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Abstract:  
 
Direct inhibition of GPX4 requires covalent modification of the active-site selenocysteine. While 
phenotypic screening has revealed that activated alkyl chlorides and masked nitrile-oxides can 
inhibit GPX4 covalently, a systematic assessment of potential electrophilic warheads with the 
capacity to inhibit cellular GPX4 has been lacking. Here we survey more than 25 electrophilic 
warheads across several distinct GPX4-targeting scaffolds. Surprisingly, we find that electrophiles 
with attenuated reactivity compared to chloroacetamides are unable to target GPX4. The highly 
reactive propiolamide warheads we uncover in this study highlight the potential need for masking 
strategies similar to those we have described for nitrile-oxide-based GPX4 inhibitors. Finally, our 
observations that there are spatial requirements between warhead and scaffold for achieving 
optimal GPX4 targeting and that certain low-molecular-weight analogs inhibit GPX4 with 
selectivity suggest that rational design of GPX4 inhibitors may be a productive approach. The 
generation of ligand-bound crystal structures to facilitate such studies should therefore be 
prioritized by the field.  
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Glutathione peroxidase 4 (GPX4) is a selenocysteine-containing antioxidant protein that plays 
a critical role in protecting cells from ferroptosis, a non-apoptotic and iron-dependent form of cell 
death caused by lipid hydroperoxides.1–3 Induction of ferroptosis via inhibition of GPX4 has 
promising therapeutic potential, especially for targeting cancer cells that are otherwise therapy 
resistant.4–6 

However, GPX4 represents a difficult-to-drug target because it has a shallow active site that 
is not amenable to interacting with small molecules.7,8 This topology constitutes a unique feature 
among the broader family of glutathione peroxidases, enabling reduction of structurally-diverse 
lipid hydroperoxide substrates. The reliance on a nucleophilic selenocysteine residue and lack of 
a drug-like active site suggest that covalent inhibitors may be the most effective strategy to target 
GPX4 directly. 

To date, all known cell-active GPX4 inhibitors inactivate GPX4 by forming a covalent bond 
with its catalytic selenocysteine residue. The vast majority of these inhibitors are activated alkyl 
chlorides such as chloroacetamides (Figure 1),2 which lack drug-like properties and have 
therefore not achieved widespread success in drug development.9,10 We recently identified 
masked nitrile oxides, including 4-nitroisoxazole ML210 (Figure 1)10 and diacylfuroxans,11 as 
promising prodrugs for inhibiting GPX4 with selectivity. Nevertheless, the development of 
improved inhibitors will benefit from the discovery of novel GPX4-targeting warheads.  

The narrow spectrum of electrophiles capable of binding GPX4 is a result of the failure to 
identify additional chemotypes either from high-throughput screens12–14 or structure–activity 
relationship (SAR) studies of (1S,3R)-RSL3 (referred to as RSL3),2,10,15 the first described GPX4 
inhibitor.2 Here we attempt to address the lack of GPX4-targeting warheads by performing further 
systematic SAR studies. We investigate multiple known inhibitor scaffolds in combination with 
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several warheads including haloacetamides possessing attenuated reactivity,16 acrylamides that 
feature in recent FDA-approved therapeutics (e.g., ibrutinib), and other electrophilic groups that 
have not been investigated previously in the context of GPX4 inhibitors. 

 
 

 
 
 
 
 
 

 

 
Scheme 1: Synthesis of ML162 analogs via Ugi 4-component reactions. i.) MeOH, 20 °C, 2–16 h, 39–87% yield 

 
Our initial SAR studies focused on the chloroacetamide ML162, which is among the most 

potent GPX4 inhibitors.2,13 While preliminary SAR studies of ML162 indicate the importance of the 
chloroacetamide group, substitution with alternate electrophilic warheads has not been assessed 
previously. We therefore synthesized a collection of ML162 analogs (Table 1) using an Ugi four-
component reaction protocol.13 The ability of these analogs to kill cells via ferroptosis was then 
assessed in human LOX-IMVI melanoma cells. By measuring cell viability both in the absence 
and presence of ferrostatin-1 (fer-1), a lipophilic radical-trapping antioxidant that inhibits 
ferroptosis,1,17,18 we were able to determine the degree to which compounds selectively induce 
cell death via ferroptosis versus other mechanisms (e.g., apoptosis).  

