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Crossed immunoelectrophoresis was used to analyze the components of
membrane vesicles of anaerobically grown Escherichia coli. The number of
precipitation lines in the crossed immunoelectrophoresis patterns of membrane
vesicles isolated from E. coli grown anaerobically on glucose plus nitrate and on

glycerol plus fumarate were 83 and 70, respectively. Zymogram staining tech-
niques were used to identify immunoprecipitates corresponding to nitrate reduc-
tase, formate dehydrogenase, fumarate reductase, and glycerol-3-phosphate de-
hydrogenase in crossed immunoelectrophoresis reference patterns. The
identification of fumarate reductase by its succinate oxidizing activity was

confirmed with purified enzyme and with mutants lacking or overproducing this
enzyme. In addition, precipitation lines were found for hydrogenase, cytochrome
oxidase, the membrane-bound ATPase, and the dehydrogenases for succinate,
malate, dihydroorotate, D-lactate, 6-phosphogluconate, and NADH. Adsorption
experiments with intact and solubilized membrane vesicles showed that fumarate
reductase, hydrogenase, glycerol-3-phosphate dehydrogenase, nitrate reductase,
and ATPase are located at the inner surface of the cytoplasmic membrane; on the
other hand, the results suggest that formate dehydrogenase is a transmembrane
protein.

Facultative anaerobic bacteria such as Esche-
richia coli are able to generate metabolic energy
under anaerobic conditions by substrate-level
phosphorylation, by end-product efflux (41), and
also by energy transduction of anaerobic elec-
tron transfer systems (25). In E. coli, two anaer-
obic electron transfer systems are found: the
fumarate reductase and the nitrate respiration
systems (18, 25, 27, 40). The capacity of these
two electron transfer systems to generate an
electrochemical potentia! gradient for protons
(AjH+) across the cytoplasmic membrane has
been determined. A progressively increasing
AIIH+ can be generated in E. coli when the
electron acceptor is changed from fumarate via
nitrate to oxygen (19). Consistent with this is the
observation that electron transfer in the nitrate
and fumarate reduction systems can effectively
energize solute transport in the membrane vesi-
cles of E. coli (2). Further bioenergetic charac-
terization requires an evaluation of the number
of protons translocated across the membrane
with each pair of electrons traversing the elec-
tron transfer systems. Values of two and four

protons per electron pair have been reported for
the fumarate reductase and nitrate respiration
systems, respectively (11, 31).
Information concerning the topography of the

respective components of the electron transfer
systems in the cytoplasmic membrane is re-
quired to interpret these results. In E. coli, the
location of the enzymes catalyzing the first and
terminal reactions in these anaerobic electron
transfer systems is still not firmly established.
This has now been investigated by crossed im-
munoelectrophoresis, a technique which can in
principle yield information about all the antigen-
ic components of the membrane. This technique
has been used to analyze the orientation of
membrane vesicles of aerobically grown E. coli
(32) and subsequently to locate membrane com-
ponents in the cytoplasmic membranes of E. coli
and other organisms (1, 9, 34).
The fumarate reductase and nitrate respiration

systems of E. coli have been studied extensive-
ly, and properties relevant to this investigation
are summarized as follows.

(i) The fumarate reductase system (18, 20, 25,
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27) is composed of a dehydrogenase (e.g., that of
NADH, glycerol-3-phosphate, or formate) or
hydrogenase, menaquinone, cytochrome b, and
fumarate reductase. Its expression is highly reg-
ulated, induced under anaerobic conditions, and
repressed by electron acceptors such as 02 and
nitrate. A complex containing the intact fuma-
rate reductase system has been isolated from the
membranes of E. coli (30). Evidence that fuma-
rate reductase is located at the inner surface of
the cytoplasmic membrane has been presented
for several organisms (27). In E. coli, fumarate
has to be translocated across the cytoplasmic
membrane before it is reduced by fumarate
reductase (17). Furthermore, spheroplasts do
not oxidize many artificial electron mediators
via the fumarate reductase system unless the
cytoplasmic membrane is disrupted (21). Fuma-
rate reductase has been isolated in a pure form
(7) and shown to be a flavoprotein (43). In
addition to fumarate reductase, E. coli contains
a second enzyme that catalyzes the interconver-
sion of fumarate and succinate (20): succinate
dehydrogenase, which is also a flavoprotein.

