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We used the cloned tolC gene to identify, locate, and purify its gene product.
Strains carrying pPR13 or pPR42 overproduced a cell envelope protein (molecular
weight, 52,000). A protein of the same molecular weight was identified in
radioactively labeled minicells carrying pPR13; this protein was absent in pPR11-
carrying minicells. This protein was the toIC gene product, since pPR11 differed
from pPR13 in having a TnJO insertion in the tolC gene. The protein seen in cell
envelopes of whole cells (TolC protein) was found to exist in an aggregated state
in the outer membrane; under conditions in which OmpC and OmpF were
peptidoglycan associated, TolC protein was not likewise associated. Using these
properties, we purified the TolC protein and determined the sequence of twelve
amino acids from the amino-terminal end. The location of the TolC protein in the
outer membrane was consistent with the proposed function for the toIC gene
product as a processing protein in the outer membrane.

The outer membrane of Escherichia coli K-12
contains several protein species in large
amounts and many more of which relatively
fewer copies are present. These proteins have
been characterized functionally, physically, and
genetically to various degrees. They include
components of specific transport systems
(LamB, BtuB, PhoE, FepA, FhuA, FecA, Tsx),
nonspecific pores (OmpC, OmpF), structural
proteins (Lpp), enzymes (phospholipase, prote-
ase), and conjugal recipient ability (OmpA) (18,
19). Many of these proteins have not been
studied in detail, and it is apparent that others
are yet to be detected. These minor proteins
may have key functions, and a study of these
proteins should give insight into the biosynthe-
sis, assembly, structure, and function of the E.
coli outer membrane (OM).
The toiC locus has a major effect on the OM;

toiC mutants become tolerant to colicin El,
show an altered bacteriophage sensitivity pat-
tern, lack the OmpF protein, and become hyper-
sensitive to detergents, dyes, and certain antibi-
otics (5, 9, 15, 16).
We recently described the cloning of the tolC

locus of E. coli K-12 into the multicopy plasmids
pSF2124 and pBR322 (14). In this paper we
identify, characterize, and purify the protein
product of the tolC gene.

MATERIALS AND METHODS
E. coli K-12 strains used. The bacterial strains used

in this work are listed in Table 1. The plasmids used
(pSF2124, pPR11, pPR13, pPR42, and pPR29 through

pPR37) have been described elsewhere (14, 22). Brief-
ly, plasmid pPR13 is pSF2124 with a 10.5-kilobase (kb)
EcoRl fragment containing the tolC gene cloned into
its EcoRI site; pPR11 is pPR13 with a transposon TnlO
insertion inactivating the toIC gene; plasmids pPR29
through pPR37 are pPR13 with transposon Tn5 inser-
tions inactivating the toiC gene; pPR42 is pBR322 with
an 8.5-kb EcoRl-PstI fragment, from the tolC-EcoRI
fragment of pPR13, inserted between its EcoRI and
PstI sites and has tolC+ function.
Growth media. Bacterial strains were grown in dou-

ble-strength nutrient broth (Difco Laboratories) with 5
g of sodium chloride per liter unless specified. Nutri-
ent agar was Blood Base Agar (Difco) without any
added blood. All incubations were done at 37°C.
Plasmid-carrying strains were grown in broth from
colonies on nutrient agar containing 16 ,ug of tetracy-
cline per ml (pPR42) or 25 ,g of ampicillin per ml
(pSF2124, pPR11, and pPR13).
Chemicals. Tetracycline was Rolitetracycline

(Hoechst) and ampicillin was Penbritin (Beecham).
[35S]methionine (1,380 Ci/mmol) and [3H]diisopropyl
fluorophosphate (6.5 Ci/mmol) were from the Radio-
chemical Centre. Trypsin was obtained from Hopkin
and Williams. Sodium dodecyl sulfate (SDS) used for
column chromatography was BDH no. 44244. Sepha-
cryl S-200 was from Pharmacia, Inc.

Transformation. Transformation with plasmid DNA
was done as described elsewhere (16).

