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ABSTRACT Multidrug efflux is one of the major mechanisms of antibiotic resistance 
identified in clinical isolates of the human pathogen Acinetobacter baumannii. The 
multiple antibiotic resistance in this species is often enabled by the overproduction of 
the tripartite efflux pump AdeABC. In this pump, AdeB is the inner membrane trans­
porter from the resistance-nodulation-division (RND) superfamily of proteins, which is 
responsible for the recognition and efflux of multiple structurally unrelated compounds. 
Like other RND transporters, AdeB is a trimeric protein with ligand-binding sites located 
in the large periplasmic domains. Previous structural studies, however, highlighted the 
uniqueness of AdeB interactions with ligands. Up to three ligand molecules were bound 
to one protomer of AdeB, mapping its substrate translocation path. In this study, we 
introduced single and double substitutions in the identified ligand-binding sites of AdeB. 
Our results show that the mechanism of substrate translocation by AdeB is different 
from that of other characterized RND transporters and that the functional interactions 
between the sites are nonadditive. We identified AdeB mutants with both the loss and 
the gain of antibiotic susceptibility phenotypes, as well as AdeB mutations making A. 
baumannii cells overproducing such pump variants even more susceptible to multiple 
antibiotics than efflux-deficient cells.

IMPORTANCE Multidrug efflux pumps of the resistance-nodulation-division superfamily 
of proteins are important contributors to various aspects of bacterial physiology and 
antibiotic resistance. Studies of the best-characterized model transporter AcrB from 
Escherichia coli suggested that these transporters operate by a functional rotation 
mechanism in which various substrates bind to at least two different binding sites. This 
study suggests that the mechanism of AdeB is distinct and that the binding sites in this 
transporter are functionally linked.
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A cinetobacter baumannii is currently classified by the Infectious Disease Society of 
America and the Center for Disease Control as one of the six most threatening 

multi-drug-resistant organisms in hospitals worldwide (1, 2). It is estimated that A. 
baumannii is the culprit behind up to 10% of hospital-acquired infections. As many 
as 43% of A. baumannii clinical isolates have developed resistance to at least three 
different classes of antibiotics (3). Mechanisms of resistance include changes in outer 
membrane proteins, drug target modification, activity of enzymes such as β-lactamases, 
and the expression of efflux pumps, particularly those of the resistance-nodulation-divi­
sion (RND) superfamily of transporters, which are recognized as major contributors to 
multidrug resistance in other Gram-negative pathogens (4–6). AdeABC is one of the 
major A. baumannii multidrug efflux pumps, which are frequently overproduced in 
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clinical isolates and are the major antibiotic resistance determinant (7, 8). This pump is 
composed of three subunits, of which AdeB is the transporter belonging to the RND 
superfamily of proteins, AdeA is a periplasmic membrane fusion protein, and AdeC is an 
outer membrane factor protein. In this complex, AdeB is responsible for the recognition 
and active efflux of structurally diverse drugs, including aminoglycoside antibiotics (9, 
10), whereas AdeA and AdeC stimulate AdeB and create a protein conduit for the efflux 
of drugs across the outer membrane (9).

The structural studies showed that AdeB shares certain features with other RND 
transporters, such as the presence of large periplasmic domains for capturing drugs 
from the periplasm (Fig. 1A). On the other hand, AdeB also possesses unique properties. 
A characteristic feature of AdeB and homologous RND transporters is their trimeric 
structure, which is believed to be critical for their proposed molecular mechanism (11–
13). In a model RND transporter such as AcrB from Escherichia coli, each protomer is 
thought to cycle sequentially through at least three conformations, which enable the 
access, binding, and extrusion of drugs (14). Until recently, this conformational rotation, 
which is not a physical rotation, was thought to occur in an asymmetric manner so 
that each protomer of the trimer is distinct and assumes only one of the three states 
at a time. The major outcome of such asymmetry is that a ligand molecule can bind 
either an “access” or a “binding” protomer but not the “extrusion” protomer (11, 15). 
In contrast, the AdeB structure was strikingly different (2). In the apo-state, all three 
protomers of AdeB were symmetric and assumed the extrusion conformation, whereas 
in the ligand-bound state, one of the protomers adopted a binding state with three 
molecules of ethidium (Et) bound to it at different locations, likely representing different 
snapshots along the substrate extrusion pathway (Fig. 1B through E) (2). Thus, the 

FIG 1 Structure and ligand-binding sites of AdeB. (A) Ribbon diagram of the structure of an Et-bound AdeB viewed in the membrane plan. (B) Top view of the 

AdeB trimer depicting three bound Et ligands located at the binding protomer. The three bound Et ligands are depicted as cyan spheres. (C to E) The Et binding 

sites at the entrance (C), distal (D), and hydrophobic patch (E) sites. The electron microscopy densities of bound Et ligands are shown as gray meshes. The bound 

Et ligands are represented as cyan sticks. Residues that are involved in Et binding are represented as yellow sticks. The secondary structural elements of the 

binding protomer are depicted as green ribbons. Modified and reproduced from reference (2).
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AdeB transporter could differ from a model AcrB in its substrate binding and extrusion 
pathways.

