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ABSTRACT: Site-directed mutants of Escherichia coli fumarate reductase in which FrdB Cys204, CysZ1O, and 
Cys214 were individually replaced by Ser and in which Va1207 was replaced by Cys were constructed and 
overexpressed in a strain of E .  coli lacking a wild-type copy of fumarate ieductase and succinate de- 
hydrogenase. The consequences of these mutations on bacterial growth, enzymatic activity, and the EPR 
properties of the constituent iron-sulfur clusters were investigated. The Frdb  Cys204Ser, Cys210Ser, and 
Cys214Ser mutations result in enzymes with negligible activity that have dissociated from the 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 [ 3 F d S ]  and [ 4 F d S ]  
clusters, centers 3 and 2, respectively. In contrast, the FrdB Va1207Cys mutation results in a functional 
membrane-bound enzyme that is able to support growth under anaerobic and aerobic conditions. However, 
EPR studies indicate that the indigenous [3Fe-4S]+io cluster (E,,, = -70 mV), center 3, has been replaced 
by a much lower potential [4Fe-4Sl2+$+ cluster ( E ,  = -350 mV), indicatiflg that the primary sequence of 
the polypeptide determines the type of clusters assembled. The results of these studies afford new insights 
into the role of centers 2 and 3 in mediating electron transfer from menaquinol, the residues that ligate 
these clusters, and the intercluster magnetic interactions in the wild-type enzyme. 

Fumara te  reductase (menaquinol-fumarate oxidoreductase) 
from Escherichia coli is a four-subunit membrane-bound 
complex that is produced during anaerobic growth with fu- 
marate as the terminal electron acceptor (Kroger, 1978; In- 
gledew & Poole, 1984)- The membrane-extrinsic catalytic 
domain consists of a flavoprotein (Fp),' FrdA (66 kDa) with 
a covalently bound FAD (Weiner & Dickie, 1979), and an 
iron-sulfur protein (Ip), FrdB (27 kDa). Two smaller hy- 
drophobic polypeptides FrdC and FrdD (1 5 and 13 kDa) serve 
to anchor the complex to the membrane and provide sites for 
the enzyme to interact with quinones (Lemire et al., 1982; 
Cecchini et al., 1986a). The enzyme has three distinct types 
of ironsulfur clusters: center 1, [2Fe-2Sl2+,+ (E, = -20 to 
-79 mV); center 2, [4Fe4SI2+.+ (E, = -320 mV); and center 
3, [3Fe-4S]+v0 (E, = -70 mV) (Morningstar et al., 1985; 
Johnson et al., 1985c,d; Cammack et al., 1986b; Werth et al., 
1990). The physical and catalytic propefties of the fumarate 
reductase complex (FrdABCD) are very similar to those df 
succinateubiquinone oxidoreductase (complex 11) from mi- 
tochondria and bacteria (Ohnishi, 1987; Cole et al., 1985; 
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Ackreli et al., 1991). Furthermore, E. coli fumarate reductase 
will catalyze succinate oxidation at 30-40% of the rate at 
which it reduces fumarate (Cecchini et al., 1986a), and the 
frd gene products will replace succinate dehydrogenase in sdh 
mutants when produced from multicopy plasmids (Guest, 
1981). These properties make E.  coli fumarate reductase an 
excellent model system for studies of both enzyme systems and 
their prosthetic groups. Questions remain concerning the 
assembly, location, and ligation of the Fe-S clusters and their 
involvement in electron transfer from menaquinol to fumarate. 

The Ip subunits of all fumarate reductases and succinate 
dehydrogenases sequenced to date show a high degree of 
homology with the cysteine residues conserved in three fer- 
redoxin-like clusters (Cole et al., 1982; Darlison & Guest, 
1984; Yao et al., 1986; Phillips et al., 1987; Lauterbach et al., 
1990). Recent site-directed mutagenesis experiments in which 
each of the first group of four cysteines in E. coli fumarate 
redlictase ( C Y S ~ ~ ,  Cy@, Cy@, and Cys7') were individually 
mutated to serines demonstrates the involvement of these 
residues in ligating the [2Fe-2S] cluster, center 1 (Werth et 
ai., 1990). In Figure 1 the arrangement of the highly con- 
served second and third groups of cysteinyl residues in fu- 
marate reductases and succinate dehydrogenases is compared 
to the arrangements of cysteinyl residues ligating [4Fe-4S] 
and [3Fe-4S] clusters ih bacterial ferredoxins. By analogy 
td structurally characterized ferredoxins, it is logical to assign 
the first three cysteines of the second group and the last 
cysteine of the third group (Cys14*, CYS'~', C y ~ l ~ ~ ,  and Cys214 
in E. coli FrdB) as ligands of the [4Fe4S] cluster, center 2, 

~ 

I Abbreviations: Fp, flavoprotein; Ip, iron-sulfur protein; PMS, 
phenazine methosulfate; BV,,, reduced bedeyl viologen; Q, quinone; 
MQH2, menaquinol-6; DPB, 2,3-dimethoxy-5-methyl-6-pentyl-1,4- 
benzoquinone. 
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Table I: E .  coli Strains. Plasmids. and Phage 
strain origin genotype source 

bacteria 
DW35 MC4100 F zjd::TnlO AcfrdABCD)18 sdhC::kan araD139 A(argF-lac) U 

DHSa F 1#~8Od/lacZAM15 endAl recAl hsdR17(r,,mk+) supE44 b 

CJ236 dut ung thi relA pCJ105 (Cml) C 
MV1190 (Alac-pro AB)thi supE A(srl-recA)306::Tn10(tetr) d 

U169 rpsL150 relAl flbB5301 deoCl pfsF25 rbsR 

thi-1 gyrA relAl A(1acZYA-argF) U169 A- 

[F':traD36 proAB IaclqZAMlS] 

olasmids 
pBR322 frdA+B+C+D+ 

frdA+BV207CC+Dt 
frdA+BC204SC+D+ 
frdA+BCZ1OSC+D+ 
frdA+BC2'4SC+D+ 
frdA+B+ 

PH3 
pH3FrdBV207C PH3 
pH3FrdBC204S PH3 
pH3FrdBC2% PH3 
pH3FrdBC2I4S PH3 
pFRD23 pACYC184 

e 
this study 
this study 
this study 
this study 
f 

phage 
M 13mp8 g 
M13KW1 M 13mp8 frdB+(AACD) h 

Laboratories, Richmond, CA. CBlaut et al. (1989). fCecchini et al. (1986). EMessing and Vieira (1982). *Werth et al. (1990). 
"Schriider et al. (1991). *Hamahan (1983). CJoyce and Grindley (1984). "Bio-Rad 'MUTA-GENE M13 in vitro mutagenesis kit", Bio-Rad 

E .  coli 
W .  ruccinogenes 
Beef Heart 
E .  subtilis 
E .  coli 
P .  rerogenes 
T .  thermophilus 
A .  vinelrndii 

