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Abstract  14 

A series of 6BrCaQ-Cn-TPP conjugates 3a-f and 5 was designed and synthesized as a novel class of TRAP1 inhibitors. 15 

Compound 3a displayed an excellent anti-proliferative activity with mean GI50 values at a nanomolar level in a diverse 16 

set of human cancer cells (GI50 = 0.008-0.30 µM) including MDA-MB231, HT-29, HCT-116, K562, and PC-3 cancer 17 

cell lines. Moreover, the best lead compound 6BrCaQ-C10-TPP induces a significant mitochondrial membrane 18 

disturbance combined to a regulation of HSP and partner protein levels as a first evidence that his mechanism of action 19 

involves the TRAP-1 mitochondrial Hsp90 machinery. 20 
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1. Introduction 1 

Heat-shock proteins (HSP) are involved in the homeostasis of healthy cells through their chaperoning activity 2 

(folding and maturation of proteins)1. HSP90, especially, represents a family of chaperones assisting several client 3 

proteins, growth factor receptors, hormone receptors, signaling proteins, many of them involved in the hallmark of 4 

cancers2. HSP90 appears therefore as  an interesting new therapeutic target to overcome drug resistance3,4. Four HSP90 5 

isoforms have been identified; HSP90 α/β are mainly located in the cytosol, whereas TRAP1 (Tumour Necrosis Factor 6 

Receptor-associated Protein 1) and GRP94 are mostly located in the mitochondria and the endoplasmic reticulum, 7 

respectively. They mainly function as homodimers with the help of other HSP family members and co-chaperones. 8 

Many research groups focused their research on the inhibition of HSP90 through the modulation of its ATPase activity5. 9 

Different families of inhibitors, which act mainly on the N-terminal or the C-terminal domain, can target Hsp90. In 10 

short, the N-terminal domain is responsible for ATP binding and regulates the chaperone activity, a middle domain that 11 

helps the ATPase site (ATP hydrolysis) and binds client proteins, and finally a C-terminal domain involved in 12 

dimerization. Lots of N-terminal inhibitors went into clinical trials, based on four scaffolds: ansamycin (17-AAG, 13 

geldamycin, 17-DMAG, …), resorcinol (radicicol, NVP-AUY922, …), purine, and benzamide5,6. However, none of 14 

them is FDA-approved mainly because of an adverse response called Heat-Shock Response (HSR). HSR is 15 

characterized by the release of the transcription factor Heat Shock Factor-1 (HSF-1) from HSP90 chaperoning after the 16 

inhibitor binding and the subsequent induction of the transcription of the genes coding HSP90, HSP70, and HSP27 17 

leading to an increased protein expression7. 18 

Therefore, several groups focused their drug discovery research on inhibiting the C-terminal domain since it does not 19 

induce the release HSF-1. Several natural compounds, such as novobiocin and deguelin, displayed an inhibition activity 20 

on the C-terminal domain of HSP90. Structure-activity relationship studies allowed several groups to identify promising 21 

inhibitors with a mechanism of action distinct from N-terminal inhibitors8–12. In this context, our group identified a very 22 

promising C-terminal HSP90 inhibitor named 6-BrCaQ. This compound was active on various cancer cell lines with a 23 

LC50 of 5-50 µM13–16. It induced apoptosis and decreased the levels of client proteins of HSP90 on prostate cancer cells, 24 

PC3. Encapsulated in liposomes, 6BrCaQ exerted an improved in vitro activity on breast cancer cells (MDA-MB-231) 25 

and had an anti-tumor effect on an orthotopic breast cancer model in nude mice13. 26 

Nevertheless, the toxicity attributed to HSP90 inhibitors can be explained by the lack of selectivity toward different 27 

isoforms. Thus, the second strategy is to develop a selective inhibitors toward one isoform or able to reach only one 28 

intracellular compartment. Some research groups concentrated their work on GRP94 inhibition by modifying the 29 

structures of known inhibitors to make them more specific to GRP9417. The strategy was to attach rigid resorcinilyic 30 

moieties to the scaffold resorcinylic benzyl imidazole that exhibits high selectivity for Grp94. Park et al. 18 applied a 31 

similar strategy for TRAP1, by modifying the imidazole ring of a purine scaffold to bind the specific region of TRAP-1 32 

identified on the crystal structure. However, the main strategy to target TRAP-1 remains adding a moiety targeting the 33 

mitochondria to the HSP90 inhibitor.  34 

In cancer cells, mitochondria are major regulators of bioenergetics and apoptosis. Targeting the mitochondria has  35 

recently emerged as a good strategy for cancer treatment. They mediate one of the signaling of apoptosis  through 36 

regulation of ATP synthesis, cytochrome c release, and ROS (Reactive Oxygen Species) production19,20. Furthermore, 37 

mitochondria are involved in the metabolic rewiring during the malignant process. Several mechanisms are altered : the 38 
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glucose metabolism and oxidative phosphorylation (OXPHOS) independently of the oxygen availability (Warburg 1 

effect), the accumulation of mitochondrial metabolites to fulfill anabolic need, and the function of the mitochondrial 2 

permeability transition port (mPTP). TRAP1 expression is restricted to mitochondria and only few client proteins are 3 

identified. But TRAP1 has protective functions towards mitochondria through the inhibition of Succinate 4 

dehydrogenase (SDH) and downregulation of the complex IV of the respiratory chain, both mechanisms inducing 5 

invasiveness of tumor cells and metabolic rewiring. TRAP1 has also been shown to negatively control the mPTP.  6 

Over the years, among the molecules that can be used to reach targeting of mitochondria, many are lipophilic cations, 7 

able to accumulate within mitochondria because of a greater potential difference across the mitochondrial membrane 8 

(highly negative) compared to the plasma membrane. Among the promising targeting moieties the dequalinium, 9 

guanidinium, triethylammonium, pyridinium, 3-phenylsulfonylfuroxan, 2,3-dimethylbenzothiazolium iodide,  10 

rhodamine, cationic peptides, and triphenylphosphonium (TPP+) have shown mitochondrial selectivity21. This last one 11 

has notably been used to bring dye and image enhancers or drugs into mitochondria, like MitoQ22,23.  12 

By combining the N-terminal HSP90 inhibitor (17-AAG) with various linkers’ lengths and a mitochondrial targeting 13 

moiety as TPP+ and guanidinium salts24, Kang et al. developed gamitrinibs to inhibit TRAP1. The authors showed that a 14 

long chain (aliphatic) increases mitochondrial accumulation. The targeted inhibitor derived from 17-AAG was 6 to 10 15 

times more potent than the untargeted one depending on cell lines, confirming the rationale to target mitochondria to 16 

enhance the activity of HSP90 inhibitors. The same group combined a specific inhibitor of TRAP1 (with a 3,4-isoxazole 17 

diamide, N-terminal inhibitor25) to a mitochondrial delivery vehicle. In the same way, they varied the linker length and 18 

the cationic head (TPP+ or guanidinium) and they obtained similar binding affinities (in the nmol/L range) toward 19 

HSP90 and TRAP1. However, they showed an accumulation into the mitochondria, associated with a good ATPase 20 

inhibition (IC50 around 0.5 µmol/L). Cell proliferation was inhibited (IC50 = 1.32 µmol/L) and cells underwent 21 

apoptosis starting at 1 µmol/L. Thomas et al. combined as a triple conjugate a pyridinium ion for mitochondrial 22 

targeting, a purine derivative for N-terminal TRAP1 inhibition, and a photosensitizer for photodynamic therapy. 23 

Interestingly, they showed a co-localization of this compound with the mitochondria stained by mitotracker green® in 24 

HeLa, NCI-H460 cancer cells but not in normal hepatocytes26. 25 

Since N-terminal inhibitors present limitations such as the HSR, it would be interesting to combine the mitochondrial 26 

targeting property to selectively  inhibit TRAP1 in the C-terminal domain. Herein, we succeeded in combining both 27 

strategies by modifying the previously synthesized HSP90 C-terminal inhibitor 6BrCaQ. To target the mitochondria a 28 

triphenylphosphonium ion will be added through various linkers (Figure 1). To this end, the synthetic strategy will be 29 

based on two selective nucleophilic substitutions of the di-bromoalkane linkers with two different nucleophiles: the 30 

phenol of 6BrCaQ from one side and the triphenylphosphine from another side (Figure 1). The length of the linker will 31 

be modified to better understand the SAR in this novel series. In this article, the synthesis and the biological evaluation 32 

of novel 6BrCaQ-Cn-TPP analogues 3a-f and 5 are described. Preliminary in vitro efficacy of these compounds in terms 33 

of antiproliferative effect is reported. The selected best analogue 6BrCaQ-C10-TPP has been tested in vitro in a colon 34 

cancer model (HT29) for proliferation, mitochondrial disruption, and expression of TRAP1 partners demonstrating 35 

promising properties of inhibition of TRAP1. To the best of our knowledge, never has such an approach for targeting 36 

TRAP by using C-terminal inhibitors been reported. 37 

 38 
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 2 

Figure 1. Structures of novobiocin, synthetic derivative 6BrCaQ and targeted 6BrCaQ-Cn-TPP derivatives. 3 

