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ABSTRACT: The ability to routinely engineer protease speciﬁcity can allow us to better understand and modulate their biology
for expanded therapeutic and industrial applications. Here, we report a new approach based on a caged green ﬂuorescent protein
(CA-GFP) reporter that allows for ﬂow-cytometry-based selection in bacteria or other cell types enabling selection of
intracellular protease speciﬁcity, regardless of the compositional complexity of the protease. Here, we apply this approach to
introduce the speciﬁcity of caspase-6 into caspase-7, an intracellular cysteine protease important in cellular remodeling and cell
death. We found that substitution of substrate-contacting residues from caspase-6 into caspase-7 was ineﬀective, yielding an
inactive enzyme, whereas saturation mutagenesis at these positions and selection by directed evolution produced active caspases.
The process produced a number of nonobvious mutations that enabled conversion of the caspase-7 speciﬁcity to match caspase6. The structures of the evolved-speciﬁcity caspase-7 (esCasp-7) revealed alternate binding modes for the substrate, including
reorganization of an active site loop. Proﬁling the entire human proteome of esCasp-7 by N-terminomics demonstrated that the
global speciﬁcity toward natural protein substrates is remarkably similar to that of caspase-6. Because the esCasp-7 maintained
the core of caspase-7, we were able to identify a caspase-6 substrate, lamin C, that we predict relies on an exosite for substrate
recognition. These reprogrammed proteases may be the ﬁrst tool built with the express intent of distinguishing exosite dependent
or independent substrates. This approach to speciﬁcity reprogramming should also be generalizable across a wide range of
proteases.
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reaction rates, improved stability and serum half-life, decreased
oxidation, and reduced immunogenic eﬀects (for review, see
ref 2). Engineered proteases also play industrially important
roles in detergents,3 cleaning solutions, leather processing, milk
coagulation for cheese production, and meat tenderization (for
review, see ref 4); thus proteases with increased stability in
organic solvents have also been developed.5 Engineering proteases is promising because in addition to improving their physical
properties, proteases can also be engineered to improve speciﬁcity

