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Abstract

Recent Alzheimer’s research has shown increasing interest in the caspase-2 (Casp2) enzyme. 

However, the available Casp2 inhibitors, which have been pentapeptides or peptidomimetics, 

face challenges for use as CNS drugs. In this study, we successfully screened a 1920-compound 

chloroacetamide-based, electrophilic fragment library from Enamine. Our two-point dose screen 

identified 64 Casp2 hits, which were further evaluated in a ten-point dose-response study to 

assess selectivity over Casp3. We discovered compounds with inhibition values in the single-digit 

micromolar and sub-micromolar range, as well as up to 32-fold selectivity for Casp2 over Casp3. 

Target engagement analysis confirmed the covalent-irreversible binding of the selected fragments 
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to Cys320 at the active site of Casp2. Overall, our findings lay a strong foundation for the future 

development of small-molecule Casp2 inhibitors.

Graphical Abstract

Introduction

Finding new lead structures with improved physicochemical properties is a key issue in 

modern drug discovery, particularly for targets with peptidic leads. The high polarity of 

these compounds often hinders their bioavailability, as predicted by their poor performance 

in Lipinski’s Rule of Five (R05)[1] and their unfavorable physicochemical properties 

characterized by high topological polar surface areas (TPSA) and a large number of 

rotatable bonds. These properties hamper compounds from crossing the blood-brain barrier 

to reach targets in the central nervous system (CNS). While medicinal chemists tend to 

focus on biological activity and selectivity, they often overlook the importance of a drug’s 

pharmacokinetics, including absorption, distribution, metabolism, and excretion (ADME).

The evolution of modern drug discovery may be summarized by decade: natural product 

synthesis in the 1960s, quantitative structure-activity relationships (QSAR) in the 1970s, 

structure-based drug discovery (SBDD) in the 1980s), combinatorial chemistry in the 

1990s, and fragment-based drug discovery (FBDD) in the 2000s.[2] FBDD has emerged 

as a valuable approach, prioritizing drug-like properties and addressing the aforementioned 

neglected aspects. FBDD libraries typically contain a few thousand fragments with a 

molecular weight of 150–250 daltons and emphasize the diversity of chemical scaffolds and 

functionalities present in approved drugs.[3] Success is achieved with biological activities 

in the low micromolar range, aiming for further optimization to achieve nanomolar range 

activities and maintain drug-like properties while increasing molecular weight.

Caspase-2 (Casp2), a cysteine protease,[4,5] has primarily been targeted with peptidic and 

peptidomimetic ligands. It plays multiple roles in the CNS,[6–14] and has gained attention 

in Alzheimer’s research due to its involvement in synaptic dysfunction through the cleavage 

of the neuronal scaffold-protein tau.[12] Unlike Casp3 and Casp6, which cleave tau leading 

to neurofibrillary tangles,[15,16] Casp2 cleavage of tau leads to a reversible form of synaptic 

dysfunction,[12] making it a promising therapeutic target for restoring synaptic function. 

The tau fragment Δtau314, exclusively formed by Casp2,[12] is associated with synaptic 

dysfunction in various diseases, including Alzheimer’s disease (AD)[12,17], Parkinson’s 

disease with dementia (PDD)[18], Lewy body dementia (LBD)[18], Huntington’s disease 

(HD)[19] and frontotemporal dementia (FTD)[12,20]. These findings support further drug 
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development efforts to target Casp2 and restore synaptic dysfunction in Alzheimer’s disease 

and related dementias (ADRD).[21]

Starting from the canonical but non-selective, peptidic Casp2 inhibitor AcVDVAD-CHO 

(Figure 1), numerous further developments have been published in recent years with a 

focus on both covalent reversible and covalent irreversible binding modes.[22–25] By 

incorporating non-natural amino acids into the pentapeptide inhibitor scaffold, highly potent 

Casp2 inhibitors in the single-digit nanomolar range could be prepared.[25] Selectivity 

within the caspases, particularly over the homologous caspase-3 (Casp3), was achieved by 

modifying amino acid positions P2 and P4 leading to compound 1 and 3 (Figure 1).[25] To 

overcome the challenges associated with developing bioavailable peptidomimetic drugs that 

penetrate the brain, alternative strategies based on non-peptide structures are needed. One 

possible approach is to develop small molecule fragments obtained by identifying Casp2 

inhibitors in FBDD libraries of molecules < 300 daltons that have favorable physicochemical 

properties and adhere to the Rule of Three (R03).[26,27] These types of fragments can serve 

as starting points for optimization of pharmacokinetic and pharmacodynamic properties, 

although to our knowledge this approach has not yet been applied to Casp2.

Similarly, researchers have prepared libraries of small electrophilic compounds that target 

nucleophilic amino acids, including cysteine, in the binding pocket. Disulfide tethering, 

using disulfide-containing compounds,[28] has been used successfully to inhibit cysteine 

proteases, such as the G12C K-Ras oncoprotein.[29,30] Covalent tethering, a newer 

technique utilizing electrophilic moieties such as the widely used acrylamide and vinyl 

sulfone adducts,[31] has also shown promise in reversible [32–35] and irreversible [36–38] 

inhibition of cysteine proteases.

Therefore, we decided to conduct a fragment-based, electrophilic screening campaign for the 

development of small molecule caspase-2 inhibitors, since electrophilic screens have already 

been successful for various cysteine proteases and specifically against caspases.[35–40]

Results and Discussion

The compound library

An α-chloroacetamide library from Enamine containing 1920 compounds was acquired 

and initially tested for inhibitory effects on Casp2 with Casp3 as a counterscreen in 

a two-point assay (two concentrations per compound in duplicates). Despite different 

evolutionary classifications, Casp2 and Casp3 have similar substrate recognition sequences. 

The canonical Casp2 inhibitors AcVDVAD-CHO and AcVDVAD-pNA inhibit both Casp3 

and Casp7, with greater potency against Casp3 as reported by our group[23] and others.

