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Introduction

The Global Burden of Disease estimates that 9.56 million people died prematurely due to cancer in 2017. Cancer is an important cause of morbidity and mortality, regardless of the Human Development Index (a composite statistical index to assess the human development rate of every country). It also affects individuals of all ages.

Cancer is one of the leading causes of death in humans today [1].

Cancer is a complex disease and is the result of a progressive accumulation of genetic aberrations with molecular alterations in the DNA and epigenetic changes which are beyond cellular and environmental control. A tumor develops as a result of the uncontrolled multiplication and proliferation of cells. It depends on the acquisition of particular characteristics which determine its development, progression and spread across the body leading to metastases.

Cancer treatment has always been a major concern, given that the disease dates back to millions of years. Nowadays, different types of treatment exist (often combined):

• surgery : it can only be used in the case of solid cancers, and is the primary method of treatment when the cancer is localized. Surgery is often combined with radio and chemotherapy in order to avoid metastases.

• radiation : their ray can damage the DNA of cancerous tissues, leading to cell death. In order to spare normal tissues, the radiation beams are sent from multiple angles to intersect the tumor, which deals a larger dose at the cancer cells than to its surrounding.

• medication : such as:

-immunotherapy : this type of therapy tries to stimulate or help the immune system of a patient in order to fight the cancer. The major limitation of this treatment is the availability of known targetable tumorspecific antigens, only expressed by tumor cells. The antigens are also variable from one cancer to another.

-chemotherapy : uses one or more cytotoxic drugs. Its efficacy relies on the type and stage of the cancer.

Chemotherapy is the most common treatment for cancer. Although it has led to improved survival and quality of life for cancer patients since its introduction in the 1940s, side effects and the appearance of resistance highlight limitations of this type of treatment. Many tumors are initially sensitive to treatment, but after a while they can become resistant to drugs. This is known as acquired resistance due to exposure to the drug. Some tumors may also show resistance to treatment even before the use of chemotherapy. In that case, it is intrinsic resistance since it happens even before the exposure to the chemotherapeutic agent [2]. Some genetic and environmental mechanisms have been shown to be responsible for sensitivity and resistance to chemotherapy mechanisms [3]. Several cell membrane transporters are responsible for resistance to many commonly used chemotherapeutic agents by influencing the availability of the drug in the tumor cell [4]. Among the membrane transporters inducing resistance mechanism, such as cancer cell's resistance to chemotherapy but not only, there is Multidrug Transporters (MDT).

Multidrug Transporters

Among the different resistance mechanisms, we are interested in the one mediated by multidrug transporters, where molecular pumps actively export molecules from the cytoplasm to the external environment through an energy-dependent mechanism. Efflux pumps are considered potential candidates as target for therapeutic treatment and opens up the prospect of combination of products that can boost the current arsenal of drug efficacy reduction.

Proteins able to transport a broad spectrum of molecules give the organism they inhabit the capacity of Multidrug Resistance (MDR). This type of protein is found in all living organisms. [5,6,7,8]. These proteins have a detoxifying function. As Multidrug Transporter (MDT) are widespread among any type of cells, and their emergence appears to be very old [9], we could postulate that their mechanisms can somehow be related. The action of efflux pumps was first highlighted with the study of resistance to drugs in chemotherapy and antibiotherapy [7,10].

In the case of an infection (bacterial or fungal), or in cancer, the ability to transport a broad variety of drug structurally different can leave the healthcare provider powerless [11]. The emergence of resistant strains in bacteria by the broad usage of antibiotic [12], or fungus can have deleterious effect not only directly to human health, but also to agriculture.

The different organisms with MDR are often studied in a stand-alone way. But we can find common point between these, especially if the MDT involved are from the same protein family. This is the closing remark of a recent review [13] and one of the efforts of this thesis.

Classification of drug efflux pumps

The transport proteins have been classified based on functional and phylogenetic information (Transporter Classification Database: http://www.tcdb.org) [14]. Among 1.2. Multidrug Transporters 3 the numerous families of transporters, the main responsible of MDR can be divided into two major groups based upon energetic and structural features (Fig. 1.1 ) [15]:

1. Primary transporters which hydrolyze ATP as a source of energy (a) ATP-binding cassette (ABC) superfamily 2. Secondary transporters which uses proton (or sodium) gradient as energy.

They can be further classified into four superfamilies based on conserved consensus motifs and functional similarities: To those recurring and well described superfamilies have been added two more recent ones: the AbgT family [16], and the PACE family [17]. While all the above families can provide MDR ability by themselves, they often act in synergy, especially in bacteria [13]. ABC transporters are present in all living species and have a conserved structure with a combination of conserved nucleotide binding domain (NBD) and a Transmembrane Domain (TMD). They are either homo or (pseudo)heterodimeric complexes involved in the import and/or export of molecules [19]. The TMD is responsible for substrate recognition and transport, while the NBD is the energy channeling domain. The transport mechanism of the ABC family transporters, and Chapter 1. Introduction and state of the art more specifically the binding of the substrate and how it is coupled to the ATP binding and hydrolysis, certainly knows variations across the family members knowing that the origin of these carriers is ancient [20,19]. However, the key steps remain similar: the mechanism starts with the entry of the substrate into the substrate binding pocket, substrate binding triggers ATP binding within the NBD which induces a conformational switch from inward-facing to outward-facing conformation of the TMD. This result in the release of the substrate in the extracellular compartment. ATP is hydrolyzed and the protein reverts back to its inward-facing conformation [21] (Fig 1 .2). Variations of this model have been proposed, such as different numbers of ATP hydrolized, or the sequencial order of the ATPs' hydrolisis [22]. There are seven subfamilies classified as ABC transporter [23]. In human cells, they are expressed in both normal and malignant cells [24]. ABC transporters can carry different toxins, sugars, amino acids, nucleotides and cell metabolites [3]. MFS pumps are formed by interconnected bundles of six Transmembrane (TM) helices. They are drug/proton antiporters (cotransporter and integral membrane protein involved in secondary active transport of at least two different molecules or ions across the membrane in opposite directions) which vary in substrate/proton stoichiometry. It was suggested that binding and release of the proton and substrate are made by an alternating access mechanism [25]. They can transport sugar intermediate metabolites and drugs.

MATE pumps are antiporters transporting drugs with either proton or sodiummotive force within a two fold pseudo-symmetrical 6 TM helix bundle [26,27]. They transport polyaromatic and cationic compounds [28].

1.3. RNDs 5 SMR pumps are the smallest drug efflux proteins with only 100-120 amino acids with four short TM helices, organized as a parallel or antiparallel homo or heterodimer. It has two possible states: inward or outward facing states [29,30].

Conformational changes in SMR are driven by proton motive force in an allosteric way [31].

RND transporters are represented in all organisms. They are involved in versatile cellular processes. They have a TMD made of 12 helices assembled as interconnected bundles of six TM helices with a twofold pseudo-symmetry. They're made of around a thousand amino acids. They can be divided into a number of families based on phylogenetic analysis [32]. They usually use proton motive force as energy for their antiporter transport activity. However, some of them have been shown to potentially use sodium gradient [33,34]. They can transport a broad spectrum of ligands, from lipophilic to amphiphilic molecules and even toxic cations [18].

RNDs

Members of the RND superfamily of proteins are found across all branches of life.

Overall function and common structural pattern are found among them. A phylogenetic study of those proteins made it possible to split and connect this superfamily into eight subfamilies. • in all bacteria and archaea :

Phylogeny

1. SecDF family. Unlike other RND, it contains only 6 TM helices per subunit. But each subunit works with a second one, recreating the 12 TM helix configuration of the other families. It does not require other component for its activity.

• In Gram-negative bacteria : These bacteria have two membranes, an inner and an outer membrane, separated by periplasm where there is also a thin layer of peptidoglycans (Appendix Fig.

A.1)
1. HAE1 family. It contains the largest number of known RND proteins. They usually work as trimers and cooperate with members of the MFP and OMF families. Among the large spectrum of drug they can transport, ligand specificity is observed depending on the family member. Most of them transport ligands with at least a hydrophobic patch, but some have been shown to transport completely hydrophilic ligands [18]. Also, depending on the nature of the ligand, different efflux routes appear to be taken. [13]. Even if RND complex can transport ligands from different spots, they "prefer" to take their substrates from the periplasm [36].

The efflux mechanism of AcrB, the most studied protein of this family, is part of the AcrA-AcrB-TolC tripartite efflux pump. AcrB operates as a homotrimer to transport a wide variety of ligands through 3 identified monomeric conformational states, Access -Binding -Extrusion. A more detailed presentation of AcrB and its efflux mechanism will be presented in Chapter 2 of this thesis.

2. HME family. These proteins transport heavy metal ions such as cobalt, zinc or cadmium. Their organization is fairly similar to the HAE1, but the difference in their sequence give them different ligand specificity.

3. NFE family. Not much is known of this family. Some of their members have been shown to be involved in virulence and resistance to antimicrobial agents. Also, gene coding for MFP and OMF occur together with them suggesting they have the same complex organisation as the two previous families. No structural data is available to this date.

4. HAE3 family. These proteins can also be found in archaea. HpnN is the most known member of this family. It is known to transport hopanoids. Structural data showed that this protein exists as a dimer [37]. This change of oligomerization state compared to previous families induces structural differences in the external loops.

5. APPE family. These proteins were first characterized as transporting pigments. No structural data is available to this date. Their external loops are shorter than HAE1 proteins such as AcrB.

• In Gram-positive bacteria. These bacteria have only one membrane, but this membrane is covered by a thick peptidoglycan layer.

RNDs

1. HAE2 family.: Details of their export pathway are unknown. The structure of one member of this family was resolved for the first time recently [38]. MmpL3, for which a trimeric structure had been predicted [39], has been resolved by crystallography. All structures obtained indicate a monomer, but nothing suggests that a trimer is impossible for this and other members of this family [38]. It is interesting to note that the resolved structures were made in the presence of a drug or an inhibitor. These inhibitors have been crystallized in the TMD of MmpL3. This point is discussed in more detail in the Section 4.4.

• In eukaryotes.

1. Eukaryotic (Putative) Sterol Transporter (EST) family. These proteins transport sterol molecules with the proton-motive force. Structural data suggest they operate as monomers. Among their members there is Ptch1 and NPC1. Ptch1 works as a ligand/proton antiporter, while NPC1 works as ligand/proton symporter (cotransporter and integral membrane protein involved in secondary active transport of at least two different molecules or ions across the membrane in the same directions). Details on this family and those two proteins are presented in the section 1.4 of this thesis.

2. Dispatched (DISP) family. Sequence homology of DISP is far enough from Ptch1 to not be classified in the same family (18% of sequence identity). DISP's known "drug efflux" activity is the efflux of the protein Sonic Hedgehog (Shh) when the latter has cholesterol moiety [40].

Sequence, structure and mechanism

Proteins from the RND family have low sequence identity (Table 1.1). This can be explained by:

• the different organisms in which they require different oligomeric states

• they transport and recognize different kind of ligands

• they interact with different partners Despite a low sequence identity, proteins belonging to the RND superfamily have common structural characteristics depending on the family to which they belong. The domain which shares the most similarity is the TMD which generally contains 12 TM helices. For some members, it happens that by lateral extension they have 13 or 14 TM helices, such as NPC1. If we don't count these possible extensions, their TMD have a pseudo-symmetry of order 2, by set of 6 TM helices. All RND efflux pumps contain a long external loop between helices TM1 and TM2, and between TM7 and TM8 (Fig. 1.4). These loops, which form a (large) soluble domain, can be of different size and shape [18]. Depending on the family, these proteins can have different oligomeric states (AcrB (HAE1) is a trimer, HpnN (HAE2) is a dimer, NPC1 (EST) is a monomer). It was demonstrated that the substrate specificity of the tripartite RND complex is (predominantly) determined by the periplasmic loops of the complex inner membrane protein [43,44] The drug efflux activity of these exporters is coupled to the proton-motive force [45] which is an electrochemical gradient in which the movement of hydrogen ions drives transport of the substrate [46]. In several RND proteins, three or four charged residues (Asp407, Asp408 and Lys940 in AcrB) have been shown by mutation to be in charge of the proton relay [47]. This so called Proton Relay Site (PRS) is located for one part on the TM4 helix (conserved motif GXXXD), and for the other part on the TM10 helix. Together they form a set of ions at the plasma membrane level. [48,49,50]. Due to the symmetry of the TM segment, TM4 and TM10 are at the heart of the TMD of a monomer. The movement of the proton within this network leads to the motion within the TMD. The helices that compose it tighten or loosen depending on the state of protonation of the amino acids and thus define the state in which a monomer is.

Substrate specificity, route, protein state and conformational change have been

Ptch1

extensively studied on AcrB [51]. What is yet to define is a more general mechanism for RND proteins. But in order to do so, more data about other RND protein's mechanism have to be collected.

Ptch1

Ptch1 is a mammalian member of the EST family of RND transporters. Ptch1 is the receptor of the Hedgehog morphogen and main regulator of the Hedgehog signaling in mammals. Overactivation of the Sonic Hedgehog (Shh) pathway has been correlated with an increase in chemoresistance [52]. Since this pathway is involved in cell proliferation, establishment and maintenance of stem cells, it is not surprising that the deregulation of these processes is associated with cancer development. Indeed, one of the major characteristics of cancer is its uncontrolled proliferative capacity.

In some lymphomas, inhibition of the Shh pathway is associated with the death of cancer cells [53]. According to the Protein Atlas website [54], Ptch1 is overexpressed in many aggressive and metastatic cancers (Fig. 1.5). From the Protein Atlas website http://www.proteinatlas.org/ENSG00000185920-PTCH1/cancer [54] 

Sonic Hedgehog pathway

In mammals, the Sonic Hedgehog (Shh) signaling pathway is involved in embryonic development, tissue regeneration and stem cell renewal [START_REF] Teck | Hedgehog signalling[END_REF]. It has two states: an active state induced by the fixation of Shh to its receptor Ptch1, and an inactive state when there is no Shh [56].

In mammals, the Hh signaling takes place at the primary cilium of cells (Fig 1 .6). Primary cilia are extension of the plasma membrane where there is a concentration of signals from the outside to the inside of the cell. In the absence of Shh (Fig. 1.6A), Ptch1 is at the plasma membrane and exerts an inhibition on the G protein coupled receptor Smoothened (SMO) [57], which confines it in endosomal vesicles [58]. Following the fixation of Shh to Ptch1 (Fig 1 .6 B), Ptch1 is internalized then degraded and the inhibition of SMO is lifted. This leads to a chain of events, such as Gli proteins getting activated and going toward the nucleus where they act as transcription activators, activating the target genes of the Shh signaling pathway which are involved in the cell cycle, proliferation and cell survival [59]. The Shh protein is synthesized as a precursor in the emitting cells. Subsequently, Shh undergoes post-translational modifications, such as covalent binding of a cholesterol molecule at its C-terminal end [60] and addition of a palmitate on the N-terminal end (Fig. 1.7).

The release of Shh-N is done by DISP, also member of the RND superfamily. Its overall sequence similarity to other RND members being low, it was assigned to its own family within the RND. DISP is essential for the secretion of Shh across the membrane of the producing cell [40]. Sensing Domain (SSD), the role of these homologous receptors in the Shh pathway is not equivalent. Ptch1 was shown to be essential for development and appears to be the principal receptor mediating responses to Shh, whereas Ptch2 is nonessential, and its role remains ambiguous. Their SSD exhibit similar activities in the Shh pathway, unlike their cytoplasmic and luminal domains [61]. Ptch1 was shown to transport cholesterol out of the cell [62,63,64]. This activity decreases the cholesterol concentration around SMO and inhibits it. When Shh binds to Ptch1, it induces its internalisation and the inhibition of cholesterol efflux. The increase of the cholesterol amount allows the stabilisation of SMO at the plasma membrane and the activation of Hh signaling.

Cholesterol transport activity of Ptch1

Ptch1 and NPC1 are part of the EST Family of RND. As their name suggests, proteins of this family are found in eukaryotes and their main activity is related to the transport of sterol-like molecules. Ptch1 is a proton-ligand antiporter like most RNDs, whereas NPC1 is a symporter. Several structures of human NPC1 and human Patched (Ptch1) proteins have been solved since 2016 [65,66,67,68,69,70,71,72,73,74,75]. The structural differences between these two proteins may be at the root of the difference in transport direction. But the elements responsible for this difference are not yet all identified.

In addition to structural characteristic of the RND proteins (12 TM helices, two large extracellular loops and a proton relay site PRS [32,50]), Ptch1 and NPC1 have a SSD region in the first TM segment [76] and a large non-structured intracellular domain (Fig. 1.8).

Ptch1 and NPC1 have the energy necessary for their transport coming from the proton transport in the TMD. Their partner protein (Shh for Ptch1, NPC2 for NPC1) docks to them through the upper part/subdomain of their extracellular loop, and they have at least one binding pocket one the side of their TMD corresponding to the SSD. In terms of general structure, a striking difference between NPC1 and Ptch1 is the addition of the thirteenth helix and the NTD domain. The NTD is connected to the TM1 [66]. Just like other RNDs, the TMD of NPC1 is organized the same way : 12 TM helices organized in a pseudo two-fold internal symmetry (if we don't count the additional helix), a SSD between T2-4 which underlines a cavity accessible by both plasma membrane and lysosome's lumen. This cavity is made to host cholesterol. It has a different function than Ptch1's because a chimera of Ptch1 with NPC1's SSD loses its ability to inhibit Shh signaling [61]. The proton relay site of NPC1 is identical to Ptch1's. Experiments carried out on yeast expressing human Ptch1 have shown that Ptch1 acts as a cholesterol transporter [77]. This was confirmed by the structures of Ptch1 recently published [71,72,73,74,75].

One characteristic of the RND proteins is that transport is actively made using the energy of a proton. The GXXXD motif of the TM4 is conserved within RND proteins (Fig. 1.8 B). It is part of the proton relay site (PRS). Mutation of this sequence in Ptch1 leads to Gorlin syndrom [START_REF] Aszterbaum | Identification of mutations in the human patched gene in sporadic basal cell carcinomas and in patients with the basal cell nevus syndrome[END_REF]79,80]. This hereditary dominant autosomal disease is characterized by the development of recurring basocellular carcinoma, which could be due to a loss of cholesterol transport activity of Ptch1. Also, it was shown that mutation of this sequence impaired Ptch1 efflux activity [62].

Amino acids of the PRS are not exactly the same within the RND members. If we take the example of AcrB, the PRS is D407-D408-K940 while Ptch1's is D513-D514-E1095 (Fig. 1.9). The shape of the PRS is similar to AcrB's, but the nature of the third amino acid is different: E1095 in Ptch1 is an acidic amino acid, while K940 is a basic amino acid in AcrB. One can wonder how Ptch1 can perform efflux if it needs proton gradient knowing that such gradient does not usually occur for eukaryote cells. It is true that most RND have been shown to depend on protons as energy such as AcrB. But VexF, another RND protein was shown to rely on sodium gradient [33] which naturally occurs in eukaryote organisms. This sodium energy coupling was shown to be able to occur for Ptch1 [34].

Also, even if proton gradient does not usually occur in eukaryote organism, metabolism of highly proliferating cells, such as cells in development and cancer cells, is a different than usual. In these conditions cell environment is more acidic than basal environment due to cancer cell preferring specialized fermentation over the aerobic respiration pathway. This is called the Warburg effect [81,82].

Drug transport activity of Ptch1

In the case cited at the beginning of section 1.4, we refer to an overactivation of the Shh pathway, as a promoter of uncontrolled cell proliferation. But in addition to its key role in this signaling pathway, Ptch1 also presents structural features associated with RND which are known to be responsible for drug resistance by causing ligand efflux. One can therefore legitimately wonder if Ptch1, in addition to its activity of transporting cholesterol could not make drug efflux. This way, Ptch1 could contribute to chemotherapy resistance.

In order to inquire drug efflux activity of human Ptch1, it was overexpressed in yeast, which does not express it naturally (Fig. 1.10). In normal medium yeasts grow the same way whether Ptch1 is overexpressed or not. But when the medium is mixed with different chemotherapeutic drugs such as doxorubicin only the yeast expressing Ptch1 were able to grow [62]. This suggested that Ptch1 can confer resistance to yeast growth inhibition by chemotherapy.

Using the natural fluorescence of doxorubicin, it was shown that yeast overexpressing Ptch1 effluxed more doxorubicin than control yeast, suggesting that Ptch1 was able to transport doxorurubin out of yeast. Moreover, experiments showed that mutation of the GXXXD motive which is a part of the proton relay site in Ptch1 inhibited both the efflux of doxorubicin and the resistance of yeast expressing the mutant Ptch1 to doxorubicin (Fig. 1.10). Analysis of Ptch1 expression in patients with adrenocortical carcinoma (ACC) showed that Ptch1 is overexpressed in all the tumors of all patients [83]. TCGA data analysis on patients with melanoma showed that Ptch1 is over-expressed in melanoma and in melanoma metastasis, and that Ptch1 expression is correlated with decreased overall survival [84]. Ptch1 is endogenously expressed in human ACC cell line and melanoma cell lines. Experiments showed that the inhibition of Ptch1 expression using silencing RNA strongly decreased doxorubicin efflux from these cells relative to control cells, indicating that Ptch1 is involved in doxorubicin efflux in these cells (Fig. 1.11). As previously reported, Ptch1 uses the proton motive force to efflux drugs. This allows Ptch1 to efflux drugs at the expense of protons consumption from the extracellular medium of cancer cells where the extracellular pH is acidic due to the strong glucose consumption (Warburg effect) [START_REF] Damaghi | ph sensing and regulation in cancer[END_REF]. This metabolic feature makes Ptch1 drug efflux activity specific of cancer cells. Hence, Ptch1 is a particularly relevant and highly specific therapeutic target for resistant cancers expressing Ptch1 such as adrenocortical carcinoma and melanoma. This breakthrough allowed to propose Ptch1 as a new target to enhance the efficiency of classical or targeted chemotherapeutic treatments and decrease the risk of recurrence and metastasis (Fig. 1.12). Screening of chemical libraries to identify molecules able to inhibit the drug efflux activity of Ptch1 were developed using yeast expressing Ptch1. These screening allowed the discovery of three inhibitors of Ptch1 drug efflux activity: panicein A hydroquinone (PAH), methiothepin and astemizole. These inhibitors inhibit the growth of yeast expressing Ptch1 in the presence of doxorubicin and doxorubicin efflux (Fig. 1.13). PAH, a compound purified from a marine sponge, increases the cytotoxicity of several chemotherapies such as doxorubicin (dxr) [START_REF] Fiorini | Natural paniceins from mediterranean sponge inhibit the multidrug resistance activity of patched and increase chemotherapy efficiency on melanoma cells[END_REF] and vemurafenib [84] on melanoma cells in vitro and in vivo respectively (Fig. 1.14). Methiothepin, increases the efficacy of dxr against adrenocortical carcinoma cells in vitro and in vivo [83] (Fig. 1.15). These discoveries suggest that the use of inhibitors of Ptch1 drug efflux activity in combination with classical or targeted chemotherapy could be a novel way to circumvent drug resistance, recurrence and metastasis of tumors expressing Ptch1. Unfortunately, no structure of Ptch1 in the presence of drug is available, hindering the understanding of Ptch1 drug efflux mechanism and the research of drug efflux inhibitors. Evolution of the tumor size for the 4 groups of mice with different treatment modalities. The two-way repeated measures ANOVA analysis showed a significant difference between the group control and the group treated with methiothepin and lipdxr. Dxr in mice tumors and hearts after two treatment was quantified using fluorescence microscopy analysis of tissue slides and ImageJ software. Data presented are mean ± SEM and were analyzed using Student's t-test. Significance is attained at P < 0.05 ( * ) ( * * : P < 0.005). (From [83])

Ptch1

Ptch1

Methods for Structural Biology

Different techniques with various specificities exist to solve the structure of a protein:

• X-ray Crystallography solved most of the protein structures to this date.

For this method, the protein is purified and crystallized, then subjected to an intense ray of X-rays. The proteins in the crystal diffract the X-ray into characteristic patterns of spots, which are then analyzed to determine the distribution of electrons in the protein. This result in an electron density map of the protein. From this map, one can determine atom coordinates of the protein along with the thermal B-factor, which serves as an atom localization precision score. The B-factor contains the mean-displacement of an atom which is due to thermal vibration.

• NMR Spectroscopy. The protein of interest is purified, placed in a strong magnetic field, and then scanned with radio waves. The major advantage of NMR is that the structure of the protein is obtained in solution and not crystal, which gives dynamic data. Unfortunately, it cannot be used for membrane proteins larger than 30 kDa.

• 3D Electron Microscopy. A beam of electrons and a system of electron lenses is used to image the biomolecule directly. Until recently, this method offered only very low resolution structures, allowing to see the global shape of the protein, but not the atomic coordinates.

One of the basic principles of structural biology is that the function of a protein comes from its structure and dynamics. Thus, proteins with a similar structure would have a similar function. Hence, it seems obvious that two proteins that have a high sequence identity and therefore similar folding, have a similar function. But what happens when the proteins in a family have low sequence homology? It is known for a good number of proteins of the RND family that they have efflux activity using proton-or cation-motive force. Although they have disparities in their three-dimensional and quaternary structure, which is reflected in their low sequence identity (which can be down to a dozen of percent), they have a similar topology (12 helices TM, two large extracellular loops, a pseudo-symmetry of order 2). Similarities can then be expected in their dynamics.

Several in silico methods exist to study the dynamics and molecular mechanisms of these proteins, three of which we will discuss in the following three chapters of this thesis:

1. comparative structural analysis (used in Chapter 2) 2. molecular dynamics (used in Chapter 3) 3. molecular docking (used in Chapter 4)

Thesis outline

For over 40 years, understanding mechanism that confer Multidrug Resistance (MDR) has been a major goal of cancer biologists [7,[START_REF] James H Gerlach | Multidrug resistance[END_REF]. Most of the studied toward MDR in cancer cells is about ABC transporters [7,[START_REF] Michael M Gottesman | Multidrug resistance in cancer: role of atp-dependent transporters[END_REF]. Unfortunately, inhibition of these transporters often result in over toxicity [START_REF] Utpal | Efflux pumps, nhe1, monocarboxylate transporters, and abc transporter subfamily inhibitors. In pH-Interfering Agents as Chemosensitizers in Cancer Therapy[END_REF] due to the important role of these ABC transporters in healthy cells. Efforts toward a solution are still on going. But the discovery of other targets for MDR of resistant cancer cells is of significant interest.

As showed at the beginning of section 1.4, Ptch1, member of the EST family within the RNDs, is overexpressed in many aggressive and metastatic cancers. Just like other members of the EST such as NPC1, it is able to transport cholesterol [77]. It was later shown to also be able to transport chemotherapeutic drugs [62], and its inhibition in resistant cancer cell lines resulted in increasing chemotherapeutic treatment efficacy in cancer cells [83,84].

The 3D structures of Ptch1 give precious information on the overall structure of Ptch1 and on the way it interacts with its ligands, Sonic Hedgehog and cholesterol. However, information regarding the drug binding and efflux mechanisms are still lacking.

Goal. Our aim is to understand the molecular mechanism of drug efflux activity of Ptch1, and of Ptch1's drug efflux inhibitors.

The best way to understand a molecular mechanism is to study the dynamics using the atomic structure of the protein of interest. But at the beginning of this project, no structural data was available for Ptch1. However, Ptch1 shares typical characteristics with the others RND proteins. So we first turned to AcrB, for which many structures are available (32 wild-type). The size of this kind of system being large, we first wanted to build a coarse-grained model that would allow us to reduce the number of degrees of freedom of the system. Once the model is built, we will have to check its portability to the rest of the RNDs. If there are structural similarities, there should be similarities in the efflux mechanism too. The goal is to extend the antibiotic resistance model to chemotherapy resistance in entirely or partially. In the course of the project, Ptch1's structures have been resolved with cholesterol and in interaction or not with Shh [64,73,72,74,75]. Given the significant structural differences between AcrB and Ptch1, extrapolation of the AcrB model was made difficult. Nevertheless, we can ask ourselves the following question: can AcrB's key conformational changes in the case of antibiotic resistance be, if not fully at least partially, applicable to Ptch1 with its chemotherapeutic efflux activity? And if so, to what extent?

Chapter overview In the first chapter, we present the method we developed in order to build a dynamic model from structural data. We applied this method to AcrB since it is the protein with the largest available dataset of structures, and also because we could compare our results to the extensive knowledge there is about its transport mechanism. Our method is based on the statistical analysis of structural data. By comparing least Root Mean Square Deviation (lRMSD) of subdomains 1.6. Thesis outline 21 to the average mean displacement of the subdomain, we highlighted dynamic subdomains. We then compared the evolution of every interface between each state. By collecting these data, we are able to reconstruct the elementary components of each step of the dynamics of AcrB's drug efflux activity. As structures of Ptch1 became available we tried to use our workflow on Ptch1 to see if we could learn some dynamics out of it.

In the second chapter, we used Ptch1 structures to perform Molecular Dynamics (MD) simulations in order to learn more about the conformational changes which can occur during cholesterol efflux depending on the protonation state of the key amino acids in the PRS. Since we used classical all-atom MD, no large conformational change could be observed. Clustering analysis, cavity detection, relative distance between subdomains, RMSD and comparison to AcrB's efflux mechanism gave us some hints about Ptch1's efflux mechanism.

In the third chapter we used molecular docking in order to understand the binding mode of drugs and available inhibitors of Ptch1. Binding poses were compared to cholesterol's binding site, and as the most stable poses bound in the central cavity, we highlighted possible key amino acids to the binding of the drugs. By using structures derived from our MD simulations, we identified additional possible binding sites to Ptch1.

Published work

The results presented have given rise to the following publications: Chapter 2

Dynamics without explicit dynamics

Summary (eng) During the first stage of this study, we did not have access to the Ptch1 structures. Therefore, we decided to build a model from the available structures of a homologous protein, AcrB, which we later attempted to extend to other RND proteins. The goal is hence to build a dynamic transport model from static data, the crystallographic structures. This model is based on the analysis of key elements for the dynamics from: the RMSD of sub-domains compared to the mean displacement of the atoms that compose it intra and inter-state, then the evolution of the interfaces of the sub-domains as a function of the conformational states A, B or E. This analysis allows to classify the states of unlabeled monomers, to identify the sub-domains compatible with the ABE states, to refine the monomer states, and to characterize the evolution of the interfaces between sub-domains during conformational changes, all in accordance with the results already known in the state of the art. This dynamic model could be applied to other RND proteins with a high percentage of sequence homology with AcrB. Finally, the same workflow is applied to the Ptch1 structures published in the meantime. Two distinct clusters seem to stand out, but no mechanistic conclusion can be drawn, certainly requiring greater structural diversity. To conclude, the workflow used in this chapter is available to everyone in the Structural Bioinformatics Library (http://sbl.inria.fr. It may subsequently give rise to the construction of a dynamic model for these proteins from which it will be possible to generate conformations. 

Résumé (fr)

Goals

Build a model featuring key steps in the dynamics of RND proteins based on available structural data. Build a Workflow usable for any homologous protein(s).

Introduction

As presented in Section 1.6, at the beginning of my project, we had no structures for Ptch1. So we had two different options to learn more about its efflux mechanism:

• Build a homology model

• find a rational model from homologous protein(s)

Using homology modeling has multiple drawbacks: first, it is highly dependent on the sequence identity, second knowledge of the efflux mechanism from the closest homolog, NPC1, was scarce at that time since its structure had been resolved only recently before the start of my project. Hypothesized oligomerization state of Ptch1 from previous studies [START_REF] Fleet | Activities of the cytoplasmic domains of patched-1 modulate but are not essential for the regulation of canonical hedgehog signaling[END_REF][START_REF] Lu | The c-terminal tail of the hedgehog receptor patched regulates both localization and turnover[END_REF] were also contradictory from the structure of NPC1.

Overall One the other side, there is AcrB, the paradigm model of RNDs, which was widely studied for more than a decade [13]. Considering the low sequence identity between AcrB and Ptch1 (Table 2.1), those proteins should have different structures. However, their overall structural organization was predicted to be similar. As every members of the RND superfamily has at least 12 TM helices, we can at least expect similar conformations for the TMD of AcrB and Ptch1.

AcrB's conformational changes can be done when it is a trimer [START_REF] Seeger | Structural asymmetry of AcrB trimer suggests a peristaltic pump mechanism[END_REF][START_REF] Zhang | Energy coupling mechanisms of AcrB-like RND transporters[END_REF][START_REF] Pos | Drug transport mechanism of the acrb efflux pump[END_REF]. Each monomer being large proteins (1101 amino acids), the need to model a trimer is even more resource consuming. With classical MD, the switch from one identified state to another has never been completed [START_REF] Fischer | Porter domain opening and closing motions in the multi-drug efflux transporter acrb[END_REF][START_REF] Vittorio Vargiu | Water-mediated interactions enable smooth substrate transport in a bacterial efflux pump[END_REF][START_REF] Venkata Krishnan Ramaswamy | Molecular rationale behind the differential substrate specificity of bacterial rnd multi-drug transporters[END_REF][START_REF] Attilio | Multidrug binding properties of the acrb efflux pump characterized by molecular dynamics simulations[END_REF][START_REF] Eicher | Coupling of remote alternating-access transport mechanisms for protons and substrates in the multidrug efflux pump acrb[END_REF][START_REF] Attilio | Effect of the f610a mutation on substrate extrusion in the acrb transporter: explanation and rationale by molecular dynamics simulations[END_REF][START_REF] Yue | Constant ph molecular dynamics reveals how proton release drives the conformational transition of a transmembrane efflux pump[END_REF][START_REF] Zuo | Insights into the inhibitory mechanism of d13-9001 to the multidrug transporter acrb through molecular dynamics simulations[END_REF][START_REF] Atzori | Identification and characterization of carbapenem binding sites within the rnd-transporter acrb[END_REF]. In order to have a large enough sampling, the system needs to be small enough [START_REF] Shi Chen | The dynamic conformational landscape of the protein methyltransferase setd8[END_REF]. In order to obtain a rational mechanism of the efflux mechanism performed with as little degrees of freedom as possible, we can build a coarse-grain model of elemental dynamic changes at the root of globale dynamics based on available structural data of AcrB. If we look at elemental dynamic changes, they are simply conformational changes of small subdomains and increase or decrease of interfaces between subdomains.

2.1.1 Structural analysis: compare proteins and predict their function.

Before starting building a model by comparing protein structures, it is necessary to look for the sequence and/or structure homology of the compared proteins. This search for homology can be approached at three levels: whole proteins, protein domains and protein motifs within the same molecule. Indeed, the functional constraints are not the same according to the region of the protein being studied, especially since within a domain, the inner areas and the surface are subject to different selection pressures according to their involvement in the structure and/or function of the protein.

Based on the structure-function relationship when studying a protein, two classes of properties are studied separately. The first is the analysis of homologous protein structures which allows to highlight the protein functions [START_REF] Christopher L Tang | On the role of structural information in remote homology detection and sequence alignment: new methods using hybrid sequence profiles[END_REF]. To do this, it is necessary to search for structural alignments. For this, it is first required to identify the corresponding sub-sequences and then to optimize the geometrical criteria of the alignment. The second is the analysis of thermodynamics and dynamics from simulations, such as molecular dynamics (see section 3.1.5).

Structural Alignment Methods.

The different structural alignment methods can be classified according to 3 main parameters [START_REF] Hasegawa | Advances and pitfalls of protein structural alignment[END_REF] : the molecular representation used, the associated score function and the optimization of the algorithm executed.

Classical molecular representations focus on geometric or topological features. Geometric features are based on Cartesian coordinates and/or internal distances, while topological features are based on graphs coding geometric coordinates and/or topological properties. A commonly used example is the contact map. These are graphs whose edges code the spatial proximity between two amino acids. These maps can be based on the pairs of C α that lie within a distance threshold [START_REF] Godzik | Flexible algorithm for direct multiple alignment of protein structures and sequences[END_REF], or by using physical contacts between amino acids, such as those derived from Voronoï models [START_REF] Chesley M Leslin | Topofit-db, a database of protein structural alignments based on the topofit method[END_REF][START_REF] Olechnovič | Cad-score: a new contact area difference-based function for evaluation of protein structural models[END_REF].

Depending on the molecular representation used, a specific score will be applied. In the case of a geometrical representation, we generally use the RMSD of internal distances (dRMSD) [START_REF] Holm | Protein structure comparison by alignment of distance matrices[END_REF] or the (least) RMSD on coordinates (lRMSD). For topological representations, scores are based on the conserved contacts.

Finally, optimisation algorithms used are particularly important when it comes to taking execution time constraints into account, and aligners can also be classified according to the hardness of the problem being solved.

Scoring structural alignments: RMSD, lRMSD

The commonly performed comparison computes simultaneously the measure of geometric similarity and the associated optimal rigid motion. The most popular solution to this problem is the lRMSD [START_REF] Kabsch | A solution for the best rotation to relate two sets of vectors[END_REF]. It is the RMSD of positions upon applying the optimal rigid motion. This value is usually expressed in Å (note that the lRMSD is a coordinate RMSD).

The lRMSD has been one of the most used similarity criteria in structural biology and bioinformatics. In addition, a number of limitations have led to developments in design and computation.

Efforts have been made to overcome several limitations of design. The lRMSD is difficult to interpret because it is an average value and therefore it may be the result of structural conservation due to the contribution of all atoms, or it may have small regions that have undergone large conformational changes while the rest is preserved.

In order to overcome such issues, the combined RMSD (denoted RMSD Comb. ) has been previously developed in the team [START_REF] Cazals | Characterizing molecular flexibility by combining least root mean square deviation measures[END_REF]. RMSD Comb. mixes independent lRMSD measures, each computed with its own rigid motion. The RMSD Comb. can be used to compare structures based on motifs defined from the sequence (domains), or to compare structures based on structural motifs yielded by local structural alignment methods.

Consider two point sets A = {a i } and B = {b i } of size N (each point corresponds to an atom):

RM SD = 1 N N i=1 a i -b i 2 (2.1)
Now, if we consider a set of positive weights {w i } i=1,...,N , meant to stress the importance of certain points. The weighted RMSD (RM SD w ) reads as

RM SD w (A, B) = 1 i w i i=1,...,N w i a i -b i 2 (2.2)
The lRMSD is the minimum RMSD obtained after performing the optimal rigid motion g from the special Euclidean group SE(3) (subgroup of direct Euclidean isometries) between A and B:

lRM SD vw (A, B) = min g∈SE(3)
RM SD w (A, g(B)).

(2.

3)

The rigid motion providing the minimum is denoted g OP T (A, B). The weight of the lRM SD vw is defined as W vw (A, B) = i w i . Note that the well known lRMSD is the particular case of the previous with unit weights: lRM SD(A, B) = lRM SD vw (A, B) with w i ≡ 1, ∀i.

(2.4)

We arrive at the main definition, which combines individual RMSD: 

w i i w i lRM SD 2 (C (A) i , C (B) i ) (2.5)
Note that calculations of RMSD-like scores are tightly related to the calculation of structural alignments between two structures.

Geometrical Model

Structural biology is intertwined to the representation of proteins. Protein related interaction such as protein-protein, protein-ligand or protein-DNA happen in every living organisms, and a reliable representation of these interactions is needed in order to study them. Rather than representing atoms as spheres of equal radi, consider the van der Waals force. The van der Waals interactions represent the attraction of the nuclei (positively charged) and electron clouds (negatively charged) between different atoms. It starts as attractive (short distance) before becoming repulsive (very short distance). If we represent molecules with such model, it is a union of balls representing atoms in the radii proportional to their corresponding van der Waals radii. The chemical bond length is the distance between spheres center. Such diagrams are called van der Waals surface (Fig. 2.1). Further space-filling diagrams can be Solvent Accessible Surface (SAS), where each van der Waals ball is enlarged by the radius of a water probe (1.4 Å), or Solvent Excluded Surface, also named Connolly's surface, when rolling a solvent sphere on top of the van der Waals (Fig. where d(P, P i ) is the distance between P and P i . Delaunay triangulation and α-complex. Delaunay triangulation is the dual shape of the Voronoi diagram which can be obtained by connecting all the points that share common Voronoi faces. We consider a set of points S and a ∆ k a k-simplex formed by the convex hull of the centers of the k + 1 points (1 point = 0-simplex, 2 points = 1-simplex, 3 points = 2-simplex). For a givent set of points, the Delaunay triangulation DT is defined as the set of simplices ∆ S k :

DT =    ∆ S k ∈ DT ⇔ |S| i=1 V i = ∅    (2.7)
Given a set of n balls B = {b 1 , ..., b n }, S b i ,α is the sphere centered in b i , with a radius r 2 i + α, where r i is the radius of b i . For a given parameter α, the α-complex K α is the simplicial complex containing the the simplices satisfying:

∆ S k ∈ K α ⇔ |S| i=1 (V i ∩ S b i ,α ) = ∅ (2.8)

Chapter 2. Dynamics without explicit dynamics

The use of the α-complex to identify contacts between subdomains results in the efficient estimation of interfaces between subdomains, allowing the identification of real contacts between atoms, rather than a method over distance between subdomains which might include amino acids buried in the surface of the protein. This method is applied in the space-filling model used in the following article to estimate interfaces between subdomains [START_REF] Cazals | Computing the volume of a union of balls: a certified algorithm[END_REF].

Clustering Methods

Grouping data elements into dissimilar groups of similar elements is a central question in data analysis [START_REF] Xu | Survey of clustering algorithms[END_REF] and contemporary biology related research producing large data sets is no exception [START_REF] Xu | Clustering algorithms in biomedical research: a review[END_REF][START_REF] Xu | A comprehensive survey of clustering algorithms[END_REF].

Among the various categories of clustering there is:

• Hierarchical clustering methods generally construct a dendrogram in which the leaves are the individual elements, with branches aggregating similar clusters [START_REF] Richard O Duda | Pattern classification and scene analysis[END_REF].

• k-means and variants perform a Voronoi-induced clustering of the cluster representatives, which are updated iteratively [START_REF] Arthur | k-means++: The advantages of careful seeding[END_REF].

• In density based clustering methods, an estimate of density is usually calculated from the data, with clusters associated with catchment basins of local maxima [START_REF] Cheng | Mean shift, mode seeking, and clustering[END_REF]. Topological persistence may be used to select the significant maxima [START_REF] Chazal | Persistence-based clustering in riemannian manifolds[END_REF].

The use of a different clustering method and parametrization of the clustering, such as the used threshold, often leads to different clusters for the same dataset, which make clustering results partly subjective.

AcrB

Structure

AcrB is part of the tripartite complex AcrA-AcrB-TolC found in Gram-negative bacteria. This transporter span from the inner to the outer membrane of the bacteria (Fig. 2.3 A). AcrB, the inner membrane transporter, is connected to TolC, the outer membrane channel, by AcrA, the adaptor protein. The size of the complex and its amino acids composition make the transport of a wide range of compounds possible.

AcrB is a homotrimer which can be divided in 3 domains (Fig. 

Efflux mechanism

AcrB uses the proton motive force to efflux its substrates. Protons interact at the proton relay site (PRS) which is highly conserved between RND proteins. Three different states of AcrB have been identified based on crystallographic data : Access (A) -Binding (B) -Extrusion (E). Each monomer undergoes sequentially each state. A-B, B-E, andE-A) were superimposed. (extracted from [13])

In state A, the Access Pocket (AP) between PC1 and PC2 is open, while the Deep Binding Pocket (DBP) between PC1 and PN2 subdomains is closed. Because of the A to B transition, the subdomains PN2 and PC1 move apart, causing the DBP to open and the AP to become smaller. Substrate binding in the DBP might stabilize the B state. The formation of the DBP and substrate binding is coupled to the downshift of the TM2 and other smaller displacements of TM subsection making the TMD accessible for protons from the periplasmic side. Following the accessibility of the PRS from the periplasmic side, the central titrable residues (D407 and D408) get protonated which drives the B-E transition. All PD subdomains get reoriented following the large conformational changes within the TMD that includes upshift of the TM2 and lateral movement of the TM8. Flipping of the PN1 subdomain opens the exit gate between the PN1 and PN2 subdomains, which allows the substrates to be extruded as a consequence of DBP and AP closing. The release of the proton to the cytoplasm leads to revision of the shifts within the TMD, and during the E to A transition conformational changes only affect PN1 and PC2 in the porter domain. The opening of the cleft (AP) and the closing of the exit gate bring the system back to the initial state A.

Main Contributions

In order to build a dynamic model through the statistical analysis of structural data, we developed a novel strategy based on two key ingredients which are (i) to study dynamics by exploiting information embodied in the numerous crystal structures of AcrB obtained to date, (ii) to systematically consider subdomains, their dynamics, and their interactions. Results are presented in the paper published in Proteins [START_REF] Simsir | Studying dynamics without explicit dynamics: a structure-based study of the export mechanism by acrb[END_REF]. This first step was implemented in the Structural Bioinformatic Library (SBL) [START_REF] Cazals | The structural bioinformatics library: modeling in biomolecular science and beyond[END_REF], is free to use in the Molecular cradle package and can be applied to other systems. Finally, the workflow was used on every accessible structures of MexB and CusA, other RND proteins, to challenge the robustness of the model. This highlighted that with similar structures and functions the model can extend to other HAE1 family proteins, but not to HME family proteins.

