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ABSTRACT
Lipid metabolism is essential for cellular homeostasis, and its disruption is linked to various diseases. Acyl-coenzyme A synthetase long-chain family member 4 (ACSL4), a pivotal enzyme in lipid metabolism, has emerged as a therapeutic target for ferroptosis-related conditions and cancer. Antidiabetic drug rosiglitazone is the reference ACSL4 inhibitor. However, its potent activity on peroxisome proliferator-activated receptor gamma (PPARγ), a key regulator of lipid metabolism, represents a significant limitation. Here, we report the discovery and characterization of LIBX-A401 (compound 9), a potent ACSL4 inhibitor derived from rosiglitazone but devoid of PPARγ activity. We showed that its binding to ACSL4 is ATP-dependent. Using Hydrogen-Deuterium Exchange Mass Spectrometry, we demonstrate that ATP binding stabilizes the ACSL4 C-terminus, with LIBX-A401 further stabilizing this domain and altering the fatty acid gate region. Photoaffinity labeling with a diazirine probe identified A329 within the fatty acid binding site, while molecular dynamics simulations and mutagenesis highlighted Q302 as critical for LIBX-A401 binding. LIBX-A401 exhibits significant anti-ferroptotic properties in cells, supported by demonstrated target engagement. These findings position LIBX-A401 as a valuable tool for studying ACSL4 in ferroptosis-related diseases and cancer, while its elucidated binding mode paves the way to the rational design of improved ACSL4 inhibitors with therapeutic potential.


GRAPHICAL ABSTRACT
[image: ]

We report the discovery of LIBX-A401, a potent and selective ACSL4 inhibitor derived from rosiglitazone. HDX-MS reveals that LIBX-A401 stabilizes the ACSL4 C-terminus, and alters the fatty acid (FA) gate domain. Consistently, photoaffinity labeling, molecular dynamics and mutagenesis identify key binding residues within the FA pocket. LIBX-A401 also exhibits ACSL4-dependent anti-ferroptotic properties in cells, supporting its therapeutic potential.


INTRODUCTION
Lipid metabolism encompasses a series of dynamic and interdependent processes that regulate the synthesis, storage, and use of lipids in living organisms. Within this complex set of biochemical processes, the acyl-coenzyme A (acyl-CoA) synthetase long-chain family of enzymes (ACSLs) plays a pivotal role in the activation of long-chain fatty acids into corresponding fatty acyl-CoA esters. Once activated, fatty acids participate in various cellular pathways including the synthesis of phospholipids (PLs), triacylglycerol and cholesterol esters, β-oxidation and protein acylation.[1] In mammals, the ACSL family comprises five members, ACSL1 and ACSL3-6, which have different tissue and subcellular distributions, and substrate preferences.[2] They have all been identified as potential therapeutic targets in various diseases.[3] More specifically, ACSL4 recently emerged as an attractive target in some cancers including hepatocellular carcinoma,[4] estrogen receptor-negative breast cancer,[5] and prostate cancer.[6] Indeed, recent studies highlight the critical role of ACSL4 in tumor progression and metastasis. For instance, in androgen receptor-independent prostate cancer, ACSL4 overexpression sustains dysregulated fatty acid (FA) metabolism, promoting cell proliferation and invasion.[6a] In triple-negative breast cancer, ACSL4 upregulation drives phospholipid remodeling, enhancing membrane fluidity and activating integrin β1, contributing to metastasis.[5a] Similarly, in ovarian cancer, ACSL4 facilitates metastasis by increasing polyunsaturated fatty acid (PUFA)-lipid content, which enhances invasiveness.[7] These findings underscore the potential of ACSL4 as a therapeutic target, particularly in metastatic cancers. In addition, due to its marked preference for PUFAs, ACSL4 has been identified as a pivotal contributor to ferroptosis,[8] an iron-dependent regulated cell death characterized by extensive membrane lipid peroxidation.[9] Ferroptosis is implicated in various pathologies, and its inhibition holds therapeutic potential for conditions such as ischemia-reperfusion injuries,[10] as well as neurodegenerative diseases like Alzheimer’s disease and Parkinson’s disease.[11] ACSL4 drives ferroptosis by enriching membrane PLs with PUFAs, which are highly susceptible to peroxidation.[8c],[8d] Interestingly, genetic depletion or pharmacological inhibition of ACSL4 confers a strong protection against ferroptosis.[8c] Therefore inhibiting ACSL4 may have a positive impact on diseases or conditions in which ferroptosis is involved as well as in certain cancers. 
