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ABSTRACT: Pyrococcus furiosu$erredoxin (Fd) contains a single [f=)] cluster coordinated by three
cysteine (at positions 11, 17, and 56) and one aspartate ligand (at position 14). In this study, the
spectroscopic, redox, and functional consequences of D14C, D14C/C11S, D14S, D14C/C17S, and D14C/
C56S mutations have been investigated. The four serine variants each contain a potential cluster coordination
sphere of one serine and three cysteine residues, with serine ligation at each of the four Fe sites of the
[FesSy] cluster. All five variants were expressed tscherichia coli and each contained a [f]%++

cluster as shown by U¥visible absorption and resonance Raman studies of the oxidized protein and
EPR and variable-temperature magnetic circular dichroism (VTMCD) studies of the as-prepared, dithionite-
reduced protein. Changes in both the absorption and resonance Raman spectra are consistent with changing
from complete cysteinyl cluster ligation in the D14C variant to three cysteines and one oxygenic ligand
in each of the four serine variants. EPR and VTMCD studies show distinctive ground and excited state
properties for the paramagnetic [|Sg" centers in each of these variant proteins, with the D14C and
D14C/C11S variants having homogene@is 1/, ground states and the D14S, D14C/C17S, and D14C/
C56S variants having mixed-spi8,= '/, and?®/, ground states. The midpoint potentials (pH 7.0,°23

of the D14C/C11S and D14C/C17S variants were unchanged compared to that of the D14C Eariant (

= —427 mV) within experimental error, but the potentials of D14C/C56S and D14S variants were more
negative by 49 and 78 mV, respectively. Since the VTMCD spectra indicate the presence of a valence-
delocalized F&>"Fe?5 pair in all five variants, the midpoint potentials are interpreted in terms of Cys11
and Cys17 ligating the nonreducible valence-delocalized pair in D14C. Only the D14S variant exhibited
a pH-dependent redox potential over the range of~-3@ and this is attributed to protonation of the
serinate ligand to the reduced clusteK{p= 4.75). All five variants had similaK,, andV, values in a
coupled assay in which Fd was reduced by pyruvate ferredoxin oxidoreductase (POR) and oxidized by
ferredoxin NADP oxidoreductase (FNOR), both purified frémfuriosus Hence, the mode of ligation at

each Fe atom in the [E84] cluster appears to have little effect on the interaction and the electron transfer
between Fd and FNOR.

Pyrococcus furiosuterredoxin (Pf Fd)is a low-molecular Fd (Figure 1). While this is not unprecedented in Fds or in
mass protein that contains a single {&¢ cluster (, 2). It other Fe-S proteins, it is unusual, and in the case of Pf Fd
is typical of the cubane-type Fds with respect to its size (7500 allows for the quantitative removal of the Fe ligated by the
Da), acidic charge at neutral pH, and its low reduction Asp ligand @). The cluster, at least in vitro, is readily
potential. However, it differs from most other Fds in two interconverted between the [Sg]*** and [FeSs] +° forms,
important aspects. First, it is remarkably thermostable, although this is not thought to have a physiological role.
exhibiting limited degradation after several days at°@5
Second, it contains incomplete Cys ligation to the 4Fe cluster, 1 Abbreviations: aa, amino acids; A&zotobactewinelandii; CAPS,

: P .« 3-(cyclohexylamino)-1-propanesulfonic acid; CHES N2eyclohexyl-
as the second Cys in the conserved cluster binding motif amino)ethanesulfonic acid; C&lostridium acidi urici Cp, Clostridium
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DMSO, dimethyl sulfoxide; ENDOR, electron nuclear double reso-
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10 20 30 ligands. Currently Pf Fd, in which an aspartate replaces one
[P)g gi AWK‘P’?E@%B’-; gggggéﬁ gggzggﬁggg SISAQP of the coordinating cysteine residues, is the only well-
71 Fq MKVSVDKDA CIGOGVGAST CPDVFEMDDD GKAKA ghargcterlzed example of a 4Fe Fd with mco_mpl_ete cysteinyl
Dz Fd  ARKFYVDODE CIACESCVEI APGAFAMDPE TE-—- ligation of the [F@S4] cluster. The aspartate ligation may be
ca Fd AYVINEA CISCGACEPE CP-VNAIS-S GD-—— involved in gating electron transfer by offering a switch
Cp Fd AYKIADS CVSCGACASE CP-VNAIS~Q GD--- mechanism between mono- and bidentate coordination of the
Pa Fd AYVINDS ICIAICIGACKPEISIP—VNCIQ—Q G———- Fe atom {6). Site-directed mutagenesis provides a means
of probing the functional significance and spectroscopic
40 50 60 consequences of noncysteinyl ligation to-Fclusters. The
Pf Fd  KVEVI EDEEL-YNCAK EAMEACPVSA ITIEEA approach taken herein utilizes a small, single-cluster Fd (Pf
gg gg i@g; gi’ gff’f?gi gﬁ\g:ggﬁgﬁ ?;\S]E Fd) as a model for understanding how the properties of a
D= Fd  KAYVK DVEGASQEEVE EAMDTCPVOC [HWEDE biologi_cal [Fanl] c_Iqster are p_ertu_rbed by_systematical_ly
Ca Fd DRYVI DADTC-IDCGA CAGV-CPVDA PVOA replacing each individual coordinating cysteine with a serine
Cp Fd  SIFVI DADTC-IDCGN CANV-CPVGA PVQE residue. As yet, there have been no reported attempts to
Pa Fd  SIYAI DADSC-IDCGS CASV-CPVGA PNPED generate a set of Fd mutants that have each of the four ligands

v to a [FeSy] cluster individually changed to a non-cysteine

FiGure 1. Sequence comparison of Pf Fd (66 aa) with Dg Fdll i55nq However, systematic studies involving Cys-to-Ser

(57 aa), Tl Fd (59 aa), Da FdI (64 aa), Ca Fd (55 aa), Cp Fd (55 . L . .
aa), and Pa Fd (55 aa). Fully conserved positions are representednutations of each coordinating cysteine residue have been
by bold letters. The amino acids involved in ligating the “N- reported for the Fe(SCyskenter in rubredoxin1(7) and
terminal” cluster in each Fd are denoted by the Roman numerals [Fe,S;] centers in fumarate reductasks and 2Fe Fds1(9—
pelow the position. The cluster s always hound by fnree Igands 21). Attempts to heterologously express genes that would
in one motif and by a distant Cys in the C-terminal end of the -- : :
protein. The cluster ligand labeled Il is Cys in each case, with the e_ncode [F@]-c_ontalnlng Fds_ W't.h a noncysteinyl cl_uster
could not be detected or isolated, proteins containingdffe

