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Abstract: Caspases are a powerful class of cysteine proteases. Introduction of activated caspases
in healthy or cancerous cells results in induction of apoptotic cell death. In this study, we have
designed and characterized a version of caspase-7 that can be inactivated under oxidizing
extracellular conditions and then reactivated under reducing intracellular conditions. This version
of caspase-7 is allosterically inactivated when two of the substrate-binding loops are locked
together via an engineered disulfide. When this disulfide is reduced, the protein regains its full
function. The inactive loop-locked version of caspase-7 can be readily observed by immunoblotting
and mass spectrometry. The reduced and reactivated form of the enzyme observed
crystallographically is the first caspase-7 structure in which the substrate-binding groove is
properly ordered even in the absence of an active-site ligand. In the reactivated structure, the
catalytic-dyad cysteine-histidine are positioned 3.5 A apart in an orientation that is capable of
supporting catalysis. This redox-controlled version of caspase-7 is particularly well suited for
targeted cell death in concert with redox-triggered delivery vehicles.
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Introduction

Caspases are a class of cysteine proteases that are
involved in biological cascades ranging from apopto-
sis? to inflammation,® to keratinocyte differentia-
tion,* and to innate immunity.® The apoptotic cas-
pases are of particular interest since their activity
controls the delicate balance between cellular sur-
vival and death. The downstream executioner cas-
pases are typically activated by upstream initiator
caspases.® Executioner caspase activity is antago-
nized by the inhibitor of apoptosis protein (IAP) fam-
ily.” Likewise, the activity of the IAPs is regulated
by proapoptotic Smac/Diablo and Bcl family mem-
bers.®® Thus, appropriate regulation of caspase ac-
tivity is complex and is of paramount importance for
appropriate cell survival or cell death. The activity
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of the executioner caspases is tightly controlled
because erroneous activation leads to unwanted cell
death. In cancer cells, the balance between cellular
survival and death has been disrupted. Part of the
transformation of healthy cells to cancerous cells
includes overexpression of antiapoptotic factors,
which block apoptosis-inducing signals.'®!* Because
they are the final step in a tightly controlled cas-
cade, induction of apoptosis is most direct by deliv-
ery or production of activated caspases.

The molecular details of activation of various
classes of caspases differ; however, the apoptotic exe-
cutioner caspases, including caspase-3 and caspase-
7, share similar mechanisms of activation. The
executioner caspases are produced as inactive proen-
zymes (zymogens), which dimerize with a low-nano-
molar K, for dimerization.!? Executioner caspases
must be cleaved to become active. Cleavage at the
intersubunit linker is the activating event, but exe-
cutioner caspases are also cleaved to remove the
N-terminal prodomain. Cleavage of the intersubunit
linker generates an active heterotetramer composed
of two large and two small subunits. The two cas-
pase active sites are each composed of four mobile
loops. Three loops (L2, L3, and L4) from one-half of
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Figure 1. Design of a reductant activatable caspase-7. The allosterically inactivated caspase-7 dimer consists of two chains
(A chain, green; B chain, blue). (A) An introduced disulfide between R210C residues on the two chains (white and yellow
spheres) is designed to lock the protein into the inactive conformation by keeping the L2’ loops in the down conformation.
Formation of this disulfide would result in a covalently crosslinked small-subunit homodimeric species. (B) Pairs of native
cysteines (C100 and C246, blue and yellow sticks) are computationally predicted to form disulfides on each side of the dimer.
These disulfides would drive formation of a large subunit-small-subunit crosslinked species.

the caspase must interact with the L2’ loop from the
opposite half of the caspase to form a competent sub-
strate-binding groove. This observation explains the
obligatory dimerization of the executioners.

The loops that form the caspase substrate-bind-
ing groove are extraordinarily mobile and controlling
their conformation controls the caspase function.
Among the caspases, the complete molecular descrip-
tions of activation, regulation, and inhibition have
been observed in caspase-7. In the procaspase-7
zymogen, the active-site loops are disordered and in-
compatible with substrate binding.'®> On zymogen
activation, the active-site loops are partially ordered,
but the L2’ loop remains in an inactive, down confor-
mation, as is shown in Figure 1. From this state,
caspase-7 is competent to bind substrate or allosteric
inhibitors, mutually exclusively. When substrate
binds, L2" moves to the up conformation, forming a
foundation or buttress beneath the L2 loops.!3!6
When caspase-7 binds allosteric inhibitors in a cav-
ity at the dimer interface, the L2’ loops are held in
the down conformation and the enzyme becomes
inactive.'”1® Thus, controlling caspase-7 loop confor-
mations is an effective way to modulate activity.

