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Mutants of Escherichia coli B/r lacking a major outer membrane protein,
protein b, were obtained by selecting for resistance to copper. These mutants
showed a decreased ability to utilize a variety of metabolites when the metabo-
lites were present at low concentrations. Also, mutants ofE. coli K-12 lacking
proteins b and c from the outer membrane were shown to have an identical
defect in the uptake of various metabolites. These results are discussed with
regard to their implications as to the role of these proteins in permeability ofthe
outer membrane.

The cell envelope of gram-negative bacteria
consists of an inner cytoplasmic membrane and
an outer membrane separated by a thin layer of
peptidoglycan. The cytoplasmic membrane con-
tains all of the active transport systems investi-
gated thus far, the components of the respira-
tory chain, and enzymes of the tricarboxylic
acid cycle (12, 16). The function of the outer
membrane, however, remains unclear, al-
though it does have a molecular sieving prop-
erty (11). The outer membrane must also play a
more specific role in permeability, since it con-
tains several proteins involved in the transport
of vitamin B,2 (2), siderochrome iron (3), and
maltose (17).
A distinctive feature of the outer membrane

is the presence of a few proteins in very large
numbers. Recently, the proteins found in Esch-
erichia coli K-12 with molecular weights of
35,000 to 40,000 have been resolved into four
bands, designated a, b, c, and d (8). In contrast,
E. coli B contains only b, d, and small amounts
of a (8). The b and c proteins in the K-12 strains
have been shown to be very similar; the only
difference has been traced to a peptide frag-
ment that does not originate from either of the
ends (14).
The functions of these proteins are now being

elucidated. It was first proposed that they play
a role in shape determination (5), but the isola-
tion of mutants lacking one or all of these pro-
teins and showing no shape defects has made
this unlikely (4). Protein d plays a role in conju-
gation, since its removal by mutation decreases
the receptor ability of recipient strains (15).
Nakae and Nikaido (11) concluded that the
permeability of the outer membrane to low-
molecular-weight hydrophilic molecules is due
to the presence of protein molecules in the outer
membrane. It was shown from reconstitution
experiments (10) that the presence of a complex

of three major outer membrane proteins with
molecular weights between 35,000 and 40,000
was sufficient to make vesicles, composed of
phospholipid and lipopolysaccharide, permea-
ble to low-molecular-weight saccharides. More
recently (9) it was determined that, with E. coli
B, this permeability of reconstituted vesicles
could be restored by adding just one protein
with a molecular weight of 36,500, presumably
protein b. This is the matrix protein described
by Rosenbusch (13).

In this paper I demonstrate the role of pro-
teins b and c in the uptake of various metabo-
lites. Since there is little specificity and protein
b shows no affinity for these metabolites in
binding experiments in vitro, I conclude that
proteins b and c independently form pores in
the outer membrane that allow small mole-
cules to diffuse rapidly into the periplasmic
space.

MATERIALS AND METHODS
Bacterial strains. The strains used are listed in

Table 1. The column marked "relevant phenotype"
refers to proteins b and c of the outer membrane,
according to the nomenclature of Lugtenberg et al.
(7). Strains CuR7, CE1036R, and CE1061R were se-
lected on minimal medium plates containing 20 AM
CuSO4.

Radiochemicals. L-[355]methionine (270 Ci/
mmol), L-[3H]leucine (57 Ci/mmol), and [3H]thymi-
dine were obtained from the Radiochemical Centre,
Amersham, England.
Growth of bacteria. Bacteria were grown in a

rotary shaking bath at 37°C. In all experiments, a
minimal medium (M9; 1) supplemented with 0.4%
glucose was employed. Growth was measured by
following the optical density at 540 nm (OD540) in a
Hilger-Gilford spectrophotometer.
Uptake measurement. To measure the uptake of

various labeled compounds, cells were grown to an
OD540 of 0.2. Then, the labeled compound was added,
at the appropriate specific activity and concentra-
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TABLE 1. E. coli strains used

Strain Relevant pheno- Sourcetype
B/r b+ (no c) C. Helmstetter
CuR7 b- (no c) This laboratory
CE1061 b+ c+ B. Lugtenberg
CE1036 b+ c- B. Lugtenberg
CE1061R b- c+ This laboratory
CE1036R b- c- This laboratory
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brane preparations from Cu2+-resistant mu-
tants of strain B/r contained little ifany protein
b (Fig. 1). To determine if this mutation to Cu2+
resistance resulted in a decrease in the synthe-
sis of protein b or prevented incorporation of
protein b into the membrane, gels of total cell

tion, to 1 ml of culture. At various times, 100-M1I
volumes were removed, pipetted onto 3 MM paper
disks, and placed in 5% trichloroacetic acid. After a
minimum of 30 min, the disks were washed twice
with 5% trichloroacetic acid and once with 80%
ethanol, dried, and counted in a liquid scintillation
counter.

