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Ferredoxin:thioredoxin reductase (FTR) plays an important role
in the light-regulated catalytic properties of enzymes involved in T
the Calvin cyclét The light signal is transmitted in the form of 00} M‘; ."'.-‘-
electrons from the chlorophyll-containing thylakoid membranes via ViR
a [2Fe-2S] ferredoxin, FTR, and thioredoxins to target enzymes,
which are activated or deactivated by the reduction of regulatory
disulfide bonds. FTR utilizes a unique active site that comprises a
[AFe—4SE* cluster with an adjacent disulfiéie! to catalyze the
two-electron reduction of the thioredoxin disulfide. Previous

spectroscopic investigations of tBpinacea oleraceBTR 3° have Lor
shown that alkylation of one cysteine of the active-site disulfide PR - PR
(Cs4) by N-ethylmaleimide (NEM) affords a stable analogue of the VELOCITY (mms)

one-electron-reduced heterodisulfide intermediate. The combinedFigure 1. Mossbauer spectrum of as-purified FTR (0.24 mM) recorded at

EPR, ENDOR, resonance Raman, and MCD data of the NEM- 4.2 K in afield of 50 mT applied pa_raIIeI to thebeam (hatchgd ma(ks). _
The spectrum can be deconvoluted into three components with an intensity

mOdiﬁed _FTR suggest a nOYel pre .Of [4’FQSP+ Cluste.r WiFh ratio of 1:1:2 representing three Fe site®, andc (Table 1). The individual
five cysteine ligands, but the ligation site of the fifth cysteine ligand components are shown above the spectrum as two solid breegp sites)
was left undeterminedlin this study, both the as-purified and NEM- and a dotted lined). The solid line overlaid with the experimental spectrum
modified forms of FTR from spinaéthave been investigated by S the sum of the three components.

Mdssbauer spectroscopy to provide further understanding of the a0 1 Messbauer Parameters of As-Purified and NEM-Modified
cluster coordination and electronic state. The results demonstrateSpinach FTR

the presence of a unique iron site in the [4H&] cluster and Fe o0  AE A, A A
suggest that site-specific cluster chemistry, involving the formation  proteinstate  clusterstate  site  (mm/s) (mm/s) »  (T) M (T
of a five-coordinate Fe site with two cysteinate ligands, occurs as purified [4Fe-4SP* a 056  1.80 0.5
during catalytic cycling of FTR. S=0 b 8-22 igg g-g

. I C B . . - - -
_ The 4.2 K Mcsspaut_ar spectrum of the as-purified FTR recorded ey modified [4Fe-4SF* a 030 12 0 225 185 80
in a weak magnetic field of 50 mT shows a quadrupole doublet S=1/2 b 030 -1.2 0 215 195 185

c 044 12 0 -265 —295 —245

with a prominent shoulder on the side of the high-energy line

(Figure 1, hatched marks). A spectrum recorded in a strong magnetic The spectrum shown in Figure 1 can also be fitted with two quadrupole
field of 8 T (not presented) indicates that the cluster is diamagnetic, doublets with an intensity ratio of 1:3. However, the line shape of the high-
consistent with a [4Fe4SP" assignment. Both spectra can be energy line is better fitted with three compone®to minimize the number
deconvoluted into three components with an intensity ratio of 1:1:2 of parameters in our analysis, thef the two ferric sites and the magnitude
(Figure 1), corresponding 1o hree distinct Fe b, andc, e pig ot sl hree s are assumed i be he same gl ste
respectively (Table 1). Typically, the Fe atoms of a [4BSE+

cluster can be grouped into two valence-delocalizetPHee>5*
pairs that are antiferromagnetically coupled to form a diamagnetic
ground staté,and accordingly the Mgsbauer spectrum consists
of a symmetric quadrupole doublet with parametérs= 0.40—

0.45 mm/s, and\Eq = 1.0—1.2 mm/s) that are indicative of Fe"

ions with tetrahedral sulfur coordinatiA.The absorption intensity
determined for site of FTR indicates that it represents one of the
two Fe&5"Fe>5t pairs. Therefore, sites andb must represent the
other pair. The parameters determined for both ditesid c are
within the ranges observed for [4F4SF+ clusters, indicating Fe
sites of regular coordination. The largérand AEq of site a,
however, indicate a unique Fe site with atypical coordination

environment. This observation is consistent with the X-ray structure
of SynechocystiBTR* which shows that the sulfur atom of one of
the cysteine residues forming the active-site disulfide is in van der
Waals contact (3.1 A) with both the Fe atom ligated by @pinach
enzyme sequence number) and the sulfur atomsgfr€sulting in

