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Structural snapshots reveal distinct mechanisms
of procaspase-3 and -7 activation
Nathan D. Thomsena, James T. Koerbera, and James A. Wellsa,b,1

Departments of aPharmaceutical Chemistry and bCellular and Molecular Pharmacology, University of California, San Francisco, CA 94158

Contributed by James A. Wells, April 11, 2013 (sent for review February 18, 2013)

Procaspase-3 (P3) and procaspase-7 (P7) are activated through
proteolytic maturation to form caspase-3 (C3) and caspase-7 (C7),
respectively, which serve overlapping but nonredundant roles as
the executioners of apoptosis in humans. However, it is unclear if
differences in P3 and P7 maturation mechanisms underlie their
unique biological functions, as the structure of P3 remains un-
known. Here, we report structures of P3 in a catalytically inactive
conformation, structures of P3 and P7 bound to covalent peptide
inhibitors that reveal the active conformation of the zymogens,
and the structure of a partially matured C7:P7 heterodimer. Along
with a biochemical analysis, we show that P3 is catalytically
inactive and matures through a symmetric all-or-nothing process.
In contrast, P7 contains latent catalytic activity and matures
through an asymmetric and tiered mechanism, suggesting a lower
threshold for activation. Finally, we use our structures to design
a selection strategy for conformation specific antibody fragments
that stimulate procaspase activity, showing that executioner procas-
pase conformational equilibrium can be rationally modulated. Our
studies provide a structural framework that may help to explain the
unique roles of these important proapoptotic enzymes, and suggest
general strategies for the discovery of proenzyme activators.

cell death | protease | allostery | Fab | phage display

Proteases play a primary role in catalyzing some of the most
dramatic physiological transformations in multicellular organ-

isms, including apoptosis, innate immune system activation, blood
clotting, and tissue remodeling (1, 2). The vast majority of pro-
teases are stored as inactive zymogens requiring proteolysis for
activation, thus ensuring that the magnitude of proteolytic events
is appropriate for a given physiological context (1, 3). The apo-
ptotic caspases represent an excellent model system for studying
protease mechanism and zymogen activation because of their
critical role in mediating the proteolytic events controlling pro-
grammed cell death (2). A variety of studies have suggested that
the close homologues caspase-3 (C3) and caspase-7 (C7) (52%
identical in humans) play primary but nonredundant roles as the
executioners of apoptosis, with caspase-6 (C6) having more spe-
cialized roles in specific physiological contexts (4–7).
Executioner procaspases are homodimeric proteins composed

of two ∼32-kDa protomers. Enzymatic cleavage by upstream
proteases at an extended loop known as the intersubunit linker
or loop-2 (L2) generates a large and small subunit within each
protomer and leads to enzyme activation (8, 9) (Fig. S1A). A
variety of studies have revealed that mature caspases exist in
a dynamic equilibrium between an inactive and active confor-
mation (10–12), and it is likewise thought that executioner cas-
pase proenzymes may be able to adopt a catalytically active
conformation in the absence of cleavage. Escape from apoptosis
is a defining feature of many cancers, and significant effort has
thus been placed in identifying small molecules that are capable
of directly activating executioner procaspases in cancer cells (13,
14). However, subsequent studies have revealed that such small-
molecule proenzyme activators function via nontraditional mech-
anisms, and it is not clear if or how such molecular entities could
be further developed into viable therapeutic agents (15–17). Most
of these studies have focused on procaspase-3 (P3), the primary

executioner in humans; however, a central problem in developing
P3 activators is the lack of any structural information for this
proenzyme. Furthermore, for executioner P3 and procaspase-7
(P7), it is not clear if the catalytically active conformation of the
enzyme is accessible in the absence of L2 cleavage, and thus the
conformational changes required for allosteric proenzyme activa-
tion are unknown. Finally, although P7 has served as a model for
understanding P3 activation, these two enzymes are functionally
distinct in vitro and in vivo, and it is unclear if mechanistic differ-
ences governing proenzyme activation may play a role in these
unique phenotypes (5, 7, 18).
To answer these questions, we determined a series of structures

outlining a detailed molecular framework for the activation of P3
and P7. These structures, as well as a biochemical analysis, reveal
distinct mechanisms of activation for P3 and P7 that may underlie
the unique biological roles of these critical mediators of cell death.
The structures then allow us to rationally generate conformation-
selective antibody fragments [i.e., fragments antigen-binding (Fabs)]
that specifically bind a covalently trapped conformation of P3 bound
to substrate mimetics. Strikingly, these Fabs are capable of signifi-
cantly stimulating P3 activity against peptidic substrates without
inducing zymogen cleavage, suggesting a pathway for the dis-
covery of allosteric proenzyme activators.

