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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-

a

b
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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

Cytoplasmic
Membrane

Outer 
Membrane

Na+ H+ H+

H+
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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 
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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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Abstract
Antibiotic and in particular multidrug resistance, is becoming a serious threat to 
public health. Dedicated transport proteins have the capability to promote the efflux 
of therapeutic drugs from bacterial cells. Here, we investigated the involvement of 
ABC transporters in the intrinsic antibiotic resistance of Staphylococcus aureus. As 
a reference we studied the Sav1866 transporter, which has been implicated in the 
transport of cationic toxic compounds. Using gene expression analysis and growth 
studies focusing on eight S. aureus ABC transporters, it appears that these systems 
fulfill only a minor role in antibiotics and drug resistance.

Introduction
Since the therapeutic implementation of antibiotics in the mid-40s, the occurrence 
of drug resistant pathogenic bacteria has significantly increased (1). Infections with 
these resistant strains of bacteria are becoming increasingly difficult to treat, and 
therefore oppose a serious threat for public health. It is generally known that bacteria 
can acquire drug resistance via horizontal gene transfer, and thereby avoid the toxic 
effect of antibiotics. Acquired drug resistance can be caused by several mecha-
nisms, including degradation of the antibiotic or substitution of the target molecule. 
However these acquired elements usually only target one, or a subset of, antibiotic(s) 
(2,3). Intrinsic resistance mechanisms, such as efflux transporter proteins, are able to 
expel a wide array of toxic compounds and these systems have been recognized to 
play a major role in multidrug resistance both in prokarya and eukarya (4–6).
The Gram-positive opportunistic pathogen Staphylococcus aureus is a serious threat 
for public health. Despite the fact that about 30% of the human population is a carrier 
of this bacterium, S. aureus can cause fulminant infections once the host immune 
system is compromised (7). Besides its virulent nature S. aureus also has a high 
propensity to acquire antibiotic resistance, an example of this is methicillin resistant 
S. aureus (MRSA). Within two years after the introduction of methicillin in the 
1960s, the first resistant MRSA strains were already observed (8,9). In addition to the 
acquired resistance mechanisms present in virulent S. aureus strains, these bacteria 
also carry the intrinsic capacity for resistance against toxic compounds via dedicated 
drug efflux transporters (10). 
Bacterial multidrug (MDR) transporters can be grouped into five distinct families, 
namely the major facilitator superfamily (MFS), the small multidrug resistance family 
(SMR), the multidrug and toxic compounds extrusion family (MATE), the resistance-
nodulation-cell division family (RND), and the ATP-binding cassette superfamily 



Chapter 2:  Analysis of the role of ABC multidrug transporters in antibiotics resistance in 
Staphylococcus aureus

43  

(ABC) (11). In bacteria, most of the classified MDR transporters belong to the MFS, 
SMR, MATE and RND families. In these secondary transporters, the export of toxic 
compounds is facilitated by the proton or sodium motive force. ABC-transporters 
however, use the energy from ATP hydrolysis for the transport of their cargo mole-
cules, and are therefore called primary transporters. Although ABC-transporters 
are notorious for their role in conferring resistance to chemotherapeutic drugs in 
mammalian cells, the knowledge on their involvement in bacterial MDR is still 
limited. Only a few bacterial ABC-transporters have been positively identified to 
function as drug-efflux transporter, which include the Lactococcus lactis LmrCD (4) 
and Vibrio cholerae VcaM (12). Other ABC-transporters have been associated with a 
role in MDR, but often lack the biochemical support to confirm their in vivo func-
tion. One such candidate MDR-ABC transporter is Sav1866, which is encoded in the 
core genome of S.aureus (S. aureus NCTC-8325 locus: SAOUHSC_02003). Sav1866 
is a homolog of the well-known mammalian multidrug resistance transporter MDR1 
(13). Due this homology, the structure of Sav1866, acquired by high-resolution crystal-
lography, is used for modeling of the structural conformation and functionality of 
MDR1 (14). These structural studies have shown that a functional Sav1866 transporter 
complex operates as a homodimer, and is thus composed of two Sav1866 halftrans-
porters (13), each comprises one nucleotide binding domain fused to a transmembrane 
domain. The structural homology between MDR1 and Sav1866, makes it tempting 
to speculate whether the latter can indeed function as MDR transporter. This idea 
was supported by the finding that ATPase activity of Sav1866 can be enhanced by 
the same cationic detergents that induce an increased ATPase activity in MDR1 (15,16). 
In addition, recent studies have demonstrated that Sav1866, when expressed in a 
heterologous system, has the ability to expel a number of hydrophobic chemicals, 
like ethidium and tetraphenylphosphonium (17). Here we have investigated the role 
of the transporter Sav1866 and other putative ABC-MDR transporters in resistance 
against toxic compounds in S. aureus with in vivo techniques. Via gene inactivation 
and expression studies we try to elucidate the role of these transporters in resistance 
against toxic compounds. 

Selection of putative ABC-MDR transporters 
Of the ABC transporters of S. aureus only Sav1866 has been studied with respect 
to its potential function in multidrug resistance. Sav1866 encodes for an ABC half-
transporter (13). It shares 31% and 32% identity in amino acid sequence with LmrC 
and LmrD, respectively (Table 1), which have been implicated in the intrinsic and 
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induced drug resistance in Lactococcus lactis and function as a heterodimeric ABC 
MDR transporter (4). The S. aureus NCTC-8325 genome was further analyzed for 
ABC-MDR genes and selected candidates were prioritized based on their sequence 
similarity to LmrCD, annotation (Table 1) and their wider presence in sequenced  
S. aureus strains (Suppl. data: ABC transporter alignments). 
The sequence comparison yielded three putative ABC-MDR halftransporters and 
four candidate MDRs that encode an ABC domain only. MDR transporters consisting 
of only the ABC domains have been implicated in antibiotic resistance, as was shown 
for VmlR of Bacillus subtilis (18). These ABC domains facilitate drug resistance via 
interaction with transmembrane permeases, the selected ABC domains are encoded 
on the genome with a nearby putative permease gene. 

Table 1 Homology of amino acid sequence of candidate ABC-MDR transporters to LmrCD

  LmrC  LmrD
 
Locus tag  Identity Coverage Identity Coverage

“halftransporters”     
SAOUHSC_02718 ABC1 29% 93% 30% 88%
SAOUHSC_02719 ABC2 28% 65% 29% 83%
SAOUHSC_00647 ABC3  27% 92% 29% 89%
SAOUHSC_02003 Sav1866 31% 97% 32% 89%

“NBD only”     
SAOUHSC_02154 ABC4 25% 74% 25% 67%
SAOUHSC_02152 ABC5 22% 52% 27% 71%
SAOUHSC_01311 ABC6 25% 61% 25% 66%
SAOUHSC_00333 ABC7 22% 72% 25% 78%

All candidate ABC-MDRs exhibit 25-30% sequence identity with LmrCD, due to 
the highly conserved nature of the ABC domains most ABC exporters share a signi-
ficant sequence similarity. Alignments of Sav1866 to non-MDR ABC transporters 
did result in high sequence similarities, mainly in the ABC domains. Alignments 
with the phosphate transport system PstB resulted in a 30% sequence identity with 
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a coverage of only 35% (Suppl. Data). Sequence alignments of all seven candidate 
ABC transporters of S. aureus NCTC-8325 against clinically relevant and model 
S. aureus strains (COL, N315, Newman and USA300) showed that these transpor-
ters are highly conserved, resulting in a 95 – 100% sequence identity between most 
sequenced S. aureus strains. The amino acid sequence of the three halftransporter 
proteins were further compared to Sav1866 for the hydrophobicity profile, showing a 
predicted six transmembrane helices and a C-terminal NBD (Fig. 1) consistent with 
the high resolution crystallographic structures of the Sav1866 transporter (13). 

Figure 1 Prediction of the secondary structure of the ABC-MDR halftransporters, compared 
to Sav1866. ABC1 (red), ABC2 (blue) and ABC3 (green) show a high degree of similarity in 
the predicted transmembrane spanning helices based on the hydrophobicity of the amino 
acid residues. Each of the ABC halftransporters consists of six transmembrane segments 
(red box), which are arranged as three pairs connected by a short loop on the outside of the 
membrane (blue line). The C-terminal part of the halftransporters exhibits a lower density of 
hydrophobic residues and consists of the cytoplasmic (black line, “in”) NBD region.

Influence of antibiotics on ABC transporter gene expression
As an initial indicator for the involvement of Sav1866, the three candidate ABC 
transporters and the four ABC domains in drug extrusion, we studied the effect of 
antibiotics on their gene expression levels. As part of a large multi-conditional tiling 
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array experiment (Mäder et al, in preparation), a number of clinically relevant anti-
biotics (ciprofloxacin, clindamycin, erythromycin, linezolid, and co-trimoxazole) 
were screened at subinhibitory concentrations. Data derived from this tiling array, 
however, suggests that these antibiotics have no significant effect on the gene expres-
sion of our candidate ABC transporters during either logarithmic or stationary 
growth (Table 2). In addition we could demonstrate that neither of the antibiotics 
significantly affected the expression of transport mechanisms involved in house-
keeping functions and genes encoding putative primary and secondary transport 
proteins other than the selected candidate ABC-MDR transporters (Table S1). With 
only a slight increase in gene expression of a few putative transport proteins involved 
in housekeeping functions, like metal ion uptake transporters.
The effect of antibiotics on the expression of the candidate genes was further analyzed 
by quantitative PCR (qPCR). Also, the presence of sub-inhibitory concentrations of 
ampicillin, erythromycin and tetracycline only marginally affected the gene expres-
sion. The highest change in expression level was observed for abc7 in the presence of 
erythromycin, which suggests a 2.4 fold increase in gene expression (Fig. 2).

Table 2 sav1866 gene expression in the presence of antibiotics during logarithmic and  
stationary growth

 Logarithmic growth phase Stationary growth phase
 
 Fold change* (± S.D.) Fold change* (± S.D.)

Ciprofloxacin 1.03 (± 0.01) 1.01 (± 0.02)
Clindamycin 1.04 (± 0.01) 0.99 (± 0.02)
Erythromycin 1.02 (± 0.00) 1.01 (± 0.01)
Linezolid 1.04 (± 0.01) 0.97 (± 0.02)
Co-trimoxazole 1.03 (± 0.01) 1.01 (± 0.01)
*Calculated fold change compared to control ± standard deviation (S.D.)

 
Growth of S. aureus RN4220 ∆sav1866 and ∆abc4 in the presence of toxic compounds
To investigate the involvement of the Sav1866 transport protein in resistance against 
toxic compounds a sav1866 (S. aureus NCTC-8325 locus: SAOUHSC_02003) 
deletion strain was created. Using the thermo sensitive chromosomal integration 
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vector pMAD (19) a clean sav1866 gene deletion strain was obtained, as validated by 
colony PCR (Fig. 3a) and Southern blotting (Fig. 3b). Colony PCR showed a specific 
fragment for the ∆sav1866 strain, of 1000 bp corresponding with the size of the 
upstream and downstream flanking regions, indicating a correct gene deletion. 

Figure 2 Gene expression of candidate ABC-MDR transporters after addition of ampicillin 
(white), erythromycin (dark gray) or tetracycline (black). Samples are compared to the control 
condition (light gray), bars and error bars represent the mean fold change and standard  
deviations.

Digestion of the ∆sav1866 genomic DNA with PsiI yielded the expected 800 bp frag-
ment, a loss of ~1700 bp compared to the RN4220 wild-type strain, which corres-
ponds with the size of the sav1866 gene (Fig. 3b, left). Subsequently, the deletion 
strain ∆sav1866 was grown in the presence or absence of various chemicals and 
compared to wild-type S. aureus RN4220. Sensitivity of the ∆sav1866 strain towards 
the different antibiotics is listed in Table 3a&b, however, the MIC values of the tested 
drugs are equal for both the wild-type and ∆sav1866 strains. Only a slight difference 
in growth between the RN4220 and ∆sav1866 strains was observed in the presence of 
rifampicin and rifaximin (Table 3b), inhibitors of the bacterial RNA polymerase, with 
MIC values in the nanomolar range. These growth experiments suggest that Sav1866 
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does not fulfill a critical function in the excretion of the tested antibiotics. A previous 
study demonstrated the transport of ethidiumbromide and tetraphenylphosphonium 
ion into inside-out membrane vesicles from Lactococcus lactis containing heterolo-
gous expressing sav1866 (17). Therefore, these fluorescent dyes were also examined 
for their effect on the growth of the ∆sav1866 strain compared to the wild-type. As 
shown in Table 4, there is no significant difference in resistance against ethidiumbro-
mide or tetraphenylphosphonium. In addition, we showed that ∆sav1866 exhibits 
similar levels of resistance to the DNA binding anti-cancer drug daunomycin and 
the efflux pump inhibitor reserpine as observed for the parental strain. This indicates 
that Sav1866 does not fulfill a critical role in the resistance against these compounds 
in its native host.

Figure 3 Validation of sav1866 and abc4 gene deletions. a) Colony PCR validation of gene 
deletion showing the RN4220 control, ∆sav1866 (left) and ∆abc4 (right). b) Southern hybridi-
zation of PsiI digested genomic DNA of RN4220 control and ∆sav1866 (left) and PstI digested 
genomic DNA of RN4220 control and ∆abc4 (right).

In addition to the deletion of sav1866, we attempted to construct deletion mutants of 
the seven candidate MDR ABC-transporter genes. However, of these, only ∆abc4 (S. 
aureus NCTC-8325 locus: SAOUHSC_02154) was successfully constructed. Upon 
digestion of the genomic DNA of the ∆abc4 strain with PstI a band of approximately 
1700 bp was observed. Compared to the wild-type DNA, which shows a DNA frag-
ment of approximately 2,5 kb, a loss of a specific abc4 fragment of ~800 bp (Fig. 3b, 
right). The deletion of abc4 did not result in a significant growth phenotype when 
cells were grown in the presence of a series of antibiotics and other toxic chemicals 
(Table 3a,b & Table 4).

2.3 kb

2.0 kb

RN4220 ∆sav1866

1 kb

3 kb

a b
RN4220 ∆sav1866 RN4220 ∆abc4 RN4220 ∆abc4
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Table 3a Antimicrobial MIC screening of S. aureus gene deletion strains 

 MIC (µM)

Antibiotic S. aureus RN4220 wild-type ∆sav1866 ∆abc4

Ampicillin 1.24 1.24 1.24
Tetracycline 0.52 0.52 0.52
Demeclocycline <0.50 <0.51 <0.50
Minocycline 0.51 0.51 0.51
Oxytetracycline 0.50 0.50 0.50
Ciprofloxacin 1.51 1.51 1.51
Levofloxacin  2.70 2.70 2.70
Norfloxacin >3.13 >3.14 >3.13
Erythromycin 0.68 0.68 0.68
Gentamicin  >8.38 >8.38 >8.38
Kanamycin >8.28 >8.28 >8.28
Spectinomycin >8.08 >8.08 >8.08
Puromycin >13.59 >13.60 >13.59
Trimethoprim 6.89 6.89 6.89
Chloramphenicol 6.19 6.19 6.19
Bacitracin  >11.25 >11.26 >11.25
Azoxystrobin 1240 1240 ND
Bitertanol 1480 1480 ND
Fluazinam 220 220 ND

Table 3b MIC of S. aureus strains for rifampicin & rifaximin

 MIC (nM)

Antibiotic S. aureus RN4220 wild-type ∆sav1866 ∆abc4

Rifampicin 6 3 ND
Rifaximin 6 4 ND
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Table 4 MIC values of dyes and drugs for S. aureus RN4220 wild-type and ∆sav1866 strains

 MIC (µM)

Dye S. aureus RN4220 wild-type S. aureus RN4220 ∆sav1866

Calcein 40.2 40.2
Rhodamine 6G 2.5 2.5
EtBr 8.0 8.0

Other drugs  
Daunomycin 32 32
Reserpine  41.1 41.1

Conclusion
The increasing prevalence of multidrug resistant bacteria is of great concern, since 
these pathogens are difficult to eradicate due to their resistance against a wide array of 
therapeutic antibiotics. Dedicated transport proteins contribute to the MDR pheno-
type of antibiotic resistant bacteria. The human opportunistic pathogen S. aureus 
contains several ABC transporters that share a high sequence homology with known 
MDR transport proteins. In this study we characterized putative ABC-MDR trans-
porters and ABC domains for their involvement in antibiotic resistance, including 
Sav1866, which was previously implicated to function as a drug exporter.
Using different gene expression studies we observed no significant effect of several 
clinically relevant antibiotics on the expression of the ABC transporter genes, nor 
on other transporters present in these cells. Further characterization of the putative 
ABC-MDR transporters was accomplished by creating gene deletion strains and 
analysis of the growth rate of these bacteria in the presence of toxic compounds. 
Using this strategy a Δsav1866 and Δabc4 strain were created, but gene inactivation 
mutants of the other six ABC genes could not be acquired. This appears to be a 
technical problem as the pMAD gene deletion strategy is not very efficient, with a 
yield of 1-5% of candidate mutants containing an excised plasmid and target gene (19). 
Obviously, improved methods for gene inactivation are required to allow for a greater 
throughput of mutants. The introduction of an antibiotic resistance marker might 
improve the selection of mutant strains. However, the introduction of a marker was 
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not favorable for this study with its focus on investigating antibiotic resistance pheno-
types. Instead of using electrotransformation, transduction using bacteriophages can 
also be used to efficiently transform S. aureus with the constructs (20).
The presence of a highly conserved nucleotide binding domain causes that ABC 
transporters in general have already a high sequence homology. Because of this, many 
unrelated ABC transporters share a reasonable sequence identity with (known) MDR 
transporters and this might have led to an overestimation of the amount of putative 
ABC-MDRs in our bioinformatics screening method. 
The transport protein Abc3, also called AbcA, was recently shown to be involved in 
the resistance against β-lactam antibiotics (21). In our studies we did not see a signifi-
cant effect of antibiotics on the abc3 expression and unfortunately an abc3 knock-out 
strain was not obtained.
The created Δsav1866 and Δabc4 strains were tested for their sensitivity towards a 
wide range of antibiotics, antifungals and other toxic chemicals. Deletion of either of 
the two ABC transporter genes did not have an effect on the sensitivity of the respec-
tive bacteria towards these compounds. Deletion of the sav1866 gene only affected 
the susceptibility of S. aureus to rifamycin antibiotics. The difficulty of finding an 
antibiotic resistance phenotype for the mutant strains might be explained by gene 
redundancy, as was shown for MDR in E. coli (22,23). The potential drug resistance 
phenotype of these deletion strains could be masked by expression of other MDR 
transport proteins. An alternative explanation for the absence of susceptible pheno-
type is that Abc4 and Sav1866 have no function related to drug resistance, and have 
other non-essential functions in the cell. Further studies are needed to elucidate the 
role of these transporters in antibiotic resistance. 

Methods

Bacterial strains and growth conditions
S. aureus RN4220 and derived mutant strains were grown in tryptone soya broth (TSB)
(Oxoid) at 37 °C. The strains and plasmids used in this study are listed in Table 5.

Bioinformatics
The genome sequence of S. aureus NCTC-8325 was screened for putative ABC-MDR 
transporter genes using the basic local alignment search tool (BLAST), using the 
sav1866 DNA sequence and the DNA sequence of lmrCD as a reference (BLAST is 
available at http://blast.ncbi.nlm.nih.gov/Blast.cgi). The distribution of the candidate 
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ABC transporters within the sequenced S. aureus strains was further analyzed using 
BLAST. The amino acid sequences of the ABC transporters of the S. aureus strains 
NCTC-8325, Newman, COL, N315 and USA300 were aligned using ClustalOmega 
(http://www.ebi.ac.uk/Tools/msa/clustalo/). Prediction of the secondary structure 
and presence of transmembrane segments was performed using the TMHMM 2.0 
prediction tool (http://www.cbs.dtu.dk/services/TMHMM-2.0/). 

Table 5 Strains and plasmids used in this study

S. aureus strain or plasmid Description Reference

Strains  
RN4220 NCTC 8325-4 derivative, restriction (24)

 deficient, cured of prophages
Δsav1866 RN4220 sav1866 gene deletion strain This work
Δabc4 RN4220 abc4 gene deletion strain This work
  
Plasmids  
pMAD E. coli – S. aureus shuttle vector,  (19)

 temperature sensitive in S. aureus,  
 Eryr, Ampr

Ery: erythromycin, Amp: ampicillin

RNA isolation & Tiling array
S.aureus RN4220 was inoculated from an overnight culture to a 100 ml pre-culture 
with an optical density at 600 nm (OD600) of 0.05. The pre-culture was grown to an 
OD600 of 0.500 and used to re-inoculate 100 ml of fresh TSB (OD600:0.05) with or 
without the supplemented antibiotics (Ciprofloxacin: 0.1 μg/mL, Clindamycin: 0.01 
μg/mL, Erythromycin: 0.05 μg/mL, linezolid: 0.1 μg/mL, and co-trimoxazole: 0.75 
μg/mL). During early stationary phase (OD600:0.500) and 4h after entry of stationary 
phase cells were harvested for RNA isolation. Harvesting of cells, RNA isolation, 
and tiling array approach was performed as described in Mäder et al (manuscript in 
preparation) and follows the protocol developed by Nicolas et al (25). 
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Quantitative real-time PCR
Overnight cultures of S. aureus RN4220 were diluted 100-fold in fresh LB medium 
and grown at 37 °C to an OD600 of 0.5. The pre-culture was diluted to an OD600 of 0.05 
in fresh TSB, grown to an OD600 of 0.6 and subsequently antibiotics were added at 
the given concentration (ampicillin 0.25 µg/ml, erythromycin 1 µg/ml or tetracycline 
0.5 µg/ml) and incubated for 15 minutes at 37 °C. As a control, an equal volume of 
DMSO was used. After incubation with antibiotics, cells were harvested for RNA 
isolation according to the method described above (25). To remove genomic DNA, the 
RNA samples were DNase treated using the RNase-Free DNase set (Qiagen) and RNA 
was further purified using an RNA Clean-Up and Concentration Micro kit (Norgen) 
according to the manufacturers’ instructions. For the cDNA synthesis, 500 ng of total 
RNA was used in a reverse transcriptase reaction using the iScript cDNA synthesis kit 
(Bio-Rad). The expression of the genes of interest, abc1, abc2, abc3, abc4, abc5, abc6, 
abc7, and the reference gene ftsZ were analyzed using qPCR with the primers listed 
in table 6. A negative control reaction with total RNA was analyzed to exclude gDNA 
contamination. As a PCR mastermix, the SYBR mix (Bioline) was used with 0.4 µM 
primers. Expression levels of the genes of interest were measured in duplicate with a 
MiniOpticon system (Bio-Rad) and results were corrected for the control sample and 
normalized against the reference gene.

Creating S. aureus gene deletion strains
The sav1866 and abc4 genes were inactivated using the pMAD system described by 
Arnaud et al (19). Primers used for the cloning of 5’ and 3’ flanking regions for the 
recombination events are listed in Table 6. Both flanking regions are approximately 500 
bp and contain an overlap region (CTACGTCAGTCAGTCACCATGGCA), which 
are used in overlap PCR reactions to fuse the flanking regions together. The resul-
ting combined flanking region fragments are ligated into the SmaI digested pMAD 
vector to yield pMADSavFR and pMAD-ABC4FR. Subsequently, pMADSavFR  and 
pMAD-ABC4FR were used to transform S. aureus RN4220 via electroporation, with 
the settings: 2,5 kV; 200 mΩ; 25 µF. The transformed cells were incubated in recovery 
medium, TSB 0.5% glucose, for 2 hours at 30 °C and plated out on trypton soya agar 
(TSA) with 5 µg/ml erythromycin and 50 µg/ml X-gal. The TSA plate was incubated 
for 1-2 days at 30 °C. Blue colonies were selected and streaked on a new TSA plate 
with erythromycin and X-gal.
For integration of the pMAD constructs into the chromosome of S. aureus, transfor-
mants were inoculated in TSB supplemented with 0.5% glucose without antibiotic 
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and grown for 2 hours at 30 °C followed by 6 hours at 42 °C. Serial dilutions of the 
culture were plated on TSA containing X-gal and incubated overnight at 42 °C to force 
insertion of the pMAD construct into the chromosome. For recombination excision 
a blue colony was selected and grown overnight in TSB with erythromycin and 0.5% 
glucose at 42 °C. The overnight culture was 1000-fold diluted in fresh TSB with 0.5%  
glucose without antibiotics and grown for 6 hours at 30 °C. A serial dilution of the 
culture was plated on TSA with X-gal and grown overnight at 42 °C. Excision of the 
pMAD construct was analyzed by plating white colonies on two TSA plates, one with 
erythromycin and one without. The deletion of sav1866 or abc4 was confirmed by 
colony PCR, in erythromycin sensitive clones, using primers F1 and R2.

Southern Blotting
Genomic DNA of wild-type S. aureus RN4220 and the candidate ∆sav1866 strain 
was digested with PsiI, genomic DNA of RN4220 and ∆abc4 were digested with PstI. 
The fragmented DNA was separated on 0.8% Agarose and blotted on Zeta-Probe 
membrane (Bio-Rad). Primers Sav1866 F2 and Sav1866 R2 were used to generate the 
500 bp downstream flanking region PCR fragment, which is used as a probe for the 
sav1866 gene deletion. For the validation of the abc4 gene deletion, primers ABC4 
F1 and ABC4 R1 were used to synthesize a DNA probe. The 500 bp DNA probe frag-
ments were labeled using the DIG-High prime kit (Roche), southern hybridization 
was performed as described in (26).

Table 6 Primers used in this study

Primer 5’-3’ sequence Reference

Sav1866 F1 GAAGTATTAAACAAATTGTCGCGTTATC This study

Sav1866 R1 CTACGTCAGTCAGTCACCATGGCAACAGGATGGTGGGGTCATAACATAG  This study

Sav1866 F2 TGCCATGGTGACTGACTGACGAATGAATAGAGGTTGGATACATAATTTG This study

Sav1866 R2 CCATTTGTTTGTGATGAAGAGGC This study

ABC4 F1 ATAGACAAGAAGTTAGATATGACAAATGC This study

ABC4 R1 CTACGTCAGTCAGTCACCATGGCAACATCAAATTGATGGAAGAAGG  This study

ABC4 F2 TGCCATGGTGACTGACTGACGCTATGGCATTCATGATGATTCCTC This study

ABC4 R2 ACTGGTTGATAATGAGACATGCATATTTAC This study

qpcrABC1 F GCTGTTGATGTTTGTGTAGG This study

qpcrABC1 R AAATGCTCCAGAACTGGATG This study
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qpcrABC2 F GCTTGGCAATGGTTGACTTAC This study

qpcrABC2 R GGACGATCTGGTCTTTAAGC This study

qpcrABC3 F GAACCGACAGAAGCTCTTG This study

qpcrABC3 R CTTGACCTTGTGGGATTTGG This study

qpcrABC4 F ACTTGATGGTCCCATTTACG This study

qpcrABC4 R GATATGGCTCTCAATCCGATAG This study

qpcrABC5 F AATGTCCGTCTGCTTTGTC This study

qpcrABC5 R GAGGAAGGTGTTGCATCTG This study

qpcrABC6 F CATCGCACTATATTGAAGAAGTC  This study

qpcrABC6 R TATTCATCGGATAACGTAATCTGAG This study

qpcrABC7 F GCTTTAACGATTGCGCTTTC This study

qpcrABC7 R ATTAAGATGCCTCCACCTTG This study

qpcrFtsZ F AAGCTGCTGCTGGAGTAG This study

qpcrFtsZ R CCTTGGCGTAACACGTTG This study

Overlap region sequence is indicated in bold font.

Growth studies: 2-fold serial dilutions 
A preliminary antibiotic resistance screening was performed using a 2-fold serial 
dilution. Overnight cultures of the S. aureus strains were diluted to an OD600 of 0.05 
in TSB broth and a serial dilution of the antibiotic was added. Cultures were incu-
bated overnight at 37 °C under constant agitation. Growth of these overnight cultures 
was analyzed  by measuring OD600.

Growth studies: microtiter plate assay
Overnight cultures of S. aureus RN4220 wild-type, ∆sav1866 and ∆abc4 were diluted 
to an OD600 of 0.1. Of this cell suspension, 100 µl was added to an equal amount of 
medium containing antibiotics. Cells were grown in a microtiter plate at 37 °C and cell 
density (600 nm) was measured every 10 min for 12h, with a 10 sec shaking step before 
each measurement, in a microplate reader (SynergyMX, BioTek). From the obtained 
growth curves the minimum inhibitory concentration (MIC) value was determined.
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Supplementary data: ABC transporter alignments 

ABC1

N315  MFQITFKILNWIRPYKARMILGFSMSFLNAIFIALPIFLAAKIFNNVLSHKPIYMKDILN

NCTC8325 MFQITFKILNWIRPYKARMILGFSMSFLNAIFIALPIFLAAKIFNNVLSHKPIYMKDILN

Newman MFQITFKILNWIRPYKARMILGFSMSFLNAIFIALPIFLAAKIFNNVLSHKPIYMKDILN

USA300 MFQITFKILNWIRPYKARMILGFSMSFLNAIFIALPIFLAAKIFNNVLSHKPIYMKDILN

COL  MFQITFKILNWIRPYKARMILGFSMSFLNAIFIALPIFLAAKIFNNVLSHKPIYMKDILN

N315  VVIIMVLLVIGRFITAYFKSKSHESIAYEMSAKERLDIGDKLKNVRLGYFNSHHSNELTT

NCTC8325 VVIIMVLLVIGRFITAYFKSKSHESIAYEMSAKERLDIGDKLKNVRLGYFNSHHSNELTT

Newman VVIIMVLLVIGRFITAYFKSKSHESIAYEMSAKERLDIGDKLKNVRLGYFNSHHSNELTT

USA300 VVIIMVLLVIGRFITAYFKSKSHESIAYEMSAKERLDIGDKLKNVRLGYFNSHHSNELTT

COL  VVIIMVLLVIGRFITAYFKSKSHESIAYEMSAKERLDIGDKLKNVRLGYFNSHHSNELTT

N315  IVTTDLTFLENFAMKMVDIVVNGYILITVLILSLLVVSWQVSLLACIGVLLSFFAIQLLE

NCTC8325 IVTTDLTFLENFAMKMVDVVVNGYILITVLILSLLVVSWQVSLLACIGVLLSFFAIQLLE

Newman IVTTDLTFLENFAMKMVDVVVNGYILITVLILSLLVVSWQVSLLACIGVLLSFFAIQLLE

USA300 IVTTDLTFLENFAMKMVDVVVNGYILITVLILSLLVVSWQVSLLACIGVLLSFFAIQLLE

COL  IVTTDLTFLENFAMKMVDVVVNGYILITVLILSLLVVSWQVSLLACIGVLLSFFAIQLLE

N315  RKSRQNAPAYHNVQNQLVEKVLEVIRGIQVIKSFAKENTSLKSFNQAVNESKRINTKIEM

NCTC8325 RKSRQNAPAYHNVQNQLVEKVLEVIRGIQVIKSFAKENTSLKSFNQAVNESKRINTKIEM

Newman RKSRQNAPAYHNVQNQLVEKVLEVIRGIQVIKSFAKENTSLKSFNQAVNESKRINTKIEM

USA300 RKSRQNAPAYHNVQNQLVEKVLEVIRGIQVIKSFAKENTSLKSFNQAVNESKRINTKIEM

COL  RKSRQNAPAYHNVQNQLVEKVLEVIRGIQVIKSFAKENTSLKSFNQAVNESKRINTKIEM

N315  QYIPFNLLHLLSLKVVSIMIVLVACLLYMNHSIDLPTLIMISIFSFVIFDSVENINSAAH

NCTC8325 QYIPFNLLHLLSLKVVSIMIVLVACLLYMNHSIDLPTLIMISIFSFVIFDSVENINSAAH

Newman QYIPFNLLHLLSLKVVSIMIVLVACLLYMNHSIDLPTLIMISIFSFVIFDSVENINSAAH

USA300 QYIPFNLLHLLSLKVVSIMIVLVACLLYMNHSIDLPTLIMISIFSFVIFDSVENINSAAH

COL  QYIPFNLLHLLSLKVVSIMIVLVACLLYMNHSIDLPTLIMISIFSFVIFDSVENINSAAH

N315  VLEMIDMTIDDIEKIKNAPELDENGKNLTIKNENIAFQNVNFSYDDKQVIKNVNFEIPTQ

NCTC8325 VLEMIDMTIDDIEKIKNAPELDENGKNLTIKNENIAFQNVNFSYDDKQVIKNVNFEIPTQ

Newman VLEMIDMTIDDIEKIKNAPELDENGKNLTIKNENIAFQNVNFSYDDKQVIKNVNFEIPTQ

USA300 VLEMIDMTIDDIEKIKNAPELDENGKNLTIKNENIAFQNVNFSYDDKQVIKNVNFEIPTQ

COL  VLEMIDMTIDDIEKIKNAPELDENGKNLTIKNENIAFQNVNFSYDDKQVIKNVNFEIPTQ

N315  TSTAIIGPSGSGKSTLCHLLLRFYDIDDGNIRIDGVDIKDMTLSTLMSKISAVFQKVYLF

NCTC8325 TSTAIIGPSGSGKSTLCHLLLRFYDIDDGNIRIDGVDIKDMTLSTLMSKISAVFQKVYLF

Newman TSTAIIGPSGSGKSTLCHLLLRFYDIDDGNIRIDGVDIKDMTLSTLMSKISAVFQKVYLF

USA300 TSTAIIGPSGSGKSTLCHLLLRFYDIDDGNIRIDGVDIKDMTLSTLMSKISAVFQKVYLF

COL  TSTAIIGPSGSGKSTLCHLLLRFYDIDDGNIRIDGVDIKDMTLSTLMSKISAVFQKVYLF
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N315  NDTIENNILFGNPGATKEEIIRAAKQACCHDFIMSLPEGYQTMLNEKGSNLSGGEKQRIS

