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ABSTRACT: The conformational ensemble of procaspase 3, the
primary executioner in apoptosis, contains two major forms,
inactive and active, with the inactive state favored in the native
ensemble. A region of the protein known as the intersubunit linker
(IL) is cleaved during maturation, resulting in movement of the IL
out of the dimer interface and subsequent active site formation
(activation-by-cleavage mechanism). We examined two models for
the role of the IL in maintaining the inactive conformer, an IL-
extension model versus a hydrophobic cluster model, and we show
that increasing the length of the IL by introducing 3—5 alanines
results in constitutively active procaspases. Active site labeling and
subsequent analyses by mass spectrometry show that the full-
length zymogen is enzymatically active. We also show that minor
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populations of alternately cleaved procaspase result from processing at D169 when the normal cleavage site, D175, is unavailable.
Importantly, the alternately cleaved proteins have little to no activity, but increased flexibility of the linker increases the exposure
of D169. The data show that releasing the strain of the short IL, in and of itself, is not sufficient to populate the active conformer
of the native ensemble. The IL must also allow for interactions that stabilize the active site, possibly from a combination of
optimal length, flexibility in the IL, and specific contacts between the IL and interface. The results provide further evidence that
substantial energy is required to shift the protein to the active conformer. As a result, the activation-by-cleavage mechanism

dominates in the cell.

C aspases are a family of proteolytic enzymes that play a

critical role in programmed cell death, or apoptosis. Defects
in the regulatory mechanisms that control caspase activation
have been observed in numerous diseases, ranging from
neurodegenerative disorders such as Alzheimer’s disease, in
cases of too much cell death, to cancer, where cells may have
reduced ability to carry out caspase-mediated apoptosis.'
Apoptotic caspases are divided into two main groups: the
initiators, which are initially activated through either intrinsic or
extrinsic cell death signals, and the effectors, which are activated
by the initiator caspases and are ultimately responsible for
dismantling the cell. Caspase 3 is the key effector caspase, and its
activation is the commitment step for apoptosis. These enzymes
are initially expressed as inactive zymogens (procaspases)
containing an N-terminal prodomain followed by large and
small subunits that are connected by an intersubunit linker (IL).
The zymogens form dimers, and during the process of activation
the IL is proteolyzed at one or more sites and the prodomain is
removed.” Although largely similar in structure, an important
difference exists in the mechanism for enzyme activation between
the initiator and effector caspases. In the case of initiator caspases
(namely, caspases 8, 9, and 10), the zymogen exists as a stable
monomer, and upstream cell death signals lead to its localization
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to activation scaffolds. The increase in local concentration on the
scaffold drives dimerization, where the initiator procaspase
becomes enzymatically active.® It is believed that, for the initiator
caspases, the proteolytic processing of the IL that follows
dimerization acts mainly to stabilize the dimer. In contrast, the
zymogens of effector caspases (caspases 3, 6, and 7) are stable
dimers, although they exhibit very little enzymatic activity, and
cleavage of the IL by the initiator caspases results in full enzyme
activation. As a result of cleavage, the IL is released from the
dimer interface (DI), which allows active site loop 3 to form the
base of the substrate-binding pocket (Figure 1A). In caspase 3,
the side-chain of R164, which is immediately adjacent to the
catalytic cysteine, intercalates between P201 on loop 3 and Y197
in the DI; these interactions are required for formation of the
active site and are unable to form in the inactive zymogen (for a
more complete description, see refs 4—6). The regulation of
apoptotic signals is understandably important to the survival of
an organism, and the difference in activation mechanisms allows
for both the prevention of accidental initiation of apoptosis and
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Figure 1. Proposed models for procaspase 3 activation. (A) Model of the active conformation of procaspase 3. Lengthening the intersubunit linker (IL)
may allow the proenzyme to sample more conformations with a fully formed active site, mimicking initiator caspases (like caspase 8), which have longer
ILs than the effector caspases. (B) Sequence alignment comparing a section of the IL of caspase 3 and caspase 8. The red box indicates the site of cleavage
(D175 in caspase 3). Location of inserted residues is indicated by red arrows (panel A) or red oval (panel B), and hydrophobic amino acids discussed in
the text are shown in red (see also panel D). (C) Model of the inactive conformation of procaspase 3. Hydrophobic residues in the IL may interact
withV266 in the dimer interface, stabilizing the inactive conformation. For A and C, the backbone atoms of the IL are represented as spheres. (D)
Comparison of position of the IL in the inactive or active conformation relative to the dimer interface (represented by V266). Hydrophobic groups in the
IL (M182, 1187, V189) are predicted to interact with V266. Loop bundle contacts between D169 and V189’ (from the second monomer) occur only in
the active conformation. In panels A, C, and D, the cleavage site (D175) is represented by the change in color from red to cyan.

the ability to initiate a very robust apoptotic cascade when Effector procaspases exist in equilibrium between active and
needed. inactive conformations,'® and IL cleavage shifts the population

As caspases are increasingly targeted for the treatment of toward the active form due to stabilizing the active site loops.>®
disease, a better understanding of procaspase conformational Structural studies of procaspase 7 showed that IL binding in the
equilibria is important, in particular, why IL cleavage is required DI blocks formation of the active form due to steric constraints
to fully activate the effector procaspases but not the initiators. In between regions of the IL and the substrate-binding loop."*" It
the strategy of activating caspase 3 to induce apoptosis in cancer is thought that the ILs of caspases 3 and 7 are too short to allow

cells,””™ current methods are greatly limited by the fact that
these cells often overexpress caspase inhibitors, such as XIAP.
Transfection of wild-type caspase 3 into various cell lines often
has little or no effect on cell death, probably because the
procaspase 3 does not self-activate efficiently. Overexpression
generally does not lead to activation unless the protein
concentrations are very high. We have shown, however, that it
is indeed possible to activate procaspase 3 in vitro without
cleavage of the IL, and transfection of the constitutively active
mutant into cancer cells results in robust cell death.'® The
mutation of V266 to glutamate in the DI is thought to displace
the IL and thus allow the substrate-binding pocket to form. In

efficient active site formation, suggesting that the active site can
form only upon IL cleavage and removal from the DI. However,
models of procaspase 3 indicate that the IL is sufficiently long to
allow critical contacts in the active site loops if it were released
from binding in the D], thus explaining the constitutively active
procaspase 3 variant.'® The structural data suggested that
lengthening the IL should result in an active caspase 3 (or 7)
zymogen by relaxing the strain induced by a short IL. A recent
study by Denault and colleagues'® seemed to confirm this
hypothesis. Although insertions of three Gly-Ser sequences (six
residues) into the IL of procaspase 7 did not activate the

addition, the constitutively active variant is poorly inhibited by zymogen, removal of several amino acids from the IL of

