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This study describes the isolation and characterization of a unique class of TolC mutants that, under
steady-state growth conditions, secreted normal levels of largely inactive alpha-hemolysin. Unlike the reduced
activity in the culture supernatants, the cell-associated hemolytic activity in these mutants was identical to that
in the parental strain, thus reflecting a normal intracellular toxin activation event. Treatment of the secreted
toxin with guanidine hydrochloride significantly restored cytolytic activity, suggesting that the diminished
activity may have been due to the aggregation or misfolding of the toxin molecules. Consistent with this notion,
sedimentation and filtration analyses showed that alpha-hemolysin secreted from the mutant strain has a mass
greater than that secreted from the parental strain. Experiments designed to monitor the time course of
alpha-hemolysin release showed delayed appearance of toxin in the culture supernatant of the mutant strain,
thus indicating a possible defect in alpha-hemolysin translocation or release. Eight different TolC substitutions
displaying this toxin secretion defect were scattered throughout the protein, of which six localized in the
periplasmically exposed �-helical domain, while the remaining two mapped within the outer membrane-
embedded �-barrel domain of TolC. A plausible model for the secretion of inactive alpha-hemolysin in these
TolC mutants is discussed in the context of the recently determined three-dimensional structure of TolC.

Uropathogenic strains of Escherichia coli secrete a pore-
forming cytotoxin called alpha-hemolysin, also known as HlyA
(for reviews, see references 4 and 40). The hlyCABD genes
mediate synthesis, activation, and secretion of alpha-hemolysin
(20). hlyA encodes for a 110,000-molecular-weight inactive
protoxin, which is posttranslationally modified into an active
form by HlyC-mediated acylation at two lysine residues (15, 18,
34). While acylation is obligatory for HlyA’s cytolytic activity, it
is not essential for secretion into the medium (26) or for its
ability to form pores in synthetic membranes (18). HlyA is
exported through a type I secretory pathway in which proteins
are exported across the bacterial envelope by an N-terminal
signal sequence-independent manner (20, 30). Instead, HlyA’s
export signal lies at its C-terminal end (27).

HlyB and HlyD constitute the inner membrane transport
complex for HlyA secretion. HlyB is a member of the ATP-
binding cassette transport protein superfamily (12). Its large
cytoplasmic C-terminal domain binds ATP, whose hydrolysis
provides the primary energy source for HlyA secretion (37).
HlyD has a short N-terminal cytoplasmic region, a single trans-
membrane domain and a large periplasmic domain (33). It is a
member of the membrane fusion protein class of proteins that
are found as a part of the type I secretory pathway in gram-
negative bacteria (7). These proteins are proposed to bridge
the inner and outer membranes to facilitate the transport of
various substrates into the medium.

Wandersman and Delepelaire (38) first showed the require-
ment for TolC in alpha-hemolysin secretion. TolC is also in-
volved in the secretion of unrelated toxins (14, 42). TolC is an

outer membrane protein (23) that has been implicated in many
diverse cellular functions. tolC null mutants display a pleiotro-
pic phenotype, including colicin tolerance (25), hypersensitivity
to detergents (8, 24, 41), chromosomal partitioning defect (13),
and reduced OmpF expression (22, 24, 31). In vitro reconsti-
tution experiments showed that TolC forms a peptide-specific
channel (2).

The in vivo secretion of alpha-hemolysin is dependent on an
intact lipopolysaccharide (LPS) core (1, 35). However, unlike
HlyA, HlyB, and TolC mutants, which are defective in the
secretion of toxin, the culture supernatant of these LPS mu-
tants largely contain inactive alpha-hemolysin. It was proposed
that an intact LPS core influences toxin’s tertiary structure
during or after its secretion into the medium. Mutations af-
fecting LPS, and only indirectly TolC’s biogenesis, have been
shown to reduce alpha-hemolysin secretion (39).

A recent study carried out by Thanabalu et al. (37) showed
that HlyB and HlyD form a translocase complex independent
of HlyA or TolC. During secretion, HlyA interacts individually
with HlyB, HlyD, and TolC; HlyA’s interaction with TolC is
observed only when the toxin molecule is properly engaged
with the HlyBD translocase. HlyB’s ATPase activity is not
needed to form the translocation complex but for releasing
toxin molecules from the complex into the medium. The re-
cently solved crystal structure of TolC shows that it has a large
�-helical domain that extends 100 Å into the periplasmic space
(17). The proximal end of TolC must interact with the acces-
sory proteins to form a continuous conduit from the cytoplasm
to the external surface for the transport of alpha-hemolysin
into the medium.

