip which in turn activates

or deactivates a number of target enzymes by reduction of
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1 Abbreviations: FTR, ferredoxin:thioredoxin reductase; T, thiore- - : : -
doxin; NEM, N-ethylmaleimide; NEM-FTR, a modified form of FTR residues in the catalytic subunit has been addressed by

with NEM covalently attached at one of the cysteines of the active- €xtensive studies of spinach FTR with radiolabeled cysteine
site disulfide; (VT)MCD, (variable-temperature) magnetic circular alkylating agents§), and the picture of the active site that

dichroism; RR, resonance Raman; ENDOR, electron nuclear double iag i i in Ei
resonance; Fd, ferredoxin; NHE, normal hydrogen electrode; CW emerges from these studies is summarized in Figure 1. The

continuous wave; DTT, dithiothreitol; HiPIP, high potential iron-sulfur ~ active-site disulfide (Cys54-S-S-Cys84) is clearly in close
protein. proximity to the [FeS,] cluster, since a single residue
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Ficure 1: Schematic depiction of the active site of FTR as deduced

iron-sulfur proteins (HiPIPs) (typicalyg = 2.12, 2.04, 2.02
and observable only at temperatures 30 K (14—16).
Furthermore, this [F£4]3" cluster was reducible to tHe=

0 [FeSy)?" state with a midpoint potential of210 mV
versus NHE, 630 mV lower than the corresponding potential
for the native cluster (and +250 to+650 mV lower than

in HiPIPs (14—16). The cluster’s remarkably low midpoint
potential and uncharacteristic EPR properties were attributed
to the association of the active-site cysteinyl residue, Cys84,

from cysteine alkylation experiments (8) and spectroscopic studiesthat is protected from alkylation, while Cys54 is alkylated

(10).

separates each of the disulfide cysteines from a cluster-

coordinating cysteine. In common with the majority of
flavoprotein disulfide reductaseslk), only one of the
cysteines of the active-site disulfide (Cys54) is readily
accessible to alkylating reagents such\asthylmaleimide
(NEM). In the case of flavoprotein disulfide reductases, the
other active-site cysteine is protected from alkylation by
covalent attachment to the flavin isoalloxazine rit@)( The
present study indicates that the [5¢ cluster similarly
protects Cys84 from alkylation in NEM-modified FTR
(NEM—FTR). Moreover, the mechanism by which Cys84
is protected from alkylation is shown to lie at the heart of
understanding the role of the cluster in mediating disulfide
reduction in native FTR via two one-electron steps.

and noninteracting. Since a [[S]®* cluster with a co-
valently attached fifth cysteinato ligand is isoelectronic with
a [FeSj?" cluster and a nearby cysteinyl radical, we
envisaged NEM-FTR as a resonance hybrid of these two
canonical forms (10). One-electron-reduction of NENMIR
then results in a diamagnetic [f%]>" cluster and a free
cysteinate, (Cys84)S in accord with the experimental
observations.

This model for NEM—FTR can be directly applied to
native FTR. The resting-state enzyme contains thegf&
cluster with a nearby disulfide [(Cys84)S-S(Cys54)]. One-
electron-reduction yields an intermediate that can analogously
be represented as a diamagnetic 878" cluster with a
stabilized cysteinyl radical, (Cys84)@lus a free cysteinate,
(Cys54)S), with the alternate limiting resonance form being
a paramagnetic [R84]3" cluster with an associated cystein-

The nature and properties of the Fe-S center in spinachate, (Cys84)S (plus a free cysteinate, (Cys54)S The

FTR and NEM-FTR have been recently been established
by UV—visible absorption, variable temperature magnetic
circular dichroism (VTMCD), EPR, and resonance Raman
(RR) spectroscopied ). These studies revealed the pres-
ence of a single diamagneti& & 0) [FesSy]?" cluster in
native FTR. The [F£54]?" cluster can be partially oxidized
to theS= 1/2 [FgS,]3* state by potassium ferricyanide (0.3
spin/molecule), but this [R84]3+2" redox process is unlikely
to be physiologically relevant, since the midpoint potential
(Em ~ +420 mV versus NHE) is- 600mV higher than that
of either the natural electron donor, spinach Eg( =1 =
—420 mV), or the active-site disulfid&gp= 2 = —230 mV)
(12). Furthermore, the cluster is not reducible to the
paramagnetic [F&,]* state using excess dithionite, reduced
benzyl or methyl viologen, dithiothreitol (DTT), or deazafla-
vin-mediated photoreduction, indicating a potential-650
mV versus NHE (10). Hence a purely electron transfer role
for the cluster is considered to be extremely unliké@y0.
However, reduced benzyl or methyl viologen, although not
dithionite alone, was shown to function as a nonphysiological
electron donor, effecting the two-electron-reduction of the
active-site disulfide in FTR (13). The conundrum that

therefore needs to be rationalized by any mechanistic schem

is how this reduction can occur in two one-electron steps
without involving a reduced, [R&]", cluster.

