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ABSTRACT. The AcrAB—TolC system exports a wide variety of drugs and toxic compounds, and confers
intrinsic drug tolerance o&scherichia coli The crystal structures suggested that AcrB and TolC directly
dock with each other. However, biochemical and biophysical evidence of their interaction has been
contradictory until recently. In this study, we examine the interaction sites by means of in vivo disulfide
cross-linking between cysteine residues introduced by site-directed mutagenesis at the tops of the vertical
hairpins of AcrB and the bottoms of the coiled coils of polyhistidine-tagged TolC molecules, which are
structurally predicted docking sites. The AerBolC complex formed through disulfide cross-linking
was detected when a specific pair of mutants was coexpres&eaoli. Our observations suggested that

the AcrB—TolC complex may be formed through a two-step mechanism via transient tip-to-tip interaction
of AcrB and TolC. The cross-linking was not affected by AcrA, the substrate, or a putative proton coupling
site mutation.

The AcrAB—TolC system is a multicomponent transporter to the shortest periplasmic widthk) and is enough to span
and is responsible for the intrinsic drug tolerancebs- the periplasm, so AcrB is thought to be able to interact
cherichia coli(1, 2). AcrAB—TolC, coupled with a proton  directly with TolC. There are open vestibules between the
motive force, pumps out a wide variety of antibiotics, dyes, AcrB protomers on the periplasmic surface of the plasma
and detergents not only from the cytoplasm but also from membrane. Each vestibule is postulated to be an entrance
the periplasm through the TolC du&)(Therefore, AcrAB- for substrates and is connected via the central pore to the
TolC confers resistance {elactams 4), which inhibit the funnel at the top of AcrB12). The TolC docking domain at
enzymes on the periplasmic surface of the plasma membranethe top of AcrB fits with that of TolC when the AcrB trimer
AcrA is a membrane fusion proteirb); AcrB an inner is docked with the TolC trimei3). These data strongly imply
membrane proteirt§, and TolC an outer membrane protein a direct interaction between AcrB and TolC (Figure 1).

(7). AcrAB requires TolC to confer drug resistan@,(so Recently, the crystal structure of MexA, which is a
AcrA, AcrB, and TolC are thought to form a complex. homologue of AcrA, was determined at 243 and 3.0 A

TolC is composed of a homotrimer having a uniform (14). AcrA was modeled as a ring surrounding AcrB and

channel and has a 10 nm longhelical domain that projects  TolC. Therefore, AcrB is more likely to interact directly with

across the periplasmic spac@).(Because the periplasmic  To|C, but the complex between the two proteins was not
entrance of TolC is blocked by twisted inner and outer coiled confirmed until recently.

coils, opening of the periplasmic entrance is necessary for

protein export £0). ) i , chemical cross-linkingl) and copurification16). However,
AcrB also comprises a trimer, and consists of a large j; yas difficult to detect the intermembrane AcrASolC
periplasmic domain and a transmembrane region of ap-complex. Recently, Tikhonova and Zgurskaya detected the
proximately 7 and 5 nm, respectivel§)( The total peri-  AcraAB—TolC complex in the presence of AcrA on cofrac-
plasmic length of AcrB and TolC is 17 nm, which is close jonation and chemical cross-linking?). This observation
does not exclude the possibility that AcrA acts as an adaptor
 This work was supported by Grants-in-Aid from the Ministry of  for the AcrB—TolC interaction. Touzest al. first detected
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Ficure 2: Close-up views of the docking sites of the AerBolC
complex modela-Carbon tracings of AcrB and TolC are shown
in yellow and green, respectively. Mutated residues are colored
white: (A) the N-terminal region of the site and (B) the C-terminal
region of the site.

tgcagcatgctaatgatgatgatgatgatggttacggaaagggttatga’cagtt-3
forward and reverse primers, respectively. The resulting
fragment was digested with BamHI and Sphl restriction
enzymes, followed by insertion into pACYC184 at the
BamHI—Sphl site. The resulting plasmid, named pACYC-
tolCH, carries the 318 bp upstream region containing the
native promoter and d-3is tag, in addition to théolC gene.
Gene DisruptionThe chromosomablC gene was deleted

by means of in-frame crossover polymerase chain reaction,
and then the deletion was introduced into tke coli
W3104AacrAB (22) chromosome by means of plasmid
pKO3 (23). The resulting strain was nameH. coli
W3104AacrABAtolC. The gene deletion was confirmed by

FiGuRe 1: Proposed model of the AcrBlolC complex. The 3-fold the length of the PCR fragment of the chromosonaéC
axes of AcrB and TolC were aligned, to maximize the surface gene.