So far, while a few molecules have been described, no potent, selective, and well-characterized ACSL4 inhibitor has been identified.[12] The most widely used ACSL4 inhibitor is rosiglitazone (ROSI) which selectively inhibits ACSL4 (over other ACSLs) in the micromolar range.[13] However, its potent activity on peroxisome proliferator-activated receptor gamma (PPARγ), a nuclear receptor strongly involved in lipid metabolism and the mediation of ROSI’s antidiabetic effects, constitutes an important limitation due to off-target effects and associated safety concerns. These drawbacks underscore the need for developing novel ACSL4 inhibitors that specifically avoid these limitations. However, a major challenge in this effort is the lack of structural information about ACSL4 and its related family members, which would aid rational inhibitor design. Indeed, although mammalian ACSLs have been thoroughly biochemically characterized, structural information is missing with the only known structure of ACSL being the one of Thermus thermophilus ttLC-FACS.[14] Despite sharing only about 20% sequence identity (37% sequence similarity) with human ACSL4, this structure provides the first glimpse into the ACSL architecture and mechanism of catalysis. Indeed, this bacterial ACSL acts as a dimeric complex of two identical subunits displaying a large N-terminal domain linked via a six amino acid linker to a relatively short and flexible C-terminal domain, with the active site located at the domain interface. An important feature in the structure of ACSLs is the presence of an FA gate domain, whose sequence (D-x4-Y/W-LPLAH-x2-E) is highly conserved in mammals.[2a] Interestingly, ttLC-FACS was shown to function through a Bi Uni Uni Bi ping-pong mechanism, where ATP binds first inducing the opening of the FA tunnel allowing FA binding and subsequent acyl-AMP formation and PPi release.[14] In the second step, CoA reacts with acyl-AMP to generate acyl-CoA and AMP as products. These mechanistic and structural data are crucial for understanding the functioning of human ACSLs. However, the specific intricacies of ACSL's architecture and their ligand-binding sites remain largely unknown.
Hydrogen-Deuterium Exchange Mass Spectrometry (HDx-MS) and photoaffinity labeling (PAL) are powerful techniques contributing to the elucidation of structural basis of important proteins. HDx-MS provides a dynamic view of the conformational changes in proteins upon inhibitor binding and could help identify potential binding regions.[15] On the other hand, PAL enables the covalent attachment of a probe to the protein target, allowing for precise mapping of the ligand-binding site.[16] 
Here, we report (i) the medicinal chemistry approach around ROSI leading to sub-micromolar range inhibitors of human ACSL4 devoid of PPARγ activity, (ii) the chemical biology approach, combining HDx-MS and PAL to gain structural insights into the binding mode of these inhibitors and (iii) the cellular evaluation of the most promising compound demonstrating ACSL4-dependent anti-ferroptotic properties.
