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ABSTRACT: We have examined the folding and assembly of a catalytically inactive mutant of procaspase-
3, a homodimeric protein that belongs to the caspase family of proteases. The caspase family, and especially
caspase-3, is integral to apoptosis. The equilibrium unfolding data demonstrate a plateau between 3 and
5 M urea, consistent with an apparent three-state unfolding process. However, the midpoint of the second
transition as well as the amplitude of the plateau are dependent on the protein concentration. Overall, the
data are well described by a four-state equilibrium model in which the native dimer undergoes an
isomeration to a dimeric intermediate, and the dimeric intermediate dissociates to a monomeric intermediate,
which then unfolds. By fitting the four-state model to the experimental data, we have determined the free
energy change for the first step of unfolding to be 8.3( 1.3 kcal/mol. The free energy change for the
dissociation of the dimeric folding intermediate to two monomeric intermediates is 10.5( 1 kcal/mol.
The third step in the unfolding mechanism represents the complete unfolding of the monomeric intermediate,
with a free energy change of 7.0( 0.5 kcal/mol. These results show two important points. First, dimerization
of procaspase-3 occurs as a result of the association of two monomeric folding intermediates, demonstrating
that procaspase-3 dimerization is a folding event. Second, the stability of the dimer contributes significantly
to the conformational free energy of the protein (18.8 of 25.8 kcal/mol).

The clear understanding of a biological concept requires
insights from physical chemistry. While it has been observed
that the biological activity of a protein is dependent on its
ability to fold into the correct three-dimensional structure,
predicting the correct fold of a protein based solely on its
primary sequence, the so-called “protein folding problem”,
has been elusive. The problem will become critical in the
post-genomic age for gaining precise information on intricate
biological functions of proteins.

As first shown by Anfinsen (1) and later pointed out by
Baker (2), the simplest case of biological self-organization
is the spontaneous self-assembly of protein molecules into
a unique three-dimensional structure that carries out biologi-
cal function. While great interest in this area over the past
few decades has resulted in a plethora of experimentation
(3), most of the experimental systems have been confined
to small single-domain proteins (4). For most of those
proteins, partially ordered non-native conformations, that is,
folding intermediates, are not typically observed. The folding
could be well modeled as a two-state transition between a
denatured state and the ordered native state. While these
models provide a framework for solutions to the folding
problem, they cannot account for the complexities of folding
of multidomain or multisubunit proteins. One challenge that
underlies protein folding studies in the onset of proteomics
is to correlate the functional features found in protein families
with the evolutionary conservation of sequence identity (5)

as well as conserved structural topology (2). While models
of contact order (2) and conservatism (5) have been
developed using small proteins with well-characterized two-
state folding transitions, eventually these or other models
must be extended to larger multidomain or multisubunit
proteins. A complete understanding of folding and assembly
will fully reflect the balance between local and global
interactions, including global interactions between subunits.

Because of these and other considerations, we have
examined the folding and assembly of procaspase-3, which
belongs to the caspase family of proteases. Caspase [cysteinyl
aspartate-specific protease (6)] family members are key
mediators of initiation and execution of apoptosis as well as
the inflammatory response. Currently, 14 members of the
caspase family have been identified (7), and crystal structures
of several caspases demonstrate the structural homology
within the family (8-14). The mature, enzymatically active
caspases are tetramers with aMr of approximately 60 000
and consist of two copies each of two nonidentical subunits,
described as dimers of heterodimers. Caspases exist in normal
cells as inactive zymogens and must be activated by
proteolytic processing [for a review, see Salvesen (15)].
While the three-dimensional structures have not been deter-
mined, the monomeric procaspase polypeptides are organized
with an amino-terminal pro-domain, which varies in size and
function, followed by the large subunit and the small subunit.
In some cases, such as procaspase-1, an intersubunit linker
is found between the subunits within the procaspase (16).
The caspase family can be divided into two important
subclasses based on the size of the pro-domain; the long pro-
domain caspases are generally activators in the apoptosis
cascade, whereas the short pro-domain caspases are generally
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executioners in cell death. While the pro-domain for long
pro-domain caspases has been shown to facilitate protein-
protein interactions that lead to maturation (17, 18), the role
of the pro-domain, if any, in dimerization and maturation of
the short pro-domain caspases is less clear.

