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Abstract: The active sites of caspases are composed of four mobile loops. A loop (L2) from one
half of the dimer interacts with a loop (L2') from the other half of the dimer to bind substrate. In an
inactive form, the two L2’ loops form a cross-dimer hydrogen-bond network over the dimer
interface. Although the L2 loop has been implicated as playing a central role in the formation of
the active-site loop bundle, its precise role in catalysis has not been shown. A detailed
understanding of the active and inactive conformations is essential to control the caspase
function. We have interrogated the contributions of the residues in the L2  loop to catalytic
function and enzyme stability. In wild-type and all mutants, active-site binding results in substantial
stabilization of the complex. One mutation, P214A, is significantly destabilized in the ligand-free
conformation, but is as stable as wild type when bound to substrate, indicating that caspase-7
rests in different conformations in the absence and presence of substrate. Residues K212 and 1213
in the L2’ loop are shown to be essential for substrate-binding and thus proper catalytic function
of the caspase. In the crystal structure of 1213A, the void created by side-chain deletion is
compensated for by rearrangement of tyrosine 211 to fill the void, suggesting that the
requirements of substrate-binding are sufficiently strong to induce the active conformation. Thus,
although the L2’ loop makes no direct contacts with substrate, it is essential for buttressing the
substrate-binding groove and is central to native catalytic efficiency.

Keywords: caspase; apoptosis; tyrosine; compensatory structural rearrangements;
substrate-binding stabilization; kinetics; loop bundle

Introduction

Apoptosis, or the programmed cellular suicide pathway,
has been studied with great interest because of its role in
many diseases, including cancer and autoimmune disor-
ders, as well as for its role in development. It is esti-
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mated that over half of all diseases result from irregular-
ities in apoptosis.' During apoptosis, the cell executes a
series of irreversible proteolytic events that ultimately
cause cell death. The machinery of this cellular destruc-
tion is a family of proteins called caspases. Caspases
(cysteine aspartate proteases) are part of the CD clan,
the cysteine nucleophile endopeptidases.> Caspases-3,
-6, -7, -8, -9, and -10 play roles in apoptosis.

The family of apoptotic caspases function both in
the signal propagation of cell death (initiator caspases)
and actual cellular disassembly (executioner caspases).
Initiator caspases (-8, -9, and -10) work upstream to
activate the executioner caspases (-3, -6, and -7). Activa-
tion of the initiators is complex, involving formation of
large multiprotein assemblies, such as the apoptosome,
containing caspase-9, and the DISC complex, contain-
ing caspase-8. The canonical view of executioner
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caspase zymogen activation is more straightforward,
relying on cleavage as the critical activating event.3™®

Initiator caspases cleave executioner caspases in
two locations to liberate the N-terminal propeptide
and cleave the intersubunit linker. Executioner procas-
pases are dimeric so that cleavage of the intersubunit
linker converts each half of the homodimer into one
large and one small subunit. Mature caspases then
consist of four chains, with two large subunits flanking
two small subunits in the mature state. Cleavage of the
intersubunit linker results in the formation of two new
termini that function as loops involved in substrate
binding. The C-terminal end of the large subunit
becomes the L2 loop, whereas the N-terminal end of
the small subunit becomes the L2’ loop. The catalytic
cysteine is contained on the L2 loops, thus each half
of the dimer contains one catalytic site.® The catalytic
sites are surrounded by extended substrate-binding
grooves. Each substrate-binding groove is composed of
three loops (L2, L3, and L4) from one monomer. A
fourth loop (L2’) from the opposite monomer interacts
with L2 to stabilize the substrate-binding loop bundle
in the active state [Fig. 1(A,B)]. Large conformational
changes in L2 and L2’ are associated with the transfor-
mation between the caspase-7 conformational states,
all of which have been structurally characterized.
When the inactive procaspase-7 zymogen®? is cleaved
to generate mature caspase-7,® it remains in a semiac-
tive conformation until substrate binds, inducing the
active caspase-7 conformation.'™* Caspase-7 can also
be allosterically inhibited'® by binding of effectors to a
cavity at the dimer interface. In the inactive procas-
pase-7 zymogen L2 and L2’ are still covalently con-
nected yet they are observed to be pointing away from
one another, separated by a stretch of disordered resi-
dues. This conformation is very similar to that
observed in the allosterically inhibited state, where the
L2’ loops interact above the allosteric site [Fig.
1(C,D)]. In the absence of substrate, the mature cas-
pase-7 is in a partially active conformation [Fig.
1(E,F)]. L2 is in the conformation that allows substrate
binding, but L2’ is in the down position that is more
similar to the zymogen and allosterically inhibited con-
formations. Thus, the L2’ position correlates with cas-
pase-7 activity.