Minicell methods. Minicells were isolated and la-
beled with [35Slmethionine as described by Achtman
et al. (1). Minicells were lysed and fractionated to give
soluble and cell envelope-associated protein fractions
as previously described (1). Samples for electrophore-
sis were solubilized by heating at 100°C in sample
buffer (12). On a few occasions, minicell preparations
were stored at -70°C in 30% glycerol and then thawed
and labeled as above.
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TABLE 1. Bacterial strains

E. coli Charcteristics Source or
strain reference

AB1133 F- thr-l leu-6 proA2 A. L. Taylor
lacY2 supE44
gaIK2 his-4
rpsL31 xyl-S mtl-l
argE3 thi-I ara-14

P602 AB1133 toIC203 5
A586 F- thr-I leu-6 S. E. Luria

tonA21 supE44
thi-l pro-43 toIC3

DS410 rpsL, minicell J. Reeve
producer

P2787 F- pyrD34 tonA208 This work
ompA (pPR42)

W1485F- F-, prototroph C. Schnaitman
P2731 W1485F- This work

toIC210::TnlO48

Cell envelope preparation (small scak). Cell enve-
lopes were prepared-by the small-scale method (10-ml
culture) as described elsewhere (15). Essentially, this
involved Tris-sucrose-lysozyme-EDTA treatment and
then sonication of the spheroplasts and centrifugation
(60 min, 15,000 rpm, SM24 rotor [Sorvall]) to pellet the
celi envelopes, which were then solubilized in sample
buffer. Fewer proteins were seen in cell envelopes
prepared in this way than in whole cell envelopes
prepared as described below. We believe that these
cell envelopes are predominantly OMs, and we found
that the ToIC protein band was easier to see in these
preparations.

One-iter scale preparation of OMs. Large-scale OMs
were prepared essentially as described by Schnaitman
(21). A 1-liter culture was grown to an optical density
at 600 nm (OD6w) of 1.0 to 1.2. The cells were
collected by centrifugation, washed in 100 ml of 50
mM Tris-hydrochloride (pH 7.5), centrifuged, and
suspended in 20 ml of 10 mM HEPES (N-2-hydrox-
yethylpiperazine-N'-2-ethanesulfonic acid, pH 7.5)
with 2 mM MgCI2. The cells were broken in a pre-
cooled French pressure cell (Aminco), unbroken cells
were removed by centrifugation (7,000 rpm, 10 min,
4°C, SS34 rotor [Sorvall]), and the supernatant was
centrifuged at 30,000 rpm for 60 min at 4°C in a
Beckman 30 rotor. The resulting whole cell envelope
pellet (WM) was suspended in 10mM HEPES (pH 7.5)
containing 2% (vol/vol) Triton X-100 (25 ml), held for
15 min at room temperature, and centrifuged at 20°C
and 30,000 rpm for 60 min. The supernatant (Triton X-
100-soluble envelope [soluble envelope]) was kept,
and the pellet (Triton X 100-insoluble envelope [insol-
uble envelope]) was reextracted with Triton X-100.
The resulting pellet was suspended in water and called
the OM pellet. The protein in the supernatant was

precipitated with 2.5 volumes of ethanol, collected by
centrifugation, washed with 70o (vol/vol) ethanol, and
dried under vacuum. The dried pellet was solubilized
in sample buffer and termed the cytoplasmic mem-
brane. All membrane fractions were stored at -20°C.
SDS-PAGE. Samples were solubilized, run on 11%

linear or 11 to 20% gradient gels, and then stained as
previously described (2, 12, 13) for polyacrylamide gel

electrophoresis (PAGE). Autoradiography was per-
formed at -70°C with an intensifying screen and
Kodak X-Omat S film after the gel was dried onto
Whatman no. 1 paper. Gels containing samples labeled
with [3H]diisopropyl fluorophosphate were processed
for fluorography (4) and then exposed to film. Gels
were exposed for 3 to 7 days for [35S]methionine-
labeled protein and for 3 to 6 weeks for [3Hldiisopro-
pyl fluorophosphate-labeled proteins.

