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Abstract

pH-dependent conformational changes are known to occur in dimeric procaspase-3, and they have been
shown to affect the rate of automaturation. We studied the equilibrium unfolding of procaspase-3(C163S)
as a function of pH (between pH 8.5 and pH 4) in order to examine these changes in the context of folding
and stability. The data show that the procaspase dimer undergoes a pH-dependent dissociation below pH 5,
so that the protein is mostly monomeric at pH 4. Consistent with this, the dimer unfolds via a four-state
process between pH 8.5 and pH 4.75, in which the native dimer isomerizes to a dimeric intermediate, and
the dimeric intermediate dissociates to a monomer, which then unfolds. In contrast, a small protein con-
centration dependence was observed by circular dichroism, but not by fluorescence emission, at pH 4.5 and
pH 4.2. There was no protein-concentration dependence to the data collected at pH 4. Overall, the results
are consistent with the redistribution of the population of native dimer (N,) to dimeric intermediate (I,) to
monomeric intermediate (I), as the pH is lowered so that at pH 4, the “native” ensemble resembles the
monomeric intermediate (I) observed during unfolding at higher pH. An emerging picture of the monomeric
procaspase is discussed. Procaspase-3 is most stable at pH ~7 (24-26 kcal/mol), and while the stability
decreased with pH, it was observed that dimerization contributes the majority (>70%) of the conformational
free energy.
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Caspases exist in normal cells as inactive zymogens and are
activated by proteolytic processing. For some caspases,
such as the initiator caspase-8, it has been shown that pro-
caspase dimer formation is a critical event in maturation
because the caspase monomers are enzymatically inactive
(Stennicke and Salvesen 1998; Renatus et al. 2001). Dimer-
ization of the initiator caspases is facilitated by protein—
protein interactions of the caspase recruitment domain
(CARD) or death effector domain (DED), located within the
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prodomain, and cognate-adapter proteins. This scaffold is
sufficient to allow autolytic processing, which separates the
subunits and removes the prodomain (Boatright et al. 2003).
In contrast, executioner caspases, such as caspase-3 and
caspase-7, are known to be dimers, even though they do not
contain a CARD or DED (Cain et al. 1999; Chai et al. 2001;
Pop et al. 2001; Riedl et al. 2001).

A major unanswered question in apoptosis research is
why is the large pool of procaspase-3 found in the cell not
enzymatically active? Until recently, it was thought that all
procaspase zymogens were inactive, with the exception of
procaspase-9 (Stennicke et al. 1999), and that they must be
activated by scaffold-mediated dimerization or proteolysis
(Earnshaw et al. 1999; Boatright et al. 2003). For execu-
tioner caspases, the answer appears to lie in the orientations
of the active-site loops in the zymogen. Recent structures of
procaspase-7 (Chai et al. 2001; Riedl et al. 2001) show that
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the active site is incompatible with substrate binding, be-
cause a loop that forms the base of the catalytic groove is
extended away from the active site and is exposed to sol-
vent. In addition, the catalytic cysteine (C163) is rotated 90°
from its active position and is inaccessible to solvent. Upon
maturation, the active-site loops undergo reorientations that
result in formation of the catalytic groove, rotation of the
C163 side chain, formation of the oxyanion hole, and sta-
bilization of the active site through formation of new hy-
drogen bonds among several active-site loops. Maturation,
that is, chain cleavage, can increase activity by several or-
ders of magnitude (Bose et al. 2003). It has been suggested
that this mechanism is conserved for other caspases (Shi
2002).

Nicholson and coworkers showed, however, that pro-
caspase-3 is catalytically competent (Roy et al. 2001). Us-
ing an uncleavable mutant of procaspase-3, we further
showed that the activity is about 200-fold lower than that of
the mature enzyme (Bose et al. 2003). The lower activity is
due to a decrease in k_,,, while K, values were the same in

cat’

the two forms of the protein. In related experiments, we
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demonstrated that mutations in the dimer interface affect the
activity of the procaspase, and one mutation, V266E, re-
sulted in pseudo-activation of the zymogen (Pop et al.
2003). This showed that for caspase-3, it is possible to ac-
tivate the zymogen without proteolysis. The V266E mutant
likely increases the conformational flexibility in the inter-
subunit linker that allows the L2 loop, containing C163, to
move to its productive conformation (see Fig. 1A). Our
studies suggest that, while the substrate binding pocket is
preformed in the caspase-3 zymogen, the increase in activity
upon maturation is due to opening of the active site and
rearrangement of three of the four active-site loops that
ultimately allows C163 to rotate toward the S1 subsite.
These rearrangements also are consistent with those ob-
served by crystallography (Chai et al. 2001; Riedl et al.
2001).

The intracellular pH decreases from 7.4 to ~6.8 during
apoptosis (Gottlieb et al. 1996), and cytosolic acidification
has been shown to affect the activation of caspase-3 through
the intrinsic or mitochondrial pathway (Matsuyama et al.
2000). Because of the changes in intracellular pH, studies of
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Figure 1. (A) Structure of mature caspase-3. The positions of helices 1, 4, and 5, and of the active site tryptophanyl residues (W206
and W214) are indicated. Active-site loops L1, L2, L.2’, and L4 are indicated. For clarity, only one active site is labeled. (B) Residues
involved in charge—charge interactions across the dimer interface. The prime (') indicates residues from the second heterodimer. The
structures were generated using PDB entry 1CP3 and PyMOL (Delano Scientific). (C) Average emission wavelength versus pH for
procaspase-3(C163S). The solid line represents a fit of the data as described (Bose and Clark 2001). The pK, values obtained from the
fits are described in the text. (D) Size exclusion chromatography of procaspase-3(C163S) at pH 5 (solid line) or pH 4 (dashed line).

