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Two unusual characteristics of some outer membrane proteins of Rhizobium leguminosarum are described.
First, most of the major outer membrane proteins could only be visualized by sodium dodecyl sulfate-
polyacrylamide gel electrophoresis after lysozyme treatment of the isolated cell envelopes, suggesting a very

strong, possibly covalent, interaction of these proteins with the peptidoglycan. These peptidoglycan-associated
outer membrane proteins belonged to two distinct groups of immunologically related proteins, groups II and
III, as defined by typing with monoclonal antibodies. As members of both groups of proteins could be
radioactively labeled by growing cells in the presence of N-[3H]acetylglucosamine, we propose that variation in
the apparent molecular weight of the antigens within each group is caused by varying numbers of peptidoglycan
subunit residues on only two or three different outer membrane proteins. Second, group III outer membrane
proteins, with masses of 35 to 46 kilodaltons, formed oligomers stabilized by divalent cations which resisted
complete denaturation in 2% sodium dodecyl sulfate at 100°C. Reconstitution experiments showed that of the
divalent cations tested, Ca2+ and, to a lesser extent, Mn2+ and Sr2+ were the best stabilizers.

Rhizobia are gram-negative soil bacteria which infect
roots of leguminous plants, leading to the formation of root
nodules in which bacteria, in the form of bacteroids, fix
atmospheric nitrogen (24).
Very little is known about the architecture of the rhizobial

outer membrane and the functions of its components. In an

earlier study, we reported the isolation of the outer mem-

brane of Rhizobium leguminosarum bv. viciae and deter-
mined its protein composition (5). Polyclonal and monoclo-
nal antibodies (MAbs) raised against cell envelope fractions
of R. leguminosarum bv. viciae strain 248 recognize a
number of different outer membrane antigens. Surprisingly,
in Western immunoblots of components of lysozyme-treated
cell envelopes separated by sodium dodecyl sulfate (SDS)-
polyacrylamide gel electrophoresis, three of the MAbs do
not react with single proteins but with groups of antigens.
MAb 8 reacts with outer membrane proteins of 22, 24, 26,
and 48 kilodaltons (kDa) (antigen group II), whereas MAb 37
and MAb 38 react with a group of outer membrane proteins
of 35 to 46 kDa (antigen group III) (4). In addition, we

noticed large differences between untreated and lysozyme-
treated cell envelopes in cell envelope protein profiles as

well as Western blot profiles with the above-mentioned
antibodies.

In this manuscript we describe the characterization of the
effects of lysozyme treatment on the outer membrane pro-
tein profiles of R. leguiminosar-um. The results suggest that
several outer membrane proteins are covalently bound to the
peptidoglycan. Moreover, we characterize divalent-cation-
stabilized oligomers which are resistant to denaturation by
SDS and heat as a second uncommon supramolecular struc-
ture of rhizobial outer membranes.

* Corresponding author.

MATERIALS AND METHODS

Strains and growth conditions. All experiments were car-

ried out with cultures of bacteria in tryptone-yeast extract
(TY) medium (2). Rhizobium leguminosarum bv. viciae 248
(10) was used except where mentioned otherwise. Other
biovars and species used were R. leguminosarlum bv. trifolii
RBL5020 (8), R. leguminosarum bv. phaseoli strain 1233 (9),
R. meliloti LPR2 (Rothamsted Culture Collection, Har-
penden, U.K.), Agrobacterium tumefaciens LBA4301 (11),
Escherichia coli JM101 (27), and Pseudomonas putida
WCS358 (7). R. legiuminosarum bv. viciae RBL5523-ZA4
was obtained as a spontaneous phage-resistant derivative of
strain RBL5523 (19), which is resistant to the virulent phages
K2, K5, and RL38. Strains were grown overnight at 28°C on

a rotary shaker to the logarithmic phase.
Cell envelope isolation. Cells were harvested by centrifu-

