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Abstract

Succinate:quinone reductases (SQRs) and quinol:fumarate reductases (QFRs) each contain a bi-, a tri- and a tetra-nuclear iron-sulfur
cluster. The C-terminal half of the iron-sulfur protein subunit of these enzymes shows two fully conserved motifs of cysteine residues,
stereotypical for ligands of [3Fe-4S] and [4Fe-4S] clusters. To analyze the functional role of the trinuclear cluster S3 in Bacillus subtilis
SQR, a fourth cysteine residue was introduced into the putative ligation motif to that cluster. A corresponding mutation in Escherichia
coli QFR results in a tri- to tetranuclear conversion (Manodori et al. (1992) Biochemistry 31, 2703-2731). We have found that presence
of the extra cysteine in B. subtilis SQR does not result in cluster conversion. It does, however, affect the EPR properties of the cluster S3,
whereas those of the other two clusters remain normal. The results strongly support the view that residues in the most C-terminal cysteine
motif in the iron-sulfur protein subunit of SQRs and QFRs ligate the trinuclear cluster. Compared to wild-type SQR, S3 in the B. subtilis
mutant enzyme is not sensitive to methanol and the midpoint redox potential is close to normal. The quinone reductase activity of the
mutant enzyme is only 35% of normal. Thus, the architecture around cluster S3 plays a role in electron transfer to quinone or in the

binding of quinone to the enzyme.
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1. Introduction

Succinate:quinone reductase (SQR) and quinol:fumarate
reductase (QFR) are membrane-bound enzyme complexes
found in aerobic and anaerobic organisms, respectively.
These two enzymes can catalyze the same reactions, but in
vivo the former enzyme complex catalyses the oxidation of
succinate to fumarate in the citric acid cycle, and donates
the electrons to quinone in the membrane, whereas the
latter enzyme complex catalyses the reverse reaction. SQR

Abbreviations: SQR, succinate:quinone reductase; QFR,
quinol:fumarate reductase; FP, flavoprotein; IP, iron-sulfur protein;
NSMP, nutrient sporulation medium with phosphate; PMS, phenazine
methosulfate; DCPIP, 2,6-dichlorophenolindophenol; Q,, 2,3-dimethoxy-
5-methyl-6-(3,7-dimethyl-2,6-octadienyl)-1,4-benzoquinone; HQNO, 2-
n-heptyl-4-hydroxyquinoline N-oxide; TTFA, thenoyltrifluoroacetone; K|,
inhibition constant.
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and QFR are very similar in composition and most likely
also in structure [1,2]. They consist of three or four protein
subunits; a flavoprotein (FP) containing covalently bound
FAD and an iron-sulfur protein (IP) containing three iron-
sulfur clusters of [2Fe-2S], [4Fe-4S] and [3Fe-4S] type
(denoted S1, S2 and S3 in SOR and FR1, FR2 and FR3 in
QFR, respectively). These two water-soluble subunits are
anchored to the membrane by one or two membrane-span-
ning polypeptides, that contain zero, one or two protoheme
IX molecules depending on the organism [1,2]. In spite of
this variation, and an overall lower sequence conservation
than in the soluble subunits, Higerhill and Hederstedt [3]
have recently shown that the membrane anchor poly-
peptides are also likely to have a common three-dimen-
sional structural arrangement. The Bacillus subtilis SQR
membrane anchor consists of one polypeptide, and con-
tains two hemes with different properties, heme by and
heme b, [4].

The IP subunit contains three groups of cysteine-motifs,
which probably are ligands to the three iron-sulfur clusters.
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B.taurus SQR 157 ECILCACCSTSCPSYW
U. maydis SQR 192 ECILCACICISTSCPSYW
E.coli SQR 147 ECILCACCISTSCPSFW
T. acidophilum SQR 145 MCTKICGLC CPIEG
W. succinogenes QFR 149 RCIECGCCIAACGTKI
E. coli QFR 147 GCINCGLCYAACPQFG
B. subtilis SQR 153 KCMTCGVCILEACIPNVN
P. aerogenes Fd 7 SCIACGACKPECPVNI
- .
B.taurus SQR 214RCHT IMNCTETCPK
U. maydis SQR 251 RCHTIMNCISRTICPK
E.coli SQR 204 SIMNCVSVICPK
T. acidophilum SQR 201 RCHFAGECTEVICPK
W. succinogenes QFR 206 GCMTLLACHDVICPK
E. coli QFR 203 SCTFVGYCISEVCPK
B. subtilis SQR 210 DCGNSQNICVQSCIPK
P, aerogenes Fd 338CT SCASVICPK
“Aap o C

