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ABSTRACT. Thioredoxin reduction in plant chloroplasts is catalyzed by a unique class of disulfide reductases
which use a one-electron donor, pSg2t+ ferredoxin, and has an active site involving a disulfide in
close proximity to a [F£€4]2" cluster. In this study, spinach ferredoxin:thioredoxin reductase (FTR) reduced
with stoichiometric amounts of reduced benzyl viologen or frozen under turnover conditions in the presence
of thioredoxin is shown to exhibit a slowly relaxirg= 1/2 resonanceg(= 2.11, 2.00, 1.98) identical

to that of a modified form of the enzyme in which one of the cysteines of the active-site disulfide is
alkylated withN—ethylmaleimide (NEM-FTR). Hence, in accord with the previous proposal [Staples,
C.R., Ameyibor, E., Fu, W., Gardet-Salvi, L., Stritt-Etter, A.-L., Sahann, P., Knaff, D.B., and Johnson,

M.K. (1996) Biochemistry 3511425-11434], NEM-FTR is shown to be a stable analogue of a one-
electron-reduced enzymatic intermediate. The properties of the Fe-S cluster in-NERlhave been

further investigated by resonance Raman and electron nuclear double resonance spectroscopies; the results,
taken together with the previous UWisible absorption, variable temperature magnetic circular dichroism,

and resonance Raman data, indicate the presence of a novel typaRfjFeluster that is coordinated

by five cysteinates with little unpaired spin density delocalized onto the cluster-associated cysteine of the
active-site disulfide. While the ligation site of the fifth cysteine remains undefined, the best candidate is

a cluster bridging sulfide. On the basis of the spectroscopic and redox results, mechanistic schemes are
proposed for the benzyl viologen-mediated two-electron-reduction of FTR and the catalytic mechanism
of FTR. The catalytic mechanism involves novel S-based cluster chemistry to facilitate electron transfer
to the active-site disulfide resulting in covalent attachment of the electron-transfer cysteine and generation
of the free interchange cysteine that is required for the-thd@ulfide 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 3). cleave the disulfide in thioredoxify which in turn activates

or deactivates a number of target enzymes by reduction of
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S(Cyss) iron-sulfur proteins (HiPIPs) (typicallyg = 2.12, 2.04, 2.02
‘ s—Fe/ (Pross) and observable only at temperatures 30 K (14—16).
AN YA ‘ Furthermore, this [F44]3" cluster was reducible to tHe=
Fé—p$ S(Cyssy) 0 [FeSy)?t state with a midpoint potential of210 mV
(cys73)s|7F°' 7S S(Cyseo versus NHE, 630 mV lower than the corresponding potential
S—F¢ e for the native cluster (and +250 to+650 mV lower than
(Hisy) in HiPIPs (L14—16). The cluster’s remarkably low midpoint
S(Cyss) potential and uncharacteristic EPR properties were attributed

FIGURE 1: Schematic depiction of the active site of FTR as deduced to the association of the active-site cysteinyl residue, Cys84,
from cysteine alkylation experiment8)(and spectroscopic studies  that is protected from alkylation, while Cys54 is alkylated
(10). and noninteracting. Since a [[R]*" cluster with a co-
valently attached fifth cysteinato ligand is isoelectronic with
a [FeSj?t cluster and a nearby cysteinyl radical, we
envisaged NEM-FTR as a resonance hybrid of these two
canonical forms10). One-electron-reduction of NEMFTR
then results in a diamagnetic [f%]%" cluster and a free
cysteinate, (Cys84)S in accord with the experimental
observations.

separates each of the disulfide cysteines from a cluster-
coordinating cysteine. In common with the majority of
flavoprotein disulfide reductasesll), 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 This mode| rl:or NE.M_FTR can be directl_y apr)]plied to
present study indicates that the JBd cluster similarly ~ Native FTR. The resting-state enzyme contains theSie

protects Cys84 from alkylation in NEM-modified FTR Cluster with a nearby disuifide [(Cys84)S-S(Cys54)]. One-