Consistent with models for maturation of the long pro-
domain caspases (19, 20), our finding that procaspase-3 is a
dimer in solution (44) suggests that dimerization is an early
event in maturation of the short pro-domain caspases. That
is, the procaspase dimer, rather than the monomer, is cleaved.
This is important because the four subunits in the caspase
heterotetramer reside in one procaspase dimer. However,
those experiments did not address procaspase-3 dimerization
in the context of folding, that is, whether the dimer forms
from two native monomers or whether dimerization occurs
during folding. In the results presented here, we have
analyzed the equilibrium folding of the procaspase-3 dimer
in urea-containing phosphate buffer using spectroscopic
probes that are sensitive to changes in the secondary and
tertiary structures. Overall, the data are well described by a
four-state equilibrium model in which the native dimer
undergoes an isomeration to a dimeric intermediate, and the
dimeric intermediate dissociates to a monomeric intermedi-
ate, which then unfolds (N2 H I2 H 2I H 2U). The data
demonstrate that dimerization of procaspase-3 occurs during
folding by the association of partially folded monomeric
species.

MATERIALS AND METHODS

Protein Purification. Procaspase-3 (C163S) was isolated
from E. coli BL21(DE3) as described previously (44). The
concentration was determined usingε280 ) 26 500 M-1 cm-1

(44). The protein concentrations reported here are those of
the monomer.

Reagents.Ultrapure urea was purchased from Nacalai
Tesque Inc. (Kyoto, Japan). Dithiothreitol (DTT) and potas-
sium phosphate (KH2PO4 and K2HPO4) were obtained from
Sigma Chemicals (St. Louis, MO). All other chemicals were
reagent-grade.

Stock Solutions.Urea stock solutions (10 M) were prepared
as described previously (21) in a buffer of 50 mM KH2PO4/
K2HPO4, pH 7.2 ((0.01), 1 mM DTT. This buffer solution
without urea is referred to as “phosphate buffer” in the text.
All solutions were prepared fresh for each experiment and
were filtered (0.22µm pore size) prior to use. The urea
concentration of each stock solution was calculated by weight
and by refractive index (21), and solutions were used only
if the two values were within(1%.

Equilibrium Unfolding Studies.All equilibrium unfolding
experiments were performed as described previously (21, 22).
Briefly, stock protein solutions were prepared in phosphate
buffer to be 10 times the final concentration used in the
experiment. Phosphate buffer, urea from the 10 M stock
solution, and stock protein solutions were mixed in 2 mL
siliconized microcentrifuge tubes (Sigma Chemicals) to give
final urea concentrations between 0 and 8 M and the final
protein concentrations as indicated in the figure legends. For
renaturation experiments, the protein was incubated in 6 M
urea-containing phosphate buffer. After incubation for 1 h
at 25°C, the protein was added to phosphate buffer and urea
such that the final urea and protein concentrations were as

indicated in the figure legends. All samples were mixed by
vortexing. To determine that the samples had reached
equilibrium, we monitored the fluorescence emission over
time for a sample incubated in 4 M urea-containing
phosphate buffer. The results from this experiment (data not
shown) demonstrate that the sample equilibrated within 45
min at 25°C as there was no further change in signal after
this time. When the protein was refolded by dilution from 8
to 0.8 M urea, we observed several kinetic phases, although
folding was complete within several hours. For the equilib-
rium unfolding experiments, the samples were incubated for
approximately 24 h at 25°C prior to data collection. This
incubation time was sufficient to allow all samples to
equilibrate.