[41,42] In particular, selectivity against Casp3 is critically important because of the high 

concentration of active Casp3 relative to other caspases in almost all tissues and of its 

promiscuous nature.[42,43] Thus, it is important to develop a Casp2 tool with minimal 

or no Casp3 activity in order to be able to specifically evaluate the role of Casp-2 in 

neurodegenerative diseases.
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The decision on the electrophilic covalent reactive group (CRG) was made in favor 

of the irreversible α-chloroacetamides since they a) react strongly with thiols under 

physiological aqueous conditions,[44,45] b) are readily available from commercial sources, 

c) show selectivity in chemical-proteomic screens,[46] and because d) have recently been 

successfully applied to other cysteine proteases.[38,39] The distribution of physicochemical 

properties of the chloroacetamide library is shown in the Supporting Information (SI) 

(Figure S1–S9).

Two-point dose screening against Casp2 and Casp3

To ensure meaningful results, it was crucial to select appropriate concentrations for testing, 

achieve good signal-to-noise ratios, and clearly distinguish between baseline values and 

hits. In our laboratory, we opted for a fluorometric enzyme assay for Casp2 and Casp3, 

a well-established system for both routine and high-throughput testing (cf. Experimental 

Section). A screening method to test each compound with two concentrations in duplicates 

resulted in the use of 12.5 and 6.25 μM for compounds at Casp2 and 125 and 62.5 μM at 

Casp3. The plots in Figure 2 and Figure S10 (SI) show the distribution of inhibition values 

at Casp2 (in these figures a value of 1.0 corresponds to 100% inhibition), with compounds 

at 12.5 μM shown in Figure 2 and at 6.25 μM in Figure S10 (S10). The three-sigma rule 

(μ + 3σ) was used as a measure for the decision to classify a compound as a hit with μ as 

the mean and σ as the standard deviation. As expected, the mean and standard deviation 

increased with higher concentration (μ = 0.102, σ = 0.165, Figure 2), resulting in better 

differentiation between hit compounds and the baseline. Thus, at a concentration of 12.5 

μM, 64 hit compounds of Casp2 were obtained with a Z’ factor of 0.79, indicating the 

assay’s high quality according to Zhang et al.[47] The most promising results, with Casp2 

inhibition values ≥ 90%, were observed with compounds 17, 46, 196, 294, and 1532, 

summarized in Table1. Structures of the 64 Casp2 hits can be found in Figure S12 (SI).

A similar distribution was observed when Casp3 was used as the target protein, but with 

10-fold higher compound concentrations compared to Casp2 (Figure 3 and Figure S11, SI). 

The higher compound concentration of 125 μM at Casp3 (Figure 3) achieved an optimal 

separation of hit compounds, indicated by a Z’ factor of 0.85, compared to the results at 

62.5 μM (Figure S11, SI, Table 1, and Table S1, SI). Applying the three-sigma rule, 72 

hit compounds were identified for Casp3 (μ = 0.067, σ = 0.175, Figure 3). When tested at 

the concentration range used for Casp2 (12.5 μM and 6.25 μM), however, these compounds 

exhibited significantly lower inhibition values and signal-to-noise ratios. Table 1 and Table 

S1 (SI) display the inhibition values from the two-point dose screen at Casp3 for the selected 

compounds (64 Casp2 hits).

Since our main focus is on the discovery of a small molecule inhibitor for Casp2, a cross 

comparison with Casp3 data had to be made for a final assessment of the individual Casp2 

hits in the two-point dose screening. Figure 4 therefore shows the previously discussed 

distribution of Figure 2 (12.5 μM compound concentration at Casp2) but taking into account 

the Casp3 inhibition values, which are color-coded in the form of a heat map. Even though 

all 64 Casp2 hits were considered for a more advanced selectivity study against both 

proteins, some compounds already suggest a tendency toward Casp2 selectivity over Casp3 
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(Figure 4). Overall, these results thus confirm the successful development of a screening 

assay for both Casp2 and Casp3.

Ten-point dose response study against Casp2 and Casp3

The selectivity study mentioned above was subsequently performed with all Casp2 hits 

and ten concentrations in duplicates. The resulting ten-point dose response curves allowed 

a much more accurate analysis and calculation of pIC50 values, allowing a selectivity 

profile to be established for the selected compounds (Table 1 and Table S1, SI). One 

of these compounds is the benzothiazole-containing compound 1393 (Figure 4) with a 

Casp2 inhibition in the single-digit micromolar range (pIC50 (Casp2) = 5.28, Table S1, 

SI) and a selectivity factor > 12 (Table S1, SI). Even higher affinities and/or selectivities 

were observed for compounds 17, 46, 97, 118, 196, 1269, and 1598 (Table 1), for which 

the concentration-response curves (CRC) for Casp2 and Casp3 are exemplarily shown in 

Figure 5A–D and Figure S13–S15 (SI). Additionally, the CNS Multiparameter Optimization 

(MPO) scores[48,49] for these compounds were all ≥ 4 (Table S2, SI). Compound 196, 

the only compound showing sub-micromolar activity (pIC50 (Casp2) = 6.15, Table 1), 

stands out with regard to Casp2 inhibition, while the highest Casp3 inhibition could also 

be detected here (10-fold selectivity, Table 1). Compounds 750 and 1532 (Figure S1, SI) 

showed the highest selectivity for Casp2 with a selectivity factor of at least 31- and 32-fold, 

respectively (Table 1). For the seven compounds shown in Figure 5 and Figure S13–S15 

(SI), the kinact/KI values frequently used for irreversible inhibitors were calculated and 

shown in Table 1. The study confirmed the tendency for Casp2 selectivity of almost all 

selected fragments and provided satisfactory inhibition values in the single-digit micromolar 

or even sub-micromolar range. The concentration-response curves show sigmoidal and 

concentration-dependent effects and no abnormally high slopes, ruling out artifact effects. 

The selected fragments therefore provide a great foundation for further development of 

small molecule caspase-2 inhibitors.