B e e race Sl TueT9U1e_In Vivo Spontaneous Disulfde Cross-Linking Assay.

Strains carrying pairs of plasmids were grown in medium A
d supplemented with 0.1% casamino acids and 0.2% glucose.
Cultures were incubated at 38C, with aeration, and
harvested by centrifugation when the @Preached 0.9.
Cells were disrupted by brief sonication witkethylmale-
imide. Membrane fractions were collected by ultracentrifu-
gation. The resulting samples were boiled for 3 min in
nonreducing sample buffer contaigind M urea before
analysis by SDSPAGE and Western blot analysis.

Inner
Membrane

In this study, we introduced Cys residues into AcrB an
TolC by site-directed mutagenesis, and then the A€FBIC
complex was detected on spontaneous disulfide cross-linking
in vivo. This method makes it possible to determine the
interaction sites precisely. To investigate the formation of
the AcrAB—TolC complex and the mechanism for the export
of substrates, it is important to identify the interaction sites.

EXPERIMENTAL PROCEDURES Purification of the AcrB-TolC Complex.Cells were
) ) ) o cultivated in medium A supplemented with 0.1% casamino
Bacterial Strains and Plasmids. E. cslrains JM10919), acid and 0.2% glucose at 37C. Harvested cells were

CJ236 £0), and W310421) were used for DNA manipula-  gisrupted with a Microfluidizer M-110EH (Microfluidics
tion, site-directed mutagenesis by the Kunkel method, and corp ), and the membrane fraction was collected and washed
investigation of the phenotypes of the mutants, respectively. ;i3 several ultracentrifugation steps at 150968 90 min.
Strain W3104acrAB (22) is anacrABgene-deletion deriva-  The purified membranes were resuspended in buffered
tive of E. coli W31_O4. Plasmid pACBHLR,. a derivative of glycerol [50 mM Tris-HCI (pH 7.0) and 10% glycerol]. Then
pUC118 that carries thacrR acrA and His-tagged Cys-  the membrane proteins were solubilized in 286iodecy!
less acrB genes, was described previously).(Plasmid 5.5 maltoside (DDM) (Glycon Biochemicals GmbH). Lipids
PACBLR?, a derivative of pACBHLR, has an Apal site at 3 debris were removed by ultracentrifugation at 176000
the end of theacrA gene and no His tag at the end of the {4y 60 min. The extracted molecular complex of histidine-
acrB gene. Plasmid pACRBLR, a derivative of pACBLR2, (aqged AcrB and TolC was purified by affinity column
lacks theacrA gene. Plasmid pKO3 was a gift from G. M. chromatography on Chelating Sepharose Fast Flow (Amer-
Church €3). Plasmid pKO3 is a gene replacement vector spam Bioscience Corp.) immobilized with3iequilibrated
that contains a temperature-sensitive origin of replication, \yith puffer [20 mM Tris-HCI (pH 7.5), 0.3 M NaCl, 10%
and markers for positive and negative selection for chromo- glycerol, and 0.2% DDM]. The column was washed with

somal integration and excision. _ 25 mM imidazole in the buffer described above. The
Cloning of the tolC Gene and Construction of Plasmids.

The full-lengthtolC gene was cloned from tie: coli w3104 ! Abbreviations: PCR, polymerase chain reaction; SPAGE,

chromosome by means of the PORethod using synthetic  sodium dodecy! sulfatepolyacrylamide gel electrophoresis:-ANTA,
oligonucleotides 5gaggatccgatgacgaaatctataaagasnd 3- Ni—nitrilotriacetic acid.
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FiGure 3: Site-specific in vivo spontaneous disulfide cross-linking between CL-AcrB and H-TolC in the N-terminal region Cys mutants.
Membrane fractions were obtained from the strains expressing the indicated combinations of Cys mutants of CL-AcrB and H-TolC as
described in Experimental Procedures, followed by separation by-$B&E under nonreducing conditions. AcrB and H-TolC were
detected via immunoblot analysis using anti-polyhistidine (A) and anti-AcrB (B) antibodies, respectively.

imidazole concentration was increased gradually to elute theMembrane proteins collected via ultracentrifugation were