NCTC8325 NDTIENNILFGNPGATKEEIIRAAKQACCHDFIMSLPEGYQTMLNEKGSNLSGGEKQRIS

Newman NDTIENNILFGNPGATKEEIIRAAKQACCHDFIMSLPEGYQTMLNEKGSNLSGGEKQRIS

USA300 NDTIENNILFGNPGATKEEIIRAAKQACCHDFIMSLPEGYQTMLNEKGSNLSGGEKQRIS

COL  NDTIENNILFGNPGATKEEIIRATKQACCHDFIMSLPEGYQTMLNEKGSNLSGGEKQRIS

N315  IARAILKDAPIIILDEATASIDPENEQLIQTAINELSKGKTVITIAHKLETIKNADQIIV

NCTC8325 IARAILKDAPIIILDEATASIDPENEQLIQTAINELSKGKTVITIAHKLETIKNADQIIV

Newman IARAILKDAPIIILDEATASIDPENEQLIQTAINELSKGKTVITIAHKLETIKNADQIIV

USA300 IARAILKDAPIIILDEATASIDPENEQLIQTAINELSKGKTVITIAHKLETIKNADQIIV

COL  IARAILKDAPIIILDEATASIDPENEQLIQTAINELSKGKTVITIAHKLETIKNADQIIV

N315  LNEGEIIQKGSHDELIRKPGMYQDFIRIKSKSAGWKL

NCTC8325 LNEGEIIQKGSHDELIRKPGMYQDFIRIKSKSAGWKL

Newman LNEGEIIQKGSHDELIRKPGMYQDFIRIKSKSAGWKL

USA300 LNEGEIIQKGSHDELIRKPGMYQDFIRIKSKSAGWKL

COL  LNEGEIIQKGSHDELIRKPGMYQDFIRIKSKSAGWKL

ABC2

NCTC8325 MNNQTNWIKILSGFASDSKWKIMLSILLSIISVFSGLVPYWAVFKIILMMINNTYTINSI

Newman MNNQTNWIKILSGFASDSKWKIMLSILLSIISVFSGLVPYWAVFKIILMMINNTYTINSI

COL  MNNQTNWIKILSGFASDSKWKIMLSILLSIISVFSGLVPYWAVFKIILMMINNTYTINSI

USA300 MNNQTNWIKILSGFASDSKWKIMLSILLSIISVFSGLVPYWAVFKIILMMINNTYTINSI

N315  MNNQTNWIKILSGFASDSKWKIMLSILLSIISVFSGLVPYWAVFKIILMMINNAYTINSI

NCTC8325 MVYIFIALIAYISQVCCFGASTMLSHITAYEILSEIRKKLAQKLMRLPLGVVESKKIGEL

Newman MVYIFIALIAYISQVCCFGASTMLSHITAYEILSEIRKKLAQKLMRLPLGVVESKKIGEL

COL  MVYIFIALIAYISQVCCFGASTMLSHITAYEILSEIRKKLAQKLMRLPLGVVESKKIGEL

USA300 MVYIFIALIAYISQVCCFGASTMLSHITAYEILSEIRKKLAQKLMRLPLGVVESKKIGEL

N315  MVYIFIALITYISQVCCFGASTMLSHITAYEILSEIRKKLAQKLMRLPLGVVESKKIGEL

NCTC8325 KNIFVDKVETIELPLAHMIPEVIGNLLLSAAIFLYIMLIDWRMASALLVTIPISIFAFKK

Newman KNIFVDKVETIELPLAHMIPEVIGNLLLSAAIFLYIMLIDWRMASALLVTIPISIFAFKK

COL  KNIFVDKVETIELPLAHMIPEVIGNLLLSAAIFLYIMLIDWRMASALLVTIPISIFAFKK

USA300 KNIFVDKVETIELPLAHMIPEVIGNLLLSAAIFLYIMLIDWRMASALLVTIPISIFAFKK

N315  KNIFVDKVETIELPLAHMIPEVIGNLLLSAAIFLYIMLIDWRMASALLVTIPISIFAFKK

NCTC8325 VMSGFNETYAEQMKSNNYMNSAIVEFIEGIEVIKTFNQSQSSYKKYKDAVDNYKIHTLNW

Newman VMSGFNETYAEQMKSNNYMNSAIVEFIEGIEVIKTFNQSQSSYKKYKDAVDNYKIHTLNW

COL  VMSGFNETYAEQMKSNNYMNSAIVEFIEGIEVIKTFNQSQSSYKKYKDAVDNYKIHTLNW

USA300 VMSGFNETYAEQMKSNNYMNSAIVEFIEGIEVIKTFNQSQSSYKKYKDAVDNYKIHTLNW

N315  VMSGFNETYAEQMKSNNYMNSAIVEFIEGIEVIKTFNQSQSSYKKYKDAVDNYKIHTLNW
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NCTC8325 FKNTWGYMNLGASVLPSTFLGILPVGMYLISINQLNYAEFFLCIVLSLGVVAPIKNFTNY

Newman FKNTWGYMNLGASVLPSTFLGILPVGMYLISINQLNYAEFFLCIVLSLGVVAPIKNFTNY

COL  FKNTWGYMNLGASVLPSTFLGILPVGMYLISINQLNYAEFFLCIVLSLGVVAPIKNFTNY

USA300 FKNTWGYMNLGASVLPSTFLGILPVGMYLISINQLNYAEFFLCIVLSLGVVAPIKNFTNY

N315  FKNTWGYMNLGASVLPSTFLGILPVGMYLISINQLNYAEFFLCIVLSLGVVAPIKNFTNY

NCTC8325 VNHLKSIQYALTEVNQILSLEELVLSTKFKKPQHYEIAFNNVGFSYNKDKDDLVFKHLSF

Newman VNHLKSIQYALTEVNQILSLEELVLSTKFKKPQHYEIAFNNVGFSYNKDKDDLVFKHLSF

COL  VNHLKSIQYALTEVNQILSLEELVLSTKFKKPQHYEIAFNNVGFSYNKDKDDLVFKHLSF

USA300 VNHLKSIQYALTEVNQILSLEELVLSTKFKKPQHYEIAFNNVGFSYNKDKDDLVFKHLSF

N315  VNHLKSIQYALTEVNQILSLEELVLSTKFKKPQHYEIAFNNVGFSYNKDKDDLVFKHLSF

NCTC8325 TVPENNFTAIVGASGSGKSTIAKLISRYWDVTSGEITIGGINIKDIESKQLNDLVGFVGQ

Newman TVPENNFTAIVGASGSGKSTIAKLISRYWDVTSGEITIGGINIKDIESKQLNDLVGFVGQ

COL  TVPENNFTAIVGASGSGKSTIAKLISRYWDVTSGEITIGGINIKDIESKQLNDLVGFVGQ

USA300 TVPENNFTAIVGASGSGKSTIAKLISRYWDVTSGEITIGGINIKDIESKQLNDLVGFVGQ

N315  TVPENNFTAIVGASGSGKSTIAKLISRYWDVTSGEITIGGINIKDIESKQLNDLVGFVGQ

NCTC8325 DNFLLNLTFKENIKLGNPEATDEAVEKAAKLAQCHEFIEKLPDGYDTNVGTVGDKLSGGE

Newman DNFLLNLTFKENIKLGNPEATDEAVEKAAKLAQCHEFIEKLPDGYDTNVGTVGDKLSGGE

COL  DNFLLNLTFKENIKLGNPEATDEAVEKAAKLAQCHEFIEKLPDGYDTNVGTVGDKLSGGE

USA300 DNFLLNLTFKENIKLGNPEATDEAVEKAAKLAQCHEFIEKLPDGYDTNVGTVGDKLSGGE

N315  DNFLLNLTFKENIKLGNPEATDEAVEKAAKLAQCHEFIEKLPDGYDTNVGTVGDKLSGGE

NCTC8325 KQRVTIARMILKDAPIIVLDEATVYVDPDNEQKIQEALNVLTQDKTLIVIAHRLSTIQHA

Newman KQRVTIARMILKDAPIIVLDEATVYVDPDNEQKIQEALNVLTQDKTLIVIAHRLSTIQHA

COL  KQRVTIARMILKDAPIIVLDEATVYVDPDNEQKIQEALNVLTQDKTLIVIAHRLSTIQHA

USA300 KQRVTIARMILKDAPIIVLDEATVYVDPDNEQKIQEALNVLTQDKTLIVIAHRLSTIQHA

N315  KQRVTIARMILKDAPIIVLDEATAYVDPDNEQKIQEALNVLTQDKTLIVIAHRLSTIQHA

NCTC8325 DQIIVLGKQQILEKGSHHLLLKLNGNYKKMWDTHMHTKDWGINTGHN

Newman DQIIVLGKQQILEKGSHHLLLKLNGNYKKMWDTHMHTKDWGINTGHN

COL  DQIIVLGKQQILEKGSHHLLLKLNGNYKKMWDTHMHTKDWGINTGHN

USA300 DQIIVLGKQQILEKGSHHLLLKLNGNYKKMWDTHMHTKDWGINTGHN

N315  DQIIVLGKQQILEKGSHHLLLKLNGNYKKMWDTHMHTKDWGINTGHN

ABC3

NCTC8325 MKRENPLFFLFKKLSWPVGLIVAAITISSLGSLSGLLVPLFTGRIVDKFSVSHINWNLIA

Newman MKRENPLFFLFKKLSWPVGLIVAAITISSLGSLSGLLVPLFTGRIVDKFSVSHINWNLIA

COL  MKRENPLFFLFKKLSWPVGLIVAAITISSLGSLSGLLVPLFTGRIVDKFSVSHINWNLIA

N315  MKRENPLFFLFKKLSWPVGLIVAAITISSLGSLSGLLVPLFTGRIVDKFSVSHINWNLIA

USA300 MKRENPLFFLFKKLSWPVGLIVAAITISSLGSLSGLLVPLFTGRIVDKFSVSHINWNLIA
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NCTC8325 LFGGIFVINALLSGLGLYLLSKIGEKIIYAIRSVLWEHIIQLKMPFFDKNESGQLMSRLT

Newman LFGGIFVINALLSGLGLYLLSKIGEKIIYAIRSVLWEHIIQLKMPFFDKNESGQLMSRLT

COL  LFGGIFVINALLSGLGLYLLSKIGEKIIYAIRSVLWEHIIQLKMPFFDKNESGQLMSRLT

N315  LFGGIFVINALLSGLGLYLLSKIGEKIIYAIRSVLWEHIIQLKMPFFDKNESGQLMSRLT

USA300 LFGGIFVINALLSGLGLYLLSKIGEKIIYAIRSVLWEHIIQLKMPFFDKNESGQLMSRLT

NCTC8325 DDTKVINEFISQKLPNLLPSIVTLVGSLIMLFILDWKMTLLTFITIPIFVLIMIPLGRIM

Newman DDTKVINEFISQKLPNLLPSIVTLVGSLIMLFILDWKMTLLTFITIPIFVLIMIPLGRIM

COL  DDTKVINEFISQKLPNLLPSIVTLVGSLIMLFILDWKMTLLTFITIPIFVLIMIPLGRIM

N315  DDTKVINEFISQKLPNLLPSIVTLVGSLIMLFILDWKMTLLTFITIPIFVLIMIPLGRIM

USA300 DDTKVINEFISQKLPNLLPSIVTLVGSLIMLFILDWKMTLLTFITIPIFVLIMIPLGRIM

NCTC8325 QKISTSTQSEIANFSGLLGRVLTEMRLVKISNTERLELDNAHKNLNEIYKLGLKQAKIAA

Newman QKISTSTQSEIANFSGLLGRVLTEMRLVKISNTERLELDNAHKNLNEIYKLGLKQAKIAA

COL  QKISTSTQSEIANFSGLLGRVLTEMRLVKISNTERLELDNAHKNLNEIYKLGLKQAKIAA

N315  QKISTSTQSEIANFSGLLGRVLTEMRLVKISNTERLELDNAHKNLNEIYKLGLKQAKIAA

USA300 QKISTSTQSEIANFSGLLGRVLTEMRLVKISNTERLELDNAHKNLNEIYKLGLKQAKIAA

NCTC8325 VVQPISGIVMLLTIAIILGFGALEIATGAITAGTLIAMIFYVIQLSMPLINLSTLVTDYK

Newman VVQPISGIVMLLTIAIILGFGALEIATGAITAGTLIAMIFYVIQLSMPLINLSTLVTDYK

COL  VVQPISGIVMLLTIAIILGFGALEIATGAITAGTLIAMIFYVIQLSMPLINLSTLVTDYK

N315  VVQPISGIVMLLTIAIILGFGALEIATGAITAGTLIAMIFYVIQLSMPLINLSTLVTDYK

USA300 VVQPISGIVMLLTIAIILGFGALEIATGAITAGTLIAMIFYVIQLSMPLINLSTLVTDYK

NCTC8325 KAVGASSRIYEIMQEPIEPTEALEDSENVLIDDGVLSFEHVDFKYDVKKILDDVSFQIPQ

Newman KAVGASSRIYEIMQEPIEPTEALEDSENVLIDDGVLSFEHVDFKYDVKKILDDVSFQIPQ

COL  KAVGASSRIYEIMQEPIEPTEALEDSENVLIDDGVLSFEHVDFKYDVKKILDDVSFQIPQ

N315  KAVGASSRIYEIMQEPIEPTEALEDSENVLIDDGVLSFEHVDFKYDVKKILDDVSFQIPQ

USA300 KAVGASSRIYEIMQEPIEPTEALEDSENVLIDDGVLSFEHVDFKYDVKKILDDVSFQIPQ

NCTC8325 GQVSAFVGPSGSGKSTIFNLIERMYEIESGDIKYGLESVYDIPLSKWRRKIGYVMQSNSM

Newman GQVSAFVGPSGSGKSTIFNLIERMYEIESGDIKYGLESVYDIPLSKWRRKIGYVMQSNSM

COL  GQVSAFVGPSGSGKSTIFNLIERMYEIESGDIKYGLESVYDIPLSKWRRKIGYVMQSNSM

N315  GQVSAFVGPSGSGKSTIFNLIERMYEIESGDIKYGLESVYDIPLSKWRRKIGYVMQSNSM

USA300 GQVSAFVGPSGSGKSTIFNLIERMYEIESGDIKYGLESVYDIPLSKWRRKIGYVMQSNSM

NCTC8325 MSGTIRDNILYGINRHVSDEELINYAKLANCHDFIMQFDEGYDTLVGERGLKLSGGQRQR

Newman MSGTIRDNILYGINRHVSDEELINYAKLANCHDFIMQFDEGYDTLVGERGLKLSGGQRQR

COL  MSGTIRDNILYGINRHVSDEELINYAKLANCHDFIMQFDEGYDTLVGERGLKLSGGQRQR

N315  MSGTIRDNILYGINRHVSDEELINYAKLANCHDFIMQFDEGYDTLVGERGLKLSGGQRQR

USA300 MSGTIRDNILYGINRHVSDEELINYAKLANCHDFIMQFDEGYDTLVGERGLKLSGGQRQR
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NCTC8325 IDIARSFVKNPDILLLDEATANLDSESELKIQEALETLMEGRTTIVIAHRLSTIKKAGQI

Newman IDIARSFVKNPDILLLDEATANLDSESELKIQEALETLMEGRTTIVIAHRLSTIKKAGQI

COL  IDIARSFVKNPDILLLDEATANLDSESELKIQEALETLMEGRTTIVIAHRLSTIKKAGQI

N315  IDIARSFVKNPDILLLDEATANLDSESELKIQEALETLMEGRTTIVIAHRLSTIKKAGQI

USA300 IDIARSFVKNPDILLLDEATANLDSESELKIQEALETLMEGRTTIVIAHRLSTIKKAGQI

NCTC8325 IFLDKGQVTGKGTHSELMASHAKYKNFVVSQKLTD

Newman IFLDKGQVTGKGTHSELMASHAKYKNFVVSQKLTD

COL  IFLDKGQVTGKGTHSELMASHAKYKNFVVSQKLTD

N315  IFLDKGQVTGKGTHSELMASHAKYKNFVVSQKLTD

USA300 IFLDKGQVTGKGTHSELMASHAKYKNFVVSQKLTD

ABC4

NCTC8325 MNAIELSNVNYSSDQFNLKNISFKVPQGFVTGFIGRNGAGKTTIIRLIMDLYQPQTGVIR

Newman MNAIELSNVNYSSDQFNLKNISFKVPQGFVTGFIGRNGAGKTTIIRLIMDLYQPQTGVIR

COL  MNAIELSNVNYSSDQFNLKNISFKVPQGFVTGFIGRNGAGKTTIIRLIMDLYQPQTGVIR

USA300 MNAIELSNVNYSSDQFNLKNISFKVPQGFVTGFIGRNGAGKTTIIRLIMDLYQPQTGVIR

N315  MNAIELSNVNYSSDQFNLKNISFKVPQGFVTGFIGRNGAGKTTIIRLIMDLYQPQTGVIR

NCTC8325 VLEEDMALNPIELKNRIGFVYSENYFNERWTTKQLEKMIAPFYRKWDHQVFEFYLEKFDL

Newman VLEEDMALNPIELKNRIGFVYSENYFNERWTTKQLEKMIAPFYRKWDHQVFEFYLEKFDL

COL  VLEEDMALNPIELKNRIGFVYSENYFNERWTTKQLEKMIAPFYRKWDHQVFEFYLEKFDL

USA300 VLEEDMALNPIELKNRIGFVYSENYFNERWTTKQLEKMIAPFYRKWDHQVFEFYLEKFDL

N315  VLEEDMALNPIELKNSIGFVYSENYFNERWTTKQLEKMIAPFYRKWDHQVFEFYLEKFDL

NCTC8325 PINKSIKTFSTGMKMKLSLAVAFSHHAELYIFDEPTSGLDPLARNELLEIIQQELIDENK

Newman PINKSIKTFSTGMKMKLSLAVAFSHHAELYIFDEPTSGLDPLARNELLEIIQQELIDENK

COL  PINKSIKTFSTGMKMKLSLAVAFSHHAELYIFDEPTSGLDPLARNELLEIIQQELIDENK

USA300 PINKSIKTFSTGMKMKLSLAVAFSHHAELYIFDEPTSGLDPLARNELLEIIQQELIDENK

N315  PINKSIKTFSTGMKMKLSLAVAFSHHAELYIFDEPTSGLDPLARNELLEIIQQELIDENK

NCTC8325 TIFMSTHIISDLEKIADYIIHLSDGEVILNGSKEQLLQRYQVVSGAIEDLDDELASLLIY

Newman TIFMSTHIISDLEKIADYIIHLSDGEVILNGSKEQLLQRYQVVSGAIEDLDDELASLLIY

COL  TIFMSTHIISDLEKIADYIIHLSDGEVILNGSKEQLLQRYQVVSGAIEDLDDELASLLIY

USA300 TIFMSTHIISDLEKIADYIIHLSDGEVILNGSKEQLLQRYQVVSGAIEDLDDELASLLIY

N315  TIFMSTHIISDLEKIADYIIHLSDGEVILNGSKEQLLQRYQVVSGATEDLDDELASLLIY

NCTC8325 EEHKRTGFIGLTEHAQVFKEILGHKVNITTPSIENLMVYLEKRKPKYHENIKLMEEGF

Newman EEHKRTGFIGLTEHAQVFKEILGHKVNITTPSIENLMVYLEKRKPKYHENIKLMEEGF

COL  EEHKRTGFIGLTEHAQVFKEILGHKVNITTPSIENLMVYLEKRKPKYHENIKLMEEGF

USA300 EEHKRTGFIGLTEHAQVFKEILGHKVNITTPSIENLMVYLEKRKPKYHENIKLMEEGF

N315  EEHKRTGFIGLTEHAQVFKEILGHKVNITTPSIENLMVYLEKRKPKYHENIKLMEEGF
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ABC5

NCTC8325 MKLEHITKKYGSNVVLNDIDFDFGDSRIVGLIGKNGVGKTTVMKVMNGNIIKFDGKVDID

Newman MKLEHITKKYGSNVVLNDIDFDFGDSRIVGLIGKNGVGKTTVMKVMNGNIIKFDGKVDID

COL  MKLEHITKKYGSNVVLNDIDFDFGDSRIVGLIGKNGVGKTTVMKVMNGNIIKFDGKVDID

USA300 MKLEHITKKYGSNVVLNDIDFDFGDSRIVGLIGKNGVGKTTVMKVMNGNIIKFDGKVDID

N315  MKLEHITKKYGSNVVLNDIDFDFGDSRIVGLIGKNGVGKTTIMKVMNGNIIKFDGKVDID

NCTC8325 NADNIGFLIEHPKLYDNKSGLYNLKLFAQVLGKGFDKAYTDKIIDAFGMRPYIKKKVKKY

Newman NADNIGFLIEHPKLYDNKSGLYNLKLFAQVLGKGFDKAYTDKIIDAFGMRPYIKKKVKKY

COL  NADNIGFLIEHPKLYDNKSGLYNLKLFAQVLGKGFDKAYTDKIIDAFGMRPYIKKKVKKY

USA300 NADNIGFLIEHPKLYDNKSGLYNLKLFAQVLGKGFDKAYTDKIIDAFGMRPYIKKKVKKY

N315  NADNIGFLIEHPKLYDNKSGLYNLKLFAQVLGKGFDKAYTDKIIDAFGMRPYIKKKVKKY

NCTC8325 SMGMKQKLAIAVSLMNKPKFLILDEPTNGMDPDGSIDVLTTIKSLVNELDMRILISSHKL

Newman SMGMKQKLAIAVSLMNKPKFLILDEPTNGMDPDGSIDVLTTIKSLVNELDMRILISSHKL

COL  SMGMKQKLAIAVSLMNKPKFLILDEPTNGMDPDGSIDVLTTIKSLVNELDMRILISSHKL

USA300 SMGMKQKLAIAVSLMNKPKFLILDEPTNGMDPDGSIDVLTTIKSLVNELDMRILISSHKL

N315  SMGMKQKLAIAVSLMNKPKFLILDEPTNGMDPDGSIDVLTTIKSLVNELDMRILISSHKL

NCTC8325 EDIELICDRAVFLRDGHFVQDVNMEEGVASDTTIVTVDHKDFDRTEKYLAEHFQLQNVDK

Newman EDIELICDRAVFLRDGHFVQDVNMEEGVASDTTIVTVDHKDFDRTEKYLAEHFQLQNVDK

COL  EDIELICDRAVFLRDGHFVQDVNMEEGVASDTTIVTVDHKDFDRTEKYLAEHFQLQNVDK

USA300 EDIELICDRAVFLRDGHFVQDVNMEEGVASDTTIVTVDHKDFDRTEKYLAEHFQLQNVDK

N315  EDIELICDRAVFLRDGHFVQDVNMEVGVASDTTIVTVDHKDFDRTEKYLAEHFQLQNVDK

NCTC8325 ADGHLMINAQKNYQVILKALSELDIYPKYIETRKSSLRDTYFNINQRGDK

Newman ADGHLMINAQKNYQVILKALSELDIYPKYIETRKSSLRDTYFNINQRGDK

COL  ADGHLMINAQKNYQVILKALSELDIYPKYIETRKSSLRDTYFNINQRGDK

USA300 ADGHLMINAQKNYQVILKALSELDIYPKYIETRKSSLRDTYFNINQRGDK

N315  ADGHLMINAQKNYQVILKALSELDIYPKYIETRKSSLRDTYFNINQRGDK

ABC6

NCTC8325 MIKLIQISNINKSFNKRCVLKNISFDIEQGKCIALIGKNGAGKSTLIDILIGNVNANSGE

Newman MIKLIQISNINKSFNKRCVLKNISFDIEQGKCIALIGKNGAGKSTLIDILIGNVNANSGE

COL  MIKLIQISNINKSFNKRCVLKNISFDIEQGKCIALIGKNGAGKSTLIDILIGNVNANSGE

USA300 MIKLIQISNINKSFNKRCVLKNISFDIEQGKCIALIGKNGAGKSTLIDILIGNVNANSGE

N315  ---MIQISNINKSFNKRCVLKNISFDIEQGKCIALIGKNGAGKSTLIDILIGNVNANSGE

NCTC8325 IFDKDKLLQSENRSIMFQKTMFPDQLKVIEIINLYQSFYENPLPLEEIIELTKFDSSQLN

Newman IFDKDKLLQSENRSIMFQKTMFPDQLKVIEIINLYQSFYENPLPLEEIIELTKFDSSQLN

COL  IFDKDKLLQSENRSIMFQKTMFPDQLKVIEIINLYQSFYENPLPLEEIIELTKFDSSQLN

USA300 IFDKDKLLQSENRSIMFQKTMFPDQLKVIEIINLYQSFYENPLPLEEIIELTKFDSSQLN

N315  IFDKDKLLQSENRSIMFQKTMFPDQLKVIEIINLYQSFYENPLPLEEIIELTKFDSSQLN
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NCTC8325 QFVNKLSGGQQRLLDFVLSLIGQPQLILLDEPTSTMDIEIREYFWSIIENLKEDNRTILY

Newman QFVNKLSGGQQRLLDFVLSLIGQPQLILLDEPTSTMDIEIREYFWSIIENLKEDNRTILY

COL  QFVNKLSGGQQRLLDFVLSLIGQPQLILLDEPTSTMDIEIREYFWSIIENLKEDNRTILY

USA300 QFVNKLSGGQQRLLDFVLSLIGQPQLILLDEPTSTMDIEIREYFWSIIENLKEDNRTILY

N315  QFVNKLSGGQQRLLDFVLSLIGQPQLILLDEPTSTMDIEIREYFWSIIENLKEDNRTILY

NCTC8325 TSHYIEEVERMSDKIILIENGEIILNDSTSHIRTNQQSQITLSDEYIRKLKLDKDDLVIQ

Newman TSHYIEEVERMSDKIILIENGEIILNDSTSHIRTNQQSQITLSDEYIRKLKLDKDDLVIQ

COL  TSHYIEEVERMSDKIILIENGEIILNDSTSHIRTNQQSQITLSDEYIRKLKLDKDDLVIQ

USA300 TSHYIEEVERMSDKIILIENGEIILNDSTSHIRTNQQSQITLSDEYIRKLKLDKDDLVIQ

N315  TSHYIEEVERMSDKIILIENGEIILNDSTSHIRTNQQSQITLSDEYIRKLKLDKDDLVIQ

NCTC8325 KNHNGTIKIITSNVNDTILYLQQLHINLDDIEIQKVSIVDSYFNNKKQRGSNYDTKLLEN

Newman KNHNGTIKIITSNVNDTILYLQQLHINLDDIEIQKVSIVDSYFNNKKQRGSNYDTKLLEN

COL  KNHNGTIKIITSNVNDTILYLQQLHINLDDIEIQKVSIVDSYFNNKKQRGSNYDTKLLEN

USA300 KNHNGTIKIITSNVNDTILYLQQLHINLDDIEIQKVSIVDSYFNNKKQRGSNYDTKLLEN

N315  KNHNGTIKIITSNVNDTILYLQQLHINLDDIEIQKVSIVDSYFNNKKQRGSNYDTKLLEN

NCTC8325 RI

Newman RI

COL  RI

USA300 RI

N315  RI

ABC7

NCTC8325 MTTLLNVDSVNKQYKDSDFKLQDASLTISTNETVGLIGKNGSGKSTLINILVGNRHKDNG

Newman MTTLLNVDSVNKQYKDSDFKLQDASLTISTNETVGLIGKNGSGKSTLINILVGNRHKDNG

COL  MTTLLNVDSVNKQYKDSDFKLQDASLTISTNETVGLIGKNGSGKSTLINILVGNRHKDNG

USA300 MTTLLNVDSVNKQYKDSDFKLQDASLTISTNETVGLIGKNGSGKSTLINILVGNRHKDNG

N315  MTTLLNVDRVNKQYKDSDFKLQDASLTISTNETVGLIGKNGSGKSTLINILVGNRHKDNG

NCTC8325 SITFFGEEHTVDDVEYKEHIGVVFDDLRVPNKLTIKDIDKVFQSIYMTWNSQKFFDLIKY

Newman SITFFGEEHTVDDVEYKEHIGVVFDDLRVPNKLTIKDIDKVFQSIYMTWNSQKFFDLIKY

COL  SITFFGEEHTVDDVEYKEHIGVVFDDLRVPNKLTIKDIDKVFQSIYMTWNSQKFFDLIKY

USA300 SITFFGEEHTVDDVEYKEHIGVVFDDLRVPNKLTIKDIDKVFQSIYMTWNSQKFFDLIKY

N315  SIAFFGEEHAADDVEYKEHIGVVFDDLRVPNKLTIKDIDKVFQSIYTTWNSQKFFDLIKY

NCTC8325 FELPLQTKIKTFSRGMRMKIALTIALSHDVKLLILDEATAGMDVSGREEVMEILEDFVAQ

Newman FELPLQTKIKTFSRGMRMKIALTIALSHDVKLLILDEATAGMDVSGREEVMEILEDFVAQ

COL  FELPLQTKIKTFSRGMRMKIALTIALSHDVKLLILDEATAGMDVSGREEVMEILEDFVAQ

USA300 FELPLQTKIKTFSRGMRMKIALTIALSHDVKLLILDEATAGMDVSGREEVMEILEDFVAQ

N315  FELPLQTKIKTFSRGMRMKIALTIALSHDVKLLILDEATAGMDVSGREEVMELLEDFVAQ
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NCTC8325 GGGILISSHISEDIEHLADKLVFMKDGRMILTEQKDILLAQYGIVTTEDKDVEIPKHLII

Newman GGGILISSHISEDIEHLADKLVFMKDGRMILTEQKDILLAQYGIVTTEDKDVEIPKHLII

COL  GGGILISSHISEDIEHLADKLVFMKDGRMILTEQKDILLAQYGIVTTEDKDVEIPKHLII

USA300 GGGILISSHISEDIEHLADKLVFMKDGRMILTEQKDILLAQYGIVTTEDKDVEIPKHLII

N315  GGGILISSHISEDIEQLADKLVFMKDGRMILTEQKDILLAQYGIVTTGDKDVEIPKHLII

NCTC8325 ASRLSKGKYQILVKDYAEIENAEPLKHIDDATKIIMRGEV

Newman ASRLSKGKYQILVKDYAEIENAEPLKHIDDATKIIMRGEV

COL  ASRLSKGKYQILVKDYAEIENAEPLKHIDDATKIIMRGEV

USA300 ASRLSKGKYQILVKDYAEIENAEPLKHIDDATKIIMRGEV

N315  ASRLSKGKYQILVKDYAEIENAEPLKHIDDATKIIMRGEV

Sequence alignments of the seven candidate ABC-MDR transporters of S. aureus 
NCTC-8325 against S. aureus strains Newman, COL, N315 and USA300. All 
sequences are highly conserved, with only a minor amount of differences in strain 
N315 ABCs, and a single amino acid substitution in ABC1 of strain COL when 
compared to NCTC-8325.

Control alignment of Sav1866 with PstB (locus: SAOUHSC_01385), coverage: 35%
 
Identities Positives Gaps
67/222(30%) 107/222(48%) 24/222(10%)

Query  349   YNDNEAPILKDINLSIEKGETVAFVGMSGGGKSTLINLIPRFYDV-----TSGQILIDGH  403

 Y +N A  L++INL I + +  A +G SG GKST I  + R  ++     T+G+IL    

Sbjct  46    YGENHA--LQNINLDIYENQITAIIGPSGCGKSTYIKTLNRMVELVPSVKTAGKILYRDQ  103

Query  404   NIKD--FLTGSLRNQIGLVQQDNILFSDTVKENILLG-------RPTATDEEVVEAAKMA  454

 +I D  +    LR  +G+V Q    F  ++ +NI  G            DE V ++ + A

Sbjct  104   DIFDQKYSKEQLRTNVGMVFQQPNPFPKSIYDNITYGPKIHGIKNKKVLDEIVEKSLRGA  163

Query  455   NAHDFIMNLPQGYDTEVGERGVKLSGGQKQRLSIARIFLNNPPILILDEATSALDLESES  514

    D + +        +      LSGGQ+QR+ IAR     P ++++DE TSALD  S  

Sbjct  164   AIWDELKD-------RLHTNAYSLSGGQQQRVCIARCLAIEPEVILMDEPTSALDPISTL  216

Query  515   IIQEALDVLSKDRTTLIVAHRLSTITH-ADKIVVIENGHIVE  555

  ++E +  L +  T ++V H +      +DK     NG++ E

Sbjct  217  RVEELVQELKEKYTIIMVTHNMQQAARVSDKTAFFLNGYVNE  258
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Table S1 Gene expression of putative transport proteins in the presence of antibiotics

Locus tag Fold change Gene function

Erythromycin – Logarithmic growth

SAOUHSC_00625 2,232758 putative monovalent cation/H+ antiporter  
  subunit A; K05565 multicomponent Na+:H+  
  antiporter subunit A
SAOUHSC_00632 2,1129 putative monovalent cation/H+ antiporter  
  subunit G; K05571 multicomponent Na+:H+  
  antiporter subunit G
SAOUHSC_01389 2,085643 phosphate ABC transporter periplasmic  
  phosphate-binding protein; K02040 phosphate  
  transport system substrate-binding protein
SAOUHSC_00626 2,076033 putative monovalent cation/H+ antiporter  
  subunit B; K05566 multicomponent Na+:H+  
  antiporter subunit B
SAOUHSC_00628 1,985673 putative monovalent cation/H+ antiporter  
  subunit D; K05568 multicomponent Na+:H+  
  antiporter subunit D
SAOUHSC_01387 1,963234 hypothetical protein; K02037 phosphate  
  transport system permease protein
SAOUHSC_00884 1,963209 putative monovalent cation/H+ antiporter  
  subunit F; K05570 multicomponent Na+:H+  
  antiporter subunit F
SAOUHSC_00627 1,950935 putative monovalent cation/H+ antiporter  
  subunit C; K05567 multicomponent Na+:H+  
  antiporter subunit C
SAOUHSC_00883 1,937066 putative monovalent cation/H+ antiporter  
  subunit G; K05571 multicomponent Na+:H+  
  antiporter subunit G
SAOUHSC_01386 1,91519 phosphate ABC transporter permease; K02038  
  phosphate transport system permease protein
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SAOUHSC_01049 1,903503 spermidine/putrescine ABC transporter  
  spermidine/putrescine-binding protein;  
  K11069 spermidine/putrescine transport  
  system substrate-binding protein
SAOUHSC_00629 1,894471 putative monovalent cation/H+ antiporter  
  subunit E; K05569 multicomponent Na+:H+  
  antiporter subunit E
SAOUHSC_01385 1,884969 phosphate transporter ATP-binding protein;  
  K02036 phosphate transport system   
  ATP-binding protein [EC:3.6.3.27]
SAOUHSC_01048 1,856738 spermidine/putrescine ABC transporter  
  permease; K11070 spermidine/putrescine  
  transport system permease protein
SAOUHSC_00885 1,725663 putative monovalent cation/H+ antiporter  
  subunit E; K05569 multicomponent Na+:H+  
  antiporter subunit E
SAOUHSC_02753 1,702507 hypothetical protein; K02069 putative ABC  
  transport system permease protein
SAOUHSC_00886 1,693729 putative monovalent cation/H+ antiporter  
  subunit D (EC:1.6.5.3); K05568 multicompo- 
  nent Na+:H+ antiporter subunit D
SAOUHSC_00889 1,655671 monovalent cation/H+ antiporter subunit A;  
  K05565 multicomponent Na+:H+ antiporter  
  subunit A
SAOUHSC_00887 1,655646 putative monovalent cation/H+ antiporter  
  subunit C; K05567 multicomponent Na+:H+  
  antiporter subunit C
SAOUHSC_02754 1,65144 ABC transporter ATP-binding protein;  
  K02068 putative ABC transport system  
  ATP-binding protein
SAOUHSC_01377 1,595557 oligopeptide ABC transporter ATP-binding  
  protein; K02032 peptide/nickel transport  
  system ATP-binding protein
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Clindamycin – Logarithmic growth 

SAOUHSC_01377 1,523616 oligopeptide ABC transporter ATP-binding  
  protein; K02032 peptide/nickel transport  
  system ATP-binding protein
SAOUHSC_01387 1,884578 hypothetical protein; K02037 phosphate  
  transport system permease protein
SAOUHSC_01389 1,674939 phosphate ABC transporter periplasmic  
  phosphate-binding protein; K02040 phosphate  
  transport system substrate-binding protein
SAOUHSC_02753 1,8183 hypothetical protein; K02069 putative ABC  
  transport system permease protein
SAOUHSC_02754 1,646053 ABC transporter ATP-binding protein;  
  K02068 putative ABC transport system  
  ATP-binding protein
  
Ciprofloxacin – Stationary growth

SAOUHSC_00637 4,600434 hypothetical protein; K09820 manganese/iron  
  transport system ATP-binding protein
SAOUHSC_00636 3,784933 iron (chelated) ABC transporter permease;  
  K09819 manganese/iron transport system  
  permease protein
SAOUHSC_00634 3,472429 ABC transporter substrate-binding protein;  
  K09818 manganese/iron transport system  
  substrate-binding protein
SAOUHSC_01972 3,285398 protein export protein PrsA; K07533 foldase  
  protein PrsA [EC:5.2.1.8]
SAOUHSC_02009 2,57924 hypothetical protein; K09693 teichoic acid  
  transport system ATP-binding protein  
  [EC:3.6.3.40]
SAOUHSC_00923 2,458823 hypothetical protein; K02033 peptide/nickel  
  transport system permease protein
SAOUHSC_02247 2,347599 cation transport protein
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SAOUHSC_02744 2,260862 amino acid ABC transporter ATP-binding  
  protein; K05847 osmoprotectant transport  
  system ATP-binding protein
SAOUHSC_02008 2,019213 hypothetical protein; K09692 teichoic acid  
  transport system permease protein
SAOUHSC_02865 2,00453 hypothetical protein; K04758 ferrous iron  
  transport protein A
SAOUHSC_00647 1,975775 hypothetical protein; K06147 ATP-binding  
  cassette, subfamily B, bacterial
SAOUHSC_00641 1,941769 teichoic acids export protein ATP-binding  
  subunit; K09693 teichoic acid transport system  
  ATP-binding protein [EC:3.6.3.40]
SAOUHSC_00501 1,914254 hypothetical protein; K11535 nucleoside  
  transport protein
SAOUHSC_01967 1,906328 ABC transporter ATP-binding protein;  
  K01990 ABC-2 type transport system   
  ATP-binding protein
SAOUHSC_02743 1,840409 amino acid ABC transporter permease;  
  K05846 osmoprotectant transport system  
  permease protein
SAOUHSC_00614 1,806674 hypothetical protein; K02015 iron complex  
  transport system permease protein
SAOUHSC_00828 1,832403 hypothetical protein; K06895 L-lysine exporter  
  family protein LysE/ArgO
SAOUHSC_02729 1,831242 amino acid ABC transporter-like protein;  
  K03293 amino acid transporter, AAT family
SAOUHSC_02864 1,782756 ferrous iron transport protein B; K04759  
  ferrous iron transport protein B
SAOUHSC_02624 1,773087 hypothetical protein; K03284 metal ion  
  transporter, MIT family
SAOUHSC_01803 1,770788 hypothetical protein; K03293 amino acid  
  transporter, AAT family
SAOUHSC_02119 1,734645 high affinity proline permease; K11928  
  sodium/proline symporter
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SAOUHSC_02633 1,707629 hypothetical protein; K07552 MFS transporter,  
  DHA1 family, bicyclomycin/chloramphenicol  
  resistance protein
SAOUHSC_00648 1,667825 hypothetical protein; K03317 concentrative  
  nucleoside transporter, CNT family
SAOUHSC_02742 1,6493 amino acid transporter; K05845 osmoprotec- 
  tant transport system substrate-binding  
  protein
SAOUHSC_02619 1,645456 hypothetical protein; K01990 ABC-2 type  
  transport system ATP-binding protein
SAOUHSC_00642 1,628762 teichoic acid biosynthesis protein; K09692  
  teichoic acid transport system permease  
  protein
SAOUHSC_01966 1,609161 hypothetical protein; K01992 ABC-2 type  
  transport system permease protein
SAOUHSC_02622 1,60211 sodium/glutamate symporter; K03312  
  glutamate:Na+ symporter, ESS family
SAOUHSC_01657 1,553506 ABC transporter; K09817 zinc transport  
  system ATP-binding protein [EC:3.6.3.-]
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Abstract
The heterodimeric ABC transporter LmrCD from Lactococcus lactis is able to extrude 
several different toxic compounds from the cell, fulfilling a role in the intrinsic and 
induced drug resistance. The expression of the lmrCD genes is regulated by the 
repressor LmrR, which also binds to its own promoter to autoregulate its own expres-
sion. In this study we employ microscale thermophoresis to 1) quantify the binding 
affinity of LmrR to its responsive promoter regions, 2) to evaluate the cognate site of 
LmrR in  the lmrCD promoter region and 3) to demonstrate that riboflavin, which 
binds into the drug binding cavity of LmrR, reduces the binding affinity of LmrR for 
the promoter regions. Our results support a model wherein drug binding to LmrR 
relieves the LmrR dependent repression of the lmrCD genes.