The first major insight into the role of the [F&] cluster
in FTR came from the markedly different spectroscopic
properties of NEM-FTR compared to those of native FTR
(10). As-prepared NEM—FTR exhibits an EPR signal with
unusual properties; it has anomalaysalue anisotropy (g

second electron then effects complete reduction of the active-
site disulfide. Thus NEM-FTR might be an analogue of
the one-electron-reduced enzymatic intermediate in which
the cluster formally stabilizes the cysteinyl radical, (Cys84)-
S ,while creating a cysteinate, (Cys54)Shat is free to
attack and form a heterodisulfide intermediate with the
substrate. One prediction of this hypothesis is that one-
electron-reduction of native FTR will lead to net one-
electron-oxidation of the resting-state jB5g?" cluster and

a species similar to that found in as-prepared NEMR.

To test this hypothesis and investigate further the role of
the cluster in FTR, we have undertaken preliminary freeze-
guench EPR studies of FTR under turnover conditions and
EPR studies of FTR reduced with stoichiometric amounts
of reduced benzyl viologen. These experiments indicate that
NEM—FTR is indeed a stable analogue of the one-electron-
reduced enzymatic intermediate. In addition, we have used
electron nuclear double resonance (ENDOR) spectroscopy
to investigate which of the two proposed canonical forms
represents the best description of NEMTR and extended
the range of our RR studies in an attempt to assess the

é)ossibility of a novelus-S—S(Cys) mode of attachment for

the protected cysteine. The mechanism of active-site dis-
ulfide reduction by benzyl viologen and the catalytic mech-
anism of thioredoxin reduction are discussed in light of these
new results. All the available evidence points to a direct
role for the [F@S,] cluster in FTR in cleaving the active-
site disulfide, and we conclude that this new role most likely
involves S-based cluster chemistry.

=2.112,1.997, 1.984) and is observable without broadening \(JATERIALS AND METHODS

at temperatures up to at least 150 K. Based on RR and

VTMCD data (0), the EPR signal was assigned to an
oxidized,S= 1/2 [FeS,)®" cluster, albeit with quite different
properties from a8 = 1/2 [FeS4]*" cluster in high potential

Sample Preparation and HandlingThe purification and
assay procedures used in preparing samples of spinach
(Spinacea oleracgaative and recombinant FTR and thiore-



doxin f have beendescribedin detail elsewhereg(17, 18).
The properties and spectroscopiccharacteristicsof the
recombinanfTR wereindistinguishablgrom thoseof the
native protein. NEM modification of one of the cysteines
of the active-site disulfide of FTR was carried out as
previouslydescribed8, 19). Thesampleof NEM-modified
FTR usedin thiswork had A4;o/Axgo ratiosin therange0.34—
0.36 and were >90% pure as judgedby SDS-PAGE gel
electrophoresis.Sampleconcentration$or native FTR and
NEM~—FTR arebasedupon e4;0= 17400 M~ cm™ (6) and
€410= 19 500 Mt cmt (19), respectively. Unless otherwise
stated, native FTR was in 20 mM phosphate buffer, pH 7.2;
NEM—FTR was in 20 mM triethanolamine hydrochloride

buffer, pH 7.3; all samples were handled anaerobically in a
Vacuum Atmospheres glovebox or a gas handling line under

an Ar atmosphere<1 ppm Q). Benzyl viologen-mediated
reduction and turnover of FTR were carried out under

anaerobic conditions using a freshly prepared stock solution

of dithionite-reduced benzyl viologen in 30:70 ethanol/water
(v/v). The concentration of the stock solution was deter-
mined spectrophotometrically. The ENDOR samples of
Chromatium vinosum and Ectothiorhodospira halophila
HiPIPs were kindly provided by Dr. M. C. Kennedy (Medical
College of Wisconsin) and Drs. T. E. Meyer and M. A.
Cusanovich (University of Arizona), respectively.
Spectroscopic MeasurementX-band (~9.6 GHz) EPR

spectra were recorded on a Bruker ESP300E spectrometer

equipped with an ER-4116 dual mode cavity and an Oxford
Instruments ESR-9 flow cryostat. EPR quantitations were
carried out under nonsaturating conditions using 1 mM

