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Preface to ”The Structural and Functional Study of
Efflux Pumps Belonging to the RND Transporters
Family from Gram-Negative Bacteria”

Antimicrobial-resistant bacterial infections are a major and costly public health concern. Several

pathogens are already pan-resistant, representing a major cause of mortality in patients suffering

from nosocomial infections. Drug efflux pumps, which remove compounds from the bacterial cell,

thereby lowering the antimicrobial concentration to sub-toxic levels, play a major role in multidrug

resistance.

In this Special Issue, we present up-to-date knowledge of the mechanism of RND efflux pumps,

the identification and characterization of efflux pumps from emerging pathogens and their role in

antimicrobial resistance, and progress made on the development of specific inhibitors. This collection

of data could serve as a basis for antimicrobial drug discovery aimed at inhibiting drug efflux pumps

to reverse resistance in some of the most resistant pathogens.

Isabelle Broutin, Attilio V Vargiu, Henrietta Venter, and Gilles Phan

Editors
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to the RND Transporters Family from Gram-Negative Bacteria
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* Correspondence: isabelle.broutin@u-paris.fr

Antimicrobial-resistant bacterial infections are a major and costly public health con-
cern. Several pathogens are already pan-resistant, representing a major cause of mortality
in patients suffering from nosocomial infections. Drug efflux pumps, which remove com-
pounds from the bacterial cell, thereby lowering the antimicrobial concentration to sub-toxic
levels, play a major role in multidrug resistance (MDR).

Gram-negative bacteria are particularly resistant, and some are identified by the
World Health Organization as the pathogens most urgently in need of new antimicrobial
drug discovery. The most clinically relevant efflux pumps in Gram-negative bacteria
belong to the Resistance Nodulation cell Division (RND) family, which form a tripartite
macromolecular assembly spanning both membranes and the periplasmic space of Gram-
negative organisms.

Along with functional studies and in silico approaches, many structures of the indi-
vidual components, as well as the fully assembled pumps from several pathogens, have
been solved. Nevertheless, many questions concerning the assembly and the mechanism of
efflux remain, while there are still no efflux pump inhibitors available in clinical treatment.

This Special Issue is a representation of the current knowledge regarding the mecha-
nism, regulation, dissemination, etc., of these efflux pumps.

Bernal et al. [1] explored the putative pathway used by charged substrates in the
AcrAD-TolC RND efflux pump of Salmonella typhimurium (St) using site-directed mutational
analysis, combined with complementation and minimum inhibition concentration (MIC)
measurements, in an E. coli ∆acrB∆acrD strain. They highlighted several amino acids of
the deep binding pocket, the access pocket, and the TM1/TM2 groove region as being
involved in the specificity of AcrD efflux for aminoglycosides and dianionic β-lactams.
They also confirmed that St-AcrD is able to function with E. coli AcrA and TolC, and
reported temocillin, dicloxacillin, cefazolin and fusidic acid as substrates of AcrD, contrary
to piperacillin, which is not a substrate. Their results underline the need to explore single
mutation variants in cellulo, instead of a simple extrapolation of the effect based on a model.

As the efflux of drugs in Gram-negative bacteria requires the formation of a long
tripartite assembly to pass through the two membranes, several groups have attempted to
understand the assembly process.

Boyer et al [2]. investigated the dynamic and selectivity of the Pseudomonas aeruginosa
MexAB-OprM efflux pump assembly. They studied the effect of the gain of function
mutation Q93R, identified in the periplasmic adaptor protein (PAP) MexA, and its capacity
to form a functional assembly with different outer membrane factors (OMF) (OprM, OprN,
TolC, and OprM-∆Cter truncated of its 13 last amino acids of unresolved structure). Using
several biophysical approaches (size-exclusion chromatography, biolayer interferometry,
negative staining electron microscopy) combined with minimum inhibition concentration
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(MIC) measurements, they highlighted a modulation effect in the assembly process efficacy,
involving molecular determinants other than the tip-to-tip OMF–PAP interface.

Rajapaksha et al. [3] studied the assembly process of the E. coli AcrAB-TolC efflux
pump in cellulo. They studied the effect of the overexpression of the proteins forming the
AcrAB-TolC efflux pump bearing “loss of function mutations”, using MIC measurements
for different antibiotics in the context of gene-deleted and wild-type E. coli strains. They
observed no significant drop in the efflux activity, indicating that the RND pump assembly
process in Gram-negative bacteria is a precisely controlled process that prevents the for-
mation of functionless complexes. In addition, they performed competition experiments,
which highlighted that the dissociation kinetics of the AcrAB complex are very slow. To-
gether, these results indicate that the assembly of the AcrAB-TolC complex has a proof-read
mechanism that effectively eliminates the formation of a futile pump complex.

Webber et al. [4] investigated the AcrAB-TolC efflux pump opening mechanism. They
tried to explain how the drug transport induces assembly and opening of the AcrA and
TolC partners. They compared the resting and transport states of the AcrAB-TolC pump,
for which several structures exist in the presence and absence of a substrate. They indicate
that the “assembled opened” conformation state has lower energy than the resting state,
suggesting the need for energy input to perform the conformation changes that are required
to go back to the resting state after the efflux of a substrate. From this observation, and by
using distance matrices supplemented with evolutionary coupling data and buried surface
area measurements, they propose a new allosteric model for the function of the pump.

AcrAB-TolC and MexAB-OprM are the two most-studied efflux pumps, but important
information can also be acquired from the characterization of RND efflux pumps by looking
at emerging pathogens and their role in antimicrobial resistance.

Mateus et al. [5] characterized three efflux systems found in an emergent enteropathogen,
Aliarcobacter butzleri, looking at their involvement in resistance and virulence. They identi-
fied the substrates of AreABC, AreDEF and AreGHI by performing MIC measurements
and ethidium bromide accumulation experiments, and analyzed their implication in the re-
sistance to oxidative and bile stress, in bacterial fitness, their impact on motility and biofilm
formation ability, and their ability to survive in human serum and adhere to intestinal
cells. They show that these three RND pumps could be considered putative targets for new
therapeutic strategies to fight infections with this emerging pathogen.

In contrast with most pathogens, only AcrB has been studied for its impact on resis-
tance in E. coli. Schuster et al. [6] studied the contribution of the MdtF pump, functioning
with MdtE and TolC, to drug resistance in an MDR E. coli isolated from a patient. By com-
paring the MIC values of different drugs and the accumulation and the efflux of different
dyes in the original strain and in the deleted strain of the genes coding for AcrB, TolC, or
both AcrB and MdtF, they showed a limited contribution of MdtF to the antibiotic resistance
profile of this MDR E. coli isolate, but a remarkable capacity to export dyes.

Finally, as MDR bacteria are spreading wordlwide, it is most important to evaluate
their diversity and predominance in clinics.

Scoffone et al. [7] listed the RND efflux pumps of the different Gram-negative bacterial
species found in the lung of 70,000 patients worldwide suffering from cystic fibrosis (CF).
They focused their review on the four species that are predominantly encountered (Pseu-
domonas aeruginosa, Burkholderia cenocepacia, Achromobacter xylosoxidans, Stenotrophomonas
maltophilia). For each species, they formed the link between the CF lung environment
modifications that can append during the patients’ life and the over-expression of specific
RND pumps that participate in the bacteria adaptation. They also provide an overview of
the efflux pumps inhibitors that are described as efficient for these pumps.

Zwama and Nishiro [8] performed a genetic evolution analysis on 135 RND efflux
pumps to highlight the conserved and variable domains in the RNDs’ structure. They
also made an inventory of all the mutants that have been described in RND transporters
from different clinically, environmentally and laboratory-evolved Gram-negative bacterial
strains (Escherichia coli, Salmonella enterica, Neisseria gonorrhoeae, Pseudomonas aeruginosa,
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Acinetobacter baumannii and Legionella pneumophila), which displayed increased antimicrobial
resistance. They show that the TM domain, bearing the motor, is largely conserved, as
well as three residues located in the loops linking this domain to the binding domain. The
binding domain presents more versatility. However, some strategic amino acid positions are
highlighted as possible clues to the selectivity for certain antibiotic families. In conclusion,
they underlined the worrying resistance adaptation of several bacterial strains by acquiring
mutations directly in the RND-coding genes.

Davin-Regli et al. [9] provided an overview of the prevalence of the main efflux pumps
observed in clinical practice and listed the clinical impact situation for some of the most
concerning Gram-negative species. They highlighted the need to develop new efflux
pump inhibitors, and provided an overview of the different methods used to measure the
inhibition power of tested molecules.

This collection of data could serve as a basis for antimicrobial drug discovery that aims
to inhibit drug efflux pumps to reverse resistance in some of the most resistant pathogens.

Funding: A.V.V. received support from the National Institutes of Allergy and Infectious Diseases
project number AI136799; I.B. and G.P. received support from the French national research agency
ANR (Mistec ANR-17CE11-0028). H.V. received support from the National Health and Medical
Research Council of Australia (grant number GN 1147538).

Conflicts of Interest: The authors declare no conflict of interest.
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Abstract: Gram-negative Tripartite Resistance Nodulation and cell Division (RND) superfamily
efflux pumps confer various functions, including multidrug and bile salt resistance, quorum-sensing,
virulence and can influence the rate of mutations on the chromosome. Multidrug RND efflux systems
are often characterized by a wide substrate specificity. Similarly to many other RND efflux pump
systems, AcrAD-TolC confers resistance toward SDS, novobiocin and deoxycholate. In contrast to
the other pumps, however, it in addition confers resistance against aminoglycosides and dianionic
β-lactams, such as sulbenicillin, aztreonam and carbenicillin. Here, we could show that AcrD from
Salmonella typhimurium confers resistance toward several hitherto unreported AcrD substrates such
as temocillin, dicloxacillin, cefazolin and fusidic acid. In order to address the molecular determinants
of the S. typhimurium AcrD substrate specificity, we conducted substitution analyses in the putative
access and deep binding pockets and in the TM1/TM2 groove region. The variants were tested
in E. coli ∆acrB∆acrD against β-lactams oxacillin, carbenicillin, aztreonam and temocillin. Deep
binding pocket variants N136A, D276A and Y327A; access pocket variant R625A; and variants with
substitutions in the groove region between TM1 and TM2 conferred a sensitive phenotype and might,
therefore, be involved in anionic β-lactam export. In contrast, lower susceptibilities were observed
for E. coli cells harbouring deep binding pocket variants T139A, D176A, S180A, F609A, T611A and
F627A and the TM1/TM2 groove variant I337A. This study provides the first insights of side chains
involved in drug binding and transport for AcrD from S. typhimurium.

Keywords: antibiotic resistance; efflux pump; RND

1. Introduction

Antibiotic resistance has become a global public health concern due to the appearance
of resistant strains, especially from pathogen Gram-negative bacteria, that acquired resis-
tance determinants against many clinically used anti-infective agents. This phenomenon,
known as Multidrug Resistance (MDR), can be caused by a simultaneous presence of mul-
tiple resistance mechanisms that are encoded on transferable plasmids or chromosomes [1].
Among these mechanisms, the increased active export of the drugs by multidrug efflux
pumps can cause simultaneous resistance to several toxic compounds, representing a major
challenge for new antibiotics development [2,3].

Gram-negative systems comprising inner membrane proteins from the Resistance
Nodulation and cell Division (RND) superfamily play a major role in multidrug resistance
because of their action of assembling into tripartite complexes that span the entire bacterial
envelope and their ability to capture drugs from the periplasm and expelling these drugs
towards the extracellular medium [3,4]. These RND-type tripartite systems play also other
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roles in biofilm formation, quorum-sensing, bile salt resistance and virulence, and their
activity appears to be connected to the increase in mutations on the chromosome [5–10].

The importance of many (other) roles is evidenced by their wide distribution in all
domains of life, and several RND pumps are genotypically encoded in the same organism
in most cases [11]. At least five RND multidrug efflux pump genes have been identified
in the Escherichia coli chromosome, ten have been identified in Klebsiella pneumoniae, two
have been identified in Campylobacter jejuni and six have been identified in Salmonella
typhimurium [12]. The potential for the deployment of these transporters in numerous
bacterial species of clinical concern, such as the ESKAPE pathogens, has directed RND-type
tripartite transporter research efforts toward these organisms in order to understand their
structural and functional basis [2,4,13].

Salmonella enterica serovar Typhimurium (S. typhimurium) is a Gram-negative bac-
terium that causes disease in both humans and animals [14]. This food-borne pathogen
accounts for the high incidence of Salmonella infections worldwide and emerging antibiotic
resistance strains have been reported, representing a potentially serious public health
problem [15]. S. typhimurium has at least nine functional drug efflux pumps belonging
to different transporter (super)families. It has been reported that RND members, such as
AcrB, AcrD, AcrF, MdsB and MdtBC, play a major role in the observed Salmonella resistance
phenotype to a wide range of toxic compounds [14,16,17].

Several studies on the expression, regulation and transcriptome profiling of single
and multiple deletion strains of RND efflux pump genes in S. typhimurium established
that the main RND pump conferring antibiotic resistance is the AcrAB-TolC system, and
its inactivation results in multidrug hypersusceptibility [14,16–19]. However, its loss
(i.e., ∆acrB) is to a certain degree compensated by the increased expression of homologous
pumps AcrD and AcrF [16].

AcrD from S. typhimurium (St_AcrD) assembles in a tripartite complex together with
the Membrane Fusion Protein (MFP) AcrA (St_AcrA) and the Outer Membrane Factor
(OMF) TolC (St_TolC), i.e., the same interaction partners employed by AcrB (St_AcrB), in
order to export noxious compounds out of the cell, including SDS, novobiocin and deoxy-
cholate [20], and also more hydrophilic compounds such as β-lactams (oxacillin, nafcillin,
cloxacillin, carbenicillin, sulbenicillin and aztreonam) and aminoglycosides [20,21]. In
contrast, these β-lactams and aminoglycosides are weak or non-substrates of the AcrB
pumps in E. coli (Ec_AcrB) and S. typhimurium [20,22,23]. A molecular dynamics approach
comparing Ec_AcrB and E. coli AcrD (Ec_AcrD) proximal (access) and distal (deep) binding
pockets indicated that their volume and shape are rather similar [24]. However, Ec_AcrD
comprises more polar and charged residues in the binding pockets compared to Ec_AcrB.
By using chimeric AcrB/AcrD constructs and site-directed mutagenesis, it was shown
that AcrB could confer increased resistance against aztreonam, sulbeniccilin and carbeni-
cillin when three residues in the access pocket with an overall negative charge (1−) were
exchanged for residues with an overall positive charge (2+). However, the molecular de-
terminants for substrate binding to the RND transporter St_AcrD (or its closest homolog
Ec_AcrD, with 94% identical residues) have not been experimentally characterized.

In this study, we used site-directed mutagenesis to target single side chains within
the AcrD drug-binding access pocket, the deep binding pocket and the TM1/TM2 groove
for substitution. Functional analysis in presence of monoanionic and dianionic β-lactams
revealed several regions that are permissive towards substitution and that can cause
hyperactive variants.

2. Results
2.1. Substrate Specificity of St_AcrD

AcrD from S. typhimurium has been functionally characterized and was shown to be
dependent on AcrA and TolC for its activity [20]. Earlier studies had shown that the deletion
of the acrD gene from the S. typhimurium chromosome resulted in susceptibilities towards
aminoglycosides such as amikacin, gentamicin, neomycin, kanamycin and tobramycin

6



Antibiotics 2021, 10, 1494

and that ∆acrD cells accumulated higher levels of dihydrostreptomycin and gentamicin
compared to the parental strain [23]. AcrAD-TolC has been shown to further confer
resistance towards SDS, novobiocin and various β-lactams such as oxacillin, cloxacillin,
nafcillin, carbenicillin, sulbenicillin and aztreonam.

Based on known RND multidrug efflux pump structures, we assume that AcrD
is active as a trimer and that the protomers also might adopt different conformations.
These different conformations might present substrate binding sites for drugs sequestered
from the periplasm or the inner membrane. In order to obtain more detailed structural
information on St_AcrD, we utilized a direct structural comparison with Ec_AcrB by using
sequence alignments and homology model building, as both proteins share 66% identical
residues (Table S1, Figure S1). The putative substrate binding pockets of St_AcrD were
assigned according to the location and amino acid composition of its homologues Ec_AcrB
and Ec_AcrD [24]. This study addresses residues from the Access Pocket (AP), Deep
Binding Pocket (DBP) and fusidic acid binding site (TM1/TM2 region), and the latter
specifically binds carboxylated drugs (fusidic acid and lipophilic β-lactams) in Ec_AcrB
(Figures S1 and S2) [25].

In order to test St_AcrD functionality, drug susceptibility tests were performed with E.
coli BW25113 (DE3) ∆acrB∆acrD, since this strain does not express RND pump components
AcrB and AcrD but still produces tripartite interaction partners AcrA and TolC. The expres-
sion plasmid p7XC3H-St_AcrD (pSt_AcrD) was employed to produce wildtype St_AcrD,
and the cloning vector p7XC3H-∆ccdB (pControl) was used as a negative control (see
Supplementary Materials and Methods). The sequence identity of the tripartite complexes
AcrAD-TolC of E. coli and S. typhimurium was high (Ec_AcrD vs. St_AcrD 94%, Ec_AcrA vs.
St_AcrA 97% and Ec_TolC vs. St_TolC 90%). Hence, there is a fair assumption that St_AcrD
assembles into a fully active tripartite efflux pump together with the components Ec_AcrA
and Ec_TolC (encoded on the chromosome) and, therefore, complement the AcrB/AcrD
deficient phenotype in E. coli [26].

Functionally active phenotypes of St_AcrD could be detected by the plate dilution
assay, as cells that produced wildtype St_AcrD were able to grow at higher cell dilutions
compared to the negative control (∆acrB∆acrD) in presence of anionic β-lactam (Figure 1).
This included substrates such as oxacillin, carbenicillin, nafcillin and aztreonam, which
were shown previously to be transported by the pump [20]. These observations also
confirm the formation of a hybrid tripartite system St_AcrD-Ec_AcrA-Ec_TolC in E. coli [26].
Interestingly, we could identify several hitherto unreported substrates such as temocillin,
dicloxacillin, cefazolin and fusidic acid. Furthermore, piperacillin does not appear to be a
substrate for the AcrD pump (Figure 1).

The substrate specificity for St_AcrD as determined by the plate dilution method could
be confirmed by Minimal Inhibitory Concentration (MIC) determinations [27] performed
by the antibiotic gradient test for clinically relevant antibiotics (Table 1). In this assay, E. coli
BW25113 (DE3) ∆acrB∆acrD harboring pSt_AcrD conferred resistance against temocillin,
oxacillin, aztreonam, cephalotin and cefazolin, exhibiting increases between 8-fold to
16-fold with respect to MIC values.

2.2. Site-Directed Mutagenesis of Substrate Binding Pocket Residues

In order to experimentally characterize substrate binding pockets in St_AcrD and to
identify residues that are essential for β-lactam transport, single alanine mutants (Ala-
mutants) were produced by site-directed mutagenesis. In total, 21 residues were selected
and classified within three groups: deep binding pocket (DBP) residues (N136, T139, D176,
Y178, S180, K274, D276, Y277, Y327, F609, S610, T611, S614 and F627), access pocket (AP)
residues (R568, R625 and G672) and TM1/TM2 region residues (I27, I337, I338 and V341)
(Figures S1 and S2).
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Table 1. MIC determination of E. coli BW25113 (DE3) ∆acrB∆acrD harboring pSt_AcrD or pControl.
MIC determinations were performed by employing antibiotic gradient strips on Mueller–Hinton agar
plates, supplemented with 50 µg/mL kanamycin and 10 µM IPTG. Experiments were performed
in duplicate.

MIC (µg/mL)
Antibiotic pControl pSt_AcrD

Ampicillin 0.75 1
Temocillin 0.75 6
Piperacillin 0.047 0.064

Oxacillin 0.125 2
Penicillin 8 8

Mecillinam 0.023 0.032
Aztreonam 0.032 0.25
Cefotaxime <0.016 <0.016
Cefoxitin 0.5 1
Cefepime ≤0.016 0.016

Ceftriaxone 0.023 0.016
Cefuroxime 0.125 0.125
Ceftaroline ≤0.016 0.016
Ceftazidime 0.047 0.047

Cefazolin 2 16
Cephalotin 2 12

Cefpodoxime 0.064 0.094
Imipenem 0.125 0.25
Doripenem 0.032 0.064
Meropenem 0.023 0.023
Tetracycline 0.25 0.25
Fusidic acid 2 4

Erythromycin 0.75 1.5
Chloramphenicol 0.5 0.38

The susceptible E. coli BW25113 (DE3) ∆acrB∆acrD strain was transformed with plas-
mids encoding the indicated St_AcrD Ala-substitution variants and tested for activity
in plate dilution assay (Figures S3–S5). Cells carrying Ala-variants grew to the same
extent under non-selective conditions compared to cells harboring pSt_AcrD (WT) and
pControl (Figure S3). The plate dilution assay is a preferred method for the analysis of
subtle activity changes due to single-site substitution, as it is a direct visualization of
the bacterial growth rate. In the experiments shown in Figure S4, the LB agar plates
in addition contained kanamycin as selective antibiotic for the selection marker on the
pSt_AcrD plasmid, whereas the LB agar plates in the experiments shown in Figure S5 did
not contain kanamycin.

All variants were tested in the presence of the four β-lactams, oxacillin, carbenicillin,
temocillin and aztreonam, in order to identify whether mutants could complement the E.
coli susceptible phenotype, as was shown for wildtype St_AcrD. Either two similar or two
opposite phenotypes were observed compared to the wildtype: Hyperactive mutants that
grew on higher antibiotic concentrations or exhibited more copious growth as observed
by denser and more intense spots on the LB-agar-plate. On the other hand, compromised
mutants are those that were not able to grow to the same extent as cells producing wildtype
St_AcrD (Figures 2, S4 and S5).
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2.2.1. Deep Binding Pocket Variants

Depending on the antibiotic stress applied, approximately half of the DBP variants
exhibited similar growth compared to cells with wildtype St_AcrD; however, hyperactive
(T139A, D176A, Y178A, S180A, F609A, T611A and F627A) and sensitive mutants (N136A,
D276A and Y327A) were identified (Figures 2, S4 and S5). Most of these observations were
consistent for the substrates tested (either sensitive or hyperactive), which could indicate
that monoanionic and dianionic β-lactams might interact with the same residues located
in the DBP. In contrast, T139A shows hyperactivity towards oxacillin, carbenicillin and
temocillin but was not able to transport aztreonam. This suggests that the hydroxyl group
of T139 is essential for aztreonam translocation along the substrate pathway. Likewise,
Y178A confers a hyperactive phenotype, except toward oxacillin, where growth is impaired
(Figure 2). Moreover, F609A conferred hyperactivity, whereas the homologous Ec_AcrB
substitution variant F610A was previously shown to confer most considerable sensitiv-
ity towards all tested AcrB substrates. In fact, for AcrB, the F610A substitution had the
strongest effect on the MIC values of all DBP substitutions tested [28]. One interpretation
for the latter variant might be that the lack of the phenyl group facilitates transport of di-
anonic substrates in this St_AcrD variant, permitting accommodation of the more hydrated
hydrophilic compounds in DBP [24]. On the other hand, a decrease in polar environment
in the DBP (T139A, D176A, S180A and T611A) also resulted in hyperactive phenotypes.
These residues are distributed in the core of the DBP PN2 and PC1 subdomains of St_AcrD,
and their Ec_AcrB counterparts interact directly with doxorubicin and minocycline in the
DBP, as shown in co-crystal structures [29] (Figure S6). Most distal in the DBP, D276 seems
to be involved either in direct interaction with β-lactams or their transport through the exit
tunnel, as the D276A substitution resulted in the most pronounced sensitivity towards all
four β-lactams. Notably, an E. coli ∆acrB strain complemented with an Ec_AcrB D276C
variant showed wildtype-like MIC values for erythromycin and novobiocin [30]. Residues
in the other sensitive variants, i.e., N136A, Y327A and the aztreonam sensitive T139A
variant, were all proximally located in the PN2 subdomain and close to the AP, where
substrate recognition of anionic β-lactams has been suggested to take place [21].

Protein production of St_AcrD WT and Ala-variants in E. coli was detected by Western
blot analysis (Figures 2 and S7). The activity of the tripartite efflux system will not only
depend on the concentration of the RND component but also on the available periplasmic
concentration of interaction partners AcrA and TolC. Sensitive mutants N136A, D276A and
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Y327A were produced at similar levels compared to wildtype St_AcrD; hence, a decrease in
activity is most likely directly related to the substitution. On the other hand, the increased
activity observed for the mutants F609A and T611A might be partially explained by the
overproduction of these variants compared to St_AcrD WT. However, there appears to be
no clear correlation between activity and production levels as another variant, S614A, was
overproduced to the same extent as T611A and showed mostly wildtype-like resistance
phenotypes (Figures 2, S4 and S5). Furthermore, despite the low level protein production
of T139A, Y178A and even more surprisingly S180A, higher wildtype resistances could
be observed under most conditions (Figure 2). This indicates that the concentration of
St_AcrD in cells was not limiting for exhibiting wildtype phenotypes, whereas it cannot be
excluded that overproduction might still result in higher resistance phenotypes.

2.2.2. Access Pocket Variants

The AP variant R625A conferred decreased activity against dianionic β-lactams, such
as carbenicillin, temocillin and aztreonam, but not the monoanionic oxacillin (Figures 2, S4
and S5). This is in line with the observation that R625 is important for the recognition of
negatively charged β-lactams in Ec_AcrD [21]. Despite the fact that Western blot analysis
shows reduced expression of this mutant (Figures 2 and S7), R568A conferred a clear
hyperactive phenotype towards aztreonam (at 0.1 mg mL−1) and moderate hyperactivity
towards temocillin, whereas a somewhat decreased resistance towards carbenicillin was
observed (Figures 2, S4 and S5). The G672A variant conferred a hyperactive phenotype
towards temocillin and aztreonam and showed higher production levels compared to the
wildtype (Figures 2 and S7).

2.2.3. Substitution Variants in the TM1/TM2 Groove

The I27A variant exhibited the most sensitive phenotype for all tested antibiotics
(Figures 2, S4 and S5). On the other hand, the St_AcrD I337A variant appears to confer a
hyperactive phenotype (for aztreonam and temocillin). In contrast, the counterpart I337A
substitution in Ec_AcrB resulted in a marked increased sensitivity towards β-lactam antibi-
otics, including oxacillin [25,31]. The overproduction of St_AcrD I337A (1.7-fold compared
to St_AcrD WT, Figure S7) may possibly obscure its potential reduced ability to transport
β-lactams. On the other hand, variants I338A and V341A, both conferring substantially
reduced resistance towards all tested β-lactams, showed far more extensive overproduction
in E. coli (4.5-fold and 5-fold, respectively). Thus, a clear correlation between overpro-
duction and mutant phenotype was not warranted. Another consideration might be that
substitutions can cause improper protein folding and insertion in the membrane, causing a
large signal via Western blot analysis, which does not necessarily indicate proper folding.
For wildtype St_AcrD and five other RND efflux pumps, correct folding was analyzed by
using RND-GFP fusions (Supplementary Materials and Methods), where proper folding is
indicated by the GFP fluorescent signal [32] (Figure S8). Subsequent in-gel fluorescence in
combination with Western Blot analysis indicated that the ratio of well-folded, fluorescent
St_AcrD and misfolded proteins is approximately 1:1 (Figure S9). Moreover, AcrD could
be purified from the AcrD-overproducing cells and results in a clear monodisperse peak
indicating no aggregation in a solubilized state even after storage at 4 ◦C or 17 ◦C for
one week (Figure S10). Comparison with purified AcrB indicates that AcrD is present as
a monomer in detergent solution (Figure S11). Future studies are necessary in order to
confirm the ratio between well-folded and misfolded proteins inside the cell membrane of
each of the St_AcrD variants.

In summary, St_AcrD with Ala-substituted residues N136, D276 and Y327 in the
deep binding pocket confers an overall sensitive phenotype towards the tested antibiotics,
whereas T139A and Y178A confer a selective and higher resistance phenotype, as growth
in aztreonam (T139A) or oxacillin (Y178A) was impaired. F609A conferred an overall
higher resistance phenotype towards all tested substrates. This observation might possibly
be in line with the reduction in hydrophobic binding pocket environment resulting in
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the enhancement of more hydrophilic substrate transport. Ala-substitutions made in
the TM1/TM2 groove, proposed to be the initial binding site for carboxylated drugs in
AcrB [25,31], conferred higher susceptibility to all four β-lactams tested (Figures 2 and S5).
As an exception, I337A was shown to confer either wildtype-like or reduced susceptibility
towards these substrates.

3. Discussion

Recently, a major emphasis was placed on structure elucidation of different RND
proteins [4,13]. Nevertheless, structure–function relationships are far from clear and are
in need of analysis via mutational analysis, biochemical/biophysical substrate binding,
transport studies and molecular dynamic simulations. In particular, the latter technique not
only requires high-resolution structures but is also reliant on additional experimental data
for a supply of calculation setups with restraints derived from experiments. The results
obtained from the simulation data then can be fed back into the experimental design [33].

Here, we addressed the substrate specificity for AcrD from Salmonella typhimurium
and conducted functional analysis of AcrD variants with Ala-substituted binding pocket
residues. For wildtype AcrD, we could identify temocillin, dicloxacillin, cefazolin and
fusidic acid as substrates for the pump, whereas piperacillin is not a substrate (Figure 1,
Table 1). The results for wildtype AcrD between plate dilution and MIC (antibiotic gradient)
assays were congruent, except for cephalotin where resistance was not observed in the
plate dilution assay, whereas the antibiotic gradient test showed a clear increase in MIC in
AcrAD-TolC producing cells (Figure 1, Table 1).

Amongst the antimicrobials for which AcrD conferred less susceptibility, lipophilicity
showed a wide distribution on the basis of the logarithm of the partition coefficient,
logP [34]. St_AcrD can not only transport very hydrophilic β-lactams such as aztreonam
but also the very hydrophobic antimicrobial fusidic acid. Both substrates have the presence
of a carboxylic acid moiety as a common feature [25]. As an exception, piperacillin was
not transported by St_AcrD despite its low logP. Piperacillin exhibits the largest minimal
projection area (MPA) among the tested substrates such that it can be assumed that this
characteristic might hamper its transport [35]. However, the latter property is not an
impediment for the substrate to be exported by Ec_AcrB (through TM1/TM2 region).
Furthermore, the volume of the substrate binding pockets of both proteins is expected to be
similar and large enough to accommodate the largest reported substrates [24]. It is, hence,
probable that additional non-conserved residues in the substrate translocation pathway
of St_AcrD might play a substantial role. An additional consideration is the protonation
state of the transported compounds at neutral pH. In contrast to AcrB, which preferentially
transports monoanionic species of β-lactams, St_AcrD is able to transport monoanionic and
dianionic β-lactams. Thus, it might be possible that the substrate pathway of both charged
species towards the binding pockets might differ. This has been recently shown for AcrB
comprising at least four channels toward the drug binding sites. These channels displayed
preferences for substrates on the basis of their physicochemical properties. [21,31].

In order to characterize the role of residues inside substrate binding pockets, we
conducted substitution analysis of St_AcrD. Residues that are part of the putative translo-
cation pathway and for the putative substrate binding sites were identified (Figure S2) and
substituted by Ala for a systematic characterization. Targeted residues were principally
polar or charged, as it was expected that they are involved in electrostatic interactions with
the negatively charged substrates. Additionally, several more hydrophobic amino acids
were also investigated, including residues in the transmembrane domain, as β-lactams are
partially immersed in the outer leaflet of inner membrane of E. coli [34].

We observed that substitutions did not only reduce resistance (conferred higher sus-
ceptibility) but also indicated hyperactivity for some of the substituted variants (Figure 2).
Substrate specificity determinants appear not only to be limited to residues located in
the AP as previously reported [21,31] but also include residues from the DBP and the
TM1/TM2 region (Figure 3). One of the most surprising observations was related to the
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variants F609A and I337A, which exhibited a hyperactive phenotype, in strong contrast
with its E. coli AcrB variant counterparts (F610A and I337A), which were shown to confer
increased susceptibility [25,28]. For F609A, the hyperactivity might be in line with a reduc-
tion in the hydrophobic binding pocket environment resulting in the enhancement of the
transport of hydrophilic substrates. For I337A, which shows a moderate overproduction
compared to wildtype (Figure 2), the difference in phenotype between AcrB and AcrD is
less straightforward to interpret. These results also emphasize the importance of studying
single substitution variants of other RND pumps and directly comparing their effects
(rather than extrapolate from one homolog RND pump to another), as AcrB and AcrD
same-site substitution variants display different effects on susceptibility. This study em-
phasizes that substitutions of homologue residues can even result in opposite observations,
as is shown for the St_AcrD F609A and I337A variants.
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result in opposite observations, as is shown for the St_AcrD F609A and I337A variants. 

 
Figure 3. Putative substrate translocation pathway of the RND transporter St_AcrD. Homology 
model of St_AcrD localizing selected residues in DBP, AP and TM1 and TM2 regions involved in 
Figure 3. Putative substrate translocation pathway of the RND transporter St_AcrD. Homology
model of St_AcrD localizing selected residues in DBP, AP and TM1 and TM2 regions involved in
β-lactam transport. Ala-variants of selected residues exhibited hyperactive (green spheres), defective
(red spheres) or similar phenotype (grey spheres) compared with wildtype St_AcrD in the presence
of (a) oxacillin, (b) aztreonam, (c) carbenicillin and (d) temocillin. Figures were prepared with Pymol
(https://pymol.org/, accessed on 9 May 2018).

As expected, some substitution variants of originally charged polar residues such as
N136A and D276A in DBP as well as R625A in the AP exhibited a sensitive phenotype
and might, therefore, be involved in anionic β-lactam export. Moreover, the I27A mu-
tants located in TM1/TM2 and Y327A in the DBP (except for aztreonam) were unable
to complement the E. coli-susceptible phenotype in the presence of tested compounds
(Figures 2 and 3). This is opposed to previous suggestions that aromatic residues in DBP
would not influence specificity towards anionic β-lactams [21]. Nevertheless, the effect
of the substitution can also be due to secondary structural effects since the geometry of
adjacent residues might be influenced by altered physicochemical properties. We also
observed a high number of single-site variants displaying a hyperactive phenotype, which
in some cases could be associated with increased protein production in the cell (Figure 2).
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The effect of overproduction, i.e., higher number of RND molecules might be directly
correlated to the observed activity. Nevertheless, in cases such as T139A, S180A and Y178A,
production levels were much lower compared to WT expression, yet these variants confer
a considerable reduced susceptibility towards some of the antibiotics tested. Future studies
should establish the cause of variable production of the variant proteins in the cell and
whether the observed results are correlated with correct insertion in the inner membrane
(i.e., as a well-folded and active transporter).

Although this study focused on β-lactam specificity, the presented system and con-
structed Ala-variants are potentially available for investigating additional substrates and
inhibitors. The identification of key residues and interactions involved in substrate recog-
nition along the translocation pathway, including the switch loop [29,36] and the most
proximal residues in the AP, would help to understand the determinants of polyspecificity
of RND multidrug transporters and the mechanisms by which substrate uptake occurs.

4. Materials and Methods
4.1. Site-Directed Mutagenesis

Site-directed mutagenesis of the St_acrD gene to produce Ala-variants constructs was
performed by inverse PCR with 2 ng of p7XC3H-St_AcrD and forward/reverse primers
(0.5 µM each) (Table S2) Phusion Flash High Fidelity Mix (containing modified Phusion
Hot Start II Polymerase, Thermo Fisher, Dreieich, Germany) using an initial denaturation
step for 2 min at 98 ◦C, followed by 30 cycles of denaturation/annealing/extension at
98 ◦C/65 ◦C→50 ◦C (touchdown)/72 ◦C for 20/30/130 s and a final extension step for
10 min at 72 ◦C. The resulting PCR product was digested with 10 U DpnI in 1× Fast Digest
buffer for 2 h at 37 ◦C, followed by enzyme inactivation at 80 ◦C for 20 min. The PCR
product was purified with the DNA Clean and Concentrator Kit (Zymogen, Freiburg,
Germany) and employed in a simultaneous phosphorylation and ligation reaction: 10 µL
of PCR product, 1 U T4 ligase, 1× T4 ligase buffer and 10 U T4 polynucleotide kinase. The
reaction was incubated o/n at room temperature and later employed to transform E. coli
MC1061 chemically competent cells. Single colonies were selected for o/n cultures and
plasmid isolation with QIAprep Spin Miniprep Kit (QIAGEN, Hilden, Germany).

4.2. Antimicrobial Susceptibility Testing: Plate Dilution Assay and MIC Determination

Freshly transformed E. coli BW25113 (DE3) ∆acrB∆acrD cells with expression con-
structs p7XC3H to produce St_AcrD or its Ala-variants were used to inoculate 2 mL of
LB supplemented with 50 µg/mL kanamycin. Cultures were incubated o/n at 37 ◦C and
180 rpm. On the next morning, cultures were normalized to OD600 = 1 and serially diluted
from 10−1 to 10−6 in 96-well plates and kept at 4 ◦C until use. LB-agar plates containing
the tested antibiotics were prepared by dissolving the antibiotics (1, 1.5 and 2 µg/mL
oxacillin; 3, 5 and 7 µg/mL carbenicillin; 20, 25 and 30 µg/mL temocillin; and 0.05, 0.07
and 0.1 µg/mL aztreonam) and 10 µM IPTG solutions into hand-warmed LB-agar supple-
mented with 50 µg/mL kanamycin. Medium was poured in single well Omnitray Plate
(Thermo Fisher, Dreieich, Germany). A volume of 4 µL of the cell suspension dilutions
previously prepared was spotted on LB-agar-antibiotic plates. Once the drops were dry,
plates were incubated 16 h at 37 ◦C. On the next day, the results were evaluated visually,
and images were taken with Image Quant LAS4000 Imager (GE Healthcare, Solingen, Ger-
many). The determination of the minimum inhibitory concentration (MIC) was performed
by employing antibiotic gradient strips (Liofilchem, Roseto degli Abruzzi, Italy). Mueller–
Hinton plates supplemented with 50 µg/mL kanamycin and 10 µM IPTG were inoculated
with a fresh bacterial suspension equivalent to a 0.5 McFarland standard. After application
of antibiotic gradient strips, plates were incubated for 20 h under aerobic conditions at
36 ± 1 ◦C, and MIC was determined according to the manufacturer’s recommendation (at
crossing point of bacterial lawn and strip).
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Abstract: Tripartite multidrug RND efflux systems made of an inner membrane transporter, an
outer membrane factor (OMF) and a periplasmic adaptor protein (PAP) form a canal to expel drugs
across Gram-negative cell wall. Structures of MexA–MexB–OprM and AcrA–AcrB–TolC, from
Pseudomonas aeruginosa and Escherichia coli, respectively, depict a reduced interfacial contact between
OMF and PAP, making unclear the comprehension of how OMF is recruited. Here, we show that
a Q93R mutation of MexA located in the α-hairpin domain increases antibiotic resistance in the
MexAQ93R–MexB–OprM-expressed strain. Electron microscopy single-particle analysis reveals that
this mutation promotes the formation of tripartite complexes with OprM and non-cognate compo-
nents OprN and TolC. Evidence indicates that MexAQ93R self-assembles into a hexameric form, likely
due to interprotomer interactions between paired R93 and D113 amino acids. C-terminal deletion of
OprM prevents the formation of tripartite complexes when mixed with MexA and MexB components
but not when replacing MexA with MexAQ93R. This study reveals the Q93R MexA mutation and the
OprM C-terminal peptide as molecular determinants modulating the assembly process efficacy with
cognate and non-cognate OMFs, even though they are outside the interfacial contact. It provides
insights into how OMF selectivity operates during the formation of the tripartite complex.

Keywords: antibiotic resistance; efflux pump; RND

1. Introduction

In Gram-negative bacteria, tripartite systems of the resistance nodulation cell division
(RND) superfamily are multidrug efflux systems contributing to antibiotic resistance by
exporting biological metabolites and antimicrobial compounds [1–3]. These systems are
composed of an inner-membrane RND transporter driven by the proton motive force, an
outer-membrane factor (OMF), and a periplasmic adaptor protein (PAP) which connects
the RND transporter to OMF, therefore, forming a tripartite complex with a contiguous exit
duct. The assembly of these exporting systems is an important step to achieve the functional
efflux process. Deciphering the assembly mechanism is a prerequisite in the development
of blockers of tripartite systems that would restore the efficiency of the existing therapeutic
arsenal [4].

While PAP and RND transporters encoded by the same operon operate in pairs,
the rules governing the interactions of PAP with the OMF appear less restrictive [5,6].
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Indeed, different PAPs are able to bind a single OMF, e.g., TolC or OprM. In Escherichia coli
(E. coli), TolC can function with different couples of PAP-RND transporters but also for
PAP-Major facilitator superfamily (MFS) transporters and PAP-ATP-binding cassette (ABC)
transporters. In Pseudomonas aeruginosa (P. aeruginosa), OprM can interact with seven of
the twelve PAP-RND systems including MexA-MexB, MexC-MexD, MexE-MexF, MexX-
MexY [7–10]. This versatility of interaction does not strictly apply to OMFs. One PAP
can also couple more than one OMF. MexA-MexB is functional with OprM, and partially
with OprJ [11,12], MexE-MexF with OprN and OprM [9], and MexX-MexY with OprM
and OprA [13]. Intra- and inter-species interchangeability of components has been also
observed [14–16]. However, this component exchange is not representative of all tripartite
systems and for several other OMFs, a strict selectivity of assembly seems to operate, as for
OprN that interacts only with MexE-MexF [9]. Because of this duality of selectivity and
promiscuity, it remains unclear how PAPs achieve to recognize and assemble with OMFs
and what are the structural determinants governing the selection of OMF by PAP.

Recent cryo-electron microscopy (cryo-EM) studies of E. coli AcrA–AcrB–TolC and
MexA–MexB–OprM tripartite complexes have shown overall similar architectures of six
PAPs surrounding one RND trimer and in a tip-to-tip interaction with the OMF, which is
in an open state (Figure 1) [17–19]. The six periplasmic helix-turn-helix of OMF face six
PAP α-hairpins, involving mainly backbone H-bond contacts. In these tripartite complexes,
the OMF–PAP arrangement exhibits a reduced interfacial contact that contradicts previ-
ous biochemical and functional data [20–27], predicting a strong binding surface between
the α-hairpin domain of PAP and OMF in favor of a deep-interpenetration model [28].
Interestingly gain-of-function mutants that enable non-functional chimeric efflux pumps
to function have been used to identify key residues involved in the PAP–OMF assem-
bly. Evidence of adaptative mutations far away from the tip region of the α-hairpins of
AcrA, MexA (i.e., MexAQ93R), and Vibrio Cholerae VceA provide a gain of function for the
chimeric AcrA–MexB–TolC, MexA–MexB–OprN, and VceA–VceB–OprM pumps [15,22,29].
Likewise, to adapt TolC to MexA–MexB, mutations that are not located at the tip of the
coiled-coil domain of TolC provided a gain of function [21]. The role of these mutations
which are not located in the tip-to-tip OMF–PAP contact is questioning the mechanisms of
OMF recruitment in the assembly process and requires further investigations.Antibiotics 2022, 11, x FOR PEER REVIEW 3 of 16 
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Figure 1. Model of MexA–MexB–OprM tripartite complex and position of Q93 residue in α-hairpin 
of MexA. (A) Model representation of OprM–MexA–MexB tripartite complex (PDB: 6TA5) showing 
OprM (OMF component) trimer (colored in orange) and MexB (RND component) trimer (colored 
in blue) connected by MexA (PAP component) hexamer (colored in green). The outer membrane 
(OM) and inner membrane (IM) are schematically drawn (black dashed lines). The position of the 
residue Q93 is shown in red (side chain). The position of V472 (or V455 in mature OprM sequence 
numbering) corresponding to the C-terminal residue solved in OprM structure is indicated on two 
protomers in the equatorial domain (black arrows). Residues T473–A485 are not visible in the 
structure. (B) Close-up view of the position of the Q93 residue relative to the tip-to-tip contact 
between OprM and MexA. 

2. Results 
2.1. Analysis of Mexa Binding to OMF by Biolayer Interferometry 

A Q93R mutation for MexA (MexAQ93R) conferring a gain of function with OprN [29] 
is located at the α-hairpin but is not described to participate in the tip-to-tip interaction 
with the OMF (Figure 1). 

To decipher the mechanism of action of this mutant, its interaction with various 
OMFs, i.e., OprM, OprN, TolC, and an OprM variant (OprM∆473–485) has been analyzed 
using the biolayer interferometry (BLI) method. Increasing concentrations of MexAwt and 
MexAQ93R variant were titrated to OMF immobilized by a biotinylated non-ionic amphipol 
(BNAPol) on a streptavidin biosensor and the association and dissociation were assessed 
by a shift in wavelength (Figure 2). Loading of BNAPol-OprM was performed under non-
saturating concentrations (Supplementary Materials Figure S1). 

Figure 1. Model of MexA–MexB–OprM tripartite complex and position of Q93 residue in α-hairpin
of MexA. (A) Model representation of OprM–MexA–MexB tripartite complex (PDB: 6TA5) showing
OprM (OMF component) trimer (colored in orange) and MexB (RND component) trimer (colored
in blue) connected by MexA (PAP component) hexamer (colored in green). The outer membrane
(OM) and inner membrane (IM) are schematically drawn (black dashed lines). The position of the
residue Q93 is shown in red (side chain). The position of V472 (or V455 in mature OprM sequence
numbering) corresponding to the C-terminal residue solved in OprM structure is indicated on two
protomers in the equatorial domain (black arrows). Residues T473–A485 are not visible in the
structure. (B) Close-up view of the position of the Q93 residue relative to the tip-to-tip contact
between OprM and MexA.
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Here, we used the biolayer interferometry approach to investigate the interaction
between several OMFs (OprN, TolC, OprM, and variant) and PAPs (MexA and MexAQ93R)
and electron microscopy (EM) to analyze tripartite complexes in the presence of MexB. We
report the reconstitution of tripartite complexes with MexAQ93R and its capability to couple
native OprN and TolC.

2. Results
2.1. Analysis of Mexa Binding to OMF by Biolayer Interferometry

A Q93R mutation for MexA (MexAQ93R) conferring a gain of function with OprN [29]
is located at the α-hairpin but is not described to participate in the tip-to-tip interaction
with the OMF (Figure 1).

To decipher the mechanism of action of this mutant, its interaction with various OMFs,
i.e., OprM, OprN, TolC, and an OprM variant (OprM∆473−485) has been analyzed using the
biolayer interferometry (BLI) method. Increasing concentrations of MexAwt and MexAQ93R
variant were titrated to OMF immobilized by a biotinylated non-ionic amphipol (BNAPol)
on a streptavidin biosensor and the association and dissociation were assessed by a shift in
wavelength (Figure 2). Loading of BNAPol-OprM was performed under non-saturating
concentrations (Supplementary Materials Figure S1).

BLI analysis revealed that koff of MexAwt varied depending on the OMF ligand
(Table 1). The value of koff, being also indicative of residence time, suggested that the
complex stability followed the order OprM > OprN > OprM∆473−485 > TolC. Unlike MexAwt,
MexAQ93R exhibited similar koff values for the four OMFs suggesting that the complex
stability was not dependent on the OMF. These results revealed that the OMF binding
mechanisms of MexAQ93R and MexAwt were different.

Table 1. Kinetics parameters for the OMF–PAP interaction using biolayer interferometry.

Ligand Analyte koff (10−3 s−1) kon (102 M−1s−1) KD (µM)

OprMwt MexAwt 2.15 1.80 12.0
OprM∆473−485 MexAwt 4.58 1.03 44.0

OprN MexAwt 3.58 1.77 20.0
TolC MexAwt 5.8 1.27 45.8

OprMwt MexAQ93R 2.66 0.81 32.9
OprM∆473−485 MexAQ93R 2.63 1.02 25.7

OprN MexAQ93R 2.38 0.88 26.9
TolC MexAQ93R 1.91 1.08 17.8

Data fitting using Langmuir 1:1 model.

2.2. Analysis of Oligomerization State of MexAQ93R

Previous data have shown that MexA forms a dimer in solution and a higher oligomeric
state in the crystal structure [30–32]. The substitution of a glutamine by an arginine residue
in MexAQ93R introduced a charged amino acid that may affect protein–protein interactions.
MexAwt and MexAQ93R samples were submitted to size-exclusion chromatography that
showed a slight shift between elution profiles, suggesting that MexAQ93R retention was
reduced compared with MexAwt (Figure 3A).

EM analysis of fractions corresponding to the MexAQ93R peak fraction revealed com-
plexes regular in size (Figure 3B). The average image from single-average image analysis
revealed hexagonal-shaped particles with a diameter of about 8–10 nm which is compatible
with a hexameric form (Figure 3B inset). EM analysis of MexAwt peak fraction showed
particles heterogeneous in size, reflecting the formation of aggregates when deposited on
the grid (Figure 3C). This result provided evidence that MexAQ93R in solution formed an
oligomeric form, compatible with a hexamer.
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Figure 2. OMF–PAP interactions assessed by BLI. Immobilized BNAPol-OprM (A,B), BNAPol-OprN
(C,D), BNAPol-TolC (E,F), BNAPol-OprM∆473−485 (G,H) were exposed to different concentrations
(from 0 to 100 µM) of MexAwt (left column) or MexAQ93R (right column). Interactions (associa-
tion and dissociation) were assessed by a wavelength shift (nm). All reactions were performed at
room temperature.
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Figure 3. Analytical characterization and EM analysis of MexAQ93R and MexAwt. (A) Analytical
size-exclusion chromatography (SEC) analysis of MexAQ93R (solid trace) and MexAwt (dotted trace)
samples. (B) EM analysis of the SEC peak fraction of MexAQ93R exhibiting circular particles. Inset:
average image showing a hexagonal-shaped particle with a diameter of about 8–10 nm. Scale bar
10 nm. (C) EM analysis of the SEC peak fraction of MexAwt showing heterogenous particles in size
compared with (B). Scale bar 100 nm.

2.3. Binding Analysis of MexA Variants to MexB Using BLI

Using similar conditions as performed for MexA-OMF binding analysis, various
concentrations of MexAwt and MexAQ93R variants were titrated to MexB immobilized by
BNAPol on a streptavidin biosensor (Figure 4).
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Figure 4. MexB–PAP interactions assessed by BLI. Immobilized BNAPol-MexB were exposed to
different concentrations (from 0 to 200 µM) of MexAwt (A) or MexAQ93R (B). Interactions (associa-
tion and dissociation) were assessed by a wavelength shift (nm). All reactions were performed at
room temperature.

BLI analysis revealed that the complex stability (koff value) was slightly improved
with MexAQ93R compared with MexAwt (Table 2). Of note, the koff values were higher than
that of OprM–MexA suggesting that the MexA–MexB complex was less stable than the
MexA–OprM complex.

Table 2. Kinetics parameters for the OMF–PAP interaction using biolayer interferometry.

Ligand Analyte koff (10−3 s−1) kon (102 M−1s−1) KD (µM)

MexB MexAwt 5.5 2.50 23.0
MexB MexAQ93R 3.0 1.73 17.4

Data fitting using Langmuir 1:1 model.
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2.4. Impact of MexAQ93R on the Formation of Tripartite Complexes

According to the BLI experiments, the Q93R mutation for MexA dramatically changed
its interaction with various OMFs, we, therefore, evaluated its impact on the formation
of tripartite complexes. The four OMFs (OprM, OprN, TolC, OprM∆473−485) and MexB
stabilized in nanodiscs were mixed with MexAwt or MexAQ93R proteins following the
method previously described [19,33]. The formation of tripartite complexes was assessed
by the presence of elongated complexes observed by negative-staining EM and 2D class
averaging (Figure 5 and Supplementary Materials Table S1).
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complexes MexA–MexB–OprM and derivatives observed by negative-staining EM. (A–D) MexA–
MexB–OprM complexes. Typical classes (A,B) showing a continuous canal between OprM and
MexA. Atypical classes (C,D) exhibiting a faint contact between OprM and MexA (back arrows).
(E–H) MexAQ93R–MexB–OprM complexes. (I–L) MexAQ93R–MexB–OprN complexes. (M–P)
MexAQ93R–MexB–TolC complexes. (Q–T) MexAQ93R–MexB–OprM∆473−485 complexes. Note that
when formed with MexAQ93R, tripartite complexes exhibited an open coupled OMF whatever the
considered class, unlike MexAwt for which several classes presented closed coupled OMF. Scale
bar 10 nm.
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For OprN, TolC, and OprM∆473−485, tripartite complexes were formed with MexAQ93R
while no complex was observed with MexAwt (Figure 5E–T). For OprM, tripartite complexes
were observed with both MexAwt and MexAQ93R (Figure 5A–H). The overall architecture of
these complexes was similar to that described previously [33]. The OprM facing the MexA–
MexB complex with no direct contact between OprM and MexB was further resolved in a
tip-to-tip interaction with MexA on the cryo-EM structure [19]. The formation of hybrid
(non-cognate) OprN–MexAQ93R–MexB complexes was in good agreement with in vivo
experiments reporting a gain of function with the MexAQ93R variant [29]. The formation
of hybrid TolC-MexAQ93R-MexB complexes showed that the Q93R mutation for MexA
extended its interaction with TolC without the need of changing any residue at the tip-to-tip
interface. Note that few atypical 2D classes of tripartite MexAwt–MexB–OprM complexes
showed a faint contact between MexA and OprM (Figure 5C,D) probably as previously
observed [33]. No such classes were encountered when tripartite complexes were generated
with MexAQ93R suggesting that the complexes were more stable on EM grids.

The number of tripartite complexes has been evaluated from the micrographs and
reported in Table 3. The formation of a higher number of OprM–MexAQ93R–MexB com-
plexes compared to OprM–MexAwt–MexB suggested that these tripartite complexes were
assembled in a more efficient manner with MexAQ93R. This was also correlated by in vivo
experiments where the minimal inhibitory concentration (MIC) values of ticarcillin and
aztreonam for cells expressing OprM–MexAQ93R–MexB were twofold and fourfold higher
than for those expressing native OprM–MexAwt–MexB (Table 4). Overall, the formation of
tripartite complexes with MexAQ93R was significantly improved compared to MexAwt, sug-
gesting that MexAQ93R had greater capabilities than MexAwt to form tripartite complexes
with OprM and other OMFs.