 4 

2. Results and discussion 5 

2.1. Chemistry. 6 

The synthesis of the target 6BrCaQ-TPP conjugates 3a-f and 5 is summarized in Scheme 1. p-hydroxyl benzamide 7 

quinolinones 1a and 1b were prepared first as it was previously reported15 by selective coupling of the di-8 

bromoquinolinone with p-hydroxyl benzamide under Pd-catalysis. Compounds 1a and 1b were obtained in 90% yield. 9 

With a gram scale amount of 1a in hand, we envisioned at first the synthesis of the 6BrCaQ-C10-TPP analogue. To this 10 

end, reaction of 1a with a large excess of 1,10 dibromodecane (8 to 10 equiv.) in the presence of potassium carbonate at 11 

the reflux of acetone furnished selectively the mono-alkylated compound 2a in 76% yield (Scheme 1, path A). The final 12 

step evolves the nucleophilic substitution of the second C-Br bond by the triphenylphosphine to produce the 6BrCaQ-13 

C10-TPP (compound 3a) in 50% yield. 14 

In another strategy, the possibility of a fast and easy access to a series of 6BrCaQ-C10-TPP analogues in which the 15 

length of the linker is modified was explored. As bromoalkylphosphoniums 4 bearing different lengths are 16 

commercially available, we decided to perform the nucleophilic substitution of 1a,b with a selected series of 17 

bromoalkylphosphoniums (1.2 equiv) under basic conditions (K2CO3, DMF, 60 °C, 2 h,  Scheme 1, path B). By this 18 

new approach which involves only one step without the need of using any large excess of starting materials, a series of 19 

6BrCaQ-Cn-TPP analogues 3a-f and 5 were successfully prepared in variable yields. Short linker lengths ranging 20 

between C3 and C7 (compounds 3b-e, Scheme 1) could be introduced instead of the C10 reference. In addition, the 21 

compound 3f bearing a C12 carbon length (6BrCaQ-C12-TPP) was prepared. Finally, to examine the importance of the 22 

C-Br bond on the biological activity, analogue 5 lacking the Br atom (CaQ-C10-TPP) was synthesized through this 23 

strategy starting from the intermediate 1b. 24 
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 1 

Scheme 1. Synthesis of compounds 3a-f and 5. 2 

 3 

2.2. In vitro biological evaluation on cancer cells 4 

2.2.1. Cytotoxicity 5 

Upon completion of their syntheses, the in vitro activity of 6BrCaQ-TPP conjugates 3-f and 5 was evaluated by their 6 

growth-inhibitory potency in MDA-MB-231 cancer cell line. The quantification of cell survival was established by 7 

using CellTiter Glo (Promega) assay after 72 h exposure (Figure 2A), and GI50, TGI, LC50 et IC50 values were 8 

determined for each compound. The “hit” analogue was chosen according to the GI50, IC50 (dose that induces 50 percent 9 

of the maximum inhibitory effect), and to the LC50 (dose that induces 50 percent of cell death). All the compounds 10 

displayed a high inhibitory effect with IC50 ranging between 0.008 and 0.082 µM, except for compound 3f bearing the 11 

longest linker length (C12, GI50 of 11 µM). This first result demonstrates clearly that the conjugation of the Hsp90 C-12 

terminus inhibitor with the phosphonium head increased significantly the biological activity toward the MDA-MB-231 13 

cell line compared to the reference compound 6BrCaQ (IC50 = 0.9 µM) and 6BrCaQ-OH (2a) (IC50 = 7 µM). 14 

Interestingly, compound 5 which lacks the C-Br bond at the C7 position of the quinolinone nucleus displays a good 15 

activity as compared to the brominated different analogues with an IC50 = 0.049 µM and an LC50 = 0.31 µM. It 16 

appeared during this study that the C10-linked analogue 3a (6BrCaQ-C10-TPP) showed the most promising activity 17 

(GI50 = IC50 = 0.008 µM and LC50 of 0.18 µM) (Figure 1B). As reported, the efficacy of the mitochondrial targeting 18 

depends on the lipophilicity of the cation, and thus of the linker. Indeed, the more lipophilic the molecule is, the faster 19 

the uptake is 22. For example, it has been shown in Jurkat cells, that the uptake of decyl-triphenylphosphonium was 20 

faster (30 minutes) than the uptake of triphenylmethyl phosphonium (between 6 h and 8 h)27. In addition, our result is 21 

consistent with another study related to the conjugation of metformin with the triphenylphosphonium
28

. In this study, 22 
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the authors varied the length of the alkyl linker from C2 to C12 carbons and showed similarly to us that, the more 1 

efficient conjugate was the one with the decyl linker
28. 2 
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Figure 2. A. Value of GI50, TGI50, LC50, IC50 (µM) of 6BrCaQ, 1a, compounds 3a-f and 5 against MDA-MB-231  5 

cancer cell lines mesured by the CellTiter Glo (Promega). (B) IC50 (µM) curve of 6BrCaQ-C10-TPP against MDA-MB-6 

231 cell lines (C) IC50  against several cell lines treated by 6BrCaQ and 6BrCaQ-C10-TPP measured by MTT at 72h. 7 

GI50: the concentration that gives 50 % growth inhibition, often also referred to as IC50), TGI (the concentration that 8 

gives a total growth inhibition meaning that the number of cells at the end of the exposure is similar to that at the 9 

beginning), LC50 (the concentration that gives 50 % cell kill, meaning that at the end the number of cells is 50 % of the 10 

number of cells at the beginning), IC50: the concentration at which cell activity is inhibited by 50%. 11 

This enhanced activity is further corroborated by the results obtained with gamitrinib. The addition of the targeting 12 

moeity on 17-AAG (TPP+ and others) lowered the IC50
24. This study also showed a decrease of the mitochondrial 13 

potential upon uptake of the mitochondrial-targeted molecules, measured by TMRM. Moreover, another study showed 14 

that the gaminitrinib linked with a TPP+ moiety also induced a depolarization of the mitochondria (measured by JC-1)30. 15 

This altered mitochondrial potential can be caused by two factors: the mitochondrial-targeted moiety (TPP+) or the 16 
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HPS90 inhibition moiety (6BrCaQ). Indeed, the positively charged triphenylphosphonium can decrease by itself the 1 

mitochondrial membrane potential as shown by Lyamzaev et al. who used with a dodecyl triphenylphosphonium and a 2 

TMRM staining for detection 31. That observation is consistent with the decrease induced by TPP-C10-OH we observed 3 

at 3 and 6 h (See below, Figure 5). The inhibition of TRAP1 in itself can cause depolarization of the mitochondria. For 4 

instance, the neutral TRAP1 inhibitor (DN401) developed by Park et al., is also decreasing the mitochondrial potential 5 

(measured by JC-1) by changing the metabolism of the cells induced by the inhibition of the TRAP1 machinery18. This 6 

double effect can explain the enhanced effect of 6BrCaQ-C10-TPP compared to TPP-C10-OH. Another explanation 7 

could be the difference in membrane permeability between the two molecules affecting their intracellular 8 

concentrations.  9 

2.2.2 Antiproliferative activity 10 

With the selected best analogue 6BrCaQ-C10-TPP in hand, further anti-proliferative assays were performed on 11 

different types of cancer cells after 72 h of treatment (Figure 1C): HCT-116 (colon cancer), K562 (leukemia), MDA-12 

MB-231 (breast cancer), and PC-3 (prostate cancer). The activity of 6BrCaQ-C10-TPP was then compared to the activity 13 

of 6BrCaQ published previously14. Even if the IC50 of 6BrCaQ on MDA-MB-231 cell lines was measured by MTT 14 

whereas the one of PC-3 was measured by MTS, both after 72 h of treatment, the 6BrCaQ-C10-TPP was from 20 to 500-15 

fold more efficient than the 6BrCaQ on those cell lines. The mitochondria-targeted inhibitor was then more efficient 16 

than the non-targeted one.  17 

Further experiments were undertaken to decipher the mechanism of action of the selected 6BrCaQ-C10-TPP. All 18 

future experiments will be focused on only one cell line: the colon cancer cell line HT-29. 19 

As shown in Figure 3, the cytotoxic effect and the anti-proliferative effect of 6-BrCaQ-C10-TPP was checked in HT-29 20 

cell line. First, the metabolic activity was tested by MTT after 72 h of treatment: 6-BrCaQ-C10-TPP displayed an IC50 21 

slightly lower than 0.1 µM that is an improvementover 200-fold compared to 6-BrCaQ (Figure 3A). However, MTT, as 22 

well as other metabolic assays (MTS, ATPlite…), can be influenced when the mitochondrial metabolism of the cell is 23 

modified32. Thus, to confirm the cytotoxicity of our lead compound, alive and dead cells were counted after Trypan 24 

Blue exclusion upon 72 h of treatment. The results, shown in Figure 3B, are coherent with an anti-proliferative effect 25 

associated with few dead cells counted (no more than 10% compared to the total number of cells in control wells). The 26 

