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Abstract

TolC channel provides a route for the expelled drugs and toxins to cross the outer membrane of
Escherichia coli. The puzzling feature of TolC structure is that the periplasmic entrance of the
channel is closed by dense packing of twelve a-helices. Efflux pumps exemplified by AcrAB are
proposed to drive the opening of TolC channel. How interactions with AcrAB promote the close-
to-open transition in TolC remains unclear. In this study, we investigated 7 vivo the functional
and physical interactions of AcrAB with the closed TolC and its conformer opened by mutations
in the periplasmic entrance. We found that the two conformers of TolC are readily distinguishable
in vivo by characteristic drug susceptibility, thiol modification and proteolytic profiles. However,
these profiles of TolC variants respond neither to the /n7 vivo stoichiometry of AcrAB:TolC nor to
the presence of vancomycin, which is used often to assess the permeability of TolC channel. We
further found that the activity and assembly of AcrAB-TolC tolerates significant changes in
amounts of TolC and that only a small fraction of intracellular TolC is likely used to support
efflux needs of £. coli. Our findings explain why TolC is not a good target for inhibition of
multidrug efflux.

Introduction

E. coli TolC and its homologs in other Gram-negative bacteria enable export of various toxic
molecules across the outer membrane (Benz et al., 1993, Fralick, 1996). These proteins
function in conjunction with three types of transport systems: ATP-binding cassette (ABC)-
type, Resistance Nodulation Division (RND)-type and Major Facilitator superfamily (MF-
type) (Paulsen et al,, 1997). The association between transporters and TolC is mediated by
periplasmic proteins named Membrane Fusion Proteins (MFPs) (Dinh et al., 1994,
Zgurskaya et al., 2009). The assembled complexes are proposed to span the entire gram-
negative envelope and to expel substrates directly into external medium bypassing the
periplasm.

Structural analyses showed that TolC is a trimer folded into a 12-stranded B-barrel
embedded into the outer membrane, an a-helical coiled coil domain that spans the nearly
100 A into the periplasm, and a mixed a/p equatorial domain (Fig. 1) (Koronakis et al.,
2000). In crystals, the periplasmic entrance of TolC is tightly closed so that even ions cannot
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easily diffuse through. In particular, a ring of D371 and D374 residues forms the narrowest
pore constriction (BN1). In the proposed allosteric opening mechanism of TolC, the inner
coiled coil a-helices (H7/H8) undergo an iris-like movement to realign with the outer coils
(H3/H4), thereby enlarging the pore in a “twist-to-open” transition (Fig. 1). This model is
supported by finding that disruption of the constraining Y362-R367 bond that tether the
inner coiled coil H7/H8 to the outer H3/H4 coiled coils (BN2) increases the conductance of
TolC channel by ten fold, whereas locking of the entrance coiled coils by chemical cross-
linkers disables export of hemolysin, one of the TolC substrates (Andersen et al., 2002a).
Crystal structures of “leaky” TolC mutants are also consistent with the notion that
destabilization of ionic bonds in the periplasmic tip could dilate the TolC pore and allow
passage of substrates through the channel (Pei ef al., 2011, Bavro et al., 2008).

A growing body of evidence indicates that association with the inner membrane complex is
needed to trigger opening of TolC channel (Bavro et al., 2008, Pei et al., 2011, Weeks ef a/.,
2010). In the best studied multidrug efflux pump AcrAB-TolC from £. coli, TolC was found
to bind both the inner membrane transporter AcrB and the periplasmic MFP AcrA, so that
the tri-partite complex is formed between AcrA and TolC engaged by AcrB (Tikhonova et
al., 2011). The assembly of the complex presumably leads to a close tip-to-tip AcrB-TolC
fit, where D256 and D795 residues of AcrB could initiate the expansion of the periplasmic
tip of TolC by interrupting R367-D153 and Y362-R367 links (Bavro et al., 2008, Pei et al.,
2011). This expansion however is not sufficient to dilate the inner D371-D374 constriction
because in the “leaky” TolC mutant lacking the Y362-R367 bond (YFREHIS), the pore
remains mostly closed. The full dilation of TolC channel in the assembled complex is
believed to be driven by energy-dependent conformational changes in AcrA (Gerken &
Misra, 2004, Weeks et al., 2010). Recent kinetic studies showed that the affinity of YFREHIS
mutant to both AcrA and AcrB is lower than that of the closed wild type TolC (Tikhonova et
al., 2011). This finding suggested that opening of TolC could be the final step in the AcrAB-
TolC transport cycle resulting in disassembly of the complex and closing of the channel.

In this study, we investigated the function and assembly of AcrAB-TolC complex /in vivo by
comparing conformations and properties of the wild type closed TolC (TolCHs) and its
leaky YFREH!S mutant. Our results show that the two conformers can be readily
distinguished /n vivo by drug susceptibility, proteolytic and thiol labeling profiles. However,
these dominant TolC states respond neither to the presence of AcrAB nor other TolC-
dependent transporters. We conclude that interactions between TolC and transporters are
highly dynamic and only a small fraction of TolC is utilized to support efflux activities of £.
colr.

Mutational opening compromises TolC function and structure

Previous studies showed that leaky TolC mutants are able to support AcrAB-dependent
efflux of antibiotics, albeit only partially (Bavro et al., 2008). To further characterize how
these mutants function with AcrAB, the previously described TolC Y362F/R367E
(YFREH#S) mutant lacking the two critical salt bridges in the periplasmic tip of TolC and its
parental TolCHIS protein were either overproduced in A fo/C cells from a plasmid or
integrated back onto the chromosome. The drug efflux activities of two TolC conformers
were assessed by measuring minimal inhibitory concentrations (MICs) of various
antimicrobial agents, the substrates of AcrAB-TolC. As shown in Table 1, cells producing
YFREHIS were at least four times more susceptible to erythromycin, oleandomycin and
puromycin. However, this mutant retained the full activity (2 fold or less difference in
MICs) against novobiocin, lincomycin, SDS, nitrocefin and cloxacillin. The mutant was also
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fully proficient in secretion of colicin V, a peptide substrate of CvaAB-TolC exporter (data
not shown). Thus, mutational opening of TolC does not affect all substrates equally.

