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Antibodies specific for the M; 65,000 (flavoprotein) and the M; 28,000 subunits
of the succinic dehydrogenase (SDH) of Bacillus subtilis were obtained. By using
these antibodies it was shown that both subunits accumulated in the cytoplasm
during 5-aminolevulinic acid starvation of a 5-aminolevulinic acid auxotroph. In
the cytoplasm the subunits were not associated since they precipitated essentially
independently of each other with subunit-specific antibody. In sodium dodecyl
sulfate-polyacrylamide gel electrophoresis the cytoplasmic subunits migrated
identically with the corresponding subunits from the purified membrane-bound
SDH complex. Cytoplasmic subunits were pulse-labeled with L-[**S]methionine
during 5-aminolevulinic acid starvation. The labeled subunits bound to the
membrane when heme synthesis was resumed and also when protein synthesis
was blocked by chloramphenicol before readdition of 5-aminolevulinic acid. The
experiments thus demonstrated a precursor relationship between cytoplasmic
subunits and the subunits of the membrane-bound SDH complex. All SDH-
negative mutants isolated so far carry mutations in the citF locus. None of the
mutants was found to have either the M, 65,000 or the M, 28,000 SDH subunits
in the membrane. Four citF mutants, however, contained both subunits in the
cytoplasm. Three of these mutants lacked spectrally detectable cytochrome bsss.
The respective mutations mapped at one end of the citF locus. These results
strongly support our previous suggestion that cytochrome bsss is (part of) a
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membrane binding site for SDH in B. subtilis.

Immunological techniques have proven par-
ticularly valuable in studies of membrane-bound
proteins and enzymes (2, 23). Due to their hy-
drophobic character such proteins are difficult
to purify by conventional techniques, but they
can often be isolated from mixtures of detergent
solubilized proteins by precipitation with spe-
cific antibody (27). In previous work we have
purified a succinate dehydrogenase (SDH) com-
plex from Triton X-100-solubilized Bacillus sub-
tilis membranes by precipitation with antibody
from rabbits immunized with an SDH-staining
precipitate obtained in crossed immunoelectro-
phoresis of a mixture of membrane proteins (17).
The SDH complex contains three subunits of M,
65,000, 28,000, and 19,000. The largest subunit
contains 1 mol of flavin per mol of protein, the
M, 28,000 subunit has been suggested to be an
iron-sulfur protein of analogy with the subunit
composition of SDH purified from beef heart
mitochondria (8) and Rhodospirillum rubrum
(9), and the smallest subunit is most likely cy-
tochrome bsss (16). When heme synthesis is
blocked in a 5-aminolevulinic acid mutant of B.
subtilis, soluble SDH-antigen accumulates in
the cytoplasm, suggesting that cytochrome is
part of a membrane binding site for SDH (18).

We have now prepared antibody specific for

each of the two larger subunits of the SDH
complex. These antibodies have been used to
study the synthesis and location of the subunits
during 5-aminolevulinic acid starvation and the
membrane binding of these subunits on resump-
tion of heme synthesis.

All SDH-negative mutants isolated so far
carry mutations in the citF locus (25; unpub-
lished experiments). In this paper we will show
that some of these mutants lack cytochrome bsss
and are unable to bind the two larger subunits
of the SDH complex to the membrane.

MATERIALS AND METHODS

Bacteria. B. subtilis BR102 (hisB trpC2) was used
as the wild type. The strain KAll (¢rpC2 met, 5-
aminolevulinic acid auxotroph) (18) and the nine citF
mutants (25, 26) have been described previously.
Spontaneous citF revertants were picked from purifi-
cation agar plates as described by Carls and Hanson
(5). SDH enzyme activity and the presence of SDH
antigen in the membrane of the revertants were
checked by the methods described previously (17, 26).

Media and growth of bacteria. Bacteria were
grown in Spizizen minimal medium (28) supplemented
with 10 uM MnCl;, 20 mg of required amino acids per
liter, and 0.5 g of Casamino Acids (Difco Laboratories)
per liter. Medium for the growth of strain KA1l was
further supplemented with 5-aminolevulini¢ acid (2
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pg/ml) as indicated in the text. The citF mutants and
BR102 were also grown in a broth medium (NSMP)
described by Fortnagel and Freese (11).

Radioactive labeling of bacteria for use in sodium
dodecyl sulfate-polyacrylamide gel electrophoresis-
crossed immunoelectrophoresis (SDS-PAGE-CIE)
was done by growing the bacteria in medium contain-
ing 2 uCi of L-[*S]methionine (>400 Ci/mmol; New
England Nuclear Corp.) per ml. KA1l was uniformly
labeled by supplementing the medium with either 2
uCi of L-*H-amino acid mixture (algal protein hydrol-
ysate; New England Nuclear) per ml or 1 uCi of L-'*C-
amino acid mixture (algal protein hydrolysate; New
England Nuclear) per ml. In one experiment strain
KA1l was pulse-labeled with 2.8 uCi of L-[**S]methi-
onine per ml.

General methods for growing the bacteria have been
described previously (17, 26). Bacteria were harvested
at the end of exponential growth, except when indi-
cated in the text, by centrifugation at 13,700 X g for 20
min at 4°C. The cells were washed twice with buffer,
and the pellet was stored at —20°C until the next day.

Preparation of membranes for immunoprecip-
itation. Membranes from KA11 cells, used to isolate
the SDH complex by immunoprecipitation, were pre-
pared by lysis of the cells in a large volume of buffer
as described previously (17).

