
Vol. 33, No. 3INFECTION AND IMMUNITY, Sept. 1981, p. 750-757
0019-9567/81/090750-08$02.00/0

Immunochemical Characterization of Major Outer Membrane
Components from Salmonella typhimurium
NORA KUUSI, MARJATTA NURMINEN, AND MATTI SARVAS*

Central Public Health Laboratory, Mannerheinintie 166, SF-00280 Helsinki 28, Finland

Received 3 February 1981/Accepted 19 May 1981

We used crossed immunoelectrophoresis to study detergent-solubilized com-
ponents of the outer membrane ofSalmonella typhimurium under nondenaturing
conditions. The antisera used were raised against nondenatured outer membrane
preparations. Lipopolysaccharide and lipoprotein were identified easily as discrete
precipitates when they were solubilized with Triton X-100. However, solubiliza-
tion of the porins with Triton X-100 resulted in a complex precipitate pattern,
indicating incomplete dissociation of protein-protein interactions. A clear-cut
pattern was obtained when the porins were first solubilized and denatured with
hot sodium dodecyl sulfate, followed by removal of the sodium dodecyl sulfate
and renaturation in the presence of Triton X-100. Our findings suggested that
crossed immunoelectrophoresis can be used to study the antigenicity of nonde-
natured porins and the antibody responses to them.

The main components of the outer mem-
branes of gram-negative bacteria are lipopoly-
saccharide (LPS) and the major proteins, includ-
ing lipoprotein (LP), ompA protein, and the
porins (7). The porins, which form diffusion
pores for small hydrophilic molecules (23), span
the lipid bilayer of the membrane and are ex-
posed on the membrane surface (6, 15, 16). Re-
cent studies have suggested that porins could
be used as vaccines against infections caused by
gram-negative bacteria (19, 29; J. Dankert, H.
Hofstra, and T. S. Veninga, Abstr. FEMS Symp.
Microbiol. Envelopes, abstr. no. 51, 1980). This
has increased the need for immunochemical
characterization of the components of outer
membranes.

Crossed immunoelectrophoresis (CRIE) is a
rapid and sensitive method for immunochemical
characterization of antigens and has the special
advantage that it permits identification of indi-
vidual components in crude antigen prepara-
tions. This technique was first developed to
study soluble proteins (4, 12), but later it was
adapted for analyses of membrane proteins sol-
ubilized with nonionic detergents (2, 26). How-
ever, the use of this technique for the study of
outer membrane proteins presents problems.
Most of these proteins are not properly solubi-
lized by nonionic detergents (1). Discrete precip-
itates of outer membrane proteins have been
obtained by CRIE if the first electrophoresis
takes place in a polyacrylamide gel in the pres-
ence of sodium dodecyl sulfate (SDS) (30). How-
ever, this treatment also denatures proteins,

which is an obvious disadvantage, especially for
studying outer membrane proteins as potential
vaccines. In this paper we describe a CRIE sys-
tem that overcomes some of these problems and
can be used to study the antigenic properties of
nondenatured outer membrane components.

MATERIALS AND METHODS
Bacterial strains. The porin preparations were

made from strain SL1909, a rough (Rb2) derivative of
subline SD 14 of Salmonella typhimurium line LT-2
(28). This strain lacks the 33,000-dalton (33K) ompA
protein. Escherichia coli strain JE 5506 (13) was used
to isolate LP.
LPS. The LPS of the Rb2 chemotype (22) was

purified by the phenol-chloroform-petroleum ether
method (8) from strain SH 5014 (25).

LP. LP was extracted by using 4% (wt/vol) SDS at
100°C, as described by Braun and Rehn (5). However,
instead of using lysozyme, we broke the cells by soni-
cation at 0°C. After trypsin treatment and ultracen-
trifugation, the supernatant containing free LP was
used in the experiments. SDS-polyacrylamide gel elec-
trophoresis (PAGE) of this preparation showed no
contaminating protein (see Fig. 5A, lane 1), and there
was no cross-reaction with purified LPS in CRIE (data
not shown).

