JOURNAL OF BACTERIOLOGY, Oct. 1978, p. 381-390
0021-9193/78,/0136-0381$02.00/0
Copyright © 1978 American Society for Microbiology

Vol. 136, No. 1

Printed in U.S.A.

Outer Membranes of Gram-Negative Bacteria
XIX. Isolation from Pseudomonas aeruginosa PAO1 and Use in

Reconstitution and Definition of the Permeability Barrier
ROBERT E. W. HANCOCK?* anp HIROSHI NIKAIDO

Department of Bacteriology and Immunology, University of California, Berkeley, California 94720

Received for publication 26 April 1978

A method for separating the outer and inner membranes of Pseudomonas
aeruginosa PAOL1 in the absence of added ethylenediaminetetraacetic acid was
devised. The method yields two outer membrane fractions which show the same
protein pattern on sodium dodecyl sulfate-polyacrylamide gel electrophoresis, but
differ substantially in their relative contents of phospholipids. One of these outer
membrane fractions and the inner membrane fraction are less than 4% cross-
contaminated, as judged by the content of typical inner and outer membrane
markers. The outer membrane contains four major protein bands with apparent
molecular weights of 37,000, 35,000, 21,000, and 17,000. Vesicles reconstituted
from lipopolysaccharide and phospholipids were impermeable to all saccharides
included in the vesicles during vesicle formation. When the vesicles contained
outer membrane proteins, they fully retained only those saccharides of greater
than 9,000 molecular weight, suggesting that the exclusion limit of the outer
membrane of P. aeruginosa for saccharides is substantially larger than the figure
(500 to 600 daltons) obtained for certain enteric bacteria. The advantages and
potential disadvantages of having an outer membrane with a higher exclusion

limit for hydrophilic substances are discussed.

Gram-negative bacteria have two cell enve-
lope membranes separated by a single sheet of
peptidoglycan. The inner or cytoplasmic mem-
brane contains all known active transport sys-
tems and many of the cell envelope enzymes.
The outer membrane is distinguished by a
unique component lipopolysaccharide (LPS)
and a unique set of proteins (H. Nikaido and T.
Nakae, Adv. Microb. Physiol., in press).

It has been demonstrated that the outer mem-
brane of the enteric bacteria Escherichia coli
K-12 and B, Salmonella typhimurium, Proteus
mirabilis, and Proteus morganii constitutes a
permeability barrier for hydrophilic substances
of greater than 550 to 650 daltons (6, 22, 25).
This exclusion limit is reflected by vesicles re-
constituted from the individual components of
outer membranes (19, 25) and has been shown
to be due to certain proteins named porins (20,
21, 25). These porins vary from strain to strain,
but are, generally speaking, major outer mem-
brane polypeptides of around 35,000 to 40,000
daltons.

In contrast, studies with Pseudomonas
aeruginosa revealed that significant levels of
larger saccharides, which were excluded by the
outer membranes of enteric bacteria, diffused
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into plasmolyzed P. aeruginosa cells (6). In this
paper we study this problem using reconstituted
outer membrane vesicles. At the commencement
of this study, the techniques available for isolat-
ing the outer membrane of P. aeruginosa (4, 35)
were unsatisfactory, possibly due to the extreme
sensitivity of the cell and its outer membrane to
ethylenediaminetetraacetic acid (EDTA) (9, 29,
30), a chelator widely used in the preparation of
purified outer and inner membranes. Therefore
a method was devised which allowed separation
of the outer and inner membrane in the absence
of EDTA.

MATERIALS AND METHODS

Bacterial strains. P. aeruginosa PAO1 was a gift
from A. J. Clark. S. typhimurium LT2M1 was a pre-
viously described (22) rough mutant of strain LT2.

Medium and culture conditions. The medium
used was tryptone (0.8%, wt/vol)-yeast extract (0.5%,
wt/vol)-NaCl (0.5%, wt/vol). Overnight cultures,
grown with shaking at 37°C, were diluted 10- to 20-
fold into fresh medium and grown with vigorous shak-
ing at 37°C to an optical density at 650 nm of 1.0 as
measured with a Coleman 124 spectrophotometer.