Target engagement of selected fragments using mass spectrometry peptide sequencing

In order to further investigate the covalent tethering of our fragments to Casp2, a target 

engagement study was carried out using mass spectrometry peptide sequencing (MSPS) 

including downstream LC-MS/MS analysis according to publications from Carlson[50] 

and Jackson[51]. For demonstrating the irreversible binding of the fragments to the 

active site cysteine Cys320, the selected compounds 17, 46, 97, 196, 1269, and 1598 or 

the reference compound iodoacetamide (IAD), a nonselective thiol alkylator, were first 

incubated with the target enzyme Casp2. After protein denaturation, a trypsin digest of the 

protein/fragment adduct was performed. Following trypsin cleavage, analysis of the cleavage 

fragments was completed by MS/MS, with particular attention paid to the protein fragment 

MFFIQAC320R, as it contains cysteine Cys320, the active site of the caspase-2 enzyme 

(Figure 6A).

The analysis of MS chromatograms confirmed the covalent-irreversible binding of all tested 

electrophilic fragments to Cys320. Figure 6B illustrates the MS chromatogram and sequence 

analysis for fragment 17 (GPHR-00355781), highlighting the specific mass increase 

(Cys[+188]) associated with fragment 17. Additional chromatograms and sequence analyses 
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for the reference compound IAD (Cys[+57], Figure S16, SI), as well as fragments 46 
(Cys[+258], Figure S17, SI), 97 (Cys[+256], Figure S18, SI), 196 (Cys[+203], Figure S19, 

SI), 1269 (Cys[+280], Figure S20, SI), and 1598 (Cys[+247], Figure S21, SI) can be found 

in the Supporting Information, along with a table summarizing key peaks from the MS study 

associated with each tested hit compound (Table S3, SI). The Supporting Information also 

provides a summary of off-target cysteines labeled by the tested chloroacetamides. Notably, 

compound 1269 exhibited the most favorable off-target labeling to cysteines at Casp2 in this 

study.

Furthermore, we conducted reactivity measurements of our hits (17, 97, 1269, and 1921) 

against glutathione, since glutathione depletion can lead to oxidative stress and cell death. 

In parallel, we performed a cell viability assay. For compounds 17, 1269, and 1921, no 

glutathione (GSH) depletion was observed at concentrations below 10 μM (refer to Figure 

S22–S23 and S25–S28, SI). At higher concentrations, only minimal levels of GSH were 

measured by luminescence, and a corresponding decrease in the viability assay signal was 

observed in all cases (Figure S22–S23 and S25–S28, SI). It is likely that an artifact is 

detected in the GSH assay, indicated by very steep hill slopes, which could be attributed to 

cell death at high compound concentrations. While the possibility of GSH depletion being 

associated with loss of cell viability cannot be entirely ruled out, the unusual curve profiles 

make it less likely from our perspective. However, in the case of compound 97, the curve 

closely resembles a dose-dependent concentration-response curve, with a pIC50 of 5.75 in 

the GSH assay and pIC50 = 5.65 in the cell viability assay (Figure S24, SI).

Hit validation of selected fragments from electrophilic screening at Casp2

In an attempt to validate some of the most promising hit compounds from our electrophilic 

fragment screen, the chloroacetamide compounds 97 and 1269 were resynthesized in-house 

in order to confirm their activity in the fluorometric enzyme assay. To differentiate 

the resynthesized fragments, we marked them with an asterisk (*) or double asterisk 

(**). For compound 97*, Suzuki-Miyaura coupling strategy was employed to build the 

core thiazoloindoline structure. The aryl bromide component A1 was synthesized via 

selective halogen-metal exchange followed by methylation, whereas the aryl pinacol borate 

substrate A3 was generated via Boc-protection of 5-bromoindoline and subsequent Miyaura 

borylation of A2. The coupling product A4 was then subject to Boc-deprotection and 

acylation of chloroacetyl chloride warhead to give the final compound 97*.

For the synthesis of 7-bromo-4-(2-chloroacetyl)-1-methyl-3,4-dihydroquinoxalin-2(1H)-one 

(1269*) (Scheme 2), 3-bromo-N-methylaniline and 2-cyanoacetic acid were used as starting 

materials to provide B1 in a coupling reaction using EDC-HCl. In a tandem nitrosylation/

oxidation intramolecular ring closure reaction the N-oxide B2 was obtained, whereby the 

quinoxalinone backbone of the final compound could be formed. Two successive reductions, 

first with sodium dithionite gave B3 and subsequently, using sodium borohydride, the 

desired dihydroquinoxalinone structure B4. In a final step, as described above, the 

chloroacetamide warhead was implemented using chloroacetyl chloride to yield the desired 

product 1269*.
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In a collaboration with NCATS (National Center for Advancing Translational Sciences), 

fragments 17*, 97**, and 1921, a bromo-derivative of 196 (structure is shown in the SI) that 

was not included in the original Enamine library, were also synthesized. The synthesis and 

analytical data for these compounds can be found in the SI.

For further evaluation, the resynthesized compounds were tested against Casp2 and Casp3 in 

the fluorometric enzyme assay. Fragments 97* and 1269* again showed Casp2 affinities in 

the single-digit micromolar range (pIC50 = 5.31 and 5.22, respectively), with no significant 

Casp3 inhibition (Table 2). Comparison with the CRCs from the ten-point dose response 

screening of the Enamine library shows minimal differences in pIC50 values (Figure 7, 

Table 2), with 2.64-fold lower Casp2 inhibition for 97* (Figure 7A, Table 2) and only 1.89-

fold lower for 1269* (Figure 7B, Table 2). In order to further validate our hit fragments, 

compounds 17*, 97**, and the hit derivative 1921 were synthesized and tested for their 

caspase-2 activity in an external laboratory in collaboration with NCATS. Compared to the 

screening results, the fragments showed very similar activities with only minor differences 

in their inhibition values (Table 2). Fragment 1921 also showed Casp2 activity in the single-

digit micromolar range (pIC50 = 5.26, Table 2) and can be considered as a possible scaffold 

for further development. All in all, the results confirm both activity and selectivity of the 

investigated compounds and thus also the success of the presented study of electrophilic 

fragment screening against Casp2.

