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ABSTRACT: Thioredoxin reduction in chloroplasts is catalyzed by a unique class of disulfide reductases
which use a [2Fe-2S]2+/+ ferredoxin as the electron donor and contain an Fe-S cluster as the sole prosthetic
group in addition to the active-site disulfide. The nature, properties, and function of the Fe-S cluster in
spinach ferredoxin:thioredoxin reductase (FTR) have been investigated by the combination of UV/visible
absorption, variable-temperature magnetic circular dichroism (MCD), EPR, and resonance Raman (RR)
spectroscopies. The results indicate the presence of anS) 0 [4Fe-4S]2+ cluster with complete cysteinyl-S
coordination that cannot be reduced at potentials down to-650 mV, but can be oxidized by ferricyanide
to anS) 1/2 [4Fe-4S]3+ state (g) 2.09, 2.04, 2.02). The midpoint potential for the [4Fe-4S]3+/2+ couple
is estimated to be+420 mV (VersusNHE). These results argue against a role for the cluster in mediating
electron transport from ferredoxin (Em ) -420 mV) to the active-site disulfide (Em ) -230 mV,n ) 2).
An alternative role for the cluster in stabilizing the one-electron-reduced intermediate is suggested by
parallel spectroscopic studies of a modified form of the enzyme in which one of the cysteines of the
active-site dithiol has been alkylated withN-ethylmaleimide (NEM). NEM-modified FTR is paramagnetic
as prepared and exhibits a slow relaxing,S) 1/2 EPR signal,g ) 2.11, 2.00, 1.98, that is observable
without significant broadening up to 150 K. While the relaxation properties are characteristic of a radical
species, MCD, RR, and absorption studies indicate at least partial cluster oxidation to the [4Fe-4S]3+

state. Dye-mediated EPR redox titrations indicate a midpoint potential of-210 mV for the one-electron
reduction to a diamagnetic state. By analogy with the properties of the ferricyanide-oxidized [4Fe-4S]
cluster inAzotobacterVinelandii 7Fe ferredoxin [Hu, Z., Jollie, D., Burgess, B. K., Stephens, P. J., &
Münck, E. (1994)Biochemistry 33, 14475-14485], the spectroscopic and redox properties of NEM-
modified FTR are interpreted in terms of a [4Fe-4S]2+ cluster covalently attached through a cluster sulfide
to a cysteine-based thiyl radical formed on one of the active-site thiols. A mechanistic scheme for FTR
is proposed with similarities to that established for the well-characterized NAD(P)H-dependent flavin-
containing disulfide oxidoreductases, but involving sequential one-electron redox processes with the role
of the [4Fe-4S]2+ cluster being to stabilize the thiyl radical formed by the initial one-electron reduction
of the active-site disulfide. The results indicate a new biological role for Fe-S clusters involving both the
stabilization of a thiyl radical intermediate and cluster site-specific chemistry involving a bridging sulfide.

The chloroplast ferredoxin/thioredoxin system constitutes
a mechanism whereby light regulates the activity of several
carbon assimilation enzymes in oxygenic photosynthesis
(Knaff & Hirasawa, 1991; Buchanan, 1992; Knaff, 1996).
The light signal is transmitted in the form of electrons from

the chlorophyll-containing thylakoid membranesVia a [2Fe-
2S] Fd, ferredoxin:thioredoxin reductase (FTR),1 and thiore-
doxins which activate or deactivate target enzymes by
reduction of regulatory disulfide bridges (see Scheme 1)
(Buchanan et al., 1994). FTR catalyzes the key step in this
important regulatory pathway, i.e., the two-electron reduction
of the active-site disulfide in thioredoxin by sequential one-
electron oxidations of the [2Fe-2S] ferredoxin (Fd). While
FTR is known to contain an Fe-S cluster and an active-site
disulfide (Droux et al., 1987), the properties and function of
the Fe-S center have not been well-characterized.
Thus far FTR has been purified to homogeneity from

spinach (Droux et al., 1987), corn (Droux et al., 1987),
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Nostoc muscorum(Droux et al., 1987), andChlamydomonas
reinhardtii (Huppe et al., 1990), and has been shown to be
identical to the protein called ferralterin by previous workers
(Lara et al., 1980; de la Torre et al., 1982). In each case,
the enzyme was found to be a heterodimer with an apparent
molecular mass of approximately 30 kDa. Subunit B (∼13
kDa), which is also termed the catalytic subunit, contains
the redox-active disulfide and the Fe-S cluster (Droux et al.,
1987), and is common to all FTRs based on immunological
cross-reactivity experiments (Droux et al., 1987; Huppe et
al., 1990). Subunit A, which is also termed the variable
subunit, differs in size and shows little or no immunological
cross-reactivity among different species (Droux et al., 1987;
Huppe et al., 1990).
Primary structures based on conventional protein sequence

