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The TolC protein of Escherichia coli, through its interaction with AcrA and AcrB, is thought to form a
continuous protein channel that expels inhibitors from the cell. Consequently, f0/C null mutations display a
hypersensitive phenotype. Here we report the isolation and characterization of f0/C missense mutations that
direct the synthesis of mutant TolC proteins partially disabled in their efflux role. All alterations, consisting
of single amino acid substitutions, were localized within the periplasmic a-helical domain. In two mutants
carrying an I106N or S350F substitution, the hypersensitivity phenotype may be in part due to aberrant TolC
assembly. However, two other alterations, R367H and R390C, disrupted efflux function by affecting interactions
among the helices surrounding TolC’s periplasmic tunnel. Curiously, these two TolC mutants were sensitive to
a large antibiotic, vancomycin, and exhibited a Dex* phenotype. These novel phenotypes of TolCys4,;; and
TolCgaooc Were likely the result of a general influx of molecules through a constitutively open tunnel aperture,
which normally widens only when TolC interacts with other proteins during substrate translocation. An
intragenic suppressor alteration (T140A) was isolated from antibiotic-resistant revertants of the hypersensitive
TolCr;47; mutant. T140A also reversed, either fully (R390C) or partially (I106N and S350F), the hypersen-
sitivity phenotype of other TolC mutants. Our data suggest that this global suppressor phenotype of T140A is
the result of impeded antibiotic influx caused by tapering of the tunnel passage rather than by correcting
individual mutational defects. Two extragenic suppressors of TolCy¢-1, mapping in the regulatory region of
acrAB, uncoupled the AcrR-mediated repression of the acrAB genes. The resulting overexpression of AcrAB
reduced the hypersensitivity phenotype of all the TolC mutants. Similar results were obtained when the
chromosomal acrR gene was deleted or the acr4B genes were expressed from a plasmid. Unlike the case for the
intragenic suppressor T140A, the overexpression of AcrAB diminished hypersensitivity towards only erythro-
mycin and novobiocin, which are substrates of the TolC-AcrAB efflux pump, but not towards vancomycin, which
is not a substrate of this pump. This showed that the two types of suppressors produced their effects by
fundamentally different means, as the intragenic suppressor decreased the general influx while extragenic

suppressors increased the efflux of TolC-AcrAB pump-specific antibiotics.

Escherichia coli cells lacking the outer membrane protein
(OMP) TolC display hypersensitivity to a variety of inhibitors,
including bile salts, detergents, and hydrophobic antibiotics
(38). This was initially thought to be due to a defect in the
outer membrane permeability barrier as a result of a defective
lipopolysaccharide (LPS) (32). However, it was shown that
tolC and rfa (LPS core) mutations produce an additive effect
on hypersensitivity, thus suggesting that to/C mutations may
confer hypersensitivity independent of their effect on LPS (12).
Subsequently, it was demonstrated that TolC is required for
the activity of a major E. coli efflux pump that includes the
AcrA and AcrB proteins (11).

Based on the pleiotropic phenotype of f0lC null mutants,
TolC has been implicated in other activities, including colicin
import (26), a-hemolysin secretion (36), and porin regulation
(23, 24). Studies of t0lC null mutants also led to speculation
that TolC might be involved in chromosome partitioning (14)
and DNA supercoiling (8). However, no direct data have been
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presented to support these last two roles of TolC, and such
implications presumably reflect an indirect effect of the tolC
null mutation.

The crystal structure of TolC has been solved (18) and is
strikingly distinct from those of other OMPs (Fig. 1A). It
embodies two separate domains, with the outer membrane-
embedded segment composed of B-strands while the region
that extends deep into the periplasm consists primarily of a-he-
lices. Both domains make up an elongated barrel structure of
140 A, and unlike the case for porins (6), each of the three
monomers makes up only one-third of the barrel. Thus, an
assembled TolC trimer forms a single channel or tunnel that
extends the length of the molecule with a large inner diameter
of 35 A. The crystal structure of TolC also shows tapering of
the proximal (periplasmic) end due to the packing of outer and
inner helices into coiled coils. It has been proposed that the
opening of the proximal entrance during substrate transloca-
tion may involve uncoiling and realignment of the paired he-
lices (18).

Like folC, acrA mutations were initially thought to affect
outer membrane permeability (29). However, it is now well
established that AcrA is a component of the TolC-AcrAB
efflux pump in E. coli that mediates resistance to a broad range
of inhibitors that are generally hydrophobic in nature (27, 30,
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FIG. 1. TolC structure. (A) TolC trimer. Positions of a single monomer and various substitutions within a monomer are shown in blue and red,
respectively. (B) Close-up views of regions affected by various substitutions. Helices within the same monomer are shown in blue while those
belonging to other monomers are shown in gray. Positions of the pertinent residues are shown in ball-and-stick representation; those in red

represent amino acids affected by substitutions.

43). AcrB has been shown to be a proton-substrate antiporter
(42), and biochemical studies have indicated that it interacts
with AcrA (16, 28, 44). Atomic structures of AcrB alone (25)
and bound to inhibitors (41) have recently been solved. AcrB,
like TolC, is trimeric and extends considerably into the
periplasmic space, raising the intriguing possibility of direct
contacts between AcrB and TolC. From genetic data and stud-
ies performed with the a-hemolysin secretion system that uses
HIyBD as well as TolC (34), it has been inferred that AcrA and
-B interact with TolC to make a continuous channel that trans-
ports inhibitors directly into the surrounding medium. There
has never been a direct demonstration of TolC’s interaction
with AcrA and/or AcrB.

