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Abstract Therapeutic failures against diseases due to
resistant Gram-negative bacteria have become a major
threat nowadays as confirmed by surveillance reports
across the world. One of the methods of development of
multidrug resistance in Escherichia coli and Pseudomonas
aeruginosa is by means of RND efflux pumps. Inhibition
of these pumps might help to combat the antibiotic resist-
ance problem, for which the structure and regulation of the
pumps have to be known. Moreover, judicious antibiotic
use is needed to control the situation. This paper focuses
on the issue of antibiotic resistance as well as the structure,
regulation and inhibition of the efflux pumps present in
Escherichia coli and Pseudomonas aeruginosa.
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Introduction

The development of antibiotic resistance in Gram-negative
bacteria is a worldwide concern. Frequencies of therapeu-
tic failures against bacterial infections have increased due
to the propagation of multidrug resistant (MDR) Gram-
negative bacteria (Saier et al. 1998; Fernandez-Recio et al.
2004; Moreira et al. 2004; Rice 2006; Pages and Amaral
2009; Fernandez and Hancock 2012; Nikaido and Pages
2012; Fernando and Kumar 2013). Antibiotic resistant bac-
teria have been declared as a major health threat by World
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Health Organization (WHO 2014). Antibiotic resistance
can be classified into three types: intrinsic resistance due to
inherent properties of the microorganism; acquired resist-
ance due to incorporation of new genetic material or adap-
tive resistance due to alteration of gene expression under
stress conditions (Fernandez and Hancock 2012). Resist-
ance in Gram-negative bacteria might be due to acquired
genes, which are part of mobile elements known as gene
cassettes (Hall and Collins 1998). Acquired resistance
can be a result of alteration in expression of those genes
encoding for multidrug transporters due to the occurrence
of mutation and amplification in them. Mutation in global
regulatory genes can also lead to acquired resistance in
bacteria (Moreira et al. 2004).

The bacterial MDR phenotype has been found to be
the result of decreased influx or increased efflux of anti-
biotics (Lomovskaya and Watkins 2001; Fernandez-
Recio et al. 2004; Poole 2008; Nikaido and Pages 2012).
Gram-negative bacteria such as Escherichia coli and
Pseudomonas aeruginosa export antibiotics by means of
efflux pumps (Poole et al. 1993; Ma et al. 1995; Nikaido
1998a, b; Eswaran et al. 2004; Fernandez-Recio et al.
2004; Nikaido and Takatsuka 2009; Xu et al. 2012; Fer-
nando and Kumar 2013). Efflux pumps are transport pro-
teins which are involved in extrusion process of toxic
substances from the cell (Webber and Piddock 2003).
Efflux pumps contribute to intrinsic antibiotic resistance
(Hancock 1998; Rosenberg et al. 2000). Efflux system of
bacteria can be divided into five classes—Major facilita-
tor superfamily (MFS), resistance-nodulation division
(RND) family, ATP binding cassette (ABC) family, small
multidrug resistance (SMR) family and multi-drug and
toxic compound extrusion (MATE) family (Lomovskaya
and Watkins 2001; Ramos et al. 2002; Schweizer 2003;
Webber and Piddock 2003; Moreira et al. 2004; Poole
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2004; Mahamoud et al. 2007; Stavri et al. 2007; Fernan-
dez and Hancock 2012; Fernando and Kumar 2013).
Efflux pumps which are concerned only with expulsion
of antibiotics are usually encoded on transposons and
transmissible plasmids, while others such as the multid-
rug resistance (MDR) pumps concerned with expulsion
of compounds having different antibacterial mode of
action are a part of bacterial chromosomes (Lomovskaya
and Watkins 2001; Moreira et al. 2004). Susceptibility
of bacteria to antibiotics is linked to membrane perme-
ability, which can be modified by decreased production
of porin or increased efflux pump expression. In bacterial
MDR phenotype, these phenomena are associated with
acquisition of additional resistance mechanisms, such as
antibiotic target mutation or production of enzymes capa-
ble of degradation of antibiotics (Moreira et al. 2004;
Poole 2007; Pages and Amaral 2009; Nikaido 1998a, b;
Nikaido and Pages 2012). RND efflux pumps are com-
mon in Gram-negative bacteria and are almost always
chromosomally encoded (Nikaido 1998a, b; Poole 2004,
2008). RND efflux pumps monitor the level of metabolite
accumulated due to pathway blockages and prevent them
from reaching toxic levels (Poole 2008).

