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Abstract: Light regulation of enzyme activities in oxygenic photosynthesis is mediated by ferredoxin: thioredoxin reductase
(FTR), a novel class of disulfide reductase with an active site comprising a [Fe4S4]>" cluster and an adjacent disulfide, that catalyzes
reduction of the thioredoxin disulfide in two sequential one-electron steps using a [Fe;S,]*™* ferredoxin as the electron donor.
In this work, we report on spectroscopic (EPR, VTMCD, resonance Raman, and Mdssbauer) and redox characterization of the
active site of FTR in various forms of the enzyme, including wild-type FTR, point-mutation variants at each of the active-site cysteine
residues, and stable analogues of the one-electron-reduced FTR-Trx heterodisulfide intermediate. The results reveal novel site-
specific FesS4-cluster chemistry in oxidized, one-electron-reduced, and two-electron-reduced forms of FTR. In the resting enzyme, a
weak interaction between the Fe;S, cluster and the active-site disulfide promotes charge buildup at a unique Fe site and primes the
active site to accept an electron from ferredoxin to break the disulfide bond. In one-electron-reduced analogues, cleavage of the
active-site disulfide is accompanied by coordination of one of the cysteine residues that form the active-site disulfide to yield a
[FesS4*" cluster with two cysteinate ligands at a unique Fe site. The most intriguing result is that two-electron-reduced FTR in which
the disulfide is reduced to a dithiol contains an unprecedented electron-rich [FesS4J>" cluster comprising both valence-delocalized and
valence-localized Fe?*Fe®" pairs. These results provide molecular level insights into the catalytic mechanism of FTR, and two
viable mechanisms are proposed.

Introduction of targeé enzymesvia dithiol/disulfide exchangeto optimize
light-dependeninetabolismt:3 The majority of disulfidereduc-
tases in biology are flavoenzymes that function by concerted
two-electron steps, using NAD(P)H as the electron donor to
reduce an active-site flavin which in turn reduces an adjacent
disulfide#=6 In contrast, FTR is unique in using a one-electron
donor in the form of reduced [E8;] Fd and an active site
comprising a [F§S4] cluster in close proximity to an active-
site disulfide’~® Understanding the molecular role of the active-
site Fe—S cluster in mediating disulfide reduction in two

Ferredoxin:thioredoximeductasgFTR) is a novel type of
disulfide reductasehat playsa centralrole in light regulation
of oxygenicphotosynthesig chloroplasts. FTR functionsas
a signal transducer,catalyzing the conversionof the light-
induced electronic signal in the form of reduced [Fe,S;]
ferredoxin(Fd) to a chemicalsignalin the form of thereduced
dithiol form of thioredoxins(Trx) m andf:?

+ . N .
2Fdeq+ TrXoy + 2H" — 2Fd,, + TrXoq sequential one-electron steps and facilitating substrate reduction
promises to reveal new site-specific functionality for biological
The reducedTrxs subsequentlyactivateor inactivatea range [FesSq] clusters.
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Figure 1. Crystallographically defined active-site structureSyhechocystis
FTR? Color code: Fe= green; S= yellow; C = gray; N= blue; O=
red.
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turnover in the presence of Trx, and found to have EPR
properties identical to those of oxidized NEM-FTRHence,
NEM-FTR provides a stable analogue of the one-electron-
reduced intermediate, thereby facilitating detailed spectroscopic
characterization. The combination of UWisible absorption,
EPR,>Fe andH electron nuclear double resonance (ENDOR),
variable-temperature magnetic circular dichroism (VTMCD),
resonance Raman, and Mdssbauer spectroscopies have shown
that NEM-FTR contains a novel type 8f= 1/, [Fe;Sy]3" cluster

with an anomalously low redox potential for the jBg3*/2*
couple (& = —210 mV at pH 7)31911The structural and redox
properties, coupled with the Md&ssbauer characterization of
oxidized wild-type spinach FTR and oxidized spinach NEM-
FTR, which indicate that one-electron reduction is accompanied
by site-specific oxidation at a unique Fe site of the ¢
cluster!! have led to the proposal that oxidized NEM-FTR and,
by analogy, the one-electron-reduced intermediate comprise a
[FesS4]3" cluster with two cysteinate ligands at the unique Fe
site (Cys55 and Cys87 BynechocystiBTR; Cys52 and Cys84

in spinach FTR}112 Hence, one-electron reduction can be
formally viewed as two-electron reduction of the disulfide with

FTR is a heterodimer comprising a highly conserved 13-kDa concurrent one-electron oxidation of the cluster due to coordina-

catalytic subunit, which houses the jSg cluster and the  tion of an additional cysteinate ligand. This provides a means
adjacent disulfide, and a variable subunit of similar or smaller of anchoring one of the active-site thiol ligands via cluster
size, which shows little sequence conservation between spe-coordination (the cluster-interacting or electron-transfer thiol),
cies”8 Synechocystisp. PCC6803 FTR has been structurally While freeing the other thiol (interchange thiol) for nucleophilic
characterized in the oxidized state by X-ray crystallography at attack of the Trx disulfide to form an FTR/Trx heterodisulfide

1.6 A resolution and was found to be a concave disk; 3D A
in diameter and 10 A across at the cefitde cluster and

intermediate. Further one-electron reduction reduces the cluster
to the [FQS4]%" state and releases the electron-transfer thiol to

disulfide are positioned near the center of the disk with putative reform the active-site disulfide, with concomitant cleavage of

binding sites for the [F£5,] Fd on the [FgS4] cluster side and
for Trx on the disulfide sid&.Crystallography confirmed the

the heterodisulfide and formation of the reduced dithiol form
of Trx. The proposed mechanistic scheme is depicted in Figure

active-site structure deduced from spectroscopic and chemical2.*?

modification studies of spinach FTF;1°comprising a [F§54]
cluster ligated by four cysteinyl ligands (Cys55, Cys74, Cys76,
and Cys85 forSynechocystjsadjacent to an asymmetrically
disposed disulfide (Cys57 and Cys87 f®ynechocyst)s As
shown in Figure 1, the active-site disulfide is very close to the
cluster with the S atom of Cys87 3.1 A from both a cluster Fe

The mechanistic scheme shown in Figure 2 predicts specific
and noninterchangeable roles for each of the two active-site
cysteines and the existence of an FTR/Trx heterodisulfide
intermediate analogous to oxidized NEM-FTR. The primary
objective of this study was therefore to test these predictions
by characterizing the spectroscopic and redox properties of the

and the S atom of the coordinating Cys residue (Cys55) and [Fe,s,] clusters in variants involving site-specific mutations of

3.4 A from aus-S*~.9 Moreover, the possibility of a weak

each of the active-site cysteine residues and in a stable

interaction between the disulfide and the unique Fe site is peterodisulfide complex involving FTR and an active-site

suggested by thes-S—Fe—S(Cys55) angle that is opened to
129° and by Mdssbauer studiés!?

Spectroscopic studies of wild-type spinach FTR and a
chemically modified inactive form, termed NEM-FTR, in which
Cys54 (corresponding to Cys57 i8ynechocystis=TR) is
selectively alkylated withN-ethylmaleimide (NEM), have

cysteine variant of Tr¥3 To this end, we report EPR, VTMCD,
resonance Raman, Mdssbauer, and redox studies of wild-type,
NEM-modified, C57S, and C87/&ynechocystiETR as well

as theSynechocystiBTR/Trx m heterodisulfide complex. The
results confirm the proposal of distinct and noninterchangeable
roles for the active-site cysteines and the formation of an FTR/

provided insight into the catalytic mechanism and the nature of 11y heterodisulfide complex that is a potential analogue of a

the one-electron-reduced intermedi&t&!? While both the
oxidized (disulfide) and the two-electron-reduced (dithiol) forms
of FTR containS = 0 [FeS4)?* clusters, a transiers = %/,

one-electron-reduced catalytic intermediate, with spectroscopic
and redox properties similar to those of oxidized NEM-FTR.
In addition, the Mossbauer studies reveal novel site-specific

species corresponding to a one-electron-reduced intermediatetF&S‘l] cluster chemistry in all three redox states of FTR

was observed via freeze-quench EPR studies on reduction with

stoichiometric reduced methyl viologen and during catalytic
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Figure 2. Proposed catalytic mechanism for FFResidue numbering is f@ynechocystiETR. Square brackets are used to indicate transient intermediates.
Experimental Methods C87A FTR, andks;0= 19 500 Mt cm™ for NEM-FTR, C57S FTR,
and the FTR/C40S Trm heterodisulfide comple$é 516
Protein Expression and Purification. The construction of the Dye-mediated redox titrations were performed on NEM-FTR and

