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Abstract

One of the most promising and as yet underutilized means of regulating protein func-
tion is exploitation of allosteric sites. All caspases catalyze the same overall reaction, but
they perform different biological roles and are differentially regulated. It is our hypoth-
esis that many allosteric sites exist on various caspases and that understanding both the
distinct and overlapping mechanisms by which each caspase can be allosterically con-
trolled should ultimately enable caspase-specific inhibition. Here we describe the ongo-
ing work and methods for compiling a comprehensive map of apoptotic caspase
allostery. Central to this approach are the use of (i) the embedded record of naturally
evolved allosteric sites that are sensitive to zinc-mediated inhibition, phosphorylation,
and other posttranslational modifications, (ii) structural and mutagenic approaches, and
(iii) novel binding sites identified by both rationally-designed and screening-derived
small-molecule inhibitors.

1. INTRODUCTION

As has been so skillfully outlined in Chapter 7, the apoptotic caspases

are central players in both the initiation and execution stages of apoptotic cell

death and also function in a number of other biological processes. Due to

these roles, control of caspase function is of great interest for applications

in medicine, genetic engineering, and developmental biology of mul-

ticellular organisms. To date, no caspase-directed therapeutics have success-

fully emerged from clinical trials. One likely contributor of these failures is

that the vast majority of caspase-directed drug candidates to date have

targeted the most conserved region of caspases, the active (orthosteric),

substrate-binding site. Although the substrate-binding sites of caspases are

strongly conserved, other regions of caspases are far less conserved. From

a biological perspective, it is quite clear that each caspase is regulated inde-

pendently from other family members and performs unique roles under var-

ious homeostatic conditions due to structural and functional differences that

originate away from the active site. It is our view that a more comprehensive

and nuanced understanding of the constellations of allosteric1 regulation of

each caspase would not only further our appreciation of the function of each

1 In this work, we define allosteric as non-active-site regions of the protein.

216 Kevin Dagbay et al.

!"#$%&'()*+&(%,-.)/%*0



caspase but would also allow us to select the most effective and selective

inhibitory or activating site for uniquely targeting caspases individually.

The central hypothesis of this work is that inhibitors or activators that

function at different allosteric sites may yield critical functional differences

in cell-based activity, which may ultimately be exploited therapeutically.

Evidence for this continues to emerge in caspases, as an exosite required

for unique substrate recognition in caspase-7 relative to caspase-3 has

recently been discovered (Boucher, Blais, & Denault, 2012). We envision

that inhibitors that bind to that site could block a particular subset of cellular

caspase-7 substrates. Similarly, the caspase-6 S257D phosphomimetic is cat-

alytically inactive against self-processing and peptide substrates, but can

cleave its own prodomain. This suggests that different substrates interact

uniquely with caspase-6. Two active-site tetrafluorophenoxymethyl inhib-

itors with extremely similar biochemical inhibition of caspases-3 and -6 also

show very different inhibition of cleavage of mutant huntingtin protein

intracellularly (Leyva et al., 2010), further underscoring this idea. Together

these observations and the data that are described below suggest that inhib-

itors that function at different caspase allosteric sites should yield different

cellular outcomes, which should prove to be therapeutically useful.

Allosteric drugs, in general, are proving to be an effective means for

achieving selectivity within families of highly related proteins. To date,

the vast majority of allosteric sites used were discovered by chance. In this

chapter, we describe a multipronged approach that we have developed

and are using in an ongoingway to identify the full spectrum of allosteric reg-

ulation that is applicable in the apoptotic caspases.We envision that the same

approach that we describe may also be applicable in other protein families,

which is an additional motivation for this chapter. Here we describe how

we combine the information encrypted in the record of naturally evolved

allosteric sites that can be accessed by interrogating posttranslationally mod-

ified caspases, zinc-inhibited forms of caspases, mutagenic studies, and the

interactions of both novel and known chemical ligands to produce a compre-

hensive map of caspase allostery. The current map of caspase allostery

(Fig. 9.1) combines data from our work with data from many other labs

and has identified at least seven nonoverlapping allosteric sites on various

caspases. The emerging themes from this work are (1) various caspases are

differentially regulated by the same chemical signals (e.g. zinc, phosphoryla-

tion), (2)many different siteswithin the caspase catalytic core domain are sen-

sitive to regulation, and (3) indirect allosteric control of the loops that

compose the active site by many inputs modulates caspase function.
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2. ZINC-MEDIATED ALLOSTERIC INHIBITION
OF CASPASES

Inhibition of caspases by zinc was reported soon after the discovery of

caspases (Chimienti, Seve, Richard, Mathieu, & Favier, 2001; Schrantz

et al., 2001; Stennicke & Salvesen, 1997). Until recently, the molecular

details and sites of inhibition were not known. We have shown that each

apoptotic caspase has unique metal-binding and inhibition profiles

(Huber & Hardy, 2012; Velazquez-Delgado & Hardy, 2012b). Caspases-6

and -7 each bind just one zinc per monomer, whereas caspase-9 binds

two zincs (Huber & Hardy, 2012) and caspase-3 binds three zincs

(Velazquez-Delgado & Hardy, 2012b). Caspase-6 binds zinc only at exosite

E (Fig. 9.2A), but not at the active site (Velazquez-Delgado & Hardy,

2012b). Thus, understanding metal-binding preferences provides insights

Figure 9.1 Current map of global apoptotic caspase allostery. Exosites that have
been identified by the methods included in this chapter are annotated on a canonical
caspase structure (gray cartoon). Red, phosphorylation; blue, zinc binding; green, chem-
ical ligands. Various shades of red are used to denote sites of phosphorylation in
different caspases. The green caspase helix that forms exosite B is highlighted in the
chemical ligands to indicate that this is the region that interacts with the BIR3 region
of XIAP- and BIR3-derived peptide inhibitors. Adapted from Velazquez-Delgado (2012)
with permission.
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into mechanisms that can be exploited to achieve caspase-specific inhibition,

so long as the preferences are understood for all related caspases. The process

of utilizing zinc binding to define allosteric sites (Fig. 9.2B), described in

Sections 2.1 and 2.2, utilizes widely available approaches that are applicable

for all caspases as well as for virtually any other protein in which the inhi-

bition by zinc or other metals has been observed.

To date, no clear biological role for zinc-mediated regulation of caspases

has been reported; nevertheless, the currently available data suggest that zinc

may play a role in regulation of apoptosis. The life–death balance in the cell is

tightly coupled to zinc levels. It is becoming increasingly clear that zinc is a

critical cellular regulator that some suggest may play roles as significant for

cellular homeostasis as calcium is to signal transduction (for review, see

Fukada & Kambe, 2011). Even the smallest fluctuation in cellular zinc con-

centration appears to tip a cell toward survival or apoptotic cell death

Figure 9.2 Discovery of zinc-binding sites in caspases. (A) Exosites for zinc binding that
have been identified to date are shown as spheres on a canonical caspase structure
(cartoon). The caspase-9 active site is capable of binding zinc; however, the active site
of caspase-6 is not the dominant zinc-binding site in the unliganded protein. Caspase-6
is inhibited by zinc at exosite E. (B) Flowchart enumerating the methods used to identify
metal-binding exosites and their mechanisms of allosteric inhibition in caspases. (A)
Adapted from Velazquez-Delgado (2012) with permission.