Introduction
The emergence of antibiotic resistant bacteria is becoming a serious threat for the 
present day public healthcare. Several resistance mechanisms contribute to the 
antimicrobial resistance phenotype of pathogenic bacteria, including enzymatic 
inactivation, reduced influx and substituted antibiotic targets (1). The presence of 
dedicated drug extrusion transport proteins is a major contributor to the multidrug 
resistance (MDR) phenotype of microbes. Certain bacterial transport proteins have 
been shown to cause MDR, like AcrAB and MdfA of Escherichia coli (2) and NorA of 
Staphylococcus aureus (3). 
The bacterium Lactococcus lactis, which is widely used in dairy industry, contains 
a number of multidrug transporters which have been used as a model to study 
bacterial multidrug resistance (4). A major resistance determinant in this bacterium 
is LmrCD (5,6), which belongs to the ATP-binding cassette (ABC) superfamily and 
was shown to transport a wide variety of drugs. Likewise, L. lactis harbors the drug 
transporters LmrA (7), the first identified bacterial ABC transporter involved in drug 
resistance, and LmrP (8), a secondary transporter involved in multidrug resistance. 
LmrCD consists of two ABC half-transporters, LmrC and LmrD, which are homolo-
gous (27% Identity). Together they form a functional heterodimer. Growth studies of  
L. lactis in the presence of increasing concentrations of toxic chemicals, like rhoda-
mine 6G and daunomycin, resulted in an enhanced MDR phenotype, which was 
shown to be caused by an increased expression of the lmrCD gene (6). A regulatory 
protein, LmrR, encoded in the DNA region upstream of lmrCD was also upregulated 
under these conditions, although due to a point mutation LmrR was rendered inac-
tive causing a constitutive expression of the lmrCD genes. 
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LmrR belongs to the PadR-like family of transcriptional regulators (Pfam PF03551), 
which is named after a regulatory protein involved in the regulation of expression of 
phenolic acid decarboxylase (pad) genes (9). LmrR was shown to be a transcriptional 
repressor of lmrCD expression (10) and an autoregulator of its own expression. Crystal 
structures of LmrR bound with its ligands hoechst 33342 and daunomycin have been 
elucidated (11). LmrR forms a dimer with each monomer comprising a typical winged 
helix-turn-helix DNA binding domain and a C-terminal helix involved in dimeriza-
tion. In between the two monomers is a large central pore that serves as the drug-
binding site. It was shown that residues W96 and W96’ (the apostrophe denotes the 
other subunit in the dimer) in the central pore are essential for the binding of ligands, 
which are mostly planar heterocyclic compounds. The hydrophobic tryptophan side 
chains, together with other adjacent hydrophobic residues, stabilize the ligand in 
the binding site. In depth analysis of the LmrR-DNA binding revealed that LmrR 
interacts with two specific DNA motifs in the operator region of both lmrCD and 
lmrR (12). The LmrR binding site in the promoter/operator (p/o) region of lmrCD is a 
typical PadR consensus sequence and binds LmrR with high affinity. An incomplete 
PadR motif is located in the p/o of lmrR, this palindromic sequence is only weakly 
recognized by LmrR. A proposed mechanism for the binding of LmrR to the p/o 
regions and the regulation of lmrCD and lmrR is as followed: the binding of two 
LmrR dimers to PlmrCD, together with an extensive binding of PlmrR by multiple 
LmrR dimers, results in a repression of lmrCD and a strong autorepression of lmrR. 
The current model is that intracellular presence of a toxic compound at relatively low 
concentrations will cause LmrR to bind the drug, which in turn will release the LmrR 
dimer from PlmrCD,  thus allowing initiation of lmrCD expression. At higher drug 
concentration the multiple LmrR dimers bound to PlmrR will also be released and 
this derepression leads to an increased expression of both lmrCD and lmrR (12). 
A major problem with the drugs that bind to LmrR is that they so far are all 
DNA-binding drugs, like hoechst 33342, daunomycin and ethidium (11), which 
interact with DNA via groove binding or intercalation. This has precluded validation 
of the above model using EMSA assays. Recently, it was found that LmrR also binds 
the vitamin riboflavin that like many of the other LmrR substrates has a planar struc-
ture. In this study we characterize the binding of LmrR to the ligand riboflavin and 
we have examined the LmrR binding to its p/o regions in the presence and absence 
of riboflavin using microscale thermophoresis. This new methodology monitors the 
diffusion of particles in a microscopic temperature gradient, depending on several 
biochemical properties, like charge, hydration shell and molecular mass, particles 



Chapter 3:  Binding of the Lactococcal drug dependent transcriptional regulator LmrR to 
its ligands and responsive promoter regions

74   

will behave differently in the gradient (13). Microscale thermophoresis is ideally suited 
to examine the interaction of DNA binding proteins with their cognate substrate 
DNA. We characterize the minimal binding region necessary for LmrR interaction 
including the palindromic PadR motif, and analyzed the effect of ligand binding on 
the interaction between LmrR and DNA.

Results
LmrR has been shown to recognize its specific PadR p/o regions that precede the 
lmrR and lmrCD, genes and interact with them in a homodimeric organization (11,12). 
However, the data also suggested that LmrR might interact with the two p/o regions 
in a different way. It was suggested that LmrR binds with two dimers to the lmrR p/o 
region, compared to a single dimer organization on the p/o of lmrCD (12). This tight 
interaction of LmrR with its promoter causes a strong auto-regulation and repression 
of the lmrCD gene expression but it remained unclear how ligands for LmrR affect 
the binding. To study the interaction of LmrR with the aforementioned two promoter 
regions we first overproduced strep-tagged LmrR in E. coli and subsequently puri-
fied the protein using Streptactin (Fig. 1a) and Heparin (Fig. 1b) columns. A pure 
LmrR-Strep sample was obtained after the Heparin purification, although a higher 
molecular mass band was also observed in SDS-PAGE, which we attribute to the 
stable LmrR dimer. 

Figure 1 Purification of LmrR-Strep from E. coli. a) Streptactin purification of LmrR-Strep 
from E. coli cell-free extract (CFE), showing the flow through (FT), wash (W) and elution 
fractions (E), compared to the marker (M). LmrR elutes mostly in fractions E1 and E2, and a 
stable dimer (*) is apparent as well. b) LmrR-Strep heparin purification, cell-free extract (C) 
from the Streptactin purification is used as reference. LmrR-Strep is concentrated in elution 
fractions (#) 10 and 11, both also containing the stable dimer.
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*

FT W1 W2 W3 W4 W5 E1 E2 E3 E4 E5
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To investigate the importance of the PadR consensus sequence on LmrR-DNA 
binding several DNA constructs were created containing the wild type and modified 
lmrCD p/o regions (PlmrCD) (Fig. 2c). Binding of LmrR to the (modified) lmrCD 
promoter region was measured using microscale thermophoresis (Fig. 2a). The 
lmrCD promoter DNA, synthesized as described in Agustiandari et al (12), is strongly 
bound by LmrR with a Kd of 82 ± 7.8 nM (Fig. 2), and a Hill coefficient of 1.78 ± 0.17 
suggesting a dimeric assembly of LmrR. Binding of LmrR to the lmrR promoter DNA 
is less strong, with a Kd of 1.4 ± 0.1 μM, though with a higher Hill coefficient of 2.43 
± 0.19 (Fig. 2) consistent with the notion that multiple LmrR dimers bind the lmrR 
promoter. The binding curves exhibit an opposite orientation, which we attribute to 
a probable difference in the LmrR-DNA binding mechanism (12).

Figure 2 Binding of LmrR to the lmrCD (black) and lmrR (red) promoter regions. PlmrR 
binding performed at 30 % Laser power. Protein concentrations are for monomeric LmrR.

Shortening of the 3’ end of the lmrCD promoter region by 62 bases slightly improved 
the LmrR binding, resulting in a Kd of 62 ± 7.5 nM (Fig. 3a). The 5’ end of the DNA 
fragment was left unchanged, since this part contains the Cy5 fluorophore and 
attempts to shorten the fragment from the 5’ end resulted in fluctuations in the 
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fluorescence signal. Mutation of the palindromic PadR motif (Fig. 3c) resulted in 
an abolished LmrR binding (Fig. 3b). As a control, half of the PadR consensus was 
deleted. This DNA fragment did not allow LmrR binding (Fig. 3b). 

Figure 3 Binding of LmrR to the lmrCD p/o regions. a) Binding of LmrR to wild type PlmrCD 
(black) and PlmrCD shortened by 62 bases (red). b) Binding of LmrR to mutated (mPadR, 
black squares) and truncated PadR (no PadR, red triangles) and the fitted binding curve 
(dashed line) that demonstrates a lack of binding. c) DNA sequence of the lmrCD promoter 
region, with the palindromic PadR motif shown in bold fond, highlighted in yellow and the 
transcription start site indicated in bold font. The truncated -62bp and truncated PadR (“No 
PadR”) products are indicated (red lines). A representation of the PadR consensus, the imper-
fect PadR motif in PlmrCD and the mutated PlmrCD with the palindromic PadR inverted 
repeats shown in bold are listed at the bottom. 

PadR consensus      ATGTNNNNNNNNACAT

p/o lmrCD   TAATGTAAAGTAGTTTACATTA

p/o mPadR  TAATGTAAAGTAGTTTGGGTTA

               
  61  cgtaaatcgt tgacttaaac tttaaaaagc gttacaatat ttttgttagt ttaccattta
      gcatttagca actgaatttg aaatttttcg caatgttata aaaacaatca aatggtaaat

                                             
 121  tgaaactaac tattgtaatc tttaacagca ttaacaatta atgcttgttt actaaaaaaa
      actttgattg ataacattag aaattgtcgt aattgttaat tacgaacaaa tgattttttt

 181  ataatgttat aattatcttc tcaaaaaatt tattgaaatt attttgaagt aaaatgaaat
      tattacaata ttaatagaag agttttttaa ataactttaa taaaacttca ttttacttta

 301  attttcaaat caatcatgaa gcataaatgg gttgccttat tctcaatctt
      taaaagttta gttagtactt cgtatttacc caacggaata agagttagaa
     

 241  tgaaaattca atttaatgta aagtagttta cattatttaa ctctagaaag gaattttatg
      acttttaagt taaattacat ttcatcaaat gtaataaatt gagatctttc cttaaaatac

                                                              
-62bp

Start

No PadR

ba

  Cy5-cgattcattc cttactttaa attctaaatt tataaaaaca taagaagata caaataacgt
      gctaagtaag gaatgaaatt taagatttaa atatttttgt attcttctat gtttattgca

PlmrCD
c
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Based on the biochemical characteristics of the known LmrR ligands, which all share 
a similar hydrophobic core structure, Madoori et al (manuscript submitted) demon-
strated that the vitamin riboflavin fits and binds the LmrR binding cavity using 
protein crystallography. To examine this phenomenon in more detail, we measured 
the riboflavin binding by monitoring the quenching of the intrinsic fluorescence of 
riboflavin upon its binding to LmrR. Addition of increasing amounts of LmrR to the 
riboflavin solution caused a significant drop in fluorescence (Fig. 4, inset). From this 
measurement a fluorescence quenching curve was obtained (Fig. 4) and the dissocia-
tion constant was calculated from this quenching curve. The interaction of LmrR 
with riboflavin is however weak, Kd = 792 ± 45 nM, compared to the binding of LmrR 
to hoechst (21 ± 8 nM) and daunomycin (236 ± 53 nM) (11).

Figure 4 Fluorescence quenching of riboflavin (RBF) upon LmrR binding. The fluorescence 
of riboflavin was followed in the presence (insert, red line) and absence (insert, black line) of 
LmrR. The fluorescence quenching (Fq) was calculated and a binding curve was fitted (red 
line). Concentration of LmrR in the binding assay was 200 nM (referring to dimeric protein).

To investigate the effect of riboflavin on the LmrR-DNA binding we measured the 
interaction of LmrR with PlmrCD and PlmrR in the presence of an excess of ribo-
flavin. The use of the ligand riboflavin is advantageous over the other known LmrR 
ligands, since it does not bind DNA itself, in contrast to hoechst and daunomycin. 
Addition of riboflavin had a significant effect on the binding of LmrR to its respon-
sive promoter regions (Fig. 5), resulting in a shift in Kd from 82.1 ± 7.8 nM to 195.4 ± 
55.8 nM for PlmrCD (Fig. 5a) and a shift in Kd from 1.4 ± 0.1 μM to 5.12 ± 0.47 μM 
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for PlmrR (Fig. 5b). Control experiments showed that in the absence of LmrR, 
riboflavin has no influence on the thermophoretic behavior of these two promoter 
regions (data not shown).

Figure 5 LmrR-DNA binding in the presence of ligand. a) Binding of LmrR to PlmrCD in the 
presence (red) and absence (black) of riboflavin (RBF). b) Binding of LmrR to PlmrR in the 
presence (red) and absence (black) of RBF. Protein concentrations are for monomeric LmrR. 

Conclusion
The PadR consensus is crucial for the binding of LmrR to the lmrCD promoter region. 
Mutagenesis of part of the palindromic motif resulted in an abolished LmrR binding, 
similar to the removal of half of the PadR consensus sequence. Shortening of the 3’ 
tail of the DNA fragment improved the binding of LmrR slightly. This shorter DNA 
fragment probably diffuses more easily and thereby might improve the dynamics of 
LmrR binding. Due to the presence of the Cy5 fluorophore on the 5’ end of the DNA 
fragment and fluctuations in fluorescence signal when this side was modified, the 
5’-end was not further shortened.
The fluorescence titration assay shows that LmrR has the ability to specifically bind 
riboflavin, though this is only a weak interaction when compared to known LmrR 
ligands. This weak interaction is probably due to the fact that riboflavin is not an 
authentic substrate of LmrCD but it can bind LmrR because it has a similar structure 
as the planar heterocyclic LmrR ligands. There is no evidence that LmrCD is involved 
in detoxification of riboflavin, as suggested by the observation that high concentra-
tions of riboflavin do not influence the growth of the lmrCD deletion strain nor of the 
wild type L. lactis (data not shown). 
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Upon addition of an excess of riboflavin to a solution containing LmrR and its DNA 
binding site a clear drop in binding affinity is observed, a ~2-fold decrease in LmrR 
binding to PlmrCD and a ~4-fold decrease for PlmrR. The usage of the novel LmrR 
ligand riboflavin has its advantages since riboflavin does not bind DNA, as confirmed 
by its inability to cause a thermophoresis shift of the promoter DNA in absence of 
LmrR. A DNA-bound ligand would add molecular mass to the complex and contri-
bute to the thermophoretic diffusion. These data show that binding of LmrR to both 
the PlmrCD and the PlmrR is modulated by ligand binding to LmrR. However, the 
binding affinity of LmrR for the PlmrR is already 18-fold poorer than for PlmrCD. 
Thus, ligand binding likely impacts expression of lmrCD to a much greater extent 
than that of lmrR. The results indicate that PlmrR is bound less strong by LmrR, 
probably because of the difference in the PadR consensus sequence compared to the 
PlmrCD, but it might be cooperatively bound by multiple LmrR dimers. The latter 
may cause the opposite orientation of the thermophoresis binding curve as compared 
to PlmrCD, that is bound by a single LmrR dimer. This hypothesis is strengthened 
by the atomic force microscopy analysis of LmrR-PlmrR complexes (12) and further 
supported by the observation that the hill coefficient for LmrR binding to PlmrR 
is higher (2.43) compared to PlmrCD (1.78). The larger LmrR complex as a whole 
might not bind PlmrR as strongly as the LmrR dimer binds PlmrCD, resulting in a 
poorer Kd.
Taken together, the obtained results might help explain the regulation of lmrCD and 
the autoregulation of lmrR in more detail. In the absence of toxic compounds both 
PlmrCD and PlmrR are bound by LmrR dimers, although PlmrR is probably occupied 
by multiple dimers simultaneously. The presence of drugs stimulates the release of 
LmrR from PlmrCD, thereby activating the expression of lmrCD whereas the effects 
on the lmrR expression are weaker as binding of LmrR to PlmrR is already almost 
20-fold weaker than to PlmrCD. This makes the expression of lmrR less responsive to 
the presence of drugs but at the same time allows for basal drug independent expres-
sion of lmrR.
Summarizing, our results confirm the importance of the PadR motif for the binding 
of LmrR to its responsive promoter region PlmrCD and show that riboflavin is a 
ligand of LmrR, which can release LmrR from its promoter regions. The differences 
in affinity for PlmrR and PlmrCD suggest that ligand binding impacts the lmrCD 
expression to a greater extent than lmrR, which is consistent with the proposed 
mechanism of drug induced lmrCD expression and the autoregulation of lmrR. 
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Materials and Methods

Bacterial strains and growth conditions
E. coli Bl21 (DE3)C43 containing the pET17b_LmrR_strep plasmid (14) was grown in 
Luria Bertani (LB) medium supplemented with 100 µg/ml ampicillin at 37 °C. 

Protein overproduction and purification
An overnight culture of E. coli containing pET17b_LmrR_strep was diluted in 
fresh LB with ampicillin and grown till an optical density at 600 nm (OD600) of 0.8. 
Subsequently, IPTG was added to a final concentration of 1 mM and cells were grown 
overnight at 30 °C. The overnight culture was centrifuged (6000 rpm, JLA10.500 rotor, 
20 min, 4 °C, Beckman), the cell pellet was resuspended in 50 mM NaH2PO4, pH 8.0, 
150 mM NaCl, and 10% glycerol and again centrifuged as before. The resulting cell 
pellet was frozen at -20 °C overnight. After thawing, the pellet was resuspended in 
resuspension buffer (50 mM Phosphate buffer, pH 8, 150 mM NaCl, 10% glycerol) 
and the cells were disrupted twice using a one-shot cell disruptor (Constant Systems, 
Daventry, UK) at 13 kPsi, 1 mM PMSF was added between the two cell disruption 
steps to inhibit proteases. Following the cell disruption, MgCl2 (final concentration  
10 mM) and 1.0 mg/ml DNaseI was added and the lysate was incubated for 1 hour 
at 30 °C. Using a long needle the cell lysate was sheered and afterwards centrifuged 
(15000 rpm, SS34 rotor, 20 min, 4 °C, Sorvall) and the cell free extract was filtered 
through a 45 µm filter. The supernatant was equilibrated with 6 mL pre-equilibrated 
Strep-tag Tactin slurry (50% Strep-tag Tactin in 50 mM potassium phosphate buffer, 
pH 8, 150 mM NaCl, 10% glycerol), for one hour on a rotary shaker at 4 °C. The 
column was washed 5 times with two column volumes of resuspension buffer and 
the LmrR-Strep was eluted with 6 times one column volume resuspension buffer 
containing 2.5 mM desthiobiotin. The fractions were analyzed on a 12% SDS poly-
acrylamide gel, stained with Coomassie Brilliant Blue. Fractions were desalted to  
50 mM PB, pH 8 using a Econo-PAC 10DG column (Bio-Rad) and applied to a 5 mL 
Heparin column (pre-equilibrated with 50 mM PB, pH 8), LmrR was eluted using 
a gradient of 2 M NaCl (0 to 100%, 10 min). Protein concentration and purity was 
assessed using a UV-VIS spectrometer.

Fluorescence quenching of LmrR-RBF
LmrR-RBF binding was measured by fluorescence titration using a Fluorimeter 
(Photon Technology International) at 25 °C. To a 3-mL stirred cuvette with 100 nM 
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purified LmrR dimer in binding buffer (20 mM Tris-HCl, pH 8.0, 150 mM NaCl and 
1 mM EDTA), RBF (37.5 μM stock in binding buffer) was added in 2 µL steps, which 
results in an increase of 25 nM per step. RBF fluorescence at 523 nm was measured 
after every titration step, using an excitation wavelength of 435 nm. As a control, RBF 
was also titrated to the buffer lacking LmrR. After measurement the fluorescence 
quenching was calculated from the change between the control and samples contai-
ning LmrR. From the plotted fluorescence quenching curve the dissociation constant 
was calculated as described in (11).

Table 1 Primers used in this study

Name 5’ – 3’ sequence Reference

PlmrCD F Cy5- CGATTCATTCCTTACTTTAAATTC This work
PlmrCD R AAGATTGAGAATAAGGCAACCC (12)

PlmrCD R -62bp TTCTAGAGTTAAATAATGTAAAC This work
PlmrCD R muta TTCCTTTCTAGAGTTAAATAACCCAAACTAC This work
PlmrCD R noPadR ACTACTTTACATTAAATTG This work
PlmrR F CGGAGATGATTTTTTCTTATCTTATATAG (12)

PlmrR R CTCCTTGTTTTAGGACATTGAGC (12)

LmrR – promoter binding assay
Responsive promoter regions of both the lmrR and lmrCD genes were amplified using 
primers listed in Table 1. Forward primers contain a 5’- Cy5 fluorophore modification 
for use in the thermophoresis assay, modified primers were ordered from Sigma-
Aldrich. A serial dilution of purified LmrR-Strep was prepared in Binding buffer (20 
mM Tris.HCl, pH 8.0; 1 mM EDTA). To this serial dilution Cy5 – labeled promoter 
DNA was added to a final concentration of 50 nM and the total mixture was incubated 
for 30 minutes at 30 °C. For ligand binding studies an excess (50 µM) of riboflavin was 
added. Samples were loaded in standard treated thermophoresis capillaries and protein 
– DNA binding was measured using a Monolith NT.115 (Nanotemper Technologies), 
with 30% LED power and 40% laser power unless stated otherwise. From the binding 
curves the dissociation constant was calculated using the Hill equation.
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Abstract
Bacterial resistance is a major problem in the modern world which stems from the 
build-up of antibiotics in the environment. Novel molecular approaches that allow 
for auto-inactivation and externally triggered increase of antibiotic activity with 
high spatiotemporal resolution are highly warranted. Here we describe a responsive, 
broad-spectrum, antibacterial agent that can be temporally activated with light, 
whereupon it auto-inactivates on the scale of hours. The use of such a ‘smart’ antibi-
otic might prevent the build-up of active antimicrobial material in the environment. 
Furthermore, reversible optical control over active drug concentration enables us 
to obtain pharmacodynamic information on relevant stages in the targeted process 
at which the antibacterial drug exhibits its effect. Additionally, precisely localized 
control of activity was achieved, allowing the growth of bacteria to be confined to 
defined patterns, which has potential to develop treatments that avoid interference 
with the endogenous microbial population in other parts of the organism.

Introduction
Antibiotics are used globally as life-saving drugs for the treatment of bacterial infec-
tious diseases. However, their usage is a source of major concern in the modern world 
due to the emergence of resistance (1). Resistance stems from the build-up of anti-
biotics in the environment (2,3), as a result of their extensive use in healthcare (4) and 
agriculture (5). Despite the launch of numerous social awareness campaigns (6) aimed 
at counteracting the increasing resistance of bacteria by decreasing the inappropriate 
use of antibiotics in human healthcare and animal husbandry, there is an urgent need 
for unconventional, molecular approaches for controlling antimicrobial function (7,8).  
Precise spatiotemporal targeting of antibiotic activity and building in the antibac-
terial agent the intrinsic ability for auto-inactivation offers novel perspectives for 
avoiding accumulation of the active drug in the environment.
Light is an attractive external trigger for the control of biological functions (9-12), because 
it offers highly spatiotemporal resolution, is relatively non-invasive, bio orthogonal 
and does not cause sample contamination. One approach pertains to photo-degra-
dable drugs, as exemplified by the light-inactivated β-lactam antibiotics reported by 
Mobashery and co-workers (13). Another level of photocontrol can be reached with 
reversibly light-responsive, small bioactive molecules, which have been used inter alia 
to control basic receptor function (14), nociception (15), and visual response (16). Taking 
advantage of the special properties of light we anticipated that control of antimicrobial 
activity can be achieved by designing photoresponsive antibiotics.
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Here, we present photoswitchable antibacterial agents analogs and demonstrate 
selective activation/inactivation upon light irradiation, together with thermal inacti-
vation on the timescale of hours and spatial control of activity which allows bacteria 
to be grown in patterns. 

Results and Discussion
Our molecular design is based on quinolones (17) which are widely used, broad-spectrum 
antibacterial agents. The bactericidal activity of quinolones stems from binding to DNA 
gyrase and blocking DNA replication (17) with a pharmacophore consisting of a benzene 
ring fused with a carboxypyridone moiety (Fig. 1a) (18). Typical clinically applied quino-
lones bear a piperazine moiety (as R3) and a fluorine substituent at various positions on 
the benzene ring (19). We envisioned that the antibacterial properties of the compound 
might be retained when the piperazine unit was exchanged with an aryldiazo moiety (Fig. 
1b). The incorporation of the aryldiazo group renders this compound photoresponsive 
through switching between a trans and a cis isomer with light (Fig. 1b). A series of quino-
lones 1-9 bearing various substituents (methoxy-, methyl-, fluoro-) were synthesized (see 
Supplementary Information), anticipating  that the introduction of the photoswitchable 
azobenzene moiety might present us with the possibility of addressing the antibacte-
rial activity by light, i.e. creating antibiotics that inhibit bacterial growth in one of the 
photoisomeric forms, while showing no antibacterial activity in the other isomeric form. 
Azobenzene photoswitches usually consist of a mixture of trans and cis isomers (20)  and 
the ratio of the isomers can be altered by irradiation with light (20,21). The photoisomeri-
zation of compounds 1-9 was studied with UV-Vis spectroscopy and 1H-NMR spectro-
scopy. The photoswitchable quinolones show a UV absorption maximum between 350 
and 400 nm, characteristic of the azobenzene moieties in the trans form (Fig. S1-S7). 
The absorption band decreases in intensity when compounds 1-9 are irradiated with 
UV-light (365 nm) and a new absorption band appears between 400 and 500 nm, 
that is characteristic for cis-azobenzene (Fig. S1-S9) (20-23). Irradiation with visible light 
(400-700 nm) switches the azobenzene unit back to the trans form. Reversible swit-
ching between the trans and cis isomers could be performed for ≥ 3 consecutive cycles 
without showing significant fatigue (Fig. S1-S9). 
1H-NMR spectroscopy in D2O revealed that the ratios of both isomers before and after 
irradiation at 365 nm are highest for compound 1 and 2, with > 95% trans isomer 
present in the samples prior to irradiation and > 85% cis isomer after irradiation (Table 
1), indicating that switching between cis and trans isomers is most efficient for these 
two compounds.
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Figure 1 Control of bacterial growth with a photoswitchable antibacterial agent. a) Structure 
of quinolone antibacterial agents. A typical quinolone bears a fluorine atom at the R1, R2 
and/or R4 position, a nitrogen-containing, saturated ring at R3, and an alkylmoiety at R5. b) 
Azobenzene-containing quinolones: trans and cis geometrical isomers and isomerization 
processes. Irradiation at 365 nm leads to conversion of the trans isomer to the cis isomer, and 
visible light switches the cis isomer back to the trans form. The cis to trans isomerization also 
occurs thermally at ambient temperature, albeit at a slower rate than the photoisomerization. 
c,d) Growth curves of E. coli CS1562 with different concentrations of non-irradiated (c) and 
irradiated (d) 2. Growth was not inhibited at the concentrations tested for the non-irradiated 
form of 2 (95% trans isomer), whereas after irradiation at 365 nm (89% cis isomer) significant 
inhibition of growth at concentrations of ≥16 μg/mL was observed. All solutions were irradi-
ated before inoculation. Error bars show standard deviations calculated from measurements 
in triplicate.

Quinolone-sensitive Escherichia coli CS1562 (24) was used to study the antibacterial 
activity. Using a broth dilution method (25), the minimal inhibitory concentration 
(MIC) of the photoswitchable quinolones was determined prior to and after irra-
diation at 365 nm (Table 1). Ideally, the photoswitchable quinolone should exhibit 
a large difference in antibacterial activity between the trans and cis forms, as this 
would enable external control of bacterial growth. Table 1 shows that compounds 2, 

c

d

0 µg ml–1 
4 µg ml–1 
8 µg ml–1 
16 µg ml–1 
32 µg ml–1 
64 µg ml–1 

0 µg ml–1 
4 µg ml–1 
8 µg ml–1 
16 µg ml–1 
32 µg ml–1 
64 µg ml–1 

1.0

0.8

0.6

0.4

0.2O
pt

ic
al

 d
en

si
ty

 a
t 6

00
 n

m

0.0

1.0

0.8

0.6

0.4

0.2O
pt

ic
al

 d
en

si
ty

 a
t 6

00
 n

m

0.0
0 2 4 6

Time (h)

8 10 12

N

O

OH

O

N
N

R N

O

OH

O

N
N

R

O O O O O

F

O

F

O

F

F

O

O

O

1 2 3 4 5

6 7 8 9

UV

Vis, kBT

b

cistrans

R =

N

R5

O

OH

O

R3

R1

R2

R4

a



Chapter 4: Optical control of antibacterial activity 89  

4 and 7 fulfil this criterion. Compound 2, the photoswitchable quinolone where R 
is 4-methoxy-3-methyl benzene, seems to have the largest change in activity upon 
switching and was selected for further studies. Figures 1c,d show the difference in 
growth curves of the non-irradiated (MIC > 64 µg/mL) and irradiated (MIC = 16 µg/
mL) form of compound 2. 
Next, the antibacterial activity of compound 2 was tested on the Gram positive 
Micrococcus luteus. A difference in activity between the non-irradiated (MIC = 16 
µg/mL) and irradiated (MIC = 2 µg/mL) form of compound 2 was observed. This 
8-fold difference in activity can be attributed to the distinctly higher antibacterial 
effect of cis-2. 

Table 1 Trans:cis ratios in water and MIC values of the nonirradiated and irradiated  
photoswitchable quinolones 1–9.

Compound  Non-irradiated Non-irradiated MIC Irradiated Irradiated MIC
 (trans:cis) (μg/mL) (trans:cis) (μg/mL)

1  100:0  8  15:85  16
2  95:5  >64*(16†)  11:89  16(2†)
3  100:0  >64*  40:60  >64*
4  100:0  >64*  48:52  32
5  91:9  16  34:66  16
6  100:0  >64*  29:71  64
7  96:4  >64*  41:59  32
8  93:7  16  46:54  16
9  100:0  64  44:56  64

The largest difference in activity between the irradiated and non-irradiated antibiotic was  

observed for compound 2 on E. coli CS156 and was also confirmed for M. luteus.

*MIC values were determined up to 64 μg/mL due to limited solubility.
†MIC values determined for M. luteus.

The studied antibiotics exhibit their effect in the exponential phase of bacterial growth 
(vide infra), which is reached after more than 30 min. In the beginning of the experi-
ment, just after irradiation, the fraction of cis isomer is 18-fold larger than in the non-
irradiated sample (Table 1). However, the active cis form gets thermally isomerized 
overtime into the less active trans form (vide infra), thus causing an underestimation 
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of the real difference in activity between both forms. The difference in antibacterial 
activity was observed in both Gram negative and Gram positive bacteria, indicating 
that the photoswitchable quinolone retains its broad spectrum character.

Figure 2 Auto-inactivation of antibiotic activity. a) Thermal cis-trans isomerization of 
compound 2 at 37 °C. The half-life is 2.08 hours. b) Growth curves of E. coli CS1562 incu-
bated with 40 µg/mL of compound 2 which was activated by at 365 nm at different times 
prior to incubation. Bacterial growth was inhibited by compound 2 irradiated immediately 
prior to incubation. Over time the antibacterial activity of compound 2 decreases as a result 
of thermal cis-trans isomerization. The samples that were irradiated 3 h prior to incubation 
show the same growth pattern as samples to which the antibiotic was not added, indicating 
that the antibacterial activity is lost completely 3 h after initial switching. Error bars show s.d. 
calculated from measurements in triplo.