gation at 6,000 x g for 10 min at 4°C. The pellet was

suspended in 1/8 culture volume of a buffer consisting of 50
mM Tris hydrochloride (pH 8.5). Cells were destroyed by
either sonication or passage through a French pressure cell.
Sonication was performed with a sonifier (Branson Sonic
Power Co., Danbury, Conn.) at maximum output three times
for 30 s each, with 15-s intervals, under constant cooling
with a water-jacket. Destruction in the French pressure cell
was performed by two passages at a pressure of 25,000
lb/in2. After either treatment, unbroken cells were pelleted
by centrifugation at 900 x g for 20 min at 4°C. To the
supernatant fluid, containing the cell envelopes, 2 M KCI
was added to a final concentration of 0.2 M. Cell envelopes
were harvested by centrifugation at 12,000 x g for 60 min at
4°C and suspended in a small volume of 2 mM Tris hydro-
chloride (pH 7.5). For lysozyme treatment, 20 mg of lyso-
zyme (Sigma Chemical Co., St. Louis, Mo.) per ml in the
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same buffer was added to a final concentration of 3 mg per ml
of cell envelope suspension, and the suspension was incu-
bated for 1 h at 37°C.

Labeling with N-acetylglucosamine. Strain 248 was grown
overnight in 40 ml of TY medium as described previously to
an A620 of 0.2. To 10 ml of culture, 100 ,uCi of N-
[3H]acetylglucosamine (labeled at the C-1 position; specific
activity, 3 Ci/mmol; Amersham Nederland BV, Utrecht, The
Netherlands) was added 4 h before harvesting. Labeled and
unlabeled cells were pooled and harvested, and cell enve-
lopes were isolated by sonication as described above. Incor-
poration of label was measured as trichloroacetic acid
(TCA)-precipitable radioactivity by precipitation of the mac-
romolecules of 50 RI of the culture in 3 ml of ice-cold 10%
TCA. The precipitate was collected on a nitrocellulose filter,
washed once with 1% acetic acid and twice with water, and
dried, and its radioactivity was determined. Incorporation
into peptidoglycan-associated material was measured as
radioactivity in material insoluble in 4% SDS at 100°C. A
volume of 50 ,ul of culture was pipetted into 3 ml of 4% SDS
and heated to 100°C for 30 min. Insoluble material was
collected on nitrocellulose filters and washed three times
with water, and its radioactivity was determined.

Analysis of hydrolysis products of labeled cell envelopes.
Cell envelopes of cells grown in the presence of N-
[3H]acetylglucosamine were hydrolyzed in 3 N hydrochloric
acid at 100°C for 5 h under nitrogen. After hydrolysis, the
sample was dried and dissolved in water. Hydrolysis prod-
ucts were identified by thin-layer chromatography on Silica
Gel 60 (Merck 5582; E. Merck, Darmstadt, F.R.G.) with
n-propanol-ethyl acetate-water-ammonia (50:10:37.5:2.5)
as the solvent and on Cellulose F (Merck 5574) with n-
butanol-acetic acid-water (2:1:1) as the solvent. N-Acetyl-
glucosamine, glucosamine, and muramic acid, either pure or
after incubation under hydrolysis conditions, were cochro-
matographed as reference compounds. After chromatogra-
phy, lanes of labeled samples were cut in 1-cm-long strips, of
which the radioactivity was determined after immersion in
scintillation fluid (Quickzint 212; Zinnser Analytic, Frank-
furt, F.R.G.) with an LKB Wallac 1214 Rackbeta liquid
scintillation counter (Wallac, Turku, Finland).

Electrophoresis and autoradiography. SDS-polyacrylamide
gel electrophoresis was performed as described previously
(14). Suspensions of cell envelopes were mixed with concen-
trated sample buffer (14) and incubated at 100°C or, if
indicated, at other temperatures for 10 min prior to electro-
phoresis. When appropriate, samples contained in addition
10 mM EDTA or divalent cations at the indicated concen-
trations. After electrophoresis, proteins were stained with
fast green FCF (Sigma). For treatment with proteinase K,
samples were heated to 100°C for 10 min, cooled to 60°C, and
incubated for 60 min at 60'C with 0.2 mg of proteinase K per
ml. Prior to autoradiography, gels were stained with
Coomassie brilliant blue, incubated for 30 min in Amplify
(Amersham), and dried under vacuo. The dried gel was
autoradiographed on preflashed Fuji RX X-ray film for 10
days at -70°C.