the Fe site being distorted from tetrahedral coordination with a
(Cs2)S—Fe—S angle of 129 that is open toward the disulfide
(Scheme 1). The presence of a unique Fe site in{4/3¥" clusters

has been detected in both model compounds and proteins. In model
complex studies, the increasesdrand AEq are correlated with
increases in coordination number at the unique Fe'iteproteins,
unique Fe sites were observed with increadeapon binding of
substrates to the [4FetSE" cluster in aconitas®,and upon binding

fEmSQ;SLth{,‘i‘C’)?gZVdrgia_ of Sadenosylmethionine to the clusters in pyruvate formate-lyase
*Universitede Neuchtel. activating enzymé? and in biotin synthas& Thus, it is tempting
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Figure 2. Mdssbauer spectrum of NEM-modified FTR (0.23 mM)
measured at 4.2 K in a field & T applied parallel to the beam (hatched
marks). The spectrum has been deconvoluted into three components (show
above the spectrum) with an intensity ratio of 1:1:2, corresponding to two
distinct Fe sites of the ferric pair (sitasandb, solid lines) and a delocalized
mixed-valence pair (site, dashed line). The solid line overlaid with the
experimental data is the sum of the three components.

Scheme 1. lllustration of Unigue Iron-Site Chemistry of the
[AFe—4S] Cluster in the As-Purified FTR and the
One-Electron-Reduced Heterodisufide Intermediate, as Modeled
by NEM-Modified FTR
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to speculate that the largér and AEq of site a reflect a weak
interaction between the active-site disulfide and thgli®und Fe
in as-purified FTR.

Figure 2 shows the 4.2 K spectrum of the NEM-modified FTR
recorded in a magnetic field 8 T (hatched marks). The spectrum
is paramagnetic, consistent with tiSe= 1/, state determined by
previous EPR investigatiot® Three distinct components with a
1:1:2 intensity ratio are also observed, indicating that the unique
Fe site persists in the NEM-modified FTR. The components
corresponding to the two individual Fe si@andb can be clearly
seen to produce a splitting in the absorption in the region between
+3 and+4 mm/s (Figure 2). Comparison of the parameters of the
NEM-modified form of FTR with those of the as-purified form
shows a general reduction i for sitesa and b with the larger
reduction ¢0.26 mm/s) occurring at the unique site This
observation suggests that upon NEM-modification a reducing
equivalent is removed from the cluster, mostly from siteand
supports previous spectroscopic evidécehat the cluster is
formally in the [4Fe-4SE* state. Further, the signs and magnitudes
of the magnetic hyperfine coupling tensors compare well to those
observed for [4Fe4SP" clusters in high-potential ironsulfur
proteind* and reveal the antiparallel alignment of the spin of the
mixed valence pair with those of the two ferric sites.

Taken together, the Misbauer data provide key insights into
the FTR mechanism that may be understood in terms of a eonor
acceptor approach involving the active-site disulfide and the unique

Fe site of the [4Fe4S] cluster. Partial bonding of the disulfide to
the unique iron in the resting state of the cluster promotes charge
buildup on that iron, making it an electron donor with increased
ferrous character, which, in turn, explains the increased isomer shift.
Concomitantly, this interaction between the unique Fe and the C
sulfur polarizes the SS bond making the interactive sulfur an
electron acceptor (Scheme 1). The system is therefore primed and
ready to accept an electron from ferredoxin to break the disulfide
bond. When this occurs,ggbinds to give a five-coordinate Fe site
with two cysteinate ligands, thereby freeing,Qo attack the
disulfide of thioredoxin to form the heterodisulfide intermediate.
This one-electron reduced state is modeled by the NEM-modified
form (Scheme 1). The binding of an additional cysteine to the
Ainique Fe reverses the dor@cceptor properties, and charge is
drawn away from the iron. The cluster is then formally in the [4Fe
4SP+ oxidation state, and the unique Fe becomes more ferric,
leading to a dramatic decrease in the isomer shift of that iron. This
novel site-specific cluster chemistry provides molecular-level insight
into how the [4Fe-4S] cluster mediates disulfide reduction in two
one-electron steps in FTR and the related methanogenic hetero-
disulfide reductase’.In addition it may provide a paradigm for
understanding the mechanism of reductive cleavaggaienos-
ylmethionine to yield methionine and thedeoxyadenosyl radical

in the radical SAM family of Fe-S enzymes.
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