methods and/or deduced from the nucleotide sequence of
cDNA clones have recently become available for the catalytic
subunits of the FTRs from spinach (Chow et al., 1995;
Falkenstein et al., 1994; Marc-Martin et al., 1993) and corn
(Marc-Martin et al., 1993) and the variable subunits of the
FTRs from spinach (Falkenstein et al., 1994; Iwadate et al.,
1994) and the cyanobacteriumAnacystis nidulans(Szekeres
et al., 1991). The catalytic subunits of spinach and corn FTR
(12.7 kDa) show 81% identity with seven conserved cys-
teines. Experiments involving modification of the eight
cysteines in the catalytic subunit of spinach FTR with
radioactively-labeled sulfhydryl-group blocking reagents,
N-ethylmaleimide (NEM) and iodoacetate, have shown that
the nonconserved Cys19 is not solvent-accessible, Cys27 is
an accessible free thiol with no catalytic function, Cys54
and Cys84 constitute the active-site disulfide, and Cys52,
Cys71, Cys73, and Cys82 are involved in ligating the Fe-S
cluster (Chow et al., 1995). Hence, the redox-active disulfide
is in close proximity to the Fe-S cluster. Moreover, in
common with the majority of the NAD(P)H-dependent
flavoprotein disulfide reductases (Thorpe & Williams, 1976;
Arscott et al., 1981; Fox & Walsh, 1983), only one of the
active site cysteines, Cys54, is accessible to sulfhydryl-group
blocking reagents in reduced samples under nondenaturing
conditions (Chow et al., 1995). The other active-site
cysteine, Cys84, is labeled after reduction only under
denaturing conditions, and appears to be protected from
solvent and inaccessible to sulfhydryl reagents under native
conditions (Chow et al., 1995). The variable subunit of
spinach FTR has a molecular mass of 12.7 kDa and has one
accessible free cysteine with no catalytic function, as judged
by chemical modification experiments. Sequence analysis
supports the view that this subunit has no catalytic function
(Iwadate et al., 1994). Comparison with the variable subunit
in the cyanobacterial FTR reveals 58% sequence similarity
and the presence of a 30-residue N-terminal extension in the
spinach protein which is likely to be responsible for the size
variability and antigenic behavior of this subunit.
Purified FTRs contain approximately four non-heme iron

atoms and acid-labile sulfides per molecule (Droux et al.,

1987), and the UV-visible absorption and CD spectra
(Droux et al., 1987; Schu¨rmann & Gardet-Salvi, 1993;
Hirasawa et al., 1988), coupled with the absence of an EPR
signal , are most consistent with the presence of anS) 0
[4Fe-4S]2+ cluster. However, EPR studies of spinach and
N. muscorumFTRs showed no signals after reduction by
dithionite, dithionite plus methyl viologen, or illuminated
chloroplast membranes (de la Torre et al., 1982). This
suggests that the cluster is not reducible to the paramagnetic
state at potentials of-450 mV (VersusNHE) and, therefore,
that the cluster may not be effective in mediating electron
transfer from chloroplast [2Fe-2S] Fds (Em ) -310 to-455
mV VersusNHE) to the active-site disulfide. Rhombic EPR
signals,g) 2.10, 2.05, 2.00 for spinach FTR andg) 2.09,
2.04, 1.98 forN. muscorumFTR, were reported at low
temperatures (<30 K) for samples treated with ferricyanide
(de la Torre et al., 1982). These were tentatively interpreted
in terms of oxidation to anS) 1/2 [4Fe-4S]3+ state as found
in oxidized high-potential iron-sulfur proteins (HiPIPs).
However, this redox process is unlikely to be physiologically
relevant in terms of mediating electron transfer since the
potential was estimated to be+ 410 mVVersusNHE in N.
muscorumFTR (de la Torre et al., 1982). More recently,
direct electrochemical studies of spinach FTR reported a two-
electron redox process with a midpoint potential of-230
mV that was attributed to the active-site disulfide, since it
was not present in NEM-modified samples, and a one-
electron process with a midpoint potential of+340 mV that
was attributed to the [4Fe-4S]3+/2+ couple (Salamon et al.,
1995).
The objectives of this study were to characterize the

electronic, magnetic, structural, and redox properties of the
Fe-S center in spinach FTR with a view to elucidating its
role in the catalytic mechanism. The approach involves using
EPR, UV/visible absorption, variable-temperature magnetic
circular dichroism (VTMCD), and resonance Raman (RR)
spectroscopies to investigate the properties of the Fe-S cluster
in native forms of the enzyme with the disulfide intact (native
FTR) and reduced with dithiothreitol (DTT-treated FTR) and
an inactive form of the enzyme in which one of the active-
site cysteines, Cys54, has been modified with NEM (NEM-
modified FTR). The results reveal the presence of a [4Fe-
4S]2+ cluster with complete cysteinyl ligation and suggest
that the role of the cluster lies in stabilizing the one-electron-
reduced intermediate rather than mediating electron transfer
to the active-site disulfide. NEM-modified FTR appears to
provide a stable analog of the one-electron-reduced inter-
mediate, and the spectroscopic properties of this derivative
are consistent with cluster coordination by one of the
cysteines of the active-site dithiol. The mechanism that is
proposed for FTR suggests a new biological role for Fe-S
clusters.