Fe—S proteins have been shown to carry out a diverse rather than [F£] clusters, or proteins in which a rearrange-
range of processe8+45). While electron transfer is still the ~ ment had occurred to allow a nearby noncoordinating residue
primary function of most FeS clusters, there are now a to replace the mutated residue (see 22fand references
number of examples where the cluster is acting in other therein). Furthermore, Pf Fd has an advantage for systematic
capacities. For example, F& clusters, in whole or in part, mutagenesis studies with a [Sg]>"* center, since it
constitute the active sites of a variety of redox and nonredox contains no other clusters to complicate spectroscopic
enzymes. The best characterized example is the citric acidcharacterization. Previous mutagenesis studies involving
cycle enzyme, aconitase, which utilizes a redox-inactive ligands to [FgS,?"* clusters have involved multicluster
Fe—S cluster to catalyze the citrate to isocitrate dehydration ~ systems, such as PsaC, DMSO reductase, nitrate reductase,
rehydration isomerization reactio)( In the absence of fumarate reductase, Da Fd Ill, and Av Fd23(-33).
substrate, the enzyme has a 4Fe cluster which is ligated by In addition to its small size, high stability, and single-f&
three Cys residues and a hydroxyl group. The substrate bindscluster, Pf Fd is an excellent model system to study since it
at the unique Fe to yield a six-coordinate Fe siie Fe—S is central to many metabolic reactions within its host cell.
clusters can also function as sensors to regulate geneThus, this Fd serves as an electron acceptor in a variety of
expression or enzymatic activity. For example, the ability reactions in the peptide and carbohydrate fermentation
to assemble an F€S cluster appears to be used as an Fe pathways of Pf. It functions as an oxidant for pyruvate
sensor in the iron-responsive protein (IRB), (@nd Fe-S ferredoxin oxidoreductase (POR4) and glyceraldehyde-
clusters are used to sense oxygen in the fumarate and nitrat8-phosphate oxidoreductase (GAPOB), and it is the
reductase regulatory (FNR) proteiid)( superoxide in the  electron acceptor for enzymes oxidizing various aldehydes,
SoxR protein §, 9), and possibly nitric oxide in mammalian  formaldehyde, indolepyruvate, 2-ketoglutarate, and 2-keto-
ferrochelataselQ). In addition, there is evidence that+8 isovalerate §6—39). Pf Fd has also been shown to donate
clusters may also be able to mediate coupled electron andelectrons to ferredoxin NADP oxidoreductase (FNGR),.
proton transfer. For example, the binding of a serine side Thus, there are a variety of oxidoreductases that have been
chain and a backbone amide nitrogen to Fe sites on oxidationpurified from Pf which function in vivo in either the
of the nitrogenase P cluster suggests that this cluster mayoxidizing or reducing direction, and these can be used to
function in coupling proton and electron transfer to the active study physiologically relevant, interprotein electron transfer
site cluster {1), although the ligated serine residue is with Pf Fd.
apparently not responsible for the pH dependence of the In the study reported here, we focus on serine as the
cluster’s midpoint potentiall@). Histidine ligation to the noncysteinyl ligand in Pf Fd. This was chosen because of
[Fe:S;] cluster in the Rieske proteiril8) and to the distal its structural similarity to cysteine and the crystallographic
[FesSy] clusters in a NiFe hydrogenas&4) and some Fe  or NMR evidence of serinate Fe ligation in several mutant
hydrogenaseslf) may also serve a similar purpose. Fe—S proteins {7, 20, 41). Moreover, we have previously

What has become apparent with the ever-increasing rangeprepared the D14S mutant of Pf Fd, and shown that the serine
of functions discovered for biological F€ clusters is that  is a cluster ligand42) and that the resulting protein has
these new roles are often associated with incomplete cysteinylanomalous redox, spectroscopic, and biological properties
ligation. Clearly, this activates the cluster and facilitates novel (43). The overall goal of this work was to examine the redox
chemistry. Thus, for 4Fe Fds, which function only in electron and functional characteristics and the detailed spectroscopic
transfer, the cluster is typically coordinated by four cysteine properties (absorption, VTMCD, EPR, and resonance Ra-
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man) of a series of analogous mutants in which the3ie

Brereton et al.

proteins. Cellular debris and denatured protein were removed

cluster has the same coordination, namely, via three cysteineby centrifugation (1100f§for 45 min; Beckman JA-10 rotor).
and one serine ligand, but to vary the position of the serine The supernatant was diluted 3-fold with 50 mM Tris-HCI at

ligand within the protein. The three cysteine ligands that
coordinate the [F£5,] cluster in the native protein are at
positions 11, 17, and 5644, 45). Hence, the three double

pH 8.0 (buffer A) and loaded onto a Q-Sepharose Fast Flow
column (7 cmx 23 cm) equilibrated with buffer A. The
column was washed with buffer A (2 L), and the absorbed

mutants, D14C/C11S, D14C/C17S, and D14C/C56S, were proteins were eluted with a linear gradient (5 L) from O to
prepared, and their properties are compared with those 0f0.6 M NaCl in buffer A. Fd (as judged by its brown color)
the fourth member of the series, D14S, as well as with thosewas collected and concentrated by ultrafiltration (Amicon
of the parent D14C Fd. In all cases, the spectroscopic resultsmembrane), and applied to a column (6 cm60 cm) of

show that [FgS,)?"* clusters are assembled and the effects
of the location of the serine ligand on the properties of the
[FesS4] cluster have been determined.

MATERIALS AND METHODS

Materials. Restriction and modifying enzymes, oligonucleo-
tides, andescherichia colistrain IM105 were obtained from
Stratagene (La Jolla, CA). IPTG was from Alexis (San Diego,

CA). Sequenase (version 2.0), casein hydrolysate, yeast, , forms run very differently:

extract, and ampicillin were purchased from U.S. Biochemi-
cal (Cleveland, OH). The radioactive nucleotide used for
DNA sequencing wa{-**S]dATP which was obtained from

Amersham Corp. (Arlington Heights, IL). The expression

plasmid pTrc99A and the chromatography materials (Sepha-
dex G-75, Q-Sepharose Fast Flow, and Mono-Q) were from fo

Pharmacia-LKB (Piscataway, NJ). The Mutagene kit was
purchased from Bio-Rad (Richmond, CA). The antibiotic
neomycin sulfate, buffers (CAPS, CHES, MES, HEPES, and
EPPS), NADP, pyruvate, benzyl viologen, and methyl
viologen were all from Sigma (St. Louis, MO). Coenzyme
A was purchased from ICN (Costa Mesa, CA). The YM-3
ultrafiltration membranes were from Amicon (Beverly, MA).
Al,O3 slurry and diamond polish were obtained from Buehler
(Lake Bluff, IL). Tris-tricine gels were from Novex (San
Diego, CA).

Mutagenesis and Expressionhe cloning, mutagenesis,

Sephadex G-75, equilibrated with sodium phosphate (50 mM,
pH 7.7) containing 5 mM dithionite, at a rate of 3 mL/min.
Fractions containing pure Fd as judged by electrophoretic
analysis on a native Tris-tricine polyacrylamide gel (16%
w/v; 31) and by the maximum value of the absorbance ratio
(Ased/Azsg) Wwere combined and concentrated prior to storage
under Ar at—80 °C. Native Tris-tricine polyacrylamide gels
provide a convenient way of distinguishing between holo-
Fd and apo-Fd. Under native, nondenaturing conditions, the
the native folded form runs
with the dye front, while the apo or unfolded form migrates
significantly slower and more diffusely. Approximately 30

ug of Fd was loaded into each lane due to the poor staining

of Fd with the Coomassie dye.

This purification scheme was sufficient to purify all mutant
rms of the protein except for the D14C/C56S protein.
Electrophoretic analysis (see below) showed there to be
significant amounts of the apo form still present, and this
was also manifested in a low absorbance rafigso(Azs0)

for this protein. The D14C/C56S protein (approximately 6
mg/mL) was loaded (in 1 mL aliquots) onto a Mono-Q
column (1 mL bed volume) equilibrated in buffer A
containing NaCl (0.1 M). The protein was eluted with a linear
gradient from 0.1 to 0.45 M NaCl in buffer A (30 mL). The
D14C/C56S mutant eluted as 0-23.32 M NaCl was applied

to the top of the column. The Fd fractions were collected,
concentrated by ultrafiltration, and loaded onto a Sephadex

and expression of the various forms of Pf Fd mutants have G-75 column (2.6 cmx 60 cm), equilibrated with sodium

been described previousl¥¢3, 45, 46). The double mutants
described in this work (D14C/C11S, D14C/C17S, and D14C/
C56S) were constructed by the method of Kunké) (using

as a template the gene encoding the D14C variant that ha
already been through one cycle of PCR mutagendds (

phosphate (50 mM, pH 7.7) containing 5 mM dithionite, at

a rate of 0.5 mL/min. Electrophoretic analysis showed the
rotein to be virtually homogeneous with a very small
mount of remaining apoprotein. THhgeyAzgo Was signifi-

cantly increased by this procedure (see the Results). The

The oligonucleotides used to introduce the mutations were protein was concentrated and stored as described above.

