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Abstract

Most caspases can be positioned unambiguously within the regulated cell death networks of apoptosis and
pyroptosis, but the role of caspase-2, a highly conserved protease within the family, remains enigmatic.
This is mainly due to lack of selective chemical and biochemical tools for the investigation of this protease.
In this study we used our HyCoSuL (Hybrid Combinatorial Substrate Library) approach to broadly profile
caspase-2 substrate specificity using peptide scanning libraries. This screen uncovered previously unknown
caspase-2 peptidyl substrate preferences, which were further used to develop caspase-2 selective
fluorogenic substrates and covalent, irreversible AOMK inhibitors. Finally, we used the champion inhibitor
(NH-23-C2) in reversine-treated HCT-116 colon cancer cells to selectively block caspase-2 activity and
caspase-2-mediated MDM-2 cleavage. In addition we showed that NH-23-C2 does not block caspase-3 or
caspase-8, which makes it a powerful chemical tool to dissect the true role of caspase-2 in various biological

setups.
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Introduction

Caspases are proteases that play dominant roles in apoptosis and inflammation, but also participate
in cell differentiation®. Generally these enzymes can be divided into three major groups: initiators of
apoptosis (caspases-8, -9, and -10), executioners of apoptosis (caspases-3, -6, -7) and proinflammatory
caspases (-1, -4, and -5 in humans, -1 and -11 in mice)? 2. Caspase-2 (formerly known as NEDD-2* or Ich-
1°) has been reported to act as an apoptosis initiator or executioner as well as participant in non-apoptotic
processes® "8, Caspase-2 is highly conserved in vertebrates however, despite over two decades of research,
its biological role remains far less understood compared to other caspases®. The scope of caspase-2 action
is much broader than for other caspases, however, there is still some controversy as several caspase-2 related
studies failed to be replicated® 11, It is reported that caspase-2 participates in multiple forms of cell death
caused by various stimulants, including ER stress!?, metabolic stress'®, heat shock response!* °, response
to DNA damage?® 7, senescence!®, mitotic catastrophe®® and others (see reviews® 10 20:21.22) Thjs enzyme

can also be involved in cancer by acting as a tumor suppressor* %,

Difficulties in dissecting the role of caspase-2 in physiology and disease arise from the lack of
selective tools that may distinguish between caspase-2 and other family members. Most of the experiments
rely on the use of antibodies, mMRNA knockdowns?*, caspase-2 deficient mouse models®, or measuring
caspase-2 activation by induced proximity assays with protein fluorescent probes?. However, since the
lack of one caspase can be compensated by another?”- 2, it would be beneficial to the field to develop highly
selective caspase-2 substrates and inhibitors that can be used to interrogate various systems where caspase-

2 might be involved.

Caspase-2 has an almost absolute requirement for Asp at the P1 position?. Positional scanning
synthetic combinatorial library (PS-SCL) strategies using short substrates revealed that this enzyme has a
narrow specificity at P4 with high preferences for Asp, and broader preferences at P3-P2 region, which
overlaps with caspase-3 and -7 specificity?. Similarities in specificity between caspases-2, -3, and -7
reported for short substrates are in line with recent proteomic data demonstrating that these enzymes cleave
almost the same pool of protein substrates, but with significantly different catalytic efficiency 23, and it
has been hypothesized that the substrates cleavage rates rather than overall specificity might be important
to understand the true role of caspase-22°. Another unique feature of this enzyme is the requirement of at
least five amino acids in the non-prime region for the efficient catalysis, with the VDVAD peptide, being
the most active caspase-2 substrate®! %2, However, it has been demonstrated that substrates and inhibitors
based on VDVAD sequence are even more potent toward caspase-3** 4. The discrimination between

caspase-2 and -3 is difficult, as amino acids that build the substrate pockets in both enzymes are very similar,



with the exception of the S2 pocket, which was exploited by Maillard et al. to develop caspase-2 reversible

inhibitors with improved selectivity®*.

The lack of selective chemical tools is a bottleneck in studying caspase-2 activation and function,
and this field could certainly benefit from a potent and selective caspase-2 probe that bypasses caspase-3
cross-reactivity®®. We have recently demonstrated that the use of unnatural amino acids is a good strategy
to develop selective inhibitors for initiator caspases®. To challenge this problem we used our HyCoSuL
(Hybrid Combinatorial Substrate Library) strategy to in-depth profile caspase-2 specificity in the P5-P2
positions®” 3, This analysis performed with a broad spectrum of unnatural amino acids revealed some
unexpected caspase-2 preferences that were used to develop selective substrates and inhibitors. In order to
further validate the usefulness of this approach, we further interrogated most selective inhibitors in
paradigms of apoptosis and reversine checkpoint assembly inhibition with MDM2 cleavage. The latter
paradigm, demonstrated genetically to depend on caspase-2, allowed us to validate the use of a highly
selective and cell penetrant caspase-2 inhibitor, which we propose can be used in other cell-based studies

to elucidate caspase-2 activation and function upon various stimulants.
Methods and materials

Reagents. All chemicals were obtained from commercial sources and used without further purification.
Fmoc- and Boc-protected amino acids were purchased from Iris Biotech GmbH (Marktredwitz, Germany),
Sigma-Aldrich (Poznan, Poland), Bachem (Torrance, CA, USA), Creosalus (Louisville, KY, USA), and PE
Biosciences Limited (Hong Kong, China). Fmoc-ACC fluorescent dye was synthesized according to the
procedure published previously by Maly et al. Rink Amide AM resin (200-300 mesh, loading 0.48 mmol/g),
2-chlorotrityl chloride resin (100-200 mesh, loading 1.59 mmol/g), biotin, HBTU, HATU, piperidine
(PAP), diisopropylcarbodiimide (DICI), 2,2,2-trifluoroethanol (TFE), and trifluoroacetic acid (TFA) were
purchased from Iris Biotech GmbH. Anhydrous HOBt was purchased from Creosalus. 2,4,6-
trimethylcollidine, acetonitrile (ACN, HPLC gradient grade), triisopropylsilane (TIPS), hydrobromic acid
solution (30% HBr wt. in acetic acid), N-methylmorpholine (NMM), tetrahydrofuran (THF, anhydrous),
isobutylchloroformate (IBCF), and 2,6-dimethylbenzoic acid (2,6-DMBA) were purchased from Sigma-
Aldrich. N,N"-dimethylformamide (DMF, pure for analysis), methanol (MeOH), dichloromethane (DCM),
acetic acid (AcOH), diethyl ether (Et.0), and phosphorus pentoxide (P.0Os) were from POCh (Gliwice,
Poland). Diazomethane for the AOMK probe/inhibitor synthesis was generated according to the Aldrich
Technical Bulletin (AL-180) protocol. All compounds (peptides, ACC fluorescent substrates, inhibitors and
biotinylated probes) were purified by reverse phase HPLC on Waters system (Waters M600 solvent
delivery module and Waters M2489 detector system) using semi-preparative Discovery® C8 column

(particle size 10 um). The purity of the compounds were confirmed on the above HPLC system using



analytical Discovery® C8 column (particle size 10 um). The solvent composition was as follows: phase A
(water/0.1% TFA), phase B (ACN/0.1% TFA). For the purification and compounds analysis the assay was
run for 30 min in a linear gradient (from 100% phase A to 0% phase A). The molecular weight of each
compound was confirmed on High Resolution Mass Spectrometer WATERS LCT Premier XE with
electrospray ionization (ESI) and time of flight (TOF) module.