XIAP, which binds to the IL only when it is cleaved. Together, procaspase 8 resulted in a zymogen that required cleavage for

the data suggest that directly activating procaspase 3 through activation. Together, the structural, biochemical, and modeling

manipulating its conformational equilibria may provide novel data led to the prevailing view of an effector caspase zymogen

strategies to kill cancer cells. Small molecule activators of that is sterically constrained, due to the short IL, which could

procaspase 3 have been described,''™** although their form the fully active conformer only upon cleavage of the IL and
14,15

mechanisms of activation are not entirely clear. its removal from the DI.
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In addition to the IL-lengthening model (Figure 1A), our data
for the constitutively active procaspase 3' also suggested that a
cluster of hydrophobic interactions in the DI, centered on V266,
make specific contacts with residues in the IL (Figure 1C-D).
The interactions may stabilize the inactive conformer by
anchoring the IL in the interface. In the constitutively active
variant, the mutation of V266 to Glu presumably disrupts the
hydrophobic cluster.

In order to further examine the role of the IL in maintaining
the inactive procaspase, we tested the two putative mechanisms
for IL-mediated procaspase activation (Figure 1). For the active
conformation (Figure 1A), we'® and others”>*' have shown that
an important set of interactions occurs among active site loops 2,
2/, and 4, described as the loop bundle (Figure 1D). Disruption
of these interactions dramatically reduces the activity of mature
caspase 3. Although it was structurally feasible for the procaspase
to adopt an active conformation with the intact IL, the IL was
only just long enough to allow for the formation of the loop
bundle at both ends of the dimer interface. According to this first
model, therefore, increasing the length of the IL could lead to an
increase in procaspase 3 activity by allowing the sampling of more
conformational states that stabilize the loop bundle. To test this
model, we increased the length of the IL of procaspase 3 through
the insertion of up to eight alanine or glycine residues (Figure
1B). In the second model (Figure 1C), several hydrophobic
residues in the IL stabilize its position in the DI, thereby favoring
the inactive conformation. To test this model, we created
mutants of procaspase 3 where one or more of the hydrophobic
amino acids were replaced. We note that all variants described
here were created in the background of the uncleavable
procaspase 3, called D;A, in which the three cleavage sites (D9,
D28, D175) were mutated to alanine.”” This strategy simplifies
the interpretation since we are examining only the conforma-
tional equilibria of the procaspase and not the complete
conformational states of cleaved/uncleaved protein. Results
from activity assays and molecular dynamics (MD) simulations
show a correlation between increasing the length of the IL and an
increase in procaspase activity, while mutations in the hydro-
phobic cluster were less effective in activating the procaspase.

B MATERIALS AND METHODS

Cloning, Protein Expression and Purification, Western
Blots. Mutagenesis was performed as described previously*> on
the uncleavable procaspase 3 (D;A) to obtain the single, double,
and triple mutants described in this study. The single point
mutants as well as the IL-lengthening mutants were first created
using plasmid pHC33209%” as a template. Subsequent mutants
used those plasmids as a template. Primers and plasmid
templates for each mutant are described in Supporting
Information (SI) Table 1. The mutations were confirmed by
sequencing both DNA strands.

E. coli BL21(DE3) pLysS cells were transformed with each
plasmid, and the C-terminal His-tagged proteins were expressed
and purified according to established protocols.”*** For cell
culture experiments, the gene was cloned into pcDNA3.1(-)
modified to contain a FLAG tag sequence at the C-terminus of
the protein.

Western blots were carried out as described,'® with the
following modifications. Equal amounts of each sample (6.5 pg
purified protein) were subjected to SDS-PAGE (12.5%) and
transferred to a nitrocellulose membrane. The membrane was
blocked using 5% milk powder in 1X TBS with 0.1% Tween 20
for 20 min at 4 °C. The membrane was probed using purified
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mouse anti-human caspase 3 (1:1000) (BD Biosciences)
overnight at 4 °C in blocking buffer. Visualization of caspase 3
mutants was performed using ECL horseradish peroxidase
(HRP)-conjugated sheep antimouse IgG (1:4000) in blocking
buffer and enhanced chemiluminescence blotting reagents (GE
Healthcare).

Enzyme Activity Assays. The initial velocity of substrate
cleavage was measured at 25 °C in the presence of varying
concentrations of substrate (Ac-DEVD-afc), as described
previously.”>** The final protein concentration for the active
mutants was 10 nM, whereas a protein concentration of 100 nM
or 400 nM was used for the largely inactive mutants. The total
reaction volume was 200 yL. Briefly, substrate was added to the
sample that contained protein in activity assay buffer (150 mM
Tris—HCl, pH 7.5, 100 mM DTT, 0.1% CHAPS, 50 mM NaCl,
10% sucrose), and samples were immediately excited at 400 nm
while the fluorescence emission was measured at 505 nm for 60 s.
Plots of the initial velocity versus substrate concentration were fit
to the Michaelis—Menten equation to obtain the steady-state
parameters, Ky; and k.

Inhibition studies were carried out using the following
protocols. Working stocks of inhibitors (Z-VAD-fmk or Ac-
DEVD-cmk) were made by dilution in activity assay buffer, and
the stock solution (20 L) was added to protein solution (180
uL) for a final protein concentration of 100 nM. The final
inhibitor concentration varied from 2 nM to 800 nM, as shown in
the figures, and samples were incubated at 25 °C for 1 h.
Following incubation, substrate was added (0 and 100 yM for
data in Figure 4A; 20 uM for active site titrations), and samples
were immediately excited at 400 nm while fluorescence emission
was measured at 505 nm for 60 s. Plots of initial velocity versus
substrate cleavage at each inhibitor concentration (Figure 4A) or
initial velocity versus inhibitor concentration (active-site
titrations) were either fit to the Michaelis—Menten equation to
obtain V. or linear extrapolation to obtain the concentration of
active sites.