IC50 calculated in the Trypan blue experiment is slightly lower than 0.1 µM. 27 

 28 

Figure 3. Anti-Proliferative effect and cell death induced by 6BrCaQ-C10-TPP on HT29 cells. A. HT29 cells were 29 

treated by 6BrCaQ-C10-TPP or 6BrCaQ for 72 h and analyzed by MTT. The mitochondrial targeting lowered 30 

significantly the IC50 of the inhibitor. The graph is representative of 3 experiments. B. HT29 cells were treated by 31 
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6BrCaQ-C10-TPP for 72 h and alive and dead cells counted by Trypan blue exclusion. Small number of dead cells were 1 

counted, n=3.  2 

 3 

The MTT on HT-29 cells corroborates our previous results: the IC50 of 6BrCaQ is superior to 20 µM,  previously 4 

published with an IC50 of 32 µM15, and the targeting moiety to mitochondria enhanced the activity of the inhibitor with 5 

a 300-fold ratio, as in the other cell lines. To confirm the MTT assay, the Trypan blue dye exclusion counting confirmed 6 

the IC50 on HT-29 cell lines. However it shows few dead cells, so it seems that the main effect is cell proliferation 7 

inhibition over apoptosis induction. It is in agreement with studies on the silencing of TRAP133–35. They showed that the 8 

knockdown of TRAP1 in different breast and colon cancer cells induced a reduction of cell growth. Agoretta et al. and 9 

Condelli et al. showed decrease of the S-phase, and a G0-G1 phase arrest, and in G2-M phase. Whereas Palladino et al. 10 

showed a reduction of cells in G2-M phase. Nonetheless, they all lead to the inhibition of the proliferation, supporting 11 

our results. The untargeted inhibitor 6BrCaQ induced a cycle arrest in G2/M, and thus inhibiting the cell proliferation of 12 

PC-3 and MDA-MB-231 cells13. 13 

2.2.3 Targeting of the mitochondria 14 

To confirm the accumulation of 6-BrCaQ-C10-TPP into mitochondria, the variation/disruption of mitochondrial 15 

membrane potential was evaluated. Indeed, this parameter is crucial for the function of mitochondria: it drives anions 16 

outward as well as cations inward transport, ATP synthesis (proton gradient) and the quality control system. 17 

Attenuation of this potential is a sign of early apoptosis, of the opening of the membrane permeability transport pore, of 18 

a change of ATP synthesis rate, or more importantly of an accumulation of lipophilic cations, as our inhibitor36. To 19 

measure this potential, TMRE staining was used as shown in Figure 4A. According to the manufacturer’s advice, 20 

microplate-fluorescence was preferred over flow cytometry as HT-29-cells are adherent cells and can’t be scraped 21 

without altering cells, and as the staining is not compatible with trypsinization.  22 

The mitochondrial membrane potential was measured at early time points: 2, 3, or 6 h at several doses (0.1, 0.5 and 1 23 

µM) with three compounds: 6BrCaQ-C10-TPP, TPP-C10-OH, and 6BrCaQ (with an additional concentration of 5 µM) 24 

(Figure 5A). CCCP was used as a positive control of membrane potential disruption as it is an uncoupler of the 25 

mitochondrial OXPHOS (50 µM for 20 minutes). The fluorescence diminishes when the potential of mitochondrial 26 

membrane is altered. First, upon treatment with 6-BrCaQ-C10-TPP, the fluorescence is decreased up to 68% of the 27 

initial value (untreated condition) in a time and a dose-dependent effect.. The cell viability at the same time and 28 

concentration points was checked by MTT without any cell mortality (Data not shown). TPP-C10-OH (the 29 

mitochondrial targeting moiety alone) at the same concentration and time point induced also a decrease up to 35% of 30 

the initial value (untreated condtion), in a time- and a dose-dependent manner. The magnitude of the decrease is smaller 31 

than for the complete molecule. In conclusion, 6-BrCaQ-C10-TPP induces a disruption of the mitochondrial potential 32 

compatible with the expected mechanism of action. The results are consistent with both molecules accumulated in 33 

mitochondria.  34 

The HSP90 inhibitor without mitochondrial targeting moiety (6-BrCaQ) had a lower impact on the mitochondrial 35 

membrane potential, even at higher doses: according to the concentration and the time, it induced either a decrease up to 36 

30% or an increase up to 35% of the potential. As the unconjugated molecule 6-BrCaQ induced an increase in 37 

mitochondrial membrane potential, it can be explained by higher ATP levels that can increase mitochondrial membrane 38 

potential: this can be caused either by activation of ATP synthase or by inhibition of ATPase37. Yet, HSP90 has an 39 
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ATPase activity, which is allosterically decreased by C-terminal inhibitors38. Then, the decrease of potential induced by 1 

higher doses can be explained either by induction of apoptosis, or by the inhibition of TRAP1. Indeed, the inhibitor is 2 

not specific to one member of the family, at higher concentrations it can inhibit TRAP1 as well, and thus causes the 3 

decrease of membrane mitochondrial potential. Such an increase, according to Song, could be caused by mPTP 4 

closure39. Papathanassiu showed that F1-F0 ATP synthase acted like a co-chaperone of HSP9040,41. It has been shown 5 

that HSP90 inhibition induced an increased level of the OSCP subunit of F0F1 ATP synthase and a protein accumulation 6 

into the mitochondrial matrix.42  7 

In another part of this study, we also envisaged using a fluorescent mitochondria-targeting moiety to localize the drug 8 

conjugate by confocal microscopy. Pyridinium vinyltriphenylamines (TP-Py) (Scheme 2A, right) have been described 9 

as mitochondrial stainers43. Conjugation of these fluorophores to photosensitizers has already demonstrated that TP-Py 10 

can act as cargo for mitochondria44. Inspired by this study, 6BrCaQ-C10-TP-2Py (Scheme 2A) was designed as a cargo 11 

for visualizing its accumulation inside mitochondria and we applied the synthetic pathway already described for 12 

6BrCaQ-C10-TPP starting with compound 2a to synthesize the final cargo. We first prepared phenol 7 by Horner-13 

Wadsworth-Emmons reaction on already described dialdehyde 6. After a nucleophilic substitution of 2a with derivative 14 

7, methylation of both pyridines led to the conjugate pyridinium salt 6BrCaQ-C10-TP-2Py in good yield. The 15 

photophysical properties (λmax/λem and εmax) of the 6BrCaQ-C10-TP-2Py conjugate were measured and showed to be 16 

similar to the reference TP-2Py (Scheme 2B), allowing thus the visualization of the compound by fluorescence 17 

microscopy.  18 

Scheme 2. Synthesis of compound 6BrCaQ-C10-TP-2Py and structure of the parent compound TP-2Py and their 19 

photophysical properties 20 

21 

 Then, the fluorescent 6BrCaQ-C10-TP-2Py was visualized by confocal microscopy in living A549 cells (Figure 4), 22 

However no localization in mitochondria was observed. Indeed, colocalization experiments with MitoDeepRed showed 23 

no overlap between the two dyes. It seems that 6BrCaQ-C10-TP-2Py is retained in vesicles preventing its accumulation 24 

in mitochondria. We can conclude that in this study, TP-2Py did not act as a cargo when is conjugated to a 6BrCaQ 25 

inhibitor. This is in accordance with cytotoxicity studies performed on HCT-116; the conjugate is not cytotoxic at 1 µM 26 

(95% viability) whereas 6BrCaQ-C10-TPP is cytotoxic under the same conditions (11% viability at 1 µM). 27 
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 1 

Figure 4. Co-localization experiments with 6BrCaQ-C10-TP-2Py. A549 cells were first incubated with 6BrCaQ-C10-2 

TP-2Py at 2 µM for 4 h (λexc 488 nm; λem = 500-650 nm), then incubated with MitoTracker®DeepRed (100 nM, 45 min, 3 

λexc 633 nm; λem = 650-800 nm). Confocal images of A) 6BrCaQ-C10-TP-2Py, B) MitoTracker®DeepRed and C) 4 

merge. 5 

2.2.4 Targeting of TRAP1 machinery 6 

As the 6BrCaQ is targeting the HSP90 machinery, the addition of C10-TPP moiety is supposed to let the 6BrCaQ-C10-7 

TPP enter the mitochondria and interact with TRAP1. The best way to confirm this interaction is to use Thermal Shift 8 

Assay (TSA), Isothermal Titration Calorimetry (ITC) or surface plasmon resonance (SPR) for example. We performed 9 

some preliminary experiments with Thermal Shift Assay (see Supporting Information, p16) but we observed an self-10 

assembly of the 6BrCaQ-C10-TPP in aqueous solution not compatible with the study of the interaction (supplementary 11 

data). Until now, we are not able to provide an direct prof of the interaction between TRAP1 and 6BrCaQ-C10-TPP. 12 

Then we focused our work on providing the indirect proof of the effect of our molecule on TRAP1 activity. 13 

To have a better understanding of the target of 6BrCaQ-C10-TPP, western blots were performed (Figure 5 B→E). First, 14 

two well-known partners of TRAP1 were probed, two subunits of succinate dehydrogenase, SDHA and SDHB (Figure 15 

5B and C). They are part of the complex II of mitochondrial respiration and thus their regulation has an important effect 16 

on mitochondria metabolism. By using our lead compound, the expression of these two TRAP1 client proteins was 17 

found to be decreased in a dose-dependent manner after treatment with 0.1, 0.5, and 1 µM of 6BrCaQ-C10-TPP for 24 h.  18 
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 1 

Figure 5. Targeting of mitochondria and TRAP1 machinery. A. Decrease of the mitochondrial potential measured by 2 

TMRE staining, upon treatment of HT29 cells with 6BrCaQ-C10-TPP for 2 (or 3) and 6 hours. Cells were also treated 3 