Chemical and radioactive compounds. The
chemicals used were of the highest grade commercially
available, with the exception of sodium dodecyl sulfate
(SDS), which in accordance with the method used was
of a lower grade (16). ['*C]sucrose was obtained from
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New England Nuclear (Boston, Mass.). [*H]raffinose,
[*Hlstachyose, and [*H]verbacose were prepared by
G. M. Decad and have been previously described (6).
[*Hldextran of 50,000 daltons was purified by gel fil-
tration of 1 mCi of [methoxy-*H]dextran from New
England Nuclear (NET-427B, lot no. 940-179, 250 uCi/
mg) on a BioGel A 0.5-m column using 0.5 M
(NH,)HCO3 as a column buffer. The (NH,)HCO; was
removed by lyophilization, and the dextran was main-
tained at —20°C in 3 mM sodium azide. [*H]dextrans
of lower molecular weights were obtained by gel filtra-
tion of [methoxy-*H]dextran from New England Nu-
clear (NET-427A, lot no. 622-252, 0.33 mCi/mg) on a
BioGel P30 column (100 to 200 mesh, 1.2 by 50 cm).
The column buffer used was 0.5 M (NH,)HCO;. The
column was standardized as described in the legend to
Fig. 1. The fractionation led to the recovery of [*H]-
dextran fractions with average molecular weights of
16,500, 15,000, 12,500, 10,000, 8,500, and 6,700. Under
identical conditions, [methoxy-"H]inulin from ICN (lot
no. 858586, 680 uCi/mg) was fractionated on the same
column, resulting in [*Hlinulin fractions of average
molecular weights of 7,400, 5,200, 3,600, 2,500, and
1,700.

Separation of outer and inner membranes.
Four liters of cells grown as described above was
harvested by centrifugation. This and all subsequent
operations were done at 4°C. The cells were washed
with 30 mM tris(hydroxymethyl)aminomethane-hy-
drochloride (pH 8.0) (Tris buffer) and resuspended in
20 ml of 20% (wt/vol) sucrose in Tris buffer containing
1 mg of pancreatic deoxyribonuclease and 1 mg of
pancreatic ribonuclease. The cells were then passed
twice through a French press at 15,000 lb/in? after
which 2 ml of hen egg white lysozyme (Calbiochem; 1
mg/ml) was added, followed 10 min later by the ad-
dition (as a precaution) of a protease inhibitor, p-
toluenesulfonylfluoride (to 1 mM). Cell debris was
then removed by centrifugation at 1,000 X g for 10
min, and the supernatant was decanted and diluted by
the addition of 14 ml of Tris buffer. Five to six milli-
liters were then layered onto a sucrose step gradient
containing 1 ml of 70% (wt/vol) sucrose and 6 ml of
15% (wt/vol) sucrose in Tris buffer, and the tubes were
centrifuged at 183,000 X g in a Beckman SW41 rotor
for 1 h. The bottom 2 ml of each gradient was removed,
and each 2 ml was applied to a further sucrose density
gradient containing steps of 1 ml of 70% (wt/vol)
sucrose, 3 ml of 64% (wt/vol) sucrose, 3 mi of 58% (wt/
vol) sucrose, and 3 ml of 52% (wt/vol) sucrose in Tris
buffer and centrifuged overnight (14 h) at 183,000 x g
in an SW41 rotor. The four bands observed were
removed either by dropwise collection from the bot-
tom or by suction from above, and the individual
samples were diluted in distilled water and centrifuged
at 177,700 X g in a Beckman 60 T rotor. The resultant
pellets were resuspended in a small amount of distilled
water and frozen at —70°C. This procedure is a modi-
fication of the method described originally by Schnait-
man (33); recently a somewhat similar modification
was developed independently by Jones and Osborn
(14).

