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Effect of Cysteine to Serine Mutations on the Properties of the [4Fe-4S] Center in
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ABSTRACT: Site-directed mutants of Escherichia coli fumarate reductase in which FrdB Cys!“8, Cys!3l,
Cys'?4, and Cys'® are replaced individually by Ser have been constructed and overexpressed in a strain
of E. coli lacking a wild-type copy of fumarate reductase and succinate dehydrogenase. The consequences
of these mutations on bacterial growth, enzymatic activity, and the EPR properties of the constituent
iron—sulfur clusters have been investigated. The Cys!**Ser and Cys!*8Ser FrdB mutations result in enzymes
with negligible activity that have largely dissociated from the cytoplasmic membrane and consequently
are incapable of supporting cell growth under conditions requiring a functional fumarate reductase. EPR
studies indicate that these effects are associated with loss of both the [3Fe-4S] and [4Fe-4S] clusters. In
contrast the Cys!*3Ser and Cys'’!Ser FrdB mutations result in functional membrane bound enzymes that
are able to support growth under anaerobic and aerobic conditions. EPR studies of these mutants indicate
that all three of the constituent Fe-S clusters are assembled, and the redox and spectroscopic properties
of the [2Fe-2S} and [3Fe-4S] clusters are unchanged compared to the wild-type enzyme. In both mutants
the [4Fe-4S] cluster is assembled with one non-cysteinyl ligand, and the available data suggest serinate
coordination. The physicochemical consequences are perturbation of the intercluster spin interaction
between the S = !/, [4Fe-4S]" and S = 2 [3Fe-4S]° clusters and a 60-mV decrease in redox potential for
the [4Fe-4S]>** cluster in the FrdB Cys!*Ser mutant, and a S = !/, to S = 3/, spin state conversion for
the [4Fe-4S]™ cluster and a 72-mV decrease in redox potential for the [4Fe-4S]*** cluster in the FrdB
Cys!1Ser mutant. Taken together with the previous FrdB Cys to Ser mutagenesis results [Werth, M. T.,
Cecchini, G., Manodori, A., Ackrell, B. A. C., Schrider, 1., Gunsalus, R. P., & Johnson, M. K. (1990)
Proc. Natl. Acad. Sci. U.S.A. 87, 8965—8969; Manodori, A., Cecchini, G., Schréder, I., Gunsalus, R. P.,
Werth, M. T., & Johnson, M. K. (1992) Biochemistry 31, 2703—2712], the results provide strong support
for the proposal that all three clusters are located in the FrdB subunit with Cys7, Cys®2, Cys%, and Cys”’
ligating the [2Fe-2S] cluster, Cys!“8, Cys!S!, Cys'>*, and Cys?'“ ligating the [4Fe-4S] cluster, and Cys!38,
Cys?™, and Cys?!° ligating the [3Fe-4S] cluster. The role of the low potential [4Fe-4S] cluster in mediating
electron transfer from menaquinol to the FAD active site is discussed in light of these mutagenesis results.

Escherichia coli fumarate reductase (menaquinol—fuma-
rate oxidoreductase) catalyzes the final step in anaerobic
respiration with fumarate as the terminal electron acceptor
(Kroger, 1978). The membrane-bound enzyme complex
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consists of four nonidentical subunits; a membrane extrinsic
catalytic domain comprising FrdA (66 kDa) and FrdB (27
kDa) and a membrane-intrinsic hydrophobic domain com-
prising FrdC (15 kDa) and FrdD (13 kDa). The subunits
and prosthetic groups in the catalytic domain are remarkably
conserved among bacterial fumarate reductases (FRDs)! and
bacterial and mammalian succinate dehydrogenases (SDHs),
and this general class of oxidoreductase has been the subject
of several recent reviews (Ackrell et al., 1991; Hederstedt
& Ohnishi, 1992; Kréger, 1992; van Hellemond & Tielens,
1994). FrdA (the flavoprotein or Fp subunit) contains the
substrate binding site and the covalently bound 8a-[N(3)-
histidyl]JFAD (Weiner & Dickie, 1979). The combination

! Abbreviations: FRD, fumarate reductase; SDH, succinate dehy-
drogenase; Fp, flavoprotein; Ip, iron—sulfur protein; PMS, phenazine
methosulfate; BV .q, reduced benzyl viologen; Q, quinone; QH», quinol;
MQ, menaquinone; MQH,, menaquinol; DMN, 2,3-dimethyl-1,4-
naphthoquinone; DMNH,, 2,3-dimethyl-1,4-naphthoquinol; PMS, phena-
zine methosulfate; DBH, 2,3-dimethoxy-5-methyl-6-decyl-1,4-benzo-
quinone; NHE, normal hydrogen electrode.
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E. coli FrdIP 147-GCINCGLCYAACP 203-SCTFVGYCSEVCP
Bovine SdhIpP 157-ECILCACCSTSCP 214-RCHTIMNCTETCP
B. subtilis SdhIP 153-KCMTCGVCLEACP 210-DCGNSQNCVQSCP
E. coli Sdh1p 147-ECILCACCSTSCP 204 -RCHSIMNCVSVCP

