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Abstract
Antibiotics and multidrug resistance is becoming a serious threat to public health. 
Since the discovery of antibiotics and their use in the clinic, the prevalence of (multi-)
drug resistant bacteria has increased significantly. Here we describe the mechanisms 
that bacteria adopt to become resistant to antibiotics, with a focus on transport based 
resistance proteins. Finally, we describe novel strategies for antibiotics discovery and 
the design of antimicrobials that can be activated using light, as well as other avenues 
to circumvent multidrug resistance.

Introduction
In the modern age of medicine, the usage of antibiotics for the treatment of infectious 
disease has become a common practice. The introduction of antibiotics in the 20th 
century has improved life expectancy and caused rapid population growth. However, 
these benefits came at a severe cost, antibiotic resistance is spreading vehemently and 
there is major concern if in our future effective antibiotic therapies remain available 
against major pathogens.
Recent epidemics of bacterial infectious disease, like the Escherichia coli epidemic in 
Germany in 2011, shows that, despite the utilization of antibiotics, outbreaks still spread 
readily. Analysis of the E. coli O104:H4 epidemic, with globally more than 4000 people 
affected showed that this outbreak strain combined the virulence capabilities of two 
different pathogens. The combination of virulence potentials from Shiga toxin produ-
cing E. coli and enteroaggregative E. coli made this particular strain highly pathogenic. 
This outbreak shows that infectious disease is still a significant public health issue. When 
these pathogens are also associated with antibiotic resistance, these epidemics may 
become drastically more lethal.
The incredible talent of bacteria to adopt antimicrobial resistance makes them a universal 
threat to the healthcare system. It is generally accepted that microbes can gain genetic 
material encoding resistance traits via horizontal gene transfer (HGT) (1), via mutation 
of the antibiotic target or intrinsic resistance mechanisms due to selective pressure by an 
antimicrobial compound (2). The antibiotic resistance phenomenon can make diseases 
caused by highly virulent pathogenic bacteria even more lethal, since it becomes more 
difficult to treat the infection. The pathogenic E. coli O104:H4 that caused the 2011 
epidemic was reported to have an ESBL (Extended Spectrum β-Lactamase) phenotype, 
which means that they are resistant against all penicillins and cephalosporins and only 
are susceptible to carbapenems. This outbreak strain is also resistant for co-trimoxazole 
but susceptible to fluoroquinolones and aminoglycosides (3). 
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Here, we describe the mechanisms by which bacteria confer antibiotic resistance that 
is associated with dedicated transport proteins. As well as strategies to circumvent 
such (multi-)drug resistance are discussed, with a focus on the discovery of novel 
antibiotics. Some recent discoveries of new antibiotics modification will be discussed 
by which the activity can be controlled with an external stimulus, with potential for 
next generation antibiotics development and reduced environmental burden with 
active compounds. 

Resistance mechanisms
Ever since the introduction of antibiotics, bacteria have developed ways to circum-
vent the antimicrobial activity of the drug. The mechanisms behind these resistance 
phenotypes can be roughly classified in two groups: 1) resistance mechanisms that 
affect the target of the antibiotic, and 2) resistance mechanisms directly affecting the 
antibiotic (4) (Fig. 1).
Antibiotics exert their inhibiting activity through interference with essential systems 
in the bacterial cell. These antibiotic targets can be any housekeeping function that is 
of vital importance to bacteria, examples are the DNA replication machinery, protein 
translation and cell wall synthesis. One mechanism which bacteria can adopt for 
protection against the toxic antimicrobial activity is via mutations in or a complete 
substitution of the antibiotic target (Fig. 1c). Therefore, the affinity of the antibiotic 
for its target will be changed, which leads to a reduced or even completely abolished 
activity. A well-known example is the case of the substitution of penicillin binding 
proteins (Pbp) in methicillin resistant Staphylococcus aureus (MRSA). The acquisi-
tion of Pbp2a, which has a low affinity for β-lactam antibiotics, by MRSA meant 
that this bacterium can continue cell wall synthesis in the presence of all penicillins, 
cephalosporins and carbapenems. While other Pbps will be inhibited by β-lactams, 
Pbp2a still has transpeptidase activity in the presence of these antibiotics due to the 
lower affinity for β-lactam antibiotics (5,6).
Other ways to avoid antimicrobial activity can be obtained via changes in the gene 
expression of the antibiotic target (Fig. 1e) and protection of the target by molecules 
that mimic the antibiotic target and thereby interfere with binding of the antimicro-
bial compound resulting in scavenging and inactivation of the antibiotic. 
The mechanisms described above confer antibiotic resistance by influencing the anti-
microbial target in such a way that the toxic activity of antibiotics is either reduced 
or abolished. The following mechanisms describe how bacteria can directly affect the 
antibiotic compound and cause drug resistance. Bacteria can become resistant against 
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certain antibiotics via the production of enzymes that modify the antibiotic (Fig. 1d), 
which render them inactive or decrease its antimicrobial activity. An example of this 
mechanism is β-lactamase, which hydrolyzes the lactam ring of β-lactam antibiotics 
and thereby abolishes its antibiotic properties (7,8). 
 

Figure 1 Different antibiotic resistance mechanisms employed by bacteria. Several diffe-
rent strategies are used by bacteria to counteract the toxic activity of drugs, ranging from 
decreasing  the cellular influx (a) of antibiotics, trapping the drug in other structures (b), 
target modification or substitution (c), enzymatic degradation of the drug (d), overexpression 
of the target (e), to efflux of the antibiotic using dedicated transport proteins (f).

Antibiotics often have a cytoplasmic target, which needs to be reached to exert its 
toxic activity. Mechanisms that hinder the antimicrobial compound reaching its 
target have been discovered. Bacteria have adopted several ways to stop antibiotics 
from reaching their target, for instance via trapping (Fig. 1b) (9,10), which causes the 
antimicrobial compound to become obstructed or trapped in other structures. A loss 
of porins in the outer membrane (Fig. 1a) can reduce the influx of antibiotics and 
therefore will not reach their intracellular targets (11). However, a particularly inte-
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resting resistance mechanism is antibiotic resistance conferred by efflux pumps that 
can transport antimicrobials out of the cell (Fig. 1f). McMurry et al (12) first described 
the involvement of transport proteins in antibiotic resistance in 1980. They made 
the observation that active efflux was responsible for tetracycline resistance in E. 
coli. The remarkable feature of this resistance mechanism is that it is multidrug, and 
affects also the efficiency of structurally unrelated compounds.