The method of Osborn et al. (28) was used to isolate
the outer membrane of S. typhimurium.
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F1c. 1. Standard curve for the determination of
the molecular weights of *H-saccharides by gel filtra-
tion. A column (1.2 by 50 cm) of BioGel P30 (100 to
200 mesh) was calibrated with [*H]stachyose (666
daltons), [*H]verbacose (828 daltons), [*HJinulin
(2,000 daltons), Dextran T10 (10,000 daltons), and
Dextran T20 (20,000 daltons). The molecular weight
of the inulin was determined using a BioGel P2
superfine column, and the running positions of the
10,000- and 20,000-dalton saccharides were deter-
mined from a chart of the size distribution of Dextran
T10 and T20, as provided by the manufacturer, Phar-
macia Fine Chemicals AB (Uppsala, Sweden). The
molecular weights of the *H-inulins and *H-dextrans
were calculated from their K, values (relative run-
ning position) on this column (as previously described

22)).

Polyacrylamide gel electrophoresis. Before
electrophoresis of the proteins, the outer membrane
samples (OM1, OM2, and M bands) were individually
extracted with an equal volume of 88% phenol at 70°C
for 10 min, cooled to 4°C, and centrifuged at 5,000 x
£ for 10 min, and the upper aqueous layer (which had
been shown to contain no detectable protein) was
discarded. The interface and phenol layer were treated
once more with distilled water at 70°C, and the
aqueous phase was discarded after centrifugation as
above; the lower phase was then treated twice with 2
volumes of acetone and once with 2 volumes of ether,
with the protein being collected by centrifugation and
the supernatants being discarded after each treatment.
This procedure, which removes LPS, was shown to
improve the straightness of bands on SDS-polyacryl-
amide slab gel electrophoresis, which was carried out
by the method of Lugtenberg et al. (16). Trichloroa-
cetic acid precipitation of the outer membrane protein
had the same effect. Neither procedure was required
for obtaining straight bands of inner membrane pro-
teins.

Analytical procedures and enzyme assays. The
LPS sugars 2-keto-3-deoxyoctonate and L-glycero-D-
mannoheptose were assayed as described by Osborn
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(27). Protein was assayed by the method of Schacterle
and Pollack (32). Lipid phosphate was assayed by the
method of Ames and Dubin (1). Succinate dehydro-
genase was assayed as described by Kasahara and
Anraku (15), and p-lactate dehydrogenase was assayed
as described by 1. Yamato, Y. Anraku, and M. Ohki
(J. Biol. Chem,, in press).

Preparation of LPS and phospholipids. Lipids
were extracted from P. aeruginosa PAOL by the
method of Folch et al. (7) and maintained in chloro-
form at —20°C. Since it is known that 90% of P.
aeruginosa lipids are phospholipids (10) and we used
phosphate content as an assay of lipid levels, we refer
to crude lipids as “phospholipids” in this paper. LPS
was extracted from log-phase cells of strain PAO1 by
the phenol-water technique, except that the cells were
lysed by resuspension in lysozyme (100 pg/ml) and 2
mM EDTA before extraction (13). After removal of
the remaining traces of phenol by extensive dialysis
and digestion of nucleic acid with nucleases, 5 mM
MgSO, was added to the LPS-containing suspension
to facilitate collection by centrifugation. The LPS was
maintained as an aqueous suspension at 4°C. LPS
concentrations were calculated by assuming that each
mole of LPS contained 2 mol of heptose.