Identification of Cleavage Sites by Mass Spectrometry.
Proteins were dialyzed in a buffer of 20 mM KH,PO,/K,HPO,,
pH 7.2, 1 mM DTT and were used to prepare samples in 0.1%
formic acid at a protein concentration of 0.5 yM. Samples were
stored at —20 °C until analyzed.

For intact protein molecular weight measurements (top down
analysis), samples were analyzed by liquid chromatography—
mass spectrometry (LC/MS) using a NanoAcquity ultrapressure
liquid chromatography (UPLC) system (Waters Corporation)
coupled to a Q-Tof Premier quadrupole time-of-flight mass
spectrometer (Waters Corporation). Protein components were
separated using a column (75 ym i.d. X 25 cm) packed with BEH
C18 particles (1.7 pm, Waters Corporation) by running a
gradient of water and acetonitrile containing formic acid. The
outlet of the UPLC column was connected directly to the
nanoelectrospray source of the Q-Tof. Positive ion mass spectra
were acquired over the range of either 400—2000 m/z or 800—
3500 m/z at a rate of 1 scan/s. Raw LC/MS data were reviewed
manually for evidence of protein charge state envelopes, and
observed charge state envelopes were deconvoluted using the
MaxEnt 1 module contained in the MassLynx 4.0 acquisition
software to convert m/z scale mass spectra to molecular weight
scale data. The Biolynx module within MassLynx was used for
comparison of observed molecular weights against various
mutant caspase sequences.

For analysis of inhibited protein by mass spectrometry, the
protein sample (25 uM) was incubated with inhibitors (Ac-
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Figure 2. Enzyme activity assays. (A) Activity of IL insertion mutants +1A to +8A and +1G to +8G. (B) Activity of hydrophobic cluster mutants. For
panels A and B, procaspase 3(D;A) is the uncleavable variant (D9A,D28A,D175A) and represents background activity of the procaspase (dashed lines).
Procaspase 3(D;A,V266E) is an uncleavable constitutively active variant described previously,'®** and procaspase 3(D9A,D28A) represents a cleavable

procaspase that retains the pro-peptide.*”

DEVD-cmk (550.94 Da) or Z-VAD-fink (453.46 kDa); 200 M
final concentration) for 1 h at 25 °C in a buffer of 20 mM
phosphate, pH 7.2, 1 mM DTT. For LC/MS analysis, a 1:50
dilution of the incubation was made using the same buffer,
yielding a final protein concentration of 0.5 #M. Samples were
analyzed using the top down procedure described above.

Generation of Structural Models and Molecular
Dynamics Simulations. Model structures for the insertion
mutants were generated using the online tool Swiss-Model** %’
in the automated mode, using either the active or inactive
procaspase 3 homology model as the template.'® Modeling was
performed for each monomer separately, and the resulting files
were merged to create the structure for the dimer. For the
hydrophobic mutants, the models of inactive and active
procaspase 3 were mutated in silico using Pymol.

Molecular dynamics simulations were performed as described
previously™® with GROMACS 4.5,”” using the Amber99 force
field® and the tip3p water model.>' The models generated using
the method described above were used as the initial structures for
the simulations, which were performed for each mutant in both
the active and inactive conformations. Energy minimization was
performed for each structure using steepest descent. Simulations
of 50 ns were run with a time step of 2 fs and coordinates were
saved every S ps.

B RESULTS

A Longer IL Leads to Increased Enzyme Activity in the
Zymogen. According to the first model (Figure 1A), in the
absence of other factors that stabilize the inactive form,
increasing the length of the IL of procaspase 3 should allow
the enzyme to sample more states in the active conformation. A
longer IL would presumably stabilize the loop bundle (Figure
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1D), despite the lack of IL cleavage, similar to what may occur for
initiator procaspases upon dimerization. To test this model, we
inserted up to eight alanine or glycine amino acids (called +1A to
+8A, and +1G to +8G) into the IL of the uncleavable procaspase
3(D3A). We placed the insertions at a site in the IL that contains
several additional residues in procaspase 8 (between V178 and
D179), as indicated by sequence alignment, and N-terminal to
the proposed hydrophobic cluster (Figure 1B and D). In
addition, H18S and residues C-terminal to H185 are important
in stabilizing the loop bundle, so the insertions were placed N-
terminal to these residues.

Activity assays show that insertion of one or two alanines had
little effect on enzyme activity compared to the background of
procaspase 3(D;A) (Figure 2, SI Table 2). There was a large
increase, however, upon insertion of three or more alanines,
where the k_,,/Ky; values were >10* M~ s™! for the +3A variant.
The activity can be compared to a value of 1.8 X 10° M™" s™" for
wild-type, cleaved, caspase 324 5.7 x 10* M7! s7! for the
D9A,D28A variant,** and 3.7 X 10* M~ s for the constitutively
active procaspase 3(D;A,V266E) variant> (Figure 2A). The
D9A,D28A double mutant, described previously,32 results in a
caspase that is cleaved at D175 in the IL but that retains the pro-
domain. The +3A, +4A, and +5A variants were approximately
100-fold more active than procaspase 3(D;A). We also note that
activity decreased with >$ alanine insertions, where the +8A
variant exhibited activity close to that of the background
procaspase 3(D3A). This feature is discussed more fully below.