overexpression strains as well as the procedures used for overexpresihe FTR/C40S Trm heterodisulfide complex at ambient temperature
sion and purification of wild-type, C87A, and C578/nechocystis (25—27°C) in a Vacuum Atmospheres glovebox under argefi ppm
FTR, wild-type spinach FTR, and the C40S variant of spinachriirx  o,). The pH dependence of the midpoint redox potential was determined
have been described elsewh&r& Incorporation of’Fe for Méssbauer using enzyme in a buffer cocktail containing 200 mM MES, MOPS,
analysis was effected by addition 8fFe ferric ammonium citrate  ang TAPS buffers, which allows for easy variation of the pH in the
to chelex-resin-treated LB media to a final Fe concentration of 5 mg/ gesired range (6.0—8.5). Mediator dyes were added, each to a final
L concentration of 5&M, to cover the desired range of redox potentials,
Sample Preparation and Handling.Recombinant wild-type spinach  that is, methyl viologen, benzyl viologen, neutral red, safranin,
and SynechocystiE TR were initially purified with varying amounts phenosafranin, anthroquinone-1,5-disulfonate, indigodisulfonate, me-
of the enzyme in a form that closely resembles NEM-FTR based on thylene blue, 1,2-naphthoquinone, duroquinone, and 1,2-naphtho-
EPR studies (up to 20% based on EPR spin quantitations). The EPR-quinone-4-sulfonate. The starting point of the titrations was the oxidized
silent oxidized form of recombinant FTR was generally obtained only as-prepared sample, and the potential was poised by reductive titration
after redox cycling the enzyme by dithionite reduction followed by O  using 10 mM dithionite in the redox titration buffer at the same pH as
oxidation. This redox-cycled form of oxidized wild-type FTR was used the protein titration mixture. Upon completion of the reductive titration,
as the starting material for the formation of methyl viologen reduced 10 mM potassium ferricyanide in the same redox titration buffer was
FTR, NEM-FTR, and the heterodisulfide complex between FTR and added to return the potential to a value approximately that of the starting
C40S Trxm. The formation of the heterodisulfide complex was material to test whether the reduction was reversible and to access the
performed as described elsewh&@&oth C87A and C57S FTR were  extent of reoxidation. For all data points, a 0.25-mL aliquot was
used in the as-purified form, and spectroscopic studies gave no transferred to an EPR tube after equilibration at the desired potential,
indication of heterogeneity in the vicinity of the [fS]?* cluster. Unless and the sample was immediately frozen in liquid nitrogen. Potentials
otherwise indicated, all forms of FTR were in 20 mM triethanolamine- were measured with a platinum working electrode and a saturated
HCI buffer, pH 7.3, and were handled under anaerobic conditions in a calomel reference electrode and are reported relative to NHE. All redox
Vacuum Atmospheres glovebox under an Ar atmosphefegpm Q). titration data have been normalized for dilution effects that occur
Selective NEM modification of Cys57 of WT FTR to form NEM-  throughout the reduction titration. To assess if cleavage of the FTR/
FTR was carried out by reducing FTR under anaerobic conditions with C40S Trxm heterodisulfide occurs concomitant with the EPR-monitored
a 3-fold excess of reduced methyl viologen, incubating for 30 min to reduction of the complex, samples poised at selected potentials were
ensure complete reduction of the active-site disulfide, followed by removed and loaded onto a 5-mL High-Performance Q-Sepharose
cooling on ice for 10 min and treating with a 5-fold excess of NEM column under strictly anaerobic conditions inside the glovebox. A linear
for 2 min prior to quenching the reaction by exposure to air. Excess gradient from 0.0 to 0.5 M NaCl in 20 mM triethanolamine-HCI, pH
reagents were removed by gel-filtration, and the sample was concen-7.3 buffer was used to elute the components and separate the FTR/Trx
trated by Amicon ultrafiltration using a YM10 membrane. Sample mcomplex from free C40S Trmand wild-type FTR. The components
concentrations were based upom = 17 400 Mt cm™* for WT and

(15) Droux, M.; Jacquot, J.-P.; Miginac-Maslow, M.; Gadal, P.; Huet, J. C.;
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Sci.2000,158,107—113. (16) Schirmann, P.; Gardet-Salvi, Chimia1993,47, 245—246.




in the elution profile were identified by parallel studies of the elution
profiles of the oxidized FTR/Trxn complex, C40S Trm, and wild-
type FTR.

Spectroscopic MeasurementsX-band (~9.6 GHz) EPR spectra

were recorded on a Bruker ESP300E spectrometer equipped with an

ER-4116 dual mode cavity and an Oxford Instruments ESR-9 flow

cryostat. Raman spectra were recorded with an Instruments SA U1000

spectrometer fitted with a cooled RCA 31034 photomultiplier tube,
using 457-nm excitation from a Coherent Innova 10-W" Aaser.
Scattering was collected at 9&rom the surface of a frozen 14L
droplet of protein in a specially constructed anaerobic cell mounted on
the coldfinger of an Air Products Displex model CSA-202E closed
cycle refrigeratot! The spectrum of the frozen buffer solution,
normalized to the intensity of the ice-band at 230 &nrhas been
subtracted from all of the spectra shown in this work. Variable-

temperature magnetic circular dichroism (VTMCD) measurements were

carried out with an Oxford Instruments Spectromag 4000 split-coil

superconducting magnet mated to a Jasco J715 spectropolarimeter using

the published protocol$:*® M&ssbhauer spectra were recorded using
the previously described spectromet®3he zero velocity refers to
the centroid of the room-temperature spectra of metallic iron foil.
Analysis of the Mossbauer data was performed with the program
WMOSS (WEB Research).

Results

Previous spectroscopic investigations on FTR have concen-

trated on the oxidized and NEM-modified forms of the native
and recombinant forms of the spinach enzy##@!! In this
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Figure 3. Mdssbauer spectra of oxidized wild-ty®ynechocysti§TR.

The data (hatched marks) were recorded at 4.2 K in a magnetic field of 50
mT (A) or 6 T (B) applied parallel to the-radiation. The solid lines overlaid

with the experimental spectra are least-squares fits to the data using three
quadrupole doublets with an intensity ratio of 1:1:2 representing three Fe
sitesa, b, andc (see text and Table 1). The spectra representing the
individual Fe sites are shown above the experimental spectra as solid lines

manuscript, the emphasis is on spectroscopic characterizatior{site 2), dashed lines (sits), and dotted lines (site).

of crystallographically defined recombinant FTR fro8yn-
echocystisand selected site-specific variants, in each of their

within the cluster. Site, however, with its larged and AEg,

accessible redox states. Spectroscopic data of oxidized andepresents a unique Fe site with atypical coordination environ-

NEM-modified SynechocystiE TR will also be presented for

ment. Based on the X-ray crystallographic structure determined

the purposes of establishing the commonality between the for Synechocysti$-TR? site a is assigned to the Fe atom

spinach an®ynechocystisnzymes, and for providing references
for comparison studies with those of the other forms of FTR
that are characterized in this work.

Oxidized FTR. Figure 3 shows the 4.2-K Méssbauer spectra
of oxidized recombinarsynechocystiETR recorded in a weak
magnetic field of 50 mT (A) and a strong field of 6 T (B) applied
parallel to they beam. The presence of a unique Fe site in the
[FesSy] cluster is readily observable as a prominent shoulder
on the side of the high energy line of both spectra. Similar to
oxidized recombinant spinach FTR.these spectra can be
interpreted as superpositions of three spectral components wit
an intensity ratio of 1:1:2, corresponding to three distinct Fe
sites,a, b, andc (Table 1), arising from the diamagnefe= 0
ground state of a [R&4]?" cluster. Within experimental errors,
the parameters obtained f8ynechocystiE TR (Table 1) are
identical to those reported for spinach F¥RSitesb andc
exhibit parameters within the ranges observed for typical

coordinated to residue C55 (C52 for spinach FTR). This Fe atom
and the coordinated cysteinyl-S atom are in van der Waals
contact (3.1 A) with one of the S atoms that form the active-
site disulfide (C57 and C87), see Figure 1, resulting in an iron
site having a distorted tetrahedral coordinafidh?and thus
increased\Eq. We have suggested that this interaction between
the unique Fe and the active-site disulfide is of mechanistic
importancet! It promotes charge buildup at the unique Fe site
(and therefore the increasédvalue), making it an electron
donor, and polarizes the disulfide bond, making the interacting

pS of C87 an electron acceptor. The resting enzyme is therefore

primed to accept an electron for the breaking of the disulfide
bond.

The resonance Raman spectrum of the oxidized recombinant
SynechocystiETR (Figure 4A) is very similar to that reported
and assigned for the native spinach enzyme as pufifat
the frequencies and relative intensities of the bands are

[FesSi2* clusters and thus represent Fe sites of regular chara.cter.istic of [FL;$4]2+ clgsters with comple'Fe cysteinyI-S
coordination (i.e., tetrahedral S coordination) and oxidation state co0rdination’® Weak interaction between the unique Fe site and

(Fe#5") that are expected for a [F&]%" cluster?l=24 The
doubled absorption intensity determined for siténdicates
further that it represents a valence-delocalized"Fe** pair

(17) Drozdzewski, P. M.; Johnson, M. Kppl. Spectrosc1988,42, 1575—
1577.