RESULT AND DISCUSSION
In order to draw early structure-activity relationship (SAR), ROSI analogues were purchased or readily synthesized as described in Scheme S1. Inhibitory activity was evaluated on the human recombinant ACSL4 using the Enzchek® pyrophosphate assay as previously described.[17] Thus, we started our SAR study by evaluating commercial thiazolidinedione analogues and by modulating the western side chain of ROSI (Table S1, Scheme S1). Building upon these initial modulations, we selected both ROSI (Compound 1, IC50 = 1.1 µM) and its phenyl analogue (Compound 2, IC50 = 0.4 µM) as the starting points for further SAR investigations (Table 1, Schemes S2 and S3). Our goal was to enhance the inhibitory activity against ACSL4 while minimizing the effect on PPARγ. Our initial step involved removing the thiazolidinedione ring, a key moiety responsible for the PPARγ activity of ROSI. However, this modification resulted in a complete loss of inhibitory activity against ACSL4 (3, IC50 > 50 µM). Next, N-methylation of thiazolidinedione was performed to remove the acidic character essential for PPARγ activity. Encouragingly, the N-methyl analogue (4) known to be inactive against PPARγ,[18] retained micromolar-range activity against ACSL4 (IC50 = 4.5 µM), hence demonstrating the possibility of abolishing PPARγ activity while maintaining the ACSL4 inhibitory potency. We then envisaged ester compounds as ring-opened analogues of the thiazolidinedione moiety. The ester 5, which displays an ethylene linker, retained micromolar-range activity. In contrast, increasing or decreasing the length of the linker resulted in a reduction (6) or loss (7) of inhibitory activity (Table 1). Notably, rigidifying the ethylene linker of compound 5 leading to cinnamic derivative 8 with a potency comparable to rosiglitazone (IC50 = 1.5 µM) with high selectivity over ACSL3 (IC50 > 50 µM), which shares 63% sequence identity with ACSL4. Remarkably, compound 8 was inactive on PPARγ at 10 µM, in contrast to rosiglitazone, which displays an EC50 of 36 nM. Finally, replacing the amine in the linker connecting the two phenyl groups with an amide, resulting in compound 9, allowed for a further improvement of ACSL4 inhibitory activity (IC50 = 0.38 µM, Figure 1A), while keeping the same selectivity profile as compound 8. Compound 9 features a Michael acceptor that may potentially engage in an irreversible mechanism. However, the reversibility of the inhibition was demonstrated using a rapid dilution assay (Figure S1A). Furthermore, 9 demonstrates minimal reactivity with thiols such as glutathione (GSH) from pH 6.5 to 8.5 and beta-mercaptoethanol (BME) at pH 7.4, as analyzed by HPLC-MS (Figure S1C-F). We also confirmed compound stability by HPLC-MS from pH 6.5 to 8.5 and in cell culture medium (DMEM, Figure S1B).
Table 1. SAR investigation around the thiazolidinedione moiety of ROSI. IC50 values (± SD) were determined by three independent experiments performed in duplicate for each compound concentration.
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The binding of compound 9 to ACSL4 was further confirmed using two biophysical techniques, namely nano Differential Scanning Fluorimetry (nDSF) and MicroScale Thermophoresis (MST). As illustrated in Figure 1, no binding event was detected when 9 was tested in the absence of ATP against ACSL4 using these two techniques (Figures 1B and 1C). However, in the presence of a saturating concentration of ATP, a ΔTm value of 5.3 °C was obtained by nDSF (at 5 µM of  9) and a KD value of 0.72 µM was determined by MST. These data indicate that binding of 9 is ATP-dependent, consistent with observations from ttLC-FACS, where ATP binding induces the opening of the fatty acid tunnel, facilitating FA binding. Taken together, these findings suggest that compound 9 interacts with ACSL4 in a manner analogous to FAs, following a similar ATP-dependent binding mechanism.
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Figure 1. Evaluation of compound 9 against ACSL4. A) Structure of 9 and summary of its binding and inhibitory activity profile against ACSL4 as well as its selectivity over ACSL3 and PPARγ. B) MST traces, with and without 1 mM ATP (in blue and orange, respectively), showing that the binding of 9 to ACSL4 depends on the prior binding of ATP. A KD value of 720 nM was obtained for 9 in the presence of 1 mM ATP. C) nDSF traces with and without 1 mM ATP (in blue and orange, respectively), confirming that ATP is required for the binding of compound 9. A ΔTm value of 5.3 °C was obtained for 9 (5 µM) in the presence of 1 mM ATP. KD and ΔTm values (± SD) were determined by three independent experiments for each compound concentration. Curves in panels B and C are shown as the mean ± SD values. IC50 values (± SD) were determined by three independent experiments performed in duplicate for each compound concentration.