(NEM—FTR). Moreover, the mechanism by which Cys84 electron-reduction yields an intermediate that can analogously

is protected from alkylation is shown to lie at the heart of °€ represented as a diamagnetic,fE" cluster with a

understanding the role of the cluster in mediating disulfide StaPilized cysteinyl radical, (Cys84)(plus a free cysteinate,

reduction in native FTR via two one-electron steps. (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 spinach ., (€ :
; , (Cys84)S (plus a free cysteinate, (Cys54)S The
FTR and NEM-FTR have been recently been established qo0qnq electron then effects complete reduction of the active-

by UV-visible absorption, variable temperature magnetic qjo gisyifide. Thus NEMFTR might be an analogue of
circular dichroism (VTMCD), EPR, and resonance Raman yho gne_electron-reduced enzymatic intermediate in which
(RR) spectroscopied(). These studies rev2e+aled the pres- e cluster formally stabilizes the cysteinyl radical, (Cys84)-
ence of a single d'am";‘gnet's(: 0) [FesSi] . clustgr_m S ,while creating a cysteinate, (Cys54)Shat is free to
native FTR. The [F¢5]°" cluster can be partially oxidized  ayack and form a heterodisulfide intermediate with the
to theS= 1/2 [FaS|*" state by potassium ferricyanide (0.3 g irate. One prediction of this hypothesis is that one-
spin/molecule), but this [R&]"=" redox process is unlikely  gjactron_reduction of native FTR will lead to net one-
to be physiologically relevant, since the midpoint potential electron-oxidation of the resting-state jEg2* cluster and

(Em ~ +420 mV versus NHE) is- 600mV higher thanthat 5 gpecies similar to that found in as-prepared NEVR.
of either the natural electron donor, spinach Eg =1y = . . . .
—420 mV), or the active-site disulfid€fq- 2 = —230 mV) To test this hypothesis and investigate further the role of
(12) Furfhermore the cluster is not reducible to the the cluster in FTR, we have undertaken preliminary freeze-

paramagnetic [R&,] state using excess dithionite, reduced quench EI.DR studies of FTR under turnover cor)ditions and
benzyl or methyl viologen, dithiothreitol (DTT), or deazafla- EPR studies of FTR reduced with stoichiometric amounts

vin-mediated photoreduction, indicating a potentiat-650 of reduced benzyl viologen. These experiments indicate that
mV versus NHE {0). Hence a purely electron transfer role NEM-FTR is mdgeq a Stab'¢ analogue qf. the one-electron-
for the cluster is considered to be extremely unlikély0). reduced enzymatic intermediate. In addition, we have used
However, reduced benzyl or methyl viologen, although not ele.ctron _nuclear (_jouble resonance (ENDOR) spectroscopy
dithionite alone, was shown to function as a nonphysiological to |nvest|gatr:a V:)h'Ch dOf the MO F;rlc\)fé?';’?g cagomcal ;o[jms
electron donor, effecting the two-electron-reduction of the represents the best escnpnon_o and extende
active-site disulfide in FTR 13). The conundrum that the range of our RR studies in an attempt to assess the
therefore needs to be rationalized by any mechanistic schemé)oss'b'IIty of a novels-5—S(Cys) mode of attachment for

is how this reduction can occur in two one-electron steps th? protecteq cysteine. Thg mechanismeor active-site dis-
without involving a reduced, [F&]", cluster ulfide reduction by benzyl viologen and the catalytic mech-

! L anism of thioredoxin reduction are discussed in light of these
The first major insight into the role of the [F&] cluster

i , . new results. All the available evidence points to a direct
in FTR came from the markedly different Spectroscopic e for the [FeSq cluster in FTR in cleaving the active-
properties of NEM-FTR compared to those of native FTR e gisulfide, and we conclude that this new role most likely
(10). As-prepared NEM-FTR exhibits an EPR signal with  ,\0lves S-based cluster chemistry.

unusual properties; it has anomalaysalue anisotropyd

=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  Sample Preparation and HandlingThe purification and
oxidized,S= 1/2 [FeS,]®* cluster, albeit with quite different  assay procedures used in preparing samples of spinach
properties from als= 1/2 [FeS4]" cluster in high potential ~ (Spinacea oleracanative and recombinant FTR and thiore-



4614 Biochemistry, Vol. 37, No. 13, 1998

doxin f have been described in detail elsewhet@, (19.
The properties and spectroscopic characteristics of the
recombinant FTR were indistinguishable from those of the
native protein. NEM modification of one of the cysteines
of the active-site disulfide of FTR was carried out as
previously described( 19. The samples of NEM-modified
FTR used in this work ha#ly;dAzgo ratios in the range 0.34
0.36 and were>90% pure as judged by SDFAGE gel
electrophoresis. Sample concentrations for native FTR and
NEM—FTR are based upani o= 17 400 Mt cm™1 (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 spectromete
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&lDY 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 tol cnr .