P4-P2 HyCoSuL library. The design and synthesis of three fluorescent substrate sub-libraries (P4, P3, and

P2) containing natural and unnatural amino acids is described elsewhere®’.

Synthesis of the P5 substrate library. P5 library with the general formula of Ac-P5-Mix-Glu-Mix-Asp-
ACC, where the P5 is of the 169 natural either unnatural amino acids, Mix is an equimolar mixture of
natural amino acids, and ACC is a fluorescent tag, was synthesized on a solid support according to general
methods described previously. 16 g (1eq, 7.68 mmol) of Fmoc-protected Rink Amide resin (0.48 mol/g)
was placed into 250 mL glass cartridge for solid phase synthesis and swollen in dichloromethane (DCM)
for 30 min. Then the DCM was drained and the resin was washed three times with N,N-dimethylformamide
(DMF). Next, the Fmoc-protecting group was removed using 20% piperidine in DMF in three cycles (5min,
5min, and 25min), and the resin was washed six times with DMF. 2.5eq of Fmoc-ACC-OH (19.2mmol,
8.509) was pre-activated with 2.5eq of HOBt (19.2mmol, 2.99) and 2.5eq of DICI (19.2mmol, 2.5mL) in a
minimal amount of DMF for 3 min and poured onto resin. The cartridge was gently agitated for 30 min,
and more of the DMF was added as the mixture became too dense. The reaction was carried out for 24
hours, followed by filtration and washing the resin three times with DMF. The Fmoc-ACC-OH coupling
was repeated to improve the coupling yield using 1.5 eq of the above reagents. After 24 hours the resin was
washed three times with DMF and the ninhydrin test was performed to confirm the complete Fmoc-ACC-
OH coupling. Then the Fmoc group was removed from ACC by using 20% piperidine in DMF, followed
by washing the resin six times with DMF. Next, 2.5eq of Fmoc-L-Asp(tBu)-OH (19.2 mmol, 7.99) was pre-
incubated with 2.5 eq of HATU (19.2mmol, 7.3g) and 2.5 eq of 2,4,6-collidine (19.2mmol, 2.5ml) in a
DMF for 3 min and poured onto HoN-ACC-resin. The reaction was carried out for 24 hours and repeated
for another 24 hours with the use of 1.5eq of the Fmoc-L-Asp(tBu)-OH/HATU/2,4,6-collidine reagents.
Then the Fmoc-L-Asp(tBu)-ACC-resin was washed three times with DMF, followed by Fmoc de-protection
with 20% piperidine in DMF, and washing the resin six times with DMF. An isokinetic mixture of 19
natural amino acids (excluding cysteine, and with norleucine mimicking methionine) was coupled into P2
position. To do this 5eq of the isokinetic mixture, 5eq of HOBt (38.5mmol, 5.76g), and 5eq of DICI
(38.5mmol, 5ml) were diluted in DMF and pre-activated for 3 min. Then the mixture was poured onto resin
and the cartridge was agitated for 3 hours. The slurry was filtrated and washed three times with DMF. The

P2 complete coupling was confirmed by a ninhydrin test. Next, the Fmoc group was removed with 20%



piperidine in DMF and the Fmoc-L-Glu(tBu)-OH was coupled into the P3 position. 2.5 eq of this amino
acid (19.2mmol, 8.2¢), 2.5 eq of HOBt (19.2mmol, 2.9g) and 2.5eq of DICI (19.2mmol, 2.5ml) was diluted
into DMF, pre-activated for 3 min and poured onto HzN-mix-Asp(tBu)-ACC-resin. The reaction was
carried out for three hours, followed by washing the slurry with DMF (six times), and performing a
ninhydrin test to confirm complete coupling. The Fmoc group was removed with 20% piperidine in DMF,
and the resin was washed six times with DMF. An isokinetic mixture was coupled into the P4 position in
the same manner as for P2 position: 5eq of mixture/HOBt/DICI in DMF for 3 hours, followed by a
ninhydrin test. Subsequently Fmoc group was removed with 20% piperidine in DMF, and the resin was
washed three times with DMF, three times with DCM, and three times with MeOH. Finally, the resin was
dried in a desiccator over P.Os overnight and divided into 170 portions (100 mg each, 0.048mmol). The P5
coupling was performed using a MultiChem 48-wells synthesis apparatus (FlexChem from SciGene, CA,
USA) in four cycles. Cycle 1: amino acids 1 to 48, cycle 2: 49-96, cycle 3: 97-144, cycle 4: 145-170. For
the first cycle, 48 portions of resin were placed in the 48-well cartridge and swollen with DCM for 30 min.
Then the DCM was filtrated, and resin was washed three times with DMF. In 48 1.5ml tubes 2.5 eq of
various amino acids (0.12mmol) was mixed with a 1ImL of DMF containing 2.5eq of HOBt (0.12mmol,
18mg) and 2.5eq of DICI (0.12mmol, 16ul) and poured onto resin. The P5 coupling reaction was carried
out for 4 hours, followed by a ninhydrin test. Finally, the Fmoc group was removed with 20% piperidine in
DMF, and the free N-terminal end of the substrates was acetylated with 5eq of acetic acid (0.24mmol, 14pul),
5eq of HBTU (91mg) and 5eq of DIPEA (42ul) in DMF for 30 min, followed by a ninhydrin test. Next the
acetylated substrates on resin were washed three times with DMF, three times with DCM, three times with
MeOH and dried in a desiccator over P,Os overnight. In the same manner amino acids from groups 2™ (49-
96), 3" (97-144) and 4™ (145-169) were coupled to the resin. Substrate no. 170 lacked P5 position and
served as a control (Ac-P4-P3-P2-P1-ACC). All substrates were cleaved from the resin using ice cold
TFA/TPS/water (% v/v/v, 95/2.5/2.5) mixture for 2 hours (shaking once per 15 min). The solution from
each well was collected separately and the remaining resin was washed with TFA. Substrates were then
precipitated with ice cold diethyl ether for 30 min and centrifuged. Next, the supernatant was discarded,
and the pellet was re-suspended in the ice-cold diethyl ether and centrifuged again. The supernatant was
then discarded and the pellet was allowed to dry out, and was dissolved in 5ml of 1:1 water:acetonitrile
mixture, frozen at -80°C and lyophilized. The final product (white powder) was then dissolved in DMSO

to the final concentration of 20mM and stored at -80°C until use.