The BSA monomer (66 kDa) eluted at 13.4 mL.
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the effects of pH on caspase structure are important for
several reasons. First, the crystals of procaspase-7 were
grown at lower pH (pH 5.6 and pH 5.8) (Chai et al. 2001;
Riedl et al. 2001), and pH-dependent effects on the structure
of procaspase-7 have not been examined. Second, Nichol-
son and coworkers showed that there was an increase in the
rate of autoactivation of procaspase-3 when the protein was
preincubated at lower pH, with the maximum rate occurring
upon preincubation at pH 5.5 (Roy et al. 2001). This was
attributed to the breaking of a salt-bridge afforded by a
tri-aspartate “safety catch” (‘’’DDD'®') located in the in-
tersubunit linker and just C-terminal to the D175 processing
site. We also have described a pH-dependent conforma-
tional change that occurs between pH 7 and pH 5 that af-
fects both the binding of the prodomain to the protease and
the orientation of one active-site loop, L4 (Bose et al. 2003;
Fig. 1A). Thus, it still is not entirely clear why the rate of
automaturation increases upon preincubation at lower pH.
Using limited V8 proteolysis experiments, we showed that
an additional conformational change occurs between pH 5
and pH 4 that renders the protein more resistant to digestion,
although the active-site loop L4 remains accessible (Bose et
al. 2003). These results correlate with pH-dependent
changes in the fluorescence emission of the protein (Bose et
al. 2003; see also Fig. 1C), which are described by three
transitions with pK, values of 4.7, 3.7, and <3. The first two
transitions result in a blue-shifted fluorescence average
emission wavelength as the pH is decreased. Whereas the
data suggest that the titration of one or more acidic groups
results in the fluorescence changes, the mechanisms for
these transitions are unclear. Collectively, the data show
pH-dependent conformational changes in procaspase-3 that
affect the rate of automaturation.

Elucidation of protein conformational changes and sta-
bility is a key to understanding protein function. Because of
this, pH-dependent unfolding studies have become a popu-
lar tool to gain insight into the conformational states that are
generally undetectable under native solution conditions.
Here, we have investigated the effect of pH on the stability
of procaspase-3. We showed previously that at pH 7.2 and
25°C, procaspase-3 unfolds at equilibrium via a four-state
process in which the native dimer (N,) isomerizes to a di-
meric intermediate (I,) (Bose and Clark 2001). The dimeric
intermediate dissociates to a monomeric intermediate (I),
which then unfolds to the unfolded ensemble (U). The data
show that dimerization occurs as a result of association of
the monomeric folding intermediate; thus, dimerization is a
folding event. The dimer contributes significantly to the
overall stability of the protein (~19 of 26 kcal/mol). We
show here that the protein is maximally stable at pH ~7.
Between pH 8.5 and pH 4.75, the native dimer (N,) and
dimeric intermediate (I,) are destabilized, such that at pH
<4.75, the native state of the protein appears to be a mixture
of the dimer and of the monomer. At pH 4, the data are best
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described by a two-state folding mechanism, in which the
monomer unfolds to the unfolded monomeric ensemble. We
further show that the procaspase-3 monomer is populated to
~90% at pH 4, whereas the protein is exclusively dimeric at
pH >5.

Results

We used the catalytically inactive mutant of procaspase-3,
C163S, in these studies because this mutation prevents au-
tolysis during heterologous expression, but is not structur-
ally perturbing (Gu et al. 1995; Van Criekinge et al. 1996;
Stennicke et al. 1999). This procaspase-3 mutant has been
the subject of our previous investigations (Pop et al. 2001;
Bose et al. 2003), including stability measurements (Bose
and Clark 2001). Overall, monomeric procaspase-3(C163S)
has 285 amino acids (M, = 32,642), including the LEH,
C-terminal sequence used for purification, and contains two
tryptophans located in the active site (Fig. 1A), as well as 10
tyrosines that are well distributed in the primary sequence.

We showed previously that the fluorescence emission of
procaspase-3(C163S) is blue-shifted at pH <5 (Bose et al.
2003; see also Fig. 1C). The data can be described by three
transitions with pK, values of 4.7, 3.7, and <3, respectively,
and the final transition results in a red-shift in fluorescence
emission. In addition, we have shown that the transitions are
completely reversible (Bose et al. 2003). In an attempt to
explain the changes in fluorescence emission, we analyzed
the protein by size-exclusion chromatography in order to
determine whether the oligomeric properties changed over
the pH range in which the major fluorescence transition
occurs. As shown in Figure 1D, at pH 5, the protein elutes
as a single peak at a volume similar to that of the BSA
monomer (66 kDa) (14 mL). The results were the same at
pH 6 and pH 7 (data not shown), demonstrating that the
protein is a dimer at pH >5. This correlates with our previ-
ous results using analytical ultracentrifugation, in which we
estimated the K, for dimer dissociation at pH 7.2 to be <50
nM (Pop et al. 2001). In contrast, at pH 4, two peaks are
observed during elution from the sizing column (Fig. 1D).
The first peak is consistent with that of the dimer (64 kDa),
and the second peak is consistent with that of the pro-
caspase-3 monomer (32 kDa). Based on the areas under the
peaks, we estimate that ~90% of procaspase-3(C163S) is
monomeric at pH 4. Unfortunately, it has not been possible
to examine the equilibrium quantitatively using sedimenta-
tion equilibrium experiments, as the protein precipitates
slowly under the conditions of this experiment (pH 4.0, >20
M protein, 20°C). However, the data shown in Figure 1D,
as well as our previous data (Bose and Clark 2001), dem-
onstrate that the equilibrium dissociation constant changes
from the low nanomolar range at pH 7.2 to the low micro-
molar range, or higher, at pH 4. As described below, this is
consistent with a lack of protein-concentration dependence
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in the equilibrium-unfolding profiles at pH 4. Overall, the
data suggest that the titration of one or more acidic groups
results in the dissociation of the procaspase-3 dimer be-
tween pH 5 and pH 4, and this is accompanied by a blue-
shift in fluorescence emission.