early 2% of human genes encode proteases and their inhibitors, which underscores their signiﬁcance in biology.1
Proteases are routinely the targets of therapeutic inhibitors
because they play important regulatory functions in a wide
range of biological pathways and have tractable active site
chemistry. A key advantage of proteases relative to small
molecules or other biologics is that they are catalytic, with one
protease capable of processing many substrates. To date, more
than a dozen proteases have been approved by the FDA as
protein drugs, largely for altering blood coagulation pathways. First generation therapeutic proteases were derived from
natural sources. Subsequent generations have been engineered
for improved properties including increased eﬃcacy, increased
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or recognize entirely new therapeutically relevant targets. For
example, a neprilysin variant has recently been developed to
cleave the Aβ peptide in amyloid plaques, which are hallmarks
of Alzheimer’s disease.6 Hepatitis A virus 3C protease has been
reengineered to recognize polyglutamine expansions prominent
in Huntington disease.7 Development of OmpT with speciﬁcity
for sulfotyrosine8 and subtilisin bearing speciﬁcity for phosphotyrosine9 are notable engineering feats, as they both represent
non-native protease substrates. Engineering proteases has been
accomplished using a wide range of approaches including rational
design, random mutagenesis,10 directed evolution with ﬂuorescent
peptides,11 phage display,12 computational protein design,13 or
yeast-based metabolic selections.14,15 Unfortunately, many of
these selection approaches are not applicable to more complex
proteases that are multimeric or intracellular. In addition, successes to date have relied on modest changes to the intrinsic
properties of the protease. New approaches that can be used on
previously untractable proteases should broaden the therapeutic
targets that could be engaged.
Caspases are one such class of proteases that may be excellent scaﬀolds for engineering but are not amenable to current
technologies. There are 12 human caspases, and we are only
beginning to understand and distinguish their cellular roles.
Caspases are critical for initiation and execution of apoptotic
cell death16,17 and in regulation of inﬂammation.18 These
enzymes also play important roles in other processes, notably
including caspase-6 in neurodegeneration.19−21 The apoptotic
caspases have traditionally been categorized based on domain
architecture and homology as upstream initiators (casp-2, -8, -9,
and -10) or downstream executioners (casp-3, -6, and -7).
Caspases are expressed as inactive zymogens. The zymogens of
executioner caspases are dimeric with zymogen activation requiring cleavage at the intersubunit linker to generate one large
and one small subunit in each half of the dimer (Figure 1A).
Active caspases have two identical active sites, each composed
of four extremely mobile loops: three from one-half of the
dimer and one from the opposite half. These active site loops
are properly ordered for binding and catalysis only upon
substrate engagement. Substrate residues (denoted P1−P4) are
recognized by the four speciﬁcity subsites on the protease
(denoted S1−S4;22 Figure 1B).
Caspases display strong selectivity for aspartic acid at the P1
position as well as some acidic side-chain speciﬁcity at P4 and
P3, depending on the caspase, when proﬁled using short
synthetic peptides.23 For example, the general consensus
recognition sequences are DEVD for caspase-3 and -7, VEID
for caspase-6,24 IETD for caspase-8,23 and LEHD for caspase9.25 While strong speciﬁcity for substrates has been observed
on the P side, very little speciﬁcity is contributed by the P′
side23,26,27 due to the orientation of the active site within the
core of the protein. For the human caspases, substrate proﬁling
has been performed by a large number of approaches including peptide libraries,23,24,26,27 and on whole proteins using
N-terminomics,28,29 Protomap,30 and PICS.31 Together these
studies have painted a detailed and nuanced view of caspase
speciﬁcity and provide useful distinctions between linear peptide
speciﬁcity and protein cleavage speciﬁcity. Some of these
diﬀerences could derive from exosites, which are substrate
binding regions on the caspase outside the canonical S4−S3′
sites.25,32 Caspases with engineered speciﬁcity could also be useful
in identifying exosite elements that govern caspase selectivities.
Due to their key biological roles and their ability to recognize
a very precise set of substrates, caspases have emerged as

Figure 1. Four subsites S4−S1 contributing to binding the N-terminal
portion of caspase substrates. (A) A surface contour of dimeric casp-7
highlights the two active sites and the allosteric site at the dimer
interface. Each half of the dimer is composed of one large subunit
(blue, red) and one small subunit (light blue, light red). (B) The
Schechter and Berger nomenclature deﬁnes S subsites within the
protein and P sites within the peptide substrate. The consensus
recognition sequences for casp-6 and -7 are listed. (C) Residues in
subsites 2 and 4 in casp-7 (blue sticks) bound to DEVD inhibitor
(green) or casp-6 (magenta) bound to VEID inhibitor (yellow) are
critical for substrate speciﬁcity. The catalytic cys−his dyad residues are
also shown.