As structures of Ptch1 were published, we also tried this strategy on Ptch1 alone. We identified two possible states.

Results

Studying dynamics without explicit dynamics: A structurebased study of the export mechanism by AcrB

Summary of the results. We began our study by ensuring that hierarchical clustering with lRMSD of all available asymmetric structures of AcrB went to the 3 known clusters (state A/B/E) (Fig. 2.5 i).

Knowing that the dynamics of biomolecules generally rely on large conformational changes involving rigid bodies of subdomains which relative positions change, and local dynamics contributing to the entropic stabilization of meta-stable states, we searched for dynamic subdomains across the 19 of AcrB's. We compared local lRMSD to the corresponding subdomain's average mean displacement derived from the B-factor. We identified 5 dynamic subdomains (Fig. 2.5 ii).

In order to ensure that the dynamics of these sub-domains contain the information of the change in the conformation of the A/B/E states, we have made the RMSD Comb. of these sub-domains and check that they correspond to the 3 known clusters (Fig 2 .5 iii).

Finally, using the Voronoï interface, we measured the size of every intra-monomer interface per state. We compared the median size of interface, and identified interfaces ungoing significant change in size from one state to another (Fig. 2.5 iv).

We also widen our model by applying it to MexB, an homolog of AcrB in the same family, HAE1 proteins, and CusA, a protein from the homologous family HME. Different states are identified for both. MexB had states corresponding to B and E, but its third state was closer to state E than state A, yet different. As for CusA, none of the identified states fitted one of AcrB's state.

Supplementary data of the following article can be found in the Appendix of this thesis.

Results

Figure 2.5: Identification of dynamic subdomains and subdomain interfaces. i Hierarchical clustering of all asymmetric AcrB monomers using the lRMSD : clearly separated clusters allow labeling of every monomer according to states A (red) B (cyan) E (green). ii Comparing the mean displacement in crystal asymmetric structures against the median lRMSD of subdomains for different states and transitions identifies 5 dynamic/unstable subdomains (red boxes). iii Clustering the AcrB asymmetric monomers restricted to subdomains (Loop2, Loop8,Loop11, TM) with RMSD Comb. . yields three clusters corresponding to states A/B/E. iv Evolving interfaces between subdomains within a monomer.

of the system (1049 amino acid per monomer and membrane) has prevented a systematic dynamical exploration, so that the mild understanding of this coupled transport jeopardizes our ability to counter it. The large number of crystal structures of AcrB prompts studies to further our understanding of the mechanism. To this end, we present a novel strategy based on two key ingredients, which are to study dynamics by exploiting information embodied in the numerous crystal structures obtained to date, and to systematically consider subdomains, their dynamics, and their interactions. Along the way, we identify the subdomains responsible for dynamic events, refine the states (A, B, E) of the functional rotation mechanism, and analyze the evolution of intramonomer and intermonomer interfaces along the functional cycle. Our analysis shows the relevance of AcrB's efflux mechanism as a template within the HAE1 family but not beyond. It also paves the way to targeted simulations exploiting the most relevant degrees of freedom at certain steps, and to a targeting of specific interfaces to block the drug efflux. Our work shows that complex dynamics can be unveiled from static snapshots, a strategy that may be used on a variety of molecular machines of large size. 

| Resistance-nodulation-cell division transporters

The periplasm of gram-negative bacteria may be seen as a buffer zone helping manage cytotoxic substances. Such compounds, which are metabolic wastes or substances entering via porins, should be expelled outside the cell. Of particular importance are resistance-nodulation-cell division (RND) transporters, a superfamily of membrane transporters involved in activities ranging from multidrug resistance to trafficking of lipids. As opposed to channels, transporters do not open simultaneously both communication sides. A prototypical case in this superfamily, representative of the HAE1 family, is the AcrA-AcrB-TolC transporter. 1 While AcrB is the inner membrane transporter, TolC is the outer membrane channel, with AcrA the adaptor protein linking AcrB and TolC. The size of the transporter and its amino acids composition make it possible to transport a wide range of compounds.

Importantly, these transport mechanisms follow the concentration gradient, with the molecule expelled towards the high concentration side. The process requires external energy to trigger the necessitated conformational changes. In the case of AcrB, this energy comes from the proton motive force: in short, AcrB performs a coupled transport, trading one proton flowing along the negative gradient from the periplasm into the cytoplasm, against a substrate molecule transported from the cytoplasm/inner membrane to the outside of the cell across the periplasm (via AcrA and TolC). S2). AcrB was F I G U R E 1 (Top left) Side and top views of the AcrB trimer (Top right) Topology of AcrB: subdomains defined from the sequence. Nodes represent subdomains-in parenthesis the number of amino acids, and arc coil regions. Green regions are dynamics, as identified by our analysis-Section 3.2. (Bottom) Clustering the n Asym: mono: asymmetric AcrB monomers using the lRMSD: clearly separated clusters allow labeling the 26 unlabeled monomers from labeled ones. Hierarchical clustering with Average linkage was used. Main panel lRMSD; inset RMSD Comb. with three domains (TM, porter, funnel). A leaf of the tree reads as follows: sE_3w9h_C: state E, PDB id 3w9h, chain id in PDB file C. Known labels are found in the same cluster: sE (green cluster), sA (red cluster), sB (cyan cluster). These labels allow labeling the remaining unlabeled structures. Note that RMSD Comb. yields fusion values significantly lower than those with lRMSD first crystallized in 2002 by Murakami's team in a symmetric conformation. 2 This first crystal structure did not involve any substrate, and yielded symmetric monomers. The three domains are called the TM domain, the porter domain (PD), and the funnel domain. Within the trimer, the AcrB monomers form three layers parallel to the plane of the membrane: the TM domains shapes a ring in the inner membrane, while the porter and funnel domains form membrane proximal and distal, respectively, domains in the periplasm.

The TM domain involves 12 α-helices and contains the proton relay site. It can be split into two membrane insertions stretches (TM1-6 and TM7-12). The PD (also named pore domain, located in the periplasm, is responsible for the drug efflux. It comprises four topologically homologous subdomains (each consisting of two βαβ sandwiches) working in pairs: PC1 and PC2 sandwich the substrate entrance site which faces the periplasm, while PN1 and PN2 sandwich the exit site. The funnel domain, also located in the periplasm, contains the last lock of the RND drug pathway, namely, the exit gate. This domain, interacting with the AcrA β-barrel domain decomposes into two subdomains denoted DN and DC. Finally, the last subdomain is composed of one alpha helix in the cytoplasm, denoted α-helix.

| Mechanism

While the first crystal structure was substrate free, 2 the notable event was the (almost concomitant) release of crystal structures obtained with substrates (doxorubicin or minocyclin). 3,4 Both publications proposed a three-state alternating site functional rotation mechanism, whence the metaphor of a peristaltic pump. The two groups termed the three conformations of a monomer as Access (A)-Binding (B)-Extrusion (E), and Loose-Tight-Open, respectively. Thereafter we will use the ABE terminology.

Only monomers in state B were crystallized with the drug, and the other states were inferred based on structural comparisons in terms of least root mean square deviation (lRMSD) with state B. Structural studies of trimers suggest that all combinations of state are not possible, 5 and six states for trimers have been postulated (Figure S8). The analysis of crystal structures yielded a number of key insights.

Briefly, the proton-coupled efflux of one-substrate molecule runs through steps involving three states. 1,2,4,6-8 The three monomers cycle as (A,B,E) ! (B,E,A) ! (E,A,B) ! (A,B,E). This cycling is made possible by proton binding and drug binding. As a prototypical scenario, consider that from Reference 7. A monomer binding a proton on the high concentration side triggers conformational changes. This makes substrate binding possible, and the trimer adopts the states (A, B, E

[protonated]). When B binds a second proton, the trimer changes to states (A 0 , B 0 , E 0 ). The conformational changes at play are such that the substrate is extruded from B 0 , and the protein released from E 0 toward the low concentration side. Getting back to the overall mechanism, it has been noticed that the export across AcrB-AcrA-TolC is allosteric in nature, 9 with structural changes in AcrB triggering a repacking of AcrA (to avoid leakage in the periplasm), which in turns triggers a synchronized opening of TolC. However, several important steps are still under debate at the AcrB level. For example, since substrate transport and power generation are coupled, the preeminence of the former over the latter is unclear. 8 It is also unclear whether the protonation occurs in the B state or at a transition state between the B and E states. Finally, structuralists first considered the drug unbound in state A, 3 but it was later shown as being drug-size dependent. 10 

| Modeling

Selected aspects of the efflux mechanism have been studied via molecular dynamics (MD), both coarse-grained 11 and all-atom 12 -up 3μs of simulation time for the latter. 13 See Reference 14 for a survey.

However, this strategy faces two major difficulties. The first one is the size of the system which prevents the discovery of large amplitude conformational changes. The second one is the correct handling of protonation states, which is not treated by classical force fields, and therefore requires manual intervention. Beyond structural aspects, models were also developed to study energetics. In Reference 7, by quantifying both the entropic changes of the solvent and the enthalpic-entropic changes of the protomers, it is argued that the functional rotation mechanism is only possible due to the trimer configuration. A model based on the free energy landscape approach 15 has also been proposed. 8 Using selected electrochemical potential terms as well as assumptions on the cooperativity between the protomers, a sequence of elementary events is proposed, so that overall, the efflux complies with the first and second laws of thermodynamics.

| Contributions

As shown by our review of previous work, the understanding of the efflux by AcrB presents shadow zones, with uncertainties on the preeminence of certain steps, the unclear role of subdomains in the coupling of substrate transport and power generation, as well as assumptions on the cooperativity between subdomains within and across monomers.

To partially bridge these gaps, this work develops a novel strategy based on two key ingredients which are (a) to study dynamics by exploiting information embodied in the numerous crystal structures of AcrB obtained to date, and (b) to systematically consider subdomains, their dynamics, and their interactions. More specifically, we set the following goals both for AcrB and other RND proteins:

• Classifying states of unlabeled monomers. We ascertain whether monomers can be unambiguously ascribed to a state denoted A or B or E, using the lRMSD distance calculations based on C α carbons. Likewise, we check whether any trimer can be ascribed to a particular configuration of states, for example, ABE or AAA.

• Identifying subdomains compatible with states ABE. We study the dynamics of subdomains to identify a minimal set of subdomains consistent with the classification of monomers, based on two ingredients.

The first one is the analysis of conformational changes of subdomains within states and across states, which are compared against the fluctuations observed in the crystal structures. The second one is the consideration of all possible clusterings based on all possible subsets of subdomains, under the so-called combined RMSD (RMSD Comb .) structural distance.

• Refining monomer states. To mine the existence of stable substates of states A, B, and E, we refine the clustering analysis for whole monomers using the subdomains identified as dynamic, under the socalled combined RMSD as distance measure.

• Characterizing the evolution of interfaces between subdomains along state changes. Interfaces between subdomains provide insights on the cooperativity of the efflux mechanism, and also hint at interfaces which might be targeted to block the efflux. We perform a thorough study of all interfaces and their evolution between subdomains across states.

From a methodological standpoint, we note that these analysis are in spirit analogous to the classification of hemoglobin quaternary structures, 16 based on rigid superpositions of the α and β subunits, buried surface areas at the dimer/dimer interface, and the analysis of cavities. These approaches are illustrative of the geometric method, which, over the past half-century, proved instrumental to provide in particular structural and thermodynamic insights on individual molecules but also protein complexes. 17-20 Letting alone the system and the specific tools used, the case of AcrB raises one novel difficulty though, namely, the identification of relevant subdomains to explain the overall mechanism, a demanding task due in particular to the presence of loops/linkers.

| MATERIAL AND METHODS

| Crystallographic data

| Structures for AcrB

We focus on a set of wild-type AcrB structures with median resolution 3.32 Å (Figure S9). We gathered in total 32 pdb files containing n Asym: trim: = 23 asymmetric structures: 17 files containing one trimer and 3 files containing two trimers (Table S3). Whence a total of n Asym: mono: = 17 Ã 3 + 3 Ã 6 = 69 monomers in asymmetric structures. Out of these 69 monomers, 43 of them come with a state label (label for short) A or B or E assigned by the authors (Table S4).

With a focus on state A, we also consider n Sym: mono: = 12 symmetric structures of AcrB (wild-type structures, resolution better than 6 Å) (Table S3). The asymmetric unit of each such crystal containing a single monomer, the final dataset comprises a total of n Tot: mono: = 81 monomers.

| Domains and subdomains for AcrB

We used the segmentation of a monomer into subdomains and loops/ linkers introduced in previous work 2-4 -shortening subdomains of up to three amino acids to ensure a minimal loop length of four amino acids. Those loops were rendered consistent with secondary structure of AcrB using pdb 1iwg. 2 This resulted in 8 subdomains and 11 loops (Table S2).

| Structures for other RNDs

To extend our results to other RND protein, we gather structures of RND having at least five different pdbs in order to have significant results. We gathered in total 6 pdb files containing n Asym: trim: = 6 for MexB (2 of them from cryo-EM), and 8 pdb files containing n Sym: mono: = 8 for CusA (Table S3).

| Domains and subdomains for other RNDs

We tried to find in MexB (HAE1-RND) and CusA (HME-RND) subdomains equivalent to those of AcrB. To this end, we used structural definition of AcrB on 1iwg and searched for similar structural subdomains in 3kso 21 for CusA and in 3w9i 22 for MexB (Table S2).

| Methods

In the following, we describe the methods used to investigate the goals introduced in Section 1.2 for AcrB, using its states A, B, and E. As detailed in Appendix S1 (Section 7.1), all scripts were coded in python, based on packages of the Structural Bioinformatics Library (http://sbl.inria.fr, 23 ), on Biopython PDB, 24 and also several Scipy packages.

The corresponding package, called Molecular_cradle, is described at https://sbl.inria.fr/doc/Molecular_cradle-user-manual.html.

| Classifying states of unlabeled monomers

Clustering structures

To classify states of unlabeled monomers within trimers, we resort to hierarchical clustering of monomers. To compare two monomers, we use the classical lRMSD, a global comparison based on C α carbons, and the recently introduced combined RMSD or RMSD Comb..
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Given the decomposition of a structure into subdomains (Table S2), RMSD Comb. provides a weighted average of the lRMSD observed between these subdomains (the weight being the size, i.e., the number of amino acids), stressing the role of local similarities. Practically, we use the implementation from the Structural Bioinformatics Library 23 (https://sbl.inria.fr/doc/Molecular_distances_flexible-usermanual.html).

Given a structural distance (lRMSD or RMSD Comb. ), consider the matrix which off diagonal entries are the n t × (n t -1)/2 distances obtained for all pairs of n Asym: mono: = 69 monomers.

We feed the resulting matrix to hierarchical clustering. A clustering run yields a dendogram, namely, a binary tree which leaves are the individual monomers, with each internal node representing a merge between two clusters. The height of the internal node is called the merge or fusion value. Two methods provided equivalent performances: average linkage (AL), and Ward. 26 Practically, we present results with AL rather than Ward in all cases, since the fusion values are in distance units rather than squared distances units.

A cut in this dendogram defines a partition of the input data into clusters. Practically, we use two types of cuts: a topological cut (Definitions 1 and 3) and geometric cut (Section 2.2.2).

Propagating labels

The clusters obtained may be used to label unlabeled structures by propagating known labels to unlabeled structures within a cluster. To this end, we define:

Definition 1 ("Valid clustering of asymmetric structures with lRMSD")

Consider a clustering of the n Asym: mono: monomers, obtained by cutting a dendogram based on the lRMSD. Term a subtree anchored at an internal node of the dendogram homogeneous if all state labels of its labeled leaves are identical, that is, are either A or B or E.

The clustering is termed valid with respect to a state provided that there exists an homogeneous subtree of size n Asym: mono: containing all monomers for that state.

A clustering valid with respect to the three states is simply termed valid.

Note that in our case, n Asym: mono: = 69=3 = 23. In practice, given a dendogram, we seek a cut so that Definition 1 applies. The method to find such a cut plainly consists of a postorder traversal of the binary tree, as long as the subtree explored remains homogeneous.

| Identifying subdomains compatible with states ABE

Conformational changes for subdomains

The crystal structures provide opportunities to understand which domains characterize the successive drug efflux steps. On the other hand, in performing structural analysis based on molecular distances (lRMSD and RMSD Comb. ), the precision on coordinates and the dynamics present in the crystal structures must be taken into account.

For the former, from Cruickshank's formula, 27,28 the typical precision on atomic coordinates at a resolution of say 2.5 Å lies in the range [0.2,0.4] Å. For the latter, atomic oscillation amplitudes are related to B factors by the formula B = 8π 2 u 2 . Yet, in a typical crystal, B factors may be affected by conformational disorder. 29,30 For latter comparisons, we define the mean displacement for a set of structures as the average value of u obtained using all C α of the monomers in these structures. In practice, we use a single mean displacement computed for all (symmetric, asymmetric) structures.

Consider a particular subdomain (loop, TM region, etc.), and the corresponding median lRMSD computed either over all pairs of structures within a state (A or B or E), or from two states, that is, . (A and B) or (A and E) or (B and E). To single out significant distance values on a subdomain basis, we compare the median lRMSD obtained for a set of pairs (see below) against the average mean displacement per subdomain, computed for those pairs. To cope with the three states A, B and E, we perform six comparisons for each subdomain:

• One intrastate comparison for each states A, B, E. The pairs processed are all pairs for that subdomain for the state considered.

• One interstate comparison for each pair of states, that is, . (A, B), (A, E), and (B, E). The pairs processed are all pairs of subdomains for the two states considered.

A given comparison, be it intrastate or interstate, is termed positive provided that the median lRMSD value is larger than the average mean displacement. In the following, we use the number of positive comparisons out of the six possible ones to qualify subdomains:

Definition 2 . ("Static, dynamic, unstable subdomains") Consider the three intrastate and the three interstates comparisons for a subdomain. Considering the number of positive comparisons, we define:

• (0/0) No positive comparison whatsoever: "static subdomain".

• (0/ ≥ 1) No positive intrastate comparison, and at least one positive interstate comparison: "dynamic subdomain."

• (≥1/0) Positive intrastate comparison(s) but no positive interstate comparison: irrelevant since not observed.

• (≥1/ ≥ 1) Positive intrastate and interstate comparison(s). A subdomain with at least one positive interstate comparison, for which at least one of the associated intrastate comparison is negative:

"dynamic subdomain." Otherwise: "unstable subdomain."

Selecting subdomains

Assume that all monomers have been labeled (assigned a state) and clustered. We further our analysis by identifying those subdomains with significant dynamics, which account for valid clusterings. This The clustering is termed valid with respect to a state provided that the number of maximal homogeneous subtrees for that state is equal to one or two, with the additional condition in the latter case that the smallest subtree has at most two leaves.

(A constraint meant to tolerate a number of outliers equal to 10%.)

A clustering valid with respect to the three states is simply termed valid.

Note that in case a clustering is valid with respect one or two states (but not all three), the state(s) of interest are listed.

Similarly to Definition 1, given a dendogram, we seek a cut so that the definition applies, based on a postorder traversal of the binary tree.

| Refining monomer states

As noticed above, we wish to single out those subdomains compatible with states. With a focus on a specific subdomain, we process the n Tot: mono: monomers found in the asymmetric and symmetric structures. We seek a valid clustering of these subdomains in two steps.

First, we compute a dendogram using the lRMSD, and find homogeneous subtrees as explained previously, based on a postorder traversal. Second, we postprocess these trees by cutting them into subtrees, in such a way that each subtree reported has the following property: the height of its root (the value at which the merge occurs in the dendogram) is less than the mean displacement.

| Characterizing the evolution of interfaces between subdomains along state changes

To model contacts between two subdomains, we resort to the This number of atoms is known to be a robust linear estimator for the interaction area-each atom contributes 10 of buried surface area, which itself is a proxy for the stability of protein complexes. 19,31 We also note that Voronoi models give a direct access to atomic packing properties, 19 which are typically defined by the volume of atomic Voronoi regions, or by the volume of the intersection between atomic balls and their Voronoi regions. 32 As packing defects concern almost exclusively solvent exposed atoms, 19 our focus in the sequel is on interfaces.

Voronoi interfaces were computed using tools from the Structural Bioinformatics Library (Appendix S1, Section 7.1). We exploit Voronoi interfaces as follows: The interface between subdomains u and v is termed characteristic if it exists in a fraction ≥f 1 of all monomers in S.

We use f 1 = 0.9 in this work. This threshold is used to not discard interfaces involving small subdomains, in particular loops, may not be complete in the crystal structures. We proceed with:

Definition 5 . ("Evolving interface for two subdomains within a state") Consider a characteristic interface I 1 (u, v) for a set of monomers S . Consider the median of the number of atoms involved in all instances of this interface:

med S u, v ð Þ= median #atoms I 1 um, vm ð Þ , mS f g : ð1Þ 
The medians for states A, B, and

E are denoted m A = med A (u, v), m B = med B (u, v), m E = med E (u, v)..
The interface is termed evolving across the three states provided that

max m A , m B , m E ð Þ -min m A , m B , m E ð Þ max m A , m B , m E ð Þ ≥ c = 0:5 ð Þ: ð2Þ 
We also study interface between subdomains belonging to different monomers -intermonomers interfaces. In order to compute interfaces for symmetric state crystals, we reconstructed the trimer from the asymmetric unit (a monomer).

Definition 6 . ("Intermonomer characteristic interface") Consider a pair of states S, T ð ÞD = A,B ð Þ, A,E ð Þ, B,E ð Þ, A,A ð Þ f g . Let S, T ð Þ
be the corresponding sets of monomers. An interface I 2 (u, v) between two subdomains u and v is termed characteristic provided that it exits in a fraction ≥f 2 of all pairs of such monomers.

Note that practically, the sets S, T ð Þare neighboring monomers in the trimers studied. Practically, we also use f 2 = 0.9 in this work. We proceed with:

Definition 7 . ("Evolving interface for two subdomains from two states") Consider an intermonomer characteristic interface for two subdomains u and v. The median of the number of atoms involved in all instances of this interface is defined by

med S,T ð Þ u, v ð Þ= median #atoms I 2 um, vn ð Þ , m, n ð ÞS × T f g : ð3Þ 
The medians for the four pairs of states are denoted m AB = med (A,

B) (u, v), m AE = med (A,E) (u, v), m BE = med (B,E) (u, v), m AA = med (A,A) (u, v). The interface is termed evolving pro- vided that max m AB , m AE ,m BE , m AA ð Þ -min m AB , m AE , m BE ,m AA ð Þ max m AB , m AE , m BE , m AA ð Þ ≥ c = 0:2 ð Þ: ð4Þ 
Note that the interfaces (AB), (AE), (BE) correspond to asymmetric structures, with (AA) for symmetric ones.

Remark 1 The previous methodology has been described for AcrB using its three states A, B and E. It adapts mutatis mutandis to other RNDs, taking for granted (a) a structural alignment method used to correspondences between subdomains. Practically, we use the Kpax aligner, 33 and (b) states equivalent to A, B, and E.

| RESULTS

We analyze the results for the four steps of our method, stressing in each case its systematic character using AcrB and its generic character using MexB. Moreover, we stress novel insights, if any for the mechanism.

| Classifying states shows differences across RND

AcrB. Using valid clusterings (Definition 1), we wish to propagate known labels of monomers to unlabeled monomers of the same cluster. Clustering all asymmetric AcrB monomers using the lRMSD indeed yields clearly separated clusters corresponding to the states A, B, and E, from which the labeling of the 26 unlabeled monomers can be done unambiguously (Figure 1, Table S4). All monomers being labeled, we note that the n Asym: trim: trimers are in state ABE. To further this observation, we also clustered monomers using the lRMSD on the individual domains, obtaining a correct result for the TM and PDs, but erroneous for the funnel domain (Table S5). This result is expected, as the funnel domain is known to be stable (in terms of conformations rather than interfaces) across states, 4 which confuses the clustering algorithm. Clusterings obtained using RMSD Comb. for the three domains rather than the lRMSD also yields a valid clustering (Figure 1, insert). Finally, in terms of lRMSD values, our studies confirm that state E is the most dissimilar, with states A and B relatively similar. Indeed, states A and B merge in the dendogram at 2.22 Å, while state E merges and at 3.2 Å.

MexB. Within the RND superfamily, MexB is the most similar to AcrB. Our analysis focuses on the (solely) six PDB structures available (30 monomers). Since sequences of AcrB and MexB differ, lRMSD were computed using the Kpax aligner 33 from the SBL. Regarding subdomains, we used those found as dynamic for AcrB.

We first build the dendogram of AcrB and MexB, based on the RMSD Comb. of subdomains (Loop2, Loop11, TM). This dendogram shows monomers of MexB incorporated to clusters of monomers of AcrB (Figure 6 Top). MexB therefore exhibits three states which we denote M-A, M-B, and M-E. Yet, the correspondence with those of AcrB is not direct as evidenced by the proximity between groups of monomers in the dendogram. On the one hand, the states M-B and M-E are structurally close to those of AcrB. We confirm that this is not the case for M-A which clustering wise differs from all clusters (A, B, and E) of AcrB. 34 Remark 2 We used the same analysis on CusA, resulting in the identification of two states, none of which corresponding to a state in AcrB (Figure S14).

| Steps A, B, and E are mainly due to relative motions between selected subdomains

AcrB . We noted above that distances (lRMSD, RMSD Comb. ) between two structures are affected by the crystal resolution, and are partly reflected by the B factor values-Section 2.2.2. Using the relative values of distances and mean-displacements, we defined static, dynamic, and unstable subdomains (Definition 2). The analysis of the corresponding scatter plot for all subdomains singles out five subdomains (Figure 2):

• α-Helix (37 amino acids). With 3 intrastate and 3 interstate positive comparisons, and lRMSD values for inter and intrastate comparisons which are comparable: α-Helix is unstable.

• TM (380 amino acids). With 0 intrastate and 3 interstate positive comparisons: TM is a dynamic subdomain, with changes between any two states. The highest median lRMSD being associated to interstate comparisons with E state.

• Loop2 (6 amino acids). With 0 intrastate and 2 interstate positive comparisons: Loop2 is dynamic. Moreover, since the lRMSD is large (1.75 Å) for states (A, B), moderate (1.1 Å) for states (B, E), and small (0.9 Å) for states (A, E), state B differs from states A and E.

• Loop8 (11 amino acids). With 2 intrastate and 3 interstate positive comparisons, and a gap singled out by two interstate comparisons: Loop8 is also a dynamic subdomain. Note that median lRMSD associated to interstate comparisons containing state E are the highest of all (around 3.5 Å).

• Loop11 (16 amino acids). One gets 1 intrastate and 2 interstate positive comparisons, with a gap associated with the intrastate comparison for state E. Median lRMSD for state E is very low (0.25 Å), it increases for state B while staying stable (0.6 Å), on contrary state A is unstable (1.2 Å). Therefore, Loop11 is a dynamic subdomain as well.

AcrB structures have classically been analyzed based upon PN1, PN2, PC1, PC2, DN, and DC subdomains ( 3 and Figure 2). We note that these subdomains are not dynamic by our criterion; that is, their interest in studying the mechanism lies in spatial rearrangements of quasi-rigid domains.

AcrB contains a large number of subdomains which vary in size and dynamics. We wish to identify those which yield a classification consistent with that of whole monomers (Section 3.1). Using subsets of the 5 subdomains identified, we replicate the clustering analysis (Section 2.2.2), based on the notion of valid clustering (Definition 3).

Analysis is reported in Table 1.

We observe that α-Helix yield an incorrect clustering. This is expected, as we have seen that it does not exhibit any structural coherence event within states (all comparison interstate-intrastate above the line y = x, Figure 2). On the other hand, the four subdomains (Loop2, Loop8, Loop11, TM) are compatible with the clustering of states (Figure 3). The same holds by taking into account (Loop2, Loop8, Loop11) and TM separately.

Since RMSD values depend on size, and the size of subdomains varies drastically (TM is 380 amino acids, which is almost 4 times more than PN1 and 20 times more than any loop; Table S2), we carry out an analysis based on regions of equivalent size. To do so, we split TM into 21 subdomains (12 TM helices and 9 loops, Appendix S1, Section 7.5), three of which turn out to be dynamic (Table S7). However, none of these yields a clustering of higher quality than those previously obtained-in terms of separation.

MexB. Having identified the 3 alleged ABE states of MexB, we build the graph comparing median lRMSD values to mean displacement value only for subdomains with lRMSD above mean displacement value for at least one interstate comparison (Figure 6, Bottom left). The following differences can be noticed with respect to AcrB:

• The subdomains (Loop1, Loop6, Loop7, 9, PN2, DN, DC) which are not dynamic for AcrB are so for MexB. The subdomains which stand out are identical (Loop2,8,11, TM). B-E and the lowest between A-B in AcrB, and opposite behaviors for MexB.
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Finally, we performed interstate and intrastate comparisons with respect to states A, B, E, M-A, M-B, and M-E. In analyzing box plots, low "variability" corresponds to a boxplot range smaller than 0.75 Å (Figure 6 Bottom). We note:

• TM between AcrB and MexB, B and E are very similar, A not (median RMSD above 1 Å) (Figure 6, third row, right plot).

• Porter low variability but high lRMSD values (Figure 6, last row, right plot). The lowest lRMSD value being between E and M-E and B and M-B.

We conclude that MexB's B and E states are similar to their counterpart in AcrB. State A is different, but the differences still have to be understood.

| The coherence between subdomains suggests the existence of substates

AcrB. We replicate the clustering analysis using all wild type monomers, including the n Sym: mono: = 12 symmetric structures. For the TM and PDs, we perform two types of analysis: first, by clustering the structures using exactly one subdomain, using lRMSD; second, by clustering the structures using several subdomains, using RMSD Comb. . As previously, the clustering generates a dendogram (Figure 4). Two clusters are defined as significantly different if their distance is above the mean displacement of the studied region (lRMSD > u ). The clusters are colored accordingly. For example, for the TM region, the clustering cutoff used is equal to u = 1.

Consider for example the analysis of TM using TM Remark 3 Note that the difference in quality criterion of structures, such as Resolution or R-free, are not significant between 0 and 00 clusters, while 000 cluster is so (Figure S12). However, the number of Ramachandran outliers varies significantly across the three states.

A coherent location along the sequence of these outliers for the backbones of monomers corresponding to a substate could account for the clustering obtained. We are not aware though, of any method assessing the drifting of coordinates induced by such outliers.

MexB. No substates were detected for MexB probably due to the small number of structures.

| The systematic study of interfaces unveils a small number of dynamic interfaces

AcrB: intramonomeric interactions. We characterize intra-monomeric interactions with Voronoi interfaces between subdomains (Table S8), Figure 5[Top]).

The number of interfaces varies across states: 57 in A state, 68 in B state and 74 in E state. State A is the only one with no unique interface. One interface is shared between A and B (I 1 (PN1, Loop4)), 2 between A and E (I 1 (PC1, Loop2), I 1 (Loop2, Loop3)), 12 between B and E (Figure 3[Top]), 1 is B specific (I 1 (Loop1, Loop5)), and six are E specific (I 1 (Loop8, PN1), I 1 (PC2, TM),

I 1 (Loop7, PC2), I 1 (Loop11, Loop7), I 1 (Loop8, Loop5), I 1 (PC1, PC2)).
With a focus on interfaces that change significantly, we note that S8).

AcrB: intermonomeric interactions. We proceed similarly for intermonomeric interactions (Table S9, Figure 5 S9), the loosest interface is between B and E and the tightest with A and B. For example, using median values, the interface between PN2 and PN1 involves 80 atoms for AB and 58 for BE; the interface between PN2 and PC2 involves 68 atoms for AB and 19 for BE.

MexB. Next, we computed the intramonomer interfaces of

MexB's subdomains (Table S10). The interfaces tend to be larger in MexB than AcrB; also, for significant interfaces of AcrB, the size difference is less marked in MexB. Consider for example, the interface between I 1 (Loop8, PC1): in AcrB, one moves from 19 ABB and AAB were actually crystallized after stabilization thanks to cross-linking. 35 In unambiguously assigning a state to each monomer and confirming that all asymmetric states in current wild type known crystal structures are ABE, our clustering-based analysis resolves both issues.

We also study the relationship between states and the dynamics of AcrB's three domains. 2 The conformational changes of these domains are not homogeneous. In fact, the funnel domain was described as stable, while the other two domains are mobile throughout the cycle. 3,4 With higher lRMSD values between clusters, our analysis shows that the PD undergoes more significant conformational change than those of TM.

| Putative substates might lead to diversity in simulations

Our clustering analysis based upon symmetric + asymmetric structures identifies 5 novel substates (3 for state A, 2 for state B). These findings rely structural differences present in the crystal structures, which are significant with respect to thermal fluctuations. We noted that substate A 0 is more similar to B 0 than to A 00 . Naturally, structural similarity does not entail kinetic proximity, as two meta-stable states on the potential energy landscape may be separated by high-energy barriers or a succession of moderate barriers. Also, the connexion between structure and thermodynamics / kinetics is complex, as mildly different structures in terms of backbone lRMSD may have very different thermodynamic and/or kinetic properties. Indeed, meta-stable states assessed in structural terms (say based on lRMSD)

do not provide any direct information on their statistical weights (thermodynamics), or on the transition rates between their basins (kinetics). Nevertheless, we analyze the putative connexions between substates, ligands, and thermodynamics.

Several structures of AcrB used in this study were obtained using various types of drugs / ligands, which may be classified by size (doxorubicin, minocyclin: small <550 g/mol; erythromycin, rifampicin: large), and /or by physicochemical properties such as solubility with the octanol-water partition coefficient (puromycin, minocyclin: high log P < 1.5; erythromycin, rifampicin: low log P > 2.5). These molecules influence the crystal structure in several respects.

In terms of structure and thermodynamics, the ligands typically stabilize transient states. In our case, similar ligands can be found in substates A 0 and A 00 (doxorubicin, minocyclin, erythromycin). As for substate A 000 , even if two of the drugs crystallized were used in A 0 too (dequalinium and ethidium also used for 2 gif and 2 hrt), they were not found in the later crystals. All the drugs in substate A 000 were cocrystallized in a different location compared to A 0 and A 00 (central funnel). It is interesting to note that ethidium occupies a different recognition site in the central funnel, different from that of, for example, doxorubicin. 36 As for kinetics, the binding/efflux mechanism may differ. 37 As already noticed, 10 of structural differences between their structure and the structures obtained by another group. 38 Also, the use of DARpins does not correlate with clusters, suggesting they do not alter significantly the structures.

In any case, the substates identified also show that structures should be used with care when it comes to selecting states/ conformations to launch simulations, as the starting point may bias the outcome. For example, computational studies tried to resolve protonation state of E monomer, but no agreement was found between 39 (used 2dhh, state A 00 ) and 40 (used 4dx5, state A 0 ). 41 Classical analysis focused on a number of domains (PN1, PN2, PC1, PC2, DN, and DC 3 ). In particular, the dynamics of several subdomains (PC1, PC2, and to a lesser extent loop F617) in terms of translocations were underlined by previous studies. 42 We note that these subdomains do not yield clusters coherent with the three states.

Our analysis of conformational changes vs fluctuations in crystal structures identifies subdomains whose relative positions change while their intrinsic dynamics are not significantly altered. These five subdomains are Loop2, Loop8, Loop11, TM, and α-helix (Figure 2).

α-helix was found to interact with AcrZ in selected AcrB structures. 43 To date, no equivalent protein was found in another RND. AcrZ is believed to stabilize AcrB and accompany the ABE cycle. Remarkably, all of them but α-helix yield a correct clustering of states under RMSD Comb. (Table 1). (We note that using RMSD Comb. is mandatory here to account for the size variation of these subdomains.) Thus, their conformational changes are characteristic of the ABE states.

| Incidence of these subdomains on overall relative motions

We now delineate the role of the four subdomains (Loop2, Loop8, Loop11, TM) in the cycles A, B, E.

State A was previously termed a loose state, 4 S2). Being localized between PN1 and PN2, the dynamics of this loop is correlated to the

F I G U R E 7
Positioning of the main events highlighted in this work with respect to the (A,B,E) cycle. Our analysis singles out two types of events (stressed by circles in the insets): the dynamic behavior of a subdomain (within a state, in-between two states), and the evolution of interfaces between two subdomains (within a monomer, across monomers). Dynamic subdomains between each state are in bullet list. Deduced effect on structure is written next to the subdomains. Loop11 undergoes a coil to helix conformational change, which contribute to the closing of the entrance to the drug binding pocket. Illustrations: relative movement of PC1 and PC2 due to Loop8. and definition of the interface I 1 (PC1, PC2). Starting from state A, both subdomains get further apart in state B before colliding in E state. The median values for the number of interface atoms are: state A: 0, state B: 0, state E: 49. Loop11 is represented in orange and Loop2 in green significant decrease of the interface size between these two subdomains in state B. At that stage of the mechanism, the drug binding pocket must get larger in order to accommodate the drug, whatever the recognition site-out of three-exploited by the drug. 10,36,44 Loop8, which contains T676-loop described in the literature, is the linker between PC1 and PC2. These two subdomains do not undergo conformational changes themselves (lRMSD less than the subdomains' mean displacement, Figure 2), and their tighter interactions owes to the movements of the connecting loops. The T676-loop regulates the entry into the access pocket, 45 which is pivotal for substrate transport. MD studies identified key amino acids interacting with the drug. 14 These amino acids are also said to be involved in the opening and closure of the PC domains. This is made possible by the oscillatory movement of Loop8 between the A and B states. 45 But the main changes undergone by this loop and captured by our clustering (correct clustering only for state E) is the conformational change responsible for the movement of PC1 and PC2 happening during the transition B to E. A change also characterized in. 45 The creation of this new interface is responsible for the closure of the entrance to the pocket and the ejection of the drug up/out of the monomer.

For Loop11, we detect the coil to helix transition, which role has been assessed by. 46 TM is continuously hydrated and yields correct clusters for all states in our study (Table 1). The closest states are A and B-yet different enough to be separated. This is consistent with the open water route from the periplasm in both states and opening of the cytoplasm route in state B. 47 Structures in the E state stand further apart in the clustering, due to the closure of the periplasm route. The fact that states A, B, and E coalesce upon splitting TM into its constitutive helices shows that changes in the relative position of the helices rather than individual conformational changes are at play (Table 1). Changes such as upward movement of TM2, or lateral movement of TM8 toward TM10 have already been characterized. 48,49 It has been speculated 47 that proton uptake in TM occurs in between states A and B, or in between states B and E, and that proton release occurs between states E and A. Proton binding to protomer leads to a decrease in free energy, thus changing to a new more stable conformation. 8 The dynamics of Loop2, Loop11, and TM result in an increasing number of interfaces between states A and B. The additional dynamic of Loop8 leads to new interfaces between states B and E (appearance of (I 1 (Loop7, PC2), I 1 (Loop11, Loop7), I 1 (PC1, PC2)), and enlargement of existing ones (I 1 (Loop11, Loop8), I 1 (Loop11, TM)). This is a consequence of the collapse of the drug-binding pocket upon drug exit.

Loop8 and even more Loop11 are close enough to the TM domain to define interfaces (Figure 7 Lower left inset). We also note that Loop1, Loop5, Loop7 PN1, and PC2, which are not dynamic by our criteria, contact TM all along the cycle.

The signal propagation/force transfer to go from one state to another might involve these subdomains. We hypothesize that the dynamics of Loop2, Loop8, Loop11, and TM correspond to the motion A to B to E to A, while the dynamic of F617 correspond to the migration of the drug or the substrates. Recent studies also described new entry pathways for ligands, 36,44 next to Loop1 and Loop7. This suggests that regions involved in substrate passage and those involved in the ABE cycle behave differently. These hypotheses deserve further investigations. 50 Summarizing, our work underlines that quasi-rigid rearrangements of 7 out of 8 subdomains, quasi-rigid rearrangements or no rearrangements of 8 out of 11 Loops, and the dynamics of the 4 remaining are enough to lead to significant change of interfaces needed for the drug efflux.

| Interfaces of potential therapeutic interest

The interface area between two proteins interacting noncovalently typically lies in the range 1500 to 4000 Å 2

. 19 (Note that interaction area refers here to the buried surface area, that is the surface area of the two molecules represented in the solvent accessible model, which get buried upon complex formation.) Remarkably, a robust statistic is that all interface atoms contribute on average $10 Å 2 to this interface. 31 The situation is different for protein-drug interactions, where the smaller molecular weight of the latter yields interface areas on the protein side in the range 300 to 1000 Å 2

. 51 In light of these values, interfaces (within a monomer, in-between monomers) featuring a change of at least 30 atoms theoretically stands a chance to be of interest to modulate the interaction/the mechanism. As a complementary statistic stressing relative rather than absolute measures, we also inspect those interfaces satisfying a significant relative change, as specified by Equations (2, within a monomer) and (4, across monomers).

Our results show that a wide variety of interfaces could be targeted.

On the one hand, using Equation (2) 17 intra-monomer interfaces change significantly of size throughout the change of state. We noticed that one of these interfaces I 1 (Loop3, PC1), is involved in the binding of P9D, an inhibitor co-crystallized with AcrB, 22 via a phenylalanine enriched groove between Loop3 and PC1. Out of 17 interfaces, 7 of them exhibit a change of more than 30 atoms when the state changes (Table S8). The interfaces I 1 (Loop8, PC1) and I 1 (Loop9, PC1), which are located in the middle of the drug binding pocket, exist in all states, yet vary in size. Of particular interest is the interaction of I 1 (DC, PN1): it also satisfies both selection criteria (Equation 5, at least 30 atoms), and exhibits a large size change (state A: 50 atoms; state E: 7 atoms); yet, DC and PN1 are stable subdomains (Figure 2). More generally, several of our interfaces are located in the drug-binding pocket, and could therefore be targeted by inhibitors.

On the other hand, we have the inter-monomer interfaces for which two of them increase of more than 30 atoms. The first one, I 2 (PN1, PN1), does not seem easily accessible, as it is buried in the center of the trimer. The second one, I 2 (PN2, PC2), is of interest (Figure S13). An inhibitor targeting this interface could bind while a BE interface would occur, since it is at its smallest. Because the interface would not be able to get back to its AB or AE size, both monomers could be blocked in those states. And if as hypothesized in the literature there could be only one E monomer in a trimer, the efflux would be stopped.

| Understanding the conformational changes of other RND proteins

Studying the mechanism of RND proteins is a challenge because of their size, the need of energy from the proton gradient, and the membrane. As a matter of fact, most of the studies about the efflux mechanism are on one model, AcrB. Here, we tried to further the application to other RND proteins. Structural differences across this superfamily force us to either focus on structurally similar families, such as only tripartite ones, or on proteins of the same family (such as HAE1, to which AcrB's belongs).

| Classifying states stresses different mechanisms

We used RMSD Comb. on tripartite RND proteins (AcrB, MexB, CusA), obtaining clusters similar to those of AcrB for MexB only. For CusA, only symmetric structures were resolved, yielding two states via our analysis (Figure S14). Each cluster is characterized by different ligand(s) (monovalent ion, bivalent ion, no ion), which in itself is a cause of structural differences. Overall, AcrB's mechanism as a template suits MexB, but is of lesser interest for other tripartite RND pumps as well as monomeric ones for which subdomains are too different.

| MexB: Different relative motions induces different mechanism

The structural differences of the non-TM part of the proteins and lack of diverse structures in HME family protein confined us to the HAE1 family for the study of the PD.

Applying AcrB's workflow to MexB succeeded, a fact that we ascribe to the decent number of structures and the high overall sequence identity (70%). Previous work reported the similarity between states B and E of AcrB, and M-B and M-E of MexB, and differences between states A and M-A. 22,34,52,53 These analyses also reported a noticeable difference in the dynamics of Loop11 which has already completed its coil-to-helix transformation in state B in MexB, and that M-A is more constrained than state B.

Our work refines these findings. First, we note that MexB has six additional dynamic subdomains, when compared to AcrB. Second, we note that differences between A and M-A mainly reside in the PD (Figure 6 The comparison of structures can be considered as standard for simple systems, in particular two biomolecules forming a binary complex-one compares the unbound structures to the bound ones.

Geometric criteria have also shown useful to classify quaternary structures of hemoglobin, for which all four subunits are known to be relevant. Our work goes beyond by considering a large ensemble of structures for which the role of subdomains but also loops/linkers is unclear in the first place, when a systematic analysis at the subdomain level. We also note that our grouping strategy is analogous in spirit to the design of Markov state models from MD simulations. States in Markov state models indeed group together coherent conformations.

The systematic character of our analysis holds promises in several directions.

From the structural standpoint, the ability to identify dynamic domains, or domains which relative positions change at a specific step of a complex mechanism makes it possible to launch dynamic explorations (based on MD or Monte Carlo methods) focusing on those degrees of freedom (typically dihedral angles) relevant to that step.