Multidrug resistance
The use of antibiotics for treatment of infectious disease has put a significant antibiotic 
pressure on bacterial populations in the environment. This has led to the emergence 
of microbes that have developed a resistance phenotype against several different anti-
biotics (13). The prevalence of bacteria with a multidrug resistance (MDR) phenotype 
has become a serious threat to public health, since treatment becomes significantly 
more difficult. By the acquisition of multiple antibiotic resistance determinants, each 
responsible for resistance against a specific (class of) antibiotic(s), multidrug resistant 
bacteria have arisen due to the selective pressure of different drugs (13,14). Multidrug 
resistant “superbugs” make use of sophisticated mechanisms to circumvent antibiotic 
activity, via efficient enzymatic mechanisms like blaNDM-1, a substituted antibiotic 
target (Pbp2a) or enhanced multidrug efflux pumps, amongst others. 
 

Figure 2 Schematic representation of multidrug transporter families and their energy utiliza-
tion. Drug transport (arrows up) is coupled to the import (arrows down) of Na+ or protons, 
as depicted for the secondary transporter families; MATE, SMR, MFS & RND, or via the 
hydrolysis of ATP in case of the ABC transporter superfamily. 

ATP

SMRMATE MFS ABC RND
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Membrane
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Multidrug transporters are exceptionally interesting, since these systems have the 
capacity to facilitate the extrusion of structurally diverse antimicrobial biomole-
cules. Based on their biochemical characteristics, multidrug transport systems can 
be classified into two groups, depending on the energy utilization for drug export 
(Fig. 2). These groups are: 1) the primary active transporters, belonging to the ATP 
binding cassette (ABC) superfamily (15), which utilize the hydrolysis of ATP for their 
transporter activity; and 2) secondary transporters, which couple the antiport of Na+ 
or H+ ions to the export of drugs and are therefore proton motive force (PMF) or 
sodium motive force (SMF) dependent. The secondary MDR transporters can be 
further classified into several different families namely the major facilitator superfa-
mily (MFS), the small multidrug resistance (SMR) family, the resistance-nodulation-
cell division (RND) family and finally the multidrug and toxic compound extrusion 
(MATE) family. 

ABC transporters
The ABC superfamily is one of the largest protein families known and members of 
this class of proteins are essential in all domains of life (16). Not only do ABC proteins 
play a role in transport processes. They also fulfill important functions in other 
cellular processes, like DNA repair and regulation of gene expression. 
ABC transporters are active transport proteins, which utilize the hydrolysis of ATP to 
drive substrate transport across lipid membranes. Members of the ABC transporter 
family are involved in the import and export of a wide variety of substrates, like 
amino acids, sugars, vitamins, peptides, drugs and proteins. The main structure of 
ABC transport proteins is highly conserved, which consists of two nucleotide binding 
domains (NBD) and two transmembrane domains (TMD). The minimal ABC trans-
porter requires all four of these domains to function, however they can be genetically 
encoded in several different ways. The four domains can either be encoded in four 
different genes or fewer genes encoding combinations of domain fusions, which can 
be organized as a fusion of two NBDs, two TMDs, one NBD with one TMD, or the 
entire ABC transporter. The variation in domain organization also distinguishes 
uptake from extrusion systems. Uptake systems are usually a combination of four 
separate domains that together form the active ABC transporter and they require 
an additional extracellular or periplasmic substrate binding protein that binds and 
subsequently donates the substrate to the membrane embedded permease domain. 
In contrast, ABC extrusion systems generally consist of two half-transporters, with 
each subunit consisting of one NBD fused to one TMD, and then either arranged 
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in a homo- or heterodimeric organization, or as a single protein containing all four 
domains, so-called full transporters. 
The elucidation of the high-resolution crystal structure of the S. aureus MDR trans-
porter Sav1866 (Fig. 3) has contributed to our understanding of the topology and 
mode of action of ABC transport systems. Together with the recent crystal structure 
of Caenorhabditis elegans Pgp (Fig. 3) in the absence of ATP a possible mechanism 
for ABC export emerged. The Sav1866 crystal structure shows the typical bacterial 
half-transporter, consisting of the highly conserved cytoplasmic NBDs both fused to 
a membrane embedded TMD which harbors six α-helical transmembrane segments. 
Contrary to Sav1866, Pgp is a full ABC transporter with the two NDBs and two 
TMDs, each containing six α-helices, linked together.

Figure 3 Structures of Sav1866 (17) (PDB ID: 2HYD) and Pgp (18) (PDB ID: 4F4C) in outward 
and inward facing orientation. The two half-transporter monomers of Sav1866 are colored 
(blue & orange) as well as the two halves of Pgp. The bound nucleotide is shown in red.
 
Both crystal structures show an opposite open conformation of the ABC transporter. 
When no ATP is bound the NBDs are far apart, this results in the opening of the 
transmembrane cavity and exposure of the substrate binding sites to the cytoplasmic 
face of the membrane. Upon substrate binding and transport the ATPase activity 