Only limited genetic analyses have been performed to dis-
sect the role of individual residues in the various functions
attributed to TolC. These studies include the isolation of to/C
missense mutations affecting a-hemolysin secretion (35) and
TolC’s cell surface interactions with bacteriophage TLS and
colicin E1 (13). Recently, two systematic studies conducted by
V. Koronakis’s group determined the mechanism of aperture
opening during substrate translocation (1, 9). It is likely that
during antibiotic efflux, TolC’s interaction with AcrAB also
influences the aperture conformation. Deletion and site-di-
rected mutagenesis analyses have also pointed to a role for
residue 1412 of mature TolC in colicin import and antibiotic
efflux (39, 40).

For this study, we conducted a genetic analysis and isolated
tolC missense mutations affecting the antibiotic efflux pheno-
type. Because the isolation of hypersensitivity mutants, by def-
inition, entails negative selection, a screening strategy was de-

veloped to enrich for missense fol/C mutations. Further genetic
and biochemical characterization of these mutants is expected
to provide a better understanding of the role of TolC in anti-
biotic efflux.

MATERIALS AND METHODS

Bacterial strains, media, and biochemicals. The E. coli K-12 strains used in
this study were derived from MC4100 [F~ araD139 A(argF-lac)U139 rpsL150
fIbB5301 ptsF25 deoCl1 thi-1 rbsR relA] (5). XL1-Red (endA1 gyrA96 thi-1 hsdR17
supE44 relAI lac mutD5 mutS mutT::Tnl0) was used for the in vivo mutagenesis
of plasmid DNA. Luria broth (LB) and agar (LBA) were prepared as previously
described (33). ECF substrate was purchased from Amersham Pharmacia Bio-
tech. All other biochemicals were of analytical grade.

DNA manipulations. The tolC gene was cloned into pTrc99A (Pharmacia)
essentially as described previously (35), with the exception that the forward
primer used (5'-CAGGAAACAGATCATGAGGAAATTGCTCCC-3") created
a unique BspHI site (underlined) instead of the Ncol site. By the creation of the
BspHI site, the second codon of the TolC signal sequence was changed from
AAG (lysine) to AGG (arginine), which did not affect protein synthesis. tolC
DNA was amplified from the chromosome by PCR, digested with BspHI and
HindlIII (created by the reverse primer), and ligated into appropriately restricted
pTrc99A. In the absence of the inducer isopropyl-B-p-thiogalactopyranoside
(IPTG), the level of plasmid-borne TolC was similar to that of the chromosoma-
Ily expressed TolC protein. Therefore, all experiments were carried out in the
absence of IPTG. The acrAB genes were cloned into the BspHI and HindIII sites
of pACYC184. For this, the acr4B region was amplified by using two primers as
follows: the forward primer (5'-AGATCTCATGAACAATCCGACTTGTC-3")
created a BspHI site (underlined), while the reverse primer (5'-CTCCTTAAG
CTTCGTAGGTTATGC-3') created a HindIII site (underlined). Expression of
the acrAB genes from this plasmid clone was driven from their native promoter
located upstream of the acrA4 gene. Site-directed mutagenesis of the tolC gene
was performed with a QuickChange XL mutagenesis kit (Stratagene) according
to the manufacturer’s protocol. In vivo mutagenesis was performed by propa-
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TABLE 1. Primers used to delete chromosomal genes

Sequence (5" to 3")

CGCAATAATTTTACAGTTTGATCGCGCTAAATACTGTGTAGGCTGGAGCTGCTTCG
TGCGGATGTTTGCTGAACGACTGGTGCCGGGCTATCCATATCAATATCCTCCTTAG
GAGATCTGGGAACTGTCAGAATCCAATATTGTGTAGGCTGGAGCTGCTTC
TTCAATACAATGTTTTAACGTTTGTTCTATCATATGAATATCCTCCTTAG
GACCAATTTGAAATCGGACACTCGAGGTTTACATTGTAGGCTGGCGCTGCTTCG

...GCAAAAATCGGGCGATCGATAAAGAAATTAGGCATATGAATATCCTCCTTAG
...AGTCCAAGTCTTAACTTAAACAGGAGCCGTTAAGACTGTAGGCTGGAGCTGCTTCG

AGGCCGCTTACGCGGCCTTAGTGATTACACGTTGTACATATGAATATCCTCCTTAG

“F and R refer to forward and reverse primers, respectively.

gating the r0lC plasmid in the XL1-Red mutator strain per the manufacturer’s
(Stratagene) instructions.

The chromosomal t0IC, acrR, acrA, and acrB genes were deleted by the
method of Datsenko and Wanner (7). The primers used for these deletions are
shown in Table 1. The deletion removed 20 bp upstream of the start codon while
retaining the last 26 codons of the 10l/C gene. The deleted 10lC locus was marked
by genes conferring either kanamycin (Km") or chloramphenicol (Cm") resis-
tance. Two separate deletions were constructed to remove the entire coding
region of acrA or acrB. For elimination of the polar effect of acr4::Km" on acrB,
the antibiotic resistance gene was removed by the pCP20-encoded recombinase
(7). The resulting deletion was fully complemented by a plasmid clone carrying
only the acrA gene, showing that the deletion imposed no polar effect on acrB.
The acrR gene was only partially deleted because of the presence of potential
promoter sequences directing the transcription of adjacent genes. This deletion
removed residues 71 to 140 of the 216-residue AcrR protein. Deletions of all four
genes were confirmed by PCR analysis and phenotypic tests.