This canonical caspase-7 activation model sug-
gests L2 and L2’ can only interact properly after cleav-
age by initiator caspases to generate the free loops,
meaning that both of the caspase monomers must be
cleaved to achieve a fully active caspase. Thus, both
the L2 and L2’ loops are central in caspase activation.
Recently, however, hybrid dimers of one uncleavable
and one cleavable caspase monomer suggest that
cleavage of both monomers in not necessary for for-
mation of one catalytically active site.'#'> This implies
that the uncleaved intersubunit linker can also adopt
the conformation of either L2 or L2’ but not both. The
L2 loop has been implicated in an allosteric network
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in caspase-1 in which the two catalytic sites are
coupled through an extensive hydrogen-bond net-
work.* It remains to be seen if this allosteric coupling
is present in all of the caspases and what role the L2’
might play in this mechanism.

The fact that the L2’ loop is not in the correct ori-
entation in the mature and zymogen conformations
has been suggested to be the basis for the lack of activ-
ity in the zymogen.® Some mutagenesis inquiries have
probed the role of L2 in caspase activity, and report
that mutations in this region are deleterious.’®7*® On
the basis of structural observations, we anticipate that
the L2’ loop likewise plays an important role in cas-
pase function. To our knowledge, we report the first
systematic study of the L2’ loop. Given the difficulties
that have been encountered in developing active-site-
directed caspase therapeutics, this region is particu-
larly interesting because it is distal from the catalytic
site, but appears to be influential for both substrate
binding and catalysis.

Results

Analysis of the existing crystallographic structures of
caspase-7 indicates that residues in the L2’ loop but-
tress the L2 loop into the proper configuration of the
active-site loop bundle. We investigated the role of the
L2’ loop by serial alanine substitution of residues 211—
215, which form the core of the buttress. The resulting
mutants were tested to determine the severity of these
mutations on kinetics and apparent thermal stability.
To assess the structural changes in the most severely
affected mutant, we solved the crystal structure and
compared the results with the existing caspase-7
structures.

Role of the L2’ loop in catalytic efficiency in
caspase-7
The placement of L2’ in the active conformation at the
base of the active-site loop bundle suggests that it may
be essential for substrate binding. Alanine mutants
were designed to probe the regions of greatest interac-
tion between L2 and L2’ (211-215) in previous crystal
structures of caspase-7 in the active conformation [Fig.
1(A)].*°7** In caspase-3, the residues in the region of
the L2’ loop are identical to caspase-7 (see Fig. 2) with
the exception of position 211 (caspase-3 position 185).
Additionally, in the crystal structures of active cas-
pase-3, the L2’ loop is in an identical conforma-
tion'>'9723 guggesting that the buttressing role is con-
served within the executioner caspases. Given the
buttressing role of the L2’ loop, alanine substitution
should be a useful probe for the role of each residue in
the formation of the active-site loop bundle as muta-
tions of critical residues would have a strong impact
on K.

Kinetics of wild-type and mutant caspase-7 var-
iants were tested as a function of substrate concentra-
tion to evaluate K,, and k., (Table I). As anticipated,
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Figure 1. Role of the L2’ loop in the active, allosteric/zymogen and mature conformations. (A) The L2’ loop (colored sticks) is
in the “up” position only when substrate binds to the active conformation of caspase-7 (PDB ID 1F1J). Residues selected for
mutation (K212, orange; 1213, magenta; P214, blue; V215, green) make interactions with the L2 loop from the opposite half of
the dimer. The two substrate-binding grooves are bound by inhibitor DEVD (light blue ball-and-sticks), which is a substrate-
mimicking compound. Loops L3 and L4 (yellow) contribute to the substrate-binding loop bundle with loops L2 and L2'. (B)
Interactions between L2’ (colored sticks) and L2 (gray sticks) stabilize the active form of caspase-7. (C) The L2’ loop (colored
sticks) is in the “down” position both in the zymogen and allosterically inhibited (allosteric model shown, PDB ID 1SHJ)
conformations. The magnitude of the L2’ loop rearrangement is clearly visible compared to (A). Mutated residue Y211 is
visible as yellow in this conformation while resides 212-215 are colored is as in (A). (D) The hydrogen-bonding network
(dashed lines) at the dimer interface comprises interactions between L2’ from one monomer and L2’ from the opposite side of
the dimer (dashed lines). (E, F) The half-active conformation observed in the mature (cleaved but substrate-free) form of
caspase-7 (PDB ID 1K86) is colored as (A). Although the L2 loop is in a similar conformation to the active-site-bound
structure, the L2’ loops point down toward the allosteric cavity in a conformation most similar to the allosteric/zymogen
conformation. For additional clarity not possible in paper form, see Supporting Information Movie S1. Figures were generated
and rendered in PyMol.”
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Table 1. Kinetic Parameters for Caspase-7 Alanine-Substitution Mutants