Continuous wave (CW) “Q"-band (35 GHz) EPR/ENDOR
spectra were recorded on a modified Varian E-109 spec-
trometer &2 K in the dispersion 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 elsewz8eZ7).

RESULTS

passage” conditions, the EPR spectra represent the actual

absorption envelope, rather than its derivative. ENDOR
signals were enhanced by application of rf broadening as
described previously2@). Pulsed Q-band spectra were
recorded on a locally built spectrometer that has been
previously described2@). The Mims pulse sequence was
generally employed2d).

The single-crystal ENDOR transition frequencies for a
nucleus,J, of spinl = 1/2, with low gy such as’’Fe are
given to first order by eq 1205):

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

EPR Studies of Nate FTR Dithionite alone is unable
to effect reduction of the active-site disulfide in FTR, and
all attempts to elicit an EPR signal by reducing native FTR
using dithionite proved unsuccessful. These experiments
included using sub-stoichiometric, stoichiometric, and excess
(up to 100-fold) dithionite at pH values in the range 10.
However, addition of a stoichiometric amount of reduced
benzyl viologen to native FTR produces an EPR signal
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 witl2 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.
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To assess if the one-electron-reduced form of FTR also is

o~
present during catalytic turnover, preliminary freeze-quench P
EPR experiments were conducted in the presence of sub-
strate. These experiments involved mixing FTR, thioredoxin
f, and dithionite in the mole ratio 1:4:12 in an anaerobic 50 §

mM Tris-HCI buffer, pH 7.8, to give a final FTR concentra-
tion of 75uM and initiating the reaction by addition of benzyl
viologen (final concentration of 2@M). Samples frozen
prior to the addition of benzyl viologen exhibited no EPR
signals, and samples frozen more than 1 min after the

addition of benzyl viologen only showed a weak benzyl JM

NEM-FTR

o
o0
o

253
279
311

viologen radical signal centered gt= 2.004. However,
samples frozen withi 5 s of theaddition of benzyl viologen,
exhibited two wealS = 1/2 resonances that together account
for <0.05 spin/molecule (Figure 2c). The major signal is
readily identified by itsg values,g = 2.11, 2.00, 1.98, as
the one-electron-reduced form of FTR. The minor signal is
tentatively identified as an almost axial resonance gith
2.07, 2.01, 2.00. Since neither resonance was observed in Native FTR
control experiments without the substrate, thioreddéxand
both resonances are transient species, we attributed them to
intermediates that are present during enzyme turnover. These
observations confirm our hypothesis that NEMTR cor-
responds to a stabilized form of a one-electron-reduced FTR
reaction intermediatel Q) and prompted further characteriza-
tion of the Fe-S cluster in NEMFTR using RR and ENDOR
spectroscopies. ' T T T T T T

Resonance Raman Studies of Matand NEM-Modified 300 400 500 600
FTR Resonance Raman spectra of native FTR and NEM R Shift ( m’l)
FTR (as-prepared and dithionite-reduced) have been reported aman Shitt (¢
with 457.9-nm excitation in the Fe-S stretching region,240 Ficure 3: Resonance Raman spectra of native and NEM-modified
450 cnt! (10). The spectra for FTR and reduced NEM FTR. Both spectra were recorded_ fo_r sam_pieSZ(mM) frozen at
FTR are very similar and indicative of [f&]2* clusters with 30 K using 457.9-nm laser excitation with 70 mW laser power

