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ABSTRACT: Caspases are fundamental to many essential biological processes,
including apoptosis, differentiation, and inflammation. Unregulated caspase
activity is also implicated in the development and progression of several
diseases, such as cancer, neurodegenerative disorders, and sepsis. Unfortunately,
it is difficult to determine exactly which caspase(s) of the 11 isoforms that
humans express is responsible for specific biological functions. This lack of
resolution is primarily due to highly homologous active sites and overlapping
substrates. Currently available peptide-based inhibitors and probes are based on
specificity garnered from peptide substrate libraries. For example, the canonical
tetrapeptide LETD was discovered as the canonical sequence that is optimally recognized by caspase-8; however, LETD-based
inhibitors and substrates promiscuously bind to other isoforms with equal affinity, including caspases-3, -6, and -9. In order to
mitigate this problem, we report the identification of a new series of compounds that are >100-fold selective for inhibiting the
initiator caspases-8 and -9 over the executioner caspases-3, -6, and -7.

Caspases are a family of cysteine-dependent aspartate-
directed proteases with 11 human isoforms that are

traditionally known for their indispensible roles in the initiation
(caspases-2, -8, -9, -10) and execution (caspases-3, -6, -7) of
apoptosis.1 Other family members, including caspases-1, -4, and
-5, are important regulators of inflammation and induce
pyroptotic cell death as a result of microbial infection.2

Intriguingly, recent reports implicate caspase activity as being
critical for a variety of other essential biological processes, such
as DNA repair signaling and tumor suppression,3 skeletal
muscle differentiation,4 B-cell proliferation,5 dendritic pruning
and neuronal plasticity,6 embryonic stem cell differentiation
through Nanog cleavage,7 nuclear factor kappa-light-chain-
enhancer of activated B cells (NF-κB) activation,8 lymphocyte
and monocyte differentiation and development,9 and keratino-
cyte differentiation and skin barrier formation.10 The utility of
caspase-dependent proteolysis in an array of cellular functions
is continually expanding, and additional caspase roles will likely
be discovered with the development of highly potent and
specific chemical inhibitors and probes.
Active caspases have many significant irreversible conse-

quences and as such are stored as inactive proenzymes, or
procaspases, inside of the cell.11 Intriguingly, several small
molecules have been identified in high-throughput screens that
promote executioner procaspase maturation using in vitro and
in vivo models.12−14

Aberrant caspase activity is implicated in the development
and progression of several diseases, such as neurodegenerative

disorders,15 cancer,16 cardiovascular disease,17 and sepsis.18

Moreover, caspases represent potential drug discovery targets
for the treatment of these diseases, and it is therefore
imperative to elucidate the exact biological roles of each
individual caspase isoform within cell-based assays and animal
models. The development of highly selective chemical
inhibitors would enable the interrogation of specific caspases,
and such compounds are more versatile than standard
biological techniques, such as gene knockout,19 N-terminal
labeling and mass spectrometry,20 and genetically engineering
cell lines that express mutant caspases.21 Recently, we described
activity-based probes and inhibitors for caspase-3 that have
>100-fold selectivity over the highly homologous caspase-7.22,23

Another report details an inhibitor (M867) with 64-fold
selectivity for caspase-3 over caspase-7.24 Herein, we describe
the discovery and characterization of CV8/9-AOMK and CV8/
9-KE, which have nanomolar potency and >100-fold selectivity
for inhibition of initiator caspases-8 and -9 over executioner
caspases-3, -6, and -7 (Supplementary Figure S1).
Commercially available peptide-based inhibitors of caspases

typically contain customized tetrapeptide recognition units,
which were largely determined by positional-scanning combi-
natorial libraries (PSCLs) using natural amino acids.25 These
molecules have been shown to be reasonably nonselective
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across the caspase family, especially among executioner and
initiator caspases.26 On the basis of our previous success finding
caspase-3-selective compounds, we synthesized individual
peptide libraries incorporating chemically diverse unnatural
amino acids in a search for specific inhibitors of caspase-8 over
caspase-3 (Figure 1).22,27

The canonical tetrapeptide recognition sequence for caspase-
8 is LETD (labeled P4−P1 from N- to C-terminus), and we
preserved the obligatory P1 aspartic acid residue within the
peptide library. Positions P2 through P4 of the LETD sequence
were each substituted with 46 different natural and unnatural
amino acids to identify inhibitors with higher caspase-3 versus
caspase-8 IC50 ratios (Figure 1). Each inhibitor included a C-
terminal aldehyde warhead, which is desirable for two reasons:
(1) aldehyde warheads can be derived from solid-support,
simplifying the synthesis of each compound, and (2) reversible
aldehyde warheads are less potent than their irreversible