From the thermodynamic standpoint, we noticed in our review of previous work that the models developed were hinging on hypothesis regarding particular interactions between subdomains. Our systematic analysis of such interactions paves the way towards enhanced such models. In particular, the ability to compute local partition functions in regions of the conformational space where such interaction properties hold might lead to a direct and reliable estimate of thermodynamic and possibly kinetic properties via master equations. Along the way, it would be beneficial to also incorporate into the models other interaction properties (H-bonds, salt bridges, hydrophobic interactions, specific interactions involving side chains). This endeavor, however, will require a new generation of algorithms to perform reliable predictions of thermodynamic and kinetic properties.

From the application standpoint, the exhaustive study of interfaces between subdomains offers a putative list of interfaces to be targeted by drugs or peptides to alter the mechanism. For the case of AcrB, this targeting would aim at blocking the cycle of alternating states A ! B ! E ! A. Last but not least, we also believe that our systematic approach is a first step towards the development of mechanistic models explaining complex mechanisms. In physics, Newton's cradle is a simple example of a system that can be modeled as a graph whose vertices represent the elementary parts-the beads, and whose edges represent certain interactions between these parts at certain moments in time. A complex molecular machine could be modeled in a similar way, with vertices representing subdomains and edges interactions between them-for example, evidenced by interfaces. Our systematic analysis makes it possible to create such graphs, and we anticipate that in a near future, several molecular machines, for which there exist significant databases of structures, will be analyzed this way. Examples of high interest not only include transporters such as

AcrB, but also fusion proteins, polymerases, or the nuclear pore complex, to name a few.

Results

53

Application on Ptch1

Thanks to the rise of Cryo-EM, 11 Cryo-EM structures of human Ptch1 became accessible on the online database RCSB since 2018 [64,71,73,72,74,75]. We applied our workflow on Ptch1 only with subdomains as follows:

• whole structure 73-1178 In every hierarchical clustering performed we can see two main branches (Fig. 2.6). Those 2 clusters could mean that Ptch1 can take two different states in the available structures. Nevertheless, two chains in one PDB are always in the same cluster, which could also mean that the difference is not due to different states, but rather to different model constructions.

•
Note that the difference between the clusters are higher for the TMD (Fig. 2.6 C) than the ECD (Fig. 2.6 D) as fusion value of the two clusters are at higher RMSD (TMD: 1.4Å, ECD: 1Å). 

Discussion

In this chapter, we developed a tool to perform a systematic statistical analysis of available structural data inquiring AcrB's efflux mechanism, and tried to widen it to other RND proteins.

The developed tool is accessible to everyone on the Structural Bioinformatic Library website (https://sbl.inria.fr/) under the name of Molecular cradle.

The model built fits with the current state-of-art of AcrB's efflux mechanism: rigid motion of subdomains in the Porter domain thanks to global changes in the TMD conveyed by loops connecting the TMD to the Porter domain. It goes further by connecting every interacting subdomains and the evolution of their interfaces through out the change of states.

The conformational changes of Loop 8, also called T676-loop in the literature, that we have identified as state-specific, have been characterized as regulating access to the Porter domain and playing a key role in substrate transport by MD simulations [START_REF] Fischer | Porter domain opening and closing motions in the multi-drug efflux transporter acrb[END_REF]. Moreover, the global conformational changes of TMD have been identified as giving alternative access to water, both from periplasm and cytoplasm, depending on the state in which the monomer is located. Collaboration between AcrB's domains in their conformational changes during state transition have also been highlighted by MD studies. Indeed, different protonation states of the amino acids of AcrB's PRS found in TMD have induced conformational changes in the Porter domain, such as the opening and closing of the pocket between the subdomains PC1 and PC2 [START_REF] Yamane | Functional rotation induced by alternating protonation states in the multidrug transporter acrb: all-atom molecular dynamics simulations[END_REF][START_REF] Jewel | Coarse-grained simulations of conformational changes in the multidrug efflux transporter acrb[END_REF]. The transmission of the information between the TMD and the Porter domain have been attributed to the coil-to-helix conformational changes of Loop 11 [START_REF] Eicher | Coupling of remote alternating-access transport mechanisms for protons and substrates in the multidrug efflux pump acrb[END_REF]. Although the results of MD simulations are in agreement with those of our observations, it is interesting to note that the MD was able to highlight the key role of the T617-loop [START_REF] Feng | Unidirectional peristaltic movement in multisite drug binding pockets of acrb from molecular dynamics simulations[END_REF] which, due to the oscillatory nature of its movements, does not allow an ordered clustering with ABE states in our workflow.

Research on AcrB specifically have been going on for 17 years on individual question related to drug and proton recognition. However it has been stated that a more systematic analysis was needed [13]. The model we built answer is a possible answer to this statement.

Antibiotic resistance is not the result of only AcrB activity, since it is only one of the pumps found in bacteria providing resistance. Some other pumps such as MexY are also involved in antibioresistance. Beyond a mechanical model for AcrB, we need a general mechanical model of RND proteins, which could provide a general target site for inhibitors to counteract antibioresistance. We are still miles away to be able to build this model. Indeed, our AcrB model could not perfectly fit other tested RND. Here are some leads to improve our model.

First, we might have fit our model too closely to AcrB. Indeed, there is an imbalance between the number of available structures on AcrB and on MexB or CusA. This might give a weight too high to the similarity between the structures of AcrB, leading the other RND out of AcrB's cluster. The problem is the loss of statistical relevance if we lower the number of structures. MexB and CusA have respectively 6 and 8 structures available, but other RND proteins, such as AdeB and CmeB, which are also part of the HAE1 family like AcrB and MexB have respectively 1 and 2 structures. The first step is to define a threshold for the number of structures necessary to achieve statistical relevance. Are we statistically relevant with one structure of each and many RND proteins? Or do we need to provide more than one structure for each. We also need to address the homology threshold. How much sequence identity do we need to be able to compare the structures. Our alignment is not only a sequence alignement but also a geometry alignment with Kpax aligner [START_REF] David W Ritchie | Fast protein structure alignment using gaussian overlap scoring of backbone peptide fragment similarity[END_REF]. We though that geometrical alignment on proteins with similar topology/geometry could give ordered clusters. However after performing the hierarchical cluster on the TMD which is the only domain with somewhat conserved folding across the RND proteins (data not shown), the obtained clusters are not ordered and do not allow us to conclude anything about the conformational changes undergoing in the TMD for RND proteins for which the efflux mechanism is still elusive. The sequence identity of the TMD across the RND proteins is quite low (from 56% between MexB and AdeB to 13% between MtrD and Ptch1). Maybe the topological homology is not sufficient and we need to add a sequence identity threshold, which has yet to be determined.

The clustering of large domains is only the first step of our Workflow. The identification of dynamic subdomains is the second and one of the pillar to the construction of a dynamic model. We identified dynamic subdomains by comparing the lRMSD of a subdomain, to the average mean displacement of that subdomain for a given state or inter-states. We obtained the mean displacement from the B-factor (B = 8π 2 ū2 with u being the mean displacement) in every PDB files which translates the thermal vibration. This score is usually reliably obtained in crystal structures. Unfortunately many TM proteins are challenging to crystalize, and their structure have remained elusive until Cryo-EM became precise enough to give atomic level precision structures. It is for example the case for Ptch1, our protein of interest. The issue is that B-factor does not have a reliable meaning/value in Cryo-EM [START_REF] Wlodawer | High-resolution cryo-em maps and models: a crystallographer's perspective[END_REF]. We would need to find another stability indicator for Cryo-EM data. Nevertheless, many proteins have numerous crystal structures, such as G protein coupled receptors (GPCRs) or ion channels, and our Workflow could be used for such proteins. Also note that the B-factor we used in this study is not normalized, even if the resolution of the used structures span over 1.9Å to 3.7Å. One could normalize this value in order to increase the robustness of the obtained value as most structures have a resolution above 3Å and the studied system is a membrane protein.

Following the identification of statistical data on dynamic subdomains and evolution of the interfaces we are trying to build a dynamic model of AcrB. Each subdomain is represented by a node. The first step was to build the never changing skeleton of the model: consecutive subdomains along the sequence are connected (topology edge), and so are subdomains sharing stable interfaces (geometric edges) (Fig. 2.7 top). Then, we build a model for every transition summing up the evolving interfaces and the dynamic subdomains (Fig. 2.7 Bottom). With these 4 graphs, Finally, building our model with key elements of the dynamics is just the first step toward the construction of a dynamic model based on statistical analysis of available data. After identifying what moves and when, and the constrains the conformational changes meet, we can lock the persistent parts of the model, and generate conformations of the remaining.

Chapter 3

Does protonation impact Ptch1's conformation and cholesterol efflux?

Summary (eng) The publication of the structures of Ptch1 revealed that the structure of Ptch1 is very different from that of AcrB making it impossible to use the dynamic model developed for AcrB at Ptch1. We therefore proceeded to a study by classical all-atom molecular dynamics of the cholesterol transport mechanism of Ptch1. The aim is to study the impact of protonation on the conformation of Ptch1.

To do so, we performed simulations with different structures of Ptch1 presenting a variable number of cholesterol, and different combinations of protonation of the key amino acids of the proton relay site. From the 300 ns simulations performed on the 20 systems thus constructed, different conformational changes were identified such as an alternative access of water to the proton relay site, an elongation of the TM8 helix by the modification of a helix loop and a change in the size of the central cavity. These conformational changes are quite comparable to those observed for AcrB and constitute the first elements in the understanding of the transport mechanism of Ptch1 cholesterol.

Introduction

First Ptch1 structures were published by the end of 2018. Since then, several structures were published but none allowed understanding of the efflux mechanism of Ptch1. To this date, the molecular basis of Ptch1's transport activity is unknown [START_REF] Kong | Biochemical mechanisms of vertebrate hedgehog signaling[END_REF]. Among the RND proteins, the one for which we have the most knowledge is AcrB. But as explained in the previous chapter, structures of Ptch1 and AcrB are different, thus we can't find equivalent subdomains between both proteins except the TMD, and extrapolate AcrB's conformational changes to Ptch1. Also, our attempt to expand our workflow of AcrB on Ptch1 for the TMD failed, and so did our attempt to apply it solely to Ptch1 due to the lack of diversity with the available structures of Ptch1 [64,71,73,72,74,75]. This revealed a little more about the molecular level of the Ptch1 mechanism. To no surprise, the structure of Ptch1 is closer to NPC1 than to AcrB (Fig. 1.8), since the first two are part of the same protein family, the EST [18].

Ptch1's domain

Ptch1 has two Extracelullar Domain (ECD), each of them being an extension between TM1 and TM2 for the first one, and TM7 and TM8 for the second. Structures show: first, the presence of five glycosylation sites and three disulfide bonds. The top part of the ECDs are involved in Shh binding. This domain contains alpha helices, few beta strands and numerous long loops.

Between the ECD and the TMD, there is a domain called the Neck. This short domain contains small alpha helices and loops.

The TMD is built by 12 TM helices, in a pseudo two-fold symmetry between the 2 domains TM1-6 and TM7-12. It contains the proton relay site, which is, like other RNDs, the energy driving domain.

Ptch1 has a long cytoplasmic loop between TM6 and 7. This loop hasn't been resolved in any of the available structures, either because it had been truncated or because it is not structured. This loop has been proposed to modulate Ptch1's inhibition on SMO but is not essential to it [START_REF] Fleet | Activities of the cytoplasmic domains of patched-1 modulate but are not essential for the regulation of canonical hedgehog signaling[END_REF]. 

Cholesterol binding sites and tunnel

The SSD is a domain of 180 amino acids within the TMD with the ability to bind sterol groups. Ptch1's SSD localized in TM1-6 (Fig. 3.2 A) has shown to play a key role in its intracellular traffic [76]. Ptch1 mutant N583A in the SSD loses the abiliy to inhibit SMO even if Ptch1 can still be internalized and sequestrate Shh in cells [START_REF] Verónica Martín | The sterol-sensing domain of patched protein seems to control smoothened activity through patched vesicular trafficking[END_REF]. This suggests that lipid transport is involved in the inhibiting function of Ptch1 on SMO, and also that signal reception and pathway activation by Ptch1 can be dissociated. Chimeric protein of Ptch1 with the SSD of NPC1 loses its ability to inhibit the Shh pathway [61], which certainly results in the loss of ability to make cholesterol efflux. Since NPC1 performs sterol intake, while Ptch1 outtake sterol, we can deduce that the SSD plays a key role in the direction the sterol molecule is taking. Ptch1 contains a second SSD-like domain, which we will call SSD2 (Fig. 3.2 A). Cholesterol was found in the SSD2 in a Shh-bound structure of Ptch1 [71]. cholesterol efflux? Additionally to these two cholesterol binding sites, structures show electronic density corresponding to cholesterol mainly in two other sites: one in the ECD, and the other one in the neck, in a cavity that we will call central cavity (Fig. 3.2 A). One of the available structures predicted up to 11 cholesterol binding sites on Ptch1 [71]. The number of cholesterol in Ptch1's resolved structure seem to depend on the binding to Shh.

A cholesterol transport pathway was postulated from the ECD and through the central cavity as there is a tunnel connecting all those areas (Fig. 3.2 B) [72,74,[START_REF] Mikael | Structural insight into eukaryotic sterol transport through niemann-pick type c proteins[END_REF].

Binding to Shh

Following the release of the first structures of Ptch1, it was postulated that Ptch1 can function as a monomer for the transport of the cholesterol [68,72], unlike AcrB which was shown to be a trimer. But Ptch1's oligomerization state is still under debate.

Several structures show that 2 Ptch1 are in interaction with 1 molecule of Shh [73,74,75] (Fig. 3.3). Shh interacts with one Ptch1 with its cholesterol and palmitate extremities, and with an other Ptch1 with metals such as zinc and calcium (Fig. 3.3). We can observe up to 2 cholesterols binding sites in the extracellular part of Ptch1 in some structures, when two Ptch1 molecules interact with Shh but without any contact between both Ptch1, in a pseudo oligomeric complex [75]. The cholesterol at the top can be found in every structure. It can be free cholesterol or the cholesterol of Shh's C-ter. Experiments carried out on Drosophila Patched protein showed that this protein is oligomeric and compatible with a trimer. This oligomerization would be carried out using the C-ter part and in particular the 183 amino acids which are located in the cytoplasm [START_REF] Lu | The c-terminal tail of the hedgehog receptor patched regulates both localization and turnover[END_REF]. This oligomerization was also supported in work performed on mice Ptch1 [START_REF] Fleet | Activities of the cytoplasmic domains of patched-1 modulate but are not essential for the regulation of canonical hedgehog signaling[END_REF]. To this date, no structural data support this oligomerization state, without the implication of Shh.

Structural diversity

One can wonder if with 11 available structures, we can observe diversity among their conformations.

The first notable difference is the method of obtaining the structure. Among the 11, only two of them were obtained without Shh, pdb 6DMB [72] and 6OEU [68] (Fig. 3.4 A). The binding of Shh induces conformational changes such as a 32-degree rotation of a short helix in ECD1 towards the membrane [START_REF] Zhang | Hedgehog pathway activation through conformational blockade of the Bibliography patched sterol conduit[END_REF] (Fig. 3.4 A). This rotation reduces the radius of the tunnel between ECDD1 and ECDP1.

Not all Ptch1 structures have the same number of cholesterol. The least represented is the cholesterol in the central cavity. This cavity, in which the Shh palmitate can also bind, seems to be transient. In fact, even if construction of the model from the electron-density map does not always allow the construction of a cholesterol in the central cavity, we can observe partial electron density there (Fig. 3.4 B). If we compare the surface of each structures (pdb 6DMB structure without cholesterol, and 6N7H for the one with cholesterol), we can see that the cavity has slightly collapsed when no cholesterol is modeled. We will call this conformation "closed", while the one with cholesterol in the central cavity will be called "open". Actually, those two structures fall in the same cluster in the analysis in Chapter 2 suggesting that there are not so different, but, at the time we began to setup our MD, we did not have all the presently available structures, and our pool of structures was too small to perform the clustering presented in Chapter 2. Because of the slight difference of size of the central cavity, we considered those two structures as different conformations and we named them "closed" and "open".

Molecular Dynamics

MD simulations allow us to predict how each atom in a molecular system moves over time. The prediction is possible thanks to a physics model governing the interactions between atoms [START_REF] Karplus | Molecular dynamics simulations of biomolecules[END_REF]. MD simulations can predict how biomolecules react at the atomic level to environmental variations. The basic idea behind a MD simulation is simple [START_REF] Scott | Molecular dynamics simulation for all[END_REF]. By giving the position of all the atoms in a biomolecular system, we can calculate the force applied on each atom by all the other atoms. To do this, Newton's 2nd law of motion is used to predict the position of each atom as a function of time.

Before starting, a number of settings need to be determined:

• Chosen Force Field: in MD, molecules are described as a series of atoms and bonds which are represented as charged points connected by springs. The force field is a collection of equations and associated constants designed to reproduce molecular geometry and selected properties of tested structures. And so force field describes the time evolution of bond lengths, bond angles and torsions, also the non-bonding interactions, which are van der Waals and electrostatic interactions. There are different levels of precisions possible in a force field such as: all-atom and Coarse-grained. A coarse-grained model contains multiple atoms (4 or 5) in rigid spheres. Lowering the level of precision of the model, by doing Coarse-grained simulation can allow simulations with a longer timescale. The choice of the force field precision depends on the event one wants to witness (long time range, or precise small event).

• Building of the system: a box of sufficient size to contain the observed object must be generated. In addition, most simulations are done in a solvent, usually water with ions to neutralize the solution. If the simulated system is a membrane protein, a membrane must be generated and the protein placed inside. These are all elements that make the system larger and more complex to calculate. To facilitate the construction of the system, a number of tools have been developed. The most famous to date being CHARMM-GUI [START_REF] Jo | Automated builder and database of protein/membrane complexes for molecular dynamics simulations[END_REF].

• Simulation software : MD simulation algorithms have been implemented in a number of simulation software packages. These algorithms offer different capabilities depending on the available computational resources (CPU or GPU) and are not always free of access. Among them, GROMACS [START_REF] Herman | Gromacs: a message-passing parallel molecular dynamics implementation[END_REF][START_REF] James | Gromacs: High performance molecular simulations through multi-level parallelism from laptops to supercomputers[END_REF] is in free access, offers good performances in CPU, and thanks to its large documentation, is user friendly.

Methodological approach and Contributions

Structures being only snapshots of events, and the available structures of Ptch1 being of low resolution (above 3.4 Å), molecular basis of the cholesterol transport is difficult to determine. Even with the extensive experimental work done on Ptch1, we are far from understanding how Ptch1 transports cholesterol [START_REF] Kong | Biochemical mechanisms of vertebrate hedgehog signaling[END_REF]. cholesterol efflux?

Even if we do have the structure of Ptch1 bound to its transported ligand, cholesterol, if we think about the 3 states mechanism of AcrB, we don't know in which state those structures are. Consequently, neither do we know what is the protonation state of the proton relay site (PRS) (shown in Fig. 1.9).

It was shown for AcrB that changing protonation state of the amino acids of the PRS was driving the conformation towards another state (corresponding to the new protonation state) [START_REF] Yamane | Functional rotation induced by alternating protonation states in the multidrug transporter acrb: all-atom molecular dynamics simulations[END_REF][START_REF] Jewel | Coarse-grained simulations of conformational changes in the multidrug efflux transporter acrb[END_REF][START_REF] Fischer | Three ways in, one way out: Water dynamics in the trans-membrane domains of the inner membrane translocase acrb[END_REF]. Therefore, we decided to study the effect of the protonation state on Ptch1 conformation. Of course we don't know if Ptch1 works exclusively with the proton-motive force or with the sodium-motive force. But as the presence of a proton or sodium would be hard or even impossible to model with MD (since bonds are not created or broken with this method), we will mimic the effect of the proton motive force by performing MD with different protonation states of the amino acids of the PRS. Moreover, we also don't know how many protonations we have to model since studies on AcrB are in agreement on this topic [50,[START_REF] Eicher | Coupling of remote alternating-access transport mechanisms for protons and substrates in the multidrug efflux pump acrb[END_REF].

We then decided to perform all-atom MD with different protonation states in order to identify impact of the protonation on Ptch1's conformation. Will these different protonation states have conformational effects similar to that of AcrB?

In order to increase our sampling, we decided to start from the two different states, "open" and "closed" presented in the Section 3.1.4 (pdb 6N7H for "open" and pdb 6DMB for "closed"). Since we don't know the protonation state of the PRS we decided to try every combination for Asp513 and Asp514: D513 deprotonated -D514 deprotonated (dd), D513 protonated -D514 deprotonated (pd), D513 protonated -D514 protonated (pp), D513 deprotonated -D514 protonated (dp). Simulations were run with different number of cholesterol in order to increase our chances of seeing cholesterol movement. For the "closed" conformation, either we kept no cholesterol, or only the one in the SSD. As for the "open" conformation, either we kept all 3 cholesterol, or none, or 2 of them, the one in the SSD and the one in the central cavity. This led to the construction of 20 different conditions (Fig. 3.5). Contributions. In this study we performed the first non-biased all-atom MD simulation of Ptch1 to this date. Through out the 300ns simulated with different conditions (different protonation states for the PRS or different number of cholesterol in Ptch1, different initial structure), we identified several conformational changes such as opening and closing of the central cavity. In fact, the central cavity collapses even more when there is no cholesterol in it. And the ECDs becomes more mobile as cholesterols are removed from there. Moreover, just like AcrB, TM8 undergoes coil-to-helix conformational changes. Chapter 3. Does protonation impact Ptch1's conformation and cholesterol efflux?

Material and Methods

Material

Construction of the model

Two different models from two sets of structural data were used: the first model was taken from the cryo-EM PDB structure 6DMB (3.9Å) [72] and will be called the "closed" conformation, and the second was taken from the cryo-EM structure 6N7H (3.6Å) in which 2 molecules of Ptch1 are in interaction with 1 molecule of Shh, [75] for which only the chain A was used and will be later called the "open" conformation.

To determine an initial protonation pattern in Ptch1, pKa values of all titrable residues were evaluated by PROPKA [START_REF] Rostkowski | Graphical analysis of ph-dependent properties of proteins predicted using propka[END_REF]. The following amino acid sidechains were protonated : Glu127, Glu131, Asp233, Glu237, His289, Glu267, His339, Glu724, Glu835, Glu1066 and Glu1095. All other amino acids were protonated according to standard protonation patterns by CHARMM-GUI [START_REF] Jo | Charmmgui: a web-based graphical user interface for charmm[END_REF]. Finally, according to the crystal structures, 3 known disufide bonds were constructed with CHARMM-GUI [Cys203-Cys226, Cys234-Cys327, Cys296-Cys304].

The cholesterol-bound or unbound protein was next modeled in the lipid bilayer using CHARMM-GUI (Fig. 3.6). For this, we assumed a lipid bilayer consisting of cholesterol (20%) and POPC (80%), which resulted in 309 molecules of POPC and 60 of CHL1. For those values, we relied on the values suggested in a study on SMO, which should have a similar environment [START_REF] Hedger | Cholesterol interaction sites on the transmembrane domain of the hedgehog signal transducer and class fg protein-coupled receptor smoothened[END_REF]. The solvated protein in the lipid bilayer is in a buffer made of an explicit model made up of TIP3 for the water model [START_REF] William L Jorgensen | Comparison of simple potential functions for simulating liquid water[END_REF] and neutralized with 0.15M of NaCl (around 145 atoms of each, Na+ and Cl-). The whole system includes 221.786 atoms in a 116x116x173AÅ rectangular box (Fig. 3.6).

Methods

Molecular Dynamic Simulations

CHARMM36m force field was used [START_REF] Huang | Charmm36m: an improved force field for folded and intrinsically disordered proteins[END_REF]. The systems energy was minimized for 5000 steps by steepest descent method. Then, we pre-equilibrated the system with two instances of temperature coupling for 25 ps (with a time step of 1 fs), then two steps of temperature and pressure coupling with 25 ps each (1 fs), and finally, two 100 ps equilibrations with a time step of 2 fs at constant temperature and pressure. In all systems a Berendsen thermostat maintained temperature with a frequency of 1 ps and a Berendsen semi-isotropic barostat [START_REF] Herman | Molecular dynamics with coupling to an external bath[END_REF] maintained the pressure at 1 bar with a coupling time constant of 5 ps. All bonds to hydrogen atoms were constrained by the LINCS algorithm [START_REF] Hess | Lincs: a linear constraint solver for molecular simulations[END_REF]. All simulations were performed at 303.15 K.

Verlet cut-off scheme was used when calculating long-range non-bonded interaction energies and the Particle Mesh Ewald (PME) to calculate the electrostatic potential energies with periodic boundary conditions [START_REF] Darden | Particle mesh ewald: An n log (n) method for ewald sums in large systems[END_REF]. The parameters used for long-range interactions were a non-bonded cut-off of 12 Å and a force-based switch parameter value of 10 Å.

The final MD production were performed in triplicate for almost all conditions, except for the "open" structure with 3cholesterol for which it was quadruplicate, with each simulation running for 300 ns with a time-step of 2 fs. The 64 simulations were initiated using random velocity seeds to make them statistically independent.

First simulation will refer to the first simulation run for a given condition. The following replicas will be called: first replica for the first one, second replica for the second one, and third replica for the third one. For a triplicate we will have the first simulation and first and second replica, while for a quadruplicate we will have the first simulation and first, second and third replica represented.

Computational ressources. In order to launch our simulations, we were granted access to the supercomputers of the Centre informatique national de l'enseignement supérieur (CINES) twice for a total of 4 700 000 CPU hours.

Analysis

All analyses were performed every nanosecond. cholesterol efflux?

Clustering. The gmx cluster tool of Gromacs was used for the clustering off all trajectories. The gromos algorithm [START_REF] Daura | Peptide folding: when simulation meets experiment[END_REF] was chosen. First it counts the number of neighbors using cut-off. Then it takes the structure with largest number of neighbors with all its neighbors as cluster and eliminate it from the pool of clusters. Finally, it repeats the same steps for the remaining structures.

The analysis was done on different scales: the whole structure of Ptch1, the ECD, the TMD, the SSD and the central cavity. The later has been built by selecting every residue in a 10Å radius around the central cholesterol. It counts 92 amino acids (Appendix Table A.1). The SSD's amino acid were collected by selecting every residue in a 10Å radius around the cholesterol in the SSD. It counts 65 amino acids (Appendix Table A.1).

As described in the introduction of this chapter, the ECD contains numerous long loops (longer than 15 amino acids). As loops are unstructured subdomain, they are usually very mobile, especially when they are located at the surface of a protein, like in Ptch1. In order to avoid the noise the movement of those loops might induce, we did not include them in the defined ECD for the clustering.

The method described in https://ctlee.github.io/BioChemCoRe-2018/clustering/ was used to define the threshold for each domain. Multiple thresholds were tested, and the threshold with the most clusters was chosen with the fewest clusters of size 1. 90% of the trajectories had to be contained in a few clusters (around 7). The number of clusters versus the RMSD cutoff for each domain can be found in the Appendix Clusters with a size higher or equal to 30 (10% of a simulation (300ns)) for at least one condition were kept for analysis. The structure used to represent the cluster was the one given by the cluster method, which is the structure with the smallest RMSD with every member of the cluster.

A cluster will be called specific if it occurs only in one given condition. The flexibility of a condition will be assessed by the number of clusters found for it.

Cavities. CAVER 3.0 PyMOL Plugin [START_REF] Chovancova | Caver 3.0: a tool for the analysis of transport pathways in dynamic protein structures[END_REF][START_REF] Pavelka | Caver: algorithms for analyzing dynamics of tunnels in macromolecules[END_REF] was used to measure the cavities for every selected cluster of TMD and the central cavity. CAVER uses convex hull method to detect cavities. The minimum probe radius was set to 1.2Å. The starting point was set in the center of all the residues of TM4 and TM10 for TMD, and the center of the residues of the central cavity for it.

Distance between subdomains. The gmx distance method of Gromacs was used in order to compute the distance between the center of geometry of subdomains for every condition.

RMSD. The gmx rms method of Gromacs was used in order to compute RMSD per subdomain for every condition.

Helix bending. Bendix [START_REF] Caroline | Bendix: intuitive helix geometry analysis and abstraction[END_REF] extension in VMD was used to measure TM helices bending across the simulations for every condition. The parameters were coarsegrained setting the bundle to a size of 10 amino acids. Chapter 3. Does protonation impact Ptch1's conformation and cholesterol efflux?

Results

Stability of the system

Before starting our analysis, we made sure our protein did not get denaturated by our simulation conditions by measuring the RMSD on the whole protein structure (Fig. 3.7). RMSD remains somehow constant through out the simulation suggesting that the simulations went well. 

Clustering

Clustering analysis was performed on different scales: the whole structure, the TMD, the SSD, the central cavity, and the ECD.

Clusters per condition

Whole structure. Since, Ptch1 counts many long loops, which can adopt large number of conformations, the clustering of the whole structure generated many unique clusters (84). Overall the "closed" conformation is the one for which there are the most diversity in clusters, visiting up to 12 clusters, while the "open" conformation visits only 6 clusters even if we have a larger sample for the "open" conformation. (Table 3.1). For the "closed" conformation, more diverse conformations could mean that this structure is less constrained and more flexible. Regarding the "open" structure, only 3 clusters are specific to the "open" conformation: cluster 5, 11 and 14, the last two being visited less than 70 ns over 12000 ns. ECD. For this domain, as explained in the Method section, large loops (size over 15 amino acids) were ignored in order to avoid unnecessary noise in our clustering. Yet again, the "closed" conformation visits more clusters (13) than the "open" one (8) (Table 3.1). For the "closed" conformation, more diverse clusters could mean that this structure is less constrained and more flexible.

SSD.

The condition for which there are more clusters is the "closed" state with no cholesterol in it. Starting with the "closed" structure, as soon as you leave a cholesterol in the SSD, the number of cluster decreases, and except for the initial cluster (cluster number 1), only one (cluster 5) is common between condition 0 and 1 cholesterol ( as in the chain B of PDB 6NH7). This cavity can also be empty as in the "closed" conformation. As clustering of this region does not give different clusters (in every condition the first frames are always in cluster 1), the difference in shape of the cavity observed between the "closed" and the "open" conformations is likely due to side chain conformations. In order to avoid unwanted noise in our clustering, we performed it only on C α . The "closed" conformation with no cholesterol is yet again the one visiting the most clusters (12) (Fig. A.7). With a cholesterol in the SSD, there is two times less clusters (6). This could suggest either that the presence of cholesterol in that area constrains the structure in the neck area, or that the shape of the SSD has an impact on the shape of the central cavity, knowing that less of 20% of the central cavity is also part of the SSD. What is striking for the "open" conformations is the complete lack of diversity of conformations of the central cavity, it almost always remains in the cluster 1. If we look at the cavities for each condition, even if they can harbor different conformations according to the clustering method, the cavity it self does not really change shape for all of them (Fig. 3.8 C and 3.8 D). Therefore, for the "open" conformation, we can observe similar cavities when there is 3 cholesterols and no Asp of the PRS is protonated, but also when there is no cholesterol and the first Asp or both are protonated. For the "closed" conformation, we observe exactly the same cavities when there is 1 cholesterol and either no Asp or just the first Asp is protonated, or when there is no cholesterol and both Asp are protonated. This means that even if the RMSD of the C α are above the threshold, the shape of the cavities due to lateral chain conformation remains the same. Another detail of the shape of the central cavity draw our attention. A cavity reached the SSD only for one of the conditions when we used the "open" conformation with no cholesterol in it and none of the Asp were protonated (Fig. 3.8 E). With our parameters, a cavity was detected in the neck for almost all clusters. Only one cluster did not harbor a cavity, cluster 10. This cluster is found also only for the "closed" conformation without cholesterol if both Asp are protonated. This cavity can be present all the time, even without ligand and can collapse, in order to push upward the ligand as it was observed for AcrB. If the cholesterol in this cavity was supposed to be transported upward, we could have expected to find this cluster, or at least a partially collapsed cavity when we have 2 cholesterols. The fact that it does not occur could be due to multiple reasons: timescale, sampling, or unfulfilled conditions (such as the need of a partner protein to Ptch1 which could induce a conformational change in Ptch1 allowing the cholesterol to be pushed upward without encountering water molecules). We can also look at the profile of occurrence per cluster and type of cavity per condition.

Results

• "Closed" conformation / no cholesterol (Fig. 3.10): mostly inward and closed conformations. Twice there is a fully open conformation for a bit less than 100ns in one replica (dd: cluster 4, dp: cluster 12). Outward open cavities can only be found when both Asp are not protonated and for less than 100ns in 2 replicas.

• "Closed" conformation / 1 cholesterol (Fig. 3.11): close to no diversity in clusters. The only exception if when the second Asp is protonated. The cavity is then closed.

• "Open" conformation / no cholesterol (Fig. 3.12): every protonation state offer outward or fully open cavities. It is especially striking for the no Asp protonated condition during which the conformation of the TMD quickly and durably switch to an outward open cavity.

• "Open" conformation / 2 cholesterols (Fig. 3.13): outward open cavities are less common than when there were no cholesterol, except when at least one of either Asp is protonated.

• "Open" conformation / 3 cholesterols (Fig. Overall, conformations without cholesterol visits more clusters probably because we removed the cholesterol present in the initial structure. Also, "open" conformation with 2 cholesterols is the least flexible condition. It could mean that this type of condition does not occur normally, which stresses the system and unable conformational changes. Cholesterol in the central cavity is close to water, which it does not want to interact with, being and hydrophobic molecule.

RMSD

TMD. RMSD values of this domain span between 2 and 3.5 Å. The lowest RMSD values are for the "open" conformation with 2 cholesterol, which correlates with the fact that this condition gave the least diversity in cluster (Appendix Fig. A.8). Significant difference and higher values are spotted for the "open" conformation with 3 cholesterols with values going above 3.5 Å (Fig. 3.15 A). This happened only for the first replica when both Asp of the PRS are not protonated which is when the TMD is in cluster 10, with an inward cavity like cluster 1. When only the second Asp is protonated, the first simulation almost reaches a RMSD of 3.5 Å. This is the simulation for which the TMD is in cluster 9, with a fully open cavity. Interestingly, the first replica of this simulation, which is in cluster 8, has the lowest RMSD of this condition (Fig. 3.15 B). Finally, when both Asp are protonated, RMSD increases with 125 ns and almost reaches 3 Å for the first simulation of this condition. We have a similar increase for the third replica with lower RMSD value (Fig. 3.15 C). During those simulations, corresponding cluster is cluster 2. This cluster is specific to the "open" conformation. If we look at the first simulation of this condition, we can see a curvature of the TM1 helix and the cholesterol in the SSD looks like it could enter the TMD (Fig. 3.15 D). If we measure the curvature of the TM1 helix for this condition, we can see that it increases for the first simulation around 125 ns from around 10 degrees to 20 degrees (Fig. 3.15 E).

Neck. RMSD values of this domain span between 2 and 5 Å. One of them catches our attention, it is the first simulation of the "closed" conformation when both Asp of the PRS are not protonated (Fig. 3.16 A). This simulation is the only one that falls in cluster 11 for the central cavity. When looking closely to the difference in conformation between the initial conformation and cluster 11 we see differences in two spots: the first one is in a loop getting further away from the central cavity and changing conformation to an helix (Fig. 3.16 B), the second is the extension of TM8 undergoing a helix to coil change (Fig. 3.16 C). Surprisingly, when looking at the cavities of this cluster, it does not appear to be larger than previously with our method (Appendix Fig. A.9). Chapter 3. Does protonation impact Ptch1's conformation and cholesterol efflux?

Distance between sub-domains

In the efflux mechanism of AcrB, rigid motions of subdomains occur. The loops connecting the subdomains are the one changing conformation. These changes bring subdomains closer or further apart. In order to verify if such events take place during our dynamics, we have measured the distance between center of geometry of our subdomains over time using gromacs tools.

Neck1-Neck2

The distance between these two subdomains varies between 20 and 27.5Å. A difference of 7.5Å between the two sides of this domain containing the central cavity sure will have consequences on the size of the central cavity. The change in the neck conformation reported in the previous section, during the first simulation of the "closed" conformation when both Asp are not protonated, results in the greatest distance between the first and second necks reaching 27.5Å (Fig. 3.17 A). This increase of 4Å is observed in Fig 3 .16, which leads to Cluster 11, which can only be found in this condition. When looking at the ensemble of cavities measured with Caver for the "closed" conformation without cholesterol and no Asp protonated it is among the smallest ones (Appendix Fig. A.9). But if we take a look at the structure as surface, we can see a wide cavity (Fig. 3.17 D). While the RMSD value of this change caught our attention, the distance between neck1 and neck2 is especially small during the first replica of the "closed" conformation when both Asp are protonated, with a value dropping to 20Å (Fig. 3.17 B). This decrease of 2Å does not seem visible when looking at the ensemble of cavities for this condition (Fig. 3.17 C). But let's not forget that this is an ensemble of all the cavities visited for one state. Actually, around 50 ns, when we observe the decrease of distance, the cluster changes and becomes the cluster 10. During this cluster, the central cavity is completely collapsed in its center (Fig. 3.17 E). We reached a closed conformation for the central cavity, and not simply a partially collapsed one.

neck-TMD During the efflux mechanism of AcrB, rigid motion of subdomains leads to the rapprochement between the porter subdomains and the TMD. The closest subdomains to the TMD in Ptch1 is the neck, so we looked at the distance between each neck subdomain and the TMD. Two conditions attract our attention.

For the distance between neck1 and the TMD, we can see a 2Å decrease between the subdomains when the "open" conformation contains no cholesterol and both Asp of the PRS are not protonated (Fig. 3.18). For the distance between neck2 and the TMD, we can see a 2Å increase between the subdomains during the first replica of the "closed" conformation containing no cholesterol and the second Asp of the PRS only is protonated (Fig. 3.18). Overall, the distance between neck1 and the TMD spans between 37 and 32Å, and the distance between neck2 and the TMD spans between 24.5 and 28Å. 

Discussion

To this date, no all-atom MD simulation of Ptch1 have been published. Thus, results presented here cannot be compared to other simulations on the same system. Still, we have extensive knowledge of the efflux mechanism by AcrB and will try to the best of our capacity to compare what we observed during this Chapter to AcrB's mechanism. Previous MD simulations with AcrB gave leads toward understanding how the protonation of the PRS could influence AcrB's conformation [START_REF] Yamane | Functional rotation induced by alternating protonation states in the multidrug transporter acrb: all-atom molecular dynamics simulations[END_REF][START_REF] Jewel | Coarse-grained simulations of conformational changes in the multidrug efflux transporter acrb[END_REF][START_REF] Fischer | Three ways in, one way out: Water dynamics in the trans-membrane domains of the inner membrane translocase acrb[END_REF]. This leads us to believe it should be one of the first question to answer with this type of method, since the available structures offered a hypothetical cholesterol efflux route.

Mechanistic insight

We used two different structures of Ptch1 in order to increase our chances to sample a larger conformational space, even if we later realized that the difference between both structures relied mostly on side chains (partially closing the central cavity) rather than on different conformation of the backbone, as the clustering on C α and the clustering performed in the chapter 2 of this thesis suggests. Still, considering the fact that we obtain clusters specific to one or another structure for every domain, even in similar condition such as without cholesterol, we might say that they are indeed different conformations. Close in the conformational space of Ptch1, yet not exactly the same. They even favor different type of cavities in the TMD: both start at inward open, yet "closed" structure favor changes toward closed TM cavities, while "open" structure favor changes toward either outward or fully open cavities. Also, the "closed" structure had more clusters than the "open" structure for every domain except the TMD. This higher diversity in conformation could be due to the fact that the "closed" structure was obtained without Shh. Thus, the binding of Shh could induce a constrained conformation of the extracellular part of Ptch1.

Two evolutions of the central cavity especially attracted our attention. The first one is the opening of this cavity toward the SSD for the "open" structure with no cholesterol and no Asp protonated (Fig. 3.8). Among the hypothesis about the transport of the cholesterol by Ptch1 since the release of the structures, one of them is that the cholesterol is transported from the SSD toward the central cavity till the top binding site. But between the opening of the central cavity in the structures and the SSD there is water, which cholesterol, as a hydrophobic molecule, would not easily go in. This cavity we showed going toward the SSD and lowering the entrance to the central cavity, could be the first step before the cholesterol goes to the central cavity. Another needed step could be the bending of the TM1 helix which was associated with the motion of the polar head of the cholesterol towards the TMD (Fig. 3.15). The second evolution of the central cavity which attracted our attention was the collapse of the cavity. Either the central cavity collapses when there is no cholesterol in it, or, just like AcrB, it collapses to push the ligand upward. Seeing that there is water just above the central cholesterol, it is unlikely to go toward the cholesterol efflux? top cholesterol without a little push. The collapse of the central cavity could be the little help it needs. Note that the central cavity does not just collapse compare to the initial structures as it can get wider too (Fig. 3.17).

At this stage, even if we can see differences in conformation between each protonation state, no clear conclusion can be given on the role of the protonation for conformational changes needed during the transport mechanism of cholesterol. This is further discussed in the next section.

Limits and Perspectives

During the analysis of our simulations, one of our analysis methods showed its limits, the identification of cavities with Caver [START_REF] Chovancova | Caver 3.0: a tool for the analysis of transport pathways in dynamic protein structures[END_REF]. Those limits might have been the result of a bad parametrization of the tool, or simply due to the fact that we performed this analysis only on the most representative structure of clusters built on RMSD on the C α s, while the shape of a cavity highly depends on side chains conformation. Rather than measuring the size of the cavity, we could have precious information by measuring the hydratation of the TMD or the central cavity. Another possibility is using a different method based tool such as MOLE [START_REF] Petřek | Mole: a voronoi diagram-based explorer of molecular channels, pores, and tunnels[END_REF]. MOLE is based on Voronoi diagrams and was shown to be able to give smoother channel profiles while significantly reducing the errors [START_REF] Zhou | Alpha shape and delaunay triangulation in studies of protein-related interactions[END_REF].

We decided to model the impact of the possible protonation of the PRS like it was done in the past on AcrB by other groups [START_REF] Fischer | Three ways in, one way out: Water dynamics in the trans-membrane domains of the inner membrane translocase acrb[END_REF]. For that, we thought using another MD simulation method called constant-pH molecular dynamics [START_REF] Yue | Constant ph molecular dynamics reveals how proton release drives the conformational transition of a transmembrane efflux pump[END_REF][START_REF] António | Simulation of protein conformational freedom as a function of ph: constant-ph molecular dynamics using implicit titration[END_REF][START_REF] Tsai | Advancing Drug and Biomaterial Design with Constant pH Molecular Dynamics Simulations[END_REF]. This method predicts pKa value of titrable amino acids for desired pH values and assigned a protonation state to those amino acids. One of the reasons why we did not use this method is because our proteins needs a pH gradient, meaning different values of pH in different domains of the protein. Whereas, in constant-pH, all titrable amino acids have a pKa assigned for a given pH value. We don't know if the gradient is only necessary for the cation to go through one compartment (extracellular) to the other (intracellular), or if it is also necessary for Ptch1 active conformation. Since manual protonation already gave satisfactory results for AcrB, we decided not to take that risk.

Identifying conformational changes in a large protein such as Ptch1, with more than 1000 amino acids, many long loops (with a size higher than 15 amino acids), in more than 60 simulations, is non-trivial. The RMSF computed from those simulations were full of noise (data not shown) and did not help us detect conformational changes. An efficient method which could assess conformational changes such as coil to helix, could be protein blocks. Protein blocks consist of 16 [START_REF] Ag De Brevern | Bayesian probabilistic approach for predicting backbone structures in terms of protein blocks[END_REF] to 27 [START_REF] Camproux | A hidden markov model derived structural alphabet for proteins[END_REF] blocks designed through unsupervised training on a representative and nonredundant database of protein structures. They are defined from a collection of dihedral angles depicting the backbone of the protein. This method reduces the conformational complexity of protein structures. This method could help us detect specific patterns to some conditions of our MD simulations [START_REF] Barnoud | Pbxplore: a tool to analyze local protein structure and deformability with protein blocks[END_REF].