 S. aureus Sav1866
Nucleotide - bound, outward facing

Out

In

C. elegans Pgp
No ATP, inward facing
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of the ABC transporter is stimulated. ATP binding leads to conformational change 
towards the outward facing orientation, and subsequent ATP hydrolysis again returns 
the transporter to the inward open conformation (17,18). 
The NBDs of ABC transporters are highly conserved, since this domain is respon-
sible for nucleotide binding and hydrolysis which are the driving forces behind the 
transport process. Contrary to the NBDs, the TMDs of different ABC transporters 
share little sequence identity and this characteristic might explain the broad variance 
in substrate specificity of the ABC transporters. In general ABC transporters exhibit 
high substrate specificity or specificity towards a subset of closely related molecules. 
However, some ABC transporters are able to expel a plethora of structurally dissi-
milar compounds and are responsible for MDR in both eukarya and prokarya.
The first ABC-MDR transporter described was MDR-1, also known as P-glycoprotein 
(Pgp), which was discovered in the 1980s in human carcinoma cells. Following this 
discovery, a multitude of ABC transporters involved in drug resistance have been 
reported (19–21). Several bacterial ABC transporters have been shown to exhibit anti-
biotics efflux activity, like the macrolide specific transporter MacAB from E. coli, 
which forms a complex with the outer membrane channel TolC. LmrCD (20) of 
Lactococcus lactis and VcaM (22) of Vibrio cholerae are examples of ABC efflux pumps 
involved in MDR resistance. LmrCD (20,23) is a heterodimeric ABC transporter that 
shares a high degree of homology with MDR-1 and Sav1866 and has been shown 
to confer resistance against a variety of chemicals, including daunomycin, hoechst 
and cholate. This transporter is composed of the two half-transporters LmrC and 
LmrD and is strongly upregulated when cells are exposed to toxic molecules, thereby 
increasing the intrinsic drug resistance of the bacteria.
In Salmonella enterica, transport proteins play a crucial role not only in drug resis-
tance, but also in general virulence. Although drug resistance in this bacterium is 
attributed mostly to secondary transporters, the ABC transporter MacAB is essential 
for the survival in the host and fulfills a possible role in the detoxification of antimi-
crobial compounds during infection (24).
 
Secondary transporters
Transport of substrates by secondary transporters is driven by electrochemical 
gradients generated by the cell, either via the chemiosmotic H+ or Na+ gradient. 
Transporter families involved in multidrug resistance are antiporters which couple 
the import of protons or sodium to the export of the drug from the cell. A certain 
promiscuity has been reported for the bioenergetics of secondary MDR transporters. 
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Substrates of secondary MDR transporters range from neutral to mono- or divalent 
cations, which each have a different transport electrogenicity footprint. Transport 
of electroneutral substrates generally is electrogenic while monovalent cations are 
usually extruded in an electroneutral fashion. This difference in transport electro-
genicity is reflected in the sources that energize the translocation event. With an 
electroneutral event, which couples efflux of a monovalent cation to the import of 
one proton, the driving force is the proton gradient (ΔpH). In contrast, in case of an 
electroneutral substrate/H+ antiport reaction, both the ΔpH and the transmembrane 
potential, Δψ, contribute to the transport reaction (25). 

Major facilitator superfamily
MFS transporters represent the largest family of secondary transporters and members 
of this family are involved in many physiological processes, ranging from the import 
and export of a wide spectrum of molecules, like ions, carbohydrates, lipids, amino 
acids, peptides and drugs (25). The transporters involved in drug resistance belong to 
the drug H+ antiporter subfamilies 1 and 2 (DHA1/DHA2), MFS proteins of these 
subfamilies have been reported to also play a role in multidrug resistance in both 
bacteria and fungi (26,27). Transport proteins of this family have been identified to play 
a role in the drug resistance phenotype of pathogenic bacteria. Examples are QacA 
and QacB of S. aureus (28), which represent two closely related transporters that confer 
resistance against cationic drugs. 

Figure 4 Structures of MFS, SMR and MATE family transporters. a) structure of  E. coli MFS 
transporter EmrD (29) (PDB ID: 2GFP), showing the 12 transmembrane helices in different 
colors. b) Structure of the dimeric E. coli SMR transporter EmrE (Model by Lloris-Garcerá 
et al 2013 (30), generated from PDB ID: 3B5D) showing one monomer depicted in yellow-
green and the other in gray. c) Structure of V. cholerae MATE transporter NorM (32) (PDB ID: 
3MKT), showing the 12 transmembrane helices in different colors.

a b c
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The canonical MFS transporter consists of 12 transmembrane helices (Fig. 4a). 
However, transporters of the DHA2 subfamily generally contain 14 membrane span-
ning helices. The known structures of several MFS transporters, like E. coli LacY 
(33), GlpT (34) and EmrD (29) have contributed to the elucidation of the structural and 
functional basis of transport by members of the MFS superfamily. Structural data 
shows that the transmembrane helices form two symmetrical bundles, which are 
closely packed together. The two bundles together form the translocation pore for 
substrate-H+ antiport. 
Functional analysis of known MFS MDR transporters have shown that these trans-
porters mainly extrude molecules that are positively charged at physiological pH. 
Examples are: ethidium, tetraphenylphosphonium, tetracycline and chloramphe-
nicol (27). The MFS transporters contain large hydrophobic substrate-binding pockets 
containing negatively charged amino acid residues, which are believed to be critical 
for the electrochemical interaction with cationic substrates. Charged amino acids in 
the TMSs are essential in the transport of protons. In L. lactis LmrP, an MFS MDR 
transporter, which has been shown to extrude hoechst, ethidium and several other 
cationic substrates, negatively charged residues, like Asp142 in TMS5 and Asp235 on 
the periplasmic side of TMS7, were found to be critical for the transport of substrates. 
Substitution of Asp235 of LmrP for a cysteine residue resulted in abolished substrate 
transport. Interestingly, when certain negatively charged residues, like Asp142, were 
substituted, only the transport of divalent cations, like hoechst, was lost but the efflux 
activity of monovalent cations remained unaltered. This indicates that these residues 
might play a role in energy utilization, since substitution of the Asp142 did not have 
an effect on substrate binding. 
The exact mechanism by which MFS transporters facilitate substrate transport is not 
yet fully understood. Studies investigating the energy coupling of LacY have revealed 
that, during the transport process, protons go through a network of membrane-
embedded protonatable amino acid residues (35,36). This proton transport depends 
on the conformational state of the transporter and the presence of bound substrate. 
However, for MDR transporters this network does not seem to be so intricate. In 
the transporters LmrP and MdfA, substitutions of membrane-embedded charged 
residues did not have a direct effect on the coupling mechanism but seem to affect 
substrate recognition (37). Recently, based on proton and substrate binding studies 
a model was proposed for the drug transport mechanism of MdfA (38). This model 
describes the following proton – substrate binding cycle: 1) upon proton release 
from residue Asp34 the transporter is in an inward-facing conformational state, 2) 
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following deprotonation of Asp34, substrates can bind and this triggers subsequent 
conformational changes that converts the drug-binding site into the outward facing 
state, and 3) drug release into the extracellular milieu allows protons to bind at Asp34 
and this binding event returns MdfA into the inward-facing open conformation.