Structures of efflux systems, having RND pumps, of
Escherichia coli as well as Pseudomonas aeruginosa
have been resolved with the help of X-ray crystallog-
raphy (Yu et al. 2003). Structural studies have revealed
that the transporters capture the substrate either from
the outer leaflet of cytoplasmic membrane or from the
periplasm (Pages and Amaral 2009; Nikaido and Pages
2012; Fernando and Kumar 2013). AcrAB-TolC and
MexAB-OprM are RND efflux systems present in E. coli
and P. aeruginosa and have been found essential for the
survival, colonization and virulence in them (Moreira
et al. 2004; Poole 2008; Pages and Amaral 2009; Nikaido
and Pages 2012; Fernando and Kumars 2013). AcrAB in
E. coli makes it resistant to the abundant bile salts present
in their normal habitat (Nikaido 1998a, b; Poole 2000).
The deletion or deactivation of the main efflux pump sys-
tem leads to its replacement by RND efflux pump systems
which are genetically distinct (Poole 2007; Nikaido and
Pages 2012). Efflux pump inhibitors might target inac-
tivation of efflux parameters which impairs antibiotic
efflux (Pages and Amaral 2009).

For the development of new and effective therapy to
deal with infections of MDR Gram-negative bacteria, it
is essential to understand MDR efflux pump structure and
function (Saier et al. 1998; Pages and Amaral 2009) along
with every interaction as well as processes that regulate the
pump efficacy. To understand interactions, the identifica-
tion of amino acid residues of pump and pharmacophoric
groups at drug surface has to be done (Nikaido and Pages
2012).
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Efflux and multidrug resistance in Gram-negative
bacteria E. coli and P. aeruginosa

A bacterium might be resistant or susceptible to a drug
based on the presence or absence of functional RND com-
ponents (Blair and Piddock 2009). Efflux pump when
exposed to one of its substrates can favour its over-expres-
sion, leading to cross resistance to other substrates includ-
ing antimicrobials which are clinically relevant (Moreira
et al. 2004). MDR is associated with RND system over-
expression (Piddock 2006; Blair and Piddock 2009; Rug-
gerone et al. 2013). During treatment of Gram negative
bacterial infections, the polyspecificity of AcrAB pump
triggers spreading of efflux producing bacteria. The mini-
mum inhibitory concentrations (MIC) of antimicrobials
agents are affected by overproduction of AcrAB-TolC and
it has been observed that the pumps are able to expel out
several antimicrobial agents including antibiotics, biocides,
etc (Nikaido and Pages 2012) as shown in Fig. 1. Experi-
ments have confirmed the active export of chlorampheni-
col from E. coli cells (Moreira et al. 2004). Tetracycline
efflux occurs by classical tet efflux pumps (Nikaido 1996)
encoded by genes of monophyletic origin and catalyzed by
drug:H" antiport (Aminov et al. 2002). Tetracycline efflux
in E. coli occurs in two stages, first stage is of low resist-
ance through efflux while second stage is of high resistance
due to accumulation of other resistance mechanism (Fer-
nando and Kumar 2013).