Growth of cells overproducing either TolCHiS or YFREH!S from a plasmid and cells carrying
respective genes on a chromosome was inhibited by the same concentrations of
antimicrobials (Table 1). However, immunoblotting analysis showed that amounts of TolC
in membranes of the wild type BW25113 (WT) cells were at least 5-10 fold higher than the
amounts of both YFREHS and TolCHis proteins produced from the genes reintegrated onto
the £. coli chromosome (Fig. 2A, AC::TolCHiS and AC::YFREH), This reduced expression
was not due to the presence of the C-terminal 6His-tags because the re-integrated tagless
TolC variants were produced at the same low levels and were functionally indistinguishable
from the 6His-tagged proteins (Fig. 2A and Table 1). On the other hand, amounts of the
plasmid-borne TolC variants exceeded the native TolC levels in WT membranes by more
than 100 fold. Furthermore, separation of inner and outer membranes in sucrose density
gradients showed that amounts of TolC specifically localized to the outer membrane
paralleled the amounts of protein in the total membrane fractions (Fig. 2B). These results
show that fluctuations in TolC amounts by several orders of the magnitude do not affect its
export activity and that in this range of concentrations TolC does not limit AcrAB mediated
drug efflux.

To compare structural stability of TolCHiS and YFRE'_'”S, we used the instrinsic resistance of
TolC trimers to denaturation by SDS. Purified TolCHiS appears on SDS-polyacrylamide gels
as a double band because its C-terminal His-tag is cleaved at approx. R459 by £. coli
proteases (see Methods and (Koronakis ef a/., 1997)). Without heat denaturation, a large
fraction of TolCH'S migrates during SDS-PAGE as a trimer with the apparent molecular
mass of 130 kD (Fig. 2C). In contrast, YFREHS trimers were unstable in SDS-sample buffer
and during electrophoresis, the protein completely dissociated into its monomeric state (Fig.
2C). The instability of YFREM!S trimers was further confirmed using dithiobis succinimidy!
propionate (DSP) cross-linking approach. More than 90% of TolCHS have been cross-linked
into trimers at 0.05 mM DSP, whereas a ten-fold higher concentration of DSP was needed to
cross-link trimers of YFREH!S (Fig. 2D). Thus, the disruption of salt bridges destabilizes
TolC trimers.

We next used limited proteolysis to compare conformations of the two TolC variants /n vivo
and /n vitro. The proteolytic profile of the purified YFREHS was similar to that of TolCHis
(Fig. 3A). Both proteins were digested by trypsin into stable 30 and 22 kD fragments that
correspond to the N- and C-terminal halves of the TolC cleaved immediately following
R267 located in the extracellular loop (Koronakis et al., 1997). In whole WT cells
permeabilized to trypsin by osmotic shock, the chromosomally produced TolC is also
digested by trypsin into a stable ~30 kDa fragment but without visible accumulation of the
C-terminal 22 kD fragment (Fig. 3B). We could not detect the ~30 kDa fragment in
AC::TolCHis and AC::YFREHIS cells because of the low amounts of TolCHis and YFREHiS
proteins produced in cells (Fig. 2A). However, the plasmid-borne TolCHiS produced in
AtolC cells was also readily cleaved by trypsin with the formation of this fragment. In
contrast, under the same conditions, the overproduced YFREHS was significantly more
resistant to trypsin digest. Even at highest concentration of trypsin, most of YFREHIS
remained undigested with only trace amounts of a 30 kDa fragment showing on western
blots (Fig. 3B). Taken together, these results suggest that a significant fraction of
overproduced YFREHIS could be misfolded /7 vivo, whereas YFREHS solubilized from
membranes with non-ionic detergents is structurally similar to TolCHis,

Our previous studies suggested that TolC-induced conformational changes in the membrane
proximal domain of MFPs could be a limiting factor in activities of efflux pumps (Ge et a/.,
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2009, Modali & Zgurskaya, 2011). We next determined whether YFREHS is proficient in
activation of AcrAB. For this purpose, we analyzed changes in the proleolytic profile of
AcrA, which is highly sensitive to assembly of the tri-partite AcrAB-TolC complex but not
its bi-partite intermediates (Ge et al., 2009). Consistent with previous results, in the absence
of TolC (AC), AcrA is rapidly digested by trypsin, as seen from the disappearance of the full
length protein, without accumulation of stable products (Fig. 4A). In WT cells containing all
three AcrA, AcrB and TolC components and in AC cells with TolCH!S produced either from
chromosome or from plasmid, AcrA is cleaved by trypsin into a stable 26.5 kDa fragment.
This result shows that TolCHIS variant interacts with AcrA and induces conformational
changes in its membrane proximal domain. Surprisingly, as with MIC measurements,
changes in the proteolytic profile of AcrA did not depend on concentration of fl'oIC"“S in
cells. The overproduction from plasmid and the very low expression of TolCHS after re-
integration of the respective gene onto chromosome resulted in the same efficiency of AcrA
conversion into its proteolytically stable form (Fig. 4A). This result suggests that TolC
interactions with transporters are highly dynamic. Similar to drug susceptibility phenotypes
the protection of AcrA does not change with changes in amounts of TolC protein.

The plasmid-borne YFREHIS was effective in protection of the 26.5 kDa AcrA fragment
(Fig. 4A). In contrast, only small amounts of this AcrA fragment could be detected in the
trypsin-treated AC:: YFREHS cells with low levels of YFREH!S (Fig. 4A). Thus, the reduced
activity of YFREHS in drug susceptibility assays (Table 1) correlates with the low amounts
of the properly folded YFREHS in cells (Fig. 2A) and the decreased amounts of the
protected AcrA protein (Fig. 4A). We conclude that the defects in assembly of TolC-AcrAB
complex contribute to the increased susceptibility of YFREHS producing cells to antibiotics.

Cysteine-scanning mutagenesis of TolC

To further characterize the permeability and conformations of TolC /n vivo, we introduced
16 unique cysteine residues into the four major regions of TolC: (i) an external loop, (ii)
internal walls of the channel, (iii) both inside and outside of the periplasmic tip and (iv) the
equatorial domain (Fig. 1 and Table 2). The same set of cysteine residues was introduced
into TolCHS and YFREH!S. As seen in Table 3, most of the mutations either in TolCH!S or
YFREM had no effect on their activity in multidrug efflux. The exception is D153, which
forms a critical salt bridge with R367 and contributes to constriction of TolC pore from the
periplasmic side (Fig. 1, BN2). The D153C mutation increased susceptibility of TolCHiS to
erythromycin (16 fold) and novobiocin (2 fold) but not to puromycin and SDS. On the other
hand, the same D153C substitution did not further compromise the activity of YFREH!S and
in fact partially (2 fold increase) rescued the erythromycin and puromycin susceptibilities of
this TolC variant. Interestingly, the reciprocal R367C substitution did not affect drug
susceptibility of TolCHIS, which contrasts with the previous finding that either D153A or
R367S substitutions increase conductance of the purified of TolC channel and their
simultaneous disruption has an additive effect on TolC conductance (Andersen et al.,
2002a). This result suggests that D153 of TolC has an additional role in drug efflux, which
is different from the constriction of TolC pore.