As it can be seen on the images representing the arrival of a cluster by condition (Fig. 3.10, 3.11, 3.12, 3.13, 3.14), the conformations of Ptch1's TMD do not change very often. A non-negligible number of replicas remain in the initial conformation (cluster 1), under many conditions. It is impossible to say if it is really because this condition is particularly stable or if we have not sampled the conformational space enough of Ptch1. This is one of the limitations of unbiased all-atom simulations. To have more reliable conclusions, we would have to increase the number of replicas of our conditions and potentially extend the replicas that offer conformational changes to at least 500 ns. Another way to increase the sampling of our simulations would be to run Replica Exchange Molecular Dynamics (REMD) for example. The traditional REMD method is Temperature REMD (T-REMD). It runs multiple independent simulation at different temperature which regularly try to exchange in temperature space [START_REF] Sugita | Replica-exchange molecular dynamics method for protein folding[END_REF][START_REF] Ulrich He Hansmann | Parallel tempering algorithm for conformational studies of biological molecules[END_REF]. In fact, energy barriers are more easily crossed at higher temperature. This way, low temperature replicas can pass barrier at higher temperature, which leads to a more effective sampling. But, if the system is too large, the sampling might to be substantial, and/or, the number of replicas needed is prohibitive. An alternative is the Hamiltonia REMD (H-REMD) [START_REF] Fukunishi | On the hamiltonian replica exchange method for efficient sampling of biomolecular systems: Application to protein structure prediction[END_REF]. This time, part of the Hamiltonian is scaled or altered. REMD is broadly used in order to sample proteins conformational space. It was applied to membrane proteins such as GPCRs, which are fully helical membrane proteins [START_REF] Cong | Allosteric na+-binding site modulates cxcr4 activation[END_REF][START_REF] Cong | Activation dynamics of the neurotensin g protein-coupled receptor 1[END_REF]. But a large system such as Ptch1 is not optimal. Before running REMD protocol, we would need to decrease the number of degrees of freedom of our system and its size. In order to do so, we could remove the upper part of the protein, if we are only interested in the changes of conformation of the TMD, and/or put constrains on some (sub)domains to not be flexible. If we are more interested in the path the cholesterol would take during its transport, it would probably be best to try Steered MD method. We could apply a force to the pull the cholesterol towards the suggested route, and measure the Potential of Mean Force associated.

Even if no all-atom classical MD simulations have been published to this date, a short Coarse-Grain study was done [73]. This work seems to suggest that in addition to being able to transport cholesterol out of the membrane, Ptch1 could transport it in the opposite direction. These results are in contradiction with the simulations made on NPC1 and the chimeras of NPC1's and Ptch1's SSD which seems to suggest that NPC1's SSD offers its specificity to transport cholesterol towards the membrane, while that of Ptch1's offers its specificity to transport from the membrane [61]. We also started Coarse-grained simulations in order to assess the interaction between the TMD and cholesterol accessible in the membrane. This work is still under progress.

In order to go further in our study, we could build mutants. It would be interesting to simulate mutations on amino acids from the PRS to see the impact on the conformation of Ptch1. Such mutants were built experimentally and showed an activation of the Shh signaling maybe due the loss of cholesterol transport activity of Ptch1. This allowed the team which produced the mutant to make a nanobody which could block Ptch1's cholesterol transport activity [START_REF] Zhang | Hedgehog pathway activation through conformational blockade of the Bibliography patched sterol conduit[END_REF]. The re-Chapter 3. Does protonation impact Ptch1's conformation and cholesterol efflux?

ported conformational changes were on the top part of the ECD. This would mean that conformational changes in the PRS leads to conformational changes in the ECD. Those conformational changes, just like in AcrB, are small, yet induces different states which have different function in the transport mechanism. Another mutant to produce experimentally is the truncation of the intracellular loop we used for our simulations. Indeed, the intracellular middle loop is truncated in the model we built, just like in the structure we used. This mutant was shown to retain its activity in the Shh pathway. But we are note sure that this loop does not play a role in the efflux activity. Finally, a huge step forward could be achieved if we had more structures of Ptch1. It is true that we have a good number of them (11, to this date), but we lack diversity of structures. What helped a lot in the study of AcrB's dynamics was the availability of structures in different states. Moreover, we have a keen interest especially for the drug efflux activity of Ptch1. Thus having a structure with a drug in Ptch1 would help us a lot into inquiring its efflux mechanism.

Chapter 4

Drug efflux activity and inhibition of Ptch1

Summary (eng) Ptch1 is capable of transporting various chemotherapeutic agents, and several inhibitors of its transport activity have been identified. Surprisingly, all these molecules have different physicochemical properties. The objective of this chapter is to better understand the binding mode, action and transport of these molecules. To do this, we have used so-called "docking" methods on several structures, a number of which are extracted from the molecular dynamics carried out in the previous chapter. The main binding site thus identified is at the level of the central cavity, although other avenues are also envisaged.

Résumé (fr) Ptch1 est capable de transporter différents agents chimiothérapeutiques, et plusieurs inhibiteurs de son activité de transport ont été identifiés. De façon surprenante, toutes ces molécules possèdent des propriétés physico-chimiques différentes. L'objectif de ce chapitre est mieux comprendre le mode de fixation, d'action et de transport de ces molécules. Pour cela, nous avons utilisé des méthodes dites de « docking » sur plusieurs structures, dont un certain nombre est extrait des dynamiques moléculaires réalisées dans le chapitre précédent. Le principal site de liaison ainsi identifié se situe au niveau de la cavité centrale bien que d'autres pistes soient également envisagées.

Goals

Identify Ptch1's transported drug and inhibitors binding site(s).

Understanding the loss of inhibitory activity through Panicein A Hydroquinone (PAH) metabolisation.

Introduction

As shown at the beginning of Section 1.4 of the Introduction to this thesis, Ptch1, member of the RND family of proteins is overexpressed in many aggressive and metastatic cancers. It has a cholesterol transport activity related to its function in the Shh signaling pathway, but also a drug efflux activity [83,62,[START_REF] Fiorini | Natural paniceins from mediterranean sponge inhibit the multidrug resistance activity of patched and increase chemotherapy efficiency on melanoma cells[END_REF] providing cancer cells resistance to chemotherapy. Ptch1 was shown to contribute to the resistance to classical chemotherapies such as doxorubicin, methotrexate, etoposide, cisplatin, targeted therapies such as vemurafenib, dabrafenib and trametinib, and even antibiotics such as hygromycine B [83,62,84]. Therefore, like other members of the RND family, such as AcrB, Ptch1 can transport a broad variety of drugs with very different physicochemical properties (Table 4.1).

Three inhibitors of the efflux activity of Ptch1 have been identified, panicein A hydroquinone (PAH) [START_REF] Fiorini | Natural paniceins from mediterranean sponge inhibit the multidrug resistance activity of patched and increase chemotherapy efficiency on melanoma cells[END_REF], methiothepin [83] and astemizole [START_REF] Hasanovic | Astemizole sensitizes adrenocortical carcinoma cells to doxorubicin by inhibiting patched drug efflux activity[END_REF] (Fig. 4.1). Methiothepin and PAH have been shown to interact directly with Ptch1 with affinity around 10 µM. These 3 molecules are able to inhibit both cholesterol and drug efflux. However, they present very different structures and properties. Unlike Ptch1, a large number of studies have characterized the molecular mechanism of substrates and inhibitor recognition of AcrB. Thus, a number of residues and regions have been identified as important for substrate recognition and transport [START_REF] Vargiu | Computer simulations of the activity of rnd efflux pumps[END_REF]51]. The structures of Ptch1 have only been resolved recently, so no such study has yet been carried out for it. Moreover, the drug efflux aspect of Ptch1 is often ignored.

In this chapter, we will try to answer the following 3 questions: 1/ does drug efflux follows the same road as cholesterol? 2/ do the 3 inhibitors of Ptch1 efflux activity interact the same way with Ptch1? Are they transported or do they bind to Ptch1? 3/ Why PA does not inhibit Ptch1 efflux activity while its structure is very similar to PAH? For that, we will use molecular docking methods. We were able to highlight possible interaction mode of drugs and paved the way to understand the molecular basis of drug efflux activity of Ptch1 and its inhibition.

To answer these questions and to provide a vision of the interactions responsible for the binding of drugs and inhibitors, we have carried out a molecular docking of Ptch1 with two drugs shown to be transported by Ptch1 (doxorubicin and vemurafenib), the three inhibitors of Ptch1 (PAH, astemizole and methiotepin), and with the inactive metabolite of PAH, PA.

For this study, we decided to carry out docking with flexible ligand only. Knowing that the movement of even the smallest lateral chain can have a strong impact on the docking results (cavity tightening, non-optimal interactions), we decided to carry out this docking on two published structures of Ptch1 and structures derived from our MD simulations seen in Chapter 3.

The results obtained, allowed the identification of potential ligand binding sites and the amino acids possibly involved. Part of the results presented in this chapter have been published in the articles [84] and [START_REF] Hasanovic | Astemizole sensitizes adrenocortical carcinoma cells to doxorubicin by inhibiting patched drug efflux activity[END_REF] presented in the Appendix of this thesis.

Molecular Docking.

When aiming at the prediction of bound complex between a protein (receptor) and a small molecule or another protein (ligand), and predict the binding affinity of the newly formed complex, one would generally used Molecular docking method. To do this, it is usually enough to take the non-bonded structure of the two entities, and like a key-lock model, interlock the two. However, experimental data of ligand-receptor complex often reveal conformational changes of the native unbound structures, we then refer to induced-fit model. This type of model needs to consider the flexibility of one or both of the two entities. Available docking softwares try to predict protein-ligand binding by taking into account flexibility [START_REF] Chen | Beware of docking! Trends in pharmacological sciences[END_REF]. A fully flexible docking with both, ligand and receptor, would be optimal, but its computational cost would in general be too high to be applied. In order to take into account flexibility and limit the computational cost, semi-flexible approaches have emerged. In general, the receptor protein remains fixed, and different conformations of the ligand are used for docking.

Molecular docking and the relative affinities of the ligand are then estimated by a scoring function. This function approximates the free energy of binding from an equation in which a number of terms relevant to binding are summarized. The scoring functions vary depending on the tool used. In our study, we used AutoDock VINA [START_REF] Trott | Autodock vina: improving the speed and accuracy of docking with a new scoring function, efficient optimization, and multithreading[END_REF], which is among the most used programs for molecular docking [START_REF] Chen | Beware of docking! Trends in pharmacological sciences[END_REF][START_REF] Huang | Ensemble docking of multiple protein structures: considering protein structural variations in molecular docking[END_REF][START_REF] Rommie E Amaro | An improved relaxed complex scheme for receptor flexibility in computer-aided drug design[END_REF][START_REF] Gaillard | Evaluation of autodock and autodock vina on the casf-2013 benchmark[END_REF]. AutoDock VINA uses an empirical scoring function to evaluate the binding affinity. What makes it possible to obtain a better accuracy of binding mode prediction and a significantly improved speed with AutoDock VINA is its local iterative search. The user defines a grid of points where the molecular potential of the receptor is evaluated and detected by the ligand during the docking process. In addition, it allows the establishment of rotatable bonds for the ligand in order to generate a number of dockable conformations to the receptor, whose flexibility is also implicitly taken into account.

Molecular docking has proven to be a powerful tool to investigate the mechanism of recognition of different compounds by AcrB [START_REF] Attilio | Multidrug binding properties of the acrb efflux pump characterized by molecular dynamics simulations[END_REF][START_REF] Attilio | Inhibition of e. coli acrb multidrug efflux pump by mbx2319: molecular mechanism and comparison with other inhibitors[END_REF][START_REF] Takatsuka | Mechanism of recognition of compounds of diverse structures by the multidrug efflux pump acrb of escherichia coli[END_REF][START_REF] Elizabeth M Grimsey | Chlorpromazine and amitriptyline are substrates and inhibitors of the acrb multidrug efflux pump[END_REF].

Contributions.

Transported drug and inhibitors can bind to a similar binding site, the central cavity, as cholesterol. Two other possible binding sites have been highlighted through conformations obtained during MD simulations.

Material and Methods

Material

Receptor We used the cryo-EM structures of Ptch1 with 3 cholesterol binding sites was used for this docking (PDB IDs: 6N7H chain A only [75], resolution = 3.6Å). In order to take into account the flexibility of our receptor, representative structures extracted from previously run MD clustering for the whole protein, TMD and the central cavity were used. Only the centroid of clusters of size higher than 30 for one condition were used which represents 50 structures. The cluster at the start of the simulation was not included, as we assume that the structure is still very close to the original PDB. In total, the docking was done on 51 structures.

Ligands. 3D structures of doxorubicin, vemurafenib, methiotepin, astemizole, PAH and PA were obtained on PubChem and charge and rotatable bond were assigned using USCF Chimera Predock Toolkit.

Methods

Vina toolkit [START_REF] Trott | Autodock vina: improving the speed and accuracy of docking with a new scoring function, efficient optimization, and multithreading[END_REF] in USCF Chimera [START_REF] Eric F Pettersen | Ucsf chimera-a visualization system for exploratory research and analysis[END_REF] was used to perform molecular docking. The structures were prepared using USCF Chimera Predock Toolkit. Dunbrack rotamer 2010 library [START_REF] Maxim | A smoothed backbonedependent rotamer library for proteins derived from adaptive kernel density estimates and regressions[END_REF] was used for missing side chains and charges were assigned with ANTECHAMBER Amber ff14SB force field [START_REF] Wang | Automatic atom type and bond type perception in molecular mechanical calculations[END_REF].

We performed a semi-flexible docking with a rigid receptor (Ptch1) but flexible ligand. Each docking pose has a predicted binding affinity (kcal/mol), which indicates how strongly a ligand interacts with its receptor. This calculated based on the scoring function of Vina. The lower the binding affinity (its value is negative), the stronger the binding. The reliability of the affinity scores predicted was tested by comparing its correlation to RMSD between the original position (in the Cryo-EM structure) and the docked poses.

The docking was first done on the whole protein structure in order to find potential binding sites. Observing that the poses with the lowest scores were in the previously predicted biologically relevant binding sites for cholesterol, docking was then performed by targeting the central cavity which binds cholesterol.

The analysis was performed on the 10 best poses of the docking (ranked by score). Every interaction was compared to the cholesterol equivalents. Amino acids within a radius of 6Å from the cholesterol were selected and listed in Table 4.2. We highlighted amino acid mutations associated to disease (with a probability above 0.8) which was reported in BioMuta database [START_REF] Hayley M Dingerdissen | Biomuta and bioxpress: mutation and expression knowledgebases for cancer biomarker discovery[END_REF]. For the docked ligands, interactions were further analyzed using PoseView [START_REF] Stierand | Molecular complexes at a glance: automated generation of two-dimensional complex diagrams[END_REF], a function of the ProteinsPlus web server [START_REF] Fährrolfes | Proteins plus: a web portal for structure analysis of macromolecules[END_REF]. In order to assess conserved amino acids among the proteins from Patched family, sequence alignment of Patched family members was performed on 30 sequences using T-COFFEE server for transmembrane proteins [START_REF] Chang | Accurate multiple sequence alignment of transmembrane proteins with psi-coffee[END_REF]. 

Results

Validation of docking setup

As Ptch1 cryo-EM structure has been solved, we performed an in silico docking analysis to visualize the possible binding sites of doxorubicin, vemurafenib, astemizole, PAH, and methiotepin on Ptch1. Many different docking tools and strategies exist. [START_REF] Torres | Key topics in molecular docking for drug design[END_REF]. Before trying to dock new ligand, it is recommended to determine the reliability of the chosen tool by redocking a ligand for which we have a known location. We validated our docking setup (usage of Vina in UCSF Chimera with optimized parameters) by docking cholesterol into Ptch1's cryo-EM structure.Pdb 6N7H [75] which contains cholesterol in the central cavity and presents 3 binding sites for cholesterol. We decided to perform the redocking on the central cavity. Among the 20 poses of cholesterol identified within the central cavity 5 poses had a RMSD below 2 Å from the binding mode of the resolved cholesterol in the structure. The lowest RMSD observed was 1.31 Å (Fig. 4.2) with Vina predicted binding affinities of -10.2kcal/mol and was ranked 4th among the poses identified within the central cavity. Note that the poses with better affinity have either a slightly higher RMSD (2.8 Å) or were docked upside down. The affinity scores of all the poses showing an RMSD below 4 Å from the resolved cholesterol in the cryo-EM structure ranged from -10.5 to -8.7 kcal/mol. 

Searching for a binding site

Ptch1 structures harbor several cholesterol binding sites as is the case with the structure 6n7h used for in silico docking analyses [75]. Even if the structure and physicochemical properties of the exported drugs and inhibitors are very different from the cholesterol, it is likely that at least the central cavity is a binding site for them. Moreover, this cavity is present on many structures and is the binding site of the palmitate extremity of Shh. Still, we decided to run first a molecular docking procedure on the whole structure of Ptch1 in order to find the preferred binding site for the ligands on the pdb structure 6n7H. Overall, there are binding posed all around Ptch1's structure. Differences can be spotted for doxorubicin and methiotepin (Fig. 4.3). There is no binding poses in the central cavity. Let's not forget that our docking procedure is done on rigid structure for our receptor. The central cavity of our structure is shaped for cholesterol, which is much thinner than doxorubicin and methiotepin. The central cavity is certainly not large enough to accommodate those ligands. We observed at least one hydrogen bond with nearby amino acids for doxorubicin, vemurafenib, and PAH (Leu775 or Asp776), both with the oxygen of the peptide bond. Interestingly, when Asp776 is mutated to glycine, the probability of a damaging phenotype is high (with a score of 0.87 according to the BioMuta database) supporting the importance of this amino acid for Ptch1 function. Trp129 is predicted to interact with all docked ligand either by pi-stacking or hydrophobic interaction. This docking analysis revealed that PAH engages more specific interactions with the hydroquinone moiety than with the other half of the molecule which seems to undergo more hydrophobic and less specific interactions. This is in good agreements with the SAR study showing that hydroquinone moiety is very important for the inhibition of Ptch1 drug efflux activity [84]. This type of interaction is not found when PA is docked (Fig. 4.6).
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This docking being performed on a rigid structure, it does not unveil all possible interactions of these ligands with Ptch1. Most observed interactactions are hydrophobic or pi-stacking. But some of those ligands offer many polar atoms. It is highly possible that these polar atoms are engaged in polar interactions such as H bonds but are not found or represented in this in silico docking. Part of these results have been published in two articles ( [84,[START_REF] Hasanovic | Astemizole sensitizes adrenocortical carcinoma cells to doxorubicin by inhibiting patched drug efflux activity[END_REF]) presented in the Appendix. 4.2). Binding interactions between docked molecules and Ptch1 amino acids are represented in black dash for H-bonds and green for hydrophobic interaction/pistacking. 4.2). Binding interactions between docked molecules and Ptch1 amino acids are represented in black dash for H-bonds and green for hydrophobic interaction/pistacking.
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Discussion

Like any other member of the RND family, Ptch1 is able to transport a wide variety of substrate (Table 4.1). With just these identified transported drugs by Ptch1, we can see that their overall shape, polarity and hydrophobicity are different. For AcrB, it was shown that there is different entrances and binding sites depending on the nature of the drug. Moreover, the cavity binding the drug is full of cyclic yet polar amino acids, which allows the transport of both, hydrophobic and hydrophilic drugs. For the hydrophilic drugs, transport is assisted by water. Such transport mechanism could also occur in Ptch1, knowing that the central binding cavity is full of aromatic amino acids with polar groups (tyrosines and tryptophans) and some polar residues among the hydrophobic ones.

In AcrB, even if the final binding site, the deep drug binding pocket, is the same for all the transported drugs, the initial entry is different according to the physicochemical properties of the molecule [START_REF] Zwama | Multiple entry pathways within the efflux transporter acrb contribute to multidrug recognition[END_REF]. So, in Ptch1, even if the cholesterol is transported from the SSD, which is not even sure, drugs may be transported from another entry site. All the more so as the transport of drugs is really from the cytoplasm to the extra-cellular space since we observe the fluorescence of the doxorubicin inside the cell before being effluxed (Fig. 1.11).

With the type of procedure we used for our molecular docking, it is near to impossible to show a different binding site as the one initially present in the structure. Indeed, most binding sites need induce fit, and even if we added conformational diversity in order to make up for our rigid receptor, our MD simulations were performed with another ligand (cholesterol) or no ligand at all. Moreover, our MDs were done with classical all-atom MD which gives the smallest conformational sample. In order to increase our chances to have the desired conformation to accommodate our ligands, we should use a method with higer sampling abilities, most likely a biased method such as replica exchange [START_REF] Ulrich He Hansmann | Parallel tempering algorithm for conformational studies of biological molecules[END_REF]. Also, adding our ligands to the system would probably be needed.

What would enable us to avoid the use of this kind of biased method would be the publication of a structure in the presence of a drug or inhibitor, which is not available to date. First, it would allow us to identify the binding site of those ligands (if it is the same as the cholesterol or not). And secondly it would most certainly give us a different conformational sample.

As of today, we can only dock our ligands to the existing binding site, which showed it's limitation especially for methiotepin. In fact, cholesterol being a thinner ligand, methiotepin could not fit in the central binding cavity at all (Fig. 4.3 B). Doxorubicin barely made it to the upper part of the cavity when the docking grill was set on the whole structure of Ptch1. Still, when the grill targeted the central cavity, we got few docking poses superimposed to cholesterol (Fig. 4.5). Interestingly, 6 of the amino acids within a radius of 6 Å from cholesterol are also in a radius of 6 Å from doxorubicin and vemurafenib and of Ptch1 drug efflux inhibitors astemizole and PAH (Table 4.2). Moreover, one of these amino acids (D776) induces a damaging phenotype when mutated indicating that this aa is very important for cholesterol transport. This observation suggests that chemotherapeutic drugs could be transported the same way as cholesterol. It would be interesting to test the drug efflux activity of a mutant of D776 such as D776G. If these mutants are still able to efflux drugs, this could mean that the drug transport uses another path than the cholesterol. We could also test competitivity of transport between cholesterol and drugs by measuring the transport of cholesterol in presence of doxorubicin.

It is interesting to note that while performing redocking of the cholesterol, two poses among the best ranked for cholesterol were upside down compered to the original position. This correlates with the hypothesis postulating that Ptch1 can transport cholesterol toward or from the membrane [73]. Itraconazole is a well known inhibitor of the cholesterol transport activity of NPC1. It has also been shown to inhibit the Hh pathway by interacting with Smoothened. However, itraconazole does not inhibit Ptch1 drug efflux activity and even tends to increase it (unpublished data from the team). A structure of NPC1 bounded to itraconazole was published in 2020 (Fig. 4.7 A) [START_REF] Long | Structural basis for itraconazole-mediated npc1 inhibition[END_REF]. This structure shows that itraconazole binds to NPC1 between the SSD and what would be the equivalent of the central cavity of Ptch1 in NPC1 (Fig. 4.7 B). If itraconazole were to bind in the same way to Ptch1, without blocking the drug efflux activity, one might think that the drug transport route would be completely different from that of the cholesterol. Other inhibitors of the Shh pathway, such as vismodegib and sonidegib, have been shown to improve the treatment of various skin cancers and basal cell carcinomas. Although these drugs have shown good results, the latter two drugs have not been successful in treating resistant tumours [START_REF] Wahid | Vismodegib, itraconazole and sonidegib as hedgehog pathway inhibitors and their relative competencies in the treatment of basal cell carcinomas[END_REF]. This may be due to their ability to block SMO but their inability to block the drug efflux that Ptch1 can achieve. Inhibitors of AcrB's efflux activity, such as pyridopyrimidine, bind at its deep binding pocket [START_REF] Sjuts | Molecular basis for inhibition of acrb multidrug efflux pump by novel and powerful pyranopyridine derivatives[END_REF]. The limitation of these inhibitors is their specificity. They are not effective against all of the RND of the HAE1 family, of which AcrB is a member [START_REF] Nakashima | Structural basis for the inhibition of bacterial multidrug exporters[END_REF]. Another example draws our attention in particular, that of Mmpl3 inhibitors. Mmpl3 is a RND of the HAE2 family found in gram-positive mycobacteria. Five crystallographic structures were obtained in 2018. These structures were obtained in the presence and absence of inhibitors. The Mmpl3 inhibitors were crystallized at the level of the proton relay site (PRS) (Fig. 4.8 A). It is possible that PAH or methiotepin may have the same type of binding on Ptch1. It would be interesting to test the ability of Mmpl3's inhibitors on the drug efflux of Ptch1. Note, however, that the organization of Mmpl3 PRS is different from that of Ptch1. Instead of dealing with a triad, it is here a tetrad (Fig. 4.8 B). This difference has an impact not only on the three-dimensional structure of this area of the protein, but certainly also on its functioning. It is therefore not at all certain that the inhibitors Mmpl3 inhibit Ptch1. The crystallographers who resolved the structure of Mmpl3 noted that the cavity to which these inhibitors binds exists only in the presence of the inhibitors and is therefore collapsed in their absence (Fig. 4.8 C). Since our starting structure is obtained without inhibitors, we do not see any cavities at this point. Our simulations having been made without inhibitor, and with an unbiased method, we have almost no chance to observe this cavity on Ptch1 if it exists. It would be necessary to use a method with a larger sampling at least on the TMD to hope to find this kind of conformation.

Finally, our docking study did not highlight any difference between PAH and its inactive metabolite PA. Indeed, these two molecules do bind to similar amino-acids and with a score close to one another. This might be due to a difference in the physicochemical properties or the folding of these molecules which make PA unable to reach the binding site. This is the research topic of a new PhD student in our group.

Chapter 5

General discussion, conclusions and perspectives

General discussion

Every year, cancer causes millions of deaths worldwide in people of all ages [START_REF] Ferlay | Global and regional estimates of the incidence and mortality for 38 cancers[END_REF].

The treatment for which there is most hope is immunotherapy. But to date, this type of treatment is not yet suitable for all cancers [START_REF] Ventola | Cancer immunotherapy, part 3: challenges and future trends[END_REF]. Until the day when we can finally have immunotherapy for everyone and for all cancers, increasing the effectiveness of chemotherapy remains a critical goal. Proteins responsible of MDR have been highlighted in resistance to cancer [4,7,[START_REF] Michael M Gottesman | Multidrug resistance in cancer: role of atp-dependent transporters[END_REF]. ATP-transporters were considered to be the main players in the resistance to chemotherapy, however, clinical trials on inhibitors of ATP transporters have failed until now [START_REF] Yu | Reversal of atp-binding cassette drug transporter activity to modulate chemoresistance: why has it failed to provide clinical benefit?[END_REF]. Finding another target to MDR in cancer is urgent. Ptch1 have been shown to be a good candidate as such [83,62,84,[START_REF] Fiorini | Natural paniceins from mediterranean sponge inhibit the multidrug resistance activity of patched and increase chemotherapy efficiency on melanoma cells[END_REF][START_REF] Hasanovic | Astemizole sensitizes adrenocortical carcinoma cells to doxorubicin by inhibiting patched drug efflux activity[END_REF]. However, the molecular basis of its efflux mechanism stayed elusive for years in the absence of structures. Thanks to the development of Cryo-EM, several structures of Ptch1 were published in the last 2 years, which opened the gate toward the elucidation of its drug efflux mechanisms using structural biology and in silico methods.

Toward a consensus model for RND proteins.

Before the release of Ptch1's structures, statistical analysis of structural data was possible with homologous proteins. Actually, the pool of RND proteins, which Ptch1 is part of, is quite large and counts about 83 mono or multimeric structures, 32 of which are structures of AcrB, a widely studied protein responsible for antibiotic resistance. Because of the low sequence identity among some of the members of this family, the folding of the extracellular domain is different and identified subdomains are not portable on every members of the RND. The TMD has a similar organization in every RND proteins for which the structure was solved to this date even if the sequence identity is low (goes down to 13%). The difference in the structure of the extracellular domain might not be simply due to a lack of sequence identity but also to specificity of folding organism wise. Let's keep in mind that Ptch1 has 5 glycosylation sites, which by the way makes it impossible to produce in bacteria. Indeed, bacteria do not glycosylate their proteins and seems to be an important process in the folding of Ptch1. HAE1 and HME family proteins have a sequence identity of about 20% overall, and their folding pattern is similar (one can find the equivalent subdomains in each). However, with proteins from the HAE2 family in gram-positive bacteria (such as MmpL3) or from the EST in eukaryotes (such as Ptch1 or NPC1), the sequence identity is in the same range, but the folding is different. This is not necessarily due to the difference of organism as HpnN (HAE3) which is also found in gram-negative bacteria, has a very distinct structure in comparison to HAE1 family proteins such as AcrB. The difference could also lie in the 1 or 2 % difference of sequence identity.

With those structural differences in mind, it is hard to build a consensus dynamic model of the efflux mechanism of RND. Still, we might achieve such model for at least one family, such as the HAE1 for which we have the most data to this date. Following the completion of this model, it will be possible to inquire the dynamics of such model by using a method such as iteratively exploring the conformational space by the use of an adequate function that takes in a conformation and returns a modified one. This function is refereed as a move set. Once the new conformation is generated, a decision is taken on whether to take it into account based for example on potential energy estimation. An example would be to create at each iteration a randomly placed "hole" in a dynamic subdomain in a previously accepted conformation and fill it using loop closure algorithms.

After identifying a particular and targetable motif necessary for the transition from one state to another in the consensus model, we might design an inhibitor which could work on a large panel of RND proteins. The larger the domain of applicability of our consensus model is the larger the spectrum of application of the inhibitor will be. Of course, we keep in mind that a good target is usually a pocket, and their number in a protein is limited. Also, the oligomerization state of the proteins is critical for the mechanism which is why it should be kept in mind while looking for a more general inhibitor. Because of limited computational resources, all the studies on RND proteins to this date have been made only on the inner membrane component of the tripartite pumps [START_REF] Fischer | Porter domain opening and closing motions in the multi-drug efflux transporter acrb[END_REF][START_REF] Vittorio Vargiu | Water-mediated interactions enable smooth substrate transport in a bacterial efflux pump[END_REF][START_REF] Venkata Krishnan Ramaswamy | Molecular rationale behind the differential substrate specificity of bacterial rnd multi-drug transporters[END_REF][START_REF] Attilio | Multidrug binding properties of the acrb efflux pump characterized by molecular dynamics simulations[END_REF][START_REF] Eicher | Coupling of remote alternating-access transport mechanisms for protons and substrates in the multidrug efflux pump acrb[END_REF][START_REF] Attilio | Effect of the f610a mutation on substrate extrusion in the acrb transporter: explanation and rationale by molecular dynamics simulations[END_REF][START_REF] Yue | Constant ph molecular dynamics reveals how proton release drives the conformational transition of a transmembrane efflux pump[END_REF][START_REF] Zuo | Insights into the inhibitory mechanism of d13-9001 to the multidrug transporter acrb through molecular dynamics simulations[END_REF][START_REF] Atzori | Identification and characterization of carbapenem binding sites within the rnd-transporter acrb[END_REF]. This approximation might be hiding some key element of the mechanism of the tripartite pumps.

Unveiling the cholesterol efflux mechanism by Ptch1

Ptch1 is part of the Shh pathway and its key role is the inhibition of SMO by regulating the cholesterol concentration in the environment of SMO using its cholesterol transport activity. This regulation process is done by transporting cholesterol, and multiple mechanisms have been proposed such as transport of cholesterol from the inner leaflet of the plasma membrane, or from the outer leaflet [START_REF] Kong | Biochemical mechanisms of vertebrate hedgehog signaling[END_REF].

The first hypothesis is that Ptch1 changes the distribution of cholesterol in the plasma membrane (Fig. 5.1, model 1) [64]. By reducing the availability of cholesterol in the inner leaflet of the plasma membrane, Ptch1 could prevent SMO to access cholesterol in its binding site [START_REF] Huang | Structural basis of smoothened activation in hedgehog signaling[END_REF]. Another potential activation site of SMO have been localized in the TMD of SMO in contact with the outer leaflet of the plasma membrane. Thus, another possibility is that Ptch1's inhibition of SMO could be done by transporting cholesterol from the outer leaflet. This is in line with the second hypothesis: Ptch1 transports cholesterol from its SSD to its ECD (and later to another partner), hence depleting the membrane of cholesterol [72,74] (Fig. 5.1A, model 2).

The last hypothesis implies a mechanism similar to NPC1. It is well known that NPC1 transports sterol molecules such as cholesterol [START_REF] Scott W Altmann | Niemann-pick c1 like 1 protein is critical for intestinal cholesterol absorption[END_REF][START_REF] Rodney E Infante | Purified npc1 protein i. binding of cholesterol and oxysterols to a 1278-amino acid membrane protein[END_REF]. NPC1 works alongside NPC2 in this transport [START_REF] Subramanian | Npc1/npc2 function as a tag team duo to mobilize cholesterol[END_REF]. These two proteins bind to cholesterol and are essential for the integration of lysosomal membranes where cholesterol is redistributed to other cell membranes. [START_REF] Carstea | Niemann-pick c1 disease gene: homology to mediators of cholesterol homeostasis[END_REF][START_REF] Loftus | Rescue of neurodegeneration in niemann-pick c mice by a prion-promoter-driven npc1 cdna transgene[END_REF][START_REF] Naureckiene | Identification of he1 as the second gene of niemann-pick c disease[END_REF]. NPC2 binds to the docking domain of NPC1, and transports its cholesterol to NPC1 through the NTD domain and the SSD. Comparatively, Ptch1 could inactivate SMO by taking cholesterol from SMO at its ECD to its SSD (Fig. 5.1 A, model 3). This would surely implie an interaction between Ptch1 and SMO which has never been shown.

It is surprising that Ptch1 can prevent SMO to access cholesterol knowing that cholesterol constitutes approximately 30% of lipid molecules in the plasma membrane. It might be possible because Ptch1 is located in the primary cillium and could modify the concentration of cholesterol in the cilium by transporting it between the two closely opposed membranes of the ciliary pocket (Fig. 5.1 B). Note that the cilium is necessary for the Hedgehog signaling and Ptch1 and SMO are both localized in the cilium [START_REF] Rohatgi | Hedgehog signal transduction by smoothened: pharmacologic evidence for a 2-step activation process[END_REF]. In summary, Ptch1 may inhibit SMO by using its cholesterol transport activity to reduce the amount of cholesterol in the membrane of the cilium.

Coarse-gain studies seem to correlate with the last hypothesis, as they showed that cholesterol could go down from the ECD [73]. In our case, the simulations were not long enough to measure a transport of the cholesterol. The pseudo beginning of cholesterol internalization identified in the SSD along the bending of the TM1 helix could also be the beginning of a retro-flip-flop of the cholesterol, which supports the first two hypothesis.

We highlighted different mechanism patterns which reminds us of AcrB's mechanism: the widening of the Deep Binding Pocket DBP of AcrB and of the central cavity in Ptch1, the collapse of both cavities, alternative access to the PRS, and the coil to helix conformational change of the TM8 helix. There are yet more information in our simulations which will need further investigations and replicas.

From those already gathered informations and our knowledge of AcrB's mechanism, we can try to depict an cholesterol efflux mechanism (Fig. 5.2):

1. recognition of the cholesterol in the SSD 2. bending of the TM1 helix with widening of the central cavity toward the SSD granting access to the cholesterol hindered by water before. Note that with our current data, this proposed mechanism has to be taken with a grain of salt. The PRS get access to the intracellular domain and get deprotonated, Ptch1 is back to its starting conformation. The extruded cholesterol is potentially retrieved by a partner protein.

Modeling the drug efflux mechanism of Ptch1

The informations we are starting to gather from the cholesterol efflux is not yet enough to unveil information about the drug efflux mechanism of Ptch1. By performing molecular docking of drugs transported by Ptch1 and drug efflux inhibitors, we identified the central cavity as a possible drug binding site, and the amino acids involved. As seen in other RND proteins, such as MmpL3, the binding site of inhibitors can be in the PRS, and the needed conformation for such binding could be accessed only in the presence of the inhibitor. We tried to take the flexibility of Ptch1 into account as much as we could by using frames from our simulations. The docking on those additional conformations identified other possible binding sites for Ptch1 inhibitor PAH: one in a saddle between the central cavity and the SSD-like domain toward TM8, another in contact with the center of the cytoplasmic section of the TMD, and the last one in contact with the inner middle loop. The last identified binding site is not reliable as the loop was modeled by us. The site in the intracellular part of the TMD could be the premise of a binding to the PRS. We could perform a steered MD of such poses by applying a force on the ligand pulling it upward and computing the associated Potential of Mean Force.

We could also test if MmpL3's inhibitors also inhibit Ptch1's drug efflux activity. If it is the case, it might hint that the inhibition process is similar. Unlike MmpL3's inhibitors, inhibitors of AcrB should not to work on Ptch1 since they target a very specific binding pocket of AcrB, which does not have an equivalent in shape and amino acid composition in Ptch1.

Itraconazole has been shown to inhibit the Shh pathway by binding SMO. This inhibition could also be due to an effect on Ptch1 cholesterol efflux activity. The structure of NPC1 in presence of itraconazole highlighted the binding of itraconazole between the central cavity of NPC1 and the SSD. We can expect the same type of binding in Ptch1 as both proteins have a similar tunnel in which cholesterol is expected to be transported. However, this transport is a priori not in the same direction. Our team tested itraconazole on the drug efflux activity of Ptch1. The results revealed that itraconazole didn't improve chemotherapy cytotoxicity and may even decrease it, suggesting that itraconazole could enhance the drug efflux activity of Ptch1. This may suggest two things: firstly, that cholesterol and drug efflux activities are competitive, secondly, that the drug efflux does not go through the same pathway as the cholesterol. With AcrB, each type of ligand has a different pathway toward the DBP. The same is certainly true for Ptch1. Especially since drugs are transported from the cytoplasm in the case of Ptch1. But are they transported from the membrane? Or does it pass through the inside Ptch1? We cannot answer this question with the current data, as we have no other mode of drug transport from the cytoplasm whose molecular mechanism has been characterized in RND proteins.

In any case, the need of a structure in presence of drugs or inhibitors is critical to further this area of research.

Conclusions

During my PhD thesis I succeeded in building a tool performing a systemic statistical analysis of structural data in order to identity dynamic patterns. We could apply it on AcrB and MexB, and found results in accordance with state-of-art. However, the construction of a general efflux model for RND proteins still need hints about the efflux mechanism of other RND proteins than AcrB in order to be general enough. My studies on molecular dynamics of Ptch1 allowed to show that few patterns are similar to that of AcrB, such as opening and collapse of a drug binding pocket, and coil to helix transition of the upper part of TM8. My docking experiments have highlighted that efflux drugs and inhibitor of Ptch1 could interact with Ptch1 the same way as the cholesterol does and identified other possible identification site and/or binding site.

Perspectives

In order to widen our statistical model of AcrB to other RND proteins, we need to determine two thresholds: one is related to the statistical relevance of the model, and the second to the minimum sequence identity between proteins in one model. Once those thresholds are fixed we can determinate the applicability of our model (if it is constrained to one family among the RND proteins for example, or to further members). We can generate conformations based on dynamic subdomains and geometrical constrains to shed light on the mechanistic commonalities between RND proteins of one or more family.

Concerning the cholesterol efflux mechanism of Ptch1, we need to further the statistical relevance of our leads. It needs increase of the number of replicas, and prolongation of the existing ones. Steered MD should also be done in order reach conformations not covered by classical MD. Potential of Mean Force could be used to find the path taken by the cholesterol during its efflux. The existence of oligomerization states of Ptch1 and their role on cholesterol efflux or/and Ptch1 endocytosis should also be addressed, most likely with coarse-grain MD.

The drug efflux mechanism and its inhibition are still far from getting elucidated. We will first need to inquire if the drugs use the same tunnel as cholesterol by targeted mutagenesis of the central cavity's amino acids. We would also need to perform site recognition analysis, as the drugs are transported from the cytoplasm, and might not interact with the SSD.

Finally, if a consensus inhibitor for RND pumps exists, it most certainly targets the proton relay site as the folding of the extracellular domain is very different from a family to another. In silico approaches are most certainly the best mean to find such inhibitor. 
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Table S4: Conformations of trimers in asymmetric structures. The structures are those described in Table S3. Each entry features the pdbid followed by the label of a chain. S3.

In the following, we replicate the analysis of section 3.2 for the subdomains of TM. More precisely, we split TM into 12 TM helices and 9 loops (Table S6), and study the dynamics of these subdomains (median lRMSD above their mean displacement just as before ( Tab. 7)).

Using the same criterion as above (Def. 2), this analysis singles out three novel structural elements:

• TM5 (18 a.a.) : With 0 intra and 2 inter state positive comparisons, a dynamic subdomain.

• TMLoop3 (24 a.a.): With 0 intra and 1 inter state positive comparison, a dynamic subdomain.

Subdomains Amino acids Subdomains Amino acids Subdomains Amino acids TM1 Only the subdomains which median lRMSD is higher than the mean displacement are reported here.

• TMLoop5 (47 a.a. comprising the α-Helix): 3 intra and 3 inter state positive comparisons and no clear gap, this subdomain is unstable.

The eight subdomains just identified are used in the subsequent analysis. We observe that TMLoop3 and TMLoop5 yield an incorrect clustering (Table 1). This is expected for TMLoop5, as we have seen that it does not exhibit any structural coherence event within states (all comparison inter -intra state above the line y = x, Fig. 2). For TMLoop3, we note that the dynamics are restricted to states A and E, and that the difference between the mean displacement and the median lRMSD is small (Table 7).

For TM5, we observe that clustering with Loop8 Loop2 and Loop11 yields a valid clustering for state E only (last line in Table 1) while clustering ( Loop8 Loop2 and Loop11) plus whole TM yields a valid clustering (penultimate line, Table 1).

Remark 4 Since F617-loop was identified as a key element in the efflux mechanism [42], and is localized in our PC1 subdomain, we tried to regenerate the cluster with this loop. Alas, the clusters were all erroneous. This can be explained because the lRMSD of this loop is below its mean displacement, which is probably because of its oscillatory movement [42].

Results -Refining monomer states

See Figure S10, Figure S11 and Figure S12.

Results -The systematic study of interfaces unveils a small number of dynamic interfaces

See Figure S13, Table S8 and Table S9. Table S9: Interfaces between subdomains from different monomers of AcrB . An interface is refered here only if it can be found in all crystal structures featuring the two states of interest. The number of atoms presented is the median value for all such interfaces. Tagging uses two criteria: *interface*: criterion from Eq. 4 interface: interface size differs by at least 30 atoms.

Discussion -Understanding the conformational changes of other RND proteins

See Figure S14 and Table S10. Table S10: Interfaces between subdomains in a monomer for MexB. For any two subdomains, we computed the interface size, in number of atoms, for the A/B/E states -whence three numbers in each matrix entry. Symbol o hints at no interaction in any of the three states. Tagging uses two criteria: *interface*: criterion from Eq. 2 interface: interface size differs by at least 30 atoms. 

Introduction

One of the major challenges in the clinical management of cancer is resistance to chemotherapeutics. Multidrug resistance (MDR) has been intensively studied, and overexpression of ATP-binding cassette (ABC) transporters has been considered to be the most prominent underlying mechanism for MDR. Despite research efforts to develop compounds that inhibit the efflux activity of ABC transporters and increase classical chemotherapy efficacy, to date, the Food and Drug Administration has not approved the use of any ABC transporter inhibitor due to toxicity issues [1]. Therefore, it is necessary to find other targets. The Hedgehog (Hh) signaling pathway controls cell differentiation and proliferation. It plays a crucial role during embryonic development and, in adulthood, it is involved in stem cell homeostasis and tissue regeneration. However, Hh signaling is also involved in cancer development, progression, and metastasis. Aberrant activation of Hh signaling has been observed in many aggressive cancers [2], in particular, in cells exhibiting resistance to chemotherapy such as cancer stem cells or tumor-initiating cells [3]. The Hh receptor, Patched (Ptch1), whose expression is induced upon activation of the Hh pathway, is overexpressed in many cancers, including breast, prostate, ovary, colon, brain, melanoma [4][5][6], and myeloid leukemia [7,8] (see the Human Protein Atlas website http://www. proteinatlas.org/ENSG00000185920-PTCH1/cancer). Studies have even suggested Ptch1 as an early marker of gastric and thyroid cancers [9,10]. We previously showed, for the first time, that Ptch1 has a drug efflux activity and contributes to the resistance of cancer cells to chemotherapy [11]. Remarkably, Ptch1 is not an ABC transporter but uses the proton motive force to efflux drugs. This allows Ptch1 to efflux drugs, at the expense of proton consumption, from the extracellular medium of cancer cells where the extracellular pH is acidic due to the strong glucose consumption (Warburg effect) [12]. This metabolic feature makes Ptch1 drug efflux activity specific to cancer cells. Hence, Ptch1 is a particularly relevant and highly specific therapeutic target for resistant cancers that express Ptch1. This breakthrough allowed us to propose Ptch1 as a new target to enhance the efficiency of classical or targeted chemotherapeutic treatments and decrease the risk of recurrence and metastasis [13]. We then developed a test using Ptch1-overexpressing yeast to identify molecules that were able to inhibit the drug efflux activity of Ptch1 [14]. A first screening of natural compounds purified from marine sponges led to the identification of panicein A hydroquinone (PAH). We showed that this compound strongly inhibited the resistance of Ptch1-overexpressing yeast to doxorubicin (dxr), a chemotherapeutic agent used to treat many cancers, as well as increased the cytotoxic effect of dxr in melanoma cells and strongly inhibited in vitro dxr efflux [15]. The screening of a chemical library allowed us to identify a second inhibitor, methiothepin, which increases the efficacy of dxr against adrenocortical carcinoma cells, in vitro and in vivo [16]. These discoveries suggest that the use of inhibitors of Ptch1 drug efflux activity in combination with classical chemotherapy, such as doxorubicin, could be a novel way to circumvent drug resistance, recurrence and metastasis of tumors expressing Ptch1.