Electroblotting and immunodetection. Cell envelope com-
ponents separated by SDS-polyacrylamide gel electrophore-
sis were transferred to nitrocellulose by electroblotting (22).
Immunodetection with MAbs and alkaline phosphatase-
conjugated rabbit anti-mouse immunoglobulin serum
(Sigma) was performed as described elsewhere (4).
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FIG. 1. Protein profiles of cell envelopes of R. leguminosarum
bv. viciae 248 (lanes 1 and 2), R. leguminosarum bv. phaseoli 1233
(lanes 3 and 4), R. leguminosarum bv. trifolii RBL5020 (lanes 5 and
6), R. meliloti LPR2 (lanes 7 and 8), A. tumefaciens LPR4301 (lanes
9 and 10), Escherichia coli JM101 (lanes 11 and 12), and Pseudomo-
nas putida WCS358 (lanes 13 and 14) before (odd-numbered lanes)
and after (even-numbered lanes) lysozyme treatment. Solid arrows
on the left indicate positions of lysozyme-dependent outer mem-
brane proteins of strain 248 (lanes 1 and 2) mentioned in the text.
Open arrows indicate two major lysozyme-independent outer mem-
brane proteins. Positions of molecular mass markers (in kilodaltons)
are indicated on the left. Sonication was used to destroy cells.
Results were independent of the destruction method used.

RESULTS

Effect of lysozyme treatment on cell envelope protein pro-
files. Figure 1 shows the protein profiles of control cell
envelopes and lysozyme-treated cell envelopes of several
rhizobial strains. In R. leguminosarum bv. viciae 248 (lanes
1 and 2), R. leguminosarum bv. phaseoli 1233 (lanes 3 and
4), and R. leguminosarum bv. trifolii RBL5020 (lanes 5 and
6), staining of a number of protein bands, particularly in the
region of 35 to 46 kDa, was much stronger in lysozyme-
treated cell envelopes. Comparable results were obtained
with the related species R. meliloti (lanes 7 and 8) and
Agrobacterium tumefaciens (lanes 9 and 10), but not with
Escherichia coli (lanes 11 and 12) or Pseudomonas putida
(lanes 13 and 14).

Closer comparison of cell envelopes of strain 248 before
and after lysozyme treatment (Fig. 1, lanes 1 and 2, respec-
tively) shows that lysozyme treatment affected the profile in
two regions of the gel. Most striking was the more intense
staining due to lysozyme treatment in the middle of the gel,
comprising approximately 7 to 8 bands of proteins of 35 to 46
kDa. In addition, two bands of proteins of approximately 24
and 26 kDa became visible. Both groups of cell envelope
proteins are indicated for strain 248 by solid arrows in Fig. 1
and had already been identified as outer membrane proteins
in an earlier study (5). In contrast, lysozyme treatment had
no effect on the intensity of two other major outer membrane
protein bands, those of 22 and 74 kDa (indicated by open
arrows in Fig. 1). In control experiments with the same
incubation conditions but without lysozyme, there were no
effects on the cell envelope protein profiles of the Rhizobium
and Agrobacterium strains used here, showing that the
observed phenomena depend on the action of lysozyme.
When monitoring the effects of lysozyme while gradually
increasing the incubation time from 0 to 60 min, all lyso-
zyme-dependent protein bands described above gradually
appeared at the same rate. During this time course experi-
ment, no reaction intermediates were observed (not shown).
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FIG. 2. Protein profiles of cell envelopes of R. legutminosarum
bv. viciae 248 before (lanes 1 to 3) and after (lanes 4 to 9) lysozyme

treatment. Samples were incubated in sample buffer with (lanes 1 to
3 and 7 to 9) and without (lanes 4 to 6) EDTA at 20°C (lanes 1, 4, and
7), 60°C (lanes 2, 5, and 8), or 100°C (lanes 3, 6, and 9). Positions of
molecular mass markers are indicated on the left.

