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ABSTRACT: Caspases are required for essential biological functions,
most notably apoptosis and pyroptosis, but also cytokine production,
cell proliferation, and differentiation. One of the most well studied
members of this cysteine protease family includes executioner caspase-
3, which plays a central role in cell apoptosis and differentiation.
Unfortunately, there exists a dearth of chemical tools to selectively
monitor caspase-3 activity under complex cellular and in vivo
conditions due to its close homology with executioner caspase-7.
Commercially available activity-based probes and substrates rely on the
canonical DEVD tetrapeptide sequence, which both caspases-3 and -7
recognize with similar affinity, and thus the individual contributions of
caspase-3 and/or -7 toward important cellular processes are irresolvable. Here, we analyzed a variety of permutations of the
DEVD peptide sequence in order to discover peptides with biased activity and recognition of caspase-3 versus caspases-6, -7, -8,
and -9. Through this study, we identify fluorescent and biotinylated probes capable of selective detection of caspase-3 using key
unnatural amino acids. Likewise, we determined the X-ray crystal structures of caspases-3, -7, and -8 in complex with our lead
peptide inhibitor to elucidate the binding mechanism and active site interactions that promote the selective recognition of
caspase-3 over other highly homologous caspase family members.

Caspases (cysteine-aspartyl proteases) are a family of
enzymes predominantly linked with the initiation and

execution of apoptosis,1,2 as well as inflammation,3,4 differ-
entiation,5−7 and cell survival.8,9 Due to their consequential
functions, caspases are typically stored as inactive proenzymes
and are processed into the active form only when required.10,11

Caspases most associated with apoptosis include the execu-
tioner caspases-3, -6, and -7 and the initiator caspases-8 and -9.
Conversion of these enzymes from the zymogen into the active
form occurs in vivo through processing by upstream proteases
or self-activation that removes the N-terminal prodomain with
subsequent cleavage of the protein into large and small
subunits.12,13 This internal cleavage allows for rearrangement of
two large (17 kDa) and two small (12 kDa) subunits into a
heterotetramer that composes the mature active enzyme.14,15

Activity-based probes (ABPs) have emerged as convenient
and accessible tools to study protease function in vitro as well as
in cellular and animal models. These probes measure and detect
protease activity and can be applied toward elucidating the roles
of proteases in the progression of diseases such as cancer,16−21

neurodegenerative disorders,22−25 and sepsis26,27 or other
biologically important phenomenon such as cell differentiation
during development.28 Additional techniques for studying
enzyme activity that use ABPs include immunoprecipitation
(IP), fluorescence microscopy, flow cytometry, fluorescent
SDS-PAGE, fluorescence spectroscopy, and mass spectrometry-
based proteomics.

ABPs employed in the detection of caspase activity typically
contain a tag/label group for visualization (i.e., fluorophores)
and/or enrichment (i.e., biotin), a peptide recognition
sequence, and a thiol-reactive functional group for covalent
modification of the active site catalytic cysteine. Cysteine-
reactive functional groups commonly used to modify caspases
include aldehydes, acyloxymethyl ketones (AOMKs), halo-
methyl ketones, epoxides, and Michael acceptors. Caspase
ABPs typically contain a four-residue peptide recognition
sequence (caspases-3/7: DEVD; caspase-6: VEHD; caspase-8:
LETD; caspase-9: LEHD) established historically via combi-
natorial library optimization29 and recently using unbiased mass
spectrometry proteomic analyses.30−32 This work laid the
foundation for caspase-specific ABPs, substrates, and inhibitors;
however, these peptide sequences lack functional selectivity
within the caspase family, making recognition of a single
caspase of interest extremely difficult.33 ABPs, inhibitors, and
substrates that are based on the DEVD peptide sequence
recognize both caspases-3 and -7, thereby prohibiting study of
the individual contribution of these enzymes toward bio-
logically important events. Furthermore, DEVD-based probes
also target caspases-6 and -8, further confounding the ability of
the probe to exclusively target caspase-3.
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Customarily, new peptide sequences that recognize particular
proteases are deduced through methods such as creation of
positional-scanning combinatorial libraries (PSCL), which are
useful starting points toward finding peptide sequences that
recognize new enzyme targets.34 Unfortunately, this method
has limitations in providing information on optimized peptide
sequences that are selective for one of two enzymes as closely
related as active caspases-3 and -7 with 54% overall sequence
identity and 77% active site identity (see Supplementary Table
S1). Synergistic sequences or combinations of residues required
for enhanced activity/selectivity are not easily recognized, and
thorough analysis of every compound made in PSCLs is not
feasible because residues are optimized only one at a time by
combining the activity of thousands of other peptide sequences
(for a tetrapeptide) into a single assay.35 In addition to this
drawback, the vast majority of research toward new peptide
ABPs relies on natural amino acids that narrow the possibility
of finding compounds with novel properties.36,37 Therefore, we
synthesized and analyzed a unique set of ABPs made from a
pool of unnatural and natural amino acids that result in ABPs
and inhibitors with selectivity for caspase-3 over caspase-7 and
similar initiator and executioner caspases.