The only substitution that further compromised YFREHS function was G365C located in the
turn region between H7 and H8 (Turn 2) of TolC. This mutant is more susceptible to all
tested antimicrobials including the detergent SDS and at the same time, is less susceptible
than the parent YFREHIS to vancomycin (Table 4 and see below). In the crystal structure of
the open TolCYFRS G365 moves by ~7 A from its position in the closed protein, due to
realignment of H7 and H8 helices upon disruption Y362 and R367 bonds. The effect of this
substitution on TolC function appears to be additive to and different from those of Y362F
and R367E.
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The role of the equatorial a/f domain in TolC function is still obscure but genetic studies
suggested that it could play a role in opening of TolC (Bavro et al., 2008, Weeks et al.,
2010, Augustus et al., 2004). The L412 residue in the helix H9 of the a/p domain was
previously identified as important for TolC function (Yamanaka et a/., 2002). Although the
L412C substitution did not significantly change MICs of antimicrobials, a more drastic
L412P substitution significantly diminished TolC activity as seen from decreased MICs of
all tested AcrAB-TolC substrates (Table 3).

To determine whether changes in MICs correlate with changes in TolC structure, we
compared proteolytic profiles of D153C, G365C and L412 TolC mutants. As an additional
control we used Q142C mutants, which showed minor changes in drug susceptibilities assay
(Table 3). Both TolCHis and YFREHS containing Q142C were indistinguishable from the
parent variants (Fig. 3C). The proteolytic pattern of D153C contained a unique 35 kD
fragment, which is not present in patterns of any other mutants, indicating that the
conformation of this mutant is different from that of TolCHiS, In addition, D153C appears to
partially rescue YFREHIS conformation as seen from the D153CYFRE proteolytic pattern,
which contains a 30 kD fragment characteristic of TolCHiS but not YFREHS patterns. In
agreement, D153CYFRE was less susceptible to erythromycin and puromycin than YFREHS,

The proteolytic patterns of G365C and L412C were similar to each other and different from
other mutants (Fig. 3C). In addition to a characteristic 30 kD tryptic product, profiles of
these mutants contained a ~40 kD fragment apparently generated by internal proteases, and
~21/22 kD fragments. The 40 kD band is also prominent in G365CYFRE and L412CYFRE,
but as in other YFREHS derivatives the 30 kD fragment is not detectable. The most
damaging L412P substitution destabilized the 30 kD fragment even in TolCHs (Fig. 3C,
indicated by an arrow). Thus, despite distant locations, substitutions in G365 (turn 2) and
L412 (a/p domain) induce similar changes in the TolC proteolytic profiles. It appears that
the loss of the 30 kD fragment in TolC patterns correlates with increased drug susceptibility
of the corresponding cells, whereas this fragment is present in functionally proficient TolC
variants.

In agreement with their partial activities in drug efflux (Table 3), TolC variants containing
D153C, G365C and L412C interacted with AcrA as seen from the accumulation of a 26.5
kD fragment of AcrA in cells producing these proteins (Fig. 4B). The L412P mutant with
the most severe phenotype also failed to protect the 26.5 kD fragment of AcrA. Thus, the
loss of activity of this mutant is likely due to the loss of its functional association with
AcrAB.

Substrate path in TolC channel

Combined mutagenesis-conductance experiments and structural studies indicated the
existence of two periplasmic bottlenecks that constrict the TolC channel (Andersen et al.,
2002a, Bavro et al., 2008, Pei et al., 2011). During transport these constrictions are thought
to be released by interactions with AcrAB transporter. To identify residues of TolC that are
exposed to its substrates, acrAB plus cells carrying various Cys-containing TolC constructs
were incubated with a thiol-reacting probe fluorescein-5-maleimide (FM), the substrate of
AcrAB-TolC transporter (Kim & Nikaido, 2012). The fluorescence intensity of protein
bands was normalized to the amounts of respective proteins. The efficiency of labeling was
expressed as a percentage of the fluorescence intensity of TolC with A269C in the
extracellular loop, which is expected to be readily accessible to FM in external medium. Fig.
5 shows that accessibility of Cys residues differs notably in TolCHiS and YFREHIS
backgrounds. The largest differences between the two variants are seen in their periplasmic
tips. Cys residues in positions 153 (BN2), 365 and 356 (turn 2) are more accessible to FM in
YFREMS than in TolCHIS protein, whereas Cys in position 142 (turn 1) was better labeled in
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TolCHis than in YFREMS (Fig. 5B and 5C). This result is consistent with structural analyses
that demonstrated a significant rearrangement in the periplasmic tip of TolC brought about
by disruption of salt bridges holding together the inner and outer coiled coils (Bavro et al.,
2008, Pei et al., 2011, Weeks et al., 2010). This dilation of the periplasmic tip of TolC
apparently affects the equatorial domain as well. The L412C located in the external H9 of
the a/p domain was better labeled in YFREHS, whereas $322C and N392C in the inner H7
and H8, respectively, were more accessible to FM in TolCHiS, In both variants, Q384C, also
located in the proximity to the a/f domain, was labeled only slightly above the background,
suggesting that this residue has very limited contact with FM.

Surprisingly, D374C (BN1) was labeled with FM in both TolCHis and YFREHIS variants but
this residue was consistently better labeled in TolCHIS, Side chains of D374 form a ring of
negative charges that constricts the channel to a diameter of ~0.44 nm with the distance of
only 0.61-0.62 nm between adjunct D374 side chains (Koronakis et al., 2000). With the
average diameter of 0.69+/-0.2 nm for an FM molecule, this constriction is not passable for
this probe. However, Cys residue in position 374 is well exposed to FM, indicating that with
D374C substitution, the pore of TolC is less constricted than in the native protein. In
addition, previous conductance studies suggested that substitutions in position 374 do not
affect the second constriction BN2. We found that D374C remains accessible to FM whether
BN2 is intact (TolCHiS) or disrupted by removal of critical salt bridges (YFREHS). This
result suggested that D374C is accessible from both the extracellular and periplasmic sides.
The same is true for the residues located in BN2. In the crystal structure of YFREHS, the
D374 pore remains closed (Bavro et al., 2008, Pei et al., 2011). Yet, D153C was fully
accessible to FM in both TolCHiS and YFREHS, indicating that FM likely gains its access to
this Cys from both sides of the outer membrane.

Taken together these results demonstrate that TolC is largely accessible to small molecules
from both the external medium and from the periplasm. The labeling profiles of TolCHis and
YFREM' differ from each other, providing further evidence that these two variants adopt
different conformations /77 vivo. The increased labeling of the periplasmic tip of YFREHS js
consistent with the large movement of coiled-coils seen in crystal structures of this mutant.

