A B cleavage mechanism. The general base (B:) and acid (HA) are unknown, but may be metal-associated waters. Metal A and R781 stabilize the transition state; metal B and H736 anchor the (21) phosphate. Amino acids (blue, TOPRIM; green, winged helix domain) are labelled on the basis of positions in yeast topo II, except for a lysine residue present in type IA (but not type II) topoisomerases (grey, E. coli topo I/III numbering). b, Type IA/II topoisomerase active site superposition. A DNA-bound (and uncleaved) topo III structure 24 (grey) is overlaid on topo II complex (cyan/green). Catalytic residues are labelled (yeast topo II/E. coli topo III numbering).

Titre : Synthèse de petites molécules biologiquement actives et étude de leurs mécanismes d'action

Mots clés : Topoisomérases, Etoposide, Protéines Arf, « In situ click » étiquetage, Marmycin A Résumé : Les petites molécules bioactives sont des acteurs clés dans la recherche biomédicale et les études de chimie biologiques, pour leur application potentielle comme sondes moléculaires pour enquêter les systèmes biologiques, et la possibilité de développer de nouveaux traitements puissants et sélectifs. Dans ce travail, nous avons exploré l'utilisation de plusieurs classes de petites molécules capables d'interférer avec des cibles biologiquement significatives, comme les acides nucléiques et les lysosomes, et déclencher des réponses biologiques. A partir de l'étoposide, l'un des agents anti-néoplasiques le plus employé en clinique, nous avons développé une nouvelle classe de petites molécules actives capables de cibler différemment les deux isoformes humaines de la topoisomérase II, TOP2A et TOP2B, qui jouent des rôles différents dans l'inhibition de la croissance des cellules cancéreuses, et le développement de tumeurs malignes secondaires.Dans un autre projet, nous avons utilisé une stratégie d'étiquetage « click in situ » pour enquêter sur la localisation subcellulaire d'un nouvel inhibiteur de la réaction d'échange nucléotidique des protéines Arf, un outil potentiel pour l'étude du trafic cellulaire et la signalisation liés a ces protéines. Enfin, nous avons étudié l'origine de l'efficacité d'un nouveau agent de ciblage du compartiment lysosomal: l'artesumycin, un hybride moléculaire des petites molécules bioactives la marmycine A et l'artésunate, qui possède une activité antiproliferative accrue en comparaison avec les deux produits naturels utilisés indépendamment. Nos résultats fournissent une précieuse contribution dans ces domaines de recherche Title : Synthesis of biologically active small molecules and study of their mechanisms of action Keywords : Topoisomerases, Etoposide, Arf proteins, in situ click labelling, Marmycin A Abstract : Bioactive small molecules are key players in biomedical research and chemical biology studies given their potential application as molecular probes to investigate biological system, together with the possibility to develop new potent and selective therapeutics. In this work, we explored the use of several classes of small molecules able to interfere with therapeutically relevant targets, from nucleic acids to lysosomes, and evaluate ensuing biological responses. Starting from etoposide, one of the most clinically employed antineoplastic agents, we developed a new class of active small molecules able to differentially target the two human topoisomerase II isoforms, TOP2A and TOP2B, which have been shown to play different roles in inhibiting cancer cell growth and initiating secondary malignancies. In a separate project, we aimed to use an in situ click labelling strategies to investigate the subcellular localization of a new inhibitor of the nucleotide exchange reaction of Arf proteins, a potential tool for the study of Arf-related cellular trafficking and signalling. Finally, we studied the origins of the synergy displayed by the new lysosome targeting agent artesumycin, a molecular hybrid of the bioactive small molecules marmycin A and artesunate, which has been shown to possess enhanced antiproliferative activity in comparison to the two natural product used independently. Our results provide valuable contributions for future advances in these research areas.

Introduction 1.DNA topoisomerases: resolution of DNA topological problems

The extended double-helical nature of DNA generates a set of topological challenges that affect all the processes related with opening or moving within the two strands. 1,2 The length of DNA far exceeds nucleus dimension, thus compaction and folding in chromosomes is fundamental to confine the entire genome inside cells. On the other hand, DNA unwinding is a prerequisite to access genetic information during replication and transcription, but strands separation concurrently creates overwinding ahead of the replication/transcription forks, which may interfere with normal gene reading. Together, DNA replication and repair generate entanglements and knots that if left unprocessed can lead to genomic instability and impede chromosome segregation during mitosis. To deal with these kind of topological problems, cells exploit the ability of DNA topoisomerases to generate transient breaks in the double helix.

The human genome encodes six topoisomerases, classified in type I and type II. 1,2 Both classes employ a catalytic tyrosine to attack the sugar-phosphate backbone of DNA, generating a transient covalent adduct that preserve the integrity of the genetic material. This reaction is reversible and alters only the spatial orientation of the double helix, leaving the nucleic acid sequence unchanged. Type I topoisomerases (TOP1) modify DNA topology by generating a single-stranded nick, followed by the passage of the intact strand through the gap or alternatively by rotation of the helix around the break (Figure 1). As a result, type I topoisomerases can regulate over-and underwinding, releasing the torsional stress accumulated during replication and transcription. 1 All type I functions can also be performed by type II topoisomerases (TOP2), which in turns generate double stranded breaks (DSBs) in the DNA helix. Following the cut of a double stranded DNA, the enzyme controls the passage of a separate intact helix through the break and, unlike for type I, requires ATP hydrolysis to complete the catalytic cycle.

Exploiting DSBs formation TOP2 can additionally remove DNA knots and tangles (Figure 1), playing a critical role during chromosome separation and condensation, and therefore being essential to the survival of all known species. 1,3

Topoisomerases II: structure, isoforms and catalytic cycle

Eukaryotic TOP2 are homodimeric enzymes and each monomer can be divided into three distinct domains (Figure 2A). 3 The N-terminal domain (N-gate) carries the consensus sequences for ATP binding and consequently includes the catalytic site responsible for ATP hydrolysis. The second active site is located in the central domain (DNA-gate), which contains the catalytic tyrosine implicated in DNA scission. The C-terminal (C-gate) is the most variable domain, different between species and isoforms and is probably required for nuclear localization and activity regulation through post-translational modifications and protein-protein interactions.

Vertebrates possess two different isoforms of topoisomerases II, named TOP2A and TOP2B, which shares the 70% of amino acidic sequence identity. 4 Although the high degree of structural homology, these two enzymes significantly differ in their expression, regulation and cellular functions. 3 TOP2A is essential for proliferating cells and its levels rise dramatically during cell growth (highest in G2/M cells). In contrast, levels of TOP2B remain constant during the cell cycle, which tasks are dispensable at cellular level. However, TOP2B knockout mice fail in neuronal development and die before birth, possibly caused by gene expression alteration due to the lack of this isoform. 5 Thus, while TOP2A appears to deal mainly with DNA replication and chromosome separation and condensation, TOP2B possesses a predominant role in regulating transcription. 3,6 TOP2 catalytic cycles can be described in a number of discrete steps that pass through DNA cleavage and religation (Figure 2B). 4,7 Initially, the protein binds the two DNA segments involved in the cycle, named G-DNA (DNA to be gated) and T-DNA (DNA to be transported).

TOP2 preferentially binds to DNA crossover regions, formed by supercoiling, knotting and tangling, thus recognizing the topological state of the substrate. Since the enzyme introduces a sharp bend in the double helix as a prerequisite for the cleavage reaction, G-DNA selection appears to be driven by sequence deformability, rather than consensus specificity. 8 Upon ATP binding, N-gate dimerization causes a conformational change in TOP2, from an open to a close clamp that traps the T-DNA. The catalytic tyrosine of each monomer (Tyr805 and Tyr821 for TOP2A and TOP2B respectively) then attacks the G-DNA phosphodiester backbone via a transesterification reaction, resulting in a covalent bond between the protein and the 5'-terminus of the DNA chain. The cleavage reaction requires the collaboration between the catalytic tyrosine and additional amino acid residues involved in divalent ion (such as Mg 2+ ) coordination. Recent structural studies 9 suggest a two-metal mechanism where one of the two ions (A 2+ , Figure 3) interacts with the 3'-bridging oxygen of the scissile phosphate, indicative of a metal coordination involved in transition state and leaving group stabilization. On the contrary, the second metal ion (B 2+ , Figure 3) seems to have a primary function in anchoring the cleaved DNA. Thus, the resulting reversible enzyme-DNA covalent complex, named "cleavage complex", creates a bridge on the two opposite strands, through which the T-DNA can pass. After the translocation event, G-DNA is religated through a divalent metal ion mechanism that is assumed to be the reverse of the cleavage reaction, such that the whole process is considered at equilibrium. Hydrolysis of the two ATP molecules, along with the opening of the protein, finally releases the two double stranded segments and the enzyme can be engaged in a new round of catalysis.

N-gate

DNA-gate C-gate

Topoisomerase inhibition

Although topoisomerases are indispensible for cell viabilit y, it is clear that these enzymes also present a fundamental peril: they can be inadvertently inactivated, or their DNA cleavage activity can be corrupted, resulting in cytotoxic or mutagenic DNA breaks that lead to cell death. The evolution of general repair systems, as well as more specific ones such as the TDP system [147][148][149][150] , help cells to deal with these problems. However, nature and humans have also been able to exploit topoisomerase inactivity and stalling through diverse means in order to deliberately kill cells, at times for tangible therapeutic benefit.

A number of proteins and protein-like factors have been found that specifically inhibit topoisomerase activit y, particularly in bacteria (see Supplementary information S1 (table )). These proteins range from toxin s that control plasmid stability (CcdB) 180,181 to agents that are involved in microbial competition (microcin B17) 182 and antibiotic resistance (Qnr and MfpA) 183 . Such factors have varied modes of action that include attenuating the DNA-binding activity of topoisomerases or promoting their ability to cleave DNA. When considering protein-based antitopoisomerase factors, it is interesting to note that their identification has come not through directed screens, but from basic research and serendipity. The continual discovery of new proteinaceous inhibitors points to the potential ease with which topoisomerase activity can be subverted or exploited and strongly suggests that more antitopoisomerase systems remain to be discovered.

On the biomedical side, topoisomerase inhibition has proved to be a highly versatile and useful approach for therapeutic intervention. Small-molecule agents targeting topoisomerases fall into two broad classes on the basis of their mode of action: inhibitors, which attenuate enzyme activity, and poisons, which stabilize DNA cleavage complexes (see FIG. 6 for a partial list of type II topoisomerase antagonists and their modes of action). Although many of the most significant therapeutics (for example, epipodophyllotoxins, quinolones and camptothecin) have been used for decades, it is only relatively recently that their mechanisms of action have been understood in molecular detail. For instance, camptothecin and its derivatives (such as topotecan) poison topo IB by intercalating between cleaved DNA ends in the active site of the enzyme 184 , impeding DNA religation and the relaxation of supercoils. Fluoroquinolones of the points at which exogenous agents can disrupt function. During catalysis, the topoisomerase initially binds one duplex DNA segment (step 1). Following binding, the topoisomerase can then associate with a second duplex DNA segment. ATP binding (step 2) stimulates cleavage and opening of the first DNA (step 3), and passage of the second through the opening (step 4). The broken strands are then religated (step 5), and the product is released (step 6). Agents have been identified that interfere with each step, as indicated, but only a partial list of inhibitors and poisons is given here. mAMSA, amsacrine; MurI, glutamate racemase. 

TOP2 targeting: TOP2 poisons and catalytic inhibitors

TOP2 perform the essential task of solving topological problems by controlled DSBs generation. Therefore it is clear how these enzymes represent an intrinsic threat for cells, where any interference with their normal activity may cause genomic instability. Interest in this potential cytotoxicity raised after the discovery that prokaryotic and eukaryotic TOP2 were indeed the targets of many successful antibiotic and anticancer agents. 10 Small molecules that affect TOP2 biological functions can be divided into two main categories, TOP2 poisons and catalytic inhibitors (Figure 4). Most of the clinically used TOP2-targeting anticancer drugs belong to the first class, including etoposide (1, VP-16), employed for the treatment of lung, ovarian, testicular cancers and acute myeloid leukemia, mitoxantrone (2), effective against advanced prostate cancer, mAMSA (3), used, although less frequently, against leukemia and doxorubicin (4), in solid tumors and blood cancers therapies. 11,12 TOP2 poisons share a common highly specific mechanism that blocks G-DNA religation through the stabilization of the normally transient cleavage complex. TOP2 are thus converted in cellular toxins by increasing levels of TOP2-DNA covalent adducts. As a result, DNA lesions are formed, including DNA strand breaks and protein covalently linked to DNA segments, which rapidly elicit DNA damage responses. 10 Successful repair firstly requires the effective recognition of the damage, as the two subunit of TOP2 strongly associate and mask the newly formed DSB. It is likely that recognition occurs after any collision with the stalled enzymes, probably during replication and transcription processes. Protein-DNA se I and RNaseH 16,17 . Anomalous e, which was determined by moletion, show clear evidence for two site. As anticipated from previous bacterial counterpart, DNA gyrase, ly-conserved acidic residues within mase (TOPRIM) domain 18 , with l A, and D526 and D528 engaging erase/phosphodiesterase reactions, or ribose hydroxyl for nucleophilic ates a leaving group 12 . Both cofaction state. Because of the frequent ross many unrelated biomolecular erve that the metal organization in h a configuration (Supplementary oth a non-bridging oxygen of the e position (Fig. 2), and is thus well n state chemistry. However, metal nly a non-bridging oxygen of the the cleavage site. he possibility that some positional the active site and metal ions into a ment, several lines of evidence indihere recapitulates a catalytically nt of an invariant arginine (R781), ine moiety, markedly reduces DNA 19 , except when substituted with e A or B locus has been seen previsomerase structures (Fig. 2) 13,21 , and roups severely compromises strand bacterial enzymes [8][9][10] . The relative ster with respect to DNA and the pported by: (1) patterns of thiolcysteine-mutagenesis and metalwith the bonding arrangement seen pair between two highly-conserved uired for wild-type function 19 ; and istidine (H736), which engages the . Finally, in the metal-free structure, 9 endo (B-form DNA) sugar pucker ting religation, whereas in the zinca C39 endo state (A form) similar to ving within 2.0 A ˚of metal A and pect to the phosphotyrosyl linkage. indicate that type II topoisomerases al two-metal mechanisms (Fig. 3a). partakes directly in transition state e leaving and attacking of the ribose religation. The other (metal B) has a reason why type II topoisomerases

B are liganded, one by metal A and the other by R781. Mg 21 ions seen in a non-covalent topo II-DNA complex 13 and in the DNA-free topo VI A-subunit 21 are shown as blue and red spheres, respectively. adducts are then degraded by ubiquitin-stimulated proteolytic digestion, which however will not completely remove the bound enzyme from the DNA segment. Thus nucleolytic excision is required and, recently, tyrosyl-DNA phosphodiesterase 2 (Tdp2) has been shown to process 5'-TOP2-DNA adducts through the direct reversion of the 5'-phosphotyrosyl linkage. 13 Nevertheless, proteolytic independent pathways have also been described, in which removal of the bound protein is believed to proceed through nucleolytic processing. 10 These routes release a DNA molecule containing a DSB, which repair is thought to follow conventional patterns, through non-homologous end joining (NHEJ) and/or homologous recombination. 10 Nevertheless, unsuccessful DNA repair leads, in most cases, to apoptotic cell death, thus underlining TOP2 poisons success in cancer therapy. Alternatively, TOP2 catalytic inhibitors interfere at several stages of the catalytic cycle: compounds like doxorubicin (4) and aclarubicin (5) impede DNA binding by base intercalation, novobiocin (6) blocks ATP binding and thus T-DNA trapping, merbarone (7) acts by inhibiting DNA cleavage, while bisdioxopiperazines like ICRF-187 (8) inhibit ATP hydrolysis and entrap TOP2 as a closed clamp. However, with the exception of bisdioxopiperazines, most of these compounds possess targets besides TOP2 and their low specificity has so far prevented their approval as anticancer agents. [10][11][12] Figure 5: Pathways for the repair of TOP2-mediated damage, through nucleolytic and proteolytic processing. Adapted from: Nat. Rev. Cancer 2009, 9, 338 -350.

The case of etoposide (VP-16)

VP-16 14 is a semi-synthetic analog of the natural compound podophyllotoxin (9, Figure 6), and over the past years, many structurally related drugs have been designed, though with little success. 11 As anticipated, VP-16 is one of the most clinically employed antineoplastic agents, being effective against a wide range of tumors. Nevertheless, at the time of its FDA approval in 1983, little was known about this drug mechanism of action, and only later was classified as a TOP2 poison. The molecular mechanism common to TOP2 poisons involves Schizosaccharomyces p derivative TOP53 re covalent complexes c strains 64 . This work i provides the first direc of a topoisomerase co Although the MR involved in nucleolytic plexes, it is likely to be pathways involved in studies in Saccharomy that the XPG homol also plays a part in re Repair of TOP1 cova repair pathways 65 Following recognition of topoisomerase II (TOP2) covalent complexes (perhaps by collision with replication forks), collision with other tracking proteins such as RNA polymerase or other undiscovered surveillance processes, repair can be initiated by proteolysis or by nucleolytic processing. Proteolysis will not completely remove the protein because the phosphotyrosyl linkage to the DNA cannot be removed by proteases. Therefore, after proteolysis, a nucleolytic processing step is still required. As illustrated, the product of nucleolytic processing is a DNA molecule containing a double strand break. Note that TOP2 can be trapped as a single strand break, as the two subunits break DNA in an independent but coordinated process 144 . Processing of a covalent complex with a single strand break could generate either a single strand break or a double strand break. Recent experiments have shown that a TOP2 enzyme that can only generate single strand breaks can confer cytotoxicity in the presence of TOP2 poisons 32 . For simplicity, the trapped structure that is illustrated shows a double strand break. In the case of a double strand break, repair is carried out mainly by homologous recombination or non-homologous end joining. Repair can also take place by error-prone single strand annealing pathways. The error-prone repair of TOP2-generated DNA double strand breaks can generate translocations that lead to secondary malignancies. The repair of single strand breaks that arise from TOP2 covalent complexes has not been fully explored.

Nucleolytic processing

Nucleolytic processing

Proteolytic processing the drug specific binding at the interface of the enzyme-DNA covalent complex, referred to as the interfacial inhibition binding mode. 12,15 

Interfacial inhibition: a "nature paradigm"

Compounds binding at the interface of two (or more) interacting biomolecules (such as proteins and nucleic acids) are classified as interfacial inhibitors. The resulting ternary complex is stabilized by extensive supramolecular interactions within the drug and both macromolecular targets of the functional complex. 15 Such mode of inhibition encloses a high potential selectivity, recognizing both partners of the complex and resembling nature's strategy to generate small molecule regulators and toxins. The interfacial inhibition flanking the two cleaved sciss (Fig. 3A), with the drug's polyc core (rings A to D) sitting betw and the glycosidic group and the ing toward the DNA major and respectively. The insertion of etop the stacking interaction between hypothesis was firstly proposed for TOP2 poisons in view of their sequence selective trapping of covalent complexes. 16 Thus a model emerged, suggesting drug stacking against the base pairs that flank the cleavage site. Only recently this model was validated thanks to the determination of the high-resolution structure of the human TOP2B-VP-16-DNA ternary complex (Figure 7). 17 In this crystal, two molecules of VP-16 take part in the stabilization of the cleavage complex, causing a shift within the 3'-OH and the 5'-phosphotyrosil, which effectively blocks DNA religation. The drug aglycone polycyclic core interposes between the cleaved base pairs, providing the major contribution to drug-DNA interactions. Alongside, the glycosidic moiety and the E-ring establish a series of contacts with both the DNA and the enzyme. TOP2 is essential in promoting and stabilizing the interaction between the DNA and the drug, compensating for VP-16 poor intercalating properties. Among TOP2 poisons, only VP-16 and few others can claim a pure interfacial inhibition, while doxorubicin, mitoxantrone and related have additionally shown to be potent DNA intercalators. Hence, VP-16 emerges as the most selective TOP2 poison currently in the clinic, with limited off-target side effects and TOP2-indipendent DNA damage. 15b

VP-16 induced secondary malignancies

Treatment with TOP2 poisons has been associated with serious toxic side effects, including the development of secondary malignancies. VP-16, although highly selective in TOP2 targeting, is not excluded from this category and, following treatment regimens, the 2-3% of patients mature therapy-related acute myeloid leukemia (t-AML). 18,19 Occurrence of t-AML has been associated mostly with balanced translocation of the MLL (mixed-lineage leukemia) gene with more than 50 partner genes, and these same translocations appear with a short latency following VP-16 treatment. 18 TOP2 mediated breaks and aberrant repair are therefore likely to be the source of such translocations, which occurrence is greatly enhanced following TOP2 poisoning. While VP-16 targets both TOP2A and TOP2B in mammalian cells (Figure 8B), 20,21 studies with skin-specific TOP2B-knockout mice indicate a primary involvement of this isoform in VP-16-mediated melanomas formation (Figure 8A). 21 Moreover, VP-16-induced MLL sequence rearrangements are drastically reduced in TOP2Bdepleted cells (Figure 8C). 22 These findings suggest a primary role of TOP2B in secondary malignancies development, however, the molecular basis of such dependence are still elusive. A model has been proposed in which the transcriptionally-associated TOP2Bdependent DSBs would be required for MLL translocation, where recombination is facilitated by genes close proximity in individual transcription factories. 22 Alternatively, the preferential proteolytic degradation of TOP2B-over TOP2A-DNA covalent complexes would primarily accounts for VP-16 induced breaks, and consequently for DNA sequence rearrangements. 21 If TOP2B is responsible for VP-16 induced carcinogenesis, on the contrary, growth inhibition assays indicate that this isoform contributes minimally to drug toxicity against tumor cells, which rather appears to rely on TOP2A targeting (Figure 8D). 23 Thus, TOP2A selective VP-16 analogues would provide substantial therapeutic benefits, preventing the occurrence of therapy-related malignancies. In parallel, TOP2B targeting VP-16-derived drugs could be exploited for the mechanistic study of chromosome translocation and VP-16 induced carcinogenesis. However, the high degree of structural homology between TOP2 isoforms has challenged such a strategy. 

Selective targeting of TOP2 isoforms

Among the TOP2 targeting agents described in the literature, two compounds have raised interest due to their reported differential targeting of human TOP2 isoforms. NK314 (10, Age-matched 7-week-old studies. Both TOP2␤ ϩ and cation of DMBA, followe treatment groups in Materi conditions, these mice deve illomas, which appeared at shown), were not included melanoma in the mouse expansive dark-brown area (melanin-expressing melan ces melanomas in the skin of DMBA-treated mice. (A) the epidermis (Upper) and hair follicles (Lower) of skinut mice (samples denoted TOP2␤ Ϫ ). Cryosections of the skin Ϫ mice (8 -10 m thick) were stained with H&E (labeled HE, 2␤ antibody (labeled 2␤, second column), or DAPI (third images of 2␤-and DAPI-stained sections are shown in the d 2␤/DAPI). (Scale bars: 10 m.) (B) PCR-based genotyping ␤ Ϫ mice. Genomic DNA samples from tail snippets were ing primer sets specific for various alleles. Examples are esults with samples from top2␤ ϩ/flox2 (lane 1), (lane 2), and K14-Cre top2␤ flox2/flox2 (lane 3) mice. PCR tic of the TOP2␤ ϩ , top2␤ flox2 , top2␤ ⌬2 (top2␤ Ϫ ), and K14d; skin cells of K14-Cre top2␤ flox2/flox2 are phenotypically om top2␤ ϩ/flox2 and K14-Cre top2␤ ϩ/flox2 mice are TOP2␤ ϩ e TOP2␤ ϩ fragment in lane 3 and the presence of the same Fig. 2. VP-16 induces fewer ski number of melanomas in the treatment groups. The symbo TOP2␤ ϩ and skin-specific top2␤ their treatment descriptions (se bottom of the graph. (B and C) T for each of the treatment group the DMSO-treated animals (gro and TOP2␤ Ϫ pairs in the aver statistically significant for grou melanoma integration in top2␤ ϩ/Ϫ MEFs by Ϸ3-fold (P ϭ 0.01; see Fig. 3A and compare the last two sets of open bars). Thus, it appears that the preferential role of the Top2␤ isozyme in VP-16-induced DSBs and DNA sequence rearrangements is owing to its greater sensitivity to proteasome-mediated degradation when covalently trapped on DNA. Indeed, in SV40-transformed wild-type TOP2 MEFs treated with VP-16, Top2␤ is found to be preferentially degraded relative to Top2␣ in a proteasome-dependent manner (Fig. 4C).

Top2␤ Contributes Minimally to VP-16 Cytotoxicity in Transformed Cells. The above studies suggest that Top2␤ is primarily responsible for VP-16-induced DSBs and DNA sequence rearrangements. To test whether Top2␤ is also important for VP-16 cytotoxicity, we determined in triplicate the IC 50 of VP-16 for two pairs of transformed top2␤-knockout/knockdown cells by using a colorimetric assay based on cleavage of the tetrazolium dye 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide (MTT) by mitochondrial dehydrogenase from viable cells. The IC 50 values of VP-16 are not significantly different for top2␤ ϩ/Ϫ and top2␤ Ϫ/Ϫ MEFs (0.038 Ϯ 0.007 vs. 0.040 Ϯ 0.006 M; P ϭ 0.43, t test). Furthermore, in PC12 cells expressing top2␤ short hairpin RNA (shRNA), whereas the level of Top2␤, but not Top2␣, is much reduced (by Ϸ90%) relative to the same cells expressing the control shRNA. IC 50 values of VP-16 for the same pair of samples are not significantly different (1.6 Ϯ 0.1 and 1.9 Ϯ 0.1 M, respectively; P ϭ 0.19, t test). These results indicate that whereas Top2␤ rather than Top2␣ plays a major role in DMBA applications has no effect ing that the drug behaves as a promoter, presumably through it rearrangements (41). In the pres specific top2␤-knockout mice to isozymes of DNA, Top2␣ and To genesis. Melanomas, rather than p type detected in the mouse skin plausibly because of genetic backg strains used: previous studies us produce no visible melanoma beca sion in their skin, whereas mice u mixed genetic background, includ degrees of BALB/c and C57BL/6, VP-16 is shown to induce 2-to 13-fo on the dose and schedule of VP DMBA-treated TOP2␤ ϩ mice th skin-specific top2␤-knockout mice. promoter, TPA, induces about the s in DMBA-treated mice whether T not. These results suggest that it is predominant role in VP- 16

-induce

The above conclusion is further culture models. By using a plasm DNA sequence rearrangements, V plasmid DNA is shown to be To integration frequency by VP-16 is (2 M). The DNA cleavage complexes in the treated cells were reversed by an additional incubation in the absence of VP-16 alkaline lysis and S7 nuclease treatment (43) were applied. The amounts of Top2 isozymes were measured by Western bl mozygous TOP2B knockout cells differs only slightly from WT (12). We used DNA-FISH with a "break-apart" rearrangement probe to quantify etoposide-induced chromosome breaks at the MLL locus. To directly assess the role of topoisomerase IIβ in generating breaks in the MLL locus we used Nalm-6 and Nalm-6 TOP2B-/-cells (12). Etoposide induced approximately sevenfold more breaks in the MLL locus in the Nalm-6 cells than in Nalm-6 TOP2B-/-cells (Fig. 2 A andB). Although the frequency of chromosomal breaks induced at the MLL locus was substantially reduced in the absence of topoisomerase IIβ (P = 0.002), it was not completely abolished and a small but significant (P = 0.02) increase was still observed, suggesting that topoisomerase IIα can cause breakage at this locus in the absence of topoisomerase IIβ, albeit with a lower frequency. Thus, whereas topoisomerase IIα is the more significant isozyme with regard to cytotoxicity in these cell lines, the majority of breaks at the MLL locus, that can be detected by DNA-FISH, are dependent upon topoisomerase IIβ. We repeated the DNA-FISH experiment with the topoisomerase IIα-specific poison NK314 at an equitoxic concentration. A small number of breaks were detected in both WT and Nalm-6 TOP2B-/-cells, in both cases approximately equal in frequency to those induced by etoposide in the TOP2B -/-cells (Fig. 2C). Thus, topoisomerase IIβ has a major role in generating etoposide-induced breaks at the MLL locus, despite the greater role that can be attributed to topoisomerase IIα in mediating cytoxicity.

The data discussed above could result from unusually high rates of topoisomerase IIβ-mediated (but not α-mediated) cleavage in the MLL locus compared with the genome as a whole, or alternatively, it could result from a specific propensity of topoisomerase IIβ-mediated cleavage events to lead to chromosomal breaks and rearrangements. To determine the contribution made by topoisomerase IIβ to etoposide-induced genome-wide genotoxicity, we carried out micronuclei (MN) assays in Nalm-6, Nalm-topoisomerase IIβ status affects the extent of immedia side-induced DNA damage generated across the genom histone H2AX phosphorylation as an assay for DNA strand breaks (Fig. 4). To generate consistent and γH2AX foci, cells were treated with etoposide at a con of 5 μM for a short time period (2 h). Under these con average value of 40 foci were generated in WT Nalm-6 there was no significant difference between the numb observed in WT, Nalm-6 TOP2B-/-, or Nalm-6 TOP2A+/- 4A). Similarly, no significant difference was obser γH2AX fluorescence values were compared (Fig. 4B consistent with our previous findings in murine Top2 (32). Thus, whereas cells lacking topoisomerase IIβ e fewer etoposide-mediated chromosome breaks in the M than wild-type cells, and do not exhibit an increase in quency when exposed to etoposide, global genomic generated with equal efficiency in WT or TOP2B -/-ce The model described above requires that topoisom can associate with the chromatin of the genes tha translocated. To determine the distribution of topoisom and IIβ over the MLL and AF9 genes, we used chro munoprecipitation (ChIP) using specific antitopoisom or IIβ antibodies previously validated for ChIP (Fig. Materials andMethods). ChIP experiments sampling regions across the MLL and AF9 loci revealed the pr topoisomerase IIα and -β in chromatin at each of the sampled, including within the BCRs of each gene (Fig S6). However, neither topoisomerase IIα, nor IIβ overrepresented at the telomeric end of the MLL BC corresponds to most reported t-AL breakpoints, or in of AF9. The same sites were sampled in cells treated wi etoposide for 60 min, which results in a large increas lized covalent topoisomerase IIα and IIβ DNA compl Fig. 2. Topoisomerase IIβ dependence for etoposide-mediated breaks at the MLL locus. (A) DNA-FISH was performed using a probe for the detec rearrangements, which hybridizes to the region centromeric (5′, green) and telomeric (3′, red) to the MLL BCR. Three representative nuclei are (labeled br) harboring one normal MLL allele (overlapping red and green spots) and one break (separated red and green spots). Two nuclei with pattern (n) are also present. (B) Frequency of MLL breaks induced in Nalm-6 (WT) and Nalm-6 TOP2B-/-(β -/-) cells after 72-h exposure to 100 nM et Frequency of MLL breaks induced in Nalm-6 (WT) and Nalm-6 TOP2B-/-(β -/-) cells after 72 h exposure to 75 nM NK314. M) for 1 h. WT, wild-type; ␣, TOP2 damage and, ideally, such work should be performed in the context of human somatic cells, not model organisms. In this respect, we previously reported that Top2-mediated DNA damage is predominantly repaired by the non-homologous end-joining (NHEJ) pathway in higher eukaryotes, contrasting with the situation in yeast, where homologous recombination repairs virtually all Top2-mediated DNA damage (37, 39, 46, 47). In mammalian cells, NHEJ and homologous recombination are the two major pathways of DSB repair, and these pathways are roughly equally impor-sensitivity to NK314, and LIG4 Ϫ/Ϫ RAD slightly more hypersensitive than LIG4 Ϫ/Ϫ indicate that the NHEJ pathway is impo NK314-induced DSBs, whereas the homolo pathway only plays a minor role in the repair obtained with etoposide and doxorubicin (Fig ent with the notion that Top2-mediated D NHEJ repair in animal cells. It should be noted dependence of NK314 appears to be less pro other Top2 inhibitors; for instance, IC 90 co that LIG4 Ϫ/Ϫ cells were ϳ20 times more sen cells to etoposide, but only 2.7 times more sen 7, H and I). More specifically, LIG4 Ϫ/Ϫ cells di resistance to NK314, unlike other inhibitors, trations. This may imply that a repair pathway can efficiently repair NK314-induced DSBs. A tionally, NK314, compared with other inhib substantial amounts in a cell to exer "Discussion").

We next sought to examine whether NHEJ dependence of NK314 could result fro isoform-specific poison. If NHEJ repair was tant for Top2␤-mediated DNA damage tha ated DNA damage, then NHEJ-deficient greatly increased etoposide resistance in th perhaps with similar survival curves to thos this possibility, we performed TOP2␣ and T ing in a LIG4 Ϫ/Ϫ background (Figs. phase and extensive DSBs generation, thus raising a role of TOP2. 24 NK314 was found to promote DNA cleavage in vitro in a TOP2A selective manner (Figure 9D) and to inhibit growth of Nalm-6 leukemia cells through a predominant targeting of this isoform (Figure 9C). 23 Additionally, immunodetection of TOP2-DNA covalent complexes revealed NK314 preference for TOP2A targeting at low concentrations, although TOP2B stabilized complexes were also detected at higher doses (Figure 9B). Despite these encouraging results, NK314 inhibits both TOP2A and TOP2B decatenation and relaxation activity (Figure 9D/E), 23 suggesting a more complex mechanism than the simple poisoning of TOP2-DNA cleavage complexes. Remarkably, NK314 was also found to promote DSBs formation independently from TOP2 poisoning and it was proven to be effective on TOP2-resistant tumors in vivo. 25 Deeper investigations revealed NK314 ability to inhibit DNA-dependent protein kinase (DNA-PK) activity, a key component of NHEJ. 26 TOP2B selective targeting was instead reported for the quinoxaline derivative XK469 (11, Figure 10A), firstly examined for its broad activity against solid tumours. XK469 was found to induce TOP2B-DNA crosslinks and to deplete levels of free TOP2B in cells, with only marginal effects on TOP2A. 27 Further support to XK469 selectivity was provided by drug Drug Sensitivity Assays-Clonogenic assays using Nalm-6 and its derivative cell lines were performed as described previously (39). Briefly, exponentially growing cells were plated at 10 2 -10 5 cells/dish into 60-mm dishes containing 5 ml of agarose medium with various concentrations of DNA-damaging agents. After a 2-3-week incubation at 37 °C, visible colonies were counted, and the percent survival was determined by comparing the number of surviving colonies to untreated controls.

For growth inhibition assays, 1 ϫ 10 4 cells were seeded into 48-well plates and cultured for 96 h in growth medium containing various concentrations of topoisomerase inhibitor. Cell final concentrations of 4 -1024 nM in the dishes. Two hours after drug addition, the drug-containing medium was removed and plates were washed with PBS. Cells were trypsinized, collected in 15-ml Falcon tubes, and counted. Cells were plated in duplicate at 2 ϫ 10 2 -5 ϫ 10 4 cells per 90-mm dish. After 8 days, colonies were fixed with Carnoy's solution, stained with crystal violet, and counted.

RESULTS

NK314 Specifically Induces Top2␣-DNA Complex-We previously showed that NK314 induced Top2 complexes and DSBs Drug Sensitivity Assays-Clonogenic assays using Nalm-6 and its derivative cell lines were performed as described previously (39). Briefly, exponentially growing cells were plated at 10 2 -10 5 cells/dish into 60-mm dishes containing 5 ml of agarose medium with various concentrations of DNA-damaging agents. After a 2-3-week incubation at 37 °C, visible colonies final concentrations of 4 -1024 nM in the dishe after drug addition, the drug-containing medium and plates were washed with PBS. Cells were try lected in 15-ml Falcon tubes, and counted. Cells w duplicate at 2 ϫ 10 2 -5 ϫ 10 4 cells per 90-mm dish colonies were fixed with Carnoy's solution, staine 
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Drug Sensitivity Assays-Clonogenic assays using Nalm-6 nd its derivative cell lines were performed as described previusly (39). Briefly, exponentially growing cells were plated at 0 2 -10 5 cells/dish into 60-mm dishes containing 5 ml of agarse medium with various concentrations of DNA-damaging gents. After a 2-3-week incubation at 37 °C, visible colonies ere counted, and the percent survival was determined by comaring the number of surviving colonies to untreated controls. For growth inhibition assays, 1 ϫ 10 4 cells were seeded into 8-well plates and cultured for 96 h in growth medium contain-final concentrations of 4 -1024 nM in the dishes. Two hours after drug addition, the drug-containing medium was removed and plates were washed with PBS. Cells were trypsinized, collected in 15-ml Falcon tubes, and counted. Cells were plated in duplicate at 2 ϫ 10 2 -5 ϫ 10 4 cells per 90-mm dish. After 8 days, colonies were fixed with Carnoy's solution, stained with crystal violet, and counted.

RESULTS

NK314 Specifically Induces Top2␣-DNA Complex-We pre- damage and, ideally, such work should be performed in the context of human somatic cells, not model organisms. In this respect, we previously reported that Top2-mediated DNA damage is predominantly repaired by the non-homologous end-joining (NHEJ) pathway in higher eukaryotes, contrasting with the situation in yeast, where homologous recombination repairs virtually all Top2-mediated DNA damage (37, 39, 46, 47). In mammalian cells, NHEJ and homologous recombination are the two major pathways of DSB repair, and these pathways are roughly equally important for the repair of radiation-induced DSBs (48 -51).

To investigate repair mechanisms of NK314-induced DSBs in human somatic cells, we employed a series of knock-out mutant cell lines, involving those lacking Rad54 and/or DNA sensitivity to NK314, and LIG4 Ϫ/Ϫ RAD54 Ϫ/Ϫ ce slightly more hypersensitive than LIG4 Ϫ/Ϫ cells. Thes indicate that the NHEJ pathway is important for r NK314-induced DSBs, whereas the homologous recom pathway only plays a minor role in the repair. Similar resu obtained with etoposide and doxorubicin (Fig. 7, B andC) ent with the notion that Top2-mediated DSBs rely he NHEJ repair in animal cells. It should be noted, however, t dependence of NK314 appears to be less prominent tha other Top2 inhibitors; for instance, IC 90 comparison i that LIG4 Ϫ/Ϫ cells were ϳ20 times more sensitive than w cells to etoposide, but only 2.7 times more sensitive to NK 7, H and I). More specifically, LIG4 Ϫ/Ϫ cells did not show i resistance to NK314, unlike other inhibitors, at very low trations. This may imply that a repair pathway(s) other th can efficiently repair NK314-induced DSBs. Alternatively tionally, NK314, compared with other inhibitors, migh substantial amounts in a cell to exert cytotoxic "Discussion").

We next sought to examine whether the less pr NHEJ dependence of NK314 could result from its natur isoform-specific poison. If NHEJ repair was much mor tant for Top2␤-mediated DNA damage than for Top2 ated DNA damage, then NHEJ-deficient cells wou greatly increased etoposide resistance in the absence o perhaps with similar survival curves to those for NK314 this possibility, we performed TOP2␣ and TOP2␤ gen ing in a LIG4 Ϫ/Ϫ background (Figs. 3 and4). The r LIG4 Ϫ/Ϫ TOP2␣ ϩ/Ϫ and LIG4 Ϫ/Ϫ TOP2␤ Ϫ/Ϫ cells had growth properties (Figs. 3D and4D). As shown in TOP2␤ disruption only slightly alleviated etoposide hy 
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inhibition of DNA relaxation, with a 31-fold higher potency in blocking TOP2B than TOP2A activity (Figure 10B/C). More recently, TOP2B-depleted cells were shown to be 3-fold more resistant to the drug than wild-type (Figure 10D), consistent with a 2.5-fold reduction of TOP2-DNA crosslinks levels in the same cell line (Figure 10E). 28 Despite these intriguing properties, failure to progress in phase I investigations 29 as well as the finding that additional targets other than TOP2 may contribute to drug cytotoxicity, 11 have so far blocked XK469 approval. Both NK314 and XK469 display high DNA intercalating properties and, as discussed, limited selectivity against TOP2 enzymes, thus adding complexity and preventing a clear understanding of the drug mechanism of action. Furthermore, limited knowledge is available on the binding mode of these two derivatives, in contrast with the well-established interfacial poisoning operated by VP-16. Thus TOP2-selective VP-16 analogs could be powerful tools in TOP2-related cancer research and a guide for their design is provided by the TOP2B-DNA-VP-16 ternary complex crystal structure (Figure 7). 17 In addition to the described precious information about the contacts within the drug, DNA and TOP2B, the crystal highlights the presence of a key glutamine (Q778) interacting with the lactone D-ring and the glycosidic cellular DNA, confirming that XK469 is a ison (Fig. 5). In agreement with the band re was also slight covalent crosslinking of cellular DNA, indicating that XK469 has oisomerase II␣ poison. The DNA interca-II poison m-AMSA and the noninterca-II poison VM-26 caused substantial covath topoisomerase II␣ and topoisomerase Several research groups have shown that nd II␤ are differentially regulated in culxit from exponential growth, with a high e cells, and enter plateau phase, with a ells in G 1 ͞G 0 , topoisomerase II␣ decreases II␤ remains constant or even increases ent cells, in which topoisomerase II␣ is hree topoisomerase II poisons caused cotopoisomerase II␤ to cellular DNA and no g of topoisomerase II␣ to DNA. al DNA Relaxation. S(Ϫ)XK469 inhibited the xation of superhelical pBR322 DNA by se II␤ with an IC 50 of 160 M (Fig. 6). In se II␣ was very resistant to inhibition by 5 mM). The difference in inhibition of the isozymes is in good agreement with the poisomerase II poisoning by XK469. e II␣ poisons also act as topoisomerase II␤ 25). No highly topoisomerase II␤-specific een reported. A topoisomerase II poison p180 isozyme would be expected to have ted cells if the two isozymes serve different ugs highly specific for one or the other of I isozymes would be valuable tools for of these isozymes in cellular metabolism. s inhibit both topoisomerase II␣ and II␤, ion of each as an antineoplastic target is The fact that topoisomerase II␤ is less omerase II␣ does not mean that it is a less e remarkable solid tumor specificity of XK469 suggests that topoisomerase II␤ may be a very important target for anticancer drugs. In addition to carrying out different roles in the cell, the two topoisomerase II isozymes may be sensed differently as DNA damage in the presence of topoisomerase poisons and may activate different signal transduction pathways and cell cycle checkpoints.

The marked differences in cell cycle regulation of topoisomerase II␣ and topoisomerase II␤ may be the key to XK469's solid tumor selectivity. Acute leukemias have a large proportion of S-phase cells whereas solid tumors tend to develop large G 1 ͞G 0 populations (28). The pronounced selectivity of XK469 for topoisomerase II␤ may allow selective targeting of solid tumors with significantly less toxicity for rapidly proliferating normal tissues and leukemias with high S-phase fractions and relatively high levels of topoisomerase II␣. Although both solid tumors and many normal tissues would be expected to have large G 1 ͞G 0 populations, solid tumor cells might be more likely to have defects in cell cycle checkpoints that prevent replication in the presence of DNA damage caused by drug-stabilized topoisomerase II␤-DNA cleavage complexes.

g of topoisomerase II␣ and topoisomerase II␤ to re of cells to topoisomerase poisons. Subconfluent n breast cancer cells (MCF-7) were treated with SA, or the solvent, DMSO, for 15 min and then were ibed (see Materials and Methods). The cellular DNA dient ultracentrifugation, and the CsCl then was e pooled DNA fractions. A 30-g DNA aliquot was dded to a final concentration of 5 mM. The DNA was ree DNase I (Boehringer Mannheim, 0.1 units͞ml, then was applied to a poly(vinylidene difluoride) t device. Purified human topoisomerase II␣ (Topoa control. Blotted proteins were probed with antierase II␣ and human topoisomerase II␤ (indicated ). topoisomerase II␤ to cellular DNA, confirming that XK469 is a topoisomerase II␤ poison (Fig. 5). In agreement with the band depletion results, there was also slight covalent crosslinking of topoisomerase II␣ to cellular DNA, indicating that XK469 has trace activity as a topoisomerase II␣ poison. The DNA intercalating topoisomerase II poison m-AMSA and the nonintercalating topoisomerase II poison VM-26 caused substantial covalent attachment of both topoisomerase II␣ and topoisomerase II␤ to cellular DNA. Several research groups have shown that topoisomerases II␣ and II␤ are differentially regulated in cultured cells. As cells exit from exponential growth, with a high proportion of S-phase cells, and enter plateau phase, with a higher proportion of cells in G 1 ͞G 0 , topoisomerase II␣ decreases while topoisomerase II␤ remains constant or even increases (8-10). In postconfluent cells, in which topoisomerase II␣ is down-regulated, all three topoisomerase II poisons caused covalent attachment of topoisomerase II␤ to cellular DNA and no detectable crosslinking of topoisomerase II␣ to DNA.

Inhibition of Superhelical DNA Relaxation. S(Ϫ)XK469 inhibited the ATP-dependent relaxation of superhelical pBR322 DNA by purified topoisomerase II␤ with an IC 50 of 160 M (Fig. 6). In contrast, topoisomerase II␣ was very resistant to inhibition by S(Ϫ)XK469 (IC 50 ϭ 5 mM). The difference in inhibition of the two topoisomerase II isozymes is in good agreement with the differences seen in topoisomerase II poisoning by XK469.

Most topoisomerase II␣ poisons also act as topoisomerase II␤ poisons (6, 12, 14, 24, 25). No highly topoisomerase II␤-specific drug has previously been reported. A topoisomerase II poison highly specific for the p180 isozyme would be expected to have unique effects on treated cells if the two isozymes serve different cellular functions. Drugs highly specific for one or the other of the topoisomerase II isozymes would be valuable tools for investigating the roles of these isozymes in cellular metabolism. Although many drugs inhibit both topoisomerase II␣ and II␤, the relative contribution of each as an antineoplastic target is poorly understood. The fact that topoisomerase II␤ is less abundant than topoisomerase II␣ does not mean that it is a less important target. The remarkable solid tumor specificity of XK469 suggests that topoisomerase II␤ may be a very important target for anticancer drugs. In addition to carrying out different roles in the cell, the two topoisomerase II isozymes may be sensed differently as DNA damage in the presence of topoisomerase poisons and may activate different signal transduction pathways and cell cycle checkpoints.

The marked differences in cell cycle regulation of topoisomerase II␣ and topoisomerase II␤ may be the key to XK469's solid tumor selectivity. Acute leukemias have a large proportion of S-phase cells whereas solid tumors tend to develop large G 1 ͞G 0 populations (28). The pronounced selectivity of XK469 for topoisomerase II␤ may allow selective targeting of solid tumors with significantly less toxicity for rapidly proliferating normal tissues and leukemias with high S-phase fractions and relatively high levels of topoisomerase II␣. Although both solid tumors and many normal tissues would be expected to have large G 1 ͞G 0 populations, solid tumor cells might be more likely to have defects in cell cycle checkpoints that prevent replication in the presence of DNA damage caused by drug-stabilized topoisomerase II␤-DNA cleavage complexes. ot oxic t o t h e ␤Ϫ/Ϫ cells is con sist en t wit h t h e a t XK469 sh ows a 30-t o 40-fold select ivit y for sozym e of t opoisom er a se II (5). Topoisom er a se pr esen t in h igh levels, especia lly in log ph a se o t h a t som e cyt ot oxicit y r esu lt in g fr om t h e a ct ivit y of XK469 for t h e ␣-isozym e is expect ed. e h ou r exposu r e t o m -AMSA, a DNA in t er ca la tpoisom er a se II poison , ca u sed st r on g doseen t cyt ot oxicit y in bot h t h e ␤ϩ/ϩ and ␤Ϫ/Ϫ er t h e fu ll r a n ge of dr u g doses (F ig. 1C). Th e cells sh owed sligh t r esist a n ce t o m -AMSA a t a u sin g cyt ot oxicit y gr ea t er t h a n t h e IC 50 . This is t o r esu lt s r epor t ed for ␤ϩ/ϩ and ␤Ϫ/Ϫ cells it h a clon ogen ic a ssa y (4) except t h a t we did n ot sign ifica n t r esist a n ce of t h e ␤Ϫ/Ϫ a t con cen -Bot h MTT cyt ot oxicit y a ssa ys (3 da y t r ea t m en t ) a n d a ssa ys u sin g dir ect cou n t in g of su r vivin g cells (1 h dr u g t r ea t m en t ) sh owed st r on g dose-depen den t VP -16 cyt ot oxicit y for bot h ␤ϩ/ϩ and ␤Ϫ/Ϫ cells, wit h n o sign ifica n t differ en ce in cyt ot oxicit y for t h e t wo lin es (da t a n ot sh own ). Th is fin din g is con sist en t wit h ea r lier st u dies sh owin g n o sign ifica n t differ en ce in VP -16 cyt ot oxicit y for ␤ϩ/ϩ and ␤Ϫ/Ϫ cells (4).

Dru g-In d u ced T opoisom erase II-DN A Crosslin k s

We u sed a filt er -ba sed a ssa y for cellu la r t opoisom er a se-DNA cr osslin ks (5) t o m ea su r e t opoisom er a se II poison in g by m -AMSA a n d XK469 in ␤ϩ/ϩ and ␤Ϫ/Ϫ cells (F ig. 2). Th er e wa s a pr on ou n ced . MTT cyt ot oxicit y a ssa ys for cells t r ea t ed wit h m -AMSA or S(Ϫ)XK469. Th e da t a poin t s ea ch r epr esen t t h e a ver a ge of fou r exper im en t s, a n d st a n da r d devia t ion er r or ba r s a r e sh own in t h ose ca ses wh er e t h ey a r e la r ger t h a n t h e gr a ph sym bols. E, er a se II␤ kn ockou t cells (␤Ϫ/Ϫ); ■, wild-t ype (␤ϩ/ϩ) cells. (A) Su r viva l cu r ves for cells exposed t o S(Ϫ)XK469 for 1 h at the in dica t ed a t ion s. (B) Su r viva l cu r ves for cells exposed t o S(Ϫ)XK469 for t h r ee da ys (␤ϩ/ϩ IC 50 ϭ 175 M, ␤Ϫ/Ϫ IC 50 ϭ 581 M). (C) Su r viva l r cells exposed t o m -AMSA a t t h e in dica t ed con cen t r a t ion s for 1 h (␤Ϫ/Ϫ IC 50 ϭ 2.7 M, ␤ϩ/ϩ IC 50 ϭ 2.2 M). (D) Su r viva l cu r ves exposed t o m -AMSA for t h r ee da ys (IC 50 Х 0.07 M for bot h ␤Ϫ/Ϫ and ␤ϩ/ϩ cells).
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-/-moiety of VP-16. Although most of the amino acid residues are conserved between the two isoforms, this glutamine is replaced with a methionine (M762) in the sequence of TOP2A. 17 Such changes in polarity and dynamics between the two binding pockets could be exploited for the design of TOP2-selective VP-16 derived drugs.

Aim of the project

The aim of this project was to exploit the differences in polarity between TOP2A and TOP2B binding pockets in order to develop isoform-selective VP-16 analogues. As depicted in the ternary complex crystal structure (Figure 7), 17 both the lactone D-ring and the glycosidic moiety of VP-16 interact with the Q778 residue of TOP2B. Hence, we propose a library that includes a series of diversely functionalized lactone-modified and sugar-modified analogues, in order to explore the chemical space within TOP2 isoforms binding pockets.

In past years, several VP-16-derived drugs have been synthesized and screened in search for more effective candidates, providing structural-activity relationship insights that were later confirmed by the X-ray structure of the ternary complex. 17 In these models the glycosidic moiety of VP-16 can be usually modified without losing potency, an observation supported by the wide binding pocket in which this part of the drug is accommodated. Among the analogues described, the superior cytotoxicity of some 1,4-triazolyl-derivatives 30 prompted us to investigate the effect of this substitution on the selective targeting of TOP2 isoforms.

While most of the described variations affect the sugar, few examples are reported on D-ring modification. Nonetheless, it is known that VP-16 is subjected to metabolic inactivation due to the opening in its hydroxy-acid derivative, possibly together with epimerization from the trans-to the cis-lactone. 31 Most of the derivative described 31b,32 revealed a decreased cytotoxicity, but replacement of the lactone with a lactam ring resulted in slight increase in potency. Thus, we considered such underexplored transformation for the design of our library, with the possibility to further introduce various appendages and open derivatives.

The project includes the synthesis of the two classes of analogues and their subsequent biological evaluation, including TOP2 poisoning and DNA damage assays, as well as the investigation of isoforms contribution to compounds cytoxicity. 

Results and discussion

Chemistry

The compounds presented here can be classified in relation with the variations introduced on VP-16 scaffold, and therefore will be described in separated sections. The first class of lactone-modified VP-16 analogues includes a series of hydrazide and lactam derivatives, resulting from the nucleophilic opening of the lactone D-ring and successive modifications.

The second class of sugar-modified VP-16 analogues is based on the functionalization of VP-16 aglycone core with triazole appendages, further divided in type 1 and type 2 triazolylderivatives, depending on the nature of the triazole linker (Figure 11). 

Synthesis of lactone-modified VP-16 analogues

Our initial attempts to convert the lactone D-ring of VP-16 into a lactam derivative were unsuccessful. Common strategies on simple lactones involve the one-pot conversion into lactams (Scheme 1, route A), 34 or alternatively a two steps ring opening-ring closing approach (Scheme 1, route B), 34a,35 mediated by the nucleophilic attack of amines. The limited stability of VP-16 (1) in solutions, where it is readily hydrolyzed to its aglycone (12) in acidic conditions, or epimerized into the less strained picroetoposide (13) at pH values above 6 (Scheme 2), narrows the choice of reaction conditions 36 Hence, the limiting factor of the described strategies is the basicity of the amines, which in our hands always led to lactone epimerization as the only detected product. The use of nearly neutral conditions, as previously reported for the opening of base-sensitive lactones, 35a were also ineffective, resulting in the absence of any appreciable reactivity.

Scheme 2: Degradation of VP-16 in acidic and basic conditions.

To the best of our knowledge, the only successful strategy reported in the literature for VP-16 conversion into a lactam derivative employs hydrazine for the nucleophilic opening of the lactone D-ring. 37 The reduced hydrazine basicity (pK a (N 2 H 4 ) = 8.10 vs. pK a (CH 3 NH 3 ) = 10.62) 38 , together with the increased nucleophilicity due to the α-effect 39 of the adjacent nitrogen substituent, may explain the efficacy of these reaction conditions.

