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Rhizobium leguminosarum cells were separated into four distinct fractions by using density gradient
centrifugation for the separation of the outer and cytoplasmic membranes and lysozyme-EDTA treatment of
whole cells for the isolation of the periplasmic and cytoplasmic fractions. These methods allowed the subcellular
localization of R. leguminosarum proteins.

The gram-negative bacterium Rhizobium leguminosarum
forms nitrogen-fixing nodules on plants of the pea cross-
inoculation group of the Leguminosae family (12). At least
some of the genes involved in nodulation and fixation are
located on large, so-called Sym(biosis) plasmids (4). To
enable us to localize the products of these genes, we
developed a procedure for the fractionation of R. legumino-
sarum cells.

Separation of cytoplasmic and outer membranes. The final
procedure for membrane separation is a result of a number of
modifications of the original methods of Osborn et al. (11)
and Hancock and Nikaido (3). Logarithmic-phase cells of
wild-type R. leguminosarum 248 (5) were obtained by over-
night growth in 400 ml of tryptone-yeast extract medium (1)
to an A620 of 0.5 to 0.6. All further parts of the procedure
were carried out at 0 to 4°C. After being harvested, the cells
were suspended in 10 ml of 50 mM Tris, (pH 8.5)-20%
(wt/vol) sucrose-0.2 mM dithiotreitol supplemented with 0.2
mg of DNase I and RNase A per ml. The cells were broken
by three passages through a French pressure cell at 25,000
lb/in2. The broken-cell suspension was treated with 0.2 mg of
lysozyme per ml for 30 min, subsequently diluted with 2
volumes of 50 mM Tris (pH 8.5), and centrifuged for 20 min
at 900 x g to remove unbroken cells. The supernatant fluid
was supplemented with KCl to a final concentration of 0.2 M
and centrifuged for 2 h at 262, 000 x g. The resulting pellet,
containing the unseparated cell membranes, was carefully
suspended in 0.5 to 1.0 ml of 20% (wt/wt) sucrose-5 mM
EDTA-0.2 mM dithiothreitol (pH 7.5) and layered on top of
a discontinuous density gradient consisting of 0.5 ml of 60%,
0.5 ml of 55%, 1. 5 ml of 50%, 3.0 ml of 45%, 3.0 ml of 40%,
3.0 ml of 35%, 3.0 ml of 30%, and 1.5 ml of 25% (wt/wt)
sucrose in 5 mM EDTA (pH 7.5). The gradient was centri-
fuged for 17 h at 58,000 x g in a Beckman SW27 rotor. This
resulted in the banding pattern shown in Fig. 1A. The lower
band was white and opaque, whereas the upper band was
yellow and diffuse with, depending on the conditions of cell
envelope preparation, various amounts of yellow particles
(see below). A very minor, sharp, white band was often
observed between the two major bands. Occasionally, an
additional, very sharp band was observed between the major
upper band and the top of the gradient. Fractions of 0.5 ml
were collected, and the relative protein content of the
fractions was determined.

* Corresponding author.

As expected, the A280 pattern of the gradient fractions
(Fig. 1B) showed two major bands for which the peak
fractions had buoyant densities of 1.243 and 1.147 g/cm3.
The distribution of the outer membrane marker 2-keto-3-
deoxyoctonate and the cytoplasmic membrane marker
NADH oxidase (Fig. 1C) indicates that the separation of the
two membranes was quite efficient. The lower band (frac-
tions 1 to 9) had an average 2-keto-3-deoxyoctonate/protein
ratio of 34 pug/mg and an average specific NADH oxidase
activity of 17 ,umol/min per mg. For the upper band (frac-
tions 17 to 25) these values were 2 ,ug/mg and 74 ,umol/min
per mg, respectively. Therefore, the lower and upper bands
were identified as representing the outer and cytoplasmic
membranes, respectively. The sharp intermediate band
probably consists of unseparated cell envelopes. As judged
from the total of the A280 values of the bands as well as from
their protein contents measured by the method of Markwell
et al. (10), the two main membrane bands contained approx-
imately equal amounts of protein. The protein patterns of the
unevenly numbered fractions as analyzed by sodium dodecyl
sulfate-polyacrylamide gel electrophoresis are shown in Fig.
1D.