(ii) The nitrate respiration system of E. coli
contains NADH dehydrogenase or formate de-
hydrogenase and a cytochrome b, ubiquinone,
and a complex of a second cytochrome b with
nitrate reductase (18, 25, 36, 40). Nitrate reduc-
tase has been purified to homogeneity and ex-
tensively characterized with respect to subunit
composition and cofactor requirements. Of its
three subunits (a, ,3, and -y), the y subunit is a
cytochrome b (40). Many techniques have been
used to assay the membrane orientation of ni-
trate reductase in intact cells, spheroplasts,
membrane vesicles, and inverted vesicles, e.g.,
labeling with 125I-lactoperoxidase (3), kinetic
analysis of reduction and oxidation of different
artificial electron acceptors or donors (21), and
fluorescent antibody binding (13). Although
these methods have occasionally led to conflict-
ing models (compare references 21 and 22), it is
now generally accepted (22, 40) that the a and p
subunits of nitrate reductase are both exposed to
the cytoplasm and that one or both contain the
nitrate-reactive sites. The y subunit is the only
component of the nitrate reductase complex
which can be reached from the periplasmic side
of the membrane.

MATERIALS AND METHODS
Growth of cells. E. coli ML308-225 (lacIZY+A+) was

grown anaerobically at 37°C on minimal medium A
supplemented with 0.1% yeast extract as described
previously (2). The carbon sources, electron donors,
and trace metals were either 0.5% glucose-50 mM
potassium nitrate-1 ,uM sodium selenate-1 p.M sodium
molybdate or 0.5% glycerol-10 mM sodium fumarate.
Vesicles derived from cells grown on these media will

be referred to as glucose-nitrate and glycerol-fumarate
vesicles, respectively.

E. coli K-12 strain JRG531 (frdA3), an frd amber
mutant, was derived from strain JRG653 (gal trpA9761
trpR iclR rpsL), formerly WGAS (39). Strain JRG1030
(formerly G400), an ampicillin-hyperresistant strain
which bears multiple gene duplications in the ampC
(P-lactamase) gene region of the chromosome and
overproduces fumarate reductase, was derived from
strain JRG997 (ilv metB ampAl) (5). These strains were
grown on 0.5% glucose-10 mM sodium fumarate in the
medium described above.
To get good amplification of fumarate reductase in

strain JRG1030, a relatively large inoculum (1/25 of the
batch volume) of aerobic cells grown on L-broth with
400 ,ug of ampicillin per ml (5) was used. Anaerobic
growth without ampicillin was for 3 h. This procedure
maintains the selection for the gene duplications and
allows anaerobic derepression of fumarate reductase.

Preparation of membrane vesicles. Membrane vesi-
cles were prepared by the method of Konings and
Kaback (26) and were stored in liquid nitrogen.

Preparation of Triton X-100 extracts. Membrane
vesicles, suspended after centrifugation (48,000 x g,
4°C, 30 min) in 50mM Tris-hydrochloride 8.6) contain-
ing 5 mM EDTA and 9% (vol/vol) Triton X-100 to a
protein concentration of approximately 10 mg/ml,
were incubated for 1 h at 20°C. This suspension was
centrifuged (48,000 x g, 4°C, 60 min), and the superna-
tants (about 7 mg of protein per ml) were stored in 50-
,ul portions in liquid nitrogen.