In this study, we have taken a genetic approach to elucidate
the role of TolC in alpha-hemolysin secretion. Since tolC null
mutations confer a pleiotropic phenotype, missense mutations
were sought that primarily affected the secretion of alpha-
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hemolysin without influencing other TolC-associated func-
tions. A unique class of tolC mutants was obtained in which the
steady-state secretion of alpha-hemolysin was unaffected but
secreted toxin had significantly reduced cytolytic activity.

MATERIALS AND METHODS

Bacterial strains, plasmids, and growth media. All bacterial strains and plas-
mids used in this study are listed in Table 1. The rich medium (Luria-Bertani
[LB]) was prepared as previously described (34). The medium was supplemented
with 25 �g of ampicillin/ml, 12.5 �g of chloramphenicol/ml, and 0.4 mM IPTG
(isopropyl-�-D-thiogalactopyranoside) when needed. Blood agar plates were pre-
pared by supplementing LB agar with 5% defibrinated sheep erythrocytes (Re-
mel, Lenexa, Kans.).

Plasmid construction and mutagenesis. The tolC gene was cloned under the
control of an IPTG-inducible promoter of pTrc99A (Pharmacia). For this two
mutagenic primers were utilized: the forward primer (5�-GAATGCCCATGGG
GAAATTGCTCCCCATTC-3�) created a unique NcoI site (underlined), and
the reverse primer (5�-GCGGCAGATAACCCGAAGCTTTACGGTTGCC-3�)
created a unique HindIII site (underlined). In creating the NcoI site, the second
codon of the TolC signal sequence was changed from AAG (lysine) to GGG
(glycine). tolC DNA was amplified from the chromosome by PCR, digested with
NcoI and HindIII, and ligated into appropriately restricted pTrc99A. Under
noninducing growth conditions (without IPTG), the level of plasmid-encoded
TolC was extremely low, as determined by Western blot analysis, but in the
presence of 0.4 mM IPTG its level was similar (85%) to that produced from the
chromosomal gene.

pTrc-tolC� was used to transform strain XL1-Red (Table 1) according to the
manufacturer’s instructions (Stratagene). Transformants were selected on LBA-

ampicillin plates. Plasmid DNA obtained from the pool of Apr colonies was
transformed into a tolC::Tn10 strain and transformants were screened for the
desired tolC phenotype.

SDS-PAGE and Western blot analyses. The French press lysis method was
used to isolate cell envelopes from whole cells (21). Membrane proteins were
subsequently analyzed by sodium dodecyl sulfate-polyacrylamide gel electro-
phoresis (SDS-PAGE) as previously described (19). For Western blot analysis,
protein samples were analyzed on mini (7 by 8 cm) SDS-polyacrylamide gels and
transferred onto Immuno-Lite membranes (Bio-Rad) by using a Mini Trans-Blot
electrophoretic transfer cell (Bio-Rad). Blots were incubated with primary anti-
bodies raised against HlyA or TolC (1:5,000 dilution) for 2 h and then with the
secondary antibody (goat-�-rabbit immunoglobulin G) for 1 h. Detection was
carried according to the manufacturer’s protocol (Bio-Rad).

Sensitivities to colicin E1, bacteriophage, and antibiotics. Strain K53 was
grown to stationary phase and exposed to UV radiation for 90 s to induce colicin
production. The UV-irradiated cells were diluted 1:50 and grown overnight.
Cells were treated with chloroform and centrifuged at 2,000 � g for 10 min at
room temperature in a GH-3.7 horizontal rotor (Beckman). Twofold dilutions
were prepared from the supernatant, and 10 �l of each dilution was spotted over
a lawn of bacterial strain that was to be tested for colicin E1 sensitivity. Sensitivity
to bacteriophage was also done by a serial dilution method described. For
antibiotic sensitivity, presoaked antibiotic disks (Difco) were placed on bacterial
lawns prepared on LBA. The zones of inhibition (in millimeters) were measured
after incubation of the plates for 18 h at 37°C.

