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TolC is a multifunctional outer membrane protein of Escherichia coli that folds into a novel «-f-barrel
conformation absent in the other model outer membrane proteins used in assembly studies. The data presented
in this work show that the unique folded structure of TolC reflects a unique assembly pathway. During its
assembly, the newly translocated nascent TolC monomers are released in the periplasm. Maturation of these
nascent monomers, and possibly their oligomerization, in the periplasm precedes their insertion in the outer
membrane. The completion of the assembly process is signaled by the development of a characteristic pro-
teinase K-resistant fragment generated by cleavage at a single, periplasmically exposed, protease-sensitive site
of the membrane-anchored trimer. None of the assembly steps of TolC is affected by known folding factors,
such as SurA, Skp, and lipopolysaccharide, which have profound effects on the assembly of other model
trimeric outer membrane proteins. Two assembly-defective TolC mutants were isolated and characterized. One
of the mutants (TolC,,y4x) Was defective in the folding of nascent monomers, while the other (TolCg;5,r) Was
impaired in steps involving trimerization and membrane insertion of folded monomers.

The B-barrel outer membrane proteins (OMPs) of Esche-
richia coli have been extensively used in assembly studies (for
a review, see reference 12). Their journey to the outer mem-
brane begins with the translocation of OMP precursor mole-
cules through the Sec machinery located in the inner mem-
brane (31). Removal of the signal sequence from precursors
during translocation yields mature nascent polypeptides, which
are thought to transiently exist in the aqueous environment of
the periplasm. One of the challenges these nascent polypep-
tides face is to remain assembly competent. This is achieved
through their interactions with periplasmic folding factors and
at least one outer membrane component, lipopolysaccharide
(LPS) (1, 22). For trimeric OMPs, the association of folded
monomers with the outer membrane presumably triggers their
trimerization and insertion in the membrane.

Several periplasmic proteins have been identified that func-
tion as chaperones or foldases to assist OMP assembly (12, 30).
Skp is thought to be a general chaperone because denatured
OmpF, but not the native form, was shown to bind to it in vitro
(9). Consistent with this, it was found that the skp null mutant
had drastically reduced OMP levels (9). Although the original
genetic observation did not withstand further scrutiny, addi-
tional biochemical (6, 35) and genetic (33) experiments reiter-
ated the role of Skp as a chaperone.

Among foldases, SurA (23, 34), FkpA (2, 29), and PpiD (13)
represent periplasmic proteins that catalyze peptidyl prolyl
cis-trans isomerization (PPIase) in vitro. However, despite
their in vitro PPIase activity, it has not been demonstrated that
these proteins influence OMP assembly by affecting the cis-
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trans isomerization of proline peptide bonds. In fact, both
SurA (4) and FkpA (2) have been shown to assist in OMP
assembly independent of their isomerase activities. Moreover,
FkpA has been reported to influence protein folding indepen-
dent of the presence of cis-prolines (5). In light of this, it is
conceivable that SurA and FkpA promote OMP assembly by
acting as general chaperones. The periplasm also contains pro-
teins that catalyze disulfide bond formation (3). However,
since many OMPs, including porins and TolC, the subject of
this study, do not contain cysteine residues, they assemble
independent of the disulfide isomerase activity.

A periplasmic protease, DegP, has received the most atten-
tion in connection with OMP assembly. degP null mutants do
not grow at growth temperatures above 39°C (24, 40), presum-
ably because of a greater need for the removal of misfolded
proteins at elevated temperatures. However, expression of cer-
tain misfolded OMPs renders DegP’s presence essential at
lower growth temperatures (8, 27). Both biochemical (38) and
genetic (33) studies have suggested that DegP can also func-
tion as a chaperone.

Not all OMPs follow the same assembly pathway involving
common assembly factors. Such exceptions are typified by the
outer membrane lipoproteins, whose targeting and assembly
rely on five dedicated proteins, LoOIABCDE (25, 43). This vari-
ation most likely reflects the posttranslocational modifications
and other structural distinctiveness of lipoproteins. This raises
an interesting question of whether other OMPs with a distinct
folded structure may also ensue novel targeting and assembly
pathways. With this in mind, we examined the assembly of
TolC, whose three-dimensional structure and barrel composi-
tion are astonishingly different from characteristics of other
OMPs used in biogenesis studies.