The structural analyses suggested that a drug molecule entering the periplasmic cleft 
between subdomains PC1 and PC2 of AdeB will presumably be guided by the flexible 
loop (F-loop, residues 661–670) to bind at the proximal multidrug binding site (PBP) 
(16). This drug will then pass through the gate loop (G-loop, residues 609–618) and 
reach the distal multidrug binding site (DBP) for extrusion. The three bound Et molecules 
were found in three distinct locations of the binding protomer of AdeB and appear to 
line the elongated channel formed by the protomer (2). The first bound Et is situated 
at the entrance of the periplasmic cleft of AdeB, where the entrance residues M656, 
V658, M706, W708, and I821 are responsible for providing hydrophobic and aromatic 
interactions to anchor bound Et (Fig. 1C). The second Et molecule is located at the distal 
drug binding site approximately 20 Å above the membrane surface, with multiplere 
sidues contributing to the binding of this bound Et (Fig. 1D). The third bound Et is 
observed to entangle in the hydrophobic patch of the distal binding site, with residues 
F178, F277, I279, I607, and W610 interacting with this Et (Fig. 1E). When analyzed in E. coli, 
a direct comparison of functional residues in AdeB and AcrB showed that substitutions in 
the analogous residues in the two pumps lead to different outcomes (17). Therefore, the 
AdeB mechanism appears to be different from that of AcrB.

In this study, we targeted by mutagenesis the key residues implicated in the binding 
of Et and its translocation by AdeB. The constructed mutants were either integrated onto 
the chromosome of the efflux-deficient AbΔ3 (IL119) cells or expressed from the plasmid 
in AbΔ3-Pore (IL139) cells. We unexpectedly found that the F178C substitution in the 
distal binding pocket leads to either antibiotic hypersusceptibility or hyposusceptibility 
phenotypes, depending on the substrate. To determine whether the three Et binding 
sites interact with each other, the F178C substitution was combined with substitutions 
in the same hydrophobic patch as well as with substitutions in the cleft and interphase 
binding sites. Even the substitutions that did not have any effect on the translocation of 
substrates on their own were detrimental to the ability of AdeB to protect cells against 
different antibiotics, whereas the expression of AdeB with the double F178C/F277C 
and F178C/W610C substitutions dropped the antibiotic susceptibility of the transporter 
below an efflux-deficient level. Our results suggest that the three binding sites of AdeB 
closely communicate and changes in one of the sites have a long-range effect on the 
substrate translocation path.

RESULTS

Single amino acid substitutions in AdeB binding sites generate both the loss- 
and gain-of-function phenotypes

We constructed 10 mutated AdeB variants containing single amino acid substitutions 
located along the Et translocation pathway (Table 1; Fig. 1; Fig. S1). We targeted (i) E89, 
F178, F277, W568, and W610 from the DBP and its hydrophobic patch; (ii) I663 from the 
conserved flexible loop connecting the cleft entrance to the PBP; (iii) D664 and E665 
from the PBP; (iv) W708 located at the entrance of the periplasmic cleft; and (v) N932 
involved in the proton relay network in the transmembrane domain. The mutations were 
introduced into a pTJ1 plasmid carrying adeABC operon from the multidrug-resistant 
A. baumannii AYE strain (10). Plasmids carrying mutated adeB and genes encoding its 
AdeA and AdeC subunits were introduced and integrated onto the chromosomes of 
AbΔ3 cells. In these cells, the adeABC variants were expressed under arabinose-inducible 
promoters from both the chromosome and the plasmid (10).

Immunoblotting analysis showed that all mutated AdeB proteins were produced at 
similar levels (Fig. 2A). However, cells producing AdeB mutants varied in their susceptibil­
ities to five antibacterials: Et, gentamicin, zeocin, azithromycin, and erythromycin, the 
known substrates of the AdeABC efflux pump (10). As seen from the minimal inhibitory 
concentration (MIC) (Table 1), all constructed AdeB mutants retained at least partial 
activity. The N932C substitution reduced the MICs only of zeocin and two macrolides, 
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suggesting that the role of this residue in proton-translocation is dispensable. Except for 
the F178C and W568C variants, all other AdeB mutants were defective in protecting cells 
against at least one of the tested antibiotics. The substitutions in the F-loop of the PBP 
negatively impacted the largest number of substrates, with the D664C variant being the 
least active against the macrolides azithromycin and erythromycin among all mutants. 
The substitutions in the DBP and the hydrophobic patch had antibiotic-specific effects. 
In particular, the E89A mutation reduced only the MIC of gentamicin; F277C reduced the 
MIC of Et only; and W610C reduced the MICs of both gentamicin and zeocin.

FIG 2 Expression levels of the constructed AdeB variants. (A) Single substitution mutants produced in AbΔ3 cells. (B) AdeB variants with double and triple 

substitutions and with D408A substitution. (C) AdeB variants carrying the constructed F178C variants produced in AbΔ3-Pore cells. All panels: membrane 

fractions isolated from the cells producing the indicated AdeB variants were resolved by 8% SDS-PAGE, transferred into polyvinylidene fluoride membranes, and 

immunoblotted with the polyclonal antiAdeB antibody. The densities of the bands corresponding to the whole-length proteins were measured and expressed as 

a percent of the expression of the wild type (WT) protein. *, proteolytic fragments reacting with an antiAdeB polyclonal antibody.