F r d I p  
F r d I p  
S d h I p  
S d h I p  
S d h I p  
8 F e  F d  
7 F e  F d  
7 F e  F d I  

1 4 7  
1 4 9  
1 5 7  
1 5 3  
1 4 7  

7 
3 8  
38 

G I N  G L  Y A A  P Q F 1 6 1  
R C I E C G C C I A A C G T K 1 6 3  
E C I L C A C C S T S C P S Y 1 7 1  
K C M T C G V  C L E A C P N V 1 6 7  
E C I L C A C C S T S C P S F 1 6 1  
S C I A C G A C K P E C P V N Z l  
E C I D C G A C K P E C P V N 5 2  E C I D  2 l A l E P l P A E 5 2  

F r d I p  2 0 3  S T F V G - - Y C S E V C P 2 1 5  
W .  ruccinogenes F r d I p  2 0 6  G C M T L L - - A C H D V C P 2 1 8  

S d h I p  2 1 4  R C H T I M - - N C T E T C P 2 2 6  

S d h I p  2 0 4  R C H S I M - - N C V S V C P 2 1 6  
P .  rerogenes 8 F e  F d  3 4  S C I D C G - - S C A S V C P 4 6  
T .  thermophtlur 7 F e  Fd 7 P C I G V K D Q S C V E V C P 2 1  
A .  vinelrndii 7 F e  F d I  7 N I C I K C K Y T D 30 C V E V C P 2 1  

E .  coli 

Beef Heart 
E .  subtilts S d h I p  2 1 0  0 C G N S Q - - N C V  Q 5 C P 2 2 2  
E .  coli 

FIGURE 1: Comparison of the arrangement of cysteine residues in 
the Ip subunits of fumarate reductase (Frd) from E.  coli (Cole et al., 
1982) and Wolinella succinogenes (Lauterbach et al., 1990) and 
succinate dehydrogenase (Sdh) 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) and the 7Fe-ferredoxins from Thermus thermophilus (Sato 
et al., 1981) and Azotobacter uinelandii (Howard et al., 1983). 

and the first two cysteines of the third group and the last 
cysteine of the second group ( C Y S ' ~ ~ ,  Cys204, and Cys2l0 in E. 
coli FrdB) as ligands of the [3Fe-4S] cluster, center 3. The 
arrangement of cysteinyl residues thus assigned as ligands to 
the [3Fe-4S] cluster in fumarate reductases and succinate 
dehydrogenases is very similar to the consensus sequence for 
[4Fe-4S] clusters in bacterial ferredoxins (Cys-xx-Cys-xx- 
Cys and a remote Cys-Pro), except that the second cysteine 
ligand in the sequence is replaced by a neutral amino acid 
(Va1207 in E. coli FrdB). Moreover, it is known from the X-ray 
structure of Desulfouibrio gigas ferredoxin I1 (Kissinger et 
al., 1988, 1989) and spectroscopic studies of ferredoxins from 
Pyrococcus furiosus (Conover et al., 1990) and Desulfouibrio 
africanus (George et al., 1989) that the second cysteine of the 
bacterial ferredoxin [4Fe-4S] consensus sequence is the one 
not required for ligation of a [3Fe-4S] cluster. Indeed it is 
now well established that facile [4Fe-4S] - [ 3 F d S ]  cluster 
interconversions are often possible in bacterial ferredoxins 
provided a coordinating residue such as cysteine or aspartate 
occupies this position (Beinert & Thomson, 1983; George et 
al., 1989; Conover et al., 1990). 

As part of ongoing studies to investigate the role of the 
ironsulfur clusters of fumarate reductase in electron transport, 

we report on the enzymatic and structural consequences of 
site-directed Cys - Ser mutations involving each of the last 
three cysteines in E. coli FrdB (Cys204, Cys2l0, and Cys214) 
and the construction and characterization of a mutant in which 
FrdB Val207 is replaced by a cysteine residue. The rationale 
for the FrdB Va1207Cys substitution was to determine if the 
primary amino acid sequence of FrdB encodes the information 
for insertion of a [3Fe4S] cluster versus a [4Fe-4S] cluster. 
The results suggest that is indeed the case, and the resultant 
ability to alter the properties of center 3, while preserving the 
structural integrity of the enzyme complex, offers new insights 
into the intercluster spin-spin interactions and the roles of 
centers 2 and 3 in mediating electron transfer. In addition, 
the results address the question of the specific cysteine residues 
ligating centers 2 and 3 in the wild-type enzyme. 

MATERIALS AND METHODS 
Strains, Plasmids, and Phage. The E .  coli strains, plasmids, 

and phage used in this work are listed in Table I. Strain 
DW35 contains a deletion of frdABCD and a kan insertion 
in the sdhCDAB (sdhCkan) region which causes a disruption 
of the operon (Schriider et al., 1991). Phage M13KW1 was 
constructed by inserting the 2.0-kilobase (kb) EcoR1-Sal1 
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). Oligonucleotides for 
mutagenesis and sequencing were synthesized on a Biosearch 
model 8700. The oligonucleotides were designed to change 
FrdB Va1207 to cysteine or Cys204, Cys2l0, and Cys214 to serine 
residues. The mutagenesis was performed using single- 
stranded M13KW1 DNA as a template. The mutants were 
identified by DNA sequence analysis using the dideoxy ter- 
mination procedure (Sanger et al., 1977) and a Pharmacia 
sequencing kit. Strains CJ236 and MV190 supplied by Bio- 
Rad were used as hosts for mutagenesis and single-stranded 
DNA sequence analysis. Following mutagenesis, the 2.0-kb 
EcoRI-Sun fragment containing the frdB region was cloned 
back into the large EcoRI-Sal1 fragment of plasmid pH3 to 
restore the complete frdABCD operon. The plasmid was 
transformed into DHSa, and the construct was confirmed by 
double-stranded DNA sequencing. DNA was prepared using 
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doubling time (h) turnover number 
encoded subunits 4 2 '  +0,6 FAN BV MQ PMS DPB 

FrdABCD (wild-type) 2.0 2.1 1.47 19000 6000 5300 2400 
FrdABV207CCD 4.6 3.0 2.04 1 1000 1000 1600 390 
FrdABC204SCDd NGC NG 0.04 140 0 130 15 
FrdABC2"CDd NG NG 0.07 80 0 26 7 
FrdABC214SCDd NG NG 0.10 55 0 40 12 
FrdAB( AFrdCD)d NG NG 0.23 5500 0 3900 200 

-02, anaerobic growth on glycerol/fumarate minimal medium. +02, aerobic growth in succinate minimal medium. cTurnover numbers rep- 
resent an average of at least two determinations; BV, BVrd fumarate oxidoreductase activity; MQ, MQH2 fumarate oxidoreductase activity; PMS, 
succinate PMS oxidoreductase activity; DPB, succinate DPB oxidoreductase activity. dEnzyme located in cytoplasmic fractions. 'NG, no growth. 
/Covalent FAD, nmol/mg of protein. The center 1 EPR signal in dithionite-reduced samples of wild-type and mutant samples accounted for one 
spin/FAD within the combined experimental error of the FAD assays and EPR spin quantitations (&20%). 