CUEDTA as the standard. Raman spectra were recorded with

an Instruments SA U1000 spectrometer fitted with a cooled
RCA 31034 photomultiplier tube, using lines from Coherent
Innova 10-W Ar or Krt lasers. Scattering was collected
at 90°from the surface of a frozen 14 droplet of protein
in a specially constructed anaerobic c&D) mounted on
the coldfinger of an Air Products Displex model CSA-202E
closed cycle refrigerator. Band positions were calibrated
using the excitation wavelength and a,N@&, reference
solution and are accurate o1 cnr .

Continuous wave (CW) “Q"-band (35 GHz) EPR/ENDOR

spectra were recorded on a modified Varian E-109 spec-

trometer at 2 K in thalispersion mode using 100 kHz field
modulation as described elsewhe2&) Under these “rapid-
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Ficure 2: X-band EPR spectra of spinach FTR. (a) NEFMIR

as prepared (120M). (b) Native FTR (442uM) reduced with 1
equiv of reduced benzyl viologen. (c) Native FTR frozen during
enzyme turnover (see text for details). EPR conditions: temperature,
35 K; microwave power, 1 mW; modulation amplitude, 0.63 mT,;
microwave frequency, 9.60 GHz.

1/2, such agH and'N (both| = 1), also exhibit quadrupole
coupling, which to first order, givesl|Z2lines for each
hyperfine or Larmor-split doubleRf). Computer simulation
and analysis of frozen-solution ENDOR spectra employed
procedures and programs described elsewlz8e27).

RESULTS

passage” conditions, the EPR spectra represent the actual

absorption envelope, rather than its derivative. ENDOR EPR Studies of Nate FTR. Dithionite alone is unable
signals were enhanced by application of rf broadening asto effect reduction of the active-site disulfide in FTR, and
described previously2@). Pulsed Q-band spectra were all attempts to elicit an EPR signal by reducing native FTR
recorded on a locally built spectrometer that has been using dithionite proved unsuccessful. These experiments
previously described (23). The Mims pulse sequence wasincluded using sub-stoichiometric, stoichiometric, and excess
generally employed (24). (up to 100-fold) dithionite at pH values in the range I0.

The single-crystal ENDOR transition frequencies for a However, addition of a stoichiometric amount of reduced
nucleus,J, of spinl = 1/2, with low gy such as®’Fe are  benzyl viologen to native FTR produces an EPR signal
given to first order by eq 126): indistinguishable from that of NEMFTR, i.e.,g = 2.112,
1.996, 1.984 and observable up+d50 K (Figure 2b). This
resonance maximally accounts for 0.1 spin/molecule and is
not observed in samples reduced witt2 equiv of reduced
benzyl viologen. Since excess reduced benzyl viologen is
known to effect reduction of the active-site disulfidEs],
this similarity in EPR signals supports the view that NEM—
FTR is a stable analogue of a one-electron-reduced form of
FTR.

v, = AR+ 1)
where A’ is the orientation-dependent nuclear hyperfine
coupling constant and, is the nuclear Larmor frequency.
For v; > AY2, as is generally the case féil, then the
ENDOR spectrum consists of a hyperfine-split doublet
centered at the Larmor (NMR) frequency. Nuclei with



