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ABSTRACT: Thioredoxinreductionin chloroplastsis catalyzedby a unique classof disulfide reductasesvhich usea

[2Fe-2SF* ferredoxinasthe electrondonorandcontainan Fe-Sclusterasthe soleprosthetiogroupin additionto the

active-site disulfide. The nature, properties,and function of the Fe-S cluster in spinachferredoxin:thioredoxin
reductas€FTR) havebeeninvestigatedoy the combinationof UV/visible absorption variable-temperaturenagnetic
circular dichroism (MCD), EPR, and resonancdRaman(RR) spectroscopiesThe resultsindicatethe presencef an

S = 0 [4Fe-4S}* clusterwith completecysteinylS coordinationthat cannotbe reducedat potentialsdown to —650

mV, but canbe oxidizedby ferricyanideto an S= Y/, [4Fe-4S}* state(g = 2.09,2.04,2.02). The midpointpotential
for the [4Fe-4S$+2+ coupleis estimatedto be +420 mV (versusNHE). Theseresultsargueagainsta role for the

clusterin mediatingelectrontransportfrom ferredoxin(E,, = —420 mV) to the active-sitedisulfide (En, = —230mV,

n = 2). An alternativerole for the clusterin stabilizing the one-electron-reducethtermediateis suggestedby

parallel spectroscopictudiesof a modified form of the enzymein which one of the cysteinesof the active-site
dithiol has beenalkylated with N-ethylmaleimide(NEM). NEM-modified FTR is paramagnetias preparedand
exhibits a slow relaxing, S = %, EPR signal, g = 2.11, 2.00, 1.98, that is observablewithout significant
broadeningup to 150 K. While the relaxation propertiesare characteristicof a radical species,MCD, RR, and
absorption studies indicate at least partial cluster oxidation to the [4Fe-4S§+ state. Dye-mediatedEPR redox
titrations indicate a midpoint potential of —210 mV for the one-electronreductionto a diamagneticstate. By

analogywith the propertiesof the ferricyanide-oxidized4Fe-4S]clusterin Azotobactervinelandii 7Fe ferredoxin
[Hu, Z., Jollie, D., Burgess,B. K., StephensP. J., & Minck, E. (1994) Biochemistry 33, 14475—14485],the

spectroscopi@and redox propertiesof NEM-modified FTR areinterpretedn termsof a [4Fe-4S}' clustercovalently
attachedthrough a cluster sulfide to a cysteine-basedhiyl radical formed on one of the active-site thiols. A

mechanisticschemefor FTR is proposedwith similarities to that establishedor the well-characterizedNAD(P)H-

dependentlavin-containingdisulfide oxidoreductasedyut involving sequentiabne-electromredox processesvith the

role of the [4Fe-4St* clusterbeingto stabilizethe thiyl radical formed by the initial one-electrorreductionof the

active-sitedisulfide. The resultsindicatea new biological role for Fe-Sclustersinvolving both the stabilizationof a

thiyl radicalintermediateandclustersite-specificchemistryinvolving a bridging sulfide.

The chloroplast ferredoxin/thioredoxin system constitutes the chlorophyll-containing thylakoid membranga a [2Fe-
a mechanism whereby light regulates the activity of several 2S] Fd, ferredoxin:thioredoxin reductase (FTRind thiore-
carbon assimilation enzymes in oxygenic photosynthesisdoxins which activate or deactivate target enzymes by
(Knaff & Hirasawa, 1991; Buchanan, 1992; Knaff, 1996). reduction of regulatory disulfide bridges (see Scheme 1)
The light signal is transmitted in the form of electrons from (Buchanan et al., 1994). FTR catalyzes the key step in this

important regulatory pathway, i.e., the two-electron reduction
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Schemel: Thioredoxin-DependeriRegulationof 1987), and the UV-—visible absorption and CD spectra
ChloroplastEnzymes (Droux et al., 1987; Schirmann & Gardet-Salvi, 1993;
Adwe,,nacm SH Hirasawa et al., 1988), coupled with the absence of an EPR
Fdox enzyme SH signal , are most consistent with the presence oSan 0
[4Fe-4St* cluster. However, EPR studies of spinach and
Inactwe/Actwe N. muscorum~TRs showed no signals after reduction by
e"“’“e dithionite, dithionite plus methyl viologen, or illuminated

chloroplast membranes (de la Torre et al.,, 1982). This

Nostoc muscorurfDroux et al., 1987), an€hlamydomonas  suggests that the cluster is not reducible to the paramagnetic
reinhardtii (Huppe et al., 1990), and has been shown to be state at potentials 6f450 mV (versusNHE) and, therefore,
identical to the protein called ferralterin by previous workers that the cluster may not be effective in mediating electron
(Lara et al., 1980; de la Torre et al., 1982). In each case, transfer from chloroplast [2Fe-2S] Fds(= —310 to—455
the enzyme was found to be a heterodimer with an apparentmV versusNHE) to the active-site disulfide. Rhombic EPR
molecular mass of approximately 30 kDa. Subunit B (~13 signals,g = 2.10, 2.05, 2.00 for spinach FTR agd= 2.09,
kDa), which is also termed the catalytic subunit, contains 2.04, 1.98 forN. muscorumFTR, were reported at low
the redox-active disulfide and the Fe-S cluster (Droux et al., temperatures (<30 K) for samples treated with ferricyanide
1987), and is common to all FTRs based on immunological (de la Torre et al., 1982). These were tentatively interpreted
cross-reactivity experiments (Droux et al., 1987; Huppe et in terms of oxidation to a®= %, [4Fe-4S}* state as found
al., 1990). Subunit A, which is also termed the variable in oxidized high-potential iron—sulfur proteins (HiPIPs).
subunit, differs in size and shows little or no immunological However, this redox process is unlikely to be physiologically
cross-reactivity among different species (Droux et al., 1987; relevant in terms of mediating electron transfer since the
Huppe et al., 1990). potential was estimated to ble 410 mV versusNHE in N.