Molecular weight estimation. The following proteins
and molecular weight markers were used as calibration
standards for estimating the molecular weight of the
ToiC protein in whole cell envelopes: phosphorylase B
(94,000 [94K]), bovine serum albumin (68K), L-glutam-
ic dehydrogenase (53K), DNase I (31K), carbonic
anhydrase (29K), a-chymotrypsinogen (25.7K) and
RNase A (14K). An 11% linear polyacrylamide gel was
used.

Trypsin treatment of membranes. Samples of insolu-
ble envelope (OM) were incubated with and without
trypsin (250 ,ug/ml) in 1.5-mi Eppendorf micro test
tubes (200-Ill final volume) for 15 or 30 min at 37°C.
The tubes were centrifuged (4°C, 15,000 rpm, 60

min, SS34 rotor) with plastic adaptors used for the
micro test tubes. The resulting membrane pellets were
then solubilized (12), and samples were run on an
acrylamide gel.

Peptidoglycan association of the ToIC protein. Sam-
ples of insoluble envelope (OM) were added to sample
buffer (200-,l final volume) in Eppendorf micro test
tubes. The tubes were heated at 37 or 56°C for 30 min
and then centrifuged as for the trypsin treatment
method. The supernatant was removed to a fresh tube,
and the pellet was suspended in 200 pAl of sample
buffer. Both were then heated at 100°C before PAGE
was performed.

Purification of the ToIC protein. ToIC protein was
purified from strain P2787. This strain was grown in
broth (21 liters; OD600, 1.2), and OMs were prepared
with Triton X-100. The OMs were suspended in 25 ml
of water to which was added 25 ml of double concen-
trated Rosenbusch extraction buffer (20) (final concen-
tration was 2% SDS, 10 mM Tris-hydrochloride [pH
7.3], 0.7 M 3-mercaptoethanol, 10% glycerol), heated
at 37°C for 40 min, and centrifuged (20,000 rpm, 50
min, Beckman 35 rotor). The supernatant was concen-
trated to 20 ml in an Amicon ultrafiltration cell (PM30
membrane). A 10-ml amount of this sample was ap-
plied to a 140 by 4-cm Sephacryl S-200 column with a
flow rate of 20 ml/h in column buffer (10 mM Tris-
hydrochloride [pH 7.4], 0.2% [wt/vol] SDS, 5 mM
EDTA, 0.02% azide). Fractions (3.5 to 4.0 ml) were
collected. The eluate was monitored by measurement
of the OD280. Samples in the peak fractions were
electrophoresed on gels; fractions enriched in ToIC
protein were pooled and concentrated, as described
above, to 2.0 ml. Glycerol and 13-mercaptoethanol
were added to 10%o and 0.7 M, respectively, and the
sample was heated at 100°C for 3 min before being
reapplied to the same column and eluted as above.
Peak fractions were analyzed on gels, and those con-
taining only TolC protein (four fractions) were pooled
and dialyzed twice against 2 liters of 0.2% (wt/vol)
SDS. The protein was precipitated with 9 volumes of
acetone, washed twice with 90%o (vol/vol) acetone,
twice with 100%o acetone, and once with diethyl ether,
and dried under vacuum.
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Amino acid analysis. An amino acid analysis of a 1-
mg sample of ToiC protein was performed by M.
Calder of the Department of Biochemistry, The Uni-
versity of Adelaide.

Amino-terminal sequence of the ToIC protein. The
sequence of the amino-terminal amino acids of the
ToIC protein was determined with an automated Beck-
man sequenator. Samples ranging from 1 to 5 mg of
TolC protein were sequenced by P. Martin, Botany
Department, The University of Adelaide.

RESULTS
Overproduction of a cell envelope protein due

to the cloned toiC gene. Analysis of the cell
fractions of tolC mutants did not at first reveal
the absence of any protein band which might be
the tolC gene product (15). It presumably is
normally only a minor protein and hence was not
detected by PAGE. We used the cloned toiC
gene to identify the gene product.
The plasmids pSF2124, pPR13 (tolC+), and