Fig. 1. Sequence comparisons of the two carboxy-terminal cysteine ligand
motifs in IP of SQRs/QFRs compared to those in the Peptococcus
aerogenes ferredoxin polypeptide. Sequence data are from Bos taurus
[31), Ustilago maydis [28], Escherichia coli (SQR) [32), Thermoplasma
acidophilum [33], Wolinella succinogenes [34], Escherichia coli [35),
Bacillus subtilis [36] and P. aerogenes [37]. The cysteine ligands to the
respective tetranuclear iron-sulfur clusters in the P. aerogenes protein are
boxed and connected with lines. Arrowheads indicate the position of
mutations in SQR /QFR which are discussed in the text.

B. subtilis and Escherichia coli mutant IPs, truncated
before and after the second group of cysteines respectively,
retain the [2Fe-2S] cluster but have lost the other two
clusters [5—7]. Thus, IP can be described as consisting of
two domains. The N-terminal part harbours the [2Fe-2S]
cluster, ligated by a CxxxxCxxC......... C motif, resembling
a plant-type ferredoxin. The ligation of this cluster has
been studied in detail in E. coli QFR, where the four
cysteines were individually changed to serine [8]. The
mutants retained all iron-sulfur clusters, as well as enzy-
matic activity. However, the midpoint potential of FR1
was lower than in the wild-type in the C57 — S, the
C62 — S and the C77 — S mutants, but higher than in
wild-type in the C65 — S mutant. This third cysteine in the
N-terminal motif is not absolutely conserved, E. coli SQR
has an aspartate in this position.

The C-terminal part of the IP seemingly ligates the
[4Fe-4S] and [3Fe-4S] clusters and contains cysteine-motifs
characteristic for bacterial ferredoxins (Fig. 1). Assuming a
ferredoxin-like structure (cf. [9]), these two clusters are
located close to each other. Attempts have been made to
identify the ligands to FR3 in E. coli QFR by site-specific
mutagenesis of cysteines in the proposed ligation motif.
However, the mutants lost both FR2 and FR3, but retained
FR1 [10].

When a fourth cysteine residue was introduced into the
putative FR3 binding motif of E. coli QFR (V207 - C
substitution; see Fig. 1), a [3Fe-4S] to [4Fe-4S] cluster
conversion occurred, i.e., a mutant enzyme with two low
potential [4Fe-4S] clusters was obtained [10]. This QFR
mutant retained 16-17% of wild-type enzyme activity,
indicating that the redox midpoint potential and/or struc-
ture of FR3 is important for enzyme function. Opposite
cluster conversion, i.e., from [4Fe-4S] to [3Fe-4S], has
been reported for several enzymes after replacement of a
ligating cysteine by another amino acid (cf. [11]). These
observations suggest that the prototypical cysteine se-
quence motif predominantly determines the cluster type.

In order to study the role of cluster S3 for electron
transport in B. subtilis SQR, we constructed a mutant with
an extra cysteine in the putative S3 ligation motif, analo-
gous to the one described for E. coli QFR (Fig. 1).
Introduction of the additional cysteine in the S3 consensus
ligation motif in B. subtilis did not result in a tri- to
tetranuclear cluster conversion, but did specifically alter
the EPR properties of the S3 signal, and affected enzyme
activity and stability. Novel properties of cluster S3 in
wild-type and mutant B. subtilis SQR are reported in this

paper.