A substantial percentage of antibiotics consumed in healthcare and agriculture is 
excreted unmetabolized (26), leading to their build-up in the environment and the deve-
lopment of bacterial resistance. One approach to overcome this problem is to develop 
compounds that auto-inactivate, i.e. lose their antibacterial activity over time. In this 
way, the antibiotic is active when needed to suppress infections, but has lost its activity 
by the time it is excreted from the body. Compound 2 is active when it is switched to its 
cis form i.e. following irradiation with UV light. Over time, the cis form of compound 
2 reverts thermally to the inactive trans form and, in doing so, loses its antibacterial 
activity (Fig 2a). To demonstrate this, solutions of 40 µg/mL compound 2 were irra-
diated at different time intervals before inoculation with E. coli CS1562. These solu-
tions contain 2.5 times the MIC value. Figure 2b shows that solutions of compound 
2 irradiated ≥ 3 hours prior to inoculation do not exhibit antibacterial activity.  
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The half-life of the active cis form is 2.08 hours (Fig. 2a) and calculated from this the 
concentration of cis-2 will drop below the MIC value after 2.5-3 hours. This corre-
lates with the experimentally obtained data that show loss of antibacterial activity 
after 3 hours (Fig 2b). These experiments imply that the antibacterial activity of UV 
irradiated compound 2 is lost over a timescale of hours, which could be highly useful 
for reducing antibiotic activity in the environment and preventing the development 
of microbial resistance.
 

Figure 3 Pharmacodynamic study with photoswitchable quinolone shows that antibacterial 
effect is exhibited in exponential phase. The bacteria incubated without compound 2 exhi-
bited a normal growth pattern and in contrast bacteria incubated with 40 µg/mL of 2 did 
not grow at all. Bacteria incubated with 2 (irradiation at 365 nm, mainly active cis isomer 
present) and illuminated with visible light after 30 min (mainly inactive trans form), while the 
bacteria were still in the lag phase, showed a normal growth pattern, comparable with bacteria 
incubated without compound 2. Bacteria incubated with 365 nm-irradiated compound 2 
and illuminated with visible light after 60 min, when the bacteria had already entered the 
exponential phase, did not show growth, comparable with bacteria incubated with 365 nm 
irradiated compound 2. This indicates that these quinolone analogs exhibit their antibacterial 
effect in the exponential phase and not in the lag phase. Error bars show s.d. calculated from 
measurements in triplo.

The light-responsive nature of compound 2 also allows a unique approach in studying 
pharmacodynamics (27), which provides insight into the interaction between drug 
and its biological target and is particularly useful to optimize pharmacotherapy (28). 
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Altering the drug concentration in a biological system at various times yields infor-
mation on the stage in which the drug exhibits its effect on the biological process that 
it targets and the reversibility of the interaction with the biological target. Obtaining 
such control over drug concentration is not trivial and hard to accomplish without 
disrupting the experiment. However, switching compound 2 between a state which 
shows antibacterial activity and a state which is inactive allows for the effective anti-
biotic concentration to be increased and decreased rapidly using an external, bioort-
hogonal stimulus. To demonstrate that advantage can be taken of these properties in 
studying pharmacodynamics, experiments were performed to determine in which of 
the phases of bacterial growth quinolones exhibit their antibacterial effect. A typical 
bacterial growth curve consists of several phases of growth. In the present study using 
E. coli CS1562, the lag phase lasted 45 min and the exponential phase up to 10 h. 
The bacteria were incubated with 40 µg/mL compound 2, which had been irradiated 
at 365 nm and shows antibacterial activity. After 30 min, when the bacteria were 
still in the lag phase, the wells were illuminated with visible light for 5 min, swit-
ching compound 2 back to the inactive form. The bacteria showed normal growth 
compared to the control bacteria, which were incubated without compound 2 (Fig. 
3). The experiment was repeated, but with the wells illuminated with visible light 
after 1 h, when the bacteria had already entered the exponential phase. The bacteria 
did not show growth and were comparable to the bacteria that were incubated with 
compound 2 that had been 365 nm-irradiated only. These experiments indicate 
that the quinolones exhibit their antibacterial effect in the exponential phase. This 
observation is in accordance with the established mechanism of action of this class of 
antibiotics, i.e. binding to DNA gyrase and inhibition of replication (17). Furthermore, 
decreasing the concentration of antibiotic leads to bacterial growth in case of a bacte-
riostatic antibacterial agent (25). This was not observed in this experiment, confir-
ming that quinolones exhibit a bactericidal (17) rather than a bacteriostatic effect. The 
rapid increase or decrease in effective antibacterial concentration achieved with this 
unique photoswitching approach enables the otherwise highly challenging study of 
pharmacodynamic properties.

Controlling bacterial growth with light is attractive because it allows for high spatial 
and temporal precision, which is useful for bacterial patterning. To demonstrate 
this, an agar plate was prepared containing 50 µg/mL of inactive, non-irradiated 
compound 2, which is below the MIC value and hence does not inhibit bacterial 
growth (Table 1). Next, a mask was placed on top of the agar plate. By irradiating 
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the agar plate at 365 nm, compound 2 was switched to the active cis form only in the 
exposed areas with inhibition of growth at the illuminated part of the agar plate only 
(Fig. 4). The plate was inoculated and incubated overnight at 37 °C. Bacterial colonies 
were observed only where the area of the plate was covered to prevent irradiation at 
365 nm and hence where compound 2 was in its inactive form. These data show how 
this novel, non-invasive approach can be used for precise cellular patterning (29,30). 
We have shown a proof of concept for the use of photoswitchable antibiotics to 
control bacterial growth with light. An antibiotic that can be turned on using an 
external stimulus has prospects for clinical use. A common side effect of antibiotics 
is intestinal problems due to the antibacterial effect exhibited on the local bacteria 
present in the digestive tract (31). This problem might be overcome by turning on the 
antibacterial agent locally after systemic absorption when it has already passed the 
digestive tract.

Figure 4 Bacterial patterning with light. a) An agar plate was prepared containing 50 µg/
mL of compound 2. Next, a mask is placed on top of the agar plate and subsequently the 
plate is irradiated at 365 nm. Only in the exposed part compound 2 is switched to its active  
cis form. Afterwards the plate is inoculated with E. coli CS1562 and incubated overnight at  
37 °C. Bacteria grow only at the part that was covered by the mask. b) Result of a typical 
bacterial patterning experiment. As a mask a Taijitu symbol was used.

Lamp

Mask

Agar plate

a

b
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Methods summary
Antibacterial activity and bacterial growth curves
Overnight cultures of E. coli CS1562 and M. luteus were diluted to an OD600 of 0.1 and 
100 µl of this cell suspension was added to 100 µl medium containing antibiotics at 
the given concentration. To determine the antibacterial activity after photoisomeri-
zation, the solutions were first irradiated at 365 nm for 10 min prior to adding the cell 
suspension. Cells were grown in a microtiter plate at 37 °C and cell density (600 nm) 
was measured every 10 min for 12 h, with a 10 sec shaking step before each measu-
rement, in a microplate reader (SynergyMX, BioTek). Graphs were background-
corrected by subtracting the OD600 at time 0.
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Supporting information

Materials and Methods

Bacterial strains and growth conditions
The bacterial strains used were E. coli CS1562 (tolC6:tn10) (24) and M. Luteus ATCC 
9341. E. coli were in LB medium (5 g/L yeast extract; 10 g/L tryptone; 0.5 g/L NaCl) 
supplemented with the required antibiotic, 10 µg/mL tetracycline at 37 °C. M. luteus 
ATCC 9341 were grown in 2x YP medium (16 g/L Peptone, 10 g/L yeast extract, 5 g/L 
NaCl pH 7.0) at 30 °C. 

Solid medium
An LB agar plate containing compound 2 was partly covered with a sterile thin card-
board and irradiated with UV and/or visible light for 10 min. The plate was then 
streaked with approximately 107 CFUs of E. coli CS1562 and incubated overnight at 
37 °C. 

Antibacterial activity and bacterial growth curves
Overnight cultures of E. coli CS1562 and M. luteus were diluted to an OD600 of 0.1 and 
100 µl of this cell suspension was added to 100 µl medium containing antibiotics at 
the given concentration. To determine the antibacterial activity after photoisomeri-
zation, the solutions were first irradiated at 365 nm for 10 min prior to adding the cell 
suspension. Cells were grown in a microtiter plate at 37 °C and cell density (600 nm) 
was measured every 10 min for 12 h, with a 10 sec shaking step before each measu-
rement, in a microplate reader (SynergyMX, BioTek). Graphs were background-
corrected by subtracting the OD600 at time 0.
 
Photoswitching Experiments
Irradiation experiments were performed with a Spectroline ENB-280C/FE UV lamp 
(365 nm) and Thor Labs OSL1-EC Fiber Illuminator (white light). 

Synthesis General
All chemicals for synthesis were obtained from commercial sources and used as 
received unless stated otherwise. Solvents were reagent grade. Thin-layer chromato-
graphy (TLC) was performed using commercial Kieselgel 60, F254 silica gel plates. 
Flash chromatography was performed on silica gel (Silicycle Siliaflash P60, 40-63 
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m, 230-400 mesh). Drying of solutions was performed with MgSO4 and solvents 
were removed with a rotary evaporator. Chemical shifts for NMR measurements 
were determined relative to the residual solvent peaks (δH 7.26 for CHCl3 and 2.50 
for DMSO, δC 77.16 for CDCl3 and 39.52 for DMSO). The following abbreviations 
are used to indicate signal multiplicity: s, singlet; d, doublet; t, triplet; q, quartet; m, 
multiplet; brs, broad signal; appt, apparent triplet. HRMS (ESI) spectra were obtained 
on a Thermo scientific LTQ Orbitrap XL. Melting points were recorded using a Buchi 
melting point B-545 apparatus. UV/Vis absorption spectra were recorded on an 
Agilent 8453 UV-Visible Spectrophotometer using Uvasol grade solvents. 

UV absorption spectra and reversible photochromism of compounds 1-7

Figure S1 A) Molecular structure of compound 1. B) UV-Vis absorption spectrum at a 
concentration of 29.1 x 10-6 M in H2O set at pH=9 with NaOH. C) Reversible photochromism.

Figure S2 A) Molecular structure of compound 2. B) UV-Vis absorption spectrum at a 
concentration of 21.9 x 10-6 M in H2O set at pH=9 with NaOH. C) Reversible photochromism.

Figure S3 A) Molecular structure of compound 3. B) UV-Vis absorption spectrum at a 
concentration of 24.5 x 10-6 M in H2O set at pH=9 with NaOH. C) Reversible photochromism.
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Figure S4 A) Molecular structure of compound 4. B) UV-Vis absorption spectrum at a 
concentration of 36.9 x 10-6 M in H2O set at pH=9 with NaOH. C) Reversible photochromism.

Figure S5 A) Molecular structure of compound 5. B) UV-Vis absorption spectrum at a 
concentration of 33.8 x 10-6 M in H2O set at pH=9 with NaOH. C) Reversible photochromism.

Figure S6 A) Molecular structure of compound 6. B) UV-Vis absorption spectrum at a 
concentration of 41.8 x 10-6 M in H2O set at pH=9 with NaOH. C) Reversible photochromism.

Figure S7 A) Molecular structure of compound 7. B) UV-Vis absorption spectrum at a 
concentration of 45.3 x 10-6 M in H2O set at pH=9 with NaOH. C) Reversible photochromism.
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Figure S8 A) Molecular structure of compound 8. B) UV-Vis absorption spectrum at a 
concentration of 37.7 x 10-6 M in H2O set at pH=9 with NaOH. C) Reversible photochromism.

Figure S9 A) Molecular structure of compound 9. B) UV-Vis absorption spectrum at a 
concentration of 31.4 x 10-6 M in H2O set at pH=9 with NaOH. C) Reversible photochromism.

General synthetic scheme

 



Chapter 4: Optical control of antibacterial activity 101  

Experimental

Diethyl 2-(((3-nitrophenyl)amino)methylene)malonate (10) A mixture of 3-nitroaniline (36.2 
mmol, 5.00 g) and diethyl-2-ethoxymethylenemalonate (DEEM) (36.2 mmol, 7.82 g) was 
stirred at 80 °C under nitrogen for 1 h. The reaction mixture was dissolved in DCM (50 mL) and 
washed with aqueous 1M HCl (50 mL), brine (50 mL) and dried (MgSO4). DCM was removed 
in vacuo resulting in 10.95 g (>95%) of a yellow solid. mp: 83-84 °C (lit: 81-82 °C) (32). 
1H NMR (400 MHz, CDCl3): δ 11.18 (d, J = 13.1 Hz, 1H), 8.51 (d, J = 13.2 Hz, 1H), 
8.02 – 7.96 (m, 2H), 7.56 (t, J = 8.1 Hz, 1H), 7.43 (dd, J = 8.1, 1.5 Hz, 1H), 4.33 (q, J = 
7.1 Hz, 2H), 4.28 (q, J = 7.1 Hz, 2H), 1.39 (t, J = 7.1 Hz, 3H), 1.35 (t, J = 7.1 Hz, 3H). 
13C NMR (100 MHz, CDCl3): δ 168.8, 165.0, 150.6, 140.5, 130.8, 122.6, 119.0, 113.8, 
111.5, 96.1, 60.8, 60.5, 14.4, 14.2. 
HR-MS (ESI, [M+H]+): Calcd. for C14H15N2O5: 291.0986 ; Found: 291. 

Ethyl 7-nitro-4-oxo-1,4-dihydroquinoline-3-carboxylate (11) A solution of 10 (35.5 mmol, 10.9 g) 
in diphenylether (10 ml) was added dropwise to a stirred solution of boiling diphenylether (200 
ml). After heating under reflux for 1 h the mixture was slowly cooled to room temperature and 
pentane (150 ml) was added. The solid was filtered off and the residue was recrystallized from 
DMF resulting in 9.11 g (>95%) of a yellow solid. mp: 318-319 °C. 
1H NMR (400 MHz, DMSO-D6): δ 12.60 (brs, 1H), 8.73 (s, 1H), 8.48 (d, J = 2.1 Hz, 
1H), 8.34 (d, J = 8.9 Hz, 1H), 8.11 (dd, J = 8.9, 2.2 Hz, 1H), 4.21 (q, J = 7.1 Hz, 2H), 1.27 
(t, J = 7.1 Hz, 3H). 
13C NMR (100 MHz, DMSO-D6): δ 172.9, 164.9, 149.8, 147.3, 131.1, 128.4, 118.6, 
115.7, 113.8, 111.7, 60.3, 14.8. 
HR-MS (ESI, [M+H]+): Calcd. for C12H11N2O5: 263.0668 ; Found: 263.0667
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Ethyl 1-ethyl-7-nitro-4-oxo-1,4-dihydroquinoline-3-carboxylate (12) To a solution of 11 (7.25 
mmol, 1.90 g) in DMF (50 mL) was added K2CO3 (8.00 mmol, 1.11g) and the resulting suspen-
sion was heated to 80 °C. Ethyl bromide (14.5 mmol, 1.59 g) was added and the mixture was 
stirred overnight. The mixture was diluted with water (100 ml) and filtered over a glass filter. 
The solid was dissolved in DCM (50 mL) and washed with aqueous 1M HCl (100 mL) and brine 
(100 mL) and dried (MgSO4). DCM was removed in vacuo resulting in 1.88 g (89%) of a yellow 
solid. mp: 193-194 °C. 
1H NMR (400 MHz, DMSO-D6): δ 8.82 (s, 1H), 8.53 (d, J = 1.9 Hz, 1H), 8.44 (d, J = 8.8 
Hz, 1H), 8.20 (dd, J = 8.8, 2.0 Hz, 1H), 4.52 (q, J = 7.1 Hz, 2H), 4.23 (q, J = 7.1 Hz, 2H), 
1.39 (t, J = 7.1 Hz, 3H), 1.28 (t, J = 7.1 Hz, 3H). 
13C NMR (100 MHz, DMSO-D6): δ 172.3, 164.6, 151.0, 150.4, 139.2, 132.2, 129.3, 
119.0, 113.8, 111.0, 60.5, 48.7, 14.7, 14.7. 
HR-MS (ESI, [M+H]+): Calcd. for C14H15N2O5: 291.0981; Found: 291.0972 

Ethyl 7-amino-1-ethyl-4-oxo-1,4-dihydroquinoline-3-carboxylate (13) To a solution of 12 (1.92 
mmol, 500 mg) in MeOH (50 mL) was added 25 mg of 10% Pd/C. Then the mixture was stirred 
under hydrogen atmosphere (balloon) for 1.5 h. Afterwards the mixture was filtered over a 
paper filter and the solvent was evaporated in vacuo. After recrystallization from MeOH, 435 mg 
(> 95%) of the product was obtained as off-white needles. mp: 251-252 °C.
1H NMR (400 MHz, CDCl3): δ 8.38 (s, 1H), 8.34 (d, J = 8.7 Hz, 1H), 6.73 (d, J = 8.7 Hz, 
1H), 6.50 (s, 1H), 4.39 (q, J = 7.1 Hz, 2H), 4.19 (brs, 2H), 4.13 (q, J = 7.1 Hz, 2H), 1.52 
(t, J = 7.2 Hz, 3H), 1.41 (t, J = 7.2 Hz, 3H). 
13C NMR (100 MHz, CDCl3): δ 172.9, 165.1, 150.1, 149.8, 138.8, 132.7, 130.4, 118.8, 
112.8, 111.7, 61.3, 49.3, 14.5, 14.4. 
HR-MS (ESI, [M+H]+): Calcd. for C14H17N2O3: 261.1239 ; Found: 261.1236
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Ethyl 1-ethyl-7-((4-hydroxyphenyl)diazenyl)-4-oxo-1,4-dihydroquinoline-3-carboxylate (14) To a 
solution of 13 (0.38 mmol, 100 mg) in aqueous 1M HCl (1 mL) on ice was added a solution of 
NaNO2 (0.42 mmol, 29 mg) in water (100 μL). Then a solution of phenol (0.42 mmol, 40 mg) 
in aqueous 2.5M NaOH (200 μl) was added dropwise. The mixture was stirred for 15 min and 
after purification by flash chromatography (DCM:MeOH 9:1) 98 mg (69%) of the product was 
obtained as a scarlet solid. mp: 296-297 °C. 
1H NMR (400 MHz, DMSO-D6): δ 10.50 (s, 1H), 8.75 (s, 1H), 8.35 (d, J = 8.4 Hz, 1H), 
8.16 (s, 1H), 7.88 (d, J = 8.3 Hz, 2H), 7.80 (d, J = 8.8 Hz, 1H), 6.96 (d, J = 8.7 Hz, 2H), 4.50 
(q, J = 6.4 Hz, 2H), 4.23 (q, J = 7.0 Hz, 2H), 1.42 (t, J = 6.9 Hz, 3H), 1.28 (t, J = 6.9 Hz, 3H). 
13C NMR (100 MHz, DMSO-D6): δ 172.9, 165.0, 154. 9, 149.8, 145.4, 139.9, 129.2, 
128.5, 126.0, 116.7, 114.0, 113.8, 113.7, 111.2, 60.3, 48.5, 14.9, 14.8.
HR-MS (ESI, [M+H]+): Calcd. for C20H20N3O4: 366.1454 ; Found: 366.1448 

(Ethyl 1-ethyl-7-((4-hydroxy-3-methylphenyl)diazenyl)-4-oxo-1,4-dihydroquinoline-3-carboxylate 
(15) To a solution of 13 (0.38 mmol, 100 mg) in aqueous 1M HCl (1 mL) on ice was added 
a solution of NaNO2 (0.42 mmol, 29 mg) in water (100 μL). Then a solution of o-cresol (0.42 
mmol, 46 mg) in aqueous 2.5M NaOH (200 μl) was added dropwise. The mixture was stirred 
for 15 min and after purification by flash chromatography (DCM:MeOH 9:1) 79 mg (54%) of 
the product was obtained as a scarlet solid. mp: 259-260 °C. 
1H NMR (400 MHz, DMSO-D6): δ 8.74 (s, 1H), 8.35 (d, J = 8.7 Hz, 1H), 8.15 (d, J = 1.6 
Hz,1H), 7.82 (d, J = 1.6 Hz, 1H), 7.79 (m, 1H), 7.73 (dd, J = 8.4, 2.4 Hz, 1H), 6.97 (d, J 
= 8.5 Hz, 1H), 4.50 (q, J = 7.2 Hz, 2H), 4.23 (q, J = 7.2 Hz, 2H), 2.21 (s, 3H), 1.42 (t, J = 
7.0 Hz, 3H), 1.28 (t, J = 7.1 Hz, 3H). 
13C NMR (100 MHz, DMSO-D6): δ 172.9, 165.0, 154.9, 150.0, 145.4, 139.9, 129.1, 
128.4, 125.8, 125.3, 124.8, 116.1, 115.5, 114.0, 113.7, 111.1, 60.2, 48.4, 16.4, 14.8, 14.7. 
HR-MS (ESI, [M+H]+): Calcd. for C21H22N3O4: 380.1610 ; Found: 380.1604
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Ethyl 1-ethyl-7-((4-hydroxy-3,5-dimethylphenyl)diazenyl)-4-oxo-1,4-dihydroquinoline-3-carboxy-
late (16) To a solution of 13 (0.76 mmol, 200 mg) in aqueous 1M HCl (2 mL) on ice was added 
a solution of NaNO2 (0.84 mmol, 58 mg) in water (200 μL). The mixture was stirred on ice 
and a solution of NaNO2 (0.84 mmol, 58 mg) in water (200 μL) was added. Then a solution of 
2,6-dimethylphenol (0.76 mmol, 102 mg) in aqueous 2.5M NaOH (400 μl) was added dropwise. 
The mixture was stirred for 15 min and after purification by flash chromatography (DCM:MeOH 
9:1) 291 mg (>95%) of the product was obtained as a scarlet solid. mp: 241-242 °C. 
1H NMR (400 MHz, CDCl3): δ 8.65 (d, J = 8.6 Hz, 1H), 8.56 (s, 1H), 7.94 (d, J = 1.5 Hz, 
1H), 7.91 (dd, J = 8.6, 1.6 Hz, 1H), 7.70 (s, 2H), 4.42 (q, J = 7.1 Hz, 2H), 4.35 (q, J = 7.3 
Hz, 2H), 2.37 (s, 6H), 1.62 (t, J = 7.2 Hz, 3H), 1.43 (t, J = 7.1 Hz, 3H). 
13C NMR (100 MHz, CDCl3): δ 173.99, 165.93, 156.23, 155.07, 149.08, 146.26, 139.35, 
129.31, 124.33, 123.86, 117.86, 113.75, 111.61, 111.22, 60.99, 49.01, 16.00, 14.64, 14.44. 
HR-MS (ESI, [M+H]+): Calcd. for C22H24N3O4: 394.1767 ; Found: 394.1764

Ethyl 1-ethyl-7-((4-hydroxy-2,3,6-trimethylphenyl)diazenyl)-4-oxo-1,4-dihydroquinoline-3-car-
boxylate (17) To a solution of 13 (0.38 mmol, 100 mg) in aqueous 1M HCl (1 mL), stirred in an 
ice-bath, was added a solution of NaNO2 (0.42 mmol, 29 mg) in water (100 μL). Then a solu-
tion of 2,3,5-trimethylphenol (0.42 mmol, 57 mg) in aqueous 2.5M NaOH (200 μl) was added 
dropwise. The mixture was stirred for 15 min and after purification by flash chromatography 
(DCM:MeOH 9:1) 85 mg (55%) of the product was obtained as a scarlet solid. 
1H NMR (400 MHz, DMSO-D6): δ 8.74 (s, 1H), 8.36 (d, J = 8.7 Hz, 1H), 8.06 (s, 1H), 7.78 
(d, J = 8.6 Hz, 1H), 6.62 (s, 1H), 4.49 (q, J = 6.9 Hz, 2H), 4.23 (q, J = 7.1 Hz, 2H), 2.46 (s, 
3H), 2.39 (s, 3H), 2.12 (s, 3H), 1.42 (t, J = 7.1 Hz, 3H), 1.28 (t, J = 7.1 Hz, 3H). 
13C NMR (100 MHz, DMSO-D6): δ 172.9, 165.0, 157.7, 155.5, 150.0, 143.2, 139.9, 137.9, 
129.8, 129.1, 128.5, 122.0, 116.8, 116.0, 112.7, 111.1, 60.2, 48.5, 21.7, 15.6, 14.8, 14.7, 12.0. 
HR-MS (ESI, [M+H]+): Calcd. for C23H26N3O4: 408.1918; Found: 408.1918
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Ethyl 1-ethyl-7-((2-methoxy-5-methylphenyl)diazenyl)-4-oxo-1,4-dihydroquinoline-3-carboxylate 
(18) To a solution of 13 (0.38 mmol, 100 mg) in aqueous 1M HCl (1 mL) on ice was added a 
solution of NaNO2 (0.42 mmol, 29 mg) in water (100 μL). Then a solution of 4-methylphenol 
(0.42 mmol, 46 mg) in aqueous 2.5M NaOH (200 μl) was added dropwise to the stirred solution. 
The mixture was stirred for 15 min and after purification by flash chromatography 50 mg (35%) 
of the product was obtained as a red/orange solid. mp: 236-237 °C. 
1H NMR (400 MHz, DMSO-D6): δ 15.15 (s, 1H), 10.58 (s, 1H), 9.13 (s, 1H), 8.51 (d, J 
= 8.7 Hz, 1H), 8.37 (s, 1H), 7.97 (d, J = 7.3 Hz, 1H), 7.92 (d, J = 8.9 Hz, 2H), 6.98 (d, J = 
8.9 Hz, 2H), 4.71 (q, J = 7.1 Hz, 2H), 1.47 (t, J = 7.0 Hz, 3H). 
13C NMR (100 MHz, CDCl3): δ 173.8, 165.8, 162.5, 159.4, 153.0, 150.7, 149.2, 140.7, 
135.8, 133.5, 118.1, 117.7, 115.9, 113.7, 113.7, 110.3, 61.1, 49.0, 20.3, 14.6, 14.4. 
HR-MS (ESI, [M+H]+): Calcd. for C21H22N3O4: 380.1605 ; Found: 380.1596

Ethyl 1-ethyl-7-((3-fluoro-4-hydroxyphenyl)diazenyl)-4-oxo-1,4-dihydroquinoline-3-carboxylate 
(19) To a solution of 13 (0.76 mmol, 200 mg) in aqueous 1M HCl (2 mL) on ice was added a 
solution of NaNO2 (0.84 mmol, 58 mg) in water (200 μL). Then a solution of 2-fluorophenol 
(0.76 mmol, 85 mg) in aqueous 2.5M NaOH (400 μl) was added dropwise. The mixture was 
stirred for 15 min and after purification by flash chromatography 96 mg (33%) of the product 
was obtained as a red/orange solid. mp: 291-292 °C. 
1H NMR (400 MHz, DMSO-D6): δ 8.75 (s, 1H), 8.36 (d, J = 8.6 Hz, 1H), 8.20 (d, J = 1.5 
Hz, 1H), 7.77 (m, 3H), 7.17 (t, J = 8.8 Hz, 1H), 4.50 (q, J = 7.0 Hz, 2H), 4.23 (q, J = 7.1 
Hz, 2H), 1.42 (t, J = 7.1 Hz, 3H), 1.28 (t, J = 7.1 Hz, 3H) 
19F NMR (376 MHz, CDCl3): δ -138.49 (t, J = 9.8 Hz). 
HR-MS (ESI, [M+H]+): Calcd. for C20H19FN3O4: 384.1354 ; Found: 384.1352
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Ethyl 7-((3,5-difluoro-4-hydroxyphenyl)diazenyl)-1-ethyl-4-oxo-1,4-dihydroquinoline-3-carboxy-
late (20) To a solution of 13 (0.76 mmol, 200 mg) in aqueous 1M HCl (2 mL) on ice was added a 
solution of NaNO2 (0.84 mmol, 58 mg) in water (200 μL). Then a solution of 2,6-difluorophenol 
(0.76 mmol, 99 mg) in aqueous 2.5M NaOH (400 μl) was added dropwise. The mixture was 
stirred for 15 min and after purification by flash chromatography 125 mg (41%) of the product 
was obtained as a red/orange solid. mp: 280-281 °C. 
1H NMR (400 MHz, DMSO-D6): δ 8.75 (s, 1H), 8.36 (d, J = 8.6 Hz, 1H), 8.23 (d, J = 1.4 
Hz, 1H), 7.79 (dd, J = 8.6, 1.6 Hz, 1H), 7.72 (d, J = 9.1 Hz, 2H), 4.49 (q, J = 7.1 Hz, 2H), 
4.22 (q, J = 7.1 Hz, 2H), 1.42 (t, J = 7.1 Hz, 3H), 1.28 (t, J = 7.1 Hz, 3H). 
19F NMR (376 MHz, CDCl3): δ -133.97 (d, J = 8.2 Hz). 
HR-MS (ESI, [M+H]+): Calcd. for C20H18F2N3O4: 402.1260; Found: 402.1251

Ethyl 1-ethyl-7-((5-fluoro-2-hydroxyphenyl)diazenyl)-4-oxo-1,4-dihydroquinoline-3-carboxylate 
(21) To a solution of 13 (0.76 mmol, 200 mg) in aqueous 1M HCl (2 mL) on ice was added a 
solution of NaNO2 (0.84 mmol, 58 mg) in water (200 μL). Then a solution of 4-fluorophenol 
(0.76 mmol, 85 mg) in aqueous 2.5M NaOH (400 μl) was added dropwise. The mixture was 
stirred for 15 min and after purification by flash chromatography 124 mg (43%) of the product 
was obtained as a red/orange solid. mp: 240-241 °C. 
1H NMR (400 MHz, CDCl3): δ 12.29 (s, 1H), 8.70 (d, J = 8.3 Hz, 1H), 8.58 (s, 1H), 7.93 
(d, J = 10.2 Hz, 2H), 7.72 (d, J = 5.6 Hz, 1H), 7.18 (m, 1H), 7.05 (dd, J = 9.0, 4.7 Hz, 1H), 
4.43 (q, J = 7.1 Hz, 2H), 4.36 (q, J = 7.1 Hz, 2H), 1.63 (t, J = 7.2 Hz, 3H), 1.44 (t, J = 7.1 
Hz, 3H). 
19F NMR (376 MHz, CDCl3): δ -123.51 (ddd, J = 12.9, 6.4, 3.8 Hz). 
HR-MS (ESI, [M+H]+): Calcd. for C20H19FN3O4: 384.1354 ; Found: 384.1352 
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Ethyl 1-ethyl-7-((4-hydroxy-3-methoxyphenyl)diazenyl)-4-oxo-1,4-dihydroquinoline-3-carboxy-
late (22) To a solution of 13 (0.38 mmol, 100 mg) in aqueous 1M HCl (1 mL), stirred in an ice-
bath, was added a solution of NaNO2 (0.42 mmol, 29 mg) in water (100 μL). Then a solution of 
guaiacol (0.42 mmol, 52 mg) in aqueous 2.5M NaOH (200 μl) was added dropwise. The mixture 
was stirred for 15 min and after purification by flash chromatography (DCM:MeOH 9:1) 55 mg 
(37%) of the product was obtained as a scarlet solid. 
1H NMR (400 MHz, DMSO-D6): δ 8.75 (s, 1H), 8.35 (d, J = 8.3 Hz, 1H), 8.16 (s, 1H), 
7.81 (d, J = 8.7 Hz, 1H), 7.58 (d, J = 8.8 Hz, 1H), 7.51 (s, 1H), 6.99 (d, J = 8.7 Hz, 1H), 
4.51 (q, J = 7.2 Hz, 2H), 4.23 (q, J = 7.2 Hz, 2H), 3.87 (s, 3H), 1.42 (t, J = 7.2 Hz, 3H), 
1.28 (t, J = 7.2 Hz, 3H). 
13C NMR (100 MHz, DMSO-D6): δ 172.9, 164.9, 154.9, 150.0, 149.1, 146.6, 145.5, 
139.9, 129.1, 128.4, 122.8, 116.2, 115.9, 113.9, 111.2, 103.2, 60.3, 56.1, 48.5, 14.9, 14.8. 
HR-MS (ESI, [M+H]+): Calcd. for C21H22N3O5: 396.1554; Found: 396.1552 

Ethyl 1-ethyl-7-((4-methoxyphenyl)diazenyl)-4-oxo-1,4-dihydroquinoline-3-carboxylate (23) 14 
(0.22 mmol, 80 mg) was dissolved in DMF (25 mL) to which K2CO3 (0.26 mmol, 36 mg) and 
methyl iodide (0.26 mmol, 37 mg) were added and the mixture was stirred overnight at 70 
°C. The reaction mixture was concentrated in vacuo and redissolved in DCM (20 ml). This 
was washed with a saturated aqueous NaHCO3 solution, brine and dried (MgSO4). The organic 
phase was concentrated in vacuo and purified with flash chromatography (DCM:MeOH 9:1), 
resulting in 53 mg (64%) of an orange solid. mp: 177-178 °C. 
1H NMR (400 MHz, CDCl3): δ 8.66 (d, J = 8.7 Hz, 2H), 8.57 (s, 1H), 7.99 (d, J = 9.0 Hz, 
2H), 7.95 (s, 1H), 7.93 (d, J = 8.7 Hz, 1H), 7.05 (d, J = 9.0 Hz, 2H), 4.43 (q, J = 7.2 Hz, 
18H), 4.39 (q, J= 7.2 Hz, 2H), 3.93 (s, 3H), 1.63 (t, J = 7.1 Hz, 3H), 1.44 (t, J = 7.1 Hz, 3H). 
13C NMR (100 MHz, CDCl3): δ 163.0, 155.0, 149.2, 146.9, 139.4, 130.9, 129.3, 127.0, 
125.4, 120.4, 117.9, 114.9, 114.4, 111.4, 61.1, 55.7, 49.1, 14.7, 14.4. 
HR-MS (ESI, [M+H]+): Calcd. for C21H22N3O4: 380.1610 ; Found: 380.1602 
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Ethyl 1-ethyl-7-((4-methoxy-3-methylphenyl)diazenyl)-4-oxo-1,4-dihydroquinoline-3-carboxylate 
(24) 15 (0.21 mmol, 79 mg) was dissolved in DMF (50 mL) to which Cs2CO3 (0.31 mmol, 102 
mg) and methyl iodide (1.68 mmol, 238 mg) were added and the mixture was stirred overnight 
at 70 °C. The reaction mixture was concentrated in vacuo and redissolved in DCM (50ml). This 
was washed with a saturated aqueous NaHCO3 solution, brine and dried (MgSO4). The organic 
phase was concentrated in vacuo and purified with flash chromatography (DCM:MeOH 9:1), 
resulting in 71 mg (75%) of an orange solid. mp: 207-208 °C. 
1H NMR (400 MHz, CDCl3): δ 8.65 (d, J = 8.5 Hz, 1H), 8.57 (s, 1H), 7.95 (d, J = 1.4 Hz, 
1H), 7.92 (dd, J = 8.6, 1.6 Hz, 1H), 7.89 (dd, J = 8.5, 2.5 Hz, 1H), 7.82 (d, J = 1.6 Hz, 1H), 
6.98 (d, J = 8.7 Hz, 1H), 4.43 (q, J = 7.1 Hz, 2H), 4.36 (q, J = 7.2 Hz, 2H), 3.95 (s, 3H), 
2.32 (s, 3H), 1.63 (t, J = 7.3 Hz, 3H), 1.43 (dd, J = 7.3 Hz, 3H). 
13C NMR (100 MHz, CDCl3): δ 174.0, 166.0, 161.3, 155.1, 149.1, 146.4, 139.3, 129.8, 
129.3, 127.8, 125.3, 123.8, 117.8, 111.6, 111.3, 109.8, 61.0, 55.7, 49.0, 16.4, 14.6, 14.5. 
HR-MS (ESI, [M+H]+): Calcd. for C22H24N3O4: 394.1761; Found: 394.1760