Western blot analysis. Whole-cell extracts were analyzed on mini sodium
dodecyl sulfate-polyacrylamide gels and transferred onto polyvinylidene difluo-
ride membranes (Immobilon; Millipore). After transfer, the membranes were
incubated for 1.5 h with a primary antibody raised against TolC, MBP, or AcrA.
The membranes were washed, and a secondary antibody (goat anti-rabbit alka-
line phosphatase-conjugated immunoglobulin G) was added for 1 h. The mem-
branes were exposed to ECF substrate for 5 min and analyzed in a phosphorim-
ager. Protein bands were quantified with the Quantity One (Bio-Rad) program.

Antibiotic, phage, and colicin sensitivity assays. Antibiotic disk sensitivity
assays were performed by placing presoaked antibiotic disks (Difco) on bacterial
lawns prepared on LBA. The zones of inhibition (in millimeters) were measured
after incubation of the plates for 8 h at 37°C. MICs were determined by diluting
overnight bacterial cultures to 10° cells/ml in LB containing increasing concen-
trations of novobiocin or erythromycin. Bacterial growth after 16 h of incubation
at 37°C was recorded by measuring the optical density at 600 nm. Phage sensi-
tivity was determined by the cross-streak method. Colicin E1 sensitivity was
determined by spotting twofold serial dilutions of the colicin stock solution on
bacterial lawns. Killing zones were recorded after 6 to 8 h of incubation at 37°C.

RESULTS

Antibiotic efflux-defective f0/C mutants. Mutations in any
one of the genes r0lC, acrA, and acrB may lead to a nonfunc-
tional efflux pump and a hypersensitive phenotype. Since the
focus of this study is TolC, we therefore devised a means to
enrich for folC missense mutants. These mutant folC alleles are
expected to direct the synthesis of proteins that are defective in
efflux activity due to an alteration in TolC’s structure. To avoid
mutations mapping in acr4 and acrB, we mutagenized a plas-
mid carrying the f0/C gene that produces TolC at a level similar
to that produced from the chromosomal allele. Random t0lC
mutations were generated by propagating the r0/C plasmid in
the XL1-Red mutator strain. Plasmid DNA from five indepen-
dent mutagenized pools was then transformed into a genetic
background lacking the chromosomal 70/C allele. Over 20,000
transformed bacterial colonies were screened by replica plating
for the ability to grow on medium containing a low (5 pg/ml)

or high (50 pg/ml) concentration of novobiocin, an antibiotic
that is normally removed by the TolC-AcrAB pump. Initially,
we focused on 126 colonies that grew on low but not high
concentrations of novobiocin; colonies that failed to grow on
low concentrations are likely to contain #0/C null rather than
missense mutations. This is because it is unlikely that a struc-
tural protein, such as TolC, could be altered so specifically by
a single substitution as to completely obliterate its efflux func-
tion. Colonies that grew on medium containing a high novo-
biocin concentration most likely synthesized TolC with normal
efflux activity.

To ensure that the phenotypes were stable and expressed
from plasmid DNA, we extracted the plasmids from 126 iso-
lates and retransformed them into a tolC background. Only
seven transformants expressed the desirable phenotype, i.e.,
they produced inhibition zones around novobiocin (30 pg) and
erythromycin (15 pg) disks that were larger than those by the
parental TolC™ strains but smaller than those by a t0/C null
strain. DNA sequence analysis of the plasmid f0lC gene re-
vealed the presence of a missense mutation in five isolates,
resulting in an I106N, S350F, R367H, or R390C (two indepen-
dent isolates) substitution in the mature portion of the protein.
The remaining two isolates carried a frame-shift mutation
close to the end of the 70/C gene that resulted in the synthesis
of truncated, albeit partially functional, polypeptides. These
two mutants were not analyzed further. The four different
missense alterations affected residues that were localized
within the periplasmic a-helical domain of TolC (Fig. 1A).
Mutants bearing an R367H or R390C alteration produce TolC
with levels similar to those with the parental TolC™ strain (Fig.
2); the I106N and S350F substitutions resulted in somewhat
reduced protein levels. It was recently shown that this reduced
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FIG. 2. Western blot analysis of cell extracts obtained from wild-
type or mutant TolC mutants with or without the suppressor alteration.
Membrane filters were treated with TolC and myelin basic protein
antibodies. The positions of TolC and maltose binding protein (MBP)
are shown.
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FIG. 3. Growth of TolC™, TolC", and TolC mutant strains in LB containing different amounts of novobiocin (A and C) and erythromycin (B
and D). The strains and symbols shown in panels A and C are identical to each other, as are those in panels B and D. All assays were performed
in triplicate, and average values were plotted. LB-antibiotic medium was inoculated with overnight cultures (10° cell/ml), and growth (ODg) after

16 h at 37°C was recorded.

protein level is due to a defect in TolC’s assembly (37). The
MICs of novobiocin and erythromycin for a TolC* parental
strain were 35 to 40 and >40 pg/ml, respectively; for a tolC null
strain, these values were between 1 and 5 pg/ml for both
antibiotics. The MICs for mutants were 10 to 20 wg/ml for both
antibiotics (Fig. 3A and B). The partial hypersensitivity phe-
notype of all TolC mutants was codominant over the wild-type
TolC protein. With respect to colicin E1, mutants were either
fully sensitive (R390C) or displayed a 2-, 8-, or 16-fold reduc-
tion (R367H, I106N, and S350F, respectively) in sensitivity
compared to the parental TolC™ strain. On LB-blood agar
plates, the hemolytic zones around individual colonies of mu-
tants were either indistinguishable from (TolCgse7; and
TolCgrso0c) Or smaller than (TolCpygen and TolCgsgr) those
around colonies expressing wild-type TolC.