Caspases are found only intracellularly and
must function inside the cell to activate apoptosis.
Caspases make use of a cysteine—histidine active-site
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dyad for proteolysis. The catalytic cysteine nucleo-
phile must be maintained in a reduced state to func-
tion. Glutathione is the most prevalent cellular redox
component. Intracellular glutathione concentrations
in healthy cells range from 1 to 5 mM, with cancer-
ous cells showing concentrations up to sevenfold
higher,'® whereas extracellular concentrations are 1—
4 M .2° Thus, differences in redox environment pro-
vide an intriguing means of differentially controlling
intracellular and extracellular activities.

Caspases are exquisitely useful cellular players.
Once activated, they can single-handedly induce the
death of a cell. There is a great deal of interest in
small-molecule activation of caspases; however, this
has been challenging to achieve.2'2* Another option
for selective killing of cells therapeutically is the use
of preactivated caspases. Injecting activated cas-
pases, or any activated protease, into circulation is
likely to produce many unwanted and deleterious
effects. To avoid these complications while still tak-
ing advantage of the cell-killing properties of acti-
vated caspases, we aim to engineer a version of the
executioner caspase-7 that can be held in an inactive
conformation in the oxidizing, extracellular condi-
tions, but regains its full activity in the reducing, in-
tracellular conditions. Targeted delivery of this type
of engineered caspase could potentially provide a
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Table 1. Kinetic Parameters for Caspase-7 Variants®

5 mM BME 10 mM DTT
WT C246S R210C/C246S WT R210C/C246S
keat (579 0.36 = 0.01 0.33 = 0.01 0.40 = 0.01 2.42 = 0.07 2.46 + 0.06
Ky (WM) 24.0 = 2.0 215 + 2.8 227+ 29 419 £ 4.2 39.4 + 3.4

2 Kinetic parameters are based on substrate titrations measured from independent triplicate dilutions of substrate on two

days.

safe and effective mechanism of selectively killing
unwanted cell types.

Results

Rational design of a redox-activatable caspase-7
The aim of this study is to control the conformation
of the L2’ loops to allosterically regulate caspase-7
function. In the crystal structure of caspase-7 bound
to allosteric inhibitors FICA (5-fluoro-1H-indole-2-
carboxylic acid (2-mercapto-ethyl)-amide) or DICA
(2-(2,4-dichlorophenoxy)-N-(2-mercapto-ethyl)-aceta-
mide), caspase-7 attains a conformation that is dis-
tinct from the mature or substrate-bound forms. We
have previously shown that caspase-7 likewise exists
in two distinct conformations in solution®: a bound
active state and an unbound inactive state. In the
inactive state with no substrate present, the L2’
loops rest over the allosteric cavity and do not con-
tribute to the formation of the active-site loop bun-
dle. The L2’ loops from the opposite sides of the
dimer form an antiparallel structure with a nearly
90° crossing angle. The residues with the closest
approach are the two R210 residues, with a Ca—Ca
distance of 5.5 A [Fig. 1(A)l. We modeled the pair-
wise mutations to cysteine for all residues in the L2’
loops and then used the MODIP2® server to score
the probability of forming various disulfides. MODIP
scored an R210C-R210C disulfide in the C category
on a scale of A (most favorable) to F (least favor-
able). This intermediate score may be related to the
fact that all C, positions are fixed during MODIP
modeling. The L2’ loop is necessarily flexible, as it
undergoes significant rearrangement during the cas-
pase lifecycle; thus, a score of C may still indicate a
favorable interaction. In contrast, a second potential
native disulfide, which we subsequently observed
crystallographically (unpublished data, Supporting
Information Fig. S1), was scored as an A. Our first
design attempt was the substitution of R210C. Puri-
fication of the single R210C variant was not success-
ful due to low protein yields. We speculated that the
formation of mixed disulfides may have contributed
to low protein yields.

We found that the removal of one native cyste-
ine, which improved protein yields and eased analy-
sis, was essential. Caspase-7 is unique among cas-
pases in that it contains a potential disulfide
interaction between residues 100 (large subunit) and
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246 [small subunit; Fig. 1(B)]. We engineered out
the native C100-C246 disulfide by making the
C2468S substitution. C246S had similar catalytic pa-
rameters to wild type (WT; Table I). We combined
this with the disulfide locking R210C substitution.
The doubly substituted variant (R210C/C246S) had
good catalytic activity and exhibited Ky and kcq
very similar to WT (Table I).