Preparation of membranes for cytochrome
spectra. Cells from 600 ml of NSMP at an absorbancy
at 600 nm of 0.7 to 0.9 were suspended in 4.4 ml of 0.1
M potassium phosphate buffer (pH 8.0)-0.5 mM phen-
ylmethylsulfonyl fluoride-0.5 mg of lysozyme per ml-
18 ug each of DNase and RNase per ml-9 mM MgSO,.
Phenylmethylsulfonyl fluoride was dissolved in buffer
just before use as the protease inhibitor is not stable
in solution (19). After incubation at 37°C for 1 h the
particulate fraction (membranes) was spun down at
48,200 X g for 30 min at 4°C. The membranes were
washed twice in 0.1 M potassium phosphate buffer
(pH 8.0) and finally suspended in 1.2 ml of buffer and
frozen at —70°C.

Preparation of membrane and cytoplasm for
SDS-PAGE-CIE and “rocket” immunoelectro-
phoresis. Cells from a 100-ml culture at an absorb-
ancy at 600 nm of 0.7 to 0.9 were suspended in 0.4 ml
of 0.1 M sodium phosphate buffer (pH 8.0)-0.5 mM
phenylmethylsulfonyl fluoride-0.7 mg of lysozyme per
ml-25 ug each of DNase and RNase per ml-12 mM
MgSO,. Cells were lysed by incubation at 37°C for 1
h. The lysate was centrifuged at 48,200 X g for 30 min
at 4°C. The supernatant was transferred to a new
centrifuge tube and centrifuged at 48,200 X g for 1 h
at 4°C. The top two-thirds of the supernatant, which
contained cytoplasm, was withdrawn and stored at
—70°C. The pellet obtained after centrifugation of the
lysate, which contained membranes, was washed twice
in 0.1 M sodium phosphate buffer (pH 8.0) and then
homogenized in 0.3 ml of the same buffer and stored
at —70°C.

Preparation of KA1l cytoplasm for immuno-
precipitation. Cells from a 300-ml culture at an ab-
sorbancy at 600 nm of 1.6 were suspended in 4.2 ml of
0.1 M potassium phosphate buffer (pH 8.0)-1 mM
phenylmethylsulfonyl fluoride-0.2 mg of lysozyme per
ml-7 pug each of DNase and RNase per ml-7 mM
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MgSO, and incubated at 37°C for 1 h. The lysate was
centrifuged at 48,200 X g for 30 min at 4°C. The
supernatant was centrifuged again at 48,200 X g for 2
h at 4°C. The top two-thirds was collected and stored
at —70°C until used for the immunoprecipitation of
cytoplasmic antigen.

Preparation of antisera. Anti-SDH antiserum
was prepared as described previously (26). Antibodies
against the subunits of the SDH-complex were ob-
tained by boiling immunoprecipitated complex in 2%
(wt/vol) SDS-0.1 M pL-dithiothreitol-0.11 M Tris-
sulfate buffer (pH 6.1)-10% (vol/vol) glycerol-and
0.01% (wt/vol) bromophenol blue for 3 min. The sub-
units of the SDH-complex were then separated by
SDS-PAGE on a 10 to 15% (wt/vol) acrylamide-0.20
to 0.4% (wt/vol) bisacrylamide gradient gel.

Each polypeptide was located on the gel with the
help of a thin slice which was stained for protein. The
unfixed gel was covered with Saran Wrap and stored
at 4°C during staining and destaining of the gel slice.
Gel slices containing each polypeptide were cut out
and rinsed in 0.9% (wt/vol) NaCl. As a control of
correct slicing the rest of the gel was stained for
protein. The polypeptide-containing gel slices were
homogenized in phosphate-buffered saline in 4-ml
vials with a Sorvall omnimixer. Homogenates were
stored at —70°C.

Rabbits were immunized subcutaneously on the
back with approximately 0.5 ug of protein. Freund
complete adjuvant was mixed with antigen at the first
injection. Injections were repeated 7, 17, and 40 days
later with the same amount of antigen in Freund
incomplete adjuvant. Boosters were then given every
2 months. Rabbits were bled before immunization and
then once a month. Sera from several bleedings were
pooled, and the immunoglobulins were purified and
stored as described by Harboe and Ingild (14), except
that the DEAE-Sephadex step was omitted.

The presence and titer of specific antibody were
determined by CIE using Triton X-100-solubilized B.
subtilis BR102 membranes as antigen as described
previously (26). Sera from rabbits immunized with
SDS-boiled polypeptides gave indistinct immunopre-
cipitates in several different agaroses tested. However,
if the antigen (2 mg of membrane protein per ml) was
treated with 1% (wt/vol) SDS-2% (vol/vol) Triton X-
100 the immunoprecipitates were considerably
sharpened. Preimmune sera did not give any immu-
noprecipitate in CIE.

SDS-PAGE-CIE. SDS-PAGE-CIE was performed
by the method of Chua and Blomberg (6). In SDS-
PAGE-CIE the polypeptides are separated according
to size in an SDS-polyacrylamide gel in the first di-
mension and then run into an antibody-containing
agarose gel in the second dimension.

Analytical /procedures. Determinations of pro-
tein by a modification of the method of Lowry (17, 20),
acid-nonextractable flavin (16, 32), and cytochrome
absorption spectra (16) were done as described previ-
ously. Radioactivity was determined by adding sam-
ples of 0.05 to 0.5 ml to 5 to 10 ml of Aquasol (New
England Nuclear) and counting in a Nuclear Chicago
Isocap/300 scintillation counter.

Miscellaneous procedures. Solubilization of
membranes with Triton X-100, immunoprecipitation,
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SDS-PAGE, and autoradiography was done as re-
cently described (17).