Hemolysin enzyme assay. Hemolysin enzymatic assays were carried out as
previously described (10). Cells were harvested at an optical density at 600 nm
(OD600) of 0.8 by centrifugation. The supernatant was filtered through 0.45-�m
(pore-size) syringe filters (Acrodisc; Pall Corp.). To obtain hemolytic activity
within a linear range, the filtered supernatant was diluted fivefold in an enzyme

TABLE 1. Bacterial strains, bacteriophage, and plasmids

Strain, bacteriophage, or plasmid Relevant characteristicsa Source or reference

Strains
MC4100 F� araD139 �(argF-lac)U139 rpsL150 flbB5301 ptsF25 deoC1 thi-1 rbsR relA Casadaban (3)
P2731 W1485F� tolC::Tn10–48 Morona and Reeves (23)
RAM958 MC4100 tolC::Tn10–48 This study
RAM959 RAM958/pTrc99A This study
RAM960 RAM958/pTrc99A-tolC� This study
RAM961 RAM958/pTrc-tolC(TolCL42P) This study
RAM962 RAM958/pTrc-tolC(TolCS257P) This study
RAM963 RAM958/pTrc-tolC(TolCA343T) This study
RAM964 RAM958/pTrc-tolC(TolCA360V) This study
RAM965 RAM958/pTrc-tolC(TolCA360T) This study
RAM966 RAM958/pTrc-tolC(TolCG147D) This study
RAM967 RAM958/pTrc-tolC(TolCT434M) This study
RAM968 RAM958/pTrc-tolC(TolCT140A) This study
RAM969 MC4100/pSF4000 (hlyCABD�) This study
RAM970 RAM958/pSF4000 This study
RAM971 RAM959/pSF4000 This study
RAM972 RAM960/pSF4000 This study
RAM973 RAM961/pSF4000 This study
RAM974 RAM962/pSF4000 This study
RAM975 RAM963/pSF4000 This study
RAM976 RAM964/pSF4000 This study
RAM977 RAM965/pSF4000 This study
RAM978 RAM966/pSF4000 This study
RAM979 RAM967/pSF4000 This study
RAM980 RAM968/pSF4000 This study
JM109 recA1 endA1 gyrA96 thi hsdR17 supE44 relA1 �(lac-proAB) (F� traD36 proAB

lacIqZ�M15)
Stratagene

XL1-Red endA1 gyrA96 thi-1 hsdR17 supE44 relA1 lac mutD5 mutS mutT::Tn10 Stratagene
K53 Produces colicin E1 Davies and Reeves (6)

Bacteriophage TLS Carl Schnaitman

Plasmids
pTrc99A Apr; expression vector Pharmacia
pACYC184 Cmr Tcr Chang and Cohen (5)

a Apr, ampicillin resistance; Cmr, chloramphenicol resistance; Tcr, tetracycline resistance.
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assay buffer composed of 20 mM CaCl2, 10 mM Tris-HCl (pH 7.5), and 160 mM
NaCl. Sheep erythrocytes were prepared for the assay by washing them three
times in 0.9% NaCl. The enzyme assay reaction mixture (for each time point)
contained 900 �l of enzyme assay buffer, 20 �l of washed erythrocytes, and 80 �l
of the diluted culture supernatant. Enzymatic reactions were carried out at 37°C
in a shaking water bath. Aliquots (800 �l) withdrawn at various time points were
chilled immediately by placing them on ice. Unlysed erythrocytes were removed
by centrifugation (5 min, 12,000 � g at 4°C), and 500 �l of the supernatant was
used to measure the absorbance at OD530 (as an indication of the amount of
released hemoglobin). The hemolytic activity is defined as OD530/OD600/ml of
culture supernatant (10). To test the effect of a denaturant on hemolytic activity,
filtered culture supernatants were incubated with 6 M guanidine hydrochloride
(GuHCl) for 15 min at room temperature. Enzyme assays on the GuHCl-treated
supernatant was carried out as described above. The final concentration of
GuHCl in enzymatic assays was 0.096 M.

Time course analysis of alpha-hemolysin secretion. Cultures were grown in LB
containing ampicillin and chloramphenicol without IPTG to an OD600 of 	0.3,
at which point TolC synthesis was induced with 0.4 mM IPTG. A 5-ml aliquot
was removed every 10 min for up to 60 min. Cells were pelleted by centrifugation
in a bench-top centrifuge for 15 min at room temperature. The filtered super-
natant was used to examine extracellular HlyA levels; TolC levels were deter-
mined from envelopes prepared from the pellet. HlyA and TolC levels were
analyzed by Western blots.