MATERIALS AND METHODS

Sample Preparation and Handling.Purification of FTR
from spinach (Spinacea oleracea) leaves was performed as
previously described (Schu¨rmann, 1995). The samples of
spinach FTR used in this work hadA410/A278 ratios in the
range 0.34-0.36 and were judged to be>90% pure by
SDS-PAGE gel electrophoresis. Modification of one of the
cysteines of the active site dithiol with NEM to give NEM-
modified FTR was carried out as previously described (Chow
et al., 1995; Schu¨rmann & Gardet-Salvi, 1993). Sample

Scheme 1: Thioredoxin-Dependent Regulation of
Chloroplast Enzymes
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concentrations were based onε410 ) 17 400 M-1 cm-1 for
native FTR (Droux et al., 1987) andε410) 19 500 M-1 cm-1

for NEM-modified FTR (Schu¨rmann & Gardet-Salvi, 1993).
Unless otherwise indicated, native FTR was in 20 mM
phosphate buffer, pH 7.2, and NEM-modified FTR was in
20 mM triethanolamine hydrochloride buffer, pH 7.3.
Samples were handled anaerobically in a Vacuum Atmos-
pheres glovebox under argon (<1 ppm O2).
Dithionite reduction was carried out under anaerobic

conditions with a 15-fold stoichiometric excess of sodium
dithionite in a 10-µL aliquot taken from a freshly prepared
stock solution in 100 mM Tris-HCl buffer, pH 7.8. Dea-
zaflavin-mediated photoreduction was carried out at 0°C
on anaerobic samples containing 10 mM sodium oxalate and
10 µM 5-deazaflavin, using an Oriel Corp. xenon arc lamp.
Ferricyanide oxidation was performed aerobically by incu-
bating samples with excess of potassium ferricyanide for
1-15 min at room temperature. For variable-temperature
MCD studies, ferricyanide was removed by ultrafiltration
using Centricon tubes with a YM10 membrane. The active-
site disulfide in native FTR was reduced in DTT-treated FTR
by incubation with a 50-fold stoichiometric excess of DTT
for 1 h under anaerobic conditions (Droux et al., 1987).
EPR redox titrations were performed at ambient temper-

ature (25-27 °C) in a Vacuum Atmospheres glovebox under
argon (<1 ppm O2), using 200 mM PIPES buffer, pH 7.0.
Mediator dyes were added, each to a concentration of ca.
50 µM, in order to cover the desired range of redox
potentials, i.e., methyl viologen, benzyl viologen, neutral red,
safranin, phenosafranin, anthroquinone-1,5-disulfonate, in-
digodisulfonate, methylene blue, 1,2-naphthoquinone, duro-
quinone, and 1,2-naphthoquinone-4-sulfonate. Samples were
first reduced by addition of excess sodium dithionite followed
by oxidative titration with potassium ferricyanide. After
equilibration at the desired potential, a 0.2-mL aliquot was
transferred to a calibrated EPR tube and immediately frozen
in liquid nitrogen. Potentials were measured with a platinum
working electrode and a saturated calomel reference electrode
and are reported relative to NHE.
Spectroscopic Measurements.UV/visible absorption spec-

tra were recorded on a Shimadzu UV301PC spectrophotom-
eter. Variable-temperature (1.5-300 K) and variable-field
(0-6 T) MCD measurements were recorded on samples
containing 50% (v/v) poly(ethylene glycol) using an Oxford
Instruments SM3 or Spectromag 4000 split-coil supercon-
ducting magnet mated to a Jasco J-500C or J715 spectropo-
larimeter. The experimental protocols used in variable-
temperature MCD studies for accurate sample temperature
and magnetic field measurement, anaerobic sample handling,
and assessment of residual strain in frozen samples have been
described in detail elsewhere (Johnson, 1988; Thomson et
al., 1993). The MCD intensities are expressed as∆ε (εLCP
- εRCP) where εLCP and εRCP are the molar extinction
coefficients for the absorption of left and right circularly
polarized light, respectively. X-band (∼9.5 GHz) EPR
spectra were recorded on a Bruker ESP-300E EPR spec-
trometer equipped with an Oxford Instruments ESR-9 flow
cryostat. Spin quantitations were carried out under nonsat-
urating conditions using 1 mM CuEDTA as the standard.
Frozen solution EPR spectra were simulated with a modified
version of the program QPOW developed by Prof. R. L.
Belford and co-workers (Belford & Nilges, 1979; Nilges,
1979).

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 Kr+ lasers. Scattering was collected at 90° from the
surface of a frozen 10-µL droplet of protein on the cold
finger of an Air-Products Displex Model CSA-202E closed-
cycle refrigerator. Band positions were calibrated using the
excitation frequency and the principal bands of CCl4 and
are accurate to(1 cm-1. The spectrum of the frozen buffer
solution, normalized to the intensity of the ice-band at 230
cm-1, and a linear ramp fluorescence background, has been
subtracted from all the spectra shown in this work. Further
details of the Raman spectrometer and the protocols used
for obtaining low-temperature spectra of frozen anaerobic
solutions are given elsewhere (Hamilton et al., 1989).