TolC is a minor but functionally important OMP. It is in-
volved in hemolysin secretion (42, 44), colicin import (10, 14),
and antibiotic efflux (16). It is also exploited by a bacteriophage
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TABLE 1. Bacterial strains and plasmids

Strain or plasmid Characteristics Source or
reference

Strains
MC4100 F~ araD139 A(argF-lac)U139 rpsL150 flbB5301 ptsF25 deoC1 thi-1 rbsR relA 7
RAMY58 MC4100 t0lC::Tnl0-48 42
RAM1149 RAMO958/pTrc99A This study
RAM1150 RAMY58/pTre-t0lC" (BspHI-HindIII clone) This study
RAMI1151 RAMOI58/pTrc-tolC(TolC jgen) This study
RAM1152 RAMO958/pTre-tolC(TolCgss0r) This study
RAM787 MC4100 resB::Km"® 22
RAM789 MC4100 resB::Km* Arfa-2057 (Cm?") 22
RAM913 MC4100 ®degP::lacZ* Tnl0::zad-475 R. Misra
RAMY14 MC4100 PdegP::lacZ* Askp Tnl0::zad-475 R. Misra
RAMY51 MC4100 surA::Km" R. Misra
RAM1116 RAMY58 surA:Km'/pTre-tolC* This study
RAM1117 RAMY58 Arfa-2057/pTre-tolC™* This study
XL1-Red endAl gyrA96 thi-1 hsdR17 supE44 relAl lac mutD5 mutS mutT::Tnl0 Stratagene

Plasmid
pTrc99A Ap'"; expression vector Pharmacia

as a cell surface receptor (17). The folded structure of TolC is
novel in that it forms an extended a-B-barrel (20), in contrast
to the exclusive transmembrane B-barrels of OmpF (11),
OmpA (32), and LamB (36). Due to similar three-dimensional
structures of these latter proteins, a common folding and as-
sembly principle governs their biogenesis. However, this may
not be true for TolC, whose folded structure contains a much
higher proportion of a-helices than any other OMP of known
structure. The hallmark of the majority of OMPs is the pres-
ence of a conserved carboxy-terminal phenylalanine residue,
which is thought to influence nascent monomer folding (18,
41). In TolC, however, asparagine occupies this position.
Lastly, unlike porins, where three individual monomeric bar-
rels assemble to form a three-barrel trimer, a TolC monomer
constitutes only one-third of a single-barrel TolC trimer. These
structural and sequence differences may reflect a distinct fold-
ing and assembly pathway for TolC. The results obtained in
this study indeed support this notion.

MATERIALS AND METHODS

Bacterial strains, growth media, and chemicals. The E. coli strains and plas-
mids used in this study are listed in Table 1. Minimal medium (M63) and Luria
broth were prepared as previously described by Silhavy et al. (37). When cells
were grown on minimal medium, 0.4% glycerol was used as the sole carbon
source. A mixture of [**S]methionine-[*S]cysteine was purchased from Perkin-
Elmer Life Sciences, Inc. Enzyme-catalyzed fluorescence (ECF) substrate was
purchased from Amersham Pharmacia Biotechnologies. Formalin-killed Staph-
ylococcus aureus cells (Pansorbin) were purchased from Calbiochem. All other
chemicals were of analytical grade.

DNA manipulations. Biogenesis studies with chromosomally expressed TolC
were often difficult owing to low protein levels. To circumvent this, the tolC gene
was cloned into an expression vector, pTrc99A (Pharmacia). For this, two mu-
tagenic primers were utilized: the forward primer (5'-CAGGAAACAGATCAT
GAGGAAATTGCTCCC-3') created a unique BspHI site (underlined), and the
reverse primer (5'-GCGGCAGATAACCCGAAGCTTTACGGTTGCC-3')
created a unique HindIII site (underlined). In creating the BspHI site, the second
codon of the TolC signal sequence was changed from AAG (lysine) to AGG
(arginine). tolC DNA was amplified from the chromosome by PCR, digested with
BspHI and Hindlll, and ligated into appropriately restricted pTrc99A. In the
absence of the inducer isopropyl-B-p-thiogalactopyranoside (IPTG), the level of
plasmid-borne TolC was slightly higher (115%) than that of the chromosomally
expressed TolC protein. However, when induced for 10 min with 0.01 mM IPTG,

plasmid-borne TolC levels increased about three times above the uninduced
level.

