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General introduction

Antibiotic resistance is a major public health issue. Indeed during the last decades, men have attended almost helplessly to the resurgence of infectious diseases. The antibacterial power of certain molecules was discovered in the late 1920's and since then antibiotics have been used to tackle pathologies caused by bacteria. Thanks to these antimicrobial agents that enter into the bacteria and target one or several vital metabolic pathways, many illnesses have been cured, and some have even been eradicated, during the 20th century. Unfortunately, over the years too many mistakes have been made: i) doctors prescribed way too much antibiotics, ii) patients did not follow their prescriptions and iii) antibiotics were massively used in the food processing industry. These misuses and abuses of antibiotics massively accelerated the unavoidable antibiotic resistance phenomenon. Bacteria developed many resistance mechanisms, which lead, in some cases, to a therapeutic deadlock. During the last 20 years considerable efforts have been made on those three points and scientific research was targeted in order to deeply understand resistance mechanisms. Among them, active efflux of antibiotics is the frontline. Indeed, because bacteria possess efflux pumps, they are capable of recognizing the antibiotic and of expelling it out in the external medium. The antimicrobial agent is therefore no more efficient because it cannot reach its target.

The goal of my PhD thesis is to study the function of one efflux pump of the multidrug resistant Gram negative pathogen Pseudomonas aeruginosa. In order to do so I have designed and optimized an in vitro functional test for one of its multidrug efflux pumps: MexA-MexB-OprM. This efflux pump consists of three proteins: the first one, MexB, located in the inner membrane, encounters and binds the antibiotics and initiates its transport thanks to the proton motive force; the second one, OprM, located in the outer membrane, is a channel and allows to complete the transport of the antibiotic through the periplasm and the external membrane; the third one, MexA, is found in the periplasm and is essential for transport and pump assembly.

Although all the components of the efflux pumps are known, a lot of questions remain unanswered: How does this efflux pump works? What is the exact role of each protein? Which factors inhibit or provide the pump assembly? These questions are vast and the responses to some of them are debated. My work, presented here, tries to answer all these questions, by following an original outlook and brings a new line of approach.

My manuscript starts with a bibliographic introduction in which I give overall & Microbial Infection). Pseudomonas aeruginosa is an organism that is found in the environment (water, plant…) particularly in hot and wet zones; it secretes blue green pigments (pyocyanin and pyoverdin) (see Figure 1). It affects humans, animals, insects and plants. During the last decades P. aeruginosa has massively developed in hospitals because it finds there favourable conditions to grow (heat, dampness, This Gram negative bacteria strictly lives in aerobic conditions and usually infects skin and mucus membranes. The anaeroby in the human body acts as a barrier against bacterial infections (Pilly et al 2006, Broché), nevertheless P. aeruginosa is, to date, the second cause of nosocomial infections (after Staphylococcus aureus) and the first cause of nosocomial pneumonia, in France. Most of the time, by order of prevalence, infections are pulmonary, urinary, post-operative, ocular and cutaneous on burns.

P. aeruginosa is an opportunistic human pathogen that infects immunocompromised patients as people suffering from diabetes, AIDS, cystic fibrosis, cancer, major burns and patients receiving mechanical ventilation.

Risk factors 1.2.1 Individual risk factors

The immunocompromised state of the patient is the major risk factor in P. aeruginosa infection. Nevertheless a pre-existent injury like a chronic cutaneous wound, a multi bacterial infection, presence of a foreign material and the inflammation of mucus membrane are also individual risk factors (Pilly et al 2006, Broché).

Collective risk factors

The main collective risk factor is the contamination of the environment (infections of instruments, material, surfaces…) by the same strain a patient is infected with. This contamination, which leads to cross contamination, is most of the time due to a lack of hygiene.

Clinical aspects

Most P. aeruginosa strains are both invasive and toxigenic as a result of the production of virulence factors. First of all, surface virulence factors, such as pili of type I and pili fibriae or lipopolysaccharides, allow bacteria to perform an efficient attachment on the infected cell and formation of biofilms. Secondly, virulence factors related to quorum sensing, promote the colonisation by involving the type III secretion system that permits a successful invasion of the host cell. Finally, secreted virulence factors, quorum sensing-independent, damage tissues or trigger the production of cytokines.

Nosocomial P. aeruginosa infections affect several parts of the human body. They have therefore different causes and should be treated differently. In any case, because of the multidrug resistance phenotype of P. aeruginosa, it is highly recommended to establish an antibiogram as soon as the infection is diagnosed (Pilly et al 2006, Broché).

Cutaneous infections

Superficial infections of chronic wounds are highly frequent. Local treatment with antiseptic occlusive plaster is very efficient. For patients suffering from major burns, infection occurs after a certain lag as infection by P. aeruginosa is quite slow, but it is nevertheless very aggressive. Antiseptic plaster is once again very efficient but must be coupled to local or general antibiotics. A strict surveillance of all the materials used for patients suffering from major burns is the only way to tackle efficiently this kind of infection.

In this case, the infection can also be treated by phage therapy. Phages, that are natural part of the microbial ecosystem, are viruses specific of bacteria and, if selected properly, they can be used to cure an accessible bacterial infection (Matsuzaki et al 2014 Nature). Phages infect bacteria without harming the infected cells. Phage therapy has three main advantages. First, the predisposition of phages to proliferate allows the use of very low doses. Second, thanks to their high bacterialspecificity, they do not affect the bacterial flora of the patient. Last but not least, because the mechanism used by the phage to beat the bug is totally different from these used by antibiotics, phages are efficient against multidrug resistant bacteria.

Nevertheless, phage therapy has two drawbacks but they can be circumvented.

Firstly, phage-resistant mutant bacterial strains have appeared, but the use of cocktail of phages or the preparation of mutant phages should overcome this issue.

Secondly, phages cause reaction of the host immune system but the use of mutant phages that are not recognized by the immune system and the use of a medical treatment should stop the immune system response. Very promising results have been obtained for curing infected burns in mice and in humans (Abedon et al 2011 Bacteriophage).

Respiratory infections

P. aeruginosa often causes surinfections of chronical bronchitis that leads to severe complications as respiratory and heart failures. Pulmonary infections affect particularly patients suffering from cystic fibrosis, especially adult patients. In this case, high dose of antibiotics, administrated by intravenous injection is recommended in association with an anti-inflammatory treatment and respiratory physiotherapy.

P. aeruginosa is the first cause of nosocomial pneumonia. This infection happens mainly in the intensive care unit because the main risk factor of nosocomial pneumonia is the mechanical ventilation during more than 48 hours. In this case, high dose of antibiotics, administrated by intravenous injections is recommended. This is an independent risk factor of mortality for patients in intensive care unit, meaning that in any case this infection worsens the state of the patient.

Urinary infections

P. aeruginosa is also the third cause of hospital-acquired urinary tract infections.

Those are the most difficult kind of P. aeruginosa infections to treat. Indeed the survival of P. aeruginosa is favoured by the presence of kidney stones and foreign material that obstructs the urinary tract. It is then recommended to change the catheter and to provide an appropriate antibiotic therapy by intravenous injection or oral tract administration.

Brain infections

This kind of infections by P. aeruginosa appears after neurosurgery if the instruments and materials used were contaminated or if an object injected or transplanted in the brain had been contaminated. If possible, this object should be removed from the brain and the use of antibiotics capable of crossing the blood brain barrier (BBB) is required. At high concentration, upon intravenous injection, cephalosporin, rifampicin, and fluoroquinolone can cross the BBB. The injection of intrathecal antibiotic (in the spinal cord) is very exceptional.

Ocular infections

This last kind of infection happens when an infected eye lotion has been used, after several days of coma or medical sedation, in intensive care units. The treatment should consist in the use of local antibiotics dispensed as eye drops.

Therapeutic aspects

As written above, performing sampling and bacteriological test is highly important in order to get an antibiogram as soon as possible. P. aeruginosa is naturally resistant to β-lactamides and has acquired a lot of other resistance during the last decades (these two points will be developed in the next paragraphs). Those infections are very hard to tackle. They are severe and life threatening for the patient, but the treatment, if not adapted, can lead to the selection of multi resistant mutants.

Depending on the clinical state of the patient and on the severity of the infection, a broad-spectrum antibiotherapy can be started (involving at least two antibiotics belonging to distinct antibiotic classes, most of the time a cephalosporin and an aminoglycoside), and reevaluated once the antibiogram is established, within 48

hours. The antibiotic therapy relies on clinical estimation and the opinion of highly experimented investigators.

Antibiotics and their targets

Penicillin was discovered in 1928 by Sir Arthur Fleming and it was then followed by the discovery of many other antibiotics. We rapidly took for granted that any bacterial infection can be cured by an antibiotic therapy. Indeed antibiotics are among the most commonly prescribed drug classes worldwide with considerable variations between countries. !

Antibiotics kill bacteria (bacteriocidal

Cell-wall

The first layer of protection of bacteria is their membrane, which makes it the most relevant target. Antibiotics targeting the cell wall are powerful because their action is very fast.

Perforating molecules

Gramicidin and thyrocidine are natural polypeptides that react with the phospholipids of the Gram positive bacteria membranes triggering the membrane lysis.

Antibiotics as polymyxin (B and E) and colistin are cyclic polypeptides with one lateral chain that targets both bacterial membranes of Gram negative bacteria. They are produced by different species of Bacillus and are capable of permeabilizing bacterial membranes, which leads to bacterial death. They are not altered in the digestive track and not absorbed by the intestinal mucosa.

Cell-wall biosynthesis

The stiffness of the bacterial membrane comes from the peptidoglycan network. This meshwork is composed of strands of peptides and glycans, which are covalently cross-linked, and this confers great strength to the cell wall. All bacteria with the exception of Mycoplasma and Archaea, have a peptidoglycan network (see Figure 2). It is thicker in Gram positive bacteria (20 to 80 nm) than in Gram negative bacteria (7 to 8 nm).

! Adapted from http://mpronovost.profweb.ca

Peptidoglycan genesis involves two enzymes: a transglycosylase that acts on the glycan strands to extend the sugar chain, and a transpeptidase that allows connecting adjacent peptides by amide linkage (see Figure 3). These two enzymes are targets of choice to kill bacteria. Penicillins and cephalosporins from the β-lactam family act as pseudo-substrates of the transpeptidases and acylate the active site. These β-lactams prevent normal crosslinking of peptide chains in the peptidoglycan layer making it mechanically weak and susceptible to lysis upon changes in osmotic pressure (see Figure 4 A).

Besides penicillins and cephalosporins, other glycopeptides affect the peptidoglycan synthesis but now by targeting the substrate. Indeed vancomycin ties up to the peptide substrate and thereby prevents it from reacting with either the transpeptidase or the transglycosylase. The effect on the peptidoglycan is the same than with β-lactams as they both lead to the failure at making peptidoglycan crosslinks and hence lead to a weak cell-wall (see Figure 4 B).

These two antibiotics show synergy when used in combination. 

!

Protein synthesis

RNA and protein machinery of prokaryotic ribosomes are distinct from that of the orthologous eukaryotic machinery. Hence, antibacterials are to target and inhibit the bacterial ribosome selectively without side effects towards the patient (Wilson 2014 Nat Rev Microbiol).

Protein synthesis starts with the association of the 70S ribosome (composed of a 30S

and a 50S subunit) with the initiator tRNA and the start codon of the mRNA at the P-site. This process is inhibited by antibiotics that bind to the 30S subunit (listed in box 1 Figure 5) or the 50S subunit (listed in box 2). The elongation cycle then involves the delivery of the aminoacylated-tRNA (aa-tRNA) to the A-site of the ribosome by elongation factor Tu (EF-Tu). This event is inhibited by the antibiotics listed in box 3. The next step is the formation of the peptide-bound between the amino acid from the A-site and the nascent peptide from the P-sites. This can be prevented by antibiotics listed in box 4. Afterwards, the tRNAs are translocated, which is usually catalysed by the EF-G and the nascent chain is elongated.

Antibiotics of box 5 inhibit this step. The final phase of termination and recycling leads to the release of the polypeptide chain and to the dislocation of the 70S ribosome. This step is inhibited by antibiotics listed in box 6. Finally components are recycled for the next step of initiation unless translocation inhibitors as fusidic acids are present (Wilson 2014 Nat Rev Microbiol). The multiplicity of these mechanisms provides a multifaceted focus for new antibiotics, a fact exemplified by the identification of the most recent class of antibiotics: the oxazolidinone. Indeed, they inhibit peptide bond formation by binding to the peptidyl transferase center on the 50S subunit.

DNA replication and repair

A bacteria which genome is damaged or that cannot replicate its DNA is very weak, thus the machinery involved in the DNA replication and repair is a relevant target for antibiotics.

The Quinolones antibiotics as ciprofloxacin form a covalently bound complex with GyrA and with the doubly cleaved DNA (see Figure 6). Thereby GyrA cannot ligate the cleaved DNA, double strand breaks accumulate and ultimately set off the SOS repair system. This system can generate mutations in order to repair the damaged DNA.

The latter are sometimes lethal which can lead to bacterial death [START_REF] Walsh | Molecular mechanisms that confer antibacterial drug resistance[END_REF] Nature).

! proper antibiotic during a fitting period, all bugs that have been in contact with the antibiotic will die. By contrast, if the treatment is too short, it will not kill all the bacteria, and even though most of the time the patient is cured, the few remaining bacteria that have been in contact with the antibiotics will have the opportunity to develop antibiotic resistance mechanisms and to transmit them to future generations. 

Antibiotic resistance mechanism

A lot of bacteria show remarkable capacity to resist antibiotics, either intrinsically or following acquisition of resistance mechanisms. Worryingly, these mechanisms are often working simultaneously; thereby conferring multiresistance phenotypes. These mechanisms can be classified depending on their actions (summarised on Figure 9 p 34).

Outer membrane low permeability

In order to reach its target, the antibiotic has to cross the outer membrane of the bacteria. In P. aeruginosa, this step is very hard to achieve indeed, the overall outer membrane permeability in this pathogen is 12 to 100 times lower that in E. coli depending on the strain and on the stress that the bacteria undergo.

The external membrane of P. aeruginosa is composed, among other constituents, of phospholipids. This composition makes the crossing of small hydrophilic moleculesas β-lactams very restricted. This kind of molecules can only cross the membrane through porin proteins (Nikaido et al 2003 Microbiol & Mol Biol Rev). P. aeruginosa has several such channels, the main one being OprF. Even though a large number of copies of OprF is found in P. aeruginosa outer membrane, OprF is not an efficient way for the antibiotics to get into the bacteria. Indeed, OprF has two conformations: a close one and an open one. In the bacterial membrane, OprF is found at 95% in its close conformation and at 5% in its open conformation. By contrast, the homolog of OprF in E. coli, OmpF, is in an open state in E. coli membranes. This partially explains the permeability differences between those two species.

P. aeruginosa has three other porin proteins: OprC, OprD and OprE that play a key role in the membrane low permeability.

Mutational alteration of the target protein

If the antibiotic achieves the bacterial membrane crossing it will reach its target. Most of antibiotics target particular proteins within the pathogen (see above § "2

Antibiotics and their targets" p.20). Under a selection pressure, mutations appeared in bacteria, leading to the emergence of proteins less sensitive to the agent. For example, fluoroquinolone resistance is mainly due to mutation in the target enzyme, DNA topoisomerase (Hooper et al 2000 Clin Infec Dis). E. coli resistance to streptomycin is due to a mutation in one of the ribosomal proteins (RpsL). The usually plasmid-encoded erm gene provides resistance to macrolides and lincosamides. This gene produces the methylation of adenine at position 2058 of the 50S rRNA, which allows the interaction between the antibiotic and the ribosome (Weisblum et al 1995 AAC).

This type of resistance is easily transferred to other cells on plasmid.

By%passing,of,the,target,

In some cases the bacteria chemically modifies the molecule targeted by the antibiotic in order to make it ineffective. For instance, vancomycin binds to the peptide D-Ala-Ala. In vancomycin-resistant strains, the peptide is replaced by an ester structure, D-Ala-S-lactic acid, to which vancomycin cannot bind (see Figure 8). 

Enzymes

Before reaching its target, the antibiotic can be trapped and modified or degraded by a specific enzyme. As explained in a previous paragraph β-lactams target the cell-wall of the bacteria. P. aeruginosa expresses the three following β-lactamases to prevent the action of β-lactam.

-The cephalosporinase AmpC has a broad spectrum of substrates and is produced upon cell contact with sub-MIC (Minimum Inhibitory Concentration) levels of lactams, especially imipenem.

-The penicillinase oxaciliane PoxB was discovered by chance during a study of a

ΔAmpC strain of P. aeruginosa which was still resistant to β-lactams. This enzyme lyses ampicillin, cephalonidin, cephalothin, nitrocephin, piperacillin and imipenem.

Another class of antibiotics, like aminoglycosides, target the protein machinery.

P. aeruginosa can tackle this kind of antibiotics owing to the aminoglycoside 3'-phosphotransferase APH(3')-II whose substrates are: kanamycin, neomycin, paromomycin, ribostamycin, and butirosin. Besides, the aminoglycoside 6'-N-phosphotransferase AAC(6')-I catalyses the modification of amikacin and AAC(6')-II modify acetylate kanamycin, tobramycin, neomycin, netilmicin and sisomicin.

Efflux pump

Because some bacteria have very impermeable membranes, antibiotics barely succeed to reach the cytoplasm. Besides this strong barrier, P. aeruginosa is also able to eject out antibiotics that have managed to cross one or both of its membranes.

These mechanisms are performed by the efflux pump family, which is extensively described in the § "4.2 Description of efflux pumps from the resistance nodulation cell division family" p43.

It had long been believed that drug resistance in Gram negative organisms was mainly due to low diffusion through the outer membrane barrier but it is now believed that drug resistance is due to a subtle balance between passive diffusion at the outer membrane barrier and efflux of drugs thanks to active transport through dedicated pumps. These pumps will be described in more detail in the next part. 

!

Resistance gene trafficking

Although some resistance mechanisms involve the production of several new enzymes, they appeared within only a few years. Therefore, it is unlikely that genes coding for those enzymes evolved after antibiotics introduction. Those resistance genes should come from other species. For example, genes from vancomycinresistant strain were found to be homologs of those found in vancomycin-producing streptomycetes. The following paragraphs describe how this process occur (Marshallet et al 1998 Antimicrob. Agent. Chemother.).

Assembly of resistance gene in Resistance plasmids

It is known that drug resistance genes are efficient when expressed from a plasmid.

Most of the time, a single plasmid contains many resistance genes. This organization allows the transfer of multidrug resistance information in a single event. Most resistant genes consist of transposons, which can deliver the gene to any piece of DNA. The sequencing of several resistance genes highlighted a unique 59 bases sequence tag that led to the discovery of integrons [START_REF] Hall | Integrons: novel DNA elements which capture genes by site-specific recombination[END_REF]Genetica & Rowe-Magnus et al 2002 Int. J. Med. Microbiol.). The integron is a remarkable apparatus that contains: a gene coding for an integrase, a recombinase that catalyses the insertion of the gene, a cassette insertion site where the gene to be transferred is located and a promoter sequence that allow for the transcription of gene. The integrase enables the insertion of resistance genes at sites close to strong promoters.

When integrated, the gene is then marked by a tag that facilitates its integration into other integrons probably containing other resistance genes. Besides this high mobility, resistance genes have other advantages: after insertion into an operon, they organize into a single operon, with the same orientation of transcription under a strong promoter. An integron may contain up to eight resistance genes.

In addition, these integrons have two efficient tools to favour their transport from one cell to the other. They carry an enzymatic machinery that helps the transfer of the entire integron structure to another cell and the integron is usually inserted into a larger transposon that allows the entire collection of genes resistance to hop between several plasmids and between plasmid and chromosome (Mazel et al 2006 Nat. Rev. Microbiol.). 

Maintenance of resistance plasmids in the host cell

Most of the time, even if there is a large copy number of the recombinant plasmid, it is lost from the host cell during the growth. By opposite, resistance plasmids are extremely stable and rarely lost during the multiplication of the host cell even if the number of copies of the plasmid is low (Nordstrow et al 1989 Annu. Rev. Genet.).

Besides, some plasmids have the killer element, as stable killer protein, mRNA, an unstable inhibitor protein or antisense RNA. The presence of these elements leads to the cell death if the plasmid is lost.

Cell to cell transfer of resistance plasmids

Bacteria have been able to share genetic information between cells of the same or even different species for ages. This process was not developed specifically in the context of multidrug resistance acquisition. Nevertheless, bacteria have adapted and improved their system for resistance plasmid transfer, leading to a very high transfer efficiency, approaching 100%. These systems belong to the type IV secretion system.

In a double-stranded DNA and circular resistance plasmid, a precise sequence is 

Multidrug efflux pumps 4.1 General description

In bacteria, there are five main kinds of multidrug efflux pump (Figure 11). Their repartition in each family depends on many criteria as their size, their structure or the energy source employed to achieve transport. In the following paragraphs, I describe each of the families. These latter half transporters become functionally competent after specific dimerization that allows close interaction of the two NBDs at the interface of the two ATP binding sites.

!

Among human ABC transporters, Pgp, ABCG2 and MRP1/2 belong to the so-called MDR (multi-drug resistant) subgroup because their overexpression confers resistance to anticancer treatments. The generally accepted mechanism of multi-drug resistance is that MDR proteins actively pump the cytotoxic drugs out of the cells, maintaining the drug concentration within the cells below the toxic level (Szakacs et al 2008 Drug. Discov. Today.). Indeed, some cancer cells show a primary resistance to chemotherapy because of the presence of MDR proteins. Drug treatment can also induce overexpression of these transporters, resulting in cells becoming increasingly less sensitive to diverse substrates.

MacB is an ABC transporter from E. coli that associates with MacA (a membrane fusion protein found in the periplasm) and TolC (an Outer membrane factor located in the outer membrane) to expel antibiotics from the macrolide family out of the bacteria. It contains only four transmembrane helices and a large periplasmic loop (Tikhonova et al 2007 Molecular Microbiology).

Because the key physiological role of MDR-ABC is to provide general xenobiotic resistance, it is not surprising that MDR proteins can pump a wide range of chemically unrelated substrates, mainly hydrophobic compounds as well as a variety of amphipathic anions and cations. Owing to the capacity to provide a kind of chemoimmunity (Sarkadi et al 2006 Physiol. Rev.), this complex network of multidrug transporters is a class of proteins of outstanding medical importance.

Thus, a more detailed understanding of the structure of these transporters and the molecular mechanisms of their substrate translocation is needed. Despite advances in their structural analysis, much work remains to be done to obtain structures of the transporters in the presence of their substrates in order to complete the fine description of the transport coupled to the hydrolysis of the nucleotide.

Efflux pumps of the multidrug and toxin extrusion family (MATE)

Transporters putative hydrophobic helices (Morita et al 1998 AAC).

Efflux pump belonging to the major facilitator superfamily (MFS)

The MFS transporter QacA and QacB of S. aureus were the first multidrug efflux pumps identified in bacteria (Paulsen et al 1996 Microbiol. Rev.). They were discovered in 1996 in a strain of S. aureus resistant to multiple cationic bacteriocides.

MFS transporters are proton symporters or antiporters.

MFS is the largest family of transporters and contains many important efflux pumps.

This family can be divided into two groups, depending on their number of transmembrane segments.

MFS pumps with 14 transmembrane segments 4.1.3.1

These pumps actively transport monocationic bioacides and dyes and contain 14 transmembrane segments (TMS) with several amino acids in the transmembrane region. QacA and QacB belong to this family and it has been shown that the substrate selectivity depends on the presence of an aspartate residue in the TMS 10.

Thanks to several X-ray studies on QacR (also from S. aureus) it is known that its drug-binding pocket is very large (1100 Å 3 ). Unlike the conventional enzymesubstrate interaction, only a few hydrogen bonds are involved in the binding of its substrate (Schumacher et al 2002 Mol. Microbiol.). Binding relies on stacking and Van der Waals interactions. Indeed the charge of the ligand is neutralized by acidic amino acids. QacR has several minipockets in its binding site and this is why it can bind two ligands simultaneously. The same ligand can interact in different orientations in the binding pocket.

MFS pumps with 12 transmembrane segments 4. 1.3.2 LmrP of Lactococcus lactis is a model system of MFS with 12 TMS. It pumps out cationic dyes, daunomycin, tetracycline and macrolides (Mazurkiewicz et al 2004 BBA). Study of the LmrP pump showed that fluorescent dyes are captured from the inner leaflet of the bilayer, suggesting that the pump acts as a vacuum cleaner in the membrane. The crystal structure of EmrD from Escherichia coli was solved and it revealed that the central cavity is probably the substrate-binding site containing both aliphatic and aromatic chains.

Efflux pump of the small multidrug resistance family (SMR)

This family consists of transporters that have very different structures when compared to other families. They are the smallest known transporters; indeed they contain only four TMS. For instance EmrE, from E. coli, which has a 110 residues sequence, extrudes positively charged aromatic drugs in exchange for two protons (Schuldiner et al 2009 BBA). Thanks to its size, stability, and residual function upon detergent solubilisation, EmrE is a model membrane protein about which a very large number of biochemical and biophysical studies have been done. For instance, the question whereas EmrE functions as a monomer or as a dimer has been highly debated. The controversy probably arises from the choice of detergent used for EmrE solubilization. Indeed, some detergents (as β-octyl glucoside or nonyl glucoside) do not allow the dimer of EmrE to form and lead to a non-functional protein. By opposite when DDM is used, the protein is dimeric (Soskine et al 2006 JBC). Besides, EmrE is not functional but soluble in organic solvent and its functionality is recovered after reconstitution in lipid bilayer or detergent buoy. This protein is resistant to extreme temperatures and to proteases such as trypsin, chymotrypsin and proteinase K. It was shown that when EmrE interacts with its substrate, the only one charged residue deprotonates and binds the substrate. Thus the inward flux of proton and the outward flux of substrate are coupled thanks to the sharing of a common binding site. EmrE was the first ion-coupled transporter successfully expressed using a cell-free system. After purification, it is functional and in significant amount (Elbaz et al 2004 PNAS).

Efflux pump of resistance nodulation cell division family (RND)

Transporters of this family play, by far, the most predominant role in the multidrug resistance of Gram negative bacteria. The efficiency of those transporters comes from the fact that the RND transporters works in association with two other proteins that allow the system to span and to bypass both membranes of the bacteria. This is a strong advantage because, once exported into the external space, drug molecules must traverse the outer membrane barrier again to re-enter the bacterial cell. It is known that Gram negative bacteria are resistant to most of the lipophilic antibiotics.

For example E. coli is naturally resistant to: penicillin G, oxacillin, cloxacillin, nafcillin, macrolides, novobiocin, linezolid and fusidic acid. This intrinsic resistance was attributed to the low permeability of this bacteria, causing the exclusion of drugs. Indeed, rupturing the outer membrane makes E. coli sensitive to the antibiotics cited above (Vaara et al 1993 AAC). However, inactivating the major RND transporter of E. coli, AcrB, makes this bacteria almost completely susceptible to these antimicrobials agents. This fact proves that RND transporters play a major role in bacterial multidrug resistance.

Multidrug efflux pump involving RND transporters have homologs in all Gram negative human pathogens. This ubiquity suggests they duplicated and evolved to protect bacteria against all kinds of environmental stresses.

My PhD thesis focuses on a multidrug efflux pump of the RND family from P. aeruginosa, therefore the following paragraphs will concern this subject but also the description of efflux pumps from E. coli, that have been extensively studied.

Description of efflux pumps from the resistance nodulation cell division family

RND type multidrug transporter export substrates from the cytoplasm and also from the periplasm. They provide drug resistance against antibiotics as β-lactams whose target are on the outside surface of the cell. As explained above multidrug efflux pump of the resistance nodulation cell division family consist of three proteins. The RND associates with an Outer Membrane Factor (OMF) and with a Membrane Fusion Protein (MFP). In the following, each of these partners is described.

Resistance Nodulation Division transporter

This family of transporter can be divided into two groups depending on their substrate specificity: the heavy metal efflux (HME) and the multidrug hydrophobe/amphiphile efflux 1 (HAE1). RND transporters family is very large; some members of this family are very well described and some are poorly known.

The X-ray structure of AcrB (HAE1-RND) from E. coli was first solved in 2002 at 3.5 Å resolution (Murakami et al 2002 Nature) and today there are 39 structures of this protein in the Protein Data Bank (wild-type, mutants, with or without substrates or inhibitors, with natural or synthetic partners…). The structure of MexB, (HAE1-RND) from P. aeruginosa, was solved seven years later (Sennhauser et al 2009 J. Mol. Biol.), at a 3.0 Å resolution. To date, three structures of MexB are available in the PDB. AcrB is way better described than MexB, this is why the following paragraphs are mainly focused on AcrB. Nevertheless, most of the knowledge about AcrB could probably be extended to MexB. Indeed, these two RND are closely related, with 69.8% identity and 83.2% similarity of sequence among the 1046 amino acid residues for MexB and 1049 amino acid residues for AcrB. Both of these proteins use the proton motive force to extrude their substrates.

AcrB and MexB are both symmetrical homotrimers and each monomer is composed of 12 transmembrane α-helices and two large hydrophilic loops (Figure 13). The protein has a three-fold symmetry axis perpendicular to the membrane plane. In their trimeric organization, three domains can be established: i) The transmembrane domains part is 50 Å long and is formed of 36 α-helices. Each monomer consists of 12 transmembrane helices (TM1 to TM12), defining a central cavity accessible from the cytoplasm. Each monomer contains an extra-membrane α-helix located between TM6 and TM7 attached to the cytoplasmic membrane surface. TM4 and TM10, at the core of the domain consist of charged residues Asp407, Asp408 (TM4) and Lys939 in MexB and Lys940 in AcrB, which mediate the proton translocation. Indeed, Lys939 (or 940) is engaged in a salt-bridge interaction with Asp407 and Asp408. This domain is loosely packed and therefore probably filled with phospholipids.

ii) The pore domain: in each monomer, a large periplasmic funnel-like projection with an internal diameter of 30 Å to 40 Å is established. This extensive periplasmic domain can be divised into four subdomains (PN1, PN2, PC1 and PC2) (see on Figure 13) formed by two longs loops between TM1 and TM2 (PN1 and PN2) and between TM7 and TM8 (PC1 and PC2). These subdomains have a characteristic structural motif (a β-strand-α-helix-β-strand repeat) that is sandwiched with one another. PN1 and PC1 are composed of five β-strands. In PN2 and PC2, the repetition of the β-strand-α-helix-β-strand is interrupted by the OMF docking domain, DN and DC. These four subdomains are packed with their β sheets back to back in the Center and their α-helices on the outside. This domain has a pivotal role because this is where the substrate binding takes place (this substrate binding site is described in § "4.2.1.1.5 Drug binding pocket and inhibitors" p.54).