. S . at the sample. Each scan involved photon countinglfe at 0.4

complete cysteinyl ligation, while the spectrum of NEM 1 -tincrements with 0.6 crrt spectral resolution, and the spectra
FTR is characteristic of the one-electron-oxidized " shown correspond to the sum of 70 scans. For both spectra,
cluster (0). Since the anomalous properties of NETR vibrational modes originating from the frozen buffer solution have
have been attributed to covalent attachment of the protectedeen subtrlacted after normalizing the intensities of the “ice-band”
cysteine (Cys84) of the active-site disulfide0), we have 2&&%&2& , and a linear ramp fluorescence background has been
now extended our RR studies of FTR and NEMTR to '
800 cnt?, in an attempt to find evidence for the S-S 1.98, and the Q-band EPR spectrum is shown as an inset.
stretching mode of a putatives-S-S(Cys) interaction in ~ The spectra were recorded using conditions to maximize
NEM—FTR. Such a mode might be resonantly enhanced strongly coupledH signals, with a resulting slight loss of
with excitation into S— Fe(lll) charge-transfer bands via resolution. The'H-ENDOR pattern consists of poorly
kinematic coupling with Fe-S stretching modes. Spectra resolved features from numerots nuclei with maximum
were obtained with 413-, 458-, and 514-nm excitation for couplingA(*H) < 15 MHz.
both FTR and NEM-FTR, but there are no obvious Comparison of the CWH ENDOR spectra of NEM
candidates for a S-S stretching mode in the 4B60 nm FTR in HO buffer with those for protein in ED buffer using
region that is unique to NEMFTR. Weak bands centered the same experimental conditions (data not shown) indicates
at 488 and 554 crt are seen in both native FTR and NEM  that none of the couplings witA(*H) > 2 MHz is solvent-
FTR (Figure 3), and in samples in which the active-site exchangeable. C\AH ENDOR spectra of the fD samples
disulfide is fully reduced (data not shown). The only exhibit the characteristic signal centered at the deuteron
possibility is a weak band at 538 cfwith 458-nm Larmor frequencyy(®H) = 8.2 MHz atg,, arising from
excitation that is more clearly apparent in NEMTR than unresolved, weakly couplet in the cluster vicinity, as in
in native FTR (Figure 3) and is lost on dithionite reduction. other Fe-S proteins, includir@. zinosumHiPIP (28). Pulsed
However, no reliable assignment can be made without (Mims) ENDOR spectra show weakly coupléd signals
isotope shift data and it has not yet been possible to enrich(Figure 5A shows the signal &), with maximum signal
samples with*S. breadth~0.7 MHz, which yields a maximum hyperfine

ENDOR Studies of NEM-Modified FTRhe well-defined coupling for solvent-exchangeable hydrogeA€Hexn) ~
rhombicg-tensor for NEM-FTR permits examination of the 3.5 MHz? A similar signal observed for the [E®]" cluster
orientation dependence of thel ENDOR signals for this in Desulfasibrio gigashydrogenase was attributed to amide
system. Figure 4 show#l ENDOR spectra of NEMFTR N-H---S hydrogen bonds2Q). Comparable?H Mims
taken at each of the canoniagialues,g; 3= 2.11, 1.99, ENDOR signals have also been seen for aconita@eand

—335

357

250
283
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Pioure4: Q-band CWH ENDOR spectra of NEM-modified FTR Ficure5: Q-Band EN[?OR takg/n :[g;g of t21e low-frequency region
(220 uM) at each of the three canonicglvalues. Experimental of NEM—FTR (~ 200 M) prepared in BO-exchanged buffer

conditions: (A) temperature, 2 K; microwave frequency, 35.023 - . ) . ;
e . P _ using pulsed (Mims) ENDOR (A), and in buffer using CW
GHz; microwave power, 6.8W; magnetic field, 1.1850 Tq( 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’oénd
constant, 64 ms, rf scan rate.5 MHz/s; rf 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@( microwave frequency, 34.884 GHz; magnetic field, 1.251@ F(