Radioactive labeling and assembly assays. Cells were grown overnight at 37°C
on minimal medium with glycerol as the carbon source. The following day,
cultures were diluted 50-fold with the same medium and grown to mid-log phase
(optical density at 600 nm = 0.3 to 0.35). Ten minutes prior to labeling, 0.01 mM
IPTG was added to the cultures to induce TolC synthesis. Cells were labeled as
described previously (28). Labeled cells were pelleted by spinning tubes in a
microcentrifuge at 14,000 X g for 15 min at 4°C. To allow proteinase K to enter
the periplasm, the outer membrane was permeabilized by resuspending the cells
in a buffer containing 20% sucrose, 20 mM Tris-HCI (pH 8.0), 10 mM EDTA,
and 0.5% Triton X-100 and incubated for 10 min at 4°C. Proteinase K was then
added to a final concentration of 10 pg/ml, and tubes were further incubated for
10 min at 30°C. The protease inhibitor phenylmethylsulfonyl fluoride (PMSF; 1
mM) was added to inactivate the protease. Membrane proteins were extracted
from pelleted cells by the gentle detergent lysis procedure as described previ-
ously (26, 28).

Labeled cell extracts were mixed with an immunoprecipitation buffer (1%
Triton X-100, 50 mM Tris-HCI; pH 7.5) containing appropriate antibodies and
incubated rocking at 4°C for a minimum of 4 h. The immunocomplexes were
precipitated with Pansorbin. The immunoprecipitates were washed several times and
analyzed by sodium dodecyl sulfate (SDS)-polyacrylamide gel electrophoresis
(PAGE). The gels were dried and exposed to X-ray films at —80°C. Protein bands
were scanned and quantified using ImageQuant software (Molecular Dynamics).

Fractionation procedures. The French press lysis method was used to separate
the soluble (cytoplasm and periplasm) and insoluble (inner and outer mem-
branes) fractions (28). To isolate the periplasm, a gentle osmotic shock method
was performed (2). Labeled cell pellets were resuspended in a buffer containing
0.5% sucrose, 10 mM Tris-HCI (pH 7.5), 200 pg of lysozyme/ml, and 10 mM
EDTA to permeabilize the outer membrane. This mixture was incubated at 4°C
for 20 min. The cells were centrifuged at 14,000 X g for 15 min at 4°C. The
supernatant, now containing the periplasm, was removed and treated with pro-
teinase K as described above. PMSF (1 mM) was added to inactivate the pro-
tease, and immunoprecipitation was carried out using appropriate antibodies.

Western blot analysis. Whole-cell extracts were analyzed on mini SDS-PAGE
gels and transferred onto polyvinylidene difluoride membranes (Immobilon-Milli-
pore). After transfer, the membranes were incubated for 1.5 h with primary anti-
bodies raised against LamB, maltose-binding protein (MBP), or TolC. The mem-
branes were washed, and secondary antibodies (goat anti-rabbit alkaline
phosphatase-conjugated immunoglobulin G) were added for 1 h. The membranes
were exposed to ECF substrate for 5 min and analyzed using a phosphorimager.

RESULTS

In vivo assembly assay. Fully assembled, membrane-bound
TolC shows a characteristic protease sensitivity pattern. It was
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discovered that the treatment of membrane-anchored TolC
with proteinase K yields a stable membrane-bound fragment of
46 kDa that is truncated from its carboxyl end (21). Unlike the
membrane-bound species, TolC solubilized from the mem-
brane with nonionic detergents is rapidly degraded by the
protease. Thus, the appearance of the 46-kDa TolC fragment
from cells withdrawn at various chase points should not only
reflect a conformational transition but also its membrane in-
sertion (Fig. 1A).

To monitor this event in vivo, we combined two techniques
in which whole-cell proteolysis is followed by trimer extraction
using a gentle lysis procedure (26, 28) that preserves TolC’s
native trimeric state. As the proteinase K-sensitive site in TolC
is accessible only from the periplasm, whole-cell proteolysis
was carried out after permeabilizing the outer membrane.
TolC trimers were extracted by the SDS-lysis procedure. TolC
and MBP were immunoprecipitated from supernatants, and
immunoprecipitated samples were analyzed by SDS-PAGE
(Fig. 1B and C).

The results presented in Fig. 1B and C showed that although
some TolC molecules had already attained the characteristic
protease-resistant state at the earliest chase point, the majority
of TolC molecules present at the first chase point were pro-
tease sensitive. Gradually, all TolC molecules matured into a
form that produced the characteristic membrane-anchored 46-
kDa fragments. These results showed that TolC progresses
through a protease-sensitive state to a protease-resistant state
during assembly.