For the glycine insertions, introduction of one to five glycines
had little effect on activity (Figure 2), as the data show that the
mutants have activities similar to that of procaspase 3(D,A).
With insertions of five or more glycines, however, the activity
increased systematically. The addition of seven or eight glycines

dx.doi.org/10.1021/bi400793s | Biochemistry 2013, 52, 6219—6231
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Figure 3. SDS-PAGE (left panels) and Western analyses (right panels) of IL mutants. (A) +A series. Lane 1: molecular weight markers; lane 2:
procaspase 3(D;A); lane 3: +1A; lane 4: +2A; lane 5: +3A; lane 6: +4A; lane 7: +5A; lane 8: +6A; lane 9: +7A; lane 10: +8A. (B) +G series. Lane 1:
molecular weight markers; lane 2: procaspase 3(D3A); lane 3: +1G; lane 4: +2G; lane S: +3G; lane 6: +4G; lane 7: +5G; lane 8: +6G; lane 9: +7G; lane
10: +8G. (C) Hydrophobic cluster mutants, single. Lane 1: molecular weight markers; lane 2: procaspase 3(D;A); lane 3: M182A; lane 4: M182G; lane
S: 1187A; lane 6: 1187G; lane 7: V189A; lane 8: V189G. (D) Hydrophobic cluster mutants, multiple. Lane 1: molecular weight markers; lane 2:
procaspase 3(D;A); lane 3: M182G,1187G; lane 4: M182A,1187A; lane S: M182G,V189G; lane 6: M182A,V189A; lane 7: 1187G,V189G; lane 8:
1187A,V189A; lane 9: M182G,1187G,V189G; lane 10: M182A,1187A,V189A. (E) Alternate cleavage site variants. Lane 1: molecular weight markers;
lane 2: procaspase 3(D;A); lane 3: D;A,D169A; lane 4: D;A,D211A; lane S: +4A; lane 6: +4A,D169A; lane 7: D;A,D211A; lane 8: +8G; lane 9:
+8G,D211A. All mutations are in the background of procaspase 3(D;A).

resulted in activity > 10°M™'s7), approximately equivalent to the

+6A and +7A variants.

Disrupting the Hydrophobic Cluster Has Little Effect
on the Activity of Procaspase 3. According to the second

6223

model (Figure 1C), the position of the IL in the DI is favored
through hydrophobic interactions (Figure 1D), which act to
stabilize the inactive conformation. If the model is correct, then
replacing these residues would destabilize the inactive con-

dx.doi.org/10.1021/bi400793s | Biochemistry 2013, 52, 6219-6231



Biochemistry

0.04 . i ’ ' .
ooss | A Procaspase 3(D,A+4A) - § ZVAD-fmk (D
~~
= 0
8 0.03 1%
& 0.025 ]
3
B 002 25
M 0.015
' 150
E 0.01
g 175
=
0.005 1100
0 . -

L
100

0 40 60 80
Substrate (uM)

1.2 T T T r T T

Ac-DEVD-cmk C

08 L ]
0.6 - ]
04 L

02+

Relative Activity

0
B _

202 L ) i

0 0f5 1 1 f5 é 2?5 3
Ratio Inhibitor:Protein

{ JC

1.2 — . . . . . . . — 0.06
i Z-VAD-fmk B
: E J0.0s
I
08| <
Da l Jo.04 é
S &
~ 06| ~
g 1003 §
Zf:> 04| %} -
1 N 2 .
?/ azl E 002 M
e 0
oL, W GTEB-g-8.0. 000!
0 | 2 3 4 5 6 7 8
Ratio Inhibitor:Protein

Figure 4. Enzyme inhibition and active site titrations. (A) Initial rates of procaspase 3(D3A,+4A) were determined following incubation with Z-VAD-
fmk (0—100 nM) at a substrate concentration of 20 M. Data were fit to the Michaelis—Menten equation (solid lines) to determine V.. (B) Active site
titration of procaspase 3(D;A) (O) and procaspase 3(D;A,+4A) () in the presence of Z-VAD-fmk inhibitor. V,,, values for procaspase 3(D;A,+4A)
(M) were from panel A. Dashed lines do not represent fits to the data but rather show maximum inhibition occurs at an inhibitor to protein ratio of ~1:1.
(C) Active site titration of procaspase 3(D;A) (O) and procaspase 3(D;A,+4A) (@) in the presence of Ac-DEVD-cmk inhibitor. For A—C, protein

concentrations were 100 nM.

formation and shift the procaspase 3 equilibrium toward the
active conformer. To test this model, we mutated each of the
three hydrophobic residues, namely, M182, 1187, and V189
(Figure 1D), to either alanine or glycine, either singly or in
combination (see SI Table 1).

As shown in Figure 2B, single mutations to either alanine or
glycine had little effect on activity. We observed an approximate
2-fold change for some mutants and little or no change for others.
For the double mutants, there was an increase in activity of
approximately 3-fold, and the triple mutation, where the three
residues were replaced with alanine, resulted in an increase in
activity of about 6-fold. For most of the mutants, the changes
were independent of whether the residue was replaced with
glycine or alanine. We note that the I1187G,V189G double
mutant and the M182G,I187G,V189G triple mutant had very
high K values, so we were unable to measure the k., or k../Ky
values of those variants (Figure 2B). At present, it is unclear why
the two mutants have low activity. Overall, the activities for the
hydrophobic cluster variants are well below that of the V266E
constitutively active procaspase 3. The data show that disrupting
the interactions does not result in a significant increase in enzyme
activity for the procaspase, so the hydrophobic cluster is not
important for maintaining the inactive conformation of
procaspase 3.

IL Mutations Result in Minor Populations of Alter-
nately Cleaved Inactive Protein. Although procaspase 3 is
not a good substrate for self-cleavage, the enzyme is known to
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self-process when expressed in E. coli at high protein
concentrations. Because the three processing sites, D9, D28,
and D175, were mutated to alanine in our mutants, we did not
expect self-processing of the recombinant proteins at those sites.
We could not, however, rule out minor cleavage reactions at
alternative sites. In order to assess alternate cleavage of the IL
mutants, we examined concentrated protein samples by SDS-
PAGE. The results show that procaspase 3(D;A) has a minor
cleavage product of ~19 kDa (lane 2 in Figure 3A-D, left panels).
All mutants, with the exception of the +2A variant (Figure 34,
lane 3), demonstrated the same band at ~19 kDa, with more of
the product present (Figure 3B-D). In addition, a less prevalent
product of ~23 kDa was present in several of the mutants.
Western analyses of the proteins showed that the ~19—23 kDa
species correspond to alternate cleavages in the large subunit of
procaspase 3 (Figure 3A-D, right panels).

