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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 
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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 



Summary182   

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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