We found that none of the ML162 analogs exhibited improved potency (Table 1). Interestingly, 
analog 1, which contains the more intrinsically reactive α-bromoacetamide warhead, retained the 
ability to induce ferroptosis but with diminished potency and selectivity compared to ML162. We 
found that the chloroacetamide group cannot be replaced with other less-reactive electrophiles 
(2–9). These include α-chlorofluoroacetamide (2), other haloacetamides (3–6), and acrylamide 
(7). However, we observed that the propiolamide analog 8 exhibited potent ferroptosis induction 
with improved selectivity compared to ML162. Similarly, a propiolamide group was the only 
electrophile able to replace the chloroacetamide warhead in RSL3 while retaining the ability to 
induce ferroptosis.15 Previous observations indicate that propiolamides are more reactive towards 
thiol nucleophiles than chloroacetamides19 and likely present similar challenges regarding stability, 
pharmacokinetics, and proteome-wide selectivity. 

Many of the reactivity-tuning strategies applied to chloroacetamides16 or acrylamides20 are not 
chemically feasible for propiolamides. However, sterically hindered propiolamides, in a manner 
analogous to chloroacetamides9 and acrylamides,19 exhibit diminished reactivity toward 
nucleophiles.19 An attempt to attenuate the reactivity of the propiolamide warhead via 
incorporation of a terminal methyl group (9) resulted in complete loss of activity (Table 1), 
suggesting that it may not be possible to tune the reactivity of this warhead class through steric 
effects. Inspired by our studies of masked nitrile-oxide prodrugs for targeting GPX4,10,11 we 
hypothesized that it may be possible to mask the reactivity of the propiolamide warhead using a 

Figure 1: Small-molecule inhibitors of GPX4. 
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terminal protecting group that could be removed in situ and enable covalent inhibition of GPX4 in 
cells.  

We therefore synthesized several analogs with 
protected propiolamide warheads (10–14, Table 2). 
Analogs bearing certain silyl protecting groups, 
including trimethylsilyl (11), triethylsilyl (12), and 
dimethylphenylsilyl (13), exhibit similar cellular 
activity to propiolamide 8 (Table 2). However, 
compound 14, which contains a more hindered 
triisopropylsilyl group, is unable to induce ferroptosis. 
We found that in phosphate-buffered saline solution 
(pH 7.4), 11 converts into 8 at room temperature 
within hours and forms identical covalent adducts 
with thiols (Supplementary Figure 1). In contrast, 14 
is stable and does not react with thiols under 
identical conditions (Supplementary Figure 1). Our 
findings suggest the possibility of identifying a 
masking group possessing a suitable stability profile 
to enable delivery of propiolamide electrophiles in a 
prodrug form. 

We next performed similar SAR studies of 
electrophilic warheads using the core 
benzhydrylpiperazine scaffold of ML210 without the 
nitroisoxazole group (15–31, Table 3). We found that 
only three of the tested compounds exhibit the ability 
to induce ferroptosis: chloroacetamide 15, 
propiolamide 16, and trimethylsilyl propiolamide 17. 
Tetrolamide 18 is inactive, as we observed for the 
corresponding ML162 analog 9 and related RSL3 
analogs.15 Compared to both ML210 and other 
chloroacetamide- and propiolamide-based GPX4 
inhibitors, 15–17 exhibit diminished potency and 
selectivity for ferroptosis induction. We confirmed 
that chloroacetamide 15 binds GPX4 in cells using 
the cellular thermal shift assay (CETSA)21 as well as 
GPX4 affinity enrichment with an alkyne analog 
(Supplementary Figure 2). The fact that both 
chloroacetamide and propiolamide warheads enable 
GPX4 inhibition when attached to the 
benzhydrylpiperazine scaffold, in addition to the core 

scaffolds of both RSL3 and ML162, reinforces the privileged nature of these electrophiles for 
targeting GPX4. 

SAR studies for both ML162 (Table 1) and RSL32,10 indicate that acrylamide warheads are 
unable to target GPX4 effectively, and we also found this result to be the case for acrylamide-
containing ML210 analogs (19–22, 24). In addition to the acrylamide and propiolamide analogs, 
we prepared a collection of electrophilic (hetero)arenes capable of nucleophilic aromatic 
substitution (SNAr) reactions (25–31). This latter collection was inspired by the identification of 
selenocysteine-specific probes and covalent inhibitors of other selenoproteins that utilize 
warheads capable of SNAr chemistry.22–24 However, none of these warheads are capable of 
ferroptosis induction in LOX-IMVI cells (Table 3). 

Table 1: Electrophilic warhead SAR of the ML162 
scaffold. 
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Our ML162 and ML210 SAR studies reveal that 
only certain electrophiles, namely chloroacetamide 
and propiolamide, appear capable of direct GPX4 
inhibition. This finding aligns with previous SAR 
studies featuring RSL3.2,10,15 Our observations do, 
however, demonstrate that GPX4-targeting 
warheads and scaffolds are interchangeable in 
certain instances. On the basis of this discovery, we 
explored the activity of the nitroisoxazole warhead of 
ML210 in conjunction with the core scaffolds of 
several chloroacetamide-based GPX4 inhibitors 
(Table 4).  

