1duasnue Joyiny vd-HIN 1duasnue Joyiny vd-HIN

wduosnue Joyiny vd-HIN

N, NIH Public Access

Rrens®

G

3}

Author Manuscript

Published in final edited form as:
JMol Biol. 2011 February 11; 406(1): 75-91. doi:10.1016/j.jmb.2010.11.031.

Substrate-induced conformational changes occur in all cleaved
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Abstract

Caspase-6 is an apoptotic cysteine protease that also governs disease progression in Huntington’s
and Alzheimer’s Diseases. Caspase-6 is of great interest as a target for treatment of these
neurodegenerative diseases, however the molecular basis of caspase-6 function and regulation
remains poorly understood. In the recently reported structure of caspase-6, the 60’s and 130’s
helices at the base of the substrate-binding groove extend upward, in a conformation entirely
different from that of any other caspase. Presently, the central question about caspase-6 structure
and function is whether the extended conformation is the catalytically competent conformation or
whether the extended helices must undergo a large conformational rearrangement in order to bind
substrate. We have generated a series of caspase-6 cleavage variants including a novel
constitutively two-chain form and determined crystal structures of caspase-6 with and without the
intersubunit linker. This series allows evaluation of the role of the prodomain and intersubunit
linker on caspase-6 structure and function before and after substrate binding. Caspase-6 is
inherently more stable than closely related caspases. Cleaved caspase-6 with both the prodomain
and linker present is the most stable indicating that these two regions act in concert to increase
stability, but maintain the extended conformation in the unliganded state. Most importantly, these
data suggest that caspase-6 undergoes a significant conformational change upon substrate binding,
adopting a structure that is more like canonical caspases.
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Introduction

Caspase-6 (Mch2) [1] is a member of a family of cysteine proteases originally discovered
for their role in apoptosis (programmed cell death). Members of this family have
subsequently been found to play major roles in inflammation and neurodegeneration as well.
During apoptosis caspases participate in cascades whereby the upstream (initiator) caspases;
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caspase-8, -9 activate the downstream (executioner) caspases; caspase-3, -7 which cleave a
specific group of cellular targets (for review see [2]). Some caspases also undergo self-
processing [3]. Caspase-6 has traditionally been considered an executioner due to its
homology to caspase-3 and-7, but classification of caspase-6 is difficult due to its unique
roles in a number of biological processes. Over-expression of caspase-6 in mammalian cells
does induce cell death, confirming its role in apoptosis [4]. Working as an executioner,
caspase-6 has been reported to be the only caspase to cleave nuclear lamellar proteins Lamin
AJC during apoptosis [5-7]. Caspase-6 has also been reported to serve as an initiator,
activating caspase-8 [8-9]. Caspase-6 is reported to be activated by caspase-3 [10], which
would place it downstream of both the typical initiator and executioner caspases, and by
caspase-1, placing caspase-6 in an inflammatory pathway [11]. Thus caspase-6 has been
reported to play executioner, initiator and inflammatory roles.

The most important roles for caspase-6 may actually be in biological cascades that result in
neurodegeneration. Recent studies have uncovered the crucial role of caspase-6 in the onset
of neurodegenerative disorders like Alzheimer’s, Huntington’s and Parkinson’s Diseases.
Cleavage by caspase-6 has been shown to be important in formation of plaques composed of
AP (amyloid B) peptide and neurofibrillary tangles composed of Tau filaments in
Alzheimer’s Disease [12-18]. In mouse models of Huntington’s Disease, only cleavage at
the caspase-6 site, but not at the caspase-3 site, is critical for neuronal dysfunction,
indicating that caspase-6 cleavage, but not caspase-3 cleavage, is the disease-relevant event.
Other Huntington Disease studies using recombinant caspases have implicated caspase-6
and not caspase-3, -7 or -8 in induction of human neuronal cell death [19]. In Parkinson’s
Disease DJ-1 protein plays a protective role when cleaved by caspase-6 [20] and prevention
of caspase-6 cleavage might be responsible for a subset of Parkinson’s Disease cases. Thus,
caspase-6 continues to be implicated in a number of important physiological processes in
addition to apoptosis.

The structure of caspase-6 [21] is similar in overall fold to the six other human caspases for
which structures are available [22-27] all of which are dimeric when active. The structure of
ligand-free caspase-6 differs significantly from all other caspases because two novel
extended helices are observed flanking the caspase-6 active site. Caspases-1 [28], -3, and -7
[29-30] have an allosteric site at the dimer interface, which is also predicted to be present in
caspase-6. All caspases share a common active-site cysteine-histidine dyad [31], and derive
their name, cysteine aspartate proteases, from the presence of the catalytic cysteine at the
active site and from their exquisite specificity for cleaving substrate proteins after aspartate
residues [32]. Caspases catalyze cleavage of amide bonds via nucleophilic attack of the
cysteine thiolate (Cys 163 in caspase-6) at the substrate amide carbonyl. During catalysis the
histidine (His 121 in caspase-6) activates the catalytic cysteine and a water molecule.
Mutation of either of these residues results in loss of catalytic activity [33].

All known caspases undergo zymogen activation either autocatalytically or through cleavage
by an upstream initiator caspase. Caspases are expressed as inactive zymogens of a single
polypeptide chain that is capable of dimerization. Cleavage of the procaspase polypeptide
occurs at two locations, the prodomain and the intersubunit linker, resulting in the mature
form of the enzyme. Caspase prodomain sizes range from 23 amino acids for caspase-6 to
219 amino acids for caspase-10. The initiator caspases typically have large prodomains
containing caspase activation and recruitment domains (CARD) whereas executioner
caspases have short prodomains. The roles of prodomains range from acting as folding
chaperones [34], to mediating protein-protein interactions [35-36], to protecting nuclear
localization signals [37]. The prodomain is released from the caspase dimer after cleavage,
so the active form of the enzyme consists of two large and two small subunits. The large
subunits contain the active site catalytic dyad residues and the small subunits contain most
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of the dimer interface and the allosteric site. The linker between the large and small subunits
includes one or two Asp-containing cleavable sites (two for caspase-6). Caspase-6 has three
reported cleavage sites that appear to be cleaved differently by autoproteolysis than when
cleaved by other caspases: D23 (following the prodomain), D179 and D193 in the
intersubunit linker [38]. The functional effects of both the prodomain and intersubunit linker
appear to be unique for each caspase. In executioner caspases, intersubunit cleavage is
critical for activation, however a unifying mechanism for activation of all caspases has not
been discovered [39-40].