appealing candidates for re-engineering eﬀorts. For example, a
BCR-ABL-activated casp-8 was developed to selectively
eliminate leukemic cells.33 Small-molecule activatable “SNIPer”
versions of casp-3, -6, and -7 were built to dissect their nonredundant proteolytic roles.34 A constitutively active and
uninhibitable version of casp-3 was developed,35 and casp-7
has been handcuﬀed by an introduced disulﬁde bond for
reversible reactivation only under intracellular reducing
conditions.36 All of these re-engineering eﬀorts have relied on
rational design because the four-chain nature of active caspases
and the resulting hypermobility of the substrate-binding groove
prior to substrate binding challenges many of the traditional
selection, screening, and engineering approaches for altering
speciﬁcity. To address these diﬃculties, we used our caged-green
ﬂuorescent protein (Caspase Activatable-GFP or CA-GFP)
family of reporters37,38 as the basis for a directed evolution
selection method, which is compatible with challenging proteases. Using this approach, we successfully changed the speciﬁcity of casp-7 (DEVD) to mirror the speciﬁcity of casp-6
(VEID) both for peptide and for protein substrates. This alteredspeciﬁcity caspase, which is the ﬁrst of its kind, demonstrates
the utility of caspases as a platform for development of novel
therapeutic proteases, which could be delivered by a number of
emerging tools.39−41 The altered-speciﬁcity caspase also provides
a tool to assess whether exosites exist and play a role in substrate
selection.
B
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We developed a directed evolution screen based on our
family of genetically encoded, dark-to-bright Caspase-7
Activatable-Green Fluorescent Protein (C7A-GFP) reporters.37,38 C7A-GFP encodes a caspase-cleavable linker between
GFP and an M2-derived quenching peptide (Figure 2A). Only
upon proteolysis of the linker does the GFP chromophore
mature, resulting in a gain of ﬂuorescence. Replacing the
caspase-7 recognition site in the linker with VEID yielded a
casp-6-speciﬁc reporter, C6A-GFPe.38 To develop evolved
speciﬁcity caspase (esCasp) variants, libraries of casp-7 genes
encoding all possible residues at the 230, 232, and 234 sites
and Gln, Ala, Cys, or Asp at the 276 site within the S2 and S4
pockets were coexpressed with the C6A-GFPe reporter and
sorted serially by ﬂow cytometry (Figure 2B). After a single
round of directed evolution, four promising candidate esCasp-7
variants (esCasp-7 V1, V2, V3, V4) emerged and were selected
based on the similarity of their ﬂuorescent signals to that of
native casp-6 (Figure 3A,B). Because multiple substitutions

Figure 2. Selection strategy for caspases with altered speciﬁcities.
(A) Casp-7 Activatable GFP (C7A-GFPe) or Casp-6 Activatable GFP
(C6A-GFPe) was used for selection of variant caspases with altered
speciﬁcity. (B) To select casp-7 variants with altered speciﬁcity, a
library was constructed by saturation mutagenesis at residues 230, 232,
234, and Q/A/C/D at 276 then cotransformed with C6A-GFPe.
Active variants were sorted by ﬂow-cytometry and regrown and
positive variants were screened using a plate-based assay, selected, and
sequenced.

■

RESULTS AND DISCUSSION
In this work, we sought to build new caspases that maintained
the core of casp-7 but have the active-site speciﬁcity of casp-6.
Casp-6 was chosen because it is highly homologous to the
executioner casp-7 but has a linear peptide speciﬁcity closer to
the initiator family. Given that the most signiﬁcant diﬀerences
in the speciﬁcities of these two caspases are for substrate
residues at the P2 and P4 peptide sites, we hypothesized that
directly substituting the critical residues from the S2 and S4
pockets (Figure 1C) of casp-6 into casp-7 might be suﬃcient to
confer altered recognition to a reengineered casp-7. For other
sets of related proteases42,43 and hydrolases,44 interconversion
of the speciﬁcity of two homologous enzymes is possible by
direct replacement of the homologous active-site residues.
Based on that work, we reasoned that substituting amino acids
from the S2 and S4 subsites of casp-6 into casp-7 could, in
principle, generate a protein that maintained a casp-7 body but
displayed a casp-6 active-site and substrate binding groove. This
direct substitution caspase (dsCasp-7) with three substitutions
yielded an enzyme unable to cleave either a casp-6 (Ac-VEIDAMC) or a casp-7 (Ac-DEVD-AMC) substrate (Supporting
Information Figure S1A). Thus, reprogramming the speciﬁcity
of casp-7 required an alternative approach, such as directed
evolution.