Porin preparations. Three kinds of porin prepa-
rations of different degrees of purification were pre-
pared from Triton X-100-lysozyme-ethylenediamine-
tetraacetate (EDTA)-treated envelopes (24).

(i) Preparation A. Preparation A was a crude
porin preparation obtained as described by Nurminen
(24). Lysozyme-EDTA-treated envelopes (25) were
extracted twice with 2% (wt/vol) Triton X-100 in the
presence of 0.01 M MgCl2; 0.1 g (wet weight) of the
sediment from centrifugation at 3,000 x g (designated
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Triton X-100-lysozyme-EDTA-treated envelopes)
was suspended in 1 ml of 0.01 M EDTA containing
0.2% (wt/vol) Triton X-100 and incubated overnight
at 370C with trypsin (0.5 mg/ml). Then, 100 ml of the
resulting digested mixture was centrifuged at 20,000
x g, the supernatant was collected, and the sediment
was digested once more with trypsin and centrifuged.
The supernatants were transferred to Diaflo apparatus
(Amicon Corp., Lexington, Mass.) equipped with an
XM 50 filter and subjected to ultrafiltration. The
retained material was washed with 2 liters of distilled
water by further ultrafiltration. This precipitated the
porin fraction. The precipitate was suspended in 100
ml of distilled water and centrifuged at 20,000 x g for
20 min. The resulting sediment was washed once with
distilled water and twice with 0.05 M EDTA and then
solubilized in 0.02% (wt/vol) Triton X-100. This sedi-
ment was designated preparation A.

(ii) Preparation B. Preparation B was prepared
by a method which will be described fully elsewhere
(Nurminen, manuscript in preparation). Triton X-100-
lysozyme-EDTA-treated envelope preparations (see
above) were electrodialyzed against distilled water in
approximately 20 ml of 0.2% (wt/vol) Triton X-100 in
dialysis bags in a custom-made electrophoresis appa-
ratus that was cooled with circulating ice-cold water.
The temperature in the bag did not rise above 37°C.
After dialysis, the pH was raised to 8.0, the remaining
sediment was removed by centrifugation, and the su-
pernatant was treated with trypsin (0.5 mg/ml) over-
night at 37°C and cleared by centrifugation. The re-
sulting supernatant was designated preparation B.

(iii) Preparation C. Preparation C was a purified
preparation obtained by precipitating preparation B
in 0.3 M NaCl at pH 6.0. The precipitate collected by
centrifugation was dissolved in 0.01 M tis(hy-
droxymethyl)aminomethane hydrochloride buffer (pH
8.6) containing 0.2% (wt/vol) Triton X-100. This pro-
cedure was repeated two more times (Nurminen, man-
uscript in preparation). SDS-PAGE by the method of
Laemmli (20) showed that most of the protein was in
the position of porins (36K, 34K, and a little 35K,
typical of this bacterial line) (25) (see Fig. 3).

(iv) IhI-labeled preparation C. Preparation C (10
ug of protein in 60 pl of 0.5 M sodium phosphate
buffer, pH 7.0) was iodinated with 0.5 mCi of "I by
using the conventional chloramine-t method (9); 0.1%
(wt/vol) Triton X-100 was present throughout the
procedure. After bovine serum albumin was added to
a final concentration of 0.04% (wt/vol), excess iodine
was removed by exhaustive dialysis against 0.05% (wt/
vol) Triton X-100 at room temperature. This final
preparation contained 200,000 cpm/pl.

(v) 36K porilL The 36K porin was purified by
preparative SDS-PAGE. Samples containing 3 x 107
cpm of l"I-labeled preparation C were placed into 10
adjacent 1-cm slots (thickness of gel, 1.2 mm). After
electrophoresis the porin bands were located by au-
toradiography of the wet gel. The 36K porin band was
cut out, and the slice was eluted by overnight incuba-
tion at 370C in 3 ml of a solution containing 0.1% (wt/
vol) SDS and 0.02% (wt/vol) bovine serum albumin
and saturated with phenylmethylsulfonyl fluoride.
The eluted 36K protein was concentrated by ultrafil-

tration in collodion bags (type SM 132,000; Sartorius
GmbH, Gottingen, West Germany).
Antisera. White New Zealand rabbits were im-