Localization of assembly intermediates. An element con-
cerning TolC’s assembly involves identifying various assembly
intermediates based on their cellular location. Of course, the
fully assembled product of TolC is localized in the outer mem-
brane, but nothing is known about the localization of assembly
intermediates. This is important to determine, because it will
shed light on the cellular pathway TolC takes to get to the
outer membrane. Two popular models of OMP assembly
evoke that either nascent polypeptides of OMPs are dumped
into a soluble periplasmic environment or they remain associ-
ated, albeit weakly, with the inner membrane and reach the
outer membrane through membrane contact sites. As the phys-
iological significance of such contact sites remains unclear, the
discovery of several periplasmic OMP assembly factors has
given greater impetus to the notion of soluble OMP assembly
intermediates.

Our fractionation analyses entailed two methods. The first
method separated the soluble cytoplasmic and periplasmic
fractions from the insoluble fractions of inner and outer mem-
branes. The second method aided in the isolation of the solu-
ble periplasmic fraction. To assist in the isolation of soluble
and insoluble contents, [>*S]methionine-cysteine-labeled cells
(~2 X 10%) withdrawn at various chase points were mixed with
unlabeled TolC~ cells (~1 X 10°). The addition of cold cells
compensates for sample loss during the fractionation proce-
dure and aids in monitoring the cross-contamination of various
fractions by Western blot analysis of unlabeled proteins. Mem-
branes were separated from soluble fractions by the high-speed
centrifugation of cell lysates obtained by a French press cell.
The soluble periplasmic fraction was isolated using methods
involving a mild spheroplast formation that does not release
the membrane and cytoplasmic fractions (see Materials and
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FIG. 1. TolC assembly assay. (A) Cartoon showing the TolC as-
sembly assay. The treatment of outer membrane (OM)-permeabilized
cells with proteinase K (PK) results in the complete degradation of
soluble TolC assembly intermediates, while assembled TolC molecules
produce an OM-anchored 46-kDa fragment. The C-terminal 5-kDa
fragment is either completely degraded or not detected by SDS-
PAGE. (B) An autoradiograph of an SDS-polyacrylamide gel carrying
immunoprecipitated samples from pulse-chase labeling experiments.
Cells expressing wild-type TolC were labeled with [>S]methionine-
[**S]cysteine as described in Materials and Methods. Half of the la-
beled samples was treated with proteinase K. TolC and MBP were
immunoprecipitaed from protein extracts and analyzed by SDS-
PAGE. Positions of TolC and MBP are shown. Note that TolC from
proteinase K-treated samples runs faster (46 kDa) than that from
untreated samples (51 kDa). Chase times are shown below the gel.
(C) TolC levels, relative to MBP levels, were quantified and graphed.
Total TolC (#), proteinase K-resistant TolC (m), and proteinase K-
sensitive TolC (A) results are shown.

Methods for details). TolC was detected from various fractions
by immunoprecipitation reactions using TolC-specific antibod-
ies (Fig. 2).

The results showed the accumulation of a soluble TolC spe-
cies during early chase points whose levels gradually declined
during later chase points (Fig. 2A). In contrast, only a small
population of TolC was present in the membrane fraction
during early chase points, but its level rose steadily during later
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FIG. 2. Localization of TolC assembly products. Bacterial cells
from pulse-chase experiments were fractionated into soluble cytoplasm
and periplasm (A) and insoluble inner and outer membranes (B). One
half of the protein sample was treated with proteinase K, while the
other half was left untreated. TolC and MBP were immunoprecipi-
tated and analyzed by SDS-PAGE. Gels were dried and autoradio-
graphed. (C) Purified periplasmic fraction from a separate pulse-chase
experiment analyzed as described for panels A and B. Note that unlike
in panels A and B, a cocktail of antibodies specific to TolC, MBP, and
LamB was used in the immunoprecipitation reactions. (D) Immuno-
precipitation of TolC, MBP, and LamB from periplasm-free, shocked
cell pellets. Prior to immunoprecipitation, protein samples were di-
vided into halves; antibodies specific to TolC and MBP were used in
one half, while those specific to LamB and MBP were used in the other
half of immunoprecipitation reactions. Positions of TolC, MBP, and
LamB are shown. Identities of two protein bands (*) are currently
unknown. Chase time points are shown below the gel.

chase points (Fig. 2B). This depletion of a soluble TolC species
with a concomitant increase in insoluble TolC levels during
chase reflected a typical precursor-product relationship. The
soluble TolC species showed almost total sensitivity to protein-
ase K (Fig. 2A), while insoluble TolC produced the character-
istic 46-kDa fragments (Fig. 2B). Further separation of enve-
lopes into outer and inner membranes by sucrose density
gradients showed that the 46-kDa fragment was generated
from TolC localized with the outer membrane (data not
shown).