TolC channel is not occluded in the periplasm

The FM labeling described above outlined the dominant states of TolCHiS and YFREHIS jn
vivo in the presence of AcrAB. In the proposed models of AcrAB-TolC complex (Bavro et
al., 2008, Symmons et al., 2009), AcrA and AcrB form multiple contacts with the
periplasmic tip and a-helical domain of TolC and presumably enable the close-to-open
conformational transition of the channel. To determine whether these AcrAB-TolC
interactions can be visualized /n vivo, we next determined the accessibility of Cys-
containing TolCHis and YFREH!S mutants to FM in cells lacking AcrAB pump. We found
that in the absence of AcrB the labeling profiles of TolCHis and YFREMIS remain different
and that these profiles do not change significantly when compared to those of acrAB plus
cells (Figs. 5B and 5C). Thus, the dominant conformations of TolCHiS and YFREHIS are not
sensitive to the presence of AcrAB.

Overproduction of TolC from plasmids could potentially bias the FM labeling experiments
toward free TolC, which is not engaged into transport complexes. Therefore, we next re-
integrated genes encoding TolCHIS with G147C, D153C, D356C, S363C, D374C, N392C
and L412C substitutions back into the native fo/C locus of acrAB plus and minus strains.
We selected these TolC variants because their cysteine residues were labeled differently in
the plasmid-borne TolCHis and YFREHS proteins (Fig. 5B and 5C); in addition, D153C
substitution significantly reduced TolCHis function in drug efflux (Table 3). As with
TolCHis, when compared to the basal level of TolC in the WT cells, integration onto a

Mol Microbiol. Author manuscript; available in PMC 2014 March 01.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Krishnamoorthy et al.

Page 7

chromosome led to about 5-10 fold reduction in amounts of all Cys-containing TolC
variants (Fig. 6A). However, only traces of G147C could be detected in membranes. This
result is consistent with previous reports that TolC with substitutions in G147 position is
expressed at lower levels, possibly because of misfolding and loss of stability (Weeks et al.,
2010). AcrAB had no effect on the expression levels of TolC variants. However, even at
such reduced amounts, all TolC-Cys variants conferred the levels of antibiotic resistance
identical to those of the plasmid-borne proteins (Table 3). AC::D153C cells were a
surprising exception being less susceptible to erythromycin than cells carrying D153C
variant on a plasmid. This result suggests that the high copy number of the plasmid-borne
D153C variant contributes to the increased susceptibility to erythromycin.

Intriguingly, even when produced at very low levels, Cys residues in the two constriction
bottlenecks of TolC channel (D153C, D374C and S363C) were still labeled with FM and
their accessibilities were similar to the plasmid-borne proteins (Fig. 6). Furthermore, D374C
and N392C of TolC were somewhat better labeled with FM in cells carrying acrAB. At the
same time, G147C was consistently better labeled in acrAB minus cells. These labeling
profiles remained the same in cells overproducing MacAB macrolide efflux pump or in cells
producing colicin exporter CvaAB (data not shown). This result strongly suggests that even
when present at the level significantly below that of transporters, the periplasmic tip of TolC
is not occluded and the D374 pore is accessible for small molecules. The addition of
erythromycin, a substrate of AcrAB-TolC, or cobalt hexamine, a TolC inhibitor which binds
to D374 (Andersen et al., 2002b), did not affect labeling profiles of chromosomally
produced TolC-Cys variants (Fig. 6C and 6D).

Effect of vancomycin on drug susceptibility and FM labeling of TolC mutants

Vancomycin is a large 3.2 nmx2.2 nm molecule with multiple functionalities for potential
interactions and hydrogen bonding. The efficacy of this antibiotic in Gram-negative bacteria
is thought to be low because of the slow diffusion across the outer membrane. Previously,
the expression of YFREM!S in a fo/C null strain of £. coliwas found to increase susceptibility
to vancomycin, independent of AcrA or AcrB (Bavro et al., 2008). This result suggested that
these mutations facilitate the passive diffusion of vancomycin across the outer membrane. If
YFREMS compromises the permeability of the outer membrane, one would expect that
susceptibility to vancomycin will vary with amounts of the protein. We found however that
AC:: YFREMS cells producing very low amounts of this protein and cells carrying the
plasmid-encoded YFREH!S reduce MIC of vancomycin by the same 2—4 fold, whereas the
deletion of f0/C gene increases the vancomycin MIC by two fold (Table 1). Thus, similar to
other antibiotics susceptibility to vancomycin is not affected by large changes in TolC
concentrations. This lack of concentration dependence suggests that by itself YFREH!S does
not increase diffusion of vancomycin across the outer membrane.

Most of the Cys substitutions did not affect vancomycin susceptibility of cells carrying the
plasmid-encoded TolC variants (Table 4). The notable exception is D153C, which sensitized
cells to vancomycin when present in TolCHIS to a higher degree than Y362F and R367E
mutations combined, but had no effect in YFREHIS mutant. Interestingly, the effect of
D153C on vancomycin susceptibility was dependent on the amounts of this protein in cells.
Cells producing the chromosomally-encoded D153C and the WT were killed by 78-156 g/
ml of vancomycin, whereas cells carrying the plasmid-borne D153C were 4-8 fold more
susceptible to this antibiotic. This dependency of MICs on the amounts of D153C in cells
was also seen for erythromycin (Table 3), indicating that increased influx of antibiotics
through D153C could be the major reason for the drop in MICs. In addition to D153C, cells
carrying A34C, R367C, Q142CYFRE 5363CYFRE and Q384CYFRE variants were two-fold
more susceptible to vancomycin than cells producing the respective TolCHiS or YFREHS
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variants. In contrast, cells producing L412CYFRE were two-fold more resistant to this
antibiotic than YFREH'S,

For the majority of the TolC constructs, the increased susceptibility of cells to vancomycin
was also dependent on the presence of AcrAB. On average, cells lacking acrAB genes were
less susceptible to vancomycin than their acrAB plus counterparts (Table 4). But AcrAB
dependence was more pronounced for cells with TolCHIS than for the cells with YFREHIS
constructs. The exceptions are the acrAB null cells carrying D153C and R367C mutants that
were as susceptible to vancomycin as those producing AcrAB. Since both these mutants
disrupt the periplasmic constriction of TolC, this finding is in the line with the previous
observations that open TolC mutants sensitize £. coli cells to vancomycin independently
whether they are bound by AcrAB or not (Bavro et al., 2008).