Fluorescence emission at each denaturant concentration
was measured using a PTI C-61 spectrofluorometer (Photon
Technology International). Time-based measurements were
acquired at excitation wavelengths of 280 and 295 nm with
fluorescence emission at 320 nm. All measurements were
corrected for background signal. Circular dichroism at 228
nm was measured with a Jasco J600A spectropolarimeter
using a cuvette of 1 cm path length. The data were averaged
for 30 s. Both instruments were equipped with thermostated
cell holders, and the temperature was held constant at 25°C
using a circulating water bath.

Data Analysis.The fluorescence and circular dichroism
studies were modeled using the four-state equilibrium model
shown in eq 1:

In this model, the protein is assumed to be in either the native
homodimeric state (N2), a non-native dimeric state (I2), a
non-native monomeric state (I), or an unfolded monomeric
state (U), andK1, K2, andK3 are the equilibrium constants
for the three steps, respectively. If we consider the total molar
concentration of the polypeptide chains asPT, as shown in
eq 2:

then the mole fraction of each species can be defined as
shown in eqs 3-6:

The sum of all fractions is equal to unity as shown in eq
7:

The equilibrium constantsK1, K2, andK3 are related to the
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mole fraction of each species and toPT, as shown in eqs
8-10:

Equating eqs 8-10, substituting in terms offU, and rear-
ranging yield eq 11:

By solving the quadratic eq 11, the fraction of each species
is obtained, as shown in eqs 12-15:

From eqs 12-15 and the relationship

where R is the gas constant andT is the temperature in
degrees kelvin, one may calculate the equilibrium constant
and the values of∆G at each urea concentration. We assume
the free energy change for each step in the reaction to be
linearly dependent on denaturant concentration as described
earlier (23) (eqs 17-19):

where ∆G1
H2O, ∆G2

H2O, and ∆G3
H2O are the free energy

changes in the absence of denaturant corresponding toK1,
K2, and K3, respectively, andm1, m2, and m3 are the
cooperativity indices associated with each step. The ampli-
tude of the spectroscopic signal determined at each urea
concentration is assumed to be a linear combination of the
fractional contribution from each species (eq 20):

whereYN2, YI2, YI, andYU are the amplitudes of the signals
for the respective species.

To determine the unknown parameters∆G1
H2O, ∆G2

H2O,
∆G3

H2O, m1, m2, andm3, the 10 data sets shown in Figures 2
and 3 were fit simultaneously using Igor Pro. For each
spectroscopic signal, the values forYI2 andYI did not vary
with changes inPT. The following values were determined
from the fits. For fluorescence emission (280 nm excitation),
YI2 ) 0.78 andYI ) -0.16. For circular dichroism at 228
nm,YI2 ) 0.85 andYI ) 0.3. For fluorescence emission (295
nm excitation),YI2 ) 1.13 andYI ) 0.08. The amplitudes
associated with the native form of the protein were assumed
to be linearly dependent on urea concentration, as shown in
eq 21:

whereYN2′ is the amplitude of the signal in the absence of
urea for the native species. This correction to the pre-
transition baselines (eq 21) had little effect on the free energy
or m-values determined from the fits. For example, when
m4 was set to 0,∆G1

H2O varied from 8.3 to 7.5 kcal/mol, and
m1 varied from 2.8 to 2.65 kcal mol-1 M-1. The remaining
parameters were unchanged. These variations in∆G1

H2O and
m1 are within the experimental error. The fits shown in
Figures 2 and 3 as well as the values reported in the text
reflect the pre-transition baseline corrections. Due to the lack
of a sufficient number of data points in the post-transition
regions, no corrections were made to the post-transition
baselines, and the values ofYU were set to 0, in agreement
with the normalized experimental data shown in the Figures
2 and 3. The values ofPT were not allowed to vary during
the fitting process.

RESULTS

The monomeric procaspase-3 consists of 277 amino acids
(Mr ) 31 577). Under some conditions, such as the high
protein concentrations found in heterologous expression
systems, caspase-3 activation is autocatalytic (24-26). To
prevent autoproteolysis, we substituted the active site cysteine
with a serine residue (C163S) for our equilibrium unfolding
studies. The C163S mutation prevents autolysis of the
procaspase but is not structurally perturbing (20, 27, 28).