Summary and Conclusion

In this work, we have successfully established an electrophilic fragment screening targeting 

Casp2. The testing of a 1920 large chloroacetamide compound library from Enamine was 

initiated in a two-point dose screen, with excellent parameters in terms of Z’, hit separation 

and favorable signal-to-noise ratios. The subsequent selection of 64 Casp2 hit compounds 

led to the performance of an extended selectivity study with a ten-point dose response 

screen on both enzymes. The results showed that the majority of the fragments not only 

demonstrated inhibition of Casp2 but also exhibited a selective preference for Casp2 over 

Casp3. Notably, compound 196 displayed sub-micromolar Casp2 inhibition (pIC50 (Casp2) 

= 6.15), while compounds 750 and 1532 showed the highest selectivity factor (31- and 

32-fold, respectively). A target engagement study of selected fragments by MSPS also 

confirmed covalent tethering to cysteine Cys320 in the active site of caspase-2 for all 

compounds, validating Casp2 as a target for our fragment compounds. In order to complete 

this study, most promising compounds were hit validated by resynthesis and retesting in 

different laboratories, which was also successful with comparable inhibition values for both 

Casp2 and Casp3.

Overall, our electrophilic fragment screening yielded a significant number of diverse 

fragment scaffolds with notable affinity and selectivity for Casp2. The observed inhibition 

concentrations predominantly fell within the desired low micromolar range, providing an 

excellent starting point for further development of selective small molecule caspase-2 

inhibitors.
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Experimental Section

Fluorometric enzyme assay

The fluorometric enzyme assay was conducted according to already described protocols 

with minor modifications.[23] The electrophilic fragment compounds were added to the 

assay plate (Corning 4514) in duplicate at ten sets of concentrations (100 μM, 25 μM, 6.2 

μM, 1.6 μM, 0.4 μM, 100 nM, 25 nM, 6.2 nM, 1.6 nM, and 0.4 nM). The control compounds 

(AcVDVAD-FMK for caspase-2, AcDEVD-FMK for caspase-3) were added to the assay 

plate in duplicate at the same sets of concentrations. The corresponding assay buffer was 

added to the assay plate followed by the corresponding recombinant caspase protein (5 nM 

caspase-2/cp-caspase-2, 2 nM caspase-3). The assay plate was sealed and incubated at 37 °C 

for 40 min. The corresponding AFC containing inhibitor peptide (5 μM Z-VDVAD-AFC for 

caspase-2/cp-caspase-2, 2.5 μM Ac-DEVD-AFC for caspase-3) was added to the plate and 

the fluorescence of the AFC was recorded (Excitation = 400 nm, Emission = 505 nm) every 

3 minutes for 1 hour. The average fluorescence of the samples containing only buffer and 

protein was used to correct the raw fluorescence values recorded. The IC50 of the corrected 

fluorescence values at the 40 minute time point was calculated using Prism. Two-point dose 

screening was conducted following the same protocol but with different concentrations for 

the electrophilic fragment compounds (12.5 μM, 6.25 μM for caspase-2 and 125 μM, 62.5 

μM for caspase-3). In addition, the reaction was stopped after incubation (40 minutes, 37 °C) 

with AFC containing peptides by adding 5 M acetic acid and the fluorescence was recorded.

Caspase-2/cp-caspase-2 assay buffer: 100 mM MES (pH 6.5), 150 mM NaCl, 0.1% CHAPS, 

1.5% sucrose, 10 mM DTT. Caspase 3 assay buffer: 100 mM HEPES (pH 7.0), 150 mM 

NaCl, 0.1% CHAPS, 1.5% sucrose, 10 mM DTT.

Mass spectrometry peptide sequencing

Caspase-2 MS Sample Preparation—The tryptic digestion of purified recombinant 

protein was adapted from a previously published protocols.[50,51] All solutions utilized in 

this section were purified by centrifugation with a 3 kDa molecular weight cutoff (MWCO) 

filter (Amicon, MilliporeSigma) and collection of the flow-through. Recombinant Caspase-2 

(15 μL; 34 μM) was added to a solution of the test compound (1 μL of 10 mM DMSO 

stock). The sample was further diluted to 50 μL with 100 mM MES (pH 6.5), 150 mM 

NaCl, 0.1% CHAPS, 1.5% sucrose, 10 mM DTT and incubated for 1 h at 37 °C. Next, 

iodoacetamide (IAD) was added to a final concentration of 62 mM and the solution was 

incubated in the dark for 1 h at room temperature. The protein was then isolated by 

spinning down the samples in a 3 kDa MWCO filter, diluting the sample with distilled 

and deionized H2O (ddH2O, 500 μL) and isolating the protein again through the MWCO 

filter (3× total). The protein was then evaporated to dryness overnight (SpeedVac). The 

dried protein-compound samples were resuspended in 20 μL of a freshly prepared aqueous 

denaturing solution (8 M urea, 50 mM ammonium bicarbonate, 5 mM DTT) and incubated 

at 37 °C for 1 h. A solution of 30 mM IAD in ddH2O was prepared and 20 μL was added 

to each sample. The samples were incubated for 1 h in the dark at room temperature. Next, 

120 μL of 50 mM ammonium bicarbonate aqueous solution was added to each sample in 

order to dilute the urea concentration for trypsin digestion. A 1 μg/μL solution of trypsin 
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(Promega, catalog #V5280) in 50 mM acetic acid was diluted to 100 ng/μL with 100 mM 

aqueous ammonium bicarbonate and 10 μL of the resulting solution was added to each 

sample. Acetonitrile was immediately added to each sample to a final concentration of 10% 

(v/ v). Samples were incubated in a rotating (800 rpm) heat block overnight at 37 °C. Glacial 

acetic acid was added until the pH of each sample was less than 4.0 (~5 μL) and then the 

samples were desalted using C18 resin pipette tips according to the manufacturer’s protocol 

(Pierce C18 Tips 10 μL bed, ThermoFisher). Desalted samples were evaporated to dryness 

(SpeedVac) and then reconstituted in 20 μL of 98:2 LC–MS-grade H2O/MeCN containing 

0.1% formic acid (v/v).