Given its large size, vancomycin entering TolC channel from the external medium might be
expected to reduce or even block accessibility of Cys located on the internal walls of the
channel and in the constriction pore. We found however, that in cells preincubated with a
ten-fold excess of vancomycin over FM, Cys-containing TolCHS and YFREH'S variants
were labeled to the same extent in cells without vancomycin (Fig. 5D, 5E). The same result
was obtained in cells carrying TolC-Cys variants on the chromosome (Fig. 6C and 6D). In
the reverse assay, the presence of 250 uM of FM had no effect on MICs of vancomycin in
AcrAB* cells with Cys-containing TolC constructs (data not shown). Thus, similar to other
substrates, vancomycin and FM do not compete for the same sites neither in labeling nor in
drug susceptibilities assays.

Discussion

In this study, we compared /n7 vivo properties and activities of two the best characterized
TolC variants. Cells carrying YFREH!S mutant were consistently more susceptible to
macrolides and puromycin than those with the parental TolCHiS variant. Surprisingly, drug
susceptibilities of cells did not match large changes in concentrations of either of these TolC
variants (Table 1). When the concentration of TolC was lower or higher than that in WT
cells by at least ten fold in both directions, the MICs of the broad range of antibiotics in
Table 1 remained unchanged. This result suggested that even when present at very low
concentrations TolC does not limit multidrug efflux capacity.

If we assume that antibiotics expelled through TolC are delivered only by AcrAB pump,
then the rate of transport through TolC channel is limited by AcrAB capacity (Vmax)- BY
reducing the number of TolC available for efflux, one could expect a decrease in MICs
when TolC becomes limiting. With TolCHiS this did not happen even when we reduced the
number of TolC significantly (Table 1, Fig. 2A and 6A). Thus, under tested conditions
AcrAB-TolC operates below its capacity and TolC does not limit drug efflux. We envision
three possible explanations for this result: (i) only a small fraction of AcrAB-TolC operates
in cells and this low number is sufficient to maintain resistance (for example, a single
AcrAB-TolC complex satisfies all efflux needs); (ii) drug efflux does not need to be
continuous to provide resistance (efflux is active only at certain threshold concentrations of
drugs); (iii) one TolC trimer keeps several AcrAB pumps operational (TolC has a catalytic/
regulatory role and is not part of the active complex). A large body of evidence supports the
notion that the active efflux complex contains TolC. Hence, a small number of AcrAB-TolC
complexes and non-continuous efflux are the most likely explanations for why antibiotic
susceptibilities do not change in a broad range of TolC concentrations.

Chemical cross-linking and co-purification approaches do not provide accuracy needed to
quantify TolC assembled into AcrAB-TolC complexes. To determine whether amounts of
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AcrAB-TolC complexes vary with TolC, we used the /n vivo proteolytic patterns of AcrA
(Fig. 4). We previously showed that the appearance of 26.5 kD fragment of AcrA reports on
conformational changes in the membrane proximal domain of AcrA that are specific for the
assembly of the tri-partite AcrAB-TolC but not the bi-partite AcrA-AcrB or AcrA-TolC
complexes (Ge et al., 2009). The 26.5 kD fragment in the proteolytic patterns of AcrA also
correlates with the functionality of TolC in drug efflux. Cells producing L412P mutant with
the most severe reduction in drug susceptibility phenotype lacked this fragment (Table 3 and
Fig. 4B). Surprisingly, despite variations in TolC amounts by several orders of magnitude,
we found only small differences in the amounts of 26.5 kD fragment of AcrA in
AC::TolCHis cells, WT and AC(pTolC) cells carrying the plasmid-encoded TolCHiS (Fig.
4A). This result is consistent with the lack of changes in MICs and demonstrates that
amounts of AcrAB-TolC complexes remain mostly constant in the range of TolCHiS
concentrations tested in this study. We conclude that the assembly and function of AcrAB-
TolC complex are not driven by amounts of TolC protein. Since £. coli cells produce AcrAB
in excess over TolC (Tikhonova & Zgurskaya, 2004), AcrAB is also unlikely to limit the
number of AcrAB-TolC complexes. In agreement, overproduction of AcrAB in the WT E.
coli cells results in a two fold increase in MICs of some (for example, puromycin) but not
other (chloramphenicol) antibiotics (Table 1). Therefore, only a certain fraction of TolC is
accessible to AcrAB to form a complex. This result further suggests that the assembly of
AcrAB-TolC complex could be regulated allosterically. In the case of TolC-dependent type |
secretion systems such as CvaAB and HlyBD, the regulation of the complex assembly by
substrate has been demonstrated before using the in vivo cross-linking and proteolysis
experiments (Balakrishnan er al,, 2001, Hwang et a/., 1997). However, in similar
experiments as well as in studies of protein-protein interactions /n vitro, no effect of small
molecule substrates and inhibitors was found for AcrAB-TolC (Tikhonova et al., 2011,
Tikhonova & Zgurskaya, 2004, Touze et al., 2004). It appears that yet unknown factors
could be involved in regulation of AcrAB-TolC assembly in vivo.

Current models supported by structural and genetic studies suggest that in the assembled
complex TolC undergoes a close-to-open conformational transition (Misra & Bavro, 2009,
Symmons et al., 2009). FM labeling of Cys residues positioned inside of TolC channel, its
two constriction bottlenecks and the periplasmic tip clearly showed that the structural
differences between TolCHis and YFREHS persist /i vivo (Fig. 5). In particular, TolC
residues in the periplasmic tip that underwent significant changes upon mutational opening
were more accessible to FM in the open YFREHS than in the closed TolCHiS variant. These
conformational differences however were not limited to the periplasmic tip of TolC and also
involved the a/B equatorial domain (N392 and L412) and the D374 constriction pore. The
impact of Y362F/R367E substitutions on the overall structure of TolC is also obvious in the
SDS stability and proteolytic profiles (Figs 2 and 3). Purified YFREHIS trimers were
unstable during SDS-PAGE and required higher concentrations of DSP to be cross-linked
(Fig. 2C, 2D). /n vivo, YFREHS resisted the tryptic digest with only small amounts of the
protein cleaved into a 30 kD fragment characteristic for TolCHiS. A similar defect in tryptic
profile was seen for an even more functionally deficient L412P mutant. Also, at low
concentrations, such as in AC::YFREHS cells, YFREHIS did not protect the 26.5 kD
fragment of AcrA as effectively as TolCHiS. These results show that YFREMS is structurally
defective and fails to establish the same interactions with AcrA as TolCHis. This conclusion
is further supported by recent kinetic studies that showed that the affinity of YFREHS
mutant to both AcrA and AcrB is lower than that of the closed TolCHis (Tikhonova et al.,
2011).

