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ABSTRACT: Ferredoxin:thioredoxin reductase catalyzes the reduction of thioredoxins in plant chloroplasts
using the [Fe,S,] ferredoxin as a one-electron donor and as such plays a central role in light regulation
of oxygenic photosynthesis. The active-site comprises a [FesS4] cluster next to a redox-active disulfide
that is cleaved in sequential one-electron steps and the combination of spectroscopic and crystallographic
studies have revealed a catalytic mechanism involving novel site specific cluster chemistry in the oxidized,
one-electron- and two-electron-reduced redox states. Histidine-86 has emerged as a potential proton donor/
acceptor in the catalytic mechanism based on redox-related changes in the positioning of the imidazole
ring during redox cycling and greatly decreased activity for the H86Y variant. Here we report on
spectroscopic and redox characterization of the [FesS4] center in Synechocystis sp. PCC 6803 H86Y
ferredoxin:thoredoxin reductase in the accessible redox states of both the as purified and N-ethylmaleimide-
modified forms, using the combination of UV —visible absorption and variable-temperature magnetic circular
dichroism, EPR, resonance Raman and Mossbauer spectroscopies. The results demonstrate that His86 is
required for formation of the partially valence-localized [FesS4]*" cluster that is the hallmark of two-
electron-reduced intermediate. Taken together with the available structural data, the spectroscopic results
indicate a functional role for His86 in protonation/deprotonation of the cluster-interacting thiol and anchoring
the cluster interacting thiol in close proximity to the cluster in the two-electron-reduced intermediate.

Ferredoxin:thioredoxin reductase (FTR') is the central
enzyme of the chloroplast/FTR system, a redox regulatory
system that controls the activity of a wide range of oxygenic
photosynthesis enzymes in response to light (/—4). FTR
transfers the light-generated redox signal received by the
chloroplast [Fe,S,]*"" ferredoxin (Fdx) to thioredoxins
(Trxs) utilizing a unique active-site consisting of a [Fe;S4]
cluster and an adjacent redox-active disulfide (5—38). In this
manner, FTR converts two light-generated one-electron
signals to one two-electron thiol signal which is then
transmitted via dithiol/disulfide interchange reactions to
specific enzymes which are critical to the regulation of the
Calvin cycle. FTR is currently the best characterized example
of a unique class of disulfide reductases that utilize novel
site-specific reactivity of a [Fe,S4] cluster to effect disulfide
reduction in two sequential one-electron steps (9—11). Two
other examples are currently known. Heterodisulfide reduc-
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tase, the terminal enzyme of methanogenic disulfide respira-
tion, utilizes a [Fe4S4] cluster that directly interacts with the
coenzyme M/coenzyme B heterodisulfide substrate (12, 13).
Most recently, HypD, a NiFe-hydrogenase maturation pro-
tein, was shown to utilize a disulfide redox cascade initiated
by a [Fe4S,] cluster to cleave a cysteine thiocyanate on HypE
in order to facilitate cyanation of the Fe site of the NiFe
active site that is assembled on HypC (/4). Hence there is
considerable interest in understanding the detailed mechanism
of [FeyS,] cluster-containing disulfide reductases.

FTR is a heterodimer in the form of a concave disk, 40—50
A in diameter and measuring only 10 A across at the center.
The active site comprises a [FesS,] cluster and a nearby
asymmetrically disposed disulfide and is located close to the
center of the disk, with the cluster proximal to the Fdx-
binding side and the disulfide proximal to the Trx binding
side (11, 15). Six conserved cysteines, arranged in three CXC
motifs, two CPC (C>PC>” and C’*PC®) motifs and one CHC
(C¥HC?") motif (Synechocystis sp. PCC 6803 numbering
scheme), are present in the active-site, with Cys55, Cys74,
Cys76, and Cys85 ligating the [Fe4S,] cluster and Cys57 and
Cys87 involve in the redox-active disulfide, see Figure 1.
As discussed below, both crystallographic studies (71, 15)
and spectroscopic approaches (UV—visible absorption and
VTMCD, EPR, ENDOR, resonance Raman and Mossbauer)
that focus on the properties of the [Fe,S4] cluster (6, 7, 9, 10)
have been important in developing the two alternative
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FIGURE 1: Proposed catalytic cycles for FTR (/0). The mechanisms differ with respect to formation of the heterodisulfide intermediate at
the level of the one-electron-reduced or the two-electron-reduced state. Residue numbering is for Synechocystis sp. PCC 6803 FTR. Square

brackets indicate transient intermediates.

mechanistic proposals summarized in Figure 1. These
mechanisms are not necessarily mutually exclusive and each
may be operative under different cellular conditions (/7).