TABLE 1 Minimal inhibitory (MIC) and half-maximal inhibitory (IC50) concentrations of antibacterial agents in A. baumannii Ab∆3 cells carrying an empty vector 
or plasmids producing AdeABC with indicated AdeB variants

AdeB Sitea Et Gentamicin Zeocin Azithromycin Erythromycin

MIC IC50 MIC IC50 MIC IC50 MIC IC50 MIC IC50

–b 4–8 3.14 ± 0.78 8–16 4.35 ± 0.62 0.5–1 0.45 ± 0.14 0.64 0.16 ± 0.08 1.25–2.5 0.63 ± 0.02
WTc 32–64 21.47 ± 2.31 32 15.16 ± 2.47 16–32 7.67 ± 1.32 10–20 5.39 ± 0.66 10–20 5.00 ± 0.23
F178C DBP patch 16–32 8.64 ± 1.35 64–128 44.33 ± 8.57 >256 >256 10 4.6 ± 0.37 10 2.96 ± 0.41
F277C DBP patch 16 9.61 ± 0.27 16–32 6.91 ± 0.47 32 6.51 ± 2.24 10–20 4.86 ± 0.83 10 4.24 ± 1.83
W610C DBP patch 32–64 19.85 ± 2.7 8–16 2.86 ± 0.61 16 1.66 ± 0.39 10–20 5.59 ± 0.38 10 1.07 ± 0.34
E89A DBP 32–64 18.87 ± 1.68 8 4.23 ± 0.26 32 6.86 ± 0.82 20 7.53 ± 0.04 20 8.36 ± 0.8
W568C DBP 32 10.89 ± 1.19 16 7.62 ± 0.53 32 7.5 ± 0.82 20 5.5 ± 0.29 20 4.19 ± 0.13
I663C PBP F-loop 32–64 19.96 ± 2.77 8–16 2.89 ± 0.64 8–16 1.78 ± 0.37 10–20 8.15 ± 0.34 20 2.11 ± 0.36
D664C PBP F-loop 16–32 8.42 ± 1.16 16 7.63 ± 1.54 4–8 1.2 ± 0.4 2.5–5 1.47 ± 0.26 5 2.55 ± 0.26
E665A PBP F-loop 16–32 13.19 ± 3 16 8.35 ± 1.55 8 3.29 ± 0.74 10 2.53 ± 0.19 20 2.04 ± 0.45
W708C PBP 32 16.47 ± 2.87 8–16 7.81 ± 1.38 8–16 2.82 ± 0.58 10 4.34 ± 0.03 20 2.51 ± 0.72
N932C TMD 32 16.93 ± 4.07 16 9.27 ± 0.94 4 1.22 ± 0.15 5.0–10 2.43 ± 0.01 10 1.35 ± 0.43
aDBP, distal binding pocket; PBP, proximal binding pocket; TMD, transmembrane domain. Values indicating the hypersusceptibility phenotype are underlined. Values 
indicating hyposusceptibility are shown in bold. IC50 values are averages of three independent experiments with two technical replicates. Errors are standard deviations (n = 
6).
b–: empty vector.
cWT: wild type
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Among the substitutions, cells producing AdeB with F178C showed a rare phenotype. 
Although this mutation reduced the effectiveness of Et efflux, as predicted from the 
structural analyses, it also enhanced efflux of gentamicin and zeocin, as seen from 
increased MICs in cells producing the AdeB F178C variant (Fig. 1 to 3). For zeocin, the MIC 
increased by more than 16-fold in cells with AdeBF178C, and the effect for gentamicin 
was more modest, with a two- to fourfold increase in MIC. Overproduction of AdeABC is 
known to negatively affect A. baumannii growth physiology (10, 18). The introduction of 
the F178C substitution further reduced the growth rate of A. baumannii cells overproduc­
ing AdeABC pump (Fig. 3A). However, the antibiotic susceptibility phenotype of this and 
other mutants was independent of their growth rates (Table 1).

Thus, the identified binding sites of AdeB are indeed important for the efflux of 
diverse substrates, and various substrates interact with specific amino acid residues in 
the binding pockets of AdeB. The replacement of the bulky aromatic F178 was benefi-
cial for select substrates of AdeB. The importance of binding sites varies between the 
substrates, with substitutions in both the DBP and F-loop affecting the MICs of Et, 

FIG 3 Growth and antibiotic susceptibility of A. baumannii cells overproducing the indicated variants. (A) Growth curves of AdeBF178C/A and their derivatives 

grown in Luria-Bertani (LB) medium at 37°C with aeration (an average of two independent experiments with three technical repeats). (B-D) Growth inhibition 

curves of AbWT, AbΔ3, and AbΔ3 overproducing AdeB F178C variants in the presence of increasing concentrations of Et (B), gentamicin (C), and zeocin (D). The 

indicated strains were grown in 96-well plates in LB medium supplemented with doubling concentrations of the indicated antibiotics. OD600 values in each well 

were determined after 24 h of incubation at 37°C and plotted as a function of antibiotic concentration in the well.
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gentamicin, and zeocin. In contrast, the activities of the macrolides azithromycin and 
erythromycin are only affected by PBP and the F-loop residues.