P. aerogenes 8Fe Fd 7-SCIACGACKPECP 34-SCIDCGSCASVCP

FIGURE 1: Comparison of the arrangement of cysteine residues in
the Ip subunits of fumarate reductase from E. coli (Cole et al., 1982),
Wolinella succinogenes (Lauterbach et al., 1990), and succinate
dehydrogenase from beef heart (Yao et al., 1986), Bacillus subtilis
(Phillips et al., 1987), and E. coli (Darlison & Guest, 1984), with
those of the 8Fe-ferredoxin from Peptococcus aerogenes (now
known as Peptostreptococcus asaccharolyticus) (Adman et al.,
1973). Coordinating cysteine residues are shown in bold face.
of spectroscopic and mutagenesis approaches has identified
three distinct types of Fe-S center, each stoichiometric with
FAD and located in FrdB (the iron—sulfur or Ip subunit):
center 1, [2Fe-2S]*™* (En = —79 mV); center 2, [4Fe-
48)*"F (E, = —320 mV); and center 3, [3Fe-4S]10 (E,, =
—70 mV) (Morningstar et al., 1985; Johnson et al., 1985a,b;
Werth et al., 1990; Manodori et al., 1992). E. coli FRD will
catalyze succinate oxidation at 30—40% of the rate at which
it reduces fumarate (Cecchini et al., 1986), and the frd gene
products will replace succinate dehydrogenase in sdh mutants
when produced from multicopy plasmids (Guest, 1981).
These properties coupled with the ease of genetic manipula-
tion make E. coli fumarate reductase an excellent model
system to investigate the catalytic mechanism and electron
transport pathway in this general class of oxidoreductases.
The Ip subunits of all fumarate reductases and succinate
dehydrogenases sequenced to date show a high degree of
homology (Cole et al., 1982; Darlison & Guest, 1984; Yao
et al., 1986; Phillips et al., 1987; Lauterbach, et al., 1990).
With the exception of E. coli SDH, in which one of the
cysteines that coordinates the [2Fe-2S] center is replaced by
an aspartate, 11 cysteine residues are highly conserved in
three ferredoxin-like clusters. The spacing between the first
group of four cysteines (Cys®’, Cys®?, Cys®, and Cys”’ in E.
coli FrdB) closely parallels that found in plant-type [2Fe-
28] ferredoxins. EPR and redox studies of mutants in which
each of these cysteines has been individually replaced by
serine have confirmed this assignment and facilitated un-
derstanding of the enzymological consequences of modulat-
ing the midpoint potential of the [2Fe-2S] cluster (Werth et
al., 1990). The remaining seven cysteines are organized into
two groups and spaced analogously to those of an 8Fe
ferredoxin, except that the second cysteine in the third group
is replaced by a valine, leucine, isoleucine, or serine residue
(see Figure 1). By analogy to structurally characterized
ferredoxins (Matsubara & Saeki, 1992), it is logical to assign
the first three cysteines of the second group and the last
cysteine of the third group (Cys!*%, Cys'®!, Cys!**, and Cys?!*
in E. coli FrdB) as ligands of the [4Fe-4S] cluster, and the
first two cysteines of the third group and the last cysteine of
the second group (Cys'®, Cys2*, and Cys*® in E. coli FrdB)
as ligands of the [3Fe-4S] cluster. The involvement of the
third group of three cysteines in coordinating the [3Fe-4S]
or [4Fe-4S] clusters was demonstrated by site-directed
mutational studies (Manodori et al., 1992). Cysteine to serine
mutations of each of these residues individually resulted in
inactive enzyme that had dissociated from the membrane and
was deficient in both [3Fe-4S] and [4Fe-4S] clusters.
Indirect evidence supporting the above assignment of
coordinating cysteines came from the ability to induce a [3Fe-
48] to [4Fe-4S] cluster conversion via a Val?’Cys replace-
ment (Manodori et al., 1992). The ability to dramatically
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decrease the midpoint potential of the [2Fe-2S]+* cluster
by mutating a coordinating cysteine to serine (Werth et al.,
1990) and the [3Fe-4S]%0 cluster by converting to a low
potential [4Fe-4S}*** cluster (Manodori et al., 1992) has
provided direct evidence for the involvement of these two
clusters in mediating electron transfer from menaquinol to
the FAD active site. However, the role (if any) of the
indigenous low-potential [4Fe-4S1?** cluster in mediating
electron transfer remains unclear.

In this work, we complete our investigation of cysteine to
serine mutations of the conserved cysteines in E. coli FrdB,
and report on the growth, activity, and physicochemical
consequences of mutations involving the second group of
cysteines, ie., Cys"8Ser, Cys''Ser, Cys'**Ser, and
Cys!38Ser. The results support assignment of Cys!*8, Cys!5!,
Cys'*, and Cys?'* as ligands of the [4Fe-45)2* cluster,
center 2, and indicate that this cluster can be assembled with
one serine ligand. This has enabled investigation of the
effects of serine ligation on the spin state of the reduced
cluster, intercluster spin—spin interactions, and cluster
midpoint potential. The role of the low potential [4Fe-
48)*"* cluster in FRDs and SDHs is discussed in light of
these new results.

MATERIALS AND METHODS

Strains, Plasmids, and Phage. The E. coli strains,
plasmids, and phage used in this work are listed in Table 1.
Strain DW35 is a sdhCDAB and frd ABCD deletion strain,
containing a deletion of frdABCD operon and a kan insertion
in the sdhCDAB region (sdhC::kan) which causes a disrup-
tion of the operon (Schroder et al., 1991; Westenberg et al.,
1993). Phage M13KW1 was constructed by inserting the
2.0-kb EcoR1—Sall fragment from pH3 into the polylinker
site of M13mp8 (Werth et al., 1990).

Site-Directed Mutagenesis. Site-directed mutagenesis was
performed using the in vitro mutagenesis system from Bio-
Rad (Richmond, CA), based on the method developed by
Kunkel (Kunkel, 1985; Kunkel et al., 1987), using single-
stranded M13KW1 DNA as a template. Oligonucleotides
for mutagenesis and sequencing were synthesized on a
Biosearch model 8700 and were designed to change the FrdB
codons for Cys'*8, Cys'3l, Cys'>4, and Cys!*® to codons for
serine residues. The mutants were identified by DNA
sequence analysis using the dideoxy termination procedure
(Sanger et al., 1977) and a Pharmacia sequencing kit. Strains
CJ236 and MV 1190 supplied by Bio-Rad were used as hosts
for mutagenesis and single-stranded DNA sequence analysis.
Following mutagenesis, the 2.0-kb EcoRI—Sall fragment
containing the frdB region was cloned back into the large
EcoRI—Sall fragment of plasmid pH3 to restore the complete
JrdABCD operon. The plasmid was transformed into DH5q.,
and the construct was confirmed by double-stranded DNA
sequencing. DNA was prepared using the Qiagen plasmid
kit from Diagen (Chatsworth, CA).