■ RESULTS AND DISCUSSION

Identification of Selective Caspase-3 Peptide Inhib-
itors. In order to find ABPs with selectivity for caspase-3 over
caspase-7, we synthesized a library of inhibitors based on the
DEVD peptide sequence. This tetrapeptide is labeled P4 (N-
terminus) through P1 (C-terminus) and corresponds to the
identity of the amino acids leading up to the invariable aspartic
acid residue where caspases normally cleave their biologically
relevant substrates.38 We first selected a series of 30 amino
acids, which we incorporated individually into each position of
the canonical DEVD sequence (Figure 1). All synthesized
peptides included an N-terminal acetyl group and a C-terminal
aldehyde thiol-reactive moiety to generate caspase inhibitors
(Figure 1). This series was designed to include primarily
unnatural amino acids and hydrophobic natural residues in
order to diversify beyond the standard amino acid chemistry
(Supplementary Figure S1). All efforts to replace the P1
aspartic acid residue with glutamic acid or asparagine resulted in
the ablation of inhibition (data not shown). As such, we built
each subsequent inhibitor using standard solid-phase peptide
synthesis (SPPS) from a P1 aspartic acid attached to a solid-
supported aldehyde resin (Figure 1). Each residue within
DEVD was individually substituted with our 30 amino acid set,
resulting in 90 compounds exploring variations at P2, P3, and
P4 (Figure 1). We also expanded the peptide to explore the
effect of an additional residue at the P5 position where the 30
amino acids from our series were appended to the canonical
DEVD sequence (Figure 1). In total, 120 potential caspase
inhibitors were made by SPPS and cleaved from solid support
with subsequent removal of the solvent. On the basis of the
assumption that each inhibitor synthesis resulted in an
approximate 15% overall yield, DMSO was added to each
compound to produce 1 mM stock solutions. Relative IC50
values for recombinant caspase-3 and caspase-7 were then
determined, and the ratio of the IC50 for caspase-7 over the
IC50 for caspase-3 was plotted for each compound to elucidate
any potential selectivity among the peptide library for inhibition
of one of these highly homologous caspases over the other
(Figure 1).

In general, we found that substitutions from our amino acid
pool into each position of the DEVD sequence imparted
selectivity for caspase-3 inhibition (Figure 1). Replacement of
glutamic acid at P3 with β-homoleucine provides the strongest
contrast of inhibition for caspase-3 over caspase-7 with a 100-
fold difference in relative IC50 values (Figure 1). Substitutions
at P2 provide several compounds with an approximate 10-fold
lower IC50 value for caspase-3 versus caspase-7, including
unnatural amino acids homoleucine, 3-pyridylalanine, and
homocyclohexylalanine (Figure 1). Less selectivity is obtained
with amino acid variations at P4 compared to P2 or P3, and
only two such substitutions, 3-methoxyphenylalanine and β-
homoaspartic acid, have selectivity above 3-fold for inhibition of
caspase-3 over caspase-7 (Figure 1). Appending a fifth amino
acid to DEVD results in one example using 3-pyridylalanine
with over 7-fold selectivity toward caspase-3 inhibition (Figure
1). Notably, no substitutions tested provided greater than 3-

Figure 1. Caspase inhibitor selectivity screen using single amino acid
substitutions at positions P2−P5. Residues that resulted in improved
selectivity for caspase-3 used in subsequent probes are labeled bold.
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fold selectivity for inhibition of caspase-7 over caspase-3
(Figure 1).
We resynthesized several of the promising single amino acid

substituted inhibitors in larger scale with subsequent prep-
HPLC purification to validate our observed caspase-3 versus
caspase-7 selectivity and to more accurately determine the IC50
values against executioner and initiator caspases (Table 1). For
comparison to the canonical DEVD peptide recognition
sequence, we also synthesized and determined IC50 values for
Ac-DEVD-CHO (1) against caspases-3, -6, -7, -8, and -9 (Table
1). Inhibitor 1 has very similar IC50 values for caspases-3, -6, -7,
and -8 as evidenced by the minimal 2-fold difference among
these proteases (Table 1). We next synthesized 2 with
homoleucine at P2 and β-homoleucine at P3, and this double
substitution has a 60-fold lower IC50 for caspase-3 in
comparison to caspase-7, with negligible inhibition of
caspases-6, -8, and -9 (Table 1). Inhibitors combining β-
homoleucine at P3 and either 3-methoxyphenylalanine (3) or
β-homoaspartic acid (5) substitution at P4 result in significant
loss in potency and selectivity toward caspase-3 (Table 1).
Compounds with β-homoleucine at P3 and 3-pyridylalanine