pPR11 (to1C::TnlO) were transformed into
strains AB1133 and P602 (tolC). Cell envelopes
were prepared by the small-scale method and
analyzed by PAGE. The presence of pPR13 in
AB1133 resulted in the hyperexpression of a cell
envelope protein that was not consistently de-
tected with either pPR11 or pSF2124 (Fig. 1).
Although this protein was only recognized as the
TolC protein after the gene had been cloned, we
subsequently observed that under some condi-
tions the protein can be seen in AB1133 and
other strains, but not in P602 or several other
tolC mutants (unpublished data). The ToIC pro-
tein was thus present at levels detectable by
PAGE but was at first missed due to the proxim-
ity of other bands in the gels. Figure 1 also
shows strain A586 carrying plasmid pPR42,
which has the tolC gene cloned in pBR322 (14).
This strain produced the same cell envelope
protein, but in even greater amounts (also see
below). We believe that this was due to a gene
dosage effect, as pBR322 has a higher copy
number than does pSF2124, from which pPR13
was derived.
We also isolated TnS insertions in tolC in

pPR13. When strain C600 was transformed with
these plasmids (pPR29 through pPR37), the cell
envelope protein detected above was not pro-
duced (data not shown). The data suggested that
this cell envelope protein was the tolC gene
product (called the ToIC protein).
Both pPR13 and pPR42 restored OmpF pro-

tein production in strains P602 and A586, re-
spectively (Fig. 1), as would be expected if they
provide tolC+ function (14, 15). recA derivatives
of strains AB1133 and P602 harboring the vari-
ous plasmids also expressed the ToiC protein.
Strain AB1133 carrying pPR13 or pPR42 showed
the normal medium-dependent fluctuations in
the levels of OmpC and OmpF proteins (6, 7)

CY(%CN'jC
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FIG. 1. Cell envelopes of whole cells carrying
pPR11, pPR13, or pPR42. Cell envelopes, prepared by
the small-scale method, from strains AB1133 and P602
carrying pSF2124, pPR11, pPR13, or no plasmid (con-
trol), as well as strain A586 with and without pPR42,
were electrophoresed on a linear 11% polyacrylamide
gel.

(data not shown), showing that excess tolC gene
product had no effect on this regulation.

Identification of the toiC gene product in mini-
cells. Plasmids pPR13 (tolC ), pPR11
(to1C: :TnJO), and pSF2124 were transformed
into the minicell-producing strain DS410. Mini-
cells were isolated from these strains, labeled
with [35S]methionine, solubilized in sample buff-
er, and run on an 11% SDS-polyacrylamide gel.
Radioactive plasmid-encoded proteins were de-
tected by autoradiography. The results (Fig. 2)
showed that pPR13 encoded a protein which was
absent from pPR11. This protein was assumed to
be the tolC gene product, as pPR11 differed from
pPR13 by having a TnJO insertion in the toiC
gene. The protein seen in the stained gels de-
scribed in the previous section comigrated with
the radioactively labeled toIC gene product, and
hence was the tolC gene product.

Neither plasmid produced one of the proteins
made by pSF2124; this protein ran slightly slow-
er than the ToIC protein and was probably
colicin El, which was not expected in minicells
harboring pPR11 or pPR13, both of which have
cloned DNA inserted in the colicin El gene (22).
In some minicell preparations derived from
DS410(pPR13), the presumed ToiC protein band
migrated as a doublet, with the lower band being
less intense than the upper band; we do not have
an explanation for this observation.
We attempted to locate the ToIC protein pro-

duced in minicells by fractionating radioactively
labeled DS410(pPR13) minicells into soluble and
insoluble (cell envelope-associated) protein frac-

....,- smommokig"w .,.. .*4 o

VOL. 153, 1983



696 MORONA, MANNING, AND REEVES

.0
E
cn

0
z

C14
LL
C,,

cc X
I. a.
0. 0.

Ammft.-.1-ToIC

.oft ._ _.0-f

FIG. 2. Identification of the tolC gene product with
minicells. Minicells prepared from strain DS410 and
derivatives carrying pSF2124, pPR11, or pPR13 were
labeled with (35S]methionine. This figure is a typical
autoradiograph of a linear 11% polyacrylamide gel run
of the labeled samples.

tions. Some labeled proteins were clearly identi-
fied as either soluble or cell envelope associated
(data not shown). The stained gel also showed
that fractionation had occurred (data not
shown). The TolC protein was partially (about
25%) solubilized under these conditions, but
densitometer scanning of the autoradiogram
clearly showed an enrichment of the TolC pro-
tein in the cell envelope fraction.