The oxidized or resting state involves a S = 0 [Fe,S,]*"
cluster adjacent to the asymmetrically disposed disulfide and
a weak interaction between the unique Fe site of the cluster
and the disulfide sulfur of Cys87 at 3.14 A is evident in the
us-S—Fe—S(Cys55) angle of 129° (3, 8) and increased Fe(II)
character at the unique Fe site as assessed by Mossbauer
spectroscopy (9). Both proposed mechanisms involve se-
quential one-electron reductions via a one-electron-reduced
intermediate in which the disulfide is cleaved and the cluster-
interacting thiol, Cys87, ligates at the unique Fe site to yield
a novel § = 1/2 [Fe,S,;)*" with five cysteinate ligands as
evidenced by crystallographic (/7) and spectroscopic (9, 10)
studies. Spectroscopic studies have shown that three forms
of FTR, i.e, N-ethylmaleimide-modified FTR (NEM-FTR),
a FTR/mutant Trx heterodisulfide complex and the C57S
variant, in which the interchange or substrate-interacting
thiol, Cys57, has been selectively alkylated with NEM,
covalently attached to one of the active-site cysteines of Trx,
and mutated to a serine residue, respectively, provide stable
analogues of the transient one-electron-reduced intermediate
that is observed during enzyme turnover (7, 9, 10). The
mechanistic proposals differ in terms of whether interaction
with the Trx substrate to form the heterodisulfide intermediate

occurs at the one-electron-reduced or two-electron-reduced
level. The viability of the former mechanism is demonstrated
by the ability to form one-electron-reduced FTR/Trx het-
erodisulfide complexes with mutant Trxs containing only one
of the two active site cysteines (/0, 11, 16) and to re-form
the active-site disulfide and dissociate Trx on further one-
electron reduction (/0). The viability of the latter mechanism
is demonstrated by the ability of two-electron-reduced FTR
to reduce Trx (/7) and by spectroscopic and structural studies
which show that the Fe—S(Cys87) bond is cleaved in the
two-electron-reduced form, but that Cys87 remains in close
proximity to the cluster leaving Cys57 free to attack the
substrate (10, 11).

The observation that the two-electron-reduced form of FTR
is unique in having an electron-rich [Fe,S4]*" cluster with
one valence-localized Fe(I)Fe(IIl) pair, coupled with pH
dependent redox properties associated with the one-electron/
two-electron redox couple, led to the proposal that Cys87 is
protonated and anchored at the cluster by a strong H-bonding
interaction to the S of Cys55 (10), see Figure 1. Such an
interaction would promote charge buildup on the Fe ligated
by Cys55 and favor an electron-rich [Fe;S4]** cluster with a
valence-localized Fe(II)Fe(III) pair. The recent crystal struc-
ture of two-electron-reduced FTR shows that Cys87 remains
in close proximity to the cluster (/7), but suggests that it is
deprotonated and stabilized by interaction with the positively
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charged imidazole ring of His86 which rotates toward the
cluster in two-electron-reduced FTR and has potential
H-bonding interactions with the sulfur atoms of the cluster
(3.8 /0\) and Cys55 (3.8 A). However, it is unclear how such
an arrangement could induce the novel electronic properties
observed for the [Fe S4]** cluster in the two-electron-reduced
form of FTR.

The importance of His86 in the catalytic cycle of FTR is
also evident in mutagenesis studies. Replacing His86 with a
tyrosine residue dramatically reduces the ability of FTR to
activate fructose-1,6-bisphosphatase (only 10% activity
versus wild-type), a physiological redox partner of reduced
Trx f, and also slows down the rate of formation of a
heterodisulfide complex with variant forms of Trxs (/6).
However, the specific catalytic role of His86 has yet to be
determined and the effects of the H86Y mutation on the
spectroscopic and redox properties of the active-site [Fe,Sy]
cluster have yet to be elucidated. Here we report spectro-
scopic and redox characterization of the [FesS,] cluster of
Synechocystis sp. PCC 6803 H86Y FTR, both in the
as-purified and in the NEM-modified forms of the enzyme,
using the combination of UV—visible absorption and VT-
MCD, EPR, resonance Raman, and Mossbauer spec-
troscopies. Taken together with the available structural data,
the spectroscopic results indicate a direct role for His86 in
protonation/deprotonation of the cluster-interacting thiol and
anchoring the cluster interacting thiol in close proximity to
the cluster in the two-electron-reduced intermediate.

MATERIALS AND METHODS

Protein Expression and Purification. The constructions of
the overexpression strains, and the procedures used for
overexpression and purification of Synechocystis sp. PCC
6803 wild-type (WT) and H86Y FTR are described
elsewhere (16, 18). >'Fe-enriched samples for Mossbauer
analysis were obtained by growing cells on 3’Fe-enriched
LB media prepared by addition of >’Fe ferric ammonium
citrate to chelex-resin-treated LB media to a final Fe
concentration of 5 mg/L.