Results
Structure of Human P3.We cloned a P3 expression construct (ΔN-
P3-C163A; Fig. S1B), allowing us to crystallize and solve an ex-
perimentally phased structure of P3 to 2.5 Å (P3-1), as well as
a second structure by molecular replacement to 2.9 Å (P3-2;
Table S1 and Fig. S2A). The P3-1 structure contains a dimer in
the asymmetric unit and resolves ∼80% of the amino acids due
to a number of disordered loops. The structure is globally similar
to available structures of P7, aligning with Cα rmsd values of 1.9
Å and 1.8 Å among commonly resolved residues to structures
1K88 and 1GQF [Protein Data Bank (PDB) ID codes], re-
spectively (Fig. 1A). Portions of loop-2 (L2), which forms the
intersubunit linker, occupy the central cavity of the caspase di-
mer, a common feature of other caspase proenzymes (8, 9).
Loop-3 (L3), or the “activation loop,” which forms the primary
substrate binding groove in the active enzyme, is pulled out of
the active site in both P3 monomers, although one is partially
disordered whereas the other is fully resolved (Fig. 1 A and B).
This could be caused in part by asymmetric crystal packing
contacts that appear to stabilize the single L3 resolved in our
structure, although the existing structures of P7 (PDB ID codes
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1K88 and 1GQF) also reveal a variety of ordered and disordered
L3s, suggesting that this loop samples a large number of con-
formations in P3 and P7 (8, 9).
In addition to these similarities, the structural superposition

also reveals three distinct differences between P3 and P7 (Fig. 1
A and B). First, loop-1 (L1), which to our knowledge is visible in
every C3 and C7 structure solved to date, is disordered in the
structure of P3. This includes disorder of Arg64, one of the
primary residues responsible for binding the P1 aspartate in
caspase substrates. Second, the two- to three-strand β-sheet
[hereafter referred to as loop-H (LH)] containing residues con-
tributing to the oxyanion hole as well as the catalytic histidine
(His121) has been disrupted, and moves ∼5 Å away from its
conformation in structures of the mature enzyme (Fig. 1 B and
C). Third, three or four residues typically forming part of loop-4
(L4) have instead been rewound into the adjacent α-helix, forming

a complete additional turn (Fig. 1B). These structural differences
are most clearly visualized in energy-minimized linear inter-
polations comparing P3 and P7 maturation (Movie S1). Impor-
tantly, we can rule out crystal packing as a cause of these changes
in P3, as the same three features are also present in the P3-2
crystal structure, which demonstrates a unique packing arrange-
ment and aligns with an rmsd of 0.7 Å across commonly resolved
Cα atoms (Fig. S3).
Compared with all known structures of C3, the change in LH

results in a ∼2- to 3-Å shift in the Cα atoms of His121, and of the
adjacent backbone amide from Gly122 that forms part of the
oxyanion hole (Fig. 1C). In contrast to this, LH, the catalytic
histidine and the adjacent backbone amide are in nearly identical
conformations in all C7 and P7 structures (Fig. 1C). This con-
formation of LH in P3 appears to be stabilized in part by a ∼180°
flip of Ile126 from a solvent-exposed position in C3 to a buried
position in P3 that is itself stabilized by structures changes in
Tyr197 and Leu136 (Fig. S4A). The dramatic flip of Ile126 may
be caused by destabilization of the LH β-sheet influenced by
Pro133 and Gly125 respectively, which are conserved among C3,
but not C7, homologues (Fig. S4B). Interestingly, this same re-
gion has been observed to undergo a strand to helix confor-
mational change in C6, suggesting that LH metastability may be
a common feature regulating catalytic activity in executioner
caspases (19, 20).