Table 3. Estimation of tripartite complexes amount from electron microscopy fields.

PAP

OMF MexAwt MexAQ93R

OprMwt 1146 ± 59 1981 ± 156 *a

OprM∆473−485 0 589 ± 15 *b, **c

OprN 0 10 ± 0.3 **b

TolC 0 164 ± 3 **b

Complexes were counted from 3 sets of 50 micrographs. Data are the mean ± sem. Student’s test signifi-
cantly different (* 0.01 < p < 0.05; ** 0.001 < p < 0.01). a Compares MexA–MexB–OprM with MexAQ93R–MexB–
OprM; b compares MexAQ93R–MexB–OMF with MexAQ93R–MexB–OprM; c compares MexAwt–MexB–OprM with
MexAQ93R–MexB–OprM∆473−485.

Table 4. Antimicrobial susceptibility of cells expressing MexA variants.

Minimal Inhibitory Concentration (MIC, µg/mL)

Strain Ticarcillin Aztreonam

PAO1 32 4
PAO1 pUCP24-mexAB-oprM wt 64 8

PAO1 pUCP24-mexA D113A mexB-oprM 32 4
PAO1 pUCP24-mexA Q93R mexB-oprM 128 32

PAO1 pUCP24-mexA D113A + Q93R mexB-oprM 32 4

2.5. Impact of an OprM Variant on the Formation of Tripartite Complexes

In the assembly process of the tripartite complex, the OMF undergoes an important
conformational change to achieve a tip-to-tip interaction with the PAP. The OMF switches
from a closed state to an open state by the opening of its periplasmic helices [17–19].
Therefore, the OMF recruitment and its opening by periplasmic helices movement are two
events that imply intricate interactions with PAP for which molecular details are missing.
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A C-terminal-deleted mutation for OprM (OprM∆473−485) was used to understand by
which mechanism MexAQ93R promotes the assembly of tripartite complexes. OprM∆473−485
did not allow the production of tripartite complexes with MexAwt-MexB (Table 3). The
inability of MexAwt to form a tripartite complex with OprM∆473−485 correlated well with
BLI experiments showing that MexAwt had a higher koff value for OprM∆473−485 than
for OprMwt, therefore exhibiting lower binding affinities (Table 1). These results showed
that OprM 13 amino acids C-terminal peptide was of importance for MexAwt binding
affinity and suggested that a reduced affinity for OprM likely impaired its recruitment, and
consequently, jeopardized the formation of tripartite complexes.

By replacing MexAwt with MexAQ93R, tripartite complexes were formed with
OprM∆473−485 meaning that MexAQ93R was allowed to compensate/overcome this affinity loss
due to the lack of OprM C-terminal part. However, the amount of OprM∆473−485–MexAQ93R
–MexB complexes was lower than that of OprMwt–MexAQ93R–MexB (Table 3) suggesting that
despite similar koff values for OprMwt and OprM∆473-485, MexAQ93R did not permit to fully
compensate the lack of C-terminal part of OprM (Table 1). It seemed that MexAQ93R was
acting more on stabilizing an OMF–PAP complex than on the recruitment step of OMF
that was yet in good accordance with the BLI experiment, showing similar koff values of
MexAQ93R for the four OMFs.

2.6. The Increase in Antibiotic Resistance Is Related to a Q93R Mutation When Associated with
D113 Residue

In the cryo-EM tripartite complexes, OprM interacts with six MexA molecules, the
six α-hairpins of MexA forming a tight helical bundle (Figure 6A). By substituting Q93
neutral residue with R93 charged residue, the latter is closer to the adjacent D113 residue
and the distance between side chains (2.96 Å) is compatible with an ionic bond (Figure 6B).
Energies associated with the formation of the hexamer of MexA alone have been estimated
with SymmDock. Molecular docking predicted hexameric MexA complexes with an energy
score in favor of MexAQ93R indicating a better stabilization of the MexAQ93R complex
(Table S2). This hexamer was assembled in a tip-to-tip interaction with OprM using
PatchDock (Figure 6B). The formation of an interchain electrostatic interaction between
D113 and R93 residues provided a clue on how the introduction of an arginine residue
contributes to stabilizing a hexameric structure of MexAQ93R.

To assess that the residue D113 would act in synergy with R93, an antibiotic suscepti-
bility assay was performed. For that, the P. aeruginosa PAO1 strain was transformed with
plasmids carrying genes encoding OprM, MexB, and MexA variants. The strain trans-
formed with MexA–MexB–OprM is two-fold more resistant than native PAO1 which could
be due to a slight increase in the level of expressed MexA–MexB–OprM system (Table 4).
The introduction of the Q93R mutation in MexA resulted in a two-fold increase in the
resistance of the complemented strain to ticarcillin and aztreonam. In order to evaluate the
importance of the potential hydrogen bond formed between MexA-R93 and MexA-D113
(Figure 6B), the latter was mutated in alanine. Strains that expressed MexAD113A–MexB–
OprM or MexAD113A + Q93R–MexB–OprM showed that the MICs of ticarcillin and aztreonam
were two times lower than strains expressing MexA–MexB–OprM (Table 4). This result
provided evidence that the pair residues D113 combined with R93 are involved in the
increase in antibiotic resistance.
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3. Discussion

RND efflux transporters are functional when assembled in tripartite complexes with
PAP and OMF partners. Deciphering how they achieve assembly is of importance for
medical treatment due to the contribution of these complexes in both multidrug resistance
and virulence. With recent advances in elucidating the structure of tripartite assemblies, the
OMF and PAP are coupled together via a limited protein–protein interface (so-called tip-to-
tip interaction), that still does not permit untangling the tricky knots of OMF selectivity [5,6].

We show that the formation of tripartite complexes coupling OprN, TolC, and OprM∆473−485
can be achieved with a MexA variant (MexAQ93R) while it was not successful with MexAwt.
The mutated residue is located at the α-hairpin but too far for interacting directly with the
OMF. Although this Q93R mutation for MexA did not originate from a pathogenic strain
and presents poor clinical importance, it has been selected as a gain-of-function mutant and
provides a clue for understanding the assembly process of RND tripartite systems. Indeed,
it points out that putative paired anionic and cationic residues (R93, D113) between two
adjacent protomers could stabilize the hexameric structure of MexAQ93R. A comparative
analysis of the amino acid sequences of other PAPs showed that similar couples of residues are
present for native PAPs. MexX possesses a putative couple of residues (K102–E122) located at
the same position as R93–D113 for MexA (Figure S2). In the absence of a MexX structure, a
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model has been predicted using the I-TASSER server [34–36] and a C6 hexamer model built
with SymmDock [37]. The charged groups of K102 and E122 are at a reasonable proximity
to establish electrostatic interactions suggesting that it could be used as an asset for MexX-
MexY when forming a tripartite complex with OprM or/and with OprA (Figure 6C). In
the MexE sequence, residues R97 and E128 are located in the α-hairpin and could form
favorable electrostatic interactions between paired anionic cationic side chains (Figure 6D).
Like for MexX, these interprotomer interactions mediated by these two residues may help
in the formation of MexE–MexF–OprN or/and MexE–MexF–OprM complexes.

This analysis of tripartite system assembly highlights important molecular determi-
nants for PAP–OMF interaction that are not directly involved in the tip-to-tip interaction.
As OMF determinants, we have identified that the C-terminal part was of importance for
forming tripartite complexes. The implication of the C-terminal part has been previously
reported for functional OprM–MexA–MexB [15,38,39] and TolC–AcrA–AcrB [40,41]. Our
results indicate that the deletion of 13 amino acids of the C-terminal end of OprM has a dra-
matic effect on the formation of tripartite OprM–MexA–MexB complexes. BLI experiments
showed that MexA has a reduced affinity for OprM∆473−485 suggesting that the efficacy
of tripartite formation relies on the presence of this C-terminal part. This C-terminal part
originates from the equatorial domain but its complete structure has not been solved in
both crystal and cryo-EM structures, probably because of high flexibility. It is unlikely that
its role in the assembly process occurs at the stage of the tip-to-tip interaction (too short in
length) but it might participate directly or indirectly in a transient interaction with MexA,
that would occur earlier than the stable tip-to-tip interaction. This transient interaction
may help in OprM recruitment by MexA and altering the binding affinity of MexA for
OprM decreases the efficacy of tripartite complex formation. Our results did not provide
details on the protein interfaces involved in this step. However, biochemical and functional
data previously suggested lateral contacts between α-hairpin of PAP and OMF helices and
could well fit in an enlarged assembly sequence with transient interactions preceding the
tip-to-tip contact.

As a MexA determinant, the Q93R mutation successfully produced tripartite com-
plexes with cognate and non-cognate OMFs. Interestingly, bacteria were less susceptible
to antibiotics with MexAQ93R than with MexAwt, and the amount of tripartite complexes
was increased. This mutation promotes the hexameric organization of MexA mediated by
a putative interprotomer ionic bond (Figure 6). During the assembly process, this mutation
likely promotes or stabilizes the formation of the six-helix bundle of MexA contacting
OprM, which may trigger OprM opening and/or stabilize the tip-to-tip contacts. Improv-
ing the efficiency of the opening/stabilization of OMF-PAP in a tip-to-tip contact likely
allows compensating for the lack of the C-terminal part for OprM∆473−485 needed for the
previous transient interaction described above. This hypothesis is in good accordance with
the previous study on VceA–VceB–OprM complex assembly, reporting on the role of the
C-terminal domain of OprM and VceA α-hairpin [15]. In addition, this Q93R mutation
extends the capability of MexA to assemble with non-cognate OprN and TolC partners.
According to protein–protein docking, they are predicted to interact with a lower energy
binding (Table S3). The PAP–OMF interface also imposes an OMF selectivity that can be
overcome by reinforcing PAP self-assembly capability.

4. Materials and Methods
4.1. Material and Reagents

1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC) was purchased from Avanti
Polar Lipids (Alabaster, AL, USA). Sodium cholate hydrate, octyl-β-D-glucopyranoside
(OG), and n-Dodecyl β-D-maltoside (DDM) were purchased from Sigma-Aldrich (St Louis,
MI, USA). SM2 Bio-Beads were obtained from Bio-Rad (Hercules, CA, USA). Superdex 200
PC 3.2/30 and Superose 6 Increase 3.2/300 columns were purchased from Cytivia (Freiburg,
Germany). EM grids (Cu 300 mesh) were purchased from Agar Scientific (Stansted, UK).
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High precision streptavidin biosensors (SAX) for BLI analysis were purchased from Sarto-
rius (Göttingen, Germany).

4.2. Protein Preparation

Two membrane scaffold proteins, MSP1D1 and MSP1E3D1 (genetic constructs avail-
able from AddGene, Cambridge, MA, USA) expressed and purified from bacteria, were
used to make OMFs and MexB nanodiscs respectively. Proteins (MexB, MexAwt and
MexAQ93R, OprM and OprM∆473−485, OprN and TolC) were expressed and purified from
bacteria as previously described [33,42]. After purification, protein buffers contained 1.5%
OG for TolC, 0.03% DDM for MexB and 0.05% DDM for MexA, OprN, and OprM.

4.3. Membrane Protein Stabilization with Amphipols

BNAPols (biotinylated non-ionic amphipols) were synthesized by free radical telomer-
ization of an amphiphilic monomer, carrying two glucose moieties and a single undecyl
alkyl chain, in the presence of a thiol-based transfer agent bearing a single azido group. The
biotin function was subsequently connected to the polymer through a Huisgen cycloaddi-
tion as previously described [43]. The BNAPol used in the study had an average molecular
mass of ~14.9 kDa and a number-average degree of polymerization of ~20. The extent of
grafting of the biotin group was estimated to be ~40% per polymer chain. The membrane
protein solution was mixed with BNAPol solution at a 2:1 BNAPol:membrane protein
mass ratio for 2 h at 4 ◦C in a 10 mM Tris/HCl, pH 7.4, 100 mM NaCl 0.01% NaN3, and
0.02% DDM buffer. Detergent was removed by the addition of SM2 Bio-beads with gentle
shaking for 3 h at 4 ◦C. After centrifugation, the mixture was subjected to size-exclusion
chromatography (Superdex 200 PC 3.2/30) equilibrated with 10 mM Tris/HCl, pH 7.4,
100 mM, NaCl 0.01% NaN3 buffer at 0.05 mL min−1.

4.4. Binding Analysis Using BLI

Each binding assay was performed with BLItz™ device (ForteBio Inc., Fremont, CA,
USA) at room temperature in 10 mM Tris/HCl, pH 7.4 100 mM NaCl 0.01% NaN3, and
0.05% DDM buffer. OMFs and MexB, stabilized into BNAPols, were immobilized on SAX
biosensors and exposed to a range of MexA concentrations from 0 to 200 µM. BLItz Pro™
software (version 1.2.1.5, ForteBio Inc. Fremont, CA, USA) was used to fit the curves and to
process the data.

4.5. Formation of Tripartite Complexes

POPC lipids were dissolved in chloroform, then dried under vacuum using a rotatory
evaporator. The lipid film was suspended in the reconstitution buffer (10 mM Tris/HCl,
pH 7.4, 100 mM NaCl) and subjected to 6 rounds of 5′ sonication at 5 watts. Lipid concen-
tration was quantified by phosphate analysis [44].

Tripartite complexes were assembled according to the protocol previously described [33]
with slight modifications. Briefly, insertion of OMFs (i.e., OprM, OprN, TolC) in nanodiscs
and MexB in nanodiscs using MSP1D1 and MSP1E3D1, respectively, was performed as
follows. OMF and MexB solutions were mixed with POPC liposomes and MSP solution
at a final lipid/MSP/protein molar ratio of 23:1:0.6 for OMFs (except for TolC, 31:1:2.4)
and 32:1:0.5 for MexB in a 10 mM Tris/HCl, pH 7.4, 100 mM NaCl and 15 mM Na-cholate
solution. Detergent was removed by the addition of SM2 Bio-Beads into the mixture shaken
overnight at 4 ◦C. Tripartite complexes were assembled in vitro by mixing the OMF and
MexB solution with MexAwt or MexAQ93R solution, at a MexA:MexB:OMF ratio of 10:1:1
in 10 mM Tris/HCl, pH 7.4, 100 mM NaCl 0.01% NaN3 and 0.02% DDM buffer. Mixtures
were incubated at 20 ◦C shaking for 7 days before EM grid preparation.
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4.6. Analysis of MexA Oligomerisation State

MexAwt and MexAQ93R in purification buffer were subjected to size-exclusion chro-
matography on a Superdex 200 PC 3.2/30 column, equilibrated with 10 mM Tris/HCl,
pH 7.4, 100 mM NaCl 0.01% NaN3 and 0.05% DDM buffer at 0.05 mL min−1.

4.7. Electron Microscopy Acquisition and Image Analysis

For EM grid preparation, a diluted mixture of the sample suspension was deposited
on a glow-discharged carbon-coated copper 300 mesh grids and stained with 2% uranyl
acetate (w/v) solution. Images were acquired on a Tecnai F20 electron microscope (Ther-
moFisher Scientific, Waltham, MA, USA)) operated at 200 kV using an Eagle 4k_4k camera
(ThermoFisher Scientific). Image alignment and two-dimensional averages were performed
with Eman2 [45] using a reference-free alignment procedure. For MexAQ93R, MexA-MexB-
OprM, MexAQ93R-MexB-OprM, MexAQ93R-MexB-TolC, and MexA-MexB-OprM∆473−485, a
total of 11,572, 19,260, 46,145, 1191, and 14,025 particles, respectively, were automatically
selected and processed for class averaging. For MexAQ93R-MexB-OprN, 1236 particles
were manually selected and processed like the others. For assessing the occurrence of
tripartite complexes, 150 micrographs were randomly collected per grid. The number
of complexes was estimated by manual picking on a set of 50 micrographs. The exper-
iment was conducted in triplicate and expressed as the mean and standard error of the
mean (sem).

4.8. Model Simulation and Score Evaluation

The SymmDock server [37,46] was used to produce C6 hexamer MexAwt (PDB: 6TA5)
and MexAQ93R after mutating Q93 to R93 with Discovery Studio Visualizer (BIOVIA,
San Diego, CA, USA). MexAQ93A and MexAD113A hexamers were generated using the
same procedure. The PatchDock server [37] was used to simulate MexA hexamer-OMF
trimer assembly, with fully rigid multimers. The FireDock algorithm allowed a refinement
of the obtained complexes and estimated the binding energy (Figure S3). During this
refinement, the previous complex is modified in order to enhance the interface between the
proteins. OprN (PDB: 5IUY) was modeled in an open state with Modeller [47], based on
OprM (6TA5 chain A). OprM, modeled OprN, and TolC (PDB: 5NG5) were symmetrized
with SymmDock before being submitted to PatchDock. MexX and MexE monomeric
chains were obtained from the I-TASSER server and submitted to SymmDock to generate
a hexameric form. Examination of the proximity between pairs of residues in adjacent
chains was examined and K102 and E122 in MexX and R97 and E128 in MexE presented
possible interactions.

4.9. Measurement of Antibiotic Susceptibility

The complete coding sequence corresponding to the operon mexA-mexB-oprM from
P. aeruginosa PAO1 (472024–477790) (Accession No. GCF_000006765.1) was amplified
by high-fidelity PCR and cloned into the pUCP24 plasmid by assembly. Then, specific
mutations (D113A, Q93R, and D113A + Q93R) were inserted by site-directed mutagenesis
following the recommendations of the supplier (New England Biolabs France, Evry, France).
Recombinant plasmids were transferred into E. coli-competent cells (DH10B) by heat shock
and cultured at 30 ◦C to avoid unspecific recombination. The sequence of the cloned and
mutated mexA-mexB-oprM was verified by Sanger sequencing. Recombinant plasmids
were then transferred into the PAO1 strain by electroporation. The recombinant strains
were selected on MH medium supplemented with 10 µg/mL gentamicine. The mutated
plasmid-borne efflux system was compared with the wild-type plasmid-borne one to assess
the impact of the mutations. MICs to ticarcillin and aztreonam were performed following
CLSI recommendations.
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5. Conclusions

In conclusion, we provide evidence that the OMF selectivity does not rely only on
molecular determinants of the tip-to-tip OMF–PAP interface described in the tripartite com-
plexes, but also on additional molecular determinants on PAP and OMF that allosterically
modulate the formation of tripartite complexes. Further investigations are needed to fully
elucidate the molecular mechanisms underlying the formation of RND tripartite complexes.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/antibiotics11020126/s1, Figure S1: Association/dissociation curves for the loading of OprM
onto the streptavidin biosensor, Figure S2: Alignment of primary sequences of several PAPs from
P. aeruginosa, Figure S3: Model simulation of PAP hexamer and OMF–PAP complex, Table S1: Details
about average images from 2D classification of tripartite complexes and MexAQ93R, Table S2: Hexamer
assembly of MexA and variant modelled by SymmDock, Table S3: Scoring of OMF–MexA interaction.
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Abstract: The RND family efflux pump AcrAB-TolC in E. coli and its homologs in other Gram-
negative bacteria are major players in conferring multidrug resistance to the cells. While the structure
of the pump complex has been elucidated with ever-increasing resolution through crystallography
and Cryo-EM efforts, the dynamic assembly process remains poorly understood. Here, we tested
the effect of overexpressing functionally defective pump components in wild type E. coli cells to
probe the pump assembly process. Incorporation of a defective component is expected to reduce
the efflux efficiency of the complex, leading to the so called “dominant negative” effect. Being one
of the most intensively studied bacterial multidrug efflux pumps, many AcrA and AcrB mutations
have been reported that disrupt efflux through different mechanisms. We examined five groups of
AcrB and AcrA mutants, defective in different aspects of assembly and substrate efflux. We found
that none of them demonstrated the expected dominant negative effect, even when expressed at
concentrations many folds higher than their genomic counterpart. The assembly of the AcrAB-TolC
complex appears to have a proof-read mechanism that effectively eliminated the formation of futile
pump complex.

Keywords: RND pump; dominant negative effect; assembly; protein-protein interaction; mutation

1. Introduction

Antimicrobial resistance, especially multidrug resistance in bacterial pathogens, is
among the top 10 global threats to humanity [1]. Among the large array of different defense
mechanisms adapted by bacteria, the overexpression of efflux pumps has a significant role
in conferring multidrug resistance. AcrAB-TolC is one of the most extensively studied
efflux pump systems in Gram-negative bacteria, playing a crucial role in the multidrug re-
sistance in bacteria such as Eshcherichia coli [2–4]. AcrAB-TolC is a member of the resistance
nodulation division (RND) superfamily. AcrAB-TolC efflux pump confers resistance to a
broad spectrum of antimicrobial compounds including β-lactams, tetracycline, novobiocin,
and fluroquinolones [5,6]. This tripartite efflux transporter consists of three major protein
components [7,8], an outer membrane channel TolC, a periplasmic adaptor protein (PAP)
AcrA, and an inner membrane proton-driven antiporter AcrB [9–12]. TolC forms a channel
that spans the outer membrane and acts as the exit pathway of substrates translocated
from the inner membrane and the periplasmic space. AcrA has function in stabilizing
the connection between the two membrane components TolC and AcrB [13,14]. The RND
transporter protein AcrB is responsible for substrate recognition and energy transduction.
Upon binding of a substrate, AcrB uses the energy from the proton flow down its concen-
tration gradient through a proton translocation pathway in the transmembrane domain to
drive the conformational change necessary to move the substrate upward toward the exit
tunnel [4,15]. TolC is shared by several efflux systems, hence E. coli strains deficient in TolC

33



Antibiotics 2021, 10, 830

are more sensitive to a wider variety of chemicals (e. g. detergents, drugs, bile salts, and
organic solvents) [16,17].

With the dedication of many research groups, the structure and mechanism of drug
efflux by the RND pumps have been brought to light. The first crystal structure of the
pump component was determined for TolC by Koronakis et al. [18] in 2000. TolC is a
trimer with an overall length of 140 Å with 40 Å in the β-barrel domain mainly composed
of β strands, and 100 Å in the periplasmic domain mainly composed of α-helices. The
periplasmic end of the TolC tunnel is sealed at the resting state, which likely opens by
an allosteric protein–protein interaction mechanism [19]. In 2002, Murakami et al. first
reported the crystal structure of AcrB, followed by the proposal of the functional rotation
mechanism [20–22]. Later in 2006, Mikolosko and coworkers determined the crystal
structure of AcrA. In contrast to the trimeric TolC and AcrB, AcrA forms a hexamer in
the pump assembly [23]. The assembled pump structure was first proposed as the “deep
interpenetration model”, which shows that AcrB and TolC have direct interactions with
AcrA wrapped around on the outside to strengthen the interaction [24]. More recently,
Wang et al. proposed a new model based on Cryo-EM studies, known as the “tip-to-tip
model”. In this model, AcrA hairpins form a barrel-like conformation, contacting TolC in
a tip-to-tip arrangement [25,26]. The recent determination of the complex structure first
by cryo-EM, then by X-ray crystallography, confirmed the tip-to-tip model [7,19,20,27–30].
Energy does not seem to be required to assemble the AcrAB-TolC complex and AcrAB
could interact with the TolC channel to form a AcrAB-TolC complex even in the absence of
known substrate [31]. The dynamic process that leads to the formation of the complex is
still elusive.

The dominant negative effect describes the phenomena in which an excess of a func-
tionless mutant of a protein in the presence of its wild type counterpart, reduces the
observed activity due to competition from the mutant for interaction with functional part-
ners of the protein of interest. In the AcrAB-TolC complex, over-expression of functionless
AcrB or AcrA mutant in wild type E. coli strains is expected to drastically reduce the
assembly of functional efflux complex, and thus reduce the efflux activity and increase
the sensitivity to substrate compounds. However, we tested the overexpression of several
functionally defective mutants in the wild type E. coli strain, but did not observe the ex-
pected level of reduction. We speculate that the assembly of the AcrAB-TolC is a precisely
controlled process involving delicate proof-reading procedures.

2. Results
2.1. AcrB Mutants Defective in Proton Transport

Several key residues have been identified in the AcrB transmembrane domain, forming
the proton translocation pathway [20,30,32–38]. We have created single alanine replacement
mutations at each of these sites to obtain mutants AcrB-D407A, AcrB-D408A, AcrB-K940A,
AcrB-T978A, and AcrB-R971A [34,37]. The plasmid encoding of these mutants was first
transformed into the BW25113∆acrB strain to examine their efflux activity (Table 1). As
expected, the minimum inhibitory concentrations (MICs) of most examined substrates
against the strains containing the mutants were the same as those against the strains
without plasmids. The only mutant that displayed significant activity is T978A, which
remained partially active. As a positive control, we showed that transformation with a
plasmid encoding the wild type AcrB completely restored the efflux activity with MIC
values similar to a wild type BW25113 strain. Next, we transformed these plasmids into
the wild-type BW25113 strain and measured the MIC. We expected the AcrB mutants to
compete with the genomic AcrB in binding and interaction with genomic AcrA and/or
TolC, thus reduce the number of functional efflux complexes and subsequently the drug
susceptibility. However, we observed a two-fold reduction of MIC value in some cases,
and no reduction in others, which is consistent with an earlier study reporting the modest
reduction of substrate susceptibility when AcrB-D407A was over-expressed in a wild -type
E. coli strain (Table 1) [39].
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Table 1. MIC values (µg/mL) of BW25113 or BW25113∆acrB strains containing the indicated plasmid encoding AcrB
mutants defective in proton translocation pathway.

Substrate 1 NOV ERY TPP EtBr R6G NA

BW25113∆acrB
containing

/ 4 4 4 8 8 1
WT 128 64 256 128 256 4

D407A 4 4 4 8 8 ND
D408A 4 4 4 8 8 ND
K940A 8 4 4 8 8 ND
R971A 8 4 4 8 16 ND
T978A 8 8 16 32 128 ND

BW25113
containing

/ 256 64 1024 512 1024 4
WT 512 128 1024 512 1024 4

D407A 128 64 1024 256 512 4
D408A 128 64 1024 512 1024 4
K940A 256 64 1024 512 1024 4
R971A 128 32 1024 512 1024 4
T978A 256 64 1024 512 1024 2

1 NOV, novobiocin. ERY erythromycin, TPP tetraphenylphosphonium, EtBr ethidium bromide. R6G, rhodamine 6G, NA, nalidixic acid.
ND, not determined.

We conducted the MIC assay under the basal expression condition without induction
to avoid the potential artifact that may arise from over-expression. To examine how
much of each mutant actually expressed under the basal condition, we prepared samples
from BW25113 containing different plasmids, and compared the expression level from the
plasmid to the level of genomic AcrB. Even without induction, under our experimental
condition, the plasmid-encoded mutants were expressed at a much higher level (5–20 folds
higher) compared to the level of the genomic AcrB (Figure 1a). This result indicates that the
lack of impact on drug susceptibility is not due to the lack of expression. Even presented at
a large excess, the mutants were not effective in disrupting the normal efflux activity.

Single mutations on the proton relay pathway do not significantly affect the overall
structure of AcrB. The crystal structure of a couple of these mutants have been determined
using X-ray crystallography [34,40]. All mutants form trimeric structures similar to those in the
wild-type AcrB [34]. To examine if a mutant defective in proton translocation could still bind
AcrA, we used two inter-subunit disulfide bonds as our yardsticks to probe the interaction
between AcrA and AcrB. We first constructed a plasmid expressing both AcrA and AcrB
(pBAD33-AcrAB), then introduced a pair of cysteines, one in AcrA and the other in AcrB: AcrA-
P57C/AcrB-N191C, and AcrA-T217C/AcrB-S258C. These residues are predicted to be close to
each other according to the “Disulfide by Design 2.0” (http://cptweb.cpt.wayne.edu/DbD2/
(accessed on 6 January 2019)) [41]. The formation of disulfide bond linked AcrA-AcrB complex
was confirmed using anti-AcrA and anti-AcrB Western blot (Figure 1b). A high molecular
weight complex could be detected in both blots, which disappeared upon incubation with β-
mercaptoethanol (BME). The disulfide bond-linked species migrated slightly differently in the
gel, likely due to differences in the conformations of the two complexes under the gel running
condition. Mutation and disulfide bond formation did not significantly impair efflux activity,
as revealed in the MIC measurement (Table 2). Next, we introduced the D408A mutation into
both constructs to examine the effect of this additional mutation on the formation of disulfide
bond linked AcrA-AcrB complex. If the D408A mutation had a significant impact on the
interaction between AcrB and AcrA, we expect to see a reduction of the intensity of the high
molecular weight AcrA-AcrB complex. As shown in Figure 1c, disulfide bond formation was
to a similar level in both constructs, suggesting that the additional D408A mutation did not
have a significant impact on AcrA-AcrB interaction.

35



Antibiotics 2021, 10, 830

Antibiotics 2021, 10, x FOR PEER REVIEW 4 of 17 
 

AcrA-AcrB complex. If the D408A mutation had a significant impact on the interaction 

between AcrB and AcrA, we expect to see a reduction of the intensity of the high molecu-

lar weight AcrA-AcrB complex. As shown in Figure 1c, disulfide bond formation was to 

a similar level in both constructs, suggesting that the additional D408A mutation did not 

have a significant impact on AcrA-AcrB interaction. 

To examine if the additional expression of AcrA from the same plasmid as the AcrB-

D408A have any impact on the competition with the genomic AcrB, we introduced plas-

mid pBAD33-AcrAB-D408A into the wild type BW25113 strain and examined the MIC. 

Both AcrA and AcrB-D408A expressed at levels much higher than their genomic counter-

parts (Figure 1d), and yet, no dominant negative effect was observed (Table 2). 

 

Figure 1. Characterization of mutants defective in the proton translocation pathway. (a) The point 

mutation did not affect expression level. Anti-AcrB Western blot analysis of the expression of all 

five mutants and the wild-type AcrB from plasmid transformed into BW25113. Sample prepared 

from plasmid-free BW25113 (\) was also prepared and loaded to serve as a control to highlight the 

difference in expression levels. (b) Anti-AcrB and Anti-AcrA Western blot analyses revealing the 

formation of disulfide bonded AcrA-AcrB complexes, which was reduced after incubation with 

BME. AcrA-P57C/AcrB-N191C (lane 1 and 3), AcrA-T217C/AcrB-S258C (lane 2 and 4). (c) Similar to 

b, with the additional D408A mutation introduced into the constructs. AcrA-P57C/AcrB-

N191C/AcrB-D408A (lane 1 and 3), AcrA-T217C/AcrB-S258C/AcrB-D408A (lane 2 and 4). Molecular 

weight markers are labeled as “M” and the molecular weight of bands (kD) were indicated on the 

right. The expected bands for AcrA, AcrB, and disulfide bond linked AcrA-AcrB are marked on the 

left of the gels as A, B, and AB, respectively. (d) Anti-AcrB (left) and anti-AcrA (right) Western blot 

analysis of BW25113 expressing plasmid pBAD33-AcrAB (WT) or pBAD33-AcrAB-D408A (D408A). 

Figure 1. Characterization of mutants defective in the proton translocation pathway. (a) The point
mutation did not affect expression level. Anti-AcrB Western blot analysis of the expression of all
five mutants and the wild-type AcrB from plasmid transformed into BW25113. Sample prepared
from plasmid-free BW25113 (\) was also prepared and loaded to serve as a control to highlight the
difference in expression levels. (b) Anti-AcrB and Anti-AcrA Western blot analyses revealing the
formation of disulfide bonded AcrA-AcrB complexes, which was reduced after incubation with BME.
AcrA-P57C/AcrB-N191C (lane 1 and 3), AcrA-T217C/AcrB-S258C (lane 2 and 4). (c) Similar to b,
with the additional D408A mutation introduced into the constructs. AcrA-P57C/AcrB-N191C/AcrB-
D408A (lane 1 and 3), AcrA-T217C/AcrB-S258C/AcrB-D408A (lane 2 and 4). Molecular weight
markers are labeled as “M” and the molecular weight of bands (kD) were indicated on the right. The
expected bands for AcrA, AcrB, and disulfide bond linked AcrA-AcrB are marked on the left of the
gels as A, B, and AB, respectively. (d) Anti-AcrB (left) and anti-AcrA (right) Western blot analysis of
BW25113 expressing plasmid pBAD33-AcrAB (WT) or pBAD33-AcrAB-D408A (D408A). Samples
prepared from BW25113 not containing plasmid was used as the control (/). For anti-AcrA Western
blot, plasmid-containing samples were diluted 4-fold before being loaded into the gel.
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Table 2. MIC values (µg/mL) of BW25113 and BW25113∆acrAB strains containing the indicated plasmid encoding gene for
both AcrA and AcrB.

Substrate NOV ERY TPP EtBr R6G

BW25113∆acrAB containing
/ 4 4 8 4 16

WT 32 32 128 128 32
AcrA/AcrB-D408A 4 2 8 8 8

AcrAP57C/AcrBN191C 32 16 64 64 32
AcrA-T217C/AcrB-S258C 64 16 128 128 32

BW25113 containing
/ 256 32 1024 512 512

AcrAB-WT 256 64 1024 512 1024
AcrAB-D408A 256 32 1024 512 512

To examine if the additional expression of AcrA from the same plasmid as the AcrB-
D408A have any impact on the competition with the genomic AcrB, we introduced plasmid
pBAD33-AcrAB-D408A into the wild type BW25113 strain and examined the MIC. Both
AcrA and AcrB-D408A expressed at levels much higher than their genomic counterparts
(Figure 1d), and yet, no dominant negative effect was observed (Table 2).

2.2. AcrB Mutants Defective in Substrate Binding

One feature of the AcrAB-TolC complex that has drawn much research interest is their
ability to efflux a large array of substrates ranging broadly in molecular weight, charge,
and hydrophobicity. Many mutations have been introduced in the substrate binding pocket
in AcrB to probe their impact on the efflux of different substrates [30,42]. We chose three
such mutants to include in this study, F610A, I278A, and F178A, since they were reported
to have the most significant impact on efflux. First, plasmids containing single residue
mutations at these sites were introduced into BW25113∆acrB to examine their activities
(Table 3). While the F610A mutant is largely inactive, both F178A and I278A remained
partially active, which is consistent with previous reports [43]. It is clear that in general,
single point mutations introduced at the substrate binding site are not as detrimental
as mutations introduced in the proton translocation pathway. This is reasonable when
considering several residues collectively form a substrate binding site, while the proton
translocation pathway is more linear.

Table 3. MIC values (µg/mL) of BW25113 and BW25113∆acrB strains containing the indicated plasmid encoding AcrB
mutants defective in substrate binding.

Substrate NOV ERY TPP EtBr R6G NA

BW25113∆acrB containing
/ 4 4 4 8 8 1

WT 128 64 256 128 256 4
F610A 8 8 64 32 128 ND
F178A 64 8 128 128 256 ND
I278A 32 32 128 128 128 ND

BW25113 containing
/ 256 64 1024 512 1024 4

WT 512 128 1024 512 1024 4
F610A 512 64 1024 512 1024 2
F178A 512 64 1024 512 1024 4
I278A 512 64 1024 512 1024 4

Next, plasmids encoding these mutations were transformed into BW25113 to deter-
mine their impact on efflux activity. Similar to proton relay pathway mutants, the MIC
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values of the strain were not significantly affected (Table 3). The presence of AcrB mutants
defective in substrate binding does not display the dominant negative phenotype either.

Next, we examined the expression of these mutants under the basal condition (Figure 2a).
Similar as described above, the plasmid-encoded mutants were expressed at a much higher
level compared to the level of the genomic AcrB, indicating that the lack of impact on MIC is
not due to the lack of expression.
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Figure 2. Characterization of AcrB mutants defective in substrate binding. (a) The point mutation did
not affect expression level. Anti-AcrB Western blot analysis of basal expression of all three mutants
and the wild type AcrB from plasmid transformed into BW25113. Sample prepared from plasmid-
free BW25113 (\) was also prepared and loaded to serve as a control to highlight the difference
in expression levels. (b) Anti-AcrB and Anti-AcrA Western blot analyses revealing the formation
of disulfide bonded AcrA-AcrB complexes, which was reduced after incubation with BME. AcrA-
P57C/AcrB-N191C, F610A is in lane 1 and 3, and AcrA-T217C/AcrB-S258C, F610A in lane 2 and 4.
Molecular weight markers are labeled as “M” and the molecular weight of bands (kD) were indicated
on the right. The expected bands for AcrA, AcrB, and disulfide bond linked AcrA-AcrB are marked
on the left of the gels as A, B, and AB, respectively.

To determine if a mutation in the substrate binding pocket of AcrB (F610A) affects
interaction between AcrB and AcrA, we used the disulfide bond pairs as described above
and introduced an additional AcrB F610A mutation (Figure 2b). Similar as in Figure 1b,
AcrA-AcrB complexes were observed, similar as in samples without the F610A mutation,
suggesting that the AcrB F610A mutant still binds with AcrA.

2.3. AcrA Mutant Defective in TolC Interaction

AcrA is the periplasmic adaptor protein of the efflux system. While debate still exists
concerning the conformation of AcrA in the final assembled pump, it was clear that several
residues at the tip of its long α-helical hairpin loop play an important role in the interaction
with TolC [44]. We created three such mutants, R128D, L132D, and S139D, and introduced
plasmids encoding these mutants first into BW25113∆acrA to confirm that they are not
active (Table 4). As expected, the mutants were largely inactive. The plasmids were
then transformed into BW25113 and substrate susceptibility of the strains were measured.
Similar to the AcrB mutants, we did not observe the dominant negative effect.
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Table 4. MIC values (µg/mL) of BW25113 and BW25113∆acrA strains containing the indicated
plasmid encoding AcrA mutants.

Substrate NOV ERY TPP R6G NA

BW25113∆acrA containing
/ 4–8 2 4 4 1

WT 64 32 256 128 4
L132D 8 2 4 4 ND
R128D 4 2 4 4 ND
S139D 4 2 8–16 4 ND
A113D 64 4 32 16 ND
A155D 8 4 8 4 ND

A113D, A155D 8 2 8 4 ND
L50C 32 8 32 32 ND
I52C 32 4 16 32 ND

E229C 32 4 32 16 ND
R225C 16 8 64 16 ND

L50C, R225C 4 8 8 4 ND
I52C, R225C 4 4 8 8 ND
I52C, E229C 4 2 4 4 ND

BW25113 containing
/ 512 64 1024 512 4

R128D 512 64 1024 512 4
L132D 512 64 1024 512 4
S139D 256 64 1024 512 4
A113D 512 64 1024 512 4
A155D 512 64 1024 512 4

A113D, A155D 512 64 1024 512 4
L50C 512 64 1024 512 4
I52C 256 64 1024 512 4

E229C 512 64 1024 256 4
R225C 512 64 1024 512 4

L50C, R225C 512 64 1024 256 4
I52C, R225C 512 128 1024 512 4
I52C, E229C 512 128 1024 512 4

Next, we examined the expression of AcrA from the plasmids. As discussed above for
AcrB mutants, we did not induce expression. Both the MIC study and the expression level
detection experiments were performed under the basal expression condition. Expressions
of the mutants (R128D, L132D, S139D) were higher than the expression level of the genomic
AcrA (Figure 3a). To make the sample intensity comparable on the Western blot analysis,
samples prepared from plasmid-containing strains were diluted 4-fold before being loaded
into the gel. Thus, the expression levels of the mutant AcrA constructs were 10–20 folds
higher than the expression level of the wild type AcrA from the genome. While these
mutants had been studied for their impact on interaction with TolC, it was not clear if
they would have an impact on binding with AcrB. We used the double Cys mutants as
described above to probe the interaction between AcrA-R128D and AcrB (Figure 3b). This
extra mutation did not seem to disrupt the interaction between AcrA and AcrB.
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Figure 3. Characterization of AcrA mutants defective in TolC interaction. (a) Anti-AcrA Western
blot analysis of samples prepared from BW25113 containing plasmids expressing the indicated AcrA
mutant (diluted 4- folds). Sample prepared from plasmid-free BW25113 was also prepared and
loaded without dilution (\) to serve as a control to highlight the difference in expression levels.
(b) Anti-AcrB and Anti-AcrA Western blot analyses revealing the formation of disulfide bonded
AcrA-AcrB complexes, which was reduced after incubation with BME. AcrA-P57C/AcrB-N191C,
R128D (lane 1 and 3), AcrA-T217C/AcrB-S258C, R128D (lane 2 and 4). Molecular weight markers are
labeled as “M” and the molecular weight of bands (kD) were indicated on the right. The expected
bands for AcrA, AcrB, and disulfide bond linked AcrA-AcrB are marked on the left of the gels as A,
B, and AB, respectively.

2.4. AcrA Mutant Defective in AcrA Assembly

According to the cryo-EM structure of the complex, AcrA forms a hexameric barrel,
with each subunit contributing a long helical hairpin. We speculate that mutations intro-
duced at neighboring sites between the hairpins would disrupt the interaction between
neighboring AcrA subunits, and thus disrupt the formation of the helical barrel. We chose
two sites to introduce mutation, A113 and A155. They are located at the inter-subunit
interface in the middle of the long hairpin. We created both single and double mutants
containing A113D and A155D. Plasmids encoding these strains were first transformed into
BW25113∆acrA to examine the impact of the mutation on the efflux activity (Table 4). Both
mutations disrupted efflux, as revealed by a reduction of the MIC. The A155D mutation is
more detrimental than A113D. Both A155D and the double mutations A113D/A155D were
largely inactive. When transformed into BW25113, we still did not observe a significant
reduction of MIC. The expression levels of the mutants were examined to confirm that
mutants did express in excess compared to the level of the genomic AcrA under the exper-
imental condition. As shown in Figure 4a, the expression of the mutants was similar or
slightly higher than that of the genomic AcrA. We next used the inter-AcrA/AcrB disulfide
bond pairs to examine the impact of A155D mutation on the interaction between AcrA and
AcrB (data not shown). This additional mutation did not have a significant impact on the
level of disulfide bond formation, indicating that it did not disrupt the interaction between
AcrA and AcrB.
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Figure 4. Anti-AcrA Western blot analysis of samples prepared from BW25113 containing plasmids
expressing the indicated AcrA mutant (diluted 4-folds). Sample prepared from plasmid-free BW25113
was also prepared and loaded without dilution (\) to serve as a control to highlight the difference
in expression levels. (a) AcrA mutants are expected to affect AcrA–AcrA interaction during pump
assembly. (b) AcrA mutants forming intra-subunit disulfide bond to be trapped in an inactive
conformation. Addition of BME did not lead to an observable change in mobility.

2.5. AcrA Mutant Defective in Conformational Change

We created three pairs of defective AcrA mutants that are trapped in a nonfunctional
confirmation via a disulfide bond, L50C-R225C, I52C-R225C, and I52C-E229C [45]. Hazel
et al. first created these mutants to examine their hypothesis that AcrA adopts two confor-
mations, a cis-like conformation in which membrane proximal (MP) and α-helical domains
point to the same direction, and a trans-like conformation in which they point to opposite
directions. We created the corresponding single and double mutants and confirmed that
the double mutants were largely inactive when transformed into BW25113∆acrA (Table 4),
consistent with previous report. Yet, expression of these mutants in the BW25113 strain
did not have a significant impact on the efflux of AcrAB-TolC substrates. We have also
examined the expression of the mutants and confirmed that they were present in the cells
at a higher level than the genomic AcrA (Figure 4b).

2.6. AcrA Mutants in a Strain Containing Anchor-Free AcrA

Finally, we examined the potential contribution of the lipid anchoring of AcrA on
the stability of AcrA-AcrB interaction. Toward this goal, we engineered a BW25113 strain
(BW25113spmut) in which the signal peptide of AcrA (residue 1–24 encoded in the acrA
gene) in the genome was replaced with the signal peptide of OmpA. The OmpA signal
peptide directs the secretion of the AcrA to the periplasm after synthesis. The lipid
anchoring was abolished, but the activity of AcrA was not affected [13]. We reason
that removal of the lipid anchoring might favor dissociation of AcrA from AcrB in the
AcrA-AcrB complex, and thus providing an opportunity for the mutant AcrA, which
is lipid-anchored, to compete more effectively for binding with AcrB. We transformed
above-mentioned AcrA mutant into BW25113spmut and measured the MIC of the strains
(Table 5). We still did not observe a significant drop in efflux activity.
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Table 5. MIC values (µg/mL) of BW25113spmut strain containing the indicated plasmid encoding
AcrA mutants.

Substrate NOV ERY TPP R6G

/ 512 128 2048 1024
R128D 512 128 2048 1024
L132D 512 128 2048 1024
S139D 512 128 2048 512
A113D 512 128 2048 512
A155D 512 128 2048 512

A113D, A155D 512 128 2048 512
L50C, R225C 512 128 2048 512
I52C, R225C 512 128 2048 1024
I52C, E229C 512 128 2048 1024

2.7. Slow Dissociation of the AcrAB Complex

We speculate that the AcrAB complex, once formed, dissociates very slowly. To
experimentally test this speculation, we introduced a plasmid encoding AcrA bearing
a histag at the C-terminus (AcrA-his) into a wild-type and the corresponding acrA
knockout strains. We first confirmed that under our experimental condition, the
genomic AcrB could not be purified using metal affinity chromatography (Figure 5a).
In the absence of the plasmid, no AcrB could be detected in the eluate in anti-AcrB
Western blot. In contrast, when AcrA-his was introduced into the cells, AcrB could
be detected in the eluates, indicating that it was co-purified through interaction with
AcrA-his. Interestingly, the AcrB band intensity was higher in the eluate prepared from
the acrA knockout strain, indicating more AcrB were co-purified. Next, we examined
the time course of co-purification. The rationale is, in the wild-type strain, genomic
AcrB and AcrA form stable complexes. If the dissociation is fast, the introduced AcrA-
his will quickly compete with genomic AcrA to form a complex with AcrB, and in
turn enable purification of AcrB through metal affinity chromatography. Otherwise, if
the dissociation is slow, then it takes much longer for the competition to happen. We
monitored the formation of AcrAB complex between the genomic AcrB and plasmid-
expressed AcrA-his at three-time points, right after the induction period, and 5 and 17 h
after induction (Figure 5b). We performed crosslinking right before protein extraction
and purification to stabilize the complexes. As a control experiment, we also examined
the formation of the AcrAB complex between the genomic AcrB and plasmid-expressed
AcrA-his in an acrA gene knock-out strain. In this case, we do not expect competition
from the genomic AcrA; thus complex should form faster. We found that the formation
of the complex is plateaued much faster in the acrA knockout strain, as intensities of
the eluates prepared from 5 and 17 h into incubation were very similar. In contrast,
it took much longer for AcrB to interact with AcrA-his in the wild type strain, which
is likely due to the requirement of an extra step of AcrAB dissociation between the
genomic AcrA and AcrB.
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proprionate) (DSP) crosslinking was performed to stabilize the AcrAB complex before protein
purification. Reduction using dithiothreitol (DTT) breaks the disulfide bond in the linker of DSP and
the complex into AcrA and AcrB subunits. Molecular weight markers are labeled as “M”, and the
molecular weight of bands (kD) were indicated on the right. The expected bands for AcrB and DSP
linked AcrA-AcrB are marked on the left of the gels as B and AB, respectively.

3. Discussion

The dominant negative effect describes the situation in which the phenotype is domi-
nated by the negative impact of the functionless mutant. The observation of the dominant
negative effect has been used in many studies to investigate the mechanism of protein–
protein interaction, including the identification of protein–protein interactions interface [46],
determination of enzymatic activity related to oligomerization [47], and the effect of muta-
tions in genetic disorders [48,49].

In the process of AcrAB-TolC assembly, there are many steps where the incorporation
of a functionless AcrA or AcrB mutant would negatively impact the efflux activity. First, all
three proteins in the system are oligomers. AcrB and TolC are obligate timers, while AcrA
is believed to exist as a dimer or trimer in the free form and assembles into a hexamer in
the pump complex [13,50]. While AcrA and AcrB are believed to form a complex in the
absence of substrate and efflux, TolC assembles with AcrAB during active efflux. When
a functionless AcrA mutant is expressed in excess in a wild type E. coli cell containing
genomic AcrA, we expect them to compete with their genomic counterpart to engage
genomic AcrB, forming non-functional interactions to reduce the overall efflux activity.
Similarly, we expect functionless AcrB mutant expressed from a plasmid to compete with
genomic AcrB for genomic AcrA. In addition, we expect the competition for genomic
TolC will further enhance the dominant negative effect. For this competition to occur, we
chose mutants that are defective due to mechanisms not directly related to the interaction
between AcrA and AcrB. The structure of the AcrAB-TolC complex and location of mutants
mentioned in this study are shown in Figure 6. We determined the expression level of
the mutants relative to their genomic counterpart. Using serial dilution and quantitative
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Western blot analysis, we found that the expression levels of the AcrB mutants were
10–20 folds of the level of the genomic AcrB, and the AcrA mutants were 2 to 20 folds
of the level of the genomic AcrA. With this high level of excess, we expect to observe
a strong dominant-negative effect if the mutants were actively involved in the pump
assembly, competing for binding partners. We constructed five groups of AcrA and AcrB
mutants, defective in different aspects. We observed that the effect of certain mutations
was not always the same for different substrates. For example, T978A mutation in AcrB
is detrimental to all substrates tested except for R6G, while F178A mutation in AcrB
drastically reduced the MIC for ERY, but not as much for other substrates tested. This
difference in mutation effects has been observed in many studies characterizing AcrA and
AcrB mutants, for example, [23,42,45]. We speculate that this difference could be due to
differences in the binding and interaction of specific substrates with the pump complex.
The substrates vary drastically in their size, shape, structure, and charged state. As a result,
the subgroup of residues that they interact with on their way to be transported are not
likely to completely overlap. Therefore, point mutations introduced in AcrA and AcrB
could have different impacts on specific substrates.
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Figure 6. Structure of the AcrAB-TolC complex with the residues mutated in this study highlighted
in AcrA and AcrB structures. AcrA mutations labeled as; A1-L50C, A2-I52C, A3-P57C, A4-A113D,
A5-L132D, A6-S139D, A7-A155D, A8-T217C, A9-R225C, A10-E229C. AcrB mutations are labelled
as; B1-F178A, B2-I278A, B3-D407A, B4-D408A, B5-F610A, B6-K940A, B7-R971A, B8-T978A. AcrAB
crystal structure is created using pymol from 5N5G.pdb (https://pymol.org/2/ (accessed on 15
Marth 2021)).

Mutants defective in the proton translocation pathway still form trimers [34] and
interact properly with AcrA (Figure 1c). Then, was why no dominant negative effect
observed? One possibility is that the genomic AcrA and AcrB are transcribed together,
sharing the same mRNA. Hence, the newly produced AcrA and AcrB could be clustered
as well. As a result, the genomic AcrA and AcrB form a AcrAB complex as soon as they
are translated and inserted into the membrane (AcrB) or secreted into the periplasm with
lipid anchoring (AcrA). Since the local concentration of the genomic proteins are high, they
associate with each other with a much higher chance than associate with a plasmid-encoded
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partner. Another requirement for the observed activity is that the AcrAB complex, once
formed, should be resistant to dissociation. Otherwise, the high concentration of AcrB
mutant in the cell membrane would be effective in competing with genomic AcrB to form
a nonfunctional AcrAB complex.

We further examined the impact of over-expressing both AcrA and AcrB, in which
the entire sequence coding AcrA and AcrB were inserted in a plasmid. As a result, we
expect them to form AcrA-AcrBD408A complex to compete with plasmid encoded AcrAB
for genomic TolC. Yet, while the expression level of the complex was ~20 fold higher than
that of the genomic AcrAB, no significant reduction of MIC was observed. It appears that
TolC could differentiate the two complexes, even though the only difference between them
is the single residue mutation down in the transmembrane domain of AcrB.

The second group of AcrB mutants examined are defective in substrate binding.
These mutations are not expected to affect AcrB structure [42,51], nor do they impact the
interaction between AcrA and AcrB (Figure 2b). However, we did not observe a significant
reduction of MIC.

We also examined the effect of expressing AcrA mutants on the efflux activity. The
first group of residues we tested are ones that impact AcrA interaction with TolC, as they
are involved in the tip-to-tip interaction with TolC [44]. We confirmed that a representative
mutant in this group, R128D, still binds to AcrB (Figure 3b). Similarly, we expect the
expression of these mutants will lead to competition with genomic AcrA for genomic
AcrB, and the formation of a nonfunctional complex. However, no reduction of MIC was
observed. To further probe the interaction of AcrA and AcrB, we created a strain of E. coli
that is genetically modified to replace the signal peptide of AcrA with the signal peptide
of OmpA (BW25113spmut). The resultant AcrA can still be secreted into the periplasm
and is fully functional, but the lipid anchoring is lacking [13]. With this free-floating AcrA,
we expect the interaction between AcrA and AcrB to be weakened, which may increase
the competitiveness of the plasmid encoded AcrA, which is lipid anchored. Yet, we did
not observe a reduction of MIC when the functionless mutants were expressed in strain
BW25113spmut.

The next group of AcrA mutants contains changes at the inter-subunit interface of
AcrA to disrupt formation of the functional hexametric ring. While the A155D single
mutation was enough to completely abolish activity, expression of the protein in BW25113
did not lead to a reduction of MIC. Finally, we examine a group of AcrA that forms disulfide
bond locked conformation that is functionally incompatible. Again, similar as other groups,
over-expression of these mutants did not have a significant impact on MIC.

In conclusion, we examined the effect of plasmid-encoded AcrA and AcrB mutants in
wild type E. coli cells, to probe the potential disruption of normal AcrA-AcrB-TolC assembly
in the presence of excess mutants of AcrA or AcrB. To our surprise, none of the five groups
of mutants showed the so-called “dominant negative” effect. This observation indicates
that the RND pump assembly process in Gram-negative bacteria is a precisely controlled
process that prevents the formation of functionless complex. An alternate explanation is
the possibility that efflux depends on only a very small population of AcrAB-TolC pumps
active at a given moment, as the population of active AcrAB-TolC pumps was not detectable
in situ in E. coli [19]. If the majority of AcrAB and TolC in the cells are idle, then the effect
of over-expressing functionless mutant would be greatly limited. In addition, our results
suggest that dissociation kinetics of the AcrAB complex is very slow. Once formed, the
complex remains bound and does not dissociate easily.