RESULTS

Characterization of antisera. An SDH-cy-
tochrome b complex containing three different
polypeptides has been purified by immunopre-
cipitation of Triton X-100-solubilized B. subtilis
cell membranes with an antiserum prepared by
injecting rabbits with an SDH-staining precipi-
tate obtained in CIE by using whole membrane
antiserum (17). This antiserum was shown to
contain antibody against the largest SDH sub-
unit (M, 65,000 flavoprotein). Whether the se-
rum also contained antibody against the two
smaller subunits was not known; therefore, we
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have characterized this anti-SDH antiserum fur-
ther.

Whole membranes were first run in SDS-
PAGE-CIE against antisera prepared by immu-
nizing with whole membranes and with purified
SDH complex. More than 30 precipitates were
easily resolved with the anti-membrane antise-
rum, whereas only one precipitate was found by
using the anti-SDH antiserum. The position of
the latter precipitate corresponds to that of the
SDH flavoprotein subunit (Fig. 1). Similarly,
when the C-labeled SDH complex was ana-
lyzed in SDS-PAGE-CIE by using anti-SDH
antiserum only the flavoprotein gave a precipi-
tate detectable by autoradiography (Fig. 2). We
conclude that rabbits immunized with purified
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F16. 1. Autoradiographs of SDS-PAGE-CIE of membrane proteins from KAll cells grown in minimal
medium supplemented with 5-aminolevulinic acid and “C-labeled amino acids. First dimension (horizontal):
SDS-PAGE of 25 pg of protein on a 10 to 15% (wt/vol) acrylamide-0.26 to 0.40% (wt/vol) bisacrylamide
gradient gel. Second dimension (vertical): immunoelectrophoresis against (1) a-SDH and (2) anti-membrane

antisera.
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SDH complex only produce precipitating anti-
body against the flavoprotein subunit. We next
attempted to produce antibody specific for each
subunit of the SDH complex by immunizing
rabbits with subunits separated by SDS-PAGE.
The respective antisera were first analyzed in
SDS-PAGE-CIE with purified *C-labeled SDH
complex as antigen. Antiserum from rabbits im-
munized with the flavoprotein subunit gave a
single precipitate at a position corresponding to
that of flavoprotein in the gel (Fig. 2). We will
designate this antiserum a-Fp. Similarly, anti-
serum prepared against the M; 28,000 subunit
gave one precipitate at a position corresponding
to that of this subunit in the gel and a faint
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Fi1G. 2. Autoradiographs of SDS-PAGE-CIE of
SDH complex isolated by immunoprecipitation with
a-SDH (17) of Triton X-100-solubilized membranes
from B. subtilis wild-type cells grown in minimal
medium supplemented with C-labeled amino acids.
First dimension (horizontal): SDS-PAGE of 1 pg of
SDH complex on a 10 to 15% (wt/vol) acrylamide-
0.26 to 0.40% (wt/vol) bisacrylamide gradient gel.
Second dimension (vertical): immunoelectrophoresis
against (1) a-SDH, (2) a-FP, and (3) a-Ip.
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precipitate at the front of the gel. Moreover, this
antiserum did not give a precipitate when run in
SDS-PAGE-CIE against purified flavoprotein.
We will designate this antiserum a-Ip. Triton X-
100-solubilized SDH complex could not be pre-
cipitated with a-Ip. However, a-Ip inhibited the
enzymatic activity of the complex (data not
shown). As yet, we have not obtained precipitat-
ing antibody against the smallest subunit (M,
19,000 apocytochrome).

Assembly of the SDH complex. Previous
work has shown that the SDH flavoprotein sub-
unit accumulates in the cytoplasm of 5-amino-
levulinic acid-starved KA1l cells (18). When 5-
aminolevulinic acid is added to the starved bac-
teria, flavoprotein binds to the membrane with
a corresponding increase in SDH enzyme activ-
ity. The antibody used in these experiments has
now been shown to be specific for flavoprotein
(Fig. 1 and 2). Since active SDH was reconsti-
tuted on addition of 5-aminolevulinic acid to
starved cells also in the absence of protein syn-
thesis (see below) the M; 28,000 SDH subunit
and apocytochrome b must also be synthesized
during 5-aminolevulinic acid starvation. The cy-
toplasmic fraction from 5-aminolevulinic acid-
starved KA11 bacteria was therefore reexamined
for the presence of SDH subunits by using both
a-Fp or a-SDH and a-Ip. Both SDH subunits
accumulated in the cytoplasm during 5-amino-
levulinic acid starvation (Fig. 3). In the cyto-
plasmic fraction only flavoprotein is precipitated
by a-SDH, and mainly the M; 28,000 subunit is
precipitated by a-Ip, indicating that the subunits
are not associated with each other when present
in the cytoplasm. Some proteolysis of the SDH
subunits occurs in the cytoplasm of 5-aminolev-
ulinic acid-starved KA1l cells. These partially
degraded polypeptides are immunoprecipitated
together with the intact subunits and can be
seen in Fig. 3 below the 65K band in lane 1 and
below the 28K band in lane 2. Some 65K poly-
peptide is immunoprecipitated by a-Ip. This
could be due to a small amount of precipitating
antibody against the flavoprotein in the a-Ip.
The titer of possible anti-Fp antibody in a-Ip is
too low to be detected in SDS-PAGE-CIE. The
amount of 65K polypeptide precipitated by a-Ip
is less than 10% of precipitated 28K polypeptide.
The cytoplasmic KA11 M; 65,000 subunit con-
tains 1 mol of acid-nonextractable flavin per mol
of subunit (data not shown). Thus, heme syn-
thesis is required for membrane binding of both
subunits in B. subtilis.