Ethyl 1-ethyl-7-((4-methoxy-3,5-dimethylphenyl)diazenyl)-4-oxo-1,4-dihydroquinoline-3-car-
boxylate (25) 16 (0.71 mmol, 249 mg) was dissolved in THF (25 mL) to which Cs2CO3 (1.07 
mmol, 347 mg) and methyl iodide (2.13 mmol, 302 mg) were added and the mixture was 
stirred overnight at 70 °C. The reaction mixture was concentrated in vacuo and redissolved in 
DCM (25ml). This was washed with a saturated aqueous NaHCO3 solution, brine and dried 
(MgSO4). The organic phase was concentrated in vacuo and purified with flash chromato-
graphy (DCM:MeOH 9:1), resulting in 126 mg (44%) of an orange solid. mp: 203-204 °C. 
1H NMR (400 MHz, CDCl3): δ 8.65 (dd, J = 8.6, 4.6 Hz, 1H), 8.57 (d, J = 2.7 Hz, 1H), 7.96 
(d, J = 1.5 Hz, 1H), 7.95 – 7.89 (m, 1H), 7.70 (d, J = 6.6 Hz, 2H), 4.43 (q, J = 7.1 Hz, 2H), 4.36 
(q, J = 7.1 Hz, 2H), 3.81 (s, 3H), 2.40 (s, 6H), 1.63 (t, J = 7.2 Hz, 3H), 1.44 (t, J = 7.1 Hz, 3H). 
13C NMR (100 MHz, DMSO-D6): δ 172.82, 164.94, 154.58, 150.16, 148.23, 139.92, 132.30, 
129.69, 128.58, 128.03, 124.13, 115.98, 114.93, 111.31, 60.06, 48.53, 17.47, 16.43, 14.90, 14.79. 
HR-MS (ESI, [M+H]+): Calcd. for C23H26N3O4: 408.1917 ; Found: 408.1918
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Ethyl 1-ethyl-7-((4-methoxy-2,3,6-trimethylphenyl)diazenyl)-4-oxo-1,4-dihydroquinoline-3-car-
boxylate (26) 17 (0.20 mmol, 80 mg) was dissolved in THF (10 mL). Cs2CO3 (0.30 mmol, 98 
mg) and dimethyl sulfate (0.22 mmol, 28 mg) were added and the mixture was stirred overnight 
at 70 °C. The reaction mixture was concentrated in vacuo and the product was purified by flash 
chromatography (DCM:MeOH 9:1), resulting in 46 mg (55%) of an orange solid. 
1H NMR (400 MHz, DMSO-D6): δ 8.76 (s, 1H), 8.38 (d, J = 8.6 Hz, 1H), 8.13 (s, 1H), 
7.81 (d, J = 8.9 Hz, 1H), 6.84 (s, 1H), 4.51 (q, J = 7.2 Hz, 2H), 4.23 (q, J = 7.2 Hz, 2H), 
3.86 (s, 3H), 2.45 (s, 3H), 2.43 (s, 3H), 2.15 (s, 3H), 1.42 (t, J = 7.2 Hz, 3H), 1.29 (t, J = 
7.2 Hz, 3H).
13C NMR (100 MHz, DMSO-D6): δ 172.9, 165.0, 158.6, 155.2, 150.1, 144.3, 139.9, 
136.0, 129.6, 129.3, 128.5, 123.5, 116.6, 113.3, 111.8, 111.2, 72.0, 60.3, 56.1, 48.5, 21.4, 
15.5, 14.8, 11.9. 
HR-MS (ESI, [M+H]+): Calcd. for C24H28N3O4: 422.2074; Found: 422.2071

Ethyl 1-ethyl-7-((2-methoxy-5-methylphenyl)diazenyl)-4-oxo-1,4-dihydroquinoline-3-carboxylate 
(27) 18 (0.13 mmol, 50 mg) was dissolved in THF (25 mL) to which K2CO3 (0.16 mmol, 22 mg) 
and methyl iodide (0.32 mmol, 45 mg) were added and the mixture was stirred overnight at 70 
°C. The reaction mixture was concentrated in vacuo and redissolved in DCM (20 mL). This 
was washed with a saturated aqueous NaHCO3 solution, brine and dried (MgSO4). The organic 
phase was concentrated in vacuo and purified with flash chromatography (DCM:MeOH 9:1), 
resulting in 55 mg (>95%) of an orange solid. mp: 206-207 °C. 
1H NMR (400 MHz, CDCl3): δ 8.65 (d, J = 8.7 Hz, 1H), 8.57 (s, 1H), 7.98 (s, 1H), 7.93 
(d, J = 8.6 Hz, 1H), 7.52 (s, 1H), 7.33 (d, J = 8.8 Hz, 1H), 7.03 (d, J = 8.4 Hz, 1H), 4.43 
(q, J = 7.0 Hz, 2H), 4.36 (q, J = 7.0 Hz, 2H), 4.03 (s, 3H), 2.37 (s, 3H), 1.62 (t, J = 7.2 Hz, 
3H), 1.43 (t, J = 7.1 Hz, 3H). 
13C NMR (100 MHz, CDCl3): δ 173.9, 165.9, 155.7, 155.4, 149.1, 141.7, 139.3, 134.4, 
130.3, 130.0, 129.4, 117.6, 117.0, 113.7, 112.9, 112.3, 61.0, 56.4, 49.0, 20.4, 14.6, 14.4. 
HR-MS (ESI, [M+H]+): Calcd. for C22H24N3O4: 394.1761 ; Found: 394.1751.
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Ethyl 1-ethyl-7-((3-fluoro-4-methoxyphenyl)diazenyl)-4-oxo-1,4-dihydroquinoline-3-carboxylate 
(28) 19 (0.35 mmol, 230 mg) was dissolved in THF (25 mL) to which Cs2CO3 (0.70 mmol, 230 
mg) and methyl iodide (2.8 mmol, 400 mg) were added and the mixture was stirred overnight at 
70 °C. The reaction mixture was concentrated in vacuo and redissolved in DCM (40 mL). This 
was washed with a saturated aqueous NaHCO3 solution, brine and dried (MgSO4). The organic 
phase was concentrated in vacuo and purified with flash chromatography (DCM:MeOH 9:1), 
resulting in 95 mg (68%) of an orange solid. mp: 207-208 °C. 
1H NMR (400 MHz, CDCl3): δ 8.65 (d, J = 8.6 Hz, 1H), 8.57 (s, 1H), 7.97 (d, J = 1.5 Hz, 
1H), 7.91 (dd, J = 8.6, 1.6 Hz, 1H), 7.86 (ddd, J = 8.6, 2.2, 1.3 Hz, 1H), 7.75 (dd, J = 12.0, 
2.3 Hz, 1H), 7.13 (t, J = 8.6 Hz, 1H), 4.42 (q, J = 7.1 Hz, 2H), 4.36 (q, J = 7.3 Hz, 2H), 
4.01 (s, 3H), 1.63 (t, J = 7.1 Hz, 3H), 1.43 (t, J = 7.1 Hz, 3H). 
19F NMR (376 MHz, CDCl3): δ -132.92 – -133.03 (m). 
HR-MS (ESI, [M+H]+): Calcd. for C21H21FN3O4: 398.1510 ; Found: 398.1509

Ethyl 7-((3,5-difluoro-4-methoxyphenyl)diazenyl)-1-ethyl-4-oxo-1,4-dihydroquinoline-
3-carboxylate (29) 20 (0.22 mmol, 90 mg) was dissolved in THF (25 mL) to which Cs2CO3 
(0.45 mmol, 147 mg) and methyl iodide (0.89 mmol, 127 mg) were added and the mixture was 
stirred overnight at 70 °C. The reaction mixture was concentrated in vacuo and redissolved in 
DCM (40 mL). This was washed with a saturated aqueous NaHCO3 solution, brine and dried 
(MgSO4). The organic phase was concentrated in vacuo and purified with flash chromatography 
(DCM:MeOH 9:1), resulting in 88 mg (90%) of an orange solid. mp: 198-199 °C. 
1H NMR (400 MHz, CDCl3): δ 8.67 (d, J = 8.6 Hz, 1H), 8.58 (s, 1H), 7.99 (d, J = 1.5 Hz, 
1H), 7.92 (dd, J = 8.6, 1.6 Hz, 1H), 7.62 (d, J = 9.2 Hz, 2H), 4.43 (q, J = 7.1 Hz, 2H), 4.37 
(q, J = 7.3 Hz, 2H), 4.14 (t, J = 1.5 Hz, 3H), 1.63 (t, J = 7.3 Hz, 3H), 1.44 (t, J = 7.1 Hz, 3H). 
19F NMR (376 MHz, CDCl3): δ -127.13 – -127.32 (m). 
HR-MS (ESI, [M+H]+): Calcd. for C21H20F2N3O4: 416.1416; Found: 416.1406
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Ethyl 1-ethyl-7-((5-fluoro-2-methoxyphenyl)diazenyl)-4-oxo-1,4-dihydroquinoline-3-carboxylate 
(30) 21 (0.25 mmol, 100 mg) was dissolved in THF (25 mL) to which Cs2CO3 (0.64 mmol, 210 
mg) and methyl iodide (2.8 mmol, 400 mg) were added and the mixture was stirred overnight at 
70 °C. The reaction mixture was concentrated in vacuo and redissolved in DCM (30 mL). This 
was washed with a saturated aqueous NaHCO3 solution, brine and dried (MgSO4). The organic 
phase was concentrated in vacuo and purified with flash chromatography (DCM:MeOH 9:1), 
resulting in 59 mg (57%) of an orange solid. mp: 196-197 °C. 
1H NMR (400 MHz, CDCl3): δ 8.66 (d, J = 8.6 Hz, 1H), 8.57 (s, 1H), 8.01 (d, J = 1.5 Hz, 
1H), 7.93 (dd, J = 8.6, 1.6 Hz, 1H), 7.48 (dd, J = 9.1, 3.1 Hz, 1H), 7.25 – 7.20 (m, 1H), 
7.09 (dd, J = 9.2, 4.5 Hz, 1H), 4.46 – 4.34 (m, 4H), 4.05 (s, 3H), 1.63 (t, J = 7.2 Hz, 3H), 
1.44 (t, J = 7.1 Hz, 3H). 
19F NMR (376 MHz, CDCl3): δ -122.40 (ddd, J = 9.0, 7.4, 4.6 Hz). 
HR-MS (ESI, [M+H]+): Calcd. for C21H21FN3O4: 398.1510 ; Found: 398.1509

Ethyl 7-((3,4-dimethoxyphenyl)diazenyl)-1-ethyl-4-oxo-1,4-dihydroquinoline-3-carboxylate (31) 
22 (0.12 mmol, 50 mg) was dissolved in THF (10 mL). Cs2CO3 (0.18 mmol, 59 mg) and dimethyl 
sulfate (0.14 mmol, 18 mg) were added and the mixture was stirred overnight at 70 °C. The reac-
tion mixture was concentrated in vacuo and the product was purified by flash chromatography 
(DCM:MeOH 9:1), resulting in 32 mg (65%) of an orange solid. 
1H NMR (400 MHz, DMSO-D6): δ 8.76 (s, 1H), 8.37 (d, J = 8.8 Hz, 1H), 8.23 (s, 1H), 
7.84 (d, J = 8.2 Hz, 1H), 7.70 (d, J = 8.8 Hz 1H), 7.52 (s, 1H), 7.22 (d, J = 8.4 Hz, 1H), 
4.52 (q, J = 7.2 Hz, 2H), 4.23 (q, J = 7.2 Hz, 2H), 3.89 (s, 3H), 3.87 (s, 3H), 1.43 (t, J = 7.2 
Hz, 3H), 1.29 (t, J = 7.2 Hz, 3H). 
13C NMR (100 MHz, DMSO-D6): δ 172.8, 165.0, 158.4, 154.7, 153.4, 150.1, 145.0, 146.5, 
139.9, 128.5, 122.5, 116.1, 114.6, 111.8, 111.3, 102.1, 60.3, 56.4, 56.0, 31.1, 14.9, 14.8. 
HR-MS (ESI, [M+H]+): Calcd. for C22H24N3O5: 410.1710; Found: 410.1710.
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1-Ethyl-7-((4-methoxyphenyl)diazenyl)-4-oxo-1,4-dihydroquinoline-3-carboxylic acid (1) 23 
(0.09 mmol, 33 mg) was added to EtOH (10 mL) on ice and to this a 2.5 M aq. NaOH solution 
(52 μl) was added dropwise. The reaction mixture was heated at 50 °C for 2 h, subsequently 1 
M aq. HCl (20 mL) was added and the mixture was extracted with DCM (30 mL). After evapo-
ration in vacuo 30 mg (66%) of the product was obtained as an orange solid. mp: 269-270 °C. 
1H NMR (400 MHz, CDCl3): δ 14.90 (s, 1H), 8.85 (s, 1H), 8.67 (d, J = 8.5 Hz, 1H), 8.10 
(s, 1H), 8.07 (dd, J = 8.6, 1.6 Hz, 1H), 8.02 (d, J = 9.1 Hz, 2H), 7.07 (d, J = 9.1 Hz, 2H), 
4.49 (q, J = 7.4 Hz, 2H), 3.94 (s, 3H), 1.68 (t, J = 7.3 Hz, 3H). 
13C NMR (100 MHz, CDCl3): δ 178.2, 167.0, 163.4, 155.8, 148.5, 146.8, 140.0, 128.6, 
127.1, 125.7, 119.0, 114.5, 113.8, 109.5, 55.7, 49.9, 14.8. 
HR-MS (ESI, [M+H]+): Calcd. for C19H18N3O4: 352.1291 ; Found: 352.1293

1-Ethyl-7-((4-methoxy-3-methylphenyl)diazenyl)-4-oxo-1,4-dihydroquinoline-3-carboxylic acid 
(2) 24 (0.05 mmol, 20 mg) was added to MeOH (2 mL) on ice and to this a 2.5 M aq. NaOH 
solution (82 μl) was added dropwise. The reaction mixture was heated at 50 °C for 2 h, subse-
quently 1 M aq. HCl (10 mL) was added and the mixture was extracted with DCM (20 mL). 
After evaporation in vacuo 15 mg (60%) of the product was obtained as an orange solid. mp: 
293-294 °C. 
1H NMR (400 MHz, CDCl3): δ 14.93 (s, 1H), 8.84 (s, 1H), 8.66 (d, J = 8.7 Hz, 1H), 8.09 
(d, J = 1.4 Hz, 1H), 8.06 (dd, J = 8.6, 1.6 Hz, 1H), 7.91 (dd, J = 8.8, 2.3 Hz, 1H), 7.85 (dd, 
J = 2.4, 0.8 Hz, 1H), 6.99 (d, J = 8.7 Hz, 1H), 4.49 (q, J = 7.3 Hz, 2H), 3.96 (s, 3H), 2.32 
(s, 3H), 1.68 (t, J = 7.3 Hz, 3H). 
13C NMR (100 MHz, CDCl3): δ 178.2, 167.0, 161.8, 155.9, 148.4, 146.36, 140.0, 128.6, 
128.0, 127.0, 125.7, 123.9, 119.0, 111.9, 109.9, 109.4, 55.8, 49.9, 16.4, 14.8. 
HR-MS (ESI, [M+H]+): Calcd. for C20H20N3O4: 366.1448 ; Found: 366.1448
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1-Ethyl-7-((4-methoxy-3,5-dimethylphenyl)diazenyl)-4-oxo-1,4-dihydroquinoline-3-carboxylic 
acid (3) 25 (0.25 mmol, 100 mg) was added to EtOH (10 mL) on ice and to this a 2.5 M aq. 
NaOH solution (400 μl) was added dropwise. The reaction mixture was heated at 50 °C for 2 
h, subsequently 1 M aq. HCl (20 mL) was added and the mixture was extracted with DCM (40 
mL). After evaporation in vacuo 40 mg (43%) of the product was obtained as an orange solid. 
mp: 296-297 °C. 
1H NMR (400 MHz, CDCl3): δ 14.87 (s, 1H), 8.85 (s, 1H), 8.68 (d, J = 8.6 Hz, 1H), 8.11 
(s, 1H), 8.06 (dd, J = 8.6, 1.6 Hz, 1H), 7.73 (d, J = 6.6 Hz, 2H), 4.49 (q, J = 7.4 Hz, 2H), 
3.82 (s, 3H), 2.41 (s, 6H), 1.68 (t, J = 7.3 Hz, 3H). 
13C NMR (100 MHz, DMSO-D6) δ 177.7, 166.3, 161.0, 155.3, 150.5, 148.2, 140.5, 132.3, 
128.1, 126.9, 124.4, 117.2, 115.8, 108.9, 60.0, 49.6, 16.5, 15.1. 
HR-MS (ESI, [M+H]+): Calcd. for C21H22N3O4: 380.1604 ; Found:380.1605

1-Ethyl-7-((4-methoxy-2,3,6-trimethylphenyl)diazenyl)-4-oxo-1,4-dihydroquinoline-3-carboxylic 
acid (4) 26 (0.31 mmol, 129 mg) was added to EtOH (10 mL), in an ice-bath, and to this a 2.5 
M aq. NaOH solution (400 μl) was added dropwise. The reaction mixture was heated at 50 °C 
for 2 h, subsequently 1 M aq. HCl (20 mL) was added and the mixture was extracted with DCM 
(40 mL) and washed with brine (40 mL) and dried (MgSO4). After evaporation in vacuo and 
recrystallization from ethanol70 mg (58%) of the product was obtained as an orange solid. 
1H NMR (400 MHz, DMSO-D6): δ 15.14 (s, 1H), 9.11 (s, 1H), 8.49 (d, J = 8.7 Hz, 1H), 
8.29 (s, 1H), 7.93 (d, J = 8.6 Hz, 1H), 6.83 (s, 1H), 4.68 (q, J = 7.2 Hz, 2H), 3.86 (s, 3H), 
2.47 (s, 3H), 2.45 (s, 3H), 2.13 (s, 3H), 1.46 (t, J = 7.2 Hz, 3H). 
13C NMR (100 MHz, DMSO-D6): δ 172.9, 165.0, 157.7, 155.5, 150.0, 143.2, 139.9, 137.9, 
129.8, 129.1, 128.5, 122.0, 116.8, 116.0, 112.7, 111.1, 60.2, 48.5, 21.7, 15.6, 14.8, 12.0. 
HR-MS (ESI, [M+H]+): Calcd. for C22H24N3O4: 394.1761; Found: 394.1759
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1-Ethyl-7-((2-methoxy-5-methylphenyl)diazenyl)-4-oxo-1,4-dihydroquinoline-3-carboxylic acid 
(5) 27 (0.11 mmol, 40 mg) was added to EtOH (1 mL) on ice and to this a 2.5 M aq. NaOH solu-
tion (61 μl) was added dropwise. The reaction mixture was heated at 50 °C for 2 h, subsequently 
1 M aq. HCl (10 mL) was added and the mixture was extracted with DCM (20 mL). After evapo-
ration in vacuo 40 mg (>95%) of the product was obtained as an orange solid. mp: 290-291 °C. 
1H NMR (400 MHz, DMSO-D6): δ 15.09 (s, 1H), 9.13 (s, 1H), 8.53 – 8.45 (m, 1H), 7.91 
(d, J = 8.7 Hz, 1H), 7.49 (s, 1H), 7.43 (d, J = 9.1 Hz, 1H), 7.22 (d, J = 8.7 Hz, 1H), 4.72 
(q, J = 7.2 Hz, 2H), 3.96 (s, 3H), 2.30 (s, 3H), 1.48 (t, J = 6.9 Hz, 3H). 
13C NMR (100 MHz, DMSO-D6): δ 177.7, 166.3, 156.2, 155.7, 150.4, 141.3, 140.5, 
135.6, 130.1, 128.2, 126.9, 117.0, 116.7, 116.5, 114.2, 113.8, 56.7, 49.6, 20.4, 15.1. 
HR-MS (ESI, [M+H]+): Calcd. for C22H24N3O4: 366.1448 ; Found: 366.1443. 

1-Ethyl-7-((3-fluoro-4-methoxyphenyl)diazenyl)-4-oxo-1,4-dihydroquinoline-3-carboxylic acid (6) 
28 (0.20 mmol, 80 mg) was added to EtOH (10 mL) on ice and to this a 2.5 M aq. NaOH solution 
(320 μl) was added dropwise. The reaction mixture was heated at 50 °C for 2 h, subsequently 1 M 
aq. HCl (30 mL) was added and the mixture was extracted with DCM (40 mL). After evaporation 
in vacuo 72 mg (>95%) of the product was obtained as an orange solid. mp: 298-299 °C. 
1H NMR (400 MHz, CDCl3): δ 14.78 (s, 1H), 8.79 (s, 1H), 8.61 (d, J = 8.7 Hz, 1H), 8.05 
(d, J = 1.5 Hz, 1H), 7.99 (dd, J = 8.7, 1.6 Hz, 1H), 7.84 (ddd, J = 8.6, 2.3, 1.3 Hz, 1H), 
7.71 (dd, J = 11.9, 2.3 Hz, 1H), 7.08 (t, J = 8.6 Hz, 1H), 4.43 (q, J = 7.3 Hz, 2H), 3.96 (s, 
3H), 1.62 (t, J = 7.3 Hz, 3H). 
13C NMR (100 MHz, DMSO-D6): δ 177.8, 166.1, 155.4, 153.7, 151.7, 151.6, 151.3, 
150.3, 146.4, 146.3, 140.6, 128.2, 127.2, 124.3, 117.7, 115.0, 114.5, 109.2, 108.3, 108.1, 
57.1, 49.6, 14.9. 
19F NMR (376 MHz, CDCl3): δ -132.68 (dd, J = 11.5, 8.5 Hz). 
HR-MS (ESI, [M+H]+): Calcd. for C19H17FN3O4: 370.1197 ; Found: 370.1199
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7-((3,5-Difluoro-4-methoxyphenyl)diazenyl)-1-ethyl-4-oxo-1,4-dihydroquinoline-3-carboxylic acid 
(7) 29 (0.14 mmol, 60 mg) was added to EtOH (20 mL) on ice and to this a 2.5 M aq. NaOH 
solution (300 μl) was added dropwise. The reaction mixture was heated at 70 °C for 2 h, subse-
quently 1 M aq. HCl (50 mL) was added and the mixture was extracted with DCM (50 mL). After 
evaporation in vacuo 30 mg (54%) of the product was obtained as an orange solid. mp: 312-313 °C. 
1H NMR (400 MHz, CDCl3): δ 14.70 (s, 1H), 8.80 (s, 1H), 8.62 (d, J = 8.7 Hz, 1H), 8.07 
(s, 1H), 7.99 (d, J = 10.2 Hz, 1H), 7.58 (d, J = 9.2 Hz, 2H), 4.43 (q, J = 7.4 Hz, 2H), 4.09 
(t, J = 1.6 Hz, 3H), 1.62 (t, J = 7.1 Hz, 3H). 
13C NMR (100 MHz, DMSO-D6): δ 177.8, 166.0, 156.7, 156.6, 154.9, 154.2, 154.1, 
150.4, 146.6, 146.5, 140.5, 128.3, 127.6, 117.6, 115.9, 109.3, 108.3, 108.2, 108.1, 108.1, 
62.3, 49.6, 15.0. 
19F NMR (376 MHz, DMSO-D6): δ -126.34 (d, J = 8.6 Hz), -126.98 (d, J = 7.7 Hz). 
HR-MS (ESI, [M+H]+): Calcd. for C19H16F2N3O4: 388.1103; Found: 388.1098 

1-Ethyl-7-((5-fluoro-2-methoxyphenyl)diazenyl)-4-oxo-1,4-dihydroquinoline-3-carboxylic acid (8) 
30 (0.20 mmol, 80 mg) was added to EtOH (10 mL) on ice and to this a 2.5 M aq. NaOH solution 
(160 μl) was added dropwise. The reaction mixture was heated at 50 °C for 2 h, subsequently 1 M 
aq. HCl (30 mL) was added and the mixture was extracted with DCM (40 mL). After evaporation 
in vacuo 37 mg (50%) of the product was obtained as an orange solid. mp: 275-276 °C. 
1H NMR (400 MHz, CDCl3): δ 14.82 (s, 1H), 8.86 (s, 1H), 8.67 (d, J = 8.6 Hz, 1H), 8.16 
(s, 1H), 8.07 (dd, J = 8.7, 1.6 Hz, 1H), 7.52 (dd, J = 9.1, 3.2 Hz, 1H), 7.31 – 7.24 (m, 1H), 
7.11 (dd, J = 9.2, 4.5 Hz, 1H), 4.51 (q, J = 7.4 Hz, 2H), 4.07 (s, 3H), 1.69 (t, J = 7.3 Hz, 3H). 
13C NMR (100 MHz, DMSO-D6): δ 177.7, 166.0, 158.1, 155.7, 155.5, 154.7, 150.2, 
142.2, 142.2, 140.5, 128.2, 127.4, 120.9, 120.7, 117.0, 116.4, 116.3, 109.7, 103.4, 103.2, 
57.7, 49.6, 14.9. 
19F NMR (376 MHz, CDCl3): δ -122.27 (ddd, J = 9.0, 7.4, 4.6 Hz). 
HR-MS (ESI, [M+H]+): Calcd. for C19H17N3O4: 370.1197 ; Found: 370.1200
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7-((3,4-Dimethoxyphenyl)diazenyl)-1-ethyl-4-oxo-1,4-dihydroquinoline-3-carboxylic acid (9) 31 
(0.07 mmol, 28 mg) was added to EtOH (10 mL), in an ice-bath, and to this a 2.5 M aq. NaOH 
solution (400 μl) was added dropwise. The reaction mixture was heated at 50 °C for 2 h, subse-
quently 1 M aq. HCl (20 mL) was added and the mixture was extracted with DCM (40 mL) and 
washed with brine (40 mL) and dried (MgSO4). After evaporation in vacuo 23 mg (86%) of the 
product was obtained as an orange solid.
1H NMR (400 MHz, DMSO-D6): δ 15.13 (s, 1H), 9.14 (s, 1H), 8.51 (d, J = 8.7 Hz, 1H), 
8.43 (s, 1H), 7.99 (d, J = 8.6 Hz, 1H), 7.75 (dd, J = 8.5, 2.2 Hz, 1H), 7.54 (d, J = 2.1 Hz, 
1H), 7.24 (d, J = 8.6 Hz, 1H), 4.72 (q, J = 7.1 Hz 2H), 3.90 (s, 3H), 3.87 (s, 3H), 1.48 (t, 
J = 7.1 Hz, 3H). 
13C NMR (100 MHz, DMSO-D6): δ 177.8, 166.3, 155.5, 153.7, 150.4, 150.0, 146.5, 
140.6, 128.1, 126.7, 123.1, 117.4, 115.5, 111.8, 108.8, 102.0, 56.4, 56.1, 49.6, 15.2. 
HR-MS (ESI, [M+H]+): Calcd. for C20H20N3O5: 382.1397; Found: 382.1395

NMR spectra of compound 2 

1H NMR spectrum of non-irradiated compound 2 in CDCl3. 
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1H NMR spectrum of non-irradiated compound 2 (red) and compound 2 after 365 nm light 
irradiation at a concentration of 0.5 mg/mL in D2O with 1 mg/mL K2CO3. 
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Abstract
Selection of a single bacterial strain out of a mixture of microorganisms is of crucial 
importance in healthcare and microbiology research. Novel approaches that can 
externally control bacterial selection are a valuable addition to the microbiology 
toolbox. In this proof-of-concept, two complementary antibiotics are protected with 
photocleavable groups that can be orthogonally addressed with different wavelengths 
of light. This allows for the light-triggered selection of a single bacterial strain out of a 
mixture of multiple strains, by choosing the right wavelength. Further improvement 
toward additional orthogonally-addressable antibiotics might ultimately lead to a 
novel methodology for bacterial selection in complex populations.
 
Introduction
Microorganisms are able to co-exist in mixed populations, which can cause complex 
bacterial infections, i.e. infections with two or more unrelated strains, and what can 
also be a source of sample infections in microbiology practice (1). Specifically addres-
sing a single bacterial strain (2,3) from a mixture of multiple strains is a fascinating 
scientific challenge and a necessity in healthcare for diagnostics and screening and 
provides an important tool in microbiology research (4). 
Of special interest are methods that attain bacterial selection using an external trigger, 
with minimal perturbation to the studied microbial population. Furthermore, it 
would be advantageous if this trigger could be delivered with high spatiotemporal 
precision, as it not only allows for externally controlled bacterial selection, but it 
might be exploited for precise bacterial patterning as well (5,6).
The use of light as an external trigger to control biological processes, such as cellular 
growth, is an interesting option, since the delivery of light can be precisely controlled 
in space and time. Additionally, light is relatively non-invasive and bioorthogonal 
and it does not cause sample contamination (7–12). Furthermore, both the qualita-
tive (wavelength) and quantitative (amplitude) properties of light can be precisely 
controlled, allowing independent and regulated activation of several species (13).
Significant progress has been made in achieving optical control over biological 
processes (14) using photoisomerisable moieties (8,15,16). Recent examples include the 
remote control of protein channel function (17), nociception regulators (18), enzyme 
inhibitors (19,20), mast cell activation inhibitors (21) and antibiotics (5). However, in all 
these cases only a single process was targeted. To develop a system for bacterial selec-
tion it is necessary to address the activity of multiple antimicrobial agents separately.
Photocontrol over multiple events in parallel has recently been shown for functional 
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surfaces (22), protein kinase activation (23), and photodeprotection of oligonucleotides 
(13). Remarkable reports of selective photochemical control (24,25) include glutamate 
and GABA uncaging (26,27) and photoinitiation and -inhibition for photolithography 
(28). Using various photocleavable protecting groups (29–31), with a significant diffe-
rence in λmax, allows for the control of multiple processes in an orthogonal fashion. 
Various photocleavable protecting groups are available, such as ortho-nitrobenzyl 
groups, coumarins and arylcarbonylmethyl groups (29–32).
Here we describe a proof-of-concept for the orthogonal photocontrol over bacterial 
growth. First, the design of two antibiotics with orthogonally phototriggered activity 
is discussed, regarding their photochemical and antimicrobial properties in response 
to irradiation. Subsequently, analysis of the photochemistry of the two caged anti-
biotics is described. The antibacterial properties of the designed compounds were 
determined before and after photo-activation, for Escherichia coli and Staphylococcus 
aureus. Finally, the orthogonal release of antimicrobial substances is used for bacte-
rial selection. This system can be triggered by two different wavelengths, where 
the absence or presence of light at these wavelengths induces selective growth of 
E. coli and S. aureus. Within this proof-of-concept, we report on the selection of 
either one bacterial strain out of a mixture of two. However, rapid advances in the 
field of photochemistry and the vastly growing number of orthogonally addressable 
photocleavable groups, will likely extend this method to be applicable for bacterial 
selection out of more complex mixtures of microorganisms.

Results and Discussion
When designing a system that allows for orthogonally controlling bacterial growth, 
several factors need to be taken into account. Firstly, two antibiotics should be chosen, 
that are complementary in their antibacterial spectrum, i.e. when using a mixture of 
two bacteria, the first antibiotic inhibits the growth of only one bacterium but does not 
affect the growth of the other and the second antibiotic does the opposite. A second 
consideration is the ease by which the antibiotics can be caged with a photolysable 
group. Carboxylic acid moieties present in the antimicrobial agents are especially 
suitable for this purpose. Furthermore, the protected antibiotics must show signifi-
cantly lower activity when compared to the native ones. Another prerequisite is suffi-
cient water solubility of the designed compounds. When all these design elements are 
combined, a system can be assembled as schematically depicted in Figure 1. 
Based on the above-mentioned considerations, a fluoroquinolone (1) and benzyl-
penicillin (2) were selected as antibiotics (Fig. 2a). The two bacteria chosen for this 
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system were E. coli and S. aureus. E. coli is susceptible to the fluoroquinolone (1), 
but is not affected by benzylpenicillin (2), whereas S. aureus is sensitive for 2, but is 
not affected by the fluoroquinolone (vide infra). Additionally, both antibiotics bear 
a carboxylic acid functionality, which can be protected with a photolysable group. 
The carboxylic group of fluoroquinolones is essential for binding to DNA bases (33) 
and caging of this group would result in significant loss of activity, which would 
be regained after photolysis. The carboxylate group of compound 2 interacts with 
the binding site of transpeptidase (34) and its modification into a photolysable-ester 
reduces the antimicrobial activity, which can be restored after photodeprotection.

Figure 1 Schematic representation of the required elements for light-triggered bacterial selec-
tion. Two complementary antibiotics that can be orthogonally activated with different wave-
lengths of light are combined with two different bacteria. Activation of antibiotic 1 causes 
a growth inhibition of bacteria 1 and results in growth of bacteria 2. When antibiotic 2 is 
activated, the growth of bacteria 2 is inhibited and growth of bacteria 1 is realized. When 
none of the antibiotics is activated, bacteria 1 and bacteria 2 will grow. Activation of both 
antibiotics leads to death of both bacteria.
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Derivatives of 7-dialkylaminocoumarin and 7-alkoxycoumarin were used as photo-
cleavable groups. These compounds show absorption bands with a λmax of ~380 
nm and ~310 nm, respectively, which allows for orthogonal photo-activation. 
Furthermore, the amino and hydroxyl groups can be alkylated with carboxylic acid-
bearing compounds, which renders these molecules water-soluble. The two designed 
photo-activatable antibiotics are shown in Figure 2a. 

Figure 2 Molecular structure of designed photo-activatable antibiotics and products liberated 
after photocleavage and change in UV-Vis absorption spectra. a) FQNC consists of a fluoro-
quinolone which was protected at its carboxylic acid group with a derivative of 7-aminocou-
marin. The coumarin moiety can be cleaved from FQNC by illumination with 380 nm light, 
liberating the free carboxylic acid functionality of the fluoroquinolone (1). The molecular 
structure of BPOC comprises a benzylpenicillin, which was conjugated with a derivative of 
7-hydroxycoumarin at its carboxylic moiety. Exposing BPOC to 312 nm light releases benzyl-
penicillin. b) The UV-Vis spectrum of FQNC shows an absorption maximum at 381 nm as 
well as significant absorbance between 300-350 nm. BPOC has one absorption band with 
a maximum around 320 nm. c) and d) The photocleavage of FQNC (25 μM in water) and 
BPOC (18 μM in water) was measured over time by observing the decrease in absorbance at 
λmax (381 nm and 322 nm, respectively) using UV-Vis spectroscopy.
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The fluoroquinolone analog was named FQNC (FluoroQuinolone-N-Coumarin) 
(Fig. 2a) and was protected with a disubstituted 7-aminocoumarin group, which 
allows for photo-activation at 380 nm (vide infra). The photoactivatable benzyl-
penicillin (Fig. 2a) bears a substituted 7- hydroxycoumarin moiety which could be 
released by irradiation with 312 nm light (vide infra). This compound was named 
BPOC (BenzylPenicillin-O-Coumarin).
UV-Vis spectroscopy was used to study the photochemical properties of the photo-
activatable antibiotics. An absorption-band for FQNC with a λmax of 381 nm was 
observed (Fig. 2b). Irradiation with white light resulted in a decrease of this absorp-
tion-band, indicating that the photolysable coumarin group was cleaved and 1 was 
liberated. BPOC has an absorption maximum at 322 nm (Fig. 2b). When this sample 
was illuminated with 312 nm light, a decrease in absorption was observed. This 
decrease is caused by the photodeprotection of BPOC, which results in the release 
of benzylpenicillin 2. To examine the orthogonality of this photocleavage process, 
the rate of photodeprotection was studied for FQNC and BPOC with 312 nm and 
white light irradiation (Fig. 2c and 2d), by observing the decrease in absorption at 
λmax. Figure 2c shows that FQNC could be deprotected by irradiation with white 
light (150W, 1 cm distance, see Fig. S1 for spectrum). Illuminating a sample with 312 
nm light (8W, 2 cm distance) also resulted in complete deprotection. This might be 
caused by a strong absorption of the quinolone moiety at these wavelengths, which 
may result in energy transfer, preventing selective deprotection of FQNC by white 
light only. However, FQNC and BPOC have a large difference in antibacterial activity 
and exploiting these properties results in orthogonal growth of E. coli and S. aureus 
(vide infra). The photodeprotection rate was also studied for BPOC (Fig. 2d). When 
BPOC was exposed to white light, only a small decrease in absorption was observed, 
whereas a much more dramatic decrease in absorption was achieved using 312 nm 
light irradiation. This enables selective activation of BPOC with UV light. To further 
confirm the liberation of 1 from FQNC and 2 from BPOC after exposure to light,  
1H NMR spectroscopy and HR-MS were used to characterize the deprotected anti-
biotics (Fig. S2-S4). The quantum yields of FQNC and BPOC were determined to 
be 7.2 x 10-4 (at 323 nm) and 8.9 x 10-3 (at 376 nm), respectively. Furthermore, the 
compounds were stable for at least 4 h when dissolved in water (Fig. S5-S6).
FQNC and BPOC are the carboxyl-protected analogs of 1 and 2, respectively. The 
bacteria used for this study were E. coli CS1562 (tolC6:tn10) (35) and S. aureus RN4220 
(36). Compound 1 has antibacterial activity against E. coli with a minimal inhibitory 
concentration (MIC) (lowest concentration that still inhibits bacterial growth) of 68 
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μM (Fig. 3a and Fig. S7) and has significantly lower activity against S. aureus with a 
MIC of >1700 μM (Fig. 3a and Fig. S7). In contrast, 2 has high activity against S. aureus 
with a MIC of 350 nM (Fig. 3a and Fig. S8) and dramatically less activity against E. 
coli with a MIC of 288 μM (Fig. 3a and Fig. S8). Figure 3b shows bacterial growth 
curves of E. coli when incubated with 76 μM of FQNC, before and after exposure to 
white light (See Fig. S9 for MIC determination of FQNC). Before exposure to white 
light, normal bacterial growth was observed, comparable to the control without any 
antibiotic present. After irradiating the samples for 5 min with white light, bacterial 
growth was inhibited. This indicates that 1 was liberated after white light exposure, 
inhibiting bacterial growth. 