Additional substitutions at R367 and D153. TolC’s crystal
structure (18) showed that when the TolC tunnel entrance is in

the closed (resting) state, R367 forms a salt bridge with D153
and a hydrogen bond with T152 of the adjacent monomer
subunit (Fig. 1B). The replacement of R367 with serine was
shown to increase TolC-mediated conductance about 2.5-fold,
whereas no effect on conductance was observed when T152 was
changed to alanine (1). These results suggested that an inter-
monomer salt bridge between R367 and D153 is important for
the control of the aperture opening by constraining of the
movement of the inner coiled coils.

Despite widening the tunnel aperture, the R367S substitu-
tion was reported to have no effect on the antibiotic efflux
function (1), whereas we have shown here that a substitution of
R367H confers hypersensitivity (Fig. 3). It may be argued that
the presence of histidine, not the absence of arginine, at posi-
tion 367 is responsible for this phenotype. We therefore
changed R367 to alanine and glycine by site-directed mutagen-
esis but observed a hypersensitivity phenotype similar to that
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TABLE 2. Zones of inhibition of bacterial strains against
various inhibitors”
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TABLE 3. Antibiotic sensitivities and maltodextrin phenotypes of
bacterial strains expressing various TolC mutants from plasmids

Zone of inhibition (mm) with indicated inhibitor

b
Relevant genotype Novobiocin Erythromycin Rifampin Vancomycin

(30 pg) (15 pg) Grg (5
tolC™* rfa™ 7.8 6.7 8.6 7.4
AtolC rfa™ 20.8 14.0 9.0 6.5
tolC" rfa™ ArcsB:Km" 8.5 6.9 8.5 7.4
tolC* Arfa2057 19.8 12.1 16.3 8.5

ArcsB::Km"

“ The diameter of the paper disks was 6.5 mm. Averages from two independent
experiments are shown.

> The ArcsB::Km" allele was used to prevent excessive capsule production due
to the deletion of the LPS core genes in Arfa2057.

conferred by R367H (data not shown). We also created an
R367S substitution, and as expected, observed no hypersensi-
tivity phenotype. Finally, through site-directed mutagenesis,
D153 was changed to cysteine. This substitution resulted in a
hypersensitivity phenotype similar to that conferred by R367H
(data not shown), thus further reflecting a functional relevance
for the D153-R367 salt bridge in TolC’s antibiotic efflux func-
tion. These results show that (i) the absence of arginine at
position 367, but not its replacement by histidine, produces the
hypersensitivity phenotype; and (ii) a salt bridge between D153
and R367 is important for efflux function, even though S367
can somehow allow the protein to maintain an efflux-compe-
tent conformation despite the fact that it, like alanine and
glycine, cannot form a salt bridge with D153.

Reasons for the hypersensitivity phenotype of TolC mu-
tants. Because the TolC protein is directly involved in the
antibiotic efflux function, the observed hypersensitivity pheno-
type of tolC mutants is expected to be the result of a defect in
this activity. However, it is also possible that aberrant assembly
and insertion of mutant TolC proteins, particularly those of
TolCyygen and TolCgss0p, may disrupt normal outer membrane
permeability function, thus allowing a larger influx of antibi-
otics than their removal by the TolC-AcrAB efflux pump.

In an attempt to resolve these two possibilities, we first
compared the antibiotic sensitivity profile of a 70/C null mutant
with that of a deep rough LPS mutant in which the hypersen-
sitivity phenotype is known to be due to a defective outer
membrane permeability barrier (29). As expected, both mu-
tants showed hypersensitivity towards novobiocin and erythro-
mycin because these antibiotics can readily penetrate the per-
turbed lipid bilayer of LPS mutants and are substrates of the
TolC-AcrAB efflux pump (Table 2). Interestingly, only the
deep rough LPS mutant exhibited hypersensitivity to rifampin,
and none of the strains showed any significant increase in
sensitivity to a large hydrophilic antibiotic, vancomycin (mo-
lecular weight, 1,450). The similar sensitivity profiles of TolC*
and TolC™ strains for rifampin suggested that this hydrophobic
antibiotic is either not a substrate of the TolC-AcrAB efflux
pump or cannot penetrate the intact outer membrane. On the
other hand, the rifampin hypersensitivity of the deep rough
LPS mutant showed that rifampin could readily penetrate cells
with a compromised outer membrane permeability barrier.
Rifampin sensitivity has also been reported for strains express-
ing assembly-defective OmpC and OmpF mutants (20, 22),

Zone of inhibition (mm) with

tibiotic®
TolC protein o Dex c
Rifampin Vancomycin phenotype
5 ng) (75 ng)
TolC* 10.4 8.0 —/+
TolC™ 10.5 6.5 —/+
TolCrie7m 19.8 18.0 +
TolCrse7m1.11404 13.2 9.8 —/+
TolCgrso0c 15.5 17.2 +/—
TolCrio0c T140A 10.5 8.6 —/+
TolCyyoen 10.8 7.7 ND
TolCrp6n T140A 10.0 8.1 ND
TolCgs50r 11.44 20.5¢ ND
TolCgzs05.T140A 21.8¢ 17.8¢ ND

“ The diameter of the paper disks was 6.5 mm. Averages from three indepen-
dent experiments are shown.

? Note that control strains (TolC™ and TolC™) carrying plasmids show some-
what more sensitivity than those without them, as shown in Table 2.

¢ The Dex phenotype was recorded as the ability of bacteria to grow on
maltodextrin minimal medium plates after 36 h of incubation at 37°C. Plus and
minus signs reflect colony sizes relative to that of a LamB™ strain, which was
rated +++ under similar growth conditions. ND, not determined.