To study further the relationship between the
soluble subunits of SDH which appear during 5-
aminolevulinic acid starvation of strain KA1l
and their membrane binding, the following ex-
periment was done. Strain KA1l was grown in
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F1G6. 3. Autoradiograph of SDS-PAGE of immu-
noprecipitated SDH complex from wild-type mem-
branes and of immunoprecipitated cytoplasmic SDH
antigen from KA1l cells after 150 min of 5-aminolev-
ulinic acid starvation (18). The bacteria were grown
in minimal medium supplemented with “C-labeled
amino acids. The gradient of the gel was 10 to 15%
(wt/vol) acrylamide-0.26 to 0.40% (wt/vol) bisacryl-
amide. Sample 1, Inmunoprecipitate from KA1l cy-
toplasm incubated with a-SDH (2.5 pg of protein,
3,000 cpm); sample 2, immunoprecipitate from KA1l
cytoplasm incubated with o-Ip (1 pg of protein, 1,200
cpm); sample 3, wild-type SDH complex immunopre-
cipitated with a-SDH (2 ug of protein, 500 cpm).

minimal medium supplemented with 5-amino-
levulinic acid and a mixture of *H-labeled amino
acids. At an absorbancy at 600 nm of 1, the
bacteria were centrifuged and suspended in fresh
medium with *H-labeled amino acids but with-
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out 5-aminolevulinic acid. Part of the culture
was then diluted into medium with 5-aminolev-
ulinic acid, and part was diluted into medium
without 5-aminolevulinic acid. After 115 minutes
of growth L-[*S]methionine was added to both
cultures. Fifteen minutes later an excess of cold
L-methionine was added to each culture together
with 50 pg of chloramphenicol per ml to stop
protein synthesis. After another 5 min 5-amino-
levulinic acid was added to part of the starved
culture. After another 25 min the three cultures
were harvested, and membrane and cytoplasmic
fractions were prepared. An outline of the ex-
periment is shown in Fig. 4. The membrane
cytochrome spectrum was completely restored
within 30 min when 5-aminolevulinic acid was
added to starved bacteria in which protein syn-
thesis was blocked by chloramphenicol (data not
shown).

The *H/*S ratio was nearly identical in the
corresponding fractions from all three cultures
(data not shown). Membranes were solubilized
with Triton X-100, and the SDH complex was
purified from each culture by immunoprecipi-
tation. The *H/*S ratio was at least fourfold
higher in the complex purified from the culture
which had not received 5-aminolevulinic acid
during the experiment compared with the two
other cultures. The respective SDH complexes
were then run in SDS-PAGE, the gels were
sliced, and the radioactivity of the slices was

Time Additions
(minutes) Additions
Shift to
medium without
S-ala
01+ fo— ™ 5-ala

115+ +e— +@a—5-L-met

130 + +e— <— L-met+CAP
135 + - S5-ala
160+ -+

A B (o4

FI1G. 4. Outline of the pulse-chase experiment de-
scribed in the text. An arrow indicates addition to
the culture of 5-aminolevulinic acid (5-ala) (2 yg per
ml), L-[**S]methionine (met) (2.8 uCi and 0.53 pg per
ml), L-met (0.1 mg per ml), chloramphenicol (CAP) (50
ug per ml). *H-labeled amino acids were present in
the growth medium of all three cultures throughout
the experiment.
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determined (Fig. 5). In the control culture
roughly equal amounts of *°H and *S label were
found in each of the three SDH subunits. Essen-
tially the same result was obtained for the cul-
ture which had been incubated with 5-aminolev-
ulinic acid after addition of chloramphenicol.
The labeling pattern of the SDH subunits from
the bacteria which had been starved for 5-ami-
nolevulinic acid throughout the experiment was
distinctly different. The *H/*S ratio was six to
eightfold higher in both flavoprotein and the M,
28,000 subunit compared with the same subunits
from the other two cultures, and *S label was
not detected in the apocytochrome band. The
results demonstrate that soluble flavoprotein
and the M, 28,000 subunit bind to the membrane
when holocytochrome is made. We will discuss
the results more fully below.

Some citF mutants lack cytochrome bsss.
Nine SDH-negative mutants have previously
been characterized for the presence of SDH
antigen with an antibody which we have here
shown to be specific for the flavoprotein subunit
(17, 26). Five of these mutants contain soluble