AcrB—ToIC complex. analyzed by SDSPAGE and immunoblotting under non-
SDS-PAGE and Western Blot Analysifhe membrane  reducing conditions.
proteins were resolved by SB®AGE with 7.5% acryla- Figure 3 shows the results of immunoblot analysis of the

mide using the discontinuous buffer system of Laem@#)(  mutants with respect to the N-terminal regions of CL-AcrB
The resolved proteins were transferred from the gels to and H-TolC. In addition to the TolC monomer (52 kDa),
ponvinyIidene difluoride membranes by transverse electro- dense bands of cross-linked products of 215 and 155 kDa
phoresis. AcrB and TolC proteins were detected by Westernyere detected with anti-poly-His antibodies with the com-
blotting with an anti-AcrB rabbit antibodyl@) and an anti-  pinations of the Q255C, D256C, and G257C mutants of CL-

polyHis mouse antibody (Sigma), respectively. AcrB with the G147C mutant of H-TolC (Figure 3A).
Significant cross-linked products of 215 kDa were also
RESULTS detected with the combinations of the Q255C and D256C

Formation of Disulfide Linkages between Cys-Introduced Mutants of CL-AcrB with the Q142C and R143C mutants
AcrB and TolC.First, two intrinsic Cys residues (Cys493 ©f H-ToIC, and the combination of Q255C CL-AcrB with

and Cys887) of AcrB were replaced with Ala by site-directed A150C H-TolC. The 215 kDa cross-linked products were
mutagenesis to construct Cys-less AcrB (CL-AcrB). TolC also detected with anti-AcrB antibodies with the same
has no intrinsic Cys residues. Then, we introduced a single cOmbinations of Cys mutants of CL-AcrB and H-TolC

cysteine residue into CL-AcrB and TolC at the postulated (Figure 3B), indicating that they represent the AefBolC

AcrB—TolC contact positions by site-directed mutagenesis. Complex. In addition, two closely contiguous bands were also
The mutated Cys residues are represented with whitedetected around 160 kDa with anti-AcrB antibodies with the

characters in Figure 2. combinations of Q255C and D256C CL-AcrB with G147C

Paired combinations of plasmid pACBLR2 expressing H-TolC.
AcrA and CL-AcrB Cys variants and plasmid pACYCtolCH  To identify the components of these cross-linked products,
expressing polyhistidine-tagged TolC (H-TolC) Cys variants proteins from strains expressing D256C CL-AcrB and G147C
were introduced into strain W310&crABAtolC, which is H-TolC were purified by Ni-NTA chromatography, and then
a multidrug hypersensitive strain. All pairs of mutants gave the purified proteins were analyzed by SBBAGE and
a multidrug resistance phenotype (data not shown), indicatingimmunoblotting (Figure 4). The purified proteins gave four
that the cysteine mutations did not affect the activity. bands (52, 98, 155, and 215 kDa) on Coomassie brilliant
W3104AacrABAtolC cells expressing AcrA, the CL-AcrB  blue staining (Figure 4A). In the presence of reducing agent
Cys mutant, and the H-TolC Cys mutant at the mid-log phase 2-mercaptoethanol (2-ME), the 215 and 155 kDa bands
of growth were sonicated in the presenceNséthylmale- disappeared, splitting into 98 and 52 kDa bands, respectively,
imide (NEM) to prevent further disulfide bond formation. confirming these bands represent cross-linked products. The
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Ficure 4: Purification and immunoblot analysis of the cross-linked
complex of the D256C mutant of CL-AcrB and the G147C mutant
of H-TolC. The complex was purified by Rfi-chelate column
chromatography, and then separated by SBAGE in the absence
or presence of 2-mercaptoethanol (2-ME). AcrB and H-TolC were
analyzed by Coomassie brilliant blue staining (A) and immuno-
blotting using anti-polyhistidine (B) and anti-AcrB (C) antibodies,
respectively.

Tamura et al.

H-TolC were used in this experiment. When AcrB was
expressed from plasmid pACRBLR, which only carries the
acrRandacrB genes, i.e., not thacrA gene, the amount of
cross-linked product was almost the same as in the presence
of AcrA (data not shown). Acriflavine and the mutation at
Asp407 also did not affect cross-link formation (data not
shown). Therefore, neither AcrAB complex formation,
substrate binding, nor protonation of AcrB appears to affect
formation of the AcrB-TolC complex.