Thus we decided to exploit this strategy for the synthesis of hydrazide and lactam derivatives 

D-ring opening with hydrazine

The opening of VP-16 lactone D-ring to yield the hydrazide derivative 14 was performed in refluxed methanol/acetic acid in the presence of hydrazine (Scheme 3). These mild conditions are optimal to avoid VP-16 conversion into its aglycone derivative and to minimize the lactone conversion into the less strained cis-isomer. However, the formation of the cishydrazide 15 is favoured by its precipitation as a methanol insoluble white product, thus shifting the equilibrium toward the formation of this derivative. The optimal conditions both for the total reaction yield (89%) and for the formation of the trans-derivative 14 (51%) were obtained with the use of a 2:1 ratio of hydrazine: acetic acid (both in excess with respect to VP-16), refluxing the mixture for 2 hours.

Bidimensional NOESY spectra were performed in order to confirm the stereochemistry attributed to each hydrazide derivative (Figure 12). OH OH

H 1 H 2 H 3 H 1 H 2 H 3
cis-hydrazide 15 trans-hydrazide 14

Synthesis of acyl-hydrazones

Both the trans-and the cis-hydrazide were easily converted into the corresponding hydrazones (16 and 17 respectively) by reacting benzaldehyde overnight at room temperature (Scheme 4). The condensation proceeds with optimal yields for both isomers (98% and 86% for the trans-and the cis-isomer respectively), and can potentially be extended to the synthesis of any aldehyde-derived hydrazone. Thus, this reaction opens the future possibility to functionalize the opened (and consequently the closed) VP-16 hydrazone derivatives, with different side chains derived from the appropriate choice of the reacting aldehydes.

Scheme 4: Synthesis of the hydrazones 16 and 17.

The hydrazones were obtained as a mixture of their two configurational syn/anti isomers, depending on the position of the side chain with respect to the C=N double bond. 40 This mixture was used in the next step without further separation. The same Mitsunobu conditions were reported to be ineffective on the cyclization of the open hydrazide derivative 14, 37 thus explaining the need for a conversion into a hydrazone intermediate. The closed hydrazone 18 and 19 were isolated as single isomers with respect to the C=N double bond, although starting from a mixture of the syn and the anti derivatives.

Using bidimensional NOESY spectra, 18 and 19 were characterized as the anti-isomers, confirmed by the NOE signal between the H-11 and the hydrazone CH=N proton (Figure 13). To explain this outcome we hypothesized the interconversion between the two isomers, catalysed by mild basic conditions of the reaction mixture. It is indeed well known that hydrazone isomerization can be efficiently catalysed in acidic and basic conditions. 40 The mechanism involves a hydrazone-azo tautomerization followed by rotation around the C-N single bond, resulting in the change of the relative positions of the C=N double bond substituents. 40 Thus, following the deprotonation of the open hydrazones, the two isomers could equilibrate and we postulate that the higher stability of the anti-derivative, due to reduced steric tensions, would shift the equilibrium toward the production of this derivative.

However, deeper investigations, beyond the scope of this project, are needed to validate these hypotheses. The lactam derivatives 20 and 21 were obtained by simple cleavage of the N-N bond with Ni-Ra in refluxing ethanol (Scheme 6). It is necessary to thoroughly wash Ni-Ra till neutrality prior to use, to avoid any epimerization of the starting material.

These lactam derivatives are expected to be more stable than VP-16 in hydrolytic condition, a feature that could be exploited to circumvent the metabolic inactivation of the drug. 37 All the synthesized compounds are potential candidate as TOP2 poisons and therefore, together with the final lactams, also the intermediate products were evaluated. It is reasonable to expect that the opened derivatives should exhibit a decreased activity as compared to the closed ones, as the hydroxy-acid inactive metabolites would suggest.

However, the presence of the hydrazone functionality drastically changes the steric and polar properties of the small molecule, thus any prediction can be misleading.

Stability tests

The closed hydrazones 18 and 19 were evaluated for their stability in aqueous buffered solutions, in order to quantify the extent of their hydrolysis to the hydrazine derivatives 22

and 23 (Scheme 7). Stability evaluation is fundamental to avoid any false-positive/negative result from in cellulo screenings. Hence, the compounds were incubated at 37°C in 100 mM phosphate buffer solutions, checking the degree of conversion at different pHs (pH = 5, 6, 7) and at different time points (24, 48, 72 hours), by means of HPLC-MS (Figures 141516171819). As expected the conversion was pH dependent, being more effective in acidic conditions, in agreement with the superior hydrolytic stability of hydrazones compared to imines. 41 
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Synthesis of sugar-modified VP-16 analogues

To conveniently introduce different triazole-containing functionalities, we designed a synthetic route starting from podophyllotoxin (9, Scheme 8), a structurally related natural compound used as VP-16 synthetic precursor. 14 The synthetic strategy includes the preparation of azide (type ii) the presence of a methoxy substitution at the 4'-position onto the E-ring. Over the past decades several strategies have been designed for the C-4 epimerization and 4'demethylation of podophyllotoxin. 42,43 In particular, the use of methanesulphonic acid together with sodium followed by weak basic hydrolysis, 43c efficiently enabled the one-pot conversion of 9 into 4'-demethyl epipodophyllotoxin 24 (Scheme 8). Interestingly, the nature of the solvent was reported to affect the effectiveness of demethylation. For example the use of acetonitrile, instead of dichloromethane, yielded the methylated derivative epipodophyllotoxin 25.

Scheme 8: Conversion of podophyllotoxin into the epimerized derivatives 24 and 25.

In both cases the reaction is highly stereoselective, affording primarily the (4S)-OH derivatives. Presumably, the mechanism implicates a SN 1 substitution, where the attack of the iodine on the transient benzylic carbocation is directed by the bulky C-1 E-ring appendage. 42 In parallel, the in situ generation of hydrogen iodide is thought to be involved in the chemoselective demethylation of the 4'-methoxy substituent. 43c However, the basis of the ineffectiveness of the demethylation in acetonitrile are still elusive, though probably related with the solvent coordinating properties.

Thus, we exploited this divergent strategy to obtain both 24 and 25, as synthetic precursors of the azido-podophyllotoxin derivatives 27 and 28, respectively (Scheme 10). The choice to extend the conversion to the 4'-methylated analogues was prompted by the need to investigate the effect of this functionalization on the TOP2 poisoning properties of these VP-16 analogues.

Scheme 10: Synthesis of azides 27 and 28.

The synthesis of azides 27 and 28 was efficiently achieved with excellent yields (82% and 91% respectively), combining trifluoroacetic acid catalysis and sodium azide. 44 The same previously described SN 1 mechanism is likely involved in the stereoselective generation of these (4S)-N 3 derivatives, which absolute stereochemistry at the C-4 was confirmed by bidimensional NOESY spectra (data not shown).

We attempted to perform the one-pot conversion of podophyllotoxin 9 into the azidoderivative 27. The reaction was performed adding either sodium azide of trimethylsilyl azide (TMSN 3 ) to the reaction media, after the inversion/demethylation step. Although the formation of the product was detected in both instances, the low conversions as well as the presence of unknown by-products and impurities prompted us to favour a two steps strategy.

Type 1 triazolyl-derivatives: azide-alkyne cycloaddition

With the purpose to explore the effect of charge, polarity and steric hindrance on the TOP2 targeting properties of these triazolyl-VP-16 analogues, we chose a set of alkynes (29-36, While most of these alkynes could be purchased from commercial sources, compounds 35 and 36 were easily obtained following previously reported procedures (Scheme 11). 45 Sonogashira cross-coupling between the iodo-derivative 37 and trimethylsilylacetylene (TMSA), efficiently yielded the TMS-alkyne intermediate 38, which deprotection either in neutral or basic conditions afforded compounds 35 or 36, respectively. Our initial approach was intended for the synthesis of both 1,4-and 1,5-disubstituted 1,2,3triazole analogues. The Huisgen's dipolar azide-alkyne cycloaddition is the most direct route to obtain both regioisomers. However, because of the high activation energies (ca. 24-26 kcal/mol), 46 the reaction is extremely slow and requires elevated temperature (80-120°C), producing mixtures of both 1,4-and 1,5-isomers. Consequently, catalysed versions have been designed for the regioselective synthesis of both triazoles, with the well known copper (I)-catalysed azide-alkyne cycloaddition (CuAAC) 47 for the 1,4-analogues, and the ruthenium 46 catalysed version for its 1,5-disubstituted counterparts.

We thus explored both routes for the reaction between the azido-podophyllotoxin derivative 27 and the commercially available propargyl alcohol 30 (Scheme 12). The copper-"catalysed" version of this reaction was performed as previously described for the synthesis of the Consequently, we decided to step back to the thermal strategy, with the intention to separate the two regioisomers in the purification stage. This approach was previously adopted for the synthesis of the 1,4-and 1,5-triazolyl-epipodophyllotoxins 41 and 42, starting from the azidoderivative 28 and the alkyne 31 (Scheme 13). 48 Scheme 13: Thermal azide-alkyne cycloaddition for the synthesis the 1,4-and 1,5-triazolyl-epipodophyllotoxin derivatives 41 and 42.

We performed the reaction in ethanol in the presence excess alkyne (5 equiv.). Unlike previously reported procedures, the reaction required almost two days to reach the maximum conversion, with very low isolated yields for the 1,5-disubstituted analogue 42 (6%). The triazole regiochemistry was assigned by means of bisimensional NOESY spectra, where only the 1,4-derivative displays a NOE signal between the triazole proton and the H-2, H-4 and H-5 protons. This assignment was further confirmed by the X-ray structure of derivative (Figure 21). Similarly the reaction was performed with alkyne 30 (products 43 and 44), and with both alkynes 30 and 31 on the azido-derivative 27 (products 39-40 and 45-46), but in all cases the low isolated yields were limiting the synthetic utility of this strategy (Figure 22). Moreover, we observed the formation of by-products 47 and 48, resulting from the nucleophilic substitution of the benzylic azide with ethanol (Figure 23). To avoid this sidereactivity and increase the reaction yields, we investigated the reaction between 28 and 31 in acetonitrile, but this resulted in the formation of the 1,4-derivative only, probably for its low solubility in this solvent. Therefore we focused our interest on the synthesis of the sole 1,4-derivatives, easily accessible with the CuAAC strategy (Scheme 14). The outcomes were highly variable depending on the alkyne and the azide employed (Table 1).

Although most of the reaction proceeded to complete conversion, only few products could be isolated in optimal yields, due to tedious purifications and partial degradations. Generally, the azido-derivative 28 resulted in better isolated yields compared to that of the the corresponding demethylated analogue 27, thus suggesting a negative impact of the free phenolic group. Alkynes bearing an acidic function (32 and 36) were hardly reactive, requiring copper amounts above stoichiometry and long reaction times. On the contrary, reactions with alkyne 29 were efficient with low catalytic amounts of CuSO 4 (4%), possibly due to the amine coordinating properties, known to positively impact the CuAAC. 49 To exclude any epimerization derived from the presence of this amine, the transstereochemistry of the lactone D-ring was confirmed by NOESY bidimensional spectra (data not shown).

Although variable, this strategy was successfully employed for the cycloaddition of azides 27

and 28 with all the remaining alkynes listed in 
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Type 2 triazolyl-derivatives: synthesis of the alkyne-podophyllotoxin precursors

In order to gain flexibility and to increase the library chemical diversity, we decided to design a new class of triazolyl-epipodophyllotoxin derivatives, with a methylenoxy bridge connecting this functionality and the aglycone core. Moreover, the different orientation of the triazole ring, could mediate its engagement in an alternative net of hydrogen bonds with the protein residues, thus exploring a complementary set of interactions than the type 1 class.

The synthetic route to obtain these compounds implicates the synthesis of the alkynepodophyllotoxin precursors 61 and 62, prepared one-pot from podophyllotoxin 9 (Scheme 15). The strategy adopted was a variation of the inversion/demethylation reaction previously employed for the synthesis of 24 and 25 (Scheme 8). Following treatment with methanesulphonic acid and sodium iodide, either in dichloromethane or acetonitrile, the 

Type 2 triazolyl-derivatives: azide-alkyne cycloaddition

As for type 1 analogues, the choice of the azide reactants was directed in order to cover different patterns of hydrogen bonds, charges, π-π interactions and steric hindrances (63-71, Since only compound 64 was commercially available, we proceeded to the synthesis of the other azides, following reported strategies. The aliphatic azides 63, 65, 66 and the benzylic derivatives 70 and 71 were easily prepared by nucleophylic substitution on the corresponding halides. Hence, reaction of 3-dimethylamino-1-propylchloride hydrochloride 72 with sodium azide afforded the corresponding azido-derivative 63 in moderate yields (Scheme 16A). 50 Similarly, compounds 65 and 66 were readily obtained starting from 6-bromohexanoic acid 73, with prior esterification to 74 for the preparation of the azido-methyl ester 65 (Scheme 16B). 51 Methyl-4-(bromomethyl)benzoate 75 was also efficiently converted into its General routes for the synthesis of aryl azides exploit the diazotation of the amine derivatives, followed by treatment with sodium azide. However, this method is generally problematic because of functional groups compatibility and poor efficiency with electron rich

aromatics. An alternative methodology employs the Ullmann-type conversion of aryl halides to aryl azides, using CuI as catalyst. 53

Scheme 17: Synthesis of azides 67-69.

Thus, starting from the corresponding halides 76, 77 and 78, we were able to efficiently synthesize the aromatic azides 67, 68 and 69, respectively, in good to excellent yields (Scheme 17). In comparison with type 1 analogues, these reactions generally proceeded with better yields, reduced times (mostly less then 3 hours) and require lower amounts of catalyst (4% of CuSO 4 ). Although conversions were generally quantitative, isolated yields were lower than expected, again with better results for the methylated products obtained from 62. It is conceivable that these outcomes arise from the low solubility of the 4'-OH derivatives in both organic and aqueous solutions, affecting product purification. In contrast to type 1 analogues, reactions with azides 66 and 71 did not require higher amounts of catalyst, suggesting a different incidence of the acidic function onto azide/alkyne reactivity. Again, the presence of the amine functionality of 63 positively affected the cycloaddition, reducing the temperature at work.

Together with the lactone-modified analogues, all these triazolyl-derivatives are potential candidates as TOP2 poisons. Biological evaluation is reported in the next section.

Biological activity

The synthesized VP-16 analogues were evaluated for their ability to differentially target human TOP2A and TOP2B in leukemia cells. To assess the compounds poisoning properties, we performed the trapped in agarose DNA immunostaining (TARDIS) assay (paragraph 3.2.1.), which allows for the in cellulo visualization and quantification of drugstabilized TOP2-DNA complexes. Additionally, to investigate whether the trapping of cleavage complexes actually triggered the generation of drug-induced DSBs, we quantified H2AX phosphorylation following treatment with the identified TOP2 poisons (paragraph

3.2.2.).

Active compounds were finally tested for their ability to inhibit growth, on cell lines expressing different levels of TOP2A and TOP2B, in order to determine the contribution of each isoform to compounds cytotoxicity (paragraph 3.2.3.).

TARDIS assay

The TARDIS assay 54 Unlike more traditional techniques, such as DNA cleavage and relaxation assays, the TARDIS method offers the possibility to evaluate compounds activity in live cells, resulting in a highly sensitive and reliable way to detect TOP2-DNA complexes and to unambiguously distinguish between TOP2 poisons and catalytic inhibitors.

To perform the TARDIS assay we chose K562 leukemia cells, known to express similar levels of TOP2A and TOP2B isoforms. 55 As a preliminary screen, all the analogues were tested in a single-dose experiment. The active compounds were then selected for further investigations in replicates and dose-response experiments.

Optimization with VP-16

In order to choose the optimal working conditions, VP-16 was tested at multiple concentrations in the TARDIS assay. The dose-response experiment was performed at 5, 10, 50 and 100 µM of VP-16, using DMSO as negative control (-ve, 20 µl) and detecting both TOP2A and TOP2B ternary complexes (Figures 28 and29). As expected, VP-16 targeted both TOP2A and TOP2B in a dose-dependent manner. 20 Since a good signal with both isoforms was obtained at 100 µM of VP-16, this concentration was selected for the preliminary screen of the synthesized analogues.

In the following TARDIS, the compounds were screened at 100 µM, including DMSO (-ve, 20

µl) and VP-16 (100 µM) as negative and positive controls, respectively. The collected data were normalized to VP-16, allowing the comparison between the activities of the analogues and the commercial drug. 

Lactone-modified VP-16 analogues

From a preliminary screen it was evident that modifications of the lactone D-ring resulted in a drastic decrease of compounds activity (Table 3). Among them, only for compounds 18 and 20 it was possible to detect the formation of TOP2-DNA covalent complexes and these derivatives were further investigated in triplicates. Due to low TOP2 poisoning properties, these analogues were not included in subsequent experiments and were not evaluated further.

Sugar-modified VP-16 analogues

Although most of the analogues of this class did not show any significant activity (Tables 4 and5), compounds 49, 79, 81 and 85 were identified as TOP2 poisons. From this initial screen we found that the introduction of a 4'-methoxy substitution completely abolished the activity of the small molecules, as seen for the parental analogues of the active poisons (compounds 55, 88, 90 and 94 respectively). As seen from the VP-16-TOP2B-DNA ternary complex crystal structure, 17 the 4'-OH interact with a key residue of TOP2B, and the introduction of a bulky methoxy substituent may cause steric repulsion and simultaneous loss of favourable interactions. In addition, we found that all the negatively charged derivatives ' Using$ the$ TARDIS$ assay$ it$ was$ possible$ to$ identify$ AM=371,$ AM=366,$ AM=393$ and$ AM=387$ as$ topoisomerase$II$poisons$that$stabilize$DNAMtopoisomerase$II$covalent$complexes.$These$compounds$ present$a$general$decreased,$but$still$significant$activity$in$relation$to$etoposide,$especially$for$AM= 371$ and$ AM=387.$ Furthermore$ AM=371$ shows$ a$ preferential$ targeting$ of$ the$ β$ isoform$ when$ compared$to$etoposide.$$ The$ crystal$ structure$ of$ the$ ternary$ complex$betweenTOP2B$MDNAMetoposide$determined$in$2011, 4$ highlights$the$presence$of$a$spacious$ binding$pocket$for$the$glycosidic$moiety$of$the$drug,$with$relatively$few$interactions.$Comparing$the$ two$class$of$sugarMmodified$analogues,$is$clear$that$the$propragyl$podophyllotoxin$derivatives$display$ a$ spread$ binding$ ability,$ in$ contrast$ with$ the$ azido$ podophyllotoxin$ ones,$ for$ which$ AM=371$ is$ the$ ' Using$ the$ TARDIS$ assay$ it$ was$ possible$ to$ identify$ AM=371,$ AM=366,$ AM=393$ and$ AM=387$ as$ topoisomerase$II$poisons$that$stabilize$DNAMtopoisomerase$II$covalent$complexes.$These$compounds$ present$a$general$decreased,$but$still$significant$activity$in$relation$to$etoposide,$especially$for$AM= 371$ and$ AM=387.$ Furthermore$ AM=371$ shows$ a$ preferential$ targeting$ of$ the$ β$ isoform$ when$ compared$to$etoposide.$$ The$ crystal$ structure$ of$ the$ ternary$ complex$betweenTOP2B$MDNAMetoposide$determined$in$2011, 4$ highlights$the$presence$of$a$spacious$ binding$pocket$for$the$glycosidic$moiety$of$the$drug,$with$relatively$few$interactions.$Comparing$the$ two$class$of$sugarMmodified$analogues,$is$clear$that$the$propragyl$podophyllotoxin$derivatives$display$ a$ spread$ binding$ ability,$ in$ contrast$ with$ the$ azido$ podophyllotoxin$ ones,$ for$ which$ AM=371$ is$ the$ 
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The four identified TOP2 poisons were then investigated in dose-response experiments, additionally including compound 96 as a VP-16-analog negative control, possessing both the Additionally, useful structure-activity relationship insights could be drawn from the screening of the three libraries. The presence of a positive charged side chain, rather than neutral and negatively charged, seems to actively contribute to the TOP2 poisoning properties of the sugar-modified class. Conversely, a 4'-methoxy substitution on the E-ring drastically reduces compounds activities. In parallel, modifications of the D-ring appear to be deleterious for TOP2 targeting, where trans/cis epimerization or conversion of the lactone into an opened or cyclic hydrazide drastically abolishes drugs activities.

γ-H2AX assay

The phosphorylated histone H2AX (γ-H2AX), a variant of the core histone H2A family, is a powerful surrogate marker widely used in cancer research to monitor the generation of DNA DSBs. 56 The induction of γ-H2AX is one of the earliest cellular event detected following DNA damage, which in turns contributes to stimulate DNA-damage response (DDR) to repair DNA lesions. DSBs generation is a distinctive feature of TOP2 poisons, resulting from the stabilization of the enzyme-DNA covalent complexes. In order to determine the amount of DSBs induced by the active compounds identified with the TARDIS assay (49, 79, 81 and 85), we independently treated K562 cells with each analogue and monitored γ-H2AX by means of immunofluorescence detection (Figure 42). Compound 96 was also included as a VP-16 negative control and to assess whether this particular analogue was promoting DSBs production in a TOP2-independent fashion. 
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Thus, K562 cells were treated and fixed with paraformaldehyde. After permeabilization, γ-H2AX was probed with a specific primary antibody, followed by fluorescence immunostaining (green). As for the TARDIS assay, a nuclear staining dye (DAPI, blue) was employed to stain genomic DNA. Microscope analysis was then employed to quantify secondary antibody immunofluorescence in individual cells. Compounds were screened at 100 µM in replicates, including DMSO (-ve, 20 µl) and VP-16 (100 µM) as negative and positive control, respectively, and the collected data were normalized to VP-16.

As illustrated in Figure 42, the identified TOP2 poisons prompted DNA damage stimulation with the general trend of 49 > 85 > 81, consistent with previous data. The absence of γ-H2AX

induction following treatment with 96 is also in line with its lack of activity in the TARDIS assay. We observed that compound 79 displayed a superior ability to generate DSBs than the other synthetic analogues, with an activity comparable to that of VP-16 (p-value: 0.319).

In contrast, this compound was found to stabilize TOP2-DNA covalent complexes to a similar extent that 49, as evidenced by TARDIS assay. Because the activation of the DDR requires enzymatic processing of the TOP2-DNA-drug complexes, 10 this result suggest that ternary complexes formed with 79 might be detected and processed differently than complexes formed with the other analogues. It is conceivable that a more favorable kinetics of ternary complex formation with 79 led to a faster proteolytic processing and a higher rate of DSBs mark production. 57 However, we cannot rule out that compound 79 exerts its activity partially as a result of a TOP2-independent mechanism. Future work to address the mechanism by which 79 operates may include co-treatment experiments with the TOP2 catalytic inhibitor ICRF-187. 25 

Growth inhibition assay (XTT assay)

XTT-based growth inhibition assays 58 were performed to investigate the contribution of each isoform to inhibition of Nalm-6 leukemia cells proliferation, upon treatment with VP-16 analogues. To this end, we employed wild type (Nalm-6 WT) and gene knock-out cell lines, including cells expressing TOP2A levels decreased to 50% (Nalm-6 TOP2A+/-) and TOP2B

knock-out cells (Nalm-6 TOP2B-/-).

VP-16, 49, 79 and 85 were tested on the three cell lines, while the low activities displayed in the previous assays by 81 and 96, prompted us to investigate their growth inhibition properties only on WT Nalm-6 cells. Cells were independently treated with each compound in multiple concentrations (three independent plates, eight replicates each) and incubated days, before staining with XTT. The IC 50 values were defined as the concentration of drug that inhibited growth by 50% relative to control. The p-values were determined with GraphPad software, comparing the results obtained on two (Student's t-test) or three (twoway ANOVA analysis) cell lines. The results are summarized in Table 6, Table 7 and Figure 43 and show a general sensitivity of Nalm-6 cell lines towards growth inhibition induced by VP-16 and related compounds. It is noteworthy that 49 and 79, which contain positively charged substituents, displayed a higher potency compared to the other analogues, consistent with the ability of such functionalities to engage electrostatic interactions with polar amino acid residues, such as the glutamine found in the TOP2B binding pocket. As anticipated, the neutral compound 81 and negatively charged 96 analogues, which induced low levels of DSBs, exhibited little anti- proliferative properties against the cell lines studied, and the dose range employed (0.5 -10 µM) was not sufficient to determine the IC 50 for compound 96.

Strikingly, we found that 85 exhibited almost identical IC 50 values against WT and Nalm-6 TOP2A+/-cells (~3.4/3.5 µM), while it was significantly more potent against Nalm-6 TOP2B-/-cells with an IC 50 value of 1.92 µM. A similar behavior was previously described for the reported TOP2A selective inhibitor NK-314, 23 and may suggest a mechanism whereby 85 preferentially induces cell death through TOP2A targeting, in line with 85 being more potent in absence of the TOP2B protein. Conversely, WT and Nalm-6 TOP2A+/-cells were less sensitive to the treatment, implying that 85 could interact with TOP2B in a non-toxic manner, thus preventing the small molecule to interfere with, and to trigger cell death through TOP2A

targeting in WT and Nalm-6 TOP2A+/-cells. Nevertheless, further investigation is needed to clarify the origin of these distinctive properties.

We have described two classes of VP-16 analogues based on the modification of the lactone D-ring or the replacement of the sugar moiety with diverse substituents. The first class of compounds was synthesized by hydrazine-mediated nucleophilic opening of the lactone ring, resulting in hydrazide epimers that could be conveniently functionalized or cyclized to the lactam form. Alternatively, starting from podophyllotoxin precursors, a second class of compounds was prepared by thermal or copper catalyzed azide-alkyne cycloaddition, where chemical diversity was achieved varying either triazole-linker length and flexibility or side chains steric hindrance and polarity.

The synthesized small molecules were evaluated for their ability to stabilize TOP2-DNA covalent complexes in cells, employing the immunofluorescence-based TARDIS assay. Four TOP2 poisons were identified and further tested in γ-H2AX and growth inhibition assays, in order to estimate their DNA damaging properties and to quantify the contribution of each isoform to compounds cytotoxicity in TOP2-depleted cells.

Our data 60 demonstrates that structural reprogramming of VP-16 scaffold enables the finetuning of TOP2 isoform-specific properties in clinically relevant K562 and Nalm-6 human leukemia cells, thereby providing proof-of-principle for the development of isoform-specific TOP2 drugs derived from VP-16. For instance, we have found that positively charged substrates such as 49 and 78 showed a propensity to affect cell viability in a manner that was reliant on TOP2B targeting, thus reversing their TOP2-dependent cytotoxicity in comparison to VP-16. Despite other compounds have been reported to manifest similar behaviors, 28 this is the fist time that these properties are described for VP-16 analogs. VP-16 non-intercalating features preclude DNA-damaging interactions other than the trapping of TOP2-DNA complexes, an otherwise common effect with intercalating poisons. Thus TOP2 selective VP-16 analogs are urgently needed in TOP2 poisons cancer research. We believe that the described reversed cytotoxicity will be an exploitable property in the study of TOP2Bmediated genomic translocations, providing a direct comparison with the effect of VP-16.

Additional structural investigations are certainly required to characterize the very nature of chemical interactions involved between the described small molecules and TOP2 isoforms with atomic resolution. 17 Since the introduction of a triazole ring was not found to be detrimental to the activity of the most potent derivatives, a future aim is to employ unbiased methodologies such as in situ click chemistry and dynamic combinatorial processes to select suitable fragments catalyzed by a specific TOP2 isoform and identify small molecules with enhanced potency and selectivity. detector. For the final compounds the purity was determined to be >95%, unless otherwise stated. The synthesis was performed according to previously published methods. 37 Glacial acetic acid (1.0 ml, 15.9 mmol, 18.7 equiv) followed by hydrazine (1. The synthesis was performed according to previously published methods. 37 Benzaldehyde (256 µl, 2.5 mmol, 6 equiv) was added to a stirred suspension of 14 (260 mg, 0.42 mmol, 1 equiv) in a DCM: methanol (2:1, 3 ml) mixture. The reaction was stirred at RT overnight and then concentrated under reduced pressure.

Synthesis

Synthesis of lactone-modified VP-16 analogues

The crude product was purified by flash chromatography (DCM: methanol = 95:5 -9:1). Compound 16 was obtained as a white solid (278.7 mg, 98%), as a mixture the two configurational syn/anti isomers. The synthesis was performed according to previously published methods. 37 The synthesis was performed according to previously published methods. 37 Diethylazodicarboxylate (146 µl, 0.74 mmol, 1.9 equiv) was added dropwise to a stirred solution of 16 (279 mg, 0.39 mmol, 1 equiv) and triphenylphosphine (310 mg, 1.18 mmol, 3 equiv) in dry THF (9.0 ml), under argon. The reaction was stirred at RT for 10 min and then quenched with water. The resulting mixture was extracted with a diethyl ether: ethyl acetate = 1:0 mixture followed by two portions of DCM. The collected organic phases were dried over MgSO 4 and the solvent was removed under reduced pressure. The crude product was purified by flash chromatography (DCM: methanol = 95:5). Compound 18 was obtained as a white solid (140.3 mg, 52%). The synthesis was performed according to previously published methods. 37 Diethylazodicarboxylate (86 µl, 0.44 mmol, 1.9 equiv) was added dropwise to a stirred solution The synthesis was performed according to previously published methods. 37 Two spatulas of Nichel-Raney (Ni-Ra), prior washed till neutrality with water and ethanol, were added to a solution of 18 (35 mg, 0.051 mmol, 1 equiv) in absolute ethanol (2.5 ml). The reaction was refluxed for 3.5 h and then a spatula of Ni-Ra was added followed by additional 2.5 h of reflux.

HRMS (ESI

The reaction mixture was filtered through celite, recovering the product with ethyl acetate and hot DMF (≈ 80°C). The collected fractions were concentrated under reduced pressure and then purified by flash chromatography (DCM: methanol = 95:5 -9:1). Compound 20 was obtained as a grey solid (12.2 mg, 41%). The synthesis was performed according to previously published methods. 37 One spatula of Nichel-Raney (Ni-Ra), prior washed till neutrality with water and ethanol, were added to a solution of 19 (12.7 mg, 0.018 mmol, 1 equiv) in absolute ethanol (0.9 ml). The reaction was refluxed for 3.5 h and then a spatula of Ni-Ra was added followed by additional 2.5 h of reflux. The reaction mixture was filtered through celite, recovering the product with ethyl acetate and hot DMF (≈ 80°C). The collected fractions were concentrated under reduced pressure and then purified by flash chromatography (DCM: methanol = 95:5). Compound 21 was obtained as a grey solid (1.4 mg, 13%). 

Synthesis of type 1 derivatives

Synthesis of podophyllotoxin derivative precursors

Synthesis of 4'-demethylepipodophyllotoxin (24)

The synthesis was performed according to previously published methods. 43c

Podophyllotoxin (9, 1.00 g, 2.41 mmol, 1 equiv) was dissolved in dry DCM (24 ml). Sodium iodide (1.09 g, 7.24 mmol, 3 equiv) was added and the resulting suspension was stirred at RT for 5 min. Methanesulfonic acid (470 µl, 7.24 mmol, 3 equiv) was added dropwise at 0°C and the mixture was then warmed to RT and stirred overnight. BaCO 3 (0.48 g, 2.41 mmol, 1 equiv) and a water: acetone mixture (1:1, 32 ml) were added and the mixture was additionally stirred for 1 h at RT. The reaction was quenched with a 10% Na 2 S 2 O 3 aqueous solution (30 ml) and extracted with chloroform (3x30 ml).

The collected organic phases were dried over MgSO 4 and the solvent was removed under reduced pressure. The crude product was purified by flash chromatography (chloroform: acetone: ethyl acetate = 90:5:5). Compound 24 was obtained as a pale pink solid (721 mg, 75%). Together with the desired product, product 25 (4%) was obtained.

Synthesis of epipodophyllotoxin (25)

The synthesis was performed according to previously published methods. 43c

Podophyllotoxin (9, 1.00 g, 2.41 mmol, 1 equiv) was dissolved in dry acetonitrile (24 ml). Sodium iodide (0.72 g, 4.82 mmol, 2 equiv) was added and the resulting suspension was stirred at RT for 5 min. Methanesulfonic acid (313 µl, 4.82 mmol, 2 equiv) was added dropwise at 0°C and the mixture was then warmed to RT and stirred for 15 min. BaCO 3 (0.48 g, 2.41 mmol, 1 equiv) and a water: acetone mixture (1:1, 32 ml) were added and the mixture was additionally stirred for 1.5 h at RT.

The reaction was quenched with a 10% Na 2 S 2 O 3 aqueous solution (10 ml) and extracted with chloroform (2x30 ml) and ethyl acetate (2x30 ml). The collected organic phases were dried over MgSO 4 and the solvent was removed under reduced pressure. The crude product was purified by flash chromatography (chloroform: acetone: ethyl acetate = 90:5:5). Compound 25 was obtained as a white solid (654 mg, 65%). 

Synthesis of 4β-azido-4-deoxy-4'-demethylepipodophyllotoxin (27)

The synthesis was performed according to previously published methods. 44 4'-demethylepipodophyllotoxin (24, 0.20 g, 0.50 mmol, 1 equiv) and sodium azide (0.165 g, 2.54 mmol, 5.1 equiv) were suspended in chloroform (2.4 ml).

Trifluoroacetic acid (0.54 ml, 7.00 mmol, 14 equiv) was added dropwise and the mixture was stirred at RT for 1 h. The reaction was quenched with a saturated NaHCO 3 aqueous solution (6 ml) and extracted with chloroform (3x10 ml). The collected organic phases were dried over MgSO 4 and the solvent was removed under reduced pressure. Compound 27 was obtained as a pale pink solid (174 mg, 82%) and it was used in the next step without further purifications. 

Synthesis of 4β-azido-4-deoxyepipodophyllotoxin (28)

The synthesis was performed according to previously published methods. 44 Epipodophyllotoxin (25, 91 mg, 0.22 mmol, 1 equiv) and sodium azide (72 mg, 1.11 mmol, 5.0 equiv) were suspended in chloroform (1.1 ml).

Trifluoroacetic acid (0,24 ml, 3.11 mmol, 14 equiv) was added dropwise and the mixture was stirred at RT for 1 h. The reaction was quenched with a saturated NaHCO 3 aqueous solution (3 ml) and extracted with chloroform (3x5 ml). The collected organic phases were dried over MgSO 4 and the solvent was removed under reduced pressure. Compound 28 was obtained as a white solid (88 mg, 91%) and it was used in the next step without further purifications. 

Synthesis of alkynes

Synthesis of methyl 4-ethynylbenzoate (35)

The synthesis was performed according to previously published methods. 45 Methyl 4-iodobenzoate (37, 1 g, 3.82 mmol, 1 equiv), Pd(PPh 3 ) 2 Cl 2 (107 mg, 0.15 mmol, 4%), CuI (17.5 mg, 0.09 mmol, 2.4%) and triphenylphosphine (16.0 mg, 0.06 mmol, 1.6%) were placed in a round-bottomed flask and the system was purged with argon. Dry triethylamine (12 ml) was added followed by trimethylsilylacetylene (TMSA, 0.81 ml, 5.73 mmol, 1.5 equiv). The mixture was stirred at RT overnight. After filtration, the solvent was removed under reduced pressure. The residue was purified by flash chromatography (heptane: ethyl acetate = 100:0 -0:100) to obtain product 38 as a pale yellow solid (797 mg, 90%). Product 38 (336 mg, 1.44 mmol, 1 equiv) was suspended in THF (2 ml) and a 0.1 M solution of tetra-n-butylammonium fluoride in THF (TBAF, 1.5 ml) was added at -20°C. The solution was stirred at -20°C for 30 min and then diluted with water (30 ml). The mixture was extracted with diethyl ether (2x30 ml) and the combined organic layers were dried over MgSO 4 . After filtration, the solvent was removed under reduced pressure. The residue was purified by flash chromatography (heptane: ethyl acetate = 100:0 -0:100) to obtain the desired product 35 as a pale yellow solid (148 mg, 64%). 

Synthesis of 4-ethynylbenzoic acid (36)

The synthesis was performed according to previously published methods. 45 Product 38 (455 mg, 1.96 mmol, 1 equiv) was dissolved in ethanol (1.7 ml) and a 1.0 N NaOH aqueous solution (2.5 ml) was added at 0°C. The solution was stirred at 0°C for 2 h and then at RT overnight. The final mixture was washed with diethyl ether (2x10 ml) and the aqueous layer was acidified with a 1N HCl aqueous solution. The solid precipitated was extracted with diethyl ether (3x10 ml) and the combined organic layers were washed with water (10 ml) and dried over MgSO 4 , filtered and concentrated under vacuum.

Compound 36 was obtained as an orange solid (238 mg, 94%) and it was used in the next step without further purifications. 
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dried over MgSO 4 and the solvent was removed under reduced pressure. The mixture was purified by HPLC (water + 0.1% of HCOOH, acetonitrile + 0.1% of HCOOH = 82:18) and the final product was converted into the corresponding hydrochloride salt. Compound 55 was obtained as a white solid (7.5 mg, 58%). 

Synthesis of 4β-(4-hydroxymethyl-1,2,3-triazolyl)-4'-demethylepipodophyllotoxin (39)

Product 27 (50 mg, 0.118 mmol, 1 equiv) and propargyl alcohol (30, 35 µl, 0.59 mmol, 5 equiv) were dissolved in an ethanol: DCM mixture (10:1, 1.65 ml) and the reaction was stirred at 70 -80°C for 11 days, during which propargyl alcohol was periodically added to compensate eventual evaporation. The reaction solvent was removed under reduced pressure and the mixture was purified by HPLC (water: acetonitrile = 70:30). Compound 39 was obtained as a white solid (13.1 mg, 23%). 

Synthesis of 4β-(4-hydroxymethyl-1,2,3-triazolyl) epipodophyllotoxin (43)

The synthesis was performed according to previously published methods. 48 Product 28 (50 mg, 0.114 mmol, 1 equiv) and propargyl alcohol (30, 34 µl, 0.57 mmol, 5 equiv)

were dissolved in an ethanol: DCM mixture (10:1, 1.65 ml) and the reaction was stirred at 70 -80°C for 11 days, during which propargyl alcohol was periodically added to compensate eventual evaporation. The reaction solvent was removed under reduced pressure and the 

Synthesis of 4β-(4-carbomethoxy-1,2,3-triazolyl) epipodophyllotoxin (41)

The synthesis was performed according to previously published methods. 48 Product 28 ( 

Synthesis of 4β-(4-carboxymethyl-1,2,3-triazolyl) epipodophyllotoxin (56)

Product 28 (10 mg, 0.023 mmol, 1 equiv) and 3-butynoic acid (32, 19.3 extracted with ethyl acetate (3x5 ml). The collected organic phases were dried over MgSO 4 and the solvent was removed under reduced pressure.

The mixture was purified by flash chromatography (heptane: ethyl acetate = 1:9 + 0.1% of acetic acid). Compound 52 was obtained as a white solid (6.0 mg, 45%). extracted with ethyl acetate (3x5 ml). The collected organic phases were dried over MgSO 4 and the solvent was removed under reduced pressure.

The mixture was purified by flash chromatography (heptane: ethyl acetate = 1:9). Compound 58 was obtained as a grey solid (6.5 mg, 50%). 
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(1H, dd, J = 5.0, 14.0 Hz). 13 C NMR (125 MHz, CDCl 3 ) δ 173.0, 152.9, 149. [M+H] + : 439.1387, found: 439.1377.

Synthesis of 4β-(prop-2-ynyloxy) epipodophyllotoxin (62)

Podophyllotoxin (9, 0.46 g, 1.11 mmol, 1 equiv) was dissolved in dry acetonitrile (11 ml). Sodium iodide (333 mg, 2.22 mmol, 2 equiv) was added and the resulting suspension was stirred at RT for 5 min. Methanesulfonic acid (144 µl, 2.22 mmol, 2 equiv) was added dropwise at 0°C and the mixture was then warmed at RT and stirred for 15 min. The solvent was removed under vacuum and the crude product was suspended in dry THF (10 ml).

BaCO 3 (219 mg, 1.11 mmol, 1 equiv) and propargyl alcohol (10 ml) were added and the mixture was additionally stirred for 30 min at RT. The reaction was quenched with a 10% Na 2 S 2 O 3 aqueous solution (10 ml) and diluted with water (30 ml). The product was extracted with ethyl acetate (3x50 ml) and the collected organic phases were dried over MgSO 4 .

The crude product was purified by flash chromatography (DCM: ethyl acetate = 9:1). Compound 62 was obtained as a white solid (309 mg, 62%). 

Synthesis of azides

Synthesis of 3-azido-N,N-dimethylpropan-1-amine (63)

The synthesis was performed according to previously published methods. 50 3-Dimethylamino-1-propylchloride hydrochloride (72, 1.0 g, 6.33 mmol, 1 equiv) and sodium azide (1.2 g, 19 mmol, 3 equiv) were dissolved in water (10 ml) and stirred at 80°C

O O O O O O O O N 3 N
overnight. The solution was cooled to RT and basified with solid KOH (353 mg, 6.33 mmol, 1 equiv). The mixture was extracted with diethyl ether (3x10 ml), the collected organic phases were dried over MgSO 4 and the solvent was removed under reduced pressure without heating.

Compound 63 was obtained as colourless oil (390 mg, 48%) and it was used in the next step without further purifications. 

Synthesis of methyl-6-azidohexanoate (65)

The synthesis was performed according to previously published methods. 51 6-bromohexanoic acid (73, 1.0 g, 5.15 mmol, 1 equiv) was dissolved in methanol (10 ml) with few drops of H 2 SO 4 conc. and the solution was refluxed for 6 h. The reaction was quenched with a saturated NaHCO 3 aqueous solution and extracted with chloroform (3x10 ml). The collected organic phases were dried over MgSO 4 and the solvent was removed under reduced pressure.

Compound 74 was obtained as colourless oil (1.04 g, 97%) and it was used in the next step without further purifications. 

Synthesis of 6-azidohexanoic acid (66)

The synthesis was performed according to previously published methods. 51b

To a stirred solution of product 73 (1.5 g, 7.7 mmol, 1 equiv) in DMF (5 ml), sodium azide was added (1.0 g, 15.4 mmol, 2 equiv) and the mixture was stirred at 85°C for 3 h.

The reaction mixture was diluted with DCM and washed with a 0.1 N HCl aqueous solution. The organic layer was dried over MgSO 4 and the solvent was removed under reduced pressure. Compound 66 was obtained as pale yellow oil (1.1 g, 92%) and it was used in the next step without further purifications. 1 H NMR (300 MHz, CDCl 3 ) δ 3.28 (2H, t, J = 7.0 Hz), 2.37 (2H, t, J = 7.5 Hz), 1.72-1.57 (4H, m),

1.48-1.38 (2H, m).

Synthesis of 4-azidoaniline (67)

The synthesis was performed according to previously published methods. 53 4-bromoaniline (76, 374 mg, 2.2 mmol, 1 equiv), sodium azide (260 mg, 4 mmol, 1.8 equiv), sodium ascorbate (19.8 mg, 0.1 mmol, 4.5%), CuI (38.1, 0.2 mmol, 9%) and N,N'-dimethylethylenediamine (32 µl, 0.3 mmol, 13.6%) were placed in a two-necked round-bottomed flask and dissolved in an ethanol: water mixture (7:3, 4 ml). The solution was degassed with argon for 5 min and then refluxed for 40 min. The mixture was diluted with water and extracted with ethyl acetate (3x10 ml). The combined organic layers were washed with water (2x20 ml) and dried over MgSO 4 . The crude product was purified by flash chromatography (heptane: ethyl acetate = 1:9). Compound 67 was obtained as an orange solid (152 mg, 52%). 1 H NMR (300 MHz, CDCl 3 ) δ 6.84 (2H, d, J = 8.5 Hz), 6.67 (2H, d, J = 8.5 Hz), 3.64 (2H, br s).

Synthesis of 4-azido-N,N-dimethylaniline (68)

The synthesis was performed according to previously published methods. 53 4-bromo-N,N-dimethylaniline (77, 400 mg, 2 mmol, 1 equiv), sodium azide (260 mg, 4 mmol, 2 equiv), sodium ascorbate (19.8 mg, 0.1 mmol, 5%), CuI (38.1, 0.2 mmol, 10%) and N,N'-dimethylethylenediamine (32 µl, 0.3 mmol, 15%) were placed in a twonecked round-bottomed flask and dissolved in an ethanol: water mixture (7:3, 4 ml). The solution was degassed with argon for 5 min and then refluxed for 40 min. The mixture was diluted with water and extracted with ethyl acetate (3x10 ml). The combined organic layers were washed with water (2x20 ml) and dried over MgSO 4 . The crude product was purified by flash chromatography (heptane: ethyl acetate = 1:9). Compound 68 was obtained as a green solid (236 mg, 73%). 1 H NMR (300 MHz, CDCl 3 ) δ 6.94 (2H, d, J = 9.0 Hz), 6.75 (2H, d, J = 9.0 Hz), 2.95 (6H, s).

Synthesis of 4-azidophenol (69)

The synthesis was performed according to previously published methods. 53 4-iodophenol (78, 440 mg, 2 mmol, 1 equiv), sodium azide (260 mg, 4 mmol, 2 

Synthesis of methyl 4-(azidomethyl)benzoate (70)

The synthesis was performed according to previously published methods. 52 To a stirred solution of methyl-4-(bromomethyl)benzoate (75, 0.50 g, 2.2 mmol, 1 equiv) in DMF (5 ml), sodium azide (0.57 g, 8.8 mmol, 4 equiv) and tetrabutylammonium iodide (TBAI, 8.1 mg, 0.022 mmol, 1%) were added and the mixture was stirred at 60°C overnight. The reaction was cooled to RT and diluted with water (10 ml). The mixture was extracted with ethyl acetate (3x10 ml) and the combined organic layers were washed with a 0.1 N HCl aqueous solution (3x20 ml) and dried over MgSO 

Synthesis of 4-(azidomethyl)benzoic acid (71)

The synthesis was performed according to previously published methods. 52 Product 70 (399 mg, 2.09 mmol, 1 equiv) was dissolved in 1,4-dioxane (2.5 ml) and a 1.0 N LiOH . H 2 O aqueous solution (2.5 ml) was added. The solution was stirred at RT for 3h and then diethyl ether (10ml) and a 1.0 N NaOH aqueous solution (10 ml) were added. The phases were separated and the aqueous layer was acidified with a 1.0 N HCl aqueous solution till pH ≈ 5. The solid precipitated was extracted with ethyl acetate (3x15 ml) and the combined organic layers were dried over MgSO 4 . Compound 71 was obtained as a white solid (268 mg, 72%) and it was used in the next step without further purifications. 
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as a white solid (6.0 mg, 43%). 

Synthesis of 4β-(1-hydroxypropyl-4-methyl-1,2,3-triazolyl)-4'-demethylepipodophyllotoxin (80)

Product 61 (15 mg, 0.034 mmol, 1 equiv) was suspended in a water: tbutanol mixture (0.7:0.9 ml) and degassed for 5 min with argon. 3-azidopropan-1-ol (64, 31 µl, 0.34 mmol, 10 equiv) was added followed, in order, by a 35 mM solution of sodium ascorbate in water (100 µl) and a 12 mM solution of CuSO 4

. 5H 2 O in water (100 µl). The mixture was stirred at 50°C for 2 h. The final suspension was diluted with water (4 ml) and extracted with ethyl acetate (3x5 ml). The collected organic phases were dried over MgSO 4 and the solvent was removed under reduced pressure. The mixture was purified by flash chromatography (ethyl acetate: methanol = 95:5). For biological tests the compound was further purified by HPLC (water + 0.1% of HCOOH: acetonitrile + 0.1% of HCOOH = 70:30). Compound 80 was obtained as a grey solid (9.4 mg, 51%). Product 62 (10 mg, 0.022 mmol, 1 equiv) was suspended in a water: tbutanol mixture (4:6, 1.0 ml) and degassed for 5 min with argon. 3-azidopropan-1-ol (64, 20 µl, 0.22 mmol, 10 equiv) was added followed, in order, by a 20 mM solution of sodium ascorbate in water (100 µl) and an 8 Product 61 (15 mg, 0.034 mmol, 1 equiv) and product 67 (45.6 

Synthesis of 4β-(1-(4-aminophenyl)-4-methyl-1,2,3-triazolyl) epipodophyllotoxin (92)

Product 62 (10 mg, 0.022 mmol, 1 equiv) and product 67 (26.8 mg, 0.20 mmol, 9 equiv) were suspended in a water: t-butanol mixture (4:6, 1.0 ml) and degassed for 5 min with argon. A 20 mM solution of sodium ascorbate in water (100 µl) was added followed by an 8 mM solution of CuSO 4 . 5H 2 O in water (100 µl). The mixture was stirred at 50°C for 1 h. The final suspension was diluted with water (4 ml) and extracted with ethyl acetate (3x5 ml). The collected organic phases were dried over MgSO 4 and the solvent was removed under reduced pressure. The mixture was purified by flash chromatography (heptane: ethyl acetate = 1:9). Compound 92 was obtained as a brown solid (6.6 mg, 51%). 3.42 (1H, dd, J = 5.0, 14.0 Hz), 2.95-2.88 (1H, m). 13 (2H, m), 3.80 (3H, s), 3.73 (6H, s), 3.43 (1H, dd, J = 5.5, 14.0 Hz), 3.03 (6H, s), 2.95-2.88 (1H, m). 13 

Synthesis of 4β-(1-(4-hydroxyphenyl)-4-methyl-1,2,3-triazolyl)-4'-demethylepipodophyllotoxin (85)

Product 61 (15 mg, 0.034 mmol, 1 equiv) and product 69 (45.9 mg, 0.34 mmol, 10 equiv) were suspended in a water: t-butanol mixture (0.7:0.9 ml) and degassed for 5 min with argon. A 35 mM solution of sodium ascorbate in water (100 µl) was added followed by a 12 mM solution of CuSO 4 . 5H 2 O in water (100 µl). The mixture was stirred at RT for 2 h. The final suspension was diluted with water (4 ml) and methanol and extracted with ethyl acetate (3x5 ml). The collected organic phases were dried over MgSO 4 and the solvent was removed under reduced pressure. The mixture was purified by flash chromatography (DCM: methanol = 95:5). Compound 85 was obtained as a grey solid (8.7 mg, 45%). 

Synthesis of 4β-(1-(4-hydroxyphenyl)-4-methyl-1,2,3-triazolyl) epipodophyllotoxin (94)

Product 62 (10 mg, 0.022 mmol, 1 equiv) and product 69 (29.7 mg, 0.22 mmol, 10 equiv) were suspended in a water: t-butanol mixture (4:6, 1.0 ml) and degassed for 5 min with argon.

A 20 mM solution of sodium ascorbate in water (100 µl) was added followed by an 8 mM solution of CuSO 4 . 5H 2 O in water (100 µl). The mixture was stirred at 50°C for 2.5 h. The final suspension was diluted with water (4 ml)

and extracted with ethyl acetate (3x5 ml). The collected organic phases were dried over MgSO 4 and the solvent was removed under reduced pressure. The mixture was purified by flash chromatography (heptane: ethyl acetate = 2:8).

Compound 94 was obtained as a grey solid (8.1 mg, 63%). 

Biological activity

Cell Culture K562, Nalm-6, Nalm-6 TOP2A+/-and Nalm-6 TOP2B-/-cells were cultured at 37°C with 5% CO 2 in humidified atmosphere. Cell culture was performed in BIOAIR safe hoods, in RPMI 1640 medium supplemented with 10% (v/v) fetal bovine serum and 1% (v/v) penicillin and streptomycin. The reagents were purchased from Life Technologies.

Nalm-6 TOP2A+/-and Nalm-6 TOP2B-/-cell lines were provided by Austin's laboratory and generated as previously described. 23 

Cell Counting

All cell counts were performed using the TC20 automated cell counter (Bio-Rad) and trypan blue (Sigma Aldrich) was used to check cell viability.

Antibodies

Anti-topo II polyclonal antibodies 4566 (anti-TOP2A) and 4555 (anti-TOP2B) were provided by Austin's laboratory. The anti-phospho-histone H2AX primary antibody (05-636) was purchased from Millipore. The anti-rabbit Alexa 488-conjugated secondary antibody (A11008) and the antimouse Alexa 594-coniugated secondary antibody (A11005) were purchased from Life Technologies (A11008).

TARDIS assay

The TARDIS assay was previously described by Willmore et al. 54 Briefly, exponentially growing K562 cells (2-5 x 10 5 cells/ml) were treated with compounds at final concentration of 5, 10, 50, 100 µM (n = 4, 10 mM stock solution in DMSO, stored at -20°C) in 6 well plates for 1 h. The cells were washed twice by centrifugation (9400 × g, 1.5 min) and resuspended in ice cold PBS (2.68 mM KCl, 140 mM NaCl, 10 mM sodium phosphate, pH 7.45, Gibco, Life Technologies). 50 µl of cell suspension were warmed at 37°C and mixed with equal volume of agarose solution ("SeaPrep" ultra -low gelling, Cambrex, 2% (w/v) in PBS, melted and kept at 37°C prior to use).

The mixture was spread evenly across agarose pre-coated (0.5% (w/v) in water) microscope slides, and placed on a cold surface for gelling (0°C). The slides were dipped in lysis buffer containing 1% (w/v) sodium dodecyl sulfate, 20 mM sodium phosphates (pH 6.5), 10 mM EDTA and protease inhibitors (1 mM benzamidine, 1 mM phenylmethylsulfonylfluoride, 2 µg/ml pepstatin A, 2 µg/ml leupeptin and 1mM dithiothreitol final concentrations) for 30 min at RT. At this stage the slides could either be stored in PBS buffer with protease inhibitors at +4°C overnight, or immediately be incubated with 1 M NaCl and protease inhibitors for 30 min at RT. After three washes with PBS and protease inhibitors (5 min per wash), the slides were exposed to primary specific antibodies for 1.5 h at RT. Anti-topo II rabbit polyclonal antibodies (4566 for TOP2A and 4555 for TOP2B) were used at 1:400 dilution in PBS containing 0.1% (v/v) Tween 20 and 1% (w/v) bovine serum albumin (1% BSA-PBST). The slides were then washed three times with PBS containing 0.1% (v/v) Tween 20 (PBST) and protease inhibitors, and incubated with Alexa488-coniugated secondary antibody (A11008 Alexa Fluor 488 goat anti-rabbit IgG, Life Technologies, 1:250 diluted in 1% BSA-PBST) for 1.5 h at RT, protected from light. The slides were washed twice with PBST (as above) and protease inhibitors and the final wash could be either in PBS for 20 min at RT or PBS plus protease inhibitors at +4°C overnight. Slides were finally stained with Hoechst 33258 (Invitrogen, 2 µg/ml in PBS) for 5 min and coverslips were applied and secure with a sealant. Images of Hoechst fluorescence (λ ex = 352 nm, λ em = 461 nm) and Alexa 488 immunofluorescence (λ ex = 495 nm, λ em = 519 nm) were captured separately using an epifluorescence microscope (Olympus IX-81, 10x objective) with two different optical filters. An average of six pairs of images were captured from each slide, to give at least 250-300 cells per drug dose for each antibody. The images were background corrected and analyzed using Volocity (Perkin Elmer). Mean values of integrated fluorescence normalized against VP-16 were plotted using GraphPad Prism version 4.0 for Windows, GraphPad software.