20 minutes by 50 µM CCCP as a positive control of the depolarization. This graphs is representative of 3 experiments. 4 

B and C. HT29 cells were treated by 6BrCaQ-C10-TPP for 24 h and then analyzed by western blotting (and 5 

densitometry) for TRAP1 protein partners, SDHA and B. D and E. HT29 cells are treated by 6BrCaQ-C10-TPP for 24 h 6 

and then analyzed by western bloting for Heat shock proteins (HSP90, HSP70, HSP27) and HSF-1. F, Densitometry 7 

analysis of D and E panels. All the western blots were duplicated. 8 

 9 

It’s well known that TRAP1 controls SDH activity45–47. However, Chae et al., have shown that SDH-B was degraded by 10 

TRAP inhibition by Gamitrinib or TRAP1 silencing48. Indeed, even if TRAP1 inhibits SDH, it also stabilizes the sub-11 

unit B. They also showed that Gamitrinib and silencing of TRAP1 induced a decrease in the activity of the succinate 12 

dehydrogenase, probably due to its degradation. This is consistent with the decrease of SDH-A/B levels showed by 13 

western blot (Figure 5B, C).  14 

The expression of several heat-shock proteins involved in the stress response and in the HSP90 machinery were 15 

evaluated as well: HSP27, HSP70 and HSP90 (Figure 5D and E). In addition, the expression of the transcription factor 16 

HSF1 was also checked in order to check the potential induction of the Heat Shock Response as it is observed for 17 
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HSP90 N-terminal inhibitors that induce a Heat-shock-response by releasing a transcription factor (HSF1) of the genes 1 

of HSP27, HSP70 and HSP90. This increase in transcription leads to opposition to apoptosis and, thus, to resistance to 2 

treatment7. McAlpine and Wang showed that C-terminal inhibitors don’t have the same phenotype has N-terminal ones 3 

and do not induce heat-shock response12. In our work, this is important to check that the levels of these genes are not 4 

increasing. Then, we showed by western blot that 6BrCaQ-C10-TPP stabilizes or decreases the levels of HSP27 and 5 

HSP70 without triggering the HSR. In fact, HSF1 is not induced but is degraded for 0.5 µM of treatment as shown in 6 

the Figure 5D. This result was already observed with 6BrCaQ in PC-3 cell lines as we reported previously: liposomal 6-7 

BrCaQ stabilized levels of HSP70 and decreased level of HSP9016. However, in MDA cell line, it decreased HSP90 and 8 

HSP70 proteins levels, nonetheless gene expression of HSP70 and HSP90 were stable, whereas HSP27 gene expression 9 

levels were reduced13. Their transcription factor, HSF1, was also analyzed, and showed a slight decrease upon 10 

treatment. TRAP1 expression was not modified by the treatment (data not shown). These results confirm that 6BrCaQ-11 

C10-TPP induces inhibition of TRAP1 without inducing the heat-shock response. This is consistent also with Gaminitrib 12 

results: even if the N-terminal inhibitor 17-AAG induced an increase in HSP70 protein level, some of the Gamitrinibs, 13 

included the one linked to a TPP+ moiety, stabilized or decreased HSP70 levels49. The specific TRAP1 inhibitor without 14 

mitochondrial vehicle DN401 also induced a decrease in HSP70 protein levels18.  15 

3. Conclusions 16 

In summary, we designed and synthesized a series of substituted 6BrCaQ-TPP conjugates 3a-f and 5 bearing variable 17 

linker lengths in the aim to target selectively the TRAP1 machinery. Form this SAR study, 6BrCaQ-C10-TPP (3a) was 18 

found to be the strongest analogue displaying the anti-proliferative activity with mean GI50 values at a nanomolar level 19 

in a diverse set of human cancer cells (GI50 = 0.008-0.30 µM) including MDA-MB-231, HT-29, HCT116, K562 and 20 

PC-3 cancer cell lines. This study showed that the lead compound 6BrCaQ-C10-TPP exhibited radically different 21 

properties profile from  the parent compound 6BrCaQ by inducing a significant mitochondrial membrane disruption. In 22 

addition, 6BrCaQ-C10-TPP is able to interfere with TRAP1 function and to inhibit proliferation of colon carcinoma cells 23 

without inducing the heat-shock response HSF1. 24 

4. Experimental 25 

4.1. Chemistry. 26 

4.1.a. General considerations 27 

The compounds were all identified by usual physical methods, i.e. 1H-NMR, 13C-NMR, IR, MS. 1H and 13C NMR 28 

spectra were measured in CDCl3 with a Bruker Avance 300 or Bruker Avance 400. 1H chemical shifts are reported in 29 

ppm from an internal standard TMS or of residual chloroform (7.27 ppm). The following abbreviations are used: m 30 

(multiplet), s (singlet), d (doublet), br s (broad singlet), t (triplet), dd (doublet of doublet), td (triplet of doublet). 13C 31 

chemical shifts are reported in ppm from the central peak of CDCl3 (77.14). IR spectra were measured on a Bruker 32 

Vector 22 spectrophotometer (neat, cm-1). Elemental analyses were performed with a Perkin-Elmer 240 analyzer. Mass 33 

spectra were obtained with a LCT Micromass spectrometer. Analytical TLC was performed on Merck precoated silica 34 

gel 60F plates. Merck silica gel 60 (230-400 mesh) was used for column chromatography. Visualization was achieved 35 

with UV light and phosphomolybdic acid reagent unless otherwise stated. Monosodium novobiocin salt was purchased 36 

from Sigma-Aldrich; all other reagents were of high grade and were used without further purification. 37 

 38 

4.1.b. Procedure for the synthesis of N-(6-bromo-1-methyl-2-oxo-1,2-dihydroquinolin-3-yl)-4-hydroxybenzamide 1a 39 
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A flame-dried resealable tube was charged with Pd(OAc)2 (10 mol%, 14.7 mg), Xantphos (20 mol%, 76 mg), 1 

dibromoquinolinone (0.66 mmol, 210 mg), 4-hydroxybenzamide (1.01 equiv, 0.66 mmol, 92 mg) and Cs2CO3 (2 2 

equiv, 1.32 mmol, 428 mg). The tube was capped with a rubber septum, evacuated and backfilled with argon; this 3 

evacuation/ backfill sequence was repeated one additional time. The 1,4-dioxane (13 mL) was added through the 4 

septum. The Schlenk tube was sealed, and the mixture was stirred at 130 °C for 1 h 30. At the end of the reaction, 5 

the color of the mixture changed from bright yellow to orange. The resulting suspension was cooled to room 6 

temperature and filtered through a pad of Celite eluting with DCM/MeOH (8:2), and the inorganic salts were 7 

removed. The product was obtained as a beige powder. 8 

Yield: 91%; m.p.: 222-224 °C; TLC: Rf = 0.43 (Cyclohexane/EtOAc: 5/5); IR (neat): 3401, 3300, 3214, 3100, 2401, 9 

2312, 2199, 2176, 2095, 1672, 1542, 1449, 1215, 1211, 1033 cm-1; 1H NMR (300 MHz, DMSO) δ 10.30 (s, 1H), 9.37 10 

(s, 1H), 8.69 (s, 1H), 8.04 (d, J = 2.0 Hz, 1H), 7.82 (d, J = 8.6 Hz, 2H), 7.68 (dd, J = 8.9, 2.0 Hz, 1H), 7.53 (d, J = 9.0 11 

Hz, 1H), 6.92 (d, J = 8.6 Hz, 2H), 3.75 (s, 3H); 13C NMR (75 MHz, DMSO) δ 164.6 (C), 161.4 (C), 157.2 (C), 134.5 12 

(C), 130.9 (CH), 129.9 (CH), 129.3 (2CH), 128.5 (C), 124.0 (C), 122.3 (C), 118.4 (CH), 117.0 (CH), 115.6 (2CH), 13 

115.0 (C), 30.4 (Me). HR-MS (ESI positive, m/z): found  373.0191 ([M+H]+), caldc. for C17H14N2O3Br (M+H): 14 

373.0182. 15 

4.1.c. Procedure for the synthesis of N-(6-bromo-1-methyl-2-oxo-1,2-dihydroquinolin-3-yl)-4-((10-16 

bromodecyl)oxy)benzamide 2a 17 

To a solution of 6BrCaOH 1a (140 mg, 0.38 mmol) in anhydrous acetone (12.5 mL), K2CO3 (415 mg, 3 mmol, 8 equiv) 18 

and 1,10-dibromodecane (8 equiv, 3 mmol, 900 mg) were added. The mixture was stirred under reflux (60 oC) 19 

overnight. Then K2CO3 was removed by filtration, and the sovent was evaporated under vacuum. The crude products 20 

were purified by flash chromatography on silica gel using eluent 10 to 30 % EtOAc/ Cyclohexane.  21 

The product 2a was obtained as white powder, yield 76% (205 mg); m.p.: 111-112 °C; TLC: Rf = 0.36 22 

(Cyclohexane/EtOAc: 7/3); IR (neat): 1766, 1675, 1604, 1504, 1471, 1243, 1175, 1053 cm-1; 1H NMR (300 MHz, 23 

