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Escherichia coli tol-pal Mutants Form Outer Membrane Vesicles
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Mutations in the fol-pal genes induce pleiotropic effects such as release of periplasmic proteins into the
extracellular medium and hypersensitivity to drugs and detergents. Other outer membrane defective strains
such as 70lC, Ipp, and rfa mutations are also altered in their outer membrane permeability. In this study,
electron microscopy and Western blot analyses were used to show that strains with mutations in each of the
tol-pal genes formed outer membrane vesicles after growth in standard liquid or solid media. This phenotype
was not observed in 70l/C and rfaD cells in the same conditions. A t0l4 deletion in three different Escherichia coli
strains was shown to lead to elevated amounts of vesicles. These results, together with plasmid complemen-
tation experiments, indicated that the formation of vesicles resulted from the defect of any of the Tol-Pal
proteins. The vesicles contained outer membrane trimeric porins correctly exposed at the cell surface. Pal outer
membrane lipoprotein was also immunodetected in the vesicle fraction of fol strains. The results are discussed
in view of the role of the Tol-Pal transenvelope proteins in maintaining outer membrane integrity by contrib-
uting to target or integrate newly synthesized components of this structure.

Different cell envelope proteins have been proposed to link
the inner and the outer membranes of gram-negative bacteria.
TonB inner membrane protein, involved in the active transport
of iron siderophores and vitamin B,,, interacts with outer
membrane receptors (7, 34, 51). Export systems in Escherichia
coli contain membrane fusion proteins which seem to bring a
cytoplasmic membrane transporter (belonging to either the
ATP-binding cassette family, the major facilitator family, or
the multidrug resistance family) into contact with outer mem-
brane proteins such as TolC (16, 38). The TolA inner mem-
brane protein containing a long alpha-helical domain is also
thought to cross the periplasmic space (61). TolA belongs to
the multiprotein Tol-Pal complex. The topologies of the Tol-
Pal proteins have been previously characterized (25, 27, 30, 35,
44, 45, 57), and these proteins have been shown to form two
complexes in the cell envelope. The TolA, TolQ, and TolR
inner membrane proteins are associated via their transmem-
brane segments (13, 33). The TolB periplasmic protein inter-
acts with the Pal outer membrane lipoprotein (5). The function
of these proteins is not known, but a mutation in any of the
tol-pal genes confers a defect in outer membrane integrity
resulting in hypersensitivity to drugs and detergents and in
leakage of periplasmic proteins to the medium (32, 61). The
tol-pal gene cluster encodes two other proteins, Orfl and Orf2,
which are localized in the cytoplasm and in the periplasm,
respectively (58). The Tol-Pal system is exploited for the entry
of group A colicins and single-stranded DNA phages, the TolB
and TolR proteins being required only for entry of the enzy-
matic E colicins and some pore-forming colicins such as colicin
A (1,9, 12, 61). The TonB system, which is involved in active
transport, is used by group B pore-forming colicins (1, 11). The
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ExbB, ExbD, and TonB inner membrane proteins show se-
quence similarity with TolQ, TolR, and TolA proteins (17, 28).
However, outer membrane integrity defects observed in tol-pal
strains are not found in fonB cells.