Denaturation of Procaspase-3(C163S).While there are no
aromatic residues in the pro-domain, procaspase-3 has two
tryptophan residues (W206 and W214), and both reside in
the carboxy-terminal region of the polypeptide, that is, the
region that becomes the small subunit of the mature caspase.
In addition, there are 10 tyrosine residues well distributed
in the primary sequence. Based on these features, it is
convenient to examine folding and unfolding of the tertiary
structure by monitoring changes in fluorescence emission.

As shown in Figure 1, native procaspase-3(C163S) has a
fluorescence emission maximum at 335 nm when excited at
280 nm (panel A) and 340 nm when excited at 295 nm (panel
B), indicating that the tryptophans are more solvent-exposed
than the remaining aromatic residues. In the mature caspase-3
heterotetramer, the tryptophans are in or near the active site.
Based on results from limited trypsin proteolysis of pro-
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caspase-3 (data not shown), the conformation of the pro-
caspase-3 dimer appears to be similar to that of the
heterotetramer. This suggests that in procaspase-3, the two
tryptophan residues are in or near the active site and explains
the red-shift in fluorescence emission (Figure 1, panel B)
compared to the protein excited at 280 nm (Figure 1, panel
A). In phosphate buffer containing 8 M urea, the fluorescence
emission maximum is red-shifted to approximately 348 nm
following excitation at either 280 nm (Figure 1, panel A) or
295 nm (Figure 1, panel B), indicating that the protein was
largely unfolded under these solution conditions. In addition,
the fluorescence intensity does not change dramatically. The
far-UV circular dichroism spectrum of procaspase-3(C163S)
demonstrates a largeâ-sheet content, whereas the near-UV
CD spectrum demonstrates a well-defined packing of the
aromatic side chains (44). In 8 M urea-containing phosphate
buffer, both near-UV and far-UV CD spectra show a large
signal change due to loss of secondary and tertiary structure
(data not shown).

At intermediate concentrations of urea (∼3-5 M), the
fluorescence emission spectra were blue-shifted compared
to those for the native protein. Representative data are shown
in Figure 1 (panels A and B) for protein in 4 M urea-

containing phosphate buffer. Under these conditions, the
emission maxima were either 337 nm (panel B) or 333 nm
(panel A). These results suggested the presence of an
equilibrium folding intermediate that is populated under these
conditions (3-5 M urea).

Equilibrium Unfolding of Procaspase-3(C163S).We ex-
amined the equilibrium unfolding of procaspase-3(C163S)
in phosphate buffer as a function of urea concentration (0-8
M), and the results are shown in Figure 2. In these
experiments, we monitored changes in secondary structure
by circular dichroism at 228 nm and changes in tertiary
structure by fluorescence emission at 320 nm, following
excitation at 280 or 295 nm. The data show little to no change
in signal between 0 and∼1.5 M urea, and this is followed
by a cooperative decrease in signal from∼1.5 to∼3 M urea.
A second cooperative transition occurs between∼5 and 7
M urea. While all three spectroscopic signals showed similar
trends in the unfolding data, the relative signal in the plateau
region (3-5 M urea) was significantly higher when the
samples were excited at 295 nm (Figure 2, squares) compared
to either the CD (diamonds) or the fluorescence emission
with excitation at 280 nm (circles). The error bars in Figure
2 represent the standard error obtained from four different
experiments at 1µM concentration of procaspase-3(C163S)
performed on separate days, demonstrating the reproduc-
ibility of the experiments.

To examine reversibility, the protein was initially unfolded
in phosphate buffer containing either 6 or 8 M urea, and the
samples were diluted into phosphate buffer so that the final
protein concentration was 1µM, and the final urea concen-
trations are shown in Figure 2 (solid circles). The data
demonstrate the folding transitions are completely reversible.

Overall, the data shown in Figure 2 demonstrate at a
minimum a three-state unfolding process in which a well-
populated folding intermediate is in equilibrium with the
native and unfolded protein.