Effects of EDTA and heat treatments on outer membrane
protein profiles. Whereas the electrophoresis samples de-
scribed so far all contained 10 mM EDTA, the omission of
EDTA from samples of Rhizobium cell envelopes revealed
another feature that influences the appearance of R. legumi-
nosarum outer membrane protein profiles after SDS gel
electrophoresis. Figure 2 shows the effects of lysozyme
treatment, EDTA, and heat treatment on the cell envelope
protein profiles of R. leguminosarum bv. viciae 248. Com-
parison of profiles before (lanes 1 to 3) and after (lanes 4 to
9) lysozyme treatment shows that lysozyme treatment gen-

erated a protein smear of approximately 100 kDa which, in
the absence of EDTA, remained present even after the
sample was heated to 100°C (Fig. 2, compare lanes 1 to 3 and
lanes 4 to 6, respectively). The presence of EDTA (Fig. 2,
lanes 7 to 9) destabilized this smear-forming material in that,
although it was still visible after incubation at 20 and 60°C, it
disappeared upon incubation of the sample at 100°C (Fig. 2,
lane 9). Simultaneous with the disappearance of this smear at
100°C, the protein band group of 35 to 46 kDa appeared,
suggesting that the protein smear consisted of oligomers of
the proteins in the 35- to 46-kDa group. Also, some enhanced
staining following disappearance of the protein smear was

seen in the area just above the 74-kDa, lysozyme-indepen-
dent outer membrane protein.
To test whether the stable protein smear indeed consists of

oligomers, cell envelope constituents of strain 248 were

separated by two-dimensional SDS gel electrophoresis, us-

ing a sample of lysozyme-treated cell envelopes incubated in
buffer at 20°C for the first dimension and an excised lane of
separated proteins after incubation in sample buffer at 100°C
in the presence of EDTA for the second dimension. The
result (Fig. 3) clearly shows that the protein group of 35 to 46
kDa at 100°C was derived from the protein smear of ca. 100
kDa. It can be concluded that treatment of Rhizobiiim cell
envelopes with lysozyme released this group of outer mem-
brane proteins from an insoluble complex, probably with
peptidoglycan, which is unable to enter the polyacrylamide
gel. The proteins were released as very stable oligomeric
complexes, which subsequently could be completely dena-
tured at high temperatures in the presence of EDTA. The
two proteins with apparent molecular masses of 24 and 26
kDa, which were also released by lysozyme treatment as

described previously, seem to be only partly heat modifiable,

first dimension-
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FIG. 3. Two-dimensional SDS-polyacrylamide gel electrophore-
sis of lysozyme-treated cell envelopes of R. legiminosarum bv.
i'ciae 248. Electrophoresis of sample incubated at 20°C was per-
formed from left to right. After excision of a gel strip and incubation
in sample buffer at 100°C in the presence of EDTA, the strip was
placed on a second gel and electrophoresis was performed in the
vertical direction. Positions of molecular mass markers for the
second step are indicated on the left and on the top. Proteins whose
electrophoretic mobilities were not altered by increasing the tem-
perature from 20 to 100°C appear on a diagonal line, whereas
proteins whose mobility was altered between the first and the
second electrophoresis step appear above or below this diagonal.

since they occurred more strongly in lysozyme-treated cell
envelopes incubated above 100°C than in those incubated at
20°C (Fig. 2, compare lanes 4 to 9). However, these proteins
are not part of the oligomeric complex at low temperatures,
since they did not appear below the former position of the
oligomeric complex (Fig. 3). Moreover, their modification by
heat is independent of the presence of EDTA (compare Fig.
2, lanes 6 and 9). The other two identified outer membrane
proteins of strain 248, of 22 and 74 kDa, are also heat-
modifiable (the former only partially), but their occurrence is
independent of both lysozyme treatment and the presence of
EDTA in the electrophoresis sample buffer. No discrete
spots of the 22-, 24-, 26-, or 74-kDa proteins appeared in the
gel shown in Fig. 3. This may indicate that at 20°C, these
proteins either cannot enter the gel or are spread over a wide
range of molecular masses.