4 The number varied significantly (>20%) in different experiments.

which presumably disrupt the outer membrane. Thus, rifampin
could be used to at least initially differentiate between mutants
with a defective outer membrane permeability barrier and
those with an efflux defect.

Strains expressing TolCgse71; and TolCrse0c displayed hy-
persensitivity to rifampin, and surprisingly, also to vancomycin
(Table 3). These profiles were distinct from that of the deep
rough LPS mutant (rifampin sensitive and vancomycin insen-
sitive) or a tolC null mutant (insensitive to both antibiotics).
Therefore, while the rifampin sensitivity phenotype of a mu-
tant expressing TolCgs471; 0 TolCrs90c Suggests a breached
outer membrane permeability barrier, the sensitivity to vanco-
mycin indicates a novel mechanism for the hypersensitivity
phenotype.

Strains expressing TolC,;ysn sShowed no increase in sensitiv-
ity to either rifampin or vancomycin (Table 3). Thus, the hy-
persensitivity of this mutant to novobiocin and erythromycin is
likely the result of an efflux defect rather than a compromised
permeability barrier. As stated earlier, this efflux defect may be
the result of lower TolCy ey levels in the outer membrane
owing to an assembly defect (Fig. 2) (37). The antibiotic sen-
sitivity data for TolCgs50r Were difficult to interpret due to
large variations in the inhibition zones. This is presumably due
to aberrant assembly of the mutant protein (37).

Constitutively open state of TolCy;471; and TolCys90c tun-
nel aperture. The vancomycin sensitivity of hemolysin-secret-
ing TolC™" cells has been reported previously (3; also see be-
low). This sensitivity is thought to be the result of antibiotic
influx via the open state of TolC tunnels while they are en-
gaged in hemolysin export. It is therefore conceivable that the
vancomycin sensitivity phenotype of mutants expressing
TolCgrs671 and TolCrsgc is due to the influx of antibiotics
through TolC tunnels that are in a constitutively open state
because of mutant alterations. We further tested this notion by
examining the ability of TolC mutants to grow on a medium
containing maltodextrins as a sole carbon source. Maltodex-
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TABLE 4. Antibiotic sensitivities of a bacterial strain
secreting hemolysin®

Zone of inhibition (mm) of indicated strain

Antibiotic
MC4100(pACYC184)  MC4100(pHIyCABD*)
Novobiocin (30 pg) 7.6 123
Erythromycin (15 pg) 72 8.6
Rifampin (5 pg) 8.8 11.4
Vancomycin (75 pg) 7.5 18.0

“ The diameter of the paper disks was 6.5 mm. Averages from three indepen-
dent experiments are shown.

trins normally enter the cell through the LamB maltoporin (29)
and are excluded from other channel-forming proteins due to
either a constricted pore size (6) or the presence of a plug
domain (4, 10). The expression of TolCy3474; and TolCrg0¢ in
a LamB™ strain promoted growth on a minimal medium con-
taining maltodextrins as a sole carbon source; hence, they had
a Dex " phenotype (Table 3). Unlike the mutant TolC proteins,
the expression of wild-type TolC did not support growth on a
maltodextrin minimal medium (Table 3). The vancomycin sen-
sitivity and Dex™ phenotype of TolCg 4755 and TolCgzgc cOT-
roborated the notion that these mutant proteins facilitate the
diffusion of molecules that normally cannot pass through
TolC’s closed tunnels while in a resting stage.

Our argument that the constitutively open tunnel apertures
of TolCr;471; and TolCgrie0c lead to antibiotic influx should
also apply to wild-type TolC when it is engaged in hemolysin
translocation. We therefore tested the sensitivity of a TolC*
HIyA™ strain to vancomycin, rifampin, novobiocin, and eryth-
romycin. As previously reported for vancomycin (3), wild-type
TolC™ cells secreting hemolysin displayed increased sensitivi-
ties to rifampin, novobiocin, and to a lesser extent, erythromy-
cin (Table 4). The similar antibiotic sensitivity profiles of the
TolC™ strain, when secreting hemolysin, and mutants express-
ing TolCgrse7ir Or TolCgriooe, Without a hemolysin plasmid,
suggest that TolC tunnels in the mutant strains are in a con-
stitutively open state, thus allowing antibiotic influx.

Intragenic suppressors of TolCy;4,5. Because the hypersen-
sitivity phenotype resulting from R367H is thought to be the
result of constitutively open tunnel apertures, second-site al-
terations within TolC that narrow the tunnel passage would be
expected to reduce antibiotic sensitivity. With this in mind, we
isolated drug-resistant revertants of a strain expressing
TolCgse711- For facilitation of the isolation of intragenic sup-
pressors, the plasmid expressing the mutant TolCg 54,4 protein
was remutagenized. Drug-resistant colonies were identified by
replica plating of transformants onto novobiocin-containing
medium. Plasmids isolated from colonies that grew on the
antibiotic medium were reintroduced into a folC null strain,
and transformants were examined for the novobiocin resis-
tance phenotype. Of five independently mutagenized plasmid
pools, one rendered two isolates that grew on novobiocin
plates upon reintroduction into the to/C null background.
DNA sequence analysis revealed that in one case, a true re-
version, i.e., H367R, restored the wild-type efflux activity. In
the second revertant, however, a compensatory alteration map-
ping at position 140 of TolC resulted in a T140A substitution.