Preparation of recombinant caspases. The detailed protocol for the expression and purification of human

apoptotic caspases can be found elsewhere®,



Enzymatic kinetic studies. All the kinetic studies were performed using a CLARIOstar plate reader (BMG
LABTECH, Germany) operating in fluorescence kinetic mode using 96-well plates. The ACC-fluorescence
was monitored using 355nm (excitation) and 460nm (emission) wavelengths. Before kinetic analysis, all
caspases were active site-titrated using the zZVAD-fmk inhibitor (Cayman Chemical Company, Cat No.
14467) according to the protocol described by Stennicke and Salvesen ¥. For the library screens, substrate
and inhibitor kinetics the caspase assay buffer was 10% wi/v sucrose, 20mM Pipes, 10mM NaCl, 1mM
EDTA, and 10mM DTT (pH = 7.2). The buffer for caspases-2, -8, -9, and -10 was supplemented with
0.75M sodium citrate to ensure maximal enzymatic activity. Buffers were prepared at room temperature,
and all Kinetic assays were performed at 37°C. All enzymes were preincubated for 15 min before any
activity assays. All the results (library screens, substrate and inhibitor kinetics) were performed at least
three times and average values with SD were presented. The kinetic data was analyzed using Graph Pad

Prism software.

Characterization of caspase-2 specificity using P4-P2 HyCoSuL. The specificity of caspase-2 was
determined in a similar manner as described previously for other caspases *. The reaction volume was
100ul, substrate library concentration was 100uM, and caspase-2 concentration was 100nM. The total assay
time was 30min, but only the linear portion of the fluorescence progress curve was taken for the analysis.
The best amino acid from each library was set as 100% and the activity of other amino acids was adjusted

accordingly.

Characterization of apoptotic caspase specificity at P5 position. The P5 preference of caspases-2, -3,
and -8 was determined using Ac-P5-Mix-Glu-Mix-Asp-ACC library. Each caspase was tested in its assay
buffer (with or without 0.75M sodium citrate). All screens were made on 96-well plates in 100ul volume.
Library concentration was 100uM, and the caspase concentrations were as follows: caspase-2 50nM,
caspase-3 10nM, and caspase-8 50nM. The total assay time was 30min, but only the linear portion of the
fluorescence progress curve was taken for the analysis. For each caspase the best P5 amino acid was set as
100%, and the activity of other amino acids was adjusted accordingly. As a control a tetrapeptide substrate
(Ac-Mix-Glu-Mix-Asp-ACC) lacking P5 position was used.

Synthesis and Kinetic analysis of individual optimized substrates. The procedure for the synthesis,
purification, HPLC/HRMS and kinetic (Keat/Km, Keat, Ki) analysis of the ACC-labeled substrates can be

found elsewhere 37-40,

Synthesis of AOMK inhibitors and activity-based probes. The detailed protocol for the synthesis of P1
Asp inhibitor and probe with AOMK electrophile warhead has been recently described by Poreba et al.
41, In brief, Boc-L-Asp(Bzl)-OH amino acid was transformed into Boc-L-Asp(Bzl)-CH:N, through the use



of diazomethane solution in diethyl ether. Next, the product was transformed into Boc-L-Asp(Bzl)-CH:Br
with the use of a solution of HBr (30% wt. in acetic acid) and water. The crude product, a pale yellow oil,
was then incubated with 2,6-dimethylbenzoic acid (2,6-DMBA) in the presence of KF in DMF, to obtain
Boc-L-Asp(Bzl)-AOMK. Then the Boc group was removed using 50% TFA in DCM and the final product
(H2N-L-Asp(Bzl)-AOMK) was use for further synthesis without any purification. In a separate synthesis,
caspase-2 selective peptide fragments containing appropriate protecting groups were synthesized (HN-1dc-
hGlu(tBu)-Thr(Bzl)-Ser(tBu)-OH, and Ac-ldc-hGlu(tBu)-Thr(Bzl)-Ser(tBu)-OH for inhibitors, and biotin-
Idc-hGlu(tBu)-Thr(Bzl)-Ser(tBu)-OH, and HN-ldc-hGlu(tBu)-Lys(Cy5)-Ser(tBu)-OH for activity based
probes). All peptide fragments were synthesized using 2-chlorotrityl chloride resin and used without further
purification. Next, the peptides were coupled with HoN-L-Asp(Bzl)-AOMK in DMF using HATU/DIPEA
coupling reagents. The crude product was purified on HPLC, lyophilized and de-protected using 50% TFA
in DCM, followed by removing the TFA/DCM under reduced pressure. Finally, the Bzl group from Asp
was hydrolyzed via hydrogenolysis (Pd/C, Hz, DMF). The final product was purified on HPLC, lyophilized

and dissolved in DMSO to the final concentration of 10mM.

Determination of kgps/l inhibition parameter for inhibitors and probes towards caspases and
legumain. Caspases-2, -3, -8, -9, and -10 were active site titrated using zVAD-fmk inhibitor. All enzymes
were assayed in caspase buffer supplemented with 0.75M sodium citrate. Human recombinant prolegumain
was kindly provided by Dr. Dusan Turk. Prolegumain was first activated (pH 4.5) and then transferred into
assay buffer (pH 5.5) as described previously*!. The Kons/I parameter was measured under pseudo-first order
kinetic conditions. Inhibitor/probe was diluted on 96-well plate and mixed with the appropriate substrate
(NH-Idc-hGlu-Thr(Bzl)-Ser-Asp-ACC for caspase-2, Ac-DEVD-ACC for caspase-3, Ac-LEHD-ACC for
caspases-8, -9, and -10, and Ac-DTyr-Tic-Ser-Asp-ACC for legumain); final substrate concentration was
100uM) and pre-incubated at 37°C for 15 min. At the same time in a separate tube the caspases and
legumain were pre-activated in assay buffer at 37°C and after 15 min enzymes were added and fluorescence
was monitored for 30 min, starting immediately. Second order rate of inhibition (kons/l) was determined in
at least three independent experiments and presented as an average value. All assays were performed using
a CLARIOstar plate reader (BMG Labtech) operating in kinetic mode (355nm excitation, 460nm emission,
gain 650) using 96-well plates (Corning, NY, USA).