In the absence of structural data, we set out to elucidate the binding mode of compound 9. To this end, two powerful and complementary techniques were used: HDx-MS and PAL. Because of the measurement of deuterium incorporation on the peptide amide backbone by MS, HDx-MS allows for the identification of protein domains that are exposed to solvent and therefore is well suited to unveil protein conformational changes upon ligand binding as well as identifying potential binding sites.[18] The on-column pepsin digestion led to at least 82% of protein coverage with assayed conditions (Figure S2). nDSF confirmed ACSL4 stability at exchange temperature for the longest exchange time (24 h, Figure S3). Because ATP is required for the binding of 9, we first compared the differences in peptide deuterium intake between ACSL4 with and without a saturating concentration of ATP (400 µM, ACSL4-ATP). The addition of ATP resulted in reduced accessibility of the C-terminus domain to deuterium incorporation (Figure S4A), consistent with the literature, where ATP binding to ttLC-FACS was shown to induce locking of the C-terminus domain onto the N-terminus domain.[14] Next, we aimed to investigate the impact of compound 9 binding on the conformation of ACSL4. Consequently, we compared two conditions: one where ACSL4 was incubated with ATP at 400 µM (ACSL4-ATP), and another where ACSL4 was present with both ATP at 400 µM and compound 9 at 25 µM (saturating concentration, ACSL4-ATP-9). Figures 2 and S4B indicate that ACSL4-ATP-9 further reduces the deuterium uptake in the C-terminus domain compared to ACSL4-ATP. In addition, the presence of compound 9 resulted in a significant reduction in deuterium uptake on two other sequences: peptide 316IGYLPLAHVLEL327 (peptide A) and peptide 371MAAVPEIM378 (peptide B). Interestingly, peptide A sequence contains the highly conserved FA gate domain (Figure S5) previously described as important for substrate specificity.[2] The refined model of ACSL4 (described below) presented in Figure 2 shows that the two identified peptides are positioned close to each other and near the C-terminus domain, suggesting the possibility of a potential binding site for molecule 9 within this region. 
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Figure 2. HDx-MS results with compound 9 in the presence of ATP. Changes in deuterium uptake at different exchange times are presented for the identified peptides, which are mapped onto the refined AlphaFold model of ACSL4. C-terminus and N-terminus of ACSL4 are depicted in dark grey and white, respectively. Peptides A and B, along with a selected peptide in the C-terminal region closest in proximity to these two, are shown in cyan. Uptake plots for each illustrated peptide show the impact of compound 9 on deuterium incorporation. Peptide traces shown represent mean ± SD of three independent experiments. Statistically significant using t-test from HDExaminer, ** p < 0.01, *** p < 0.001, **** p < 0.0001.
To further define the binding site of compound 9, we conducted PAL experiments. Based on the SAR (data not shown), we designed an original photoactivable probe introducing a trifluoromethyl diazirine group at the para position of the benzamide part on 9 to give the probe 10 (Figure 3A). The latter was synthesized from amine 11 following a standard BOP coupling procedure in the presence of the commercial 4-[3-(trifluoromethyl)-3H-diazirin-3-yl]benzoic acid (Scheme S4). Although less potent than 9, probe 10 retained some inhibitory activity against ACSL4 (IC50 = 24.4 µM). Next, ACSL4 was incubated with probe 10 at 100 µM for 30 min, and the photoaffinity labeling was then performed by irradiation at 365 nm for 10 min. To determine the crosslinking site, the samples underwent trypsin digestion, and the resulting peptides were analyzed using nanoUPLC-MS/MS (sequence coverage = 73%, Figure S6). Following this experimental setup, five peptides were detected with an increase in peptide mass of 419.13 Da corresponding to the incorporation of the probe (Figures 3A and S7C, Table S2). Interestingly, the peptide with the amino acid sequence 313DTYIGYLPLAHVLELTAEISCFTYGCR339 (Peptide C) comprises the sequence of peptide A identified by HDx-MS. Based on these results, we performed targeted MS/MS analysis in the presence or absence of 100 µM of competing compound 9 to highlight non-specific labeling. The signal of peptide C was significantly decreased upon the addition of 9 (Figures 3B and S7D) while other identified peptides showed either smaller or no significant decreases (Figure S7A). 