Around 45-50% of cutaneous melanomas have mutations in the BRAF serine/threonine kinase. These patients are treated with vemurafenib. This targeted chemotherapy presents heterogeneous clinical responses, and almost all patients who experience an initial response to vemurafenib ultimately acquire resistance and relapse [17]. In the present study, we have performed the chemical synthesis of the Ptch1 drug efflux inhibitor, PAH, and some analogues, and conducted a preliminary structure activity relationship (SAR) study to enable the identification of a key pharmacophore. We showed that PAH enhances the efficacy of vemurafenib against BRAF V600E melanoma cells, in vitro and in vivo, by directly interacting with Ptch1 and inhibiting vemurafenib efflux. Our results suggest that the use of this inhibitor of Ptch1 drug efflux in combination with vemurafenib could be a promising therapeutic option to improve vemurafenib efficacy against resistant BRAF V600E melanomas.

Results

Ptch1 Is Expressed in Melanoma and Contributes to the Efflux of Chemotherapy Agents out of Cells

Normalized gene expression data and matching clinical information for cutaneous melanoma tumors were downloaded from The Cancer Genome Atlas (TCGA), then separated into primary tumor samples (n = 103) and metastatic tumor samples (n = 368). The distribution of PTCH1 gene expression level for all TCGA patients compared to genes known to be well expressed in melanoma (GAPDH, Cancers 2020, 12, 1500 3 of 28 ACTB, MITF) indicates that PTCH1 is well expressed in primary and metastatic samples (Figure 1A left). We did not observe a significant difference in the distribution of PTCH1 gene expression between tumors carrying or not BRAF V600 mutation for primary or metastatic samples (Figure 1A middle).

Cancers 2020, 12, x FOR PEER REVIEW 4 of 28 In this cohort, the Kaplan-Meier analysis for a subset of patients with metastatic disease who did not receive immunotherapy indicated that a high level of Ptch1 in patient samples significantly correlated with a lower overall survival time (Figure 1A right). Patients were grouped according to their level of Ptch1 expression (low: samples with Ptch1 expression ≤ 8.83, high: samples with Ptch1 expression > 8.83). A significant difference in survival was observed (log-rank p-value = 0.0146). The same analysis for primary tumor did not show any significant difference.

Western blots were performed on extracts from four melanoma cell lines that are sensitive or resistant to chemotherapy, and strong expression of Ptch1 was found in all of the studied cell lines (Figure 1B). Interestingly, the depletion of Ptch1 using specific silencing RNA in the MeWo melanoma cell line induced cell retention of doxorubicin (dxr), a fluorescent chemotherapeutic drug commonly used to treat many types of cancers, while control cells showed a strong decrease of intracellular dxr fluorescence 30 min after the removal of this drug from the medium (Figure 1C). In this experiment, MeWo cells were seeded on coverslips and transfected with 40 nM Ptch1-siRNA or negative-control-siRNA. Ptch1 protein expression (right panel) and intracellular dxr (left panel) were analyzed 16 h after transfection. After 2 h of incubation with dxr, 3 coverslips were fixed for dxr loading control. The other coverslips (triplicate per condition) were incubated with efflux buffer for 30 min and fixed. Dxr fluorescence was imaged acquired and quantified using ImageJ software for about 100 cells per condition per experiment. Results indicate that Ptch1 contributes to dxr efflux in these cells.

Panicein A Hydroquinone Obtained by Chemical Synthesis Enhances the Sensitivity of Melanoma Cells to Doxorubicin by Inhibiting the Drug Efflux

Given that natural panicein A hydroquinone (PAH), identified as the first Ptch1 drug efflux inhibitor, is not readily available, the molecule was prepared by chemical synthesis. Starting from previously published work [18], an additional step allowed us to obtain the desired molecule (see Supplementary Materials). The 10-step synthesis, based on a key microwave accelerated Claisen rearrangement, yielded a mixture of E and Z stereoisomers (3:2 ratio) of PAH at 7% total yield (Figure 2A). To produce a sufficient quantity, the synthesis was conducted on a scale of several tens of grams of starting material, demonstrating the robustness of the optimized procedure. As natural PAH is exclusively composed of E isomer, we wanted to separate the E and Z stereoisomers or isomerize the synthesized PAH mixture to the E configuration. Our attempts were unfortunately not successful, and we decided to test the synthetic PAH (sPAH) as a mixture of both stereoisomers.

Melanoma cells from the MeWo cell line and the BRAF V600E mutant cell line A375 were treated with increasing concentrations of dxr, with or without natural or synthetic PAH for either 48 or 24 h, before assessment of cell viability. Results showed that sPAH strongly increased the sensitivity to dxr of cells from both cell lines (Figure 2C, Table 1), and was as effective as the natural PAH (Table 2). Interestingly, our results showed that sPAH also strongly increased drx cytotoxicity in MeWo cells rendered resistant to dxr (MeWo-DxrR) (Figure 2C, Table 1). One can observe that sPAH at 20 µM was slightly cytotoxic by itself. We then treated A375 and MeWo cells with increasing concentrations of sPAH for either 24 or 48 h, and we calculated that the IC 50 of sPAH in these melanoma cells was of about 40 µM (Figure 2D). This indicates that the effect observed in combination with dxr did not result from additive cytotoxicities of each compound. Epifluorescence microscopy was used to measure the effect of sPAH on dxr efflux in melanoma cells. As exemplified in Figure 2E, the amount of dxr accumulated in the nuclei of A375 and MeWo cells after incubation with dxr was drastically reduced after 30 min of incubation with an efflux buffer, and the presence of sPAH in the efflux buffer allowed the cells to retain a significant amount of dxr. Quantification of the dxr amounts in cells showed that sPAH inhibited the efflux of dxr from A375 and MeWo cells by 30 to 40%. We demonstrated that synthetic PAH is able to inhibit the efflux of dxr in melanoma cells as efficiently as the natural PAH (Figure 2F). The IC 50 values of natural and synthetic PAH obtained in the presence of dxr are very similar (Table 2), suggesting the Z stereoisomer is as active as the natural E configurational isomer of PAH. In order to compare the 3D structures of E and Z forms of PAH, 60 and 62 conformers for E-PAH and Z-PAH, respectively, were generated by using chemoinformatic software. The two ensembles of conformers were aligned and compared using the program SENSAAS. The good gfit score of 0.761 indicates that the E and Z isomers are almost similar (a gfit score ranges from 0 (dissimilar) to 1 (perfect similarity)) (Figure 2B). The comparable activities of the natural E-PAH and the synthetic mixture of E-PAH and Z-PAH can be explained by the flexibility of the pentene linker that allows some E and Z stereoisomers to superimpose very well and to position the two hydroxyls of the benzene ring in such a way that interactions with same residues can be considered (Figure 2B). Therefore, we used the E/Z stereoisomer mixture of the synthetic PAH (sPAH) for further study of the in vitro and in vivo activity of PAH. synthetic PAH obtained in the presence of dxr are very similar (Table 2), suggesting the Z stereoisomer is as active as the natural E configurational isomer of PAH. In order to compare the 3D structures of E and Z forms of PAH, 60 and 62 conformers for E-PAH and Z-PAH, respectively, were generated by using chemoinformatic software. The two ensembles of conformers were aligned and compared using the program SENSAAS. The good gfit score of 0.761 indicates that the E and Z isomers are almost similar (a gfit score ranges from 0 (dissimilar) to 1 (perfect similarity)) (Figure 2B). The comparable activities of the natural E-PAH and the synthetic mixture of E-PAH and Z-PAH can be explained by the flexibility of the pentene linker that allows some E and Z stereoisomers to superimpose very well and to position the two hydroxyls of the benzene ring in such a way that interactions with same residues can be considered (Figure 2B). Therefore, we used the E/Z stereoisomer mixture of the synthetic PAH (sPAH) for further study of the in vitro and in vivo activity of PAH. In order to identify the key pharmacophores of the PAH, we performed SAR analyses. At this preliminary stage, we tested the activity of 20 µM of two PAH precursors and three synthesized PAH analogues on MeWo and A375 cells (Figure 3A) to focus on the importance of the hydroquinone part and the central double bond. As shown in Figure 3B and Figure S1, the quinone precursor 9 very weakly increased the cytotoxicity of dxr against melanoma cells as compared to PAH, indicating that the quinone form is not able to increase chemotherapy efficacy. Interestingly, precursor 8, where one of the hydroxyl moieties of the hydroquinone is protected by a methyl group, had no effect on dxr cytotoxicity, indicating that this hydroxyl group is crucial. Compound 13 is a hydrogenated form of sPAH where, the central double bond is no longer present. The IC 50 of dxr for molecules 8, 9, 11, and 12 could not be determined, owing to greater than 50% viability. The IC 50 of dxr calculated in the presence of 13 is approximately 4-fold higher than that calculated in the presence of PAH in MeWo cells but comparable to that of PAH in A375 cells. These results show that the hydroquinone moiety is essential for sPAH activity as a Ptch1 drug efflux inhibitor, and that the loss of the double bond slightly reduces its activity. 

sPAH Increases the Efficacy of Doxorubicin on Melanoma Cells Xenografted in Chick Eggs without Toxic Effects

MeWo cells were grafted on the chorioallantoic membrane (CAM) after drilling a small hole through the eggshell. Eggs were then randomized in groups of 20 eggs for treatments. Chick embryos were first treated with increasing doses of sPAH alone in order to evaluate sPAH toxicity (Figure 4A). After 10 days of treatment, the dead embryos were counted and abnormalities in 22 checkpoints (head: size, closure, eyes, ear, face, branchial arc derivatives, mobility; body: size, axis deformation, ventral and dorsal closures, caudal formation, sexual area; limbs: size, axis morphology, mobility; skin: appendage formation, attachment, blood vessel; extra-embryonic structures: vascularization, transparency, attachment, blood vessels) were observed in surviving MeWo cells were grafted on the chorioallantoic membrane (CAM) after drilling a small hole through the eggshell. Eggs were then randomized in groups of 20 eggs for treatments. Chick embryos were first treated with increasing doses of sPAH alone in order to evaluate sPAH toxicity (Figure 4A). After 10 days of treatment, the dead embryos were counted and abnormalities in 22 checkpoints (head: size, closure, eyes, ear, face, branchial arc derivatives, mobility; body: size, axis deformation, ventral and dorsal closures, caudal formation, sexual area; limbs: size, axis morphology, mobility; skin: appendage formation, attachment, blood vessel; extra-embryonic structures: vascularization, transparency, attachment, blood vessels) were observed in surviving embryos. No acute toxicity was observed even at the highest dose of 1 mM. The percentage of death between 10 and 25% was normal without link with sPAH treatment, and no abnormalities were observed in surviving embryos.

Cancers 2020, 12, x FOR PEER REVIEW 9 of 28 control, and that association with sPAH enhanced the tumor regression to 37% while sPAH by itself had a very weak effect on tumor development. Mortality rates were normal, and no abnormalities were observed in the surviving embryos. Toxicity analysis. Chick embryos were treated with increasing doses of sPAH for 10 days. Then, the dead embryos were counted, and abnormalities were observed on surviving embryos. (B) Effect of the association sPAH and dxr on melanoma tumors. One day after inoculation of MeWo cells on the CAM, the tumors were treated by adding 100 µ L of vehicle, dxr alone, sPAH alone or with dxr. After 10 days, the tumors were cut away from the CAM tissue and weighed. Significance: *: 0.05 ≥ p value > 0.01; ***: 0.001 ≥ p value; ns: no significant difference.

sPAH Enhances the Sensitivity of Melanoma Cells to Cisplatin

We previously showed that Ptch1 drug efflux inhibition enhanced the cytotoxicity of dxr against adrenocortical carcinoma cells, but also that of cisplatin, another well known chemotherapeutic drug [19], suggesting that both cisplatin and dxr are substrates of Ptch1 [16]. Therefore, we tested the effect of sPAH on the cytotoxicity of cisplatin in the melanoma cell lines MeWo and A375. Interestingly, the IC50 of cisplatin was significantly decreased in the presence of sPAH in both MeWo and A375 cells, indicating that sPAH also increases the cytotoxicity of cisplatin against melanoma cells (Figure S2).

sPAH Enhances the Sensitivity of BRAF V600E Melanoma Cells to Vemurafenib

Vemurafenib is a targeted chemotherapy agent which interrupts the BRAF/MEK step in the BRAF/MEK/ERK pathway when BRAF has the V600E mutation [20,21]. In the present study, we used three melanoma cell lines carrying the BRAF V600E mutation: A375, WM9S sensitive to . sPAH increases the efficacy of doxorubicin on melanoma cells xenografted in chick eggs without toxic effect. MeWo cells were grafted on the eggs chorioallantoic membrane (CAM). (A) Toxicity analysis. Chick embryos were treated with increasing doses of sPAH for 10 days. Then, the dead embryos were counted, and abnormalities were observed on surviving embryos. (B) Effect of the association sPAH and dxr on melanoma tumors. One day after inoculation of MeWo cells on the CAM, the tumors were treated by adding 100 µL of vehicle, dxr alone, sPAH alone or with dxr. After 10 days, the tumors were cut away from the CAM tissue and weighed. Significance: *: 0.05 ≥ p value > 0.01; ***: 0.001 ≥ p value; ns: no significant difference.

We evaluated the effect of sPAH on dxr treatment of melanoma tumors initiated from MeWo cells (Figure 4B). When tumors became detectable (1 day after inoculation of MeWo cells on the CAM), they were treated by adding 100 µL of vehicle, dxr alone, sPAH alone or in combination with dxr. treated with increasing concentrations of vemurafenib in the presence of DMSO or sPAH for 24 h before assessment of cell viability. Results show that sPAH significantly increased the sensitivity of A375 and WM9S cells to vemurafenib (Figure 5A). Remarkably, sPAH also increased the effectiveness of vemurafenib against WM9 cells rendered resistant to vemurafenib (WM9R) with a decrease by a factor of ten of the IC50 of vemurafenib in the presence of sPAH 20 µM (Figure 5A). Note that the concentrations of sPAH used (between 10 and 20 µM) have a slight cytotoxic effect in line with sPAH-IC50 calculated of 38.3 ± 6.8, 28.6 ± 5.1, and 41 ± 6.2 µ M for A375, WM9S, and WM9R respectively (Figure 5B). Therefore, the cytotoxicity of sPAH itself at the concentration used was not sufficient to explain the strong increase of vemurafenib cytotoxicity observed. The effect of the combination sPAH and vemurafenib on cell migration was assessed using a wound-healing assay (Figure 5C). Experiments revealed that sPAH also increased vemurafenib efficacy against the A375 cells' ability to migrate. Indeed, 48 h after wounding, the closing area was significantly greater when sPAH was added to vemurafenib (Figure 5C). Remarkably, the same effect was observed on cells resistant to vemurafenib (WM9R). This indicates that the combination of sPAH and vemurafenib more significantly inhibited the wound-healing and, therefore, cell migration than vemurafenib alone.

sPAH Inhibits Doxorubicin, Vemurafenib and Cholesterol Efflux by Directly Binding to Ptch1

Using microscale thermophoresis (MST), we showed that sPAH binds to membranes prepared from yeast expressing human Ptch1 with a Kd around 7 µM, while sPAH does not bind to membranes prepared from yeast expressing another human membrane protein, Smoothened (Figure 6A). These results demonstrate that sPAH directly interacts with Ptch1 and that Ptch1 is the target of sPAH. We previously showed that Ptch1 transports cholesterol [22], and subsequently measured the effect of sPAH on the efflux of BODIPY-cholesterol, a fluorescent derivative of cholesterol, from A375 cells. As shown in Figure 6B, the amount of BODIPY-cholesterol accumulated in cells was drastically reduced after 30 min of incubation with an efflux buffer, and the presence of sPAH in the efflux buffer allowed the retention of a significant amount of BODIPY-cholesterol in cells, suggesting that sPAH inhibited the efflux of cholesterol in A375 cells.

In order to assess if vemurafenib was a substrate of Ptch1, we measured the efflux of dxr from A375 and WM9R cells in the presence of vemurafenib by fluorescence microscopy. Figure 6C reports the mean percentage of dxr accumulated in cells in the presence of vemurafenib relative to dxr accumulated in the absence of vemurafenib. Interestingly, when A375 or WM9R cells were incubated with dxr in the presence of vemurafenib, we observed that the amount of dxr in cells was significantly increased, suggesting that vemurafenib competes with dxr in Ptch1 efflux activity and is a substrate of Ptch1.

As Ptch1 cryo-EM structure has been solved, we performed an in silico docking analysis to visualize the possible binding sites of doxorubicin, vemurafenib, and PAH on Ptch1. Ptch1 structures harbor several cholesterol binding sites as is the case with the structure 6n7h used for in silico docking analyses [23], but one is shown on many structures and is also the site of palmitate binding from Shh. We call it the "central binding cavity". The docking was performed first on the whole structure, then, given that the poses with the lowest scores were in the central cholesterol binding cavity, docking was subsequently performed by targeting this cavity. The analysis was performed on the 10 best poses of the docking (ranked by score). Because both the amino acids involved in the interaction with the ligands and the nature of interactions were similar among those poses, only one per ligand is presented (Figure 7). Among the amino acids surrounding the cholesterol in the central cavity, five are conserved in proteins from Patched family, of which two have side chains directed toward the cholesterol (Leu427 and Ala497; Figure S3). We also observed that single nucleotide variations in seven of the residues surrounding the cholesterol are responsible for diseases according to the BioMuta database (Table 3). Being built between loops, this cavity is flexible and should be able to accommodate many types of ligands thanks to a large number of aromatic amino acids with polar groups (tyrosines and tryptophans) and some polar residues among the hydrophobic ones. As shown in Figure 7, the best docking poses for dxr, vemurafenib, and PAH are superimposed on cholesterol. We observed at least one hydrogen bond with nearby amino acids for dxr, vemurafenib, and PAH (Leu775 or Asp776), both with the oxygen of the peptide bond. Interestingly, when Asp776 is mutated to glycine, the probability of a damaging phenotype is high (with a score of 0.87 according to the BioMuta database) supporting the importance of this amino acid for Ptch1 function. Another amino acid predicted to interact with dxr, vemurafenib and PAH is Trp129, either by pi-stacking or hydrophobic interaction. This docking analysis revealed that PAH engages more specific interactions with the hydroquinone moiety than with the other half of the molecule which seems to undergo more hydrophobic and less specific interactions. This is in good agreements with the SAR study showing that hydroquinone moiety is very important for the inhibition of Ptch1 drug efflux activity. 3). Binding interactions between docked molecules and Ptch1 amino acids are represented in black dash for H-bonds and green for hydrophobic interaction/pi-stacking. 3). Binding interactions between docked molecules and Ptch1 amino acids are represented in black dash for H-bonds and green for hydrophobic interaction/pi-stacking.

Doxorubicin

sPAH Enhances the In Vivo Effect of Vemurafenib in BRAF V600E Melanoma Cells Xenografted in Mice

Metabolic stability is crucial in drug discovery and development, since it impacts parameters, such as half-life, which are very important in defining the pharmacological and toxicological profile of drugs. Therefore, before testing sPAH in mice, we determined the metabolic stability of sPAH in the presence of mice microsomes and NADPH, and we observed that the half-life of sPAH was only 1 min. LC-MS/MS analyses showed that sPAH is rapidly oxidized in its quinone form (9; Figure S4), which is an inactive precursor of sPAH (Figure 3), without further degradation. This indicates that sPAH is a substrate of cytochrome P450.

As sPAH is rapidly oxidized to an inactive compound by liver microsomes, we had to formulate it in order to carry out experiments in mice. We used a biocompatible delivery system, i-Particles (iP), developed by Adjuvatis (Lyon, France) to provide a highly concentrated aqueous and injectable solution of sPAH and protect it from in vivo oxidation. These fully metabolizable i-Particles are made of poly(lactic acid). The efficiency of encapsulation of sPAH in i-Particles was high (≥79%), and sPAH-loaded i-Particles produced were extremely reproducible in terms of size and size homogeneity, with an average diameter of 185 nm as characterized by DLS. iP-sPAH exhibited low polydispersity and negative zeta potential values whatever the drug loading (from 1 to 9%) (Figure S5A), and a colloidal stability at +4 • C for at least six months (Figure S5B). A formulation of 2.44 mg of encapsulated sPAH/mL (7 mM) was tested on melanoma cells and results show that sPAH encapsulated in i-Particles (iP-sPAH) was able to increase the cytotoxicity of vemurafenib against A375 cells in a manner that was comparable to the free sPAH (Figure 8A). As expected, sPAH was not metabolized by mice microsomes after 60 min indicating that the sPAH in i-Particles is metabolically stable. Moreover, no behavioral disorders related to product toxicity were observed for 3 days after intraperitoneal administration of this preparation at doses of 1.33, 4, 13.3, and 40 mg/kg (10 mL/kg) in mice.

Therefore, we tested the effect of iP-sPAH in association with vemurafenib in athymic mice xenografted with BRAF V600E A375 melanoma cells. When tumors became detectable, the mice were randomized in 4 groups and treated intraperitoneally with 4 therapeutic cycles which consisted of either vemurafenib 8 mg/kg body weight (5 µL/g in olive oil) 5 days a week, iP-sPAH 5 mg/kg body weight (4 µL/g) every other day, or a combination of vemurafenib and iP-sPAH. Mice from the control group were injected with olive oil (5 µL/g) 5 days a week plus empty i-Particles 4 µL/g every other day. Animals were monitored daily for symptoms of disease and tumor size was measured every 3 to 4 days. At day 23 after the start of treatment, when the first tumors reached a longest tumor diameter of 1.5 cm, the study was terminated, and animals sacrificed. Tumors were excised and subsequently snap frozen using OCT. Although the dose of vemurafenib chosen causes a slightly too strong effect, experience showed that the combination with i-Particles containing sPAH reduced tumor size more significantly (Figure 8B). Remarkably, no obvious signs of undesirable side effects such as weight loss or abnormal behavior of the animals were observed.

Analyses showed that tumors excised from animals treated with the iP-sPAH + vemurafenib combination contained significantly fewer proliferative cells (Figure 8C) and more apoptotic cells (Figure 8D) than tumors excised from animals treated with vemurafenib alone, indicating that sPAH increased the anti-proliferative and anti-apoptotic effects of vemurafenib.

Moreover, quantification of the vemurafenib contained within the tumors showed that extracts from all the tumors treated with the combination iP-sPAH + vemurafenib exhibited a vemurafenib peak area that was greater than 10 6 units, corresponding to approximately 100 nM, while extracts from two of seven tumors treated with vemurafenib alone showed a vemurafenib peak area of 2.10 5 to 4.10 5 units corresponding to the background signal (Figure 8E). Furthermore, sterols were extracted from tumor homogenates and analyzed by gas chromatography and mass spectrometry (GC-MS). Interestingly, this analysis revealed that tumors treated with iP-sPAH contained significantly more cholesterol than the other tumors (Figure 8F). This increase in cholesterol suggests that sPAH also inhibited cholesterol efflux in tumors in good agreements with in vitro observations.

Vemurafenib is known to selectively block the RAF/MEK/ERK pathway in BRAF mutant cells [24][25][26]. Since the BRAF/MEK/ERK pathway is linear, it is possible to relate the BRAF activity to the levels of phosphorylated ERK (pERK) in a Western blot assay. Therefore, we studied the levels of pERK and ERK in extracts from tumors excised from animals by Western blotting (Figure S6) and, in line with previous reports, we observed that vemurafenib treatment reduced ERK phosphorylation. Although the dose of vemurafenib applied causes a slightly too strong effect, this experiment shows that the addition of iP-sPAH to the vemurafenib treatment reduced ERK phosphorylation more significantly Vemurafenib is known to selectively block the RAF/MEK/ERK pathway in BRAF mutant cells [24][25][26]. Since the BRAF/MEK/ERK pathway is linear, it is possible to relate the BRAF activity to the levels of phosphorylated ERK (pERK) in a Western blot assay. Therefore, we studied the levels of pERK and ERK in extracts from tumors excised from animals by Western blotting (Figure S6) and, in line with previous reports, we observed that vemurafenib treatment reduced ERK phosphorylation. Although the dose of vemurafenib applied causes a slightly too strong effect, this experiment shows that the addition of iP-sPAH to the vemurafenib treatment reduced ERK phosphorylation more significantly than vemurafenib alone. This result can be explained by the increased amount of vemurafenib in tumors, shown in Figure 8E, and is consistent with the increased number of apoptotic cells observed when iP-sPAH was added to the vemurafenib treatment (Figure 8D). 

Discussion

Discussion

Cutaneous melanoma is a complex disorder characterized by elevated heterogeneity. It is one of the most aggressive types of cancer and one of the leading causes of cancer-related mortality due its metastatic power. Its therapeutic management is a real challenge as it is amongst the solid malignancies most refractory to conventional cancer therapies [27]. Up to 90% of melanomas exhibit aberrant MAPK pathway activation that induces cell cycle deregulation and apoptosis inhibition, and marked improvements in cutaneous melanoma treatment have been achieved by targeting the MAPK signaling pathway. Improved overall survival outcomes were observed with targeted therapies in patients with BRAF V600 mutant unresectable stage III or stage IV melanoma. Nearly half of patients with metastatic melanomas harbor a valine-glutamine substitution in codon 600 of the serine/threonine kinase BRAF [28]. Vemurafenib, dabrafenib, and encorafenib are BRAF inhibitors (BRAFi) approved by the US Food and Drug Administration (FDA) to treat patients with BRAF V600E mutated metastatic melanomas [29]. BRAFi have relatively high response rates; however, patients almost invariably develop disease progression after about 5 months. The addition of a MEK inhibitor to BRAFi extends the median duration of response from 5.6 months to 9.5 months [30,31]. However, some patients develop resistance to BRAF (±MEK) inhibitors [31,32]. Both intrinsic and acquired resistances can be driven by genetic and epigenetic alterations that drive gene expression changes and intratumor heterogeneity which, in turn, enable tumor regrowth and disease relapse [33]. Although significant progress has been made in therapeutic approaches, cutaneous melanoma still represents a major problem worldwide due to its high incidence and the lack of a curative treatment for advanced stages. The discovery of therapeutic compounds for treating advanced melanomas that are resistant to existing therapies is paramount to further improve patient outcomes.

Amongst the mechanisms used by cancer cells to become resistant to treatment, multidrug resistance (MDR) has been intensively studied [34]. A key mechanism underlying MDR is overexpression of ATP-binding cassette (ABC) transporters [35]. However, we recently discovered that the Hedgehog receptor Ptch1, which is overexpressed in many cancers, also pumps chemotherapeutic agents such as doxorubicin out of cancer cell lines that were derived from melanoma and adrenocortical carcinoma (ACC), thereby conferring resistance to chemotherapy [11,16].

In the present study, we report that Ptch1 is strongly expressed in primary and metastatic specimens from a cohort of 471 cutaneous melanoma patients from The Cancer Genome Atlas (TCGA), and that a high expression level of Ptch1 in patient-derived metastatic samples significantly correlated with a lower overall survival time (Figure 1A). Ptch1 is endogenously expressed in various melanoma cell lines, and we found that decreased Ptch1 expression strongly inhibited the efflux of doxorubicin, indicating that Ptch1 is involved in doxorubicin efflux in melanoma cells with or without the BRAF mutation (Figure 1C). Interestingly, we observed that the presence of the BRAF V600E inhibitor, vemurafenib, strongly inhibited the accumulation of doxorubicin in melanoma cells, and in silico docking studies suggested that doxorubicin and vemurafenib bind to Ptch1 at the cholesterol binding site (Figure 7). These observations suggest that vemurafenib could also be transported by Ptch1 and that Ptch1 could contribute to melanoma cell resistance to vemurafenib, and also that the drugs are exported through the same mechanism as cholesterol.

In a previous study, we identified panicein A hydroquinone (PAH) as an inhibitor of the doxorubicin efflux activity of Ptch1 [15]. Due to the limited availability of PAH that is naturally produced by marine sponges, production of synthetic PAH was necessary. To the best of our knowledge, PAH synthesis has not previously been reported; thus, we carried out the first chemical synthesis of PAH in order to further characterize its activity in vitro and in vivo. While natural PAH is exclusively observed in the E configuration, the chemical synthesis led to a mixture of E and Z stereoisomers that could not be separated. However, the mixture of both stereoisomers proved to be as effective as the natural compound in increasing the cytotoxicity of doxorubicin and inhibiting its efflux in melanoma cells (Figure 2 and Table 2). This suggests that the configuration of the double bond does not have a strong influence on the activity. As revealed by the energy minimization study, this may be due to its sufficiently flexible backbone that allows both stereoisomers to superimpose for a large part of the structure of the molecule, coming into proximity with the functional group in such a way that the same interactions can be considered. However, the hydrogenated form of PAH (13) showed a significant loss of activity, indicating that too much flexibility is detrimental. More interestingly, the absence of compound 8 activity highlights the importance of the hydroxyl function of the hydroquinone. This data is perfectly in accordance with the docking study where this function is engaged in a hydrogen bond with Leu775, which could be a key interaction for the activity. This is also confirmed by the fact that the quinone form of PAH ( 9) is not active, maybe due to the inability to interact as a hydrogen bond donor.

Experiments carried out in embryonated eggs have shown that this synthetic PAH mixture (sPAH) is not toxic to the chicken embryos and, when added in combination with doxorubicin, can inhibit melanoma growth more effectively than doxorubicin alone (Figure 4), which is a very encouraging in vivo proof of concept.

We also observed that sPAH was able to increase the cytotoxicity of cisplatin, another chemotherapeutic agent that we previously identified as a substrate of Ptch1 [16], against melanoma cells in vitro (Figure S2). We then wanted to know if sPAH could also enhance the efficiency of targeted chemotherapy such as vemurafenib against BRAF V600E melanoma cells, and found that sPAH strongly increased the cytotoxicity of vemurafenib, even in resistant BRAF V600E melanoma cells (Figure 5). We observed that sPAH itself is slightly cytotoxic for melanoma cells; however, the concentration of sPAH used was not sufficient to explain the strong increase of vemurafenib cytotoxicity induced by sPAH, implying that the combination vemurafenib/sPAH is synergistic, as is the case for combinations of sPAH with doxorubicin or cisplatin. Moreover, wound-healing assays showed that addition of sPAH to vemurafenib significantly reduced the reclosure of wounds compared to vemurafenib alone (Figure 5), suggesting that a sPAH/vemurafenib combination could be more effective against the migration of BRAF V600E melanoma cells than vemurafenib alone.

A microscale thermophoresis study allowed us to demonstrate the direct binding of sPAH to Ptch1, and in silico docking of PAH with the Ptch1 structure revealed that the best poses of PAH are located in the cholesterol central binding cavity, where vemurafenib and doxorubicin also present the best docking score (Figures 6 and7).

Altogether, our in vitro results suggest that sPAH increases doxorubicin and vemurafenib efficacy by binding to the same pocket as these chemotherapeutic agents on Ptch1 and inhibiting their efflux by Ptch1. The fact that sPAH also inhibited cholesterol efflux strengthens this interpretation.

Before testing sPAH in mice, we studied its metabolic stability and found that sPAH is very rapidly oxidized on contact with mice liver microsomes. The resulting quinone derivative is unfortunately inactive (Figure 3, Figures S1 andS4). Therefore, we decided to encapsulate sPAH in particles made of poly(lactic acid) (iP-sPAH). This delivery system is highly effective in protecting sPAH from metabolic degradation and iP-sPAH proved to be as active as free sPAH in increasing the cytotoxicity of vemurafenib in vitro (Figure 8A). Moreover, experiments performed on mice have shown that iP-sPAH is well tolerated up to high doses by these animals. Based on these results, we subsequently tested the effect of the iP-sPAH/vemurafenib combination on melanoma xenografts in mice. We injected immune-compromised mice with BRAF V600E A375 melanoma, which is a cell line typically used as a model of xenograft melanoma for testing novel anti-melanoma compounds [36,37]. Experiments performed on these mice showed that the addition of iP-sPAH to the vemurafenib treatment inhibited tumor growth more significantly than vemurafenib alone (Figure 8B). This was accompanied by a decrease in proliferation and an increase in apoptosis of tumor cells, indicating that the treatment is more cytotoxic against melanoma cells, which is supported by the in vitro results. In melanoma cells, BRAF V600E causes constitutive activation of the BRAF tyrosine kinase, which phosphorylates and activates the MEK1/2 dual kinase, which in turn phosphorylates and activates its only target, the receptor tyrosine kinase ERK1/2. Vemurafenib inhibits BRAF activation and ERK1/2 phosphorylation [20,24,26]. Analyses of tumor extracts revealed that the addition of iP-sPAH to vemurafenib treatment more significantly inhibited the phosphorylation of ERK1/2 than vemurafenib alone, indicating an increase in the effectiveness of vemurafenib. This effect was due to the increased concentration of vemurafenib in tumors (Figure 8E). Indeed, in the absence of iP-sPAH, we found that some tumors contained little vemurafenib, suggesting that these tumors contained cells that were able to efflux vemurafenib. In the presence of iP-sPAH, all tumors accumulated sufficient vemurafenib to inhibit BRAF and to induce cell apoptosis. All these results strongly suggest that iP-sPAH inhibited the efflux of vemurafenib in melanoma xenografts. Notably, these effects were achieved without obvious undesirable side effects for mice.

We noticed that iP-sPAH alone induced an insignificant decrease in tumor growth (Figure 8B). Given that sPAH inhibited the cholesterol efflux activity of Ptch1 on A375 cells in vitro (Figure 6), we wondered if this effect was not due to an increase of cholesterol in melanoma cells. We therefore quantified the amount of cholesterol in tumor extracts and, indeed, found that tumors treated with iP-sPAH contained significantly more cholesterol than other tumors (Figure 8F), indicating that sPAH inhibited cholesterol efflux mediated by Ptch1 in this system. Previous studies have shown that cholesterol synthesis increases in cancer cells, which helps cancer cell proliferation [38]. However, Lim and co-workers reported, in 2014, that addition of cholesterol to culture medium led to markedly reduced viability of stomach cancer cells [39]. Indeed, in healthy cells, accumulation of free cholesterol has been shown to induce many mechanisms of cellular toxicity, including disrupted function of the integral membrane proteins and signaling proteins that reside in membrane domains, intracellular cholesterol crystallization, oxysterol formation, and the triggering of apoptotic signaling pathways [40]. Thus, we cannot exclude that the increase in cholesterol accumulation caused by the inhibition of Ptch1 cholesterol efflux by sPAH also contributes to toxicity in melanoma cells. In such a hypothesis, the inhibition of Ptch1 efflux activity by sPAH would have dual benefits: to keep the intracellular antineoplastic concentration high and to specifically increase the intracellular cholesterol concentration in cancer cells.

Our data provide strong evidence that PAH is a highly promising lead for the treatment of vemurafenib resistant BRAF V600E melanoma. However, one of the key pharmacophores of sPAH is not stable under biological conditions in living animals and, therefore, in human, since the hydroquinone is metabolized in the inactive quinone form. As the rest of the scaffold is stable and no other modifications have been observed in metabolic experiments, we first plan to replace the hydroquinone part by another group, mainly aromatic, with substitutes that maintain the hydrogen bond interactions. In parallel, an in-depth SAR study will be conducted on other parts of PAH, in particular, on the methoxytrimethylphenyl part, to optimize the activity.

Materials and Methods

Chemical and Biological Material

Reagents and solvents were purchased from Merck and Carlo Erba Reagents and used without further purification. All reactions involving air-or moisture-sensitive reagents or intermediates were performed under an argon atmosphere. Flash column chromatography was carried out on silica gel columns (Interchim Puriflash silica HP 15 µm) on a Puriflash XS420 system (Interchim). Analytical thin-layer chromatography (TLC) was conducted on Sigma Aldrich precoated silica gel and compounds were visualized by irradiation (254 nm) and/or by staining with ninhydrin and phosphomolybdic acid. 1H and 13C NMR spectra were recorded on a Bruker AC 200 MHz or a Bruker AC 400 MHz spectrometer. Chemical shifts are reported in parts per million (ppm, δ) referenced to the residual 1H resonance of the solvent (CDCl3, δ 7.26; CD3OD δ 3.31; DMSO-d 6 δ 2.50). Doxorubicin hydrochloride and vemurafenib were purchased from Sigma-Aldrich and Selleckchem, respectively. BODIPY-cholesterol was purchased from Avanti (Topfluor, Avanti). Empty i-Particles ® made of poly(d,l-lactic acid) only were purchased from Adjuvatis (Lyon, France).

Human melanoma cell lines A375 and MeWo were purchased from ATCC, and cultured in DMEM medium supplemented with 10% fetal bovine serum and penicillin/streptomycin (Invitrogen) at 37 • C in a 5% CO 2 /95% water-saturated air atmosphere. Melanoma cell lines SKMEL 28, SKMEL V3, WM9S, and WM9R were provided by Robert Ballotti (C3M, Nice, France). MeWo-dxrR cells were obtained by adding increasing concentrations of doxorubicin, up to 0.2 µM, in the culture medium over 6 months. These cells were grown in medium supplemented with 0.2 µM dxr. WM9R cells were obtained by adding increasing concentrations of vemurafenib, up to 5 µM, in the culture medium fixed with 4% PFA for the dxr loading control, rapidly washed with PBS and mounted in SlowFade Gold antifade reagent with DAPI (Invitrogen). The other coverslips (triplicated per condition) were incubated with physiological buffer supplemented with DMSO or 10 µM of PAH under gentle shaking at room temperature and protected from light. After 30 min, coverslips were fixed with 4% PFA, washed, and mounted as described above. For competition on dxr loading, A375 and WM9R cells seeded on coverslips were incubated for 1 h at 37 • C and 5% CO 2 with 10 µM dxr in physiological buffer in the presence or the absence of 100 µM vemurafenib. Images were acquired with a Zeiss Axioplan 2 fluorescence microscope coupled to a digital charge-coupled device camera using a 40×/1.3 Plan NeoFluar objective and filters for Alexa 594. Dxr fluorescence was quantified using ImageJ software. Sampling of cells was performed randomly. About 100 cells (from three wells) were scored per condition per experiment.

Cholesterol efflux measurements were carried out as described for dxr efflux except that cells were incubated with 10 µM BODIPY-cholesterol, a fluorescent derivative of cholesterol, and images were acquired using a 40×/1.3 Plan NeoFluar objective and filters for FITC.

Microscale Thermophoresis

Microscale thermophoresis (MST) is a biophysical technique that measures the strength of the interaction between two molecules by detecting a variation in the fluorescence signal of a fluorescently labeled target as a result of an IR-laser induced temperature change. The range of the variation in the fluorescence signal correlates with the binding of a ligand to the fluorescent target.

Membranes from yeast expressing human Ptch1 or human Smoothened were incubated at 30 µg/mL with 20 nM of the fluorescent dye NT-647 2nd gen (NanoTemper Technologies, München, Germany) to label the His-tag present at the c-terminus of both proteins. In this MST experiment, we kept the concentration of labeled membranes constant, while the concentration of non-labeled sPAH was varied between 250 µM and 15 nM. The assay was performed in PBS containing 0.5% DMSO. After a short incubation, the samples were loaded into Monolith™ NT.115 standard treated capillaries from NanoTemper Technologies and the MST analysis was performed using the NanoTemper Technologies Monolith NT.115 (LED: 30%; MST: medium). The fluorescence within the capillary is excited and detected through the same objective. A focused infrared laser is used to locally heat a defined sample volume. The MST response of fluorescent proteins within the temperature gradient is detected. After activation of the IR laser, a decrease in fluorescence is observed which corresponds to temperature-related intensity change (TRIC) triggered by the fast temperature change and thermophoretic movement of the fluorescent proteins out of the heated sample volume. The MST signal of fluorescent proteins changes or not upon binding to sPAH resulting in different MST traces. For analysis, the change in MST signal is expressed as the change in the normalized fluorescence (Fnorm), which is defined as F1/F0. Titration of sPAH results in a gradual change in MST signal, which is plotted as Fnorm against the sPAH concentration to yield a dose-response curve, which has been fitted to derive binding constants (Kd). The sPAH Kd was determined for 3 independent experiments.

In Silico Docking

Docking of vemurafenib, doxorubicin, and PAH on Ptch1 structure were performed using Vina toolkit [44] in USCF Chimera [45]. The structure of Ptch1 was obtained from RCSB Protein Data Bank (PDB ID: 6N7H, chain A) [23] and prepared using USCF Chimera Predock Toolkit. For the missing side chains, the Dunbrack rotamer 2010 library [46] was used and charges were assigned with ANTECHAMBER Amber ff14SB force field [47]. The docking was first done on the whole protein structure. Observing that the poses with lowest scores were in the previously predicted biologically relevant binding sites for cholesterol, docking was then performed by targeting the central cholesterol cavity.

The analysis was performed on the 10 best poses of the docking (ranked by score). Every interaction was compared to the cholesterol equivalents. Amino acids within a radius of 6 Å from the cholesterol were selected and listed in Table 2. We highlighted amino acid mutations due to single nucleotide variation associated to disease (with a probability above 0.8) which were reported in BioMuta database [48].

For the docked ligands, interactions were further analyzed using PoseView [49], a function of the ProteinsPlus web server [50]. In order to assess conserved amino acids among the proteins from Patched family, sequence alignment of Patched family members was performed on 30 sequences using T-COFFEE server for transmembrane proteins [51].

Quantification of Metabolic Stability

A 10 µL aliquot of the sPAH stock solution (10 mM in DMSO) was diluted in 990 µL of a mixture of acetonitrile and water. This solution was then diluted 100-fold in phosphate buffer containing mice liver microsomes (0.5 mg/mL), 1 mM NADPH, and 3 mM MgCl 2 , and incubated at 37 • C. After 2, 10, 20, 40, and 60 min, 70 µL aliquots were collected and mixed with 70 µL acetonitrile at 0 • C. Equivalent experiments were performed without NADPH in order to identify chemical instability or enzymatic process not depending on NADPH, and with testosterone as a positive control. The enzymatic reaction was stopped by addition of acetonitrile. Samples were analyzed by LC-MS/MS on an UHPLC LC-MS 8030 (Shimazu, Kyoto, Japan).

For metabolite identification, 50 µM of sPAH were incubated with mice liver microsomes and NADPH. Two samples were prepared: one in which acetonitrile was added immediately (t0) and one in which acetonitrile was added after 30 min. After centrifugation for 5 min at 15,000× g, 2 samples of each supernatant were analyzed by LC-MS/MS on a LC-MS 8030 (Shimazu, Kyoto, Japan) and detected by selected ion monitoring (SIM).

sPAH Toxicity on Chick Embryos

These experiments were performed by the company INOVOTION (La Tronche, France). Fertilized White Leghorn eggs were incubated at 37.5 • C with 50% relative humidity for 9 days. At this time (E9), an access point to the chorioallantoic membrane (CAM) was made by drilling a small hole through the eggshell into the air sac and a 1 cm 2 window was cut in the eggshell above the CAM. Twenty-one eggs were used for each condition. Because of some instances of early death just after the opening of the shell (surgical act), data could be collected in fewer than 21 eggs per group. MeWo cells cultivated in DMEM medium with 10% FBS (and 1% penicillin/streptomycin) were detached with trypsin, washed with complete medium, labeled, and suspended in PBS. An inoculum of 3 × 10 6 cells was added onto the CAM of each egg (E9). Eggs were then randomized in 4 groups. The chick embryos were then treated every two days (E11, E13, E15, E17) for 10 days in total, by adding 100 µL of vehicle (1% DMSO in PBS) as a negative control or 100 µL of sPAH at 3 different doses onto the CAM. The number of dead embryos evaluates the toxicity after 10 days of the treatment, as does the observation of 22 abnormality checkpoints in surviving embryos.

Effect of sPAH and Doxorubicin on Melanoma Cells Grafted in Chick Eggs

These experiments were performed by the company INOVOTION (La Tronche, France). Fertilized White Leghorn eggs were randomized in 4 groups 9 days after inoculation of 3.10 6 MeWo cells onto the CAM of each egg. At day 10 (E10), tumors began to be detectable and they were treated by adding 100 µL of vehicle (1.2% DMSO in PBS), doxorubicin, and sPAH alone or with doxorubicin. Eggs were treated every two days (E10, E12, E14, E16, E18) for 10 days in the same way. At day 19 (E19), the upper portion of the CAM was removed, washed in PBS, and directly transferred in PFA for 48 h, and the tumors were then carefully cut away from normal CAM tissue. Tumors were weighed, and one-way ANOVA analysis with post-tests was performed on these data.