Figure 3. Selection of esCaspases. (A) Sequences of esCaspases at the
four randomized residues. (B) % casp-7 preferences were calculated by
dividing the in cell ﬂuorescence response to the C7A-GFPe reporter by
their ﬂuorescence response to C6A-GFPe and normalizing it to the
ﬂuorescence response of WT casp-7 to C7A-GFPe. Likewise, % casp-6
preferences were calculated by dividing the ﬂuorescence response to
C6A-GFPe by the C7A-GFPe response and normalizing it to the
ﬂuorescence response of WT casp-6 to C6A-GFPe. (C) Impacts of
single amino acid substitutions at positions 232 and 276 on % casp-6
and -7 preferences were assessed as in B.

were allowed at positions 232 and 276, we assessed the eﬀect of
individual substitutions at those positions on substrate speciﬁcity. Interestingly, single mutations at Trp232 were enhanced
by surrounding subsite mutations, demonstrating the synergy
with surrounding residues (Figure 3C, Supporting Information
Figure S1B). The inﬂuence of Gln276 mutations was only
evident in combination with other randomized positions,
underscoring the need for directed evolution methods.
C
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for each variant reﬂects the speciﬁcity for each of the esCasp
variants (Figure 4B). For competitive inhibitors, the rate at which
the product formation decelerates is proportional to the rate of
inhibition. The inhibition rate constant (k2) is a widely used
means of interrogating binding eﬃcacy with covalent inhibitors,
which preclude the measurement of a Ki.45,46 The higher the k2
value, the higher the aﬃnity of the protease for the inhibitor.
Both esCasp-7 V3 and V4 show dramatically more potent
k2 values for VEID recognition than the other variants or,
surprisingly, than WT casp-6. Cleavage of a panel of substrates
for various caspases YVAD (casp-1), WEHD (casp-1, −4, −5),
LETD (casp-8), and LEHD (casp-9) suggests that, consistent
with prior reports,25,47 casp-6 has a broader intrinsic speciﬁcity
than caspase-7. esCasp-7 V4 likewise shows a broader speciﬁcity,
similar to that of casp-6 (Figure 4C). This provides additional
evidence for the degree of the altered speciﬁcity of these variants.
On the basis of these kinetic and inhibitory parameters, it is
clear that several of the esCasp variants have enhanced VEID
speciﬁcity. To further characterize the speciﬁcity of these
enzymes, we used an even more stringent evaluation that utilizes fully folded protein substrates to assess additional binding
elements on caspase substrates, such as exosites. We handpicked two protein substrates known to have markedly diﬀerent
cleavage by casp-6 and casp-7. WT casp-6 natively cleaves
procasp-3 (C163A)48 very eﬀectively, whereas casp-7 cleaves
procasp-3 much more slowly (Figure 5A). In comparison,

To characterize these evolved caspases, we compared the
activity of esCasp-7 variants to WT casp-6 and -7 using
synthetic substrates for casp-6 (VEID-AMC) or casp-7 (DEVDAMC). As expected, WT casp-6 lacked appreciable activity
against a DEVD peptide substrate but robustly cleaved its
cognate VEID peptide substrate. Likewise, WT casp-7 lacked
activity against the VEID substrate, but eﬃciently cleaved its
cognate substrate, DEVD. While the variants maintained casp7-like activity against peptide substrates, their activity against
the VEID substrates improved dramatically (Figure 4A) with

Figure 4. Comparative catalytic eﬃciencies and substrate preferences.
(A) Catalytic parameters for caspases were determined by substrate
titration using the speciﬁed substrates. aAs previously reported.57 bAs
previously reported.36 Errors on KM and kcat are the average of the
uncertainty in the ﬁts of weighted hyperbolas for substrate titrations
performed on three separate days. N.D. is not detectable; < 0.01.
(B) Inhibition rate constants (k2) for the covalent aldehyde (CHO)
acetyl-capped (Ac) peptide-based inhibitors Ac-DEVD-CHO (casp-7
cognate) or Ac-VEID-CHO (casp-6 cognate) reﬂect the speciﬁcity of
WT and engineered speciﬁcity caspases. *Because it was impossible to
measure a KM accurately, we assumed a KM value of 200 for calculation
of k2. (C) Substrate titrations of the indicated tetrapeptide substrates
were performed to measure KM and kcat for caspase variants.