(18) Johnson, M. K. IrMetal clusters in proteins; Que, L., Jr., Ed.; American
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Am. Chem. Sod 994,116, 8007—8014.

the disulfide is not readily apparent in the resonance Raman
spectrum. However, as discussed below, interaction with the
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Biochem.1978,88, 135—141.
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Table 1. Mossbauer Parameters of Various Forms of Ferredoxin:Thioredoxin Reductases from Synechocystis and Spinach?

cluster state protein Fe site o (mm/s) AEq (mm/s) n Al G (T) AplGnfn (T) AdGgBn (T)
[FesSa]?* oxidized a 0.54 (2) 1.84 (3) 0.0
S=0 Syn.FTR b 0.39 (2) 1.07 (3) 05
c 0.45 (2) 1.24 (3) 05
Syn.C87A FTR a 0.51(2) 1.65 (3)
b 0.43 (2) 1.05 (3)
c 0.43(2) 1.27 (3)
reducedSyn. a 0.67 (2) 2.52 (3) 0.0
C57S FTR b 0.35(2) 1.00 (3) 0.9
c 0.49 (2) 1.12 (3) 0.8
MV-reduced a 0.69 (2) 2.58 (3)
spinach FTR b 0.35(2) 1.00 (3)
c 0.49 (2) 1.13(3)
[FesSq 3t oxidizedSyn. a 0.32 1.2 0.3 20.5 (2.0) 20.5 (2.0) 8.0 (2.0)
s=1, NEM-FTRP b 0.29 -0.9 0.5 22.0 (1.0) 22.0 (1.0) 19.5 (2.0)
c 0.45 1.2 0.0 —30.0 (1.0) —25.0(1.0) —25.0 (1.0)

aValues in parentheses indicate uncertainties in the last digitse
comparable to th&’Fe nuclear precession rate, resulting in an extremel

electronic relaxation rate of NEM-FTR at high temperatures (above 200 K) is
y broad, asymmetric, and poorly defined doublet. This has prevented us from obtaining

an accurate measure of thdg ando values. In the analysis, th®Eq values were restricted within a range (882 mm/s) that is not in conflict with the

high-temperature data. To further reduce the number of parameters,

the magnetic hypeefirers for the three Fe sites were assumed to be axial. With

these assumptions, the uncertainties fordhelues were estimated to Be0.02 mm/s. The uncertainties of tiievalues were estimated by varying each

A value separately while keeping all other parameters fixed.
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Figure 4. Comparisorof theresonanc®amarspectraof [FesS4)2" centers
in wild-type, C57S,and C87A SynechocystiETR: (A) Oxidized wild-

type FTR; (B) aspurified C87A FTR; (C) dithionite-reducedC57SFTR.

All sampleswvere~3 mM in FTR, andall spectrawererecordedat 17 K

using457.9-nmlaserexcitationwith ~200mW laserpowerat the sample.
Eachscaninvolved photoncountingfor 1 sat 1 cm™* incrementswith 7

cm~1 bandwidth,and eachspectrumis the sumof 80—100 scansFor all

spectrathe vibrational modesoriginating from the frozen buffer solution
havebeensubtractedafter normalizingthe intensitiesof the “ice-band” at
231cm L,

250 450

disulfide is suggestedoy changesin the resonanceRaman
spectreof the [Fe4Sy]%™ centerin oxidizedFTR ascomparedo
the spectraof the [Fe;S4)%" centersin the as-purified C87A
variantand dithionite-reduced-57Svariant,seeFigure 4.
Oxidized NEM-FTR. Oneof the cysteineresiduesorming
the active-sitedisulfide (Cys54in spinachFTR and Cys57in
SynechocystiBTR) becomesolventexposedn reductionand
hencecanbeselectivelyalkylatedby NEM in methylviologen-
reducedFTR, resulting in the formation of NEM-FTR. In
contrasto oxidizedwild-type FTR, whichis EPRsilent, NEM-
FTR showsan intensenear-axialS = %, EPR signalin the
oxidized(as-purified)form 810 Figure5A shows the85-K EPR

]
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Figure 5. Comparison of the X-band EPR spectra of f&4°* centers in
the oxidized (as purified) forms @ynechocystiETR samples: (A) NEM-
FTR (185uM); (B) wild-type FTR/C40S Trxm heterodisulfide complex
(95 uM); (C) C57S FTR (25%M). EPR conditions: temperature, 35 K;
microwave power, 1 mW; modulation amplitude, 0.63 mT; microwave
frequency, 9.60 GHz.

spectrum of oxidize®ynechocystEM-FTR, which comprises

a near-axial resonance with= 2.11, 1.99, and 1.98. Very
similar EPR signals have been reported for the oxidized NEM-
modified form of native spinach FTRI® and in both the
resonances account for approximately 1 spin/FTR and can be
observed up to 150 K without significant broadening.

The observations that oxidized NEM-FTR exhibits an EPR
signal with an averagg value larger than 2.0 and that one-
electron reduction converts ti&= Y/, EPR-active NEM-FTR
into an EPR-silent form with & = 0 [F&S)%" clustef are
consistent with NEM-FTR containing a [F&]3"2" cluster.
Moreover, optical absorption, resonance Raman, ENDOR,
VTMCD, and Mdssbhauer spectroscopigis!! have been used
to characterize oxidized spinach NEM-FTR, and the results
unambiguously confirmed the presence of a,fzF" cluster.
The VTMCD spectra of oxidizedSynechocystiNEM-FTR
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Figure 6. Comparison of the VTMCD spectra of [F&]3* centers in the . . fth
oxidized (as purified) forms oSynechocysti€TR samples. (A) MCD Figure 7. Comparison of the resonance Raman spectra afif¢ centers

: . in the oxidized (as purified) forms dbynechocystiETR samples: (A)
spectra of NEM-FTR collected at 1.68, 4.22, and 10.4 K, with a magnetic in : P
field of 6 T. (B) MCD spectra of wild-type FTR/C40S Tmheterodisulfide ~ N=M-FTR, (B) wild-type FTR/C40S Trm heterodisulfide complex, and
complex collected at 1.68 , 4.22, 10.4, 25, and 50 K, with a magnetic field (C) C57S FTR. Al sgamples were3 mM in F.TR.’ and'all spectra were
of 6 T. (C) MCD spectra of C57S FTR collected at 1.68, 4.22, 10.4, 25, 'écorded at 17 K using 457.9-nm laser excitation with75 mW laser
and 50 K, with a magnetic field of 6 T. For all spectra, the intensity of all power at the sample. Each scan involved photon counting fat 1 cm

MCD bands (positive and negative) increases with decreasing temperature.increments with 7 cm bandwidt_h, af‘d each spectrum is_ the sum of 70
100 scans. For all spectra, the vibrational modes originating from the frozen

. - . buffer solution have been subtracted after normalizing the intensities of
(Figure 6A) are very similar to those observed for the spinach o «ice-band” at 231 cnt. 9

enzymé and show saturation magnetization behavior consistent

with transitions originating from @ = 1/, ground state, [FesS43t2* couple is at least 500 mV lower, and the ground-
indicating that both the EPR and the VTMCD transitions are state spin relaxation rate for ti8e= 1/, [Fe;S4]%* center is much
arising from the same paramagnetic ground state. The complexslower. The difference in spin relaxation is manifest by the
and intense pattern of VTMCD bands observed for oxidized ability to observe the EPR signal at 150 K without broadening
NEM-FTR can only be interpreted in terms of the unpaired spin for oxidized NEM-FTR samples, whereas the oxidized HiPIP
being associated with a [F®]3* cluster. However, the VTMCD  EPR signals can only be observed at a temperature below 30
spectra are quite distinct from those observed for,$gé+ K.2® These differences suggest a new-type of,fzE* cluster
clusters in high-potential iroasulfur proteins (HiPIPs¥¢ sug- in NEM-FTR.