Equilibrium unfolding of procaspase-3(C163S)

We examined the equilibrium unfolding of procaspase-
3(C163S) as a function of urea concentration (0—8 M) be-
tween pH 8.5 and pH 4, as described in Materials and Meth-
ods. In these experiments, we monitored changes in the
secondary structure by circular dichroism at 228 nm and
changes in the tertiary structure by fluorescence emission
following excitation at 280 or 295 nm. Excitation at 295 nm
follows the tryptophanyl fluorescence emission, whereas
excitation at 280 nm follows the emission of tyrosinyl and
tryptophanyl residues. Changes in the fluorescence emis-
sion and circular dichroism properties of procaspase-
3(C163S) as a function of urea concentration have been
described previously (Bose and Clark 2001; Pop et al.
2001). Representative data are shown in Figure 2 for
samples at pH 7.2 and 1 wM protein concentration. The data
are characterized by two transitions. A pretransition occurs
between 0 and ~1.5 M urea, then there is a cooperative
change in signal between 1.5 M and ~3 M urea that is
followed by a plateau between ~3 M and 5 M urea. The
second cooperative transition occurs at urea concentrations
greater than 5 M. Within the plateau region, the relative
signal was significantly higher when the samples were ex-
cited at 295 nm compared to either the CD or the fluores-
cence emission with excitation at 280 nm. Overall, the data

Relative Signal

Urea (M)

Figure 2. Equilibrium unfolding of procaspase-3(C163S) at pH 7.2. Un-
folding was measured by circular dichroism at 228 nm (A) and by fluo-
rescence average emission wavelength with excitation at 280 nm (O) or at
295 nm (O). For all experiments, the protein concentration was 1 wM. The
data were fit simultaneously (solid lines) as described in Materials and
Methods using Igor Pro (WaveMetrics, Inc.), and the conformational free
energies and m-values obtained from the fits are shown in Figure 6.

suggest a minimum three-state folding process, in which a
well-populated intermediate is in equilibrium with the na-
tive and unfolded protein. As we have described previously
(Bose and Clark 2001) and show below, the plateau corre-
sponds to the dissociation of the dimer.

pH effects on equilibrium unfolding: pH 8.5-4.75

We performed urea-induced equilibrium unfolding experi-
ments at 12 different pH values (between pH 8.5 and pH 4),
and because procaspase-3 is a homodimer, we examined the
effect of protein concentration on equilibrium unfolding us-
ing a protein concentration range of 0.25-2 pM. As de-
scribed in Materials and Methods, this experimental proto-
col provides 11 data sets at each pH that are fit globally to
determine the free energy and m-values. In addition, refold-
ing data are shown by the solid triangles in the figures,
demonstrating that folding is reversible over the entire pH
range. Representative data for pH 8.5, pH 6.5, and pH 4.75
are shown in Figure 3. These data are described first be-
cause the four-state equilibrium model shown in equations 2
and 5 adequately describes the data over this pH range. The
free energies and m-values obtained from the fits are de-
scribed below (Fig. 6, below), but the following compari-
sons are made here. First, a protein concentration depen-
dence is observed in all three spectroscopic probes over the
entire pH range (that is, pH 8.5-4.75), demonstrating that
the native protein remains dimeric under these conditions.
This is in agreement with the data shown in Figure 1D from
size exclusion chromatography. The protein concentration
dependence is observed over a broad range of urea concen-
trations (~2 M to ~7 M, in some cases). As described pre-
viously (Bose and Clark 2001), this broad transition is due
to the low m-value associated with dimer dissociation (I, &
21, see equation 2) as well as to the stability of the mono-
mer. As a result, the dimeric intermediate (I,) and the mo-
nomeric intermediate (I) are both populated over the urea
concentration range of ~2 M to 7 M (see also Fig. 5, below).
Second, the relative signals versus urea at 1 wM protein
concentration are shown in Figure 3, D, H, and L. At pH 8.5
and pH 6.5, the relative signals of the intermediates are
greater when fluorescence emission is measured following
excitation at 295 nm than when the samples are excited at
280 nm, or when CD is measured at 228 nm. One should
note that these signals are relative to those of the native (1)
and unfolded ensembles (0). However, this is not true at pH
4.75. The relative signals of the intermediates obtained by
circular dichroism are either similar to or slightly larger than
that of the native ensemble, whereas their relative signals
are lower when monitored by fluorescence emission. This is
consistent with changes in the fluorescence emission be-
tween pH 8.5 and pH 4.75, shown in Figure 1C, where the
emission is blue-shifted at the lower pH. That is, the fluo-
rescence emission of the native ensemble is blue-shifted at
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Figure 3. Equilibrium unfolding vs. urea of procaspase-3(C163S) from pH 8.5 to pH 4.75. The pH is indicated at the top of each
column. The protein concentrations are as follows: 0.25 uM (<), 0.5 pM (A), 1 uM (0) and 2 uM (O). The solid triangles (A)
represent refolding data for 0.5 wM protein concentration to show reversibility. (A,E,/) Unfolding was monitored by fluorescence
emission with excitation at 280 nm; (B,F,J) unfolding was monitored by fluorescence emission with excitation at 295 nm; (C,G,K)
unfolding was monitored by circular dichroism at 228 nm. (D,H,L) An overlay of data for 1 M protein concentration and fluorescence
emission with excitation at 280 nm (O) or 295 nm (O) and CD at 228 nm (A). The solid lines represent global fits of the data as
described in Materials and Methods.

pH 4.75 relative to that at pH 8.5. As described below, this in Figure 3. The midpoint, or urea,,,, of the first transition
is likely due to the presence of the folding intermediates, I, (N, & 1, see equation 2) decreases from ~2.7 M urea at
and possibly I, in the native ensemble at lower pH and in the higher pH to about 0.4 M urea at pH 4.75 (see also Fig. 6C,
absence of urea. Third, changes in the midpoint of the first =~ below). This is reflected in a decrease in the free energy of
and third transitions are readily observed in the data shown the first transition from ~6 kcal/mol to ~1 kcal/mol (dis-
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cussed below). Because of the low urea,,, at pH 4.75, there
is a consequential increase in error associated with the m-
value and free energy, m, and A GY2, of the first transition.
As a result, the slope of the pretransition (equation 6) was
assumed to be zero at this pH and was not allowed to vary
in the fits. The midpoint of the third transition (I & U, see
equation 2) decreases from ~6 M urea at pH 8.5 to ~4.4 M
urea at pH 6, where it remains constant until pH 4.2 (see
Fig. 6C, below). The changes in the midpoints also are
reflected in the changes in free energy (see Fig. 6A, below)
for unfolding of the monomer, where it is observed that the
stability of the monomer decreases from ~7 kcal/mol at
higher pH to ~5 kcal/mol at pH 4.75. As described previ-
ously (Bose and Clark 2001), the free energies associated
with dimerization and the subsequent isomerization con-
tribute >70% of the total free energy. Thus the changes in
A GE2° (I & U) make relatively small changes in the total
free energy at higher pH (see Fig. 6A, below). Fourth, when
unfolding is monitored by CD, the relative signal of the
intermediates appears to increase relative to that of the na-
tive ensemble as the pH is lowered (cf. Fig. 3C, G, and K).
This is due to a destabilized native conformation and a
consequential shift in the populations of I, and of I to lower
urea concentrations (see also Fig, 5SA-C, below). As the
intermediates are populated at urea concentrations ap-
proaching zero molar, the relative signal of the “intermedi-
ate” ensemble moves closer to that of the “native” en-
semble.