Resistance-nodulation-cell division family
Transport proteins of the RND family are a major determinant of intrinsic resistance 
in Gram-negative bacteria. RND transporters, which are located in the cytoplasmic 
membrane, form a complex with an outer membrane channel, like TolC in E. coli, 
and accessory periplasmic proteins (39) (Fig. 5b). This tripartite complex allows 
bacteria to translocate compounds directly from the cytoplasm or the periplasm into 
the extracellular milieu, which is a major advantage since many drugs will have to 
traverse two membranes before they can exert their toxic activity. 
 

Figure 5 The E. coli AcrB transporter depicted as; a) the AcrB trimer (40) (PDB ID: 3AOA), 
b) AcrB (orange) in complex with the periplasmic AcrA (yellow), the outer membrane (OM) 
channel TolC (blue) and the small binding partner AcrZ (green), localized in the inner 
membrane (IM) bound to AcrB, adapted by permission from Macmillan Publishers Ltd: 
Nature (39), copyright (2014).

OM

IM

a b

AcrZ

TolC

AcrA

AcrB
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Structural studies of E. coli AcrB and P. aeruginosa MexB have elucidated how the 
RND transporter complex is organized (40,41). These crystallography studies show 
that the membrane embedded RND pump is arranged as a homotrimer in the cyto-
plasmic membrane with each monomer consisting of 12 transmembrane helices 
(Fig. 5a). Furthermore, the monomers contain two large periplasmic domains, called 
the “TolC-docking domain”, which protrude far into the periplasm and fit the peri-
plasmic end of the outer membrane channel (40). Periplasmic adaptor proteins, like E. 
coli AcrA, are lipoproteins which are anchored to the cytoplasmic membrane with 
its N-terminal lipid moiety (42). AcrA contains four distinct domains; a membrane 
proximal domain, a β-barrel domain, lipoyl domain and an α-helical hairpin struc-
ture (42,43). These domains create a flexible structure, which combines the cytoplasmic 
membrane RND transporter with the outer membrane channel. Notably, the 
membrane proximal domain is believed to be crucial for interactions with the RND 
transporter, while the α-helical hairpin domain is crucial for binding of the coiled-
coils of the outer membrane channel (43). The last part of the tripartite complex is the 
outer membrane channel, which has been studied extensively and a detailed struc-
ture of the channel TolC from E. coli has been demonstrated (44). The TolC channel 
is a β-barrel structure and organized as a trimer consisting of 12 β-strands in total 
with each protomer contributing four β-strands to the entire structure. This β-barrel 
is followed by a long α-helical barrel which extends deep into the periplasm (44). This 
region forms a long channel that extends the pore in the outer membrane barrel 
domain.
The conserved small proteins AcrZ and YajC were shown to associate with the AcrB 
trimer (45). These small binding partners enhance the resistance of E. coli against 
certain antibiotics, and therefore it is proposed that these proteins are involved in 
substrate recognition by inducing conformational changes in AcrB. AcrZ and YajC 
might also be involved in the interaction between AcrAB-TolC and other proteins 
that contribute to the drug efflux and thereby improve antibiotic resistance.
Transport activity of RND pumps is energized by the antiport of protons. Charged 
residues in the transmembrane domains of AcrB, like Asp407, Asp408 and Lys940 
are putatively involved in proton translocation (46), and these residues together likely 
form a proton relay network. The membrane embedded proton relay network drives 
the drug efflux activity, which is presumably facilitated by the periplasmic domain.
It is believed that AcrB captures its substrates from the periplasm. Drug molecules 
are thought to diffuse from the membrane-periplasm interface into the AcrB trimer, 
through a small opening, the “vestibule”, between subunits at the bottom of the peri-
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plasmic domain (47). Site directed mutagenesis studies have revealed that changes 
in the residues close to the vestibule decreases the efflux of most drugs. Residues 
Ala385 and Phe386, located in the vestibule, have been shown to be important for 
rhodamine 6G resistance (48). From the vestibule the drugs then move into the central 
cavity, which in a recent structural study has been shown to be an enclosed space. 
The driving force created by the proton relay network may cause conformational 
changes in the cavity exit and thereby permit release of the drugs. The AcrAB-TolC 
structure revealed an open conduit spanning from the TolC channel till the cavity in 
the periplasmic domain of AcrB (Fig. 5b). Drugs extruded from AcrAB presumably 
are exported through this conduit across the outer membrane into the extracellular 
milieu. 

Small multidrug resistance family
SMR transporters are small proteins of around 100-140 amino acids in length with 
four transmembrane α-helices (49). These transporters are predicted to form oligo-
mers in order to function, and based on the crystal structure of E. coli EmrE (50,51) (Fig. 
4b) the proposed functional SMR transporter consists of a dimer. This model is also 
further strengthened by the fact that paired SMR transporters have been found, like 
YdgE/YdgF of E. coli and EbrA/EbrB of Bacillus subtilis (52,53). Current structural data 
and topology studies suggest that the SMR monomers are inserted into the membrane 
in an antiparallel organization, a so called “dual topology” (51). Since the singleton 
SMR transporters, like EmrE, have weak topology determinants it is proposed that 
they can insert in two opposite topologies (54). In case of the paired SMR proteins, 
each of the two halves have an opposite topology (53).
It has been shown that SMR transporters are involved in the resistance against 
quaternary ammonium compounds and cationic dyes (55). The only charged residue 
in the membrane domain of EmrE, Glu14, is essential for transport activity (56). It is 
postulated that this charged residue, together with neighboring conserved residues, 
forms the H+/substrate binding pocket of the SMR transporter. Furthermore, charged 
and conserved aromatic residues within the hydrophilic loop regions seem to contri-
bute to substrate specificity. However, due to the small size of SMR transporters these 
residues might have several other functions, they might be crucial for SMR oligome-
rization, protein folding and stability.
The exact SMR transport mechanism remains to be solved but a symmetric exchange 
model proposed in 2006 (57) is supported by recent structural and biochemical data. 
This model is based on the dual topology of EmrE, in which the two monomers 
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are arranged quasi-symmetrically and form a single translocation pocket. Binding 
of drugs to the inward facing translocation pocket induces conformational changes, 
which lead to the opening of the transporter towards the periplasm and closed to the 
cytoplasm. Competition of protons for the binding sites at the two Glu14 residues, 
forces expulsion of the drug into the extracellular milieu. The transporter returns to 
the inward facing conformation upon sequential conformational changes that are 
induced by the protonation of the binding sites.
The generic binding site of SMRs causes a multidrug resistance phenotype, which 
is evident from the wide range of substrates that can be expelled; ranging from 
chemicals like ethidium tetraphenylphosphonium to antibiotics such as β-lactams, 
cephalosporins and aminoglycosides. Several SMR transporters have been shown 
to be involved in antibiotic resistance in pathogenic bacteria, for instance QacC in  
S. aureus (58) and EmrE in P. aeruginosa (59). 