We prepared nitroisoxazole analogs of several 
chloroacetamide-based GPX4 inhibitors, including 
ML162, RSL3, DPI19,2,25 and DPI132,25 (32–36, 38; 
Table 4). Assessment of these nitroisoxazoles 
revealed that most were unable to induce ferroptosis 
at the highest tested concentrations (Table 4), 
suggesting that this warhead is not generally able to 
facilitate covalent GPX4 inhibition. However, 
compound 35, the DPI19 scaffold functionalized with 
a nitroisoxazole warhead, is able to induce ferroptotic 
cell death (Table 4). 

Cellular transformation of the nitroisoxazole 
group of ML210 into its active nitrile-oxide form 

requires two main steps: ring-opening hydrolysis of the nitroisoxazole and subsequent 
dehydration of the resulting α-nitroketoxime (Supplementary Figure 3A).10 It remains unclear 
whether enzymatic or purely chemical processes underlie these transformations, but our results 
indicate that there may be structural requirements distal to the nitroisoxazole that determine 
whether this prodrug mechanism is operative. We also note that we were unable to use standard 
hydrolysis conditions10,26 to convert certain nitroisoxazoles into their corresponding α-
nitroketoxime forms, including 32–34 (Supplementary Figures 3B,C). It may be the case that this 
initial activating transformation is also not achievable within live cells. 

Another mechanistic hypothesis for inactive nitroisoxazole analogs is that the requisite 
transformations to the nitrile-oxide electrophile occur, but the resulting nitrile oxides are unable to 
target GPX4. One possibility may be that for certain inhibitor scaffolds, the nitrile-oxide group is 
not accessible to the selenocysteine residue for covalent modification. This caveat may explain 
why chloroacetamide (15) and propiolamide (16) analogs of ML210 exhibit diminished potency 
and selectivity for ferroptosis induction, as the electrophilic sites are at different positions in these 
compounds than they are in the active nitrile-oxide form of ML210. 

To investigate this possibility, we synthesized an analog of ML162 wherein the 
chloroacetamide group is replaced with a nitrolic acid warhead (40, Figure 2), which reacts with 
nucleophiles via a nitrile-oxide intermediate.10,27 Compound 40 induces ferroptotic cell death, but 
with diminished potency relative to ML162 and propiolamide analog 8. The different position of 
the electrophilic site of 40 likely contributes its lessened potency; the active nitrile-oxide species 
extends the position of the electrophilic site relative to the core scaffold by one carbon atom 
compared to the chloroacetamide in ML162 and changes the orientation relative to the 
propiolamide of 8. However, despite the diminished potency of 40, this result demonstrates that 
it is possible for an ML162 analog to target GPX4 through a nitrile-oxide electrophile. The 
electrophilic site in 40 is positioned similarly to the hypothetical site in 32 upon cellular activation 

Table 2: Investigation of masked propiolamides.  
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of the nitroisoxazole. This parallel suggests that failure to unmask the nitrile-oxide electrophile 
may underlie the inactivity of 32 and possibly other nitroisoxazoles. 
 
Table 3: Electrophilic warhead SAR with ML210 benzhydrylpiperazine scaffold 

 
 

Our studies reveal that the nitroisoxazole warhead cannot necessarily substitute for other 
electrophiles in GPX4 inhibitors. This distinction is likely due to specific structural requirements 
for both multistep nitroisoxazole activation as well as for GPX4-targeting ability. However, we 
hypothesized that other structurally distinct nitroisoxazoles could target GPX4 without being 
appended to scaffolds of known GPX4 inhibitors. To understand the ability of nitroisoxazoles to 
target GPX4 more generally, we screened 30 nitroisoxazole-containing compounds in cell viability 
and fer-1 rescue experiments (Supplementary Table 1). Most lacked the ability to induce 
ferroptosis, but we identified several compounds inducing cell death that was rescued by fer-1 
co-treatment. This collection includes two compounds that are close structural analogs of ML210, 
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41 and 42 (Supplementary Table 1). In addition to these ML210-like compounds, we also 
observed two low-molecular-weight (low-MW) nitroisoxazoles, 43 and 44 (Figure 3A), that exhibit 
fer-1 rescuable cell killing (Figure 3B and Supplementary Table 1).  
 