Overall, the data shown in Figure 3 demonstrate that
procaspase-3(C163S) is a dimer from pH 8.5 to pH 4.75.
The stability of the monomeric intermediate (I) decreases
between pH 8.5 and pH ~6, where it then remains constant
to pH 4.2. The native dimer (N,) is destabilized relative to
the dimeric intermediate (I,) at pH <~6.5, so that at pH 4.75,
the “native” ensemble appears to be a combination of the
native dimer and of the dimeric intermediate.

PH effects on equilibrium unfolding: pH 4.5-4.0

The equilibrium unfolding experiments performed at pH
4.5, pH 4.2, and pH 4.0 also were examined at several
protein concentrations. As shown in Figure 4, there is little
to no protein concentration dependence to unfolding when
monitored by fluorescence emission. This is consistent with
the results of the sizing column in which we showed that the
protein was mostly monomeric (~-90%) at pH 4 (Fig. 1D).
When monitored by CD, a small protein concentration de-
pendence was observed at pH 4.5, which diminished further
at pH 4.2 and pH 4.0 (Fig. 4, cf. C, G, and K). For the
experiments at pH 4.5 and pH 4.2, the data were fit globally
to a three-state equilibrium model for a monomeric protein
(equations 3 and 8) in which a well-populated intermediate
conformation is in equilibrium with the native and unfolded
ensembles. The total free energy and m-value obtained from

the fits are shown in Figure 6, below. At pH 4.5, the free
energy of the first transition, A G}°, was 1.7 = 0.5 kcal/mol
and that of the second transition, A G;‘zo, was 5.3+0.5
kcal/mol, for a total free energy of 7.0 kcal/mol. However,
it is likely that this model underestimates the free energy,
because the protein is not completely monomeric at pH 4.5.
This is observed by the concentration dependence in un-
folding monitored by CD (Fig. 4C). Indeed, the CD data
were equally well fit to a model in which the native dimer
dissociates to a monomeric folding intermediate, which then
unfolds (N, & 21 & 2U) (data not shown). We consider this
model to be equivalent to the latter two transitions of the
four-state equilibrium model described in equation 2 (I, &
21 & 2U), suggesting that the “native” ensemble at pH 4.5
is a combination of the two intermediate conformations ob-
served at higher pH. From fits of the CD data to this model,
the free energy of the first transition was determined to be
4.5 + 0.4 kcal/mol, and that of the second transition was
5.1 +£0.4 kcal/mol, giving a total free energy of 9.6 kcal/
mol. We consider the values of 9.6 kcal/mol (three-state
dimer) and 7.0 kcal/mol (three-state monomer) to represent
the upper and lower limits for the conformational free en-
ergy at pH 4.5. While both models obtain the same confor-
mational free energy for unfolding of the monomer (5.3
kcal/mol), the difference between the two models is ob-
served in the free energies of the first transition.

At pH 4.2, there also was no protein concentration de-
pendence when unfolding was monitored by fluorescence
emission (Fig. 4E,F). Although a small protein concentra-
tion dependence was observed for the CD data, it was less
than that observed at pH 4.5 (Fig. 4, cf. C and G). The data
were fit globally to a three-state monomer model, the same
as described for the data at pH 4.5 above, and the total free
energy and m-value obtained from the fits are shown in
Figure 6, below, but are summarized here. At pH 4.2, the
free energy of the first transition, A G32°, was 1.3+0.3
kcal/mol and that of the second transition, A G5©, was
3.7 £ 0.5 kcal/mol, for a total free energy of 5.0 kcal/mol.
The CD data were not fit better to the three-state dimeric
model described above for pH 4.5, but were equally well
described by a two-state dimeric model, in which the native
dimer is in equilibrium with the unfolded ensemble (N, &<
2U) (data not shown). From this model, the conformational
free energy was determined to be 3.4 + 0.4 kcal/mol. Again,
these values—5.0 kcal/mol (three-state monomer) and 3.4
kcal/mol (two-state dimer)—likely represent the upper and
lower limits for the conformational free energy at pH 4.2.

No protein concentration dependence was observed for
equilibrium unfolding at pH 4, demonstrating that the pro-
tein is a monomer at this pH. This is in agreement with the
data from the sizing column (Fig. 1D), which showed that
~90% of the protein was monomeric at pH 4. While there is
a small protein concentration dependence to the CD data
(Fig. 4K), the data are not well described by the models men-
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Figure 4. Equilibrium unfolding versus urea of procaspase-3(C163S) from pH 4.5 to pH 4.0. The pH is indicated at the top of each
column. The protein concentrations are as follows: 0.25 uM (<), 0.5 uM (A), 1 pM (@) and 2 uM (O). (A) Refolding data for 0.5
wM protein concentration to show reversibility. (A,E,l) Unfolding was monitored by fluorescence emission with excitation at 280 nm;
(B,F,J) unfolding was monitored by fluorescence emission with excitation at 295 nm; (C,G,K) unfolding was monitored by circular
dichroism at 228 nm. (D,H,L) An overlay of data for 1 WM protein concentration and fluorescence emission with excitation at 280 nm
(0) or 295 nm (O) and CD at 228 nm (A). The solid lines represent global fits of the data as described in Materials and Methods.