Caspase-2 MS Analysis—Peptides within each sample were separated with a front-end 

Dionex UltiMate 3000 ultrahigh performance liquid chromatography instrument. Peptides 

were separated using a home-packed analytical Luna C18 (100 Å pore, 5 μm particles) 

reverse-phase column (75 μm ID × 200 mm, 10 μm emitter orifice, Phenomenex), where 

MS-grade water with 0.1% formic acid was eluent A and acetonitrile with 0.1% formic acid 

was eluent B at room temperature. Initially, an isocratic 2% B elution was run for 5 min (1 

μL/min flow rate). Then, the gradient elution (0.3 μL/min flow rate for all gradient steps) 

began by running from 2% B to 10% B over 5min, followed by 10% B to 25% B over 40min 

and then 25% B to 40% B over 10 min. The elution gradient further increased from 40% B 

to 90% B over 1 min, then held at 90% B for 4 min before decreasing from 90% B to 2% B 

over 0.5 min and re-equilibrated at 2% B for 4.5 min (1 μL/min flow rate). Eluted peptides 

were analyzed with an LTQ Orbitrap Velos (ThermoFisher) in the Nth Order Double Play 

mode. The mass spectrometer utilized an electrospray ionization source with a source 

voltage of +2.5 kV. MS1 scan range was m/z 220.0–1800.0. For MS2, the precursor ion 

mass of peptides containing the target cysteines in caspase-2 were predicted using Proteome 

Discoverer software. The m/z of the double and triple- charged peptides were calculated 

for peptide MFFIQAC320R. All possible cysteine modifications were evaluated for the 

following seven compounds: carbamidomethylation (+57.0215 Da), 17/GPHR-00355781 

(+188.0586 Da), 46/GPHR-00355810 (+258.0463 Da), 97/GPHR-00355861 (+256.0670 

Da), 196/GPHR-00355959 (+203.0577 Da), 1269/GPHR-00357032 (+279.9847 Da), and 

1598/GPHR-00357358 (+247.1208 Da).

GSH-Glo™ Glutathione Assay:

HepG2 cells (5 μL, 250 cells/well) were seeded in a 1536-well white solid bottom plate 

(Greiner Bio One, Monroe, NC) and incubated at 37 °C and 5 % CO2 for four hours. 

Compounds (50 nL) were transferred into each well by Echo 650 Acoustic Liquid Handlers 

(Beckman Coulter, Brea, CA) and incubated at 37 °C and 5 % CO2 for 22 hours. The media 

was subsequently removed by centrifugation (1000 rpm, 15 sec) and 5 μL 1X GSH-Glo™ 

Reagent (Promega, Madison, WI) was added to each well and incubated for 30 minutes 

at room temperature. 5 μL of Luciferin Detection Reagent (Promega, Madison, WI) was 

finally added into each well and was incubated for 15 minutes at room temperature before 

luminescence was measured by ViewLux™ ultra HTS Microplate Imager (PerkinElmer, 

Waltham, MA).
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CellTiter-Glo™ Luminescent Cell Viability Assay:

HepG2 cells (5 μL, 250 cells/well) were seeded in a 1536-well white solid bottom plate 

(Greiner Bio One, Monroe, NC) and incubated at 37 °C and 5 % CO2 for four hours. 

Compounds (50 nL) were transferred into each well by Echo 650 Acoustic Liquid Handlers 

(Beckman Coulter, Brea, CA) and incubated at 37 °C and 5 % CO2 for 22 hours. 5 μL 

of CellTiter-Glo™ Reagent (Promega, Madison, WI) was finally added into each well and 

was incubated for 15 minutes at room temperature before luminescence was measured by 

ViewLux™ ultra HTS Microplate Imager (PerkinElmer, Waltham, MA).

Chemistry

General Methods for Chemistry: All air- or moisture-sensitive reactions were 

performed under positive pressure of nitrogen with oven-dried glassware. Anhydrous 

solvents such as dichloromethane, N,N-dimethylformamide (DMF), acetonitrile, methanol 

and triethylamine were purchased from Sigma-Aldrich. All starting materials, solvents, and 

reagents used in solution phase syntheses were purchased from commercial sources and 

used without further purification. Flash chromatography using 230–400 mesh silica gel was 

applied as needed in purifying intermediates and final products. Preparative purification was 

performed on a Waters semi-preparative HPLC system. The column used was a Phenomenex 

Luna C18 (5 micron, 30 × 75 mm) at a flow rate of 45 mL/min. Purification was performed 

using Method Acidic Standard Gradient (10:90 MeCN with 0.1% TFA/deionized water 

with 0.1% TFA ramped to 100% deionized water with 0.1% TFA) over 8 minutes unless 

otherwise noted. Fraction collection was triggered by UV detection (220 nM). Analytical 

analysis was performed on an Agilent LC/MS (Agilent Technologies, Santa Clara, CA). 

Purity analysis was determined using a 7 minute gradient of 4% to 100% acetonitrile 

(containing 0.025% trifluoroacetic acid) in water (containing 0.05% trifluoroacetic acid) 

with an 8 minute run time at a flow rate of 1 mL/min. A Phenomenex Luna C18 column 

(3 micron, 3 × 75 mm) was used at a temperature of 50 °C using an Agilent Diode Array 

Detector. Mass determination was performed using an Agilent 6130 mass spectrometer 

with electrospray ionization in the positive mode. 1H NMR spectra were recorded on 

Varian 400 MHz and Bruker 400 MHz spectrometers. Chemical shifts are reported in 

ppm with non-deuterated solvent (DMSO-d5 peak at 2.50 ppm, CHCl3 peak at 7.26 ppm) 

as internal standard for DMSO-d6 and CDCl3 solutions, respectively. All of the analogs 

tested in the biological assays have a purity greater than 95% based on LCMS analysis. 

High resolution mass spectrometry was recorded on Agilent 6210 Time-of-Flight LC/MS 

system. Confirmation of molecular formulae was accomplished using electrospray ionization 

in the positive mode with the Agilent Masshunter software (version B.02). NMR spectra and 

RP-HPLC chromatograms of 97*and 1269* (Figure S29–S34) are shown in the SI.