Relative activity (relationship

10° % [kear/Kum] factor of mutant kg./Kpy

K (uM) keat 571 M s versus WT)
WT 23 + 2 0.35 £ 3x10 3 0.015 1.0
Y211A 18 + 10 0.39 + 3x10°3 0.021 1.4
K212A 210 + 20 0.93 £ 4x10 2 0.004 0.26
1213A 480 + 50 0.07 £ 5x10 3 1.5 x 104 0.01
P214A 8+1 0.10 + 4x10°3 0.012 0.8
Y215A 26 + 8 0.70 £ 2x10 2 0.026 1.7

mutation of two of the residues, K212 and 1213, had a
significant effect on substrate binding as assessed by
K,,, while the K, for K212A was ~10-fold weaker than
wild-type caspase-7. The K, for 1213A at ~20-fold
weaker than wild type is the most significant effect
observed. I213A is the only mutation that has a signifi-
cant impact, an ~5-fold decrease, in k... Mutation at
Y211, P214, and Y215 had minimal impact on the ki-
netic parameters. Catalytic efficiency (kcat/Kn) of only
K212A and 1213A was significantly different from wild
type, at 4- and 100-fold decreases, respectively. These
results identify K212 and 1213 as the most critical resi-
dues in the L2’ buttress.

Alignment of the L2’ region of the caspases (see
Fig. 2) indicates hydrophobic and size conservation of
the 213 position, but not a strict conservation of amino
acid identity. Caspase-1, -3, -7, and -10 use isoleucine
at this position, whereas other caspases substitute only
valine and leucine, which are nearly isosteric with iso-
leucine. Position 212, which exhibited the second most
significant K, effect when mutated to alanine, is not
conserved across the caspase family. Position 212 is
always hydrophilic; however, sizes vary from small
(serine) to long (lysine) or bulky (histidine and tyro-
sine). In wild-type caspase-7, the exposed aliphatic
portion of the lysine side chain is packed against the
aliphatic portion of E196 [Fig. 1(B)]. Interestingly,
these residues are not strictly conserved in the third
executioner caspase, caspase-6. Conservation of this
region is weak compared with the region flanking the
catalytic cysteine C186 (residues 178—188).

L2 mutations affect protein stability

Alanine mutations have been reported to generate cav-
ities in protein cores.>* Because alanine mutants have
the possibility of introducing a destabilizing cavity, we
probed the stability of the protein in the mature (sub-
strate unbound) form using thermal denaturation fol-
lowed by circular dichroism [Fig. 3(A)]. Inspection of
caspase-7 structures suggests that the only important
interactions that form in the substrate-bound confor-
mation but not in the mature or zymogen form are
between L2 from one monomer and L2’ from the op-
posite monomer. Thus, interrogation of the stability of
wild-type and mutant caspases in the active conforma-
tion [with substrate-like inhibitor, the caspase-binding
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peptide aspartate—glutamate—valine—aspartate (DEVD)
bound] was also relevant.

The serial alanine mutations appear to have no
discernable effect on the overall fold of the protein in
either the inhibitor-bound versus unbound states, as
the measured spectra at 25°C were unaffected by muta-
tion (data not shown). The melting temperature (7,)
of all mutants in the unbound form was similar to wild
type at ~60°C, except for the P214A mutation which
had a T,, of 46°C [Fig. 3(A)]. We had hoped to also
measure thermodynamic stabilities of the caspase-7
mutants; unfortunately, unfolding of wild type and all
of the mutant caspase-7 variants was irreversible and
precluded accurate assessment of AGynfolding: We calcu-
lated the volume changes each mutation contributed to
the overall structure [Fig. 3(B)], and from these figures,
we were able to assess the volume of each deletion and
what role it might play in the stability of each protein.
The Matthews group has systematically assessed the
effect of cavity-forming mutations in the core of T4
lysozyme. In one study of 44 large amino acid to ala-
nine substitutions, cavities between 17 and 123 A3 were
observed crystallographically.>* These cavities corre-
lated with decreases in stability (AAG) of 0.9—5.0 kcal/
mol. Several cavities were observed in the range of
25 A3 that had AAG ranging from —3.2 to —2.7 keal/
mol. In T4 lysozyme, a 1.9 kcal/mol change in AAG
corresponds to approximately a 5° decrease in Tj,.2°
Thus, the 14° decrease in Ty, of unbound P214A could
reflect a AAG of greater than 4 kcal/mol.