gesting some unique excited-state electronic properties for this  In oxidized NEM-FTR, the active-site disulfide bond has been
type of [FeS4]3* center. The resonance Raman spectrum of cleaved by a two-electron reduction, and, as indicated by the
oxidized SynechocystiNEM-FTR (Figure 7A) is also very  above-mentioned spectroscopic data, the;$ecluster is in
similar to that reported and assigned for oxidized spinach NEM- the 3+state. Consequently, oxidized NEM-FTR is one-electron
FTRE Furthermore, the changes in the resonance Ramanmore reduced than the resting enzyme. Previous investigations
spectrum of oxidize®ynechocystiSEM-FTR as compared to ~ have shown thaS = Y/, EPR signals analogous to that of
that of the [FgS4]2" center in oxidizedSsynechocystiBTR (cf. oxidized NEM-FTR were observed as transient species in
Figures 7A and 4A), that is, small upshifts§ cm 1) in most spinach FTR during catalytic turnover and during reduction with
of the predominantly bridging FeS stretching modes and large ~ substoichiometric amounts of reducing ag¥r®n the basis of
upshifts (=17 cm?) in all of the predominantly terminal Fe these observations, it has been suggested that NEM-FTR
S(Cys) stretching modes, are consistent with the presence of gprovides a stable analogue of a one-electron-reduced catalytic
[FesSy)3* cluster in oxidized NEM-FTR. Nevertheless, the intermediate in the enzymatic cycléFurthermore, the differ-
resonance Raman spectrum of NEM-FTR shows significant ence in solvent accessibility of the two thiols of the active-site
differences, as compared to those reported fogJfé&" centers disulfide has led to the proposal that the more exposed thiol
in HiPIPs2728suggesting some unique structural properties for (Cys57 in Synechocystis), termed the interchange thiol, is
this type of [F@S4]3* center. In addition, there are intriguing responsible for attacking the substrate disulfide, while the less
differences in the redox and ground-state electronic propertiesexposed thiol (Cys87 irBynechocystis), termed the cluster-
for the [FaSy]3* cluster in oxidized NEM-FTR as compared to interacting thiol, interacts with the nearby [Sg cluster,
those in HiPIP$:0In particular, the midpoint potential for the ~ resulting in a novel cluster with five cysteine ligands. The
observed anomalous structural, electronic, and redox properties

(26) Johnson, M. K.; Robinson, A. E.; Thomson, A. Jldon—sulfur proteins, 3+ i idi -
1st ed.; Spiro, T. G., Ed.; Wileylnterscience: New York, 1982; pp 367 for _the [FQS‘J cc_ente_r in_ oxidized NEM FTR _Were thl.!S
406. attributed to coordination of the cluster-interacting cysteine,

(27) Czernuszewicz, R. S.; Macor, K. A.; Johnson, M. K.; Gewirth, A.; Spiro, 10 indi i i
TG, 3. Am. Chem. Sod987. 109, 71787187, Cys87, to the F£5 clusteri® The binding site for the fifth

(28) Backes, G.; Mino, Y.; Loehr, T. M.; Meyer, T. E.; Cusanovich, M. A.;
Sweeney, W. V.; Adman, E. T.; Sanders-Loehg.JAm. Chem. So4991, (29) Dunham,W. R.; Hagen,W. R.; Fee,J. A;; SandsR. H.; Dunbar,J. B.;
113, 2055—2064. Humblet, C. Biochim.Biophys.Acta 1991,1079,253—262.
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T T T T T HiPIP and in NEM-FTR is that the two ferric ions are
indistinguishable in HiPIP, but they are distinct in NEM-FTR.
This distinction between the two ferric sites is most obvious in
the 8-T spectrum (Figure 8C) in which the corresponding
spectral componenta,andb, are clearly resolved in the region
betweert3 and+4 mm/s. Moreover, our detailed analysis of
these field-dependent spectra yielded diffe@ntlues for the
two ferric sites (Table 1). While the smallérvalue, 0.29 mm/
s, determined for sitd is consistent with ferric sites with
tetrahedral sulfur coordinatio®;33the largen value, 0.32 mm/
s, determined for site suggests a ferric site with a higher
coordination number, consistent with binding of a fifth ligand
at this site. A comparison of the parameters of NEM-FTR with
those of the as-purified FTR shows that, while there are
practically no changes observed for th&g and ¢ values for
site ¢, significant reductions in thé values are observed for
sitesa andb, indicating that oxidation of the cluster occurs at
these two Fe sites. The larger reductiondodbserved for site
a (0.54 to 0.32 mm/s) further indicates that most of the reducing

Absorption (%)

|
4 -2 0 2 4 equivalent is removed from this unique Fe sit&Consequently,
Velocity (mm/s) the Mdssbauer data not only confirm theé 8xidation state of
Figure 8. 4.2-K Mdssbauer spectra of oxidiz&nechocystislEM-FTR the [F@Sy] cluster in NEM-FTR, the data also reveal detailed
recorded in a parallel field of 50 mT (A), 4 T (B), and 8 T (C). The data electronic and structural changes at the,fzf cluster upon
(hatched marks) can be decomposed into three components with an intensity\ En-modification. That is, the unique Fe site, identified in the

ratio of 1:1:2 representing two distinct ferric sites (siteandb) and a . P S .
valence-delocalized P&F&™ pair (sitec). An S = Yy ground state is  @s-purified FTR, retains its distinctiveness in the NEM-FTR

assumed for the analysis. The theoretical spectra corresponding to the thre€omplex, in which alkylation of Cys57 results in coordination
components are shown above the experimental spectra as solid lines (sitof Cys87 to the unique Fe site and oxidation of the cluster.

a), dashed lines (sit), and dotted lines (site). The sums of the three  \1qra6ver, the unique Fe site provides most of the reducing
components are plotted as solid lines overlaid with the experimental spectra. !

The parameters used for the simulation are listed in Table 1. This NEM- €duivalent removed from the cluster.
reacted sample contains approximately 12% methyl viologen-reduced FTR ~ Wild-Type FTR/C40S Trx m Heterodisulfide Complex.

(starting materials). For clarity, the cc_)ntribution fro_m the redu_ced FTR has Recently, a detailed investigation of the interactions of wild-
been removed from the raw data using spectra simulated with parameterst e and site-specific variants d&vnechocvstisTR with
listed in Table 1 for the reduced FTR-C57S. YP P y Yy )
spinach Trxm andf has shown that stable FTR/Trx heterodis-
cysteine ligand, however, was not identified. More recently, our ulfide complexes can be formed using active-site modified
initial Méssbauer characterization of the spinach FTR has Trxs!® These complexes are analogues of a potential catalytic
confirmed the binding of a fifth cysteine ligand to the JBg3" intermediate (see Figure 2) and have been shown to exhibit
cluster in oxidized NEM-FTR! Furthermore, due to the ability ~ optical spectra indicative of an oxidized [Sg]** cluster in
of Méssbauer spectroscopy to differentiate and detect individual the oxidized (as purified) form. To further investigate the
Fe sites within a cluster, the fifth cysteine coordination site was structural and electronic properties of the{& cluster in FTR/
revealed to be the unique Fe sie Here, a more detailed Trx heterodisulfide complexes, we report here a detailed
Mossbauer study of th8ynechocystislEM-FTR is presented.  spectroscopic characterization of the FTR/Trx heterodisulfide
At 4.2-K, oxidized SynechocystiBIEM-FTR exhibits mag- complex formed with wild-typé&ynechocystiBTR and spinach
netic field-dependent Mdssbauer spectra (Figure 8) that areC40S Trxm.
consistent with a paramagnetic= 1/, electronic ground state. Figure 5B shows the 35-K EPR spectrum of the FTR/C40S
These spectra are very similar to those observed for oxidized Trx m heterodisulfide complex. The spectrum is very similar
spinach NEM-FTR! and, as reported for the spectra of the to that of NEM-FTR shown in Figure 5A and exhibits a near-
spinach enzyme, can also be decomposed into three componentaxial S = %/, EPR signal withg = 2.11, 1.99, and 1.97. This
with an intensity ratio of 1:1:2. This intensity ratio, together signal accounts for approximately 1 spin per molecule of the
with the parameters (Table 1) determined for the components,complex. As mentioned above, the }jBg3" cluster in NEM-
indicate a cluster composed of two ferric sites (s@esndb) FTR displays atypical electronic relaxation behavor that allows
and a valence-delocalized#&€*" pair (sitec), consistent with its EPR signal to be observed up to 150 K. Similarly, the EPR
the [Fa@S4®*+ assignment. The magnitudes and signs of the signal of the FTR/Trxm complex can also be observed up to
magnetic-hyperfiné tensors compare well with those of the 150 K without significant broadening. The VTMCD spectrum
[FesSy]3" cluster in HiPIP3031 The opposite signs of tha of the heterodisulfide complex (Figure 6B) displays a complex
tensors reflect the antiparallel orientations between the spin of pattern of temperature-dependent bands that is very similar to
the mixed-valence pair and the spins of the two ferric sites. A that of oxidized NEM-FTR (Figure 6A) and exhibits similar
major difference observed between the f&§* clusters in temperature and magnetic-field dependence. Not surprisingly,

(30) Bertini, I.; Campos, A. P.; Luchinat, C.; Teixeira, Nl.Inorg. Biochem. (32) Moura, I.; Huynh, B. H.; Hausinger, R. P.; LeGall, J.; Xavier, A. V.; Minck,
1993,52, 227—234. E. J. Biol. Chem.1980,255, 2493—2498.
(31) Middleton, P.; Dickson, D. P. E.; Johnson, C. E.; Rush, JEDx. J. (33) Yoo, S. J.; Meyer, J.; Achim, C.; Peterson, J.; Hendrich, M. P.; Mlinck, E.