AcrB of E. coli determines substrate specificity and is
driven by proton motive force (Vargiu and Nikaido 2012).
It can deal with various structurally diverse compounds
such as cephalosporins, fluoroquinolones, penicillins, chlo-
ramphenicol, etc. Studies have revealed that ActB of E. coli
has a distal binding pocket and a proximal binding pocket.
These pockets help in broad spectrum antibiotic resistance
as they can accommodate substrates of varying sizes and
properties (Vargiu and Nikaido 2012; Blair et al. 2015).
Resolved structure of AcrB, suggests that, there is inter-
action between substrate and hydrophobic interior of the
substrate binding site present within AcrB (Nikaido and
Takatsuka 2009). World Health Organization (WHO) has
revealed high levels of resistance of E. coli to the third gen-
eration cephalosporins and fluoroquinolones (FQs). Resist-
ance of E. coli to FQs is mainly due to mutation and resist-
ance to third generation cephalosporins which indicates
that they produce ESBL (extended spectrum beta-lacta-
mase). In 2013, it was found that in 17 out of 22 countries,
about 85-100% isolates of E. coli were ESBL positive (The
state of the world’s antibiotic 2015). Studies have shown
the role of efflux pumps in the FQ resistant isolates of E.
coli and it has also been reported that FQ treatment contrib-
utes towards emergence of efflux producers (Nikaido and
Pages 2012). The FQ efflux system of E. coli is found to
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Fig. 1 Antibiotics entering the
cell through a membrane-span-
ning porin protein are expelled
out by the efflux pumps, reduc-
ing their concentration inside
the cell

be encoded by acrAB—tolC genes. For therapeutic interven-
tion, it is logical to target FQ-MDR efflux pumps, which
when inactivated increase bacterial susceptibility to fluo-
roquinolones and other antibiotics and prevent emergence
of resistance to fluoroquinolones (Poole 2000). Another
mechanism of FQ resistance found in clinical isolate of
E. coli is QepA, which is a plasmid-mediated efflux pump
(Yamane et al. 2007).

In case of the opportunistic pathogen Pseudomonas
aeruginosa, responsible for severe infections, RND efflux
pumps like MexAB-OprM, MexCD-OprJ, MexEF-OprN
and MexXY-OprM are involved which contribute strongly
to its reduced susceptibility towards antibiotics (Mine et al
1999; Lomovskaya et al. 2001; Poole 2001; Aeschlimann
2003; Schweizer 2003; Moreira et al. 2004; Nikaido and
Pages 2012). P. aeruginosa has 10-12 RND family trans-
porters which regulate independently and share antibiotic
substrates (Poole 2008; Fernando and Kumar 2013). The
MexAB—OprM system in clinical isolates of P. aeruginosa
is highly conserved indicating its role in intrinsic resist-
ance of the bacteria. The MexAB—OprM system pumps out
a large number of antimicrobials such as chloramphenicol,
tetracycline, streptonigrin, ciprofloxacin and nalidixic acid.
It pumps out antibiotics of the class quinolones, Poole 2001;
Moreira et al. 2004; Fernando and Kumar 2013). Overpro-
duction of MexAB-OprM effux system due to mutations
in nalB repressor gene of P. aeruginosa renders the bac-
teria more resistant to several agents (Nikaido 1998a, b;
Li et al. 2000). In contrast to MexAB-OprM system, the
MexCD—OprtJ doesn’t pump out the conventional cepha-
losporins but is concerned with pumping out of cephalo-
sporins having quaternary-nitrogen-containing constituents

at the 3-position. There is a possibility that MexCD-Opr]
needs the presence of at least one positively charged group
at the hydrophilic end of its substrate, while there is no
such need in case of MexAB—OprM. MexCD-OptJ cannot
eliminate Nikaido 1998). MexCD-Opr] system is respon-
sible for expulsion of various drugs such as quinolones,
macrolides, lincomyscin, novobiocin and tetracyclines
(Moreira et al. 2004). The MexEF-OprN system in P. aer-
uginosa increases their resistance to chloramphenicol, qui-
nolones, trimethoprim and imipenem. The MexEF-OprN
system provides resistance to fluoroquinolones but sensitiv-
ity has been found to cefotaxime, novobiocin, ceftazidime,
cefoperazone, cefpirone, carbenicilin, cefozopran, merope-
nem, andaztreonam (Moreira et al. 2004). MexCD-Opr]
and MexEF-OprN are found in nfxB and nfxC mutants
(Lomovskaya et al. 1999; Aeschlimann 2003). Both con-
tribute towards acquired resistance in the bacterium (Mas-
uda et al. 2000). P. aeruginosa mutants with deletions for
the genes responsible for encoding three best characterized
FQ-MDR efflux systems were found hypersusceptible to
fluoroquinolones (Poole 2000). The MexXY-OprM sys-
tem provides resistance to acriflavine, ethidium bromide,
fluoroquinolones and erythromycin. It also provides certain
amount of resistance to tetracycline, kanamycin, chloram-
phenicol and some Moreira et al. 2004).