Isolation of antibodies. Antibodies against the glu-
cose-nitrate and glycerol-fumarate membrane vesicle
proteins of E. coli ML308-225 were raised in Chinchil-
la giganta rabbits (9), and immunoglobulins were
isolated essentially as described before (23). The anti-
bodies were concentrated (40 to 140 mg of protein per
ml) either by ammonium sulfate precipitation (at 50%
saturation) or on a Diaflow XM50 filter (Amicon,
Lexington, Mass.) and were stored at -20°C after
dialysis against 20 mM barbital hydrochloride buffer,
pH 8.6.

Crossed immunoelectrophoresis. Crossed immuno-
electrophoresis was carried out in 3.2 ml of1% agarose
on glass plates (5 by 5 cm) in a water-cooled electro-
phoresis chamber (Holm-Nielsen, Copenhagen, Den-
mark) as described previously (9). The electric field
strength applied was 2.5 V/cm for 3 h and 1.5 V/cm for
16 to 18 h in the first and second dimensions, respec-
tively. The anodes are shown at the left and at the top
of the figures for all experiments.
Zymogram staining. Precipitation lines in the

crossed immunoelectrophoresis patterns were identi-
fied by the following zymogram staining techniques.

(i) The membrane-bound (Ca2", Mg2+) ATPase was
identified with Mg2+-ATP by the method of Owen and
Salton (35).

(ii) The dehydrogenases for glycerol-3-phosphate,
dihydroorotate, D-lactate, malate, NADH, and 6-
phosphogluconate and the succinate oxidizing activi-
ties were identified as described (33), except that KCN
was omitted, and phenazine ethosulfate was used
instead of phenazine methosulfate when needed (12).
Formate dehydrogenase was identified by incubating
immunoplates in a mixture containing 18 ml of 50 mM
potassium phosphate (pH 7.3), 2.0 ml of 1 M sodium
formate (pH 7.3), 0.5 mg of phenazine ethosulfate, and
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FIG. 1. Typical crossed immunoelectropherogram of EDTA-Triton X-100 extracts of glucose-nitrate (A) and
glycerol-fumarate (B) membrane vesicles. In each assay, 46 (A) or 51 (B) ,ug of vesicle protein was analyzed by
crossed immunoelectrophoresis against 14 (Al) or 28 (A2) mg of anti-glucos~e-nitrate immunoglobulins and 8 (B1)
or 32 (B2) mg of anti-glycerol-fumarate immunoglobulins. To detect strongly basic membrane proteins, the
application well was transferred from the lower right-hand to the upper left-hand corner (A2 and B2).

4 mg of tetranitro blue tetrazolium. Incubation was
carried out at 30°C in the dark for appropriate times
from 30 min for glycerol-3-phosphate dehydrogenase
to 48 h for formate and succinate dehydrogenases.

(iii) For nitrate reductase, the procedure was similar
to that described by Lund and DeMoss (29) for poly-
acrylamide gels. Gels were photographed immediately
after the apppearance of a clear peak area (usually
within 10 min). When hydrogenase activity is present,
this precipitation line decolorizes before the nitrate is
added. As an alternative, the nitrate reductase region
was stained pink by a modification of the colorimetric
assay for nitrite. For this the reaction mixture con-
tained 60 mg of methyl viologen, 50 mg of sodium
dithionite, 3.75 ml of a 2% (wt/vol) solution of N-(1-
naphthyl)ethylenediamine, 7.5 ml of 1% (wt/vol) sulfa-
nilamide, and 14 ml of potassium phosphate (pH 7.2).
After allowing enzymatic nitrite formation, the im-
munoplate was transferred to a 1 N HCl solution to
stop the reaction and to initiate the development of the
pink color.

(iv) Fumarate reductase was routinely detected by
its ability to oxidize succinate (see above, section ii)
and also by the procedure of Lund and DeMoss (29)
for nitrate reductase, except that nitrate was replaced
by sodium fumarate (0.4 ml, 0.5 M). Again, hydroge-
nase activity may become visible before the addition
of substrate.