As expected, the T140A suppressor alteration significantly
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TABLE 5. Effect of T140A in the absence of AcrA or AcrB*

Zone of inhibition (mm) in presence of antibiotic

. AcrA~ AcrB* AcrA™ AcrB™
TolC protein
Erythromycin ~ Novobiocin ~ Erythromycin ~ Novobiocin
(15 pg) (30 pg) (15 pg) (30 ng)
TolC* 16 18 16 19
TolC™ 18 21 16 20.5
TolCrie7mn 25 21 25.5 20
TolCrag7m1 11404 23 18.5 22 18.5

“ The diameter of the paper disks was 6.5 mm. Averages from three indepen-
dent experiments are shown.

diminished the hypersensitivity phenotype of TolCgrs4-1; (Fig.
3). Additionally, T140A reduced the TolCg;4sy-mediated
Dex ™" phenotype and sensitivities to vancomycin and rifampin
(Table 3). The specificity of suppression was studied by intro-
ducing T140A into the TolCgrsooc, TOIC ;pen, and TolCgssop
backbones. Remarkably, the presence of the T140A substitu-
tion suppressed the antibiotic hypersensitivity phenotype of all
mutant TolC proteins (Fig. 3C and D). As observed with
TolCgrs6711, T140A also reduced vancomycin and rifampin sen-
sitivities and the Dex™ phenotype of TolCgsooc (Table 3). A
much stronger suppression was seen for TolCgrse,y and
TolCgrsgoc than for TolCygen and TolCgssop, Which also con-
fer assembly defects (37). Interestingly, the observed pheno-
typic suppression of TolCy;ygn and TolCgss0r by T140A (Fig.
3) was not due to the correction of their assembly defects (Fig.
2).

We also examined the effect of T140 on TolCgse7-medi-
ated hypersensitivity in AcrA~ AcrB" and AcrA* AcrB~
backgrounds to see whether T140A imposed its effect indepen-
dent of the AcrAB proteins. Although the absence of AcrA or
AcrB exacerbated the hypersensitivity phenotype of
TolCgrs6711, the presence of T140A only slightly reduced the
antibiotic sensitivity (Table 5). Therefore, while the effect of
T140A appeared to be somewhat independent of the AcrAB
proteins, the bulk of the T140A-mediated reversal of antibiotic
sensitivity still relies on the presence of these proteins. It is
interesting that the absence of wild-type TolC in an AcrA™ or
AcrB™ background slightly increased antibiotic sensitivities,
indicating that TolC to some degree can interact with other
efflux pump proteins to remove antibiotics. The T140A-medi-
ated reversal of antibiotic resistance is, however, unlikely to be
the result of a preferred interaction of the mutant TolC protein
with these other efflux pump proteins, but rather the conse-
quence of impeded antibiotic influx (Table 3). This was further
supported by our observation that the presence of T140A in an
otherwise wild-type TolC protein backbone increased the MIC
of novobiocin (Fig. 4). Together, these observations are con-
sistent with the notion that T140A reduces antibiotic sensitiv-
ities not by “fixing” a specific mutational defect, since no sup-
pression specificity was observed, but rather by affecting the
tunnel conformation in a general manner.

Extragenic suppressors of TolCg;4,5. We also sought extra-
genic suppressors of TolCgs47; to explore whether alterations
in AcrA and AcrB can reverse the hypersensitivity phenotype.
Antibiotic-resistant revertants were obtained by plating about
10° cells from four independent cultures expressing TolCg 34711
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FIG. 4. Growth of cultures expressing either wild-type TolC (OJ) or
TolCry40a () in LB-novobiocin. Growth conditions were identical to
those described for Fig. 3. Error bars represent the standard deviations
of the means of four independent experiments.

on LBA plates supplemented with novobiocin and erythromy-
cin (both at 20 pg/ml); Two antibiotics were used to avoid the
isolation of mutations mapping in their target genes. Rever-
tants arose at a frequency of about 10~7. All mutations were
localized in the chromosome since none moved with the plas-
mid. To find mutations confined to the acrAB region, we used
Tnl0 linked to this locus (30% by P1 transduction). In 2 mu-
tants, of 16 examined from four independent cultures, the
suppressor mutation was linked to Tn/0 and hence was in the
vicinity of the acrAB genes. The acrAB region from these
isolates was amplified by PCR and subjected to DNA sequence
analysis. In one case, we found an insertion mutation caused by
the transposition of an IS2 element 83 bases upstream of the
acrA start codon. This location of the IS2 disrupts the two
divergent but overlapping promoters that transcribe the acrR
and acrAB genes. The acrR gene is divergently transcribed
from acrAB and encodes a repressor to downregulate their
expression (19). The second isolate had a base pair substitution
(an A-to-C transversion) 30 bases upstream of the start codon
of acrR. Because neither mutation was mapped in the coding
region, it is likely that they affected the expression of the acrR
and/or acrAB genes.

Western blot analysis showed that strains carrying these mu-
tations increased AcrA levels more than twofold the level
expressed from the wild-type chromosomal copy (Table 6).
This finding further supports the notion that acr mutations
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presumably uncouple the AcrR-mediated repression of acrAB.
The resulting overexpression of AcrAB suppressed the hyper-
sensitivity phenotype of TolCgs4-14. We verified this assertion
by two additional means. First, we deleted the chromosomal
copy of the acrR gene and found that this suppressed the
hypersensitivity phenotype of TolCys474; (Table 6). Second, we
cloned the wild-type acrAB genes into a low-copy-number vec-
tor, pACYC184, and found that the presence of this plasmid in
an otherwise acrAB™ background also suppressed the hyper-
sensitivity phenotype of TolCgrae7i; (Table 6). As expected,
both constructs produced elevated AcrA levels (Table 6).
acr::182-, acr6-2-, AacrR-, and pacrAB™ -mediated suppression
was also observed for the other three TolC mutants (data not
shown). This lack of specificity is because the suppression
mechanism did not involve structural alterations among the
interacting proteins, but rather elevated expression of the ef-
flux pump proteins. It is important that unlike the T140A
intragenic suppressor, these suppressors reversed hypersensi-
tivity for only novobiocin and erythromycin, which are sub-
strates of the TolC-AcrAB pump, but not for rifampin and
vancomycin, which do not appear to be substrates of this pump.