Observation of the designed disulfide dimer

The variant R210C/C246S is designed such that
mildly oxidizing conditions should drive formation of
a disulfide, locking the two L2’ loops together across
the dimer interface and allosterically inhibiting cas-
pase-7. Because the L2’ loops are the N-termini of
the small subunits, formation of the inactivating
R210C-R210C disulfide will generate covalent
small-subunit dimers. To measure the formation of
small-subunit dimers, we exposed WT or R210C/
C246S caspase-7 to native (reducing conditions) or
mildly oxidizing conditions (300 pM cystamine). The
bands on a denaturing acrylamide gel were unam-
biguously identified by a combination of mass spec-
trometry and immunoblotting with antibodies spe-
cific for the large or small subunits of caspase-7
(Figs. 2 and 3). Caspase-7 has two major auto-acti-
vating cleavage sites in the intersubunit linker at
residues 198 and 206 (Supporting Information Fig.
S2). In WT caspase-7, the intersubunit linker (resi-
dues 199-206) is removed, so the prodomain-deleted
large subunit is composed of residues 24-198 and
the small subunit consists of residues 207-311. For
our designs, we used a construct that allows consti-
tutive expression of the two-chain (active) form of
caspase-7. R210C/C246S caspase-7 was produced as
two polypeptides of residues 1-198 and 199-311. In
addition to removal of the prodomain, the large sub-
unit was also processed at a minor cleavage site
(residue 192, which has been extensively probed by
Denault and coworkers?”) generating some large
subunits composed of residues 24-192. The small
subunit of R210C/C246S appears in two forms (Fig.
2, Supporting Information Fig. S2, and Fig. 3), both
with the intersubunit linker (residues 199-311) and
without the intersubunit linker (residues 207-311).
Under oxidizing conditions, the C100-C246 disulfide
can be observed in WT caspase-7 as a large—small
dimer, which is a minor product. Importantly, the
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Figure 2. Incubation of caspase-7 R210C/C246S under
oxidizing condition results in formation of a unique disulfide
between the two small subunits of caspase-7. (A) Domain
structure and molecular weights of WT or R210C/C246S
caspase-7. (B) WT and R210C/C246S caspase-7 were
incubated in native conditions (2 mM DTT) or in oxidizing
conditions (300 pM cystamine), and then analyzed on a
Coomassie-stained SDS gel or by Western blot with a
caspase-7 antilarge subunit or antismall-subunit antibody.
The two small-subunit bands in the native conditions are
alternatively cleaved versions of caspase-7, with cleavages
at naturally occurring residues 199 or 207. [Color figure can
be viewed in the online issue, which is available at
wileyonlinelibrary.com.]

expected small-subunit (small-small) dimer band is
strongly formed in R210C/C246S, but it is not
observed in WT caspase-7. This demonstrates that
the designed dimer forms as expected, but spurious
and random disulfides do not form. The small-small
dimer could also be readily observed by mass spec-
trometry (Fig. 3 and Supporting Information Fig.
S3). Under reducing conditions, only monomeric
large and small subunits of R210C/C246S were
observed. Under oxidizing conditions, small-small
dimers were readily observed, further confirming
the success of the design. Interestingly, both homo-
dimers and heterodimers of the two small subunit
cleavage variants are observed. For this design to be
fully successful, it is essential that small-small
dimers are strongly formed, inactivating R210C/
C246S, and subsequently be reduced, resulting in
the return of full activity.