Interestingly, the T, difference between mature
and active-site-bound forms was very pronounced,
with an average 18.7°C increase in Ty, of the active-
site-bound form over the unbound form. The single
observed structural difference between these two
forms is that the inactive, unbound form is able to
sample both the up conformation of L2’ and the inac-
tive down conformation of L2’. When substrate is
bound, L2’ is locked in the active up conformation.
Thus, when the protein adopts the up, bound form, it
appears to be significantly stabilized by the interac-
tions between L2’ and L2 from opposite monomers
and by interactions with substrate.

I213A has a smaller than average AT, of 7°C
between the forms (see Fig. 3), indicating that an
energetic penalty must be paid to adopt this

Essentiality of L2’ Loop in Caspase-7



Interrogated

Region
CED3 VRPQVOOVWRKKPSQAD
CASP-1 DATKKAHIEK......D
CASP-2 DAGKEKLPKMRLPTS.D
CASP-4 DAVYKIERNVER. . . . . .D
CASP-5 DSVCREHEERK. . . .. .D
CASP-8 SSPQTRYIPDEA....D
CASP-9 QLDAISSLPTPS....D
CASP-10 PTSLQDSIPAEA....D
CASP-14 IKDSPQTIPTYT....D
CASP-6 DAASVYTLPAGA....D
CASP-3 DDMACHKIPVEA....D
CASP-7 DANPRYKIPVEA....D

T213

Figure 2. Structurally biased sequence alignment of the L2’
loop in related caspases. Caspase-7 residue 213 (lle) is
conserved in size or type in not only apoptotic executioner
caspases (caspase-6, -3, and -7) but also apoptotic
initiators (-8, -9, and -10), C. elegans CED3, the first
discovered caspase, the inflammatory caspases (-1 and -4)
and caspase-14, the epidermal-specific caspase. This
residue is not conserved in the initiator caspase-2 or the
inflammatory caspase-5.

conformation because the active form is less stable to
thermal denaturation. The dramatically destabilized
P214A mutant, on the other hand, showed a ATy, of
31°C between bound and unbound forms. Although
the identity of 214 seems to be more influential in the
inactive form, in the active form, the stability is strik-
ingly unchanged relative to the wild-type enzyme. This
can be explained by structural examination of the
active form where P214 seems to have a more limited
role in buttressing than I213 (see Fig. 1). In the active
conformation, L2-L2' physical interactions tend to
dominate over any geometric constraints imposed by
P214. The substitution of P214A has negligible effect
on active (bound) enzyme stability; however, in the
inactive form, the hydrogen-bonding network present
between L2’ and L2’ from the opposite monomer
would likely be disrupted as the geometric restraints
imposed by the proline at position 214 are removed by
the alanine substitution. This substitution, however,
does not inhibit dimerization of the protein, as meas-
ured by size exclusion chromatography (data not
shown). Thus, we can conclude that substrate binding
and the concomitant stabilization of interactions
observed between the L2 and L2’ loops are the most
critical factor in significant stabilization of the active-
bound conformation. Indeed, substrate binding
appears to be so influential in locking L2’ securely into
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Figure 3. Melting temperatures and cavities generated in
caspase-7 variants. (A) Melting temperatures (T,,,) were
measured by thermal denaturation monitoring the change in
CD signal at 222 nm in the presence (white bars) and absence
(black bars) of the active-site inhibitor peptide DEVD-CHO.
Measurements were made at least in duplicate with
independently prepared samples on separate days. Error bars
represent SD between replicates. (B) Volumes of cavities in
models of mutant proteins generated computationally in PyMol
were assessed with Pocketfinder.2® The deleted volumes are
shown as colored pillows to illustrate the chemical environment
and residues forming the generated cavity. Change in the Ty,
of caspase-7 dimers in the presence of active-site-binding
peptides (DEVD-CHO) relative to ligand free is also listed.
Figures were generated and rendered in PyMol.”
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Table II. Statistics for the X-Ray Crystal Structure of
Caspase-7 1213A

Diffraction datao
Wavelength (A) 1.54

Resolution range (A) 50—2.61
Measured reflections (n) 26499
Unique reflections 10599
Completeness (%) 97.8 (92.0)
Redundancy 2.5 (2.5)
<I/ocI> 22.5 (1.99)
Space group P3.21
a=>b(A) 89.4
c (A) 186.1
a=B(C) 90
Y () 120
Refinement statistics
Atoms (n) 3919
Water molecules (n) 119
Ryork (%) 19.9
Rfree (%) 25.1
RMSD bond length (&) 0.008
RMSD bond angle (°) 0.035
Average B-factor (A2 51.82

the up conformation that it can overcome significant
thermodynamic destabilization in the unbound state.
Because P214A had negligible effect on both the stabil-
ity of the active form and the kinetics of the enzyme,
we focused our investigation on the structural differen-
ces caused by the I213A mutation to further under-
stand the structural role of the L2’ loop in substrate
binding and catalysis.