RESULTS

Isolation of tolC mutants. Two genetic strategies were em-
ployed to isolate tolC mutants defective in alpha-hemolysin
secretion. One strategy involved direct mutant selection in
which a plasmid carrying the tolC gene was mutagenized to
avoid mutations mapping in other genes that could also confer
the desired phenotype. A mutator strain (mutD mutS mutT)
was used for plasmid mutagenesis and a randomly mu-
tagenized pool of tolC plasmids was transformed into a
tolC::Tn10 strain containing an hly plasmid. Transformants
were replica plated onto blood agar medium containing novo-
biocin and two additional antibiotics to select for the tolC and
hly plasmids. The presence of novobiocin (10 �g/ml) selected
against tolC null mutants, which are hypersensitive to this and
other hydrophobic antibiotics. Mutants defective in alpha-he-
molysin secretion produced smaller hemolytic zones compared
to the tolC� parental strain. Of the 18,000 transformants ex-
amined, 16 showed smaller hemolytic zones.

In the second strategy, missense tolC mutations were first
enriched through an indirect selection that exploited two
prominent characteristics of tolC null mutants, namely, hyper-

sensitivity toward detergents (such as deoxycholate), and re-
sistance (tolerance) against colicin E1. By demanding simulta-
neous resistance against these agents, we expected to enrich
for isolates proficient in efflux activity and thus deoxycholate
resistance (Docr), but defective in colicin transport (E1r). Mu-
tagenized plasmids were transformed into a tolC::Tn10 strain
(Docs E1r), and transformants were replica plated onto a me-
dium containing deoxycholate and colicin E1. Plasmids iso-
lated from Docr E1r colonies were then introduced into a
tolC::Tn10 strain harboring an hly plasmid. Hemolytic zones
were examined on blood agar medium containing appropriate
antibiotics to select for both the tolC and the hly plasmids. Of
the 23,000 transformants screened, 57 displayed an E1r Docr

phenotype. Plasmids obtained from eight such isolates con-
ferred an apparent alpha-hemolysin secretion defect since they
produced colonies with smaller opaque hemolytic zones. In all,
the two strategies yielded 24 desired isolates out of 41,000
transformants.

Protein and nucleotide sequence analyses. TolC was ana-
lyzed to see whether reduced protein levels resulted in the
observed phenotype. Envelope proteins were transferred onto
a membrane and hybridized with polyclonal antibodies raised
against TolC and LamB (as an internal control). The data
showed that only 10 of the 24 mutants produced a detectable
level of TolC (Table 2). These 10 mutants were analyzed fur-
ther. Nucleotide sequence of the entire tolC gene from 10
mutants was determined through employing primers comple-
mentary to the tolC sequence. This analysis revealed that 9 of
the 10 isolates contained a single-base-pair substitution within
a region of tolC encoding for the mature portion of the protein
(Table 2). One mutant with an alteration affecting the last
residue of the signal sequence was not analyzed further. Two
mutants had an identical substitution (A343T), while two other
isolates had different substitutions at the same site (A360T and
A360V).

Phenotypic characterization of tolC mutants. None of the
mutants showed hypersensitivity toward novobiocin (Table 2),
which was expected since the isolation strategy demanded a
proficient efflux activity. The slight increase in sensitivity ob-
served in a mutant carrying a T434M substitution may have
been due to the presence of reduced TolC levels in the enve-

TABLE 2. Summary of tolC mutants

Strain Mutation Substitutiona Mean TolC
levelb 
 SD

Sensitivity to inhibitors

E1c Novd TLSe

RAM660 None TolC-wt 100 1 9 1
RAM959 tolC::Tn10 TolC� 0 2�5 23 �10�10

RAM961 T125C L42P 31 
 9 2�1 10 1
RAM968 A418G T140A 95 
 5 1 9 1
RAM966 G440A G147D 26 
 4 1 9 1
RAM962 T769C S257P 90 
 10 �2�5 10 10�10

RAM963 G1027A A343T 79 
 3 1 9 1
RAM965 G1078A A360T 100 
 12 1 9 1
RAM964 C1079T A360V 98 
 5 1 9 1
RAM967 C1241T T434M 46 
 11 1 12 1