tioned above for pH 4.5 or pH 4.2. At pH 4, the fluorescence
emission and CD data were fit globally to a two-state equi-
librium model for a monomer (see equations 4 and 9), and
the free energy and m-value obtained from the fits are
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shown in Figure 6, below. An overlay of the three spectro-
scopic probes (Fig. 4L) shows that the data are not coincident,
where it was observed that the CD data have a lower mid-
point than do the fluorescence emission data. This suggests
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that the secondary structure of the monomer unfolds prior to
the tertiary structure. This also demonstrates that a simple
two-state folding model is not sufficient to describe the data,
which is not completely unexpected, since the sizing col-
umn data (Fig. 1D) showed the presence of a small amount
(~10%) of dimer at pH 4. As a consequence, the free energy
shown in Figure 6A, below, is likely an underestimate.
However,based on the limits determined at pH 4.5 and pH
4.2 described above, we suggest that the free energy esti-
mate at pH 4 is likely to be within ~1 kcal/mol of the actual
value. Finally, when the samples are excited at 295 nm, one
obtains a large slope to the baseline of the unfolded en-
semble in the fits to the two-state model (in equation 7) (Fig.
4J,L). This is not true of samples excited at 280 nm (Fig. 4I)
or the CD data (Fig. 4K). The results suggest that there may
be an intermediate present at urea concentrations of ~5-7 M
urea, and that the intermediate has little secondary structure,
but may contain residual tertiary contacts. As a result of the
putative intermediate, the unfolded ensemble baselines are
not well determined by the two-state folding model when
unfolding is monitored by tryptophanyl fluorescence emis-
sion.

Fraction of species versus urea concentration

For each pH, we calculated the equilibrium distribution of
species over the urea concentration range of 0-8 M by using
the values of the free energies and of the cooperativity in-
dices determined for each transition. In addition, the frac-
tion of species was calculated for four protein concentra-
tions (0.25, 0.5, 1, and 2 pM). Representative data for pH
8.5, pH 6.5, pH 4.75, pH 4.5, pH 4.2, and pH 4, correspond-
ing to the data from Figures 3 and 4, are shown in Figure 5
(A-F, respectively). At higher pH (8.5-4.75), there is a
cooperative decrease in native protein with a concomitant
increase in the population of the dimeric (I,) and of the
monomeric intermediate (I) between 0 M and ~3 M urea.
The midpoint of the first transition decreases from ~2.7 M
urea at higher pH to ~0.4 M urea at pH 4.75 (see Fig. 6C),
consistent with the unfolding data shown in Figure 3. In
addition, the data demonstrate that at pH 4.75 (Fig. 6C), the
“native” ensemble (in the absence of urea) consists of a
mixture of the native dimer (N,), the dimeric intermediate
(I,), and the monomeric intermediate (I). The latter two
species comprise about 30% of the total population in the
absence of urea.

As shown in this figure, the relative populations of the
dimeric and the monomeric intermediate species are depen-
dent on the protein concentration. At pH 8.5, the population
of I, reaches a maximum at ~3.2 M urea, whereas the popu-
lation of I reaches a maximum at ~5 M urea. As described
previously (Bose and Clark 2001), both species are present
simultaneously because of the low m-value associated with
dimer dissociation (~0.4 kcal mol™! M), as well as the

formation of a stable monomeric species upon dimer disso-
ciation. The data suggest that upon dissociation, the mono-
meric intermediate has different fluorescence emission and
CD properties compared to those of the dimeric intermedi-
ate. The simultaneous population of both species explains
both the protein concentration dependence to the midpoint
of the second transition and the dependence of the ampli-
tude of the plateau region on protein concentration (see Fig.
3A for example). The transition of I to the unfolded species
(U) has a midpoint of ~6.2 M urea (pH 8.5) (see also Fig.
6C), although this decreases to ~4.4 M urea at pH 4.75
(Figs. 5C, 6C).

The population of species is similar at pH 4.5 and pH 4.2
(Fig. 5D,E). The transition of the “native” ensemble to the
monomeric intermediate occurs with a midpoint of ~1 M
urea, whereas the midpoint of unfolding the monomer is
~4.3 M urea at pH 4.5 and ~4 M urea at pH 4.2 (see also Fig.
6C). As described above, however, the “native” ensemble at
pH 4.5 and pH 4.2 is likely to be a combination of the two
intermediate conformations observed at higher pH, I, and I.
Thus the “N” and “I” species labeled in Figure 5, D and E,
may contain a mixture of dimeric and monomeric interme-
diates, which explains the small protein concentration de-
pendence to unfolding observed at these pH values (Fig.
4C,G). However, as shown above (Fig. 1D), the protein is
almost completely monomeric at pH 4, so the procaspase-3
monomer is mostly represented by the population of “N”
shown in Figure 5F.

Conformational stability versus pH

The free energies (A G™°) and cooperativity indices (m-
values) were determined for the data shown in Figures 3 and
4. As described above, and with the caveats mentioned, the
data for pH 8.5-4.75 were fit globally to a four-state equi-
librium model for a dimeric protein (equation 2), the data
for pH 4.5 and pH 4.2 were fit to a three-state model for a
monomeric protein (equation 3), and the data for pH 4 were
fit to a two-state model for a monomeric protein (equation
4). In the case of the four-state model, three free energies
and three m-values are determined from the fits, whereas
two free energies and m-values are determined from the
three-state model, and one free energy and one m-value are
determined from the two-state model. The total conforma-
tional free energy of the protein and the total m-values are
plotted versus pH in Figure 6, A and B, respectively. As
shown in Figure 6A, the total free energy at higher pH is
~23-25 kcal/mol, with a maximum stability observed at pH
~7. The free energy decreases dramatically at pH <5.5,
where the protein stability is only ~4 kcal/mol at pH 4. As
shown above, over this pH range, the procaspase-3 dimer
dissociates to the monomer, and this results in a dramatic
decrease in stability (about 18 kcal/mol between pH 5.5 and
pH 4). This also agrees with our previous data that showed
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Fraction of Species

Urea (M)

Figure 5. Fraction of species as a function of urea concentration at pH 8.5 (A), pH 6.5 (B), pH 4.75 (C), pH 4.5 (D), pH 4.2 (E), and
pH 4.0 (F). The fractions of native, dimeric intermediate, monomeric intermediate, and the unfolded protein were calculated as a
function of urea concentration from fits of the data shown in Figures 3 and 4, and the parameters shown in Figure 6 for protein
concentrations of 0.25, 0.5, 1, or 2 puM. N, and N refer to the dimeric and monomeric native procaspase-3(C163S), I, and I are the
dimeric and monomeric intermediates, and U refers to the unfolded species. (O) fraction of 1,; (O) fraction of I. The data for 0.25 pM
are represented by the dashed lines, and the data for 2 uM are represented by the solid symbols.

that the dimer contributes significantly to the overall stabil-
ity of the protein (~19 of 26 kcal/mol at pH 7.2) (Bose and
Clark 2001).