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::kan). Wild-type and mu- 
tants were grown anaerobically on glycerol/fumarate or glu- 
cose/fumarate minimal media, or aerobically on minimal 
succinate media as peviously described (Schrder et al., 1991; 
Cecchini et al., 1986b). To prepare purified membrane 
fractions of the wild-type and Va1207Cys mutant, cells were 
grown anaerobically on glycerol/fumarate medium to sta- 
tionary phase, harvested by centrifugation, and frozen at -20 
OC. Since the Cys204Ser, Cys2I0Ser, and C y ~ ~ ~ ~ S e r  mutants 
are unable to grow under conditions requiring a functional 
fumarate reductase or succinate dehydrogenase, cells were 
grown on a glucose/fumarate medium. 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 con- 
taining the appropriate plasmid were suspended in 300 mL 
of 30 mM Tris-HC1 (pH 8.0). The cytoplasmic-membrane/ 
fumarate reductase fraction was then purified as previously 
described (Lemire & Weiner, 1986). Crude membrane and 
cytoplasmic fractions were prepared as described in Cecchini 
et al. (1986b). 

Enzyme Assays. Enzyme activity assays were conducted 
as in previous work (Cecchini et al., 1986a,b) using reduced 
benzyl viologen (BV,,) and menaquinol-6 (MQH,) as the 
electron donors for fumarate reduction. The oxidation of 
succinate was measured with phenazine methosulfate (PMS) 
and 2,3-dimethoxy-5-methyl-6-pentyl- 1 ,Cbenzoquinone (DPB) 
as primary electron acceptors. Enzyme concentration was 
determined as covalently bound histidyl-FAD using established 
procedures (Salach et al., 1972). 

EPR Spectroscopy. Samples for EPR spectroscopy were 
prepared under an argon atmosphere in a Vacuum Atmo- 
spheres (Hawthorne, CA) glove box (<1 ppm 0,). Cyto- 
plasmic-membrane preparations were resuspended in a min- 
imal volume of 50 mM Tris-HC1 buffer, pH 7.8. Fumarate-, 
succinate-, and dithionite-treated samples were prepared 
anaerobically by addition of 20 mM fumarate, 20 mM suc- 
cinate, or 10 mM dithionite followed by incubation for 10 min 
at room temperature prior to freezing in liquid nitrogen. EPR 
redox titrations were performed at ambient temperature 
(25-27 "C) in the glove box using cytoplasmic-membrane 
preparations resuspended in anaerobic 100 mM potassium 
phosphate, pH 7.2. Mediator dyes were added, each to a 
concentration of ca. 50 pM, in order to cover the desired range 
of redox potentials, Le., neutral red, safranin, phenosafranin, 
2-hydroxy- 1,4-anthraquinone, 2-hydroxy- 1 ,Cnaphthoquinone, 
indigodisulfonate, methylene blue, 1 ,Cnaphthoquinone, and 

duroquinone. Methyl and benzyl viologen were omitted to 
avoid large radical signals centered at g = 2. 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 an IBM/Bruker 
ER200D spectrometer interfaced to an ESP 1600 data pro- 
cessing system for data storage and manipulation. Low tem- 
peratures were obtained with an Oxford Instruments ESR-9 
cryostat. Spin quantitations were obtained under nonsatu- 
rating conditions by double integration with reference to a 1 
mM CuEDTA standard measured under identical conditions. 

RESULTS 
The involvement of the last group of three cysteine residues 

in FrdB (Cys204, Cys2lo, and Cys214) in ligating Fe-S clusters 
was assessed by site-directed mutation of each to a serine 
residue. In addition, the FrdB Va1207Cys mutant was con- 
structed to investigate the role of the [3Fe-4S] cluster in 
electron transfer and to determine if the amino acid sequence 
is the primary driving force controlling the insertion of a 
[3Fe-4S] versus a [4Fe-4S] cluster into FrdB. The muta- 
genized plasmid DNA was transformed into E. coli strain 
DW35 (AfrdABCD, sdhC::kan) so that background of wild- 
type succinate dehydrogenase and fumarate reductase is 
eliminated from the subsequent enzymatic and spectroscopic 
analyses. 

Growth Studies. To test whether the FrdB mutant enzymes 
were physiologically functional, we measured the doubling time 
of cells grown anaerobically on glycerol/fumarate medium or 
aerobically on minimal succinate medium (see Table 11). 
Under these conditions a functional fumarate reductase is 
required, i.e., the deletion strain DW35 with no complementing 
plasmids does not grow in either of these media. Doubling 
times of cells carrying plasmids with wild-type fumarate re- 
ductase were 2.0 and 2.1 h, during anaerobic and aerobic 
growth, respectively. Doubling times of the FrdB Va1207Cys 
mutant were 4.6 and 3.0 h, respectively, indicating that the 
mutant enzyme still functions as a bifunctional oxidoreductase 
and is only partially impaired in the ability to support growth 
compared to the wild-type enzyme. Also shown in Table I1 
are growth studies for the FrdB Cys204Ser, Cys2IoSer, and 
Cys214Ser mutants and for the soluble fumarate reductase 
(FrdAB) which maintains all three ironsulfur clusters of the 
enzyme but lacks the FrdCD polypeptides that act as mem- 
brane anchors and are necessary for interaction with quinones 
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(Lemire et al., 1982; Cecchini et al., 1986a; Morningstar et 
al., 1985). As is the case for the FrdAB enzyme, the FrdB 
Cys2%er, CysZ1?Ser, and Cys214Ser mutant enzymes are found 
in the cytoplasmic fraction and hence are incapable of sup- 
porting growth on either medium because of the resulting loss 
of ability to oxidize or reduce bound quinones (Manodori et 
al., 1991). The effect of these amino acid substitutions on 
growth is specific for growth on glycerol/fumarate or succinate 
selective media as evidenced by the normal ability of cells to 
grow on nonselective glycerol/nitrate or glucose/fumarate 
media (data not shown). 