γ-H2AX assay

The γ-H2AX assay was performed as previously described. 62 Briefly, exponentially growing K562 cells (2-5 x 10 5 cells/ml) were treated with compounds at final concentration of 100 µM (n = 3, 10 mM stock solution in DMSO, stored at -20°C) in 6 well plates for 1 h. The cells were washed twice by centrifugation (375 × g, 2 min) and resuspended in 200 µl of ice cold PBS (2.68 mM KCl, 140 mM NaCl, 10 mM sodium phosphate, pH 7.45, Gibco, Life Technologies), which was subsequently added to wells of poly-L-lysine coated multi-well slides (CC2 multi-well slides, Sigma Aldrich). After removing the surplus PBS, cells were fixed with 4% paraformaldehyde (Sigma Aldrich) solution in PBS for 10 min. The wells were washed two times with PBS and cells were permeabilized with KCM+T buffer (120 mM KCl, 20 mM NaCl, 10 mM Tris-HCl pH = 8.0, 1 mM EDTA, 0.1% Triton X-100) for 15 min. Cells were incubated in blocking buffer (KCM+T, 2% BSA, 10% dried milk powder) overnight at +4°C. At this stage wells were exposed to the primary specific antibody (05-636 Anti-phospho-Histone H2AX, Millipore, 1:400 diluted in blocking buffer) for 1.5 h at RT. The antibody was removed and the wells were washed three times (10 min each) with KCM+T. In each well the Alexa 594-coniugated secondary antibody solution was added (A11005 Alexa Fluor 594 goat anti-mouse IgG, Life Technologies, 1:250 diluted in blocking buffer) and incubated for 1.5 h at RT, protected from light. The wells were washed three times with KCM+T (as above), the slides were mounted with mounting medium containing DAPI (Vectashield, Vector Laboratoires) and coverslips were applied. Images of DAPI fluorescence (λ ex = 358 nm, λ em = 461 nm) and Alexa 594 immunofluorescence (λ ex = 590 nm, λ em = 617 nm) were captured separately using an epifluorescence microscope (Olympus IX-81, 10x objective) with two different optical filters. An average of three images was captured from each well, to give at least 3000 cells per replicate. The images were background corrected and analyzed using Volocity (Perkin Elmer). Mean values of integrated fluorescence normalized against VP-16 were plotted using GraphPad Prism version 4.0 for Windows, GraphPad software.

XTT Growth inhibition assay

Nalm-6, Nalm-6 TOP2A+/-and Nalm-6 TOP2B-/-cells were seeded at 1 x 10 4 cell/well (50 µl) in 96 well plates. After 24 h of incubation, cells were treated with the compounds at multiple concentrations (n = 3, 100 µl/well total volume), and incubated for 5 days at 37°C with 5% CO 2 in humidified atmosphere. The XTT assay is based on the method firstly described by Scudiero et al. 58 A freshly prepared solution of XTT and coupling reagent (50:1, Cat. No. 11 465 015 001, Roche) was added in each well (50 µl) and incubated for 4 h at 37°C with 5% CO 2 in humidified atmosphere. Optical density of each individual well was determined at 450 nm using BioRad iMark Microplate Reader. The values obtained for each replicate were analyzed using GraphPad Prism version 4.0 for Windows (GraphPad software) and the IC 50 values were defined as the concentration of drug that inhibited growth by 50% relative to control.

Introduction 1.G-proteins: biomolecular switches for intracellular functions

G-proteins, also known as guanine nucleotide binding proteins, cover a variety of cellular functions that range from cell growth and differentiation to transport processes. These proteins act as molecular switches that cycle between guanosine triphosphate (GTP)dependent OFF/ON states (exemplified in Figure 1A by the Arf family), which regulation involves the concerted actions of specific factors and effectors. 1 In the inactive form, the protein binds to guanosine diphosphate (GDP), which dissociation is extremely slow and thus necessitates guanine nucleotide exchange factors (GEFs) intervention. Following GTPbinding the protein enters the biologically active form, capable to interact with effectors and to exert its cellular tasks. GTP hydrolysis to GDP, accelerated by GTPase activating proteins (GAPs), finally triggers conformational changes that switch off the protein, untill the cycle restarts. This molecular mechanism is common to all G-proteins, where structural and conformational variations along with GEFs, GAPs and effectors specificities, define the unique regulation of each family member. Among G-proteins, the ADP-ribosylation factor (Arf) GTP-binding proteins, which belong to the Ras superfamily of small GTPases, are key component of intracellular traffic and cytoskeleton dynamics, 2 as described in the next section. 

R E V I E W S

superfamily, including the Ras, Rho and R which have a long carboxy-terminal linker to lipid membrane anchor is attached 2 . ARF thus constrained to a position close to the surface, in contrast to those of Rab and Rho be located some distance from the memb ARL proteins are myristoylated but most s this modification. In ARL8B, loss of hydro dues in the amphipathic helix abolishes lyso ization 5 . Interestingly, ARFRP1 (Arl3 in Sa cerevisiae), ARL8A and ARL8B are acety than myristoylated at their N terminus the N-terminal amphipathic helix binds membrane s and induces membrane curvat Unlike for Rab and Rho G proteins, no GD inhibitor (GDI) proteins have been identifi or ARLs. ARF1 and ARF3 appear to be re membranes on GTP hydrolysis in cells. ARF remains bound to membranes in its GDPformation, and there is evidence that ARF remain bound to ER-Golgi intermediate co (ERGIC) membranes in their GDP-bound raises the possibility that ARF proteins tha to membranes in their GDP-bound form m with membrane-localized partners and me ling. Evidence for this idea is emerging fo below), and suggests that distinct signallin 

Arf proteins and cellular traffic

Arf proteins are a family of low molecular weight (20 -25 kD) G-proteins that control membrane transport and organelles structures. Like all G-proteins, the classical GTP/GDP conformational switch triggers the transition between the active and inactive state (Figure 1A). However a number of unique structural features distinguish this family from other GTPbinding proteins. 3 The most important variation is the presence of an N-terminal myristoylated amphipathic helix, which is essential for membrane recruitment and Arfs biological activities (Figure 1B). 4 In the GDP-bounded inactive form, locking of the N-terminal helix into a hydrophobic pocket prevents its insertion into membranes bilayers. The conformational variation that follows GTP binding extrudes the N-terminal helix by occluding its binding pocket. Thus in addition to GEFs catalysis for GDP/GTP exchange, the N-terminal helix couples Arfs activation with membrane recruitment.

Based on amino-acid sequence identity, Arf human isoforms are grouped in three classes with different cellular distributions and functions. 2,5 Class I Arfs (Arf1, Arf2 and Arf3) have been recognised to play an active role in vesiclemediated secretory pathways as well as in non-vesicular lipid trafficking. Among them Arf1 is the most well characterized Class I member and mediates coated vesicles formation sorting the Golgi, recruits several lipid transfer proteins at the Golgi and endoplasmic reticulum (ER) membranes and modulates Golgi structure through actin cytoskeleton assembling. Similarly class II (Arf4 and Arf5) functions are related with Golgi transport, but a clear description of their mechanism of action is yet to be determined. Afr6, the sole member of class III, is localized at plasma membrane, regulating endocytic membrane trafficking, endosomes recycling and cell structural organization by actin remodelling. Giving this last feature, Arf6 is involved in several cellular events that require rapid changes in cell-surface morphology, like regulation of intracellular adhesion and cytokinesis as well as tumour cells invasion. 6 The marked parallelism between Arf1 and Arf6 biological roles at the Golgi and plasma membranes highlights the importance of the subcellular localization of Arf proteins and the precise recognition by multiple regulators and effector molecules.

Regulation of Arfs: ArfGEFs

G-proteins high affinities for GTP/GDP (low nanomolar to picomolar range) are translated in slow nucleotide dissociation rates and half-lives in the order of several hours, a kinetic incompatible with biological processes. 7 Thus the activities of G-proteins are extensively regulated by the action of GEFs that, accelerating the exchange reaction by several orders of magnitude, ensure G-proteins precise temporal and spatial activation.

The general mechanism of GEFs nucleotide dissociation catalysis involves conformational changes in the nucleotide-binding site that decrease nucleotide affinity and lead to its dissociation. The exchange reaction implicates the alternation of high affinity binary complexes (G-proteins bound to nucleotide or GEFs) and low affinity ternary complexes, such that after GEF displacing of GDP, a new GTP enters the nucleotide-binding site due to its higher cellular concentration in comparison with the diphosphate nucleotide, thus leading to the GEF dissociation (Figure 2). 7 A central catalytic domain, referred to as the Sec7 domain, is responsible for the nucleotide-binding site distortion operated by Arf-specific GEFs (ArfGEFs). A key feature of the Sec7 domain is the presence of an invariant glutamate residue (referred to as "glutamic finger"), which is inserted in the nucleotide pocket and competes electrostatically with the β-phosphate of the bound nucleotide, thus displacing GDP and subsequently stabilizing the empty site. domain, essential for plasma and endosomal membrane recruitment that binds to specific phosphoinositides (PtdIns(4,5)P 2 and PtdIns(3,4,5)P 3 ). In addition, cytohesins PH domain adopt an auto-inhibited conformation that blocks the Sec7 catalytic site.

The relief of auto-inhibition requires the interaction with both phosphoinositides and the active Arf6-GTP, in a positive-feedback loop that ensure the precise spatial regulation of these GEFs at membranes. 6,9 

The Sec7 Domain

Although divergent in overall sequence, the Arf GEFs are characterized by a central catalytic domain of approximately 200 amino acids referred to as the Sec7 domain, based on its homology to yeast Sec7p (6,7). This domain consists of an elongated cylinder comprised of 10 transverse a-helices, separated into two subdomains by a deep, solvent-exposed hydrophobic groove (8,9). A key feature of the catalytic mechanism is the presence of an invariant glutamate residue at the tip of a hydrophilic loop between helix 6 and 7, referred to as a 'glutamic finger'. In crystal structures of the Sec7 domain/Arf complex, this glutamate residue is inserted into the nucleotide-binding fold where it competes electrostatically with the b-phosphate of the bound nucleotide (10). Elegant crystallographic studies have determined that nucleotide exchange occurs in a series of ordered steps, in which the Sec7 domain essentially pries open the Arf switch 1 and switch 2 domains, inducing a rotation of the Arf protein core that drives the nucleotide-binding fold onto the glutamic finger, thereby displacing the bound GDP (11). This core rotation also induces rearrangements in the so-called 'interswitch toggle', leading to ejection and extension of the N-terminal helix away from the protein core (11). Because nucleotide exchange invariably takes place at membrane surfaces, extension of the helix is also energetically assisted by interaction of both its hydrophobic face and the N-terminal myristate with membrane phospholipids (4).

Inhibition of Nucleotide Exchange by Brefeldin A

Brefeldin A (BFA) is a fungal toxin that blocks secretion by preventing the assembly of coat protein components onto donor membranes. Early experiments suggested that the effects of BFA were due to inhibition of Arf nucleotide 

GBF/BIG

The Sec7 Domain

Although divergent in overall sequence, the Arf GEFs are characterized by a central catalytic domain of approximately 200 amino acids referred to as the Sec7 domain, based on its homology to yeast Sec7p (6,7). This domain consists of an elongated cylinder comprised of 10 transverse a-helices, separated into two subdomains by a deep, solvent-exposed hydrophobic groove (8,9). A key feature of the catalytic mechanism is the presence of an invariant glutamate residue at the tip of a hydrophilic loop between helix 6 and 7, referred to as a 'glutamic finger'. In crystal structures of the Sec7 domain/Arf complex, this glutamate residue is inserted into the nucleotide-binding fold where it competes electrostatically with the b-phosphate of the bound nucleotide (10). Elegant crystallographic studies have determined that nucleotide exchange occurs in a series of ordered steps, in which the Sec7 domain essentially pries open the Arf switch 1 and switch 2 domains, inducing a rotation of the Arf protein core that drives the nucleotide-binding fold onto the glutamic finger, thereby displacing the bound GDP (11). This core rotation also induces rearrangements in the so-called 'interswitch toggle', leading to ejection and extension of the N-terminal helix away from the protein core (11). Because nucleotide exchange invariably takes place at membrane surfaces, extension of the helix is also energetically assisted by interaction of both its hydrophobic face and the N-terminal myristate with membrane phospholipids (4).

Inhibition of Nucleotide Exchange by Brefeldin A

Brefeldin A (BFA) is a fungal toxin that blocks secretion by preventing the assembly of coat protein components onto donor membranes. Early experiments suggested that the effects of BFA were due to inhibition of Arf nucleotide 

Cytohesins

The Sec7 Domain

Although divergent in overall sequence, the Arf GEFs are characterized by a central catalytic domain of approximately 200 amino acids referred to as the Sec7 domain, based on its homology to yeast Sec7p (6,7). This domain consists of an elongated cylinder comprised of 10 transverse a-helices, separated into two subdomains by a deep, solvent-exposed hydrophobic groove (8,9). A key feature of the catalytic mechanism is the presence of an invariant glutamate residue at the tip of a hydrophilic loop between helix 6 and 7, referred to as a 'glutamic finger'. In crystal structures of the Sec7 domain/Arf complex, this glutamate residue is inserted into the nucleotide-binding fold where it competes electrostatically with the b-phosphate of the bound nucleotide (10). Elegant crystallographic studies have determined that nucleotide exchange occurs in a series of ordered steps, in which the Sec7 domain essentially pries open the Arf switch 1 and switch 2 domains, inducing a rotation of the Arf protein core that drives the nucleotide-binding fold onto the glutamic finger, thereby displacing the bound GDP (11). This core rotation also induces rearrangements in the so-called 'interswitch toggle', leading to ejection and extension of the N-terminal helix away from the protein core (11). Because nucleotide exchange invariably takes place at membrane surfaces, extension of the helix is also energetically assisted by interaction of both its hydrophobic face and the N-terminal myristate with membrane phospholipids (4).

Inhibition of Nucleotide Exchange by Brefeldin A

Brefeldin A (BFA) is a fungal toxin that blocks secretion by preventing the assembly of coat protein components onto donor membranes. Early experiments suggested that the effects of BFA were due to inhibition of Arf nucleotide 

EFA6

The Sec7 Domain

Although divergent in overall sequence, the Arf GEFs are characterized by a central catalytic domain of approximately 200 amino acids referred to as the Sec7 domain, based on its homology to yeast Sec7p (6,7). This domain consists of an elongated cylinder comprised of 10 transverse a-helices, separated into two subdomains by a deep, solvent-exposed hydrophobic groove (8,9). A key feature of the catalytic mechanism is the presence of an invariant glutamate residue at the tip of a hydrophilic loop between helix 6 and 7, referred to as a 'glutamic finger'. In crystal structures of the Sec7 domain/Arf complex, this glutamate residue is inserted into the nucleotide-binding fold where it competes electrostatically with the b-phosphate of the bound nucleotide (10). Elegant crystallographic studies have determined that nucleotide exchange occurs in a series of ordered steps, in which the Sec7 domain essentially pries open the Arf switch 1 and switch 2 domains, inducing a rotation of the Arf protein core that drives the nucleotide-binding fold onto the glutamic finger, thereby displacing the bound GDP (11). This core rotation also induces rearrangements in the so-called 'interswitch toggle', leading to ejection and extension of the N-terminal helix away from the protein core (11). Because nucleotide exchange invariably takes place at membrane surfaces, extension of the helix is also energetically assisted by interaction of both its hydrophobic face and the N-terminal myristate with membrane phospholipids (4).

Inhibition of Nucleotide Exchange by Brefeldin A

Brefeldin A (BFA) is a fungal toxin that blocks secretion by preventing the assembly of coat protein components onto donor membranes. Early experiments suggested that the effects of BFA were due to inhibition of Arf nucleotide 
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The Sec7 Domain

Although divergent in overall sequence, the Arf GEFs are characterized by a central catalytic domain of approximately 200 amino acids referred to as the Sec7 domain, based on its homology to yeast Sec7p (6,7). This domain consists of an elongated cylinder comprised of 10 transverse a-helices, separated into two subdomains by a deep, solvent-exposed hydrophobic groove (8,9). A key feature of the catalytic mechanism is the presence of an invariant glutamate residue at the tip of a hydrophilic loop between helix 6 and 7, referred to as a 'glutamic finger'. In crystal structures of the Sec7 domain/Arf complex, this glutamate residue is inserted into the nucleotide-binding fold where it competes electrostatically with the b-phosphate of the bound nucleotide (10). Elegant crystallographic studies have determined that nucleotide exchange occurs in a series of ordered steps, in which the Sec7 domain essentially pries open the Arf switch 1 and switch 2 domains, inducing a rotation of the Arf protein core that drives the nucleotide-binding fold onto the glutamic finger, thereby displacing the bound GDP (11). This core rotation also induces rearrangements in the so-called 'interswitch toggle', leading to ejection and extension of the N-terminal helix away from the protein core (11). Because nucleotide exchange invariably takes place at membrane surfaces, extension of the helix is also energetically assisted by interaction of both its hydrophobic face and the N-terminal myristate with membrane phospholipids (4).

Inhibition of Nucleotide Exchange by Brefeldin A

Brefeldin A (BFA) is a fungal toxin that blocks secretion by preventing the assembly of coat protein components onto donor membranes. Early experiments suggested that the effects of BFA were due to inhibition of Arf nucleotide 

BRAGs

been shown to be involved breast cancer cell invasion within binding to epidermal growth factor (EGF) receptors. 10 Differently from cytohesins, the PH domain does not auto-inhibit BRAG2, but instead potentiates its nucleotide exchange reaction with both Arf1 and Arf6, in solution and in the presence of plasma membrane-like liposomes. 11 § Little is known about FBox8, the sole member of the FBox family, but its structure predicts an interaction with both Arf proteins and ubiquitin ligases, which may suggest FBox8 involvement in Arf ubiquitination and subsequent degradation. 8

Targeting Arfs and ArfGEFs

The highly synchronised action of small GTPases and their factors makes them critical nodes in cell molecular pathways. Actually, interferences and defects in normal regulation have been related with a number of human diseases, from cancer to infections.

The best validated example is the mutational activation, found in the 30% of human cancers, of Ras protein, the funding member of small GTPases. 12 Conversely, direct mutations of other Ras superfamily members are not frequent, and a growing number of evidences are now supporting the intervention of deregulated GEFs and GAPs in small GTPases mediation of cancer growth and development. Regarding the Arf family, both Arf6 and BRAG2 overexpression is implicated in cancer invasion and metastasis, as anticipated, and their reciprocal action has been validated in breast cancer cells. 10 In this model, BRAG2

specifically associates with the EGF receptor (EGFR) to activate Arf6 and stimulate cell invasion. Interaction with EGFR is operated through BRAG2 PH domain, which has been shown to interact also with Her2, another frequently overexpressed receptor in many type of invasive tumour. 13 Besides cancer, ArfGEFs mutations have been found in neuronal diseases, including Xlinked nonsyndromic intellectual disability, which present a mutated form of BRAG1, and autosomal recessive periventricular heterotopia (ARPH), linked with BIG2 mutations. 6,9 Arfs and ArfGEFs are therefore target candidates both for therapeutic development and molecular tools design, which could be employed to elucidate the complex roles of these proteins in cellular trafficking and signaling. While the high binding affinity of small GTPases for GTP/GDP substrates renders challenging the development of competitive inhibitors, 12 current strategies are now focused on the indirect inhibition of Arfs through their regulators.

Brefeldin A (1, BFA, Figure 4A), a fungal macrolide toxin isolated in the 1950s from Eupenicillium brefeldianum, 12 is a well established inhibitor of Arf-related pathways and later demonstrated to reversibly inhibit protein secretion. 14 BFA treatment has shown to trigger Golgi dispersion into the ER (Figure 4C), peripheral organelles (including endosomes, lysosomes and trans-Golgi network, TGN) separation and diffusion and Arf1 cytosolic redistribution. 15 This effect was attributed to BFA targeting of Arf, 16 and specifically to BFA blocking of class I and II Arfs activation by Sec7 domain containing GBF/BIG family ArfGEFs. This dual specificity 17 arise from BFA trapping of the transient ternary Arf-GDP/GEF complex at the beginning of the exchange reaction, freezing it into a dead-end conformation that is not able to proceed to nucleotide exchange. 18 The drug acts as an "interfacial inhibitor" 19 located at the Arf-ArfGEF interface, and interacts extensively with both proteins. 18 Binding involves an intricate net of hydrogen bonds and hydrophobic interactions with proteins residues (Figure 4B), illustrated by the fact that a single residue change on the Sec7 domain (notably Tyr190Phe like in ARNO) coverts BFAsensitive into BFA-insensitive ArfGEFs. 17,18 This tyrosine residue engages hydrogen bond behaves as a rigid body after the early closure of its hydrophobic groove (Fig. 1a), whose probable role is to pinch off the switch 1 extra b-strand from unbound ArfzGDP by extracting Phe 51 from the Arf core.

Initiation of the Arf-Sec7 platform and subsequent rotations of the Arf core create unbalanced energetics conditions, which drive the interswitch toggle and the dissociation of GDP. First, docking of switch 1 and 2 onto the Sec7 domain disrupts the b2-b3 interactions at the entrance of the interswitch, thus creating the hydrophobic cavity that is appropriated by BFA (Fig. 3b). Energetically unfavourable solvent exposure of the cavity forces the hydrophobic collapse of Trp 66 and Val 68 from b3 (Fig. 3d), which in turn unzips from b1. The resulting strain is relieved by the first rotation of the Arf core, which restores the b3-b1 interactions with a two-residue register shift (Figs 1b and3d), thus completing the interswitch toggle without resorting to denaturation. Concomitantly, the interswitch toggle reaction brings the nucleotide-binding site within the vicinity of the glutamic finger, such that electrostatics becomes the major driving force for subsequent structural changes (Fig. 4). It also primes the dissociation of GDP at discrete sites, including the disruption of the Lys 30-Asp 57 ionic bond, which hinders the g-phosphate-binding site in ArfzGDP 38 , and the Thr 31-Glu 54 hydrogen bond, which is critical for GDP affinity 19 (not shown). Modelling of the glutamic finger using the lysine mutation suggests that its carboxylate, as it approaches the nucleotide, generates repulsive interactions on the b-phosphate. Notably, the ARNO(E156K) complex contains a phosphate or sulphate ion next to the b-phosphate that is engaged in multiple hydrogen bonds with a patch of positively charged residues including the invariant Arg 162* (Fig. 4); th channel to help the phosphate site. Upon nucleotide dissoc glutamic finger and the P-loo ing the final rotation of the Ar mimic of the phosphate oxyg Our structures show that ei be accommodated in the pre that the stable nucleotide-free an unstable nucleotide-free fo This complex may allow no GTP, thereby providing a stru tide specificity of the nucleot

New concepts for the inhibi

Interrupting protein networ pathological conditions is a c

Our structures demonstrate inhibition of a cellular proce that targets a transient protein reaction and traps it in a no more, they show that inhibiti dual interaction of the drug which in the case of G protei outnumber their potential t However, examples of uncom nature are still rare 40 . A few ca including the immunosuppr proteins that barely interact interactions with the BFA 7-OH, and it is noteworthy that substitution, depletion or configuration inversion of this hydroxyl group results in the loss of BFA ability to inactivate Arf functions. [17][18][19] Following the discovery of BFA, compounds found to trigger similar effects on Golgi were investigated for Arf and ArfGEFs inhibition. Among them we can find Exo2 20 (2, Figure 5A)

and its cyclooctenyl analogue LG186 21 (3, Figure 5A), which have been reported to reversibly affect the intracellular distribution of GFP-GBF1 (Figure 5B), thus inhibiting GBF1related trafficking and causing the collapse of the Golgi apparatus. Despite lacks of information on the mode of action of these compounds, molecular modelling indicates that LG186 specifically binds to a tripeptide loop (residues 846 -848) of GBF1, which mutational depletion cause resistance to the drug in HeLa transfected cells. 21 Similarly, three different GBF1 mutants (GBF1-M830L, GBF1-Δ3, GBF1-AAA), designed from drug molecular docking studies, were shown to protect Vero cells against golgicide A (4, GCA, Figure 6A). 22 This outcome may suggests GCA specific binding to this ArfGEF, which eventually help explaining Golgi and TGN dispersion and Arf1 activation inhibition.

Recently a new compound, AMF-26 23 (5, Figure 6B), was also reported to reduce Arf1 activation in human cells and to inhibit cell growth in a manner that correlated well with its Golgi disrupting properties. 

Exo2 and LG186 cause a reversible redistribution of the Golgi in human cells

Consistent with the known effects of BFA and the use of GBF1 mutants or GBF1 depletion by RNAi (5,12), either 50 µM Exo2 or LG186 result in a loss of coat protein I (COPI) from Golgi membranes and collapse of the Golgi apparatus (Figure 4A,B).

LG186 is also effective at 10 µM robust block of secretory tr and GCA. Figure S3 shows membrane cargo [tsO45-G tein), Figure S3A] and small Venus, Figure S3B,C) is bloc both markers remaining wit block is absolute, no plasma So far, only two compounds have been reported to target ArfGEFs other than the GBF/BIG family. SecinH3 (6, Figure 7A) was found to tightly bind to the BFA-insensitive cytohesins Sec7 domain and to specifically inhibit cytohesins-mediated Arf1 GDP/GTP exchange in vitro. 24 This specificity was also confirmed by fluorescence microscopy, where the compound caused only a minor effect on Golgi integrity in comparison to BFA, consistent with its poor GBF/BIG targeting properties. Lastly, LM11 (7, Figure 7B) was identified as a noncompetitive inhibitor that targets both Arf-GDP and Arf-GDP/ARNO complexes, yet affecting Golgi-derived trafficking in HeLa cells (Figure 7D). 25 LM11 activity was validated in vitro (Figure 7C), where nucleotide exchange was inhibited with both ARNO and BIG1 stimulation and for both class I and II Arfs (Arf1 and Arf5).

Therefore, despite the high degree of homologies between ArfGEFs, specific inhibitors can be developed and have been successfully employed for the study of Arf and ArfGEFs functions. Nevertheless BRAG targeting still remains unexplored due to the lack of inhibitors, yet potentially meaningful because of its involvement in diseases.

conserved Sec7 domain of Golgi-associated ArfGEFs, and because we suspected GBF1 to be the target of GCA, we examined the possibility that differences in the canine GBF1 Sec7 domain accounted for MDCK cell resistance to both compounds. We amplified, cloned and sequenced the canine GBF1 Sec7 domain. Analysis of several independent clones revealed a leucine substitution for methionine at residue 832 of the full-length protein (numbering corresponds to the human GBF1 sequence). Comparison with all other mammalian GBF1 homologs revealed this substitution to be unique to the canine gene (Supplementary Fig. 7b). Notably, mutagenesis of the corresponding methionine to leucine in the yeast ArfGEF homolog Gea1 and the human GBF1 resulted in resistance to BFA (refs. 32,33).

The M832L substitution was introduced into the hamster GBF1 and the effect of its expression on GCA susceptibility was examined in The mechanism GBF1 was investigate and site-directed mu domain was modeled in complex with A structure of the Arf1-ARNO-BFA compl considerable sequence divergence between BIG2 (Fig. 4b), the predicted tertiary stru domain is very similar to that of ARNO (Fi Arf1 and predicted GBF1-Arf1 complexes w interacting regions of the interfacial cleft Nevertheless, the observation that the GB resistant to both BFA and GCA suggested may bind within the same GBF1-Arf1 i GCA was docked into this pocket, it was f BFA binding region to contact a tripeptide and is lacking in other ArfGEFS, including (Fig. 4c). The mechanism GBF1 was investigate and site-directed mu domain was modeled in complex with A structure of the Arf1-ARNO-BFA compl considerable sequence divergence between BIG2 (Fig. 4b), the predicted tertiary stru domain is very similar to that of ARNO (Fi Arf1 and predicted GBF1-Arf1 complexes w interacting regions of the interfacial cleft Nevertheless, the observation that the GB resistant to both BFA and GCA suggested may bind within the same GBF1-Arf1 i GCA was docked into this pocket, it was f BFA binding region to contact a tripeptide and is lacking in other ArfGEFS, including (Fig. 4c). AMF-26-induced disruption of Golgi was a reversible process. The normal Golgi structure reappeared in the perinuclear area 4 h after washout of drugs with drug-free medium (Fig. 2D), which indicated that the effect of AMF-26 against Golgi was fully reversible like that of BFA (49).

Several tubulin polymerization inhibitors (e.g. nocodazole and vincristine) and ionophores (e.g. bafilomycin A1 and monensin) are known to disperse the Golgi apparatus (50, 51) as a consequence of disrupting microtubules (supplemental Fig. S1C) or intracellular pH (supplemental Fig. S1F). However, AMF-26 had no apparent effect on the structure of tubulin (supplemental Fig. S1B) or localization of lysosomes (supplemental Fig. S1E), suggesting that Golgi disruption induced by AMF-26 did not result from the disruption of microtubules or an alteration of intracellular pH. 

The case of 4022

Recently, compound 4022 (8, Figure 8A) was identified as a new Sec7p specific binder from a yeast-based 26 small molecule screen (unpublished results). Sec7p is the yeast orthologue of mammalian BIG, 9 suggesting a potential action of this small molecule on Arf-related pathways, which was subsequently supported by the interference of 4022 with TGN integrity, as shown by fluorescence microscopy (Figure 8B). Therefore this compound was tested for its ability to inhibit Arf1 GDP/GTP exchange in vitro, stimulated by several human Sec7 containing ArfGEFs. Strikingly, 4022 displayed the strongest inhibiting properties against BRAG2-mediated Arf1 activation, while displaying a rather low degree of activity on other ArfGEFs. This outcome raised interest in this chromenone-based inhibitor for the potential study of the relation between BRAG2 activity and cancer invasion. A powerful tool would be the possibility to directly visualize this small molecule in cells, as a support for its spatial and temporal localization within specific cellular and protein targets. pathogenesis of this disease. are multi-domain proteins in which a Sec7 domain activity. Unlike the large (,200 kDa) ARF-GEFs, the 47 kDa) are insensitive to BFA 13,14 . The only known 7-domain inhibitor is the RNA aptamer M69, which ine nucleotide exchange in vitro and reduces T-cell ing M69 and the cytohesin-1 Sec7 domain, we estabbased on fluorescence polarization to identify cytosmall molecules that displace the aptamer from its pt its inhibitory activity (see Supplementary Fig. 1a). library of synthetic chemicals, we identified a series of erivatives as initial hits and selected the most promd, H3 (Fig. 1a, left), for synthesis and further studies ntary Figs 1,2). H3 bound to the Sec7 domains of esins-1-3 with dissociation constants (K d values) d 250 nM (Table 1). H3e, H3ip and H3bio, in which is increased (see Supplementary Fig. 2), showed eased Sec7 affinity. The Sec7 domain of EFA6, an t does not belong to the cytohesin family, was bound ore weakly, despite its 32% identity and 46% similarohesin-1 Sec7 domain. The CDC25-like domain of the f sevenless (Sos) was not bound. e compound's inhibitory potential, guanine nucleoassays were performed with ARF1 and full-length For details on the synthesis and characterization of each compound, see Supplementary Methods and Supplementary Fig. 2. b, SecinH3 does not affect Golgi structure. Compared to untreated cells, no significant disturbance of Golgi integrity is observed at SecinH3 concentrations of 10 mM and 50 mM, respectively, whereas BFA leads to complete Golgi destruction at 20 mM. Golgi membranes were visualized using an antigiantin antibody. 1 and2).

No perturbation was observed at either the nucleotide or the BFA binding-sites, confirming that LM11 does not compete with nucleotides and that its binding site is distinct from that of BFA. The largest chemical-shift variations (⌬␦ 1 H ϩ ⌬␦ 15 n Ͼ 0.1 ppm) were located in or near the switch 1 region and the interswitch, with a significant overlap with residues comprised in the pocket of the in silico screen (Fig. 3 C and D; SI Table 2). A few additional variations were also detected near the N-terminal helix pocket, which are close enough to the target pocket to respond to the propagation of local reorganization. Altogether, the NMR data indicate that LM11 has a discrete binding site on Arf1-GDP, and that this site is compatible with the screening hypothesis. Because NMR chemical-shift mapping is not sufficient to define the binding site at atomic resolution, details of LM11 interactions with Arf1-GDP and Arf1-GDP/ ARNO must now await crystallographic analysis.

Combined, the binding area of LM11 on Arf1-GDP, its sensitivity to ARNO mutations in the target pocket, and its ability to induce a nonproductive Arf1-GDP/ARNO complex qualifies it as an inhibitor targeting an interfacial surface of a protein-protein complex.

Specificity of LM11 in Vitro. We then analyzed the specificity of LM11 toward different SMG/GEF systems in vitro. We first controlled that LM11 had no effect on the activation of two members of the Rho subfamily by their GEFs, RhoA/Gef337 (0.0037 Ϯ 0.0002 and 0.0028 Ϯ 0.0002 s Ϫ1 without and with 150 M LM11, respectively) and RhoG/TrioD1 (0.0037 Ϯ 0.0002 and 0.003 Ϯ 0.0001 s Ϫ1 ), indicating that it is specific for the Arf/ArfGEF system. We then compared the effect of LM11 on BFA-sensitive and insensitive Sec7 domains (Fig. 4). LM11 inhibited the activation of [⌬17]Arf1 and [⌬14]Arf5 stimulated by the Sec7 domain of BIG1, a BFA-sensitive ArfGEF, which is active on classes I and II Arfs in vitro and functions at the Golgi (25). It also inhibited with similar efficiency ARNO WT , which is naturally insensitive to BFA (26), and its BFA-sensitive version ARNO 4M (respectively 49.7 Ϯ 8.0 and 50.1 Ϯ 5.5 M) (Fig. 2 A). Finally, we measured the effect of LM11 on the activation of [⌬17]Arf1, [⌬14]Arf5 and [⌬13]Arf6, as representatives of Arf classes I, II and III, all of which are activated by ARNO in vitro (22) (Fig. 4). Remarkably, LM11 inhibited ARNO-stimulated nucleotide exchange of Arf1 and Arf5, but it had no effect on Arf6, indicating that it distinguishes between the different Arf proteins. Such a specificity to Arf isoforms, previously established for BFA with BFA-sensitive ArfGEFs (22), is consistent with the interfacial mechanism. LM11 Affects Golgi-Derived Trafficking Structures in HeLa Cells. Our preliminary analysis indicates that LM11 inhibits the activation of endogenous Arf proteins in HeLa cells, using a pull-down assay based on the interaction of GTP-loaded Arf proteins with their GGA3 effector (SI Fig. 8). We thus investigated the effect of LM11 on the morphology of trafficking structures at the Golgi, of which Arf1 is a key regulator (25). We first checked that LM11 has no effect on the phalloidin-stained actin cytoskeleton in these cells (data not shown). Endogenous markers whose localization responds to BFA treatment (27) were then visualized by immunofluorescence confocal microscopy in HeLa cells treated with 100 M LM11 or BFA for 2 h (Fig. 5). As BFA, LM11 caused the dispersion of two cis-Golgi markers, ␤COP and the KDEL receptor, from the perinuclear region into small punctate structures throughout the cytoplasm. Arf1 has also been implicated, in a less well established manner, in endosomal trafficking (28, 29). LM11 induced the dispersion of TGN46, which cycles between the trans Golgi network and endosomes, but the resulting punctate structures were significantly larger than those resulting from BFA treatment.

A direct effect of LM11 on endosomal structures was then analyzed with EEA1, an early endosome marker, which is present in punctate structures in control cells. Whereas BFA slightly concentrated the punctate structures in the perinuclear region, LM11 accumulated large structures, which resembled those labeled for TGN46. Together, these observations suggest that LM11 affects Arfdependent trafficking structures at the Golgi as predicted by its impairment of the activation of classes I and II Arfs in vitro. In addition, LM11 has a morphological effect on endosomal structures that differs from that of BFA.

LM11 Inhibits ARNO-Dependent Migration of MDCK Cells. To probe whether LM11 inhibits ARNO in cells, we tested its effect on the migration of MDCK cells, which has been shown to depend on the activation of Arf proteins by ARNO (30, 31). Using a wound closure assay and MDCK cells stably transfected with a doxycyclinerepressible wild-type ARNO construct (wt-ARNO), we first showed that LM11 inhibited the rate of migration of noninduced MDCK cells expressing endogenous levels of ARNO (expression repressed with doxycycline, Fig. 6A Left). The effect of LM11 was then measured in cells expressing moderate levels of wt-ARNO (Ͻ8-fold over endogenous ARNO, without doxycycline). As previously reported, the rate of migration was increased by 54% by exogenous wt-ARNO expression compared with noninduced wt-ARNO MDCK cells (Fig. 6A; see also SI Movie 1a). LM11 fully inhibited the i expression, yiel in induced and also SI Movie (Fig. 6B). This wt-ARNO-exp enous and com spectively. The depleted of A inhibited the m extent as LM11 ably, LM11 ha (Fig. 6A). Final which disrupts Ͼ15-20 M (C ment at this con not shown), ru because of its i these experime cells migration ARNO.
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In situ click labelling

A new strategy to visualize the cellular distribution of non-fluorescent molecules, as 4022, is now employing in situ click post-labelling of "clickable" drug derivatives with fluorescent probes (Figure 9). 27 The protocol requires the synthesis of an azide-or alkyne-containing analogue, allowing for its (post-fixation) in cellulo selective labelling by copper(I) catalysed azide-alkyne cycloaddition (CuAAC 28 ). Fluorescence microscopy is then employed to localize the tagged molecule within subcellular compartments, providing valuable information about the drug mechanism of action. The highly efficient and bio-orthogonal CuAAC offers a straightforward and off-target free procedure for covalent labelling. Furthermore, this method presents several advantages compared to fluorescence pre-tagging, as the alkyne/azide moiety introduces only a minor modification onto the drug without perturbing its recognition properties. in the above analyses. We also analyzed the housekeeping genes ALAS1 and B2M as controls to normalize gene expressions, as these genes contain a low density of PQSs and were negative for H2AX (Supplementary Fig. 12). The additional H2AX-negative controls that we used were HRAS, DDX1, which contains a moderate level of PQS content, and DDX51, which has a contiguous PQS spanning 1,400 nt (Supplementary Fig. 12). We found that although the expression of the control genes was mostly unaffected by pyridostatin, all the H2AX-positive target genes we analyzed were downregulated after 8 h of drug treatment (Fig. 5d). Of these, the proto-oncogene SRC was most strongly affected, with its mRNA levels being reduced by over 95% after 8 h of treatment. These data therefore showed a strong correlation between DNA damage induced by the small molecule and transcriptional repression at specific gene loci.

Pyridostatin interacts with G-quadruplexes in SRC

Because SRC responded particularly strongly to pyridostatin treatment, we performed circular dichroism and NMR spectroscopy to establish whether individual PQSs in this gene adopted stable G-quadruplex conformations in vitro. Out of the 25 PQSs we identified in SRC (Fig. 6a and Supplementary Fig. 13), we observed that 23 adopted stable folded structures. As was previously shown for other G-quadruplexes 14 , these sequences had a molar ellipticity that was characteristic of G-quadruplex structures, with maxima at 265 nm for parallel conformations, 298 nm for antiparallel conformations or both patterns, highlighting the polymorphic nature of some sequences (Supplementary Fig. 14) 9 . NMR spectroscopy revealed signals between 10.5 and 12.5 p.p.m., showing the occurrence of Hoogsteen hydrogen bond base pairing that is characteristic of stacked G-quartets that represent the core structure of G-quadruplex motifs (Fig. 6b and Supplementary Fig. 15). Similarly, some sequences had 12 distinct imino proton signals, showing the formation of a single species, whereas others had additional signals, highlighting the presence of multiple conformers, which is in agreement with the circular dichroism spectroscopy data. We next selected a PQS that formed a single folded species in vitro according to NMR spectroscopy and titrated the structured DNA with pyridostatin that we then monitored by NMR spectroscopy. After incubation of the DNA with 1.1 mol equivalents of the compound, we observed a global line broadening of the signals associated with an upfield shift of the imino proton signals from 11.0-12.0 p.p.m. to 10.6-11.5 p.p.m., which was particularly pronounced for four of the most shielded protons (Fig. 6b). We also observed similar results for other PQSs found in SRC. These data showed that pyridostatin interacts selectively with the top G-quartet of the G-quadruplex through a stacking mode, as depicted in Figure 6b 35 . These findings thus provide additional evidence that pyridostatin targets the common structural feature shared by G-quadruplex motifs regardless of the nature of the loop sequences and highlight the versatility of this small molecule. Together, the data also show that G-quadruplex structures are prevalent in SRC and that c) GFP-hPif1expressing U2OS cells have small nuclear foci of GFP-hPif1 , which co-localize with labeled pyridostatin in cells fixed with formaldehyde before incubation with pyridostatin-, which was followed by chemical labeling. The dotted white lines indicate the nuclear peripheries, and the zoomed images correspond to ×5 magnification. Cells were first pre-extracted with CSK buffer, as described in the Supplementary Methods, and then fixed with formaldehyde and stained with the indicated antibody. Scale bar, 10 m. ible factor (HIF) regulates tumor angiogenesis in response to low oxygen tension. [1] In the ygen, HIF-1a is rapidly degraded through the asome pathway. In hypoxic conditions, stabiimerizes with HIF-1b. The HIF-1a/b heterohypoxia response elements (HRE) in gene induces the expression of target genes giogenesis, metastasis, glycolysis, cell proliferstance to apoptosis. [2] Increased expression of y solid tumors correlates with aggressive tumor eutic resistance, and a poor clinical outcome. he metabolism from oxidative phosphorylation lycolysis. [3] Therefore, HIF-1a is an important get for cancer. sly synthesized and evaluated aryloxyacetylacid analogues. [4] LW6 (1 in Figure 1 A) ted HIF-1a accumulation by degrading HIFffecting the HIF-1a mRNA levels during 6, which is commercially available, has been studies as an HIF-1a inhibitor. [5] However, the et of LW6 remains unknown. a drug target, chemical biological methods -based probes (ABPs), [6] photoaffinity labelon, and click conjugation have been used. [7] ntify the molecular target of 1 using chemical r images and direct protein interactions of ed in living cells with a series of chemical which were designed using the structurenship (SAR) of 1.

[4a] Synthesis and character-ization data for these probes are availa Information.

The distribution of drug molecul compartments can provide information of drug action. The intracellular loca visualized through click chemistry with acetylene group, in colon cancer HCT Both 1 and 2 suppressed HIF-1a accu and HRE-luciferase activity ( These few examples support the growing interest of using of in situ click labelling as a methodology for target validation and fluorescence visualization, to delineate small molecules mode of actions in cells.

Aim of the project

The aim of this project was to investigate the subcellular localization of the Arf1 GDP/GTP 

Results and discussion

Chemistry

The first part of the project was devoted to the synthesis of an alkyne or azide probe, structurally related to the Arf1 GDP/GTP exchange inhibitor 4022 (8). Previous structureactivity relationship studies (unpublished results) highlighted the requirement of the trifluoromethyl functionality and the nitro aromatic group for compound activity. Moreover, additional substituents on the aromatic ring were shown to negatively affect compound solubility, causing precipitation during the course of the experiments. We thus designed two derivatives based on the replacement of the methyl substituent with a terminal alkyne (12) or an azide moiety (13), as candidate probes for the in situ click labelling experiments (Figure 11). 

Synthesis

The synthetic strategy adopted for the synthesis of alkyne 12 and azide 13 was guided by the preparation of derivative 14, which could either be engaged in a Ullman-type conversion of aryl halides to aryl azides, 31 or in a Sonogashira cross-coupling with terminal acetylenes (Scheme 1). 32 

Ullmann-type Sonogashira

Remarkably, while the Ullman conditions were not successful, we managed to convert 14 in the alkyne probe 12.

Thus, we decide to proceed with this derivative for in vitro and imaging experiments, and the synthesis of the azide analogue was no longer considered.

Synthesis of the chromone core

To access the chromone core of 14, we adopted a three-step strategy commonly employed for the preparation of this class of derivatives (Scheme 2). 33 Scheme 2: Synthesis of the chromone derivative 14.

The synthesis started with the condensation between the commercially available 1-( The aromatic ring of this chromone intermediate was finally subjected to nitration in classical mixed-acid conditions (concentrated HNO 3 /H 2 SO 4 , 75°C). The nitro group was exclusively introduced in position 5 to obtain compound 14, a selectivity previously reported for structurally related analogues. 33

Synthesis of the probes

The key intermediate 14 is the synthetic precursor of both the alkyne and the azide probes, and various reaction conditions were explored in order to achieve at least one of the two desired derivatives.

As anticipated, conversion of 14 into azide 13 was unsuccessful. but resulted in the complete degradation of the starting material (Scheme 3). However, reduction of the temperature to work to 40°C completely abolished 14 reactivity, and only the starting material was quantitatively recovered. In parallel, we investigated the Sonogashira cross-coupling between compound 14 and trimethylsiliacetilene (TMSA), employing the Pd(PPh 3 ) 2 Cl 2 /CuI dual catalysts system, in the presence of triethylamine (TEA, Scheme 4). In a first attempt (entry 1, Table 1), the compound was refluxed in a 2:1 mixture of dry TEA/THF (T ≈ 80 -100°C), with 5% and 2.5% of palladium and copper catalysts, respectively. Although we were able to isolate product 19, the low yield (16%) prompted us to investigate other experimental setups. Since we didn't recover the starting material, we hypothesized that the strong conditions could trigger TMS deprotection of the coupled adduct and the resulting terminal alkyne could either react with the starting material or undergo Glaser oxidative homo-coupling. 34 Attempts to decrease the working temperature either to 

TMS

40°C or to ambient (entries 2-3, Table 1) were unsuccessfull, as only the unreacted starting material was recovered. Thus, we found that the reaction required higher temperatures (65 -70°C) and a mixture TEA/THF, where the low solubility in TEA affected the reaction efficiency (yield = 6%, entry 6, Table 1). In the optimal conditions (entry 7, Table 1), a 2:1 mixture of dry TEA/THF was used and the operating temperature was maintained around 70°C for 1h, affording compound 19 in moderate yields (39%).

The synthesis of the alkyne probe 12 was finally achieved by cleavage of TMS to afford the terminal alkyne. The reaction was carried in base-catalysed solvolytic conditions, using a K 2 CO 3 /MeOH system. However, together with the desired product, we obtained the Michael adduct 20 resulting from the nucleophilic attack of the solvent on the α,β-unsaturated carbonyl. Accordingly, previous reports 33,35 highlighted the activation of chromones to the 1,4-addition in the presence of electron-withdrawing substituent on the aromatic ring, such as the 5-nitro group of our derivative. Nonetheless, deprotection of 19 using tetra-nbutylammonium fluoride (TBAF) in THF, resulted in the complete degradation of the starting material, with no detectable formation of product 12. Despite the low reaction yields, deprotection with the K 2 CO 3 /MeOH system gave access to probe 12 (from now on referred to as AM278A), which was subsequently validated in in vitro tests and used for fluorescence labelling. Moreover the undesired product 20 could be easily converted into product 12 by acid-catalysed elimination, employing the same reaction conditions previously adopted for compound 17 dehydration. Thus, the reaction was not further optimized, and future work can be addressed to improve both the Sonogashira crosscoupling and TMS deprotection steps.

Stability tests

In view of the displayed high reactivity of these chromones derivatives to Michael addition, we investigated the stability of AM278A (12) and 4022 (8) in aqueous buffered solution. In order to mimic the in vitro screening conditions, both compounds were incubated at 200 µM in PBS (0.01 M phosphate saline buffer, 2.7 mM KCl, 137 mM NaCl, 10 mM sodium As depicted in the chromatograms (Figures 12 and13), degradation of both compounds is time-dependent, with the formation of two main sub-products. Mass analysis of the peak at 15.8 min indicates a molecular ion with m/z of 300.0 and m/z of 290.0 for AM278A and 4022, respectively (data not shown), probably corresponding to the products 21 and 22 resulting from the 1,4-addition of water (Scheme 6). Remarkably, such degradation was already present in small percentages (around 4% and 0.5% for AM278A and 4022 respectively) after few minutes from the preparation of the PBS solution (day 0). Although to different extents, both compounds also exhibited a second degradation path, and mass analysis of the peak at 14.4 min indicates an m/z of 203.9 and m/z of 194.0 for AM278A and 4022, respectively (data not shown). It is conceivable that these peaks correspond to products 23 and 24 for AM278A and 4022, respectively, which may result from a retro-Claisen reaction that follows the addition of water to the double bond (Scheme 6), and NMR characterization is in progress. As suggested from the HPLC analysis at different time points, these degradation routes seem to reach a plateau after 48-72 hours, resulting in a mixture of the three products at equilibrium. 

O NO 2 CF 3 O 19 TMS K 2 CO 3 DCM:MeOH = 1:2, 0°C , 2h O NO 2 CF 3 
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Sample Name 4022nÿ110314, 4022nÿ120314, 4022n 130314, 4022nÿ140314 Since the in vitro nucleotide exchange assay requires a 2 min incubation of the compounds with Arfs and ArfGEFs (at pH 7.4) prior GTP addition (and consequently stimulation of the exchange reaction), the low stability of both AM278A and 4022 in water were not expected to affect their inhibition properties. However, such degradation needs to be taken into account for the experimental setup of the in cellulo imaging experiments, in order to avoid a false distribution of AM278A derived from the interaction of the sub-products 21 and 23 with other cellular targets.

Scheme 6: Degradation pathways proposed for AM278A and 4022.

Biological activity (in collaboration with J. Cherfils group)

The newly synthesized AM278A is a useful tool to visualize the subcellular distribution of this class of Arf/ArfGEF inhibitors, with useful temporal resolution. The in vitro inhibitory properties of AM278A need to be prior investigated in order for this alkyne probe to be considered a valuable surrogate of the non-fluorescent small molecule 4022. In this section we report the comparison between AM278A and 4022 activities in in vitro nucleotide exchange assays, and the preliminary results obtained from the in situ click labelling of the alkyne probe.

Nucleotide exchange assay

Compound 4022 is a recently discovered inhibitor of the Arf1 GDP/GTP exchange reaction and displays the strongest inhibiting properties against the BRAG2-mediated activation of Arf1 proteins (unpublished results).

With the view to evaluate AM278A activity, we employed a fluorescence-based assay, previously developed to study the ArfGEFs-mediated activation of Arf proteins. 36 This assay relies on the Arfs conformational changes that occur during the GDP-GTP exchange, which affect the positioning of two tryptophan residues. While in the inactive GDP-bound state, tryptophan fluorescence is quenched by the close proximity of these two residues, the structural variations that follow the exchange reaction switch on their emission. Thus, the resulting increase in fluorescence intensity can be exploited to monitor the exchange reaction in real time. Additionally, this sensitive technique allows to readily detect any variation in the kinetic of the reaction, as it would occurs in the presence of Arf/ArfGEFs inhibitors.

In a typical experiment, the studied Arf and ArfGEFs proteins are incubated with the inhibitor for 2 min at 37 °C, followed by the addition of GTP to initiate the exchange reaction.

Tryptophan fluorescence (λ ex = 292 nm, λ em = 340 nm) is monitored in time, and the apparent activation rate constants k obs are determined from the fluorescence curves monoexponential fit. This assay was employed to study ARNO-and BRAG2-mediated activation of the Arf1 GDP/GTP exchange reaction in the presence of the inhibitors 4022 and AM278A, both in solution and with plasma membrane-mimicking liposomes (PM-like liposomes).

Nucleotide exchange reaction in solution

The presence of the N-terminal myristoylated amphipathic helix in Arf proteins, couples Arf full activation with membrane recruitment (paragraph 1.2.). 4 To bypass this requirement and investigate the exchange reaction in solution, we employed an Arf1 construct, truncated of the N-terminus helix (Δ17Arf1). Analogously, we used ARNO Sec7 , lacking the pleckstrin homology (PH) domain, to prevent auto-inhibition of ARNO in the absence of membranes (paragraph 1.3.). 6,9 Since BRAG2 is not affected by the same PH-mediated auto-inhibition, 11 we studied the reaction with the BRAG2 Sec7-PH construct, which comprises both the PH and the Sec7 catalytic domains. Conversely, while 4022 displayed a limited influence on the ARNO-catalysed conversion (k obs ≈ 90% of the negative control), this selectivity is slightly reduced in the case of AM278A (k obs ≈ 65% of the negative control). Nevertheless, the alkyne probe still exhibits a detectable preference to inhibit the BRAG2-mediated exchange, and together with 4022, these are the only inhibitors reported so far to display an activity against this class of ArfGEFs.

Nucleotide exchange reaction with PM-like liposomes

To test whether AM278A and 4022 were still effective nucleotide exchange inhibitors coupling Arf1 activation with membrane recruitment, we performed the assay in the presence of PM-like liposomes. In these experiments myrArf1, possessing the N-terminal myristoylated helix, and ARNO Sec7-PH , comprising both the Sec7 and the PH domains, were employed to ensure proteins full activation by bilayer insertion. In the absence of inhibitors, both the ARNO-and BRAG2-mediated Arf1 activations were greatly enhanced by the presence of liposomes, requiring only the 0.25 mol% of BRAG2 and the 2.5 mol% of ARNO, to successfully catalyse the reaction. Surprisingly, both compounds displayed enhanced inhibitory properties toward the exchange reactions, especially in the ARNO-mediated Arf1 activation. In order to investigate the origins of these outcomes, we preformed dynamic light scattering (DLS) experiments on the resulting solutions after the exchange reaction. As illustrated in Figure 17 for the ARNOcatalysed reaction, while the negative control sample (DMSO) contains monodisperse particles with sizes distributed around 97 nm, the 4022 and, even more, the AM278A samples show liposome aggregation, as suggested by the appearance of higher size particles. Therefore we hypothesized that upon 4022 or AM278A addition, liposomes aggregation and precipitation caused a drastic decrease of Arf1 and ARNO activities, independently from the intrinsic inhibitory properties of the two compounds. Despite liposomes aggregation prevented the precise determination of the Arf1 kinetic in the presence of the two analogues, these in vitro experiments validated AM278A as a surrogate probe of 4022. Therefore we proceeded to AM278A in cellulo detection with fluorescentlabelled azide tags.