It should be noted that the major OM proteins
(OmpA and OmpC plus OmpF) were also partly
(5 to 10%o) solubilized in this experiment.
ToiC protein is an OM protein. WM from

strain AB1133 carrying pPR13 or pPR42 was
fractionated by Triton X-100 extraction as de-
scribed above. Fig. 3 shows the results of frac-
tionating strain AB1133(pPR42). The TolC pro-
tein was clearly associated with the insoluble
envelope (OM). The ToIC protein in the WM
was estimated to have a molecular weight of
52K; but in the example shown (Fig. 3), the ToIC
protein in the OM (form B) migrated faster than
the TolC protein in the WM (form A). The
amount ofform B (TolC*, Fig. 3) varied between
OM preparations: some had only form A (see
Fig. 6), whereas others had both forms.
On a few occasions some TolC protein ap-

peared to be present in the soluble fraction, but
under the same conditions a similar proportion

of the major OM proteins were also present.
OMs from strain AB1133(pPR42) had more ToIC
protein than did those from strain
AB1133(pPR13), a result consistent with the
levels ofToIC protein seen in theWM and in cell
envelopes as described above.

Characterization of the ToIC protein. The ma-
jor OM proteins of E. coli have been character-
ized by several methods, including sensitivity to
trypsin treatment (8), solubility in SDS (20), and
solubilization temperature (17). We used these
treatments to characterize the TolC protein and
compare it with other OM proteins.

Figure 4 shows the effect of treating the OMs
from strains AB1133 and AB1133(pPR13) with
trypsin. The TolC protein was digested by tryp-
sin. It is not known why the particular prepara-
tion used had a lower than usual amount of TolC
protein. Samples of AB1133 and
AB1133(pPR13) OMs were heated at 37 or 56°C
in sample buffer (equivalent to a Rosenbusch
extraction [201). Both procedures solubilized the
TolC protein from the OM, with the 56°C treat-
ment being fully effective, although some (about
80%) solubilization did occur at 37°C. Samples
of WM were solubilized at 37 or 100°C before
being loaded on a polyacrylamide gel. The TolC

4-_ TOIC

OmpA - ~
38-..4.-.

FIG. 3. Localization of the ToIC protein. WM from
strain AB1133(pPR42) were fractionated into OM and
cytoplasmic membrane (CM) components by extrac-
tion with Triton X-100. Samples were run on an 11%
polyacrylamide gel. The position of the TolC protein is
indicated, as is the TolC* (form B) protein, which
migrated faster. The two other tracks are samples of
the supernatant (S/N) and pellet (P) derived from a
Rosenbusch extraction (see the text) and are included
to show that the modified protein is not peptidoglycan
associated (see also Fig. 6).
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C A15,30, C A15,30
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No plasmidi pPR13
FIG. 4. Trypsin digestion of the TolC protein. OMs

prepared from strains AB1133 and AB1133(pPR13)
were treated with trypsin as described in the text for 15
or 30 min or not treated (C). Samples were run on an
11% polyacrylamide gel. The positions of the TolC and
OmpA proteins are indicated.

protein did not run at its usual position when
WM were solubilized at 37°C; a slower-migrat-
ing protein band at approximately the 150K
position appeared as a major band in the WM
from AB1133(pPR13), and even more was seen
with AB1133(pPR42) (Fig. 5). tolC mutants have
only a minor band at this position, and it was
concluded that the major band was a form of
TolC protein, probably an aggregate. The minor
band in the control was presumably a different
protein of 150K. This change in apparent molec-
ular weight after heating at 100°C was confirmed
by the molecular sieve chromotography used in
the purification of the TolC protein (see below).