Enzyme Activity Studies. The catalytic properties of mu- 
tant fumarate reductases and wild-type enzyme are also shown 
in Table 11. The values shown reflect both the fumarate 
reductase activity as measured by oxidation of reduced benzyl 
viologen or menaquinol and succinate dehydrogenase activity 
determined by the reduction of PMS or the ubiquinone ana- 
logue DPB. Turnover numbers for the FrdB Cys204Ser, 
Cys210Ser, and Cys2I4Ser mutants, where the enzyme is found 
in the cytoplasmic fraction, show that the enzyme has very 
little activity in any of the catalytic assays consistent with the 
loss of one or more Fe-S centers. By comparison, the soluble 
FrdAB enzyme which contains all three Fe-S clusters 
(Morningstar et al., 1985) is catalytically competent for fu- 
marate reduction and succinate oxidation. It has, however, 
lost the ability to interact with quinones, which is consistent 
with previous studies (Cecchini et al., 1986a; Morningstar et 
al., 1985). In contrast, the FrdB Va1207Cys mutant retains 
significant catalytic activity in all assays although there is a 
much greater impairment of the ability of the enzyme to 
interact with quinones than on interactions with artificial 
electron donors/acceptors. This latter observation is consistent 
with an alteration in the properties of the [3Fe-4S] cluster, 
center 3, which is considered to be the direct donor of electrons 
to quinone in succinate dehydrogenase (Johnson et al., 1985b; 
Ohnishi et al., 1976; Beinert et al., 1977). The pronounced 
reduction in quinone activity of the FrdB Va1207Cys mutant 
could result from dissociation of the catalytic FrdAB subunits 
from the membrane. To explore this possibility, we measured 
the amount of covalently bound flavin in the cytoplasmic and 
membrane fraction of cells grown to log phase in anaerobic 
glycerol/fumarate medium. The mutation had no discemable 
effect on the assembly of the fumarate reductase in vivo, as 
evidenced by identical distributions of covalent FAD found 
in the membrane and cytoplasmic fractions of mutant cells 
and wild-type controls. This is in contrast to the FrdB 
Cys2"Ser, Cys210Ser, and Cys2I4Ser mutant enzymes, where 
more than 95% of the enzyme is found in the cytoplasmic 
fraction of the cells rather than the normal ratio of 7540% 
of the enzyme in the membrane-bound form (data not shown). 

EPR Studies of the Cys204Ser, Cys2IoSer, and Cys214Ser 
Mutants. Figure 2 shows EPR spectra for cytoplasmic frac- 
tions of DW35 with amplified expression of the FrdB Cys2%er 
mutant after oxidation with ferricyanide and reduction with 
succinate and dithionite. Almost identical spectra were ob- 
tained for cytoplasmic fractions of the FrdB Cys204Ser and 
Cys214Ser mutants (data not shown). For comparison, Figure 
3 (left panel) and Figure 4 (upper spectra) show the EPR 
signals in equivalent redox states for cytoplasmic-membrane 
preparations of DW35 with amplified expression of wild-type 
fumarate reductase. Although the characteristic EPR spec- 
trum of the reduced [2Fe-2S]+ cluster, center 1, g = 2.025, 
1.930, and 1.920, is clearly present in the succinate- and di- 
thionite-reduced samples of the FrdB Cys204Ser, Cys210Ser, 
and Cys214Ser mutants, the rapidly relaxing EPR signal as- 
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g = 2.025 2.003 1.930 

I I  I 

320 340 360 380 
Magnetic Field / mT 

FIGURE 2: EPR spectra of cytoplasmic fractions of E.  coli DW35 
with amplified expression of the FrdABC2IOSCD (FrdB Cys210Ser 
mutant). (a) Oxidized with 5 mM ferricyanide; spectrometer gain 
= 1 .O X 106, temperature = 10 K. (b) Reduced with 20 mM succinate; 
spectrometer gain = 4.0 X lo6, temperature = 19 K. (c) Reduced 
with 10 mM dithionite; spectrometer gain = 1.0 X lo6, temperature 
= 19 K. Spectra were recorded at 9.42 GHz with a modulation 
amplitude of 10 G and a microwave power of 1 mW. 

sociated with the oxidized [3Fe-4S]+ cluster, center 3, g = 
2.016, - 1.98, and - 1.93 (observable at temperatures <30 
K), is not seen in ferricyanide-oxidized samples. Rather the 
spectra comprise only a FAD semiquinone radical signal 
centered at g = 2.003 that is still observable at temperatures 
> 100 K. Only minimal oxidation compared to the succi- 
nate-reduced sample was observed for samples treated with 
20 mM fumarate, as judged by the intensity of the EPR signal 
from reduced center 1. 

There was also no evidence for a reduced [ 4 F d S ] +  cluster, 
center 2, in dithionite reduced samples of the FrdB Cys2"Ser, 
Cys2I0Ser, and Cys214Ser mutants. The presence gf center 2 
in wild-type fumarate reductase is manifest in two ways. First, 
it is usually observable as a rapidly relaxing, broad resonance 
that is apparent at high spectrometer gains to the low and high 
field of the resonance from center 1 in dithionite-reduced 
samples (see Figure 4) (Johnson et al., 1985d; Cammack et 
al., 1986b). No such features were observed in the EPR 
spectra of the dithionite-reduced samples of these mutants. 
Second, its presence may be indirectly observed by marked 
enhancement of the spin relaxation of center 1 in dithionite- 
reduced compared to succinate-reduced samples. This results 
from spin-spin interaction between the reduced center 2 ( S  
= 1/2, reduced by dithionite but not succinate) and reduced 
center 1 (S = partially reduced by succinate) (Morningstar 
et al., 1985; Johnson et al., 1985d; Cammack et al., 1986b). 
The power required for half-saturation of an EPR resonance 
(P1,2 value) provides a convenient comparative estimate of spin 
relaxation rates (the larger the value the more rapid the 
spin relaxation). Pl12 values for the succinate- and di- 
thionite-reduced forms of the wild-type and mutant enzymes 
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FIGURE 3: EPR spectra of fumarate-oxidized and succinate-reduced cytoplasmic-membrane preparations of E. coli DW35 with amplified expression 
of FrdABCD (wild-type) and FrdABV207CCD (FrdB ValZwCys mutant). (a) Oxidized with 20 mM fumarate. (b) Reduced with 20 mM succinate. 
Spectra were recorded at 9.42 GHz with modulation amplitude = 10 G, microwave power = 1 mW, and temperature = 10 K. The multiplication 
factors indicate the relative spectrometer gains for the spectra of each sample. 
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FIGURE 4: EPR spectra of dithionite-reduced cytoplasmic-membrane 
preparations of E. coli DW35 with amplified expression of FrdABCD 
(wild-type) and FrdABV207CCD (FrdB VaIzo7Cys mutant). Samples 
were reduced with 10 mM dithionite. EPR instrument conditions 
were as described in the legend to Figure 3. The multiplication factors 
indicate the expansion factors for the expanded regions in each spectra. 

investigated in this work are given in Table 111. While the 
wild-type enzyme exhibits a 300-fold increase in the center 
1 value for dithionite- versus succinate-reduced samples, 
no significant increase was observed for the FrdB Cys204Ser, 
Cys2%er and Cys214Ser mutants. These results indicate that 
neither the [ 4 F d S ]  cluster, center 2, or the [3Fe-4S] cluster, 

Table 111: EPR Half-Saturation Powers values) at 10 K for 
Reduced Center 1 in E. coli DW35 with Amplified Expression of 
Wild-Type and Mutant Fumarate Reductase 

values (mW) 
encoded subunits succinate-reduced dithionite-reduced 

FrdABCD (wild-type) 0.35 100 
FrdABV207CCD 0.07 41 
FrdABC2wSCD 0.07 0.09 
FrdABC2%D 0.10 0.10 
FrdABC214SCD 0.05 0.07 

center 3, are assembled in these cytoplasmic mutant forms of 
fumarate reductase. 