CDCl3) δ 9.31 (s, 1H), 8.78 (s, 1H), 7.90 (d, J = 8.7 Hz, 2H), 7.75 (d, J = 2.0 Hz, 1H), 7.55 (dd, J = 8.9, 2 Hz, 1H), 7.23 24 

(d, J = 8.9 Hz, 1H), 6.97 (d, J = 8.7 Hz, 2H), 4.02 (t, J = 6.5 Hz, 2H), 3.81 (s, 3H), 3.41 (t, J = 6.8 Hz, 2H), 1.94 – 1.70 25 

(m, 4H), 1.48 – 1.20 (m, 12H); 13C NMR (75 MHz, CDCl3) δ 165.6 (C), 162.6 (C), 158.1 (C), 134.5 (C), 131.3 (CH), 26 

130.7 (CH), 129.3 (2CH), 129.0 (C), 126.1 (C), 123.1 (C), 118.7 (CH), 116.2 (C), 115.7 (CH), 114.7 (2CH), 68.4 27 

(CH2), 34.2 (CH2), 32.9 (CH2), 30.6 (CH3), 29.6 (CH2), 29.5 (CH2), 29.4 (CH2), 29.2 (CH2), 28.9 (CH2), 28.3 (CH2), 28 

26.1 (CH2). HR-MS (ESI positive, m/z): found  373.0191 ([M+H]+), caldc. for C17H14N2O3Br (M+H): 373.0182. 29 

4.1.d. Procedure for the synthesis of (10-(4-((6-bromo-1-methyl-2-oxo-1,2-dihydroquinolin-3-30 

yl)carbamoyl)phenoxy)decyl)triphenylphosphonium 3a 31 

A mixture of bromined product 2a (70 mg, 0.27 mmol) and PPh3 (350 mg, 1.33 mmol, 5 equiv) in 5 ml anhydrous 32 

acetonitrile was stirred at 100 oC for two days. Evaporation of the solvent. The crude product were purified by flash 33 

chromatography with eluent MeOH/DCM 0 to 5% to afford the product 3a as white powder, yield: 50% (0.13 mmol, 34 

110 mg); m.p.: 127-129 °C; TLC: Rf = 0.29 (EtOAc/MeOH: 8/2); IR (neat): 1639, 1605, 1527, 1504, 1486, 1260, 1176, 35 

909 cm-1; 1H NMR (300 MHz, MeOD) δ 8.57 (s, 1H), 7.95 – 7.86 (m, 4H), 7.85 – 7.71 (m, 13H), 7.68 (d, J = 2.1 Hz, 36 

1H), 7.56 (dd, J = 9.1, 2.1 Hz, 1H), 7.39 (d, J = 9.1 Hz, 1H), 6.97 (d, J = 8.8 Hz, 2H), 4.01 (t, J = 6.4 Hz, 2H), 3.76 (s, 37 

3H), 3.41 (ddd, J = 13.6, 9.1, 6.8 Hz, 2H), 1.84 – 1.73 (m, 2H), 1.72 – 1.62 (m, 2H), 1.61 – 1.52 (m, 2H), 1.51 – 1.43 38 

(m, 2H), 1.41 – 1.22 (m, 8H); 13C NMR (50 MHz, MeOH) δ 166.4 (C), 163.8 (C), 158.7 (C), 136.2 (3CH), 136.2 (C), 39 
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135.6 (CH), 134.9 (3CH), 134.7 (3CH), 132.3 (3CH), 131.6 (3CH), 131.4 (CH), 131.1 (2CH), 130.1 (3CH), 129.6 (C), 1 

126.5 (C), 123.7 (C), 120.8 (C), 119.7 (CH), 119.1 (C), 117.5 (CH), 116.9 (C), 115.5 (2CH), 69.3 (CH2), 31.7 (CH2), 2 

31.4 (CH2), 31.1 (CH2), 30.4 (CH3), 30.3 (CH2), 29.9 (CH2), 27.0 (CH2), 23.6 (CH2), 23.2 (CH2), 22.2 (CH2); 31P NMR 3 

(81 MHz, MeOH) δ 74.49. HR-MS (ESI positive, m/z): found 773.2512 ([M+Na]+), caldc. for C40H50N2O5BrPNa 4 

(M+Na): 773.2581. 5 

4.1.e. Procedure for the synthesis of (3-(4-((6-bromo-1-methyl-2-oxo-1,2-dihydroquinolin-3-6 

yl)carbamoyl)phenoxy)propyl)triphenylphosphonium 3b 7 

A flame-dried resealable tube was charged with 6BrCaQ-OH 1a (37 mg), (3-bromoepropyl)triphenylphosphonium 8 

(1.2 equiv, 46 mg), K2CO3 (8 equiv, 108 mg). The tube was capped with a rubber septum, evacuated and 9 

backfilled with argon; this evacuation/ backfill sequence was repeated one additional time. The DMF (3.7 mL) 10 

was added through the septum. The Schlenk tube was sealed, and the mixture was stirred at 60 °C for 2h. The 11 

solvent was evaporated under vacuum (toluene azeotrope evaporation can be used to help remove traces of DMF). 12 

A purification by flash chromatography was conducted to obtain the desired product (DCM / MeOH). Due to the 13 

carbon-phosphorus coupling in 13C-NMR more peaks are observed in 13C-NMR. 14 

The product 3b was obtained as a whitish solid. Yield : 56%; TLC : Rf IF  1H NMR (300 MHz, MeOD) δ 8.73 (s, 15 

1H), 8.46 (s, 1H), 7.99 – 7.73 (m, 18H), 7.66 (dd, J = 9.0, 1.8 Hz, 1H), 7.50 (d, J = 9.1 Hz, 1H), 7.09 (d, J = 8.7 16 

Hz, 2H), 4.26 (t, J = 5.4 Hz, 2H), 3.84 (s, 3H), 3.71 – 3.58 (m, 2H), 2.31 – 2.14 (m, J = 22.1 Hz, 2H). 13C NMR 17 

(75 MHz, MeOD) δ = 167.12 (C), 163.2 (C), 159.3 (C), 136. 4 (3CH), 136.4 (3CH), 136.1 (C), 134.9 (6CH), 18 

134.8 (6CH), 132.7 (CH), 131.7 (6CH), 131.5 (6CH), 130.4 (2CH), 129.9 (C), 127.8 (C), 124.0 (C), 1207 (CH), 19 

120.3 (C), 119.1 (C), 117.6 (CH), 117.1 (C), 115.8 (2CH), 68.2 (CH2), 31.0 (CH3), 29.6 (CH2), 23.7 (CH2), 19.7 20 

(CH2). HR-MS (ESI positive, m/z): found  675.1417 ([M]+), caldc. for C38H33N2O3PBr (M+): 675.1412. 21 

4.1.f. Procedure for the synthesis of (5-(4-((6-bromo-1-methyl-2-oxo-1,2-dihydroquinolin-3-22 

yl)carbamoyl)phenoxy)pentyl)triphenylphosphonium 3c 23 

A flame-dried resealable tube was charged with 6BrCaQ-OH 1a (37 mg), (4-bromobutyl)triphenylphosphonium (1.2 24 

equiv, 48 mg), K2CO3 (8 equiv, 108 mg). The tube was capped with a rubber septum, evacuated and backfilled with 25 

argon; this evacuation/ backfill sequence was repeated one additional time. The DMF (3.7 mL) was added through the 26 

septum. The Schlenk tube was sealed, and the mixture was stirred at 60 °C for 2h. The solvent was evaporated under 27 

vacuum (toluene azeotrope evaporation can be used to help remove traces of DMF). A purification by flash 28 

chromatography was conducted to obtain the desired product (DCM / MeOH). Due to the carbon-phosphorus coupling 29 

in 13C-NMR more peaks are observed in 13C-NMR. 30 

The product 3c was obtained as a whitish solid. Yield : 46%; 1H NMR (300 MHz, MeOD) δ 8.64 (s, 1H), 7.96 – 7.73 31 

(m, 19H), 7.60 (dd, J = 9.0, 1.7 Hz, 1H), 7.44 (d, J = 9.0 Hz, 1H), 6.99 (d, J = 8.7 Hz, 2H), 4.15 (t, J = 5.8 Hz, 2H), 32 

3.79 (s, 3H), 3.60 – 3.49 (m, 2H), 2.10 (dd, J = 12.9, 6.6 Hz, 2H), 1.97 – 1.87 (m, 2H). 13C NMR (75 MHz, MeOD) δ = 33 

167.0 (C), 163.6 (C), 159.1 (C), 136.3 (3CH), 136.0 (C), 134. 9 (6CH), 134.8 (6CH), 132.6 (CH), 131.7 (6CH), 131.5 34 

(6CH), 131.4 (CH), 130.3 (2HC), 129. 8 (C), 127.3 (C), 123.9 (C), 120.4 (C), 119.3 (C), 117.6 (CH), 117.1 (C), 115.7 35 

(2CH), 67.8 (CH2), 31.0 (CH2), 30.8 (CH2), 30.6 (CH3), 22.7 (CH2), 22.0 (CH2), 20.3 (CH2), 20.3 (CH2). HR-MS (ESI 36 

positive, m/z): found 689.1569 ([M]+), caldc. for C39H35N2O3PBr (M+): 689.1569. 37 

