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Resolution and Identification of Iron-Containing Antigens in Membrane

Vesicles from Escherichia colit

Peter Owen, Gregory J. Kaczorowski,! and H. Ronald Kaback*

ABSTRACT: Iron-containing antigens present in membrane
vesicles prepared from Escherichia coli ML 308-225 were
analyzed by crossed immunoelectrophoresis following growth
of the organism in the presence of **Fe. Seven discrete antigens
(or antigen complexes) are detected by autoradiography, and
six contain primarily nonheme iron. Three immunoprecipitates
are positively identified as NADH dehydrogenase (EC
1.6.99.3), NADPH dehydrogenase (EC 1.6.99.1), and gluta-

Iron-containing proteins are important components of the
respiratory chain of microorganisms (Orme-Johnson, 1973;
Haddock & Jones, 1977). However, resolution of the indi-
vidual iron-containing redox proteins comprising the aerobic
respiratory chain of Escherichia coli, for example, has not been
achieved nor has a clear notion of the functional organization
of the redox carriers emerged. Most of the cytochromes and
iron—sulfur proteins involved in aerobic electron transfer are
membranous and refractory to extensive purification (Hendler
& Burgess, 1972, 1974). Moreover, analysis of membrane
proteins by sodium dodecyl sulfate-polyacrylamide gel elec-
trophoresis usually results in loss of intrinsic biological activity
and also nonheme iron (Clegg & Skyrme, 1973).

The use of crossed immunoelectrophoresis (CIE;! Johansson
& Hjerten, 1974; Owen & Salton, 1975, 1977; McLaughlin
& Meerovitch, 1975; Smyth et al., 1976, 1978; Alexander &
Kenny, 1977, 1978) represents an important innovation in the
analysis of microbial membrane components. In a recent study
(Owen & Kaback, 1978), a high-resolution CIE reference
pattern comprised of over 50 discrete antigens was established
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mate dehydrogenase (EC 1.4.1.4) based on activity stains for
these enzymes. Two other immunogens containing nonheme
iron correspond to antigens no. 22 and 37 in the crossed im-
munoelectrophoresis reference pattern of Owen & Kaback
[Owen, P., & Kaback, H. R. (1978) Proc. Natl. Acad. Sci.
US.A. 75, 3148]. In addition, the immunoprecipitate cor-
responding to Braun’s lipoprotein contains tightly bound iron.

for E. coli membrane vesicles, and many of the immunogens
were identified by zymogram techniques that rely on retention
of intrinsic biological activity (Owen & Kaback, 1979a).
Furthermore, quantitative immunoadsorption was utilized to
study the topological distribution of antigens across the plane
of the membrane (Owen & Kaback, 1978, 1979b), and it was
demonstrated that vesicles prepared in the manner described
(Kaback, 1971; Short et al., 1975) retain essentially the same
polarity and configuration as the membrane of the intact cell.
In view of the obvious advantages of CIE, we have undertaken
an immunological investigation of the iron-containing antigens
in membrane vesicles prepared from cells of E. coli grown
aerobically on the nonfermentable carbon source succinate.
In this paper, seven such antigens are clearly resolved and four
are identified.

Experimental Procedures

Methods

Growth of Cells and Preparation of Membrane Vesicles.
E. coli ML 308-225 (i"z'y*a*) was grown on minimal medium
A (Davis & Mingioli, 1950) containing 1.0% disodium suc-
cinate (hexahydrate) and FeSO, (32.5 mCi/mg) at a final
concentration of 1 mCi/L. Membrane vesicles were prepared
as described (Kaback, 1971; Short et al., 1975), frozen in liquid
nitrogen, and maintained at or below =70 °C. The prepara-

! Abbrevations used: CIE, crossed immunoelectrophoresis; EDTA,
ethylenediaminetetraacetic acid.

© 1980 American Chemical Society



IRON-CONTAINING ANTIGENS OF E. COLI MEMBRANES VOL. 19, NO. 3, 1980 597

e N s

tions contained a specific activity of 863 dpm/ug of protein.