In the first crystal structure of MexB, this central pore was too small to allow passage of drugs through the OprM docking domain. In 2006 AcrB structures at higher resolution revealed conformational differences between monomers, most notably in the pore domain (Murakami et al 2006Nature, & Seeger et al 2006 Science). Thanks to these new structures, three distinct conformations of each monomer were determined and a drug pathway was suggested. Each conformation corresponds to a different state of the RND. The mechanism of this transporter will be described below, ( § "4.2.1.1 RND mechanism" p.47).

iii) The OMF docking domain has an intermonomer connecting loop. It is located at The three OMF-docking domains form a funnel like structure that appears well fitted to interact with the TolC-coiled-coil domain.

RND mechanism 4.2.1.1

In the first crystal structure of AcrB the monomers are all in the same conformation (Murakami et al 2002 Nature) and the trimer has a three-fold symmetry axis. Thanks to the several higher crystal structures of AcrB (Murakami et al 2006Nature, 2.8 Å resolution & Seeger et al 2006 Science, 2.9 Å resolution), a mechanism of substrate binding and transport has been established. In these AcrB structures, there are remarkable structural differences in each monomer. These changes are mainly located in the pore domain whereas the TolC docking domain does not exhibit much structural changes.

Interestingly, in a structure published in 2007 (Sennhauser et al 2007 PLoS Biol), Designed Ankyrin Repeat proteins (DARPin) have been used as crystallization aids.

The latter has lead to the higher resolution (2.54 Å), the best obtained for AcrB structure to date. DARPin are small proteins that can be selected to bind specifically any protein with high affinity. In this article, DARPin have been selected on the basis of their affinity towards AcrB (evaluated by Surface Plasmon Resonance) and also for their ability to inhibit AcrB activity in vivo. Two DARPins are bound to two distinct monomers of AcrB on the trimeric AcrB. The fact that only two molecules of DARPin (and not three) per trimer of AcrB are found in crystal pinpoints the structural and conformational asymmetry existing between each protomer.

In each state, there is a large tunnel in the pore domain, large enough to fit classical substrates of AcrB, but this tunnel adopts different conformations. The PN1 subdomain seems to play a pivotal role in these conformational changes. Each monomer is in a different conformation corresponding to three distinct functional states of the transport cycle. Such alternate conformational changes within the RND lead to the description of a so-called peristaltic mechanism, as explained below. 4.2.1.1.1 The loose state (L): substrate access When a monomer adopts this conformation, there are three possible entry points for the substrate: i) a hydrophobic cavity, highly accessible, about 15 Å above the membrane plan. This cavity, called the vestibule, which corresponds to a groove between TM8 and TM9, is presumably used by highly hydrophobic substrates coming from the outer leaflet of the inner membrane. This groove leads to the proximal pocket but, in the loose state, a switch loop (containing Phe615, Gly616 and Phe617) prevents the substrate from binding to the deep binding pocket. ii) A periplasmic cleft between PC1 and PC2 is probably used by less hydrophobic substrates which are soluble in the periplasm. This cleft leads as well to the proximal pocket. The switch loop also precludes the binding of substrate in the deep binding pocket. iii) A tunnel that would link the large central cavity of AcrB to the access pocket. In this conformation, the side of the binding pocket that is connected to the TolC docking domain is close. In the loose state (Figure 14 & Figure 15 A), PN2 and PC1 strongly interact, which creates a hydrophobic pocket at the PN2/PC1 interface.

In this state the affinity for the substrate is low.

In the initial structure of AcrB (Murakami et al 2002 Nature) each monomer is in the loose state. It was postulated that this loose-loose-loose conformation corresponds to the resting state of the protein that AcrB adopts in the absence of substrate [START_REF] Su | Conformation of the AcrB multidrug efflux pump in mutants of the putative proton relay pathway[END_REF]J. Bacteriol. & Pos 2009 BBA). A) The monomer is in the loose state, substrate molecules can easily enter and interact with the binding pocket.

B) The monomer is in the tight state, both groove and cleft starts to close up.

C) The open state, the substrate access gates are totally close. PDB 4DX7 4.2.1.1.2 The tight state (T): substrate binding In the tight state, the conformation of PN2 and PC1 changes the geometry of the hydrophobic pocket, which now adopts a conformation that does not exist in the open and loose states. Indeed, in the tight state, the binding pocket is expanded because of the movement of PN2 and PC1 away from PN1 and PC2. As a result, the aromatic rings of the phenylalanine residues favour hydrophobic interactions with the substrate. In this conformation, the top of the binding pocket is blocked by the tilted alpha helix (PN1) of neighbouring protomers (Figure 15 B & Figure 16). In the tight state the cavity is still partially open to the periplasm but the switch loop is in a different position compared to that in the loose state and thereby prevents the substrate to go back to the access pockets. During the transconformation from tight to open, the substrate is physically ejected out of this hydrophobic cavity following a squeezing of the binding pocket via a Leucine Zipper mechanism. In analogy with the mechanism of the F o F 1 ATPase (Boyer et al 1997, Annu. Rev. Biochem.), it is suggested that this conversion requires energy. During this transition both of the first entry points described above (the groove and the cleft) are closed. In this state the affinity for the substrate is high. Comm.). Conformational changes (for instance the PN2-PC1 subdomains motion in the loose to tight transition) induce changes in the neighbouring monomers. This was very elegantly proved experimentally by Helen Zgurgskaya and colleagues thanks to the use of a covalently linked AcrB (Takatsuka et al 2009 J. Bacteriol.).

These successive conformational changes generate a drug pathway across AcrB from the membrane vicinity to the TolC docking domain. The changes in the substrate binding site geometry lead to the expelling of the drug toward TolC. This pathway is similar to transport through a peristaltic pump. The binding pocket is not highly specific, thanks to its flexibility, which is in accordance with the large substrate specificity of AcrB. Besides this transport mechanism, small molecules (like hexane, which is a known substrate of MexB) were suggested to diffuse through the tunnel.

This mechanism relying, on robust structural data, is very convincing. Nevertheless, it should be mentioned that it does not include the presence and the possible role of the RND partners. Yet, it was shown in vivo (Tikhonova, et al 2004 JBC) and in vitro (Zgurskaya, et al 1999 PNAS) that there is a strong interaction between AcrA and AcrB. Besides, small transmembrane helices (as AcrZ or YajC, described in § "4.2.4

The less famous partner" p.66) and RND seem to interact within the membrane.

Those proteins probably induce conformational changes in the RND. Those interactions are not taken into account in the peristaltic model. Therefore, additional events involving other partners are probably happening during drug transport through AcrB. For instance, the fact that no structural changes are detected in the TolC docking domain of AcrB may come from the absence of AcrA and TolC in the crystal. Indeed, the latter would probably transmit the necessary conformational changes up to the TolC docking domain.

Conformation cycling

Owing to structural data about each of the loose, tight and open conformation, an alternating site mechanism was suggested (Pos 2009BBA & Murakami et al 2008 COSB). It should be remembered that this mechanism is based on structural and cross-linking data only and that further investigations need to be done in order to demonstrate this mechanism. Besides, it is still unknown if these events are sequential or synchronous.

To date, three trimer conformations have been crystallized: LLL, LTO and TTT.

Besides, cross-linking data suggests that AcrB trimer can form the following conformations: LLT, LTT and TTO (Y. [START_REF] Takatsuka | Site-directed disulfide cross-linking shows that cleft flexibility in the periplasmic domain is needed for the multidrug efflux pump AcrB of Escherichia coli[END_REF]J. Bacteriol. & M.A. Seeger et al 2008 Nat. Struct. Mol. Biol.). The following theoretical rotation mechanism is based on the trimer conformations spotted thanks to crystal structures and to the crosslinking studies but also on other putative conformations.

First of all, when the substrate concentration is very low, the trimer is in the resting state, in the LLL conformation. When substrate concentration increases, one of the monomers in the L state binds a substrate molecule and switches to the T conformation (see Figure 17). The trimer is in a LLT conformation. Then, a substrate molecule binds to a second L monomer that also switches to the T state, leading the trimer to adopt a LTT conformation. Most probably, the tight to open transition requires energy, certainly provided by proton uptake. It has been shown that this conformational change is facilitated by the formation of a T monomer in the vicinity.

Therefore a LTO trimer is probably always preceded by a LTT monomer and the transition LLT-> LTO is unlikely to occur. The switching from LTT to LTO is triggered by proton uptake and substrate binding in a neighbouring monomer. It could have been anticipated that LTO switches to TOO but this conformation cannot exist because of a steric clash between both O monomers. Therefore the trimer adopts a TTL conformation and then TOL etc. It should be highlighted that AcrA is not involved in this mechanism despite its pivotal role in the drug transport and pump assembly. More work has to be done in order to understand its possible role on the conformational cycle of AcrB.

Drug binding pocket and inhibitors

As explained in the previous paragraph, the drug-binding pocket of AcrB is very flexible and adopts different conformations, depending on the state the monomer is in. Presumably before interaction with the substrate, all monomers are in the loose state. The substrate first access to the RND thanks to the access pockets: the hydrophobic groove, the periplasmic cleft and/or the large interior cavity. Owing to distinct localization within the RND and to the diversity of the residues they are made of, each of these access pockets have dissimilar physico-chemical properties. It can be suggested that depending on its hydrophobicity and size, a substrate will access to the proximal pocket using only one access pocket. To date it is unknown if this is true or if the same substrate can be recruited simultaneously consecutively by different access pocket. Along similar lines, there is increasing evidence that multiple substrate binding and transport are subjected to cooperative effects (Takatsuka et al 2009 J. Bacteriol.).

However thanks to substrate-bound structures and to an in vivo study published in 2011 (Nakashima et al 2011 Nature) we know that depending on its size, the substrate interacts differentially with the binding pocket (Figure 18). Indeed, large substrate molecules (like rifampicin or erythromycin) tightly bind to the proximal pocket in the loose monomer. Then, they are forced into the deep binding pocket, upon the loose to tight transition and thanks to the motion of the switch loop. By contrast, small molecules (as minocycline or doxorubicin) cross the proximal pocket without specific interactions and directly bind to the deep binding pocket.

Thanks to crystal structures of AcrB in complex with varuous antibiotics (Eicher et al, 2012, PNAS & Nakashima et al 2011 Nature) and to a directed mutational study (Husain et al 2010 Mol. Microbiol.), it is known that interactions of the substrate in the access pocket involve the following residues: Asp566, Phe664, Phe666, Leu668, Glu673, Thr676, Arg717, Asn719 and Leu828. There is a large number of aromatic side chains in the whole binding site that may interact with the drug by hydrophobic or aromatic-aromatic interactions and also some polar amino acids that probably form hydrogen bonds with the substrate. A dedicated combination of these binding residues is used to adapt to any substrate, depending on its hydrophobicity/hydrophilicity balance and steric hindrance.

The switch loop containing Phe615, Phe617 and Arg620 plays a pivotal role in the substrate pathway. In the loose monomer, it precludes the substrate from accessing to the deep binding pocket and in the tight monomer and prevents the substrate to move back to the proximal pocket. This loop is particularly essential for the transport of large antibiotics, like macrolides. Indeed, with a single mutation on the loop (Gly616Asn) AcrB is unable to export macrolides (Wehmeier et al 2009 AAC).

Furthermore if the structure of this mutant is superimposed to the structure of MexB 

Outer Membrane Factor

General description 4.2.2.1

The first OMF structurally characterized was the 471 residues TolC, from E. coli in 2000. Then the structure of VceC from V. cholerae was solved in 2005 (Federici et al 2005 JBC.) and OprM from P. aeruginosa was solved in 2004 (Akama et al 2004 JBC) and in 2010 (Phan et ii) The α-barrel domain is located in the periplasm and comprises 12 α-helices (four from each monomer) in an antiparallel arrangement.

iii) The equatorial domain creates a belt around the α-barrel and corresponds to a hinge zone that presumably gives a full flexibility to the protein.

iv) The coiled-coil domain might correspond to the domain that interacts with the RND. This area consists of a ring of six helices surrounded by a large second ring. The OMF is in the close state probably when the tripartite efflux pump is not assembled otherwise it would provide a large open pore in the outer membrane. The OMF is certainly in the open state when the efflux pump is assembled but the chronology of the event is not known yet (does opening occur before or after assembly?). Models of opening have been suggested on the basis of MD simulations which showed that ions could play a crucial role in the maintaining of the close state (Raunest et al 2012 Biochemistry). Switching from one conformation to the other requires significant structural rearrangement within each monomer as well as in the whole trimer. Opening of the OMF most probably occurs upon interaction with one or more OMF partners. It was suggested that the OMF could be opened via an irislike movement that looks like the opening of a diaphragm (Fernández-Recio et al 2004 FEBS Letters). This motion would take place at the periplasmic extremity in the helix segments of the coiled-coil domain that would untwist.

The opening and closing of the OMF is a key step, in the drug efflux process. For example, cells producing a TolC mutant (Tyr362Phe/Arg367Glu, a mutant lacking both critical salt bridges in the periplasmic tip of TolC) are at least four times more sensitive than their wild type counterparts to several antibiotics [START_REF] Bavro | Assembly and Channel Opening in a Bacterial Drug Efflux Machine[END_REF]Molecular Cell & Krishnamoorthy et al 2013 Mol. Microbiol.). That might come from the fact that the trimer formed by this mutant is less stable than the wild type protein.

In 2008, Bavro and colleagues crystallized and solved the structure of an open mutant of TolC (double mutant Tyr362Phe -Arg367Glu) in two space groups at 3.2 Å and 3.3 Å resolution (Figure 21) (Bavro et al 2008 Molecular Cell). Thanks to these structures a significant repacking of the helices in the coiled-coil domain was highlighted. Indeed, three of the six pairs of this domain are at a much larger distance to the axis of the trimer than in the close state. These conformational changes, which widen the diameter of the channel extremity, take place in the helices The opening and closing mechanism of the homolog of TolC in P. aeruginosa, OprM was also investigated. Thanks to a normal mode analysis of OprM (Phan et al 2010 Structure), it was shown that the movement consist of a combination of twist and extension movement in the entire OprM protein. This would align the coiled-coil domain to the β-barrel domain. This rearrangement leads to an opening of about 30Å ending with an opening of the valve formed by the extracellular loops. Furthermore a point of closure, resembling to a padlock was highlighted. It is located in the periplasmic end of the pore and it involves charged residues forming hydrogen bounds and salt bridges. Residues involved in this lock differ from one OMF to another, but they all have a stiffening effect on the interaction between internal and external helices and/or three monomers.

As OMFs are channels, it is possible to perform electrophysiology studies on them. A triple mutant of TolC in which three hydrogen bonds are removed (between internal helix H4 and external helix H7, Asp153Ala-Tyr326Phe; between external helices H3 and H7, Gln136-Glu359Ala; and between internal helices H8 and H4, Arg367Ser-Thr152Val) was studied by electrophysiology (Andersen et al 2002 PNAS). Once inserted in a bilayer, this mutant leads to an increase in the current, indicating a more open conformation, probably unlocked thanks to those mutations. The role of the helices was investigated (Higgins et al 2004 J. Mol. Biol.) thanks to a double mutant (Ala159Cys and Ser350Cys) in which the helices are blocked thanks to cystein introduction and cross linking (Ala159Cys in H4 and Ser350Cys in H7). In this mutant, the export of hemolysin is reduced by a factor of 5. This result exemplifies the importance of flexibility of these helices in the efflux.

It was showed by electrophysiological measurements that some chemical compounds are able to block TolC. Indeed, the addition of hexamine cobalt on TolC reconstituted in a lipid bilayer, greatly reduces the conductance. The affinity between TolC and hexamine cobalt, measured by calorimetry, is 20 nM (Andersen et al, 2002 Molecular Microbiology). In addition, the structure of the complex was determined, showing the hexamine cobalt molecule at the entrance of the pore, interacting with the Asp374 ring.

The opening of the double mutant was also studied by normal mode analysis indicating that the opening ability depends on the species of iron present [START_REF] Vaccaro | Gating at both ends and breathing in the middle: conformational dynamics of TolC[END_REF] 

Membrane Fusion Protein

The name "membrane fusion protein" comes from the fact that it used to be thought that AcrA and MexA acted as a kind of spring that would get the outer and inner membrane closer (Zgurskaya et al 2000 Mol. Microbiol.). Experimental evidence shows that actually MFP does not interact with the outer membrane [START_REF] Touzé | Interactions underlying assembly of the Escherichia coli AcrAB-TolC multidrug efflux system[END_REF]Mol. Microbiol. & Elkins et al 2003 J. Bacteriol.) but the role of MexA and AcrA are not yet clearly defined. A priori the RND and the OMF should be able to transport substrates without any additional partner. Indeed, both of the periplasmic parts of AcrB and TolC have comparable diameters and complementary electrostatic patterns (Bavro et al 2008, Molecular Cell) so they do not seem to need a third protein to interact. In addition, the RND transports the substrate from the inner membrane, or from the cytoplasm, to its OMF docking domain and then the substrate is transported from the RND to the outside medium through the OMF. Regarding the drug pathway, the MFP does not seem to be mandatory. As a matter of fact, according to the crystal structures, the sum of the periplasmic length of the RND and that of the OMP is about 170 Å, which is long enough to span the periplasmic space.

Once again, the MFP seems unnecessary. Nevertheless genetic and in vivo studies have shown that the MFP is absolutely mandatory for assembly and active transport through this system.

The first resolved MFP is MexA from P. aeruginosa. It was crystallized in 2004 and its structure was solved at a 3.0 Å resolution (Akama et al, 2004 JBC). It comprises 360 residues and has a flexible and linear architecture. The degree of oligomerization in the asymmetric unit is surprising: 13 molecules interacting via their helices are shown to form two inverted horseshoes in the crystal. The 13-mer forms a cylinder of 40Å in diameter consisting of the interaction of helices in a coil-coiled manner, ending by a flared crown. MexA has an elongated shape of 90 Å long and 35 Å wide.

AcrA from E. coli was solved in 2006 (Mikolosko et al 2006 Structure), the crystal packing is totally different from that of MexA because it consists of a dimer of dimers. The loop connecting the two α-helices of the α-hairpin domain is longer by 13 amino acids compared to MexA structure. This surely affects the interaction with their respective OMF.

Once again several domains clearly appear on this protein (see Figure 23):

i) The α-hairpin domain is 47 Å long and consists of 64 residues. Because it highly resembles to the coiled-coil part of TolC it was immediately proposed as a likely binding site for the exit of the channel. This domain differs in length and architecture depending on the bacteria it comes from. This versatility reveals the potential interaction of the MFP with various inner or outer membrane components.

ii) The lipoyl domain consists of a β-sandwich of two interlocking motif of four β-strands.

iii) The β-barrel domain comprises six antiparallel β-strands capped by a single α-helix. Notably, the four domains are joined by linkers that are flexible and dynamic. Indeed, molecular dynamic simulation performed on MexA showed that domains bend and rotate relative to one another (Vaccaro et al 2006 Biophys. J.).

The less famous partner

Most of the time multidrug efflux pumps involving a RND transporter are described as complexes spanning both membranes consisting of three proteins. Nevertheless, it has been reported that efflux systems might actually involve other partners. In vivo studies were performed in order to understand the physiological role of YajC.

Δyajc strains have a low reduction in β-lactams resistance. This proves that AcrAB-TolC efflux pump is functional without YajC. The role of this helix is still unknown.

AcrZ

4.2.4.2

Thanks to genetic screens, a small protein (49 residues) AcrZ, formerly named YbhT, has recently been identified as a binding partner of AcrB (Hobbs et al 2012 PNAS).

Thanks to biochemical studies, it is known that AcrZ is found both in the inner and the outer membrane of E. coli but predominantly in the inner membrane.

Fortuitously, AcrB and AcrA were found to copurify together with AcrZ. This copurification happens also the other way around; when AcrB is purified, AcrZ is coeluted.

Mutant strains lacking AcrZ are sensitive to some antibiotics usually exported by the AcrAB-TolC multidrug efflux system. Therefore AcrZ influence the substrate affinity.

AcrZ was later co-crystallized together with AcrB. The small protein folds into a long, predominantly hydrophobic, α-helix that fits into a wide groove in the transmembrane domain of AcrB (Du et al 2014 Nature). In order to optimize the interfacial complementarity between these two proteins AcrZ forms a 45° angle with the normal vector of the lipid bilayer.

Thanks to genetic, biochemical and structure studies, we know that AcrZ interacts with AcrB. It probably induces allosteric modulations on AcrB affecting the recognition and the capture of substrate. Note that interestingly, AcrZ does not seem to be preserved among efflux pumps. For instance, no such partner has been identified so far for the MexAB OprM efflux pump. As a matter of fact, sequence analysis fail to suggest homologous protein in the whole genome of P. aeruginosa. CusF

4.2.4.3

The efflux pump CusA-CusB-CusC (respectively RND-MFP-OMF) transports heavy metals in E. coli. Intracellular concentration of silver and copper has to be cautiously regulated in order to avoid toxic effects. There is an additional short chromosomal gene between cusC and cusB genes that encodes for a small periplasmic protein (88 amino acids): CusF (see Figure 23 p 66). The role of this protein is to bind to Ag(I) and Cu(I) ions, which increase their solubility, and brings them to the efflux pump. This metallochaperone, by binding the metals, prevents them from interacting with proteins in the periplasmic space and may play a role in protecting the cell from toxic ions. It was shown that CusF is essential for the efflux pump to work properly (Franke et al 2003 J. Bacteriol.). The affinity of CusF for Ag(I) and Cu(I) is high (about 500 nM) whereas it is very low for Cu(II) (25 µM Kittleson et al 2006 Biochemistry).

The crystal structure of CusF, lacking nine N-terminal amino acids, was solved in 2007 with a resolution of 1 Å (Loftin et al 2007 Protein Structure Report). It was shown by NMR that this N-terminal region is highly flexible (Loftin et al 2005 Biochemistry). In both CusF-Ag(I) and CusF-Cu(I) complexes structures the metal is coordinated by two methionines and histidines and a neighbouring tryptophan is capping the metal site.

!

The tripartite assembly of efflux pumps from resistance nodulation division family

As developed in the previous paragraph, efflux pumps from the RND family consist of three main partners. Investigating each of them separately was the first logic thing to start with and, thanks to independent investigations of the RND, MFP and OMF, we now have an overall understanding of each of these fascinating proteins.

Nevertheless, since efflux pump work as a tripartite machinery, it is indispensable to investigate the three proteins together in order to deeply understand their mutual way of action. Interestingly, more and more articles about interactions between elements of the pump are published and models of the pump assembly have been proposed. To date the stoichiometry of the MFP within the efflux pump is still a matter of debate even though one hypothesis is getting more and more credit. The sequence of events leading to the assembly of the pump remains an open question.

The three best studied multidrug efflux pumps are AcrA-AcrB-TolC, CusB-CusA-CusC from E. coli and MexA-MexB-OprM from P. aeruginosa (with respectively: the MFP-the RND transporter-the OMF). The substrate specificities of AcrAB-TolC and MexAB-OprM are very similar. However, when expressed under the same genetic background as in E coli, the resistance pattern of the MexAB-OprM system differs substantially from the one attributed to AcrAB-TolC (Tikhonova et al 2002 J. Bacteriol).

In the following paragraph, information about the interaction between the pump partners and the pump assembly is summarized.

Biochemical investigation of the efflux pump partners interactions

I have decided to focus the paragraphs below on a selection of articles. This bibliographic study is not exhaustive and relies on a choice of key studies that tackle the assembly issue with various and complementary techniques.

A relevant way to study the complex assembly is to conduct classical biochemistry assays (as co-purification, gel filtration, sucrose density equilibrium centrifugation, protein quantification in the membrane…) on an efflux pump.

Tikhonova and Zgurskaya investigated the AcrAB-TolC pump assembly using such methods in 2004 (Tikhonova et al 2004 JBC). First, they studied the repartition of each protein in the inner and the outer membranes using flotation centrifugation of both membranes. This technique relies on the centrifugation of respective cellular fraction and on the comparison of their sedimentation patterns. They showed that AcrA and AcrB are found in both the inner and outer membranes whereas TolC was only detected in the outer membrane (see Figure 24). As AcrB is located in the inner membrane, the fact that a fraction of this protein is found in the outer membrane suggests that it strongly interacts with both AcrA and TolC.

These interactions were further investigated thanks to ΔAcrB and ΔTolC mutants. In the absence of AcrB or TolC, the repartition of AcrA between both membranes differs from what was described above. In the absence of AcrB, AcrA is still found in both membranes (indicating that AcrA does not require AcrB to bind to the IM) but there are less AcrA in the OM in the mutant than in the wild type strain. This indicates that AcrB favors the interaction between AcrA and the OM. By contrast AcrA repartition is not affected by TolC depletion. Interestingly, in the ΔAcrA cell, AcrB is hardly found in the OM even if AcrB and TolC are overexpressed. AcrA is thus indispensable for AcrB to co-fractionate with the OM.

The tripartite complex was then co-purified using a 6 His-tag on each of the proteins independently. If the His-tag is located on AcrA or AcrB, the complex is purified in measurable quantities but if it is placed on TolC, only traces of the complex are purified. No cross-linking is required for AcrAB-TolC co-purification. If the same copurification is done with a non-functional mutant of AcrB (AcrB Asp408Ala, which has a mutation in the proton pathway and cannot transport drug) the complex is still co-purified, which indicates that the efflux pump assembly does not require transport activity. Besides, if the proton motive force is disrupted in the cells (using CCCP, valinomycin and/or nigericin, all of which are proton decouplers) the complex is still co-purified. This shows that the proton motive force is not required for the pump assembly either. By contrast, even though this efflux pump is expressed constitutively in E. coli, if the co-purification is made in the presence of antibiotics (as oleandomycin, puromycin or proflavin), more complex is co-purified. Therefore antibiotics either stabilize the complex or induce the expression of more efflux pumps.

In the meantime, Touzé et al described AcrAB-TolC assembly and interaction using cross-linking and isothermal titration calorimetry, ITC (Touzé et al 2004 Mol. Microbiol.). Upon in vivo cross-linking and complex copurification (using also a 6Histag on AcrB or TolC), they showed that the efflux pump does not require the proton motive force to assemble, in accordance with the results of Zgurskaya and collaborators. By contrast, Touzé et al show that the presence of novobiocin does not favour formation of the complex although the group of Zgurskaya showed that antibiotics do promote assembly of the pump. This apparent paradox arises from the nature of the antibiotics in the respective studies (Touzé et al. used novobiocin; Zgurgskaya et al. used oleandomycin, puromycin and proflavin). Interestingly, even if all of them are known substrates of AcrB they seem to affect the pump assembly differently.

Interactions between the different partners were investigated using Isothermal Titration Calorimetry (ITC), which allows evaluating the affinity between two components (see a description in the annexes) (Touzé et al 2004 Mol. Microbiol.). The authors describe two sequential and independent phases in the interaction between AcrB and the non-lipidated version of AcrA: a first low affinity phase, when the AcrA:AcrB molar ratio is low, and a second phase with a much higher association constant, when the AcrA:AcrB molar ratio is above 0.2. Upon AcrA and TolC interaction, four stages can be established with comparable affinities. A model of four sequential, non-cooperative, binding sites is suggested in this article. When the interaction between AcrB and TolC is investigated by ITC measurement, no stable interaction is detected. This was interpreted by the fact that the MFP, AcrA, is required for the interaction between AcrA and TolC. The energy dependency of the pump assembly was investigated, thanks to nonfunctional mutants of MtrD. They are mutated in one or more residues involved in the proton-transducing pathway (Asp405, Asp406 and Lys948) and thus cannot transport protons. If these mutants are expressed with MtrCE or MtrCEGlu434Lys, cells remain insensitive to vancomycin. This indicates that the assembly of the efflux pump is proton-independent and that the dissociation of the efflux pump requires a transport of proton across the RND.

A model of pump assembly and a four-step mechanism of action were suggested (see Figure 25). In the first step, the RND and the MFP are probably already preassembled within the inner membrane possibly upon interaction with a drug. This pre-complex, was postulated to involve a trimeric RND and six MFPs. During the first step, the MFP-RND complex docks to the OMF and the hairpin of the MFP presumably interacts with the OMF thereby triggering its opening. In the second step, the OMF channel is open but its inner extremity is blocked by the RND. During the third step, the drug is transported by the whole complex upon pump assembly and thanks to the proton motive force. The transport of protons in the TMs triggers step four during which the efflux pump disassembles. During this step the OMF is still open and may induce influx in the bacteria since the RND does not block it anymore. The OMF probably closes up shortly after the pump disassembly, regenerating the system back to its first step. Thanks to many classical biochemistry assays the interaction between the RND, the MFP and the OMF have been widely investigated. These assays made it possible to suggest models of assembly. However, they do not allow for a time-resolved investigation of interaction. Surface Plasmon Resonance (SPR) is a method that allows to study interactions between proteins in real-time. In particular, SPR permits to monitor both association and dissociation of complexes as a function of time.
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Besides, this method does not require particular molecular labelling or additional properties such as fluorescence or radioactivity (nevertheless, one of the studied protein needs to be chemically modified in order to bind to the chip). Most of the time, only little amount of protein is necessary to run SPR assays (usually less than 1 micromolar of each partner). AcrB. Interestingly at pH 6 the affinity of AcrB for PAβN is around 5 times higher than that at pH 7.5 (K DpH6 =0.11mM; K DpH7.5 =0.59mM). Next the AcrA-AcrB interactions, and more specifically the role of the N-terminal lipid part of AcrA, were investigated. When the MFP lacks its lipid anchor (AcrA s ), no oligomerization of AcrA s is detected and the binding to AcrB at pH 6 and 7.5 is very low. At pH 7.5, the native form of AcrA (AcrA l ) forms large oligomers and a low binding to AcrB is detected. By contrast at pH 6 AcrA l is dimeric or trimeric and strongly binds to AcrB.

Noteworthy the dimeric form of AcrA l has a higher affinity for AcrB than the AcrA trimeric form. The next step is the analysis of the kinetics of AcrA-AcrB interactions.

To that purpose, increasing concentrations of AcrA s and AcrA l at pH 6 are added to AcrB immobilized on the sensorchip. In the case of AcrA s , a simple binding model where one MFP binds one RND is suggested and gives rise to a K D of 1.2µM. In the case of AcrA l , a more complex reaction model involving conformational changes upon association is proposed. In that case, the K D is five to ten times higher than for AcrA s . If antibiotics (oleandomycin or novobiocin) and inhibitor (PAβN) are present during the assay, no variation of the K D or in the binding model of AcrA l to AcrB is observed. By contrast in the presence of DARPin, even at very low concentration (submicromolar), the interaction between AcrA l and AcrB is abolished. DARPin probably occupies the putative interaction site of AcrA on AcrB or at least interferes with the binding of the MFP.