Primary structures based on conventional protein sequencenuscorumFTR (de la Torre et al., 1982). More recently,
methods and/or deduced from the nucleotide sequence ofdirect electrochemical studies of spinach FTR reported a two-
cDNA clones have recently become available for the catalytic electron redox process with a midpoint potential-€230
subunits of the FTRs from spinach (Chow et al.,, 1995; mV that was attributed to the active-site disulfide, since it
Falkenstein et al., 1994; Marc-Martin et al., 1993) and corn was not present in NEM-modified samples, and a one-
(Marc-Martin et al., 1993) and the variable subunits of the electron process with a midpoint potential-6840 mV that
FTRs from spinach (Falkenstein et al., 1994; Iwadate et al., was attributed to the [4Fe-43]?>* couple (Salamon et al.,
1994) and the cyanobacteriumacystis nidulan§Szekeres ~ 1995).
etal., 1991). The catalytic subunits of spinach and corn FTR  The objectives of this study were to characterize the
(12.7 kDa) show 81% identity with seven conserved cys- electronic, magnetic, structural, and redox properties of the
teines. Experiments involving modification of the eight Fe-S center in spinach FTR with a view to elucidating its
cysteines in the catalytic subunit of spinach FTR with role in the catalytic mechanism. The approach involves using
radioactively-labeled sulfhydryl-group blocking reagents, EPR, UV/visible absorption, variable-temperature magnetic
N-ethylmaleimide (NEM) and iodoacetate, have shown that circular dichroism (VTMCD), and resonance Raman (RR)
the nonconserved Cys19 is not solvent-accessible, Cys27 isspectroscopies to investigate the properties of the Fe-S cluster
an accessible free thiol with no catalytic function, Cys54 in native forms of the enzyme with the disulfide intact (hative
and Cys84 constitute the active-site disulfide, and Cys52, FTR) and reduced with dithiothreitol (DT T-treated FTR) and
Cys71, Cys73, and Cys82 are involved in ligating the Fe-S an inactive form of the enzyme in which one of the active-
cluster (Chow et al., 1995). Hence, the redox-active disulfide site cysteines, Cys54, has been modified with NEM (NEM-
is in close proximity to the Fe-S cluster. Moreover, in modified FTR). The results reveal the presence of a [4Fe-
common with the majority of the NAD(P)H-dependent 4SP* cluster with complete cysteinyl ligation and suggest
flavoprotein disulfide reductases (Thorpe & Williams, 1976; that the role of the cluster lies in stabilizing the one-electron-
Arscott et al., 1981; Fox & Walsh, 1983), only one of the reduced intermediate rather than mediating electron transfer
active site cysteines, Cysb4, is accessible to sulfhydryl-groupto the active-site disulfide. NEM-modified FTR appears to
blocking reagents in reduced samples under nondenaturingorovide a stable analog of the one-electron-reduced inter-
conditions (Chow et al.,, 1995). The other active-site mediate, and the spectroscopic properties of this derivative
cysteine, Cys84, is labeled after reduction only under are consistent with cluster coordination by one of the
denaturing conditions, and appears to be protected fromcysteines of the active-site dithiol. The mechanism that is
solvent and inaccessible to sulfhydryl reagents under nativeproposed for FTR suggests a new biological role for Fe-S
conditions (Chow et al., 1995). The variable subunit of clusters.
spinach FTR has a molecular mass of 12.7 kDa and has on
accessible free cysteine with no catalytic function, as ]udged(?\/l'A‘TERIALS AND METHODS
by chemical modification experiments. Sequence analysis Sample Preparation and HandlingPurification of FTR
supports the view that this subunit has no catalytic function from spinach (Spinacea oleracea) leaves was performed as
(lwadate et al., 1994). Comparison with the variable subunit previously described (Schirmann, 1995). The samples of
in the cyanobacterial FTR reveals 58% sequence similarity spinach FTR used in this work hakho/Az7s ratios in the
and the presence of a 30-residue N-terminal extension in therange 0.34—0.36 and were judged to b®0% pure by
spinach protein which is likely to be responsible for the size SDS-PAGE gel electrophoresis. Modification of one of the
variability and antigenic behavior of this subunit. cysteines of the active site dithiol with NEM to give NEM-

Purified FTRs contain approximately four non-heme iron modified FTR was carried out as previously described (Chow
atoms and acid-labile sulfides per molecule (Droux et al., et al., 1995; Schirmann & Gardet-Salvi, 1993). Sample



concentrationsvere basedon 410 = 17400 M~ cm? for
nativeFTR (Droux etal., 1987)andes10= 19500M "t cm™?
for NEM-modified FTR (Schirmann& Gardet-Salvi]1993).
Unless otherwise indicated, native FTR was in 20 mM
phosphatebuffer, pH 7.2, and NEM-modified FTR wasin
20 mM triethanolamine hydrochloride buffer, pH 7.3.
Sampleswere handledanaerobicallyin a Vacuum Atmos-
pheresgloveboxunderargon(<1 ppm Oy).

Dithionite reduction was carried out under anaerobic
conditionswith a 15-fold stoichiometricexcessof sodium
dithionitein a 10—uL aliquottakenfrom a freshly prepared
stock solutionin 100 mM Tris-HCI buffer, pH 7.8. Dea-
zaflavin-mediatedpohotoreductiornwas carried out at 0 °C
on anaerobicamplescontainingl0 mM sodiumoxalateand
10uM 5-deazaflavinusingan Oriel Corp.xenonarclamp.
Ferricyanideoxidationwas performedaerobicallyby incu-
bating sampleswith excessof potassiumferricyanidefor
1-15 min at room temperature. For variable-temperature
MCD studies,ferricyanidewas removedby ultrafiltration
usingCentricontubeswith aYM10 membrane.Theactive-
sitedisulfidein nativeFTRwasreducedn DTT-treatedFTR
by incubationwith a 50-fold stoichiometricexcessof DTT
for 1 h underanaerobiaconditions(Droux et al., 1987).