In situ click labelling

The in situ click labelling strategy (paragraph 1.6.) employs the bio-orthogonal copper(I)catalysed azide-alkyne cycloaddition (CuAAC) between the compound and a fluorescent tag. 27 

Optimization of the in situ click labelling

Fluorescence imaging provides the means to evaluate the effect of drug concentrations and incubation times on the cellular distribution of the screened molecules. As we previously determined (paragraph 3.2.1.), AM278A aqueous stability is limited by the Michael addition of water on the activated α,β-unsaturated carbonyl, where the resulting adduct could display different distribution patterns and activities. We thus explored several conditions in order to find the optimal experimental setting to perform the co-localization experiments. TGN46 distribution, a trans-Golgi network protein involved in membrane trafficking. HeLa cells were incubated with 50, 100 and 200 µM of AM278 for 1 hour, and the effect on the Golgi was compared with a DMSO negative control (Figure 18).

From fluorescence imaging, It was clear that as the drug concentration increased, the Golgi apparatus was progressively disassembled in punctuate agglomerates, with almost complete dispersion at 200 µM. Additionally, while at low concentrations the drug was roughly disseminated in the whole cell, at 200 µM it visibly accumulated in the perinuclear area, perhaps reflecting its cellular target localization. Hence, 200 µM was the optimal concentration both in terms of activity and drug distribution and it was accordingly adopted in subsequent experiments.

To study drug distribution at different time points, we independently incubated HeLA cells with 200 µM of the alkyne probe for 2, 7, 12, 32 and 62 min, prior fixation. As depicted in Therefore we progressed to some preliminary co-localization experiments with these newly optimized conditions, exposing cells for 12 min with 200 µM of the alkyne probe. 

Preliminary co-localization experiments

From these experiments, we could make some general observations on the cellular localization of this small molecule. The drug was essentially distributed in the perinuclear area, with punctuate patterns that could resemble its specific protein target(s). Additionally, the compound does not associate with plasma membranes and displays only a faint staining into the nuclear region. From this particular distribution and co-staining with TGN46 we can also clearly exclude compound association with the Golgi apparatus, despite affecting its integrity (Figure 19).

As a preliminary investigation of AM278A protein target(s), we evaluate its co-localization with Arf1, Arf6 and ARNO. Thus, cells were lipid-transfected (Lipofectamine) to transiently express mCherry-Arf1QL, mCherry-Arf6QL and mCherry-ARNO fusion proteins, where Arf1 and Arf6 were constitutively active (QL). Since the use of copper ions in the presence of fluorescent proteins (FP) has been reported to affect their integrity, 37 we employed commercially available FP-booster, to circumvent this limitation. These are essentially specific FP-binding protein coupled with fluorescent dyes, which reactivates, boosts and stabilizes the protein fluorescent signals. From this experiments, we can clearly see that the compound did not localize with Arf1, the latter being concentrate in a specific cellular compartment (e.g. Golgi apparatus) (Figure 20). As expected, the compound also displays a different pattern as compared to that of Arf6, which is regularly dispersed in the cell and at the plasma membrane (Figure 21). Surprising, despite a similar perinuclear distribution with ARNO, the inhibitor and the protein are not co-localized, being the ArfGEF more allocated near the cell periphery (Figure 22). 

Conclusions

In conclusion, we have designed and synthesized the alkyne-probe AM278A, structurally related to the new Arf1 GDP/GTP exchange inhibitor 4022. We adopted a five-step strategy that includes the synthesis of the chromone core and its subsequent alkyne-functionalization by means of Sonogashira cross-coupling. The probe was then in vitro validated for its inhibitory properties against the Arf1 exchange reaction catalysed by the BFA-insensitive ArfGEFs ARNO and BRAG2, employing a fluorescence-based nucleotide exchange assay.

We thus confirmed that the introduction of the alkyne moiety minimally affects compound activity, as AM278A was found to be a good surrogate of 4022. was filtered off, washed with water and dried under vacuum to obtain compound 17 as a white solid (720.2 mg, 93%). The product was used in the next step without further purifications. A small portion was recrystallized from hexane for characterization (white solid). 1 H NMR (500 MHz, CDCl 3 ) δ 8.05 (1H, d, J = 2.5 Hz), 7.67 (1H, dd, J = 8.5, 2.5 Hz), 6.98 (1H, d, J = 8.5 Hz), 3.38 (1H, br s), 3.07 (2H, m). 13 C NMR (125 MHz, CDCl 3 ) δ 185.9, 154.9, 139.2, 129.3, 121.5, 121.2 (q, J = 283 Hz), 120.1, 116.0, 97.7 (q, J = 19 Hz), 40 IR ν/cm -1 : 3345 (br), 1690 (s), 1602 (m).

Synthesis of 6-bromo-2-(trifluoromethyl)-4H-chromen-4-one (18)

One drop of conc. HCl was added to a solution of 17 (705 mg, 2.27 mmol, 1 equiv) in acetic acid (550 µl), under stirring and the solution was refluxed for 1 h. After this time, the reaction was diluted with water and the solvent was removed under vacuum. Compound 18 was obtained as yellow oil (606.4 mg, 91%) and was used in the next step without further purifications. A small portion was purified by flash chromatography (heptane: ethyl acetate = 7:3) for characterization (white crystal solid). 1 H NMR (500 MHz, CDCl 3 ) δ 8.34 (1H, d, J = 2.5 Hz), 7.86 (1H, dd, J = 9.0, 2.5 Hz), 7.46 (1H, d, J = 9.0 Hz), 6.75 (1H, s). 13 C NMR (125 MHz, CDCl 3 ) δ 175.5, 154.4, 152.6 (q, J = 38 Hz), 138.0, 128.7, 125.3, 120.3, 120.0, 118.5 (q, J = 273 Hz), 110.7 (q, J = 2.8 Hz). HRMS IR ν/cm -1 : 3091 (w), 1673 (s), 1605 (w).

Synthesis of 6-bromo-5-nitro-2-(trifluoromethyl)-4H-chromen-4-one (14)

A mixture of conc. H 2 SO 4 (0.6 ml) and conc. HNO 3 (0.6 ml) was added to a solution of compound 18 (577.2 mg, 1.97 mmol, 1 equiv) in conc. H 2 SO 4 (2.3 ml). The reaction mixture was stirred at 75°C for 35 min and then diluted with ice-cold water. The precipitate was filtered off, washed with water, dried and recrystallized from BuOH. Compound 14 was obtained as a white crystal solid (290.5 mg, 44%). 1 H NMR (500 MHz, CDCl 3 ) δ 8.03 (1H, d, J = 9.0 Hz), 7.63 (1H, d, J = 9.0 Hz), 6.79 (1H, s). 13 C NMR (125 MHz, CDCl 3 ) δ 171.9, 154.3, 152.4 (q, J = 40 Hz), 147.1, 139.0, 121.6, 118.1 (q, J = 273 Hz), 117.1, 112.2, 111.3 (q, J = 2.3 Hz). HRMS (ESI-TOF) m/z calcd for IR ν/cm -1 : 3290 (m), 1717 (s), 1612 (m), 1552 (s), 1016 (s).

Biological activity Cell Culture

HeLa cells were cultured at 37°C with 5% CO 2 in humidified atmosphere. Cell culture was performed in safe hoods, in DMEM -Glutamax medium supplemented with 10% v/v fetal bovine serum. The reagents were purchased from Life Technologies.

DNA plasmids

DNA plasmids for mCherry-Arf1QL, mCherry-Arf6QL and mCherry-ARNO fusion proteins were provided by J. Cherfils laboratory. 

Antibodies

Protein expression and purification

Δ17Arf1, myrArf1, BRAG2 Sec7-PH , ARNO Sec7 and ARNO Sec7-PH were provided by J. Cherfils laboratory, expressed and purified accordingly to previously reported methods. 11,38 Liposomes Liposomes of 0.2 µm (Soya phosphatidylcholine (PC) 34.3%, liver phosphatidylethanolamine (PE) 14%, brain phosphatidylserine (PS) 21%, brain phosphatidylinositol-4,5-biphosphate (PIP 2 ) 0.7%, Cholesterol 30%) were provided by J. Cherfils laboratory, and prepared according to a previously reported method. 39 O NO 2 O O CF 3

Dynamic light scattering (DLS)

DLS was performed after the exchange reaction on the resulting solutions, using DynaPro (Wyatt) apparatus.

Nucleotide exchange assay

The assay was performed according to previously published methods. 11 

Fluorescence microscopy

HeLa cells were grown on LabTek (Nunc) multi-well slides and treated with compound 12 (concentration range: 0 -200 µM, 10 mM stock solution in DMSO, stored at -20°C) for the given incubation time (2 min -1 h). For GFP-and mCherry-fusion proteins fluorescence staining, cell were transfected with DNA plasmids (0.8 µg/ml) using Lipofectamine2000 (Life Technologies), for 20 h prior compounds treatment.

Cells were washed twice with PBS (2.7 mM KCl, 137 mM NaCl, 10 mM sodium phosphate, pH 7.4, Sigma-Aldrich) and then fixed with 3% w/v paraformaldehyde solution in PBS for 10 min, incubated with 0.1 M glycine (Sigma-Aldrich) solution in PBS for 10 min and permeabilized with 0.25% w/v saponine solution in PBS for 5 min, interposing PBS washes.

Alexa fluorophores (Alexa Fluor 488 azide, A10266 and Alexa Fluor 594, A10270, Life Technologies) were clicked by incubating cells with the "click cocktail" solution (4 mM CuSO 4 , 4.8 µM Alexa Fluor, 2 mg/ml sodium ascorbate in PBS) for 30 min, protected from light. After two washes in PBS, cells were incubated in blocking buffer (3% w/v bovine serum albumin (BSA), 0.05% v/v Tween 20, 0.01% saponine in PBS) for 30 min and then further washed with PBS. At this stage cells were exposed either to primary specific antibodies overnight at +4°C, or with GFP/RFP-boosters for 1h at room temperature (properly diluted in incubation buffer, 0.25% w/v BSA, 0.01% v/v Tween 20, 0.01% saponine in PBS). Cells were washed three times with PBS and then incubated with the Alexa-conjugated secondary antibody (properly diluted in incubation buffer) for 20 min at room temperature, protected from light.

Cells were washed three times with PBS prior 5 min incubation with Hoechst 33258 (Life Technologies; 1:2000 dilution). The slides were mounted with mounting medium (Vectashield, Vector Laboratoires) and coverslips were applied. Images of Hoechst (λ ex = 352 nm, λ em = 461 nm), Alexa 488 (λ ex = 488 nm, λ em = 520 nm) and Alexa 594 (λ ex = 590 nm, λ em = 617 nm) fluorescence were captured sequentially using an inverted confocal microscope (SP8X Leica, 100x objective), acquiring serial sections. Images were analyzed using ImageJ 64 software.

CHAPTER 3

Elucidating the mechanism of action of the small molecule artesumycin 1. Introduction

Triggering cell death

In response to external injuries or dangerous stress conditions, cells are prone to activate specialized pathways to re-establish a viable homeostasis and normal physiological settings.

However, when this cannot be fulfilled, cells may activate death pathways. For instance, programmed cell death (PCD) is a process that occurs in all living organisms, necessary to proliferation of healthy cells, and so PCD evasion is generally recognised as one of the hallmarks of cancer. 1,2 Cell death can be associated to a spectrum of morphological alterations as a result of diverse molecular pathways that depends on various factors, such as initial stimulus and cell type. 3 building blocks and recycled for metabolic reuse (Figure 1). 3,5 To fulfil this function, lysosomes contain a large collection of hydrolytic enzymes that exert their maximal activity at low pH. The transmembrane vacuolar H + -ATPase uses the energy derived from ATP hydrolysis to pump protons from the cytosol into the lysosomal lumen, maintaining the internal pH below 5. 6 Lysosome-associated membrane proteins (LAMP1 and LAMP2) are among the main constituents of the surrounding membrane, which essential task is to isolate lyosomal acidic conditions and hydrolases from the rest of the cell, in order to protect the external cellular components from indiscriminate degradation. 6 These proteins are heavily glycosylated, thereby creating a "sugar coat" that ensure membrane protection from the otherwise hydrolytic digestion. Owing to the high content of hydrolytic enzymes, lysosomes represent a potential threat for cells, able to initiate cell death in response to conditions that damage their structural integrity.

Depending on the extent of the damage, lysosome rupture can induce cell death by necrosis, or trigger a controlled and selective destruction that fall into the apoptotic pathway. 3 This second process, known as lysosomal membrane permeabilization (LMP, Figure 1), dependent caspases pathway. 3 In this scenario, cathepsins proteolitically activate the BH3 interacting-domain death agonist protein (Bid), a pro-apoptotic member of the Bcl-2 family, which translocates to mitochondria and finally triggers MOMP and cytochrome c release. 7 Nevertheless, caspases-independent pathways have also been detected following LMP induction, 3,5 and the selection of the molecular route is influenced by the cellular context, cell types and lethal stimulus. A wide range of agents and stimulus has been shown to induce LMP and subsequent programmed cell death. 1,3,5 Lysosomotropic agents represent the most direct route to damage lysosomes, including molecules like the antimalarial chloroquine (1, Figure 2) and the detergent sphingosine (2, Figure 2). 8 They generally feature weak basic properties and preferentially accumulate in the acidic lysosomal compartments, where they are trapped following protonation. The resulting osmotic influx of water and changes in the lysosomal pH cause lysosomes destabilization and consequently membrane permeabilization. 1,9 Alternatively, lysosomes display a pronounced vulnerability to reactive oxygen species (ROS) inducers, such as napthazarine (3, Figure 2). 10 As a result of protein misfolding and degradation, lysosomes display a high intralysosomal accumulation of free iron. Iron, in turns, catalyses Fenton-type chemistry with extensive ROS production that affects lysosomes and other organelles integrity. 5,9 Other compounds, like paclitaxel (4, Figure 2) and vincrinstine (5, Figure 2), have been shown to indirectly interfere with lysosomes stability, affecting lysosomal trafficking by disturbing microtubule dynamics. 5 Beside small molecules, proteins and receptors signalling have been widely studied in relation to LMP (Figure 3), ranging from TNF induction of caspases activation and sphingosine production to viral and bacterial infections. 3,5 Figure 3: Schematic overview of LMP-inducers. LMP can be triggered downstream of death receptors or through the direct involvement of caspases. TNF-mediated sphingosine production and ROS derived from damaged mitochondria could be also engaged in the permeabilization of lysosomes membranes. On the contrary, endogenous metallothionein 2 (MT2) and the heat shock protein 70 (Hsp70) protect and stabilize lysosomes from LMP. Adapted from: Nat. Rev. Cancer 2012, 12, 411 -424. Several cytoprotective mechanisms may interfere with LMP-mediated cell death, like stabilization of the lysosomal membrane by the heat shock protein 70 (Hsp70) and intervention of cytosolic protease inhibitors known as serpins. 1,3 Despite these endogenous proteins are overexpressed in cancer, tumour specific changes of the lysosomal compartment can be exploited for therapeutic proposes. Importantly, cellular immortalization and transformation have shown to increase susceptibility to LMP, correlated with increased lysosomes volumes and cathepsins overexpression. ways of cell death. For example, cellular levels of ROS, which promote both necroptosis and LM-PCD, can be lowered by the removal of damaged organelles through autophagy. However, autophagy can also degrade ROSdissipating enzymes, such as catalase, thus increasing the cellular susceptibility to ROS production 77 .

Small molecules as inducers of lysosome-mediated cell death

Killing cancer cells by different death pathways

Many of the alternative pathways of cell death are commonly observed, and have been studied, in cancer cells. Importantly, these pathways are generally independent of important tumour suppressors such as p53, which is mutated in more than 50% of tumours 78 , or oncoproteins such as BCL-2 (REF. 79). They are thus regarded as a genetic programme, would by-case basis. From a clinical be the first priority, as, ultima tumour, the primary goal has peutic resistance ensues, how into necroptotic pathways targets for a resensitization to A number of studies ha based therapies elicit necrot is photodynamic therapy (P tial to elicit both apoptosis the mode of cell death is det absence of RIP3 (REFS 23,80) also typically lead to necrotic in cultured cells, could be p proving that the death is pro Two recent studies have platform that integrates vario death signal, resulting in cell or necrotic features 40,83 . In res as DNA damage following ex II inhibitor etoposide, RIP1 8 to form the so-called rip reminiscent of, but independ complex II downstream of complexes require the ac death, inhibition of death b cannot discriminate betw Ripoptosome activation can and promoted by its shorter s can be ubiquitylated by inh also known as BIRC2), leadin attenuation of ripoptosome f can be inhibited by second m vator of caspases (SMAC), w chondria during apoptosis 87,8 of SMAC have been develop be highly efficacious in dow Thus, the formation of the ri directly by using SMAC mi lular stress, which usually r tion 90 . Importantly, ripoptos to cellular stress or to inhibi in non-cancerous cells, presu frequently have higher levels (REF. 40). Therefore, SMAC m compounds that stabilize the therapeutic strategies. It is als cells knockdown of RIP1 can classical apoptosis 91 . 

Artesumycin: a molecular hybrid that targets lysosomes

Our group has recently invented artesumycin (6, Figure 4), 11 a new small molecule that targets the lysosomal compartment. Artesumycin was designed as a molecular hybrid of the natural product marmycin A (7, Figure 5A) 11,12 and the antimalarial and antiproliferative drug artesunate (8, Figure 6A), 13,14 with the aim to combine the pharmacological properties of these two compounds in a single architecture. Surprisingly, artesumycin displayed enhanced growth inhibition properties against breast cancer cells in comparison to 7 and 8, either employed independently or as equimolar mixture. In order to understand the molecular basis of this synergy it is important to consider the individual properties of the two subunits. 

. Recent insights on marmycin A mechanism of action

Marmycin A (7, Figure 5A) is a novel angucyclin 15 recently isolated from a marine Streptomyces-related actinomycete. 12 The first total synthesis of this natural product has been just reported by our group, together with the characterization of its cellular behaviour. 11 Marmycin was found to exert modest antiproliferative activity against human osteosarcoma U2OS cells (Figure 5C), despite a 100-fold reduction in comparison with the structurally related DNA-interacalator doxorubicin (9, Figure 5B). In order to investigate the origins of such difference, the red fluorescence of marmycin A (λ em ≈ 650 nm) was exploited to visualize its subcellular localization using high-resolution microscopy. The absence of marmycin in the nucleus (Figure 5D) and its lack of ability to promote DNA damage, suggested a different mechanism of action in comparison with 9. Accordingly, marmycin was found to accumulate in lysosomes (Figure 5E), as confirmed by its localization in the lumen of lysosomes, surrounded by the green fluorescence of GFP-LAMP1. Investigations on marmicyn mechanism of action supported the idea of a LMPmediated cell death pathway, consistent with marmycin induction of lysosomal membrane destabilization and Bid cleavage, the latter prevented by cathepsins inhibitors. Since treatment with 7 displayed limited influence on ROS production, marmycin was proposed to act as a detergent thanks to the double nature of its structure, with a polar amino sugar fused to a lipophilic aromatic core.

The antimalarial drug artesunate cause ROS-dependent PCD in cancer cells

Artesunate (8, Figure 6A) is a potent antimalarial drug derived from artemisinin (10, Figure 6B), the active principle of the Chinese medicinal herb Artemisia annua. O group detected by immunofluorescence staining. In order to confirm such findings, we performed the proximity ligation assay, and our data clearly showed an increased proximity between V 1 B 2 and V 0 D 1 upon ART treatment (Fig. 4H). Altogether, the data from this part suggest that ART is able to enhance lysosomal function via increasing V-ATPase assembly and activity independent of mTORC1.
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group detected by immunofluorescence staining. In order to confirm such findings, we performed the proximity ligation assay, and our data clearly showed an increased proximity between V 1 B 2 and V 0 D 1 upon ART treatment (Fig. 4H). Altogether, the data from this part suggest that ART is able to enhance lysosomal function via increasing V-ATPase assembly and activity independent of mTORC1.

Lysosomal Activation Is Independent of ART-induced Autophagy-Because ART is able to promote lysosomal function and inhibit mTORC1 activity, we then tested the effect of ART on autophagy in HeLa cells. We first used HeLa cells with stable expression of GFP-LC3 protein. LC3, microtubule-associated protein 1 light chain 3, the homologue of Atg8 in yeast, is thought to be engaged in the expansion of autophagosomal membranes (35). The lipidated and membrane-bound LC3-II is considered an indicator for autophagosome (36). As shown in Fig. 5, A and B, ART markedly increased the average area of GFP-LC3 puncta and chang tered to the perinuclear reg earlier finding (15). To con autophagic flux, we perform with vinblastine, a microt inhibits the maturation of au in Fig. 5, A-D, the pres increased the autophagic m LC3-II protein level), indicat flux in HeLa cells. To unders mediated lysosomal activati siRNA knockdown of ATG7 genes (ATGs) in mediating a shown in Fig. 5E, knockdown tion and ART-induced aut ATG7 failed to have any evid ART-treated HeLa cells (F activation by ART is indepen ART-induced Oxidative St dependent-It has been repo intracellular ROS level as an (39). We first used CM-H2D ROS. ART treatment incre denced by the increased CM 6A), indicating that ART tre The addition of antioxidant N been shown to directly re superoxide (40), was able t induced by ART (Fig. 6A). B site of ROS formation and s other ROS, such as hydroge MSR to detect the superoxid shown in Fig. 6B, ART trea mitochondrial ROS level. T vented ART-mediated mito 6B). Interestingly, product almost completely abolished ing the possibility that lysos chondria in ROS production both NAC and BAF signific death (Fig. 6E). To further somes in cellular ROS prod examined the changes of ly BAF. As shown in Fig. 6F,B ART-induced lysosomal ac have any effect, further conf some acts upstream of mito together, these data indicate of mitochondria in ROS pro Lysosomal Activation, R Induced by ART Is Dependen rous iron is essential for the somes are known to contain (43), we utilized deferoxam iron chelator, to investigate induced cell death. DFO is k because of its poor membra into cells through endocyto FTL in cells treated with ART. We observed a time-and dosedependent reduction of their protein level (Fig. 8, A andB). To check whether the decreased ferritin protein level is due to enhanced protein degradation, we first measured the mRNA level of ferritin. As shown in Fig. 8C, there was a time-dependent increase of mRNA level in ART-treated cells, suggesting ferritin degradation is mainly performed by the lysosomes. To check the intracellular iron level cells treated with ART or BAF, we then examined the levels of IRP2. IRP2 is stabilized in response to low iron level, whereas it is degraded under high iron levels (47). As shown in Fig. 8F, BAF significantly increased the IRP2 protein level, which is similar to that of the DFO-treated group, suggesting 
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by guest on July 7, 2015 http://www.jbc.org/ Downloaded from FTL in cells treated with ART. We observed a time-and dosedependent reduction of their protein level (Fig. 8, A andB). To check whether the decreased ferritin protein level is due to enhanced protein degradation, we first measured the mRNA level of ferritin. As shown in Fig. 8C, there was a time-dependent increase of mRNA level in ART-treated cells, suggesting that the reduced ferritin protein level by ART is unlikely via suppression of transcription. Although we observed a decrease of ferritin mRNA level in DFO-treated cells, reduction of the mRNA level (after 6 h) occurred later than that of protein (from 3 h onward) (data not shown), indicating that suppression of transcription is unlikely to be an important mechanism for the reduced ferritin protein level in DFO-treated cells. We next inhibited the lysosomal function by lysosomal inhibitor BAF and found that both ART and DFO-reduced ferritin protein level were completely blocked (Fig. 8, D andE). In contrast, proteasome inhibitor MG132 cannot fully inhibit ferritin degradation induced by ART (Fig. 8D). These results thus indicate that ART-induced ferritin degradation is mai check the intracellular iron l then examined the levels of low iron level, whereas it is d shown in Fig. 8F, BAF sign level, which is similar to that that BAF decreases the intr that ART increased the IRP bioactivity of ART requires Lysosomal Delivery and for ART-induced Cell Deat degradation in ART-indu FLAG-tagged FTH, which solic iron level and to incre (48). As shown in Fig. 9A, th protein level in ART-treate significantly protected AR higher concentrations of A Additionally, this drug has been shown to induce PCD in several cancer cell lines, to inhibit angiogenesis and reduce cell invasion and metastasis, and therefore is currently in clinical trials as a potential candidate for the treatment of breast cancer. 14,16 Despite the exact mechanism of action of this drug is still debated, recent reports 14,16 point toward with the notion of artesunate accumulation in the lysosomal compartment (Figure 6C), together with the functional requirement of this organelle to trigger its antiproliferative activity. Artesunate was found to induce extensive oxidative stress in cancer cells in a lysosome-dependent manner (Figure 6D), where either treatment with antioxidants 14,16 or with H + -ATPase inhibitors (bafilomycin A1, BAF) 16 abolished artesunate-mediated ROS production and rescued cell viability. Protection from artesunate induced PCD was also obtained employing the iron chelator deferoxamine mesylate (DFO, Figure 6E/F), strongly supporting the requirement of Fe(II) to generate artesunate-derived reactive radicals and coherent with the elevated concentration of this metal ion inside lysosomes. 16 Consistently, artesunate prompted MOMP and cytochrome c release in an iron-dependent manner 14 , together with promoting lysosomal degradation of ferritin, the major iron-storage protein in mammalian cells. 16 In parallel, artemisinin-like compounds are known to accumulate in the acidic food vacuoles of malaria parasites, where haemoglobin digestion produces ferrous haem. 17 The extensive Fe(II)-mediated reactivity of artemisinin and related strongly supports ROS production in both the lysosomal compartment of cancer cells and in the digestive vacuole of parasites, and therefore may account for these drugs distinct toxicity.

Scheme 1: Unified mechanism for the iron-mediated fragmentation of artemisinin-like compounds. Adapted from: J. Am. Chem. Soc. 1998, 120, 3316 -3325. Hence, both marmycin and artesunate targets lysosomes causing, although through different mechanisms, a considerable damage to this organelle, thus stimulating cell death. However, the found enhanced potency of hybrid 6 in comparison with 7/8 co-treatment excludes the simple hydrolysis of the dimer to release these individual agents. These evidences support a more complex mechanism than an ordinary additive effect and additional investigation are needed to clarify artesumycin mechanism of action. 

Aim of the project

The aim of this work was to investigate the origins of the synergy found in the molecular hybrid artesumycin. We envisioned a link between the compound enhanced activity and the Fe(II)-catalysed degradation of artemisinin-like compounds, consistent with 6 targeting the lysosomal compartment. Therefore, the project included the synthesis of artesumycin and the investigation of its iron-mediated reactivity, in a model system 18,19 previously adopted with this class of pharmacophores. In parallel, growth inhibition assays and high-resolution microscopy would provide a fundamental support in understanding the molecular basis of artesumycin mode of action. In the described crossroads that follows the formation of the O-centered radical 15, the presence of a C-10 carbonyl substitution, as for artemisinin, generally drives the reaction through the production of the carboxyl radical 17, partially stabilized by delocalization. 18 This route is instead evaded with derivatives like artesunate, which conversion predominantly leads to the formation of product 16. 18 Hence, we envisioned a possible pathway in the ironmediated degradation of artesumycin, in which hydrolysis of 19 (the artesumycin-derived equivalent of 16) releases the new marmycin derivative 20, subsequently named marmysunate (Scheme 3).

In order to confirm our hypothesis, we progressed to the synthesis of 6 and 20, followed by the investigation of artesumycin reactivity in the presence of ferrous iron. 

Synthesis (In collaboration with T. Cañeque)

The newly synthetic strategy 11 reported by our group for the synthesis of marmycin A (7) included the stepwise assembling of the aromatic core and the amino sugar, by means of Ullmann-type coupling and subsequent Friedel-Crafts intramolecular cyclization (Scheme 4).

The hybrid structure of artesumycin (6) was then achieved through condensation between marmycin A 4'-OH and artesunate acidic function. 11 Similarly, marmysunate (20) structure can be conveniently obtained by reacting 7 and succinic anhydride. In parallel, diene 22 was prepared starting from the triphenylphosphine-assisted bromination of 1,3-cyclohexanone (Scheme 7). 

Diels-Alder

The resulting α,β-unsaturated ketone 24 was then protected as a 1,3-dioxolane, with concomitant isomerization of the double bond. 22 At this point, ketal 25 could be coupled with vinylmagnesium bromide in the presence of catalytic amount of Pd(0), to afford the protected diene 26 in good yields. 23 After the hydrolysis of the acetal function, 23 Hence, the reaction between 21 and 22 afforded the cycloadduct 28 (Scheme 8) in a signle pot. The reaction involves multiple discrete steps, from the initially regiospecific [4+2] cyclization, subsequent HBr elimination, oxidative aromatization and final hydrolysis of the acetate substituent. Thus, following an initial heating in toluene at 100°C, the mixture was stirred in methanol at room temperature for several hours, before the addition of K 2 CO 3 .

Importantly, traces of HBr seem to catalyse the aromatization in methanol, 11 thus underlying the importance to elicit the basic hydrolysis only after this transformation has occurred. In the eventual formation of partially aromatized product, microwave-assisted oxidation with 2,3dichloro-5,6-dicyano-1,4-benzoquinone (DDQ) was found to be effective. Finally, the desired triflate 29, was obtained by a standard reaction between 28 and triflic anhydride, in the presence of triethylamine (Scheme 8).

Synthesis of the amino sugar

The synthesis of the amino sugar 30 (Scheme 9) starts with the protection of the cis-hydroxyl groups of methyl α-L-rhamnopyranoside with a cyclic benzaldehyde acetal, resulting in the formation of derivative 31 as a diastereomeric mixture. 24 Without prior separation, both diastereoisomer were converted into the 4-MOM analogues 32. Then, the sec-butyllithium induced elimination of benzaldehyde, afforded the enantiopure keto-sugar 33. 25 This ketonemoiety enabled the introduction of the primary amine functionality in three steps. 11 dry CeCl 3 . Importantly, this preparation is highly moisture sensitive, the relative stoichiometry of methyl lithium and CeCl 3 and the addition rate of the organolithium reagent. Therefore, the cerium salt needs to be accurately dried under vacuum prior the dropwise addition of methyl lithium. Moreover, once the starting material 34 is added to the reaction mixture, the working temperature needs to be slowly increased from -78°C to ambient, in order to gain maximum conversion yields and avoid any degradation.

Scheme 9: Synthesis of the amino sugar 30.

Finally, palladium-catalysed hydrogenolysis of the N-O bond afforded the desired amino sugar 30 in optimal yields.

Synthesis of marmycin A

The two building blocks 29 and 30 could be coupled by a Ullmann-modified reaction, 26 where copper(I) catalysed cross-coupling within the primary amine and the aromatic triflate. 11 The reaction required elevated temperatures (160°C) and long reaction times (72 h), perhaps for the high sterically demanding amino sugar, which additionally negatively affected the reaction yields. Nonetheless, the unreacted amine 30 and the hydrolysed derivative 28 could be recovered almost quantitatively, and therefore further reacted to achieve the protected seco-marmycin 36. Although product 36 could be directly converted in marmycin A (7), 11 we found overall better yields when MOM-deprotection was performed prior the cyclization. Thus, treatment with boron trifluoride diethyl etherate afforded the deprotected derivative 37 in excellent yields, which subsequent HBF 4 -catalysed Friedel-Crafts cyclization produced the desired natural product.

Scheme 10: Synthesis of marmycin A.

Synthesis of artesumycin and marmysunate

As anticipated, artesumycin 6 was synthesized as previously reported by us 11 from the condensation of marmycin A (7) with artesunate (8) (Scheme 11A). The reaction was performed using 4-dimethylaminopyridine (DMAP) and N,N'-dicyclohexylcarbodiimide (DCC) as coupling reagent, producing the desired product in modest yields. The other synthetic dimer marmysunate 20 was instead prepared from the reaction with succinic anhydride, exploiting the nucleophilic catalysis operated by DMAP (Scheme 11B). We initially performed the reaction in the presence of an excess of N,N-diisopropylethylamine (DIPEA) and anhydride, stirring the mixture from room temperature to 40°C for 27 hours (entry 1, Table 1). However, the low isolated yield prompt us to explore other experimental setups. In particular, after an initial conversion, the reaction appeared to freeze, suggesting that the time was not the limiting factor in the overall reactivity. Conversely, increase in the operating temperature required the aid of different solvents than dichloromethane, affecting the solubility of succinic anhydride. Thus, working in dichloroethane (entry 2, Table 1) or dimethylformamide (entries 3/4, Table 1) resulted mainly in the recover of the unreacted starting material. A modest improvement was achieved employing a pyridine/DMAP system and stirring at 90°C, in which the auxiliary base was together the reaction medium (entry 5, Table 1). 

Reactivity tests

As models for the biochemical course of the reaction, previous reports (reviewed in Ref. 18) have conducted investigation on the Fe(II)-mediated cleavage of the peroxy bond of artemisinin-like compounds. Among the iron salts used in previous works, FeCl 2  4H 2 O was shown to possess the higher activity, whereas oxygenated ligands seemed to reduce until completely abolish the wanted electron transfer. 18 In parallel, the effect of solvent polarity has been reported to affect products distribution. Thus, we employed a previously reported 19 model system, incubating artesumycin with FeCl 2  4H 2 O in acetonitrile, stirring the resulting mixture at ambient temperature and under inert atmosphere. Importantly, we performed the test in the absence of water, to study the effect of its subsequent addition to the fragmented mixture. The reaction was monitored by means of UPLC-MS, checking the degree of conversion at different time points after the addition of the iron salt (Figure 7). As depicted in the chromatograms, the reaction was extremely fast, with a complete degradation of 6 after only 15 minutes. Importantly, we noted the formation of three main products, which retention times differed from the starting material, although possessing the same m/z (802, [M+Na] + , data not shown), as would be in the case of fragmented and rearranged derivatives. As no changes in the product distribution were observed after 30 and 60 minutes, we decided to add water to the acetonitrile solution. Remarkably, this prompted the formation of a new peak with the same retention time and m/z (514, [M+H] + , data not shown) of marmysunate 20, supporting its generation following the Fe(II)-catalysed degradation of artesumycin (Figure 8). Two important considerations can be drawn from the course of the reaction. First, marmysunate increased at the expenses of the peak at 6.66 min, suggesting a pathway in which the addition of water causes the hydrolysis of an artesumycin-degraded product. Secondly, the peaks at 7.07 and 6.72 min remained unaffected by the formation of product 20, which conversion reaches a plateau after the complete disappearance of the peak at 6.66 min. This outcome strongly excludes a mechanism whereby the simple hydrolysis of the artesumycin ester bond leads to the generation of the succinic acid derivative. artesunate probe accumulates in the lysosomes, in agreement with previous observations. 14,16 This outcome may exclude a synergistic effect derived by the simple targeting properties of marmycin A, where this moiety would account for the cellular localization of the hybrid in the lysosomal lumen, thus activating artesunate-mediated ROS production. 

Growth inhibition assay (Performed by E. Zacharioudakis)

In order to evaluate marmysunate antiproliferative properties, U2OS cells were treated with multiple doses of the drug and incubated for 72 hours before staining with CellTiter-blue.

Analogously, we evaluated the growth inhibition properties of the related compounds artesumycin, marmycin A, artesunate and the alkyne probe 43, for a direct comparison with marmysunate (Figure 10). As expected, artesumycin displayed strong antiproliferative activity, being around 10-fold and 100-fold more potent than artesunate and marmycin A, respectively. Additionally, the alkyne probe was as active as artesunate, supporting the limited influence of the alkyne appendage on the general properties of the drug. Surprisingly, marmysunate toxicity was found even lower than the parental natural product, in contrast to our expectations. It is conceivable that the introduction of a negatively charged function, would negatively affect the membrane penetrating properties of the drug, thus requiring higher doses to produce the desired effect.

Consequently, further experiments are in progress to address this specific question.

Conclusions

Artesumysin is a newly synthesized lysosome-targeting agent, derived from the molecular hybridization of the natural product marmycin A and artesunate. 11 Artesumycin displayed enhanced antiproliferative activity compared to the independent subunits and in order to investigate the origins of this synergy, we explored the effect of iron on the stability of the drug. We found that the Fe(II)-catalysed degradation of the molecular scaffold released a new marmycin-derived fragment that we called marmysunate. Marmysunate formation could account for an enhanced lysosomotropic activity in comparison with the parent natural compound. Thus, marmysunate was synthesized from the coupling of marmycin A and succinic anhydride, with the purpose to explore its cellular behaviour. Conversely, preliminary experiments on marmysunate antiproliferative properties, showed a poor activity of this analogue against U2OS growth, around 200-fold reduced in comparison to artesumycin.

Since the introduction of the negatively charged succinic acid unit could somehow affect the transport of the compound through cellular membranes, additional experiments are in progress to clarify the origins of these divergent outcomes. Specifically, imaging experiments with the red fluorescent marmysunate will elucidate the cellular distribution of this analogue.

Moreover, cell viability tests with iron-chelating agents could provide useful insight on artesumycin mode of action.

dryness under reduced pressure. The crude residue was purified by flash chromatography (heptane: ethyl acetate = 1:1) to afford 23 as a dark solid (5.1 g, 67%). 

Synthesis of 3-bromocyclohex-2-en-1-one (24)

Compound 24 was prepared according to a previously published procedure. 22 A flask loaded with triphenylphosphine (37.5 g, 143.0 mmol, 1.6 equiv) and benzene (300 ml) was cooled to 0ºC followed by the dropwise addition of bromine (7.4 ml, 143.0 mmol, 1.6 equiv) in benzene (50 ml) and the reaction mixture was allowed to warm to RT over 1 h. After this time, triethylamine (20 ml, 143.0 mmol, 1.6 equiv) was added followed by a solution of 1,3-cyclohexanedione (10 g, 89.2 mmol, 1 equiv) in chloroform (100 ml) and the mixture was stirred at RT for another 3 h. The mixture was then filtered through celite, washed with water and brine, dried over MgSO 4 and concentrated to dryness under reduced pressure. The crude product was purified by flash chromatography (petroleum ether : tertbutylmethylether = 100:0 -70:30) to afford 24 as a colorless oil (11.54 g, 74%). 

Synthesis of 5-dioxolane-1-vinylcyclohex-1-ene (26)

Compound 26 was prepared according to a previously published procedure. 23 

Synthesis of 3-vinyl-3-cyclohex-1-one (27)

Compound 27 was prepared according to a previously published procedure. 23 To a solution of 26 (0.84 g, 5.05 mmol, 1 equiv) in water (20.2 ml) was added LiBF 4

(1 M in acetonitrile, 12.6 ml, 12.6 mmol, 2.5 equiv). The mixture was stirred at RT overnight and extracted with DCM. The combined organic layer was dried over MgSO 4 and concentrated to dryness under reduced pressure. The crude residue was purified by flash chromatography (petroleum ether : tert-butylmethylether = 7:3) to afford 27 as a colorless oil (387 mg, 62%). 

Synthesis of 1-methyl-3-vinyl-3-cyclohexen-1-ol (22)

Compound 22 was prepared according to a modified procedure. 23 To a Schlenk tube containing dry CeCl 3 (2.12 g, 8.60 mmol, 2.7 equiv) was added dry THF (12.4 ml) and the solution was stirred at RT overnight. A solution of MeMgBr (1.4 M in THF: toluene = 1:3, 6.1 ml, 8.60 mmol, 2.7 equiv) was added dropwise at 0°C and the reaction was stirred for another 2 h. A solution of 27 (387 mg, 3.17 mmol, 1 equiv) in dry THF (1.5 ml) was then added dropwise and the reaction was stirred at 0°C for 30 min. After this time, the reaction mixture was quenched with a saturated NH 4 Cl aqueous solution and extracted with tert-butylmethylether. The combined organic layer was dried over MgSO 4 and concentrated to dryness under reduced pressure. The crude residue was purified by flash chromatography (petroleum ether: tert-butylmethylether = 7:3) to afford 22 as colorless oil (361 mg, 82%). 1 H NMR (300 MHz, CDCl 3 ) δ 6.39 (1H, dd, J = 17.5, 10.5 Hz), 5.76 (1H, bs), 5.07 (1H, d, J = 17.5 Hz), 4.92 (1H, d, J = 10.5 Hz), 2.40-1.53 (7H, m), 1.31 (3H, s). 13 C NMR (75 MHz, CDCl 3 ) δ 139.6, 134.2, 128.2, 110.5, 68.9, 38.5, 35.1, 28.9, 23.5.

Synthesis of 8-hydroxy-3-methyltetraphene-7,12-dione (28)

A solution of 21 (3.26 g, 11.1 mmol, 1 equiv) and 22 (1.52 g, 11.1 mmol, 1 equiv) in toluene (35 ml) was stirred at 100°C for 16 h. The solvent was removed under reduced pressure, then methanol (30 ml) was added and the reaction mixture was stirred at RT for 4 h in the dark. K 2 CO 3 (4.6 g, 33.3 mmol, 3 equiv) was added and the reaction was stirred at RT for 1 h. The mixture was neutralized with aq. HCl (1 N) and extracted with DCM. The combined organic layer was washed with water and brine, dried over MgSO 4 and concentrated to dryness under reduced pressure. The crude residue was purified by flash chromatography (petroleum ether: tert-butylmethylether= 1:0 -9:1) to afford 28 as a yellow solid (1 g, 33%). A solution of 28 (295 mg, 1.02 mmol, 1 equiv) in dry DCM (43 ml) was cooled to -78°C prior the addition of triethylamine (0.57 ml, 4.08, 4 equiv) and the reaction mixture was stirred for 30 min. Triflic anhydride (0.69 ml, 4.08 mmol, 4 equiv) was then added dropwise and the reaction was allowed to warm to RT over 6 h. The mixture was diluted with DCM and washed with a saturated NaHCO 3 aqueous solution. The combined organic layer was dried over MgSO 4 and concentrated to dryness under reduced pressure. The crude residue was purified by flash chromatography (heptane : ethyl acetate = 8:2) to afford 29 as a yellow solid (276 mg, 64%). 

Synthesis of methyl 2,3-O-benzylidene-6-deoxy-α-L-mannopyranoside (31)

Compound 31 was prepared according to a previously published procedure. 24 A mixture of methyl α-L-rhamnopyranoside (10 g, 56.1 mmol, 1 equiv), benzaldehyde dimethyl acetal (10.1 ml, 67.3 mmol, 1.2 equiv), and ptoluenesulfonic acid (0.27 g, 1.4 mmol, 2.5 mol%) was refluxed in dry DMF (11 mL) under reduced pressure (water aspirator vacuum) overnight. The reaction mixture was neutralized with a saturated NaHCO 3 aqueous solution and extracted with tertbutylmethylether. The combined organic layer was dried over MgSO 4 and concentrated to dryness under reduced pressure. The yellow mixture of isomers was used in the next step without further purification (14.62 g, 98%). Hz), 3.47-3.37 (2H, m), 3.36 (3H, s), 3.33 (3H, s), 1.31 (3H, d, J = 6.5 Hz), 1.23 (3H, d, J = 6.5 Hz). 13 C NMR (75 MHz, CDCl 3 ) δ 138.5, 136.9, 129. Compound 32 was prepared according to a previously published procedure. 25 To a solution of 31 (15 g, 56.3 

Mixture of isomers

Synthesis of methyl 2,6-dideoxy-4-O-(methoxymethyl)-α-L-erythrohexopyranosid-3dose (33)

Compound 33 was prepared according to a modified procedure. 25 A solution of 32 (5 g, 16.1 mmol, 1 equiv) in dry THF (200 ml) was cooled to -40ºC under argon prior dropwise addition of sec-butyllithium (1.6 M in hexane, 30 ml, 48.3 mmol, 3 equiv). After 1.5 h, the mixture was poured into ice-water containing NH 4 Cl and the organic material was extracted with DCM. The combined organic layer was dried over MgSO 4 and concentrated to dryness under reduced pressure. The crude product was purified by flash chromatography (heptane: ethyl acetate = 7:3) to afford 33 as a white solid (2 g, 61%). 

O-benzyloxime (34)

To a solution of 33 (4.84 g, 23.7 mmol, 1 equiv) in absolute ethanol (480 ml) was added O-benzylhydroxylamine hydrochloride (11.3 g, 71.1 mmol, 3 equiv) and sodium acetate (13.0 g, 94.8 mmol, 4 equiv). After stirring at RT for 2 h, the mixture was filtered, concentrated to dryness under reduced pressure and purified by flash chromatography (heptane: ethyl acetate = 7:3) to afford 34 as a white solid (5.2 g, 71%). [α] ! !" -239 (c 0.072, CHCl 3 ).

Synthesis of O-benzyl-N-((2S,3R,4R,6R)-6-methoxy-3-(methoxymethoxy)-2,4-

dimethyltetrahydro -2H-pyran-4-yl)hydroxylamine (35)

To a Schlenk tube containing dry CeCl 3 (3.98 g, 16.2 mmol, 5 equiv) was added dry THF (50 ml) under argon and the solution was stirred at RT overnight. The reaction was cooled to -78ºC prior dropwise addition of methyllithium (3 M in diethoxymethane, 4.32 ml, 13.0 mmol, 4 equiv) and the reaction mixture was stirred for 1 h. After this time, a solution of 34 (1 g, 3.2 mmol, 1 equiv) in dry THF (10 ml) was added and the reaction was stirred at -78ºC for another 2 h. The reaction mixture was allowed to warm to RT, quenched with a saturated NaHCO 3 aqueous solution and extracted with tert-butylmethylether. The combined organic layer was dried over MgSO 4 , concentrated to dryness under reduced pressure and purified by flash chromatography (heptane: ethyl acetate = 8:2) to afford 35 as colorless oil (0.76 g, 72%). To a solution of 36 (78.5 mg, 0.160 mmol, 1 equiv) in dry DCM (8 ml) was added BF 3 •OEt 2 (201 µl, 1.60 mmol, 10 equiv) at -78ºC.

The reaction mixture was allowed to warm to RT over 7 h. After this time, the reaction was washed with a saturated NaHCO 3 aqueous solution, dried over MgSO 4 and concentrated to dryness under reduced pressure. The crude reaction product was filtered through silica (heptane: ethyl acetate = 1:1) to afford 37 as a dark violet solid (64.7 mg, 91%). 

Synthesis of marmycin A (7)

A solution of 37 (47.8 mg, 0.107 mmol, 1 equiv) and HBF 4 (50% w/w aq., 13.3 µl, 0.107 mmol, 1 equiv) in acetonitrile (9.6 ml) was refluxed for 8 h. The reaction was then cooled to RT, diluted with DCM and washed with a saturated NaHCO 3 aqueous solution. The organic layer was dried over MgSO 4 and concentrated to dryness under reduced pressure. The mixture was purified by flash chromatography (heptane: ethyl acetate = 1:1) to afford 7 as a red solid (11.2 mg, 25%). For biological tests the compound was further purified by preparative TLC (petroleum ether: tert-butylmethylether = 1:1). 

Synthesis of artesumycin (6)

To a mixture of 7 (3.3 mg, 0.008 mmol, 1 equiv), artesunate 8 (6.1 mg, 0.016 mmol, 2 equiv) and DMAP (0.2 mg, 0.0016 mmol, 20 mol%) in freshly distilled DCM (0.5 ml) was added a solution of N,N'-dicyclohexylcarbodiimide (3.3 mg, 0.016 mmol, 2 equiv) in dry DCM (0.3 ml) at 0°C. The reaction mixture was stirred at RT overnight and was then concentrated to dryness under reduced pressure. The crude product was purified by preparative TLC (petroleum ether:

tert-butylmethylether = 1:1) to afford 6 as a red solid (3.5 mg, 56%). 

Synthesis of marmysunate (20)

A mixture of 7 (4.3 mg, 0.0104 mmol, 1 equiv), DMAP (0.63 mg, 0,0052 mmol, 50 mol%) and succinic anhydride (13.4 mg, 0.104 mmol, 10 equiv) in freshly distilled pyridine (1 ml) was stirred at 90°C for 40 h. After this time the reaction was cooled to RT, diluted with chloroform and washed with aqueous HCl (pH ≈ 2). The organic layer was dried over MgSO 4 and concentrated to dryness under reduced pressure. The crude residue was purified by preparative TLC (ethyl acetate), to afford 20 as a red solid (1.9 mg, 36%). Hz). 13 !" +142 (c 0.015, THF). Afin de vérifier que la stabilisation des complexes de TOP2 entraîne effectivement la génération des CDB, une quantification de la phosphorylation de H2AX (test γ-H2AX) a été réalisée après traitement avec les poisons identifiés de TOP2 (Figure 4B).

Reactivity tests

Les composés actifs ont été finalement testés pour leur capacité à inhiber la croissance (test XXT) sur des lignées cellulaires exprimant différents niveaux de TOP2A et TOP2B, afin d'étudier la contribution de chaque isoforme à la cytotoxicité des composés (Tableau 1). ound form is thought to carry out G protein functions through interaction with ffectors', including vesicle coat proteins and enzymes that can modify lipid composition; however, increased attention has focused on networks of hat are targeted by proteins that interact with GEFs and GAPs themselves and ectors that associate specifically with the GDP-bound form of ARF proteins. 

CHAPITRE 3

Étude sur le mécanisme d'action de la petite molécule artésumycine

En réponse à des conditions de stress dangereux, les cellules sont capable d'activer à activer des voies spécialisées pour rétablir une homéostasie fonctionnelle, ou alternativement à activer des voies de mort cellulaire, dans l'éventualité ou les paramètres physiologiques normaux ne peuvent pas être récuperés. 13,14 Le ciblage des lysosomes s'est 

Figure 1 :

 1 Figure 1: Resolution of DNA topological problems by TOP1 and TOP2. Adapted from: Chem. Biol. 2010, 17, 421 -433.

Figure 2 :

 2 Figure 2: A) Structure of eukaryotic TOP2, showing the three domains. Adapted from: Int. J. Biochem. Cell. Biol. 2012, 44, 834 -837. B) Schematic representation of the catalytic cycle of TOP2; TOP2 poisons and catalytic inhibitors are shown relative to their mode of action. Adapted from: Nat. Mol. Cell Biol. 2011, 12, 827 -841.

Figure 6 |

 6 Figure 6 | Inhibition or poisoning points for type II topoisomerases. The type II topoisomerase reaction cycle and allof the points at which exogenous agents can disrupt function. During catalysis, the topoisomerase initially binds one duplex DNA segment (step 1). Following binding, the topoisomerase can then associate with a second duplex DNA segment. ATP binding (step 2) stimulates cleavage and opening of the first DNA (step 3), and passage of the second through the opening (step 4). The broken strands are then religated (step 5), and the product is released (step 6). Agents have been identified that interfere with each step, as indicated, but only a partial list of inhibitors and poisons is given here. mAMSA, amsacrine; MurI, glutamate racemase.

10 Figure 3 :

 103 Figure 3: Schematic representation of the supposed two-metal cleavage mechanism. A 2+ , B 2+ are general divalent ions. Adapted from: Nature 2010, 465, 641 -645.
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 3 Figure 3 | DNA cleavage by type IA and II topoisomerases. a, Proposed

Figure 4 :

 4 Figure 4: Structures of TOP2 poisons (blue) and TOP2 catalytic inhibitors (orange). Doxorubicin (4) belongs to both classes.

Figure 3 |

 3 Figure 3 | Pathways for the repair of topoisomerase II-mediated DNA damage.Following recognition of topoisomerase II (TOP2) covalent complexes (perhaps by collision with replication forks), collision with other tracking proteins such as RNA polymerase or other undiscovered surveillance processes, repair can be initiated by proteolysis or by nucleolytic processing. Proteolysis will not completely remove the protein because the phosphotyrosyl linkage to the DNA cannot be removed by proteases. Therefore, after proteolysis, a nucleolytic processing step is still required. As illustrated, the product of nucleolytic processing is a DNA molecule containing a double strand break. Note that TOP2 can be trapped as a single strand break, as the two subunits break DNA in an independent but coordinated process 144 . Processing of a covalent complex with a single strand break could generate either a single strand break or a double strand break. Recent experiments have shown that a TOP2 enzyme that can only generate single strand breaks can confer cytotoxicity in the presence of TOP2 poisons32 . For simplicity, the trapped structure that is illustrated shows a double strand break. In the case of a double strand break, repair is carried out mainly by homologous recombination or non-homologous end joining. Repair can also take place by error-prone single strand annealing pathways. The error-prone repair of TOP2-generated DNA double strand breaks can generate translocations that lead to secondary malignancies. The repair of single strand breaks that arise from TOP2 covalent complexes has not been fully explored.

Figure 6 :

 6 Figure 6: Structure of the natural compound podophyllotoxin, the synthetic precursor of VP-16.

Figure 7 :

 7 Figure 7: A) TOP2B-VP-16-DNA ternary complex crystal structure: detailed view of VP-16 binding site(s). B) Interaction of VP-16 with TOP2B and DNA. Atoms involved in drug-DNA interactions are shaded in green. Interactions mediated by side-chain and main-chain atoms are shown as solid and dashed lines respectively. Adapted from: Science 2011, 333, 459 -462.

Fig. 3 .

 3 Fig. 3. Detailed views of the etoposide-binding site(s). (A) A cartoon-and-stick representation shows the insertion of two etoposide molecules into two cleavage sites. (B) Close-up stereo representation of the etoposide-binding site. DNA is shown in blue, and two hTOP2b core monomers are colored differently. Labels belonging to the second monomer are flagged by a prime. Mg 2+ and water molecules are shown as green and red spheres, respectively. The distance between the Y821′-linked scissile phosphate and the 3′-OH is indicated. (C) Chemical structure of etoposide. Drug-interacting residues are indicated. The interactions mediated by side-chain and main-chain atoms are shown as solid and dashed lines, respectively. Atoms involve in drug-DNA interactions are shaded gray.