Then, in order to evaluate the affinity of TolC towards AcrB in the absence of AcrA, increasing concentration of TolC is then added to immobilized-AcrB. An interaction between these two proteins is detected at pH 6 and 7.5 but the affinity is 10 times higher at pH 6 than at pH 7.5. The addition of oleandomycin increases this affinity whereas the addition of novobiocin and PAβN decreases it. Here again, opposite effects of the substrates on the pump assembly are highlighted. Indeed, as in the Finally the assembly of the whole complex is monitored by SPR (Figure 26). If AcrA l and TolC are premixed and then injected on AcrB adsorbed on solid support, the complex does not form, probably because TolC inhibits interactions between AcrB and AcrA. The tripartite complex successfully forms only when the partners are mixed following a specific sequence of events: first, AcrB is attached to the metal matrix, then TolC is injected and then AcrA l is eventually premixed with TolC and injected on the AcrB-TolC complex. Surprisingly, in this context the presence of A) AcrB is bound to the metal surface, TolC is added and binds to AcrB, then TolC pre-incubated with AcrA l is added, the break in the slop indicates the formation of the tripartite complex (see dashed surface on Panel A).

Finally buffer is added and complex dissociation is monitored. B) AcrB is bound to the metal surface, Tyr362Phe-Arg367Glu-TolC is added and binds to AcrB, then Tyr362Phe-Arg367Glu-TolC pre-incubated with AcrA l is added. There is no break in the slop indicating that the tripartite complex do not form. Finally buffer is added and AcrB-Tyr362Phe-Arg367Glu-TolC complex dissociation is monitored.

Structural data about assembly and stoichiometry

The stoichiometry and the respective position of each partner of an efflux pump are still uncertain. Two main models have been suggested for a complete description of the pump assembly. In the first one there is a direct docking of the RND protein on the OMF (see Figure 29). In this model, three or six copies of the MFP stabilize the complex. In the second model the MFP, assembled in a funnel-like conformation, with a stoichiometry of 6-12 copies acts as a bridge between the RND and the OMF (see Figure 30). This OMF-RND docking model was suggested again in 2009 (Symmons et al PNAS 2009). In that study, the authors have re-investigated their initial MexA crystal structure diffraction data (averaging of the rigid body interdomain movement of the MFP) and made it possible to determine the structure of the membrane proximal part of the MFP that could not be resolved in their initial analysis. Thanks to this new crystal structure, the authors proposed a new model supported by 74 in vivo crosslinking assays between the RND and the MFP. This set of assays allowed them to map the surface of interaction between AcrA and AcrB. 21 cysteines were introduced in AcrA and in vivo cross-linking was performed using two different reactants between the RND and the OMF and probably stabilizing the complex. (see Figure 30).

OMF-RND docking

In 2010 Trépout et al also proposed a model in which MexA would act as a conduct between MexB and OprM (Trépout et al 2010 BBA). In their study, MexA and OprM are reconstituted at very high protein density within respective liposomes and then mixed at a 1:1 molar ratio. This approach is relevant because, following their methodology, the membrane proteins are in their native environment: the lipid bilayer. Using cryo-electron microscopy and tomography a model in which MexA molecules adopt a cylindrical structure prolonging the periplasmic helices of OprM is suggested. In this model, the contact between the RND and the OMF is not totally dismissed but this docking would require drastic rearrangements in the pre-existing MexA-OprM complex.

This hypothesis was confirmed in 2011 by genetic complementation, in vivo crosslinking and cryo-electron microscopy on the AcrAB-TolC efflux pump (Xu et al 2011 JBC). In this study, the ability of AcrA to form a functional hexameric funnel-like structure was first investigated. A chimeric dimeric AcrA is expressed and is confirmed to be functional in vivo. Then the propensity of this dimeric AcrA to form a trimer was proven thanks to size-exclusion chromatography. An AcrA hexamer was thus modelled. In this model, the alpha-barrel structure of AcrA (consisting of six alpha-hairpins) exhibits the same inclination of the alpha helices as in the periplasmic alpha barrel of TolC. In addition, it is showed that mutations in the region where AcrA is postulated to form a hexamer change the substrate specificity of the AcrAB-TolC pump. Indeed when AcrA is expressed with a longer loop (198Ala-Gln-Gln-Ala201 & 198Ala-Lys-Glu-Ala201), E. coli cells expressing this mutant are less resistant to novobiocin and ethidium bromide. Whereas resistance to erythromycin, chloramphenicol, SDS and tetracycline remain unchanged compared to the wild type phenotype. Then a non-functional AcrA mutant, Leu132Cys, mutated in the tip region of AcrA, was constructed. This mutation makes E. coli cells sensitive to novobiocin, which highlights the pivotal role of the Cys132 in the efflux pump assembly. Thanks to a cross-linking assay, it was shown that indeed, L132C does not make any direct contact with TolC. This emphasizes the essential tip-to-tip interaction between AcrA and TolC. As further evidence, random mutations on TolC aperture tip region are able to restore the resistance phenotype in an AcrA Leu132Cys background. The tip-to-tip binding of AcrA to TolC was then investigated by electron microscopy of both hybrids: MacA-AcrA and MacA-TolC.

Upon interaction these two proteins form a dumb-bell-like structure in which there is a tip-to-tip interaction between AcrA and TolC. 
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). The known structure of trimeric OMF, CusC, was docked to that of the CusAB complex using the following stochiometry: 3 CusA, 6 CusB and 3 CusC. The inner diameter of the hexameric CusB channel is large enough to fit CusC channel. It interacts with the upper part of the CusB channel via coiled-coil interactions. In the model there is no interaction between the RND and the OMF (see Figure 30).

Nevertheless, a direct contact between these two partners is not totally excluded. Indeed, a mechanism in which the pump would first assemble without contact between the RND and the OMF and would then switch to a RND-OMF docked conformation is suggested.

All of these models rely on structural and/or biochemical data involving only one or two efflux pump partners. Very recently, Du et al suggested a model that relies on negative staining electron microscopy and cryo-electron microscopy involving AcrA, AcrB, TolC and even AcrZ in detergent (Du et al 2014 Nature). This work is a real breakthrough regarding the investigation of the efflux pump assembly. However, as this study involves two chimeric proteins: the fusion pair of AcrA-AcrB and AcrA-AcrZ-His5, it could be argued that the use of such chimeric fusion proteins may have induced artefactual interactions within the complex. These two fusion proteins are co-purified together with TolC and the three proteins remain associated during purification. The purified complex was subjected to negative stain electron microscopy and drumstick-shape particles which size matched the tripartite complex dimension were spotted. The complex was then imaged using cryo electronmicroscopy and the cryo EM map was well-resolved enough to fit crystal structures of AcrA, AcrBZ and TolC crystal structures. In their tripartite structure, there is no docking or direct interaction between TolC and AcrB. A hexameric AcrA acts as a bridge between a trimeric TolC and a trimeric AcrB. The lipoyl domains of AcrA interact with each other to construct a conduit that joins the RND and the OMF. One 

Liposomes, relevant tools for the investigation of membrane proteins

Among all sequenced organisms to date, membrane proteins represent up to 30% of identified ORFs and are about 60% of pharmaceutical targets (Overington et al 2006 Nat. Rev.). They are involved in gatekeeping (receptors), import of nutrients and ions, export of xenobiotic compounds (transporters) and maintenance of the permeability across membrane bilayers (channels). As detailed in the previous paragraphs, a lot of membrane transporters are responsible for multidrug resistance phenotypes in bacteria. Having at our disposal in vitro assays to study such proteins would be useful to understand how they work and to design and screen new molecules liable to tackle MDR. This involves being able to handle these proteins stable in solution and to reconstitute them in liposome membranes. In the next paragraphs basics of membrane biophysics and membrane protein reconstitution into liposomes are described.

General description of biological membranes

Biological membranes are ubiquitous in the prokaryotic and eukaryotic worlds. Some theories even state that membranes are the cornerstones of the origin of life (Bangham 1993 Chem. Phys. Lipids). Their main role is to delimit compartments in the cell but they are also involved in cell signalling and they are mandatory to create osmotic and electrical gradients, which are the basis of bioenergetics. They principally consist of two components: membrane proteins and lipids. The protein to lipid mass ratio ranges from 0.2 for myelin sheets to 3.2 in mitochondrial inner membranes (Singer 1975 Cell Membrane). Phospholipids, glycolipids, sphingolipids and sterols are the major kinds of lipids found in biological membranes (Figure 31). Lipids are amphipathic molecules: they consist of a hydrophilic polar head and of a hydrophobic aliphatic tail (see Figure 33). Therefore their organization in an aqueous medium must satisfy an equilibrium for each part of the molecule. This equilibrium is governed by their chemical potential. Chemical potential of a compound i in a given medium m can be written as:
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where µ im is the chemical potential, G is the Gibbs free energy, n im is the amount of substrate in the medium, µ°i m is the standard chemical potential, R is the Boltzmann gaz constant, T is the absolute temperature, X i is the mole fraction of compound i in medium m.

If µ iO and µ iW are the chemical potentials of i in an organic phase and in water respectively, at equilibrium (ΔG=0 and µ iO =µ iW ) the following equation is obtained:
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At equilibrium, a partition coefficient P, which quantifies the tendency of a molecule to remain in the organic phase, is expressed by:
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where P is the partition coefficient, X io is the mole fraction of i in the organic phase, X iw is the mole fraction of i in the aqueous phase.

In aqueous medium, lipids self-assemble, driven by the hydrophobic effect that decreases the exposure of their tail to water (Tanford 1978 Science). If i is highly lipophilic and is placed in an aqueous medium, µ°i o -µ°i w increases, P decreases and the hydrophobic effect is very strong. By contrast, if i is more polar, µ°i o -µ°i w decreases, P increase and the hydrophobic effect is weaker.

The lowest energy conformation of lipids in aqueous medium is the bilayer (see Figure 38). Indeed, in such an organization the interaction between the tail and the water is minimum. Several systems can mimic biological membranes (liposomes, bicelles, supported and suspended bilayers, polymers, …). The following paragraphs describe liposomes because they are the most commonly used systems in membrane protein reconstitution.

Liposomes

Description

Liposomes were first voluntarily prepared in 1965 by Bangham and colleagues (Bangham et al 1965 J. Mol. Biol). They are spherical vesicles consisting of one or several phospholipid bilayers, which form the liposome membrane. The latter separates the inner aqueous core of the liposomes from the external aqueous medium. This compartmentalization allows the encapsulation of a large variety of hydrophilic molecules in liposomes. Vesicles size ranges from 20 nm to 100 µm.

Liposomes are classified in four groups depending on two parameters: the number of bilayer their membrane is made of and their size.

MultiLamellar Vesicles (MLVs), range from 200 to 1000 nm and their membrane is composed of at least two bilayers.

Vesicles whose membrane consists of only one bilayer of phospholipids are divided into three groups (Figure 35) : i) Small Unilamellar Vesicles (SUVs), liposomes with a diameter smaller than 200 nm; ii) Large Unilamellar Vesicles (LUVs) that have a diameter between 200 nm and 1000 nm and iii) Giant Unilamellar Vesicles (GUVs),

which diameter is at least 1000 nm.
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Preparation

Liposome preparation (Figure 36) starts with the formation of a lipid film. The desired mixture of lipids is dissolved in chloroform to assure the homogeneity of the solution. This solvent is easily dried out by freeze-drying, vacuum-drying or nitrogen-flow drying. The organic solvent drying, which should be done in an oxygen-free environment to prevent phospholipids oxidation, leads to the formation of a lipid film. The latter is then hydrated thanks to the addition of an aqueous buffer and vigorous mixing. During the hydration process, the lipid sheets detach and selfclose to form MLVs. An input of energy to the MLV mixture is then necessary to reduce the size of the vesicles and to get a homogeneous population of liposomes.

This can be done thanks to sonic energy (sonication), thermic energy (freeze-thaw) or mechanical energy (extrusion, French press). After this step, the suspension should be kept above the transition temperature.

Liposomes can also be prepared upon detergent-solubilization of a phospholipid bilayer and detergent removal. This procedure is described in § "5.3.1.2

Characterization of lipid-detergent interaction" p. 100. 

Reconstitution of membrane proteins in liposomes

First of all, it should be mentioned that membrane protein reconstitution into liposome is a finicky process and even though there is a general procedure, no absolute rule or universal routine can be established. Indeed, reconstitution depends on: the nature of the protein, the lipid composition, the chosen method for liposome formation, the nature and quantity of detergent used for protein purification and liposome solubilization, the method and rate of detergent removal, the lipid to protein ratio, the temperature… Nevertheless, this process is related to physical phenomena whose comprehension is required to perform membrane protein reconstitution.

Lipid membrane-detergent interactions

Theoretical principles 5.3.1.1

Upon purification, membrane proteins are often manipulated thanks to the use of detergents. The latter are required to extract membrane proteins from their native membrane but they also allow to keep the membrane protein in solution and handle it in a non-denaturing environment.

Liposomes are the best cell membrane models known to date; therefore they are widely used for biological studies. To that purpose, membrane proteins are reconstituted in phospholipid bilayers (Figure 37). This key step, which involves the interaction of detergent with the phospholipid bilayer, is described in the following paragraph. As explained in § "5.1 General description of biological membranes" p. 88, owing to their amphipathic properties lipids are able to self-assemble. Detergent molecules, also being amphipathic, can self-assemble as well. At low concentration, detergents are monomeric. Above a given concentration (Critical Micellar Concentration, CMC), they self-assemble in order to minimize the contact between their hydrophobic tail and water (see Figure 38). Because their shape is different from that of lipids, the structure they adopt upon self-assembly is different. Indeed, due to their overall cylindrical shape, phospholipids spontaneously form flat bilayers, whereas because of their conical shape, detergents have a strong tendency to form spherical micelles. Some phospholipids and detergent have intermediate shapes (as a truncated cone) and therefore form different structures upon self-assembly (as cylinders). This difference can be predicted by the packing parameter, p:
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where v is the volume, l is the length of the extended chain, a is the area occupied by the polar head group, p is dimension-less. Therefore, the energetic cost for the solubilization of a phospholipid bilayer by detergents has been described as a balance between two parameters: i) the energy related to the bending of a "flat" phospholipid bilayer into a curved micellar surface and ii) the energy associated with the filling of the void in the center of the resultant mixed micelle (Lichtenberg et al 2012 Trends in Biochemical Sciences).

Interaction between phospholipid bilayers and detergent molecules and the molecular events leading to membrane fragmentation and eventual solubilization of the lipid and proteins are thus complex. Therefore a complete characterization of the system and, ideally, when possible, determination of a phase diagram are required before performing membrane reconstitution studies. The paragraphs below, briefly describes how to characterize the interaction between a lipid mixture and a given detergent. Performing the measurement of Rsat and Rsol at several lipid concentrations allows drawing a simple phase diagram (see Figure 41). By plotting the saturating detergent concentration as a function of lipid concentration, a straight line is obtained; its slope corresponds to the R sat of the lipid-detergent pair under study. Similarly, by plotting the solubilizing detergent concentration as a function of lipid concentration, a straight line is obtained; its slope corresponds to the R sol of the lipid-detergent pair under study. R sat and R sol are defined following this equation:

Characterization of lipid-detergent interaction
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[Det] sat is the detergent concentration required to reach R sat ,

[Det] free monomer is the free detergent monomer concentration when R sat is reached,

[Det] sol is the detergent concentration required to reach R sol ,

[Det] free monomer is the free detergent monomer concentration when R sol is reached,

[lipid] is the lipid concentration.

As evoked above, liposomes can also be prepared upon detergent-solubilization of a phospholipid bilayer and subsequent removal of detergent. In this case the liposome If the composition of the system corresponds to a spot below the R sat line, the system consists of liposomes in the membrane of which detergent monomers are inserted. If this spot is between the R sat and the R sol lines, detergent-saturated liposomes co-exist with mixed micelles. If the spot area is above the R sol line, only mixed micelles remain in solution.

Extrapolating both lines to zero defines the concentration of free detergent monomers at the saturation point and at the solubilization point, respectively. These concentrations are usually lower than of the CMC of the detergent.

R sat and R sol depend on many parameters, such as: the length and saturation of the hydrophobic tail, the phase and temperature transition of the membrane, the nature of the detergent, the presence of sterols.

Now that the lipid bilayer-detergent interaction has been described, the reconstitution of membrane protein in liposome can be explained.

The unidirectional reconstitution process

Several methods for the reconstitution of membrane proteins in liposomes have been described. Initially membrane proteins were mixed with the lipid during the whole liposome preparation process. Therefore membrane proteins were subjected to drastic manipulations such as solubilization in organic solvent or sonication. These protocols are thus applicable only for a few robust membrane proteins that can resist to such treatments. It was shown in 1972 that incorporation of membrane proteins in liposomes was catalyzed by the presence of detergents (Racker 1972 Membr. Biol.). A detergent-mediated method was deeply investigated by Paternostre and colleagues (Paternostre et al 1988 Biochemistry). It relies on the following principle: if the detergent belt, which surrounds hydrophobic proteins upon purification, were removed, the membrane protein would need another hydrophobic environment to be embedded in. Therefore if membrane protein in detergent and liposome are mixed and if detergent is removed, membrane proteins will insert into the liposome bilayer (see Figure 42). This is favoured by the presence of detergent molecules in the liposome membrane. In some rare cases, the free detergent brought by the protein is enough, but in most cases, detergent must be added first. It is therefore mandatory to accurately know the residual detergent concentration in the protein sample before reconstitution. Recently a protocol was optimized to allow unidirectional insertion of membrane proteins in GUVs (Dezi et al 2013 PNAS). Since GUV membranes have different physico chemical properties from that of LUVs (membrane curvature, fluidity, osmotic shock resistance…), and since they are visible under the microscope and can be micro-manipulated, this new procedure of reconstitution will certainly find a broad audience.

Detergent removal

From the previous paragraphs, it is quite intuitive that detergent removal is a key Detergent removal by dialysis is based on the selective retention of the liposomes by a hemi-permeable membrane. A dialysis bag filled with the liposomes-detergentproteins mixture is placed in a detergent-free buffer. Small detergent monomers diffuse out of the bag, down their concentration gradient, while large proteoliposomes remain in the bag. Advantages of this technique are its simplicity, its low cost and the fact that it often leads to homogeneously sized vesicles.

Drawbacks are the poor reproducibility, the uncontrolled rate of detergent removal, the duration (one or two days for high CMC detergent, up to two weeks for low CMC detergents), which can be deleterious for many membrane proteins. This technique is also not applicable to very low CMC detergents. 5.3.3.2 This detergent removal technique relies on the size difference between liposomes and detergent micelles and monomers, and proteins in detergent. Indeed, due to their large size, liposomes elute in the void volume of the size exclusion column, whereas smaller detergent micelles and monomers are retained. The main advantage of this technique is its rapidity (down to 5-10 min when pre-packed G25 Sephadex short column are used), which considerably reduces the contact time between the protein and the detergent. But this short duration is also a drawback because it favors the incomplete and/or inhomogeneous incorporation and heterogeneous proteoliposome size distribution. Others disadvantages are the contact and so the possible retention of the vesicles by the column matrix and the imprecise dilution of the vesicles. 5.3.3.3 With this technique, the liposome-protein-detergent mixture is diluted below the CMC of the detergent, thereby triggering the formation of the proteoliposome. The advantage of this technique is its simplicity, the short duration and the possibility of mastering the dilution rate. Nevertheless this method requires the use of high CMC detergents, it involves a centrifugation-concentration step that can damage the liposomes and total detergent removal is often not possible. Besides, the dilution generates a local inhomogeneity in the detergent concentration, which can induce a heterogeneous liposomes population. 5.3.3.4 Polystyrene beads are highly hydrophobic and porous. The detergent hydrophobic tails massively adsorb on the surface of the beads. Thus, the addition of polystyrene beads on the liposome-protein-detergent mixture thus triggers the proteoliposome formation. This technique is, by far, the simplest, the cheapest, the easiest to tailor and the only one that allows total detergent removal. Indeed, it is simple, highly reproducible and it can be used with any detergent even the low-CMC ones. The rate of detergent removal can be accurately mastered by controlling the amount of added Bio-Beads. Detergent removal is often complete and leads to a low permeability of the liposome membrane. Detergent removal using this technique avoids any dilution of the sample. The only drawback of this method is the risk of adsorbing phospholipids on the polystyrene beads upon a too long incubation. It has been shown that this phenomenon highly depends on the nature of the detergent (Knol et al 1998 Biochemistry). For instance if Triton X 100 is used, no loss of lipid is observed but if DDM is used, the loss of lipid can be very high. This is due to the differences of the intermediate structures upon membrane solubilization. A limitation of this method could be its duration: the liposome/bead incubation has to be at least three hours. It has also been shown that too slow a detergent removal leads to the formation of long, thread-like filamentous micelles (Lambert et al 1998 Biophys J).
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Consequences

5.3.3.5

The rate of detergent removal is crucial for proteoliposome formation (Figure 43).

The optimized detergent rate of removal must be empirically determined for each protein, detergent and lipid mixture. Once again no absolute rule can be proposed.

Nevertheless some general facts can be listed. Better for membrane protein having a high aggregation tendency.

Better when the used detergent is deleterious of the protein.

Better if DDM is used to solubilize liposomes. The top part A corresponds to the reconstitution of the Ca 2+ -ATPase from sarcoplasmic reticulum 1 , which tends to aggregate and forms unstable detergent-protein-lipid mixed micelles. Upon fast detergent removal, mixed micelles merge and form homogeneous proteoliposomes (1). Upon slow detergent removal, a heterogeneous mixture of detergent saturated liposomes and mixed micelle form (2). Depending on the nature of the detergent, the reconstitution will be homogeneous (2a), heterogeneous (2b) or highly heterogeneous (2c).

The bottom part B corresponds to reconstitution of bacteriorhodopsin 2 , which forms homogeneous mixed micelles. Whatever the rate of detergent removal, the formed mixed micelles are stable and homogeneous and lead, upon further detergent removal, to a homogenous population of proteoliposomes. Adapted from Rigaud et al 1995 BBA.

Detergent removal is a pivotal step in the reconstitution process because if detergent molecules remain in the liposome membrane, the latter will be leaky and unstable.

Characterization of proteoliposomes

Upon reconstitution, a set of parameters have to be tested to make sure that the membrane protein is properly reconstituted so that the results obtained using the proteoliposomes are not biased (Lévy et al 2003 Meth. Enzymol.) i) Activity of the protein. To check that the protein is functional upon reconstitution, a functional test is required. This test should be specific, easy to set-up and should not require too much protein in order to be performed systematically to test several reconstitution parameters.

ii) Protein incorporation in the liposome membrane. To check that all the proteins have been reconstituted in liposomes, the proteoliposome suspension can be purified on a discontinuous sucrose gradient formed of five layers (60%, 20%, 10%, 5% and 2.5% sucrose). Proteoliposomes are loaded on top, or at the bottom, of the gradient indifferently. After ultracentrifugation of liposomes on this sucrose gradient overnight at 100,000 g, non-incorporated proteins are found at the bottom of the tube, while proteoliposomes are trapped at a sucrose interface that corresponds to their intrinsic density. Empty liposomes are recovered higher in the gradient.

1 the sarcoplasmic reticulum calcium ATPase, or SERCA, is a model membrane protein which has long been used as a prototype for the characterization and rationalisation of membrane protein reconstitution processes (among other things) 2 the bacteriorhodopsin is a purple protein, highly abundent in the membrane of the archae Halobacter salinarium. It is also a protein very frequently used since the 1970's for the biophysical investigation of membrane proteins.

Different gradient fractions are collected and analyzed on SDS-PAGE using

Coomassie staining or Western-blot.

iii) Protein orientation. This aspect is the most difficult to test. It highly depends on the protein under study and sometimes it is not possible to determine the protein orientation in the liposomes. If the protein has a specific SDS-PAGE pattern upon proteolysis, it is possible to determine the protein orientation thanks to the ratio of the intensity of the bands before and after proteolysis. If the protein under study is a transporter and if a one-side inhibitor exists, it is also possible to determine protein orientation by performing a functional test in the presence or in the absence of this inhibitor.

iv) Size distribution. This parameter is pivotal especially if a probe is encapsulated in the liposome because its average signal depends on the size of the vesicles. The chosen methods should allow determining both the average size of the liposome and also its size distribution. Dynamic Light Scattering (DLS) gives this kind of information. It is rapid and non-denaturing but it can be misleading in the case of heterodisperse liposome populations. Gel filtration, electron-microscopy (EM) and cryo-EM are relevant methods to know both average size and size distribution of the vesicles.

v) Permeability. This aspect, which is most of the time related to residual detergent, is very important when proteoliposomes are used for transport assay. This aspect can be tested thanks to several probes (pyranine, radio-labelled substrate…). One should make sure that there is no leakage discrepancy between proteoliposomes and protein-free control liposomes.

To conclude, setting up the reconstitution protocol is challenging but once the membrane protein reconstitution is optimized, proteoliposomes are powerful tools to study a protein of interest. Indeed it allows performing a large variety of functional tests and investigations. In the next paragraph, examples of functional assays designed for the investigation of RND transporters are described.

Functional test for RND transporters reconstituted in liposomes

The following part is an excerpt from Verchère et al 2013 iConcept.

Advantages of in vitro functional investigation of MDR transporters

As stated § "4 Multidrug efflux pumps" p.38, information on intrinsic mechanisms of antibiotic resistance is still partial and fragmentary. The obstacles to MDR membrane protein investigation are numerous. Great advances have allowed the molecular mechanisms of assembly of these proteins to be understood in more detail.

Nevertheless, many questions still remain on the actual mechanism of transport.

Answers to these questions can be given by either in vivo or in vitro investigation of MDR proteins.

In vivo methods are rather straightforward and have the advantage that they are obtained in the genuine bacterial environment. However, in this context, information ascribable to a given transporter must be extracted from the complexity of the cellular system. For that purpose, controls must be performed to discriminate between active efflux and passive diffusion, and many mutants must be tested in parallel to assess the contribution of the protein under study compared to those of its numerous possible partners. Finally, in order to understand the transport mechanism of a protein, it is essential to know its kinetic constants. In intact cells, it is not possible to let the substrate and the inhibitor diffuse across the outer membrane to reach the transporter (Nikaido et al 2009 BBA). Thus, kinetic constants are much more easily accessible using an in vitro approach. Nevertheless, very valuable information has been obtained from in vivo studies employing two main strategies, the efflux of fluorescent dyes from cells in suspension (Blair et interactions. Thus, in vitro systems allow for more tunable activity studies that do not substitute for but definitively complete the in vivo approach. This is particularly true for membrane protein transporters for which designing a functional assay is a real challenge. Indeed, as described in § "5.3.1 Lipid membrane-detergent interactions" p 97, the purified membrane protein has to be stabilized in a hydrophobic environment consisting of either a surfactant or, more often, a membrane-mimicking environment. Transport assays usually involve the use of liposomes because compartmentalization is necessary for vectorial substrate translocation. In the following, I will give a brief overview of methodologies that have been designed for the study of RND transporters reconstituted in liposomes.

Examples of RND transporter assays

Designing a functional test for a membrane transporter is challenging for several reasons. The studied transporters have to be available in milligram quantity, to be pure and functional. Its reconstitution in an adequate biomimetic membrane has to be mastered and a relevant transport index, avoiding artefactual measurements, has to be optimized. In addition to RND transporters, it is necessary to generate the proton gradient needed by the protein to extrude its substrates, and several strategies have been developed for that purpose.

Zgurskaya and Nikaido achieved the first successful functional reconstitution of AcrB in 1999 (Zgurskaya et al 1999 PNAS). When proteoliposomes containing AcrB in their membranes are subjected to a ∆pH (outside acid), the protein catalyzes the extrusion of fluorescent phospholipids. Extruded fluorescent phospholipids are then trapped by protein-free acceptor vesicles. When known substrates of AcrB are added to the test buffer, the efflux of fluorescent phospholipid is inhibited. This efflux is significantly catalyzed by the addition of AcrA and also by addition of Mg 2+ .

In a second assay carried out in the same study, the pH inside the liposome was monitored. To that end, pyranine is encapsulated in the liposomes and its fluorescence is measured as a function of time. Pyranine is a pH-dependent fluorescent probe; when the pH of the pyranine environment decreases, its fluorescence decreases (this probe is described in details in § "1.1.2.2 Pyranine" p 134). The fluorescence of entrapped pyranine in AcrB proteoliposomes is measured; substrates of AcrB are then added to the buffer and a ∆pH (inside acidic, see below) is imposed. In this case, a proton efflux is observed (see Figure 45). This study proves that AcrB is a proton antiporter and that AcrB activity is catalyzed by the presence of AcrA and Mg 2+ .

! In this study, the proton gradient is generated using two strategies. The first strategy involves diluting vesicles containing a buffer at pH 7 into a buffer at lower pH. The second strategy involves the use of valinomycin, a potassium-selective ionophore.

Liposomes containing KCl are diluted into a buffer containing NaCl. When valinomycin is added, it partitions into the liposome membrane, allowing potassium to leak out of the vesicle. This creates a charge difference between the inside and the outside of the vesicles. This charge difference is compensated by an influx of protons, which induces a ∆pH (see Figure 46). Soon afterwards, the successful reconstitution of another RND, CzcA, was reported.

CzcA is the RND of the efflux pump CzcB2A and is responsible for heavy metal resistance in Ralstonia sp (Goldberg et al 1999 JBC). In that study, a pH gradient was imposed, and radiolabeled substrates of the pump ( 65 Zn 2+ , 57 Co 2+ or 109 Cd 2+ ) were added to the reaction mixture. After incubation, the samples were filtered through membrane filters, and the radioactivity remaining on the membrane was quantified.

In this case, the substrate could not diffuse spontaneously across the membrane bilayer, allowing accurate measurement of transport activity. This study determined the kinetics of heavy metal extrusion by CzcA. The RND pump was reconstituted in proteoliposomes containing NH 4 Cl; the proton gradient was generated by diluting those liposomes in a buffer containing NH 3 , which induced acidification of the liposome. Such a gradient was shown to be stable over tens of minutes, i.e., significantly longer than what had been previously described.

Reconstitution of another multidrug efflux RND from E. coli, AcrD, was achieved in 2005 (Aires et al 2005 J. Bacteriol.). AcrD belongs to the AcrAD-TolC complex, which is homologous to the AcrAB-TolC complex; it extrudes aminoglycosides, which are hydrophilic antibiotics. In this study, the proton gradient (acidic inside) was generated using the valinomycin method, and the pH inside the liposomes was monitored using pyranine as described above. In this case, the hydrophilic nature of the substrates is an advantage because these substrates do not diffuse spontaneously across the lipid bilayer. Hence, it is possible to investigate their path of transport ("cytosolic" or "periplasmic"). AcrD can capture its substrate from the external medium, which corresponds to the cytosol in the bacteria. Efflux of protons is also observed when aminoglycosides are present inside the liposomes, suggesting that aminoglycosides can be captured from both sides; this transport is improved by the presence of AcrA.