Preparation of cell envelope and total cell ex-
tracts. For preparation of membranes, 50 ml of cul-
ture at an OD540 of 0.2 was centrifuged at 4°C. The
cell pellet was suspended in a 5-ml solution contain-
ing 10 mM tris(hydroxymethyl)aminomethane-hy-
drochloride (pH 7.8), 5 mM ethylenediaminetetraac-
etate (pH 7.8), and 1 mM p-mercaptoethanol. The
cells were then disrupted by three 20-s bursts at the
full power of an MSE 100-W ultrasonic disintegra-
tor. Cell debris was removed by low-speed centrifu-
gation, and membranes were pelleted from the
supernatant by centrifugation at 100,000 x g for 45
min. The membrane pellet was resuspended in the
same buffer with sonic oscillation and again pel-
leted. The final pellet was suspended in 50 ul of so-
dium dodecyl sulfate (SDS) sample buffer, which
contained 62.5 mM tris(hydroxymethyl)aminometh-
ane-hydrochloride (pH 6.8), 1% SDS, 5% /-mercap-
toethanol, and 10% glycerol. To prepare total cell
protein, 5 ml of culture at an OD540 of 0.2 was pel-
leted. The pellet was suspended in 50 sl of SDS
sample buffer and stored in the cold.

SDS-polyacrylamide gel electrophoresis. Pro-
teins were analyzed on SDS-polyacrylamide gels es-
sentially by the procedure of Laemmli (6).

Separation of both total cell protein and mem-
brane proteins employed gels containing 16% acryl-
amide and 0.094% bisacrylamide. Gels of this com-
position are used routinely in this laboratory be-
cause of their extreme stability during drying. All
slab gels were run for 15 h at a constant current of 8
mA. Samples in SDS sample buffer were heated in a
boiling-water bath for 4 min before being applied to
the gel.

Proteins were fixed by immersing the gel for 10
min in a mixture of 45% ethanol and 9% acetic acid,
stained for 10 min in 0.25% Coomassie brilliant blue
in 7% ethanol and 5% acetic acid, and destained in
7% ethanol and 5% acetic acid with several changes.
All steps were carried out at 37°C.

RESULTS
Isolation of mutants lacking protein b. Mu-

tants resistant to Cu2+ were selected on mini-
mal medium plates containing 20 FLM CuS04
and appeared with a frequency of 10-5. Mem-
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FIG. 1. SDS-polyacrylamide gel electrophoresis of
the cell envelopes ofstrain Bir and three of its copper-
resistant mutants. Cell envelope preparation and gel
electrophoresis were as described in the text. (A) Bir
(wild type); (B) CuR3; (C) CuR77; and (D) CuR o0. The
molecular weight standards are as follows: phospho-
rylase a (92,000), bovine serum albumin (68,000),
oval albumin (43,000), ,-lactoglobulin (18,000), and
lysozyme (14,000).

i

'. -* w

- ... f. .,^

http://jb.asm.org/


ROLE OF A MAJOR OUTER MEMBRANE PROTEIN 633

protein were run. Fortunately, protein b was in
a relatively clear region of the gel, and from
Fig. 2 it can be seen that it was not synthesized
in the mutants examined, or, if it was synthe-
sized, it was very unstable.