EPRredoxtitrationswere performedat ambienttemper-
ature(25—27 °C) in aVacuumAtmospheregloveboxunder
argon(<1 ppm Oy), using200 mM PIPESbuffer, pH 7.0.
Mediator dyeswere added,eachto a concentratiorof ca.
50 uM, in order to cover the desired range of redox
potentialsj.e., methylviologen,benzylviologen,neutralred,
safranin,phenosafraninanthroquinone-1,5-disulfonat-
digodisulfonatemethyleneblue, 1,2-naphthoquinone&juro-
guinoneand1,2-naphthoquinone-4-sulfonat&amplesvere
first reduceddy additionof excessodiumdithionitefollowed
by oxidative titration with potassiumferricyanide. After
equilibrationat the desiredpotential,a 0.2-mL aliquotwas
transferredo a calibratedEPRtubeandimmediatelyfrozen
in liquid nitrogen. Potentialsveremeasuredvith a platinum
working electrodeanda saturatedalomelreferenceslectrode
andarereportedrelativeto NHE.

SpectroscopitleasurementsUV/visible absorptiorspec-
trawererecordedbn a ShimadzuJV301PCspectrophotom-
eter. Variable-temperatur€l.5—300K) andvariable-field
(0—6 T) MCD measurementsvere recordedon samples
containing50% (v/v) poly(ethylenaglycol) usingan Oxford
InstrumentsSM3 or SpectromagtO00 split-coil supercon-
duding magnetmatedto a Jascal-500Cor J715spectropo-
larimeter. The experimentalprotocols usedin variable-
temperatureMICD studiesfor accuratesampletemperature
andmagnetidield measuremengnaerobicsamplehandling,
andassessmemf residualstrainin frozensamplesavebeen
describedn detail elsewhergJohnson1988; Thomsonet
al., 1993). The MCD intensitiesare expresse@s Ae¢ (eLcp
— ¢€rcp) Where € cp and ercp are the molar extinction
coefficientsfor the absorptionof left and right circularly
polarized light, respectively. X-band (~9.5 GHz) EPR
spectrawere recordedon a Bruker ESP-300EEPR spec-
trometerequippedwith an Oxford InstrumentsESR-9flow
cryostat. Spin quantitationavere carriedout undernonsat-
urating conditionsusing 1 mM CuEDTA as the standard.
FrozensolutionEPRspectraveresimulatedwith a modified
version of the program QPOW developedby Prof. R. L.
Belford and co-workers(Belford & Nilges, 1979; Nilges,
1979).
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Ramanspectrawere recordedwith an InstrumentsSA
U1000 spectrometerfitted with a cooled RCA 31034
photomultipliertube,usinglinesfrom Coherentnnoval0-W
Ar™ or Krt lasers. Scatteringvascollectedat 90° from the
surfaceof a frozen 10—uL droplet of protein on the cold
fingerof anAir-ProductsDisplexModel CSA-202Eclosed-
cyclerefrigerator. Bandpositionswerecalibratedusingthe
excitation frequencyand the principal bandsof CCl, and
are accuraté +1 cnt!. The spectrum of the frozen buffer
solution,normalizedto the intensity of the ice-bandat 230
cm 1, andalinearrampfluorescencénackgroundhasbeen
subtractedrom all the spectrashownin thiswork. Further
details of the Ramanspectrometeand the protocolsused
for obtaininglow-temperaturespectraof frozen anaerobic
solutionsare given elsewhergHamilton et al., 1989).

RESULTS

UV/isible absorptiorspectrefor as-preparednddithion-
ite-reducedsamplesof native and NEM-modified spinach
FTR areshownin Figurel. Thespectreof theas-prepared
nativeandNEM-modifiedproteinsarein excellentagreement
with thosereportedpreviously(Schirmann& Gardet-Salvi,
1993). The absorptionspectrumof native spinachFTR
comprisesa proteinbandat 278 nm, a shoulderat 315 nm,
and broad shoulder centeredat 410 nm. Such spectral
characteristicsare indicative of Fe-S proteins containing
[4Fe-4SFT clusters(Malkin, 1973). No significantchange
in theabsorptionspectrumwasobservedn sampleghatwere
treatedaerobically with a 10-fold excessof ferricyanide
followed by ultrafiltration to removeexcesgseagentjndicat-
ing little or no oxidationto the [4Fe-4S}* state. Moreover,
the pronouncedshoulderat 410 nm is not lost on reduction
by dithionite, indicating that the clusteris not reducedto
the [4Fe-4St state. This result was also obtained for
samplesin which the active-sitedisulfide was reducedby
preincubationwith DTT (Droux et al., 1987), prior to
dithionite treatment. More extensivechangesn the absorp-
tion spectraaccompanyreduction of the NEM-modified
spinachFTR. As preparedthe spectrumhasresolvedbands
centeredat 330 and430 nm in additionto the proteinband
at278nm, andis characteristiof oxidizedHiPIPscontaining
[4Fe-4S}* clusters(Malkin, 1973). In accord with this
interpretation, dithionite reduction results in a spectrum
indistinguishablerom that of native or dithionite-reduced
FTR and consistenwith one-electromeductionto the [4Fe-
4SP* state.