Figure 3 MIC values and bacterial growth curves of E. coli and S. aureus incubated with 
FQNC and BPOC before and after photodeprotection. a) MIC values of compounds (1) and 
(2). b) When E. coli was incubated with 76 μM of FQNC it exhibited a normal growth pattern 
comparable with the control without FQNC. When the samples were exposed to white light 
prior to incubation, E. coli growth was inhibited. c) The growth of S. aureus was significantly 
inhibited when incubated with 880 nM BPOC which was irradiated at 312 nm, as compared 
to S. aureus that was incubated with 880 nM BPOC which had not been exposed to light. 
Error bars show standard deviations calculated from measurements in triplicate.

Next, a similar experiment was conducted for BPOC. Samples of BPOC (880 nM) 
that were exposed to 312 nm for 2 min, prior to incubation with S. aureus, showed 
minimal bacterial growth (Fig. 3c). When S. aureus was incubated with samples with 
the same concentration of BPOC but without exposure to light, significantly more 
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bacterial growth was observed. The MIC of BPOC against S. aureus was 3.5 μM 
without exposure (Fig. S9) and 880 nM with exposure to 312 nm light. These expe-
riments indicate that the antibiotic activity of the two protected compounds FQNC 
and BPOC can be induced at two distinct different wavelengths. Furthermore, the 
liberated antibiotics show a large difference in spectrum of activity, as was expected, 
and therefore inhibit bacterial growth of different bacterial strains. This is an impor-
tant prerequisite for realizing our system for bacterial selection. By combining these 
properties, FQNC and BPOC can be employed for light-triggered bacterial selection.
To realize this, agar-plates were prepared, that contained 48 μM FQNC and 350 nM 
BPOC. Next, the agar-plates were kept in the dark or exposed to 312 nm light (10 
sec), white light (5 min), or both 312 nm and white light. Subsequently, the plates 
were divided in three equal parts (Fig. 4a). One part was inoculated with E. coli (‘E. 
coli’ sector), another part with S. aureus (‘S. aureus’ sector) and the third part was 
inoculated with both bacteria (‘both’ sector). After incubation overnight, (the lack 
of) bacterial growth could be observed (Fig. 4a). The plate (P1) that was not exposed 
to any light showed bacterial growth in all three sectors, indicating that E. coli, as 
well as S. aureus, were growing. When closely examining the colonies, a distinct 
difference in morphology between the colonies of E. coli and S. aureus could be 
observed (Fig. 4b). At the ‘both’ sector both morphologies were present (Fig. 4b). 
The second plate (P2) that was exposed to 312 nm light showed no growth at the S. 
aureus sector and normal growth at the other two sectors which implies that only 
E. coli was growing which was also evident from the colony morphology. The third 
plate (P3) was exposed to white light and did not show any growth at the E. coli 
sector whereas normal growth was observed in the other two sectors. This suggests 
that only S. aureus was growing also evidenced by colony morphology The last plate 
(P4) was exposed to 312 nm and white light and after incubating overnight, almost 
no bacterial growth was observed in any of the sectors, indicating that E. coli as well 
as S. aureus growth was inhibited. These observations prove that FQNC and BPOC 
can be employed to select each of the bacterial strains out of a mixture of two strains.
This proof-of-concept shows that light can be used as an external trigger to control 
bacterial selection. This concept holds promise to be expanded to a larger number 
of orthogonally activated antibiotics, which will allow for bacterial selection from 
more complex mixtures of microorganisms, using light. Such future studies will be 
supported by the rapid advancement in the design of orthogonally addressable photo-
cleavable groups. Complex mixtures of various bacterial strains might be analyzed 
and cell populations selected, by simply exposing the system to the right wavelengths 



Chapter 5: Orthogonal control of antibacterial activity with light 127  

of irradiation. The methodology presented here represents a valuable addition to the 
toolbox for bacterial selection and might also be particular useful for high-precision 
patterning of various microorganisms in one system.

Figure 4 Light-triggered bacterial selection. a) Agar-plates containing FQNC (48 μM) and 
BPOC (350 nM) were kept in the dark or exposed to 312 nm light, white light or a combi-
nation of 312 nm light and white light. Subsequently, E. coli and S. aureus were inoculated at 
different sectors on the plate. Overnight incubation resulted in bacterial growth in selected 
sectors on the agar-plates. b) A close-up of the colonies formed by E. coli and S. aureus. There 
was a distinct difference in morphology of colonies of the two bacterial strains. When the 
two bacteria were grown together with and without the photoactivatable antibiotics, the two 
different morphologies were distinguishable.
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Methods

Synthesis of FQNC and BPOC
The synthesis of FQNC and BPOC is described in the supplementary information.

Uncaging Experiments
Irradiation experiments were performed with a Spectroline ENB-280C/FE UV lamp 
(312 nm) and Thor Labs OSL1-EC Fiber Illuminator (white light) (see Fig S1 for lam 
emission spectrum).

Quantum Yield Determination
Quantum yields were determined by irradiating 2.5 μM solutions of BPOC and FQNC 
with 323 nm and 376 nm light, respectively, with a JASCO FP-6200 spectrofluorometer. 
After each irradiation period UV-Vis absorbance was measured. The percentage of 
photolysis was estimated by the decrease in absorbance at λmax. Quantum yields (Q) 
of photolysis were calculated using the following equation: Q = -log(Ct /C0)/(Iσt). Ct 
and C0 are the concentrations of BPOC or FQNC at time t and time 0 respectively. σ 
is the decadic extinction coefficient in cm2.mol-1, t is the irradiation time in seconds 
and I is the light intensity in einsteins.cm-2.s-1 that was determined using ferrioxalate 
actinometry (37).

Bacterial strains and growth conditions
The bacterial strains used were E. coli CS1562 (tolC6:tn10) (35) and S. aureus RN4220 
(36). Both strains were grown in LB medium (5 g/L yeast extract; 10 g/L tryptone; 0.5 g/L 
NaCl) supplemented with the required antibiotic at 37 °C.

Solid medium
An LB agar plate containing FQNC and BPOC was not irradiated with light, irra-
diated with UV light for 10 sec and/or visible light for 5 min. The plate was then 
streaked with approximately 104 CFUs of E. coli CS1562 and S. aureus RN4220 and 
incubated overnight at 37 °C.

Antibacterial activity and bacterial growth curves
Overnight cultures of E. coli CS1562 and S. aureus RN4220 were diluted to an OD600 
of 0.1 and 100 μl of this cell suspension was added to 100 μl medium containing anti-
biotics at the given concentration. To determine the antibacterial activity after light 
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exposure, the solutions were first irradiated at 312 nm for 2 min or white light for 5 min 
prior to adding the cell suspension. Cells were grown in a microtiter plate at 37 °C and 
cell density (OD at 600 nm) was measured every 10 min for 12 h, with a 10 sec shaking 
step before each measurement, in a microplate reader (SynergyMX, BioTek). Graphs 
were background-corrected by subtracting the OD600 at time 0. Before calculating the 
growth rate, graphs were plotted on a logarithmic scale. Growth rates were determined 
by calculating the slope of the exponential growth phase. MIC values were calculated 
by plotting the growth rates against the concentrations of the used antibiotics.

Associated content
Supporting Information Additional figures and synthetic procedures are available 
free of charge via the internet at http://pubs.acs.org.
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Supporting information

Materials and Methods

Uncaging Experiments
Irradiation experiments were performed with a Spectroline ENB-280C/FE UV lamp 
(312 nm) and Thor Labs OSL1-EC Fiber Illuminator (white light) (see Fig S1 for 
electromagnetic spectrum).

Quantum Yield Determination
Quantum yields were determined by irradiating 2.5 μM solutions of BPOC and 
FQNC with 323 nm and 376 nm light, respectively, with a JASCO FP-6200 spec-
trofluorometer. After each irradiation period UV-Vis absorbance was measured. 
The percentage of photolysis was estimated by the decrease in absorbance at λmax. 
Quantum yields (Q) of photolysis were calculated using the following equation: Q 
= -log(Ct/C0)/(Iσt). Ct and C0 are the concentrations of BPOC or FQNC at time t 
and time 0 respectively. σ is the decadic extinction coefficient in cm2·mol-1, t is the 
irradiation time in seconds and I is the light intensity in einsteins·cm-2·s-1 that was 
determined using ferrioxalate actinometry  (1).

Bacterial strains and growth conditions
The bacterial strains used were E. coli CS1562 (tolC6:tn10) (2) and S. aureus RN4220 
(3). Both strains were grown in LB medium (5 g/L yeast extract; 10 g/L tryptone; 0.5 
g/L NaCl) supplemented with the required antibiotic at 37 °C. 

Solid medium
An LB agar plate containing FQNC and BPOC was not irradiated, irradiated for 10 
seconds with UV light and/or visible light for 5 min. The plate was then streaked 
with approximately 104 CFUs of E. coli CS1562 and S. aureus RN4220 and incubated 
overnight at 37 °C. 

Antibacterial activity and bacterial growth curves
Overnight cultures of E. coli CS1562 and S. aureus RN4220 were diluted to an OD600 of 
0.1 and 100 µl of this cell suspension was added to 100 µl medium containing antibiotics 
at the given concentration. To determine the antibacterial activity after light exposure, 
the solutions were first irradiated at 312 nm for 2 min or with white light for 5 min 
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prior to adding the cell suspension. Cells were grown in a microtiter plate at 37 °C and 
cell density (OD at 600 nm) was measured every 10 min for 12 h, with a 10 sec shaking 
step before each measurement, in a microplate reader (SynergyMX, BioTek). Graphs 
were background-corrected by subtracting the OD600 at time 0. Before calculating the 
growth rate, graphs were plotted on a logarithmic scale. Growth rates were determined 
by calculating the slope of the exponential growth phase. MIC values were calculated 
by plotting the growth rates against the concentrations of the used antibiotics.

Synthesis General
All chemicals for synthesis were obtained from commercial sources and used as 
received unless stated otherwise. Solvents were reagent grade. Thin-layer chromato-
graphy (TLC) was performed using commercial Kieselgel 60, F254 silica gel plates. 
Flash chromatography was performed on silica gel (Silicycle Siliaflash P60, 40-63 
µ, 230-400 mesh). Drying of solutions was performed with MgSO4 and solvents 
were removed with a rotary evaporator. Chemical shifts for NMR measurements 
were determined relative to the residual solvent peaks (δH 7.26 for CHCl3 and 2.50 
for DMSO, δC 77.16 for CDCl3 and 39.52 for DMSO). The following abbreviations 
are used to indicate signal multiplicity: s, singlet; d, doublet; t, triplet; q, quartet; m, 
multiplet; brs, broad signal; appt, apparent triplet. HRMS (ESI) spectra were obtained 
on a Thermo scientific LTQ Orbitrap XL. Melting points were recorded using a Buchi 
melting point B-545 apparatus. UV/Vis absorption spectra were recorded on an 
Agilent 8453 UV-Visible Spectrophotometer using Uvasol grade solvents. 

Figure S1 Electromagnetic spectrum of the white light source that was used for the white-light 
irradiation experiments (Thor Labs OSL1-EC Fiber Illuminator). Source: www.thorlabs.de
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1H NMR spectra of FQNC and BPOC after irradiation
 

Figure S2 1H NMR spectroscopic confirmation of antibiotic release in D2O (10 mM). a) The 
photodeprotection process of FQNC using white light, resulting in the liberation of 1. The 
protons that are observed in C are denoted as Ha and Hb. b) The release of 2 from BPOC 
with 312 nm light. The protons that are observed in D are denoted as CH3

a and CH3
b. c) Ha is 

observed as a singlet at 8.57 ppm; after FQNC was illuminated with white light for 30 h, this 
signal shifted to 8.34 ppm, which is similar to the shift of Hb in 1 which verifies the antibiotic 
release. d) CH3

a appears in the non-irradiated sample as a singlet at 1.45 ppm. Irradiation with 
312 nm light caused this singlet to shift to 1.43 ppm, which is similar to the shift of CH3

b in 2, 
confirming the liberation of the antibiotic.
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HR-MS spectra of FQNC and BPOC after irradiation

Figure S3 A saturated solution of FQNC in water was irradiated with visible light for 5 min. 
The obtained sample was analysed with HR-MS. Both characteristic signals of [1 + H]+ and 
[1 + Na]+ ions were observed. This implies that FQNC was successfully photodeprotected 
releasing fluoroquinolone 1.
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Figure S4 A saturated solution of BPOC in water was irradiated with 312 nm light for 2 min. 
The obtained sample was analysed with HR-MS. The characteristic signal of [1 + Na]+ ion 
was observed.  This implies that BPOC was successfully photodeprotected releasing benzyl-
penicillin 2.
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Stability of FQNC and BPOC
 

Figure S5 UV-Vis absorption spectra of a 38 μM solution of FQNC in water. After keeping 
the sample in the dark for 4 hours, no change in absorption spectrum could be observed, 
indicating that FQNC is stable for at least 4 hours in water.
 

Figure S6 UV-Vis absorption spectra of a 14 μM solution of BPOC in water. After keeping 
the sample in the dark for 4 hours, no change in absorption spectrum could be observed, 
indicating that BPOC is stable for at least 4 hours in water.
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MIC determination 

Figure S7 Growth rate of E. coli and S. aureus at different concentrations of fluoroquinolone. 

Figure S8 Growth rate of E. coli and S. aureus at different concentrations of benzylpenicillin. 

Figure S9 Growth rate of E. coli at different concentrations of FQNC (without light) and S. 
aureus at different concentrations of BPOC (without light). 
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Synthesis of FQNC and BPOC

Scheme 1 Synthesis of fluoroquinolone

 
Scheme 2 Synthesis of FQNC
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Scheme 3 Synthesis of BPOC
 

 

Experimental

Diethyl 2-(((4-fluorophenyl)amino)methylene)malonate (3) A mixture of 4-fluoroaniline (18.0 
mmol, 2.00 g) and diethyl-2-ethoxymethylenemalonate (DEEM) (18.0 mmol, 3.89 g) was 
stirred at 80 °C under a nitrogen atmosphere for 2 h. The reaction mixture was dissolved in 
DCM (50 mL), washed with aqueous 1M HCl (50 mL), brine (50 mL) and dried (MgSO4). 
DCM was removed in vacuo resulting in 4.90 g (>95%) of a yellow solid. 
1H NMR (400 MHz, CDCl3): δ 10.95 (d, J = 13.5 Hz, 1H), 8.39 (d, J = 13.9 Hz, 1H), 
7.10 – 6.99 (m, 4H), 4.30 – 4.16 (m, 4H), 1.36-1.24 (m, 6H).
1H NMR spectrum in agreement with published data (4).
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Ethyl 6-fluoro-4-oxo-1,4-dihydroquinoline-3-carboxylate (4) A solution of 3 (17.5 mmol, 4.90 
g) in diphenylether (5 mL) was added dropwise to boiling diphenylether (60 mL). After 
heating under reflux for 1 h, the mixture was slowly cooled to room temperature and pentane 
(60 mL) was added. The solid was filtered off and the residue was recrystallized from DMF 
resulting in 3.40 g (83%) of a white solid.
1H NMR (400 MHz, DMSO-D6): δ 12.43 (s, 1H), 8.56 (s, 1H), 7.78 (dd, J = 9.3, 2.9 
Hz, 1H), 7.69 (dd, J = 9.0, 4.6 Hz, 1H), 7.60 (td, J = 8.8, 3.0 Hz, 1H), 4.20 (q, J = 7.1 
Hz, 2H), 1.26 (t, J = 7.1 Hz, 3H).
1H NMR spectrum in agreement with published data (5).

Ethyl 1-ethyl-6-fluoro-4-oxo-1,4-dihydroquinoline-3-carboxylate (5) To a solution of 4 (14.5 
mmol, 3.40 g) in DMF (50 mL) was added K2CO3 (15.0 mmol, 2.07 g) and the resulting 
suspension was heated to 80 °C. Ethyl bromide (20 mmol, 2.16 g) was added and the mixture 
was stirred overnight. The mixture was diluted with water (100 ml) and filtered over a glass 
filter. The solid was recrystallized from EtOH resulting in 1.6 g (42%) of a white powder. 
1H NMR (400 MHz, DMSO-D6): δ 8.69 (s, 1H), 7.90 (m, 2H), 7.68 (m, 1H), 4.41 (q, J 
= 7.1 Hz, 2H), 4.21 (q, J = 7.1 Hz, 2H), 1.35 (t, J = 7.1 Hz, 3H), 1.27 (t, J = 7.1 Hz, 3H).
1H NMR spectrum in agreement with published data (5).
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1-Ethyl-6-fluoro-4-oxo-1,4-dihydroquinoline-3-carboxylic acid (1) Compound 5 (0.38 mmol, 
100 mg) was added to EtOH (5 mL) on ice and a 2.5 M aq. NaOH solution (152 μL)  was 
added dropwise. The reaction mixture was heated at 70 °C  for 16 h. Subsequently, aqueous 
1 M HCl (5 mL) was added and the precipitate was filtered off resulting in 85 mg (95%) of a 
white solid. 
1H NMR (400 MHz, DMSO-D6): δ 15.00 (s, 1H), 9.06 (s, 1H), 8.16 (dd, J = 9.4, 4.4 
Hz, 1H), 8.04 (dd, J = 8.8, 3.1 Hz, 1H), 7.88 (ddd, J = 9.4, 8.0, 3.1 Hz, 1H), 4.61 (q, J = 
7.2 Hz, 2H), 1.40 (t, J = 7.2 Hz, 3H).
1H NMR spectrum in agreement with published data (5).

Di-tert-butyl 2,2’-((4-methyl-2-oxo-2H-chromen-7-yl)azanediyl)diacetate (6) A mixture of 
7-amino-4-methylcoumarin (5.71 mmol, 1.00 g), t-butyl bromoacetate (57.1 mmol, 11.1 g), 
NaI (11.4 mmol, 1.71 g) and DIPEA (22.9 mmol, 2.95 g) in acetonitrile (60 mL) was heated at 
reflux for 10 d. The mixture was concentrated in vacuo. The residue was dissolved in EtOAc 
(50 mL), the solution was washed with water (50 mL) and brine (50 mL) and dried (MgSO4). 
After purification by flash chromatography (pentane:EtOAc, 5:1, v/v), 1.50 g (65%) of an 
orange solid was obtained.
1H NMR (400 MHz, CDCl3): δ 7.42 (d, J = 8.9 Hz, 1H), 6.52 (dd, J = 8.9, 2.6 Hz, 1H), 
6.45 (d, J = 2.6 Hz, 1H), 6.02 (d, J = 1.1 Hz, 1H), 4.05 (s, 4H), 2.35 (d, J = 1.1 Hz, 3H), 
1.48 (d, J = 1.9 Hz, 18H).
1H NMR spectrum in agreement with published data (6).
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Di-tert-butyl 2,2’-((4-formyl-2-oxo-2H-chromen-7-yl)azanediyl)diacetate (7) Selenium dioxide 
(2.00 mmol, 220 mg) was added to a solution of compound 6 (1.00 mmol, 403 mg) in p-xylene 
(10 mL). The resulting mixture was heated at reflux for 16 h after which it was filtered while 
hot. The filtrate was concentrated in vacuo resulting in 343 mg (82%) of an orange solid.
1H NMR (400 MHz, DMSO-D6): δ 10.06 (s, 1H), 8.21 (d, J = 9.1 Hz, 1H), 6.74 (s, 
1H), 6.63 (dd, J = 9.2, 2.7 Hz, 1H), 6.50 (d, J = 2.6 Hz, 1H), 4.18 (s, 4H), 1.40 (s, 18H).
1H NMR spectrum in agreement with published data (7).

Di-tert-butyl 2,2’-((4-(hydroxymethyl)-2-oxo-2H-chromen-7-yl)azanediyl)diacetate (8) 
Compound 7 (0.36 mmol, 150 mg) was dissolved in methanol (10 mL) and the solution 
was cooled on ice. NaBH4 (0.54 mmol, 21 mg) was added in small portions and the reaction 
mixture was stirred for 3 h. Next, the reaction was quenched by addition of 1 N aqueous HCl 
(10 mL) and the mixture extracted twice with EtOAc (20 mL). The combined organic layers 
were washed with brine (20 mL) and dried (MgSO4). Concentrating in vacuo resulted in 140 
mg (93%) of an orange solid.
1H NMR (400 MHz, DMSO-D6): δ 7.47 (d, J = 8.8 Hz, 1H), 6.52 (dd, J = 8.8, 2.5 Hz, 
1H), 6.42 (d, J = 2.2 Hz, 1H), 6.13 (s, 1H), 5.52 (t, J = 5.5 Hz, 1H), 4.66 (d, J = 5.0 Hz, 
2H), 4.16 (s, 4H), 1.40 (s, 18H).
1H NMR spectrum in agreement with published data (7).
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Di-tert-butyl 2,2’-((4-(bromomethyl)-2-oxo-2H-chromen-7-yl)azanediyl)diacetate (9) 
Compound 8 (0.33 mmol, 140 mg) was dissolved in DCM (5 mL) and  the solution was cooled 
on ice. To this was slowly added TEA (0.66 mmol, 67 mg) and methanesulfonic acid chloride 
(0.49 mmol, 56 mg) and the resulting mixture was stirred for 30 min. Next, the reaction mixture 
was washed with a saturated aqueous NaHCO3 solution (5 mL) and brine (5 mL) and dried 
(MgSO4). After concentrating in vacuo, the resulting solid was dissolved in THF (5 mL) and 
LiBr (1.32 mmol, 115 mg) was added. The obtained solution was stirred for 16 h at room tempe-
rature after which it was concentrated in vacuo. Next, the solid was dissolved in DCM (10 mL) 
and the solution was washed with water (10 mL) and brine (10 mL) and dried (MgSO4). After 
concentrating in vacuo, 135 mg (85%) of an orange solid was obtained.
1H NMR (400 MHz, DMSO-D6): δ 7.65 (d, J = 9.0 Hz, 1H), 6.61 (dd, J = 9.0, 2.7 Hz, 
1H), 6.44 (d, J = 2.6 Hz, 1H), 6.34 (s, 1H), 4.78 (s, 2H), 4.18 (s, 3H), 1.40 (s, 18H).
1H NMR spectrum in agreement with published data (7).

Di-tert-butyl 2,2’-((4-(((1-ethyl-6-fluoro-4-oxo-1,4-dihydroquinoline-3-carbonyl)oxy)methyl)-
2-oxo-2H-chromen-7-yl)azanediyl)diacetate (10) Compound 9 (0.26 mmol, 123 mg) and 
compound (1) (0.26 mmol, 60 mg) were dissolved in DMF (2 mL) to which K2CO3 (0.38 
mmol, 53 mg) was added. The reaction mixture was stirred for 16 h at 65 °C after which it was 
poured on cold water (10 mL). The resulting precipitate was filtered off and dried yielding 120 
mg (73 %) of an orange solid.
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1H NMR (400 MHz, DMSO-D6): δ 8.83 (s, 1H), 8.00 – 7.90 (m, 2H), 7.70 (d, J = 9.7 
Hz, 1H), 7.60 (d, J = 8.9 Hz, 1H), 6.57 (d, J = 8.9 Hz, 1H), 6.53 (s, 1H), 6.47 (s, 1H), 
5.51 (s, 2H), 4.46 (q, J = 7.2 Hz, 2H), 4.18 (s, 4H), 1.46 – 1.29 (m, 19H).
13C NMR (100 MHz, DMSO-D6): δ 169.3, 169.2, 164.9, 161.0, 158.5, 155.4, 151.7, 
151.4, 150.2, 135.7, 130.7, 125.7, 120.9, 115.9, 113.7, 111.6, 111.4, 109.5, 108.7, 107.4, 
106.9, 105.7, 98.5, 65.3, 55.3, 53.9, 48.8, 15.5, 14.8.
HR-MS (ESI, [M+H]+): Calcd. for C34H38FN2O9: 637.2556; Found: 637.2550

2,2’-((4-(((1-Ethyl-6-fluoro-4-oxo-1,4-dihydroquinoline-3-carbonyl)oxy)methyl)-2-oxo-2H-
chromen-7-yl)azanediyl)diacetic acid (FQNC) Compound 10 (0.16 mmol, 100 mg) was 
dissolved in TFA:DCM (3:1) (4 mL) and the mixture stirred for 2 h at room temperature 
after which the solvents were evaporated. Diethylether (2 mL) was added to the obtained 
liquid which resulted in the formation of an orange precipitate. The solid was filtered off and 
recrystallized from MeOH to obtain 25 mg (30%) of an orange solid. Mp: 153-155 °C.
1H NMR (400 MHz, DMSO-D6): δ 8.84 (s, 1H), 7.96 (dd, J = 9.4, 5.6 Hz, 2H), 7.72 
(m, 1H), 7.57 (d, J = 9.1 Hz, 1H), 6.60 (d, J = 8.7 Hz, 1H), 6.53 (s, 1H), 6.48 (s, 1H), 
5.51 (s, 2H), 4.47 (q, J = 7.1Hz, 2H), 4.22 (s, 4H), 1.37 (t, J = 7.1 Hz, 3H).
13C NMR (100 MHz, DMSO-D6): δ 172.4, 171.8, 171.7, 164.9, 162.7, 161.0, 158.6, 
155.4, 151.8, 151.4, 150.2, 135.7, 130.7, 125.7, 121.4, 120.9, 111.7, 111.5, 109.5, 108.7, 
107.2, 98.4, 61.6, 53.1, 48.8, 14.8.
HR-MS (ESI, [M+H]+): Calcd. for C26H22O9: 525.1304; Found: 525.1294
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tert-butyl 2-((4-methyl-2-oxo-2H-chromen-7-yl)oxy)acetate (11) 7-Hydroxy-4-
methylcoumarin (2.84 mmol, 500 mg) and t-butyl bromoacetate (3.7 mmol, 720 mg) were 
dissolved in acetone (10 mL) to which K2CO3 (4.26 mmol, 588 mg) was added. The reaction 
mixture was stirred while heated at reflux for 2 h, after which the solvent was evaporated. The 
white residue was dissolved in DCM (20 mL) and the solution was washed with water (2 x 20 
mL) and brine (20 mL) and dried (MgSO4). After concentrating in vacuo, 718 mg (88%) of a 
white solid was obtained.
1H NMR (400 MHz, DMSO-D6): δ 7.68 (d, J = 8.6 Hz, 1H), 6.97 – 6.91 (m, 2H), 6.21 
(s, 1H), 4.79 (s, 2H), 2.38 (s, 3H), 1.42 (s, 9H).
13C NMR (100 MHz, DMSO-D6): δ 167.7, 161.1, 160.5, 154.9, 153.8, 126.9, 114.0, 
112.6, 111.8, 101.9, 82.1, 65.6, 28.1, 18.5.
HR-MS (ESI, [M+H]+): Calcd. for C16H19O5: 291.1227; Found: 291.1216

tert-butyl 2-((4-formyl-2-oxo-2H-chromen-7-yl)oxy)acetate (12) Selenium dioxide (3.45 
mmol, 379 mg) was added to a solution of compound 11 (1.72 mmol, 500 mg) in p-xylene (10 
mL). The resulting mixture was heated at reflux for 16 h after which it was filtered while hot. 
The filtrate was concentrated in vacuo, resulting in 460 mg (88%) of a white solid.
1H NMR (400 MHz, DMSO-D6): δ 10.09 (s, 1H), 8.38 (d, J = 8.6 Hz, 1H), 7.05 – 6.98 
(m, 3H), 4.82 (s, 2H), 1.42 (s, 9H).
13C NMR (100 MHz, DMSO-D6): δ 194.0, 167.6, 161.3, 160.8, 156.0, 143.8, 127.4, 
122.1, 113.4, 109.1, 102.3, 82.2, 65.6, 28.1.
HR-MS (ESI, [M+H]+): Calcd. for C16H17O6: 305.1019; Found: 305.1018
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Di-tert-butyl 2,2’-((4-(hydroxymethyl)-2-oxo-2H-chromen-7-yl)azanediyl)diacetate (13) A solu-
tion of compound 12 (1.51 mmol, 460 mg) in methanol (10 mL) was cooled on ice. NaBH4 
(2.70 mmol, 86 mg) was added in small portions and the reaction mixture was stirred for 3 h. 
Next, the reaction was quenched by addition of aqueous 1 M HCl (10 mL) and the mixture was 
extracted twice with EtOAc (20 mL). The combined organic layers were washed with brine (20 
mL) and dried (MgSO4). Concentrating in vacuo resulted in 250 mg (54%) of a white solid.
1H NMR (400 MHz, DMSO-D6): δ 7.61 (d, J = 8.7 Hz, 1H), 6.97 – 6.89 (m, 2H), 6.30 
(s, 1H), 5.60 (t, J = 4.4 Hz, 1H), 4.79 (s, 2H), 4.71 (d, J = 4.4 Hz, 2H), 1.42 (s, 9H).
13C NMR (100 MHz, DMSO-D6): δ 167.74, 160.9, 160.8, 157.0, 154.9, 125.8, 112.6, 
111.6, 108.1, 102.0, 82.1, 65.6, 59.5, 28.2.
HR-MS (ESI, [M+H]+): Calcd. for C16H19O6: 307.1182; Found: 307.1165
 

tert-butyl 2-((4-(bromomethyl)-2-oxo-2H-chromen-7-yl)oxy)acetate (14) A solution of 
compound 13 (0.69 mmol, 210 mg) in DCM (5 mL) was cooled on ice. To this was slowly 
added TEA (1.40 mmol, 141 mg) and methanesulfonic acid chloride (1.03 mmol, 118 mg) 
and the resulting mixture was stirred for 30 min. Next, the reaction mixture was washed 
with a saturated aqueous NaHCO3 solution (5 mL) and brine (5 mL) and dried (MgSO4). 
After concentrating in vacuo, the resulting solid was dissolved in THF (5 mL) and LiBr (2.76 
mmol, 240 mg) was added. The obtained solution was stirred for 16 h at room temperature 
after which it was concentrated in vacuo. Next, the solid was dissolved in DCM (10 mL) and 
washed with water (10 mL) and brine (10 mL) and dried (MgSO4). After concentrating in 
vacuo 186 mg (73%) of an orange solid was obtained.
1H NMR (400 MHz, DMSO-D6): δ 7.80 (d, J = 8.8 Hz, 1H), 7.04 – 6.95 (m, 2H), 6.55 
(s, 1H), 4.84 (s, 2H), 4.81 (s, 2H), 1.42 (s, 9H).
13C NMR (100 MHz, DMSO-D6): δ 167.7, 161.4, 160.4, 155.5, 151.7, 127.0, 113.1, 
112.8, 111.3, 102.3, 82.2, 65.6, 28.4, 28.1.
HR-MS (ESI, [M+H]+): Calcd. for C28H27N2O9S: 369.0332; Found: 369.0331
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2-((4-Bromomethyl)-2-oxo-2H-chromen-7-yl)oxy)acetic acid (15) Compound 14 (0.82 mmol, 
300 mg) was dissolved in TFA:DCM (1:1, v/v) (6 mL) and the solution was stirred for 2 h at 
room temperature, after which the volatiles were evaporated. Diethyl ether (2 mL) was added 
to the obtained liquid, which resulted in the formation of a white precipitate. The precipitate 
was filtered off, resulting in 240 mg (93%) of a white solid.
1H NMR (400 MHz, DMSO-D6): δ 7.75 (d, J = 8.7 Hz, 1H), 7.00-6.95 (m,2H), 6.51 
(s, 1H), 4.81-4.78 (m, 4H).
13C NMR (100 MHz, DMSO-D6): δ 169.9, 161.4, 160.3, 155.5, 151.6, 126.9, 113.0, 
112.8, 111.2, 102.2, 65.2, 28.4.
HR-MS (ESI, [M+H]+): Calcd. for C16H17BrO5: 312.9712; Found: 312.9707

2-((4-((((2S,5R,6R)-3,3-dimethyl-7-oxo-6-(2-phenylacetamido)-4-thia-1-azabicyclo[3.2.0]heptane-
2-carbonyl)oxy)methyl)-2-oxo-2H-chromen-7-yl)oxy)acetic acid (BPOC) A solution of compound 
15 (0.32 mmol, 100 mg) and Penicillin G sodium salt (0.32 mmol, 114 mg) in DMF (5 mL) was 
stirred for 16 h at room temperature. Next, the solvent was evaporated and the crude product was 
recrystallized from MeOH and EtOAc, resulting in 25 mg (14%) of a white solid. Mp: 179-181 °C.
1H NMR (400 MHz, DMSO-D6): δ 8.90 (d, J = 6.6 Hz, 1H), 7.66 (d, J = 8.5 Hz, 1H), 
7.29-7.15 (m, 5H), 7.01-6.95 (m, 2H), 6.42 (s, 1H), 5.54-5.39 (m, 4H), 4.82 (s, 2H), 
4.64 (s, 1H), 3.57 – 3.47 (m, 2H) 1.60 (s, 3H), 1.42 (s, 3H).
13C NMR (100 MHz, DMSO-D6): δ 173.9, 170.8, 169.8, 167.4, 160.3, 155.2, 149.9, 
136.3, 129.5, 128.7, 128.6, 126.9, 113.8, 113.1, 110.7, 110.1, 102.2, 70.2, 68.0, 64.6, 
62.8, 59.3, 41.8, 36.2, 30.9, 27.0.
HR-MS (ESI, [M+H]+): Calcd. for C28H27N2O9S: 567.1437; Found: 567.1420



Chapter 5: Orthogonal control of antibacterial activity with light 149  

References
1.  Hatchard, C. G., and Parker, C. A. A New Sensitive Chemical Actinometer. 

II. Potassium Ferrioxalate as a Standard Chemical Actinometer. Proc. R. Soc. 
London. Ser. A 235, 518–536 (1956).

2.  Austin, E. A., Graves, J. F., Hite, L. A., Parker, C. T., and Schnaitman, C. A. 
Genetic analysis of lipopolysaccharide core biosynthesis by Escherichia coli 
K-12: insertion mutagenesis of the rfa locus. J. Bacteriol. 172, 5312–5325  
(1990). 