a Substitutions represent mature TolC residues.
b TolC levels relative to the parental protein. Averages from three independent experiments are shown.
c Sensitivities relative to the parental strain are shown. E1 sensitivity was determined by spotting twofold serial dilutions of colicin.
d Zones of inhibition in millimeters; Nov, novobiocin (30 �g). The diameter the of presoaked antibiotic paper disks was 7 mm.
e Sensitivity to the TLS bacteriophage was measured by determining the efficiency of plaquing.
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lope. The two mutants isolated through the colicin E1 selection
method showed different degrees of sensitivity to colicin E1 in
titration assays, with the S257P substitution resulting in com-
plete insensitivity (Table 2). The other six mutants with sub-
stitutions in the mature portion of the TolC protein remained
sensitive to colicin E1. tolC null mutants are known to be
resistant to the bacteriophage TLS (9). All but one mutant,
bearing a S257P substitution, were sensitive to TLS. Lastly,
unlike the strain carrying a null tolC mutation, which drasti-
cally reduces OmpF levels (22, 24), all mutants isolated in this
study showed normal OmpF expression (data not shown).
These analyses showed that five mutants phenotypically resem-
bled a strain expressing the parental TolC protein. The remain-
ing three mutants bearing a L42P, S257P, or T434M substitu-
tion showed some degree of defect in at least one of the
phenotypes associated with the tolC null mutation.

Secretion of alpha-hemolysin in tolC mutants. Mutants and
control strains were tested for their abilities to secrete alpha-
hemolysin by quantifying the amount of toxin secreted in the
supernatant of cultures grown to late log phase. Bacterial cells
were removed by centrifugation, supernatants were filtered
through 0.45-�m (pore-size) cellulose acetate filters, diluted,
and spotted onto a polyvinylidene difluoride membrane for dot
blot analysis. Filters were hybridized with polyclonal antibodies
raised against alpha-hemolysin, and hybridized spots were
quantified (Table 3). The data showed that, with the exception
of a mutant carrying a L42P substitution, all other mutants
secreted alpha-hemolysin in amounts similar to that secreted
by a strain expressing the parental TolC protein. Identical
results were obtained when alpha-hemolysin precipitated by
trichloroacetic acid from the culture supernatant was analyzed
by Western blots (data not shown).

The results presented above were somewhat unexpected be-
cause mutants were identified as those producing smaller he-
molytic zones on blood agar medium and hence were expected
to have reduced secreted alpha-hemolysin. As mentioned
above, in the case of the mutant expressing TolCL42P, the
reduced level of secreted alpha-hemolysin could partly be at-
tributed to the reduced TolC level. Interestingly, a mutant
expressing TolCG147D produced even less TolC than that by a
strain expressing TolCL42P and yet secreted alpha-hemolysin
levels in the former strain that were similar to that in the
parental strain. This showed that reduced TolC levels did not
always correlate with reduced levels of secreted alpha-hemo-
lysin.

Hemolytic activities of tolC mutants. The cytolytic activity of
secreted alpha-hemolysin from mutants and control strains was
quantified in an attempt to resolve the above anomaly. The
kinetics of blood lysis by culture supernatants were determined
(Fig. 1), and relative values are presented in Table 3. The data
revealed that the supernatants of all of the mutant cultures

FIG. 1. Cytolytic activities of secreted �-hemolysin from TolC�, TolC�, and TolC mutant strains. Graphs were obtained from three
independent experiments in which the slope values did not vary more than 13% as shown in Table 3.

TABLE 3. Hemolysin levels and hemolytic activities in tolC mutants

Strain TolC
Alpha-hemolysin

Zonea Levelb Activityb

RAM660 TolC-wt ��� 100 100
RAM959 TolC� � 10 
 10 2 
 1
RAM961 L42P � 69 
 11 4 
 1
RAM968 T140A � 88 
 2 10 
 4
RAM966 G147D �� 95 
 5 28 
 2
RAM962 S257P ��c 100 
 14 9 
 6
RAM963 A343T � 100 
 8 46 
 10
RAM965 A360T �� 93 
 2 51 
 1
RAM964 A360V �� 100 
 1 47 
 4
RAM967 T434M �� 99 
 1 49 
 13

a Qualitative measurements of hemolytic (halo) zones on blood agar plates are
displayed.

b Hemolysin activities and levels relative to the TolC� strain. Averages from
three independent experiments are shown.

c Opaque hemolytic zone.
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displayed significantly lower hemolytic activities than that ob-
served in the parental strain. Based on their hemolytic activi-
ties, mutants can be divided into two groups. One group bear-
ing a L42P, T140A, G147D, or S257P substitution showed
dramatically lower activities ranging from 4 to 28% of the
parental level. The second group, consisting of mutants with an
A343T, A360T, A360V, or T434M substitution, had moderate
activities ranging from 46 to 51% of the parental value. These
results provided quantitative verification that the smaller he-
molytic zones formed around colonies of mutant tolC strains
were not due to reduced secreted alpha-hemolysin levels per se
but rather to reduced hemolytic activities.