Growth of Bacteria. For growth studies and biochemical
analysis, the mutant plasmids were transformed into E. coli
strain DW35 (AfrdABCD, sdhC::kanDAB). Wild-type and
mutants were grown anaerobically on glycerol/fumarate or
glucose/fumarate minimal media or aerobically on minimal
succinate medium as previously described (Schroder et al.,
1991; Cecchini et al., 1986b). Samples of the membrane or
cytoplasmic fractions for biochemical and spectroscopic
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Table 1: E. coli Strains, Plasmids, and Phage

strain, phage,

or plasmids parent genotype or phenotype source
strains
DW35 MC4100 A(frdABCD),sdhC::kanDAB recAl a
DH5a F~ ¢80d/lacZAM1S endA1l recAl hsdR17(Rg-my+) supE44 thi-1 gyrA b
relA1A(lacZY A-argFYU169 A~
CJ236 dut ung thi relA pCJ105 (Cm") Bio-Rad
MV1190 (Alac-proAB) thi supE A(srl—recA) 306::Tnl0 (tet") Bio-Rad
[F:traD36 proABlac19ZAM15]
phage
MI3KW1 M13mp8 frdB*T(AACD) ¢
plasmids
pH3 pBR322 frdATBTC*D* d
pFrdBC!488 pH3 SfrdATBCISCHDT this study
pFrdBC'S'S pH3 SfrdATBCISISCHDT this study
pFrdBC!*4S pH3 SfrdATBCIH#SCTDY this study
pFrdBC!%38 pH3 frdATBCISSSCTD* this study

2 Westenberg et al. (1993). ® Hannahan (1983). ¢ Werth et al. (1990). ¢ Blaut et al. (1989).

studies were purified from cells grown anaerobically on a
glucose/fumarate medium to stationary phase, harvested by
centrifugation, and frozen at —20 °C. For phage and plasmid
manipulations, cells were grown on Luria broth and solid
media (Blaut et al., 1989).

Purification of Cellular Fractions Enriched in Fumarate
Reductase. Sixty grams (wet weight) of E. coli DW35
containing the appropriate plasmid were suspended in 300
mL of 50 mM Tris-HC1 (pH 7.8), and cytoplasmic and
membrane fractions were prepared as described in Cecchini
et al. (1986b), except that sonication under an argon
atmosphere in a Vacuum Atmospheres glove box (<1 ppm
0,) was used to break the cells in the preparation of
cytoplasmic fractions. Subsequent centrifugation and con-
centration (Amicon ultrafiltration cell) of cytoplasmic frac-
tions was carried out under anaerobic conditions.

Enzyme Assays. Enzyme activity assays were conducted
as described in previous work (Cecchini et al., 1986a,b) using
reduced benzyl viologen (BV,) and the menaquinol (MQH,)
analog 2,3-dimethyl-1,4-naphthoquinol (DMNH;) as the
electron donors for fumarate reduction. The oxidation of
succinate was measured with phenazine methosulfate (PMS)
and the ubiquinone analog 2,3-dimethoxy-5-methyl-6-decyl-
1,4-benzoquinone (DBH) as primary electron acceptors.
Enzyme concentration are based on the covalently bound
histidyl-FAD concentration which was assessed using the
published procedures (Salach et al., 1972).

EPR Spectroscopy. Samples for EPR spectroscopy were
prepared under an argon atmosphere in a Vacuum Atmo-
spheres glove box (<1 ppm O;). Cytoplasmic-membrane
preparations were resuspended in a minimal volume of 50
mM Tris-HCI buffer, pH 7.8, and cytoplasmic fractions were
in the same buffering medium. Fumarate-, succinate-, and
dithionite-treated samples of membrane and cytoplasmic
fractions were prepared anaerobically by addition of 20 mM
fumarate, 20 mM succinate, or 10 mM dithionite followed
by incubation for 10 min at room temperature prior to
freezing in liquid nitrogen. Cytoplasmic fractions were also
oxidized by treatment with 5 mM potassium ferricyanide for
5 min prior to freezing.

EPR redox titrations were performed at ambient temper-
ature (25—27 °C) in the glove box under anaerobic conditions
using a 100 mM potassium phosphate buffer, pH 7.2.
Mediator dyes were added, each to a concentration of ca.

50 M, in order to cover the desired range of redox
potentials, i.e., methyl viologen, neutral red, safranin, phe-
nosafranin, 2-hydroxy-1,4-anthraquinone, 2-hydroxy-1,4-
naphthoquinone, indigodisulfonate, methylene blue, 1,4-
naphthoquinone, duroquinone, and 1,2-naphthoquinone-4-
sulfonate. Samples were first reduced completely by addition
of excess sodium dithionite followed by oxidative titration
with potassium ferricyanide. After equilibration at the
desired potential, a 0.2-mL aliquot was transferred to a
calibrated EPR tube and immediately frozen in liquid
nitrogen. Potentials were measured with a platinum working
electrode and a saturated calomel reference electrode. All
redox potentials are reported relative to the standard hydrogen
electrode.

X-band EPR spectra were recorded using a Bruker ESP-
300E spectrometer fitted with an Oxford Instruments ESR-9
cryostat (4.2—300 K). Spin quantitations were carried under
nonsaturating conditions by double integration with reference
to a 1| mM CuEDTA standard.

RESULTS

Growth Properties. Growth studies under conditions
requiring a functional fumarate reductase provide a means
of addressing if the FrdB mutant enzymes are physiologically
competent. The DW35 deletion strain with no complement-
ing plasmids is incapable of anaerobic growth on a glycerol/
fumarate medium or aerobic growth on a minimal succinate
medium. Complementation with a plasmid encoding for
wild-type FrdABCD enzyme allows for growth under these
conditions (Table 2). No growth was observed for the FrdB
Cys!58Ser mutant, whereas the other three mutants investi-
gated in this work, FrdB Cys“®Ser, Cys'*!Ser, and
Cys!*Ser, still contained functional bidirectional oxidoreduc-
tases, albeit with impaired growth properties as judged by
doubling times compared to wild-type (see Table 2). While
the aerobic growth rates were substantially impaired for all
three mutants, anaerobic growth was only marginally affected
by the FrdB Cys!'“8Ser and Cys!*'Ser replacements.

Enzyme Activities and Cellular Location. Analysis of
covalently bound FAD was used to determine the cellular
location of the wild-type and mutant enzyme. The wild-
type enzyme as well the FrdB Cys'*8Ser and Cys!!Ser
mutants were located predominantly (75—80%) in the
membrane fraction. In contrast, only 5% of the FrdB
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Table 2: Growth Properties, Catalytic Activities, and Fe-S Cluster Midpoint Potentials of E. coli DW35 with Amplified Expression of

Wild-Type or Mutant Fumarate Reductase Operons

doubling time (h) turnover number (min~!)° midpoint potentials (mV vs NHE)
encoded subunits =0y +05% BV DMN PMS DBH [2Fe-28]%+* [3Fe-48]+0 [4Fe-48]2+*
FrdABCD (wild-type) 2.0 2.1 27000 11700 5100 2800 =79 =70 —300
FrdABC'“8CD 3.1 9.5 26500 6700 4500 3200 =70 —86 —360
FrdABC'SISCD 35 5.6 27400 2700 5400 2000 ~67 —85 -372
FrdABC!35CD¢ 5.6 7.3 10400 4800 2800 1200 -75 ND# ND
Frd ABC!38SCD¢ NG NG <1000 <100 <100 <100 —60 ND ND

¢ —Q,, anaerobic growth on glycerol/fumarate minimal medium. ? +O,, aerobic growth in succinate minimal medium. ¢ Turnover numbers are
based on an average of at least two enzyme assays and covalent FAD determinations; BV, BV 4 fumarate oxidoreductase activity; DMN, DMNH,
fumarate oxidoreductase activity; PMS, succinate PMS oxidoreductase activity; DBH, succinate DBH oxidoreductase activity. ¢ Less than 5% of
the enzyme in membrane fraction based on covalent FAD content. Activity data are for the membrane fraction and are subject to larger errors
(£30%) due to the very low amounts of enzyme present. EPR signals from the Fe-S clusters were not observable above background for membrane
samples and the listed midpoint potentials are for the cytoplasmic fraction. ¢ ND, not detected. /NG no growth.