Multidrug and toxic compound extrusion family
In 1999, a novel transporter family involved in antibiotic resistance was reported, 
the MATE family (60), which are secondary transporters. They couple the antiport 
of Na+ to drug efflux, although human MATE transporters (61), as well as a MATE 
transporter from Bacillus halodurans (62) have been shown to also utilize protons.
Recent structural data of the NorM transporter of V. cholerae (32) and Neisseria gonor-
rhoeae (63) have shed more light on the organization of MATE transporters (Fig. 4c), and 
their function. The NorM protein consists of 12 transmembrane spanning α-helices, 
which are organized in two bundles of 6 α-helices, similar to MFS transporters. The 
two bundles share an intramolecular rotational symmetry, which is possibly caused 
by a gene duplication event since the two halves share a high sequence homology (32). 
The NorM structures unveiled a possible Na+-binding site within the C domain (32) 
and an outward facing monovalent cation binding site (63). Charged residues located 
within the substrate binding cavity: Asp36, Glu255 and Asp371 of V. cholerae NorM, 
are essential for transport activity. Mutations of these residues abolish Na+-driven 
antiport (32). 
MATE transporters are very similar in structure and function to the MFS superfamily 
and therefore the substrate transport mechanism is thought to be comparable. In the 
outward facing conformation, the MATE transporter is accessible for protons/Na+ but 
has a low affinity for substrate. Proton or sodium ion binding induces conformational 
changes that open up the transporter to the cytoplasmic side, which is primed for 
substrate binding. Subsequent substrate binding reverts the transporter to the outside 
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facing conformation and leads to expulsion of substrate. Known substrates of MATE 
transporters are monovalent cationic cytotoxic biochemicals, like ethidium, tetraphe-
nylphosphonium and antibiotics, like tigecycline; a substrate of MepA in S. aureus (64).

Distribution of bacterial MDR transporters
Transport proteins of each of the five MDR efflux pump classes are present in both 
Gram-positive and negative bacteria. However, these MDR transporter classes do not 
seem to contribute equally to the antimicrobial resistance in pathogens. This is evident 
from the fact that, since the discovery of MDR in bacteria, RND transporters appear to 
be dominant players in the MDR phenotype of Gram-negatives, while Gram-positive 
pathogens seem to favor MFS type transporters for drug resistance (Table 1).

Table 1 Comparison of known MDR transporters in S. aureus and E. coli

Bacterium Known MDR transporter Family Reference

S. aureus NorA MFS (65)
 NorB MFS (66)
 NorC MFS (67)
 MepA MATE (64)

 Mobile genetic element- located
 QacA MFS (68)
 QacB MFS (28)
 QacG SMR (55)
 QacH SMR (55)
 QacJ SMR (55)
 Smr SMR (58)

E. coli AcrAB- ‐TolC RND (69)
 AcrEF- ‐TolC RND (69)
 EmrAB MFS (52)
 EmrD MFS (52)
 MdfA MFS (27)
 EmrE SMR (52)
 YdhE MATE (70)
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The distribution of drug resistance transporters between Gram-positive and negative 
bacteria is outlined below using E. coli and S. aureus as paradigms. Only few bacterial 
ABC transporters have been identified in bacteria that play a role in drug resistance. 
In E. coli, a macrolide specific transporter, MacAB (19), was identified, which can form 
a transport complex with the outer membrane channel TolC. The essential lipid A 
flippase MsbA is highly homologous to known MDR transporters, but its role in 
antimicrobial resistance is questionable. Likewise, there is only weak proof for an 
involvement of ABC transporters in drug resistance in S. aureus. Recently, the ABC 
transporter Sav1866, of which the structure was solved, has been implicated to be 
involved in resistance against cationic chemicals using a heterologously expressed 
protein (71). Several resistance genes, located on mobile genetic elements, were 
identified in MRSA strains that encode ABC transporters. Amongst these are the 
genes encoding the transporters VgaC (72), VgaD (73), VgaE (74) and IsaE (75). However, 
these genes are located on transposons and plasmids and probably originate from 
Enterococci.
On the other hand, MFS transporters play a crucial role in antibiotic resistance of 
Gram-positive bacteria and a large number of such transporters are found in this 
bacterium. The MFS transporters NorA and QacA/B are the best characterized (65,68), 
and are mainly responsible for high level fluoroquinolone (NorA) and quaternary 
ammonium compound (QacA/B) resistance. Several other MFS transporters have 
been characterized that play a role in drug resistance in S. aureus. For instance, the 
transporters NorB (66) and NorC (67), which also contribute to multidrug resistance, 
MdeA (76) and LmrS (77). Likewise, E. coli also contains a large number of MFS trans-
porters that are involved in drug resistance, although the transporter MdfA (27) is a 
major marker conferring a MDR phenotype with a wide substrate spectrum including 
aminoglycosides, fluoroquinolones, macrolides, tetracycline and chloramphenicol. 
EmrAB plays a role in quinolone and tetracycline resistance and forms a complex 
with TolC, a feature that it shares with the main MDR class transporters in E. coli; 
the RND-type transporters. In E. coli several RND transporters have been identified 
that are involved in antibiotic resistance, namely AcrAB, AcrAD and AcrEF. All form 
a complex with TolC that spans both the inner and outer membrane to efficiently 
expel drugs into the extracellular milieu. AcrAB and AcrEF transporters have a broad 
substrate range, including β-lactams, fluoroquinolones, macrolides, tetracyclines, 
trimethoprim and sulfamides (69). In comparison, RND transporters do not play a 
role in the antibiotic resistance of S. aureus. Genomic sequence alignments revealed 
three putative RND transporter genes, of which one shares some sequence homology 
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with known drug transporters but there is no evidence that these RNDs contribute 
to drug resistance.
Members of the SMR family that are involved in drug resistance have been identified 
both in S. aureus and E. coli. However, the SMR MDR proteins of S. aureus are mainly 
plasmid borne. The identified SMR drug transporters include Smr (78), QacG, QacH, 
QacJ (55) and the well-studied E. coli transporter EmrE. MATE transporters contribute 
to the drug resistance of both S. aureus and E. coli, especially the MepA transporter of 
S. aureus is a major contributor to MDR in this pathogenic bacterium (79). The trans-
porter YdhE of E. coli has been shown to confer resistance against several antibiotics 
(70), including fluoroquinolones and chloramphenicol.
As described above, multidrug resistance in E. coli can be attributed mainly to RND 
transporters and to a lesser extent to the other secondary transporters. In contrast,  
S. aureus multidrug resistance is mainly caused by MFS transporters, and is enhanced 
by MATE and SMR transporters. 