Crystallographic studies of I1213A in the
presence of active-site inhibitor
Crystals of caspase-7 1213A with DEVD bound in the
active site to lock the protein in to the active conforma-
tion were grown in a variation on known conditions,"*
and the structure was solved at 2.6 A (Table II). To
avoid model bias during structure determination, we
omitted all of the active-site loops from the molecular
replacement search model and thus calculated an omit
map that is unbiased in the loop region as our initial
map [Fig. 4(A,B)]. Compared to an active caspase-7
structure that crystallized in the same form (1F1J'°), the
RMSD of all atoms was found to be 0.191 A, further sup-
porting the observation that the I213A mutation had no
effect on the overall fold of the protein. The substrate-
binding grooves and active-site inhibitor conformations
in our structure were virtually unchanged from wild-
type caspase-7.

The greatest difference between the wild-type and
the 1213A structure was in the Y211 region [Fig. 4(A—
C)]. Y211 is unresolved in most caspase-7 structures of
the active form, and only recently has been observed
in crystals (PDB ID 2QLF and 2QLJ) of active cas-
pase-7 bound to peptide inhibitors with aldehyde war-
heads.” In both these structures, Y211 is solvent
exposed [Fig. 4(D,F)]. In our structure, Y211 exhibits a

1464 PROTEINSCIENCE.ORG

radically different conformation, burying itself into a
newly formed surface cavity. This burial appears to be
a compensatory mechanism for the 1213A cavity-form-
ing mutation [Fig. 4(D,E)]. This position of the tyro-
sine fills a void in the region, where 1213 is found in
the wild-type structure. In the wild-type conformation,
Y211 burial is sterically occluded by I213 [Fig. 4(E)].
This structural observation helps to explain the dimin-
ished k., in the context of residual catalytic activity
in the I213A mutant. Given that the apparent thermal
stability of I213A in the active-site-bound form is
lower than any of the other mutants, and the lack of
any other structural changes in this mutant crystal

Figure 4. Crystallographic evidence of compensatory
mechanism that facilitates active-site-binding in caspase-7
1213A. (A) Caspase-7 Y213A structure with buttress region
highlighted in inset. (B) 2F,-F. density (blue mesh) from the
initial omit map (residues 211-215 omitted from the phase
calculation) and final refined model of 1213A (yellow sticks)
shown in same orientation as (A). (C) is as (B) but rotated
90° for clarity. The unbiased omit map clearly indicates the
down position for Y211. (D) Wild-type caspase-7 (green
sticks) is superimposed with the final 1213A model,
demonstrating that the conformation of Y211 fills a
structural void when the 1213 side-chain is deleted. (E) The
environment (gray spheres) into which Y211 (yellow
spheres) inserts is hydrophilic in nature to accommodate
the hydoxyl moiety. (F) Residues forming the cavity into
which Y211 inserts are in a nearly identical conformation in
wild-type caspase-7 (green sticks) and 1213A (yellow
sticks). Figures were generated in and rendered in PyMol.”

Essentiality of L2’ Loop in Caspase-7
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structure, we can conclude that the cavity formed by
deletion of the I213 side-chain is so deleterious as to
prevent proper formation of the loop bundle without
some compensatory reorganization. The compensatory
conformation we observe allows the formation of a
catalytically competent enzyme but not without an
energetic penalty.

Discussion

Based on the work presented here, two main points
emerge. First, binding of substrate stabilizes caspase-7
via a structurally validated mechanism. Second, the
core of the L2’ loop is residue I213 and this buttress-
ing region is an essential component of active caspase-
7. If the core of the L2’ loop is perturbed, then the L2’
loop does not properly hold L2 in place, the substrate-
binding loop bundle is therefore destabilized and K,
of the resulting mutants are weakened.