The reduced extracellular cytolytic activity of alpha-hemoly-
sin may be due to its synthesis in an inactive form. To test this,
the alpha-hemolysin level and activity were analyzed from
whole-cell lysates prepared from extensively washed bacterial
cells. TolC� and TolC mutant strains had almost identical
levels and activities of alpha-hemolysin (data not shown); thus,
neither synthesis nor activation of alpha-hemolysin was af-
fected in the mutant strains. Therefore, it appears that the
defect leading to the presence of inactive alpha-hemolysin
molecules in the supernatant involved their secretion through
envelopes containing mutant TolC proteins.

Restoration of hemolytic activity by GuHCl. One possibility
for the presence of inactive alpha-hemolysin in the supernatant
involves its aggregation or misfolding during secretion or post-
secretion. A precedent for this notion exists in LPS mutants, in
which the secretion of alpha-hemolysin into the medium was
normal but secreted alpha-hemolysin molecules were enzymat-
ically inactive due to aggregation (35). If alpha-hemolysin in
the tolC mutants is aggregated or misfolded, it may be possible
to resolve aggregates or restore correct folding by treatments
with chaotropic agents such as GuHCl and restore hemolytic
activity. Consistent with this notion, we discovered that the
addition of 6 M GuHCl and its subsequent dilution to 0.1 M
stimulated the hemolytic activity of toxin secreted from all but
one strain expressing the TolCG147D protein (Fig. 2). These
results showed that the low hemolytic activities observed were
likely due to the presence of misfolded or aggregated alpha-
hemolysin in the medium.

Conformational alterations of alpha-hemolysin secreted
from the mutant strain. We employed protease sensitivity as-

says, together with sedimentation and filtration analyses, to
examine whether the inactivity of secreted alpha-hemolysin
from the mutant was due to its aggregation or misfolding.
Despite our repeated efforts with experiments involving limit-
ing proteolysis with carboxypeptidase Y or trypsin, we failed to
find any reproducible differences in the proteolytic pattern of
alpha-hemolysin secreted from the mutant and parental
strains.

Subsequently, sedimentation and filtration analyses were
carried out in an attempt to reveal a possible mass difference
between alpha-hemolysin secreted from the mutant and paren-
tal strains. Cell-free culture supernatants from the strain
(RAM974; TolCS257P) displaying the strongest hemolytic ac-
tivity defect and the parental strain were centrifuged at
150,000 � g for up to 3.5 h. The levels of alpha-hemolysin from
samples withdrawn after 0, 0.5, 1, 2, and 3.5 h of centrifugation
were determined and plotted after normalizing them to the
level obtained prior to centrifugation (Fig. 3). The results
showed that alpha-hemolysin obtained from the mutant cul-
ture sedimented at a faster rate than that obtained from the
parental strain. Consequently, three times more alpha-hemo-
lysin remained in the supernatant obtained from the parental
strain than the mutant strain after 3.5 h of centrifugation. The
reduction in alpha-hemolysin levels with centrifugation time
was not due to the degradation of toxin, since increasing
amounts were present in the pellet (data not shown).

Filtration of cell-free culture supernatants through mem-
branes with a cutoff molecular-weight limit of 300,000 (Omega
Macrosep 300K; Pall Gelman Science) showed that approxi-
mately four times more alpha-hemolysin was retained from the
mutant culture supernatant than that from the parental culture
supernatant. Taken together, these results indicated that al-
pha-hemolysin secreted from the mutant strain had a larger
mass than that obtained from the parental strain.

Time course analysis of alpha-hemolysin secretion. It is
conceivable that an unproductive interaction between alpha-
hemolysin and the mutant TolC protein impedes secretion,
thus leading to misfolding and/or aggregation of the toxin
molecules. To examine secretion, we exploited the dependency
of alpha-hemolysin secretion on TolC whose synthesis from a
plasmid was controlled by IPTG. In the absence of IPTG, only
basal levels of TolC and alpha-hemolysin were detectable (Fig.

FIG. 2. Effect of GuHCl treatment on secreted alpha-hemolysin activity. Secreted alpha-hemolysin was treated with 6 M GuHCl (f) or
untreated (�) as described in Materials and Methods.
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4). After the addition of IPTG, TolC levels rose rapidly; alpha-
hemolysin was detected in the supernatant of a TolC� culture
at 10 min postinduction, and the levels rose steadily until 50
min postinduction.