In Vitro Biochemical Analysis of P3 and P7. To determine if the
structural differences in P3 and P7 result in functional differ-
ences, we conducted a kinetic analysis of noncleavable P3 (P3-
D3A) and P7 (P7-D2A) in optimized assay buffers at pH 7.4 (Fig.
S1B). Trace levels of mature or partially mature enzyme in these
preparations were inactivated by titrating the covalent inhibitor
acetyl-Asp-Glu-Val-Asp-chloromethylketone (Ac-DEVD-CMK)
up to 10% of the total protein as described previously (16). Al-
though P3-D3A was catalytically inactive as reported previously
(16), P7-D2A displayed weak but measureable catalytic activity,
with a catalytic efficiency of 0.23 M−1·s−1 (Table S2 and Fig. S4C).
The P7 Km (976 ± 96 μM) is ∼35 fold higher, and kcat (2.2 × 10−4 ±
9.3 × 10−6·s−1) is∼3.3 × 104 fold lower, than those of C7, leading to
a zymogenicity (i.e., kcat/Km enzyme divided by kcat/Km proenzyme)
of∼1.13× 106 for P7 (Table S2). Overall, P7 is at least 10-foldmore
active than the estimated rate for P3 (16).
A variety of studies have suggested that procaspase activation

during apoptosis is stimulated by decreases in intracellular pH
(21, 22). We tested this concept in vitro by performing kinetic
assays on P3 and P7 at pH 6.0 to 7.5 in a variety of common
caspase buffers (Fig. 2A). The results show that decreases in pH
stimulate P7 activity as much as 10-fold, whereas only trace levels
of activity are observed for P3 at lower pH. We next used this
assay to determine if conserved substitutions in LH could affect
P3 and P7 catalytic activity. Although P7 residues were not able to
restore activity when inserted into P3, proline substitutions in the
LH β-sheet of P3 reduced catalytic activity to nearly undetectable
levels when inserted into P7 (Fig. 2A and Fig. S4 D and E). In-
terestingly, a previous study in which LH residues (including V156
and P158) in C7 weremutated to the corresponding residues in C3
showed relatively little change in the kinetic constants of the
mature enzymes (23). Overall, the combined structural and bio-
chemical observations suggest that LH β-sheet stability plays an
important role in regulating procaspase activity, although our
inability to restore catalytic activity to P3 suggests that additional
substitutions underlie the full range of mechanistic differences
between P3 and P7.
Given the low activities measured in our biochemical assay,

we next used the activity-based probe (ABP) Ac-DEVD-CMK to
more sensitively compare the activities of P3 and P7. Although
this covalent inhibitor does not serve as a direct measure of
catalytic activity, it serves as highly sensitive measures of catalytic

Fig. 1. Structural comparison of P3 and P7. (A) Comparison of P3-1 (Left)
and P7 (Right; PDB ID code 1K88) with disordered loops (colored dashed
lines), catalytic cysteine (cyan spheres) and histidine (orange spheres) side
chains, dimer interface (black dashed line), and small (dark blue) and large
(light blue) subunits shown (8). (B) Conformational changes (arrows) re-
quired for maturation in P3 (Left) and P7 (Right) colored as in A. Caspase
structures used are PDB ID code 2DKO (Left) and PDB ID code 1F1J (Right)
(24, 42). Side chains involved in substrate binding and catalysis (sticks) and
backbone amides forming the oxyanion hole (blue spheres) are shown. (C)
An alignment of P3-1 and P3-2 with 62 C3 structures shows that the LH
structure is unique to the proenzyme (Left). An alignment of available P7
structures with 18 C7 structures shows that LH, the catalytic histidine, and
elements of the oxyanion hole (spheres) are in nearly identical con-
formations (Right). Catalytic side chains and LH residues unique to C3 or C7
(Fig. S4B) are shown as sticks.