Yet, both TolCHiS and YFREHS variants are incorporated into AcrAB complexes and confer
similar levels of antibiotic resistance to most of AcrAB substrates except macrolides and
puromycin (Table 3). The interactions with AcrAB however did not bring detectable
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changes to conformation of either one of TolC variants. The accessibility of TolC Cys
residues to FM was largely the same in acrAB plus and minus backgrounds (Fig. 5 and 6).
The only exception is the chromosomally-produced G147C mutant, which was consistently
better labeled with FM in acrAB minus than in acrAB plus cells (Fig. 6). It appears that the
amount of G147C in the membrane is so low that a significant fraction of this TolC variant
is assembled into the complex with AcrAB and can be detected through differences in
accessibility to FM.

For other TolC mutants, overproduction of various TolC-dependent transporters did not
block the FM access to the periplasmic entrance of TolC. Even when expressed at levels
below those of WT cells, the Cys in position 363, which was previously found to be cross-
linked to AcrA (Lobedanz et al., 2007), was still labeled with FM (Fig. 6B). Although
sensitive enough to detect the differences in conformations of TolCHiS and YFREH'S, the FM
labeling did not provide evidence that AcrAB or other transporters induce conformational
changes in TolC channel. This result however implies that if such changes occur, they are
limited to a minor fraction of intracellular TolC.

If the periplasmic entrance of TolC is not occluded, one would expect that increasing
amounts of TolC variants with disrupted constriction pores will increase the rate of diffusion
of drugs across the outer membrane and therefore, increase £. coli susceptibility to drugs.
The phenotype of D153C mutant meets this expectation. MICs of both erythromycin and
vancomycin decreased with increasing amounts of D153C in cells, suggesting that the
elevated levels of this TolC variant compromise the permeability of the outer membrane
(Tables 3 and 4). The overproduction of D153C seems to significantly increase influx of
these anibiotics into the cell and in the case of erythromycin the rate of influx exceeds its
active efflux by AcrAB-G153C pump. In contrast, the susceptibility to antibiotics of cells
carrying YFREH!S was mostly unaffected by changes in the intracellular concentrations of
this protein (Table 1). Perhaps, only a small fraction of the overproduced YFREM!S is
inserted into the outer membrane, limiting influx of vancomycin through this channel. In
agreement, MICs of erythromycin and oleandomycin increased with increasing amounts of
YFREMS, further suggesting that assembly of this protein into a complex with AcrAB is not
efficient and limits efflux of these antibiotics.

As seen in Table 4, with the exception of D153C, vancomycin susceptibility of cells that
produce either TolCHiS or YFREHIS is higher in the presence of AcrAB. This result suggests
that changes in vancomycin susceptibility are linked to the activity of AcrAB-TolC pump.
One possible interpretation of this AcrAB dependence is that vancomycin leaks through
TolC, which is engaged by AcrAB transporter (Weeks et al., 2010). We found no
competition between vancomycin and FM in drug susceptibility and labeling assays. It is
possible that vancomycin diffusion through TolC is very fast without interactions with
cysteine residues. Alternatively, cysteines in selected positions are accessible to FM but not
to vancomycin because of steric constrains.

The localization in the outer membrane, its structure and the proposed mechanism indicate
that TolC could be a good target for drug efflux inhibitors. However, various whole cell
screens so far did not identify a single compound that could block the activity of TolC
channel /in vivo. In the conductance experiments trivalent hexamine cobalt bound the D374
pore of TolC with low nanomolar affinity and blocked the channel but the compound is
toxic to £.colfiand its efficacy in inhibition of efflux could not be tested (Higgins ef al.,
2004). In the /n vivo experiments we found that the ten-fold molar excess of cobalt
hexamine did not inhibit FM labeling of chromosomal TolC-Cys variants (Fig. 6C and 6D).
Furthermore, D374C residues were accessible to FM modification in both closed and open
conformers of TolC, better so in TolCHiS than in YFREHS (Fig. 5), suggesting that D374
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pore is flexible and passable to FM from both extracellular and periplasmic sides of the
outer membrane. The disruption of R367-D153 and Y362-R367 links in the periplasmic tip
of TolC has a long range effects on the structure of the entire a-helical and equatorial
domains of TolC that negatively impact the interactions with AcrAB transporter. It is
conceivable therefore that these salt bridges remain intact in the active AcrAB-TolC
complex and drug efflux does not require large conformational rearrangements in the
periplasmic entrance of the channel.

An additional problem with targeting TolC for development of drug efflux inhibitors is the
finding that the activity and assembly of AcrAB-TolC tolerates significant depletion of TolC
protein through changes in its expression levels or mutational modifications. We estimate
that AC::YFREHS cells contain about 100 copies of YFREHIS, of those even smaller number
is functional. Yet, with the exception of macrolides, drug susceptibility profiles of these
cells are identical to those of WT cells.

Experimental Procedures

Construction of strains and mutants

TolC mutants were constructed using Quick change site-directed mutagenesis lightning kit
(Agilent technologies) using pTolC as template (Tikhonova et a/., 2009). All mutations were
verified by sequencing at OMRF sequencing facility. £. colistrains GD100 (A fo/C) and
GD102 (A tolC-ygiBC) described previously (Dhamdhere & Zgurskaya, 2010), and KG101
(A tolC AacrAB) constructed in this study, are derivatives of BW25113

lachrrnBris A lacZyy16hsdR514A araBADan33A A rhaBAD p7g) (Datsenko & Wanner,
2000). TolCHis and its Cys-containing variants were re-integrated into the native locus of
GD102 chromosome using primers homologous to 48 bp upstream of the first codon of fo/C
genes and 38 bp downstream from the stop codon of yg/iC gene. We previously showed that
the lack of ygiBC, the two genes downstream of #0/C, does not affect localization, folding
and activity of TolC (Dhamdhere & Zgurskaya, 2010). All mutants were constructed using
A red recombinase system and antibiotic resistance genes were removed as described in
Datsenko and Wanner, 2000.

Growth conditions and MIC determination

All strains grown in Luria-Bertani (LB) broth with ampicillin (100 pg/ml) at 37°C with
shaking at 200 rpm. MICs of various antimicrobial agents were measured using the two-fold
dilution technique in 96-well microtiter plates. For this purpose, exponentially growing
cultures (ODggg ~1.0) were inoculated at a density of 10 cells per ml into LB medium
containing ampicillin (100 pg/ml) in the presence of two-fold increasing concentrations of
drugs under investigation. Cell growth was determined visually after incubation of the
microtiter plates at 37°C for 16 h.