Effect of protein b loss. In initial experi-
ments with various Cu2+-resistant B/r mutants,
in which attempts were made to label proteins
with radioactive amino acids, it was noticed
that the mutants incorporated very little label
when compared with the parent strain. How-
ever, in two separate experiments the incorpo-
ration into the mutant varied 10-fold. A possi-
ble explanation for this was that the concentra-
tion of methionine was different in the two
experiments. To examine this further, the ex-
periment presented in Fig. 3 was carried out
with strains B/r and CuR7, one of the Cu2+-
resistant mutants. The concentration of methi-
onine was varied 100-fold. As the external
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concentration decreased, the difference in the
rate of incorporation between the mutant and
the parent increased (Fig. 3). This indicates
that CuR7 is unable to utilize methionine when
it is present at a low concentration. Other com-
pounds were also tested to examine further the
effect of protein b loss on incorporation. Similar
differences in incorporation between the mu-

30

20

10

rL

A B C D E F G

FIG. 2. Whole-cell extracts from strain Blr and six
of its copper-resistant mutants. (A) Cell envelope
preparation from strain Blr; (B) strain Blr; (C)
CuR3; (D) CuR7; (E) CuR8; (F) CuR)?; and (G)
CuR)10.
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FIG. 3. Methionine incorporation into strains Bir

(a) and CuR7 (0). At time zero, [35S]methionine (2.0
,uCiIpg) was added to exponentially growing cells to
give the concentrations (micrograms per milliliter)
indicated. At the times indicated, samples were re-
moved and precipitated with trichloroacetic acid,
and the amount of radioactivity was determined in a
liquid scintillation counter.
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tant and the wild type were obtained with leu-
cine and histidine (data not shown). Utilization
of glucose was also examined by growing cells
on various concentrations of glucose. The
growth rate of CuR7 decreased gradually as the
concentration of glucose fell from its initial lim-
iting value of 0.05% (Fig. 4). Furthermore,
when the cultures growing on 0.05% glucose
were diluted into glucose-free medium to lower
the glucose concentration, CuR7 was unable to
utilize the glucose present, whereas the parent
was able to grow and deplete the glucose from
the medium.
However, different results were obtained

when the uptake of thymidine was investi-
gated. Strain CuR7 was able to incorporate thy-
midine at the same rate as the parent, even at
low concentrations of thymidine (Fig. 5).

Isolation of E. coli K-12 mutants lacking
protein b. K-12 strain CE1061, which was cho-
sen as the parent, contains the two nearly iden-
tical proteins, b and c, which I have been un-
able to resolve in a one-dimensional gel system.
Analysis of gels of total cell protein from Cu2+-
resistant CE1061 mutants did not show any
changes from that of the parent strain. These
mutants, however, were still sensitive to phage
Mel, indicating that they still contain protein c
(17).
CE1036, which was isolated as resistant to

phage Mel and lacks protein c (17), showed the
same sensitivity on plates to Cu2+ as the par-
ent. Mutants of CE1036 that were selected as
resistant to Cu2+ and analyzed on gels lacked a
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FIG. 4. Growth of strains Blr (0) and CuR7 (0)

on limiting glucose. Cells growing in minimal me-

dium supplemented with 0.05% glucose were diluted
10-fold at 60 min into glucose-free medium.

band at a molecular weight of 36,000 presum-
ably because they lacked proteins b and c (Fig.
6).

Effect of the loss of proteins b and c. Since
the loss of protein b in strain B/r affected the
uptake of several metabolites, we investigated
the ability ofthe Cu2+-resistant CE1061 mutant
to incorporate various metabolites. The loss of
either protein b or c did not affect the ability of
the cells to take up methionine at low concen-
trations (Fig. 7). However, in the double mu-
tant, lacking both proteins, the incorporation of
methionine was severely curtailed at the lower
concentrations.
The effect of these mutations on glucose

transport was also investigated by examining
the size of colonies formed on minimal medium
plates supplemented with only 0.01% glucose.
Both the protein b and the protein c mutants
formed colonies the same size as those of the
parent. However, the double mutant formed
tiny colonies (colony size on 0.2% glucose was
identical for all strains). This indicates again
that either protein b or c alone is sufficient for
efficient transport.
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FIG. 5. Thymidine incorporation into strains Bir

(@) and CuR7 (0). At time zero, [3H]thymidine (52
mCi/mmol) was added to exponentially growing cells
to give the concentrations (micrograms per milliliter)
indicated. At the times indicated, samples were pre-
cipitated with trichloroacetic acid, and the amount of
radioactivity was determined in a liquid scintillation
counter.
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A possible explanation as to how proteins b
and c function in transport is that they form an
aqueous pore in the outer membrane, which
allows rapid diffusion of low-molecular-weight
hydrophilic molecules into the periplasmic
space. Such a model was proposed for protein b
by Nakae (9) on the basis of observations with
reconstituted membrane vesicles. The model is
consistent with our observations. First, pro-
teins b and c affect the uptake of a variety of
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FIG. 6. Whole-cell extracts from a K-12 strain and

several of its mutants. (A) CE1061 (b+ c+); (B)
CE1061R (b- c+); (C) CE1036 (b+ c-); and (D)
CE1036R (b- c-).