Sample Preparation and Handling. Recombinant Syn-
echocystis sp. PCC 6803WT and H86Y enzyme were initially
purified with varying amounts of the enzyme in a form that
closely resembles NEM-FTR based on EPR studies (up to
20% based on EPR spin quantitations). The EPR silent form
of recombinant FTR was generally obtained only after redox
cycling the enzyme by dithionite reduction followed by O,
oxidation and is used as the starting material for all studies.
NEM-modification of one of the cysteines of the active-site
disulfide of WT and H86Y FTR was carried out by reducing
FTR with excess reduced methyl viologen, incubating for
30 min to ensure complete reduction of the active site
disulfide, cooling on ice for 10 min and treating with a 5-fold
excess of NEM for 2 min before quenching the reaction by
exposure to air. Excess reagents were removed using a 5
mL desalting column, and the samples were concentrated
by Amicon ultrafilration with a YM10 membrane. Sample
concentrations were based upon &4;9 = 17400 M~ cm™! for
WT and H86Y FTR (I6) and &40 = 19500 M~! cm™! for
WT NEM-FTR and H86Y NEM-FTR (79). Unless otherwise
stated, WT and H86Y FTR (both in the as-purified and in
the NEM-modified forms) were in 20 mM triethanolamine
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hydrochloride buffer, pH 7.3, and sample handling was
carried out in a Vacuum Atmospheres glovebox under an
Ar atmosphere (<1 ppm O,).

EPR redox titrations were performed at ambient temper-
ature (25—27 °C) in a Vacuum Atmospheres glovebox under
argon (<1 ppm O,). The pH dependence of the midpoint
redox potential was determined using Synechocystis sp. PCC
6803 WT or H836Y NEM-FTR in a buffer cocktail containing
200 mM each MES, MOPS, and TAPS buffers which allows
for easy variation of the pH in the desired pH range
(6.0—8.5). Mediator dyes were added, each to a final
concentration of 50 uM, in order to cover the desired range
of redox potentials, i.e., methyl viologen, benzyl viologen,
neutral red, safranin, phenosafranin, anthroquinone-1,5-
disulfonate, indigodisulfonate, methylene blue, 1,2-naptho-
quinone, duroquinone, and 1,2-napthoquinone-4-sulfonate.
Samples were first oxidized by addition of excess potassium
ferricyanide followed by reductive titration with sodium
dithionite. After equilibration at the desired potential, a 0.25
mL aliquot was transferred to an 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 55% (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 (20, 21). The MCD intensities
are expressed as Ae (e cp — €rcp) Where €1 cp and ercp are
the molar extinction coefficients for the absorption of left
and right circularly polarized light, respectively. X-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 a 457 nm line from Coherent Innova 10-W Ar*
laser. Scattering was collected at 90° from the surface of a
frozen 15 uL droplet of protein in a specially constructed
anaerobic cell mounted on the coldfinger of an Air Products
Displex model CSA-202E closed cycle refrigerator (22). The
spectrum of the frozen buffer solution, normalized to the
intensity of the ice-band at 230 cm™! has been subtracted
from all the spectra shown in this work. Modssbauer spectra
were recorded using the previously described spectrometers
(23). The 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

The UV —visible absorption spectra of as-prepared and
dithionite-reduced WT and H86Y FTR and NEM-FTR are
shown in Figure 2. Clearly, the H86Y mutation has no
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FIGURE 2: UV —visible absorption spectra of as-prepared and NEM-
modified forms of WT and H86Y Synechocystis sp. PCC 6803 FTR.
In each case, the solid line represents the enzyme as-purified, and
the dashed line represents the enzyme anaerobically reduced with
excess sodium dithionite. The spectra were recorded in 1 mm
cuvettes and protein concentrations were 200 uM (WT FTR), 115
uM (WT NEM-FTR), 303 uM (H86Y FTR), and 60 uM (H86Y
NEM-FTR). The bands at 316 nm in the dithionite-reduced samples
(marked with an asterisk) originate from excess dithionite.
significant effect on the absorption properties of either WT
or NEM-modified samples. As-prepared samples comprise
a protein band at 278 nm, a shoulder at 315 nm, and a broad
shoulder at 410 nm, and are characteristic of [Fe,S4]*" centers
(3). The visible absorption properties are not significantly
affected by dithionite, indicating that the [Fe4S4]*" centers
are not reduced by dithionite. In contrast, the as-prepared
NEM-FTR samples exhibit absorption spectra with pro-
nounced features centered at 330 and 430 nm, in addition to
the protein band at 278 nm, that are characteristic of [Fe;S,]**
centers (3). Moreover, dithionite reduction of the NEM-
modified samples results in absorption spectra indistinguish-
able from those of as purified samples indicating one-electron
reduction to the [FesS4]*" state (3).