Resonanc&®amanin the Fe-Sstretchingregionprovides
a muchmorediscriminatingassessmerdf clustertype and
oxidationstate(Spiro et al., 1988),andFigure 2 showsthe
spectraobtainedusing457.9-nmexcitationfor native FTR,
aspreparedandNEM-modified FTR, both as-preparednd
dithionite-reduced.The enhancemergatternandfrequencies
for the Fe-Sstretchingnodesn nativeFTR arecharacteristic
of a[4Fe-4S}' clusterwith completecysteinylcoordination
(Spiroetal., 1988; Conoveretal., 1990). Indeed thespectra
arevery similar to thoseobservedor [4Fe-4S}+ centersn
structurally characterizedgyntheticmodel complexessuch
as[Fe;S(SCHPh)]?> andcanbeassignedy directanalogy
underidealizedTy symmetry(Table 1) on the basisof the
345 jsotopeshiftsandnormalmodecalculationgeportedfor
this complex(Czernuszewiczt al., 1987). RR studiesof
[4Fe-4St centerdn FdsandHiPIPsindicatethatreduction
to the[4Fe-4ST stateis accompaniethy a dramaticdecrease
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FiGure 1: UVMvisible absorption spectra of native (upper panel) SPinach FTR. All spectra were recorded for samples frozen at 17
and NEM-modified (lower panel) spinach FTR. In each case, the K using 457.9-nm laser excitation with 50 mW laser power at the
solid line represents the enzyme as-prepared, and the dashed linéample. Each scan involved photon counting for 1 s at 0.2'cm
represents the enzyme anaerobically reduced with a 15-fold excesdncrements with 0.6 cmt spectral resolution. For all spectra, the
of sodium dithionite. The spectra were recorded in 1-mm cuvettes vibrational modes originating from the frozen buffer solution have

for samples that were 16@M (native FTR) and 100M (NEM- been subtracted after normalizing the intensities of the “ice-bands”
modified FTR). The pronounced band at 314 nm in the dithionite- &t 230 cnT*, and a linear ramp fluorescence background has been
reduced samples originates from excess sodium dithionite. subtracted. (a) Native FTR (~1 mM) as-prepared in 100 mM

] ] _ phosphate buffer, pH 7.6 (38 scans). NEM-modified FTR (~0.6
in the resonance enhancement of Fe-S stretching modes usingiM) as-prepared in triethanolamine hydrochloride buffer, pH 7.3

457.9-nm excitation (Spiro et al., 1988), and that oxidation (54 scans). (c) Dithionite-reduced NEM-modified FTRQ.5 mM)

to the [4Fe-4S] state results in substantial changes in the N triethanolamine hydrochloride buffer, pH 7.3, with a 15-fold
b b . . __excess of sodium dithionite (50 scans).

relative intensities and frequencies of the Fe-S stretching

mOd.eS .(BaCkeS et al". 1991; Moulis et al., 1988.)' However, Table 1: Comparison of the Vibrational Frequencies {§nand

no significant change in the RR spectrum of native FTR was agsignments for Native and NEM-Modified Spinach FTR and

observed after anaerobic reduction with DTT, dithionite, or [Fe,S(SCHPh)]?~ in Frozen Solutions

DTT plus dithionite, or after aerobic oxidation with a 10-

fold excess of ferricyanide, suggesting that the [4Fe&-4S]

cluster is largely inert to oxidation or reduction under these

Ta spinach FTR
assignment native NEM-modified [F&(SCHPh)]2— "
Mainly Terminalv(Fe-S)

condltlon.s. ' _ . ' A, 387 401 389
Alkylation of one of the active-site cysteines in the NEM- T, 357 363 360
modified sample has a pronounced effect on the RR 352
spectrum; see Figure 2. The changes in the RR spectrum Mainly Bridging v(Fe-S)
accompanying NEM modification can be accounted for in T 387 383 389
terms of increased cluster distortion from the idealiZgd At 335 337 336
symmetry, protein conformational changes in the vicinity of Eloré(s_c_c) 283 3;% 273
the cluster, oxidation to the [4Fe-#S]state, or a combina- T, 250 253 244

tion of two or all of these effects. For example, the 2 Frozen buffer solution at 17 K.Frozen aqueous detergent medium

enhancement of the E bridging mode and the splitting consisting of 90/5/5 (vol %) HO/N,N-dimethylacetamide/Triton X-100
terminal T, mode could be interpreted in terms of increased at 77 K (Czernuszewicz et al., 1987).

distortion of the [4Fe-4S] core (Czernuszewicz et al., 1987).
The RR spectra of biological [4Fe-4S] clusters are known 4SP2* clusters in HiPIPs is generally accompanied by
to be sensitive to the cysteine Fe-&;—C, dihedral angles,  upshifts of 1—5 cm? in the bridging Fe-S stretching modes
which determine the extent of coupling between the-S  and increased enhancement and upshifts of 9—29' ¢m
Cs—C, bending modes (expected near 310 énand the the terminal Fe-S stretching modes (Backes et al., 1991;
terminal Fe-S stretching modes (Czernuszewicz et al., 1987;Moulis et al., 1988). While the frequency shifts for NEM-
Backes et al., 1991). Greater coupling, resulting from one modified FTR are less than or in the low end of the ranges
or more of the dihedral angles approaching 180°, might be established for HiPIPs, the changes are generally consistent
expected to result in enhancement of the-S;—C, bending with oxidation of the cluster toward the [4Fe-4S]state.
mode and a pronounced upshift for the #®&rminal mode Support for the conclusion that cluster oxidation is respon-
and splitting of the T terminal, all of which are observed. sible, at least in part, for the changes accompanying NEM
The third possibility is that the changes arise from one- modification comes from the observation that dithionite
electron oxidation to the [4Fe-48]state. Oxidation of [4Fe-  reduction of NEM-modified FTR restores the spectrum to a




form closely resemblingthat of the [4Fe-4S}+ clusterin
nativeFTR (seeFigure2). Hence,in additionto providing
the mostdefinitive spectroscopidatato datefor thepresence
of a [4Fe-4S%" in native FTR, the RR data supportthe
absorptionstudiesin finding that the cluster cannot be
reducedby dithionite or DTT/dithionite and that NEM
modificationof one of the active-sitecysteinesresultsin a
samplein which the clusteris formally in the [4Fe-4S§*+
state.