4. Materials and Methods
4.1. Bacterial Strains, Plasmids, and Growth Conditions

Escherichia coli BW25113 and BW25113∆acrB were obtained from Yale E. coli genetic
resources. BW25113∆acrAB, BW25113∆acrA were constructed using the E. coli gene deletion
kit (Cat #K006, Gene Bridge) following the manufacturer’s protocol. Plasmids pBAD33-
AcrB and pBAD18-AcrA were created in our previous study [52]. To create the plasmid
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pBAD33-AcrAB, acrAB gene was amplified from genomic DNA of BW25113 and cloned
into pBAD33 by following the fast cloning method described previously by Li et al. [53].
Plasmids pBAD33-AcrB, pBAD33-AcrAB, and pBAD18-AcrA were used as the templates
to create respective mutations discussed below. Mutations were introduced using the
Quikchange site-directed mutagenesis kit following manufacturer’s instructions (Agilent,
Santa Clara, CA, USA). BW25113spmut, in which the signal peptide of AcrA was exchanged
with the signal peptide of outer membrane protein OmpA, was created using the CRISPR-
Cas9 system by following the published protocol [54]. Plasmids pTargetF and pCas were a
gift from Shen Yang (Addgene plasmid #62226 and #62225) [54]. Bacteria were cultured at
37 ◦C with shaking at 250 rpm in Luria broth (LB) media unless otherwise noted.

4.2. Drug Susceptibility Assay

The minimum inhibitory concentration (MIC) was determined for erythromycin, novo-
biocin, ethidium bromide (EtBr), rhodamine 6G (R6G), nalidixic acid, and tetraphenylphos-
phonium chloride (TPP) following the CLSI guidelines [55]. Briefly, overnight cultures of
the indicated strain were diluted to a final concentration of 105 CFU/mL in fresh Muller
Hinton Broth 2 (cation adjusted) media (Millipore Sigma, St. Louis, MO, USA) in a 48 well
microtiter plate containing the indicated compounds at two-fold serial dilutions. Plates
were incubated at 37 ◦C with shaking at 160 rpm for 17 h; the absorbance at 600 nm (OD600)
were measured to identify the lowest concentrations with no observable cell growth. All
experiments were repeated at least three times.

4.3. Protein Expression, SDS-PAGE and Western Blot Analysis

For expression test, 5 mL of cells were cultured overnight at 37 ◦C with shaking at
250 rpm. The next morning, the cell was inoculated with a 100-fold dilution into a 5 mL
fresh LB media supplemented with antibiotics and grow until ~OD600 1.0. Cells were
pelleted and resuspended in 1 mL phosphate buffer containing phenylmethylsulphonyl
fluoride (PMSF) (1:1000 dilution of a saturated ethanol solution) and sonicated for 1 min
followed by centrifugation for 10 min at 15,000 rpm. The supernatant was removed, and
cell pellets were resuspended in 0.1 mL PBS containing 2% Triton-X100. The samples
were incubated at room temperature with shaking for 45 min and centrifuged again for
10 min. The supernatant was used for SDS-PAGE and Western blot analysis. For studies
of disulfide bond formation, iodoacetamide (IAM) was added to a final concentration of
20 mM in all buffers. To reduce disulfide bond, β-mercaptoethanol (BME) was added to a
final concentration of 2% followed by incubation at room temperature for 30 min.

For AcrAB dissociation experiment, BW25113 or BW25113∆acrA containing plasmid
pBAD18-AcrA was cultured to the log phage (OD600 0.8) and arabinose was added to a
final concentration of 0.2% (w/v) to induce the expression of AcrA for 50 min. The cells
were then pelleted, washed, and resuspended with fresh LB. An aliquot of cell culture
was collected, pelleted, and stored at −20 ◦C. The rest of the cell culture was returned
to the shaker and cultured for 5 h, and another aliquot of sample was collected, pelleted,
and stored at −20 ◦C. The last sample was collected at 17 h. OD600 of the samples were
measured and used to adjust the sample volume collected to ensure that the same number
of cells were used for each time point. All pellets were resuspended and sonicated to lyse
the cells. After centrifugation, the pellet was extracted using PBS + 2% Triton for 2 h. The
mixtures were centrifuged again and the supernatants were incubated with Ni beads for
40 min, followed by washing with the same buffer supplemented with 50 mM imidazole,
and finally eluted with the same buffer supplemented with 500 mM imidazole. For DSP
crosslinking experiments, the cell pellet was washed and then resuspended in PBS buffer.
DSP was added to a final concentration of 1 mM, and the mixture was incubated at room
temperature for 30 min. To stop the reaction, a Tris-Cl buffer (pH 8.0) was added to a final
concentration of 20 mM. Cells were then pelleted, and proteins were purified similarly as
described above. To break the disulfide bond in DSP, DTT was added to the sample to a
final concentration of 10 mM.
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For Western blot analysis, after transferring to the PVDF membrane, protein bands
were detected using an Anti-AcrB polyclonal (Rabbit) antibody raised to recognize a C-
terminal peptide corresponding to residues number 1036–1045 [39] or Anti-AcrA antibody,
respectively. The membrane was then washed and incubated with an alkaline phosphatase
conjugated goat anti-rabbit secondary antibody. The BCIP/NBT (5-bromo-4-chloro-3’-
indolyphosphate and nitro-blue tetrazolium) solution was used to stain the membranes.
All experiments were repeated at least three times.

Author Contributions: Conceptualization, P.R., I.O. and Y.W.; methodology, P.R., I.O., L.Y., A.P., T.A.
and Y.W.; resources, Y.W.; data curation, P.R., I.O., L.Y. and Y.W.; writing—original draft preparation,
P.R., I.O. and Y.W.; writing—review and editing, L.Y., A.P., T.A. and Y.W.; supervision, Y.W.; project
administration, Y.W.; funding acquisition, Y.W. All authors have read and agreed to the published
version of the manuscript.

Funding: This research was funded by NIH grant number 1R56AI137020, 1R21AI142063-01, NIH/NHLBI
HL142640, and NIH/NIGMS GM132443, and NSF grant number CHE-1709381.

Data Availability Statement: The data presented in this study are available in the article.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. WHO. Antimicrobial resistance. Wkly. Epidemiol. Rec. Relev. Épidémiol. Hebd. 2000, 75, 336.
2. Krishnamoorthy, G.; Tikhonova, E.B.; Dhamdhere, G.; Zgurskaya, H.I. On the role of TolC in multidrug efflux: The function and

assembly of AcrAB-TolC tolerate significant depletion of intracellular TolC protein. Mol. Microbiol. 2013, 87, 982–997. [CrossRef]
3. Nikaido, H. Structure and mechanism of RND-type multidrug efflux pumps. Adv. Enzym. Relat. Areas Mol. Biol. 2011, 77, 1–60.

[CrossRef]
4. Yamaguchi, A.; Nakashima, R.; Sakurai, K. Structural basis of RND-type multidrug exporters. Front. Microbiol. 2015, 6, 327.

[CrossRef]
5. Du, D.; van Veen, H.W.; Murakami, S.; Pos, K.M.; Luisi, B.F. Structure, mechanism and cooperation of bacterial multidrug

transporters. Curr. Opin. Struct. Biol. 2015, 33, 76–91. [CrossRef]
6. Nishino, K.; Nikaido, E.; Yamaguchi, A. Regulation and physiological function of multidrug efflux pumps in Escherichia coli and

Salmonella. Biochim. Et Biophys. Acta Proteins Proteom. 2009, 1794, 834–843. [CrossRef]
7. Nikaido, H. Multidrug efflux pumps of gram-negative bacteria. J. Bacteriol. 1996, 178, 5853. [CrossRef]
8. Eswaran, J.; Koronakis, E.; Higgins, M.K.; Hughes, C.K.; Oronakis, V. Three’s company: Component structures bring a closer

view of tripartite drug efflux pumps. Curr. Opin. Struct. Biol. 2004, 14, 741–747. [CrossRef]
9. Eicher, T.; Seeger, M.A.; Anselmi, C.; Zhou, W.; Brandstätter, L.; Verrey, F.; Diederichs, K.; Faraldo-Gómez, J.D.; Pos, K.M.

Coupling of remote alternating-access transport mechanisms for protons and substrates in the multidrug efflux pump AcrB. Elife
2014, 3, e03145. [CrossRef]

10. Daury, L.; Orange, F.; Taveau, J.-C.; Verchère, A.; Monlezun, L.; Gounou, C.; Marreddy, R.K.; Picard, M.; Broutin, I.; Pos, K.M.;
et al. Tripartite assembly of RND multidrug efflux pumps. Nat. Commun. 2016, 7, 10731. [CrossRef]

11. Du, D.; Wang, Z.; James, N.R.; Voss, J.E.; Klimont, E.; Ohene-Agyei, T.; Venter, H.; Chiu, W.; Luisi, B.F. Structure of the AcrAB–TolC
multidrug efflux pump. Nature 2014, 509, 512–515. [CrossRef]

12. Kobylka, J.; Kuth, M.S.; Müller, R.T.; Geertsma, E.R.; Pos, K.M. AcrB: A mean, keen, drug efflux machine. Ann. N. Y. Acad. Sci.
2020, 1459, 38–68. [CrossRef]

13. Zgurskaya, H.I.; Nikaido, H. AcrA is a highly asymmetric protein capable of spanning the periplasm. J. Mol. Biol. 1999, 285,
409–420. [CrossRef]

14. Zgurskaya, H.I.; Weeks, J.W.; Ntreh, A.T.; Nickels, L.M.; Wolloscheck, D. Mechanism of coupling drug transport reactions located
in two different membranes. Front. Microbiol. 2015, 6, 100. [CrossRef]

15. Higgins, C.F. Multiple molecular mechanisms for multidrug resistance transporters. Nature 2007, 446, 749–757. [CrossRef]
16. Yen, M.R.; Peabody, C.R.; Partovi, S.M.; Zhai, Y.; Tseng, Y.H.; Saier, M.H. Protein-translocating outer membrane porins of

Gram-negative bacteria. Biochim. Biophys. Acta 2002, 1562, 6–31. [CrossRef]
17. Lobedanz, S.; Bokma, E.; Symmons, M.F.; Koronakis, E.; Hughes, C.; Koronakis, V. A periplasmic coiled-coil interface underlying

TolC recruitment and the assembly of bacterial drug efflux pumps. Proc. Natl. Acad. Sci. USA 2007, 104, 4612–4617. [CrossRef]
18. Koronakis, V.; Sharff, A.; Koronakis, E.; Luisi, B.; Hughes, C. Crystal structure of the bacterial membrane protein TolC central to

multidrug efflux and protein export. Nature 2000, 405, 914–919. [CrossRef] [PubMed]
19. Shi, X.; Chen, M.; Yu, Z.; Bell, J.M.; Wang, H.; Forrester, I.; Villarreal, H.; Jakana, J.; Du, D.; Luisi, B.F.; et al. In situ structure and

assembly of the multidrug efflux pump AcrAB-TolC. Nat. Commun. 2019, 10, 2635. [CrossRef] [PubMed]
20. Murakami, S.; Nakashima, R.; Yamashita, E.; Yamaguchi, A. Crystal structure of bacterial multidrug efflux transporter AcrB.

Nature 2002, 419, 587. [CrossRef] [PubMed]

47



Antibiotics 2021, 10, 830

21. Schulz, R.; Vargiu, A.V.; Collu, F.; Kleinekathöfer, U.; Ruggerone, P. Functional rotation of the transporter AcrB: Insights into drug
extrusion from simulations. PLoS Comput. Biol. 2010, 6, e1000806. [CrossRef] [PubMed]

22. Murakami, S.; Nakashima, R.; Yamashita, E.; Matsumoto, T.; Yamaguchi, A. Crystal structures of a multidrug transporter reveal a
functionally rotating mechanism. Nature 2006, 443, 173–179. [CrossRef]

23. Mikolosko, J.; Bobyk, K.; Zgurskaya, H.I.; Ghosh, P. Conformational flexibility in the multidrug efflux system protein AcrA.
Structure 2006, 14, 577–587. [CrossRef]

24. Symmons, M.F.; Bokma, E.; Koronakis, E.; Hughes, C.; Koronakis, V. The assembled structure of a complete tripartite bacterial
multidrug efflux pump. Proc. Natl. Acad. Sci. USA 2009, 106, 7173–7178. [CrossRef]

25. Wang, Z.; Fan, G.; Hryc, C.F.; Blaza, J.N.; Serysheva, I.I.; Schmid, M.F.; Chiu, W.; Luisi, B.F.; Du, D. An allosteric transport
mechanism for the AcrAB-TolC multidrug efflux pump. Elife 2017, 6, e24905. [CrossRef]

26. Marshall, R.L.; Bavro, V.N. Mutations in the TolC periplasmic domain affect substrate specificity of the AcrAB-TolC pump. Front.
Mol. Biosci. 2020, 7, 166. [CrossRef] [PubMed]

27. Murakami, S. Multidrug efflux transporter, AcrB—the pumping mechanism. Curr. Opin. Struct. Biol. 2008, 18, 459–465. [CrossRef]
[PubMed]

28. Nakashima, R.; Sakurai, K.; Yamasaki, S.; Nishino, K.; Yamaguchi, A. Structures of the multidrug exporter AcrB reveal a proximal
multisite drug-binding pocket. Nature 2011, 480, 565–569. [CrossRef] [PubMed]

29. Pos, K.M.; Schiefner, A.; Seeger, M.A.; Diederichs, K. Crystallographic analysis of AcrB. FEBS Lett. 2004, 564, 333–339. [CrossRef]
30. Seeger, M.A.; Schiefner, A.; Eicher, T.; Verrey, F.; Diederichs, K.; Pos, K.M. Structural asymmetry of AcrB trimer suggests a

peristaltic pump mechanism. Science 2006, 313, 1295–1298. [CrossRef]
31. Tikhonova, E.B.; Zgurskaya, H.I. AcrA, AcrB, and TolC of Escherichia coli form a stable intermembrane multidrug efflux complex.

J. Biol. Chem. 2004, 279, 32116–32124. [CrossRef] [PubMed]
32. Zhang, X.C.; Liu, M.; Han, L. Energy coupling mechanisms of AcrB-like RND transporters. Biophys. Rep. 2017, 3, 73–84. [CrossRef]

[PubMed]
33. Eicher, T.; Cha, H.-J.; Seeger, M.A.; Brandstätter, L.; El-Delik, J.; Bohnert, J.A.; Kern, W.V.; Verrey, F.; Grütter, M.G.; Diederichs, K.;

et al. Transport of drugs by the multidrug transporter AcrB involves an access and a deep binding pocket that are separated by a
switch-loop. Proc. Natl. Acad. Sci. USA 2012, 109, 5687–5692. [CrossRef]

34. Su, C.-C.; Li, M.; Gu, R.; Takatsuka, Y.; McDermott, G.; Nikaido, H.; Edward, W.Y. Conformation of the AcrB multidrug efflux
pump in mutants of the putative proton relay pathway. J. Bacteriol. 2006, 188, 7290–7296. [CrossRef]

35. Li, X.-Z.; Plésiat, P.; Nikaido, H. The challenge of efflux-mediated antibiotic resistance in Gram-negative bacteria. Clin. Microbiol.
Rev. 2015, 28, 337–418. [CrossRef] [PubMed]

36. Murakami, S.; Yamaguchi, A. Multidrug-exporting secondary transporters. Curr. Opin. Struct. Biol. 2003, 13, 443–452. [CrossRef]
37. Guan, L.; Nakae, T. Identification of Essential Charged Residues in Transmembrane Segments of the Multidrug Transporter MexB

ofPseudomonas aeruginosa. J. Bacteriol. 2001, 183, 1734–1739. [CrossRef]
38. Liu, M.; Zhang, X.C. Energy-coupling mechanism of the multidrug resistance transporter AcrB: Evidence for membrane potential-

driving hypothesis through mutagenic analysis. Protein Cell 2017, 8, 623–627. [CrossRef]
39. Lu, W.; Zhong, M.; Wei, Y. Folding of AcrB subunit precedes trimerization. J. Mol. Biol. 2011, 411, 264–274. [CrossRef]
40. Matsunaga, Y.; Yamane, T.; Terada, T.; Moritsugu, K.; Fujisaki, H.; Murakami, S.; Ikeguchi, M.; Kidera, A. Energetics and

conformational pathways of functional rotation in the multidrug transporter AcrB. Elife 2018, 7, e31715. [CrossRef]
41. Craig, D.B.; Dombkowski, A.A. Disulfide by Design 2.0: A web-based tool for disulfide engineering in proteins. BMC Bioinform.

2013, 14, 346. [CrossRef] [PubMed]
42. Bohnert, J.A.; Schuster, S.; Seeger, M.A.; Fähnrich, E.; Pos, K.M.; Kern, W.V. Site-directed mutagenesis reveals putative substrate

binding residues in the Escherichia coli RND efflux pump AcrB. J. Bacteriol. 2008, 190, 8225–8229. [CrossRef] [PubMed]
43. Kinana, A.D.; Vargiu, A.V.; Nikaido, H. Effect of site-directed mutations in multidrug efflux pump AcrB examined by quantitative

efflux assays. Biochem. Biophys. Res. Commun. 2016, 480, 552–557. [CrossRef] [PubMed]
44. Kim, H.-M.; Xu, Y.; Lee, M.; Piao, S.; Sim, S.-H.; Ha, N.-C.; Lee, K. Functional relationships between the AcrA hairpin tip region

and the TolC aperture tip region for the formation of the bacterial tripartite efflux pump AcrAB-TolC. J. Bacteriol. 2010, 192,
4498–4503. [CrossRef]

45. Hazel, A.J.; Abdali, N.; Leus, I.V.; Parks, J.M.; Smith, J.C.; Zgurskaya, H.I.; Gumbart, J.C. Conformational dynamics of AcrA
govern multidrug efflux pump assembly. ACS Infect. Dis. 2019, 5, 1926–1935. [CrossRef]

46. Torres, V.J.; McClain, M.S.; Cover, T.L. Mapping of a domain required for protein-protein interactions and inhibitory activity of a
Helicobacter pylori dominant-negative VacA mutant protein. Infect. Immun. 2006, 74, 2093–2101. [CrossRef]

47. Valente, L.; Nishikura, K. RNA binding-independent dimerization of adenosine deaminases acting on RNA and dominant
negative effects of nonfunctional subunits on dimer functions. J. Biol. Chem. 2007, 282, 16054–16061. [CrossRef]

48. Chevrier, L.; De Brevern, A.; Hernandez, E.; Leprince, J.; Vaudry, H.; Guedj, A.M.; De Roux, N. PRR repeats in the intracellular
domain of KISS1R are important for its export to cell membrane. Mol. Endocrinol. 2013, 27, 1004–1014. [CrossRef]

49. Mantovani, R.; Li, X.-Y.; Pessara, U.; Van Huisjduijnen, R.H.; Benoist, C.; Mathis, D. Dominant negative analogs of NF-YA. J. Biol.
Chem. 1994, 269, 20340–20346. [CrossRef]

50. Zgurskaya, H.I.; Nikaido, H. Cross-linked complex between oligomeric periplasmic lipoprotein AcrA and the inner-membrane-
associated multidrug efflux pump AcrB from Escherichia coli. J. Bacteriol. 2000, 182, 4264–4267. [CrossRef]

48



Antibiotics 2021, 10, 830

51. Soparkar, K.; Kinana, A.D.; Weeks, J.W.; Morrison, K.D.; Nikaido, H.; Misra, R. Reversal of the drug binding pocket defects of the
AcrB multidrug efflux pump protein of Escherichia coli. J. Bacteriol. 2015, 197, 3255–3264. [CrossRef]

52. Lu, W.; Chai, Q.; Zhong, M.; Yu, L.; Fang, J.; Wang, T.; Li, H.; Zhu, H.; Wei, Y. Assembling of AcrB trimer in cell membrane. J. Mol.
Biol. 2012, 423, 123–134. [CrossRef] [PubMed]

53. Li, C.; Wen, A.; Shen, B.; Lu, J.; Huang, Y.; Chang, Y. FastCloning: A highly simplified, purification-free, sequence-and ligation-
independent PCR cloning method. BMC Biotechnol. 2011, 11, 92. [CrossRef]

54. Jiang, Y.; Chen, B.; Duan, C.; Sun, B.; Yang, J.; Yang, S. Multigene editing in the Escherichia coli genome via the CRISPR-Cas9
system. Appl. Environ. Microbiol. 2015, 81, 2506–2514. [CrossRef]

55. Humphries, R.M.; Ambler, J.; Mitchell, S.L.; Castanheira, M.; Dingle, T.; Hindler, J.A.; Koeth, L.; Sei, K. CLSI methods development
and standardization working group best practices for evaluation of antimicrobial susceptibility tests. J. Clin. Microbiol. 2018,
56, e01934-17. [CrossRef] [PubMed]

49





Citation: Webber, A.; Ratnaweera, M.;

Harris, A.; Luisi, B.F.; Ntsogo

Enguéné, V.Y. A Model for Allosteric

Communication in Drug Transport

by the AcrAB-TolC Tripartite Efflux

Pump. Antibiotics 2022, 11, 52.

https://doi.org/10.3390/

antibiotics11010052

Academic Editor: Seok Hoon Jeong

Received: 29 November 2021

Accepted: 28 December 2021

Published: 1 January 2022

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

antibiotics

Article

A Model for Allosteric Communication in Drug Transport by
the AcrAB-TolC Tripartite Efflux Pump
Anya Webber 1 , Malitha Ratnaweera 2 , Andrzej Harris 1 , Ben F. Luisi 1,*
and Véronique Yvette Ntsogo Enguéné 1,*

1 Department of Biochemistry, University of Cambridge, Tennis Court Road, Cambridge CB2 1GA, UK;
anya.webber@costellomedical.com (A.W.); ams243@cam.ac.uk (A.H.)

2 Department of Oncology, MRC Weatherall Institute of Molecular Medicine, University of Oxford,
Oxford OX3 9DS, UK; malitha.ratnaweera@oncology.ox.ac.uk

* Correspondence: bfl20@cam.ac.uk (B.F.L.); yn286@cam.ac.uk (V.Y.N.E.)

Abstract: RND family efflux pumps are complex macromolecular machines involved in multidrug
resistance by extruding antibiotics from the cell. While structural studies and molecular dynamics
simulations have provided insights into the architecture and conformational states of the pumps, the
path followed by conformational changes from the inner membrane protein (IMP) to the periplasmic
membrane fusion protein (MFP) and to the outer membrane protein (OMP) in tripartite efflux
assemblies is not fully understood. Here, we investigated AcrAB-TolC efflux pump’s allostery
by comparing resting and transport states using difference distance matrices supplemented with
evolutionary couplings data and buried surface area measurements. Our analysis indicated that
substrate binding by the IMP triggers quaternary level conformational changes in the MFP, which
induce OMP to switch from the closed state to the open state, accompanied by a considerable increase
in the interface area between the MFP subunits and between the OMPs and MFPs. This suggests
that the pump’s transport-ready state is at a more favourable energy level than the resting state, but
raises the puzzle of how the pump does not become stably trapped in a transport-intermediate state.
We propose a model for pump allostery that includes a downhill energetic transition process from a
proposed ‘activated’ transport state back to the resting pump.

Keywords: allostery; antimicrobial resistance; conformational changes; efflux pump; energetic
transition; gram-negative bacteria; pump activation

1. Introduction

Antimicrobial resistance rates are rising: it is predicted that by 2050 there could be ten
million deaths per year due to drug-resistant infections [1]. Compounding the problem of
high resistance rates, the development of new antimicrobials has stalled due to research
and funding challenges [2,3]. Understanding the underlying mechanisms through which
pathogens develop resistance is key to meeting this growing health challenge [4]. In gram-
negative bacteria, an important multidrug resistance mechanism is the overexpression of
drug efflux pumps [5]. These pumps can export diverse antibiotics, preventing them from
reaching their cellular targets [6]. They also contribute to pathogenicity through extrusion
of molecules involved in bacterial toxicity, quorum sensing, and biofilm formation [7].
Despite the wide range of existing pumps among bacteria showing diverse structure and
activities, those systems share broad similarities including a potential requirement for
allosteric switching. Their functional importance make them attractive targets for inhibitors
design that either occlude or lock substrate binding sites or impede allosteric transitions [8].

Energy-dependent antibiotic efflux in bacteria was first identified more than forty
years ago [9], and, to date, six families of bacterial transporters have been found to be
involved in efflux [10]. These transporters are all localised in the inner membrane and—
with the exception of the ATP-binding cassette (ABC) transporter family (which hydrolyses
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ATP)—all act as secondary transporters, using electrochemical gradients to drive substrate
transport. Of the six identified families of bacterial transporters, members of the Resistance
Nodulation Division (RND), Major Facilitator Superfamily (MFS), and ABC transporter
families have all been found to form tripartite pump assemblies. A tripartite efflux pump,
beside the inner membrane component, contains an adaptor membrane fusion protein
(MFP), present in the periplasm, and an outer membrane protein (OMP). Together they
make up a transport channel spanning from the cytoplasm to the extracellular medium.
X-ray crystallography has helped to resolve individual components of efflux pumps, and
the structures of whole pump assemblies in vitro have been determined by cryogenic
electron microscopy (cryo-EM) [11–14]. Cryogenic electron tomography (cryo-ET) of whole
bacterial cells has also provided images of these macromolecular machines in situ [15,16].

Inhibition of the tripartite efflux pumps presents a potential approach to increase
the efficacy of existing antibiotics, but, so far, no clinically effective inhibitors have been
developed [17]. Increased understanding of the structure, assembly, and mechanism of
the pumps will help efforts to produce improved inhibitors, providing a valuable tool to
tackling antimicrobial resistance.

The AcrAB-TolC pump from Escherichia coli (Figure 1a) is part of the RND family and is
one of the most well-characterised efflux pumps [18]. The assembly is formed by Acriflavine
resistance protein B (AcrB) and A (AcrA) as well as tolerance to Colicins protein (TolC);
these are the RND transporter, MFP, and OMP components, respectively. AcrB assembles as
a trimer in the pump and substrates bind to the periplasmic poly-specific pocket in each of
the three subunits [19]. Drug transport occurs via sequential conformational changes driven
by a proton motive force (PMF) [20,21]. AcrB also associates with the small-factor AcrZ,
which is thought to enhance extrusion of certain antibiotic classes through modulating the
conformation of AcrB [22,23]. AcrA assembles as a hexameric ring in the tripartite pump
to bridge AcrB with TolC [11]. AcrA protomers are found in two distinct conformations
arranged in an alternating fashion around the ring. The AcrA protomer has four structural
domains, each of which is generated from pairs of distinct segments of the amino acid chain
(Figure 1b). The membrane proximal (MP) and beta barrel (BB) domains contact AcrB,
with adjacent AcrA protomers forming distinct interactions with a single AcrB protomer,
whilst the helix-loop-helix (HLH) domains form tip-to-tip interactions with the periplasmic
helices of TolC. In the quaternary structure of the pump, the BB and lipoyl (Lip) domains
assemble into two rings and HLH domains form a channel [11].

TolC assembles as a trimer, enclosing a channel that spans from the HLH domain of
AcrA to the outer membrane. On its periplasm-facing surface, TolC contains the so-called
equatorial domain, which interacts with the peptidoglycan layer in the cell wall [15]. The
TolC protomer contains a structural repeat (Figure 1b), allowing the three sets of four
periplasmic helices (H3, H4, H7, H8) to form quasi-equivalent interactions with the six
HLH domains of AcrA [11]. The TolC helices situated between the outer membrane and the
equatorial domain assemble into a unique alpha-barrel structure in the trimer which, along
with the BB domain, forms a pore which is inserted into the outer membrane (Figure 1c).
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structure of AcrAB-TolC tripartite assembly (PDB: 5NG5). (b) Domain structure of AcrA and TolC 
protomers. For each protein, the top image shows the tertiary structure. The bottom image shows 
the primary sequence contribution to tertiary domain structure with equivalent colour scheme 
(5V5S). (c) High-resolution structures of RND family pump assemblies and of MacAB-TolC from 
the ABC transporter family (right to left: 3NE5, 5V5S, 5NG5, 6TA6, 5NIK). The CusAB trimer struc-
ture was generated from the PDB file of the monomeric unit through crystallographic symmetry 
using Coot [24,25]. The cell envelope includes a peptidoglycan layer and lipopolysaccharide in the 
outer leaflet of the outer membrane, both of which are represented schematically. 

Structures of assemblies of other RND family members have also been obtained in 
recent years, including the metal-ion transporter CusAB [26] and the drug efflux pump 
MexAB-OprM from Pseudomonas aeruginosa [27,28], (Figure 1c). Overall, these assemblies 
show similar organisation to AcrAB-TolC. The OMP TolC also interacts with other partner 
systems from the MFS and ABC superfamilies, such as ABC transporter MacB that ener-
gises the MacAB-TolC system, where the periplasmic protein MacA serves as the MFP 

Figure 1. Structures of AcrAB-TolC and other drug efflux pump assemblies. (a) Transport state
structure of AcrAB-TolC tripartite assembly (PDB: 5NG5). (b) Domain structure of AcrA and TolC
protomers. For each protein, the top image shows the tertiary structure. The bottom image shows the
primary sequence contribution to tertiary domain structure with equivalent colour scheme (5V5S).
(c) High-resolution structures of RND family pump assemblies and of MacAB-TolC from the ABC
transporter family (right to left: 3NE5, 5V5S, 5NG5, 6TA6, 5NIK). The CusAB trimer structure
was generated from the PDB file of the monomeric unit through crystallographic symmetry using
Coot [24,25]. The cell envelope includes a peptidoglycan layer and lipopolysaccharide in the outer
leaflet of the outer membrane, both of which are represented schematically.

Structures of assemblies of other RND family members have also been obtained in
recent years, including the metal-ion transporter CusAB [26] and the drug efflux pump
MexAB-OprM from Pseudomonas aeruginosa [27,28], (Figure 1c). Overall, these assemblies
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show similar organisation to AcrAB-TolC. The OMP TolC also interacts with other partner
systems from the MFS and ABC superfamilies, such as ABC transporter MacB that energises
the MacAB-TolC system, where the periplasmic protein MacA serves as the MFP (Figure 1c).
MacA is engaged in tip-to-tip interactions with TolC, similarly to AcrA [29]. Evidence for
the importance of MFPs, in particular the HLH domain for the formation of specific and
functional pump assemblies via tip-to-tip interactions with the OMP, has also been provided
by experiments showing that exchanging HLH domains between different chimeric MFPs
to complement their cognate OMP can restore their functionality [30].

Currently, AcrAB-TolC is the only drug efflux pump for which there are high-resolution
structures of the whole pump assembly in a resting and transport state, and these offer
structural insight into the pump’s mechanism of action [13]. Molecular dynamics (MD)
simulations have also been used to study AcrAB-TolC’s conformational change, particularly
the functionally rotating mechanism of AcrB [31,32]. This was complemented by a recent
study of numerous X-ray structures of AcrB with different substrates that revealed several
intermediate states of the transport cycle [33]. Computational modelling of dynamics of the
full tripartite assembly is difficult, partly due to the large size of the complex, which limits MD
simulations to short timescales [34] that cannot capture larger-scale changes. Consequently,
no simulations of the whole pump assembly have been reported to date [35]. On the other
hand, biochemical studies have provided some insights into pump conformational changes.
For example, mutational analysis identified key residues located in the helical regions of
AcrA and TolC forming tip-to-tip interactions, which are critical for pore dilation on pump
activation [36].

The current model for substrate extrusion by AcrAB-TolC describes the changes to
AcrB on substrate binding, but lacks detail on how these changes are communicated to
AcrA and TolC, as well as the role of the proton motive force (PMF) [18]. The model
proposes a functionally rotating mechanism, where an AcrB subunit shifts from a Loose
(L) to Tight (T) state on substrate binding, then transitions to an Open (O) state to release
the drug into the MFP-OMP pore, and finally returns to the L state. This cycle is cou-
pled to an alternating-access mechanism for proton transport that utilises PMF to drive
drug efflux [35,37]. The proton relay network, made of several ionisable residues (D407,
D408, K940, and R971) is located in the transmembrane domain of AcrB. The protona-
tion/deprotonation of these residues triggers a collective motion of transmembrane helices
through the LTO conformational cycle [37]. On substrate binding to AcrB, AcrA and TolC
shift from a closed (resting) to an open (transport) conformation to allow drug extrusion,
and then maintain the same open state throughout AcrB conformational cycling [13].

Evaluating the communication of conformational changes in a complex multi-component
system such as a tripartite assembly requires comparison of the different conformational
states that is independent of reference-frame, and one approach suitable to this requirement
is application of the difference distance matrix (DDM) [38]. DDM algorithms compute
changes in distances between all residue pairs in two different protein states (Figure 2a). As
an example, a block DDM analysis comparing the average movement of helices between
deoxy- and oxy-states of the α-subunit of hemoglobin A is shown in Figure 2b. The plot
clearly shows the movement of the F-helix, particularly in relation to the C-helix, which is
known to be important for the protein’s mechanism of action [39]; whilst, the same motion
is less discernible in the aligned structure models (Figure 2c).

In addition to structural data, sequence information can also provide clues into the
allosteric mechanism. One approach is to compare sequences from evolutionarily related
species, identifying evolutionary couplings (ECs) through sequence covariance in multiple
sequence alignment (Figure 2d) [40]. The analysis assumes that residue pairs that are
physically close or allosterically coupled are likely to be conserved to maintain functional
interactions. Thus, potential allosteric residues can be identified using ECs data.

Furthermore, analysis of the allosteric mechanism can also be supported by estimating
energies involved in conformational transitions, and one metric proportional to energy is
change in buried surface area (Figure 2e). An increase in interface size between subunits
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indicates more interactions between residues, and so can be used as a proxy to suggest
a more favourable energy state [41]. Comparing interface areas between conformers can
provide information on the relative energy needed to transition between the observed states.
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Figure 2. Bioinformatic approaches applied herein to study protein allostery. (a) Calculation of
difference distance matrices (DDM) data from structures of a protein in two different conformations.
(b) Block DDM for deoxy- and oxyhemoglobin-α. Squares represent average DDM changes for
residues within domains specified. (c) Deoxyhemoglobin-α (grey, 1A3N) and oxyhemoglobin-α
(multicoloured, 2DN1) aligned with C helices. Oxyhemoglobin-α’s colours correlate with domain
structure shown below. (d) Calculation of evolutionary couplings: a section of a multiple sequence
alignment for haemoglobin-α. (e) Calculation of the change in interface area at dimer interface.
HA = helix A, L1 = loop 1, BSA = buried surface area, cn = coupling number, with higher values
indicating stronger coupling.

Here, we analysed available structural data to provide molecular insights into the
long-distance subunit communication upon conformational changes in the efflux pump
AcrAB-TolC. An analysis of the ECs in AcrA and TolC was performed alongside a DDM
analysis to characterise the conformational changes of the pump and their evolutionary
importance. To assess the energy required to transition between the resting and transport

55



Antibiotics 2022, 11, 52

states of the pump, changes in interface area at subunit interfaces were measured. The
results from these bioinformatic analyses were combined to propose an allosteric model for
drug efflux in AcrAB-TolC.

2. Results
2.1. TolC Subunit Interface Contains Strongly Coupled Residue Pairs

To investigate allostery through an evolutionary lens, ECs data for TolC and AcrA
were generated using multiple sequence alignments with ~60,000 and ~80,000 effective
sequences for TolC and AcrA, respectively. EC analysis generates coupling numbers (cn)
for each pair of residues, with higher cn values indicating stronger coupling. To reduce
the risk of false positives, only residue pairs with coupling numbers (cn) above 1 were
considered in further analysis. The remaining strongly coupled pairs were mapped onto
molecular structure models, and residue pairs on the same helix were removed from the
analysis, as these are unlikely to reflect allosteric interactions. Overall, we hypothesise
that strongly coupled residues that are physically distant in the protein’s tertiary structure
could be involved in allosteric communication [42,43].

As structural data show little movement of TolC above the equatorial domain [13], EC
analysis focused on the periplasmic helices. Most coupled pairs within a TolC protomer
were physically close to each other (less than 10 Å apart, data not shown) and so are likely
involved in maintaining the tertiary fold of the protein rather than in transferring allosteric
communication. However, some strongly coupled (cn ≥ 2) residues were found at the
interface between TolC subunits (Figure 3a). These pairs likely play a role in the quaternary
assembly of the TolC trimer: D184-Q368 and Q177-S375 could form polar interactions,
and V191-S361, I173-S375 and L170-T388 could be part of hydrophobic interactions. Inter-
estingly, we found two strongly coupled (cn > 2) residues, Q164 and A382, which were
rather distant; they were separated by around 20 Å, both within a protomer and between
neighbouring subunits, both in the resting and the transport state.

A similar filtering rationale was applied to the ECs data for AcrA. Due to the hairpin
arrangement of the AcrA domains (Figure 1b), only residue pairs that were physically close
within an AcrA protomer were identified (data not shown). For both the AcrA and TolC,
the ECs data were combined with DDM analysis, yielding a more systematic mapping of
the ECs onto the protein structures.

2.2. ECs Correlate to Intrasubunit Movements in TolC and AcrA

To investigate the conformational changes of AcrAB-TolC in relation to sequence
covariance in the evolutionary couplings, DDM analysis of single TolC and AcrA protomers
was performed and compared with the ECs data. For this analysis, structures of the proteins
in resting and transport states were used. The average resolution of the structures was
~6 Å; therefore, any DDM movements of less than 3 Å were ignored in subsequent analysis.
As in the previous step, ECs data were filtered to only use residue pairs with coupling
numbers greater or equal to 1. The combined results were plotted, showing the relative
movements and evolutionary couplings between different parts of the protein (Figure 3).

The DDM for TolC (Figure 3b) showed that, as previously reported [13], there was
little TolC intrasubunit movement, with changes in the distance between residue pairs often
being less than 2 Å. As expected, many of the strong ECs correlated to physically close
residues, visible as lines of coupled residue pairs along the diagonal and as regions of strong
ECs that correlate with the alpha barrel and equatorial domains of TolC (Figures 1b and 3b).
These did not show large movements in the DDM analysis. However, there was one region
where the ECs and DDM appeared correlated: between residues 126–206 and 348–427,
where the periplasmic helices of TolC moved closer to each other within a protomer. On
closer inspection, these helix movements were slightly more complex, with simultaneous
contraction and expansion (inset of Figure 3b). The largest region of contraction was
between the H3-H4 loop and the H7-H8 loop; strong ECs were observed in this area,
suggesting this movement might be conserved (Figure 3b, inset). Outward movement of
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helix H3 away from the loop of H7-H8 was also observed, but it did not correlate with any
strong ECs (Figure 3b, inset).
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Figure 3. Strongly coupled residues at the interface between TolC subunits. Residue pairs in TolC
identified from screen of evolutionary couplings data were filtered for couplings with cn ≥ 2 between
residues in H3 and H4 (126–206) and residues in H7 and H8 (348–427) helices. (a) The cartoon shows
helices of two TolC subunits in the transport-active open state with residue pairs between H3 and H4
helices of one protomer (light grey) and H7 helix of the second protomer (dark grey) (5NG5). Overlay
of evolutionary couplings onto difference distance matrix analysis for TolC and AcrA. (b) Main:
Difference distance matrix (DDM) and evolutionary couplings (EC) overlay for TolC protomer with
domain structure on both axes. Inset: DDM and EC overlay for TolC periplasmic helices H3, H4, H7,
H8. (c) Main: DDM and EC overlay for one AcrA subunit with domain structure on both axes. Inset:
DDM and EC overlay for lipoyl and BB domains of AcrA.

The same approach was used to relate the DDM and ECs data for AcrA. A similar
pattern of ECs that act to maintain the tertiary fold was observed with a line of coupled
residues along the diagonal and strong couplings between the two sequence segments that
fold back to make the halves of the AcrA domains (starting with MP1, BB1, Lipoyl 1, the turn
at the hairpin of HLH domain, followed by Lipoyl 2, BB2, and MP2) (Figures 1b and 3c).
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In our DDM analysis, AcrA appeared to be more dynamic than TolC with more extensive
regions of movement (Figure 3c). The HLH domain, particularly the loop, had the largest
outward movement, which is likely involved in widening of the AcrA pore for substrate
extrusion, and enables it to form stronger tip-to-tip interactions with TolC. However, this
movement does not correlate with any ECs. Some regions of contraction were observed,
mainly in residues 230–240 in the BB domain, relative to the rest of the lipoyl and BB
domains (Figure 1b). This region of contracted movement roughly colocalises with a region
of strong ECs. However, upon closer inspection, the residues that move most were not
strongly coupled (inset of Figure 3c).

2.3. TolC Periplasmic Helices Show Largest Outward Movement at the Quaternary Level

In the pump assembly, TolC protomers assemble into a trimer and do not just act
individually. Therefore, the DDM analysis was expanded to probe quaternary changes by
investigating the relative movements of protomers. To simplify the analysis, the average
changes in each domain were calculated as a block (Figure 4).
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Figure 4. Block difference distance matrix (DDM) analysis of TolC domains in trimeric assembly.
(a) Average DDM changes for all TolC domains in all three TolC protomers. (b) Left: Average DDM
changes for TolC periplasmic helices H3, H4, H7, and H8 for all three TolC protomers. Right: TolC
helices aligned in resting (purple, 5V5S) and transport (green, 5NG5) states, as viewed from above.
Subunit numbering from PDB: 5NG5.
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The block analysis for all the TolC domains of all three protomers (Figure 4a) showed
symmetrical conformational changes on pump activation. Quaternary changes were more
pronounced than those at the tertiary level (stronger colouring on the squares off the
diagonal) and an overall slight contraction of the trimer was observed (pale green colouring
in the distribution) (Figure 4a). However, this contraction was relatively minor, illustrating
that TolC was generally static, apart from the periplasmic helices, which moved outwards
at the quaternary level (Figure 4b). Helix H7 moved the most—by more than 10 Å away
from its neighbouring protomer’s equivalent helix (Figure 4b, right). As shown in Figure 3a,
H7 formed an interface with H4 of the neighbouring subunit, so the movement of H7 is
likely important for trimer assembly.

2.4. AcrA Domain Movements Corresponded to a Symmetrical Ring Contraction

As in the case of TolC, AcrA protomers assemble into a multimeric state in the pump,
meriting an analysis of movement in the quaternary structure. A block DDM analysis of the
AcrA hexameric ring showed symmetrical changes (Figure 5a,d), including larger changes
at the quaternary level than the tertiary. Conformational compaction of the ring (pale green
colouring in the distribution) was also observed throughout the plot.

To characterise the changes further, isolated AcrA domains were analysed. The two
helices of the HLH domain, within a protomer, showed similar symmetrical movements
(Figure 5b,d), indicating that HLH domains moved as a unit. In contrast to the expansion
of the HLH domain within a single AcrA subunit (Figure 1b), at a quaternary level, the
HLH domains showed a different pattern of movements. HLHs of protomers A, B, and H
contracted, whereas HLHs of protomers D, E, and G expanded relative to each other. As
illustrated in Figure 5d, the HLH domains moved slightly upon transition from the resting
to the transport state, producing an apparent anticlockwise twisting motion.

The lipoyl and BB domains of AcrA were also analysed using the same approach
(Figure 5c). The block DDM showed symmetrical, quaternary contraction. The largest
contraction was observed in protomers positioned opposite each other in the ring. Super-
imposed structures (Figure 5e), aligned with one subunit, showed a 45◦ inward rolling
motion.

2.5. An Increase in the Interface Surface Area Is Observed in the Transport State

To further characterise conformational changes of AcrA and TolC on pump opening,
the interface surface areas of the close (resting) and open (transport) states were analysed as
a proxy for binding energy [44]. As the DDM analysis showed that quaternary changes were
more pronounced than tertiary changes, differences in interface areas between subunits
were measured.

The total interface area between subunits of the AcrA hexamer increased by almost
5000 Å2 on transition from the resting to the transport state (Figure 6a). BB, lipoyl, and HLH
domain contributions to interface area were calculated separately (Figure 6b). The interface
area between domains of adjacent subunits increased on transition from the resting to the
transport state for all three domains. We also observed an additional pattern of change: one
subunit interface increasing much more than the adjacent interface, i.e., the H-G interface
increased dramatically, whilst the D-H interface showed little change (Figure 6b).

For TolC, the total interface between subunits was very similar in both states, with a
slightly smaller area in the transport state. As the DDM showed smaller changes for TolC
than AcrA (Figure 4a), this was not surprising. However, the tip-to-tip interactions between
AcrA and TolC increased by around 2000 Å2 on transition from the resting to the transport
state. This could be classified as a change from a weak to a strong affinity interaction, with
the threshold typically defined as a surface area of more than 2000 Å2 [45].
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Figure 5. Block difference distance matrix (DDM) analysis of AcrA and HLH, BB, and lipoyl domains
in hexameric assembly. (a) Average (DDM) changes for all AcrA domains in all six AcrA subunits.
(b) Average DDM changes for HLH domain in all six AcrA protomers. (c) Average DDM changes
for lipoyl and BB domains in all six AcrA subunits. (d) Resting (green, 5V5S) and transport (purple,
5NG5) structures of AcrA hexamer from the side (top) and above (middle) and of AcrA HLH domains
from above (bottom). (e) BB and lipoyl domains from four of the six AcrA subunits aligned with
subunit A in resting (green, 5V5S) and transport (purple, 5NG5) states. Subunit numbering from
PDB: 5NG5. HLH: helix loop helix, BB: beta barrel.
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2.6. Pattern of Interface Changes Is Conserved in Homologous Pump Assemblies 
To investigate whether other pump assemblies also exhibit large interface areas in 

the transport state, we investigated three other MFPs (CusB, MexA, and MacA) (Figures 
1c and 7a). CusB structure has only been captured in a resting conformation; in the inter-
face analysis, the interface area between subunits showed a similar pattern to resting 
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Figure 6. Changes in the interface area within and between TolC and AcrA in transport and resting
pump structures. (a) Above: Total interface area between subunits and proteins for TolC and AcrA
calculated with PDBePISA to three significant figures. Below: Surface of aligned structures of proteins
in closed (resting) (orange) and open (transport) (blue) states. (b) Left: Change in interface area
between AcrA subunits in transport and resting states, showing the contribution of BB, lipoyl, and
HLH domains. Right: Three AcrA subunits aligned in resting and transport states. Colours relate
to domains on the bar chart. Subunit numbering from PDB: 5NG5. HLH: helix loop helix, BB:
beta barrel.

2.6. Pattern of Interface Changes Is Conserved in Homologous Pump Assemblies

To investigate whether other pump assemblies also exhibit large interface areas in the
transport state, we investigated three other MFPs (CusB, MexA, and MacA) (Figures 1c and 7a).
CusB structure has only been captured in a resting conformation; in the interface analysis,
the interface area between subunits showed a similar pattern to resting AcrA. At all six
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interfaces, the interface area was relatively small, but the size oscillated between adjacent
interfaces. However, this pattern was less pronounced than in resting AcrA and an analysis
of a transport structure of CusB would be needed to determine if the interface areas showed
a large increase in the transport state. MexA and MacA have only been captured in transport
conformations; the interface analysis showed a large interface area that was of similar size
to that in the transport state of AcrA. As in AcrA, the interface sizes in MexA and MacA
did not oscillate between adjacent interfaces.
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Figure 7. Trends in interface areas in other MFPs. (a) Interface area between subunits of different
MFPs. (b) Tip-to-tip interface areas between OMP periplasmic helices and MFP HLH domains. OMP
subunits: F, I, E. MFP subunits: H, G, A, E, B, D. (c) Aligned structures of AcrA-TolC tip-to-tip
interaction. An individual TolC subunit is shown in the resting (light blue) and the transport (dark
blue) state. Four AcrA subunits are shown in the resting (alternate pale yellow and pink) and the
transport (alternate orange and red) state. Grey arrows show the direction of AcrA HLH twisting
movement on pump activation. Results shown for Open MexAB-OprM (transport state) are from
analysis of the 6TA6 PDB file; similar results were obtained for 6IOK and 6IOL as well (data not
shown). Subunit numbering is based on AcrA 5NG5. MFP: Membrane Fusion Protein, OMP: Outer
membrane protein.
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We also investigated other pump assemblies to further characterise the MFP-OMP
tip-to-tip interactions, assessing the trends and the contributions of individual subunits.
The AcrA subunits that contribute to the interaction interface with TolC in the resting state
are different to the subunits which interact in the transport state (Figure 7b,c). This is in
accordance with the DDM results, where an iris-like opening motion of the HLH domain of
AcrA (Figure 5b,d) and the outward movement of the TolC periplasmic helices (Figure 4b)
was observed on pump activation. MexA and MacB seemed to form a similar pattern of
interactions with their respective OMPs (Figure 7b), suggesting that different MFPs form
assemblies through similar interactions.

3. Discussion
3.1. ECs Maintain Tertiary Fold but Role at Subunit Interfaces Is Less Clear

Previous investigations of sequence covariance in tripartite efflux pumps have pro-
vided support for the tip-to-tip interaction between the MFP and the OMP in the pump
assembly [34,46], but the relationship between covariance and efflux pump dynamics has
not yet been studied. In this work, we contextualised strong ECs with AcrA and TolC
protein structures, finding that many strongly coupled residues act to maintain the tertiary
fold, as has been extensively reported for many proteins [47,48]. We also identified coupled
residues at the interface between TolC subunits (Figure 3a); most of these are physically
close, and so are likely involved in maintaining the TolC trimeric assembly. However, one
pair, Q164 and A382, was placed around 20 Å apart and so did not form a direct physical
interaction, yet was still strongly evolutionarily coupled. This residue pair could potentially
be involved in communicating allosteric change. Interestingly, the coupled TolC residue
paired in the periplasmic helices, which have been proposed to form an intersubunit hy-
drogen bonding network to maintain the closed (resting) state of the channel (R367, T152,
D153, and Y362 [49]) were not strongly evolutionarily coupled. We can hypothesise that
through the transmission of interaction changes between the periplasmic helices upon
pump activation, local residue pairs may need to be less strongly evolutionarily coupled,
i.e., with various distances distribution thus making them highly dynamic, to maintain
interface flexibility and allow communication of conformational changes.

In a similar manner, we found no strong ECs at the interface between AcrA subunits.
This may be due to the dynamic nature of the AcrA hexamer, where interface interactions
change dramatically in different conformations, thus changing distances between residue
pairs [50,51]. In general, we found that whilst direct mapping of ECs onto structures can
be useful in the study of protein dynamics, the throughput is too low to investigate large-
scale conformational change in macromolecular complexes. One alternative to overcome
this could be a vertical approach combining comparison of the modern proteins to their
analogues from extinct species of the phylogenetic tree and MD simulations. This could
allow to identify crucial residues involved in allosteric effects by narrowing down the
number of residues to investigate. Such approach has helped to identify four residues in
the β-subunit TrpB of Tryptophan synthase (TS) heterotetrameric αββα complex that are
suggested to be essential for the communication between TrpB and the α-subunit TrpA [52].

3.2. Movement of TolC Periplasmic Helices and of AcrA BB Domain Appears to Be
Evolutionary Conserved

Comparison of the ECs to the DDM analysis for both AcrA and TolC was found
to be effective in relating sequence covariance to conformational change. Some areas
of movement captured by the DDM, in particular the large outward movement of the
HLH of AcrA, did not correlate with the ECs. As discussed above for the AcrA subunit
interfaces, the lack of strongly coupled residues may give the domain more flexibility to
change conformation, with different residue interactions and various distance distributions
forming in the resting and transport states.

However, the DDM analysis also found some regions of movement that did correlate
with the ECs (Figure 3b,c). The contraction of the TolC periplasmic helices correlated with
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some strongly coupled residues. This suggests that the movement, which likely acts to
ensure the helices are optimally positioned to interact with AcrA and seal the transport
channel, is conserved evolutionarily. The importance of the movement of these helices for
channel opening has already been extensively reported [53,54]. In addition, the contraction
of the BB domain of AcrA correlated with the ECs data, suggesting this movement is
conserved as well. This finding is in accordance with previous work, which has shown that
mutations in the AcrA BB domain can affect the BB domain folding in a way that impact
AcrA conformational changes that influence interactions with AcrB and TolC and long-
range transmission of conformational changes from AcrB to TolC [36,55]. This suggests
that this domain could play a central role in long-distance communication. However, closer
inspection of the correlation between the ECs and DDM data of the BB domain found the
residues that move most are not themselves evolutionarily coupled. This suggests that the
more static conserved residues may play a role in promoting the movement of the nearby,
more mobile residues which then enable conformational change.

3.3. AcrA and TolC Show a Quaternary, Symmetrical Switch on Pump Activation

Through further investigation of the DDM analysis results, we were able to describe
efflux pump conformational changes in more detail than by visual comparison of structures
alone [13].

In AcrA, the BB domains, which contact AcrB, tightly contract, observed as an inward
rolling movement of the BB ring (Figure 5e). This pulls the lipoyl domains to roll and
contract, too. As HLH movement follows the BB and lipoyl domains movements, this
suggests that the BB and lipoyl movement is communicated to the HLH domains via a
flexible linker which pulls the HLH domains towards the lipoyl domains, causing the
outward twisting of the HLHs. The HLH domain movement is distinct from the lipoyl
domain movement, suggesting that the flexible hinge region between the domains is
important, as it can enable such conformational independence. Crystal structures of AcrA
indeed suggest a degree of flexibility in this region [50]. Such flexibility is suggested to
also be supported by the cellular environment, as Cryo-ET structures of the AcrAB-TolC
efflux pump show a rotation of AcrA protomers triggered by the lipid anchorage of AcrA
in the inner membrane, leading to TolC opening [16]. In TolC, the DDM analysis showed
that the periplasmic helices, in particular H7 (Figure 4b), moved outwards in the transport
state while the rest of the TolC channel stayed relatively static, in accordance with previous
reports [13]. Mutagenesis studies have shown the importance of the tip-to-tip interactions
between the AcrA HLH domains and the TolC periplasmic helices for promoting the
widening of the TolC pore [36]. The concerted movements of AcrA and TolC, discernible in
detail in DDM results, act to seal the channel to prevent substrate leakage into the periplasm
during drug extrusion.