2. Materials and methods
2.1. Bacterial strains, plasmids and growth of cells

B. subtilis strain ICD2 (&rpC2, ade, met,
AsdhCAB::ble) as well as plasmid pBSD1400, containing
the wild-type B. subtilis sdh operon, are described else-
where [3]. The construction of pBSD1452 is described
below. The shuttle vector pHP13 is described in [12]. E.
coli strain XL1Blue, plasmid pBluescript KS(—) and
helper phage VCS-M13 were purchased from Stratagene
and E. coli strain ER1451 (JM107 background, mcrA'B ™)
was a gift from New England Biolabs. E. coli IM83 [13]
was used to propagate plasmids pBSD1400 and pBSD1452.
E. coli cells were kept on LA-plates [14] containing tetra-
cycline (15 pg/ml), chloramphenicol (12.5 ug/ml) or
ampicillin (50 ug/ml) when indicated. B. subtilis cells
were kept on Tryptose Blood Agar Base plates (Difco)
containing chloramphenicol (5 pg/ml) and were checked
for SQR positive phenotype on minimal salts agar plates
[15] with 0.5% (w /v) sodium succinate as the sole carbon
and energy source.

2.2. Mutagenesis

In order to obtain single stranded DNA for mutagenesis,
a Sacl-EcoRV fragment containing the sdhB gene, encod-
ing the IP of B. subtilis SQR, was cloned in plasmid
pBluescript KS(—). The resulting plasmid, pFESC 1, was
transformed into E. coli XL1-blue. XL1-blue/pFESC1
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cells were infected with VCS-M13 interference resistant
helper phage and single stranded DNA was isolated as
recommended by the supplier of the phage (Stratagene).
The sdhB52 mutation (corresponding to a SQ — CG sub-
stitution in the C-terminal region of IP, Fig. 1) was
introduced using the phosphorylated oligonucleotide
5'CACAGTTTCCGCAGTTGCGCC3 (MIP2) and the mu-
tagenesis method described by Vandeyar et al. [16]. The
method is based on the selective methylation of the mutant
strand by the incorporation of 5-methyl-dCTP, followed by
restriction enzyme digestion (Mspl and Hhal) that nicks
only the non-methylated strand. The parent strand is subse-
quently removed by treatment with exonuclease III. The
plasmid containing the mutation is recovered by transfor-
mation of a mcrA' B~ E. coli strain (ER1451), i.e., a strain
that does not restrict methylated DNA. After DNA se-
quence analysis the BsiWI-EcoRV fragment containing
the mutation was exchanged for that of the wild-type in
plasmid pBSD1400. The resulting plasmid containing the
B. subtilis sdhCAB operon with the sdhB52 mutation was
named pBSD1452.

2.3. General genetic techniques

Restriction enzymes and T4-DNA ligase were from
Boehringer-Mannheim and were used as recommended.
Agarose gelelectrophoresis were done as described [14]
DNA fragments were isolated from agarose using Gene
Clean (Bio101, La Jolla). DNA sequence analyses were
done by the dideoxy chain-termination method with the
Sequenase version II kit (USB) and [ a-**S]dATP. E. coli
cells were transformed by electroporation. Plasmids were
introduced into B. subtilis cells by protoplast transforma-
tion as described by Chang and Cohen [17].

2.4. Redox-titrations and EPR-spectroscopy

Redox titrations were performed at room temperature
(25° C) in a closed vessel flushed with oxygen-free argon
and equipped with an Ag/AgCl-platinum combination
electrode and a pH-electrode. The potential of the refer-
ence electrode was calibrated versus a saturated solution of
quinhydrone (285 mV vs. NHE at pH 7). The following
mediators, dissolved in DMSO, were used at 25 uM final
concentration: 5,5'-indigo disulfonate, 5,5',7-indigo trisul-
fonate, 5,5',7,7'-indigo tetrasulfonate, 2-hydroxy-1,4-naph-
thoquinone, 1,2-naphthoquinone 4-sulfonate and 1,4-naph-
thoquinone 2-sulfonate. In total, less than 0.15% DMSO
was added. Titrations were carried out by stepwise addi-
tion of an anaerobic dithionite solution, and samples were
transferred anaerobically to EPR-tubes and frozen in a cold
mixture of isopentane:methylcyclohexane (5:1) and stored
in liquid nitrogen until used. Alternatively, membranes or
isolated SQR were poised with different ratios of succi-
nate /fumarate at 20 mM total concentration under argon.