munized by subcutaneous injections of various crude
porin preparations. Preparation A was used to prepare
antiserum 1, a crude preparation obtained by treating
Triton X-100-lysozyme-EDTA-treated envelopes (see
above) with SDS at 50°C. Trypsin (19) was used to
produce antiserum 2, and a crude Triton X-100-EDTA
extract of Triton X-100-lysozyme-EDTA-treated en-
velopes (19) was used to prepare antiserum 3. Injec-
tions (500 ug of protein per injection) were given at
zero time and on days 14, 28, and 42. Antisera were
collected 10 days after the last injection. Immunoglob-
ulins were precipitated with ammonium sulfate (50%
saturation) and were concentrated after dialysis to
one-half of the original volume (18). These immuno-
globulins gave 22 separate precipitates in CRIE with
crude outer membrane preparations, as described pre-
viously (18).

In absorption studies the immunoglobulin solutions
were incubated with either LPS (400 ,Ag/ml) or LP
(625,ug/ml) for 2 h at 37°C.

Immunoelectrophoresis. CRIE and tandem
CRIE were performed as described previously (17,
18) by using the tris(hydroxymethyl)aminomethane-
glysin-barbital buffer described by Bjerrum and Lun-
dahl (3); the buffer which we used also contained 0.2%
(wt/vol) Triton X-100.

Elution of the CRIE precipitates. Each gel was
autoradiographed without drying at 4°C, the radioac-
tive precipitates were cut off separately, and the pro-
teins were eluted from the pieces of gel by incubating
them overnight at 37°C in 400 pl of a solution contain-
ing 1% (wt/vol) SDS, 0.075% (vol/vol) mercaptoetha-
nol, and 0.02% (wt/vol) bovine serum albumin. The
remnants of the agarose gel were removed by centrif-
ugation, and the supernatant was lyophilized and dis-
solved in 100 ,ul of SDS-containing sample buffer for
SDS-PAGE (20).
Other methods. For autoradiography, the gels

were exposed to Kodak X-Omatic XR1 film with an
intensifying fluorescent screen. Densitometric scan-
ning of the film was performed with an autoscanner
(Helena Laboratories, Beaumont, Tex.); 36K/34K ra-
tios were calculated from the areas of the scanning
curves. Proteins were determined by the method of
Lowry et al. (21).

RESULTS

Detection ofLPS. A complex pattern of pre-
cipitates was produced when crude porin prep-
aration A was immunoelectrophoresed across,
antisera raised against similar preparations (Fig.
1A and C). The porin was solubilized with and
electrophoresed in Triton X-100. At least six
precipitates were resolved, and the pattern var-
ied according to the antiserum used (Fig. 1A and
C).
We expected that a major component of this

crude porin preparation would be LPS. Figure
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FIG. 1. Identification ofLPS by CRIE. (A) Crude porin preparation A (40 jg ofprotein) subjected to CRIE
against antiserum 1. The first electrophoresis was for 2 h. (B) Tandem CRIE ofporin preparation A (40 ,ig of
protein in the first well) and purified LPS (12 pg in the second well). Other conditions as in (A). (C) CRIE of
preparation A (40 ug of protein) against antiserum 2. The first electrophoresis was for 4 h. (D) CRIE of
preparation A against antiserum absorbed with LPS (400 ,ug/ml). Other conditions as in (C).

1B shows a tandem CRIE comparison of prep-
aration A and highly purified LPS. The LPS
precipitate (Fig. 1B, precipitate b) fused with
one of the major precipitates of preparation A
(Fig. 1A, precipitate a), indicating the presence
of LPS in this precipitate.