RESULTS

UV/visible absorption spectra for as-prepared and dithion-
ite-reduced samples of native and NEM-modified spinach
FTR are shown in Figure 1. The spectra of the as-prepared
native and NEM-modified proteins are in excellent agreement
with those reported previously (Schu¨rmann & Gardet-Salvi,
1993). The absorption spectrum of native spinach FTR
comprises a protein band at 278 nm, a shoulder at 315 nm,
and broad shoulder centered at 410 nm. Such spectral
characteristics are indicative of Fe-S proteins containing
[4Fe-4S]2+ clusters (Malkin, 1973). No significant change
in the absorption spectrum was observed in samples that were
treated aerobically with a 10-fold excess of ferricyanide
followed by ultrafiltration to remove excess reagent, indicat-
ing little or no oxidation to the [4Fe-4S]3+ state. Moreover,
the pronounced shoulder at 410 nm is not lost on reduction
by dithionite, indicating that the cluster is not reduced to
the [4Fe-4S]+ state. This result was also obtained for
samples in which the active-site disulfide was reduced by
preincubation with DTT (Droux et al., 1987), prior to
dithionite treatment. More extensive changes in the absorp-
tion spectra accompany reduction of the NEM-modified
spinach FTR. As prepared, the spectrum has resolved bands
centered at 330 and 430 nm in addition to the protein band
at 278 nm, and is characteristic of oxidized HiPIPs containing
[4Fe-4S]3+ clusters (Malkin, 1973). In accord with this
interpretation, dithionite reduction results in a spectrum
indistinguishable from that of native or dithionite-reduced
FTR and consistent with one-electron reduction to the [4Fe-
4S]2+ state.
Resonance Raman in the Fe-S stretching region provides

a much more discriminating assessment of cluster type and
oxidation state (Spiro et al., 1988), and Figure 2 shows the
spectra obtained using 457.9-nm excitation for native FTR,
as prepared, and NEM-modified FTR, both as-prepared and
dithionite-reduced. The enhancement pattern and frequencies
for the Fe-S stretching modes in native FTR are characteristic
of a [4Fe-4S]2+ cluster with complete cysteinyl coordination
(Spiro et al., 1988; Conover et al., 1990). Indeed, the spectra
are very similar to those observed for [4Fe-4S]2+ centers in
structurally characterized synthetic model complexes such
as [Fe4S4(SCH2Ph)4]2- and can be assigned by direct analogy
under idealizedTd symmetry (Table 1) on the basis of the
34S isotope shifts and normal mode calculations reported for
this complex (Czernuszewicz et al., 1987). RR studies of
[4Fe-4S]2+ centers in Fds and HiPIPs indicate that reduction
to the [4Fe-4S]+ state is accompanied by a dramatic decrease
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in the resonance enhancement of Fe-S stretching modes using
457.9-nm excitation (Spiro et al., 1988), and that oxidation
to the [4Fe-4S]3+ state results in substantial changes in the
relative intensities and frequencies of the Fe-S stretching
modes (Backes et al., 1991; Moulis et al., 1988). However,
no significant change in the RR spectrum of native FTR was
observed after anaerobic reduction with DTT, dithionite, or
DTT plus dithionite, or after aerobic oxidation with a 10-
fold excess of ferricyanide, suggesting that the [4Fe-4S]2+

cluster is largely inert to oxidation or reduction under these
conditions.
Alkylation of one of the active-site cysteines in the NEM-

modified sample has a pronounced effect on the RR
spectrum; see Figure 2. The changes in the RR spectrum
accompanying NEM modification can be accounted for in
terms of increased cluster distortion from the idealizedTd
symmetry, protein conformational changes in the vicinity of
the cluster, oxidation to the [4Fe-4S]3+ state, or a combina-
tion of two or all of these effects. For example, the
enhancement of the E bridging mode and the splitting
terminal T2 mode could be interpreted in terms of increased
distortion of the [4Fe-4S] core (Czernuszewicz et al., 1987).
The RR spectra of biological [4Fe-4S] clusters are known
to be sensitive to the cysteine Fe-Sγ-Câ-CR dihedral angles,
which determine the extent of coupling between the Sγ-
Câ-CR bending modes (expected near 310 cm-1) and the
terminal Fe-S stretching modes (Czernuszewicz et al., 1987;
Backes et al., 1991). Greater coupling, resulting from one
or more of the dihedral angles approaching 180°, might be
expected to result in enhancement of the Sγ-Câ-CR bending
mode and a pronounced upshift for the A1 terminal mode
and splitting of the T2 terminal, all of which are observed.
The third possibility is that the changes arise from one-
electron oxidation to the [4Fe-4S]3+ state. Oxidation of [4Fe-

4S]3+/2+ clusters in HiPIPs is generally accompanied by
upshifts of 1-5 cm-1 in the bridging Fe-S stretching modes
and increased enhancement and upshifts of 9-29 cm-1 in
the terminal Fe-S stretching modes (Backes et al., 1991;
Moulis et al., 1988). While the frequency shifts for NEM-
modified FTR are less than or in the low end of the ranges
established for HiPIPs, the changes are generally consistent
with oxidation of the cluster toward the [4Fe-4S]3+ state.
Support for the conclusion that cluster oxidation is respon-
sible, at least in part, for the changes accompanying NEM
modification comes from the observation that dithionite
reduction of NEM-modified FTR restores the spectrum to a

FIGURE 1: UV/visible absorption spectra of native (upper panel)
and NEM-modified (lower panel) spinach FTR. In each case, the
solid line represents the enzyme as-prepared, and the dashed line
represents the enzyme anaerobically reduced with a 15-fold excess
of sodium dithionite. The spectra were recorded in 1-mm cuvettes
for samples that were 160µM (native FTR) and 100µM (NEM-
modified FTR). The pronounced band at 314 nm in the dithionite-
reduced samples originates from excess sodium dithionite.