Analysis of AcrA and TolC conformational changes at the tertiary and quaternary
levels allowed insight into the key dynamics for pump activation. Although intrasub-
unit change was observed, for both AcrA and TolC, changes at the quaternary structure
level were much more pronounced than at the tertiary level (Figures 4 and 5). Moreover,
mutations at the tip of TolC which disrupt efflux pump function can be suppressed by
mutations in AcrA, indicating the importance of the AcrA-TolC interface for efflux pump
activity [36]. This suggests that changes at subunit interfaces may play an important role in
communicating allostery in the pump. Interestingly, the intersubunit changes in AcrA and
TolC upon pump activation are symmetrical. As AcrB adopts an asymmetric conformation
on substrate binding, communication between AcrA subunits is likely important to ensure
that all AcrA protomers, not just those in contact with the substrate-bound AcrB subunit,
shift to a symmetrical transport state. The interdomain flexibility of AcrA may be important
for this, as MD simulations have previously shown [51], but the DDM analysis in this work
suggests that intersubunit flexibility may also play a role. Furthermore, as TolC is also
embedded in the peptidoglycan layer, the dynamic of its interaction with the peptidoglycan
and surrounding proteins may also affect both the subunits flexibility and the transmission
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of changes. A lipoprotein, the Braun’s lipoprotein (Lpp), has been found to indirectly
interact with AcrAB-TolC via the peptidoglycan layer. Lpp’s role is thought to be important
for pump assembly [56].

3.4. Increase in Interface Area in Transport State Indicates a Favoured Energy State

Analysis of changes in interface area in AcrA and TolC was performed to investigate
energetic transitions between AcrAB-TolC states. The total interface area between AcrA
subunits almost doubled from the resting to transport state and the interface area of the
tip-to-tip interactions between TolC and AcrA also showed a large increase. The large
changes in interface area between subunits were in accordance with the block DDM analysis,
which showed contraction at a quaternary level. Taken together, these results indicate that
quaternary, rather than intrasubunit, changes may be more significant in the pumping
mechanism. Moreover, the increase in interface area suggests that the transport states
of AcrA and TolC are at a more favourable energy than their resting states. Although a
10-Å axial contraction on pump activation had already been reported [13], this increase in
interface area has not been recognised. The unexpected finding of a predicted lower energy
state of AcrA and TolC on pump activation implies that energy must be provided for AcrA
and TolC conformational changes to occur when switching back to the resting state.

Expansion of the interface analysis to the structures of homologous efflux pumps
found similar patterns of interface changes between the resting and transport states. Of
the selected homologues, MexA and AcrA are closely related, but CusB and MacB both
belong to different phylogenetic clusters [57], so it is perhaps surprising that all the proteins
form very similar interactions within their hexameric rings. However, these findings are in
accordance with previous work which has shown the interchangeability of MFPs [14,58].
In addition, analysis of accessible surface area in the Pseudomonas aeruginosa pump, MexAB-
OprM, found a strong affinity interaction between the MFP, MexA, and the OMP, OprM,
in the transport state [28], supporting the findings shown here. The similar pattern of
interface changes suggests that the lower energy transport state of the MFP and OMP may
be a conserved feature of tripartite efflux pumps.

3.5. AcrAB-TolC Conformational Changes Suggest an Allosteric Transport Model

As discussed above, the open (transport) state of AcrA and TolC appeared to be at a
lower energy than the closed (resting) state. This raises the paradox that the pump would
be trapped in an energy minimum and not be able to efflux substrate. To reconcile this
finding with the logical requirement for energetic transitions during AcrB pump cycling,
we propose a model for conformational changes in AcrAB-TolC (Figure 8).

The model shown in Figure 8 shows a simplified description of the energetic transitions
during the pump cycle. In the resting assembled pump (state A in Figure 8): the three AcrB
subunits are all in the L conformation; AcrA is in an inactive, extended conformation, with
an unsealed channel made of asymmetric protomers and the TolC channel pore is closed
by the periplasmic helices [13]. Based on our interface area measurements, we propose
that the pump subsequently shifts to a more stable transient intermediate state with AcrA
and TolC in an open (transport) state and AcrB in an apo LTO state (state B). AcrB’s shift
to an LTO conformation on drug binding is thought to be coupled to proton binding to
the periplasmic side of AcrB [37]. Therefore, we suggest that proton binding drives the
conformational changes of AcrA and TolC to an open conformation. The conformational
change of AcrB is communicated to AcrA through the extensive contacts between the
docking and pore domains of AcrB and the MP and BB domains of AcrA [13].

On substrate binding to the periplasmic pocket of the AcrB O-state subunit [21], the
energy of the pump is likely to be lowered (state C in Figure 8). AcrB will then cycle through
conformations to extrude substrates (states C–F), whilst AcrA and TolC are predicted to stay
in an open (transport) conformation [13]. Substrates are thought to bind to different AcrB
subunits simultaneously and then transition through the same sequence of states: L to T to
O, culminating with extrusion. Due to unfavourable energies, two AcrB subunits will never
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be in the O conformation at the same time [37]. The apparent fixed open conformation of
AcrA and TolC during AcrB cycling may be due to the strong tip-to-tip interactions between
the proteins seen in the interface analysis and due to the flexibility of AcrA. This flexibility
likely acts to buffer the conformational changes of AcrB, preventing these from causing
changes to the rest of the pump [50,51]. Structures of almost all of the conformational states
of AcrB predicted to occur in the model during pump cycling have already been obtained,
giving support to the proposed model. The only state that has not been experimentally
observed is OTT. It would be useful to perform MD simulations for the OTT state to predict
how energetically favourable this conformation would be.
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Release of substrates from AcrB through the AcrA-TolC pore (state E) is predicted
to be coupled to cytoplasmic proton release to provide energy for this step [59]. Release
of substrates and protons will lower the energy of the pump and so AcrA and TolC are
predicted to transition back to the less favourable closed conformation with AcrB in the
LLL state (state A).

This allosteric model highlights potential strategies to block pump function by trap-
ping the pump in an energy minimum. The inhibitor MBX3132 is known to bind to the
AcrB periplasmic pocket [60] in all three T state subunits with AcrA and TolC in the open
(transport) state. The binding of MBX3132 to AcrB is predicted to lower the energy of the
inhibitor-bound state (state X) relative to the equivalent apo state (state B). The model also
highlights the central role of the PMF in promoting the conformational change needed for
pump activation and so targeting the generation or maintenance of the PMF would offer an
alternative strategy to inhibit the pump.

Although our diagram in Figure 8 suggests a 1:1 proton: drug stoichiometry, the model
does not presuppose a specific ratio. Indeed, some studies suggest that two protons bind
per cycle [37], whilst others report that only one is involved [59]. It has been proposed
that changes in the pH of the periplasm due to the PMF activity of AcrB could induce
AcrA to change conformation directly, and this could act instead of the conformational
changes being transduced from AcrB on proton binding [55,61]. However, mutations to
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AcrB residues involved in the proton-relay network abolish the activity of AcrAB-TolC,
despite not causing substantial structural change, indicating the importance of proton
binding for the pump’s conformational changes to occur [37,62]. In addition, molecular
dynamic simulations of AcrB in the presence of indole (as a substrate of protonated systems)
have shown that the protonation of aspartic residues involved in the proton-relay network
triggers conformational changes from binding state to extrusion state in one of the three
monomers and that all three monomers return to access state in absence of indole [63].
In a similar way, the protonation of proton-relay aspartic pair of MFS transporters is
likely to cause conformational changes of the N-terminal transmembrane subdomain
towards the cytosolic direction [64]. The pH of the periplasm has been proposed to be
buffered [65], which could also impact the extent of AcrA changes. Studies involving AcrB
fluorescent substrates have shown that substrate dissociation rates are inversely related to
pH, supporting the notion that protonation triggers conformational change [66].

Our model did not consider pump assembly or disassembly. Energy from the PMF
is not thought to be required for pump assembly [67], but some in vitro studies suggest
that the PMF may promote its disassembly [68,69]. In such case the pump may not cycle
repeatedly through the energetic transitions shown in Figure 8, but instead only transition
through the states once before disassembling.

3.6. The Allosteric Transport Model Might Be Common across Efflux Pumps

The shared pattern of interface changes found in this report, and the previously re-
ported interchangeability of MFPs [14,58], suggest that the manner of energetic transitions
proposed here for AcrAB-TolC may be conserved in other tripartite efflux pumps. Nec-
essarily, the details of the conformational changes that occur will vary between pumps.
For instance, the MFP of the BesABC RND pump from Borrelia burgdorferi, BesA, does not
have a HLH domain and is predicted to form weaker interactions with the OMP BesC,
with a smaller interaction interface [70]. Therefore, the active transport state of the pump
will be less favourable than AcrAB-TolC and the pump may require less energy to move
to the active conformation. The RND transporter AdeB from the AdeABC tripartite sys-
tem of Acinetobacter baumannii shows structural features that are distinct from other RND
trimeric pumps, as its binding, access, and extrusion states all present with two periplasmic
clefts open and one cleft closed [71]. The structure of AdeB in complex with ethidium
bromide shows that one protomer can simultaneously accommodate three ethidium bro-
mide molecules and that protomers within AdeB trimer are able to independently export
substrates. The substrates also tend to stabilize the trimer assembly, which may facilitate the
MFP AdeA binding and substrate extrusion. Structural characterisation of more tripartite
pump assemblies in different conformations would provide insight into how the allosteric
mechanism of efflux pumps has been conserved and how they have diverged.

Both the ECs and DDM analyses performed here only provide information on pairwise
interactions between residues, and as allostery in multi-subunit complexes is likely to be
highly complex, approaches such as neural network [72] or elastic network analysis [73] may
help to provide further analysis. One other approach could involve the use of a platform for
allosteric analysis such as Ohm [74] to predict and map the location of allosteric sites. As
with the work presented here, combining different approaches is likely to be the most fruitful
way to gain insight into long-distance communication in multi-subunit efflux pumps.

4. Materials and Methods
4.1. Evolutionary Couplings

Evolutionary couplings data were calculated using the freely accessible Evolutionary
Couplings Server (https://v1.evcouplings.org/, accessed on 1 April 2021) [40] queried with
TolC and AcrA sequences (UniProt IDs: P02930 and P0AE06, respectively). A percentage
of sequence identity is defined to down-weight redundant sequences during couplings
calculation, and a value of 0.8 (at least 80% of identity) was used for the clustering threshold.
Sequences taken from the UniRef90 database were used for multiple sequence alignments
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built and the number of sequences to include in the alignment was defined with a bit score
range of 0.2 (Higher bitscores (=1) include less sequence in the alignment). Alignment
positions and fraction residues (rather than gaps) were included, with a position gap
threshold of 0.5 (allowing alignment positions with up to 50% gaps) and a sequence gap
threshold of 0.7 (allowing sequences with up to 30% gaps). Pseudo-likelihood maximisation
(plmDCA) was used during couplings calculation. Results were plotted using R/ggplot
library from the R/tidyverse library used under the R studio environment. Only ECs with
cn values more than or equal to 1 were plotted.

4.2. Difference Distance Matrix

A custom algorithm for the calculation of DDM was developed in Python pro-
gramming language; scripts to generate DDM calculations are publicly available on
GitHub (https://github.com/malitharatnaonc/differencedistance, accessed on 1 April
2021). Molecular models of the open (transport) and closed (resting) states of the pump
(PDB IDs: 5V5S and 5NG5, respectively) were used as input. Outputted data were plotted
using the R/reshape2 and R/tidyverse libraries in R studio environment. To perform the
block analysis, the mean DDM of the domains were calculated in R studio.

4.3. Interface Surface Area

Interface surface areas were calculated using ‘Protein interfaces, surfaces and assem-
blies’ (PISA) service at the European Bioinformatics Institute, (http://www.ebi.ac.uk/
pdbe/prot_int/pistart.html, accessed on 1 April 2021) [41], which measures the difference
in total accessible surface areas of isolated and interfacing structures. To measure interface
area changes of isolated domains, we generated structure models using Coot or PyMOL
that encompass the contacting domains. The following PDB files were used: 5V5S and
5NG5 for the open (transport) and closed (resting) states of AcrAB-TolC, 3NE5 for the
closed state of CusAB, 5NIK for the open state of MacAB-TolC, and 6TA6, 6IOK, 6IOL for
the open state of MexAB-OprM.

5. Conclusions

The allosteric model proposed here for the mechanism of action of tripartite efflux
pumps serves as a starting point for future experimental and computational research. Recent
work has already found evidence of additional interactions that add complexity to the model
for pump allostery. For instance, it has been found that AcrA may act as a necrosignal,
binding to the external-facing BB domain of TolC to stimulate pump efflux as an adaptive
resistance mechanism [75]. To gain further insight into the allostery of tripartite efflux pumps,
a range of biochemical, structural, and bioinformatic approaches will be necessary, and
hopefully the complex mechanism of these macromolecular machines will become clearer.
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Abstract: Aliarcobacter butzleri is an emergent enteropathogen that can be found in a range of envi-
ronments. This bacterium presents a vast repertoire of efflux pumps, such as the ones belonging to
the resistance nodulation cell division family, which may be associated with bacterial resistance, as
well as virulence. Thus, this work aimed to evaluate the contribution of three RND efflux systems,
AreABC, AreDEF and AreGHI, in the resistance and virulence of A. butzleri. Mutant strains were
constructed by inactivation of the gene that encodes the inner membrane protein of these systems.
The bacterial resistance profile of parental and mutant strains to several antimicrobials was assessed,
as was the intracellular accumulation of the ethidium bromide dye. Regarding bacterial virulence, the
role of these three efflux pumps on growth, strain fitness, motility, biofilm formation ability, survival
in adverse conditions (oxidative stress and bile salts) and human serum and in vitro adhesion and
invasion to Caco-2 cells was evaluated. We observed that the mutants from the three efflux pumps
were more susceptible to several classes of antimicrobials than the parental strain and presented an
increase in the accumulation of ethidium bromide, indicating a potential role of the efflux pumps in
the extrusion of antimicrobials. The mutant strains had no bacterial growth defects; nonetheless, they
presented a reduction in relative fitness. For the three mutants, an increase in the susceptibility to
oxidative stress was observed, while only the mutant for AreGHI efflux pump showed a relevant
role in bile stress survival. All the mutant strains showed an impairment in biofilm formation ability,
were more susceptible to human serum and were less adherent to intestinal epithelial cells. Overall,
the results support the contribution of the efflux pumps AreABC, AreDEF and AreGHI of A. butzleri
to antimicrobial resistance, as well as to bacterial virulence.

Keywords: Aliarcobacter butzleri; RND efflux pumps; virulence; resistance

1. Introduction

Aliarcobacter genus belongs to the Arcobacteraceae family, with five other genera, Ar-
cobacter, Pseudarcobacter gen. nov., Halarcobacter gen. nov., Malaciobacter gen. nov. and
Poseidonibacter gen. nov., and a candidate genus, Arcomarinus [1–3]. Aliarcobacter genus
includes 11 species, of which 8 have been validly published, A. butzleri, A. cibarius, A.
cryaerophilus, A. faecis, A. lanthieri, A. skirrowii, A. thereius and A. trophiarum [2]. Bacteria
from this genus are Gram-negative, small, curved rods and present motility by a single
polar flagellum [1]. They can be found in a wide range of hosts and environments and
isolated from different sources [4–6]. Among these species, A. butzleri, A. cryaerophilus,
A. skirrowii, A. thereius and A. lanthieri have been associated with human disease, such as
bacteremia, enteritis, diarrhea, abdominal cramps, nausea and vomiting [7–10]. In addition,
A. butzleri and A. cryaerophilus have been recognized by the International Commission on
Microbiological Specifications for Food as a serious hazard to human health [11]. When
considering A. butzleri, several virulence mechanisms have been described for this species,
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such as adherence, invasion and cytotoxic effects [5–7]. Diseases caused by A. butzleri are
usually self-limiting; nonetheless, several reports have described the use of antibiotics
for its treatment, mostly with β-lactams, fluoroquinolones and macrolides [5]. However,
A. butzleri has shown resistance to major classes of antibiotics, such as fluoroquinolones,
macrolides, β-lactams, aminoglycosides and tetracyclines, with a considerable portion of
strains being classified as multidrug-resistant [5,7]. Therefore, this bacterium has attracted
attention due to its wide distribution and antibiotic resistance, even if the underlying
mechanisms are still poorly understood. The only mechanism that has been linked to A.
butzleri antibiotic resistance is a target modification, associated with resistance to fluoro-
quinolones [12]. More recently, the role of an efflux pump in the erythromycin-resistance
phenotype was evidenced [13,14].

Efflux pumps are relevant elements for antimicrobial resistance, contributing to antibi-
otic resistance and also to bacterial virulence [15,16]. These systems comprise membrane
proteins that are involved in the efflux of antibiotics and other toxic substances from
the cell, being classified into six families: ATP-binding cassette (ABC), multidrug and
toxic compound extrusion (MATE), major facilitator superfamily (MFS), proteobacterial
antimicrobial compound efflux (PACE), resistance–nodulation–division (RND) and small
multidrug resistance (SMR) [17]. Among these families, the superfamily of RND efflux
pumps is the most relevant among multidrug resistance efflux transporters since, when
overexpressed, bacteria may exhibit significant levels of resistance [18]. In addition, these
systems may have a broad substrate specificity, due to their ability to recognize substrates of
different sizes and with diverse properties [19]. The RND family of efflux pumps are tripar-
tite protein complexes found in Gram-negative bacteria, which include an inner membrane
protein, an outer membrane protein, and a periplasmic membrane fusion protein [16,19].
Efflux pumps from this family, such as CmeABC of Campylobacter jejuni; MexAB–OprM of
Pseudomonas aeruginosa; or AcrAB of Enterobacter cloacae, Klebsiella pneumoniae, Salmonella
enterica and others, were shown to play multiple functions, being involved in resistance
to compounds with different structures, such as bile salts, various classes of antibiotics,
detergents and dyes, and also contributing to the fitness, survival and virulence of these
bacteria [16,20–24].

Genetic studies conducted by Isidro et al. (2020) have identified 19 putative efflux
systems in the genome of A. butzleri, with 8 belonging to the efflux pumps of the RND
family. Among these are the AreABC (EP16), AreDEF (EP15) and AreGHI (EP4) systems, for
which complete operons were found at the genomic level [13]. Nonetheless, until now, only
the AreABC system has been characterized, and it was shown to play a role in resistance to
several antibiotics, particularly to erythromycin [14]. Increasing the knowledge regarding
the role of efflux systems in antimicrobial resistance and virulence of the emerging pathogen
A. butzleri is, therefore, a promising line of investigation. With this work, we aimed to
elucidate the role that the AreABC, AreDEF and AreGHI RND efflux pumps play in A.
butzleri antibiotic resistance and virulence.

2. Results and Discussion
2.1. Impact of the Inactivation of Three RND Efflux Pumps on Bacterial Resistance

Bacterial resistance to various antimicrobial agents has been linked to efflux pumps
that are responsible for the extrusion of these agents [18]. RND efflux pumps stand out for
their role in resistance to multiple antimicrobials in Gram-negative bacteria, due to their
broad substrate specificity, including (1) antibiotics, such as penicillins, cephalosporins,
fluoroquinolones, macrolides, chloramphenicol and tetracyclines; (2) cationic dyes, such
as crystal violet and ethidium bromide; and (3) detergents such as Triton X-100, biocides,
heavy metals, organic solvents and host-derived molecules. The extruded compounds may
present diverse structure charges, among other characteristics; however, their lipophilicity,
or the presence of lipophilic domains, has been described as a common feature among the
substrates of these systems [15,16,19,25].
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AreABC, AreDEF and AreGHI are efflux pumps belonging to the RND family that
were found encoded in the genome of A. butzleri (namely in the strain Ab_2811) [13]. A
BLASTP analysis showed that the efflux pumps under study have homology with other
RND efflux systems, namely from C. jejuni, P. aeruginosa and E. coli. The three structural
components of these RND efflux systems are organized in a single operon containing outer
membrane protein genes (Figure 1), similarly to the systems CmeABC and CmeDEF from
C. jejuni or MexAB-OprM and MexEF-OprN from P. aeruginosa. This contrasts with other
Gram-negative species, for which the RND efflux transporters operons lack genes coding
for outer membrane proteins, which in turn may be located elsewhere in the chromosome,
such as in the case of the AcrAB-TolC system from Escherichia coli [15,26–28].

Figure 1. Genomic organization of AreABC, AreDEF and AreGHI efflux pumps. Open reading frames and their transcription
directions are indicated by boxed arrows, and locus tag from Aliarcobacter butzleri RM4018 is identified below the arrow.
Putative genes encoding the inner membrane protein of the efflux pump are marked in light blue. Amino acid identities
(percentage of similarity) between protein homologs in C. jejuni, P. aeruginosa and E. coli are indicated for each homolog
gene and were retrieved using BLASTP analysis.

Each component of these tripartite efflux pumps is necessary for the efflux, and the
absence of one of these components turns the complex nonfunctional [26]. Thus, to evaluate
the potential role of three RND-type efflux pumps in A. butzleri, a strain with a multidrug-
resistant profile was selected, and three mutants of the inner membrane protein genes, areB,
areE and areG, were generated by natural transformation. The three genes were interrupted
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with a kanamycin resistance marker, by insertional mutation, originating the following
mutants: Ab_2811∆areB, Ab_2811∆areE and Ab_2811∆areG. The insertion of the resistance
cassette was verified by polymerase chain reaction (PCR) (Figure S1), while the inactivation
of gene expression was confirmed by reverse transcription (RT) PCR (Figure S2).

The contribution of the efflux pumps was evaluated by MIC determination of several
classes of antibiotics, bile salts and biocides for the parental and the mutant strains. This
evaluation makes it possible to ascertain if the inactivation of the efflux systems AreABC,
AreDEF and AreGHI has an influence on the resistance of the strain and to infer about
potential substrates of these pumps.

All mutant strains were more susceptible than the parental strain, but different sus-
ceptibility profiles were observed for the different mutants (Table 1). The differences in
MIC values obtained for the 22 antimicrobials tested suggests that the substrates of the
AreABC efflux pump are cephalexin, cefotaxime, erythromycin, clarithromycin, strepto-
mycin, ciprofloxacin and moxifloxacin, for which considerable fold-changes were observed
(between 4- and 32-fold decrease in the MIC) for the mutant Ab_2811∆areB. Furthermore,
levofloxacin, doxycycline and acriflavine may also be potential substrates of AreABC
system, despite only a 2-fold decrease in the MIC being observed. The role of AreABC
in A. butzleri antibiotic resistance was previously described and evidenced for low to
intermediate levels of erythromycin resistance [14].

Considering the AreDEF efflux pump, the impact of areE inactivation was less evident,
with a decrease of only 4-fold for cephalexin and 2-fold for cefotaxime, erythromycin,
clarithromycin, streptomycin, doxycycline and sodium cholate.

Regarding the AreGHI mutant, the results suggest that cephalexin, cefotaxime, amoxi-
cillin, streptomycin, levofloxacin, tetracycline, doxycycline, chloramphenicol and bile salts
are substrates of this efflux pump. In addition, a 2-fold decrease in the MIC for ampi-
cillin, ciprofloxacin, sodium cholate, benzalkonium chloride and acriflavine was proved,
when compared to the parental strain, suggesting that these compounds may also stand as
possible substrates for this pump.

Overall, the three efflux pumps recognize a broad range of substrates, with all the
efflux systems demonstrating to have a role in the extrusion of cephalexin, cefotaxime,
streptomycin and doxycycline.

These results are in accordance with several studies carried out in RND efflux systems
from different bacterial species, where the inactivation of genes encoding for efflux pump
subunits results in increased susceptibility to different antimicrobials [15,16,27]. For ex-
ample, CmeABC from Campylobacter spp. was described as being involved in the efflux
transport of several classes of antibiotics, ethidium bromide and bile salts, proving that
this system recognizes a broad range of structurally different substrates [28]. In the case
of CmeDEF efflux system of C. jejuni, when the cmeF gene was interrupted, only a small
decrease in MIC for ampicillin and cefotaxime was observed [29]. Therefore, the role of the
CmeABC in C. jejuni resistance has been considered more relevant than the role of CmeDEF,
with the first significantly influencing the intrinsic and acquired resistance of Campylobacter
to various antimicrobials, such as macrolides and fluoroquinolones [28,30,31].

Accordingly, in our study, AreABC and AreGHI efflux systems demonstrated a greater
influence in the extrusion of toxic compounds out of the cell than AreDEF, recognizing a
different wide range of substrates. These results corroborate previous studies regarding the
role of AreABC in A. butzleri resistance [14] and support, for the first time, the contribution
of AreGHI as well. Besides that, AreDEF efflux pump has shown a selectivity for a few
substrates; however, it does not seem to play such a significant role in the multidrug
resistance of the A. butzleri strain Ab_2811.
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Table 1. Minimum inhibitory concentration of several classes of antibiotics, bile salts, disinfectants
and germicides for the parental and areB, areE and areG mutant strains of Aliarcobacter butzleri.

Antimicrobial
MIC (µg/mL) [Fold Reduction]

Ab_2811 Ab_2811∆areB Ab_2811∆areE Ab_2811∆areG

β-Lactams
Ampicillin 128 128 [ND] 128 [ND] 64 [2]
Cephalexin 256 8 [32] 64 [4] 0.0625 [4096]
Cefotaxime 64 2 [32] 32 [2] 0.0625 [1024]
Amoxycillin 64 64 [ND] 64 [ND] 16 [4]
Macrolides

Erythromycin 16 2 [8] 8 [2] 16 [ND]
Clarithromycin 16 1 [16] 8 [2] 16 [ND]

Aminoglycosides
Gentamycin 1 1 [ND] 1 [ND] 1 [ND]
Kanamycin * 4 >512 >512 >512
Streptomycin 8 0.5 [16] 4 [2] 2 [4]
Quinolones

Nalidixic acid >256 >256 [ND] >256 [ND] >256 [ND]
Ciprofloxacin 32 8 [4] 32 [ND] 16 [4]
Levofloxacin 64 32 [2] 64 [ND] 16 [4]
Moxifloxacin 32 8 [4] 32 [ND] 32 [ND]
Tetracyclines
Tetracyclines 8 8 [ND] 8 [ND] 0.5 [16]
Doxycycline 8 4 [2] 4 [2] 1 [8]

Phenicol
Chloramphenicol 32 32 [ND] 32 [ND] 8 [4]

Bile salts
Sodium cholate 8000 8000 [ND] 4000 [2] 4000 [2]

Sodium
deoxycholate 32,000 32,000 [ND] 32,000 [ND] 32,000 [ND]

Bile salts mix 50,000 50,000 [ND] 50,000 [ND] 6250 [8]
Disinfectants

Chlorhexidine 2 2 [ND] 2 [ND] 2 [ND]
Benzalkonium

chloride 32 32 [ND] 32 [ND] 16 [2]

Germicide
Acriflavine 32 16 [2] 32 [ND] 16 [2]

ND, no observed MIC difference. * A kanamycin resistance marker was used to inactivate areB, areE and areG
genes. Changes of at least 2-fold are indicated in bold type.

To evaluate if the increase in susceptibility observed for mutant strains was a con-
sequence of efflux loss, the intracellular accumulation of ethidium bromide (EtBr) was
assessed for parental and mutant strains (Figure 2). A time-dependent increase in fluo-
rescence was observed for all strains, with the Ab_2811∆areB mutant accumulating more
EtBr than the parental strain and the other two mutants. When accumulation of ethidium
bromide was assessed, fluorescence increased by ~5- to 9-fold after 37 min for mutant
versus parental strain. Considering that a defective efflux results in dye accumulation and
consequently an increase in fluorescence, these results support the functionality of the
three efflux pumps of A. butzleri [32]. When the efflux pump inhibitor carbonyl cyanide m-
chlorophenyl hydrazone was added to the parental strain, a ~6-fold increase was observed,
confirming the contribution of efflux systems to the ethidium bromide accumulation, as
previously described for C. jejuni [28].
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Figure 2. Accumulation of ethidium bromide after 37 min of incubation for parental Aliarcobacter
butzleri Ab_2811 strain and derived mutants, in the absence (for mutants) or presence (for parental
strain) of carbonyl cyanide m-chlorophenyl hydrazone at 50 µM. Data match to mean ± standard
error of the mean (SEM) from three independent experiments.

2.2. Influence of Efflux System Impairment in Bacterial Growth and Relative Fitness

Several studies showed that the deletion of a gene from an efflux pump can affect bac-
terial growth and influence bacterial fitness [16,33,34]. To assess the effects, growth curves
of the parental A. butzleri Ab_2811 strain and their mutants were constructed (Figure 3a).
The mutant strains exhibited similar growth curves when compared with the parental
strain. Despite the observed slight reduction in growth during the exponential phase,
the mutations did not confer significant growth deficiency. This behavior is consistent
with other studies showing that a mutation in the gene encoding the carrier protein of the
RND-type efflux pump did not impair growth [23,24,35].

Figure 3. (a) Growth curves and (b) relative fitness of Aliarcobacter butzleri parental Ab_2811 strain and derived mutants.
Data match to mean ± standard deviation (SD) from at least three independent experiments. ** p < 0.01; *** p < 0.001;
**** p < 0.0001.

A fitness assessment was conducted for parental and mutant strains to determine if the
inactivation of these genes could confer an advantage or disadvantage to the strain [36]. The
pairwise competition assay showed that all three mutant strains underwent a fitness cost
(Figure 3b), following the same trend observed by Pérez et al. (2012), where the disruption
of the efflux system led to a reduction in bacterial fitness [23]. Overall, our results indicate
that the efflux pumps under study participate in maintaining the biological competitiveness
of A. butzleri. Indeed, it has been described that a variation of the expression of efflux
pumps may induce specific changes in bacterial regulatory networks [16].
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2.3. Effect of Inactivation of the RND Efflux Pumps in the Susceptibility to Oxidative and
Bile Stress

In addition to conferring resistance to certain antibiotics, efflux pumps may have a
role in resistance to oxidative stress. Oxidative stress occurs in bacteria, and in order to
prevent the damage caused by the reactive oxygen species, a detoxification process occurs
that involves the transport of these compounds by efflux pumps. RND efflux pumps have
been associated with the extrusion of a variety of oxidative stress-inducing agents such as
hydrogen peroxide and paraquat [37].

To validate this hypothesis, we tested the resistance to hydrogen peroxide and
paraquat. Only the mutant Ab_2811∆areE exhibited an increase in the inhibition diame-
ter zone against 3% and 30% hydrogen peroxide when compared to the parental strain
(Figure 4a). In contrast, all mutant strains showed an increased susceptibility to paraquat
(Figure 4b), suggesting that these efflux pumps contribute to the bacterial tolerance to
oxidative stress induced by paraquat.

Figure 4. Oxidative stress susceptibility of Aliarcobacter butzleri parental Ab_2811 strain and derivate mutants, induced by
(a) hydrogen peroxide and (b) paraquat. Data correspond to the mean ± SD of at least three independent experiments.
* p < 0.05; ** p < 0.01; **** p < 0.0001; ***** p < 0.00001.

These results are in accordance with a previous study showing that deletion of cmeG
gene of C. jejuni resulted in increased susceptibility to hydrogen peroxide. The mechanism
contributing to resistance to oxidative stress in Campylobacter is not yet known, but it has
been hypothesized that the extrusion of toxic metabolites contributes to the detoxification
process and therefore to oxidative stress resistance [37]. Furthermore, in Salmonella enterica
serovar Typhimurium, the overexpression of the RND efflux pump MdsABC resulted in an
increase in the resistance to oxidative stress induced by paraquat, demonstrating a role of
efflux pumps in the defense mechanism against this stress [38].

Based on our results, we suggest that the AreDEF system may present a similar
function to cmeG in C. jejuni, while the three systems may alleviate stress induced by
paraquat, possibly playing a critical role in the oxidative balance necessary for normal
physiology.

Bacteria that infect the gastrointestinal tract are exposed to several barriers, such as
bile salts [39], which can disrupt cell membranes [40]. Efflux pumps may play a role in the
bacterial resistance against these compounds. As an example, C. jejuni uses the CmeABC
efflux pump as a mechanism for resistance to bile [21].

Since A. butzleri is considered a pathogen capable of infecting the gastrointestinal
tract [5] and the inactivation of areG gene led to a reduction in the MIC for bile salts,
further studies were undertaken. For that, the parental and mutant strains were exposed
to a physiological range of bile salt concentrations [41]. Overall, increasing concentra-
tions of bile salts in the medium resulted in a decrease in the strains’ growth, while for
the Ab_2811∆areG mutant, cellular death was observed for all the tested concentrations
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(Figure 5). Several studies have shown that efflux systems are relevant for bacterial survival
in the gastrointestinal tract and that this may be their ancestral function [19,27]. In C. jejuni,
it was demonstrated that the inactivation of the CmeABC efflux pump led to a decreased
resistance of the bacterium to bile salts [21,28,29,42]. The role of the efflux systems in the
bacterium’s survival in the presence of bile salts has also been described for other bacteria
associated with human intestinal tract infections, such as Vibrio cholerae and Bacteroides
fragilis [16,43]. Accordingly, our results strongly support a role of the AreGHI system in
A. butzleri survival in the gastrointestinal tract, likely influencing the capacity of A. butzleri
survival in response to this defense mechanism of the host, while promoting bacterial
adaptation to the intestinal tract.

Figure 5. Bile stress susceptibility of Aliarcobacter butzleri parental Ab_2811 strain and derivate
mutants. Data correspond to the mean ± SD of three independent experiments. **** p < 0.0001;
***** p < 0.00001; ****** p < 0.000001; The survival was determined as logarithm of NT/N0, where NT

corresponds to the colony-forming units (CFU)/mL after 6 h of incubation and N0 corresponds to
CFU/mL at time 0.

2.4. Impact of the Inactivation of RND Efflux Pumps on Motility and Biofilm Formation Ability

Motility and biofilm formation are two of the virulence mechanisms described for
A. butzleri [5,6], being frequently associated with colonization and bacterial persistence,
respectively [31,44]. A change in the expression of the efflux pumps can have an impact
on the motility, which, in turn, may be associated with the formation of biofilms, influ-
encing the virulence of the bacterium [45]. To assess whether these bacterial virulence
characteristics were affected by inactivation of one of the subunits of the efflux pumps
under study, motility and biofilm formation assays were performed for the parental and
the mutant strains (Figure 6). Regarding motility, the migration diameter of all the mutant
strains decreased; however, only the Ab_2811∆areG mutant demonstrated a significant
decrease when compared to the parental strain (Figure 6a). A decrease in motility has
already been described for other bacteria, induced by the inactivation of an RND-type
efflux pump [34,46].

The formation of biofilms was quantified by the crystal violet colorimetric assay. The
inactivation of the three efflux systems led to a significant decrease in biofilm formation
when compared to the parental strain (Figure 6b). Several studies described a similar
behavior, where a deletion or inhibition of efflux pumps was associated with a decrease
in biofilm formation [47,48]. For example, when the adeB gene of the AdeABC efflux
system from A. baumannii was deleted, the mutant had a significant defect in biofilm
formation. Moreover, mutants of Salmonella Typhimurium lacking tolC and acrB genes
had compromised biofilm formation ability [49,50]. RND efflux pumps also have the
ability to extrude quorum-sensing signals, with an impact on the process of intercellular
communication, which in turn is associated with biofilm formation [16].
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Figure 6. (a) Motility ability and (b) biofilm formation ability of Aliarcobacter butzleri parental Ab_2811 strain and derivate
mutants. Data are the mean ± SEM of at least three independent experiments. * p < 0.05; ** p < 0.01; ***** p < 0.00001.

2.5. Impact of the Inactivation of RND Efflux Pumps on Human Serum Susceptibility

To verify the serum’s bactericidal effects on parental and mutant strains, we performed
the serum killing assay. PBS was used as control of the experiment, and no killing effects
were observed for all the strains. Overall, the survival of the mutant strains in healthy
human serum was shown to be significantly different from that observed for the parental
strain (Figure 7). Indeed, after 180 min of exposure, all the mutants demonstrated a
significant increase in their susceptibility to human serum (p < 0.01). These results are in
agreement with a study performed in Stenotrophomonas maltophilia, where the deletion of
the RND efflux pump SmeYZ resulted in increased susceptibility to human serum [51].

Figure 7. Susceptibility of Aliarcobacter butzleri parental Ab_2811 strain and derivate mutants to
human serum. Death of the bacteria on PBS (solid lines) and serum (dash lines). Data correspond to
the means ± SD of three independent experiments.

2.6. In Vitro Adhesion to and Invasion into Caco-2 Cells

RND-type efflux pumps are recognized for their role in resistance as well as in vir-
ulence [52]. Since capacities for adhesion to and invasion into host cells are required for
successful colonization and infection [53], these in vitro assays were performed to evaluate
virulence for parental and efflux pumps mutant strains. Compared to the parental strain,
all mutants exhibited a significant decrease in the capacity for adhesion to Caco-2 cells
(Figure 8). However, no difference was observed regarding invasion ability between the
parental and mutant strains, probably due to the very low percentage of invasion observed
for all the strains (Figure 8).
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Figure 8. Adhesion and invasion assays for parental Aliarcobacter butzleri Ab_2811 strain and derivate
mutants. Data correspond to the mean ± SEM of three independent experiments. ** p < 0.01;
*** p < 0.001.

Our results are in accordance with a previous study carried out in Salmonella enterica,
where the lack of AcrB led to a decrease in adhesion and invasion. In that study, the
reduction in virulence observed for the mutant strains was caused by the loss of the
efflux function [24]. Supporting this, several studies have shown that RND efflux pumps
play a relevant role in the virulence of bacteria. For example, in C. jejuni, the CmeABC
system is needed for gut colonization of 1-year-old chicks [21]; in Moraxella catarrhalis,
a deletion of the AcrAB-oprM system led to a decrease in invasion of the mutant into
pharyngeal epithelial cells [54]; and in Vibrio cholerae, RND efflux systems are essential for
the colonization of the small intestine in mice [55]. Overall, all the A. butzleri efflux systems
under study showed a potential role in adhesion ability, thus contributing to bacterial
virulence and infection of host cells.

In summary, the results suggest that the A. butzleri efflux systems AreABC, AreDEF
and AreGHI have a role in the extrusion of several antimicrobial agents, such as antibiotics,
bile salts and biocides. In addition, results showed that these pumps are also relevant
elements in the defense against oxidative stress, while AreGHI has a role in the survival
of the bacterium in presence of bile salts. Finally, all the efflux systems tested showed a
role in the ability to form biofilms, the ability to survive in human serum and the ability to
adhere to intestinal cells. Thus, overall, the three efflux pumps studied have been shown to
contribute to antimicrobial resistance and also to virulence of A. butzleri. Our results are in
agreement with the well-known role of RND efflux systems in antibiotic resistance, while
their role in other relevant physiological processes, namely those associated with bacterial
virulence, has also been described for several pathogens, such as C. jejuni, S. maltophilia
and P. aeruginosa [16]. This study produced relevant data towards a better understanding
of the emerging pathogen A. butzleri, while allowing the identification of putative targets
for new therapeutic strategies to fight this infection.

3. Materials and Methods
3.1. Bacterial Strains and Growth Conditions

The A. butzleri strain Ab_2811 was isolated from a poultry carcass neck skin [56] and
was used as the parental strain for this study. Bacterial cells were stored at −80 ◦C in brain
heart infusion (BHI) containing 20% glycerol and were routinely cultured on blood agar
base (BA, Oxoid, Basingstoke, England) supplemented with 5% (v/v) of defibrinated horse
blood or in tryptic soy agar (TSA, VWR, Leuven, Belgium) medium and incubated at 30 ◦C
for 24 h, in aerobic conditions. For growth in broth culture, the A. butzleri strains were
transferred to 10 mL of tryptic soy broth (TSB) with an initial optical density at 620 nm
(OD620 nm) of 0.02 and incubated overnight at 30 ◦C under aerobic conditions.
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3.2. Construction of Aliarcobacter butzleri Efflux Pump Mutants

The construction of the A. butzleri Ab_2811 mutants was performed using insertional
mutagenesis, where the areB, areE and areG genes, encoding for the inner membrane protein
of each of the three RND efflux systems under study, were interrupted by a kanamycin
resistance cassette (aphA-3). The aphA-3 cassette was obtained by enzymatic digestion of
pUC18-K2 plasmid with BamHI and KpnI, followed by purification. Then, amplification
of the upstream and downstream regions of each gene was performed using the primers
presented in Table S1. Primers were designed with a tail sequence that allows hybridization
with upstream and downstream regions of the kanamycin resistance marker. The overlap-
extension PCR was used to construct the transformant DNA fragment. This fragment
consisted of an aphA-3 cassette flanked by the amplified fragments of an upstream and a
downstream region of the genes under study. After purification, the transformant DNA
fragment was used for the natural transformation of A. butzleri through a biphasic method
based on a protocol previously described, with some modifications [57]. Briefly, A. butzleri
Ab_2811 was cultured in BA at 30 ◦C for 24 h in a microaerophilic atmosphere (6% O2, +/−
7.1% CO2 and 3.6% H2). Then, 5 × 109 CFU were resuspended in TSB and transferred to
a test tube containing 1.5 mL of BA and incubated under the same conditions for 6 h. At
this point, 2 µg of the transformant DNA was added and tubes were further incubated for
5 h. After incubation, the suspension was transferred to a BA plate supplemented with
50 µg/mL of kanamycin and incubated at 30 ◦C under microaerophilic atmosphere, for
5 days. The transformation was confirmed by PCR through analysis of the fragment size,
and the gene expression was evaluated by RT-PCR technique (Table S1).

3.3. Antimicrobial Susceptibility Test

The minimum inhibitory concentration (MIC) was determined by broth microdilution
method [58] for several classes of antibiotics, including β-lactams, quinolones, aminoglyco-
sides, tetracyclines, macrolides and phenicols, and for different bile salts, disinfectants and
a germicide. The MIC of compounds tested was assessed followed by spectrophotometric
confirmation at 620 nm, using the value of 0.05 as a cut-off of the optical density. This test
was performed in duplicate and in at least three independent assays.

3.4. Ethidium Bromide Accumulation Assay

The EtBr accumulation in parental and mutant A. butzleri strains was evaluated as
previously described, with minor modifications [14,28]. Cultures were grown until mid-
exponential phase, collected by centrifugation, washed with phosphate-buffered saline
(PBS) and resuspended at OD620 nm of 0.2. The suspension was transferred to a black
96-well plate with a clear bottom (Greiner Bio-One, Frickenhausen, Germany). After
incubation for 10 min at 30 ◦C, EtBr was added to each well to a final concentration of
2 µg/mL. Fluorescence was recorded with a Spectramax Gemini XS spectrofluorometer
(Molecular Devices LLC, San Jose, CA, USA) at excitation and emission wavelengths of 530
and 600 nm, respectively. For the accumulation in the presence of efflux pump inhibitor,
after 7 min of readings, carbonyl cyanide m-chlorophenyl hydrazone was added to each
well to Ab_2811 at a final concentration of 50 µM. Each assay was performed in triplicate
and in three independent assays.

3.5. Growth Curves and Competition Experiments of the Parental and Mutant Strains

The growth curves of A. butzleri parental and mutant strains were determined as
described previously [58], and competition experiments were performed using pairwise
competition assay for parental and mutant strains [58]. Briefly, a fresh culture in 10 mL
of TSB was started by adding equal volumes of a preculture of parental and mutant
strains. This culture was incubated at 30 ◦C for 24 h under aerobic condition. Samples
were taken at time 0 and 24 h of incubation and the total and mutant populations were
counted by plating successive dilutions on TSA and TSA supplemented with 50 µg/mL of
kanamycin, respectively. The relative fitness of each mutant was determined by the ratio of
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the Malthusian parameter of the mutant per the parental. Both assays were repeated at
least three independent times.

3.6. Stress Susceptibility Assays

The oxidative stress tolerance was determined by the disk diffusion assays, where TSA
was inoculated with a cellular suspension adjusted to OD620 nm of 0.2 using a cotton swab,
and sterile paper disks were spotted with 5 µL of 3%, 10% and 30% hydrogen peroxide
(H2O2) and 5 µL of 250 mM methyl viologen (paraquat). After incubation at 30 ◦C in
aerobic atmosphere for 24 h, the zone of growth inhibition diameter was measured. To
evaluate bile stress, an overnight culture of the parental and mutant strains was used to
inoculate a culture in the absence and presence of bile salts, with a range from 0 to 2%
(Sigma-Aldrich, St. Louis, MO, USA). At 0 and 6 h, the drop-plate method was used for
determination of CFU/mL. These assays were performed three independent times.

3.7. Motility Assay

The motility of parental and mutant strains was evaluated as previously described [58].
The center of a plate of TSA medium with 0.4% of agar was stabbed with 5 µL of mid-
exponential phase culture. Motility was measured at 24 and 48 h, after incubation at 30 ◦C
in aerobic atmosphere. This assay was performed at least three independent times.

3.8. Biofilm Formation Ability

The ability of A. butzleri to form biofilm was evaluated by the protocol described by
Reeser et al. (2007), with some modifications [59]. An overnight culture was diluted to an
OD620 nm of 0.2, and 100 µL of the bacterial suspension was applied in nonuplicate on a
round-bottom polystyrene 96-well microtiter plate. Wells with only medium were used
as negative control. After 48 h of incubation at 30 ◦C in aerobic atmosphere, the medium
was removed, and the plate was incubated for 1 h at 55 ◦C. Then, the biofilm was stained
with 100 µL of crystal violet at 0.1% (w/V) in deionized water and incubated for 15 min at
room temperature, followed by washing of the wells three times with distilled water and
incubation again at 55 ◦C for 15 min. After drying, the biofilm was destained with 120 µL
of a 30% methanol and 10% acetic acid solution. One hundred microliters was moved
to a new microtiter plate and the absorbance at 570 nm was determined. The assay was
performed at least three independent times.

3.9. Serum Killing Assays

Serum bactericidal assays were performed according to the protocol previously de-
scribed by O’Shaughnessy et al. (2012), with some modifications [60]. Blood was collected
from a healthy adult, and serum was separated by centrifugation at 2000 rpm for 10 min at
4 ◦C and frozen in aliquots at −80 ◦C in sterile cryogenic tubes. For the assay, the parental
and mutant strains at mid-exponential phase were washed and resuspended in PBS at a
final concentration of ~107 CFU/mL with 90% of serum. As control, serum was replaced
with PBS. The assay was performed at 30 ◦C, and viable cells were counted by successive
dilution at the time points of 0, 15, 30, 45, 90 and 180 min. This assay was done three
independent times.

3.10. Adhesion and Invasion Assays

Adhesion and invasion assays were performed in the Caco-2 human intestinal epithe-
lial cell line. The Caco-2 cells were grown in tissue culture flasks in Dulbecco’s modified
Eagle medium supplemented with 10% fetal bovine serum, 1% nonessential amino acids,
100 µg/mL streptomycin and 100 U/mL penicillin and incubated at 37 ◦C in 5% of CO2.
For assays, 24-well plates were seeded with 1 × 105 cells/ well and incubated for 48 h. To
determine adhesion, monolayers were infected at an MOI of 100 and incubated for 2 h
in the same atmospheric conditions. Cells were washed three times and lysed with 0.1%
Triton X-100. For invasion of Caco-2 cells, a gentamicin protection assay was performed.
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After 2 h of infection, extracellular bacteria were killed by incubating with 125 µg/mL
of gentamicin for 1 h. Then, cells were washed to remove residual antibiotic and lysed
with 0.1% Triton X-100. Percentage of adherent and invading bacteria was determined by
successive dilution of lysates and plating by drop-plate method. Each assay was performed
at least three independent times, in triplicate.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/antibiotics10070823/s1, Table S1: Primers used in PCR in this study, Figure S1. Confirmation
of constructed mutants by PCR, Figure S2. Confirmation of gene expression by RT-PCR.
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Abstract: In Escherichia coli, the role of RND-type drug transporters other than the major efflux
pump AcrB has largely remained undeciphered (particularly in multidrug resistant pathogens),
because genetic engineering in such isolates is challenging. The present study aimed to explore the
capability of the AcrB homolog MdtF to contribute to the extrusion of noxious compounds and to
multidrug resistance in an E. coli clinical isolate with demonstrated expression of this efflux pump.
An mdtF/acrB double-knockout was engineered, and susceptibility changes with drugs from various
classes were determined in comparison to the parental strain and its acrB and tolC single-knockout
mutants. The potential of MdtF to participate in the export of agents with different physicochemical
properties was additionally assessed using accumulation and real-time efflux assays with several
fluorescent dyes. The results show that there was limited impact to the multidrug resistant phenotype
in the tested E. coli strain, while the RND-type transporter remarkably contributes to the efflux of all
tested dyes. This should be considered when evaluating the efflux phenotype of clinical isolates via
dye accumulation assays. Furthermore, the promiscuity of MdtF should be taken into account when
developing new antibiotic agents.

Keywords: MdtF (YhiV); multidrug resistance; RND-type efflux pump; dye accumulation; real-
time efflux

1. Introduction

Knowledge about resistance mechanisms is crucial for future drug development in
particular against Gram-negative pathogens. Many of them rank within the uppermost
levels of the WHO priority list for the urgent requirement for new antibiotics [1]. The
importance of RND (resistance nodulation cell division)-type efflux pumps for the emer-
gence of multidrug resistance (MDR) in Gram-negative pathogens has been demonstrated,
among others, for Escherichia coli [2–4], Klebsiella [5], Enterobacter [6] Acinetobacter [7], and
Pseudomonas aeruginosa strains [4]. As shown recently with the latter, in isolates lacking car-
bapenemases, the overexpression of efflux pumps appeared as the predominant reason for
carbapenem and multidrug resistance [8]. In contrast to Pseudomonas aeruginosa strains (in
which several different transporters of the RND superfamily contributes to MDR), AcrB has
been the only multidrug efflux transporter with a proven impact in E. coli. The relevance
of further efflux pumps encoded in the E. coli chromosome has been less explored. One
reason is that they are not found significantly expressed in laboratory strains [9] (in which
most of the experiments were carried out), whereas results from MDR clinical isolates have
remained underrepresented.

In recent studies with such isolates, a significant percentage of the collection revealed
mdtF expression in addition to acrB expression [10,11]. MdtF (formerly YhiV), exhibiting a
sequence similarity of 79% compared with AcrB [12], is complexed with the membrane
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fusion protein MdtE (formerly YhiU) and with TolC, the ubiquitous outer membrane
channel in E. coli not only working together with RND-type efflux pumps but also with
transporters of other families, such as the ABC-transporter MacB and the MFS-transporter
EmrB [13]. The principal capability of MdtF to efflux drugs from different classes, with the
exception of the oxazolidinone linezolid, has been shown [9], but little is known about a
potential role in MDR development. In the present study, we aimed to explore the MdtF
functionality and its contribution to drug resistance in an MDR E. coli isolate with verified
expression of this RND-type efflux pump [3,11].

2. Results and Discussion
2.1. Impact of mdtF Inactivation on Drug Susceptibility

In order to evaluate the contribution of MdtF to total TolC-dependent efflux in MDR
E. coli strains, we aimed to compare an mdtF/acrB double-knockout of the patient isolate
KUN9180 (besides acrB also showing mdtF expression) with the acrB (KUN∆acrB) and
tolC single-knockout (KUN∆tolC) mutants from previous studies [3,11]. Because selection
options are limited in MDR strains, the reutilization of the kanamycin/neomycin selection
cassette used for switching off acrB was an option. Thus, the first step was its removal from
acrB and the second step was its reintroduction in mdtF (see Section 3.3). The resulting
double-knockout was subjected to susceptibility testing, and the results were compared
with those from the KUN∆acrB and KUN∆tolC single-knockout mutants. Between the
latter, significant differences in the susceptibilities to nadifloxacin, zoliflodacin [11], and
novobiocin (Table 1) had been shown, but not to several other proven AcrB substrates,
including the more hydrophilic fluoroquinolones levofloxacin and moxifloxacin and the
non-fluoroquinolone gyrase inhibitor gepotidacin [11], to tetracycline, chloramphenicol,
linezolid, clindamycin, and rifaximin (Table S1), all of which were demonstrably effluxed
in isolate KUN9180 [3,11]. Regarding those results, only nadifloxacin, zoliflodacin, and
novobiocin are potentially extruded from a TolC-dependent transporter other than AcrB.

Table 1. Drug susceptibilities for which significant difference between acrB and tolC mutants of the
MDR E. coli isolate KUN9180 were reported.

MIC in µg/mL 1

E. coli Strain/Mutant Nadifloxacin Zoliflodacin Novobiocin

KUN9180 >512 (0) 4 (0) 128 (64)
KUN∆acrB 32 (16) 0.25 (0) 4 (2)

KUN∆acrB∆mdtF 16 (0) 0.125 (0) 2 (0)
KUN∆tolC 4 (2) 0.045 (0.02) 1 (0)

1 MIC, minimal inhibitory concentration; the median of ≥7 independent assays is shown and the MAD (median
absolute deviation) is given in parenthesis.

Indeed, we detected susceptibility increases for these three agents with the KUN∆acrB∆mdtF
double-mutant in comparison with the acrB single-knockout, but the changes were small,
with significance only confirmed for nadifloxacin (p value 0.01). Remarkably, the MICs
remain one or two dilution steps above those shown for the tolC deletion mutant (Table 1).
This could be due to another TolC-dependent efflux pump. However, we did not find any
significant expression of such an additional transporter in the KUN9180 isolate [11]. Resid-
ual differences in the susceptibilities of the ∆acrB∆mdtF and the tolC inactivated mutants
could be explained by further physiological functions of TolC [13]. Among others, a role in
enterobactin export has been reported [14]. An increasing accumulation of the siderophore
in the periplasm due to tolC deletion could impair the bacterial fitness and thereby, to some
extent, drug susceptibilities [15]. We have to outline that we did not include investigations
of a putative physiological impact of MdtF under differing environmental conditions other
than drug exposure in this study. A previous report had detected a protective role of MdtF
against nitrosative damage under anaerobic growth conditions [16].
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2.2. Impact of mdtF Inactivation on Intracellular Dye Accumulation

To gain further insights regarding the functionality and specificity of the MdtF trans-
porter, we carried out accumulation assays with six chemically diverse fluorescent dyes
which are known substrates of AcrB. In a previous study with the MDR clinical isolate
KUN9180, we had observed residual efflux of dyes not fully prevented after AcrB inac-
tivation. That was in contrast to findings with derivatives of laboratory E. coli strains,
such as the acrB overexpressing K-12 derivative 3-AG100 [2,3]. A recent study with new
powerful pyranopyridine efflux pump inhibitors showed an increase in the accumulation
of the fluorescent dye Hoechst 33342 exceeding that caused by acrB inactivation, which
also suggests the existence of at least one more active efflux transporter [17].