To control each of the caspases uniquely and develop caspase-specific therapies, it is
essential that the molecular details of activation and regulation of each caspase are well
understood. The prodomain and intersubunit linkers are the most distinctive regions of the
caspases and thus hold the greatest promise for unlocking the mysteries of caspase-specific
regulation and conformational change. Here we report the first systematic study of the
interplay of the intersubunit-linker and prodomain in caspase-6, which also addresses the
important questions raised by the reported structure of caspase-6. In the crystal structure of
ligand-free caspase-6 [21] a region that forms loops and strands in all other caspases exists
as two helices flanking the front and back of the caspase-6 active site. The two most
pressing questions stemming from this unusual structure are first, whether the elongated
helices are biologically relevant and second, whether substrate binding will induce
conformational changes in these helices. Our crystal structures of caspase-6 with and
without intersubunit linker demonstrate that the extended helices in caspase-6 are not
dependant on cleavage form or crystallization conditions. Second, our spectroscopic analysis
suggests that a significant conformational change leading caspase-6 to adopt a more
canonical caspase fold is required for all the cleaved forms of caspase-6 to bind substrate.

Cleavage of the prodomain and intersubunit linker has been reported to play a key role in
activation of caspases. Despite its importance, the molecular details of these cleavage events
and the effect of removal of the prodomain and intersubunit linker on caspase-6 function
were impossible to study before now. Cleavage sites for caspase-6 autoactivation have been
reported [38], however previous studies used genetic constructs which did not yield uniform
populations of caspase-6. This prevented measurement of standard kinetic parameters such
as Ky, and kgt disallowing quantitative comparison amongst caspase-6 cleavage variants or
between caspases. Inhomogeneity, particularly in the intersubunit linker, also prevented any
analysis of the contributions of the linker to caspase-6 structure or function. To rigorously
assess the influence of cleavage and the presence of the linker on caspase structure, stability
and function it is essential that strictly homogeneous preparations be made. To assess kinetic
and biophysical properties of caspase-6 in all relevant cleaved states it was essential to
engineer a new series of expression constructs. Our series is the only method to date that
allows purification of uniformly cleaved caspase-6 variants with tight control over
production of both the prodomain and intersubunit linker.

Order of intersubunit linker cleavage

Expression of the full-length caspase-6 gene in bacteria leads to a heterogeneous population
of caspase-6, consisting of three polypeptide chains (Fig. 1a). Substitution of the three
previously reported cleavage sites [7] with alanine (D23A, D179A and D193A) to generate
a full-length uncleavable (FLUC) construct prevented cleavage, producing full-length
caspase-6 zymogen (Fig. 1b), confirming the importance of these sites for zymogen
activation. Substitution of D23A led to formation of two prodomain plus large subunit
fragments, with or without the linker (Fig. 1c), which are both larger than any of the
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fragments from full-length caspase-6. This suggests that the two large fragments from full-
length caspase-6 are the large subunit with or without the intersubunit linker attached (Fig.
1a). In the D23A variant, substitution of D179A resulted in production of just one large
subunit fragment with the intersubunit linker attached (Fig. 1d). On the other hand the
D193A variant resulted in no zymogen processing whatsoever (Fig. 1e), suggesting that
cleavage at D193 is necessary for subsequent cleavage at D179 (Fig. 1 arrows). To produce
a homogenous caspase-6 without the linker, we generated constitutively two-chain (CT)
caspase-6 in which the large and small subunits are translated independently (Fig. 1f). This
novel constitutive two-chain method can be applied to other caspases to generate
homogenously two-chain proteins. This is valuable as it does not rely on auto activation and
can thus prevent the multiple self-proteolysis products.

To study the interplay of the prodomain, a similar series of constructs were prepared
wherein the N-terminal prodomain was deleted (AN). The pattern of intersubunit linker
cleavage in the absence of the prodomain (Fig. 1g-j) was the same as in its presence. This
suggests that the the prodomain has no influence on cleavage of the intersubunit linker.
From this expression pattern it is clear that cleavage at D193 necessarily precedes cleavage
at D179 by caspase-6, either in cis or in trans. In D193A variants, cleavage at D179 is not
observed, suggesting that this site is not accessible to caspase-6 for self-processing, even in
the absence of the prodomain. In contrast, in another study in HEK 293T cells, maturation of
caspase-6 appeared to occur first at D179 and second at D193 [38]. Thus, the order of
caspase-6 zymogen maturation may differ when mediated by another protease in vivo.

Role of prodomain and intersubunit linker on function

From our collection of caspase-6 cleavage variants, five representative constructs were
selected to probe the role of the intersubunit linker and prodomain on caspase-6 structure
and function. To confirm that the five caspase-6 variants were constituted as described, the
mass spectra of each variant was analyzed (Table 1). Each of the variants exhibited precisely
the expected molecular weight for the large and small subunits. Caspases require interaction
between the two chains of the dimer to function. Removal of interactions such as these could
decrease the dimeric propensity of caspases. Thus one possible role for the prodomain or
intersubunit linker could be dimer stabilization. Using size exclusion chromatography full-
length uncleavable caspase-6 zymogen (FLUC) migrated at the expected molecular weight
of a dimer (Table 1, Supplementary Fig. S1). When cleaved at D193, in the presence or
absence of the prodomain (D23A D179A and AN D179A) the expected molecular weight
was observed. Conversely, both caspase-6 variants lacking the intersubunit linker, which
also have higher pls than the caspase-6 variants with the linker present, migrated more
slowly than expected, probably due to interactions with the slightly negatively charged
column material [41]. Sedimentation velocity analysis by analytical ultracentrifugation
confirmed that both linker-lacking variants D23A D179 CT and AN D179 CT were indeed
dimeric. Interestingly, the molecular weights measured by analytical ultracentrifugation of
both linker-lacking variants were smaller than that observed for the zymogen FLUC,
suggesting real differences in the shape and hydrodynamic radius of caspase-6 before and
after cleavage. Nevertheless, neither the prodomain nor the intersubunit linker appear to
change the dimeric state of the protein.