How to deal with multidrug resistance transporters?
Multidrug resistance transporters contribute in a major way to the overall resistance 
of pathogenic bacteria. New strategies are required to combat the development of 
bacterial resistance and to circumvent the multidrug resistance phenotype of “super-
bugs”. There are several hypotheses to achieve the inhibition of multidrug resistance 
transporters. Naturally, discovering novel antibiotics is a priority, and this strategy 
will be explained below. 
The design of already known antimicrobials in such a way that they bypass the 
multidrug efflux pumps has been shown to be efficient in killing resistant bacteria. 
Especially, the design of trivalent cationic antibiotics might hinder the efflux via 
secondary transporters, since the transport of increasingly charged molecules is 
energetically unfavorable (25). On the other hand, these molecules can enter the cell 
as they are pulled in via the transmembrane electrical potential, which is negative 
inside. Blocking efflux pumps, in particular for RND-type transporters, is also a 
viable way to inhibit multidrug transporter activity. Especially the inhibition of the 
outer membrane channel greatly affects the efflux pump activity, as was shown for 
the inhibition of OprM in drug resistance of P. aeruginosa. In this study, an anti-
sense approach was used to specifically reduce the gene expression of oprM (80). The 
reduced oprM expression levels resulted in a reversal of the multidrug phenotype 
of several clinical MDR P. aeruginosa isolates. Inhibition of the MDR transporter 
can also be accomplished by using specific antibodies that target the efflux pump. 
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An antibody approach was successfully employed to inhibit the activity of MDR-1, 
also called P-glycoprotein (81) in mammalian cells. In this study specific monoclonal 
antibodies were used, raised against epitopes, which upon antibody binding show a 
marked decrease in transport activity. Administering these compounds to a mouse 
model showed that the specific antibodies can penetrate the solid tumors, reach its 
MDR-1 targets, and this resulted in an accumulation of anticancer agents in the tumor 
cells. Such an approach, may however not be so efficient in bacteria unless it concerns 
antibodies against the outer membrane pore TolC or related proteins.
Numerous reports on efflux pump inhibitors, like energy source uncouplers (82), direct 
inhibitors of transporter activity (83,84) or antibiotic analogs (85), have shown that the multi-
drug resistance phenotype of pathogenic bacteria can be circumvented. Nevertheless, 
these strategies have their drawbacks: 1) Uncouplers, like carbonyl cyanide m-chlorop-
henyl-hydrazone, have not been used as therapeutics because of their cytotoxic side-
effects (84), 2) direct inhibitors, like reserpine, are toxic for humans at the concentrations 
required for efflux pump inhibition (86), and 3) antibiotic analogs share a base structure 
with their antibiotic counterpart and therefore have antimicrobial activity, which may 
cause selective pressure and development of resistance. 

Discovery of new antibiotics
The discovery of β-lactam antibiotics and sulfonamides initiated the golden era of 
antibiotic discovery during the 1940s to 1960s. Screening of soil-derived actinomy-
cetes led to the discovery of several antimicrobial drugs, like the aminoglycosides. This 
screening method was similar to the tests performed by Alexander Fleming, which 
led to the detection of penicillin produced by a filamentous fungus. Unfortunately, 
the search for new antibiotics via screening of soil-derived actinomycetes declined 
because of the high background activity of already discovered compounds (87). Other 
strategies were employed to generate new antimicrobials, like the production of 
synthetic compounds and modification of known classes of antibiotics. However, 
these strategies did not yield many new classes of antibiotic compounds, which is 
reflected by the fact that since the 1960s no new natural broad spectrum antibiotic 
has been discovered. Novel antimicrobial drugs that are introduced are mostly deri-
vatives of known compounds or a narrow spectrum drugs (88). 
The rise of antibiotic resistance urges for new and effective antibiotics. New strategies 
are needed to discover such molecules and new ways to reduce the spread of resistance 
against the new drugs need to be developed. Our understanding of (multi-)drug resis-
tance can aid the development of ways to circumvent or slow down the emergence of 