EPR Studies of the Va1207Cys Mutant. Figure 3 and 4 
compare EPR spectra for cytoplasmic-membrane preparations 
of DW35 with amplified expression of wild-type and the FrdB 
Va1207Cys mutant after oxidation with fumarate and reduction 
with succinate and dithionite. In accord with the significant 
levels of fumarate reductase activity, the addition of fumarate 
to the cytoplasmic-membrane preparations of the Va1207Cys 
mutant results in oxidation as judged by the loss of the reduced 
center 1 EPR signal. However, the characteristic resonance 
of the oxidized [3Fe-4S]+ cluster, center 3, was not observed 
in either fumarate- or ferricyanide-oxidized samples. A weak 
isotopic resonance centered at g = 2.02 was observed, in ad- 
dition to a radical signal centered at g = 2.00, but analogous 
signals are observed in oxidized cytoplasmic-membrane 
preparations of the DW35 deletion strain and hence do not 
arise from the mutant fumarate reductase. Succinate effects 
only partial reduction of centers 1 and 3 in the wild-type 
membrane preparations, giving a complicated EPR spectrum 
comprising overlapping resonances from oxidized center 3, 
reduced center 1, and the FAD semiquinone radical, whereas 
only the latter two resonances were observed in succinate- 
reduced ValZo7Cys mutant. Previous EPR redox titrations of 
the herotetrameric E. coli fumarate reductase complex have 
provided evidence for spinspin interaction between center 1 
and center 3 by showing changes in the relaxation properties 
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of reduced center 1 that occur concomitant with the reduction 
of center 3 (Cammack et al., 1986b). Although a [3FdS]++O 
cluster is paramagnetic in both the oxidized ( S  = lI2) and 
reduced ( S  = 2) states, it appears to be more effective in 
relaxing the spin of reduced center 1 in the oxidized form. 
Hence, the 5-fold decrease in the value for center 1 in the 
succinate-reduced Valm7Cys mutant compared to the wild-type 
(see Table 3) is also consistent with the absence of a [3Fe- 
4S]+so cluster in this mutant. 

The dithionite-reduced cytoplasmic-membrane preparations 
of DW35 with amplified expression of wild-type fumarate 
reductase exhibit the S = resonance of reduced center 1 
and the broad underlying resonance of the S = ' I2  reduced 
[4Fe-4S]+ cluster, center 2, i.e., low-field maxima at g = 2.17 
and 2.06 and high-field minima at g = 1.82 and 1.65, observed 
only at temperatures below 20 K (Morningstar et al., 1985; 
Cammack et al., 1986b). While the reduced center 1 EPR 
signal is also observed in the dithionite-reduced Va1207Cys 
mutant, the form of the broad underlying resonance is quite 
different with low-field maxima at g = 2.30, 2.04 (shoulder), 
1.98, and 1.96 and high-field minima at g = 1.87 and 1.67 
(see Figure 4). Previous EPR studies of the tetrameric com- 
plex and dimeric soluble forms of E.  coli fumarate reductase 
have shown that complete reduction of center 1 is effected by 
dithionite, since quantitation of the g = 2.025, 1.930, and 1.920 
resonance at temperatures between 30 and 70 K accounts for 
approximately one spin/FAD (Morningstar et al., 1985; 
Johnson et al., 1985d). Hence the spin concentration of the 
center 1 EPR resonance over a limited field range of 40 K 
versus 1 mM CuEDTA standard was used to assess the en- 
zyme concentration of individual samples. Spin quantitation 
of the entire resonance in the S = 1/2 region under nonsatu- 
rating conditions (10 K and 50 pW) against a 1 mM CuEDTA 
standard gave 2.7 spins/molecule for the Va1207Cys mutant 
and 1.8 spins/molecule for the wild-type. Therefore, the broad 
underlying resonance accounts for - 2 spins/molecule in the 
Va1207Cys mutant compared to -1 spin/molecule in the 
wild-type. This indicates the presence of two dithionite-re- 
ducible Fe-S clusters that have S = 0 and S = ' I 2  ground 
states in their oxidized and reduced forms, respectively. Such 
ground-state properties, coupled with the arrangement of 
cysteine residues in the mutant FrdB polypeptide, are con- 
sistent with the presence of two [4Fe-4SI2+-+ clusters, indi- 
cating that center 3 is a [4Fe-4S] cluster rather than a 
[ 3 F d S ]  cluster in the Va1207Cys mutant. The complex broad 
underlying resonance is, therefore, attributed to spin-spin 
interaction between the two S = l/z [4Fe-4S]+, and similar 
resonances are observed for reduced 8Fe ferredoxins (Mathews 
et al., 1974). Evidence for spin-spin interaction between 
reduced center 1 and one or both of these S = [4Fe-4S]+ 
clusters comes from the marked enhancement in the spin 
relaxation (500-fold increase in the P1/2 value; see Table 111) 
that accompanies dithionite reduction. 

To investigate further the nature of the intercluster spinspin 
interactions and the redox potentials of the Fe-S clusters in 
the Va1207Cys mutant, EPR-monitored redox titrations were 
undertaken. Only the results of oxidative titrations are 
presented below, however, analogous results without any sig- 
nificant hysteresis were observed in subsequent reductive ti- 
trations. The midpoint potential of center l was unchanged 
relative to the wild-type membranes ( E ,  = -79 mV; Werth 
et al., 1990). Figure 5 shows EPR spectra at 10 K and 1-mW 
microwave power for the Va1207Cys mutant membranes poised 
at -190, -290, and 4 2 5  mV (vs NHE). The EPR signal from 
reduced center 1 is already fully developed at -190 mV, and 
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FIGURE 5 :  EPR spectra of cytoplasmic-membrane re arations of 

ValZo7Cys mutant) poised at selected redox potentials. Samples were 
poised at the indicated potential (vs NHE) as described under Ma- 
terials and Methods. Spectra were recorded at 9.42 GHz with 
modulation amplitude = 10 G, microwave power = 10 mW, and 
temperature = 10 K. The multiplication factors indicate the relative 
spectrometer gains for all spectra. 