To asses# theone-electron-reducddrm of FTR alsois
presentduring catalyticturnover,preliminaryfreeze-quench
EPR experimentswere conductedin the presenceof sub-
strate. Theseexperimenténvolvedmixing FTR, thioredoxin
f, anddithionitein the moleratio 1:4:12in ananaerobic0
mM Tris-HCI buffer, pH 7.8, to give afinal FTR concentra-
tion of 75uM andinitiating thereactionby additionof benzyl
viologen (final concentratiorof 20 uM). Samplesfrozen
prior to the addition of benzylviologen exhibitedno EPR
signals, and samplesfrozen more than 1 min after the
addition of benzyl viologen only showeda weak benzyl
viologen radical signal centeredat g = 2.004. However,
sampledgrozenwithin 5 s of the additionof benzylviologen,
exhibitedtwo weakS = 1/2 resonancethattogethemccount
for <0.05 spin/molecule(Figure 2¢). The major signalis
readily identified by its g values,g = 2.11,2.00,1.98, as
theone-electron-reducddrm of FTR. Theminor signalis
tentativelyidentified asan almostaxial resonancevith g =
2.07,2.01,2.00. Sinceneitherresonancevasobservedn
controlexperimentsvithout the substratethioredoxinf, and
bothresonancearetransientspecieswe attributedthemto
intermediateshatarepresentluringenzymeturnover. These
observationgonfirm our hypothesishat NEM—FTR cor-
respondsgo a stabilizedform of aone-electron-reduceBTR
reactionintermediatg10) andpromptedfurthercharacteriza-
tion of theFe-Sclusterin NEM—FTR usingRRandENDOR
spectroscopies.

Resonanc&amanStudiesof Native and NEM-Modified
FTR. Resonanc®amanspectraof nativeFTR andNEM—
FTR (as-preparednddithionite-reducedhavebeenreported
with 457.9-nmexcitationin the Fe-Sstretchingegion,240—
450 cm* (10). The spectrafor FTR and reducedNEM—
FTR arevery similar andindicativeof [Fe;S4)%" clusterswith
completecysteinylligation, while the spectrumof NEM—
FTRis characteristiof the one-electron-oxidizefFe; S, 3+
cluster(10). Sincetheanomalougpropertieoof NEM—FTR
havebeenattributedto covalentattachmenof the protected
cysteine(Cys84)of the active-sitedisulfide (10), we have
now extendedour RR studiesof FTR and NEM—FTR to
800 cm™%, in an attemptto find evidencefor the S-S
stretchingmode of a putative us-S-S(Cys)interactionin
NEM—FTR. Sucha modemight be resonantlyenhanced
with excitationinto S — Fe(lll) charge-transfebandsvia
kinematic coupling with Fe-S stretchingmodes. Spectra
were obtainedwith 413-, 458-, and 514-nmexcitationfor
both FTR and NEM—FTR, but there are no obvious
candidatedor a S-S stretchingmodein the 480—560 nm
regionthatis uniqueto NEM—FTR. Weakbandscentered
at488 and554 cm ! areseenin bath nativeFTR andNEM—
FTR (Figure 3), and in samplesin which the active-site
disulfide is fully reduced (data not shown). The only
possibility is a weak band at 538 cm™* with 458-nm
excitationthatis moreclearly apparenin NEM—FTR than
in nativeFTR (Figure 3) andis lost on dithionite reduction.
However, no reliable assignmentcan be made without
isotopeshift dataandit hasnot yet beenpossibleto enrich
sampleswith 34S.

ENDORSudiesof NEM-ModifiedFTR. Thewell-defined
rhombicg-tensorfor NEM—FTR permitsexaminatiorof the
orientationdependencef the 'H ENDOR signalsfor this
system. Figure4 shows'H ENDOR spectraof NEM—FTR
takenat eachof the canonicalg-values,g; 3= 2.11,1.99,
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Ficure 3: Resonance Raman spectra of native and NEM-modified
FTR. Both spectra were recorded for sample2(mM) frozen at
~30 K using 457.9-nm laser excitation with 70 mW laser power
at the sample. Each scan involved photon countinglfe at 0.4
cmtincrements with 0.6 crt spectral resolution, and the spectra
shown correspond to the sum of 70 scans. For both spectra,
vibrational modes originating from the frozen buffer solution have
been subtracted after normalizing the intensities of the “ice-band”
at 231 cn1?, and a linear ramp fluorescence background has been
subtracted.

1.98, andthe Q-band EPR spectrum is shown as an inset.
The spectra were recorded using conditions to maximize
strongly coupledH signals, with a resulting slight loss of
resolution. The'H-ENDOR pattern consists of poorly
resolved features from numerotts nuclei with maximum
couplingA(*H) < 15 MHz.