Other cell envelope mutants have been reported to have
outer membrane defects. Mutations deleting the inner core
region of the lipopolysaccharide in rfa cells (23, 43, 50), the
major lipoprotein (56, 62), or blocking the maturation process
of porins (8) also induce hypersensitivity to detergents and
drugs. Cells devoided of the periplasmic peptidyl prolyl
isomerase, SurA, which seems to be involved in the folding of
porins, also exhibit altered membrane properties (43). A strain
with another outer membrane mutation, fo/C, which confers
reduced OmpF synthesis, is hypersensitive to various antibac-
terial agents (20, 42). Efflux mutations such as acrA or acrE
cells confer drug hypersusceptibility (37). Unlike the outer
membrane integrity mutants, AcrA and AcrE are inner mem-
brane lipoproteins involved in the AcrAB-TolC (19) or AcrEF-
outer membrane protein efflux pumps (38). However, only the
tol-pal and Ipp strains have been reported to release periplas-
mic proteins into the medium. A more pronounced outer
membrane defect has been observed with [pp ompA cells,
which form vesicles under normal growth conditions (52).
Outer membrane vesicles were observed in Ipp strains over-
producing periplasmic 3-lactamase (3). [pp strains, lacking the
structural link between the outer membrane and the pepti-
doglycan, also form vesicles upon Mg starvation (56, 62). In
this study, different strains affected in outer membrane integ-
rity were analyzed by electron microscopy (EM) and Western
blotting. Each fol-pal strain was found to form outer mem-
brane vesicles containing native outer membrane proteins. tol-
pal cells were classified into two groups based on the amount of
vesicles formed.

MATERIALS AND METHODS

Strains and plasmids. The strains and plasmids used in this study are listed in
Table 1. Strain SC44tolA contains a Tn/0 transposon which maps between min
16 and 17 of E. coli chromosome and the fol4 deletion of JC7782. P1 lysate of
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TABLE 1. E. coli strains and plasmids used in this study

Strain or Relevant characteristics Reference or
plasmid source
Strains
A5922 C600 tolA1 (stop after codon 400) 54
recA
JC207 P4X t0olA207 (stop after codon 126) 18
JC864 P4X t0lB864 (stop after codon 22)  J. C. Lazzaroni
JC3417 1292 tolB (stop after codon 329) 25
JC7752 1292 tolB (stop after codon363)Apal 5
JC7782 1292 tolA (stop after codon 40) J. C. Lazzaroni
JC8031 1292 AtolRA 13
JC8931 1292 ompA::TnlacZ J. C. Lazzaroni
JC8963 JES505 ompA::TnlacZ 9
JES5505 JE5506 Ipp5508 56
KS303 KS272 Ipp5508 53
LG10 SR1458 tolA This study
SR22 CA8000 htrM378::Tn5 47
SR1458  MC4100¢ (htrA::lacZ) 48
SR3205 MC4100 surA::QKan 43
SC44 tolC::Tn5 59
SC44t0lA  tolC::Tn5 tolA C. Wandersman
TPS13 GML1 10lQ13 (stop after codon 36) 54
TPS300  GM1 t0lR::Q0Cm 55
Plasmids
pAmpB  pBR328 vector, to/lB Amp* This study
pARTolIA pACYC184 vector, tolA His, Cm" This study
pAX617  pACYC184 vector, tolC Cm* 24
pBP pBR328 vector, t0lB pal Tet" 5
pNN pUCY vector, tolA Amp* 2
pQRA pT7-5 vector, orfl tolQRA Amp* 13
pTPS304 pUCY vector, tolQR Amp* 54
pTPS306 pUCY vector, tolRA Amp* 54

SC4410lA cells was used to cotransduce the fol4 deletion and the tetracycline
resistance in SR1458, giving strain LG10. This strain transformed with a plasmid
encoding TolA is sensitive to colicins A and E3, indicating that Tn/0 is inserted
after the fol-pal gene cluster.