Evolution of efflux pumps in E. coli and P.
aeruginosa

Regarding the evolution of multidrug transporters, there are
two hypotheses; According to the first hypothesis, bacteria
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due to the exposure to various toxic substances have under-
gone evolution and accordingly have developed mecha-
nisms such as multidrug transporters for detoxification and
elimination of the toxins (Ramos et al. 2002). According to
the second hypothesis, the export of toxic compounds by
the multidrug transporters is opportunist and occurs only
under exposure of drug in clinic or experimental situations
(Moreira et al. 2004). Out of 29 putative efflux pumps iden-
tified in E. coli, 5 belong to RND family and the phyloge-
netic analysis of RND family members showed that these
proteins based on their function might be classified into
three subfamilies, of which the first subfamily deals with
divalent heavy metal ions, second one specific for lipoo-
ligosaccharides and the third subfamily catalyses efflux of
multiple drugs (Saier et al. 1998). AcrB protein of E. coli
and MexB of P. aeruginosa are putative pumps of RND
family (George 1996).

Structure of efflux pumps

Multidrug efflux pumps have three components- An inte-
gral inner membrane protein, which is either an ABC
transporter or proton antiporter of RND, a protein of TolC
exit duct family anchored in outer membrane and project-
ing across periplasm and a periplasmic adapter protein
anchored to inner membrane by single transmembrane
helix (Zgurskaya and Nikaido 2000; Eswaran et al. 2004;
Moreira et al. 2004; Poole 2008; Nikaido and Takatsuka
2009). The multidrug efflux system of E. coli is AcrAB
system having an RND type transporter ArcB, accessory
protein AcrA in periplasm and outer membrane channel
TolC as shown in Fig. 2 (Nikaido and Zgurskaya 2001;
Ramos et al. 2002; Fernandez-Recio et al. 2004; Nikaido
and Takatsuka 2009; Xu et al. 2012). Pathogenic bacte-
ria have tripartite pumps with broad and overlapping sub-
strate specificities (Eswaran et al. 2004). P. aeruginosa has
at least four distinct major efflux (Mex) systems, whereas
AcrA—ArcB-TolC, the major pump of E.coli determines
resistance to antibiotics, detergents, organic solvents, dyes
and bile salts (Eswaran et al. 2004; Fernando and Kumar
2013). In E. coli, AcrD transporter is also present which
shares similar topology as AcrB and is responsible for
aminoglycoside efflux (Rosenberg et al. 2000; Elkins and
Nikaido 2002).

AcrB is a trimer having 100 A diameter and 50 A long
transmembrane domain, comprising 36 o helices and
there is a funnel like structure at the top of the periplas-
mic domain with internal diameter of 30 A, which has
been termed as TolC-docking domain, due to its similar-
ity with the model of TolC entrance in open state (Eswaran
et al. 2004). TolC in open state bind more robustly to AcrA
and AcrB than TolC in closed state (Fernandez-Recio et al.
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Periplasm ACrA

Fig. 2 Structure of AcrAB-TolC efflux pump of Escherichia coli

2004). TolC is a 140 A long tapered cylinder, composed of
40 A long outer membrane f barrel and 100 A long o heli-
cal barrel across periplasm and a mixed o/} structure forms
a band around the mid portion of a helical barrel (Eswaran
et al. 2004; Nikaido and Takatsuka 2009). In the planar
lipid bilayer, TolC forms channels which enable export of
antibiotics across outer membrane of E. coli (Poole 2000).
TolC can be found in isolated state which suggests that it
must be in closed state, otherwise there would be a large
open pore in outer membrane. The interaction of TolC
with other pump components perhaps helps in its allos-
teric transition to open state (Fernandez-Recio et al. 2004).
Functional TolC is essential for AcrAB efflux pump opera-
tion (Fralick 1996). The AcrAB proteins are homologous
to Mex proteins of P. aeruginosa, while there is limited
homology between TolC and OEPs of P. aeruginosa (Poole
2000). AcrB and MexB have 70% similar amino acid
sequences (Tikhonova et al. 2002).