Preparations of Detergent Extracts of Membrane Vesicles.
For analysis by CIE, vesicles were sedimented by centrifu-
gation (48000g for 1 h at 4 °C) and resuspended in 50 mM
Tris-HCI (pH 8.6) containing 4% Triton X-100 (v/v) and 5
mM ethylenediaminetetraacetic acid (EDTA) to a concen-
tration of 15-20 mg of protein per mL. The samples were
incubated for 1 h at 25 °C and centrifuged at 17000g for 45
min at 4 °C. After aspiration of the supernatant, the sediment
was extracted again in the same manner. Extracts were stored
in 50-100-uL aliquots at —70 °C and thawed only once im-
mediately prior to CIE.

CIE against Antivesicle Immunoglobulins. Antiserum to
membrane vesicles prepared from E. coli ML 308-225 was
raised in rabbits and immunoglobulins were fractionated and
concentrated to 150 mg/mL as described (Owen & Kaback,
1978, 1979a). Methods for performing CIE in the presence
of Triton X-100 and for washing, drying, and staining im-
munoplates with Coomassie brillant blue have been described
elsewhere (Owen & Salton, 1977; Smyth et al., 1978; Owen
& Kaback, 1979a).

Enzyme Staining Techniques (Zymograms) and Autora-
diography. Methods described by Owen & Salton (1977) and
Smyth et al. (1978) were used to detect immunoprecipitates
exhibiting NADH dehydrogenase (EC 1.6.99.3) and glutamate
dehydrogenase (EC 1.4.1.4) activities, respectively. Detection
of NADPH dehydrogenase activity (EC 1.6.99.1) was ac-
complished by substituting NADPH (at a final concentration
of 250 uM for NADH in the NADH dehydrogenase assay
(Owen & Salton, 1977). Autoradiograms were obtained by
exposing dried immunoplates to Kodak X-Omat H film for
3-90 days depending on the activity of the preparation.

Extraction of Nonheme Iron and Total Iron. Extraction
of nonheme iron and total iron was based on methods described
by Brumby & Massey (1967) and performed after resolution
of membrane antigens by CIE. For extraction of nonheme
iron, pressed immunoplates were incubated individually for
10 min at 20 °C in 20 mL of 5% trichloroacetic acid (w/v),
followed by addition of 25.5 mL of 1,10-phenanthroline (300
pg/mL). For extraction of total iron, pressed immunoplates
were incubated individually for 10 min at 20 °C in 20 mL of
50% glacial acetic acid (v/v) and 1.25% thioglycolic acid (v/v),
followed by addition of 14 mL of saturated sodium acetate
(pH 6.0), 16 mL of water, and 50 mL of isoamyl alcohol
containing 4,7-diphenyl-1,10-phenanthrolinesulfonate at 830
ug/mL. In both cases, incubation was continued with shaking
for an additional 5 min after addition of iron chelators and
the extracted immunoplates were then rinsed a total of 6 times
in distilled water before pressing and air-drying. The length
of time from initial acid treatment to air-drying did not exceed
45 min. Similar immunoplates, treated with appropriate
volumes of distilled water, were run as controls.

Protein Determination. Protein was determined by using
a modification (Dulley & Grieve, 1975) of the method of
Lowry et al. (1951) that eliminates interference by Triton
X-100. Bovine serum albumin was used as the standard.

Materials

%FeSO, was purchased from New England Nuclear, and
agarose and Triton X-100 were obtained from Miles Labs and
Research Products International, respectively.

Results

Typical CIE profiles obtained for the first and second Triton
X-100-EDTA extracts of ¥Fe-labeled E. coli ML 308-225
membrane vesicles are shown in Figure 1. The spectra of

FIGURE 1: Resolution by CIE of the iron-containing antigens present
in membrane vesicles prepared from E. coli ML 308-225. A first
Triton X-100~-EDTA extract (123 ug of protein; panel A) and a second
Triton X-100-EDTA extract (57 ug of protein; panel B) of *Fe-labeled
membrane vesicles were analyzed by CIE against antivesicle immu-
noglobulins (4.0 mg of protein per mL of gel). Panels C and D are
the corresponding autoradiograms of gels displayed in panels A and
B, respectively. Autoradiography was performed before the gels were
stained with Coomassie brilliant blue. The salient radiolabeled im-
munoprecipitates in panels C and D are arrowed, and their identities
in the full spectrum of immunoprecipitates are indicated in panels
A and B. The double-headed arrow in panel A indicates antigen no.
47. Fences indicate that the immunoprecipitate in question is not
readily observed in the protein-stained profile. Note the apparent
splitting of immunoprecipitate no. 15 in panels B and D. The anode
is to the left and top of the gels.