In another set of experiments, the LPS precip-
itate was identified by comparing the precipita-
tion patterns obtained with untreated sera and
with sera preabsorbed with purified LPS. Figure
1C shows that a prominent fast-moving, weakly
stained precipitate (Fig. 1C, precipitate c) and a
weak precipitate at the origin were observed
with the nonabsorbed serum, but not after ab-
sorption of the serum with LPS (Fig. 1D). Ab-
sorption with LPS had no effect on the other
precipitates.
The putative LPS precipitates were hetero-

geneous and characteristically weak and hazy.
They were always fast moving. We regularly
obtained this same pattern with several antisera
irrespective of whether the membrane prepara-
tions were treated with SDS before the run. This
characteristic appearance permitted rapid pre-

liminary identification of LPS under standard
conditions.
Detection of LP. SDS-PAGE indicated that

the semipurified porin preparation (preparation
B) consisted of only three major proteins, the
LP and the complex containing the 34K and 36K
porins. The precipitation patterns ofpreparation
B in CRIE (Fig. 2A) were also simpler than the
patterns of crude porin preparations. Two major
precipitates were obtained when the antigen was
solubilized with Triton X-100. Neither of these
precipitates contained LPS when analyzed by
tandem CRIE (data not shown).
One of the precipitates (Fig. 2A, precipitate d)

was found at the same position as the precipitate
obtained with purified LP against the same an-
tiserum (Fig. 2B, precipitate e). Precipitate d
fused with the LP precipitate in tandem CRIE
(Fig. 20). After partial preabsorption of the an-
tiserun with purified LP, the precipitate d peak
became very weak (Fig. 2D), whereas there was
no change in the other major precipitate (precip-
itate f) or in any of the minor precipitates. No
precipitate d was observed when the serum was
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FIG. 2. Identification of LP by CRIE. (A) CRIE of semipurified porin preparation B (40 pg of protein)
against antiserum 2. (B) CRIE ofLP (20pug ofprotein) against antiserum 2. (C) Tandem CRIE ofpreparation
B (40 pg ofprotein in the flrst well) and LP (20 pg in the second well). (D) Tandem CRIE as in (C) against
antiserum 2 absorbed with LP (625 pg/ml). In each case the first electrophoresis was for 4 h.

preabsorbed with larger amounts of LP. Thus,
there was little doubt that precipitate d was

caused by LP. Furthermore, although LP was

solubilized only with Triton X-100, it did not
seem to be significantly associated with the
other outer membrane components, which pre-

sumably cause the other, faster-moving major
precipitate.
Detection of porins. A problem with im-

munological analyses of porins is the inadequate
solubilization of these molecules with nondena-
turing detergents. We tried to overcome this by
the following two-step treatment. The porins

were first solubilized (and denatured) with SDS
at 1000C. Then SDS was exchanged for the weak
nondenaturing detergent Triton X-100. We ex-

pected that this detergent replacement would
result in at least partial renaturation of the
original antigenic determinants.
An extensively purified porin preparation

(preparation C) was labeled with 125I. When this
preparation was subjected to SDS-PAGE, both
Coomassie blue staining and autoradiography
(Fig. 3, lanes A and B) showed two major bands
at the positions of the 36K and 34K porins.
Densitometric scanning of the autoradiograms
indicated that the porins comprised more than
90% of the labeled proteins in the preparation.
This preparation was then subjected to CRIE
after solubilization with SDS at 1000C and re-

naturation with Triton X-100. The details of this
procedure are given in the legend to Fig. 4. Both
staining (Fig. 4A) and autoradiography (Fig. 4B)
showed only two distinct precipitates, which mi-

grated almost at the same rate in the first run

(precipitates g and h).
The identification of nondenatured porins by

conventional tandem CRIE comparisons and
CRIE absorption procedures was not possible
because of a lack of appropriate purified porin
preparations. Therefore, we studied the presence
of porins in the CRIE precipitates by eluting
individual precipitates from the agarose layer
and analyzing them by SDS-PAGE. Precipitate
h of Fig. 4 contained only 36K and 34K porins
(Fig. 5, lane 4). Precipitate g (Fig. 5, lane 3)
contained both LP and porins. Densitometric
scanning indicated a high enrichment of LP in
this precipitate; in fact, the amount of porins
was so small that they could have been derived
from overlapping precipitate h.
The presence of porins in precipitate h was

also shown by the following experiment. The
36K porin was purified by preparative SDS-
PAGE (Fig. 3C), solubilized with SDS at 1000C,
renatured with Triton X-100, and subjected to
CRIE with unlabeled porin (preparation C) as

carrier. Only one radioactive precipitate was

found (Fig. 4D), at approximately the position
of porin precipitate h (Fig. 4A and B). SDS-
PAGE confirmed the presence of radioactive
36K porin in the precipitate.
CRIE of Triton X-100-solubilized porins.