Nonadditive interactions between substrate binding sites in AdeB

To analyze putative interactions between the ligand-binding sites of AdeB, we intro­
duced into the F178C variant the E89A, F277C, and W610C substitutions in the DBP and 
its hydrophobic patch, as well as the D664C and W708C substitutions in the F-loop and 
PBP, respectively. If the sites are independent from each other, we expect to find additive 
changes in MICs from combining the substitutions. In contrast, interactions between the 
sites will lead to nonadditive effects. All constructed double-substituted variants were 
produced in AbΔ3 cells at levels similar to those of the wild type (WT) (Fig. 2B). However, 
the F178C/W610C variant produced additional stable degradation products, suggesting 
that this combination affects the overall structure of the transporter.

We found that all combinations of substitutions abrogated the gain-of-function 
hyperresistant phenotype of the F178C variant (Table 2). This result suggests that 
the binding sites interact with each other even across the distance between the PBP 
and DBP. All double-substituted AdeB variants were more functionally compromised 
than their respective single substitution parents and the WT AdeB. Surprisingly, cells 
producing the F178C/F277C and F178C/W610C AdeB variants became up to fourfold 
more susceptible to all tested compounds than the efflux-deficient cells carrying an 
empty vector (the null control). This hypersusceptibility affected gentamicin and zeocin 
as well, against which the F178C variant was hyperresistant. The three residues, F178, 
F277, and W610, are located next to each other and form a hydrophobic patch in the DBP 
(Fig. 1).

These results suggest that during translocation, the ligand-binding sites constitute 
a single ligand translocation pathway, modifications of which in any of the sites affect 
the downstream interactions with the ligands. The hydrophobic patch is critical for both 
positive and negative interactions with ligands.

Double-substituted AdeB variants do not increase influx across the outer 
membrane

Like other RND transporters, AdeABC transports its substrates across the outer mem­
brane, and its activity is synergistic with the low permeability barrier of the outer 
membrane. To analyze the contribution of the outer membrane to the observed gain- 
and loss-of-function phenotypes, we next transformed the F178C and its double-substi­
tuted derivatives into AbΔ3-Pore cells with the controllable permeability barrier of the 
outer membrane. In these cells, AdeABC variants were produced from the plasmid, and 
the addition of arabinose leads to both the expression of AdeABC and the hyperporina­
tion of the outer membrane. The latter increases the permeation of antibiotics and other 
substrates across the outer membrane permeability barrier (19). In addition, the levels of 

TABLE 2 MIC and IC50 values of antibacterial agents in A. baumannii Ab∆3 cells carrying an empty vector or plasmids producing the double-substituted AdeB 
F178C variants

AdeB Et Gentamicin Zeocin Azithromycin Erythromycin

MIC IC50 MIC IC50 MIC IC50 MIC IC50 MIC IC50

–b 4–8 3.14 ± 0.78 8.0–16 4.35 ± 0.62 0.5–1 0.45 ± 0.14 0.64 0.16 ± 0.08 1.25–2.5 0.63 ± 0.02
WT 32–64 21.47 ± 2.31 32 15.16 ± 2.47 16–32 7.67 ± 1.32 10–20 5.39 ± 0.66 10–20 5.00 ± 0.23
F178C 16–32 8.64 ± 1.35 64–128a 44.33 ± 8.57 >256 >256 10 4.6 ± 0.37 10 2.96 ± 0.41
F178C/E89A 16 3.62 ± 0.11 8.0–16 5.67 ± 0.56 16–32 3.97 ± 1.5 5 0.16 ± 0.004 5 0.55 ± 0.007
F178C/F277C 2–4 1.71 ± 0.12 4.0–8 2.93 ± 0.14 0.25 0.08 ± 0.001 0.64 0.03 ± 0.002 0.63–1.25 0.14 ± 0.03
F178C/W610C 1–2 0.39 ± 0.1 4.0–8 2.43 ± 0.13 0.25 0.09 ± 0.003 0.16–0.32 0.03 ± 0.007 0.63 0.2 ± 0.04
F178C/D664C 8 1.02 ± 0.32 8 4.31 ± 0.07 2.0–4 0.67 ± 0.11 1.25 0.2 ± 0.005 1.25 0.19 ± 0.007
F178C/W708C 8 2.36 ± 0.53 4.0–8 3.01 ± 0.78 8.0–16 1.6 ± 0.56 2.5 0.35 ± 0.04 2.5 0.42 ± 0.07
aValues indicating the hypersusceptibility phenotype and the gain-of-function are underlined and shown in bold, respectively.
b–: empty vector
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AdeB expression are lower in these cells because the protein is expressed only from the 
plasmid (10).