5-ACA TCC TAT AGA GGT GTC TTG-3 (C11S),
5'-GAG GCT TGC AGA GAT GGC ACA-3(C17S), and
5-ACT AAC TGG AGA GGC CTC CAT-3 (C56S).

Spectroscopic MethodslV —visible absorption spectra of
the oxidized and reduced forms of each mutant [at ap-
proximately 3QuM in 50 mM EPPS (pH 8.0)] were recorded

Expression conditions were identical to those described on a Shimadzu UV-2501PC spectrophotometer af@3

elsewhere43). In brief, the mutant genes were cloned into
the Ncd and Pst sites of the vector pTrc99A. The plasmid
was transformed into the expression striincoli JM105.
The medium used was LB containing glycerol (0.5%).
Induction with IPTG (1 mM) was achieved when the £§
reached approximately 0.6 and cellular yields were8 7
(wet weight)/L.

Purification. Because of the possible,Gensitivity of the
proteins containing a potential serine ligand to the-Be
cluster of Pf Fd, all purification procedures were performed
under anaerobic conditions with all buffers containing sodium
dithionite (2 mM).E. colicells (706-800 g) were lysed using
lysozyme, and the lysed cells were incubated at@@or 1
h and then stored at 4C overnight to denatur&. coli

VTMCD spectra were collected on samples containing 55%
(v/v) poly(ethylene glycol) (PEG) using a Jasco J715
spectropolarimeter mated to an Oxford Instruments Spec-
tromag 4000 (6-7 T) split-coil superconducting magnet. The
MCD intensities are expressed As (e.cp — €rcp) Where
eLce and ercp are the molar extinction coefficients for the
absorption of left and right circularly polarized light,
respectively, and the magnetic fields are given in the figure
legends. X-band~9.5 GHz) EPR spectra were obtained
using a Bitlker ESP-300E EPR spectrometer equipped with
a dual-mode ER-4116 cavity and an Oxford Instruments
ESR-9 flow cryostat. Frequencies were measured with either
a Systron-Donner 6054B frequency counter or a Hewlett-
Packard 5350B microwave frequency counter, and the
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magnetic field was calibrated with a Bruker ER035M LA B R L L L
gaussmeter. Spin quantitations were carried out under I
nonsaturating conditions using 1 mM Cu(Il)EDTA as the
standard.

Resonance Raman spectra were recorded with an Instru-
ments SA U1000 spectrometer fitted with a cooled RCA
31034 photomultiplier tube, using lines from a Coherent
Innova 100 10 W At laser or a Coherent Innova 200-K2
Kr* laser. Scattering was collected at’3om the surface
of a frozen 10uL droplet of protein solution using an Air
Products Displex model CSA-202E closed cycle refrigerator.
Band positions were calibrated using the excitation wave-
length, and are accurate t80.5 cntt. Raman spectra of
the same sample obtained at different wavelengths were
normalized to the intensity of the ice band at 230 &mwhich
serves as an internal standard. The spectrum of the frozen . o i
buffer solution, normalized to the intensity of the ice band Ficure 2: UV—visible spectra of air-oxidized variants of Pf Fd.

1 . The variants are, from top to bottom at 370 nm (denoted by the
at 231 cm*, and a linear ramp fluorescent background have arrow), D14C, D14S, D14C/C17S, D14C/C56S, and D14C/C11S.
been subtracted from all spectra described in this work.

The samples (approximately 301) were in 50 mM EPPS buffer
Biological AssayThe biological activity of the Fd mutants ~ (PH 8.0), and the spectra were recorded af@3

was assessed in a coupled assay system in which Fd reduce

by an excess of POR was subsequently oxidized by FNOR

(40). It has been shown previousi$d) that the reduction Expression and PurificatiorAs with the D14S and D14C

of the Fd variants, even those with redox potentials consider-y5riants of Pf Fd 45), the recombinant versions of the three
ably lower than that of the wild-type protein, occurs much goyple mutants, D14C/C11S, D14C/C17S, and D14C/C56S,
faster than the oxidation with FNOR in this assay system. expressed ifE. coli all contained an FeS cluster, and the
The measured activity therefore reflects the Fd and FNOR associated brown color facilitated their purification. However,
association and electron-transfer step of the reaction. Thethe yield of each of the mutants was lower than those of the

e (M'em™)
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assay (2 mL) was performed at 8C in EPPS buffer (50
mM, pH 8.0) containing pyruvate (10 mM), coenzyme A
(0.2 mM), MgCk (1 mM), Pf POR (20ug/mL, 10 units/
mg), and Fd (0.02520 uM). The reaction was started by
the addition of FNOR (&g/mL, 55 units/mg). The reaction
was followed by measuring the reduction of NADP at 365
nm. A molar absorbance of 3400 Mcm™* was used for
NADPH. One unit of activity in this assay is @mol of
pyruvate oxidized per minute (equivalent tquhol of Fd
oxidized per minute). Curves were fitted with the Michaelis
Menten equation. The activity of FNOR was determined
using the artificial electron acceptor benzyl viologen (1 mM)
with NADH (0.3 mM) as the electron donor. One unit of
activity of FNOR catalyzed the reduction ofnol of benzyl
viologen per minute in CAPS buffer (50 mM, pH 10.3). The
activity of POR was determined independently under the
same conditions but with methyl viologen (1 mM) replacing

recombinant wild type, and the D14C and D14S variants,
all of which are produced in comparable quantities. The
D14C/C11S and D14C/C17S mutants were produced in
amounts that were about4 times lower than that of the
wild-type protein, with yields of approximately 0.15 mg/g
(wet weight) ofE. coli cell paste. The D14C/C56S protein
was isolated at significantly lower levels, approximately 0.01
mg/g (wet weight) of cells. However, each protein appeared
to be stable, with no visible deterioration afteh at 70°C

or after several days at 2%C under either aerobic or
anaerobic conditions. Moreover, electrophoretic analyses of
cell-free extracts (after the initial anion exchange step) did
not identify any significant levels of apoprotein. Thus, the
lower yields of the three Ser double mutants do not appear
to be the result of degradation of the protein during
purification but do appear to be the result of the lower
amounts of holoprotein produced By coli. This is consistent

Fd as the electron acceptor. One unit of POR activity was with the general observation that in essence only holoproteins

defined as the oxidation of dmol of pyruvate per minute.
ElectrochemistryThe reduction potentials of the proteins

and their pH dependence were measured by cyclic voltam-

are produced in vivo because the (apo)polypeptides are
susceptible to rapid degradatio?2?. In any event, all four
Ser variants, with Ser at position 11, 14, 17, or 56, and with

metry at a glassy carbon electrode. The electrochemistry cellthree Cys residues completing the likely cluster coordination

that was used was identical to that described by Hagén (
The working electrode was prepared by polishing it with an
Al O3 slurry (0.3um) and then with diamond spray ().

sphere, were produced in a pure form.