Protein purification and analyses

TolcHis and YFREHS were purified as described before (Tikhonova et al., 2009). Purified
TolC (as well as TolC in membrane fractions) appears on gels as two bands with only the
top band reacting with a monoclonal anti-6His antibody. This result and previous studies
(Koronakis et al., 1997) suggested that the lower band is the product of the proteolytic
cleavage at the C-terminal R459 of TolC. Inner and outer membranes of £. coli cells were
fractionated on sucrose gradient as described previously (Tikhonova & Zgurskaya, 2004,
Osborn et al., 1972). Protein concentrations were measured by Bradford assay using bovine
serum albumin as a standard. Immunoblotting analyses were carried out by incubation with
primary polyclonal anti-TolC and anti-AcrA antibodies, followed by incubation with
secondary alkaline-phosphatase-conjugated anti-rabbit antibody. The 5-bromo-4-chloro-3-
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indoyl phosphate (BCIP) and nitroblue tetrazolium (NBT) substrates were used to visualize
the bands.

5-maleimide labeling assay

Freshly transformed GD100 or KG101 cells carrying the plasmid-encoded TolCHis and
YFREMS variants were grown in 5 ml of LB medium containing ampicillin (100 pg/ml) to
an ODgqg of ~1.0. Cells were harvested by centrifugation at 4,000 rpm at 4°C. The cell
pellet was resuspended in 1 ml phosphate buffered saline (PBS), fluorescein-5-maleimide
(FM) was added to a final concentration of 250 pM (Invitrogen) and cells were incubated on
a rotator for 30 min at room temperature. In experiments with vancomycin, the cells were
resuspended in 1 ml PBS and divided into two equal aliquots. To one aliquot vancomycin
was added to a final concentration of 2.5 mM and both the aliquots were incubated for 30
min at room temperature on a rotator. Further, FM was added to these cells to a final
concentration of 250 uM and incubated for 30 min at room temperature. In all cases the
reaction was stopped by the addition of dithioerythritol (DTT) to a final concentration of 10
mM. Cells were pelleted and resuspended in 1 ml of buffer containing 50 mM Tris-HCI (pH
8.0), 1 mM EDTA, 1mM PMSF and 0.1 mg/ml lysozyme. Cells were broken by sonication
and the unbroken cells were removed by centrifugation. The resulting supernatant was
centrifuged at 50,000 rpm for 40 min to collect membrane fraction. The membrane pellet
was resuspended in 50 pl of buffer containing 50 mM Tris-HCI (pH 8.0), 100 mM NacCl and
1 mM PMSF. Total protein concentration was measured by Bradford method (Bio-Rad) and
5 ug of each sample were boiled in non-reducing SDS-sample buffer and separated by 12%
SDS-PAGE. FM labeling of TolC cysteine mutants was monitored by scanning SDS-PAGE
gels using a STORM 840 fluorescent scanner (Molecular Dynamics). After scanning the gel,
the proteins were transferred to a polyvinylidene fluoride (PVDF) membrane at 70 V for 1h.
The membrane was probed with polyclonal anti-tolC antibodies and visualized using
chromogenic substrates NBT/BCIP. Intensity of TolC bands after FM labeling and after
immunoblotting was calculated using the ImageQuant TL program. Total fluorescence
intensity of the TolC bands obtained after fluorescence scanning were quantified and
normalized to the intensity of TolC bands obtained after immunoblotting. Further, the
labeling intensity for each mutant was expressed as a percentage of the TolC A269C mutant.
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Figure 1. The crystal structure of TolC

A. The side view of TolC with three domains the p-barrel, a-helical and a./p equatorial
indicated. The aminoacid residues targeted in this study are shown as spheres: the
extracellular loop and internal walls are in black, the two constrictions BN1 and BN2 are in
red, residues of the periplasmic tip are in blue and those of the a/B domain in magenta and
yellow.

B. The top extracellular view of the channel.

C. The bottom periplasmic view.
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FigureHZ,. Expression and oligomerization of the plasmid-encoded and chromosomal TolcHis and
YFRE™S

A. Immunoblotting analysis of membrane fractions isolated from £. co/iWT and GD102
cells carrying the chromosomal or the plasmid-encoded TolC variants. Membrane fractions
(10 g of total protein) were separated by 12% SDS-PAGE and probed with polyclonal anti-
TolC antibodies. In this Figure and everywhere else pTolC=pTolCH!s and
pYFRE=pYFREHs,

B. Immunoblotting and silver staining analyses of the inner (IM) and outer (OM)
membranes of £. coli cells producing the chromosomal and the plasmid-encoded TolC.
Membrane fractions were separated by ultracentrifugation on a 30-60% (w/w) sucrose
gradient. The IM and OM fractions were pooled together analyzed by the SDS-PAGE
followed by silver staining (bottom panel) and anti-TolC immunoblotting (top panel).

C. Purified TolCHis and YFREMS (0.5 pg) each were mixed with SDS-sample buffer and
either boiled for 5 min (+) or incubated at room temperature (=). Proteins were separated by
10% SDS-PAGE and stained with Coomassie Brilliant Blue (CBB).
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D. Purified TolCHis and YFREHS (0.5 pg) were mixed with increasing concentrations of
DSP. After incubation for 30 min at room temperature, reactions were terminated by
addition of Tris-HCI (pH 8.0) to final concentration 100 mM, proteins were separated by
10% SDS-PAGE and stained with silver nitrate.
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Figure 3. In vivo and in vitro proteolytic profiles of TolcHiS and YFREHS

A. Tryptic digest of purified TolCHiS and YFREHS. For each reaction, 0.5 pg of protein in
buffer containing 20 mM Tris-HCI (pH 7.5), 150 mM NaCl and 0.05% DDM were mixed
with indicated concentrations of trypsin (T) and incubated for 15 min at 37°C. Reactions
were terminated by boiling in SDS-sample buffer and analyzed by 12% SDS-PAGE
followed by CBB staining.

B. Tryptic digest of WT and AC cells carrying the plasmid-encoded TolC variants. For each
reaction, 1.8x108 cells were washed and resuspended in buffer containing 20 mM Tris-HCI
(pH 7.5), 5 mM EDTA and 20% sucrose. Trypsin (T) was added to reactions in indicated
concentrations. After incubation for one hour at 37°C, proteolysis was terminated by boiling
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in SDS-sample buffer, total proteins were separated by 12% SDS-PAGE and probed with
polyclonal anti-TolC antibodies.