8478 | www.pnas.org/cgi/doi/10.1073/pnas.1306759110 Thomsen et al.

http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1306759110/-/DCSupplemental/sm01.mov
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1306759110/-/DCSupplemental/pnas.201306759SI.pdf?targetid=nameddest=SF3
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1306759110/-/DCSupplemental/pnas.201306759SI.pdf?targetid=nameddest=SF4
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1306759110/-/DCSupplemental/pnas.201306759SI.pdf?targetid=nameddest=SF4
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1306759110/-/DCSupplemental/pnas.201306759SI.pdf?targetid=nameddest=SF1
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1306759110/-/DCSupplemental/pnas.201306759SI.pdf?targetid=nameddest=SF1
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1306759110/-/DCSupplemental/pnas.201306759SI.pdf?targetid=nameddest=ST2
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1306759110/-/DCSupplemental/pnas.201306759SI.pdf?targetid=nameddest=SF4
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1306759110/-/DCSupplemental/pnas.201306759SI.pdf?targetid=nameddest=ST2
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1306759110/-/DCSupplemental/pnas.201306759SI.pdf?targetid=nameddest=SF4
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1306759110/-/DCSupplemental/pnas.201306759SI.pdf?targetid=nameddest=SF4
www.pnas.org/cgi/doi/10.1073/pnas.1306759110


site accessibility and cysteine nucleophile reactivity. We thus
mixed P3 or P7 with increasing concentrations of Ac-DEVD-
CMK in assay buffer, and followed percent labeling by MS. At
near-physiological pH (7.5), the results show no increase in P3
labeling with increasing concentrations of Ac-DEVD-CMK (Fig.
2 B and C). However, P7 shows a linear increase in labeling with
increasing substrate concentrations, again supporting the struc-
tural and biochemical results showing that P7 is more active than
P3. However, at lower pH, we observed a dramatic increase in
labeling for P3 and P7, suggesting that P3 catalytic activity may
also be stimulated by slightly acidic pH despite the fact that we
could not measure its activity in our substrate cleavage assays
(Fig. 2 B and C). Overall, these observations are somewhat
paradoxical, given that the catalytic histidine-cysteine dyad would
be expected to be protonated and thus less reactive at low pH.
However, changes in pH may also affect the conformation or
dynamics of the active site in the proenzyme, and thus increase
binding affinity or nucleophilic attack on the ABP through an
unknown mechanism.

Structures of P3 and P7 Bound to Ac-DEVD-CMK. We hypothesized
that the population of Ac-DEVD-CMK–labeled P3 and P7
identified in our labeling assays might be trapped in the otherwise
elusive “active-proenzyme” conformation. By using these assays
as a guide, we labeled and purified crystallographic constructs
lacking the N-terminal prodomain, and containing a single muta-
tion in one of the primary caspase processing sites (ΔN-P3-D175A
and ΔN-P7-D198A; Fig. S1B). The Ac-DEVD-CMK–labeled
ΔN-Pro3-D175A (P3-DEVD) and ΔN-Pro7-D198A (P7-DEVD)
proteins readily gave crystals diffracting to 1.8 Å and 2.15 Å, re-
spectively, and were solved by using molecular replacement (Table
S1). An analysis of the crystals by SDS/PAGE confirmed that the
intact proenzyme was present in both cases, and showed no evi-
dence of active enzyme by Coomassie staining (Fig. S2 B and C).
The P3-DEVD structure contains a full procaspase dimer in

the asymmetric unit and resolves all loops except for portions of
the intersubunit linker (Fig. 3A). The dimer is highly symmetrical
(Cα rmsd of 0.3 Å between protomers), and the overall structure

aligns much more closely to the mature C3 enzyme than to P3
(Fig. S5A). In both active sites, L1, LH, L3, and L4 are in the
active conformation, forming contacts with the bound Ac-
DEVD-CMK inhibitor, which shows strong density in simulated
annealing omit electron density maps (Fig. 3B and Fig. S5B).
The catalytic histidine and cysteine are thus in their active con-
formations, with the cysteine covalently bound to the CMK
group of the inhibitor. Interestingly, the 1.8-Å electron density
maps clearly show a tetrahedral transition state intermediate in
which the cysteine sulfur atom is covalently linked to the ketone
carbonyl C atom rather than to the ketomethylene of the CMK
group, the chlorine atom is absent, and the P1 carbonyl group is
perfectly positioned in the oxyanion hole (Fig. S5C). The same
arrangement has been observed in the 1.06-Å structure of C3
bound to Ac-DEVD-CMK, where it was shown to be induced by

Fig. 2. Biochemical analysis of P3 and P7. (A) Maximum catalytic rates for
P7, P3, and P7 mutants measured at 500 μM Ac-DEVD-AFC are shown under
a variety of buffer conditions and pH. Error bars are ± SD (n = 3). (B) MS-
based quantification of P7 labeling by the ABP Ac-DEVD-CMK in buffer 2 at
a variety of pH values (colored according to A). Error bars are ± SD (n = 2). (C)
As in B for P3.