In 2010, a functional test for the RND transporter MexB was designed (Welch et al 2010 Biochem. J.). In this study, the substrate of the pump is Hoechst 33342, a DNA intercalating agent that has a low fluorescence in aqueous medium and a high fluorescence when intercalated in DNA. Here, the proton gradient is generated by diluting proteoliposomes containing potassium acetate in a potassium acetate-free buffer. Upon dilution, a proton gradient (alkaline inside) is generated. Hoechst 33342 fluorescence is monitored as a function of time. In the presence of a ∆pH, liposomes that are devoid of MexB or that have been reconstituted with a non-functional MexB mutant exhibit an increase in fluorescence upon addition of Hoechst 33342. This is attributed to Hoechst 33342 intercalation in DNA after spontaneous diffusion of the dye across the lipid bilayer. In contrast, when functional MexB is present, Hoechst 33342 is pumped out of the liposome and the fluorescence remains unchanged. In this study, the addition of MexA did not seem to have an influence on MexB activity.

Thus, the role that MexA may play when MexB transports its substrate is still controversial.

Functional tests give relevant information when they are performed in parallel with structural studies. In E. coli, the efflux pump CusCBA is responsible for extruding MexB is studied in the laboratory for more than ten years. Its protocol of overexpression and purification, further adapted and optimized from the one developed in Nakae's laboratory (Mokhonov et al 2004 PEP), now leads to a production rate of 2 mg of pure MexB per liter of culture. These protocols are detailed in chapter three and the paragraphs below focus on the development and the optimization of the reconstitution methods.

Functional test prerequisites

Owing to the nature of MexB, its function in the cell and the energy necessary for its transport activity, designing a functional test for MexB involves three major prerequisites. Each of them is described in the paragraph below.

Phospholipid bilayer membrane & compartimentalization #

As MexB is a membrane protein, it has to be either surrounded by a detergent buoy or reconstituted in a lipid bilayer in order to prevent its denaturation. In addition, a functional test of transport implies that MexB is embedded in a matrix that could allow compartmentalization. As explained in chapter one, the best way to meet these two requirements is to reconstitute MexB in liposomes.

!

The choice of the lipid composition of the liposomes is crucial for an efficient reconstitution. At least two main parameters should be taken into account: the size of the aliphatic chain and the transition temperature of the chosen phospholipid.

Indeed, the thickness of the bilayer formed by the phospholipids has to fit the size of the membrane-embedded hydrophobic part of the protein, in order to prevent a too large hydrophobic mismatch that could influence the function of the protein or the integrity of the bilayer. For MexB, a phospholipid that contains 18 carbons in both of its chains is a relevant choice.

The most crucial parameter that should be taken into account is the transition temperature. Indeed, as explain in § "5.1 General description of biological membranes" p 88, working above this temperature is mandatory in order to keep the liposome membrane in the fluid phase. Upon purification, MexB is in detergent and is only stable around 4°C (Mokhonov et al 2004 PEP). Therefore the reconstitution should be done at this temperature and the transition temperature of the chosen lipid composition should be below 4°C. To meet this requirement MexB is reconstituted in a dioleyl phosphatidyl choline (DOPC)-Cholesterol mixture (1/0.3 mixture, mol/mol) because the transition temperature of DOPC is -17°C. Adding cholesterol to DOPC is known to increase the transition temperature of the resulting mixture but it is also known to make liposomes less leaky, a property that is very important in a transport assay. Hence, we decided to use cholesterol as, in the proportion used, liposomes could be manipulated at 4°C without phase transition.

As explained in § "5.2.1 Description" p 93 there are several sizes of unilamelar vesicles (see Figure 35, p 94). The choice of the size of the liposomes depends on the application. For reconstitution studies, it can be tricky to use SUVs because their curvature radius is very small. This can have an influence on the protein function once reconstituted. Besides SUVs have a higher tendency to merge in the presence of sub-solubilizing concentrations of detergent (Paternostre et al 1988 Biochemistry).

Even though it was recently shown that membrane protein reconstitution in GUVs is possible (Dezi et al 2013 PNAS); GUVs are really tedious to manipulate and therefore seemed not to be a good size choice for a functional test of MexB. This is why we have chosen to work with LUVs with a diameter of about 100 nm (Figure 47). 

Transport index

The aim of the functional test is to monitor substrate transport via MexB. In order to do so, a transport index is required. The choice for the latter is difficult because the number of possible probes is very high. Choice should be done carefully because any mischoice and/or misuse can lead to a misinterpretation of the results of the assay, as explained in the following paragraphs.

Fluorescent probes 1.1.2.1

Like most of the MDR transporters MexB has a very large varieties of substrate and some of them are fluorescent. Thus, they could be used as transport indexes. The same rationale could be used regarding possible radioactive substrates, but their manipulation is even more complicated. Consequently, we have searched the We monitor Hoechst 33342 fluorescence as a function of time. Firstly, when detergent is added on a quartz cuvette containing a PTFE-coated magnetic stirrer and an aqueous buffer, the fluorescence is obviously steady (Figure 48 A). Secondly, Hoechst 33342 is added, a biphasic trend is observed: first, the fluorescence increases, which is expected, but then surprisingly it decreases slowly (Figure 48 B). Even more unexpectedly, if detergent is added to the same quartz cuvette containing aqueous buffer and the magnetic stirrer, even though the latter have been thoroughly rinsed with water, a significant fluorescence augmentation is observed (Figure 48 C). We interpret this fluorescence increase as the detaching of Hoechst 33342 that had adsorbed both on the quartz of the cuvette and on the PTFE of the magnetic stirrer during a previous measurement. This desorption is accelerated by the presence of detergent (Figure 48 C) but also of liposome (data not shown). The latter trap Hoechst 33342 in a hydrophobic environment (in the micelles for the detergent and the membrane for the liposomes) where its fluorescence increases. Thankfully, upon several additions of detergent, all the residual Hoechst 33342 can be removed from both cuvette and stirrer (Figure 48 D) so that a subsequent addition of detergent does not lead anymore to any increase of fluorescence (Figure 48 E). It can be suggested that the slow decrease of fluorescence in Figure 48 B is probably due to the adsorption of the dye on the quartz cuvette and the PTFE coating the magnetic stirrer. In order to prove so, Hoechst 33342 is added on aqueous buffer and the magnetic stirrer is subsequently added (see Figure 49). It is clear that the addition of the stirrer triggers a slow decrease of the Hoechst 33342 fluorescence. It should be mentioned that the addition of the stirrer induces a vortex that probably speeds up the adsorption process on both PTFE and quartz. We have further investigated this Hoechst 33342 adsorption and determined that it is dependent on pH and ionic force of the buffer. Indeed Hoechst 33342 is added on the cuvette containing the stirrer and an aqueous buffer at increasing pH (pH 6, pH 7 and pH 8) and we show that the higher the pH, the more difficult for Hoechst 33342 to desorb (see Figure 50). This can be explained by the different protonated forms that Hoechst 33342 can adopt. Indeed when pH increases, the water solubility of Hoechst 33342 decreases because nitrogen atoms are not protonated any more (see Figure 51). Therefore upon incubation of Hoechst 33342 with the cuvette and the stirrer at higher pH, Hoechst 33342 hydrophobic forms are more abundant, which make it poorly soluble and thus more prone to adsorb on either surface. The ionic force also influences the Hoechst 33342 water solubility and therefore its adsorption onto hydrophobic surfaces. Indeed, high salt concentration increases water solubility of zwitterionic and neutral compounds up to a certain point.

!

!
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We investigated this by incubating Hoechst 33342 and a stirrer in a cuvette with several buffers at different ionic forces. If the ionic force of the buffer is very low, Hoechst 33342 is hardly soluble in water and massively adsorbs on the cuvette and on the stirrer. Therefore detergent addition on such a system leads to the significant increase of the fluorescence signal (Figure 52 blue trace (a)). By opposite, if the ionic force of the buffer is very high, Hoechst 33342 is totally water soluble and therefore does not adsorbs on the cuvette. Detergent addition on this system does not trigger any fluorescence change (Figure 52 purple trace (d)). Finally, we have investigated the rate of desorption of Hoechst 33342 from PTFE and from quartz. To that purpose, Hoechst was added on a dye-free cuvette and stirrer (Figure 53 A andB) containing an aqueous buffer at pH 7. Then a dye-free stirrer was placed in the Hoechst 33342-contaminated cuvette and detergent was added (Figure 53 C). The fluorescence increase triggered by the detergent addition was very fast, meaning that desorption of Hoechst 33342 from quartz is very fast. Then the Hoechst 33342 contaminated stirrer was placed in a dye-free cuvette and detergent was added. The fluorescence increase triggered by the detergent addition was much slower meaning that desorption of Hoechst 33342 from PTFE is much slower than from quartz. In conclusion, we believe that Hoechst 33342 is a tricky molecule to work with because it can lead to artifactual signals and to false conclusions. Much care should be taken when manipulating this molecule.

!

!

!

Hoechst 33342 (2 0 -[4-ethoxyphenyl]-5-[4-methyl-1-piperazinyl]-2,5 0 -bi-1H-benzimidazole trihydrochloride trihydrate) is a bisbenzimide dye that exhibits a poor blue fluorescence in aqueous medium, while it is highly fluorescent upon intercalation into DNA. In addition, this molecule exhibits an increased fluorescence when it partitions into hydrophobic environments such as detergent micelles or lipidic membrane bilayers. It was proposed in the late 1990s to be a model substrate for membrane protein transporters from the ATP binding cassette (ABC) family. Indeed, there is a correlation between the development of colchicine resistance and the decreased uptake of the dye [1]. This was later explained by the fact that Hoechst 33342 is a substrate for P-glycoprotein (P-gp), a membrane protein transporter overexpressed at the plasma membrane of highly multidrug-resistant cells and responsible for the active efflux of noxious compounds out of the cell [2]. Most notably, Shapiro and Ling [3] have shown that rhodamine 123 apparently ''stimulates'' the efflux of Hoechst 33342, and vice versa, and this has led to a model in which P-glycoprotein would contain at least two positively cooperating sites (dubbed ''H site'' and ''R site'' for their respective substrate specificities) for drug binding and transport.

As stated above, Hoechst 33342 is very sensitive to its environment. Hence, active transport can be deduced from time-course fluorescence measurements with proteoliposomes or from membrane vesicles derived from cells. This allowed settling the framework for a better understanding of P-gp as a paradigm of all ABC transporters. On a broader scale, this molecule is widely used as a screening tool for human absorption, distribution, metabolism, and elimination in the pharmaceutical industry [4]. A large number of other ABC transporters have been studied using this compound, as well as many other membrane proteins outside of the ABC transport field [5]. Even if fluorescence artifacts have been described [6], this compound is a very useful tool in fields ranging from immunohistochemistry to membrane protein biochemistry.

We recently came across an unexpected feature that might lead to misinterpretations of fluorescence data if preliminary checks are not performed.

To perform the herein described assays, Triton X-100 and Hoechst 33342 were purchased from Sigma-Aldrich. Hoechst 33342 was resuspended into 25 mM sodium phosphate buffer, pH 7, and 100 mM CH3COOK (Fig. 1) or into 25 mM sodium phosphate buffer at various pH (from pH 6.3 to pH 8.3) and NaCl ranging from 0 to 1 M (Fig. 2). Quartz cuvettes (Suprasil 101-QS) and polytetrafluoroethylene (PTFE)-coated stirrers were obtained from Hellma. Fluorescence measurements were conducted at 25.0 °C using a Jasco FP-6200 spectrofluorimeter. The measurements were performed using the time-course mode, setting measurements with excitation/emission wavelengths of 352 nm/500 nm.

While we were running fluorescence measurements (k ex Hoechst 33342 = 352 nm and kem Hoechst 33342 = 500 nm), we noticed that the dye adsorbs on PTFE (a polymer coating of most magnetic stirrers) and on quartz. As shown in Fig. 1A, addition of detergent into a quartz cuvette containing a buffer stirred by a magnetic stirrer has, of course, no effect on the fluorescence signal. By contrast, when Hoechst 33342 is added to a rinsed cuvette containing the buffer and the stirrer, as expected, the fluorescence increases (Fig. 1B). To our great surprise, addition of detergent to the same cuvette, which was thoroughly rinsed, now led to a significant increase in fluorescence (Fig. 1C). We interpret this fluorescence increase as the desorption of Hoechst 33342 from PTFE and from quartz driven by the detergent. Indeed, Hoechst 33342 is highly fluorescent in a hydrophobic environment, like a detergent micelle. Fortunately enough, after addition of adequate amounts of detergent (Fig. 1D), the desorption was complete as illustrated by the fact that the same cuvette rinsed with water and then subjected to detergent addition did not lead to any fluorescence increase anymore (Fig. 1E). The same trend was observed when emission spectra were recorded rather than time-resolved spectra (see Supplementary Fig. 1). Note that when we added liposomes instead of detergent, we observed the same tendency shown in Fig. 1C (data not shown). We repeated the experiments presented in Fig. 1 at various Hoechst 33342 concentrations (from 2.5 nM to 25 lM). It appears that at concentrations as low as 25 nM the detergent-mediated desorption of the dye gives rise to significant fluorescence levels (data not shown).

To determine if Hoechst 33342 adsorbs on PTFE or on quartz, we monitored the effect of detergent either on a Hoechst 33342contaminated cuvette agitated by a clean stirrer (Supplementary Fig. 2C) or on a Hoechst 33342-contaminated stirrer in a clean quartz cuvette (Supplementary Fig. 2D). First we checked that both cuvette and stirrer were Hoechst 33342-free (Supplementary Fig. 2A). Then we added Hoechst 33342 (Supplementary Fig. 2B) to allow the dye to distribute. To observe Hoechst 33342 desorption from quartz we used the same cuvette as for Supplementary Figs. 2A andB but a different, Hoechst 33342-free, stirrer: desorption of Hoechst 33342 from quartz (driven by a detergent addition) was instantaneous (Supplementary Fig. 2C). To observe Hoechst 33342 desorption from PTFE, we used the same stirrer as for Supplementary Figs. 2A andB but a different cuvette, Hoechst 33342-free. Desorption of Hoechst 33342 from PTFE (driven by detergent addition) was slower (Supplementary Fig. 2D).

We conclude that the biphasic Hoechst 33342 fluorescence increase shown on Fig. 1C is due to its slow desorption from PTFE and fast desorption from quartz. Hence, Hoechst 33342 seems to bind with stronger affinity on PTFE than on quartz.

To interpret the biphasic trend of the fluorescence signal observed upon addition of Hoechst 33342 (Fig. 1B), we discriminated the contribution of the dye itself and that ascribable to the presence of the magnetic stirrer. It appears that the mere presence of Hoechst 33342 leads to a steady fluorescence signal and that the slow decrease is observed only when the PTFE-coated stirrer is present (for details, see Supplementary Fig. 3). We suggest that the slow decrease in fluorescence observed after Hoechst 33342 addition is due to the adsorption of the dye on the PTFE.

The Hoechst 33342 amphiphilic properties arise from the presence of two hydrophobic aromatic rings and from hydrophilic charges carried by protonated nitrogen atoms. It has been shown that water solubility is highly dependent on pH [7], see also Supplementary Fig. 4. To confirm that Hoechst 33342 is indeed adsorbing onto PTFE via the hydrophobic effect, we evaluated the ability of Triton X-100 to desorb the dye after it had been incubated for 5 min in a cuvette at pH 6, at pH 7, or at pH 8 (Fig. 2A). This experiment confirmed that the higher the pH during the incubation (i.e., the more abundant the hydrophobic forms), the more difficult the desorption of the dye from PTFE. To confirm further that the interaction of the dye with PTFE is hydrophobic, we studied the effect of ionic strength on the detergent-driven desorption of Hoechst 33342 at a given pH. To work on this hypothesis, we incubated the stirrer, the cuvette, and Hoechst 33342 with a sodium phosphate buffer (25 mM, pH 7) with ionic strength ranging from 0 to 1 mol/L. We show in Fig. 2B that the buffer ionic strength had a dramatic effect on the desorption of Hoechst 33342 from PTFE and quartz. Those differences of desorption rate were due to the ionization state of the dye. It is known that the water solubility of zwitterionic or neutral molecules is increased by high salt concentration (to a certain point). If Hoechst 33342 is solubilized in a buffer that has a low ionic strength, the dye water solubility is low and then its interaction with PTFE and quartz is very strong: Hoechst 33342 adsorbs enormously. Therefore addition of detergent led to a massive increase in fluorescence (Fig. 2B, blue trace a). In contrast, if Hoechst 33342 is now solubilized in a buffer with a high ionic strength, the water solubility of the dye is increased. As a consequence, the interactions between Hoechst 33342 and quartz are abolished and the dye does not adsorb. In such a case detergent addition did not lead to any fluorescence increase (Fig. 2B, purple trace d).

Hoechst 33342 is a dye very sensitive to its environment. Hence, active transport can be deduced from Hoechst 33342 time-course fluorescence measurements with reconstituted proteoliposomes or from membrane vesicles derived from cells. We raise the problem that such fluorescence measurements can easily be contaminated by residual Hoechst 33342 adsorbed on PTFE and quartz. This is all the more true because liposomes, as well as detergent, do trigger the desorption of the dye.

Note that, in addition, the use of Hoechst 33342 is even more tricky because it can be present in its cationic, neutral, or zwitterionic form, depending on the pH and because its partition coefficient varies with its charge. Hence, investigations on Hoechst 33342 transport involving proteoliposomes energized by the proton-motive force must discriminate between actual protein-mediated transport and DpH-dependent movement of Hoechst 33342. From this point of view, negative controls including samples that contain nonfunctional proteins (obtained by site-directed mutagenesis for example) should be standard practice.

We conclude that Hoechst 33342 is a hazardous dye to use because of its amphiphilic properties and its ability to form hydrogen bonds. Because of what is described above, we highly recommend double-checking for the presence of Hoechst 33342 on PTFE and quartz by measuring Hoechst 33342 fluorescence after addition of detergent on the cuvette and stirrer before any fluorescence measurement. Incubation in an acidic solution with a high salt concentration will accelerate the washing process. This observation might be crucial in the context of in vitro membrane protein transport studies in which Hoechst 33342 is very commonly used as substrate.

Choosing a fluorescent substrate of MexB as a transport index can thus be hazardous.

Fortunately enough, there are ways to overcome this issue, as is developed in the

next paragraph. ! Pyranine 1.1.2.2
The choice of a relevant transport index is primordial. The latter should be accurate and above all should not generate artifacts during the assays.

As stated above, MexB has a large variety of hydrophobic substrate and some of them are fluorescent. Using one of them as a transport index is risky because even if they are not all as tricky as Hoechst 33342, they are all hydrophobic and can thus cross lipid membranes spontaneously. Such a behavior is very problematic because the spontaneous crossing of the membrane by the substrate would generate a high background fluorescence signal that would have to be subtracted from the signal corresponding to the actual transport of the substrate by MexB.

We have therefore chosen to monitor MexB activity thanks to an indirect transport index. As stated in § "4.2.1.1.6 Proton pathway" p 57 MexB uses the proto-motive force to transport antibiotics out of the cell; therefore monitoring the pH inside of proteoliposomes in the membrane of which MexB is reconstituted is a relevant manner to follow MexB activity. This can be achieved thanks to a pH-sensitive fluorescent probe: pyranine (8-hydroxy-1,3,6-pyrenetrisulfonate). Indeed, pyranine fluorescence depends on the pH of the buffer (Clement et al 1981 Biochemistry). If the pH rises, pyranine fluorescence rises (see Figure 54). Besides, its variation is linear in the pH range used to run this assay. This pH-dependent fluorescence is due to the different degrees of ionization of the hydroxyl group. Pyranine is highly water-soluble thanks to its three sulfonate functions (see Figure 55). It can therefore easily be encapsulated in the liposomes if it is present in the buffer during liposome formation. Besides, non-encapsulated pyranine can be removed with a desalting column. Pyranine does not leak outside of the liposome and does not bind to the liposomes neutral membranes (Kano et al 1978 BBA). The pH-dependency of the fluorescence is the same in solution and when pyranine is encapsulated in liposomes. Thus, by monitoring pyranine fluorescence variation as a function of time, pH inside the proteoliposome can be monitored and MexB activity can be investigated. This method is really reliable since monitoring pyranine fluorescence is an unfailing way to monitor pH inside the liposomes and since this parameter is directly related to the activity of MexB.

!

Generation of a proton gradient

The last, but not least, prerequisite to design a functional test of MexB is to generate a proton gradient within the liposome membrane. Indeed, in vivo, MexB takes advantage of the ΔpH generated at the inner membrane. The pH of the periplasm is lower than that of the cytoplasm. Indeed, at normal physiological conditions, the pH of the periplasm is about 6 and in the cytoplasm it is around 7.5 (Boos et al 1996 Cell & Mol. Biol.). This proton gradient is mandatory for MexB to actively pump its substrate (cf. § " 4.2.1.1.6 Proton pathway" p 57 & Li et al 1995 AAC). There are several ways to generate a proton gradient between inside and outside of liposomes.

They can be either acidic-or alkaline-inside. Some of them are described in the § "5.4.2 Examples of RND transporter assays" p 115. In the following pages two methods for generating a proton gradient in liposomes, which we used during my PhD, are explained. The first method presented here, briefly described in § "5.4.2 Examples of RND transporter assays" p 115 relies on the use of a K + -specific ionophore: valinomycin (Figure 56). This molecule is produced by several Streptomyces strains as S. tsusimaensis or S. fulvissimus. It can be used as an antibiotic because it destabilizes the bacterial membrane. The principle of its use to generate proton gradients, its drawbacks and advantages, are described in the paragraph below. Valinomycin is a K + -specific ionophore that favors the permeation of K + : it favors the diffusion of K + ions following its concentration gradient, across a phospholipid bilayer. Generation of a proton gradient using valinomycin is based on the following.

!

Liposomes containing K + buffer (as KCl) are diluted in a K + -free buffer (like NaCl).

Both buffers should have the same osmolarity to prevent osmotic shocks upon dilution. Then valinomycin is added. As it is highly hydrophobic, it instantly inserts into the liposome membrane. Once inserted in the membrane, because of the difference of K + concentration between the inside and the outside of the liposome, valinomycin favors the diffusion of K + outside of the liposomes (see Figure 57). This K + flux generates a charge difference, i.e a membrane potential (ΔΨ), across the liposome membrane. This is compensated by the entry of positively charged ions: H + .

Other positively charged ions that are in the buffer (as Na + ) cannot cross the membrane to compensate the ΔΨ because they are too large (large ions would only cross the membrane upon a charge or concentration gradient and such a crossing would be very slow). This proton flux generates a proton gradient, acidic inside. 

!

Advantages, drawbacks and caveats

The main advantages of the valinomycin-mediated acidification of liposomes are its simplicity and its low cost.

Nevertheless, this method has two disadvantages. i) the most obvious drawback of this protocol is its unreproducibility. Indeed, from batch to batch of liposome, the generated proton gradient can be very different. ii) in some cases, upon generation of a proton gradient, there is a fluorescence recovery that can be very problematic for the interpretation of transport assay results (see Figure 58). This phenomenon, which was reported by Sedgwick and Bragg, is named the overshoot (Sedgwick et al 1990 FEBS Lett.). We have investigated this phenomenon as part of a publication described below. We have studied its drawbacks and we have tried to determine tips to overcome them (Verchère et al 2012 Anal. Biochem.).

Upon liposome preparation and protein reconstitution, the final concentration of lipid can vary from one batch to another, even if the applied protocol is always the same. We have shown that the appropriate dose of valinomycin to be added to the liposomes in order to generate a proton gradient highly depends on the lipid concentration. Therefore a quantity of valinomycin that is appropriate for a given batch of liposome will not necessary fit another one. Thus, the quantity of valinomycin must be tailored for each batch. The same observation was made by Nies and colleagues (Goldberg et al 1999 JBC). In this article, they use hydrophobic molecules (FCCP and CCCP) to inhibit the proton gradient and they conclude that the dose should be adapted to each batch of liposome. We have also demonstrated that the adequate proportion of valinomycin highly depends on the nature of the lipids. For example, in order to generate the same proton gradient, DOPC liposomes require much more valinomycin than liposomes made from E. coli lipid extracts (Figure 58).

In order to tackle the second drawback of this method, the cause of the overshoot has to be understood. In 1990 Sedgwick and colleagues demonstrated that the overshoot was the consequence of the limit of selectivity of valinomycin (Sedgwick et al 1990 FEBS Lett). Indeed, above a given valinomycin to lipid ratio the ionophore does not transport K + only, but also transports Na + . In the case of a valinomycin-induced proton gradient, if the dose of valinomycin is too high, Na + ions enter the liposome, via valinomycin, to compensate the ΔΨ, together with protons, and this leads to a fluorescence recovery in a direction opposite to that ascribed to the acidification, and hence the overshoot. One can overcome this drawback by using an external buffer that does not contain Na + ions. In this case, nothing in the system will compete with protons to compensate the charge difference and the proton gradient will be generated whatever the valinomycin dose. There is an acute need for a functional assay allowing the investigation of efflux pumps. A dedicated procedure was previously developed, but although it was unambiguous, it suffered from a lack of reproducibility. We describe an optimization of the procedure that makes the assay much more robust.

Ó 2011 Elsevier Inc. All rights reserved.

Understanding of the mechanisms underlying transport through efflux pumps from gram-negative bacteria has gained very much insight from recent structural breakthroughs. Of foremost importance is the description of the dubbed ''peristaltic mechanism,'' where the three protomers of an RND (resistance-nodulation-cell division) 2 pump (first described for AcrB independently by Murakami and coworkers [1] and Seeger [2]) in turn adopt tight, loose, and open conformations, thereby allowing a sequential pumping process of the drug out of the bacteria. The crystal structures have opened our eyes on the mechanisms of transport, but one must keep in mind that these structures have been selected under a static conformation within the crystal. From this point of view, we believe that confronting structural information with functional dynamic inputs would be relevant from both conceptual (comprehension of the activity) and practical (screening of potential inhibitors) points of view.

Transport by membrane proteins has been addressed with several tools and techniques. All in all, reconstitution into liposomes seems to provide the best compromise in terms of reliability, reproducibility, and ease of use. Indeed, liposomes offer the compartmentalization needed for setting up a transport assay, and they also can be made using a great range of parameters such as lipid composition, size, and protein-to-lipid ratio. Their manipulation has been studied and rationalized in extenso [3].

If a proper reconstitution into a lipid environment is mandatory, the most delicate issue is the supply of the energy needed for active transport. From this point of view, the multidrug ABC (ATP-binding cassette) transporter field benefited very much from the availability of ATP as a generic, abundant, and cheap substrate. By contrast, the many transporters that are energized by the proton-motive force (PMF) are, by far, more difficult to address in vitro. Indeed, inducing a pH gradient is obviously not an easy task, and few protocols are found in the literature [4][5][6][7].

A transport assay has been designed by the Nikaido laboratory [4,7], where purified RND proteins were reconstituted into proteoliposomes. The latter were prepared so that a potassium concentration gradient was maintained across the membrane bilayer. PMF was triggered on the addition of valinomycin, a potassium-selective ionophore, which allows the potassium concentration gradient to be relaxed. This eventually leads to proton influx inside the vesicle in order for the electrical gradient to be compensated (see Fig. 1). To probe proton movements across the membrane, pyranine (a pH-dependent fluorescent and membrane impermeant probe) is trapped within the liposome lumen [8].

This procedure seems straightforward, but in practice things turn out to be very much less so. In their article, Aires and Nikaido acknowledged that ''the rate of H + movement, especially that of H + leakage, was strongly influenced by the particular batch of lipids used for reconstitution and other variables difficult to define'' [4]. In this note, we define a couple of such variables to be addressed for the assay to become robust and reproducible.

In theory, ion concentrations are supposed to stay constant on each side of the membrane before valinomycin is added, but in fact, ions may actually have an intrinsic ability to leak across E-mail address: martin.picard@parisdescartes.fr (M. Picard). 1 These authors contributed equally to this work. 2 Abbreviations used: RND, resistance-nodulation-cell division; ABC, ATP-binding cassette; PMF, proton-motive force; DLS, dynamic light scattering; DOPC, 1,2dioleoyl-sn-glycero-3-phosphocholine.

Analytical Biochemistry 420 (2012) 194-196 Contents lists available at SciVerse ScienceDirect Analytical Biochemistry journal homepage: www.elsevier.com/locate/yabio membranes. For instance, it was shown by Sedgwick and Bragg that potassium ions do passively leak across soybean phosphatidylcholine membranes [9]. Indeed, we have noticed that significant time periods of equilibration, during which the fluorescence signal drifts down, are needed before attaining a steady signal (not shown). This slow downward signal is interpreted as an acidification of the vesicle interior as protons enter in concomitant exchange for the passive leakage of potassium out of the liposome. Passive acidification is detrimental for the assay because it abolishes part of the proton gradient that will eventually be needed for activating the PMF-driven membrane transporter. Hence, much care must be taken to minimize leakiness of the proteoliposomes. In our hands, the direct incorporation described by Rigaud and Lévy turned out to be of great help on that matter [3].

In addition, we stress that valinomycin concentration has a great influence on the efficiency of the assay. We can see in Fig. 2 (top panel, left) a fluorescence measurement obtained with liposomes prepared as described by Rigaud and Lévy [3] that were subjected to acidification under the exact same conditions as that used in the classical procedure [4]. Briefly, 10 lM valinomycin is added onto liposomes that had been prepared in the presence of KCl and then resuspended into a cuvette containing NaCl. As rationalized above, acidification occurs on valinomycin addition (as monitored by the drop of the fluorescence). But it should be noticed that acidification is then followed by a slow increase of the fluorescence signal back to its initial level. We dub as ''overshoot'' this slow tendency for the fluorescence to drift upward. Aires and Nikaido acknowledged that such an overshoot was also observed in their hands (see Fig. 2 in Ref. [4]) and admitted that it made their conclusions difficult (private communication with the authors). Indeed, the purpose of their assay is to compare the acidification of a control liposome with that of a liposome reconstituted with a PMF-driven efflux pump, and unfortunately, the fluorescence signals are comparable in both cases. On the one hand, valinomycin-mediated acidification is compensated by active proton counter-transport by the transporter protein; on the other hand, acidification is followed by artifactual compensation that remained to be explained. We have realized that, as already mentioned elsewhere [9], the overshoot depends on the presence of external Na + . When the measurement is repeated in an NaCl-free buffer (Hepes-KOH, 25 mM, pH 7.0), no such fluorescence recovery is observed anymore (Fig. 2, top panel, right). Note that under such a dilution, liposomes remained intact, as checked by dynamic light scattering (DLS) measurement (data not shown). Thus, the overshoot must be interpreted as a slow exchange of proton for sodium. Hence, it seems very likely that the dose of valinomycin used in the classical protocol (10 lM) does not allow strict selectivity of potassium over sodium diffusion across a lipid bilayer and allows the influx of sodium.