Introduction

Adrenocortical carcinoma (ACC) is a rare endocrine malignancy with an annual incidence of 0.5-2 cases per million people per year [1,2]. The prognosis of ACC is overall poor, particularly with cortisol-producing tumors [3]. Complete tumor removal by surgery is the most important step in the management of patients with primary, recurrent or metastatic ACC. However, 40-50% of patients who underwent surgery have a survival rate of about five years [4]. The main reason for that is the advanced stage of the disease at the moment of diagnosis, which makes impossible the complete removal of the tumor with surgery, and relapse appears in approximately 70-80% of patients after resection. ACC patients present a high risk of relapse and metastases even when the primary tumor is diagnosed and surgically excised at an early stage. Outcomes did not improve despite extensive research [5]. Mitotane and etoposide/doxorubicin/cisplatin chemotherapy have been validated for improved recurrence-free survival of patients with ACC [6]. However, a minority of patients experience a sustained benefit of this regimen which presents side effects so severe that often makes the patients unable to attain target drug doses shown to give a survival benefit [7,8]. Five-year survival rates of 35% in advanced ACC suggest that resistance to adjuvant therapy is the main factor behind treatment Biomedicines 2020, 8, 251 3 of 17 containing 2% of glucose and amino acid cocktail without leucine, and then diluted in rich medium containing 2% glucose in 96-well plates. An amount of 10 µM of molecules to be tested was added in 8 wells (10 molecules can be tested on one plate) and 10 µM of dxr was added to half of the wells. Plates were incubated at 18 • C on a shaker at 1250 rpm (microtiter plate shaker SSL5 Stuart) and absorbance at 600 nm was recorded for about 72 h.

Cytotoxicity Assays

Cytotoxicity assays on H295R cells were carried out as previously described [13]. Briefly, H295R cells were grown in 96-well plates to achieve 70% to 80% confluence. The medium was then replaced with 100 µL/well of medium containing astemizole or DMSO as control for 2 h. An amount of 100 µL of medium containing increasing concentrations of dxr was then added. For astemizole IC 50 calculation, cells were incubated with increasing concentrations of astemizole. Plates were incubated at 37 • C and 5% CO 2 . After 48 h, cells were incubated 3 h at 37 • C with neutral red (NR) solution following the manufacturer's protocol. Absorbance was measured in a microplate reader (Multiskan Go Microplate Spectrophotometer from Thermo Fisher Scientific, Illkirch, France). IC 50 corresponding to the concentration of dxr or astemizole that induced a 50% decrease in the number of live cells was calculated using the GraphPad Prism 6 software.

Synergy Analysis of Drug Combination

Synergy analysis was performed using the Chou-Talalay method for drug combination as described in [21,22]. Analysis was done on the basis of dose-response curves of cells treated for 48 h with dxr alone, astemizole alone and dxr in the presence of 1 µM astemizole. Normalized isobolograms and Chou-Talalay's plots (Fa-CI plot were Fa is the fraction affected and CI is the combination index) were created using the Compusyn Software (Version 1.0 downloaded from www.combosyn.com [22]). These allow quantitative determination of drug interactions, where CI < 1 (below the diagonal), =1 (diagonal) and >1 (above the diagonal) indicate synergism, additive effect and antagonism, respectively. Dose-reduction index (DRI) is reported.

Apoptosis Measurements

Cells were seeded at a density of 7000 cells per well in a 96-well white polystyrene plate (Falcon Corning 96 Well Plate) in triplicate and cultured overnight at 37 • C and 5% CO 2 . After removal of the medium, cells were treated 48 h with medium containing DMSO, dxr alone, astemizole alone or dxr and astemizole together. Quantification of caspase 3/7 activity was performed using the luminescent assay Caspase-Glo 3/7 (Promega, Charbonnières-les-Bains, France) and a luminometer (Glomax 96 Microplate Luminometer from Promega, Charbonnières-les-Bains, France) following the manufacturer's protocol.

Proliferation

Cells were seeded at a density of 5000 cells per well in 96-well plates (Falcon 96 Well Clear Microplate, Corning Inc, Corning, NY, USA) in triplicate and grown for 24 h at 37 • C and 5% CO 2 . After removal of the medium, cells were treated with medium containing serial dilutions of dxr in the presence or the absence of astemizole. DMSO was added to the control wells. After 7 days at 37 • C and 5% CO 2 , the NR test was used for the quantification of living cells. IC 50 values were calculated using the GraphPad Prism 6 software.

Clone Formation

Effect of astemizole on H295R clone formation was carried out as previously described [13]. A total of 5000 H295R cells were seeded per well in 24-well plates (Falcon from Corning Inc, Corning, NY, USA), treated in triplicate with DMSO as control, astemizole alone, dxr alone or a combination of astemizole and dxr, and incubated at 37 • C and 5% CO 2 . After 14 days, clones were stained with crystal violet and pictures were taken. Cells were then solubilized and absorbance was measured in a microplate reader at 550 nm (Multiskan Go Microplate Spectrophotometer, Thermo Scientific, Illkirch, France).

Spheroid Formation in 3D Culture

H295R cells were cultured in DMEM/F-12, 2% NuSerum, 1% ITS Plus and penicillin/streptomycin supplemented with 20 µg/µL EGF and 20 µg/µL FGF. Cells were seeded in 96-well plates (Falcon from Corning Inc, Corning, NY, USA) at a density of 5000 cells per well in triplicate, treated with DMSO as control, astemizole alone, dxr alone or a combination of astemizole and dxr, and incubated at 37 • C and 5% CO 2 . After 14 days, images of each well were taken using a cell imaging multi-mode reader (Cytation 5 from Bio Tek, Colmar, France). Then, 100 µL of the medium was removed from each well and 100 µL of Cell Titer Glow 3D reagent (Promega) was added. Spheroids were disrupted according to the protocol from the Cell Titer Glow 3D Viability Assay (Promega) and viability was measured in a microplate reader at 550 nm (Multiskan Go Microplate Spectrophotometer, Thermo Scientific).

SDS-PAGE and Western Blotting

Western blots were carried out as previously described [13]. Total RIPA extracts from cells were prepared and protein concentration was estimated using the DC Protein Assay (Bio-Rad, Feldkirchen, Germany). An amount of 50 to 80 µg of proteins was separated on SDS-PAGE and transferred to membranes of nitrocellulose (Amersham, Bath, UK). After 1 h blocking in 5% non-fat milk, membranes were incubated overnight at 4 • C with rabbit anti-hPtch1 antibody (Abcam ab53715; 1/1000) or mouse anti-β-tubulin antibody (Sigma Aldrich, Merck, Darmstadt, Germany; 1/1000). After washing, membranes were incubated for 45 min with anti-rabbit (1:2000) or anti-mouse (1:5000) immunoglobulin coupled to horseradish peroxidase (Dako-Agilent, Santa Clara, CA, USA). ECL Prime Western Blotting detection reagent (Amersham) on a Fusion FX imager (Vilber Lourmat, Collegien, France) was used for detection.

Efflux Measurements

Efflux measurements were carried out as described in [19]. On yeast: hPtch1-expressing yeasts or control yeasts were grown to an OD 600 of 5, centrifuged, washed with cold water and resuspended in HEPES-NaOH buffer (pH 7.0) containing 5 mM 2-deoxy-D-glucose and 10 µM dxr for 2 h at 4 • C. After centrifugation, one sample was immediately fixed with 4% PFA for dxr loading control, while the other samples were resuspended in HEPES-NaOH buffer (pH 7.0) containing 5 mM 2-deoxy-D-glucose and DMSO or 10 µM astemizole, and incubated 10 min at 20 • C with gentle shaking in a Benchmark Multi-therm shaker (Innova 2000, New Brunswick Scientific, Enfield, CT, US) protected from light. Yeasts were centrifuged, resuspended in 4% PFA and deposited on a coverslip with SlowFade Gold antifade reagent containing DAPI (Invitrogen).

On cells: After seeding on coverslips in 24-well plates, H295R cells were incubated at 37 • C and 5% CO2 with 10 µM doxorubicin (dxr) or BODIPY-cholesterol (Bo-chol) in physiological buffer (140 mM NaCl, 5 mM KCl, 1 mM CaCl 2 , 1 mM MgSO 4 , 5 mM glucose, 20 mM HEPES, pH 7.4). After 2 h, some coverslips were immediately fixed with PFA and mounted in SlowFade Gold antifade reagent containing DAPI (Invitrogen) for loading control. The other coverslips (a triplicate per condition) were incubated with physiological buffer containing DMSO or 10 µM astemizole for 30 min under gentle shaking at room temperature and protected from light, fixed with PFA and mounted as described above.

Images were acquired with a Zeiss Axioplan 2 fluorescence microscope coupled to a digital charge-coupled device camera using a 63X objective for yeast or a 40X /1.3 Plan NeoFluar objective for cells, and filters for Alexa 594 or FITC for dxr or Bo-chol analysis, respectively. Dxr or Bo-chol fluorescence was quantified using the ImageJ software. About 100 yeast/cells (from three wells) were scored per condition.
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Electrophysiology

Transfection and experiments were carried out as described in [23]. HEK293 cells were plated onto 35 mm dishes for transfection with pSI-hERG, and experiments were performed over the following 1-2 days. In the standard bath solution, pulled pipettes had resistances of 2-4 MΩ when filled with intracellular solution containing 74.5 mM KCl, 70.5 mM K-aspartate, 5 mM HEPES, 2 mM EGTA, 2 mM K 2 ATP and 0.3 mM MgCl 2 pH 7.2 with KOH. Whole-cell membrane currents were measured and filtered at 3 kHz using a patch-clamp amplifier RK 400 (Bio-Logic Science Instruments, Seyssinet-Pariset, France), digitized at 10 kHz with the 12-bit analog-to-digital converter Digidata-1322 (Axon Instrument, Sunnyvale, CA, United States) and recorded with the software Clampex 8.2 (Axon Instrument). hERG currents in HEK cells were recorded using an external solution composed of: 145 mM NaCl, 4 mM KCl, 1 mM MgCl 2 , 1 mM CaCl 2 , 5 mM HEPES and 5 mM glucose, pH adjusted to 7.4 with NaOH and flowed at 1-2 mL/min through the dish. Astemizole was dissolved in DMSO to produce a 50-mM stock solution stored at -20 • C. The final experimental concentration was reached by dilution in the locally perfused external medium described above. Experiments were performed at room temperature.

In Silico Docking

Docking of astemizole on the Ptch1 structure was performed using the Vina toolkit [24] in USCF Chimera [25] as previously described [20]. The structure of Ptch1 (PDB ID: 6N7H, chain A) [26] was prepared using USCF Chimera Predock Toolkit, the Dunbrack rotamer 2010 library [27] for the missing side chains and ANTECHAMBER Amber ff14SB force field [28] for charges assignment. The docking was done by targeting the central cholesterol cavity. The 10 best poses of the docking (ranked by score) were used for the analysis. Interactions were analyzed using PoseView [29], a function of the ProteinsPlus web server [30]. Amino acids within a radius of 6 Å from astemizole were selected and compared to amino acids within a radius of 6 Å from cholesterol.

Sequence alignment was performed on 30 sequences from Patched family members using the T-COFFEE server for transmembrane proteins [31] to identify conserved amino acids.

Profiling and Pharmacokinetic Studies

Profiling and PK studies were performed by GalenAuxi Co (Oxford, UK) as previously described [13]. Astemizole was formulated in DMSO/Solutol ® HS15/ PBS and administered to non-fasted male ICR mice (weighing 20-30 g) intravenously (IV) at the dosing volume of 5 mL/kg and orally (PO) at 10 mL/kg, 3 mice per time point. Plasma samples (50 µL) were collected via the facial vein at 3, 10, 30, 60, 120, 240, 360 and 1440 min post-dose for the IV group, and at 10, 30, 60, 120, 240, 360, 480 and 1440 min post-dose for the PO group in K 2 EDTA-coated tubes, mixed gently and centrifuged at 2500 g for 15 min at 4 • C within 1 h after collection. For control animals, blood was collected by cardiac puncture. Plasma samples were prepared in acetonitrile for LC-MS/MS analysis. Peak areas were recorded and the concentrations of the test compound in the unknown plasma samples were determined using the respective calibration curve. Plasma concentration-time curves were constructed and pharmacokinetic parameters of astemizole were obtained from the analysis of the plasma data.

Statistical Analysis

All results presented were obtained from at least three independent experiments, and data are given as the mean value ± SEM. The GraphPad Prism 6 software (San Diego, CA, US) was used for statistical analyses with one-way analysis of variance (ANOVA) followed by Bonferroni's multiple comparison tests.

Results

Identification of a New Inhibitor of the Resistance to Doxorubicin and the Doxorubicin Efflux Conferred by Ptch1 to Yeast

We previously reported that yeast expressing human Patched (hPtch1) were able to grow in the presence of chemotherapeutic agents such as doxorubicin (dxr) and to efflux dxr out of cells using the proton motive force [14]. To find inhibitors of Patched drug efflux activity, we developed a screening test based on the growth of hPtch1-expressing yeast in the presence of dxr [18]. We measured the effect of 1200 compounds from the Prestwick Chemical drug library on the growth of hPtch1-expressing yeast in the presence of dxr, and we discovered that the methiothepin maleate (P375) significantly inhibited the resistance of hPtch1-expressing yeast to dxr in contrast to the other compounds such as P298 that did not affect it (Figure 1A). During this screening, we observed that another drug from the same library, P136, was also able to inhibit the growth of hPtch1-expressing yeast in the presence of dxr without effects on the growth of hPtch1-expressing yeast in the absence of dxr (Figure 1A), suggesting that this molecule inhibited specifically dxr resistance conferred by hPtch1 to yeast. Then, we measured the effect of P136 on the amount of dxr in hPtch1-expressing yeast by fluorescence microscopy using the natural fluorescence of dxr as described before [19]. Experiments were performed in the presence of 2-deoxy-D-glucose to inhibit ATP production and thus the contribution of yeast MDR transporters from the ATP-binding cassette (ABC) to the drx efflux. This allowed us to better visualize Ptch1's contribution to the dxr efflux because Patched does not use ATP hydrolysis but rather the proton motive force to get the drugs out of the cells. After incubation with dxr, we observed that dxr accumulated in yeast. After removing the medium containing dxr and 10 min in buffer containing DMSO (P136 solvent), hPtch1-expressing yeasts contain significantly less dxr fluorescence than control yeasts, consistently with the dxr efflux activity of hPtch1 previously reported [14] (Figure 1B). Remarkably, the presence of P136 in the efflux buffer increases the amount of dxr in hPtch1-expressing yeast significantly more than in control yeast (Figure 1B), indicating that P136 specifically inhibited dxr efflux activity mediated by hPtch1.

Compound P136 corresponds to astemizole, a well-known non-sedating second-generation H 1 -histamine receptor antagonist.

Astemizole Increases the Cytotoxicity of ACC Standard Treatment

We recently showed that ACC expresses Ptch1 and that the first Ptch1 drug efflux inhibitor identified from our screening of the Prestwick Chemical library, methiothepin, was able to increase the efficacy of doxorubicin against the human ACC cell line H295R [13]. Therefore, we wanted to know if astemizole was also able to increase dxr efficacy against ACC cells. H295R cells were grown to 80% confluence and incubated with increasing concentrations of dxr in the absence or the presence of 1 µM astemizole for 48 h. The cell viability assay using neutral red revealed that a dose of 1 µM astemizole, that was not toxic to ACC cells by itself, increased the cytotoxicity of dxr by about 10 times (Figure 2A, Table 1). The gold standard treatment given to ACC patients is composed of a mixture of doxorubicin, etoposide, cisplatin and mitotane (EDPM). Interestingly, we observed that astemizole increased about eight times the efficacy of dxr when combined with 10 µM etoposide and 10 µM mitotane (EDM) (Figure 2B, Table 1). The Chou-Talalay's plot (Fa-CI plot) and normalized isobologram analysis clearly showed that dxr and astemizole exhibit a significant synergism as demonstrated by the cooperativity indices (CI) far below 1 (Figure S1A). Similar results were obtained for the combination of astemizole with EDM treatment (Figure S1B).

Western blot analysis and quantification of the Ptch1 protein amount relative to β-tubulin revealed that astemizole treatment did not affect Ptch1 protein expression (Figure 2C). 

Astemizole Increases the Pro-apoptotic, Anti-proliferative and Anti-clonogenic Effects of Doxorubicin

We observed that the presence of astemizole in the growth medium increased the antiproliferative effect of doxorubicin on H295R cells. In the presence of 0.5 µM astemizole, which does not affect cell viability by itself, the dxr-IC50 decrease was about three times (Figure 3A).

Apoptosis experiments based on caspase 3/7 activation measurements indicated that the addition of astemizole to dxr treatment increased the number of apoptotic cells in a dose-dependent manner. Indeed, the use of 0.5 µM of astemizole, which does not affect caspase 3/7 activity by itself, multiplies it by five the number of apoptotic cells relative to cells treated with 2 µM dxr without astemizole (Figure 3B).

We also observed that the combination of dxr and astemizole significantly inhibited the ability of H295R cells to form clones at a concentration of dxr that did not affect it by itself, and increased four times the anti-clonogenic activity of dxr (Figure 3C).

H295R cells form spheres when grown in 3D culture medium. ACC cells were grown in these conditions in the presence of increasing concentrations of dxr, astemizole or a combination of dxr + astemizole. Figure 3D shows that the spheroids formed after 14 days were significantly smaller when treated with the combination of dxr + astemizole, while the concentration of dxr or astemizole used did not affect spheroid growth by itself.

Our results clearly show that astemizole significantly increased the anti-proliferative, proapoptotic and anti-clonogenic effects of dxr against ACC cells. We observed that the presence of astemizole in the growth medium increased the anti-proliferative effect of doxorubicin on H295R cells. In the presence of 0.5 µM astemizole, which does not affect cell viability by itself, the dxr-IC 50 decrease was about three times (Figure 3A).

Apoptosis experiments based on caspase 3/7 activation measurements indicated that the addition of astemizole to dxr treatment increased the number of apoptotic cells in a dose-dependent manner. Indeed, the use of 0.5 µM of astemizole, which does not affect caspase 3/7 activity by itself, multiplies it by five the number of apoptotic cells relative to cells treated with 2 µM dxr without astemizole (Figure 3B).

We also observed that the combination of dxr and astemizole significantly inhibited the ability of H295R cells to form clones at a concentration of dxr that did not affect it by itself, and increased four times the anti-clonogenic activity of dxr (Figure 3C).

H295R cells form spheres when grown in 3D culture medium. ACC cells were grown in these conditions in the presence of increasing concentrations of dxr, astemizole or a combination of dxr + astemizole. Figure 3D shows that the spheroids formed after 14 days were significantly smaller when treated with the combination of dxr + astemizole, while the concentration of dxr or astemizole used did not affect spheroid growth by itself.

Our results clearly show that astemizole significantly increased the anti-proliferative, pro-apoptotic and anti-clonogenic effects of dxr against ACC cells. Figure 3. Astemizole increases the anti-proliferative, pro-apoptotic and anti-clonogenic effects of doxorubicin. (A) H295R cells were treated with serial dilutions of dxr with or without astemizole 0.5 µM for 7 days. The effect on cell proliferation was quantified using the neutral red assay. Data are represented as mean ± SEM. IC50 values were calculated from 3 different experiments using the Prism 6 software. (B) Apoptosis was evaluated using the luminescent assay Caspase-Glo 3/7 kit after 48 h incubation of H295R cells with medium alone or medium containing dxr alone, astemizole alone or a combination of dxr and astemizole. Caspase activation of cells was reported as a factor of the caspase activity of the control cells treated with DMSO. (C) For the clone formation test, H295R cells were treated with DMSO as a control, dxr or astemizole alone or a combination of dxr and astemizole. Clones were revealed with crystal violet solution after 14 days, pictures were taken and absorbance was read at 550 nm after solubilization. (D) H295R cells were plated in a 3D culture medium and treated with dxr or astemizole alone, or a combination of dxr and astemizole. After 14 days, pictures were taken using a cell imager. The experiment reported is representative of the 3 experiments performed. Histograms represent the mean ± SEM of 3 experiments. Data were analyzed using ANOVA multiple comparison test and Bonferroni correction. Significance is attained at p < 0.05 (*) (**: p < 0.005, ns: no significant difference). We recently showed that the inhibition of Ptch1 expression using siRNA strongly reduced the efflux of dxr from H295R cells revealing that Ptch1 participated in dxr efflux and drug resistance in these cells [13]. We observed that treatment of H295R cells with astemizole for 48 h had no effects on Ptch1 protein expression (Figure 2C), indicating that the increase in dxr cytotoxicity observed in the presence of astemizole is not due to the inhibition of Ptch1 expression but rather to the inhibition of Ptch1 drug efflux activity.

Astemizole Inhibits Doxorubicin Efflux from ACC Cells

As exemplified in Figure 4A, incubation of H295R cells with dxr for 2 h induced a strong accumulation of dxr in the cells. The intracellular dxr amount was drastically reduced after 30 min in the efflux buffer. Quantification of dxr fluorescence in cells indicated that 60 to 70% of dxr was transported out of the cells over this period time. Interestingly, the presence of astemizole in the efflux buffer allowed keeping about 73% of dxr inside the cells. This result demonstrates that astemizole strongly inhibited the efflux of dxr from H295R cells.
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Astemizole Inhibits Cholesterol Efflux from ACC Cells

We have previously shown that Ptch1 regulates Hedgehog signaling by transporting cholesterol out of cells [32]. Thus, we measured the effect of astemizole on the cholesterol efflux in ACC cells. To do so, we used a fluorescent derivative of cholesterol: BODIPY-cholesterol (Bo-chol). As shown in Figure 4B, incubation of cells with Bo-chol induced a strong accumulation of Bo-chol inside the cells. After 30 min in the efflux buffer, we observed a reduction of 29% in Bo-chol fluorescence inside the cells, indicating an efflux of Bo-chol. The presence of astemizole in the efflux buffer allowed keeping about 95% of Bo-chol inside the cells. This result strongly suggests that astemizole also inhibited cholesterol efflux in ACC cells. Remarkably, we observed that astemizole also inhibits dxr efflux from melanoma cells such as MeWo which endogenously express Ptch1 [20], and increases dxr cytotoxicity in these cells (Sup. Figure 2A,B).

Astemizole Binds to Ptch1 in the Same Binding Pocket as Cholesterol and Doxorubicin

Astemizole Inhibits Cholesterol Efflux from ACC Cells

We have previously shown that Ptch1 regulates Hedgehog signaling by transporting cholesterol out of cells [32]. Thus, we measured the effect of astemizole on the cholesterol efflux in ACC cells. To do so, we used a fluorescent derivative of cholesterol: BODIPY-cholesterol (Bo-chol). As shown in Figure 4B, incubation of cells with Bo-chol induced a strong accumulation of Bo-chol inside the cells. After 30 min in the efflux buffer, we observed a reduction of 29% in Bo-chol fluorescence inside the cells, indicating an efflux of Bo-chol. The presence of astemizole in the efflux buffer allowed keeping about 95% of Bo-chol inside the cells. This result strongly suggests that astemizole also inhibited cholesterol efflux in ACC cells. We performed in silico docking on the cryo-EM structure of Ptch1 PDB ID 6N7H [26]. The available structures to date have up to three cavities containing cholesterol. The one we are particularly interested in is the central cavity. This central cavity is not found in all structures, suggesting that it is a dynamic cavity within the transport mechanism of cholesterol. This is supported by the fact that it is constructed between loops, which therefore demonstrates flexibility and ability to accommodate different sized ligands. The presence of numerous aromatic amino acids with polar groups such as tyrosine and tryptophan, as well as polar residues among the hydrophobic ones, also gives the ability to accommodate various ligands and provide a wide range of interactions.

In view of the potential major role of this cavity in Ptch1 efflux activity, we have looked at whether some of the amino acids that compose it can be the cause of pathology in the case of mutation, which would underline their role in the transport of cholesterol. This is the case for eight of them according to the BioMuta database [33] (Table 2, amino acids in bold). If an amino acid is vital to the proper functioning of a protein, one would expect it to be conserved within the family protein. Among those surrounding the cholesterol, five are conserved in the Patched family (between * in Table 2), two of which have side chains directed to the cholesterol (Leu427 and Ala497). All these elements comfort us in carrying out our docking on this cavity specifically. The analysis was performed on the 10 best poses of the docking (ranked by score). Since both the amino acids involved in the interaction with astemizole and the nature of the interactions were similar among those poses, only one pose is presented (Figure 5).

We previously observed that the best docking poses for dxr superimposed on cholesterol, and, very interestingly, we show here that the best docking poses for astemizole superimposed with cholesterol and dxr. As presented in Table 2, 26 amino acids over the 33 surrounding cholesterols and 10 amino acids over the 16 surrounding dxrs in a radius of 6 Å are also in a radius of 6 Å of astemizole (Table 2). Interestingly, three amino acids for which mutations are responsible for diseases, suggesting that they are important for Ptch1 function, are in the surrounding of cholesterol, dxr and astemizole: L128, D776, W1018.

From the 2D representation of the interaction between astemizole and Ptch1, we notice that most of them are hydrophobic interactions (W129, L777, I780, W1018) and one is a pi-stacking type (F1017). With this docking being performed on a rigid structure, it does not unveil all interactions astemizole can have with Ptch1. It is highly possible that the polar atoms of astemizole are engaged in polar interactions such as H bonds but are not found or represented in this in silico docking.
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Astemizole is Cytotoxic for ACC Cells

Astemizole has gained great interest as a potential anticancer drug because it targets several proteins involved in cancer including the Eag1 (ether à-go-go-1) potassium channel that is overexpressed in many cancers and is strongly related to carcinogenesis and tumor progression [34,35]. We, therefore, tested the effect of astemizole on H295R cells, and we observed that astemizole was cytotoxic for ACC cells with an IC 50 of about 7 µM (Figure 6A) and inhibited their proliferation (Figure 6B). A similar effect was observed on melanoma cells, while astemizole only has a very slight effect on keratinocyte viability (Figure S2A,C). From the 2D representation of the interaction between astemizole and Ptch1, we notice that most of them are hydrophobic interactions (W129, L777, I780, W1018) and one is a pi-stacking type (F1017). With this docking being performed on a rigid structure, it does not unveil all interactions astemizole can have with Ptch1. It is highly possible that the polar atoms of astemizole are engaged in polar interactions such as H bonds but are not found or represented in this in silico docking.
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Astemizole has gained great interest as a potential anticancer drug because it targets several proteins involved in cancer including the Eag1 (ether à-go-go-1) potassium channel that is overexpressed in many cancers and is strongly related to carcinogenesis and tumor progression [34,35]. We, therefore, tested the effect of astemizole on H295R cells, and we observed that astemizole was cytotoxic for ACC cells with an IC50 of about 7 µM (Figure 6A) and inhibited their proliferation (Figure 6B). A similar effect was observed on melanoma cells, while astemizole only has a very slight effect on keratinocyte viability (Figure S2A,C). Numerous structurally and functionally unrelated drugs block the hERG potassium channel, well known for its role in repolarizing the cardiac action potential. The alteration of hERG by pharmacological inhibition produces long QT syndrome and the lethal cardiac arrhythmia torsade de pointes. Astemizole has been withdrawn from the market because of QT prolongation [35][36][37]. Therefore, we measured the effect of astemizole on the hERG channel current by electrophysiology. I hERG "pulse" amplitude was monitored during repetitive application of the protocol presented in Figure 7, and we observed that 1µM astemizole induced about a 70% reduction in I hERG pulse amplitude, confirming the ability of astemizole to inhibit the hERG channel.
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Discussion

Discussion

In this study, we report that astemizole inhibited doxorubicin efflux in hPtch1-expressing yeast and alleviated resistance to dxr conferred by hPtch1 to yeast, while it had no effects on control yeast (Figure 1). In silico docking showed that the best poses for astemizole were in the central cholesterol-binding pocket of Ptch1, where we also found the best poses for doxorubicin (Figure 5, Table 2). These results suggest that astemizole could inhibit the efflux activity of the Hh receptor Ptch1 by direct binding to the Ptch1 protein.

We previously reported that Ptch1 is expressed in ACC and contributes to the resistance of these tumors to treatment [13]. We then tested astemizole on ACC cells and observed that this molecule, at a concentration that does not affect by itself, significantly increased the cytotoxic, pro-apoptotic, anti-proliferative and anti-clonogenic effects of doxorubicin, which is one of the chemotherapeutic agents of the standard treatment for ACC patients (Figures 2 and3). Our experiments revealed that astemizole was able to inhibit dxr efflux in ACC cells (Figure 5), in good agreement with results obtained in hPtch1-expressing yeast, explaining that astemizole increased dxr efficacy against ACC cells. Our results also showed that astemizole inhibited cholesterol efflux, which is the physiological activity of Ptch1. These results together with data obtained from hPtch1-expressing yeast and in silico docking strongly suggest that astemizole increased the sensitivity to doxorubicin of yeast and ACC cells by inhibiting the dxr efflux activity of Ptch1 and that Ptch1 is a new target of astemizole.

These data are in good agreement with previous studies reporting that when administrated in combination with a chemotherapeutic treatment, astemizole has shown a significant association with reduced mortality among cancer patients. One of the explanations given is that astemizole sensitizes cancer cells to chemotherapy and reverts multidrug resistance [38]. In vitro and preclinical studies suggest that astemizole may act synergistically in combination with chemotherapeutic agents. Indeed, astemizole was shown to synergistically potentiate the cytotoxicity of doxorubicin against doxorubicin-resistant human leukemia cells [39], and of gefitinib against human lung cancer [34]. This was attributed to an effect of astemizole on several proteins involved in cancer progression such as histamine receptors, ABC transporters and the potassium channels Eag1 and hERG [40]. However, our study suggests that these effects could also be due to the inhibition of the drug efflux activity of Ptch1 which is known to be expressed in many cancers (see [15] for review and the Human Protein Atlas website http://www.proteinatlas.org/ENSG00000185920-PTCH1/cancer). Astemizole is a second-generation H 1 antihistamine drug approved in 1986 for the treatment of allergic rhinitis and conjunctivitis. It has a high affinity for the histamine H 1 receptor, but also for the potassium channels Eag1 and hERG, as we have also reported in Figure 7, inducing serious adverse cardiac reactions. Accordingly, it was withdrawn from the market in 1999 for safety-related reasons [36]. Moreover, in vitro and nonclinical in vivo studies suggested that astemizole had anticancer properties by inhibiting the hERG channel and/or cytochrome CYP2J2, both of which being upregulated and overexpressed in various cancers [41]. We observed that astemizole also has a cytotoxic effect in ACC cells with an IC 50 of about 7 µM (Figure 6), although overexpression of CYP2J2 or hERG in ACC has not been reported to date. We also observed that astemizole is cytotoxic on melanoma cells with an IC 50 of about 7 µM, while its cytotoxicity is much lower with respect to non-tumorigenic keratinocytes (Sup. Figure 2). It is interesting to note that the concentration of astemizole shown to increase cytotoxicity and the anti-proliferative effects of doxorubicin (1 and 0.5 µM, respectively) have no effects in the absence of dxr (Figures 2, 3 and6), indicating that astemizole acts synergistically in combination with dxr as already reported. This suggests that, at these low concentrations, astemizole acts only on Ptch1 drug efflux activity in these cells. We are currently working on the chemical modification of astemizole to make it lose its affinity for hERG. The optimized compound obtained will be tested on mice grafted with ACC cells to evaluate in vivo activity of this lead. The use of a combination of doxorubicin with a derivative of astemizole able to interact with Ptch1 but not with hERG would be a promising therapeutic option for ACC.

Our study provides strong evidence that astemizole is an inhibitor of the efflux activity of the Hedgehog receptor Ptch1, and that the synergistic effect of astemizole, when combined with chemotherapeutic agents such as doxorubicin, could also be related to the inhibition of Ptch1 drug efflux activity. Our results suggest that the use of a low dose of astemizole with no adverse effects by itself or of an astemizole derivative able to interact with Ptch1 but not with hERG could improve the effectiveness of the standard of care treatment for ACC patients, and could be a promising therapeutic option.
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 14 The Ptch1 drug efflux inhibitor PAH enhances vemurafenib effect on BRAF V600E melanoma in cellulo and in vivo. A: IC50 of cytotoxicity of vemurafenib alone and in combination with 15 µM of PAH are reported of various BRAF V600E melanoma cells (48h of treatment). B: PAH in combination with vemurafenib inhibits more significantly the growth of BRAF V600E melanoma cells A375 xenografted in mice than vemurafenib alone. C: Quantification of Ki67 positive cells in tumors (Immunofluorescence). D: Quantification of apoptotic cells in tumors. (From [86]) . . . . . . . . . . . . . . . . . . . . . . . . . . . 18 List of Figures vii 1.

2. 2 29 2. 3 31 2. 4 32 2. 5 35 viii List of Figures 2 . 6 54 2. 7 57 3. 1 61 3. 2 62 3. 3

 22933143253526547571612623 Construction of the Delaunay triangulation. A Voronoi diagram of a set of points. B Delaunay triangulation (extracted from [115]) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . Structure of AcrB. A Structure of the tripartite pump AcrA(red)-AcrB(blue)-TolC(yellow) spanning from the inner membrane (IM), to the outer membrane (OM). The transported drug is represented as a green hexagon. B and C AcrB is an homotrimer. It can be divided in 3 domains : TM, Porter, and Funnel (B) or in 19 subdomains (C). Remote alternative access drug-proton antiport in AcrB. A The individual conformers (A, blue, B, yellow, and E, red) of the asymmetric AcrB trimer are considered as intermediate states of a transport cycle. B Processes in the porter domain (with the N-and C-terminal subdomains PN1, PN2, PC1, and PC2, top view) and TMD (with transmembrane helices TM1-12, lower view). Consecutive states (A-B, B-E, and E-A) were superimposed. (extracted from [13]) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . Identification of dynamic subdomains and subdomain interfaces. i Hierarchical clustering of all asymmetric AcrB monomers using the lRMSD : clearly separated clusters allow labeling of every monomer according to states A (red) B (cyan) E (green). ii Comparing the mean displacement in crystal asymmetric structures against the median lRMSD of subdomains for different states and transitions identifies 5 dynamic/unstable subdomains (red boxes). iii Clustering the AcrB asymmetric monomers restricted to subdomains (Loop2, Loop8,Loop11, TM) with RMSD Comb. . yields three clusters corresponding to states A/B/E. iv Evolving interfaces between subdomains within a monomer. . . . . . . . . . . . . . . . . . . . . . Hierarchical clustering of RMSD on various domains of Ptch1. A lRMSD of the whole structure B RMSD Comb. of the whole structure C lRMSD of the TMD, D lRMSD of the ECD. Identification of two clusters possibly affiliated to 2 different states of the protein. . . Dynamic model of AcrB 's mechanism. Top Graph representing the 19 subdomains of AcrB as vertices. Continuous edges represents stable interfaces, while dashed edges are evolving interfaces. Bottom From left to right evolving interfaces during transitions: A to B, B to E and E to A. Square nodes: dynamic subdomains, circle nodes : static subdomains. E: geometric edges; S: topology edges. . . . . . . Domain description of Ptch1. Ptch1 can be divided in 9 subdomains: Extracellular Domain Distal 1 and 2 (ECDD1, ECDD1), Extracellular Domain Proximal 1 and 2 (ECDP1, ECDP2), neck 1 and 2, TM1-6, TM7-12 and the intracellular loop which is only partially represented here, because it is not resolved in the available structures (obtained from pdb 6N7H). . . Cholesterol binding sites and tunnel in Ptch1. A) cholesterol binding sites are circled. The area in red is the SSD while the area in blue is the SSD2. B Representation of the tunnel connecting the ECD to the SSD in red (extracted from [132]) . . . . . . . . . . . . . . . . . . . . . . . . . Shh can bind two Ptch1. The cholesterol end will bind to the ECD while the palmitate extremity will bin in the central cavity of one Ptch1.

3. 15

 15 RMSD value (Å) through time (ns) for the "open" conformation with 3 cholesterols. A) Both Asp of the PRS are not protonated, B) the second Asp is protonated, C) both Asp are protonated. Black: first simulation, red: first replica, green: second replica, blue: third replica. D) Maximum angle value for the TM1 through time. Black: first simulation, red: first replica, orange: second replica, blue: third replica. E) Left: conformation at the beginning of the simulation, Right: conformation at the end of the simulation when both Asp are protonated during the first simulation. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3.16 Root Mean Square Deviation (RMSD) value (Å) through time (ns) for the "closed" conformation with 0 cholesterol. A) Both Asp of the PRS are not protonated. Black: first simulation, red: first replica, green: second replica. B) Loop changing conformation. C) TM8 helix to coil change of conformation. Green: start, blue: after change of conformation. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
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 8718942101310341045 Distance between neck1 and neck2 subdomains for the "closed" conformation. A) Distance when both Asp are not protonated. B) Distance when both Asp are protonated. (black: first simulation, red: replica 1, orange: replica 2). C) Ensemble of cavities when both Asp are protonated (this picture comes from the Appendix Fig. A.9). D) Vue of the most representative structure of central cavity cluster 11. E) Vue of the most representative structure of central cavity cluster 10. . . . . . . . . . Distance between neck1 or neck2 subdomains and the TMD. A) Distance between neck1 and the TMD for the "open" conformation with no cholesterol when both Asp are not protonated B) Distance between neck2 and the TMD for the "closed" conformation with no cholesterol when the second Asp is protonated (black: first simulation, red: replica 1, orange: replica 2). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 88 4.1 Structure Ptch1 drug efflux inhibitors: methiothepin, astemizole and panicein A hydroquinone (PAH).Panicein A (PA) is the quinone derivative of PAH which shows no drug efflux inhibition. . . Redocking of the cholesterol in the central cavity of Ptch1's structure. A) Localization of the redocking in Ptch1's structure. B) Two poses with high energy from the score function. In green, pose ranked 4th, with an RMSD of 1.31 Å and an energy of -10.2 kcal/mol. In orange, pose ranked 1st, with an RMSD of 9.016 Å and an energy of -11.4 kcal/mol. In gray, original position of cholesterol in pdb 6N7H chain A. . . . . . . . . . . . . . . . . . . . . . . . . . . Docking results on Ptch1 structure. A) Docking of transported drugs: doxorubicin (green), vemurafenib (yellow) B Docking of active inhibitors: astemizole (orange), methiotepin (magenta), PAH (bleu) and C inactive inhibitor PA (cyan) on the chain A of pdb 6N7H. . . Docking results on Ptch1 structure derived from MD simulations. A) Docking of PAH on cluster 9 of the clustering on the TMD. B) Docking of PAH on cluster 3 of the clustering on the whole structure of Ptch1. . . . . . . . . . . . . . . . . . . . . . . . . . . . . Docking of doxorubicin and vemurafenib in Ptch1 structure.
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 474851 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . Inhibition of NPC1 by itraconazole. A) 2D structure of itraconazole from DrugBank. B) Structure of NPC1 with Br-labeled itraconazole (I-Br) which is bound between the central cavity of NPC1 and its SSD. Picture extracted from [182] . . . . . . . . . . . . . . . Inhibition of Mmpl3 by ICA38. A) Structure of Mmpl3 crystalized with ICA38 in magenta (pdb id 6AJJ) itraconazole from Drug-Bank. B) Upper: proton relay site of Mmpl3. Lower: proton relay site of Ptch1. C) Cavity at the PRS of Mmpl3 with and without inhibitor (extracted from [38]) . . . . . . . . . . . . . . . . . . . . . . Models for how Ptch1 inhibits SMO. (A) Schematic of Ptch1 and SMO embedded in a model lipid bilayer. Structurally identified cholesterol molecules bound to Ptch1 and SMO are depicted as yellow spheres. Two potential sterol-binding sites identified on SMO by computational methods are shown as green surfaces. Three postulated sterol transport paths are shown with black arrows. Model 1:
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  (a) The Drug/Metabolite Transporter (DMT) superfamily (which contains the Small Multidrug Resistance (SMR) family) (b) The Major Facilitator Superfamily (MFS) (c) The Multidrug And Toxic compound Extrusion (MATE) superfamily (d) The Resistance-nodulation-cell division (RND) superfamily

Figure 1 . 1 :

 11 Figure 1.1: Drug Efflux Pumps. The membrane is represented in pale green, and exported ligands as green hexagons. (adapted from [18])

Figure 1 . 2 :

 12 Figure 1.2: Transport mechanism model of ABC transporters. 1 Substrate (S) enters one of the binding pocket localized within the TMD. 2 Substrate binding triggers ATP binding. 3 ATP binding induces dimerization of the intracellular domain and the TMD get oriented toward the extracellular compartment. 4 ATP hydrolisis converts the transporter to its initial conformation. The two horizontal black lines represent the membrane. Transmembrane domain (TMD), Nucleotide binding domain (NBD). (extracted from [21]).

Figure 1 . 3 :

 13 Figure 1.3: Phylogenetic relationship among members of the RND superfamily. The families circled in red are found in Gram-negative bacteria, in orange in Gram-positive bacteria, in bleu in eukaryotes and in black dashes in all bacteria and archaea. (adapted from [35])

Figure 1 . 4 :

 14 Figure 1.4: RND protein homology. A) Protein topology. The transmembrane segment containing the sterol sensing domain is indicated in red. (B) Sequence alignment of the highly conserved GXXXD motif from TM4. (adapted from [42])

Figure 1 . 5 :

 15 Figure 1.5:Ptch1 protein level in cancers.From the Protein Atlas website http://www.proteinatlas.org/ENSG00000185920-PTCH1/cancer[54] 

Figure 1 . 6 :

 16 Figure 1.6: Shh signaling in targeted cells in mammals (adapted from [59]) : A) Inactive state, with no Shh bound to Ptch1, B) Active state, with Shh bound to Ptch1.

Figure 1 . 7 :

 17 Figure 1.7: Shh protein maturation : precursor and end product after multiple steps, including cleavage, addition of cholesterol and palmitate.

Figure 1 . 8 :

 18 Figure 1.8: Overall structure of NPC1 (green) and Ptch1 (cyan). The SSD is colored in red. The amino acids of the proton relay site are colored in purple and circled. The membrane is represented in orange.

Figure 1 . 9 :

 19 Figure 1.9: Proton relay site of AcrB (in cyan, (A)) and Ptch1 (in green, (B)). Amino acids of the PRS are represented in sticks.

Figure 1 . 10 :

 110 Figure 1.10: Human Ptch1 confers drug resistance to yeast. A. Human Ptch1 expressing yeast grow in the presence of chemotherapeutic agents. B. Human Ptch1 expressing yeast efflux more doxorubicin than control yeast. This efflux is inhibited by the decoupling agent CCCP.

Figure 1 . 11 :

 111 Figure 1.11: Ptch1 has a drug efflux activity in melanoma and adrenocortical carcinoma cells. A: Left : Ptch1 is highly expressed in metastasis from 365 melanoma patients and Ptch1 expression is correlated to lower survival probability. Right: Ptch1 is expressed in all samples from a cohort of patients with adrenocortical carcinoma (ACC). B: Ptch1 is expressed in melanoma (left) and ACC (right) cell lines where it contributes to the efflux of doxorubicin (dxr). Cells were treated with Ptch1-siRNA to inhibit Ptch1 protein expression. After incubation with dxr, cells present strong dxr fluorescence (loading condition). 30 min after removing dxr from the medium, cells treated with Ctl-siRNA present low fluorescence intensity indicating a strong efflux of dxr, while cells treated with Ptch1-siRNA still present strong fluorescence intensity indicating an inhibition of the dxr efflux. (From [83, 84])

Figure 1 . 12 :

 112 Figure 1.12: Ptch1 drug efflux activity and inhibition. (extracted from [42])
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 1114115 Figure 1.13: Methiothepin, astemizole and panicein A hydroquinone (PA) inhibits doxorubicin efflux activity of hPtch1 when expressed in yeast. Left: Molecules inhibit the resistance of hPtch1-expressing yeast to doxorubicin. hPtch1-expressing yeast were grown in the presence of doxorubicin and DMSO, methiothepin, astemizole or PAH. Right: methiothepin, astemizole and PAH inhibit the efflux of doxorubicin of hPtch1-expressing yeast. hPtch1-expressing yeast were incubated with dxr for 2 hours and fixed for dxr loading control or resuspended in buffer containing DMSO, methiothepin, astemizole or PAH. for 10 min, fixed and deposited on a coverslip for dxr fluorescence acquisition. The fluorescence of more than 100 yeast for each condition from 3 independent experiments was quantified using ImageJ software. Histograms represent the mean ± SEM and were analyzed using Anova multiple comparison test and Bonferroni correction. Significance is attained at P<0.05 ( * ) ( * * * :P<0.0005. * * * * : P<0.00005). (From [86, 83, 87])
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 21 Dynamics without explicit dynamics Definition Consider two structures A and B for which non-overlapping regions {C } i=1,...,m have been identified. Assume that a lRMSD has been computed for each pair C Let w i be the weights associated with an individual lRMSD. The combined RMSD is defined by RMSD Comb. (A, B) = m i=1

Figure 2 . 1 :

 21 Figure 2.1: Surface definitions: van der Waals, Solvent-Accessible and Solvent-Excluded surfaces. (extracted from [114])

Figure 2 . 2 :

 22 Figure 2.2: Construction of the Delaunay triangulation. A Voronoi diagram of a set of points. B Delaunay triangulation (extracted from [115])
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 23 ) and up to 19 subdomains (Fig.2.3 C).