EPRandVTMCD studiesprovide selectiveand comple-
mentary approachesfor investigating the ground- and
excited-stateropertiesof Fe-Sclusterswith paramagnetic
ground states. The EPR studiesof native spinachFTR
reported below are generally in agreementwith those
reportedpreviouslyfor ferralterin(dela Torreetal., 1982).
However the quantitativestudies overa wider temperature
range that are reported herein, extend and necessitate
significantchangesn interpretation. As preparedspinach
FTR exhibitedno EPR signalsover the temperaturgange
4.2—100K. Moreover,all attemptsto reducethe cluster
usingdithionite, dithionite/DTT,dithionite/methylviologen,
anddeazaflavin-mediateghotoreductiorfailed to produce
any evidenceof a paramagneti€S = Y/, or %/,) [4Fe-4S}
clusterasjudgedby bothEPRandVTMCD studies. Hence,
the midpoint potentialfor the [4Fe-4S}™* couplemustbe
<—650mV.

A fast-relaxinghombicS= Y/, resonanceg = 2.09,2.04,
and2.01,indicative of a [4Fe-4S}* clusterandaccounting
for 0.30 £ 0.05 spin/[4Fe-4S]cluster, was observedat
temperatures<30 K in samplesof native spinachFTR
oxidized with a 10-fold excessof ferricyanide (Figure 3).
Thehigh-field regionof theresonancés obscuredy overlap
with a slowerrelaxingmultiline signalcenteredatg = 2.0
thatis mostclearly observedat temperaturegaround30 K.
Studiesasa functionof varyingpowerandtemperaturevere
requiredto delineatethesetwo resonanceg¢seeFigure 3).
The multiline resonancevaspresentin varyingamountsin
different sampleswith an intensity thatincreasedvith the
excesf and/orlengthof incubationwith ferricyanide,and
was most clearly seenin samplestreatedwith a 100-fold
excesof ferricyanide(seeFigure 3c). Quantitationunder
nonsaturatingonditionsindicatedthatit correspondso ~0.1
spin/moleculdn suchsamples. It is attributedto a proton-
split radical speciesof unknownorigin. However,similar
resonanceblavebeenreportedon photochemicabxidation
of tyrosylresiduesn photosystenil (Warnckeetal., 1994;
Tommosetal., 1995),andassignmento anoxidizedradical
speciesassociatedvith an aromaticresidue,mostlikely a
tyrosine, is our current working hypothesis. At higher
temperaturesiround70 K, the spectrumis dominatecdby a
third resonancevith g = 2.11,1.99, 1.98 which quantifies
to <0.05spin/molecule. This resonancés identicalto that
observedn stoichiometricamountsn NEM-modified FTR,
andits origin is discussedelow.

Previousstudiesof spinachand N. muscorunferralterin
had reportedresonanceat g = 2.10,2.05,2.00,andg =
2.09,2.04,1.98,respectivelythatwereobservednly below
30K (delaTorreetal., 1982). Thepresenstudiesndicate
thatthehigh-field g-valueis misassignedueto overlapwith
thearomaticradicalspecies.Both weretentativelyattributed
to S = 1/, [4Fe-4S}+ clusterson the basisof relaxation
properties,gay > 2, and midpoint potential. EPR redox
titrations using samplespoisedwith varying ferricyanide/
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Ficure 3: X-band EPR spectra of ferricyanide-oxidized native FTR.
Native FTR (15QuM) was prepared in 100 mM phosphate buffer,
pH 7.6, and oxidized aerobically by incubation for 2 min with a
10-fold excess of potassium ferricyanide for spectra (a), (b), and
(d) and with a 100-fold excess of potassium ferricyanide for
spectrum (c). EPR conditions: temperature and microwave power,
as indicated; modulation amplitude, 0.63 mT; microwave frequency,
9.60 GHz.. The lower spectrum in (a) is a simulated powder EPR
spectrum withg = 2.092, 2.045, and 2.008, with line widths of
7.7, 3.8, and 11.5 mT, respectively.
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ferrocyanide ratios indicatea midpoint potential of+410
mV for the [4Fe-4S172* couple inN. muscorunierralterin.
The observation that only30% of the clusters in spinach
FTR are oxidized with a 10-fold excess of ferricyanide,
coupled with the observation that the EPR signal is lost on
removal of excess ferricyanide by ultrafiltration, explains the
absorption and RR results and suggests that the midpoint
potential for the [4Fe-4812* couple is~+420 mV. Dye-
mediated EPR redox titrations of native spinach FTR to
determine the midpoint potentials for this couple and the
generation of the aromatic radical species are in progress.
Since ferricyanide has an intense temperature-dependent UV/
visible MCD spectrum, it was necessary to remove this
reagent prior to MCD studies, and the resulting samples did
not exhibit the characteristic temperature-dependent MCD
bands of a [4Fe-48} cluster. Nevertheless, the close
correspondence in the properties of this EPR signal to those
reported for other oxidized HiPIPs [typically= 2.12, 2.04,
2.02 and observable only below 30 K (Antanaitis & Moss,
1976; Dunham et al., 1991)], coupled with the high redox
potential [the [4Fe-4387/2* couple in HiPIPs is in the range
+50 to +450 mV (Meyer et al., 1983)], provides strong
support for this interpretation.