Vesicle preparation. Reconstitution of outer
membrane vesicles was by a technique based on that
of Nakae (19, 20, 21). Phospholipids (0.5 gmol) were
dried down under a stream of N, in disposable boro-
silicate tubes (Dispo, Scientific Products), and the
tubes were placed in an evacuated desiccator for 30
min. LPS (0.08 pmol), with or without cuter membrane
(125 to 140 ug of protein derived from the OM1 or
OM2 band material; see Results), was added to the
tube, then blended in a Vortex mixer for 30 s and
sonically disrupted in a sonicating water bath (“Bran-
sonic 12,” Branson Co., Shelton, Conn.) for 60 s to
thoroughly randomize the components. The suspen-
sion was then dried down at 45°C under a stream of
N., and the tubes were placed in a desiccator for 30
min. A 100-ul volume of a solution containing 10 pmol
of NaCl, 1 umol of MgCl,, 0.1 umol of N-2-hydroxy-
ethyl piperazine-N'-2-ethanesulfonic acid (HEPES)
buffer (pH 7.4), and 2.2 X 10° cpm each of ['*CJsucrose
and a tritiated saccharide was added, and the vesicle
components were resuspended with a spatula, followed
by 30 s of blending in a Vortex mixer and 30 s of sonic
disruption in a sonicating water bath. The tubes were
then incubated in a water bath at 45°C for 30 min,
and finally the water bath was turned off and allowed
to come slowly (2 h) to room temperature. The con-
tents of the tube were then diluted and collected as
described by Nakae (20). Preliminary experiments
were performed using another collection method (19);
results were essentially identical, however, and the
method routinely used had the advantage of being
relatively rapid.

Triton X-100 and sodium deoxycholate solu-
bilization. Pooled OM1 and OM2 fractions (final con-
centration 5 mg/ml; see below for nomenclature) were
solubilized in 2% (vol/vol) Triton X-100 or 1% sodium
deoxycholate (wt/vol) in Tris buffer containing 2 or
10 mM EDTA. Solubilization was assisted by 2 min of
sonic disruption in a sonicating water bath followed by
20 min of incubation at 37°C. Insoluble material was
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removed by centrifugation in a 60 Ti rotor at 50,000
rpm for 60 min and resuspended in a small amount of
water as Triton-EDTA- or deoxycholate-EDTA-~in-
soluble material. Triton-EDTA- or deoxycholate-
EDTA-soluble material was recovered from the su-
pernatants by the addition of NaCl to 0.5 M, followed
by 2 volumes of ethanol. After overnight incubation at
—20°C, the protein precipitate was collected by cen-
trifugation (8,000 X g, 10 min) and resuspended in
distilled water.

RESULTS

Separation of outer and inner membrane.
Four bands were observed after the second su-
crose gradient centrifugation, one at each of the
original sucrose density steps (see Fig. 2). The
IM band was deep red and the OM1 band trans-
lucent white, while the OM2 and M bands
showed varying degrees of orange coloration.
When 3 mM EDTA was present during the
membrane preparation, only the three lightest
bands were observed, and the heaviest of the
three (OM2) was much diminished in size (Fig.
2). Table 1 shows the results of the analysis of
the bands. The OM1 and IM bands are highly
purified outer and inner membranes, respec-
tively, as judged by tl.e relative amounts of inner
membrane marker enzymes (p-lactate dehydro-
genase and succinate dehydrogenase [28]) and
outer membrane-specific LPS in the two bands.
The OM2 band contains a moderate amount
of the two inner membrane marker enzymes
(12%), and the M band contains a larger amount,
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Fi16. 2. Relative running positions of the four vis-
ible bands on the second sucrose density gradient
(see the text). The size of the visible bands is repre-
sented by the width, and the amount of protein by the
height, of the bars. The shaded area represents the
separation of membranes which were prepared and
run in the presence of 3mM EDTA.
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TABLE 1. Constituents of the membrane fractions®
Determina- Percgnt of Activity o Lipid phos- Weight (% of fraction)
tion protein re- KD phate” : .
covered LDH“ SDH"’ Protein LPS  Phospholipid

Fraction

OM1 8.1 0.7 19 248 0.23 38 54 8

OM2 40.6 25 56 61 0.46 57 20 23

M 16.7 44 97 132 0.65 43 32 25

M 34.5 199 458 7 0.26 79 3 18
Ratio

OM1:IM 0.03 0.04 36

OM2:IM 0.12 0.12 9

“The results reported are the averages of three separate membrane separations.

* Expressed in micromoles of extractable lipid phosphate per milligram of protein.

¢ Calculated using the formulas: 2-keto-3-deoxyoctonate (KDO) = 2.8% of the weight of LPS (5); lipid
phosphorus = 3.5% of the weight of total lipid (here called “phospholipid™) (29).