DISCUSSION

Drug-sensitive TolC mutants. Two different classes of TolC
mutants whose expression produced antibiotic sensitivity were
isolated. For one class, represented by those bearing a R367H
or R390C substitution, the antibiotic sensitivity was presum-
ably caused by an effect on TolC’s tunnel aperture so as to
leave it in a constitutively open state. As a result of this, more
antibiotics entered the cell than were expelled by cellular efflux
activity. Remarkably, these TolC mutants also displayed sen-
sitivity to a large hydrophilic antibiotic, vancomycin. This an-
tibiotic normally cannot cross the outer membrane of a wild-
type strain or even that of a deep rough LPS mutant in which
the outer membrane permeability barrier is highly compro-
mised. The drug sensitivity of the second class of TolC mu-
tants, bearing either an I106N or S350F substitution, appeared
to be the result of defective mutant TolC assembly (37).

TolC mutants resemble Dex* porin mutants. The data pre-
sented in this study suggest that the hypersensitivity phenotype
of TolCrse7ir and TolCrsgoc Was due to a larger influx of
antibiotics through the constitutively open mutant tunnels
rather than to a gross outer membrane permeability defect. At
about 35 A, the internal diameter of the TolC channel is much

TABLE 6. Suppression of antibiotic sensitivity and relative AcrA levels

Zone of inhibition (mm) in presence of antibiotic”

Relevant strain

Relative AcrA

characteristic(s) Novobiocin Erythromycin Rifampin Vancomycin level?
(30 ng) (15 ng) (5 ng) (75 ng)

TolCrs474y acrAB™ 10.0 114 18.5 19.0 1.00
TolCrie7py acr::1S2 8.1 8.3 17.8 19.0 2.38
TolCgragyyy acr6-2 7.8 7.4 17.0 20.3 2.15
TolCgrie7y AacrR::Km" 8.5 9.7 18.3 18.0 1.69
TolCrs67u(pPACYC184) 11.3¢ 114 18.8 17.8 1.16
TolCragry pacrAB™* 7.9 7.5 17.8 20.6 6.47

“ The diameter of the paper disks was 6.5 mm. Averages from three independent experiments are shown.

® AcrA levels were determined from whole-cell extracts by Western blot analysis.

¢ The presence of pACYC184 vector DNA consistently increased the sensitivity to novobiocin.
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wider than that of porins (10 to 12 A), but it does not behave
as a general porin because its tunnel aperture on the periplas-
mic side tapers to an estimated diameter of 3.9 A in the closed
resting state (18). The opening of the TolC’s tunnel aperture is
proposed to require the uncoiling and realignment of tunnel
entrance helices during substrate translocation (18). It is
thought that in the resting stage, several critical interactions,
including a salt bridge between R367 and D153 of two neigh-
boring monomers, keep the tunnel aperture in the closed state.
Given its importance in the closed state, substitutions at posi-
tion 367, obliterating the salt bridge or hydrogen bonding ca-
pacity, leave the tunnel entrance in a quasi open state even in
the absence of the interacting proteins of the efflux and trans-
port systems. Thus, antibiotics gain unimpeded access through
open TolC tunnels. Indeed, this access occurs even in the case
of the wild-type TolC protein when it is engaged in translocat-
ing hemolysin (Table 4). The role of R390 in influencing the
tunnel entrance is less clear. Although R390 of helix 8 is not
located at TolC’s tunnel aperture, its close vicinity to the ap-
erture and the potential for it to form a salt bridge with D121
of helix 3 of the same monomer (Fig. 1B) could influence the
tunnel entrance by affecting the movement and/or realignment
of helices surrounding the aperture (Fig. 1). An R390C alter-
ation, like those at R367, confers sensitivity to the large hy-
drophilic antibiotic vancomycin, suggesting that it too forces
the tunnel aperture to a constitutively open state. Besides
permitting the entry of large antibiotics through the open tun-
nel, these TolC mutants also display a Dex™ phenotype.

The permeability phenotype of TolCrs47; and TolCgrsepc
mutants due to a high level of influx is similar to that of the
classical OmpC and OmpF Dex mutants, for which increased
antibiotic sensitivity and the Dex™ phenotype were the result
of functionally enlarged porin channels (2, 21). In these mu-
tants, alterations either deleted residues of loop 3, which folds
inward to constrict the channel passage, or affected residues
that restricted loop 3 movements through electrostatic inter-
actions. In contrast to TolCrs47; and TolCrsec mutants,
which showed an increased sensitivity to both hydrophilic and
hydrophobic antibiotics, the Dex™ porin mutants showed an
increased sensitivity primarily to hydrophilic antibiotics. This is
presumably reflective of a fundamental structural difference
between the two barrels; the TolC barrel is mainly engaged in
the removal of hydrophobic inhibitors from the cells, while the
porin barrel lets small hydrophilic molecules diffuse through it.
The conversion of FhuA and FepA, which are substrate-spe-
cific and TonB-dependent OMP transporters, to general dif-
fusion OMPs has also been reported (17, 31). These transport-
ers do not allow general solute diffusion because of the
existence of a large plug domain that blocks the inside of the
barrels (4, 10). However, deletions that shorten the plug do-
main do allow the nonspecific diffusion of a variety of com-
pounds, including novobiocin and rifampin (17, 31).