Very different EPR behavior was observed for NEM-
modified FTR (see Figure 4). As-prepared NEM-modified
FTR exhibits an intense axi&= %, resonanceg = 2.11,
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FiIGURE 4: (a) X-band EPR spectrum of NEM-modified spinach
FTR as-prepared. NEM-modified FTR (1201) was as-prepared
in triethanolamine hydrochloride buffer, pH 7.3. EPR conditions: o7 T
temperature, 50 K; microwave power, 1 mW; modulation amplitude, 0.00 0.40 as0 120 1.60
0.63 mT; microwave frequency, 9.60 GHz. The lower spectrum is .
a simulated powder EPR spectrum wigh= 2.112, 1.997, and FiGure 5: Variable-temperature MCD spectra and magnetization
1.984, with line widths of 2.41, 1.90, and 2.38 mT, respectively. data for as-prepared NEM-modified spinach FTR. NEM-modified
(b) EPR-monitored redox titration of NEM-modified spinach FTR. FTR (154uM) in triethanolamine hydrochloride buffer, pH 7.3,
Data points correspond to the peak-to-trough intensity of the with 50% (v/v) poly(ethylene glycol). (a) MCD spectra collected
derivative-shaped feature centeredgat 1.99. The solid line is  at 1.68, 4.22, 10.4, 25, and 43 K, with a magnetic field of 6 T. The
one-electron Nernst plot witE, = —210 mV. intensity of all MCD bands (positive and negative) increases with
decreasing temperature. (b) MCD magnetization data collected at

. : 514 nm at 1.70 K (+), 4.22 K (#), and 10.4 K (m) for magnetic
2.00, 1.98, accounting for 1.06 0.05 spin/molecule. The fields in the range 86 T. The solid line is theoretical magnetization

resonance is slow relaxing and observable without significant gata for anS = ¥, ground state withg, = 2.11 andgy = 1.99
broadening up to at least 150 K. While such relaxation (Thomson & Johnson, 1980; Bennett & Johnson, 1987).
behavior is indicative of a radical species, thevalue )
anisotropy is more characteristic of 8= Y/, Fe-S cluster. al., 1982; Qnate etal., 1993; Fu et al., 1992; R|chards etal.,
The resonance was unperturbed by addition of a 10-fold 1990; Marritt et al., 1995; Crouse et al., 1995; Finnegan et
excess of ferricyanide, but completely lost on dithionite @, 1995) indicates a unique type of paramagnetic cluster
reduction. No additional signals were observed over the With properties most closely resembling those of a [4Fe-
temperature range 4.2—100 K in dithionite-reduced or 4SP* 9Igster. The pattern of bands is S|m|Iar.to that observed
ferricyanide-treated samples. Dye-mediated EPR redoxfor oxidized HiPIPs in the 250—475 nm region (Johnson et
titrations indicate that the loss of this resonance is associatec®l- 1981), but quite different in the lower energy region.
with a one-electron redox process with a midpoint potential Hence, while the absorption, RR, and MCD properties of
of —2104 30 mV (see Figure 4), well outside of the range NEM-modified FTR implicate the presence of some form
reported for [4Fe-4S1/2* clusters in HiPIPs. of [é_lFe-4S_]‘+ cluster, the EPR and midpoint potential in
Variable-temperature MCD studies of NEM-modified Particular indicate some unique properties compared to

FTR, as-prepared, revealed a complex pattern of temperatureSimilar clusters in HiPIPs.

dependent bands extending throughout the UV/visible/near-

IR region (see Figure 5). MCD magnetization data confirm DISCUSSION

that the electronic transitions arise from @r= %/, ground The detailed spectroscopic studies of spinach FTR reported
state and the data are well fit by theoretical plots constructedherein leave no doubt that the Fd-dependent thioredoxin
using EPR-determinegivalues (Thomson & Johnson, 1980; reductases from chloroplasts and cyanobacteria constitute a
Bennett & Johnson, 1987) (see Figure 5). Hence, the MCD distinct family of disulfide reductases with properties and a
bands arise from the same ground state responsible for thecatalytic mechanism very different from those of the
EPR signal. The MCD characteristics clearly indicate that extensive family of NAD(P)H-dependent disulfide oxi-
the unpaired electron responsible for this resonance isdoreductases. The NAD(P)H-dependent disulfide oxidoreduc-
associated with an Fe-S. However, comparison with the tase family of enzymes, which includes glutathione reductase,
MCD spectra of known types of Fe-S clusters (Johnson et trypanothione reductase, lipoamide dehydrogenase, mercuric




ion reductaseNADH peroxidaseandthioredoxinreductase,
all havehomodimericstructuresvith NAD(P)H bindingsites
and contain one molecule of FAD and two redox-active
cysteineghat constitutethe active-sitedisulfide (Williams,
1992; Waksmanet al., 1994). On the basisof extensive
structuraldatathat are availablefor this family of disulfide
reductasest is clearthatthe tightly boundFAD mediates
two-electrontransferfrom NAD(P)H to the disulfide and
participateddirectly in the catalytic mechanisnby binding
oneof the active-sitethiols (the electron-transfeor flavin-
interacting thiol), while the other (the interchangethiol)
interactswith the substraten a thiol—disulfide interchange
reaction(Williams, 1992; Waksmarnet al., 1994).