After mixing, the samples were allowed to equilibrate for 2
min at Toom temperature prior to freezing.

EPR-spectra were recorded using an X-band Bruker
ESP-300E EPR spectrometer equipped with an Oxford
instruments ESR-9 helium flow cryostat.

2.5. Miscellaneous methods

B. subtilis cells for membrane preparation were grown
in batches of 1 liter in nutrient sporulation medium with
phosphate (NSMP, [18]) supplemented with chloramphe-
nicol (5 mg /1) in indented 6 liter E-flasks at 37° C, aerated
at 200 rpm, and harvested 1 h after the end of exponential
growth phase. Membranes were prepared and SQR was
isolated as described previously [4]. Heme content was
determined from the pyridine hemochromogen difference
spectrum using the extinction coefficient 29 mM ™! cm ™!
(558 nm minus 570 nm, [19]). Protein was determined with
the Lowry procedure using bovine serum albumin as stan-
dard. Covalently bound FAD and SQR antigen were quan-
titated as previously described [4].

SQR enzyme activity measurements were performed
aerobically at 30°C, with excess substrates, using
dichlorophenolindophenol (DCPIP), and phenazine metho-
sulfate (PMS) or 2,3-dimethoxy-5-methyl-6-(3,7-dimethyl-
2,6-octadienyl)-1,4-benzoquinone (Q,) as primary electron
acceptors as indicated [4]. The extinction coefficient 20.7
mM 'cm ™! at 600 nm was used for DCPIP. The inhibitor
2-n-heptyl-4-hydroxyquinoline N-oxide (HQNO) was used
at 20 uM (for redox titrations), and at various concentra-
tions to determine K; from Dixon plots.

Optical spectroscopy was conducted with a Shimadzu
UV3000 spectrophotometer at room temperature, using a
cuvette with a 1 cm light path.

3. Results and discussion

3.1. Construction of mutant SQR with a SQ — CG substi-
tution in the IP subunit

The serine residue in the putative S3 cysteine ligation
motif in the B. subtilis IP subunit (§214) was changed to a
cysteine by site-directed mutagenesis. In order to mimic
the sequence of Peptococcus aerogenes ferredoxin and E.
coli QFR, the neighboring glutamine (Q215) was simulta-
neously changed to a small amino acid, glycine (Fig. 1).
The presence of only the desired mutation was confirmed
by DNA sequence analysis. Plasmids pBSD1400 (encod-
ing wild-type SQR), pBSD1452 (encoding SQR with mu-
tated IP), and pHP13 (vector without sdh genes) respec-
tively were introduced into B. subtilis strain 1CD2, that
has the entire sdh operon deleted from the chromosome.
SQR is overproduced about three-fold in ICD2 /pBSD1400
compared to normal B. subtilis strains with one copy of
the sdh operon in the chromosome.
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The mutant SQR supported growth of B. subtilis
1ICD2 /pBSD1452 on minimal medium containing succi-
nate as the sole carbon and energy source, growth condi-
tions that require a functional SQR. ICD2 /pBSD1400 and
ICD2 /pHP13 were used as positive and negative controls
for growth under the same conditions. There was no clear
difference in the growth rate of strains ICD2/pBSD1452
and ICD2 /pBSD1400 in liquid media, i.e., minimal succi-
nate or NSMP. This demonstrates that the SQR with
mutant IP is functional.

3.2. Mutant SQR is enzymatically impaired and less stable
than wild-type

Membranes were isolated from B. subtilis
ICD2 /pBSD1400, ICD2/pBSD1452, and from
ICD2/pHP13. A summary of properties of these mem-
branes is presented in Table 1. The content of SQR in
ICD2/pBSD1452 membranes was significantly lower than
in ICD2/pBSD1400 membranes, whereas the content of
cytochrome b5, (membrane anchor subunit) was elevated
in the former membranes. However, the content of FP in
whole cell lysates was similar in strains ICD2 /pBSD1400
and ICD2/pBSD1452 (not shown). This indicates that
there is no significant difference in expression level of the
sdh operon from pBSD1452 compared to pBSD1400, and
suggests that the mutation affects the stability of SQR in
vivo. ICD2 /pHP13 did not, as expected, contain any SQR
subunits in membranes or in whole cell lysates.