Measurements of MICs and half-maximal inhibitory concentrations (IC50s) of 
antibiotics in AbΔ3-Pore cells showed that AdeBWT provides four- to eightfold lower 
protection against all tested antibiotics (Table 3). The MICs of antibiotics in AbΔ3-Pore 
cells producing F178C variants were at least twofold lower than those of the WT variants, 
including the MICs against gentamicin and zeocin. Thus, the permeability barrier of the 
outer membrane and the amounts of AdeB both contribute to the hyposusceptibility 
phenotype of F178C seen in AbΔ3 cells.

Cells producing F178C/F277C and F178C/W610C AdeB variants remained more 
susceptible to antibiotics than the efflux-deficient control against Et, gentamicin, and 
zeocin but lost their hypersusceptibility phenotypes against azithromycin and erythro­
mycin (Table 3). Interestingly, single substitutions in the DBP of AdeB did not have a 
notable effect against these antibiotics, suggesting that macrolides mostly bypass the 
DBP site and its hydrophobic patch. Thus, increased influx across the outer membrane 
is the major reason for the drop in MICs of macrolides against AbΔ3 cells producing 
F178C/F277C and F178C/W610C. In contrast, additional mechanisms are involved in the 
hypersusceptibility of these variants to Et, gentamicin, and zeocin.

Structural changes in AdeB but not its transport activity are responsible for 
the hypersusceptibility phenotypes of double-substituted F178C/F277C and 
F178C/W610C variants

In the AdeB structure, all three residues (F178, F277, and W610) are in proximity to each 
other (Fig. 1E). The analyses of the AdeB structure show that in the binding protomer, the 
Cys residues in these positions would be too far apart to form disulfide bridges (approx. 
9–10 Å between γ-S atoms). However, in the extrusion or access protomer (based on 
the PDB: 7 KGI structure (2)), the distance on the F277C-F178C pair is approximately 
5 Å, and the F178C-W610C would have approx. 6 Å distance between the γ-S atoms. 
Hence, it is likely that these residues, when substituted with cysteines, form disulfide 
bonds in extrusion and access conformations, which in turn could prevent interactions 
of substrates with this site. Alternatively, disulfide bonding could stabilize an alterna­
tive transitory AdeB conformation, which is different from the stable conformations 
seen in cryoEM structures and contributes to the hypersusceptibility phenotype. To 
test these possibilities, F178 residue was substituted for Ala, and the F178A variant 
was combined with F277C and W610C substitutions. We found that the F178A variant 
remained hyposusceptible against zeocin, although to a lesser degree (Table 4) and lost 
its mild hyposusceptibility against gentamicin. Since both F178C and F178A variants are 
produced in similar amounts (Fig. 2A and B), we conclude that the thiol side chain of Cys 
contributes positively to the hyposusceptibility phenotype.

We also found that the F178A/F277C variant lost its hypersusceptibility pheno­
type against all antibiotics and regained hyposusceptibility against zeocin. This result 

TABLE 3 MIC and IC50 values of antibacterial agents in A. baumannii AbΔ3-Pore cells carrying an empty vector or plasmids producing the indicated AdeB 
variantsa

AdeB Et Gentamicin Zeocin Azithromycin Erythromycin

MIC IC50 MIC IC50 MIC IC50 MIC IC50 MIC IC50

–b 2–4 1.47 ± 0.38 4–8 3.59 ± 0.83 0.25–0.5 0.19 ± 0.11 0.16–0.32 0.16 ± 0.06 0.63–1.25 0.47 ± 0.06
WT 8–16 3.72 ± 0.85 16–32 8.72 ± 1.28 4–8 2.5 ± 0.11 2.5–5 0.96 ± 0.52 5.0–10 1.91 ± 0.42
F178C 2–4 2.47 ± 0.47 8–16 7.25 0.93 8 3.44 ± 1.42 1.25–2.5 0.63 ± 0.2 2.5–5 0.99 ± 0.42
F178C + E89A 4–8 0.91 ± 0.09 8 2.72 ± 0.21 8–16 5.01 ± 1.29 2.5 1.24 ± 0.21 2.5 1.18 ± 0.11
F178C + F277C 0.5 0.29 ± 0.01 4–8 1.26 ± 0.08 0.125–0.25 0.13 ± 0.01 0.32 0.07 ± 0.01 1.25 0.37 ± 0.09
F178C + W610C 1–2 0.50 ± 0.15 2–4 1.89 ± 0.98 0.064–0.125 0.085 ± 0.06 0.16–0.32 0.09 ± 0.01 0.63 0.08 ± 0.01
F178C + D664C 2–4 1.26 ± 0.66 8 1.35 ± 0.03 2 0.81 ± 0.27 0.64 0.27 ± 0.03 1.25 0.21 ± 0.07
F178C + W708C 2 0.58 ± 0.02 8 1.36 ± 0.24 8 3.07 ± 0.32 2.5 0.93 ± 0.22 2.5 1.03 ± 0.25
aValues indicating the hypersusceptibility phenotype are underlined.
b–: empty vector
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suggested that indeed, the disulfide bond between F178C and F277C was responsible 
for hypersusceptibility. In contrast, cells producing the double-substituted F178A/W610C 
variant remained hypersusceptible to Et and gentamicin but had the null phenotype 
against zeocin, azithromycin, and erythromycin. Thus, the mechanism of hypersuscepti­
bility of the double-substituted F178/W610 AdeB is more complex and likely arises due 
to both the disulfide bonding in the DP and additional mechanisms.