(4) or valine (8) at P2 retain similar potency toward caspase-3
but drop in selectivity against caspase-7 (Table 1). Replacement
of β-homoleucine at P3 with isoleucine (6) is undesirable as a
complete loss in selectivity is observed, and removal of the P4
aspartic acid (7) results in a significant loss of efficacy toward
caspase-3 and a reversal in selectivity toward greater inhibition
of caspase-7 (Table 1).
We sought to translate our peptides from the reversible

covalent aldehyde warhead into an irreversible AOMK
derivative, which is useful for application of SDS-PAGE analysis
and other labeling experiments. The AOMK contains an α-keto
ester and binds the cysteine side chain irreversibly through loss
of 2,6-dimethylbenzoic acid in an SN2-like reaction. This type of
warhead is commonly used in ABPs for caspases and has been
shown to be more selective for caspase inhibition than other
irreversible covalent modifying functional groups.33 We
replaced the C-terminal aldehyde of 2 with the keto ester to
yield compound 9 (Table 1). Compared to 2, 9 has greater
than 10-fold more potency toward caspase-3 inhibition;
however, selectivity versus caspase-7 dropped to only 10-fold
(Table 1). Efforts to increase selectivity via removal of the P4
aspartic acid (10) resulted in less selectivity and was not
pursued further (Table 1).
To enhance selectivity, we added 3-pyridylalanine as an extra

residue at P5, which showed promising caspase-3 bias in our

initial inhibitor screen (Figure 1). The resulting peptide (11)
has an increase in potency toward inhibition of caspase-3 (23
nM) in comparison to 9 and a 32-fold selectivity over the
caspase-7 IC50 (Table 1, Figure 2A). Importantly, 11 also has
150-fold selectivity for inhibition of caspase-3 over caspase-6,
17-fold selectivity versus caspase-8, and 200-fold selectivity over
caspase-9 (Table 1). Further optimization of caspase-3 selective
inhibitors could benefit by fixing P3 as β-homoleucine, which
might favorably alter the specificity profiles of subsequent
amino acid substitutions toward further selectivity for caspase-3
(Figure 1).

X-ray Structures of Inhibitor 11 in Complex with
Caspases-3, -7, and, -8. In order to further investigate the
mechanism of binding and specific interactions that promote
selectivity for caspase-3, we determined the X-ray crystal
structures of caspases-3, -7, and -8 in complex with 11 to 1.48,
2.94, and 1.18 Å, respectively (Figure 2B−H, Supplementary
Table S2). Superposition of caspase-3 in complex with Ac-
DEVD-CMK (PDB ID: 2DKO)39 to our caspase-3 structure
bound with 11 illustrates conserved interactions between the
two inhibitors. Primarily the P1 and P2 residues coordinated to
the active site C163 and hydrophobic pocket, respectively, as
well as the P4 aspartic acid side chain that provides both
inhibitors with a potential hydrogen bond to the F250 main-
chain amide (Figure 2B,C). As a result of the β-amino acid
substitution in 11, the P3 side chains for the two inhibitors
project in opposite directions with the β-homoleucine (11)
directed into a hydrophobic pocket formed from the P2
homoleucine of 11 and W206, F256, and Y204 of caspase-3.
For Ac-DEVD-CMK, the P3 glutamic acid residue forms a salt
bridge with R207, and this important interaction is lost in 11
(Figure 2B). However, addition of the 3-pyridylalanine at P5
results in two extra potential hydrogen bonds between the P5
(11) main chain and S209 compared to the DEVD tetrapeptide
(Figure 2B−D). These additional interactions help mitigate the
loss of the P3 glutamic acid:R207 salt bridge between DEVD
and the caspase-3 active site. As such, our optimized 5-residue
inhibitor 11 and probes (13, 15) retain almost identical IC50
values in comparison to the DEVD inhibitors with conserved
C-terminal warheads (12 and 14, respectively) (Tables 1 and
2).
Superposition of caspases-3, -7, and -8 in complex with 11

reveal some similarities in peptide interactions among the three
caspases. P1, P2, and P3 side-chain orientations with similar
potential hydrophilic and hydrophobic interactions are
conserved among the caspase active sites (Figure 2C−H).