Resonance Raman spectroscopy provides a more discrimi-
nating assessment of perturbations in the cluster environment
via changes in the frequencies and/or relative intensities of
Fe—S stretching modes in the 240—450 c¢cm™' region.
Comparisons of the resonance Raman spectra using 457.9
nm excitation of WT and H86Y FTR in as-prepared, oxidized
NEM-modified and methyl viologen reduced forms are
shown in Figure 3. The resonance Raman spectra of each of
these forms of WT Synechocystis sp. PCC 6803 FTR are all
distinct and each has been analyzed in detail in previous
studies (6, 10). The observation that the resonance Raman
spectra of as-prepared and oxidized NEM-modified H86Y
FTR are indistinguishable from their WT counterparts
indicates that H86Y spectra can be interpreted in the same
way. Hence, the spectrum of as-prepared (oxidized) H86Y
FTR is interpreted in terms of an all-cysteinyl-ligated
[FesS41** cluster in which one Fe site is weakly interacting
with active-site disulfide and the spectrum of oxidized NEM-
modified H86Y FTR is interpreted in terms of a [Fe,S4]*"
cluster with the unique Fe site ligated by two cysteine
residues (Cys55 and Cys87) (6, 9, 10).
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Although the H86Y mutation does not significantly perturb
the properties of the [FesS4] clusters in oxidized and NEM-
modified forms of FTR, major perturbations in the resonance
Raman spectra indicate that it does have a major effect on
the cluster properties in the methyl viologen reduced forms,
as judged by the resonance Raman studies, see Figure 3C.
The ability to quantitatively prepare NEM-modified forms
of WT and H86Y FTR (see below) attests to the ability of
methyl viologen to completely reduce the active-site disul-
fides in both types of sample (/9). The anomalous resonance
Raman spectrum of the methyl viologen reduced WT FTR
sample compared to the as-prepared (oxidized) enzyme, i.e.
2—4 cm™! downshifts and inversion of the relative intensities
of the two dominant bands corresponding to the symmetric
breathing mode of the [FesS,] core (335 cm™! in methyl
viologen reduced and 337 cm™! in as-prepared) and the
asymmetric Fe—S(Cys) stretching mode (356 cm™! in methyl
viologen reduced and 360 cm™! in as-prepared), has been
rationalized in terms of changes in the core structure
associated with the formation of an electron-rich [FesS4]*"
cluster with a valence-localized Fe(I)Fe(IIl) pair as revealed
by parallel Mossbauer studies (/0). In contrast, the resonance
Raman spectrum of methyl viologen reduced H86Y FTR is
similar to that of the as-prepared H86Y FTR which has the
active-site disulfide intact and even more closely resembles
that of C87A variant in which there can be no interaction of
the [4Fe-4S]>" cluster with the active-site disulfide or the
free Cys87 thiol (/0). Hence resonance Raman data suggest
that the two-electron-reduced form of H86Y FTR no longer
has an electron-rich [Fe,S4]*" cluster with a valence-localized
Fe(IT)Fe(IlI) pair. Moreover, the similarity in the resonance
Raman properties of as-prepared C87A and two-electron-
reduced H86Y variants suggests that the absence of the novel
site-specific cluster properties in the two-electron-reduced
form of H86Y FTR is a consequence of His86 being required
to facilitate the interaction of Cys87 with the cluster.

Mossbauer studies of H86Y FTR, see Figure 4, confirm
and extend the conclusions of the resonance Raman results,
and a comparison of Mossbauer parameters of WT and H86Y
Synechocystis sp. PCC 6803 FTR is presented in Table 1.
The spectra of as-prepared and methyl viologen reduced
H86Y FTR are very similar and are dominated by nearly
symmetrical quadrupole doublets, that are readily interpreted
in terms of equal intensity overlapping quadrupole doublets
from two valence-delocalized Fe(II)Fe(Ill) pairs with 6 =
0.44—0.45 mm/s and AEg = 1.13—1.37 mm/s. In contrast,
as-prepared WT FTR has one valence-delocalized pair, 6 =
0.45 mm/s and AEg = 1.24 mm/s, and a partially valence-
localized pair with 6 = 0.54 mm/s and AEq = 1.84 mm/s
for the more Fe(I) site and 0 = 0.39 mm/s and AEq = 1.07
mm/s for the more Fe(IIl) site which has been attributed to
a weak interaction with the active-site disulfide. Hence the
absence of a significant electronic interaction between the
disulfide and a unique Fe site of the [Fe,S4]*" cluster suggests
that the disulfide has moved away from the cluster in the
oxidized H86Y variant. The differences in the Mossbauer
properties of methyl viologen reduced WT and H86Y FTR
are much more dramatic. Methyl viologen reduced WT FTR
has one valence-delocalized pair, 0 = 0.49 mm/s and AEq
= 1.12 mm/s, and a valence-localized pair with 6 = 0.70
mm/s and AEq = 2.62 mm/s for the Fe(Il) site and 0 =
0.35 mm/s and AEg = 1.00 mm/s for the Fe(IlI) site. Hence
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FIGURE 3: Comparison of the resonance Raman spectra of WT and H86Y Synechocystis sp. PCC 6803 FTR. (A) oxidized (as-prepared)
enzyme, (B) oxidized NEM-modified enzyme, and (C) methyl viologen (two-electron) reduced enzyme. All samples were ~3 mM in FTR
(except for H86Y NEM-FTR which was ~1.0 mM), and all spectra were recorded at 17 K using 457.9 nm laser excitation with ~200 mW
laser power at the sample. Each scan involved photon counting for 1 s at 1 cm™! increments with 7 cm™! bandwidth, and each spectrum
is the sum of 80—100 scans (except for the spectra of H86Y NEM-FTR, which is the sum of 180 scans). For all spectra, the vibrational