Radioactive porin preparation C was applied to
CRIE gels without prior SDS treatment. In

agreement with the weaker solubilizing power of
nonionic detergents on membrane proteins, a

much more complex pattern of precipitates was
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about 15,000. This protein appeared to be en-
riched in precipitate n, which overlapped precip-
itate 1.
Absorption of the antiserum with purified

LPS did not affect the precipitate pattern of the
stained gel (e.g., Fig. 6A), showing that none of
the precipitates was caused by anti-LPS anti-
bodies (data not shown).
Comparison of the renatured and non-

denatured forms of porin. The antigenic de-
terminants of the two forms of porins were com-
pared by tandem CRIE (Fig. 7). A porin prepa-
ration solubilized with Triton X-100 was placed
in the first well, and the same porin preparation

A

FIG. 3. SDS-PAGE of 125"-labeled preparation C
and 125I-labeled purified 36Kporin. A total of5 jig of
non-iodinated porin preparation C (lane A), 2 x 105
cpm of 125I-labeledpreparation C (lane B), or 105 cpm
ofpurified 125I-labeled 36Kporin (lane C) was applied
to a 14% gel; 36K and 34K indicate the positions of
the 36K and 34K porins, respectively. Lane A was
stained with Coomassie blue; lanes B and C were
autoradiographed for 24 and 48 h, respectively.

obtained (Fig. 6). Autoradiography revealed
seven major, distinct precipitates (Fig. 6B), most
ofwhich were also observed in a stained gel (Fig.
6A).
The tops of the major precipitates were cut

out from the gel in the pattern shown schemat-
ically in Fig. 6C, and the contents of these gel
sections were analyzed by SDS-PAGE (Fig. 5,
lanes 5 through 10). Because of extensive over-
lapping of the precipitates, most of the eluates
obviously were derived from more than one pre-
cipitate. All eluates contained significant
amounts of porins. The most clear-cut conclu-
sions could be reached from the tops of precipi-
tates i and j, both of which contained the 36K
and 34K porins in roughly the same proportions
as the preparation C applied to the CRIE gel.
These precipitates also clearly fused to each
other. In contrast, the 36K porin was strongly
enriched in the eluate of precipitate k; in this
respect this precipitate was unique. LP was
found in two precipitates (precipitates 1 and m),
both of which also contained porins. However,
both of these precipitates were overlapped sig-
nificantly by porin precipitates i, j, and k. A
prominent contaminant of preparation C was a
protein having an apparent molecular weight of

h

9

C
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9
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FIG. 4. CIRE of 1251-labeled porins solubilized
with SDS and renatured in the presence of Triton X-
100. (A and B) 1251-labeled porin. A total of 6 x IO&
cpm of 1"I-labeled porin and 10 fg of porin prepa-
ration C were made to contain 1% SDS and incubated
at 100°C for 5 min. After the preparation was cooled
to 20°C, Triton X-100 was added to a final concentra-
tion of2% (wt/vol), and the two samples were mixed
and subjected to CRIE against antiserum 3. (A)
Amido black staining. (B) Autoradiography (expo-
sure time, 24 h) of the same gel. (C and D) Purified
1"I-labeled 36Kporin. A total of 0.3 x 105 cpm of36K
porin purified by preparative SDS-PAGE and 10 ug
of unlabeled porin preparation C were subjected to
SDS treatment and CRIE as described above. (C)
Amido black staining. (D) Autoradiography (expo-
sure time, 14 days) of the same gel.
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necessary to make the first electrophoretic run
very short (30 min). Precipitates h and g repre-
sented the SDS-treated preparation in a pattern
very similar to the pattern in Fig. 4A. Precipi-
tates j and 1 were derived from the nondenatured
preparation and were obviously analogous to
precipitates j and 1 in Fig. 6. The LP precipitate
ofthe SDS-treated sample (precipitate g) clearly
fused with precipitate 1, which represented the
LP precipitate of the nondenatured preparation,
as described above. The major precipitate j of
the nondenatured porin preparation likewise
fused with the main precipitate of the SDS-
treated preparation (analogous to precipitate h
in Fig. 4). This was in good agreement with the
finding that both precipitates contained only
36K and 34K porins as determined by SDS-
PAGE. It also strongly suggested that the major
antigenic determinants recognized by this anti-
serum were identical in the nondenatured and
renatured porin preparations.