2 6 10 14 18 22 26
Slice number

F16. 5. Membranes from cultures A, B, and C of
Fig. 4 were solubilized with Triton X-100, and the
respective SDH complexes were purified by immuno-
precipitation with a-SDH. The complexes were then
subjected to SDS-PAGE on a 12 to 15% (wt/vol)
acrylamide-0.32 to 0.40% (wt/vol) bisacrylamide gra-
dient gel. After a completed run the gel was sliced,
and the slices were dissolved by incubation with 0.5
ml of 30% H,0: at 45°C overnight. Aquasol (10 ml)
was then added, and the radioactivity was deter-
mined @, ¥S; O, *H). Slices no. 22 and 23 are the
front of electrophoresis. Upon prolonged autoradiog-
raphy of the gel no darkening of the film was found
for the M, 19,000 band of culture C, whereas all other
bands gave intense darkening of the film.
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flavoprotein. All nine citF' mutants have now
been reexamined for the presence and location
of flavoprotein and the M, 28,000 subunit by
using antibody specific for the respective subunit
in rocket immunoelectrophoresis (Fig. 6) and
SDS-PAGE-CIE. None of the mutants con-
tained membrane-bound antigen, as determined
by using both Triton X-100 and SDS to solubi-
lize the membranes. The latter detergent will
solubilize essentially all of the membrane pro-
teins (unpublished experiments), which makes
it unlikely that our failure to detect SDH antigen
in the membranes of citF' mutants was caused
by defective solubilization. Mutants citF'78,
citF42, citF44, citF12, and citF83 contained sol-
uble flavoprotein, confirming previous results
(17). Moreover, the soluble M; 28,000 subunit
was detected in mutants citF78, citF42, citF44,
and citF12; the respective mutations map at one
end of the citF locus (25; see also Table 1). In
broth cultures most of the soluble M, 28,000
subunit antigen was found in fragments of lower
molecular weight, although phenylmethylsulfo-
nyl fluoride was included in the samples. In
bacteria grown in minimal medium there was
considerably less fragmentation of the soluble
M, 28,000 subunit. Figure 7 shows an autoradi-
ograph of the SDS-PAGE-CIE of the soluble
fraction from citF44 grown in minimal medium.
It is unlikely that the fragments which react
with a-Ip represent nonsense fragments of the
M, 28,000 subunit. It should be pointed out,
however, that although the above mutants con-
tain antigens which migrate identically with fla-
voprotein and the M, 28,000 subunit from the
wild-type SDH complex, we have no reconsti-
tution system to show that these antigens are
functionally equivalent to the wild-type sub-
units.

Nevertheless, the above results suggest that
mutants citF'78, citF42, citF44, and citF12 are
not defective in the synthesis of the two larger
subunits of the SDH complex but rather they
are unable to bind these subunits to the mem-
brane. There is strong experimental evidence
(16; and the present paper) that SDH binds to
the membrane via cytochrome bss. Conse-
quently, the cytochrome content of the citF
mutants was determined. Membranes from mu-
tants citF'78, citF42, and citF44 were found to
lack or have very reduced amounts of cyto-
chrome bsss (Fig. 8). SDH-positive revertants of
citF78 and citF44 were isolated. The cytochrome
spectrum of one revertant of each mutant was
determined and found to be identical with that
of wild-type bacteria. The other six citF mutants
had no detectable alterations in cytochrome con-
tent. The phenotypes of the nine citF mutants
studied are summarized in Table 1.
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TABLE 1. Properties of nine citF mutants

citF mutant

Location Subunit® ‘t”ﬂd

78 42 4 12 6 8 1 2 83 ype
Membrane M, 65,000 - - - - - - - - - +
M, 28,000 - - - - - - - - - +
Cytochrome bsss - - - + + + + + + +
Cytoplasm  M; 65,000 + + + + - - - - + -
M, 28,000 + + + + - - - - - -

% The presence, location, and size of the M, 65,000 and M, 28,000 subunits were analyzed with rocket
immunoelectrophoresis (Fig. 6) and SDS-PAGE-CIE (Fig. 7). Cytochrome bsss was analyzed by difference
absorption spectroscopy (Fig. 8). The position of the mutants in the table corresponds to the location of the

respective mutations in the citF locus (25, 26).

e

|
65K

' !
28K

Fi6. 7. Autoradiograph of SDS-PAGE-CIE of ®S-
labeled cytoplasm from citF44; 0.28 mg of protein was
loaded on the gel and run in the second dimension
against (1) a-Fp and (2) a-Ip. The front of the SDS-
polyacrylamide gel (15% [wt/vol] acrylamide-0.4%
[wt/vol] bisacrylamide) is indicated by an arrow.

DISCUSSION

SDH is an integral membrane protein in B.
subtilis, as it can only be solubilized by treat-
ments which disrupt the integrity of the mem-
brane. The solubilized SDH complex has been
purified by immunoprecipitation and shown to
contain three different subunits in equimolar
amounts (17). Two of these subunits, an M,
65,000 flavoprotein and an M, 28,000 polypeptide
are suggested to constitute the enzyme proper.
The third subunit is most likely cytochrome bsss
(16), which has been proposed to represent (part
of) the membrane binding site for the enzyme
(18). Enzymatically active SDH has been puri-
fied from beef heart mitochondria by solubili-
zation with chaotropic ions, which do not disrupt
membrane integrity (8). Chaotropic ions have
also been successfully used to solubilize SDH
from chromatophores of R. rubrum (9), whereas
attempts to solubilize (active or inactive) SDH
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F16. 8. Air-oxidized minus dithionite-reduced dif-
ference absorption spectra of wild-type and citF mem-
branes at room temperature. The membrane protein
concentration was 3.8 mg/ml in each sample. Top
scan, Wild type; middle scan, citF83 (similar spectra
were obtained for citF12, citF69, citF8, citF11, and
citF2); bottom scan, citF78 (similar spectra were ob-
tained for citF42 and citF44).

from B. subtilis membranes by this method have
failed (unpublished experiments). The R. rub-
rum and the beef-heart mitochondria SDH both
contain two different subunits, a flavoprotein
(molecular weight, 60,000 and 70,000) and an
iron-sulfur protein (molecular weight, 25,000 and
27,000).