Inactivating disulfide forms reversibly
R210C/C246S can be completely inhibited under
mild oxidizing conditions (Fig. 4) in a manner that is
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consistent with observation of the small-subunit
dimers (Figs. 2 and 3). Inactivation of oxidized
R210C/C246S can be monitored either directly by
assaying the cleavage of a fluorescence substrate
(Fig. 4) or indirectly by observing that cleavage at
the 192 site is slowed only under oxidizing condi-
tions (Fig. 2). We tested the reversibility of R210C/
C246S inhibition by incubation in reductant at a
roughly intracellular redox potential. R210C/C246S
was able to fully recover from oxidation-induced in-
hibition. The remaining 40-50% activity in the oxi-
dized R210C/C246S variant (Fig. 4) is an artifact of
the activity assay. It is impossible to measure cas-
pase activity in the absence of reductant due to the
requirement that the catalytic cysteine thiol remain
reduced. We found it necessary to use caspase assay
buffer containing 5 mM 2-mercaptoethanol to
observe full caspase activity for the WT protein.
Thus, the reductant intrinsic to the buffer in which
activity is measured accounts for the partial reacti-
vation of R210C/C246S under mild reducing condi-
tions and the apparent 40-50% remaining activity.
Inhibition of WT caspase-7 is likely the result of
mixed disulfide formation between the catalytic cys-
teine and the cystamine oxidant, which has previ-
ously been reported?® and is also fully reversible
under these conditions.
A L
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Figure 3. The small-small subunit dimer can be observed by
mass spectrometry. R210C/C246S was incubated in the
presence or absence of oxidant (1.5 mM cystamine) and then
analyzed by mass spectrometry. (A) In the absence of oxidant,
clear ions for the large subunit (blue) and the two cleavage
variants of the small subunit (red, residues 199-311; green,
207-311) were observed. (B) In the presence of oxidant,
identical ions were observed for the large subunit (blue). For
the small subunits, twice as many ions were observed
indicating a doubling of the molecular weight due to
dimerization of the 199-311 species (red). A hybrid small-
subunit dimer between the 199-311 and the 207-311 species
(green) is also observed. [Color figure can be viewed in the
online issue, which is available at wileyonlinelibrary.com.]
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Figure 4. Disulfide bond formation induces the allosterically
inactive state of caspase-7, which can be reactivated by
the presence of reductant. Caspase-7 proteolytic activity
was monitored in the presence of increasing concentrations
of oxidant (cystamine). (A) Oxidation of the R210C disulfide
is capable of inactivating R210C/C246S at much lower
concentrations than the active site and can be oxidized in
WT caspase-7. (B) In the presence of reductant (10 mM
DTT), full activity is recovered. Data are based on activity
assays measured from independent duplicate data sets on
two separate days.

We solved the structure of R210C/C246S in two
independent crystals (Table II). We observed that
caspase-7 R210C/C246S not in the oxidized loop-
locked conformation as expected, but in an active
conformation in the crystal structure. From the
structures of both the crystals, it was clear that the
R210C disulfide had been reduced at some point af-
ter the crystallization experiment was initiated. We
were pleased to see that the R210C—R210C disulfide
could be reversed allowing the L2’ loop to adopt the
active conformation [Fig. 5(A)].

There are two possible explanations for why the
oxidized form of the enzyme was not observed. We
observed by mass spectrometry that 1.5 mM cyst-
amine oxidant was able to fully oxidize the R210C—
R210C disulfide in R210C/C246S within a 5-min
incubation (Fig. 3). Thus, we are certain that the
sample we set up for crystallization was fully
oxidized. One possibility for the reduction of the
disulfide is that the residual presence of dithiothre-
itol (DTT; 2 mM) from the purification, which
should have been highly oxidized since it was more
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than 1-month old, competed with 1.5 mM oxidant so
that reduction of the disulfide occurred during the
crystallization process. We consider this to be some-
what unlikely given that these same samples were
fully oxidized as assessed by mass spectrometry. A
second possibility is that the disulfide was reduced
by synchrotron radiation. It would not be surprising
to us that the reduction of the R210C-R210C disul-
fide occurred during the diffraction experiment, as
ionizing radiation has been reported to reduce disul-
fides.?? In an attempt to observe the disulfide-con-
taining form of R210C/C246S, we limited X-ray ex-
posure to 1 s with the APS 24-ID-C X-ray beam
attenuated to 7% and solved the structure using the
minimal data necessary (30° of data, 20 frames, 1 s/
frame, 83% completeness). Even with only 20-s total
exposure to the crystal, we were unable to observe
any oxidized R210C disulfides, suggesting that the
inactivating disulfide is quite labile. We wonder
whether it is possible to estimate the lability of the
R210C disulfide by comparison with other caspase-7
disulfides that do withstand X-ray interrogation.
DICA and FICA, which bind to caspase-7 via disul-
fides with C290, withstand X-ray radiation and are
visible in the crystal structure.?° The disulfide link-
ing the large and small subunits of caspase-7 (C100—
C246) also withstands X-ray radiation under certain
conditions (unpublished data, Supporting Informa-
tion Fig. S1). Thus, of the three types of disulfides

Table II. Crystallographic and Refinement Statistics
for Caspase-7 R210C | C2468S

Native data Native data

set 1 set 22
Diffraction dataa
Wavelength (A) 0.9792 0.9792
Resolution range (A) 48-2.86 48-3.1
Oscillation range per 1.0 1.5
frame (°)
Measured reflection (n) 106,848 28,496
Unique reflections 20,763 17,353
Completeness (%) 99.2 (97.2) 83.6 (87.9)
Redundancy 5.2 (4.7) 1.6 (1.6)
<I/or> 16.0 (2.7) 16.4 (2.0)
Space group P3521 P3,21
a=>b(A) 89.85 89.98
c (A 185.91 185.11
oa=p(") 90 90
v (©) 120 120
Reym 12.7 (69.6) 9.1 (69.4)
Refinement statistics

Atoms (n) 3900
Water molecules 103
R york (%) 18.81
Rivee (%) 25.13
RMSD bond length (A) 0.010
RMSD bond angle (°) 1.197
Average B-factor (A2) 58.93

2 Collected on a second crystal, with minimal X-ray expo-
sure minimize radiation damage. Numbers in parentheses
indicate values for highest resolution shell.