UV—Visible SpectroscopyThe UV-visible absorption
spectra of air-oxidized forms of D14C, D14C/C11S, D14S,

This was repeated for each measurement. The Fd doubleD14C/C17S, and D14C/C56S Pf Fd are shown in Figure 2.

mutants (56-100 M) in the appropriate buffer (50 mM

The additional cysteinyl-S-to-Fe(lll) charge-transfer intensity

citrate, formate, acetate, MES, HEPES, CHES, or CAPS) in D14C leads to a pronounced shoulder at 390 A& &nd

containing the promoter neomycin (2 mM) were analyzed
between pH 3.5 and 10.0 at 28. The scan rate was 10
mV/s over the potential range 6f200 to—900 mV (vs the
Ag/AgCI electrode). The working, counter, and reference

a concomitant increase in the absorbance ratigdPzso =
0.73) and extinction coefficientefgo = 20.2 Mt cm™)
compared to those of the four serine mutants. As previously
noted for the D14S varian4b), none of the Ser double

electrodes were glassy carbon, Pt, and Ag/AgClI, respectively.mutants had a well-resolved band in the visible region.
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FiGURE 3: Perpendicular-mode X-band EPR spectra of,§e
centers in dithionite-reduced D14C, D14C/C11S, D14S, D14C/
C17S, and D14C/C56S Pf Fd in tBe= 1/, region: 0.59 mM D14C,
0.85 mM D14C/C11S, 0.88 mM D14S, 1.02 mM D14C/C17S, and
0.72 mM D14C/C56S. All samples were in 100 mM Tris-HCI buffer
(pH 7.8) except D14S which was in 100 mM CAPS buffer (pH

Brereton et al.

at pH 7.8, indicative of a homogeneoBs= 1/, [FesS,*
cluster. Theg-value anisotropy is smaller than that of the
aspartyl-ligatedS = ¥/, [FesSy]* cluster in the wild typed

= 2.10, 1.87, and 1.79. = 1.92) @) and comparable to
that of the all-cysteinyl-ligated pu@= %/, [Fe;S;] " cluster

in D14C @ = 2.08, 1.93, and 1.89y,, = 1.97). However,

the garvalue for the D14C/C11S variant is substantially
reduced compared to that of the D14C variant. The dithionite-
reduced D14S variant displays &= /, EPR signal ¢ =
2.07,1.91, and 1.8%},, = 1.94) with greater anisotropy and
faster relaxation compared to those of the other three Ser
variants, but both the anisotropy and relaxation properties
are intermediate between those of the fzE" centers in

the wild type and the all-cysteinyl-ligated D14C variant. The
signal is only observable below 20 K, and spin quantitations
of the S= ¥/, resonance yielded values of 0.350.05 spin

per molecule at pH 7.8 and 0.60 0.05 spin per molecule

at pH 10.5. This is in accord with the midpoint potential
(see below) and U¥visible absorption studies which show
that the cluster is only partially reduced by dithionite at pH
7.8, but fully reduced at pH 10.5. The dithionite-reduced
D14C/C17S variant exhibits a complex EPR signal in$he

= 1/, region with inflections ay values of 2.08, 2.00, 1.93,
and 1.88. This signal is only observable below 30 K and
clearly consists of at least two distin& = %/, species.
Attempts to differentiate the component species using power
saturation at various temperatures ware unsuccessful. How-

10.5), and samples were reduced by anaerobic addition of sodium€Ver, the addition of PEG perturbs the mixture and indicates

dithionite to a final concentration of 2 mM. Conditions of

that theg = 2.00 feature is the low-field component of a

measurement were as follows: microwave power, 1 m\W; temper- resonance that overlaps with a rhombic resonagee 2.08,

ature, 10 K; microwave frequency, 9.61 GHz; and modulation

amplitude, 0.64 mT. In each case, EPR spectra are also shown afte

the anaerobic addition of 55% (v/v) PEG, and the resulting D14C,

1.93, and 1.88g., = 1.96), which hag-values very similar
fo those of the [F£54] " cluster in the all-cysteinyl-ligated

D14C/C11S, D14S, D14C/C17S, and D14C/C56S samples wereD14C variant. The latter resonance dominates in the presence
at concentrations of 0.27, 0.55, 0.40, 0.66, and 0.46 mM, respec-of PEG. Spin quantitations of this heterogeneous resonance

tively. The conditions of measurement were the same as thoseyjelded a value of 0.76 0.05 spin per molecule at pH 7.8,

without PEG added.

Moreover, the absorption ratios and molar extinction coef-
ficients of all four serine mutants are comparal#iesd/Azso

= 0.50, 0.55, 0.51, and 0.50 arehy = 15.8, 14.1, 14.9,
and 14.2 M1 cm 1 for D14C/C11S, D14S, D14C/C17S, and

in both the presence and absence of 55% (v/v) PEG. The
dithionite-reduced D14C/C56S variant has an EPR signal (
= 2.06, 1.92, and 1.8¢.y = 1.95) with anisotropy and line
widths most similar to those of the D14C/C17S and D14C
variants. The signal is only observable below 25 K, and spin

D14C/C56S, respectively. The spectra of each of the four quantitations of th&= /, resonance gave values of 0.60
Ser variants are comparable, although not identical, and0.07 spin per molecule at pH 7.8 and 0%#3).08 spin per

consistent with the presence of a single f&¥" cluster.
However, due to the similarity in the absorption character-
istics of [FeS,)>" and [FeS,]* clusters, in particular, this
interpretation requires confirmation with spectroscopic tech-

molecule at pH 10.5, suggesting incomplete reduction by
dithionite at pH 7.8. However, the addition of 55% (v/v)

PEG causes a dramatic perturbation of the resonance,
yielding a heterogeneous, fast-relaxing signal with the major

niques that are more discriminating with respect to cluster component agy = 2.01, 1.93, and 1.81gf, = 1.92) more

type.
EPR Spectroscopylhe absence of significant amounts
of S= 1, [Fe&sSy]* clusters in air-oxidized samples of D14C,

similar to that of the D14C/C11S variant.
The [FaS,] " cluster in reduced wild-type Pf Fd exists as
an 80:20 mixture ofs = 3/,:S= 1/, ground states in frozen

D14C/C11S, D14S, D14C/C17S, and D14C/C56S Pf Fd was solution. Figure 4 compares ti8= Y/, andS = 3, regions

demonstrated by EPR studies. All five variants exhibited
negligible resonances in tf&= 1/, region, accounting for
<0.05 spin per molecule. X-band EPR spectra in $he

1/, region of dithionite-reduced D14C, D14C/C11S, D14S,

of the EPR spectra of dithionite-reduced D14C/C11S, D14S,
D14C/C17S, and D14C/C56S variants of Pf Fd. B Y,
regions for all spectra were recorded at 10 K, while $he
3/, insets for D14S, D14C/C17S, and D14C/C56S were

D14C/C17S, and D14C/C56S Pf Fd in the presence andrecorded at 4.2 K. In accord with the substoichiome®e

absence of 55% (v/v) PEG are shown in Figure 3. AsSor

Y/, spin quantitations, the D14S, D14C/C17S, and D14C/

=1/, [FesS4]* centers in other bacterial Fds, the resonances C56S variants all exhibis = 3, resonances and hence are
are fast-relaxing and only observable at temperatures belowmixed-spin species. In contrast, the D14C/C11S and C14C