To determine whether the proton transport activity of AdeB contributes to the 
hypersusceptibility of double-substituted variants, we introduced the D408A substitu­
tion into the proton translocation center of AdeB. This residue is highly conserved in 
RND transporters and is directly involved in proton transport (20). Indeed, the AdeB 
D408A variant was found to have a null phenotype and was as susceptible to antibiot­
ics as efflux-deficient AbΔ3 cells carrying an empty plasmid. The introduction of the 
D408A substitution into the F178C/F277C and F178C/W610C variants did not rescue 
the hypersusceptibility against Et, gentamicin, and zeocin. However, it was dominant in 
the F178C/F277C background against both azithromycin and erythromycin and against 
azithromycin in the F178C/W610C background. Thus, the proton transfer activity of AdeB 
contributes to hypersusceptibility against macrolides but not other tested antibiotics.

Taken together, our results suggest that disulfide bonding in the hydrophobic patch 
of AdeB traps the transporter in a conformation leading to the hypersusceptibility 
phenotype in AbΔ3. However, the mechanism of hypersusceptibility is specific to 
antibiotics. Macrolides can apparently bypass the DBP, and the hypersusceptibility is 
induced by the increased uptake of these antibiotics across the outer membrane due to 
the presence of the compromised AdeABC. In contrast, the hypersusceptibility against Et, 
gentamicin, and zeocin is caused by two different mechanisms. On one hand, disulfide 
bonding between F178C and F277C prevents binding to and/or translocation of these 
antibiotics through the DBP. On the other hand, inactivation of the proton transport does 
not prevent hypersusceptibility in F178C/277C as well as in F178C/W610C background. 
Thus, both variants are trapped in conformations that either increase the uptake or 
deplete the efflux of Et, gentamicin, and zeocin across the inner membrane.

DISCUSSION

In Gram-negative bacteria, RND efflux pumps share a three-component architecture, 
enabling efflux across the outer membrane. Most of the mechanistic insights into how 
active efflux occurs in these bacteria have been accumulated for model transporters 
such as AcrB from E. coli (14) and its close homolog MexB from Pseudomonas aeruginosa 
(21, 22). These transporters are thought to contain two binding pockets, the PBP and 
DBP, separated by the interface comprising the G-loop, with each pocket accessible for 

TABLE 4 MIC and IC50 values of antibacterial agents in A. baumannii Ab∆3 cells carrying an empty vector or plasmids producing AdeABC with indicated AdeB 
substitutions

AdeB variants Et Gentamicin Zeocin Azithromycin Erythromycin

MIC IC50 MIC IC50 MIC IC50 MIC IC50 MIC IC50

–b 4–8 3.14 ± 0.78 8.0–16 4.35 ± 0.62 1 0.45 ± 0.14 0.64 0.16 ± 0.08 1.25–2.5 0.63 ± 0.02
WT 32–64 21.47 ± 2.31 32 15.16 ± 2.47 16–32 7.67 ± 1.32 10–20 5.39 ± 0.66 10–20 5.00 ± 0.23
F178C 16–32 8.64 ± 1.35 64–128a 44.33 ± 8.57 >256 >256 10 4.6 ± 0.37 10 2.96 ± 0.41
F178A 8 3.42 ± 0.17 32–64 16.91 ± 2.87 64–128 36.16 ± 6.82 5 1.35 ± 0.46 5 0.75 ± 0.06
F178A + F277C 4–8 1.91 ± 0.82 32 15.62 ± 0.73 64–128 46.51 ± 3.24 2.5–5 1.88 ± 0.73 10 2.14 ± 0.43
F178A + W610C 1–2 0.49 ± 0.11 4 1.67 ± 0.33 0.5–1 0.35 ± 0.08 0.16–0.32 0.12 ± 0.01 1.25 0.32 ± 0.08
D408A 2 0.9 ± 0.35 4–8 1.95 ± 0.53 0.25–0.5 0.1 ± 0.02 0.32 0.17 ± 0.05 1.25 0.23 ± 0.09
D408A + F178C+
F277C

0.5–1 0.20 ± 0.1 4 1.06 ± 0.18 0.5–1 0.33 ± 0.03 0.32 0.09 ± 0.002 1.25 0.29 ± 0.05

D408A + F178C+
W610C

1 0.39 ± 0.03 2.0–4 1.86 ± 0.05 0.5 0.13 ± 0.001 0.32 0.08 ± 0.004 0.64 0.18 ± 0.04

aValues indicating the hypersusceptibility phenotype and the gain-of-function are underlined and shown in bold, respectively.
b–: empty vector
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binding in one of the two conformers, access and binding, respectively. The proposed 
mechanism involves a functional rotation of each protomer so that ligands can occupy 
either PBP or DBP but not both sites simultaneously in the same protomer. Furthermore, 
the conformational transitions in two adjacent protomers are coupled to each other, so 
that in the active transporter, each protomer assumes one of the three possible states. 
Recent structural studies suggested that the mechanism of AdeB is different and that 
this transporter contains a ligand pathway enabling ligand binding in three different 
positions within the same protomer (2). This study provides functional validation of this 
mechanism and shows that the translocation pathways through AdeB differ between its 
ligands.