It appeared that the presence of 0.2 M KCl during har-
vesting of the cell membranes improved the separation of the
membranes in two ways. Firstly, the presence of KCI lead to
the removal of contaminating soluble substances which
tended to bind to the membranes, probably by ionic inter-
actions. Also, the amount of a contaminant in the upper
fractions of the gradient, probably nucleic acid because of a
high A26oA280 ratio (1.8 in the absence of KCI), was reduced.
Secondly, the presence of KCl during membrane harvesting
resulted in a much sharper upper band in the gradient which
was probably due to the aggregation of the cytoplasmic
membranes or to the removal of presumed nucleic acid
contaminants from the cytoplasmic membranes. Lanes A
and B of Fig. 2 show the polypeptide patterns of unfraction-
ated cell envelopes harvested in the absence and presence of
KCl, respectively. The removal of lysozyme and of some
other proteins in the low-molecular-weight range and a
protein with a relative molecular weight of 60,000 as a result
of the presence of KCl is clearly evident. Cell fractionation
by lysozyme-EDTA treatment of cells at 0 to 4°C followed
by osmotic lysis and density gradient centrifugation of
membranes as described by Osborn et al. (11) sometimes
yielded similar results. However, the problem was that the
efficiency of lysis of R. leguminosarum after this treatment,
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FIG. 1. Isopycnic sucrose density gradient centrifugation of cell
membranes of R. leguminosarum 248 obtained after cell destruction
with a French pressure cell, treatment with lysozyme, and harvest-
ing in the presence of 0 2 M KCI. (A) Schematic representation of
bands observed after centrifugation. (B) A280 values (U) and buoyant
densities (*) of the gradient fractions. (C) 2-Keto-3-deoxyoctonate
content (@) and NADH oxidase activity (A) of the fractions.
2-Keto-3-deoxyoctonate content was estimated by using the

A B C D E F
FIG. 2. Protein profiles of various R. leguminosarum cell frac-

tions as analyzed by sodium dodecyl sulfate-polyacrylamide gel
electrophoresis. Lanes: A, Unseparated cell envelopes, after
lysozyme treatment, harvested in the absence of KCI; B, unsepa-
rated cell envelopes, after lysozyme treatment, harvested in the
presence of KCI; C, isolated outer membranes; D, isolated cyto-
plasmic membranes; E, periplasmic fraction; F, cytoplasmic frac-
tion. Procedures for the isolation of the various fractions are

described in the text. The positions of molecular weight (in thou-
sands) standard proteins are indicated at the left.

a prerequisite for efficient membrane separation, was not
reproducibly high. Osmotic lability of the cells was insuffi-
cient, and extensive sonication was required for complete
lysis, resulting in a relatively low yield of outer and cyto-
plasmic membrane fractions that coincided with a high yield
of the intermediate band, which contained the markers of
both membranes. Our standard procedure, based on cell
destruction by a French pressure cell, lysozyme treatment of
cell envelopes, and subsequent membrane separation by

thiobarbituric acid assay (6) after precipitation of fraction samples
with 10%o trichloroacetic acid. NADH oxidase was measured by the
method of Osborn et al. (11). (D) Sodium dodecyl sulfate-
polyacrylamide gel electrophoresis protein patterns of the unevenly
numbered fractions. Electrophoresis and staining with fast green
FCF were performed as described elsewhere (8). Fraction numbers
are indicated below the panels. The positions of molecular weight (in
thousands) standard proteins are indicated at the left of panel D.
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density gradient centrifugation also yielded good results with
another R. leguminosarum strain, RBL1, and with R. trifolii
RBL5020.