30 K. The dithionite-reduced D14C/C11S mutant exhibits a
rhombic EPR signal witlg-values of 2.03, 1.94, and 1.86
(gav = 1.94), accounting for 1.0& 0.05 spins per molecule

variants have pur& = Y, [Fe;Sy]* clusters. TheS = ¥/,
region of the D14S spectrum as prepared (in the absence of
PEG) is dominated by a sharp featurggat 5.69, a broad
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FIGURE 4: Perpendicular-mode X-band EPR spectra of,§e dithionite-reduced D14C, D14C/C11S, D14S, and D14C/C56S Pf

in dithioni Fd. All samples contain 55% (v/v) PEG and are in 100 mM Tris-
centers in dithionite-reduced D14C, D14C/C11S, D14S, D14C/ :
C17S, and D14C/C56S Pf Fd [[]* mutants in theS= %/, and HCI buffer (pH 8.0). D14C, at 0.36 mM, with MCD at 6.0_ T and
S = %, regions. The samples are the same as those used in thet:63: 422, 9.7, 23, and 41 K. D14C/C11S, at 0.55 mM, with MCD

experiments whose results are depicted in Figure 3 and do not&t6:0 T and 1.66, 4.22, 9.6, 23, and 41 K. D14S, at 0.28 mM, with

contain PEG. Conditions of measurement were the same as thosd/CD at 4.5 T and 1.61, 4.22, 10.3, and 25 K. D14C/C56S, at 0.46
described in the legend of Figure 3 for tBe= Y, region. For the mM, with MCD at 6.0 T and 1.78, 4.22, 9.7, 23, and 41 K. In all

S= 3, regions (insets), the spectra were recorded at 4.2 K with a spectra, the MCD intensity at all wavelengths increases with
microwave power of 50 mWw. decreasing temperature.

the S = 9/, species, with theg = 5.9 and 4.4 features
feature centered g@t= 4.65, and a derivative-shaped feature originating from a more axial fD ~ 0.07) species.
centered at approximatety= 3.0. The relative intensities  However, the weakness of tl%= 3/, resonance precluded
of theg = 5.69 andg = 4.65 resonances are invariant with  more detailed analysis. The addition of 55% (v/v) PEG does
increasing temperature; thus, they do not originate from not affect the properties of tf&= 3/, components of either
different zero-field doublets within the sarSe= 3/, ground the D14C/C17S or D14C/C56S samples.
state manifold. This result indicates the presence of two VTMCD Spectroscopyrigure 5 shows a comparison of
distinct S = %/, systems. One is a rhomb&= 3/, species, the VTMCD spectra of dithionite-reduced D14C/C11S,
and a conventional spin Hamiltonian with &WD of 0.33, D14S, and D14C/C56S Pf Fd in the UWisible region.
and g, predicts effectiveg-values of 5.6, 2.0, and 1.5 for Reduced samples of the D14C/C17S variant in the presence
both doublets. The second species is a more &ial ¥, of 55% (v/v) PEG showed VTMCD spectra indicative of
species with arE/D of 0.13 and ag, of 2.0, predicting partial degradation t8= 2 [Fe;S]° clusters. These clusters
g-values of 5.90, 0.81, and 0.71 for thels = +%/, doublet” have much greater {46 times) MCD intensity than [R&,]*
and g-values of 4.71, 3.19, and 1.90 for th#Ms = £/, clusters at liquid He temperatures and hence dominate the
doublet”. Interestingly, the addition of 55% (v/v) PEG causes VTMCD, even if present as minor components. For this
these twoS = 3%, systems to collapse into a single reason, the VTMCD spectrum of the reduced D14C/C17S
homogeneou$ = 3, species in which the feature gt= variant is not shown. Biological and synthetic [5g"
4.65 disappears and what remains is the feature at 5.69 analusters withS= 1/, ground states give rise to characteristic
a very broad derivative that underlies the majority of the low-temperature MCD spectra consisting of broad positive
spectral range, and is centered betwgen2.5 andg = 1.9 bands centered between 7060 and 526-560 nm, multiple
(data not shown). The D14C/C17S sample also contains anpositive bands in the region from 350 to 550 nm, and
S = 3/, component as evidenced by the broad resonancepronounced negative features between-3880 and 586
centered atj = 4.9. The derivative aj = 4.33 is attributed 700 nm 6, 57). The VTMCD spectra of the reduced D14C
to adventitious high-spin Fe(lll) ion. Thee= 4.9 feature is and D14C/C11S variants conform to this pattern, and the
indicative of anS= %/, species with intermediate rhombicity spectrum of the former is almost identical to those of reduced
(E/D ~ 0.17). Temperature dependence studies did not reveal8Fe and 4Fe Fds which have [Sg* clusters with complete
any other well-resolved components, and the resonance iscysteinyl ligation. Studies involving Pf Fd, the nitrogenase
too weak to warrant more detailed analysis. Likewise, the Fe protein, and synthetic clusters involving mixed spin
D14C/C56S sample contains & = 3/, component as  [FesSy]* clusters have shown that the most distinguishing
evidenced by the pronounced resonancg #t5.3. This is MCD characteristic that differentiates clusters wahk= %/,
indicative of a more rhombi& = 3/, speciesE/D ~ 0.27). andS= 3/, ground states lies in the absence of a pronounced
Temperature dependence studies suggested heterogeneity imegative feature centered between 580 and 700 n§=n
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dithionite-reduced D14C, D14C/C11S, D14S, and D14C/C56S Pf ) " o

Fd. The samples are described in the legend of Figure 5. D14C FIGURE 7: Resonance Raman spectra offf§**'* centers in air-
magnetization was at 530 nm, with magnetic fields between 0 and 0xidized D14C, D14C/C11S, D14S, D14C/C17S, and D14C/C56S
6.0 T at ©) 1.63, (0) 4.22, and ) 9.68 K. The solid line depicts ~ Pf Fd, obtained with 457.9 nm excitation. All spectra were recorded

the theoretical magnetization data for&s /, ground state based ~ for samples (£3 mM) in 100 mM Tris-HCI buffer (pH 7.8) that

on the EPR-determineg-values ¢, = 2.08,g7 = 1.91, andm/ were frozen at 28 K. Each scan involved photon counting for 1 s
me, = 1). D14C/C11S magnetization was at 713 nm, with magnetic €very 0.5 cm?, with a spectral bandwidth of 6 cm For each
fields between 0 and 6.0 T a®j 1.65, (0) 4.22, and 4) 9.68 K. spectrum, the vibrational modes originating from the frozen buffer
The solid line depicts the theoretical magnetization data fogan Solution have been subtracted after normalizing the intensities of
= 1/, ground state based on the EPR-determigaclues ¢, = the “ice band” at 231 cmmt, and a linear ramp fluorescence baseline
2.03,g; = 1.86, andn/m,, = 1). D14S magnetization was at 525 has also been subtracted. The conditions of measurement were as
nm, with magnetic fields between 0 and 45 T a) (161, G) follows: D14C, 85 mW laser power at the Samp|e and 14 scans;

4.22, and 4) 10.3 K. The dashed line depicts the theoretical D14C/C11S, 89 mW laser power and 43 scans; D14S, 70 mW laser
magnetization data for aB = Y, ground state based on the EPR Power and 25 scans; D14C/C17S, 84 mW laser power and 38 scans;
determinedg-values ¢, = 2.07,g5 = 1.87, andm/m,, = 1). The and D14C/C56S, 86 mW laser power and 41 scans.