Inhibition profile of NH-23-C2 and Ac-23-C2 towards cysteine cathepsins and proteasome. Human
recombinant cysteine cathepsins were kindly provided by Dr. Boris Turk and active-site titrated with E-64
inhibitor (Bachem). Kinetic analysis was performed in cathepsin assay buffer (L00mM sodium acetate,
100mM sodium chloride, 10mM DTT, and ImM EDTA, pH 5.8 “buffer 1” or pH 7.2 “buffer 2”). Human

proteasome was purchased from BostonBiochem (h20S proteasome, E-360) and assayed in buffer



containing 20mM HEPES and 0.5mM EDTA (pH 7.2). Cysteine cathepsins (cat B 1nM, cat L 1nM, cat V
3nM, cat S 10nM, cat K 8nM) or proteasome (1nM) were incubated with inhibitors (concentration range
50uM — 4.4uM) for 15 min, followed by substrate addition (100uM, Chz-Phe-Arg-ACC for cathepsins and
100uM WRP23, Ac-hArg-Pro-Phe(2F)-Asp-ACC selective for caspase-like subunit®?). The fluorescence
signal was recorded for 15 min (excitation 355nm, emission 460nm) and the percentage of inhibition was
calculated based on the rate of substrate hydrolysis (RFU/s).

Indirect competition of NH-23-C2, Ac-23-C2 and zVAD-fmk with active caspases. To assess inhibitor
selectivity, 50 nM of each active site-titrated recombinant caspase (-2, -3, -8, -9, and -10) were incubated
with inhibitor at various concentration range (10nM — 3uM) in caspase assay buffer supplemented with
0.75M sodium citrate for 30 min at 37°C. Next, the residual caspase activity was quenched with 1uM of
broad-spectrum caspase biotin-labeled inhibitor biotin-LEHD-AOMK for another 30 min, and the reaction
products were precipitated as follows: 100 uL of ice-cold 30% trichloroacetic acid (TCA) was added to
each sample, incubated on ice for 30 min and centrifuged for 30 min (20,000xg, 4°C). Supernatants were
gently aspirated using a vacuum device, the pellet was re-suspended in 200 pL ice-cold 10% TCA, and
samples were re-centrifuged for 15 min (20,000xg, 4°C). Supernatants were again removed, and the pellet
re-suspended in 200 uL of acetone. Samples were centrifuged for 10 min (20,000xg, 4°C) and the
supernatant was removed. Samples were dried at 37°C for 15 min and then 80 uL 1x SDS/DTT buffer was
added to each, followed by denaturation at 95°C for 5 min. Samples (20 uL) were subjected to SDS-PAGE
(30 min, 200 V), followed by transfer to a nitrocellulose membrane (60 min, 10V) and blocking with 2%
BSA in TBS-T (60 min, RT). The biotin-labeled probe/caspase complex was detected by probing the
membrane with fluorescently labeled streptavidin (30 min, RT, 1:10,000, IRDye® 800CW, LI-COR),
followed by scanning in LI-COR system (800 nm channel, Odyssey® CLX, Lincoln, NE, USA). Data were
analyzed using Image Studio Lite software (Lincoln, NE, USA).

Caspase-2 inhibition in reversine-treated HCT116 cells. 100,000 of low passage HCT116 cells were
seeded on a 12-well plate (1 mL per well) with fresh McCoy's medium supplemented with 10% fetal bovine
serum (FBS, Atlas Biologicals), 2mM L-glutamine (Omega Scientific), 100 units/mL penicillin and
10ug/mL streptomycin (both Gibco Life Technologies) in a humidified 5% CO. atmosphere at 37°C. The
next day, the medium was changed, and caspase-2 inhibitors were added at various concentrations to the
wells and pre-incubated for 4 hours. After this time, 1uM of reversine (Cayman Chemical) was added to
the cells, followed by 24h incubation. The next day, medium was removed, washed with 1xPBS, and cells
were harvested with trypsin-EDTA (0.5mL per well), quenched with fresh medium (0.5mL), transferred to

1.5mL Eppendorf tubes and centrifuged for 5 min at 500 x g. The supernatant was aspirated, cell pellet was



washed with 1x PBS (1mL) and cells were centrifuged for 5 min at 500 x g. Then, PBS was aspirated, and
the cell pellets were suspended in 50 uL of 1x SDS/DTT and boiled at 95°C for 5 min. Samples (20 ulL)
were subjected to SDS-PAGE (30 min, 200V, 4-12% Bis-Tris 15 well gels), followed by transfer to a
nitrocellulose membrane (60 min, 10V) and blocking with 2% BSA in TBS-T (60 min, RT). Proteins were
detected by probing the membrane with primary antibodies (overnight, +4°C) followed by the incubation
with fluorescently labeled secondary antibodies (30 min, RT). Membrane was finally scanned in LI-COR
system (700nm/red, and 800nm/green channels, Odyssey® CLx, Lincoln, NE, USA). Protein bands were
guantified using Image Studio Lite software (Lincoln, NE, USA). The following antibodies were used in
immunoblotting experiments: mouse anti MDM-2 (IF2, Merck Millipore, MABE340, 1:100), mouse anti
PARP (BD Pharmigen, 556362, form mouse ascites, 1:2,000), rabbit anti p53 (Cell Signaling, 9282,
1:1,000), goat anti actin (Abcam, 8229, 1:500), rabbit anti caspase-3 (Cell Signaling, 9662S, 1:1,000),
mouse anti caspase-2 (Cell Signaling, 2224, 1:1000). Monoclonal caspase-8 antibody C15 raised against
an epitope of the large subunit was a kind gift of Dr. Marcus Peter, University of Chicago (dilution 1:200)
43, As secondary antibodies, we used appropriate IRDye® 680RD and IRDye® 800CW fluorescent labeled
antibodies from LI-COR (dilution 1:10,000).

Toxicity of NH-23-C2 and Ac-23-C2. HCT-116 cells were seeded on a 96-well plate (20,000 cells per
well) and allowed to attached overnight. The following day cells were incubated with NH-23-C2 and Ac-
23-C2 (concentration range 50uM — 4.4uM) for 24 hours. After this time, cell viability was determined
using MTS assay, according to the manufacturer's protocol (CellTiter 96® Agueous One Solution Cell
Proliferation Assay, G3582, Promega). The number of living cells was reported as a survival ratio,

calculated based on the number of non-treated control cells.