Caspase-7 is a constitutive dimer and is not
believed to exist in the monomeric state to a signifi-
cant degree.®” In contrast, the initiator, caspase-9, is
predominantly an inactive monomer before activation
by the apoptosome. Binding of active-site inhibitors
drives caspase-9 to the dimeric state.?® Thus, it is
plausible that other caspases would likewise be stabi-
lized by binding of active-site inhibitors. To our
knowledge, no other group has shown and quantified
the dramatic stabilization of the active (active-site
bound) form of caspase-7 compared with the unli-
ganded state. Prior computational analysis of the sta-
bility of the active versus unbound conformation mir-
rors our experimental results, indicating that the L2’
up or active conformation of caspase-7 was signifi-
cantly more stable than the L2’ down conformation.*®

The roles of individual residues in the L2’ loop
obviously change depending on the state (active-site-
bound or unbound) of the protein. The structures of
the mature unbound form of caspase-7 [Fig. 1(E,F)]
when compared with the active [Fig. 1(A,B)] and allos-
terically inactive [Fig. 1(C,D)] forms suggest an ensem-
ble of states, which are in dynamic equilibrium with
one another. Two of our mutants, 1213A and P214A,
support the idea that the L2’ loop is critical for stabi-
lizing the active-site-bound conformation.

1213A caspase-7 has the same apparent thermal
stability in the unbound form as does wild type. This
indicates that the equilibrium constant for unfolding
of the unbound form is likewise unchanged from wild
type. On the other hand, the Ty, of the active-site-
bound form is lowered, suggesting that an energetic
penalty must be paid to achieve this conformation.
The crystal structure of I1213A indicates that the
decrease in stability is due to the cost of hydrophilic
burial when Y211 intercalates into the I1213A cavity to
properly buttress the loop bundle (Supporting Infor-
mation Movie S2). We anticipate that in the unbound
form of 1213A, L2’ is free to sample the down confor-
mation, whereas in our structure, binding at the active
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site locks L2’ into the active, up, conformation. If cas-
pase-7 natively sampled the active, up, conformation
to a significant degree when the active site was empty,
this up conformation would lower the stability of the
unbound form of the enzyme. Because the I213A
unbound apparent thermal stability is unchanged, it
seems that the up conformation of the L2’ loop does
not contribute significantly to the conformational equi-
librium ensemble of the unbound form. Thus, proper
ordering of the L2’ loop as a buttress for L2 is so
essential for active-site-binding that the enzyme will
pay an energetic penalty to maintain this state.

The P214A mutant displays the opposite effect on
stability. P214A is destabilized in the unbound state by
a significant margin (14°C relative to wild type). Inter-
estingly, when it is locked into the active conformation
by active-site binding, the complex is as stable as the
wild-type enzyme. This indicates the absence of ener-
getic penalties like those observed for I213A and fur-
ther suggests that the conformation of this mutant
when the active site is bound is identical to wild type.
The interactions of L2 with L2’ are the only additional
interactions within the caspase protein itself that are
observed on going from mature unbound caspase-7 to
active-site-bound caspase-7. The fact that a dramatic
destabilization of the unbound form of P214A can be
overcome by active-site binding indicates that these
interactions are fully responsible for the jump in appa-
rent thermal stability observed in all versions of cas-
pase-7. Structural analysis suggests that the L2’-loop
up conformation should be more stable as it has better
burial of exposed hydrophobic residues. Likely, an
entropic penalty for ordering of mobile loops prevents
this conformation in the absence of active-site binding.
Moreover, the conformational equilibrium in the
bound state has essentially no component of the
unbound state, which would lead to destabilization of
both the unliganded and liganded states.

One of the looming controversies in understand-
ing caspase structure and activity is the structural state
of the mature (cleaved) protein in the absence of
active-site ligand. There is but one existing crystal
structure of unliganded, mature caspase-7.® In this
structure, the active-site loops do not exist in the sub-
strate-bound conformation (L2 and L2’ up), but are in
a half-active conformation with L2 up but L2’ down.
In contrast, mature caspase-3 has been reported to
exist in the liganded conformation (L2 and L2’ up)
with an empty active site, crystallized in the presence
of what the authors term a noncatalytic site inhibitor,
which is not observed in the crystal structure.>* The
fact that a mutation in L2’ exists, namely P214A, that
dramatically affects the stability of the unliganded
state but not the liganded state suggests that without
ligand, the L2’ loop is in a conformation that differs
from the active state. If the unliganded enzyme
“rested” in the active (L2’ up) conformation, as sug-
gested by the mature caspase-3 structure,®* then this
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mutation should have the same energetic effect on the
active-site liganded form as on the unbound form. As
this is not the case, our analysis supports the notion
that structural rearrangements that are observed in
the existing crystal structures of caspase-7%11213:30
are the biologically relevant conformations.

In the context of the other mutagenesis data, the
Y211A mutation indicates that interactions between the
backbones of the L2’ loops covering the allosteric pocket
are the major energetic contributors to the allosterically
inhibited/zymogen complex. In the active conforma-
tion, the interactions between the L2 loop from one half
of the dimer and the L2’ loop from the other half of the
dimer have a tremendous stabilizing effect on caspase-
7, as the addition of active-site inhibitor increases the
apparent thermal stability of the complex by 12—-19°C.
Thus, the L2’ loop appears to play important roles in
both substrate binding and maintaining caspase-7 in an
inactive yet still dimeric conformation.