We investigated the possibility that the increase in enzyme
activity observed for the variants (Figure 2) was due to the
presence of the alternately cleaved procaspase by performing
inhibition studies with the pan-caspase inhibitor Z-VAD-fmk. We
examined the +4A mutant because it demonstrated high activity
(Figure 2A) and increased cleavage compared to the control of
procaspase 3(D;A) (Figure 3A, lane 6 versus lane 2). The IL
variant was incubated with various concentrations of inhibitor,
and then enzyme activity was determined at several substrate
concentrations (Figure 4A). Each activity profile was fit to the
Michaelis—Menten equation, and V,,, was plotted versus

dx.doi.org/10.1021/bi400793s | Biochemistry 2013, 52, 6219—6231
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Table 1. Alternate Cleavage Site Determined by Mass Spectrometry

alternate cleavage at TELD(169): large
subunit

alternate cleavage at TELD(169):
small subunit (Da)

full-length
calculated
mutant (Da) experimental (Da)
Procaspase-3 (D9A,D28A,D17 SA) 32541.09  32539.63 + 8.2
(AKA, D;A)
Procaspase-3 (D;A,+1A) 32612.17  32609.33 + 0.51
Procaspase-3 (D;A,+2A) 3268325  31851.20 + 1.18
Procaspase-3 (D;A,+3A) 3275433 ND
Procaspase-3 (D;A,+4A) 3282541 32823.09 + 2.75
Procaspase-3 (D;A,+5A) 3289648  32900.54 + 12.82
Procaspase-3 (D;A,+6A) 32967.56  32967.20 + 8.65
Procaspase-3 (D;A,+7A) 33038.64  33035.66 + 0.39
Procaspase-3 (D;A,+8A) 33109.72  33113.95 + 15.33
Procaspase-3 (D;A,V189G) 32499.01 32498.14 + 19.19
Procaspase-3 (D;A) + Ac-DEVD-cmk 3305649  33053.35 + 13.98 (64%
labeled)
Procaspase-3 (D;A) + Z-VAD-fmk 32989.49  32996.36 + 20.21 (22%
labeled)
Procaspase-3 (D3A,+4A) + Ac-DEVD- 3334049 3334111 +£15.04 (83%

cmk labeled)

Procaspase-3 (D;A,+4A) + Z-VAD-fmk 3327349  33271.88 + 15.39 (38%
labeled)

calculated calculated
(Da) experimental (Da) (Da) experimental (Da)
19023.67 1902271 + 2.90 1353543 1353377 + 10.13
19023.67 ND 13606.51 ND
19023.67 19025.03 + 8.03 13677.59 ND
19023.67 ND 13748.67 13746.15 + 0.64
19023.67 19021.78 + 0.74 13819.75 ND
19023.67 19021.97 + 0.67 13890.82 ND
19023.67 19021.78 + 0.11 13961.90 ND
19023.67 19022.87 + 0.36 14032.98 14031.26 + 1.66
19023.67 19021.39 + 0.55 14104.06 ND
19023.67 19021.61 + 1.16 13493.35 13489.11 + 3.95
19539.61  19537.12 + 9.70 (78%
labeled)
19472.16 19471.0 + 11.36 (81%
labeled)
19539.61 19539.76 + S5.14 (84%
labeled)
19472.16 19464.66 + 9.01 (93%
labeled)

inhibitor (Figure 4B, closed symbols). We also performed active
site titration studies of procaspase 3(D;A) and the +4A variant
with Z-VAD-fmk (Figure 4B, open squares and circles,
respectively). Together, the data show that the inhibitor binds
to each protein in a 1:1 stoichiometry with the total number of
active sites.

In addition to the pan-caspase inhibitor, we performed active
site titrations of the two proteins with Ac-DEVD-cmk inhibitor,
which contains the consensus cleavage site for caspase 3. As
shown in Figure 4C, the data were nearly identical for the two
proteins even though the activity of the +4A variant is much
higher than that of the control. The titrations show that the
inhibitor binds with a stoichiometry of ~0.5:1 (inhibitor:active
sites), suggesting that the two active sites in the dimer may not be
equivalent. This feature was not observed with the shorter
sequence, Z-VAD-fmk.

If the increase in enzyme activity, described above (Figure 2),
were due only to the alternately cleaved protein, then one would
observe a binding stoichiometry much less than 1:1 or 0.5:1
(inhibitor to total active sites). That is, the active site titrations
would reflect only the active protein, and the data in Figure 3
show that the alternately cleaved protein is present at low levels
compared to the full-length protein. One cannot explain the
observed binding stoichiometry unless the inhibitors bind to the
full-length proteins, so we conclude that the activity observed for
each protein reflects the intrinsic activity of the full-length
procaspase. Finally, the trends in the activity profiles do not
correlate with the levels of the minor cleavage products. For
example, the +SA variant (Figure 3A, lane 7) has higher activity
but less alternately cleaved large subunit than does +7A (Figure
3A, lane 9). Likewise, the V189G single mutant has similar
activity to that of the M182A,1187A double mutant (Figure 2B)
but significantly more cleavage (compare Figure 3C, lane 8, to
Figure 3D, lane 4).

We determined the alternate cleavage sites that produced the
~19 kDa product using liquid chromatography-tandem mass
spectrometry (LC/MS/MS) on intact protein samples (Table
1). In these studies we examined procaspase 3(D;A) (Figure 3A-
E, lane 2), the +1A to +8A variants (Figure 34, lanes 2—10), and
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the V189G variant (Figure 3C, lane 8). The data were consistent
for all proteins examined and showed that the large subunit is
cleaved at D169 (TELD) to produce a fragment of 19 023 Da.
The calculated size of the large subunit cleaved at D169, while
retaining the pro-domain, is 19 024 Da, and this fragment was
observed for all of the proteins with the exception of the +1A
variant (Table 1). The ~23 kDa fragment was not observed by
mass spectrometry, but the data in Figure 3 are consistent with
cleavage at D211 (NSKD), which produces a fragment of 23.8
kDa. Overall, the data shown in Figure 2 and summarized in
Table 1 are consistent with a self-cleavage at two alternate sites:
D169 and D211.

Although D169 is upstream of the normal cleavage site
(D175) in the IL of procaspase 3, the side-chain has been shown
to be important for stabilizing the “loop bundle”, and hence the
active site, in the mature, cleaved, caspase.lg’20 In addition, we
have suggested that D169 is important in stabilizing the active
conformation of the constitutively active procaspase 3 (Figure
1D and ref 10). In contrast, D211 is located in loop 3, which
forms the base of the substrate-binding pocket (Figure 1). We
replaced each of the two residues individually with alanine
(D169A and D211A) in the context of procaspase 3(D;A), the
+4A variant (Figure 3A, lane 6), and the +8G variant (Figure 3B,
lane 10), and we examined the enzyme activity as well as the
presence of alternately cleaved protein by SDS-PAGE and
Western blots. The results show that mutation of D169 to alanine
in the uncleavable procaspase(D;A) or the +4A variant abolished
enzyme activity (Figure 2A). The +8G,D169A variant did not
express in our E. coli expression system, so we could not examine
the activity of this protein (Figure 2A). In contrast, the D211A
mutation had less effect on the activity, where the activities of the
variants were similar to that of procaspase 3(D;A) (Figure 2A).