Fig. 3. Structures of P3 and P7 and a C7:P7 heterodimer bound to Ac-DEVD-
CMK. (A) Representation of P3-DEVD as in Fig. 1A. The tetrapeptide sub-
strate is shown as dark gray sticks with oxygen atoms colored red and ni-
trogen atoms colored blue. (B) Overlay of P3-DEVD and C3-DEVD (PDB ID
code 2DKO) represented as in Fig. 1B. Dotted lines indicate hydrogen bonds
or salt bridges between bound inhibitor and substrate binding residues.
(C ) Representation as in A for P7-DEVD. (D) Representation as in B for P7-
DEVD and C7-DEVD (PDB ID code 1F1J). (E ) Representation as in A for
the C7:P7 heterodimer. (F ) Representation as in B for C7:P7 and C7-DEVD
(PDB ID code 1F1J).
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synchrotron radiation (24). Overall, the primary feature dis-
tinguishing the structure from the proenzyme and the active
enzyme is the position of the intersubunit linker (i.e., L2). In the
active proenzyme presented here, movement of L3 into the ac-
tive conformation requires that L2′ is ejected from the central
cavity. This allows L2′ to extend into the active conformation,
forming a partial L2 bundle (Fig. 3A). However, as the inter-
subunit linker is still intact in the proenzyme, the remainder of
L2 is physically prevented from forming the complete bundle and
is instead disordered in solution. This prevents Asp169, a residue
important for caspase activity, from reaching its active confor-
mation and fully stabilizing the loop bundle (Fig. 3B) (25). The
conformational changes required for P3 to adopt the active sub-
strate-bound conformation are most clearly visualized in energy
minimized linear interpolations (Movie S2).
The P7-DEVD structure contains a single procaspase dimer

within the asymmetric unit, resolving all of the protein with the
exception of one L4 and portions of the intersubunit linker (i.e.,
L2; Fig. 3C). Again, the overall structure is a striking match for
the mature C7 enzyme, whereas it is a poorer match for the
proenzyme (Fig. S5D). Like the P3-DEVD structure, L1, LH,
and L3 are in the active conformation in both active sites,
forming contacts with the covalently bound Ac-DEVD-CMK
inhibitor, which shows strong electron density (Fig. 3D and Fig.
S5 E and F). Interestingly, the P7-DEVD dimer appears signif-
icantly more asymmetric than P3-DEVD (rmsd of 0.3 Å between
protomers), with an rmsd of 2.1 Å between protomers. This is
because neither the L2′, L2, or L4 loops are in the active con-
formation in one catalytic site, whereas the L4, L2′, and a por-
tion of the L2 loop have folded into an almost fully matured
structure in the other catalytic site (Fig. 3C). Indeed, Asp192 in
P7 (structurally corresponding toAsp169 in P3), which is critical for
catalytic activity, is present in one active site and poised to adopt
the conformation observed in structures of fully mature C7 (26)
(Fig. 3D). These differences between P3 and P7 catalytic activation
in the absence of proteolytic maturation are clearly visualized in
energy minimized linear interpolations (Movie S2).

Structure of a C7:P7 Heterodimer. We were fortuitous enough to
identify a single crystal in our P7-DEVD crystallization trials in
which an unknown source of limited proteolysis cleaved ∼50% of
P7-DEVD, thus generating a crystal containing one half pro-
caspase and one half caspase (Fig. S5G). We were able to obtain
a complete dataset to 1.65 Å and solve the structure by using
molecular replacement (Table S1). The resulting structure
appears to contain a C7:P7 heterodimer. As a result, one loop
bundle is fully formed whereas the other loop bundle is only
partially formed (Fig. 3E), an observation supported by simu-
lated annealing omit maps (Fig. S5H). A single catalytic site in
the heterodimer, which contains contributions from the P7 and
C7 subunits, overlays almost perfectly with the active site in
mature C7 (Fig. 3F). A comparison of relative B-factors between
the fully formed and partially formed catalytic sites in this
structure suggests that complete L2 bundle formation structur-
ally stabilizes the active site loops, and in particular L4 (Fig. S5I).
This observation is also consistent with the P3-DEVD and P7-
DEVD structures, in which increased loop bundle formation
appears to correlate with proper positioning of L4 (Fig. 3 B, D,
and F). Thus, a single cleavage event in P7 appears sufficient for
formation of a single loop bundle, which stabilizes a single cat-
alytic site in the dimer. Strikingly, this observation confirms
previous biochemical evidence showing that a single cleavage
event in P7 produces an enzyme with full activity at a single
catalytic site (26). These results also suggest that the individual
subunits of P7 can behave completely independently with respect
to catalytic activation and/or allosteric communication, in con-
trast to the cooperative activation observed for caspase-1 (C1)
(10, 27).