The accumulation assays with the MDR E. coli isolate reveal a remarkable contribution
of MdtF to the total efflux of all dyes tested, because only the acrB/mdtF double-knockout
(but not KUN∆acrB) reached the intracellular accumulation comparable with that of the
tolC knockout (Figure 1). Moreover, most of these dyes seemed to be even better substrates
of MdtF than of AcrB. The latter contributes most efficiently to total TolC-dependent efflux
only in the case of Pyronine Y, whereas all other dyes appeared more successfully expelled
by MdtF.
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Regarding berberine and β-naphthylamine, the latter being the intracellular fluo-
rescent cleavage product of the efflux pump inhibitor PAβN (phenylalanine arginine
β-naphthylamide) [18], the accumulation seemed even higher within the acrB/mdtF
double-knockout versus the KUN∆tolC mutant, but the differences were not significant
(p values > 0.05).

The results may help to resolve the previous discussion about ethidium as a substrate
of AcrB in different E. coli isolates [19]. In some E. coli strains (including the clinical strain
investigated in the present study), the inactivation of acrB does not remarkably affect the
efflux of ethidium. We here show that this is associated with the presence of MdtF which
obviously strongly reduced ethidium accumulation in a ∆acrB background (Figure 1).

2.3. Impact of mdtF Inactivation on Real-Time Efflux

Since intracellular compound accumulation might also be impaired by altered influx
or uptake, we conducted real-time efflux assays with three different dyes suitable for
this application. We used Nile red [20], 1,2′-dinaphthylamine (1,2′-DNA) [21], and the
piperazine arylideneimidazolone BM-27 [22] to assess the extrudability of these substances
in the KUN9180 clinical isolate and its mutants. Obviously, MdtF remarkably contributes to
the efflux of these dyes, too (Figure 2). Moreover, it appears as major efflux transporter in
the case of BM-27. This is unlike the findings with the acrB overexpressing K-12 derivative
3-AG100, in which the inactivation of acrB caused an efflux breakdown reaching the level
of the tolC-knockout for all dyes tested [11], but in accordance with the fact that mdtF is not
expressed in 3-AG100 and its ∆acrB derivative [3]. Some residual efflux with Nile red and
possibly also with 1,2′-DNA occurred in the acrB/mdtF double-knockout mutant (Figure 2)
suggesting the putative activity of another TolC-dependent transporter. However, as just
mentioned, we could not detect any significant expression of such an efflux pump besides
AcrB and MdtF in the KUN9180 isolate [11].
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Differences in the substrate compatibility with MdtF regarding the dyes used in the
assays are probably due to different physicochemical properties of these compounds. They
all are highly lipophilic, but differ remarkably for instance in size and shape (Figure S1).
BM-27 is the largest molecule with a molecular weight of 425 [22], whereas that of Nile red
is 318 and that of 1,2′-DNA is only 269. (https://pubchem.ncbi.nlm.nih.gov/compound/;
accessed on 30 March 2021) [23]. Of course, many other determinants (such as the polarity
of the molecules or available hydrogen bond donors and acceptors) might play a role.

3. Materials and Methods
3.1. Strains, Growth Conditions, Chemicals

The MDR clinical isolate KUN9180 was kindly provided from Yasufumi Matsumura
from the Department of Clinical Laboratory Medicine, Kyoto University Graduate School
of Medicine, Japan. The acrB and the tolC knockout mutants of the MDR E. coli iso-
late KUN9180 had been engineered within the scope of previous studies [3,11]. The
KUN∆acrB∆mdtF double-knockout was constructed as described in Section 3.3. All strains
and mutants were cultured in cation-adjusted Mueller Hinton broth (MH2) or on MH2
agar plates at 37 ◦C overnight.

Chemicals were purchased from Merck (Darmstadt, Germany) with the exception of
1,2′-DNA, which was purchased from TCI (Eschborn, Germany), and BM-27, which was a
kind gift from Jadwiga Handzlik from the Department of Technology and Biotechnology
of Drugs, Jagiellonian University Medical College, Faculty of Pharmacy, (Kraków; Poland).

3.2. Susceptibility Testing

Minimal inhibitory concentrations (MICs) of antibiotics were determined by broth
microdilution assays according to EUCAST guidelines (https://www.eucast.org/; accessed
on 30 March 2021).

3.3. Engineering of Mutant KUN∆acrB∆mdtF

Mutant KUN∆acrB (KUN9180∆acrB:FRT-PGK-gb2-neo-FRT [3]) was used to engineer
the double-mutant KUN∆acrB∆mdtF. In the first step, the FRT-PGK-gb2-neo-FRT cassette
was removed from acrB with the assistance of an FLPe (708-FLPe) expression plasmid
(Gene Bridges, Heidelberg, Germany), as described in the manual of the “Quick & Easy
E. coli Gene Deletion Kit” (Gene Bridges). The resulting acrB deficient mutant without
any resistance marker was cured from the FLPe plasmid (with a temperature sensitive
origin) by cultivating at 37 ◦C and then transformed with a curable Red/ET plasmid
(Gene Bridges) harboring a chloramphenicol resistance marker. An FRT-PGK-gb2-neo-FRT
cassette was PCR-amplified using oligonucleotides with flanks homologous to the desired
substitution region in mdtF (Table 2). Red/ET recombination with the purified PCR product
was carried out as described in the “Quick & Easy E. coli Gene Deletion Kit” protocol (Gene
Bridges). Recombinants were selected on agar plates containing 100 µg/ml kanamycin
(cross-resistance with neomycin), and successful insertion of the FRT-PGK-gb2-neo-FRT
cassette was verified by PCR with check-primers binding up- and downstream from the
replacement site in mdtF (Table 2).

Table 2. Oligonucleotides used in this study.

Oligonucleotide Sequence (5′-3′) 1 Application

upOl-mdtF-FRT-PGKgb2neo gtcactcaggtgattgagcaaaatatgaatgggcttgatggcctgatgta-
aattaaccctcactaaagggcg

FRT-PGK-gb2neo-FRTcassette
amplification

lowOl-mdtF-FRT-PGKgb2neo gcggtgccatcgtgccagaggcgttgcgtacataccattggttgatgtta-
taatacgactcactatagggctc

FRT-PGK-gb2neo-FRTcassette
amplification

Check-mdtF-fw ggcgatcatgaacttaccgg Check-primer for mdtF insertions
Check-mdtF-rv ggatgccgttgtagcgttc Check-primer for mdtF insertions

1 Underlined letters represent the primer sequence for the FRT-PGKgb2neo-FRT template, letters in italic the homology flanks fitting to mdtF.
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3.4. Dye Accumulation Assays

The intracellular accumulation of fluorescent dyes was determined as described pre-
viously [24–26], with minor modifications. Briefly, bacteria from an overnight cultivated
MH2 agar plate were suspended in PBS (phosphate buffered saline, pH 7.4) supplemented
with MgCl2 and with glucose to final concentrations of 1 mM and 0.4%, respectively.
The suspensions were adjusted to an OD600 of 1 and immediately used for determin-
ing the intracellular accumulation of dyes, which were added to a final concentration of
2.5 µM for ethidium bromide, 2.5 µM for Hoechst 33342, 30 µg/mL for berberine, 200 µM
for PAβN (β-napththylamine determination), and 22.5 µM for Pyronine Y. Fluorescence
was measured in the TECAN Infinite M200 PRO plate reader (Crailsheim, Germany)
with an incubation temperature of 37 ◦C. For ethidium, the excitation and emission wave-
lengths were 518 and 605 nm, respectively, for Hoechst 33343 350 and 461 nm, for berberine
355 and 517 nm, for β-naphthylamine 320 and 460 nm, and for Pyronine Y 545 and 570 nm.
Fluorescence values were corrected by subtracting the values detected from the bacterial
suspensions without dye.

3.5. Real-Time Efflux Assays

Real-time efflux assays were conducted with Nile red, 1,2′-DNA, and BM-27 according
to protocols published earlier [20–22] with slight modifications. Briefly, 20 mL MH2 broth
was inoculated with a colony from a freshly grown MH2 agar plate and cultivated overnight
at 37 ◦C with shaking (200 rpm). Bacterial cells were harvested by centrifugation (3220 g,
10 min) and washed twice with PBS. The pellets were suspended in PBS containing 1 mM
MgCl2 and adjusted to an OD600 of 1. Efflux arrest was induced by incubating with the
proton gradient uncoupling agent CCCP (carbonyl cyanide 3-chlorophenylhydrazone, final
concentration 5 µM) at 37 ◦C for 20 min followed by dye loading with Nile red or BM-27 to
final concentrations of 10 µM at 37 ◦C for 2 h. 1,2′-DNA was added to a final concentration
of 32 µM (4 h incubation, 37 ◦C). To monitor the real-time efflux, 180 µL aliquots of cells
were washed by centrifugation (5800 g, 2 min) and resuspended in the same volume of PBS
containing 1 mM MgCl2. After 40 s of fluorescence recording with the TECAN plate reader
M200 Pro, cells were re-energized by the addition of glucose to a final concentration of
1 mM and the measurement was continued for 360 s (at 37 ◦C). For Nile red the excitation
and emission wavelengths were 544 and 650 nm, respectively, for BM-27 400 and 457 nm,
and for 1,2′-DNA 370 and 420 nm.

3.6. Statistical Data Analysis

Standard deviations (SD) were calculated from the mean of n experiments as in-
dicated and the statistical significance of differences was analyzed by two-tailed t-tests
using the software GraphPad Prism (San Diego, CA, USA) version 8.4.2 (p values < 0.05
represent significance).

4. Conclusions

We found limited contribution of the RND-type transporter MdtF to the antibiotic
resistance profile of an MDR E. coli isolate, but a remarkable capacity to export dyes
(including ethidium) from different chemical substance classes suggesting a potential risk
that new compounds including drugs could be substrates, too. Furthermore, it should be
kept in mind that dye assays established to evaluate the efflux competence of bacteria do
not necessarily allow conclusions about the activity of the major drug exporter AcrB in
MDR E. coli isolates.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/antibiotics10050503/s1, Figure S1: Dyes used in the study of the KUN∆acrB/mdtF mutant.
Table S1: Further drug susceptibilities of the MDR E. coli isolate KUN9180 and derived knockout mutants.
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Abstract: Drug resistance represents a great concern among people with cystic fibrosis (CF), due
to the recurrent and prolonged antibiotic therapy they should often undergo. Among Multi Drug
Resistance (MDR) determinants, Resistance-Nodulation-cell Division (RND) efflux pumps have been
reported as the main contributors, due to their ability to extrude a wide variety of molecules out of
the bacterial cell. In this review, we summarize the principal RND efflux pump families described
in CF pathogens, focusing on the main Gram-negative bacterial species (Pseudomonas aeruginosa,
Burkholderia cenocepacia, Achromobacter xylosoxidans, Stenotrophomonas maltophilia) for which a predom-
inant role of RND pumps has been associated to MDR phenotypes.

Keywords: RND efflux pumps; drug resistance; cystic fibrosis

1. Introduction

According to the Cystic Fibrosis Foundation Patient Registry, worldwide more than
70,000 people suffer from Cystic Fibrosis (CF) [1]. Mutations in the Cystic Fibrosis Trans-
membrane conductance Regulator (CFTR) gene are responsible for the insurgence of a
pathological condition, with different severities based on the type of mutation [2]. The
CFTR channel is required for the homeostatic control of chloride and bicarbonate ions in
the lung. Its malfunctioning leads to mucin overproduction along airways and disruption
of the regular mucociliary activity [3,4]. Together, these defects promote polymicrobial
proliferation in the respiratory tract, where bacteria are trapped in the mucus and their
clearance becomes harder and harder [4]. Moreover, their presence stimulates an exagger-
ated inflammatory response, making CF pathology characterized by a progressive loss of
lung function.

It is noteworthy that the microbial community in CF lungs changes during the lifetime:
in 3–5 year-old children, one or a few CF pathogens are detected [1], while in adolescents
and adults a polymicrobial community or the prevalence of one typical CF bacterium
(e.g., Pseudomonas, Staphylococcus, Stenotrophomonas, or Burkholderia) has been reported [5].
The introduction of CFTR modulator therapy has greatly improved the general health
conditions of CF people; however, the effects of lumacaftor-ivacaftor, tezacaftor-ivacaftor,
and elexacaftor-tezacaftor-ivacaftor therapy in patients with diverse genetic backgrounds,
as well as their effects on the airway microbiota, need to be addressed [6].

A major concern regards the Multi Drug Resistance (MDR) phenotype of CF lung-
associated pathogens. Beside the classical drug resistance mechanisms (i.e., drug modifica-
tion and inactivation, decreased membrane permeability, modification of antibiotic targets,
target protection, drug efflux), during the progression of infection, Pseudomonas aeruginosa
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may switch to the mucoid phenotype, which is very difficult to eradicate [7]. In addi-
tion, the highly resistant small-colony variant phenotype of Staphylococcus aureus and
P. aeruginosa may be induced by repetitive antibiotic therapy [8,9]. Also, the proportion
of methicillin-resistant S. aureus (MRSA), together with metallo-β-lactamase-producing
P. aeruginosa strains is worrisome [10,11]. Moreover, during the COVID-19 pandemic,
the increased usage of antibiotics to control secondary bacterial infections may further
accelerate the spread of antibiotic resistance among nosocomial pathogens [12].

Indeed, while early infections by CF pathogens can be intermittent and involve
different strains with multiple levels of antibiotic resistance (AR) profiles, subsequently,
people with CF are chronically colonized with well adapted strains with properties (among
which high levels of MDR) that differ significantly from those exhibited by the isolate
which gave rise to the infection [13,14].This change is related to the adaptation of bacteria
to the fluctuating and heterogeneous conditions of the CF lung environment, which exerts
a high selective pressure [15]. CF lung is indeed an ecological niche characterized by
several selective elements, including the host immune response, the oxidative stresses
especially derived from the liberation of reactive oxygen species (ROS) by neutrophils, the
interactions among different microorganisms, the nutrient availability, the modified acidity
and salinity of the surrounding environment, and the oxygen deprivation in mucus [14–16].
Moreover, a strong selective pressure is exerted by the high levels of antibiotics used to
treat the infections caused by CF pathogens (a summary of the antibiotic treatment used for
the CF pathogens described in this review is reported in Supplementary Table S1) [14–16].

Among the consequences of this high selective pressure, there is the emergence of hy-
permutable strains, whose presence has been strongly associated with bacteria adaptation
to the lung environment [12,13]. Hypermutable strains, together with the characteristic
transition from the planktonic to the biofilm lifestyle of CF pathogens during chronic
infections, lead to the development of high levels of AR in strains adapted to the CF lung.
Together, all these factors increase the rate of AR through horizontal gene transfer [12,13].
Although no single mutations can lead to MDR profiles, the use of all antibiotics is prone to
be compromised by the acquisition of mutations that can lead to overexpression of efflux
pumps, hyperproduction of antibiotic degrading enzymes, porin loss or altered antibiotic
targets [13]. Among efflux pumps, those belonging to the Resistance-Nodulation-cell Di-
vision (RND) family are able to translocate different molecules (including drugs) out of
the bacterial cell in an aspecific manner, thus increasing the ability of bacteria to resist a
wide range of treatments [17] RND efflux systems are tripartite complexes composed of
an inner membrane protein, a periplasm associated subunit (membrane fusion protein or
MFP), and an outer membrane protein (OMP), that span the inner and outer Gram-negative
membranes. These pumps are activated by a proton motive force to export compounds
into the extracellular environment. The best-described members of this family are the
AcrAB-TolC and the MexAB-OprM of Escherichia coli and P. aeruginosa, respectively [18,19].

In this review, we will describe the principal RND efflux pump families which
have been found in CF pathogens, then we will focus on the main Gram-negative bacterial
species (P. aeruginosa, Burkholderia cenocepacia, Achromobacter xylosoxidans,
Stenotrophomonas maltophilia) for which a predominant role of RND pumps has been asso-
ciated to MDR phenotypes.

2. RND Efflux Pump Families in CF Pathogens

The RND superfamily is a ubiquitous group of efflux pumps conserved in all domains
of life (for a recent review see [17]). This superfamily is divided into nine functionally
recognized families, six of which have representatives in Gram-negative bacteria [17,20].

In particular, the SecDF efflux pumps are involved in the general secretion (Sec)
pathway and members of this family are present in both Bacteria and Archea [17,20].
However, most of the characterized RND proteins of Gram-negative bacteria belong to
the Hydrophobe/Amphiphile Efflux 1 (HAE-1) and Heavy Metal Efflux (HME) families,
involved in the export of multiple drugs and heavy metals respectively [17,20]. In addition,
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three other families with few representatives have been found in Gram-negative bacteria
that are less known and characterized: (i) the Nodulation Factor Exporter (NFE) family that
was identified as a probable nodulation factor exporter, although recently added members
of this family are drug exporters; (ii) the Aryl Polyene Pigment Exporters (APPEs), that have
been found in Xanthomonas oryzae where they are involved in exporting a pigment [17,20];
(iii) the Hydrophobe/Amphiphile Efflux 3 (HAE-3) family that included some Archea
transporters but also HpnN proteins, a group of Gram-negative pumps apparently involved
in the transport of hopanoids to the outer membrane [17,20]. The RND proteins of the
HAE-1, HME and NFE families are generally associated with an MFP and an OMP protein
to form a complex that allows the extrusion of substrates directly out of the cells. The genes
coding for these three proteins are usually associated in an operon [17,20].

Most of the RND systems identified and experimentally characterized in cystic fibrosis
pathogens belong to the HAE-1 family and are involved in antibiotic efflux. In P. aeruginosa,
twelve different RND operons have been found (mexAB-oprM, mexCD-oprJ, mexEF-oprN,
mexXY, mexJK, mexGHI-opmD, mexPQ-opmE, mexMN, muxABC-ompB, mexVW, triABC and
czcABC) [21]. The CzcABC system belongs to the HME family, while all the others belong
to the HAE-1 family [22]. All the twelve systems have been experimentally characterized
and most of them are conserved among different strains (in particular, MexAB-OprM,
MexCD-OprJ, MexEF-OprN, MexXY and MexJK) [22–26].

In the Burkholderia cepacia complex at least 19 different putative HAE-1 RND efflux
pumps are present, four of which (operon RND-4 or bpeAB-oprB, operon RND-6 RND-7,
operon RND-10 or ceoAB-opcM or bpeEF-oprC and operon RND-13) are being conserved
among several different strains [20,27,28]. Most of these proteins belong to the HAE-1 fam-
ily and for several of them, the role in antibiotic efflux have been experimentally confirmed
in several Burkholderia species (RND-1, RND-3 or AmrAB-OprA, RND-4 or BpeAB-OprB,
RND-8 and RND-9, RND-10 or CeoAB-OpcM or BpeEF-OprC) [29]. Moreover, for two
systems (RND-11 or CusABC and RND-12 or CzcABC) identified as belonging to the HME
family [20,30], the role in heavy-metal efflux has been experimentally validated [31]. The
genes coding for putative SecDF, HpnN/HAE-3 and APPE proteins have been found but
not experimentally confirmed [20]. Finally, in this genus, a group of operons which appear
not to belong to any of the recognized RND families have been identified and defined as
Uncertain Function (UF) [20,30].

In the genome of the type strain of A. xylosoxidans, ATCC 27061, the genes coding
for 9 different RND efflux pumps have been identified [32]. Three of these efflux pumps
have been functionally characterized: AxyABM (homolog of MexAB-OprM) [33], AxyXY-
OprZ (with homology to MexXY-OprM) [34] and AxyEF-OprN [35]. All these systems are
involved in the transport of several different antibiotics and belong to the HAE1 family of
RND transporters [33–35]. The substrates and the family of the other six pumps have yet to
be determined. A comparative genomic analysis showed that the genes coding for most of
these nine systems are conserved among different A. xylosoxidans strains [34], with one of
them, axyABM, conserved in all the sequenced Achromobacter genomes [36], while axyXY–
oprZ has been found also in Achromobacter ruhlandii [37]. Regarding proteins belonging to
the HME family, RND transport systems homologous of CzcABC and CusABC are present
in the genomes of other Achromobacter strains [38,39].

Finally, in S. maltophilia, the genes coding for fifteen putative HAE-1 RND systems
have been found, seven of which (smeVWX, smeYZ, smeGH, smeMN, smeOP, smeDEF,
smeIJK) seem to be conserved among different strains [40,41]. Eight out of these fifteen
pumps (SmeVWX, SmeYZ, SmeOP, SmeDEF, SmeIJK, SmeABC, SmeGH, SmeMN) have
also been experimentally characterized, confirming that they are actually involved in
AR [40]. In addition, the genes coding for six others putative HME RND efflux pumps
have been found in the genome of the K279a strain [41], but none of them have been
experimentally validated.
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3. RND in Pseudomonas aeruginosa
3.1. Pseudomonas aeruginosa Infections in CF

P. aeruginosa is a Gram-negative bacterium that belongs to the family of Pseudomon-
adaceae. Thanks to its metabolic versatility it is able to colonize many different environments
and to establish opportunistic infections [42]. The World Health Organization classified
as a priority one P. aeruginosa carbapenem resistant [43]. P. aeruginosa is the most com-
mon causative agent of Gram-negative nosocomial infections and lung infection in CF
patients [44]. MDR P. aeruginosa is responsible for over 72,000 infections and 4800 deaths
annually in Europe and the majority of these cases are attributed to carbapenem and
colistin-resistant strains [45].

P. aeruginosa has a relatively large genome of 5.5–7 million base pairs, encoding a large
number of regulatory enzymes involved in metabolism, transport and efflux [46]. During
childhood, CF patients are colonized by both P. aeruginosa and S. aureus, while in adulthood
P. aeruginosa is predominant and induces lung function decline [47]. The interaction be-
tween P. aeruginosa and its hosts is still poorly understood and its persistence in the airways
is due to highly complex and multifactorial reasons [48]. The CF airways environment
helps P. aeruginosa colonization over other bacteria (S. aureus) and the consequence of this
is the prevalence of P. aeruginosa in adults, ranging from 31 to 47% [49]. One possible
reason for this prevalence is that the physiological defects linked to CFTR mutations (such
as mucus viscosity, production of reactive oxygen species, impaired autophagy, reduced
airway acidity and accumulation of ceramides) induce advantages to P. aeruginosa [50].

During the course of the infection, the genetic and phenotypic traits of P. aeruginosa
strains in CF airways are subjected to evolutionary changes in response to the selective
pressure of the environment [51]. Chronic P. aeruginosa infections are recalcitrant to antibi-
otic treatment, which are extremely challenging due to the ability of the bacterium to resist
the commonly used compounds thanks to its numerous mechanisms of resistance (efflux
pumps, ability to form biofilm, persistence) [52]

P. aeruginosa is resistant to numerous antibiotics belonging to the aminoglycosides,
quinolones, and β-lactams families [53]. Mechanisms of AR of P. aeruginosa are classified
into intrinsic, acquired, and adaptive. Mechanisms of intrinsic AR are encoded by the core
genome of the organism, adaptive resistance is induced by environmental stimuli, while
acquired resistance depends on the gain of resistance genes derived from other organisms
or those which originated after the selection of mutations [54]. Among intrinsic resistance
mechanisms there are: the low outer membrane permeability, the expression of efflux
pumps, lipopolysaccharides modification, and the production of enzymes that inactivate
antibiotics. The adaptive resistance is related to biofilm formation that limits antibiotic
access to bacterial cells, decreases bacterial motility and promotes the formation of persister
cells [55]. Acquired resistance is the result of horizontal transfer of resistance-related genes
or of mutational changes [56].

3.2. Pseudomonas aeruginosa RND Efflux Systems

Antibiotic extrusion and resistance in P. aeruginosa can be closely related to tripartite
RND efflux pumps [57]. Efflux pumps are also involved in cellular stress response. Stress
signals such as host factors, detergents and endogenous inducers of bacterial stress could
help to select mutants, which over-express efflux systems [58]. The constant inflammation
of CF lungs exposes P. aeruginosa to reactive oxygen species (ROS), which might induce the
prevalence of strains over-expressing efflux pumps (MexAB-OprM and MexXY-OprM) [59].
Moreover, Fraud and colleagues showed that ROS over-exposure selects resistant mutants
expressing the RND MexXY-OprM [60].

Among the 12 RND efflux pumps identified in P. aeruginosa, six contribute to AR [61].
These RNDs are: MexAB-OprM, MexCD-OprJ, MexEF-OprN, MexXY-OprM, MexJK-OprM
and MexVW-OprM (Table 1) [52,62]. MexAB-OprM and MexXY-OprM are constitutively
expressed at the basal level in wild type strains and are induced by antibiotic substrates,
while the other systems are not expressed in wild type strains [52,63]. The genes encoding
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these tripartite efflux pumps are organized in operons, but in certain cases the operon does
not contain the OMF gene, such as in the case of MexXY, MexJK and MexVW.

Table 1. RND efflux pumps in P. aeruginosa.

RND Efflux
Pump Systematic ID Family Identified Regulator(s) Substrates

MexAB-OprM PA0425-PA0427 HAE-1 MexR, repressor
(MarR-type regulator)

β-Lactams (except imipenem),
β-lactam inhibitors, fluoroquinolones,
tetracycline, chloramphenicol,
novobiocin, macrolides, trimethoprim,
triclosan (irgasan), ethidium bromide,
SDS, aromatic hydrocarbons,
thiolactomycin, cerulenin, acylated
homoserine lactones

MexCD-OprJ PA4599- PA4597 HAE-1
NfxB, repressor

(TetR/AcrR-type
regulator)

β-Lactams, fluoroquinolones,
chloramphenicol, tetracycline,
novobiocin, trimethoprim, macrolides,
crystal violet, ethidium bromide,
acriflavine, SDS, aromatic
hydrocarbons, triclosan

MexEF-OprN PA2493-PA2495 HAE-1 MexT, activator
(LysR-type regulator)

Fluoroquinolones, chloramphenicol,
trimethoprim, aromatic hydrocarbons,
triclosan, Pseudomonas quinolone
signal

MexXY PA2019-PA2018 HAE-1 MexZ, repressor
(TetR-type regulator

Fluoroquinolones, aminoglycosides,
tetracycline, erythromycin

MexJK PA3677-PA3676 HAE-1
MexL, repressor
(TetR/AcrR-type

regulator)
Tetracycline, erythromycin, triclosan

MexVW PA4374-PA4375 HAE-1 N.D.

Norfloxacin, ofloxacin,
chloramphenicol, cefpirome,
tetracycline, ethidium bromide and
acriflavine

MexAB-OprM extrudes carbapenems, chloramphenicol, fluoroquinolones, lincomycin,
macrolides, novobiocin, tetracyclines, and all β-lactams except imipenem. It is also in-
volved in the efflux of triclosan (antiseptic compound) and of sodium dodecyl sulfate
(surfactant). While deletion of mexAB-oprM results in a P. aeruginosa strains sensitive to all
the above-mentioned antibiotics, a mutant overexpressing MexAB-OprM is characterized
by a significant level of resistance [64,65]. The efflux pump MexAB-OprM is composed
of an inner membrane protein MexA, a fusion protein MexB and the outer membrane
protein OprM [66]. Genes encoding these proteins constitute an operon which is controlled
by the transcriptional regulator MexR [67]. The mexR gene is localized upstream of the
mexAB-oprM operon and encodes a transcriptional repressor which binds the intergenic
region between mexA and mexR, in proximity to their promoters [68]. When MexR is not
functional, there is MexAB-OprM overexpression. P. aeruginosa clinical isolates showed dif-
ferent types of mexR mutations, leading to the production of a protein unable to dimerize, to
bind the DNA and to repress mexAB-oprM operon or mutations that result in the complete
absence of a functional MexR (such as peptide premature termination) [69,70]. A recent
study focused on the evolution of resistance during infections showed that the frequency
of mutations (frameshift in either mexA or oprM) in mexAB-oprM rises rapidly during
infection, providing evidence that the loss of this pump is adaptive [71]. Mutants have a
low meropenem resistance, suggesting that these mutations arise in a sub-population of
cells of the ancestral strain that are protected from meropenem by physical barriers, such
as biofilm, or by phenotypic resistance (tolerance or persistence) [72,73].
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The RND efflux pump MexCD-OprJ is expressed in nfxB P. aeruginosa mutants only.
NfxB is the negative regulator of MexCD-OprJ and clinical isolates with diverse mutations
in nfxB gene were isolated. These mutants showed different levels of resistance to the antibi-
otics effluxed by MexCD-OprJ, such as chloramphenicol, erythromycin, fluoroquinolones,
and tetracyclines [74].

Another RND efflux pump is MexEF-OprN that, unlike the other efflux systems, is
positively regulated by the transcriptional activator MexT [64]. This efflux pump extrudes
chloramphenicol, fluoroquinolones, tetracycline, and trimethoprim [75]. In most laboratory
strains deriving from reference P. aeruginosa strain PAO1, the mexT gene is frequently
unfunctional, causing the suppression of mexEF-oprN operon [76]. On the other hand,
when MexT is active, it also works as a repressor of the OprD porin, inducing an increase of
resistance to carbapenem [77]. P. aeruginosa mutants in the nfxC gene (norfloxacin resistance
gene) are characterized by the over-expression of mexEF-oprN operon and are more resistant
to chloramphenicol, fluoroquinolones, tetracycline, trimethoprim, and imipenem [78].

One of the most studied RND of P. aeruginosa is the efflux system MexXY-OprM,
which contributes to intrinsic resistance to aminoglycosides, tetracyclines, erythromycin,
and cefepime [79]. The MexXY can form functional complexes with two different outer
membrane proteins, OprM and OprA, in P. aeruginosa PA7 [80]. Recently, it has been shown
that the substrate specificities of MexXY can change depending on which OM protein
it complexes with [81]. Both OprM and OprA are involved in aminoglycosides efflux,
while carbenicillin and sulbenicillin are substrates only of the MexXY-OprA complex [81].
The regulator of this RND is the repressor MexZ and mutations in its gene, or in the
regulatory region, lead to overexpression of MexXY [82,83]. In P. aeruginosa CF clinical
isolates, the most common mutations are localized in the mexZ gene, inducing MexXY-
OprM overproduction. These mexZ mutations arise during chronic infections in CF patients,
contributing to tobramycin resistance, one of the first-line antibiotics used in CF [84]. The
expression of mexY and mexZ was found to be higher in adults with chronic infection than
in children with new or chronic infections, suggesting that these mutations are subjected to
positive selection [85].

Another RND efflux pump, MexJK, was identified using triclosan (biocide) as selective
agent in mexL mutants in a ∆mexAB-oprM and ∆mexCD-oprJ strains [86]. Furthermore,
MexCD-OprJ expression is selected by triclosan and could be considered an interesting
selective tool to study efflux systems [86] MexJK expression is controlled by the product
of an upstream regulatory gene, mexL, similar to what has been described in other RND
efflux pumps. MexJK lacks its own outer membrane protein and requires OprM for the
efflux of antibiotics [86].

Using a P. aeruginosa mutant lacking mexAB, mexCD–oprJ, mexEF–oprN and mexXY,
the RND efflux pump MexVW was characterized [87]. In the proximity of the mexVW
genes, no ORFs are present that could encode a regulatory protein; similarly, no genes
coding for an outer membrane protein are present in the downstream region. MexVW
works as a multidrug efflux pump and uses OprM as OMP. Overexpression of mexVW was
demonstrated to confer resistance to norfloxacin, ofloxacin, chloramphenicol, cefpirome,
tetracycline, and ethidium bromide [87].

3.3. P. aeruginosa RND Efflux Pumps Inhibitors

Among the P. aeruginosa efflux pump inhibitors, the most studied is
Phe-Arg-β- naphthylamide (PAβN), a broad spectrum peptidomimetic compound. PAβN
was shown to interfere with the four RND systems of P. aeruginosa: MexAB-OprM, MexCD-
OprJ, MexEF-OprN, MexXY-OprM. The association of chloramphenicol, fluoroquinolones,
macrolides, ketolides, oxazolidinones, and rifampicin with PAβN increases their effects [88].
PAβN functions as substrate of Mex efflux pumps and competes with antibiotics, prevent-
ing their extrusion [89]. Unfortunately, PAβN and its derivatives during phase 1 clinical
trials showed adverse toxicity and pharmacokinetic profile [90].
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Another efflux pump inhibitor is the pyridopyrimidine derivative D13-9001 [89]. It
blocks MexAB-OprM in vivo and in vitro and it showed low toxicity profiles [91]. The
mechanism of action of this compound relies on a tight interaction with the hydrophobic
trap of the pump, preventing its conformational changes. At the same time, D13-9001
blocks the substrate binding to MexB [92]. The limit of this molecule is its specificity for
MexAB-OprM: in fact, efflux pump inhibitors should be broad spectrum compounds in
order to be used as adjuvants together with antibiotics that are substrates of several efflux
pumps. Moreover, different mechanisms of resistance were identified when the compound
was administered with carbenicillin. The resistance occurred due to a mutation in the
residue F628 of MexB, a site involved in inhibitor binding [93,94].

A polyamine scaffold was identified as an efflux pump inhibitor by Fleeman and
co-workers [95]. Polyamines are essential organic polycations ubiquitous in all forms
of life and are composed of an aliphatic carbon chain with numerous amino groups.
Five polyamine derivatives were demonstrated to potentiate the effect of aztreonam,
chloramphenicol, and tetracycline, inducing an MIC90 decrease of 5- to 8-fold. These
compounds have limited toxicity and no inhibitory effects on the eukaryotic Ca2+ channel
of human kidney cells [95].

Among the natural products that target MDR efflux pumps, there are EA-371α and
EA-371δ, identified by screening a library of 78,000 microbial fermentation extracts [96].
These compounds are the products of a Streptomyces strain and are potent MexAB-OprM
inhibitors, with a MPC8 (minimum potentiation concentration decreasing the MIC of 8-fold)
values of 4.29 µM (EA-371α) and 2.15 µM (EA-371δ) for levofloxacin against strain PAM103.
Unfortunately, EA-371α could not be considered a lead compound because of its moderate
cytotoxicity [96].

Another type of RND efflux inhibition relies on the application of phage therapy.
While the traditional phage therapy is based on the administration of phages to block
bacterial cell growth, another approach used phages to steer AR evolution. An example
is the lytic Myoviridae bacteriophage OMKO1 that uses OprM as a receptor binding site.
Bacteria resistant to OMKO1, lacking OprM, are more sensitive to ciprofloxacin, tetracycline,
ceftazidime, and erythromycin due to the counterselection of MDR P. aeruginosa and,
possibly, to a change in the efflux pump mechanism [97].

4. RND in Burkholderia cenocepacia
4.1. Burkholderia cenocepacia Infections in CF

Burkholderia cepacia complex (Bcc) species are abundant in the polymicrobial com-
munities inhabiting the lungs of adult CF patients [98]. Within this group of 24 phe-
notypically related but genetically distinct bacterial species, Burkholderia cenocepacia and
Burkholderia multivorans are responsible for approximately 70–85% of all Bcc infections in
this cohort of patients [99,100]. The wide variety of potential virulence factors (e.g., cata-
lases, proteases and siderophores) produced by these bacteria to evade host defenses, their
innate resistance to many antibiotics and disinfectants, their ability to adhere and invade
epithelial cells and to survive inside macrophages, render B. cenocepacia infections very diffi-
cult to treat [101–104]. Clinical effects vary from transient carriage to chronic lung infection,
which can rapidly deteriorate to necrotizing pneumonia and sepsis, the so-called “cepacia
syndrome”, resulting in a significant decrease in patients’ survival [105,106]. Moreover, the
poor post lung transplant outcomes of individuals affected by B. cenocepacia renders chronic
infection as a contraindication for lung transplantation [107]. In this scenario, despite the
relatively low and stable prevalence of B. cenocepacia infections, affecting around 3% of CF
patients in Europe [108], this opportunistic pathogen represents a serious burden for the
management of people affected by CF.

The main challenges in the treatment of B. cenocepacia infections are represented by
the intrinsic resistance of this species to clinically relevant antibiotics and by their tolerance
to antibiotic exposure, typically associated with a biofilm lifestyle [109,110]. In the absence
of evidence-based guidelines for treatment [111], various therapeutic protocols based on
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the use of single or multiple antibiotics administered by different routes (intravenous, oral,
inhaled, or combined) for varying periods of time have been employed in clinics. However,
complete eradication of the infection is difficult to achieve [112,113]. Strategies based on
compounds that improve the activity of antibiotics (helper compounds) by blocking the
main resistance mechanisms or altering the physiological state of antibiotic-tolerant cells
are in clinical trials or under study [114–117]. These molecules generally act by impairing
bacterial growth, permeabilizing bacteria through the alteration of the structure of the outer
membrane, inhibiting biofilm formation and eradicating established biofilms [114,116].
Alternative approaches based on molecules used for other diseases, natural products,
quorum-sensing inhibitors and antimicrobial peptides are under investigation [118–121].
Finally, interest in the design of B. cenocepacia vaccines has recently risen [122].

4.2. Burkholderia cenocepacia RND Efflux Systems

The ability to produce a variety of efflux pumps significantly contributes to the in-
herent multidrug resistance of B. cenocepacia [112,123]. After the identification of the gene
cluster encoding the conserved salicylate-regulated RND-10 efflux pump responsible for
chloramphenicol, trimethoprim, and ciprofloxacin resistance [124], sixteen genes encod-
ing transporters of the RND family, organized in 14 operons, have been identified in the
genome of the reference B. cenocepacia strain J2315 (Table 2) [20,125,126]. This CF isolate, be-
longing to the highly transmissible epidemic ET12 lineage, was used for the preparation of
a collection of mutant strains, each carrying a marker-less deletion of a single RND operon,
thus allowing the investigation of the role of these systems in B. cenocepacia physiology
and antibiotic susceptibility [127–129]. While the RND-deleted strains did not show any
defect in their growth characteristics, the absence of a few specific RND-systems resulted
in increased antibiotic susceptibility and, in some cases, alterations in the production of
biofilm matrix compared to their parental strain [129]. In particular, when grown in plank-
tonic cultures, mutants lacking the RND-3 and RND-4 efflux systems displayed a higher
susceptibility to both ciprofloxacin and tobramycin and a reduced secretion of quorum-
sensing molecules [127,129]. Interestingly, lifestyle specific effects could be observed for
the different mutants. While the contribution of the RND-3 system to the intrinsic AR
of B. cenocepacia J2315 was exerted both in planktonic and sessile cells, the RND-4 efflux
pump played a major role in the efflux of ciprofloxacin, tobramycin, minocycline, and
chloramphenicol only in planktonic cells. On the contrary, the RND-8 and RND-9 efflux
systems were demonstrated to confer protection against tobramycin only in biofilms, but
not in planktonic cultures [129]. The lifestyle-specific activity of these pumps appears
as a cellular response to regulatory signals governing the physiology of the cell. In fact,
besides contributing to the extrusion of antibiotics and of a variety of compounds toxic
for cellular metabolism, RND systems play a role in the control of physiological processes
and virulence of B. cenocepacia [128]. Deletion of RND-efflux pumps was reported to affect
motility-related phenotypes and biofilm formation, with RND-4 and RND-9 mutant dele-
tion strains showing an enhanced biofilm formation ability and an increased and reduced
swimming motility, respectively [128]. As revealed by transcriptomic analysis, while the
motility phenotype could be easily correlated to a differential expression of motility genes
in the mutant strains compared to wild type, the increased ability to form a biofilm could
not be linked to an altered expression of genes involved in biofilm formation, suggesting
indirect regulatory mechanisms, possibly activated by altered concentrations of toxic com-
pounds or metabolic signals that accumulate in the cell as a consequence of efflux pump
inactivation.
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Table 2. RND efflux pumps in B. cenocepacia.

RND-Efflux Pump Systematic ID Family Identified Regulator(s) Antibiotic Substrates

RND-1 BCAS0591-BCAS0593 HAE-RND N.A. EO

RND-2 BCAS0766- BCAS0764 HAE-RND

LysR family transcriptional
regulator (BCAS0767) AraC

family transcriptional
regulator (BCAS0768)

Fluoroquinolones, tetracycline,
rifampicin, novobiocin, EO

RND-3 BCAL1674-BCAL1676 HAE-RND Tet-R type
regulator(BCAL1672)

Nalidixic acid, ciprofloxacin,
tobramycin, meropenem,

chlorhexidine

RND-4 BCAL2820-BCAL2822 HAE-RND Tet-R type
regulator(BCAL2823)

Aztreonam, chloramphenicol,
fluoroquinolones, tobramycin,

tetracycline, rifampicin,
novobiocin, essential oils,

ethidium bromide,
2-thiocyanatopyridine derivative

(11026103)

RND-6-7 BCAL1079-BCAL1081 HAE-RND N.A. EO

RND-8 BCAM0925-BCAM0927 HAE-RND N.A. Tobramycin

RND-9 BCAM1945-BCAM1947 HAE-RND Mer-R type
regulator(BCAM1948)

Tobramycin, chlorhexidine, EO,
2-thiocyanatopyridine derivative

(11026103),
2,1,3-benzothiadiazol-5-yl family

compound (10126109)

RND-10 BCAM2549-BCAM2551 HAE-RND Tet-R type regulator
(BCAM2548)

Chloramphenicol,
fluoroquinolones, Trimethoprim,

EO

RND-11 BCAM0711-BCAM0713 HME-RND N.A. Divalent cations (Zn2+, Co2+, Cd2+

and Ni2+)

RND-12 BCAM0433-BCAM0435 HME-RND N.A. Monovalent cations (Cu+ and
Ag+), EO

RND-16 BCAL2134-BCAL2136 U.F.-RND N.A. Minocycline, meropenem
ciprofloxacin

HAE: Hydrophobe/Amphiphile Efflux-1; HME = Heavy-Metal Efflux; U.F. = Uncertain Function. N.A. Not available; EO: Essential oils.

The presence of multiple operons encoding RND-efflux pumps in the B. cenocepacia
genome suggests a functional redundancy and synergistic activity, accounting for the lack
of alterations in the phenotype and in the antibiotic susceptibility of the majority of single
RND deletion mutants [127,129]. Interestingly, the high level of conservation of the RND-4
operon in the genomes of Burkholderia species is consistent with the multiple functions
in which this system is involved and with the effects of its inactivation on the increased
susceptibility to different antimicrobial compounds, including essential oils and disinfec-
tants [127,130–132]. On the other hand, RNDs with a narrow phylogenetic distribution,
like RND-9, show a more specific activity, with consequent milder phenotypic changes
observed in the corresponding J2315 deletion strain [128,129]. Noteworthy, when the con-
served RND-4 efflux pump is missing or inactivated, overexpression of the RND-9 system
can compensate for its function. For example, in a B. cenocepacia RND-4 deletion strain, mu-
tations in a gene (bcam1948) encoding a transcriptional repressor of the RND-9 operon were
demonstrated to confer resistance to a new antitubercular thiopyridine compound whose
antimicrobial activity was previously demonstrated to be impaired by RND-4 mediated
extrusion [130,133]. Interestingly, mutations in the same regulator confer resistance to a
2,1,3-benzothiadiazol-5-yl family compound and to multiple antibiotics (chloramphenicol,
ciprofloxacin, levofloxacin, norfloxacin, sparfloxacin and nalidixic acid) [134]. It is note-
worthy that, despite the important contribution of RND-4 in facilitating multiple AR in
the B. cenocepacia J2315 laboratory strain, no significant differences in the expression of the
RND-4 gene (bcal2822) was detected in multidrug-resistant clinical isolates which, on the
contrary, displayed a high expression level of RND-3 (bcal1674) and RND-9 (bcal1947) [135].
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However, the upregulation of the genes encoding RND-6 and RND-4 were found to be
involved in conferring resistance to different classes of antimicrobials (aminoglycosides,
β-lactams, fluoroquinolones, folate-pathway inhibitors) in a clonal variant of B. cenocepacia
isolated during long-term infection in CF lungs [136].

Phylogenetic analysis revealed a high degree of sequence similarity between RND-4
and the functionally distinct RND-2 operon, encoding a system present in only some Bcc
species [27]. RND-2 is not expressed in bacteria growing in LB medium and its ability
to confer resistance to fluoroquinolones, tetraphenylphosphonium, streptomycin and
ethidium bromide could be identified only by overexpression experiments in E. coli [125].
Noteworthy, RND-2 overexpression is able to restore resistance to some antibiotics in an
RND-4 deletion mutant, supporting the hypothesis that this operon originated from an
RND-4 duplication event that led to the creation of a system maintaining the ancestral
substrate specificity but subjected it to different regulatory mechanisms [28].

5. RND in Achromobacter xylosoxidans
5.1. Achromobacter Infections in CF

The Achromobacter genus consists of 19 species [137] of motile, non-lactose fermenting
Gram-negative environmental bacilli isolated from soil and water sources. Even though
they are not intrinsically pathogenic bacteria, they can represent a threat for critically ill,
immunocompromised and CF patients. A. xylosoxidans has been known to cause pulmonary
infections in CF patients since the 1980s [138], but only recently has it been recognized
as one of the main CF pathogens. There is a high regional variability in its infection
rate [139] but different reports highlight a worldwide rise in prevalence [140–142]. This
increase could be due both to the selective antimicrobial pressure present on the CF lung
bacterial community, and to the recent improvement of the detection methods, which
allow the unequivocal identification of Achromobacter isolates at the species level [143].
This highlighted the presence in CF of different species aside from A. xylosoxidans, which
still remains the most prevalent, such as Achromobacter ruhlandii, Achromobacter dolens, and
Achromobacter insuavis [143]. Although the impact of these infections on lung function is not
fully understood yet [144,145], it is known that these bacterial species, so closely related to
the pathogenic Bordetella genus, have a high host adaptation potential, possessing several
virulence-associated genes [146].

The treatment of Achromobacter spp. infections is extremely challenging since they
show inherent resistance to most penicillins and cephalosporins, as well as to aztreonam,
fluoroquinolones, and aminoglycosides [147]. Besides the intrinsic resistance mechanisms,
Achromobacter often exhibits acquired resistances, especially towards β-lactams, but also
to aminoglycosides and trimethoprim, achieved by horizontal gene transfer [148]. This
array of resistance determinants makes these bacteria potentially resistant to every class
of antibiotics, and cases of pan-drug-resistant Achromobacter spp. have been already re-
ported [149]. For this reason, the optimal antibiotic therapy for these infections is patient-
specific, even if piperacillin–tazobactam, trimethoprim–sulfamethoxazole, and meropenem
are usually the most active agents [147]. Concerning the innate resistance mechanisms,
initially some β-lactamases were biochemically characterized [150–153], but the class D
β-lactamases OXA-114, in A. xylosoxidans, and OXA-258, in A. ruhlandii, are nowadays
the best characterized enzymes, although their role in the β-lactams resistance profile is
likely secondary [37,154]. To better study the resistance potential of A. xylosoxidans, Hu
and colleagues performed a genome-wide analysis, predicting the presence of 50 drug
resistance genes, 38 of which were efflux pump genes [32].

5.2. Achromobacter spp. RND Efflux Systems

The genome of Achromobacter spp. contains a significantly higher number of efflux
pump-related genes compared with other genera [155]. Only three of nine RND efflux
systems have been studied so far (Table 3), and a lot of work is still needed to have a
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comprehensive overview of the intrinsic and acquired antimicrobial resistance patterns in
the Achromobacter genus.

Table 3. Characterized RND efflux pumps in A. xylosoxidans.

RND
Efflux-Pump

PAO1 Orthologous
(% of Identity)

Identified
Regulator(s) Antibiotic Substrates

AxyABM MexAB-OprM
(60-72-60%)

AxyR (putative
LysR-type regulator)

Cephalosporins, aztreonam,
nalidixic acid,
fluoroquinolones,
chloramphenicol, trimetho-
prim/sulfamethoxazole

AxyXY-OprZ MexXY-OprM
(62-74-48%)

AxyZ (TetR-type
regulator)

Aminoglycosides,
carbapenems, cefepime,
ceftazidime,
fluoroquinolones,
tetracyclines, erythromycin

AxyEF-OprN MexEF-OprN
(50-65-31%)

AxyT (LysR-type
regulator)

Fluoroquinolones,
carbapenems, tetracyclines

The first RND-type multidrug efflux system described in A. xylosoxidans (even though
the strain used in this work was later reclassified as A. insuavis) was the AxyABM [33]. This
RND system is the ortholog of the MexAB-OprM system of P. aeruginosa (60–72% protein
identity) and shares with it the same operon organization. Indeed, the genes composing the
multiprotein complex are grouped in a cluster of three open reading frames, axyA (the MFP),
axyB (the RND transporter protein), and axyM (oprM; the OMP). Moreover, upstream of the
operon a gene coding for a transcriptional regulator, namely axyR, is present, as already
seen in P. aeruginosa for mexR, although the two genes do not share any homology [33]. By
inactivation of axyB, it was also demonstrated that the spectrum of activity of AxyABM
is comparable, even if not identical, to the one of MexAB-OprM, being involved in the
innate resistance to a broad spectrum of antibiotics, in particular most cephalosporins
and aztreonam, but also nalidixic acid, fluoroquinolones, and chloramphenicol [33]. This
RND system is present in all the sequenced Achromobacter genomes [146], but it was better
characterized only in A. ruhlandii, where it seems to have a narrower spectrum of activity.
Indeed, by cloning the axyABM operon in E. coli, it was demonstrated to be only involved in
the extrusion of chloramphenicol, nalidixic acid and trimethoprim/sulfamethoxazole [37].
Finally, besides the innate antibiotic tolerance, AxyABM is probably involved also in
persistence and biofilm metabolism of A. xylosoxidans, since the gene axyA was found to
be 21-fold upregulated upon the establishment of chronic infections in CF lungs [156].
Moreover, in the same strain, the expression of axyA increased more than 7-fold in sessile
cells, highlighting the importance of this efflux system in biofilm formation [156].

To identify the mechanism(s) responsible for the high-levels of innate resistance of
A. xylosoxidans towards aminoglycosides, a genomic comparison with P. aeruginosa was
performed. This approach led to the characterization of the AxyXY-OprZ efflux pump,
the ortholog of the MexXY-OprM RND system of P. aeruginosa [34]. AxyXY-OprZ is
encoded by an operon conserved in many Achromobacter species, predominantly in those
often recovered from CF patients, and it is described as the major resistance mechanism
to aminoglycosides, since its presence is always associated with a resistant phenotype,
whereas its absence leads to a sensitive phenotype [157].

The axyXY-oprZ operon is under the negative control of AxyZ, a TetR-type transcrip-
tional repressor homolog of the P. aeruginosa MexZ and is encoded by the gene axyZ, found
upstream of the cluster [158]. Surprisingly, this transcription factor plays a role also in
the regulation of a novel carbapenemase, Axc, highly expressed in meropenem-resistant
A. xylosoxidans clinical isolates [159]. Indeed, loss of function mutations in the axyZ se-
quence, and especially the V29G substitution localized in the DNA-binding domain of the
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protein, lead to the overexpression of AxyXY-OprZ, but also of the Axc carbapenemase,
increasing the MICs of antibiotic substrates of these proteins [158,159]. This demonstrates
that AxyZ is involved in a wide regulatory pathway controlling the activation of disparate
AR mechanisms. The AxyZ mutations can be quite easily selected in vitro by exposure
of the bacterium to aminoglycosides [158], a class of antibiotic extensively used for CF
infections treatment, and consequently these are reported to be frequently associated with
the pathoadaptive process of A. xylosoxidans, A. ruhlandii and A. insuavis in CF lung [160].

The AxyXY-OprZ possesses the ability to extrude a broad spectrum of antibiotics,
since its inactivation leads to a drastic decrease in the MICs of aminoglycosides and,
to a lesser extent, of carbapenems, cefepime (the only cephalosporin not extruded by
AxyABM), ceftazidime, some fluoroquinolones, tetracyclines, and erythromycin. Moreover,
this RND pump seems to be partially involved in the Achromobacter spp. acquired resis-
tance to carbapenems, since its impairment leads to a significant decrease of carbapenem
MICs in a resistant clinical isolate [34]. However, the MIC value results higher than the
carbapenem-sensitive Achromobacter strains, suggesting the presence of additional resis-
tance mechanisms, such as the recently described carbapenemase Axc. Despite the high
similarity between AxyXY-OprZ and its P. aeruginosa counterpart, the Achromobacter efflux
pump confers up to a 32-fold higher level of resistance to aminoglycosides. It was hypoth-
esized that this difference is probably due to the different Opr protein associated with
the RND complex, since OprZ is the homolog of OprA (not OprM), the outer membrane
protein coupled with MexXY in some P. aeruginosa genetic lineages [34].

The last RND efflux pump characterized in Achromobacter spp. was the AxyEF-OprN,
the ortholog of the P. aeruginosa MexEF-OprN [35]. In contrast to the other two RND sys-
tems, this pump has a narrow spectrum of activity and was initially demonstrated to have a
role in the Achromobacter innate resistance to few fluoroquinolones, carbapenems, and tetra-
cyclines. Indeed, by analyzing the effect of axyE deletion in the AX08 clinical isolate, Nielsen
and collaborators showed a decrease of the MIC of levofloxacin, making this strain suscep-
tible to this antibiotic according to the EUCAST interpretative criterion for Pseudomonas
spp. Moreover, a 2-fold decrease in the MIC of ertapenem, ciprofloxacin, and doxycycline
was reported [35]. Surprisingly, in the same paper they also described an increase in the
MICs of some β-lactams as a consequence of the pump inactivation, but this aspect was
not further investigated [35]. AxyEF-OprN was also characterized as the main mechanism
responsible for acquired fluoroquinolone resistance in Achromobacter [161]. Indeed, it was
demonstrated that, different to many Gram-negative bacilli, the fluoroquinolones-resistant
phenotype is not due to amino acid substitutions within the Quinolone Resistance De-
termining Regions (QRDRs) of the targets (DNA gyrase and topoisomerase IV), but it
is mainly due to AxyEF-OprN overexpression. In particular, the overproduction of the
efflux pump in Achromobacter-resistant clinical isolates is often caused by gain-of-function
mutations of AxyT, the transcriptional activator of the axyEF-oprN operon, although the big
difference found in fold change in strains owning the same mutation suggests an interplay
between different regulatory pathways [161].