The result presented in Fig. 2C showed that during the early
steps of biogenesis, TolC was present in the periplasm but then
disappeared around 10 min postchase. As observed for the
soluble fraction in Fig. 2A, TolC present in the periplasmic
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fraction was sensitive to proteinase K. Since cultures were
induced with maltose prior to pulse-chase analysis, LamB was
also examined as a control protein. No soluble assembly inter-
mediates of LamB were detected (Fig. 2C). Unlike the
periplasmic fraction, LamB was present in periplasm-free
shocked cell pellets (Fig. 2D). It is important to emphasize that
the purity of the periplasmic fraction is critical to our claim for
the existence of TolC assembly intermediates in the periplasm.
Results presented in Fig. 2C showed that periplasmic fractions
from all five chase samples were entirely free of any contam-
ination from the assembled (protease-resistant) forms of TolC
and LamB and, thus, insoluble membrane fractions. These
results unequivocally demonstrate that prior to assembling in
the outer membrane, the proteinase K-sensitive TolC interme-
diates first emerge in the periplasm.

The role of known assembly factors in TolC assembly. Sev-
eral assembly factors have been identified through studies in-
volving model OMPs (12, 30). These include SurA, a periplas-
mic peptidyl prolyl cis-trans isomerase (23, 34), Skp, a
presumed general chaperone (6, 9, 35), DegP, a periplasmic
protease (24, 40) that is also proposed to possess a general
chaperone activity (38), and LPS, which is thought to be in-
volved in the assembly of all trimeric OMPs (22). We examined
the effect of null (surA4, skp, and degP) or mutant (LPS) alleles
of these factors on the assembly of TolC. The initial examina-
tion involved Western blot analysis in which the steady-state
levels of TolC, LamB, and MBP were examined (Fig. 3A and
B). The latter two proteins served as outer membrane (LamB)
and periplasmic (MBP) protein controls. As expected, the level
of LamB was reduced in mutant sur4 and deep-rough LPS
backgrounds, whereas MBP levels remained unaltered (Fig.
3A). In contrast, no reduction in TolC level was observed in
either mutant background (Fig. 3B). We failed to see any
reduction in LamB and TolC levels in an skp null background
(Fig. 3A and B). Similarly, the level of TolC, like that of LamB
and MBP, was unaffected in a degP null background (data not
shown).

Since the examination of the steady-state protein level does
not reflect the kinetics of assembly, we studied this through
pulse-chase labeling experiments. These experiments involved
only mutant sur4 and LPS backgrounds, as they produced the
most severe effect on porin assembly. The results presented in
Fig. 3C and D showed that neither the absence of SurA nor the
expression of the deep-rough LPS had any significant effect on
TolC assembly. These results showed that the known assembly
factors (particularly SurA and LPS) that profoundly influence
the assembly of most OMPs are not involved in TolC’s assem-
bly.

Isolation and characterization of assembly-defective TolC
mutants. OMP mutants defective in assembly have been ex-
tremely valuable in (i) dissecting the assembly steps (26, 28),
(ii) identifying individual residues that play an important role
in assembly (26), and (iii) revealing the cellular factors in-
volved in the assembly (15, 19, 26). We anticipate that this class
of TolC mutant would be equally valuable in providing insights
into its assembly pathway.

The basic premise behind isolating assembly-defective TolC
mutants is that such mutants may also display a generally
compromised TolC phenotype due to reduced TolC levels. In
an attempt to isolate assembly-defective TolC mutants, we
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FIG. 3. Western blot analysis of cell extracts obtained from TolC™,
TolC*, TolC" SurA~, TolC" Tnl0:zad475, TolC" Askp
Tnl0::zad475, TolC" resB::Km', and TolC™" resB::Km' Arfa2057 (lanes
1 to 7, respectively). Membrane filters were treated with either LamB
and MBP antibodies (A) or TolC and MBP antibodies (B). Positions
of LamB, MBP, and TolC are shown. (C and D) Effects of sur4::Km"
(C) and Arfa2057 (D) on TolC assembly. Assembly assays were carried
out as described in Materials and Methods and in the legend for Fig.
1. Levels of assembled (proteinase K-resistant) TolC, relative to MBP
levels, were quantified and graphed.