Comparison of the CWH ENDOR spectra of NEM—
FTR in HO buffer with those for protein in ED buffer using
the same experimental conditions (data not shown) indicates
that none of the couplings witA(*H) > 2 MHz is solvent-
exchangeable. C\AH ENDOR spectra of the D samples
exhibit the characteristic signal centered at the deuteron
Larmor frequencyy(®H) = 8.2 MHz atg,, arising from
unresolved, weakly coupletH in the cluster vicinity, as in
other Fe-S proteins, includir@. vzinosumHiPIP 28). Pulsed
(Mims) ENDOR spectra show weakly coupléd signals
(Figure 5A shows the signal &), with maximum signal
breadth~0.7 MHz, which yields a maximum hyperfine
coupling for solvent-exchangeable hydrogeA§Hexn) ~
3.5 MHz2? A similar signal observed for the [E®] " cluster
in Desulfovibrio gigashydrogenase was attributed to amide
N-H---S hydrogen bonds (29). Comparabtel Mims
ENDOR signals have also been seen for aconita8egnd
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Ficure 4. Q-band CWH ENDOR spectra of NEM-modified FTR . .
(220 uM) at each of the three canonicglvalues. Experimental E}G,L\JIFEENSI'_SIZEE‘?E EONODOMR)tal:gna%gfireggﬁifﬁ;ﬁngg rggf'_f%?
conditions: (A) temperature, 2 K; microwave frequency, 35.023 - . Ised (Mi EﬂNDOFI)? FA di buff ge éw
GHz; microwave power, 6.3W; magnetic field, 1.1850 T (¢ using pulsed (Mims) (A), and in buffer using C
; / X ' ENDOR (B). The signals are identified by nucleus according to

2.112;g;); 100 kHz field modulation amplitude, 0.21 mT; time i -
. : . their likely source (see text) and the Larmor frequencie’oéind
constant, 84 ms; rf scan rate.5 MHz/s; if power, 20 W; number 13C are indicated. Experimental conditions: (A) temperature, 2 K;

of scans, 50, (B) as in (A) except: magnetic field, 1.254@F( microwave frequency, 34.884 GHz; magnetic field, 1.251@ F(

1.995;9,). (C) as in (A) except: magnetic field, 1.2610 @ € N M : :
! S A L 1.992;g,); Mims sequenceg/2 microwave pulse widths i 80
1.984;4gs). Inset: Q-band CW EPR spectrum used for obtaining ns: 113, 380 ns; rf pulse widthtg), 50 us; rf power, 200 W (3-8

the ENDOR spectra. The spectrum was recorded under raIOId'dB); repetition rate, 20 Hz; 200 transients; (B) temperature, 2 K;

passage conditions and thus has an absorption line shape. microwave frequency, 35.023 GHz; microwave power ;68 (45

. dBm); magnetic field, 1.2540 Tg(= 1.995; g,); 100 kHz field
Pyrococcus furiosu8Fe and 4Fe Fds (J. Telser, H. I. Lee, modulation amplitude, 0.21 mT; time constant, 32 ms; rf scan rate,
H. Huang, P. Brereton, M. W. W. Adams, and B. M. —0.5 MHz/s; rf power, 20 W; number of scans, 50.

Hoffman, manuscript in preparation). y-irradiation of a single-crystal af-cystine dihydrochloride,
The overall appearance of ttel ENDOR pattern for  ghow that theg-tH nuclei exhibit significantly larger
NEM—FTR is characteristic of that seen for proteins couplings, with the largest component of &) ~ 50—60
containing [FgS,] clusters, both in the reduced [fS3]* form MHz (34).
(31, 32) and in the oxidized [E&]** form (28, 32). This Despite low isotopic abundance in unenriched samples,
similarity is illustrated in Figure 6, which compares th¢ ENDOR signals from both natural-abundariée ands’Fe
ENDOR spectra taken &, of NEM—FTR with those of 516 generally observable in Fe-S proteins, as confirmed by
the [FaS,]*" clusters in the high potential iron proteins jgotopic enrichment28). Also observable in many Fe-S
(HiPIPs) isolated fronTC. vinosumand E. halophila (28). proteins are ENDOR signals from noncoordinated, but
Of par_ticular importance is that for all t_hree protein;;, the magnetically coupled“N of polypeptide backbone amide
hyperfine couplings that are froffy'H nuclei on the cysteinyl  pitrogens that are involved in hydrogen-bonding to the cluster
ligands (27-29, 33), fall within the range ® A(*H) < (28). Figure 5 presents ENDOR spectra for NEFITR over
~12-14 MHz. Likewise, in the [F4&]** species prepared  the radio frequency region that encompasses these signals.
by y-irradiation of the diamagnetic model compound, The cW ENDOR spectrum of NEMFTR in H,O buffer,
[(C2Ds)aN]o[FesSy(SCHCeDs)d], the completed(*H) tensors  kigyre 5B, shows &C signal at/(33C) ~ 13 MHz, analogous
for all eight thiolate hydrogens have been determined, andy, previous results for Fe-S proteir28). This assignment
all components havéy('H) < 11 MHz (33). In contrast, s confirmed using Q-band pulsed Mims ENDOR, which
EPR studies of cysteinyl radicals, (Cys)$§enerated by suppresses more strongly coupled resonan2@s35), so
that only weakly coupled signals due?d (see above) and