Figure 2 . 3 :

 23 Figure 2.3: Structure of AcrB. A Structure of the tripartite pump AcrA(red)-AcrB(blue)-TolC(yellow) spanning from the inner membrane (IM), to the outer membrane (OM). The transported drug is represented as a green hexagon. B and C AcrB is an homotrimer. It can be divided in 3 domains : TM, Porter, and Funnel (B) or in 19 subdomains (C).
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 2 Dynamics without explicit dynamics 2.1.2.

Figure 2 . 4 :

 24 Figure 2.4: Remote alternative access drug-proton antiport in AcrB. A The individual conformers (A, blue, B, yellow, and E, red) of the asymmetric AcrB trimer are considered as intermediate states of a transport cycle. B Processes in the porter domain (with the N-and Cterminal subdomains PN1, PN2, PC1, and PC2, top view) and TMD (with transmembrane helices TM1-12, lower view). Consecutive states (A-B, B-E, and E-A) were superimposed. (extracted from[13])
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 12 Structure of AcrBAcrB is a transmembrane (TM) trimeric protein which monomer involves 1049 amino acids which are usually decomposed into three domains (Figure 1[top right]) and 19 subdomains (Table

  requires two ingredients: first, considering all possible clusterings based on all possible subsets of subdomains; second, taking into account the relative size of subdomains by RMSD Comb. instead of the RMSD. We define: Definition 3 . ("Valid clustering of asymmetric structures with RMSD Comb. ") Consider a clustering of the n Asym: mono: monomers found in asymmetric structures, obtained by cutting a dendogram based on RMSD Comb. . A homogeneous subtree is called maximal if it is homogeneous and if the subtree anchored at its father node is not homogeneous.

  Voronoi-based interface model, which defines an interface between two subdomains from the Voronoi diagram of the atomic solvent accessible model.19,31 More precisely, the Voronoi model identifies pairs of atoms, one on each subdomain, which are either directly in contact as their Voronoi cells are neighbor, or are contacting a common crystallographic water molecule. (Nb: Given the resolution of the crystal structures available, solvent water molecules were not incorporated for the calculation of the Voronoi models.31 ) Consider two subdomains u and v. Practically, we distinguish two cases, namely, an intramonomer interface I 1 (u, v) when u and v belong to the same monomer, and an intermonomer interface I 2 (u, v) when u and v belong to different monomers. For short, these interfaces are called intra and inter, respectively. The number of atoms at such interfaces are denoted #atoms I 2 (u, v) and #atoms I 1 (u, v) respectively.

Definition 4 .

 4 ("Intramonomer characteristic interface") Denote S the set of all monomers with a prescribed state. (Practically, S A, B, E f g, namely, the sets of monomers associated with a state A, B, or E.) Let I 1 (u m, v m) be the Voronoi interface between subdomains u and v in monomer mS.

•

  The individual subdomains show variable behaviors. Loop8, which is dynamic for AcrB (with the highest interstate [A-E] lRMSD), is stable during the transition between state A and E for MexB. TM is dynamic for AcrB and MexB, yet, with the highest lRMSD in between F I G U R E 2 (Top) The 19 subdomains in a monomer of AcrB (Bottom) Comparing the mean displacement in crystal asymmetric structures against the median lRMSD of subdomains for different states and transitions identifies 5 dynamic/unstable subdomains (Definition 2)-red boxes. Comparisons of monomers ascribed to the same state A: red, B: blue, E: yellow; Comparisons of monomers ascribed to different states: A to E: orange, A to B: purple, B to E: green. The mean displacement is defined as <u>, with B = 8π 2 u 2 . The region of the scatter plot above the line y = x identifies mobile subdomains T A B L E 1 Clustering selected subdomains of AcrB under RMSD Comb. vs the A, B, E states: Loop2, Loop8, Loop11, TM yield compatible clusterings

  Loop11 TM5 C(E)Note: A clustering yielding three clusters corresponding to the A/B/E states is plainly labeled C for Correct and X for incorrect; a clustering segregating state S only is denoted C(S). Note that TM5, TMLoop3, and TMLoop5 are TM subdomains, while the other subdomains are in the porter domain. Lines in bold are commented in the main text.

  Figure S10] in the worst case.) Moreover, the clusters obtained with TM and porter match one another, which allows to drop the dependence to the domain itself and call these substates of states A and B, respectively. The clustering involving substates provides insights on the dynamics of the TM (Figure S10) and porter (Figure S11) domains. Indeed, clusters of the PD are clearly separated (and are formed at higher merge values), while clusters for TM are mixed for state A. This owes to larger conformational changes in the PD.

17 interfaces change significantly according to Definition 5 (

 5 Figure 5, top diagram, interfaces tagged as *interface*), and 7 of F I G U R E 3 Clustering the AcrB asymmetric monomers restricted to subdomains (Loop2, Loop8, Loop11, TM, α-helix) (Section 3.2) with RMSD Comb. yields three clusters corresponding to the A/B/E states. Green: cluster E, Cyan: cluster B, Red: cluster A them differs by at least 30 atoms (Figure 5, top diagram, interfaces tagged as interface). We note that state E has the largest interfaces since 6 of the above mentioned increase in state E, as seen with the following three cases: (a) PC1 and PC2 which only interact in E state (49 atom involved; Figure 7); (b) Loop8 and PC1 which interact in all states, yet more prominently in state E (states A and B: circa 19 atoms, state E: circa 49 atoms); (iii) TM-Loop11 which interaction increases (state A: 30 atoms, state B: 42 atoms, state E: 63 atoms) (Table

  [Bottom]), with a focus on two classes of interfaces. The first class relates to interfaces which are not found in every pair of states: I 2 (PC2, DC) exists in AB and AE (Figure S13), I 2 (PN1, Loop3) exists in AE, AB, and AA. The second class contains interfaces found for any pair of states, yet, exhibit a large size change when moving from one pair of states to another pair of states. This class contains I 2 (PN2, PC2), I 2 (DC, PN1), I 2 (DN, PN1), I 2 (PN2, PN1), I 2 (TM, TM), I 2 (PN1, PN1). As seen from interface sizes and their evolution (Table

F

  I G U R E 4 AcrB: states A, B, and E and the associated six substates for all (symmetric + non-symmetric) structures. (Left panels: dendograms) (Right panels: substates and subdomains) Schematic representation of clusters from the dendogram, with columns for substates and lines for clustering conditions. (Top row) Using TM and selected subdomains. (Bottom row) Using porter and selected subdomains. Since the groups of structures obtained from both analysis are identical, we drop the dependency to the subdomains and simply refer to the five substates as A 0 , A 00 , A 000 and B 0 , B 00 . See Section 3.3 and Figures S10 and S11

4. 1 |

 1 Inclusive and hierarchical clustering provides a comprehensive understanding of states and substates 4.1.1 | All asymmetric states are of the ABE type Previous work on AcrB trimers had partly sorted out the states of trimers for two reasons. First, a number of monomers had not been assigned a state. Second, asymmetric trimers (TTO/BBE, LTT/ABB, LLT/AAB had been postulated ( 5 and Figure S8); among them two asymmetric states

  drugs with higher molecular weight binds to A state before B state, while drugs with lower molecular weight bind to B F I G U R E 5 AcrB: Evolution of interfaces between subdomains within a monomer and across monomers. (Top: interfaces within a monomer.) Conventions used to tag an interface uses two criteria: *interface*: criterion from Equation (2); interface: interface size differs by at least 30 atoms. (Bottom: Interfaces between two monomers.) Interfaces listed within the inner circle are found in the three pairs of interfaces, that is, AB, AE, and BE. Interfaces listed along a radius are found in the two states apart from that radius. The interface PN1-Loop3 pertains to symmetric structures only. Tagging an interface name uses two criteria: *interface*: criterion from Equation (4) interface: interface sizes differ by at least 30 atoms across two conditions state directly (or binding to A state is transient and has not been seen yet). Also related to experimental conditions, we note that the crystallographers used different crystallization strategies: various buffer with different pH (4.6-8) which may alter the electrostatic interactions, different temperatures which may alter thermodynamics and kinetics, the use of crystallization helper proteins (DARpins) which may yield artifacts/nonnative conformations. This was already noted by Eicher et al as a possible reason

97 -

 97 TMD 98-119 439-603 749-771 1027-1178 • ECD -neck1 120-147 1013-1026 -ECD1P 157-187 340-420 -neck2 425-438 772-797 -ECD2P 802-829 974-1012 • RMSD Comb. of the whole structure alpha 1 73alpha 2 731-748 -neck1 120-147 1013-1026 -ECD1P 157-187 340-420 -ECD1D 217-223 257-286 -neck2 425-438 772-797 -ECD2P 802-829 974-1012 -ECD2D 843-888 919-938

Figure 2 . 6 :

 26 Figure 2.6: Hierarchical clustering of RMSD on various domains of Ptch1. A lRMSD of the whole structure B RMSD Comb. of the whole structure C lRMSD of the TMD, D lRMSD of the ECD. Identification of two clusters possibly affiliated to 2 different states of the protein.

2. 3 .

 3 Discussion 57 we sum up the dynamics of AcrB's efflux mechanism.

Figure 2 . 7 :

 27 Figure 2.7: Dynamic model of AcrB 's mechanism. Top Graph representing the 19 subdomains of AcrB as vertices. Continuous edges represents stable interfaces, while dashed edges are evolving interfaces. Bottom From left to right evolving interfaces during transitions: A to B, B to E and E to A. Square nodes: dynamic subdomains, circle nodes : static subdomains. E: geometric edges; S: topology edges.

Figure 3 . 1 :

 31 Figure 3.1: Domain description of Ptch1. Ptch1 can be divided in 9 subdomains: Extracellular Domain Distal 1 and 2 (ECDD1, ECDD1), Extracellular Domain Proximal 1 and 2 (ECDP1, ECDP2), neck 1 and 2, TM1-6, TM7-12 and the intracellular loop which is only partially represented here, because it is not resolved in the available structures (obtained from pdb 6N7H).

Figure 3 . 2 :

 32 Figure 3.2: Cholesterol binding sites and tunnel in Ptch1. A) cholesterol binding sites are circled. The area in red is the SSD while the area in blue is the SSD2. B Representation of the tunnel connecting the ECD to the SSD in red (extracted from [132])

Figure 3 . 3 :

 33 Figure 3.3: Shh can bind two Ptch1. The cholesterol end will bind to the ECD while the palmitate extremity will bin in the central cavity of one Ptch1. The second Ptch1 interacts with Shh through a metallic ion. (pdb id 6N7H)

Figure 3 . 4 :

 34 Figure 3.4: Ptch1 structure diversity. A) Every published structure of Ptch1 to this date (extracted from [134]). B) Comparison of the central cavity of 6N7H, Shh-bound, (i) and 6DMB (ii).

Figure 3 . 5 :

 35 Figure 3.5: Used conditions in order to study the impact of protonation on Ptch1's conformation. We used two different PDB structures with possibly in different states ("open" and "closed"), with various cholesterol number and all possible combination of protonation states of the PRS: D513 deprotonated -D514 deprotonated (dd), D513 protonated -D514 deprotonated (pd), D513 protonated -D514 protonated (pp), D513 deprotonated -D514 protonated (dp).

Figure 3 . 6 :

 36 Figure 3.6: Representation of the built system for Molecular Dynamics Simulation. Water and ions were not represented.

Fig. A. 3 .

 3 The selected threshold for each domain was:• Whole structure : 3.7 Å • ECD : 2.7 Å • TMD : 1.7 Å • SSD : 1.3 Å • Central cavity : 1.7 Å

Figure 3 . 7 :

 37 Figure 3.7: RMSD of the 64 simulations on the Ptch1 structure through out the 300 ns of simulations. The structure is overall stable.

Figure 3 . 8 :

 38 Figure 3.8: Clustering result summary for the central cavity. A) Cluster summary for clustering on the central cavity. This summaries the Appendix table A.7. Cluster ids refer to the ones in Appendix Table A.7. B) Central cavity of open 2 cholesterols condition. C) All cavities for the "closed" condition. Details can be found in Appendix Table A.9. D) All cavities for the "open" condition. Details can be found in Appendix Table A.10. E) Upper inset: most representative frame of cluster 17 with the middle cavity reaching the SSD. The represented cholesterol in red are not present in the trajectory but were added for more readability. Lower inset: initial conformation (cluster 1).

  3.14): the only condition for which we have long lasting fully open cavities is the "open" conformation with 3

Figure 3 . 9 :

 39 Figure 3.9: Clustering result summary for the TMD. A) Cluster summary for clustering on the TMD. This summaries the Appendix table A.7. B) All cavities for the "closed" conformation. Details can be found in Appendix Table A.11. C) All cavities for the "open" condition. Details can be found in Appendix Table A.12.

Figure 3 . 15 :

 315 Figure 3.15: RMSD value (Å) through time (ns) for the "open" conformation with 3 cholesterols. A) Both Asp of the PRS are not protonated, B) the second Asp is protonated, C) both Asp are protonated. Black: first simulation, red: first replica, green: second replica, blue: third replica. D) Maximum angle value for the TM1 through time. Black: first simulation, red: first replica, orange: second replica, blue: third replica. E) Left: conformation at the beginning of the simulation, Right: conformation at the end of the simulation when both Asp are protonated during the first simulation.

3. 3 . Results 85 Figure 3 . 16 :

 385316 Figure 3.16: RMSD value (Å) through time (ns) for the "closed" conformation with 0 cholesterol. A) Both Asp of the PRS are not protonated. Black: first simulation, red: first replica, green: second replica. B) Loop changing conformation. C) TM8 helix to coil change of conformation. Green: start, blue: after change of conformation.

Figure 3 . 17 :

 317 Figure 3.17: Distance between neck1 and neck2 subdomains for the "closed" conformation. A) Distance when both Asp are not protonated. B) Distance when both Asp are protonated. (black: first simulation, red: replica 1, orange: replica 2). C) Ensemble of cavities when both Asp are protonated (this picture comes from the Appendix Fig. A.9). D) Vue of the most representative structure of central cavity cluster 11. E) Vue of the most representative structure of central cavity cluster 10.
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 41 Figure 4.1: Structure Ptch1 drug efflux inhibitors: methiothepin, astemizole and panicein A hydroquinone (PAH).Panicein A (PA) is the quinone derivative of PAH which shows no drug efflux inhibition.
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 421024 Figure 4.2: Redocking of the cholesterol in the central cavity of Ptch1's structure. A) Localization of the redocking in Ptch1's structure. B) Two poses with high energy from the score function. In green, pose ranked 4th, with an RMSD of 1.31 Å and an energy of -10.2 kcal/mol. In orange, pose ranked 1st, with an RMSD of 9.016 Å and an energy of -11.4 kcal/mol. In gray, original position of cholesterol in pdb 6N7H chain A.

Figure 4 . 3 :

 43 Figure 4.3: Docking results on Ptch1 structure. A) Docking of transported drugs: doxorubicin (green), vemurafenib (yellow) B Docking of active inhibitors: astemizole (orange), methiotepin (magenta), PAH (bleu) and C inactive inhibitor PA (cyan) on the chain A of pdb 6N7H.

Table 4 . 2 :

 42 List of amino acids within a radius of 6Åfrom cholesterol, doxorubicin, vemurafenib, astemizole, PAH or PA. Underlined have side chains toward ligand (according to Poseview), in bold when mutation results in damaging phenotype, *x* when conserved in the Patched family, in italic if common with the ones listed for the cholesterol with polar groups (tyrosines and tryptophans) and some polar residues among the hydrophobic ones. As shown in Fig.4.5, the best docking poses for doxorubicin, and vemurafenib are superimposed on cholesterol. We can see similar result for astemizole, PAH and PA (Fig.4.6).

Figure 4 . 5 :

 45 Figure 4.5: Docking of doxorubicin and vemurafenib in Ptch1 structure. Chain A of pdb 6n7h with cholesterol (magenta) and molecules: doxorubicin (cyan, top) and vemurafenib (yellow, bottom) binding in the same binding cavity when docked using Vina. All ligands interact with similar amino acids (see Table4.2). Binding interactions between docked molecules and Ptch1 amino acids are represented in black dash for H-bonds and green for hydrophobic interaction/pistacking.

Figure 4 . 6 :

 46 Figure 4.6: Docking of astemizole, PAH and PA in Ptch1 structure. Chain A of pdb 6n7h with cholesterol (magenta) and molecules: astemizole (green, top), PAH (blue, middle) and PA (green, bottom) binding in the same binding cavity when docked using Vina. All ligands interact with similar amino acids (see Table4.2). Binding interactions between docked molecules and Ptch1 amino acids are represented in black dash for H-bonds and green for hydrophobic interaction/pistacking.

Figure 4 . 7 :

 47 Figure 4.7: Inhibition of NPC1 by itraconazole. A) 2D structure of itraconazole from DrugBank. B) Structure of NPC1 with Br-labeled itraconazole (I-Br) which is bound between the central cavity of NPC1 and its SSD. Picture extracted from[START_REF] Long | Structural basis for itraconazole-mediated npc1 inhibition[END_REF] 

Figure 4 . 8 :

 48 Figure 4.8: Inhibition of Mmpl3 by ICA38. A) Structure of Mmpl3 crystalized with ICA38 in magenta (pdb id 6AJJ) itraconazole from DrugBank. B) Upper: proton relay site of Mmpl3. Lower: proton relay site of Ptch1. C) Cavity at the PRS of Mmpl3 with and without inhibitor (extracted from [38])

Figure 5 . 1 :

 51 Figure 5.1: Models for how Ptch1 inhibits SMO. (A) Schematic of Ptch1 and SMO embedded in a model lipid bilayer. Structurally identified cholesterol molecules bound to Ptch1 and SMO are depicted as yellow spheres. Two potential sterol-binding sites identified on SMO by computational methods are shown as green surfaces. Three postulated sterol transport paths are shown with black arrows. Model 1: Ptch1 reduces concentration or accessibility of cholesterol in the inner leaflet, preventing its interaction with the hydrophobic channel or the cytoplasmic sterol-binding site of SMO. Model 2: cholesterol is transported through Ptch1 from the outer leaflet of the membrane to the ECD and eventually to a partner protein or membrane acceptor, hence draining the membrane of cholesterol. Model 3: Ptch1 accepts cholesterol from the SMO CRD (or another donor) and transports it to the membrane, therefore inhibiting SMO's activity. (B) Ptch1 could drain cholesterol from the ciliary membrane (hence reducing its access to SMO) by transporting it between the two closely opposed membranes of the ciliary pocket. (extracted from [131])

3 .

 3 cholesterol binds to the central cavity, the PRS gets accessible from the extracellular compartment 4. protonation of the PRS which leads to the collapse of the central cavity pushing the cholesterol upward 5. the PRS gets accessible to the cytoplasm and get deprotonated, the conformation goes back to its original state. The extruded cholesterol is possibly retrieved by a partner protein

Figure 5 . 2 :

 52 Figure 5.2: Postulated cholesterol transport mechanism by Ptch1. 1. the cholesterol is recognized by Ptch1 in the SSD. 2. conformational changes occurs in order to give access to the cholesterol to the central cavity. 3. cholesterol binds to the central cavity which triggers conformational changes giving access to the PRS from the extracellular domain. 4. A proton binds to the PRS inducing the closure of the central cavity pushing the cholesterol upward. 5. The PRS get access to the intracellular domain and get deprotonated, Ptch1 is back to its starting conformation. The extruded cholesterol is potentially retrieved by a partner protein.
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 S8 ABB ABE BBE ABE

Figure S9 :

 S9 Figure S9: Distribution of resolution of AcrB's pdb. Median resolution is 3.32Å. See TableS3.

Figure S13 :

 S13 Figure S13: Evolution of two intermonomer interfaces: I 2 (DC, PC2) and I 2 (PN2, PC2). (PDBid: 4dx5) Monomer colors read as follows: blue -state A, yellow -state B), red -state E. Interface I 2 (DC, PC2), median values for the number of interface atoms: AB: 19, BE: 0, AE: 21; Interface I 2 (PN2, PC2), median values for the number of interface atoms: AB: 68, BE: 19, AE: 67.

Figure A. 9 :

 9 Figure A.9: Cavities in the middle cavity in clusters per condition for the "closed" conformation.

Figure A. 10 :

 10 Figure A.10: Cavities in the middle cavity in clusters per condition for the "open" conformation.
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 131 Figure 1. Ptch1 is expressed in patients-derived melanoma specimens and melanoma cell lines, and transports chemotherapy agents out of cells. (A). Ptch1 is expressed in patients-derived melanoma specimens and decreases survival in metastatic patients. Left panel: Distribution of gene expression level of PTCH1, GAPDH, ACTB, MITF, and SHH. Middle panel: Distribution of PTCH1 gene expression by the presence or the absence of any BRAF V600 mutation for metastatic samples (0: no mutation (n = 217), 1: presence of a mutation (n = 151). Right panel: Kaplan-Meier analysis of overall survival for a subset of patients with metastatic disease and did not receive immunotherapy. Patients were grouped by their level of Ptch1 protein expression (low: Ptch1 expression ≤ 8.83, high: Ptch1 expression > 8.83). The number of patients in each group over time is displayed at the bottom of the graph. (B). Ptch1 is expressed in melanoma BRAF V600 mutant cell lines. Western blots were performed on extracts from various melanoma cell lines with antibodies directed against Ptch1. (C). Ptch1 contributes to the efflux of doxorubicin from melanoma cells. Ptch1 protein expression (right panel) and intracellular doxorubicin (dxr; left panel) were analyzed after transfection of MeWo cells with Ptch1-siRNA or negative-control-siRNA. After incubation with dxr, 3 coverslips were fixed for dxr loading control; the other coverslips were incubated with efflux buffer and fixed. Dxr fluorescence images were acquired using a 40× objective, and dxr fluorescence was quantified using ImageJ software for about 100 cells per condition per experiment. Ptch1 and β-tubulin signals on Western blots were quantified using ImageJ software. All data presented are the mean ± SEM of 3 Figure 1. Ptch1 is expressed in patients-derived melanoma specimens and melanoma cell lines, and transports chemotherapy agents out of cells. (A). Ptch1 is expressed in patients-derived melanoma specimens and decreases survival in metastatic patients. Left panel: Distribution of gene expression level of PTCH1, GAPDH, ACTB, MITF, and SHH. Middle panel: Distribution of PTCH1 gene expression by the presence or the absence of any BRAF V600 mutation for metastatic samples (0: no mutation (n = 217), 1: presence of a mutation (n = 151). Right panel: Kaplan-Meier analysis of overall survival for a subset of patients with metastatic disease and did not receive immunotherapy. Patients were grouped by their level of Ptch1 protein expression (low: Ptch1 expression ≤ 8.83, high: Ptch1 expression > 8.83). The number of patients in each group over time is displayed at the bottom of the graph. (B). Ptch1 is expressed in melanoma BRAF V600 mutant cell lines. Western blots were performed on extracts from various melanoma cell lines with antibodies directed against Ptch1. (C). Ptch1 contributes to the efflux of doxorubicin from melanoma cells. Ptch1 protein expression (right panel) and intracellular doxorubicin (dxr; left panel) were analyzed after transfection of MeWo cells with Ptch1-siRNA or negative-control-siRNA. After incubation with dxr, 3 coverslips were fixed for dxr loading control; the other coverslips were incubated with efflux buffer and fixed. Dxr fluorescence images were acquired using a 40× objective, and dxr fluorescence was quantified using ImageJ software for about 100 cells per condition per experiment. Ptch1 and β-tubulin signals on Western blots were quantified using ImageJ software. All data presented are the mean ± SEM of 3 independent experiments. Significance is attained at p < 0.05 (*), ns: no significant difference. The uncropped blots and molecular weight markers of Figure 1B,C are shown in Figure S7.
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 22283 Figure 2. The chemically synthesized PAH is as effective as natural PAH in increasing cytotoxicity and inhibiting the efflux of doxorubicin. (A) Stereoisomers of PAH. (B) 3D structures of E and Z forms of PAH are very similar. The E form is in green and the Z form is in cyan. (C) sPAH increases doxorubicin cytotoxicity in various melanoma cell lines. Cell viability was measured after treatment with increasing concentrations of dxr in the presence of DMSO or 20 µM sPAH on MeWo cells,
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 3 Figure 3. The hydroquinone moiety of PAH is essential to increase doxorubicin efficacy. (A) PAH precursors and analogues. (B) Effect of PAH precursors and analogues on dxr cytotoxicity. Cell viability was measured after treatment with increasing concentration of dxr in the presence of DMSO or 20 µM sPAH (10), PAH precursors 8 and 9, or PAH analogues 11, 12, and 13 in MeWo cells. Dxr-IC50 values calculated in the presence of sPAH or PAH analogue 13 are presented.
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 34 Figure 3. The hydroquinone moiety of PAH is essential to increase doxorubicin efficacy. (A) PAH precursors and analogues. (B) Effect of PAH precursors and analogues on dxr cytotoxicity. Cell viability was measured after treatment with increasing concentration of dxr in the presence of DMSO or 20 µM sPAH (10), PAH precursors 8 and 9, or PAH analogues 11, 12, and 13 in MeWo cells. Dxr-IC 50 values calculated in the presence of sPAH or PAH analogue 13 are presented.

Figure 4 .

 4 Figure 4. sPAH increases the efficacy of doxorubicin on melanoma cells xenografted in chick eggs without toxic effect. MeWo cells were grafted on the eggs chorioallantoic membrane (CAM). (A) Toxicity analysis. Chick embryos were treated with increasing doses of sPAH for 10 days. Then, the dead embryos were counted, and abnormalities were observed on surviving embryos. (B) Effect of the association sPAH and dxr on melanoma tumors. One day after inoculation of MeWo cells on the CAM, the tumors were treated by adding 100 µ L of vehicle, dxr alone, sPAH alone or with dxr. After 10 days, the tumors were cut away from the CAM tissue and weighed. Significance: *: 0.05 ≥ p value > 0.01; ***: 0.001 ≥ p value; ns: no significant difference.
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 4 Figure 4. sPAH increases the efficacy of doxorubicin on melanoma cells xenografted in chick eggs without toxic effect. MeWo cells were grafted on the eggs chorioallantoic membrane (CAM). (A) Toxicity analysis. Chick embryos were treated with increasing doses of sPAH for 10 days. Then, the dead embryos were counted, and abnormalities were observed on surviving embryos. (B) Effect of the association sPAH and dxr on melanoma tumors. One day after inoculation of MeWo cells on the CAM, the tumors were treated by adding 100 µL of vehicle, dxr alone, sPAH alone or with dxr. After 10 days, the tumors were cut away from the CAM tissue and weighed. Significance: *: 0.05 ≥ p value > 0.01; ***: 0.001 ≥ p value; ns: no significant difference.
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 55 Figure 5. sPAH increases the sensitivity of BRAF V600E melanoma cells to vemurafenib. (A) sPAH increases vemurafenib cytotoxicity in three BRAF V600E melanoma cell lines. Cell viability was measured after treatment with increasing concentrations of vemurafenib in the presence of DMSO or sPAH in A375, WM9S, and WM9R cells. Vemurafenib IC50 values calculated in the presence of DMSO or at various concentrations of sPAH are reported. (B) sPAH cytotoxicity for BRAF V600E melanoma cells. Cell viability was measured after treatment with increasing concentration of sPAH
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 66 Figure 6. sPAH inhibits doxorubicin, vemurafenib and cholesterol efflux by directly binding to Ptch1. (A) Direct binding of sPAH to Ptch1. Membranes from yeast expressing hPtch1 or hSmoothened proteins labeled with tris-NTA-NT647 fluorescent probe were incubated with sPAH and analyzed by microscale thermophoresis (MST). Kd reported is the mean of the Kd values determined in 3 independent experiments. (B) sPAH inhibits BODIPY-cholesterol efflux. A375 cells were seeded on coverslips and incubated with BODIPY-cholesterol (Bo-chol) for 2 h. Three

  , L128, W129, *L427*, *L431*, F434, N496, *A497*, A498, T499, V502, *I567*, *A569*, L570, *F573*, L775, D776, L777, I780, Q794, Y801, F987, Y1013, F1017, W1018, Q1020, S1079, V1081, F1147, I1148, Y1151, F1152 Dxr N124, V125, L128, W129, F422, T424, *L427*, L431, G774, L775, D776, L777, F1017, W1018, Y1021, S1079 Vemurafenib V125, W129, N496, *A497*, A498, *A569*, L775, D776, L777, I780, Y801, Y1013, F1017 PAH V125, W129, F434, N496, *A497*, A498, *A569*, L570, L775, D776, L777, I780, F1017, W1018 Underlined amino acids have side chains orientated toward the cholesterol or interactions, found by PoseView, with dxr, vemu, and PAH. Amino acids with mutations that result in a damaging phenotype are indicated in bold, between *asterisks* when conserved in the family, and in italics if common with an amino acid listed for the cholesterol.

Figure 7 .

 7 Figure 7. Docking of doxorubicin, vemurafenib, and PAH in the human Ptch1 protein. Chain A of pdb 6n7h with cholesterol (magenta) and molecules: doxorubicin (cyan, top), vemurafenib (yellow, middle), and PAH (blue, bottom) binding in the same binding cavity when docked using Vina. All ligands interact with similar amino acids (see Table3). Binding interactions between docked molecules and Ptch1 amino acids are represented in black dash for H-bonds and green for hydrophobic interaction/pi-stacking.
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 7 Figure 7. Docking of doxorubicin, vemurafenib, and PAH in the human Ptch1 protein. Chain A of pdb 6n7h with cholesterol (magenta) and molecules: doxorubicin (cyan, top), vemurafenib (yellow, middle), and PAH (blue, bottom) binding in the same binding cavity when docked using Vina. All ligands interact with similar amino acids (see Table3). Binding interactions between docked molecules and Ptch1 amino acids are represented in black dash for H-bonds and green for hydrophobic interaction/pi-stacking.

Figure 8 .

 8 Figure 8. sPAH enhances the effect of vemurafenib on BRAFV600E melanoma cells xenografted in mouse. (A) sPAH encapsulated in i-Particles increases the cytotoxicity of vemurafenib. Cell viability was measured after treatment with increasing concentrations of vemurafenib with or without iP-sPAH in A375 cells. (B) The addition of iP-sPAH to vemurafenib significantly inhibits the growth of tumors. Mice were injected subcutaneously with A375 cells and treated with either empty i-Particles (empty iP) (Ctl), vemurafenib and empty iP, iP-sPAH, or a combination of vemurafenib and iP-sPAH. Tumor size was measured every 3 to 4 days. At day 23 animals were sacrificed, and tumors were excised and subsequently snap frozen using OCT. (C) The addition of iP-sPAH to vemurafenib significantly reduced the number of proliferative cells in tumors. Tumor sections were submitted to Ki67 immunostaining for quantification of proliferative cells using fluorescence microscopy and ImageJ software. (D) The addition of iP-sPAH to vemurafenib significantly increases the number of apoptotic cells in tumors. Tumor sections were submitted to the colorimetric DeadEND TUNEL System to determine the number of apoptotic tumor cells in each tumor. (E) The addition of iP-sPAH to vemurafenib increases the amount of vemurafenib in tumors. The amount of vemurafenib in each tumor extract was quantified by mass spectrometry. (F) iP-sPAH increases the amount of cholesterol in tumors. Sterols were extracted from tumor homogenates and analyzed by GC-MS. All data presented are the mean ± SEM of 3 independent experiments. Significance is attained at p < 0.05 (*) (**:p < 0.005, ***: p < 0.0005); ns: no significant difference.
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 8 Figure 8. sPAH enhances the effect of vemurafenib on BRAFV600E melanoma cells xenografted in mouse. (A) sPAH encapsulated in i-Particles increases the cytotoxicity of vemurafenib. Cell viability was measured after treatment with increasing concentrations of vemurafenib with or without iP-sPAH in A375 cells. (B) The addition of iP-sPAH to vemurafenib significantly inhibits the growth of tumors. Mice were injected subcutaneously with A375 cells and treated with either empty i-Particles (empty iP) (Ctl), vemurafenib and empty iP, iP-sPAH, or a combination of vemurafenib and iP-sPAH. Tumor size was measured every 3 to 4 days. At day 23 animals were sacrificed, and tumors were excised and subsequently snap frozen using OCT. (C) The addition of iP-sPAH to vemurafenib significantly reduced the number of proliferative cells in tumors. Tumor sections were submitted to Ki67 immunostaining for quantification of proliferative cells using fluorescence microscopy and ImageJ software. (D) The addition of iP-sPAH to vemurafenib significantly increases the number of apoptotic cells in tumors. Tumor sections were submitted to the colorimetric DeadEND TUNEL System to determine the number of apoptotic tumor cells in each tumor. (E) The addition of iP-sPAH to vemurafenib increases the amount of vemurafenib in tumors. The amount of vemurafenib in each tumor extract was quantified by mass spectrometry. (F) iP-sPAH increases the amount of cholesterol in tumors. Sterols were extracted from tumor homogenates and analyzed by GC-MS. All data presented are the mean ± SEM of 3 independent experiments. Significance is attained at p < 0.05 (*) (**: p < 0.005, ***: p < 0.0005); ns: no significant difference.
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 1 Figure 1. P136 inhibits doxorubicin efflux activity of hPtch1 when expressed in yeast. (A) P136 inhibits the resistance of hPtch1-expressing yeast to doxorubicin. hPtch1-expressing yeast were grown in the presence of 10 µM of P136, P298 or P375, and in the presence or absence of 10 µM doxorubicin (dxr).
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 1 Figure 1. P136 inhibits doxorubicin efflux activity of hPtch1 when expressed in yeast. (A) P136 inhibits the resistance of hPtch1-expressing yeast to doxorubicin. hPtch1-expressing yeast were grown in the presence of 10 µM of P136, P298 or P375, and in the presence or absence of 10 µM doxorubicin (dxr).
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 817 was used as control. The growth of yeast was measured by absorbance at 600 nm. (B) P136 inhibits the efflux of doxorubicin of hPtch1-expressing yeast. hPtch1-expressing yeast and control yeast were incubated with dxr for 2 h and fixed for dxr loading control or resuspended in buffer containing DMSO or 10 µM P136 for 10 min, fixed and deposited on a coverslip for analysis by fluorescence microscopy. The dxr fluorescence of 100 yeast for each condition from 3 independent experiments was quantified using the ImageJ software. Histograms represent the mean ± SEM and were analyzed using ANOVA multiple comparison test and Bonferroni correction. Significance is attained at p < 0.05 (*) (***: p < 0.0005, ****: p < 0.00005, ns: no significant difference).

Figure 2 .

 2 Figure 2. Astemizole increases the cytotoxic effect of ACC treatment. Cell viability was measured after 48 h treatment of H295R cells with serial dilutions of doxorubicin (dxr) (A) in the presence or the absence of 1 µM astemizole, (B) in the presence of 10 µM mitotane and 10 µM etoposide with or without 1 µM astemizole. The graphs reported are representative of more than 3 independent experiments. (C) Ptch1 protein expression after 48 h of treatment with 10 µM astemizole or DMSO as control. Quantification of Ptch1 expression level relative to β-tubulin was performed using the ImageJ software on 3 independent experiments. ns: no significant difference.
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 2 Figure 2. Astemizole increases the cytotoxic effect of ACC treatment. Cell viability was measured after 48 h treatment of H295R cells with serial dilutions of doxorubicin (dxr) (A) in the presence or the absence of 1 µM astemizole, (B) in the presence of 10 µM mitotane and 10 µM etoposide with or without 1 µM astemizole. The graphs reported are representative of more than 3 independent experiments. (C) Ptch1 protein expression after 48 h of treatment with 10 µM astemizole or DMSO as control. Quantification of Ptch1 expression level relative to β-tubulin was performed using the ImageJ software on 3 independent experiments. ns: no significant difference.

3. 3 .

 3 Astemizole Increases the Pro-Apoptotic, Anti-Proliferative and Anti-Clonogenic Effects of Doxorubicin

Figure 3 .

 3 Figure 3. Astemizole increases the anti-proliferative, pro-apoptotic and anti-clonogenic effects of doxorubicin. (A) H295R cells were treated with serial dilutions of dxr with or without astemizole 0.5 µM for 7 days. The effect on cell proliferation was quantified using the neutral red assay. Data are represented as mean ± SEM. IC 50 values were calculated from 3 different experiments using the Prism 6 software. (B) Apoptosis was evaluated using the luminescent assay Caspase-Glo 3/7 kit after 48 h incubation of H295R cells with medium alone or medium containing dxr alone, astemizole alone or a combination of dxr and astemizole. Caspase activation of cells was reported as a factor of the caspase activity of the control cells treated with DMSO. (C) For the clone formation test, H295R cells were treated with DMSO as a control, dxr or astemizole alone or a combination of dxr and astemizole. Clones were revealed with crystal violet solution after 14 days, pictures were taken and absorbance was read at 550 nm after solubilization. (D) H295R cells were plated in a 3D culture medium and treated with dxr or astemizole alone, or a combination of dxr and astemizole. After 14 days, pictures were taken using a cell imager. The experiment reported is representative of the 3 experiments performed. Histograms represent the mean ± SEM of 3 experiments. Data were analyzed using ANOVA multiple comparison test and Bonferroni correction. Significance is attained at p < 0.05 (*) (**: p < 0.005, ns: no significant difference).
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 8174 Astemizole Inhibits Doxorubicin Efflux from ACC Cells

Figure 4 .

 4 Figure 4. Astemizole inhibits the efflux activity of Ptch1. H295R cells were seeded on coverslips and incubated with dxr (A) or BODIPY-cholesterol (Bo-chol) (B). After 2 h, 3 coverslips were fixed for dxr or Bo-chol loading control. The other coverslips were incubated with DMSO or astemizole for 30 min and fixed. Images were acquired using fluorescence microscopy and a 40x objective. Fluorescence was quantified using the Image J software for 100 cells per condition. Histograms represent the mean ± SEM values of 3 independent experiments. Significance, calculated using ANOVA multiple comparison test and Bonferroni correction, was attained at p < 0.05 (*) (**: p < 0.005, ***: p < 0.0005, ****: p < 0.00005, ns: no significant difference).
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 4 Figure 4. Astemizole inhibits the efflux activity of Ptch1. H295R cells were seeded on coverslips and incubated with dxr (A) or BODIPY-cholesterol (Bo-chol) (B). After 2 h, 3 coverslips were fixed for dxr or Bo-chol loading control. The other coverslips were incubated with DMSO or astemizole for 30 min and fixed. Images were acquired using fluorescence microscopy and a 40x objective. Fluorescence was quantified using the Image J software for 100 cells per condition. Histograms represent the mean ± SEM values of 3 independent experiments. Significance, calculated using ANOVA multiple comparison test and Bonferroni correction, was attained at p < 0.05 (*) (**: p < 0.005, ***: p < 0.0005, ****: p < 0.00005, ns: no significant difference).
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 6 Astemizole Binds to Ptch1 in the Same Binding Pocket as Cholesterol and Doxorubicin

Table 2 .

 2 List of amino acids within a radius of 6 Å from cholesterol, doxorubicin or astemizole.LigandAmino Acid Involved Cholesterol V125, E126, L128, W129, *L427*, *L431*, F434, N496, *A497*, A498, T499, V502, *I567*, *A569*, L570, *F573*, L775, D776, L777, I780, Q794, Y801, F987, Y1013, F1017, W1018, Q1020, S1079, V1081, F1147, I1148, Y1151, F1152 Astemizole V125, L128, W129, *L427*, *L431*, F434, N496, *A497*, A498, T499, *A569*, L570, L775, D776, L777, T778, D779, I780, F790, I791, A792, Q794, F795, K796, F798, Y801, Y1013, F1017, W1018, V1081, F1147 Doxorubicin N124, V125, L128, W129, F422, T424, *L427*, *L431*, G774, L775, D776, L777, F1017, W1018, Y1021, S1079 Underlined have side chains toward the cholesterol, in bold when mutation results in damaging phenotype, *x* when conserved in the Patched family, in italic if common with the ones listed for the cholesterol, in red if common with the ones listed for the doxorubicin.

Figure 5 .

 5 Figure 5. Docking of astemizole in the human Ptch1 protein structure. Chain A from pdb 6n7h is represented on the left. Cholesterol (magenta) and astemizole (green) bind in the same central binding cavity when docked with Vina. Astemizole interacts with similar amino acids as cholesterol (see Table2). On the right, 2D representation of interactions between astemizole and Ptch1: curved green line represents hydrophobic interactions, and dashed green line represents pi-stacking interactions.
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 5 Figure 5. Docking of astemizole in the human Ptch1 protein structure. Chain A from pdb 6n7h is represented on the left. Cholesterol (magenta) and astemizole (green) bind in the same central binding cavity when docked with Vina. Astemizole interacts with similar amino acids as cholesterol (see Table2). On the right, 2D representation of interactions between astemizole and Ptch1: curved green line represents hydrophobic interactions, and dashed green line represents pi-stacking interactions.
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 8 x FOR PEER REVIEW 12 of 17 suggesting that they are important for Ptch1 function, are in the surrounding of cholesterol, dxr and astemizole: L128, D776, W1018.
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 66 Figure 6. Astemizole has a cytotoxic and anti-proliferative effect on ACC cells. Cell viability was measured after treatment with a serial dilution of astemizole added on H295R cells at 80% confluence

Figure 7 .

 7 Figure 7. Effect of astemizole on hERG. IhERG "pulse" amplitude was monitored on HEK293 cells overexpressing hERG during repetitive application of the protocol shown in the upper panel. Currents in control (black) and the presence of 1 µM astemizole (red) have been recorded. The percentage of reduction in IhERG pulse amplitude induced by 1 µM astemizole is reported.
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 7 Figure 7. Effect of astemizole on hERG. I hERG "pulse" amplitude was monitored on HEK293 cells overexpressing hERG during repetitive application of the protocol shown in the upper panel. Currents in control (black) and the presence of 1 µM astemizole (red) have been recorded. The percentage of reduction in I hERG pulse amplitude induced by 1 µM astemizole is reported.

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  Overall structure of NPC1 (green) and Ptch1 (cyan). The SSD is colored in red. The amino acids of the proton relay site are colored in purple and circled. The membrane is represented in orange. . . . . . . . . 12 Ptch1 has a drug efflux activity in melanoma and adrenocortical carcinoma cells. A: Left : Ptch1 is highly expressed in metastasis from 365 melanoma patients and Ptch1 expression is correlated to lower survival probability. Right: Ptch1 is expressed in all samples from a cohort of patients with adrenocortical carcinoma (ACC). B: Ptch1 is expressed in melanoma (left) and ACC (right) cell lines where it contributes to the efflux of doxorubicin (dxr). Cells were treated with Ptch1-siRNA to inhibit Ptch1 protein expression. After incubation with dxr, cells present strong dxr fluorescence (loading condition). 30 min after removing dxr from the medium, cells treated with Ctl-siRNA present low fluorescence intensity indicating a strong efflux of dxr, while cells treated with Ptch1-siRNA still present strong fluorescence intensity indicating an inhibition of the dxr efflux.
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Table 1 .

 1 

			Chapter 1. Introduction and state of the art
			HAE1		EST	HME
			MexB Ptch1 NPC1 CusA ZneA
	HAE1	AcrB MexB	66.4	16.6 15.5	16.4 17.1	21 22.3	23.1 24.1
	EST	Ptch1 NPC1			19	16.7 16.2	19.1 15.6
	HME CusA					31

1: Sequence identity (%) among RND proteins. Alignment of the whole sequence was performed with online LALIGN server

[41]

.

Table 2 .

 2 

	1: Sequence identity (%) on different scale (Overall sequence, TMD,
	ECD) between AcrB, Ptch1 and NPC1. These global alignment scores were obtained
	with LALLIGN [41].

Table 3 . 1 :

 31 Cluster summary for the whole structure, and the ECD clustering. This summaries the Appendix tables A.4 and A.5. For the ECD, the loop longer than 15 amino acids were ignored. Cluster ids refer to the ones in Appendix TableA.4 for the clustering on the whole structure, and to the ones in Appendix TableA.5 for the clustering on the ECD.

Table 3

 3 

	Conformation and nbr of clr Total number of cluster	cluster id
	closed 0	13	1, 2, 3, 5, 7, 8, 9, 11, 13, 14, 18, 19, 21
	"closed" 1	6	1, 4, 5, 6, 12, 16
	"open" 0	7	1, 2, 5, 8, 10, 15, 17
	"open" 2	3	1, 3, 7
	"open" 3	7	1, 2, 3, 5, 6, 7, 10

.2). It is interesting to note that structures with no cholesterol, be it from "open" or "closed" structures, do not lead to only similar clusters. Some of them are specific to one condition such as cluster

9, 10, 11, 13, 14, 15, 17, 18, 19, 21. 

Table 3 . 2 :

 32 Cluster summary for clustering on SSD. This summaries the Appendix table A.6. Cluster ids refer to the ones in Appendix Table A.6.