The mutant SQR showed lower enzyme activity than
wild-type enzyme as assayed in vitro using DCPIP and
PMS or DCPIP and Q, as electron acceptors (Table 1).
The Q, reductase activity of the mutant enzyme was found
to be sensitive to the inhibitor HQNO with the same
apparent K, as the wild-type enzyme (0.4 M, not shown).
Optical spectra of membranes showed that heme also in
mutant SQR is reducible with succinate, but the extent of
reduction was difficult to assess due to the presence of
excess cytochrome b subunit in these membranes. As in
the case of wild-type, enzyme activity with PMS increased
when detergent was added to membranes containing mu-
tant SQR, but in contrast to wild-type the activity subse-

Table 1

quently declined rapidly ([4], not shown). Due to the
decreased stability in the presence of detergent, regardless
of the redox state of the enzyme, the mutated enzyme
could not be purified.

In succinate dehydrogenase, i.c., preparations consisting
of only the FP and IP subunits, iron-sulfur cluster S3 is
particularly sensitive to oxidative damage. It has been
demonstrated that reconstitution of SQR from succinate
dehydrogenase and membrane subunits requires an intact
S3, indicating that this cluster interacts with the membrane
anchor [1,2]. The decreased stability of the B. subtilis SQR
with mutant IP compared to the wild-type enzyme, bothin
vivo and in vitro, indicates impared interaction between
the FP /IP part of the enzyme and the membrane anchor.
In the analogous E. coli QFR mutant, the mutation was
reported not to affect enzyme stability [10].

3.3. Properties of cluster S3 in mutant and wild-type SQR

The iron-sulfur clusters in membranes containing wild-
type and mutant SQR were studied by EPR spectroscopy.
The low temperature EPR signals in B. subtilis mem-
branes are dominated by those from SQR [20]. This was
confirmed with membranes from ICD2/pHP13 that does
not contain SQR. In ICD2/pBSD1452, containing SQR
with the SQ — CG mutation in IP, we found the S3 signal
in oxidized membranes, with an altered EPR spectral
lineshape and power saturation behavior compared to that
in the wild-type (Fig. 2, Table 2). The S1 and S2 signals
were normal. In dithionite reduced membranes we did not
detect any conversion of the trinuclear cluster to tetranu-
clear. We conclude that cluster S3 remained trinuclear in
spite of the introduction of a cysteine residue in the cluster
ligation motif, but that the S3 environment specifically was
affected by the mutation.

The observed redox midpoint potential of S3 in the
wild-type and the mutant SQR differed only by 30 mV,
and was in good correlation with data previously reported
for the wild-type ([21], Table 2).

The S3 signal of B. subtilis wild-type SQR is much
broader than those of E. coli SQR and QFR and also
shows much faster spin relaxation (Sled” et al., unpub-

Properties of B. subtilis membranes containing wild-type SQR, or SQR with mutant IP subunit, and of membranes without SQR

Membranes from: nmol heme */ nmol FP °/ nmol FAD ¢/ mol heme / Turnover no. ¢ Turnover no. ¢
mg protein mg protein mg protein mol FP PMS, (s71) Q,G™H

ICD2 /pBSD1400 2.54 1.32 1.28 1.98 46 16

ICD2 /pBSD1452 3.05 0.73 0.57 4.17 18 7

ICD2 /pHP13 0.15 n.d. n.d. - n.d. nd.