PROTEIN SCIENCE ‘ VOL 20:1421-1431 1425



C7

R210C/C246

Figure 5. Caspase-7 R210C/C246S can attain the active conformation. (A) Oxidized R210C/C246S was crystallized but was
reduced prior to or during data collection. Reduced caspase-7 R210C/C246S (3R5K, green) attains a conformation like that of
WT caspase-7 bound to substrate (1F1J, purple) with L2 and L2’ in the up conformation interacting across the dimer
interface. This is in contrast to the allosterically inhibited conformation of caspase-7 (1SHJ, yellow) in which the L2’ loop is
folded over the allosteric site and the two L2’ loops make contact with one another. (B) The catalytic residues H144 and C186
are in a conformation that is primed for catalysis. Additional 2F, — F. density contoured at 1c was observed in the S1 pocket
was modeled as a formate molecule from the crystallization solution. The density around the catalytic cysteine (C186) was
larger than one cysteine residue. It was best modeled as two cysteine conformations each with 50% occupancy. (C) 2F, — F.
density contoured at 0.8c for R210C. (D, E) 2F, — F. density contoured at 1o for R210C/C246S (D) and WT (E) caspase-7.

observed to date in caspase-7, the R210C disulfide
may be the most labile. All caspase-7 structures
observed to date show the same crystal packing
arrangement. Regardless of the loop conformation,
the active-site loops always point toward the large
solvent channels. Thus, it would not be surprising if
the loop reorganization we observed between the oxi-
dized, disulfide-locked R210C/C246S and the
reduced, unlocked form can be accommodated and
interconverted within the same crystal.

Catalytic site geometry

The reduced form of R210C/C246S is in a conforma-
tion that is primed for substrate binding [Fig. 5(B)].
Typically, in the absence of an active-site ligand, the
L2’ loop is in a catalytically compromised conforma-
tion!® similar to the allosterically inhibited form®°
[Fig. 5(A), yellow spheres]. In our structure, the pres-
ence of formate at high concentrations (2.1M) in the
crystallization buffer is sufficient to nucleate forma-
tion of the substrate-binding conformation [Fig. 5(A),
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green and purple spheres]. Here, formate serves as a
surrogate for the aspartic acid that normally occupies
the S1 pocket [Fig. 5(B)]. A similar phenomenon has
been observed for caspase-1, where malonate assists
in refolding caspase-1 and serves as a mimic for
aspartic acid bound in the active site.?!

In R210C/C246S, the catalytic dyad (H144 and
C186) are in an optimal arrangement for catalysis
(3.6 A)*?33 that has not been observed before in cas-
pase-7. All previous caspase-7 structures in which the
substrate-binding loops are ordered relied on covalent
modification of the catalytic cysteine® 16253034 gn(d
therefore had H144-C186 distances that were too
great (typically ~ 5.5 A) to support necessary proton
abstraction. The density for the catalytic thiol is am-
biguous. We have modeled this density in several
ways including positioning a water molecule in one
lobe of the density. The unfavorable angle of the
hydrogen bonds for water indicated that this is not a
water molecule. Therefore, we concluded that the two
conformations of the catalytic thiol may be a more

Redox-Controlled Caspase-7



accurate representation. Thus, we have modeled the
density as a 50% mixture of two thiol conformations
[Fig. 5(B)]. R210C is near the N-terminus of the small
subunit. In caspase-7, it is typically only possible to
observe residues starting at residue 212, due to disor-
der of the N-termini. It is, therefore, not a surprise
that the density is weak, nevertheless we were able to
visualize and build R210C [Fig. 5(C)]. It was also pos-
sible to visualize the substitution in our design,
C246S [Fig. 5(D)]. C246S is in a different conforma-
tion than C246 locked into a disulfide by an uncleav-
able peptide [Fig. 5(E)].