Protein Concentration Dependence of Unfolding. Because
procaspase-3 is a homodimer (44), we examined the effect

FIGURE 1: Fluorescence emission spectra of procaspase-3(C163S).
Panel A: Excitation at 280 nm. Panel B: Excitation at 295 nm.
Procaspase-3(C163S) (2µM) was incubated for 24 h, 25°C, in
urea-containing phosphate buffer with the following urea concentra-
tions: 0 M (O), 4 M (2), 8 M (0).

FIGURE 2: Equilibrium unfolding of procaspase-3(C163S). Unfold-
ing was measured by CD at 228 nm (]) and by fluorescence
emission at 320 nm with excitation at either 280 nm (O) or 295
nm (0). For all experiments, the protein concentration was 1µM.
Closed symbols (b) represent refolded protein to show reversibility.
Error bars show the standard error from four unfolding curves. For
clarity, error bars and refolding data are not shown for all three
data sets. The data were fit simultaneously (solid lines) as described
under Materials and Methods using Igor Pro.
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of protein concentration on the equilibrium unfolding process.
As shown in Figure 3, panels A-C, there was a shift in the
midpoint of the second transition as the concentration of
procaspase-3(C163S) was increased. Circular dichroism
measurements at 228 nm (Figure 3, panel C) showed that

the first transition was independent of the protein concentra-
tion.

The unusual feature of these data is that the relative
amplitude of the plateau was dependent on the protein
concentration. For example, as shown in Figure 3, panel A,
the relative amplitude of the plateau decreased with a
decrease in protein concentration, while the midpoint of the
first transition was constant at∼2.4 M urea.

The results shown in Figure 3 suggest the four-state
equilibrium model described in eq 1 (see Materials and
Methods). In this model, the dimeric native conformation,
N2, isomerizes to a dimeric intermediate, I2, and the dimeric
intermediate dissociates to a monomeric intermediate, I,
which unfolds to U. The dissociation of I2 to 2I leads to a
change in the amplitude of the plateau.

Based on this model, we have determined the conforma-
tional free energy,∆GH2O, and the cooperativity indices, or
m-values, for each step in unfolding (see Materials and
Methods). The solid lines in Figures 2 and 3 are the results
of fits of the model in eq 1 to the data. These results
demonstrate that the data are well described by the four-
state equilibrium model.

The free energy change,∆G1
H2O, and the cooperativity

index,m1, for the first step of unfolding, the isomerization
of N2 a I2, are 8.3( 1.3 kcal/mol and 2.8( 0.5 kcal mol-1

M-1, respectively. The free energy change,∆G2
H2O, and

cooperativity index,m2, for the dissociation of the dimeric
intermediate to two monomeric intermediates (I2 a 2I) are
10.5 ( 1.0 kcal/mol and 0.5( 0.1 kcal mol-1 M-1,
respectively. The third step in the unfolding mechanism
represents the complete unfolding of the monomeric inter-
mediate (2Ia 2U), with a free energy change,∆G3

H2O, and
cooperativity index,m3, of 7.0 ( 0.5 kcal/mol and 1.2(
0.1 kcal mol-1 M-1, respectively. Overall, the data demon-
strate that procaspase-3(C163S) is very stable, with total
conformational free energy of 25.8 kcal/mol.

The plateau observed between 3 and 5 M urea (Figure 3)
is due to the dissociation of the dimeric intermediate, I2, to
the stable monomeric intermediate, I. As shown in Figure
3, this plateau is relatively flat. The fits of the data show
that this is due to two factors. First, the cooperativity index,
m2, for this process is relatively small, 0.5 kcal mol-1 M-1.
Using eqs 16 and 18 and the values determined for∆G2

H2O

and m2, we calculate the equilibrium constant,K2, at 4 M
urea to be∼0.6 µM. This is consistent with the data shown
in Figure 3, which demonstrate that dissociation occurs in
the low micromolar range of protein concentration in the
range of 3-5 M urea. Second, as described under Materials
and Methods, the relative signals of I2 and of I do not depend
on the protein concentration, with I2 having a larger relative
signal than I. As the population of the monomeric intermedi-
ate is increased, due to dissociation of the dimeric intermedi-
ate at lower protein concentrations, the amplitude of the
plateau is decreased.