Our proposal that cytochrome b is (part of) a
membrane binding site for SDH in B. subtilis
was originally based on the observation that
SDH antigen accumulates iff*the cytoplasm
when heme synthesis is blocked in the bacteria
(18). When heme synthesis is resumed the
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amount of cytoplasmic SDH antigen rapidly di-
minishes, with a concomitant rise in membrane-
bound antigen and SDH activity. The specificity
of the antibody used in these experiments was
then only partly known. We have now obtained
antibodies specific for each of the two SDH
subunits. This makes it possible to examine in
more detail the relationship between cyto-
chrome synthesis and synthesis and membrane
binding of SDH in B. subtilis. From the present
results we can first conclude that both SDH
subunits accumulate in the cytoplasm when
heme synthesis is blocked, indicating that there
is no coupling between synthesis and membrane
binding of the subunits. In the cytoplasm the
two subunits are precipitated essentially inde-
pendently of each other by subunit-specific an-
tibody, whereas active SDH complex is precipi-
tated with antibody specific for the flavoprotein.
The M, 65,000 subunit which accumulates in the
cytoplasm during 5-aminolevulinic acid starva-
tion contains covalently bound flavin, indicating
that flavin is bound to the protein before the
subunit becomes membrane bound. Possibly,
flavin is attached to the protein during transla-
tion as has been shown for 6-hydroxy-D-nicotine
oxidase in Arthrobacter oxidans (13). There is
no difference in mobility in SDS-PAGE of the
M, 65,000 or the M, 28,000 cytoplasmic subunit
compared with the membrane-bound subunits.
A precursor relationship between cytoplasmic
subunits made during 5-aminolevulinic acid star-
vation and membrane-bound enzyme is clearly
shown by the results of pulse-labeling with L-
[*S]methionine during 5-aminolevulinic acid
starvation. The fact that membrane binding of
cytoplasmic subunits occurs also when protein
synthesis is blocked before heme synthesis is
resumed demonstrates that apocytochrome b is
made during 5-aminolevulinic acid starvation.
Although we cannot specifically identify apocy-
tochrome bsss, it seems reasonable to assume
that it is membrane bound. The binding of heme
to the apocytochrome could expose a binding
site(s) for either or both of the two larger sub-
units of the SDH complex.

The ratio of L-[*S]methionine residues in the
three subunits of the SDH complex was 1:1.4:1
both in the control culture and in the culture
which was given 5-aminolevulinic acid in the
presence of chloramphenicol. Flavoprotein and
the M, 28,000 subunit of the membrane-bound
SDH complex from the culture grown continu-
ously without 5-aminolevulinic acid contained
only 20% *S radioactivity compared with the
SDH complex isolated from the other two cul-
tures. No *S activity was detected in the apo-
cytochrome in the membrane-bound SDH from
the starved culture, however. This shows that
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there is essentially no escape synthesis of holo-
cytochrome during the L-[**S]methionine pulse
during 5-aminolevulinic acid starvation.

The results also support our suggestion that
cytochrome b is required for membrane binding
of SDH in B. subtilis. However, 5-aminolevu-
linic acid starvation is not selective in that it
prevents synthesis of all holocytochromes as
evidenced by the cytochrome spectra of mem-
branes from 5-aminolevulinic acid-starved cells
(18). Strong evidence for the specific involve-
ment of cytochrome bss53 in SDH membrane
binding was obtained when the previously de-
scribed citF mutants (25, 26) were studied fur-
ther. None of these mutants contains mem-
brane-bound antigen which can be detected with
subunit-specific antibody. Four of the citF mu-
tants, however, contain both flavoprotein and
M, 28,000 subunits in the cytoplasm. Three of
these mutants lack membrane-bound cyto-
chrome bsss, but do contain the other main cy-
tochromes of B. subtilis. The remaining six citF’
mutants have normal cytochrome spectra. The
respective mutations in the three cytochrome
bsss-deficient citF mutants map at one end of
the citF locus (25). Possibly this region codes for
apocytochrome bsss. The mutant citF'12 contains
the two larger subunits of the SDH complex in
the cytoplasm, but has a normal cytochrome
spectrum. The citF'12 mutation maps next to the
three mutations which affect cytochrome bsss.
The basis for the SDH-negative phenotype of
citF'12 is unclear. The other five citF' mutants
with normal cytochrome spectra may be mu-
tated in the structural genes for the two larger
subunits of the SDH complex.

During fractionation of bacterial respiratory
chains dehydrogenases are often found to be
firmly bound to cytochromes (12). The cyto-
chromes of these complexes can also often be
reduced by the dehydrogenases, indicating a
close functional relation between enzyme and
cytochrome. Firm evidence for a structural role
of cytochrome for membrane binding of enzyme
has been obtained in only a few cases, however.
In Escherichia coli nitrate reductase is induced
during anaerobic growth in nitrate-containing
medium. The enzyme is bound to the cytoplas-
mic membrane and may constitute some 15% of
the total membrane protein (22). Membrane-
bound nitrate reductase contains three subunits;
the smallest subunit is cytochrome &. During
heme starvation increasing amounts of an active
complex composed of the two larger subunits
accumulate in the cytoplasm. When heme syn-
thesis is resumed, this complex binds to cyto-
chrome b in the membrane (21, 22). Thus, nitrate
reductase in E. coli is synthesized as a cytoplas-
mic protein which will later bind to a cyto-
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chrome b site in the membrane. Membrane-
bound fumarate reductase has recently been
purified from E. coli by hydrophobic exchange
chromatography of detergent-solubilized mem-
brane proteins (10). This enzyme contains an M;
70,000 flavoprotein and an M; 24,000 subunit.
However, the purified fumarate reductase has
an absorption spectrum characteristic of a b-
type cytochrome. Also, the published gel scans
of the purified enzyme (Fig. 4 of reference 10)
indicate the presence of an M; 19,000 polypep-
tide in molar amounts comparable to those of
the flavoprotein subunit. E. coli strains with
duplications of the fumarate reductase struc-
tural gene(s) have been described by Cole and
Guest (7). Some of these strains have a 30-fold-
increased fumarate reductase activity. In these
overproducing strains most of the enzyme activ-
ity is found in the cytoplasm. Two polypeptides,
M, 72,000 and M, 26,500, probably corresponding
to the two polypeptides of fumarate reductase,
can be found in the cytoplasm, indicating satu-
ration of a membrane binding site. The cyto-
chrome b content is not increased in these
strains. A limiting number of membrane binding
sites has also been suggested for phosphatidyl-
serine decarboxylase in E. coli (29). In contrast,
a strain of E. coli with 50- to 60-fold-increased
levels of NADH dehydrogenase contained all
enzyme activity in the membrane fraction (33).
It should be pointed out that in B. subtilis
glycerol auxotrophs the membrane protein/lipid
ratio can double during glycerol starvation with-
out any obvious adverse effects on the cells (24).