FIGURE 2: Resonance Raman spectra of native and NEM-modified
spinach FTR. All spectra were recorded for samples frozen at 17
K using 457.9-nm laser excitation with 50 mW laser power at the
sample. Each scan involved photon counting for 1 s at 0.2 cm-1

increments with 0.6 cm-1 spectral resolution. For all spectra, the
vibrational modes originating from the frozen buffer solution have
been subtracted after normalizing the intensities of the “ice-bands”
at 230 cm-1, and a linear ramp fluorescence background has been
subtracted. (a) Native FTR (∼1 mM) as-prepared in 100 mM
phosphate buffer, pH 7.6 (38 scans). NEM-modified FTR (∼0.6
mM) as-prepared in triethanolamine hydrochloride buffer, pH 7.3
(54 scans). (c) Dithionite-reduced NEM-modified FTR (∼0.5 mM)
in triethanolamine hydrochloride buffer, pH 7.3, with a 15-fold
excess of sodium dithionite (50 scans).

Table 1: Comparison of the Vibrational Frequencies (cm-1) and
Assignments for Native and NEM-Modified Spinach FTR and
[Fe4S4(SCH2Ph)4]2- in Frozen Solutions

spinach FTRaTd
assignment native NEM-modified [Fe4S4(SCH2Ph)4]2- b

Mainly Terminalν(Fe-S)
A1 387 401 389
T2 357 363 360

352

Mainly Bridgingν(Fe-S)
T2 387 383 389
A1 335 337 336
E orδ(S-C-C) 311
T1 283 279 273
T2 250 253 244

a Frozen buffer solution at 17 K.b Frozen aqueous detergent medium
consisting of 90/5/5 (vol %) H2O/N,N-dimethylacetamide/Triton X-100
at 77 K (Czernuszewicz et al., 1987).
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form closely resembling that of the [4Fe-4S]2+ cluster in
native FTR (see Figure 2). Hence, in addition to providing
the most definitive spectroscopic data to date for the presence
of a [4Fe-4S]2+ in native FTR, the RR data support the
absorption studies in finding that the cluster cannot be
reduced by dithionite or DTT/dithionite and that NEM
modification of one of the active-site cysteines results in a
sample in which the cluster is formally in the [4Fe-4S]3+

state.
EPR and VTMCD studies provide selective and comple-

mentary approaches for investigating the ground- and
excited-state properties of Fe-S clusters with paramagnetic
ground states. The EPR studies of native spinach FTR
reported below are generally in agreement with those
reported previously for ferralterin (de la Torre et al., 1982).
However, the quantitative studies, over a wider temperature
range that are reported herein, extend and necessitate
significant changes in interpretation. As prepared, spinach
FTR exhibited no EPR signals over the temperature range
4.2-100 K. Moreover, all attempts to reduce the cluster
using dithionite, dithionite/DTT, dithionite/methyl viologen,
and deazaflavin-mediated photoreduction failed to produce
any evidence of a paramagnetic (S) 1/2 or 3/2) [4Fe-4S]+

cluster as judged by both EPR and VTMCD studies. Hence,
the midpoint potential for the [4Fe-4S]2+/+ couple must be
<-650 mV.
A fast-relaxing rhombicS) 1/2 resonance,g) 2.09, 2.04,

and 2.01, indicative of a [4Fe-4S]3+ cluster and accounting
for 0.30 ( 0.05 spin/[4Fe-4S] cluster, was observed at
temperatures<30 K in samples of native spinach FTR
oxidized with a 10-fold excess of ferricyanide (Figure 3).
The high-field region of the resonance is obscured by overlap
with a slower relaxing multiline signal centered atg ) 2.0
that is most clearly observed at temperatures around 30 K.
Studies as a function of varying power and temperature were
required to delineate these two resonances (see Figure 3).
The multiline resonance was present in varying amounts in
different samples, with an intensity that increased with the
excess of and/or length of incubation with ferricyanide, and
was most clearly seen in samples treated with a 100-fold
excess of ferricyanide (see Figure 3c). Quantitation under
nonsaturating conditions indicated that it corresponds to∼0.1
spin/molecule in such samples. It is attributed to a proton-
split radical species of unknown origin. However, similar
resonances have been reported on photochemical oxidation
of tyrosyl residues in photosystem II (Warncke et al., 1994;
Tommos et al., 1995), and assignment to an oxidized radical
species associated with an aromatic residue, most likely a
tyrosine, is our current working hypothesis. At higher
temperatures around 70 K, the spectrum is dominated by a
third resonance withg ) 2.11, 1.99, 1.98 which quantifies
to <0.05 spin/molecule. This resonance is identical to that
observed in stoichiometric amounts in NEM-modified FTR,
and its origin is discussed below.
Previous studies of spinach andN. muscorumferralterin

had reported resonances atg ) 2.10, 2.05, 2.00, andg )
2.09, 2.04, 1.98, respectively, that were observed only below
30 K (de la Torre et al., 1982). The present studies indicate
that the high-fieldg-value is misassigned due to overlap with
the aromatic radical species. Both were tentatively attributed
to S ) 1/2 [4Fe-4S]3+ clusters on the basis of relaxation
properties,gav > 2, and midpoint potential. EPR redox
titrations using samples poised with varying ferricyanide/

ferrocyanide ratios indicated a midpoint potential of+410
mV for the [4Fe-4S]3+/2+ couple inN. muscorumferralterin.
The observation that only∼30% 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-4S]3+/2+ 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-4S]3+ cluster. Nevertheless, the close
correspondence in the properties of this EPR signal to those
reported for other oxidized HiPIPs [typicallyg) 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-4S]3+/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 axialS) 1/2 resonance,g ) 2.11,