(v) Hydrogenase activity was detected as described
above (sections iii and iv) or by the method of Graham
et al. (15) but with tetranitro blue tetrazolium instead
of 2,3,5-triphenyltetrazolium chloride and with incuba-
tion under an atmosphere of hydrogen provided by a
GasPak anaerobic system (BBL Microbiology Sys-
tems, Cockeysville, Md.).

(vi) Heme-associated peroxidase activity was de-
tected by the method of Thomas et al. (42).

(vii) Cytochrome oxidase activity was stained as
described by Burstone (4).

Adsorption experiments. Adsorption experiments of
anti-glucose-nitrate and anti-glycerol-fumarate vesicle
immunoglobulins were performed with intact or dis-
rupted vesicles essentially as described previously (9).
After centrifugation (48,000 x g, 4°C, 30 min), glu-
cose-nitrate and glycerol-fumarate vesicles were either
suspended at 5 mg of protein per ml in 50 mM Tris-
hydrochloride (pH 8.6) and kept at 4°C (intact vesicles)
or were suspended at the same concentration in the
same buffer supplemented with 5 mM EDTA-4.5%
(vol/vol) Triton X-100 and incubated for 60 min at 20°C
(disrupted vesicles).

Adsorption experiments with glucose-nitrate vesi-
cles were performed by adding 0.4-ml samples of anti-
glucose-nitrate immunoglobulins (containing 28 mg of
protein) to 0 to 0.6 ml of intact or disrupted vesicles.
Tris-hydrochloride buffer (50 mM, pH 8.6) was added
to give a final volume of 1.0 ml.
Adsorption experiments with glycerol-fumarate ves-

icles were performed by adding 0.28-ml samples of
anti-glycerol-fumarate immunoglobulins (39 mg of pro-
tein) to 0 to 0.72 ml of intact or 0 to 0.36 ml of
disrupted vesicles. Tris-hydrochloride buffer was
again added to give a final volume of 1.0 ml. After
incubation for 60 min at 20°C with frequent shaking,
the absorption mixtures were centrifuged as above,
and the supernatant fractions containing the residual
immunoglobulins were stored at -20°C. For each
crossed immunoelectrophoresis experiment, 50 to 200
,ul of one of these suspensions was incorporated in the
second-dimension agarose gel. The peak area of indi-
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FIG. 2. Crossed immunoelectrophoresis reference patterns of glucose-nitrate and glycerol-fumarate mem-
brane vesicles. Schematic representation of the crossed immunoelectrophoresis patterns of EDTA-Triton X-100
extracts of glucose-nitrate (A) and glycerol-fumarate (B) membrane vesicles were deduced from an extensive
series of immunoplates run with 46 (A) or 51 (B) ,ug of antigen and antibody concentrations varying from 0.7 to
52.5 (A) and from 0.8 to 52.0 (B) mg. The immunoprecipitates are numbered in order of decreasing
electrophoretic mobility of the peak maxima. The thickness of line reflects the intensity of the Coomassie
brilliant blue stain observed for the different immunoprecipitates. Dotted lines denote precipitates detected only
with more than 17.5 (A) or 8.0 (B) mg of antibody in the second-dimension gel.

vidual immunoprecipitates was determined after 10-
fold optical enlargement with a Hewlett-Packard inte-
grator (Hewlett-Packard Co., Palo Alto, Calif.).

Purification of fumarate reductase. Fumarate reduc-
tase was purified as described by Dickie and Weiner
(7). The enzyme solution containing about 4 mg of
protein per ml was diluted in 5 mM EDTA-9% (vol/
vol) Triton X-100-50 mM Tris-hydrochloride (pH 8.6)
to a final concentration of 1 mg/ml and was extensively

dialyzed against this buffer to bring the enzyme to the
same conditions as the solubilized membrane vesicle
protein.

Protein determination. Protein was determined by
the method of Lowry et al. (28) as modified by Dully
and Grieve (8). Bovine serum albumin was used as a
standard.