“LDH, Lactate dehydrogenase; SDH, succinate dehydrogenase. Activity is expressed as nanomoles of
dichloroindolephenol reduced per minute per milligram of protein.

¢ Amount expressed as nanomoles per milligram of protein.

although both bands contain substantial
amounts of LPS. When prepared in the presence
of EDTA, OM2 and IM were highly cross-con-
taminated, as judged by the above criteria (re-
sults not shown) and by membrane protein pat-
terns (Fig. 3).

Membrane protein patterns. Analysis of
the proteins by SDS-polyacrylamide gel electro-
phoresis showed that the patterns of proteins in
the OM1 (Fig. 3, gels a and e) and OM2 (Fig. 3,
gels b, f, and g) bands were not significantly
different, whereas they differed completely from
the pattern of proteins in the IM band (Fig. 3,
gels d and i). The M band contained all of the
outer membrane protein bands in quite high
levels (Fig. 3, gels c and h) and contained certain
proteins which had the same mobility as inner
membrane proteins. Although the relative levels
of all outer membrane proteins in the M band
seemed to be the same as in the OM1 and OM2
bands, certain inner membrane proteins seemed
to be enriched in the M band relative to others.
On these gels, 71 inner membrane polypeptides
and 29 outer membrane polypeptides of appar-
ent molecular weights between 12,000 and 100,-
000 (the molecular weight range differentiated
on these gels) were observed.

In the inner membrane no protein bands were
prominent. However, the outer membrane of P.
aeruginosa (see for example Fig. 3, gel a), as
also observed in other gram-negative organisms
(2, 16, 23, 31, 34), contained several protein
bands which could justifiably be labeled “major
bands.” These were bands of 39,000 daltons
(39K), 21K, and 17K on long (22-cm) gels. The
outer membrane proteins were treated with
phenol, a procedure which removed LPS and
resulted in sharper and straighter bands on sub-

sequent SDS-polyacrylamide gel electrophore-
sis. The migration rate of only one band was
substantially affected by the removal of LPS by
the phenol treatment. The major band of highest
molecular weight had an apparent molecular
weight of 31.5K before and 39K after phenol
treatment; possibly this protein is quite stably
associated with LPS in the membrane. It was
also noted that removal of LPS by trichloroa-
cetic acid precipitation of the proteins had the
same effect, whereas extraction of the membrane
with chloroform-methanol (2:1) to remove phos-
pholipids had no effect on mobility of this or any
other protein. In 2 of 10 SDS-polyacrylamide gel
electrophoresis runs of outer membrane pro-
teins, the 39K protein split into two narrowly
spaced bands. When the outer membrane was
solubilized in 2% Triton X-100 or 1% deoxycho-
late in the presence of EDTA, the 39K band
(which runs as 37K on the short gel shown) split
into major bands of 35K and 37K (Fig. 4). Thus
it would appear that there are four major protein
bands in this strain, two of which (the 35K and
37K proteins) are possibly quite similar. The
band of 44K running above the 37K band in Fig.
3 and 4, although prominent, contained less than
20% of the amount of protein in the major bands
and thus is not named among the major bands.

Two further significant observations were
made concerning the outer membrane proteins.
First, the temperature of solubilization of the
outer membrane proteins in SDS prior to appli-
cation to the gels (whether 37 or 100°C) had no
significant effect on the banding pattern, in con-
trast to all gram-negative enteric organisms
studied to date (2, 23, 31, 34). One of the types
of protein which migrate differently on SDS-
polyacrylamide gels according to the tempera-
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Fi1c. 3. SDS-polyacrylamide gel electrophoresis (22-cm gels) of the separated membranes of P. aeruginosa
PAOQO1. The samples in gels a to i were prepared in the absence of EDTA. (a, ¢) OM1 bands; (b, f, g OM2
bands; (c, h) M bands; (d, i) IM bands (see Fig. 2 and Table 1 for nomenclature). The samples in gels j to 1
were prepared in the presence of 3 mM EDTA (see Fig. 2). (j) OM2 band; (k, |) M band. The apparent
molecular weights of the proteins were determined using phosphorylase a (34K), bovine serum albumin (67K),
glutamic dehydrogenase (53K), a-chymotrypsinogen (25K), and lysozyme (14K) as standards.