The combinatiorof absorption and RR studies of spinach

FTR hasprovidedunambiguouspectroscopievidencehat
spinachFTR containsa cysteinyl-ligated4Fe-4S}" asthe
sde prosthetiogroup,in additionto the active-sitedisulfide.
Moreover,the clustermustbe in closespatialproximity to
the active-sitedisulfide, since sulfhydryl alkylation experi-
ments have shown that the active-sitedisulfide involves
Cys54 and Cys84 while the clusteris ligated by Cys52,
Cys71,Cys73,and Cys82,all within the catalytic subunit
(Chowetal., 1995). The clusteris redox-inactiveoverthe
potentialrange—650mV to atleast+300mV, butthiswork,
and the previous EPR and electrochemicaktudies(de la
Torre et al., 1982; Salamonet al., 1995), indicatesthat it
can be oxidized to an S = 1/, [4Fe-4S}" stateat higher
potentials. Prolongedexposureand/or large excessef
ferricyanidealsoresultin an EPR signalthatis tentatively
attributedto a radical associatedvith an aromaticresidue.
However,suchhigh-potentialredox processesire unlikely
to bephysiologicallyrelevantin light of theredoxpotentials
of the electrondonor (E, ~ —450 mV) andthe active site
disulfide [Em ~ —230mV, n = 2 (Salamonet al., 1995)].
While theredoxpropertieof nativespinachFTR, deduced
from the spectroscopicstudies reported above, are in
reasonablagreementvith thedirectelectrochemistryesults
(Salamonet al., 1995), the samecannotbe said for NEM-
modified FTR. FornativespinachFTR,aone-electromwave
wasobservedat +340 4+ 30 mV andattributedto the [4Fe-
4SF+2*t couple. In contrastthe EPRstudiesof N. muscorum
FTR (dela Torre et al., 1982),and thoseof spinachFTR
reportedabove,indicatethat the midpoint potentialfor this
coupleis slightly above+400 mV. Clearly, cautionmust
be exercisedn attributingthe observedwavein the cyclic
voltammogramgo a specific center,in light of the EPR
evidencefor oxidative generationof an aromatic radical
species, andetailedEPRredox titrations ohativeFTR are
in progressto resolve this issue. Thereis no reasonto
questionthe midpoint potentialsfor the disulfide/dithiol
couplesin spinachthioredoxinsf andm (—210 + 10 mV)
and FTR (—230 + 10 mV) determinedby direct electro-
chemistry(Salamoretal., 1995),sincetheyarein excellent
agreementvith the rangeof —200to —300 mV reported
for other thioredoxins(Moore et al., 1964; Berglund &
Sjoberg, 1970; Porquéet al., 1970; Salamonet al., 1992;
Rebeille& Hatch,1986)anddisulfide functionalgroupsin
general(Holmgren, 1981) at neutral pH. However, it is
difficult to seehow the cyclic voltammogramresultsfor
NEM-modified FTR, which reportedonly a one-electron
wavewith amidpointpotentialof +380+ 20 mV (Salamon
etal., 1995),canbereconciledwith the spectroscopicesults
reportedhere,which reveala stoichiometriccluster-related,
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Ficure 6: Proposed canonical structures for the Fe-S cluster in
NEM-modified spinach FTR as-prepared.

oneelectron redox process with a midpoint potentiat-@10

+ 30 mV. No evidence for an additional high-potential
redox process was apparent in EPR redox titrations up to
+400 mV or in samples treated with a 10-fold excess of
ferricyanide. We are at a loss to explain this discrepancy,
since we have obtained the same spectroscopic results for
five distinct preparations of NEM-modified FTR.

The central problem that needs to be addressed in Fd-
dependent thioredoxin reductases is how a one-electron
donor, a [2Fe-2S}'* Fd (E, = —310 to—450 mV), and an
intrinsic [4Fe-4S}* cluster (&, > +400 mV and< —650
mV for the [4Fe-4S]"+ and [4Fe-4S}"2" couples, respec-
tively) can carry out a concerted two-electron reaction
involving reductive cleavage of the active-site disulfidg (E
= —230 mV, n = 2) and subsequent reduction of the
thioredoxin disulfide (& = —210 mV,n = 2). In light of
the redox properties of the [4Fe-4Stenter in spinach FTR,
it seems extremely unlikely that this cluster is involved in
mediating electron transfer from Fd to the active-site
disulfide. As will be discussed below, the spectroscopic
studies of the NEM-modified spinach FTR suggest an
alternative role for the cluster in stabilizing the one-electron
reduced intermediate and facilitate a rationale explanation
of how this two-electron catalytic reaction can be broken
down into sequential one-electron steps.

First it is important to emphasize that NEM modification
involves photochemical reduction of the active-site disulfide
in the presence of spinach Fd and heated thylakoid mem-
branes and that only one of the active-site cysteines, Cys54,
is alkylated under these conditions (Chow et al., 1995). The
resulting sample is then repurified under aerobic conditions.
By analogy with NAD(P)H-dependent disulfide reductases
in which alkylation of one of the active-site cysteinates is
prevented by direct interaction with the flavin isoalloxazine
ring (Thorpe & Williams, 1976; Arscott et al., 1981; Fox &
Walsh, 1983), the other active-site cysteine may be inac-
cessible to modification due to interaction with the [4Fe-
4S] cluster. One-electron oxidation of the resulting species
during aerobic purification would result in a species formally
involving a [4Fe-4S}' cluster interacting with the active-
site thiol. In order to account for the spectroscopic properties
of as-prepared NEM-modified FTR, a better description, or
at least another canonical form, is likely to be a [4Fe?4S]
covalently attached througha-S*~ to a cysteine-based thiyl
radical (see Figure 6). While there is as yet no direct
evidence for direct attachment of an active-site cysteinyl-S
to a cluster-sulfide, the structures depicted in Figure 6
accommodate the anomalous spectroscopic and redox prop-
erties of NEM-modified FTR. For example, they account
for absorption, RR, and MCD properties which suggest at
least partial cluster oxidation toward &= Y/, [4Fe-4S}*
state. In addition, they account for the anomalous relaxation
properties andj-value anisotropy of the EPR signal which
are best interpreted in terms of cluster-stabilized radical
species. Finally, the one-electron redox potentia) (E
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—210 mV) is close to that of the two-electron midpoint candidate for a stabilized analog of the one-electron reduced
potential for reduction of the FTR and thioredoxin disulfides enzymatic intermediate. A mechanistic scheme involving

[Em = —210 to—230 mV (Salamon et al., 1995)]. an equivalent one-electron-reduced intermediate and includ-
There is also a direct precedent for this type of chemistry ing the thiol—disulfide interchange reaction that has been
in the 7Fe Fd fromAzotobacterinelandii (Morgan et al., established for NAD(P)H-dependent flavin-containing di-