Discussion

The disulfide bond is a useful protein-engineering
tool since it can form covalent, redox-controllable
bonds at discrete locations using naturally occurring
amino acids. Since the advent of site-directed muta-
genesis, introduction of disulfide bonds has been a
well-used tool for controlling protein conformation.
Engineered disulfides have been used to examine
functional mechanisms,®>3¢ stabilize proteins,3”%®
understand allosteric coupling,®>*° and even to trap
transition states.*’ Redox reversible switches have
been developed in a number of proteins including
measles virus F protein,*? malate dehydrogenase,*?
integrins,** kinesin,*® and the OxyR transcription
factor,’® among many others. We sought to build
upon this rich history and design allosterically con-
trolled caspases, a class of proteins capable of regu-
lating survival and death of cells.

The criteria that guided the rational design of
redox-activatable caspase-7 included the following:
(1) motion of the L2’ loops should be restricted by di-
sulfide bond formation, (2) the catalytic efficiency of
the untreated protein should mirror that of the WT
enzyme, (3) full oxidation of the disulfide should
result in full inhibition of caspase-7 under extracel-
lular redox environments, and (4) introduction into
intracellular reducing conditions should result in
full recovery of proteolytic activity. Caspase-7 is a
dynamic protein in which loop arrangement plays a
key role in the activation of the enzyme. In our
designed variant R210C/C246S, we placed the inacti-
vation switch at the heart of a critical, active-site
loop bundle. In the down conformation, with the L2
loop pinned over the allosteric cavity, the substrate-
binding groove is not formed, so the protein is
unable to bind the substrate or catalyze the peptide
cleavage reaction. By placing the disulfide over the
allosteric site at the intersection of the L2’ loops, we
can enforce a naturally occurring inactive state
using native-like redox conditions. In R210C/C246S,
we fulfilled all of the design criteria. In vitro activity
results and the observation that oxidation of the
R210C disulfide could also prevent self-processing at
the minor D192 processing site both suggest ready
inhibition by disulfide formation. The crystal struc-
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ture of R210C/C246S that was first fully oxidized
and then re-reduced in the crystal demonstrates the
successful reversibility of our design. Finally, the ob-
servation of small-subunit dimers points to the inhi-
bition mechanism by covalent locking of the L2’
loops.

Engineering in redox switches in a critical
region like the active-site loops bundle could be a
risky proposition. We had previously interrogated
residues 211-215 in the L2’ loop and found that they
were amenable to substitution.?? By extension, we
hoped that R210 would likewise be amenable to sub-
stitution without negative functional effects. Fortu-
nately, this was the case. All caspases have mobile
active-site loops. Although this endeavor used cas-
pase-7 as a template, the approach of pinning the
L2’ loops should be applicable for any caspase since
the active-site loops of all caspases are mobile prior
to the binding of the substrate. Residue 210 is not
highly conserved, so this position should be amena-
ble to this substitution across the family. Intrigu-
ingly, residue 210 is natively a cysteine in caspase-3,
begging the question of whether caspase-3 uses for-
mation of this potential disulfide as part of its
unique regulatory mechanisms. In a very high-reso-
lution structure of caspase-3 bound to active-site
ligand, the L2’ loop is seen to wrap around the oppo-
site half of the dimer with C210 attaining two sol-
vent accessible conformations.?’” Because caspase-3
has not been crystallized in the absence of a sub-
strate-mimic or in the allosterically inhibited confor-
mation, the best models of what this region should
look like are the allosterically inhibited structures of
caspase-7, where the 210 residues make the closest
approach. Thus, it may be possible to make a loop-
locked version of caspase-3. It is intriguing to envi-
sion controlling the activity of an engineered, consti-
tutively active and uninhibitable version of the cas-
pase-3 zymogen®® using our loop-locking design.
Clearly, there are many possibilities for designing
loop-locked caspases. Induction of apoptosis by treat-
ment with a variety of allosterically loop-locked cas-
pases should, therefore, be possible given appropri-
ate means of delivery.

Breakthroughs in targeted nanoparticle and
polymer design have begun to make delivery of a
much wider range of protein-based drugs feasible
(for review®®). Active targeting of nanoparticles,
polymers, dendrimers, and nanogels can be achieved
using disulfide functionalization, with the prospect
of delivering encapsulated payloads including both
small molecules and proteins. The combination of
caspase-7 R210C/C246S with a redox-triggered deliv-
ery vehicle is, therefore, an intriguing prospect. If
R210C/C246S was encapsulated in a redox-activable
nanocarrier, in the relatively oxidizing extracellular
environment R210C/C246S should remain inactive
and inaccessibly encapsulated. Upon introduction
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Figure 6. Delivery scheme for caspase-7 R210C/C246S. Capase-7 R210C/C246S is amenable for use with delivery vehicles
(diamonds). We have designed the R210C/C246S version of caspase-7 so that under oxidizing extracellular conditions,
caspase-7 is inactive. Upon entry into the cell, reducing intracellular conditions break the R210C disulfide yielding active
caspase-7, which can cleave intracellular targets leading to apoptotic cell death.