ture of solubilization includes the porins of S. absence of 0.5% (wt/vol) NaCl had no effect on
typhimurium and E. coli, which are responsible the major outer membrane protein bands (as it
for the formation of size-dependent permeability does in E. coli and S. typhimurium; 11, and J.
channels. Second, growth in the presence or Smit and H. Nikaido, submitted for publication).
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F1G. 4. SDS-polyacrylamide gel electrophoresis (9-cm gels) of Triton-EDTA-treated and deoxycholate-
EDTA-treated outer membranes (pooled OM1 and OM2) of P. aeruginosa PAOIL. (a to d) Soluble fractions;
(e to k) insoluble fractions. Treatments were: (a, ¢) 1% sodium deoxycholate + 10 mM EDTA; (b, f) 1% sodium
deoxycholate + 2 mM EDTA; (c, g) 2% Triton X-100 + 10 mM EDTA; (d, h) 2% Triton X-100 + 2 mM EDTA.
These samples were not extracted with phenol before gel electrophoresis. Standards used to determine the
position of the protein bands were as described in the legend to Fig. 2. The major band, which runs at 39K on
the long (22-cm) gels shown in Fig. 3 and normally runs at 37K on short (9-cm) gels, has split into two bands

of 37K and 35K.

The presence of NaCl did lead, however, to the
induction of a minor band of 25.5K (results not
shown).

Reconstitution of outer membrane vesi-
cles. The OM1 and OM2 fractions described
above were used as a source of protein for the
reconstitution experiments; no significant differ-
ences were observed when either one or the
other was used. These fractions contributed
outer membrane proteins to the reconstitution
system, since excess phospholipids and LPS
were added. As described below, without these
additions neither OM1 nor OM2 formed vesicles
enclosing large amounts of the medium. Presum-
ably sonic disruption in the presence of excess
LPS and phospholipids caused redistribution of
the outer membrane proteins into the phospho-
lipid bilayer of the vesicles. No detergent solu-
bilization was required for this or any subse-
quent vesicle preparation. Strain PAO1 was used
as a source of phospholipids. Thin-layer chro-
matography in two solvent systems showed that

the lipid composition was essentially the same
as previously reported for P. aeruginosa (10),
and that no observable phospholipid degrada-
tion occurred during the prolonged incubation
with outer membrane fragments needed for the
preparation of vesicles.

None of the components alone or in pairs,
with the exception of the LPS + phospholipid
pair, was able to form closed vesicles capable of
retaining large amounts of sucrose, inulin, or
dextran (Table 2). Thus the contribution of non-
specific adsorption is minimal. In other experi-
ments, vesicles comprising LPS and phospho-
lipid retained 1.77 + 0.66% (mean * standard
deviation of 41 results) of the added tritiated
saccharides and 1.02 + 0.47% (mean * standard
deviation of 39 results) of the added ['“C]sucrose.
The reason for the higher retention of *H-sac-
charides than ["*CJsucrose is not known, but a
similar observation was made by Nakae (19).

When outer membrane fragments were added
to the system (complete vesicles), the amount of
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TABLE 2. Requirements for the reconstitution of sucrose-permeable vesicles
Percent saccharide retained
Saccharide” Vesicles” Ratio, *"H/"C
*H-saccharide  [*‘C]sucrose
Inulin, 2K Complete 0.47 0.15 3.16
Lacking OM 2.20 1.50 147
Lacking phospholipid 0 0
Lacking LPS 0.02 0.05
Phospholipid, LPS, or 0.006 0.02
OM alone
Dextran, 50K Complete 2.12 0.26 8.41
Lacking OM 2.52 1.64 1.53
Phospholipid, LPS, or 0 0
OM alone

* The saccharide given is the *H-saccharide used in the experiment.