modes originating from the frozen buffer solution have been subtracted after normalizing the intensities of the “ice-band” at 231 cm™".
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FIGURE 4: Mossbauer spectra of Synechocystis sp. PCC 6803 H86Y
FTR. (A) oxidized (as-prepared) FTR, (B) oxidized NEM-modified
FTR, and (C) methyl viologen reduced (two-electron-reduced) FTR.
The data (hatched marks) were recorded at 4.2 K in a 50 mT
magnetic field applied parallel to the y-beam. The color lines
displayed above the experimental spectra are theoretical simulations
of the component spectra using the parameters listed in Table 1.
Spectra shown in A and C are decomposed into two equal intensity
quadrupole doublets (red and cyan lines) representing the two
valence-delocalized Fe(II)Fe(IIl) pairs. Spectrum B is decomposed
into three components with an intensity ratio of 1:1:2 representing
two Fe'' sites, sites a (blue) and b (green), and a valence-delocalized
Fe(II)Fe(Ill) pair (red). The solid black lines overlaid with the
experimental spectra are the composite theoretical spectra. For
clarity, 2% and 5% contributions of a ferrous impurity have been
removed from the raw data of spectra A and C, respectively.

Mossbauer unambiguously demonstrates that the H86Y
mutation prevents the interaction(s) that result in the forma-

1
tion of an electron-rich [Fe,S4]*t cluster with one valence-
localized pair in the two-electron-reduced form of FTR.

The combination of EPR, VTMCD and Mossbauer spec-
troscopies have all been used to facilitate detailed comparison
of electronic and magnetic properties of the S = 1/2 [Fe,S4]*"
centers in the oxidized NEM-modified forms of WT and
H86Y FTR. As shown in Figure 5, the EPR spectrum is not
significantly perturbed by the H86Y mutation. WT and H86Y
samples show almost identical near-axial resonances (g =
2.109, 1.993, 1.982 for WT and g = 2.107, 1.994, 1.980 for
H86Y), each accounting for 1.0 spins/FTR and exhibiting
analogous spin-relaxation behavior as judged by temperature-
dependence studies (3). Hence the ground-state electronic
properties of the [Fe,S41°* clusters in NEM-FTR are unaf-
fected by the H86Y mutation. Likewise the excited-state
electronic properties are not significantly perturbed as seen
by the near coincident VIMCD spectra of the oxidized
NEM-modified forms of WT and H86Y FTR (3), see Figure
6. Finally the Mossbauer spectra of the paramagnetic
[FesS4]>" clusters in oxidized NEM-modified forms of WT
and H86Y FTR are very similar (cf. Figure 4B and Figure 8A
of ref 10) and both can be fit with a similar set of parameters,
see Table 1. Hence the valence-delocalization scheme and
intracluster magnetic interactions of the [Fe,S;]** cluster in
oxidized NEM-FTR are largely unperturbed by the H86Y
mutation. Since oxidized NEM-FTR serves as a stable
analogue of the one-electron-reduced catalytic intermediate
(6), these spectroscopic results suggest that His86 is not
required for formation of this intermediate.

The possibility that His86 plays a role as a general acid/
base in mediating one-electron reduction of NEM-FTR, a
stable analogue of the one-electron-reduced intermediate, was
addressed by investigating the pH dependence of the redox
potential of NEM-modified H86Y FTR. Dye-mediated EPR
redox titrations were performed at pH 7.0 and 8.0 for the
NEM-modified forms of WT and H86Y FTR, and the results
are shown in Figure 7. In all cases the data are well fit using
one-electron Nernst equations and midpoint potentials are
reported relative to the normal hydrogen electrode. At pH
7.0, the midpoint potentials for the [Fe,S4*™*" couple in



Role of His86 in Ferredoxin:Thioredoxin Reductase

g=1.993
|
( g=1.982
= 1.994
g =1.980
T T T T T
320 340 360

Magnetic Field (mT)

FIGURE 5: Comparison of the X-band EPR spectra of the § = 1/2
[4Fe-4S]*" centers in the oxidized NEM-modified forms of WT
and H86Y Synechocystis sp. PCC 6803 FTR. (A) WT NEM-FTR
(185 uM) and (B) H86Y NEM-FTR (150 uM). EPR conditions:
temperature, 35 K; microwave power, 1 mW; modulation amplitude,
0.63 mT; microwave frequency, 9.60 GHz.