Table 4: Assessment of nitroisoxazole warheads on GPX4 inhibitor scaffolds 
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Figure 2: A nitrolic acid-containing analog of ML162 induces ferroptosis. (A) Synthesis of nitrolic acid 40. (B) The 
LOX-IMVI cell-killing activity of 40 can be suppressed by fer-1 co-treatment (1.5 µM). Compound 39 does not affect 
cell viability at the concentrations tested. EC50 values were determined from four technical replicates. 
 

Compound 44 contains a terminal alkyne group which can serve as a chemical handle for 
protein enrichment experiments (Figure 3A). We conjugated 44-labeled proteins to biotin-PEG3-
azide via Cu(I)-catalyzed azide-alkyne cycloaddition (CuAAC) chemistry in order to assess the 
proteome-wide reactivity of this nitroisoxazole (Figure 3C). Enrichment of target proteins using 
solid-supported streptavidin beads enabled identification of the protein targets of this 
nitroisoxazole by SDS–PAGE and western blotting. We found that despite its small size, 44 
exhibited surprising selectivity for a single major target protein of approximately 38 kDa (Figure 
3C). The proteome-wide selectivity of 44 is reminiscent of recently reported low-MW isoxazolium 
probes based on Woodward’s reagent K, which exhibit striking selectivity for macrophage 
migration inhibitor factor (MIF).28 

Mass spectrometry-based proteomics revealed this protein to be glyceraldehyde 3-phosphate 
dehydrogenase (GAPDH), a protein we have previously found to be a major target of 
diacylfuroxans, another class of masked nitrile-oxide GPX4 inhibitors.11 A related nitroisoxazole 
probe, 45, is also able to bind GAPDH with similar selectivity compared to 44 while its nitro-free 
analog 46 does not (Supplementary Figures 4A,B). It is notable that, despite the structural 
similarity with 44, compound 45 does not induce ferroptosis and does not enrich GPX4 
(Supplementary Table 1). We verified both GPX4 (Figure 3D) and GAPDH (Figure 3E) as covalent 
targets of 44 via western blotting experiments. As we reported previously, GPX4 was not detected 
by mass spectrometry-based proteomics,11 likely due to the low expression of GPX4 protein in 
LOX-IMVI cells.29 Compound 44 treatment also depletes GPX4 protein levels, as has been 
reported for many other ferroptosis-inducing compounds (Figure 3D and Supplementary Figure 
4B),30–32 which further limits detection of GPX4 in proteomics experiments. 

In this study, we explore the effectiveness of electrophilic warheads together with the core 
scaffolds of ML162, RSL3, and ML210. Our findings reveal that covalent GPX4 inhibitors must be 
highly electrophilic in order to react with the catalytic selenocysteine, a residue that is normally 
observed to exhibit greater nucleophilicity than cysteine.33 We speculate this requirement may be 
because the active-site environment of GPX4 suppresses the nucleophilicity of the selenocysteine 
residue, minimizing its reactivity towards electrophiles. Attenuation of the selenocysteine residue 
in this way provides a means for cellular systems to preserve the critical enzymatic function of 
GPX4 and prevent its alkylation by endogenous and environmental electrophilic species.  

Due to the attenuated reactivity of the selenocysteine residue, we find that strategies used to 
modulate the reactivity of chloroacetamide9,16 warheads do not translate to GPX4 inhibitors. 
However, as we reported previously,10,11 prodrug electrophiles enable the use of highly reactive 
electrophiles to target GPX4. Here, we provide preliminary evidence that GPX4 inhibitors with 
propiolamide warheads can be similarly masked. We hope that these findings stimulate additional 
work to identify prodrug reactive groups to target GPX4 and other proteins.  

Our studies also reveal that propiolamide, chloroacetamide, and nitroisoxazole groups are, in 
some instances, interchangeable as warheads for GPX4 inhibitors. As the position of the 
electrophilic site in each warhead is different, crystallographic studies will be necessary to 
understand the orientation of covalently-bound GPX4 inhibitors and identify noncovalent 
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interactions important for potency and selectivity. Knowledge of how this diverse collection of 
inhibitors interacts with GPX4 will enable the rational design of improved GPX4-targeting 
compounds. 

 

 
 

Figure 3: Characterization of low-MW nitroisoxazole GPX4 inhibitors. (A) Chemical structures of 43 and 44. (B) 43 
and 44 induce ferroptosis in LOX-IMVI cells. See also Supplementary Table 1. (C) Assessment of 44 (100 µM, 16 h) 
proteome-wide reactivity reveals labeling of a major target protein at ~38 kDa. (D) Treatment of LOX-IMVI cells with 
44 (100 µM, 16 h) enables pulldown of GPX4. (E) Compound 44 covalently binds GAPDH. 
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