 38 
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4.1.g. Procedure for the synthesis of (5-(4-((6-bromo-1-methyl-2-oxo-1,2-dihydroquinolin-3-1 

yl)carbamoyl)phenoxy)pentyl)triphenylphosphonium 3d 2 

A flame-dried resealable tube was charged with 6BrCaQ-OH (34 mg), (5-bromopentyl)triphenylphosphonium (1.2 3 

equiv, 53.2 mg), K2CO3 (8 equiv, 100 mg). The tube was capped with a rubber septum, evacuated and backfilled with 4 

argon; this evacuation/ backfill sequence was repeated one additional time. The DMF (3.4 mL) was added through the 5 

septum. The Schlenk tube was sealed, and the mixture was stirred at 60 °C for 2h. The solvent was evaporated under 6 

vacuum (toluene azeotrope evaporation can be used to help remove traces of DMF). A purification by flash 7 

chromatography was conducted to obtain the desired product (DCM / MeOH).  Due to the carbon-phosphorus coupling 8 

in 13C-NMR more peaks are observed in 13C-NMR. 9 

The product 3d was obtained as a whitish solid. Yield : 55%;.The structure was confirmed by 1H NMR. 13C NMR (75 10 

MHz, MeOD) δ = 167.0 (C), 163.8 (C), 159.1 (C), 136.3 (3CH), 136.3 (3CH), 136.0 (C), 134.9 (6CH), 134.8 (6CH), 11 

132.6 (CH), 131.6 (6CH), 131.5 (6CH), 130.3 (2CH), 129.8 (C), 127.1 (C), 123.9 (C), 120.5 (C), 120.4 (CH), 119.4 12 

(C), 117.6 (CH), 117.1 (C), 115.6 (2CH), 69.0 (CH2), 33.0 (CH2), 31.0 (CH3), 29.3 (CH2), 28.5 (CH2), 28.3 (CH2), 23.7 13 

(CH2), 23.4 (CH2), 23.3 (CH2), 23.1 (CH2), 22.4 (CH2). HR-MS (ESI positive, m/z): found  703.1725 ([M]+), caldc. for 14 

C40H37N2O3PBr (M+): 703.1725. 15 

 16 

4.1.h. Procedure for the synthesis of (7-(4-((6-bromo-1-methyl-2-oxo-1,2-dihydroquinolin-3-17 

yl)carbamoyl)phenoxy)heptyl)triphenylphosphonium 3e 18 

A flame-dried resealable tube was charged with 6BrCaQ-OH 1a (37 mg), (7-bromoheptyl)triphenylphosphonium (1.2 19 

equiv, 53 mg), K2CO3 (8 equiv, 108 mg). The tube was capped with a rubber septum, evacuated and backfilled with 20 

argon; this evacuation/ backfill sequence was repeated one additional time. The DMF (3.7 mL) was added through the 21 

septum. The Schlenk tube was sealed, and the mixture was stirred at 60 °C for 2h. The solvent was evaporated under 22 

vacuum (toluene azeotrope evaporation can be used to help remove traces of DMF). A purification by flash 23 

chromatography was conducted to obtain the desired product (DCM / MeOH). Due to the carbon-phosphorus coupling 24 

in 13C-NMR more peaks are observed in 13C-NMR. 25 

The product 3e was obtained as a whitish solid. Yield : 45%; 1H NMR (300 MHz, MeOD) δ 8.64 (s, 1H), 7.92 – 7.75 26 

(m, 19H), 7.60 (dd, J = 9.0, 2.2 Hz, 1H), 7.44 (d, J = 9.1 Hz, 1H), 6.98 (d, J = 8.9 Hz, 2H), 4.03 (t, J = 6.3 Hz, 2H), 27 

3.81 (s, 3H), 3.46 – 3.38 (m, 2H), 1.81 – 1.57 (m, 6H), 1.46 (d, J = 3.0 Hz, 4H). 13C NMR (75 MHz, MeOD) δ = 167.0 28 

(C), 164.0 (C), 159.1 (C), 136.3 (3CH), 136.0 (C), 134.9 (6CH), 134.7 (6CH), 132.6 (CH), 131.6 (6CH), 131. 5 (6CH), 29 

130.3 (2CH), 129.8 (C), 126.9 (C), 123.9 (C), 120.6 (C), 120.3 (CH), 119.4 (C), 117.6 (CH), 117.1 (C), 115.6 (2CH), 30 

69.2 (CH2), 33.5 (CH2), 31.6 (CH2), 31.4 (CH2), 31.0 (CH2), 30.0 (CH2), 29.5 (CH3), 27.5 (CH2), 26.7 (CH2), 23.5 31 

(CH2), 23.4 (CH2), 23.0 (CH2), 22.4 (CH2). HR-MS (ESI positive, m/z): found  731.2040 ([M]+), caldc. for 32 

C42H41N2O3PBr (M+H): 731.2038. 33 

4.1.i. Procedure for the synthesis of (10-(4-((6-bromo-1-methyl-2-oxo-1,2-dihydroquinolin-3-34 

yl)carbamoyl)phenoxy)decyl)triphenylphosphonium 3a  35 

A flame-dried resealable tube was charged with 6BrCaQ-OH 1a (300 mg), (10-bromodecyl)triphenylphosphonium (2 36 

equiv, 540 mg), K2CO3 (4 equiv, 420 mg). The tube was capped with a rubber septum, evacuated and backfilled with 37 

argon; this evacuation/ backfill sequence was repeated one additional time. The DMF (15 mL) was added through the 38 
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septum. The Schlenk tube was sealed, and the mixture was stirred at 60 °C for 2h. The solvent was evaporated under 1 

vacuum (toluene azeotrope evaporation can be used to help remove traces of DMF). A purification by flash 2 

chromatography was conducted to obtain the desired product (DCM / MeOH). An impurity with a very similar polarity 3 

as the desired product 3a was separated using preparative HP-LC and obtained as a whitish solid. Yield : 24%: The 4 

structure was confirmed by 1H NMR and HR-MS. 5 

4.1.j. Procedure for the synthesis of (10-(4-((1-methyl-2-oxo-1,2-dihydroquinolin-3-6 

yl)carbamoyl)phenoxy)decyl)triphenylphosphonium 5 7 

A flame-dried resealable tube was charged with CaQ-OH 1b (30 mg), (10-bromodecyl)triphenylphosphonium (2 equiv, 8 

54 mg), K2CO3 (4 equiv, 42 mg). The tube was capped with a rubber septum, evacuated and backfilled with argon; this 9 

evacuation/ backfill sequence was repeated one additional time. The DMF (1.5 mL) was added through the septum. The 10 

Schlenk tube was sealed, and the mixture was stirred at 60 °C for 2h. The solvent was evaporated under vacuum 11 

(toluene azeotrope evaporation can be used to help remove traces of DMF). Due to the carbon-phosphorus coupling in 12 

13C-NMR more peaks are observed in 13C-NMR. 13 

The product 5 was obtained as a whitish solid. 1H NMR (300 MHz, MeOD) δ 8.79 (s, 1H), 8.24 (s, 1H), 8.07 – 7.70 (m, 14 

17H), 7.67 (d, J = 7.8 Hz, 1H), 7.58 (d, J = 3.6 Hz, 2H), 7.38 – 7.30 (m, 1H), 7.05 (d, J = 8.9 Hz, 2H), 4.07 (t, J = 6.3 15 

Hz, 2H), 3.85 (s, 3H), 3.46 – 3.37 (m, J = 12.7, 10.2 Hz, 2H), 1.88 – 1.74 (m, J = 14.3, 6.5 Hz, 2H), 1.73 – 1.62 (m, J = 16 

7.6 Hz, 2H), 1.61 – 1.44 (m, J = 13.3, 5.8 Hz, 4H), 1.42 – 1.26 (m, 8H). 13C NMR (75 MHz, MeOD) δ = 165.9 (C), 17 

162.7 (C), 158.1 (C), 135.7 (C), 134.9 (3CH), 134.8 (3CH), 133.4 (6CH), 133.3 (6CH), 130.2 (6CH), 130.0 (6CH), 18 

128.8 (3CH), 128.2 (CH), 127.4 (C), 125.7 (C), 123.1 (C), 120.9 (CH), 120.8 (CH), 119.2 (C), 118.0 (C), 114.3 (2CH), 19 

114.2 (CH), 67.9 (CH2), 30.3 (CH2), 30.0 (CH2), 29.5 (CH3), 29.3 (CH2), 29.0 (CH2), 28.8 (CH2), 28.8 (CH2), 28.7 20 

(CH2), 28.4 (CH2), 25.6 (CH2), 22.1 (CH2), 22.1 (CH2), 22.0 (CH2), 22.0 (CH2), 20.9 (CH2). HR-MS (ESI positive, 21 

m/z): found  695.3399 ([M]+), caldc. for C45H48N2O3P (M+): 695.3403. 22 

4.1.k. Procedure for the synthesis of (12-(4-((6-bromo-1-methyl-2-oxo-1,2-dihydroquinolin-3-23 

yl)carbamoyl)phenoxy)decyl)triphenylphosphonium 3f 24 

A flame-dried resealable tube was charged with 6BrCaQ-OH (60 mg), (12-bromododecyl)triphenylphosphonium (1.8 25 

equiv, 180 mg), K2CO3 (4 equiv, 88.5 mg). The tube was capped with a rubber septum, evacuated and backfilled with 26 

argon; this evacuation/ backfill sequence was repeated one additional time. The DMF (3 mL) was added through the 27 

septum. The Schlenk tube was sealed, and the mixture was stirred at 60 °C for 2h. The solvent was evaporated under 28 

vacuum (toluene azeotrope evaporation can be used to help remove traces of DMF). A purification by flash 29 

chromatography (DCM / MeOH) furnished the desired product in 46% yield as a whitish solid. 1H NMR (300 MHz, 30 