immunoprecipitates following staining with Coomassie brilliant
blue (parts A and B of Figure 1) are qualitatively identical
with those observed in earlier studies (Owen & Kaback, 1978,
1979a,b), and the reader is directed to these publications for
a detailed analysis of the CIE profiles and for the numbering
system used.

Autoradiography of dried immunoplates reveals that at least
seven discrete immunoprecipitates contain bound iron (com-
pare parts A and C of Figure 1). Additional iron-containing
antigens were not resolved by manipulation of antigen loading
over the range of 9-246 ug of protein or by analysis of the
second Triton X-100 extract (Figure 1D). Six of the immu-
noprecipitates appear to contain the metal in the form of
nonheme iron primarily, as judged by autoradiograms of im-
munoplates subjected to treatment with reagents that remove
either nonheme iron or total iron (Figure 2). In contrast,
immunoprecipitate no. 49 apparently contains *Fe in a form
that has the extraction characteristics of heme iron. In all
cases, the intensity and resolution of the immunoprecipitin
profiles were unaffected by extraction, as demonstrated by
subsequent staining with Coomassie brillant blue (data not
shown). Thus, the reduction in peak intensity in the autora-
diograms following extraction of nonheme or total iron is due
solely to labilization of the isotope and not to dissociation or
extraction of antigen—antibody complexes. In a practical
context, it is relevant that procedures used routinely to stain
CIE immunoplates for protein (Weeke, 1973) also cause la-
bilization of *Fe (compare parts A and D of Figure 2).
Therefore, it is essential that autoradiograms of the type de-
scribed here are performed on dried but unstained immu-
noplates.

Comparison of autoradiograms and corresponding zymo-
grams and/or protein-stained precipitin profiles demonstrates
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FIGURE 2: Extraction of **Fe from radiolabeled antigens. In all
instances a Triton X-100-EDTA extract (95 ug of protein) of
*Fe-labeled membrane vesicles was analyzed by CIE against anti-
vesicle immunoglobulins (4.0 mg of protein per mL of gel). Individual
immunoplates were then either treated with distilled water (panel A)
or extracted for nonheme iron (panel B) or total iron (panel C) as
detailed under Experimental Procedures. A separate immunoplate
was treated with distilled water as in panel A and subsequently stained
for protein in the usual way (panel D). Autoradiograms of all four
gels are presented. The anode is to the left and top of all gels.

clearly that the major iron-containing immunogen corresponds
to the more acidic of the two NADH dehydrogenases detected
in ML 308-225 membrane vesicles (parts A and C of Figure
1 and parts A and B of Figure 3) and that one of the minor
antigens corresponds to glutamate dehydrogenase (antigen no.
35; parts C and D of Figure 3). Interestingly, on occasion,
immunoprecipitate no. 15 (NADH dehydrogenase) appears
as a doublet (Figure 1B). In these instances, both components
of the doublet contain ¥Fe (Figure 1D).

Four of the five remaining iron-containing immunopreci-
pitates correspond to antigens no. 21, 22, 37, and 49 (parts
A and B of Figure 1). Antigen no. 49 corresponds, in part
at least, to Braun’s lipoprotein (Owen & Kaback, 1979a). In
addition, we have now been able to identify antigen no. 21.
CIE of a Triton X-100-EDTA extract of unlabeled membrane
vesicles, followed by zymogram staining, demonstrates that
this immumoprecipitate (no. 21) exhibits NADPH de-
hydrogenase activity (parts E and F of Figure 3). The en-
zymatic activity is heterogeneous, and two antigenically related
species contain both catalytic activity (parts E and F of Figure
3) and nonheme iron (Figure 1C and 2B). Two additional
antigenically unrelated antigens also exhibit NADPH de-
hydrogenase activity (Figure 3E). One is the nonheme iron-
containing NADH dehydrogenase (antigen no. 15), and the
other probably corresponds to a minor immunogen (no. 20)
in the CIE reference pattern (Owen & Kaback, 1978).