Apoptosis initiation and inhibition in TRAIL-stimulated HCT116 cells. 100,000 of low passage
HCT116 cells were seeded on a 12-well plate (1 mL per well) as described in the above section. The next
day, the medium was changed, and caspase-2 inhibitors were added at various concentrations to the wells
and pre-incubated for 4 hours. Cell were then stimulated 24 hours with KillerTRAIL (Enzo Life Sciences,
100 ng/mL). The next day, floating cells were collected into 1.5 mL Eppendorf tubes, and adherent cells
were harvested as described above. Then, floating and harvested cells were combined, and centrifuged for
5 min at 500 x g. The supernatant was aspirated, cell pellet was washed with 1x PBS (1mL) and cells were
centrifuged for 5 min at 500 x g. Then, PBS was aspirated, and the cell pellets were suspended into 50 uL
of 1x SDS/DTT and boiled at 95°C for 5 min. Samples (20 uL) were subjected to SDS-PAGE (30 min,
200V, 4-12% Bis-Tris 15 well gels), followed by transfer to a nitrocellulose membrane (60 min, 10V) and
blocking with 2% BSA in TBS-T (60 min, RT). Proteins were detected by probing the membrane with

primary antibodies (overnight, +4°C) followed by the incubation with fluorescently labeled secondary



antibodies (30 min, RT). Membranes were finally scanned in LI-COR system (700nm/red, and
800nm/green channels, Odyssey® CLx, Lincoln, NE, USA). Protein bands were quantified using Image
Studio Lite software (Lincoln, NE, USA).

Results

P4-P2 Hybrid Combinatorial Substrate Library. Caspase-2 substrate specificity was determined using
a substrate combinatorial library containing Asp at P1 position, as this amino acids is recognized by
caspases with high stringency *’. The general library architecture was Ac-P4-P3-P2-Asp-ACC, and the
library was composed of three sub-libraries: P4, Ac-X-Mix-Mix-Asp-ACC; P3, Ac-Mix-X-Mix-Asp-ACC;
and P2, Ac-Mix-Mix-X-Asp-ACC, where Mix is an equimolar mixture of 18 natural amino acids (minus
methionine and cysteine) and norleucine. In this library we used over 100 unnatural amino acids that allows
us to explore far more chemical space than conventional PS-SCL methods. All three sub-libraries were
screened with caspase-2, and the results were presented as specificity matrixes, one for each tested position
(Figure 1). We found that caspase-2 displays very narrow specificity at P4 positions, preferring Asp and
hGlu (homoGlutamic acid) (100% and 90%, respectively). Interestingly, glutamic acid, which is
intermediate between Asp and hGlu in carbon chain length, was poorly recognized by this enzyme.
Caspase-2 can also accommodate branched, hydrophilic amino acids like Ile, Leu and hLeu, while all other
amino acids are almost completely ignored. The high tolerance for hGlu in the S4 pocket has a potential to
be used to discriminate between caspase-2 and -3, as the latter one recognizes hGlu very poorly®’. This is
somehow unexpected, as in both enzymes the amino acids forming the S4 pocket are well conserved
(caspase-2: Asn-232, Trp-238, Tyr-273; caspase-3: Asn-208, Trp-214, Phe-250)*. P3 position appears to
be more liberal, as almost all amino acids, except D-isomers, were recognized. The most active ones were
unnatural Glu(Chx) (glutamic acid cyclohexyl ester), Thr(Bzl) (threonine benzyl ether), followed by natural
Glu and its analogues. Finally, the P2 positions shows narrow preference for His, His(Bzl), Tic and Cys-
benzyl derivatives. All remaining amino acids were only poorly accommodated in caspase-2 S2 pocket.
The analysis of P4-P2 HyCoSuL provided us a detailed picture of caspase-2 preferences, which can be
further used to develop caspase-2 selective peptides. Indeed, when comparing these data with other caspase
specificity profiles, it appears that the strong preference of caspase-2 for hGlu at P4 is unique across the
caspase family®’. The differences between caspase-2 and other apoptotic caspases in P3, and P2 positons
are less pronounced, however, we still were able to flush out some amino acids that can discriminate

between these enzymes.

P5 library combinatorial substrate library. Since caspase-2 is the only caspase that hydrolyzes
pentapeptides much more efficiently than tetrapeptides, we found it reasonable to screen caspase

preferences at the P5 position 3144, To do so, we synthesized a combinatorial fluorogenic substrate library



of the general formula Ac-P5-Mix-Glu-Mix-Asp-ACC, where P5 is fixed natural or unnatural amino acids,
and Mix is an equimolar mixture of eighteen natural amino acids and norleucine (Figure 2A). Analysis of
the P5 library revealed that indeed, caspase-2 uniquely prefers pentapeptides over tetrapeptides, as 155 out
of 170 substrates were more active than a tetrapeptide substrate lacking a P5 moiety (Ac-Mix-Glu-Mix-
Asp-ACC) (Figure 2B-D, Figure S1). The most active P5 amino acid was the unnatural Idc, which was
over 10-fold faster hydrolyzed than a reference tetrapeptide substrate. Other amino acids, including natural
Trp, and unnatural Ala(2th), Cit, and Phe(4-NH), were also much better hydrolyzed than the control
substrate, with the pentapeptide/tetrapepide ratio of around 8.0. We also investigated caspases-3 and -8, as
these enzymes are known to share some substrate similarities with caspase-2, but the kinetic analysis
showed that for these caspases P5 has no significant impact on the overall rate of substrate hydrolysis
(Figure 2B, Figure S1). This broad caspase screen at the P5 position with 170 natural and unnatural amino

acids, allowed us to make a very precise map of caspase-substrate interactions.
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Figure 1 Human caspase-2 preferences at the P4, P3, and P2 positions. Human caspase-3 preferences were
determined using three sub-libraries, Ac-P4-Mix-Mix-Asp-ACC, Ac-Mix-P3-Mix-Asp-ACC, Ac-Mix-Mix-P2-Asp-
ACC, all containing natural and unnatural amino acids. The x axis shows abbreviated names of amino acids and the y
axis displays relative activity presented as a percentage of the best-recognized amino acid. Standard deviations
calculated from three screening were 15% of values shown in the figure. The order of the amino acids on the x axis

corresponds to the order in Table S4. Every 10™ amino acid is marked with a number.
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Figure 2 Analysis of caspase-2 P5 preferences. Panel A. General architecture of the P5 combinatorial fluorogenic
substrate library, Ac-P5-Mix-Glu-Mix-Asp-ACC. The structure of this library allows for versatile screening of all
caspases. Panel B. Substrate specificity of three apoptotic caspases at P5 position. The data are presented as a heat-
map, where the velocity of substrate hydrolysis is expressed as ratio between P5 substrate (Ac-P5-Mix-Glu-Mix-Asp-
ACC) and a tetrapeptide substrate lacking the P5 amino acid (Ac-Mix-Glu-Mix-Asp-ACC) which serves as a control.
The results are sorted according to caspase-2 preferences, from the most to least active. The full P5 specificity profiles
of these caspases can be found in Figure S1. “none” — activity of tetrapeptide substrate lacking P5 amino acid Panel
C, D. The structures of the best (C) and worst (D) caspase-2 amino acids at P5 position. The numbers in panels C and
D represent the ratio between cleavage rates of pentapeptides and Ac-Mix-Glu-Mix-Asp-ACC tetrapeptide, which

served as a control.