Purification of the ToIC protein. Based on
some of its properties, described above, the
ToIC protein was purified as described above.
The insoluble envelope fraction (OM) was

prepared from strain P2787, which carries
pPR42 and lacks the OmpA protein (Fig. 6).
TolC protein was solubilized from these mem-
branes at 37°C to separate it, in an aggregated
form, from the porin proteins which are peptido-
glycan associated (Fig. 6). The sample was ap-
plied to a Sephacryl S-200 column to separate
the aggregated TolC protein from proteins of
lower molecular weight. Fractions enriched for
TolC protein were pooled and heated at 100°C to
fully solubilize the TolC protein. These pooled,
heated fractions were then applied to the same
column to separate the ToIC protein from con-
taminating higher-molecular-weight proteins and

ToIC _51 -
aggregates

TolCC ANW
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FIG. 5. Effect of solubilization temperature on the
ToIC protein. WM prepared from (right to left, two
tracks each) strains AB1133, AB1133(pPR13), and
AB1133(pPR42) were solubilized in sample buffer at
37°C for 30 min or 100°C for 3 min (indicated at top of
figure). Samples were then run on an 11% polyacryl-
amide gelj. he position of the TolC, OmpF, OmpC,
and OmpA proteins (100°C conditions) is shown, as is
the position of aggregated ToIC protein.

I 3 3 4 .5 6 7. 8

ToIC-4b~
3B *

OmpC __@
Tsx--

FIG. 6. Purification of the ToIC protein: prepara-
tion of membrane sample. Strain P2787 was fractionat-
ed as described in the text to prepare a sample
enriched for the TolC protein. Tracks: 1, Wm; 2 and 4,
soluble material from the first and second extractions,
respectively; 3 and 5, insoluble material from the first
and second extractions respectively; 6 and 7, superna-
tant and pellet, respectively, from solubilizing the
insoluble material from the second extraction in ex-
traction buffer at 37°C; 8, purified TolC protein de-
rived from the second sephacryl S-200 column run.
Solubilized samples (100°C) were run on an 11%
polyacrylamide gel. Note that some TolC protein is
present in tracks 4 and 7.
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residual OmpC protein (Fig. 6, track 6). Electro-
phoretically pure ToIC protein was obtained
(Fig. 6, track 8).
A comparison of the elution profiles showed

that heating the protein sample at 100°C resulted
in the TolC protein's being eluted at greater
volume, with the peak at 575 ml, compared with
535 ml for the unheated sample. This was in
agreement with the effect of heating on the
migration of TolC protein during PAGE.
The yield of ToIC protein, determined by

measurement of the OD2N and the dry weight,
was lower than was expected after Coomassie
brilliant blue G250 staining of the TolC protein in
polyacrylamide gels.
Amino add anlysis and amino-terminal se-

quence. The amino acid composition of the TolC
protein is shown in Table 2. The amino-terminal
sequence obtained with the aid of an automated
Beckman sequenator was NH2-Glu-Asn-Leu-
Met-GIn-Val-Tyr-Gln-Gln-Ala-(Ala)-Leu- ... -
COOH. Methionine was not detected in the
amino acid analysis; however, this probably
reflects a lack of sensitivity in the method.
Methionine was known to be present, as
[35S]methionine was used to label the TolC
protein produced in minicells (see above).

DISCUSSION
Using minicells carrying plasmids with either

the wild-type toiC gene or a transposon insertion
derivative, we identified the toiC gene product
as a 52K protein. This protein could be seen in
the cell envelope of cells harboring the cloned
toIC gene, probably owing to amplification as a
result of a high gene dosage provided by cloning
onto a multicopy plasmid. A total of 10 toIC
insertion mutations were isolated previously
(14), and all were located within a 1-kb region of
the cloned DNA. Each ofthese was missing the
52K protein, which should require about 1.5 kb
to encode it.
We recently located the coding sequence for

the amino-terminal end of the 52K protein just to
the left of the group of 10 insertion sites (unpub-
lished data). It appears then that the ToIC phe-
notype was due to the loss of this protein, which
we therefore identified as the ToIC protein. We
are aware of the possibility that the ToIC pheno-
type may be due to a protein encoded to the right
of the region encoding the 52K protein, with the
insertion mnutations having a polar effect on it,
but consider it highly unlikely, as it would
require that all 10 insertions occur in the up-
stream gene and none in the toiC gene itself.