DISCUSSION
Ofthe major components ofouter membranes,

LPS and LP can be recognized readily in CRIE
analyses (27). This was also true in this study, in

A B
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FIG. 5. SDS-PAGE ofthe proteins eluted from the

radioactive precipitates shown in Fig. 4 and 6. Ra-
dioactive proteins eluted from the CRIE precipitates
as described in the text were applied to a 14% acryl-
amide gel. The letter symbols on lanes 3 through 10
indicate the precipitates which the lanes contained,
as shown in Fig. 4 and 6. Lane 1 contained 10 pg of
unlabeled Coomassie blue-stained LP, and lane 2
containedpreparation C labeled with '25L Exposures
were for 7 days (A) or 24 h (B). The numbers at the
bottoms of the lanes in (B) indicate the ratio of the
amount of36Kprotein to the amount of34K protein,
as determined by densitometric scanning of the au-

toradiograms.

first denatured with SDS and then renatured
with Triton X-100, was placed in the second well

(nearer the anode). Because SDS treatment in-
creased the rate of migration of porins, it was

I

0

FIG. 6. CRIE of aTriton X-100-solubilized prep-
aration labeled with 125I. A total of 6 x 105 cpm of
"LI-labeled preparation C and 10 pg of unlabeled
preparation C were mixed and subjected to CRIE
against antiserum 3. The first electrophoresis was for
4 h. (A) Stained with amido black. (B) Autoradiog-
raphy (exposure time, 24 h). (C) Schematic diagram
of the precipitates and the portions which were cut
out for elution.
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FIG. 7. Tandem CRIE of the SDS-treated and

nondenatured porins. The first well contained 40 pg

ofporinpreparation C, and the second well contained

10 pg ofporin preparation C which had been treated

with SDS and renatured with Triton X-100 as de-

scribed in the legend to Fig. 4. The first electropho-
resis was for 30 min. The antiserum used was anti-

serum 3.

which we analyzed outer membrane components

of S. typhimurium that were solubilized with the

weak nonionic detergent Triton X-100 and

isolated under supposedly nondenaturing con-

ditions. We were able to identify both LPS and

LP by using readily available purified reference

preparations. Thus, under a range of conditions

CRIE is a useful method for monitoring and

estimnating the approximate amounts ofLPS and

LP in various antigen preparations obtained

from outer membranes. During immunization

this method can be used to follow antibody

responses, even when the antigen is not purified.
The use of CRIE in the study of the major

outer membrane proteins (porins) has been limn-
ited by difficulties in the solubilization of these

proteins. When we used only Triton X-100 to

solubilize the S. typhimurium outer membranes,
the CRIE pattern of the isolated porins was very

complex, which was in keeping with the ineffi-

ciency of the neutral detergent in breaking pro-

tein-protein interactions (10, 11). In outer mem-

branes the porins are in the formn of trimers or

higher oligomers or both and are probably as-

sociated with other proteins and membrane

components. Some reassociation of solubilized

proteins could also take place during purifica-
tion. In agreement with this, we found porins in

several discrete precipitates. The relative

amounts of the 36K and 34K porins varied, and

many precipitates contained a mixture of porins
and other proteins.

Outer membrane proteins, including porins,
can be solubilized completely with strong an-
ionic detergents (typically SDS) at high temper-
atures. This approach has been used successfully
for CRIE of porins, in combination with antisera
raised against similarly solubilized porins. How-
ever, SDS also denatures porins and destroys
their native antigenic determinants (27, 30) to
the extent that antisera raised against SDS-de-
natured porins do not react with the native porin
(14).
Denaturation of proteins by SDS is often re-

versible, so that native configurations, antigenic
properties, and even biological activities can be
regained to variable degrees by the removal of
SDS. A detergent used to solubilize a membrane
component may be replaced by a milder one
without affecting the degree of solubilization
attained (11). Using this rationale, we studied
porins by CRIE by first solubilizing them in
SDS, which was then bound by an excess of
Triton X-100. After this, no chemically active
SDS monomers were left in the solution, and
the SDS bound to proteins can be expected to
exchange for Triton X-100. This should allow
renaturation of the proteins in the Triton X-100
micelles.