219Caspase Allosteric Map

!"#$%&'()*+&(%,-.)/%*0



(Zalewski, Forbes, & Betts, 1993), which could be in part due to the role of

zinc-mediated inhibition of caspases (Perry et al., 1997; Stennicke &

Salvesen, 1997).Moreover, controlling zinc levels has been harnessed in sev-

eral biological contexts. The pathogenic bacteriumHelicobacter pylori seques-

ters and then releases zinc into infected cells, inhibiting caspase activity and

avoiding apoptotic cell death (Kohler et al., 2010, 2009). These data may be

consistent with a model in which at low zinc levels, zinc-mediated inhibi-

tion of caspases is released, allowing apoptosis to be induced. Patients with

asthma and chronic bronchitis are prone to zinc deficiency leading to

increased levels of apoptosis in airway epithelium (Carter et al., 2002;

Truong-Tran, Grosser, Ruffin, Murgia, & Zalewski, 2003). PAC-1 is a ser-

endipitous small-molecule procaspase-3 activator which does not directly

activate procaspase-3 (Denault, Drag, et al., 2007) but works by relieving

zinc-mediated inhibition (Peterson et al., 2009), showing that zinc-

mediated inhibition of caspases may be therapeutically exploited. Although

physiologically “free” or unliganded zinc concentrations are reported to be

in the femto- to picomolar range (Bozym, Thompson, Stoddard, & Fierke,

2006; Krezel & Maret, 2006), the “available” zinc pool appears to be

much higher. Eukaryotic cells contain !200 mM zinc (Krezel & Maret,

2006) where small shifts in glutathione concentration or oxidative stress

release zinc from the metallothioneins (Krezel, Hao, & Maret, 2007) or

secretory vesicles. Although it is too early to conclude that zinc plays a sig-

nificant physiological role directly in caspase regulation, it is possible that

dissecting the relationship of zinc and caspases may itself be therapeutically

relevant, in addition to its utility in defining the allosteric map for caspases

described here.

2.1. Allosteric site identification in caspase-9 using
metal-binding site prediction algorithms

Caspase-9 is inhibited in the core domain by zinc but not by other metals

(Fig. 9.3A; Huber & Hardy, 2012) and binds two zincs per monomer

(Huber & Hardy, 2012). We predicted eight putative zinc-binding sites

by combining HotPatch and PREDZINC analysis with visual inspection

of the caspase-9 structure. Mutagenesis of the true zinc ligands prevented

zinc binding (as measured by inductively coupled plasma–optical emission

spectroscopy (ICP–OES)), whereas mutagenesis of the other sites had no

effect on zinc binding. Zinc binds to the caspase-9 active site as well as to

exosite F comprising C230, H224, and C272 (Huber & Hardy, 2012)

(Fig. 9.3B). Zinc binding to the active site is the primary site of inhibition,
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since theKi for zinc when exosite F is ablated (5.0"2.8 mM) is similar to that

of WT caspase-9 (1.5"0.3 mM). Detailed kinetic analysis shows a mixed

mode of inhibition, which suggests that exosite zinc binding is also involved

in inhibition and indicates that exosite F should be categorized as a func-

tional allosteric site. Given the ligand sphere identified, we generated a

model of zinc binding to caspase-9 (Fig. 9.3B). Three of the four zinc-

liganding residues in exosite F are conserved across the caspase family,

but we have shown that caspase-6 does not bind zinc at exosite F (Velazquez-

Delgado & Hardy, 2012b). This suggests that exosite F may require all four

A

B

Figure 9.3 Zinc binds and inhibits both active and allosteric sites in caspase-9. (A) Zinc
is the predominant metal cation to inhibit full-length caspase-9 (C9 FL) as monitored by
cleavage of a natural caspase-9 substrate, the caspase-7 zymogen (C7 C186A) to the
caspase-7 large (C7-Lg) and small (C7-Sm) subunits. (B) Location of the conserved
active-site and exosite-ligand clusters on caspase-9 (PDB ID 1JXQ). A model of
caspase-9 active-site ligand interactions with a modeled zinc ion was obtained by alter-
ing the H237, C239, and C287 rotamers in PyMol. Adapted from Huber and Hardy (2012)
with permission.
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zinc ligands to robustly bind zinc and may therefore not be functional in

other caspases, making it unique to caspase-9. This approach using zinc-

binding site prediction coupled with mutagenesis can also feed into the

methods outlined in Section 2.2 (Fig. 9.2), provided the zinc-anomalous dif-

fraction experiment is technically feasible.

2.2. Allosteric site identification in caspase-6 using X-ray
crystallography with anomalous diffraction

Caspase-6 is inhibited by zinc but not by other transition metals tested

(Fig. 9.4A) (Velazquez-Delgado & Hardy, 2012b). Using ICP–OES to

quantify zinc, we observed that each inhibited caspase-6 monomer bound

just one zinc (Fig. 9.4B). To identify the ligands composing the zinc-binding

site, we soaked crystals of caspase-6 with zinc and then performed an anom-

alous diffraction experiment with X-rays tuned at the zinc edge. Anomalous

X-ray diffraction is a robust method for unambiguously locating metal-

binding sites as only those atoms that diffract anomalously are observed at

high intensity. One peak (5s) per monomer was observed in the zinc-

anomalous map (Fig. 9.4C). This site is composed of three liganding resi-

dues, K36, E244, and H287, and one water molecule. Removal of any of

these ligands prevents zinc binding as assessed by ICP–OES (Fig. 9.4B), fur-

ther validating the location observed in the anomalous X-ray diffraction

experiment. E244 makes a bidentate interaction with the zinc, which exists

in a distorted tetrahedral geometry. Lysine residues are uncommon but not

unheard of ligands for zinc. In fact, 3% of zincs present in structures in the

protein data bank use lysine as a ligand. Given that this preferred site in

caspase-6 utilizes lysine as a ligand, we can envision that a site such as this

could be overlooked by prediction algorithms, making anomalous X-ray

diffraction combined with ligand removal by mutagenesis the preferred

method for identifying zinc-sensitive allosteric sites. A structure-based

sequence alignment indicates that exosite E is not present in any of the other

caspases. Inhibition for the exosite E mutants (K36A, E244A, H287A) by

zinc is much weaker than theWT suggesting that although zinc may be able

to inhibit caspase-6 at the active site, exosite E is the predominant inhibitory

site.Most importantly, no zinc is observed bound to caspase-6 at low or neu-

tral pH when exosite E is knocked out. This result demonstrates

that caspase-6 exists in the helical conformation, wherein the 120’s and

60’s regions are converted from strand or loop to helix. This helical

conformation is observed for apo caspase-6 (Baumgartner et al., 2009;