5.3. Achromobacter spp. RND Efflux Pumps Inhibitors

Until now, despite the prominent role of RND efflux pumps in Achromobacter innate
and acquired AR, no specific inhibitors have been studied. The only active compound
present in the literature is berberine, a benzylisoquinoline alkaloid isolated from many
medicinal plants, and its derivatives, characterized as specific inhibitors of the P. aeruginosa
MexXY system, but tested also against A. xylosoxidans [162,163]. Indeed, in this bacterium
berberine significantly reduced the tolerance to aminoglycosides, decreasing the MICs
of amikacin, arbekacin, gentamicin, and tobramycin (the substrates of the AxyXY-OprZ
efflux pump) up to 32-fold [162]. Moreover, among eleven berberine derivatives, the 13-
(2-methylbenzyl) berberine (13-o-MBB) showed the best activity against P. aeruginosa and
thus it was tested against A. xylosoxidans. The presence of 13-o-MBB resulted in a further
increased sensitivity to aminoglycosides, and the most impressive result was obtained in
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combination with gentamicin, reducing its MIC of more than 512-fold [163]. However, even
low concentrations (30 µg/mL) of this molecule are cytotoxic to human cells in vitro [163],
making the development of less toxic derivatives fundamental for future application in
humans.

6. RND in Stenotrophomonas maltophilia
6.1. Stenotrophomonas maltophilia Infections in CF

Stenotrophomonas maltophilia is a Gram-negative, aerobic, non-fermentative bacillus,
belonging to the class of gammaproteobacteria. It is an ubiquitous contaminant in soil,
water, food, and hospital settings [164]. Its major presence in healthcare centers, after
Acinetobacter spp. and Pseudomonas aeruginosa, is linked to opportunistic infections with
relevant morbidity among patients with underlying pathologies, such as cystic fibrosis, or
immunocompromised subjects, with an incidence in USA intensive care units of 4.3% of
all Gram-negative infections [41,165]. Risk factors include malignancy, chronic respiratory
diseases, and long-term hospitalization. In CF patients, S. maltophilia isolation in the respi-
ratory tract is linked to intravenous antibiotic use and oral quinolone administration, as for
the use of anti-pseudomonal antibiotics; approximately 11% of CF patients are colonized
by this bacterium, even if its role in such condition is not clear [164]. S. maltophilia chronic
infection is correlated to a lower mean percent predicted Forced Expiratory Volume in the
1st second (FEV1) compared to the uninfected control, with a significantly higher risk of
pulmonary exacerbation [164]. Combinatorial treatments are efficient in avoiding clone
selection, e.g., with trimethoprim-sulfamethoxazole and ticarcillin-clavulanate, doxycycline
and ticarcillin-clavulanate, trimethoprim-sulfamethoxazole and piperacillin-tazobactam,
ciprofloxacin and ticarcillin-clavulanate. Nevertheless, MDR strains were isolated from
topical antiseptic, hand-washing soap, bottled water, and intravenous cannulae, nebuliz-
ers and prosthetic devices, showing how hazardous direct-contact transmission and how
tolerant this pathogen can be [164]. Such persistence in the environment is adjuvanted
by a broad array of intrinsic AR determinants against β-lactams, macrolides, aminogly-
cosides, cephalosporins, polymyxins, tetracyclines, chloramphenicol, fluoroquinolones,
carbapenems, and trimethoprim-sulfamethoxazole [164]. Such phenotype results from the
interaction of different layers, as poor membrane permeability, the presence of chromoso-
mally encoded L1 and L2 β-lactamases [166], AAC(6′)-Iz and APH(3′)-IIc aminoglycoside-
modifying enzymes [167], and multidrug resistance efflux pumps [164].

6.2. Stenotrophomonas RND Efflux Systems

In the S. maltophilia K279a strain genome eight pumps have been annotated, while
seven (smeABC, smeDEF, smeGH, smeIJK, smeOP, smeU1VWU2X, smeYZ) of them have been
characterized as hydrophobic and amphiphilic efflux (HAE)-RND
pumps (Table 4) [167–173].
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Table 4. RND efflux pumps in S. maltophilia.

RND-Efflux
Pump Systematic ID Family Identified

Regulator(s) Antibiotic Substrates

SmeABC Smlt4474-4476 HAE-RND Two-component
regulator SmeSR

trimethoprim;
third-generation β-lactams;
aminoglycosides;
fluoroquinolones

SmeDEF Smlt4070-4072 HAE-RND
Tet-R type regulator

SmeT; Two component
regulator SmeRySy

chloramphenicol;
ceftazidime; amikacin;
aztreonam; novobiocin;
fosfomycin; quinolones

SmeGH Smlt3170-3171 HAE-RND Tet-R type regulator

ceftazidime; tetracycline;
polymyxin B; β-lactams;
quinolones;
fluoroquinolones

SmeIJK Smlt4279/4281 HAE-RND N.D.
tetracyclines;
fluoroquinolones;
aminoglycosides

SmeMN Smlt3788-3787 HAE-RND N.D. N.D.

SmeOP Smlt3925-3924 HAE-RND Tet-R type regulator
SmeRo

nalidixic acid; doxocycline;
aminoglycosides;
macrolides

SmeYZ Smlt2201-2202 HAE-RND Two-component
regulator SmeRySy

trimethoprim-
sulfamethoxazole;
leucomycin;
aminoglycosides

SmeU1VWU2Z Smlt1829-1833 HAE-RND Lys-R type regulator
SmeRv

chloramphenicol;
tetracycline; quinolones

N.D. Not Determined.

One of the first identified HAE-RND pumps has been SmeABC, which shows similari-
ties to different efflux pumps, such as MexAB-OprM in P. aeruginosa, TtgABC in P. putida and
AcrAB in E. coli [172]. This tripartite efflux pump, whose operon is controlled by the SmeSR
sensor proteins, confers resistance to third-generation β-lactams, aminoglycosides, and
fluoroquinolones and leads to trimethoprim susceptibility once overexpressed [166,172],
while physiologically it does not confer intrinsic resistance due to its low-basal expression
level. The determinants involved in MDR are being identified as smeC and smeR, whose
deletion leads to the reversal of the resistance phenotype [172].

A similar quiescent behaviour is provided by the smeU1VWU2X operon, whose
encoded SmeVWX proteins show 51%, 56%, and 48% amino acid identity with P. aeruginosa
MexEF-OprN, respectively. The SmeRv protein, a LysR-type regulator, negatively regulates
the operon in the S. maltophilia KJ strain, but it acts as a positive regulator in the S. maltophilia
MDR KJ09C strain [170]. No mutations have been identified in smeRv, so the presence of an
activator ligand could be able to switch on the expression of the entire operon. Differently
from the other RND-efflux pumps, it possesses two additional sensor proteins, SmeU1
and SmeU2, belonging to the Short-chain Dehydrogenase/Reductase (SDR) family. The
latter has been shown to mediate alleviation from environmental oxidative stress, which is
found to trigger the expression of smeU1VWU2X [170,174]. KJ09C mutant overexpressing
this operon shows increased resistance to chloramphenicol, quinolones, and tetracycline,
with the MICs of aminoglycosides unexpectedly decreased [170]. Interestingly, the smeX
deletion of KJ09C mutant reverts both the resistance and the susceptibility patterns, while
smeU2 deletion in the same strain leads only to a slight decrease in the resistance, up to
a 2-fold MIC decrease in the case of aminoglycosides, suggesting an additional control
exerted by SmeU2 on SmeX overexpression [174].
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SmeDEF intrinsically confers a two- to eight-fold increase in the MICs of quinolones,
tetracycline, chloramphenicol, and novobiocin [175]. Its components show several ho-
mologies with different Gram-negative bacterial efflux pumps: SmeD and SmeE share the
highest similarities to E. coli AcrA and AcrE (48%) and AcrB and AcrF (61% and 58%),
while SmeF is similar to SmeC (42%) [168]. The smeDEF operon is directly regulated by
the SmeT protein, which acts as a negative regulator [176]. Different mutations in smeT
have been linked to the acquisition of the resistance phenotype, such as L166Q and T197P,
allowing tigecycline, aztreonam, and quinolones tolerance, but also fosfomycin suscep-
tibility [169]. This pattern is reasonable, as overexpression of smeD and ameF has been
linked to levofloxacin, moxifloxacin, ceftazidime, and tetracycline resistance and amikacin
resistance, respectively; in addition, deletion of the smeF gene in K1385 and K1439 MDR
strains leads to the reversion of the MDR phenotype [175]. Indirectly, the expression of
this efflux pump is influenced by the SmeRySy two-component regulatory system, the
main regulator of the smeYZ operon [176]. The deletion of these particular sensor proteins
is linked with smeDEF up-regulation and to subsequent chloramphenicol, ciprofloxacin,
tetracycline, and macrolide resistance. Counterintuitively, such deletion also increases
also smeT expression: a possible explanation involves the presence of an intermediary
modulator, whose expression is altered by smeRySy deletion and which mediates the inter-
action between SmeT and its operator, resulting in the derepression of both smeDEF and
smeT [176]. Interestingly, a biocide called triclosan acts as a SmeT inactivator, consequently
leading to smeDEF overexpression and MDR strain selection [177,178].

Two highly expressed efflux pumps, SmeYZ, and SmeIJK, play a major role in the
intrinsic resistance to antimicrobials [171,173]. The smeYZ operon, sharing 44% and 59%
amino acid identity with Acinetobacter baumanii AdeAB [41], confers resistance to amikacin,
gentamicin, kanamycin, and leucomycin. Parallelly, its deletion leads to both aminoglyco-
sides and trimethoprim-sulfamethoxazole susceptibility [173]. As previously stated, the
operon is controlled by SmeRySy, with smeRy deletion downregulating smeZ expression
and conferring aminoglycoside susceptibility, in addition to the acquired resistances in-
volving smeDEF pump expression [176]. Celastrol, an anti-inflammatory natural terpenoid
compound, can down-regulate smeYZ expression, thus proposing a possible candidate to
control virulence in S. maltophilia [179].

smeIJK has a particular genetic organization, as it is the only efflux pump in S. maltophilia
coding for two inner membrane proteins, SmeJ and SmeK, both showing high similarity (59%)
among them [171]. The smeIJK operon shares 41%, 50%, and 44% amino acid identity,
respectively, to MtdABC of E. coli [41]. SmeIJK confers intrinsic resistance to tetracycline
and, to a lesser extent, to aminoglycosides; overexpression can be found in S. maltophilia
KJ and KM5 strains leads to an up to 16-fold increase in aminoglycosides MICs and to an
increase in fluoroquinolones and tetracyclines resistance, phenotypes reverted after smeJK
deletion [167,171]. In addition, deletion of the entire operon in the KJ mutant is linked
to polymyxin E susceptibility, thus suggesting a role for SmeI in membrane integrity and
permeability [171].

SmeOP proteins are not conserved in other Gram-negative bacteria, as they share less
than 30% of the amino acid identity of other antimicrobial efflux pumps [41]. In the strain
KJ, this efflux pump is involved in the extrusion of nalidixic acid, doxycycline, macrolides,
and more relevantly aminoglycosides, and in the elimination of some toxic compounds
such as carbonyl cyanide 3-chlorophenylhydrazone (CCCP) and tetrachlorosalicylanilide
(TCS) [180]. The operon is controlled by a TetR-type transcription regulator SmeRo, which
represses the expression of the genes [180]. Its deletion only produces a slight increase in
the MICs of chloramphenicol, quinolones, and tetracyclines. To properly work, the pump
requires the cognate OMP TolCSm: deletion of the corresponding gene has been associated
with higher decreases in the MICs than those caused by smeOP inactivation, suggesting the
involvement of this OMP in the function of another uncharacterized efflux system [180].

Finally, smeGH is the last operon characterized, whose components share 39% and 49%
amino acid identity to Morganella morganii AcrAB [41,181]. It is controlled by a TetR-type
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regulator, which acts as a repressor. In the S. maltophilia D457 strain, a smeH deletion
mutant shows an increased susceptibility to ceftazidime, β-lactams, quinolones, and fluoro-
quinolones, and polymyxin B, suggesting the role of this pump in intrinsic resistance. In the
same mutant, a wide variety of other noxious compounds are identified as substrates, such
as menadione, benzalkonium chloride and naringenin [181]. Overexpression of smeH in
the S. maltophilia clinical strain L1301 is linked to quinolones, macrolides, chloramphenicol,
and tetracycline resistance; a similar effect is observed in another strain, named C2206,
except for macrolide MIC, which remains unchanged [182]. Through an approach of labo-
ratory experimental evolution, where the D457 strain was exposed to increased ceftazidime
concentrations, two subsequent mutations in smeH were identified as linked to MDR [181]:
the first to be acquired was P326Q, which confers a 5-fold and 2-fold increase in the MICs
of ceftazidime and cefazolin and for aztreonam, respectively; the second acquired mutation
was Q663R, which further increased the resistance to ceftazidime, cefazolin, and aztreonam,
and conferred a 2-fold and 3-fold increase in the MICs of cefotaxime and norfloxacin,
respectively. Finally, the role of Q663R mutation alone was explored, resulting only in a
4-fold increase in MIC of tetracycline: this suggests how relevant the order of mutation
acquisition for the final phenotypic outcome is [181].

7. Conclusions

Multidrug-resistant strains represent a major threat for cystic fibrosis patients, who
undergo heavy antibiotic therapies to face the recurrent bacterial infections that damage
their lungs especially.

Major contributors to the MDR phenotype are the efflux pumps belonging to the
Resistance-Nodulation-cell Division family. These transporters are able to translocate a lot
of unrelated compounds out of the bacterial cell, thus impairing the effect of the antibiotic
therapy, even when a new molecule is administered for the first time [134]. Although
nine families of RND proteins have been described, the Hydrophobe/Amphiphile Efflux 1
(HAE-1) is the most represented among CF bacteria, mainly being involved in the extrusion
of drugs.

The contribution of this RND family in MDR has been particularly highlighted in
P. aeruginosa, B. cenocepacia, A. xylosoxidans, and S. maltophilia.

In P. aeruginosa, six RND systems have been demonstrated to be related to the in-
surgence of drug resistance in clinical isolates. These pumps are involved in the ex-
trusion of drugs belonging to different categories and were all used for the treatment
of CF infections (beta-lactams, tetracyclines, fluoroquinolones, aminoglycosides, etc.,
Supplementary Table S1), but also detergents, dyes, and quorum-sensing signal molecules.
Whole-genome sequencing of P. aeruginosa clinical isolates derived from CF patients re-
vealed that, among the gene-encoding efflux pumps or their regulators, MexZ presents
a high rate of mutation [183]). Indeed, a study by Henrichfreise and collaborators [184]
reported that the 82% of multidrug-resistant P. aeruginosa strains overproduced MexXY-
OprM. However, another work revealed mutations also in the efflux regulator genes mexR,
mexT, and nfxB [185]. Non-synonymous mutations have been reported also in the transcrip-
tional regulator of MexAB-OprM, nalC [186]. The same clinical isolates have mutations
which lead to the activation of MexT, the positive regulator of MexEF-OprN [186]. A high
mutation rate was identified also in the genes encoding the components of RND efflux
pumps, such as mexA, mexY, oprM [187] and mexB [188].

In B. cenocepacia, sixteen genes encoding RND pumps have been identified, although a
differential contribution to drug resistance has been reported when bacterial cells grow as
planktonic or sessile ones [129]. Also in this case, their major role has been described for
unrelated compounds, such as antimicrobial compounds, essential oils, disinfectants, and
new molecules [20,130–132,189]. A study aimed at dissecting the mechanisms responsible
for antibiotic resistance in clinical B. cepacia complex isolates revealed that the majority of
them exhibited efflux pump activity, which correlated with resistance to various antimi-
crobial agents, including those used for the treatment of infections in CF patients (e.g.,
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meropenem, ceftazidime, trimethoprim/sulfamethoxazole, Supplementary Table S1) [135].
In particular, RND-3 and RND-9 overexpression was observed in all clinical isolates, with
RND-3 being the most up-regulated among the RND pumps tested [135].

During chronic infections, the long-term colonization of the lungs of CF patients is
accompanied by an adaptive remodeling of the B. cenocepacia transcriptome. Adaptive
changes include the overexpression of various genes encoding drug efflux pumps, like
RND-6 and RND-4. As a consequence, the higher active drug export capacity of clinical iso-
lates from the lungs of CF patients affected by long-term chronic infections is accompanied
by an increased resistance to clinically relevant antibiotics with very different biological
targets [136].

In A. xylosoxidans, seventeen predicted efflux systems have been reported [32]. Only
three of these efflux systems have been fully characterized so far, showing the ability to con-
fer resistance to CF used drugs, such as fluoroquinolones andtrimethoprim/sulfamethoxazole
(Supplementary Table S1). As an example, Gabrielaite and collaborators [160], performing
a genomic analysis on 101 clinical strains isolated within a time span of 20 years in a
Denmark CF center, found that in 38% of the analyzed lineages mutations in the gene
axyZ (axyXY-oprZ transcriptional repressor) were present. The presence of axyZ muta-
tions led to an overall increase of tolerance to antibiotics since AxyXY-OprZ has a broad
spectrum of activity.

Finally, in the S. maltophilia K279a genome eight pumps belonging to the HAE family
have been annotated [168]. Their involvement in the resistance has been assessed in 102
clinical isolates, where 70%, 77%, 59% and 61% overexpressed smeB, smeC, smeD, and smeF,
respectively [190]. In particular, as regarding the drugs currently used to treat S. maltophilia
infections in CF (Supplementary Table S1), smeD overexpression was responsible for
levofloxacin and minocycline resistance, smeC for ceftazidime and ticarcillin-clavulonate-
nonsusceptibility, while smeF overexpression was significantly correlated with ceftazidime
and levofloxacin resistance [190].

Another interesting point is that all the described pathogens are able to chronically
colonize the CF airway. This implies their ability to adapt to the host environment, charac-
terized by peculiar nutrient and oxygen availabilities, to interact with the host immune
response and to deal with the presence of drugs administered to try to clear the infec-
tions. In order to understand this phenomenon, different papers reported results achieved
through transcriptomics, which analyzed differential gene expression of strains isolated
from CF patients, or genomic analyses which evaluated the presence of mutations in clinical
isolates. Interestingly, efflux pump encoding genes were listed among those in which al-
tered level of expression or mutations were reported as contributors to CF lung adaptation
in P. aeruginosa [191], B. cenocepacia [136], Achromobacter sp. [146] and S. maltophilia [16].
This has been mainly ascribed both to their role in biofilm formation and in bacterial
virulence [61], highlighting a wider role of efflux systems. Indeed, the role of RND efflux
pumps in drug resistance can be demonstrated in vitro, where the amount of antibiotic can
be measured, while in the clinical environment it is much more complicated to evaluate
the achieved antibiotic concentrations and the consequent contribution of efflux to MDR,
which might allow the acquisition of other resistance mechanisms.

Despite the recognized role in drug resistance of RND efflux transporters, more efforts
are necessary to find efflux inhibitors to be administered to patients. As some molecules
were shown to be effective against P. aeruginosa and A. xylosoxidans, the high degree of
similarity found among the RND systems of all the described CF colonizing bacteria could
lead to the discovery of new inhibitors effective against a broad range of pathogens. These
molecules could be used in combination with antibiotics to avoid extrusion and MDR
insurgence. Indeed, given the important contribution of specific efflux systems in the
insurgence of MDR, the combined use of antibiotics and specific efflux inhibitors could
represent a promising therapeutic strategy for CF patients. Interestingly, phage therapy
has been shown to target specific efflux pumps in P. aeruginosa: this also represents a new
route in the fight against drug resistance.
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Abstract: The rise in multidrug resistance (MDR) is one of the greatest threats to human health
worldwide. MDR in bacterial pathogens is a major challenge in healthcare, as bacterial infections
are becoming untreatable by commercially available antibiotics. One of the main causes of MDR is
the over-expression of intrinsic and acquired multidrug efflux pumps, belonging to the resistance-
nodulation-division (RND) superfamily, which can efflux a wide range of structurally different
antibiotics. Besides over-expression, however, recent amino acid substitutions within the pumps
themselves—causing an increased drug efflux efficiency—are causing additional worry. In this
review, we take a closer look at clinically, environmentally and laboratory-evolved Gram-negative
bacterial strains and their decreased drug sensitivity as a result of mutations directly in the RND-
type pumps themselves (from Escherichia coli, Salmonella enterica, Neisseria gonorrhoeae, Pseudomonas
aeruginosa, Acinetobacter baumannii and Legionella pneumophila). We also focus on the evolution of
the efflux pumps by comparing hundreds of efflux pumps to determine where conservation is
concentrated and where differences in amino acids can shed light on the broad and even broadening
drug recognition. Knowledge of conservation, as well as of novel gain-of-function efflux pump
mutations, is essential for the development of novel antibiotics and efflux pump inhibitors.

Keywords: pathogens; multidrug resistance; RND; evolution; efflux pump; adaptation

1. Introduction

Antimicrobial resistance (AMR) undermines our ability to treat infectious diseases, as
pathogenic microorganisms become insensitive to our developed antibiotics [1]. Resistance
to multiple antibiotics is called multidrug resistance (MDR) and is one of the major concerns
in human health worldwide, a trend seen in clinically significant pathogenic organisms [2].
AMR can be caused by alterations in drug targets or the inactivation or alteration of
antibiotics [3–5]. Notably, compared to these single factors contributing to the resistance
of a single class of antibiotics, MDR can be caused by reduced permeability of bacterial
membranes [6] and by the over-expression of multidrug efflux pumps alone, in both Gram-
negative and Gram-positive bacterial cells [6–8]. These efflux pumps can be acquired
from plasmids and horizontal gene transfer [7,9], and mutations in the regulatory network
can significantly increase the expression of both acquired and intrinsic efflux pumps in
clinical strains [3]. This over-expression is one of the main reasons for MDR [10]. In Gram-
negative bacteria, efflux pumps belonging to the resistance-nodulation-division (RND)
superfamily are one of the major contributors to MDR in clinical pathogens today [10,
11]. These efflux pumps can recognize and expel many different classes of antibiotics,
including macrolides, β-lactams, aminoglycosides, quinolones, dyes and detergents [12]. It
is important to note that these membrane proteins have intrinsic multidrug recognition
properties; however, they have been around before the clinical usage of antibiotics, and
it has been shown that RND pumps play critical physiological roles in the survival and
fitness of bacterial cells [13] and in cell metabolism [14], and that the multidrug recognition
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ability has been around since ancient transporters [15]. RND pumps form tripartite efflux
systems, enabling the export of antibiotics directly to the outside of the cell [16]. The
significance of the over-expression caused by increased transcription of the pump operons
by mutations in their regulatory genes and proteins (e.g., the AraC family, TetR family
and two-component systems (TCS)) [17,18] has been well established for most clinical
pathogenic bacteria [3,17–27].

Alarmingly, in recent years, mutations within RND-type exporters themselves have
been reported to enhance MDR by an increased efflux activity of the pump proteins.
This worrying gain-of-function development adds significantly to the over-expression
challenges already set by pathogenic Gram-negative bacteria, as the emergence of amino
acid substitutions increases the minimum inhibitory concentrations (MICs) of antibiotics
used to treat the pathogenic infections by two-fold or more. This review aims to summarize
this recent development in the MDR field for a selection of pathogens: Escherichia coli,
Salmonella enterica subsp. enterica, Neisseria gonorrhoeae, Pseudomonas aeruginosa, Acinetobacter
baumannii and Legionella pneumophila. In addition, we try to summarize phylogenetic
connections between efflux pumps in terms of amino acid differences (variation) and
conservation within the transmembrane (motor) domain and the periplasmic (drug efflux)
domain by analyzing 135 homotrimeric RND multidrug efflux pumps. These insights help
us guide the development of novel antibiotics and efflux pump inhibitors.

2. Structure of RND-Type Multidrug Efflux Pumps

Before discussing the RND efflux pumps from different Gram-negative pathogens, we
will briefly summarize our current knowledge of arguably the most studied RND pump
called AcrB, from Escherichia coli (AcrB-Ec). More elaborate and detailed reviews regarding
the structure and the mechanism of AcrB-Ec and other multidrug transporters can be read
elsewhere [12,28–32]. In short, the first crystal structure of an RND-type multidrug efflux
pump (AcrB-Ec) was solved in 2002 [33], paving the way for concise structure–function
analysis after previous meticulous biochemical analysis of this efflux pump before this
crystal structure was available, e.g., [34,35]. Since then, several research groups have
obtained crucial information about AcrB-Ec, and other members of the RND superfamily,
by solving crystal structures, analyzing biochemical data, performing molecular dynamics
simulations and, more recently, obtaining electron microscope (EM) images of innate
conformations of the pumps and even of the entire tripartite complexes. Examples of
crystal and EM structures of RND-type multidrug efflux pumps besides AcrB-Ec are MexB
from P. aeruginosa (MexB-Pa) [36–39], AdeB from A. baumannii (AdeB-Ab) [40,41] and MtrD
from N. gonorrhoeae (MtrD-Ng) [42,43], which we discuss further in this review.

To summarize, RND multidrug efflux pumps are homotrimeric proteins embedded in
the inner membrane of Gram-negative bacterial cells and couple with six membrane fusion
proteins (MFP). (Among RND multidrug efflux pumps, there are also heteromultimeric
pumps [30]; however, this review focuses on the homotrimeric group of pumps). There
have been debates on whether the RND pump itself directly, or indirectly through MFPs,
couples to the outer membrane protein (OMP) tunnel [44,45], which lies embedded in
the outer membrane, and how many proteins of each three of the segments (RND, MFP
and OMP) comprise the tripartite complex [46,47] (Figure 1a). However, there has been
a growing consensus that one RND efflux pump trimer couples with six MFPs, and that
this hexameric MFP tunnel interacts and forms a complex with three OMP monomers by
relatively weak tip-to-tip interactions. This consensus is guided mainly by the elucidation of
the structures of the entire tripartite complexes of AcrAB–TolC (E. coli) and MexAB–OprM
(P. aeruginosa), obtained by EM imaging [16,38,48–50].
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Figure 1. Structure of AcrAB–TolC-Ec and AcrB-Ec. (a) The structure of the tripartite complex AcrAB–TolC from Escherichia
coli (PDB accession code 5O66 [48]). Antibiotics and other toxic compounds enter through the outer membrane and are
captured by the RND efflux pump and consequently pumped out of the cells. ABI-PP is an efflux pump inhibitor (EPI),
stopping the pump from functioning. (b) Structure of AcrB-Ec. Green shows the access monomer, blue the binding monomer
and red the extrusion monomer (PDB accession code 3AOD [51]). Abbreviations: OMP, outer membrane protein; MFP,
membrane fusion protein; RND, resistance-nodulation-division protein.

The RND efflux pump itself (Figure 1b) consists of three monomers forming a homo-
trimer, each showing one of three distinct conformations called access, binding and extru-
sion [52] (or alternatively loose (L), tight (T) and open (O) [53]), when actively pumping
substrates. The trimer oscillates between these three states, from access to binding to
extrusion and back to access, and this movement is called the “functionally rotating mecha-
nism” [52]. Throughout this cycle, drugs move through one of the protomers of the pump
by a peristaltic motion in the porter domain (Figure 2) [53]. There are two distinct drug-
binding pockets within each monomer: a deep distal binding pocket (DBP) and a proximal
binding pocket (PBP) [51,54] (Figure 2a,b) separated by the switch-loop [54] (sometimes
referred to as the G-loop in the literature [30,55,56]) (Figure 2c). The flexible hoisting-loop
enables the significant conformational changes in the porter domain [57]. As shown in
Figure 2c, there are several other distinct functional loops within the monomers. Crystal
structures of efflux pump inhibitor (EPI) ABI-PP bound to AcrB-Ec and MexB-Pa show
the existence of a hydrophobic pit or trap (or inhibitor binding pit) [36], rich in pheny-
lalanine residues. Other EPIs (MBX inhibitors) bound to AcrB-Ec (porter domain only)
have also been crystallized [58]. It is hypothesized that large drugs, such as erythromycin
and rifampicin, bind strongly to the PBP in the access monomer, and smaller drugs, such
as minocycline and doxorubicin, bind strongly to the DBP in the binding monomer [51].
However, the large surfactant molecule LMNG (lauryl maltose neopentyl glycol) was
recently found to be bound to the DBP of MexB-Pa in the binding monomer [37]. This was
also the case for erythromycin, bound in the hydrophobic pit of MtrD-Ng [43], overlapping
the ABI-PP binding location in AcrB-Ec and MexB-Pa [36]. Additionally, smaller molecules
such as doxorubicin and ethidium have been found to be present in the PBP of AcrB-Ec [54]
and AdeB-Ab [41], respectively, besides being found in the DBP. Molecular dynamics
simulations have shown that, depending on the molecular properties, pump substrates
move within the pockets and have preferred binding sites [55].
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Figure 2. The structure, domains and loops of the RND monomers. (a) Side views of the entire protomer of AcrB-Ec.
(b) The porter domain with the highlighted proximal (PBP) and distal binding pockets (DBP) and their drug-interacting
residues. Arrows roughly indicate channels (dashed arrows indicate behind the image). Colors: orange, DBP; green, PBP;
yellow, between DBP and PBP; red, Phe residues in the hydrophobic pit. (c) Side views of the flexible loops. The cartoon
representation is transparent, allowing one to view all loops and residues in their entirety. PDB accession code 3W9H [36].

3. Conservation among RND Efflux Pumps Highlights Important Domains

In this section, we provide an overview of conservation distilled from the comparison
of numerous RND multidrug efflux pumps. We previously analyzed about 400 RND
genes from Gram-negative gammaproteobacteria [15] (including heavy metal efflux pumps
(HME) [59,60], heteromultimeric MdtBC-like pumps [59,61,62] and others such as TriC-
like efflux pumps [63,64]). For this review, we specifically selected from that database
133 homotrimeric multidrug efflux pump genes and added the sequences of MtrD-Ng
and AdeG-Ab, converted the DNA sequences to amino acid sequences and performed
protein multiple sequence alignment [65] on a total of 135 pumps. We also zoomed into
19 better studied and defined efflux pumps from E. coli (AcrB-Ec, AcrD-Ec and AcrF-Ec),
Salmonella enterica (AcrB-Sa, AcrD-Sa and AcrF-Sa), N. gonorrhoeae (MtrD-Ng), P. aeruginosa
(MexB-Pa, MexD-Pa, MexF-Pa, MexI-Pa, MexQ-Pa, MexW-Pa and MexY-Pa), A. baumannii
(AdeB-Ab, AdeG-Ab and AdeJ-Ab), L. pneumophila (LpeB-Lp) and H. influenzae (AcrB-Hi).
The sequences of all 135 pumps are provided in Supplementary Data S1.

3.1. Conservation Heat Maps Show Distinct Areas of Importance and Adaptation Flexibility

We created two heat maps derived from 135 efflux pumps, each counting, on average,
1043 amino acids which make up one monomer of the trimeric RND pump. The first
map is automatically created, based on HMMER homology [66], by using ConSurf [67,68]
after first performing multiple sequence alignment by Clustal Omega [65] (Figure 3a). The
second map was manually created after using the same Clustal Omega output, based on
the following criteria (Figure 3b–e): (A) fully (identically) conserved among all 135 pumps
(32 residues, red), (B) conserved among the selected 19 pumps while also highly conserved
among all 135 pumps (13 residues, light red), (C) fully conserved among the selected
19 pumps (33 residues, orange) and (D) highly conserved among all 135 pumps (58 residues,
yellow). This second map focuses solely on the most conserved residues because the
highest conserved residues found by ConSurf are relative and include residues that are
between 50% and 100% identically conserved. The residue conservation analysis (including
percentages and variability per residue) can be found in Supplementary Table S1. Note
that there are a total of 71 highly conserved residues (58 yellow and 13 light red residues)
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among the total 135 pumps. Additionally, note that there are 78 fully conserved residues
among the selected 19 pumps, where these include not only the 33 depicted in orange but
those in the red and light red color categories, too, by definition. We included this light red
category partly because this includes residues that we know to be crucial for the function
of the pump (e.g., AcrB-Ec’s D408 and K940, part of the proton relay pathway). These
residues are different in only a few (two and three, respectively) of the total 135 pumps (the
“K940R” mutation in MexB-Pa resulted in a fully active pump [34]). Nonetheless, we can
clearly see distinct areas of conservation and areas where there is basically no conservation
(high variability). Conservation suggests specific residues to play an essential role in the
functioning of the pumps, may it be for proton relay, remote conformational coupling,
stability or flexibility of the pump, stability of the trimeric complex, etc.

Figure 3. Heat maps of conservation, based on 135 sequences of RND multidrug efflux pumps. (a) Side view of AcrB-Ec
showing conservation of the monomer, analyzed by using ConSurf [67,68]. Conservation is relative (most conserved
“category 9” (dark purple) ranges from 50% to 100% identically conserved depending on the residue; Table 3 and Table S1).
(b) Manual conservation heat map based on Clustal Omega [65]. Residues can be found in Table 2. (c) The “interface-lock”
between D568 from the “interface-loop” and R637 from the PC1 subdomain. (d) Top-down view of the transmembrane
domain. (e) Outside-in view of the periplasmic domain. Dashed lines indicate located at the back (for PN1 and PN2).
Coordinates from high-resolution AcrB-Ec (using DARPin inhibitors, PDB accession code 4DX5 [54]). Colors: (a) Green,
variable regions; purple, conserved regions. (b–e) Red, fully conserved among all 135 pumps; light red, conserved among
the 19 selected pumps while also highly conserved in all 135 pumps; orange, fully conserved in 19 pumps; yellow, highly
conserved in all 135 pumps; blue, conserved hydrophobic clusters.

Figure 3a,b show the conservation heat maps for homotrimeric RND multidrug efflux
pumps, based on the 135 pump sequences. Table 1 lists the conservation in specific
subdomains (based on the AcrB-Ec sequence), Table 2 lists the conserved residues (also
based on AcrB-Ec, Figure 3b), and Table 3 lists other highly conserved residues found by
ConSurf (Figure 3a). More heat map images can be seen in Supplementary Figures S1 and
S2 and ConSurf heat map images in Figure S3. From these overviews, it is visible that the
primary conservation is found in the transmembrane domain (TM domain), mainly in two
TM helices: TM4 (with the D407 and D408 residues) and TM11 (which contains R971), with
complete or high conservation of 63.6% and 39.4%, respectively (Table 1). These residues in
these helices (D407, D408 and R971) play crucial roles in the proton transfer and, therefore,
energy consumption by the pumps [33,69–71].
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Table 2. Conserved residues based on 135 RND-type efflux pumps.

Domain 135 Conserved 19 Conserved +
135 Highly 19 Conserved 135 Highly Conserved

Transmembrane

P9, G23, P373, N391 ,
L400 , V406 , D407 ,

I410 , E414 , V452,
P455, F470, S481, P490,

L888, I943, L944, R971 ,

R973 , M977 , T978 ,
P988 , G1010, P1023

A347, V351, I367,
S389,

D408 * , A409 ,

V412 , A430, L449,
L937, K940 **,
A963 , A981

F5, Y327 ***, E346,
P368, G378, I402 ,

G403 , N415 ,
R418 , P427, G461,
G464, L497, Y527,
P898, P906, G936,

E947, A949, P974 ,
G985 , A995, G1004,

T1015, P1023

R8, A12, L30, T330, S336, I337,
V354, L359, V374, L376, L383,
L393 , M395 , V399 , L404 ,
L405 , V411 , V413 , M420 ,

I438, L442, V443, A451, Y467, I474,
A477, A485, L486, L488, F885,
L886, Y892, V901, V925, V929,

I945, L972 , I975 , S979 , L989 ,
V1007

Pe
ri

pl
as

m
ic

Porter P36, A52, G171, N298,
P318, D568, R637 - P119, P565, G619,

G679, S836, A840
I45, V61, I65, S80, V127, M162,

E567, S824, Q865

Head G217 - G740, G796 M184, W187 ****, V203, I207, L251,
L262, V265, V771

Analysis after Clustal Omega alignment, based on the categories described in this article (red, light red, orange and yellow). Numbering
in accordance with AcrB-Ec. * Exception: D→N in Marinobacter hydrocarbonoclasticus and Alkalilimnicola ehrlichii; ** exception: K→R in
Idiomarina loihiensis, Cellvibrio japonicus and Teredinibacter turnerae; *** exception: 25/135 pumps (mostly Y→F), including Y→I in LpeB-Lp
from L. pneumophila (the only exception among the 19 selected pumps); **** exception: W→F in “MexI/W” and W→T in LpeB-Lp from L.
pneumophila. The heat maps of these residues can be seen in Figure 3b–e, Figures S1 and S2 (red to yellow). Underlined, mentioned explicitly
in the article text. A green background highlights the conserved residues in TM4, and the blue background highlights the conserved
residues in TM11.

Table 3. Additional highly conserved residues.

>90% 80 ≤ 90% 70 ≤ 80% 50 ≤ 80%

G51(NS), Y77(FST), G86(NS),
L118(MP), P119(G), G179(AS),
R185(N), N211(RS) P223(G),

F246(LVY), D264(HNQS),
A266(G), V340(GIT),

T343(ASV), P358(CL),
R363(KN), P368(ATN),

G387(DN), E602(Q),
Q774(IMRS), R780(DL),

A890(GISTV), E893(GN),
F948(VY), G994(DS)

I6(TV), F94(AILM),
S144(ADFN), V172(AIMT),

A279(GST), T394(NS),
A401(CSV), V416(ACIM),
A457(GSV), T473(ASV),

N820(ADLMQS), A889(CSV),
V905(AIL), G911(AS),

N941(HST), V946(ACFIT),
G996(AS)

N109(ADS), V122(AIST),
D156(EHNS), R168(AG
KQST), Q210(EHNSY),

A299(ELPST), L350(ACIV),
Q360(AGHR), F396(ALV),

M435(ACLSTV), V448(AIT),
F453(LY), L492(IMQ),

Q469(ES), Q928(DEKLMV),
T933(ALMV), A942(G),

F982(LMT)

A16(NST), M355(ITV),
T365(AIMSV), V372(AI),
T431(ASV), S434(AGST),

I445(MSTY), I446(FLM(V)),
S471(AT(CG)), S375(ACSV(T)),
M478(IMTV(A)), T489(S(K)),

V884(AI), L891(Q(M)),
D924(N(S)), R1000(Q(KL))

Residues were chosen from the relatively highest conserved category after analysis by ConSurf [67,68], and conservation ranges between
50% and 100% (Table S1), excluding the residues mentioned already in Table 2. Residues in brackets (AA) indicate alternative residues
among the 135 pumps. Double brackets at “50 ≤ 80%” ((AA)) indicate < 1% occurrence. Numbering and amino acid labeling as in AcrB-Ec.
The conservation heat map based on these residues can be seen in Figure 3a and Figure S3 (dark purple). Underlined, mentioned explicitly
in this article.

In TM4 (Table 2, green background), which is composed of 33 amino acids, six residues
are completely conserved (using AcrB-Ec numbering: N391, L400, V406, D407, I410 and
E414), three are conserved in the selected 19 pumps and highly conserved in all 135 (D408,
A409 and V412), four are additionally conserved in the selected pumps (I402, G403, N415
and R418) and eight are highly conserved among all pumps. As for TM11 (Table 2, blue
background), five residues are fully conserved (R971, R973, M977, T978 and P988), two
are conserved in the selected pumps and highly conserved in all (A963 and A981), two
additional residues are conserved in the selected pumps (P974 and G985) and four are
highly conserved in all pumps. As seen in Table 2 and as mentioned before, D408 (TM4) and
K940 (TM10)—which form salt bridges with D407, and provide the energy transduction in
the pumps [12]—are not conserved in sequences from two to three organisms (Table 2 and
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Table S1). However, we know from experimental data that these residues are crucial to the
function of the pump (shown with asterisks (*) in Table 2, more at Discussion (Section 6)).
TM7 and lα (both almost entirely green in Figure 3a) are significantly variable (merely 3.7%
and 0% conserved, respectively, Table 1). A multitude of other conserved residues in the
TM domain form hydrophobic patches and clusters where these residues come together,
especially between TM4, TM5 and TM6 (highlighted in blue in Figure 3d and Figure S1).
TM numbering and locations can be seen in Figure 3d and Figure S1.

3.2. Conservation in the Periplasmic Domain

From Figure 3 and Tables 1–3, we can conclude that the TM domain is significantly
conserved, while the periplasmic domain (with the porter and head subdomains) is signifi-
cantly variable (Figure 3e, Figures S2 and S3). As specific included transporters (such as
AcrD) have a significantly different drug recognition spectrum, this was partly expected.
However, efflux pumps with similar drug spectra also do not show stringent conservation,
which we will discuss further in the next section (Section 4). Conserved or highly conserved
residues which do exist in the periplasmic domain are not located in the binding pockets
but, alternatively, probably provide flexibility to the loops (e.g., P36, P119, G171, P318,
P565 (interface-loop), G619 (switch-loop)) and structure (Figure 3e and Table 1; Table 2).
Interestingly, it is in the porter domain where the only two interacting fully conserved
charged residues in the entire protomer of all 135 pumps are located: D568 and R637 (on
the PC1 subdomain), shown in Figure 3b,c,e. D568 is located on a semi-conserved loop
(Table 1) we here named the “interface-loop”, as it lies in between the TM domain and
the porter domain, and we therefore assigned the name “interface-lock” to the residues’
interaction. This loop is also the most conserved among all loops (Table 1 and Table S1
and Figure 3). Future experimental data are needed to explain the function of these con-
served interacting residues. Another fully conserved residue is N298, for which it has been
shown that mutagenesis to a bulky tryptophan (N298W) inhibits the AcrB-Ec efflux ability
significantly for all tested compounds [72]. N298 has also been found to be implicated in
the binding of carboxylated β-lactams, fusidic acid and DDM in recent crystal structures
and biochemical analysis of AcrB-Ec [73]. This same study found that the N298A mutation
significantly negatively affected the carboxylated β-lactam MICs (also seen in binding
differences in drug-bound crystal structures), but not the erythromycin MICs. On the
other hand, our recent mutation N298W significantly negatively affected the MICs of all
tested compounds [72]. We discuss the carboxylated β-lactams’ conserved drug recognition
further in Section 4.6. The three residues (N298, D568 and R637) are even conserved in
phylogenetically distanced [15] TriC (data not shown). Two other highly conserved hy-
drophobic cores (named here the “DN-cluster” and “PN1-cluster” in Figure 3e, highlighted
in blue) are present in the porter domain, consisting of hydrophobic residues probably
stabilizing the subdomains by holding together the β-sheets (Figure 3e and Figure S2,
blue). The PN1-cluster in AcrB-Ec comprises I45, V61, I65 and V127, and the DN-cluster
comprises M184, V203, I207, L251, L262, V265 and V771 (Table 2).

An interesting highly conserved tryptophan (W187), partly facing the periplasm, is
also observed (Figure 3e and Figure S2, Table 2). According to a cryo-EM structure of
AcrAB–TolC, this residue lies between two AcrA-Ec monomers and seems not to be in the
direct vicinity of AcrA-Ec (PDB accession code 5O66 [48]). Being close to the arm of the
adjacent monomer (pinning through the head domain of the following monomer), it is
likely important for the stabilization of the trimer complex, possibly interacting with the
neighboring P223 (Table 3, Figure S2) from the other protomer. This P223 residue is also
conserved among all pumps, except for the MexI/W-clustered pumps (including LpeB-Lp
and AcrB-Hi), where the arm seems to be around six amino acids shorter than the other
pumps (data not shown), and, interestingly, MexY-Pa. W187 is present in all analyzed
transporters, except for two pumps from Legionella pneumophila, being Phe (“MexI/W”) or
Thr (LpeB-Lp), see Table 2. These two pumps also do not have the P223 residue on their
truncated MexI/W-like arms. More images of the heat map of the periplasmic domain can
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be found in Figures S1–S3. A recent phylogenetic study found that—similar to our recent
study on ancient AcrB-Hi (which is close to, or belongs to, the MexI/W cluster) [15]—MexI
and MexW form a phylogenetic cluster, in between the Mdt-like cluster (including MdtB
and MuxB) and the Acr cluster (including AcrB and MexB) [62]. It would be interesting for
future research to study this distinct cluster’s members in more detail (see Discussion).

3.3. Partly Conserved Residues in the Binding Pockets

For this review’s conservation heat map (Figure 3b–e and Tables 1 and 2), there is
a thin line between a residue being classified as fully conserved (red), highly conserved
(light red/orange/yellow) or even not listed at all, e.g., when there are only one or two
exceptions among the 135 sequences. There may be a few more functionally important
relatively conserved residues, which is why we also analyzed the pumps by ConSurf,
of which the most conserved residues (corresponding to the darkest purple category in
Figure 3a and Figure S3) are listed in Table 3. Other residues of interest can be found
in Table S1 (listing all aligned residues, including their conservation percentages and
alternative substitutions). Despite no residues in the binding pockets being fully conserved
according to the multiple sequence alignment, a few residues are partly conserved among
most efflux pumps within the drug-binding regions, we which will discuss further below
and in Sections 4 and 6.

Table 4 lists the loop sequences of the 19 selected pumps, and Tables 5 and 6 compare
their DBP and PBP residues (including conservation among 135 pumps), based on the
AcrB-Ec amino acids and their numbering. Fully conserved residues, as compared to
AcrB-Ec, are highlighted with a green background. Two of the most conserved residues
in Table 5 (DBP) are AcrB-Ec’s F178 and F628 (~70% and ~74% conserved in 135 pumps),
located in the hydrophobic pit. F178 is sometimes replaced with Trp (MexY-Pa, MexQ-
Pa, LpeB-Lp; red background), Tyr (in AcrD) or Leu (MexW-Pa). F628 is different only
in the MexI/W-like proteins, namely MexI/W-Pa, LpeB-Lp and AcrB-Hi, as Gly, Val or
Ile, respectively. Another clearly visible relatively conserved residue in the DBP is Y327
(~81% conserved among 135 pumps), which in all 135 pumps is replaced occasionally by
Phe (in ~12% of the pumps), by Ile in LpeB-Lp and very rarely by charged residues (see
Table S1). This residue has been shown to be part of a postulated entrance channel between
the PC2 and PN1 groove, specific for carbonated β-lactams [73], where compounds from
the TM1/TM2 interface (fusidic acid, cloxacillin, piperacillin and other carboxylated drugs)
translocate via TM2 to this entrance channel [74]. Q176 in the DBP is also party conserved
in a selection of pumps (~59% conserved among 136 pumps, including AcrB-Ec, AcrF-Ec,
MexB-Pa, MexD-Pa, AdeB-Ab, AcrB-Hi and more, see Table 5). This “Q176D” residue
in MexY-Pa contributes to the high number of negatively charged residues in the DBP,
possibly explaining aminoglycoside recognition (Section 4.2). A list provided below shows
a few occasionally conserved residues for eight well-studied pumps. From this list and
Tables 5 and 6, it is visible that compared to AcrB-Ec, MexD-Pa and AcrB-Hi have the
least conserved residues of the eight pumps (16 and 17 in both pockets, respectively), and
MexB-Pa has the most (31 residues in both pockets). In the PBP, highly conserved residues
are L674 and G675 (~72% and 88% conserved, respectively), conserved for most clades of
transporters, including AcrD-Ec, while not strictly for the MexI/W-like pumps (MexI/W-
Pa, LpeB-Lp and AcrB-Hi, see Table 6). These residues are located at the lower cleft entrance
of Channel 2 of the PBP, on the partly conserved flexible-loop (or F-loop, e.g., AcrB-Ec
PAIVELGT, AcrD-Ec PAISGLGS and AdeB-Ab PAIDELGT, bold underlined, Table 4).
This loop’s initial proline (P669) (underlined) also seems to be conserved (~93% conserved
among 135 pumps). Mutating the L674 residue to Trp in AcrB-Ec showed decreased drug
efflux [51]. On this flexible-loop, another residue (I671 in AcrB-Ec) is partly conserved as
a Leu, Ile or Val (~58% conserved among 135 pumps, Table 6), which has been shown to
be implicated in drug selectivity of small substrates [75]. A comparison between all the
loops (flexible-loop, switch-loop, distal-loop and interface-loop) is provided in Table 4. The
switch-loop between the PBP and the DBP consists of seven amino acids, of which one
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Gly is fully conserved among 19 pumps (G619 in AcrB-Ec) and ~72% conserved among
135 pumps. Mutating this Gly to Pro in AcrB-Ec inhibits the pump, showing the importance
of this loop’s flexibility [51]. Despite the observation that the switch-loop is located near
erythromycin in the PBP of the access monomer [51], the loop seems unnecessary in
the binding of erythromycin, as erythromycin was found in the same location in both
Ala-substituted loop mutants and loop-deleted mutants of AcrB-Ec [76]. S824 is also
conserved in most of the 19 pumps (Tables 2 and 6, and as seen in the list below), although
this residue is far from drug-binding residues in the crystal structures quite deep into
the PC2 subdomain, and it is not clear if this residue is important for drug recognition.
Interestingly, substitutions of this residue (S824I in LpeB-Lp and S821A in MtrD-Ng) are
found in drug-resistant strains (see Section 5). The three highest conserved residues in
the PBP are G675 (~88% conserved among 135 pumps), T91 (~70% conserved) and Q569
(~69% conserved). As most residues within the pockets of the pumps are relatively variable
while, simultaneously, the TM domain is highly conserved, it underpins just how versatile
the adaptations of these pumps may be in regard to substrate recognition, and probably in
substrate recognition optimization based on specific physiological functions these pumps
play within the natural environments of each bacterial species. Later in this review, we
will discuss the differences in substrate recognition and binding pocket residues and other
properties to help explain the differences between the pumps in the porter domain.

Table 4. Loop sequences of 19 selected transporters.

Transporters Flexible-Loop Distal-Loop Interface-Loop Switch-Loop

AcrB-Ec PAIVELGT EKSSSSFLM PSSFLPDEDQG GFGFAGR
AcrB-Sa PAIVELGT EKSSSSFLM PSSFLPDEDQG GFGFAGR
AcrF-Sa PAIVELGT EKSSSSFLM PSSFLPDEDQG GFSFSGQ
AcrF-Ec PAIVELGT EKSSSSYLM PSSFLPEEDQG GFSFSGQ

MexB-Pa PSVLELGN TKAVKNFLM PEAFVPAEDLG GFNFAGR

AcrD-Ec PAISGLGS RKTGDTNIL PTSFLPLEDRG GSGPGGN
AcrD-Sa PAISGLGS RKTGDTNIL PTSFLPQEDRG GSGPGGN

MexY-Pa PPLPDLGS EKAADSIQL PQAFLPEEDQG GFSLYGD

MexD-Pa PPINGLGN EQTSAGFLL PEAFVPAEDLG GFSFSGQ
AdeB-Ab PAIDELGT EASSSGFLM PTAFMPEEDQG GWGFSGA
AdeJ-Ab PAMPELGV TKSGASFLQ PSSFLPEEDQG GFSFTGV
MtrD-Ng PPILELGN SKARSNFLM PTSFLPTEDQG GFSFSGS

MexQ-Pa PPVPGLGT QKTSPDILM PPGFVPMQDKY GLSVNGF
MexF-Pa PPVPGLGT DKASPDLTM PTGFVPQQDKQ GLSINGF
AdeG-Ab PPVMGLGT LKSSPTLTM PGGFVPAQDKQ GLSINGF

MexI-Pa AALPGST– SSGETTAVA KRELAPTEDQA TWIINGT
LpeB-Lp PGVDDAG– QRK–SNGLP SHETAPKEDRG RLTFIGD
AcrB-Hi PEIDTGE– SSG–GSGIM SSELTPNEDKG GMSIAGA
MexW-Pa PSLPGTG– EAADASALM KKELAPEEDQG AFQINGY

Bold underlined, fully conserved. A bar (–) indicates a gap in the sequence alignment.
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We here list the conserved residues in the DBP compared to AcrB-Ec, among seven ad-
ditional characterized efflux pumps, in order to provide a quick overview. Bold underlined
text highlights conserved in all eight pumps (including AcrB-Ec), and italic underlined text
highlights conserved in six out of eight pumps:

• AcrD-Ec F610, F628, S180, E273, D276, G288, G290, K292 and Y327
• MexY-Pa F615, F628, S46, E130, S135, G288, K292, Y327, M573 and V612
• MexB-Pa Phe-pit, V139, Q176, S180, I277, A279, G288, K292, Y327, V571, V612

and R620
• MexD-Pa Phe-pit, E130, Q176, S180, E273, I277, G288 and Y327
• AdeB-Ab F136, F178, F617, F628, S46, E130, S134, Q176, Y327 and M573
• MtrD-Ng Phe-pit (except F610), S134, L177, E273, G288, Y327, M573 and V612
• AcrB-Hi F178, S46, S128, S135, Q176, E273, N274, A279 and Y327

Additionally, the same is conducted for the residues in the PBP. Bold text means
present in six out of eight pumps, and italic underlined text highlights conserved in five
out of eight pumps:

• AcrD-Ec S79, T91, Q577, I671, L674, G675, D681, R717, N719 and E826
• MexY-Pa T91, Q569, M575, N667, L674, G675, D681 and S824
• MexB-Pa S79, T91, Q569, Q577, M662, F664, F666, E673, L694, G676, D681, R717,

N719, E826 and L828
• MexD-Pa Q577, I671, L674, G675 and S824
• AdeB-Ab S79, T91, Q569, Q577, I671, E673, L674, G675, T676 and S824
• MtrD-Ng S79, Q569, Q577, I671, E673, L674, G675, R717 and S824
• AcrB-Hi S79, T91, F666, N667, I671, S824 and E826

4. Binding Pocket Differences Help Understand Drug Recognition Spectra

There are several clades of distinct efflux pumps among the homotrimeric RND
multidrug efflux pumps with distinct or divergent efflux properties. As mentioned be-
fore, we previously analyzed about 400 efflux pump genes and found clades for several
groups of pumps, which could be clustered into AcrB/AcrF, AcrD, MexB, MexD/MexY,
AdeB, MexF/MexQ and MexI/MexW [15]. Among these pumps, drug recognition can
slightly or significantly differ [91]. However, interestingly, phylogenetically distant and
ancient AcrB from H. influenzae (AcrB-Hi) can export the same compounds as AcrB-Ec
(including macrolides, β-lactams and dyes), but it exports bile salts significantly less effi-
ciently [15]. Additionally, ABI-PP could not inhibit AcrB-Hi [15], while it inhibited AcrB-Ec
completely [15,36]. Other classes of drugs may also be exported by one pump, but not by
another. These include aminoglycosides and monobactams [92]. To further investigate the
differences between several transporters, we compared the aforementioned 19 pumps by
looking at their amino acids, the hydrophobicity of the pockets and the number of charged
and hydrophobic residues, in order to help understand different drug specificities.