The cooperativity indices, or m-values, also were deter-
mined from the fits, and it was observed that for each tran-
sition, the m-value was constant over the entire pH range in
which the corresponding species was observed (data not
shown). For example, the average value of m,, correspond-
ing to the transition of N, to I,, was 2.8 + 0.3 kcal mol™
M~! over the pH range of 8.5-4.75. Also, from pH 8.5 to pH
4.75, the average value of m,, corresponding to the transi-
tion of I, to 2I, was 0.43 + 0.13 kcal mol™ M~". Below pH
4.75, those transitions were no longer observed. This results
in a constant value for m,.,; (the sum of all m-values at each
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pH), as shown in Figure 6B, from pH 8.0 to pH 4.75. Below
pH ~5, the total m-value decreased due to the redistribution
of populations from the native dimer to the dimeric inter-
mediate to the monomeric intermediate as the pH was de-
creased from 5 to 4. For example, the native dimer, N,, was
no longer observed below pH 4.75, and consequently, the
total m-value decreased with the loss of the transition. The
fits were characterized by two transitions, thus two m-val-
ues, rather than three. The same was true at pH 4.2, where
the dissociation of the dimer was no longer observed. The
value of m,,,, decreased further between pH 4.5 and pH 4.2,
although the midpoint of the transition for unfolding the
monomer (I & U) remained constant, and this is due to the
change in population of dimer. That is, the low concentra-
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Figure 6. (A) Plot of total free energy (°G,.;) versus pH. (B) Plot of total
cooperativity index (m,) versus pH. The error bars show the standard
error obtained from the global fits of 11 unfolding curves at each pH (four
each from two sets of fluorescence data and three from CD data). (C)
Mid-point of the unfolding transition (urea, ,,) for the N, & I, transition (®)
and the I & U transition ().

tion of the dimer decreased further at pH 4.2 relative to that
at pH 4.5, and this is reflected in a decrease of m, using the
three-state model for unfolding of a monomer. This results
in the differences observed in the population distribution of
“I” in Figure 5, D and E because, as described above, the
residual concentrations of the dimer contribute to the “N”
and “I” populations. The value of the cooperativity index
associated with the second transition (I & U) was the same
as that for unfolding of the monomer at higher pH, 1.2 kcal
mol™' M~'. At pH 4, the single m-value was determined to
be 1.1 keal mol™" M, which is consistent with the unfold-
ing of the monomer (I & U). From the 12 data sets (pH
8.5-4), the average cooperativity index of this transition
was 1.2+0.17 kcal mol™" M™'. Because the m-value is
constant over the entire pH range, we suggest that the mo-

nomeric ensemble at pH 4 is likely a similar conformation
as the monomeric intermediate, I, observed at higher pH.

The changes in the midpoints of two transitions, those of
N, & I, and of I & U, are shown in Figure 6C. The
midpoint is calculated as A G*° + m,, where x refers to the
transition of interest. As described above, the midpoint of
the transition of N, to I, is ~2.7 M urea at higher pH. Below
pH ~7, the midpoint decreases to ~0.4 M urea at pH 4.75.
The midpoint of the transition of I to U is ~6 M urea at
higher pH and decreases to ~4.4 M urea at pH 6, where it
then remains constant until pH 4.

Overall, the data show that the changes in free energy
observed at higher pH are due to the destabilization of the
native dimer, N,, relative to the dimeric intermediate, I,, as
well as the destabilization of the monomer. This is reflected
in the decrease of the midpoints for these two transitions.
Below pH 4.75, there is very little dimeric species remain-
ing, and at pH 4, the measured free energy is primarily that
of the monomer.

Discussion

Understanding the process of protein folding and elucidat-
ing the physical determinants of protein stability is central
to understanding protein structure, function, and control of
diseases. Not only have a number of diseases been attributed
to protein folding defects, but the biophysical characteriza-
tions of the folding properties suggest therapeutic strategies
for treatment. For example, the AF508 mutation of the cys-
tic fibrosis transmembrane conductance regulator (CFTR)
has been shown to be a functional chloride channel, but
structural alterations prevent its release from the ER (Brown
et al. 1997). As a result, developing ways to facilitate re-
moval from the ER has important clinical applications.
Likewise, caspases play a key role in apoptosis, where
proper caspase function is required to maintain homeostasis
in eumetazoans. Dysregulation of apoptosis, on the other
hand, may lead to autoimmune diseases, neurodegenerative
disorders, or cancer (Kumar 1999). Learning to selectively
manipulate the level of apoptosis may well lead to thera-
peutic strategies for these diseases. As a result, a close ex-
amination of the folding, dimerization, maturation, and in-
hibition of caspases becomes necessary.

It has been shown that several pH-dependent conforma-
tional changes occur in procaspase-3 between pH 7 and pH
5. Using limited V8 proteolysis studies, we showed that the
propeptide binds more weakly to the protease domain at the
lower pH and that active-site loop L4 (Fig. 1A) is more
accessible to the protease as the pH is lowered (Bose et al.
2003). Nicholson and coworkers showed that protein pre-
incubated at pH 5.5 underwent a more rapid automaturation
(Roy et al. 2001). This suggested that conformational
changes occur in the intersubunit linker that affect the rate
of autolysis. While the nature of these conformational
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changes remains unknown, we show here that they result in
relatively modest changes in the protein stability, about 4
kcal/mol between pH 7 and pH 5.5. As we showed previ-
ously, the dimerization of two monomeric folding interme-
diates accounts for the majority of the protein stability (~19
kcal/mol of 26 kcal/mol) (Bose and Clark 2001). Below pH
5, the dimer dissociates, such that the protein is almost
exclusively monomeric at pH 4. This transition is accom-
panied by a large decrease in conformational free energy
and is correlated to a blue-shift in fluorescence average
emission wavelength. We suggest that the pK, that de-
scribes the transition in fluorescence emission (pK, = 4.7)
also describes the dimer dissociation. While the groups re-
sponsible for the pH-dependent dissociation of the dimer are
not known, the data suggest that one or more acidic groups
are responsible. In caspase-3, there are several ion pairs at
the amino terminus of helix 5 that interact across the dimer
interface (Fig. 1B). Residues E231, H234, R238, and E272
form a network of charge—charge interactions with the same
residues from the second monomer (Rotonda et al. 1996;
Mittl et al. 1997) and are predicted to stabilize the dimer.
Thus, E231 and E272 are likely candidates for the pH-
dependent dissociation.