Synthesis and analytical data

4-Bromo-2-methylthiazole (A1)—4-Bromo-2-methylthiazole (A1) was synthesized 

following procedures reported by Karama et. al.[52] Starting from 4 g of 2,4-

dibromothiazole, 2.29 g of the product was obtained as a light yellow oil in 76% yield. 
1H NMR (400 MHz, CDCl3) δ 7.06 (s, 1H), 2.72 (s, 3H).
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tert-Butyl 5-bromoindoline-1-carboxylate (A2)—N-Boc-5-bromoindoline (A2) was 

synthesized using methods by Axten et. al.[53] Starting from 1.98 g of 5-bromoindoline, 

2.83 g of the product was isolated as a white solid in 95% yield. 1H NMR (400 MHz, 

CDCl3) δ 7.90 – 7.18 (m, 3H), 3.97 (t, J = 8.7 Hz, 2H), 3.07 (t, J = 8.7 Hz, 2H), 1.56 (s, 9H).

tert-Butyl 5-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)indoline-1-carboxylate 
(A3)—Compound A3 was synthesized using methods by Axten et. al.[53] Starting from 268 

mg of A2, 189 mg of the product was isolated as a white solid in 61% yield. 1H NMR (400 

MHz, DMSO) δ 7.79 – 7.40 (m, 3H), 3.90 (t, J = 8.7 Hz, 2H), 3.05 (t, J = 8.7 Hz, 2H), 1.50 

(s, 9H), 1.27 (s, 12H).

tert-Butyl 5-(2-methylthiazol-4-yl)indoline-1-carboxylate (A4)—Compound A1 
(178 mg, 1 mmol), Compound A3 (345mg, 1mmol), Pd2(dba)3 (92 mg, 0.1 mmol), Cs2CO3 

(977 mg, 3 mmol), and xPhos (95 mg, 0.2 mmol) were dissolved in a mixture of 3 mL 

dioxane and 1 mL H2O. The biphasic solution was purged with N2 and heated to 80°C 

overnight. The reaction was diluted with H2O and extracted with DCM. The organic phase 

was dried over anhydrous Na2SO4 and concentrated. The mixture was purified via flash 

chromatography with 4:1 hexanes:EtOAc as eluting solvent to give 283 mg of product A4 as 

a colorless oil. Yield: 89.4% 1H NMR (400 MHz, CDCl3) δ 8.00 – 7.60 (m, 3H), 7.18 (s, 

1H), 4.00 (t, J = 8.8 Hz, 2H), 3.12 (t, J = 8.8 Hz, 2H), 2.76 (s, 3H), 1.57 (s, 9H).

2-Chloro-1-(5-(2-methylthiazol-4-yl)indolin-1-yl)ethan-1-one (97*)—227 mg (0.717 

mmol) of A4 was dissolved in 4 mL DCM and 1 mL of TFA was added. The deprotection 

reaction was carried out at room temperature for 1 hour. Upon completion, the reaction was 

diluted with 10 mL DCM and washed with saturated NaHCO3 solution repeatedly until no 

bubbles were formed. The organic phase containing compound A5 was dried over anhydrous 

Na2SO4, DIPEA (0.249 mL, 1.43 mmol) was added and cooled to 0°C. 0.113 g (1 mmol) of 

chloroacetyl chloride in 5 mL DCM was added dropwise. The reaction was allowed to warm 

to room temperature, stirred for 1 hour and was monitored with TLC. Once completed, 

the reaction was washed with 0.1 M hydrochloric acid, dried over anhydrous Na2SO4 and 

rotavaped to give crude 97*. The crude product was purified via flash chromatography using 

2:1 hexanes:EtOAc as eluent to give 107 mg of pure 97* as white solid. Yield: 51%. 1H 

NMR (400 MHz, CDCl3) δ 8.22 (d, J = 8.4 Hz, 1H), 7.77 (d, J = 1.8 Hz, 1H), 7.70 (dd, J = 

8.4, 1.8 Hz, 1H), 7.24 (s, 1H), 4.23 – 4.14 (m, 4H), 3.27 (t, J = 8.4 Hz, 2H), 2.76 (s, 3H). 13C 

NMR (101 MHz, CDCl3) δ 165.88, 163.92, 154.71, 142.25, 131.81, 131.16, 125.85, 122.71, 

117.38, 111.61, 48.11, 43.08, 28.10, 19.33. HRMS: m/z of [M+H]+ calculated for molecular 

formula C14H14ClN2OS: 293.0515, found: 293.0498. HPLC purity: 99.3%.

N-(3-Bromophenyl)-2-cyano-N-methylacetamide (B1)—To a solution of 1 mmol 

(186.05 mg) 3-bromo-N-methylaniline and 1.1 mmol (93.57 mg) of 2-cyanoacetic acid in 

30 mL DCM a solution of 1.1 mmol (210.87 mg) EDC hydrochloride in 10 mL DCM was 

added. The reaction was stirred at room temperature for 1 hour. Upon completion, DCM 

was evaporated and the crude mixture was loaded onto a silica plug and eluted with 2:1 

hexanes:EtOAc as eluent to give 250 mg of the desired product B1 as a white solid. Yield: 
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98.8%. 1H NMR (400 MHz, CDCl3) δ 7.62 – 7.55 (m, 1H), 7.42 (t, J = 2.0 Hz, 1H), 7.37 (t, 

J = 8.0 Hz, 1H), 7.21 (ddd, J = 7.9, 2.1, 1.0 Hz, 1H), 3.31 (s, 3H), 3.25 (s, 2H).

6-Bromo-2-cyano-4-methyl-3-oxo-3,4-dihydroquinoxaline 1-oxide (B2)—
Compound B2 was synthesized according to the procedure reported by Kobayashi et. al.[54] 

Starting from 253 mg of B1, 212 mg of the N-oxide product was obtained as a bright yellow 

solid in 75.7% yield. 1H NMR (400 MHz, DMSO) δ 8.13 (d, J = 9.0 Hz, 1H), 8.06 (d, J = 

1.9 Hz, 1H), 7.68 (dd, J = 8.9, 1.9 Hz, 1H), 3.62 (s, 3H).

7-Bromo-1-methylquinoxalin-2(1H)-one (B3)—A suspension of 210 mg (0.75 mmol) 

of B2 and 391 mg (2.25 mmol) of sodium dithionite in a mixture of 10 mL EtOH and 20 mL 

H2O was heated to reflux for 2 hours. Once cooled to room temperature, the reaction was 

extracted with EtOAc three times. The combined organic phase was dried over anhydrous 

Na2SO4 and rotavaped to give 0.168 g of B3 as a light yellow solid. Yield: 93.7%. 1H NMR 

(400 MHz, DMSO) δ 8.25 (s, 1H), 7.82 (d, J = 2.0 Hz, 1H), 7.75 (d, J = 8.5 Hz, 1H), 7.55 

(dd, J = 8.5, 2.0 Hz, 1H), 3.59 (s, 3H).