Indeed, porins treated by this method gave a
simple and clear-cut pattern of precipitates in
CRIE analyses against an antiserum obtained
by immunization with nondenatured porins.
Both 36K and 34K porins were found in one
discrete and specific precipitate. In this precipi-
tate, no LP or any of the minor protein contam-
inants of the porin preparation were observed.
A tandem CRIE analysis showed identity be-
tween the renatured porins and the Triton X-
100-solubilized porins.
Thus, solubilization of porins with SDS fol-

lowed by Triton X-100 treatment and renatur-
ation seems to provide a method for the immu-
nological assay of native antigenic determinants
of porins with CRIE. This may be especially
useful for studying antibodies or antibody re-
sponses to native porins. The lack of reasonably
pure nondenatured porin preparations makes
CRIE more applicable than any other immuno-
logical method for this purpose. However, it
remains to be seen whether all important anti-
genic determinants of native porins are present
in the renatured porin preparation. Further-
more, we have not studied the reliability of the
method for detecting or assaying porins from a
complex mixture of proteins.

ACKNOWLEDGMENTs
This work was supported by grants from the Yrjo Jahnsson

Foundation and the Sigrid Juselius Foundation.

INFECT. IMMUN.



S. TYPHIMURIUM OUTER MEMBRANE COMPONENTS 757

LITERATURE CITED

1. Bjerrum, 0. J. 1977. Immunochemical investigation of
membrane proteins. A methodological survey with em-
phasis placed on immunoprecipitation in gels. Biochim.
Biophys. Acta 472:135-195.

2. Bjerrum, 0. J., and T. C. Bog-Hansen. 1976. The
immunochemical approach to the characterization of
membrane proteins. Human erythrocyte membrane
proteins analysed as a model system. Biochim. Biophys.
Acta 455:66-89.

3. Bjerrum, 0. J., and P. Lundahl. 1973. Detergent-con-
taining gels for immunological studies of solubilized
erythrocyte membrane components. Scand. J. Immu-
nol. 2(Suppl. 1):139-143.

4. Bock, E. 1973. Non-plasma proteins in cerebrospinal fluid.
Scand. J. Immunol. 2(Suppl. 1):119-124.

5. Braun, V., and K. Rehn. 1969. Chemical characteriza-
tion, spatial distribution and function of a lipoprotein
(murein-lipoprotein) of the E. coli cell wall. Eur. J.
Biochem. 10:426-438.

6. Datta, D. B., B. Arden, and U. Henning. 1977. Major
proteins of the Escherichia coli outer cell envelope
membrane as bacteriophage receptors. J. Bacteriol.
131:821-829.

7. DiRienzo, J. M., K. Nakamura, and M. Inouye. 1978.
The outer membrane proteins of gram negative bacte-
ria: biosynthesis, assembly and functions. Annu. Rev.
Biochem. 47:481-532.

8. Galanos, C., 0. Luderitz, and 0. Westphal. 1969. A
new method for the extraction ofR lipopolysaccharides.
Eur. J. Biochem. 9:245-249.

9. Greenwood, F. C., and W. M. Hunter. 1963. The prep-
aration of 131-I-labelled human growth hormone ofhigh
specific radioactivity. Biochem. J. 89:114-123.

10. Helenius, A., E. Fries, H. Garoff, and K. Simons. 1976.
Solubilization of the Semiliki forest virus membrane
with sodium deoxycholate. Biochim. Biophys. Acta 436:
319-334.

11. Helenius, A., D. R. McCaslin, E. Fries, and C. Tan-
ford. 1979. Properties of detergents. Methods Enzymol.
56:734-749.