Vaidya, Velazquez-Delgado, Abbruzzese, & Hardy, 2011). In this helical
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conformation, the active-site liganding residues H121 and C163 are too far

apart to robustly bind zinc (Fig. 9.4C) at both low and neutral pHs. Zn

inhibits caspase-6 by locking the enzyme into the inactive helical conforma-

tion (discussed at greater length in Section 5.2). We envision that similar

Figure 9.4 Zinc binds an allosteric site to inhibit caspase-6. (A) Metal inhibition was
tested in an electrophoretic mobility gel-based assay as fragments produced from
active caspase-6-(DND179CT) mediated cleavage of the full-length C163S zymogen
(substrate). Fragments from cleavage include the following: full length (FL), FL lacking
the N-terminal prodomain (DN-FL), large (Lg), and small subunits (Sm) with the amino
acids present in those bands (subscripts) labeled. Zinc is the only metal cation that
inhibits caspase-6 activity. (B) The zinc-binding stoichiometry for various caspases, as
well as mutants designed to ablate zinc binding are shown. Zinc binding was measured
by inductively coupled plasma–optical emission spectroscopy. (C) The structure of zinc-
bound caspase-6 (ribbons, PDB ID 4FXO). An anomalous difference map calculated from
data collected above the zinc absorbance edge is contoured at 5s (inset, purple mesh),
clearly indicating the location of zinc at the allosteric site (black inset). The side chains
and water serving as ligands are drawn as sticks. The 2Fo-Fc electron density map (blue)
into which the structure was build is contoured at 1s. The boxed regions show active
site, which contains residues appropriate for metal binding including H121, E126, and
C163. In this structure, these residues are not properly positioned to coordinate zinc. The
caspase-6 zinc-binding exosite is shown with the side chain ligands for zinc in sticks
(K36, E244, H287), zinc (blue), and the water molecule (red). Adapted from Velazquez-
Delgado and Hardy (2012b) with permission.
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zinc-binding allosteric sites may exist on a wide number of proteins, given

that up to 10% of proteins are functionally sensitive to zinc (Fukada &

Kambe, 2011). Themethods outlined here (inhibition and ICP studies com-

bined with mutagenesis of zinc-liganding side chains and structure determi-

nation with anomalous diffraction tuned at the zinc edge) should be

applicable to the study any of these zinc-sensitive sites.

3. USING THE EMBEDDED RECORD OF FUNCTIONALLY
IMPORTANT POSTTRANSLATIONAL MODIFICATIONS
TO IDENTIFY ALLOSTERICALLY SENSITIVE SITES

The majority of posttranslational modifications (PTMs) occur because

they play a functional role in the modified protein (Minguez et al., 2012;

Seet, Dikic, Zhou, & Pawson, 2006). Many examples of PTMs inducing

protein–protein interactions or altering substrate recognition which mediate

many other crucial signaling pathways exist. Like many proteins, caspases are

posttranslationally modified. In addition to proteolytic cleavage (zymogen

activation), caspases are also phosphorylated, nitrosylated, ubiquitinated

and glutathionylated in a manner that impacts function. We have seen that

probing the way that nature has exploited functionally sensitive sites by

PTM is a useful means of uncovering new allosteric sites.

3.1. Phosphorylation in apoptotic caspases
Caspases and kinases work in concert to regulate one another in a complex,

intertwining web. Many caspases, including the apoptotic caspases-2, -3, -6,

-7, -8, and -9, have been reported to be extensively phosphorylated, typi-

cally leading to inactivation and avoidance of apoptosis. In the active state,

caspases often cleave and inactivate the very kinase that phosphorylates

them. Caspases are highly phosphorylated and the sites and impact of phos-

phorylation continue to be reported (for review, see Kurokawa &

Kornbluth, 2009; Lopez-Otin & Hunter, 2010). There are a large number

of ongoing studies to map the caspase–kinase interplay. For example, the

Cravatt lab recently completed a comprehensive mapping of phosphoryla-

tion and caspase cleavage (Dix et al., 2012). Some sites of phosphorylation

directly block sites of autoprocessing or cleavage by upstream caspases

(Duncan et al., 2011), but most others appear to lead to caspase inactivation.

Thus, many of the sites of caspase phosphorylation are an embedded histor-

ical record of sensitive sites from which caspase function can be activated or

inhibited.
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A large number of sites of phosphorylation have been identified to date

(Fig. 9.5A and B); however, in many cases, the exact biological conditions

that lead to phosphorylation and the extent to which particular sites are

phosphorylated have not yet been extensively studied. So far, three

Figure 9.5 Confirmed sites of phosphorylation in apoptotic caspases. (A) This map rep-
resents themajor, confirmed sites of phosphorylation in the apoptotic caspases. We rec-
ognize that some other sites of phosphorylation have been reported in various
databases. (B) Structural distribution of functionally critical sites of phosphorylation.
(A) Adapted from Velazquez-Delgado and Hardy (2012a) with permission. (B) Adapted from
Velazquez-Delgado (2012) with permission.
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PAK-2 sites: T77, T152, and T245 in caspase-3 and three sites: S30, T173,

and S239 in caspase-7 were identified via peptide-based mapping (Li et al.,

2011). In neutrophils, caspases-3 and -8 are phosphorylated by p38 MAPK

at S150 and S347, respectively (Alvarado-Kristensson et al., 2004). S257

was the confirmed phosphorylation site of caspase-6 (Suzuki et al.,

2004). Three more phosphorylation sites in caspase-3, S26, T174, and

S176, are adjacent to the cleavage sites in the caspase-3 prodomain and

intersubunit linker (ISL) (Dix et al., 2012; Duncan et al., 2011). In addition

to the single serine phosphorylation on caspase-8, S347, there are three

tyrosine phosphorylation sites at Y293, Y380, and Y448 ( Jia, Parodo,

Kapus, Rotstein, & Marshall, 2008). Research in neutrophils indicates that

an intense competition occurs between these sites. The winner decides

the fate of the cell by either maintaining the inhibited state or activating

apoptosis. Both Y380 and Y448 are phosphorylated by the Src tyrosine

kinase Lyn, which results in resistance to activational cleavage and thus

a dearth of caspase-8-mediated apoptosis. However, phosphorylation

on Y293 is reported to stimulate an interaction with the phosphatase

SHP-1, which then dephosphorylates caspase-8 and allows for apoptosis

to proceed.

To date, caspase-9 appears to be the most heavily phosphorylated

caspase, with 12 known phosphorylation sites variously recognized by 9 dif-

ferent kinases. This complex regulatory system spans the entirety of the pro-

tein, including phosphorylation sites on the caspase activation and

recruitment domain (CARD), the large and small subunits, as well as the

ISL. Themost studied phosphorylation event occurs at T125, which is mod-

ified by four different kinases: ERK1, ERK2, DYRK1A, and CDK1. Phos-

phorylation at T125 results in the inability of caspase-9 to be activated

(Allan & Clarke, 2007; Allan et al., 2003; Seifert, Allan, & Clarke, 2008)

and thus a suppression of apoptosis. This has been linked to cancer and

tumorigenesis, with specific implications of this phosphothreonine as a hall-

mark for gastric carcinomas (Yoo, Lee, Jeong, & Lee, 2007). In addition,

three other kinases, Akt, PKA, and PKCz, phosphorylate caspase-9 and lead
to inactivation, stifling cell death. In contrast to these inhibitory effects, it is

reported that the kinase c-Abl phosphorylates caspase-9 and promotes auto-

processing (Raina et al., 2005). It was observed that c-Abl phosphorylates

caspase-9 at Y153 after exposing the cell to DNA-damaging agents. The

results indicated an enhancement of caspase-9 autoprocessing and accelera-

tion of apoptosis after genotoxic stress. Given that the vast majority of phos-

phorylation sites in caspases lead to a change in function, by examining
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sites that are phosphorylated (Fig. 9.5), we can come to understand

divergent mechanisms of allosteric regulation that can be exploited within

this family.