FIGURE3: X-band EPR spectra of ferricyanide-oxidized native FTR.
Native FTR (150µM) 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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2.00, 1.98, accounting for 1.00( 0.05 spin/molecule. The
resonance is slow relaxing and observable without significant
broadening up to at least 150 K. While such relaxation
behavior is indicative of a radical species, theg-value
anisotropy is more characteristic of anS) 1/2 Fe-S cluster.
The resonance was unperturbed by addition of a 10-fold
excess of ferricyanide, but completely lost on dithionite
reduction. No additional signals were observed over the
temperature range 4.2-100 K in dithionite-reduced or
ferricyanide-treated samples. Dye-mediated EPR redox
titrations indicate that the loss of this resonance is associated
with a one-electron redox process with a midpoint potential
of -210( 30 mV (see Figure 4), well outside of the range
reported for [4Fe-4S]3+/2+ clusters in HiPIPs.
Variable-temperature MCD studies of NEM-modified

FTR, as-prepared, revealed a complex pattern of temperature-
dependent bands extending throughout the UV/visible/near-
IR region (see Figure 5). MCD magnetization data confirm
that the electronic transitions arise from anS) 1/2 ground
state and the data are well fit by theoretical plots constructed
using EPR-determinedg-values (Thomson & Johnson, 1980;
Bennett & Johnson, 1987) (see Figure 5). Hence, the MCD
bands arise from the same ground state responsible for the
EPR signal. The MCD characteristics clearly indicate that
the unpaired electron responsible for this resonance is
associated with an Fe-S. However, comparison with the
MCD spectra of known types of Fe-S clusters (Johnson et

al., 1982; Onate et al., 1993; Fu et al., 1992; Richards et al.,
1990; Marritt et al., 1995; Crouse et al., 1995; Finnegan et
al., 1995) indicates a unique type of paramagnetic cluster
with properties most closely resembling those of a [4Fe-
4S]3+ cluster. The pattern of bands is similar to that observed
for oxidized HiPIPs in the 250-475 nm region (Johnson et
al., 1981), but quite different in the lower energy region.
Hence, while the absorption, RR, and MCD properties of
NEM-modified FTR implicate the presence of some form
of [4Fe-4S]3+ cluster, the EPR and midpoint potential in
particular indicate some unique properties compared to
similar clusters in HiPIPs.

DISCUSSION

The detailed spectroscopic studies of spinach FTR reported
herein leave no doubt that the Fd-dependent thioredoxin
reductases from chloroplasts and cyanobacteria constitute a
distinct family of disulfide reductases with properties and a
catalytic mechanism very different from those of the
extensive family of NAD(P)H-dependent disulfide oxi-
doreductases. The NAD(P)H-dependent disulfide oxidoreduc-
tase family of enzymes, which includes glutathione reductase,
trypanothione reductase, lipoamide dehydrogenase, mercuric

FIGURE 4: (a) X-band EPR spectrum of NEM-modified spinach
FTR as-prepared. NEM-modified FTR (120µM) was as-prepared
in triethanolamine hydrochloride buffer, pH 7.3. EPR conditions:
temperature, 50 K; microwave power, 1 mW; modulation amplitude,
0.63 mT; microwave frequency, 9.60 GHz. The lower spectrum is
a simulated powder EPR spectrum withg ) 2.112, 1.997, and
1.984, with line widths of 2.41, 1.90, and 2.38 mT, respectively.
(b) EPR-monitored redox titration of NEM-modified spinach FTR.
Data points correspond to the peak-to-trough intensity of the
derivative-shaped feature centered atg ) 1.99. The solid line is
one-electron Nernst plot withEm ) -210 mV.

FIGURE 5: Variable-temperature MCD spectra and magnetization
data for as-prepared NEM-modified spinach FTR. NEM-modified
FTR (154µM) in triethanolamine hydrochloride buffer, pH 7.3,
with 50% (v/v) poly(ethylene glycol). (a) MCD spectra collected
at 1.68, 4.22, 10.4, 25, and 43 K, with a magnetic field of 6 T. The
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 (9) for magnetic
fields in the range 0-6 T. The solid line is theoretical magnetization
data for anS ) 1/2 ground state withg| ) 2.11 andg⊥ ) 1.99
(Thomson & Johnson, 1980; Bennett & Johnson, 1987).
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ion reductase, NADH peroxidase, and thioredoxin reductase,
all have homodimeric structures with NAD(P)H binding sites
and contain one molecule of FAD and two redox-active
cysteines that constitute the active-site disulfide (Williams,
1992; Waksman et al., 1994). On the basis of extensive
structural data that are available for this family of disulfide
reductases, it is clear that the tightly bound FAD mediates
two-electron transfer from NAD(P)H to the disulfide and
participates directly in the catalytic mechanism by binding
one of the active-site thiols (the electron-transfer or flavin-
interacting thiol), while the other (the interchange thiol)
interacts with the substrate in a thiol-disulfide interchange
reaction (Williams, 1992; Waksman et al., 1994).
The combination of absorption and RR studies of spinach