Materials. Agarose and Triton X-100 were obtained
from Miles Laboratories, Inc. (Elkhart, Ind.) and

J. BACTERIOL.



VOL. 153, 1983

3

G

1
8/

4

/ 27

I
I

I
I

E. COLI ANAEROBIC ELECTRON TRANSFER SYSTEMS 1031

i1 47

3
0

,-'\ i1 60

// \
\ ,'I

B

BDH (Poole, United Kingdom), respectively. All oth-
er materials were reagent grade and obtained from
commercial sources.

RESULTS AND DISCUSSION
Crossed immunoelectrophoresis reference pat-

terns. Extensive studies on the antigenic struc-
ture of membrane vesicles isolated from E. coli

and grown aerobically on succinate (succinate-
oxygen vesicles) have yielded valuable informa-
tion about the structural properties of these
membrane vesicles (32-34). The protein compo-
sition of aerobic membranes differs considerably
from that of membranes obtained from anaerobi-
cally grown E. coli (39). The crossed immuno-
electrophoresis reference patterns from gluocse-

I

\1I
"I\I



1032 VAN DER PLAS ET AL.

TABLE 1. Characterization of precipitation lines in
the reference patterns for glucose-nitrate and

glycerol-fumarate vesicles of E. coli ML308-225

Precipi-
Vesicles tation Enzyme activity

line no.

Glucose-nitrate 13 6-Phosphogluconate
dehydrogenase

15 ATPase
41,42 NADH dehydrogenase
44 Nitrate reductase;

formate dehydro-
genase'

54 Formate dehydro-
genase

61 Dihydroorotate dehy-
drogenase

63 D-Lactate dehydro-
genase

Glycerol-fumarate 5 6-Phosphogluconate
dehydrogenase

11 Cytochrome oxidase
15 ATPase
16 NADH dehydrogenase
25 plus 43 Fumarate reductase
35 Nitrate reductase
37,38 Hydrogenase
40 Malate dehydrogenase
44 Glycerol-3-phosphate

dehydrogenase
45 D-Lactate dehydro-

genase
46 Succinate dehydro-

genase

a Minor formate dehydrogenase activity.

nitrate vesicles and from glycerol-fumarate
vesicles were first composed.
Treatment of the membrane vesicles with Tri-

ton X-100 (see above) resulted in the solubiliza-
tion of 60 to 80% of the membrane protein, and
typical immunoplates were obtained when glu-
cose-nitrate vesicle proteins (Fig. 1A) or glycer-
ol-fumarate vesicle proteins (Fig. 1B) were elec-
trophoresed against their respective antibodies.
Reference patterns of glucose-nitrate membrane
vesicles (Fig. 2A) and glycerol-fumarate mem-
brane vesicles (Fig. 2B) were derived from a
series of immunoplates run with 100-fold varia-
tions in antibody concentration. The number of
detectable immunoprecipitates was 83 for glu-
cose-nitrate vesicles and 70 for glycerol-fuma-
rate vesicles. Proteins migrating towards the
cathode (pI > 8.6) were detected; these have
also been observed in succinate-oxygen vesicles
(33).

Characterization of immunoprecipitates. Zy-
mogram staining techniques have been used to
identify the precipitation lines of succinate-oxy-
gen membrane vesicles (32, 33), and this tech-

nique was applied and extended to identify pre-
cipitation lines in the reference patterns of Fig. 2
(Table 1). The most relevant zymograms are
shown in Fig. 3.

In glucose-nitrate vesicles, nitrate reductase
(Fig. 2A and Table 1, line 44), formate dehydro-
genase (lines 54 and 44), and ATPase (line 15)
activities were identified (Fig. 3), but hydroge-
nase was absent. Nitrate reductase was identi-
fied by the nitrate-dependent oxidation of re-
duced methyl viologen (Fig. 3A), and its
assignment to precipitation line 44 was con-
firmed by staining the nitrite formed upon nitrate
reduction with sulfanilamide (Fig. 3B). No fuma-
rate reduction activity was detected in the im-
munoplates of glucose-nitrate vesicles, and this
is consistent with the fact that fumarate reduc-
tase is repressed during growth in the presence
of nitrate (2). Formate dehydrogenase activity
was found in precipitation line 54 and weakly in
line 44, the nitrate reductase line. Moreover, the
latter contained formate nitrate oxidoreductase
activity, as indicated by the formation of nitrite
upon the addition of formate and nitrate (data
not shown). This suggests that in the Triton X-
100 solubilizate, some enzyme complexes have
retained the supramolecular organization pres-
ent in intact membranes.