Examination of the variants by SDS-PAGE showed that the
levels of alternately cleaved protein were substantially decreased
when either D169 or D211 was replaced with alanine (Figure 3E,
left panel). Western analyses confirmed that there were
significantly lower amounts of the alternately cleaved protein
(Figure 3E, right panel). In the +8G,D211A variant (Figure 3E,
lanes 8—9), cleavage at D169 appears to be the primary site of
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prime (’) indicates amino acids from the second monomer. (B—G) IL conformations for starting (left) and ending (S0 ns, right) structures for (B)
procaspase 3(D;A) (AKA, wild-type or WT), (C) +3A, (D) +5A, (E) +8A4, (F) +8G, and (G) M182G,V189G. In panels B—G, loop bundle interactions
are indicated by the V189-D169’ pair. Changes in distances between the side chains are shown in Figure 6.

alternate cleavage since the cleavage observed remains the active enzyme (see Figure 1D). Our current and previous
significant. Overall, the collective data show that D169 and results show that the alternate cleavage at D169 (and probably
D211 represent alternate cleavage sites when the primary site for D211) occurs by a self-cleavage event, but the product is likely to
activation, D175, is not available. The data suggest that D169 is be enzymatically inactive due to disruption of contacts in the
the major site of alternate cleavage, whereas D211 is a minor site. loop bundle.

Taken together, the results presented here provide strong Molecular Dynamics Simulations Show Increased
evidence that the increase in activity observed for the procaspase Flexibility in the IL of Insertion Mutants. In order to further
3 variants is due to changes in the IL rather than to the minor understand why the +3A to +S5A insertions resulted in robust
cleavage products. This conclusion is consistent with our increases in activity while other insertions did not, we performed
previous studies of the constitutively active V266E variant of molecular dynamics simulations for each of the insertion
procaspase 3'® using an active site label. In those studies, the mutants, as well as for the uncleavable procaspase 3, for a total
probe labeled the active site of the full-length procaspase, length of 50 ns. We used the models for active as well as inactive
demonstrating the observed activity was due to the uncleaved procaspase 3 (with and without the insertions) (see Figure 1A,B)
procaspase. In addition, little or no cleavage was observed for that as starting structures for the simulations because previous results
protein by Western analysis. We also note that we previously showed that the two structures do not interconvert within the
examined the single mutant procaspase 3(D169A)" and showed time scale of the simulation.”® Thus, we wished to examine
that the mutant was inactive and unprocessed, even though the interactions in each structure that may stabilize the active or
three cleavage sites were intact (D9, D28, D175). Likewise, the inactive ensembles, respectively, and how those interactions
caspase 3(D169A) variant also demonstrated little to no changed as a result of the insertion. Over the course of the
activity.'” The side chain of D169 forms hydrogen bonds with simulations, overall structures were largely similar to that of the
backbone amides of V189’ and E190’ from the second monomer, crystal structure for mature caspase 3 (less than 7 A RSMD for
and the interactions are critical for stabilizing the loop bundle of the backbone, or within S A RMSD of the starting models).
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Simulations utilizing the model for inactive procaspase 3
(uncleavable D;A and insertion mutants) demonstrated that
the IL remained bound to the dimer interface over the time
course of the simulation (data not shown), so these results are
not discussed further. Rather, we focus here on results for the
active conformers.

We consider changes in the interactions between D169 (side
chain 5O) and the backbone amide of V189, as well as
interactions between E190 (side chain £€0) and K137 (side chain
{N), to monitor stability of the loop bundle and flexibility in the
IL and helix 3 (Figure SA). In the case of uncleavable procaspase
3(D;A) (without insertions), results show a rapid loss of key
interactions known to be important for active site stabilization.
The same interactions were shown previously to be maintained
in mature caspase 3.”® For example, distances between D169 and
V189’ increased from ~4 A to ~18 A (chain B or monomer B) or
~9 A (chain A or monomer A) (Figure SB and Figure 6A).
Distances between these two atoms of ~4 A represent a correctly
formed active site and stable loop 4 (see Figure SA), while the
longer distances represent a very flexible IL. At the end of the 50
ns simulation, the side chain of D169 from one IL (monomer B)
was completely exposed to solvent (Figure SB, right panel). The
distance between K137 and E190 also increased to ~18 A for
chain B (SI Figure 1A). These results suggest that the loop
bundle interactions are not stable in the active procaspase-3
conformer and are consistent with our previous data that show
the inactive ensemble of procaspase 3 is favored.'**® The low
activity of wild-type procaspase 3 is likely a reflection of the
relative population of inactive (favored) and active (disfavored)
conformers within the ensemble of native protein. Overall, the
results of the MD simulations of active procaspase 3 show that
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the protein undergoes numerous structural changes that impact
active site formation, particularly in formation of the loop bundle
and stabilization of helix 3. In contrast, mature (cleaved) caspase
3 remains largely in the active conformation.*®

Several differences were observed in simulations of the IL
mutants. For clarity, data are presented in Figures S and 6 (and SI
Figure 1) for the +3A, +SA, +8A, +8G, and M182G,V189G
variants for the following reasons. The +3A and +5A variants
demonstrated robust increases in enzyme activity, while the
activity of the +8A mutant was similar to that of procaspase 3
(Figure 2). The activity of the +8G variant was ~10-fold higher
than that of +8A, and the M182G,V189G double mutant
demonstrated the highest activity of the hydrophobic cluster
series, although the activity was significantly lower than most of
the IL insertion mutants.