Several other proteins were encoded by
pPR13 apart from the ToIC protein, and one of
these was associated with the cell envelope (data
not shown). These proteins were not studied
further.

J. BACTERIOL.

TABLE 2. Amino acid composition of purified ToIC
protein

Amino acid Amt (Rmol%)a
Cysteine ..................... ND
Aspartic acid ........ .......... 12.9
Methionine sulfone.
Threonine ..................... 7.39
Serine ......... ............. 8.55
Glutamic acid ....... .......... 13.24
Proline ...................... 3.7
Citrulline.
Glycine ........... .......... 5.7
Alanine ........... .......... 11.55
Half-cysteine .................. ND
Valine ........ ............. 5.39
Methionine.
Isoleucine .................... 4.23
Leucine .......... ........... 10.16
Tyrosine ..................... 4.85
Phenylalanine ....... .......... 2.16
Omithine ? ........ ........... 0.69
Lysine ............ .......... 3.7
Histidine ......... ........... 0.54
Arginine ..................... 5.23
Tryptophan ................... ND

a ND, Not determined; -, none found.

The TolC protein was localized in the OM by
showing that it was associated with the insoluble
cell wall material. Some anomalies were found,
however, in some fractionations; the insoluble
envelope contained a protein with the mobility
of the TolC protein seen in cell envelopes (form
A) and a second protein that electrophoresed
slightly faster (form B). Triton X-100 may inter-
act with the TolC protein, resulting in form B
being present.
From the data presented, we believe that the

TolC protein is present in the OM as an aggre-
gated protein which is accessible to trypsin and
that although it may be loosely peptidoglycan
associated, it does not behave like OmpC and
OmpF proteins in this regard.
The location of the TolC protein in the OM

was compatible with our hypothesis (18) that the
toIC gene product was required at a post-tran-
scriptional step in the expression of the OmpF
protein in the OM.
The hypersensitivity to detergents, dyes, and

certain antibiotics can also be attributed to al-
tered functioning of the OM; however, the effect
on colicin El sensitivity requires some reinter-
pretation of existing data. Bhattacharyya et al.
(3) showed that membrane vesicles from the
wild type and receptor mutants are sensitive to
colicin El, as measured by inhibition of proline
uptake, whereas vesicles from a toiC mutant are
insensitive to colicin El action. They concluded
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that the tolC defect which affects colicin El
action is located in the cytoplasmic membrane,
which is also the site of colicin El action. We
interpret the data as showing that the tolC
protein must be present in the membrane vesi-
cles so that colicin El can be directed to its
target, perhaps by being processed into an active
form. This interpretation allowed the TolC pro-

tein to be located in the OM. Since Kaback
vesicles contain a high percentage ofOM materi-
al (10), this role for the ToIC protein in colicin
El action can be accommodated. The data ob-
tained with synthetic membrane vesicles. (11)
does not reflect the in vivo complexity of colicin
El action, as shown by the tolC requirement for
colicin El action on E. coli membrane vesicles.
We suggest that the TolC protein may be

involved in a processing step(s) that several
membrane proteins have in common, thus ex-

plaining the pleiotropic effects observed in tolC
mutants. We are continuing our studies to deter-
mine the role of the ToIC protein in OmpF
incorporation into the cell envelope.

ACKNOWLEDGMENTS

We thank A. Richardson and S. Manning for excellent
technical assistance and M. Gaffey for typing the manuscript.
R.M. is the recipient of a University Research Grant,

P.A.M. had a Queen Elizabeth II Research Fellowship, and
P.R. had a grant from the Australian Research Grants Com-
mittee.

LITERATURE CITED

1. Achtman, M., P. A. Manning, C. Edelbluth, and P.
Herrilch. 1979. Export without proteolytic processing of
inner and outer membrane proteins encoded by F sex

factor tra cistrons in Escherichia coli minicells. Proc.
Natl. Acad. Sci. U.S.A. 76:4837-4841.

2. Achtman, M., S. Schwuchow, R. Helmuth, G. Morelli, and
P. A. Manning. 1978. Cell-cell interactions in conjugating
Escherichia coli: con- mutants and stabilization of mating
aggregates. Mol. Gen. Genet. 164:171-183.