Cys!*Ser mutant enzyme was located in the membrane
fraction, and the FrdB Cys!'*#Ser mutant enzyme was found
exclusively in the cytoplasmic fraction. Since previous
studies have shown that only the membrane-bound enzyme
is able to support aerobic and anaerobic cell growth under
conditions requiring a functional FRD enzyme (Manodori
et al., 1992), the catalytic properties of the cytoplasmic-
membrane fractions of the wild-type and mutant FRDs were
determined and are presented in Table 2. Turnover numbers
based on FAD concentration (i.e., assuming one FAD per
enzyme molecule) are shown for FRD activity as measured
by oxidation of reduced benzyl viologen or the menaquinol
analog DMNH, and SDH activity as measured by the
reduction of PMS or the ubiquinone analog DBH.

The FRD activities of the FrdB Cys!*8Ser and Cys!*!Ser
mutants using the menaquinol analog as the electron donor
were decreased to approximately 50% and 25% of the wild-
type values, respectively, whereas the activity with reduced
benzyl viologen as the electron donor were like that of the
wild-type enzyme. This is in accord with and provides a
rationalization for the trend in the anaerobic growth rates,
i.e., wild-type > FrdB Cys!*Ser > FrdB Cys!!Ser (see Table
2). However, the other activities for these mutants are largely
unaffected. The absence of a significant decrease in the
succinate dehydrogenase activities using PMS or DBH as
the electron acceptor is surprising at first sight, in view of
the marked affect of this mutation on the rates of aerobic
growth. However, it should be remembered that the
membrane fractions for enzyme assays are from cells that
were grown anaerobically and hence were not exposed to
O, prior to the assay. Hence the pronounced effect of these
mutations on aerobic growth most likely results from
instability of one or more of the constituent Fe-S clusters in
the mutant enzymes toward prolonged exposure to O,. The
reported turnover numbers for the membrane-bound com-
ponent of the FrdB Cys!>*Ser mutant are subject to much
larger errors (+30%) due to the low FAD concentration of
the membrane fraction. Since this mutant shows significant
growth under selective aerobic and anaerobic conditions, it
is likely that the mutant enzyme dissociates form the
cytoplasmic membrane upon cell disruption. Membrane
fractions of the FrdB Cys!*®Ser mutant were devoid of
covalently bound FAD and consequently showed negligible
FRD and SDH activities.

The cytoplasmic fractions of both the FrdB Cys!>*Ser and
Cys'*8Ser mutants contained covalently bound FAD but
exhibited <1% of the wild-type FRD and SDH activities in

each of the assays used in this work. This suggests loss or
modification of one or more of the Fe-S clusters, since the
soluble FrdAB enzyme containing all three Fe-S clusters is
catalytically competent in fumarate reduction using reduced
benzyl viologen as the electron donor and in succinate
oxidation using PMS as the electron acceptor (Manodori et
al., 1992).

EPR Studies. The consequence of the FrdB mutations on
the properties of the Fe-S clusters was assessed by EPR
studies of membrane and cytoplasmic fractions of E. coli
with amplified expression of wild-type and mutant frd genes.
Parallel studies of the DW35 strain, devoid of wild-type FRD
and SDH, were carried out under analogous conditions to
facilitate identification of “background” resonances. Further
confirmation that the observed resonances arise exclusively
from amplified FRD came from quantitation of the EPR
signal from reduced center 1, g = 2.025, 1.930, and 1.920,
in dithionite-reduced samples at 50 K which corresponded
to the covalently bound FAD concentration within the
combined experimental error of the FAD and spin quanti-
tation (+30%).

No significant EPR signals over and above those of the
DW33 background were observed for fumarate-, succinate-,
or dithionite-treated membrane fractions of the FrdB
Cys!*Ser and Cys!*®Ser mutants. However, the characteristic
resonance of the reduced [2Fe-2S]™ cluster, center 1, was
clearly observed in succinate- and dithionite-reduced cyto-
plasmic fractions of both mutants. Figure 2 shows EPR
spectra of the cytoplasmic fraction of the FrdB Cys!¥Ser
mutant after oxidation with ferricyanide and reduction with
succinate and dithionite. Almost identical spectra were
observed for the cytoplasmic fraction of the FrdB Cys!'3®Ser
mutant (data not shown). The characteristic, fast-relaxing
resonance of the oxidized [3Fe-4S]™ cluster, center 3, (i.e.,
g = 2.016, ~1.98, ~1.93, detectable at temperatures <30
K) was not observed in fumarate- or ferricyanide-oxidized
samples. Rather, the spectra consists solely of a radical
signal centered at g = 2.003 that persists at temperatures
>100 K. Likewise there was no evidence for the presence
of the reduced [4Fe-4S]™ cluster, center 2. This is manifest
in wild-type FRD as a broad fast-relaxing resonance underly-
ing the center 1 resonance in dithionite-reduced samples (see
Figure 3) and by the dramatic enhancement of the center 1
spin relaxation that accompanies reduction of center 2 as a
result of weak spin—spin interaction (Johnson et al., 1985b;
Cammack, et al., 1986). The latter is conveniently assessed
by comparing the half-saturation powers (P values) for
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Table 3: Spin Quantitations and Power Saturation Behavior of the EPR Signals from E. coli DW35 with Amplified Expression of Wild-Type

or Mutant Fumarate Reductase Operons

§ = 1/, spin quantitation (spins/FAD)

[2Fe-28]" P, values (mW)?