In contrast to the executioner caspases, zymogens of the
activator caspases are monomeric until they are activated by
a scaffold-mediated dimerization mechanism (Earnshaw et
al. 1999; Boatright et al. 2003). Thus, for these caspases, the
procaspase monomer is populated at physiological pH. For
executioner caspases, such as caspase-3, the zymogens exist
as dimers at physiological pH and are activated by cleavage
of the polypeptide chain, allowing rearrangement of the
active site. We show here that the monomer of procaspase-3
is not populated unless the pH is lowered or the protein is
incubated in high concentrations of denaturant. As a result,
there has been no description of the monomer of execu-
tioner caspases or the conformational changes that occur
upon dimerization. The data presented here and elsewhere
(Bose and Clark 2001; Bose et al. 2003) allow for a pre-
liminary description of the procaspase-3 monomer. The
monomer is characterized by a blue-shift in fluorescence
emission relative to the native dimer. This suggests that the
environment of the tryptophans in the active site is more
hydrophobic relative to that of the dimer, although it is not
yet clear how this is reflected in movements of the active-
site loops. A more hydrophobic environment could result
from a decreased exposure to solvent or by removal of
negative charges in the active site by protonation. The
caspase-3 active site generally is positively charged, since it
binds two aspartyl side chains in the substrate, and the clos-
est negative charge (D211) is 7.4 A from W214 (Rotonda et
al. 1996; Mittl et al. 1997) and would not be predicted to
affect the fluorescence emission. In addition to changes in
fluorescence emission, the monomer is significantly less
sensitive to V8 protease than is the dimer, as cleavage was
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observed only in active-site loop L4 (Bose et al. 2003). The
cleavages observed at higher pH in active-site loop L2’ and
in the propeptide were absent in the procaspase-3 monomer.
This is consistent with conformational changes that render
the active site less accessible to solvent, and result in a
blue-shifted fluorescence emission. Overall, the data sug-
gest that dimerization is coupled to conformational changes
in the monomer rather than the association of two pre-
formed native-like monomers.

For procaspase-3(C163S), the total m-value (m,,) is
constant between pH 8 and pH 5 (~4.6 kcal mol™ M™") and
then decreases between pH 5 and pH 4 (1.1 kcal mol™" M™!
at pH 4). In other proteins, generally small monomeric pro-
teins, m-values have been shown to increase or to decrease
as the pH is decreased (Pace et al. 1990, 1992; Barrick and
Baldwin 1993; Shortle 1995; Whitten et al. 2001; Sato and
Raleigh 2002). This is generally interpreted in two ways. A
population of a non-native folding intermediate may be sta-
bilized relative to the population of native protein, or the
unfolded ensemble becomes less compact at lower pH be-
cause of an increase in positive charge. The first model is
particularly satisfying because it accounts for either an in-
crease or a decrease in m-value with a change in pH, since
the population of the intermediate depends on the pH range
in which the intermediate is stabilized (Whitten et al. 2001).
Here, we show an alternate explanation for changes in m-
value with pH for larger dimeric proteins. The decrease in
m-value at lower pH is due to the dissociation of the dimer
and subsequent loss of burial of hydrophobic surface area in
the dimer interface. In native caspase-3, ~2000 A? are bur-
ied in the dimer interface (Rotonda et al. 1996; Mittl et al.
1997). While the structure of procaspase-3 is not known, we
used the equations of Scholtz and coworkers (Myers et al.
1995) and the m-value of dimer association (m, = 0.4 kcal
mol™' M 1) to estimate that ~1200 A? of hydrophobic sur-
face area are buried as a result of dimerization (I, & 2I)
(Bose and Clark 2001), suggesting that the dimer interface
is mostly intact in the reaction of I, to 2I. Since m,,,, is the
sum of the individual m-values, the observed decrease in
m,,. below pH 5 reflects the absence of one or more states
during unfolding, dimerization in this case.

Materials and methods

Reagents

Ampicillin, antifoam-C, DEAE-Sepharose, IPTG, nickel sulfate,
PMSF, potassium phosphate (KH,PO, and K,HPO,), citric acid,
sodium citrate (dihydrate), dithiothreitol (DTT), Trizma base, and
siliconized microcentrifuge tubes were obtained from Sigma
Chemicals. Imidazole was from ICN. Tryptone and yeast extract
were from Difco. His-bind resin was from Novagen. Ultra-pure
urea was purchased from Nacalai Tesque Inc. Procaspase-
3(C163S) was isolated from an Escherichia coli expression system
as described previously (Pop et al. 2001; Bose et al. 2003).
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Stock solutions

Urea stock solutions (10 M) were prepared as described previously
(Pace et al. 1989) in citrate buffer (30 mM sodium citrate/citric
acid at pH 4-6.5, 1 mM DTT) and Tris buffer (30 mM Tris-HCl at
pH 7-9, 1 mM DTT). All solutions were prepared fresh for each
experiment and were filtered (0.22 wm pore size) prior to use. The
urea concentration of each stock solution was calculated by weight
and by refractive index (Pace et al. 1989), and solutions were used
only if the two values were within +1%.

Fluorescence emission versus pH

The average emission wavelength of procaspase-3(C163S) was
measured over the pH range of 2.4-9 as described (Bose et al.
2003).