Design of caspase-2 selective substrates. Despite a long history of developing caspase-specific substrates,
inhibitors and activity-based probes, caspase-2 studies have been largely neglected and to date no
reasonably selective substrate or inhibitor has been developed®. The most heavily used caspase-2 substrate,
the pentapeptide VDV AD sequence, was demonstrated to be efficiently hydrolyzed by caspases-3, and -7,
which significantly impedes its application in biological systems where other caspases are active®. To
develop a caspase-2 selective substrate lacking off-target activity we performed in depth analysis of P5-P2
caspase specificity profiles. We first determined whether the HyCoSuL screens reflect the caspase-2
preferences toward individual substrates, an effect called subsite cooperativity. To do this, we used two
pentapeptides as scaffolds for the synthesis of our substrates: (1) the reference VDVAD, and (2) HyCoSuL-
derived VDEHD. Then for each position tested (P5-P2) we synthesized several analogues and hydrolyzed
them with a panel of five apoptotic caspases (-2, -3, -8, -9, -10) (Figure 3A, Table S1). The kinetic analysis
showed that the most caspase-2 selective amino acids were: P5 — Idc and Val, P4 — hGlu, P3 — Thr(Bzl),
and P2 — Ser. Based on this dataset, we synthesized two new substrates (WRMP23 and WRMP24) and
determined their second order rate of hydrolysis (kcavKm) against five caspases (Figure 3B), demonstrating
that both substrates are active and selective towards caspase-2. Moreover, the exchange of P2 Ser into His
(WRMP13 substrate) resulted in a decrease of both activity and selectivity, which is in line with the data
obtained from our validation screen (Figure 3A). This two-step validation revealed that although according
to HyCoSuL (and PS-SCL?) screening VDEHD seems to be the most active natural substrate, the VDVAD
is hydrolyzed much better. This might be explained by the formerly mentioned enzyme subsite
cooperativity, as caspase-2 specificity is slightly different when screened against individual substrates or
combinatorial mixtures. Nevertheless, the HyCoSuL approach allowed us to detect some key amino acids

that can differentiate caspase-2 from its paralogs (Figure 3).
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Figure 3 Validation of combinatorial library screens and the design of caspase-2 selective substrates. Panel A.
The rate of hydrolysis (expressed as RFU/s, Relative Fluorescence Units per second) of a panel of pentapeptide
substrates (10 uM) with five human caspases (50 nM). Panel B. A detailed kinetic analysis of three most selective
substrates for caspase-2 (top panel: chemical structures of pentapeptide substrates; lower panel: Kea/Km matrix
presented as heat-map).

Optimization of the P5 position in caspase-2 substrate. As we demonstrated above, the most selective
caspase-2 substrate we found using VDVAD and VDEHD peptide scaffolds was Ac-ldc-hGlu-Thr(Bzl)-
Ser-Asp (WRMP-23). In this step we decided to optimize our champion substrate by testing other caspase-
2 selective amino acids at P5. In addition, given that the P5 position has a strong impact on substrate binding
and hydrolysis, we also checked whether the N-terminal acetylation may affect the rate of substrate
hydrolysis. Thus, we synthesized twelve hGlu-Thr(Bzl)-Ser-Asp-based derivatives with six various
acetylated or non-acetylated amino acids and determined their kinetic parameters toward five caspases (-2,
-3, -8, -9, and -10) (Figure 4). Surprisingly, we found that the N-terminal acetylation has a significant
impact on caspase-2 Kinetics. The most active substrate (Idc at P5) was hydrolyzed almost 10 times more
efficiently when the N-terminus lacked a blocking group (Kea/Km 130,000 M-1s? vs 12,500 Mst). Other
substrates also displayed pronounced increase of cleavage rates when non-acetylated. This indicates, that
the caspase-2 S5 pocket may stabilize the substrate of pentapeptides by binding to its N-terminal amine
group. Indeed, the detailed kinetic analysis of Ac/NH-Idc-hGlu-Thr(Bzl)-Ser-Asp-ACC substrate showed
that the non-acetylated substrate had much lower Kv (7.6 uM) than its acetylated counterpart (50.6 uM)



(Table S2). Finally, we showed that NH-WRMP23-ACC displayed a 178-fold kca/Km preference for
caspase-2 over caspase-3 (Table S2).

Design and kinetic characteristic of selective inhibitor and activity-based probe (ABP). Profiling of
protease substrate specificity with combinatorial fluorogenic substrate mixtures provides extensive
information on the architecture of protease active sites. The information obtained in this manner of optimal
subsite preferences is frequently utilized to produce very selective fluorogenic substrates, or inhibitors that
contain strong electrophilic binding group at the C terminus. Moreover such substrate, if equipped with a
biotin or fluorescent moiety on the N-terminus, can be used as ABP for enzyme localization. Having
optimized a caspase-2 selective substrate, we aimed to use the champion pentapeptide to develop the first,
selective and potent inhibitor, as currently available VDVAD-based inhibitors lack selectivity ** 4. To do
this, we conjugated the most selective peptide we obtained with the acyloxymethyl ketone (AOMK), an
electrophile that is known to covalently react with the catalytic Cys of caspases. To get better insight into
caspase-2 inhibition requirements, we synthesized two inhibitors, acetylated (Ac-23-C2) or non-acetylated
(NH-23-C2) at the P5 position, and measured the second order rate constant of enzyme inactivation (Kops/I,
M-sh) (Figure 5). Similar to the champion substrates, the non-acetylated inhibitor was more potent (by 7-
fold) than the acetylated analogue. The differences between inhibitor kinetics for other caspases (-3, -8, -9,
and -10) were insignificant. In the next step we aimed to convert our caspase-2 selective inhibitor into a
biotin-labeled activity-based probe. To do this, we attached a biotin moiety to the N-terminus of the
inhibitor. However, since the new compound (biotin-23-C2) lacked the key terminal amine group, it was 5
times less potent than parental NH-23-C2. In our next attempt to obtain develop caspase-2 ABP we decided
to synthesize a Cy5-labelled probe with a free N-terminal. Since our HyCoSuL analysis indicated that
caspase-2 has a relatively broad specificity at P3 position, we replaced Thr(Bzl) with Lys(Cy5) to obtain
NH-23Cy5-C2 (Figure 5). Unfortunately, this activity-based probe almost completely lost potency against

caspase-2, indicating that there might be steric hindrance in the enzyme S3 pocket.
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Figure 4 Analysis of N-terminal modifications of caspase-2 selective substrates. Panel A. General structure of
caspase-2 selective substrate that served as a scaffold for the optimization of the N-terminus.. Panel B. Kinetic analysis

(kea/ Kim) Of 12 caspase-2 selective substrates N-capped with various acetylated and non-acetylated amino acids.
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Figure 5 Structures and kinetic parameters of caspase-2 inhibitor and Cy5-labelled activity-based probe. NH-
Idc-hGlu-Thr(Bzl)-Ser-Asp-AOMK (NH-23-C2) is the most potent and selective caspase-2 inhibitor. Acetylation (Ac-
23-C2) either biotinylation (b-23-C2) significantly reduce potency toward caspase-2. Substitution of Thr(Bzl) at P3
for Lys(Cy5) in NH-MP-C2 inhibitor dramatically decreases its caspase-2 potency and selectivity. Enzymes were

assayed in the optimal buffers (pH 7.2 for caspases, and pH 5.8 for legumain). n.d. — not determined.