Biochem.1980,104, 289—296. J. Biol. Inorg. Chem2000,5, 475—487.
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LA S B B B B absorption spectra typical of [F&]%" and [FeS4]3" centers,
0.0 WW'\\ //"’W“ T respectivelyt? Here, we present the resonance Raman spectrum,
A . /'\l‘ f‘. # the 35-K EPR spectrum, the VTMCD spectra, and the 4.2-K
I'. || | 'I ,\,' 8-T Mdssbauer spectrum of oxidiz&ynechocysti€57S FTR,
oo MI wnloy respectively, in Figures 5C, 6C, 7C, and 9C for comparison
v with the corresponding spectra of the oxidiz8gnechocystis
' NEM-FTR and the wild-typeSynechocystis TR/C40S Trxm
A heterodisulfide complex. It is plainly apparent that the spectro-

oO\\_©
T AT
-
.
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ANY

scopic data of these three forms of FTR are almost indistin-
guishable, indicating strongly that the electronic structures of

AT
\\

\ the [FaS4] clusters in all three proteins are identical. In other
0.0 M ' Wr'\ words, oxidized C57S FTR also contains a novel five-cysteine
C .\ \ p\ f coordinated [F£54)%* cluster with a unique five-coordinate Fe
1.0 I \ f / . site. Thus, the spectroscopic data demonstrate that substitution
! of the interchange thiol, Cys57, frees the cluster-interacting thiol,
r 'J Cys87, to react with the [R&4] cluster and results in coordina-
tion of Cys87 to the unique Fe sitan the oxidized state. These
Vl data provide strong support for the detailed mechanism proposed
Ll L1 for the interaction between Cys87 and the &g cluster!?
In accord with the UV—vis absorption spectroscdpyhe
Velocity (mm/s) resonance Raman spectrum ®ynechocysti€87A FTR as
Figure 9. Comparison of the Mdsshauer spectra of4flaf** centers in purified (Figure 4B) shows vibrational bands indicative of

the oxidized (as purified) forms @&ynechocystiBTR samples: (A) NEM- pa : L .
FTR; (B) wild-type FTR/C40S Trnm heterodisulfide complex; (C) C57S [FesSy]** cluster. The spectrum is very similar to that of oxidized

FTR. The spectra were recorded at 4.2 K in a parallel field of 8 T. Synechocystis=TR (Figure 4A), and the only significant

h fth Trx h disulfid difference lies in a 5-cm upshift in the highest frequency F&
the resonance Raman spectrum of the FTR/Trx heterodisulfi estretching band, which is centered at 393-érin the C87A

complex (Figure 7B) also shows Raman bands that are V€Y yariant. This band is broad due to the overlap of two-Be

similar to those detected for NEM-FTR (Figure 7A), in both stretching modes, an asymmetric stretching mode of th8;Fe

g\tensmeshandl freque_nmes_.d_To ;ulr\ltré?\; ?:s_;;bllsZt_her_ll_glllaztles core and the symmetric F&5(Cys) stretching modeand the
etween the clusters in oxidize ) andin C40S change in frequency is likely to reflect greater resonance

Trx m heterodisulfide complex, Mdssbauer spectra of the enhancement of the higher energy symmetric-SECys)
heterodisulfide complex were recorded over a wide range of stretching mode. This would be consistent with more sym-
magnetlc_: f|_e|ds_ (50 mT to 8.T) for a deta|_led characterization metrical cluster ligation in the C87A variant due to loss of the
of the cﬁstmgwshable Fe sites present in the clus.ter. of the teraction with active-site disulfide. However, the identical
heterodisulfide complex. Within experimental uncertainties, the frequencies for the FeS stretching modes of the [F&]2* core
field-dependent Mossbauer spectra of the heterodisulfide com-; - wild-type and C87A FTR (asymmetric modes at 252 and

plex were found to be identical to those of NEM-FTR. Because 283 cntt and symmetic (breathing) mode at 337-drindicate

the slpe((j:t_ra of the lt_h;e]? clicijstipgtTFe sites i, ano_lc)Fgre begst h that loss of the active-site disulfide has no significant effect on
resolved in an applied field o , we present, in Figure 9, the o < cture of the RE, core.

4.2-K 8-T Mdssbauer spectrum of the heterodisulfide complex The Méssbauer spectrum of C87A FTR recorded at 4.2 K in
(Figure 9B) in_ comparison with th_e corresponding spectrum of a weak magnetic field of 50 mT (Figure 10) shows a ﬁearly
NEM-FTR (F_|gure_ 9A). Clearly, it can be seen that the two_ symmetric quadrupole doublet with apparent parametes) (
spectra are identical. Thus, the overwhelming spectroscopic _ 1.33 mm/s and> = 0.45 mm/s) that are characteristic of
evidence presented here has firmly established that the electronith:e‘l'sél]2 + cluster 322v23v31v34'1nterestingly in comparison with the
e s oot i ETESPONGN Spectm of iy S3nechocySITR (Fgre
. . P ' _3A), the prominent shoulder observed in the high-energy line
strongly supporting the suggestion that NEM-FTR represents of the wild-type spectrum is almost invisible in the spectrum
stable analogue of the one-electron-reduced FTR/Trx hetero-Of the C87A FTR. To obtain a quantitative comparison with
disulfide complex in the proposed mechanistic pathway (Figure the wild-type FTR. the spectrum of the variant is analyzed also
2). : I "
. . . by assuming that it is a superposition of three quadrupole
C57S. and C8.7A Variants ofSyngchocyst@TR. To obtain doublets with an intensity ratio of 1:1:2 corresponding to the
furthgr |nformat|on on the spegﬁc .roles' pIayed by the tqu three Fe sitesa, b, andc. (However, it should be noted that
cysteine res_ldues Of. the active-site d|su_|f|de, site-specific such a decomp;o:;ition of the varia;lt spectrum is not unique.
iygg%l?]t;)\//itlggsn\;irlatggssg;:ssﬁ t\ﬁcr)ifir:j Id;nedsc(r?ayrzcheind The lack of resolution of the variant spectrum prohibits a unique
iz)e/d by a variety of bicr))chemical me'ti?ods an'd s absoro- decomposition of the spectrum.) The resulting parameters are
. y y T . P listed in Table 1, and the corresponding theoretical simulations
tion spectroscop¥? Substitutions at either Cys57 or Cys87 result re shown in Figure 10, In comparison with the parameters of

in inactive enzymes, establishing that both residues are essenti . . .
for FTR function!® In accord with distinct roles for each of the he wild-type FTR, the parameters obtained for siteare

two active-site cysteines, the oxidized (as purified) forms of "y qqieion, p.; Dickson, D. P. E.; JohnsonC. E.; Rush, 3. D. Eur. J.
the C87A and C57S variants were found to exhibit -tXs Biochem.1978,88, 135—141.
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Figure 10. 4.2-K Mdssbauer spectrum dBynechocystisC87A FTR
recorded in a parallel field of 50 mT. The spectrum (hatched marks) is
least-squares fitted to three quadrupole doublets with an intensity ratio of
1:1:2 representing three Fe sitasb, andc. The resulting doublets are
shown above the experimental spectrum as a solid line &3jta dashed e

line (siteb), and a dotted line (site). The sum of the three doublets is 6 -4 -2 0 2 4 6
shown as a solid line overlaid with the data. The parameters are listed in Velocity (mm/s)
Table 1.