encoded subunits fraction fumarate-oxidized® dithionite-reduced® succinate-reduced dithionite-reduced
Frd ABCD (wild-type) membrane 0.8 1.8 0.35 100
FrdABC“8CD membrane 0.7 1.9 0.30 80
FrdABC'S'SCD membrane 0.7 1.1 0.40 120
FrdABC!*CD cytoplasm 0.0 0.8 0.10 0.20
Frd ABC'8CD cytoplasm 0.0 0.7 0.05 0.15

@ EPR half-saturation powers for reduced center 1 at 10 K, based on the intensity of the derivative-shaped feature centered at g = 1.93 or the
absorption-shaped feature at g = 2.025 after subtraction of any underlying features. ® Spin quantitation at 10 K and 1 mW for the g = 2.016, 1.98,
1.93 resonance of oxidized center 3. Values are the average of three determinations. No evidence for a center 3 resonance was apparent in the
cytoplasmic fraction of the FrdB Cys'>*Ser and Cys'*#Ser mutant after oxidation with 5 mM ferricyanide. ¢ Spin quantitation for the entire resonance
in the 250—450 mT region under nonsaturating conditions, i.e., 10 K and 0.5 mW for membrane fractions or 15 K and 0.01 mW for cytoplasmic

fractions. Values are the average of three determinations.

9=20262003 1.930 1.920
N0e
x1 (@)
x2 (b)
x1 (c)
L L L [

320 330 340 350 360 370
Magnetic Field/mT

FIGURE 2: EPR spectra of cytoplasmic fraction of E. coli DW35
with amplified expression of frd AB€'3*SCD. (a) Oxidized with 5
mM ferricyanide; temperature, 10 K. (b) In the presence of 20 mM
succinate; temperature, 50 K. (¢) Reduced with 10 mM dithionite;
temperature, 50 K. Spectra were recorded at 9.44 GHz with a
modulation amplitude of 1 mT and a microwave power of 1 mW.
The multiplication factors indicate relative gains.

reduced center 1 in succinate- and dithionite-reduced samples,
since center 2 is reduced by dithionite but not by succinate.
The Py, value of reduced center 1 increases by at least two
orders of magnitude in wild-type FRD as a result of the
reduction of center 2 to the § = 1/2 [4Fe-4S]™ state (see
Table 3). The dithionite-reduced cytoplasmic fractions of
the FrdB Cys'*Ser and Cys!*3Ser mutants showed no
evidence of EPR signals underlying that of reduced center
1 and spin quantitations (0.7—0.8 spins/FAD) provide
evidence for no more than one S = !/, Fe-S center. This
coupled with the absence of a significant increase in the Py,
value for reduced center 1 on dithionite reduction (see Table
3) attests the absence of a dithionite-reducible center 2.
The results indicate that the FrdB Cys!%Ser and
Cys!%Ser mutations destabilize or prevent assembly of both
centers 2 and 3, and this effects dissociation of the
membrane-extrinsic catalytic domain (FrdAB) from the
membrane anchor subunits (FrdCD). The EPR properties

of center 1 are largely unaffected by the loss of these two
clusters and dissociation from the membrane. Moreover, the
midpoint potentials of center 1 in these mutants, as assessed
by dye-mediated EPR redox titrations, are unchanged from
WT within the experimental error of the measurement (£20
mV) (see Table 2).

The EPR properties of fumarate-oxidized and succinate-
reduced membrane fractions of DW35 with amplified FrdB
Cys'®Ser and Cys!S'Ser mutant enzymes were indistinguish-
able from those reported previously for DW35 with amplified
wild-type FRD [see Figure 3 of Manodori et al. (1992)].
Fumarate-oxidized samples showed the characteristic § =
1/2 EPR signal (g = 2.016, ~1.98, ~1.93) of the oxidized
[3Fe-4S]" cluster, center 3. This resonance accounted for
0.7 spins/FAD in both mutants (see Table 3). Succinate
reduction resulted in partial loss of the oxidized center 3
EPR signal and partial reduction of center 1, as evidenced
by the appearance of the characteristic § = !/, EPR signal
(g = 2.025, 1.930, 1.920) of the reduced [2Fe-2S ] cluster.
Spin quantitation of this resonance at 45 K for succinate-
and dithionite-reduced samples indicate that this cluster is
approximately 50% reduced by succinate both in the mutants
and in the wild-type.

Differences between wild-type and the FrdB Cys!*3Ser and
Cys'>!Ser mutants were clearly evident in the EPR properties
of the dithionite-reduced membrane fractions (see Figure 3).
Moreover, the differences relate directly to changes in the
properties of the reduced [4Fe-4S]™ cluster, center 2. In the
§ = !/, region, the FrdB Cys'“!Ser mutant showed a complex
resonance, quite distinct from that of wild-type, although both
integrate to approximately two spins/FAD indicating the
presence of two § = 1/, clusters. Temperature-dependence
studies facilitated deconvolution of the signal into two
overlapping resonances with different relaxation properties
(see Figure 4). At 5 K, the resonance is dominated by a
fast-relaxing rhombic signal, g = 2.02, 1.95, 1.91, which is
attributed to center 2, since the slower relaxing resonance
from center 1 is saturated under these conditions. In contrast,
the faster relaxing resonance of center 2 is too broad to be
observed at 45 K, and spin quantitation of the center 1
resonance under these conditions accounted for 1.1 spins/
FAD. The line shape of the center 2 resonance was assessed
by taking the difference between the spectra at 5 and 13 K
at 1 mW microwave power, since the intensity of the
saturated center 1 resonance was not significantly perturbed
under these conditions. Similar procedures with dithionite-
reduced samples of wild-type membrane fractions and the
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FIGURE 3: EPR spectra of dithionite-reduced membrane fractions of E. coli DW35 with amplified expression of frd ABCD (WT), frd AB€148S_
CD (C148S), and frdAB!5'SCD (C1518). (Left panel) Low-field region at a temperature of 4.2 K and a microwave power of 10 mW.
(Right panel) S = 1/, region at a temperature of 10 K and a microwave power ofs 1 mW. Expansions of the low- and high-field region are
overlaid for the WT and C151S samples. All spectra were recorded with a microwave frequency of 9.45 GHz and a modulation amplitude

of 1 mT.
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FIGURE 4: Temperature-dependence of the EPR spectrum of
dithionite-reduced membrane fractions of E. coli DW35 with
amplified expression of frdABC14SCD. Spectra were recorded at
the indicated temperatures with a microwave power of 1 mW, a
microwave frequency of 9.45 GHz, and a modulation amplitude
of 1 mT. The multiplication factors indicate the relative gains of
the spectra. The bottom spectrum is the 5 K minus 13 K difference
spectrum.