To confirm this hypothesis, we repeated the same procedure but now in the presence of a lower valinomycin concentration and in the presence or absence of sodium in the fluorescence cuvette (see Fig. 2, middle panel, left and right, respectively). It turns out that the addition of a lower concentration of valinomycin (50 nM) leads to a continuous decrease of fluorescence that is interpreted by an acidification of the liposome caused by potassium to proton exchange. No overshoot is observed unless valinomycin is added up to a concentration in the micromolar range.

Finally, we decided to investigate whether the type of lipids has an influence on the tendency for valinomycin to exhibit selectivity toward potassium versus sodium. To that end, we switched from Escherichia coli total lipid extract to 1,2-dioleoyl-sn-glycero-3phosphocholine (DOPC) lipids. We can see in Fig. 2 (bottom panels) that, indeed, the lipid composition has a dramatic effect on the ability of valinomycin to allow selective potassium diffusion. The high concentration of valinomycin (10 lM) that was prone to induce the artifactual overshoot of pyranine fluorescence in the case of E. coli lipids now does allow selective and significant outward diffusion of potassium, and hence proton influx, in liposomes prepared from DOPC. Under such conditions, the artifactual overshoot is seen if and only if valinomycin is added above a threshold of approximately 30 lM.

We conclude that much care needs to be taken when designing an in vitro assay where transport is triggered via the valinomycin procedure. Indeed, on the one hand, lipid composition has a substantial influence on the possible passive leakage of ions across membranes; on the other hand, the optimal valinomycin concentration to be considered for such an assay is highly dependent on the type of lipid (probably because of the physical -chemistry of partitioning of valinomycin within the bilayers). Our suggestion is first to define what kind of lipid will be used and then to define what is the optimal dose of valinomycin to be added. In the context of the RND efflux pump MexB, reconstituting the proteins into liposomes made from DOPC lipids is the best option because those lipids allow both the restoring of the activity of the protein and a high selectivity of valinomycin.

To conclude, valinomycin addition is a simple way to generate proton gradients acidic inside and drawback related to this method can be overcome. The paragraph below details the results obtained for the functional test of MexB, using this method. 1.1.3.1.3 Results In order to investigate the activity of MexB upon its reconstitution in liposomes, three kinds of liposomes are prepared: control liposomes (no proteins in their membrane), MexB-proteoliposomes and MexA-MexB-proteoliposomes. This latter kind of proteoliposomes will allow studying the influence of the MFP on the activity of the RND transporter (it was shown by Nikaido and colleagues that AcrA has an effect on AcrB activity, Zgurskaya et al 1999 PNAS; by contrast, Welch et al showed that MexA has no effect on the activity of MexB, Welch et al 2010 Biochem J).

Pyranine in a K + -containing buffer is encapsulated in the three kinds of liposomes.

Pyranine fluorescence is monitored as a function of time and liposomes are subsequently dissolved in a K + -free buffer containing a substrate of MexB (N-phenyl-1-naphtylamide, NPN). In this condition, the addition of valinomycin, generates a proton gradient acidicinside, therefore MexB has to be reconstituted with its periplasmic part inside of the liposomes in order to undergo the ΔpH in the proper direction. Liposomes are solubilized at R sol and, upon detergent removal, MexB is reconstituted in a 50/50 orientation. Therefore only the MexB reconstituted inside-out will be subjected to the proton gradient in the correct direction and be active. In such a conformation, if MexB is functional, a recovery of fluorescence is observed upon addition of valinomycin.

The proper dose of valinomycin to generate a proton gradient is added, results we obtained are gathered in Figure 60. The grey trace corresponds to the pH inside of control liposomes. Upon generation of a proton gradient, pH inside of these liposomes is steady (Figure 60 grey trace). The pink trace corresponds to the pH inside of MexB-proteoliposomes. After generation of a proton gradient, pH inside of these liposomes increases. This pH augmentation is due to MexB which uses some protons to transport its substrate (Figure 60 pink trace). The red trace corresponds to the pH inside of MexAB-proteoliposomes. After generation of a proton gradient, pH inside of these liposomes increases even more than in the MexB proteoliposomes. This pH augmentation is also due to MexB which uses some protons to expel its substrate. Interestingly, MexA seems to have a favoring effect on MexB activity.

To conclude, the valinomycin-induced ΔpH is suitable for the functional test of MexB, and MexB is functional upon reconstitution. Remarkably, MexA enhances MexB activity. Even though the proper conditions have been optimized, with this method, to monitor MexB activity, it is still not highly reproducible as it is batch dependent. This conclusion is similar to what Aires and Nikaido experienced in a similar study (Aires et al 2004 J. Bacteriol. & private communication of the authors).

Consequently, we have turned to a second method (presented below) involving the bacteriorhodopsin, that is much more reproducible and allows a more thorough investigation of MexB.

Bacteriorhodopsin 1.1.3.2
Bacteriorhodopsin (BR) is a membrane protein that is naturally abundant in the purple membrane of the Archeae Halobacterium salinarium. It has been used for long as a model membrane protein transporter because of its very convenient spectral properties and its relatively easy purification. Besides, it is surprisingly resistant to drastic treatments as solubilization in organic solvent, room temperature storage or sonication. Furthermore, its spectral properties make it possible to describe its overall catalytic cycle by monitoring its absorption properties (Gohon et al 2008 BJ) but also to follow the loss of its cofactor, retinal, upon denaturation and refolding, thereby allowing for a systematic study of its refolding process (Huang JBC 1981;Dahmane EBJ 2013). It was discovered about 40 years ago (Oesterhelt et al 1971 Nat. New Biol) and named bacteriorhodopsin because it was purified from a bacteria, because of its color (Rhodos, pink in ancient greek), and because it is chemically similar to the visual pigment of the retina of animals, opsin.

The first atomic level model of the BR was obtained in 1990 thanks to EM. Today there are 84 X-ray structures, 6 EM structures and 3 NMR structures of the BR deposited in the PDB (see Wickstrand et al 2014 BBA for review). BR is an integral membrane protein that consists of seven transmembrane helices (see Figure 61 A) where the proton transport takes place. Key residues involved in this transport are highlighted in Figure 61 A. The role of the BR is to absorb visible light, thanks to a chromophore, the retinal, and to use this energy to actively transport protons. Before illumination, the retinal (bonded to Lys216, in yellow on Figure 61 A) is in an all-trans-conformation. The absorption of photons triggers a 13-cis-isomerization that drives the structural changes that lead to proton transport. This generates a proton gradient that is subsequently used to synthetize ATP thanks to the ATP synthase. BR is rather small (24 kDa) and is trimeric. This method was first described by Racker and Stoeckenius who reconstituted BR together with the F o F 1 ATP-synthase, thereby providing the first experimental evidence for Mitchell's chemo-osmotic theory upon generation of a pH gradient illumination of the BR (Racker et al 1974 JBC).

Its geometry and its dissymmetry in charge repartition, make it prone to reconstitute in a preferred orientation upon liposome reconstitution, hence always generating a proton gradient acidic inside (Figure 62). As a matter of fact, when the liposomes are solubilized at R sol , BR is found at 70% in the orientation generating a proton gradient acidic inside. When the liposomes are solubilized at R sat , this proportion increases to almost 100% (i.e following the « direct incorporation » protocol, see § "5.3.2 The unidirectional reconstitution process" p 105). Therefore, MexB needs to be reconstituted with its periplasmic part inside of the liposome in order for MexB to undergo the proton gradient in the proper direction (see Figure 64). To that purpose, liposomes are solubilized at R sat so MexB has a 50/50 orientation in the liposomes membrane. Only the MexB reconstituted inside out will undertake the proton gradient in the correct direction and thus be functional. In such a conformation, if MexB is functional upon reconstitution and if it uses protons to transport substrates, pH inside of the proteoliposomes will be steady.
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Generating a proton gradient using the BR has several advantages, as developed in the next paragraphs.

Tunable

First of all, the BR-induced proton gradient is tunable. Indeed, depending on the buffer concentration, the ΔpH generated by the BR reaches a given value more or less rapidly (see Figure 65). It is really convenient to have the possibility to tune the value of the proton gradient because transporters that use the proto-motive force to expel a substrate are only functional at a precise given ΔpH. Varying the buffer concentration allows to easily tune the ΔpH and therefore find the appropriate one for the studied protein. For MexB, at the lipid to MexB ratio the protein is reconstituted, the proper ΔpH is about 0.4 pH units, in accordance with the order of magnitude suggested by Pr Nikaido in (Aires et al 2004 J. Bact.).

The ΔpH value induced by the BR could also be tuned by varying the BR-to-lipid ratio.

As seen on Figure 63 solubilizing the liposomes at R sat or R sol is also a way to tune the proton gradient generated by the BR.

Reversible

Secondly the proton gradient generated thanks to the BR is reversible. After generation of a ΔpH upon illumination, if the liposomes are incubated in the dark for about 45 min, protons pumped by the BR and trapped in the liposomes will passively cross the liposome membrane in order to balance the pH difference between inside and outside of the liposomes (see Figure 66). The same liposomes can therefore be used again. This reversibility is very relevant for the functional test of MexB, as illustrated § "1. 1.3.2.4 Results" p 155. To conclude, BR is a very relevant protein to generate a proton gradient for the functional test of MexB. In the following paragraph, the result we got for the functional test of MexB are described and conclusions are drawn. 1.1.3.2.4 Results Owing to the optimization of the BR-induced ΔpH, we have set up a functional test of MexB (Verchère et al 2012Sci. Rep. & Verchère et al 2014 JoVE). MexB is reconstituted together with the BR, proteoliposomes are illuminated, pyranine fluorescence is monitored, and pH inside of the liposome is deduced from it.

Functional test of MexB

The blue trace (a) (on Figure 67) corresponds to the pH inside of control liposomes, upon illumination, pH inside of these liposomes is evidently steady. The red trace (b) corresponds to the pH inside of BR proteoliposomes. Under illumination, BR pumps protons and the pH inside of these liposomes drops, as expected. The yellow trace (c) corresponds to the pH inside of proteoliposomes containing MexB and BR in their membrane, in the presence of a substrate (Hoechst 33342). MexB is functional because it uses some of the protons provided by the BR. Indeed, the pH drop for these liposomes is smaller than that obtained for BR proteoliposomes. Interestingly, this activity is not substrate-dependent: if the same measurement is done in the absence of substrate, the same activity is detected, green trace (d).

Afterwards we wanted to investigate the role of MexA on MexB activity because it had been shown that AcrA increases AcrB activity (as explained in § "1. 1.3.1.3 Results" p 148). To that end, MexA is reconstituted with MexB and BR. The purple trace (f) corresponds to the pH inside of proteoliposomes containing MexA, MexB and BR in their membrane, in the absence of substrate. We observe the same basal activity than that observed for MexB by itself, green trace (d). Then, these proteoliposomes are incubated in the dark (in order to dissipate the proton gradient, (see § "1. 1.3.2.3 Reversible" p 154) and substrate is added on the exact same cuvette.

The pH inside of these proteoliposomes corresponds to the orange trace (e). In this case, we observe an enhanced activity of MexB because the latter uses each of the protons provided by the BR. All the fluorescence assays have been done in the presence of valinomycin (50 nM) to prevent the formation of a ΔΨ within the liposome membranes.

Controls

In order to make sure that the pH variation we observe is really related to the activity of MexB and not to a leakage of proton, the following controls are performed.

The test consists in two steps.

For the first step, hydrochloric acid is added on Triton X-100-pretreated liposomes or on proteoliposomes. Then, pyranine fluorescence is monitored as a function of time (Figure 69 dotted lines). This allows the determination of the level of fluorescence that the system reaches at equilibrium (when all added protons have protonated all the available pyranine).

The second step consists in monitoring the pyranine fluorescence after addition of HCl on control liposomes or on proteoliposomes. Upon HCl addition, the fluorescence signal is clearly biphasic and reaches, at equilibrium, the level of fluorescence determined in the first step. There are two interpretations for the first fast phase: i) it could be that the fluorescence of non-encapsulated pyranine (that would not have been removed by the desalting column) decreases instantaneously upon acidification or ii) it could reflect a first, very fast, entry of protons in the liposomes, down the concentration gradient (Figure 68 A). This fast phase would stop when the membrane potential reaches a certain value that compensates the concentration gradient (Figure 68 B). The remaining slow phase would then correspond to the slow K + leakage, out of the liposome compensated by the entrance of protons in the liposome (Sedgwick et al 1990 FEBS Lett). By comparing the slow phase pattern of liposomes and proteoliposomes we can conclude on their tightness. Indeed, if the patterns are comparable, it means that liposomes and proteoliposomes have the same tendency to let protons cross their membranes. In our case, both slow phases have the same pattern meaning that the pH variations are really due to MexB activity. As a matter of fact, proteoliposomes seem even tighter than control liposomes. 
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Conclusions

Thanks to this functional investigation of MexB, several conclusions can be drawn:

Technical conclusions

After optimization of the reconstitution protocol, MexB is functional in liposomes.

Thanks to the proton leakage test, we can affirm that the observed pH variations are a reliable index for the activity of MexB.

Scientific conclusions

Our results show a substrate-independent basal activity of MexB. Such an activity has been known for long for ABC transporters like MacB which hydrolyses ATP even in the absence of substrate (Tikhonova et al 2007 Mol. Microbiol.). To my knowledge, it is the first time that a basal activity is described for an RND transporter.

Since MexB has such a broad substrate spectrum, it could be argued that this "basal activity" is in fact actual transport activity of an intrinsic substrate as cholesterol or residual detergent. I personally do not believe in this explanation because if it were true, the difference between before and after the addition of Hoechst 33342 (Figure 67 trace (f) vs (e)) would not be that drastic.

We have clearly shown that MexA plays a key role in MexB activity. It allows substrate-dependent activity and accelerates substrate transport via MexB.

I describe below two tentative explanations for this effect. ii) MexA acts as a hydrophilic tunnel As described in § "4.3.2.2 MFP-mediated model" p 83, some theories about the efflux pump assembly suggest that there is no docking of the RND to the OMF, but that the MFP, which assembles as a funnel-like hexamer, acts as a bridge between the RND and the OMF. It was shown by targeted molecular dynamics of AcrB that the substrate leaves the binding pocket upon induction of a zipper-like squeezing but that total extrusion into TolC docking domain could not be observed. Therefore, it was proposed that diffusion could play a significant role in the drug extrusion process by driving out the drug from AcrB. (Schulz et al 2010 Plos Comput. Biol.).

In the MFP-mediated model, the docking of the MexA funnel would provide a hydrophilic trap to the hydrophobic substrate of MexB that would accelerate its exit out of MexB and therefore its export. Indeed the residues in the inner surface of the funnel-like hexameric-MexA are rather polar and form a hydrophilic environment in which the substrate is poorly soluble (see Figure 71). This low-solubility in a confined geometry, accelerates its diffusion out of MexB. Interestingly, it has also been shown that water had a direct role in the extrusion of substrates by AcrB. Water flows from the binding pocket toward the exit gate and helps the substrate to move along this path, playing a role of both lubricant and screen against the unfavorable electrostatic interactions along the efflux path, thereby preventing the substrate from being stucked in the channel (Schulz et al 2011 J. Phys.

Chem. B).

Both MexA putative roles presented above are not mutually exclusive.

The role that MexA plays in the efflux pump is not clearly defined yet. I am convinced that the function of the MFP has been underestimated and that we will soon discover that MFP plays further unexpected roles. We describe an original activity assay for membrane transport that uses the proton motive force-dependent efflux pump MexAB from Pseudomonas aeruginosa. This pump is co-reconstituted into proteoliposomes together with bacteriorhodopsin (BR), a light-activated proton pump. In this system, upon illumination with visible light, the photo-induced proton gradient created by the BR is shown to be coupled to the active transport of substrates through the pump.

M

ultidrug efflux pumps from gram-negative bacteria are the focus of increasing interest because of their prominent role in the active efflux of xenobiotics out of the bacteria and, by extension, their prominent role in the worrisome problem of bacterial resistance. Efflux transporters are organised as multicomponent systems in which the RND pump (of the so-called Resistance, Nodulation, cell Division family) located in the inner membrane works in conjunction with a periplasmic protein (MFP, Membrane Fusion Protein) and an outer membrane protein (OMP) 1 . The cytoplasmic inner membrane protein, which has broad substrate specificity, acts as an energy-dependent pump that is driven by the proton-motive force (pmf). We focus on the OprM/ MexA/MexB system from the gram-negative bacterium Pseudomonas aeruginosa (Figure 1a).

Although it has recently benefited from significant structural breakthroughs 2,3 , the efflux pump field still suffers from a critical lack of tools that allow the in vitro investigation of transport. This lack of tools arises from the difficulty of generating robust, quantitatively measurable and reproducible proton gradients across the membrane, a pre-requisite for the transporter to function. Initial attempts have been described that involve the use of valinomycin, a potassium-selective ionophore, which makes it possible to generate proton movement within liposomes that are first filled with KCl and subsequently diluted in a KCl-free buffer 4,5 . We have made recommendations that will allow this procedure to become unambiguous and reproducible 6 , but we have to acknowledge that even with these caveats in mind, the valinomycin assay remains tedious. Hence, we have decided to improve this protocol by adapting a classics of the membrane bioenergetics field, namely the work of Ephraı ¨m Racker and Walther Stoeckenius in which they used the bacteriorhodopsin from the archaeal organism Halobacter halobium to generate the photo-induced proton gradients needed to allow for ATP synthesis through the pH-dependent ATP synthase 7 . We have decided to adapt this pioneering work to convert light into the energy needed to activate the RND pump MexB.

Results

Rationale for the assay. In our system, the membrane proteins are reconstituted into liposomes containing 8hydroxypyrene-1, 3, 6-trisulphonic acid (pyranine), which provides an optical read-out of the pH changes occurring within the vesicles 8,9 . In Figure 1c, we show the fluorescence spectra of pyranine at different pHs. The pH dependence of the fluorescence is plotted and is shown to be linear over 1 pH unit. The proton gradient photo-induced by the BR is used by MexB to transport Hoechst 33342, a known substrate of the pump. Given that BR incorporation into liposomes favours one direction 10 (proton pumping into the liposome lumen), only those MexB membrane proteins oriented inside-out will be potentially energised by the pH gradient (see Figure 1b).

The rationale for our assay is the following: In a control experiment in which only BR is present in the liposome membrane, the pH is supposed to decrease upon illumination, and hence, the pyranine fluorescence drops. In contrast, when BR is present together with an active and functional pmf-dependent transporter, the protons Mandatory controls. Of foremost importance regarding the rationale of our assay is that the proteoliposomes must be as tight as possible. Indeed, one should make sure that the above-mentioned steady signal is due to counter-transport by the pump and not to the passive leakage of protons out of the liposome. We have taken extreme care in the optimisation of the preparation of the liposomes 6,10 , and we systematically checked that the liposomes reconstituted with both membrane proteins were not significantly leakier than the control liposomes (see Supplementary information, Figure S1). Note that the proton gradients generated by the BR dissipate, leading to the eventual restoration of the initial fluorescence level after the liposomes are incubated in the dark; acidification can then be triggered from that point simply by illuminating again the suspension. Provided that the above prerequisites are fulfilled, the activity of the RND pump MexB can be monitored in vitro. In Figure 2, we present the averages of the results for six independent measurements.

Investigation of transport. One can but appreciate the sensitivity of the BR-mediated proton pumping procedure. We have defined the reconstitution and measurement conditions such that a pH decrease of approximately 0.3 units occurs upon light-induced proton pumping 11 , thereby matching the DpH postulated to be required for activating the pump 5 . Surprisingly, when the measurement is performed with proteoliposomes containing BR and MexB, the pump seems to provide suboptimal compensation for the BRmediated acidification: the fluorescence signal ends between that obtained with control liposomes devoid of any protein and that obtained with liposomes reconstituted with BR alone (see Figure 2, trace c versus trace a and trace b). Note that this behaviour is observed irrespective of the presence of substrate, as if MexB were able to pump protons even in the absence of any substrate (a so-called basal, substrate-independent, proton pumping activity), though at a rate seemingly too low to efficiently compensate for the gradient created by the BR. By contrast, when the measurement is performed with liposomes containing BR, the substrate, and both MexB and MexA, one now clearly observe the fluorescence signal expected for coupled proton counter transport: for one proton entering the liposome, one is transported out by the pump (see Figure 2, trace e). This observation is in line with the results of work of Pr Nikaido, who has shown that the MFP was mandatory for transport 4,5 . Interestingly, when proteoliposomes containing BR, MexA and MexB are prepared beforehand without substrate and subjected to our assay, no coupled activity is observed (see Figure 2, trace f). However, when the same proteoliposomes are subsequently incubated with the substrate in the dark for a sufficient period of time, proton counter transport is detected. It is likely that the incubation makes it possible for the substrate to partition into the membranes of the liposome and then diffuse laterally to eventually reach the pump via its vestibule; hence, transport is made possible.

Discussion

We have designed an activity assay that allows the monitoring of the activity of RND efflux pumps. Our results might well shed some light on the controversy regarding the possible implication of the MFP in transport. In agreement with the results of previous work by Nikaido and Aires, we show here that MexA is a key element of the actual coupled transport through the efflux pump. In contrast, the Venter's group showed that MexB is able to transport Hoechst 33342 alone, in the absence of MexA 12 . The difference between our respective results might very well arise from the different experimental procedures used in our respective laboratories. Indeed, in our protocol, insideout reconstitution entraps the whole functional complex, and the resulting confinement increases the probability of interaction between MexB and its MFP partner. In contrast, Venter and colleagues performed a so-called "direct incorporation" experiment in which MexB is inserted unidirectionally, right-side out. Under such conditions, functional assembly will be more difficult to achieve because the MFP will have to explore a much larger volume in that case than in our inside-out liposomes.

We show that MexB behaves as if it were able to sustain a basal proton pumping activity that is potentiated by the presence of substrate. This behaviour is reminiscent of that of proteins in the the functionally related ABC protein family, which exhibit a basal ATPase activity that is enhanced by the presence of substrates 13 . Interestingly, it has been shown recently that MacB, an ABC transporter from E. coli that works in conjunction with a MFP and an OMP, exhibits basal ATPase activity that is enhanced in the presence of its cognate MFP protein MacA, which is closely related to MexA 14,15 . Note that we cannot exclude the possibility that what we believe to be substrate-free conditions are in fact not; it is possible that the system is contaminated by some endogenous compound (e.g., lipid, left-over from the purification) that can be transported by the pump.

Our protocol opens the way towards a better understanding of the activity of the RND efflux pump MexB and, more generally, of all pmf-activated membrane proteins. However, we also envisage using this protocol for screening Efflux Pump Inhibitors (EPIs) because our protocol can be easily scaled down, automatised (e.g., in a 96-well plate reader equipped with relevant optical filters) and parallelised: in this context, the use of BR as a switch for triggering the measurement is certainly an asset because it eliminates any second-hand manipulation of the suspension. Preparation of the proteins. Expression and purification of the MexA, MexB and BR proteins were performed as previously described 16,17,18 . Briefly, MexA and MexB were heterologously expressed from pBAD-mexA or pET-mexB (pBAD33-GFPuv, Invitrogen; pET22b vector, Novagen) in E. coli cells (strain C43 DE3) and purified as His-tagged proteins from the membranes solubilised with DDM. The yields of homogeneously purified MexA and MexB were approximately 6-7 mg and 0.5 mg per litre of culture, respectively. The purified proteins were concentrated using Vivaspin (VivaScience) concentrators with cutoffs of 30 kDa and 100 kDa for MexA and MexB, respectively.

Methods

Halobacter halobium cells were grown under illumination at 37uC in a liquid growth medium containing NaCl 4 M, MgSO4 150 mM, trisodium citrate 10 mM, KCl 30 mM, yeast extract 5 g/L, and peptone 5 g/L. Purple membrane was isolated using a sucrose gradient and solubilised as follows: a membrane suspension containing 15-20 mg BR at 7 g/L was sonicated for 5 min and incubated overnight at room temperature with Triton X-100 at a 155 protein-to-detergent ratio (w/w). The concentration of solubilised BR was estimated using e (570 nm) 5 54.000 M 21 .cm 21 and e (280 nm) 5 1.080.000 M 21 .cm 21 .

Preparation of unilamellar vesicules. DOPC and cholesterol were dissolved in HEPES 25 mM pH 7, K2SO4 100 mM and MgCl2 15 mM to final concentrations of 10 mg/mL and 1.5 mg/mL, respectively. The suspension was then heated for 10 min at 37uC. Then, pyranine and Hoechst 33342 were added to final concentrations of 2 mM and 140 mM, respectively. This solution was then sonicated for 10 minutes with 3099 pulse/3099 pause cycles. The liposomes were subsequently extruded through 200-nm membranes and then through 100-nm membranes (20 passes for each type of membrane). Triton X-100 was then added to reach a 2.8 detergent/lipid ratio (w/w). This suspension was then incubated overnight at 4uC with gentle stirring. Proteins were added to the solubilised liposome suspension at the following ratios (w/w): lipids/MexB520, MexB/MexA52.5, and lipids/BR530. Detergent removal was achieved upon addition of Bio-beads (previously washed with methanol, ethanol and water) at a Bio-bead/detergent ratio of 60 (w/w) for at least 3 h at 4uC in the dark. The proteoliposomes were then purified using a PD-10 desalting column (GE Healthcare) equilibrated with HEPES 25 mM pH 7, K2SO4 100 mM and MgCl2 15 mM and kept in the dark at 18uC. The proteoliposomes were stored for up to 2-3 weeks under these conditions.

Fluorescence assay. Fluorescence measurements were conducted at 25.0uC using a JASCO FP-6200 spectrofluorimeter. The measurements were performed using the dual-wavelength mode, taking measurements with excitation/emission wavelengths of 550 nm/550 nm for 1899 (to activate BR) and then taking measurements with excitation/emission wavelengths of 455 nm/509 nm for 299 (to measure the pyranine fluorescence). The excitation and emission bandwidths were 5 nm. Note that the measurements were performed in the presence of 50 nM valinomycin to prevent the formation of a reverse DY.

Publication # 4 : In vitro investigation of the MexAB efflux pump of Pseudomonas aeruginosa.

! Introduction

Integral membrane proteins represent up to 30% of the genes encoded in eukaryotic genomes. They share pivotal roles such as gate keeping (receptors), transporting nutrients, ions or noxious compounds (transporters) or maintaining of the permeability across membrane bilayers (channels) amongst all living cells 1 . Efflux pumps have a central role in resistance against antibiotic therapy 2 . In the Gram-negative bacteria Pseudomonas aeruginosa, which is protected by an outer membrane, efflux transporters are organized as tripartite systems where MexB, the efflux pump located in the inner membrane, works in conjunction with MexA, a periplasmic protein, and OprM, an outer membrane channel. The cytoplasmic inner membrane protein acts as an energy-dependent pump with broad substrate specificity. The outer membrane protein acts as a porin whereas the third one is located in the periplasmic space and is thought to stabilize the whole complex 3 . In the following, we focus on the design of a functional assay for the MexA MexB assembly.

Structural information has accumulated over the last 5 years thanks to the X-ray determination of the homologous protein AcrB from Escherichia coli [4][5][6][7] . Although it is clearly important to couple such information with dynamic and kinetic data, designing a functional assay for this transporter is a real challenge 8 . Indeed, the membrane proteins must be maintained in a membranous environment and a closed compartment must be maintained for a vectorial transport of substrate to be achieved.

Reconstitution of membrane proteins into proteoliposomes has been extensively presented and reviewed (see Rigaud and Levy 9 ). Such protocols allow for the monitoring of membrane proteins activity, for instance by following the substrates across the liposome membrane. In this case limitations arise from the availability of titratable substrates (fluorescent, radioactive, etc.) and from the fact that very often these substrates are hydrophobic and have a tendency to cross membranes irrespective of the presence of the transporter. As an alternative, one can follow the spectroscopic variations of a reporting dye sensitive to chemical changes that occur as a consequence of transport. As stated above, protons energize transport via MexB. Hence, a relevant option is to monitor the spectroscopic variations of a pH-sensitive reporting dye to follow pH variations due to proton-driven substrate transport. The choice of a fluorescent dye avoids any artifactual effects due to the hydrophobic nature of the substrate.

An additional difficulty is the generation of a proton gradient. Several protocols can be found in the literature. Among them, the use of valinomycin technique is widespread but we have shown that it is tedious to perform [10][11] . Moreover it is not reproducible and it is not reversible. We have resorted to the use of bacteriorhodopsin (BR), a light-activated proton pump from Halobacter salinarium, a halophilic marine Gramnegative obligate aerobic archaeon. This protein is coreconstituted into liposomes with MexB and, upon illumination, BR pumps protons inside of the liposomes and hence creates the ∆pH (acidic inside) needed by the protein to transport the substrate [12][13] .

Fluorescence Measurement

1. Perform fluorescence measurements at 25.0 C using a spectrofluorometer allowing for dual-wavelength measurements (Xe lamp, 150 W).

Alternate illumination periods (to activate BR with excitation / emission wavelengths of 550 nm / 550 nm) and fluorescence measurements with excitation / emission wavelengths of 455 nm / 509 nm for 2 sec to measure the pyranine fluorescence. Set the excitation and emission bandwidths to 5 nm. Perform the measurements in the presence of 50 nM valinomycin to prevent the formation of a reverse membrane potential .

Note: Indeed, because the BR pumps protons, there are more positive charges inside of the liposome than outside. This charge gradient can be discarded using valinomycin, which is a K + selective ionophore. Once added to the liposomes suspension valinomycin, as a hydrophobic molecule, will insert into the liposome membrane, passively transport K + , and therefore dissipate the membrane potential .

Representative Results

The assay consists of monitoring pyranine fluorescence as a function of time while a proton gradient is generated. To that purpose, samples are subjected alternatively to illumination (hence proton pumping by the BR is triggered) and then to fluorescence measurement using the excitation and emission wavelengths of pyranine ( ex = 455 nm and  em = 509 nm).

Figure 1 shows a representative control obtained with the assay, in the absence of MexA/MexB, verifying that the proton gradient generated by the BR is reversible. After one cycle of acidification, proteoliposomes are kept in the dark for 45 min in order for the BR to stop pumping protons (protons diffuse slowly and passively across lipid bilayers following their concentration gradient). After this recovery time, activation of BR is possible, simply by illuminating the same suspension again.