DISCUSSION
The involvement of protein b in strain B/r

and proteins b and c in strain K-12 in the
incorporation of several metabolites has been
demonstrated by the inability of mutants to
utilize low concentrations of these compounds.
In the wild type, the presence of these proteins
gives a selective advantage over the mutant
under poor nutritional conditions. However,
with the usual laboratory concentrations of
0.4% glucose and 20 to 40 ,ug of amino acids per
ml, these mutants are phenotypically identical
to the parent and cannot be detected.
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FIG. 7. Methionine incorporation into strain

CE1061 and its mutants. The experimental details
are the same as those described in the legend ofFig.
3, except that the specific activity of [35S]methionine
was 10 ,Cilpg. Symbols: *, CE1061 (b+ c+); *,
CE1036 (b+ c-); O, CE1061R (b- c+); and 0,

CE1036R (b- c-).
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compounds and, therefore, appear to show little
specificity. Second, protein b prepared by the
Rosenbusch procedure (13) did not bind methio-
nine in equilibrium dialysis experiments (data
not shown).
A pore formed by proteins b and c, however,

cannot be the only mechanism by which these
small hydrophilic molecules permeate the outer
membrane. This can be clearly seen at high
concentrations of metabolites when the lack of
proteins b and c does not affect the rate of
incorporation (Fig. 3 and 7). In addition, the
rate of incorporation of thymidine was not af-
fected by the lack of proteins b and c at any of
the concentrations examined. Another possibil-
ity is that small amounts ofproteins b and c are
produced which are sufficient. This seems ex-
tremely unlikely, however, since with one of
the mutants, CuR7, no trace of protein b could
be observed in the membrane preparations.
A more likely explanation is that other pores

might also exist in the outer membrane. Based
upon the observed effect of concentration on
uptake, hydrophilic molecules would be ex-
pected to have a lower rate of diffusion in these
other pores. In other words, at high concentra-
tions of metabolites, diffusion through these
secondary pores would be sufficient to saturate
the cytoplasmic transport systems, whereas at
low concentrations it would not be sufficient. In
the wild type, diffusion through the protein b-c
pore would be rapid enough to saturate the
cytoplasmic transport systems even at low con-
centrations of metabolites.

It is likely that the Cu2+-resistant mutants
isolated from the B/r strain are the same as
that selected by von Meyenberg (20) for slow
growth on low concentrations of glucose. This is
because that mutant is also defective in the
uptake of the compounds tested here, as well as
ofother sugars, phosphate, and sulfate. Assum-
ing that the mutants are the same, the pores
formed by proteins b and c would also be in-
volved in the uptake of these compounds. It is
interesting that no defect was observed in the
uptake of uracil or uridine while we observed
no defect in thymidine uptake, as was shown by
Hantke (3a).

In view of the apparent lack of specificity of
the protein b-c pores, it is difficult to under-
stand why maltose at low concentrations re-
quires a separate outer membrane protein, the
lamB gene product (16). In addition, our results
suggest that thymidine uses a separate site for
penetration of the outer membrane.
As others have noted, it is interesting that

strain K-12 contains two nearly identical pro-
teins and yet strain B/r contains only one. One
possibility is that one of the proteins is post-
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translationally modified to form the other.
This, however, seems to be ruled out, since
initially the loss of either protein can be elicited
without loss of the other (although not always
[19]). The other possibility, which seems more
likely, is that in the K-12 strain the gene for
protein b has undergone a gene duplication
with very little subsequent mutation.

So far we do not know why selection for re-
sistance to Cu2+ specifically leads to a loss of
protein b. It is possible that Cu2+ penetrates the
outer membrane through the pores formed by
protein b to reach a sensitive site. That the
sensitive site is not protein b itself is suggested
by the observation that the mutants are still
sensitive to high concentrations of Cu2+. In the
absence of pores formed by protein b, Cu2+ may
also penetrate other pores, although at a lower
rate. However, with respect to uptake of methi-
onine and glucose, we found that the pores
formed by protein b were equivalent to those
formed by protein c.
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