4.1. Differences in the Hydrophobic Trap of the Distal Binding Pocket

Table 5 showed the aligned residues within the DBP. These 30 residues in the DBP were
selected for comparison based on drug-bound structures and MD simulations, namely:
minocycline- and doxorubicin-bound AcrB-Ec [52], erythromycin- and rifampicin-bound
AcrB-Ec [51], doxorubicin- and minocycline-bound AcrB-Ec [54], ABI-PP-bound AcrB-Ec
and MexB-Pa [36], molecular simulations of multiple drugs to AcrB-Ec [55], a mutation
study in AcrB-Ec [75] and ampicillin- and erythromycin-bound MtrD-Ng [43]. The DBP
includes the hydrophobic pit, or inhibitor binding pit, which is a phenylalanine-rich pit in,
e.g., AcrB-Ec [36,58] and MexB-Pa [36]. For most of the 19 selected pumps (excluding AcrD),
these pit residues are hydrophobic residues, except for a Thr in AdeB-Ab; however, this
residue has a hydrophobicity between Tyr and Trp, according to the hydrophobicity scale
used in this review, based on transmembrane helix insertion [93]. The inhibitor binding
pits in MexI-Pa, MexW-Pa, AcrB-Hi and LpeB-Lp (“MexI/W cluster”) are significantly
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different when compared to pumps such as AcrB-Ec, MexB-Pa and MexY-Pa (“Acr cluster”).
LpeB-Lp is the least conserved compared to AcrB-Ec when looking at the residues in the
DBP and PBP (9 out of the 53 residues, Tables 5 and 6). Interestingly, the differences in
AcrB-Hi (16 out of 53 residues conserved) do not contribute to a fundamentally altered drug
efflux spectrum; we showed that AcrB-Hi has a similar spectrum to AcrB-Ec (including
macrolides, dyes and β-lactams) [15]. Drug-bound structures of AcrB-Ec, AdeB-Ab and
MtrD-Ng show the different amino acids mentioned in Table 5, while all have drugs bound
at the same location in the DBP, where different subsets of amino acids interact with the
drug molecules (Figure 4 and Figure S4). Figure 4a shows ABI-PP bound to AcrB-Ec, tightly
bound in the narrow pit [36]. In the same location, we can see much bulkier erythromycin
bound in MtrD-Ng (Figure 4b) [43], where the pit seems to be somewhat wider than for
ABI-PP-bound AcrB-Ec. Figure 4c shows two ethidium molecules bound to AdeB-Ab’s
DBP and one in the PBP [41].

Figure 4. Drug-bound structures of AcrB-Ec, MtrD-Ng and AdeB-Ab. (a) ABI-PP bound in the binding monomer of
AcrB-Ec (PDB accession code 3W9H [36]). (b) Erythromycin bound in the binding monomer of “CR103” MtrD-Ng (PDB
accession code 6VKT [43]). (c) Ethidium bound in the binding monomer of AdeB-Ab (PDB accession code 7KGG [41]).
(d) Erythromycin bound to the access monomer of AcrB-Ec (PDB accession code 3AOC [51]). A front view of all four
structures can be found in Figure S4. Colors: green sticks show the PBP; orange sticks show the DBP; red sticks show the
hydrophobic pit; pink highlights recurring substitution locations in clinical strains.

From the residues in the DBP shown in Table 5 and Figure 4, two conclusions can
be drawn: 1) the hydrophobic pit (and DBP) of all transporters contains hydrophobic
residues (except for AcrD, which is discussed later on), partly explaining the similar
drug recognition spectra and binding structures of the different pumps, and 2) the rest
of the DBP is largely not conserved, the only exception being Y327 (see the written list
above). As mentioned before, Y327 has been shown to be implicated in carboxylated
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β-lactam recognition [73]. When looking only at residues as a recognition factor, a few
residues are selectively conserved in and near the hydrophobic pit (such as F136, F178,
F628 and Y327) and play a role in drug recognition efficiency, and they can also be seen in
Figure 4. However, converting AcrB-Ec’s Phe residues to Ala did not disrupt the substrate
export completely, although the MIC values were usually significantly lower, and the
most profound effect was found for F610A [94]. This mutation is believed to alter subtle
properties in the pit, resulting in inefficient drug export rather than directly disrupting drug
binding [95]. Interestingly, another transporter from H. influenzae (AcrB-Hi) only has the
F178 residue conserved, and the F136 residue is a Gly, all while this transporter can export
the same compounds as AcrB-Ec very efficiently when expressed in E. coli cells (when
analyzing the protein by homology modeling, the F610 residue may even be a charged
Glu) [15]. As seen for AcrB-Hi and other MexI/W proteins (Table 5), alignment causes
gaps in areas of interest (binding pockets and the extruded arm too), and actual crystal or
EM structures would potentially give interesting new insights into the mechanism of these
pumps and actual structural differences between these transporters and other well-defined
pumps (such as AcrB-Ec, MexB-Pa, MtrD-Ng and AdeB-Ab). The conserved Y327 interacts
with ABI-PP in AcrB-Ec [36] (Figure 4a), erythromycin in MtrD-Ng [43] (Figure 4b) and
several substrates in MD simulations [55]. A recent ethidium-bound AdeB-Ab structure
shows ethidium interacting with this conserved Tyr, too (Figure 4c). Y327 is located in the
lower vicinity of the hydrophobic pit and the DBP (Figure 4), and in AdeB-Ab next to a Trp
(W568, which is V571 in AcrB-Ec). This is AdeB-Ab’s second Trp in the DBP, together with
W610 (which is F615 in AcrB-Ec) on the switch-loop, both interacting with an ethidium
molecule [41] (Figure 4c, Table 5). More on Y327 in Section 4.6

4.2. Differences between Distal Binding Pockets Explain Aminoglycoside Selectivity

The biggest outliers in terms of DBP conservation are the AcrDs (AcrD-Ec and AcrD-
Sa), where the pit consists of Asn, Ser, Pro, Tyr and two Phes (Table 5). Thus, this pit is
significantly more hydrophilic than the pits of the other transporters [96]. Table 7 shows
the hydrophilicity (based on the sum of the residues calculated from [93]). AcrD has a DBP
hydrophilicity value of around 39–40 kcal mol−1 (Table 7, green), while the DBPs of AcrB-Ec,
MexY-Pa, AcrB-Hi, MtrD-Ng and AdeB-Ab are significantly more hydrophobic (25.6, 27.0,
17.3, 16.9 and 21.7 kcal mol−1, respectively, Table 7). AcrD’s significantly hydrophilic pit (in
combination with the many differences in the residues themselves) can explain why AcrD-
Ec exports aminoglycosides, while many other drugs (e.g., erythromycin, ciprofloxacin,
tetracycline and many more drugs which are substrates of AcrB-Ec) are poorly exported or
not exported at all [35,97–99]. AcrD-Ec also has the ability to export, e.g., monobactams,
which AcrB-Ec cannot, and this phenotype can be explained by differences in the PBP
(Table 6), which will be explained in more detail in Section 4.4.

While the differences in the DBP (both residues and hydrophobicity) explain both
aminoglycoside recognition and the inability to export many other drugs by AcrD-Ec, they
do not explain a similar phenomenon between MexY-Pa and MexB-Pa [100]. These two
pumps are phylogenetically closer to each other than AcrB-Ec and AcrD-Ec [15,100,101],
and both show similar hydrophilicity in the DBP of around 26–27 kcal mol−1 (Table 7).
MexB-Pa and MexY-Pa both have a broad substrate range (especially when compared to
AcrD-Ec), including erythromycin, tetracycline, chloramphenicol and more. However,
interestingly, MexY-Pa has the ability to also export aminoglycosides [56]. Table 7 shows
the number of charged (K, R, D, E) and hydrophobic (I, L, F, V, C, M) residues in both
the DBP (from Table 5) and PBP (from Table 6). As seen in Table 7, there is a striking
difference in the number of negatively charged residues between MexB-Pa and MexY-Pa in
the DBP. MexB-Pa has five positively charged residues (3xK, 2xR, Table 7, orange) and only
one negatively charged residue (1xD), while MexY-Pa harbors mainly negatively charged
residues (3xE, 3xD, Table 7, green), with only one positively charged residue (1xK). These
differences were also observed in computer simulations, where more charged residues are
accounted for [102], and a recent study comparing the two pumps in more detail [101].
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This significantly negatively charged DBP could explain why MexY-Pa has the ability to
export aminoglycosides besides having a broad substrate range (possible by also having a
hydrophobic pit), offering a different explanation than for AcrD-Ec.

Table 7. Charged and hydrophobic residues in the binding pockets.

Proximal Binding Pocket (PBP) Distal Binding Pocket (DBP)

Transporters + - Sum HP Hydrophilicity
(kcal mol−1) + - Sum HP Hydrophilicity

(kcal mol−1)
AcrD-Ec 4 2 6 5 27.07 4 4 8 3 39.56
AcrD-Sa 4 2 6 5 27.35 4 4 8 3 39.24
MexY-Pa 1 3 4 7 23.16 1 6 7 8 26.97
MexB-Pa 1 3 4 7 25.75 5 1 6 12 26.19
AcrB-Sa 1 3 4 9 20.54 2 3 5 12 25.93
LpeB-Lp 1 3 4 2 24.35 0 4 4 11 25.87
AcrB-Ec 1 3 4 9 20.54 2 3 5 12 25.64

MexW-Pa 0 2 2 7 20.14 1 3 4 6 23.23
MexD-Pa 1 3 4 9 18.59 0 3 3 11 22.80
AcrF-Ec 1 3 4 8 23.49 1 2 3 11 22.25

AdeB-Ab 0 3 3 7 18.65 0 3 3 9 21.69
AcrF-Sa 1 3 4 9 21.36 1 2 3 12 21.25
AdeJ-Ab 1 2 3 8 23.74 1 2 3 13 18.62
MexF-Pa 2 1 3 6 20.77 1 2 3 15 18.27
AcrB-Hi 1 2 3 5 21.41 0 1 1 7 17.30
MtrD-Ng 2 1 3 8 20.60 1 2 3 12 16.92
MexI-Pa 1 2 3 5 21.57 0 2 2 6 15.47
MexQ-Pa 2 1 3 7 19.95 0 2 2 15 13.59
AdeG-Ab 2 1 3 6 22.82 1 0 1 15 10.16

Colors: green, positive contribution to aminoglycoside recognition; orange, negative contribution or difference explaining aminoglycoside
non-recognition; yellow, AcrB-Hi’s low charged and hydrophobic residue count (and hydrophilicity, orange), possibly explaining lower
substrate export efficiency compared to AcrB-Ec (including the significantly low bile salt MICs). Hydrophobicity based on [93]. Abbrevia-
tions and symbols: number of positively charged residues (+), negatively charged residues (-) and hydrophobic residues (HP). Definitions:
positively charged, K and R; negatively charged, D and E; hydrophobic, I, L, F, V, C and M residues.

4.3. Bulky Tryptophan in the Inhibitor Binding Pit Prevents Inhibition

Another critical difference (for inhibitor design) between MexY-Pa and MexB-Pa is
the presence of a bulky Trp in MexY-Pa, which explains why the inhibitor ABI-PP is not
inhibiting this pump [36]. This bulky tryptophan (represented by F178 in AcrB-Ec) is also
present in MexQ-Pa and LpeB-Lp (Table 5, red background). Fairly recent studies indicate
that LpeB-Lp is an upcoming efflux pump over-expressed in a selection of clinical strains
of L. pneumophila (the “Paris strain”) causing macrolide resistance [103,104]. This fuels the
urge for the development of novel universal efflux pump inhibitors which have overcome
this bulky Trp hindrance. Two pumps (AdeB-Ab and MexI-Pa) have a Trp in AcrB-Ec’s
F615 location (located on the switch-loop, Tables 4 and 5); however, these residues possibly
do not interfere much with the space of the pit because it is located on the flexible-loop and
is located at the “top” of the pit, rather than deeper into the pit itself (Figure 4c, W610 in
AdeB-Ab interacting with an ethidium molecule).

4.4. Specific Amino Acids in the Proximal Binding Pocket Explain β-Lactam Selectivity

Table 6 compared the residues in the PBP. As mentioned, AcrD-Ec and MexY-Pa
can both export aminoglycosides (while AcrB-Ec and MexB-Pa cannot), explained by the
differences in hydrophobicity or the number of negatively charged residues in the DBP.
However, AcrD-Ec can also effectively export both monobactams (such as aztreonam)
and anionic β-lactams (carbenicillin and sulbenicillin). AcrB-Ec cannot export aztreonam
and can only weakly export carbenicillin and sulbenicillin [99]. Also, while MexY-Pa and
AcrD-Ec can both export aminoglycosides, MexY-Pa is unable to export carbenicillin and
sulbenicillin [105,106]. Three residues of interest are AcrB-Ec’s respective Q569, I626 and
E673. These residues are charged Arg (R568 and R625) and Gly (G672) in AcrD-Ec and
AcrD-Sa. These three residues are implicated in monobactam (aztreonam) and anionic
β-lactam (carbenicillin and sulbenicillin) selectivity in AcrD-Ec, and substitution of these
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residues in AcrB-Ec (Q569R/I626R/E673G) as a triple mutant adds or increases the efflux
ability of AcrB-Ec for these three β-lactams [99], providing an explanation to why AcrD-Ec
can export aztreonam, carbenicillin and sulbenicillin, while MexY-Pa and AcrB-Ec cannot
(or only weakly) [99,100,105]. There are more differences between these efflux pumps, such
as the ability of MexB-Pa to efflux imipenem, meropenem, carbenicillin and sulbenicillin,
which is not recognized by MexY-Pa [101,105]. Perhaps the differences in charged and
hydrophobic residues account for these specificities (Tables 5–7), as MexB-Pa does not
have AcrD’s Arg and Gly residues in the PBP. Additionally, it is interesting to note that
despite the significant substrate specificity differences between AcrB-Ec and AcrD-Ec, both
transporters can export certain β-lactams (e.g., nafcillin) and SDS very effectively [99].
Perhaps similarities (10 residues in the list above) in the PBP explain this phenomenon.
However, even less conserved MexD-Pa (five conserved residues in the PBP) also has the
ability to export nafcillin [105]. A short discussion regarding certain β-lactam (including
nafcillin) export abilities by many phylogenetically distinct and distanced efflux pumps is
provided in Section 4.6.

4.5. Adaptation through Amino Acids and Hydrophobicity Alterations May Increase Activity

Another interesting PBP difference presented in Table 6 is the presence of a third Trp in
AdeB-Ab (W708), which is a charged Arg in AcrB-Ec (R717), located at the entrance of the
PBP. This Trp interacted with a third ethidium molecule in a recent cryo-EM structure [41]
(Figure S4c). This R717 location is also a hotspot for RND pump mutations in clinical strains
(Table 6, and Figure 4b,d in pink) which we will discuss later (Section 5). AdeB-Ab seems to
be unique in having two Trp in the DBP and one in the PBP. Just one other transporter in the
list of 19 pumps (LpeB-Lp) holds three Trp residues, but in different locations (compared to
AcrB-Ec: F178W (same as MexY-Pa, mentioned before) in the DBP, and M662W and F664W
at the entrance (Channel 2) of the PBP). We recently found that ethidium efflux is enhanced
by double Trp mutations (T37W/A100W) at the Channel 3 entrance in AcrB-Ec [72]. Table 7
shows differences in hydrophobicity of the DBP. AdeG-Ab has the least hydrophilic pocket
(∆G = 10.2 kcal mol−1), compared to AcrB-Ec (25.6 kcal mol−1), MexB-Ec (26.2 kcal mol−1)
and AcrD-Ec (39.6 kcal mol−1). Interestingly, there is a significant difference in the number
of both charged (K, R, D, E) and hydrophobic (I, L, F, V, C, M) residues between AcrB-Ec
and AcrB-Hi (Table 7, yellow). AcrB-Ec has five charged residues, while AcrB-Hi only has
one. Additionally, AcrB-Ec has 12 hydrophobic residues, while AcrB-Hi merely has seven.
The same goes for the number of hydrophobic residues in the PBP between AcrB-Ec and
AcrB-Hi (nine vs. five, respectively). At the same time, as mentioned before, the efflux
spectrum of these transporters is almost the same (with the exception of bile salts) [15].
In our previous study, we determined the expression levels of AcrB-Ec and AcrB-Hi in
E. coli cells to be similar, while AcrB-Hi could export most drugs less effectively with
a several-fold lowering of the MICs of certain drugs (such as methicillin and cefcapene
pivoxil), a similar MIC for other drugs (such as ethidium or cloxacillin) and, interestingly, a
significantly lower ability to export bile salts (including deoxycholic acid) [15]. Perhaps,
looking at the presented data in this review, AcrB-Ec (and other evolved transporters)
has adapted to have both more charged and hydrophobic residues to increase drug efflux
efficiency and accommodate physiologically relevant compounds. For example, AcrB-Ec,
AcrD-Ec and MtrABC-Ec have been shown to be involved in enterobactin export [107].
Other differences obtained through evolution may be the Pro (“P223”) on the arm (absent
in the truncated arms of AcrB-Hi and MexI/W-like pumps) and the Trp residue (“W187”)
in the DN subdomain, possibly enhancing the stability of the trimer. The differences in
hydrophobicity, number of charged residues (specifically positively and negatively charged
residues), number of hydrophobic residues and the volume of the pockets can help us
understand the substrate recognition differences and the differences in the efficiencies of
the export of specific drugs between different pumps.
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4.6. Conserved Residues May Partly Explain Conserved Drug Specificities

Comparison of substrate specificities between MexD-Pa, MexY-Pa and MexB-Pa shows
that among these pumps, many classes of antibiotics are recognized and exported (in-
cluding quinolones, macrolides and tetracycline), with distinct differences between them
(e.g., for imipenem, carbapenem, carbenicillin, sulbenicillin, ceftazidime, meropenem
and more) [105], even though these three pumps differ significantly in pocket residues
(Tables 5 and 6). Between MexB-Pa, MexY-Pa and MexD-Pa, the conserved pocket residues
are G290, F615, F628 and Y327 in the DBP, and L674 and G675 in the PBP.

Between six pumps, namely, AcrB-Ec, AcrD-Ec, MexB-Pa, MexD-Pa, MexY-Pa and
AcrB-Hi, we compared the substrate specificities for a selection of drugs and drug classes
listed in Table 8. We found that one class of antibiotic was exported by all six pumps, namely,
cloxacillin, oxacillin and/or nafcillin (second-generation narrow-spectrum penicillins) β-
lactams. This may also include first-generation penicillins (such as benzylpenicillin) or
fourth-generation extended-spectrum β-lactams (such as piperacillin), but these were not
tested for all pumps. Therefore, we could at least conclude the second generation to be
widely exported (Table 8, green). The six pumps have different hydrophobic properties
in the PBP and DBP (Table 7) and, within the binding pockets (DBP and PBP), only have
one conserved residue among them: Y327 in the DBP. The overlap in the substrate range
may be partly explained by this residue, as well as the aforementioned fully conserved
N298 (outside the pockets, near the Channel 3 entrance). A recent study found that a
Y327A mutation (postulated to be implicated in a novel substrate entrance Channel 4)
caused a decrease in drug resistance against carboxylated β-lactams such as dicloxacillin
and oxacillin, and that the N298A mutant of AcrB-Ec decreased drug binding for the
specific compounds seen in the crystal structures and is reflected in the MIC data [73].
Another study found that these drugs (in addition to fusidic acid) are translocated via a
TM1/TM2 groove [74]. We found one of the implicated TM residues (I337) to be highly
conserved within the analyzed 135 pumps (Tables 1 and 2), and a recent study found the
mutation I337A to have the largest impact among the tested mutations for the MICs of
specific compounds (for fusidic acid, oxacillin, etc.) and hardly for erythromycin [74]. As
mentioned above, it would be interesting to determine the structure of phylogenetically
distanced AcrB-Hi-like pumps to further understand the recognition determinants and
pocket residues. Other differences besides residues in binding pockets (such as differences
in the volume of the pockets, movements of loops, distances between loops, interactions
with substrates to residues and the importance of water within the pockets and channels)
between different pumps are investigated by molecular dynamics to try to explain specific
differences between these pumps and their mechanisms (which cannot always be readily
understood by only comparing the residues within the pockets) [96,101,102,108,109].

Table 8. Substrate specificities of six different pumps.

Pump EM NOV Tet Qui NSP CAR SUB Bile AG AZT
AcrB-Ec X X X X X X X X X X
AcrD-Ec X X X X X X X X X X
MexB-Pa X X X X X X X n/a X X
MexD-Pa X X X X X X X n/a X X
MexY-Pa X X X X X X X n/a X X
AcrB-Hi X X X X X n/a n/a X* X X

Comparison between AcrB-Ec, AcrD-Ec, MexB-Pa, MexD-Pa, MexY-Pa and AcrB-Hi for several antibiotics
or classes of antibiotics. A check mark (X) indicates recognition of the substrate by the pump, and a cross (X)
indicates no recognition. Green highlights a substrate for all six pumps. Asterisk (*) indicates just slightly exported.
Abbreviations: EM, erythromycin; NOV, novobiocin; Tet, tetracyclines; Qui, quinolones (e.g., ciprofloxacin,
norfloxacin, enoxacin (fluoroquinolones), nalidixic acid (quinolone)); NSP, (second-generation) narrow-spectrum
penicillin β-lactams (e.g., cloxacillin, oxacillin and nafcillin); CAR, carbenicillin; SUB, sulbenicillin; Bile, bile
salts (cholic acid, deoxycholic acid); AG, aminoglycosides; AZT, aztreonam (monobactam); n/a, not available.
Overview created from references [15,35,56,97,99,101,102,105].
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5. Recent Mutations in RND Multidrug Efflux Pumps Cause Enhanced
Drug Resistance

As seen in Figure 3 and Tables 1 and 2, the conservation of RND multidrug efflux
pumps is mainly present in the transmembrane domain and indicates that the porter
domain is flexible to adapt to changes in the environment of the bacterial cells, explaining
divergences in drug recognition spectra between different pumps. RND transporters
are known to be promiscuous transporters, as they can recognize and transport a large
number of structurally different compounds [12]. These substrates are surrounded by a
multitude of residues and loops in two voluminous binding pits (Tables 4–7) and enter
the pump through a multitude of channels [51,72–75,110]. It is fascinating that these efflux
pumps can expel not only a wide range of drugs but also differ significantly in their amino
acid composition within the binding pockets, while between these pumps, the substrate
recognition spectrum is highly conserved (with the exceptions of some drugs, such as
monobactams and aminoglycosides, and divergent efficiencies). Differences and evolved
properties in binding pockets described above may have given transporters a more efficient
export ability. In this last section, we will describe novel amino acid substitutions in RND
multidrug efflux pumps, which have been arising recently in clinically, environmentally
and laboratory-evolved strains. Previously displayed Tables 5 and 6 partly identify the
location of the mutations in the DBP and PBP, highlighted by asterisks (*). An overview
of recent mutations found in different pumps from different organisms can be found in
Table 9. These recently spreading mutants significantly further enhance the efflux ability
of intrinsically expressed efflux pumps (gain-of-function mutations) and have already
proven to be a major problem in treating severe infections. Our over-usage and misusage
of antibiotics have been putting extreme selective pressure on bacterial pathogens, causing
an uprise of these mutated, highly efficient RND efflux pumps.

5.1. AcrB-Sa Mutants Cause Fluoroquinolone (G288) and Macrolide (R717) Resistance

Blair et al. (2015) reported a mutation in the AcrB-Sa efflux pump found in a post-
therapy Salmonella Typhimurium clinical isolate, which caused a fatal infection. Table 9 lists
recent mutations found in bacterial strains causing increased MDR. The Salmonella residue
substitution was G288D in AcrB-Sa, a novel mutation causing fluoroquinolone ciprofloxacin
resistance (MIC 32- to 64-fold increase pre- vs. post-therapy) [80]. In the same study,
concerning the G288D mutation on AcrB-Sa-expressing plasmids, antimicrobial MICs were
also increased for other antimicrobials, e.g., chloramphenicol and tetracycline (although
doxorubicin export was decreased, also when the mutation was conferred in AcrB-Sa
expressed in E. coli). Computer simulations in the same study demonstrated that the
charged Asp residue protruded through to the hydrophobic pit, altering the hydrophobicity
and causing steric clashes with residues in this pit, changing their conformation (especially
F178 and Q176), and increased the radius of gyration of the DBP by roughly 10% [80].
Figure 4d shows the location of G288 in AcrB-Ec (shown as a pink ball in the DBP) which is
also highlighted in Table 5 and shown in Figure 5. Interestingly, the G288 mutation has
also been found in AcrB-Ec, MexY-Pa and AdeJ-Ab (explained in Section 5.3, Section 5.4,
Section 5.5). The G288 residue is somewhat conserved, as seen in Table 5 (~50% Gly
and ~20% Ala, Table S1). However, interestingly, “G288” is substituted by more bulky
residues in the MexI/W-clustered transporters (being Val (~6%), Tyr (~4%) or His (~1.5%)).
Additionally, for this reason, and as mentioned before, it would be interesting to study
these members in more detail in future research.

In recent years, other AcrB-Sa mutants have been observed, causing untreatable
infections in Nepal, Bangladesh, India and Pakistan, in both Salmonella Typhi [85–88] and
Salmonella Paratyphi A [85,88], summarized in Table 9. These clinical isolates are resistant
to azithromycin (macrolide) by the mutations R717Q and R717L in AcrB-Sa. Hooda et al.
(2019) identified 13 azithromycin-resistant Salmonella strains (12 Typhi, 1 Paratyphi A)
from around 1000 hospital isolates from Bangladesh, with MIC values between 32 and
64 µg ml−1, with the first strain isolated in 2013 [85]. The 12 Salmonella Typhi AcrB-Sa
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genes had an SNP at R717 substituted with a Glu (R717Q), and the Salmonella Paratyphi
A AcrB-Sa had an R717L mutation. Both mutations in AcrB-Sa showed a decrease in
erythromycin and azithromycin (both macrolides) susceptibility. Similarly, Iqbal et al.
(2020) described azithromycin-resistant Salmonella Typhi strains from Pakistan. The isolates
cause severe problems during treatment, as extensively drug-resistant (XDR) Salmonella
Typhi has left azithromycin as one of the last treatment options. Here, too, the R717Q
mutation in AcrB-Sa was identified as the reason for this resistance [86]. Salmonella Typhi
isolates from Nepal harboring the R717L mutation have been described by Duy et al. (2020),
also responsible for azithromycin resistance. They note that none of the analyzed strains
had an acquired AMR gene. Importantly, the authors also described that these mutants
had divergently emerged in both Nepal and Bangladesh among the so-called H58 lineage,
suggesting that selective pressure caused by treating typhoid fever with azithromycin
resulted in these resistant strains independently [111]. Katiyar et al. (2020) analyzed two
azithromycin non-susceptible strains (from 133 clinical isolates from patients with typhoid
fever) from India, which both had the R717Q mutation in AcrB-Sa [87]. Another recent
study by Sajib et al. (2021) predicted that the R717 mutation first occurred somewhere in
2010. They also described a Salmonella Typhi isolate from the United Kingdom harboring
the AcrB-Sa R717Q mutation. In the same study, the authors analyzed 2519 Salmonella Typhi
isolates and 506 Salmonella Paratyphi A isolates from Bangladesh, of which 104 isolates were
azithromycin-non-susceptible. Of these, 32 Salmonella Typhi and 6 Salmonella Paratyphi A
isolates had a significantly high azithromycin MIC (>32 mg ml−1). All of these 32 highly
resistant Typhi isolates had the R717 mutation (29 R717Q and 3 R717L), and five Paratyphi
A isolates had the R717Q mutation [88]. It is clear that the spontaneous and divergent
emergence of the “R717 mutations” in AcrB-Sa should raise great concern for the treatment
of typhoid fever by macrolides.

Figure 5. Upcoming gain-of-function mutations in RND-type efflux pumps. Resistant clinically, environmentally and
laboratory-evolved strains show an alarming rise in gain-of-function mutations in the binding pockets of homotrimeric
RND multidrug efflux pumps. Residues are shown as spheres. From left to right: view of the whole AcrB-Ec trimer, side
view and top-down view. Red spheres show the most recurring amino acid substitution (by nonsynonymous mutations in
the genes) numbered by letters (A–E), being G228D (AcrB-Sa, “D”), G287A/S (MexY-Pa, “D”), G288C/M/S (AcrB-Ec, “D”),
G288S (AdeJ-Ab, “D”), R717Q/L (AcrB-Sa, “A”), R714C/G/H/L (MtrD-Ng, “A”), K823D/E/N (MtrD-Ng, “B”), F136L
(AdeJ-Ab, “E”) and K79A/T (MexY-Pa, “C”). Orange shows mutations found in resistant strains (letters F–L), potentially
increasing drug resistance; however, the direct effects of the specific mutations have not yet been significantly investigated,
or the effect is not clear. These include F178S (“J”), A562V (“F”) and M626V (“H”) (MexB-Pa), S824I (“L”) (LpeB-Lp), V139F
(“K”), A279T (“I”) and F617L (“G”) (AcrB-Ec) and S821A (“L”) (MtrD-Ng). The mutations P319L and M78I (AcrB-Sa, Table 9)
are not shown, as they are both not present in the binding pockets. Colors: green, proximal binding pocket (PBP); light
orange, distal binding pocket (DBP). PDB accession code 3W9H [36].
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Lastly, recently, P319L and M78I/P319L mutants of AcrB-Sa have been found in
Salmonella ssp. strains isolated from pork, swine, chicken and duck from Guangdong,
Shandong, Hubei, Henan (China), causing increased MICs for multiple substrates, of
which the most noticeable are fluoroquinolones (enrofloxacin and norfloxacin), but also
for erythromycin and other substrates. These two residues are not located in the binding
pockets of AcrB-Sa, but more on the outside of the monomers. The authors argued that the
P319L residue might increase the export efficiency by altered interaction with AcrA [112].

5.2. MtrD-Ng Mutations (R714, K823) by Mosaic Patterns Causes Macrolide Resistance

Recently, mutations in the multiple transferable resistance (mtr) efflux pump from
N. gonorrhoeae (MtrD-Ng), acquired by mosaic-like patterns in the alleles, have become an
increasing concern in azithromycin (macrolide) resistance [120] (Table 9). Mosaic patterns
arise in N. gonorrhoeae acquiring and recombining donor DNA from Neisseria spp. (N. menin-
gitidis and N. lactamica), resulting in multiple mutations in both the repressor (mtrR) and
efflux pump (mtrCDE) genes, and are found worldwide [121]. It has been extensively
studied that (as for most other pathogens) increased resistance in clinal strains can be a
result of mutations in the regulatory network (e.g., MtrR or MtrA) [122–124]. However,
mutations in the efflux pump MtrD-Ng itself (instead of by direct mutations in the 23S
rRNA target gene [125]) cause significantly elevated MICs (azithromycin > 2 µg/mL) and
are relatively new. Recently, Wadsworth et al. (2018) analyzed 1102 isolates and noticed an
increase in mosaic patterns at the mtrCDE region, with the highest diversity in the mtrD
gene [113]. Four residue mutations between isolates were found in MtrD-Ng: I48T (DBP),
G59D, K823E (PBP) and F854L. Additionally, in 2018, Rouquette-Loughlin et al. studied
eight clinical strains from 2014 and found that mutations directly in the MtrD-Ng protein
accounted for an increased azithromycin resistance, which could not be explained only
by mutations in the promoter region or in the regulatory network. They identified two
mutations, namely, K823E and S821A [24], both on the PC2 subdomain in the PBP of MtrD-
Ng. Cryo-EM structures of MtrD-Ng (from transformant “CR103” by [24]) holding the
two K823E and S821A mutations were solved recently [43], and the same study identified
several other mutations in this pump, including R714G. Both single mutations, K823E and
R714G, resulted in an increase in MICs for several substrates (azithromycin, erythromycin
and polymixin B) [43]. Additionally, Ma et al. (2020) analyzed 4852 global N. gonorrhoeae
genomes. Of these, 12 contained the mutation R714H/L/C, and seven contained the
mutation K823E/N [89]. They did not observe mutations at positions 74, 669, 821 and 825,
as found (and tested) by others [24,43].

Interestingly, the R714H/L/C mutations [43,89] correspond to the R717L/Q muta-
tions discussed before (Section 5.1) present in AcrB-Sa of Salmonella clinical isolates from
Bangladesh, Pakistan, India and Nepal (Table 9). The location of these mutations (at R714,
K823 (and S821)) are all in the PC2 subdomain and face the PBP (Table 6 and Figure 5),
which explains the increase in the MICs for macrolides, but, e.g., not for other drugs such
as penicillin, ampicillin, ethidium bromide and crystal violet [43]. Although the S821A
mutation showed no increase in the MICs of the tested compounds [43], a similar mutation
(S824I) was found in the LpeB-Lp efflux pump in L. pneumophila clinical isolates from
China [90]. However, direct MICs were not determined for this strain, nor was the effect
of the mutation determined. It is interesting that these mutations are seen within pumps
from different organisms (Table 9), that the Ser residue is highly conserved among the 19
analyzed efflux pumps (represented by an Ala in AcrD-Ec/Sa and MexB-Pa, similar to the
S821A mutation in MtrD-Ng) and that the K823E mutation is similar to E826 in wild-type
AcrB-Ec/Sa and other pumps (Table 6 and Table S1).

5.3. AdeJ-Ab Mutations (G288, F136) Cause Increased Drug Resistance

Mutations in the previously described G288 location (Section 5.1) have also been found
in multiple studies on A. baumannii clinical isolates. Hawkey et al. (2018) investigated
carbapenem-resistant A. baumannii isolates from burn wound sites of a 2013 patient to
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investigate resistance evolution [77]. They analyzed the collected 20 strains from this
patient in addition to strains from three other patients (one before and two after the
admission of the main investigated patient). All collected strains were multidrug-resistant
(to, e.g., aminoglycosides, fluoroquinolones and more); however, they showed variations
in meropenem resistance (MICs ranging from 2 to >32 µg mL−1). All strains which first
showed an elevated MIC of ≥8 µg mL−1 contained the mutation G288S on the RND
pump AdeJ (the authors mentioned AdeB, but we believe it to be AdeJ after checking the
sequences). A later strain harbors mutation F136L, with an MIC of 8 µg mL−1, and later
isolated strains with this F136L mutation also contained a mutation, A515V, in the penicillin-
binding protein (PBP3) FtsI, further increasing the MICs (≥32 µg mL−1). After being
administered meropenem, the patient was treated with colistin (a last-resort polymyxin
treatment) [77]. As explained before, the G288 residue is located near the hydrophobic pit
in the DBP, and the G288S mutation possibly altered the drug-binding properties of the pit
to meropenem. This can also explain the mutation of F136L, which is also located in the pit,
possibly increasing the binding of carbapenems to the pit, although we are not sure of the
precise mechanism of these alterations. The F136 location is the least conserved residue of
the six Phe residues (with AcrB-Ec as a reference), being a Leu in MexF-Pa and AdeG-Ab,
and Ile in MexQ-Pa and MexY-Pa (see Table 5).

Similarly, a recent study by Santos-Lopez et al. (preprint, 2020) investigated the roles
of selective pressure by antibiotic treatment of A. baumannii laboratory-evolved strains
under increased cephalosporin (ceftazidime) and carbapenem (imipenem) concentration
conditions. Growth under ceftazidime resulted in mutation in AdeJ, causing resistance to
both ceftazidime and imipenem in 16 of the 18 strains (the other two harboring mutations
in the adeIJK regulatory protein AdeN, or a PBP instead). The mutation in AdeJ found in
replicates was G288S. Additionally, other mutations seen in AdeJ were, e.g., F136L, F136S,
Q176K, Q176R and A290T, all in the DBP [78]. Q176 in AcrB-Ec interacts with ABI-PP
in one of the crystal structures [36], and the G288D mutation in AcrB-Sa alters the Q176
conformation [80]. The recurring F136L and G288S mutations in AdeJ further suggest that
these substitutions are significant gain-of-function mutations in this efflux pump.

5.4. Mutations in MexY-Pa (K79, G287) Increase Aminoglycoside Resistance

Greipel et al. (2016) studied 361 isolates of people suffering from cystic fibrosis
(CF) by analyzing the genome sequences. The isolates came from multiple EU countries
(including Germany, Sweden and the Netherlands) [84]. They found 85 nonsynonymous
mutations in the mexY gene. In two isolates, the G287S mutation was present [84], which is
similar to the G288 mutations in AcrB-Sa/Ec [80] and AdeJ-Ab [77]. They also described
a “Q175E” mutation in 327 isolates, similar to the Q176 location in AdeJ-Ab and AcrB-Ec
mentioned before; however, in wild-type MexY-Pa, this residue is E175 (Table 5), and thus
it may be possible that the other 34 strains have an E175Q mutation in the DBP. However,
we cannot confirm this. It is an interesting location as mutations here have also been
seen in AdeJ-Ab (Section 5.3), and the Q176 residue is one of the somewhat conserved
residues among the 19 selected transporters shown in Table 5 (this residue’s conformation
is altered in the G288D gain-of-function mutant of AcrB-Sa according to MD simulation
(Section 5.1) [80]). Another potentially interesting mutation found in MexY-Pa in the same
study was S48N (similar to S48 in AcrB-Ec), located in the DBP, close to the exit. A list of
the total 85 nonsynonymous mutations can be found in [84]. Direct MIC measurements
looking at the effect of the mutations (G287S, E175Q and S48N) have not been performed.
However, the yet again recurring G287S (“G288”) mutation is a worrying find. López-
Causapé et al. (2017) sequenced and analyzed 28 strains from 18 patients with CF from
Spain and Australia, isolated between 1995 and 2012 [82]. They found mutations in more
than 100 genes related to AMR. Besides mutations in repressor MexZ, and genes gyrA
and fusA1, they found mutations in the RND-type efflux pumps, including MexY, MexB
and MexW. MexY and MexB had the most different numbers of mutations (nine) in many
isolates (8 for MexB and 19 for MexY). One of the most recurring mutations was G287A
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in MexY (similar to G287S mentioned above), seen in three isolates. In MexB, the F178
location was mutated in one strain (F178S). Strains with the MexY (G287A) mutation had a
significantly higher MIC for tobramycin compared to other isolates, although this was due
to many different other mutations in multiple genes for different isolates, and the effect
of the G287A and F178S mutations was not directly observed. However, their analysis by
comparing the median MICs for strains with or without a particular mutation suggested an
increase in multiple drugs for mutations in MexY (e.g., imipenem, aztreonam, meropenem
and tobramycin). For MexB mutations, a similar increase in MICs was observed; however,
this was noticeably more significant compared to MexY for aztreonam and meropenem.
The complete overview of mutations can be found in [82].

In a recent study, Wardell et al. (2019) showed that 4 out of 13 laboratory-evolved
strains, under tobramycin growth conditions, harbor mutations in MexY-Pa, which did not
occur in meropenem or ciprofloxacin selected strains. Three of these four had the mutation
G287S (the same as the MexY-Pa mutations found by [84]), and one had the mutation
K79T [83]. Besides the recurring G287 mutation, K79T catches our attention, as a mutation
in the same location (K79A) was found by experimentally evolved MexY-Pa by selective
pressure under aminoglycosides. In that study, the K79A mutant caused a significantly
higher MIC for aminoglycosides paromomycin, neomycin and spectinomycin [56]. As the
K79T mutation was found in a strain with decreased tobramycin susceptibility [82], it is
likely that this PBP location mutation increases the substrate recognition of aminoglycosides
by MexY-Pa. The same study [83] also found MexY-Pa mutations in 140 out of 558 (25%)
clinical isolates and in 15 out of 172 (8.7%) environmental isolates (although specific
mutations were not mentioned), again highlighting the significant variability and frequency
of mutations in MDR pump genes. Another recent study by Colque et al. (2020) studied
14 clinal isolates from CF patients from Denmark who suffered long-term infections by
P. aeruginosa between 1991 and 2011. They found two mutations in MexB-Pa (five times
in M626V, and once in A562V, both in the PBP) and six in MexY-Pa (although none in
a binding pocket) [5]. In MexB-Pa, the M626V mutation is inside the PBP, while A562V
is directed to Channel 1 of the monomer. Similarly, multiple mutations in P. aeruginosa
RND-type pumps (MexY, MexB, MexD, MexK, MexI, MexQ) were found in an MDR clinical
isolate (“PA154197”) from Hong Kong [126]. In both these studies, the direct effects of the
mutations were not determined.

5.5. Experimentally Obtained Mutations in AcrB-Ec (V139, A279, G288)

Cudkowicz et al. (2019) and Langevin et al. (2020) examined the evolution of muta-
tions in E. coli and AcrAB–TolC specifically, respectively, under chloramphenicol growth
conditions, and both studies observed the V139F mutation in AcrB-Ec [114,115]. This
mutation was also seen by Hoeksema et al. (2019) when analyzing the effects of mutations
in genes related to AMR, specifically the role of these mutations in the resistance to a second
antibiotic after a first antibiotic gave rise to a specific mutation (where V139F was found
in strains resistant to tetracycline, which previously acquired resistance to amoxicillin,
enrofloxacin or kanamycin) [116]. This Val residue (V139) is located in the hydrophobic pit
in the DBP. It is not clear how this mutation exactly enhances the efflux ability of AcrB-Ec,
and if the mutation causes increased MICs for multiple drugs and therefore acts as a
significant gain-of-function mutation. The recurrence of this mutation, however, makes it a
noteworthy one.

Schuster et al. (2014) found a G288S mutation in most of their evolutionarily evolved
strains (after in vitro random mutagenesis of the AcrB-Ec gene), along with G288M, G288C
and A279T (also in the hydrophobic pit of the DBP). The MIC data for G288S and A279T
(single and double) did not indicate a gain-of-function mutation for the tested compounds
(even a decrease in MICs for novobiocin and chloramphenicol) [118]. The A279T mutation
was also obtained by researchers who optimized AcrB for the export of styrene and alpha-
olefins. Out of eight variants, seven contained A279T and five contained F617L [119]. On
the other hand, a G288C mutation was found to be the most recurring in another study
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by Soparkar et al. (2015) when trying to regain the export ability in the loss-of-function
mutation F610A in AcrB-Ec (of which the gene was located on a plasmid, transformed into
AcrB-deficient cells). They found G288C to be the most effective suppressor alteration,
occurring five independent times. The introduction of G288C in AcrB (F610A) increased the
MICs for erythromycin, novobiocin, minocycline, nalidixic acid and SDS (when compared
to AcrB (F610A)) [79]. The “G288” mutation is the most recurring mutation with the most
alternative amino acid substitutions, as seen in Table 9.

6. Discussion

In this review, we provided a conservation analysis of homotrimeric RND-type mul-
tidrug efflux pumps, including a more detailed view of 19 selected pumps (which have
been better studied). We also looked at the conservation and variation among a selection
of pumps to try to summarize, explain and understand the substrate specificities of some
pumps, based on specific residues, hydrophobic and hydrophilic residues, in both pock-
ets. The analysis showed that among all efflux pumps, the TM domain was significantly
conserved, while the porter domain was largely variable, except for some interesting
residues, including the residues D568 from the “interface-loop” and R637 from the PC1
subdomain. Certain residues within the binding pockets were conserved between some
pumps, but not all, despite the pumps having a similar efflux spectrum. Interestingly, the
least conserved pump (AcrB-Hi) compared with AcrB-Ec can expel the same compounds.
We hypothesize that changes in the number of hydrophobic and hydrophilic residues in the
pockets may enhance drug efflux and may specifically enhance the efflux of physiologically
relevant toxic compounds, such as bile salts. As for the TM domain, the three residues
forming salt bridges—playing a crucial role in the proton translocation and therefore energy
consumption—are D407, D408 and K940 (numbering based on AcrB-Ec) in most of the
135 analyzed pumps. There were, however, three noticeable outliers for the K940 residue,
namely, where the Lys was an Arg residue (for the organisms I. loihiensis, C. japonicus and
T. turnerae). This “K940R” residue was also created in MexB-Pa back in 2000 by Guan et al.,
which resulted in a fully active pump [34], indicating that this region, however critical for
the function of the pump, is still slightly flexible by substitutions.

As for the conservation in the porter domain, the conserved residues of interest
were the aforementioned “interface-lock” D568 and R637 (both 100% conserved among
135 pumps), N298 (located at the vestibule and close to Channel 3, also 100% conserved),
P223 (99% conserved (excluding gaps); present in all analyzed pumps, except for MexI/W
members and, interestingly, MexY-Pa (Gly)), W187 (98.5% conserved; possibly stabilizing
trimer formation, present in all analyzed pumps, except for two MexI/W-like pumps
from L. pneumophila) and, to a lesser extent, but still significantly, Y327 (81% conserved;
in the hydrophobic pit in the DBP, linked to the recognition of carboxylated drugs), and
those partly conserved but noticeable were F178 and F628 (70% and 74% conserved; in
the hydrophobic pit), L674 and G675 (72% and 88% conserved; part of the bottom and
flexible (F-) loops in the PBP) and the somewhat less conserved Q577 (69% conserved; in
the PBP). It is interesting to note that these residues are—as an example—not present in
AcrB-Hi (except for F178 and Y327), which has a similar substrate range to AcrB-Ec. We
also found it interesting that among the selected transporters, certain carboxylated drugs
(including cloxacillin, oxacillin and nafcillin) were exported by all (Table 8), perhaps partly
explained by the Y327 residue. A list of all residues with their conservation percentages
and alternative substitutions can be found in Table S1. We found that members of the
MexI/W cluster (including AcrB-Hi and LpeB-Lp) consistently showed distinct differences
when compared to their RND multidrug efflux pump colleagues. These differences are the
truncation of (the tip of) the arm, the lack of the conserved P223 on this arm, the gaps after
sequence alignment (e.g., in the hydrophobic pit (“F610”) and other parts of both the PBP
and DBP), the lack of highly conserved F628 in the pit, the lack of conserved L674 on the
F-loop in the PBP and, additionally (although only seen in two pumps from L. pneumophila,
including LpeB-Lp), the conserved W187 substitutions (being a Phe or a Thr). It would
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be interesting for future research to obtain structures and biochemical data (in addition
to AcrB-Hi [17]) of members of this cluster. In particular, the macrolide resistance causing
LpeB-Lp pump (gene lpp2880 from clinically relevant L. pneumophila str. Paris [103,104])
not only showed the distinct abovementioned MexI/W characteristics but was also an
outlier within this cluster, being the only pump lacking both the conserved W187 and Y327
(Table 2) and showing the most gaps after multiple sequence alignment (Table 5; Table 6).

Besides comparing drug recognition and conservation among pumps, we looked into
the rise in recent adaptations of the RND pumps occurring in fairly recent multidrug-
resistant clinical strains. We found several noticeable recurring amino acid substitutions
present in clinically, environmentally and laboratory-evolved strains. Firstly, G288D (AcrB-
Sa), G288C/S/M (AcrB-Ec), G288S (AdeJ-Ab) and G287A/S (MexY-Pa), mutations just
outside the hydrophobic pit of the DBP, changed—and usually enhanced—MICs for certain
drugs (fluoroquinolones in Salmonella Typhimurium, aminoglycosides in P. aeruginosa,
carbapenems in A. baumannii and multiple drugs in E. coli). In AdeJ-Ab, another no-
ticeable mutation was F136L, decreasing susceptibility to meropenem. Other worrying
mutations are R717L/Q (AcrB-Sa in S. Typhi and S. Paratyphi A), and R714C/G/H/L
and K823D/E/N (MtrD-Ng), mutations in the PBP of the RND efflux pump, increasing
the MICs for macrolides (such as azithromycin) considerably (possibly also the mutation
S821A, recurring as S821I in LpeB-Lp from L. pneumophila strains from China). The mu-
tations K79A/T (MexY-Pa) were independently observed by different research groups in
laboratory-grown resistant strains. Lastly, V139F (AcrB-Ec), an amino acid located in the
hydrophobic pit of the DBP, was found in multiple studies. Other mutations found in
clinically, environmentally and laboratory-evolved strains can be found in Table 9. We note
that there are likely more mutations and studies regarding mutations in RND multidrug
efflux pumps not mentioned in this review.

Additionally, it is possible that the mentioned gain-of-function mutations cause in-
creased MDR, rather than an increased resistance to one class of antibiotics, as many papers
reviewed in this review article did not test for multiple classes of drugs but found mutations
in the pumps after observing specific resistance in clinical strains (e.g., for carbapenems,
fluoroquinolones, macrolides or aminoglycosides). Examples where MICs increased for
multiple drugs as a result of a specific mutation are: AcrB-Sa (G288D), increasing the
MICs for chloramphenicol, ciprofloxacin (fluoroquinolone) and tetracycline [80]; AcrB-Ec
(G288C), increasing the MICs in an F610A background for erythromycin (macrolide), novo-
biocin, minocycline, nalidixic acid (quinolone) and SDS [79]; MtrD-Ng (R714G), increasing
the MICs for azithromycin, erythromycin (macrolides), ethidium and polymyxin B [43];
and MtrD-Ng (K823E), increasing the MICs for azithromycin, erythromycin (macrolides)
and polymyxin B [43]. Additionally, the “G288” mutation emerges in different pumps
from different organisms, of which strains are resistant to a variety of drugs (including
macrolides, fluoroquinolones, aminoglycosides and carbapenems), pointing to an increase
in MDR by one gain-of-function mutation. Additionally, a combination of the mutations
mentioned in this review may potentially increase MDR, which may result from increased
use of alternative antibiotic treatments.

These recent adaptive mutations are worrying, as commonly used antibiotics to treat
infections caused by these pathogens are rendered ineffective, and last-resort antibiotics
are used (which have more or worse side effects or may not always be an option in
underdeveloped regions in the world). An example is the use of colistin for A. baumannii
infections resistant to carbapenems. Especially worrying are cases where extensively drug-
resistant (XDR) pathogens leave a specific class of antibiotics as a last option, after which
this XDR pathogen becomes resistant to this antibiotic too, by mutations in the RND pump,
noticeably azithromycin resistance in S. Typhi strains in India, Nepal, Bangladesh and
Pakistan. It is particularly worrying that these mutations—besides being spread through
transfer—seem to be appearing independently in different locations, and in different
organisms and pumps, further indicating that the misusage and over-usage of antibiotics
put extreme selective pressure on these pathogens, giving rise to not only mutations in
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genes part of expression regulatory pathways but also gain-of-function mutations in the
efflux pumps themselves, leaving us with last-resort antibiotics, or worse, when a pump
increases (or potentially gains) resistance to the last treatment options.

We hope that this review can help increase our understanding of the mechanisms
of drug recognition by RND multidrug efflux pumps and help the development of novel
antibiotics and efflux pump inhibitors needed to treat the increasingly spreading and
evolving pathogenic bacteria.
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Abstract: Antibiotic efflux is a mechanism that is well-documented in the phenotype of multidrug re-
sistance in bacteria. Efflux is considered as an early facilitating mechanism in the bacterial adaptation
face to the concentration of antibiotics at the infectious site, which is involved in the acquirement of
complementary efficient mechanisms, such as enzymatic resistance or target mutation. Various efflux
pumps have been described in the Gram-negative bacteria most often encountered in infectious
diseases and, in healthcare-associated infections. Some are more often involved than others and
expel virtually all families of antibiotics and antibacterials. Numerous studies report the contribution
of these pumps in resistant strains previously identified from their phenotypes. The authors char-
acterize the pumps involved, the facilitating antibiotics and those mainly concerned by the efflux.
However, today no study describes a process for the real-time quantification of efflux in resistant
clinical strains. It is currently necessary to have at hospital level a reliable and easy method to
quantify the efflux in routine and contribute to a rational choice of antibiotics. This review provides a
recent overview of the prevalence of the main efflux pumps observed in clinical practice and provides
an idea of the prevalence of this mechanism in the multidrug resistant Gram-negative bacteria. The
development of a routine diagnostic tool is now an emergency need for the proper application of
current recommendations regarding a rational use of antibiotics.

Keywords: RND efflux pumps; prevalence of efflux resistance mechanisms; hospital acquired infections

1. Introduction

Membrane-associated antibiotic resistance is a key mechanism in Gram-negative
bacteria that efficiently controls the intracellular concentration of various drugs [1]. Two
complementary processes, membrane impermeability and the expression of efflux pumps,
limit the concentration of deleterious compounds inside bacteria by impairing the entry and
expelling the internal molecules [1–4]. Consequently, they play a key role in protecting the
bacterial cells against aggressive chemicals, such as antibiotics, disinfectants, conservatives,
detergents, etc. In Gram-negative bacteria, the envelope permeability has long been studied,
but due to its complex organization and variability, serious gaps in the research remain,
regarding the antibiotic translocation and accumulation inside living bacteria. Multidrug
efflux pumps active in bacterial cells belong to the ABC, MF, SMR, MATE, PACE and RND
superfamilies superfamilies [4,5]. Except ABC transporters using ATP hydrolysis as energy
source, the other drug efflux pumps are antiporters, H+ or Na+, with the active component
inserted in IM (Inner/Cytoplasmic Membrane) [1,4]. This component recognizes and
captures the drug substrate from the cytoplasm or IM surface and carries the molecule
to an outer membrane channel that releases it to external medium. In Gram-negative
bacteria, AcrAB-TolC and MexAB-OprM are the archetypes of the tripartite efflux pump
complexes reported in clinical strains (Figure 1). The regulation of the expression of the
pump, and its 3D organization, have been extensively studied and reported in numerous
reviews with three AcrAB-MexAB in IM for three TolC-OprM partners in OM (Outer
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Membrane) [1,4–8]. Interestingly, these transporters exhibit an important versatility and
flexibility of substrates, from bile salts to dyes including antibiotics and detergents with
a large range of sizes, chemical structures, and charges [1]. The mechanism of efflux as a
protection barrier has been genetically and molecularly studied. The functional structures of
efflux complexes, e.g., AcrAB-TolC and MexAB-OprM, have been solved at high resolution
providing information regarding the energy requirements, dynamic and selectivity of
the transport, which includes a recognition, binding and expel step [1,2]. Today, the
role of specific amino acids residues during the transport inside the different AcrB-MexB
pockets and the subsequent conformational changes of the efflux pump subunits are
described [1,4,5].
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Importantly, clinical strains express a basal level of efflux pumps and can overproduce
them via mutation in regulators (negative or positive), stimulation by external stresses, or
the acquisition of mobile genetic elements coding for additional transport systems [1,5]. A
sophisticated regulation cascade can efficiently manage the membrane transporters, porins
and efflux components, which are involved in drug transport [5,9].