exploited a strategy principally designed to isolate TolC efflux
mutants. As noted previously (16), TolC is the outer mem-
brane component of an efflux pump consisting of AcrA and
AcrB proteins; null mutations in any one of the three genes
display a hypersensitivity phenotype. If we were to mutagenize
plasmids carrying the folC gene, only those mutations mapping
in tolC would contribute to a hypersensitive phenotype in a
genetic background lacking the chromosomal f0/C gene.

A plasmid #0lC clone was constructed that produces TolC at
a level similar to that produced from the chromosomal allele.
Random f0/C mutations were generated by allowing the repli-
cation of the f0lC plasmid in a mutator strain (mutT, mutS, or

J. BACTERIOL.

mutD). Mutagenized plasmid DNA was transformed into a
genetic background lacking the chromosomal #0lC allele.
Transformed bacterial colonies were screened by replica plat-
ing for their ability to grow on medium containing low or high
concentrations of novobiocin, an antibiotic that is normally
extruded by the TolC-AcrA/B pump. We concentrated on col-
onies that grew on low (5 pg/ml) but not on high (50 pg/ml)
concentrations of novobiocin, because both the desired class of
assembly mutants as well as efflux mutants are expected to be
present among them. Colonies that fail to grow on plates
containing 5 pg of novobiocin/ml are likely to contain tolC null
mutations. On the other hand, colonies that are able to grow
on a medium containing a high (50 pg/ml) novobiocin concen-
tration presumably synthesize TolC with normal assembly and
efflux activity.

The above genetic strategy led to the isolation of two TolC
mutants that had reduced TolC levels. DNA sequence analysis
of the plasmid 70lC gene revealed the presence of point mu-
tations, resulting in the I106N or S350F substitution in the
mature portion of the protein. Low TolC levels in these mu-
tants indicated that either the assembly intermediates or as-
sembled molecules are unstable. We carried out assembly as-
says to test whether the two mutants carrying an I106N or
S350F substitution are assembly defective.

The results presented in Fig. 4 reveal two interesting obser-
vations concerning mutant TolC’s assembly: first, unlike wild-
type TolC (Fig. 4A) where the level of trimer antibody-recog-
nizable forms reaches a plateau around 10 min postchase, in
the mutants a plateau was not reached even after 60 min of
chase (Fig. 4B and C). Secondly, in the case of wild-type TolC,
biogenesis of the proteinase K-resistant form closely followed
that of total TolC, and by 60 min virtually all TolC molecules
had adopted the proteinase K-resistant conformation. In con-
trast, the mutant proteins assumed the proteinase K-resistant
conformation extremely slowly and remained largely protein-
ase K sensitive even after 60 min of chase.

Next, we examined the status of the periplasmic assembly
intermediates through pulse-chase labeling experiments (Fig.
5). The results showed that the pool of soluble intermediates of
TolCy,6n disappeared at a rate similar to that observed for the
wild-type protein (Fig. 5B). However, unlike the wild-type pro-
tein, the depletion of TolC,, N molecules did not result in the
concomitant accumulation of the proteinase K-resistant assem-
bly product (Fig. 4B). This suggested that the majority of the
soluble intermediates was degraded prior to adopting a pro-
tease-resistant conformation.

The mutant TolC protein with an S350F substitution pro-
duced results quite distinct from the wild-type and TolCy;en
proteins. We not only observed a much larger pool of the
soluble periplasmic intermediates than that present in the
other two proteins, but these intermediates persisted in the
soluble state even after 60 min of chase (Fig. 5). These results
showed that TolCg,5 is severely defective in a step involving
the conversion of soluble, protease-sensitive periplasmic inter-
mediates into membrane-bound, protease-resistant assembly
products. The persistence of the soluble TolCgy50r Species
suggests that it is conformationally distinct from that produced
by TolCyygen-
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FIG. 4. Assembly of wild-type TolC, TolCyen, and TolCgssop. As-
sembly assays were carried out as described in Materials and Methods

and in the legend for Fig. 1. Levels of untreated and proteinase K-
treated TolC (+ PK), relative to MBP, were quantified and graphed.