For the +3A and +SA variants, the loop bundle remained
largely intact, as observed by the distances between D169 and
V189’ and between K137 and E190. For +3A, D169 and V189’
were within ~4 A for at least half of the simulation, and the side
chains were between ~4 A (chain B) or ~10 A (chain A)
throughout the simulation (Figure SC, Figure 6B, SI Figure 1B).
In the case of the +5SA variant, the D169-V189’ pair remained
within 7 A of each other throughout the simulation (Figure SD
and Figure 6C), while the K137-E190 pair were within S A (SI
Figure 1C). Together, the data suggest that the two proteins are
active because the insertion of three to five alanine residues
stabilizes the loop bundle as well as helix 3, in both monomers,
thus shifting the ensemble to the active conformer. In contrast,
the data for the +8A variant more closely resemble those of
procaspase 3(D;A). One IL appears to be very flexible (Figure
SE, also compare Figures 6A and D and SI Figures 1A and 1D),
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although in general the distances for the second monomer are
shorter in this mutant compared to those of the control.

The data for the +8G variant are similar to those of the +3A
and +5A variants except that one active site appears to be
stabilized while the second active site is not. In this protein, the
distance between D169 and V189’ in monomer A remains
constant at ~4 A, while the distance increases to ~15 A in
monomer B (Figure SF and Figure 6E). Likewise, the distance
between K137 and E190 (~4 A in monomer A and ~13 A in
monomer B) shows that the IL is stabilized in one monomer but
not the other (SI Figure 1E). Thus, the intermediate level of
enzyme activity for this variant (Figure 2) may be due to
stabilization of only one active site in the dimer.

The double mutant, M182G,V189G, is intermediate between
procaspase3(D;A) and the +SA variant (Figure SG, Figure 6F,
and SI Figure 1F). In this mutant, the D169-V189’ pair remains
close for one monomer, within ~4 A, but the pair demonstrates
large flexibility in the second monomer, where the distance is
~15 A (Figure 6F). In addition, the K137-E190 pair has
increased flexibility for both monomers, where distances increase
to ~11 A (SI Figure 1F). The data suggest that the activity of this
mutant may be lower because of increased flexibility in the IL
compared to the +3A or +5A insertion mutants.

Overall, results from the MD simulations are consistent with a
flexible IL in the uncleavable procaspase 3(D;A) that results in a
destabilized loop bundle and active site. Lengthening the IL by
3-S5 alanine residues stabilizes the loop bundle in one or both
active sites, and the new contacts that form in the loop bundle
(that s, the active conformer) likely decreases flexibility overall in
the IL. Longer insertions appear to affect one active site while the
second active site remains flexible. For the +6A to +8A variants,
flexibility in the IL may also be affected by formation of 1—2 turns
of helix in the longer IL (see Figure SE, right panel), which
overall shortens the IL and moves D169 away from V189'. In
addition, formation of secondary structure in the IL may be
important for positioning D169 close to V189’, since the more
flexible glycine insertions show much lower activities than the
equivalent alanine insertions.

B DISCUSSION

Our previous data showed that the procaspase 3 native state
ensemble contains at least two conformations, one of which is
enzymatically active while the other is inactive.'>"® As with other
effector procaspases, the inactive conformer of procaspase 3 is
favored, as evidenced by the low endogenous activity. Previous
mutational studies in the DI have shown that the active
conformer is populated when the IL is expelled from its binding
in the DI, and the constitutively active procaspase 3 supports
robust cell death in cancer cells."® This view of the procaspase 3
conformational ensemble is in contrast to the prevailing view in
which cleavage of the IL is required for the structural
rearrangements needed for active site formation," although
the activation-by-cleavage mechanism certainly is the case in vivo
as it affords tight control of apoptosis. The work we present here
shows that, while cleavage of the IL results in full activation of
procaspase 3, it is not required to activate the zymogen. Rather,
stabilizing the active conformer of the procaspase, in the absence
of chain cleavage, also generates an active procaspase, albeit at
lower activity than the cleaved form.

Based on our previous work on procaspase 3 (ref 10) and
structural data for procaspase 7 (refs 16,17), we proposed two
models to explain how the IL is involved in maintaining the
inactive conformation (Figure 1). The first model (IL-extension)
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states that lengthening the IL to more closely resemble initiator
procaspases, such as procaspase 8, should increase the population
of active conformer within the native ensemble by allowing the
zymogen to sample more conformational states. In essence, the
shorter IL in effector caspases constrains the native ensemble and
limits the ability of the protein to maintain certain interactions
known to play a role in the activity of the mature caspase (the
loop bundle, for example). Indeed, Denault and co-workers
recently showed that a procaspase 8 variant with a truncated IL
requires cleavage for activation.'® Ordinarily, procaspase 8
activation occurs upon dimerization on death scaffolds and
does not require chain cleavage,’ so their data imply that the
shorter IL in the procaspase 8 variant mimics that of an effector
procaspase. In contrast to the first model, the second model we
proposed for maintaining the inactive procaspase 3 states that the
inactive conformation is stabilized through hydrophobic
interactions between the IL and the DI. The second model
predicts that weakening the binding of the IL in the interface by
disrupting the hydrophobic cluster should favor formation of the
active conformer.

To test the IL-extension model, we made insertions of up to
eight alanine or glycine residues in the IL of uncleavable
procaspase 3(D;A), and to test the hydrophobic cluster model,
we mutated three sites in the IL that are predicted to interact with
the DI The data show that the IL maintains the inactive
conformation by constraining the protein in a way to prevent key
interactions that stabilize the active site. Removing interactions
in the hydrophobic cluster (M182, 1187, V189; see Figure 1D)
had little effect on activity of the procaspase (Figure 2). In
contrast, increasing the length of the IL by inserting 3—S alanine
residues resulted in a robust increase in enzyme activity.
Molecular dynamics simulations of the mutants suggest that
the modest increase in length allows interactions to form in the
loop bundle, thus stabilizing the active conformer. Longer
insertions, as with the +6A to +8A variants, resulted in ILs with
increased flexibility and secondary structure formation, leading to
suboptimal interactions in the loop bundle. At present, it is not
clear why the +G insertions differ from the +A series, as the
increase in activity was not observed until >6 glycines were
added. Overall, however, the data show that releasing the strain of
the short IL in procaspase 3, in and of itself, is not sufficient to
populate the active conformer of the native ensemble. The IL
must also allow for stabilizing interactions in the loop bundle,
possibly from a combination of optimal length, secondary
structure and/or flexibility in the IL, and specific contacts
between the IL and DI. Our results may explain why no increase
in activity was observed for procaspase 7 upon insertion of six
residues in the IL (three GS pairs).'® In that case, the inserted
residues likely do not provide an optimal length.