Figure 8 :

 8 Figure 8: A) VP-16 induced melanomas in the skin of wild type (TOP2β + ) and skin-specific TOP2B knockout mice (TOP2β -). Representative photos of DMBA-initiated mice treated either with DMSO or VP-16. B) VP-16 equally traps both TOP2A and TOP2B cleavage complexes in cellulo (MEFs). C) Frequency of MLL breaks induced in Nalm-6 wild type (WT) and Nalm-6 TOP2B depleted (β-/-) cells after exposure to VP-16. D) Sensitivity of Nalm-6 wild type (WT), Nalm-6 with TOP2A levels reduced to 50% (TOP2α +/-) and Nalm-6 TOP2B depleted (TOP2β -/-) cells to growth inhibition induced by VP-16. Adapted from: Proc. Natl. Acad. Sci. USA 2007, 104, 11014 -11019, Proc. Natl. Acad. Sci. USA 2012, 109, 8989 -8994 and J. Biol. Chem. 2008, 283, 23711 -23720.

Fig. 4 .

 4 Fig. 4. VP-16 poisons both Top2 isozymes equally, but Top2␤ in the trapped Top2␤-DNA complexes is preferentially deg VP-16 poisons Top2 isozymes equally in vitro. DNA cleavage assays were performed as described in ref. 42; VP-16 concentr in the five samples from left to right. (B) VP-16 effectively traps both Top2␣ and Top2␤ cleavage complexes in vivo. Tran isozymes were treated with VP-16 (0, 10, 50, and 250 M) for 15 min, and the amounts of Top2 (2␣ and 2␤) cleavag band-depletion assay as described in ref. 43 (Upper). The results are quantified and the percentage free Top2 is plotted for ea Top2-DNA cleavage complexes are reversed by a further incubation in VP-16-free medium for 50 min (lane 5). (C) VP-16 in of Top2␤. Transformed MEFs expressing both Top2 isozymes were treated with VP-16 (50 M, 2 h) in the presence or absenc (2 M). The DNA cleavage complexes in the treated cells were reversed by an additional incubation in the absence of VP-16 alkaline lysis and S7 nuclease treatment (43) were applied. The amounts of Top2 isozymes were measured by Western bl

CFIGURE 5 .

 5 FIGURE 5. NK314, unlike other Top2 inhibitors, specifically targets the topoisomerase inhibitors: NK314 (A), etoposide (B), doxorubicin (C), amsacrine of three independent experiments. Where absent, error bars fall within symbo treated with NK314 (1 M) or etoposide (30M) for 1 h. WT, wild-type; ␣, TOP2 damage and, ideally, such work should be performed in the context of human somatic cells, not model organisms. In this respect, we previously reported that Top2-mediated DNA damage is predominantly repaired by the non-homologous end-joining (NHEJ) pathway in higher eukaryotes, contrasting with the situation in yeast, where homologous recombination repairs virtually all Top2-mediated DNA damage(37, 39, 46, 47). In mammalian cells, NHEJ and homologous recombination are the two major pathways of DSB repair, and these pathways are roughly equally impor-

FIGURE 5 .

 5 FIGURE 5. NK314, unlike other Top2 inhibitors, specifically targets the ␣ topoisomerase inhibitors: NK314 (A), etoposide (B), doxorubicin (C), amsacrine (D of three independent experiments. Where absent, error bars fall within symbols treated with NK314 (1 M) or etoposide (30 M) for 1 h. WT, wild-type; ␣, TOP2␣

Figure 9 :

 9 Figure 9: A) Structure of NK314. B) ICE-bioassay for the detection TOP2-DNA covalent complexes following treatment with multiple doses of NK314 or VP-16. C) Sensitivity of Nalm-6 wild type (WT), Nalm-6 with TOP2A levels reduced to 50% (TOP2α +/-) and Nalm-6 TOP2B depleted (TOP2β -/-) cells to growth inhibition induced by NK314. D) Effect of NK314 or VP-16 on in vitro TOP2-mediated DNA cleavage (N: nicked, L: linear, S: supercoiled, R: relaxed DNA). E) NK314 inhibition of TOP2 decatenation activity. Adapted from: J. Biol. Chem. 2008, 283, 23711 -23720.

FIGURE 1 .

 1 FIGURE 1. NK314 induces Top2 complexes and DSBs in a manner highly specific to the ␣ isoform. A, PFGE analysis of Nalm-6 genomic DNA from untreated cells (None) or cells treated with NK314 (1 M) or etoposide (100 M) for 1 h. The cells were preincubated with (ϩ) or without (Ϫ) 10 M ICRF-193 for 30 min. B, Western blot analysis for Top2 of Nalm-6 and HeLa cells using 7B9 antibody (31). Ku70 served as a loading control. C and D, ICE bioassay for detection of Top2 complex formation. Indicated amounts of DNA from drug-treated Nalm-6 (C) or HeLa (D) cells were blotted to polyvinylidene difluoride or nitrocellulose membrane. Top2 protein covalently bound to DNA was detected with Top2␣-or Top2␤-specific antibody. E, TARDIS analysis in MEF cells treated with 100 M etoposide or 5 M NK314 for 90 min. Total Top2 complexes (␣ ϩ ␤) were detected with antibody 4882, whereas Top2␤ complexes (␤) were detected with antibody 18513␤. Mean fluorescence values were calculated for each treatment and normalized to the mean value for etoposide-treated MEFs. The data shown are from three to six independent experiments. F, effect of NK314 on Top2-mediated DNA cleavage. Supercoiled plasmid DNA was incubated with Top2␣ or Top2␤ or without enzyme (ϪTop2) in the absence (Ϫsolvent) or presence of 5% DMSO (None), NK314 (25-400 M), or etoposide (100 -400 M). N, nicked circular DNA; L, linear DNA; S, supercoiled DNA; and R, relaxed DNA. G, inhibitory effect of NK314 on Top2 decatenation activity. Kinetoplast DNA was incubated with 2 units of purified Top2␣ or Top2␤ in the absence (5% DMSO; 0 M) or presence of NK314 (3-100 M).
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 1 FIGURE 1. NK314 induces Top2 complexes and DSBs in a manner highly specific to the ␣ isoform. A, PFGE analysis of Nalm-6 genomic DN cells (None) or cells treated with NK314 (1 M) or etoposide (100 M) for 1 h. The cells were preincubated with (ϩ) or without (Ϫ) 10 M ICR B, Western blot analysis for Top2 of Nalm-6 and HeLa cells using 7B9 antibody (31). Ku70 served as a loading control. C and D, ICE bioassay for d complex formation. Indicated amounts of DNA from drug-treated Nalm-6 (C) or HeLa (D) cells were blotted to polyvinylidene difluoride membrane. Top2 protein covalently bound to DNA was detected with Top2␣-or Top2␤-specific antibody. E, TARDIS analysis in MEF cells tre etoposide or 5 M NK314 for 90 min. Total Top2 complexes (␣ ϩ ␤) were detected with antibody 4882, whereas Top2␤ complexes (␤) we antibody 18513␤. Mean fluorescence values were calculated for each treatment and normalized to the mean value for etoposide-treated MEFs are from three to six independent experiments. F, effect of NK314 on Top2-mediated DNA cleavage. Supercoiled plasmid DNA was incubate Top2␤ or without enzyme (ϪTop2) in the absence (Ϫsolvent) or presence of 5% DMSO (None), NK314 (25-400 M), or etoposide (100 -4 circular DNA; L, linear DNA; S, supercoiled DNA; and R, relaxed DNA. G, inhibitory effect of NK314 on Top2 decatenation activity. Kinetoplast DN with 2 units of purified Top2␣ or Top2␤ in the absence (5% DMSO; 0 M) or presence of NK314 (3-100 M).
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 1 NK314 induces Top2 complexes and DSBs in a manner highly specific to the ␣ isoform. A, PFGE analysis of Nalm-6 genomic DNA from untreated ells (None) or cells treated with NK314 (1 M) or etoposide (100 M) for 1 h. The cells were preincubated with (ϩ) or without (Ϫ) 10 M ICRF-193 for 30 min. , Western blot analysis for Top2 of Nalm-6 and HeLa cells using 7B9 antibody (31). Ku70 served as a loading control. C and D, ICE bioassay for detection of Top2 omplex formation. Indicated amounts of DNA from drug-treated Nalm-6 (C) or HeLa (D) cells were blotted to polyvinylidene difluoride or nitrocellulose embrane. Top2 protein covalently bound to DNA was detected with Top2␣-or Top2␤-specific antibody. E, TARDIS analysis in MEF cells treated with 100 M toposide or 5 M NK314 for 90 min. Total Top2 complexes (␣ ϩ ␤) were detected with antibody 4882, whereas Top2␤ complexes (␤) were detected with ntibody 18513␤. Mean fluorescence values were calculated for each treatment and normalized to the mean value for etoposide-treated MEFs. The data shown re from three to six independent experiments. F, effect of NK314 on Top2-mediated DNA cleavage. Supercoiled plasmid DNA was incubated with Top2␣ or op2␤ or without enzyme (ϪTop2) in the absence (Ϫsolvent) or presence of 5% DMSO (None), NK314 (25-400 M), or etoposide (100 -400 M). N, nicked ircular DNA; L, linear DNA; S, supercoiled DNA; and R, relaxed DNA. G, inhibitory effect of NK314 on Top2 decatenation activity. Kinetoplast DNA was incubated ith 2 units of purified Top2␣ or Top2␤ in the absence (5% DMSO; 0 M) or presence of NK314 (3-100 M).Topoisomerase II␣-specific Drugat CNRS -ICSN, on October 15,

FIGURE 5 .

 5 FIGURE 5. NK314, unlike other Top2 inhibitors, specifically targets the ␣ isoform. A-G, sensitivities of wild-type, TOP2␣ ϩ/Ϫ , and TOP2␤ Ϫ topoisomerase inhibitors: NK314 (A), etoposide (B), doxorubicin (C), amsacrine (D), mitoxantrone (E), XK469 (F), and camptothecin (G). Data are the m of three independent experiments. Where absent, error bars fall within symbols. H, PFGE analysis of Nalm-6 genomic DNA from untreated cells (No treated with NK314 (1 M) or etoposide (30 M) for 1 h. WT, wild-type; ␣, TOP2␣ ϩ/Ϫ ; and ␤, TOP2␤ Ϫ/Ϫ cells.

FIGURE 6 .

 6 FIGURE 6. Loss of Top2␤ does not affect NK314 sensitivity in MEFs. Clonogenic survival assays were performed using NK314-treated Top2␤ ϩ/ϩ (WT) and Top2␤ Ϫ/Ϫ MEFs. Data are the mean Ϯ S.D. of three independent experiments. Where absent, error bars fall within symbols.

Figure 10 :

 10 Figure 10: A) Structure of XK469. B) Inhibition of TOP2A and C) TOP2B DNA-relaxation activity following treatment with XK469. D) Sensitivity of MEFs wild type (WT) and MEFs TOP2B depleted (TOP2β -/-) cells to growth inhibition induced by XK469. E) XK469 induced TOP2-DNA crosslinks in MEFs wild type (WT) and MEFs TOP2B depleted (TOP2β -/-) cells. Adapted from: Proc. Natl. Acad. Sci. USA 1999, 96, 12168 -12173 and Biochem. Biophys. Res. Commun. 2001, 280, 1155 -1160.

Fig. 6 .

 6 Fig. 6. Catalytic inhibition of topoisomerase II isozymes by S(Ϫ)XK469. ATP-dependent relaxation of superhelical pBR322 DNA is shown for purified human topoisomerase II␤ (Upper) and purified human topoisomerase II␣ (Lower). Inhibition was measured by quantitation of the form I band in the ethidium stained gels. The graph from which the IC50 value was determined is shown below each gel. Controls (C) are pBR322 DNA without added enzyme.

Fig. 5 .

 5 Fig. 5. Covalent binding of topoisomerase II␣ and topoisomerase II␤ to cellular DNA after exposure of cells to topoisomerase poisons. Subconfluent and postconfluent human breast cancer cells (MCF-7) were treated with S(Ϫ)XK469, VM-26, m-AMSA, or the solvent, DMSO, for 15 min and then were lysed with GuHCl as described (see Materials and Methods). The cellular DNA was banded by CsCl gradient ultracentrifugation, and the CsCl then was removed by dialysis of the pooled DNA fractions. A 30-g DNA aliquot was removed, and MgCl2 was added to a final concentration of 5 mM. The DNA was digested with protease-free DNase I (Boehringer Mannheim, 0.1 units͞ml, 37°C, 1 hr). The aliquot then was applied to a poly(vinylidene difluoride) membrane with a slot blot device. Purified human topoisomerase II␣ (Topo-Gen) also was applied as a control. Blotted proteins were probed with antibodies to human topoisomerase II␣ and human topoisomerase II␤ (indicated at the top of each column).
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 6 Fig. 6. Catalytic inhibition of topoisomerase II isozymes by S(Ϫ)XK469. ATP-dependent relaxation of superhelical pBR322 DNA is shown for purified human topoisomerase II␤ (Upper) and purified human topoisomerase II␣ (Lower). Inhibition was measured by quantitation of the form I band in the ethidium stained gels. The graph from which the IC50 value was determined is shown below each gel. Controls (C) are pBR322 DNA without added enzyme.
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Figure 11 :

 11 Figure 11: Schematic representation of the VP-16 analogues reported in this work.

Scheme 1 :

 1 Scheme 1: Common strategies reported in the literature to convert lactone rings into lactams.

of VP- 16 .

 16 The conversion of the lactone into a lactam ring involves four synthetic steps that starts from VP-16 and pass through the formation of open intermediates: i) opening of the lactone with hydrazine (paragraph 3.1.1.1.), ii) conversion into a benzaldehyde-derived hydrazone (paragraph 3.1.1.2.), iii) Mitsunobu-type ring closure to the corresponding cyclized product (paragraph 3.1.1.3.) and iv) scission of the N-N bond with Nickel-Raney (Ni-Ra), yielding the desired VP-16 lactam derivative (paragraph 3.1.1.4.).Together with the nucleophilic opening of the lactone, VP-16 undergoes epimerization, resulting in the formation of the corresponding cis-hydrazide. Hence, we decided to extend the library and apply the same reaction sequences onto this derivative, in order to study the effect of the lactone stereochemistry on compounds activity.

Scheme 3 :

 3 Scheme 3: D-ring opening with hydrazine and synthesis of the hydrazide derivatives 14 and 15.

Figure 12 :

 12 Figure 12: NOESY spectra for compounds 14 and 15. NOE signal (red circle) between H-2 and H-1 in the transhydrazide 14 and between H-2 and H-3 in the cis-hydrazide 15.

Scheme 5 :

 5 Scheme 5: Synthesis of the closed hydrazones 18 and 19.

Figure 13 :

 13 Figure 13: NOESY spectra for compounds 18 and 19. NOE signal (red circle) between CH=N and H-11 in both the trans-and the cis-hydrazone.

3. 1 . 1 . 4 .Scheme 6 :

 1146 Scheme 6: Synthesis of the lactams 20 and 21.

Scheme 7 : 22 [

 722 Scheme 7: Hydrolysis of derivatives 18 and 19 into the corresponding hydrazines 22 and 23.

Figure 14 :

 14 Figure 14: Degradation of compound 18 in aqueous buffered solution (pH = 5) after 24, 48 and 72 hours.

Figure 19 :

 19 Figure 19: Degradation of compound 19 in aqueous buffered solution (pH = 7) after 24, 48 and 72 hours.

Figure 20 )

 20 Figure 20) comprising groups positively and negatively charged at physiological pH, H-bond donors and acceptors, as well as aromatic and aliphatic spacers.

Figure 20 :

 20 Figure 20: Alkynes library for the synthesis of type 1 triazolyl-epipodophyllotoxin derivatives.

Scheme 11 :

 11 Scheme 11: Synthesis of alkynes 35 and 36.

38 Figure 21 :

 3821 Figure 21: NOESY spectra (NOE signal: red circle) and X-ray crystal structure (crystallized from acetonitrile) of compound 41.

Figure 22 :

 22 Figure 22: 1,4-and 1,5-triazolyl-epipodophyllotoxin derivatives obtained by means of thermal cycloaddition.

Figure 20 , 40 Scheme 14 :

 204014 Scheme 14: CuAAC strategy for the synthesis of the 1,4-triazolyl-epipodophyllotoxin analogues 49-60.

Figure 24 :

 24 Figure 24: Type 1 1,4-triazolyl-epipodophyllotoxin derivatives obtained by means of copper(I)-catalysed azidealkyne cycloaddition.

Scheme 15 :

 15 Scheme 15: Synthesis of the alkyne-podophyllotoxin derivatives 61 and 62.

Figure 25

 25 Figure 25).

Figure 25 :

 25 Figure 25: Azides library for the synthesis of type 2 triazolyl-epipodophyllotoxin derivatives.

52 Scheme 16 :

 5216 Scheme 16: Synthesis of azides A) 63, B) 65 and 66, C) 70 and 71.

3 Scheme 18 :

 318 Scheme 18: CuAAC strategy for the synthesis of the 1,4-triazolyl-epipodophyllotoxin analogues 79-96.

Figure 26 :

 26 Figure 26: Type 2 1,4-triazolyl-epipodophyllotoxin derivatives obtained by means of copper(I)-catalysed azidealkyne cycloaddition.

  is a technique employed for the in situ detection and quantification of drug-stabilized TOP2-DNA cleavage complexes in individual cells (Figure27). The assay relies on the ability of agarose to trap genomic DNA and any covalently attached molecule, as in the case for stalled topoisomerases. Thus, following treatment with potential TOP2 poisons, cells are embedded in agarose on glass slides, where salt-detergent extraction allows for removal of any cellular component that is not covalently bound to the trapped DNA. The resulting TOP2-DNA covalent adducts are then probed with primary antibodies, followed by secondary antibody immunostaining (green). Hoechst (blue) is the employed to stain genomic DNA and drug-stabilized TOP2-DNA covalent complexes are quantified by fluorescence microscopy.

Figure 27 :

 27 Figure 27: Schematic representation of the TARDIS assay.

Figure 28 :

 28 Figure 28: TARDIS assay: VP-16 dose response on TOP2A. A) Scatter graph of the Alexa 488 integrated fluorescence vs. VP-16 doses (5, 10, 50, 100 µM); B) Microscope images recorded with two different optical filters (Hoechst and Alexa 488) and the merge, at multiple concentrations; C) Number of counted cells for each dose. Scale bar: 100 µm.

Figure 29 :

 29 Figure 29: TARDIS assay: VP-16 dose response on TOP2B. A) Scatter graph of the Alexa 488 integrated fluorescence vs. VP-16 doses (5, 10, 50, 100 µM); B) Microscope images recorded with two different optical filters (Hoechst and Alexa 488) and the merge, at multiple concentrations; C) Number of counted cells for each dose. Scale bar: 100 µm.

Figure 30 :Figure' 18 'Figure' 18 '

 301818 Figure 30: TARDIS assay: compound 18. A) Normalized histogram on TOP2A and number of counted cells; B) Normalized histogram on TOP2B and number of counted cells.

Figure 31 :

 31 Figure 31: TARDIS assay: compound 20. A) Normalized histogram on TOP2A and number of counted cells; B) Normalized histogram on TOP2B and number of counted cells.

( 50 ,$Figure' 19 'Figure' 20 '

 501920 Figure' 19' TARDIS' assay:' AM=80' triplicates' A)' Normalized' histogram' on' TOP2A and' number' of' counted' cells;' B)' Normalized'histogram'onTOP2B' and'number'of'counted'cells.' $

Figure' 19 'Figure' 20 '

 1920 Figure' 19' TARDIS' assay:' AM=80' triplicates' A)' Normalized' histogram' on' TOP2A and' number' of' counted' cells;' B)' Normalized'histogram'onTOP2B' and'number'of'counted'cells.' $

4 '

 4 -methoxy substitution and a negatively charged group. Compounds were tested at 5, 10, 50 and 100 µM, detecting both TOP2A and TOP2B covalent complexes. The values of integrated fluorescence were normalized to 100 µM of VP-16, allowing for a direct comparison.

Figure 32 :Figure' 5 'Figure 33 :Figure' 5 ' 54 Figure 34 :Figure' 5 ' 55 Figure 35 :Figure' 5 ' 56 Figure 36 :Figure' 5 ' 57 Figure 37 :Figure' 5 ' 58 Figure 38 :Figure' 5 ' 59 Figure 39 :Figure' 5 'Figure 40 :

 32533554345553555636557375583855939540 Figure 32: TARDIS assay: 49 dose response on TOP2A. A) Normalized histogram at multiple doses (5, 10, 50, 100 µM); B) Histogram of the Alexa 488 integrated fluorescence vs. doses; C) Microscope images recorded with two different optical filters (Hoechst and Alexa 488) and the merge, at multiple concentrations; D) Scatter graph of the Alexa 488 integrated fluorescence vs. replicates of each dose; E) Number of counted cells for each dose in each replicate. Scale bar: 100 µm.

Figure' 5 '

 5 Figure'5'TARDIS'assay:'AM=371'dose'response'on'TOP2A.'A)'Normalized'histogram'at'multiple'doses'(5,'10,'50,'100'µM);'B)' Histogram' of' the' Alexa' 488' integrated' fluorescence' vs.' doses;' C)' Microscope' images' recorded' with' two' different' optical' filters' (Hoechst' and' Alexa' 488)' and' the' merge,' at' multiple' concentrations;' D)' Scatter' graph' of' the' Alexa' 488' integrated' fluorescence'vs.'replicates'of'each'dose;'E)'Number'of'counted'cells'for'each'dose'in'each'replicate.' $

Figure 41 :

 41 Figure 41: Comparison of compounds activity at 100 µM (normalised to VP-16) against A) TOP2A and B) TOP2B.

Figure 42 :

 42 Figure 42: g-H2AX assay. A) Histogram of the Alexa 594 integrated fluorescence vs. compounds; B) Microscope images recorded with two different optical filters (DAPI and Alexa 594) and the merge; C) Normalized histogram; D) Scatter graph of the Alexa 594 integrated fluorescence vs. replicates; E) Number of counted cells for each compound in each replicate. Scale bar: 100 µm.

Figure 43 :

 43 Figure 43: Comparison of the % Growth vs. compound concentration (µM) curves for VP-16 (A), 49 (B), 79 (C) and 85 (D) on Nalm-6 (WT), Nalm-6 TOP2A+/-(TOP2A+/-) and Nalm-6 TOP2B-/-(TOP2B-/-) cells. % Growth vs. compounds concentration (µM) curves for E) 81 and F) 96 on Nalm-6 (WT).

  IC 50 = 0.134 µM IC 50 = 0.234 µM IC 50 = 0.182 µM IC 50 = 0.62 µM IC 50 = 0.85 µM IC 50 = 1.32 µM IC 50 = 1.2µM IC 50 = 1.90 µM IC 50 = 2.36 µM IC 50 = 3.4 µM IC 50 = 3.5 µM IC 50 = 1.92 µM IC 50 = 3.90 µM

  6S,7R,8S)-8-(((2R,4aR,6R,7R,8R,8aS)-7,8-dihydroxy-2-methylhexahydropyrano[3,2d][1,3]dioxin-6-yl)oxy)-5-(4-hydroxy-3,5-dimethoxyphenyl)-7-(hydroxymethyl)-5,6,7,8tetrahydronaphtho[2,3-d][1,3]dioxole-6-carbohydrazide (15)

  Synthesis of (5R,6R,7R,8S)-N'-benzylidene-8-(((2R,4aR,6R,7R,8R,8aS)-7,8-dihydroxy-2methylhexa-hydropyrano[3,2-d][1,3]dioxin-6-yl)oxy)-5-(4-hydroxy-3,5-dimethoxyphenyl)-7-(hydroxymethyl)-5,6,7,8-tetrahydronaphtho[2,3-d][1,3]dioxole-6-carbohydrazide (16)

  ) m/z calcd for C 36 H 41 N 2 O 13 [M+H] + : 709.2609, found: 709.2618. Synthesis of (5R,6S,7R,8S)-N'-benzylidene-8-(((2R,4aR,6R,7R,8R,8aS)-7,8-dihydroxy-2methylhexahydropyrano[3,2-d][1,3]dioxin-6-yl)oxy)-5-(4-hydroxy-3,5-dimethoxyphenyl)-7-(hydroxymethyl)-5,6,7,8-tetrahydronaphtho[2,3-d][1,3]dioxole-6-carbohydrazide (17)

  Synthesis of (5R,5aS,8aR,9S)-7-(((E)-benzylidene)amino)-9-(((2R,4aR,6R,7R,8R,8aS)-7

of 17 (

 17 166 mg, 0.23 mmol, 1 equiv) and triphenylphosphine (185 mg, 0.70 mmol, 3 equiv) in dry THF (5.0 ml), under argon. The reaction was stirred at RT for 10 min and then quenched with water. The resulting mixture was extracted with a diethyl ether: ethyl acetate = 1:0 mixture portions of DCM. The collected organic phases were dried over MgSO 4 and the solvent was removed under reduced pressure. The crude product was purified by flash chromatography (DCM: methanol = 95:5). Compound 19 was obtained as a white solid (94 mg, 59%).

  Synthesis of (5R,5aR,8aR,9S)-9-(((2R,4aR,6R,7R,8R,8aS)-7,8-dihydroxy-2-methylhexahydropyrano[3,2-d][1,3]dioxin-6-yl)oxy)-5-(4-hydroxy-3,5-dimethoxyphenyl)-5,5a,7,8,8a,9hexahydro-6H-[1,3]dioxolo[4',5':4,5]benzo[1,2-f]isoindol-6-one (20)

  41.6, 36.9, 20.3. HRMS (ESI) m/z calcd for C 29 H 34 NO 12 [M+H] + : 588.2081, found: 588.2095. Synthesis of (5R,5aS,8aR,9S)-9-(((2R,4aR,6R,7R,8R,8aS)-7,8-dihydroxy-2-methylhexahydropyrano[3,2-d][1,3]dioxin-6-yl)oxy)-5-(4-hydroxy-3,5-dimethoxyphenyl)-5,5a,7,8,8a,9hexahydro-6H-[1,3]dioxolo[4',5':4,5]benzo[1,2-f]isoindol-6-one (21)

1 H

 1 NMR (500 MHz, CDCl 3 ) δ 6.87 (1H, s), 6.42 (2H, s), 6.40 (1H, s), 5.96 (1H, d, J = 1.0 Hz), 5.94 (1H, d, J = 1.0 Hz), 5.51 (1H, s), 4.87 (1H, d, J = 3.5 Hz), 4.72 (1H, q, J = 5.0 Hz), 4.27 (1H, d, J = 4.5 Hz), 4.16-4.13 (1H, m), 4.03 (1H, d, J = 7.5 Hz), 3.83 (6H, s), 3.62-3.54 (3H, m), 3.44-3.43 (2H, m), 3.34-3.30 (1H, m), 3.18-3.13 (2H, m), 3.01-2.96 (1H, m), 1.36 (3H, d, J = 5.0 Hz).

1 H

 1 NMR (300 MHz, CDCl 3 ) δ 7.96 (2H, d, J = 8.5 Hz), 7.52 (2H, d, J = 8.5 Hz), 3.89 (3H, s), 3.23 (1H, s).

1 H

 1 NMR (500 MHz, CD 3 OD, 283 K) δ 8.05 (1H, s), 6.74 (1H, s), 6.67 (1H, s), 6.41 (2H, s), 6.36 (1H, d, J = 4.0 Hz), 6.00 (1H, s), 5.98 (1H, s), 4.83 (1H, d, J = 5.0 Hz), 4.45-4.43 (3H, m), 3.75 (6H, s), 3.73 (3H, s), 3.44 (1H, dd, J = 5.0, 14.5 Hz), 3.40-3.36 (1H, m), 3.24-3.21 (1H, m), 2.91 (6H, s).

1 H

 1 NMR (500 MHz, (CD 3 ) 2 CO) δ 7.70 (1H, s), 7.11 (1H, s), 6.75 (1H, s), 6.70 (1H, s), 6.43 (2H, s), 6.29 (1H, d, J = 4.5 Hz), 6.03 (1H, d, J = 1.0 Hz), 6.02 (1H, d, J = 1.0 Hz), 4.79 (1H, d, J = 4.5 Hz), 4.66-4.65 (2H, m), 4.37-4.34 (1H, m), 3.72 (6H, s), 3.49-3.40 (2H, m), 3.13-3.10 (1H, m).

  101.5, 67.1, 57.1, 56.0, 42.7, 41.0, 36.5, 34.9. HRMS (ESI) m/z calcd for C 25 H 24 N 3 O 9 [M+H] + : 510.1507, found: 510.1513.

  Podophyllotoxin (9, 0.47 g, 1.13 mmol, 1 equiv) was dissolved in dry DCM(11 ml). Sodium iodide (0.51 g, 3.40 mmol, 3 equiv) was added and the resulting suspension was stirred at RT for 5 min. Methanesulfonic acid (220 µl, 3.40 mmol, 3 equiv) was added dropwise at 0°C and the mixture was then warmed to RT and stirred overnight. The solvent was removed under vacuum and the crude product was suspended in dry THF (10 ml). BaCO 3 (223 mg, 1.13 mmol, 1 equiv) and propargyl alcohol (10 ml) were added and the mixture was additionally stirred for 3 h at RT. The reaction was quenched with a 10% Na 2 S 2 O 3 aqueous solution (15 ml) and diluted with water (25 ml). The product was extracted with ethyl acetate (3x30 ml) and the collected organic phases were dried over MgSO 4 . The crude product was purified by flash chromatography (DCM: ethyl acetate = 8:2). Compound 61 was obtained as a white solid (245 mg, 49%).

1 H

 1 NMR (500 MHz, CDCl 3 ) δ 6.94 (1H, s), 6.56 (1H, s), 6.25 (2H, s), 6.00 (1H, d, J = 1.0 Hz), 5.97 (1H, d, J = 1.0 Hz), 4.79 (1H, d, J = 3.0 Hz), 4.61 (1H, d, J = 5.0 Hz), 4.40-4.33 (2H, m), 4.27 (2H, d, J = 2.5 Hz), 3.80 (3H, s), 3.74 (6H, s), 3.38 (1H, dd, J = 5.0, 13.5 Hz), 2.95-2.88 (1H, m), 2.56 (1H, t, J = 2.5 Hz).

1 H

 1 NMR (300 MHz, CDCl 3 ) δ 3.34 (2H, t, J = 7.0 Hz), 2.35 (2H, t, J = 7.0 Hz), 2.23 (6H, s), 1.82-1.72 (2H, m).

1 H

 1 NMR (300 MHz, CDCl 3 ) δ 3.67 (3H, s), 3.41 (2H, t, J = 7.0 Hz), 2.33 (2H, t, J = 7.5 Hz), 1.92-1.83 (2H, m), 1.71-1.61 (2H, m), 1.52-1.42 (2H, m).To a stirred solution of product 74 (0.46 g, 2.2 mmol, 1 equiv) in DMF (5 ml), sodium azide was added (0.29 g, 4.4 mmol, 2 equiv) and the mixture was stirred at 85°C for 3 h. The reaction mixture was diluted with DCM and washed with a 0.1 N HCl aqueous solution. The organic layer was dried over MgSO 4 and the solvent was removed under reduced pressure. Compound 65 was obtained as colourless oil (295 mg, 78%) and it was used in the next step without further purifications. 1 H NMR (300 MHz, CDCl 3 ) δ 3.66 (3H, s), 3.26 (2H, t, J = 7.0 Hz), 2.32 (2H, t, J = 7.5 Hz), 1.70-1.56 (4H, m), 1.45-1.35 (2H, m).

  sodium ascorbate (19.8 mg, 0.1 mmol, 5%), CuI (38.1, 0.2 mmol, 10%) and N,N'dimethylethylenediamine (32 µl, 0.3 mmol, 15%) were placed in a two-necked round-bottomed flask and dissolved in a ethanol: water mixture (7:3, 4 ml). The solution was degassed with argon for 5 min and then refluxed for 40 min. The mixture was diluted with water, acidified with 1N HCl and extracted with ethyl acetate (3x10 ml). The combined organic layers were dried over MgSO 4 and the solvent was removed under reduced pressure. The crude product was purified by flash chromatography (heptane: ethyl acetate = 1:1). Compound 69 was obtained as red oil (276 mg, quantitative yield).1 H NMR (300 MHz, CDCl 3 ) δ 6.91 (2H, d, J = 9.0 Hz), 6.82 (2H, d, J = 9.0 Hz), 4.93 (1H, br s).

4 .

 4 Compound 70 was obtained as pale yellow oil (357 mg, 85%) and it was used in the next step without further purifications. 1 H NMR (300 MHz, CDCl 3 ) δ 8.06 (2H, d, J = 8.5 Hz), 7.39 (2H, d, J = 8.5 Hz), 4.41 (2H, s), 3.92 (3H, s).

5H 2 O

 2 in water (100 µl). The mixture was stirred at RT for 1.5 h. The final suspension was diluted with water (4 ml) and extracted with ethyl acetate (3x5 ml). The collected organic phases were dried over MgSO 4 and the solvent was removed under reduced pressure. The mixture was purified by HPLC (water + 0.1% of HCOOH: acetonitrile + 0.1% of HCOOH = 80:20 -70:30). Compound 88 was obtained

1 H

 1 NMR (500 MHz, CDCl 3 ) δ 7.83 (1H, s), 7.47 (2H, d, J = 9.0 Hz), 6.87 (1H, s), 6.77 (2H, d, J = 9.0 Hz), 6.55 (1H, s), 6.25 (2H, s), 5.99 (1H, d, J = 1.0 Hz), 5.95 (1H, d, J = 1.0 Hz), 4.84 (2H, s), 4.78 (1H, d, J = 3.5 Hz), 4.61 (1H, d, J = 5.0 Hz), 4.36-4.30 (2H, m), 3.80 (3H, s), 3.73 (6H, s),

Product 61 (

 61 15 mg, 0.034 mmol, 1 equiv) and product 68 (55.1mg, 0.34 mmol, 10 equiv) were suspended in a water: t-butanol mixture (0.7:0.9 ml) and degassed for 5 min with argon. A 35 mM solution of sodium ascorbate in water (100 µl) was added followed by a 12 mM solution of CuSO 4. 5H 2 O in water (100 µl). The mixture was stirred at 50°C for 2 h. The final suspension was diluted with water (4 ml) and extracted with ethyl acetate (3x5 ml). The collected organic phases were dried over MgSO 4 and the solvent was removed under reduced pressure. The mixture was purified by flash chromatography (ethyl acetate = 2:8). Compound 84 was obtained as a grey solid (11.1 mg, 54%). 1 H NMR (500 MHz, CDCl 3 , 283 K) δ 7.85 (1H, s), 7.54 (2H, d, J = 9.0 Hz), 6.86 (1H, s), 6.77 (2H, d, J = 9.0 Hz), 6.55 (1H, s), 6.24 (2H, s), 6.00 (1H, d, J = 1.0 Hz), 5.95 (1H, d, J = 1.0 Hz), 5.45 (1H, br s), 4.84 (2H, s), 4.79 (1H, d, J = 3.5 Hz), 4.61 (1H, d, J = 5.5 Hz), 4.35-4.29 (2H, m), 3.78 (6H, s), 3.41 (1H, dd, J = 5.5, 14.0 Hz), 3.03 (6H, s), 2.94-2.87 (1H, m).

Product 62 (

 62 10 mg, 0.022 mmol, 1 equiv) and product 68 (35.7 mg, 0.22 mmol, 10 equiv) were suspended in a water: t-butanol mixture (4:6, 1.0 ml) and degassed for 5 min with argon. A 20 mM solution of sodium ascorbate in water (100 µl) was added followed by an 8 mM solution of CuSO 4. 5H 2 O in water (100 µl). The mixture was stirred at 50°C for 6 h. The final suspension was diluted with water (4 ml) and extracted with ethyl acetate (3x5 ml). The collected organic phases were dried over MgSO 4 and the solvent was removed under reduced pressure. The mixture was chromatography (heptane: ethyl acetate = 3:7). Compound 93 was obtained as a brown solid (11.3 mg, 84%). 1 H NMR (500 MHz, CDCl 3 ) δ 7.83 (1H, s), 7.54 (2H, d, J = 9.0 Hz), 6.88 (1H, s), 6.78 (2H, d, J = 9.0 Hz), 6.55 (1H, s), 6.25 (2H, s), 5.99 (1H, s), 5.96 (1H, s), 4.85 (2H, s), 4.80 (1H, d, J = 3.0 Hz), 4.62 (1H, d, J = 5.5 Hz), 4.36-4.30
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Figure 1 |

 1 Figure 1 | The domain structure and regulatio representative ADP-ribosylation factor (ARF), SA indicating the conserved amino-terminal amph modifications at the N terminus. These include m both of which ensure tight membrane associatio nucleotide-binding (G) protein, switch 1 (SW1) a between them, are depicted. These regions cha for GTP and are involved in interactions with eff with the membrane surface, and the myristoylat membrane association of ARF•GTP. The switch a and these undergo a conformational change up pocket that the N-terminal amphipathic helix o

BFigure 1 :

 1 Figure 1: Regulation of Arfs. A) Arfs as molecular switches: GDP/GTP cycle, mediated by GEFs and GAPs factors. B) The inactive Arf-GDP reversibly associates with membranes; after GDT/GTP exchange the N-terminal helix is released from its binding pocket, ensuring tight Arf-GTP association with membrane bilayers. Adapted from: Nat. Rev. Mol. Cell. Biol. 2011, 12, 362 -375.
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Figure 2 :

 2 Figure 2:Steps of the GDP/GTP exchange reaction. The nucleotide (orange, B= base, P = phosphate) interacts tightly with the G-protein (grey). The GEF (blue) competes with the nucleotide for binding with the G-protein, promoting the exchange. The competition involved the existence of loose (subscript L) and tight (subscript T) interactions within the G-protein and the other components. Adapted from:Cell, 2007, 129, 865 -877. 

Figure 2 .

 2 Figure 2. Mechanism of GEF-Induced Nucleotide Exchange(A) The exchange reaction occurs in successive reversible steps. The nucleotide (orange) interacts with the G protein (gray) via its base (B) and its phosphate moieties (P). The GEF (blue) competes with the nucleotide for binding with the G protein and thereby promotes nucleotide exchanges. The competition involves the existence of loose (subscript L) and tight (subscript T) interaction of the G protein with the nucleotide and the GEF. (B) GEFs are structurally unrelated and have found individual ways to destabilize the G-protein nucleotide interaction. All G proteins (gray) are shown in the same orientation. The G proteins from the GEF complexes were superimposed on the respective G protein in complex with bound GDP (shown in ball-and-stick representation; orange). In regions where the structures of the nucleotide and the GEF-bound G proteins differ, the nucleotide-bound conformation is depicted in dark gray and the GEF bound structure in red. The GEF is shown in blue. Images are based on Protein Data Bank entries 2fu5 (Rab/Mss4), 2fol (Rab), 1foe (Rac/Tiam), 2g0n (Rac), 1bkd (Ras/Sos), 4q21 (Ras), 1i2m (Ran/RCC1), and 1byu (Ran).

Figure 3 :

 3 Figure 3: ArfGefs families: Brefeldin A (BFA) sensitivity, substrate specificity and cellular localization. N.D. = not determined. Adapted from: Traffic 2007, 8, 1476 -1485.

Figure 4 :

 4 Figure 4: A) Structure of Brefeldin A (BFA). B) Schematic view of BFA interactions within the Arf-Sec7 interfacial cavity. Adapted from: Nature 2003, 426, 525 -530. C) Effect of BFA on Golgi dispersion (TGN46) and comparison with DMSO as negative control.

Figure 3

 3 Figure 3 Interfacial inhibition of nucleotide exchange by BFA. Colour coding and symbols are as in Fig. 1. a, Schematic view of the interactions of BFA within the Arf-Sec7 interfacial cavity. Hydrogen bonds are indicated by red dotted lines; van der Waals contacts (cutoff of 4 A ˚) by black dotted lines. b, Close-up view of the BFA-binding site near the 5-membered ring. c, Close-up view of the BFA-binding site near the 13-membered ring. The 198*-208* loop of the Sec7 strand b3 into the BFA-binding site in volume of BFA from the BFA-inhibited orientation is as in Fig. 3b.

Figure 5 :

 5 Figure 5: A) Structures of Exo2 and LG186. B) Effect of the compounds on GBF1 distribution at different time points. Adapted from: Traffic 2010, 11, 1537 -1551.

Boal et al.

  

Figure 2 :

 2 Figure 2:LG186, a potent and selective inhibitor of GBF1. A) HeLa cells expressing GFP-GBF1 we at 37 • C after addition of DMSO, BFA (10 µM), Exo2 (50 µM) and LG186 (50 µM). Note that all thre accumulation of GFP-GBF1. B) Quantification of fluorescence recovery of GFP-GBF1 into the bleached with DMSO (black), BFA (red), Exo2 (green) or LG186 (blue). Bars show SD of at least three independ of Arf-GTP using the GGA-GAT domain from cells incubated with (C) DMSO, Exo2 (50 µM), BFA (10 µM Exo2 (10 µM), BFA (10 µM) and LG186 (10 µM). E) Quantification of Arf activity remaining; the Y -axis s of the Arf pull-down: total Arf ratio from three experiments, one example of which is shown in (D). that the antibody used for Arf detection recognizes all human Arf isoforms(29).

Figure 6 :

 6 Figure 6: A) Structure of golgicide A (GCA) and effect on GBF1 wild type (WT) and mutants distributions. Adapted from: Nat. Chem. Biol. 2009, 5, 157 -165. B) Structure of AMF-26 and effect on GBF1 distribution. Adapted from: J. Biol. Chem. 2012, 287, 3885 -3897.

  transfected cells. Ve mutant were highl evidenced by mainte tion, TGN morphol ture, even at comp high as 100 mM (Fig expression of GBF1tional effects of GC retrograde toxin tran mutant to fully prot phenotypic and fu compound indicate targets GBF1 and do target effects.

  i sequence. GCA was do binding pocket (middle corresponding region o lacks the tripeptide (rig not contact GCA. In th and Arf1 ribbon diagra of the tripeptide result not BFA. Cells were tra with GBF1-WT, GBF1deleted) or GBF1-AAA exposed to GCA (10 mM (10 mg ml -1 ; bottom p with antibodies agains giantin. White scale ba 1 6 0 VOLUME 5 NUMBER 3 MARCH 2009 NAT BFA GCA conserved Sec7 domain of Golgi-associated ArfGEFs, and because we suspected GBF1 to be the target of GCA, we examined the possibility that differences in the canine GBF1 Sec7 domain accounted for MDCK cell resistance to both compounds. We amplified, cloned and sequenced the canine GBF1 Sec7 domain. Analysis of several independent clones revealed a leucine substitution for methionine at residue 832 of the full-length protein (numbering corresponds to the human GBF1 sequence). Comparison with all other mammalian GBF1 homologs revealed this substitution to be unique to the canine gene (Supplementary Fig. 7b). Notably, mutagenesis of the corresponding methionine to leucine in the yeast ArfGEF homolog Gea1 and the human GBF1 resulted in resistance to BFA (refs. 32,33). The M832L substitution was introduced into the hamster GBF1 and the effect of its expression on GCA susceptibility was examined in transfected cells. Ve mutant were highl evidenced by mainte tion, TGN morphol ture, even at comp high as 100 mM (Fig expression of GBF1tional effects of GC retrograde toxin tran mutant to fully prot phenotypic and fu compound indicate targets GBF1 and do target effects.

  result not BFA. Cells were tra with GBF1-WT, GBF1deleted) or GBF1-AAA exposed to GCA (10 mM (10 mg ml -1 ; bottom p with antibodies against giantin. White scale ba

  Inhibition of Arf1 Activation by AMF-26 in Human Cells-By

FIGURE 2 .

 2 FIGURE 2. AMF-26 disrupts Golgi apparatus in BSY-1 cells. A-C, dispersion of Golgi in AMF-26-treated cells. BSY-1 cells were either untreated (A) or treated with (B) BFA (1 M) or (C) AMF-26 (1 M) for 1 h. Cells were fixed and labeled with anti-GBF1 (green) and DAPI (blue). GBF1 was dispersed from the perinuclear region, which gave a ribbon-like appearance (white arrowhead), into the cytoplasm of AMF-26-or BFA-treated cells. Scale bar, 20 m. D, BSY-1 cells were treated with AMF-26 (1 M) or BFA (1 M) for 1 h, then washed with fresh medium and subsequently cultured without drugs for the indicated time. Thereafter, cells were fixed and stained with an antibody against GBF1. The images were analyzed by MetaMorph software. After the cells were cultured in medium without AMF-26 for 4 h, the normal Golgi structure reappeared in the perinuclear area. Symbols represent the following: open circle, AMF-26; cross, BFA. Error bar, S.D.

Figure 7 :

 7 FIGURE 3. were treat after 2 day incubated separated pan-Arfs-G ware. Trea of endoge nals of pan ments. B, H exposed to tions for 1 h Statistical done in tri untreated brefeldin A

Figure 1 |

 1 Figure 1 | Structure and characterization of SecinH3. a, Molecular structures of SecinH3 (left) and the negative control compound D5 (right).For details on the synthesis and characterization of each compound, see Supplementary Methods and Supplementary Fig.2. b, SecinH3 does not affect Golgi structure. Compared to untreated cells, no significant disturbance of Golgi integrity is observed at SecinH3 concentrations of 10 mM and 50 mM, respectively, whereas BFA leads to complete Golgi destruction at 20 mM. Golgi membranes were visualized using an antigiantin antibody.

  the binding of LM11 to15 N-labeled [⌬17]Arf1-SQC chemical shift mapping of LM11. Chemere localized and of small amplitude, indicating Arf1-GDP but does not induce nonspecific r conformational changes of the protein. (Fig. nts and chemical shifts in SI Tables

1 Fig. 4 .

 14 Fig. 4. Specificity of LM11 in vitro. For each complex, 1 M SMG and 50 nM GEF were incubated in the absence (black) or in the presence of 150 M of LM11 (gray). The nucleotide exchange reaction was initiated with the addition of 2 M mGTP and monitored by time-resolved fluorescence.

Fig. 5 .FigFigure 8 :

 58 Fig. 5. Effects of LM11 on Arf1-dependent structures in HeLa cells. Specific markers of membrane traffic, designated on the top, were analyzed by fluorescence confocal microscopy of HeLa cells treated for 2 h with 0.5% of DMSO or 100 M LM11 or BFA, as indicated on the left. (Scale bar, 8 m.)

Figure 9 :

 9 Figure 9: Schematic representation of the in situ click labelling strategy.

  has been developed by R. Rodriguez for the cellular localization of pyridostatin (PDS), an efficient G-quadruplex binding ligand.27 

Figure 10 :

 10 Figure 10: A) Structure of pyridostatin-α and its co-localization with human DNA helicases Pif1 (GFP-hPifα). Adapted from: Nat. Chem. Biol. 2012, 8, 301 -310. B) Sturcture of LW6-amkyne and its localization in mithoccondria. Adapted from: Angew. Chem. Int. Ed. 2013, 52, 10286 -10289. C) Structure of remodelin-alkyne and its co-localization with NAT10. Adapted from: Science, 2014, 344, 527 -532.

Figure 1 .

 1 Figure 1. A small molecule restores nuclear shape in Lamin A/C depleted cells an acetyltransferase NAT10 A) Lamin A/C depletion (siLMNA) in U2OS cells compared to negative con Nuclear shape observed by DAPI staining. C) Molecular structure of 4-(4-chl (2-cyclopentylidenehydrazinyl)thiazole (1). D) Nuclear shape rescue observe staining after treatment with 1. E) Quantification of nuclear circularity in non cells or cells treated with the indicated compounds (means of three independe with n>212 ± s.d.). F) Live imaging pictures of nuclear shape rescue in GFP-

3 Figure 4 |

 34 Figure 4 | Pyridostatin and hPif1 targeted overlapping sites in cells. (a) The molecular structure of pyridostatin-(2) and the synthetic scheme for generating fluorescently labeled pyridostatin (3) in cells. A single isomer is shown for clarity, Alexa Fluor 594 is shown in red, and newly formed chemical bonds are shown in blue. (b) Labeled pyridostatin formed nuclear foci mainly at non-telomeric sites in MRC-5-SV40 cells, which were fixed with formaldehyde before incubation with pyridostatin-, followed by chemical labeling. The dotted white lines indicate the nuclear peripheries, and the zoomed images correspond to ×4 magnification. The yellow dotted boxes in the merge images indicate the area of magnification. (c) GFP-hPif1expressing U2OS cells have small nuclear foci of GFP-hPif1 , which co-localize with labeled pyridostatin in cells fixed with formaldehyde before incubation with pyridostatin-, which was followed by chemical labeling. The dotted white lines indicate the nuclear peripheries, and the zoomed images correspond to ×5 magnification. Cells were first pre-extracted with CSK buffer, as described in the Supplementary Methods, and then fixed with formaldehyde and stained with the indicated antibody. Scale bar, 10 m.

  hibitor LW6 using Chemical Probes** , Hyun Seung Ban, Ravi Naik, Ye Seul Hong, Seohyun Son, Bo-Ky yung Bin Song, Hong-Sub Lee, and Misun Won*

Figure 1 .

 1 Figure 1. Biological activities and cellular loca probe for LW6. A) Formula of 1 and its clickab effects of 1 and probe 2 on HIF-1a accumula immunoblot analysis. C) Localization of probe detected through a click reaction using azide-HCT116 cells. Mitochondria were selectively s Tracker probe (red). Nuclei (blue) were staine phenylindole (DAPI). D) Competitive binding target molecules in the presence or absence o bars = 20 mm.

exchange inhibitor 4022 ,

 4022 by means of in situ click labelling. The project includes the synthesis of an alkyne or azide probe and the subsequent in vitro validation of its inhibitory properties against the nucleotide exchange reaction, both in solution and in the presence of membrane-mimicking liposomes. A comparison with 4022 activity is fundamental to confirm minimal changes in the compound mode of action after the introduction of the alkyne/azide appendage. In situ click labelling experiments in human cells should enable the localization of the probe by means of fluorescence microscopy.

  129

Figure 11 :

 11 Figure 11: Possible azide/akyne probes structurally related to 4022.

Scheme 1 :

 1 Scheme 1: Synthetic strategies for the preparation of probes 12 and 13.

- 2 -

 2 hydroxyphenyl)ethan-1-one 15 and ethyl 2,2,2-trifluoroacetate 16. In the basic conditions obtained using a suspension of LiH in refluxing THF, the reactants undergo a crossed Claisen condensation, with the formation of a transient 1,3-dione derivative. Following the nucleophilic attack of the phenol, this transient intermediate was converted one-pot into the cyclic hemiacetal 17, in optimal yields. Compound 17 was then efficiently dehydrated upon refluxing in acetic acid in the presence of catalytic amounts of HCl, with the formation of 18.

Scheme 3 :

 3 Scheme 3: Ullmann-type strategy for the synthesis of azide 13.

Scheme 4 :

 4 Scheme 4: Synthesis of the TMS-alkyne 19 by Sonogashira cross-coupling.

Scheme 5 :

 5 Scheme 5: Synthesis of the alkyne probe 12, with concomitant formation of by-product 20.

  7.4) at 37°C, and the extent of conversion was monitored at different time points (24, 48, 72 hours) by means of HPLC-MS.

Figure 12 :

 12 Figure 12: Degradation of AM278A in PBS (pH = 7.4) after 24, 48 and 72 hours.
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Figure 13 :

 13 Figure 13: Degradation of 4022 in PBS (pH = 7.4) after 24, 48 and 72 hours.
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  H] -: 290.03 [M-H] -: 194.05 [M-H] -: 204.03 [M-H] -: 300.01

Figure 14 :

 14 Figure 14: Nucleotide exchange assay. AM278A dose response for the inhibition of the BRAG-2-mediated Arf1 GDP/GTP exchange reaction. A) kobs determined from the monoexponential fit of the fluorescence curves. B) Normalised histogram expressed in % of activity: kobs are normalised relative to the negative control (DMSO).

  subsequent experiments, AM278A and 4022 were tested at 200 µM for their ability to inhibit the Arf1 exchange reaction catalysed by the two BFA-insensitive ArfGEFs ARNO and BRAG2 (10 mol% in respect to Arf1 concentration). As illustrated in Figure15, both inhibitors profoundly affected the kinetic of the BRAG2-catalysed exchange reaction, reducing the k obs to around 50% of the negative control.

Figure 16 :

 16 Figure 16: Nucleotide exchange assay with PM-like liposomes, on the BRAG2 and ARNO catalysed exchange reactions. A) Comparison between DMSO, AM278A and 4022 kobs determined from the monoexponential fit of the fluorescence curves. B) Normalised histogram expressed in % of activity: kobs are normalised relative to the negative control (DMSO).

Figure 17 :

 17 Figure 17: Dynamic light scattering performed on the resulting solutions after the ARNO-catalysed exchange reaction. A) DMSO; B) 4022; C) AM278A.

  in a typical experiment, AM278A or DMSO-treated HeLa cells were fixed with paraformaldehyde and washed with PBS. After standard permeabilization, AM278A was reacted in cells with Alexa azide, in the presence of CuSO 4 /ascorbate aqueous buffered solution. Confocal microscopy finally enabled to visualize compound distribution through detection of the Alexa fluorescence, and co-staining with other fluorescent markers or provide useful insights on drug specific targets and cellular localization.

Figure 18 :

 18 Figure 18: Fluorescence microscopy images of HeLa cells incubated for 1 h with different concentrations (50, 100, 200 µM) of AM278A (red) and effect on the Golgi integrity (green). Scale bar: 20 µm.

Figure 19 ,

 19 Figure 19, the drug progressively enters cells and displays the previously observed distribution pattern in a time dependent manner. The alkyne specific localization reaches a maximum intensity at 12 min, whereas after 32 and 62 min a more dispersed signal can be observed. It is conceivable that, in the cellular aqueous environment, degradation of AM278A is in progress, where the resulting sub-products could posses different target specificities, and thus different cellular distribution patterns. In parallel, with incubation times below 12 min, Golgi integrity is essentially preserved, and longer exposure is required to induce the expected phenotype.

Figure 19 :

 19 Figure 19: Fluorescence microscopy images of HeLa cells treated with 200 µM of AM278A (red) at different time points (2, 7, 12, 32, 62 min) and effect on the Golgi integrity (green). AM278A 200 µM 12 min, zoom: Z-stack projection. Scale bar: 20 µm.