purified FrdABCD complex (Johnson et al., 1985b; Cam-
mack et al.,, 1986) revealed a much broader and more

complex resonance for reduced center 2 (see Figure 3). The
broadness and complexity of the reduced center 2 resonance
in wild-type samples has been attributed to spin—spin
interaction between the S = 2 [3Fe-4S]° cluster and the § =
1/, [4Fe-4S1* cluster (Johnson et al., 1985b; Cammack et
al., 1986; Salerno & Yan, 1987), and this is strongly
supported by EPR studies of the FrdB Val?*Cys mutant in
which center 3 is converted into a [4Fe-4S] cluster (Manodori
et al., 1992). Hence the EPR results for the FrdB Cys!*¥Ser
mutant are interpreted in terms of assembly of a [4Fe-4S]2+*
cluster with one serinate ligand. The reduced cluster
maintained a S = !/, ground state, and the effects of the
change in cluster ligation are apparent by the perturbation
of the [3Fe-4S]° <= [4Fe-4S]" intercluster spin interaction.
Weak spin—spin interaction between the S = 1/, [2Fe-2S|+
and S = !/, [4Fe-4S]" clusters is not manifest by a change
in the line shape of the individual resonances but is clearly
evident in the relaxation enhancement of reduced center 1
that accompanies reduction of center 2. The Py, value of
center 1 is increased more than 200-fold by dithionite
reduction of succinate-reduced samples (see Table 3),
showing that this intercluster spin—spin interaction is not
significantly perturbed by the FrdB Cys!'“8Ser replacement.

Very different EPR behavior for reduced center 2 was
observed in the FrdB Cys!3!Ser mutant. Dithionite-reduced
membrane fractions of this mutant showed no additional
resonances other than that of reduced center 1 in the S = 1/,
region (see Figure 3). Spin quantitations under nonsaturating
conditions at several temperatures between 7 and 45 K
accounted for 1.1 £ 0.2 spins/molecule. However, evidence
for the presence of a dithionite-reducible center 2 was clearly
apparent by the 300-fold increase in the center 1 Py, > value
that accompanied dithionite reduction (see Table 3). This
prompted a thorough search of the EPR spectrum in the low-
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field region at low temperatures (4.2 K) and high microwave
powers (10 mW) to look for evidence of a species with § >
1/, ground states that could be responsible for the relaxation
enhancement of center 1. Figure 3 shows that, in addition
to the g = 4.3 feature that is attributed to adventitiously
bound high-spin Fe** ion (S = %/;) and is observed in both
the wild-type and FrdB Cys'“Ser membranes, the FrdB
Cys'*!Ser mutant exhibited resonances at g = 5.7 and 5.0
that are indicative of a S = 3/, [4Fe-4S]™" cluster (Lindahl et
al., 1985; Conover et al., 1990). Temperature-dependent
studies over the range 4.2—-10 K indicate that these reso-
nances arise from different doublets of the ground state
manifold, with the g = 5.7 feature originating from the lower
doublet. The effective g values are readily interpreted in
terms of a S = 3/, spin Hamiltonian with D < 0 and E/D =
0.20, where E and D are the rhombic and axial zero-field
splitting parameters, respectively; e.g., using an isotropic real-
g-value of 2.0, these parameters predict g,,, = 5.8, 1.0, 1.2
for the lower doublet and g.,,. = 1.8, 5.0, 2.8 for the upper
doublet of the zero-field components of the ground state
manifold. Only the low-field, absorption-shaped component
of each doublet is clearly observed, but this is not surprising
given the breadth of the resonances. We conclude that center
2 is assembled as a [4Fe-4S)*** cluster in the FrdB
Cys*!Ser mutant, but that the replacement of a cysteinate
ligand by a serinate ligand results in a change of spjin state
of the reduced cluster from S = Y, to ..

The effects of the FrdB Cys!“8Ser and Cys'*!Ser mutations
on the redox potentials of centers 1, 2, and 3 were
investigated by dye-mediated EPR redox titrations (see
Figure 5 and Table 2). Within the experimental error of the
measurement (£20 mV), the redox potentials of centers 1
and 3 were not significantly perturbed in the mutant enzymes.
However, the redox potential of center 2 decreased by 60
mV to —360 mV in the FrdB Cys!“8Ser mutant and by 72
mV to —372 mV in the FrdB Cys!*'Ser mutant. The redox
titrations also provided confirmation that the relaxation
enhancement of center 1 results directly from spin—spin
interaction with the S = 3/, [4Fe-4S]* cluster in the FrdB
Cys!5!Ser mutant. The midpoint potential for the relief of
center 1 power saturation coincides with that obtained for
center 2 by monitoring the intensity of the g = 5.0 resonance
of the S = 3/, species (see Figure 5).

DISCUSSION

The work reported herein completes a series of studies
on the effects of mutating each of the codons for the
conserved cysteines in the Ip subunit of E. coli FRD to serine
residues. The results taken together provide insight into the
role, ligation, and spatial arrangement of the [2Fe-2S], [3Fe-
48S], and [4Fe-4S] clusters in FRDs and SDHs. In addition,
they have played a major role in defining the physicochem-
ical consequences of non-cysteinyl ligation on each of these
ubiquitous classes of Fe-S clusters. The new results pre-
sented herein are discussed below in light of the previous
mutagenesis results (Werth et al., 1990; Manodori et al.,
1992) with particular emphasis on the role and properties of
the low-potential [4Fe-4S] cluster in FRDs and SDHs and
the consequences of non-cysteinyl ligation on the properties
of this class of Fe-S cluster in general.

The 11 cysteines that are highly conserved in the Ip
subunits of FRDs and SDHs are found in three groups.
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FIGURE 5: EPR-monitored redox titrations for membrane-fractions
of E. coli DW35 with amplified expression of frd AB¢'“83CD and
JfrdABCISCD, Solid lines are best fits to single or sequential one-
electron Nernst plots with midpoint potentials as indicate below
for each data set. (Upper panel) Cys!*®Ser mutant; B, g = 2.016
intensity at 10 K and 1 mW (E, = —86 mV); @, peak-to-trough
intensity of the g = 1.93 component at 45 K and 1 mW (E, =
—70 mV); A, intensity at g = 1.96 (minus intensity at —200 mV)
at 10 K and 1 mW (E;, = —360 mV). (Lower panel) Cys!5'Ser
mutant; B, g = 2.016 intensity at 10 K and 1 mW (E,, = —85
mV); @, peak-to-trough intensity of the g = 1.93 component at 10
Kand 1 mW (E, = —67 mV and —372 mV); A, g = 5.0 intensity
(minus intensity at —200 mV) at 4.2 K and 10 mW (E,, = —372
mV).