Based on results from active site inhibition measurements with
Ac-DEVD-cmk and from mass spectrometry, Wells and co-
workers concluded that the activity observed in procaspase 3
arises from small amounts of cleaved protein in the sample."” In
those studies, the authors primarily examined the wild-type
procaspase 3, where the protein is most likely cleaved at D175. In
that case, the contaminating cleaved product would be expected
to exhibit much higher activity than the zymogen, equivalent to
the procaspase 3(D9A,D28A) variant, which has been shown to
have high enzyme activity.”” In the work presented here, we
examined the uncleavable procaspase 3(D;A) variant, which
removes the cleavage site at D175. We show that when D175 is
not available for processing, the zymogen is cleaved at an
alternate cleavage site (D169), but the minor cleavage product is
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enzymatically inactive because D169 is important for maintain-
ing the loop bundle contacts in the active protein (see Figure
1D). The alternate cleavage site at D169 becomes more exposed
in several of the IL mutants, so more of the alternatively cleaved
protein is observed in those mutants. Active site titrations with Z-
VAD-fmk and Ac-DEVD-cmk inhibitors show that the full-
length protein is active, and we observed by mass spectrometry
that the inhibitor labels the full-length protein. Together, our
data show that the protein cleaved at D169 has little to no
enzyme activity and that the intrinsic activity of the uncleavable
procaspase 3(D;A) variant represents the relative population of
inactive and active conformers.

As described previously by Wells,'® the Ky of the procaspase 3
zymogen for the peptide substrate is similar to that of the mature
enzyme, ~12 uM, suggesting that the contaminating cleaved
product of the zymogen is the solely active form in the sample.
We also observe that the Ky values of the uncleavable procaspase
3 and of the IL variants are similar to the cleaved, mature caspase
3, but we also show that the full-length protein is enzymatically
active. Overall, our data suggest that the active sites of the
zymogen are mostly intact and are capable of binding substrate
similarly to the wild-type, cleaved, protein, while the catalytic
Cys163 and Hisl21 residues are not positioned for proper
catalysis. We note that this interpretation is inconsistent with the
structural data for procaspase 7 (refs 16,17), which show that the
substrate-binding loop (L3) is exposed to solvent (see Figure 1C,
active site 2). For procaspase 3, an exposed L3 would result in
Trp206 being completely exposed to solvent in the inactive
conformer while moving to a buried position in the active
conformer, where the tryptophan stacks on Trp214. The
projected movement of this tryptophan is inconsistent with the
blue-shifted fluorescence emission profile observed for the native
protein, where the tryptophans are observed in a less solvent-
exposed environment in the native protein and are exposed to
solvent upon unfolding.>***7* Furthermore, the catalytic
cysteine is highly protected against zinc ions in the zymogen
compared to the mature caspase 3 (ref 32). Collectively, our data
show that, although there may be adjustments in the substrate-
binding loop, L3, the switch from the inactive to active conformer
of the uncleavable procaspase 3(D;A) primarily affects position-
ing of the catalytic cysteine, C163, into the active configuration.
Moreover, our data suggest that either the crystal structures of
procaspase 7 are not good models for the conformation of
procaspase 3 in solution, or the uncleavable variant, procaspase
3(D;A), is not a good model for the wild-type procaspase 3. Our
biophysical studies of the catalytically inactive procaspase
3(C163S) yield similar spectroscopic properties as those of the
uncleavable procaspase 3(D;A), so the active site loops appear to
be in similar conformations.*”** This interpretation is consistent
with other groups that have shown catalytic competency in the
zymogen using active site labels that require enzyme turnover.>’

Wells and co-workers very clearly show activity in the minor
population of cleaved protein for wild-type procaspase 3, and this
activity appears to be important for processing the zymogen
when it is immobilized on fibrils."> When taken together with the
data presented here, the combined results suggest that the fibrils
bind the inactive conformer of procaspase 3, which is prevalent in
solution. In that case, activation must then occur via cleavage of
the IL and subsequent active site formation (binding-then-
cleavage mechanism) rather than a redistribution of the
conformational ensemble to favor the active conformer. In
some ways the question of “how poor an enzyme is procaspase
3?” is an argument of semantics, but it raises an important point
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in considering how one might target the zymogen in cancer cells.
The direct activation of procaspase 3 may represent a novel
method for the treatment of cancer for several reasons. We have
shown that a constitutively active procaspase 3 is resistant to
inhibition by endogenous apoptotic inhibitors, such as XIAP,"
which are often overexpressed in cancer cells. Because the
activation of caspase 3 is the commitment step for apoptosis, this
strategy would likely be useful for the treatment of numerous
cancer cell types while avoiding reduced efficacy due to drug
resistance. So, how does one target procaspase 3 for activation?
Wells and co-workers elegantly demonstrate that formation of
fibrils either with small drug compounds or natural proteins®®
result in activation of the zymogen through a binding-then-
cleavage mechanism."> Our data suggest that one can directly
target the procaspase 3 conformational ensemble to stabilize the
active conformer, possibly using small drug compounds.'®
Unfortunately, no small drug compounds have been found
thus far that result in an efficient shift to the active conformer.
The conformational free energy required to shift from the
inactive to active conformer appears to be greater than the
binding free energy for putative activators, so the reaction has
been inefficient thus far. Indeed, there have been no natural
activators identified in vivo that bind to the procaspase and shift
the conformation to the active state, aside from cleavage by
initiator caspases. In contrast, several mechanisms exist in cells to
inactivate the protein, either through post-translational mod-
ifications of caspase 3 (refs 39—41) or by sequestering the
procaspase from the initiator caspases.*”~** In this regard, it may
be necessary to explore compounds that promote the binding-
then-cleavage mechanism of activation rather than compounds
that promote a shift in the conformational ensemble if the
binding free energy for small drug compounds is insufficient to
stabilize the active conformer. A clearer picture of the
conformational ensemble in the zymogen will be helpful in
designing compounds directed at the active conformer. The data
presented here show that such compounds will have to promote
the expulsion of the IL from the interface as well as stabilize the
loop bundle in the active conformation.
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