Chapter 1: Bacterial multidrug resistance and antibiotics development 27  

pathogens resistant to the novel compounds. The knowledge that has been gathered 
about antibiotic production during and after the “golden era” of antibiotics discovery 
may contribute to the establishment of new discovery platforms. Several lessons were 
learned from antibiotic production studies. Early studies on the soil-derived strepto-
mycetes taught that antibiotic production peaks during the stationary growth phase 
of the producing strains. This growth dependent antibiotics production was soon 
linked to quorum sensing regulatory pathways. The responsible regulatory molecules 
in actinomycetes, the butyrolactones, were discovered in 1967 (89) and were found to 
control the production of various antibiotic production pathways (90). Furthermore, 
growth conditions also highly influence the production of secondary metabolites, 
as indicated in a study where several different growth media were screened for the 
biosynthesis of bioactive compounds (91). The availability of different carbon sources 
plays an important role in the regulation of antibiotic production in S. coelicolor (92), 
antibiotic production was shown to be differently regulated depending on the carbon 
source in the growth medium. Cultivation of Streptomyces sp. strain C34 resulted in 
the identification of three new polyketide antimicrobials (93), proving that in known 
antibiotic production hosts, silent gene clusters might be activated under different 
cultivation conditions.
Bioinformatics analysis revealed that the genes encoding the machinery for the 
biosynthesis of secondary metabolites are arranged in clusters, which can span several 
tens of kilobases. The availability of genome sequences, including the genomes of 
antibiotic producers, led to the discovery of many putative gene clusters involved 
in the production of antimicrobials. These analyses have furthermore revealed that 
antibiotic production hosts contain several operons for the biosynthesis of secondary 
metabolites, though many of these operons are not expressed or silent under labo-
ratory conditions (94). One way to discover novel antimicrobials is to awaken such 
silent secondary metabolite operons via incorporation of these gene clusters into 
expression vectors, although this process is laborious and difficult to establish as a 
high-throughput screening approach. The activation of entire gene clusters is compli-
cated, since these clusters are usually large and therefore difficult to clone. A more 
straightforward strategy is to manipulate the regulation of the secondary metabolite 
gene clusters. Recent studies have shown that the production of new natural products 
could be identified through the constitutive expression of activators or disruption of 
repressors of gene clusters in Streptomyces strains (95).
A wealth of information of possible novel antibiotics might be gathered from uncul-
tured bacteria, which do not grow under normal laboratory conditions. A large 
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number of antibiotics discovered during the “golden era” come from actinomycetes 
isolated from soil samples. Soil samples contain a large diversity of microbes, as 
was observed in metagenomic analysis (96), of which only few can be cultured under 
laboratory conditions (97). Other habitats, like sea and fresh water, are also rich in 
microbial life (87,97) like many sponges that live in symbiosis with bacteria and these 
provide viable alternatives for the search of novel antimicrobials. Cloning of DNA 
encoding possible antibiotic biosynthesis operons, identified by the metagenomics 
studies, directly into a suitable production host, like E. coli or S. coelicolor, has yielded 
several new antimicrobial compounds (98).
The “reprogramming” of biosynthesis machinery of antibiotic production hosts is 
a further strategy to generate novel compounds. Using synthetic biology tools the 
synthetases of antimicrobial compounds in Streptomyces have been engineered in 
such a way that novel molecules were produced (99). Several daptomycin analogs were 
produced using a domain exchange strategy for its non-ribosomal peptide synthetase. 
Using similar strategies, domain exchange, targeted mutagenesis, or other combina-
torial methods might result in the production of more novel antimicrobials.
In the search for new antibiotics not a stone must be left unturned, and one novel 
approach is to investigate peptide and protein-based drugs. It is known that bacteria 
produce antimicrobial peptides to compete with other bacterial species. One group 
of these antimicrobial peptides are the acyldepsipeptides (ADEP), which activate the 
ClpP protease machinery and thereby cause the bacteria to digest themselves (100). 
These ADEPs have been modified to increased antibacterial activity and such novel 
antimicrobials have shown to be potent against multidrug resistant Gram-positive 
bacteria, including MRSA. Pore forming protein-based antimicrobials produced by 
P. aeruginosa have been shown to be interesting compounds to combat a variety of 
bacterial pathogens. These so called R-type bacteriocins form a high molecular weight 
complex resembling the tail structures of bacteriophages, which have the ability to 
puncture the target bacterial cell (101). The phage-like structure of these antibacterial 
proteins consists of several tail fibers connected to a core sheath structure. The tail 
fibers are involved in the specific recognition of the target bacterium. Alterations in 
the tails have shown that these pore-forming proteins can be specifically engineered to 
kill certain pathogens, like E. coli strains, which specifically express the O157 antigen.
A distinct other group of antimicrobial peptides are the thioether-bridged cyclized 
bacteriocins. Sulfur-bridged linkages are typically found in two classes of bacterio-
cins; the lantibiotics and the sactibiotics (102). These two bacteriocin groups share a 
similar structure and only deviate from each other by the type of thioether linkage. 
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Lantibiotics are bacterial peptides containing thioether bridges between lanthionine 
and methyllanthionine amino acid residues. Through the enzymatic dehydration 
of serine and threonine residues respectively dehydroalanine and dehydrobutyrine 
are formed. A nucleophilic addition of a cysteine thiol onto these hydrated amino 
acids results in either lanthionine or methyllanthionine. Through these modifications 
a covalent linkage is formed between a cysteine thiol and the β-carbon of another 
residue, resulting in the typical cyclic thioether-linkage. Mature lantibiotics may also 
contain dehydroalanine or –butyrine residues which do not contribute to the forma-
tion of sulfur bridges. Sactibiotics are similar to lantibiotics, but contain thio ether 
bridges formed by linkage between a cysteine thiol and an α-carbon of another residue. 
Bacteriocins have been reported to be equipped with different types of antibacterial 
activity (103). Some lantibiotics have been shown to interact with lipid II in the bacterial 
cytoplasmic membrane and thus interfere with cell wall biosynthesis. They may also 
form pores in the cell membrane causing leakage of small molecules and dissipation 
of the membrane potential. One of the first lantibiotics discovered is nisin (104), which 
is a lactococcal peptide that has an inhibitory effect on other Gram-positive bacteria. 
After its first identification, it became apparent that nisin is safe for food use and is 
nowadays widely used as a food additive to improve the shelf life of dairy products. 
A large number of novel bacteriocins have been identified since the discovery of the 
first antimicrobial peptides. This type of antimicrobials is particular interesting for 
clinical applications, since they are active against Gram-positive bacteria, including 
human pathogens. Lantibiotics have shown to be active against multidrug resistant 
bacteria (105), like MRSA, and one lantibiotic NV302, which showed promising acti-
vity against Clostridium difficile, has entered clinical trials (106). Further studies need 
to be done to prevent the survival of persister cells, as to limit the development of 
lantibiotic resistance. However, a major problem with bacteriocins in general is that 
they are active only against Gram-positive bacteria, and thus may only yield narrow 
spectrum drugs. Moreover, because they are of peptide-nature, they are also immu-
nogenic, which may limit their use in human beings.