In glycerol-fumarate vesicles, hydrogenase
(Fig. 2B and Table 1, line 37), fumarate reduc-
tase (lines 25 plus 43), ATPase (line 15), glycer-
ol-3-phosphate dehydrogenase, and nitrate re-
ductase (line 35) were identified (Fig. 4).
Fumarate reductase was found in two fused
precipitation lines, indicating the presence of
identical antigenic determinants in the two com-
plexes. The relative amounts of material in the
two fused peaks varied with the Triton X-100
concentration used for solubilization. The com-
ponent having the lower mobility increased with
increasing Triton X-100 concentrations. These
results also indicate the presence of supramolec-
ular aggregates in the Triton X-100 solubilizate.
However, attempts to dissociate these complex-
es, as has been done for the NADH dehydroge-
nase complexes of Bacillus subtilis (1), failed
because fumarate reductase was inactivated by
sodium dodecyl sulfate at concentrations as low
as 0.1% (wt/vol). Nitrate reductase was also
present in these vesicles, but in much smaller
quantity than in glucose-nitrate vesicles. This
is consistent with induction of the reductase by
nitrate (18, 25). Glycerol-3-phosphate dehydrog-
enase activity was associated with only one
precipitation line (Fig. 2B, line 44). This is
probably the anaerobic enzyme formed under
conditions of fumarate reduction rather than the
aerobic enzyme, which predominates when 02
or nitrate serves as terminal electron acceptor
(10, 24). Two different hydrogenase activities

J. BACTERIOL.
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FIG. 3. Zymogram identification of nitrate reductase, formate dehydrogenase, and the membrane-bound
ATPase complex in crossed immunoplates of glucose-nitrate vesicles. Gels similar to that shown in Fig. 1A were
stained for nitrate reductase (A, precipitation line 44), nitrite formation (B, line 44), ATPase (C, line 15), and
formate dehydrogenase (D, lines 54 and 44) as described in the text.

were observed. One of these (line 37) catalyzed
the reversible transfer of electrons between H2
and methyl viologen or benzyl viologen (Fig.
4A). The same line was permanently stained by
the formation of an insoluble brown formazan
from tetranitro blue tetrazolium with reduced
viologen (see above), and this revealed a second
hydrogenase activity (Fig. 2B, line 38). Line 38
lies completely under precipitation line 37 in the
reference pattern, but under other conditions the
lines intersected. The position and form of line
37 are similar to those found by Graham et al.
(15), who detected only one hydrogenase activi-
ty. Other enzymes that were identified are listed
in Table 1.

Assignment of the immunoprecipitates offuma-
rate reductase. The immunoprecipitates corre-
sponding to fumarate reductase were assigned by
studies with mutants lacking or overproducing
fumarate reductase and the purified enzyme.

The vesicles of the parental strain (JRG653,frd'
sdh+) resembled those of ML308-225 in possess-
ing two major fused immunoprecipitates (Fig.
2B, lines 25 plus 43) staining for succinate oxida-
tion activity (Fig. 4B and 5B). A minor compo-
nent (line 46) was also detected (Fig. SB). For-
mazan formation by the major precipitates
became visible after 4 h and was complete at 24
h, by which time the minor line was only just
detectable. Only one of these three immunopre-
cipitates (line 43) exhibited weak fumarate re-
duction activity by the methyl viologen assay.
Crossed immunoelectrophoresis of purified