» OM, Outer membrane; complete vesicles contained LPS + OM + phospholipids. The results represent the

means of between 3 and 13 experiments for each value given; the average standard error was 15%.

[**Clsucrose retained was 0.115 + 0.073% (mean
+ standard deviation of 74 results) of the input,
or 11% of the amount retained in the absence of
outer membrane proteins. The amount of *H-
saccharide retained by complete vesicles varied
according to the size of the saccharide. As shown
in Table 2, only 21% of an inulin fraction of 2,000
daltons was retained (relative to the amount
retained in the absence of added outer mem-
brane), whereas 84% of a 50,000-dalton dextran
remained in the vesicles. Similar studies were
performed using 16 saccharides of varying mo-
lecular weights. These studies suggested that the
exclusion limit for P. aeruginosa is approxi-
mately 3,000 to 9,000 daltons (Fig. 5).

As a control, the retention of labeled saccha-
rides was studied using vesicles reconstituted
from P. aeruginosa strain PAO1 LPS and phos-
pholipids and using unextracted S. typhimurium
outer membrane as a protein source. The results
(Fig. 5) show that these vesicles had an exclusion
limit for saccharides of around 600 to 700 dal-
tons. Thus the higher exclusion limit seen with
the P. aeruginosa system is not an artifact re-
lated to the possible “leakiness” or fragility of
vesicles containing phospholipids and LPS of P.
aeruginosa. Furthermore, this result shows that
the pore size is determined by the protein and is
not influenced by the type of LPS or phospho-
lipid used to construct the vesicles.

DISCUSSION

In the absence of added EDTA, sucrose den-
sity gradient centrifugation of cell envelope
preparations of P. aeruginosa led to fractiona-
tion of the envelope into four bands. From en-
zyme assays, LPS determinations, and protein
compositions, it is clear that the two densest
bands (OM1 and OM2) are considerably en-
riched in outer membrane markers, whereas the
least dense band (IM) is substantially purified
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Fi16. 5. Exclusion limit for saccharides in recon-
stituted outer membrane vesicles of P. aeruginosa
PAO1! (@) and S. typhimurium LT2 M1 (O). For
each saccharide, control vesicles were formed from P.
aeruginosa PAOI phospholipids and LPS, and the
observed retention of saccharides was taken as
100%. The retention in vesicles containing either P.
aeruginosa or S. typhimurium outer membrane pro-
teins (complete vesicles) was expressed relative to the
retention in control vesicles. Each point on the graph
represents between three and six separate control
vesicle experiments and between three and nine com-
plete vesicle experiments. Only the means are dem-
onstrated.

inner membrane. The M band is also enriched
in outer membrane markers, but contains some
20 to 256% contamination by two inner membrane
enzymes. In fact all membrane bands are at least
4% contaminated by the typical markers of the
other membrane, as has been noted in all sepa-
rations of the outer and inner membranes of
gram-negative organisms to date (see, e.g., 28).
There are at least four possible explanations for
this phenomenon: (i) certain domains of inner
membrane have the same density as outer mem-
brane and vice versa; (ii) French pressure cell
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treatment causes the intermembrane migration
of certain protein molecules; (iii) membrane
fragments of one type become entrapped in the
vesicles of the membrane of the other type, or
are loosely associated with the other membrane;
and (iv) the existence of adhesion sites between
outer and inner membranes (3) leads to copuri-
fication of portions of the two membranes.

It was shown by Eagon and coworkers (9, 30)
that spherical units, seen on the concave face of
the outer membrane upon freeze fracture, could
be 50% extracted by EDTA treatment of cells.
These units, when isolated, were relatively high
in protein and LPS, but low in phospholipid.
Possibly the OM1 fraction, which contains only
8% by weight of phospholipids, represent these
units, while the OM2 fraction and at least part
of the M fraction represent the rest of the outer
membrane. Evidence for this is that the OM1
fraction is lost when membranes are prepared in
the presence of 3 mM EDTA (Fig. 2). If this is
true, then it is noteworthy that the protein com-
positions of the OM1 and OM2 fractions are
highly similar. One possible explanation for this
is that most of the proteins and LPS in the outer
membrane of P. aeruginosa exist in a domain
from which phospholipids are at least partially
excluded.