FTR has provided unambiguous spectroscopic evidence that
spinach FTR contains a cysteinyl-ligated [4Fe-4S]2+ as the
sole prosthetic group, in addition to the active-site disulfide.
Moreover, the cluster must be in close spatial proximity to
the active-site disulfide, since sulfhydryl alkylation experi-
ments have shown that the active-site disulfide involves
Cys54 and Cys84 while the cluster is ligated by Cys52,
Cys71, Cys73, and Cys82, all within the catalytic subunit
(Chow et al., 1995). The cluster is redox-inactive over the
potential range-650 mV to at least+300 mV, but this work,
and the previous EPR and electrochemical studies (de la
Torre et al., 1982; Salamon et al., 1995), indicates that it
can be oxidized to anS ) 1/2 [4Fe-4S]3+ state at higher
potentials. Prolonged exposure and/or large excesses of
ferricyanide also result in an EPR signal that is tentatively
attributed to a radical associated with an aromatic residue.
However, such high-potential redox processes are unlikely
to be physiologically relevant in light of the redox potentials
of the electron donor (Em ∼ -450 mV) and the active site
disulfide [Em ∼ -230 mV,n ) 2 (Salamon et al., 1995)].
While the redox properties of native spinach FTR, deduced

from the spectroscopic studies reported above, are in
reasonable agreement with the direct electrochemistry results
(Salamon et al., 1995), the same cannot be said for NEM-
modified FTR. For native spinach FTR, a one-electron wave
was observed at+340( 30 mV and attributed to the [4Fe-
4S]3+/2+ couple. In contrast, the EPR studies ofN. muscorum
FTR (de la Torre et al., 1982), and those of spinach FTR
reported above, indicate that the midpoint potential for this
couple is slightly above+400 mV. Clearly, caution must
be exercised in attributing the observed wave in the cyclic
voltammograms to a specific center, in light of the EPR
evidence for oxidative generation of an aromatic radical
species, and detailed EPR redox titrations of native FTR are
in progress to resolve this issue. There is no reason to
question the midpoint potentials for the disulfide/dithiol
couples in spinach thioredoxinsf andm (-210( 10 mV)
and FTR (-230 ( 10 mV) determined by direct electro-
chemistry (Salamon et al., 1995), since they are in excellent
agreement with the range of-200 to-300 mV reported
for other thioredoxins (Moore et al., 1964; Berglund &
Sjöberg, 1970; Porque´ et al., 1970; Salamon et al., 1992;
Rebeille & Hatch, 1986) and disulfide functional groups in
general (Holmgren, 1981) at neutral pH. However, it is
difficult to see how the cyclic voltammogram results for
NEM-modified FTR, which reported only a one-electron
wave with a midpoint potential of+380( 20 mV (Salamon
et al., 1995), can be reconciled with the spectroscopic results
reported here, which reveal a stoichiometric, cluster-related,

one-electron redox process with a midpoint potential of-210
( 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]2+/+ Fd (Em ) -310 to-450 mV), and an
intrinsic [4Fe-4S]2+ cluster (Em > +400 mV and< -650
mV for the [4Fe-4S]2+/+ and [4Fe-4S]3+/2+ couples, respec-
tively) can carry out a concerted two-electron reaction
involving reductive cleavage of the active-site disulfide (Em
) -230 mV, n ) 2) and subsequent reduction of the
thioredoxin disulfide (Em ) -210 mV,n ) 2). In light of
the redox properties of the [4Fe-4S]2+ center 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]3+ 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]2+

covalently attached through aµ3-S2- 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 anS) 1/2 [4Fe-4S]3+

state. In addition, they account for the anomalous relaxation
properties andg-value anisotropy of the EPR signal which
are best interpreted in terms of cluster-stabilized radical
species. Finally, the one-electron redox potential (Em )

FIGURE 6: Proposed canonical structures for the Fe-S cluster in
NEM-modified spinach FTR as-prepared.
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-210 mV) is close to that of the two-electron midpoint
potential for reduction of the FTR and thioredoxin disulfides
[Em ) -210 to-230 mV (Salamon et al., 1995)].
There is also a direct precedent for this type of chemistry