Effects of divalent cations on the stability of outer mem-
brane protein oligomers. The requirement for EDTA in
electrophoresis sample buffer for the destabilization of the
oligomeric outer membrane complex suggests that divalent
cations act as stabilizing agents for these oligomers. To test
the stabilizing capacity of various divalent cations, oligo-
mers obtained after lysozyme treatment were first destabi-
lized by incubation of cell envelopes in the presence of 10
mM EDTA at room temperature, after which restoration of
stability at 100°C was attempted by incubation with MgCl,,
CaCIl, SrCl,, ZnCl,, or MnCl2 in various concentrations.
Figure 4 (lane 1) shows the profile of EDTA-incubated cell
envelopes after incubation in sample buffer without addi-
tions at 100°C. Stable oligomers were no longer present.
CaCl, in concentrations of at least 0.5 mM appeared to cause
stabilization of the oligomeric complex (Fig. 4, lanes 2 to 4).
MgCI2 stabilized the oligomers only at concentrations of at
least 20 mM (lanes 5 to 7). SrCl, had intermediate stabilizing
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FIG. 4. Stabilization of outer membrane protein oligomers at
100°C by different divalent cations added to samples of lysozyme-
and EDTA-treated cell envelopes. Lane 1, No cations added; CaCl2
added to final concentrations of 0.5 mM (lane 2), 1 mM (lane 3), and
2 mM (lane 4); MgCl2 added to final concentrations of 10 mM (lane
5), 20 mM (lane 6), and 40 mM (lane 7); SrC12 added to final
concentrations of 1 mM (lane 8), 2 mM (lane 9), and 5 mM (lane 10);
ZnCI2 added to a final concentration of 40 mM (lane 11); MnCl2
added to final concentrations of 0.5 mM (lane 12), 1 mM (lane 13),
and 2 mM (lane 14). Positions of molecular mass markers are
indicated on the left.

ability, starting at 2 mM (lanes 8 to 10). No stabilization by
ZnC12 in concentrations up to 40 mM was observed (lane 11).
MnCl2 also had strong stabilizing ability, starting at concen-
trations of 1 mM (lanes 12 to 14). These results show that, of
the divalent cations tested, Ca2+ is the best stabilizer of the
oligomers, followed by Mn2+ and Sr2 .
Lysozyme treatment produces the various antigen groups

recognized by MAbs. MAbs were shown earlier to react with
two sets of outer membrane proteins of strain 248 (4). MAb
8 reacts with the major outer membrane protein of 22 kDa as
well as with two proteins released after lysozyme treatment
of cell envelopes (24 and 26 kDa), and to a lesser extent also
with a few bands of higher molecular mass. This set of
proteins has been designated the group II antigens. MAb 37
and MAb 38 both react with a series of at least seven outer
membrane proteins ranging from 35 to 46 kDa, which have
been designated the group III antigens. Immunoblotting of
separated cell envelope proteins and detection with the three
MAbs (Fig. 5) showed that the occurrence of these antigen
groups was dependent on both lysozyme treatment and heat
treatment. Figure 5A shows the reaction of untreated (lane 1)
and lysozyme-treated (lanes 2 and 3) cell envelopes of strain
248, incubated in EDTA-containing sample buffer at 100°C
(lanes 1 and 2) and at 20°C (lane 3), on immunoblots with
MAb 8. Comparison of untreated and lysozyme-treated cell
envelope profiles (Fig. 5A, lanes 1 and 2) showed that the
occurrence of the major antigen, corresponding with the
22-kDa outer membrane protein, was independent of lyso-
zyme treatment, while the antigens with lower electropho-
retic mobility all occurred only after lysozyme treatment.
The reaction with cell envelopes incubated in sample buffer
at 20°C was much fainter, showing that the antigens are heat
modifiable (Fig. SA, lane 3). Apparently lysozyme treatment
generates a variety of molecules cross-reactive with the
major 22-kDa outer membrane protein antigen. A similar
pattern occurred with the antigervs for MAb 37 (Fig. SB) and
MAb 38 (Fig. SC). In untreated cell envelopes (lanes 1 of Fig.
SB and C), both antibodies reacted almost exclusively with
two protein bands of ±35 kDa and +40 kDa, respectively,
when samples were incubated at 100°C. After lysozyme

FIG. 5. Western blots of control (lanes 1) and lysozyme-treated
(lanes 2 and 3) cell envelopes of R. leguminosarum bv. viciae 248
after separation by SDS-polyacrylamide gel electrophoresis. Prior to
electrophoresis, samples were incubated at 100°C (lanes 1 and 2) or
20°C (lane 3). (A) Reaction with MAb 8. (B) Reaction with MAb 37.
(C) Reaction with MAb 38. Positions of molecular mass markers are
indicated on the left.