Plasmid pARTOolA was constructed by PCR amplification of the DNA frag-
ment corresponding to the N-terminal region of TolA (from residues 2 to 65,
which contain the TolA inner membrane sequence). PCR was carried out with
pTPS306 as the template, using the following oligonucleotides (where the Sphl
restriction sites are underlined, and N correspond to A, C, G, or T): 5'-
NNNNNNGCATGCTGAGCTCAAAGGCAACCGAACAAAACGACAAGC-3'
and 5'-CCTGGCTTTGCATGCGTTTGTACTGC-3'. The PCR DNA fragment
was digested with Sphl and purified on an acrylamide gel. Then, this 208-bp
purified fragment was inserted into the unique Sphl site of pARToIAII-III,
giving pARTOolA. Plasmid pARTolAII-III encodes an N-terminally Hisq-tagged
soluble TolA derivative corresponding to the entire C-terminal periplasmic do-
main of TolA from residues 66 to 421 (15). Plasmid pARTolA was selected after
transformation into JC7782 (tolA) cells grown on LB agar containing 2% deoxy-
cholate and by DNA sequencing. Plasmid pAmpB was constructed from pBR328
derivative containing the EcoRI-Pvull DNA fragment of the fol gene cluster
(4,645 bp) encoding Orfl, TolIQRAB. This plasmid was digested with Nrul in
order to keep the folB and bla genes and ori and to remove the fet, orfl, and
tolQRA genes. Ampicillin-resistant plasmids were tested for complementation of
a tolB strain by using colicin sensitivity tests, and expression of TolB was checked
by immunodetection.

EM analyses. Negative staining of colonies grown overnight on LB agar me-
dium (containing 10 g of NaCl per liter) was routinely done. Cells were sus-
pended in Tris-buffered saline (10 mM Tris-HCI [pH 8.0], 150 mM NacCl).
Droplets were deposited onto freshly ionized Formvar-carbon-coated grids for 1
min. Grids were negatively stained with 1% aqueous uranyl acetate. Immunola-
beling of LamB was performed with cells grown on M9 minimum medium agar
containing 0.4% maltose as the sole carbon source (and 0.4% glycerol for the
negative control). Colonies, reisolated on the same medium, were suspended in
phosphate-buffered saline (PBS), and droplets were deposited onto coated grids.
The samples were fixed with 2% paraformaldehyde in PBS (5 min) and incubated
for 60 min with monoclonal antibody E302 (1/200 dilution). The samples were
incubated with 10-nm-gold-conjugated anti-mouse immunoglobulin G (Biocell)
for 30 min. After extensive washes in water, the grids were negatively stained with
0.5% aqueous uranyl acetate (1 min).

Ultrathin sections were obtained from cells grown overnight on disc filters
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(Millipore type VC; 0.1-pm pore size) placed on LB agar plates. Cell colonies
were fixed with glutaraldehyde 2.5% in PBS (60 min), postfixed with 1% osmium
tetroxide (60 min), dehydrated in ethanol, and embedded in EMbed-812
(E.M.S.). Ultrathin sections were stained with uranyl acetate and lead citrate.

RNase I periplasmic leakage and colicin tests. Cells were streaked on LB agar
containing 1.5% RNA. After overnight incubation, the addition of 10% trichlo-
roacetic acid precipitated RNA with an opaque zone, while a halo indicated that
the RNA was degraded by released periplasmic RNase I (18). Cells grown on LB
medium at the exponential growth phase were adsorbed on LB agar. Lawns were
spotted with 1-ul dilutions of purified colicins A and E1 and then incubated
overnight. Formation of a halo indicated sensitivity to colicin. The incubation
temperature was 37°C for all strains except SR22 (30°C).

Immunodetection of vesicles. Cells, grown either in LB medium (containing
10 g of NaCl per liter) or in M9 minimal medium supplemented with glycerol and
amino acids, were collected at the early exponential growth phase. Cells were
pelleted by centrifugation at 3,000 X g for 5 min. The supernatants were either
centrifuged at 20,000 X g for 15 min to remove remaining cells or filtered
through 0.2-pm-pore-size filters (Gelman HT). This supernatant was either
analyzed directly or ultracentrifuged at 250,000 X g for 45 min, yielding the
vesicle pellet and final supernatant. Supernatants were trichloroacetic acid pre-
cipitated before analyses. For EM analyses, the vesicle pellets were suspended in
Tris-buffered saline and further centrifuged at 20,000 X g to remove vesicles not
resuspended. Sodium dodecyl sulfate-polyacrylamide gel electrophoresis and
Western blotting were performed as previously described (14).