MeOD) δ 8.6 (s, 1H), 8.34 (s, 1H), 7.93 – 7.66 (m, 18H), 7.59 (dd, J = 8.9 Hz, 1H), 7.42 (d, J = 9.0 Hz, 1H), 7.00 (d, J 31 

= 8.7 Hz, 2H), 4.04 (t, J = 6.4 Hz, 2H), 3.78 (s, 3H), 3.44 – 3.35 (m, 2H), 1.88 – 1.74 (m, 2H), 1.73 – 1.61 (m, J = 7.4 32 

Hz, 2H), 1.57 – 1.44 (m, 4H), 1.42 – 1.21 (m, 12H). 13C NMR (75 MHz, MeOD) δ = 165.1 (C), 162.5 (C), 157.4 (C), 33 

134.9 (3CH), 134.8 (3CH), 134.3 (C), 133.4 (6CH), 133.3 (6CH), 130.9 (CH), 130.2 (6CH), 130.0 (6CH), 129.8 (CH), 34 

128.8 (2CH), 128.23 (C), 125.21 (C), 122.35 (C), 119.13 (C), 118.40 (CH), 117.98 (C), 116.03 (CH), 115.56 (C), 35 

114.11 (2CH), 67.9 (CH2), 30.3 (CH2), 30.1 (CH2), 29.6 (CH3), 29.2 (CH2), 29.1 (CH2), 29.0 (CH2), 28.8 (CH2), 28.5 36 

(CH2), 25.6 (CH2), 22.2 (CH2), 22.1 (CH2), 21.6 (CH2), 20.9 (CH2). 37 

4.1.l. Procedure for the synthesis of (12-(4-((6-bromo-1-methyl-2-oxo-1,2-dihydroquinolin-3-38 

yl)carbamoyl)phenoxy)dodecyl)triphenylphosphonium 7 39 
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A flame-dried resealable tube was charged with 6BrCaQ-OH 1a (60 mg), (12-bromododecyl)triphenylphosphonium 1 

(1.8 equiv, 180 mg), K2CO3 (4 equiv, 88.5 mg). The tube was capped with a rubber septum, evacuated and backfilled 2 

with argon; this evacuation/ backfill sequence was repeated one additional time. The DMF (3 mL) was added through 3 

the septum. The Schlenk tube was sealed, and the mixture was stirred at 60 °C for 2 h. The solvent was evaporated 4 

under vacuum (toluene azeotrope evaporation can be used to help remove traces of DMF). A purification by flash 5 

chromatography was conducted to obtain the desired product (DCM / MeOH). Due to the carbon-phosphorus coupling 6 

in 13C-NMR more peaks are observed in 13C-NMR. The product 3f was obtained as a whitish solid. Completion of the 7 

reaction observed by TLC. NMR (300 MHz, MeOD) δ 8.61 (s, 1H), 8.34 (s, 1H), 7.93 – 7.66 (m, 18H), 7.59 (dd, J = 8 

8.9 Hz, 1H), 7.42 (d, J = 9.0 Hz, 1H), 7.00 (d, J = 8.7 Hz, 2H), 4.04 (t, J = 6.4 Hz, 2H), 3.78 (s, 3H), 3.44 – 3.35 (m, 9 

2H), 1.88 – 1.74 (m, 2H), 1.73 – 1.61 (m, J = 7.4 Hz, 2H), 1.57 – 1.44 (m, 4H), 1.42 – 1.21 (m, 12H). 13C NMR (75 10 

MHz, MeOD) δ = 165.1 (C), 162.5 (C), 157.4 (C), 134. 9 (3CH), 134.9 (3CH), 134.3 (C), 133.4 (6CH), 133.3 (6CH), 11 

131.0 (CH), 130.2 (6CH), 130.0 (6CH), 129.8 (CH), 128. 8 (2CH), 128.2 (C), 125.2 (C), 122.4 (C), 119.1 (C), 118.4 12 

(CH), 118.0 (C), 116.0 (CH), 115. 6 (C), 114. 1 (2CH), 68.0 (CH2), 30.4 (CH2), 30.1 (CH2), 29.7 (CH3), 29.2 (CH2), 13 

29.1 (CH2), 29.0 (CH2), 28.8 (CH2), 28.5 (CH2), 25. 7 (CH2), 22.2 (CH2), 22.1 (CH2), 21.6 (CH2), 21.0  (CH2). R-MS 14 

(ESI positive, m/z): found 801.2820 ([M]+), caldc. for C47H51N2O3PBr (M+): 801.2820. 15 

4.1.m. Procedure for the synthesis of 4-(bis(4-((E)-2-(pyridin-4-yl)vinyl)phenyl)amino)phenol 7 16 

In dry THF, diethyl [(pyridin-4-yl)methyl]phosphonate (2.2 eq., 0.69 mmol, 158.9 mg, 0.14 mL) and NaH (4 eq., 60% 17 

in mineral oil, 1.26 mmol, 50.4 mg) were mixed. After 15 minutes stirring, aldehyde 6 (1 eq., 0.32 mmol, 100 mg,) was 18 

added to the solution and the resulting mixture was stirred at room temperature overnight. Water (50 mL) was added to 19 

the residue and the aqueous phase obtained was extracted twice with DCM. The organic phase was washed twice with 20 

brine, dried over MgSO4 and evaporated. The crude products were purified by flash chromatography on silica gel using 21 

eluent 100 to 90 % DCM/ EtOH. 22 

The product 7 was obtained as a white powder, yield 76% (205 mg). m.p. >220°C. TLC: Rf = 0.46 (DCM/EtOH: 95/5) 
23 

1H NMR (300 MHz, DMSO) δ 9.55 (s, 1H), 8.51 (d, J = 6.0 Hz, 4H), 7.62 – 7.37 (m, 10H), 7.08 (d, J = 16.5 Hz, 2H), 24 

7.01 - 6.96 (m, 6H), 6.81 (d, J = 9.0 Hz, 2H). 13C NMR (75 MHz, DMSO) δ 155.2 (C), 150.0(CH), 147.6 (C), 144.6 25 

(C), 137.3 (C), 132.6 (CH), 129.7 (C), 128.4 (CH), 128.3 (CH), 123.8 (CH), 121.9 (CH), 120.6 (CH), 116.6 (CH). MS 26 

(ESI+): m/z 468.4 [M+H] 27 

4.1.n. Procedure for the synthesis of 4-((10-(4-(bis(4-((E)-2-(pyridin-4-yl)vinyl)phenyl)amino)phenoxy)decyl)oxy)-N-(6-28 

bromo-1-methyl-2-oxo-1,2-dihydroquinolin-3-yl)benzamide 8 29 

To a solution of compound 7 (1 equiv, 0.05 mmol, 24 mg) in anhydrous DMF (12.5 mL) was added Cs2CO3 (5 equiv, 30 

0.25 mmol, 82 mg). After stirring 15 min, bromined product 2a (1 equiv, 0.05 mmol, 30 mg) was added and the mixture 31 

was stirred overnight at room temperature. The reaction mixture was then concentrated under reduced pressure. 10 mL 32 

of water were added to the residue and the aqueous phase obtained was extracted twice with DCM. The organic phase 33 

was washed twice with brine, dried over MgSO4 and evaporated. The crude products were purified by flash 34 

chromatography on silica gel using eluent 20 to 60 % EtOAc/ Cyclohexane.  35 

The product 8 was obtained as a red powder, yield 82% (41 mg). m.p.: 111-112 °C. TLC: Rf = 0.64 (DCM/EtOH: 95/5) 
36 

1H NMR (300 MHz, CDCl3) δ 9.30 (s, 1H), 8.77 (s, 1H), 8.54 (s, 4H), 7.90 (d, J = 8.5 Hz, 2H), 7.74 (d, J = 2.0 Hz, 1H), 37 

7.55 (dd, J = 9.0, 2.0 Hz, 1H), 7.39 (d, J = 8.5 Hz, 4H), 7.33 (d, J = 4.0 Hz, 4H), 7.23 – 7.21 (m, 3H), 7.10 – 7.04 (m, 38 

8H), 6.97 (d, J = 8.5 Hz, 2H), 6.90 (d, J = 3.0 Hz, 2H), 6.85 (d, J = 4.0 Hz, 2H), 4.02 (t, J = 6.5 Hz, 2H), 3.96 (t, J = 6.5 39 
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Hz, 2H), 3.79 (s, 3H), 1.84 – 1.78 (m, 4H), 1.56 – 1.31 (m, 12H).13C NMR (75 MHz, CDCl3) δ 165.5 (C), 162.6 (C), 1 