Since all caspase-6 variants were dimeric, we expected they could be active. As is the case
for other caspases [42], cleavage of caspase-6 is the critical activating event. Cleavage at the
intersubunit linker was essential to activity, as uncleaved enzyme was inactive (Table 1). On
the other hand, removal of the prodomain or intersubunit linker had essentially no impact on
either Ky, or Keat, suggesting that the role of these regions of caspase-6 appears not to be in
catalysis.
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Prodomain and intersubunit linker affect stability

Whereas the linker or the prodomain had no effect on dimerization or catalytic efficiency,
the presence of the linker and the prodomain did influence the stability of caspase-6. The
thermal stability (T,,) was measured as the midpoint of the thermal denaturation transition
(12 to 90°C) monitored by circular dichroism (CD) spectroscopy. At physiological salt
concentrations (120 mM NacCl) the zymogen thermal stability was significantly lower than
all cleaved forms of caspase-6 (Fig. 2a). Caspase-6 is most stable after a single cleavage
with both the prodomain and the linker still attached (D23A D179A); no unfolding transition
is observed up to 90°C (Fig. 2a, b). This effect seems to be dependent on the presence of
both the intersubunit linker and the prodomain. When the intersubunit linker or prodomain
were removed the protein was less stable and unfolded with a T, of 76-77°C. In addition to
monitoring T,,, CD spectra were collected before and after thermal denaturation (Fig. 2b).
When most proteins fully unfold, the molar ellipticity (8) approaches zero [43]. This full
unfolding was observed for the zymogen FLUC and both of the linker-lacking variants.
However, for both variants containing the intersubunit linker, full unfolding was not
observed even at 90°C. This analysis further suggests that cleavage of the linker at D193
increases the stability of caspase-6 and loss of the linker (full detachment by subsequent
cleavage at D179) contributes to loss of stability.

To probe the basis of stabilization of caspase-6 in the presence of the intersubunit linker, we
monitored unfolding at high salt concentrations (0.5 M NaCl). Salt-induced changes in
melting temperature are likely to reflect an increased weight of the non-polar interactions
relative to polar interactions, which are more strongly screened at high salt concentrations.
The only caspase-6 cleavage variant that showed a change in T, at high salt is the zymogen
FLUC form, which increased by 6°C.

Together the prodomain and singly-cleaved linker increase caspase-6 stability. For
caspase-7, binding of active-site ligand is similarly stabilizing as the T, increases from
59°C for ligand-free caspase-7 to 76°C for active-site liganded caspase-7 [44]. To
investigate whether significant stabilization was also an effect of substrate binding to
caspase-6, we monitored stability in the presence of an active-site ligand. For all variants a
2-3°C increase in T, was observed upon binding of the active-site ligand VEID-aldehyde,
which is a peptide-based, covalently-binding substrate mimic.

Structural features of caspase-6

Knowing that the intersubunit linker stabilizes caspase-6, we sought to determine the
structure of caspase-6 with and without the linker to note unique structural characteristics
resulting from the linker. We report here the structures of two caspase-6 variants, AN D179
CT and AN D179A (Table 2). The two structures we determined are virtually identical to
each other (Fig. 3a) and to the previously reported structure [21] in all of the structural
details. Caspase-6 has a canonical dimeric caspase fold comprising a central B-sheet that
spans the two halves of the dimer and constitutes the most important dimeric interactions. In
the structure of AN D179 CT the L2 loop is disordered. In AN D179A the L2 loop and
intersubunit linker are disordered. The disorder starts at approximately the same residue
(R164). This suggests that any contacts made between the linker and the core of the protein
may be transitory, or may require the presence of the prodomain. To date we have not
succeeded in crystallizing any caspase-6 construct with the prodomain intact. Moreover,
though various groups have performed diffraction experiments on several caspases with the
prodomain present in the protein construct, no groups have ever observed the prodomain
crystallographically [45-46].

J Mol Biol. Author manuscript; available in PMC 2012 February 11.
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The structures reported here were determined entirely independently from the previously
reported mature ligand-free caspase-6 structure [21] and were deposited in the Protein Data
Bank before that structure was released. Baumgartner et. al. used caspase-7 (PDB ID 1F1J)
as an initial model and we used caspase-3 (PDB ID 1CP3) with all substrate-binding loops
(L1, L2, L2’, L3 and L4) removed as a search model for molecular replacement and starting
point for model building. These two independent structure determinations yield models
(PDB ID 3K7E, 3NKF and 2WDP), which superimpose with an RMSD for backbone atoms
of 0.73 A, mutually underscoring the validity of this conformation of caspase-6 (Fig. 3a).

One central question about the structures of mature ligand-free caspase-6 is whether this
structure represents the catalytically active conformation. In caspase-7, structures of the
zymogen, mature ligand-free, mature active-site liganded and mature allosterically-inhibited
are available. In caspase-7 only when ligand binds the active site do L2 and L2’ interact,
holding L3 in the proper conformation for substrate binding [29,45-49]. In caspase-6, L2,
L2’ and L4 are in the inactive conformation, but even without being pinned down by L2, the
L3 loop is in the active, down conformation (Fig. 3b). Like caspase-7, a structural
reorganization appears to be required to convert caspase-6 to the catalytically competent
conformation.

The conformation of mature ligand-free caspase-6 differs in several dramatic details from
the structures of any of the previously reported caspases. Two helices are extended in
caspase-6 (Fig. 4a) relative to canonical caspases. Superposition of caspase-6 with active
caspase-7 reveals the 60’s helix (amino acids 57 — 70) and 130’s helix (amino acids 128 —
142) are one and two helical turns longer, respectively, in caspase-6 (Fig. 4b). In all other
caspases the 130’s region shows a strand-turn-strand conformation like that seen in
caspase-7. Inspection of the structure revealed a packing network linking the extended
portion of the 130’s helix to the extended portion of the 60’s helix (Fig. 4c). This network
comprises Tyr 128 from the 130’s helix interacting with the His 121 backbone amide. The
His 121 side chain, which is part of the catalytic dyad is rotated away from the catalytic site
and held in place by Glu 53 and Glu 63. These interactions are not present in caspase-7 (Fig.
4d). Moreover, key residues in the 60’s to 130’s network, such as Glu 63, are not conserved
in any other caspases, and Glu 53 is only present in caspase-1 (Fig. 4e). In other caspases
residues unfavorable for helix formation, including Gly and Pro potentially define why
extended helices may not form in other caspases. Interestingly His 121, the catalytic base in
the cysteine-histidine dyad, mediates these interactions. This His 121 is rotated away from
the catalytic nucleophile Cys 163 and is held in a position that is 9.0 A away. For catalysis
these residues should be approximately 2.5 A apart and interacting. Thus this conformation
seems to lock caspase-6 into an inactive state.

The 90’s helix (amino acids 90 — 104) also adopts a conformation not observed in any other
caspase. In caspase-6 the 90’s helix pivots outward by 21° around a hinge at the base (C-
terminus) of the 90’s helix, resulting in a 10 A movement of the helix N-terminus relative to
caspase-7 (Fig. 4b). Four monomers were observed in the asymmetric unit of this crystal
structure. The 90’s helix in two monomers was in one crystal contact, while the 90’s helices
in the other two monomers were packed completely differently. Thus, the open
conformation of the 90’s helix appears not to result from crystal packing and may reflect a
biologically relevant conformation. The outward movement of the 90’s helix relative to the
130’s helix produces a cavity (Fig. 4f), which is not observed in caspase-7.