Isolation of periplasmic and cytoplasmic fractions. For the
isolation and identification of the periplasmic and cytoplas-
mic fractions, we used strain RBL1-AP4, a mutant of wild-
type strain RBL1 which is constitutive for alkaline phospha-
tase, as well as strain 248. We modified the method of Glenn
and Dilworth (2) as follows. The cells were grown as
described above in 40 ml of tryptone-yeast extract medium
and harvested by centrifugation at room temperature. The
pellet was suspended in 5 ml of 50 mM Tris (pH 8.0)-20%
(wt/vol) sucrose-2 mM EDTA-0.2 mg of lysozyme per ml
and incubated at room temperature for 30 min. The cells
were pelleted by centrifugation at 4°C. Part of the superna-

tant fluid was kept apart for measuring the activities of
malate dehydrogenase and alkaline phosphatase, markers
for the cytoplasmic and periplasmic fractions, respectively.
Periplasmic proteins were precipitated from the supernatant
by the addition of 5% trichloroacetic acid. The precipitate
was collected by centrifugation, washed three times with
diethyl ether, and dissolved in sample buffer for sodium
dodecyl sulfate-polyacrylamide gel electrophoresis.
To isolate the cytoplasmic proteins, we lysed the remain-

ing cells by suspension in 50 mM Tris (pH 8.0), followed by
brief sonication. A small fraction was kept apart for measur-
ing enzyme activities. Subsequently, unbroken cells were

pelleted, the supernatant fluid, containing cytoplasmic pro-
teins and cell envelopes, was further diluted, and KCl was
added to a final concentration of 0.2 M. Cell envelopes were

removed by centrifugation at 262,000 x g for 2 h at 4°C.
Cytoplasmic proteins were precipitated from the supernatant
with 5% trichloroacetic acid and treated further as described
for the periplasmic proteins.

Alkaline phosphatase was assayed by measuring the rate
of increase of the A420 in a 1-ml test solution containing 0.1
M Tris hydrochloride (pH 8.6), 0.4 M MgC92, 0.4 mg of
f-nitrophenol phosphate per ml, and 100 ,ul of enzyme
solution (9). Malate dehydrogenase was assayed by measur-
ing the rate of decrease of the A340 during the conversion of
oxaloacetate to malate with NADH as the cofactor. Test
solutions of 1.1 ml contained 50 mM N-2-hydroxyethyl-
piperazine-N'-2'-ethanesulfonic acid (HEPES), (pH 7.2), 0.3
mM NADH, and 100 ,ul of enzyme solution. Before starting
the reaction by the addition of 25 ,ul of 10 mM oxaloacetate
solution, we measured the endogeneous NADH oxidase
activity (7).
Although lysozyme-EDTA treatment released periplasmic

proteins efficiently, microscopic examination showed that
only a small percentage of spheric cells was formed. How-
ever, the cells appeared to be sensitive to lysis by osmotic
shock.
Treatment of cells of strain RBL1-AP4, grown in tryptone-

yeast extract medium, with lysozyme-EDTA released an
average of 88% (±2%) of the total alkaline phosphatase
activity into the medium, whereas only 3% (±1%) and 4%
(±2%) of the total activity of the cytoplasmic enzyme malate
dehydrogenase was released from cells of strains 248 and

RBL1-AP4, respectively. These results indicate that the
method used is efficient in releasing periplasmic proteins,
whereas it leaves the cytoplasmic membrane intact. The
cytoplasmic fraction could be obtained after lysis of the cells
by osmotic shock, followed by sonication, with subsequent
removal of the cell envelopes by centrifugation. The latter
fraction appeared to contain 0 to 2% of the total recovered
malate dehydrogenase activity. A comparison of the proteins
of the various cell fractions by sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (Fig. 2, lanes C, D, E,
and F) confirms that the four cell fractions have unique
protein patterns.

In conclusion, the two methods described here enable us
to localize any given protein in one of the four compartments
of the cell, provided that it is present in detectable amounts.
Membrane separation will also allow a study of the role of
cell surface proteins in nodulation.
We thank Ton A. N. van Brussel for R. leguminosarum RBL1-

AP4 and for advice on alkaline phosphatase assays and both him and
Carel Wijffelman for stimulating discussions.
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