The monomer of MexA has three linearly arranged sub-
domains-  barrel, lipoyl domain and 47 A « helical hair-
pin with a straight C-terminal helix and an N-terminal helix
(Eswaran et al. 2004). It has been predicted that coiled
region of AcrA is about 14 residues longer than that of
MexA (Fernandez-Recio et al. 2004). The length of AcrA
is predicted to be 17 nm and it is the best-characterized
membrane fusion protein in efflux pumps. Its first 24 amino
acids show feature of a typical bacterial lipoprotein signal
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Fig. 3 The accumulation of
drug within the cell is increased
in the presence of efflux pump
inhibitor, as they block the
pumping activity

peptide. The amino terminal cysteine residue, after cleav-
age of the signal peptide, is acylated with the fatty acids of
inner membrane (Ramos et al. 2002).

Docking AcrA model into TolC open state manually,
provided eight possible orientations, which when further
refined, showed —40.5 kcal/mol scoring energy forming
three closed interfacial contacts (Fernandez-Recio et al.
2004). From the crystal structure of AcrB in complex with
the drugs, it has been found that for opening of periplasmic
pore, there is a need for drug binding, conduction of pro-
tons as well as protein—protein interaction with AcrB and
TolC (Fernandez-Recio et al. 2004). The structural analysis
of multidrug transport proteins has revealed that they pos-
sess hydrophobic binding sites. They bind to the substrates
by both hydrophobic interactions as well as electrostatic
attraction (Moreira et al. 2004).

Regulation of efflux pumps

RND pumps are regulated by both local and global regu-
lators. Overexpression of the pump may be due to the
interaction of certain molecules with the local repres-
sor, which causes the derepression of the operon. Another
possible reason of overexpression might be the muta-
tion in the repressor coding genes (Webber and Piddock
2003), as seen in case of AcrAB pump of E. coli and the
MexAB—OprM pump of P. aeruginosa, resulting from the
mutation in their repressor coding genes, acrR and mexR
respectively (Nikaido 1996; Fernando and Kumar 2013).
MexR is involved in auto-regulation by repression of mexR
promoter in addition to control of mexA promoter tran-
scription (Evans et al. 2001; Moreira et al. 2004). The nalB
mutation causes overexpression of MexAB—OprM (Nikaido
1996; Lomovskaya et al. 1999). MexCD-Opr] overexpres-
sion is controlled by nfxB which is a local repressor gene

Efflux pumps

(Nikaido 1998a, b). In E. coli AcrAB pump, induced by
bile salts and fatty acids, overexpression has also been a
result of activation of expression by global regulator Rob
(Fernando and Kumar 2013). AcrAB is regulated by MarA
and its homologs SoxS (Webber and Piddock 2003) and
RobA, which increase efflux by increasing transcription of
the operon acrAB and also downregulates OmpF porin syn-
thesis, through enhanced production of MicF, an antisense
RNA (Okusu et al. 1996; Nikaido 1996, 1998a, b; Poole
2000; Fernando and Kumar 2013).

Inhibition of efflux pumps

An important area of drug discovery is the development of
efflux pump inhibitors (EPIs) (Bambeke et al. 2003). EPIs
are agents that inhibit efflux (Piddock et al. 2010) as shown
in Fig. 3. The increase in accumulation of drug under the
presence of an inhibitor suggests that they block the efflux
of drugs (Stavri et al. 2007). Efflux pump of Gram-negative
bacteria may be inhibited by altering the regulation of their
expression, altering functional assembly of its components,
blockage of outer membrane channel with the help of plug,
collapsing efflux energy, competitive or non-competitive
inhibition of affinity sites of efflux pump with a non-anti-
biotic molecule and changing antibiotic chemical design
in order to reduce its affinity towards efflux pump binding
sites (Pages and Amaral 2009).