Analysis of the selectivity of NH-23-C2 and Ac-23-C2 in cancer cells. Although the caspase-2 ABP is
still to be developed, we were able to obtain a very potent and selective inhibitor for this enzyme. To test
their utility, we first compared their selectivtiy toward five purified recombinant caspases (2, 3, 8, 9, and
10). To do this, we incubated each inhibitor with a panel of caspases, and after 30 min we labeled caspase
residual activity using a broad-spectrum biotinylated probe (biotin-LEHD-AOMK) (Figure 6). Our
analysis showed that the non-acetylated inhibitor blocks caspase-2 activity even at 1:1 inhibitor-enzyme
ratio. In addition, it displays weak potency toward other caspases, which reflects the Koos/lI analysis. The
acetylated inhibitor is slightly less potent, but still very selective. Finally, as expected, zVAD-fmk
efficiently blocks caspases-8, -9, and -10, and displays only moderate activity versus caspases-2, and -3.

To validate the usefulness of our small molecule inhibitors we sought a cell-based system where caspase-2
provides a reliable phenotype in the absence of apoptotic caspases. We investigated our inhibitors a
paradigm of MDM-2-cleavage following chromosome miss-segregation and DNA damage, since this has
been demonstrated to serve the roles we sought: involvement of caspase-2 without apoptotic caspases.
Stimulation of proliferating cells with reversine, a potent Mps1 kinase inhibitor, leads to chromosome mis-
segregation followed by caspase-2 activation and MDM-2 cleavage ¢4’ MDM-2 is one of a very few bona
fide caspase-2 substrates, and is cleaved in response to DNA damage “¢ into MDM-2 p60 fragment.

Previously published reports demonstrated that caspase-2 cleaves MDM-2 in HCT116 cells upon reversine



treatment, thus we decided to use the same colon cancer cell model in our study . To analyze the potency
and selectivity of our inhibitors we treated HCT116 cells with reversine in the presence of NH-23-C2, Ac-
23-C2 and zZVAD-fmk at various concentration ranges (0-40 uM) (Figure 7 top panel, Figure S2). In the
absence of inhibitors, reversine induced the rapid accumulation of a cleaved (p60) MDM-2 fragment and
decrease in full length caspase-2, which indicates the proteolytic activation of this enzyme. (Figure 7A).
No evidence of apoptosis was observed, as neither caspase-8 nor caspase-3 were cleaved, and PARP, a
caspase-3 substrate, was not processed. However, when HCT116 cells were pre-incubated with NH-23-C2
inhibitor, MDM-2 cleavage was inhibited in a concentration-dependent manner (ICso = 3.11 uM), indicating
that endogenous caspase-2 was inactivated (Figure 7A-C). Ac-23-C2 and zZVAD-fmk inhibitors were also
able to block MDM-2 processing, however, they were both much less effective than NH-23-C2 with I1Cso
values of 31.5 uM and 25.1 uM, respectively (Figure 7B, C). This data demonstrates that NH-23-C2 is a
cell penetrant, potent caspase-2 inhibitor. To dissect its selectivity over other caspases, we induced
apoptosis in HCT116 cells via TRAIL stimulation (Figure 7 bottom panel, Figure S3). In the absence of
inhibitors, HCT116 cells rapidly underwent extrinsic apoptosis, which was observed by the processing of
upstream procaspase-8 and downstream procaspase-3, and cleavage of PARP protein (Figure 7D). No
MDM-2 cleavage product was detected, which might indicate that the activation of caspase-2 in TRAIL-
mediated apoptosis is negligible. More importantly, increasing concentration of NH-23-C2 and Ac-23-C2
(up to 40 uM) did not affect the apoptosis events (Figure 7D-F). This strongly demonstrates that both
compounds do not inhibit caspase-8 and caspase-3 in the apoptosis paradigm. In contrast, zZVAD-fmk
appeared as an excellent caspase-8 inhibitor, as even at very low concentration (0.4 uM), procaspases-8,
and -3 processing and PARP cleavage were completely blocked. Taken together, these experiments

revealed that NH-23-C2 is potent, selective and cell-permeable inhibitor of caspase-2.
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Figure 6 Inhibition profiles of three covalent inhibitors versus five human apoptotic caspases. NH-23-C2, Ac-
23-C2 and zVAD-fmk inhibitors at various concentration range (10 nM — 3 uM) were incubated with 50 nM of active
caspases for 30 min, followed by addition of a broad-spectrum caspase probe (biotin-LEHD-AOMK, 1 uM) to label



all residual caspase activity. Samples were then subjected for SDS-PAGE analysis, transferred to a PVDF membrane,

and biotin-LEHD-caspases were detected with streptavidin.

Caspase-2 activation (reversine)

A B C
116 |- Sy ———— it o o | | PARP
06 |* kDa
66| g e N | roCHP S 66 |* fl MDM-2 HCT-116 cells stimulated with reversine
- e ¢l MDM-2 = 100 3
66 |= fl MDM-2 a5 | NH-23-C2 ‘5' -+ NH-23-C2
e A MDM-2 6 |- . fiMDM-2 ] ICsp = 3.11uM
£
as b L L Al o L LT Ll PV IV ® 50 -+ Ac-23-C2
L R e —— | P53 45 | Ac-23-C2 s ICsp = 31.5:M
H
H
——— AMDM2 K]
e ———— proCasp-2 66 | - : zVAD-fmk
a5 EELL L LE LR ELL SR
=
| - - | P00 45 ZVADfmk o 1 )
7 e [inhibitor], uM
95 | | 11" Inh,pM - - 0407 1119 3152 86 14 24 40
reversine
“"':;c" S - 0407 1119315286 14 24 40
Caspase-8/-3 activation (TRAIL)
D kDa E kDa
pe———— ARRP e[ mm— e ———— 1l PARP . )
96 |0 e —— e <IPARP 96 |7 e ——— cl PARP HCT-116 cells stimulated with TRAIL
66 [*
proCasp-8 .- proCasp-3 100 T 1
- o — e 31 NH-23-C2 f-g—i—‘—‘—l
66 | * flMDM-2 5
116 |+ e —— ——— —— | f| PARP = :é -~ NH-23-C2
96 |7 @ = e o = I
5 ol PARP H § % = Ac-23-C2
-~ s - ps3 e = " | procasps S5 + ZVAD-mk
I = Ac23-C2 -
- - | procacp 2 £
® 116 |» W= = = —— = = " - o ey | f| PARP o
3= - proCasp-3 9 |* = cl PARP .
ZVADfmk
05| - - - | ctin 31 | ——| ©CCa<P-3 [inhibitor], uM
TRAIL - + + + + + + + 4 + + + TRAIL - 4+ % + + 4 + 4 & + 4+ 4
NH-23-C2, 0407 1119315286 14 24 40 NH-23-C2, 04 071119315286 14 24 40
WM ™