into the reducing cytosolic environment, the redox-
sensitive delivery device would release R210C/C246S
(Fig. 6). Liberated R210C/C246S could then likewise
be reduced, regain function, and activate apoptosis,
leading to cell death. This scheme is particularly
promising in cancers and proliferative disorders,
where suppression of apoptosis is nearly always a
contributor to the evasion of cell death pathways.

Materials and Methods

Caspase-7 mutant generation, expression,

and purification

WT caspase-7 was expressed from a construct encod-
ing residues 1-303 plus codons for the two amino
acids LE, then a six-Histidine tag contained in the
plasmid pET23-b (Amp®) plasmid.®® Expression of
caspase-7 variant R210C/C246S was carried out in a
constitutive two-chain expression system.?! Residues
1-198 were followed by a TAA stop codon, a second
ribosome-binding sequence, and residues 199-303,
plus codons for the two amino acids LE and a six-
Histidine tag contained in the plasmid pET23-b
(Amp®). Variants in the protein were generated
using QuikChange (Stratagene) site-directed muta-
genesis. The recombinant protein was expressed in
Escherichia coli in 2 x YT media grown for 18 h af-
ter induction with 1 mM isopropyl B-b-1-thiogalacto-
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pyranoside at an ODggo of 0.6.°2 WT and mutant cas-
pase-7 variants were purified using Ni-affinity liquid
chromatography (HiTrap Chelating HP, GE). After
binding of protein to the affinity column, the protein
was eluted with a step gradient from 2 mM imidaz-
ole to 250 mM imidazole. Protein was diluted to 50
mM NaCl and then purified using a Macro-Prep
High Q ion exchange column (Bio-Scale Mini 5 mL,
Bio-Rad) with a linear gradient from 50 to 500 mM
NaCl in 20 mM Tris buffer pH 8.0, with 2 mM DTT.
Protein eluted in 120 mM NaCl and 20 mM Tris
buffer, pH 8.0, was assessed for purity by sodium do-
decyl sulfate polyacrylamide gel electrophoresis
(SDS-PAGE) and found to be greater than 98% pure
and was stored in elution buffer at —80°C.

Caspase activity assays

Enzyme concentrations were determined by active-
site titration with covalent substrate DEVD-CHO
(N-acetyl-Asp-Glu-Val-Asp-aldehyde; Enzo Life Sci-
ences) in caspase activity buffer containing 100 mM
HEPES pH 7.0, 10% polyethylene glycol 400, 0.1%
CHAPS, 5 mM 2-mercaptoethanol, and 5 mM CaCl,
using the flourogenic substrate, DEVD-AMC (V-
acetyl-Asp-Glu-Val-Asp-(7-amino-4-methylcoumarin));
Enzo Life Sciences), Ex365/Em495. Active-site titra-
tion samples were incubated over a period of 2 h in
120 mM NaCl and 20 mM Tris buffer, pH 8.0, at

Redox-Controlled Caspase-7



nanomolar concentrations. Optimal labeling was
observed when protein was added to DEVD-CHO sol-
vated in DMSO in 96-well V-bottom plates, sealed
with tape, and incubated at room temperature. About
22.5 and 90 uL of aliquots were transferred to black-
well plates in duplicate and assayed with 50-fold
molar excess of substrate. For kinetic measurements,
100 nM protein was assayed with the range of 0-500
uM DEVD-AMC over the course of 7 min. Assays were
performed at 37°C in 25 and 100 pL volumes in 96-
well or 384-well microplate format using a Molecular
Devices Spectramax M5 spectrophotometer. Initial
velocities versus substrate concentration were fit
using Prism software (Graphpad Software) to deter-
mine kinetic parameters K, and k.

Enzyme activity recovery assays were carried out
using WT and R210C/C246S mutant protein buffer
exchanged to remove DTT into pH 7.5 10 mM sodium
phosphate buffer using Viva Spin 3K concentrators
(Sartorius Stedim Biotech). Working at intracellular
reduction conditions in vitro proved challenging,
due to the propensity of caspase-7 active site to form
mixed disulfides with glutathione. As a surrogate, we
selected cystamine as the oxidant and DTT or 2-mer-
captoethanol as reductants. The reduction potentials
of these four redox systems have been shown to be
similar.?®®* Protein was incubated in 96-well format
in a range of cystamine concentrations (300-5 pM; 0
uM control) for a period of 1 h. Half the volume was
subsequently transferred to conditions with a final
concentration of 10 mM DTT and assayed for activity.
The redox chemistry of DTT is at equilibrium with
cystamine at pH 7.9, supporting our use of 10 mM
DTT as an adequate substitute for a highly reducing
intracellular environment.