158.1 (C), 156.7 (C), 150.2 (CH), 148.2 (C), 145.1 (C), 139.5 (C), 134.5 (C), 132.8 (CH), 131.3 (CH), 130.7 (CH), 2 

130.1 (C), 129.3 (CH), 129.0 (C), 128.1 (CH), 128.0 (CH), 126.1 (C), 124.1 (CH), 123.1 (C), 122.8 (CH), 120.8 (CH), 3 

118.7 (CH), 116.2 (C), 115.7 (CH), 114.7 (CH), 68.4 (CH2), 30.6 (CH3), 29.8 (CH2), 29.6 (CH2), 29.5 (CH2), 29.2 4 

(CH2), 26.2 (CH2), 26.1 (CH2). MS (ESI+): m/z 980.9 [M+H] 5 

4.1.o. Procedure for the synthesis of 4,4'-((1E,1'E)-(((4-((10-(4-((6-bromo-1-methyl-2-oxo-1,2-dihydroquinolin-3-6 

yl)carbamoyl)phenoxy)decyl)oxy)phenyl)azanediyl)bis(4,1-phenylene))bis(ethene-2,1-diyl))bis(1-methylpyridin-1-ium) 7 

6BrCaQ-C10-TP-2Py 8 

A large excess of methyl iodide (1 mL) was added to a solution of compound 8 (38 mg, 0.04mmol) in MeOH/DCM 9 

(1/1-4mL). The solution was stirred at 40°C overnight. The desired compound was then precipitated in Et2O to afford 10 

compound 6BrCaQ-C10-TP2Py as a red solid (28 mg, 57 %). m.p.: 189-189 °C.  1H NMR (300 MHz, DMSO) δ 9.39 11 

(s, 1H), 8.80 (d, J = 6.5 Hz, 4H), 8.66 (s, 1H), 8.15 (d, J = 6.5 Hz, 4H), 7.99 (d, J = 5.0 Hz, 2H), 7.95 – 7.82 (m, 3H), 12 

7.66 (d, J = 8.5 Hz, 5H), 7.51 (d, J = 9.0 Hz, 1H), 7.34 (d, J = 16.0 Hz, 2H), 7.19 – 6.94 (m, 10H), 4.23 (s, 6H), 4.05 (t, 13 

J = 6.0 Hz, 2H), 3.97 (t, J = 6.0 Hz, 2H), 3.73 (s, 3H), 1.82 - 1.66 (m, 5H), 1.51 - 1.27 (m, 12H). 13C NMR (75 MHz, 14 

DMSO) δ 164.4 (C), 161.9 (C), 157.1 (C), 156.7 (C), 152.7 (Cq), 148.5 (Cq), 144.8 (CH), 140.2 (CH), 138.0(C), 134.5 15 

(C), 131.0 (CH), 129.9 (CH), 129.6 (CH), 129.1 (CH), 129.1 (C), 128.4 (CH), 128.4 (C), 125.4 (C), 123.0 (CH), 122.2 16 

(Cq), 122.1 (CH), 121.0 (CH), 118.7 (CH), 117.0 (CH), 115.9 (CH), 115.0 (C), 114.6 (CH), 67.8 (CH2), 67.7 (CH2), 17 

46.7 (CH3), 30.4 (CH3), 28.8 (CH2), 28.6 (CH2), 28.5 (CH2), 25.4 (CH2), 25.4 (CH2). MS (ESI+): m/z 504.9 [M-2I-]2+ 18 

4.2 Biology  19 

4.2.a. Cell culture 20 

(ISCN cell lines) HT-29 cell line was obtained from ATCC® (HTB-38). Media and complements were purchased from 21 

Sigma-aldrich®. Cells were regularly tested for absence of Mycoplasma. HT-29 cells were cultured in McCoy (M9309) 22 

media, supplemented with 10% Fetal Bovine Serum (FBS), 2 mM L-glutamine and 10,000 units/mL of penicillin and 23 

streptomycin. All cell lines have been maintained in humidified incubator supplied with 5% CO2 at 37 °C. The cells 24 

were split twice a week with a ratio from 1:6 to 1:10. For all experiments, cells were seeding between the 2nd and the 25 

20th split, when they were in exponential growth in such a way as to controls never reached confluency.  26 

 27 

4.2.b. MTT assay 28 

Formazan powder (M5655) was purchased from Sigma-aldrich (St. Quentin Fallavier, France). Formazan powder was 29 

diluted at 5 mg/mL in water and 0.22 µm filtered. Cell viability was determined by MTT according to the 30 

manufacturer’s instructions. Briefly, 2,500 cells per well were seeded in 96-well plates, and treated 24 h later. Each 31 

culture condition was analysed in 4 replicates and the experiment was repeated at least three times. After 72 hours of 32 

treatment, 20 µL of the formazan solution were added to each well, and incubated for 2 hours. Then, for each well, the 33 

medium was removed and replaced by 200 µL of DMSO. Absorbance values (at 570 nm) were corrected by subtracting 34 

the average absorbance from blank wells containing DMSO and the products tested without cells. The absorbance 35 

recorded with non-treated cells was taken as 100% of metabolic activity corresponding to the maximum of viability. 36 

4.2.c. Trypan Blue exclusion.  37 

Trypan blue (T8154) was purchased from Sigma-aldrich (St. Quentin Fallavier, France). Cell proliferation was also 38 

determined by counting viable and dead cells by Trypan blue exclusion. Cells were seeded in 6-well plates (30,000 cells 39 

per well) and treated 24 h after. Each sample was washed by PBS, trypsinized, and then resuspended into media and 40 
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diluted with Trypan Blue in a 1:1 ratio. Cells were then counted by optical microscopy (Kova’s slide). Each culture 1 

condition was analysed 3 times. 2 

4.2.d. Western Blotting 3 

RIPA buffer (R0278), protease inhibitor cocktail (P8349) were purchased from Sigma-aldrich (St. Quentin Fallavier, 4 

France). PierceTM BCA protein assay (23227) were purchased from ThermoFisher Scientific (Life Technologies SAS, 5 

Courtabœuf, France). Laemmli buffer (1610737), β-Mercaptoethanol (1610710), 4–15% Mini-PROTEAN® TGX 6 

Stain-Free™ Protein Gels (4568084), PVDF-low fluorescence membrane (1620260), Tween-20 (1662404), Clarity 7 

Western ECL Substrate (1705060) and all buffers were purchased from Bio-Rad (Bio-Rad Laboratories, Inc, Marnes-la-8 

Coquette, France) or Euromedex. The primary antibodies are listed in Table. Secondary antibodies were purchased from 9 

Southern Biotech (Clinisciences). 10 

Target Clone and reference species dilution 

TRAP-1 42/Hsp75, BDpharmingen ( 612344) Mouse 1:1000 

HSF-1 10H8, Enzo life (ADISPA-550D) Rat 1:500 

Hsp27 C-20, Santa-Cruz (sc1048) Goat 1:500 

SDH-A D-4, Santa-Cruz (sc166947) Mouse 1:500 

SDH-B Polyclonal, GeneTex (GTX113833) Rabbit 1:250 

 11 

Frozen cell pellets were lysed in RIPA buffer supplemented with protease inhibitor cocktail (10:100) for 30 min on ice 12 

(100 µL for 106 cells). Protein concentrations in lysates were assayed using BCA protein assay and 30 µg of proteins 13 

were boiled at 95°C for 10 min in presence of Laemmli buffer containing β-Mercaptoethanol (v:v). SDS-PAGE was 14 

performed using stain-free precast gels 4-15% (150 V for 1 h). Proteins were then transferred to a PVDF-low 15 

fluorescence membrane (100 V for 40 min). The transfer was checked thanks to the stain free technology: upon UV 16 

light activation, trihalo compounds are covalently bound to tryptophan residues in order to enhance their fluorescence; 17 

thus, enabling total protein loading visualization. For immunodetection, membranes were saturated in 5% non-fat milk 18 

in TBS-Tween 0.05% for one hour at room temperature under agitation, and then were incubated with primary antibody 19 

dilutions overnight at 4 °C. After washing (3x10 min), horse-radish peroxidase-coupled secondary antibodies were 20 

added for 1h and then washed. Detection was achieved using the Clarity Western ECL Substrate. Chemiluminescent 21 

signals were analysed using the Chemidoc system (Bio-rad®, France) and were normalized to stain free volumes by the 22 

Imagelab software (Bio-rad(r)).  23 

4.2.e.  Measurement of mitochondrial membrane potential 24 

Mitochondrial membrane potential was measured by Mitochondrial Membrane Potential Assay Kit (13296) purchased 25 

from Cell Signalling and according to manufacturer’s instructions. In short, cells were seeded the day before the 26 

experiment in black 96-well flat bottom clear plates (2,500 cells per well), and incubated with 6-BrCaQ-C10-TPP at 27 

various concentrations for 2, 3 and 6 hours. Each condition was repeated in 3-8 replicates. Some wells were incubated 28 

with carbonylcyanure m-chlorophenylhydrazone (CCCP) at 50 µM for positive control of mitochondrial membrane 29 

potential disruption for 20 minutes. Then, all the wells were treated with tetramethylrhodamine ethyl ester perchlorate 30 

(TMRE) dye at a final concentration of 200 nM for 20 minutes at 37 °C. The plates were then washed 3 times with 31 
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warm PBS and then read by fluorescence (ex. 530 nm/em. 590 nm) by Envision Xcite plate reader (PerkinElmer) in the 1 

CIBLOT facility (IPSIT, Châtenay-Malabry). The experiment was repeated three times. 2 
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