1984). Oxidation of the [4Fe-48] cluster with ferricyanide  sulfide oxidoreductases (Williams, 1992) is presented in
results in anS = ¥, EPR signalg ~ 2.09, 2.00, and 1.98, Scheme 2. The first electron from the reduced Fd is used
observable without significant broadening at temperaturesto cleave the active-site disulfide, resulting in a cysteinate
above 77 K (Morgan et al., 1984), that is clearly very similar (interchange thiol) and a cluster-stabilized thiyl radical. The
to that exhibited by NEM-modified FTR. Since this interchange thiol is then free to attack and cleave the substrate
paramagnetic species appeared to exhibit negligible temper-disulfide with the formation of a heterodisulfide. The
ature-dependent MCD intensity, over and above that of the resulting intermediate is the analog of NEM-modified FTR.
intense temperature-dependent bands originating frorBthe Subsequent one-electron reduction of the cluster-stabilized
= 1/, [3Fe-4S} cluster, it was tentatively identified as a thiyl radical speciesH, ~ —210 mV by analogy with NEM-
cysteinyl disulfide radical, Cys-S+Sarising from a three-  modified FTR) results in the formation of a cysteinate on
electron oxidation of a [R&4(S-Cys)]?~ unit (Morgan et the cluster-interacting thiol. This species would be analogous
al., 1984). Subsequent mutagenesis experiments implicatedo dithionite-reduced NEM-FTR. The catalytic cycle is then
a nonligating cysteine, Cys24, in this reaction (lismaa et al., completed by the cluster-interacting thiol attacking and
1991), and X-ray crystallographic studies placed thefS cleaving the heterodisulfide with re-formation of the active-
this residue 3.35 A from a cluster sulfide (Stout, 1988). site disulfide. At present, we have no direct evidence to
However, recent Mossbauer and EPR studiédaf-enriched suggest that NEM-modified FTR corresponds to the one-
protein have shown that the unpaired spin is coupled to electron reduced intermediate in the enzymatic mechanism.
cluster iron (Hu et al., 1994). This clearly ruled out the Freeze-quench EPR experiments are planned to test this
possibility of a magnetically isolated cysteinyl disulfide hypothesis. However, this species is unlikely to be an artifact
radical species, and raised the possibility “that the three- of NEM modification, since it is observed to a small extent
electron oxidation leads to the formation of a bond between (<5%) in ferricyanide-oxidized samples of native spinach
cysteine 24 and one cluster sulfide” (Hu et al., 1994). Our FTR. This can be rationalized by invoking the presence of
spectroscopic and redox results for NEM-modified FTR show a minor component of native FTR in which the active-site
that the EPR resonance arises from a one-electron rather thadisulfide is reduced, provided cluster oxidation occurs more
a three-electron oxidation process and the structures proposedapidly than dithiol oxidation.
in Figure 6 are clearly applicable to the ferricyanide-oxidized  The results presented here for FTR indicate a new
form of the [4Fe-4S] cluster iA. vinelandii 7Fe Fd as well biological role for Fe-S clusters involving both the stabiliza-
as NEM-modified FTR. While their interpretation has tion of a radical intermediate and cluster site-specific
evolved as more data became available, the pioneering workchemistry involving a bridging sulfide. This begs the
of Stephens and Burgess on the anomalous propertids of question of whether there is any evidence for similar
vinelandii 7Fe Fd (Morgan et al., 1984) has clearly set the functions in other Fe-S enzymes. Fe-S clusters are known
stage for the emergence of a new role for biological Fe-S to be present in at least three enzymes that function in radical
clusters in stabilizing radical intermediates of enzymatic mechanisms, i.e., anaerobic ribonucleotide reductase (Rei-
reactions. chard, 1993), lysine 2,3-aminomutase (Frey & Reed, 1993),
The question that remains is whether the NEM-modified and biotin synthase (Sanyal et al., 1994). All three require
form of spinach FTR is a nonfunctional curiosity or a S-adenosylmethionine, and Frey and Reed have proposed a



hypotheticaimechanisnior lysine 2,3-aminomutaseshereby
theclustergeneratesnadenosyVia site-specificchemistry
ataclustersulfide (Frey& Reed,1993). However thereis
asyet no direct evidencethat the constituentFe-Sclusters
areinvolvedin stabilizingor generatingadicalintermediates
in any of theseenzymes. On the basisof spectroscopiand
redoxpropertiesthereareclearly markedsimilaritiesin the
propertiesof NEM-modified FTR with those of the H,-
activating Fe-S cluster in Fe-hydrogenasesThis cluster
contains4—6 Fe atomsandis diamagnetidn the reduced
state,but exhibits anomalousslow-relaxing,S = Y/, EPR
signals(g ~ 2.10,2.04,2.00andg ~ 2.07,2.01,2.01in
CO- or O -treatedsamplesboth observablavithout broaden-
ing at 70 K) onone-electroroxidation,E,, = —360to —400
mV (Erbeset al., 1975; Adams,1987,1990; Kowal et al.,
1989). Méssbauerlnd 5’Fe-ENDORstudiesclearly dem-
onstratethat the electronspin is coupledto clusterFe, but
the couplingconstantsremuchsmallerthanthoseobserved
for conventionalFe-Sclusters(Adams,1990). Hence,an
analogouscluster-boundhiyl radical speciesmay also be
responsiblefor the anomalouspropertiesof the oxidized
forms of this enzyme. A redox-active heterodisulfide
involving a cysteineattachedo a clustersulfideis certainly
an attractivepossibility for the Fe-hydrogenasactive site.
Finally, the X-ray structureof the nitrogenaseP-clusters
indicatesa disulfide linkage betweenrclustersulfidesof the
two bridged cubaneclusters(Chanet al., 1993). If this
disulfide is redox-active,it would provide an attractive
candidatefor a H,-evolutionsite (Chanet al., 1993).
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