WT and H86Y NEM-FTR are the same within experimental
error, —145 &£ 10 mV and —155 + 10 mV, respectively.
However, at pH 8.0, the physiologically relevant pH for light
regulation in chloroplasts, the mutation has a marked effect
on the midpoint potential of NEM-FTR, —200 £ 10 mV
for WT and —275 £ 10 mV for H86Y. The changes in the
midpoint potential between pH 7.0 and pH 8.0, —55 &+ 20
mV for WT NEM-FTR and —120 4+ 20 mV for H86Y NEM-
FTR, are indicative of reduction occurring with the addition
of one proton for WT NEM-FTR (/0) and two protons for
H86Y NEM-FTR. More detailed pH dependence studies
coupled with parallel structural and spectroscopic studies will
clearly be required to fully understand the pH dependence
of the midpoint redox potential of both WT and H86Y NEM-
FTR. However, the most obvious interpretation is that His86
is responsible for a redox-linked protonation in the one-
electron reduction of WT NEM-FTR. In the absence of
His86, this one-electron reduction appears to involve addition
of two protons, although the nature of the additional redox-
linked protonation step observed in WT and H86Y FTR is
not known. Hence the redox data implicate a role for His86
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FIGURE 6: Comparison of the VITMCD spectra of the S = 1/2 [4Fe-
48Pt centers in the oxidized NEM-modified forms of WT and
HB86Y Synechocystis sp. PCC 6803 FTR. (A) MCD spectra of NEM-
FTR collected at 1.68 K, 4.22 K, and 10.4 K, with a magnetic field
of 6 T. (B) MCD spectra of HS6Y NEM-FTR collected at 1.68 K,
422 K, 10.4 K, 25 K, and 50 K, with a magnetic field of 6 T. For
all spectra, the intensity of all MCD bands (positive and negative)
increases with decreasing temperature.

700 800

in a protonation step associated with the one-electron-
reduced/two-electron-reduced redox couple in FTR. The
lower redox potential for the one-electron-reduced/two-
electron-reduced redox couple in H86Y NEM-FTR at physi-
ological pH may account for the marked decrease in activity
associated with H86Y mutation (10% of the wild-type
activity).

DISCUSSION

The combination of spectroscopic and structural studies
has provided major mechanistic insight concerning the site-
specific cluster chemistry that enables the [Fe,S,] cluster in
FTR to mediate disulfide reduction in two sequential one-
electron steps (8—11). Two viable mechanistic proposals
have been advanced, based on the characterization of a
transient one-electron-reduced intermediate with properties
identical to the spectroscopically and structurally character-
ized oxidized NEM-FTR (7), and the structural and spec-

Table 1: Comparison of Mossbauer Parameters of WT and H86Y Synechocystis sp. PCC 6803 FTR

protein state cluster state Fe site (%) 0 (mm/s) AEqg (mm/s) n Audgfn (T) Ay, (T)  Alg,fu (T) ref
WT as-purified [4Fe-4S1** a (25%) 0.54 1.84 0.0 10
S=0 b (25%) 0.39 1.07 0.5
¢ (50%) 0.45 1.24 0.5
NEM-modified  [4Fe-4S]?* a (25%) 0.32 1.2 0.3 20.5 20.5 8.0
S=112 b (25%) 0.29 -0.9 0.5 220 22.0 19.5
¢ (50%) 0.45 1.2 0.0 -30.0 —25.0 —25.0
MV-reduced [4Fe-4S1*" a (25%) 0.70 2.62 0.0
S=0 b (25%) 0.35 1.00 0.9
¢ (50%) 0.49 1.12 0.8
H86Y as-purified [4Fe-4S1*" a and b (50%) 0.45 1.36 this work
S=0 ¢ (50%) 0.45 1.13
NEM-modified  [4Fe-4S]** a (25%) 0.40 0.7 00 255 23.8 5.0
S=12 b (25%) 0.25 -1.0 0.6 239 16.3 16.9
¢ (50%) 0.47 1.19 0.0 —26.7 —30.0 —24.1
MV-reduced [4Fe-4S]*" a and b (50%) 0.45 1.37
S=0 ¢ (50%) 0.44 1.15
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FIGURE 7: EPR-monitored redox titrations of WT (A) and H86Y
(B) NEM-modified Synechocystis sp. PCC 6803 FTR. Data points
correspond to the intensity of the S = 1/2 EPR from the [4Fe-
4S13* center at pH 7.0 (M) and pH 8.0 (@). The initial concentration
of enzyme used in each titration is 100 #M, and all data points
have been normalized for dilution effects upon reductive titration
with sodium dithionite. The solid lines are the best fits to one-
electron Nernst equations with E,, = —145 £ 10 mV (pH 7.0) and
—200 £ 10 mV (pH 8.0) for WT NEM-FTR and E,, = —155 +
10 mV (pH 7.0) and —275 + 10 mV (pH 8.0) for H86Y NEM-
FTR.

troscopic characterization of catalytically competent inter-
mediates corresponding to two-electron-reduced FTR (77)
and one-electron-reduced heterodisulfide complex with a
mutant form of Trx containing only one of two active site
cysteines (/0), see Figure 1. However, the nature and
sequence of the protonation/deprotonation steps in the
catalytic mechanisms and the question of which of the two
proposed catalytic schemes is physiologically relevant or
whether both are utilized under different cellular conditions,
as suggested in Dai et al. (/7), remain to be determined. In
an attempt to address these questions, the spectroscopic
consequences of the H86Y mutation have been investigated
in this work. His86 is a potential proton donor/acceptor in
the catalytic mechanism based on redox-related changes in
the positioning of the imidazole ring during redox cycling
(11). In addition, since the H86Y mutation results in a
marked decrease in catalytic activity (10% of the activity of
wild-type) (16), spectroscopic studies that address changes
in the properties of the [FesS,] cluster induced by the H§6Y
mutation may have the potential to assess the viability of
each of the two proposed catalytic cycles.