DISCUSSION

Studies of protein folding have had a major impact on the
understanding of protein function and the control of human
disease (29-32). Caspases are the key mediators in apop-
tosis, a process that is absolutely necessary to maintain
homeostasis in eumetazoans. While dysregulation of apop-

FIGURE 3: Concentration dependence of equilibrium unfolding of
procaspase-3(C163S). For panels A and B, unfolding was monitored
by fluorescence emission at 320 nm with excitation at 280 nm (panel
A), or 295 nm (panel B), at protein concentrations of 0.25µM (]),
0.5µM (4), 1 µM (0), and 2µM (O). Closed symbols (9) represent
refolding of procaspase-3 (C163S) at 1µM concentration. For panel
C, unfolding was monitored by CD at 228 nm at protein concentra-
tions of 0.5µM (4), 1 µM (0), and 2µM (O). The data were fit
simultaneously (solid lines) as described under Materials and
Methods using Igor Pro.
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tosis is a common factor in a number of autoimmune
diseases, neurodegenerative disorders, and cancers (33),
learning to selectively manipulate the level of apoptosis
through the activation or inhibition of caspases may well
lead to therapeutic strategies for these diseases. Although
poorly understood, protein-protein interactions are important
for folding, dimerization, maturation, and inhibition of
caspases (34-38).

We have described conditions for the equilibrium unfold-
ing of procaspase-3 in urea-containing phosphate buffer, as
monitored by both fluorescence emission and circular
dichroism measurements. The folding is completely revers-
ible, and the data demonstrated biphasic transitions, sug-
gesting an apparent three-state unfolding process. There was
a blue shift in the fluorescence emission spectrum when the
protein was incubated in 4 M urea-containing buffer,
suggesting that the tryptophanyl residues remain mostly
buried in the equilibrium intermediate. Above 5 M urea, there
was both a decrease in intensity and a red shift in the
fluorescence emission spectrum, demonstrating the unfolding
of the protein. When we examined unfolding at several
concentrations of procaspase-3 (C163S), we observed that
the midpoint for the first transition was constant, whereas
the midpoint for the second transition was dependent on the
protein concentration. This suggested that the second transi-
tion represents the dissociation of the dimer and that the
intermediate populated between 3 and 5 M urea was a dimer.
Interestingly, however, the amplitude of the plateau was also
dependent on the protein concentration. While these results
cannot be explained by a three-state unfolding process, they
are well described by a four-state model. In this model, the
native dimer isomerizes to a dimeric intermediate, and the
dimeric intermediate dissociates to a monomeric intermedi-
ate, which then unfolds. The decrease in the amplitude of
the plateau is a result of the dissociation of the dimeric
intermediate to the monomeric intermediate. Based on this
model, we have determined the conformational free energies
and m-values for the three steps in equilibrium unfolding.
The data show that the protein is very stable, with a
conformational free energy of 25.8 kcal/mol, and that
unfolding is a highly cooperative process.

These results show two important points. First, dimeriza-
tion of procaspase-3 occurs as a result of the association of
two monomeric folding intermediates. Therefore, we consider
procaspase-3 dimerization to be a folding event. Second, the
stability of the dimer contributes significantly to the con-
formational free energy of the protein (approximately 18.8
kcal/mol). These results are consistent with our previous
conclusions based on the solution properties of the dimer
(44), and we predict that the protein is also a dimer in vivo.