2This value is calculated by taking the maximum signal breadth for natural abundancéC are readily seen in this radio-frequency
2H (0.72 MHz) and subtracting the effect of quadrupole couplittg region, (Figure 5A)
27) typical for hydrogen-bondeéH, 3P ~ 0.18 MHz (29), and | th, cwW t. Fi 5B. th ks 36
converting this value tdH coupling: A(Hexe) = ACH)(gn/dp) = nthe Spectrum, Figure ob, there are peaks-

(0.72—0.18)(6.51)= 3.5 MHz. and ~19 MHz that are from strongly coupled, natural-
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FIGURE 6: Q-band CW H ENDOR spectrain H,O buffer of
NEM—FTR (A), C. vinosumHiPIP (B), and E. halophila HiPIP
(C). Experimentalconditions: (A) temperature? K; microwave
frequency,35.025 GHz; microwave power, 6.3 yW (45 dBm);
magnetidield, 1.2535 T (g = 1.99; g,); 100kHz field modulation
amplitude,3.3 mT; time constant32 ms; rf scanrate,—0.5 MHz/
s; rf power, 10 W; numberof scans,20; (B) asin (A) except:
microwave frequency,35.052 GHz; microwave power, 200 uW
(30 dBm); magnetidfield, 1.2250T (g = 2.044;g,); 100kHz field
modulationamplitude 0.7 mT; rf scanrate,—0.5MHz/s; rf power,
10 W, appliedin a 50% duty cycle at 10 kHz; (C) asin (A)
except: microwavefrequency34.924GHz; microwavepower,20
#W (40 dBm); magneticfield, 1.2260T (g = 2.035;gp); 100kHz
field modulationamplitude,0.11 mT; rf scanrate,—0.4 MHz/s; rf
power,5 W, appliedin a 10% duty cycle at 10 kHz. The dashed
lines show the maximum breadthof the 'H ENDOR patternfor
NEM-modified FTR andcorrespondindeaturesn thetwo HiPIPs.

abundancéFe. Assignmenbf eachto the v, partnerof a
Larmor-split>’Fe doublet[2v(>"Fe)~ 3.5 MHz, eq1] gives
two Fesiteswith A(G"Fe)~ 34and28 MHz. Similarsignals
at ~16 and ~20 MHz were reportedfor both C. vinosum
and E. halophila HiPIPs and were assignedto natural-
abundancé’Fe with an averageA(’Fe) ~ 36 MHz (28).
Comparable’Fe hyperfine couplingshave seenby Méss-
bauerspectroscopyor the [Fe;S,]*" clusterin C. vinosum
HiPIP (36) andin ENDORstudiesof 5Fe-enrichedFe;Sy]**
centersin model complexes(37), C. vinosumHiPIP (38),
and Clostridium pasteurianunt=d (39).
Theremainingfeaturesn the CW ENDOR spectrumarise
from magneticallycoupled*N. The featureat 7—8 MHz
is assignedo the Am, = £2 transitionof 1*N thatbecomes
partially alloweddueto statemixing causedby quadrupole
coupling. The featuresat 2—4 MHz aredueto the Am, =
+1 transitionof *N (v(**N) = 3.9 MHz at g,). Both the
Am = +1 andAm, = £2 transitionsincludethe effectsof
hyperfineandquadrupolecouplingsthatcanin principle be
analyzedquantitatively (40, 41). Here we only note their

qualitativesimilarity to previousresults. Thusall ENDOR
features observedfor NEM—FTR can be satisfactorily
explainedby analogywith conventionalFe-S proteinsin
generaland oxidized HiPIP-typeproteinsin particular.