1.995;g,). (C) as in (A) except: magnetic field, 1.2610 @ € SN M : :
! S A L 1.992;9,); Mims sequenceg/2 microwave pulse widthstd), 80
1.984;93). Inset: Q-band CW EPR spectrum used for obtaining ns: 113, 380 ns; rf pulse widthtg), 50 s; 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 ttei ENDOR pattern for  ghow that the-tH nuclei exhibit significantly larger
NEM—FTR is characteristic of that seen for proteins couplings, with the largest component of 48 ~ 50—60
containing [FgS,] clusters, both in the reduced [fS3]* form MHz (34).
(31, 32 and in the oxidized [F&]*" form (28, 3). 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 froff'H nuclei on the cysteinyl  pitrogens that are involved in hydrogen-bonding to the cluster
ligands @7—29, 33, fall within the range 0< A(*H) < (28). Figure 5 presents ENDOR spectra for NEMTR over
~12-14 MHz. Likewise, in the [Fg5]*" 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 completeA(*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 proteir28f. This assignment
all components havéy('H) < 11 MHz (33). In contrast, g confirmed using Q-band pulsed Mims ENDOR, which
EPR studies of cysteinyl radicals, (Cys)$enerated by suppresses more strongly coupled resonan2@s 39, so
that only weakly coupled signals dued (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-bondec_iH, 3P ~ 0.18 MHz @9), and | th, cW t. Fi 5B. th ks 26
converting this value tdH coupling: A(Hexe) = A(CH)(gn/gb) = 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 spectra in kD buffer of
NEM—FTR (A), C. vinosumHiPIP (B), andE. halophilaHiPIP
(C). Experimental conditions: (A) temperature, 2 K; microwave
frequency, 35.025 GHz; microwave power, 6:8/ (45 dBm);
magnetic field, 1.2535 Tg(= 1.996;g,); 100 kHz field modulation
amplitude, 3.3 mT; time constant, 32 ms; rf scan rat@,5 MHz/
s; rf power, 10 W; number of scans, 20; (B) as in (A) except:
microwave frequency, 35.052 GHz; microwave power,
(30 dBm); magnetic field, 1.2250 §E& 2.044;g,); 100 kHz field
modulation amplitude, 0.7 mT; rf scan rateQ.5 MHz/s; rf power,
10 W, applied in a 50% duty cycle at 10 kHz; (C) as in (A)
except: microwave frequency, 34.924 GHz; microwave power, 20
uW (40 dBm); magnetic field, 1.2260 B 2.035;g0); 100 kHz
field modulation amplitude, 0.11 mT; rf scan rate).4 MHz/s; rf
power, 5 W, applied in a 10% duty cycle at 10 kHz. The dashed
lines show the maximum breadth of thid ENDOR pattern for
NEM-modified FTR and corresponding features in the two HiPIPs.

abundancé’Fe. Assignment of each to the partner of a
Larmor-split®”Fe doublet [2(>"Fe)~ 3.5 MHz, eq 1] gives
two Fe sites withA(®'Fe)~ 34 and 28 MHz. Similar signals
at ~16 and~20 MHz were reported for botle. vinosum
and E. halophila HiPIPs and were assigned to natural-
abundancé’Fe with an averagé&(®*’Fe) ~ 36 MHz (28).
Comparablé’Fe hyperfine couplings have seen by $8e
bauer spectroscopy for the [%]3" cluster inC. vinosum
HiPIP (36) and in ENDOR studies &fFe-enriched [F£5,]3*
centers in model complexe87), C. vinosumHiPIP (38),
and Clostridium pasteurianunid (39).

The remaining features in the CW ENDOR spectrum arise
from magnetically coupledN. The feature at #8 MHz
is assigned to thAm = +2 transition of*“N that becomes
partially allowed due to state mixing caused by quadrupole
coupling. The features at-24 MHz are due to thé\m, =
+1 transition of"“N (v(**N) = 3.9 MHz atg,). Both the
Am = £1 andAm = £2 transitions include the effects of
hyperfine and quadrupole couplings that can in principle be
analyzed quantitatively4Q, 41). Here we only note their
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gualitative similarity to previous results. Thus all ENDOR
features observed for NEMFTR can be satisfactorily
explained by analogy with conventional Fe-S proteins in
general and oxidized HiPIP-type proteins in particular.