We report a large perturbation (10- to 20-fold) in
the K, of caspase-7 variants with alanine substitutions
in the L2’ loop. Although the L2’ loop is further away in
both amino acid sequence and in space than the L2 loop
is from the catalytic residues, our reported mutations
had as a great an effect on substrate binding and cata-
Iytic efficiency as did mutations in the L2 loop. Clark
and coworkers'® mutated caspases-3 residues 167, 169,
173, and 203 (homologous residues in caspase-7 are
190, 192, 196, and 229) to alanine. The residue with the
most significantly impaired substrate-binding proper-
ties was D169A, in which K,,, was weakened 35-fold rela-
tive to wild type. It is significant that our mutants had
the same magnitude effect on substrate binding as
mutations in the L2 loop because structurally the two
loops also appear to act in concert.

Another region of the caspase substrate-binding
loop bundle that has been widely discussed as being
critical for caspase activity is the DDD “safety catch” in
the L2’ loop in caspase-3. This “safety catch” comprises
residues 179—181 (caspase-7 residues 205—207) and was
found to be critical for activation of procaspase-3.'” The
DDD “safety catch” region is further from the active site,
has not been observed in crystal structures, and is
unlikely to make physical buttressing interactions like
those we observe in the L2’ buttressing region. Although
the DDD region is essential for proper cleavage and acti-
vation of caspase-3, the L2’ loop may be a more tracta-
ble target for new methods of caspase regulation.

Before this work, the L2’ loop was implicated in
both the active and zymogen/allosterically inhibited
conformations. In the active state, L2’ is part of the
substrate-binding loop bundle. In the zymogen/allos-
terically inhibited state, L2’ forms a lid occluding the
allosteric cavity. Interconversion between the active
and inactive conformations had been observed, but the
energetic contributors of L2’ to these two conforma-
tions were unclear. Our work demonstrates that resi-
dues 212 and 213 are critical for proper functioning of
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the L2’ loop, particularly in binding substrate. We
have shown that 1213, in particular, serves as a critical
buttress for holding the L2 loop (which is connected
to the catalytic cysteine) in place and thus stabilizing
the active form of the enzyme. If L2’ is not in the up
conformation, the entire loop bundle is destabilized.
This buttressing region is present in the homologous
conformation in structures of the other active caspases
indicating that the results we report may be relevant
to the entire caspase family.

This understanding of the role of the L2’ loop as
critical for formation of the active-site loop bundle
also provides clues toward new mechanisms for phar-
macological control of caspases. Molecules that bind
overlapping with the buttressing region occupied by
1213 and neighbors should work as allosteric inhibi-
tors of caspase function. Similarly, molecules that
bind behind the L2/L2" interacting region [which is
on the back side of caspase-7 in Fig. 1(A,C,E)] should
stabilize the active conformation and serve as heter-
ologous caspase activators, which are a long-sought
entity. Given recent evidence that the uncleaved form
of caspase-7 can support catalysis in a hemicleaved
heterodimer,'#* this mechanism of activation might
even prove more relevant for activation of pro-
caspases.

Materials and Methods

Caspase-7 mutant generation, expression,

and purification

Wild-type and mutant versions of caspase-7 were
expressed from a two plasmid expression system.® The
constructs encoding residues 50-198 comprise the
large subunits and were contained in the pRSE-
T(Amp®) plasmid. The constructs encoding residues
199—303 and one codon for Q plus a six-histidine tag
are contained in the plasmid pBB75 (Kan®) plasmid.?*
Mutants in the small subunit were generated using
QuikChange (Stratagene) site-directed mutagenesis.
The recombinant large and small subunits were coex-
pressed in E. coli in 2x YT media grown for 18 h after
induction with 1 mM Isopropyl B-p-1-thiogalactopyra-
noside at an ODgp, of 0.6. Wild-type 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 50 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 pH 8.0 was assessed for
purity by SDS-PAGE to be 98%+ pure and stored in
elution buffer at —80°C.
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Caspase-7 I1213A crystallization and X-ray