3.2. Mechanism of phosphorylation-based allosteric
caspase-6 inhibition

Only one site of phosphorylation, S257, has been reported to date for

caspase-6. ARK5 kinase phosphorylates caspase-6 S257 (Fig. 9.5A), leading

to inactivation (Suzuki et al., 2004). Given that this residue is not in the

active site or substrate-binding groove, we hypothesized that this phosphor-

ylation constituted a natural mechanism of allosteric regulation. Our work

(Velazquez-Delgado & Hardy, 2012a) was reported nearly concurrently

with another study of S257 phosphorylation (Cao et al., 2012). These

two papers were the first to provide any structural detail of how phosphor-

ylation leads to inactivation of any caspase. To understand the mechanistic

details of allosteric inactivation at this site, both groups utilized a phos-

phomimetic approach, in which S257 was replaced by Asp (S257D)

(Velazquez-Delgado & Hardy, 2012a) or Glu (S257E) (Cao et al., 2012).

Both Glu and Asp have been successful phosphomimetics, as the length

and charge are similar to phosphoserine. S257D is a robust phosphomimetic

that is inactive, similar to caspase-6 phosphorylated by purified ARK5 kinase

(Fig. 9.6A). By subjecting the phosphomimetic to limited proteolysis by

caspases-3, -6, or -9, we observed that the active-site loops were ordered

differently from the wild-type (WT) enzyme (Fig. 9.6B). To visualize the

newly ordered active-site loop bundle, we determined the crystal structure

of caspase-6 S257D. The crystal structure of caspase-6 S257D suggests that

phosphorylation of S257 inactivates caspase-6 through a steric clash with a

single residue, P201, in the L20 loop (Velazquez-Delgado & Hardy, 2012a)

(Fig. 9.6C and E). This steric clash causes the L20 loop to be dramatically

reordered into the inactive down position (Fig. 9.6C). The phosphomimetic

S257D is dramatically inactivated with a kcat/KM that is three orders of

magnitude lower than WT (Fig. 9.6D). S257E is also dramatically

inactivated relative to WT (Cao et al., 2012). Substitution of S257 with

uncharged but large residues also leads to inactivation, suggesting that

charge is not critical to the mechanism of inhibition. Removal of the

clashing proline side chain by the P201G substitution relieves the in-

hibition (Fig. 9.6D and E), demonstrating that steric clash is responsible

for the phosphorylation-mediated inhibition of caspase-6. Thus, it is

clear that phosphomimetic versions of caspases are a powerful method for
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understanding how phosphorylation leads to structural and functional

changes allosterically. Because this site has not been reported to be phos-

phorylated in other caspases, this particular site seems to be unique to

caspase-6. Close inspection of sites of phosphorylation in other caspases lead

Figure 9.6 S257D is a robust phosphomimetic that elucidated the mechanism of allo-
steric inhibition by phosphorylation. (A) WT caspase-6 is inhibited by 30 min incubation
with ARK5 kinase, whereas the S257C unphosphorylatable mutant is unaffected by ARK5.
The S257D phosphomimetic is inactive similar to phosphorylated WT caspase-6.
(B) The S257D active-site loops are ordered differently from the C163S zymogen,
leading to different rates of cleavage of S257D from C163S. (C) In the structure of
S257D (PDB ID 3S8E), the L20 loop is in a down position (inactive, blue) in contrast to
the VEID (substrate)-bound structure in which the L20 loop is in the up position
(active, red). (D) Mutations at S257 show that size is more important than charge
in S257 inhibition and that any residue larger than cysteine or serine results in inac-
tivation. Removal of P201 by mutation to glycine restores activity to S257D indicating
that a steric clash between P201 and S257D leads to loss of activity. (E) The steric
clash between P201 and S257D mirrors that of phosphoserine 257. Adapted from
Velazquez-Delgado and Hardy (2012a) with permission.
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us to predict that this region may be ripe for allosteric regulation by phos-

phorylation by other kinases. For example, in caspase-8, the Y448 site in the

same region (Fig. 9.5B) is phosphorylated by Lyn kinase leading to inacti-

vation ( Jia et al., 2008).

3.3. Other PTMs that allosterically regulate caspases
While phosphorylation of caspases has been extensively reported, other

PTMs, which mediate many other crucial signaling pathways, also occur

on caspases to regulate structure, function, translocation, or interactions with

other proteins, sometimes in an allosteric manner.

To date, no robust proteomics analysis to identify the global PTMs in

caspases has been reported. Although the current list of caspase PTMs has

been compiled in a case-by-case manner, a significant number of PTMs

that are related to the oxidation of cysteine have been identified. As cys-

teine proteases, caspases are sensitive to redox signaling, so cellular oxida-

tive stress provides an abundant source for functional PTMs at thiol groups

in caspases. Nitric oxide was first reported to be able to directly inhibit

caspases-1, -2, -3, -4, -6, -7, and -8 through S-nitrosylation and thereby

inhibit apoptosis (Dimmeler, Haendeler, Nehls, & Zeiher, 1997; Kim,

Talanian, & Billiar, 1997; Li, Billiar, Talanian, & Kim, 1997). Recently,

the S-nitrosylation site in caspase-3 was identified to be the catalytic cys-

teine C163 in nitrite-treated endothelial cells (Lai et al., 2011). GSSG is

another oxidative agent with dose-dependent behavior that inhibits

caspase-3 activity via protein glutathionylation at the catalytic cysteine

and C220 in helix 4 (Huang, Pinto, Deng, & Richie, 2008). It is of note

that oxidizing PTMs are usually reversible and sensitive to reducing agents.

Both denitrosylation and deglutathionylation were observed in DTT-

treated samples with a resulting restoration of caspase-3-like activity

(Huang et al., 2008; Li et al., 1997).

Although the primary mode of inhibitory redox-sensitive PTMs is to

directly ablate the nucleophilicity of the catalytic cysteine (e.g., caspase-3

C163), other cysteines in caspases are modified. Caspase-3 C220 is a known

secondary glutathionylation site (Huang et al., 2008), but there are other

solvent-accessible cysteines that could be alternate PTM sites. At least three

cysteines in caspase-3, for instance, are located in regions that are significant

to caspase function. C264 (caspase-7 C290, see Section 4.1) is located at the

dimer interface where modification can lead to inhibition or activation.

Other possible mechanisms of inhibition we may expect to observe include
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PTM influencing the orientation of the active-site loops at a distance as we

have seen for small-molecule caspase modulators (see Section 4.1). Both

C148 which is at the bottom of a helix and C184 in the L2 loop are located

near a region that could make electrostatic interactions with the active-site

loop bundle. Whether any of these sites could become potential targets for

redox-related PTMs and contribute to an allosteric inhibition of caspases is

still awaiting further elucidation. As an example of allosteric inhibition using

redox PTM, the engineered “handcuff-like” disulfide bond locks caspase-7

in to the inactive apo-conformation under oxidative conditions when a

reactive cysteine pair that was introduced across the dimer interface of

caspase-7 is oxidized (Witkowski & Hardy, 2011).

In addition to the redox-sensitive sites, one functionally relevant nonre-

dox PTM has been reported. In contrast to other caspases, caspase-8 activity

is enhanced by polyubiquitination because it forms an aggregate with p62, a

polyubiquitin-binding protein, and increases the stability of cleaved

caspase-8 which enhances proteolytic activity ( Jin et al., 2009). In addition,

sumoylation of caspase-7 has been reported, which appears to impact nuclear

localization of caspase-7 (Hayashi, Shirakura, Uehara, & Nomura, 2006).