Figure 2 corresponds to an actual transport measurement. A negative control with protein free liposomes shows that, as expected, the pH is constant upon illumination (Figures 2A and2B, orange circles). However, proteoliposomes containing BR in their membranes do pump proton, thus the pH inside the liposome decreases and a stable gradient is built (Figures 2A and2B, purple squares). Grey triangles and red diamonds (Figure 2A) represent pH inside of proteoliposomes containing BR and MexB, in the presence or in the absence of Hoechst 33342, respectively. We observe a substrate-independent activity where the proton gradient is only partially dissipated by MexB counter-transport. We attribute this observation to a basal activity of MexB.

In order to test the effect of MexA on the activity of MexB, MexA was added to the reconstitution, first in the absence of any substrate (Figure 2B, blue diamonds). Again, the proton gradient generated by the BR is only partially dissipated. The actual transport measurement is realized on the very same sample. Beforehand, the proton gradient must be reinitialized and the substrate must be added in the suspension in order to reach its binding site in the protein. To that purpose the suspension is incubated in the dark in the presence of the substrate for 45 min. Upon subsequent illumination, one can see that the proton gradient generated by the BR is now totally dissipated by MexAB (Figure 2B, green triangles), as a consequence of substrate transport by the pump.

Our assay does not rely on the titration of the substrate itself and this avoids uneasy considerations regarding possible artifactual passive diffusion of the molecule due to hydrophobic partitioning in the membranes. The assay exploits properties of pyranine as a reliable and quantitative probe for monitoring pH changes. Our results are in agreement with results obtained with another procedure where proton gradient formation was performed using valinomycin 10 , but it allows a more robust and reproducible gradient 11 . In addition, the proton gradient can be precisely tuned, simply by varying the concentration of the buffer (for further detail see Verchere et al. 12 ).

In the procedure a control measurement is first performed in the absence of substrate (this gives access to the passive activity of the protein). The actual membrane protein transporter activity is then measured after the substrate has been added in the same cuvette. This is truly an asset because the experiment can be considered as a genuine, non ambiguous, substrate-induced outcome.

The protocol could be adapted to high-medium throughput (for instance 96-wells measurements) automatization because illuminating the sample triggers the reaction. Automation and parallelization would consist in preparing a large batch of proteoliposome, and in dispensing aliquots in a 96-wells plate. Substrates (and also possible inhibitors) would then be added and after incubation in the dark for 45 min the plate would be subjected to illumination / pyranine fluorescence measurement cycles on a microplate reader.

For additional information on the protocol, readers are invited to read Verchere et al.
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Perspectives

The results of the functional test of MexB described above open the way towards short-and long-term perspectives. On the short-term, different substrates should be tested using this system in order to determine if the antibiotic efficiency (based on its MIC) has an influence on MexB basal and optimal activity (in the absence or in the presence of MexA, respectively). Secondly this test allows the screening of efflux pump inhibitors that target the RND of the RND-MFP interactions.

This test also allows investigating the mode of action of efflux pump inhibitors. The latter can be devised into two kinds i) inhibitors that act as true dead-end suicide efflux pump inhibitors (as ABI-PP, described in § "4.2.1.1.5 Drug binding pocket and inhibitors" p 54), which actually blocks the RND or ii) inhibitors that acts as « super substrates » meaning that they have a higher affinity for the RND than antibiotics, so their presence restore the activity of existing antibiotics, because the pump dedicates its activity on the "super substrate" only (Olga Lomovskaya, private communication).

Thanks to the assay presented here, since MexB activity is monitored, results of the test will be different if a molecule is pumped by MexB or if it blocks the RND.

Therefore, both kinds of efflux pump inhibitors can be discriminated.

On the long-term, as the pivotal role of MexA has been highlighted thanks to this assay, mutation studies, especially on the putative RND-MFP interaction site should be done to characterize this interaction further. Several constructions of MexA are currently under study in the laboratory (see Figure 72). In the first mutant (MexA 49-286 , ALIBA), the membrane proximal domain is removed.

In the second (MexA 60-193 , ALI) both membrane proximal and β-barrel domains are removed. In the last mutant (MexA 95-158 , A), it only remains the α-coiled-coil domain.

These mutants were originally designed to improve the OprM-MexA complex for crystallography.

It would be very informative to investigate to what extent the length of MexA affects the MexB-MexA interaction and therefore MexB activity.

As a last and wider perceptive, it should be mentioned that this functional test could be adapted to any membrane transporter that use the proton motive force as a source of energy.
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Phosphatidyl Choline (E. coli extract) / 1,2 -dioleoyl -sn -glycerol -3phosphoethanolamine mixture is used. This EPC/DOPE mixture is used because EPC could provide a more natural environment than DOPC to the protein (in terms of lipid diversity).

Double transport index

The functional test of the whole pump involves two phenomena: the pump activity and the pump functional assembly and we have designed the assay in order for each phenomenon to have its own transport index.

The pump activity 2.1.2.1

The pump activity starts with the concomitant uptake of proton and of substrate by MexB. As stated in the first paragraph, this activity can be monitored thanks to the pH-dependent fluorescent probe: pyranine. Therefore, pyranine is encapsulated in MexAB-proteoliposomes. If MexB is functional a drop of fluorescence is observed because MexB uses the proto-motive force for transporting its substrate, which generate an acidification of the liposome.

The pump functional assembly 2.1.2.2

The pump assembly is detected thanks to the passage of a substrate molecule from a MexAB-proteoliposome to an OprM-proteoliposome. The substrate is a DNA-intercalating agent, ethidium bromide (EthB); it is poorly fluorescent in aqueous medium and highly fluorescent when intercalated into DNA or RNA. We have decided to encapsulate RNA in OprM-proteoliposomes (see § "2.1.2.2 The pump functional assembly" p 179). Both kinds of liposomes are mixed and EthB is added. Therefore, upon pump assembly and transport, EthB is recruited and transported by MexB, expelled through OprM, and finally reaches the encapsulated RNA, thereby leading to its fluorescence rise (see Figure 73).

In a nutshell, when the pump assembles and transport occurs, two concomitant signals are observed: the decrease of pyranine fluorescence, as MexB is using protons to transport a substrate, and the increase of the fluorescence of EthB as a result of its intercalation in RNA (see Figure 73). 

The proton gradient

As explained above, for this functional test, MexB must be reconstituted right-side out in order for the OprM-docking-domain to be outside of the liposome to be able to dock to OprM. Therefore the proton gradient needs to be acidic outside (see Figure 73). Thus the proton gradient cannot be mediated by the BR because it spontaneously generates a proton gradient acidic inside. Several ways to generate a proton gradient acidic outside were tested (mainly, these presented in the § "5.4.2 Examples of RND transporter assays" p 115) and in my hands the most adapted for the functional test of the whole pump is the pH jump. It consists in the addition of HCl outside of the liposomes, which triggers a biphasic signal (detailed in the § "Controls" p 158).

Preliminary controls

This functional test is challenging and requires a lot of controls to make sure that the observed fluorescence variations are really due to the efflux pump assembly and activity and not to leakage or passive diffusion of the substrate. The first preliminary check-ups that must be made are leakage tests. Indeed, we have to make sure that OprM-proteoliposomes are not leaky. The latter could be leaky because OprM would be in an open state (and would thus let the substrate diffuse in or out of the liposomes) and also because of the presence of possible residual detergent. Besides, the capacity of the chosen substrate (here, EthB) to spontaneously cross the membrane has to be tested.

To that purpose, EthB is encapsulated into control liposomes or into OprM- In order to make sure that RNA is really encapsulated, liposomes are loaded on a Syber-safe agarose gel (see Figure 76). Non-encapsulated ref-f migrates upon electrophoresis (Figure 76 Upon HCl addition, the classical biphasic pattern is observed (see " 1.1.3.2.4 Results" p 155). Concerning the controls, the pH decreases a little bit faster in the presence of substrate, which is probably due to the hydrophobicity of the antibiotic that destabilizes the membrane.

The pH inside of these proteoliposomes drops much faster than in the control liposomes: this is due to the activity of MexB, which uses protons to transport the substrate. The activity of MexB in the absence of substrate (pink trace (c)) can be ascribed to the basal activity of MexB already observed in the previous assay (see § "1.1.3.2.4 Results" p 155). In the presence of both MexA and the substrate, MexB activity is optimal (red trace (d)).

It could be argued that the pH shift difference observed between the proteoliposomes with and without substrate (Figure 78 A trace (c) vs (d)) is due to the meropenem hydrophobicity, that makes the proteoliposomes more leaky, and not to MexB activity. To challenge this argument, proteoliposomes in which a nonfunctional mutant of MexB (MexB Asp407Asn, provided by Henrietta Venter) is reconstituted are prepared. In this mutant, the Aspartic acid 407 of the proton pathway is mutated in an Asparagine which compromises the proton transduction, hence the transport activity. As previously, the assay was performed in the presence (Figure 78 B trace (f)) and in the absence (Figure 78 B trace (e)) of meropenem. After generation of a proton gradient, pH inside of these liposomes slowly decreases as in the control liposomes. This means that the variations observed for the WT protein are really due to its activity and not to an artefactual leakage. As a matter of fact, the results of all leakage tests always suggest that proteoliposomes are less leaky than the control liposomes. This is quite counter-intuitive but it could be suggested that the presence of protein in the membrane stabilizes the membrane. As a further negative control, the same assay is run but imipenem, which is not a substrate of MexB (Livermore et al 2002 Antimicrob. Res.), is used instead of meropenem. Indeed it was shown by computer similations that meropenem strongly interacts with the deep binding pocket whereas imipenem, which is more hydrophilic than meropenem, has a low affinity for this pocket (Collu et al 2011 JACS). Results are gathered in Figure 79 A difference is already observable before the pH pump. Therefore we can remain confident that the activity described in Figure 78 A is really ascribable to the activity of MexB and not to an artefactual proton leakage due to the hydrophobicity of the substrate.

It should be mentioned that the pH drop in Figure 78 and Figure 79 are different. Indeed in Figure 78 the ΔpH upon HCl addition for the control liposomes without substrate (trace (a)) is 0.1 pH units where, in Figure 79, ΔpH is 0.01 pH units. This is because the quantity of HCl to be added to generate the ΔpH is not the same for each batch of liposomes. Indeed, the ΔpH depends on the efficiency of the reconstitution, that may vary from batch to batch even if the reconstitution protocol is the same. For this batch (Figure 78), this ΔpH is lower than the one used in Figure 79 and it could be argued that this is why imipenem is not transported. But actually, this ΔpH is sufficient for MexAB to pump protons, as it has been proven by the use of EthB instead of imipenem (trace (c) vs (d) Figure 79 B).

To conclude, if properly tailored, the pH jump is an efficient way to generate the required ΔpH and MexAB is functional upon reconstitution in this orientation. The pump assembly and the effect of OprM on the activity of MexB were then investigated.

Assembly: unexpected effect of OprM

Proof of assembly 2.1.5.1

Before investigating the effect of OprM, the ability of the designed system to allow the pump assembly should be controlled. As stated in the introduction such a control can be done thanks to EthB that goes from MexAB-proteoliposomes to OprMproteoliposomes, in which RNA is encapsulated (see Figure 68 OprM in liposomes 2.1.5.2

Now that we know that the system allows the pump assembly, we can investigate the effect of OprM. In the previous paragraph we followed EthB fluorescence, now we will focus on the pyranine reporter. As another control MexAB Asp407Asn -proteoliposomes are mixed with OprMproteoliposomes in the presence or in the absence of substrate. As shown in Figure 82 the addition of OprM-proteoliposomes without (light green trace (d)) or with (deep green trace (c)) substrate has evidently no effect on the diffusion of protons in the MexAB Asp407Asn -proteoliposomes. It could be argued that the substrate-independent activity of MexB is larger than the optimal activity of MexB (in the presence of MexA). Indeed, in Figure 83 Interestingly in the absence of MexA, no interaction between MexB and OprM is detected.

OprM in NAPol 2. 1.5.3 As a further evidence for the effect of OprM on the activity of MexAB, we have studied the effect of the protein itself. OprM in detergent could not be added to the MexAB proteoliposomes because the free detergent molecules would have inserted in the membrane and made the liposomes leaky. In order to circumvent this problem, we have used amphipols. They are amphipatic polymers that keep membrane proteins soluble in aqueous medium and have been shown to stabilize any membrane protein tested so far, better than detergent (Popot et al 2011 Annu. Rev. Biophy.). Of particular relevance for our concern, amphipols do not interact with membrane and protein/amphipol complexes can be diluted extensively without any loss of protein stability. Besides, neutral zwiterrionic amphipols called NAPols have been synthesized (Sharma et al 2012 JACS). NAPols are therefore relevant tools for our system because they allow to mix MexAB-proteoliposomes and OprM trapped in NAPol (Figure 84) without perturbing the membrane of the liposomes.

Upon generation of a proton gradient with (black trace (b)) or without (grey trace (a)) substrate, pH inside of control liposomes slowly decreases because of the passive entrance of protons. For the MexAB proteoliposomes, in the absence of substrate (light green trace (c)) a substrate-independent basal activity of MexAB is observed, on which OprM trapped in NAPols has no effect. By contrast, in the presence of substrate (deep green trace (d)), the generation of a proton gradient leads to a faster decrease of the pH. This is due to the substrate-dependent activity of MexAB enhanced by the presence of OprM. 
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Conclusions

To conclude on this functional test of the whole pump, the efflux pump has successfully been assembled in vitro and is functional. Three main conclusions can be drawn:

-OprM opens upon interaction with MexB and MexA, -OprM enhances the activity of MexB, -MexA is required for the interaction between MexB and OprM.

Below, two interpretations for the enhancement of MexB activity upon interaction with OprM, and for the role of MexA in the interaction between MexB and OprM are described. Each explanation is related to one of the efflux pump assembly models (presented in § "4.3.2.1 OMF-RND docking" p 79 & "4.3.2.2 MFP-mediated model" p 83).

Interpretation in accordance with the MFP-mediated model

The enhancement of MexB activity upon interaction with OprM could be ascribed to the interaction of the substrate with its encountered environment. In this model, six monomers of MexA would form a hexameric funnel-like channel that would dock to the periplasmic part of MexB. This conformation can explain the enhancement of MexB activity in the presence of MexA (see § "1.2 Conclusions" p 159). Indeed, it can be suggested that the interactions between the MexA-funnel and OprM induce structural changes in the MexA-funnel that would make it even more hydrophilic, which would thus further accelerate the substrate exit.

According to the MFP-mediated model, MexA is required for the interaction between the RND and the OMF since it acts as a bridge between the two proteins (see Figure 85 A). Therefore the fact that MexA is required for the interaction between MexB and OprM support the MFP-mediated model. 

Explanation in accordance with the RND-OMF docking model

According to this model the enhanced activity of MexB in the presence of MexA is related to the alternative closing of the cleft by MexA (see § "1.2 Conclusions" p 159).

In the absence of OprM, once the hydrophobic substrate is in the docking domain of MexB, it leaves the RND by diffusion. It was suggested that total extrusion of the substrate from AcrB would require additional driving forces in the RND (Schulz et al 2010 PLoS Comput. Biol.).

If we believe in the RND-OMF docking model, OprM, whose inner surface is rather polar (see Figure 86), directly docks to MexB and provides a hydrophobic environment to the substrate (Figure 85 B). This environment accelerates the exit of the substrate from MexB because it confines the substrate in a hydrophilic medium from which the substrate will diffuse faster (this conclusion is on the same line as the one described in § "1.2.2 Scientific conclusions" p 160). The results presented here open the way towards a better understanding of the efflux pump mechanism. We now believe that i) MexB has a substrate-independent activity, ii) that MexA is required for both substrate dependent and optimal activity of MexB, and for the interaction between MexB and OprM, and iii) that OprM opens upon interaction with MexA and MexB and enhances the activity of MexB.

My results are compatible with both the RND-OMF docking and MFP-mediated models and do not allow to exclude one of the models.
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Perspectives

Several perspectives can be envisaged as follow-ups of the present PhD project.

First of all, the RNA scaffold that is encapsulated in the OprM-proteoliposome could be modified. It has a restriction site in which any nucleic acid material can be inserted. So for instance, an aptamer specific of a given substrate of MexB whose fluorescence would rise only upon interaction with this aptamer could be inserted.

The SELEX method (Systematic Evolution of Ligands by EXponential enrichment) allows selecting aptamers specific for any given target. In particular one can select fluorescent aptamers (Wang et al 2011 Curr. Med. Chem.) or modify them in order to make them fluorescent (Nutiu et al 2005 Meth.). Therefore other substrates of MexB that interact with a given aptamer but that are not necessarily DNA-intercalating agent could be used as a probe to monitor the pump assembly.

Secondly, the effect of mutations, carried by the three proteins, on the efflux pump assembly could be investigated. The same MexA mutants than these described in § "1.3 Perspectives" p 176 could be tested in this in vitro test. Open mutants of OprM (double mutant: Asp416Ala / Arg419Ala and quadruple mutant: Arg403Leu / Tyr404Phe / Asp416Ala / Arg419Ala, see Figure 88 It can be argued that the in vitro test presented here, allows the monitoring of the functional assembly of the efflux pump "only". Indeed, if the efflux pump assembles but if no substrate is transported (as with the MexB Asp407Asn mutant), the assembly is not detected. A method to tackle this drawback could be FRET (Föster Resonance Energy Transfer). Indeed, adding relevant fluorescence probes on each partner would allow detecting functional and non functional assemblies of the efflux pump. For instance if some mutant prevent transport through the pump but not the assembly of the pump the system presented here does not allow to detect the assembly but a FRET experiment would. after two passages at 2.4 kbar. The suspension is then centrifuged at 9000 g during 20 min at 4°C several times, until no pellet is visible upon centrifugation (usually two or three times). The supernatant is centrifuged at 100,000 g during 1 h at 4°C and the three membrane pellets are resuspended in 10 mL of Bis-Tris 10 mM pH 7.4; glycerol 20%, imidazole 10 mM and NaCl 500 mM. Then a Bicinchoninic acid (BCA) test from Sigma is run in order to determine the quantity of proteins in the membrane (usually around 15 mg/mL). Then twice the weight of total protein of DDM is added to the membrane with a final concentration of 2% (w/v) of DDM (membrane are diluted in the same buffer if necessary). Membranes are solubilized overnight at 4°C under gentle stirring on a carousel. The mixture is centrifuged 1 h at 100,000 g at 4°C. The supernatant is then incubated with 3 mL of Ni-NTA resin (previously equilibrated with the buffer R, see below for the composition of the buffers) for 2 hours. The resin is then poured in a plastic Biorad column and the flow through (FT) is collected.

Then the resin is washed with 50 mL of buffer R (Wash, W, is collected). MexB is eluted thanks to 10 mL of buffer E (imidazole 300 mM and the elution fraction, E, is collected). All the fractions are subjected on a SDS-PAGE (see Figure 89). Samples loaded on the SDS-PAGE are not heated to prevent aggregation in the well. The 10 mL are then concentrated to 2.5 mL (using an Amicon with a cut-off of 100 kDa) and loaded on a PD-10 desalting column from GE previously equilibrated with buffer X and eluted with 3.5 mL of buffer X. Finally the concentration of MexB is evaluated (ε MexB =0.85 mg.mL -1 .cm -1 ), the protein is aliquoted, freezed in liquid nitrogen, and stored at -20°C. 

Purification of MexA

Cells are then lysed thanks to a cell-D (Constant LTD) at 4°C after two passages at 2.4 kbar. The suspension is then centrifuged at 9000 g during 20 min at 4°C several times, until no pellet is visible upon centrifugation (usually two or three times). The supernatant is centrifuged at 100,000 g during 1 h at 4°C and the three membrane pellets are resuspended in 10 mL of Tris-HCl 20 mM pH 8, glycerol 10%, imidazole 15 mM. Then a BCA test from Sigma is run in order to determine the quantity of proteins in the membrane (usually around 9 mg/mL). Then 40 times the weight of total protein of β-OG is added to the membrane with a final concentration of 2% (w/v) of β-OG (membranes are diluted in the same buffer if necessary). Membranes are solubilized overnight at RT under gentle stirring on a carousel. The mixture is centrifuged 1 h at 100,000 g at 4°C and 0.2% of N-Lauryl sarkosyl is added. The supernatant is then incubated with 3 mL of Ni-NTA resin (previously equilibrated with the buffer R, see below for the composition of the buffers) for 2 hours. The resin is then poured in a plastic Biorad column and the flow through (FT) is collected.

Then the resin is washed with 50 mL of buffer R (Wash, W, is collected). MexA is eluted thanks to 10 mL of buffer E (imidazole 300 mM and the elution fraction, E, is collected). All the fractions are subjected to a SDS-PAGE (see Figure 91). The 10 mL are then concentrated to 2.5 mL (using an Amicon with a cut-off of 30 kDa) and loaded on a PD-10 desalting column from GE previously equilibrated with buffer X and eluted with 3.5 mL of buffer X. Finally the concentration of MexA is evaluated (ε MexA 280nm =0.446 mg.mL -1 .cm -1 ), the protein is aliquoted, freezed in liquid nitrogen and stored at -20°C. 

Purification of OprM

Cells are then lysed thanks to a cell-D (Constant LTD) at 4°C after two passages at 2.4 kbar. The suspension is then centrifuged at 9000 g during 20 min at 4°C several times, until no pellet is visible upon centrifugation (usually two or three times).

N-octylpolyoxyethylene (C 8 POE) is added (2% final) to the supernatant and the mixture is incubated 30 min at 37°C. C 8 POE is a detergent that has been shown to specifically solubilize bacterial inner membranes. The resulting suspension is centrifuged at 100,000 g during 1 h at 4°C and the three membrane pellets (containing the outer membrane, hence OprM) are re-suspended in 10 mL Tris-HCl 20 mM pH 8, glycerol 10% imidazole 25 mM. Then a BCA test from Sigma is run in order to determine the quantity of proteins in the membrane (usually around 12 mg/mL). Then 40 times the weight of total protein of β-OG is added to the membrane with a final concentration of 2% (w/v) of β-OG (membranes are diluted in the same buffer if necessary). Membranes are solubilized overnight at RT under gentle stirring on a carousel. The mixture is centrifuged 45 min at 50,000 g at 4°C. The supernatant is then incubated with 3 mL of Ni-NTA resin (previously equilibrated with the buffer R, see below for the composition of the buffers) for 2 hours. The resin is then poured in a plastic Biorad column and the flow through (FT) is collected.

Then the resin is washed with 50 mL of buffer R (Wash, W, is collected). OprM is eluted thanks to 10 mL of buffer E (imidazole 300 mM and the elution, E, fraction is collected). All the fractions are subjected to a SDS-PAGE (see Figure 92). 
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The 10 mL are then concentrated to 2.5 mL (using an Amicon with a cut-off of 100 kDa) and loaded on a PD-10 desalting column from GE previously equilibrated with buffer X and eluted with 3.5 mL of buffer X. Finally the concentration of OprM is evaluated (ε OprM =0.875 mg.mL -1 .cm -1 ), the protein is aliquoted, freezed in liquid nitrogen and stored at -20°C. Then the pellet is re-suspended in 10 mL of water and loaded on a continuous sucrose gradient (20 to 50% of sucrose) and centrifuged overnight at 100,000g at RT. The purple membrane collected, aliquoted and stored at -80°C.

Before reconstitution and after thawing, proteins are ultracentrifuged 20 min at 100,000 g at 4°C in order to remove aggregates. Concentration of the protein is determined upon ultracentrifugation from its spectral absorption at 280 nm (protein) and at 540 nm (retinal) (ε Retinal of BR =2.05 mg.mL -1 .cm -1 ). 

RNA extraction

The solution is incubated with 40 mL of phenol during 2 hours under gentle stirring at RT. The mixture turns from white to green and is centrifuged 15 min at 3200 g. The supernatant is incubated with two volumes of ethanol and 1/20 of NaCl 5 M, a precipitate is formed and the mixture is centrifuged 5 min at 3200 g. The pellet is dried under the fume hood for 5 min and 10 mL of distilled water is added.

Purification of ref-f

The RNA is then purified by anion exchange chromatography. The solution is loaded on a Source Q column previously equilibrated with KPi 20 mM pH 6.5 (Buffer A) and washed with 500 mL of KPi 20 mM pH 6.5, NaCl 400 mM (40% of buffer B: KPi 20 mM pH 6.5 NaCl 1 M). The RNA is then eluted thanks to a gradient of 350 mL from 40% to 55% of buffer B (Figure 94). Bio-Beads washing (RT): 10 g of Bio-Beads are incubated with 50 mL of methanol during 30 min, methanol is discarded and Bio-Beads are incubated with 50 mL of ethanol during 30 min, ethanol is discarded. The same step is repeated three times with water. Before being weighted, Bio-Beads are dried, simply by placing them on a kimwipe paper during one minute.

Purification

The non-encapsulated pyranine is then removed using a PD-10 desalting column from GE. The column is rinsed with 16 mL of distilled water and with 16 mL of HEPES 25 mM pH 7, K 2 SO 4 100 mM, MgSO 4 2 mM. 2.5 mL of liposomes are loaded on the column and they are then eluted with 3.5 mL of HEPES 25 mM pH 7, K 2 SO 4 100 mM, MgSO 4 2 mM.

The size and the polydispersity of the liposomes population are then checked using a Nanosizer from Malvern®.

Upon reconstitution, diameters of MexAB-BR-proteliposomes are about 100 nm and the polydispersity is 0.1.

Fluorescence assay

Fluorescence measurement are conducted at 25°C with continuous stirring using a JASCO FP-6200 spectrofluorometer. 

Reconstitution

Liposomes are dissolved at this concentration of β-OG under gentle stirring (carousel) at 4°C and MexA and MexB are added in the following weight-to-weight ratios: lipids/MexB=20, MexB/MexA=2.5. Detergent removal is achieved upon addition of Bio-Beads (previously washed) at a Bio-Bead to detergent ratio of 30 (w/w) overnight at 4°C.

Purification

The non-encapsulated pyranine in then removed using a PD-10 desalting column from GE. The column is rinsed with 16 mL of distilled water and with 16 mL of HEPES 25 mM pH 7, K 2 SO 4 100 mM, MgSO 4 2 mM. 

Reconstitution

Liposomes are dissolved at this concentration of β-OG under gentle stirring (carousel) at RT. OprM is added in the following (w/w) ratio: lipids/OprM=20.

Detergent removal is achieved upon addition of Bio-Beads (previously washed with methanol, ethanol and water) at a Bio-Bead/detergent ratio of 30 (w/w) overnight at RT.

Purification

Non-encapsulated RNA is removed thanks to anion exchange chromatography. A Sephadex Q column is equilibrated with HEPES 25 mM pH 7, K 2 SO 4 100 mM, MgSO 4

2 mM and liposomes are loaded. Non-encapsulated RNA is trapped in the column and liposomes are collected in the flow through (see Figure 98). RNA is then eluted thanks to a wash with NaCl 1 M. 
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  information about P. aeruginosa and its mechanisms of resistance, an overview of what is known on multi drug-efflux pumps and I explain to what extent liposomes are useful to study these kind of proteins. Then, in the second part, I describe the functional investigation of MexB and then the functional investigation of the whole pump.
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  organic remains…). The genome of P. aeruginosa is one of the largest genome in the prokaryotic world (5570 open reading frames; LaBaer et al 2004 Genome Research) and encodes an unusually high number of proteins involved in regulation, transport and virulence factors (Kipnis et al 2006 Med Mal Infect & Normark et al 2002 J Intern Med). This feature explains the high adaptive capacity and versatility of this species.

Figure 1 :

 1 Figure 1:!Scanning electron micrograph of P. aeruginosa. Image from visual photo, enlargement: 10 000x!

  ) or just nullify growth (bacteriostatic). The first generation of antibiotics comprises natural products elaborated by one species of bacteria or fungi as chemical weapon to kill off other microbes in their neighbouring microenvironment. Screening of soil samples in order to find compounds that kill bacteria spotlighted most of the antibiotics composing this class. This includes antibacterials produced from fungi (penicillin and cephalosporins) or from bacteria such as Streptomyces (streptomycin, erythromycin, tetracycline and vancomycin). Semisynthetic modifications of existing antibiotics backbone have produced second and third class of penicillin and cephalosporin. Second generation of erythromycin (clarithromycin and azithromycin) and of fluoroquinolones (ciprofloxacin) were created from chemistry total synthesis. Depending on the metabolism they target, antibiotics are classified in four families (Walsh 2000 Nature).

Figure 2 :

 2 Figure 2: Schematic representation of the peptidoglycan in Gram positive (A) and in Gram negative bacteria (B).
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Figure 3 :

 3 Figure 3: Peptidoglycan synthesis. Orange, yellow, green and blue discs represent amino acids (respectively, L-Ala, D-Glu, L-Lys and D-Ala). The grey shape corresponds to the glycosyl backbone. (Adapted from Walsh 2000 Nature)

Figure 4 :

 4 Figure 4: Antibiotics preventing the peptidoglycan synthesis. A) Formation of a slowly hydrolysing covalent acyl enzyme intermediate that inhibits the transpeptidase activity. B) Inhibition of the transpeptidase by the vancomycin-d-Ala-d-Ala complex involving five hydrogen bonds. Adapted from Walsh 2000 Nature.

Figure 5 :

 5 Figure 5: Antibiotics target sites during bacterial protein synthesis. Adapted from Wilson 2014 Nature Review Microbiology.

  key enzyme in DNA replication and repair in bacteria is the enzyme DNA gyrase. It is responsible for the uncoiling of the intertwined circles of doublestranded bacterial DNA that arises after each round of DNA replication. It belongs to the DNA-topoisomerase family, which is divided into two types, based on the transient breaks they make in the DNA (type I generate single strand breaks, type II generate double strand breaks). Bacterial gyrases are type II topoisomerases and the transient cleavage of both DNA strands involves the reversible attachment of the 5' ends of the cleaved DNA to tyrosyl residues on each of the two GyrA subunits.

Figure 6 : 2 . 4 3 3 . 1

 62431 Figure 6: Quinolones antibiotics mode of action. They bind to topoisomerase II or IV and change the DNA supercoiling. Adapted from Kohanski et al 2010 Nature Review Microbiology.

Figure 7

 7 Figure 7 below represents a timeline of the introduction of antibiotics on the drug market as well as the outbreaks of related resistance. Decade after decade, time period between the introduction of an antibiotic and the appearance of resistance is getting shorter and shorter.