Antibodies. Polyclonal antibodies raised against TolA (anti-TolAIII or anti-
TolAII-III, corresponding to the C-terminal region or the whole periplasmic
soluble form, respectively), TolB, Pal proteins, porins (5, 13, 14), and TolC (60),
and anti-LamB monoclonal antibody E302 (29), have been previously described.
Anti-Lpp and anti B-lactamase polyclonal antibodies were generous gifts of
Dani¢le Cavard.

RESULTS

tolA and tolB-pal mutants release outer membrane. E. coli
K-12 strains 1292, JC7782 (tolA), and JC7752 (tolB pal), all
containing plasmid pBR322 (4), were grown on LB medium to
early exponential growth phase. Cells and supernatants were
analyzed for the release of B-lactamase. It has been previously
shown that in fol-pal strains, periplasmic proteins such as B-lac-
tamase, alkaline phosphatase, and RNase I leak into the ex-
tracellular medium (32, 61). Coomassie blue-stained gels re-
vealed that outer membrane proteins OmpFC and OmpA were
recovered in the supernatant as major proteins without any
detection of major cytoplasmic proteins such as EF-Tu (not
shown). B-Lactamase was also detected by Western blotting.
The inner membrane TolA protein was immunodetected in
JC7752 cells but not in the supernatant fraction. These results
were obtained by removing cells from culture supernatants
either by low-speed centrifugation (Fig. 1) or by filtration
through 0.2-pm-pore-size filters (not shown). When the super-
natants were ultracentrifuged (250,000 X g), only the B-lacta-
mase was recovered in the soluble fraction (Fig. 1). Because
immunodetection with an anti-LexA antibody gave negative
results for the supernatant fractions, as determined by Coo-
massie blue staining, (not shown), we assumed that the cells
were not lysed. We also observed that the isogenic strain 1292
did not release periplasmic or outer membrane proteins. Fur-
thermore, 1292 cells transformed with a multicopy plasmid
(either pBR322 [Fig. 1] or pUC9 [not shown]) and overex-
pressing B-lactamase did not show outer membrane leakage.
These results suggest that t0l4 and folB-pal cells release outer
membrane.

Direct evidence of the release of outer membrane vesicles.
Supernatant fractions of JC8031 (folRA), JC7782 (tol4), and
LG10 (tol4) cells grown in LB medium were ultracentrifuged
and analyzed by Western blotting followed by antiporin immu-
nodetection. The outer membrane proteins found in the su-
pernatant (after centrifugation at 20,000 X g) were recovered
in the pellet obtained after ultracentrifugation (Fig. 2a). This
pellet was resuspended and adsorbed on a glow-discharged
carbon-coated grid. After negative staining and EM analyses,
we observed that the samples contained small vesicles with an
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FIG. 1. Immunoblot analyses of tol4 (JC7782), tolB pal (JC7752), and wild-
type (wt) parent (1292) strains. About 10% cells and the supernatant of 5 X 10%
cells were analyzed after heat denaturation. S1 and S2 correspond to the super-
natants resulting from centrifugation (20,000 X g) and ultracentrifugation
(250,000 X g), respectively. Three immunodetections were carried out sequen-
tially with antiporin (cross-reacting with OmpA), anti-B-lactamase (B-Lac), and
anti-TolAIII antibodies.

average size of about 40 = 20 nm (Fig. 2b). The pellet obtained
after centrifugation at 20,000 X g was also analyzed and found
to contain low amounts of larger vesicles (up to 200 nm) and
few lysed cells (not shown). To analyze the vesicle envelope
and cell localization of the vesicles, we used another approach.
Cell colonies grown on a disc filter placed on LB agar plates
were fixed in situ and resin embedded. Morphological analyses
were performed on ultrathin sections. Vesicles could clearly be
seen on the surface of cells without preferential pole or septum
localization. These sections demonstrated that the vesicles are
enclosed by only one membrane. Except for vesicles, fol cell
envelopes do not show any peculiar characteristic (Fig. 3).