counterparts and allow more for a more direct comparison of
selective residues among the two proteases. To this point,
caspase isoform selectivity decreases approximately 10-fold
when transitioning from a reversible aldehyde to an irreversible
acyloxymethyl ketone (AOMK) warhead that is commonly
employed for caspase inhibitors and probes (Figures 1 and 2,
data not shown).
The library of P2 permutations identified several residues

that provided enhanced selectivity over the canonical threonine,
including hydroxyproline (Hyp) and homoserine (Hse) that
had 125- and 83-fold selectivity, respectively (Figure 1).
Strikingly, upon synthesis of a diverse pool of P3 derivatives,
several substitutions imparted >100-fold selectivity for
inhibiting caspase-8 over caspase-3, such as glutamine (Gln)
and isoleucine (Ile), which had 1200- and 750-fold selectivity,
respectively (Figure 1). Substitution of the P4 residue with 46
chemically distinct substitutions did not provide a residue that

Figure 1. Selectivity screen for caspase-8 inhibitors using single amino acid substitutions at P2 and P3 into the canonical LETD tetrapeptide.
Residues that imparted the most caspase-8 selectivity in comparison to caspase-3 are labeled with an arrow and were used in subsequent inhibitor
design. Inhibitors with high, medium, or low potency are colored red, orange, or yellow, respectively. The horizontal dotted line highlights the level
of relative selectivity that is obtained by the canonical caspase-8 inhibitor Ac-LETD-CHO.

Figure 2. (A) Chemical structure of CV8/9 series compounds that are optimized for selective inhibition of initiator caspases-8 and -9 over
executioner caspases-3, -6, and -7. (B) IC50 data for LETD and CV8/9-based inhibitors against a panel of recombinant caspases. Each inhibitor/
caspase pair was preincubated at RT for 1 min, followed by the addition of caspase substrate to a final concentration of 50 μM and immediate
determination of the initial reaction velocity (RFU/s).
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was more selective than the canonical leucine (Leu)
(Supplementary Figure S2). Similarly, appending different
residues at P5 did not yield significant additional selectivity;
however, β-alanine (βAla) was chosen as a N-terminal
modification to increase water solubility (Supplementary Figure
S2).
After testing 184 compounds for their ability to selectively

inhibit caspase-8 compared to caspase-3, we identified
hydroxyproline at P2, glutamine at P3, leucine at P4, and β-
alanine at P5 that when combined yielded a highly selective
caspase-8 inhibitor (Figure 2). This new sequence was
compared to the inhibitory properties of Ac-LETD-AOMK,
which is commonly used to target caspase-8 (Figure 2). We
tested Ac-LETD-AOMK in vitro against initiator caspases-8 and
-9, as well as the executioner caspases-3, -6, and -7, and found
that the LETD-based compound was highly promiscuous
across this series of caspases with the exception of slight
selectivity against caspase-7 (Figure 2).
We next synthesized our new peptide recognition sequence

H2N-βAla-L-Q-Hyp-D (termed CV8/9) with an AOMK
warhead and found that this compound had nanomolar
potency against recombinant initiator caspases-8 and -9 (Figure
2). Importantly, CV8/9-AOMK had significant selectivity over
the executioner caspases-3 (140-fold), -6 (730-fold), and -7
(830-fold) (Figure 2). From our previous studies characterizing
different warhead leaving groups, we identified several new
functionalities that increase specificity for caspase-8 inhibition
versus caspase-3. One such leaving group that was assessed for
improved initiator caspase selectivity was a thiophene moiety,
termed KE (ketoester), which was substituted for AOMK into
the CV8/9 peptide sequence (Figure 2).23 CV8/9-KE retained
the same IC50 against caspase-8 but significantly reduced the
ability to inhibit the executioner caspases-3 (500-fold), -6
(1000-fold), and -7 (1300-fold) (Figure 2). Notably, this
change caused potency against caspase-9 to drop 2-fold (Figure
2).
We further characterized CV8/9-AOMK and Ac-LETD-

AOMK using irreversible kinetics.28 Here, Ki and kinact values
can be obtained to describe the initial reversible interaction and
subsequent irreversible covalent binding, respectively, of the
inhibitor to each caspase (Figure 3). This is accomplished by

plotting progress curves of substrate turnover with respect to
time in the presence and absence of inhibitor and deriving kobs
values for each reaction (Supplementary Figures S3−S5).28 Our
initial efforts using CV8/9-KE were unsuccessful due to the low
potency of this inhibitor against caspase-3 even at high
micromolar concentrations (data not shown). CV8/9-AOMK
had no inhibitory activity against caspase-3 below 100 μM

without initial preincubation before substrate addition and was
restricted to a limited window of concentrations for kinetic
assessment (Supplementary Figures S3−S5). Moreover, the
inability of CV8/9-AOMK to inhibit caspases-6 and -7 at low
micromolar concentrations precluded their inclusion in this
study.
The kinact/Ki ratio was then calculated and used to assess the