DISCUSSION

TolC assembly pathway. Data presented in this work showed
that TolC follows an assembly pathway distinct from that en-
sued by other thoroughly studied model trimeric OMPs. We
developed an in vivo assay to study the assembly of TolC, a
structurally unique OMP of E. coli. The basic premise behind
this assay entailed differential proteinase K sensitivity profiles
of assembly intermediates and assembled molecules. The pro-
teinase K treatment of permeabilized cells, in which the pro-
tease could reach the periplasmic side of the outer membrane,
resulted in the cleavage of the fully assembled TolC molecules
of 51 kDa into outer membrane-anchored 46-kDa fragments.
Pulse-chase experiments demonstrated a clear transition of a
TolC population from a state that was completely sensitive to
proteinase K to a state that displayed the distinctive proteinase
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FIG. 5. Examination of periplasmic TolC intermediates from
strains expressing wild-type TolC (TolC,,), TolCy;en, and TolCgssg.
TolC and MBP were immunoprecipitated from purified periplasmic
fractions obtained from pulse-chase experiments. (A) Autoradio-
graphs of SDS-polyacrylamide gels carrying immunoprecipitated sam-
ples. (B) TolC levels, relative to MBP levels, were quantified and
graphed. ¢, TolC,; m, TolCy en; A, TolCgs50.

K sensitivity pattern of fully assembled TolC molecules. Our
assays also revealed that the development of this final state in
TolC assembly is a relatively slow process, taking almost 60
min to fully assemble all of the TolC molecules synthesized
during the 30-s pulse period.

Fractionation studies revealed two topologically distinct
TolC populations. The first population primarily appeared
during the early chase period and was comprised of soluble
molecules present in the periplasm. This population presum-
ably represented a mixture of nascent mature polypeptides and
unassembled TolC molecules. The second population predom-
inantly appeared during the later chase period and was mem-
brane bound. This species likely corresponded to fully assem-
bled TolC molecules, since TolC from steady-state cultures
also behaves this way. These topologically distinct populations
could also be differentiated based on their protease sensitivity
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patterns. The soluble periplasmic population was fully sensitive
to proteinase K, while the membrane-bound TolC produced
the distinct proteinase K-sensitive band of fully assembled
TolC. Based on these results, we summarize that the assembly
of TolC begins with the emergence of soluble, protease-sensi-
tive intermediates in the periplasm. These soluble intermedi-
ates may represent multiple assembly ensembles, including
nascent mature monomers, folded monomers, and soluble tri-
mers. The insertion of soluble trimers into the outer mem-
brane, perhaps followed by some additional conformational
changes as seen in the metastable-to-stable trimer transition of
OmpF (26) and LamB (28), completes the assembly process.

It is interesting that, unlike TolC, no soluble LamB assembly
intermediates were detected. The existence of soluble LamB
intermediates has been hypothesized from genetic data show-
ing that LamB assembly is severely affected in the absence of
SurA, a periplasmic foldase (34). The lack of a detectable
soluble LamB assembly intermediate may reflect its rapid con-
version into membrane-bound forms (28). On the other hand,
membrane insertion may be a rate-limiting step in TolC as-
sembly where, unlike LamB, trimerization most likely precedes
insertion into the outer membrane. Soluble assembly interme-
diates of OmpF and PhoE have been reported (for a review,
see reference 12).

Known assembly factors do not affect TolC assembly. Sev-
eral periplasmic (e.g., SurA and Skp) and outer membrane
(LPS) factors have been implicated in the assembly of model
OMPs, particularly that of porins and LamB (12). However, in
a sharp contrast to these OMPs, we show here that the in vivo
assembly of TolC appeared to be unaffected in a genetic back-
ground lacking either SurA or Skp or producing a truncated
LPS core. This would suggest that (i) TolC assembly interme-
diates fold in a unique manner, and (ii) novel assembly factors
may be involved in TolC assembly. It is worth emphasizing that
while we observed no obvious effect of SurA or Skp on TolC
assembly, it could be due to the existence of redundant cellular
activities. For examples, there are at least two other periplas-
mic peptidyl prolyl cis-trans isomerases (2, 13, 29) that may
compensate for the loss of SurA. Curiously, however, such
compensation has not been seen in the case of OmpF and
LamB, suggesting a more direct role for SurA, perhaps as a
chaperone (4) rather than as a peptidyl prolyl cis-trans isomer-
ase, on OMP assembly. Interestingly, while TolC assembly is
independent of the LPS core, certain TolC-dependent activi-
ties, such as phage infection (17) and hemolysin secretion (39),
are drastically affected by the composition of the LPS core.