solid line depicts the theoretical magnetization data foSan 3/,

ground state with the EPR-determingdalues ¢ = 5.69,9n = g-values for theS= Y/, ground state. In contrast, magnetiza-
2.52, andn/my, = 0). D14C/C56S magnetization was at 740 nm, tjon data for both the reduced D14S and D14C/C56S

with magnetic fields between 0 and 6.0 T &t)(1.73, Q) 4.22, - . .
and (1) 9.66 K. The dashed line depicts the theoretical magnetiza- variants, collected at 525 and 740 nm, respectively, exhibit

tion data for anS = ¥, ground state with the EPR-determined & degree of “nesting”, which results from differential

g-values ¢, = 2.06, gy = 1.87, andm/m,, = 1). The solid line population and field-induced mixing of the zero-field com-

depicts the theoretical magnetization data forSs 3, ground ponents of ars > ¥/, ground state. In addition, both of these

state with the EPR-determinegivalues g, = 5.28,9u = 2.34,  \arjants exhibit magnetization curves at the lowest temper-

and m/m,, = 0). All theoretical magnetization data have been ture that int diate bet th ted for eith

computed using the equation in 180, ature that are intermediate between those expected for either
a pureS= %, or S= %/, ground state. Overall, the data are

3, [FesSy ™ (2, 57). In accord with this, the D14C/C11S and  completely consistent with the 40:60 mixture®# 3/, and
D14C variants have more intense negative features centered® = '/> ground states deduced by the EPR studies.

at ~650 nm than both D14S and D14C/C56S which are  RR Spectroscopyhe RR spectra in the F€ stretching
mixed-spin systems. The VTMCD spectra for these four region of the [F§S,%" centers in air-oxidized D14C/C11S,
variants also exhibit marked differences between 250 andD14S, D14C/C17S, and D14C/C56S Pf Fd using 457.9 nm
400 nm, but detailed assignments are not yet available inexcitation are compared in Figure 7. The most complete
this region for any [F&5,] " cluster. All four variants exhibit  analysis of a biological [F&]?" cluster comes from studies
an intense positive band in the 70800 nm region, and  of the all-cysteinyl-ligated cluster in Cp 8Fe Fd. Vibrational

recent VTMCD studies of valence-delocaliz&l = 9, assignments for this system were made under effe@pye
[FeS;)t clusters in mutant forms of a 2Fe F&8 59) symmetry on the basis 8fS and®Fe isotope shifts as well
indicate that this feature is the hallmark of a valence- as extensive studies on the analogous model compound,
delocalized F&>*Fe*5t pair (59). (EuN),[FesSi(SCHPh)] (61). These assignments have

The spin state assignments deduced from EPR and thepreviously been extended to wild-type Pf 4Fe Fd under
VTMCD spectra have been further substantiated by MCD effective C;, symmetry (due to the aspartyl ligation at one
magnetization data (see Figure 6). MCD magnetization dataFe site), on the basis of the observation of par&figland
for the reduced D14C and D14C/C11S variants, collected >*Fe isotope shifts@2) (see Table 1). In both cases, the
at 530 and 713 nm, respectively, are indicative of fbire vibrations are categorized as predominantly-B2or Fe—

1/, ground states. At all temperatures, the data are well fit S (S being bridging S and'®eing terminal or cysteinyl S)
by theoretical plots constructed using the EPR-determinedon the basis of the magnitude of t#&° isotope shifts. The
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Table 1. Fe-S Stretching Frequencies (ct) and Vibrational Assignments for [F8]?" Clusters in Cp Fd and Wild-Type, D14C, D14C/
C11S, D14S, D14C/C17S, and D14C/C56S Pf Fd

FeSP,Sy D14C FeS%Ss D14C/C11S D14S D14C/C17 D14C/C56S
D24 (Ta) Cp Fat PfFd Cs (Ta) WT Pf Fc? Pf Fd PfFd SPfFd PfFd
Mainly Terminalv(Fe—S)
A (A) 395 (3.9) 395 A (A) 394 (2.6) 391 392 391 382
E (T 363 (2.0) 363 E(E) 363 (2.0) 362 362 354 (sh) 356
B, (T2) 351 (0.7) 354
Mainly Bridging v(Fe—S)
Bx, E (T») 380 (5.6) 383 A, E(T2) 374 (5.0) 383 383 (sh) 383 382
A (A) 338 (7.0) 338 A (A) 342 (5.2) 343 340 340 341
A (B) 298 (4.9) E(E) 296 (4.6) 300
B: (E)/E (T9) 276 (4.5) 286 E(T) 282 (4.6) 286 (sh) 284 286 283
A (To) 266 (4.0) 271 A (To) 269 (5.0) 276 273 269 274
Bo, E (T2) 251 (6.2) 252 A E(T2) 253 (5.0) 256 253 255 256

aNumbers in parentheses &%° downshifts in cm?. Vibrational assignments ariéS isotope shifts for Cp Fd and WT Pf Fd are taken from
refs61 and 62, respectively.

RR spectra of the [R&]?* centers in wild-type Pf Fd and  Table 2: Midpoint Potentials and Kinetic Parameters for D14C,
Cp Fd differ in two main respects, both of which can be D14C/C11S, D14S, D14C/C17S, and D14C/C56S Pf 4Fe Fd

attributed to the noncysteinyl ligation of a specific Fe atom E POR/ENOR

in Pf Fd. First, only a single asymmetric +& stretching Fdvariant  (mV vs SHE at PH7) Km(@M) Ve (Units/mgy
mode is observed in Pf Fd at 363 chas compared to two D14 (WTY 368 17(03) 55(0.3)
distinct bands at 363 and 351 chin Cp Fd @). Second, D14C: —427 0.2 (0.05) 6.4 (0.3)
the frequency of the totally symmetridy) Fe—S° breathing D14C/C11S —430 0.7 (0.2) 9.1(0.6)
mode in wild-type Pf Fd is observed at 342 ¢nwhich is gﬂg/cns —igg 8-3 ggg g-g Eg-ig
4 cnt* higher than in Cp Fd2. D14C/C56S —476 1.2 (0.2) 8.7 (0.4)

The RR spectra of air-oxidized D14C, D14C/C11S, D14S,

i i ~at aKinetic parameters in the coupled POR/FNOR system measured
D14C/C17S, and D14C/C56S Pf Fd are all indicative of at 80°C and pH 8.0 as described in Materials and Methods. Standard

[FesSq?* clusters and can readily be assigned by analogy eyiations are given in parenthese@ne unit per milligram is the
with Cp Fd or wild-type Pf Fd (see Table 1). As expected, reduction of 2«mol of Fd mir* mg of FNOR. ¢ Taken from ref43.

the RR spectrum of the D14C variant closely resembles that
of the all-cysteinyl-ligated clusters in Cp Fd with a split -360 T

Ty ———O

asymmetric Fe S stretching mode at 354 and 363 chand T pu
the totally symmetric &) Fe—S" breathing mode at 338
cmt, i.e., 4 cmtlower than in wild-type Pf Fd. In contrast, -400 |
the four serine variants have totally symmetig)(Fe—S°
breathing modes in the range established for,$fé"
clusters with one oxygenic ligand, 34843 cm! (2), and
outside of the range established for biological and synthetic
[FesSy]?" clusters with complete cysteinyl ligation, 333
339 cm! (2). Each of the four serine variants has a single 480 |
broad band that can be assigned to the asymmetricSFe
stretching mode (see Table 1). Moreover, the only major -800 F B L L DS
variation in the spectra of the four serine mutants lies in the 520
frequencies and relative intensities of the symmetric and 2 4 6 8 10
asymmetric FeS modes which lie in the ranges of 382 pH

392 and 354362 cm’, respectively. This most likely Ficure 8: pH dependence of the midpoint potentials for the

reflects changes in cysteinyl F&,—C;—C, dihedral angles  [Fe,S,J2++ couples in wild-type and variant forms of Pf Fd: wild
and/or changes in hydrogen bonding to cysteinyl S atomstype ©), D14C @), D14C/C11S k), D14S @), D14C/C17S+¢),

and is consistent with a different set of three cysteines actingand D14C/C56S A). The values were obtained at Z& as
as ligands in each of the four serine variants. Hence thedescrlbed in Materials and Methods. The data for the wild type,