	Chapter 3. Does protonation impact Ptch1's conformation and
	cholesterol efflux?

Central cavity. In this area of Ptch1, there is a cavity in which we can find a cholesterol molecule , such as in the "open" structure, or the palmitate of Shh (such

  TMD Clustering of that domain gave diverse clusters for each conformation ("open" and "closed"). Actually, only the initial cluster, cluster 1, and cluster 4 are found for both conformations (Fig.3.9 A). The remaining clusters are specific to one conformation, and sometime even specific to one condition. Clusters 3, 7, 12, 14 and 18 are found only in the "closed" conformation, while clusters 2, 6, 8, 9, 10, 11, 13, 15, 16, 17 are found only in the "open" conformations. We also looked at cavities in these clusters. As the energy needed for the transport goes through the PRS. We searched for cavities large enough to have an ion or water to go through. We can split cavities into categories: inward open when the cavities go toward the intracellular side only, outward open if the cavities go toward the extracellular side only, closed when no cavity is found in the PRS, fully open when there is cavities going from one side to the other, and unclassified for the cavities not falling into any of the above conditions or in none considered clusters (because too small). In both conformation, "closed" and "open", there is every type of cavities. If we look more in depth, we can see that some conditions do not offer broad cavity profile: for the "closed" conformation, if only the first Asp is protonated, the cavities in the TMD are small, narrow and inward (Appendix Fig.

	Chapter 3. Does protonation impact Ptch1's conformation and
	cholesterol efflux?

This summaries the Appendix table A.7. Cluster ids refer to the ones in Appendix Table A.7. B) Central cavity of open 2 cholesterols condition. C) All cavities for the "closed" condition. Details can be found in Appendix Table A.9. D) All cavities for the "open" condition. Details can be found in Appendix Table A.10. E)

Upper inset: most representative frame of cluster 17 with the middle cavity reaching the SSD. The represented cholesterol in red are not present in the trajectory but were added for more readability. Lower inset: initial conformation (cluster 1). A.11). One cluster's cavity attracts attention in the "closed" conformation, cluster 4's, which includes the cavity we can see going as far as the extracellular domain. But this cluster does not occur very often (only in one replica for less than 100ns over 300 ns) (Fig.

3

.9 B). For the "open" conformation we always see either fully open cavities or both, inward and outward open, cavities (Fig.

3

.9 C).

Table S3 :

 S3 Crystal structures used in this study.

	128					Appendix A. Appendix
	Protein Symmetry article pdb Xtal or EM Wild or mutate	State	Resolution (Å)
				2dhh	xtal	wild	ABE	2.8
			[3]	2drd	xtal	wild	ABE	3.1
				2dr6	xtal	wild	ABE	3.3
			[4]	2gif 2hrt	xtal xtal	wild wild	ABE ABE (x2)	2.9 3
			[63]	2j8s	xtal	wild	ABE	2.5
			[64]	3noc 3nog	xtal xtal	wild wild	ABE ABE	2.7 3.34
				3aoa	xtal	wild	ABE	3.35
		Asymmetric	[10]	3aob 3aoc	xtal xtal	wild wild	ABE ABE	3.35 3.35
				3aod	xtal	wild	ABE	3.3
			[38]	4dx5 4dx7	xtal xtal	wild wild	ABE ABE	1.9 2.25
			[22] 3w9h	xtal	wild	ABE	3.05
	AcrB		[68]	4zit 4zjl	xtal xtal	wild wild	ABE (x2) ABE (x2)	3.296 3.47
			[69]	5jmn	xtal	wild	ABE	2.5
			[9]	5o66 5nc5	EM EM	wild wild	ABE ABE	5.9 3.2
				1oy6	xtal	wild	A	3.68
				1oy8	xtal	wild	A	3.63
			[71]	1oy9	xtal	wild	A	3.8
				1oyd	xtal	wild	A	3.8
				1oye	xtal	wild	A	3.48
		Symmetric	[72] [2]	4k7q 1iwg	xtal xtal	wild wild	A A	3.5 3.5
			[74]	2rdd	xtal	wild	A	3.5
			[75]	2i6w	xtal	wild	A	3.1
			[76]	3d9b	xtal	wild	A	3.42
			[43]	4cdi 4c48	xtal xtal	wild wild	A A	3.7 3.3
			[34]	2v50	xtal	wild	M-ABE	3
	MexB Asymmetric	[22] [52]	3w9i 3w9j 6iia	xtal xtal xtal	wild wild wild	M-ABE(x2) M-ABE(x2) M-ABE	2.79 3.15 2.91
			[53]	6iol 6iok	EM EM	wild wild	M-ABE M-ABE	3.76 3.64
				3k0i	xtal	wild	C-1	4.116
			[21]	3k07 3kso	xtal xtal	wild wild	C-2 C-1	3.521 4.367
	CusA	Symmetric	[82]	3kss 3ne5	xtal xtal	wild wild	C-1 C-2	3.88 2.898
				3t53	xtal	wild	C-2	3.37
			[83]	3t51	xtal	wild	C-2	3.9
				3t56	xtal	wild	C-2	3.42

Table S5 :

 S5 Clusterings attempted: correct (C) and erroneous (X). See Def. 1. For cluster's correctness written like C(X), the cluster is able to segregate one state against the other two.

		Bold labels
	for chains indicate that the corresponding state (A, B, E) has been annotated by the authors of the
	crystal structure.	
		average
	lrmsd monomer	C
	rmsdc monomer	C
	rmsdc monomer withLoops	C
	lrmsd funnel	X
	lrmsd porter	C
	lrmsd TM	C
	rmsdc subdomain	C
	rmsdc subdomain nodock	C
	rmsdc subdomain withLoops	C
	40	

Table S6 :

 S6 Description of used subdomains for AcrB's split TM.

	A.2. Chapter1				131
	Subdomain Amino acids Mean displacement (Å) Median lRMSD (Å) Compared state
	TM5	439-457	1		1.204	State A -E
					1.188	State B -E
	TMLoop3	414-438	1.08	1.217	A -E
	TMLoop5	491-538	1.11	1.54	A -A
					1.633	A -B
					1.96	A -E
					1.337	B -B
					1.495	B -E
					1.447	E -E
		10-28	TM8	872-888	TMLoop3	414-438
	TM2	337-356	TM9	899-918	TMLoop4	458-465
	TM3	366-385	TM10	925-943	TMLoop5	491-538
	TM4	392-413	TM11	973-992	TMLoop6	889-898
	TM5	439-457	TM12	999-1018	TMLoop7	919-924
	TM6	466-490	TMLoop1	357-365	TMLoop8	944-972
	TM7	539-555	TMLoop2	386-391	TMLoop9	993-998

Table S7 :

 S7 Mean displacement in the crystal structures and median lRMSD of selected Transmembrane subdomains comparing different states.

Table S8 :

 S8 Interfaces between subdomains in a monomer of AcrB . For any two subdomains, we computed the interface size, in number of atoms, for the A/B/E states -whence three numbers in each matrix entry. Symbol o hints at no interaction in any of the three states. Tagging uses two criteria: *interface*: criterion from Eq. 2 interface: interface size differs by at least 30 atoms.

	Interactions Nb of atoms (AB) Nb of atoms (AE) Nb of atoms (BE) Nb of atoms (AA)
	PN1 Loop3 DN DN Loop9 DN PN2 PC2 Loop4 DN	4 6.0 7.0 68 29	4 7 8.0 67 29	None 7 12 19.0 31	4 8 10 65 31
	PC2 DC DC PN1	19 47	21 49	None 55	19 49
	PC1 DN	73	73	72	77
	DN PN1 PN2 PN1 TM TM PN1 PN1 DN DC	85 80 100 121 244	87 65 103 90.0 230	63.0 58.0 87 109 230	90 74 78.0 115 233

Table 1 .

 1 Synthetic panicein A hydroquinone (sPAH) increases doxorubicin cytotoxicity against several melanoma cell lines. IC 50 s were calculated using GraphPad Prism 6 software. The mean ± SEM of 3 independent experiments are presented.

	Treatment	MeWo	Dxr IC 50 (µM) MeWo DxrR	A375
	Dxr + DMSO Dxr + sPAH 20 µM	141.5 ± 2.2 1.1 ± 0.4	247 ± 49 1.75 ± 1	41 ± 8.2 0.6 ± 0.2

Table 2 .

 2 Synthetic PAH is as effective as natural PAH to increase dxr cytotoxicity against melanoma cells. IC 50 values were calculated using GraphPad Prism 6 software. Mean ± SEM of 3 independent experiments are presented.

	Heading Treatment	IC 50 (µM) With Natural PAH With Synthetic PAH
	MeWo cells A375 cells	Dxr (at 20 µM PAH) PAH at 2 µM Dxr Dxr (at 20 µM PAH) PAH at 2 µM Dxr	0.5 ± 0.1 6.6 ± 0.8 0.5 ± 0.1 12.4 ± 4.9	1.1 ± 0.4 8.1 ± 1.3 0.6 ± 0.2 12.4 ± 2.3

  in A375, WM9S, and WM9R cells. sPAH IC50 values are reported. (C) sPAH increases vemurafenib effect on cell migration. After wounding, A375 or MW9R cells were treated with vemurafenib, sPAH, or vemurafenib + sPAH. Pictures were taken immediately and 48 h after wounding. The width of the wound was measured using ImageJ software and reported as a percentage of final wound width/initial wound width. All data presented are the mean ± SEM of 3 independent experiments. Significance is attained at p < 0.05 (*) (**:p < 0.005, ***: p < 0.0005); ns: no significant difference.

Table 3 .

 3 List of amino acids within a radius of 6Å of a ligand in the best docking pose.Underlined amino acids have side chains orientated toward the cholesterol or interactions, found by PoseView, with dxr, vemu, and PAH. Amino acids with mutations that result in a damaging phenotype are indicated in bold, between *asterisks* when conserved in the family, and in italics if common with an amino acid listed for the cholesterol.

	Ligand	Amino Acids Involved
	Cholesterol	V125, E126, L128, W129, *L427*, *L431*, F434, N496, *A497*, A498, T499, V502, *I567*, *A569*, L570, *F573*, L775, D776, L777, I780, Q794, Y801, F987, Y1013, F1017, W1018, Q1020, S1079, V1081, F1147, I1148, Y1151, F1152
	Dxr	N124, V125, L128, W129, F422, T424, *L427*, L431, G774, L775, D776, L777, F1017, W1018, Y1021, S1079
	Vemurafenib	V125, W129, N496, *A497*, A498, *A569*, L775, D776, L777, I780, Y801, Y1013, F1017
	PAH	V125, W129, F434, N496, *A497*, A498, *A569*, L570, L775, D776, L777, I780, F1017, W1018

Table 3 .

 3 List of amino acids within a radius of 6Å of a ligand in the best docking pose.

Table 1 .

 1 Astemizole increases the cytotoxicity of chemotherapeutic treatments on adrenocortical carcinoma (ACC) cells. Cell viability was measured after 48 h of treatment of H295R cells with serial dilutions of doxorubicin (dxr) alone or in combination with 10 µM mitotane and 10 µM etoposide (EDM) in the presence or the absence of 1 µM astemizole. IC 50 values of dxr reported are the mean ± SEM of 3 independent experiments.

		Dxr-IC 50 (µM)
	Treatment	Without Astemizole	With Astemizole
	Dxr EDM	17.3 ± 3.6 15.93 ± 4	1.65 ± 0.4 1.84 ± 0.7

Table 3 .

 3 Profiling data for astemizole.

Table 3 .

 3 Profiling data for astemizole.

	LogD7.4	Aqueous Solubility (µM)	RLM T1/2 (min)	RLM (µL/min/mg)	HLM T1/2 (min)	HLM (µL/min/mg)	Ppb (%)
	3.5	22.1	31	< 115.5	> 60	< 115.5	99

SIMSIR ET AL.

Résumé (fr) La publication des structures de Ptch1 a mis en évidence que la structure de Ptch1 est très différente de celle d'AcrB rendant impossible l'utilisation du modèle dynamique développé pour AcrB à Ptch1. Nous avons donc procédé à une étude par dynamique moléculaire tout atome classique du mécanisme de transport de cholestérol de Ptch1. Le but est d'étudier l'impact de la protonation sur la conformation de Ptch1. Pour se faire, nous avons réalisé des simulations avec différentes structures de Ptch1 présentantun nombre variable de cholestérol, et différentes combinaisons de protonation des acides aminés clés du site du relais du proton. À partir des simulations sur 300 ns réalisées sur les 20 systèmes ainsi construits, différents changements de conformation été identifiés tels qu'un accès alternatif de l'eau au site du relais du proton, une élongation de l'hélice TM8 par la modification d'une boucle en hélice et un changement de taille de cavité centrale. Ces changements de conformation sont assez comparables à ceux observés pour AcrB et constituent les premiers éléments de la compréhension du mécanisme de transport du cholestérol de Ptch1.

Figure 3.10: Occurrence of cluster and type of cavity per replica per protonation state in "closed" conformation with 0 cholesterol.

Figure 3.11: Occurrence of cluster and type of cavity per replica per protonation state in "closed" conformation with 1 cholesterol.

Figure 3.12: Occurrence of cluster and type of cavity per replica per protonation state in "open" conformation with 0 cholesterol.

Figure 3.13: Occurrence of cluster and type of cavity per replica per protonation state in "open" conformation with 2 cholesterols.

Figure 3.14: Occurrence of cluster and type of cavity per replica per protonation state in "open" conformation with 3 cholesterols.

Table 4.1: List of drugs shown to be transported by Ptch1 and cholesterol.
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Proteins. 2020;1-17. https://doi.org/10.1002/prot.26012 Chapter 3. Does protonation impact Ptch1's conformation and cholesterol efflux? Distance between neck1 and the TMD for the "open" conformation with no cholesterol when both Asp are not protonated B) Distance between neck2 and the TMD for the "closed" conformation with no cholesterol when the second Asp is protonated (black: first simulation, red: replica 1, orange: replica 2).

Chapter 4. Drug efflux activity and inhibition of Ptch1

In order to take somehow in consideration the flexibility of the protein, we performed the same procedure on selected conformations of Ptch1 extracted from our previously run MD. Three new binding sites attract our attention. The first one was obtained from using the most representative structure of cluster 9 of the clustering on the TMD (Fig. 4.4 A). This binding site is between the central cavity and the SSD-like domain on TM7-12. The two remaining new binding sites are found with cluster 3 of the clustering on the whole structure of Ptch1 (Fig. 4.4 B). They are located on the modeled intracellular middle loop and just bellow the center of the TMD. 

A B

Interaction in the central binding cavity

Considering the almost low diversity in the binding sites and given that the poses with the lowest scores were in the central cholesterol binding cavity, we performed a more precise docking by targeting this cavity. Since methiotepin does not fit in the central binding cavity, we did not performed further molecular docking for this ligand.

The analysis was performed on the 10 best poses of the docking (ranked by score). Because both the amino acids involved in the interaction with the ligands and the nature of interactions were similar among those poses, only one per ligand is presented (Fig. 4.5 and 4.6). Among the amino acids surrounding the cholesterol in the central cavity, five are conserved in proteins from Patched family (Table 4.2), of which two have side chains directed toward the cholesterol (Leu427 and Ala497; Appendix Fig. A.13). We also observed that single nucleotide variations in seven of the residues surrounding the cholesterol are responsible for diseases according to the BioMuta database (Table 4.2).

Being built between loops, this cavity is flexible and should be able to accommodate many types of ligands thanks to a large number of aromatic amino acids Tools from the SBL. The following software tools from the Structural Bioinformatics Library (http://sbl.inria.fr, [23]) were used:

• Molecular distances measures ( lRMSD , RMSD Comb. ) [25]: https://sbl.inria.fr/ doc/Molecular_distances_flexible-user-manual.html Executables: sbl-rmsd-flexible-conformations.exe and sbl-rmsd-flexible-proteins-kpax.exe

• Voronoi interfaces [57,23]: https://sbl.inria.fr/doc/Space_filling_model_interface_ finder-user-manual.html and https://sbl.inria.fr/doc/Space_filling_model_ interface-user-manual.html.

Executable: sbl-bif-domainsW-atomic.exe

Other tools. Handling PDB files was done using Biopython PDB, see [24] and https://biopython. org/wiki/The_Biopython_Structural_Bioinformatics_FAQ The Scipy packages hierarchical clustering (https://docs.scipy.org/doc/scipy/reference/cluster.hierarchy.html) and spatial distance (https://docs.scipy.org/doc/scipy/reference/spatial.distance. html) were also used.

Complete workflow. The workflow used in this paper is available in the Molecular_cradle package of the Structural Bioinformatics Library (http://sbl.inria.fr), as detailed in the following user manual https://sbl.inria.fr/doc/Molecular_cradle-user-manual.html.

Structure: overview

See Table S2 and Figure S8 7

.3 Structural data used

See Figure S9 and Table S3.

Results -Classifying states shows differences across RND

See Table S4 and Table S5.

Results -Steps A, B and E are mainly due to relative motions between selected subdomains

See Table S6 and Table S7. A.3. Chapter2
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A.3 Chapter2

A.3.1 Material and Methods

Selected amino acids Central cavity GLU122, THR123, ASN124, VAL125, GLU126, GLU127, LEU128, LEU128, TRP129, VAL130, LEU157, LEU427, ASP428, ILE430, LEU431, LYS432, PHE434, SER435, PHE495, ASN496, ALA497, ALA498, THR499, THR500, GLN501, VAL502, LEU503, ILE567, PRO568, ALA569, LEU570, ARG571, ALA572, PHE573, SER574, LEU775, ASP776, LEU777, THR778, ASP779, ILE780, VAL781, ILE791, GLN794, PHE795, PHE798, PHE800, TYR801, ASN802, LEU981, PHE987, GLY1012, TYR1013, PRO1014, PHE1015, LEU1016, PHE1017, TRP1018, GLU1019, GLN1020, TYR1021, SER1079, ALA1080, VAL1081, PRO1082, VAL1084, ILE1085, PHE1145, PHE1147, ILE1148, VAL1149, TYR1151, PHE1152 SSD ALA113, GLY115, LEU116, LYS117, ALA118, ALA119, ASN120, LEU121, GLU122, THR123, LYS432, SER435, ASP436, VAL437, SER438, VAL439, ILE440, ARG441, VAL442, ALA443, GLY445, TYR446, LEU447, LEU450, VAL474, LEU475, LEU476, VAL477, ALA478, LEU479, SER480, VAL481, ALA482, ALA483, GLY484, LEU485, GLY486, LEU487, CYS488, SER489, ILE493, SER494, PHE495, ASN496, ALA497, ALA498, THR499, THR500, GLN501, VAL502, LEU503, PRO504, PHE505, LEU506, ALA507, LEU508, GLN576, VAL580 

A.3.2 Clustering

Appendix A. Appendix Appendix A. Appendix After 10 days of treatment, the tumors were carefully cut away from normal CAM tissue and weighed. We observed that dxr alone induced a 28% reduction in tumor weight with respect to control, and that association with sPAH enhanced the tumor regression to 37% while sPAH by itself had a very weak effect on tumor development. Mortality rates were normal, and no abnormalities were observed in the surviving embryos.

A.4 Chapter3

sPAH Enhances the Sensitivity of Melanoma Cells to Cisplatin

We previously showed that Ptch1 drug efflux inhibition enhanced the cytotoxicity of dxr against adrenocortical carcinoma cells, but also that of cisplatin, another well known chemotherapeutic drug [19], suggesting that both cisplatin and dxr are substrates of Ptch1 [16]. Therefore, we tested the effect of sPAH on the cytotoxicity of cisplatin in the melanoma cell lines MeWo and A375. Interestingly, the IC 50 of cisplatin was significantly decreased in the presence of sPAH in both MeWo and A375 cells, indicating that sPAH also increases the cytotoxicity of cisplatin against melanoma cells (Figure S2).

sPAH Enhances the Sensitivity of BRAF V600E Melanoma Cells to Vemurafenib

Vemurafenib is a targeted chemotherapy agent which interrupts the BRAF/MEK step in the BRAF/MEK/ERK pathway when BRAF has the V600E mutation [20,21]. In the present study, we used three melanoma cell lines carrying the BRAF V600E mutation: A375, WM9S sensitive to vemurafenib, and WM9R rendered resistant to vemurafenib. Cells from these three cell lines were treated with increasing concentrations of vemurafenib in the presence of DMSO or sPAH for 24 h before assessment of cell viability. Results show that sPAH significantly increased the sensitivity of A375 and WM9S cells to vemurafenib (Figure 5A). Remarkably, sPAH also increased the effectiveness of vemurafenib against WM9 cells rendered resistant to vemurafenib (WM9R) with a decrease by a factor of ten of the IC 50 of vemurafenib in the presence of sPAH 20 µM (Figure 5A). Note that the concentrations of sPAH used (between 10 and 20 µM) have a slight cytotoxic effect in line with sPAH-IC 50 calculated of 38.3 ± 6.8, 28.6 ± 5.1, and 41 ± 6.2 µM for A375, WM9S, and WM9R respectively (Figure 5B). Therefore, the cytotoxicity of sPAH itself at the concentration used was not sufficient to explain the strong increase of vemurafenib cytotoxicity observed.

The effect of the combination sPAH and vemurafenib on cell migration was assessed using a wound-healing assay (Figure 5C). Experiments revealed that sPAH also increased vemurafenib efficacy against the A375 cells' ability to migrate. Indeed, 48 h after wounding, the closing area was significantly greater when sPAH was added to vemurafenib (Figure 5C). Remarkably, the same effect was observed on cells resistant to vemurafenib (WM9R). This indicates that the combination of sPAH and vemurafenib more significantly inhibited the wound-healing and, therefore, cell migration than vemurafenib alone. Using microscale thermophoresis (MST), we showed that sPAH binds to membranes prepared from yeast expressing human Ptch1 with a Kd around 7 µM, while sPAH does not bind to membranes prepared from yeast expressing another human membrane protein, Smoothened (Figure 6A). These results demonstrate that sPAH directly interacts with Ptch1 and that Ptch1 is the target of sPAH. than vemurafenib alone. This result can be explained by the increased amount of vemurafenib in tumors, shown in Figure 8E, and is consistent with the increased number of apoptotic cells observed when iP-sPAH was added to the vemurafenib treatment (Figure 8D). 

Chemical Synthesis of Panicein A Hydroquinone and Analogues

The first steps of the synthesis were conducted as reported [18] with minor modifications, as described in Supplementary Material.

Panicein A hydroquinone (10): A solvent mixture of acetone and water in a ratio of 1:1 was prepared. Panicein A (20 mg) was dissolved in 0.3 mL solvent. A suspension of Na 2 S 2 O 5 (3 eq) in water (0.1 mL) was added dropwise to the starting material. The reaction was stirred at room temperature for 6 h max (see TLC). An extraction with ethyl acetate followed. The organic fractions were washed with saturated NaCl (aq.) solution, dried over Na 2 SO 4 , and evaporated. The crude residue was purified by flash chromatography on silica gel using a gradient of PE/EA (5:1) as the eluent to give 10 as a white solid. Yield = 86%. Rf = 0.105 (Cy/EA 5:1). 1H NMR (400 MHz, CDCl 3 ) δ 6.68 (m, 1H), 6.62-6.47 (m, 3H), 5.34 (m, 1H), 3.80 (s, 3H), 3.34 (d, J = 7.1 Hz) and 3.25 (d, J = 7.1 Hz) (1H, E and Z), 2. [START_REF] Aszterbaum | Identification of mutations in the human patched gene in sporadic basal cell carcinomas and in patients with the basal cell nevus syndrome[END_REF] Compound 11: Compound 8 was dissolved in ethyl acetate (10 mL solvent for 1 mmol of starting material). Around 1-2 mol% Pd/C (10 mol%) was added, and the reaction mixture was stirred overnight under hydrogen atmosphere. The crude residue was purified by flash chromatography on silica gel using a gradient of PE/EA (5:1) as the eluent to give 11 as a white solid. Yield = 96%. Rf = 0.36 (Cy/EA 5:1). 1H NMR (400 MHz, CDCl3) δ 6. 65 Compound 12: A solvent mixture of acetonitrile and water in ration of 2:1 was prepared. Around 100 mg of 11 was dissolved in 2 mL of solvent and cooled to 0 • C. Under stirring, CAN (2.2 eq) dissolved in 4 mL solvent was added dropwise to the mixture. The mixture was stirred for maximum 4h. The reaction was extracted with ethyl acetate and the crude residue was purified by flash chromatography on silica gel using a gradient of PE/EA (15:1) as the eluent to give 12 as an orange solid. Yield = 79%. 1H NMR (400 MHz, CDCl 3 ) δ 6. 80 Compound 13: Compound 10 was dissolved in ethyl acetate (for 1 mmol of starting material 10 mL solvent). Around 1-2 mol% Pd/C (10 mol%) was added, and the reaction mixture was stirred overnight under hydrogen atmosphere. The crude residue was purified by flash chromatography on silica gel using a gradient of PE/EA (5:1) as the eluent to give 13 as light yellow oil. Yield = 97%. 1H NMR (200 MHz, CDCl3) δ 6. 61 The RDKit Open-Source Cheminformatics Software [41] was used to generate up to 100 conformers for each molecule by using the e-LEA3D web server (https://chemoinfo.ipmc.cnrs.fr). This resulted in 60 and 62 conformers for PAH E and Z, respectively. The shape-based alignment program SENSAAS (https://arxiv.org/abs/1908.11267) was used to align and compare the two ensembles of conformers. The alignment with the best shape score (gfit = 0.761) is displayed in Figure 2B. A gfit score ranges from 0 (dissimilar) to 1 (perfect similarity).

TCGA Data Analysis

Normalized gene expression data and matching clinical information for cutaneous melanoma (SKCM) tumors were downloaded from TCGA using the R package curatedTCGAData, then separated into primary tumor samples (n = 103) and metastatic tumor samples (n = 368). Gene expression data was transformed into log2 scale prior to analysis. A count of 1 was added to all expression values to avoid zeros prior to transformation. BRAF V600 mutation status was downloaded using the R package GenomicDataCommons (MuTect2 Variant Aggregation and Masking workflow). Survival data was further processed as described in [42]. Statistical significance of the differences in gene expression distribution was performed using the Wilcoxon rank sum test. A Kaplan-Meier analysis was performed using the R package rms (Harrel). Optimal cut-offs were determined using positional scanning [43].

Ptch1 Knock-Down

MeWo cells were transfected with 400 pmol of human Ptch1 Silencer ® Select pre-designed siRNA (Ambion, #4392420, s11441 (sense: 5 GCACUUACUUUACGACCUAtt3 ; as: 5 UAGGUCGUAAAGU AAGUGCtg3 ) or control (medium GC) siRNA oligos (Invitrogen) using Lipofectamine RNAiMAX reagent (Invitrogen) following the manufacturer's protocol, then seeded in 24-well plates and incubated at 37 • C and 5% CO 2 for 16 h before Western blotting and dxr efflux measurements.

Cytotoxicity Assays

Cells were seeded in 96-well plates in triplicate and grown in medium to achieve 70 to 80% confluence. Medium was then removed and replaced with 100 µL/well of complete medium containing PAH or DMSO as a control. After 2 h, 100 µL of complete medium containing serial dilutions of dxr, cisplatin or vemurafenib were added. Plates were incubated at 37 • C and 5% CO 2 . After 24 or 48 h, cells were incubated for 3 h at 37 • C with 100 µL/well neutral red (NR) solution (50 µg/mL in medium) following the manufacturer's protocol. Measurements were made in microplate readers (Multiskan Go Microplate Spectrophotometer from Thermo Scientific). IC 50 was defined as the concentration that resulted in a 50% decrease in the number of live cells, and IC 50 values were calculated using GraphPad Prism 6 software.

Wound-Healing Assay

Once cells were confluent in 24-well plates, a wound was created using a p200 tip. Two pictures were taken at two different points of each well immediately after wounding, and 48 h after wounding. Images were taken with Leica DM IRB (5×). The width of the wound was measured using ImageJ software and reported as percentage final wound width/initial wound width.

Efflux Measurements

Dxr efflux measurements were carried out as previously described [16]. Cells were seeded on coverslips in 24-well plates and allowed to grow to 80% confluence. Coverslips were incubated at 37 • C and 5% CO 2 with 10 µM dxr in physiological buffer (140 mM NaCl, 5 mM KCl, 1 mM CaCl 2 , 1 mM MgSO 4 , 5 mM glucose, 20 mM HEPES, pH 7.4). After 2 h, three coverslips were immediately iP-sPAH synthesis was custom-developed by Adjuvatis (Lyon, France) based on i-Particles ® preparation by nanoprecipitation method [52], using poly(d,l-lactic acid) (PLA) as polymer. No surfactant or stabilizer was required to stabilize the colloid solution. The resulted 180 nm size iP-sPAH were precisely characterized for their physicochemical parameters (hydrodynamic diameter, size distribution, and zeta potential), using a zetasizer NanoZS from Malvern-Panalytical (UK) and after high dilution in 0.22 µm-filtered 1 mM NaCl solution. sPAH loading (%DL) and entrapment efficiency (%EE) within i-Particles were also precisely quantified by fluorimetry after PLA and sPAH solubilization in acetonitrile, using a standard curve of sPAH ranging from 5 to 55 µg/mL in the same solvent. The measurements were made using a fluorimeter equipped with a 96-well microplate reader (infinite M1000, Tecan, Mannedorf, Switzerland) and black microplates (Greiner Bio-One, Courtaboeuf, FranceCity) at 288 nm excitation and 324 nm emission. The DL and EE were calculated by following equations:

Evaluation of the Toxicity of sPAH in Mice

sPAH encapsulated in i-Particles was diluted in saline solution and injected intraperitoneally at 40, 13.3, 4, and 1.33 mg/kg (10 mL/kg) in Swiss (CD-1) mice (2 mice per dose). Monitoring and evaluation of toxicity was carried out for 72 h based on the behavioral signs and appearance of the animals. All experiments were carried out following protocols approved by the ethics committee from the University of Strasbourg (APAFIS#3671-2016012012046243) and in accordance with the council of the European communities' guidelines for animal studies (86/609/CEE).

Melanoma Xenograft Study in Mice

Forty-eight male athymic Nu/NU NMRI mice (4-5 weeks) were purchased from Charles River and housed under pathogen-free conditions. A 200 µL aliquot of 3 Millions A375 BRAF V600E melanoma cells were injected subcutaneously per mouse. Tumor-bearing mice were treated with 4 therapeutic cycles, which consisted of either vemurafenib (8 mg/kg body weight (5 µL/g in olive oil) intraperitoneally 5 days a week) plus empty i-Particles (lot 180509-DF-CP02, 4 µL/g intraperitoneally every other day), iP-sPAH (Lot: 180821-DF-PAH, 5 mg/kg body weight (4 µL/g) intraperitoneally every other day), or a combination of vemurafenib and iP-sPAH (vemurafenib 8 mg/kg body weight intraperitoneally every other day plus iP-sPAH 5 mg/kg body weight intraperitoneally 5 days a week). Mice from the control group were injected with olive oil (5 µL/g) intraperitoneally 5 days a week plus empty i-Particles (lot 180509-DF-CP02, 4 µL/g) intraperitoneally every other day. Animals were monitored daily for symptoms of disease (weight loss >20%, ruffled coat, hunched back, weakness, reduced motility) and tumor sizes were measured every 3 to 4 days. At day 23 after the start of treatment, when the first tumors reached the longest tumor diameter of 1.5 cm, the study was terminated, and animals sacrificed. Tumors were excised and subsequently snap frozen in isopentane using OCT (optimal cutting temperature) compound. This study was conducted in agreement with the French Guidelines for animal handling and approved by local ethics committee (APAFIS#18382-201901081114131v3), and in accordance with the council of the European communities' guidelines for animal studies.

A part of each tumor was cut in 8 µm thick tissue sections using a microtome-cryostat for quantification of the number of apoptotic tumor cells and of proliferative cells performed using the colorimetric DeadEND TUNEL System (Promega, Mannheim, Germany) and immunofluorescence analysis of Ki67 (BD pharmigen 556003), respectively. OCT was removed from the remainder of each Cancers 2020, 12, 1500 24 of 28 tumor, and tumors were crushed in 50 mM Tris-HCl pH 6.8, 10% glycerol, and 2% SDS), heated at 95 • C, and sonicated for Western blot analyses as well as vemurafenib and cholesterol quantification. Protein concentration in each homogenate was evaluated using a Bio-Rad protein assay based on the Bradford dye-binding method.

Quantification of Vemurafenib in Tumors

Metabolites were extracted from tumor homogenates using methanol and resuspended in 40% acetonitrile before mass spectrometry analysis. Briefly, the metabolites were separated with UPLC system (ThermoFisher, Illkirch, France on a C18 column in an appropriate gradient. Mass spectrometry data were acquired with a Q-Exactive plus mass spectrometer (ThermoFisher) operating in Parallel Reaction Monitoring (PRM) mode. Finally, vemurafenib was identified using Xcalibur Quan-Browser software version 4.1.31.9 (ThermoFisher).

Quantification of Cholesterol in Tumors

Total lipids were extracted from the tumor homogenates according to the method developed by Folch [53]. The total lipids were submitted to alkaline hydrolysis in 5 mL of 0.35 M KOH for 2 h at ambient temperature. The solution was neutralized with 65 µL of phosphoric acid, and the sterols were extracted with 9 mL chloroform in the presence of 3 mL 0.9% sodium chloride. The organic phase was removed, and the solvent was evaporated to dryness. For the quantification of sterols, 5 α-cholestane was added as an internal standard. The samples were derivatized to trimethylsilyl ethers by heating at 60 • C for 30 min after the addition of 100 µL of pyridine and 100 µL of BSTFA (Supelco, Bellafonte, PA, USA). The derivatives were analyzed on a gas chromatograph coupled to a flame ionization detector (GC-FID Hewlett-Packard HP5890A). A 1 µL aliquot was introduced by automated injection in splitless mode at 290 • C on a DB-5MS fused silica capillary column (30 m × 0.25 mm id, 0.25 µm film thickness; J&W Scientific, Agilent Technologies, Massy, France). The initial oven temperature was kept at 60 • C for 1 min, then increased at a rate of 20 • C/min to 290 • C, and then 2 • C/min to a final temperature of 300 • C.

SDS-PAGE and Western Blotting

Total RIPA extracts from cells or tumor homogenates were prepared. Protein concentrations were determined by the DC Protein Assay (Bio-Rad, Marnes-la-Coquette, France). Samples (50 to 80 µg) were separated on SDS-PAGE and transferred to nitrocellulose membranes (Amersham, Bath, UK) using standard techniques. After 1 h at room temperature in blocking buffer (20 mmol/L Tris-HCl pH 7.5, 45 mmol/L NaCl, 0.1% Tween-20, and 5% non-fat milk), nitrocellulose membranes were incubated overnight at 4 • C with rabbit anti-Patched antibody (Abcam ab53715; 1/1000), rabbit anti-Phospho-Erk1/2 antibody (Cell Signaling Technology (Leiden, The Netherlands); 1/1000), rabbit anti-Erk1/2 antibody (Cell Signaling Technology; 1/1000), or mouse anti-β-tubulin antibody (Sigma; 1/1000). After 3 washes, membranes were incubated for 45 min with anti-rabbit (1:2000) or anti-mouse (1:5000) immunoglobulin coupled to horseradish peroxidase (Dako-Agilent, Santa Clara, CA, USA). Detection was carried out with an ECL Prime Western blotting detection reagent (Amersham) on a Fusion FX imager (Vilber Lourmat, Collegien, France), and analyses were performed using ImageJ software.

Statistical Analysis

All results represent at least three independent replications. Data are shown as mean value ± SEM. Prism 6 (GraphPad) was used to determine IC 50 values and other statistical analyses using one-way analysis of variance (ANOVA) followed by Bonferroni's multiple comparison tests.
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Conclusions

Altogether, our data show that panicein A hydroquinone is able to increase vemurafenib effectiveness against resistant BRAF V600E melanoma cells and to eliminate resistant melanoma cells without undesirable side effects. sPAH specifically binds to Ptch1 and inhibits the Ptch1 drug efflux activity both in vitro and in vivo after encapsulation to protect it from oxidation. SAR studies allowed us to identify one of the key pharmacophores responsible for this activity, and a new chemical synthesis pathway under development by our team makes it possible to consider the rapid preparation of large number of PAH analogues in order to obtain a more stable and efficient lead and a potential drug candidate. We conclude that sPAH is a very promising lead for vemurafenib resistant BRAF V600E melanoma where Ptch1 is overexpressed. 
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Supplementary Materials:

The following are available online at http://www.mdpi.com/2072-6694/12/6/1500/s1, Figure S1: Effect of PAH precursors and analogues on dxr cytotoxicity in A375 cells. Cell viability was measured after treatment with increasing concentration of dxr with DMSO or 20 µM of sPAH. sPAH precursors 8 or 9, or sPAH analogues 11, 12, or 13 in A375 cells. Dxr-IC 50 values calculated in the presence of sPAH or sPAH analogue 13 are presented, Figure S2: sPAH increases cisplatin cytotoxicity against MeWo and A375 melanoma cell lines. Cells were treated with increasing concentrations of cisplatin in the presence of DMSO or sPAH 20 µM. IC 50 values were calculated using GraphPad Prism 6 software. The mean ± SEM of at least 3 experiments are presented, Figure S3: Cholesterol binding pocket on Ptch1 structure. Chain A of pdb6n7h with cholesterol (magenta). Amino acids underlined in Table 3 are represented as sticks, Figure S4: sPAH is oxidized into its quinone form upon contact with liver microsomes. For metabolite identification, 50 µM of sPAH were incubated with mice liver microsomes and NADPH. Two samples were prepared: one in which acetonitrile was added immediately (t0) and one in which acetonitrile was added after 30 min. Samples were analyzed by LC-MS/MS and detected by selected ion monitoring (SIM). LC-MS/MS analysis shows that sPAHis oxidized in its quinone form (9), Figure S5. PAH-loaded i-Particles size distribution and colloidal stability. Particles size distribution and colloidal stability were determined by dynamic light scattering using a Zetasizer Nano ZSP from Malvern-Panalytical. In a typical experiment, 20 µL of dispersions were added to 1.5 mL of 0.22 µm-filtered 1 mM NaCl solution. A laser of wavelength 633 nm was used as source and detector was placed at a 173 • angle. Measurements were carried-out at 25 • C. Zeta potential was determined by measuring electrophoretic mobility in a 0.22 µm-filtered 1 mM NaCl solution using a Zetasizer Nano ZSP from Malvern-Panalytical and a disposable folded capillary cell. A laser of wavelength 633 nm was used as source and detector was placed at a 13 • angle. Measurements were carried-out at 25 • C. A. The hydrodynamic diameter (average size (Z-average) and polydispersity index (PdI) based on DLS), zeta potential (mV), drug loading (DL%), and encapsulation efficiency (EE%) of PAH-loaded i-Particles. Mean and SD of 4 measurements. B. Variation of hydrodynamic diameter (Z-average based on DLS, filled square and polydispersity index, PdI, empty squares) of iP-PAH (drug loading 8.49%) with storage time (+4 • C, fridge). Four measurements were taken, and the averages and standard deviations are presented, Figure S6: The addition of iP-sPAH to vemurafenib more strongly inhibits ERK phosphorylation in tumors. Tumor extracts were analyzed by Western blotting with anti-Phospho-Erk1/2 and anti-Erk1/2 antibodies. Signal quantification was performed using ImageJ software and the pERK/ERK ratio was calculated and reported for each tumor extract. Significance is attained at p < 0.05 (*), ns: no significant difference, Figure S7: (A failure [9]. Therefore, it is necessary to find new therapeutic options to improve ACC treatment outcomes and increase the overall survival of patients. It has long been postulated that the multidrug ABC transporter P-glycoprotein (P-gp/ABCB1/MDR1) mediates the main mechanism of resistance within cancer cells [10]. However, we recently showed that the Hedgehog receptor Patched (Ptch1), which is overexpressed in many recurrent and metastatic cancers ( [11,12], and Human Protein Atlas website http://www.proteinatlas. org/ENSG00000185920-PTCH1/cancer), is also expressed in ACC and contributes to resistance of ACC to treatment [13]. Indeed, Ptch1 pumps chemotherapeutic agents such as doxorubicin (dxr) out of cancer cells, leading to chemotherapy resistance [13,14]. Ptch1 is not part of the ABC transporters family but uses the proton motive force to efflux drugs similar to the bacterial efflux pumps from the RND family [15]. This may seem surprising; however, the high glucose utilization and the alteration of energy metabolism that occur in cancer cells have been shown to lead to lactate production which is transported out of the cells and acidifies the extracellular medium [16]. This pattern of the acidic extracellular environment and alkaline cytosol is considered as a hallmark of malignant cancers and is referred to as a "reversed pH gradient" [17]. Accordingly, Ptch1 functions as an efflux pump only in cancer cells. This makes Ptch1 a particularly relevant therapeutic target, and Ptch1 drug efflux inhibitors particularly interesting due to their specificity for cancer cells.

We developed screening tests to identify molecules that inhibit the resistance to doxorubicin (dxr), a chemotherapeutic agent used to treat many cancers, conferred by human Ptch1 to yeast, and the efflux of dxr by Ptch1 [18]. This led to the discovery of two Ptch1 inhibitors. The first, panicein A hydroquinone (PAH), a compound purified from a marine sponge, increased the cytotoxicity of dxr against melanoma cells in vitro and in vivo [19,20]. The second inhibitor, methiothepin, a drug-like compound from the Prestwick Chemical library, increased the efficacy of dxr against adrenocortical carcinoma cells in vitro and in vivo [13]. When screening the Prestwick Chemical library, we identified a second compound able to inhibit the resistance to dxr conferred by Ptch1 to yeast and the efflux of dxr mediated by Ptch1. This compound is astemizole, a non-sedating anti-histaminergic drug. In the present study, we report results showing that astemizole is a Ptch1 drug efflux inhibitor and the effects of this compound on the response of ACC cells to doxorubicin.

Materials and Methods

Chemical and Biological Material

Astemizole was purchased from Santa Cruz: CAS number: 68844-77-9; MW: 458.57 g/mol; molecular formula: C 28 H 31 FN 4 O. Doxorubicin hydrochloride was purchased from Sigma-Aldrich. BODIPY-cholesterol was purchased from Avanti (Topfluor, Avanti Polar Lipids Inc, Alabaster, AL, USA).

Saccharomyces cerevisiae strain K699 (Mata, ura3 and leu 2-3, kindly donated by R. Arkowitz) was transformed with the expression vectors pYEP-hPtc-MAP (human Ptch1) or pYEP-hSmo-MAP (control), and grown at 18 • C until OD 600 5-7 as previously described [20].

The human adrenocortical carcinoma cell line H295R was grown in DMEM/F12 medium containing 2% NuSerum (BD), 1% ITS+ (BD) and penicillin/streptomycin (Invitrogen, Thermo Fisher Scientific, Illkirch, France) at 37 • C and 5% CO 2 as previously described [13]. This medium was supplemented with 20 µg/µL EGF and 20 µg/µL FGF for spheroid 3D culture.

Human embryonic kidney cells HEK293 were grown in DMEM medium (Gibco, Thermo Fisher Scientific, Illkirch, France) supplemented with 10% fetal calf serum (Thermo Fisher Scientific, Illkirch, France) and 1% penicillin-streptomycin (Gibco, Thermo Fisher Scientific, Illkirch, France) at 37 • C in 5% CO 2 water-saturated atmosphere.

Screening on the Resistance to Doxorubicin of Yeast Expressing Human Ptch1

The screening of molecules on yeast was carried out as described in [18]. Briefly, S. cerevisiae expressing human Ptch1 were grown at 30 • C up to an OD 600 between 1 and 2in minimal medium We previously reported that yeast expressing human Patched (hPtch1) were able to grow in the presence of chemotherapeutic agents such as doxorubicin (dxr) and to efflux dxr out of cells using the proton motive force [14]. To find inhibitors of Patched drug efflux activity, we developed a screening test based on the growth of hPtch1-expressing yeast in the presence of dxr [18]. We measured the effect of 1200 compounds from the Prestwick Chemical drug library on the growth of hPtch1-expressing yeast in the presence of dxr, and we discovered that the methiothepin maleate (P375) significantly inhibited the resistance of hPtch1-expressing yeast to dxr in contrast to the other compounds such as P298 that did not affect it (Figure 1A). During this screening, we observed that another drug from the same library, P136, was also able to inhibit the growth of hPtch1-expressing yeast in the presence of dxr without effects on the growth of hPtch1-expressing yeast in the absence of dxr (Figure 1A), suggesting that this molecule inhibited specifically dxr resistance conferred by hPtch1 to yeast. far below 1 (Figure S1A). Similar results were obtained for the combination of astemizole with EDM treatment (Figure S1B). Western blot analysis and quantification of the Ptch1 protein amount relative to β-tubulin revealed that astemizole treatment did not affect Ptch1 protein expression (Figure 2C).