The outward conformation of 90°s helix raises several questions about its physiological role.
One possibility is that the 90°s helix acts as a gate, changing conformations between the
unliganded and substrate-bound states. Upon binding of a substrate the 90’s helix might
move closer to the 130’s helix, thus converting the caspase-6 90’s helix to a canonical,
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closed structure. To investigate whether the relative position of the 90’s helix with respect to
the 130’s helix would affect substrate binding, we sought residues that when mutated to a
bulky amino acid would lock the 90’s helix in an open conformation. Every residue at the
interface of 90’s and 130’s helices was screened by visualization and modeling on both
caspase-6 and closed, substrate-bound caspase-7 (1F1J). Two residues, L96 (90’s helix) and
L139 (130’s helix), were chosen to mutate to Trp as the Trp modeled at these positions
could be accommodated in the open conformation but no side chain rotamers of Trp were
compatible with the closed 90’s helix (Fig. 5a). The L96W and L139W variants did not
show much change in activity as assessed by K, or kgt when compared to wild-type (Fig.
5b) suggesting that the relative orientation of the 90’s helix does not affect substrate binding.

Influence of active-site ligand on structure

A comparison of the CD spectra of apo and active-site liganded caspase-6 for all cleavage
variants showed a consistent increase in the ratio [0],0g/[6]222 (Fig. 2b) indicating a loss in
helical content (signal at 222 nm) upon substrate binding. In AN D179 CT, for example, this
change resulted in the loss of 18% of CD signal at 222 nm (Fig. 6a,c). Upon binding of
active-site ligand, caspase-7 does not show a similar change, losing only 2.3% of the 222 nm
CD signal (Fig. 6b, ¢). This suggests that caspase-6 undergoes a conformational change
upon binding active-site ligand that is more substantial than in other caspases. The overall
CD spectral shape for caspase-6 and -7 with ligand bound are similar to one another perhaps
suggesting similarity in the final bound conformations. When caspase-7 with a DEVD
peptide ligand bound in the active site is superimposed with caspase-6 (Fig. 6d), it is clear
that some conformational changes must occur in order to accommodate substrate. At a
minimum one would predict that the loop above the 130’s helix, which clashes with the
caspase-7 substrate, should reorient. Our data go further suggesting that the network
between the 60’s and 130’s helices may also reorganize, losing helical structure in order to
bind substrate.

Discussion

Our studies reveal three major findings, which address the most compelling questions about
the structure of caspase-6. First, our data suggest stabilizing interactions between the
prodomain and intersubunit linker. Second, we have observed a dramatically different
conformation of caspase-6 compared to all other caspases, in the 60’s, 90’s and 130’s region
in all of the cleaved forms of caspase-6, reinforcing the fact that the structure of caspase-6
differs from the existing caspase crystal structures; the non-canonical conformation is not an
artifact of the construct nor crystallization or structure determination methods. We have
shown that movement of the 90’s helix is not essential for caspase function. Finally, our data
suggest that binding of active-site ligands induces a significant conformational change
comprising a loss in caspase-6 helicity, consistent with conversion to a canonical caspase
structure.

Prodomain and intersubunit linker interactions

Caspase-6 with the prodomain and singly-cleaved linker is the most stable form of the
protein. Loss of the prodomain makes caspase-6 only slightly less stable. When caspase-6
looses the linker it is destabilized whether the prodomain is present or not. Together these
data suggest that the intersubunit linker itself makes important contacts with the core that
stabilize caspase-6. When the prodomain and intersubunit linker are present, caspase-6 is so
stable that no unfolding is observed even at temperatures as high as 90°C. This suggests that
critical contacts for stabilizing caspase-6 are formed between the intersubunit linker and the
prodomain, either directly or indirectly. These stabilizing interactions also exist at high salt
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concentrations, suggesting a hydrophobic basis for the interaction, which is somewhat
surprising given the four negative charges present in the intersubunit linker.

Neither the intersubunit linker nor the prodomain has ever been visualized in any caspase
structure and our structures are no exception. Given our observation that the intersubunit
linker and prodomain function together to stabilize caspase-6, it is perhaps not surprising
that we were unable to visualize the intersubunit linker in AN D179A as it lacked the
prodomain as an interacting partner. Nevertheless, the role of the prodomain in other
executioner caspases has been studied. The small prodomain in caspase-6 is typical of the
executioner caspases. Removal of the procaspase-6 prodomain has been reported to be
essential for caspase-6 mediated activation of caspase-8 [9]. Differences in the pattern of
caspase-6 cleavage in that study, (e.g. the observation of the intersubunit linker attached to
the small subunit, which we have never observed), make it difficult to confirm these
findings. In our studies the presence of the prodomain had no effect on the activity of
caspase-6 against peptide substrates. One possible role of the prodomain could be to block
access of large substrates to caspase-6. The prodomain of caspase-3 assists in assembly of
the proper conformation of caspase-3 [34], but its removal does not impact dimerization
[50]. Removal of the caspase-7 prodomain results in a more apoptotically active form than
the full-length protein (with the prodomain intact), suggesting that the prodomain plays a
protective role in cell survival [51]. In caspase-9 removal of the CARD-containing
prodomain also results in increased catalytic activity [52-53]. Thus a stabilizing role of the
prodomain may be unique to caspase-6.

The roles of intersubunit linkers have also been studied. In caspase-3 intersubunit cleavage
precedes removal of the prodomain [54], but in caspase-7 the prodomain is removed before
intersubunit cleavage [55]. In caspase-3, mutation of the intersubunit linker also had a very
minor effect on activity, but did seem to improve stability of caspase-3 as the linker mutants
were more prone to aggregation [34]. This suggests that perhaps the intersubunit linker in
caspase-3 plays a similar stabilizing role as in caspase-6.

The intersubunit linker composition and length are not conserved amongst caspases.
Caspase-3 is cleaved between the large and small subunits, but no part of the intersubunit
linker is enzymatically removed. The caspase-3 intersubunit linker contains a DDD “safety
catch” that keeps caspase-3 from being activated inappropriately by upstream caspases [56].
Overall, intersubunit linkers in various caspases appear to play unique roles and regulate
function by different mechanisms in each caspase, implicating this region as one of the
critical regions for defining unique caspase specificities. Our findings for caspase-6 are the
first to suggest that there are interactions between the prodomain and intersubunit linker that
stabilize a caspase.