R Its cl | t th f D14C, and D14S are taken from 48 and are shown to facilitate
resonance Raman results clearly support the presence ol @smparison. All potentials are relative to the standard hydrogen

[FesS4)%" cluster with one oxygenic ligand in each of the glectrode.

four serine variants. However, these RR results do not

address the question of whether the noncysteinyl ligation is visible absorption and EPR studies of D14S and D14C/C56S

provided by serinate or water. Pf Fd at pH 7.8 which demonstrated only partial reduction
ElectrochemistryThe midpoint potentials of the [F®]?"* (~50 and 80%, respectively) using dithionité,{ ~ —500

couples in D14C, D14C/C11S, D14S, D14C/C17S, and mV at pH 8.0 63)]. Plots of the pH dependence of the

D14C/C56S Pf Fd were determined to bet27, —430, midpoint potentials are shown in Figure 8. The midpoint

—505,—-433, and—476 mV, respectively, by cyclic voltam-  potentials of the D14C/C11S and D14C/C17S Fds are

metry at 23°C and pH 7.0 at a glassy carbon electrode (see essentially invariant over the pH range of 410.0 (slopes

Table 2). These values provide a rationalization of the- UV  of 0.8 and—3.9 mV/pH unit, respectively) and are similar

-420

-440

D14C/C178
DI14C/C11S |

Potential (mV)

A s N
A A D14C/C56S
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to that of the all-cysteinyl-ligated cluster in the D14C variant clusters with one noncysteinyl ligand in the D14C/C11S,
(43, 45). The midpoint potential of the D14C/C56S variant D14S, D14C/C17S, and D14C/C56S variants of Pf Fd. This
is also essentially pH-independent over the pH range 6f 4.0 is further substantiated by the observation that a single Fe
10.0, although the addition of a Ser ligand at this cluster- can be removed from each of these variants via ferricyanide
ligating position results in a 49 mV decrease in potential oxidation to yield spectroscopically distinct §Sg]*° clusters
compared to that of D14C. D14S has the lowest potential at (data not shown). The resulting samples have;$He°
pH 7, with a 78 mV decrease in potential compared to that clusters in four different orientations with respect to the
of D14C, and the midpoint potential of the D14S variant protein structure, and the redox and spectroscopic studies
exhibits a marked pH dependence at low pH values with an of this unique set of 3Fe Fds will be the subject of a separate
increase of 55 mV/pH unit over the pH range of 300 paper. Although it has been possible to replace individually
(43, 45). This is indicative of the uptake of one proton upon each of the Fe-ligating cysteines with serines in rubredoxins
one-electron reduction, and fits to the Nernst equation (17) and in the [F&S;] clusters of fumarate reductasesf
indicate protonation of the reduced cluster withkg pf 4.75 and 2Fe Fds 19—-21), with retention of the ability to
+ 0.13 @3, 45). assemble the Fe center or cluster, this is the first report of a
Biological Actiity AssaysThe biological activity of the complete set of serine mutants for a /& cluster. Cysteine-
double mutants of Pf Fd was determined using a coupled to-serine substitution of the four residues ligating the,fize
assay system. In this two-step assay, Fd is first reduced usingcluster inChromatiumeinosumHiPIP resulted in only one
an excess of POR (eq 1), and then a second enzyme, FNORprotein in which the cluster was assembled, that with the
reduces NADP using electrons from the reduced Fd (eq 2). C77S substitution41). Hence, the mutant forms of Pf Fd
pyruvate+ CoASH+ 2Fd,, — investigqted in thi§ work offer the first opportunity to explore
the physicochemical and functional consequences of chang-
acetyl-CoA+ CO, + H" + 2Fd. (1) ing the site of serine ligation to a [F&]%"" cluster.
i The anomalous resonance Raman, EPR, and VTMCD
2Fdeq+ H™ + NADP —~ NADPH + 2Fd,,  (2) properties of the [F£5,]%"" clusters in these serine mutants

The overall effect of the assay is to link pyruvate oxidation Support the view of a cluster ligated by one noncysteinate
to NADP reduction through POR, Fd, and FNOR. Previous ligand, but leave open the question of the nature of this
work has shown that the assay assesses the interaction dfgand, i.e., serinate or solvent (Otbr H,O). However, in

Fd with FNOR @3) and, compared to measuring the direct €very structurally characterized +8 protein in which a
reduction of Fd by POR (eq 3), negates possible prob|emscoordinating cysteine has been replaced by a serine without
arising from the low reduction potentials of some Fd variants. 10ss of the Fe or FeS center, NMR and/or X-ray crystal-
For example, an excess of POR in the assay mixture, whosdographic data have provided evidence for serinate Fe ligation
redox potentia| at pH 8.0 and 8C is approximate|y_520 (17, 20, 41, 42) Of particular importance to this work is the
mV, will completely reduce Fd variants even with very low NMR evidence for ligation of the [&] cluster in the D14S
potentials, such as the D14S mutat)( Thus, the reduction ~ variant of Pf Fd by a serinate at position 142). The
potentials of all the serine variants (Table 2) should not be available NMR structure of D14C Pf 4Fe Hddicates that

a factor in the coupled assay system. The reduction potentialach of the Fe sites of the [f&]*" cluster is accessible to

of FNOR is approximately-250 mV at pH 8.0 and 80C solvent, although the one ligated by the residue at position
(43). 14 is the most exposed. Hence, we favor serinate ligation at

As shown in Table 2, the 4Fe forms of all four serine the unique Fe site in each of the three double mutants, but
variants were active in the coupled assay system. The datdNMR or X-ray crystallographic studies are clearly required
for the D14S mutant, as well as for the wild-type and D14C for definitive assessment.
forms, have been previously been reportd®) (and are Mdssbauer studies of [F®]?"* clusters have shown that
included in Table 2 for comparison. The appar&ptand their properties can be best understood in terms of pairwise
Vm values for the double mutants were all in the same range Fe interactions. Hence, ti8= 0 ground state of the oxidized
as for the D14S mutant. It therefore appears that the affinity state results from antiferromagnetic interaction between two
of FNOR for the Fd and the electron transfer capabilities of valence-delocalized pairs, and tBe= '/ or 3/, ground state
the Fd are not affected by the location of the serinate ligand of the reduced state results from antiferromagnetic interaction
within the coordination sphere of the cluster. Even though between the valence-delocalized and all-ferrous pays (
this assay was designed to assess the FNBXRnteraction, ~ Moreover, VTMCD studies indicate the presence of a
the results are consistent with POR being able to efficiently valence-delocalized pair in the [f]* clusters in all of the
reduce each of the Fd variants. Although kinetic parametersvariants investigated in this study. Hence, to a first ap-
for the interaction between the Fd variants and POR are notproximation, it is the site potential of the reducible valence-
available from this assay, electron transfer and/or associationdelocalized pair that determines the redox potential. Serinate
must still be able to proceed at a significant rate for the ligation stabilizes the oxidized form relative to cysteinate,
second step of the reaction to be unaffected. These resultsind accordingly, cysteine-to-serine mutations result in a
therefore show that the mode of ligation at each Fe atom in substantial decrease (5@00 mV) in the site potential of
the cluster has little effect on the interaction and the electron the coordinated Fe or Fe pait4, 18, 41). Such consider-
transfer between Fd and FNOR. ations lead to a logical explanation for the redox potentials