Table 1. IC50 Values for Purified Caspase Inhibitorsa

IC50 (μM)

inhibitor caspase-3 caspase-6 caspase-7 caspase-8 caspase-9

1 Ac-DEVD-CHO 0.021 0.048 0.040 0.038 2.0
2 Ac-D-βhLeu-hLeu-D-CHO 1.1 >200 66 >100 >100
3 Ac-(3-OMe)Phe-βhLeu-V-D-CHO 17 >200 86 >100 >100
4 Ac-D-βhLeu-3Pal-D-CHO 2.7 >200 24 >100 >100
5 Ac-βhAsp-βhLeu-hLeu-D-CHO 6.8 >100 110 29 >100
6 Ac-D-I-hLeu-D-CHO 0.39 >100 1.5 1.3 23
7 Ac-βhLeu-V-D-CHO 25 >200 19 27 >50
8 Ac-D-βhLeu-V-D-CHO 0.51 >100 17 6.8 >100
9 Ac-D-βhLeu-hLeu-D-AOMK 0.080 4.2 0.81 1.1 10
10 Ac-βhLeu-hLeu-D-AOMK 0.22 32 0.88 4.6 5.5
11 Ac-3Pal-D-βhLeu-hLeu-D-AOMK 0.023 3.4 0.73 0.40 4.6

aIC50 values represent averages of at least three separate experiments.
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However, the decreased hydrophobicity within the caspase-8
pocket, N458 compared to phenylalanine in caspase-3 (F256)
and -7 (F282), may account for the decrease in ability to
interact with the P2 homoleucine and P3 β-homoleucine of 11
(Figure 2C−H).

A crucial difference among the caspase structures is the
conformation of the N-terminal residues of the peptide
inhibitor. This region of 11 orients within the active sites of
caspases-7 and -8 in a six-membered chair-like ring con-
formation with an intrapeptide hydrogen bond between the

Figure 2. (A) Chemical structure of the caspase-3 specific peptide inhibitor 11 that contains three unnatural amino acids, an N-terminal acetyl, and a
C-terminus AOMK warhead. (B) Residues of caspase-3 (carbon-green, oxygen-red, nitrogen-blue, and sulfur-dark yellow) bound to 11 (carbon-
yellow) are shown as sticks. Superposition of Ac-DEVD-CMK from the co-complex with caspase-3 (PDB ID: 2DKO)39 (carbon-gray) shows the
additional hydrogen bonds provided by the P5 residue of 11 (red label) and loss of the salt bridge (blue label). (C) Cartoon representation of
caspase-3 in complex with a stick representation of 11 (colors as in panel B). Specific main-chain and side-chain interactions provided by the caspase
active site to the probe are labeled with an ordered water molecule depicted as a red sphere. A blue 2Fo − Fc electron density map contoured at 1.0σ
show the ordered conformation of 11 within the active site of caspase-3. All unique potential hydrogen bonds provided by caspase-3 relative to
caspases-7 and -8 are labeled red. (D) Schematic representation of the hydrogen bonding network and corresponding distances within the caspase-3
active site to 11 (blue). (E, F) Cartoon and schematic representations of caspase-7 (carbon-cyan) in complex with 11, respectively, depict a
rearrangement of the P4 and P5 residues of the probe resulting in a deficiency of potential hydrogen bonds to the caspase. All labels and colors are as
in panels C and D. (G, H) Cartoon and schematic representations of caspase-8 (carbon-magenta) in complex with 11, respectively. Similar to
caspase-7, the P4 and P5 residues of 11 flip the P4 aspartic acid side chain into the solvent. One unique potential hydrogen bond is observed
between the P5 pyridyl nitrogen of 11 and side-chain amide of N261 (labeled green in H). All labels and colors are as in panels C and D.

Table 2. IC50 Values for DEVD and CV3-Based Caspase ABPsa

IC50 (nM)

inhibitor ID caspase-3 caspase-6 caspase-7 caspase-8 caspase-9

12 FAM-DEVD-AOMK 18 26 24 29 1100
13 FAM-CV3-AOMK 27 3000 1300 100 3100
14 Biotin-DEVD-AOMK 39 75 38 50 1100
15 Biotin-CV3-AOMK 13 1200 420 53 2500