Function of caspases at the appropriate biological time points and in chemically stressful
conditions like apoptosis is essential for organismal survival. Perhaps for this reason,
caspase-6 has evolved as a very stable protein, in all forms having melting temperatures
greater than 70°C, far above physiological temperatures. In cells, caspase-6 exists as a full-
length zymogen in the cytosol while cleaved caspase-6 accumulates in the nucleus, allowing
cleavage of targets [57]. The molecular details of how caspase-6 is recognized, transported
and subsequently regulated are not known. Given the decrease in the stability upon removal
of the intersubunit linker, it is possible that the prodomain and linker function as a timer for
destruction of caspase-6, perhaps by the proteosome, as caspases have been reported to be
proteosome substrates.
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Unique conformation of 60’s, 90’s and 130’s helices

In the structures of unliganded caspase-6 the conformation of the 60’s, 90’s and 130°s
helices are different than in any other caspase. Our independently solved structures (3K7E,
3NKEF) and the existing unliganded caspase-6 structure (2WDP) reinforce the fact that the
structure of caspase-6 does indeed differ from the existing caspase crystal structures and the
non-canonical conformation is not an artifact of the construct used or of the crystallization
or structure determination methods.

The open conformation of the 90’s helix with respect to 130’s helix is intriguing in that it
appears visually to be a potential serendipitous allosteric site. To investigate whether the
open form of the 90’s helix was coupled to the extended conformation of the 60’s and 130°s
helix we introduced the L96W and L139W mutations. Neither of these mutations, predicted
to be incompatible with closure of the 90°s helix, led to decreases in the catalytic efficiency.
This suggests that the conformation of the 90’s helix is not directly coupled to changes in
substrate binding or activity.

The extended 60°s and 130’s helices are unique to mature ligand-free caspase-6. These
striking features raise several questions about the role of caspase-6 in apoptosis and beyond.
We consider two potential roles of the extended helical conformation. When the 60’s and
130’s helices are extended they form a network spanning the base of the substrate-binding
region (Fig. 4c). This conformation is likely not compatible with binding substrate (Fig. 6d)
and holds the catalytic dyad in an inactive conformation (Fig. 4c). During apoptosis the
extended 130’s and 60’s helices conformation could potentially restrict the recognition of
apoptotic substrates, which could explain why caspase-6 is less apoptotic than other
executioner caspases [4]. For example, the 60’s and 130’s helical complex might be
compatible with recruitment or recognition of Lamin A/C proteins making caspase-6 the
only caspase to cleave these nuclear membrane proteins. It is unlikely that other caspases
can adopt this extended helical conformation. Most caspases have residues such as Gly or
Pro in the middle of the 130’s region, lowering the helical propensity and likely preventing
formation of the extended helix. Caspase-6 lacks Gly or Pro residues in this region and is the
only caspase whose sequence is compatible with the Glu 53-His 121-Glu 63 interaction,
which aids in maintaining the extended 60’s and 130’s helices.

In addition to changing the shape of the substrate-binding groove, it seems significant that
the extended 60’s-130’s conformation locks the catalytic cysteine residue into an inactive
conformation. Caspase-6 has also evolved to be more stable than caspase-7. This structural
stabilization can be rationalized in terms of the 60’s to 130’s network and the down
conformation of the L3 loop. The low gain of stability in caspase-6, upon active-site ligand
binding may be explained by the down conformation of L3, making the L2-L2’ interactions
more accessible. Though these data might structurally explain the anomalous stability of
caspase-6, the question still remains as to why caspase-6 needs to be more stable than other
caspases. Based on our data, it is tempting to speculate about a biological role for a cleaved
(mature), very stable but inactive form of caspase-6. Given that caspase-3 appears to act
cytosolically, it could be the case that caspase-6 undergoes zymogen maturation in the
cytosol and then must remain inactive until after transport to the nucleus.

Substrate induced conformational change

Two lines of evidence speak to a change in the structure of caspase-6 upon substrate
binding. First, upon active-site binding there is a modest but measurable increase in the
thermal stability. Secondly and more importantly, we observe a significant change in the
circular dichroism spectra upon substrate binding, which is consistent with a loss in helical
structure. This change in CD spectra upon substrate binding, which has also been suggested
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by others [58], is similar in all cleavage-site variants, indicating that these conformational
changes are independent of the prodomain and linker. Thus it appears that upon binding of
substrate at the active site, caspase-6 undergoes a significant conformational change in the
region of the 60’s and 130’s helices, liberating the catalytic H121 and forming the canonical
caspase fold.

The conformational changes that occur at the caspase-6 active site appear to be very
different in caspase-6 than in all other caspases. Although IAPs (Inhibitor of Apoptosis
Proteins) are known to bind and inhibit caspase-3 and -7 active sites [59], they have not been
reported to bind to caspase-6. This ability to discriminate may well be linked to the highly
stable conformation of caspase-6 we observe. This may be related to the fact that binding
active-site ligand to caspase-6 does increase stability, but the extent of stabilization is not
nearly as great as in caspase-7. In wild-type caspase-7 a 17°C increase in the T, is observed
upon binding of an active-site ligand [44] coincident with a large conformational change in
the active site loops. These changes in stability in caspase-7 can be rationalized by an
understanding of the interactions of the substrate-binding loops with each other and with
substrate. Caspase-6 is intrinsically much more stable in the mature, ligand-free state (T, >
76°C for caspase-6 depending on cleavage state versus 59°C for caspase-7), so the increase
in thermal stability upon substrate binding is small for caspase-6 (approximately 2°C). This
suggests that losses in stability in reorganizing the 60°s and 130’s bundle to form the
canonical caspase fold can be compensated by cross dimer interactions of the substrate
binding loops. Thus the mechanism of caspase-6 regulation and substrate binding appears to
be very different than in other caspases. Understanding the conformational transition from
the stable, catalytically restricted form observed in our crystal structures to the active
conformation may be useful for building caspase-6 specific regulators. One might envision
that small molecules that could bind to the stable inactive form of caspase-6 seen in our
crystal structures could provide a new mechanism for pharmacological inhibition of
caspase-6.

Materials and methods

Production of caspase-6 cleavage-site variant expression constructs

The human caspase-6 cDNA cloned into pET23b (generous gift from Guy Salvesen) was
used for early experiments. This construct codes for three amino acids that are remnants of
the cloning procedure: one extra alanine codon at the 3’ end of the caspase-6 gene and
codons for LE at the 5” end of the gene just before the his-tag coding region. For most of the
work described here a synthetic E. coli codon-optimized full-length His-tagged casp-6 gene
coding for amino acids 1-293 (Celtek Bioscience) was ligated into the Ndel/BamHI sites of
pET11a vector (Stratagene). This codon-optimized caspase-6 gene dramatically improved
expression levels for wild-type caspase-6 protein, so this gene was used to make all of the
caspase-6 variants. The cleavage-site variants used in these studies were generated by
substitution of the codons for amino acids D23, D179 and D193 by the alanine codon GCG.
These mutations were introduced by the Quikchange site-directed mutagenesis method
(Stratagene). To generate the AN constructs the DNA encoding the prodomain (amino acids
1-24, MSSASGLRRGHPAGGEENMTETD) was truncated by PCR amplification of the
coding region for amino acids 24-293 from the full-length synthetic variant constructs and
ligated into the Ndel/BamHI sites of pET11a.