Mutagenesis experiments have demonstrated that the first
four (Cys*’, Cys®2, Cys®, and Cys” in E. coli FRD) ligate
the [2Fe-2S] cluster and that the cluster is assembled, albeit
with modified EPR and redox properties, when each is
replaced separately by a serine residue (Werth et al., 1990).
The remaining seven cysteines are in two groupings, one
comprising of four (Cys'*%, Cys!3!, Cys!*, and Cys!*® in E.
coli FRD) and the other comprising three (Cys?*, Cys?!0,
and Cys?'# in E. coli FRD). All three clusters are assembled
when either of the first two cysteines, Cys'*® and Cys!3!, are
substituted by serine, but only the [2Fe-2S] cluster is
assembled when each of the last five cysteines, Cys!>, Cys!,
Cys®™, Cys?', and Cys*' is individually mutated to serine
[this work and Manodori et al. (1992)]. Together with the
spin coupling data which indicate the closest spatial proxim-
ity for the [3Fe-4S] and [4Fe-4S] clusters (Johnson et al.,
1985b; Cammack et al.,, 1986; Salerno & Yan, 1987;
Manodori et al., 1992), this supports the existence of separate
[2Fe-2S] and [3Fe-4S)/[4Fe-4S] domains within the Ip
subunit. Assembly of the cluster in the [2Fe-2S] domain
can occur without assembly of either cluster in the [3Fe-
4S])/[4Fe-4S] domain. However, the available mutagenesis
data indicate that cluster assembly within the [3Fe-4S]/[4Fe-
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4S] domain is an all or nothing situation. Moreover,
assembly of the clusters in the [3Fe-4S]/[4Fe-4S] domain
appears to be a requirement for attachment of the membrane
extrinsic FrdAB subunits to the membrane intrinsic FrdCD
subunits.

The observation that the Cys'*Ser and Cys'!Ser replace-
ments alter the EPR and redox properties of the [4Fe-4S712*+
cluster without perturbing the EPR and redox properties of
the [3Fe-4S]" cluster implicates these residues as ligands to
center 2. The remaining five cysteines in this domain are
implicated in coordinating either the [3Fe-4S] or [4Fe-4S)
cluster since both clusters are lost as a result of Cys — Ser
replacements. Further insight into the residues coordinating
specific clusters comes from the sequence homology with
structurally characterized 8Fe Fds (see Figure 1), and the
observation that conversion of the [3Fe-4S] cluster to a [4Fe-
48] cluster is accomplished via the Val*®'Cys replacement
(Manodori et al.,, 1992). In 8Fe Fds, the clusters are
coordinated by two C-X,-C-X,-C-X;-CP groups of cysteines
with the first three of one group and the last one in the other
group providing the ligands to individual clusters (Matsubara
& Saeki, 1992). On the basis of the sequence and structural
data, it is the second cysteine in this sequence that is not
ligated or replaced by a non-cysteinyl residue in Fds that
contain or are most easily converted to a [3Fe-4S] cluster
(Holm, 1992; Matsubara & Saeki, 1992). Hence, the
mutagenesis and sequence homology data provide compelling
evidence for Cys'#8, Cys!S!, Cys!®*, and Cys?'* ligating the
[4Fe-45] cluster and Cys'®8, Cys?®, and Cys?!0 ligating the
[3Fe-48] cluster.

The consequences of replacing coordinating cysteines to
serines on the properties of biological [2Fe-2S] clusters have
been systematically explored both in well characterized Fds
(Cheng et al., 1994; Fujinaga et al., 1993; Meyer et al., 1994)
and in one complex multicluster enzyme, i.e., E. coli FRD
(Werth et al., 1990). In most cases, the cluster can be
assembled with one serine replacing one of the cysteines. In
one case, the Cys*Ser mutant of Anabaena Fd, direct
evidence for serinate coordination has been provided by an
X-ray crystal structure (Holden et al., 1994). Serinate
coordination at the Fe?™ site of a localized valence [2Fe-
2S]7 cluster has been found to have a pronounced effect on
the g value anisotropy of the § = !/, ground state (Werth at
al., 1990; Fujinaga et al., 1993; Cheng et al., 1994).
Furthermore, there are now two examples, the Cys>®Ser and
Cys%Ser mutants of Clostridium pasteurianum 2Fe Fd, in
which serinate coordination effects spin state conversion to
yield valence-delocalized [2Fe-2S]* clusters with S = %,
ground states (Crouse et al., 1995).

In contrast, no systematic studies have been performed
on the effects of replacing coordinating cysteines by serines
on the propertiecs of [4Fe-4S] clusters in simple Fds.
However, three possibilities have emerged from published
studies in more complex systems. There are now several
examples in which a single Cys to Ser mutation is reported
to prevent cluster assembly, e.g., Azotobacter vinelandii
nitrogenase Fe-protein (Howard et al., 1989) and E. coli
nitrate reductase (Augier et al., 1993a). In these enzymes
mutational analysis of the cysteine residues has been used
as a means of identifying ligating cysteine residues. For
[4Fe-4S] clusters coordinated by a Fd arrangement of
cysteines, i.e., C-X5-C-X,-C-X,-CP, Cys to Ser or Asp
mutations involving the second cysteine are often ac-
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companied by cluster degradation to yield {3Fe-48] clusters,
e.g., E. coli DMSO reductase (Rothery & Weiner, 1991) and
clusters F5 and Fg in PsaC of photosysten3 I (Zhao et al.,
1992) . To our knowledge, there are only two reports of
[4Fe-45] clusters that are assembled intact after replacement
of a coordinating cysteine by a serine. These are cluster Fx
in PsaB of photosystem I (Warren et al., 1993) and cluster
Il in E. coli nitrate reductase (Augier et al., 1993b). The
cluster Fx example is marked by dramatic changes in the g
value anisotropy, whereas the nitrate reductase example is
based largely on spin quantitation data since intercluster spin
coupling prevents the observation of a well-resolved EPR
signal.