aIC50 values represent averages of at least three separate experiments.
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main-chain carbonyl oxygen of P5 (11) and the main-chain
amide nitrogen of P4 (11) (Figure 2E−H). Surprisingly, 11 is
locked into a linear and extended conformation in the caspase-3
active site, and this difference in orientation may provide the
observed specific inhibition (Figure 2C,D). Due to the
extended conformation within caspase-3, 11 can make
additional hydrogen bonds between R207 and the P4 main-
chain amide nitrogen (11), F250 and N208 to the P4 aspartic
acid side chain (11), and S209 in two locations to the P5 main
chain (11) (Figure 2C,D). The extended conformation of 11
within caspase-3 is due to 2 additional interactions provided by
an active site S209, which is a proline in both caspases-7 (P235)
and -8 (P415) (Figure 2C−H). As a consequence, the P5
pyridine and P4 aspartic acid side chains of 11 bound within
caspases-7 and -8 rearrange into the chairlike ring conformation
thereby flipping the aspartic acid away from the caspase active
site and into the solvent (Figure 2E−H).
Strong electron density is observed for 11 in each co-

complex except for the P5 pyridine side chain in the caspase-3
and -7 structures due to the lack of specific interactions to the
caspase active sites. However, in caspase-8 the pyridine
nitrogen of 11 shares a potential hydrogen bond with N261
resulting in strong electron density for the P5 pyridine side
chain (Figure 2C, E, and G). Therefore, substitution of the
pyridine nitrogen for a carbon in subsequent inhibitor design
may impart additional selectivity for caspase-3 over caspase-8
(Figure 2G,H).
These structures illustrate the selectivity of 11 for caspase-3

as this co-complex has 15 potential hydrogen bonds between
the inhibitor and the caspase-3 active site as well as strong
hydrophobic interactions (Figure 2C,D). In contrast, caspases-7
(Figure 2E,F) and -8 (Figure 2G,H) have only 10 and 11
potential hydrogen bonds to 11, respectively. The single
substitution of P3 glutamic acid with β-homoleucine into the
DEVD sequence (8) in our initial screen resulted in profound

selectivity for caspases-3 over -7 (Figure 1). However,
superposition of 11 bound to caspases-3 and -7 does not
uncover significant differences in the P3 β-homoleucine
orientation or active site interactions that can account for the
observed assay specificity. We hypothesize that the extra
methylene unit added within the peptide backbone upon β-
homoleucine substitution (8) introduces additional hydrogen
bonds between the carboxyl N-terminal acetyl group of 8 and
S209 of caspase-3 as well as between the P3 amide nitrogen of
8 and R207 of caspase-3. We believe 8 adopts the intra-
molecular ring-like conformation similar to 11 when bound to
caspase-7.

Synthesis and Application of Specific Caspase-3
ABPs. Our next goal was to apply our caspase-3 selective
peptide inhibitors as ABPs by appending 5(6)-carboxyfluor-
escein (FAM) (13) or biotin (15) to the N-terminus of the
optimized 5-residue sequence of 11 (Figure 3). Based on the X-
ray structures, substitution of the N-terminal acetyl of 11 with
FAM or biotin moieties would not affect the conformational
selectivity of the peptide for caspase-3 as this region of the
inhibitor is directed into the solvent when bound to all caspases
(Figure 2C−H). We included a short linker region of 6-
aminohexanoic acid (Ahx) for development of the ABPs that
improves binding toward caspase-3 versus caspase-7 (Supple-
mentary Figure S2).
The IC50 values for our CV3 series probes (ABPs that

incorporate the unnatural amino acid sequence of inhibitor 11)
showed significant improvement compared to commonly used
ABPs containing the canonical DEVD peptide recognition
sequence as measured by kinetic substrate turnover assays
(Table 2 and Figure 3). FAM-DEVD-AOMK (12) inhibits
caspases-3, -6, -7, and -8 with almost identical IC50 values,
whereas FAM-CV3-AOMK (13) inhibits caspase-3 with a 110-
fold lower IC50 value than caspase-6, 48-fold lower than
caspase-7, and 4-fold lower than caspase-8 (Table 2).

Figure 3. ABP structures using 5(6)-carboxyfluorescein (FAM) or biotin as a tag/label group. DEVD-based ABPs are routinely employed in caspase
biology and are relatively nonselective for caspases-3, -6, -7, and -8. CV3 probes are based on our five-residue caspase-3-selective peptide recognition
sequence of inhibitor 11.
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Consistently, Biotin-DEVD-AOMK (14) has similar IC50 values
for caspases-3, -6, -7, and -8, while Biotin-CV3-AOMK (15) has
a 92-fold lower IC50 value for caspase-3 versus caspase-6, 32-
fold selectivity over caspase-7, and 4-fold selectivity compared
to caspase-8 (Table 2). Interestingly, the fluorescein labeled
probe (13) was more selective for caspase-3 over caspase-7
compared to the biotinylated probe (15), which may hint that
additional residues beyond P5 may enhance caspase-3
specificity (Table 2). To further highlight the selectivity of
our CV3 probes for caspase-3 over caspase-7, we compared the
in vitro fluorescence polarization (FP) between FAM-DEVD-
AOMK (12) or FAM-CV3-AOMK (13) (100 nM) and
recombinant caspase-3 or caspase-7 (100 nM), which is within
physiologically relevant concentrations (Figure 5).40,41 Polar-
ization of the fluorophore-tagged ABPs occur upon binding to
the much larger caspase protein resulting in an increase in
millipolarization (mP) that is directly read by a fluorescence
plate reader (Figure 4).