When protein expressed from the full-length gene was incubated at room temperature it
undergoes further maturation at D179 leading to the loss of the intersubunit linker, but room
temperature incubation also leads to time-dependant loss of caspase-6 activity (data not
shown). In order to obtain homogenous preparations of caspase-6 lacking the intersubunit
linker, we generated an expression construct in which a stop codon TAA-Ribosome binding
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site-TATACATATG was inserted after position 179 by Quikchange mutagenesis
(Stratagene). These constructs, which are programmed to produce the caspase-6 large and
small subunits as two independent polypeptides, are referred to as constitutive two-chain
(CT). The CT constructs omit the intersubunit linker (amino acids 180-193,
NTEKLDNITEVD). The mutations L96W and L139W were introduced in the caspase-6 AN
D179A expression plasmid by Quikchange site-directed mutagenesis method (Stratgene).

Caspase-6 expression and purification

The gene constructs in pET23b (human sequence) or pET11a vectors (E. coli optimized
sequence) were transformed into the BL21(DE3) T7 express strain of E. coli (NEB). The
cultures were grown in 2xYT media with Amp (100 mg/L, Sigma-Aldrich) at 37°C until
they reached ODggg = 0.6. The temperature was reduced to 20°C and cells were induced
with 1 mM IPTG (Anatrace) to express soluble His-tagged protein. Cells were harvested
after 4 hr for the FLUC or AN UC variants and after 18 hr for all other variants to ensure
complete processing. Cell pellets stored at —20°C were freeze-thawed and lysed in a
microfluidizer (Microfluidics, Inc.) in 300 mM NaCl, 2 mM imidazole, 50 mM phosphate
pH 8.5. Lysed cells were centrifuged at 17K rpm to remove cellular debris. The filtered
supernatant was loaded onto a 5 ml HiTrap Ni-affinity column (GE Healthcare). The column
was washed with 300 mM NaCl, 50 mM imidazole, 50 mM phosphate pH 8.5 and the
protein was eluted with 300 mM NaCl, 250 mM imidazole, 50 mM phosphate pH 8.5. The
eluted fraction was diluted by 5-fold into 2 mM DTT, 20 mM Tris pH 8.5 buffer to reduce
the salt concentration. This protein sample was loaded onto a 5 ml Macro-Prep High Q
column (Bio-Rad Laboratories, Inc.). The column was developed with a linear NaCl
gradient and eluted in 120 mM NaCl, 2 mM DTT, and 20 mM Tris pH 8.5 buffer. The
eluted protein was stored in —80°C in the above buffer conditions. The E. coli optimized
gene construct improved the yield from 2-3 mg/L to 7-8 mg/L. The identity of the purified
caspase-6 variants was analyzed by SDS-PAGE and ESI-MS to confirm mass and purity.

Activity Assays

For kinetic measurements of caspase activity, 100 nM freshly purified protein (within hours
of purification and without ever being frozen, to prevent changes in cleavage pattern or
activity) was assayed over the course of 7 minutes in a caspase-6 activity buffer containing
100 mM HEPES pH 7.5, 10% sucrose, 0.1% CHAPS, 5 mM DTT and 30 mM NaCl [60].
For substrate titrations, a range of 0-500 uM fluorogenic substrate, VEID-AMC, (N-acetyl-
Val-Glu-lle-Asp-AMC (7-amino-4-methylcoumarin), Enzo Lifesciences) Ex365/Em495,
was added to initiate the reaction. Assays were performed in duplicates at 37°C in 100 pL
volumes in 96-well microplate format using a Molecular Devices Spectramax M5
spectrophotometer. Initial velocities versus substrate concentration were fit to a rectangular
hyperbola using GraphPad Prism (Graphpad Software) to determine kinetic parameters Ky,
and ke, Enzyme concentrations were determined by active site titration with quantitative,
inhibitor VEID-CHO (N-Acetyl-Val-Glu-lle-Asp-Aldehyde, Enzo Lifesciences). Active site
titration setups were incubated over a period of 2 hours in 120 mM NaCl, 2mM DTT, 20
mM Tris pH 8.5 at nanomolar concentrations. Optimal labeling was observed when protein
was added to VEID-CHO solvated in DMSO in 96-well VV-bottom plates, sealed with tape,
and incubated at room temperature in a final volume of 200 pL. 90 pL aliquots were
transferred to black-well plates in duplicate, and assayed with 50 fold molar excess of
substrate. The protein concentration was determined to be the lowest concentration at which
full inhibition was observed.

Mass spectrometry

Caspase-6 variants in 120 mM NaCl, 2 mM DTT, and 20 mM Tris pH 8.5 were diluted in
0.1% formic acid to a final concentration of 8-10 uM in 2100 pl volume and analyzed on an
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Esquire-LC electrospray ion trap mass spectrometer (Bruker Daltonics, Inc.) set up with an
ESI source and positive ion polarity. A PROTO 300 C4 5 pM column (Higgins Analytical,
Inc.) was used to desalt the protein on the LC prior to ionization in the mass spectrometer.
The MS instrument system was equipped with an HP1100 HPLC system (Hewlett-Packard).
Scanning was carried out between 600-1400 m/z and the final spectra obtained were an
average of 10 individual spectra.

Size Exclusion Chromatography

The oligomeric state of the caspase-6 variants was determined by running protein samples
on a Superdex 200 10/300 GL (GE Healthcare) gel-filtration column. Protein samples were
buffer exchanged into 100 mM NaCl, 10 mM Phosphate buffer pH 7.5 using Vivaspin 500,
3K molecular weight cutoff membrane concentrators (Sartorium Stedim Biotech) and 100 pl
of 2 mg/ml protein was loaded onto the column. Protein was eluted with 100 mM NacCl, 10
mM Phosphate buffer pH 7.5. The identity of the peak fractions and the loaded protein
sample were analyzed by SDS-PAGE. Four different molecular weight standards from the
Gel-filtration calibration kit LMW (GE Healthcare) were run in the same conditions and a
standard plot was generated to calculate the molecular weights of the caspase-6 variants.

Analytical Ultracentrifugation

Sedimentation velocity experiments were run on Beckman optima XL-1 analytical
ultracentrifuge equipped with an An-60 Ti analytical rotor. 400 pl of 1mg/ml protein in 100
mM NaCl, 10 mM Phosphate buffer pH 7.5 was spun at 20 °C in a quartz cell at 30K rpm
while monitoring the absorbance at 280 nm. The density of the buffer and the specific
volume of the protein were calculated using SEDNTERP [61]. Data was analyzed by
SEDFIT [62] using continuous ¢(M) distribution model.