AdeABC is typically expressed in multidrug-resistant clinical isolates due to mutations 
in the regulatory regions (9, 23). The substrate specificity of this transporter is quite 
distinct from that of AcrB and MexB (10). It is particularly effective against cationic 
antibacterials such as Et, aminoglycoside antibiotics, and zeocin. AdeB is also efficient in 
the protection of cells against azithromycin, which is not a substrate of the AdeIJK pump 
constitutively expressed in A. baumannii. Site-directed mutagenesis of AdeB residues 
interacting with Et according to the cryo-electron microscopy structure showed that 
gentamicin and, to some extent, zeocin share the same translocation pathway with Et, 
whereas the translocation of macrolides is different. The latter are likely to bypass the 
DBP and not interact with its hydrophobic patch. The presence of two different pathways 
can be seen from MICs measured in cells producing AdeB with single substitutions in 
five different regions of PBP and DBP (Table 1). The mutations in DBP and in the patch 
had no effect on susceptibility against macrolides, but such substitutions reduced the 
activity of AdeB against Et, gentamicin, and zeocin. In contrast, mutations in PBP reduced 
the activity of AdeB against zeocin and macrolides. These results agree with previous 
structural analyses of AcrB that showed that erythromycin and other large antibiotics 
interact primarily with the PBP and are likely to bypass the DBP during translocation (24, 
25). Zeocin is the largest ligand of AdeB with a molecular weight (MW) of 1,428 g/mol, 
followed by azithromycin with an MW of 749 g/mol and erythromycin with an MW of 
733 g/mol. Although cells overproducing F178C/F277C and F178C/W610C variants were 
hypersusceptible to these antibiotics, this hypersusceptibility was largely due to the 
known synergy of efflux of these antibiotics with the permeability barrier of the outer 
membrane of A. baumannii (19, 26).

Both Et and gentamicin are notably smaller, with MW values of 394 and 478 g/mol, 
respectively, and their primary translocation site is the DBP. Interestingly, gentamicin 
and zeocin, both containing glycosidic moieties, share certain similarities that also make 
them distinct from Et. The F178C substitution makes their efflux by AdeB more efficient; 
in contrast, the same substitution reduces AdeB activity against Et (Fig. 3), suggesting 
that reduced hydrophobicity of the DBP or removal of the phenyl ring is beneficial 
for gentamicin and zeocin binding. Indeed, blocking this binding by introducing the 
disulfide F178C-F277C bond completely reversed the beneficial properties of F178C and 
even dropped the MICs of this and other antibiotics below the efflux null controls (Table 
2). Apparently, the interactions of ligands in the hydrophobic patch have a long-range 
effect on the DBP and PBP because compromising interactions of ligands with E89 or 
D664 also abrogate the beneficial properties of the F178C variant. This finding suggests 
that the translocation pathway is an integer of interactions with multiple residues, and 
each ligand follows its own specific pathway.

It is also clear that the hydrophobic patch is not only a ligand-binding site, but it also 
plays an important role in the conformational dynamics of AdeB. The double substitu­
tions of F178C and either F277C or W610C trap AdeB in a conformation that is more 
vulnerable to intrinsic proteolysis, as seen from anti-AdeB immunoblotting (Fig. 2B and 
C). This conformation is not caused by disulfide bonding between the residues because 
the same proteolysis is seen in the double mutants with the F178A residue. Also, the 
hypersusceptibility of cells producing either one of the F178C/F277C or F178C/W610C 
double-substituted AdeB variants cannot be reversed by inactivation of the proton 
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transfer activity of AdeB (D408A mutant) or by hyperporination of the outer membrane. 
We conclude that hypersusceptibility is not caused by an increased concentration of 
the ligands in the periplasm but is due to the accumulation of the antibiotics in the 
cytoplasm. Such changes in the accumulation could be due to the increased influx of 
antibiotics into the cytoplasm or their reduced efflux from the cytoplasm. The confor­
mationally trapped F178C/F277C and F178C/W610C variants could contribute to both 
by enabling the leakage of antibiotics through their transmembrane domain and thus 
increasing their influx, or by enabling the leakage of protons and thus reducing the 
overall proton motive force and reducing the activities of single-component efflux 
pumps acting across the inner membrane (27). The overproduction of the WT AdeABC is 
somewhat toxic to the cells, as seen from the reduced growth rate of A. baumannii cells 
(Fig. 3A) and changes in their morphology (10, 18). Since the expression of F178C variants 
is even more toxic than that of the WT (Fig. 3A), it is likely that the overproduction of 
this conformationally restrained AdeB depletes the proton motive force acting across the 
inner membrane and negatively affects all secondary transport reactions in the cells.