Figure 7 :

 7 Figure 7: Antibiotics introduction on the market and appearance of their resistance. Adapted from Hede 2014 Nature.

Figure 8 :

 8 Figure 8: Vancomycin interaction with peptides. A) Interaction existing in a wild type bacteria. Vancomycin prevents peptide interaction with the transpeptidase. B) Modified interactions present in a vancomycin-resistant strain, one of the hydrogen bound is abolished. Adapted from Walsh 2000 Nature

Figure 9 :

 9 Figure 9: Summary of the main antibiotic resistance mechanisms.

Figure 10 :

 10 Figure 10: Presumed mechanism of resistance gene capture by integrons: An integron includes the specific integration site (attI, in green) and the gene for a site-specific integrase (in blue). If a resistance gene, containing the 59-bp element (pink) is available (here gene 1 in red) it is integrated at the attI site. This generates faint changes in attI sequence (now in red and pink). The system can then accept a second resistance gene (here in orange) and the same mechanism can be repeated on and on, up to eight times. The resistance genes are all in the same orientation and are thus transcribed by the powerful promoter of the integron (Pant). Adapted from Rowe-Magnus et al 1999 Curr. Opin. Microbiol.

  recognized and cut (single strand) by the VirD/TraI enzyme. This enzyme and the 5' end of the cut strand are covalently bound and transported by a complex composed of a dozen of different proteins following a mechanism called "mating pair formation". While the resistance plasmid is exported into the recipient cell, in the donor cell the genetic information is maintained thanks to the replacement of the leaving strand via a rolling circle replication mechanism. Hence, the resistance plasmid exists both in the donor and recipient cell. This entry of DNA of foreign origin escapes the host endonuclease action because the initial DNA piece that enters is single-stranded. Indeed, endonucleases target double-stranded DNA only. This inactivity of endonuclease is reinforced by the fact that some resistance plasmids are equipped with mechanisms that prevent restriction endonucleases to play their role (Schröder et al 2005 Plasmid & Christie et al 2005 Annu. Rev. Microbiol.). Bacteria have developed many resistance mechanisms including production of a specific enzyme and a large variety of transporters. Because of powerful systems possessed by bacteria, these mechanisms are transferred very efficiently to future generations of pathogens. The next paragraphs focus on a specific resistance mechanism: multidrug efflux pump. This mechanism plays a pivotal role in the current issue of multidrug resistance.

Figure 11 :

 11 Figure 11: Schematic representation of the main MDR-transporters

Figure 12 :

 12 Figure 12: The three main domains of MexB and their subdomains. This Ribbon diagram of the trimer of MexB is viewed from the membrane plan. Adapted from Sennhauser et al 2009 J. Mol. Biol.
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Figure 13 :

 13 Figure 13: Topology diagram of one protomer of AcrB. Dotted lines represent disordered polypeptide segments. Adapted from Murakami et al 2002 Nature.

  the tip of the periplasmic part of AcrB and MexB. The docking domain consists of two sub-domains DN and DC. Thanks to a long hairpin structure (around 35 Å, protruding from DN) each monomer inserts into the next one providing a very strong interaction, holding the headpiece together (Lu et al 2011, J. Mol. Biol. & Lu et al 2012 J. Mol. Biol. & Yu et al 2011 PLoS ONE).
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Figure 14 :

 14 Figure 14: Substrate access in the loose state. AcrB asymetric trimer (deep blue: loose conformation; grey: tight, blue-grey: open). The cleft is in orange and the vestibule (groove) is in pink. PDB 4DX7.

Figure 15 :

 15 Figure 15: Substrate access in the three states of the monomer. The cleft is in orange and the vestibule (groove) is in pink

Figure 16 :

 16 Figure 16: Binding pocket in the tight state of AcrB. The proximal pocket is delimitated but the amino acids in green and the deep binding pocket, in with a doxorubicin molecule (in blue) is trapped, by the amino acids in red. The deep blue monomer is in the Loose conformation and the grey is in Tight conformation; PDB 4DX7

4. 2 . 1 . 1 . 3

 2113 The open state (O): substrate extrusion In this state the conformation of PN1 and PC2 close the lateral entrance of the hydrophobic cavity (which is wide open in the loose state and accessible in the tight state) (Figure 15 p 50). During the transconformation from tight to open, PN2 and PC1 move back toward PN1 and PC2, the substrate is squeezed out of its hydrophobic cavity because the space in the cavity is greatly decreased. These conformational changes are helped by the motion of PC2 toward PC1. The tilting of PN1 (about 12-15° compared with the two other helices) opens the tunnel pathway to the funnel-like part of AcrB, allowing the substrate to access the TolC docking domain. In the open state, substrate binding from the periplasm is impossible. This mechanism suggests an interdependence of the monomers. Indeed, the loosetight-open conformation is presumably the lowest energy form of the AcrB trimer in the presence of substrate (Seeger et al 2008 Curr. Drug. Target. & Yao et al 2010 Nat.

Figure 17 :

 17 Figure 17: Schematic representation of the substrate transport in AcrB based on the peristaltic pump model. The beige losange represents the substrate. The triangles represent AcrB monomers in the distinct conformations; deep blue: loose (L), grey: tight (T) and blue-grey: open (O). Adapted from Pos 2009 BBA.

(

  which is known to poorly transport macrolides), the switch loop of (Gly616Asn) AcrB and that of MexB have the same conformation (Eicher et al 2012 PNAS). It has been suggested (Pos 2009 BBA & Edward Pak et al 2013 PNAS) that the cleft might not be an access pocket but way out of the RND for the non-substrate molecule of AcrB that would have entered the RND by the groove.

!

  

Figure 18 :Figure 19 :

 1819 Figure 18: Drug access and pathway in AcrB in each step of the peristaltic pump mechanism. The purple color is the substrate. Numbers 1 to 3 localize the several drug access pockets: 1 is the groove; 2 is the cleft and 3 is the large central cavity. Adapted from Nakashima et al 2011 Nature.

  al 2010 Structure). OMF are 140 Å long and homotrimeric (Figure 20), each monomer carrying an internal repetition. Indeed they have a structural repeat of a two-stranded β-sheet and α coiled-coil α-helices pair in each monomer. In OprM the N-terminal part (residues 61 to 239) and the C-terminal part (residues 273 to 447) can be aligned with a sequence identity of 22%. It has four distinct domains. i) The outer membrane domain is 40 Å long and consists of a 12-stranded β-barrel (4 strands provided by each protomer). It is constitutively open to the external medium.

Figure 20 :

 20 Figure 20: Ribbon diagram of OprM and TolC. Adapted from Phan et al 2010 Structure.

Figure 21 :

 21 Figure 21: Close state of OprM (panel A) and TolC (panel B). The residues involved in the salt bridge are in yellow, orange and green. Adapted from Phan et al 2010 Structure.

7 and 8 .Figure 22 :

 822 Figure 22: Crystal structure of the open and close states of TolC. View from the bottom of the channel along the trifold symmetry axis. A) Classical close structure of TolC (wt). B) Open structure of TolC (Tyr362Phe -Arg367Glu mutant) in the P2 1 2 1 2 1 space group. C) Open structure of TolC (Tyr362Phe -Arg367Glu mutant) in the C2 space group. Adapted from Bavro et al 2008 Molecular Cell.

  Biophy. J. & Schulz et al 2009 Biophy. J.). The structure of MtrE, the Outer Membrane Factor of the efflux pump (MtrC-MtrD-MtrE; RND-MFP-OMF) from Neisseria gonorrhoeae was very recently solved (Lei et al 2014 PLoS ONE). Interestingly, in this 3.29 Å resolution structure, the OMF is in the open state. This is the first time that a wild type OMF is captured in the open state. The interior of the channel forms a continuous and elongated tunnel, which is fully open and accessible from the outer membrane surface and the periplasmic end of MtrE. This open structure suggests that MtrE might be able to open by itself without any interaction with the MFP or the RND, by contrast to OprM and TolC.

Figure 23 :

 23 Figure 23: The most well-known MFPs. Adapted from Greene et al 2013 FEBS Letters and Hinchliffe et al 2013 Annu. Rev. Microbiol.

α

  Differences in AcrB over-expression probably explain why this fourth partner is not always found in the AcrB crystal structures. YajC 4.2.4.1 In 2007, Susanna Törnroth-Horsefield and colleagues solved a structure of AcrB in a close association with novel single TM helix. This single TM helix has 37 residues and is 54 Å long. It extends across the entire width of the membrane. It interacts with TM 2, TM 7, TM 11 and TM 12 of AcrB. The comparison of AcrB structures in the presence or in the absence of YajC reveals significant conformational changes,certainly induced by YajC. In the AcrB-YajC structure there is a significant rotation of the TMs of the AcrB pore domain. A rotational movement is also observed in the TolC binding domain. In this structure, two ampicillin molecules fit in the binding pocket, suggesting that YajC does not prevent substrate binding. This twist is probably on a step leading to the opening of TolC.

Figure 24 :

 24 Figure 24: Separate flotation centrifugation of the inner membrane (open symbols) and of the outer membrane (close symbols). Adapted from Tikhonova et al 2004 JBC

  The efflux pump MtrC-MtrD-MtrE (respectively MFP-RND-OMF) from Neisseria gonorrhoea has been intensely investigated by Janganan and coworkers in 2013(Janganan et al 2013 Mol. Microbiol.). Interesting conclusions were drawn about the efflux pump assembly and the opening of the OMF. In this work, the close and open state of the OMF are evaluated by assessing the sensibility of the cell to vancomycin. Indeed, this antibiotic is a very large molecule that cannot penetrate the cell by slow passive diffusion(Bavro et al 2008 Mol. Cell.). As a matter of fact, Gram negative bacteria are not susceptible to vancomycin but become so if the OMF were to open and let the antibiotic diffuse inside the cell. Therefore vancomycin susceptibility is a way to monitor the OMF opening and closing. It was shown in this article that cells expressing the wild type MtrE or a mutant (Glu434Lys, which opens more easily than the wild type) remain resistant to vancomycin. Interestingly if the MFP, MtrC, is now expressed together with the latter versions of the OMF, cells expressing the WT become somewhat sensitive to vancomycin and cells expressing the mutant are highly sensitive to vancomycin. This means that MtrC is required by MtrE to open. This result confirms a previous study (Janganan et al 2011 JBC). Interestingly, it is proved that the full-length MFP is required to open MtrE since a truncated version of the MFP, consisting of the alpha helical hairpin domain only, is not able to open the OMF. When the RND, MtrD, is expressed with MtrCE, cells are resistant to vancomycin whereas when expressed with MtrCE-Glu434Lys cells are sensible to vancomycin. This result indicates that the RND can probably close the OMF to a certain extent.

Figure 25 :

 25 Figure 25: Suggested model of the efflux pump assembly. State 1: the preformed RND-MFP complex interacts with the OMF. Stage 2: This interaction triggers the opening of the OMF. Stage 3: the antibiotic is transported. Stage 4: the efflux pump disassembles. Adapted from Janganan et al 2011 JBC.

  Tikhonova et al investigated the assembly of the efflux pump AcrAB-TolC using SPR in 2011(Tikhonova et al 2011 Chemistry and Biology). First of all, they have designed, purified and characterized a biotinylated AcrB that efficiently attached to the metal surface. Using the DARPin used for the obtention of the crystal structure described in the group of Grütter(Sennhauser et al 2007 PLoS Biol. & § "4.2.1.1 RND mechanism" p.47), the homogeneity and the trimeric state of attached AcrB are demonstrated. Then the ability of this AcrB to bind substrates is studied. An antibiotic, novobiocin and an efflux pump inhibitor, PAβN are efficiently bound to

  paper of Tikhonova et al 2004 JBC, oleandomycin favours the tripartite assembly whereas, in the article from Touzé et al 2004 Mol. Microbiol., novobiocin does not (and even inhibits it). Next the authors have designed the experiment the other way around by attaching AcrA on solid support and by characterizing its interaction with its two partners. The model of interaction of AcrA with TolC can be divided into two steps: a first one which is slow and leads to a K D of 0.01 µM, and a second one which is fast and leads to a K D of 0.1 µM. An open mutant of TolC is then used to determine if the open state of TolC favours or inhibits the interaction with AcrA and AcrB. In this double mutant (Tyr362Phe-Arg367Glu) a salt bridge critical for the closing of TolC is abolished. Interestingly the interaction of this mutant with both AcrA and AcrB are much lower than with the wild type. It is therefore suggested that TolC probably interacts with AcrB in its close state and opens afterwards.

  Figure 26: Sensorgram of the tripartite efflux pump formation. Adapted from Tikhonova et al 2011 Chemistry and Biology.

  Figure 27: Suggested sequential mechanism for the interactions between each partner of the AcrA, AcrB, TolC efflux pump. Adapted from Bavro et al 2008 Molecular Cell.

[

  sulfosuccinimidyl 6-(3(2-pyridyldithio)-propionamido) hexanoate (LC-SPDP) and N-succinimidyl 3-(2-pyridyldithio)-propionate (SPDP)], allowing long or short distance cross-linking, respectively. After purification of AcrB, 12 of the AcrA cysteines were found cross-linked to AcrB. The reciprocal experiment was run and 7 of the 16 AcrB cysteines were found to cross-link to wild type AcrA. Thanks to these experimental data, a docking domain of AcrA on AcrB was highlighted (see Figure28).
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Figure 28 :

 28 Figure 28: Docking affinities of AcrA on AcrB, deduced from cross-linking assays. The colour gradient reflects all cross-linking data depending on the cross-linker (L or S). The dark blue to green color correspond to the areas where cross-linking involving the L-linker was spotted (dark blue: no cross-linking; from blue to green, increasing cross-linkage was observed. The other colours (yellow, orange and red) correspond to areas where cross-linking involving both L and S linker was spotted. Colours ranging from yellow to red indicate an increase in the proximity. Adapted from Symmons et al 2009PNAS.

Figure 29 :

 29 Figure 29: Main RND-OMF docked models. A) Fernández-Recio model: AcrB -AcrA -TolC . Adapted from Fernández-Recio

  et al 2004 FEBS Lett. B) Akama model: MexB -MexA -OprM , left or MexB -MexA -OprM , right. Adapted from model: AcrB 3 -AcrA 3 -TolC 3 . Adapted from Symmons et al 2009 PNAS. MFP-mediated model 4.3.2.2 In 2004, Higgins et al suggested a tripartite efflux pump assembly model without direct interaction between the RND and the OMF (Higgins et al 2004 PNAS). Owing to a 3.0 Å resolution crystal structure of MexA, a ring, consisting of nine MexA molecules was suggested. This ring is sufficiently large to form a sheath around the open state of TolC. The alpha helices of MexA may interact "tip-to-tip" with the bunch of alpha helices of OprM, thereby inducing or stabilizing the open state of the OMF. The remaining part of MexA (lipoyl domain / beta barrel / membrane proximal domain) could interact with the upper part of MexB creating a connection

  Finally, a model of the whole efflux pump assembly was suggested where a trimeric TolC and a hexameric AcrA are interacting tip-to-tip. The AcrA triangular coneshaped hollow fits the top of the AcrB periplasmic part. Besides, there are structural complementarities between the AcrA hexamer model and the substrate exit domain of AcrB.The efflux pump CusA (RND), CusB (MFP) and CusC (OMF) actively transport silver and copper ions in E. coli. The crystal structure of the CusAB complex was solved in 2011(Su et al 2011 Nature). Owing to a resolution of 2.9 Å of this complex, the following stoichiometry was established: each protomer of CusA specifically interacts with two elongated molecules of CusB. One monomer of CusB interacts with the upper regions of PN2, PC1 and DN subdomains of CusA. Another molecule of CusB bridges to the upper region of PC1, PC2 and DC of CusA. Each MFP also contacts with their neighbouring MFP forming an hexameric funnel-like channel at the top of CusA trimer. The RND and the MFP interact via charge-charge, chargedipole and dipole-dipole interactions. CusB protomers adopt two distinct conformations in the complex; presumably representing different transition states of CusB. Indeed, it is known that MFPs are highly flexible and switch from one conformation to another upon metal binding (De Angelis et al 2010 PNAS & Bagai et al 2007 JBC). Therefore CusB is likely to be involved in the active transport of ions. Shortly afterwards, a model of assembly of the CusABC efflux pump and a mechanism of metal ions transport were suggested. (Long et al 2012 Phil. Trans. R.

  protomer of AcrA bridges the upper region of the subdomain of PC1, PC2 and DC of AcrB. The membrane proximal domain of AcrA shifts toward the PN2 subdomain of AcrB so that only the upper regions of PN2 and DN contact AcrA. A compartment is formed by the β-barrel and lipoyl domain of AcrA and the bottom of this compartment opens into the funnel of AcrB. Thanks to a cross section of the reconstruction, a tunnel, open to the cell exterior, extending from the funnel in the periplasmic part of AcrB up to the β-barrel of TolC is highlighted (see Figure 30). The tunnel is sealed off from the cytoplasm and the periplasm. As explained § "4.2.2.2The open and close states" p.60, in the crystal structures, TolC is in a closed resting state, however, the conduct implies that TolC is in its open state. In this article, it is suggested that TolC opens upon interaction with AcrA. In this model AcrB acts as a platform thanks to which the hexameric AcrA funnel is properly formed. Then, TolC can easily dock on this conduct. The OMF probably remains open during the whole substrate transport.

Figure 30 :

 30 Figure 30: Main MFP-mediated models. A) Higgins model, stoichiometry (AcrB 3 -AcrA 9 -TolC 3 ). B) Xu model stoichiometry (AcrB 3 -AcrA 6 -TolC 3 ), C) Su model stoichiometry (CusA 3 -CusB 6 -CusC 3 ). D) Du model stoichiometry (AcrB 3 -AcrA 6 -TolC 3 ). Adapted from Higgins 2004 PNAS, Xu 2011 JBC, Su 2011 Nature, Du 2014 Nature.

Figure 31 :

 31 Figure 31: Lipid composition of E. coli and P. aeruginosa. Adapted from Epand et al 2010 AAC.

Figure 32 :

 32 Figure 32: Phospholipids classification depending on the chemical substituent of the polar head group.

Figure 33 :

 33 Figure 33 : Phosphatidylcholine represention, adapted from Avanti polar lipids®

  In a lipid bilayer, rotation around the single C-C bonds of the hydrophobic chain is possible. Thus, C-C bonds are either trans (in this case the tail is totally stretched) or cis (inducing a break in the chain direction). At low temperature most of the chains are in the trans conformation, the chains are thus parallel to each other and the membrane is in a rigid and organized phase, the gel phase. If the temperature increases, the probability of the cis <-> trans isomerization rises and chains are no longer parallel. Above a given temperature, named transition temperature, the membrane is in a disordered fluid phase, in which hydrophobic chains rotate around an average axis perpendicular to the membrane plan. The tails are no longer stretched and the thickness of the bilayer decreases. The transition temperature depends on the length of the chains and on the number of insaturations, hence the transition temperature is highly dependent on the lipid composition (see Figure34).

Figure 34 :

 34 Figure 34: Transition temperature of different phospholipids. Phospholipids can be described with the number of carbon in the tail and the number of double bond. For example DOPE has 18 carbons in each aliphatic tail and one double bond on each. The transition temperature increases with the length of the chain and decreases with the number of double bounds. Adapted from Avanti polar lipids®

Figure 35 :

 35 Figure 35: Liposome classification depending on their size and on their number of bilayers.

!Figure 36 :

 36 Figure 36: Liposome preparation. Adapted from Avanti polar lipids®

Figure 37 :

 37 Figure 37: Schematic representations of membrane protein purification and reconstitution in liposomes. Detergents are required to extract membrane protein from their native membrane and to maintain them in a hydrophobic environment. Removal of detergent triggers the incorporation of the membrane protein in liposomes. Adapted from Lévy et al 2003 Meth. Enzymol
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Figure 38 :

 38 Figure 38: Phospholipids and detergent shape, packing parameter and spontaneous self-assembly. Adapted from Israelachvili 1980 Q. Rev. Biophys.

  Membrane solubilization is described by a three-stage model. This model has been extensively investigated and is classically characterized by monitoring light scattering of a liposome suspension as a function of detergent addition (see Figure39).During stage I, detergent monomers are either soluble in water or inserted into the liposome membrane. Light scattering usually remain steady, or slowly increases, during stage I. This equilibrium exists up to a certain detergent to lipid ratio, R sat , above which the membrane is saturated. R sat is the starting point of stage II where detergent-saturated liposomes are in equilibrium with detergent-phospholipids mixed micelles. During this stage, light scattering decreases. At a lipid to protein ratio named R sol , the last detergent-saturated liposome is solubilized and the system only consists of detergent/phospholipids mixed micelles. The light scattering is steady.

Figure 39 :

 39 Figure 39: Three stages model during liposome solubilisation. Turbidity as a function of the detergent to lipid ratio upon addition of detergent on a liposome suspension. Three stages can be defined: during stage I detergent molecules insert into liposome membranes up to Rsat which correspond to the beginning of stage II. During all stage II, lipid-detergent mixed micelles are in equilibrium with detergent-saturated liposomes. Stage III starts at Rsol, all liposomes are solubilized and the system only consists of mixed micelles. Adapted from Lévy et al 2003 Meth Enzymol.

Figure 40 :

 40 Figure 40: Detergent cooperativity during a bilayer solubilisation. Detergent binding as a function of unbound detergent, at a fixed lipid concentration. Below C sat , detergent insert into the membrane in a non-cooperative mechanism. Above C sat detergent molecules cooperatively interact to insert into the membrane. Above the CSC large lipid-detergent fragments are formed and the system consists of mixed micelles. Adapted from le Maire et al 2000 BBA.

  formation follows a three-stage model which are the symmetrical opposites of those described above for solubilization: micellar equilibration up to the onset of liposome formation, R sol (stage III); progressive transformation of mixed micelles into detergent-saturated liposomes up to R sat (stage II) and detergent removal from liposomes (stage I).

Figure 41 :

 41 Figure 41: Simple phase diagram of a given lipid mixture and detergent; detergent concentration as a function of lipid concentration. The red line corresponds to the detergent concentration required to reach R sat for different lipid concentrations; its slope corresponds to R sat . The blue line corresponds to the detergent concentration necessary to solubilize all the liposomes for different lipid concentrations; its slope corresponds to R sol . Both lines determine sections of lipid/detergent ratio at which different components can be found: free detergent monomer, liposomes saturated with detergents and mixed lipid-detergent micelles (from bottom to top in the Figure). Extrapolating both lines to zero defines the concentration of free detergent monomer at the saturation point and at the solubilization point, respectively. Adapted from Lichtenberg et al 2012 Trends in Biochemical Science.

Figure 42 :

 42 Figure 42: Schematic representation of detergent removal-mediated proteoliposome formation. Liposomes are prepared, solubilized, the membrane protein in detergent and polystyrene beads are added. Detergent adsorption on beads triggers the insertion of the protein in the liposomes.

Figure 43 :

 43 Figure 43: Membrane protein orientation in liposomes after reconstitution depending on the solubilization state of liposomes. If the liposomes have been solubilized at a detergent concentration corresponding to the R sat , all proteins will have the same orientation in the liposome. If the liposomes have been solubilized at a detergent concentration corresponding to the R sol , all liposomes have been solubilized. Upon detergent removal, the proteins will thereby have a 50 / 50 orientation in the liposomes. Adapted from Lévy et al 2003 Meth Enzymol.

  step in protein reconstitution. Below are listed the detergent removal technics, their limitations and advantages (Lévy et al 2003 Meth. Enzymol & Ollivon et al 2000 BBA). Dialysis 5.3.3.1

Figure 44 :

 44 Figure 44: Schematic representation of membrane protein reconstitution depending on the detergent removal rate and on the protein.

  al 2009 J. Antimicrob. Chemother. & Bohnert et al 2010 AAC) and the investigation of the effect of mutations on the MIC of antibiotics (Guan et al 2001 J. Bacteriol; Mao et al 2002 Mol. Microbiol.; Middlemiss et al 2004 J. Bacteriol.; Tikhonova et al 2002 J. Bacteriol.).In vitro functional studies offer the possibility of studying purified proteins isolated from the complexity of in vivo systems. As indicated above, in vitro studies make it possible to estimate kinetic constants(Zgurskaya et al 1999 PNAS), as well as to depict the individual catalytic steps of the reaction or to focus on conformational changes linked to transport activity(Mehmood et al 2012 PNAS; Seeger et al 2006 Science; Seeger et al 2009 BBA). These features cannot be easily studied in a native environment because of the strong influence of protein-protein and protein-lipid

Figure 45 :

 45 Figure 45: AcrB reconstitution in liposomes. Cartoon representation of proteoliposomes reconstituted with AcrB in the presence of a proton gradient, together with an AcrB substrate and a pH variation reporter, pyranine
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Figure 46 :

 46 Figure 46: Valinomycin-mediated acidification of a liposome.

biocidal

  Cu(I) and Ag(I) ions. In 2010, Yu et al described a high-resolution structure of the RND CusA(Long et al 2010 Phil Trans R. Soc. B). They also designed a functional assay for obtaining experimental evidence regarding the proton pathway suggested by the X-ray crystal structure. In this study, CusA was reconstituted in liposomes containing the indicator Phen Green SK, which fluorescence quenches in the presence of Ag + . A proton gradient (acidic inside) was generated by dilution of liposomes containing HEPES KOH at pH 6.6 in a buffer containing HEPES KOH at pH 7.1. This experiment was performed on a stopped-flow apparatus. In CusA proteoliposomes in the presence of a proton gradient, Phen Green SK fluorescence decreased, indicating that CusA transports Ag + . When CusA was mutated at residues involved in the proton pathway (these were identified based on the crystal structure), Phen Green SK fluorescence was steady. This result indicates that the proton pathway described by these authors is relevant.As stated above, functional in vitro assays have been shown to be an excellent and tunable tool for the characterization of transport activity at the molecular level. The active reconstitution of a protein in a membrane-mimicking environment and the necessity of vectorial substrate translocation, which are essential features of these assays, at the same time represent the bottle-neck step in developing functional in vitro assays for membrane protein transporters.The goal of my PhD is to study the constitutive efflux pump MexA-MexB-OprM of P. aeruginosa. As described in the first chapter, thanks to the crystal structure of each protein, relevant models about the interaction between the partners and the possible efflux pump assemblies have been established. Nevertheless, functional studies about this efflux pump are scarce. This is probably due to the fact that designing such assays involves several challenging requirements as: over-expression and purification of significant amounts of each protein, reconstitution of the proteins in phospholipid bilayers, generation of a proton gradient and choice of a transport index.A functional assay of the efflux pump would nevertheless be extremely useful because it could allow, among other things, to define factors that inhibit or favor the pump assembly and the screening of efflux inhibitors.During the first part of my PhD, I have focused on the protein that plays the most prominent role in the tripartite efflux pump: the RND transporter, MexB. Indeed, this membrane protein is essential because it recruits the substrate and initiates its transport thanks to the proton-motive force. Unexpected conclusions, which are described in the first part of this chapter, were drawn from this study. In the second part of my PhD, I have designed a functional assay for the whole efflux pump. This assay, which is very innovative as it involves the reconstitution of an efflux pump assembly in a system mimicking the two membranes of the Gram negative bacteria, is explained in the second part of this chapter. Once again, the results of this workwere unpredicted and open the way toward a new interpretation of the role of each partner in the efflux pump. assay of a RND transporter is challenging. The first step consists in the over-expression and the purification of the proteins under study.

Figure 47 :

 47 Figure 47: Cryo EM image of a small LUV. Picture from O. Lambert (Laboratory: Architecture de complexes membranaires et processus cellulaires CBMN UMR CNRS 5248).

  literature for a fluorescent probe. Actually, in the first published functional test of MexB (Welch et al 2010 Biochem J; § "5.4.2 Examples of RND transporter assays" p 115) the transport was monitored thanks to the use of Hoechst 33342, which is a known substrate of MexB. This dye is a DNA intercalating agent and is poorly fluorescent in aqueous medium and highly fluorescent when intercalated in DNA. In 123 their study, Welch and colleagues' conclusions about the activity of MexB are based on Hoechst 33342 fluorescence variations. Nevertheless, interpreting Hoechst 33342 fluorescence variations can be misleading as it was shown that Hoechst 33342 fluorescence highly depends both on the pH and on the hydrophobicity of the medium (van den Berg van Saparoea et al 2005 Biochemistry). In an aqueous buffer, if the pH rises, Hoechst 33342 fluorescence decreases. By contrast, if liposomes are added to the buffer, Hoechst 33342 fluorescence rises upon pH augmentation. This is due to the partitioning of the deprotonated form of the dye in liposome membranes.Indeed if Hoechst 33342 is in a hydrophobic environment (as a detergent micelle or a liposome membrane) its fluorescence rises(Poolman et al 2005 Meth. Enzymol.).Besides, we have shown that Hoechst 33342 massively adsorbs on the quartz glass of the cuvette and on the polytetrafluoroethylene (PTFE) that is coating the magnetic stirrer used for the fluorescence assay(Verchère et al 2013 Anal. Biochem.).

Figure 48 :

 48 Figure 48: Hoechst 33342 adsorption on quartz and PTFE. Hoechst 33342 fluorescence as a function of time. A) Detergent addition on a quartz cuvette containing an aqueous buffer and a stirrer has, of course, no effect on the fluorescence signal. B) Addition of Hoechst 33342 leads to a fast increase and a slow decrease of the fluorescence. C) Cuvette and stirrer are thoroughly rinsed but the addition of detergent triggers a significant increase of fluorescence. D) Successive additions of detergent lead to a steady signal meaning that all the Hoechst 33342 is desorbed. E) After proper washing, detergent addition has no effect on the fluorescence signal. Adapted from Verchère et al 2013 Anal Biochem.

Figure 49 :

 49 Figure 49: Hoechst 33342 adsorption on the stirrer. Hoechst 33342 fluorescence as a function of time. Hoechst 33342 and stirrer addition on an aqueous buffer. Stirrer addition triggers a slow decrease of the fluorescence signal. Adapted from Verchère et al 2013 Anal Biochem

Figure 50 :

 50 Figure 50: Hoechst 33342 adsorption depends on the pH of the buffer. Hoechst 33342 fluorescence as a function of time. Magnetic stirrer, cuvette and Hoechst 33342 have been incubated in an aqueous buffet at different pH. Upon detergent addition the increase of the fluorescent signal is pH-dependent. Blue trace (a) pH=6, green trace (b) pH=7 and red trace (c) pH=8. Adapted from Verchère et al 2013 Anal Biochem.

Figure 51 :

 51 Figure 51: Hoechst 33342 water solubility depends on the pH. Adapted from Verchère et al 2013 Anal Biochem.

Figure 52 :

 52 Figure 52: Hoechst 33342 adsorption depends on the ionic force of the buffer. Hoechst 33342 fluorescence as a function of time. Magnetic stirrer, cuvette and Hoechst 33342 have been incubated in an aqueous buffer at different ionic forces. Upon detergent addition, the increase of the fluorescent signal depends on the ionic force. Blue trace (a) [ionic force]=0 mol/L, green trace (b) [ionic force]=200 mmol/L; red trace (c) [ionic force]=700 mmol/L and purple trace (d) [ionic force]=1200 mmol/L. Adapted from Verchère et al 2013 Anal Biochem.