DISCUSSION

The resultspresentedaboveprovide major new insights
into therole andpropertiesof the [Fe,Sy] clusterin spinach
FTR. First,the observatiorthatFTR reducedwith 1 equiv
of reducedbenzyl viologen producesan EPR signal with
line shape,g-values,and relaxationpropertiesidentical to
thoseof NEM—FTR, confirmsour proposathatNEM—FTR
correspondso a stableanalogueof a one-electron-reduced
form of thenativeenzyme(10). Secondpreliminaryfreeze-
guenchEPRstudiesin which the enzymewasfrozenunder
turnoverconditionsin the presencef thioredoxinf, indicate
that this one-electron-reducetbrm of FTR is indeedan
intermediatdan the catalyticcycle. Third, ENDOR studies
showthatNEM—FTRis quite similar to proteinsandmodel
compoundsontaininga [Fe;S,)°" cluster. This resultis in
completeaccordwith UV —visible absorptiony TMCD, and
RR characteristicof NEM—FTR (10). Hencethe anoma-
lousEPRandredoxpropertiesof NEM—FTR (i.e.,g = 2.11,
2.00,1.98, and observablewithout broadeningat T < 150
K; Em@+2+) = —210mV) comparedo [Fe;Sq]3* clustersin
conventional HiPIPs (typically, g = 2.12, 2.04, 2.02,
observabletT < 30K; Eng+2+) in therange+50to +450
mV (14—16) and in ferricyanide-oxidizedFTR with the
active-sitedisulfideintact(g = 2.09,2.04,2.01,0bservable
at T < 30 K; En@+2+) ~ +430 mV (10) cannot be
rationalizedin termsof a [Fe;S?" clusterwith a nearby
cysteinyl radical. Rather, the unique propertiesof the
[FesSy)3* clusterin as-isolatedEM—FTR andone-electron-
reducedFTR are attributedto covalentattachmentof the
protectedcysteine(Cys84)of the active-sitedisulfide.

The paradoxhatthereforeneedso berationalizedby any
mechanisticschemefor the disulfide reductionin FTR, is
how one-electrorreduction of FTR leadsto one-electron
oxidation of the [Fe;S4)%" cluster. Suchanomalousedox
behavioris, however,readily explainedby invoking two-
electron-reductiorof the active-sitedisulfide coupledwith
one-electron-oxidationf the clusterto yield a specieghat
is formally analogouso NEM—FTR. With this in mind,
Figure 7 showsa viable schemefor the benzyl viologen-
mediatedwo-electron-reductioinof the active-sitedisulfide
in FTR. Themechanismnvokesarole for the clusterboth
in mediatingelectrontransferto the active-sitedisulfide and
in stabilizing the one-electron-reducedhtermediate via
covalentattachmenbof theelectron-transfecysteing(Cys84)
of the active-sitedisulfide. One-electron-reductionf the
clusterleadsto transienformationof a[Fe;S4* clusterwhich
immediatelycleavegheactive-sitedisulfide via nucleophilic
attack involving an electron-rich us-S?~. The resulting
clusteris formally atthe[Fe;S;]3" oxidationlevel, sincetwo
electronshavebeenwithdrawnfrom the clusterin forming
the covalentbond with Cys84 of the active-sitedisulfide.
This one-electron-reducedntermediateis analogousto
NEM—FTR, in which alkylation of Cys54preventsfurther
reactivity. An alternativecanonicaform of theone-electron
intermediatels a [Fe;S4]?" clusterwith a nearbycysteinyl
radical[(Cys84)S-],althoughthe spectroscopidataclearly
arguefor theunpairedelectrondensityresidingonthecluster.
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Ficure 7: Proposed mechanism for the benzyl viologen-mediated two-electron-reduction of FTR.
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Ficure 8: Proposed mechanism for FTR, modified from Staples etl). (Thioredoxinf is represented by T.

This intermediate can nevertheless be viewed as a protectedpin concentration of the intermediate in the native enzyme,
cysteinyl radical, wherein the protecting group is the redox- maximally 0.1 spin/molecule, suggests that the midpoint
active [FQS,] cluster. The second reducing equivalent from potentials for the successive one-electron-reductions for
reduced benzyl viologen then cleaves thisS-S(Cys84) cleavage of the active-site disulfide are within 40 mV of
disulfide to yield the [Fg5,)%>" cluster and (Cys84)S On each other.