Insight on TolC assembly through mutant analysis. Mutants
that influence various assembly steps can be powerful tools in
dissecting the assembly pathway. With this in mind, we sought
TolC assembly mutants through exploiting TolC’s role in an-
tibiotic efflux. We surmised that reduced TolC levels would
negatively affect the cell’s ability to pump out antibiotics, thus
leading to a hypersensitivity phenotype. A TolC mutant-
screening method was devised that eliminated null mutants
and differentiated isolates with reduced efflux activity from
those that maintained full activity. Two TolC mutants bearing
I106N and S350F substitutions had an intermediate efflux ac-
tivity and were defective in assembly, respectively.

Assembly and fractionation analyses revealed that while
both mutant proteins were severely impaired in acquiring the
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membrane-bound conformation of fully assembled molecules,
they were defective in different stages of assembly. Even
though the periplasmic species of TolC,,yen Was depleted at
the same rate as the wild-type TolC protein, its failure to
assume the characteristic proteinase K-resistant pattern sug-
gested rapid turnover of the soluble assembly intermediates. In
contrast to TolCy;yen, the soluble, periplasmic species of
TolCgs50r Was surprisingly impervious to degradation, and
over 70% of it persisted even after 60 min of chase. The
perseverance of the soluble TolCgs50r species showed that its
conformation is significantly different from that of the highly
labile TolC, 6N SpECies.

The crystal structure of TolC revealed that 1106 is part of a
hydrophobic cluster that stabilizes neighboring helices within a
monomer (20). Assuming that the formation of this hydropho-
bic cluster and helix stabilization occurs during the commence-
ment of the folding process, their destabilization would nega-
tively impact the initial stages of assembly. Thus, the
substitution of 1106 with N most likely interferes with the
folding of nascent monomers. This is consistent with the rapid
turnover of soluble TolC,, s molecules, in which the unfolded
monomers presumably constitute the largest fraction.

The S350F substitution likely interferes with the stabilization
of subunit interactions, since S350 forms hydrogen bonds with
D162 of the neighboring subunit (20). Moreover, due to its
location in the folded molecule, the S350F substitution is less
likely to interfere with the early folding events involving nas-
cent polypeptide chains. Again, this is consistent with our ob-
servation that the accumulated periplasmic species of
TolCgss0p is highly stable, suggesting that monomers have as-
sumed a folded conformation that renders them resistant to
degradation by periplasmic proteases. Based on this, we pro-
pose that a defect in the oligomerization event blocks the
insertion of a soluble but folded species of TolCgss0r in the
outer membrane. Thus, unlike TolCj ey, the assembly of
TolCgss0p is defective at a later stage of assembly involving
trimerization and membrane insertion.

The TolC barrel structure is unique in that it is made up of
three monomers. This suggests that at least the B-barrel por-
tion must assemble in the periplasm prior to inserting in the
outer membrane. We assert this because the monomer inter-
face has large exposed hydrophilic surfaces that would make it
energetically unfavorable for the B-strand regions of TolC to
be exposed to the hydrophobic environment of the outer mem-
brane. However, if the monomers associate with other mono-
mers to first form a trimer in the periplasm, the assembled
B-barrel trimer would assume a conformation suitable for
membrane insertion. The TolCg;s, protein, which appears to
be defective in the formation of stable trimers, is also defective
in membrane insertion, which lends further support to the
notion that the trimerization of TolC monomers precedes their
insertion in the outer membrane.

We have previously reported that the expression of assem-
bly-defective OMPs in a genetic background lacking a major
periplasmic protease, DegP, confers lethality (8, 27). Interest-
ingly, we failed to see such lethality when the assembly-defec-
tive TolC proteins were expressed, even though the absence of
DegP increased the level of mutant proteins, suggesting that
DegP is one of the proteases responsible for the degradation of
mutant TolC (data not shown).
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The work presented in this study showed that cellular factors
that drastically influence the assembly of other model OMPs
have no effect on the assembly of TolC. Perhaps this is reflec-
tive of the novel structure of TolC, which involves an unusually
large, periplasmically exposed, a-helical domain that is absent
from other model OMPs. This raises the possibility that a novel
folding pathway and assembly factors are involved in the bio-
genesis of TolC. Our present efforts are directed at further
dissecting the assembly steps and revealing cellular factors that
are involved in the assembly of TolC.
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