Figure 5. esCasp-7 variants showing casp-6 like speciﬁcity for protein
substrates. (A) Cleavage kinetics of procasp-3, which is a native
substrate of casp-6, reﬂect the casp-6-like speciﬁcity of the evolved
speciﬁcity caspases. (B) Slow cleavage of CA-GFPe, a casp-7 substrate,
by esCasp-7 V1 and V4 reﬂects their casp-6-like speciﬁcity as assessed
by anti-GFP immunoblot.

esCasp-7 V1 and V2 cleaved procasp-3 in a similar manner to
casp-7, whereas esCasp-7 V3 and V4 cleaved procasp-3 more
similarly to WT casp-6. This enhanced cleavage of a natural
substrate of WT casp-6 underscores the degree to which
substrate preferences were successfully reprogrammed in
esCasp-7 V3 and V4 using our directed evolution selection.
To assess the degree of residual casp-7 activity present in the
esCasp variants, we used C7A-GFPe as a non-native casp-7
substrate. esCasp-7 V1 cleavage of C7A-GFPe again resembled
casp-7 proteolysis, whereas esCasp-7 V4 cleavage of C7A-GFP
more closely resembled casp-6 cleavage patterns (Figure 5B).
These data suggest that among the esCaspases, esCasp-7 V4
has the most dramatically altered speciﬁcity, closely mimicking

kcat/KM values similar to WT casp-6. In this particular sorting
procedure, we did not counter-select for variants lacking
DEVDase activity but recognize that a counter-selection is
plausible and may increase speciﬁcity for the desired targets in
future generations of esCaspases. We subsequently found,
based on the proﬁling of human caspase substrates, as discussed
below, that it was not necessary to remove the residual DEVDase
activity in order to see a casp-6-like substrate signature. The
potency of the cognate and noncognate peptide-based inhibitors
D
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least altered speciﬁcity, and esCasp-7 V4, which has the most
successfully altered speciﬁcity, maintained casp-7 wild-type
levels of stability in the unliganded (apo) states (Supporting
Information Figure S2). Upon binding a substrate-based
inhibitor, DEVD-CHO, WT casp-7 undergoes a 17 °C increase
in thermal stability.49 We expected that esCasp-7 variants with
casp-6-like activity would be substantially stabilized by binding
of VEID. Strikingly, both V1 and V4 are stabilized by 15−18 °C
when bound to the casp-6 cognate substrate-based inhibitor
VEID-CHO. This suggests that binding induces the same
structural changes and stabilization in the esCasp-7 variants that
DEVD induces in WT casp-7.
To further characterize these structural changes, we solved
seven crystal structures including WT casp-7 bound to VEIDCHO and esCasp-7 V1, V2, and V4 bound to either VEID-CHO
or DEVD-CHO (Supporting Information Table S1). The structural comparison of these caspases reveals the alternative solutions
that allow the evolved speciﬁcity caspases to recognize the new
substrates (Figure 7, Supporting Information File 1, Figure S3). We

that of casp-6. Despite the successful alteration of the speciﬁcity, esCasp-7 V4 does not cleave lamin C, a known casp-6speciﬁc substrate (Figure 6A−E). Because development of

Figure 6. (A) WT casp-6 eﬃciently cleaves lamin C into the
anticipated 28 and 38 kDa fragments. (B) esCasp-7 V4 shows much
less propensity to cleave lamin C. (C) WT casp-7 does not eﬀectively
cleave lamin C. (D) Fits for hydrolysis rates from data in A−C.
(E) The lamin C CF50 (casp-6 concentration at which the cleaved
fraction (CF) of lamin C is 50%) and hydrolysis rates from analysis of
data in A−C. (F) Cleavage of C6A-GFPe reporter or (G) cleavage of
the C6ALMNA′-GFPe reporter which contains both the P and P′ sides
of the lamin C recognition motif was monitored as a function of time.