4. SYNTHETIC SMALL-MOLECULE INHIBITORS
TO IDENTIFY ALLOSTERIC SITES

Synthetic chemical ligands have proven to be one excellent source of

new information about novel allosteric sites in proteins (for review, see

Hardy & Wells, 2004), conformational flexibility within proteins, and bio-

logical roles of enzymes. In caspases, the use of disulfide tethering, a method

of site-directed ligand discovery (Erlanson et al., 2000; Erlanson, Wells, &

Braisted, 2004), led Jim Well’s group at Sunesis Pharmaceuticals to identify

the first allosteric site in caspases-3 and -7 (Hardy, Lam,Nguyen, O’Brien, &

Wells, 2004a) (exosite A, Fig. 9.7). Additional ligands that inhibited the

inflammatory caspase-1 at the same site were discovered soon after

(Datta, Scheer, Romanowski, & Wells, 2008; Scheer, Romanowski, &

Wells, 2006), and this site continues to be a target of new small-molecule

pan-caspase inhibitors (Feldman et al., 2012). Inhibition of procaspase-3

by zinc was defined upon exploration of the mechanism of activation by

the chemical ligand PAC-1 (Peterson et al., 2009) which directly competes

with the caspase-3 active site for zinc.We have shown that synthetic peptide

ligands can be used to modulate dimerization of caspase-9 (Huber, Ghosh,

& Hardy, 2012) (exosite B, Fig. 9.7) and a small peptide, Pep419, has been
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developed at Genentech, which inhibits caspase-6 allosterically (Stanger

et al., 2012) (exosite G, Fig. 9.7). Thus, the use of chemical ligands has

played a central role in uncovering new mechanisms of allosteric regulation

in the caspases as well. Here we describe the methods that have allowed

identification and characterization of these allosteric sites.

4.1. Allosteric inhibitors acting at a cavity at the apoptotic
caspase dimer interface

The first synthetic allosteric inhibitors of caspases were discovered using a

disulfide-tethering approach developed at Sunesis Pharmaceuticals

(Erlanson et al., 2000, 2004). Tethering makes use of libraries of monoph-

ores (pharmacophores) attached to thiol-containing moieties. The presence

of a thiol in each library compound allows formation of a disulfide bondwith

cysteine residues adjacent to the monophore-binding site. The affinity of

the monophore binding to the protein modulates the residence time of

the compound on the protein, increasing the likelihood of disulfide bond

formation and allowing covalent selection of strongly interacting com-

pounds (Erlanson et al., 2000, 2004). DICA (Fig. 9.8A) was identified using

Figure 9.7 Sites for binding of chemical ligands that affect caspase function. The green
caspase helix that forms exosite B is highlighted since it is the region that interacts with
the BIR3 region of XIAP- and BIR3-derived peptide inhibitors. Adapted from Velazquez-
Delgado (2012) with permission.
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a mass spectrometry-based screen for caspase-3-binding compounds (Hardy

et al., 2004a). FICA (Fig. 9.8A) was identified using an apoptosis assay in

whole-cell lysates and was found to functionally block cleavage and activa-

tion of caspase-3 (Hardy et al., 2004a). Both FICA and DICA control the

activity of these caspases by binding specifically in a central cavity at the

dimer interface (Fig. 9.8B). The allosteric inhibitors (DICA and FICA) bind

covalently to a cysteine (C290 in caspase-7) in the allosteric site (Fig. 9.8C),

trapping tyrosine 223 (Y223) in an up position. This conformation of Y223

prevents arginine (R187) from assuming the down conformation, which is

required for substrate binding and activity (Fig. 9.8D). The substrate-

binding groove in caspases is formed of three loops, L2, L3, and L4 from

Figure 9.8 Allosteric inhibition at exosite A. (A) The structures of DICA and FICA. (B) The
allosteric pocket at the caspase-7 (PDB ID 1F1J) dimer interface exosite A (pink). The
FICA/DICA-binding residues C290 on each half of the dimer are shown as yellow patches
at the bottom of the pocket. Active sites are denoted by DEVD active-site inhibitor
(green sticks) bound to the catalytic cysteine (green patch). (C) The crystal structure
of the FICA (yellow) bound caspase-7 exosite A at C290. (D) Conformations of Y233
and R187 shown for active, allosteric inhibitor (DICA, salmon spheres) bound and zymo-
gen caspase-7. DICA bound at the allosteric site prevents R187 and Y233 from pointing
down to generate a properly ordered substrate-binding pocket. (E) FICA inhibits wild-
type (WT) caspase-6 much more efficiently than C277A caspase-6, indicating that FICA
binds and inhibits caspase-6 at the same site and likely by the same mechanism as
observed for caspase-7. Panels A–D are adapted from Hardy et al. (2004a) with permission.
Panel E adapted from Velazquez-Delgado (2012) with permission.
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one half of the dimer, and L20 from the other half of the dimer. In the allo-

sterically inhibited forms of caspase-7, L20 is bound over the allosteric site

and thus unable to assist in the assembly of the substrate-binding groove.

The relevant conformational changes that lead to allosteric inhibition can

be readily visualized in movie form (Hardy, Lam, Nguyen, O’Brien, &

Wells, 2004b). Therefore, disruption of the substrate-binding loops is suffi-

cient to lead to inhibition (Hardy & Wells, 2009). Based on sequence and

structural homology, we predicted that FICA and DICA would likewise

inhibit caspase-6. C290 in caspase-7 is homologous to C277 in caspase-6.

FICA inhibitsWT caspase-6 but the inhibition is dramatically reducedwhen

the allosteric site thiol (C277) is removed by mutation to alanine (Fig. 9.8E).

This demonstrates that the dominant site of inhibition for caspase-6 is C277.

Thus, we see that the three prominent apoptotic executioner caspases,

caspases-3, -6, and -7, all possess the same allosteric site at the dimer

interface.

Two other classes of small molecules that target the same cavity on the

dimerization interface of caspases have been identified. Multiring, pyridinyl,

copper-containing compounds (Comp-A, -B, -C, and -D), identified by

high-throughput screening, act as pan-caspase inhibitors which inactivate

both initiators (caspases-2, -8, and -9) and executioners (caspases-3 and -7)

with submicromolar IC50 values (Feldman et al., 2012).UsingCu anomalous

X-ray diffraction similar to that used for caspase-6 inhibition by zinc

(Section 2.2) to locate the compounds in caspase-7 crystals, Comp-A was

shown to bind at the same location where FICA and DICA bind (exosite

A) and cause the active-site loops to be disordered. However, unlike FICA

and DICA, Comp-A does not form a covalent bond with C290, thus func-

tioning as a reversible inhibitor. In addition, this exosite A cavity in caspase-8

was shown to noncovalently bind a beta-strand peptidomimetic inhibitor

developed at Pfizer (Wang, Watt, et al., 2010). Binding of the inhibitor

induced conformational changes in this pocket. Interestingly, because the

residues within this pocket are not conserved across caspases, the authors

suggested that this site may be amenable to specific targeting of caspase-8.