the apparent increase in intensity of this resonance at  lower 
potentials is a consequence of relief of saturation resulting from 
relaxation enhancement via spin-spin interaction with the 
lower potential S = 1/2 [4Fe-4S]+ clusters. Starting at about 
-190 mV, a broad underlying resonance with a low-field 
maxima at g = 2.08 and a high-field minima at g = 1.83 starts 
to grow in as the potential is decreased, reaching a maximum 
at --290 mV. These features then begin to decrease with 
a concomitant increase of the more complex features observed 
in the dithionite-reduced samples. Such behavior is consistent 
with the presence of two low-potential [4Fe-4SI2+.+ clusters, 
with the g = 2.08 and 1.83 features resulting from the re- 
duction of the higher potential cluster (A) and the more 
complex resonance arising from spin coupling between the pair 
of reduced clusters (A + B). The redox potentials of each 
cluster were assessed by Gaussian deconvolution of the g = 
1.87 and 1.83 features which are proportional to the concen- 
trations of reduced (A + B) and reduced A, respectively, and 
plotting their intensities as a function of potential (see Figure 
6). Analysis of the data assumed that the interaction between 
the reduced clusters is sufficient to alter their EPR properties 
but not their redox behavior, as is the case in 8Fe ferredoxins 
(Mathews et al., 1974; Prince & Adams, 1987), and followed 
that described in Makund and Adams (1990). The theoretical 
curves are constructed for one-electron reduction of A and B 
with EmA = -240 mV and EmB = -350 mV.2 The concen- 

E .  coli DW35 with amplified expression of FrdAB t ?  *O CCD (FrdB 
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FIGURE 6: Redox behavior of the [4Fe-4S]2f*f clusters in cyto- 
plasmic-membrane pre arations of E .  coli DW35 with amplified 

trations were carried out as described under Materials and Methods 
and the conditions for EPR spectroscopy are in the legend to Figure 
5. The concentration of reduced cluster A (0) and reduced clusters 
A + B (m) was assessed by the amplitude of the g = 1.83 and 1.87 
signals, respectively, after Gaussian deconvolution of these resonances. 
The theoretical curves are calculated for one-electron reduction of 
A and B with E ,  = -240 mV for cluster A and E ,  = -350 mV for 
cluster B. 

expression of FrdABV2 8 CCD (FrdB ValZo7Cys mutant). Redox ti- 

trations of ArdBox and AoxBred reach maxima of 80% and 1%, 
respectively, at -295 mV. 

The assignment of A or B to the indigenous [4Fe-4S] 
cluster, center 2, or the [4Fe4S] cluster assembled as center 
3 cannot be made with certainty. The midpoint potential of 
center 2 in membrane-bound preparations, -285 to -300 mV 
(Simpkin & Ingledew, 1985; Werth et al., 1990), lies between 
the two potentials, suggesting that it is slightly perturbed in 
the mutant enzyme. However, the similarity of the EPR signal 
associated with the higher potential cluster, as seen in the 
sample poised at -290 mV, to that of center 2 in the wild-type 
membranes suggests that A corresponds to the indigenous 
[4Fe-4S] cluster, center 2. The major difference is in the 
absence of the high- and low-field features of g = 2.17 and 
1.65, which is understandable since they are most likely a 
consequence of intercluster spin coupling between the S = 1/2 
[ 4 F d S ] +  and the S = 2 [3Fe-4SIo in the wild-type enzyme 
(Ohnishi, 1987; Salerno & Yan, 1987; Ackrell et al., 1991). 
Hence we tentatively assign the higher potential cluster, E,,, 
= -240 mV, to center 2, and the lower potential cluster, E,,, 
= -350 mV, to the [4Fe-4S] cluster that has been assembled 
as center 3. 

DISCUSSION 
The growth properties, enzymatic activities, and EPR studies 

of the E .  coli fumarate reductase site-directed mutants re- 
ported in this work provide further insight into the roles of the 
[ 4 F d S ]  and [3Fe4S] clusters (centers 2 and 3, respectively) 
in electron transport through this complex respiratory chain 
enzyme, the residues involved in ligating these clusters, and 

* At the suggestion of one of the reviewers, analysis of the EPR redox 
titration was also conducted using the intensity of the g = 2.30 (A + B) 
and g = 2.08 (A) features. The contribution of the A + B resonance at 
g = 2.08 was estimated, on the basis of the intensity ratio at g = 2.30 
and 2.08 in the most reduced samples, and subtracted at each potential. 
This analysis yielded best fits with Ed = -250 mV and EmB = -345 mV 
(data not shown), in excellent agreement with the values obtained using 
g = 1.87 (A + B) and g = 1.83 (A). 
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the spatial arrangement of all three clusters as revealed by 
intercluster magnetic interactions. Each of these aspects is 
discussed separately below. Of particular importance are the 
results for the Va1207Cys mutant which show that the primary 
structure of an Fe-S protein determines the type of cluster 
assembled and permit elucidation of the enzymatic conse- 
quences associated with changing center 3 from a [3Fe-4S] 
to a [4Fe-4S] cluster. 

The role of [3Fe4S] clusters in biology is still the subject 
of much current interest. It is clear that some are artifacts 
produced by oxidative degradation of [ 4 F d S ]  clusters during 
isolation (Beinert & Thomson, 1983). Most recently, the 
sequence homology between aconitase and the iron-responsive 
element binding protein has lead to the suggestion that 
[ 3 F M ]  - [4FeQS] interconversions may have physiological 
relevance in regulating intracellular iron by controlling ex- 
pression of ferritin and transferrin receptors (Rouault et al., 
1991). However, in the case of fumarate reductase and suc- 
cinate dehydrogenase, the available evidence supports the view 
that the [3Fe-4S] cluster functions in mediating electron 
transfer to and from bound quinones and is an intrinsic part 
of the respiratory chain. Previous studies have shown that the 
EPR signal associated with oxidized center 3 is readily detected 
in fumarate-treated whole cells of E. coli with amplified ex- 
pression of fumarate reductase (Johnson et al., 198%) and that 
facile [ 3 F d S ]  - [4Fe4S] cluster conversion does not occur 
in soluble preparations of mammalian succinate dehydrogenase 
(Johnson et al., 1985b) or E.  coli fumarate reductase 
(Morningstar et al., 1985). In accord with earlier results on 
the soluble two-subunit enzymes (Johnson et al., 1985b; 
Morningstar et al., 1985), the studies of the FrdB Cys20"Ser, 
Cys2l0Ser, and Cys214Ser mutants reported above demonstrate 
that assembly of center 3 is necessary for membrane attach- 
ment and sustaining electron transport to or from quinones. 
Moreover, although the EPR studies of the E.  coli FrdB 
Va1207Cys mutant reported here show that center 3 is assem- 
bled as a [4FeQS] cluster rather than a [3Fe4S] cluster when 
an additional cysteine residue is provided, the resulting mem- 
brane-bound enzyme is greatly impaired in its ability to accept 
electrons from menaquinol, the physiological electron donor. 