In plasmolyzed cells of P. aeruginosa, consid-
erable amounts of saccharides of 4,000 daltons
or higher diffused into the periplasm (6). How-
ever, the determination of precise exclusion limit
was difficult in this system, because of the pos-
sibility of outer membrane damage. We there-
fore turned to the reconstituted vesicle system,
which was shown to reflect the exclusion limits
of the intact outer membrane in S. typhimurium
(19) and did not suffer from the “leakiness”
caused presumably by the stretching of the outer
membrane during plasmolysis of intact cells.

Using either the OM1 or OM2 fraction pro-
teins, vesicles were reconstituted which were
able to retain fully only those saccharides with
molecular weights greater than 9,000 (Fig. 5).
The exclusion limit was defined by a sloping line
rather than the theoretically expected abrupt
change from permeability at lower molecular
weights to impermeability of higher-molecular-
weight saccharides. One probable reason for this
is that the saccharides were separated by molec-
ular sieving, and the molecular weights defined
by the column represent the average rather than
the absolute molecular weights. Thus a fraction
of, e.g., a nominal molecular weight of 6,000
would be expected to contain some molecules of
larger size which would be unable to pass
through the pores of reconstituted vesicles.

The exclusion limit of 3,000 to 9,000 daltons
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for P. aeruginosa is much larger than the figure
of 550 to 650 daltons reported for both whole
cells and reconstituted vesicles of S. typhimu-
rium and E. coli (6, 19, 22; see also Fig. 5). This
raises the question of the possible advantages of
possessing larger pores through the outer mem-
brane. P. aeruginosa secretes three proteases
into the medium (12) and has been shown to
possess membrane-bound peptidases (18). Thus
the larger pores would permit entry of quite
large peptides into the periplasmic space, ren-
dering them susceptible to peptidases, whereas
the extracellular proteases may be involved in
the initial processing of proteins in the environ-
ment. If such a system exists, it would be possible
for P. aeruginosa to use whole proteins or large
polypeptides as carbon and nitrogen sources.
Another possible function of such large pores
might be to permit the entry of small micelles
and hydrophobic solutes surrounded by a “cage”
of water molecules, since P. aeruginosa is lipo-
lytic and thus may be able to process lipids as
an energy source.

There is at least one potential disadvantage to
having such large pores. Inhibitory hydrophilic
substances of larger molecular weight would
have increased access to the periplasm. How-
ever, many of the common hydrophilic antibiot-
ics are of about 350 to 500 molecular weight (see
ref 24) and would be expected to diffuse through
the outer membrane of not only P. aeruginosa
but also the enteric bacteria. Consequently this
would not result in a marked disadvantage for
P. aeruginosa. P. aeruginosa is in fact more
resistant to many antibiotics; the increased re-
sistance probably derives from degrading en-
zymes (26) or from a lack of (or reduction in)
inner membrane transport (36) of certain hydro-
philic antibiotics. A further method of acquired

resistance among natural isolates would involve:

an alteration in the outer membrane in those
cases where the outer membrane constitutes one
of the targets of action for the antibiotic (8).

As mentioned in the introduction, the two
outer membrane separation methods (4, 35) pre-
viously reported were unsatisfactory (R. Han-
cock, unpublished data). One of these membrane
preparations was performed in the presence of
EDTA, which can result in the loss of a large
portion of the outer membrane (Fig. 2). How-
ever, the outer membrane protein profile re-
ported in this study (4) was comparable to ours,
although fewer proteins were seen by these au-
thors and we find no prominent bands corre-
sponding to 53K and 56K.

While this paper was in preparation, one other
report of the separation of P. aeruginosa outer
and inner membranes appeared in the literature
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(17). However, the very different polyacrylamide
gel systems used make comparison difficult. We
propose that only provisional molecular weight
designations should be used for P. aeruginosa
outer membrane proteins until functions can be
ascribed to these proteins.
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