Given our experience with this site (exosite A, Fig. 9.7) which allows

inhibition by the same ligands (FICA and DICA) in caspases-3, -6, and -7,

we think this site is functionally conserved across caspases. The level of

homology in this pocket between caspase-8 and other caspaseswill likely dic-

tate whether this cavity will indeed be effective for use in a caspase-8-

specific manner.
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4.2. Rationally designed synthetic peptide allosteric inhibitors
mimic XIAP BIR3 dimerization site blocking in caspase-9

Regulation of caspase-9 is distinct from other caspases. Caspase-9 is active

only as a dimer (Fig. 9.9A), but can be held in an inactive state by the

BIR3 domain of the XIAP protein which blocks dimerization allosterically

(Fig. 9.9B). This precise mechanism has not been observed for any other

caspase, although it shares some similarities with the interactions of

caspase-8 with FLIP (Boatright et al., 2003). Knowing how nature has

exploited this allosteric site, we made a set of allosteric inhibitors that mimic

A B

C

Figure 9.9 Allosteric inhibition of caspase-9 at the dimer interface. (A) Caspase-9 is a
dimer composed of A and B chains, each of which has the same amino acid sequence
and each possessing the residues required to form one active site. In the structure of
mature caspase-9 (PDB ID 1JXQ), only one active site (active site A) is observed in a cat-
alytically competent conformation. Green sticks mark peptide inhibitor in the A-chain
active site. For reference, the active site and a zinc-binding exosite F are drawn as
orange spheres. (B) XIAP BIR3 domain prevents dimerization and activation of
caspase-9 (PDB ID 1NW9). (C) Three classes of BIR3-mimicking peptides produced by
novel synthetic schemes developed are shown. Adapted from Huber et al. (2012) with
permission.
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the interaction of XIAP BIR3with caspase-9 in an effort to develop caspase-

9-specific inhibitors. The BIR3 domain has been reported to be con-

formationally unstable (Shin et al., 2005) so we predicted that it would

be necessary to stabilize the a5 helix, which interacts directly with

caspase-9, in order to develop potent caspase-9 inhibitors. We engineered

three types of stabilized peptides, each designed to remain helical and block

caspase-9 dimerization (Fig. 9.9C) (Huber, Ghosh, & Hardy, 2012). We

envision that both BIR3 and these peptides compete with caspase-9 mono-

mers for binding the dimerization interface, such that caspase-9 monomers

are positive allosteric modulators and BIR3-based peptides are negative allo-

steric modulators. We built native peptides derived directly from BIR3 and

peptides in which caspase-9-interacting residues were grafted on the stable

avian pancreatic polypeptide scaffold. For peptides made of native amino

acids, we developed an expression and purification method for producing

long peptides more quickly and with higher fidelity than chemical synthesis

(Huber, Olson, & Hardy, 2009). We also incorporated the nonnative amino

acid aminoisobutyric acid, which is a-methylated and enforces peptide

helicity in some of the designed peptides. In addition, we synthesized a num-

ber of peptides stabilized by an aliphatic “staple” (Fig. 9.9C).We introduced

staples 8 and 11 atoms long using nonnative alkenyl amino acids and a ring

closingmetathesis reaction. All three types of stabilized peptides are helical in

solution, in contrast to native peptides, which were not helical. The best

inhibitor to date shows a Ki of 16 mM. This level of inhibition by properly

folded, helical peptides not only suggests that the entire BIR3 domain is

essential for optimal caspase-9 inhibition but also indicates that the dimer-

ization interface of caspase-9 is exploitable as an allosteric site.

Other studies have also targeted this region of the initiator caspases to

prevent dimerization. Caspase-9 activated by the apoptosome and an

engineered constitutively dimeric caspase-9 were inhibited by small mole-

cules (Comp-A, -B, -C, -D) binding to exosite A at the dimerization inter-

face (Feldman et al., 2012). Active caspase-8 is dimeric, but also exists in

equilibrium with its monomeric form, which can be resolved by size-

exclusion chromatography. Binding of Comp-A shifted the dimeric

caspase-8 to its monomeric form with a concurrent decrease in activity.

This is in contrast to caspase-7 which remained dimeric upon binding of

Comp-A, although in an inactive, incompetent conformation (Feldman

et al., 2012). Thus, it appears that allosteric regulation of dimerization

may be uniquely applicable to the initiator caspases which have a low in-

trinsic dimerization affinity relative to the executioner caspases.
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4.3. Synthetic inhibitors of caspase-6
A small peptide, Pep419, developed at Genentech, inhibits caspase-6 alloste-

rically (Stanger et al., 2012) and led to the discovery of exosite G (Fig. 9.7).

Pep419 was identified using a phage display screen against caspase-6 zymogen

and selectively inhibits caspase-6 function in vitro and in vivo. Pep419 binds at a

novel tetramer interface that centrally involves residue H126 in the binding

interface, which is not conserved among executioner caspases. The tetrameric

state of caspase-6 zymogen they observed by multiangle light scattering is

novel relative to the many reported structures of executioner caspase zymo-

gens as dimers (Chai et al., 2001; Riedl et al., 2001;Wang,Watt, et al., 2010).

Pep419 is an allosteric regulator of both active and zymogen caspase-6, which

follows a novel noncompetitive mechanism that involves a seemingly global

effect on protein dynamics affecting the overall oligomeric state of the enzyme

rather than on a specific conformational change. The authors suggest that

Pep419 binding stabilizes the tetrameric caspase-6 zymogen form and traps

active caspase-6 in that tetrameric, zymogen-like form.

While most reported caspase allosteric inhibitors bind to exosites

(Fig. 9.1), a unique uncompetitive, 11 nM inhibitor of caspase-6 binds selec-

tively to the enzyme–substrate complex that impedes substrate turnover

(Heise et al., 2012). Generated from a chemical optimization screen, com-

pound 3 is an optimized analog of an N-furoyl-phenylalanine designed to

contain a meta-cyano-substituted D-phenylalanine and a demethylated furan

ring. The binding of compound 3 to caspase-6 is dependent on the identity

of the peptide substrate and, surprisingly, on the identity of the attached

fluorophore. The ternary crystal structure of caspase-6/z-VEID/compound

3 reveals a novel platform for uncompetitive inhibition for any members of

the caspase family. This type of inhibition could occur only in the presence

of a second small molecule like the fluorophore or in a larger compound

composed of both the compound 3 pharmacophore and a fluorophore

mimic. Nevertheless, compound 3 and Pep419 provide novel mechanisms

for caspase inhibitors that work allosterically or unconventionally.

5. EXPLOITING STRUCTURAL DIFFERENCES AMONG
CASPASES

A wealth of structural information is available for all of the apoptotic

caspases. These data suggest that the core domain of caspases is highly con-

served at a structural level. On the other hand, the prodomains are highly
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divergent and very poorly structurally characterized. In addition, at least one

apoptotic caspase, caspase-6, can attain a unique helical structure that is

unattainable by any other caspase. Structurally unique features are prime

for exploitation by allosteric regulators.

5.1. Structural and organizational differences between
the apoptotic caspases

Structurally, all caspases contain the highly homologous protease or core

domain that is further subdivided into a large (17–20 kDa) and a small

(10–12 kDa) subunit that are held together in the zymogen precursor state

by an intersubunit linker (ISL). The N-terminus of caspases is a stretch of

residues that comprise the prodomain, with the initiator caspases having

longer prodomains than the executioners (Fig. 9.10). This difference in

prodomain size and structure reflects their respective function in caspase

activation. Initiator caspases utilize their prodomains to serve as platforms

for protein–protein interactions that are critical during their full activation.