FAM-DEVD-AOMK (12) rapidly binds caspases-3 and -7,
reaching nearly identical maximum ΔmP values within 2 min of
introduction of the probe (Figure 4). In contrast, FAM-CV3-
AOMK (13) rapidly reaches a maximum ΔmP values within 2
min only in the presence of caspase-3 (Figure 4). Reaction of
FAM-CV3-AOMK (13) with caspase-7 occurs at a much slower
rate with almost no detectable binding after 5 min of incubation
and low levels of FP after an extended 60-min incubation
(Figure 4). FAM-DEVD-AOMK (12) also shows robust FP
when incubated with caspase-6, reaching ΔmP values >100
after only 5 min of incubation, whereas FAM-CV3-AOMK (13)
shows almost no ΔmP after 10 min of incubation and less than
50 ΔmP after being allowed to react for 60 min
(Supplementary Figure S3). FAM-CV3-AOMK (13) also
shows slower association to caspase-8 compared to FAM-
DEVD-AOMK (12); however, 13 peaks at a higher polarization
intensity (Supplementary Figure S3).
To further explore the caspase-3 selectivity of FAM-CV3-

AOMK (13) over FAM-DEVD-AOMK (12), we performed
direct in vitro competition assays between recombinant caspase-
3 and caspases-6, -7, or -8 (Figure 5). Equal concentrations
(100 nM) of caspase-3 and either caspase-6, -7, or -8 were
premixed followed by addition of varying concentrations of
FAM-CV3-AOMK (13) or FAM-DEVD-AOMK (12) and
subsequently incubated with the caspase mixture for 10 and 60

min. Samples were then analyzed by SDS-PAGE fluorescence
to determine the extent of binding for each ABP to particular
caspases (Figure 5). At stoichiometric concentrations of FAM-
DEVD-AOMK (12) the probe binds almost exclusively to
caspase-3 in the presence of caspase-6, -7, or -8 (Figure 5).
However, at 4-fold to 16-fold excess probe, covalent attachment
of the promiscuous FAM-DEVD-AOMK (12) occurs with
caspases-6, -7, and -8 (Figure 5).

Conversely, FAM-CV3-AOMK (13) shows no significant
covalent attachment to caspases-6, -7, or -8 even in the
presence of 16-fold excess probe after 10 min of incubation
(Figure 5A). In addition, after 60 min of incubation with 100
nM caspases-3 and -6, -7, or -8, FAM-CV3-AOMK (13) only
significantly labels caspase-3 despite using 16-fold excess probe
(Figure 5B and data not shown). Performing this same
experiment with Biotin-DEVD-AOMK (14) and Biotin-CV3-
AOMK (15) with SDS-PAGE followed by avidin blotting for
biotin reveals a similar selectivity profile for Biotin-CV3-AOMK
(15) caspase-3 selectivity, especially prevalent after 60 min of
incubation between a premixture of caspase-3 and caspase-7
with the probes (Supplementary Figure S4).
In a follow-up competition experiment using 100 nM

caspase-3 premixed with varying concentrations of either
caspase-6, -7, or -8 (0 to 800 nM) followed by addition of
100 nM probe FAM-DEVD-AOMK (12) or FAM-CV3-AOMK
(13), excess amounts of competing caspase-6, -7, or -8 could
not bind to either probe in the presence of stoichiometric
amounts of caspase-3 except at 8-fold excess compared to
caspase-3 where trace amounts could be detected (Supple-
mentary Figure S5). This result suggests that caspase-3 is
kinetically faster than caspases-6, -7, or -8 in binding both ABPs
(Supplementary Figure S5).
In order to confirm specificity of our ABP in a cell-based

assay, we incubated HL-60 cells for 6 h with and without 1 μM

Figure 4. FP of binding 12 or 13 to caspase-3 or caspase-7 measured
after 2, 5, 10, 30, or 60 min of incubation. Both probes and caspases
were used at 100 nM final concentrations.