DISCUSSION ; o
. . . P.-L. Wang, L. Calzolai, K. Bren, Q. Teng, F. E. Jenney, P. S.
The spectroscopic and redox results presented in this workgereton, J. Bg. Howard, M. W. W. Edams,gand G. N. L; Mar,

provide unambiguous evidence for the assembly ofJfe+ Biochemistry(submitted for publication).
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of the four serine mutants investigated in this work. Since studies indicate that the mutations are at the reducible Fe
the midpoint potentials of the [E&]?"" clusters in the site (69). The above analysis of the redox potentials permits
D14C/C11S and D14C/C17S variants are not significantly rationalization of K, values of <4 for the D14C/C11S
changed compared to that of D14C, this suggests that theand D14C/C17S variants, since the serinate-ligated Fe atoms
cysteines at positions 11 and 17 in the D14C variant ligate do not undergo a change in formal oxidation state on
the nonreducible, valence-delocalized pair. In contrast, the reduction. The absence of a pH-dependent midpoint potential
midpoint potentials of the [R&]?"" clusters in the D14S  for the D14C/C56S variant could result from 59 of <4,

and D14C/C56S variants are decreased by-6M mV the serinate ligand being inaccessible to solvent, or from a
compared to that of D14C at pH 8, suggesting that the mutation-induced change in the reducible pair. Medium-
cysteines at positions 14 and 56 ligate the reducible valence-dependent changes in the pairwise Fe interactions are
delocalized pair. The underlying assumption in this analysis, suggested by the dramatic change in & %, EPR signal

that the mutations do not alter the pairwise Fe interactions, on addition of 55% (v//v) PEG.

is supported by recent sequence specific NMR assignments The redox-dependent ligand protonation that can occur
of the residues ligating the [F®&]" clusters in the D14C  with serine coordination provides an unnecessary complica-
and D14S variants4Q). In the parent D14C variant, NMR  tion for the vast majority of [F£5,] clusters that mediate
studies indicate that Cys11 and Cys17 ligate the valence-electron transfer. This presumably explains why serine
delocalized pair, with Cys14 and Cys56 ligating the ferrous coordination of [FgSs] centers has yet to be encountered in
pair. In contrast, the reduced D14S variant was found to haveany indigenous cluster. However, it could provide a mech-
comparable populations of two forms: one with the valence- anism for coupling proton and electron transfer provided
delocalized pair ligated by Cys11 and Cys17 and the other pK e and K% are above and below the physiological pH,
with the valence-delocalized pair ligated by Cysl4 and respectively. In other words, the serine would be protonated
Cys56. Such behavior is consistent with serinate ligation to at physiological pH in the reduced state, and deprotonated
one of the Fe atoms of the reducible pair resulting in a (and ligating) in the oxidized state. Although crystallographic
decrease of the redox potential such that both valence-studies of the oxidized and reduced forms of the double-
delocalized pairs have nearly equivalent midpoint potentials. cubane nitrogenase P-clusters raised the possibility that this
This rationalization of the redox properties is analogous to may be role of the serine ligand in this ca&é)( subsequent
that used for interpreting the redox and EPR properties of mutagenesis studies have shown that the ligating serine

cysteine-to-serine variants of the PSg%t* cluster in residue is not responsible for the observed pH dependence
fumarate reductasel®), except that the added electron is of the midpoint potential X2).
localized over a pair of Fe atoms on reduction of f&§+ The EPR and VTMCD results for the [F&] " clusters in

clusters, as opposed to a single Fe in the reduction ofthe four serine variants of Pf Fd indicate that each has a
[Fe;S;)2" clusters. However, it is of limited use for interpret-  mixed-spinS = 4, and 3, ground state with the notable
ing the changes in the EPR properties of they e clusters exception of D14C/C11S which is 1008~ Y». In light of
in these mutants, since changes in the ligation of either thethe room-temperature NMR results which are best interpreted
valence-delocalized or ferrous pairs might be expected toin terms ofS= %/, ground states for the [E&] " clusters in
perturb the ground state properties of the cluster. More the wild type, D14S, and D14G), it is possible that the
detailed analysis of the complex EPR behavior will require S= 3, components in the serine variants investigated in this
assessment of the pairwise Fe interactions in the three doublevork are artifacts of freezing, resulting from an undefined
mutants via NMR studies. structural perturbation that alters the spin of the valence-
The above analysis of the midpoint potentials of serine- delocalized or ferrous pairs. It is clear, however, that
ligated [FaSj?"* centers assumes that serine remains noncysteinyl ligation at a specific Fe site is necessary but
coordinated as serinate in both oxidation states. For D14Snot sufficient for obtaininds = 3, [Fe;sS,]* clusters at low
Pf Fd at pH 8.0, this is supported by NMR daté2), temperatures in proteins with a Fd-like arrangement of
However, the pH dependence of the midpoint potential below coordinating residues. This result serves to underline the
pH 6 indicates that the reduced protein undergoes protonationcomplexity of predicting and interpreting the ground state
with a pK e of 4.75 @3, 45). Since this is not observed in  properties of biological [F&,]* clusters. For example,
the D14C and wild-type samples, the serinate oxygen is homogeneous = %/, ground states are observed for the
clearly the obvious candidate for protonation. Whether serine [FesSs]* cluster in D14C Pf Fd and all known examples of
remains coordinated after protonation or is replaced by waterbacterial 4Fe and 8Fe Fds with complete cysteinyl ligation.
or a protein ligand remains to be established. Dithionite is However, there are several crystallographically characterized
unable to reduce the cluster at pH 4.0, and attempts to reduceexamples of all-cysteinyl-ligated [F®&] " clusters, albeit with
the cluster photochemically using deazaflavin and oxalate non-Fd-like arrangements of cysteines, that extibit 3/,
have thus far proven unsuccessful due to the instability of ground states, e.g., Pf aldehyde ferredoxin oxidoreductases
the reduced cluster at this pH. While thi€.{5¢ values vary, (64), nitrogenase iron proteirb{, 65), andBacillus subtilis
depending on the F&2" character of the Fe site, the amidotransferase6). Conversely, although noncysteinyl
available data suggest this may be a general property ofligation at a unique Fe site is responsible 8+ 3/, [Fe,Sy]
serine-coordinated F€S centers. For example, pH-dependent clusters in Fds, there are well-defined examples of$B§
midpoint potentials have been observed in each of the clusters with one oxygenic ligand that are 10®%6 /5,
cysteine-to-serine mutants dElostridium pasteurianum  e.g., aconitasesf and the D14C/C11S Pf Fd studied in this
rubredoxin with K¢ values of about 7 and 4.7) and for work.
the C56S (%= 8.7) and C60S (8,°¢ = 9.3) mutants of The ability of the [FgS,)?>"" cluster in Fd to participate
C. pasteurianun2Fe Fd b9). In the latter case, spectroscopic in electron transfer between Fd and FNOR appears to be
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unaffected by the ligation of any one of its Fe atoms by a
serinate residue. In accord with previous studies of Pf Fd
variants 43), this suggests that the reduction potential of a
given Fd protein is the primary factor in determining its
ability to function as an electron donor to FNOR. All four
of the serine variants investigated in the work have reduction
potentials that are low enough that the Fd to FNOR electron-
transfer reaction is not limited. Therefore, no trend between
Vm and redox potential was evident or expected for these
variants. A recent crystallographic study has shown that the
region between residues 13 and 19 in Pf Fd is the primary
region involved in the interaction with formaldehyde ferre-
doxin oxidoreductase, another of its physiological redox
partners §7). This further raises speculation that cluster
coordination by Aspl4 plays an important role in wild-type
Pf Fd, in either mediating or gating electron transfeg)(
However, no evidence of a specific role for aspartyl cluster
ligation in redox reactions with POR and FNOR has emerged
from these mutagenesis studies.
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