ability of CV8/9-AOMK to selectively inhibit specific caspase
isoforms (Figure 3). CV8/9-AOMK has similar kinact constants
against caspases-3, -8, and -9, but >100-fold lower Ki values for
the initiator caspases-8 and -9 versus the executioner caspase-3
(Figure 3). These results indicate that discrimination against
caspase-3 is attributable to the CV8/9-AOMK recognition and
reversible binding event with active site residues that results in
the E-I reversible complex rather than covalent attachment to
the catalytic cysteine and EI formation (Figure 3).28 Notably,
kinact/Ki values were >1000-fold higher for CV8/9-AOMK
against caspases-8 and -9 with only a 3-fold difference among
caspases-3, -8, and -9 for Ac-LETD-AOMK (Figure 3). The
significant CV8/9-AOMK selectivity for caspases-8 and -9 is
also accompanied by a marked decrease in potency and
coincides with our observations for the IC50 studies (Figures 2
and 3).
We determined the X-ray crystal structures of caspases-3 and

-8 in complex with CV8/9-AOMK to 1.63 Å (green) and 1.73
Å (magenta) resolution, respectively, to shed light on
differences in peptide binding orientations that promote
selectivity (Figure 4, Supplementary Table S1). Superposition
of the protein active sites uncovered significant deviations in
the side-chain conformation of the CV8/9 P2 hydroxyproline
(Hyp) between the two caspase structures. Hyp is forced into
an unfavorable endo conformation when CV8/9 is bound to the
caspase-3 active site, and this results in a 142° dihedral angle
between the N−Cδ−Cγ−O atoms of the P2 residue (Figure
4).29 In contrast, Hyp is in the favorable exo conformation in
the caspase-8 structure as evidenced by an 86° dihedral angle
between the N−Cδ−Cγ−O atoms (Figure 4).29 The preferred
CV8/9 P2 exo conformation is not achievable in caspase-3, as
steric clashes would result between the Hyp hydroxyl moiety
and active site residues Y204 and W206 (Figure 4). As such, the
P2 Hyp is required to adopt the high-energy endo conformation
in order to bind caspase-3, and these structural perturbations
correlate well with the significantly increased Ki values of
reversible binding (Figure 3). Importantly, these large hydro-
phobic caspase-3 residues are substituted with V410 and Y412
in caspase-8 that result in a larger active site pocket to
accommodate P2 side chains despite Hyp adopting an exo
conformation that directly points the five-membered ring and
hydroxyl group into caspase-8 (Figure 4). The resulting N−
Cδ−Cγ−O torsional strain for Hyp was determined using
AMBER 14 molecular mechanics potential parameters to be 1.9
kcal/mol greater for caspase-3 relative to caspase-8 (Figure
4).29

AMBER 14 parameters were then assigned to each bond
angle around the Hyp five-membered ring in order to identify
angle strain from the exo versus endo conformations
(Supplementary Figure S6).30 The N−Cα−Cβ bond angle
had the largest discrepancy between caspases-3 (96.6°) and -8
(102°) compared to all other atoms, resulting in an energy
difference of 2.8 kcal/mol for this forced position (Figure 4).
The remaining bond angles had similar strain energies,
providing a total bond angle strain difference of 2.5 kcal/mol
between the Hyp side chain of CV8/9 that is bound to caspase-

Figure 3. Calculated rate constants for reactions between CV8/9-
AOMK or Ac-LETD-AOMK and caspases-3, -8, or -9.
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3 versus -8 (Figure 4). Intriguingly, the Hyp residue alone was
calculated to contribute a total energy difference of 4.4 kcal/
mol more for CV8/9 bound to caspase-3 in comparison to
caspase-8 (Figure 4).
The importance of particular caspases for essential biological

phenomena is typically studied using chemical probes and
inhibitors that are based on canonical peptide recognition
sequences that indiscriminately bind to multiple isoforms.
These side effects significantly limit the resolution and
convolute our understanding of how specific caspases function
during human health and disease. In order to solve this
problem, we devised an approach using unnatural amino acid
libraries to develop a new class of chemical tools that are able to
recognize only specific caspase isoforms. Through this study,
we discover and characterize CV8/9-AOMK, an inhibitor of
initiator caspases-8 and -9 that discriminates against the
executioner caspases-3, -6, and -7. Future work will advance
our CV8/9 series compounds as chemical probes; however,
initial attempts to modify the N-terminus with fluorophores
and biotin have resulted in a reduction in inhibitor selectivity
(Supplementary Figure S7). This study provides a proof-of-
concept foundation for incorporating noncanonical amino acids
in to discovery efforts for selective inhibitors and probes of
many different caspase isoforms and other proteases.
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