In addition to fumarate reductases and succinate de- 
hydrogenases, there are now at least two other metalloenzymes 
that contain [3Fe-4S] clusters which appear, on the basis of 
amino acid sequence data and spectroscopic studies, to be 
intrinsic electron transport components of the enzymes in vivo. 
These are E.  coli nitrate reductase (Johnson et al., 1985a; 
Blasco et al., 1989) and spinach glutamate synthase (Knaff 
et al., 1991). Hence, there seems little remaining doubt than 
[3Fe4S] clusters do function in biological electron transport. 
The choice of a [3FeQS]+,o cluster over a [4Fe4SI2+.+ cluster 
is most likely dictated by a requirement for a higher redox 
potential, since the midpoint potentials are generally in the 
range +80 to -250 mV and -300 to -600 mV, for [3FdS]+s0 
and [4Fe4Sl2+3+ clusters, respectively (Ackrell et al., 1991). 

The consequences of converting center 3 from a [3Fe-4S] 
to a [4Fe-4S] cluster via the ValZo7Cys mutation are a 50% 
decrease in growth rate and catalytic activity (measured with 
BV, and PMS) and an even greater decrease (SO%) in the 
ability to interact with quinones (as measured by activities with 
MQH2 and DPB). However, it is evident that the presence 
of the [3Fe-4S] cluster per se is mt essential for a functional 
enzyme. Moreover, it is clear that either a [3Fe4S] or the 
[4Fe4S] cluster provides the scaffold for structural integrity 
of the enzyme since the enzyme remains membrane bound and 
is still able to interact with quinones to an extent sufficient 
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to support growth of E. coli under conditions requiring a 
physiologically competent fumarate reductase and/or succinate 
dehydrogenase. The decrease in growth rate and catalytic 
activity are most likely related to the decrease in midpoint 
potential of the modified center 3 from -70 to -350 mV, 
making electron transfer to or from bound quinones much less 
thermodynamically favorable. It is possible that menaquinol 
( E ,  = -74 mV; Ingledew & Poole, 1984) directly reduces 
center 1 ( E ,  = -79 mV; Werth et al., 1990) in the FrdB 
Va1207Cys mutant using an alternative electron transfer 
pathway that bypasses center 3. Conceivably these enzymes 
may have evolved from 8Fe ferredoxins with two low-potential 
[4Fe-4S] clusters and that during the course of evolution a 
simple amino acid substitution of valine for cysteine could have 
formed the higher potential [3Fe-4S] cluster, making the 
enzyme much more efficient for fumarate reduction and 
succinate oxidation. 

The mutation of each of the last three cysteines to serines 
in the FrdB subunit implicates CysZo4, C ~ S ~ ' ~ ,  and Cys214 as 
potential ligands for centers 2 or 3. These mutants do not, 
however, address the question of which specific residues ligate 
each cluster, since neither cluster is assembled and the resulting 
cytoplasmic enzyme has little catalytic activity. In contrast, 
the Va1207Cys mutant studies strongly support the assignment 
that is suggested by analogy to the sequence of structurally 
characterized bacterial ferredoxins, Le., C Y S ' ~ ~ ,  CyslS1, C Y S ' ~ ~ ,  
and Cys214 ligating center 2 and Cys15*, CysZo4, and 
ligating center 3. The fact that the Va1207Cys mutation results 
in assembly of a [4Fe-4S] cluster rather than a [3Fe-4S] 
cluster is in itself strong support for this assignment. Addi- 
tional evidence comes from the EPR spectrum of the di- 
thionite-reduced ValZo7Cys mutant. The broad complex res- 
onance is indicative of spin coupling between two S = 1/2 

[ 4 F d S ] +  clusters and is very similar to the spectra observed 
for reduced 8Fe ferredoxins which have analogous arrange- 
ments of cysteine residues. 

Previous EPR studies indicated that center 2, but not center 
3, was assembled in cytoplasmic fractions of an E.  coli 
FrdABCD deletion strain with amplified expression of 
FrdAB*, where B* indicates a B subunit truncated between 
the second and third group of cysteine residues so that Cys204, 
CysZ1O, and Cys214 were not present (Johnson et al., 1988). The 
evidence was based solely on enhanced spin relaxation for 
center 1 in dithionite-compare to succinate-reduced samples, 
Le., an EPR signal from reduced center 2 was not observed 
directly. From this it was concluded that none of the last three 
cysteines were ligands to center 2 in the wild-type enzyme. In 
contrast, neither center 2 nor center 3 was assembled in the 
Cys204Ser, CysZ1OSer, or Cys2I4Ser site-directed mutants in- 
vestigated in this work. The only explanation for these ap- 
parently contradictory results is that some type of di- 
thionite-reducible Fe-S cluster, related or unrelated to center 
2, is assembled in the FrdAB* subunits. For example, it is 
conceivable that a [4Fe-4SI2+*+ is assembled with a water 
molecule or some other residue occupying the fourth coordi- 
nation position, as is the case in ferredoxins from P. furiosus 
(Conover et al., 1990) and D. africanus (George et al., 1989). 
The [4Fe-4S]+ clusters in these ferredoxins have predomi- 
nantly S = 3/2 ground states, and it would not be possible to 
observe EPR resonances from such centers in the dilute cy- 
toplasmic fractions used in the previous work. We are in the 
process of investigating such possibilities with purified samples 
of FrdAB*. 

The ValZo7Cys mutant studies support the view that the 
primary sequence of an Fe-S protein determines the type of 
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cluster inserted. In accord with this, Rothery and Weiner 
(1 99 1) have recently shown that it is possible to change one 
of the four [4Fe-4S] clusters of dimethyl sulfoxide reductase 
to a [3Fe-4S] cluster by changing the amino acid sequence 
of this protein to mimic the region encoding the [3Fe-4S] 
cluster of nitrate reductase. The mutation involved changing 
the second Cys in a ferredoxin-like Cys-xx-Cys-xx-Cys- 
xxx<ys-Pro sequence to Trp, Ser, Phe, or Tyr. The resulting 
cluster had at least a 200-mV rise in midpoint potential, 
consistent with the lowered redox potential we observe for the 
[3Fe-4S] to [4Fe-4S] change in fumarate reductase. The 
modified DMSO reductase, however, was unable to support 
growth anaerobically under selective conditions, which most 
likely reflects the inability of the modified cluster, E ,  = 
>+150 mV, to mediate electron transfer from menaquinol to 
the molybdopterin active site. 