12. Hertz, J. B., N. Hoiby, V. Andersen, and P. Baek-
gaard. 1976. Crossed immunoelectrophoretic analysis
of Bordetella pertussis antigens and of corresponding
antibodies in human sera. Acta Pathol. Microbiol.
Scand. Sect. B 84:386-394.

13. Hirota, Y., H. Suzuki, Y. Nishimura, and S. Yasuda.
1977. On the process of cellular division in Escherichia
coli: a mutant of E. coli lacking a murein-lipoprotein.
Proc. Natl. Acad. Sci. U.S.A. 74:1417-1420.

14. Hofstra, B., and J. Dankert. 1980. Preparation and
quantitative determination of antibodies against major
outer membrane proteins of Escherichia coli 026 K60.
J. Gen. Microbiol. 117:437-447.

15. Hofstra, H., M. J. D. van Tol, and J. Dankert. 1979.
Immunofluorescent detection of the major outer mem-

brane protein II* in Escherichia coli 026 KF0. FEMS
Microbiol. Lett. 6:147-150.

16. Kamio, Y., and H. Nikaido. 1977. Outer membrane of
Salnonella typhimurium. Identification of proteins ex-
posed on cell surface. Biochim. Biophys. Acta 464:589-
601.

17. Kroll, J. 1973. Tandem-crossed immunoelectrophoresis.
Scand. J. Immunol. 2(Suppl. 1):57-59.

18. Kuusi, N. 1979. A technical improvement for crossed
immunoelectrophoresis. J. Immunol. Methods 31:361-
364.

19. Kuusi, N., M. Nurminen, H. Saxen, M. Valtonen, and
P. H. Miikela. 1979. Immunization with major outer
membrane proteins in experimental salmonellosis of
mice. Infect. Immun. 25:857462.

20. Laemmli, U. K. 1970. Cleavage of structural proteins
during the assembly of the head of bacteriophage T4.
Nature (London) 227:680-685.

21. 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.

22. Luderitz, O., 0. Westphal, A. M. Staub, and H. Ni-
kaido. 1971. Isolation and chemical and immunological
characterization of bacterial lipopolysaccharides, p.
145-233. In G. Weinbaum, S. Kadis, and S. J. Ajl (ed.),
Microbial toxins, vol. 4. Academic Press, Inc., New
York.

23. Nakae, T. 1976. Outer membrane ofSalnonella. Isolation
of protein complex that produces tranamembrane chan-
nels. J. Biol. Chem. 251:2176-2178.

24. Nurminen, M. 1978. A mild procedure to isolate the 34K,
35K and 36K porins of the outer membrane of Salmo-
nella typhimurium. FEMS Microbiol. Lett. 3:331-334.

25. Nurminen, M., K. Lounatmaa, M. Sarvas, P. H. Miak-
ela, and T. Nakae. 1976. Bacteriophage-resistant mu-
tants ofSalmonella typhimurium deficient in two major
outer membrane proteins. J. Bacteriol. 127:941-955.

26. Smyth, C. J., A. E. Friedman-Kien, and M. R. J.
Salton. 1976. Antigenic analysis of Neisseria gonor-
rhoeae by crossed immunoelectrophoresis. Infect. Im-
mun. 13:1273-1288.

27. Smyth, C. J., J. Siegel, M. R. J. Salton, and P. Owen.
1978. Immunochemical analysis of inner and outer
membranes of Escherichia coli by crossed immunoelec-
trophoresis. J. Bacteriol. 133:306-319.

28. Stocker, B. A. D., M. Nurminen, and P. H. Miikela.
1979. Mutants defective in the 33K outer membrane
protein of Salmonella typhimurium. J. Bacteriol. 139:
376-386.

29. Svenson, S. B., M. Nurminen, and A. A. Lindberg.
1979. Artificial Salmonella vaccines: 0-antigenic oligo-
saccharide-protein conjugates induce protection against
infection with Salmonella typhimurium. Infect. Immun.
25:863-872.

30. van Tol, M. J. D., H. Hofstra, and J. Dankert. 1979.
Major outer membrane proteins of Escherichia coli
analysed by crossed immunoelectrophoresis. FEMS
Microbiol. Lett. 5:349-352.

VOL. 33, 1981