Conformation-Selective Antibody Fragments Stimulate P3 Activity.
We hypothesized that molecules binding specifically to the
unique L2 docking surface, or to the substrate-binding loops
observed in our P3-DEVD or P7-DEVD structures might act as
L2 mimics to allosterically stimulate catalysis in the caspase
proenzymes (Fig. S6A). As an initial test of this idea, we used
phage display to generate conformation-selective antibody frag-
ments (i.e., Fabs) that bound preferentially to P3-DEVD or P7-
DEVD (Fig. S6B). We isolated 25 unique P3-DEVD binding
Fabs and 16 unique P7-DEVD binding Fabs; however, only the P3
selections produced Fabs displaying strong binding selectivity for
the Ac-DEVD-CMK–labeled proenzyme (Fig. S7A). We identi-
fied a clone (F1-8) that appeared to weakly stimulate the activity
of P3-D3A (Fig. S7B), and generated an affinity matured variant
(NT5-14) with improved binding and P3-D3A stimulating char-
acteristics (Fig. S7C–E). Size-exclusion chromatography revealed
that the NT5-14:P3-DEVD complex is ∼160 kDa, consistent with
a binding stoichiometry of 1:1 (Fab:procaspase monomer; Fig.
S7F). Competition ELISAs were used to estimate affinity using
the methods of Martineau (28), and revealed strong conforma-
tional selectivity, with NT5-14 binding P3, C3, C3-DEVD, and
P3-DEVD with estimated Kd values of 7.0 (±0.8) μM, 440 (±70)
nM, 19 (±0.7) nM, and 6.3 (±0.6) nM, respectively (Fig. 4A).
Dose–response analysis reveals that conformation-selective

Fab NT5-14 stimulates P3 activity against small fluorogenic
substrates, and that the Fab preparation contains no contami-
nating Ac-DEVD-AFC hydrolase activity (Fig. S7G). Although
we were not able to fully saturate the dose–response as a result
of the high concentrations of Fab required, our estimated EC50
value of ∼26 μM is similar in magnitude to the Kd against P3, but
∼3,000-fold higher than the Kd against P3-DEVD. This suggests
that the Fab is capable of stabilizing the active conformation of
P3 at the energetic price of reduced affinity. This observation
may be explained by a high energetic barrier for proenzyme
activation—which is supported by the remarkable high zymoge-
nicity of P3. A full kinetic analysis shows that increasing con-
centrations of Fab NT5-14 restore measurable catalytic activity
by increasing the kcat and decreasing the Km of P3, suggesting
that Fab NT5-14 alters the conformation of the active site to
improve substrate binding and catalysis (Table S2 and Fig. 4B).
At saturating levels of Fab, the catalytic efficiency of P3 is 164
M−1·s−1, revealing that Fab NT5-14 can stimulate P3 activity
by >1,000 fold. However, assays conducted at physiological
concentrations (∼100 nM) of WT P3 (29), or mixtures of WT P3
and P7 (in the presence of 10% Ac-DEVD-CMK, with all pro-
teins containing WT caspase processing sites) produced no auto-
activation at saturating levels of Fab NT5-14. This could be

Fig. 4. Conformation-selective antibody fragments (i.e., Fabs) stimulate P3
catalytic activity. (A) Competition ELISA results showing the strong confor-
mational selectivity of Fab NT5-14 for P3-DEVD over other forms of the
enzyme. Error bars are ± SD (n = 3). See main text for calculated dissociation
constants. (B) Michaelis–Menten kinetic analysis of 5 μM P3-D3A in the
presence of increasing Fab NT5-14 concentrations (values summarized in
Table S2). Error bars are ± SD (n = 3).
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a result of the low activity of the Fab–procaspase complex
(remaining ∼9,000-fold less active than mature C3), or to steric
exclusion created by the bound Fab that prevents binding and
cleavage of large protein substrates.