All tol-pal strains form vesicles. Supernatant fractions of
tolA, tolB, tolQ, tolR, and pal strains (either nonsense, mis-
sense, or deletion mutants), grown in LB medium, were
checked by Western blotting with antiporin antibodies. Given
the polar effect of r0/Q13 mutation on TolR and TolA expres-
sion (58), we used strain TPS13(pTPS306) to check only the
tolQ mutation. In each mutant, we observed that the superna-
tant contained outer membrane proteins as previously ob-
served in f0lRA, tolA, or tolB pal cells, thus indicating that all of
the tol-pal strains had the same outer membrane defect (Table
2). Complementation experiments were carried out to confirm
that the effect was the result of tol-pal mutations. Cells were
transformed with plasmids carrying fol-pal genes able to com-
plement the corresponding chromosomal mutations, and su-
pernatant fractions were immunodetected with antiporin anti-
bodies. We observed that the outer membrane defects of rol-
pal strains were plasmids complemented for RNase I leakage
and for the absence of outer membrane porins in the super-
natants (Table 2). Plasmids pTPS304 (encoding TolR and
TolQ) and pQRA complement the f0/Q13 mutation regardless
of the level of overexpression of TolA. However, it appeared
that plasmid complementations of TPS13, TPS300, and JC7782
were not total since faint immunoreactions could be detected
in the supernatants (Table 2).

EM analyses were carried out essentially by negative staining

J. BACTERIOL.

supernatants, and vesicles. Cells (lane 1), supernatant (lane 2), and resuspended
vesicle pellet of ultracentrifugation (lane 3) of 5 X 10% cells are shown. (b)
Electron micrograph showing negative staining of the vesicle suspension (same
sample as analyzed in lane 3).

to visualize directly a cell population without a centrifugation
step, which might introduce size exclusion. As a preliminary
control, we analyzed the supernatant fractions of ol cells
grown on solid or liquid culture medium by Western blotting.
Porins were equally immunodetected in cell supernatants un-
der these conditions (not shown). EM observations revealed
small vesicles. On the basis of multiple EM observations, the
tol-pal cells were classified into two groups corresponding to
the different amounts of vesicles (Table 2 and Fig. 4). Numer-
ous vesicles were recovered from ro/Q and folR strains as well
as from all fol4 strains except A5922. Low amounts of vesicles
were detected in tolB and pal strains. To confirm that the
amount of vesicles was not dependent on the isogenic strain
1292 background, the tol4 deletion from JC7782 was trans-
ferred by P1 transduction in strains C600 and MC4100 and
further analyzed. Numerous vesicles were observed in the su-
pernatants of the three tol4 strains [JC7782, LG10, and
SC44tolA(pAX617)], indicating no dependence on the genetic
context for vesicle formation. The size of the vesicles was found
to be 20 to 200 nm in all fol-pal mutants, without preferential
localization (Fig. 4). tol-pal strains complemented by plasmids
were also observed, and a good correlation of vesicles (from
cells growing on LB plates) with supernatant immunodetection

1sanb Aq 020z ‘0E 1290100 uo /6io wse qly/:dny wouy papeojumoq


http://jb.asm.org/

Vor. 180, 1998

i

“

FIG. 3. Thin sections of Epon-embedded tol4 cells (LG10).