[image: ]Figure 3. Photoaffinity labeling identification of compound 9 binding site in ACSL4. A) Structure of photoaffinity labeling probe 10 and representation of its binding peptides (orange) on the refined AlphaFold ACSL4 model for which the number of peptide-spectrum matches (PSMs) identified are shown. The previously identified peptide A, included in identified peptide C, is represented in cyan. B) Results of the competition assay in targeted MS/MS analysis for peptide C with and without compound 9. C) Results of the labeling assay with and without ATP in targeted MS/MS analysis for peptide C. Data shown are representative of three independent experiments. Graphs in panels B and C are shown as the mean ± SD values. Statistically significant using unpaired t-test, **** p < 0.0001.
To validate these results, we measured the labeling of identified peptides with and without ATP as we demonstrated the requirement of ATP for the binding of 9. The inability to identify peptide C as labeled in the absence of ATP further confirmed the labeling specificity of this peptide (Figures 3C, S7B, and S7D). Finally, analysis of the MS/MS fragmentation profile designated A329 as the modified residue of the identified peptide (Figure S8). It is worth noting that A329 in human ACSL4 aligns with L236 of ttLC-FACS (Figure S5) which is located at the distal end of the FA tunnel. Interestingly, mutation of this specific amino acid in the rat ACSL4 to either glutamate or glutamine led to a dramatic loss in enzymatic activity.[19]
Building upon these findings, we initiated in silico studies to elucidate the binding mode of compound 9. A BLAST search of PDB templates revealed 16 homologous sequences with at least 50% coverage and 25% sequence identity with human ACSL4. Therefore, we employed AlphaFold 2.0[20] to restrain the extensive set of structural templates to predict the structure of the soluble form of human ACSL4 (42-711). The design of a model for the ACSL4-ligand complex was facilitated by utilizing the unbound state of the AlphaFold model and the conserved ATP position found in homologous PDB structures. Arachidonic acid was selected as the preferential ligand to identify the orthosteric binding pocket through docking and energy refinement, utilizing the arachidonyl-AMP intermediate formed during the enzymatic reaction. Once the arachidonyl-AMP was removed, blind docking experiments were conducted to explore the entire protein. These experiments revealed the best docking pose of 9 within the orthosteric FA binding site, yielding a docking score of -9.76 kcal/mol. Other docking poses were observed (Figure S9) but with docking scores lowered by at least 10%. Interestingly, the best docking pose is consistent with the PAL experiments showing the labeling of A329, a residue predicted to be part of the FA tunnel. To refine the model of the ASCL4-9 complex, molecular dynamics (MD) simulations were carried out during triplicated 100 computed nanoseconds (Figures 4 and S10). All criteria satisfied a convergence in terms of energy relaxation, and stabilization of the gyration radius of the ACSL4-ATP-9 complex. During this 100 ns MD-based energy relaxation, compound 9 interacts by sustained hydrogen bonds with Q302 side chain and to a lesser extent with the backbone of G443. Other interatomic attractions are hydrophobic contacts with the lipophilic tunnel exhibiting residues L325, V324, A329, L440, V477, and L468 (Figures 4 and S10). 
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Figure 4. Putative binding mode of compound 9 on ACSL4. A) ASCL4-compound 9 complex after docking and an additional 100 ns MD simulation. B) Representative trace of the contacts that compound 9 forms with the ACSL4 model during the 100 ns MD simulation, showing that compound 9 primarily interacts through hydrophobic contacts and hydrogen bonds with Q302. Each vertical line corresponds to an intermolecular contact and the color is associated to the interaction type (e.g. green corresponds to a hydrophobic contact and red to a hydrogen bond).