esCasp-7 V4 did not include changes in the prime side
speciﬁcity pockets, the inability of esCasp-7 V4 to cleave lamin
C could either be due to the inﬂuence of the prime side
speciﬁcity of casp-7 or to the presence of an exosite on casp-6.
Recognition of the prime side of caspase substrates has been
implicated to various degrees in overall caspase speciﬁcity.31
To test the role of the prime side in dictating esCasp-7 V4
speciﬁcity, we compared the cleavage of C6A-GFPe, which
contains only the P4 to P1 positions of the casp-6 recognition
motif from lamin C (VEID ↓ GQGP) to cleavage of a new
reporter, C6ALMNA′-GFPe, which contains the entire P4 to P4′
lamin C site (VEID ↓ NGKQ). If the prime side of the lamin C
recognition motif prevents casp-7 from cleaving lamin C, we
would expect that esCasp-7 V4 would also be unable to cleave
C6ALMNA′-GFPe. We did not observe this. Rather, esCasp-7 V4
cleaved C6ALMNA′-GFPe similarly to WT casp-6 (Figure 6F,G).
Thus, these data tantalizingly suggest that the presence of an
exosite enables recognition of lamin C by casp-6.
In directed evolution, maintaining the physical characteristics
of a native protein is critical for achieving useful products. Even
single point mutants in caspases can result in dramatic changes
to their fold and stability.49 Both esCasp-7 V1, which has the

Figure 7. Flexibility in the substrate-binding groove promoting
recognition of substrates. Changes in the position of the L4 loop
impact the shape and interaction of surface patches of positive (blue)
or negative (red) charge or hydrophobic (white) character with DEVD
(green sticks) or VEID (yellow) substrates. The solvent assessable
surface areas of the interacting residues for each structure are listed.

observed that both the volume and the shapes of the substratebinding grooves are signiﬁcantly diﬀerent in the esCasp variants
and are diﬀerent depending on the substrate bound. Binding of
WT casp-7 to its cognate substrate DEVD is achieved by numerous
direct and water-mediated interactions with all four of the substrate
residues50 (Figure 8, Supporting Information Figure S4).
E
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Figure 8. Interactions of WT casp-7, esCasp-7 V4, or WT casp-6 upon binding to DEVD or VEID. Projections of substrate were drawn in
ChemDraw (CambridgeSoft, PerkinElmer). Hydrophobic interactions of heavy atoms within 4 Å are shown as hashed semicircles. Polar interactions
within 3.5 Å are shown as dashed lines. Interactions that diﬀer between DEVD- and VEID-bound structures are shown in green (none observed
here), while those lost are shown in blue.

hydrophobic residues at P4 are not well accommodated by WT
casp-7 due to the volume of the S4 pocket.
The structural comparison of esCasp-7 variants highlight the
eﬀect of mutating residues in the active site of caspases and
the repercussions on substrate binding. esCasp-7 V4, which has
the most casp-6-like biochemical properties, also showed the
greatest number of new interactions with VEID substrate at
both the P4 and P2 positions. In WT casp-6, the S4 pocket is
surprisingly unﬁlled when bound to peptides containing P4
valine. In esCasp-7 V4, the S234V substitution allowed a new,
more ideal interaction with P4 valine than observed with the
Ser234 Cβ in WT casp-7. In addition, in esCasp-7 V4, loop 4 is