Figure 20 : 144 Figure 21 :

 2014421 Figure 20: Fluorescence microscopy images of HeLa cells expressing mCherry-Arf1QL (red) and treated with AM278A (green). AM278A, zoom: Z-stack projection. Scale bar: 20 µm.

Figure 22 :

 22 Figure 22: Fluorescence microscopy images of HeLa cells expressing mCherry-ARNO (red) and treated with AM278A (green). AM278A, zoom: Z-stack projection. Scale bar: 20 µm.

  .0. HRMS (ESI-TOF) m/z calcd for C 10 H 5 BrF 3 O 3 [M-H] -: 308.9374, found: 308.9383. m.p.: 151 -153°C.

(

  ESI-TOF) m/z calcd for C 10 H 5 BrF 3 O 2 [M+H] + : 292.9420, found: 292.9426. m.p.: 55 -58°C.

C 10 H 4

 104 BrF 3 NO 4 [M+H] + : 337.9270, found: 337.9269. m.p.: 203 -207°C. IR ν/cm -1 : 3088 (w), 1668 (s), 1604 (w), 1553 (s).

  (500 MHz, CDCl 3 ) δ 7.79 (1H, d, J = 8.5 Hz), 7.29 (1H, d, J = 8.5 Hz), 3.45 (3H, d, J = 1.5 Hz), 3.32 (1H, s), 3.16 (1H, d, J = 16.5 Hz), 3.04 (1H, d, J = 16.5 Hz). 13 C NMR (125 MHz, CDCl 3 ) δ 182.8, 155.5, 150.1, 140.0, 121.0 (q, J = 287 Hz), 120.1, 112.1, 111.0, 100.0 (q, J = 33 Hz), 84.5, 74.8, 53.0, 41.4. HRMS (APPI) m/z calcd for C 13 H 7 F 3 NO 5 [M+H] + : 314.0282, found: 314.0279. m.p.: 115 -116°C (deg.).

  Sheep anti-human TGN46 (AHP500, 1:200 dilution) was purchased from AbD Serotec. Mouse anti-human EEA1 (E41120, 1:200 dilution) was purchased from BD Transduction Laboratories. Mouse anti human βCOPI (dilution 1:100) was purchased from Sigma-Aldrich. Donkey anti-sheep Alexa 488-conjugated secondary antibody (1:500 dilution) and goat antimouse Alexa 488-coniugated secondary antibody (1:800 dilution) were purchased from Molecular Probes. GFP-booster-ATTO488 and RFP-booster-ATTO594 were purchased from Chromotek.

  Nucleotide exchange kinetic was monitored by tryptophan fluorescence (λ ex = 292 nm, λ em = 340 nm) on a Cary Eclipse fluorimeter (Varian) under stirring. All experiments were carried out at 37°C by incubation of Arfs, GEFs, inhibitors (or DMSO control) for 2 min, followed by 100 µM GTP addition to initiate the exchange reaction. Exchange assays without liposomes were performed in 50 mM HEPES pH 7.4, 50 mM NaCl, 2 mM MgCl 2 , 2 mM β-mercaptoethanol, using 1 µM Δ17Arf1, 0.1 µM BRAG2 Sec7-PH or 0.1 µM ARNO Sec7 and inhibitors (concentration range: 0 -200 µM, 10 mM stock solution in DMSO, stored at -20°C). Exchange assays with liposomes were done in 100 µM pre-warmed liposomes in 50 mM HEPES pH 7.4, 120 mM potassium acetate, 1 mM MgCl 2 , 1 mM dithiothreitol, using 0.4 µM myrArf1, 1 nM BRAG2 Sec7- PH or 10 nM ARNO Sec7-PH and 200 µM of inhibitors. k obs were determined from the curves monoexponential fit. Mean values of k obs were normalized against DMSO control to determine the activity %. All the experiments were done in triplicates.

5 1

 5 Among them, apoptotic death is characterised by cell shrinkage and chromatin condensation, where membrane blebbing and nuclear fragmentation lead to the formation of apoptotic bodies, later degraded by neighbouring cells.Multiple molecular pathways have been recognized to orchestrate the apoptotic machinery, involving caspases, death receptors and several pro-and anti-apoptotic Bcl-2 (B-cell lymphoma 2) proteins. A central feature is the Bcl-2 induction of mitochondrial outer membrane permeabilization (MOMP),4 which stimulates the cytosolic release of pro-apoptotic molecules, such as cytochrome c. The consequent caspases activation triggers extensive degradation of cellular components, finally leading to cell death. Otherwise, caspases can be activated independently from MOMP, resulting from the stimulation of tumour necrosis factor (TNF) receptors at the plasma membrane.5 Despite individual mechanisms, cell death can be triggered by a number of biological inputs generated at distinct subcellular sites, 2 including DNA damage, oxidative stress, disruption of cytoskeleton and endoplasmic reticulum, receptor signalling and lysosomal breakage. The latter has recently emerged as an effective way to circumvent classical apoptosis signalling, frequently defected in cancer cells, thus opening new avenues in cancer therapy. membrane-enclosed organelles and represent the final destination of endocytic, autophagic and phagocytotic pathways, where molecules targeted for degradation, such as damaged proteins or entire organelles, are dismantled in essential

Figure 1 :

 1 Figure 1: Schematic representation of lysosomes and their involvement in macromolecules recycling and LMPmediated cell death. (LMP: lysosomal membrane permeabilization).

Figure 2 :

 2 Figure 2: Examples of small molecules able to induce lysosome-mediated cell death. Blue: lysosomotropic agents; orange: ROS inducers; green: microtubule disturbing agents.
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 35 Thus, lysosomes targeting has now emerged as a promising strategy to induced programmed cell death as an alternative way to classical apoptosis, to circumvent the wide range of resistance acquired during tumour development.

Figure 2 |

 2 Figure2| Schematic overview of selected inducers of LMP. Lysosomal membrane permeabilization (LMP) can be induced downstream of death receptors either directly or through the involvement of caspase 8. Furthermore, tumour necrosis factor (TNF) can activate neutral sphingomyelinase (N-SM), which ultimately leads to the production of sphingosine and LMP. Damaged mitochondria produce reactive oxygen species (ROS) and activate caspase 3, both of which are implicated in LMP. Calcium-activated calpains, lysosomal cathepsins and the PI3K pathway can all affect LMP. Signal transducer and activator of transcription 3 (STAT3) has an indirect effect on LMP, by downregulating cytosolic inhibitors of cathepsins, thus inhibiting them once leaked. Metallothionein 2 (MT2) can protect lysosomes from excessive free iron and ensuing Fenton-type reactions that lead to the formation of ROS. Heat shock protein 70 (HSP70) is also known to home to the lysosomes and to confer increased resilience to LMP. Cath B, cathepsin B; ER, endoplasmic reticulum; LIF, leukaemia inhibitory factor; TRAIL, TNF-related

Figure 4 : 4 |

 44 Figure 4: A) Structure of artesumycin. B) Percentage of viable of MDA-MB-231 cells after treatment with doxorubicin 9 (dashed line), marmycin A 7 (black), artesunate 8 (cyan), artesumycin 6 (red) and equimolar mixture of 7 and 8 (blue). C) Fluorescence microscopy images of U2OS cells expressing GFP-Lamp1 (green) treated with artesumycin (red) showing its accumulation in lysosomes (merge, yellow). Adapted from: Cañeque, T. et al. Nat. Chem. 2015, in press.

  Fluorescence microscopy images of U2OS cells expressing GFP-Lamp1 (green) treated with 21 (red) showing the accumulation of 21 in lysosomes (yellow). White arrowheads indicate sites of colocalization. Scale bar, 10 m.

Figure 5 :Figure 3 |Figure 3 |Figure 3 |

 5333 Figure 5: A) Structure of marmycin A. B) Structure of doxorubicin. C) Comparison of 7 (dashed line) and 9 (black) growth inhibiton properties in U2OS cells. D) Confocal microscopy images show accumulation of DAPI, doxorubicin (DXR) and marmycin A in U2OS cells. E) Fluorescence microscopy images of U2OS cells expressing GFP-Lamp1 (green) and treated with marmycin A (red), showing the drug accumulation in lysosomes (merge, yellow). Adapted from: Cañeque, T. et al. Nat. Chem. 2015, in press.

Figure 6 :

 6 Figure 6: A) Structure of artesunate. B) Structure of artemisinin. C) Confocal microscopy images show accumulation of 8 (ART-Blue) in the lysosomal compartment (LTR, LAMP1, red) of HeLa cells. D) Artesunate cause extensive ROS production (red), inhibited by BAF treatment. (LTG: LysoTracker green). E) Treatment with DFO rescues cell viability and F) inhibits artesunate-mediated ROS production. Adapted from: J. Biol. Chem. 2014, 289, 33425 -33441.

FIGURE 2 .

 2 FIGURE 2. ART accumulates in the lysosomes. A, HeLa cells were treated with blue fluorescent ART (20 M) or combined with BAF (50 nM) for 30 min, followed by LTR incubation for 30 min. B, HeLa cells were treated as indicated in A and then immunostained with LAMP1 (red). C, HeLa cells were treated with blue fluorescent ART for 30 min and then incubated with MTR. All images were analyzed using confocal microscopy. Scale bar, 10 m.

FIGURE 2 .

 2 FIGURE 2. ART accumulates in the lysosomes. A, HeLa cells were treated with blue fluorescent ART (20 M) or combined with BAF (50 nM) for 30 min, followed by LTR incubation for 30 min. B, HeLa cells were treated as indicated in A and then immunostained with LAMP1 (red). C, HeLa cells were treated with blue fluorescent ART for 30 min and then incubated with MTR. All images were analyzed using confocal microscopy. Scale bar, 10 m.

FIGURE 7 .

 7 FIGURE 7. Chelating of lysosome iron is able to inhibit the cell death and lysosome activation induced by ART. A, HeLa cells were treated with 50 M ART alone or combined with DFO (100 M) for 16 h, and lysosomal pH was indicated by LTR fluorescence intensity. B, HeLa cells were treated as indicated in A. Magic Red cathepsin B and L activities were determined as in Fig. 4C. C, HeLa cells were first loaded with DQ Red BSA for 1 h and then treated as indicated in A. The DQ Red BSA fluorescence intensity was analyzed by flow cytometry. D, HeLa cells were treated as indicated in A, and mitochondrial ROS were observed as indicated in Fig. 6C. E, HeLa cells were treated with 50 M ART alone or combined with DFO (100 M) for 48 h. The cell viability was quantified as indicated in Fig. 1B. Data (mean Ϯ S.D. (error bars)) are representative of three independent experiments (**, p Ͻ 0.01, Student's t test).

FIGURE 7 .

 7 FIGURE 7. Chelating of lysosome iron is able to inhibit the cell death and lysosome activation induced by AR alone or combined with DFO (100 M) for 16 h, and lysosomal pH was indicated by LTR fluorescence intensity. B, He Red cathepsin B and L activities were determined as in Fig. 4C. C, HeLa cells were first loaded with DQ Red BSA for 1 Red BSA fluorescence intensity was analyzed by flow cytometry. D, HeLa cells were treated as indicated in A, and m in Fig. 6C. E, HeLa cells were treated with 50 M ART alone or combined with DFO (100 M) for 48 h. The cell viabili (mean Ϯ S.D. (error bars)) are representative of three independent experiments (**, p Ͻ 0.01, Student's t test).

  Therefore, several investigations have been focused on the elucidation of the molecular basis of these drugs action, centred on the role of the trioxane pharmacophore in the iron-mediated ROS production. A large collection of data and mechanistic proposals can be found in the literature, whereas a unified mechanism has been suggested by Wu et al. (Scheme 1).18 Generally accepted is the Fe(II)-mediated reductive scission of the endo-peroxide, following the initial single electron transfer (SET) from iron to the peroxy bond. As a result, two Ocentered radicals, 11 and 12, can be generated, which ratio seems to be dependent on the individual C-10 substitution of artemisinin-derivatives. These two radicals can then evolve with different routes to structural diversified compounds. Thus, radical 11 may undergo hydrogen abstraction on the C-4, producing the corresponding secondary C-centered radical 13, the latter being involved in the formation of 14, one of the major products observed in the iron-catalysed degradation of artemisinin-like compounds. Alternatively, radical 12 reacts predominantly via two possible β-scissions. The C-3/O-13 cleavage produces the O-centered radical 15, for which subsequent conversion to 16 or 17 depends mainly on the C-10 substitution. The alternative fragmentation at the C-3/C-4 is accountable for the formation of a C-centered radical that finally leads to product 18, another frequently detected derivative.

8 ,

 8 R = α-OCOCH 2 CH 2 CO 2 H, β-H 10,

Scheme 2 :

 2 Scheme 2: Reaction pathways for the O-centered radical 15.

174 Scheme 3 :

 1743 Scheme 3:Possible pathway for the iron-mediated degradation of artesumycin.

Scheme 4 :Scheme 6 :

 46 Scheme 4: Synthetic strategy adopted for the synthesis of Marmycin A and its synthetic derivatives

  product 27 was converted in the desired diene 22, by reaction with the organocerium in situ prepared from a mixture of methyl magnesium bromide and dry CeCl 3 .11 

Scheme 8 :

 8 Scheme 8: Cycloaddition between 21 and 22, and synthesis of the aromatic core 29.

Figure 7 :

 7 Figure 7: Degradation of artesumycin in the presence of Fe(II). HPLC traces (UV-detector) at different time points (15, 30, 60 min) and comparison with artesumycin.

Figure 8 :

 8 Figure 8: HPLC traces (UV-detector) at different time points (1, 2, 5, 22 h) after the addition of water; comparison with the degradation in acetonitrile only and with pure marmysunate.

Scheme 12 :

 12 Scheme 12:Proposed mechanism for the iron-mediated degradation of artesumycin.

Figure 9 :

 9 Figure 9: A) Structure of the alkyne probe 43. B) Fluorescence microscopy images of U2OS cells treated with probe 43 (green), showing the drug accumulation in lysosomes (LysoTracker, red).

Figure 10 :

 10 Figure 10: Percentage of viable U2OS cells after 72 h treatment with marmycin, artesumycin, marmysunate, artesunate and the alkyne probe 43.

  (300 MHz, CDCl 3 ) δ 6.43 (1H, dd, J = 17.0, 11.0 Hz), 5.95 (1H, bs), 5.04 (1H, d, J = 17.0), 5.02 (1H, d, J = 11.0 Hz), 3.00 (2H, d, J = 1.0 Hz), 2.58-2.57 (2H, m), 2.51 (2H, t, J = 6.5 Hz).13 C NMR (75 MHz, CDCl 3 ) δ 208.6, 137.4, 134.0, 127.5, 111.3, 38.4, 37.8, 24.8. HRMS (APPI) m/z calcd for C 8 H 11 O [M+H] + : 123.0804, found: 123.0805.

1 H

 1 NMR (500 MHz, CDCl 3 ) δ 12.39 (1H, s), 9.52 (1H, d, J = 9.0 Hz), 8.28 (1H, d, J = 8.5 Hz), 8.05 (1H, d, J = 8.5 Hz), 7.77 (1H, d, J = 7.5 Hz), 7.65-7.62 (2H, m), 7.55 (1H, d, J = 9.0 Hz), 7.24 (1H, d, J = 9.0 Hz), 2.53 (3H, s).

  : 1 H NMR (300 MHz, CDCl 3 ) δ 7.53-7.45 (2H, m), 7.45-7.31 (8H, m), 6.07 (1H, s), 5.86 (1H, s), 4.98 (1H, s), 4.90 (1H, s), 4.37 (1H, dd, J = 7.5, 5.5 Hz), 4.25-4.14 (2H, m), 4.07 (1H, d, J = 5.5 Hz), 3.72-3.59 (2H, m), 3.55 (1H, d, J = 4.5 Hz), 3.49 (1H, d, J = 4.5

1 H

 1 NMR (300 MHz, CDCl 3 ) δ 5.05 (1H, d, J = 4.5 Hz), 4.81 (1H, d, J = 7.0 Hz), 4.67 (1H, d, J = 7.0 Hz), 4.04-3.83 (2H, m), 3.41 (3H, s), 3.31 (3H, s), 2.73 (1H, ddd, J = 14.0, 4.5, 1.0 Hz), 2.56 (1H, dd, J = 14.0, 1.0 Hz), 1.41 (3H, d, J = 6.0 Hz). 13 C NMR (75 MHz, CDCl 3 ) δ 203.0, 99.6, 96.5, 81.6, 69.2, 56.3, 54.9, 46.9, 18.9. HRMS (ESI-TOF) m/z calcd for C 9 H 16 O 5 Na [M+Na] + : 227.0890, found: 227.0893.

1 H

 1 NMR (300 MHz, CDCl 3 ) δ 7.42-7.26 (5H, m), 6.27 (1H, bs), 4.87-4.86 (5H, m), 3.97-3.90 (1H, m), 3.39 (3H, s), 3.35 (3H, s), 3.15 (1H, d, J = 9.0 Hz), 2.19 (1H, dd, J = 14.5, 2.0 Hz), 1.56 (1H, dd, J = 14.5, 5.0 Hz), 1.28 (3H, s), 1.25 (3H, d, J = 6.0 Hz).

A solution of 35 (

 35 806 mg, 2.48 mmol, 1 equiv) and Pd/C 10% (121 mg, 15% w/w) in methanol (24.5 ml) was stirred at RT overnight under hydrogen atmosphere. The reaction mixture was filtered through celite and concentrated to dryness under reduced pressure. The crude residue was purified by flash chromatography (dichloromethane: methanol = 9:1) to afford 30 as colorless oil (420 mg, 77%).1 H NMR (300 MHz, CDCl 3 ) δ 4.75 (1H, d, J = 6.5 Hz), 4.68 (1H, d, J = 6.5 Hz), 4.64 (1H, d, J = 4.0 Hz), 3.93-3.66 (3H, m), 3.42 (3H, s), 3.31 (3H, s), 3.02 (1H, d, J = 9.5 Hz), 2.03 (1H, d, J = 14.5 Hz), 1.68 (1H, dd, J = 14.5, 4.0 Hz), 1.27 (3H, d, J = 6.5 Hz), 1.20 (3H, s).13 C NMR (75 MHz, CDCl 3 ) δ 98.9, 98.2, 85.0, 63.5, 56.7, 55.0, 52.2, 40.8, 28.3, 18.2. HRMS (ESI-TOF) m/z calcd for C 10 H 22 NO 4 [M+H] + : 220.1543, found: 220.1542. [α] ! !" -130 (c 0.137, tube was loaded with 29 (200 mg, 0.476 mmol), CuI (18.1 mg, 0.095, 20 mol %), K 2 CO 3 (132 mg, 0.952 mmol, 2 equiv), amine 30 (522 mg, 2.379 mmol, 5 equiv) and the mixture was stirred in dry toluene (23.5 ml) at 160ºC for 72 h. The reaction was then cooled to RT and washed with a saturated NaHCO 3 aqueous solution. The combined organic layer was dried over MgSO 4 , concentrated to dryness under reduced pressure and purified by flash chromatography (heptane: ethyl acetate = 9:1 -8:2)to afford 36 as a dark violet solid (78.5 mg, 34%). 1 H NMR (500 MHz, CDCl 3 ) δ 10.41 (1H, bs), 9.56 (1H, d, J = 9.0 Hz), 8.44 (1H, d, J = 8.5 Hz), 8.07 (1H, d, J = 8.5 Hz), 7.66 (1H, s), 7.59-7.50 (2H, m), 7.46 (1H, t, J = 8.0 Hz), 7.32 (1H, d, J = 9.0 Hz), 4.91-4.87 (2H, m), 4.64 (1H, d, J = 3.5 Hz), 4.32 (1H, dq, J = 9.0, 6.0 Hz), 3.49 (3H, s), 3.28 (1H, d, J = 9.0 Hz), 3.14 (3H, s), 2.77 (1H, d, J = 15.0 Hz), 2.55 (3H, s), 1.83 (1H, dd, J = 15.0, 3.5 Hz), 1.66 (3H, s), 1.40 (3H, d, J = 6.0 Hz). 13 C NMR (125 MHz, CDCl 3 ) δ 187.3, 185.1, 151.0, 138.4, 137.

1 H

 1 NMR (500 MHz, CDCl 3 ) δ 10.33 (1H, bs), 9.56 (1H, d, J = 9.0 Hz), 8.43 (1H, d, J = 8.5 Hz), 8.08 (1H, d, J = 8.5 Hz), 7.67 (1H, s), 7.59-7.55 (2H, m), 7.49 (1H, t, J = 8.0 Hz), 7.32 (1H, d, J = 9.0 Hz), 4.66 (1H, d, J = 3.5 Hz), 4.22 (1H, dq, J = 9.0, 6.0 Hz), 3.38 (1H, d, J = 9.0 Hz), 3.19 (3H, s), 2.71 (1H, d, J = 14.7 Hz), 2.56 (3H, s), 1.84 (1H, dd, J = 14.7, 3.5 Hz),1.67 (3H, s), 1.43 (3H, d, J = 6.0 Hz).13 C NMR (126 MHz, CDCl 3 ) δ 187.1, 185.5, 151.1, 138.6, 137.2, 136.5, 135.3, 134.5, 134.3, 132.0, 128.9, 128.6, 128.5, 127.8, 122.9, 120.4, 116.1, 114.3, 97.7, 80.4, 64.9, 55.3, 54.9, 38.4, 26.0, 21.7, 18.6. HRMS (ESI-TOF) m/z calcd for C 27 H 28 NO 5 [M+H] + : 446.1962, found: 446.1964. [α] ! !" -108 (c 0.0037, CHCl 3 ).

1 H 55 (

 155 NMR (950 MHz, CDCl 3 ) δ 9.59 (1H, s), 9.55 (1H, d, J = 9.0 Hz), 8.31 (1H, d, J = 8.5 Hz), 8.08 (1H, d, J = 8.5 Hz), 7.67 (1H, bs), 7.60 (1H, d, J = 7.5 Hz), 7.57 (1H, dd, J = 9.0, 1.5Hz), 7.53 (1H, d, J = 7.5 Hz), 4.85-4.80 (1H, m), 3.22 (1H, t, J = 9.5 Hz), 3.17 (1H, dq, J = 9.5, 6.0 Hz), 2.56 (3H, s), 2.19 (1H, dd, J = 13.0, 3.5), 1.87 (1H, dd, J = 13.0, 2.0 Hz), 1.3H, s), 1.27 (3H, d, J = 6.0 Hz).

1 H

 1 NMR (500 MHz, CDCl 3 ) δ 9.65 (1H, s), 9.59 (1H, d, J = 9.0 Hz), 8.39 (1H, d, J = 8.5 Hz), 8.11 (1H, d, J = 9.0 Hz), 7.69 (1H, s), 7.63-7.56 (2H, m), 7.50 (1H, d, J = 7.5 Hz), 5.80 (1H, d, J = 9.5 Hz), 5.41 (1H, s), 4.83 (1H, s), 4.79 (1H, d, J = 9.5 Hz), 3.44 (1H, dq, J = 12.0, 6.0 Hz), 2.79-2.74 (4H, m), 2.58-2.54 (4H, m), 2.36 (1H, td, J = 14.0, 4.0 Hz), 2.25 (1H, dd, J = 13.0, 2.0 Hz), 2.02 (1H, ddd, J = 7.5, 4.0, 3.0 Hz), 1.89-1.86 (2H, m), 1.75 (2H, dd, J = 13.5, 4.0 Hz), 1.67 (1H, dd, J = 13.0, 3.0 Hz), 1.62-1.58 (2H, m), 1.44 -1.41 (4H, m), 1.42 (3H, s), 1.35 (1H, dd, J = 13.0, 3.0 Hz), 1.09 (1H, d, J = 6.0 Hz), 1.02 -0.95 (1H, m), 0.93 (3H, d, J = 6.0 Hz), 0.86 (3H, d, J = 7.0 Hz).

1 H

 1 NMR (500 MHz, CDCl 3 ) δ 9.57 (1H, d, J = 9.0 Hz), 9.54 (1H, s), 8.37 (1H, d, J = 8.5 Hz), 8.10 (1H, d, J = 8.5 Hz), 7.68 (1H, s), 7.60-7.57 (2H, m), 7.51 (1H, d, J = 7.5 Hz), 4.83 (1H, s), 4.80 (1H, d, J = 10.0 Hz), 3.48-3.43 (1H, m), 2.86-2.73 (2H, m), 2.71-2.63 (2H, m), 2.56 (3H, s), 2.25 (1H, d, J = 13.0 Hz), 1.87 (1H, d, J = 13.0 Hz), 1.42 (3H, s), 1.08 (3H, d, J = 6.0

A deoxygenated 8

 8 mM solution of FeCl 2  4H 2 O in acetonitrile (165 µl) was added to artesumycin 6 (1.1 mg, 0.0014 mmol) and the mixture was stirred at RT under argon. After 1.5 h, water (25 µl) was added and the reaction mixture was additionally stirred for 22 h at RT. The course of the reaction was monitored by UPLC-MS.

Figure 1 :

 1 Figure 1: Structure cristalline du complexe ternaire TOP2B-VP-16-ADN et interaction de VP-16 avec la TOP2B et l'ADN. Adaptée de: Science 2011, 333, 459-462.

Fig. 3 .

 3 Fig. 3. Detailed views of the etoposide-binding site(s). (A) A cartoon-and-stick representation shows the insertion of two etoposide molecules into two cleavage sites. (B) Close-up stereo representation of the etoposide-binding site. DNA is shown in blue, and two hTOP2b core monomers are colored differently. Labels belonging to the second monomer are flagged by a prime. Mg 2+ and water molecules are shown as green and red spheres, respectively. The distance between the Y821′-linked scissile phosphate and the 3′-OH is indicated. (C) Chemical structure of etoposide. Drug-interacting residues are indicated. The interactions mediated by side-chain and main-chain atoms are shown as solid and dashed lines, respectively. Atoms involve in drug-DNA interactions are shaded gray.

Fig. 4 .

 4 Fig. 4. Interactions observed in the etoposidebinding site suggest the structure-activity relations of etoposide derivatives, the sequence preference for drug-stabilized cleavage site, and the molecular basis of drug resistance. (A and B) Interactions mediated by the C1 (E ring) and C4 substituent (glycosidic group) of etoposide. Distances between pairs of key interacting atoms are indicated. (C) The conserved PLRGKXL segment in the TOPRIM domain plays a key role in etoposide binding by har-

Figure 2 :

 2 Figure 2: Représentation schématique de la librairie des analogues.

Figure 3 :

 3 Figure 3: Poisons de TOP2 identifiés par le test TARDIS.

Figure 4 :!Figure 1 . 4 !( 1 , 2 , 3 et 4 ,

 414124 Figure 4: A) Test TARDIS et quantification de l'immunofluorescence des complexes covalents de TOP2 et d'ADN (Alexa 488, vert). B) Test γ-H2AX et quantification de l'immunofluorescence des γ-H2AX (Alexa 594, rouge). Barre d'échelle : 100 µm.

CHAPITRE 2

 2 Inhibition de la réaction d'échange GDP / GTP avec de petites molécules.

Figure 5 :

 5 Figure 5: Règlement des Arfs. Les Arfs: interrupteurs moléculaires du cycle GDP/GTP catalysé par les ArfGEFs et les facteurs GAP.

  he domain structure and regulation of ARF and ARLs. a | A schematic of tive ADP-ribosylation factor (ARF), SAR1 and ARF-like (ARL) proteins, the conserved amino-terminal amphipathic helix and the protein-specific lipid ons at the N terminus. These include myristoylation (Myr) and acetylation (Acet), ich ensure tight membrane association. The effector regions of the guanine--binding (G) protein, switch 1 (SW1) and SW2, and the interswitch region hem, are depicted. These regions change conformation upon exchange of GDP d are involved in interactions with effectors. b | ARF•GDP reversibly associates embrane surface, and the myristoylated N-terminal helix ensures tight association of ARF•GTP. The switch and interswitch regions are also shown, undergo a conformational change upon GTP binding to enter the hydrophobic t the N-terminal amphipathic helix occupies in the GDP-bound form. c | ARF roteins undergo a cycle of GTP binding and hydrolysis, mediated by guanine exchange factors (GEFs) and GTPase-activating proteins (GAPs), respectively.

  ArfGEF BRAG2. Le ciblage de ce dernier a été jusqu'à présent peu exploré en raison de l'absence d'inhibiteurs. Néanmoins, celui-ci est potentiellement intéressant en raison de son implication dans le développement de maladies. Cette petite molécule a donc suscité un fort intérêt pour l'étude de la relation potentielle existant entre l'activité de BRAG2 et l'invasion du cancer.11 L'objectif de ce projet était d'étudier la localisation cellulaire de l'inhibiteur 4022, au moyen d'un étiquetage de type « click in situ », inventée par R. Rodriguez.12 Le protocole exige la synthèse d'un analogue azoture ou alcyne, permettant son marquage sélectif in cellulo grâce à une réaction de cycloaddition de type 1,3-dipolaire d'azotures et d'alcynes catalysée par du cuivre (CuAAC). La microscopie à fluorescence est ensuite utilisée pour localiser la molécule marquée dans les compartiments cellulaires, fournissant ainsi des informations sur le mécanisme d'action du composé (Figure7).

Figure 6 :

 6 Figure 6: Structures de l'inhibiteur 4022 et de son analogue alcyne AM278A.

Figure 7 :

 7 Figure 7: Représentation schématique de la stratégie d'étiquetage « click in situ ».

Figure 8 :

 8 Figure 8: Test d'échange de nucléotides en solution, sur les réactions catalysées par BRAG2 et ARNO. A) Comparaison entre les kobs du DMSO, 4022 et AM278A déterminées à partir de l'ajustement monoexponentielle des courbes de fluorescence. B) Histogramme normalisé exprimé en % d'activité: les kobs sont normalisées par rapport au contrôle négatif (DMSO).

Figure 9 :

 9 Figure 9: Images de microscopie de fluorescence de cellules HeLa, traitées avec 200 µM de AM278A pour 12 min. Expériences préliminaires de co-localisation avec le Golgi et avec les protéines de fusion fluorescentes Arf1, Arf6 et ARNO. Barre d'échelle: 20 µm.

  'introduction de l'alcyne et l'étiquetage de type « click in situ » ont permis d'étudier la localisation subcellulaire spatiale et temporelle de AM278A. Après optimisation des conditions expérimentales en terme d'induction phénotypique et de distribution du composé, des expériences préliminaires de co-localisation avec le Golgi et avec les protéines de fusion fluorescentes Arf1, Arf6 et ARNO ont été réalisées (Figure 9), afin de déterminer la cible spécifique de AM278A. Cependant, la sonde présente une distribution périnucléaire particulière qui ne permet pas d'observer une co-localisation avec les protéines étudiées. Des expériences supplémentaires sont donc nécessaires pour clarifier le mode d'action de AM278A. Ainsi, de nouvelles investigations utilisant la protéine de fusion fluorescente BRAG2 et d'autres marqueurs sont actuellement en cours au laboratoire.

15 Schéme 1 :+ 9 ,Schéme 2 :

 15192 révélé être une stratégie prometteuse pour induire la mort cellulaire. Il a été montré dans la littérature que ce type de mort cellulaire peut être provoqué par quelques agents chimique, tels que les agents lysosomotropes et les inducteurs d'espèces réactives à l'oxygène (ROS). Artésumycine : hybride moléculaire du produit naturel Marmycine A et du médicament antipaludéen Artésunate.Notre groupe a récemment développé l'artésumycine (7, Schéma 1),16 une nouvelle molécule ciblant le compartiment lysosomal. L'artésumycine a été conçue comme un hybride moléculaire du produit naturel marmycine A (8, Schème 1) et du médicament antipaludéen artésunate (Schème 1), afin de combiner les propriétés pharmacologiques de ces deux composés dans une architecture unique. Même si ils agissent avec des mécanismes différents, les deux composés 8 et 9 causent des dommages considérables aux lysosomes, stimulant ainsi la mort des cellules.16,17 De manière surprenante, l'artésumycine a affiché des propriétés antiprolifératives supérieures à celles des produits 8 et 9 utilisés indépendamment ou en mélange équimolaire.L'objectif de ce travail était donc de définir les origines de la synergie trouvée dans le cas de l'hybride moléculaire, l'artésumycine. Nous avons imaginé un lien entre l'activité amplifiée du composé et la dégradation catalysée par le Fe(II) observée pour la classe des produits structurellement liée aux artésunate.18 En effet, nous avons trouvé que l'artésumycine est dégradé en présence de fer, en formant un nouveau fragment moléculaire structurellement liée aux marmycine A, que nous avons appelé « marmysunate » (Schème 2). Marmysunate: produit de fragmentation de l'artésumycine en présence de fer.La réactivité de l'artésumycine en presence de Fe(II) pourrait expliquer la synergie affichée par le couplage de la marmycine A et de l'artésunate dans un hybride moléculaire. Dans ce contexte, après le ciblage du compartiment lysosomal, la forte teneur en fer pourrait catalyser la libération du marmysunate, dont les différentes propriétés amphipathiques comparées à celles de la marmycine A pourraient être représentatives d'une activité lysosomotrope supérieure. Pour tester cette possibilité, les propriétés antiprolifératives du marmysunate ont été comparées à celles des produits apparentés: la marmycine A, et l'artésunate. Cependant, les tests préliminaires d'inhibition de croissance ont montré une faible activité de cet analogue, environ 200 fois moins importante que celle de l'hybride artésumycine. Ceci pourrait être expliqué par l'introduction d'une unité chargée négativement présente sur le groupement de type acide succinique qui peut en quelque sorte influer sur le transport du composé à travers les membranes cellulaires. Des expériences supplémentaires sont en cours au laboratoire pour identifier les origines de ces résultats surprenants.

Figure 10 :

 10 Figure 10: Pourcentage de cellules U2OS viables après un traitement de 72 h avec la marmycine, l'artésumycine, le marmysunate, l'artésunate et la sonde alcyne 43.
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			Sample Name		AM-74ÿpH 5ÿ24-06			InjectionÿIdÿ2184, 2271, InjectionÿIdÿ2184
														2404, 2524
			Date Acquiredÿ: 6/24/2013ÿ11:22:39ÿAM CEST ,ÿ Date Acquiredÿ: 6/24/2013ÿ11:22:39ÿAM CEST			
			6/25/2013ÿ9:52:13ÿAM CEST ,ÿ6/26/2013ÿ9:14:15ÿ Colonneÿ: Kinetex C18ÿI 2.6µmÿ(4.6x100mm),ÿ InjectionÿVolumeÿ: 10.00ÿuL Colonne :ÿÿKinetex C18ÿIIIÿ2.6µm (4.6x100mm) InjectionÿVolumeÿ: 10.00ÿuL
			ProjectÿName :ÿequipe11\Angelica2012 ProjectÿNameÿ: equipe11\Angelica2012		Kinetex C18ÿIIIÿ2.6µm (4.6x100mm)
			Solvantsÿ: C:H2O, D:ACN Solvantsÿ: C:H2O, D:ACN						
			Observations :ÿ Observations :ÿ							
			290.0nm -ÿ996ÿÿ-PDAÿ200.0ÿtoÿ400.0ÿnm at 2.4ÿnm						
		0.80	0.80	290.0nm -ÿ996ÿÿ-PDAÿ200.0ÿtoÿ400.0ÿnm at 2.4ÿnm					8.081	8.081	day 0
		0.70	0.60										
		0.60 AU	0.40		PeakÿResults						
		0.50	0.20		RT	Area	% ÿArea						
				1	8.081 3303934 100.00						
	AU	0.40	0.00										
				290.0nm -ÿ996ÿÿ-PDAÿ200.0ÿtoÿ400.0ÿnm at 2.4ÿnm						
		0.30											8.040	day 1
			0.40										
		0.20											
		AU											
		0.10	0.20										
		0.00							5.055				
			0.00	1.00		2.00	3.00	4.00	5.00	6.00	7.00	8.00	9.00	10.00	11.00	12.00
										Minutes			
	1.50	0.40 208.2	290.0nm -ÿ996ÿÿ-PDAÿ200.0ÿtoÿ400.0ÿnm at 2.4ÿnm		Peak #1				8.076	day 2
	1.00											
	AU		0.30			297.7						
	AU 0.50	0.20										
	0.00	0.10	250.00	nm 300.00	350.00	5.077				
			RetentionÿT imeÿ8.081ÿChannelÿDescriptionÿPDA 200.0ÿtoÿ400.0ÿnm at 2.4ÿnmÿ					
			0.00										
				290.0nm -ÿ996ÿÿ-PDAÿ200.0ÿtoÿ400.0ÿnm at 2.4ÿnm						
			0.30										8.045	day 3
		AU	0.20										
			0.10						5.013				
			0.00										
					1.00	2.00	3.00	4.00	5.00	6.00	7.00		8.00	9.00	10.00	11.00	12.00
										Minutes			
										SampleNameÿAM-74ÿpHÿ5ÿ24-06		
										SampleNameÿAM-74ÿpHÿ5ÿ25-06		
										SampleNameÿAM-74ÿpHÿ5ÿ26-06		
										SampleNameÿAM-74ÿpHÿ5ÿ27-06		
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			Sample Name		AM-74ÿpH 5ÿ25-06		InjectionÿIdÿ2271
			Date Acquiredÿ: 6/25/2013ÿ9:52:13ÿAMÿCEST			
			InjectionÿVolumeÿ: 10.00ÿuL			Colonne :ÿÿKinetex C18ÿI 2.6µmÿ(4.6x100mm)
			ProjectÿNameÿ: equipe11\Angelica2012				
			Solvantsÿ: C:H2O, D:ACN					
			Observations :ÿ						
			290.0nm -ÿ996ÿÿ-PDAÿ200.0ÿtoÿ400.0ÿnm at 2.4ÿnm					
			0.50									
												8.040
			0.45									
			0.40									
			0.35		RT PeakÿResults Area % ÿArea					
			0.30	1	5.055	173799	7.59					
				2	8.040	2114728	92.41					
	AU	0.25									
			0.20									
			0.15									
			0.10									
			0.05						5.055			
			0.00									
				1.00		2.00	3.00	4.00	5.00	6.00	7.00	8.00	9.00	10.00	11.00	12.00
										Minutes		
			205.8						Peak #1	205.8			Peak #2
		0.60							1.00		
	AU	0.40							AU			297.7
										0.50		
		0.20									
						285.9						
		0.00							0.00		
					250.00	300.00	350.00				250.00	300.00	350.00
						nm							nm
			RetentionÿT imeÿ5.055ÿChannelÿDescriptionÿPDA 200.0ÿtoÿ400.0ÿnm at 2.4ÿnmÿ		RetentionÿTimeÿ8.040ÿChannel DescriptionÿPDA 200.0ÿtoÿ400.0ÿnm at 2.4ÿnmÿ
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													18
				Sample Name		AM-74ÿpH 5ÿ26-06		InjectionÿIdÿ2404
				Date Acquiredÿ: 6/26/2013ÿ9:14:15ÿAMÿCEST			
				InjectionÿVolumeÿ: 10.00ÿuL			Colonne :ÿÿKinetex C18ÿI 2.6µmÿ(4.6x100mm)
				ProjectÿNameÿ: equipe11\Angelica2012				
				Solvantsÿ: C:H2O, D:ACN Observations :ÿ	22, m/z$=$603.4	
				290.0nm -ÿ996ÿÿ-PDAÿ200.0ÿtoÿ400.0ÿnm at 2.4ÿnm					
			0.40									8.076
			0.35									
			0.30		PeakÿResults					
					RT	Area	% ÿArea					
			0.25	1	5.077	201220	10.28					
				2	8.076	1756149	89.72					
	AU	0.20									
			0.15									
			0.10									
			0.05						5.077			
			0.00									
				1.00		2.00	3.00	4.00	5.00	6.00	7.00	8.00	9.00	10.00	11.00	12.00
										Minutes		
		0.80	205.8					Peak #1	1.00	205.8		Peak #2
										0.80		
		0.60									
										0.60		
	AU	0.40							AU			297.7
										0.40		
		0.20							0.20		
						285.9						
		0.00							0.00		
					250.00		300.00	350.00				250.00	300.00	350.00
							nm						nm
				RetentionÿT imeÿ5.077ÿChannelÿDescriptionÿPDA 200.0ÿtoÿ400.0ÿnm at 2.4ÿnmÿ			RetentionÿTimeÿ8.076ÿChannel DescriptionÿPDA 200.0ÿtoÿ400.0ÿnm at 2.4ÿnmÿ
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		Sample Name			AM-74ÿpH 5ÿ27-06		InjectionÿIdÿ2524
		Date Acquiredÿ: 6/27/2013ÿ10:21:31ÿAM CEST				
		InjectionÿVolumeÿ: 10.00ÿuL			Colonne :ÿÿKinetex C18ÿIIIÿ2.6µm (4.6x100mm)
		ProjectÿNameÿ: equipe11\Angelica2012					
		Solvantsÿ: C:H2O, D:ACN						
		Observations :ÿ							
		290.0nm -ÿ996ÿÿ-PDAÿ200.0ÿtoÿ400.0ÿnm at 2.4ÿnm						
		0.35										8.045
		0.30										
				PeakÿResults						
		0.25		RT	Area	% ÿArea						
			1	5.013	263572	13.01						
		0.20	2	8.045	1762219	86.99						
	AU										
		0.15										
		0.10										
								5.013				
		0.05										
		0.00										
			1.00		2.00	3.00	4.00	5.00	6.00	7.00	8.00	9.00	10.00	11.00	12.00
									Minutes		
		205.8						Peak #1		205.8			Peak #2
		0.80								0.80		
		0.60								0.60		
	AU	0.40							AU	0.40			297.7
		0.20								0.20		
					285.9							

Figure 15: Degradation of compound 18 in aqueous buffered

  

				ProjectÿName :ÿequipe11\Angelica2012 ProjectÿNameÿ: equipe11\Angelica2012 Solvantsÿ: C:H2O, D:ACN Solvantsÿ: C:H2O, D:ACN	Kinetex C18ÿIIIÿ2.6µm (4.6x100mm)
				Observations :ÿ Observations :ÿ					
		0.80	290.0nm -ÿ996ÿÿ-PDAÿ200.0ÿtoÿ400.0ÿnm at 2.4ÿnm 290.0nm -ÿ996ÿÿ-PDAÿ200.0ÿtoÿ400.0ÿnm at 2.4ÿnm 0.80 pH = 6				8.082	8.082	18	day 0
				0.60								
		0.70										
			AU	0.40								
		0.60				PeakÿResults				
				0.20		RT	Area	% ÿArea				
		0.50			1	8.082 3475386 100.00				
				0.00								
	AU										
		0.40			290.0nm -ÿ996ÿÿ-PDAÿ200.0ÿtoÿ400.0ÿnm at 2.4ÿnm			
		0.30		0.60									8.062	day 1
		0.20		0.40								
			AU									
		0.10										
				0.20								
		0.00									5.082	
				0.00								
					1.00		2.00	3.00	4.00	5.00	6.00	7.00	8.00	9.00	10.00	11.00	12.00
		1.50	208.2	290.0nm -ÿ996ÿÿ-PDAÿ200.0ÿtoÿ400.0ÿnm at 2.4ÿnm	Peak #1	Minutes		8.081	day 2
	AU	1.00		0.40			297.7				
		0.50	AU									
				0.20								
		0.00										
						250.00		nm 300.00	350.00		5.078	
			0.00 RetentionÿT imeÿ8.082ÿChannelÿDescriptionÿPDA 200.0ÿtoÿ400.0ÿnm at 2.4ÿnmÿ		
					290.0nm -ÿ996ÿÿ-PDAÿ200.0ÿtoÿ400.0ÿnm at 2.4ÿnm			
				0.40									8.028	day 3
			AU									
				0.20								
											5.004	
				0.00								
						1.00	2.00	3.00	4.00	5.00	6.00	7.00	8.00	9.00	10.00	11.00	12.00
												Minutes
											SampleNameÿAM-74ÿpHÿ6ÿ24-06
											SampleNameÿAM-74ÿpHÿ6ÿ25-06 solution (pH = 6) after 24, 48 and 72 hours. SampleNameÿAM-74ÿpHÿ6ÿ26-06
											SampleNameÿAM-74ÿpHÿ6ÿ27-06
		After 72 hours at pH = 5, 13% of both compounds 18 and 19 were converted to the
		corresponding hydrazides (Figure 14, 17), as confirmed by mass analysis (data not shown).
		The level of conversion is reduced to 8% and 3% for 18 and 19 respectively at pH = 6
		(Figure 15, 18), and is less than 1% for both at pH = 7 (Figure 16, 19). Accordingly, we
		expect that incubation in cell culture medium (pH = 7.2 -7.4) will cause only minimal effects
		on compounds integrity, with a negligible percentage of hydrolysis. Nevertheless, we can't
		rule out degradation pathways other than the simple hydrolysis, and only an accurate
		analysis of product metabolites would fully accounts for compounds stability.
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	Sample Name		AM-74ÿpH 6ÿ25-06		InjectionÿIdÿ2281
	Date Acquiredÿ: 6/25/2013ÿ10:16:34ÿAM CEST						
	InjectionÿVolumeÿ: 10.00ÿuL			Colonne :ÿÿKinetex C18ÿI 2.6µmÿ(4.6x100mm)
	ProjectÿNameÿ: equipe11\Angelica2012							
	Solvantsÿ: C:H2O, D:ACN								
	Observations :ÿ									
	290.0nm -ÿ996ÿÿ-PDAÿ200.0ÿtoÿ400.0ÿnm at 2.4ÿnm								
	0.70								8.062			
	0.60											
	0.50	PeakÿResults								
		RT	Area	% ÿArea								
	1	5.082	57977	1.81								
	0.40											
	2	8.062	3148803	98.19								
	AU											
	0.30											
	0.20											
	0.10											
						5.082						
	0.00											
	1.00		2.00	3.00	4.00	5.00	6.00	7.00	8.00	9.00	10.00	11.00	12.00
							Minutes					
	205.8					Peak #1	1.50	208.2				Peak #2
	0.20											
							1.00					
	AU						AU			297.7		
	0.10											
							0.50					
			285.9									
	0.00						0.00					
		250.00		300.00	350.00				250.00	300.00	350.00	
				nm						nm		
	RetentionÿT imeÿ5.082ÿChannelÿDescriptionÿPDA 200.0ÿtoÿ400.0ÿnm at 2.4ÿnmÿ			RetentionÿTimeÿ8.062ÿChannel DescriptionÿPDA 200.0ÿtoÿ400.0ÿnm at 2.4ÿnmÿ
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		Sample Name		AM-74ÿpH 6ÿ26-06		InjectionÿIdÿ2413
		Date Acquiredÿ: 6/26/2013ÿ9:31:06ÿAMÿCEST				
		InjectionÿVolumeÿ: 10.00ÿuL			Colonne :ÿÿKinetex C18ÿI 2.6µmÿ(4.6x100mm)
		ProjectÿNameÿ: equipe11\Angelica2012					
		Solvantsÿ: C:H2O, D:ACN						
		Observations :ÿ							
		290.0nm -ÿ996ÿÿ-PDAÿ200.0ÿtoÿ400.0ÿnm at 2.4ÿnm						
		0.50										8.081
		0.40										
				PeakÿResults						
				RT	Area	% ÿArea						
		0.30	1	5.078	119532	4.49						
			2	8.081	2545558	95.51						
	AU										
		0.20										
		0.10										
								5.078				
		0.00										
			1.00		2.00	3.00	4.00	5.00	6.00	7.00	8.00	9.00	10.00	11.00	12.00
									Minutes		
		205.8						Peak #1		205.8			Peak #2
		0.40								1.00		
	AU	0.20							AU	0.50			297.7
					285.9							
		0.00								0.00		
				250.00		nm 300.00	350.00					250.00	nm 300.00	350.00
		RetentionÿT imeÿ5.078ÿChannelÿDescriptionÿPDA 200.0ÿtoÿ400.0ÿnm at 2.4ÿnmÿ			RetentionÿTimeÿ8.081ÿChannel DescriptionÿPDA 200.0ÿtoÿ400.0ÿnm at 2.4ÿnmÿ
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								22, m/z$=$603.4	
				Sample Name		AM-74ÿpH 6ÿ27-06	InjectionÿIdÿ2533
				Date Acquiredÿ: 6/27/2013ÿ10:38:20ÿAM CEST			
				InjectionÿVolumeÿ: 10.00ÿuL			Colonne :ÿÿKinetex C18ÿIIIÿ2.6µm (4.6x100mm)
				ProjectÿNameÿ: equipe11\Angelica2012				
				Solvantsÿ: C:H2O, D:ACN					
				Observations :ÿ						
				290.0nm -ÿ996ÿÿ-PDAÿ200.0ÿtoÿ400.0ÿnm at 2.4ÿnm					
			0.50									
			0.45										8.028
			0.40									
			0.35		PeakÿResults					
					RT	Area	% ÿArea					
			0.30	1	5.004	216142	8.44					
				2	8.028	2345071	91.56					
	AU	0.25									
			0.20									
			0.15									
			0.10									
									5.004			
			0.05									
			0.00									
				1.00		2.00	3.00	4.00	5.00	6.00	7.00	8.00	9.00	10.00	11.00	12.00
										Minutes	
		0.80	205.8					Peak #1		205.8		Peak #2
											1.00	
		0.60									
	AU	0.40							AU	0.50		297.7
		0.20									
						285.9						
		0.00								0.00	
					250.00		300.00	350.00					250.00	300.00	350.00
							nm						nm
				RetentionÿT imeÿ5.004ÿChannelÿDescriptionÿPDA 200.0ÿtoÿ400.0ÿnm at 2.4ÿnmÿ			RetentionÿTimeÿ8.028ÿChannel DescriptionÿPDA 200.0ÿtoÿ400.0ÿnm at 2.4ÿnmÿ

Figure 16: Degradation of compound 18 in aqueous buffered solution (pH = 7) after 24, 48 and 72 hours.

  

					ProjectÿName :ÿequipe11\Angelica2012 ProjectÿNameÿ: equipe11\Angelica2012 Solvantsÿ: C:H2O, D:ACN Solvantsÿ: C:H2O, D:ACN		Kinetex C18ÿIIIÿ2.6µm (4.6x100mm)
					Observations :ÿ Observations :ÿ					
		0.80	290.0nm -ÿ996ÿÿ-PDAÿ200.0ÿtoÿ400.0ÿnm at 2.4ÿnm 290.0nm -ÿ996ÿÿ-PDAÿ200.0ÿtoÿ400.0ÿnm at 2.4ÿnm pH = 7 0.80				8.076	8.076	day 0
		0.70		0.60									18
		0.60 AU	0.40		PeakÿResults				
		0.50		0.20		RT	Area	% ÿArea				
						1	8.076 3464874 100.00				
	AU	0.40		0.00								
						290.0nm -ÿ996ÿÿ-PDAÿ200.0ÿtoÿ400.0ÿnm at 2.4ÿnm			
		0.30		0.60									8.042	day 1
		0.20		0.40								
			AU									
		0.10										
					0.20								
		0.00										
					0.00	1.00		2.00	3.00	4.00	5.00	6.00	7.00	8.00	9.00	10.00	11.00	12.00
												Minutes	
				208.2	290.0nm -ÿ996ÿÿ-PDAÿ200.0ÿtoÿ400.0ÿnm at 2.4ÿnm	Peak #1		
	1.50												8.073	day 2
	1.00			0.40								
	AU								297.7				
	0.50	AU									
					0.20								
	0.00											
							250.00		300.00	350.00			
									nm				
					RetentionÿT imeÿ8.076ÿChannelÿDescriptionÿPDA 200.0ÿtoÿ400.0ÿnm at 2.4ÿnmÿ		
					0.00								
						290.0nm -ÿ996ÿÿ-PDAÿ200.0ÿtoÿ400.0ÿnm at 2.4ÿnm			
					0.60									8.031	day 3
					0.40								
			AU									
					0.20								
												5.005	
					0.00								
							1.00	2.00	3.00	4.00	5.00	6.00	7.00	8.00	9.00	10.00	11.00	12.00
													Minutes
												SampleNameÿAM-74ÿpHÿ7ÿ24-06
												SampleNameÿAM-74ÿpHÿ7ÿ25-06
												SampleNameÿAM-74ÿpHÿ7ÿ26-06
												SampleNameÿAM-74ÿpHÿ7ÿ27-06

Institut de Chimie desÿSubstancesÿNaturelles ServiceÿHPLC

  

		Sample Name		AM-74ÿpH 7ÿ25-06			InjectionÿIdÿ2290
		Date Acquiredÿ: 6/25/2013ÿ10:33:26ÿAM CEST					
		InjectionÿVolumeÿ: 10.00ÿuL			Colonne :ÿÿKinetex C18ÿI 2.6µmÿ(4.6x100mm)
		ProjectÿNameÿ: equipe11\Angelica2012						
		Solvantsÿ: C:H2O, D:ACN							
		Observations :ÿ									
		290.0nm -ÿ996ÿÿ-PDAÿ200.0ÿtoÿ400.0ÿnm at 2.4ÿnm							
		0.60								8.042		
		0.50										
			PeakÿResults							
		0.40	RT	Area	% ÿArea							
		1	8.042 3400484 100.00							
	AU	0.30										
		0.20										
		0.10										
		0.00										
		1.00		2.00	3.00	4.00	5.00	6.00	7.00	8.00	9.00	10.00	11.00	12.00
								Minutes				
		205.8					Peak #1					
	1.00										
	AU				297.7							
	0.50										
	0.00										
		250.00		300.00	350.00						
					nm							
		RetentionÿT imeÿ8.042ÿChannelÿDescriptionÿPDA 200.0ÿtoÿ400.0ÿnm at 2.4ÿnmÿ						

Institut de Chimie desÿSubstancesÿNaturelles ServiceÿHPLC

  

		Sample Name		AM-74ÿpH 7ÿ26-06			InjectionÿIdÿ2422
		Date Acquiredÿ: 6/26/2013ÿ9:47:56ÿAMÿCEST				
		InjectionÿVolumeÿ: 10.00ÿuL			Colonne :ÿÿKinetex C18ÿI 2.6µmÿ(4.6x100mm)
		ProjectÿNameÿ: equipe11\Angelica2012					
		Solvantsÿ: C:H2O, D:ACN						
		Observations :ÿ								
		290.0nm -ÿ996ÿÿ-PDAÿ200.0ÿtoÿ400.0ÿnm at 2.4ÿnm						
		0.50									8.073	
		0.45										
		0.40										
				PeakÿResults						
		0.35		RT	Area	% ÿArea						
		0.30	1	8.073 3228492 100.00						
	AU	0.25										
		0.20										
		0.15										
		0.10										
		0.05										
		0.00										
			1.00		2.00	3.00	4.00	5.00	6.00	7.00	8.00	9.00	10.00	11.00	12.00
									Minutes			
		205.8						Peak #1				
	1.00										
	AU					297.7						
	0.50										
	0.00										
			250.00		300.00	350.00					
						nm						
		RetentionÿT imeÿ8.073ÿChannelÿDescriptionÿPDA 200.0ÿtoÿ400.0ÿnm at 2.4ÿnmÿ					

Institut de Chimie desÿSubstancesÿNaturelles ServiceÿHPLC

  

	Sample Name		AM-74ÿpH 7ÿ27-06		InjectionÿIdÿ2542
	Date Acquiredÿ: 6/27/2013ÿ10:55:12ÿAM CEST					
	InjectionÿVolumeÿ: 10.00ÿuL			Colonne :ÿÿKinetex C18ÿIIIÿ2.6µm (4.6x100mm)
	ProjectÿNameÿ: equipe11\Angelica2012						
	Solvantsÿ: C:H2O, D:ACN							
	Observations :ÿ								
	290.0nm -ÿ996ÿÿ-PDAÿ200.0ÿtoÿ400.0ÿnm at 2.4ÿnm							
	0.60									8.031		
	0.50											
			RT PeakÿResults Area % ÿArea	22, m/z$=$603.4			
	0.40	1	5.005	29289	0.87							
		2	8.031	3336301	99.13							
	AU											
	0.30											
	0.20											
	0.10											
							5.005					
	0.00											
		1.00		2.00	3.00	4.00	5.00	6.00	7.00	8.00	9.00	10.00	11.00	12.00
								Minutes				
	205.8						Peak #1	1.50	208.2				Peak #2
	0.10											
								1.00				
	AU							AU			297.7	
	0.05							0.50				
				285.9								
	0.00							0.00				
		250.00		nm 300.00	350.00				250.00	nm 300.00	350.00
	RetentionÿT imeÿ5.005ÿChannelÿDescriptionÿPDA 200.0ÿtoÿ400.0ÿnm at 2.4ÿnmÿ			RetentionÿTimeÿ8.031ÿChannel DescriptionÿPDA 200.0ÿtoÿ400.0ÿnm at 2.4ÿnmÿ

Figure 17: Degradation of compound 19 in aqueous buffered solution (pH = 5) after 24, 48 and 72 hours.