By using the values from the experimental data for
∆G1

H2O (8.3 ( 1.3 kcal/mol),∆G2
H2O (10.5( 1.0 kcal/mol),

∆G3
H2O (7.0 ( 0.5 kcal/mol), m1 (2.8 ( 0.5 kcal mol-1

M-1), m2 (0.5 ( 0.1 kcal mol-1 M-1), andm3 (1.2 ( 0.1
kcal mol-1 M-1), we calculated the equilibrium distribution
of the four species, N2, I2, I, and U, at each urea concentra-
tion. The results of these calculations are illustrated in Figure
4. In addition, the calculations were done at four protein
concentrations (0.25, 0.5, 1, and 2µM). As shown in Figure
4, between 0 and 3.5 M urea, there is a decrease in the
population of native dimer and a concomitant increase in

the population of the dimeric intermediate, I2, as well as the
monomeric intermediate, I. The midpoint of the transition
is 2.4 M urea, consistent with the experimental results shown
in Figure 3. Between 2 and 7 M urea, there is a population
of I2 as well as a population of the monomeric intermediate,
I. The relative populations of the dimeric and monomeric
species are dependent on the protein concentration. The
population of I2 reaches a maximum at∼3.4 M urea, whereas
the population of I reaches a maximum at∼5.5 M urea. The
third transition, I to U, has a midpoint at∼6.1 M urea,
although there remains a significant population of I2 and I
until ∼6.8 M urea. This distribution of species explains both
the change in amplitude between 3 and 5 M urea as well as
the protein concentration dependence between 5 and 7 M
urea (Figure 3).

According to Schellman (39) and Alonso and Dill (40),
the m-value should be proportional to the surface area of
the protein exposed to solvent upon unfolding,∆ASA.
Scholtz and co-workers (41) have described empirical
relationships that correlate∆ASA with experimentalm-
values, as shown in eq 22:

Using this equation and the value determined form2, one
can calculate the∆ASA for the transition of I2 a 2I to be
1,200 Å2. Based on the crystal structure of caspase-3 (14),
the dimer interface between the two small subunits comprises
2000 Å2. Given the experimental error in determining the
value ofm2 (( 0.1 kcal mol-1 M-1), our results suggest that
the dimer interface may be largely intact in the dimeric
intermediate, I2. It is interesting to note that the equilibrium
unfolding of procaspase-3 is unique as it represents a
complex four-state model, where dissociation of the dimer
and unfolding of the monomeric species do not occur
simultaneously as usually observed with other oligomeric
proteins (22, 42).

FIGURE 4: Fraction of species as a function of urea concentration.
The fractions of native, dimeric intermediate, monomeric intermedi-
ate, and the unfolded protein were calculated as a function of urea
concentration. The protein concentrations were 0.25µM (‚‚‚), 0.5
µM (- -), 1 µM (- - -), and 2µM (- - -). ‘N2’ refers to the native
procaspase-3(C163S), ‘I2’ and ‘I’ are the dimeric and monomeric
intermediates respectively, and ‘U’ refers to the unfolded species.
(O) Fraction of I2; (0) fraction of I.

m ) 368+ 0.11(∆ASA) (22)
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According to Dill (43), proteins with homologous native
conformations can fold via different structural intermediates,
or pathways, to reach the homologous conformation. Al-
though the structures of the procaspases are not known, they
are likely to be similar, with the noted exceptions of the pro-
domains. The non-native conformations that occur during
the folding of the procaspases, however, are not necessarily
conserved, and thus may represent specific targets for
inhibition. For example, we have found that a thermody-
namically stable dimeric intermediate is present during the
folding of procaspase-3. In the caspase-3 dimer, and by
analogy the procaspase-3 dimer, the dominant forces linking
the two monomers are hydrogen bonding interactions
between the two antiparallelâ-strands of the small subunits
and hydrophobic interactions between Val266 and Val266# at
the 2-fold symmetry axis. In contrast, the dimer interface of
procaspase-1 is very different. While the interface is also
comprised of two antiparallelâ-strands, it consists of four
charged residues that form two salt bridges. It is not yet
known whether the folding intermediate observed for pro-
caspase-3 also exists for procaspase-1, but our data suggest
that the intermediate may be very different. Thus, while the
native structures are conserved, the folding pathways may
differ.
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