7-Bromo-1-methyl-3,4-dihydroquinoxalin-2(1H)-one (B4)—To a solution of 143 mg 

(0.6 mmol) B3 in 5 mL THF 114 mg (3 mmol) of NaBH4 was added. The reaction was 

heated to reflux for 30 min. Upon completion, the reaction was poured onto an ice-water 

mix to quench the NaBH4 excess and stirred for approximately 30 min until no bubbles were 

formed. This suspension was extracted with EtOAc three times. The combined organic phase 

was dried over anhydrous Na2SO4 and rotavaped to give 0.131 g of B4 as a light yellow 

solid. Yield: 90.56%. 1H NMR (400 MHz, DMSO) δ 7.09 (d, J = 2.2 Hz, 1H), 7.00 (dd, J 
= 8.3, 2.1 Hz, 1H), 6.67 (d, J = 8.3 Hz, 1H), 6.24 (s, 1H), 3.79 (d, J = 1.8 Hz, 2H), 3.22 (s, 

3H). HRMS: m/z of [M+H]+ calculated for molecular formula C11H11BrClN2O2: 316.9692, 

found: 316.9682.

7-Bromo-4-(2-chloroacetyl)-1-methyl-3,4-dihydroquinoxalin-2(1H)-one (1269*)
—A solution of 96 mg (0.4 mmol) of B4 and 0.111 mL (0.8 mmol) Et3N in 10 mL DCM 

was cooled to 0°C. A solution of chloroacetyl chloride in 5 mL DCM was added dropwise 

to the prior solution. The reaction was allowed to warm to room temperature and stirred 

for 1 hour and monitored with TLC. Once completed, the reaction was washed with 0.1 M 

hydrochloric acid, dried over anhydrous Na2SO4 and rotavaped to give crude 1269*. The 

crude product was recrystallized from DCM and hexanes to give 50 mg of pure 1269* as 

white crystalline solid. Yield, 39.4%. 1H NMR (400 MHz, CDCl3) δ 7.33 – 7.27 (m, 2H), 

7.25 (s, 1H), 4.49 (s, 2H), 4.20 (s, 2H), 3.36 (s, 3H). 13C NMR (101 MHz, CDCl3) δ 166.35, 

165.20, 135.68, 126.52, 126.29, 124.27, 120.87, 119.05, 46.66, 40.26, 29.34.. HRMS: m/z 

of [M+H]+ calculated for molecular formula C11H11BrClN2O2: 316.9692, found: 316.9682. 

HPLC purity: 99.4%.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Abbreviations

ADRD Alzheimer’s disease and related dementias

AFC 7-amido-4-trifluoromethylcoumarin

Casp2 caspase-2

Casp3 caspase-3

CHAPS 3-[(3-cholamidopropyl)dimethylammonio]-1-

propanesulfonate

CNS central nervous system

CRC concentration-response curve

CRG covalent reactive group

Cys320 cysteine at position 320 of the caspase-2 enzyme

EDC-HCl N-Ethyl-N′-carbodiimide hydrochloride

FTD frontotemporal dementia

G12C K-Ras mutation of the K-Ras protein

HD Huntington’s disease

HEPES 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid

IAD iodoacetamide

LBD Lewy body dementia

MES 2-(N-morpholino)ethanesulfonic acid

MSPS mass spectrometry peptide sequencing

MWCO molecular weight cutoff

NCATS National Center for Advancing Translational Sciences

PDD Parkinson’s disease with dementia

R03 Rule of Three

TPSA topological polar surface area
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xPhos dicyclohexyl[2′,4′,6′-tris(propan-2-yl)[1,1′-biphenyl]-2-

yl]phosphane

Z benzyloxycarbonyl
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Highlights:

• Electrophilic fragment screening for caspase-2 (Casp2) identified 64 hit 

compounds

• Single-digit micromolar affinity for Casp2 and up to 32-fold selectivity over 

Casp3

• Successful hit validation for selected fragments

• Target engagement study using mass spectrometry peptide sequencing 

(MSPS)

• Covalent-irreversible fragment binding to cysteine-320 at the active site of 

Casp2
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Figure 1. 
Chemical structures of canonical, non-selective, peptidic Casp2 inhibitor AcVDVAD-CHO 

and selective, peptidomimetic Casp2 inhibitors compound 1 and compound 3.
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Figure 2. 
Caspase-2 inhibition plot of the two-point dose screening assay of compounds 1–1920 at 

12.5 μM.
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Figure 3. 
Caspase-3 inhibition plot of the two-point dose screening assay of compounds 1–1920 at 

125 μM.
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Figure 4. 
Caspase-2 inhibition plot of the two-point dose screening assay of compounds 1–1920 at 

12.5 μM with associated caspase-3 data incorporated as a color-coded heat map. Exemplary 

enzyme inhibition data are shown from benzothiazole-containing compound 1393.
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Figure 5. 
Concentration-response curves of 17 (A), 46 (B), 97 (C), and 1269 (D) at caspase-2 (blue 

curves) and caspase-3 (red curves) in the fluorometric enzyme assay. Data points represent 

mean values ± SD from representative experiments, each performed in duplicate.
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Figure 6. 
A: Schematic overview of the target engagement study of electrophilic fragments with 

Casp2. After incubation of the fragment compound with the target enzyme, a trypsin 

digest was performed with downstream LC-MS/MS analysis to detect the bound fragment 

at the active site cysteine Cys320. Created with BioRender.com. B: Mass spectrometry 