(from liquid culture) was found except for strains TPS13 and
TPS300 (Table 2). Faint immunodetection could be correlated
with low amounts of vesicles in the case of complemented fol4
strains, while in complemented 70lQ and tolR strains, no vesi-
cles were observed. Immunodetection with anti-LexA antibody
indicated that after growth in liquid medium, few cells over-
expressing inner membrane Tol proteins, by multicopy plas-
mids, were lysed. However, EM results showed few vesicles in
the complemented folA strain, indicating a partial restoration
of outer membrane integrity. In conclusion, f0l4, tolQ, and tolR
strains were shown to form numerous vesicles, while 0B, pal,
and tolB-pal strains formed few vesicles. The low level of ves-
icles detected in A5922 may be due to the expression of a
400-residue TolA derivative which was immunodetected (not
shown).

Outer membrane hypersensitive mutants and cell vesicles.
Some mutants defective in outer membrane or periplasmic
protein content showed outer membrane alterations similar to
those found in tol strains, such as hypersensitivity to drugs and
detergents. Only the Ipp (56) and the tol-pal (18) cells were
found to release periplasmic proteins such as RNase I into the
extracellular medium (Table 2). We analyzed the supernatant
fractions of SC44 (t0lC), SR22 (htrM or rfaD), and SR3205
(surA) mutants after growth in LB or M9 minimal medium. No
vesicle or outer membrane protein was detected in the super-
natant by EM experiments or by Western blot analyses (Table
2). JE5506 and JC8963 (Ipp ompA) strains were checked by the
two approaches, and only the latter strain was found to form
high amounts of vesicles. Interestingly, KS303 (/pp) cells were
found to form numerous vesicles, while in JE5505 (Ipp) no or
few vesicles were detected regardless of the medium used (LB
rich or M9 minimum medium with or without the addition of
Mg?"). Therefore, the two [pp strains (JE5505 and KS303) may
differ by having accumulated a suppressor mutation(s) which
renders JES505 devoid of vesicles. All of the Ipp strains used
were checked for the absence of Lpp by immunoblotting and
periplasmic RNase I leakage. We also verified that the Ipp
strains expressed the TolQRAB-Pal proteins by testing for
sensitivity to colicins A and E1 and by immunoblotting.

tol mutants and outer membrane proteins. In earlier studies,
the only difference between tol and isogenic strains with re-
spect to the membrane defect was the diminution of the ex-
pression levels of the outer membrane proteins OmpF and
LamB (31). These variations were observed in cell pellets and
with protein or operon fusions. Thus, it was of interest to
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TABLE 2. Porin and vesicle detections in the supernatants of
tol-pal and outer membrane hypersensitive strains

Detection of:

Stain type Porins  Vesicles? ~ RINase CI/
colicin
tol
A5922 (tolA) + LL +/R
JC7782 LG10, and JC207 (all tol4d)  + HL +/R
JC3417 and JC864 (both tolB) + LL +/R
JC7752 (tolB pal) + LL +/R
JC7752(pAmpB) (pal) + LL +/R
JC8031(tolRA) + HL +/R
SC4410lA(pAX617) (tolA) + HL +/R
TPS13 (t0lQR) + HL +/R
TPS13(pTPS306) (t0lQ) + HL +/R
TPS300 (tolR) + HL +/R
Outer membrane altered
JC8931 (ompA) - N =/S
JC8963 (Ipp ompA) + HL +/S
JESS505 (Ipp) —/+ N +/S
KS303 (Ipp) + HL +/S
SC44 (t0lC) - N —/s?
SR22 (htrM) - N /S
SR3205 (surA) - N —/S¢
Isogenic and complemented
1292, GM1, CA8000, KS272, and - N -5
JES506
JC3417(pAmpB) - N /S
JC7752(pBP) - N -/S
JC7782(pNN/pARTo0lA/pQRA) —/+ LL —-/S
TPS13(pQRA/pTPS304) —/+ N =/S
TPS300(pQRA/pTPS304) —/+ N -5

¢ Supernatant fractions were immunodetected with antiporin antibodies. +,
—/+, and — indicate strong, faint, and no immunodetection, respectively.

? Amount of vesicles visualized by EM, indicated as HL (high level [many
vesicles on all cells]), LL (low level [some vesicles on most cells]), or N (no vesicle
on most cells).