Finally, the most acidic iron-containing antigen (Figure 1C)
cannot be detected as a protein-staining immunoprecipitate
under normal loading conditions. Possibly, this immunogen
corresponds to antigen no. 1 which is observed only at ex-
tremely high antibody concentrations (Owen & Kaback,
1978).

Discussion

It is apparent from the data presented here that CIE pro-
vides an interesting and useful technique for the analysis of

OWEN, KACZOROWSKI, AND KABACK

FIGURE 3: Identification of *Fe-labeled antigens. Triton X-100-
EDTA extracts (95 ug of protein, panel A; 57 ug of protein, panel
C) of *Fe-labeled membrane vesicles were analyzed by CIE against
antivesicle immunoglobulins (4.0 mg of protein per mL of gel). Gels
were subsequently stained for NADH dehydrogenase (panel A) or
for glutamate dehydrogenase (panel C) as detailed under Experimental
Procedures. Autoradiograms of these gels are shown in panels B and
D, respectively. A similar Triton X-100-EDTA extract (80 ug of
protein) of an unlabeled preparation of membrane vesicles was an-
alyzed in an identical fashion against antivesicle immunoglobulins
(4.0 mg of protein per mL of gel). One gel was stained for NADPH
dehydrogenase activity (panel E), and the other was stained for
NADPH dehydrogenase activity and further counterstained with
Coomassie brilliant blue (panel F). The **Fe-labeled immunopre-
cipitates arrowed in autoradiograms B and D are identified by number
in the corresponding zymograms (panels A and C, respectively). The
identities of the main immunoprecipitates exhibiting NADPH de-
hydrogenase activity (panel E) are identified by number following
counterstaining (panel F). The anode is to the left and top of all the
gels.

certain iron-containing components in membrane vesicles from
E. coli. Of the many vesicular antigens previously resolved
by CIE (Owen & Kaback, 1978, 1979a), seven are now shown
to contain bound iron. With the exception of antigen no. 49,
which will be discussed later, all seem to contain primarily
nonheme iron. However, the possibility cannot be excluded
that residual **Fe associated with some immunoprecipitates
(e.g., no. 15 and part of no. 22) following extraction with
trichloroacetic acid represents small amounts of heme iron
(compare Figures 2A-C). It is also relevant that only ~37%
of the radioactivity is recovered in immunoplates following
CIE, and it remains to be established whether the **Fe that
is not amenable to analysis is in the form of specifically or
nonspecifically bound isotope.

The major iron-containing immunogen in membrane vesicles
from E. coli ML 308-225 is clearly antigen no. 15 which
exhibits NADH and, to a lesser extent, NADPH de-
hydrogenase activity. As shown previously (Owen & Kaback,
1979a), this immunogen partitions almost exclusively with the
membrane fraction of the cell in contrast to another anti-
genically unrelated NADH dehydrogenase (antigen no. 19/27)
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that partitions equally between the membrane and the cyto-
plasm. Moreover, antigen no. 19/27 does not contain bound
iron and can be further differentiated from antigen no. 15 by
its inability to oxidize NADPH. NADH dehydrogenase from
E. coli has been studied by several workers (Bragg, 1965;
Bragg & Hou, 1967; Gutman et al., 1968; Hendler, 1971;
Hendler & Burgess, 1974; Dancey & Shapiro, 1976; Dancey
et al., 1976), but in no case has clear and unequivocal evidence
been presented either for two distinct enzymes or for the
presence of bound iron. Indeed, some of these studies on
partially purified enzyme preparations are confusing and often
contradictory. In retrospect, this may be due, in part at least,
to the use of preparations containing differing proportions of
the two immunologically distinct enzymes reported here.