C. Tryptic digest of AC cells carrying the plasmid-encoded TolCHiS and YFREH!S mutants
with Q142C, D153C, G365C, L412C and L412P substitutions. Reactions were set-up as
described in B and analyzed by SDS-PAGE followed by anti-TolC immunostaining. Stable
tryptic fragments are indicated.
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Figure 4. In vivo proteolytic profiles of AcrA in cells with different genetic backgrounds

A. WT and AC cells carrying the plasmid-encoded and chromosomal TolCHiS and YFREHIS
were treated with indicated concentrations of trypsin (T) as described in Fig. 3B. Total
proteins were separated by 12%SDS-PAGE and probed with polyclonal anti-AcrA
antibodies. The 26.5 kD tryptic fragment of AcrA protected in the presence of TolC is
indicated.

B. Tryptic digest of AC cells carrying the plasmid-encoded TolCHis and YFREH!S mutants
with Q142C, D153C, G365C, L412C and L412P substitutions. Reactions were set-up and
analyzed as described in A. Stable tryptic fragments are indicated.
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Figure 5. Labeling of the plasmid-borne TolC-Cys mutants with fluorescein-5-maleimide (FM)
A. Representative fluorescence labeling profiles of TolCHiS and YFREHIS mutants. £, coli
AtolC or AacrAB AtolC cells carrying the indicated plasmids-encoded TolC variants were
incubated with 250 uM FM for 30 min and reactions terminated by addition of 10 mM DTT.
Membrane fractions were isolated by ultracentrifugation and 5 pg of total protein separated
by 12% SDS-PAGE. Fluorescent proteins in gels were visualized using Storm Imager (top
panel, FM). The same gels were next electroblotted onto PVVDF membrane and probed with
polyclonal anti-TolC antibody (bottom panel, TolC).

B. Relative intensities of fluorescein-labeled TolCHis and YFREMIS mutants. £. coli AtolC or
AacrAB AtolC cells carrying the indicated plasmids-encoded TolCHiS variants were labeled
with FM and analyzed as described in A. ImageQuant software was used to quantify
fluorescence intensities and immunostaining of bands corresponding to TolC. Fluorescence
intensities of each band normalized to amounts of each mutant protein were expressed as a
percent of the normalized fluorescence intensity of A269C mutant.

C. The same as in B but cells carried plasmid-encoded YFRES variants.

D. E. coli AtolC cells carrying the indicated plasmids-encoded TolCHiS variants were pre-
incubated with 2.5 mM vancomycin for 30 min, then labeled with FM and analyzed as
described in A.
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E. The same as in C but cells carried plasmid-encoded YFREHIS variants.
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Figure 6. Labeling of chromosomally produced TolC-Cys mutants with fluoresceine-5-maleimide
(FM)

A. Representative fluorescence labeling profiles of TolCHiS variants containing indicated
Cys substitutions. TolCHIS variants were re-integrated into the native locus of either GD102
(acrAB+) or KG101 (acrAB-) chromosomes. Cells were labeled, membrane fractions
isolated and analyzed as described in Fig. 5A.

B. Relative intensities of fluorescein-labeled TolCHiS mutants. £. coli acrAB plus and minus
cells carrying the indicated TolCHiS variants on chromosomes were labeled with FM and
analyzed as described in Fig. 5A. ImageQuant software was used to quantify fluorescence
intensities and immunostaining of bands corresponding to TolC. Fluorescence intensities of
each band were normalized to amounts of each mutant protein.

C. E. colicells carrying the indicated chromosome-encoded TolCHiS variants were pre-
incubated for 30 min with one of 2.5 mM erythromycin, 2.5 mM cobalt hexamine trichloride
or 2.5 mM vancomycin, then labeled with FM and analyzed as described in B.

D. The same as C but cells do not produce AcrAB pump.
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TolC mutants used in this study.

Table 2
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Mutations in  Location in structure Known phenotypes References

TolC (color in Fig. 1)

Y362F Outer bottleneck BN2 (red) Increases conductance, dilates the (Bavro et al., 2008, Pei et

R367E constriction al., 2011)

R367C Outer bottleneck (red) R367S, R367E, R367H disrupt a salt (Andersen et al., 2002a,

bridge with D153 Bavro et al., 2008)
D153C Outer bottleneck (red) D153A disrupts a salt bridge with R367, (Andersen et al., 2002a)
increases conductance

D374C Inner bottleneck BN1 (red) D374A increases conductance (Andersen et al., 2002b,
Higgins et al., 2004,
Eswaran et al., 2003)

Q139C a-helix 3 (H3) of the outer coiled coil (blue) Cross-links to AcrA in vivo (Lobedanz et al., 2007)

Q142C a-helix 3 (H3) of the outer coiled coil (blue) Cross-links to AcrA and AcrB in vivo (Lobedanz et al., 2007,
Tamura et al., 2005)

G147C H3/H4 Turn 1 (blue) G147A affects folding/stability (Weeks et al., 2010)

S363C a-helix 7(H7) of the inner coiled coil (blue) Cross-links to AcrA (Lobedanz et al., 2007)

G365C H7/H8 Turn 2 (blue) Cross-links to AcrB (Bavro et al., 2008,
Tamura et al., 2005)

D356C a-helix 7(H7) of the inner coiled coil (blue) NA NA

Q384C H8 at the bottom of the a/f equatorial domain NA NA

(magenta)
N392C H8 at the bottom of the a/p equatorial domain NA NA
(magenta)

S322C H7, on the top of a/B domain (magenta) NA NA

L412C and H9 of a/p domain (yellow) Mutations in L412 affect drug efflux (Yamanaka et al., 2002)

L412P

A312C H7, inside the channel (black) NA NA

A34C H2, inside the channel (black) NA NA

A269C Extracellular loop (black) NA NA
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Vancomycin susceptibility of £.co/iGD100 (acrAB*to/C~) and KG101 (acrAB tolC™) containing the

Table 4

plasmid-encoded mutant and wild-type TolCHis or YFREHS,

Cys position

A269C
A34C
A312C
$322C
N392C
Q384C
D374C
R367C
D153C(ch)
G365C
$363C
G147C
Q142¢
Q139C
D356C
L412C
L412pP

MICs (ug/ml)

acrAB*tolC™ acrABtolC~

TolCHis  YFREHS TolCHis  YFREHIs

78-156 39-78 312 78
156 39 156 156
39 39 156 78
78 39 156 78
156 78 312 78
156 39 156 78
78 19.5 156 78
156 39 312 78
39 nd 78 nd
195(78) 39 195(78) 78
156 78 156 156
156 19.5 312 78
78 78 312 156
156 19.5 312 78
78 39 156 39
156 78 312 78
78 156 156 78
156 nd nd nd

a . . . . .
MICs of vancomycin for cells carrying chromosomal (ch) D153C variant are shown in parentheses. Data from at least three independent

experiments are shown.
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