¢ RNase I leakage (+) or no release (—) and colicin A and E1 sensitivity tests
(R or S [resistant or sensitive, respectively]).

4 Cells are less sensitive than parent cells to colicin A and are resistant to
colicin E1.

¢ Cells are less sensitive to colicin A than, and as sensitive to colicin E1 as,
parent cells.

compare the relative amounts of porins in o/ cells and in the
vesicles. Cells were grown in LB medium devoid of NaCl (since
low osmolarity induced OmpF expression). We found that
OmpF was not recovered preferentially in the vesicles of t0lA,
tolB, and tolRA strains. Similar results were obtained for LamB
(not shown), demonstrating low-level expression of OmpF and
LamB in the fol-pal mutants. Thus, the lower amounts of
OmpF and LamB might be an indirect effect relative to osmo-
regulation (9). High amounts of vesicles were also detected
when folA cells were grown at a low temperature (Table 2)
which was previously shown to induce capsular polysaccharide
synthesis (10), indicating that mucoidy does not prevent the
formation of vesicles in folA4 cells.

The oligomeric state of the porins recovered in the vesicle
fractions of fol cells was checked by Western blot analyses
using samples heat denatured or not. Monomeric porins
OmpF and OmpC could be immunodetected only at 96°C.
OmpA was immunodetected at its native or denatured elec-
trophoretic mobility, as demonstrated by sample heating at 37
or 96°C, respectively (not shown). The exposure of LamB porin
at the surface of the vesicles was investigated by EM immuno-
detection using monoclonal antibody E302, raised against the
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FIG. 4. Negative staining of fol cells and vesicles. Electron micrographs are
representative of the vesicle amounts: high (a; JC7782 cells), low (b; JC7752
cells), and none (c; 1292 cells).

external loop L9 of LamB (29). LG10 cells, grown on minimal
medium plates, were adsorbed on grids and immunogold la-
beled. Gold particles on the surface of cells and vesicles were
observed only after maltose induction (not shown). These re-
sults indicated correct exposure of the LamB L9 loop and
correct assembly of trimeric porins present in the vesicles of
the tol strains. In addition to LamB, OmpFC, and OmpA, TolC
was immunodetected in the outer membrane vesicles (not
shown). Using an anti-TolB-Pal antibody, we detected the Pal
lipoprotein in the vesicle fraction of fol strains and found TolB
in the extracellular medium and in the vesicle pellets (Fig. 5).
Periplasmic TolB is then released, and its presence in the
vesicles probably reflects its interaction with Pal.

DISCUSSION

In this work, we showed that fol-pal strains form vesicles
containing outer membrane proteins such as trimeric porins.
The EM assays facilitate observations of cells by virtue of their
rapid and simple approach without any size exclusion. tol-pal
or Ipp cells from single bacteria were appeared different from
other cells. However, some vesicles could be observed in nearly
all of the E. coli cells that we analyzed. The level of vesicle
formation was found to be high in f0lA4, t0lQ, and tolR strains
and low in t0lB and pal strains. Thus, a major outer membrane
defect should be attributed to alteration of the TolJAQR com-
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FIG. 5. Immunodetection of TolB and Pal in the supernatants and vesicle
fractions of tolQ (TPS13) and tolR (TPS300) cells. Cells, vesicles (Ves), cell
supernatant (S1), and ultracentrifuged supernatant (S2) were loaded in the same
amounts as for Fig. 1 and subjected to immunodetection with anti-TolB-Pal
antibodies.

plex rather than the TolB-Pal complex. Aside from the EM
classification data obtained with adsorbed material, we have
not yet precisely quantified the differences between t0lABOR
and pal cells. However, densitometry scannings of blue-stained
outer membrane porins of fol-pal cell membranes and super-
natant filtrates indicated that between 10 and 20% of porins
were found in vesicles.