  

				InjectionÿVolumeÿ: 10.00ÿuL ProjectÿName :ÿequipe11\Angelica2012 ProjectÿNameÿ: equipe11\Angelica2012 Solvantsÿ: C:H2O, D:ACN Solvantsÿ: C:H2O, D:ACN Observations :ÿ Observations :ÿ	Kinetex C18ÿIIIÿ2.6µm (4.6x100mm) Colonne :ÿÿKinetex C18ÿIIIÿ2.6µm (4.6x100mm)
			290.0nm -ÿ996ÿÿ-PDAÿ200.0ÿtoÿ400.0ÿnm at 2.4ÿnm 290.0nm -ÿ996ÿÿ-PDAÿ200.0ÿtoÿ400.0ÿnm at 2.4ÿnm			
		0.80		0.60 0.80	pH = 5							8.147	8.147	19	day 0
		0.70										
			AU	0.40								
		0.60				PeakÿResults				
				0.20		RT	Area	% ÿArea				
		0.50			1	8.147 3246189 100.00				
				0.00								
	AU	0.40			290.0nm -ÿ996ÿÿ-PDAÿ200.0ÿtoÿ400.0ÿnm at 2.4ÿnm			
		0.30											8.088	day 1
				0.40								
		0.20	AU							23, m/z$=$603.4
		0.10		0.20								
		0.00									5.017	
				0.00								
					1.00	2.00	3.00	4.00	5.00	6.00	7.00	8.00	9.00	10.00	11.00	12.00
	1.50	0.40 205.8	290.0nm -ÿ996ÿÿ-PDAÿ200.0ÿtoÿ400.0ÿnm at 2.4ÿnm	Peak #1	Minutes		8.103	day 2
	1.00										
	AU			0.30			288.2					
	0.50	AU	0.20								
	0.00		0.10		250.00	nm 300.00	350.00		5.022	
			0.00 RetentionÿT imeÿ8.147ÿChannelÿDescriptionÿPDA 200.0ÿtoÿ400.0ÿnm at 2.4ÿnmÿ		
					290.0nm -ÿ996ÿÿ-PDAÿ200.0ÿtoÿ400.0ÿnm at 2.4ÿnm			
				0.40									8.106	day 3
				0.30								
			AU	0.20								
				0.10							4.956	
				0.00								
						1.00	2.00	3.00	4.00	5.00	6.00	7.00	8.00	9.00	10.00	11.00	12.00
												Minutes
											SampleNameÿAM-75ÿpHÿ5ÿ24-06
											SampleNameÿAM-75ÿpHÿ5ÿ25-06
											SampleNameÿAM-75ÿpHÿ5ÿ26-06
											SampleNameÿAM-75ÿpHÿ5ÿ27-06

Institut de Chimie desÿSubstancesÿNaturelles ServiceÿHPLC

  

			Sample Name		AM-75ÿpH 5ÿ25-06		InjectionÿIdÿ2299
			Date Acquiredÿ: 6/25/2013ÿ10:50:15ÿAM CEST				
			InjectionÿVolumeÿ: 10.00ÿuL			Colonne :ÿÿKinetex C18ÿI 2.6µmÿ(4.6x100mm)
			ProjectÿNameÿ: equipe11\Angelica2012					
			Solvantsÿ: C:H2O, D:ACN						
			Observations :ÿ							
			290.0nm -ÿ996ÿÿ-PDAÿ200.0ÿtoÿ400.0ÿnm at 2.4ÿnm						
											8.088	
		0.50										
		0.40		PeakÿResults						
				RT	Area	% ÿArea						
			1	5.017	120142	4.89						
		0.30	2	8.088	2335461	95.11						
	AU										
		0.20										
		0.10										
								5.017				
		0.00										
			1.00		2.00	3.00	4.00	5.00	6.00	7.00	8.00	9.00	10.00	11.00	12.00
									Minutes			
		0.40	205.8					Peak #1	205.8				Peak #2
									1.00			
	AU	0.20							AU			288.2
									0.50			
					288.2							
		0.00							0.00			
			250.00	nm 300.00	350.00				250.00	nm 300.00	350.00
			RetentionÿT imeÿ5.017ÿChannelÿDescriptionÿPDA 200.0ÿtoÿ400.0ÿnm at 2.4ÿnmÿ		RetentionÿTimeÿ8.088ÿChannel DescriptionÿPDA 200.0ÿtoÿ400.0ÿnm at 2.4ÿnmÿ

Institut de Chimie desÿSubstancesÿNaturelles ServiceÿHPLC

  

			Sample Name		AM-75ÿpH 5ÿ26-06		InjectionÿIdÿ2431
			Date Acquiredÿ: 6/26/2013ÿ10:04:59ÿAM CEST				
			InjectionÿVolumeÿ: 10.00ÿuL			Colonne :ÿÿKinetex C18ÿI 2.6µmÿ(4.6x100mm)
			ProjectÿNameÿ: equipe11\Angelica2012					
			Solvantsÿ: C:H2O, D:ACN						
			Observations :ÿ							
			290.0nm -ÿ996ÿÿ-PDAÿ200.0ÿtoÿ400.0ÿnm at 2.4ÿnm						
		0.40									8.103	
		0.35										
		0.30		PeakÿResults						
				RT	Area	% ÿArea						
		0.25	1	5.022	188871	9.53						
			2	8.103	1792945	90.47						
	AU	0.20										
		0.15										
		0.10										
		0.05						5.022				
		0.00										
			1.00		2.00	3.00	4.00	5.00	6.00	7.00	8.00	9.00	10.00	11.00	12.00
									Minutes			
	0.60	205.8					Peak #1	205.8				Peak #2
									0.80			
	0.40										
									0.60			
	AU								AU			295.3
									0.40			
	0.20										
									0.20			
					288.2							
	0.00							0.00			
			250.00	300.00	350.00				250.00	300.00	350.00
					nm						nm
			RetentionÿT imeÿ5.022ÿChannelÿDescriptionÿPDA 200.0ÿtoÿ400.0ÿnm at 2.4ÿnmÿ		RetentionÿTimeÿ8.103ÿChannel DescriptionÿPDA 200.0ÿtoÿ400.0ÿnm at 2.4ÿnmÿ

Institut de Chimie desÿSubstancesÿNaturelles ServiceÿHPLC

  

				Sample Name		AM-75ÿpH 5ÿ27-06	InjectionÿIdÿ2551
				Date Acquiredÿ: 6/27/2013ÿ11:12:04ÿAM CEST			
				InjectionÿVolumeÿ: 10.00ÿuL			Colonne :ÿÿKinetex C18ÿIIIÿ2.6µm (4.6x100mm)
				ProjectÿNameÿ: equipe11\Angelica2012				
				Solvantsÿ: C:H2O, D:ACN					
				Observations :ÿ						
				290.0nm -ÿ996ÿÿ-PDAÿ200.0ÿtoÿ400.0ÿnm at 2.4ÿnm					
			0.40									
													8.106
			0.35									
			0.30									
					PeakÿResults					
			0.25		RT	Area	% ÿArea					
				1	4.956	260425	13.10					
	AU	0.20	2	8.106	1727677	86.90					
			0.15									
			0.10						4.956			
			0.05									
			0.00									
				1.00		2.00	3.00	4.00	5.00	6.00	7.00	8.00	9.00	10.00	11.00	12.00
										Minutes	
		0.80	205.8					Peak #1		205.8		Peak #2
											0.80	
		0.60								0.60	
	AU	0.40							AU	0.40		288.2
		0.20								0.20	
						288.2						
		0.00								0.00	
					250.00	nm 300.00	350.00					250.00	nm 300.00	350.00
				RetentionÿT imeÿ4.956ÿChannelÿDescriptionÿPDA 200.0ÿtoÿ400.0ÿnm at 2.4ÿnmÿ			RetentionÿTimeÿ8.106ÿChannel DescriptionÿPDA 200.0ÿtoÿ400.0ÿnm at 2.4ÿnmÿ

Figure 18: Degradation of compound 19 in aqueous buffered solution (pH = 6) after 24, 48 and 72 hours.

  

				ProjectÿName :ÿequipe11\Angelica2012 ProjectÿNameÿ: equipe11\Angelica2012 Solvantsÿ: C:H2O, D:ACN Solvantsÿ: C:H2O, D:ACN	Kinetex C18ÿIIIÿ2.6µm (4.6x100mm)
				Observations :ÿ Observations :ÿ					
				290.0nm -ÿ996ÿÿ-PDAÿ200.0ÿtoÿ400.0ÿnm at 2.4ÿnm 290.0nm -ÿ996ÿÿ-PDAÿ200.0ÿtoÿ400.0ÿnm at 2.4ÿnm			
		0.80	0.60 0.80	pH = 6							8.143	8.143	19	day 0
		0.70									
		AU 0.60	0.40								
						PeakÿResults				
				0.20		RT	Area	% ÿArea				
		0.50									
					1	8.143 3336084 100.00				
				0.00								
	AU	0.40									
					290.0nm -ÿ996ÿÿ-PDAÿ200.0ÿtoÿ400.0ÿnm at 2.4ÿnm			
		0.30	0.60									8.100	day 1
		0.20									
			AU	0.40						23, m/z$=$603.4
		0.10									
				0.20								
		0.00								5.022	
				0.00								
					1.00	2.00	3.00	4.00	5.00	6.00	7.00	8.00	9.00	10.00	11.00	12.00
	1.50	0.60 205.8	290.0nm -ÿ996ÿÿ-PDAÿ200.0ÿtoÿ400.0ÿnm at 2.4ÿnm	Peak #1	Minutes		8.119	day 2
	1.00										
	AU			0.40			288.2					
	0.50	AU									
				0.20								
	0.00										
				0.00 RetentionÿT imeÿ8.143ÿChannelÿDescriptionÿPDA 200.0ÿtoÿ400.0ÿnm at 2.4ÿnmÿ nm 250.00 300.00 350.00	5.028	
					290.0nm -ÿ996ÿÿ-PDAÿ200.0ÿtoÿ400.0ÿnm at 2.4ÿnm			
				0.60									8.109	day 3
				0.40								
			AU									
				0.20								
											4.965	
				0.00								
						1.00	2.00	3.00	4.00	5.00	6.00	7.00	8.00	9.00	10.00	11.00	12.00
												Minutes
											SampleNameÿAM-75ÿpHÿ6ÿ24-06
											SampleNameÿAM-75ÿpHÿ6ÿ25-06
											SampleNameÿAM-75ÿpHÿ6ÿ26-06
											SampleNameÿAM-75ÿpHÿ6ÿ27-06

Institut de Chimie desÿSubstancesÿNaturelles ServiceÿHPLC

  

			Sample Name		AM-75ÿpH 6ÿ25-06		InjectionÿIdÿ2308
			Date Acquiredÿ: 6/25/2013ÿ11:07:10ÿAM CEST				
			InjectionÿVolumeÿ: 10.00ÿuL			Colonne :ÿÿKinetex C18ÿI 2.6µmÿ(4.6x100mm)
			ProjectÿNameÿ: equipe11\Angelica2012					
			Solvantsÿ: C:H2O, D:ACN						
			Observations :ÿ							
			290.0nm -ÿ996ÿÿ-PDAÿ200.0ÿtoÿ400.0ÿnm at 2.4ÿnm						
		0.70										
											8.100	
		0.60										
		0.50		PeakÿResults						
				RT	Area	% ÿArea						
		0.40	1	5.022	20025	0.66						
			2	8.100	3037148	99.34						
	AU										
		0.30										
		0.20										
		0.10										
								5.022				
		0.00										
			1.00		2.00	3.00	4.00	5.00	6.00	7.00	8.00	9.00	10.00	11.00	12.00
									Minutes			
		0.08	205.8					Peak #1	1.50	205.8			Peak #2
		0.06										
									1.00			
	AU	0.04							AU			297.7
									0.50			
		0.02										
					288.2							
		0.00							0.00			
				250.00	300.00	350.00				250.00	300.00	350.00
					nm						nm
			RetentionÿT imeÿ5.022ÿChannelÿDescriptionÿPDA 200.0ÿtoÿ400.0ÿnm at 2.4ÿnmÿ			RetentionÿTimeÿ8.100ÿChannel DescriptionÿPDA 200.0ÿtoÿ400.0ÿnm at 2.4ÿnmÿ

Institut de Chimie desÿSubstancesÿNaturelles ServiceÿHPLC

  

		Sample Name		AM-75ÿpH 6ÿ26-06		InjectionÿIdÿ2440
		Date Acquiredÿ: 6/26/2013ÿ10:22:05ÿAM CEST					
		InjectionÿVolumeÿ: 10.00ÿuL			Colonne :ÿÿKinetex C18ÿI 2.6µmÿ(4.6x100mm)
		ProjectÿNameÿ: equipe11\Angelica2012						
		Solvantsÿ: C:H2O, D:ACN							
		Observations :ÿ								
		290.0nm -ÿ996ÿÿ-PDAÿ200.0ÿtoÿ400.0ÿnm at 2.4ÿnm							
		0.60										
										8.119		
		0.50										
			PeakÿResults							
		0.40	RT	Area	% ÿArea							
		1	5.028	31671	1.16							
		2	8.119	2702318	98.84							
	AU	0.30										
		0.20										
		0.10										
							5.028					
		0.00										
		1.00		2.00	3.00	4.00	5.00	6.00	7.00	8.00	9.00	10.00	11.00	12.00
								Minutes				
		205.8					Peak #1	205.8					Peak #2
	0.10						1.00				
	AU							AU			295.3	
	0.05						0.50				
				288.2								
	0.00						0.00				
		250.00	nm 300.00	350.00				250.00	nm 300.00	350.00
		RetentionÿT imeÿ5.028ÿChannelÿDescriptionÿPDA 200.0ÿtoÿ400.0ÿnm at 2.4ÿnmÿ		RetentionÿTimeÿ8.119ÿChannel DescriptionÿPDA 200.0ÿtoÿ400.0ÿnm at 2.4ÿnmÿ

Institut de Chimie desÿSubstancesÿNaturelles ServiceÿHPLC

  

		Sample Name		AM-75ÿpH 6ÿ27-06		InjectionÿIdÿ2560
		Date Acquiredÿ: 6/27/2013ÿ11:28:56ÿAM CEST					
		InjectionÿVolumeÿ: 10.00ÿuL			Colonne :ÿÿKinetex C18ÿIIIÿ2.6µm (4.6x100mm)
		ProjectÿNameÿ: equipe11\Angelica2012						
		Solvantsÿ: C:H2O, D:ACN							
		Observations :ÿ								
		290.0nm -ÿ996ÿÿ-PDAÿ200.0ÿtoÿ400.0ÿnm at 2.4ÿnm							
	0.70											
										8.109		
	0.60											
	0.50		PeakÿResults							
			RT	Area	% ÿArea							
	0.40	1	4.965	86298	2.93							
		2	8.109	2854120	97.07							
	AU											
	0.30											
	0.20											
	0.10											
							4.965					
	0.00											
		1.00		2.00	3.00	4.00	5.00	6.00	7.00	8.00	9.00	10.00	11.00	12.00
								Minutes				
	0.30	205.8					Peak #1	205.8					Peak #2
	0.20							1.00				
	AU							AU			288.2	
	0.10							0.50				
				288.2								
	0.00							0.00				
			250.00	300.00	350.00				250.00	300.00	350.00
				nm						nm	
		RetentionÿT imeÿ4.965ÿChannelÿDescriptionÿPDA 200.0ÿtoÿ400.0ÿnm at 2.4ÿnmÿ		RetentionÿTimeÿ8.109ÿChannel DescriptionÿPDA 200.0ÿtoÿ400.0ÿnm at 2.4ÿnmÿ

1, paragraph 3.1.2.1.) and alkyne (type 2, paragraph 3.1.2.3.)

  

	podophyllotoxin analogues and their subsequent functionalization with structurally diverse
	side chains, by means of 1,3-dipolar azide-alkyne cycloaddition (paragraphs 3

.1.2.2. and 3.1.2.4.). Both

  the triazole orientation and the choice of the reactive partners are aimed to cover various steric and polar properties and thus to explore the chemical space of TOP2 isoforms binding pockets.

				ProjectÿName :ÿequipe11\Angelica2012 ProjectÿNameÿ: equipe11\Angelica2012		Kinetex C18ÿIIIÿ2.6µm (4.6x100mm)
				Solvantsÿ: C:H2O, D:ACN Solvantsÿ: C:H2O, D:ACN				
				Observations :ÿ Observations :ÿ						
			290.0nm -ÿ996ÿÿ-PDAÿ200.0ÿtoÿ400.0ÿnm at 2.4ÿnm 290.0nm -ÿ996ÿÿ-PDAÿ200.0ÿtoÿ400.0ÿnm at 2.4ÿnm				
		0.70		0.60	pH = 7							8.142	8.142	19	day 0
		0.60	AU	0.40		PeakÿResults					
		0.50		0.20		RT	Area	% ÿArea					
					1	8.142 3243503 100.00					
	AU	0.40		0.00									
		0.30		0.60	290.0nm -ÿ996ÿÿ-PDAÿ200.0ÿtoÿ400.0ÿnm at 2.4ÿnm					8.076	day 1
		0.20		0.40									
			AU										
		0.10											
				0.20									
		0.00											
				0.00	1.00	2.00	3.00	4.00	5.00	6.00	7.00	8.00	9.00	10.00	11.00	12.00
											Minutes		
	1.50	205.8	290.0nm -ÿ996ÿÿ-PDAÿ200.0ÿtoÿ400.0ÿnm at 2.4ÿnm	Peak #1			
	1.00		0.40										8.090	day 2
	AU						288.2						
	0.50	AU										
				0.20									
	0.00											
					250.00	nm 300.00	350.00				
			0.00 RetentionÿT imeÿ8.142ÿChannelÿDescriptionÿPDA 200.0ÿtoÿ400.0ÿnm at 2.4ÿnmÿ			
					290.0nm -ÿ996ÿÿ-PDAÿ200.0ÿtoÿ400.0ÿnm at 2.4ÿnm				
				0.60										8.098	day 3
				0.40									
			AU							23, m/z$=$603.4	
				0.20									
				0.00							4.949		
						1.00	2.00	3.00	4.00	5.00	6.00	7.00	8.00	9.00	10.00	11.00	12.00
												Minutes	
											SampleNameÿAM-75ÿpHÿ7ÿ24-06
											SampleNameÿAM-75ÿpHÿ7ÿ25-06
											SampleNameÿAM-75ÿpHÿ7ÿ26-06
											SampleNameÿAM-75ÿpHÿ7ÿ27-06

Institut de Chimie desÿSubstancesÿNaturelles ServiceÿHPLC

  

		Sample Name		AM-75ÿpH 7ÿ25-06			InjectionÿIdÿ2317
		Date Acquiredÿ: 6/25/2013ÿ11:24:01ÿAM CEST						
		InjectionÿVolumeÿ: 10.00ÿuL			Colonne :ÿÿKinetex C18ÿI 2.6µmÿ(4.6x100mm)
		ProjectÿNameÿ: equipe11\Angelica2012							
		Solvantsÿ: C:H2O, D:ACN								
		Observations :ÿ									
		290.0nm -ÿ996ÿÿ-PDAÿ200.0ÿtoÿ400.0ÿnm at 2.4ÿnm								
		0.60										
									8.076			
		0.50										
		0.40	RT PeakÿResults Area % ÿArea								
		1	8.076 2963663 100.00								
	AU	0.30										
		0.20										
		0.10										
		0.00										
		1.00	2.00	3.00	4.00	5.00	6.00	7.00	8.00	9.00	10.00	11.00	12.00
							Minutes					
		205.8				Peak #1						
	1.00										
	AU			297.7								
	0.50										
	0.00										
			250.00	nm 300.00	350.00							
		RetentionÿT imeÿ8.076ÿChannelÿDescriptionÿPDA 200.0ÿtoÿ400.0ÿnm at 2.4ÿnmÿ							

Institut de Chimie desÿSubstancesÿNaturelles ServiceÿHPLC

  

			Sample Name		AM-75ÿpH 7ÿ26-06		InjectionÿIdÿ2449
			Date Acquiredÿ: 6/26/2013ÿ10:38:57ÿAM CEST			
			InjectionÿVolumeÿ: 10.00ÿuL			Colonne :ÿÿKinetex C18ÿI 2.6µmÿ(4.6x100mm)
			ProjectÿNameÿ: equipe11\Angelica2012				
			Solvantsÿ: C:H2O, D:ACN					
			Observations :ÿ							
			290.0nm -ÿ996ÿÿ-PDAÿ200.0ÿtoÿ400.0ÿnm at 2.4ÿnm					
			0.50									
			0.45									8.090
			0.40									
			0.35		PeakÿResults					
					RT	Area	% ÿArea					
			0.30	1	8.090 2785157 100.00					
	AU	0.25									
			0.20									
			0.15									
			0.10									
			0.05									
			0.00									
				1.00		2.00	3.00	4.00	5.00	6.00	7.00	8.00	9.00	10.00	11.00	12.00
										Minutes		
			205.8						Peak #1			
		1.00									
	AU	0.50				295.3					
		0.00									
					250.00		nm 300.00	350.00				
			RetentionÿT imeÿ8.090ÿChannelÿDescriptionÿPDA 200.0ÿtoÿ400.0ÿnm at 2.4ÿnmÿ				

Institut de Chimie desÿSubstancesÿNaturelles ServiceÿHPLC

  

	3											
	Sample Name		AM-75ÿpH 7ÿ27-06		InjectionÿIdÿ2569
	Date Acquiredÿ: 6/27/2013ÿ11:45:49ÿAM CEST						
	InjectionÿVolumeÿ: 10.00ÿuL			Colonne :ÿÿKinetex C18ÿIIIÿ2.6µm (4.6x100mm)
	ProjectÿNameÿ: equipe11\Angelica2012							
	Solvantsÿ: C:H2O, D:ACN								
	Observations :ÿ									
	290.0nm -ÿ996ÿÿ-PDAÿ200.0ÿtoÿ400.0ÿnm at 2.4ÿnm								
	0.60								8.098			
	0.50											
		PeakÿResults								
		RT	Area	% ÿArea								
	0.40											
	1	4.949	13137	0.42								
	2	8.098	3089795	99.58								
	AU											
	0.30											
	0.20											
	0.10											
						4.949						
	0.00											
	1.00		2.00	3.00	4.00	5.00	6.00	7.00	8.00	9.00	10.00	11.00	12.00
							Minutes					
	205.8					Peak #1	205.8					Peak #2
	0.04						1.00					
	AU						AU			288.2		
	0.02						0.50					
			288.2									
	0.00						0.00					
	250.00	300.00	350.00				250.00	300.00	350.00	
			nm						nm		
	RetentionÿT imeÿ4.949ÿChannelÿDescriptionÿPDA 200.0ÿtoÿ400.0ÿnm at 2.4ÿnmÿ		RetentionÿTimeÿ8.098ÿChannel DescriptionÿPDA 200.0ÿtoÿ400.0ÿnm at 2.4ÿnmÿ

.1.2.1. Type 1 triazolyl-derivatives: synthesis of the azido-podophyllotoxin precursors

  

	Besides being a structural analogue of VP-16, podophyllotoxin presents two important
	structural variations that need to be considered: i) the opposite configuration at the 4-OH and

By analogy, this iodine intermediate (26, Scheme 9) undergoes the formation of

  the same stabilized carbocation, subsequently quenched by water.

	O	OH	i) MeSO 3 H, NaI ACN, RT, 15 min	O	OH	i) MeSO 3 H, NaI DCM, RT, overnight	O	OH
		O			O				O
	O	O	ii) H 2 O/acetone BaCO 3 , RT, 1.5h	O	O	ii) H 2 O/acetone BaCO 3 , RT, 1h		O	O
	O	O		O	O			O	O
		O			O				OH
	25, 65% epipodophyllotoxin	9, Podophyllotoxin	24, 75% 4'-demethylepipodophyllotoxin
	Scheme 9: The mechanism of podophyllotoxin epimerization is thought to involve the formation of the transient
	iodine derivative 26.						

39 and 40.

  

	N corresponding 1,4-disubstituted triazolyl-epipodophyllotoxin derivative 39, 30b employing O O OH O OH equiv. of CuSO 4 and 4.8 equiv. of sodium ascorbate. Conversely, our efforts to synthesize
	29 the 1,5-regioisomer 40 were unsuccessful, consistent with the reported low reactivity of 30 31 32
	N secondary azides in these conditions. 46	OH	O	O	O	OH
			33	34	35		36
	Scheme 12: Cu-and Ru-catalysed azide-alkyne cycloadditions for the synthesis of the 1,4-and 1,5 triazolyl-
	epipodophyllotoxin derivatives				
		O	Pd(PPh 3 ) 2 Cl 2,		O			O
		O	CuI, PPh 3, TMSA		O		TBAF	O
	I	37	TEA, RT, overnight	TMS	38, 90%	THF, -20°C, 30min	35, 64%
					NaOH, EtOH/H 2 O,
					0°-RT overnight
					O		
					OH		
					36, 94%		

39, R= H, 23% 43, R= Me, 25% 40, R= H, 10% 44, R= Me, 12% 45, R= H, 33% 41, R= Me, 25% 46, R= H, 8% 42, R= Me, 6% Figure 23: By

  -products observed when performing thermal cycloaddition in ethanol.

Table 1 :

 1 Reaction conditions employed for the synthesis of compounds 49-60.

	Compound	R	Alkyne	CuSO45H2O (equiv.)	Ascorbate (equiv.)	T (°C)	Time (h)	Yield (%)

Table 2 :

 2 Reaction conditions employed for the synthesis of compounds 79-96.

	Compound	R	Azide	CuSO45H2O (equiv.)	Ascorbate (equiv.)	T (°C)	Time (h)	Yield (%)
	79	H	63	0.04	0.1	RT	1	26
	80	H	64	0.04	0.1	50	2	51
	81	H	65	0.04	0.1	50	2.5	62
	82	H	66	0.04	0.1	50	2	37
	83	H	67	0.04	0.1	50	2	33
	84	H	68	0.04	0.1	50	2	54
	85	H	69	0.04	0.1	RT	2	45
	86	H	70	0.04	0.1	50	2	50
	87	H	71	0.04	0.1	50	2.5	80
	88	Me	63	0.04	0.1	RT	1.5	43
	89	Me	64	0.04	0.1	50	2	91
	90	Me	65	0.04	0.1	50	2	42
	91	Me	66	0.04	0.1	50	1	74
	92	Me	67	0.04	0.1	50	1	51
	93	Me	68	0.04	0.1	50	6	84
	94	Me	69	0.04	0.1	50	2.5	63
	95	Me	70	0.04	0.1	50	2.5	89
	96	Me	71	0.04	0.1	50	2	83

Table 3 :

 3 Single dose TARDIS assay for lactone-modifies VP-16 analogues.

Table 5 :

 5 Single dose TARDIS assay for type 2 derivatives.

	TOP2A$	Replicate'	=ve$	VP=16'	100µM$	TOP2B'$ Replicate'	=ve$	VP=16'	100µM$
		1$	391$	328$	460$		1$	420$	650$	405$
	N°'of' cells$	2$	412$	388$	390$	N°'of' cells$	2$	484$	386$	455$
		3$	429$	413$	478$		3$	429$	419$	502$

'TARDIS'assay:'AM=371'dose'response'on'TOP2A.'A)'Normalized'histogram'at'multiple'doses'(5,'10,'50,'100'µM);'B)' Histogram' of' the' Alexa' 488' integrated' fluorescence' vs.' doses;' C)' Microscope' images' recorded' with' two' different' optical' filters' (Hoechst' and' Alexa' 488)' and' the' merge,' at' multiple' concentrations;' D)' Scatter' graph' of' the' Alexa' 488' integrated' fluorescence'vs.'replicates'of'each'dose;'E)'Number'of'counted'cells'for'each'dose'in'each'replicate.'

  

	B'		$						
	D'								
				C'				
		TOP2A	Replicate	-ve		VP-16	5 µM	10 µM	50 µM	100 µM
		N° of cells	1	794		625	538	723	602	792
			2	625		538	723	602	792	669
			3	538		723	602	792	669	740
			4	723	D'	602	792	669	740	657
	E'	TOP2B	Replicate	-ve		VP-16	5 µM	10 µM	50 µM	100 µM
		N° of cells	1	733	654	594	597	677	745
			2	654	594	597	677	745	772
			3	594	597	677	745	772	763
			4	597	677	745	772	763	666
	Figure'5$								

A C B 49 (µM) D E -ve VP-16 49 79 85 81 96 -ve VP-16 49 79 85 81 -ve VP-16 49 79 85 81 '

  

	γ-H2AX	Replicate	-ve	VP-16	49	79	85	81	96	$
	N° of cells	1	2461	3349	3481	2738	3152	2984	2015	$
		2 3	2989 3092	3153 2768	1444 3284	2627 2648	3160 2925	2577 2409	2239 2589	$

Table 6 :

 6 IC50 values of the tested compounds on Nalm-6 (WT), Nalm-6

	TOP2A+/-(TOP2A+/-) and Nalm-6	TOP2B-/-

Table 7 :

 7 IC50

		TOP2A+/-/WT	TOP2B-/-/WT	WT vs. TOP2A+/-	WT vs. TOP2B-/-	TOP2A+/-vs. TOP2B-/-	
	VP-16	1.7	1.4	0.0003	0.0046	0.0005	<0.0001
	49	1.4	2.1	0.0004	<0.0001	<0.0001	<0.0001
	79	1.6	2.0	0.0048	0.0008	0.0133	<0.0001
	85	1.0	0.6	0.5766	0.0009	0.0003	0.0018

ratios and p-values of the tested compounds on Nalm-6 (WT), Nalm-6 TOP2A+/-(TOP2A+/-) and Nalm-6

TOP2B-/-(TOP2B-/-) cells.

IC 50 ratio Student's t-testp-value ANOVA -p-value

We found that 49 and 79 were the most potent analogues of the series with IC 50 values of 0.62 µM and 1.2 µM against WT cells, respectively, consistent with the data obtained from TARDIS and γ-H2AX assays. Compound 79 lower activity, despite poisoning levels comparable with that of 49 detected in the TARDIS assay, may indicate differences in drugstabilized TOP2-DNA complexes longevity, as previously described in the comparison of mAMSA and mitoxantrone cytotoxicities.

59 

Interestingly, Nalm-6 TOP2B-/-cells were less susceptible to growth inhibition by 49 and 79 compared to WT and Nalm-6 TOP2A+/-cells, with IC 50 values of 1.32 µM and 2.36 µM, respectively. In stark contrast, VP-16 was more potent against Nalm-6 TOP2B-/-compared to Nalm-6 TOP2A+/-cells. Altogether, these results indicated that cell death induced by 49 and 79 involved TOP2B targeting to a greater extent than for growth inhibition by VP-16, which is instead preferentially mediated by poisoning of TOP2A.

23 

61 69 5. Experimental section 5.1. General experimental procedures

  

	All starting materials were purchased from commercial sources and used without any further
	purification. Solvents were dried under standard conditions. NMR spectroscopy was performed
	on Bruker 600 MHz, 500 MHz and 300 MHz apparatus, using deuterated solvents as detailed
	and at ambient temperature (300 K), unless otherwise stated. Notation for the 1 H NMR spectral
	splitting patterns includes: singlet (s), doublet (d), triplet (t), quartet (q), doublet of doublets (dd),
	broad (br) and multiplet/overlapping peaks (m). Chemical shifts (δ) are quoted in ppm and
	coupling constants (J) are quoted in Hertz. 1 H NMR spectra are reported using the residual non
	deuterated solvent as internal standard (CDCl 3	1 H, 7.26 ppm; CD 3 OD 1 H, 3.31 ppm; (CD 3 ) 2 CO

1 H, 2.05 ppm; (CD 3 ) 2 SO 1 H, 2.50 ppm).

13 

C NMR spectra are reported relative to solvent (CDCl 3

13 

C, 77.0 ppm; CD 3 OD 13 C, 49.0 ppm; (CD 3 ) 2 CO 13 C, 29.8 ppm; (CD 3 ) 2 SO 13 C, 39.5 ppm). Highresolution mass analysis (HRMS) was performed on a Waters LCT Premier XE, under electron spray ionization (ESI). Reactions were monitored by thin-layer chromatography (TLC) using silica gel coated aluminium plates 60 F254 (Merck) and spots were visualized under UV light. Flash chromatography was performed using Gerduran® silica gel 60 (40 -63 µm, Merck) at room temperature, under a positive pressure of air. High performance liquid chromatography (HPLC) purification was carried out using a Sunfire C18 column (19x150 mm, 5 µm) on a HPLC Waters 600 apparatus, equipped with PDA 2995 detector. HPLC analysis was performed on all final compounds on a HPLC Alliance 2695 (Waters) apparatus, equipped with a PDA 996

  Hz), 4.73 (1H, q, J = 5.0 Hz), 4.33-4.30 (1H, m), 4.21 (1H, d, J =11.0 Hz), 4.02-3.98 (1H, m), 3.68 (6H, s), 3.65-3.51 (3H, m), 3.45-3.40 (1H, m), 3.25-3.19 (1H, m), 3.01 (1H, dd, J = 2.5, 11.0 Hz), 2.43-2.41 (1H, m), 1.24 (3H, d, J = 5.0 Hz). 13 C NMR (125 MHz, CD 3 ) 2 SO) δ 172.1,

			71
	J = 4.5 147.7, 146.1, 145.5, 134.1, 133.7, 132.2, 129.3, 108.2, 106.4, 104.7, 100.6, 98.5, 80.0, 79.1,
	74.7, 72.9, 67.4, 65.9, 57.2, 55.9, 48.1, 44.3, 43.7, 20.2. HRMS (ESI) m/z calcd for
	C 29 H 36 N 2 NaO 13 [M+Na] + : 643.2115, found: 643.2210.
		OH	
	O		OH
	O	O	O
	O O		OH H N NH 2
			O
		O	O
			OH
		OH	14
	O		OH
	O	O	O
	O O		OH H N NH 2
			O
		O	O
			OH
	13 C NMR (125 MHz, CD 3 ) 2 SO) δ 171.9, 147.3, 146.6, 144.9, 134.2, 133.5, 131.2, 128.9, 108.4,
	108.0, 107.6, 101.1, 100.6, 98.5, 80.0, 74.4, 73.9, 73.1, 67.4, 65.7, 59.5, 55.9, 44.6, 43.4, 42.0,
	20.3. HRMS (ESI) m/z calcd for C 29 H 37 N 2 O 13 [M+H] + : 621.2296, found: 621.2286.

5 ml, 31.3 mmol, 36.8 equiv) was added to a suspension of VP-16 (1, 500 mg, 0.85 mmol, 1 equiv) in methanol (5 ml). The resulting clear solution was refluxed for 2 h, during which a white solid precipitate was formed. The mixture was allowed to cool to RT and then filtered to afford compound 15 as a white solid (203.3 mg, 38%). The filtrate was mixed with water, concentrated under vacuum at 50°C for around 15 min and kept at 4°C overnight. The resulting precipitate was filtrate to obtain product 14 as a white solid (271.4 mg, 51%, purity = 83%). Compound 14: 1 H NMR (500 MHz, (CD 3 ) 2 SO) δ 8.90 (1H, s), 8.13 (1H, s), 7.03 (1H, s), 6.29 (3H, s), 5.96 (1H, s), 5.94 (1H, s), 5.29 (1H, d, J = 5.0 Hz), 5.24 (1H, d, J = 5.0 Hz), 5.12 (1H, d, J = 3.0 Hz), 4.72 (1H, q, J = 5.0 Hz), 4.34-4.28 (2H, m), 4.09-4.07 (1H, m), 3.96 (1H, s), 3.65 (6H, s), 3.62-3.60 (1H, m), 3.52-3.48 (1H, m), 3.39-3.35 (1H, m), 3.19-3.15 (2H, m), 3.11-3.07 (1H, m), 2.85-2.82 (1H, m), 2.30-2.28 (1H, m), 1.23 (3H, d, J = 5.0 Hz). Compound 15: 1 H NMR (500 MHz, (CD 3 ) 2 SO) δ 9.41 (1H, s), 8.14 (1H, br s), 7.32 (1H, s), 6.30 (2H, s), 6.15 (1H, s), 5.90 (2H, s), 5.70 (1H, d, J = 5.0 Hz), 5.30 (1H, d, J = 3.5 Hz), 4.94 (1H, d,

  CDCl 3 ) δ 8.06 (2H, d, J = 8.5 Hz), 7.59 (2H, d, J = 8.5 Hz), 3.26 (1H, s).

	78	
	1 H NMR (300 MHz, 5.2.2.3. Synthesis of 1,4-disubstituted triazolylepipodophyllotoxin derivatives
	Synthesis of 4β-(4-N,N-dimethylaminomethyl-1,2,3-triazolyl)-4'-demethylepipodophyllo-
	toxin hydrochloride (49)	
	Product 27 (10 mg, 0.024 mmol, 1 equiv) was suspended in a water: t-
	butanol mixture (4:6, 1.0 ml) and degassed for 5 min with argon. N,N-
	dimethylprop-2-yn-1-amine (29, 26 µl, 0.24 mmol, 10 equiv) was added
	followed, in order, by a 25 mM solution of sodium ascorbate in water (100 µl)
	O . 5H Synthesis O and a 8 mM solution of CuSO 4 of 4β-(4-N,N-dimethylaminomethyl-1,2,3-triazolyl)	epipodophyllotoxin
	O	
	OH hydrochloride (55)	
	Product 28 (10 mg, 0.023 mmol, 1 equiv) was suspended in a water: t-
	butanol mixture (4:6, 1.0 ml) and degassed for 5 min with argon. N,N-
	dimethylprop-2-yn-1-amine (29, 25 µl, 0.23 mmol, 10 equiv) was added
	followed, in order, by a 25 mM solution of sodium ascorbate in water (100 µl)
	and a 8 mM solution of CuSO 4	. 5H

2 O in water (100 µl). The mixture was stirred at 50°C for 2 h. The final suspension was diluted with water (4 ml) and extracted with ethyl acetate (3x5 ml). The collected organic phases were dried over MgSO 4 and the solvent was removed under reduced pressure. The mixture was purified by HPLC (water + 0.1% of HCOOH, acetonitrile + 0.1% of HCOOH = 90:10 -80:20) and the final product was converted into the corresponding hydrochloride salt.

Compound 49 was obtained as a white solid (5.0 mg, 38%). 1 H NMR (500 MHz, CD 3 OD, 283 K) δ 8.01 (1H, s), 6.73 (1H, s), 6.68 (1H, s), 6.38 (2H, s), 6.34 (1H, br s), 6.00 (1H, s), 5.97 (1H, s), 4.79 (1H, br s), 4.43 (3H, br s), 3.75 (6H, s), 3.37 (2H, br s), 3.22-3.21 (1H, m), 2.91 (6H, s). 13 C NMR (125 MHz, CD 3 OD, 283 K) δ 175.9, 150.7, 149.3, 148.7, 138.2, 136.0, 135.3, 131.2, 128.6, 126.7, 111.4, 109.8, 109.2, 103.4, 69.0, 60.2, 56.7, 52.5, 44.8, 43.2, 42.6, 38.5. HRMS (ESI) m/z calcd for C 26 H 29 N 4 O 7 [M+H] + : 509.2031, found: 509.2008. 2 O in water (100 µl). The mixture was stirred at 50°C for 2 h. The final suspension was diluted with water (4 ml) and extracted with ethyl acetate (3x5 ml). The collected organic phases were

  13 C NMR (125 MHz, CD 3 OD, 283 K) δ 175.8, 153.9, 150.7, 149.4, 138.2, 136.7, 134.9, 128.6, 126.7, 111.3, 109.9, 109.2, 103.4, 68.9, 61.0, 60.1, 56.5, 52.5, 44.9, 43.1, 42.4, 38.6. HRMS (ESI) m/z calcd for C 27 H 31 N 4 O 7 [M+H] + : 523.2187, found: 523.2239.

  50 mg, 0.114 mmol, 1 equiv) and methyl propiolate(31, 51 µl, 

			0.57 mmol, 5 equiv) were dissolved in an ethanol: DCM mixture (10:1, 1.65
			ml) and the reaction was refluxed for 43 h, during which methyl propiolate
			was periodically added to compensate eventual evaporation. The reaction
			solvent was removed under reduced pressure and the mixture was purified
			by HPLC (water: acetonitrile = 60:40 -30:70). Compound 41 was obtained
			as a white solid (14.7 mg, 25%).			
	1 H NMR (500 MHz, CDCl 3 ) δ 7.72 (1H, s), 6.67 (1H, s), 6.59 (1H, s), 6.32 (2H, s), 6.16 (1H, d, J
	Together	with	the	desired	product,	the	corresponding	1,5-disubstituted
	triazolylepipodophyllotoxin derivative 42 (6%) was obtained.		
			mmol, 4 equiv) was added followed by CuSO 4	. 5H 2 O (14 mg, 0.056 mmol, 1.6
			equiv) and the mixture was stirred at 50°C for 2 h. The final suspension was
			diluted with water (4 ml) and extracted with ethyl acetate (3x5 ml). The
			collected organic phases were dried over MgSO 4 and the solvent was
			removed under reduced pressure. The mixture was purified by flash
	chromatography (ethyl acetate: methanol = 85:15 + 1% of acetic acid). Compound 50 was
	obtained as a white solid (11.4 mg, 64%).			
	1 H NMR (600 MHz, (CD 3 ) 2 SO, 313 K) δ 7.76 (1H, s), 6.71 (1H, s), 6.64 (1H, s), 6.28 (2H, s), 6.19
	(1H, d, J = 4.0 Hz), 6.02 (1H, s), 5.98 (1H, s), 4.68 (1H, d, J = 4.0 Hz), 4.35-4.33 (1H, m), 3.65

= 4.5 Hz), 6.05 (1H, d, J = 1.0 Hz), 6.02 (1H, d, J = 1.0 Hz), 4.76 (1H, d, J = 5.0 Hz), 4.47-4.44

(1H, m), 3.95 (3H, s), 3.82 (3H, s), 3.77 (6H, s), 3.36-3.24 (2H, m), 2.92 (1H, dd, J = 5.0, 14.0 Hz).

13 

C NMR (125 MHz, CDCl 3 ) δ 172.6, 160.8, 152.9, 149.8, 148.4, 140.1, 137.9, 133.9, 133.5, 127.9, 123.8, 110.7, 108.7, 108.4, 102.2, 67.2, 60.8, 59.2, 56.4, 52.4, 43.6, 41.4, 37.0. HRMS (ESI) m/z calcd for C 26 H 26 N 3 O 9 [M+H] + : 524.1664, found: 524.1677.

Synthesis of 4β-(4-carboxymethyl-1,2,3-triazolyl)-4'-demethylepipodophyllotoxin (50)

Product 27 (15 mg, 0.035 mmol, 1 equiv) and 3-butynoic acid (32, 29.4 mg, 0.35 mmol, 10 equiv) were suspended in a water: t-butanol mixture (1:1, 1.8 ml) and degassed for 5 min with argon. Sodium ascorbate (27.7 mg, 0.14 (6H, s), 3.40 (3H, br s), 3.23 (1H, br s), 2.96-2.93 (1H, m).

13 

C NMR (150 MHz, (CD 3 ) 2 SO, 313 K) δ 173.9, 173.5, 147.9, 147.2, 146.7, 143.9, 134.9, 133.

1, 129.7, 126.3, 123.6, 109.7, 108.6, 

4-(4-N,N-dimethylaminophenyl)-1,2,3-triazolyl)-4'-demethyl- epipodophyllotoxin (51)

  H NMR (500 MHz, CDCl 3 , 283 K) δ 7.66 (2H, d, J = 8.0 Hz), 7.27 (1H, s), 6.74 (2H, d, J = 8.0

	biological tests the compound was further purified by HPLC (water + 0.1% of HCOOH: Synthesis of 4β-(4-(4-hydroxymethylphenyl)-1,2,3-triazolyl)-4'-demethylepipodophyllo-
	acetonitrile + 0.1% of HCOOH = 62:38). Compound 51 was obtained as a white solid (2.9 mg, toxin (52)
	22%).				Product 27 (10 mg, 0.024 mmol, 1 equiv) and 4-ethynylbenzyl alcohol
					(34, 31.7 mg, 0.24 mmol, 10 equiv) were suspended in a water: t-butanol
	mg, Hz), 6.68 (2H, s), 6.35 (2H, s), 6.14 (1H, d, J = 5.0 Hz), 6.05 (1H, s), 6.02 (1H, s), 5.49 (1H, s), O mixture (1:1, 1.2 ml) and degassed for 5 min with argon. Sodium
	0.23 mmol, 10 equiv) were suspended in a water: t-butanol mixture (1:1, 1.8 4.79 (1H, d, J = 4.5 Hz), 4.45-4.42 (1H, m), 3.81 (6H, s), 3.40-4.36 (1H, m), 3.27-3.20 (1H, m), HO ascorbate (4.8 mg, 0.024 mmol, 1 equiv) was added followed by
	ml) and degassed for 5 min with argon. Sodium ascorbate (9.1 mg, 0.046 mmol, 2 equiv) was added followed by CuSO 4 . 5H 2 O (4.6 mg, 0.018 mmol, 0.8 3.10 (1H, dd, J = 4.5, 14.5 Hz), 3.00 (6H, s). 13 C NMR (125 MHz, CDCl 3 , 283 K) δ 173.3, 150.4, N CuSO 4 . 5H 2 O (2.4 mg, 0.01 mmol, 0.4 equiv) and the mixture was stirred N N O 149.3, 148.4, 148.0, 146.5, 134.1, 133.2, 129.7, 126.6, 124.8, 118.1, 116.5, 112.3, 110.4, 108.9, at 50°C for 3 h. The final suspension was diluted with water (4 ml) and
	equiv) and the mixture was stirred at 50°C for 2 h. The final suspension was 107.6, 101.9, 67.6, 58.4, 56.4, 43.4, 41.8, 40.4, 37.1. HRMS (ESI) m/z calcd for C 31 H 31 N 4 O 7 O O
	diluted with water (4 ml) and extracted with ethyl acetate (3x5 ml). The [M+H] + : 571.2187, found: 571.2209. O
	O	O		
		O		
			N	
	N		
	N	N		
	O			
		O	
	O			
		O		
	O	O		
		O		
	Synthesis	N	of	4β-(Product 7 (10 mg, 0.024 mmol, 1 equiv) and 4-ethynyl-N,N-dimethylaniline
	(33, 34.8 mg, 0.24 mmol, 10 equiv) were suspended in a water: t-butanol 1 H NMR (500 MHz, CDCl 3 , 283 K) δ 7.66 (2H, d, J = 8.5 Hz), 7.28 (1H, s), 6.78 (2H, d, J = 8.5
	mixture (1:1, 1.2 ml) and degassed for 5 min with argon. Sodium ascorbate Hz), 6.67 (2H, s), 6.33 (2H, s), 6.13 (1H, d, J = 5.0 Hz), 6.04 (1H, s), 6.01 (1H, s), 4.78 (1H, d, J N
	(4.8 mg, 0.024 mmol, 1 equiv) was added followed by CuSO 4 = 4.5 Hz), 4.46-4.42 (1H, m), 3.82 (3H, s), 3.77 (6H, s), 3.39-3.35 (1H, m), 3.27-3.20 (1H, m), . 5H 2 O (2.4 N N
	mg, 0.01 mmol, 0.4 equiv) and the mixture was stirred at 50°C for 2 h. The 3.12 (1H, dd, J = 4.5, 14.5 Hz), 3.00 (6H, s). 13 C NMR (125 MHz, CDCl 3 , 283 K) δ 173.2, 152.7, O O
	final suspension was diluted with water (4 ml) and extracted with ethyl 150.1, 149.3, 148.2, 148.0, 137.2, 134.3, 133.0, 126.7, 124.7, 118.33, 118.26, 112.7, 110.4, O O
	acetate (3x5 ml). The collected organic phases were dried over MgSO 4 and 109.0, 107.9, 102.0, 67.6, 60.8, 58.5, 56.2, 43.6, 41.7, 40.7, 37.1. HRMS (ESI) m/z calcd for
	the solvent was removed under reduced pressure. The mixture was C 32 H 33 N 4 O 7 [M+H] + : 585.2344, found: 585.2520. O OH O
					purified by flash chromatography (heptane: ethyl acetate = 2:8). For

collected organic phases were dried over MgSO 4 and the solvent was removed under reduced pressure. The mixture was purified by flash chromatography (ethyl acetate: methanol = 85:15 + 1% of acetic acid). Compound 56 was obtained as a white solid (10.0 mg, 83%). 1 H NMR (500 MHz, (CD 3 ) 2 SO) δ 7.78 (1H, s), 6.73 (1H, s), 6.66 (1H, s), 6.32 (2H, s), 6.20 (1H, d, J = 4.5 Hz), 6.03 (1H, s), 6.00 (1H, s), 4.74 (1H, d, J = 5.0 Hz), 4.37-4.34 (1H, m), 3.67 (6H, s), 3.63 (3H, s), 3.49 (1H, dd, J = 5.0, 15.0 Hz), 3.33 (2H, br s) 3.27-3.19 (1H, m), 2.96-2.92 (1H, m). 13 C NMR (125 MHz, (CD 3 ) 2 SO) δ 173.9, 173.5, 152.1, 148.0, 146.9, 144.3, 136.5, 135.3, 132.7, 126.4, 123.6, 109.7, 108.8, 108.1, 101.6, 67.2, 59.9, 57.0, 55.8, 42.9, 40.8, 36.6, 35.2. HRMS (ESI) m/z calcd for C 26 H 26 N 3 O 9 [M+H] + : 524.1664, found: 524.1659. 1

Synthesis of 4β-(4-(4-N,N-dimethylaminophenyl)-1,2,3-triazolyl) epipodophyllotoxin (57)

Product 28 (10 mg, 0.023 mmol, 1 equiv) and 4-ethynyl-N,Ndimethylaniline (33, 33.4 mg, 0.23 mmol, 10 equiv) were suspended in a water: t-butanol mixture (1:1, 1.2 ml) and degassed for 5 min with argon. Sodium ascorbate (4.6 mg, 0.023 mmol, 1 equiv) was added followed by CuSO 4

. 5H 2 O (2.3 mg, 0.009 mmol, 0.4 equiv) and the mixture was stirred at 50°C for 2 h. The final suspension was diluted with water (4 ml) and extracted with ethyl acetate (3x5 ml). The collected organic phases were dried over MgSO 4 and the solvent was removed under reduced pressure.

The mixture was purified by flash chromatography (heptane: ethyl acetate = 3:7). For biological tests the compound was further purified by HPLC (water + 0.1% of HCOOH: acetonitrile + 0.1% of HCOOH = 47:53). Compound 57 was obtained as a grey solid (8.1 mg, 60%).