The simplest fragment of the mammalian mi-
tochondrial membrane which shows succinate:
ubiquinone reductase activity is complex II (15).
Active SDH purified from this complex by treat-
ment with chaotropic agents is a water-soluble
protein consisting of two unequal subunits, fla-
voprotein and iron-sulfur protein (8). In addi-
tion, complex II contains two polypeptides with
molecular weights of 13,500 and 7,000 (4). The
purified SDH can be used to reconstitute alkali-
treated complex II, and the stoichiometry of the
reconstitution suggests a limited number of
binding sites for the enzyme. However, little is
known about the synthesis and membrane bind-
ing of mammalian SDH. Bruni and Racker (3)
have shown that cytochrome b is required for
reconstitution of succinate:ubiquinone reductase
activity, although the cytochrome was not re-
duced by succinate. These authors concluded
that cytochrome b has a structural role in the
binding of SDH to the mitochondrial inner
membrane. In the alkali-treated complex IT used
by Baginsky and Hatefi (1) for reconstitution of
succinate:ubiquinone reductase activity with
purified SDH, cytochrome b is a major constit-
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uent. It has been suggested that the 13,500-mo-
lecular-weight polypeptide of complex II is apo-
cytochrome b, and a preliminary report indicates
that it constitutes the primary binding site for
SDH (4).

Weiss et al. (30, 31) have recently isolated
succinate:ubiquinone reductase from mitochon-
dria of Neurospora crassa after solubilization
with Triton X-100. The reductase contained a
flavoprotein subunit (M, 72,000), an iron-sulfur
subunit (M, 28,000), and possibly an apocyto-
chrome b subunit (M, 14,000).

SDH is an evolutionary conservative enzyme.
The subunit composition is very similar in both
procaryotlc (9, 17) and eucaryotic (8, 30) orga-
nisms. The amino acid contents of the SDH
subunits from beef heart mitochondria and from
R. rubrum are qmbe similar (9). In mammalian
mitochondria and in N. crassa there is a strong
indication that cytochrome b plays a structural
role in SDH membrane binding. In B. subtilis
the finding that membrane binding of SDH re-
quires cytochrome and the fact that the purified
SDH complex contains an equimolar amount of
apocytochrome bsss suggest a structural role for
cytochrome bsss in SDH membrane binding.
This suggestion is very strongly supported by
our present finding that in three cytochrome
bsss-deficient mutants of B. subtilis both sub-
units of SDH are synthesized but cannot bind to
the membrane. The mutations map in the citF
locus (25). This locus seems rather complex and
possibly harbors structural genes for both sub-
units of SDH as well as for apocytochrome bsss.
We are presently attempting to resolve this locus
better by isolating and characterizing more citF
mutants.

ACKNOWLEDGMENTS

The expert technical assistance of Sven-Ake Franzén is
gratefully acknowledged.

This work was supported by grants from the Swedish
Medical Research Council and from the Karolinska institutet.

LITERATURE CITED

1. Baginsky, M. L., and Y. Hatefi. 1969. Reconstitution of
succinate-coenzyme Q reductase (complex II) and suc-
cinate oxidase activities by a highly purified, reactivated
succinate dehydrogenase. J. Biol. Chem. 244:5313-
5319.

2. Bjerrum, O. J. 1977. Immunochemical investigation of
membrane proteins. A methodological survey with em-
phasis placed on immunoprecipitation in gels. Biochim.
Biophys. Acta 472:135-195.

3. Bruni, A., and E. Racker. 1968. Resolution and recon-
stitution of the mitochondrial electron transport sys-
tem. I. Reconstitution of the succinate-ubiquinone re-
ductase. J. Biol. Chem. 243:962-971.

4. Capaldi, R. A,, J. Sweetland, and A. Merli. 1977.
Polypeptides in the succinate-coenzyme Q reductase
segment of the respiratory chain. Biochemistry 16:
5707-5710.

5. Carls, R. A, and R. S. Hanson. 1971. Isolation and
characterization of tricarboxylic acid cycle mutants of



VoL. 144, 1980

6.

2

10.

11.

12

13.

14.

15.

16.

17.

18.

Bacillus subtilis. J. Bacteriol. 106:848-855.
Chua, M., and F. Blomberg. 1979. Immunochemical
studies of thylakoid membrane polypeptides from spin-
ach and Chlamyd reinhardtii. A modified pro-
cedure for crossed immunoelectrophoresis of dodecyl
sulphate-protein complexes. J. Biol. Chem. 254:215-
223.

. Cole, S. T., and J. R. Guest. 1979. Production of a

soluble form of fumarate reductase by multiple gene
duplication in Escherichia coli K12. Eur. J. Biochem.
102:65-71.

. Davis, K. A., and Y. Hatefi. 1971. Succinic dehydrogen-

ase. I. Purification, molecular properties, and substruc-
ture. Biochemistry 10:2509-2516.