The results show that the H86Y mutation decreases the
weak interaction of the disulfide with the unique Fe site of
the [Fe,S4]** cluster in oxidized FTR, but has no significant
effect on the spectroscopic properties of the [Fe;S4]1*" cluster
in oxidized NEM-FTR which provides a stable analogue of
the one-electron-reduced intermediate. By far the most
dramatic effect is observed for methyl viologen reduced FTR
which corresponds to the two-electron-reduced intermediate
in which the disulfide is cleaved and has been shown to
contain a novel electron-rich [Fe,S4]** cluster with one
valence-localized and one valence-delocalized Fe(II)Fe(I1I)

Walters et al.
pair in WT FTR and a conventional [Fe;S,]1*" cluster with
two valence-delocalized Fe(Il)Fe(IIl) pairs in the H86Y
variant. Hence the spectroscopic data demonstrate that His86
is required for the anomalous site specific properties of the
[FesS4]>" center in two-electron-reduced FTR. The effects
of the mutation are also evident in a 75 mV decrease in the
midpoint potential for one-electron reduction of oxidized
NEM-FTR at pH 8, which provides a measure of the one-
electron-reduced/two-electron-reduced redox couple in the
catalytic cycle. The effect of pH on the redox potentials
indicates that this decrease is a consequence of reduction
occurring with addition of one proton in WT NEM-FTR
compared to two protons in H86Y NEM-FTR, suggesting
that His86 itself is responsible for a protonation step in the
one-electron-reduced/two-electron-reduced couple in the
catalytic cycle of FTR WT.

These spectroscopic and redox results are readily inter-
preted in light of the active-site structures for the oxidized,
oxidized NEM-modified and two-electron-reduced forms of
FTR shown in Figure 8 (8, /7). In oxidized FTR, the
imidazole ring of His86 is not involved in any significant
H-bonding interactions and the N atoms of the imidazole
ring are positioned away from the cluster and more than 4.5
A from the S atoms of the active-site disulfide and the N
atoms of Arg58 (8). Resonance Raman studies in the Fe—S
stretching region show that no significant changes in cluster
structure accompany the H86Y mutation. However, Moss-
bauer studies indicate a decrease in the weak interaction
between the disulfide and the unique Fe site (the C87 S—Fe
distance is 3.14 A in WT FTR) occurs in H86Y variant as
evidenced by the loss of the partially localized Fe(II)Fe(III)
pair, see Table 1. Hence the mutation is likely to position
the S of Cys87, and thereby the Cys87/57 disulfide, further
from the cluster without altering the overall cluster structure.
However, the His86 does not appear to be required for the
formation of the novel one-electron-reduced intermediate
involving a [Fe,S4]°" clusters with two cysteines ligated at
the unique Fe site, as judged by UV —visible absorption and
VTMCD, EPR and Madssbauer studies of WT and H86Y
NEM-FTR which indicate congruent vibrational, electronic
and magnetic properties for the clusters in these samples.
This is in accord with the structure for oxidized NEM-FTR
(11) which shows that the imidazole of His86 is not involved
in any significant H-bonding interactions. Although His86
moves closer to the cluster compared to oxidized FTR, the
N atoms of the imidazole ring do not interact with the cluster
or the coordinating cysteine residues and are more than 4 A
from the S atom of Cys57 and the N atoms of Arg58.

Comparison of the active sites of oxidized and methyl
viologen reduced forms of FTR (8, /1) reveals that two major
structural changes accompany methyl viologen induced
cleavage of the active-site disulfide, cf. Figures 8 A and 8C.
First, in accord with the proposed role as the interchange
thiol, Cys57 rotates by 130° away from the cluster and
becomes solvent exposed and in a position to attack the
substrate disulfide. In contrast, the cluster-interacting thiol,
Cys87, remains anchored near the cluster, but not ligated at
the unique Fe site. Indeed, the position of the cluster-
interacting cysteine, Cys87, is unchanged within experimental
error in oxidized and methyl viologen reduced FTR, with
the S+++S distance between Cys87 and Cys55 increasing from
3.11t0 3.19 A and the Fe+-+S distance increasing from 3.14
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FIGURE 8: Active-site structures of Synechocystis sp. PCC 6803
FTR: (A) oxidized (as purified) FTR at 1.60-A resolution (8); (B)
oxidized NEM-modified FTR at 1.70 A resolution (/1); (C) methyl
viologen reduced (two-electron-reduced) FTR at 1.95 A resolution
(11). Color code: Fe = purple; S = yellow; C = gray; N = blue;
O = red. Strong H-bonds are shown as green broken lines with
distances in green. Selected Fe—S and S—S distances are indicated
in black with broken lines indicating nonbonding or weakly bonding
interactions.

to3.21 A (8, 11). Second, the imidazole ring of His86 flips
120° toward the cluster, bringing the eN of His86 within
potential H-bonding range of the S of Cys55 and one of the
cluster u3-S atoms (both 3.8 A) (11). The structural data were
interpreted in terms of Cys87 being deprotonated and
presumably stabilized in close proximity to the cluster by
the positively charged imidazole ring of His86 (/7). How-
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ever, several lines of evidence support the alternative
explanation in which Cys87 is protonated by His86 and
anchored at the cluster by H-bonding to the S of Cys55, as
originally proposed based on the spectroscopic properties of
the [FesS4]*" cluster in methyl viologen reduced FTR (10).