The observations that antigen no. 15 contains iron and that
it is expressed almost exclusively on the inner surface of the
plasma membrane (Owen & Kaback, 1978, 1979a,b) suggest
that it is the major NADH dehydrogenase associated with the
respiratory chain of E. coli. Whether the *Fe is associated
with the catalytic moiety alone and/or associated iron—sulfur
proteins (and possibly cytochromes) is a debatable point [cf.,
for example, the multiplicity of iron—sulfur centers in the
mitochondrial NADH-ubiquinone reductase (Hatefi &
Stiggall, 1976)]. There is compelling evidence to suggest that
some immunoprecipitates in CIE profiles contain complexes
that may reflect in vivo association of membrane components
(Owen & Smyth, 1977). The finding that antigen no. 15 is
occasionally resolved as a doublet is not at variance with such
a possibility.

Detection of an iron-containing antigen (no. 21) that exhibits
NADPH (but not NADH) dehydrogenase activity is inter-
esting since, to our knowledge, an enzyme exhibiting these
properties has not been documented in E. coli, although it has
been demonstrated in membranes from Azotobacter vinelandii
(Ackrell et al., 1972). On the other hand, E. coli does have
a well characterized NADPH-sulfite reductase (EC 1.8.1.2).
Significantly, this complex hemoflavoprotein catalyzes the
NADPH-dependent reduction of a variety of electron acceptors
in addition to sulfite (Siegel et al., 1973, 1974). Thus, it is
feasible that the activity detected for antigen no. 21 is a
manifestation of the NADPH “‘diaphorase” activity associated
with the flavoprotein subunits of the sulfite reductase complex
(Hatefi & Stiggall, 1976).

An antigen exhibiting glutamate dehydrogenase activity also
appears to contain nonheme iron. However, the NADP-linked
enzyme from E. coli is not reported to be a metalloprotein
(Sakamoto et al., 1975) nor are similar enzymes from other
bacterial sources (I.eJohn et al., 1968; Winnacker & Barker,
1970; Johnson & Westlake, 1972; Coulton & Kapoor, 1973).
However, a non pyridine nucleotide dependent, membrane-
bound glutamate dehydrogenase has been described in A.
vinelandii (Jurtshuk & McManus, 1974). Thus, it remains
to be established whether the immunoprecipitate detected here
represents (a) a novel form of the enzyme, (b) a complex
between glutamate dehydrogenase and an iron—sulfur protein,
or (¢) an unrelated enzyme such as D-amino-acid oxidase which
as a broad substrate specificity and contains nonheme iron
(Olsiewski et al., 1980).

The observation that antigen no. 49 contains bound iron is
intriguing, as it has been demonstrated previously by two
independent techniques (Owen & Kaback, 1979a) that this
immunoprecipitate corresponds to Braun’s lipoprotein, the most
abundant and best characterized protein in the E. coli enve-
lope. The lipoprotein has a molecular weight of 7200, it has
been fully sequenced, and it serves, in part at least, to connect

the outer membrane to the peptidoglycan layer (Braun, 1975;
DiRienzo et al., 1978). Since there are no reports of bound
iron in purified preparations of the molecule, it seems likely
that the observation reflects an in vivo association of Braun's
lipoprotein with other iron-containing components. The outer
membrane of E. coli is known to contain receptors for iron
chelates, notably iron enterochelin (Braun, 1978). Further-
more, these receptors are known to retain their ability to bind
ferric enterochelin following solubilization in Triton X-100-
EDTA (Hollifield & Neilands, 1978), and there is ample
evidence for an in vivo association of the lipoprotein with
certain other molecules of the “porin” type [reviewed in Di-
Rienzo et al. (1978)].

The identity of the remaining iron-containing antigens is
uncertain. Obvious candidates are succinate dehydrogenase
and other iron—sulfur proteins (and possibly cytochromes) of
the electron transfer chain (Hendler & Burgess, 1972, 1974).
However, despite numerous attempts, we have been unable
to detect an immunoprecipitate exhibiting succinate de-
hydrogenase activity by zymogram techniques.

Finally, it is curious that none of the iron-containing im-
munoprecipitates correspond unequivocally to cytochromes.
In this regard, it is noteworthy that CIE studies carried out
with purified cytochrome bsg, fail to yield any immunopre-
cipitate whatsoever. Thus, the cytochromes, like the /ac carrier
protein (Owen & Kaback, 1979a), may be poor antigens be-
cause they are extensively buried in the hydrophobic core of
the membrane.
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