treatment (lanes 2 of Fig. 5B and C), the reaction was
extended to the multiple bands in the 35- to 46-kDa region
and was much more intense, particularly for MAb 37. Some
reaction also occurred with antigens of higher apparent
molecular mass (±60 kDa and 75 kDa). In immunoblots of
lysozyme-treated cell envelopes incubated at 20°C, no reac-
tion with MAb 37 occurred (Fig. 5B, lane 3), whereas MAb
38 reacted strongly with the oligomeric high-molecular-mass
complex (Fig. SC, lane 3), clearly showing that the epitopes
recognized by these two MAbs are different. Analogous with
the antigen of MAb 8, lysozyme treatment also appeared to
generate material cross-reactive with the antigens of MAb 37
and MAb 38.
Some of the group III antigens are lacking in a phage-

resistant mutant. In Fig. 6A, the cell envelope protein
profiles of strain RBLS523 and its spontaneous phage-resis-
tant derivative, RBLS523-ZA4, are shown (lanes 1 and 2,
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FIG. 6. (A) Protein profiles of lysozyme-treated cell envelopes of
R. legui,minosariin bv. vciaje RBL5523 (lane 1) and its phage-
resistant derivative RBL5523-ZA4 (lane 2). (B) Western blot of the
same preparations with MAb 37. Positions of molecular mass
markers are indicated on the left.
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FIG. 7. Autoradiogram of SDS-polyacrylamide gel electrophore-

sis profiles of cell envelopes of R. legumninosarum bv. viciae

Peptidoglycan of strain 248 was labeled in vivo with

[3H]acetylglucosamine. Of the added radioactivity, 9.5% was

porated as TCA-precipitable material after 4 h. Of this activity, 54%

was present in material that was insoluble in 4% SDS at 1000C,

which is considered to represent peptidoglycan. Lane 1, Control

envelopes incubated at 100°C. Lane 2, Lysozyme-treated cell

lopes incubated at 100°C in the presence of EDTA. Lane

Lysozyme-treated cell envelopes incubated at 20°C in the presence

of EDTA. Lane 4, As in lane 2 after proteinase K treatment.

arrows point to a 35-kDa protein (a), the group III antigens

24-kDa and 26-kDa antigen group proteins (c), and the oligomeric

complex consisting of antigen group III proteins (d).

respectively). Compared with the parent strain, mutant

RBL5523-ZA4 lacked the lower set of bands of the group III

antigens. This was confirmed by immunoblotting of the same

samples with MAb 37 for immunodetection (Fig. 6B).

Lysozyme-generated proteins are labeled during growth in

the presence of N-[3H]acetylglucosamine. Because our results

pointed out that several lysozyme-generated outer mem-

brane proteins may contain modifications which increase

their apparent molecular mass, we tested the possibility

the lysozyme-generated proteins are covalently bound

peptidoglycan and that lysozyme treatment results in

formation of peptidoglycan residues of various sizes

tached to the same proteins, resulting in bands with higher

apparent molecular masses. Cell envelopes of these labeled

cells were isolated, and their components were separated

SDS gel electrophoresis and stained.

To exclude the possibility of degradation of exogenously

added N-[3H]acetylglucosamine, leading to nonspecific

beling of proteins, the fate of the label was determined

chemical analysis. Hydrolysis of labeled cell envelopes and

subsequent analysis of its labeled components by thin-layer

chromatography showed that practically all radioactivity

recovered was in either glucosamine (55%) or muramic acid

(36%), both of which are components of peptidoglycan. The

remaining radioactivity was spread over the rest of

fractions. By using pure sugars, it was shown that

acetylglucosamine was degraded to glucosamine during

drolysis. The generation of labeled muramic acid must be

due to the fact that UDP-N-acetylmuramic acid, a pepti-

doglycan precursor, is formed in vivo from UDP-N-acetyl-

glucosamine during peptidoglycan synthesis (18).