However, the exact prevalence and contribution of efflux in clinical pathogens are
not well defined [1]. This gap is due to a lack of clinical diagnosis assays that impair a
rapid and clear identification of active effluxes in hospital microbiology services in contrast
to available methods for detecting enzymes or target mutations involved in resistance
(inhibitor of β-lactamase, sequence of specific gene, etc.) [1]. Today, the vast majority of
clinical studies carried out on efflux resistance use either the ratio of MICs obtained in the
absence or presence of efflux inhibitors, the interpretation of the data obtained after the
evaluation of the impact of the target mutations or the presence of enzyme barrier, or, more
recently, the use of a synthetic substrate of an efflux pump devoid of antibiotic properties
(e.g., ethidium bromide or other chemicals). Consequently, it dramatically lacks a real-time
approach based on the measurement of the accumulation of an antibiotic correlated with its
antibacterial activity to precisely define the role, prevalence, and impact of efflux in clinic.

2. Towards an Detection of Efflux Mechanisms

During the last decade, the respective developments of fluorimetry and mass spec-
trometry have generated several experimental protocols supporting a serious breakthrough
in the precise quantification of the intracellular accumulation of drugs inside bacteria. Con-
sequently, the impact of membrane impermeability and active efflux in resistant isolates
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have been revealed [3,10], allowing for a clear quantification of the role of these membrane-
associated mechanisms in the resistance [1,11,12]. The key point is the requirement of the
robust internal controls necessary to validate the drug signals and to allow comparisons
between various assays involving various bacterial strains [12]. Unfortunately, it seems
difficult today to efficiently transfer these research protocols in simple routine tests for
hospital diagnosis. This point could be partly solved by using a first screen in a collection
of Multi-Drug Resistant (MDR) isolates and determining the accumulation of selected
antibiotics used in clinical settings in a second step. The final analyses will be the determi-
nation of the existing correlative index between the accumulation level and susceptibility
for molecules that have been classified as a substrate of efflux pumps [3]. This aspect is
especially important to define the relevance and contribution of efflux in clinical isolates
and the rapid adaptation of bacterial cells under antibiotic pressure.

3. Genetic Regulation

The expression of the various efflux systems is controlled by an interplay of different
regulators and regulation cascades, some of which are major players and other substitutes
or alternate pathways [9]. The regulation signal seems to be associated with the internal
concentration of toxic chemicals that play a role during the trigger of the cascade-inducing
efflux expression [9]. In Gram-negative bacteria, the genetic regulation of pumps is mainly
managed by two key methods:

1. Pathway 1: the intervention of a protein-modulating expression of genes by a fixation
on their promoters. Regulatory genetic proteins possess α-helix-turn-α-helix (HTH)
DNA-binding motifs and can be activators or repressors [13].

2. Pathway 2: the activation of a two-component systems (TCS) which interferes with
gene expressions when environmental stresses require a bacterial adaptation [1].

3.1. HTH Family Regulators

Positive regulation is managed by the AraC-XylS family, which is well-documented
in Enterobacteriaceae (MarA, RamA, SoxS, Rob, RarA) or H-NS proteins (histone-like struc-
turing nucleoid protein) (SdiA, FIS, CsrA). In this group, representative repressors are
TetR/AcrR/RamR/MexR and the OqxR family and are described in Enterobacteriaceae and
in Pseudomonadaceae. They are repressors of the genetic cascade regulation or of the pumps
genes operons [9].

3.2. TCS Systems

TCS systems are activated when bacteria sense environmental change such as detri-
mental hazards to their key physiological activities, and contribute to adaptation/defense.
TCS systems (CpxAR, Rcs, BaeSR, PhoPQ, and EnvZ/OmpR) (RocS2-RocA2, ParR-ParS,
AmgR-AmgS, CzcR-CzcS and CopR-CopS) can sense the external medium modifica-
tions such as pH, osmotic strength, oxidative stress, nutrient starvation, and toxic chemi-
cals, etc. [1].

4. Clinical Impact Situation

The basal efflux present in bacterial cells is essentially the first mechanism with
membrane impermeability that faces antibiotics in clinical isolates [14–16]. The basal
activity is not clinically detected in a wild strain, although various stimuli are able to
quickly initiate their overexpression and synthesis. Although not detected in routine, the
efflux paves the way for the most radical mechanisms of resistance [3]. A sub-inhibitory
intracellular concentration of the antibiotic then promotes the development or acquisition of
more specific mechanisms of resistance-like enzymatic responses or target mutations [15,16].
For example, several mutations are found in genes, gyrA and parC, coding the gyrase target
and they are frequently associated with efflux resulting in high MIC levels [17]. Most of the
studied clinical strains exhibit a specific resistance combined to efflux mechanisms (Table 1).
The inhibition of efflux mechanisms obtained in the laboratory for these strains never
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completely restores susceptibility to the antibiotic despite a significative diminution of MIC.
Given the lack of automated techniques available to monitor efflux activity, efflux is not
usually sought in epidemiological studies involving samples of clinical strains; nevertheless,
some studies have been investigated, particularly with Pseudomonas aeruginosa [18]. We
review the main results and observations of efflux in a clinical context for the various
species most concerned.

4.1. Haemophilus influenzae

In Haemophilus influenzae, an AcrAB homolog pump system is identified and shares a
similar antibiotic efflux profile as AcrAB overexpression generates in E. coli [19].

The basal expression of the efflux represents a current mechanism which concerns
macrolides and ketolides resistance in most clinical strains [20]. Efflux is frequently found
to be associated with mutations in ribosomal proteins resulting in high MICs to these classes
of antibiotics [20,21]. Recently, Cherkaoui et al. studied various resistance mechanisms for
imipenem heteroresistance in 46 Haemophilus influenzae isolates [22]. They concluded that
the involvement of the pump AcrAB overexpression caused by a partial deletion in acrR
led to an overexpression of the AcrAB-TolC efflux complex. For them, efflux was necessary
for the development of imipenem heteroresistance [22].

4.2. Helicobacter pylori

In Helicobacter pylori, several efflux pumps systems were identified: RND pump
complexes named HefABC, HefDEF and HefGHI, ABC and MFS-type efflux pump not yet
named [23].

From two series of H. pylori clinical isolates resistant to clarithromycin which was the
key drug in the eradication therapy for H. pylori, two TolC homologs, hp0605 and hp1489,
were identified as involved in clarithromycin resistance [24]. Moreover, metronidazole
resistance was reported in five MDR clinical isolates exposed to varying concentrations of
this antibiotic, and the efflux mechanism was observed in this phenotype [24]. Authors
reported that metronidazole could stimulate the expression of efflux pumps genes and
expression occurred when higher doses of metronidazole were used [25]. Among 12 clinical
strains resistant to clarythromycin, the genetic variants of the three RND pumps of the
series of Hef were identified [26]. Authors detected specific single-nucleotide substitutions
in resistant strains [26].

4.3. Campylobacter jejuni

Campylobacter jejuni followed by Campylobacter coli are the most common bacteria
isolated in campylobacteriosis [27]. Macrolides, with erythromycin or fluoroquinolones, are
the first line of treatment. The mechanisms of resistance to macrolides and fluoroquinolones
are independent and, for macrolides, the resistance mechanisms are also described for other
members of this antibiotic class as the ketolide telithromycin [28]. There are two major
mechanisms of antibiotic resistance: target mutations and the decrease in the intracellular
concentration of antibiotics. The decrease in the intracellular concentration of antibiotics
may occur via efflux pump activity, which was described for the first time in 1995 [29].

CmeABC is the major efflux complex that can extrude a large panel of molecules [30].
CmeB is the inner membrane transporter (energy-active part), CmeC is the outer membrane
channel protein, and CmeA is the periplasmic fusion protein [30,31]. cmeR, located in the
promoter region of cmeABC operon, encodes CmeR, a Tet-like regulator, which controls the
efflux complex expression. The CmeR acts as a local repressor for CmeABC [32].

Interactions with other efflux complexes like CmeDEF may result in intrinsic resistance
to these antibiotics [33]. A resistance-enhancing variant of CmeABC called RE-CmeABC is
described as a “super efflux pump” which confers to Campylobacter at a higher resistance
level than CmeABC. This super efflux pump can extrude more antibiotics than the CmeABC
and a mutation is found in the promoter region of RE-cmeABC. Furthermore, the study
of the structural modeling of CmeB points to amino acid changes that suggest a tighter
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affinity of this variant to the drugs, compared to parental CmeB conferring a fitness benefit
to Campylobacter under selection pressure. The spreading of this pump is characterized by
a horizontal transfer and a clonal expansion [34].

There are two levels of macrolide resistance in Campylobacter spp.: a low level of
resistance (LLR) and a high level of resistance (HLR) [28]. Regarding the macrolide sus-
ceptibility, the LLR strains have no target mutations and are susceptible to the PAβN
(Phe-Arg-β-naphthylamide) efflux pump inhibitor, while the HLR strains show target
mutations that cannot be bypassed with PAβN addition [35]. It has been shown that in
Campylobacter clinical isolates, concerning fluoroquinolones, strains target mutations and ef-
flux pump activity works synergistically. However, the resistance to fluoroquinolones may
occur only with a gyrA mutation, with or without an overexpression of the CmeABC efflux
complexes [36,37]. Conversely, the efflux alone requires the contribution of several pumps
to generate fluoroquinolones resistance without target mutations in Campylobacter [38,39].

4.4. Enterobacteriaceae

Enterobacteriaceae, which includes over 30 genera and more than 100 species, are
common pathogens in the community and in hospital. Some of them are associated with
worldwide epidemics, such as Salmonella, Escherichia coli and Shigella sp. Moreover, they
are involved in about 40% of hospital acquired infections, half of them associated with
E. coli and others corresponding to Klebsiella pneumoniae and oxytoca, Enterobacter cloacae
and K. aerogenes, Proteus mirabilis and Citrobacter flexneri [9,14,18]. Among them, it must
be noted that the E. coli AcrAB-TolC represents the archetype of the tripartite RND efflux
complex regarding structural organization, genetic regulation, and activity [1–6].

4.4.1. K. pneumoniae

K. pneumoniae comes after E. coli, the main enterobacterial species involved in noso-
comial infections, with the highest proportion of isolates producing plasmid-mediated
extended-spectrum β-lactamases and carbapenemases [40–43]. Two major RND pumps
and their regulatory elements are characterized in K. pneumoniae, AcrAB and OqxAB [40,44].
The oqxAB operon was originally described on plasmid carried by an E. coli strain conferring
resistance to chloramphenicol and quinolones [44]. In K. pneumoniae, it is associated with
the resistance of quinoxalines, quinolones, tigecycline, nitrofurantin and chlorampheni-
col [45]. The major genetic regulators of these two pumps are RamA and RarA, respectively,
together belonging to the AraC-type transcriptional regulators in K. pneumoniae, [46,47].
AcrAB is involved in the efflux of various antibiotics including the most recent broad-
spectrum antibiotics, such as piperatazocillin or ceftolozane-tazobactam, and OqxAB expels
fluoroquinolones, tigecyclin and nitrofurantoin [45]. Concerning the detection of efflux
mechanisms and their prevalence in the resistance of clinical strains, Kareem et al. showed
that 27 of the 43 selected MDR K. pneumoniae clinical strains presented an efflux activity by
using an EtBr-agar cartwheel screening method [48]. In 36 MDR clinical isolates in Egypt,
acrAB genes were found in 82% of tested strains [49]. In 2017, in a Taiwan hospital, 17 MDR
K. pneumoniae responsible for urinary tract infections were found to have an upregulation
and an overexpression of acrB and/or oqxB in 65% of strains [50]. They were associated
with mutations or insertions in OmpK36 porin that altered outer membrane permeability.
Elgendy et al. found, in Egyptian hospitals, that 12% of K. pneumoniae strains exhibited an
overexpression of AcrAB and OqxAB associated with tigecycline resistance [51]. In the
same aspect, Sekyere et al. observed that, among isolates from Durban hospitals, half of
them presented an efflux mechanism associated with fluoroquinolones resistance [52].

In addition to these two major pumps, other transport proteins systems were described
and found involved in clinical resistance. By using transcriptome analysis, Majumdar et al.
found that the overexpression of the regulator RarA resulted in the overexpression of
genes encoding uncharacterized transport proteins (KPN_03141, SdaCB, and LeuE) [47].
Moreover, Srinivasan et al. first characterized in K. pneumoniae, the KpnEF efflux pump [53].
Maurya et al. reported the role of new pumps in K. pneumoniae in resistance: for the RND
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family, KexD (for macrolides and tetracycline); for the SMR family pump, KpnEF, and
for the MATE family, KdeA (involved in chloramphenicol, norfloxacin, acriflavine, and
ethidium bromide (EtBr) resistance) [54]. Interestingly, KpnEF seemed to be involved in
the transport of polysaccharides to the outer layer to form the slimy layer in connection
with biofilm formation. The KpnEF pump also mediated resistance to antibiotics such
as cefepime, ceftriaxone, colistin, erythromycin, rifampin, tetracycline, streptomycin and
seemed to have a significative role in the MDR phenotype [53]. Southern hybridization
of the genomes of several MDR strains indicated a 70% occurrence for kpnEF. Authors
concluded that these supplementary pumps did not contribute much to resistance but
provided a synergistic/additive effect in the efflux of β-lactam family.

Lv et al. (2021) found in a clinically isolated pan-resistant Klebsiella pneumoniae strain,
which was resistant to β-lactams, sulfonamides, bacitracin, tetracycline, aminoglycosides,
and chloramphenicol, a combinate involvement of enzymatic mechanisms, and efflux
pumps co-intervention [55]. Five types of efflux pump families were identified in clinical
strains, including RND pumps (AcrAB, AcrD, MdtABC, and KexD), the ABC superfamily
(MacAB), SMR (KpnEF), MATE (KdeA), and the MFS superfamily (EmrAB). Moreover,
they identified mutations in the deletion mutations of the regulatory genes, acrR and ramR,
which led to the overexpression of the AcrAB efflux pump [55].

4.4.2. K. aerogenes

A range of MDR efflux pumps: AcrAB, AcrD, EmrAB, MacAB, MdtABC, OqxAB,
RosAB composed the main resistance efflux mechanisms encoded in K. aerogenes [46,56].
The EefABC and AcrAB-TolC complexes of K. aerogenes were particularly studied at the
functional level [57–60].

Regarding the prevalence of efflux and its evolution in clinical strains, rare specific
studies have been published: Chevalier et al. studied efflux mechanisms in two groups of
K. aerogenes collected in two different periods (1995 and 2003) and their level of resistance
was studied and compared within the 8-year period. A noticeable increase in efflux mecha-
nism expressions is observed in one decade using PAβN as an efflux reporter [61]. They
concluded that approximately 40% of MDR clinical strains exhibited an active efflux in 2003.
Tran et al. investigated the occurrence of efflux and other mechanisms in 44 K. aerogenes and
Klebsiella pneumoniae clinical isolates [43]. A phenotypic efflux in the presence of PAβN was
detected in K. aerogenes isolates, more frequently than in K. pneumoniae (100 versus 38% of
isolates). Gayet et al. explored two MDR strains resistant to broad spectrum β-lactams
antibiotics, fluoroquinolones, chloramphenicol, tetracycline, and kanamycin [62]. In the
presence of PaβN, the tested K. aerogenes strains resulted in up to a fourfold decrease in
the chloramphenicol MIC, suggesting a significative efflux mechanism. The OqxAB pump
was also investigated for its involvement in E. cloacae, as in K. aerogenes strains, and it was
shown that it contributed to a decreased susceptibility to fluoroquinolones [63].

4.4.3. E. coli

AcrAB is the major MDR efflux pump in E. coli, with a constitutive expression in
wild-type strains and a significant overexpression during drug exposure [64,65]. Close
homologs of AcrAB among the RND pumps family are AcrD, AcrEF, MdtABC and YhiUV
(MdtEF), which play a minor role because their in vitro expression is only triggered after
AcrB inactivation [65]. Finally, MdfA transporters belong to the MFS family and are known
to be related to quinolone resistance [66]. Most of the efflux pumps are conserved across
the different E. coli phylogroups [64]. Despite the importance of E. coli in a clinical setting,
limited studies concern the role of efflux in hospital infection situations. In a Japan study,
in 2008, authors observed that among 64 E. coli isolates obtained from patients with uri-
nary tract infections in posttreatment, 52 isolates (81.3%) presented an overexpression of
the marA gene that upregulated acrAB [66]. Moreover, 26.6% overexpressed yhiV (mdtF)
and 34.4% mdfA. Authors concluded that there was a correlation between the AcrAB and
MdfA efflux systems in resistance to fluoroquinolones [66]. In 2018, 200 non-repetitive
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E. coli strains isolated from urine samples of patients admitted to the Hospital of Wen-
zhou in China were collected [67]. Strains presented a high resistance rate to ampicillin,
fluoroquinolones, gentamicin and 2.5% were found to be resistant to triclosan. Increased
RT-qPCR expressions were noted for most of the efflux pumps encoding genes such as
ydcV, ydcU, ydcS, ydcT, cysP, yihV, acrB, acrD, and mdfA. ABC transport efflux pump genes
and acrB were the most solicited [67]. Camp et al. recently explored the efflux mechanisms
involvement in an international collection of E. coli exhibiting an MDR phenotype [68].
By using MICs tests with and without the addition of the AcrAB-TolC efflux inhibitor
1-(1-naphthylmethyl)-piperazine (NMP) and by qRT-PCR, they identified in 50% of strains
an efflux mechanism associated with antimicrobial resistance. They showed a significant
overexpression of the AcrAB-TolC system in the 17 corresponding strains. Moreover,
whole-genome sequencing indicated amino acid substitutions in AcrR, MarR, and SoxR
genetic regulators.

4.4.4. E. cloacae

Several teams reported the intervention of efflux pumps belonging to RND and MATE
families in resistant E. cloacae stains [69]. The involvement of AcrAB, EefABC and OqxAB
in the expel of fluoroquinolones, tetracycline and chloramphenicol is well-characterized in
some clinical strains [46,69,70]. However, only a few publications have evaluated the efflux
prevalence in clinical isolates collections or attempted to follow the evolution of efflux
resistance during recent decades. Rosa et al. studied 25 E. cloacae carbapenem resistant
strains, derived from the same hospital and likely of clonal origin. They found in most
strains an overexpression of AcrAB by SDS-PAGE assays associated with carbapenamase
KPC expression. They concluded that efflux may be associated with carbapenemase
production to confer a high level of resistance to meropenem and imipenem. For them,
efflux pumps enhanced carbapenemases action and completed the MDR phenotype [71].

Telke et al. studied two strains of E. cloacae and E. asburiae which were isolated from
stools and presented a colistin hetero-resistant phenotype. They demonstrated that colistin
hetero-resistance was due to the over expression of AcrAB upregulated by the soxRS
regulation [72].

Hang Liu et al. investigated the involvement of efflux mechanisms in 140 E. cloacae
tigecycline resistant strains isolated from various samples between 2014 and 2017. Efflux
pump inhibitory assays with PAβN and the quantification of efflux pump genes expression
by qRT-PCR showed that acrAB and oqxAB were upregulated. Antibiotics MICs with PAβN
were reduced in 60% of strains; acrAB were upregulated in 78% and oqxAB in 28.6% of the
strains. The genetic regulator RamA was expressed in 57% of strains [73].

4.5. Burkholderia cepacia, thailandensis and pseudomallei

Several members of the genus Burkholderia are dangerous pathogens. Infections
caused by these bacteria are difficult to treat because of their significant level of antibiotic
resistance [74]. Although efflux pumps are described in several Burkholderia species, only
specific studies are carried out in B. cepacia complex and B. pseudomallei, in which they
confer resistance to aminoglycosides, chloramphenicol, fluoroquinolones, and tetracyclines
as tigecycline [75].

In the B. cepacia complex, several efflux pumps (MexA, MexC, MexE, and MexX) are
involved in MDR [75,76]. Gautam et al. investigated the relation between the expression of
efflux pumps, outer membrane porin OprD, and the β-lactamase AmpC, with antimicrobial
susceptibility among 44 clinical isolates of B. cepacia complex [77]. They found that the
reduced susceptibility to chloramphenicol was correlated with the overexpression of (mexC,
mexE, and mexX) in the majority (>95%) of the isolates. Increased mexA expression showed
a significant association with reduced susceptibility to β-lactam and co-trimoxazole. In-
creased mexC and/or mexX was associated with a reduced susceptibility to meropenem.
Finally, a reduced susceptibility to ceftazidime and levofloxacin was associated with mexE
and mexX expression, respectively [77].
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B. thailandensis is closely related to B. pseudomallei, but non-pathogenic to humans.
In B. thailandensis, three efflux complexes, AmrAB-OprA, BpeEF-OprC, and BpeAB-OprB
are expressed and provide protection against multiple antibiotics, including polymyx-
ins [78]. Authors show that the inactivation of AmrAB-OprA or BpeAB-OprB potentiates
the antibacterial activities of several antibiotics. BpeF expels chloramphenicol, trimetho-
prim/sulfamethoxazole, and quinolones. Biot et al. demonstrated that, in doxycycline-
selected variants, two overexpressed efflux complexes co-exist depending on the selected
doxycycline concentration: AmrAB-OprA and BpeEF-OprC [78]. BpeEF-OprC likely took
over from AmrAB-OprA at high resistance levels to doxycycline in strains, in which AmrB
was downregulated. The expression of the BpeAB-OprB was reduced in doxycycline-
resistant variants, whereas the AmrAB-OprA was overexpressed. Interestingly, BpeAB-
OprB, could substitute to one of the present complexes when defective. In B.thailandensis
an efflux pump was present, which belonged to the MSF group, in strains such as EmrB
of E. coli [79,80]. In B.thailandensis, trimethoprim and tetracycline were expelled by this
pump and the emrB gene was upregulated following the addition of gentamicin, due to the
repression of OstR, a member of the MarR family repressor.

B. pseudomallei, the agent of melioidosis, is naturally resistant to many antibiotics [81–83].
Three RND complexes (AmrAB-OprA, BpeAB-OprB and BpeEF-OprC) are characterized
in B. pseudomallei, two of which confer either intrinsic or acquired resistance to several
antibiotic families, using trimethoprim+sulfamethoxazole [81]. It is shown that AmrAB-
OprA in B. pseudomallei is associated with aminoglycoside and macrolide resistance. The
meropenem is the gold standard treatment option. A clinical collection of B. pseudomallei iso-
lates, including paired isolates which evolved during treatment, with reduced meropenem
susceptibility were studied. Among them, 11 strains developed a decreased susceptibility
toward meropenem during treatment. It was identified that, in such strains, multiple
mutations affecting RND efflux pump regulators, with the concomitant overexpression of
their corresponding pumps, rended strains refractory to treatment. In the expression of
the three previously identified RND efflux pumps, as well as four other uncharacterized
pumps, clinical isolates were found to be widespread [79]. In 45 of 50 isolates (90%), mRNA
was detected for at least one of the seven RND pumps and among them, 41 (82%) expressed
multiple pumps, nine expressing all the seven pumps tested. There was no striking correla-
tion between RND efflux pump expression and clinically significant antibiotic resistance,
however, RND pumps played important roles in the protection against toxic compounds
and resistance.

4.6. Stenotrophomonas maltophilia

Stenotrophomonas maltophilia is a soil-borne bacterium often isolated in nosocomial
infections due to its natural resistance to various antibiotics, e.g., carbapenems, and its
ability to colonize cancer in immunocompromised or cystic fibrosis patients [84–86]. The
species is characterized by a great genetic diversity confirmed by various typing methods
and the multilocus sequence typing method [87–90]. Efflux is a major mechanism of
adaptation in this species and is involved in intrinsic resistance. The presence of many
efflux pumps: 8 RND (SmeABC, SmeDEF, SmeGH, SmeIJK, SmeMN-TolC, SmeOP-TolC,
SmeVWX, SmeYZ), and 2 ABC (SmrA, macABC), as well as two MFS transporters encoding
genes are described by whole-genome strains [84,91]. Youenov et al. identified 3 MATE,
3 SMR, 4 MFS and 4 ABC pumps in the three clinical strains sequenced [86]. The pumps
of Sme series were confirmed as involved in intrinsic as-acquired resistance described
in clinical MDR strains [84,92,93]. SmeABC was involved in resistance to β-lactams,
aminoglycosides, trimethoprim/sulfamethoxazole, and quinolones; SmeDEF in resistance
to chloramphenicol, ceftazidime, tetracycline, fluoroquinolones and triclosan; SmeJK in
resistance to aminoglycosides, tetracycline, and ciprofloxacin; SmeOP-TolC in resistance to
a low susceptibility of aminoglycosides, nalidixic acid, doxycycline; and, finally, SmeVWX
as SmeYZ in resistance to aminoglycosides [84,88,92].
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In clinical isolates, the three RND efflux systems, SmeABC, DEF and VWX are the most
identified [92–96]. Real-time PCR analysis shows the overexpression of smeB in 21 (63.6 %)
and smeF in 19 (57.5%) of 33 clinical isolates [96]. Fifteen (45.4%) isolates overexpressed
both smeB and smeF. Interestingly, S. maltophilia is the only known bacterium in which
quinolone-resistance is not associated with mutations in the genes encoding bacterial topoi-
somerases [88]. SmeDEF and SmeVWX are responsible for a part of the fluoroquinolone’s
resistance. As illustrated, in 31 clinical S. maltophilia isolates presenting an MIC range to
ciprofloxacin between 0.5 and >32 µg/mL, there were 11 overexpressed SmeDEF and two
overexpressed SmeVWX [95]. The strains overexpressing SmeVWX presented changes at
the Gly266 position of SmeRv, the repressor of SmeVWX [95]. In acquired resistance, the
overexpression of the SmeDEF and SmeVWX efflux systems in clinical strains are frequently
related to mutations in the regulators SmeT and SmeRv, respectively [97]. SmeT appears to
play a central role in the adaptive resistance to quinolones and other expelled antibiotics,
like tetracycline, chloramphenicol, erythromycin, and aminoglycosides. Resistance from a
mutation emerges during a short course of ciprofloxacin, and quinolone monotherapy is
not recommended for S. maltophilia bacteremia [98].

4.7. Pseudomonas aeruginosa

In P. aeruginosa, several multidrug transporters belonging to the RND family, such
as MexAB, MexCD, MexEF, MexGHI, MexJK, MexXY and MexVW are reported to expel
various antibiotics and biocides [99]. The most prevalent efflux complexes are: (i) MexAB-
OprM, that confers resistance against tetracycline, chloramphenicol, quinolones, trimetho-
prim, and most β-lactams; (ii) MexXY, that contributes to the resistance against amino-
glycosides, quinolones, tetracycline, erythromycin, and (iii) MexCD-OprJ for which the
upregulation correlates with an increased resistance to ciprofloxacin, cefepime, and chlo-
ramphenicol [100,101].

The regulation of the major efflux system MexAB-OprM of P. aeruginosa is quite
complex. Mutations in at least three different regulatory proteins genes from the TetR
family of repressors (mexR, nalC, and nalD) can provide for the increased expression of
MexAB-OprM [102]. It must be noted that the pump also plays a role in the production
of a few virulence factors [102]. Sobel et al. demonstrated that MexAB-OprM can be
overexpressed without mutations in mexR or nalC, but mutations in nalD are reported
in some clinical strains [102]. Elsewhere, NalD is an attractive target for developing
compounds to dysregulate the major pumps expression. In 2004, a French multicentre
study investigated mechanisms of β-lactam resistance in 450 non-redundant strains of
P. aeruginosa obtained from 15 French university hospitals [101]. The overproduction of the
MexAB-OprM efflux system was present in 22.3% of the strains. In 2007, an Algerian study
on 199 strains demonstrated an overproduction of MexAB-OprM in 24% of strains [103].
Currently, depending on the studies, overexpression of mexA and mexB measures between
50 to 88% in clinical P. aeruginosa strains [104,105]. A study investigated 147 P. aeruginosa
isolates from 89 clinical samples from various hospital countries (Australia, USA, and the
Netherlands), 20 veterinary and 38 wastewater origins collected from 2012 to 2017 [106].
Among them, 15 isolates showing at least a fourfold reduction in MIC in the presence of
PAβN were selected for qRT-PCR. Results indicated an overexpression of the MexA pump
in all tested isolates. The highest level of overexpression (sixfold) of MexA was observed in
a clinical isolate from a cystic fibrosis patient. MexAB-OprM was investigated for its role in
conferring meropenem resistance and the effect of the single-dose exposure of meropenem
on the transcription level of mexA [107]. Out of 83 meropenem non-susceptible isolates,
38 exhibited efflux pump activity against meropenem; 22 of these overexpressed MexAB-
OprM. In most cases, meropenem could increase oprM and oprN mRNA levels [107].

In a collection of 110 French P. aeruginosa strains, Jeannot et al. reported that 3.7% of
strains were nfxB mutants and exhibited moderate resistance [108]. The alteration of the
nfxB gene, which coded for the repressor of the mexCD-oprJ operon, led to the overpro-
duction of MexCD-OprJ and to fluoroquinolones, macrolides, cefpirome and cefepime
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resistance [108]. However, some “nfxB mutants” are more susceptible than wild-type
strains to aminoglycosides, aztreonam, and imipenem. In contrast to MexAB-OprM and
MexXY-OprM, the MexCD-OprJ system does not contribute to the natural resistance of
P. aeruginosa. This phenotype is appreciable, despite high rates of gain-of-efflux mutants
(MexAB-OprM, MexXY-OprM) in France. Indeed, very few nfxB strains are identified in the
clinical setting, probably in connection with the fact that these bacteria present an impaired
fitness. Yet, MexCD mutants are quite significant in cystic fibrosis patients and the pump is
known to potentiate the effect of mutations in target genes as gyrA [108].

Regarding the MexEF-OprN, a study concerning 221 multidrug-resistant strains of
P. aeruginosa with reduced susceptibility to ciprofloxacin, reported that 43 (19.5%) over-
produced the pump [109]. The mexEF-oprN operon was controlled by an adjacent gene
mexT, a LysR-type activator, which itself was regulated by mexS, a gene involved in the
detoxification of some MexT-activating molecules. Among the 43 strains, only three (13.6%)
contained a disrupted mexS gene and nine presented a mexS mutation, whose inactivation
is known to activate the mexEF-oprN operon through MexT. Single-point mutations in
mexS (40.9% of resistant strains) represent a significant cause of MexEF-OprN upregulation.
Another study investigated the resistance mechanisms to fluoroquinolones of 85 non-cystic
fibrosis P. aeruginosa exhibiting a reduced susceptibility to ciprofloxacin [110]. Authors
found an upregulation of MexAB-OprM (36% of isolates), MexXY/OprM (46% of isolates)
and MexEF-OprN efflux pump (12% of isolates). An analysis of the 10 MexEF-OprN over-
producers indicated the presence of various mutations in the mexT (two isolates) or mexS (five
isolates). Importantly, MexEF-OprN represented a key mechanism by which P. aeruginosa
could acquire higher resistance levels to fluoroquinolones and was underestimated.

MexXY efflux mutants are frequent and described as selected by aminoglycosides,
alone or in combination with fluoroquinolones [111]. Moreover, resistance to cefepim
and/or ceftazidime is mostly due to the stable overproduction of MexXY that is demon-
strated in 32 clinical strains [111]. Thirty three percent of strains resistant to cefepim
overexpressed the gene mexY. Moreover, the simultaneous overexpression of MexXY and
MexAB-OprM in clinical isolates results in a twofold increase in cefepime MIC, compared
with single MexXY production [112]. Mutations inside or outside of the regulatory gene,
mexZ (agrZ or agrW mutants, respectively), or the TCS system, armgR/S, which controls
the expression of the operon, mexXY, are involved in the pump overexpression [113]. The
simultaneous overexpression of MexAB-OprM, MexEF, and MexXY is not exceptional [112].
Additionally, a single clinical strain overexpressed the three RND genes tested in this work.
The same authors investigated the resistance mechanisms to β-lactams, aminoglycosides,
and the fluoroquinolones of 120 bacteremic strains of Pseudomonas aeruginosa [114]. They
found that 11 and 36% of the isolates appeared to overproduce the MexAB-OprM and
MexXY-OprM efflux systems, respectively. Del Barrio Toffino et al. studied 150 toto-
resistant clinical isolates, recovered in 2015 from different sites from nine hospitals in
Spain [115]. Via the analysis of the efflux pump gene expression coupled to the sequencing
of their regulatory components, they reported that frequent mutations of mexZ generated
an overexpression of MexXY-OprM. Mutations were detected in most (73%) of the strains
analyzed. Moreover, 25% of the strains, were mexR (nalB), nalC, or nalD variants and
were also overexpressed in the MexAB-OprM pump. mexT mutations, associated with
MexEF-OprN overexpression and OprD downregulation, were detected in a few strains
and two isolates showed MexCD-OprJ overexpression due to nfxB mutations, contributing
to ciprofloxacin resistance. Additionally, several sequence variations in unique residues
were detected in the efflux pump components. Despite this, many of the studied isolates
overexpressed several efflux pumps; the major regulator, mexZ, controlling MexXY expres-
sion was very often mutated (70.5%), highlighting the relevance of MexXY overexpression
as reported in other studies [116]. Among 57 unrelated strains from non-cystic fibrosis pa-
tients, 44 (77.2%), named agrZ mutants presented mutations inactivating the local repressor
gene, mexZ [117]. These mutations, were located, in the dimerization domain, the DNA-
binding domain or the affected amino acid positions of the TetR-like regulators. Five strains

164



Antibiotics 2021, 10, 1117

(8.8%), harbored single amino acid variations in ParRS, a two-component system known
to positively control mexXY expression. Some studies demonstrated the involvement of
other genetic alterations in the upregulation of MexXY in clinical strains [118]. For example,
mutations in the elongation factor G (EF-G1A) potentiate aminoglycoside resistance in
MexXY pump mutants [117]. In conclusion, clinical strains of P. aeruginosa exploit three
distinct regulatory pathways, mutations in the local repressor, MexZ, in the MexZ antire-
pressor, ArmZ, and/or in the two-component regulatory system, ParRS, that contribute to
overproduce the MexXY-OprM. The use or combination of these ways explain the high
prevalence of MexXY-OprM mutants in the clinical samples [115]. Very recently, an Italian
study investigated the prevalence of aminoglycoside resistance in 147 P. aeruginosa strains
isolated from respiratory samples from Cystic Fibrosis patients. Of these, 78 (53%) were
resistant to at least one aminoglycoside and overexpressed the MexXY-OprM system [119].

From 122 isolates obtained from three hospitals in Iran, most of strains expressed mexB
(69%), mexC (28.7%), mexE (43.4%), and mexY (74.6%), suggesting that mexB and mexY were
highly expressed in ICU wards [120].

Finally, several studies demonstrated the involvement of two or three different pumps
in the resistance of clinical strains: 33 clinical strains of P. aeruginosa from French hospitals,
resistant to ciprofloxacin and 30 non-clinical strains originating from the hospital water-
borne environment, were collected during a 5-month period and included in the study [121].
The overexpression of mexB, mexF and mexY was detected in 27, 12, and 45% of the clinical
strains, respectively. In the 30 non-clinical strains, no overexpression could be found for all
genes studied. In both clinical and environmental strains, a positive correlation was found
between the expressions of oprD, mexB and mexF. However, in clinical strains, no statisti-
cally significant link could be found between the extent of reduction in ciprofloxacin MICs
in the presence of PAβN and the expression of any of the three efflux genes studied [121].
In Iran, 154 P. aeruginosa strains recovered from the clinical burn wound and resistant to
ciprofloxacin, were studied [122]. The mexA, mexC and mexE genes were recovered in
95.4% isolates simultaneously, but according to the phenotypic investigation of the efflux
pump, with MICs studies with CCCP, half of the genes showed an overexpression of
multidrug efflux pumps. Furthermore, 59 P. aeruginosa clinical isolates were obtained from
57 patients and the efflux pump inhibitor PAβN was used to determine the contribution of
the RND pumps in the resistance to carbapenems and ciprofloxacin [123]. Authors found
that 17 strains showed a decrease in ciprofloxacin associated with efflux mechanisms. A
total of 634 P. aeruginosa clinical isolates were collected from various clinical specimens
from patients treated by carbapenems [124]. Most of the isolates displayed the gene over-
expression of mexCD-oprJ (75%) followed by mexXY-oprM (62%), while mexAB-oprM and
mexEF-oprN genes were overexpressed in 21.8% and 18.7% of the isolates, respectively.
A correlation was found between the MexXY and MexCDJ efflux pump expression and
meropenem, or imipenem resistance in more than 60% of resistant strains. Three of the
isolates showed an overexpression of the four tested efflux pumps [124]. A Polish study,
investigated the role of the efflux pump in 73 cefepime and/or ceftazidime-resistant strains
isolated between 2004 and 2011 by using the inhibitor, PAβN. The restoration of suscepti-
bility to cefepime and/or ceftazidime in the majority of ESβL-positive P. aeruginosa strains
with low and moderate levels of resistance to cefepime indicated that RND efflux pumps
had a significative impact on susceptibility to β-lactams [14].

4.8. Acinetobacter baumannii

Acinetobacter baumannii is a major nosocomial pathogen associated with a high mor-
tality in immunocompromised patients, and the emergence of multidrug-resistant strains
has increasingly been reported [125,126]. Efflux mechanisms, in the species, are suspected
to contribute to intrinsic resistance to broad spectrum antibiotics since several years [127].
Three RND efflux systems, AdeABC, AdeFGH, AdeIJK and AdeXYZ are characterized in
Acinetobacter species [126–128]. AdeABC, the most prevalent efflux system, is associated
with resistance to β-lactams, such as: ticarcillin, cephalosporins, aztreonam, carbapenem,
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tetracyclines, tigecycline, aminosides, fluoroquinolones, lincosamides, rifampin, chloram-
phenicol, cotrimoxazole, novobiocin, and fusidic acid [127,129]. The over-expression of
AdeABC is controlled by the AdeRS two-component system, and mutations in the adeRS
genes efficiently contribute to multiresistance [126]. AdeFGH-overexpressing mutants are
resistant to fluoroquinolones, chloramphenicol, trimethoprim, and clindamycin and have
a decreased susceptibility to tetracyclines, tigecycline, and sulfamethoxazole without af-
fecting β-lactams and aminoglycosides phenotypes [130]. AdeIJK is responsible for the
natural resistance of the species and associated with resistance to cyclins, third generation
cephalosporins, sulfamides, fluoroquinolones, and cyclines. However, its overexpression
above a certain threshold is toxic for the host and its contribution to the acquired resis-
tance is limited [126,131,132]. The expression of AdeFGH and AdeIJK is controlled by
AdeL, a LysR-type transcriptional regulator and AdeN, a TetR-like transcriptional regu-
lator, respectively [133]. Non-RND efflux systems, such as MFS pumps, CraA, AmvA,
TetA, TetB, CmlA, FloR, or MATE pumps, similar to AbeM, have narrow-spectrum efflux
profiles and are mainly encoded by mobile genetic elements [125,126]. AmvA extrudes
mainly dyes, disinfectants, and detergents [134]. Erythromycin is the only antibiotic for
which the activity is significantly increased, with a fourfold decrease in the MIC when
the structural gene is inactivated. CraA is homologous to the MdfA efflux pump of E.
coli, which extrudes only chloramphenicol [135]. The inactivation of CraA in A. baumannii
results in a 128-fold decrease in chloramphenicol resistance. The system is found in all
82 A. baumannii strains tested and contributes to the intrinsic resistance to chloramphenicol.
Several Tet efflux pumps conferring tetracycline resistance are acquired by A. baumannii
clinical isolates [136]. TetA and TetB are the most prevalent, with TetA conferring resistance
to tetracycline only and TetB also expelling minocycline [137]. CmlA and FloR efflux
systems confer resistance to phenicols and are found in the AbaR1 resistance island [138].
AbeM, belonging to the MATE family, extrudes aminoglycosides, fluoroquinolones, chlo-
ramphenicol, trimethoprim, ethidium bromide, and dyes [139]. Regarding the SMR family,
AbeS, a chromosomally efflux pump displaying homology with the EmrE system of E. coli,
has been recently characterized in an A. baumannii MDR clinical isolate and is responsi-
ble for resistance to erythromycin, fluoroquinolones, and chloramphenicol [136,140,141].
Several studies have identified the involvement of efflux in MDR phenotypes of collection
of clinical strains. Lari et al. observed that 14 of the 16 efflux-positive isolates with full
resistance to ciprofloxacin, overexpressed adeB [142]. In 95 A. baumannii clinical strains,
phenotypic assays with PAβN demonstrated that 40% of the isolates expressed a sensitive
PAβN-efflux mechanism, mainly against tigecycline [143]. The adeA gene was detected in
more than 73% of clinical strains, and the expression of pump genes, adeB, adeG and adeJ
was observed in some of these by qRT-PCR [144]. Bratu et al. reported that in the absence
of cephalosporinase activity, the AdeABC efflux system was responsible for the reduced
susceptibility to cefepime [145]. Sixty-eight ciprofloxacin-resistant clinical isolates were
investigated for their efflux pumps genes profile [146]. They all had an overexpression
of adeB and, in 73% of them, mutations were characterized in the regulatory system of
the pump AdeRS. In particular, mutations within the two-component AdeRS correlated
with the high tigecycline MICs in southern European countries. Several substitutions in
adeS were found to be responsible for adeABC overexpression [145]. Yoon et al. screened
14 MDR non-redundant clinical isolates for the presence and overexpression of the three
Ade efflux systems and analyzed the sequences of the regulators, AdeRS and AdeL [147].
The gene, adeB, was detected in 13 of 14 isolates; adeG and the intrinsic adeJ gene were
detected in all strains. The significant overexpression of adeB was observed in 10 strains,
whereas only seven had moderately increased levels of expression of AdeFGH; however,
nonoverexpressed AdeIJK pumps. Thirteen strains displayed a reduced susceptibility
to tigecycline, but there was no correlation between tigecycline MICs and the levels of
AdeABC expression. No mutations were found in the AdeL regulator of the nine strains ex-
pressing AdeFGH. In contrast, functional mutations were found in the conserved domains
of AdeRS in all the strains that overexpressed AdeABC, with two mutational hot spots:
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one located in AdeS and the other in the DNA-binding domain of AdeR compatible with
horizontal gene transfer. The authors confirmed the high incidence of AdeABC efflux pump
overexpression in MDR strains because of a panel of single mutations in the corresponding
two-component regulatory system. Among 47 A. baumannii strains from the blood of
septicemic neonates from an Indian hospital, efflux-based fluoroquinolones resistance was
found in 65% of strains with at least two different active pumps; AdeAB and AdeIJ, or
AdeFG in 38% of strains [148]. Amino acid changes in the regulators (AdeRS/AdeN/AdeL),
either as single or multiple substitutions, were responsible for the overexpression of the
pumps and detected simultaneously among 64% of resistant strains. The AdeFG efflux
pump was specifically associated with fluoroquinolones resistance in 200 clinical strains
from Iran [131]. It was found in 90% of clinical strains and was responsible for high levels
of resistance to chloramphenicol, clindamycin, fluoroquinolones, and trimethoprim [131].
From a total 313 isolates, 113 tigecycline-resistant isolates were analyzed [149]. The most
frequent mechanism associated with tigecycline resistance was the disruption of the repres-
sor, AdeN, to the AdeIJK system, by IS elements or nucleotide deletions causing premature
stop codons. The overexpression of adeB, adeJ, adeM and adeG genes was detected among
70%, 53%, 30% and 23% of 30 A. baumannii strains, respectively, which showed at least
a fourfold decrease in MICs for FQs in presence of efflux inhibitors [150]. The relative
expression level of adeB was highest (2.2- to 34-fold) among all the pumps tested. This
suggested that, although the involvement of adeB was most described in FQ resistance,
the overexpression of other pumps cannot be overlooked in the future. Since the AdeIJK
pump was intrinsic to A. baumannii, it was detected among large numbers of strains, but,
in comparison to AdeB, the relative fold change of AdeJ production was low, supporting the
fact that the overexpression of AdeIJK was phenotypically toxic to A. baumannii [132]. In
five isolates, the overexpression of AdeABC was not detected either in AdeRS or mutations
within AdeRS. In these isolates, an association of overexpression of other pumps (adeJ
or adeG or abeM) with elevated FQ MICs was observed. In this study, at least two differ-
ent pumps were overexpressed simultaneously among 38% of fluoroquinolone-resistant
strains [132]. One hundred A. baumannii clinical isolates were assayed for the inhibitory
effect of reserpine and CCCP on the antimicrobial susceptibility and expression of 4 RND-
type multidrug efflux systems, including AdeABC, AdeDE, AdeIJK, and AdeFGH, using
RT-PCR [151]. Ten A. baumannii isolates expressing AdeABC, AdeIJK, or AdeFGH were
randomly selected for the determination of the transcription level and regulatory muta-
tions. The reserpine and CCCP experiment showed that the mulidrug resistance phenotype
in most A. baumannii isolates was associated with the presence of active efflux pumps
under these conditions. Most isolates expressed at least one of the RND-type efflux pumps
tested (97%). AdeIJK expression was most common (97%) as none of the isolates produced
AdeDE; 52% of isolates simultaneously produced up to three RND-type efflux systems
(AdeABC, AdeFGH, and AdeIJK). Importantly, authors couldn’t correlate the expression of
RND-type efflux pumps and the MDR phenotype [151].

Table 1. The various pumps identified in Gram-negative clinical strains as involved in antibiotic resistance, N.D; (Not Determined).

Species Efflux Pump Family
Characterized Efflux System

Involved in Resistance of
Clinical Strains

Identified Regulator(s) Refs

Haemophilus influenzae RND AcrAB homolog AcrR homolog [19,22]

Helicobacter pylori RND HefABC, HefDEF, HefGHI N.D. [23,26]

Campylobacter jejuni RND CmeABC, CmeDEF,
RE-CmeABC CmeR [30,33,34]
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Table 1. Cont.

Species Efflux Pump Family
Characterized Efflux System

Involved in Resistance of
Clinical Strains

Identified Regulator(s) Refs

Klebsiella pneumoniae

RND AcrAB, OqxAB, KexD, AcrCD,
MdtABC

MarA, RamA, SoxS, Rob,
RarA, AcrR, H-NS,

CpxAR, SdiA, RamR
[7,40,44,54,55]

SMR KpnEF N.D. [23,53–55]

MATE KdeA N.D. [54,55]

ABC MacAB N.D. [55]

MFS EmrAB N.D. [53]

Klebsiella aerogenes

RND AcrAB, AcrCD, MdtABC,
OqxAB, EefABC, RosAB

MarA, RamA, SoxS, Rob,
RarA, AcrR, H-NS,

CpxAR, SdiA, RamR
[7,46,56–60]

ABC MacAB N.D. [46,56]

MFS EmrAB N.D. [46,56]

Escherichia coli

RND AcrAB, AcrCD, AcrEF,
MdtABC, MdtEF, YihV

MarA, SoxS, Rob, RarA,
AcrR, H-NS, CpxAR,

SdiA, BaeSR, MarR, SoxR
[7,64,65]

MFS MdfA N.D. [66]

ABC YdcV, YdcU, YdcS, YdcT, CysP N.D.

Enterobacter cloacae RND AcrAB, EefABC, OqxAB

MarA, RamA, SoxS, Rob,
RarA, AcrR, H-NS,

CpxAR, SdiA, SoxRS,
RamR

[7,46,69,70]

Burkholderia cepacia RND MexAB, MexCD, MexEF,
MexXY

LysR family, Tet-R type
regulator, MerR-type

regulator
[75,76,152]

Burkholderia
thailandensis

RND AmrAB, BpeEF, BpeAB, OstR [78,80]

MFS EmrAB N.D. [79]

Burkholderia
pseudomallei RND AmrAB, BpeEF, BpeAB N.D. [79,81]

Stenotrophomonas
maltophilia

RND
SmeABC, SmeDEF, SmeGH,

SmeIJK, SmeMN, SmeOP,
SmeVWX, SmeYZ

SmeSR, SmeRySy,
Tet-R type regulator,

SmeT, SmeRv
[84,92,153]

ABC SmrA, macABC N.D. [84,86,91]

Pseudomonas
aeruginosa RND

MexAB, MexCD, MexXY,
MexEF, MexGHI, MexJK,

MexVW

MexR, NfxB, MexT,
MexZ, MexL, NalD,
NalC, ParRS, ArmZ,

ArmgR/S, MexS

[99–102,153]

Acinetobacter
baumannii

RND AdeABC, AdeFGH, AdeIJK,
AdeXYZ, AdeDE AdeRS, AdeL, AdeN [126–128,133,151]

MFS CraA, AmvA, TetA, TetB,
CmlA, FloR N.D. [125,126]

MATE AbeM N.D. [125,126,139]

SMR AbeS N.D. [136,140,141]
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5. Conclusions, Therapeutic Solutions to Efflux

Clinically used antibiotics are well-recognized and actively expelled by efflux pumps
which are expressed in clinical resistant isolates [1,2,4]. The appropriate methods are now
available (e.g., fluorimetry, mass spectrometry) to monitor the intra-bacterial accumulation
of antibiotics and these methods can be used to measure the effectiveness of countermeasure
developed to block efflux activity, and to compare these measurements with the expected
increase in bacterial susceptibility [1]. However, this approach is not widely used and
only the direct effect of the combination of antibiotic + adjuvant (by fractional inhibitory
concentration, FIC, or other calculations [154]) on bacterial susceptibility is currently used,
generating some uncertainties in the characterization of the mode of action for a putative
adjuvant. Regarding the possible ways to circumvent this efflux mechanism and restore
the antibiotic action of resistant bacteria, numerous publications described the collection
of molecules that collapse the efflux in Gram-negative bacteria, and synthetic or natural
compounds [6,11,155,156].

Impairing the efflux activity can be achieved by using different approaches: (i) decreas-
ing the affinity of efflux system for the antibiotic, (ii) increasing the antibiotic penetration
rate, (iii) saturating the efflux capability by competitors that mimic the substrate, (iv) dissi-
pating the energy source of expel, (v) blocking the exit channel, and (vi) downregulating or
destabilizing the efflux system.

5.1. Working on Molecule Profile

An interesting strategy regarding the molecule itself was recently opened with the
study reporting the susceptibility of antibiotics belonging to the fluoroquinolone (FQ)
family to efflux pump [3]. In this paper, the authors have used the Structure Concentration
Intracellular Activity Relationship (SICAR) indexes [3,12] to illustrate the penetration and
the accumulation rate of various fluoroquinolones in isogenic stains expressing the various
levels of the AcrAB pump. This ranking using the SICAREFF allows for the identity of some
chemical chains that are noticeably involved in expelling efficacy and recognized by AcrB
sites [3]. Importantly, this study paves the way for future rational pharmacomodulations
of the antibiotic class to decrease its sensitivity to efflux and to consequently restore the
internal concentration necessary to kill the bacteria.

Alternatively, it has been reported that when the antibiotic concentration in the
medium increases, the total efficacy of efflux decreases [10]. This suggest that the level of
resistance conferred by efflux depends on the antibiotic permeation rate across the bacterial
membrane and its intrabacterial accumulation [1,7]. This “saturation” of efflux capability
can be also reached by using appropriate lures that mimic the antibiotic structure and
induce a competition for the efflux sites inside the pump.

5.2. Working on Pump Activity-Structure

Since RND efflux pumps require the inner membrane energy (proton motive force)
as the driving force during drug transport, an attractive idea was to dry up the energy
source and collapse the energy–transport coupling [2]. Unfortunately, carbonyl cyanide
m-chlorophenylhydrazone is more efficient and widely used as an energy dissipator, and it
is also a strong poison which cannot be used in clinic.

Regarding alternative methods, several molecules are described as restoring antibiotic
susceptibility by destabilizing the membrane or inducing some hindrances for the access of
AcrB affinity pockets that recognize and capture the antibiotics [4,156,157]. The feasibility
of blocking the TolC channel, carried out in vitro, could be an attractive way to restore
the antibiotic concentration inside the bacterial cells with many advantages (specificity,
target located at the outer membrane surface), but the proof of this idea remains to be
demonstrated on intact resistant bacteria [152]. Finally, the downregulation of efflux pump
genes, by blocking the role of activators, such as MarA or RamA, seeFms to be difficult to
exploit due to the redundancy of regulators and the presence of genetic overlaps controlling
the expression of efflux systems.

169



Antibiotics 2021, 10, 1117

5.3. Assays and Clinic Aspects of Efflux Inhibitors

At this moment, several β-lactamase inhibitors are routinely used in combination with
β-lactams to combat and eradicate β-lactamase producers. In contrast, no efflux blockers
passed the different steps to be validated and accepted for clinical use. Different aspects
are involved in the lack of development of efflux blockers and are discussed in recent
publications: chemical structures different from usual antibiotics, combination aspects. and
rules in regulatory affairs (patents and licensing, etc.) [155,158,159].

Today, the clear identification and characterization of the efflux role in resistant clinical
isolates in the research laboratory using recently developed methods (mass spectrometry,
fluorimetry, and rate-killing assays, etc.), and its contribution to the spreading of the
resistance phenotype in hospital wards clearly demonstrate the need for a robust diagnostic
of efflux strains and theie associations with other membrane-associated mechanisms of
resistance that contribute to MDR emergence. In addition, the molecular dissection of
expel transport, and the dialogue between the antibiotic and bacterial transporter (pump
and channel) are essential to circumvent the efflux capability and restore the antibiotic
concentration on the target inside the bacterial cell.
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