Figure 7 NH-23-C2 is a potent and selective inhibitor of endogenous caspase-2. Top panel: Caspase-2 activation.
Panel A. Caspase activation and protein processing pattern in HCT116 cells stimulated with reversine in the presence
of various concentrations of NH-23-C2. Panel B. Processing of MDM-2 protein in HCT116 cells stimulated with
reversine (1uM, 24 hours) in the presence of various concentration of caspase-2 inhibitors (NH-23-C2 and Ac-23-C2)
and a broad-spectrum caspase inhibitor, zVAD-fmk. Panel C. Caspase-2 inhibition in HCT116 cells expressed as 1Cso
for three inhibitors: NH-23-C2, Ac-23-C2, and zZVAD-fmk. Bottom panel: Caspases-3/-8 activation. Panel D.
Caspase activation and protein processing pattern in HCT116 cells undergoing TRAIL-mediated apoptosis. Panel E.
PARP processing and caspase-3 activation in TRAIL-stimulated HCT116 cells in the presence of various
concentrations of NH-23-C2, Ac-23-C2, and zVAD-fmk. Panel F. zVAD-fmk, but not NH-23-C2 or Ac-23-C2
inhibits apoptosis in TRAIL-stimulated HCT116 cells; fl — full length, cl — cleaved form.

NH-23-C2 and Ac-23-C2 off-reactivity with cysteine and threonine proteases. Since our inhibitors
contain an Asp-AOMK structural motif, they might also display some cross-reactivity with other proteases.
To evaluate this, we decided to test the selectivity of NH-23-C2 and Ac-23-C2 inhibitors towards lysosomal
cathepsins (K, B, L, V, and S), legumain and the constitutive proteasome. Our experiments demonstrated

that Ac-23-C2 displays moderate cross-reactivity with cathepsins B, L, V, S, and legumain at pH 5.5 and



only slight reactivity at pH 7.2 (Figure S4A, Figure 5). On the other hand, the non-acetylated inhibitor
(NH-23-C2) showed significantly lower potency towards cathepsins (pH 5.5 and 7.2) and legumain at pH
5.5 (Figure S4B, Figure 5), thus it is highly unlikely that this inhibitor would block these proteases when
tested in reversine-treated HCT116 cells at the concentrations used (0.4uM —40uM). Finally, we also tested
constitutive 20S proteasome, as this threonine protease displays cytosolic distribution and its B1 catalytic
subunit prefers Asp or Glu at the P1 position. Our analysis revealed that both Ac-23-C2 and NH-23-C2
showed negligible reactivity with the proteasome even at high concentrations (50uM). With these
experiments, we demonstrated that inhibitor NH-23-C2 does not target proteases that are the most likely
off-target candidate enzymes. However, since we could not test the off-target reactivity against all
proteases, we determined the toxicity of both inhibitors towards HCT116 cells via cell viability assay. Since
even at high inhibitor concentrations no cell death was observed, we concluded that neither Ac-23-C2, nor
NH-23-C2 is toxic for this cancer cell line (Figure S4B, D).

Discussion

Caspase-2 was the second human caspase to be discovered, however, despite significant research
efforts, its role in physiology and disease is not always clear. One reason for this is its dual biochemical
character, as depending on the environment caspase-2 can either act as an initiator or executioner of
apoptosis . Importantly, since procaspase-2 is a substrate for caspases-3 and -8, procaspase-2 in vitro
processing does not necessarily reflect caspase-2 activation. In order to monitor caspase-2 activity it is
crucial to develop selective substrates and inhibitors. Unfortunately, the optimal caspase-2 substrate with
the VDVAD sequence used in many studies is efficiently hydrolyzed by caspase-3, and to a lesser extent
by caspase-7, which significantly impedes the functional characterization of this protease. Some current
biochemical techniques rely on the use of caspase broad spectrum biotin-labeled probes in combination
with caspase selective antibodies 4, or the parallel application of several substrates with improved
selectivity by taking advantage of differences in caspase recognition preferences® *°. Nevertheless, the
development of truly selective substrate and small inhibitor for caspase-2 is still outstanding. To challenge
this problem, we applied our HyCoSuL approach and explored chemical space in the caspase-2 active site
surrounding the S5-S2 pockets. This analysis allowed us to find several natural and unnatural amino acids
that can distinguish between caspase-2 from other apoptotic caspases. The best structure-activity feature
we can distill from this work is that although caspase-2 displays narrow selectivity at the P4 position by
preferring Asp, it can tolerate hGlu at almost the same level, which is a unique feature among caspases.
This is somehow unexpected, as caspase-3 which has very similar S4 architecture recognizes hGlu very
poorly. Another caspase-2 distinguishing feature is a very high preferences for unnatural Idc at P5 position,

but in order to obtain high catalytic efficiency the N-terminal end must lack the commonly used acetyl cap.



Dissecting caspase-2 preferences in P5-P2 positions allowed us to develop very active and selective
fluorogenic substrate that most importantly almost completely bypasses caspase-3-mediated hydrolysis.
Further, we used the optimal sequence and developed potent and selective caspase-2 covalent irreversible
inhibitor. To check whether this compound would be useful in cell-based studies, we induced caspase-2
activation in HCT116 colon cancer cells by reversine treatment. In this scenario, activated caspase-2 cleaves
MDM-2 protein, which can be monitored by Western blotting. Indeed, pre-incubation of HCT116 cells with
our best caspase-2 inhibitor in low micromolar range completely prevented MDM-2 cleavage (ICso = 3.11
uM), demonstrating its potency. To further validate this inhibitor, we induced caspase-8 and caspase-3
activation in HCT116 cells by TRAIL stimulation. We observed only slight apoptosis inhibition when NH-
23-C2 was used at high concentration (40 uM). This is the first report demonstrating that endogenous
caspase-2 can be selectively blocked by a small molecule inhibitor. Moreover, this approach can be used

for other cell-based systems to dissect the authentic role of caspase-2.
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