Figure 11. Mdossbauer spectra of dithionite-reducggnechocysti€57S

L. . . . . FTR. The spectra (hatched marks) were recorded at 4.2 K in a parallel
similar, while a decrease in tiievalue of siteaand anincrease  field of 50 mT (A) and 8 T (B). These spectra can be decomposed into

in the 6 value of siteb are observed. The difference between three components with an intensity ratio of 1:1:2 representing a valence-

the & values of sitesa andb has reduced from 0.15 mm/s in localized Fé*Fe** pair (sitesa andb) and a valence-delocalized¥&e**

th ified wild FTR 0 0.08 /s in th é87A iant pair (sitec). A diamagneticS= 0 ground state is assumed in this analysis.
€ as-puriied wi : -type 00. mm S '_n e varant.  The theoretical simulations of the individual components are shown above

Thus, on the basis of such an analysis, it is concluded that thethe experimental spectra as solid lines (sijedashed lines (sitb), and

C87A substitution has the effect of equalizing the charge dotted lines (site). The sums of the three components are shown as solid

distribution between sitea andb, resulting in a reduction of lines overlaid with the experimental spectra. The parameters are listed in

! . L Table 1.

the ferrous character of the unique Fe sitenaking it more

ferric like. This conclusion is consistent with the proposal that 3 dithionite-reduced C57S FTéamplerecorded in a magnetic

interaction between the cluster and the active-site disulfide (via field of 50 mT (A) and 8 T (B) applied parallel to the

Cys87) promotes the observed charge buildup at the unique Fey-radiation. In addition to an intense central quadrupole doublet,

site in the resting enzyme. which is similar to those of [F&4]2* clusters, the weak-field
C57S FTR can be reduced by dithionite, and the reduced spectrum (Figure 11A) shows a resolved outer quadrupole
protein shows optical spectra characteristic of a;$gé+ doublet that accounts for approximately 25% of the total Fe

cluster!3 Thus, the reduced C57S FTR provides an ideal system absorption. This outer doublet exhibits parametAis{= 2.52

for studying the interaction between the JBg2" cluster and mm/s andd = 0.67 mm/s) that are indicative of a tetrahedral
the Cys87 residue free of restrictions caused by the disulfide sulfur-coordinated high-spinS(= 2) ferrous center. The 8-T
bonding. The resonance Raman spectrum of reduced C57Sspectrum (Figure 11B) shows that both doublets originate from
shown in Figure 4C confirms the presence of afizE" cluster. a diamagneticS = 0 ground state, indicating unambiguously
Moreover, the marked changes in the frequencies and relativethat the high-spin ferrous ion is an integral part of a diamagnetic
intensities of Raman bands, as compared to thg5jf% centers Fe cluster. The percent absorption of this ferrous site further
in oxidized FTR which has the disulfide intact (see Figure 4A) suggests that it represents one single Fe site of aSjPe

and C87A FTR which lacks both the disulfide and the cluster- cluster. Taken together, the data establish that the reduced C57S
interacting Cys87 (see Figure 4B), suggest that significant FTR contains a novel [R&]2" cluster with a valence-localized
changes in cluster ligation and core structure are associated withhigh-spin ferrous site. In line with assumptions used for
having Cys87 as a free thiol in close proximity to the cluster. analyzing the spectra of oth&r= 0 [F&;S4]2* clusters in FTR,

For example, the symmetric (breathing) mode of thgSireore the spectra of reduced C57S FTR are also least-squares fitted
is no longer the most intense resonance Raman band in reducediith three quadrupole doublets of an intensity ratio of 1:1:2
C57S FTR and is shifted to 335 ¢t as compared to 337 cth corresponding to sites, b, andc. The high-spin ferrous site is

in oxidized wild-type and C87A FTR, while the asymmetric assigned to sita. The results are listed in Table 1. By comparing
Fe—S(Cys) stretching mode becomes the most intense band andhese parameters obtained for reduced C57S FTR with those of
is shifted to 356 cm?, as compared to 360 crhin wild-type the as-purified wild-type FTR and C87A FTR, the effect of
and C87A FTR, see Figure 4. In addition, pronounced frequency Cys87 on the charge distribution of the jBg?* cluster in FTR

and intensity changes are apparent in the weak low-frequencycan be clearly seen. Th& value of the unique Fe sita is

asymmetric stretching modes of thesBecore in the 266-320 observed to increase progressively from a minimum value of

cm? region for the [FgS4)?* center in reduced C57S FTR.  0.51 mm/s in C87A FTR, in which Cys87 has been substituted
Méssbauerstudiesof reducedC57SFTR revealedthat the by alanine, to a medium value of 0.54 mm/s in the as-purified

presenceof Cys87 as a free thiol in close proximity to the FTR, in which Cys87 forms a disulfide with Cys57, and to a

[FesS4)2" centerthasadramaticeffectontheelectronigproperties maximum value of 0.67 mm/s in reduced C57S FTR, in which
of thecluster.Figure11 showsthe 4.2-K Mdssbauespectreof Cys87 is free of disulfide bonding. Concomitantly, a gradual
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decrease in thé value of siteb is observed (from 0.43 mm/s T T T T T T T
in C87A FTR, to 0.39 mm/s in as-purified FTR, to 0.35 mm/s
in reduced C57S FTR). These data establish clearly that an
interaction between the Cys87 residue and theJif&" cluster

is indeed present in FTR and that the effect of this interaction
is to polarize the charge distribution between the two Fe ions
(sitesa andb) of one of the two F&Fe*+ mixed-valence pairs.

In reduced C57S FTR, the residue Cys87 is free of disulfide
bonding and thus the interaction is observed to generate a
maximum effect, resulting in a novel [F&]2" cluster with a
valence-localized FeFe* pair. In the as-purified enzyme, this
interaction is weakened by bonding of Cys87 to Cys57, resulting
in only a partial localization of the valence electron and ending
with a charge buildup at the unique Fe siteln C87A FTR,
replacing Cys87 with a nonpolar alanine further diminishes the
strength of the interaction between residue 87 and the cluster,
resulting in an additional reduction of the charge difference
between sites and b. Interestingly, the valence-delocalized Velocity (mm/s)

F.e2+.F.e3+ palr (site ?) in reduced C57S FTR also shows a Figure 12. Mossbauer spectra of methyl viologen-reduced spinach FTR.
significant increase in thé value (0.49 mm/s). Thus, the overall ~ shown in (A) is the experimental spectrum (hatched marks) of a methyl
o value of the cluster in reduced C57S FTR (0.50 mm/s) is viologen-reduced spinach FTR sample recorded at 4.2 K in a parallel field

; ; ; of 50 mT. Approximately 14% of the protein molecules in this sample
considerably higher and outside of the rangé etlues (0.42 remain in the as-purified state. The solid line in (A) is the spectrum of the

0.45 mm/s¥? generally observed for a regular [fSg]?* cluster. as-purified FTR (Figure 1 of ref 11) normalized to 14% of the total Fe
This observation indicates that the reduced C57S FTR containsabsorption of the reduced sample. Removal of the contributions of the as-

a [FeSy]2* cluster that is more electronegative than regular Purified proteins from the raw data yields the spectrum shown in (B)

ot - o . (hatched marks). This spectrum can be decomposed into three quadrupole
[Fe484]_ clusters and Su99e§t3 a possible additional funcﬂon doublets with an intensity ratio of 1:1:2 representing three distinct Fe sites
for residue Cys87 of promoting an overall charge buildup at a b, andc. These doublets are shown above the experimental spectrum as
the [F&S4]2" cluster. a solid line (sitea), a dashed line (sitb), and a dotted line (site). The
Methy! Viologen-Reduced FTR.In the preceding section sum of the three doublets is shown as a solid line overlaid with the

T . experimental spectrum.
dithionite-reduced C57S FTR has been shown to contain an
unprecedented electron-rich [Sg]>" cluster comp+ose_d of &  py methyl viologen). Removal of the contribution of the as-
valence-localized and a valence-delocalized'Fe*" mixed- purified FTR (solid line in Figure 12A) from the raw data results
valence pair. Because our spectroscopic data have also estahy, 4 spectrum representing the methy! viologen-reduced enzyme
lished that the as-purified C57S FTR repres_ents a stable a”ak’gU?Figure 12B). This spectrum is very similar to that observed
of a one-electron-reduced FTR intermediate (see above), thefoy the reduced C57S FTR (Figure 11A). Most importantly, a
dithionite-reduced C57S FTR must represent an analogue ofyegplved outer quadrupole doublet, typical of tetrahedral sulfur-
t\{vo-e_lectron-reduced FTR. In wild-type .FTR, the active-site yordinate high-spin ferrous ions and accounting+@5% of
disulfide can be reduced by methyl viologen, but not by e Fe absorption, is clearly observable. This spectrum can also

dithionite Moreover, reduced methyl viologen can function e |east-squares fitted with three quadrupole doublets with an
as the electron donor for catalytic turnover of F¥and the  jntensity ratio of 1:1:2. The resulting parameters are listed in

methyl viologen-reduced enzyme exhibits an optical Spectrum 14p1e 1. Within experimental uncertainties, these parameters
indicative of a [FeS)** cluster and can form heterodisulfide 4 igentical to those obtained for the reduced C57S FTR,
complexes with Trx substrates. Thus, the methyl viologen- ggiapiishing firmly that the two-electron-reduced FTR also
reduced FTRis likely to represent a catalytically competent two- niains a novel electron-rich [f®]2* cluster composed of
electron-reduced form of FTR. To investigate whether the novel valence-localized and valence-delocalized@'Fe** pairs. The
2 i !