Recent results indicated that the TolB-Pal complex inter-
acted in vivo with the Lpp and OmpA proteins and that the
expression of Pal was increased in an Ipp ompA strain (9).
Together with our data, these results suggest that the Tol-Pal
proteins may be involved in a structural cell envelope network.
Hence, the TolB-Pal outer membrane complex interacted with
the peptidoglycan and might be linked to the TolAQR inner
membrane complex through direct or indirect interaction.
Then, a defect in any of the Tol protein might disrupt the
stoichiometry of the Tol-Pal transenvelope complex, inducing
vesicle formation. However, no experimental evidence for the
interaction between the two complexes ToJAQR and TolB-
Pal-peptidoglycan has been demonstrated. The Tol-Pal com-
plex may also be involved in the integration of newly synthe-
sized outer membrane components. Indeed, these two
potential roles are not incompatible. Because porins were
found to interact in vitro with TolA and TolB (14, 49), the
absence of a functional Tol-Pal complex of definite stoichiom-
etry (22) would lead to the release rather than correct integra-
tion of outer membrane components. The induction of cell
hypersensitivity and colicin tolerance had been previously
shown for wild-type cells overexpressing periplasmic TolA de-
rivatives (36) or periplasmic N-terminal domains of group A
colicins (6). These results indicated that the Tol-Pal complex
can be destabilized even when present in the cell envelope.
Preliminary experiments revealed that vesicle formation was
stopped upon carbon starvation of exponentially growing rol4
cells, indicating that this process was dependent on cell growth.
All of these results suggest a role of the Tol-Pal proteins in
assuming a transient link between the two membranes and the
peptidoglycan. Further analyses of vesicles and outer mem-
brane fractions after pulse-chase labeling experiments will in-
dicate if the Tol-Pal proteins contribute in the dynamic inte-
gration of outer membrane components.

An interesting aspect concerns the relationship between (i)
hypersensitivity to drugs and detergents and (ii) vesicle detec-
tion. We observed that 10lC, surA, and rfa cells did not form
vesicles. Efficient release of outer membrane in rfa cells treated
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with EDTA has been demonstrated (39). In accord with this
observation, in the absence of EDTA, no vesicles were de-
tected in the rfaD strain. Ipp strains were previously shown to
form vesicles under low concentrations of Mg** (21, 52, 56) or
overexpression of periplasmic proteins (3). In the two Ipp
strains used, we observed that KS303 formed numerous vesi-
cles whereas JE5505 did not. However, JES5050mpA (Ipp
ompA double mutant) was the strain which formed the greatest
number of vesicles, while ompA strain JC8931 had no obvious
outer membrane defect. All of these lpp strains contain the
Tol-Pal proteins. Hence, it appears that an independent ge-
netic event may differentiate the two Ipp strains. As for the Ipp
strains, we suspected that vesicles recovered in the fol-pal
strains may be a consequence of the absence of Pal (or its
association with the peptidoglycan). Because the pal mutants
formed lower amounts of vesicles compared to the tolAQR
strains, this possibility did not seem likely. Furthermore, we
observed that each of the tolABOR mutations did not prevent
the localization of Pal in the vesicle fraction, which probably
reflects its correct outer membrane localization. Thus, sorting
and transport of Pal to the outer membrane, driven by the
periplasmic LolA (40) and outer membrane LolB (41) pro-
teins, is not prevented by the periplasmic leaky phenotype of
tol cells.

The last point of relevance is the detection in other gram-
negative bacteria such as Pseudomonas aeruginosa (26) or Neis-
seria gonorrhoeae (46) of outer membrane vesicles which were
suspected to interfere with bacterial pathogenesis. As ho-
mologs of the Tol-Pal proteins have been found in the ge-
nomes of all gram-negative bacteria sequenced so far, a better
understanding of their regulation and involvement in vesicle
formation is of interest.
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