Assembly-defective TolC mutants and antibiotic sensitivity.
Unlike the case for TolCgry471y and TolCgseoc, the antibiotic
sensitivity of TolCy ey and TolCgssop 1S primarily due to their
aberrant assembly (37). 1106 is part of a hydrophobic cluster,
involving the mixed «/B-domain of each monomer, which
packs against the helical domain of the same monomer (Fig.
1B). The replacement of 1106 with a hydrophilic asparagine
residue most likely destabilizes this helical packing, which not
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only interferes with the folding of monomers during assembly
(37) but may also influence the functional activity of assembled
TolC molecules. Interestingly, L412, which is also a component
of the same hydrophobic cluster as 1106 (Fig. 1B), has been
previously noted to be important for TolC’s efflux function (39,
40). Due to its location on the outer equatorial domain of
TolC, the hydrophobic cluster most likely influences the over-
all conformation of TolC’s periplasmic helical domain. The
S350F substitution disrupts a hydrogen bond between the
outer helices of neighboring monomers (Fig. 1B), which prin-
cipally interferes with the oligomerization of TolC monomers
into functional trimers (37).

T140A-mediated suppression of the hypersensitivity pheno-
type. The hypersensitivity phenotypes of TolCgsesy and
TolCgrsg0c Were significantly diminished in the presence of the
intragenic suppressor mutation T140A. Although the mutant
and suppressor alterations are located at or near the tunnel
aperture facing the periplasm (Fig. 1B), there is no obvious
potential for direct interaction between the side chains of these
residues because of the angle and long distances separating
them when the aperture is in the resting stage (Fig. 1B). More-
over, since the presence of alanine at position 140 precludes
any side chain interaction, it appears that the suppressor phe-
notype is due to the loss of a T140-mediated interaction. How-
ever, the crystal structure of TolC in its resting stage fails to
reveal any T140-mediated interactions, so the role of this po-
sition in modulating the aperture conformation remains un-
clear. Because the T140A suppressor did not display any allele
specificity and imposed its effect even on wild-type TolC, it
probably acted in a general manner to diminish flux properties.

The presence of T140A reduced the hypersensitivity pheno-
type of TolCg47¢y and TolCr 399 not only against the antibi-
otics novobiocin and erythromycin, which are substrates of the
TolC-AcrAB efflux pump, but also against vancomycin, which
does not appear to be removed by this pump. This general
reduction in antibiotic sensitivity suggests that T140A most
likely changes the conformation of helices guarding the tunnel
aperture so as to reduce the influx of all antibiotics rather than
to enhance a selective efflux activity of the TolC-AcrAB pump.

It is interesting that members of our laboratory previously
reported the isolation of the T140A substitution among TolC
mutants that secreted enzymatically inactive a-hemolysin with-
out any apparent efflux defect (35). This pointed to a role for
T140 in influencing TolC’s export activity. The isolation of
T140A from two independent genetic screens involving func-
tionally distinct mutants reflects the overall importance for
T140 in TolC’s tunnel function. Our contention that T140A
somehow narrows the tunnel entrance is consistent with the
imposed phenotype in which both the export of hemolysin and
the influx of antibiotics are reduced. Ironically, while T140A
suppresses the R367H- and R390C-mediated hypersensitivity
phenotype, R367H and R390C suppress the T140A-mediated
hemolysin secretion defect (data not shown). This is entirely
consistent with our view that these alterations modulate TolC’s
tunnel passage to either decrease (T140A) or enhance (R367H
and R390C) flux properties.

The examination of position 140 in 30 different TolC homo-
logues, which can be broadly divided into two groups based on
percent identities to E. coli TolC, revealed that threonine oc-
cupies this position in all 15 sequences of the group that have
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identities ranging from 43 to 100%. Curiously, however, ala-
nine is mainly found at position 140 (11 of 15) of the second
group of TolC homologues, which have sequence identities in
the 28 to 36% range. The natural existence of alanine raises the
possibility that the suppressor alteration of T140A in our E.
coli K-12 TolC mutants may emulate a structural element
intrinsic to the second group of TolC homologues.

Overexpression of AcrA and AcrB suppresses the hypersen-
sitivity phenotype of TolC mutants. The transposition of an
IS2 element and a base pair substitution in two different sup-
pressors reduced the hypersensitivity phenotype of TolC mu-
tants. Both mutations were located between the acrR and
acrAB genes, which are divergently transcribed (19). A protein
analysis showed elevated AcrA levels, which is likely due to the
uncoupling of AcrR-mediated repression of acrAB transcrip-
tion. The enhanced expression of AcrAB due to an insertion
element-mediated insertional inactivation of the acrR gene has
been reported previously (15). That the suppression was
achieved as a result of the overexpression of AcrA and AcrB
was independently corroborated by the construction of a mul-
ticopy acrAB™ plasmid and the deletion of the chromosomal
acrR gene. Both constructs suppressed the hypersensitivity
phenotype of TolC mutants. All suppressors reduced hyper-
sensitivity against novobiocin and erythromycin, which are sub-
strates of the TolC-AcrAB pump, but not against rifampin and
vancomycin, which are not removed by this pump. This is
distinct from the intragenic suppressor T140A, which could
suppress the hypersensitivity phenotype against all antibiotics.
This difference underscores the mechanistic distinction
through which the two types of suppressors achieve their feat:
the intragenic suppressor does so by reducing the influx of all
antibiotics, while the extragenic and multicopy suppressors re-
duce antibiotic sensitivity by facilitating the efflux of TolC-
AcrAB pump-specific antibiotics.
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