3.  Kreiswirth, B. N. et al. The toxic shock syndrome exotoxin structural gene is 
not detectably transmitted by a prophage. Nature 305, 709–712 (1983).

4.  Eswaran, S., Adhikari, A. V., Pal, N. K., and Chowdhury, I. H. Design and 
synthesis of some new quinoline-3-carbohydrazone derivatives as poten-
tial antimycobacterial agents. Bioorganic Med. Chem. Lett. 20, 1040–1044  
(2010).

5.  Niedermeier, S. et al. A small-molecule inhibitor of Nipah virus envelope 
protein-mediated membrane fusion. J. Med. Chem. 52, 4257–4265 (2009). 

6.  Noguchi, M. et al. Development of novel water-soluble photocleavable 
protective group and its application for design of photoresponsive paclitaxel 
prodrugs. Bioorganic Med. Chem. 16, 5389–5397 (2008).

7.  Hagen, V. et al. Coumarinylmethyl esters for ultrafast release of high concen-
trations of cyclic nucleotides upon one- and two-photon photolysis. Angew. 
Chem. Int. Ed. Engl. 44, 7887–7891 (2005). 





Chapter 6

Light-controlled bacterial communication

Submitted

Jan Pieter van der Berga§, Willem A. Velemab§, Wiktor Szymanskib,c, 
Arnold J. M. Driessena & Ben L. Feringab

§These authors contributed equally to the work.
aMolecular Microbiology, Groningen Biomolecular Sciences and Biotechnology Institute, 

University of Groningen, Groningen, The Netherlands
bCentre for Systems Chemistry, Stratingh Institute for Chemistry,  

University of Groningen, Groningen, The Netherlands
cDepartment of Radiology, University of Groningen,  

University Medical Center Groningen, Groningen, The Netherlands



Chapter 6: Light-controlled bacterial communication152   

Abstract
Bacteria use a communication system, called Quorum Sensing (QS), to organize 
into communities and synchronize gene expression to promote virulence and secure 
survival. Here we report on a method to externally interfere with this bacterial 
communication system using light. By employing photoswitchable small molecules, 
we were able to photocontrol the QS-related bioluminescence in an Escherichia 
coli reporter strain, the expression of target QS genes and pyocyanin production in 
Pseudomonas aeruginosa.

Introduction
Like higher organisms, bacteria are able to organize themselves in multicellular groups, 
which offers the resulting bacterial communities certain advantages, such as a greater 
resistance against host defense mechanisms and an improved antibiotic tolerance, 
as compared to the individual cells (1). In order to organize, bacteria rely on quorum 
sensing (QS) as a system of communication, which is dependent on the population 
density (2). Using QS, bacteria are able to synchronize their gene expression, and regu-
late their pathogenicity, biofilm formation and fitness (1,3), amongst others. Establishing 
external control over QS is challenging, but might be highly useful to regulate bacterial 
organization. Not only is it a viable possibility to control gene expression (4) in a large 
population of bacteria, it can also be considered an important alternative as a thera-
peutic strategy (5,6). Light, which can be delivered with high spatiotemporal resolution, 
has successfully been employed to gain control over biological function, as was shown 
in the fields of optogenetics (7) and photopharmacology (8). The molecular approaches 
rely on the use of photocaged (9) and photoswitchable small molecules (10,11). In parti-
cular, photopharmacology relies on the introduction of photoresponsive units in the 
structure of bio-active compounds (8). By irradiating with different wavelengths of light, 
the structure and properties of the bio-active compound can be reversibly switched 
between two or more stages, altering the physiological properties of the compound (8). 
In the bacterial QS system, small molecules, called auto-inducers, act as signals that 
can be detected by receptors (3,12). We envisioned that the introduction of a molecular 
photoswitch in the structure of such a signal molecule might allow for external regula-
tion of the communication between bacteria with light.
Here, we describe the design, synthesis and biological activity of three switchable QS 
signal molecules, incorporating an azobenzene photochromic unit. Two of the signal 
molecules are shown to have an opposite effect upon UV-light irradiation in biolu-
minescence assays, i.e. one molecule gains QS-inducing activity and the other loses 
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its activity, upon trans-cis photoisomerization of the azobenzene unit. Furthermore, 
the reported compounds allow the photochemical control over the expression of 
virulence genes and pyocyanin production in Pseudomonas aeruginosa. This offers 
a new approach to interfere in a non-invasive and reversible manner with bacterial 
communication and control bacterial group biology. In addition, this method might 
be useful to tackle bacterial pathogenesis, study QS and represents a promising tool 
for biotechnology, taking advantage of the potential to regulate the expression of a 
wide range of target genes in a non-invasive manner.

Results and Discussion
N-acyl homoserine lactones (AHLs) are an important class of QS auto-inducers that 
play a major role in the QS system of Gram-negative bacteria (3). These molecules 
consist of a N-acyl homoserine lactone moiety and an aliphatic chain of varying 
length (Fig. 1a). Our molecular design is based on compound 1 (Fig. 1b), which 
has been reported as a common QS-inducer for bacteria (13). Co-crystal structures 
of the 3-oxo analog of compound 1, bound to its receptor LasR, reveal that all the 
AHLs heteroatoms, except for the oxygen in the lactone ring, form hydrogen bonds 
with the receptor protein, and that the alkyl chain is located in a hydrophobic cavity 
(14). Therefore, we envisioned that the introduction of a photoresponsive azobenzene 
moiety (15), which can be switched between the trans and cis forms with light, accom-
panied by a large change in polarity and geometry, into the hydrophobic part of the 
molecule, might block the interaction between the ligand and its receptor in one of 
the photoisomeric states, whereas the activity would be retained in the other isomeric 
form. Further support for this hypothesis comes from recent studies showing that 
the activity of autoinducers was conserved after introduction of an aromatic ring in 
the aliphatic part of the molecule (13). Three molecules (2-4, Fig. 1c) were designed 
with an azobenzene moiety conjugated to a N-acyl homoserine lactone. Compound 
3 differs from compound 2 by the addition of an extra methylene group, which was 
introduced to offer more flexibility to the hydrophobic part of the molecule (Fig. 
1c). Compound 4 bears an additional p-methoxy group, which has been reported to 
result in a large difference in trans:cis ratio of the azobenzene moiety, before and after 
365 nm light irradiation (vide infra) (8).
The azobenzene-containing molecules consist of a mixture of trans and cis isomers. 
The ratio between the two isomers can be changed by irradiation with light (Fig. 1d) (15). 
Upon UV-light irradiation, the trans molecules undergo a photochemical isomeri-
zation, changing the ratio to mostly cis isomer. Subsequent exposure to visible light 
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changes the ratio back to mostly trans isomer. This last step can also be achieved 
by thermal relaxation, because the cis isomer is the thermodynamically less stable 
form. Figure 1d shows the trans:cis ratios of compound 2, 3 and 4 before and after 
λ=365 nm light irradiation in water, which were determined using 1H NMR spectro-
scopy (Fig. S1-S3). The UV-Vis absorption spectra of compound 2, 3 and 4 show an 
absorption maximum around 340 nm, which is characteristic of trans azobenzene 
(15,16).After irradiation with λ=365 nm light, this absorption maximum decreases, 
which is typical for trans-cis azobenzene isomerization (Fig. S4-S6) (15,16). By moni-
toring the absorbance at this maximum at 37 °C in water overtime, the half-life of 
the cis isomer of compounds 2, 3 and 4 were determined (Fig. 1d and Fig. S7-S12), 
showing that the cis isomers are rather stable, with half-lives in the  multi-hour range. 
Because activity assays (vide infra) contain an incubation step of less than two hours, 
only minor thermal cis-trans isomerization is expected to occur while assaying the 
activity of the 365 nm light-irradiated compounds.

Figure 1 Molecular structures of AHLs. a) The structure of naturally-occurring AHLs, where 
R is usually an alkyl chain varying in length between 4 and 18 carbon atoms. b) Structure of 
a naturally occurring auto-inducer (1) c) Three photoswitchable analogs (2, 3 and 4) that can 
undergo trans-cis photoisomerization upon UV-light irradiation and cis-trans isomerization 
upon visible-light irradiation and thermal relaxation. d) trans:cis ratios of compound 2, 3 and 
4 before and after λ=365 nm light irradiation in D2O at room temperature and half-lives of the 
cis isomer at 30 °C and 37 °C in water.
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The major QS signaling network in P. aeruginosa is the Las system. This system is 
regulated by the level of AHLs that are produced by the signal molecule synthase 
LasI. Activation of the signaling network requires a sufficient threshold concentra-
tion of AHLs, which is coincident with a high cell density (1,3). Before the threshold 
concentration of the AHLs is reached, the transcriptional activator LasR will be 
rapidly degraded due to incorrect folding. Upon AHL binding, LasR can fold and 
form a stable dimer (13), which can bind responsive promoter regions on the bacterial 
genome and thereby activate transcription of QS-controlled genes. Virulent genes 
regulated by the Las QS include lasI, lasA, and lasB, but also other QS systems, like Rhl 
QS, are controlled by the Las system (17). To measure the effect of the photoswitchable 
AHL molecules on the Las quorum sensing system, E. coli JM109 pSB1075 was used. 
Addition of Las QS ligands to this biosensor strain results in a rapid emission of 
bioluminescence due to the presence of a luxCDABE-lasR promoter fusion (18).
Indeed, addition of compound 1 to the E. coli sensor strain resulted in an increase 
in luminescence after approximately 1-2 hours of incubation (Fig. S13). When 
compound 2 or 3 were added to the reporter strain, E. coli JM109 pSB1075, a dose-
dependent increase in bioluminescence was observed (Fig. 2a and b), while addi-
tion of compound 4 did not result in any increase in bioluminescence (Fig. 2c). To 
examine the effect of photoswitching on the activity of the compounds, the same 
experiment was repeated, but now the compounds were exposed to 365 nm light for 
5 min, prior to incubation. A drop in efficacy, as well as a decrease in potency, were 
observed for compound 2. This indicates that cis-2 activates the Las QS pathway less 
effectively, as compared to trans-2 (Fig. 2a). Surprisingly, the opposite, and an even 
more strongly-pronounced effect was observed for compound 3: after UV irradiation 
at 365 nm, an almost 5-fold increase in activity was observed, implying that, in its cis 
isomeric form, compound 3 more effectively activates the Las system as compared to 
trans-3 (Fig. 2b). After λ=365 nm light irradiation, compound 4 still did not exhibit 
any significant effect (Fig. 2c).
To study the effect of photoswitching on the biological activity of compound 2 and 3, 
sequential rounds of photoirradiation with λ=365 nm light, followed by white light, 
were performed on samples of 2 and 3, prior to incubation. Irradiation of compound 
2 with λ=365 nm light results in switching to the cis isomer, which has a lower QS 
inducing activity and its addition led to lower bioluminescence. Sequential exposure 
to white light switched compound 2 to the trans isomer, which has higher QS indu-
cing activity and resulted in an increase in bioluminescence. Subsequent exposure to 
λ=365 nm light again resulted in a decrease in luminescence (Fig. 2d). Similar rounds 
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of irradiation of compound 3 resulted in opposite behavior (Fig. 2e). These results 
show how compounds 2 and 3 are able to switching the QS system “ON and OFF” 
in an opposite fashion, although the maximum reached bioluminescence decreases 
after each round of photoswitching. We attribute this to the instability of the lactone 
ring, since the azobenzene switch itself shows little or no fatigue upon alternating 
irradiation with UV and white light (Fig. S14-S16).

Figure 2 Dose-response curves of compounds 2, 3 and 4, before and after irradiation, 
obtained by measuring the Las QS controlled bioluminescence at different concentrations, 
using the E. coli JM109 pSB1075 sensor strain. Dose-response curve of non-irradiated (black) 
and λ=365 nm light-irradiated (red) compounds 2 (a), 3 (b) and 4 (c). d) and e) Effect of 
photoswitching on the biological activity of compounds 2 (d) and 3 (e). Both compounds 
were used at a concentration of 6.25 μM for the sequential rounds of photoirradiation. Data 
points and error bars represent the mean and pooled standard deviation of two biological 
replicates each performed in triplo.

It has been shown that the Las QS system in P. aeruginosa is responsible for the 
regulation of several downstream mechanisms, including virulence (19). lasA is one 
of the many genes controlled by Las QS and encodes the protease LasA that has 
bacteriolytic activity and enhances the elastinolytic activity of other proteases (20). We 
measured the effect of the photoswitchable signal molecules on the QS-controlled 
gene lasA in P. aeruginosa, in order to examine if these compounds can be used to 
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manipulate the expression of QS regulated genes in vivo. Compound 3 was chosen 
for these studies, because it showed the largest difference in activity between the 
non-irradiated and λ=365 nm light-irradiated forms on the bioluminescence assay 
(Fig. 2b). For this purpose, the “signal negative” P. aeruginosa PA14 ΔlasI strain 
was used, which is defective in the production of Las QS AHL molecules. Since QS 
synchronizes gene expression at a high cell density, P. aeruginosa were grown to a late 
exponential growth phase before adding synthetic signal molecules. Upon addition 
of non-irradiated compound 3 at a concentration of 100 μM to the P. aeruginosa ΔlasI 
culture, we measured a modest 2-fold increase in gene expression of lasA (Fig. 3a). 
However, when compound 3 at the same concentration was irradiated with λ=365 nm 
light prior to addition to the culture, an 18-fold increase in gene expression of lasA 
was observed, comparable (yet less strong) than the 35-fold increase in gene expres-
sion evoked by the native signaling compound 1 at 10 times lower concentration 
(10 μM). Compound 3 did not affect lasA gene expression in a P. aeruginosa ΔlasRI 
strain which lacks the las receptor and is defective in las-AHL production, proving 
that the increased gene expression is specifically induced by Las QS. Furthermore, 
compounds 1-3 (50 μM) did not have any substantial effect on the growth of E. 
coli JM109 pSB1075 and P. aeruginosa (Fig. S17 and S18). These results show how 
photoswitchable QS molecules can be used to externally control the expression of 
(virulence) genes using light. 
Finally we performed experiments towards photocontrolling one of the P. aeruginosa 
phenotypes, associated with QS, i.e. pyocyanin production (21). Addition of 50 μM 
(2x) non-irradiated compound 3 to a P. aeruginosa ΔlasI culture resulted in only 
marginal pyocyanin production (Fig. 3b and Fig. S19). When compound 3 was added 
at the same concentration, but activated by irradiation with λ=365 nm light before 
addition, a significant increase in pyocyanin concentration was observed (Fig. 3b and 
Fig S19). These results indicate that it is possible to control QS regulated phenotypes 
with light, using our approach.
In conclusion, we showed that, using photoswitchable signaling molecules, we can 
specifically manipulate a quorum sensing mechanism. A system like this, which 
utilizes a non-invasive and noncontaminating external stimulus, is advantageous 
for biological applications. QS is an attractive system that can be used as a biotech-
nological toolbox for synthetic biology. Exploitation of QS has been successful in 
the control of biofilm formation (22) and for recombinant protein production in E. 
coli (23). Here, we have shown that the biosynthesis of a luminescent molecule can 
be controlled with light. In more general context, using our strategy on engineered 
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bacterial strains, whose production of target proteins is under control of QS, would 
make it possible to photoregulate the protein expression. This allows the photo-
control of numerous biological processes that depend on the presence and activity 
of selected proteins. This research paves the way for the design of efficient inducing 
agents with a built-in ON/OFF trigger as a tool to specifically control gene expres-
sion. Combined with the strong regulatory power of QS, an extra layer of control has 
been added to the circuitry of this novel chemical biology toolbox.

Figure 3 Gene expression and pyocyanin production in P. aeruginosa. a) Effect of compounds 
1 (10 μM) and 3 (100 μM) on the gene expression of las-controlled genes in P. aeruginosa. 
Gene expression of lasA in the presence of non-irradiated compound 3, 365 nm irradiated 3 
and compound 1 in the ΔlasI (gray) and ΔlasRI (black) strains. All samples are compared to 
the control sample, Data is plotted as mean and standard deviation of two biological repli-
cates each performed in duplo. b) The effect of compounds 1 (50 μM) and 3 (2x50 μM) on 
pyocyanin production in cultures of P. aeruginosa ΔlasI before and after λ=365 nm light-
irradiation. Data is plotted as mean and standard deviation of three experiments consisting 
of two biological replicates.

Acknowledgements
This work was financially supported by the Netherlands Organization for Scientific 
Research (NWOCW), The Royal Netherlands Academy of Arts and Sciences 
(KNAW), the European Research Council (ERC) advanced grant 227897 to B.L.F. 
and the Ministry of Education, Culture and Science (Gravity program 024.001.035). 
We thank R. van Merkerk and W.J. Quax for providing us with the strains used in this 
study, J. Bosman for technical assistance and M. J. Hansen for supplying compound 9.



Chapter 6: Light-controlled bacterial communication 159  

Author Contributions
B.L.F, A.J.M.D, J.P.B, W.A.V. and W.S. conceived the project and wrote the manus-
cript. W.A.V. designed the molecules and performed the synthesis. J.P.B. performed 
bioluminescence and gene expression studies. B.L.F., W.S. and A.J.M.D. guided the 
research. All authors discussed the results and implications and commented on the 
manuscript at all stages.

Methods

Bacterial strains and growth conditions
Bacterial strains used in this study are Pseudomonas aeruginosa PA14 ΔlasI (24), P. 
aeruginosa PAO1 ΔlasRI (25) and E. coli JM109 containing the plasmid pSB1075 (19).
Strains were grown in Luria Bertani (LB) broth at 37 °C supplemented with 100 μg/
ml gentamicin or 100 μg/ml ampicillin respectively for the P. aeruginosa strains and 
E. coli JM109 pSB1075.

Bioluminescence assay
Overnight cultures of E. coli JM109 pSB1075 were diluted to an optical density (OD) 
at 600 nm of 0.02 in LB and 100 μl of the cell suspension was added to 100 μl sterile 
water containing AHLs at the given concentration. To determine the effect of the 
AHL signaling molecules on the receptor LasR after photoirradiation, stock solu-
tions in DMSO were first irradiated at λ=365 nm for 10 minutes, after which the 
solutions were diluted in LB broth to the right concentration, before adding the cell 
suspension. To measure multiple rounds of switching between cis and trans isomers, 
the solutions were sequentially photo-irradiated at λ=365 nm for 10 min using a 
Spectroline ENB-280C/FE UV lamp, followed by white light for 30 min using a Thor 
Labs OSL1-EC Fiber Illuminator. Next, the samples were irradiated for a second 
time at λ=365 nm for 10 min. The cell suspensions with or without AHL compounds 
were incubated for 2-3 hours at 30 °C in a white microtiter plate and the lumines-
cence was measured at 10 minute intervals using a microtiter plate luminometer 
(Orion L, Berthold detection systems). The maximum luminescence, occurring after 
approximately 1.5 hours, was used to compare the AHL effect on the las activity. 
Measurements were performed on two biological replicates, each performed in 
triplo. The normalized average and pooled variance (calculated using equation 1) of 
the maximum luminescence were plotted for each AHL concentration.
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Equation 1:

RNA isolation and cDNA synthesis
Overnight cultures of P. aeruginosa PA14 ΔlasI or PAO1 ΔlasRI were diluted 100-fold 
in fresh LB medium and grown at 37 °C to an OD600 of 2.5. The preculture was diluted 
to an OD600 of 0.5 and subsequently compound 1 (10 μM final concentration) or 
compound 3 (100 μM final concentration) in DMSO was added to the culture. As a 
control, an equal volume of DMSO was used. After 90 min of growth, 5 OD units of 
each culture was centrifuged for 15 min, 3000 x g at 4 °C. The resulted pellet was resus-
pended in MilliQ water and total RNA was isolated using TRIzol (Life Technologies), 
followed by DNase treatment using the Turbo DNA-free kit (Ambion). The total 
RNA concentration was measured using a Nanodrop ND-1000. 500 ng of total RNA 
was used to synthesize cDNA using iScript cDNA synthesis kit (Bio-Rad).

Gene expression with qPCR
The expression of the gene of interest, lasA, and the reference gene rpoD were 
analyzed using qPCR with the primers listed in table S1. A negative control reaction 
with total RNA was analyzed to exclude gDNA contamination. As a PCR mastermix, 
the SYBR mix (Bioline) was used with 0.4 μM primers. Expression levels of the genes 
of interest of two biological replicates, each performed in duplo, were measured with 
a MiniOpticon system (Bio-Rad) and results were corrected for the control sample 
and normalized against the reference gene.

Pyocyanin assay
Overnight cultures of P. aeruginosa PA14 ΔlasI grown in peptone broth (20 g/l Bacto 
Peptone, 10 g/l K2SO4, 1.5 g/l MgSO4) were diluted to an OD600 of 1.0 and grown for 30 
minutes at 37 °C. Subsequently, 50 μM of compound 1 or compound 3, non-irradiated 
or λ=365 nm light-irradiated were added to the culture and incubated for 2 h at 37 
°C. Then a second dose of 50 μM compound 3, nonirradiated or λ=365 nm light-
irradiated, was added and the cultures were incubated for another 3 h at 37 °C. The 
pyocyanin concentration was determined as described (21). In short, after incubation 
the cultures were centrifuged, the supernatant was filtered using a 0.2 μm filter and the 
pyocyanin production in the spent medium was determined by measuring the absor-
bance at 690 nm using an Agilent 8453 UV-Visible Spectrophotometer. The absorbance 
was converted to pyocyanin concentration using the extinction coefficient of 4310 M-1 
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cm-1. The results were background-corrected by subtracting the signal obtained from a 
control that was incubated with an equal volume of DMSO only.

Photoswitching Experiments
Irradiation experiments were performed with a Spectroline ENB-280C/FE UV lamp 
(365 nm) and Thor Labs OSL1-EC Fiber Illuminator (white light).
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Supporting information

Table S1 Primers used for gene expression analysis

Primer Sequence 5’-3’ Reference

lasA F TCCTTCGATGCGTCCTAC This work
lasA R GTTGCTCACCTGGATCTG This work
rpoD F TTCCTCGTCGTCCTTCTC This work
rpoD R TCCTGGCCGACTACAATC This work

Synthesis General
All chemicals for synthesis were obtained from commercial sources and were used as 
received, unless stated otherwise. Solvents were reagent grade. Thin-layer chromato-
graphy (TLC) was performed using commercial Kieselgel 60, F254 silica gel plates. 
Flash chromatography was performed on silica gel (Silicycle Siliaflash P60, 40-63 
μm, 230-400 mesh). Drying of solutions was performed with MgSO4 and solvents 
were removed with a rotary evaporator. Chemical shifts for NMR measurements 
were determined relative to the residual solvent peaks (δH 7.26 for CHCl3 and 2.50 
for DMSO, δC 77.16 for CDCl3 and 39.52 for DMSO). The following abbreviations 
are used to indicate signal multiplicity: s, singlet; d, doublet; t, triplet; q, quartet; m, 
multiplet; brs, broad signal; appt, apparent triplet. HRMS (ESI) spectra were obtained 
on a Thermo scientific LTQ Orbitrap XL. Melting points were recorded using a Buchi 
melting point B-545 apparatus. UV/Vis absorption spectra were recorded on an Agi-
lent 8453 UV-Visible Spectrophotometer using Uvasol grade solvents.



Chapter 6: Light-controlled bacterial communication164   

Trans:cis ratios of compound 2, 3 and 4

Figure S1 Trans:cis ratio of compound 2 at a concentration of 10 mM in DMSO-d6 before 
(bottom) and after 365 nm light irradiation (top), determined by integration of  the N-H (nr. 
17 in molecular structure) signal of compound 2 using 1H NMR spectroscopy.
 

Figure S2 Trans:cis ratio of compound 3 at a concentration of 10 mM in DMSO-d6 before 
(bottom) and after 365 nm light irradiation (top), determined by integration of the CH2 signal 
(nr. 15 in molecular structure) of compound 3 using 1H NMR spectroscopy.
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Figure S3 Trans:cis ratio of compound 4 at a concentration of 10 mM in DMSO-d6 before 
(bottom) and after 365 nm light irradiation (top), determined by integration of the CH3 signal 
(nr. 1 in molecular structure) of compound 4 using 1H NMR spectroscopy.

 
UV-vis absorption spectra of compound 2, 3 and 4

Figure S4 UV-Vis absorption spectra of compound 2 at a concentration of 50 μM in DMSO. 
Trans isomer is solid line, cis isomer is dashed line.
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Figure S5 UV-Vis absorption spectra of compound 3 at a concentration of 50 μM in DMSO. 
Trans isomer is solid line, cis isomer is dashed line.

Figure S6 UV-Vis absorption spectra of compound 4 at a concentration of 50 μM in DMSO. 
Trans isomer is solid line, cis isomer is dashed line.

Half-lives of compound 2, 3 and 4 at 30 °C and 37 °C

Figure S7 Changes in absorption at λ = 327 nm of the cis isomer of compound 2 at a concen-
tration of 11 μM in water at 30 °C. Half-life > 10 hours.
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Figure S8 Changes in absorption at λ = 327 nm of the cis isomer of compound 2 at a concen-
tration of 7.1 μM in water at 37 °C. Half-life > 10 hours.

Figure S9 Changes in absorption at λ = 323 nm of the cis isomer of compound 3 at a concen-
tration of 38 μM in water at 30 °C. Half-life is 6.8 hours.

Figure S10 Changes in absorption at λ = 323 nm of the cis isomer of compound 3 at a concen-
tration of 19 μM in water at 37 °C. Half-life is 2.5 hours.
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Figure S11 Changes in absorption at λ = 353 nm of the cis isomer of compound 4 at a concen-
tration of 8.6 μM in water at 30 °C. Half-life is 8.9 hours.

Figure S12 Changes in absorption at λ = 353 nm of the cis isomer of compound 4 at a concen-
tration of 11.4 μM in water  at 37 °C. Half-life is 5.8 hours.

Bioluminescence dose-response curves of compound 1
 

Figure S13 Bioluminescence observed in the E. coli sensor strain over time, after addition of 
different concentrations of compound 1.
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Reversible photochromism of compounds 2, 3 and 4

Figure S14 Reversible photochromism of compound 2 at a concentration of 50 μM in DMSO.

Figure S15 Reversible photochromism of compound 3 at a concentration of 50 μM in DMSO.

Figure S16 Reversible photochromism of compound 4 at a concentration of 50 μM in DMSO
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Growth curves of E. coli JM109 pSB1075 and P. aeruginosa in the presence of 
compounds 1-3
 

Figure S17 Growth curve of E. coli JM109 pSB1075 in the presence of 50 μm of compound 1-3.
 

Figure S18 Growth curve of P. aeruginosa in the presence of 50 μm of compound 1-3.
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Pyocyanin Production
 

Figure S19 UV-Vis absorption spectra of filtered supernatant of P. aeruginosa ΔlasI cultures 
incubated with compound 1 (50 μM), compound 3 (2x50 μM) and compound 3 (2x50 μM) 
exposed to 365 nm light.

 
General synthetic scheme
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Synthesis
 

(S)-N-(2-oxotetrahydrofuran-3-yl)butyramide (1) Lauroyl chloride (0.46 mmol, 100 mg) was 
dissolved in DCM (5 mL). (S)-(−)-α-Amino-γ-butyrolactone hydrobromide (0.46 mmol, 84 
mg) was added, followed by triethylamine (1.38 mmol, 140 mg), and the resulting solution 
was stirred for 16 h at room temperature. Next, the solution was concentrated in vacuo and 
the residue was dissolved in EtOAc (20 mL). This solution was washed with 1 M aq. HCl (20 
mL) and brine (20 mL) and dried (MgSO4). Removing the solvent in vacuo resulted in 110 mg 
(85%) of a white solid. Mp. 140-142 °C.
1H NMR (400 MHz, CDCl3): δ 5.93 (s, 1H), 4.61 - 4.42 (m, 2H), 4.28 (ddd, J = 11.3, 
9.3, 5.8 Hz, 1H), 2.95 - 2.83 (m, 1H), 2.28 - 2.20 (m, 2H), 2.11 (ddd, J = 23.9, 11.6, 8.8 
Hz, 1H), 1.69 – 1.62 (m, 2H), 1.38 – 1.24 (m, 16H), 0.88 (t, J = 6.8 Hz, 3H).
1H NMR spectrum in agreement with published data (3).

(E)-4-(phenyldiazenyl)benzoic acid (5) Nitrosobenzene (1.86 mmol, 200 mg) and 4-amino-
benzoic acid (2.05 mmol, 282 mg) were dissolved in acetic acid (15 mL) and the mixture was 
stirred for 16 h at 60 °C. Next, the solution was diluted with water (30 mL) and extracted with 
DCM (30 mL). The organic layer was washed with water (30 mL) and brine (30 mL) and dried 
(MgSO4). After concentrating in vacuo, the solid was recrystallized from EtOAc, resulting in 
360 mg (85%) of an orange solid.
1H NMR (400 MHz, DMSO-d6): δ 13.22 (brs, 1H), 8.13 (d, J = 8.4 Hz, 2H), 7.98 – 
7.88 (m, 4H), 7.65 – 7.56 (m, 3H).
13C NMR (100 MHz, DMSO-d6): δ 167.1, 154.7, 152.3, 133.3, 132.6, 131.1, 130.0, 
123.3, 123.0.
1H NMR spectrum in agreement with published data (4).
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(S)-N-(2-oxotetrahydrofuran-3-yl)-4-(phenyldiazenyl)benzamide (2) Compound 5 (0.42 
mmol, 95 mg) was dissolved in thionyl chloride (2 mL) and the mixture was heated at reflux 
for 2 h. The mixture was concentrated in vacuo and the residue was redissolved in DCM. 
To the solution was added (S)-(−)-α-amino-γ-butyrolactone hydrobromide (0.42 mmol, 76 
mg) and triethylamine (1.26 mmol, 127 mg) and the mixture was stirred for 16 h at room 
temperature. Next, the solution was concentrated in vacuo and the residue was dissolved in 
EtOAc (20 mL). The organic solution was washed with 1 M HCl (20 mL) and brine (20 mL) 
and dried (MgSO4). Concentrating in vacuo resulted in 120 mg (93%) of an orange solid. Mp. 
229-231 °C.
1H NMR (400 MHz, DMSO-d6): δ 9.16 (d, J = 8.2 Hz, 1H), 8.06 (d, J = 8.5 Hz, 2H), 
7.97 (d, J = 8.5 Hz, 2H), 7.92 (dd, J = 7.6, 2.0 Hz, 2H), 7.66 – 7.58 (m, 3H), 4.81 (apq, 
J = 9.2 Hz, 1H), 4.43 (apt, J = 8.1 Hz, 1H), 4.32 – 4.24 (m, 1H), 2.43 – 2.28 (m, 2H).
13C NMR (100 MHz, DMSO-d6): δ175.6, 165.7, 153.9, 152.4, 136.0, 132.5, 130.0, 
129.1, 123.2, 122.9, 65.8, 49.0, 28.4.
HR-MS (ESI, [M+H]+): Calcd. for C17H16N3O3: 310.1186; Found: 310.1186

 

(E)-2-(4-(phenyldiazenyl)phenyl)acetic acid (6) Nitrosobenzene (1.86 mmol, 200 mg) and 
4-aminophenylacetic acid (2.05 mmol, 310 mg) were dissolved in acetic acid (15 mL) and the 
solution was stirred for 16 h at 50 °C. Next, the solution was diluted with water (30 mL) and 
extracted with DCM (30 mL). The organic layer was washed with water (30 mL) and brine 
(30 mL) and dried (MgSO4). After concentrating in vacuo, the solid was recrystallized from 
EtOAc, resulting in 400 mg (89%) of an orange solid.
1H NMR (400 MHz, DMSO-d6): δ 12.44 (brs, 1H), 7.89 – 7.81 (m, 4H), 7.62 – 7.54 
(m, 3H), 7.47 (d, J = 8.3 Hz, 2H), 3.69 (s, 2H).
13C NMR (100 MHz, DMSO-d6): δ 172.7, 152.4, 151.2, 139.3, 131.9, 131.0, 129.9, 
122.9, 122.9, 40.8.
1H NMR spectrum in agreement with published data (5). 
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(S)-N-(2-oxotetrahydrofuran-3-yl)-2-(4-(phenyldiazenyl)phenyl)acetamide (3) Compound 6 
(0.42 mmol, 100 mg) was dissolved in 1,4-dioxane (4 mL) and added to a solution of  (S)-(−)-
α-amino-γ-butyrolactone hydrobromide (0.42 mmol, 76 mg) in water (2 mL). Next, TEA 
(1.25 mmol, 126 mg) and EDC hydrochloride (0.63 mmol, 120 mg) were added, and the reac-
tion mixture was stirred for 16 h at room temperature. The mixture was added to EtOAc (20 
mL) and washed with a 5% aqueous citric acid solution (20 mL) and brine (20 mL) and dried 
(MgSO4). Concentrating in vacuo resulted in 55 mg (40%) of an orange solid. Mp. 222-224 °C.
1H NMR (400 MHz, DMSO-d6): δ 8.66 (d, J = 7.7 Hz, 1H), 7.85 (dd, J = 13.5, 7.5 Hz, 
4H), 7.62 – 7.53 (m, 3H), 7.47 (d, J = 8.2 Hz, 2H), 4.57 (apq, J = 8.8 Hz, 1H), 4.33 
(t, J = 8.1 Hz, 1H), 4.24 – 4.15 (m, 1H), 3.59 (s, 1H), 2.40 (dd, J = 17.6, 8.9 Hz, 1H), 
2.20 – 2.07 (m, 1H).
13C NMR (100 MHz, DMSO-d6): δ 175.7, 170.2, 152.4, 151.1, 140.2, 131.9, 130.6, 
129.9, 122.9, 122.9, 65.7, 48.6, 42.2, 28.7.
HR-MS (ESI, [M+H]+): Calcd. for C18H18N3O3: 324.1343; Found: 324.1341
 

Methyl 4-nitrosobenzoate (7) Methyl-4-aminobenzoate (3.30 mmol, 500 mg) was dissolved in 
DCM (10 mL) and a solution of oxone (6.60 mmol, 4.10 g) in water (50 mL) was added. The 
resulting biphasic mixture was stirred at room temperature for 3 h. Next, the organic layer was 
separated and the aqueous layer was extracted with DCM (2 x 20 mL). The combined organic 
layers were washed with 1M aqueous HCl (30 mL) and brine (20 mL) and dried (MgSO4). 
Drying in vacuo and recrystallization from ethyl acetate resulted in 431 mg (79%) of a bright 
yellow solid. 
1H NMR (400 MHz, CDCl3): δ 8.30 (d, J = 8.6 Hz, 2H), 7.94 (d, J = 8.6 Hz, 2H), 3.98 
(s, 3H).
1H NMR spectrum in agreement with published data (6). 
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Methyl (E)-4-((4-methoxyphenyl)diazenyl)benzoate (8) p-Anisidine (0.66 mmol, 81 mg) and 
compound 7 (0.60 mmol, 100 mg) were dissolved in acetic acid (5 mL) and the resulting 
solution was stirred at 40 °C for 16 h. Next, the solution was diluted with water (40 mL) and 
extracted with DCM (3 x 40 mL). The collected organic phases were dried (MgSO4). The 
solvent was evaporated in vacuo, resulting in 159 mg (>95%) of orange crystals. 
1H NMR (400 MHz, CDCl3): δ 8.17 (d, J = 8.6 Hz, 2H), 7.96 (d, J = 9.0 Hz, 2H), 7.91 
(d, J = 8.6 Hz, 2H), 7.03 (d, J = 9.0 Hz, 2H), 3.96 (s, 3H), 3.91 (s, 3H). 
1H NMR spectrum in agreement with published data (7). 