Discussion
The structural and biochemical data presented here highlight
significant differences in the intrinsic catalytic activity and mat-
uration mechanism of P3 and P7 (Fig. 5). Our structure of P3,
the primary human executioner of apoptosis, reveals that this
enzyme is trapped in a highly inactive conformation (Fig. 1). As
a result, in each active site of both the P3-1 and P3-2 structures,
all substrate binding loops, and all components of the catalytic
machinery are displaced from their positions in the mature en-
zyme. In contrast, half of the catalytic center and key substrate
binding loops appear preactivated in all structures of P7. Our
biochemical studies provide strong support for the structural
observations (Fig. 2 and Table S2). Interestingly, our studies show
that, even though P7 is significantly more active than P3, C3 is
significantly more active than C7 (Table S2). This observation fits
with the biological need to tightly control the activity of the pri-
mary executioner caspase (caspase-3), but also presents a unique
evolutionary conundrum. For P3 and P7, nature has driven the
simultaneous evolution of two opposing functions into different
conformational states of the same protein.
Despite the low catalytic activities of P3 and P7, our structures

of ΔN-P3-D175A and ΔN-P7-D198A bound to Ac-DEVD-CMK
are strikingly similar to the mature enzymes (Fig. 3 B and D).
The only region that cannot adopt the catalytically active con-
formation is L2, which is physically prevented from folding into
the active structure in the proenzyme. Importantly, this shows
that intersubunit linker cleavage is not explicitly required for the
proenzyme to adopt a catalytically active structure. Rather, this
suggests that the primary purpose of cleavage is to generate the
loop bundle, which functions as an allosteric activator of the
mature enzyme. This observation is supported by studies showing
that mutations within the loop bundle can alter catalytic activity
without altering the structure of the active enzyme, and by the
observation that phosphorylation of the loop bundle can regulate
activity in C6 (25, 30, 31).
The structure of the C7:P7 heterodimer provides a molecular

basis for understanding previous biochemical studies that used
ABPs showing that P7 (but not P3) may pass through a partially
cleaved intermediate (26, 32). Most importantly, it confirms that
such an intermediate contains all the structural elements re-
quired for full catalytic activity at a single site (Fig. 3F). Taken

together, the collection of structures presented here may provide
insight into why P7, but not P3, has been observed to mature
through such a partially cleaved intermediate. Although our
structures of P3 shows symmetric intersubunit linkers, existing
structures of P7 as well as our structure of the Ac-DEVD-CMK–
bound proenzymes reveals more asymmetric linkers (Figs. 1A
and 3 A and C). This asymmetry may favor preferential cleavage
and activation of a single P7 subunit in biological systems and
via limited proteolysis in our crystallization experiments. When
viewed along with the biochemical data, our structural results
support an asymmetric-stepwise P7 activation mechanism, but
suggest that P3 activation proceeds in an all-or-none fashion, as
its intersubunit linkers appear equally accessible to proteolysis in
all known structures (Fig. 5). A similar phenomenon is observed
in the structure of a caspase-9 (C9) dimer revealing one active and
one inactive catalytic site, suggesting that such stepwise activation
may be a common feature regulating caspase function (33).
In light of the small but detectable level of catalytic activity