3. Bhattacharyya, P., L. Wendt, E. Whitney, and S. Silver.
1970. Colicin tolerant mutants of Escherichia coli: resist-
ance of membranes to colicin El. Science 168:998-1000.

4. Bonner, W. M., and R. A. Laskey. 1974. A film detection
method for tritium-labelled proteins and nucleic acids in
polyacrylamide gels. Eur. J. Biochem. 46:83-88.

5. Davies, J. K., and P. Reeves. 1975. Genetics of resistance
to colicins in Escherichia coli K-12: cross-resistance

among colicins of group B. J. Bacteriol. 123:96-101.
6. Hall, M. N., and T. J. Silhavy. 1979. Transcriptional

regulation of Escherichia coli K-12 major outer membrane
protein lb. J. Bacteriol. 140:342-350.

7. Hail, M. N., and T. J. Silhavy. 1981. The ompB locus and
the regulation of the major outer membrane porin proteins
of Escherichia coli K-12. J. Mol. Biol. 146:23-43.

8. Haller, I., B. Hoehn, and U. Henning. 1975. Apparent high
degree of asymmetry of protein arrangement in the outer
Escherichia coli cell envelope membrane. Biochemistry
14:478-484.

9. Hancock, R. E. W., J. K. Davies, and P. Reeves. 1976.
Cross-resistance between bacteriophages and colicins in
Escherichia coli K-12. J. Bacteriol. 126:1347-1350.

10. Kaback, H. R. 1971. Bacterial membranes. Methods En-
zymol. 22:99-120.

11. Konisky, J., and H. Tokuda. 1979. Mode of action of
colicins Ia, El, and K. Zentralbl. Bakteriol. Parasitenkd.
Infektionskr. Hyg. Abt. 1 Orig. Reihe A 244:105-120.

12. Lugtenberg, B., J. Meijers, R. Peters, P. van der Hoek,
and L. van Alphen. 1975. Electrophoretic resolution of the
major outer membrane protein of Escherichia coli K-12
into four bands. FEBS Lett. 58:254-258.

13. Manning, P. A., and P. Reeves. 1977. Outer membrane
protein 3B of Escherichia coli K-12: effects of growth
temperature on the amount of the protein and further
characterization on acrylamide gels. FEMS Microbiol.
Lett. 1:275-278.

14. Morona, R., and P. Reeves. 1981. Molecular cloning of the
toiC locus of Escherichia coli K-12 with the use of the
transposon TnIO. Mol. Gen. Genet. 184:430-433.

15. Morona, R., and P. Reeves. 1982. The toIC locus of
Escherichia coli K-12 affects the expression of three
major outer membrane proteins. J. Bacteriol. 150:1016-
1023.

16. Nagel de Zwaig, R., and S. E. Luria. 1967. Genetics and
physiology of colicin-tolerant mutants of Escherichia coli.
J. Bacteriol. 94:1112-1123.

17. Nakamura, K., and S. Mizushima. 1976. Effects of heating
in dodecyl sulfate solution on the conformation and
electrophoretic mobility of isolated major outer mem-
brane proteins from Escherichia coli K-12. J. Biochem.
(Tokyo) 80:1411-1422.

18. Osborn, M. J., and H. C. P. Wu. 1980. Proteins of the
outer membrane of gram-negative bacteria. Annu. Rev.
Microbiol. 34:369-422.

19. Reeves, P. 1979. The genetics of outer membrane proteins,
p. 255-291. In M. Inouye (ed.), Bacterial outer mem-
branes. John Wiley & Sons, Inc., New York.

20. Rosenbusch, J. P. 1974. Characterization of the major
envelope protein from Escherichia coli. J. Biol. Chem.
249:8019-8029.

21. Schnaitman, C. A. 1971. Solubilization of the cytoplasmic
membrane of Escherichia coli by Triton X-100. J. Bacter-
iol. 108:545-552.

22. So, M., R. Gil, and S. Falkow. 1975. The generation of a
Col E1-Apr cloning vehicle which allows detection of
inserted DNA. Mol. Gen. Genet. 142:239-249.

VOL. 153, 1983