data collection

To prepare I1213A crystals, 29 uM I213A protein in a
buffer containing 120 mM NaCl and 20 mM Tris pH
8.0 was incubated at room temperature with a 3:1
molar ratio of DEVD-CHO (asp—glu—val—glu-aldehyde,
BioMol) to protein for 3 h. Optimal protein labeling
occurred with the addition of enzyme to the small vol-
ume of DMSO-solvated inhibitor. The extent of
enzyme labeling was confirmed by activity determina-
tion. Protein was then concentrated using Millipore
Ultrafree 5K NMWL membrane concentrators (Milli-
pore) to 11 mg/mL as assessed by absorbance at
280 nm. Crystal tray setup was conducted on ice with
cooled buffers. Crystals were grown in 2 plL hanging
drops with mother liquor consisting of 14% polyethyl-
ene glycol 3350, 300 mM diammonium hydrogen
citrate at pH 5.6, 10 mM guanidine hydrochloride, and
10 mM DTT in a 1:1 ratio of protein mother liquor.
Crystals grew to a maximum of 200 pm in 48 h at
4°C. Crystals were cryoprotected in 14% polyethylene
glycol 3350, 300 mM diammonium hydrogen citrate
at pH 5.6, 21% glycerol, and 10 mM DTT with a 60-s
incubation, then frozen by rapid immersion in liquid
N,. Data were collected on an R-axis IV'" detector
using a Rigaku X-ray generator and showed diffraction
data to 2.4 A. Indexing, integration, and scaling were
carried out on HKL2000.3* Low I/c in the high-reso-
lution shells forced the dataset to be restricted to
2.61A. Only 47° of data were collected, resulting in low
overall data redundancy, because of a power-outage
leading to the loss of the crystal.

Structural determination

Phase information was obtained by molecular replace-
ment using 1F1J as the search model with residues
194—-196/494—496 and 212—-213/512—513 omitted dur-
ing searches with CCP4 amore.?® Tyrosine at position
211/511 was not present in the parent model. Removed
residues were rebuilt into unambiguous density using
0,3% then refined with three rounds of Refmac
restrained refinement using medium strength NCS
averaging constraints. Waters were inserted with mul-
tiple rounds of ARP/warp then checked for stereo-
chemical viability manually. The final refined model
contains residues 58-196, 211—303 for chain A and
57—196, 211—304 for chain B. The inhibitor is modeled
as chains C and D, with residue numbers 701—705 and
801-805, respectively, and 119 ordered waters as
chain W.

Caspase activity assays

Enzyme concentrations were determined by active site
titration with suicide substrate DEVD-FMK (BioMol)
in caspase activity buffer containing 100 mM Hepes
pH 7.0, 10% polyethylene glycol 400, 0.1% CHAPS,
5 mM B-mercaptoethanol, and 5 mM CaCl, against
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flourogenic substrate, DEVD-AMC, Ex365/Em495
(BioMol). Active site titration setups were incubated
over a period of 4 h in 120 mM NacCl, 20 mM Tris pH
8.0 at nanomolar concentrations. Optimal labeling was
observed when protein was added to DEVD-FMK sol-
vated in DMSO in 96-well V-bottom plates, sealed
with tape, and incubated at room temperature. Ninety
microliters of aliquots were transferred to black-well
plates in duplicate and assayed with 50-fold molar
excess of substrate. For kinetic measurements, 50 nM
protein (500 nM in the case of K212A, 1213A) was
assayed over 0—180 pM DEVD-AMC (o—500 puM for
K212A, 1213A) over a course of 7 min. Assays were
performed at 37°C in 100 pL volumes in microplate
format using a Molecular Devices Spectramax M5
spectrophotometer. Initial velocities versus substrate
concentration were fit to a rectangular hyperbola using
GraFit software (Erithacus Software) to determine ki-
netic parameters Ky, and keat.

Thermal stability determination

Thermal denaturation of wild-type or caspase-7 var-
iants was monitored by loss of circular dichroism sig-
nal at 222 nm on a J-715 circular dichroism spectrom-
eter (Jasco) with a PTC-348WI Peltier controller.
Inhibited protein was prepared by 4-h incubation
with 3M equivalents of DEVD-CHO (asp—glu—val—glu-
aldehyde, BioMol) at a concentration of 6—12 pM in
120 mM NaCl, 20 mM Tris pH 8.0. Both inhibited
and apo proteins were then buffer exchanged into
10 mM phosphate buffer, pH 7.4 using Millipore Ultra-
free 5K NMWL membrane concentrators (Millipore) for
repeated concentration and dilution until NaCl concen-
tration was below 1 nM and protein concentration of
~12 pM as assessed by absorbance at 280 nm. Data
were collected in duplicate on separate days and fit
using Origin Software (OriginLab) using sigmoid fit.

Assessment generated cavity volumes

Models of the alanine-mutant caspase-7 variants were
generated in PyMol” and analyzed with Pocketfinder®®
to calculate the volume of pockets created by alanine
mutations.

Coordinates

Coordinates and structure factors have been deposited
in the Protein Data Bank with the accession code
3H1P.
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