fumarate reductase against glycerol-fumarate
antibodies showed only one immunoprecipitate
with succinate oxidation activity, and this corre-
sponded to one of the two fused immunoprecipi-
tates (Fig. 2B, line 25; Fig. 5A). Tandem-crossed
and cocrossed electrophoresis confirmed this
assignment. Furthermore, when glycerol-fuma-
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FIG. 4. Zymogram identification of fumarate reductase, hydrogenase, glycerol-3-phosphate dehydrogenase,
and ATPase in crossed immunoelectrophoresis gels of glycerol-fumarate vesicles. Gels similar to that shown in
Fig. 1B were stained for hydrogenase (A, precipitation line 37), fumarate reductase (by means of succinate
oxidation activity) (B, lines 25 plus 43), ATPase (C, line 15) and glycerol-3-phosphate dehydrogenase (D, line 44)
as described in the text.

rate antibodies were adsorbed with purified en-
zyme, both precipitation lines (Fig. 2B, lines 25
and 43) disappeared from the immunoprecipita-
tion pattern.
The mutant and parental strains were all

grown on a glucose-fumarate medium because it
permits growth of the frd amber mutant, pro-
motes full derepression of the fumarate reduc-
tase system (compare Fig. 5B with Fig. 4B), and
provides membrane vesicles that are directly
comparable. Crossed immunoelectrophero-
grams stained for succinate oxidation activity
clearly showed that the two fused immunopre-
cipitates are completely absent in the frd amber
mutant (Fig. SC). Moreover, the left-hand com-
ponent (Fig. 5D, line 25) was significantly en-
larged in the overproducing strain. This is con-
sistent with an increased level of this antigen in
these membranes. Adsorption of the glycerol-

fumarate antibodies with purified fumarate re-
ductase specifically removed the two fused pre-
cipitates, but the minor succinate oxidation
activity was unaffected. By contrast, adsorption
with solubilized membranes of the frd mutant
specifically removed the minor activity and left
the major activity completely unchanged (data
not shown). These results show that antigens 25
and 43 correspond to fumarate reductase. The
minor activity (antigen 46) would thus appear to
be succinate dehydrogenase. The position of this
precipitate relative to ATPase corresponds to
the position of succinate dehydrogenase found
by Smyth et al. (38) in aerobically grown E. coli
K-12. However, totally different positions of
two succinate dehydrogenase activities were
found by Condon and Owen (6) in E. coli
ML308-225 grown aerobically on succinate. This
discrepancy was not investigated further.

J. BACTERIOL.
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FIG. 5. Identification of immunoprecipitates corresponding to fumarate reductase by crossed immunoelec-
trophoresis with the purified enzyme and with solubilized membranes of mutant strains of E. coli K-12 grown on
glucose-fumarate medium. Fumarate reductase alone (A; 5 ,ug of purified protein) and EDTA-Triton X-100
extracts of E. coli K-12 strains (B through D; 54 pLg of membrane protein) were analyzed against 8.8 mg of
glycerol-fumarate antibodies in the crossed immunoelectrophoresis system. The resulting immunoplates were all
stained for succinate oxidation activity. (A) Purified fumarate reductase; (B) parental strain (JRG653,frd' sdh+);
(C) fumarate reductase amber mutant (JRG531, frd- sdh+); (D) fumarate reductase overproducer (JRG1030,
frdn+ sdh+).

It is important to stress that with crossed
immunoelectrophoresis it is possible to quanti-
tate the succinate dehydrogenase and fumarate
reductase in a single preparation (compare ref.
37). This could be very helpful in studies on the
genetic regulation of these two enzymes.