DISCUSSION

The results presented above provide major new insights
into the role and properties of the [fSg] cluster in spinach
FTR. First, the observation that FTR reduced with 1 equiv
of reduced benzyl viologen produces an EPR signal with
line shapeg-values, and relaxation properties identical to
those of NEM-FTR, confirms our proposal that NEMFTR
corresponds to a stable analogue of a one-electron-reduced
form of the native enzymel()). Second, preliminary freeze-
guench EPR studies in which the enzyme was frozen under
turnover conditions in the presence of thioreddximdicate
that this one-electron-reduced form of FTR is indeed an
intermediate in the catalytic cycle. Third, ENDOR studies
show that NEM-FTR is quite similar to proteins and model
compounds containing a [F&]%" cluster. This result is in
complete accord with U¥visible absorption, VTMCD, and
RR characteristics of NEMFTR (10). Hence the anoma-
lous EPR and redox properties of NEMFTR (i.e.,g = 2.11,
2.00, 1.98, and observable without broadening at 150
K; Em@rz+) = —210 mV) compared to [R&]3" clusters in
conventional HiPIPs (typicallyg = 2.12, 2.04, 2.02,
observable aT < 30 K; Engrizt) in the ranget50 to+450
mV (14—16) and in ferricyanide-oxidized FTR with the
active-site disulfide intacty(= 2.09, 2.04, 2.01, observable
at T < 30 K; Engrety ~ +430 mV (10) cannot be
rationalized in terms of a [R84]?" cluster with a nearby
cysteinyl radical. Rather, the unique properties of the
[FesSy)3* cluster in as-isolated NEMFTR and one-electron-
reduced FTR are attributed to covalent attachment of the
protected cysteine (Cys84) of the active-site disulfide.

The paradox that therefore needs to be rationalized by any
mechanistic scheme for the disulfide reduction in FTR, is
how one-electrorreductionof FTR leads to one-electron
oxidation of the [FeS,)%" cluster. Such anomalous redox
behavior is, however, readily explained by invoking two-
electron-reduction of the active-site disulfide coupled with
one-electron-oxidation of the cluster to yield a species that
is formally analogous to NEMFTR. With this in mind,
Figure 7 shows a viable scheme for the benzyl viologen-
mediated two-electron-reduction of the active-site disulfide
in FTR. The mechanism invokes a role for the cluster both
in mediating electron transfer to the active-site disulfide and
in stabilizing the one-electron-reduced intermediate via
covalent attachment of the electron-transfer cysteine (Cys84)
of the active-site disulfide. One-electron-reduction of the
cluster leads to transient formation of aJ6¢* cluster which
immediately cleaves the active-site disulfide via nucleophilic
attack involving an electron-richiz-S?~. The resulting
cluster is formally at the [R&4]3" oxidation level, since two
electrons have been withdrawn from the cluster in forming
the covalent bond with Cys84 of the active-site disulfide.
This one-electron-reduced intermediate is analogous to
NEM—FTR, in which alkylation of Cys54 prevents further
reactivity. An alternative canonical form of the one-electron
intermediate is a [R&4]?" cluster with a nearby cysteinyl
radical [(Cys84)9, although the spectroscopic data clearly
argue for the unpaired electron density residing on the cluster.
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[4Fe-4S]2+ o [4Fe-4S]* _
‘ (Cys)s s N ‘ (Cys)S S N
\Fe/—FLS£ Yo N /‘ _l,v«s‘(cy )/
(Cys)S l Fl e/ S(Cys) -\ (CYS)SHl/ Ie/ (S(Cys)
SCys) __APro) \S(C ) __~APro)
|
Fe— T S ‘ " S(Cys) - F/_'s/ /S(Cy )/
(Cys)s” / / S(Cys)\ By Cys)s |/ l / Cys)s”
sy — \S(C}'S) /lm)
[4Fe-4S]2+ [4Fe-4S]3+

Ficure 7: Proposed mechanism for the benzyl viologen-mediated two-electron-reduction of FTR.
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2 ‘ (Cys)S\ S Fe' (His)
Ff—-s \ S(Cys) s”
e |
©s| | (Cys)S —S—T
S Fe
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......... r T Fe
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\ |
P
S(Cys)/( o) \S(Cys) —Pro)

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 NHEX0)], 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
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it is not present in native FTR or dithionite reduced NEM
FTR. However, withou#*S-isotope shift data, this assign-
ment must be viewed as speculative at best. An alternative

Biochemistry, Vol. 37, No. 13, 19981619

are planned to characterize fully these intermediates and the
reaction kinetics.
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