DISCUSSION

We have detected the direct interaction between the top
of AcrB and the bottom of TolC using site-directed in vivo
disulfide cross-linking without the use of a cross-linking
reagent. The formation of spontaneous disulfide bonds
suggests that the Cys residue of AcrB is very close to that
of TolC in the AcrAB—TolC ternary complex, confirming
our direct docking model3). Disulfide bond formation is
highly dependent on the position of cysteine insertion. The

anti-poly-His antibodies visualized the 215, 155, and 52 kDa cross-linkable positions are all located around the tips of the

bands (Figure 4B), while the anti-AcrB ones visualized the

vertical hairpins in AcrB and the coiled coils of TolC (Figure

215 and 98 kDa bands (Figure 4C). Therefore, it is clear 2A). Therefore, there is no doubt about that the Aef®IC
that the 215, 155, 98, and 52 kDa bands correspond to theinteraction comprises a head-to-tail interaction in these

AcrB—TolC complex, the TolC homodimer, the AcrB

regions. However, it should be noted that the only hitherto-

monomer, and the TolC monomer, respectively. There wasobtained structures of AcrB and TolC are those in their

no band around 160 kDa with the anti-AcrB antibodies.

separate states. Until contact, they are expected to be in the

Therefore, the bands around 160 kDa observed in Figureclosed form 8, 9). Their conformations, especially around

3B might be partially degraded AcrB dimers. Since the

the contact sites, should greatly change when they are

calculated molecular masses of AcrB and TolC are 114 anddocked. Thus, the close-up views of the docking sites shown

51 kDa, respectively, the electrophoretic mobilities of the
AcrB—TolC complex and TolC dimer are significantly

different from those estimated from their molecular masses,

probably due to the elongated form of the cross-linked

in Figure 2 do not correctly reflect the actual structures of
the docking sites when they are docked. When we observe
the close-up views considering this restriction, we find that
points in most contact, positions 255, 256, and 257, in AcrB

products. The reason the purified proteins contained a smallare all at the tip of the vertical hairpin on the N-terminal

amount of AcrB monomer even under nonreducing condi-

tions might be that AcrB is slightly copurified on a Ni
NTA column because of the presence of two histidine
residues at the C-terminal end of AcrB.

Figure 5 shows the formation of a cross-linked complex
in the case of the C-terminal region. In addition to the 52

side. In addition, the counterpart, position 147, in TolC is
also located at the tip of the coiled coil on the N-terminal
side of TolC. However, the sites in second-most contact,
positions 142, 143, and 150, in TolC are several residues
apart from the tip of TolC. Although all of these residues
could be put at positions that can interact with the tip of the

kDa TolC monomer band, 195 and 140 kDa bands were AcrB hairpin in the modified conformation, it would be an

detected with anti-poly-His antibodies with the combinations
of the D795C and G796C mutants of CL-AcrB with the
G365C mutant of H-TolC (Figure 5A). The 140 kDa band

unnatural forced structure. The preferable interpretation is a
two-step contact mechanism (Figure 6), that is, a first tip-
to-tip interaction followed by a change to a deeply cogwheel-

was also observed for the T366C mutant of H-TolC. Since like meshed interaction. The disulfide bonds between Q255C,
the 195 kDa band was also detected with the anti-AcrB D256C, and G257C of AcrB and G147C of TolC might be
antibodies but the 140 kDa band was not detected with thesefixed at the first tip-to-tip contact stage. At the second meshed

antibodies (Figure 5B), the 195 and 140 kDa bands cor-

respond to the AcrBTolC complex and the TolC dimer,

stage, a conformational change of AcrB and TolC might
occur that brings the residue at position 150 of TolC close

respectively. The difference in apparent molecular mass to positions 255 and 256 of AcrB, like the proximity between
between the cross-linked products of the C-terminal and positions 142 and 143 of TolC and positions 255 and 256

N-terminal regions might be due to the slight difference in
the complex structure.

Effects of AcrA, Acriflaine, and a Proton Motie Force
on the Formation of AcrABTolC ComplexesTo determine
what is needed for formation of the AcrBolC complex,

of AcrB, probably with a slight twist of the coiled coils. In
addition, position 257 of AcrB may also be a little separated
from the contact site in the meshed structure. The reason
the degree of cross-linking at the second stage is lower than
that at the first stage might be that most of them are separated

attempts were made to detect the cross-linked products undeagfter a short tip-to-tip contact, and only a few of them are
various conditions: in the absence of AcrA, in the presence involved in the formation of the stable complex.

of acriflavine (a good substrate for AcrB) in the culture
medium, and with the D407A mutation of AcrB. Asp407 is

In the C-terminal half, the conformational change is
expected to be greater than that in the N-terminal half,

judged to be essential for proton translocation (3). The because the closed conformation of TolC may be due to the

D256C mutant of CL-AcrB and the G147C mutant of

twisted-up structure of the coiled coils on the C-terminal side
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Ficure 5: Site-specific in vivo spontaneous disulfide cross-linking between CL-AcrB and H-TolC in the C-terminal region Cys mutants.
Immunoblot analysis was performed as described in the legend of Figure 3 using anti-polyhistidine (A) and anti-AcrB (B) antibodies.

