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The results from this research provide important insights for the development of novel antibiotics

and efflux pump inhibitors. This research is of importance not only for our scientific understanding
of MDR, but also for our search for new antibiotics to benefit global human health.

With this research, | was able to analyze the evolution of RND-type
multidrug efflux pumps and provide insights into drug and efflux pump inhibitor specificity. 1 found
that an ancient efflux pump (AcrB-Hi) can export the same range of antibiotics and an evolved pump

(AcrB-Ec), from different bacteria, Haemophilus influenzae and Escherichia coli, respectively.
However, there were some important differences observed. AcrB-Hi was not able to export bile salts
efficiently, as opposed to AcrB-Ec. Additionally, AcrB-Hi was uninhibited by an efflux pump
inhibitor, which inhibited AcrB-Ec completely. The drug sensitivity to certain drugs of H.
influenzae cells could be explained by the presence of a large outer membrane protein. These results
provide important insights for the development of novel antibiotics and efflux pump inhibitors.
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1. WEZEhHIR S D5 5t

Today, multidrug resistance (MDR) is a major problem in global health. One of the main factors of MDR in
Gram-negative pathogens (such as Escherichia coli and Haemophilus influenza) is the over-expression of drug
efflux pump proteins. The protein pumps belong to the resistance-nodulation-division (RND) superfamily,
such as AcrB (Zwama, M. et al, 2018, Nature Comm.). AcrB from E. coli has been functioning as a probe to
understand drug export by RND-type transporters (Zwama, M. & Yamaguchi, A, 2018, Res. Microbiol.),
however little is known about many other RND-type efflux pumps from many other microorganisms.

2. MEoHM

To understand the drug recognition by RND-type transporters, it would help to study different drug efflux
pumps from different microorganisms. Different bacteria have different sets of amino-acids in their drug
binding pockets, and it is therefore not yet completely clear how antibiotics are selected and exported by
these type of efflux pumps.

An example of this is the hydrophobic trap, which does not only bind several antibiotics, but is also the key
area of this protein (AcrB from E. ¢

oli, and MexB from Pseudomonas aeruginosa) for the development of efflux pump inhibitors (EPIs). This
pocket (in the aforementioned proteins) consist of several phenylalanine (Phe) residues, and is therefore also
named the Phe-rich pit. EPIs bind strongly to the Phe residues, inhibiting the active efflux of antibiotics, and
therefore resensitizing pathogens to antibiotics.

However, not all efflux pumps have the same pit, and | wanted to investigate the pits, the effectiveness of EPIs,
and the drug recognition spectrum, in the context of ancient and evolved RND-type transporters
(phylogenesis).

3. WD

For this research I set out to investigate the phylogenetic relationships between many RND-type efflux
transporters from e.g. E. coli, H. influenzae, Acinetobacter baumannii and Legionella pneumophila. By multiple
sequence alignment [ phylogenetically organized around 300 RND-type genes from Gram-negative
proteobacteria. From this data I could observe phylogenetic relationships and obtain insights in the evolution
of efflux pumps; which were in early branched clusters and which were at the very end. Based on this data, I
selected two RND-type transporters, an ancient and an evolved (adapted) pump. The genes of the pumps
were amplified by PCR and cloned into plasmids. These plasmids were transformed in E. coli cells in order to
directly compare the pumps in the same environment. From these two pumps, I analyzed the residues in the
drug binding pockets and the hydrophobic trap, and determined the differences and similarities of their drug
efflux spectrum by Minimum Inhibition Concentration (MIC) experiments. Amino acids were mutated by
modifying the gene by PCR and tested for altered EPI effectiveness and drug export. Additionally, an outer
membrane channel was amplified, cloned and expressed to see its effect on drug sensitivity.
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Fig. 1. The phylogenetic relationship between 300 RND efflux pumps. AcrB-Hi is located on the left (yellow) and
AcrB-Hi is located on the right (blue).

By phylogenetically analyzing around 300 genes, [ found that H. influenzae AcrB (AcrB-Hi) was a relatively
ancient efflux pump, and that E. coli AcrB (AcrB-Ec) was one of the mostly adapted pump, from the analyzed
RND-type homologous efflux pumps (Fig. 1). AcrB-Hi could expel the same antibiotics as evolved AcrB-Ec,
including certain antibiotics from the -lactams class of antibiotics (some of which are used as first-line drugs

to treat H. influenzae infections).
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Fig. 2. The effect of EPI ABI-PP on the cell growth of E. coli in presence and absence of antibiotics, while expressing
either AcrB-Ec (a, left) or AcrB-Hi (b, right). EM + EPI is shown in red. Em; erythromycin.

However, 1 found some interesting differences, too. AcrB-Hi could not efficiently expel bile salts, which are
abundant in the natural environment of E. coli (which could very effectively export bile salts), but not in that
of H. influenzae. Additionally, AcrB-Hi was completely uninhibited by the efflux pump inhibitor ABI-PP (Fig. 2).
This EPI binds strongly to the hydrophobic Phe-rich trap of AcrB-Ec, by which it inhibits the active efflux of
antibiotics. I analyze the pits of both pumps, and found that AcrB-Hi does not have a Phe-rich pit, which could
explain why ABI-PP was unable to inhibit the efflux pump (Fig. 3).
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Fig. 3. The hydrophobic trap of AcrB-Ec (left) and AcrB-Hi (right). The EPI binding pit of AcrB-Ec contains many
Phe-residues, which are absent in the pit of AcrB-Hi.

Lastly, AcrB-Hi could expel B-lactams very effectively, while these drugs are used to treat H. influenzae infections.
Shortly, we observed a high MIC for AcrB-Hi expressing E. coli cells, but the MICs for H. influenzae cells were the
same as AcrB-KO cells. I investigated this phenomenon by expressing the wide H. influenzae outer membrane
channel OmpP2 in E. coli cells, and observed that the MIC values were significantly lowered for (-lactams and
novobiocin, directly explaining why H. influenzae is sensitive to these drugs.
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