Caspase-9 has a caspase activation and recruitment domain (CARD), while

caspase-8 contains the death effector domain (DED) to facilitate initial

activation. Thus, the CARD and DED are potential targets to inhibit

Figure 9.10 Domain organization among the apoptotic caspases. Caspases consist of
a prodomain, large subunit, intersubunit linker, and small subunit. Executioner
caspases have a short prodomain involved in substrate recognition which has also
been proposed to function as a folding chaperone, whereas initiator caspases have
a longer prodomain involved in protein:protein interactions. The cleavage sites that
lead to production of the mature caspases are indicated by vertical arrows.
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initiator caspases. To date, no impact on catalytic function has been attrib-

uted to the prodomains of executioner caspases, as prodomain-deleted

versions of executioner caspases have been observed to be as active as

the full-length protein.

Caspases are synthesized and stored in the zymogen form (procaspase).

Cleavage or processing of the ISL as well as dimerization confers maximum

activity for caspases (Chai et al., 2001; Pop, Timmer, Sperandio, & Salvesen,

2006; Riedl et al., 2001; Vaidya et al., 2011; Watt et al., 1999; Wilson et al.,

1994). Mature, active caspases exist as homodimers. Initiator caspases such as

caspases-2, -8, -9, and -10 aremonomericwhen synthesized (Boatright et al.,

2003; Butt, Harvey, Parasivam, & Kumar, 1998; Renatus, Stennicke, Scott,

Liddington, & Salvesen, 2001; Wachmann et al., 2010) while executioners

dimerize immediately upon ribosome release (Kang, Ko, Kwon, & Choi,

2002; Pop et al., 2001; Talanian et al., 1996).Due to low sequence homology

of residues comprising the dimerization interface, the size and nature of the

cavity formed at this interface also varies, allowing small molecules to differ-

entially act on this region, whether by preventing the formation of a properly

formed active site (e.g., caspase-7; Hardy et al., 2004a) or by inhibiting

dimerization (caspases-9; Huber, Ghosh, & Hardy, 2012; Feldman et al.,

2012 and -8 Feldman et al., 2012) (see Section 4).

Cleavage of the ISL switches caspases from their inactive to highly active

forms. In the case of caspase-9, however, having a longer ISL allows it to

facilely support a properly formed active-site loop bundle even prior to

cleavage. Wells and colleagues have shown that procaspases-3 and -7, con-

taining short ISLs, can also bind peptide inhibitors and adopt the active con-

formation even prior to ISL cleavage (Thomsen, Koerber, & Wells, 2013).

This suggests that linker cleavage may not be solely a steric requirement but

also an allosteric requirement due to the enhanced ability cleaved linker

forms the loop bundle which, in turn, stabilizes the active state. In this

regard, perhaps the loop bundles themselves could also be considered allo-

steric sites, although they are proximal to the active site. Almost all caspases

have more than one cleavage site in their ISL and the order and pattern of

cleavage influences the activity and regulation of the enzyme. In caspase-6,

for example, cleavage at D193 occurs before cleavage at D179, as it has been

observed that D193A variants are unable to cleave D179 (Vaidya & Hardy,

2011). For caspase-9, the initial cleavage event at D315 generates an epitope

that is recognized by the BIR3 domain of XIAP leading to inhibition, while

cleavage at D330 by caspase-3 relieves this inhibition (Denault, Eckelman,

Shin, Pop, & Salvesen, 2007; Shiozaki et al., 2003; Srinivasula et al., 2001;
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Zou et al., 2003). ISL cleavage also plays a role in ubiquitination of caspases,

as only cleaved (mature) caspases-9 (Morizane, Honda, Fukami, & Yasuda,

2005) and -8 ( Jin et al., 2009), but not their uncleaved zymogen forms are

ubiquitinated. We think it is likely that allosteric regulation specific to each

caspase will involve exploiting differences in the domain organization of the

caspases as discussed here (Fig. 9.10).

5.2. Unique conformation of caspase-6 relative to other
caspases

A group at Novartis Pharmaceuticals reported the structure of cleaved

(mature) unliganded (apo) caspase-6 (Baumgartner et al., 2009) simulta-

neous with our determination of the same structures in the presence and

absence of the ISL (Vaidya et al., 2011) (Fig. 9.11). All of these structures

showed caspase-6 in a conformation that is different than any other caspase

structure before or since. Significantly, the 60’s and 130’s helices were

extended, occluding the active site, and the 90’s helix is rotated by 21# out-

ward away from the core of the protein (Fig. 9.12). In the past several years,

additional structures of caspase-6 in the uncleaved (immature) zymogen

(Wang, Cao, et al., 2010) and bound to peptide-based, substrate-like

active-site inhibitors have also emerged (Liu, Zhang, Wang, Li, & Su,

2011; Muller, Lamers, Ritchie, Dominguez, et al., 2011; Wang, Cao,

et al., 2010) (Fig. 9.11). All of these structures have unique features, partic-

ularly in the loops (L1, L2, L3, and L4) which comprise the substrate-

binding groove (detailed distinctions noted in Fig. 9.11). An additional

structure of apo, mature caspase-6 showed the 130’s region in the canonical

conformation (Muller, Lamers, Ritchie, Park, et al., 2011) similar to that

observed in the zymogen, substrate-bound conformations. This canonical

apo mature structure crystallizes at neutral pH, whereas the helical confor-

mation crystallizes at low pH.We have shown that caspase-6 exhibits a heli-

cal CD signal at neutral or low pH in the absence of active-site substrate-like

ligands and loses!20% of the helical signal when substrate-like ligands bind,

which causes 20% of the helical residues convert to strand or loops (Vaidya

et al., 2011). In addition, the fact that the active site of caspase-6 does not

bind zinc in solution at neutral or low pH strongly suggests that caspase-6

exists in an equilibrium that favors predominantly the helical conformation

at all pHs until substrate binds (Velazquez-Delgado & Hardy, 2012b). Prior

to substrate binding, the active-site residues are positioned too far apart to

facilitate zinc binding. Together these data lead us to conclude that

caspase-6 is capable of interconverting between the helical conformation
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and the canonical conformation, but that caspase-6 exists predominantly in

the helical conformation in solution.

The helical conformation (Fig. 9.12, orange) is of interest because it can-

not bind substrate and is thus naturally inactive. This helical conformation

cannot be adopted by any other caspase (Vaidya & Hardy, 2011). This is

because caspase-6 is the only caspase lacking helix-breaking glycine and pro-

line residues in this region, so it is the only caspase that can form an extended

130’s helix (Vaidya & Hardy, 2011). Thus, the helical conformation appears

to be unique to caspase-6. Any allosteric sites that exist in the helical

Figure 9.11 Conformational changes during caspase-6 lifecycle. Crystal structures of
the caspase-6 are available for zymogen, mature and active-site bound forms. The
zymogen of caspase-6 exists in a conformation that explains the structural basis of
self-processing. The mature form exists in a conformational equilibrium between a heli-
cal and a canonical conformation, though in the canonical conformation far more
regions of the protein are disordered. The equilibrium seems to favor the helical form
at all pHs. The active-site bound form attains a structure that is extremely similar to all
other active-site bound caspases. The colored regions highlight conformational
changes that occur during the transitions between these states in the 90’s helix
(red), 130’s region (orange), L1 loop (brown), L2 (green), L20 (blue), L3 pink, and L4
(purple). Significant structural characteristics are denoted for each conformation
(yellow boxes).
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conformation but not in the canonical conformation should be extremely

specific for caspase-6. We have identified one such potentially exploitable

cavity (exosite C, Fig. 9.12). When residues in the 90’s and 130’s helices

were replaced by tryptophan (L96W/L139W), the enzyme was locked in

the helical conformation and was allosterically inactivated (Fig. 9.12, table).