Binding of casp-7 to the casp-6 cognate substrate, VEID, results
in a loss of several interactions, particularly those involving
Gln276 which have been shown to be critical for casp-7
substrate recognition at the P4 position.51 The unique watermediated interaction of R23750 with P4 aspartate and the
interaction of Phe282 with P2 valine were also lost (Figure 8)
with the widening of the substrate binding groove (Figure 7).
The loss of these interactions is likely to account for the
observed losses in KM and k2, which both reﬂect the aﬃnity of
casp-7 for substrates. Prior work has shown that larger residues
can be eﬀectively accommodated at P4 in casp-7 substrates,51
but this structure suggests that smaller, particularly small
F
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esCasp-7 V3 and V4. The movement of Phe282 is missing in all
DEVD-bound structures (Figure 9B), suggesting that the loop
4 rearrangements improve aﬃnity for VEID. It appears that the
aﬃnity of esCasp-7 V4 for VEID was largely the result of
alterations at the P2 site. In addition, even in variants with fewer
P4 interactions, KM and k2 for DEVD were not signiﬁcantly
changed. This suggests that P2 is a more critical site for aﬃnity
and selectivity than P4. We had observed that while WT casp-6
could cleave a number of casp-7 substrates, the reverse was not
true. This suggested that although our selection had only been
designed to improve cleavage of VEID substrates, without a
counter-selection against DEVD substrates, we appear to have
successfully evolved a casp-6-like speciﬁcity.
To identify substrates of esCasp-7 and compare them to
WT casp-6 and WT casp-7 substrates, we proﬁled the human
proteome using an N-terminomics approach.28,52−54 In short,
human Jurkat cell lysates were incubated with a given caspase
for 4 h, and free N-termini created by proteolysis were labeled,
captured, and trypsinized before identiﬁcation by LC-MS/MS
on a Velos Orbitrap (Supporting Information Figure S5). Using
a combination of two biological replicates each, we observed a
total of 871 substrates for casp-6, 121 substrates for casp-7,
and 424 substrates for esCasp-7 V4 (Supporting Information
xlsx ﬁles 2, 3, and 4) showing an aspartate at the P1 position
(Figure 10). Two-thirds of the esCasp-7 V4 substrates were

Figure 9. Interactions with cognate and noncognate substrates.
(A) F282 plays a critical role in the recognition of VEID (yellow
sticks) by variant caspases. In V4, loop 4 is reoriented when bound to
VEID. (B) Few conformational changes are observed upon binding of
the esCaspases to DEVD (green sticks). Figures show superpositions
resulting from alignment of the substrate atoms.

completely reoriented relative to WT casp-6 or -7 (Figure 9A).
This loop conﬁguration appears to be a bona f ide response
to the new substrate, as this loop is not involved in crystal
contacts. This novel conformation allowed a new interaction
between Asp279 and the P4 amide. Additional speciﬁcity of
esCasp-7 V4 for VEID derives from the P2 interactions. Whereas
WT casp-7 forms only two interactions with P2 isoleucine,
esCasp-7 V4 supports three interactions with this position
(Val230, Tyr232, Phe282). These interactions with P2 are
also present in esCasp-7 V1 and V2 (Supporting Information
Figure S4). The interaction of Phe282 is the centerpiece of
VEID binding among the esCasp variants. We observed a
progressive downward movement of Phe282 (Figure 9A) as the
variants increased in aﬃnity for VEID (k2 increase). This
movement was coupled to changes in the shape and volume of
the substrate-binding groove (Figure 7). The W232Y substitution in esCasp-V4 forms a new T-stack with Phe282, creating
the void required for the movement of loop 4. It is therefore
not surprising that this mutation was selected for in both

Figure 10. Substrate proteins identiﬁed by the N-terminomics
assessment of the entire human proteome. The sequence logo for all
identiﬁed substrates with Asp (D) at P1 for esCasp-7 V4 is very similar
to that of casp-6, but divergent from that of casp-7. A cutoﬀ p-value of
0.05 was used for calculation of the sequence logo. The data on casp-6
has been published in ref 58.

also observed as substrates of casp-6 (282/424). In contrast,
only one-quarter of esCasp-7 V4 substrates were also cleaved
by casp-7 (100/424), suggesting that esCasp-7 V4 has been
G
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Other protease engineering approaches, such as the
exchange of P1 speciﬁcity between two related subtilisins by
structure-based design, required three mutations, and all were
in direct contact with substrate.43 The engineering of P1
speciﬁcity from trypsin to chymotrypsin by structure-guided
mutations required 11 substitutions in both the active site loop
and distal in surrounding loops.42 Here, the interconversion of
casp-7 speciﬁcity to casp-6 speciﬁcity at two diﬀerent subsites
required just four mutations, all clustered within the active site.
Interestingly, the direct contact substitutions did not result in
the predicted speciﬁcity change. The fact that CA-GFP uses a
protein-based substrate for the directed evolution sorting may
have positively contributed to the selection of a native-like
protease. This CA-GFP approach to protease engineering
allows larger libraries to be screened and should be amenable
to engineering other challenging protease targets and intracellular proteases.