We compared the parental secretion time course with a
TolC mutant (TolCS257P) displaying the most severe alpha-
hemolysin activity defect. In the mutant strain, TolC levels rose
with a rate and amplitude similar to that observed for the
TolC� strain. However, the appearance of alpha-hemolysin in

the medium was delayed by 10 min compared to the parental
strain. Additionally, it appeared in the medium at a signifi-
cantly slower rate than that observed in the parental strain.
These results support the notion that impeded translocation or
release of alpha-hemolysin into the medium may lead to its
inactivation in the mutant strains.

DISCUSSION

A goal of this research has been to obtain missense tolC
mutations that primarily affect alpha-hemolysin secretion with-
out displaying the pleiotropic phenotype of a more frequent
class of null mutations. This was achieved by selecting tolC
mutants on medium containing inhibitors that must be re-
moved by cells expressing TolC proficient in its efflux activity.
The desired class of tolC mutants defective in alpha-hemolysin
secretion was identified among colonies that formed relatively
small hemolytic zones on blood agar medium.

A unique property of TolC mutants. A novel class of tolC
mutants emerged in which the steady-state level of secreted
alpha-hemolysin was normal, but the secreted toxin was enzy-
matically less active. While the activity of extracellular alpha-
hemolysin was reduced in the mutants, the cytoplasmic activity
was identical to the parental strain, suggesting the toxin’s in-
activation during or after its secretion into the medium. Al-
though all tolC mutants studied here showed reduced extra-
cellular hemolytic activity, this defect was particularly
pronounced in two mutants expressing TolCT140A or
TolCS257P. In these mutants, TolC and secreted alpha-hemo-
lysin levels were similar to that of the parental strain, but the
extracellular hemolytic activity was 10-fold reduced.

Restoration of hemolytic activity. In several instances, the
treatment of inactive extracellular alpha-hemolysin with
GuHCl substantially elevated its cytolytic activity. This in-
crease in hemolytic activity likely reflected a decrease in ag-
gregation and/or misfolding. Interestingly, a modest improve-
ment of hemolytic activity was also observed in a strain

FIG. 3. Sedimentation analysis of alpha-hemolysin secreted from
strains expressing either wild-type TolC (Œ) or TolCS257P (F). The
amounts of alpha-hemolysin remaining in the supernatant were deter-
mined and plotted after normalization to values obtained prior to
centrifugation. See Results for details.

FIG. 4. Time course analysis of alpha-hemolysin secretion and TolC synthesis in strains expressing either wild-type TolC or TolCS257P proteins.
The levels of alpha-hemolysin and TolC were determined after analyzing protein samples by use of Western blots. Further details of the experiment
are provided in Materials and Methods.
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expressing the wild-type TolC protein, indicating that a small
population of secreted alpha-hemolysin molecules may exist as
inactive aggregates. Indeed, the inactivation of secreted alpha-
hemolysin due to aggregation in the aqueous environment is
thought to be a normal phenomenon (11, 29). Since GuHCl
restored the hemolytic activity in vitro, it appeared unlikely
that the step of HlyC-mediated acylation, which is essential for
the cytolytic activity (36), was affected in tolC mutants. Con-
sistent with this notion, the cytoplasmic hemolytic activity in
the mutant strains was found to be identical to that of the
parental strain (data not shown).

tolC and rfa mutants display similar alpha-hemolysin activ-
ity defects. Two other studies have shown the presence of
predominantly inactive alpha-hemolysin molecules in the cul-
ture supernatant of mutant E. coli strains. In these cases, how-
ever, the genetic defect existed within the rfaC (1) and rfaP
(35) genes whose products influence the composition of LPS
inner core (32). rfaC and rfaP mutants display a pleiotropic
phenotype, including hypersensitivity toward hydrophobic
compounds and defective outer membrane protein biogenesis
(28). Stanley et al. (35) demonstrated that aggregation of al-
pha-hemolysin in the culture supernatant resulted in the inac-
tivation of its hemolytic activity. In the rfaC mutant, both the
extracellular expression and activity of alpha-hemolysin was
affected (1). These studies suggested that the intact LPS core
interacts with alpha-hemolysin either during or after its secre-
tion, and this interaction affords a conformational stability to
the toxin molecule. Unlike the rfaC and rfaP mutants, the tolC
mutants studied here do not display a severe membrane defect,
as was evident from the lack of a hypersensitivity phenotype.
Thus, it appears unlikely that the effect of mutant TolC pro-
teins on the activity of alpha-hemolysin is indirect and pro-
duced through a gross LPS or membrane defect. Polyacryl-
amide gel analysis of LPS from envelopes of TolC mutants
showed no qualitative or quantitative difference from LPS of
the parental strain (data not shown), thus further supporting
the notion that the reduced hemolytic activity in TolC mutants
is not due to an effect on LPS.