Figure 5. SDS-PAGE and fluorescent detection of varying
concentrations of 12 or 13 incubated for either (A) 10 min or (B)
60 min with a premixed solution of caspase-3 and caspase-6, -7, or -8.
Caspases were assayed at 100 nM final concentrations.
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staurosporine (STS) to induce apoptosis and elicit the
maturation of all apoptotic-related caspases (Figure 6). Cells

were lysed and incubated with Biotin-DEVD-AOMK (14) or
Biotin-CV3-AOMK (15) at 50 or 25 nM for 2 min after which
the reaction was quenched. Labeling was assessed by SDS-
PAGE and avidin blotting to detect all proteins that were
covalently modified by the ABPs within the cellular lysate
(Figure 6). Biotin-DEVD-AOMK (14) labeled both caspases-3
and -7 almost identically at both 50 and 25 nM; however, lysate
labeling with Biotin-CV3-AOMK (15) significantly decreased
the amount of caspase-7 modification compared to the DEVD-
based probe (Figure 6). Notably, no procaspase was labeled by
either probe under the reaction conditions (Figure 6).
Caspases are essential for myriad biological processes from

apoptosis to cell differentiation and inflammation. ABPs
represent a convenient approach toward the study of these
enzymes in a biological context; however, the lack of isoform-
selective ABPs limits the ability to detect and probe the
contribution of individual caspase enzymes within important
biological phenomenon. To address this problem, we optimized
a set of peptide-based caspase inhibitors using unnatural amino
acids, which we successfully translated into functional ABPs.
Increased structural diversity afforded by our unnatural amino
acid pool enabled us to exploit small amino acid differences
between the highly homologous caspase-3 and -7 active sites
illustrating how adding structural diversity using unnatural
amino acids can be helpful in future ABP development.

■ METHODS
Caspase Expression and Purification. Caspases-3, -6, -7, -8, and

-9 were expressed and purified as previously described.42,43

Caspase-3 versus Caspase-7 Selectivity Screen. Compounds
were synthesized using SPPS from an H-Asp(OtBu)-H preloaded
aldehyde resin. Peptides were then cleaved from the resin followed by
evaporation of the solvent. DMSO was used to make 1 mM stock
solutions based on a 15% estimated overall yield. Compounds were
then used without further purification.
IC50 Determination for Compounds against Recombinant

Caspases. Compounds, caspases, and substrate were all diluted into
assay buffer consisting of 50 mM HEPES pH 7.4, 0.1% CHAPS, 10
mM KCl, 50 mM sucrose, 1 mM MgCl2, and 10 mM DTT. Twenty
microliters of diluted compound (2.5×) and 20 μL of 2.5× caspase
solution (final concentrations: 10 nM caspase-3, 50 nM caspase-6, 10
nM caspase-7, 25 nM caspase-8, or 500 nM caspase-9) was added to
NUNC 96-well, black, low-binding, microtiter plates. This solution

was incubated for 2 min at RT followed by addition of 10 μL (5×)
caspase substrate at a final concentration of 50 μM (caspase-3/7: Ac-
DEVD-AFC; caspase-6: Ac-VEID-AFC; caspase-8: Ac-IETD-AFC; or
caspase-9: Ac-LEHD-AFC). The initial rate of substrate turnover
(RFU/sec) was then immediately analyzed on a PerkinElmer EnVision
plate reader with excitation at 355 nm and emission detection at 486
nm. This data was analyzed using GraphPad Prism to calculate
corresponding IC50 values.

X-ray Crystallography of Caspases in Complex with
Inhibitor. Crystallization and X-ray Data Collection. Inhibitor 11
was added in a 2-fold molar excess relative to 8 mg/mL caspases-3, -7,
and -8 in a buffer consisting of 20 mM Tris, pH 8.0, 100 mM NaCl,
incubated for 2 h at 25 °C and immediately used for co-crystallization
experiments. Crystals of 11 in complex with caspase-3 were grown in
0.10 M sodium citrate, pH 6.5, 10 mM DTT, 0.1% sodium azide, 20%
PEG 6000,39 with caspase-7 in 0.15 M sodium citrate, pH 4.0, 2.0 M
sodium formate,44 and with caspase-8 in 0.1 M HEPES pH 7.4, 1.0 M
sodium citrate.45 All crystals were grown at 22 °C, and the His6-tags
were not removed as the proteins crystallized readily.

Data for all three caspase:11 co-complex X-ray structures were
collected on single, flash-cooled crystals at 100 K in a cryoprotectant
consisting of mother liquor and 20% PEG 400 (caspase-3) or 25%
glycerol (caspases-7 and -8) and were processed with HKL2000 in
space groups I222 (caspase-3),46 P3221 (caspase-7), and P3121
(caspase-8) (Supplementary Table S2). The asymmetric unit for
caspases-3 and -8 contain one monomer of the biologically relevant
homodimer and the complete homodimer for caspase-7. X-ray data for
the caspase-3 and -8 complex:11 structures were collected to 1.48 and
1.18 Å resolution, respectively, on beamline 11.1 at the Stanford
Synchrotron Radiation Lightsource (SSRL) (Menlo Park, CA). For
the caspase-7:11 complex, data were collected to 2.94 Å resolution on
the Advanced Photon Source (APS) beamline 23-ID-B at the Argonne
National Laboratory (Argonne, IL). Data collection and processing
statistics are summarized in Supplementary Table S2.