Interestingly, among ACSLs, only ACSL4 exhibits a glutamine at position 302 (Figure S5). In contrast, ACSL3, for which compound 9 does not display any inhibitory activity, displays a methionine at this position. Thus, to verify the significance of Q302 in the potency and affinity of compound 9 for ACSL4, ACSL4(Q302A) and ACSL4(Q302M) mutants were generated, followed by an evaluation of their enzymatic activities and kinetic parameters (Figure S11). Only the ACSL4(Q302M) protein exhibited activity comparable to wild-type ACSL4, whereas ACSL4(Q302A) maintained about 80% of the enzymatic activity.
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Figure 5. Impact of site-directed mutations on the inhibitory activity and affinity of compound 9 for ACSL4. A) Inhibition profiles of compound 9 against wild-type ACSL4 and selected mutants (Q302A in orange, Q302M in blue and L325F in purple) showing that the site-directed mutations affect inhibitory activity of 9. B) Binding curves from MST experiments showing the impact of site-directed mutations (Q302A in orange, Q302M in blue and L325F in purple) on the affinity of compound 9 for ACSL4. C) Table summarizing IC50 and KD values (± SD) of compound 9 against wild-type ACSL4 and selected mutants. IC50 values and curves were determined by three independent experiments performed in duplicate for each compound concentration. Similarly, KD values and curves were determined by three independent experiments for each compound concentration. Curves in panels B and C are shown as the mean ± SD values.
To our satisfaction, the introduction of the ACSL4(Q302M) mutation increased the IC50 value of 9 by 18-fold (IC50 ACSL4(Q302M) = 7.1 µM) and the KD value by 15-fold, confirming the importance of Q302 in the binding of 9 (Figure 5). A similar trend was observed with ACSL4(Q302A). Additionally, we mutated L325 since this residue is predicted to be located in the middle of the FA tunnel. This residue is part of both identified peptides A and C and was shown to be important for the binding of 9 through hydrophobic interactions with the central phenyl ring (Figure 4). Interestingly, ACSL1, 5, and 6 display a phenylalanine residue at this position. Thus, we investigated ACSL4(L325F) mutant assuming that the bulky phenylalanine would sterically affect the binding of 9 into the FA tunnel. The ACSL4(L325F) mutant maintained about 60% activity (Figure S11) and introduction of this mutation led to around 50-fold increase of IC50 and KD values for 9. These results further corroborate the binding of 9 into the FA tunnel.
Next, we assessed the cytotoxicity of compound 9 across six different cell lines (SiHa, HCT-116, MDA-MB-231, HEK293, HT-1080, and LUHMES). Compound 9 demonstrated minimal toxicity at concentrations up to 5 µM (Figure S12). Given that ACSL4 is a key enzyme in triggering ferroptosis, its inhibition represents a promising strategy to block this iron-dependent form of cell death, which is implicated in important diseases such as Parkinson’s disease.[11] Hence, the anti-ferroptotic potential of compound 9 was evaluated in HEK293, HT-1080, and LUHMES cell lines, which are commonly used to study ACSL4 in the context of ferroptosis.[21] RSL3 was used to induce ferroptosis in HEK293 and HT-1080 cells. LUHMES cells, a non-oncogenic model of human dopaminergic neurons widely used in Parkinson's disease research and highly sensitive to ferroptosis, were treated with a combination of arachidonic acid (AA) and iron (Fe), which better mimics the neuropathological environment.[21c] Compound 9 at 2.5 µM significantly prevented RSL3-induced cell death in both HEK293 (Figure 6A) and HT-1080 cells (Figure 6B). Additionally, in LUHMES cells, compound 9 (2.5 µM) effectively inhibited cell death caused by AA+Fe treatment, comparable to the protective effect seen with ACSL4 knockdown (Figure 6C and S13). Given the relevance of LUHMES cells as a model for neurodegenerative diseases, further experiments were conducted in this system. The protective effect of compound 9 was correlated to a significant decrease in lipid peroxidation to a similar level to ACSL4 siRNA (Figure 6D). Additionally, target engagement was confirmed by evaluating the thermal stability of ACSL4 in the presence of compound 9, which enhanced ACSL4's thermal stability by increasing its resistance to unfolding by 2.6 °C (Figure 6E). 	Comment by Jamal El Bakali: A voir si on modifie ça CC50 à 15 µM sur une lignée