Size exclusion chromatography

In separate experiments, procaspase-3(C163S) was dialyzed for >8
h at 25°C in 5 mM phosphate buffer (pH 7.0 or pH 6.0), or in 5
mM citrate buffer (pH 5.0 or pH 4.0). The protein was then diluted
to a concentration of 10 wM, and 5 pL was loaded onto an Agilent
G250 sephacryl HPLC sizing column using an Agilent bioanalyzer
(model 8423) coupled to an Essense HPLC work station (Lab
Alliance). The column had been pre-equilibrated with the dialysis
buffer. Absorbance was measured at 214 nm. The column was
standardized using Biorad broad range standards and using BSA
(132-kDa dimer, 66 kDa monomer). The elution volume of BSA
(13.4 mL) did not change over the pH range of 4-7.

Equilibrium unfolding

Procaspase-3(C163S) was dialyzed in citrate buffer (30 mM) for
experiments from pH 4 to pH 6.5 and Tris-HCI buffer (30 mM)
from pH 7 to pH 9. All buffers contained 1 mM DTT. Equilibrium
unfolding experiments were performed as described previously
(Bose and Clark 2001). In separate experiments, the protein con-
centration was varied from 0.25 to 2 uM. All samples were incu-
bated for a minimum of 16 h at 25°C to allow for equilibration. For
each sample, fluorescence emission was acquired from 305-400
nm following excitation at 280 or 295 nm (PTI C-61 spectrofluo-
rometer, Photon Technology International). Circular dichroism
was measured at 228 nm with a Jasco J600A spectropolarimeter as
described previously (Bose and Clark 2001).

Data analysis

For equilibrium folding/unfolding studies at different pH values,
the average emission wavelength was calculated for each fluores-
cence emission scan (Royer et al. 1993) using equation 1,

N

<A>= DV(IN)

N

) (1)
i=1 i=1
where (\) is the average emission wavelength, and 7, is the fluo-
rescence emission at wavelength A;.

Data collected between pH 8.5 and pH 4.75 were fit to a four-

state equilibrium folding model as described previously (Bose and
Clark 2001) and shown in equation 2.

K1 K> K3
N, 2L 220220 2

In this model, the protein is assumed to be either in the native
homodimeric state (N,), a non-native dimeric state (I,), a non-
native monomeric state (I), or the unfolded monomeric state (U),
and K, K,, and K are the equilibrium constants for the three steps,
respectively.

Data collected at pH 4.5 and pH 4.2 were fit to a three-state
equilibrium folding model (Fu and Liang 2002) (equation 3).

K1 K>
NzIz2U 3)

In this model, the protein is assumed to be either in the native
monomeric state (N), a non-native monomeric state (I) or the
unfolded monomeric state (U), and K, and K, are the equilibrium
constants for the two steps, respectively.

Data collected at pH 4 were fit to a two-state equilibrium folding
model (Santoro and Bolen 1988) (equation 4).

Keq

NaU 4)

In this model, the protein is assumed to be either in the native
monomeric state (N) or in an unfolded monomeric state (U), and
K., is the equilibrium constant for the transition.

Global fits of the equilibrium unfolding data

The experimental protocol results in ~11 data sets at each pH,
corresponding to three spectroscopic probes and several protein
concentrations. The data collected at each pH were fit globally
using the models described above and the program Igor Pro
(WaveMetrics, Inc.).

Data collected between pH 8.5 and pH 4.75 were fit to the
four-state equilibrium model (equation 2). As described previously
(Bose and Clark 2001), the model yields 12 parameters for fitting.
Six of the parameters were fit globally, that is, A G}2°, A G5=°,
and A GY2© are the free energy changes in the absence of dena-
turant corresponding to K, K,, and K, respectively, and m,, m,,
and m are the cooperativity indices associated with each step. The
amplitude of the spectroscopic signal determined at each urea con-
centration is assumed to be a linear combination of the fractional
contribution from each species (f) (equation 5)

Y =Yy, I, + Yo Ji, + Yifi + Yufu (5)

where, Yy, ¥;, and Y, are the amplitudes of the signals of the
respective species. In all fits, the amplitudes of the native and
unfolded forms of the protein are assumed to be linearly dependent
on urea concentration, as shown in equations 6 and 7.

Yy, =Yy, + mylurea] 6)
Y, =Y, + mylurea] (@)

where Y, is the amplitude of the signal in the absence of urea for
the native species, and Y, is the amplitude of the signal in the
absence of urea for the unfolded species. In the fits, six parameters
were considered local parameters and were varied for each data set
independently, that is, Y}\,z, Yo, le’ Y,, my,, and m,,. For each
spectroscopic signal, the values of ¥, and of Y,, that is, the am-
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plitudes of the signals for the two intermediate species did not vary
with changes in protein concentration.

In separate experiments, the data collected at pH 4.5 and pH 4.2
were fit globally to the three-state model (equation 3). This model
yields nine parameters for fitting. Four of the parameters were fit
globally, that is, A Gi2°, m,, A G52°, and m,, corresponding to K,
and K,, respectively. As with the four-state equilibrium model
described above, the amplitude of the spectroscopic signal deter-
mined at each urea concentration is assumed to be a linear combina-
tion of the fractional contribution from each species (f) (equation 8)

Y =Yyfv+ Yl + Yulu (3)

where Yy, Y,, and Y,, are the amplitudes of the signals of the
respective species. It should be noted that the models do not imply
that the intermediate present in the three-state equilibrium unfold-
ing is the same as that observed in the four-state equilibrium un-
folding. As described above (equations 6 and 7), the amplitudes of
the native and unfolded forms of the protein are assumed to be
linearly dependent on urea concentration. In the fits, five param-
eters were considered local parameters, and were varied for each
data set independently, that is, Y., Y, Y, my,, and m,,.

The data collected at pH 4 were fit globally to the two-state
model (equation 4). This model yields six parameters for fitting.
Two of the parameters were fit globally, that is, AG™° and m,
corresponding to K. As with the models described above, the
amplitude of the spectroscopic signal determined at each urea con-
centration is assumed to be a linear combination of the fractional
contribution from each species (f) (equation 9)

Y =Yyfn+ Yufu )

where Y, and Y, are the amplitudes of the signals of the respective
species. As described above (equations 6 and 7), the amplitudes of
the native and unfolded forms of the protein are assumed to be
linearly dependent on urea concentration. In the fits, four param-
eters were considered local parameters and were varied for each
data set independently, that is Y., Y., my., and m,,.
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