. Davis, D. A., Y. Hatefi, I. P. Crawford, and H. Balts-

cheffsky. 1977. Purification, molecular properties and
amino acid composition of the subunits of Rhodospiril-
lum rubrum succinate dehydrogenase. Arch. Biochem.
Biophys. 325:341-356.

Dickie, P., and J. H, Weiner. 1979. Purification and
characterization of membrane-bound fumarate reduc-
tase from anaerobically grown Escherichia coli. Can. J.
Biochem. 57:813-821.

Fortnagel, P., and E. Freese. 1968. Analysis of sporu-
lation mutants. II. Mutant blocked in the citric acid
cycle. J. Bacteriol. 95:1431-1438.

Gelman, N. S, M. A. Lukoyanova, and D. N. Ostrov-
skii. 1975. Bacterial membranes and the respiratory
chain. Biomembranes 6:129-253.

Hamm, H.-H., and K. Decker. 1978. FAD is covalently
attached to peptidyl-tRNA during cell-free synthesis of
6-hydroxy-D-nicotine oxidase. Eur. J. Biochem. 92:
449-454.

Harboe, N., and A. Ingild. 1973. Immunization, isolation
of immunoglobulins, estimation of antibody titre, p.
161-164. In N. H. Axelsen, J. Krgll, and B. Weeke (ed),
A manual of quantitative immunoelectrophoresis.
Universitetsforlaget, Oslo.

Hatefi, Y. 1976. The enzymes and the enzyme complexes
of the mitochondrial oxidative phosphorylation system,
p. 3-41. In A. Martonosi (ed), The enzymes of biological
membranes, vol. 4. John Wiley & Sons, Inc., New York.

Hederstedt, L. 1980. Cytochrome b reducible by succi-
nate in isolated succinate dehydrogenase-cytochrome &
complex from Bacillus subtilis membranes. J. Bacte-
riol. 144:933-940.

Hederstedt, L., E. Holmgren, and L. Rutberg. 1979.
Characterization of a inate dehydrog: complex
solubilized from the cytoplasmic membrane of Bacillus
subtilis with the non-ionic detergent Triton X-100. J.
Bacteriol. 138:370-376.

Holmgren, E., L. Hederstedt, and L. Rutberg. 1979.

19.

21.

23.

25.

26.

27.

31

32.

SDH IN B. SUBTILIS 951

Role of heme in synthesis and membrane binding of
succinic dehydrogenase in Bacillus subtilis. J. Bacte-
riol. 138:377-382.

James, G. T. 1978. Inactivation of the protease inhibitor
phenylmethylsulfonyl fluoride in buffers. Anal. Bio-
chem. 86:574-579.

. Lowry, O. H,, N. J. Rosebrough, A. L. Farr, and R. J.

Randall. 1951. Protein measurement with the Folin
phenol reagent. J. Biol. Chem. 193:265-275.

Macgregor, C. H. 1975. Anaerobic cytochrome &, in
Escherichia coli: association with and regulation of
nitrate reductase. J. Bacteriol. 121:1111-1116.

. Macgregor, C. H. 1976. Biosynthesis of membrane-bound

nitrate reductase in Escherichia coli: evidence for a
soluble precursor. J. Bacteriol. 126:122-131.

Maddy, A. H. (ed). 1976. Biochemical analysis of mem-
branes. John Wiley & Sons, Inc., New York.

. Mindich, L. 1970. Membrane synthesis in Bacillus sub-

tilis. II. Integration of membrane proteins in the ab-
sence of lipid synthesis. J. Mol. Biol. 49:433-439.

Ohné, M., B. Rutberg, and J. A. Hoch. 1973. Genetic
and biochemical characterization of mutants of Bacillus
subtilis defective in succinic dehydrogenase. J. Bacte-
riol. 115:738-745.

Rutberg, B., L. Hederstedt, E. Holmgren, and L.
Rutberg. 1978. Characterization of succinic dehydro-
genase mutants of Bacillus subtilis by crossed immu-
noelectrophoresis. J. Bacteriol. 136:304-311.

Schatz, G. 1979. Biogenesis of yeast mitochondria: Syn-
thesis of cytochrome c oxidase and cytochrome c. Meth-
ods Enzymol. 56:40-50.

. Spizizen, J. 1958. Transformation of biochemically defi-

cient strains of Bacillus subtilis by deoxyribonucleate.
Proc. Natl. Acad. Sci. U.S.A. 44:1072-1078.

. Tyhach, R. J., E. Hawrot, M. Satre, and E. P. Ken-

nedy. 1979. Increased synthesis of phosphatidylserine
decarboxylase in a strain of Escherichia coli bearing a
hybrid plasmid. J. Biol. Chem. 254:627-633.

. Weiss, H., and H. J. Kolb. 1979. Isolation of mitochon-

drial succinate: ubiquinone reductase, cytochrome c¢
reductase, and cytochrome c oxidase from Neurospora
crassa using non-ionic detergent. Eur. J. Biochem. 99:
139-149.

Weiss, H., and P. Wingfield. 1979. Enzymology of ubi-
quinone-utilizing electron transfer complexes in non-
ionic detergent. Eur. J. Biochem. $9:151-160.

Wilson, D. F., and T. E. King. 1964. The determination
of the acid-nonextractable flavin in mitochondrial prep-
arations from heart muscle. J. Biol. Chem. 239:2683-
2690

3 Young., L. G., A. Jaworowski, and M. 1. Poulis. 1978.

Amplification of the respiratory NADH dehydrogenase
of Escherichia coli by gene cloning. Gene 4:25-36.