Autoradiography of cell envelope components separated

by SDS-polyacrylamide gel electrophoresis (Fig. 7) showed

that in untreated cell envelopes, incubated at 100°C

sample buffer (Fig. 7, lane 1), labeling was found mainly

the lowest part of the gel, and only the outer membrane
protein band of ±35 kDa was slightly labeled (arrow labeled
a). Treatment of cell envelope samples with proteinase K left
only the strong labeling in the lower part of the gel (Fig. 7,
lane 4). This labeled spot comigrated with the lipopolysac-
charide (LPS) of strain 248. In lysozyme-treated cell enve-
lopes incubated at 100°C (Fig. 7, lane 2), much stronger
labeling was found in the region corresponding to the group
III proteins (b). Moreover, the two outer membrane pro-
teins, of 24 and 26 kDa, which are also released by lysozyme
treatment (see above), were also labeled (c). Both groups,
including the areas of higher molecular mass, which were
also slightly labeled, comigrated with the respective lyso-
zyme-generated protein groups that cross-reacted with MAb
8 and MAb 37/38 (see Fig. 5). In lysozyme-treated cell
envelopes incubated at 20°C (Fig. 7, lane 3), labeling was
found in the area of the group III proteins containing
oligomers (d).

DISCUSSION

We have shown that the outer membrane proteins of
Rhizobium leguminosarum have a number of unusual char-
acteristics compared with the outer membrane proteins of
gram-negative bacteria in general. The results also offer
explanations for some earlier observations by others and by
ourselves (see below).

Effects of lysozyme treatment. The large differences be-
tween the protein profiles of untreated and lysozyme-treated
cell envelopes of several R. leguminosarum strains (Fig. 1)
suggest that large amounts of the major outer membrane
proteins are associated tightly, presumably even covalently,
to the peptidoglycan. These proteins are part of the previ-
ously described antigen groupsII and III (4). Peptidoglycan
association of major outer membrane proteins of other
gram-negative bacteria at lower temperatures has been de-
scribed (15, 21). However, in E. coli and other members of
the family Enterobacteriaceae at 100°C, only the covalent
association of lipoprotein with the peptidoglycan is stable
(3). We have also shown that, when analyzed under the same
conditions, the major outer membrane proteins of E. coli and
Pseudomonas putida do not show this dependence on lyso-
zyme treatment. The observed effects on Rhizobium cell
envelopes are therefore a result not of special experimental
conditions, but of the unusually strong interaction of Rhizo-
bium outer membrane proteins with the peptidoglycan. The
effect of lysozyme treatment appears to be common for
Rhizobiaceae, including R. meliloti and A.tumefaciens, at
least for proteins in the 35- to 45-kDa region.
Lysozyme treatment generates multiple derivatives of two or

three "primary" outer membrane proteins. The higher-mo-
lecular-mass forms of antigen groupII (recognized by MAb
8) and antigen group III (recognized by MAb 37 and MAb 38)
only occur after lysozyme treatment. The same high-molec-
ular-mass forms of these outer membrane antigens can be
labeled by growing cells in the presence of N-
[3H]acetylglucosamine (Fig. 7). Although N-acetylglucos-
amine is also a common component of LPS (11), and the LPS
of strain 248 is probably also labeled, as judged from the
proteinase K-resistant spot in the lower region of Fig. 7, we
believe that the labeling of outer membrane protein bands in
our experiment is most probably caused by peptidoglycan
residues, because they do not cross-react with anti-LPS
MAbs (not shown). Thus, the peptidoglycan-associated
outer membrane proteins would be released by lysozyme
treatment, with one, two, etc., murein residues remaining
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attached, which gives them an increasingly lower electro-
phoretic mobility. This phenomenon has also been described
for Braun's lipoprotein of E. coli (26).

Antigen group II. The 22-kDa protein is the major antigen
of antigen group II, recognized by MAb 8. Its appearance is
not dependent on lysozyme treatment (Fig. 2 and 5A), and it
is not labeled by growth in the presence of N-
[3H]acetylglucosamine (Fig. 7). Therefore, this protein may
be the "primary" outer membrane protein of group II,
representing an unmodified protein, which is not peptidogly-
can bound. The higher-molecular-mass antigens, which are
labeled, may be derived from the peptidoglycan-bound form
of this protein. Lysozyme treatment results in their release
in a form retaining one or two peptidoglycan subunits. One
might speculate that the antigens with even higher molecular
masses are homo- or heterodimers remaining cross-linked by
peptidoglycan residues.
Group III antigens. An explanation similar to that given for