signiﬁcantly altered to be casp-6-like. From these substrates,
sequence logos for esCasp-7 V4, WT casp-6, and casp-7
emerged. Both casp-6 and casp-7 showed the expected
VEVD and DEVD speciﬁcity proﬁles, respectively (Figure 10,
Supporting Information Figure S6). Remarkably, esCasp-7 V4
produced a sequence logo VEVD that very closely mirrors that
of WT casp-6, featuring a preference for valine at P4, rather
than a preference for aspartate. This emphasizes the degree to
which the speciﬁcity of V4 has been altered for hundreds
of natural protein substrates. As for any positive enrichment
methods, the presence of a substrate can be viewed as a positive
result, but the absence of a substrate cannot necessarily be
interpreted as reﬂecting a diﬀerence in speciﬁcity. Thus, the
biological similarity between casp-6 and esCasp-7 V4 may be
even greater than reﬂected by the two-thirds overlap in substrates observed (Figure 10, Supporting Information xlsx ﬁle 4).
Recent studies support the role of exosites as a critical to
substrate recognition by a number of proteases.32,55 We
hypothesized that esCasp-7 V4 would maintain exosites from
casp-7 but would but lack exosites from casp-6, making it an
ideal tool for identifying substrates that are engaged by an
exosite. To interrogate potential exosite interactions, we
assessed the ability of esCasp-7 V4 to cleave known casp-6
substrates (Figure 6A−E). One of these substrates, lamin C, has
an ideal casp-6 cleavage site, VEIDG, upon which the original
casp-6 VEID peptides were based.56 Lamin C was robustly
cleaved by WT casp-6 to generate 38 kDa and 28 kDa
fragments with a hydrolysis rate of 35.8 M−1 s−1. WT casp-7
does not cleave the VEID site in lamin C at any of the concentrations tested. It is notable that although esCasp-7 V4
shows speciﬁcity for VEID as its preferred global recognition
site, it does not cleave the VEID site in lamin C. This ﬁnding
suggests that recognition, binding, and cleavage of lamin C
requires engagement of an exosite on casp-6. This type of
evolved caspase with altered speciﬁcity at the active site may be
the ﬁrst tool that allows direct assessment of the requirements
for exosites in selection of substrates by proteases.
In summary, we have shown that this CA-GFP-based directed
evolution approach was suﬃciently robust to alter the speciﬁcity
of casp-7 to mirror that of casp-6. This level of change in
speciﬁcity was achieved by substitution at just four residues and
after just one round of selection, minimizing the potential impact
on exosites. We note that the esCasp variants each employed
alternative solutions to achieve binding of the VEID sequence.
Interestingly, these alternate solutions include recognition of
substrate side chains by residues at diﬀerent locations than used
in the WT enzymes. In addition, in the most successful variant,
structural rearrangement of one substrate binding-groove loop
also led to improved binding. In addition to demonstrating the
power of this approach for future applications, this method is,
to our knowledge, the ﬁrst that has yielded caspases that contain
a casp-7 backbone with casp-6-like active-site speciﬁcity. Using
esCasp-7 V4 suggests that one casp-6 substrate, lamin C, may
require an exosite for recognition. esCasps should likewise be
useful for identifying other exosite-driven substrates which will
ultimately allow identiﬁcation of substrate-speciﬁc exosites.
Identiﬁcation of exosites in the protease cathepsin K allowed
development of inhibitors that selectively block cleavage of just
a subset of exosite-dependent substrates.55 Additional exositedirected inhibitors that block cleavage of only a subset of
substrates should have major therapeutic implications in many
proteases including caspases.

■
■

METHODS

A description of the methods used in this work is located in the
Supporting Information.
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