present in P7, as well as the recent discovery of a C7 exosite that can
stimulate cleavage against specific substrates (23), it is an intriguing
possibility that P7may cleave specific physiological substrates in the
absence of complete maturation. The partially cleaved C7:P7 in-
termediate would then represent an intermediate level of activity
between the proenzyme and mature enzyme. Interestingly, P7 is
labeled by ABPs early in apoptosis, suggesting that it could control
the threshold for apoptotic activation in cells (32). Further consis-
tent with this idea is the dramatic stimulation of P7 activity we
observe at reduced pH, which has been shown to correlate with
executioner procaspase activation in cellular models of apoptosis
(Fig. 2A) (22). This could also explain the somewhat puzzling ob-
servation that C3(−/−) mouse embryonic fibroblasts are actually
more sensitive to apoptotic inducers than C7(−/−) mouse embryonic
fibroblasts, despite the otherwise dominant role of C3 in apoptosis
(5). Thus, the timing and magnitude of early P7 activation could
regulate entry into apoptosis, with P3 activation serving as a point of
no return for committing to apoptosis. Consistent with a need to
tightly regulate P7 activation early in apoptosis, C7 contains an
inhibitor of apoptosis binding motif (IBM) not present in C3,
appears to be more efficiently ubiquitinated by inhibitors of apo-
ptosis (IAPs) and is more readily targeted for proteasomal degra-
dation than C3 (34, 35). A similar concept has recently been
proposed for procaspase-6 (P6), which is also observed to activate
via a series of partially cleaved intermediates when examined with
ABPs in apoptotic cell lysates (36). In such contexts, proteolytic
maturation could serve to regulate a tiered activation mechanism
(Fig. 5), allowing for limited proteolysis in specific physiological

Fig. 5. Distinct mechanisms of P3 vs. P7 activation. A
model of proposed conformational equilibrium and matu-
ration in P3 and P7 based on the structural and biochemical
results reported here and elsewhere. PDB ID codes are in-
dicated for structural examples known before this work.
Allosteric modulators that affect caspase or procaspase
conformational equilibrium [5-fluoro-1H-indole-2-carboxylic
acid (2-mercapto-ethyl)-amide (FICA), 2-(2,4-dichloro-phenoxy)-
N-(2-mercapto-ethyl)-acetamide (DICA), and Fab NT5-14]
are shown. Arrow thickness indicates proposed conforma-
tional equilibrium based on activity measurements and
structural data. The intersubunit linkers from each proto-
mer are colored light gray and black. Stars indicate cata-
lytically competent active sites (see key).
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contexts, and possibly explaining some of the nonapoptotic func-
tions more recently attributed to the apoptotic caspases (37).
The dramatic stimulation of P3 induced by Fab NT5-14

shows that conformation-selective binding entities can be used to
overcome large energetic barriers and allosterically stimulate
otherwise catalytically undetectable enzymes (Fig. 4 and Table
S2). However, the 3,000-fold reduction in estimated EC50 rela-
tive to the Kd against P3-DEVD highlights the challenges asso-
ciated with inducing the active conformation of such an inactive
zymogen, suggesting that picomolar binding to P3-DEVD might
be required to fully activate P3 at an EC50 in the nanomolar
range (Fig. 4A and Fig. S7G). Given the unusually high zymo-
genicity of P3 (16), it is likely that most other proteases, in-
cluding many extracellular enzymes, may be more robustly
stimulated and possibly even fully autoactivated by using similar
methods. Conformation-selective binders generated in such
a fashion could inform the design of novel therapeutic agents,
and would serve as powerful gain-of-function probes to study
proteases in vitro and in vivo.

Experimental Procedures
Protein Cloning, Expression, and Purification. Plasmids encoding full-length C3
and C7 with C-terminal His6 tags were used to express and purify WT C3, C7,
P3, and P7 as described previously (13). P3-D3A and P7-D2A proenzymes were
expressed for only 2 h at 30 °C to limit adventitious activation by Escherichia
coli proteases. All purifications were conducted at 4 °C.

Crystallization and Data Collection. Crystals were grown in hanging drop
format by using a Mosquito nanoliter pipetting system (TTP LabTech). Data
were collected at Advanced Light Source Beamline 8.3.1 at 100 K. Datasets
were processed by using HKL2000, solved and refined using PHENIX, and built
by using Coot (38–40).

Biochemical Assays. Protease activity assays were conducted at room tem-
perature on a SpectraMax M5 plate reader (Molecular Devices). C3, C7, P3,
and P7 biochemical assays were conducted in optimized C3 (buffer 2) or C7
(buffer 1) assay buffers at pH 7.4 as described previously (13, 16).

Phage Display, Affinity Maturation, and Fab Characterization. The first round
of phage display and Fab characterization was conducted essentially as
described previously (41).

Additional Methods. Additional methods are described in SI Experimental
Procedures.
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