Stability measurements by circular dichroism

Thermal denaturation of caspase-6 variants was monitored by loss of circular dichroism
signal at 222 nm over a range of 12-90°C and CD spectra (250-190 nm) were measured on a
J-720 circular dichroism spectrometer (Jasco) with a peltier controller. Active-site liganded
caspase-6 variants were prepared by 2-hour room temperature incubation with 3 molar
equivalents of VEID-CHO (N-Acetyl-Val-Glu-lle-Asp-aldehyde, Enzo Lifesciences) at a
concentration of 6-12 uM in 120 mM NaCl, 2mM DTT, 20 mM Tris, pH 8.5 buffer.
Caspase-7 samples were prepared in a similar fashion by incubating with DEVD-CHO (N-
Acetyl-Asp-Glu-Val-Asp-aldehyde, Enzo Lifesciences). To ensure complete binding of
active-site ligand to the protein, the protein was assayed with 50 molar excess of substrate
VEID-AMC for caspase-6 and DEVD-AMC (N-acetyl-Asp-Glu-Val-Asp -AMC (7-
amino-4-methylcoumarin) for caspase-7. A 95-97 % inhibition was observed indicating that
the protein was fully occupied with the substrate mimic. Liganded and apo proteins were
then buffer exchanged 6 times (7-fold dilution each time) into 10 mM Phosphate buffer, pH
7.5 with 120 mM NaCl or 500 mM NacCl using Vivaspin 500, 3K MWCO membrane
concentrators (Sartorium Stedim Biotech) for repeated dilution and buffer exchange. After
buffer exchange the final concentration of DTT was ~ 10 nM. A protein concentration of ~6
uM, assessed by absorbance at 280 nm (Nanodrop 2000C spectrophotometer) was used for
analysis. Data collected in duplicates on separate days from different batches of purification
was fit using Origin Software (OriginLab) using sigmoid fit to determine the melting
temperature.

Crystallization and data collection

Purified AN D179 CT caspase-6 (construct lacking both the prodomain and the intersubunit
linker) in 20mM Tris pH 8.0, 2mM DTT, 120mM NaCl was concentrated using Amicon
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Ultrafree 5K NMWL membrane concentrators (Millipore Inc.) to ~ 7 mg/ml and crystal
trays were set up using Hampton crystal screen solutions. Initial crystal hits were further
optimized using different temperatures, pH, salt, protein to precipitant ratios, additives to
obtain larger crystals. The best diffracting crystals grew to 30 x 100 x 150 yum in 0.1 M
CH3COONa-3H,0 pH 4.6, 2M NaCl (Hampton Research, HR2-112), and 3% ethanol in 2-3
days at 25°C in a sitting drop set up.

Purified AN D179A (construct lacking prodomain with the intersubunit linker) was
concentrated to ~10 mg/ml and the final salt concentration was adjusted to 500 mM.
Crystals of approximate dimensions 40 x 100 x 200 um grew in 0.1 M CH3COONa-3H,0
pH 4.6, 2M NaCl, 3% ethanol in 48 hours at 25°C in a hanging drop crystal tray set up.

The AN D179 CT caspase crystals cryo-protected in mother liquor with 30% glycerol
diffracted to 3 A and AN D179A crystals cryo-protected in 20% glycerol diffracted to 2.9 A
at 100K. Complete data sets of diffraction images were collected for both these crystals at
X6A beamline at the Brookhaven National laboratories-National Synchrotron Light Source,
Upton, NY.

Structure determination

Diffraction data for AN D179 CT were processed in the primitive monoclinic space group
P2, with MOSFLM [63] and scaled with Scala [64] in CCP4i [65] (Table 1). Initially we
used the highest resolution caspase structure (PDB 1D 2DKO, 1.06 A resolution) but were
not able to solve the structure with this search model. The search model successfully used
for molecular replacement using Phaser [66] was a monomer of Caspase-3 (PDB ID: 1CP3).
To avoid phase bias we omitted the substrate binding loops comprising residues 53-66 (L1
loop), 164-174 (L2), 184-195 (L2’), 203-211(L3), 247-260 (L4). The solution from Phaser
had an increasing LLG of 44, 155, 225, 344 and TFZ of 5.0, 15.2, 8.4, 12.5 for each of the
monomers. This solution comprising four monomers in the asymmetric unit was built into
electron density by iterative rounds of model building in Coot [67] and TLS, NCS restrained
refinement [68] using CCP4i. Initially, poor, ambiguous density was seen in the 116-132
region. After several rounds of extensive building and density modification in CCP4i,
composite omit maps were generated in CNS [69] and a helical density was seen for the
ambiguous 130 region. Structure was refined using automated refinement in Phenix [70] to a
final R/Ryree 0f 0.22/0.26 and was validated by Procheck [71] using CCP4i. The final model
is PDB ID 3K7E.

Diffraction data for AN D179A was processed and scaled in the primitive monoclinic space
group P24 using HKL2000 [72] (Table 2). Since the unit cell parameters were identical to
the AN D179 CT Caspase-6 (PDB ID: 3K7E) the Ryree Set was retained and was refined
against 3K7E structure without loops to reduce model bias. This solution comprising four
monomers in the asymmetric unit was built into electron density by iterative rounds of
model building in Coot and NCS restrained refinement using CCP4i. TLS refinement was
added only during the final refinement cycle. Water molecules were placed and the structure
was refined to a final R/R¢ee 0f 0.216/0.27. The final structure was validated by Procheck.
The final model is PDB ID 3NKF.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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CT constitutive two-chain

CD circular dichroism spectroscopy

FLUC full-length uncleavable

VEID valine-glutamate-isolucine-aspartate (caspase-6 recognition sequence)
DEVD Aspartate-glutamate-valine-aspartate (caspase-7 recognition sequence)
FMK fluoromethyl ketone

CHO aldehyde

AMC amino methyl coumarin
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Fig. 1.