The repression of expression of genes, using antisense
oligonucleotides or molecules and small interfering RNA,
was exemplified for inhibition of efflux pump in E. coli, but
it can be applied to every pump of known regulatory mech-
anism (Pages and Amaral 2009). The functional assembly
of components of efflux pumps like typical envelope lipo-
protein AcrA might be blocked by globomycin, an inhibi-
tor of signal peptidase II, which is responsible for removal
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of lipoprotein signal sequence of the exported membrane
proteins (Pages and Amaral 2009). However it has been
observed that MexCD-Opr] pump expels cerulenin which
is an inhibitor of fatty acid biosynthesis in bacteria (Pages
and Amaral 2009). To obstruct the central cavity of AcrB
pump, which allows periport of drugs, periplasmic transit
blockers can be used (Pages et al. 2005). For pore blocker
designing, it is essential to know the dynamics of drug flux
within the channel (Pages and Amaral 2009). Efflux energy
can be collapsed by several compounds such as potassium
cyanide and carbonyl cyanide m-chlorophenylhydrazone
(Pages and Amaral 2009).

EPIs might fulfill certain criteria; they must show activ-
ity only in those strains having efflux pump, amplify accu-
mulation and reduce extrusion of substrates of efflux pumps
and the proton gradient present across the inner membrane
must not be affected (Lomovskaya and Watkins 2001).

Various compounds such as globomycin, carbonyl
cyanide m-chlorophenylhydrazone (CCCP), phenylala-
nyl arginyl Pages et al. 2005). Among arylpiperazines,
1-(1-naphthylmethyl)-piperazine (NMP) was found to
increase accumulation of substrates in E. coli, which are
otherwise effluxed by the pumps, reduce MICs of two or
more antibiotics in strains having overexpressed efflux
pumps and showed no inhibition in growth of the strains
deficient of efflux pumps (Bohnert and Kern 2005).

Discovery of novel natural product as EPI is of
immense importance for future use in inhibiting MDR
pumps (Stavri et al. 2007). Berberine is a common alka-
loid in plant species belonging to family Berberidaceae,
which shows weak antibiotic properties as it is pumped
out (Stermitz et al. 1999). Plant extracts from Berberis
fremontii, which alone had no impact on cell growth but
showed inhibition in presence of berberine suggests the
presence of inhibitor in them, which was found to be
5-Methoxyhydnocarpin (5-MHC) (Stermitz et al. 1999).
Ciprofloxacin is a substrate common to many efflux
pumps (Piddock et al. 2010). Chloroform extract of Ber-
beris aetnensis, when fractioned further into green and
yellow sub-fractions, then used in combination with cip-
rofloxacin, lowered its MIC for strains of E. coli and P.
aeruginosa (Stavri et al. 2007). Plant based natural prod-
uct, p-Coumaric acid showed inhibitory action when used
with ciprofloxacin in P. aeruginosa with overexpressed
MexAB—OprM efflux pumps (Choudhury et al. 2016).

Efflux pump inhibitor development approach for ther-
apy is quite challenging because of its possible effects
on eukaryotic transporters and so inhibitors specific for
prokaryotic cells are to be designed (Bambeke et al.
2003). In the process of identification of EPI, it is impor-
tant to note whether a compound actually inhibits pump
or other has other antibacterial properties (Stavri et al.
2007).
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Conclusion

Antibiotic resistant bacteria are responsible for health cri-
sis all over the world. Efflux pumps are one of the mecha-
nisms by which the bacteria develop resistance to drugs.
EPIs help to inhibit the expulsion of drugs from the cell
and reduce the MIC of the drugs. However, till date no
EPI has been clinically approved. So it is important to
make use of available information about efflux systems
and search for non-toxic, more effective and broad spec-
trum EPIs in natural resources, which would potentiate
the already available antibiotics. There is a need to deter-
mine the clinical potential of the natural product based
EPIs.
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