(MS) chromatogram of the adducted peptide MFFIQACR with electrophilic fragment 17 
(GPHR-00355781). Sequence analysis by MS confirms fragment binding at active site 

Cys320. Columns b+/b2+ and y+/y2+ (single/double charge) represent the MS results of 

stepwise fragmentation of peptide “MFFIQA(C-fragment)R” (b: C-terminal fragmentation; 

y: N-terminal fragmentation).
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Figure 7. 
Concentration-response curves of 97 (green curve), 97* (blue curve), 97** (purple curve), 

(A) and 1269 (green curves), 1269* (blue curve) (B) at caspase-2 in the fluorometric 

enzyme assay. Data points represent mean values ± SD from representative experiments, 

each performed in duplicate.
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Scheme 1. 
Synthesis of 2-chloro-1-(5-(2-methylthiazol-4-yl)indolin-1-yl)ethan-1-one (97*). Reagents 

and conditions: A: a) nBuLi, Et2O, −78 °C, 4h; Me2SO4, −78 °C, overnight; B: b) Boc2O, 

DMAP, MeCN, rt, 1h; c) B2pin2, Pd(dppf)Cl2, KOAc, DMSO, 80°C, overnight; C: d) 

Pd2(dba)3, xPhos, Cs2CO3, dioxane, H2O, 80 °C, overnight; e) TFA, DCM, rt, 1h, f) 

chloroacetyl chloride, Et3N, DCM, 0°C, 1h.
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Scheme 2. 
Synthesis of 7-bromo-4-(2-chloroacetyl)-1-methyl-3,4-dihydroquinoxalin-2(1H)-one 

(1269*). Reagents and conditions: a) EDC hydrochloride, DCM, rt, 1h; b) NaNO2, H2SO4, 

O2, MeCN, rt, overnight; c) Na2S2O4, EtOH, H2O, reflux, 2h; d) NaBH4, THF, reflux, 30 

min. e) chloroacetyl chloride, Et3N, DCM, 0 °C to rt, 1h.
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Table 1.

Enzyme inhibition activities from two-point and ten-point dose response screenings of selected electrophilic 

fragments at caspase-2 and caspase-3.

Cmp 
d.

Casp2 
Inhibiti on 

at 12.5 
μM [%]a

Casp2 
Inhibiti on 

at 6.25 
μM [%]a

Casp3 
Inhibiti on 
at 125 μM 

[%]a

Casp3 
Inhibiti on 

at 62.5 
μM [%1a

pIC50 ± SEMa selectivity:

kinact/Ki 
(Casp2) 

[M−1 s−1]b
Casp2 N Casp3 N

IC50 
(Casp3 ) / 

IC50 (Casp2)

12 84 62 91 80 5.57 ± 0.01 2 < 4.30 2 > 19 n.d.

17 92 86 90 59 5.97 ± 0.03 2 4.54 ± 
0.01

2 27 4.49 × 104

46 93 92 30 24 5.89 ± 0.01 2 5.02 ± 
0.08

2 7 5.86 × 104

97 89 79 16 10 5.74 ± 0.03 2 4.45 ± 
0.05

2 19 7.97 × 104

118 77 56 0 5 5.43 ± 0.01 2 < 4.20 2 > 17 4.60 × 101

166 83 68 92 32 5.56 ± 0.04 2 4.41 ± 
0.05

2 14 n.d.

196 90 86 96 96 6.15 ± 0.06 2 5.14 ± 
0.05

2 10 4.37 × 102

239 86 70 80 36 5.50 ± 0.01 2 < 4.30 2 > 16 n.d.

294 92 82 88 53 5.66 ± 0.01 2 4.50 ± 
0.03

2 14 n.d.

750 85 70 86 46 5.49 ± 0.02 2 < 4.00 2 > 31 n.d.

1269 79 62 14 0 5.50 ± 0.04 2 < 4.30 2 > 16 6.32 × 105

1532 90 79 59 18 5.50 ± 0.02 2 < 4.00 2 > 32 n.d.

1598 71 53 0 1 5.31 ± 0.01 2 < 4.00 2 > 20 5.21 × 104

1715 60 62 69 23 5.31 ± 0.01 2 < 4.00 2 > 20 n.d.

1765 66 57 52 6 5.38 ± 0.01 2 < 4.00 2 > 24 n.d.

a
pIC50 values and single dose inhibition values were obtained based on measurements at 40 min. Data shown are mean values ± SEM of N 

independent experiments, each performed in duplicate. Data were analyzed by nonlinear regression and were best fitted to sigmoidal concentration-
response curves (variable slope, four parameter fit).

b
kinact/Ki values were calculated in two-steps by obtaining kobs values first (a) Irreversible Inactivation and b) Two Step Irreversable Secondary 

Regression (Copeland 9.2)) and using kinetic data of at least four different inhibitor concentrations. n.d. = not determined.
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Table 2.

Enzyme inhibition activities from ten-point dose response assays of selected resynthesized electrophilic 

fragments at caspase-2 and caspase-3.

pIC50 ± SEMa

Cmpd. Casp2 N Casp3 N IC50 („cmp“ @Casp2) / IC50 („cmp*“@Casp2)

AcVDVAD-CHO b 7.32 ± 0.01d 3 n.d. - -

AcDEVD-CHO c n.d. - 8.86 ± 0.01 3 -

17* 5.48 1 n.d. - 3.06

97* 5,31 ± 0.01d 3 < 4.50 3 2.64

97** 5.47 1 n.d. - 1.85

1269* 5,22 ± 0.01d 3 < 4.50 3 1.89

1921 5.27 2 n.d. - -

a
pIC50 values were obtained based on measurements at 40 min. Data shown are mean values ± SEM of N independent experiments, each 

performed in duplicate. Data were analyzed by nonlinear regression and were best fitted to sigmoidal concentration-response curves (variable slope, 
four parameter fit).

b
AcVDVAD-CHO was used as a reference compound against caspase-2.

c
AcDEVD-CHO was used as a reference compound against caspase-3.

d
Assayed with cpCasp2.[23]
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