 

(E)-4-((4-methoxyphenyl)diazenyl)benzoic acid (9) Compound 8 (0.660 mmol, 180 mg) was 
added to a solution of 2.5 M aqueous NaOH (1 mL) in EtOH (15 mL) and the mixture was 
stirred at 60 °C for 16 h. Subsequently, 1M aqueous HCl (30 mL) was added and the mixture 
was extracted with DCM (3 x 20 mL). Removing the solvent in vacuo resulted in 161 mg 
(>95%) of an orange solid. 
1H NMR (400 MHz, DMSO-d6): δ 8.10 (d, J = 8.6 Hz, 2H), 7.93 (d, J = 9.0 Hz, 2H), 
7.90 (d, J = 8.6 Hz, 2H), 7.15 (d, J = 9.1 Hz, 2H), 3.87 (s, 3H). 
1H NMR spectrum in agreement with published data (8). 

 

(S)-N-(2-oxotetrahydrofuran-3-yl)-2-(4-(phenyldiazenyl)phenyl)acetamide (4) Compound 9 
(0.39 mmol, 100 mg) was dissolved in 1,4-dioxane (4 mL) and added to a solution of  (S)-(−)-
α-amino-γ-butyrolactone hydrobromide (0.39 mmol, 71 mg) in water (1 mL). Next, triethyla-
mine (0.78 mmol, 118 mg) and EDC hydrochloride (0.59 mmol, 111 mg) were added, and this 
solution was stirred for 16 h at room temperature. The mixture was diluted with EtOAc (20 
mL) and washed with a 5% aqueous citric acid solution (20 mL) and brine (20 mL) and dried 
(MgSO4). Concentrating in vacuo resulted in 50 mg (30%) of an orange solid. Mp. 210-212 °C.
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1H NMR (400 MHz, DMSO-d6): δ 9.13 (d, J = 7.5 Hz, 1H), 8.03 (d, J = 8.2 Hz, 2H), 
7.96 – 7.87 (m, 4H), 7.15 (d, J = 8.7 Hz, 2H), 4.80 (apq, J = 9.3 Hz, 1H), 4.42 (apt, J = 
8.6 Hz, 1H), 4.28 (apq, J = 9.0 Hz, 1H), 3.87 (s, 3H), 2.36 (m, 2H).
13C NMR (100 MHz, DMSO-d6): δ 175.7, 165.8, 162.9, 154.1, 146.7, 131.0, 129.0, 
125.4, 125.4, 122.6, 115.2, 65.8, 56.2, 49.0, 28.4.
HR-MS (ESI, [M+H]+): Calcd. for C18H18N3O4: 340.1292; Found: 340.1291
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Summary
Organisms consist of cells that are surrounded by lipid membranes. Such biological 
membranes fulfill several functions, which are of vital importance to the organisms’ 
well being. The membrane creates a barrier, which is selectively permeable for ions 
and other molecules and thereby forms an intracellular environment that in compo-
sition strongly deviates from the outer milieu. Furthermore, biological membranes 
contain numerous embedded proteins that function in cellular processes such as 
transport, signal transduction, energy transduction and motility.
Bacteria can be classified into two main groups, based on the structure of their cell 
envelope. These two classes are called the Gram positives and negatives, named 
after the bacterial Gram staining method developed by Hans Christian Gram for 
the differentiation of bacterial species. Gram-positive bacteria contain a cytoplasmic 
membrane that is encapsulated by a cell wall consisting of a network of cross-linked 
peptidoglycan strands. Gram-negative bacteria, however, have two membranes with 
only a thin layer of peptidoglycan in between the outer and inner membrane in the 
periplasm. Whereas the inner or cytoplasmic membrane is involved in energy trans-
duction, the outer membrane contains pores that are permeable to a selected set of 
molecules. However, in recent years, it has become evident that the Gram stain is 
an unreliable method to distinguish between the above two groups of bacteria. For 
instance, Mycobacteria are Gram-positive but still didermic and contain an outer 
membrane with a unique lipid composition.
As a general mechanism to protect cells against adverse effects of toxic molecules 
in the environment, bacteria harbor transporter proteins in their inner membrane 
that are involved in the efflux of a wide range of compounds. In Gram-negative 
bacteria these transporters often form a channel that spans the inner membrane, 
periplasm and the outer membrane. Transporters involved in the uptake of nutrients 
are often specific for a special class of structurally related molecules. However, trans-
port proteins that play a role in the efflux of drugs are equipped with a very broad 
substrate specificity, often for structurally unrelated compounds. Such transporters 
may contribute to the development of multidrug resistance, which is the resistance 
of a microorganism against a large number of structurally unrelated toxic molecules. 
Also the utilization of antibiotics for the treatment of infectious disease has led to 
the development of protective mechanisms. The development of antibiotic resistance 
over the years has culminated in bacterial strains that are resistant to a wide spec-
trum of antibiotics, multidrug resistant (MDR) bacteria or “superbugs”. The mecha-
nisms employed by these bacteria to confer this resistance phenotype may involve 



Summary 179  

multiple resistance determinants, each for a different drug, but may also include 
multidrug transport proteins that provide a broader resistance phenotype. Multidrug 
transporters are integral membrane proteins that are capable of exporting a wide 
variety of cytotoxic drugs from the cell into the extracellular environment. These 
transport proteins can be classified in different families according to their structural 
organization and mechanism of energy usage. These protein families are as follows: 
the ATP-binding cassette (ABC) superfamily, which are primary transporters that 
utilize ATP to drive transport and the secondary transporters, which derive the 
energy needed for substrate transport from an electrochemical gradient of H+ or 
Na+. Among multidrug transporters, the latter includes the major facilitator super-
family (MFS), the resistance-nodulation-cell division (RND) family, the multidrug 
and toxic compound extrusion (MATE) family and the small multidrug resistance 
(SMR) family. Although the structure and energy utilization of proteins belonging to 
these (super)families is significantly different, their function is the same: they confer 
multidrug resistance via the efficient efflux of a wide range of substrate drugs. 
MDR was discovered for the first time in the 1980s in human carcinoma cells. The 
identified transport protein, MDR-1, was shown to be able to export anticancer drugs. 
In the following decades several transporters were identified in bacteria that are able 
to expel various antibiotics. Chapter 2 of this thesis describes the characterization of 
a number of putative MDR transporters of Staphylococcus aureus belonging to the 
ABC superfamily. Recent reports have indicated the involvement of the transporter 
Sav1866 in drug transport (1), and the structure of Sav1866 is generally considered as 
a paradigm for homodimer ABC half-transporter MDR systems (2). This chapter aims 
to validate the role of Sav1866 in drug and antibiotics resistance and the chapter also 
includes several other putative ABC-MDRs. Based on the gene expression analysis of 
S. aureus grown in the presence of antibiotics, a set of ABC transporters was selected 
for further characterization. However, successful gene deletion was only realized for 
Sav1866 and for one other ABC transporter. Remarkably, the gene deletion mutants 
showed no apparent increased drug sensitivity. It is therefore unlikely that Sav1866 
specifies a multidrug transporter. Likely, it is involved in another, more specific 
export process but the exact nature of this process has so far remained unsolved as it 
does not specify an essential function.
The involvement of transport proteins in drug resistance of bacteria has been 
described in detail for several bacteria, like AcrAB of Escherichia coli and LmrCD of 
Lactococcus lactis. The latter is discussed in chapter 3 of this thesis that investigates 
the gene regulation of lmrCD by its cognate repressor LmrR. LmrR is a transcripti-
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onal regulator and its structure is dimeric, constituting a central hydrophobic pore 
and two DNA binding domains (3). The central pore is capable of binding hydrop-
hobic planar drugs that are sandwiched between two conserved tryptophan residues 
in the dimeric LmrR. LmrR binds to a specific DNA motif in the promoter regions 
upstream of the lmrCD and lmrR loci, thereby repressing the expression of these 
genes (4). This concerns the palindromic PadR motifs located within the responsive 
promoter regions. Indeed, mutagenesis of the PadR consensus sequence leads to an 
abolished LmrR-DNA binding (chapter 3). On the other hand, little is known on how 
drug binding to LmrR modulates DNA binding. The presence of a LmrR substrate 
in the central pore likely relieves the LmrR-DNA binding and this in turn will lead 
to the gene expression of the LmrR-controlled genes. The known LmrR substrates 
all share a similar planar heterocyclic structure, which interacts strongly with the 
hydrophobic binding site within the LmrR dimer. However, many of these molecules 
intercalate with the major groove of the DNA, and therefore, they do not only alter 
the LmrR DNA binding properties but also influence the structure of the DNA. The 
vitamin riboflavin has a planar structure that resembles known LmrR substrates and 
was shown to be able to bind LmrR (chapter 3), although it binds with a signifi-
cantly poorer binding affinity. In the presence of a high concentration riboflavin the 
LmrR-DNA binding is notably reduced. The experimental data described in chapter 3 
provide for the first time proof for the previously proposed drug induced mechanism 
of lmrCD expression. 
One possible direction to combat antibiotics resistance is to modify antibiotics such 
that they can be photoactived. The introduction of a photoswitch within a bioactive 
molecule allows for the control of its activity (5). For that reason we modified antibi-
otics and introduced a photoactivatable moiety (chapters 4 & 5). Azobenzene moie-
ties containing various substituents were incorporated into a quinolone antibiotic, 
resulting in a series of different photoswitchable antibiotic analogs (chapter 4). The 
antibiotic compounds were screened for their antimicrobial activity in both photo-
isomeric states, a UV induced state and a ground state that can be induced using white 
light. From the synthesized photoswitchable antimicrobials one compound was iden-
tified which has an increased antimicrobial activity upon UV-irradiation, whilst it 
has only poor antimicrobial activity in its ground state, to which it gradually reverses 
several hours after the administration of the UV dose. The switchable quinolone has 
activity against both Gram-positive and -negative bacteria in its active state. To speci-
fically target either Gram-positive or -negative bacteria different photo-activatable 
antibiotics were synthesized; a benzylpenicillin and a quinolone, which each contain 
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a photocleavable coumarin moiety (chapter 5). These compounds differ from the 
photoswitchable antibiotic since UV irradiation of these molecules results in an 
uncaging of the coumarin moiety. The coumarin moiety keeps the antibiotics in an 
inactive state. Release of the moiety by a specific wavelength UV light “activates” the 
antibiotic. Both antibiotics were found to be efficient in inhibiting bacterial growth 
once uncaged, although the benzylpenicillin is more active against Gram-positives 
whereas the quinolone has a higher antimicrobial activity against Gram-negatives. 
This difference in activity might allow for the specific screening or selective growth 
of Gram-negative or -positive bacteria. 
Regulation of gene expression in bacteria is achieved via intricate regulatory pathways. 
One mechanism that bacteria use to control gene expression is via a system known as 
quorum-sensing (6). Quorum-sensing regulation is achieved by signaling molecules 
that are produced at a low level when the bacteria are still present at a low cell density. 
When the cell density reaches a certain threshold, the level of signaling molecules is 
sufficient to activate the quorum-sensing pathway. The enzymes responsible for the 
synthesis of the signaling molecule are positively regulated by the quorum-sensing 
pathway, and activation of the quorum-sensing system therefore leads to autoin-
duction. The Las quorum-sensing system of Pseudomonas aeruginosa is involved 
in the regulation of virulence genes and biofilm formation. Signaling molecules 
produced by the synthetase LasI interact with the regulatory protein LasR, which 
leads to expression of the Las controlled virulence genes and an enhanced expression 
of LasI. By using modified signaling molecules containing a light-inducible mole-
cular switch, a photoswitch, we managed to interfere with the Las quorum-sensing 
pathway (chapter 6). Three photoswitchable signaling molecules were synthesized, 
of which two were able to influence the Las system. Upon irradiation with UV light 
one of the molecules was able to strongly activate Las quorum-sensing, whilst the 
other compound was inactivated upon UV irradiation. The utilization of signaling 
molecules that can be (in)activated by an external trigger might be a useful biotech-
nological toolbox, for instance for the control of the overproduction of proteins and 
may also be used as modulators to control virulence. 

Concluding remarks
This thesis describes the phenomenon of multidrug resistance based on membrane 
transporters and explores a new generation of photo-activatable biomolecules that 
can be used to control cellular processes possibly also overcoming resistance. 
Our studies on the characterization of possible ABC-MDR transporters in 
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Staphylococcus aureus demonstrated that the deletion of the ABC transporter Sav1866 
does not result in a drug susceptibility phenotype. This is remarkable as Sav1866 has 
been implicated in multidrug resistance, although those studies were performed with 
a heterologous host Lactococcus lactis and not with S. aureus (1). Our observation 
could be for different reasons. The sav1866 gene might not encode a multidrug trans-
porter, or the role of Sav1866 is taken over by other potential drug transporters in  
S. aureus. Although the latter cannot be excluded, it is remarkable that the gene dele-
tion of sav1866 caused no discernible effect at all on growth and on drug sensitivity. 
The exact significance of the observations on function of Sav1866 when expressed in  
L. lactis are difficult to interpret as the heterologous expression may also result in the 
altered expression of native genes. Transporters other than Sav1866 that are encoded 
on the genome of S. aureus might contribute to the multidrug resistance in this orga-
nism. To validate this hypothesis further gene deletion studies will be necessary. In 
combination with the overproduction of candidate transporters in order to elucidate 
the role of ABC transporters in (multi)drug resistance in S. aureus.
The ABC transporter LmrCD of L. lactis is a multidrug transporter and confers 
resistance to numerous toxic compounds. Expression of the lmrCD gene is under 
control of the local regulator LmrR. However, the exact mechanism of gene regu-
lation by the repressor LmrR is unknown. Our work revealed that LmrR not only 
binds toxic drugs but also the vitamin riboflavin, a weak ligand of this regulatory 
protein. Binding of riboflavin to LmrR results in a reduced binding affinity of LmrR 
for the lmrCD and lmrR promoter region DNA. Thus, the use of riboflavin allowed 
us to test the hypothesis of ligand induced expression of the multidrug transporter 
LmrCD. On the other hand, there is no evidence that LmrCD interacts with ribo-
flavin and/or even secretes this molecule. Riboflavin rather appears to be a weak 
binder that mimics the binding of typical hydrophobic and planar drugs that are also 
substrates of LmrCD. Likely, the levels of free riboflavin in the cell will be too low to 
interfere with the LmrR based regulatory network. Future experimentation might 
clarify the exact LmrR-DNA binding stoichiometry, for instance via crystallization of 
DNA-bound LmrR and more in-depth binding affinity screening. 
This thesis describes the design and synthesis of antibiotics that can be activated 
using light, including a quinolone that can be switched ON or OFF at will with light. 
Interestingly, by activating antibiotics at their target, and because of the slow photoiso-
merisation back to the inactive ground state, photowitchable antibiotics provide a 
novel means to reduce the antibiotic pressure on the environment. Modified anti-
biotics containing a phototriggerable azobenzene moiety, and caged antibiotics that 
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can be activated using light are effective at killing bacteria. The antibiotics that are 
inactivated (caged) due to a coumarin group might be useful for selective growth of 
bacteria. The utilization of antibiotics containing a photoswitch might leave a decre-
ased antibiotic footprint on the environment and this lower antibiotic pressure will 
contribute to a lesser extent to the development of resistance in bacteria. However, 
the use of UV light to induce the activity is incompatible with in situ applications of 
these antibiotics. Therefore, new photoactivable structures need to be developed that 
can be switched by red or near-infra red light in order to achieve penetrable power 
with tissue. With such molecules it will be possible to perform a localized antibiotics 
treatment, which has the potential to reduce side-effects, and realize high selectivity.
As an example of another biological processes that can be controlled with light, 
signaling molecules of the Pseudomonas aeruginosa Las quorum-sensing system 
were engineered containing a photoswitchable azobenzene moiety. We show that 
using these synthetic signals we can activate the Las system. In their active form, the 
synthetic signal molecules are able to induce the upregulation of quorum-sensing 
controlled genes, although with the current generation of chemical structures to a 
lesser degree than the wild type Las quorum-sensing signal. The use of signaling 
molecules containing an ON/OFF switch that can be activated using an external 
trigger might be a useful tool for biotechnological applications or as a supporting 
technology to control virulence development.
Overall, our data show that the modification of bioactive molecules with photoac-
tivable or switchable groups enables interesting applications that can be used in the 
study of biological processes. These methods have the potential for real world appli-
cation, but further research is needed to increase the effectiveness of the modified 
compounds and to develop the methodology for more generic use. Our studies were 
limited to photoactivatable antibiotics and signaling molecules, however other biolo-
gical mechanisms like bacterial motility or energy metabolism might be interesting 
targets for future photoswitch applications.
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Levende organismen bestaan uit cellen die zijn omringd door een membraan dat 
bestaat uit een dubbele laag lipiden (vetten of vetachtige stoffen). Deze biologische 
membranen spelen een belangrijke rol in vele biologische processen en zijn daarom 
van cruciaal belang voor het welzijn van het organisme. Het membraan creëert een 
natuurlijke barrière rondom de cel dat selectief doorlatend is voor ionen en andere 
moleculen. Hierdoor wordt een intracellulaire celinhoud gevormd dat in samen-
stelling sterk afwijkt van het extracellulaire milieu. Daarnaast bevatten biologische 
membranen verscheidene ingebedde eiwitten die een functie hebben in vitale 
processen, zoals in transport, signaaltransductie, energieopwekking en motiliteit.
Bacteriën kunnen, op basis van de structuur van de celenvelop, worden ingedeeld 
in twee groepen: de Gram-positieven en -negatieven. Deze naamgeving is geba-
seerd op de Gramkleuring methode, ontwikkeld door Hans Christian Gram voor de 
differentiatie van bacteriesoorten. Gram-positieve bacteriën  beschikken over een 
cytoplasmamembraan dat is omgeven door een celwand die bestaat uit een netwerk 
van met elkaar verbonden peptidoglycaanketens. Gram-negatieve bacteriën, daaren-
tegen, hebben een dunne laag peptidoglycaan tussen het cytoplasmamembraan en 
het buitenmembraan in het periplasma. Het cytoplasmamembraan is betrokken bij 
de opwekking van energie, terwijl het buitenmembraan poriën bevat die permeabel 
zijn voor een selecte groep moleculen. Recentelijk is gebleken dat de Gramkleuring 
een onbetrouwbare methode is voor de differentiatie van de bovenstaande groepen 
bacteriën. Bijvoorbeeld de Mycobacteriën worden Gram-positief gekleurd terwijl ze 
wel naast het cytoplasmamembraan over een buitenmembraan beschikken die een 
unieke lipide samenstelling heeft. 
Een algemeen mechanisme die bacteriën gebruiken om de cel te beschermen tegen 
de schadelijke effecten van toxische moleculen in het milieu is door middel van trans-
porteiwitten in het cytoplasmamembraan die zijn betrokken bij het exporteren van 
een breed spectrum aan stoffen. In Gram-negatieve bacteriën vormen deze trans-
porteiwitten vaak een kanaal die zowel het cytoplasmamembraan, het periplasma 
en het buitenmembraan overspannen. Transporteiwitten zijn betrokken bij diverse 
huishoudfuncties, zoals de opname van nutriënten en de export van afvalstoffen, 
en zijn vaak specifiek voor een klasse van structureel gerelateerde moleculen. Deze 
“transporters” spelen echter ook een rol in de export van geneesmiddelen, en dit 
gaat over het algemeen over structureel ongerelateerde stoffen. Dit soort transpor-
teiwitten kunnen bijdragen aan de ontwikkeling van multidrugresistentie (MDR), de 
resistentie van een micro-organisme voor een groot aantal structureel diverse toxi-
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sche stoffen. Door het gebruik van antibiotica voor de bestrijding van infectieziekten 
hebben bacteriën zich verscheidene verdedigingsmechanismen eigen gemaakt. De 
opkomst van antibioticaresistentie in pathogene bacteriën is geculmineerd in bacte-
riestammen die resistent zijn voor een breed spectrum van antibiotica, de zoge-
naamde multidrugresistente bacteriën of “superbugs”. De mechanismen die door deze 
bacteriën worden gebruikt voor deze resistentie kunnen meerdere resistentie deter-
minanten omvatten, maar ook multidrug transporteiwitten kunnen bijdragen aan 
het MDR fenotype. Multidrugtransporters zijn integrale membraaneiwitten die een 
grote variëteit aan cytotoxische drugs van de cel in het extracellulaire milieu kunnen 
transporteren. Transporteiwitten kunnen worden geclassificeerd in verschillende 
families, afhankelijk van de structurele organisatie en het mechanisme van energie-
gebruik. Dit zijn de volgende families: de ATP-binding cassette (ABC) superfamilie, 
dit zijn primaire transporters die de hydrolyse van ATP gebruiken voor het sturen 
van transport, daarnaast zijn er de secundaire transporters die de energie halen uit 
een elektrochemische gradiënt van H+ of Na+. Secundaire MDR transporters behoren 
voornamelijk tot de major facilitator superfamilie (MFS), de resistance-nodulation-cell 
division (RND) familie, de multidrug and toxic compound extrusion (MATE) familie 
en de small multidrug resistance (SMR) familie. Alhoewel de structuur en energiekop-
peling van de eiwitten die behoren tot deze (super)families behoorlijk verschillend is, 
hun functie is hetzelfde: het veroorzaken van multidrugresistentie via de export van 
een breed scala aan substraat drugs.
MDR is in de jaren 80 voor het eerst geconstateerd in humane carcinoomcellen, 
waarin het geïdentificeerde transporteiwit MDR-1 verantwoordelijk bleek te zijn voor 
de export van antikanker geneesmiddelen. In de daaropvolgende jaren zijn meerdere 
transporteiwitten geïdentificeerd in bacteriën die in staat zijn meerdere soorten anti-
biotica te transporteren. Hoofdstuk 2 van dit proefschrift bespreekt de karakterise-
ring van een aantal mogelijke MDR transporters, behorende tot de ABC superfamilie, 
van Staphylococcus aureus. Recente studies hebben aangetoond dat het transporteiwit 
Sav1866 betrokken is bij drug transport (1) en de structuur van Sav1866 wordt over 
het algemeen gezien als paradigma voor homodimeer ABC halftransporter MDR 
systemen (2). Dit hoofdstuk heeft als doelstelling het valideren van de rol van Sav1866 
in drug- en antibioticaresistentie en dit hoofdstuk omvat daarnaast een aantal andere 
mogelijke ABC-MDRs. Op basis van de genexpressie analyse van S. aureus die werd 
gegroeid in de aanwezigheid van antibiotica is een selectie van ABC transporters 
gekozen voor verdere karakterisering. Desalniettemin is alleen voor Sav1866 en één 
andere ABC transporter een succesvolle gendeletie gerealiseerd. Het is opmerkelijk 
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dat de gendeletie mutanten geen verhoogde drug sensitiviteit lieten zien. Daarom is 
het onwaarschijnlijk dat Sav1866 een multidrugtransporter is, maar speelt deze ABC 
transporter waarschijnlijk een rol in een meer specifiek export proces, al is nog onbe-
kend om welk specifiek proces dit gaat omdat de functie niet essentieel blijkt te zijn.
De rol die transporteiwitten spelen in de drugresistentie van bacteriën is tot in 
detail beschreven voor verscheidene bacteriën, zoals AcrAB van Escherichia coli en 
LmrCD van Lactococcus lactis. De laatstgenoemde wordt besproken in hoofdstuk 
3 van dit proefschrift, hierin wordt de genregulatie van lmrCD door zijn repressor 
LmrR onderzocht. LmrR is een transcriptie regulator met een dimere structuur, die 
een centrale hydrofobe porie en twee DNA-bindings domeinen bevat (3). De centrale 
porie is in staat hydrofobe planaire drugs te binden, deze worden gestapeld tussen 
twee geconserveerde tryptofaan residuen in het LmrR dimeer. LmrR bindt een 
specifieke DNA sequentie in de promotor regionen die voor de lmrCD en lmrR loci 
liggen, hierdoor wordt de expressie van deze genen onderdrukt (4). Palindroom PadR 
sequenties die zijn gelokaliseerd in deze DNA regionen zijn verantwoordelijk voor 
de LmrR-DNA binding. Mutagenese van deze PadR sequenties leid tot een te niet 
gedane LmrR-DNA binding (hoofdstuk 3). Daarentegen is er weinig bekend over 
hoe drug binding aan LmrR de LmrR-DNA binding beïnvloedt. De aanwezigheid 
van een LmrR substraat in de centrale porie verzwakt waarschijnlijk de LmrR-DNA 
binding en dit zal dan uiteindelijk leiden tot genexpressie van de door LmrR gecon-
troleerde genen. Bekende LmrR substraten delen een vergelijkbare planaire heterocy-
clische structuur die een sterke interactie met de hydrofobe bindingsplaats van LmrR 
aangaan. Echter, veel van deze moleculen intercaleren met de grote groeve (major 
groove) van het DNA en daarom beïnvloeden ze niet alleen de LmrR-DNA binding 
maar ook de DNA structuur. De vitamine riboflavine heeft een planaire structuur 
die veel lijkt op de bekende LmrR substraten en er is aangetoond dat riboflavine in 
staat is LmrR te binden (hoofdstuk 3), hoewel het wel met een significant zwakkere 
bindingsaffiniteit bindt. In de aanwezigheid van riboflavine is de LmrR-DNA binding 
sterk verminderd. De experimentele data die is beschreven in hoofdstuk 3 verstrekt 
voor het eerst bewijs voor het eerder voorgestelde drug geïnduceerde mechanisme (4) 
van lmrCD expressie.
Een mogelijke manier om antibioticaresistentie tegen te gaan is door de modificatie 
van de antibiotica zodat deze fotogeactiveerd kunnen worden. De toevoeging van 
een fotoswitch in een bioactief molecuul maakt het mogelijk de activiteit hiervan te 
controleren (5). Daarom hebben we antibiotica gemodificeerd en een fotoactiveer-
bare verbinding geïntroduceerd (hoofdstuk 4 & 5). Azobenzeen verbindingen die 
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verschillende zijgroepen bevatten zijn opgenomen in een quinolone antibioticum, 
wat resulteerde in een serie van verschillende fotoswitch antibiotica analogen 
(hoofdstuk 4). Deze antibiotica zijn, in beide fotoisomere toestanden (een UV geïn-
duceerde toestand en een door wit licht geïnduceerde grondtoestand) op antimicro-
biële activiteit getest. Van de gesynthetiseerde stoffen is één antibioticum geïdenti-
ficeerd die een verhoogde antimicrobiële activiteit heeft na UV belichting, terwijl 
deze in de grondtoestand, waarnaar deze geleidelijk terug isomeriseert enkele uren 
na de UV-bestraling, zwak bactericide is. Het fotoswitch quinolone antibioticum is 
werkzaam tegen zowel Gram-positieve als Gram-negatieve bacteriën in de actieve 
toestand. Om specifiek Gram-negatieven of -positieven in de groei te remmen zijn 
verschillende fotoactiveerbare moleculen gesynthetiseerd, namelijk een benzylpeni-
cilline en een quinolone, die beide een coumarine groep bevatten die door middel 
van licht activeerbaar is (hoofdstuk 5). Deze antibiotica verschillen van de fotoswitch 
quinolone, aangezien UV-bestraling een afsplitsing van de coumarine groep bewerk-
stelligd in plaats van een fotoisomerisatie. De coumarine houdt het antibioticum in 
een inactieve toestand, terwijl een belichting met een specifieke golflengte UV licht 
leidt tot afsplitsing van de coumarine en activatie van het antibioticum. Beide antibi-
otica zijn efficiënt in de remming van bacteriële groei, alleen is de benzylpenicilline 
meer actief tegen Gram-positieven en de quinolone heeft een sterkere antibacteriële 
werking tegen Gram-negatieven. Dit verschil in activiteit maakt de selectieve groei 
van Gram-positieve of -negatieve bacteriën mogelijk.
De regulatie van genexpressie in bacteriën wordt verricht door complexe regulatie 
systemen. Een mechanisme dat door bacteriën wordt gebruikt voor de controle over 
genexpressie is quorum-sensing (6). Quorum-sensing regulatie wordt bewerkstelligd 
door signaalmoleculen die door de bacteriën in kleine mate worden geproduceerd 
als de dichtheid van de bacteriële cellen nog laag is. Als de dichtheid van de popu-
latie een bepaalde drempelwaarde bereikt is de concentratie aan signaalmoleculen 
genoeg om het quorum-sensing systeem te activeren. De enzymen die verantwoor-
delijk zijn voor de synthese van de signaalmoleculen worden positief gereguleerd 
door quorum-sensing, daardoor leid activatie van dit mechanisme tot autoinductie. 
Het Las quorum-sensing systeem van Pseudomonas aeruginosa is verantwoordelijk 
voor de regulatie van onder andere virulentie en biofilm vorming. Signaalmoleculen 
geproduceerd door de synthetase LasI binden de regulator LasR, hierdoor worden 
genen die door Las worden gereguleerd aangezet en daarnaast wordt lasI expressie 
versterkt. Door het gebruik van signaalmoleculen met een ingebouwde fotoswitch 
is het ons gelukt het Las quorum-sensing mechanisme aan te sturen (hoofdstuk 6). 
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Drie fotoswitch signaalmoleculen zijn gesynthetiseerd, waarvan twee het Las systeem 
kunnen beïnvloeden. Na bestraling met UV licht activeert één van de twee mole-
culen het Las systeem sterk, terwijl het andere molecuul geïnactiveerd word door 
UV licht. Signaalmoleculen die kunnen worden ge(in)activeerd door een externe 
stimulans kunnen als een handige biotechnologisch gereedschap worden gebruikt, 
bijvoorbeeld voor de controle over de overproductie van eiwitten. Tevens zouden 
door licht geactiveerde signaalmoleculen kunnen worden gebruikt als modulatoren 
om virulentie in bedwang te houden. 

Slotopmerkingen
Dit proefschrift beschrijft het multidrugresistentie fenomeen dat is gebaseerd op 
transporteiwitten en daarnaast onderzoekt het een nieuwe generatie fotoactiveerbare 
biomoleculen voor het aansturen van cellulaire processen en mogelijk ook om resis-
tentie tegen te gaan.
Onze studies naar de karakterisering van mogelijke ABC-MDR transporters in 
Staphylococcus aureus hebben aangetoond dat de gendeletie van de Sav1866 trans-
porter geen druggevoeligheid fenotype veroorzaakt. Dit is opmerkelijk omdat 
Sav1866 betrokken leek te zijn in multidrugresistentie, hoewel deze studies waren 
uitgevoerd in de heterologe gastheer Lactococcus lactis en niet met S. aureus (1). Onze 
observaties kunnen verschillende oorzaken hebben. Het sav1866 gen codeert moge-
lijk niet een multidrugtransporter, of de rol van Sav1866 wordt overgenomen door 
andere potentiële drugtransporters in S. aureus. Hoewel het laatstgenoemde niet kan 
worden uitgesloten is het opmerkelijk dat de sav1866 gendeletie geen uitgesproken 
effect heeft op zowel de bacteriële groei als de gevoeligheid voor toxische stoffen. 
De exacte betekenis van deze observaties over de functie van Sav1866 in L. lactis is 
moeilijk in te schatten omdat heterologe expressie de regulatie van endogene genen 
ook kan beïnvloeden. Andere transporters gecodeerd in het genoom van S. aureus 
zouden kunnen bijdragen aan multidrugresistentie in dit organisme, om deze hypo-
these te valideren zijn verdere gendeletie studies nodig. In combinatie met de over-
productie van andere kandidaat transporters zou verdere experimentele data de rol 
van genomisch gecodeerde ABC-MDRs in multidrugresistentie kunnen ontrafelen.
De ABC transporter LmrCD van Lactococcus lactis is een multidrugtransporter en 
draagt bij aan de resistentie voor vele toxische stoffen. Echter is er weinig bekend over 
de precieze genregulatie door de repressor LmrR. Onze data tonen aan dat LmrR 
naast toxische drugs ook riboflavine kan binden, een zwak ligand van dit regulato-
reiwit, en binding van riboflavine aan LmrR resulteert in een verminderde affiniteit 
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van LmrR voor het lmrCD en lmrR promotor regio DNA. Door het gebruiken van 
riboflavine konden we onze hypothese van het ligand geïnduceerde expressie van de 
multidrugtransporter LmrCD testen. Er is echter geen bewijs dat LmrCD reageert op 
riboflavine en/of riboflavine exporteert. Riboflavine lijkt juist een zwakke binder te 
zijn die de binding van de typische planaire drugs, die substraten van LmrCD lijken 
te zijn, imiteert. Waarschijnlijk is de concentratie van vrij riboflavine in de cel te 
laag om het LmrR gereguleerde netwerk te kunnen beïnvloeden. Toekomstige expe-
rimenten zouden de exacte LmrR-DNA binding stoichiometrie kunnen verklaren, 
bijvoorbeeld via kristallisatie van DNA-gebonden LmrR en meer diepgaande 
bindingsaffiniteit studies.
Dit thesis beschrijft de synthese en het testen van antibiotica die kunnen worden 
geactiveerd door het gebruik van licht, inclusief een quinolone die naar believen 
kan worden AAN en UIT gezet. Een interessant punt is dat, na activatie van het 
antibioticum bij hun doelwit, en door de trage fotoisomerisatie terug naar de inac-
tieve grondtoestand, fotoswitch antibiotica een gereduceerde antibiotische druk op 
het milieu achterlaten. Gemodificeerde antibiotica die een door licht activeerbare 
azobenzeen verbinding, en antibiotica die een door middel van licht afsplitsbare 
coumarine bevatten zijn effectief in het bestrijden van bacteriën. De antibiotica 
die inactief worden gehouden door de coumarine groep kunnen nuttig zijn voor 
de selectieve groei van specifieke bacteriën. Het gebruik van fotoswitch antibiotica 
zou een verminderde antibiotica druk op de omgeving kunnen hebben en daardoor 
minder bijdragen aan de ontwikkeling van antibioticaresistentie in bacteriën. Echter, 
het gebruik van UV licht voor de activatie is onverenigbaar met in situ toepassingen 
van deze antibiotica. Nieuwe antibiotica zouden daarom moeten worden ontwikkeld 
die door rood of nabij infrarood licht om meer penetratiekracht in het weefsel te 
genereren. Met zulke moleculen zou het mogelijk moeten zijn om lokale antibioti-
catherapie uit te voeren, met een mogelijkheid om bijwerkingen te verminderen, en 
met hoge selectiviteit.
Signaalmoleculen van het Pseudomonas aeruginosa Las quorum-sensing systeem zijn 
aangepast met een azobenzeen fotoswitch verbinding. Wij tonen dat door gebruik 
van deze synthetische signalen we het Las systeem kunnen activeren. In de actieve 
vorm zijn de synthetische signaalmoleculen in staat de regulatie van door quorum-
sensing gecontroleerde genen te activeren, hoewel deze generatie van chemische 
structuren in mindere mate een activatie genereren dan het wild type Las quorum-
sensing. Het gebruik van signaalmoleculen met een AAN/UIT knop die kan worden 
geactiveerd door middel van een externe stimulus zou een nuttig middel kunnen 
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zijn voor biotechnologische toepassingen of als een ondersteunende technologie 
voor de beheersing van virulentieontwikkeling. Globaal gezien tonen onze data dat 
de modificatie van bioactieve moleculen met fotoactiveerbare groepen geeft de gele-
genheid voor interessante toepassingen die kunnen worden gebruikt voor de studie 
van biologische processen. Deze methodes hebben de mogelijkheid voor gebruik 
van werkelijke toepassingen, maar verder onderzoek is nodig voor het verbeteren 
van de effectiviteit van de gemodificeerde stoffen en voor de ontwikkeling van een 
methodologie voor meer generiek gebruik. Onze studies waren gelimiteerd tot foto-
activeerbare antibiotica en signaalmoleculen, hoewel biologische mechanismen zoals 
eiwitsecretie, bacteriële motiliteitsystemen of het storen van bacteriële energie meta-
bolisme ook interessante doelwitten zijn voor toekomstige fotoswitch toepassingen.
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