* Protoheme IX determined as pyridine hemochromogen [19].
® Determined as antigen by rocket immunoelectrophoreses [4].
¢ Determined as covalently bound FAD [4].

d Assayed at 30° C, and calculated as mol DCPIP reduced per mol covalently bound FAD per s.

n.d., not detectable.
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Fig. 2. (A) EPR spectra of B. subtilis wild-type SQR (dotted line) and
SQR with mutant IP subunit (solid line) in membranes oxidized by 20
mM fumarate. The ICD2/pBSD1400 (wild-type) membrane preparation
contained 46 M SQR and the ICD2/pBSD1452 (mutant) membrane
preparation contained 21 uM SQR. The signal amplitude has been
normalized to correspond to the same concentration of SQR. Peak
positions are indicated with arrows. EPR conditions were: microwave
frequency, 9.4455 GHz; modulation amplitude, 10 G; microwave power,
2 mW; time constant, 0.164 s; scan rate, 6G/s; sample temperature, 7 K.
(B) Power saturation behavior of the g =2.02 EPR signal in oxidized
ICD2 /pBSD1400 and ICD2 /pBSD1452 membranes.

Table 2

lished data, [22]). The S3 signal of the B. subtilis mutant
SQR was found to behave more like the E. coli wild-type
counterparts (Fig. 2).

The overall structure of the IP subunit in various organ-
isms seems similar, but the midpoint potential of the
respective iron-sulfur clusters varies depending on how the
enzyme operates in vivo. In SQRs interacting with
ubiquinone, the £ of S3 is higher than that in QFRs or in
SQRs interacting with low-potential quinones. S1 has a
high E,_ (higher than S3) in SQRs interacting with low-
potential quinones, an intermediate E_ (lower than S3) in
SQRs interacting with ubiquinone and a low £, in QFRs.
Cluster S2 generally has a very low midpoint potential and
may not participate in electron transfer [1,2]. The aerobic,
Gram-positive bacterium B. subtilis, contains only
menaquinone (E,, = —74 mV, [23,24]) and has an S1 with
E,= +80 mV and a S3 with E_, = —27 mV ([21], this
work). In B. subtilis, the membrane anchor subunit of
SQR contains two b hemes with E,, = +13 mV (by) and
—132 mV (b;). In contrast, E. coli SQR, that operates
with ubiquinone (E_, = +112 mV, [23]) contains only
heme by, and E. coli QFR, that in vivo operates with
menaquinone, does not contain any heme [1,2]. The role of
cluster S3 in electron transfer to quinone, and thus the
properties of the cluster, may therefore be different in
these succinate:quinone oxidoreductases.

3.4. Cluster S3 in wild-type SOR is sensitive to methanol

It was noted that the S3 signal, but not the S1 or S2
signal in wild-type B. subtilis SQR was extremely sensi-
tive to methanol. Within minutes in the presence of 0.2%
to 1% (v/v) methanol the lineshape and power saturation
behavior of the S3 signal dramatically changed, from
broad to narrow and from extremely fast to slow relaxing,
whereas the midpoint potential of the cluster was little
affected (Table 2, Fig. 3). This effect of methanol on S3
was seen both with membranes and with the isolated
enzyme. Interestingly, ethanol of corresponding concentra-

Properties of cluster S3 in B. subtilis membranes containing wild-type SQR or SQR with mutant IP subunit, in the absence and presence of 1% (v/v)

methanol, as determined by EPR spectroscopy

Properties ICD2 /pBSD1400 membranes ICD2 /pBSD 1452 membranes
(wild-type SQR) (SQ — CG mutant SQR)
+ methanol + methanol
8zyx " 2.017, 1.978, 1.920 2.014, 2.005, 2.001 2.014, 1.992, 1.955 2.014, 1.992, 1.955
L,,.G):?* 8, 34,70 4.8, 16, 26 4.9, 24, 48 49,24, 48
Py, (mW) > 300 1.2+01 71+12 71+12
Ey (mV)® —275+42 -158+ 8.0 -574+42 —40 + 6.9
2 8:,y,x and L, , . were obtained from simulations of the EPR spectra under non-saturated conditions, assuming no hyperfine interaction and gaussian

lineshapes, as described in [38].