A &) A (I - JewAN -
Ficure 6: Putative two-step model of the ActBrolC interaction. AcrB (blue) comes into tip-to-tip contact with TolC (red) and then

docks tightly with TolC (green). The local conformations around the docking sites of AcrB and TolC at the stable contact stage might be
changed from the model shown in Figure 2.

(9). In addition, the slightly tilted structure of the C-terminal a conformational change should occur to close these positions
vertical hairpin may correspond to the twisted-up structure in the deep contact stage.

of the TolC coiled coil, and when in the contact state, the  TolC is a multifunctional outer membrane channel that
C-terminal hairpin may be standing up straight like the couples with a wide variety of inner membrane transporters
N-terminal one. Thus, at the first tip-to-tip contact stage, the besides AcrAB 25). However, the amount of TolC in the
C-terminal regions might not be in contact. That is the reason outer membrane is not enough to form permanent complexes
the degree of cross-linking in the C-terminal region is lower with all of these inner membrane transporters. Therefore,
than that in the N-terminal region. The only contact site in we proposed a transient complex model in which substrate
TolC is position 365, which appears to be next to the tip in binding to AcrB triggers formation of the AcrABTolC

the close-up view (Figure 2B). On the other hand, positions complex @6). If this is so, complex formation should depend
795 and 796 in AcrB are at the tip of the hairpin. Therefore, on the presence of a substrate. Surprisingly, disulfide
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complex formation in this experiment was not affected by
the addition of acriflavine, suggesting alternative possibilities.
(i) The transient complex formation by AcrB and TolC itself
is independent of the substrate, or (ii) an unknown intrinsic
substrate exists in the cytoplasm, which facilitates complex
formation. The latter possibility is also supported by the fact
that theacrABgene is almost constitutively expressed despite
the presence of the repressor AciR)

Complex formation may also be independent of proton
motive force energy coupling, because the complex was
observed in putative proton translocation-deficient mutant
D407A. This observation is consistent with the finding of
Thanabalu et al. that the assembly of the HlyBbIC
complex does not need ATP hydrolys&8]. Energy might
be required when AcrB pumps out substrates into a TolC
channel after complex formation.

Tikhonova and Zgurskaya reported that the AcrABIC
complex was detected in sucrose gradient fractionation and
copurification studiesl(7). They showed that, in the absence
of AcrA, the amount of AcrB detected in the outer membrane
fraction was far smaller than that in the presence of AcrA,
indicating the important role of AcrA in ternary complex
formation. On the contrary, disulfide complex formation was
not affected by the deletion of AcrA in our experiment. Our
observation could be explained in terms of the fact that the
transient complex formation itself is independent of AcrA,
while the complex may be fixed with AcrA. Since disulfide
bonding, having once occurred, is stable, disulfide complex
formation might be independent of AcrA.

AcrA has a signal sequence at its N-terminus, which is
cleaved and then modified by a lipid moiety. This modifica-
tion is not essential for the export of substrates in vig®) (
AcrA interacts physically with AcrB, as revealed in co-
immunoprecipitation16) and chemical cross-linking experi-
ments (5. The MexAB—OprM (AcrAB—TolC homo-
logues) complex has also been detected via copurification
(30). Recently, the crystal structure of MexA was determined
at 2.4 A (13). The predicted MexAB-OprM complex model
proposes that MexB docks directly with OprM, and MexA
is on the periplasmic side of the MexBprM complex. In
addition, a conformational change and oligomerization of
AcrA are induced by a pH chang&1). The interaction
between AcrA and TolC has also been detected physiologi-
cally (18). Furthermore, Fernamdez-Recio et al. suggested
that AcrB docks directly with TolC in the tripartite complex
model @2). These previously reported observations are all
consistent with our current proposed hypothesis that AcrB
(or MexB) first directly interacts with TolC (or OprM) and
then the complex is stabilized by AcrA (or MexA).
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