We have noted a marked circular dichroism signal in this helical state, which

also serves as a robust spectroscopic signature for this unique, inactivated

state (Vaidya et al., 2011), enabling identification of inhibitors that bind

to the helical conformation.

5.3. Caspase allostery identified by mutagenesis
Savvy use of mutagenesis has also pinpointed allosterically sensitive sites in

caspases. Clark and his group have shown that variants at dimer interface res-

idue V266 exploit caspase-3 allostery. V266 is extremely sensitive in

maintaining the dimeric state, and thus the conformation and catalytic func-

tion of caspase-3. The glutamate variant V266E in mature caspase-3 shows a

lower activity and efficiency of apoptotic death than WT. Intriguingly,

the V266E variant was also observed to have intrinsic activity even in

an uncleavable version of procaspase-3 (D9A/D28A/D175A) (Walters

Figure 9.12 Caspase-6 (orange, PDB ID 3NKF) exists in an extended helical conformation
that cannot be attained by any other caspase, which all have the same canonical strand
structure as caspase-7 (green, PDB ID 1F1J) in the 90’s helix. A cavity formedwhen the 90’s
helix rotates away from the 130’s helix can function as a unique allosteric site at exosite C,
as shown by insertion of tryptophan residues designed to hold the 90’s helix in an open
conformation. Adapted from Vaidya et al. (2011) with permission.
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et al., 2009), which shows an extremely low catalytic efficiency for the WT

(V266) version (Bose, Pop, Feeney, & Clark, 2003). This suggests that

V266E is capable of activating caspase-3 even before caspase-3 is processed.

The authors propose that the negative charge of E266 disrupts the original

hydrophobic cluster across the dimer interface and that a specified series of

conformational changes in the loops allow the correct orientation of the cat-

alytic and substrate-binding residues (Walters et al., 2009). In particular,

the V266E mutation forces the ISL to an active position forming the

substrate-binding pocket and loop bundle. This mechanistic suggestion is

supported by the structure of procaspase-7 (Riedl et al., 2001) and by a

recently published structure of WT procaspase-3 (Thomsen et al., 2013).

In this structure, although the ISL is partially disordered, the residues

(K186–V189) substantially shift to the dimer interface, confirming that

the central cavity is blocked by the uncleaved linker. In addition, another

crucial loop LH, which is parallel with loop 3, appears to be expelled out

of the central cavity in the inactive WT procaspase-3. During the

procaspase-3 activation by V266E, LH might also require an insertion into

the relieved central cavity, similar to the motion of the L3 loop, for the active

orientation of catalytic residue H121. Interestingly, a different variant at the

same position, V266H, inhibits mature caspase-3 activity because it could

prevent R164 and the L2 loop from inserting into the central cavity and thus

increase the population of the inactive ensemble (Walters et al., 2009;

Walters, Schipper, Swartz, Mattos, & Clark, 2012). Thus, it is clear based

on these mutational and structural analyses that this region of the protein,

overlapping with exosite A, is an allosterically modulatable region. This is

significant because the same site has been identified by both mutagenesis

and a number of small-molecule ligands, suggesting that mutagenesis alone

can be very predictive of allosteric sites.

5.4. Exosites for substrate recognition in caspases
Proteases require precise cleavage instructions to suppress potentially devas-

tating and irreversible effects. One effective method for cleavage control is

through extremely selective sequence recognition, where only specific

combinations of residues are recognized at the active site and cleaved by

the protease. In addition to this, proteases have also evolved exosites that

allow for further exclusivity of substrates as well as increasing the rate of

catalysis. Thrombin is a prominent example of a protease that utilizes

exosites to perform its many duties in the coagulation cascade (for review,
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see Huntington, 2005; Lane, Philippou, & Huntington, 2005). Exosites on

the surface of thrombin are recognized by various substrates and cofactors

that decide its ultimate fate (Stubbs & Bode, 1995; Verhamme, Olson,

Tollefsen, & Bock, 2002).

It now appears clear that caspases also use exosites to increase efficiency of

catalysis and improve selectivity for substrates. As the cell undergoes apopto-

sis, it is imperative that the active caspases carry out their duties swiftly and

accurately to ensure a clean death. Two substrates, poly(ADP ribose)poly-

merase 1 (PARP) and p23, are critical apoptotic caspase targets. Both of

these substrates are primarily cleaved by caspase-7, yet their cleavage site

shares a recognition sequence for caspase-3, which has a much higher

intrinsic activity than caspase-7. The Denault group discovered that

caspase-7 predominately cleaves these substrates due to a charged exosite

near the N-terminus of the protein. Four consecutive lysine residues create

a basic patch that allows for caspase-7, the slower executioner, to selectively

cleave PARP much more efficiently than caspase-3. Removal of the

caspase-7 prodomain is essential for engaging this exosite, providing a first

glimpse of the role of prodomain removal in the executioner caspases.

Discovery of this exosite indicates that caspase-7 requires more than just a

consensus cleavage motif in the substrate to attain full specificity. Due to the

sensitive nature of apoptosis and similarities across the caspase family, we

hypothesize that other caspases likewise contain exosites that aid in achiev-

ing full proteolytic specificity. If these sites resemble the caspase-7 exosite,

then they too may be distant from the active site. Discovery of these allo-

steric regions offers tremendous potential for precise control of individual

caspases in both apoptotic and nonapoptotic functions.

6. FUTURE OF ALLOSTERIC SITE DISCOVERY

Work from a large number of labs has contributed and will continue

to contribute to a global map of apoptotic caspase allostery. In the current

map of caspase allostery (Fig. 9.1), important trends are already emerging.

For example, the fact that chemical ligands, phosphorylation, and zinc all

exploit the F/G region suggests that this region is important in controlling

the function of multiple caspases. On the other hand, we have shown that

exosite C is only present in caspase-6 (Fig. 9.1). Thus, the A or F/G exosite

should be exploited to control caspases globally and the C exosite would be

appropriate for inhibiting caspase-6 selectively. As we expand and improve

our map of caspase allostery, we will identify regions that play critical roles in
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caspase function, improve our understanding of natural methods of regula-

tion: phosphorylation and other PTMs as well as binding of zinc and other

metals. This continued understanding will thus increase our chances for stra-

tegic control of apoptosis.

The methods outlined in this chapter are of interest because they can be

undertaken by a wide number of groups. In a similar manner to the approach

described here for the apoptotic caspases, any other family of proteins could

likewise be studied. Several obvious approaches remain to be undertaken in

the study of the apoptotic caspases. In addition to zinc, any other metals

capable of inhibiting caspases could be used with anomalous diffraction to

unambiguously identify the binding sites. Coupling this with a mutagenesis

approach is a rapid way to confirm the binding site and determine whether

the site is an allosteric inhibitory site. Whereas this chapter has focused on

work in the apoptotic caspases, a full understanding of this class of enzymes

requires comparative work with the inflammatory caspases and less func-

tionally well-characterized caspases including caspase-2.

The most important outcome of this type of work in the future will be

the ability to assess which type of inhibition (orthosteric vs. various allosteric

sites) is most effective and specific. These results will also address the impor-

tant hypothesis that engaging different allosteric regulatory mechanism will

impact only certain subsets of caspase function. Confirming that certain

kinds of inhibition (e.g. zinc vs. phosphorylation) result in unique cellular

outcomes will allow development of new caspase-directed drugs that will

likely avoid the problems with toxicity that have plagued caspase inhibitors

in the clinic to date.
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