The results presented here demonstrate that the [4Fe-4S]
in E. coli FRD is assembled when either of the first two
cysteines in the C-X,-C-X,-C-X;-CP sequence are changed
to serines. However, the mutations have very different
consequences in terms of the physicochemical properties of
the resultant [4Fe-4S]>*™ clusters. In the FrdB Cys!*Ser
mutant, the cluster maintains a S = !/, ground state but
exhibits a simple rhombic line shape (g = 2.02, 1.95, 1.91)
rather than the complex line shape that has been attributed
to intercluster spin—spin interaction involving the § = 2
[3Fe-4S]° cluster in the wild-type. Hence the mutation
perturbs and most likely weakens this intercluster spin—spin
interaction, so that the effects are no longer manifest in a
pronounced broadening and change in the line shape of the
§ = !, resonance. In contrast the FrdB Cys"!Ser mutant
enzyme provides the first example of a mutagenesis-induced

= 1/, to 3/, spin state conversion for a [4Fe-4S]* cluster.
While the structural and environmental factors that determine
the ground state spin of biological and synthetic [4Fe-4S]™
clusters in general are not well defined (Carney et al., 1988,
1989; Lindahl et al., 1987; Onate et al., 1993), studies of
the native forms of Desulfovibrio africanus FdIIl and
Pyrococcus furiosus Fd have shown that replacement of a
the second cysteine in the highly conserved C-X;-C-X,-C-
X,-CP arrangement by an aspartic acid residue leads to [4Fe-
4S]* clusters with predominantly § = %, ground states
(George et al., 1989; Conover et al., 1990). We conclude
that oxygenic coordination, in the form of serinate or
aspartate, at the Fe site that would be customarily be
coordinated by the second Cys residue in the conventional
Fd arrangement can be a determining factor for producing S
= 3/, [4Fe-4S]™ clusters. In view of the difficulty of
observing EPR signals from S = 3/, [4Fe-4S]" clusters, the
absence of the characteristic S = 1/, EPR resonance clearly
cannot be used alone as a reliable criterion for loss of a
cluster as a result of a cysteine mutation.

As yet there is no direct evidence for serinate coordination
of the [4Fe-4S] cluster in the E. coli FrdB Cys'*8Ser and
Cys!Ser mutant enzymes, and it is not possible to rule out
H,O or OH™ coordination. Below we summarize the
considerations that favor serinate coordination. Since un-
perturbed [3Fe-4S] and [2Fe-2S] clusters are assembled in
these mutants, no other cysteine residues are available in
the FrdB subunit for cluster-driven protein reorganization
of the type characterized in a cysteine mutant of A. vinelandii
FdI (Tlismaa et al., 1991). Hence the [4Fe-4S] clusters in
these mutants must have at least one non-cysteinyl ligand.
Recent '"H NMR (Calzolai et al., 1995) and 'H ENDOR
(Telser et al., 1995) studies of P. furiosus Fd argue strongly
in favor of cluster coordination by the aspartate residue that
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occupies the equivalent position to Cys'! in FrdB. Conse-
quently there is precedence for oxygenic coordination of a
[4Fe-4S] cluster by an amino acid side chain. Precedence
for serinate coordination of biological Fe-S clusters comes
from the X-ray crystal structures of the nitrogenase P-clusters
(Kim & Rees, 1992, 1994) and the Cys*Ser mutant of
Anabaena [2Fe-2S] Fd (Holden et al., 1994). Finally the
60—72-mV decrease in the redox potential for the [4Fe-
48]%"* clusters in the FrdB Cys!#48Ser and Cys!*!Ser mutant
enzymes is consistent with serinate coordination, since this
would tend to stabilize the oxidized form relative to
cysteinate coordination. The effects of the Cys to Ser
mutations on the redox potentials of the [4Fe-4S1*™* clusters
that are assembled in PsaB of photosystem I and E. coli
nitrate reductase have not been determined. However, this
anticipated trend in redox potentials is borne out by the
available data for [2Fe-2S1>"* clusters (Werth et al., 1990;
Cheng et al., 1994).

Finally we turn our attention to the implications of these
results for the role of the low-potential [4Fe-4S)%™ cluster,
center 2, in mediating electron transfer through the Ip
subunits of FRDs and SDHs. This work and our previous
mutagenesis studies (Werth et al., 1990; Manodori et al.,
1992) demonstrate that the redox potential of each individual
cluster can be perturbed by specific mutations without
significantly affecting the potential of other two clusters. This
argues that the low potential of the [4Fe-4S]?"7 cluster as
measured by equilibrium redox titrations is an intrinsic
potential rather than an apparent potential that results from
anticooperative redox interactions between the clusters.
Without cooperative redox interaction it is difficult to
envisage how a cluster with an intrinsic midpoint potential
approximately 250 mV lower than either the succinate/
fumarate or Q/QH; couple is able to mediate electron
transport. Such considerations suggest that the [4Fe-4S]
cluster plays a purely structural role, since it is clearly
required for the assembly of the [3Fe-4S] cluster, and thereby
the structural integrity of the Ip subunit and its ability to
bind to the membrane anchor peptides.

A logical prediction of this proposal would be that further
lowering the potential of center 2 while preserving the
structural integrity of the enzyme complex and the redox
potentials of centers 1 and 3 should have little affect on the
activity or growth rates under conditions requiring a func-
tional fumarate reductase. However, the FrdB Cys!*8Ser and
CysP!Ser mutagenesis results show that lowering the po-
tential of center 2 by 60 or 72 mV, respectively, results in
decreased growth rates and FRD activities using the
menaquinol analog as the electron donor that are 50% and
25% of the wild-type, respectively. These mutagenesis
results suggest that center 2 is at least located in the electron
transport pathway between centers 1 and 3. However,
whether or not the cluster itself undergoes redox cycling
during electron transfer remains an unanswered question.

At this junction it is worth noting that an interesting
parallel appears to exist between arrangement of and redox
properties of the three Fe-S clusters in FRD with those of
the Fe-S subunit of Desulfovibrio gigas NiFe-hydrogenase.
The recent X-ray crystal structure of this enzyme (Volbeda
et al., 1995) shows that the high-potential [3Fe-48]™0 cluster
is located between the two low-potential [4Fe-4S]*" clusters
that are clearly involved in the electron transport pathway
between the Ni active site and the electron donot/acceptor.
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However, it seems unlikely that the [3Fe-4S]0 cluster, which
has a redox potential at least 200 mV higher than that of the
H'/H;, [4Fe-4S1**'*, or donor/acceptor couples can be
actively involved with mediating electron transport. This
raises the possibility that “insulating” clusters, such as the
[3Fe-4S] cluster in D. gigas NiFe-hydrogenase and the [4Fe-
48] cluster in FRDs and SDHs, placed at strategic positions
in a multicluster electron transfer pathway, may play
important roles in controlling the rates or directionality of
electron transfer in these metalloenzymes.
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