state of the [FgS,*" cluster detected in reduced C57S FTR i qgical implications of this unique and unexpected type of
has any functional relevance, resonance Raman and Mossbaueﬁ:e454]2+ cluster in two-electron-reduced FTR are discussed
spectroscopies were used to characterize methyl viologen-p o .
reduced FTR. The resonance Raman spectruByonéchocystis ' . .
FTR reduced with a 10-fold excess of reduced methyl viologen T Rg?ZQF(RTTr?f?T:tﬁZtg:o’(\jlEm;igzléo?nszsx F(;(Ffdl?gg ’\Y\é:&
was identical to that shown in Figure 4C for dithionite-reduced Fﬁ% can be reduced by dithionite or eruéed benzvl viologen
C57S FTR, except for additional bands originating from excess and reduced NEM FTR)gs EPR silent. Hence, dye mgdiatedgEPF,z

hyl viol h . Fi 12A sh o o \ el .
:ﬁgufﬂegsgzhgr \ggegc?rnur(:a(tsa?g;esd Or:IwV;r)ks)lgoli‘respinacf] ?:V.\II_SR redox titrations provide a means of assessing redox potential

and the number of electrons and protons involved in reducing

reduced with a 3-fold excess of reduced methyl viologen . o .
y 9 NEM-FTR. Figure 13A shows redox titrations $fnechocystis

recorded at 4.2 K in a 50-mT applied field. Detailed analysis .
. : NEM-FTR performed at pH 7.0 and pH 8.0 monitored by the
f th h hat th I I
of the spectrum shows that the sample contains approximate yin'[ensity of theg = 2.11 EPR signal. The reductiemxidation

14% as-purified FTR (i.e., enzyme that has not been reduced :
©asp ( y process at these pH values was found to be fully reversible.

The solid lines shown in Figure 13A are least-squares fits to
the data using a one-electron Nernst equation with midpoint

Absorption (%)

(35) Schirmann, P.; Stritt-Etter, A.-L.; Li, J. Bhotosynth. Re4.995 46, 309—
312.
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Figure 13. EPR-monitorededox titrations of SynechocystisSlEM-FTR

(A) andwild-type SynechocystiETR/C40STrx m heterodisulfidecomplex
(B). Datapoints correspondo the intensity of the S = 1/, EPR from the

[FesSq]3* centeratpH 7.0 (®) andpH 8.0 (W). Theinitial concentratiorof

enzymeusedin eachtitration was100 M, andall datapointshavebeen
normalized for dilution effects upon reductive titration with sodium
dithionite. The solid lines arethe bestfits to one-electrorNernstequations
with En, = —145 + 10 mV (pH 7.0) and —200 + 10 mV (pH 8.0) for

NEM-FTR andE, = —60 + 10 mV (pH 7.0) and =110 + 10 mV (pH

8.0) for the FTR/C40STrx m heterodisulfidecomplex.

reductionpotentialsof E, = —145+ 10 mV and —200 &+ 10
mV at pH 7.0 andpH 8.0, respectively.

This observednegative shift of the redox potential by
approximately60 mV/pH unit with increasingpH indicatesthat
the one-electrorreductionof NEM-FTR is coupledwith the
uptakeof oneproton.The protonatiorsiteis likely to be Cys87,
becaus®ne-electromeductionof the [Fe,S4]°* clusterin NEM-
FTRis proposedo resultin cleavagef the Fe—S(Cys87)ond,
seeFigure2. EPRredoxtitrationsof Synechocysti€57SFTR
showedthe sameredoxpropertiesasSynechocystis NEM-FTR,
thatis, one-electrorredoxprocesswith E,, = =145+ 10 mV
atpH 7.0and—200+ 10 mV at pH 8.0 (datanot shown).An
earlier EPR redox titration study of the spinachNEM-FTR
reporteda morenegativeredoxpotentialof —210+ 10 mV at
pH 78

Analogouddye-mediatedEPR-monitorededoxtitrationswere
alsoperformedwith thewild-type SynechocystiETR/C40STrx
m heterodisulfidecomplexat pH 7.0 and 8.0, seeFigure 13B.
At both pH values,the titrationswerefully reversibleandthe
datawerefit usingaone-electroNernstequationwith midpoint
reductionpotentialsof E;, = =60+ 10mV (pH 7.0)and—110
+ 10 mV (pH 8.0). While the potentialsare ~90 mV higher
than for SynechocystiNEM-FTR, the pH-dependencagain
indicatesthatone-electromeductionis coupledwith theuptake
of one proton. The mechanisticschemeshown in Figure 2
proposeghat one-electrorreductionof the [Fe;S]3™ cluster-
containingheterodisulfideintermediateresultsin cleavageof
theFe—S(Cys87)ondandconcomitanteformationof theFTR
disulfide coupledwith cleavageof the heterodisulfideHence,
the statusof the heterodisulfideduring a paralleldye-mediated
redoxtitration at pH 7.3 wasassesselly anaerobiachromato-
graphicseparationof FTR, C40S Trx m, and the FTR/C40S
Trx m heterodisulfidecomplexfor samplespoisedat selected
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Figure 14. Chromatographic analysis of the status of the heterodisulfide
in Synechocystis=TR/C40S Trxm heterodisulfide complex poised at
selected potentials (vs NHE) in an EPR redox titration: solid lihgéD0

mV; dashed line;-85 mV; dot-dash line,—400 mV versus NHE. FTR/

Trx m heterodisulfide complex at pH 7.3 was incubated in redox dyes and
poised at various potentials according to procedure for EPR redox titrations
as described in Materials and Methods. At specified potentials, an aliquot
of sample was applied to a 5-mL High-Performance Q-Sepharose column
and eluted with a gradient of 0-@.5 M NaCl in 20 mM triethanolamine-

Cl buffer, pH 7.3.

potentials using a high-performand@-Sepharosecolumn.
Samples were loaded onto the column at low salt, and protein
fractions were eluted with a 0-0.5 M NaCl gradient. Elution
profiles for samples poised &100 mV, —85 mV (estimated
midpoint potential of the complex at pH 7.3), arcdl00 mV

are shown in Figure 14, and protein bands were identified by
parallel chromatographic studies with oxidized forms of FTR,
C40S Trxm, and the FTR/C40S Trn heterodisulfide complex.
The data unambiguously demonstrate that one-electron reduction
of the complex with a midpoint potential 6f60 + 10 mV

(pH 7.0) and—110+ 10 mV (pH 8.0) results in the reversible
cleavage of the heterodisulfide resulting in the ability to
chromatographically separate FTR and Tmx Hence, the
protonation site is likely to be the thiolate that is generated on
C40S Trxm on cleavage of the heterodisulfide.

Discussion

The primary objective of the spectroscopic studies of FTR
reported herein was to evaluate the underlying assumptions of
the mechanistic hypothesis shown in Figure 2 fopfzecluster-
mediated disulfide reduction in two sequential one-electron
steps. This scheme proposes distinct, noninterchangeable roles
for cysteines of the active-site disulfide, site-specific cluster
chemistry in the oxidized and one-electron-reduced intermediate,
and the existence of a stable one-electron-reduced FTR/Trx
heterodisulfide intermediate that undergoes further one-electron
reduction leading to the reformation of the active-site disulfide
and release of reduced Trx. These proposals have been
comprehensively assessed via EPR, VTMCD, resonance Raman,
Md&ssbauer, and redox studies of wild-type and NEM-modified
forms of FTR, site-specific variants of each of the active-site
cysteines, and of a heterodisulfide complex involving FTR and
the C40S variant of Trm.

The properties of the C57S and C87A FTR variants as
compared to those of wild-type and NEM-madified FTR clearly
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demonstrate distinct roles for the cysteine residues of the active-is attributed to release and protonation of Cys87 on reduction.
site disulfide. Both the C57S and the C87A variants are inactive, Taken together, these redox results suggest that cleavage of the
indicating that both cysteines of the active-site disulfide are heterodisulfide occurs via reductive release of Cys87 and
essential for catalytic activit}2 However, the C87A and C57S  subsequent nucleophilic attack of the heterodisulfide by Cys87,
variants have entirely different spectroscopic and redox proper-resulting in cleavage of the heterodisulfide and reformation of
ties. C87A FTR contains a redox-inactive jBg?* cluster, the active-site disulfide, as shown in Figure 2.