in the 7Fe Fd fromAzotobacterVinelandii (Morgan et al.,
1984). Oxidation of the [4Fe-4S]2+ cluster with ferricyanide
results in anS) 1/2 EPR signal,g ∼ 2.09, 2.00, and 1.98,
observable without significant broadening at temperatures
above 77 K (Morgan et al., 1984), that is clearly very similar
to that exhibited by NEM-modified FTR. Since this
paramagnetic species appeared to exhibit negligible temper-
ature-dependent MCD intensity, over and above that of the
intense temperature-dependent bands originating from theS
) 1/2 [3Fe-4S]+ cluster, it was tentatively identified as a
cysteinyl disulfide radical, Cys-S-S•, arising from a three-
electron oxidation of a [Fe4S4(S-Cys)4]2- unit (Morgan et
al., 1984). Subsequent mutagenesis experiments implicated
a nonligating cysteine, Cys24, in this reaction (Iismaa et al.,
1991), and X-ray crystallographic studies placed the Sγ of
this residue 3.35 Å from a cluster sulfide (Stout, 1988).
However, recent Mo¨ssbauer and EPR studies of57Fe-enriched
protein have shown that the unpaired spin is coupled to
cluster iron (Hu et al., 1994). This clearly ruled out the
possibility of a magnetically isolated cysteinyl disulfide
radical species, and raised the possibility “that the three-
electron oxidation leads to the formation of a bond between
cysteine 24 and one cluster sulfide” (Hu et al., 1994). Our
spectroscopic and redox results for NEM-modified FTR show
that the EPR resonance arises from a one-electron rather than
a three-electron oxidation process and the structures proposed
in Figure 6 are clearly applicable to the ferricyanide-oxidized
form of the [4Fe-4S] cluster inA. Vinelandii7Fe Fd as well
as NEM-modified FTR. While their interpretation has
evolved as more data became available, the pioneering work
of Stephens and Burgess on the anomalous properties ofA.
Vinelandii 7Fe Fd (Morgan et al., 1984) has clearly set the
stage for the emergence of a new role for biological Fe-S
clusters in stabilizing radical intermediates of enzymatic
reactions.
The question that remains is whether the NEM-modified

form of spinach FTR is a nonfunctional curiosity or a

candidate for a stabilized analog of the one-electron reduced
enzymatic intermediate. A mechanistic scheme involving
an equivalent one-electron-reduced intermediate and includ-
ing the thiol-disulfide interchange reaction that has been
established for NAD(P)H-dependent flavin-containing di-
sulfide oxidoreductases (Williams, 1992) is presented in
Scheme 2. The first electron from the reduced Fd is used
to cleave the active-site disulfide, resulting in a cysteinate
(interchange thiol) and a cluster-stabilized thiyl radical. The
interchange thiol is then free to attack and cleave the substrate
disulfide with the formation of a heterodisulfide. The
resulting intermediate is the analog of NEM-modified FTR.
Subsequent one-electron reduction of the cluster-stabilized
thiyl radical species (Em ∼ -210 mV by analogy with NEM-
modified FTR) results in the formation of a cysteinate on
the cluster-interacting thiol. This species would be analogous
to dithionite-reduced NEM-FTR. The catalytic cycle is then
completed by the cluster-interacting thiol attacking and
cleaving the heterodisulfide with re-formation of the active-
site disulfide. At present, we have no direct evidence to
suggest that NEM-modified FTR corresponds to the one-
electron reduced intermediate in the enzymatic mechanism.
Freeze-quench EPR experiments are planned to test this
hypothesis. However, this species is unlikely to be an artifact
of NEM modification, since it is observed to a small extent
(<5%) in ferricyanide-oxidized samples of native spinach
FTR. This can be rationalized by invoking the presence of
a minor component of native FTR in which the active-site
disulfide is reduced, provided cluster oxidation occurs more
rapidly than dithiol oxidation.
The results presented here for FTR indicate a new

biological role for Fe-S clusters involving both the stabiliza-
tion of a radical intermediate and cluster site-specific
chemistry involving a bridging sulfide. This begs the
question of whether there is any evidence for similar
functions in other Fe-S enzymes. Fe-S clusters are known
to be present in at least three enzymes that function in radical
mechanisms, i.e., anaerobic ribonucleotide reductase (Rei-
chard, 1993), lysine 2,3-aminomutase (Frey & Reed, 1993),
and biotin synthase (Sanyal et al., 1994). All three require
S-adenosylmethionine, and Frey and Reed have proposed a

Scheme 2: Proposed Mechanism for FTR
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hypothetical mechanism for lysine 2,3-aminomutase whereby
the cluster generates an adenosyl via site-specific chemistry
at a cluster sulfide (Frey & Reed, 1993). However, there is
as yet no direct evidence that the constituent Fe-S clusters
are involved in stabilizing or generating radical intermediates
in any of these enzymes. On the basis of spectroscopic and
redox properties, there are clearly marked similarities in the
properties of NEM-modified FTR with those of the H2-
activating Fe-S cluster in Fe-hydrogenases. This cluster
contains 4-6 Fe atoms and is diamagnetic in the reduced
state, but exhibits anomalous, slow-relaxing,S ) 1/2 EPR
signals (g ∼ 2.10, 2.04, 2.00 andg ∼ 2.07, 2.01, 2.01 in
CO- or O2-treated samples, both observable without broaden-
ing at 70 K) on one-electron oxidation,Em ) -360 to-400
mV (Erbes et al., 1975; Adams, 1987, 1990; Kowal et al.,
1989). Mössbauer and57Fe-ENDOR studies clearly dem-
onstrate that the electron spin is coupled to cluster Fe, but
the coupling constants are much smaller than those observed
for conventional Fe-S clusters (Adams, 1990). Hence, an
analogous cluster-bound thiyl radical species may also be
responsible for the anomalous properties of the oxidized
forms of this enzyme. A redox-active heterodisulfide
involving a cysteine attached to a cluster sulfide is certainly
an attractive possibility for the Fe-hydrogenase active site.
Finally, the X-ray structure of the nitrogenase P-clusters
indicates a disulfide linkage between cluster sulfides of the
two bridged cubane clusters (Chan et al., 1993). If this
disulfide is redox-active, it would provide an attractive
candidate for a H2-evolution site (Chan et al., 1993).
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