Figure 53 :

 53 Figure 53: Kinetic of Hoechst 33342 adsorption on quartz and PTFE. Hoechst 33342 fluorescence as a function of time. A) Detergent has no effect on the fluorescence. B) Hoechst 33342 leads to a fast increase followed by a slow decrease of the fluorescence. C) A dye-free stirrer is placed in the Hoechst 33342 contaminated cuvette and detergent is added. D) The Hoechst 33342-contaminated stirrer is placed in a dye-free cuvette and detergent is added. Adapted from Verchère et al 2013 Anal Biochem .

Fig. 1 .

 1 Fig.1. Hoechst 33342 adsorption and desorption; Hoechst 33342 fluorescence (kex Hoechst 33342 = 352 nm and kem Hoechst 33342 = 500 nm) as a function of time. Each graph corresponds to a fluorescence measurement performed in the same quartz cuvette containing 2 ml of 25 mM sodium phosphate buffer, pH 7, and 100 mM CH3COOK stirred by a PTFE-coated magnetic stirrer. The cuvette was extensively rinsed with distilled water between each measurement. (A) Addition of Triton X-100 (1% final). (B) Addition of Hoechst 33342 (1.25 lM final). (C) Addition of Triton X-100 (1% final). (D) Four additions of Triton X-100 (4% final). (E) Addition of Triton X-100 (1% final).

Fig. 2 .

 2 Fig.2. Hoechst 33342 desorption upon detergent addition. Hoechst 33342 fluorescence (kex = 352 nm and kem = 500 nm) as a function of time. (A) Effect of pH during the incubation with PTFE. Hoechst 33342 (1.25 lM final) was previously added to a stirred quartz cuvette containing 25 mM sodium phosphate buffer, pH 6 (blue trace a); 25 mM sodium phosphate buffer, pH 7 (green trace b); and 25 mM sodium phosphate buffer, pH 8 (red trace c), then the cuvette and stirrer were thoroughly washed with water. Sodium phosphate buffer at pH 7 was added to the cuvette and the stirrer and Triton X-100 was added (0.1% final). (B) Effect of the ionic strength during the desorption by detergent. Hoechst 33342 (1.25 lM final) was previously added to distilled water (blue trace a); to 25 mM sodium phosphate buffer, pH 7, with an ionic strength of 200 mol/L (green trace b); to 25 mM sodium phosphate buffer, pH 7, with an ionic strength of 700 mol/L (red trace c); or to 25 mM sodium phosphate buffer, pH 7, with an ionic strength of 1200 mol/L (purple trace d). Triton X-100 was added (0.1% final) as indicated by the arrow. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Figure 54 :

 54 Figure 54: Pyranine fluorescence is pH-dependent. A) Pyranine excitation spectrum (λ em =509 nm) at different pH, from 6.6 to 8.5. B) Pyranine fluorescence (λ ex =455 nm; λ em =509 nm) as a function of the pH. Inset: linear correlation between pyranine fluorescence and pH, between pH 6 and 7, Δ%fluorescence= 65.9 X ΔpH-368 (R 2 =0.995). Adapted from Verchère et al 2012 Sci. Rep.

Figure 55

 55 Figure 55: A) Pyranine chemical formula. B) Schematic representation of encapsulated pyranine in MexB proteoliposomes and monitoring of MexB activity.

Figure

  Figure 56: Valinomycin formula

Figure 57 :

 57 Figure 57: Valinomycin-mediated acidification of liposomes. Adapted from Verchère et al 2012 Anal Biochem.

Figure 58 :

 58 Figure 58: Parameters influencing the overshoot. Pyranine fluorescence as a function of time. Upper panel, the overshoot depends on the quantity of added valinomycin and on the presence of sodium ions in the external buffer. Lower panel, the quantity of valinomycin to be added to trigger the overshoot depends on the nature of the lipids mixture. Adapted from Verchère et al 2012 Anal Biochem.
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Fig. 1 .

 1 Fig.1. Schematic representation of the classical procedure for valinomycin-mediated acidification of the liposomes.

Fig. 2 .

 2 Fig.2. Effect of valinomycin addition on the fluorescence of pyranine entrapped in liposomes.

Figure 59 :

 59 Figure 59: Schematic representation of the functional test of MexB using the valinomycin-induced ΔpH. A) Control liposomes, pH is steady upon generation of a proton gradient. B) MexB proteoliposomes, pH rises upon generation of a proton gradient because MexB uses the proto-motive force to transport the substrate.

Figure 60 :

 60 Figure 60: Functional test of MexAB using a valinomycin-induced ΔpH. pH inside of the liposomes as a function of time upon valinomycin addition. Grey trace: control liposomes, pink trace: MexB-proteoliposomes, red trace: MexAB-proteoliposomes.

  Figure 61 B).
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Figure 62 :

 62 Figure 62: Schematic representation of the BR-induced acidification of the liposomes.

Figure 63 :

 63 Figure 63: BR generates a proton gradient acidic inside pH inside of BR-proteoliposomes as a function of time. BR generates a proton gradient acidic inside. Even if the liposomes are solubilized at R sol , BR generates a proton gradient acidic inside (upper trace, light purple). If liposomes are solubilized at R sat , the proton gradient generated by the BR is more significant (lower trace, deep purple trace).

Figure 64 :

 64 Figure 64: Schematic representation of MexB reconstitution in the proper orientation.

Figure 65 :

 65 Figure 65: ΔpH induced by the BR is tunable. pH inside the liposomes as a function of time. Depending on the HEPES concentration (from 50 mM to 12.5 mM), ΔpH goes from 0.2 to 0.6 pH units. Whatever the HEPES concentration is, pH inside of control liposome is always steady upon illumination. Adapted from Verchère et al 2013 iConcept.
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Figure 66 :

 66 Figure 66: ΔpH induced by the BR is reversible. pH inside the liposomes as a function of time. BR proteoliposomes are illuminated (between t=0 and t=15min), then liposomes are incubated in the dark (t=15 min

!

  

Figure 67 :

 67 Figure 67: Functional test of MexAB using a BR-induced ΔpH. pH inside of the liposomes as a function of time. (a) Control liposomes; (b) BR-proteoliposomes; (c) BR-MexB-proteoliposomes in the presence of substrate; (d) BR-MexB-proteoliposomes (e) BR-MexA-MexB-proteoliposomes in the presence of substrate; (f) BR-MexA-MexBproteoliposomes in the absence of substrate. Adapted from Verchère et al 2012 Sci Rep.

Figure 68 :

 68 Figure 68: Schematic representation of the proton flux upon HCl addition. A) Because of the gradient of concentration, protons spontaneously diffuse inside of the liposomes.B) The diffusion generates a charge difference and a membrane potential that compensate the concentration gradient.

Figure 69 :

 69 Figure 69: Leakage test. Pyranine fluorescence as a function of time. Arrows represent HCl addition. A) Entering of protons in control liposome (solid line) and Triton X-100-pretreated control liposomes (dotted line). B) Entering of protons in proteoliposomes (solid line) and Triton X100-pretreated proteoliposomes (dotted line). Adapted from Verchère et al 2012 Sci Rep.

  i) MexA acts as selective gate on the cleft It has been suggested that in AcrB, the substrate pathway located in the cytoplasm (the cleft) might be a way out for the molecule that are not actual substrate of the RND (Pos 2009 BBA & Edward Pak et al 2013 PNAS see § "4.2.1.1.5 Drug binding pocket and inhibitors" p 54). Besides, this cleft is also a putative interaction site for AcrA. Therefore in the absence of the MFP, the RND transports indifferently a large variety of molecule but they can « leak out » by the cleft (see Figure 70 A). As a consequence, their transport would not be optimal and this could explain the basal activity of MexB, even in the presence of substrate (Figure 67 p 156 trace (c)). By opposite, upon interaction with the MFP, the cleft is closed and substrates of the RND are efficiently transported (Figure 70 B). Therefore the presence of the MFP would allow an optimal transport of substrate (Figure 67 p 156 trace (e)). No substrate molecules probably leave the RND via the cleft that would be opened, thanks to a so-far unknown mechanism (Figure 70 C). The mechanism by which nonsubstrate molecule does not access the funnel of the OMF docking domain is still unknown as well (Figure 70 C dotted line).

Figure 70 :

 70 Figure 70: Suggested interaction between MexB (white round shape) and MexA (blue moon shape) that would explain that MexA increases the activity of MexB. Numbers 1 to 3 indicate the putative substrate entry sites. 1 is the vestibule, 2 is the cleft and 3 is the large central cavity. A) MexB is by itself, substrate molecules are not transported efficiently because they can leave the RND through the cleft. B) MexA closes the cleft, substrate molecules are transported efficiently. C) By an unknown mechanism MexA shifts and let the non-substrate molecules leave MexB via the cleft. Adapted from Nakashima et al 2011 Nature.

Figure 71 :

 71 Figure 71: Hydrophilic (blue) and hydrophobic (orange) residues of the funnel-like hexamer of MexA. A) Side view. B) Top view.
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  vesicle by BR will be counter-transported, thereby leading to compensation for the liposomal acidification and hence a steady fluorescence signal.

Figure 1 |

 1 Figure 1 | Rationale for the assay. A. Schematic representation of the MexA-MexB-OprM pump from Pseudomonas aeruginosa. B. Cartoon representation of liposomes reconstituted with BR (upper scheme) or with both BR and a functional and active membrane transporter (lower scheme). C. Pyranine fluorescence as a function of pH. left, excitation spectrum (emission wavelength set to 509 nm) of pyranine measured at pHs ranging from 6.6 to 8.5; right, pyranine fluorescence (l ex 455 nm, l em 509 nm) as a function of pH. inset: linear correlation between fluorescence and pH between pH 6 and pH 7. The following linear regression was calculated: D fluorescence (%) 5 65.9 x DpH -368 (R 2 50.9946).

Figure 2 |

 2 Figure 2 | Monitoring of the liposomal acidification upon illumination. Pyranine fluorescence variations, measured as a function of time, were normalised to the corresponding pH variations based on the titration presented Figure 1c.

Materials. 1 , 2 -

 12 Dioleoyl-sn-glycero-3-phosphocholine (DOPC) was purchased from Avanti Polar Lipids. Cholesterol, 8-hydroxypyrene-1,3,6-trisulphonic acid (pyranine), Triton X-100, and Hoechst 33342 were obtained from Sigma Aldrich. SM2 Bio-beads were obtained from Bio-Rad. n-Dodecyl-b-D-maltopyranoside (DDM) was purchased from Affymetrix (reference D310LA).

Figure 72 :

 72 Figure 72: MexAwt and the three mutants currently under study in the laboratory.

!

  

Figure 73 :

 73 Figure 73: Schematic representation of the functional test of the whole pump.

Figure 74 :

 74 Figure 74: EthB leakage test upon RNA addition, EthB fluorescence as a function of time. Green trace (a) control lipososmes, blue trace (b) OprM proteoliposomes.
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Figure 75 :

 75 Figure 75: The RNA scaffold: ref-f

Figure 77 :

 77 Figure 77: Schematic representation of MexB and MexA reconstitution in liposomes.
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Figure 78 :

 78 Figure 78: Functional test of MexAB. pH inside of the liposomes as a function of time. A) Dotted grey trace (a) control liposomes. Black dotted trace (b) control liposomes in the presence of meropenem. Pink trace (c) MexAB-proteoliposomes. Red trace (d) MexAB-proteoliposomes in the presence of meropenem.

  . We can observe that once again, the hydrophobic molecule destabilized the membrane because the pH drops much faster upon the pH jump, in the presence than in the absence of imipenem. Nevertheless for the MexAB-proteoliposomes, only the basal activity is detected in the absence (Figure 79 A pink trace (c)) and in the presence of imipenem (red trace (d)). The slope difference between traces (c) and (d) is only due to the presence of imipenem and not to MexB activity. Indeed, this slope

Figure 79 :

 79 Figure 79: Negative control, MexAB does not transport imipenem. pH inside of the liposomes as a function of time. A) Dotted grey trace (a) control liposomes. Black dotted trace (b) control liposomes in the presence of imipenem. Pink trace (c) MexAB-proteoliposomes. Red trace (d) MexAB-proteoliposomes in the presence of imipenem. B) Same as in panel A but EthB is used as a substrate instead of imipenem.

  Figure 80 addition of EthB unexpectedly leads to an increase of fluorescence. This may be due to non-removed RNA outside of the liposome (even though liposomes

  MexAB-proteoliposomes with (Figure81trace (d)) or without (trace (c)) meropenem are mixed with OprM-proteoliposomes and pyranine fluorescence is monitored. In the absence of substrate, after the pH jump, we observe the basal activity of MexB on which OprM has no effect (trace (c)). In the presence of meropenem (or EthB indifferently), upon generation of a proton gradient a fast and large decrease of the pH is observed. This is due to MexB, that actively transports meropenem; interestingly, OprM increases this activity (trace (d) to be compared to trace (c)).

Figure 81 :

 81 Figure 81: Effect of OprM on MexAB activity. pH inside of the liposomes as a function of time. Pink trace (a) MexAB-proteoliposome ; red trace (b) MexAB-proteoliposomes in the presence of meropenem (same traces than in Figure 78). Light green trace (c) mix of MexAB-proteoliposomes and OprM-proteoliposomes; deep green trace (d) mix of MexAB-proteoliposomes and OprM-proteoliposome in the presence of meropenem.

Figure 83 :

 83 Figure 83: MexA is required for interaction between MexB and OprM. pH inside of the liposomes as a function of time. Light purple trace (a) MexB-proteoliposomes. Deep purple trace (b) MexB-proteoliposomes in the presence of meropenem. Light green trace (c) MexB-proteoliposomes mixed with OprM proteoliposomes. Deep green trace (d) MexB-proteoliposomes mixed with OprM proteoliposomes in the presence of meropenem.

  Figure 83 is not substrate-dependent (Figure 83 trace (a) vs (b)) and above all the presence of OprM has no effect on this activity (Figure 83 trace (c) vs (d)).

Figure 84 :

 84 Figure 84: Effect of OprM in NAPol on MexAB activity. pH inside of the liposome as a function of time. Grey dotted trace (a) control liposomes mixed with OprM in NAPol. Black dotted trace (b) control liposomes mixed with OrpM in NAPol in the presence of meropenem. Light green trace (c) MexAB-proteoliposomes mixed with OprM in NAPol. Deep green trace (d) MexAB-proteoliposomes mixed with OprM in NAPol in the presence of meropenem.

Figure 85 :

 85 Figure 85: Schematic representation of the MFP-mediated pump assembly. A) MexA provides a hydrophobic environment to the substrate, which accelerates its way out of MexB and therefore MexB activity. B) In the absence of MexA there is no MexB-OprM interaction.

Figure 86 :

 86 Figure 86: Hydrophilic (blue) and hydrophobic (orange) residues of OprM. For a better understanding, OprM has been divided in four parts.

Figure 87 :

 87 Figure 87: Schematic representation of the RND-OMF docking pump assembly.A) When MexB is by itself, it adopts a conformation that does not allow the docking of the OMF to the RND. B) Upon interaction with MexA, MexB adopts another conformation that allows the docking of OprM. The latter provides a hydrophobic environment to the substrate, which accelerates its way out of MexB and therefore enhances MexB activity.

  Figure 88: OprM open mutant under study in the laboratory. In the D416-R419 mutant, residues 416 and 419 does not belong to the same monomers.
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 12 MexB is purified following the protocol described inMokhonov et al 2004 PEP, with minor modifications. 20 µL of electrocompetent C43 ΔAcrB (provided by K.M Pos) cells are transformed with MexB plasmid (pET22b, 100 ng) thanks to a Biorad electroporator (MicroPulser), 1mL of Luria-Bertani (LB) medium is added and cells are incubated at 37°C during one hour. Then they are plated on a Petri dish containing solid LB and 100 µg/mL of ampicillin. The dish is incubated overnight at 37°C. An individual and isolated bacterial colony is inoculated in 200 mL of LB containing 100 µg/mL of ampicillin. This pre-culture is grown overnight at 37°C under agitation at 200 rpm and inoculated at OD 600nm =0.05 in 6 L of 2xTY medium containing 100 µg/mL of ampicillin. Cell are grown to OD 600nm =0.6 (i.e about 4 hours) at 30°C at 200rpm and then cooled down at 4 °C for 30 min. Isopropyl β-D-1thiogalactopyranoside (IPTG) is added (1 mg/mL final) to induce the expression of MexB. Growth is continued during 2.5 hours at 30°C (or overnight at 20°C) at 200 rpm and cell are spinned down at room temperature (RT) for 20 min at 9000 g. Each of the six pellets is washed upon re-suspension in 1 L of Tris-HCl 20 mM pH 7, NaCl 150 mM and spinned down for 20 min at 9000 g. Each of the six pellets is eventually re-suspended in 10 mL of Tris-HCl 20 mM pH 7, NaCl 150 mM. Purification of MexB Cells are then lysed thanks to a cell-disrupter (Cell-D from Constant LTD) at 4°C

Figure 89 :

 89 Figure 89: SDS-PAGE of a purification of MexB. Coloration was made with Coomassie blue. MM: molecular marker (kDa), FT: Flow Through, W: Wash, E: Elution.

!

  According to the SDS-PAGE, if the protein is not pure upon Ni affinity chromatography, the protein is loaded on a gel chromatography column: superose 6 previously equilibrated with a buffer: Bis-Tris 10 mM pH 7.4, Glycerol 20%, NaCl 500 mM, DDM 0.05% (w/v) (Figure87).
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Figure 90 :

 90 Figure 90: Chromatogram of a purification of MexB. The calibration of the column proves that this peak corresponds to a trimer of MexB.
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Figure 91 :

 91 Figure 91: SDS-PAGE of a purification of MexA. Coloration was made with Coomassie blue. MM: molecular marker (kDa), FT: Flow Through, W: Wash, E: Elution.
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  20 µL of electrocompetent C43 ΔAcrB cells (provided by K.M. Pos) are transformed with OprM plasmid (pBAD33-GFPuv, 100 ng) thanks to a Biorad electroporator (MicroPulser), 1mL of LB medium is added and cells are incubated at 37°C during one hour. Then they are plated on a Petri dish containing solid LB and 25 µg/mL of chloramphenicol. The dish is incubated overnight at 37°C. An individual and isolated bacterial colony is inoculated in 200 mL of LB containing 25 µg/mL of chloramphenicol. This pre-culture is grown overnight at 37°C under agitation at 200 rpm and inoculated at OD 600nm =0.05 in 6 L of 2xTY medium containing 25 µg/mL of chloramphenicol. Cells are grown to OD 600nm =0.6 (i.e about 4 hours) at 30°C at 200 rpm. Arabinose is added (0.02% final) to induce the expression of OprM. Growth is continued during 2.5 hours at 30°C (or overnight at 20°C) at 200 rpm and cells are spinned down at room temperature for 20 min at 9000 g. Each of the six pellets is washed upon resuspension in 1 L of Tris-HCl 20 mM pH 7, NaCl 150 mM and spinned down for 20 min at 9000 g. Each of the six pellets is eventually resuspended in 10 mL of Tris-HCl 20 mM pH 7, NaCl 150mM.
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Figure 92 :

 92 Figure 92: SDS-PAGE of a purification of OprM. Coloration was made with Coomassie blue. MM: molecular marker (kDa), FT: Flow Through, W: Wash, E: Elution.

4 . 2

 42 Figure 93: Purification of the BR. A) Cells upon seven days of illumination. B) Membrane homogenization using a Potter.

5

  Preparation of the RNA scaffold: ref-f 5.1 Expression of ref-f 20 µL of electrocompetent XL1 cells are transformed with p44k plasmid (1 L) thanks to a Biorad electroporator (MicroPulser), 1 mL of LB medium is added and cells are incubated at 37°C during one hour. Then they are plated on a Petri dish containing solid LB and 100 µg/mL of ampicillin. The dish is incubated overnight at 37°C. An individual and isolated bacterial colony is inoculated in 200 mL of LB containing 100 µg/mL of ampicillin. This pre-culture is grown 10 hours at 37°C under shaking at 200 rpm and inoculated at OD 600nm =0.05 in 2 L of LB medium containing 100 µg/mL of ampicillin. Cell are grown overnight to OD 600nm = 3 at 37°C at 200 rpm. The expression of ref-f is triggered by the addition of 1 mM of IPTG. After 3 hours, cells are centrifuged at 7000 g, during 20 min at RT. Pellet are re-suspended in 1L of Tris 20 mM, NaCl 200 mM and centrifuged at 7000 g, during 20 min at RT. Pellet are re-suspended in 40 mM of MgSO 4 10mM, Na 3 Citrate 50 mM pH 5.6.
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Figure 94 :Figure 95 : 2 Reconstitution

 94952 Figure 94: Chromatogram of an anion exchange purification of ref-f.

6. 4 . 1 6 . 4 . 2 6 . 4 . 3

 41642643 Figure 96: Determination of the R sat and the R sol . Liposomes absorbance à 550 nm as a function of β-OG concentration.

Figure 97 :

 97 Figure 97: Determination of the R sat and the R sol . Liposomes absorbance at 550 nm as a function of β-OG concentration.

Figure 98 :Figure 99 :!Figure 100 : 8 . 4 8 . 5

 98991008485 Figure 98: Chromatogram of the purification of OprM-proteoliposomes.
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Figure 101 :

 101 Figure 101: Evidence of membrane protein reconstitution. A) Sucrose gradient upon overnight centrifugation. On the left, control liposomes; on the right, proteoliposomes that migrate lower in the sucrose gradient. B) SDS-PAGE of each collected fraction of the sucrose gradient. MexA and MexB are reveled in the fractions corresponding the liposome in the gradient.

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  Thirdly, antibiotics have been used way too much in livestock. Indeed, in developed countries, 50 to 80% of antibiotics are used for industrial animal agriculture. They are used to treat active infections, to prevent infection and as growth promoters. The massive use of antibiotics has obviously leaded to resistance phenotype emergence.

Unfortunately, resistance genes are easily transferred from bacteria that infect animals to those that infect humans. Fortunately, in 2000 the European Union banned the growth-promoting use of antimicrobials in farm animals and in 2001 it has established a cooperation in surveillance, prevention and research on antibiotic resistance (May et al 2014 Nature). Antimicrobial resistance is becoming a major public health issue because besides the emergence of multidrug resistance pathogens, most major pharmaceutical companies have stopped the development of new antibacterial agents (Roche® closed its antibiotics division in 1999). The US Food and Drug administration (FDA) approved 20 antibiotics between 1980 and 1984, but only three between 2005 and 2009. Indeed such molecules are not bankable for pharmaceutical companies since an antibiotic therapy lasts approximately only one week while chronic diseases, as Alzheimer disease or type 2 diabetes, require lifelong treatments. This issue is worsened by the fact that, in order to help the development of resistance slow down, it is advised by experts to use fewer and fewer antibiotics and to prescribe them only when absolutely needed.

Thankfully, combined efforts of academic researchers, pharmaceutical scientists and government officials are currently made. For example, in Europe the Innovative Medicine Initiative (IMI) started a project called "New drugs for bad bugs" focusing on creating new business models for developing antibiotics.
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Discussion

We describe a reconstitution procedure designed for assaying membrane protein transport. Once established, the protein reconstitution procedure leads to measurements that are very reproducible. However, the exact conditions for reconstituting the protein will vary from one protein to the other. Much care must be taken in optimizing the following parameters: i) quality of the purification (purity and absence of aggregated material); ii) efficiency of the detergent solubilizing step (when possible, low cmc detergent should be preferred because they are easier to get rid of); iii) desorption of the detergent (it is for instance possible to combine the use of polystyrene beads with a dialysis step but this may affect the rate of desorption, a critical parameter for the subsequent activity of the protein, see ref [9]); iv) lipid reconstitution (the chemical nature of the lipid, the lipid to protein ratio, the presence of additional amphiphiles are critical parameters that must be varied and optimized). In addition temperature and incubation time affect all these issues.

Quality control is thus primordial at each step of the reconstitution procedure. From this point of view, light scattering is a very convenient technique because it is rapid, nondestructive, and it only requires 20 l of sample at a concentration in the micromolar range. Once the

Design of a functional test of the whole pump

The asset of the efflux pump MexA-MexB-OprM comes from the assembly of the three proteins allowing, once assembled, to span both membranes of the Gram negative pathogen P. aeruginosa.

Even if the biochemical and structural data about the efflux pump assembly has allowed the suggestion of mechanisms of assembly, functional investigations of the whole pump are lacking. Indeed, to my knowledge, there is no functional test involving the RND, the MFP and the OMF simultaneously. Such a system would allow studying the functional assembly of the efflux pump. It would also allow understanding the intermutual role of each partner.

Below a functional test for the MexA-MexB-OprM efflux pump is presented.

Test principle

Mimicking two membranes

In vivo, the efflux pump spans both membranes of a Gram negative bacteria.

Therefore an in vitro system mimicking the efflux pump should involve two membranes as well. In order to do so, two different kinds of proteoliposomes are prepared. On the one hand MexA-MexB-proteoliposomes and on the other hand OprM-proteoliposomes. For this functional test, MexB must be reconstituted rightside-out in order for its OprM-docking-domain to be outside of the liposome and 

MexAB functionality 2.1.4.3

The second aspect that needs to be verified is the functionality of MexB upon reconstitution. Indeed, in comparison with the photo-induced functional test of MexB (involving the BR, § "1 Design of a functional assay for the main efflux pump protein: MexB" p 120), the orientation of the reconstituted MexB and the way the proton gradient is generated have changed. Besides, the activity of MexAB should be investigated and mastered before studying the effect of the addition of OprM in order to make sure that the effect of its addition is not artefactual. 

BR production 4.1 Over-expression of BR

To prepare the culture medium, 250 g of NaCl, 20 g of MgSO 4 ; 3 g of Na 3 citrate, 2 g of KCl, 5 g of yeast extract and 5 g of peptone are dissolved in water. 5 µL of Halobacter salinarium (glycerol stock from Christel Le Bon, Institut de Biologie Physico-Chimique, Paris) is inoculated in 4 x 1 L of this medium and cells are grown at 37°C at 200 rpm. When the suspension turns purple (after 4-5 days) (Figure 90 A), illumination in the incubator is turned on. After seven days cells are centrifuged for Abstract Among the various mechanisms developed by the bacteria to counter to the effect of antibiotics, active efflux is on the front line. In Pseudomonas aeruginosa, a Gram negative bacteria, efflux transporters are organized as multicomponent systems where MexB, the pump located in the inner membrane, works in conjunction with MexA, a periplasmic protein, and OprM, an outer membrane protein. MexB is a proton motive force-dependent pump with broad substrate specificity.

During my PhD, I have designed an original activity assay for MexB and MexA. The pump is coreconstituted into proteoliposomes together with bacteriorhodopsin (BR), a light-activated proton pump. In this system, upon illumination with visible light, the photo-induced proton gradient created by the BR is shown to be coupled to the active transport of substrates through the pump. The activity of MexB is monitored indirectly. Since MexB uses the protomotive force to transport antibiotics, one can determine substrate transport though MexB by monitoring the pH inside the liposomes. For that purpose, pyranine, a fluorescent probe whose fluorescence yield increases with increasing pH, is encapsulated inside the liposomes. This test makes the investigation of the pump possible. In the absence of MexA, MexB has a basal activity which is not substrate-dependent. Once MexB is reconstituted together with MexA, its activity is specific and substrate-dependent.

Then I worked on the reconstitution of the whole efflux pump. For this, I prepare two different kinds of liposomes: i) Liposomes with reconstituted MexA and MexB in which pyranine and a nucleic acid intercalating agent are encapsulated, ii) Liposomes with reconstituted OprM and encapsulated RNA. The activity of MexB is monitored thanks to the addition of EthB, a substrate of MexB, that is poorly fluorescent in aqueous medium and highly fluorescent when intercalated into RNA. Upon generation of a pH gradient, I observe two concomitant phenomena: the decrease of pyranine fluorescence, as MexB is using protons to transport the substrate, and the increase of the fluorescence of the RNA intercalating agent as a result of its interaction with RNA. I have successfully assembled the efflux pump and monitored transport through it from one liposome to the other. I have demonstrated that OprM needs to interact with MexA and MexB in order to open and that MexB activity is accelerated when the pump is assembled.! Résumé L'efflux actif, qui permet aux bactéries d'exporter les antibiotiques vers le milieu extérieur est l'un des mécanismes majeurs de résistance aux antibiotiques. L'une des pompes d'efflux de Pseudomonas aeruginosa, MexA-MexB-OprM, est constituée de trois protéines : i) MexA, une protéine membranaire de fusion qui se trouve dans le périplasme ; ii) MexB qui se trouve dans la membrane interne et qui reconnaît l'antibiotique et initie son transport grâce à la force protomotrice et iii) OprM un canal qui se trouve dans la membrane externe.

Durant ma thèse, j'ai mis au point un test fonctionnel pour MexA et MexB. Ce test est basé sur la coreconstitution de ces protéines avec la bactériorhodopsine, une protéine membranaire qui génère un gradient de proton après activation par la lumière. L'activité de MexB est suivie de manière indirecte via la mesure du pH. En mesurant le pH à l'intérieur des liposomes, on peut connaître l'activité de MexB puisque ce dernier utilise la force protomotrice pour transporter ses substrats. Une mesure fiable du pH peut être obtenue grâce à la pyranine dont la fluorescence varie avec le pH. Grâce à ce test, j'ai prouvé que MexB possède une activité basale qui ne dépend pas de la présence de substrat et que l'activité de MexB devient optimale quand cette dernière est reconstituée en présence de MexA.

Dans un deuxième temps, j'ai mis au point un test fonctionnel pour la pompe d'efflux entière. Pour cela, je prépare deux types distincts de protéoliposomes. Dans le premier type de liposome, j'encapsule de la pyranine, (pour suivre l'activité de MexB) et un substrat de MexB qui est un agent intercalant de l'ARN. Ce substrat est faiblement fluorescent dans un environnement aqueux et fortement fluorescent lorsqu'il est intercalé dans l'ARN. MexB et MexA sont reconstitués dans ces liposomes. Dans le deuxième type de liposomes, je reconstitue OprM et j'encapsule de l'ARN. Ces deux types de liposomes sont alors mélangés. Lorsque la pompe s'assemble et qu'il y a un transport actif à travers cette dernière, deux phénomènes sont observés: la diminution de la fluorescence de la pyranine (car MexB fait entrer des protons dans le premier type de liposome pour transporter le substrat) et l'augmentation de la fluorescence du substrat car ce dernier s'intercale dans l'ARN se trouvant dans le deuxième type de liposome. En mélangeant les deux types de liposomes, j'obtiens une preuve de la reconstitution in vitro de la pompe entière et j'ai mis en évidence qu'OprM s'ouvre en présence de MexA et MexB et que sa présence augmente l'activité de MexB.
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