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Figure 6. Compound 9 protects cells from ferroptosis. A) Cell viability analysis of HEK293 cells pretreated with 2.5 µM of 9 for 24 h, followed by treatment with RSL3 for 48 h. Data represent mean and SD (n = 4). Statistical analysis was performed using Tukey’s multiple comparisons test. **** p < 0.001. B) Cell viability analysis of HT-1080 cells pretreated with 2.5 µM of 9 for 24 h, followed by treatment with RSL3 for 48 h. Data represent mean and SD (n = 4). Statistical analysis was performed using Tukey’s multiple comparisons test. **** p < 0.001. C) Cell viability analysis of LUHMES cells transfected with ACSL4 siRNA or pretreated with 2.5 µM of 9 for 4 h, followed by treatment with AA+Fe for 48 h. Data represent mean and SD (n = 3). Statistical analysis was performed using Tukey’s multiple comparisons test. **** p < 0.001. D) Percentage of lipid peroxidation in LUHMES cells transfected with ACSL4 siRNA or pretreated with 2.5 µM of 9 for 4 h, followed by treatment with AA+Fe for 24 h. Lipid peroxidation in cells was measured by flow cytometry using the C11 BODIPY 581/591 probe. The staining data obtained at 530 nm (oxidized C11 BODIPY 581/591) are plotted as a histogram. Data represents mean and SEM (n = 4). Statistical analysis was performed using Tukey’s multiple comparisons test. **** p < 0.001. E) Representative western blots showing the thermal stability of ACSL4 in LUHMES cells treated with either DMSO or 10 µM compound 9. ACSL4 levels were quantified by immunoblotting. From three independent experiments, Tm values of 48.3 ± 0.5 °C (DMSO) and 50.9 ± 0.1 °C (compound 9) were determined, corresponding to a ΔTm of 2.6 ± 0.6 °C. F) Evaluation of radical-trapping antioxidant activity of 9 (50 µM) compared to trolox (50 µM) using the DPPH assay. Data represent mean and SD (n = 3).
Finally, we excluded any potential contribution of radical-trapping antioxidant activity to the observed anti-ferroptotic effect by performing a classical DPPH assay (Figure 6F).
Collectively, these findings strongly support that compound 9 prevents ferroptotic cell death by engaging and inhibiting ACSL4.
CONCLUSION
In summary, starting from ROSI, we designed novel sub-micromolar ACSL4 inhibitors that are selective against ACSL3 and devoid of PPARγ activity. We demonstrated that the binding of 9, our best compound in this series, is dependent on the prior binding of ATP to ACSL4. HDx-MS experiments indicated that ATP binding induces a significant stabilization of the C-terminus domain. This effect was even more pronounced in the presence of 9 which further impacted the conformation of two other peptide sequences, one of which (peptide A) delineates the FA gate domain. PAL experiments based on diazirine-based probe 10 identified residue A329, an amino acid predicted to be part of the FA pocket. Complementary MD simulations pointed to residue Q302 as a key amino acid for the binding of 9 through H-bonding. Site-directed mutagenesis supported this hypothesis, as mutation of Q302 induced a significant decrease in the potency and affinity of 9 to ACSL4. Cellular evaluations demonstrated that compound 9 protects HEK293, HT-1080, and LUHMES cells from ferroptosis. Target engagement for compound 9 further supports the role of ACSL4 in its anti-ferroptotic activity. Overall, compound 9 (LIBX-A401) is a promising tool for studying ACSL4 in ferroptosis-related diseases and cancer, and the elucidation of its binding mode paves the way to the rational design of optimized inhibitors.
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