  5, 148.2, 147.7, 141.3, 137.7, 134.2, 133.3, 129.2, 127.4, 125.9, 124.7, 119.7, 110.7, 108.9, 108.3, 102.0, 67.5, 65.0, 60.8, 58.8, 56.4, 43.7, 41.8, 37.2. HRMS (ESI) m/z calcd for C 31 H 30 N 3 O 8 [M+H] + : 572.2027, found: 572.2068. .7, 108.9, 107.7, 102.1, 67.6, 58.9, 56.6, 52.4, 43.5, 41.8, 37.1. HRMS (ESI) m/z calcd for C 31 H 28 N 3 O 9 [M+H] + : 586.1820, found: 586.1826. H NMR (500 MHz, CDCl 3 ) δ 8.09 (2H, d, J = 8.0 Hz), 7.87 (2H, d, J = 8.0 O (4.6 mg, 0.018 mmol, 0.8 equiv) and the mixture was stirred at 50°C for 24 h. The final suspension was diluted with water (4 ml) and extracted with ethyl acetate (3x5 ml). The collected organic phases were dried over MgSO 4 and the solvent was removed under reduced pressure.13 C NMR (125 MHz, CDCl 3 , 283 K) δ 173.0, 170.5, 152.7, 149.5, 148.2, 146.8, 137.3, 134.6, 134.1, 133.2, 130.8, 129.5, 125.6, 124.3, 120.8, 110.6, 108.8, 107.9, 102.1, 67.5, 60.8, 58.8, 56.3, 43.6, 41.6, 37.0. HRMS (ESI) m/z calcd for C 31 H 28 N 3 O 9 [M+H]

			O	purified by flash chromatography (heptane: ethyl acetate = 4:6). ascorbate (9.1 mg, 0.046 mmol, 2 equiv) was added followed by
	Synthesis of 4β-(4-(4-methoxycarbonylphenyl)-1,2,3-triazolyl)-4'-demethylepipodophyllo-Compound 59 was obtained as a white solid (5.7 mg, 41%). Hz), 7.48 (1H, s), 6.69 (1H, s), 6.66 (1H, s), 6.34 (2H, s), 6.17 (1H, d, J = 4.5 Hz), 6.04 (1H, s), 6.02 (1H, s), 4.79 (1H, d, J = 5.0 Hz), 4.47-4.44 (1H, m), 3.93 (3H, s), 3.83 (3H, s), 3.78 (6H, s), 3.41-3.37 (1H, m), 3.31-3.24 O O O N N N O CuSO 4 . 5H 2 The mixture was purified by HPLC (water + 0.1% of HCOOH: acetonitrile
	toxin (53)	O	(1H, m), 3.08 (1H, dd, J = 5.0, 14.0 Hz). 13 C NMR (125 MHz, CDCl 3 ) δ + 0.1% of HCOOH = 52:48). Compound 60 was obtained as a grey solid
	O		O	O	Product 27 (10 mg, 0.024 mmol, 1 equiv) and product 35 (38.4 mg, 0.24 172.9, 166.7, 152.9, 149.6, 148.3, 146.9, 137.8, 134.14, 134.08, 133.4, (7.5 mg, 56%).
		O		O	mmol, 10 equiv) were suspended in a water: t-butanol mixture (1:1, 1.2 130.3, 130.0, 125.6, 124.5, 120.6, 110.6, 108.9, 108.4, 102.1, 67.4, 60.8, 1 H NMR (300 MHz, CDCl 3 ) δ 8.16 (2H, d, J = 7.0 Hz), 7.92 (2H, d, J = 7.0
	ml) and degassed for 5 min with argon. Sodium ascorbate (4.8 mg, 0.024 58.9, 56.4, 52.2, 43.7, 41.7, 37.2. HRMS (ESI) m/z calcd for C 32 H 30 N 3 O 9 [M+H] + : 600.1977, Hz), 7.50 (1H, s), 6.70 (1H, s), 6.68 (1H, s), 6.34 (2H, s), 6.19 (1H, br s), 6.04 (1H, s), 6.03 (1H,
	N N N found: 600.2018.	mmol, 1 equiv) was added followed by CuSO 4	. 5H 2 O (2.4 mg, 0.01 mmol,
	O				0.4 equiv) and the mixture was stirred at 50°C for 6 h. The final
	O			O	suspension was diluted with water (4 ml) and extracted with ethyl acetate
			O O
				OH
	O		O	
		OH		
	N		
	N	N		
	O			
				O
	O			
			O
	O		O	
		OH		
	6.74 (1H, s), 6.67 (1H, s), 6.41 (2H, s), 6.32 (1H, d, J = 5.0 Hz), 6.00 (1H, d, J = 1.0 Hz), 5.97
	(1H, d, J = 1.0 Hz), 5.49 (1H, s), 4.80 (1H, br s), 4.46-4.43 (1H, m), 3.76 (6H, s), 3.52 (1H, dd, J
	= 5.0, 14.5 Hz), 3.40-3.37 (1H, m), 3.27-3.22 (1H, m). 13 C NMR (125 MHz, CD 3 OD, 283 K) δ
	Synthesis of 4β-(4-(4-methoxycarbonylphenyl)-1,2,3-triazolyl) epipodophyllotoxin (59) 176.0, 169.8, 150.6, 149.3, 148.7, 147.8, 135.8, 135.6, 135.2, 132.2, 131.4, 131.3, 126.8, 126.5,
	Product 28 (10 mg, 0.023 mmol, 1 equiv) and product 35 (36.8 mg, 0.23 mmol, 10 equiv) were 123.9, 111.3, 109.7, 109.1, 103.3, 69.0, 60.1, 56.6, 44.8, 42.7, 38.5. HRMS (ESI) m/z calcd for
	suspended in a water: t-butanol mixture (1:1, 1.2 ml) and degassed for 5 min with argon. Sodium C 30 H 26 N 3 O 9 [M+H] + : 572.1664, found: 572.1662.
	ascorbate (4.6 mg, 0.023 mmol, 1 equiv) was added followed by CuSO 4	. 5H 2 O (2.3 mg, 0.009

(3x5 ml). The collected organic phases were dried over MgSO 4 and the solvent was removed under reduced pressure. The mixture was purified by flash chromatography (heptane: ethyl acetate = 4:6 + 1% of acetic acid). For biological tests the compound was further purified by HPLC (water + 0.1% of HCOOH: acetonitrile + 0.1% of HCOOH = 50:50). Compound 53 was obtained as a white solid (10.3 mg, 73%). 1 H NMR (500 MHz, CDCl 3 , 283 K) δ 8.09 (2H, d, J = 8.5 Hz), 7.88 (2H, d, J = 8.5 Hz), 7.47 (1H, s), 6.69 (1H, s), 6.66 (1H, s), 6.33 (2H, s), 6.18 (1H, d, J = 5.0 Hz), 6.05 (1H, s), 6.03 (1H, s), 5.49 (1H, s), 4.79 (1H, d, J = 5.0 Hz), 4.48-4.44 (1H, m), 3.93 (3H, s), 3.81 (6H, s), 3.41-3.37 (1H, m), 3.31-3.23 (1H, m), 3.03 (1H, dd, J = 5.0, 14.5 Hz). 13 C NMR (125 MHz, CDCl 3 , 283 K) δ 173.2, 166.8, 149.6, 148.2, 146.9, 146.6, 134.3, 134.1, 133.5, 130.3, 129.9, 129.6, 125.6, 124.4, 120.7, 110mmol, 0.4 equiv) and the mixture was stirred at 50°C for 5 h. The final suspension was diluted with water (4 ml) and extracted with ethyl acetate (3x5 ml). The collected organic phases were dried over MgSO 4 and the solvent was removed under reduced pressure. The mixture was 1 Synthesis of 4β-(4-(4-carboxyphenyl)-1,2,3-triazolyl)-4'-demethylepipodophyllotoxin (54)

Product 27 (15 mg, 0.035 mmol, 1 equiv) and product 36 (51.1 mg, 0.35 mmol, 10 equiv) were suspended in a water: t-butanol mixture (1:1, 1.8 ml) and degassed for 5 min with argon. Sodium ascorbate (27.7 mg, 0.14 mmol, 4 equiv) was added followed by CuSO 4 . 5H 2 O (14 mg, 0.056 mmol, 1.6 equiv) and the mixture was stirred at 50°C for 5 h. The final suspension was diluted with water (4 ml) and extracted with ethyl acetate (3x5 ml). The collected organic phases were dried over MgSO 4 and the solvent was removed under reduced pressure. The mixture was purified by HPLC (water + 0.1% of HCOOH: acetonitrile + 0.1% of HCOOH = 65:35). Compound 54 was obtained as a white solid (5.7 mg, 28%). 1 H NMR (500 MHz, CD 3 OD) δ 8.27 (1H, s), 8.07 (2H, d, J = 8.0 Hz), 7.94 (2H, d, J = 8.0 Hz), Synthesis of 4β-(4-(4-carboxyphenyl)-1,2,3-triazolyl) epipodophyllotoxin (60) Product 28 (10 mg, 0.023 mmol, 1 equiv) and product 36 (33.6 mg, 0.23 mmol, 10 equiv) were suspended in a water: t-butanol mixture (1:1, 1.2 ml) and degassed for 5 min with argon. Sodium s), 4.80 (1H, br s), 4.50-4.44 (1H, m), 3.82 (3H, s), 3.77 (6H, s), 3.44-3.38 (1H, m), 3.31-3.23 (1H, m), 3.14-3.04 (1H, m). + : 586.1820, found: 586.1813.

  H NMR (500 MHz, CDCl 3 ) δ 6.94 (1H, s), 6.56 (1H, s), 6.26 (2H, s), 6.00 (1H, s), 5.96 (1H, s), 5.40 (1H, s), 4.79 (1H, d, J = 2.0 Hz), 4.60 (1H, d, J = 4.5 Hz), 4.39-4.31 (2H, m), 4.27 (2H, s), 3.76 (6H, s), 3.37 (1H, dd, J = 4.5, 14.0 Hz), 2.93-2.87 (1H, m), 2.57 (1H, s). 13 C NMR (125

	MHz, CDCl 3 ) δ 174.9, 148.5, 146.8, 146.4, 134.0, 132.9, 130.8, 128.3, 111.0, 109.5, 107.9,
	101.5, 79.5, 75.6, 71.9, 67.4, 56.4, 56.3, 43.8, 41.0, 37.9. HRMS (ESI) m/z calcd for C 24 H 23 O 8

1 

  13 C NMR (125 MHz, CDCl 3 ) δ 174.8, 152.6, 148.6, 146.9, 137.3, 135.4, 132.8, 128.3, 111.0, 109.6, 108.3, 101.5, 79.5, 75.6, 71.9, 67.5, 60.8, 56.32, 56.29, 44.0, 41.0, 38.0. HRMS (ESI) m/z calcd for C 25 H 25 O 8 ([M+H] + ): 453.1544, found: 453.1588.

.3.3. Synthesis of 1,4-disubstituted triazolylepipodophyllotoxin derivatives Synthesis of 4β-(1-N,N-dimethylaminopropyl-4-methyl-1,2,3-triazolyl)-4'- demethylepipodophyllo-toxin hydroformate (79)

  The mixture was stirred at RT for 1 h. The final suspension was diluted with water (4 ml) and extracted with ethyl acetate (3x5 ml). The collected organic phases were dried over MgSO 4 and the solvent was removed under reduced pressure. The mixture was purified by HPLC (water + 0.1% of HCOOH: acetonitrile + 0.1% of HCOOH = 85:15 -74:26).

	92			
		5.2Product 61 (15 mg, 0.034 mmol, 1 equiv) was suspended in a water: t-
				butanol mixture (1:9, 1 ml) and a 0.53 M solution of product 63 in water (0.6
				ml, 0.32 mmol, 9.4 equiv) was added. A 35 mM solution of sodium ascorbate
				in water (100 µl) was added followed by a 12 mM solution of CuSO 4	. 5H 2 O in
	N 3	O	O	water (100 µl). Compound 79 was obtained as a white solid (5.5 mg, 26%).
	177.5, 169.4, 149.8, 148.5, 148.1, 146.3, 135.6, 134.2, 132.0, 130.7, 125.4, 111.5, 110.8, 109.1,
	102.9, 75.2, 69.2, 63.8, 56.6, 56.2, 48.3, 44.9, 43.7, 42.4, 39.7, 26.7. HRMS (ESI) m/z calcd for
	C 29 H 35 N 4 O 8 [M+H]	
		O		
			OH	
	N 3			

1 

H NMR (300 MHz, (CD 3 ) 2 SO) δ 7.96 (2H, d, J = 8.0 Hz), 7.48 (2H, d, J = 8.0 Hz), 4.56 (2H, s). 1 H NMR (500 MHz, CD 3 OD, 283 K) δ 8.46 (1H, s), 8.06 (1H, s), 6.93 (1H, s), 6.53 (1H, s), 6.27 (2H, s), 5.98 (1H, s), 5.97 (1H, s), 4.82-4.73 (3H, m), 4.58 (1H, d, J = 5.0 Hz), 4.54-4.52 (2H, m), 4.40-4.37 (1H, m), 4.33-4.29 (1H, m), 3.70 (6H, s), 3.40 (1H, dd, J = 5.0, 14.0 Hz), 3.08-3.04 (2H, m), 3.01-2.94 (1H, m), 2.80 (6H, s), 2.32 (2H, br s). 13 C NMR (125 MHz, CD 3 OD, 283 K) δ + : 567.2449, found: 567.2457.

Synthesis of 4β-(1-N,N-dimethylaminopropyl-4-methyl-1,2,3-triazolyl) epipodophyllotoxin hydroformate (88)

  

	Product 62 (10 mg, 0.022 mmol, 1 equiv) was suspended in t-butanol (0.6 ml)
	and a 0.53 M solution of product 63 in water (0.4 ml, 0.21 mmol, 9.6 equiv)
	was added. A 20 mM solution of sodium ascorbate in water (100 µl) was
	added followed by an 8 mM solution of CuSO 4	.

  H NMR (500 MHz, CD 3 OD, 283 K) δ 8.47 (1H, s), 8.07 (1H, s), 6.94 (1H, s), 6.53 (1H, s), 6.30 (2H, s), 5.98 (1H, s), 5.97 (1H, s), 4.82-4.74 (3H, m), 4.61 (1H, d, J = 5.5 Hz), 4.54-4.52 (2H, m), 4.41-4.38 (1H, m), 4.34-4.30 (1H, m), 3.70 (9H, br s), 3.43 (1H, dd, J = 5.5, 14.5 Hz), 3.07-3.04 (2H, m), 2.99-2.97 (1H, m), 2.79 (6H, s), 2.33-2.30 (2H, m). 13 C NMR (125 MHz, CD 3 OD, 283 K) δ 177.4, 169.6, 153.7, 149.9, 148.2, 146.3, 137.9, 137.5, 133.8, 130.8, 125.4, 111.4, 110.9, 109.1, 102.9, 75.2, 69.2, 63.8, 61.0, 56.4, 56.2, 48.3, 45.1, 43.7, 42.2, 39.7, 26.7. HRMS (ESI) m/z calcd for C 30 H 37 N 4 O 8 [M+H] + : 581.2606, found: 581.2532.

1 

-carbomethoxypentyl-4-methyl-1,2,3-triazolyl)-4'-demethylepipodo- phyllotoxin (81) Product

  2H, m), 4.32-4.26 (2H, m), 3.76 (6H, s), 3.66 (3H, s), 3.37 (1H, dd, J = 5.5, 14.0 Hz), 2.92-2.86 (1H, m), 2.32 (2H, t, J = 7.5 Hz), 1.98-1.92 (2H, m), 1.71-1.65 (2H, m), 1.38-1.35 (2H, m). 13 C NMR (125 MHz, CDCl 3 , 283 K) δ 175.1, 173.8, 148.4, 146.7, 146.2, 144.7, 133.7, 132.5, .5, 73.6, 67.4, 63.1, 60.7, 56.2, 51.6, 50.2, 44.0, 41.1, 38.2, 33.6, 30.0, 26.0, 24.2. HRMS (ESI) m/z calcd for C 32 H 38 N 3 O 10 [M+H] + : 624.2552, found: 624.2652. , 109.5, 107.5, 101.5, 73.5, 67.6, 63.0, 56.3, 49.9, 43.6, 41.2, 38.0, 33.2, 29.9, 25.6, 23.7. HRMS (ESI) m/z calcd for C 30 H 34 N 3 O 10 [M+H] + : 596.2239, found: 596.2242.

			95
	N 4.42-4.35 (130.7, 128.9, 122.6, 110.7, 109.5, 107.5, 101.4, 73.4, 67.4, 63.0, 56.3, 51.6, 50.2, 43.7, 41.1, N OH purified by flash chromatography (ethyl acetate: methanol = 95:5 + 1% of acetic acid). For biological tests the compound was further purified by HPLC (water + 0.1% of HCOOH: acetonitrile + 0.1% of HCOOH = 68:32). Compound 82 was obtained as a white solid (7.5 mg, 37%).
	mM solution 38.0, 33.6, 30.0, 25.9, 24.1. HRMS (ESI) m/z calcd for C 31 H 36 N 3 O 10 [M+H] + : 610.2395, found: N 1 H NMR (500 MHz, CDCl 3 , 283 K) δ 7.61 (1H, s), 6.73 (1H, s), 6.54 (1H, s),
	O 610.2356.		of CuSO 4 6.24 (2H, s), 5.99 (1H, s), 5.95 (1H, s), 4.77-4.75 (3H, m), 4.60 (1H, d, J = 5.0 . 5H 2 O in water (100 µl). The mixture was stirred at 50°C for 2 h. The
	O	O	final suspension was diluted with water (4 ml) and extracted with ethyl Hz), 4.40 (2H, t, J = 7.5 Hz), 4.33-4.27 (2H, m), 3.76 (6H, s), 3.42 (1H, dd, J =
	acetate (3x5 ml). The collected organic phases were dried over MgSO 4 and the solvent was removed under reduced pressure. The mixture was purified by flash chromatography (ethyl acetate: methanol = 95:5). Compound 89 was Synthesis of 4β-(1-carbomethoxypentyl-4-methyl-1,2,3-triazolyl) epipodophyllotoxin (90) O 5.0, 14.0 Hz), 2.93-2.87 (1H, m), 2.36 (2H, t, J = 6.0 Hz), 1.98-1.92 (2H, m), O O O Product 62 (8.5 mg, 0.019 mmol, 1 equiv) and product 65 (32 mg, 0.19 mmol, 1.70-1.64 (2H, m), 1.41-1.35 (2H, m). 13 C NMR (125 MHz, CDCl 3 , 283 K) δ O O 10 equiv) were suspended in a water: t-butanol mixture (0.3:0.5 ml) and O 176.8, 175.6, 148.4, 146.7, 146.3, 144.8, 133.7, 132.5, 130.7, 128.8, 122.8,
	obtained as a white solid (11.1 mg, 91%). 4β-(1and degassed for 5 min with argon. A 35 mM solution of sodium ascorbate in water (100 µl) was added followed by a 12 mM solution of CuSO 4 . 5H 2 O in water (100 µl). The mixture was stirred at 50°C for 2.5 h. The final suspension was diluted with water (4 ml) and extracted with ethyl acetate (3x5 ml). The collected organic phases were dried over MgSO 4 and the solvent was removed under reduced pressure. The mixture was purified by flash chromatography (heptane: ethyl acetate = 1:9). Compund 81 was obtained as a white solid (12.9 mg, 62%). degassed for 5 min with argon. A 20 mM solution of sodium ascorbate in water (100 µl) was added followed by an 8 mM solution of CuSO 4 . 5H 2 O in Synthesis of 4β-(1-carboxypentyl-4-methyl-1,2,3-triazolyl)-4'-demethylepipodophyllotoxin Synthesis of O O O O O O OH O N N N O O (82) Product 61 (15 mg, 0.034 mmol, 1 equiv) and product 66 (53.4 mg, 0.34 mmol, 10 equiv) were suspended in a water: t-butanol mixture (0.7:0.9 ml) and degassed for 5 min with argon. A 35 mM solution of sodium ascorbate in water (100 µl) was added followed by a 12 mM solution of CuSO 4 O O O O O O O N N N 110.75.95 (1H, s), 4.81-4.74 (3H, m), 4.60 (1H, d, J = 5.5 Hz), 4.40 (2H, t, J = 6.5 Hz), 4.32-4.28 (2H, m), 3.80 (3H, s), 3.73 (6H, s), 3.44 (1H, dd, J = 5.5, 14.0 Hz), 2.94-2.87 (1H, m), 2.38 (2H, t, J = 6.5 Hz), 1.98-1.92 (2H, m), 1.72-1.66 (2H, m), 1.43-1.37 (2H, m). 13 C NMR (125 MHz, CDCl 3 ) δ . 5H O 176.4, 175.4, 152.6, 148.5, 146.8, 144.9, 137.3, 135.3, 132.5, 129.0, 122.7, 110.8, 109.6, 108.2,

1 

H NMR (500 MHz, CDCl 3 ) δ 7.61 (1H, br s),

6

.71 (1H, s), 6.53 (1H, s), 6.23 (2H, s), 5.97 (1H, d, J = 1.0 Hz), 5.94 (1H, d, J = 1.0 Hz), 4.76 (3H, br s), 4.59 (1H, d, J = 5.0 Hz), 4.57-4.53 (2H, m), 4.33-4.28 (2H, m), 3.80 (3H, s), 3.74 (6H, s), 3.66 (2H, t, J = 6.0 Hz), 3.38 (1H, dd, J = 5.0, 14.0 Hz), 2.93-2.86 (1H, m), 2.18-2.13 (2H, m).

13 

C NMR (125 MHz, CDCl 3 ) δ 174.9, 152.5, 148.4, 146.8, 144.8, 137.1, 135.2, 132.5, 129.0, 123.3, 110.8, 109.6, 108.2, 101.5, 73.5, 67.4, 63.1, 60.7, 58.7, 56.2, 47.1, 43.9, 41.1, 38.1, 32.4. HRMS (ESI) m/z calcd for C 28 H 32 N 3 O 9 [M+H] + : 554.2133, found: 554.2197. 61 (15 mg, 0.034 mmol, 1 equiv) and product 65 (58.2 mg, 0.34 mmol, 10 equiv) were suspended in a water: t-butanol mixture (0.7:0.9 ml) 1 H NMR (500 MHz, CDCl 3 , 283 K) δ 7.55 (1H, s), 6.71 (1H, s), 6.53 (1H, s), 6.24 (2H, s), 5.98 (1H, s), 5.95 (1H, s), 5.43 (1H, s), 4.76 (3H, br s), 4.60 (1H, d, J = 5.5 Hz),

water (100 µl). The mixture was stirred at 50°C for 2 h. The final suspension was diluted with water (4 ml) and extracted with ethyl acetate (3x5 ml). The collected organic phases were dried over MgSO 4 and the solvent was removed under reduced pressure. The mixture was purified by flash chromatography (heptane: ethyl acetate = 1:9). Compound 90 was obtained as a grey solid (4.9 mg, 42%). 1 H NMR (500 MHz, CDCl 3 ) δ 7.54 (1H, br s), 6.74 (1H, s), 6.54 (1H, s), 6.24 (2H, s), 5.98 (1H, s), 5.95 (1H, s), 4.77 (3H, br s), 4.60 (1H, d, J = 5.0 Hz), 4.43-4.36 (2H, m), 4.33-4.27 (2H, m), 3.80 (3H, s), 3.73 (6H, s), 3.66 (3H, s), 3.39 (1H, dd, J = 5.0, 14.0 Hz), 2.93-2.87 (1H, m), 2.32 (2H, t, J = 7.5 Hz), 2.00-1.93 (2H, m), 1.72-1.66 (2H, m), 1.42-1.35 (2H, m).

13 

C NMR (125 MHz, CDCl 3 ) δ 174.9, 173.7, 152.6, 148.5, 146.9, 137.2, 135.3, 132.5, 128.1, 122.5, 110.8, 109.6, 108.6, 1012 O in water (100 µl). The mixture was stirred at 50°C for 2 h. The final suspension was diluted with water (4 ml) and extracted with ethyl acetate (3x5 ml). The collected organic phases were dried over MgSO 4 and the solvent was removed under reduced pressure. The mixture was

Synthesis of 4β-(1-carboxypentyl-4-methyl-1,2,3-triazolyl) epipodophyllotoxin (91)

Product 62 (10 mg, 0.022 mmol, 1 equiv) and product 66 (34.6 mg, 0.22 mmol, 10 equiv) were suspended in a water: t-butanol mixture (4:6, 1.0 ml) and degassed for 5 min with argon. A 20 mM solution of sodium ascorbate in water (100 µl) was added followed by an 8 mM solution of CuSO 4 . 5H 2 O in water (100 µl). The mixture was stirred at 50°C for 1 h. The final suspension was diluted with water (4 ml) and extracted with ethyl acetate (3x5 ml). The collected organic phases were dried over MgSO 4 and the solvent was removed under reduced pressure. The mixture was purified by flash chromatography (ethyl acetate: methanol = 9:1 + 1% of acetic acid). For biological tests the compound was further purified by HPLC (water + 0.1% of HCOOH: acetonitrile + 0.1% of HCOOH = 40:60). Compound 91 was obtained as a grey solid (9.9 mg, 74%). 1 H NMR (500 MHz, CDCl 3 ) δ 7.59 (1H, s), 6.76 (1H, s), 6.54 (1H, s), 6.24 (2H, s), 5.98 (1H, s), 101.5, 73.7, 67.6, 63.2, 60.7, 56.3, 49.9, 44.0, 41.2, 38.2, 33.0, 29.9, 25.7, 23.7. HRMS (ESI) m/z calcd for C 31 H 36 N 3 O 10 [M+H] + : 610.2395, found: 610.2428.

  C NMR (125 MHz, CDCl 3 ) δ 174.9, 152.6, 148.5, 147.3, 146.9, 145.0, 137.2, 135.3, 132.5, 129.0, 128.5, 122.4, 121.0, 115.3, 110.9, 109.7, 108.2, 101.5, 73.6, 67.4, 63.0, 60.7, 56.2, 44.0, 41.1, 38.2. HRMS (ESI) m/z calcd for C 31 H 31 N 4 O 8 [M+H] + : 587.2136, found: 587.2631.

Table 1 :

 1 Conditions explored for the Sonogashira cross-coupling. All the reactions were carried in dry solvents and inert atmosphere.

	#	Pd(II)	Cu(I)	Solvent	Temperature	Time	Yield
	1	5%	2.5%	THF:TEA = 1:2	Reflux (ca. 100°C)	2h	16%
	2	5%	2.5%	THF:TEA = 1:2	RT	5h	Starting material
	3	5%	2.5%	THF:TEA = 1:2	40°C	21h	Starting material
	4	5%	2.5%	TEA	RT	24h	Starting material
							6%, +
	5	5%	2.5%	TEA	65°C	3.5h	Starting
							material
	6	5%	2.5%	THF:TEA = 1:2	70°C	1h	39%

Institut de Chimie desÿSubstancesÿNaturelles ServiceÿHPLC

  

								Institut de Chimie desÿSubstancesÿNaturelles
												ServiceÿHPLC		
					Sample Name					4022nÿ120314			InjectionÿIdÿ4848
					Date Acquiredÿ: 3/12/2014ÿ10:12:57ÿAM CET						
				080	InjectionÿVolumeÿ: 30.00ÿuL					Colonne :ÿÿSunfireÿC18ÿ5µm IIIÿ(4.6x150mm)
					ProjectÿNameÿ: equipe11\Angelica2012							
					Solvantsÿ: A:H2O+0.1AF,ÿB:ACN+0.1AF							
					Observations :ÿ											
						PeakÿResults Institut de Chimie desÿSubstancesÿNaturelles
					1	RT 15.767	Area % ÿArea 2447 0.52				ServiceÿHPLC		
					2 320.0nm -ÿ996ÿÿ-PDAÿ200.0ÿtoÿ400.0ÿnm at 2.4ÿnm 16.887 465125 99.48 Sample Name				4022nÿ130314		
				0.080														16.916
				0.070														
				0.050 0.060	1 Observations :ÿ 14.454 RT PeakÿResults 24532 Area % ÿArea 3.19									15.794	
					2	15.794	253278	32.93										
	AU	0.040	3 Sample Name 16.916 491262	63.88				4022nÿ140314			InjectionÿIdÿ4990
					2.00 320.0nm -ÿ996ÿÿ-PDAÿ200.0ÿtoÿ400.0ÿnm at 2.4ÿnm 4.00 6.00	8.00		10.00		12.00		14.00	16.00		18.00	20.00	22.00	24.00	26.00
				0.030 0.080	212.9 Date Acquiredÿ: 3/14/2014ÿ9:52:04ÿAMÿCET Peak #1 InjectionÿVolumeÿ: 30.00ÿuL		Minutes 0.40 Colonne :ÿÿSunfireÿC18ÿ5µm IIIÿ(4.6x150mm) 16.895	Peak #2
			0.004 0.020 0.070	ProjectÿNameÿ: equipe11\Angelica2012 Solvantsÿ: A:H2O+0.1AF,ÿB:ACN+0.1AF					222.2	15.770	
	AU		0.002 0.010 0.060	PeakÿResults Observations :ÿ						AU	0.20	14.454		
						250.4 RT	Area % ÿArea											309.6
				0.000 0.050	1	14.427	48310	321.5 5.42									
			0.000	2.00 2	15.770	4.00 364409	6.00 40.85	8.00		10.00	391.7	12.00		0.00	14.00	16.00	18.00	20.00	22.00	24.00	26.00
	AU	0.040 0.070 0.030 0.030 0.080	RetentionÿTimeÿ15.767ÿChannelÿDescriptionÿPDA 200.0ÿtoÿ400.0ÿnm at 2.4ÿnmÿ nm 250.00 300.00 350.00 320.0nm -ÿ996ÿÿ-PDAÿ200.0ÿtoÿ400.0ÿnm at 2.4ÿnm 212.9 Peak #1 3 16.895 479369 53.74		Minutes 0.30	RetentionÿTimeÿ16.887ÿChannelÿDescriptionÿPDA 200.0ÿtoÿ400.0ÿnm at 2.4ÿnmÿ 250.00 300.00 350.00 nm 212.9 Peak #2 16.889 15.765
				0.020														
	AU		0.020 0.060 0.010		PeakÿResults						AU	0.20	14.427		
			0.010 0.050		RT	Area % ÿArea							0.10			250.4
					1	14.425	67796	7.12	326.2										323.8
				0.000														
	0.000 0.040 AU	2.00 2 3	250.00 15.765 16.889	4.00 424604 459820	nm 300.00 6.00 44.59 48.29	8.00	350.00	10.00		12.00	0.00 Minutes 14.00	16.00	250.00	18.00	nm 300.00 20.00	22.00	350.00	24.00	26.00
					RetentionÿTimeÿ14.454ÿChannelÿDescriptionÿPDA 200.0ÿtoÿ400.0ÿnm at 2.4ÿnmÿ					RetentionÿTimeÿ15.794ÿChannelÿDescriptionÿPDA 200.0ÿtoÿ400.0ÿnm at 2.4ÿnmÿ
				0.030														
			0.40							Peak #3						
	AU AU	0.06 0.20 0.04 0.010 0.020	212.9 222.2			309.6			Peak #1		AU	0.20 0.40	212.9 14.425			Peak #2
		0.02														250.4
				0.000														
			0.00					328.6										323.8
		0.00	250.00 2.00	4.00	300.00 6.00	8.00	350.00	10.00		12.00		0.00	14.00	16.00	18.00	20.00	22.00	24.00	26.00
								nm						Minutes			
					nm RetentionÿTimeÿ16.916ÿChannelÿDescriptionÿPDA 200.0ÿtoÿ400.0ÿnm at 2.4ÿnmÿ 250.00 300.00 350.00						250.00	nm 300.00	350.00
					RetentionÿTimeÿ14.427ÿChannelÿDescriptionÿPDA 200.0ÿtoÿ400.0ÿnm at 2.4ÿnmÿ					RetentionÿTimeÿ15.770ÿChannelÿDescriptionÿPDA 200.0ÿtoÿ400.0ÿnm at 2.4ÿnmÿ
		0.40	212.9						Peak #3 Peak #1				212.9			Peak #2
			0.08														
					222.2													
			0.06											0.40		
	U U													U				

InjectionÿIdÿ4913 Date Acquiredÿ: 3/13/2014ÿ10:07:51ÿAM CET Colonne :ÿÿSunfireÿC18ÿ5µm IIIÿ(4.6x150mm) InjectionÿVolumeÿ: 30.00ÿuL ProjectÿNameÿ: equipe11\Angelica2012 Solvantsÿ: A:H2O+0.1AF,ÿB:ACN+0.1AF

2. Synthesis Synthesis of 6-bromo-2-hydroxy-2-(trifluoromethyl)chroman-4-one (17)

  Therefore, thanks to the alkyne appendage, we could investigate the subcellular spatial and temporal localization of AM278A, by means of in situ click labelling. The experimental conditions were optimized in terms of phenotypic induction and compound distribution, taking into account the limited stability displayed by this class of analogues in aqueous solutions.
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	5. Experimental section
	5.1. General experimental procedures
	All starting materials were purchased from commercial sources and used without any further
	purification. Solvents were dried under standard conditions. NMR spectroscopy was
	performed on Bruker 500 MHz apparatus, using deuterated solvents as detailed and at
	ambient temperature (300 K). Notation for NMR spectral splitting patterns includes: singlet
	(s), doublet (d), triplet (t), doublet of doublets (dd), broad (br) and multiplet/overlapping peaks
	(m). Chemical shifts (δ) are quoted in ppm and coupling constants (J) are quoted in Hertz. 1 H
	NMR spectra are reported using the residual non-deuterated CDCl 3 ( 1 H, 7.26 ppm); 13 C NMR
	spectra are reported relative to CDCl 3 ( 13 C, 77.0 ppm). High-resolution mass analysis
	(HRMS) was performed on a LCT Premier XE (Waters), under electron spray ionization (ESI)
	or on a Q-ToF 6540 (Agilent) under atmospheric pressure photoionization (APPI). IR spectra
	were recorded with PerkinElmer Spectrum 100 FT-IR spectrometer. Notation for IR signals
	Preliminary co-localization experiments were finally performed with Arf1, Arf6 and ARNO includes: strong (s), medium (m), weak (w) and broad (br). IR absorption frequencies (ν) are
	fluorescent fusion proteins, in order to investigate AM278A specific protein target(s). The quoted in cm -1 . Melting points (m.p.) were measured using Büchi melting point B-540 probe displayed a peculiar perinuclear distribution that did not co-localize with the apparatus. Reactions were monitored by thin-layer chromatography (TLC) using silica gel investigated proteins, and therefore additional experiments are required to investigate AM278A mode of action. With this goal, further investigations are in progress. coated aluminium plates 60 F254 (Merck) and spots were visualized under UV light. Flash
	chromatography was performed using Gerduran® silica gel 60 (40 -63 µm, Merck) at room
	temperature, under a positive pressure of air. High performance liquid chromatography
	(HPLC) purification was carried out using a Sunfire C18 column (19x150 mm, 5 µm) on a
	HPLC Waters 600 apparatus, equipped with PDA 2995 detector. HPLC analysis was
	performed on a HPLC Alliance 2695 (Waters) apparatus, equipped with a PDA 996 detector.
	O		Dry THF (1.5 ml) and finely dispersed LiH (68.4 mg, 8.60 mmol, 3.4 equiv)
	Br	OH	were placed in a round-bottom two-necked flask under argon and the
	O	CF 3	mixture was brought to reflux. A solution of containing 1-(5-bromo-2-
	hydroxyphenyl)ethan-1-one 15 (538 mg, 2.50 mmol, 1 equiv) and ethyl 2,2,2-trifluoroacetate
	16 (426 mg, 3.00 mmol, 1.2 equiv) in dry THF (1 ml) was added over 10-15 min, under
	stirring. The mixture was refluxed for 2 h and then quenched with an aqueous solution of
	acetic acid (14 % v/v, 6 ml). The solvent was removed under reduced pressure and the
	residue was treated with an aqueous solution of acetic acid (14 % v/v, 6 ml). The precipitate
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22 Scheme 7 :

 227 Synthesis of diene 22.

			O			O		O
								Br
								OH
	O	NH	O		OTf	O	OAc	O
						29		21	22
	OH						
				OH			OAc	O
				Ac 2 O, py			NBS	Br
			OH	DCM, RT, 3h	OAc	AcOH/H 2 O, 65°C, 1h	OAc	O
		naphthalene-1,5-diol		23, 67%	21, 66%
		O		PPh 3, Br 2, TEA	O		ethylen glycol, PTSA	O	O
				Benzene,			Benzene,
			OH	0°C-RT, 4h		Br	reflux, 2h	Br
	1,3-cyclohexanone	24, 74%		25, 80%
								vinylMgBr, Pd(PPh 3 ) 4
								THF, reflux, 30min
		OH	MeMgBr, CeCl 3	O		LiBF 4	O	O
				THF, 0°C, 30min			H 2 O/ACN, RT, overnight
		22, 82%	27, 62%		26, 79%

Table 1 :

 1 Conditions explored for marmysunate synthesis. All the reactions were carried in dry solvents and inert atmosphere.

	#	DMAP	Base	Succinic anhydride	Solvent	Temperature	Time	Yield
	1	20%	DIPEA (2equiv)	4 equiv	DCM	RT -40°C	27 h	27% + starting material
	2	20%	TEA (2equiv)	2 equiv	DCE	60°C	24 h	Starting material
	3	20%	DIPEA (2equiv)	2 equiv	DMF	RT	3 d	Starting material
	4	40%	DIPEA (10equiv)	10 equiv	DMF	90°C	20 h	6% + starting material
	5	50%	--	10 equiv	Pyridine	90°C	20 h	36% + starting material

Scheme 11: Synthesis of A) artesumycin and B) marmysunate.

Although modest yields were observed, these procedures enabled us to obtain adequate quantities of marmycin A, artesumicyn and marmysunate to explore their biological and chemical behaviour.

  H NMR (300 MHz, CDCl 3 ) δ 7.78 (2H, d, J = 8.5 Hz), 7.51 (2H, dd, J = 8.5, 7.5 Hz), 7.29 (2H, d, J = 7.5 Hz), 2.47 (6H, s).13 C NMR (75 MHz, CDCl 3 ) δ 169.5, 146.9, 128.3, 126.2, 119.4, 118.9, 21.2. HRMS (APPI) m/z calcd for C 14 H 13 O 4 [M+H] + : 245.0808, found: 245.0812.

	Synthesis of 5-acetoxy-2-bromonaphthalene-1,4-dione (21)
	Compound 21 was prepared according to a previously published procedure. 21
	A solution of 23 (5.1 g, 20.9 mmol, 1 equiv) in acetic acid (160 ml) was added
	dropwise to a solution of N-bromosuccinimide (14.9 g, 83.7 mmol, 4 equiv) in a
	water: acetic acid mixture (480 ml, 2 :1) and the reaction was stirred at 65ºC for 1 h. After
	this time, the reaction mixture was diluted with water and extracted with DCM. The combined
	organic layer was washed with brine, dried over MgSO 4 and concentrated to dryness under
	reduced pressure. The resulting dark solid was recrystallized from ethanol to afford 21 as
	orange needles (4.1 g, 66%).

1

1 

H NMR (300 MHz, CDCl 3 ) δ 8.15 (1H, dd, J = 8.0, 1.5 Hz), 7.77 (1H, t, J = 8.0 Hz), 7.42 (1H, dd, J = 8.0, 1.5 Hz), 7.39 (1H, s), 2.44 (3H, s).

13 

C NMR (75 MHz, CDCl 3 ) δ 181.1, 177.6, 169.4, 150.0, 141.6, 138.7, 135.1, 132.7, 130.5, 126.5, 123.3, 21.2. HRMS (APPI) m/z calcd for C 12 H 8 BrO 4 [M+H] + : 294.9600, found: 294.9603.

  13 C NMR (125 MHz, CDCl 3 ) δ 188.9, 185.4, 161.6, 139.4, 137.2, 136.6, 134.9, 134.6, 133.9, 132.4, 129.5, 128.6, 128.4, 127.8, 123.4, 121.9, 119.5, 115.2, 21.6. HRMS (APPI) m/z calcd for C 19 H 13 O 3 [M+H] + : 289.0859, found: 289.0868.

  H NMR (300 MHz, CDCl 3 ) δ 9.46 (1H, d, J = 8.5 Hz), 8.39 (1H, d, J = 8.0 Hz), 8.34 (1H, d, J = 8.0 Hz), 8.12 (1H, d, J = 8.0 Hz), 7.85 (1H, t, J = 8.0 Hz), 7.67 (1H, s), 7.60 (1H, d, J = 8.5 Hz), 7.56 (1H, d, J = 8.0 Hz), 2.55 (3H, s). 13 C NMR (75 MHz, CDCl 3 ) δ 184.2, 181.8, 146.9, 139.6, 137.2, 137.0, 135.3, 135.0, 133.7, 132.7, 128.3, 128.2, 128.1, 127.9, 127.6, 124.7, 122.7, 120.0, 117.5, 21.6. HRMS (APPI) m/z calcd for C 20 H 12 F 3 O 5 S [M+H] + : 421.0352, found: 421.0354.

1 

  4, 129.1, 128.4, 128.3, 126.7, 126.1, 104.0, 102.7, 97.9, 97.8, 79.7, 78.2, 77.9, 75.3, 74.4, 71.5, 65.6, 65.2, 54.8, 54.7, 17.3, 17.3. HRMS (ESI-TOF) m/z calcd for C 14 H 19 O 5 [M+H] + : 267.1227, found: 267.1219.

  mmol, 1 equiv) and DIPEA(19.6 ml, 112.6 mmol, 2 equiv) in dry DCM (208 ml) was slowly added chloromethyl methyl ether (8.6 ml, 112.6 mmol, 2 equiv) at RT. The reaction mixture was stirred for 72 h prior addition of a saturated NaHCO 3 aqueous solution and was extracted with tert-butylmethylether. The combined organic layer was washed with brine, dried over MgSO 4 and concentrated to dryness under reduced pressure. The crude product was purified by flash chromatography (heptane: ethyl acetate = 8:2) to afford 32 as a colorless oil (13.6 g, 78%).Mixture of isomers: 1 H NMR (300 MHz, CDCl 3 ) δ 7.55 (2H, m), 7.48-7.33 (8H, m), 6.14 (1H, s), 5.91 (1H, s), 5.03 (1H, d, J = 6.5 Hz), 4.98 (1H, s), 4.92 (1H, s), 4.88 (1H, d, J = 6.5 Hz), 4.71 (1H, d, J = 6.5 Hz), 4.67 (1H, d, J = 6.5 Hz), 4.49 (1H, dd, J = 7.5, 5.5 Hz), 4.32 (1H, t, J = 6.5 Hz), 4.19 (1H, d, J = 6.5 Hz), 4.11 (1H, d, J = 5.5 Hz), 3.77-3.67 (2H, m), 3.57 (1H, dd, J = 10.0, 7.5 Hz), 3.50-3.45 (1H, m), 3.44 (3H, s), 3.40 (3H, s), 3.38 (3H, s), 3.37 (3H, s),1.37 (3H, d, J = 6.5 Hz), 1.31 (3H, d, J = 6.5 Hz).13 C NMR (75 MHz, CDCl 3 ) δ 138.7, 137.2, 129.4, 129.3, 128.5, 128.5, 126.8, 126.3, 104.2, 102.8, 98.1, 97.9, 96.4, 96.4, 79.5, 79.0, 78.3, 77.9, 75.6, 75.3, 64.4, 64.2, 56.0, 55.9, 55.0, 54.9, 31.9, 29.1, 22.8, 17.9, 17.8, 14.2. HRMS (ESI-TOF) m/z calcd for C 16 H 23 O 6 [M+H] + : 311.1489, found: 311.1490.

  1 H NMR (300 MHz, CDCl 3 ) δ 7.42-7.27 (5H, m), 5.14 (2H, s), 4.77-4.57 (2H, m), 4.60 (1H, d, J = 7.0 Hz), 4.04-3.91 (1H, m), 3.85 (1H, d, J = 8.5 Hz), 3.36 (3H, s), 3.34 (3H, s), 3.23(1H, dd, J = 14.5, 2.5 Hz), 2.38 (1H, dd, J = 14.5, 4.5 Hz), 1.34 (3H, d, J = 6.0 Hz).13 C NMR (75 MHz, CDCl 3 ) δ 152.7, 138.2, 128.4, 128.2, 127.8, 97.7, 95.7, 76.0, 75.9, 68.9, 56.2, 54.9, 30.6, 18.3. HRMS (ESI-TOF) m/z calcd for C 16 H 24 NO 5 [M+H] + : 310.1649, found: 310.1653.

  13 C NMR (75 MHz, CDCl 3 ) δ 138.4, 128.5, 128.3, 127.6, 98.9, 98.4, 85.6, 76.9, 64.5, 58.6, 56.5, 55.1, 36.5, 24.0, 18.7. HRMS (ESI-TOF) m/z calcd for C 17 H 28 NO 5[M+H] 

+ : 326.1962, found: 326.1970. [α] ! !" -90 (c 0.123, CHCl 3 ).

  1, 136.4, 135.5, 134.2, 134.2, 131.9, 128.8, 128.5, 128.4, 127.7, 123.0, 120.5, 115.6, 113.8, 99.0, 97.5, 87.4, 64.4, 56.8, 55.7, 54.9, 38.3, 26.5, 21.7, 18.7. HRMS (ESI-TOF) m/z calcd for C 29 H 32 NO 6 [M+H] + : 490.2224, found: 490.2225.

[α] ! !" -464 (c 0.003, CHCl 3 ).

  13 C NMR (239 MHz, CDCl 3 ) δ 186.5, 185.7, 148.7, 138.8, 136.5, 136.4, 136.1, 134.7, 134.6, 132.2, 128.8, 128.5, 128.3, 127.8, 127.4, 122.3, 116.1, 111.3, 79.1, 69.3, 69.3, 51.7, 35.0, 25.0, 21.7, 18.4. HRMS (ESI-TOF) m/z calcd for C 26 H 24 NO 4 [M+H]

+ : 414.1700, found: 414.1703. [α] ! !" +333 (c 0.002, THF).

  13 C NMR (151 MHz, CDCl 3 ) δ 186.6, 185.6, 172.1, 171.2, 148.6, 138.7, 136.5, 135.9, 134.9, 134.6, 132.2, 128.8, 128.6, 128.3, 127.8, 126.7, 122.5, 115.9, 111.0, 104.6, 92.3, 91.5, 80.2, 79.6, 69.3, 66.4, 51.5, 51.1, 45.2, 37.3, 36.2, 35.0, 34.1, 31.9, 29.8, 29.1, 28.9, 26.1, 25.1, 24.6, 22.1, 21.7, 20.3, 18.0, 12.2. HRMS (ESI-TOF) m/z calcd for C 45 H 49 NNaO 11 [M+Na] + : 802.3198, found 802.3204. [α] ! !" +253 (c 0.015, THF).

  C NMR (125 MHz, CDCl 3 ) δ 186.5, 186.2, 174.4, 171.5, 148.9, 139.0, 136.82, 136.76, 136.2, 134.9, 134.7, 132.3, 129.1, 128.7, 128.5, 127.8, 127.0, 122.5, 116.2, 111.2, 79.9, 69.4, 66.4, 51.5, 35.2, 29.5, 28.6, 25.1, 21.8, 18.0. HRMS (ESI-TOF) m/z calcd for C 30 H 28 NO 7 [M+H] + : 514.1866, found: 514.1868. [α] !

Tableau 1 :

 1 Valeurs des IC50 et de IC50 ratios. N.D. = non déterminé. WT: Nalm-6 wild type. TOP2A+/-: Nalm-6 exprimant le 50% de TOP2A. TOP2B-/-: Nalm-6 sans TOP2B.De manière remarquable, la mort cellulaire provoquée par 1 et 2 est majoritairement due au ciblage de TOP2B alors que dans le cas de l'inhibition de la croissance de VP-16, elle est induite majoritairement par l'empoisonnement de TOP2A. Cette inversion de cytotoxicité sera une propriété exploitable dans l'étude des translocations génomiques créées par TOP2B, fournissant une comparaison directe avec l'effet de VP-16.

			IC50		IC50 ratio
		WT	TOP2A+/-	TOP2B-/-	TOP2A+/-/WT	TOP2B-/-/WT
	VP-16	0.134 ± 0.007	0.234 ± 0.003	0.182 ± 0.004	1.7	1.4
	1	0.62 ± 0.01	0.85 ± 0.02	1.32 ± 0.01	1.4	2.1
	2	1.2 ± 0.1	1.90 ± 0.08	2.36 ± 0.07	1.6	2.0
	3	3.4 ± 0.2	3.5 ± 0.1	1.92 ± 0.07	1.0	0.6
	4	3.90 ± 0.06	N.D.	N.D.	N.D.	N.D.

  how GEFs and GAPs can act as scaffolds, both as effectors and in initiating signalling responses, and describe how they participate in development and disease. The reader is referred to two excellent prior reviews: one deals comprehensively with ARF1 and ARF6 function1 and the other more broadly with ARF, ARL, GEF and GAP proteins 2 .
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these functional groups operate near nucleic acids via electrostatic repulsion with the DNA phosphate backbone. Interestingly, compounds bearing an aliphatic spacer or a type 2 linker showed a wider range of activities, possibly due to a higher degree of rotational freedom, thus an easier accommodation of the triazole-containing moiety into the binding pocket. 

CHAPTER 2 GDP/GTP nucleotide exchange inhibition with small molecules

In order to choose the optimal working conditions, we initially determined the concentration of AM278A required to reduce BRAG2-mediated Arf1 activity to 50% (IC 50 ) (Figure 14).

Thus, we analysed the effect of several AM278A concentrations (50, 100, 150 and 200 µM) on the kinetic of the BRAG2 Sec7-PH -catalysed Δ17Arf1 exchange reaction, and the collected apparent activation rate constants k obs were normalized to the negative control (DMSO, 16 µl). To avoid any solvent effect 36 

Synthesis of 5-nitro-2-(trifluoromethyl)-6-((trimethylsilyl)ethynyl)-4H-chromen-4-one (19)

Compound 18 (150 mg, 0.44 mmol, 1 equiv) was suspended in a mixture of freshly distilled TEA (9.6 ml) and THF (4.8 ml). CuI (2.1 mg, 0.011 mmol, 2.5 mol%) and Pd(PPh 3 ) 2 Cl 2 (15.6 mg, 0.022 mmol, 5 mol%) were added under argon and the mixture was warmed to 70°C. TMSA (314 µl, 2.22 mmol, 5 equiv) was added dropwise and the reaction was stirred at 70°C for 1 h.

After this time, the reaction was quenched with water and extracted three times with DCM.

The combined organic layers were dried over MgSO 4 and the solvent was removed under reduced pressure. The crude product was purified by flash chromatography (heptane: ethyl acetate = 8:2) to obtain compound 19 as a white solid (60.9 mg, 39%). 

Synthesis of 6-ethynyl-5-nitro-2-(trifluoromethyl)-4H-chromen-4-one (12, AM278A)

Compound 19 (34 mg, 0.096 mmol, 1 equiv) was dissolved in a DCM:

MeOH mixture (1:2, 8.1 ml). The resulting solution was degassed with argon for 5 min and cooled to 0°C. K 2 CO 3 was added and the mixture was stirred at 0°C for 1 h. After this time, the reaction was quenched with water and extracted three times with DCM. The combined organic layers were dried over MgSO 4 and the solvent was removed under reduced pressure. The crude product was purified by preparative HPLC (water + 0.1% of HCOOH, acetonitrile + 0.1% of HCOOH = 45:55) to obtain compound 5 as a white solid (5.0 mg, 18%). Compound 12 purity was determined by HPLC analysis to be > 99%. Together with the desired product, product 20 (white solid, 13.0 mg, 43%) was obtained. Thus, we propose a possible mechanism based on the previously suggested fragmentation pathways. 18 As depicted in Scheme 12, the Fe(II)-mediated degradation of 6 could result in the formation of the two O-centered radicals 38 and 39, which rearrangements can lead to the formation of product 40 and 41, respectively. As anticipated (paragraph 1.4.2.), the ratio of the O-1 and O-2 radicals seems to be affected by the C-10 substitution, where larger groups generally shift the reaction to the predominant formation of "40-type" products. 18 Thus, it is plausible that the major peak at 7.07 min would correspond to product 40, which formation is driven by the marmysunate substituent at the C-10. Alternatively, radical 38 could be engaged in the irreversible formation of the opened derivative 19, which presents an easily hydrolysable ketal-like function. Thus, upon addition of water, this derivative could release marmysunate 20 and the related ketone 42, which formation was detected by mass analysis (m/z = 261, [M+Na] + , data not shown). This would also account for the attribution of product 19 and 41 to the peaks at 6.66 and 6.72 min, respectively.

The iron-mediated reactivity of artesumycin could explain the synergy displayed by coupling marmycin A and artesunate in a molecular hybrid. In this hypothesis, upon targeting the lysosomal compartment, the high content of iron would catalyse marmysunate release, empowered with more favourable amphiphilic properties in comparison to marmycin A. This properties could account for a higher lysosomotropic activity, thus extensive LMP induction.

To test this possibility, we compared the in cellulo action of marmysunate with the parental marmycin A, artesumycin and artesunate.

Biological activity

In situ click labelling (Performed by A. Hienzsch)

As described in paragraph 1.4.2., Yang et al. 16 reported the accumulation of artesunate in the lysosomal compartment. However, the sub-cellular localization of the drug was investigated employing an artesunate fluorescent-tagged derivative, a considerable structural modification that could affect the cellular behaviour of this small molecule. In order to confirm artesunate targeting properties, we thus performed the in situ click labelling (Chapter 2, paragraph 1.6.) 27 of probe 43 (Figure 9A, synthesized by T. Cañeque), where the small alkyne appendage introduces only a minor alteration of the scaffold, although changing its polarity. Thus, treated or control U2OS cells were employed to evaluate the co-localization between the Alexa-clicked probe 43 (green) and the lysosomes marker LysoTracker (red), by means of confocal microscopy. As illustrated by the high-resolution images in Figure 9B, the 189 5. Experimental section

General experimental procedures

All starting materials were purchased from commercial sources and used without any further purification. Solvents were dried under standard conditions. NMR spectroscopy was performed on Bruker 950, 600, 500, and 300 MHz apparatus, using deuterated solvents as detailed and at ambient temperature (300 K), unless otherwise stated. Notation for the 1 H NMR spectral splitting patterns includes: singlet (s), doublet (d), triplet (t), quartet (q), doublet of doublets (dd), broad (br) and multiplet/overlapping peaks (m). Chemical shifts (δ) are quoted in ppm and coupling constants (J) are quoted in Hertz. 1 H NMR spectra are reported using the residual non deuterated solvent as internal standard (CDCl 3 1 H, 7.26 ppm). 13 C NMR spectra are reported relative to solvent (CDCl HPLC analysis was performed on all final compounds on a HPLC Alliance 2695 (Waters) apparatus, equipped with a PDA 996 detector. For the final compounds the purity was determined to be >95%.

Synthesis 11

Synthesis of naphthalene-1,5-diol diacetate (23)

Compound 23 was prepared according to a previously published procedure. 20 A mixture of naphthalene-1,5-diol (5.0 g, 31.2 mmol, 1 equiv), acetic anhydride (6.5 ml, 68.7 mmol, 2.2 equiv), and pyridine (5.5 ml, 68.7 mmol, 2.2 equiv) in DCM (300 ml) was stirred at RT for 3 h. After this time, the reaction mixture was quenched with a saturated NaHCO 3 aqueous solution and extracted with DCM. The combined organic layer was washed with brine, dried over MgSO 4 and concentrated to OAc OAc