Future antibiotics
The therapeutic use of antibiotics in healthcare and agriculture leaves a serious anti-
biotic pressure on the environment (107). This observation led to the design of antibiotic 
compounds containing an intrinsic ability for autoinactivation (108,31). These “smart” 
antibiotics contain a photoswitchable moiety, which gives the bioactive compound 
the ability to switch between two photoisomeric states (Fig. 6). 
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Figure 6 A photoswitchable quinolone antibiotic. a) Structure of an azobenzene-containing 
quinolone drug, which can be switched between its cis- and trans-photoisomeric states using 
light (108). b) Using different wavelengths of light the photoswitchable drug can be switched 
between two photoisomeric states, “ON or OFF”, each with its own level of antimicrobial 
activity, the cis isomer has a higher antibacterial activity.

The introduction of a photoswitch into an antibiotic allows control over its antimi-
crobial activity. Photo-switchable biomolecules have a specific half-life when they are 
in their active form and gradually return to their inactive photoisomeric state, they 
auto-inactivate. Thus after administering an activated drug, it is active for several 
hours when it is needed to suppress disease. However, once the drug is excreted from 
the body it will have reversed to its inactive form and thereby will not add to anti-
biotic pressure on the environment (108) and thus will not induce the development 
and spread of resistance. However, this work is still at its early stages and smart anti-
biotics have their own drawbacks. These biomolecules need to be irradiated with 
high energy UV light into their active isomeric state, which is not only cytotoxic to 
human cells but also the UV photon has a poor tissue penetration which prevents 
in situ applications. Furthermore, the reported active switchable antibiotics have a 
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limited half-life, which is in the range of two hours with the modified quinolone 
antibiotic synthesized by Velema et al, during which the active form will revert back 
to its inactive ground state. Such a gradual return to the inactive photoisomeric state 
will slowly decrease the antibiotic pressure locally, which by itself might result in the 
development of antibiotic resistance. More research is needed for the development of 
novel smart antibiotics, which are more stable and contain a photoswitch that can be 
activated with a more favorable wavelength of light. This might lead to the creation 
of “future antibiotics”.

Conclusion
Since the “golden era” of antibiotics discovery, the continuous utilization of antibio-
tics in both healthcare and agriculture have led to the emergence of many antibiotic 
resistant pathogens. Multidrug resistant superbugs have made treatment of infectious 
disease increasingly more difficult. Transport proteins contribute to the multidrug 
resistance phenotype of pathogenic bacteria. Therefore, due to the rising threat of 
multidrug resistance there is a need to find ways to circumvent this serious drug 
resistance phenotype. This can be achieved by using specific efflux pump inhibition 
strategies, ranging from novel antisense treatment to biomolecules that directly block 
the transport activity of these pumps. The discovery of novel antibiotics has decrea sed 
tremendously since the “golden era”, just at a time when there was a growing need for 
new antimicrobials. New strategies are needed to acquire new antibiotics to combat 
persistent pathogenic bacteria. The knowledge gathered from the traditional anti-
biotic producer strains combined with modern analysis techniques should aid in the 
search for novel antimicrobial compounds. Finally, the design of smart antibiotics 
of which the activity can be controlled via an external stimulus can help to decrease 
the antibiotic pressure footprint on the environment in addition to the separation of 
classes of antibiotics for human and veterinarian use. The “future antibiotics” might 
reduce the appearance of antibiotic resistance markers in the environment. 
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Scope of this thesis
This thesis presents experimental studies on the role of ABC transporters in multi-
drug resistance in Staphylococcus aureus and the development of a novel method to 
generate smart antibiotics and other bioactive molecules that can be activated using 
light. 
In Chapter 2, Sav1866 and seven other putative ABC transport proteins are charac-
terized, focusing mainly on their involvement in drug resistance. Using gene expres-
sion studies and via the creation of gene inactivation strains the function of these 
ABC transporters in antibiotic resistance is analyzed. 
Chapter 3 describes an analysis of the regulation of the multidrug transporter 
LmrCD of L. lactis by its regulator LmrR. The interaction of LmrR with its responsive 
promoter regions was analyzed in the presence and absence of its ligand Riboflavin. 
Furthermore, the minimal DNA binding site of LmrR on the lmrCD promoter region 
was elucidated using microscale thermophoresis.
Chapter 4 describes the creation of a novel antibiotic containing an intrinsic “ON/
OFF” switch, which can be triggered using light. A photoswitchable azobenzene 
moiety within the quinolone allows for the antibiotic to switch between two states, an 
inactive ground state and a light induced active state. The modified antibiotic shows 
a light dependent switch between the active and inactive state. Upon UV irradiation, 
the antimicrobial activity increases. Furthermore, this compound slowly autoinacti-
vates after it has been switched to its active form. Thus such photoswitchable anti-
biotics will allow a more safe use. Once released from the body, the antibiotic will be 
in an inactive state and thus not promote the development of resistance that normally 
arises from the spillage of antibiotics to the environment.
In Chapter 5 the activity of two photoactivatable antibiotics is described. These anti-
biotics contain a photocleavable coumarin moiety which keeps them in an inactive 
state. Photoirradiation triggers the release of the coumarin group and thereby acti-
vates the antibiotics. The two caged antibiotics are activated at different wavelengths, 
which permits the selective targeting of bacteria sensitive to either of the compounds.
Chapter 6 focuses on the creation and analysis of a photoswitchable signaling mole-
cule, which can control quorum sensing regulated gene expression in Pseudomonas 
aeruginosa. The introduction of an azobenzene moiety into a signal molecule of the 
Las quorum sensing system allows for the control of target genes of this complex 
regulatory mechanism and the controlled suppression of virulence. The creation of 
two light inducible signaling molecules is described, each with a different effect on 
the P. aeruginosa Las system.  
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