A similar ratio of oxidant to protein was used
to treat caspase samples for caspase activity assays,
immunoblot detection, mass spectrometry, and
crystallography. Caspases were then diluted to the
concentration appropriate for the individual type of
analysis.

Gel electrophoresis and immunoblot detection
WT and R210C/C246S protein were buffer
exchanged using the above-mentioned method into
pH 7.5 10 mM sodium phosphate buffer, and then di-
vided into two samples and incubated in the pres-
ence or absence of 300 pM cystamine for 2 h. Sam-
ples for nonreducing gel electrophoresis were boiled
for 10 min in gel-loading buffer (New England Biol-
abs) lacking DTT and loaded onto 16% polyacryl-
amide gels. Immunoblots of the subsequently sepa-
rated proteins were performed using antibodies
specific for caspase-7 large subunit (SIGMA Mono-
clonal Anti-caspase-7 (C1104) and small subunit
(SIGMA Anti-caspase-7 PRS3465) and compared
against known size standards (Kaleidoscope protein
marker; Bio-Rad).
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Protein mass spectrometry

Protein for mass spectrometry was prepared at 18
uM in 120 mM NaCl, 20 mM Tris buffer pH 8.0, and
2 mM DTT with or without 1.5 mM cystamine. Mass
spectra were acquired on a QStar-XL (MDS Sciex,
Toronto, Canada) hybrid quadrupole/time-of-flight
instrument. Reverse-phase liquid chromatography
(Agilent 1100 LC) using a C4 column was utilized to
desalt and separate excess cystamine. Column out-
put was infused directly into the electrospray ioniza-
tion (ESI) source at a rate of 0.5 mL/min using Ny
as a nebulizing gas. Protein was eluted over a 10-
min gradient from 0 to 100% acetonitrile and moni-
tored using UV and total ion current plot. A single-
protein peak was eluted between 17 and 18 min at
the end of the gradient. Data were analyzed using
Analyst QS (Applied Biosystems) with BioAnalyst
extensions. All spectra deconvolutions were gated for
proteins between 10 and 30 kDa, with m/z ratios
between 700 and 1700. The mass spectrometers are
housed in the Mass Spectrometry Center of the Uni-
versity of Massachusetts at Amherst.

Caspase-7 R210C/C2468S crystallization

and X-ray data collection

To prepare R210C/C246S crystals, protein in a buffer
containing 120 mM NaCl and 20 mM Tris buffer, pH
8.0, was concentrated using Millipore Ultrafree 5K
nominal molecular weight limit (NMWL) membrane
concentrators (Millipore) to 6.3 mg/mL as assessed
by absorbance at 280 nm. Cystamine was added to a
final concentration of 1.25 mM. Crystal trays were
setup at room temperature and grown in 3 uL hang-
ing drop with mother liquor consisting of 2.1M so-
dium formate and 300 mM sodium citrate, pH 5.0,
in a 2:1 ratio of protein to mother liquor. Crystals
grew to a maximum of 180 pM in 3 days at 20°C.
Crystals were cryoprotected in 20% ethylene glycol
in mother liquor with a 60-s incubation, and then
frozen by rapid immersion in liquid Ny. Data were
collected using synchrotron radiation at APS 24-I1D-
C over 90 frames with 1° oscillations and showed
diffraction data to 2.86 A. Indexing and integration
were carried out with MAR XDS.?® Data were scaled
using SCALA.?® Data for the low-radiation damage
crystal were collected using with 1.5° oscillations.
These data were indexed and integrated using
HKL2000,°" and the data were scaled using
SCALA.%®

Structure determination

Phase information was obtained by molecular
replacement using 1F1J as the search model with
residues corresponding to L2 omitted during
searches with PHASER.?® Removed residues were
rebuilt into unambiguous density using COOT,>®
and then refined wusing Refmac®-restrained
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refinement. Water and formate molecules were
inserted manually and checked for stereochemical
appropriateness. The final refined model contains
residues 57-196 and 210-303 for chain A and 357-
496 and 510-605 for chain B. A total of 103 water
molecules were assigned chain O, and seven for-
mates were assigned chain F.
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