First, the Fe—S(Cys) bond lengths of the coordinating
cysteines suggest that the Fe sites ligated by Cys55 (2.48
A) and Cys85 (2.17 A) correspond to the Fe(Il) and Fe(III)
sites of the valence-localized pair, respectively, and that the
Fe sites ligated by Cys74 and Cys76 (both 2.31 A) cor-
respond to the valence-delocalized Fe(II)Fe(III) pair. Hence
the assignment of the Fe sites based on the structural data is
not consistent with having an additional cysteinate close to
the Fe ligated by Cys55 which would stabilize a Fe(IIl) site
rather than a Fe(Il) site. In contrast, a strong H-bonding
interaction between the thiol form of Cys87 and the
coordinated S of Cys55 would promote build up of negative
charge at the Fe site creating a valence-localized pair with
the unique Fe site corresponding to the Fe(Il) component.
The lengthening of the Fe-SCys55 bond by 0.10 A and the
shortening of the Fe-SCys85 bond by 0.12 A, for the
[Fe4S4)7" cluster in the methyl viologen reduced state relative
to the oxidized state (8, 1/) is therefore consistent with this
interpretation and suggests that the Fe(IIl) site corresponds
to the Fe ligated by Cys85. Second, the dominant H-bonding
interaction involving &N of His86 in methyl viologen reduced
FTR is a strong donor H-bond from Arg58 (N+++N distance
of 2.94 A) implying that His86 has become deprotonated
by proton transfer to Cys87. Third, the pH-dependence of
the redox behavior of WT and H86Y oxidized NEM-FTR
suggests that His86 is responsible for a protonation step
during reduction to the two-electron-reduced state in WT
FTR. Although there is currently no structural information
for H86Y FTR, the spectroscopic and redox data indicate
that Cys87 becomes protonated in the two-electron-reduced
form, but is no longer anchored at the cluster by the strong
H-bonding interaction, suggesting that His86 functions both
as a specific proton donor for Cys87 and in stabilizing the
H-bonding interaction with Cys55.

The movement of the imidazole ring of His86 as a result
of redox cycling or Trx binding to FTR (/7) suggests that
His86 functions as a proton shuttle during the catalytic cycle.
This work demonstrates that His86 is the proton donor to
Cys87 which is released from the cluster after addition of
the second electron in both of the proposed mechanisms,
see Figure 1. In light of the position of the imidazole of His86
close to the heterodisulfide in the one-electron-reduced FTR/
mutant Trx complex (eN ~5 A from each of the S atoms of
the heterodisulfide), it is tempting to speculate that His86
accepts the proton from Cys87 and transfers it to the Trx
cysteine involved in the transient two-electron-reduced
heterodisulfide intermediate, in order to facilitate Cys87
attack of the heterodisulfide to re-form oxidized FTR and
release reduced Trx. Our previous redox and chromato-
graphic studies of the one-electron-reduced FTR/C40S Trx
heterodisulfide studies demonstrated heterodisulfide cleavage
and the formation of unbound oxidized FTR and C40S Trx
in a coupled one-electron and one-proton reduction (/0). In
light of the results presented herein, the proton added may
be used to reprotonate His86 after it has shuttled the proton
from Cys87 to the cysteine of Trx rather than for direct
protonation of Trx thiolate.
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Unfortunately the results presented herein do not resolve
the question of which of the two proposed mechanisms are
utilized by FTR. The data presented indicate that both
mechanisms would likely be impaired by the H86Y mutation.
The two-electron-reduced intermediate only occurs when
FTR is reduced by two electrons prior interacting with the
Trx substrate. Hence the major changes in the two-electron-
reduced form that result from the H86Y mutation could
account for the marked decrease in catalytic activity based
on this mechanistic scheme. However, both catalytic mech-
anisms involve reduction of a one-electron-reduced form and
hence would be adversely affected by the 75 mV decrease
in one-electron-reduced/two-electron-reduced couple that
accompanies the HS6Y mutation, based on the data obtained
for NEM-FTR. In addition, the last step in both mechanisms
involves disulfide/dithiol exchange leading to re-formation
of the FTR disulfide and release of reduced Trx. This reaction
would be adversely affected by the H86Y mutation for both
mechanisms, if His86 mediates proton transfer from Cys87
of FTR to the released cysteine of Trx as proposed above.
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