Possible reasons for alpha-hemolysin inactivation. Due to
the relatively large size of alpha-hemolysin, it is likely to trans-
locate through the TolC barrel in a partially unfolded state.
Subsequent to its release into the medium or through its in-
teraction with the target cell, the alpha-hemolysin molecule
must then refold in order to become enzymatically active. In
the TolC mutants studied here, this step of refolding might be
defective. However, since not all substitutions map within the
�-barrel domain of TolC, it is difficult to envisage how the
terminal steps of alpha-hemolysin translocation, i.e., release
and refolding, would be affected in the mutants. Time course
studies involving alpha-hemolysin secretion in a mutant strain
expressing TolCS257P showed (i) a delayed appearance of toxin
in the supernatant and (ii) a slower rate of secretion compared
to that observed in the parental strain. These observations
suggest that the steps involving alpha-hemolysin translocation
through the TolC barrel might be affected in the mutant
strains. A block in translocation may lead to misfolding and/or
aggregation of toxin molecules trapped within the TolC barrel.

The crystal structure of TolC shows tapering of the proximal
end due to the packing of H3/H4 (outer) and H7/H8 (inner)
helices into coiled coils (17) (Fig. 5). It has been proposed that

the opening of the proximal entrance during substrate trans-
location may involve uncoiling and realignment of the paired
helices (17). It is conceivable that substitutions affecting resi-
dues T140, G147, A343, and A360, which are located at the
proximal end, influence such helical movement and realign-
ment and thus proper opening of the proximal end. It is also
probable that the above substitutions affect TolC’s interaction
with the accessory proteins HlyB and/or HlyD. Since the TolC
crystal structure lacked last 43 residues, the location of T434 in
the folded protein is unknown.

The above explanations, however, may not be applicable to
the two substitutions affecting L42 and S257 because they are
located within the exterior �-barrel domain of TolC (Fig. 5)
and hence are less likely to influence the movement of �-he-
lices or their interactions with HlyB and/or HlyD. A significant
reduction in protein level suggests that L42P affects TolC’s
biogenesis. This is consistent with a study of OmpA showing
that proline residues are not tolerated in the transmembrane
�-strands (16). The presence of proline in the transmembrane
�-strand may influence the barrel (channel) conformation and
impede alpha-hemolysin translocation or release. In addition
to the proposed conformational changes in the �-barrel, the
lower TolC level is likely to contribute to the observed alpha-
hemolysin secretion defect. Unlike L42P, S257P does not sig-
nificantly affect the TolC level and hence biogenesis, yet its
effect on alpha-hemolysin activity is quite severe. As S257 is
located at the external tip of a �-strand (Fig. 5), it is conceiv-
able its substitution by proline affects a later step of toxin
translocation or release into the medium. In this context it is
worth noting that the S257P substitution was also obtained
among mutants affecting TLS bacteriophage binding (9), thus
corroborating the notion of an altered surface structure.

Diploid analysis revealed that the expression of mutant TolC
proteins other than TolCA343T in a tolC� background resulted
in a codominant phenotype with respect to secreted hemolytic
activity (data not shown). This is presumably because alpha-
hemolysin in merodiploid strains is released in the medium
through both wild-type and mutant TolC pathways, thus re-
sulting in the mixed accumulation of active and inactive toxin
molecules. Interestingly, the TolCG147D protein produced the
most prominent interfering effect. Since the level of TolCG147D

in the membrane is significantly lower than in the parental
protein, the observed dominance could in part be due to an
affect on the biogenesis of wild-type protein. It is also worth
noting that G147 is located in a turn region of the proximal
�-helical domain (Fig. 5), which may interact with HlyB and/or
HlyD during alpha-hemolysin translocation. The G147D sub-
stitution may result in an aberrant interaction between TolC
and HlyB and/or HlyD, thus producing a strong dominant-
negative phenotype.

The genetic study presented here points out that the TolC
protein may not simply act as a passive conduit for the trans-
location of large alpha-hemolysin molecules. The various sub-
stitutions within TolC identified here may influence the dy-
namics of TolC’s “chunnel” so as to hinder the ability of toxin
to interact and translocate through it. Since the aggregation of
alpha-hemolysin to some degree occurs naturally in the aque-
ous environment (11), this behavior may be accentuated if the
toxin’s translocation through TolC is hampered.
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