b Determined from reductive titrations with dithionite at room temperature in the presence of dyes. EPR spectra were recorded at 6 K, 20 mW, and at 10
K, 10 mW, in the presence and absence of methanol, respectively (other EPR conditions were as described in Fig. 2). Essentially the same midpoint
potentials were obtained in titrations using the succinate /fumarate couple to poise the potential of the system.
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Fig. 3. (A) EPR spectra of oxidized B. subtilis ICD2/pBSD1400 mem-
branes, which contain wild-type SQR, in the presence of 1% (v/v)
methanol (solid line) and without additions (dotted line). Peak positions
are indicated with arrows. EPR conditions were the same as in Fig. 2. (B)
Power saturation behavior of the g = 2.026 signal in oxidized
ICD2/pBSD1400 membranes in the presence and absence of 1% (v/v)
methanol.

tions did not cause these changes. The effect on S3 was
reversible, i.e., a near normal S3 signal was restored when
methanol was washed off from membranes (not shown).
Cluster S3 of SQR with the SQ - CG mutation in the IP
subunit was, in contrast, insensitive to methanol (Table 2).
The presence of 1% (v/v) methanol did not affect succi-
nate reductase activity in vitro using DCPIP and PMS or
Q, as electron acceptors (not shown). The effect of
methanol but not ethanol can possibly be explained such
that methanol fits into a small pocket, where it affects the
S3 micro environment. This pocket is then absent or
perturbed in the mutant enzyme, which makes it com-
pletely insensitive to methanol.

3.5. Cluster S3 is not affected by HONO, a powerful
inhibitor of succinate:quinone oxidoreductase activity

EPR investigations of the semiquinone spin-spin inter-
action in mitochondrial SQR have suggested that S3 is

positioned close to the quinone binding site [25,26].
Thenoyltrifluoroacetone (TTFA) and carboxins are potent
inhibitors of the mitochondrial SQR. They seemingly act at
the same site, blocking the reduction of quinone. Carboxin
is assumed to bind to the membrane anchor subunits, but at
a site which is in close proximity to the cluster S3 and in a
way that blocks electron transfer to ubiquinone [1,27). A
carboxin-resistant mutant SQR of Ustilago maydis was
recently shown to have a histidine to leucine substitution
within the putative S3 ligation motif ([28], Fig. 1). Addi-
tion of TTFA to pigeon heart SQR increases the EPR
signal amplitude of S3, shifts E_ of S3 by about —50
mV, and quenches the hyperfine splitting originating from
the semiquinone pair [29]. B. subtilis SQR is not inhibited
by TTFA or carboxins but is sensitive to HQNO [4,30].
We could not detect any effect of HQNO on the B. subtilis
S3 signal lineshape or amplitude. The E_, of S3 in mem-
brane-bound SQR was determined to —58 mV in the
presence of HQNO, which is to be compared to —27 mV
in the absence of HQNO (Table 2). Furthermore, the B.
subtilis mutant enzyme has the same apparent K, for
HQNO as the wild-type. These observations add support to
the view that two independent quinone binding sites are
present in B. subtilis SQR [30]. One site is close to the
negative side of the membrane, near heme b,; and S3 and
the other site, where HQNO mainly acts [30], is close to
the positive side of the membrane (near heme b, ).

4. Conclusion

Since a tri- to tetranuclear cluster conversion did not
occur when an extra cysteine was inserted in the S3 cluster
ligation motif, it is reasonable to assume that a cysteine
residue in this position in B. subtilis IP is somehow
sterically hindered to act as a ligand for a tetranuclear
cluster, whereas in E. coli QFR this is not the case. In the
B. subtilis TP the SQ — CG mutation is apparently suffi-
ciently close to the trinuclear cluster to alter the EPR
properties of the S3 signal, but does not significantly
change the midpoint potential of the cluster. In spite of
this, the enzyme activity of the mutant SQR is about 35%
compared to wild-type SQR. We conclude that S3, or
amino acid residues in the putative S3 ligation motif may
be important for stabilizing and/or donating electrons to
quinone, as also suggested by the position of a mutation
conferring resistance to carboxin in U. maydis (Fig. 1,

[28D.
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