Structure Solution and Refinement. All caspase structures were
determined by molecular replacement (MR) with Phaser47,48 using the
previously published caspase-3 (2DKO),39 caspase-7 (1K86),49 and
caspase-8 (1QTN)45 as the initial respective search models. All
structures were manually built with Coot50 and iteratively refined using
Phenix51 with cycles of conventional positional refinement. For the
high-resolution caspase-3 and caspase-8 co-complex structures,
anisotropic B-factor refinement was included. For the low-resolution
caspase-7 structure, non-crystallographic symmetry restraints between
the two subunits of the homodimer were applied during refinement.
For all three structures, the electron density maps clearly identified
that 11 was covalently attached to caspase active-site cysteine. Water
molecules were automatically positioned by Phenix using a 2.5σ cutoff
in Fo − Fc maps and manually inspected. For the caspase-3 co-complex
structure, the final Rcryst and Rfree are 14.9% and 16.0%, respectively; for
caspase-7, the final Rcryst and Rfree are 18.9% and 21.6%, respectively;
for caspase-8, the final Rcryst and Rfree are 13.5% and 15.7%
(Supplementary Table S2).

All models were analyzed and validated with PROCHECK,48,52

WHATCHECK,53 and Molprobity54 on the Joint Center for Structural
Genomics (JCSG) webserver. Analysis of backbone dihedral angles
with the program PROCHECK52 indicated that all residues for the
three structures are located in the most favorable and additionally
allowed regions in the Ramachandran plot. One aspartic acid residue
of caspase-3 (D90) and -7 (D113) is positioned within the generously
allowed region and contained in loop regions within both X-ray
structures. Coordinates and structure factors have been deposited in
the Protein Data Bank55 with accession entries 4JJE (caspase-3), 4JJ8
(caspase-7), and 4JJ7 (caspase-8). Structure refinement statistics are
shown in Supplementary Table S2.

Caspase Fluorescence Polarization (FP) Assay. Caspases and
probes were diluted into assay buffer consisting of 50 mM HEPES pH
7.4, 0.1% CHAPS, 10 mM KCl, 50 mM sucrose, 1 mM MgCl2, and 10
mM DTT. Twenty-five microliters of 2× recombinant caspase-3, -6, -7,
or -8 (100 nM final concentration), followed by 25 μL of 2× FAM-
DEVD-AOMK or FAM-CV3-AOMK (100 nM final concentration),

Figure 6. ABP labeling of HL-60 cells incubated for 6 h with or
without 1 μM staurosporine. Cells were then lysed followed by
addition of either 50 or 25 nM probe for 2 min. The right two panels
are Western blots with caspase-3 or -7 antibody. Experiments were
performed using the same cell lysate batch.
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was added to NUNC 96-well, black, low-binding, microtiter plates.
This solution was allowed to sit at RT for indicated time periods
before the fluorescence polarization was read on a PerkinElmer
EnVision plate reader with excitation at 480 nm and emission
detection at 535 nm. ΔmP values are normalized by subtraction of
control wells with probe only.
In Vitro ABP Caspase Selectivity Using SDS-PAGE. Reducing

SDS loading buffer was added to samples followed by boiling for 5 min
and separation using SDS-PAGE. Fluorescein-labeled molecules were
then imaged using a Hitachi FMBio II fluorescence flatbed scanner.
Avidin blotting was used to visualize biotin-labeled samples.
Caspase Detection in Cell Lysates. HL-60 cells were cultured in

RPMI media (10% FBS and Pen/Strep/Gln) at 37 °C with 5% CO2.
Cells were grown to a density of 500,000 cells/mL before addition of
control media (DMSO 0.1%) or STS at a final concentration of 1 μM.
Cells were then incubated at 37 °C for 6 h, centrifuged at 1000 rpm,
and then lysed in assay buffer by Dounce homogenization. Lysates
were then spun at 14,000 rpm for 30 min at 4 °C. The supernatant was
taken, and aliquots were used for incubation with ABP (50 or 25 nM
final concentration), Western blotting with caspase-3, -7 or GAPDH
antibody, or addition of 0.1% DMSO. ABP and DMSO controls were
avidin blotted for detection of labeled proteins.
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