Localization of reductases and dehydrogenases
in membrane vesicles. Information about the
localization of enzymes in membrane vesicles
relative to the hydrophobic barrier can be ob-
tained from immunoadsorption studies (1, 9, 32,
34; see above). Accordingly, this technique was

applied to ATPase, formate dehydrogenase, and
nitrate reductase from glucose-nitrate vesicles
and to ATPase, hydrogenase, glycerol-3-phos-
phate dehydrogenase, and fumarate reductase
from glycerol-fumarate vesicles. In all cases, the

enzymes were located relative to ATPase, which
is known to be at the cytoplasmic side of the
membrane (32).
The accessibility of the respective antigens is

reflected by the slopes of the lines relating the
inverse peak area to the amount of antigen
added (32). By comparing the slopes of the lines
obtained with disrupted and intact membrane
vesicles, the relative expression of an antigen at
the external surface of the membrane can be
calculated. Typical results are illustrated in Fig.
6 and summarized in Table 2. It can be conclud-
ed that hydrogenase, glycerol-3-phosphate de-
hydrogenase, nitrate reductase, and both fuma-
rate reductase components are, like ATPase,
located at the cytoplasmic side of the vesicle
membrane. Formate dehydrogenase exhibits a

VOL. 153, 1983



1036 VAN DER PLAS ET AL.

0.10

0.75

0.50

0.25

0

2.0

N 1.5
E

-,: 1.0

1.5V
1.0

0

0.5

2.0F

Q05

0

2.0

1.5

1.0

©ZI

05F
0225 0.0 Qa

1.5

1.0~

0.5

0

2.0

1.5

1.0

75 00 Q25 050 0.75
volume (v,mI)

FIG. 6. Typical adsorption experiments with glu-
cose-nitrate and glycerol-fumarate vesicles. Anti-glu-
cose-nitrate- and anti-glycerol-fumarate-vesicle immu-
noglobulins (28 and 39 mg of protein, respectively, per
1 ml) were adsorbed with increasing volumes of a

suspension of intact (0) or disrupted (0) membrane
vesicles (5 mg of protein per ml) as described in the
text. (A through C) Glucose-nitrate vesicles. The
absorbed immunoglobulin was incorporated into the
second dimension agarose gel (100 ,ul for A, 50 ,ul for B
and C) and was analyzed against an EDTA-Triton X-
100 extract of membrane vesicles (37 ,ug of protein).
(D through F) Glycerol-fumarate vesicles. The ab-
sorbed immunoglobulin was incorporated into the sec-
ond-dimension agarose gel (200 ,ul) and was analyzed
against an EDTA-Triton X-100 extract of membrane
vesicles (43 ,ug of protein for D and E, 36 .g for F).
The reciprocal peak area of the resulting immunopre-
cipitates (A-1) is plotted against the volume (v) of the
vesicle suspension used. (A) Nitrate reductase (precip-
itation line 44); (B) ATPase (line 15); (C) formate
dehydrogenase (line 54); (D) hydrogenase (line 37); (E)
ATPase (line 15); (F) fumarate reductase (lines 25 plus
43).

behavior which is characteristic of transmem-
brane proteins.

Several different methods have been used to
show that in E. coli, nitrate reductase is located
at the inner side of the membrane of intact cells
(3, 13, 21), and this conclusion has recently been
confirmed by immunoadsorption studies with
spheroplasts of E. coli (16). A transmembranal
location of formate dehydrogenase in E. coli has
been demonstrated by several methods, includ-
ing immunoadsorption with spheroplasts (14,

TABLE 2. Orientation of enzymes of the fumarate
reductase and nitrate respiration systems in

membrane vesicles of E. coli

Orientation in vesicles

Glucose-nitrate Glycerol-fumarate

Antigen % %
Line Exposed Line no." Exposed
no.a at outer at outer

surfaceb surfaceb

Nitrate re- 44 19 NDd
ductase

Formate 54 51 ND
dehydro-
genase

ATPase 15 31 15 24
Hydrogenase NPc 37 26
Fumarate re- NP 25 plus 43 15

ductase
Glycerol-3- NP 44 28

phosphate
dehydro-
genase

"From reference patterns in Fig. 2.
b Calculated from data as presented in Fig. 6 by the

method of Owen and Kaback (32). Numbers show
mean values of from two to five experiments.

c NP, Not present.
d ND, Not determined.

16). Our results with membrane vesicles are in
complete agreement with these findings.
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