group II antigens may be valid for group III antigens,
although in the latter case the situation is more complex. In
contrast to group II antigens, group III antigens seem to
contain two primary proteins, of ±35 and 40 kDa (Fig. SB
and C), although their cross-reaction with both MAb 37 and
MAb 38 suggests that these bands represent two related
proteins. Further studies, in particular of strain RBL5523-
ZA4, which lacks one of these two proteins and therefore
also its putative peptidoglycan-containing derivatives (Fig.
6), may resolve this question. In contrast to the group II
antigens, it is also not clear to what extent the primary
protein exists in a free form, as it is shown in Fig. 7 that some
N-acetylglucosamine-derived label was found in a 35-kDa
cell envelope protein before lysozyme treatment. This sug-
gests that at least some of the peptidoglycan-bound protein
may be released by breaking of peptidoglycan bonds during
cell destruction.

In previous studies we have shown that the outer mem-
brane protein profiles of various R. leguminosarum strains
are very similar and that MAb 8 and MAb 37 recognize
comparable antigen groups in 18 different R. leguminosarum
strains of all three biovars (6; unpublished results). There-
fore, the phenomenon described above is probably common
to all R. leguminosarum strains.

Heat- and SDS-resistant oligomers are stabilized by divalent
cations. A second characteristic of some of the outer mem-
brane proteins of R. leguminosarum is the formation of SDS-
and heat-resistant oligomers, which require divalent cations
for their stability. Outer membrane porins of other gram-
negative bacteria also form SDS-resistant oligomers, mostly
trimers (16, 17), which are probably mostly stabilized by
electrostatic interactions, whereas stabilization by disulfide
bridges has been described for Treponema pallidum (20).
However, in contrast to the oligomers described here, they
are denatured in SDS at 100°C and usually even at lower
temperatures (13). In R. leguminosarum bv. viciae 248,
oligomers are formed by the peptidoglycan-associated group
III proteins and are only visible after lysozyme treatment of
the cell envelopes (Fig. 2, 3, and 7). The oligomers were
disrupted in 2% SDS at 100°C only when EDTA is present
(Fig. 2). A reconstitution experiment (Fig. 4) showed that, of
the divalent cations that were tested, Ca2+ is superior in
stabilizing the oligomers. It can be replaced by Mn2+ or Sr2+
but not by Mg2+ or Zn2+. This is consistent with the
observation that rhizobia require relatively high concentra-
tions of Ca2+ for growth (23) and Ca2+ is preferentially
incorporated in the rhizobial cell envelope, where it may be
replaced by Sr2+ but not by Mg2+ (25). Our experiments

have shown that the outer membrane protein oligomers of
rhizobia may be (one of) the binding sites for Ca2". Although
MAb 37 and MAb 38 both recognize the group III antigens,
they are different in that MAb 38 has a high affinity for the
oligomeric form (Fig. SC), whereas that of MAb 37 is very
weak. This observation, combined with our earlier observa-
tion that MAb 38 binds to native antigens on the cell surface
of strain 248 whereas MAb 37 does not (4), suggests that the
oligomer is the native form of the group III proteins.
Although the occurrence of divalent cation-stabilized, heat-
resistant oligomeric outer membrane proteins has never
been reported before to our knowledge, the occurrence of
Ca2+-stabilized outer membrane protein oligomers has re-
cently also been demonstrated in the thermophilic bacterium
Thermus thermophilus (1). Whereas in the latter species the
advantage of heat resistance of the outer membrane protein
oligomers is obvious, its function in Rhizobium spp. is as yet
unknown.

In conclusion, we have obtained evidence for two special
features of the outer membrane of Rhizobium leguminosa-
rum: (i) tight, possibly covalent binding of a large amount of
the major outer membrane proteins to the peptidoglycan,
and (ii) the occurrence of a native form of outer membrane
proteins as oligomers that are extremely resistant to SDS
and heat and are stabilized by divalent cations, most likely
Ca2 . One might speculate that both features are important
for maintaining stability and function of the rhizobial outer
membrane in its natural environment.
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