Caspase-6 cleavage site-blocking variants. Cartoon representation of expression constructs
showing cleavable (gap) or blocked &® caspase cleavage sites (upper panel). Symbols for
protein domains include prodomain (gray circle), large subunit (gray bar), intersubunit linker
(black line), and small subunit (black bar). Aspartic acid residues mutated to alanine are
depicted as ®. Residue numbers for each domain are indicated at the left of the upper panel.
SDS-PAGE analysis of expressed constructs matured in E. coli cells and the observed
cleavage patterns (lower panel). (a) Full-length caspase-6. (b) Full-length uncleavable
caspase-6 variant (FLUC) D23A/D179A/D193A completely blocks zymogen processing. (c)
D23A. (d) D23A/D179A. (e) D23A/D193A. (f) D23A/D179 Constitutive Two-chain (CT)
variant expresses the prodomain-large subunit protein inclusive of residue 179
independently of the small subunit, which is expressed from an introduced ribosome-binding
site and start codon at residue 193. (g-k) Expression constructs similar to b-f but lack the
coding sequence for the N-terminal prodomain. FL= Full Length; N = N-terminal
prodomain; Lg = Large subunit; Sm = Small subunit, L = Intersubunit linker. The order of
cleavage events leading to activation is indicated by arrows on the right.
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Circular dichroism (CD) of caspase-6 cleavage variants. (a) Thermal denaturation profiles of

caspase-6 cleavage variants unliganded (apo) or with the active-site ligand VEID in
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physiological (120 mM) or high (500 mM) NaCl concentrations. The measured T, did not
vary between runs, however run-to-run variation in the shape and slope of the pre-melt
transition precluded meaningful interpretation of this region of the melting curve. (b) CD
spectra of caspase-6 cleavage variants at 12°C (black) or 90°C (gray). The [0]208/[0]222
values at 12°C are indicated above each spectra. Each variant was measured using two
independently prepared and concentrated samples on two different days. The spectral
features were observed in duplicate spectra and a representative spectrum for each variant is
shown. NA Not applicable due to inability to functionally verify binding of VEID to the
active site. ND Not Detectable.
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Chain B

Fig. 3.

Structures of apo-caspase-6 AN D179A and AN D179 CT. (a) Superposition of caspase-6
AN D179A (orange) and AN D179 CT (tan) and an independently determined caspase-6
structure (2WDP, blue). The boxed region indicates the substrate binding groove region that
is shown in (b). (b) Superposition of unliganded mature caspase-6 AN D179A (orange) with
liganded mature caspase-7 (1F1J, green) allosterically inhibited caspase-7 (1SHJ, pink),
caspase-7 zymogen (1GQF, blue), and unliganded caspase-7 (1K86, gray) focusing on the
substrate-binding loop region including loops L2, L3 and L4 from chain A of the dimer and
L2’ from chain B of the dimer. Disordered regions not observed in the crystal structure
account for the discontinuity in the middle of loops L3 and L4 in some of the structures.
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Fig. 4.

Unique structural features of caspase-6. (a) 2F-F. electron density map contoured at 1 ¢ in
the region of the 60’sand 130’s helices. Ca trace is shown in orange. (b) Comparison of
mature ligand-free caspase-6 60°s, 90’s and 130’s helices (orange) to the homologous region
of mature ligand-free caspase-7 (1K86, green). © denotes the hinge around which the 90°s
helix pivots by 21°. (c) Interactions (dashes) holding the 60’s and 130’s network of helices
together are mediated by the inactive conformation of catalytic-dyad residue, His 121. (d)
The homologous region to (c) in the active-site liganded caspase-7 structure with caspase-6
numbering shown. Indicated residues (drawn in sticks) have the same amino acid identity in
both caspase-6 and caspase-7, although the numbering is different. R64, T67 and H121 in
caspase-6 numbering are R87, T90 and H144 in caspase-7 numbering. (e) Sequence
alignment for the 60’s, 90’s and 130’s helices for all caspases. Amino acid numbering for
each caspase is indicated. Strictly conserved residues (orange letters), important network
residues (gray highlight) and the catalytic histidine (yellow highlight) in apoptotic initiators,
executioners (Exec) and inflammatory (Inflam) caspases are shown. (f) Surface of caspase-6
near the 90°s helix (drawn with 2WDP coordinates, in which the 90’s helix side chains are
better resolved) showing the pocket between the 90’s and 130’s helices
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(a
)
L96W
L139W
(b Keat/ K
) K (uM) Keat (s™) (uM's™)

WT 67+32 0.84+0.07 0.012
L96W 40+45 0.7+0.02 0.016
L139W  44+49  0.7+0.02 0.016

Fig. 5.

Mutants to probe the unique 90’s helix conformation. (a) Models of the 90’s and 130°s
helices from caspase-6 (orange) in the open conformation and caspase-7 (green) in closed
conformation. Caspase-6 positions 96 and 139 are shown mutated from Leu to Trp.
Caspase-6 L96 and L139 correspond to residues M116 and L162 respectively in caspase-7.
L96 and L139 can accommodate at least one rotomer of Trp in the open conformation, but
no rotomers of Trp in the closed conformation, as evidenced by the observed clashes
between the introduced Trp and adjacent side chains. (b) The kinetic parameters for
caspase-6 AN D179A (WT), AN L96W D179A (L96W) and AN L139W D179A (L139W).
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Fig. 6.

Comparison of caspase-6 and caspase-7 structures and CD spectra in the presence or
absence of the active-site ligands VEID or DEVD. (a) CD spectra of caspase-6 bound to
active-site ligand VEID (gray) or in the apo state with no ligand bound (black). (b) CD
spectra of caspase-7 bound to active-site ligand DEVD (gray) or in the apo state with no
ligand bound (black). (c) Comparision of [6],0g/[0]222 for apo and substrate-bound states of
caspase-6 and caspase-7. (d) Superposition of mature ligand-free caspase-6 AN D179CT
(orange) with caspase-7 (1F1J, green) bound to the substrate-like ligand DEVD (purple

dots).
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PDB ID
Data collection statistics
Wavelength (A)
Diffraction resolution (A)
Measured reflections (n)
Unique reflections
Completeness (%)
Redundancy
1/s(1)
Rimerge
Space group
a(d)
b (A)
c(A)
0=y (°)
B()
Refinement statistics
Atoms (n)
Water (n)
Ruork / Rree (%)
RMSD bond length (A)
RMSD bond angle (°)
Average B-factor (A2)
Ramachandran plot
Core (%)
Allowed (%)
Generously allowed (%)

Disallowed (%)

Table 2

Crystallographic Data Collection and Refinement Statistics

AN D179 CT AN D179A
cr ] o—
3KT7E 3NKF
1.00 0.98
3.0-64.8 (3-3.16) 2.9-40 (2.90-2.96)
57985 73593
20696 21645
96.4 (97.3) 99.6 (99.9)
2.8(2.8) 3.4(3.3)
7.1(2.0) 20.6 (2.9)
0.139 (0.653) 0.085 (0.54)
P2, P2,
63.4 63.3
90.9 90.8
86.2 85.9
90 90
915 91
6527 6665
61 27
0.218/0.259 0.216/0.27
0.008 0.01
1.097 1.23
46.6 83.6
89.7 89.4
8.9 105
05 0.1
0.8 0
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The numbers in parenthesis represent the data in the highest resolution bin.
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