whereas C57S FTR contains a redox-activeggé/2* center Interestingly, a much lower redox potenti&,{= —280 mV

with spectroscopic and redox properties almost indistinguishable at pH 7.0) was determined for cleavage of the heterodisulfide
from those of the [F£54]3*2* center in NEM-FTR. Moreover,  in the Synechocystiwild-type FTR/C40S Trm heterodisulfide

in accord with our preliminary Mésshauer analySighe unique  complex using dithiothreitol (DTT), a two-electron reductant
spectroscopic properties of the §Sg** cluster in NEM-FTR  that is particularly effective in cleaving disulfidésThese redox

can only be rationalized in terms of selective oxidation at a tjtrations involved poising samples of the heterodisulfide
unique Fe site resulting from coordination of Cys87 to yield a complex at specific potentials using mixtures of oxidized and
five-coordinate Fe site. In accord with the mechanism depicted reduced DTT and assessing cleavage of the heterodisulfide using
in Figure 2, the mutagenesis results, therefore, identify Cys87 native gel electrophoresis to separate FTR, Trx, and the FTR/
as the cluster-interacting thiol and demonstrate that Cys57 cannotrrx heterodisulfide complex. The difference in potentials

assume this role in the C87A variant. In addition, the ability of presumably reflects the efficacy of cleaving the heterodisulfide
C8T7A, but not C57S FTR, to form a heterodisulfide complex with a one-electron donor via reduction of the JS83+ cluster
with active-site variants of Trx¥} identifies Cys57 as the  as compared to direct two-electron cleavage of the heterodis-
interchange thiol responsible for attacking the Trx disulfide.  yifide using dithiol/disulfide chemistry. This rationalization of
The spectroscopic properties of the C87A variant also supportthe redox properties has since been verified by subsequent
the proposal for a weak interaction between the active-site experiments in which the cleavage reaction of the heterodisulfide
disulfide and the unique Fe site of the }jSg?" cluster in the using a 2500-excess of reduced DTT showed a long lag phase
oxidized resting state of FTR. Mossbauer studies of spitach of about 50 min before a separation of the proteins, accompanied
andSynechocystiBTR in the oxidized resting state suggest that by a change in absorption properties of the,f&" cluster, is
the asymmetrically disposed disulfide is responsible for promot- observed (unpublished observations). The high potential for the
ing charge buildup on the unique Fe site, resulting in aJié" one-electron reduction and cleavage of the heterodisulfide in
cluster comprising one fully valence-delocalized fee** pair the oxidized FTR/C40S Trm complex (&, = —110+ 10 mV
and one partially valence-delocalized 2Hee*" pair. This at pH 8.0, the physiological pH of light-adapted chloroplasts)
conclusion is substantiated by the observation that the loss ofsuggests that the second reducing equivalent used by FTR need
the disulfide in the C87A variant results in a }jSg)%" cluster not be derived from reduced Fd and may not require a specific
that more closely approximates a conventional Fd-typgsJff& electron donor. This is in accord with the observation that
cluster with two valence-delocalized #&€e* pairs. Any ferredoxin is not obligatory for cleaving the heterodisulfide and
residual charge asymmetry in one of the valence-delocalizedthat other potential physiological electron donors such as a
pairs in the C87A variant, see Table 1, is likely to be a NADPH and ferredoxin:NADP reductase can act as effective
consequence of the anomalous coordination geometry at thereductants in vitrg3
unique Fe site (see Figure 1). Hence, the interaction between The most interesting and unexpected result to emerge from
the cluster and the active-site disulfide (via Cys87) promotes these spectroscopic studies of FTR concerns the properties of
the observed charge buildup at the unique Fe site in the restingthe [FeS;]2* cluster in the two-electron-reduced form of FTR.
enzyme and primes the active-site for one-electron reduction Reduced methyl viologen is known to reduce the active-site
leading to cleavage of the disulfide and attachment of Cys87 at djsulfide and is a catalytically competent reductant for FTR.
the unique Fe sité! Both Mésshauer and resonance Raman studies confirm the
Characterization of the oxidized form of the wild-type FTR/ presence of &= 0 [F&S4]2" cluster in methyl viologen-reduced
C40S Trxm heterodisulfide complex reveals a form of FTR FTR, with M&ssbauer revealing an unprecedented type of
that is spectroscopically indistinguishable from oxidized NEM- electron-rich [F§S4]?" cluster composed of both valence-
FTR. This observation is entirely consistent with the proposal localized and valence-delocalized?FE€*" pairs and resonance
for a one-electron-reduced heterodisulfide intermediate contain-Raman indicating significant structural changes in the ligation
ing a [FeS4)®" cluster in which Cys87 is ligated to yield a five-  and core structure of the cluster as compared to thgSjFe
coordinate Fe site and Cys57 is part of the heterodisulfide, seeclusters in oxidized forms of FTR. A species with analogous
Figure 2. Moreover, the viability of this species as a stable Mdssbauer and resonance Raman properties is also observed
analogue of the one-electron-reduced catalytic intermediate isin the dithionite-reduced C57S FTR, which can be regarded as
confirmed by redox studies, which reveal that one-electron a two-electron-reduced analogue that is lacking Cys57. More-
reduction of the FTR/C40S Tmx heterodisulfide complex (& over, the pH-dependence of the redox potentials of NEM-FTR
= —60+ 10 mV at pH 7.0 and-110 + 10 mV at pH 8.0) and C57S FTR strongly suggests that Cys87 dissociates and
results in cleavage of the heterodisulfide coupled with proto- becomes protonated on one-electron reduction. Hence, the
nation of free thiolate on C40S Trx. Parallel redox studies of  unique properties of the [E&]?" cluster in two-electron-
NEM-FTR show a similar one-electron reduction, albeit at lower reduced forms of FTR are likely to result, at least in part, from
potentials (f = —145+ 10 mV at pH 7.0 and-200 + 10 the presence of a free thiol (Cys87) in close proximity to the
mV at pH 8.0) due to increased solvent exposure at the activecluster. Our interpretation of the anomalous properties of the
site in the absence of Trx, and in this case the pH dependencegFe;Ss)?" cluster in two-electron-reduced FTR is that they
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Figure 15. Alternative proposal for the catalytic mechanism of FTR. Residue numbering Byfeechocysti§TR. Square brackets are used to indicate

transient intermediates.

originate in large part from a strong H-bonding interaction
betweerthethiol form of Cys87andthe coordinateds atomof
Cysb5.A substantialncreasen H-bondinginteractionsnvolv-
ing the coordinateccysteinyl-Swould be expectedo promote
chargebuild up attheuniqueFesite,therebycreatingavalence-
localizedFetFe** pair andan electron-rich[Fe;Sy]%" cluster.
The discoveryof site-specificclusterchemistryin the two-
electron-reduceform of FTR raisesan alternativepossibility
for the catalytic mechanismin which FTR is reducedby two
electronsprior to interactionwith Trx, seeFigure 15. This
mechanismnvokesa transientone-electron-reducadtermedi-
atewith propertiesanalogougo oxidizedNEM-FTR andC57S
FTR, as observedin freeze-quenctstudies under turnover
conditionsand during reductionwith stoichiometricreduced
methylviologen?? but this intermediates reducedo yield the
two-electron-reducespeciegrior to interactionwith Trx. The
strongH-bondinginteractionanchorshe cluster-interactinghiol
Cys87,in the two-electron-reducedorm therebyfreeing the
interchangehiol Cys57for nucleophilicattackof Trx. Hence,
the substratedisulfide is cleavedvia conventional dithiol/
disulfidechemistrywith theclusterplayingarole in facilitating
disulfide reductionin two sequentiabne-electrorstepsandin
anchoringthe cluster-interactinghiol to facilitate the initial

nucleophilicattackby the interchangehiol. In manyrespects,

this mechanismis very similar to that found in the more
extensivelystudiednucleotide-dependedtsulfidereductase$;®

with the [FesS4]2" clusterperformingthe role of the flavin in

anchoringone of the active-sitethiols to free the other for

attackingthe substratedisulfide. The major differenceresides
in theuseof a[Fe;Sy]?" clusterto facilitate active-sitedisulfide

reductionusinga one-electrordonor.

The primary rationalefor invoking formation of the hetero-
disulfide intermediateat the one-electron-reducelével in the
mechanisticschemeproposedn Figure 2 wasthatattachment
of theclusterinteractingthiol, Cys87 freestheinterchangehiol
for nucleophilicattackandcleavageof the Trx disulfide.Clearly,
astrongH-bondinginteractioninvolving the clusterinteracting
thiol canperformthe samefunctionin thetwo-electron-reduced
form. The alternativemechanisnis alsoclearly viable because
reductantsuchasreducedmethylviologenthatrapidly cleave
the active-sitedisulfide have beenshownto be catalytically
competenelectrondonors3® Moreover this mechanisnobviates
theneedfor FA/FTR/Trxtriple complexaspartof the catalytic
mechanisnandenableghe light-mediatecdgeneratiorof a pool
of two-electron-reduce#TR thatis alwaysavailablefor Trx
reduction.Neverthelessasdemonstratedh this work, thereis
now goodevidencefor a catalyticallycompetenbne-electron
reducedheterodisulfideintermediate andit is not possibleto
discriminate between the mechanistic proposals shown in
Figures2 and15 onthebasisof the currentlyavailableevidence.
Future studies are planned to addressthis question and
characterizehe role of the conservedHis86 in the active-site
acid—basechemistry.
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