the basis of the midpoint potential for the [5g%"2* couple As yet there is no direct evidence or precedent in Fe-S
in NEM—FTR [-210 mV versus NHE10)], the reduction cluster chemistry for the noveks-S-S(Cys84) disulfide
potential for this second one-electron-reduction is likely to linkage proposed in NEMFTR. There is a weak band at

be near the midpoint potential for the two-electron disulfide 538 cnt! in the RR spectrum of NEMFTR that is a
reduction in FTR 230 mV versus NHEX2)]. The low candidate for a cluster-associated S-S stretching mode, since



it is not presenin native FTR or dithionitereducedNEM—
FTR. However,without 3*S-isotopeshift data,this assign-
mentmustbe viewedasspeculativeat best. An alternative
modeof attachmenthatcouldleadto a [Fe;S43t intermedi-
ate involves a 5-coordinateFe site with two coordinated
cysteines. Holm and co-workershave synthesizedFe;Sy]
clusterswith bidentatethiolatecoordinationat a specificFe
site (42), andit interestingto note thatthe midpointpotential
for the[FesS;]3"2" coupleis decreasetly 600mV compared
to equivalentmonodentat¢hiolate. The midpointpotential
for the [FesSy]3"2* couplein NEM—FTR s also~600mV
lowerthanin FTR. While we cannotrule outthis alternative
modeof clusterattachmentor Cys84 therearegoodreasons
for favoring S-basedasopposedo Fe-basedlusterchem-
istry. First, it makeschemicalsensdor the Fe-Sclusterto
act asthe conduitfor electrontransferto the disulfide, in
which casethe bridging sulfidesare the only nucleophilic
siteson the clusterthatcanattackandcleavethe active-site
disulfide with the formation of [Fe;S4]3* species. Second,
a similar slowly relaxingEPRsignal(g = 2.09,2.00,1.98)
has been observedin ferricyanide-oxidizedAzotobacter
vinelandii Fd | and,in this case the crystalstructureof the
native Fd indicatesthatthe S, of a free cysteineis located
3.4 A from a us-S*~ of the [FesSy] cluster(43, 44).

Not only doesthe scheméfor disulfide reductionin FTR
(Figure7) providea rationalizationfor the novelredoxand
spectroscopipropertiesof FTRandNEM—FTR, butit also
suggesta mechanisnfor biological disulfide reductionby
an Fe-Sclusterin sequentialone-electrorsteps(Figure 8)
thatincorporateshethiol—disulfideinterchangemechanism
establishedor the NAD(P)H-dependentflavin-containing
disulfideoxidoreductased 1). By analogywith flavoprotein
disulfide reductaseswe usethe termselectron-transfeor
cluster-interactinghiol for Cys84,sinceit acceptslectrons
andformsa covalentadductwith thecluster,andinterchange
thiol for Cys54,sinceit attacksandformstheheterodisulfide
intermediatewith one of the cysteinesof the substrate
disulfide. The mechanisnmshownin Figure8 is essentially
analogoudo that previously proposed(10), with the only
differencenow beingthatthe one-electron-reducddterme-
diatesareviewedascluster-basedadical speciesj.e., S =
1/2 [Fe;Sy)3T clusters.

The initial formation of the one-electron-reduceihter-
mediateis centralto this mechanismsinceit thenfreesthe
interchangethiol (Cys54) to attack the thioredoxin (T)
disulfideto form the heterodisulfidantermediatd(Cys54)S-
S(T)]. Theseconcelectronthencleaveghe cluster-associ-
atedus-S-S(Cys84}isulfide allowing the cluster-interacting
cysteineto cleavethe heterodisulfideand thereby effect
completereductionof thioredoxindisulfide with restoration
of the FTR active-sitedisulfide. This mechanismhastwo
paramagnetiltermediatespnecorrespondingo theinitially
formed one-electron-reduce# TR and the other to the
subsequenthformed heterodisulfidespeciesand both are
likely to involve similar S= 1/2 [Fe;Sy3* clusters. In accord
with this mechanismtwo S= 1/2 EPRsignalsare seenon
freezing samplesduring turnover; one is identical to one-
electron-reduce#TR (g = 2.11,2.00,1.98) and the other
is a similar slowly relaxing specieswith smaller g-value
anisotropy(g = 2.07,2.01,2.00). We proposehatthislatter
speciesorrespondso the heterodisulfidentermediate. True
freeze-quencBEPRexperiment®nthe millisecondtime scale

areplannedto characterizdully theseintermediatesnd

the

reactiorkinetics.
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