The ability to alter the ground-state magnetic properties and 
lower the midpoint potential of center 3 via the ValZo7Cys 
mutation, while maintaining the structural integrity of the 
enzyme complex, has also permitted a clearer understanding 
of the EPR spectra and intercluster spinspin interactions in 
the wild-type enzyme. In particular, the ability to observe the 
EPR of reduced center 2 with center 3 as a diamagnetic 
[4Fe-4SI2+ cluster, rather than a paramagnetic [3Fe-4SIo 
cluster, provides further evidence that the g = 2.17 and 1.65 
features of the center 2 EPR signal in the wild-type enzyme 
arise from spin-spin interaction with the S = 2 [3Fe-4SIo 
cluster. Furthermore, EPR redox titrations show that the 
spin-coupled EPR signal in the dithionite-reduced ValZo7Cys 
mutant arises from interaction between centers 2 and 3, in- 
dicating they are also close enough for intercluster spinspin 
interaction in the mutant enzyme. Hence we conclude that 
weak intercluster magnetic interactions exist between each pair 
of clusters in E .  coli fumarate reductase, suggesting that each 
is within 8-20 A of the other two. The interaction between 
centers 2 and 3 is manifest in terms of perturbation of the 
center 2 EPR signal, suggesting a much closer spatial prox- 
imity compared to centers 1 and 2 or centers 1 and 3, where 
the interactions are apparent only in terms of relaxation en- 
hancement of center 1. Attempts to simulate the complex 
spin-coupled EPR spectra in both the wild-type and Va1207Cys 
mutant enzymes are in progress in order to provide a more 
precise measure of the spatial separation between centers 2 
and 3 in these enzymes. 

Finally we turn our attention to the implications of these 
results for the mechanism of electron transport through the 
Fe-S clusters of fumarate reductases or succinate de- 
hydrogenases. Two distinct proposals have been advanced in 
the literature to explain the presence of an Fe-S cluster, center 
2, with a midpoint potential approximately 250 mV lower than 
either the succinate/fumarate or Q/QH2 couples. Cammack 
et al. (1986a, 1987) proposed a dual pathway model for 
electron transfer through cardiac complex I1 which provides 
for two-step reduction of Q and oxidation of FADH2 by as- 
suming that the low-potential center 2 and cytochrome b 
mediate electron transfer between Q/QH' and FADH'/FAD 
and that centers 1 and 3 provide a higher potential pathway 
linking QH'/QHz and FADH2/FADH'. The results pres- 
ented above demonstrate that centers 2 and 3 are spatially in 
very close proximity. Hence strict channeling of electrons 
through these two pathways is unlikely since reduction of 
center 3 by center 2 would short-circuit the low-potential 
pathway. However, it is possible provided the reaction cycle 
begins to an odd-electron state which would be regained by 
the release of QH' (Cammack et al., 1987). Under such 
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conditions, the high-potential centers would always be reduced 
before the low-potential centers. 

The problem with the dual pathway model is that the low- 
potential one-electron couples of FADH'/FADH2 and 
QH'/QH, (ubiquinone or menaquinone) are more nearly 
isopotential with the succinatereducible high-potential clusters, 
centers 1 and 3, than the low-potential cluster, center 2 
(Salerno, 1991). Indeed, this observation has lead to an al- 
ternative proposal (Salerno, 199 l )  involving a linear sequence 
of sequential one-electron transfers, center 1 - center 2 - 
center 3, with center 1 interacting with FAD, FADH', and 
FADH2 and center 3 interacting with Q, QH', and QH2. 
Central to this proposal is that the midpoint potential of center 
2, as measured by equilibrium redox titrations, is an apparent 
potential that is lower than the intrinsic potential by ap- 
proximately 250 mV as a result of anticooperative redox in- 
teractions between centers 1 and 2 and centers 2 and 3. While 
these interactions favor separation of electrons under equi- 
librium conditions, transient electron transfer through the 
intermediate cluster, center 2, could be energetically feasible 
at  lower levels of reduction. However, this work and our 
previous studies of mutations in the residues ligating center 
1 argue strongly that the intrinsic midpoint potential of center 
2 is <-240 mV, since its potential as measured in equilibrium 
redox titrations is not dramatically altered on lowering the 
potential of either center 1 by 250 mV (Werth et al., 1990) 
or center 3 by 280 mV (this work). 

The results presented here suggest an alternative proposal, 
namely, that center 2 is a vestige of the evolution of Ip subunits 
from an 8Fe ferredoxin and that, while it is necessary for 
structural integrity and membrane binding of the enzyme, it 
does not function directly in electron transfer between the 
covalently FAD and quinone. Hence, we currently favor a 
linear electron transfer pathway through the Fe-S clusters of 
fumarate reductase and succinate dehydrogenase involving only 
centers 1 and 3. While this pathway is optimal, alternative 
pathways that bypass either center 1 or center 3 become op- 
erative if the potential of either cluster is dramatically de- 
creased while preserving the overall structural integrity of the 
enzyme complex. These alternative pathways result in func- 
tional albeit much less efficient enzymes. 
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ABSTRACT: The ionization state of the phosphate group bound at  the aspartate aminotransferase apoenzyme’s 
active site has been investigated utilizing Fourier-transform infrared spectroscopy following the band 
corresponding to the symmetric stretching of the dianionic phosphate. Unlike free phosphate, when inorganic 
phosphate is bound at the enzyme’s active site, the integrated intensity value of the dianionic band does 
not change with pH within the studied range, and this value is similar to that for free dianionic phosphate 
at pH 8.3. From these results, we propose a dianionic state for the phosphate ion bound to cytosolic aspartate 
aminotransferase throughout the pH range of 5.7-8.3. The presence of other anions such as acetate and 
chloride or the substrate aspartate and its analogues produces a pH-dependent phosphate removal from 
the active site which is favored at  low pH values. Elimination of the charged primary amine at the active-site 
Lys-258, through formation of a Schiff base with pyridoxal or chemical modification by carbamylation, 
also produces a pH-independent phosphate release. These results are interpreted as Lys-258 together with 
the active-site a-helix and other residues may be involved in stabilizing phosphate as a dianion in the 
apoenzyme phosphate pocket which anchors the phosphate ester of pyridoxal phosphate in the holoenzyme. 
It is proposed that the dianionic phosphate contributes to the apoenzyme’s thermal stability through formation 
of strong hydrogen bond and salt bridges with the amino acid residues forming the phosphate binding pocket 
with assistance of Lys-258, and other active-site cationic components. 

A s p a r t a t e  aminotransferase (EC 2.6.1.1) is a dimeric en- 
zyme composed of identical subunits with each active site 
containing pyridoxal 5’-phosphate (PLP) linked via an internal 
Schiff base to a lysine residue. This enzyme exists as two 
isozymes with different locations in the cell: mitochondria and 
cytosol. The apoenzyme forms of these isozymes are also 
known to bind ions at the active site where they both act as 
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competitive inhibitors (Jenkins & D’Ari, 1966b; Martinez- 
Carrion et al., 1973; Cheng & Martinez-Carrion, 1972; 
Martinez-Carrion, 1985) and prevent binding of the coenzyme 
pyridoxal or pyridoxamine phosphate. In addition, phosphate 
ions induce both stabilization of this enzyme toward thermal 
denaturation (Iriarte et al., 1985) and resistance to proteolytic 
attack (Iriarte et al., 1984). Yet, little is known regarding the 
forces involved in the binding of ions including phosphate. 

Fourier-transform infrared (FTIR) spectroscopy has been 
recently used by us to study the ionization state of the phos- 
phate group in PLP in both cytosolic and mitochondrial as- 
partate aminotransferases (Sanchez-Ruiz & Martinez-Camon, 
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