In conclusion, the function of AdeB is affected by substitutions in a manner differ-
ent from previously reported results for the model RND transporters such as AcrB 
and MexB. There are at least two substrate translocation paths in AdeB, with one 
utilized by large antibiotics such as macrolides and another by cations such as Et and 
gentamicin. The amino acid residues involved in interactions with substrates in distant 
locations communicate with each other in a nonadditive manner. Our results suggest 
that trapping a specific conformation of AdeB could lead to an effective inhibition of the 
pump and even to hypersusceptibility to certain antibiotics. It is possible that binding of 
certain inhibitors in the hydrophobic patch of AdeB could mimic the conformations of 
the F178C/F277C and F178C/W610C variants.

MATERIALS AND METHODS

Bacterial strains and site-directed mutagenesis

Strains and plasmids used in this study are shown in Table 5. All substitutions in the adeB 
gene were constructed by the QuickChange XL Site-Directed Mutagenesis kit (Agilent) 
using pIL129 (pTJ1-AdeABC) as the template. Primers used in the mutagenesis are 
described in Table S1. Introduced mutations and the lack of undesired mutations were 
verified by DNA sequencing (Oklahoma Medical Research Foundation). These plasmids 
were inserted into AbΔ3 and AbΔ3-Pore strains as described previously (10).

TABLE 5 Strains and plasmids used in this study

Strain Relevant genotype Source

ATCC17978 (AbWT) Drug-susceptible wild type ATCC
JWW30 ATCC 17978, spontaneous variant resistant to 100 mg/L streptomycin (19)
IL119 (AbΔ3) A. baumannii JWW30 ΔadeABΔadeFGHΔadeIJK (19)
IL139 (AbΔ3-Pore) A.baumannii IL119 attTn7::mini-Tn7T-Kanr-araC-PBAD-FhuA (10)
IL122 A.baumannii IL119 attTn7::miniTn7T-Tpr-araC-PBAD-MCS carrying pTJ1 (19)
IL161 A.baumannii IL139 attTn7::miniTn7T- Kanr -araC-PBAD-FhuA carrying pTJ1 This study
IL140 A. baumannii IL119 attTn7::mini-Tn7T-Tpr-araC-PBAD-adeABC carrying pTJ1-adeABC (10)
IL146 A.baumannii IL139 attTn7::mini-Tn7T-Kanr-araC-PBAD-FhuA carrying pTJ1-adeABC (10)
C43(DE3) F–ompThsdSB (rB− mB−) gal dcm (DE3) (28)
Plasmids
pTJ1 pUC18T-mini-Tn7T-Tp-araC-PBAD-MCS, Ampr, Tpr (29)
pIL129 (pTJ1-adeABC) pUC18T-mini-Tn7T-Tp-araC-PBAD-adeABC, Ampr, Tpr (10)
pET-21 a (+) T7lac, T7-Tag (N), His-Tag (C), Ampr Novagen
pIL151 (pET21- AdeB) AdeB inserted between NdeI and XhoI; Ampr This study
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Drug-susceptibility testing

The susceptibility of AdeB mutant strains was determined in 96-well microtiter plates 
at 37°C in Luria-Bertani (LB) medium supplemented with 1% L-arabinose. MICs were 
analyzed using a twofold broth dilution method (19). Cell growth was determined 
visually, and the optical density (OD) at λ = 600 nm of the culture was measured by 
a microplate reader (Tecan Spark 10M) after incubation of the microtiter plates at 37°C 
for 24 h. The cell density values were plotted as a function of antibiotic concentrations in 
wells and then fitted into a Hill equation to determine the IC50 (30). All experiments have 
been done 2–3 times with technical duplicates. IC50 results were averaged, and standard 
deviations were calculated.

Production of polyclonal antiAdeB antibody

DNA fragments of the adeB gene were amplified by PCR using the genomic DNA of Ab 
WT (JWW30) as a template and cloned into pET21a with NdeI and XhoI as restriction 
sites to generate pET21-AdeB expressing the efflux transporter under the control of 
the isopropyl β-d-1-thiogalactopyranoside (IPTG)-inducible promoter. To purify AdeB, 
C43-AdeB cells were cultured in LB containing ampicillin and induced with 0.1 mM IPTG 
for an additional 5 h at an OD600 of ∼0.3. Protein purification was done as described 
before (31). Purified AdeB was separated by electrophoresis on an 8% SDS-polyacryla­
mide gel and visualized by Coomassie Brilliant Blue, cut out of the gel, and around 3 mg 
of protein was sent in phosphate buffered saline (PBS) buffer to ThermoFisherScientific 
for polyclonal antiAdeB antibody production in rabbits.

Protein expression and analyses

SDS-polyacrylamide gels and quantitative immunoblotting analyses were used to 
analyze the protein profiles and expression levels of mutated AdeB proteins in AbΔ3 
and AbΔ3-Pore strains. Membrane fractions were isolated after 5 h of induction from A. 
baumannii cells by ultracentrifugation as described before (32). Proteins were normalized 
to the same total protein concentration, analyzed by 8% SDS-PAGE, and transferred 
to PVDF membranes for immunoblotting with primary polyclonal antiAdeB antibodies 
(ThermoFisher Scientific) and a secondary alkaline phosphatase-conjugated antirab­
bit immunoglobulin antibody (Sigma). The 5-bromo4-chloro-3-indolylphosphate and 
nitroblue tetrazolium substrates were used to visualize the bands.
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