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lonic interactions near the loop L4 are important for maintaining the
active-site environment and the dimer stability of (pro)caspase 3
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We have examined the role of a salt bridge between Lys*? and
Glu? in loop L4 of procaspase 3 and of mature caspase 3, and we
show that the interactions are required for stabilizing the active
site. Replacing either of the residues with an alanine residue re-
sults in a complete loss of procaspase 3 activity. Although both
mutants are active in the context of the mature caspase 3, the mu-
tations result in an increase in K, and a decrease in k., when com-
pared with the wild-type caspase 3. In addition, the mutations
result in an increase in the pK, value associated with a change in
k.. with pH, but does not affect the transition observed for K,
versus pH. The mutations also affect the accessibility of the active-

site solvent as measured by tryptophan fluorescence emission in
the presence of quenching agents and as a function of pH. We show
that, as the pH is lowered, the (pro)caspase dissociates, and the
mutations increase the pH-dependent instability of the dimer.
Overall, the results suggest that the contacts lost in the procaspase
as a result of replacing Lys®* and Glu**® are compensated partially
in the mature caspase as a result of new contacts that are known
to form on zymogen processing.

Key words: active site, apoptosis, caspase, dimerization, fluor-
escence quenching, stability.

INTRODUCTION

A major question in studies of programmed cell death is why the
executioner procaspases are inactive in the cell. The recently
identified structures of procaspase 7 [1,2], the only procaspase for
which structural data are currently available, show that the sub-
strate-binding pocket, called loop L3 (see Figure 1), is unravelled
and extends away from the active site. As a result, the procaspase
7 structure is incompatible with substrate binding and catalysis.
However, it has been shown by Nicholson and co-workers [3] that
an uncleavable variant of procaspase 3 does contain catalytic ac-
tivity. In this mutant, the three processing sites were removed,
but the active-site catalytic residues were intact. In addition, we
have shown that the binding of uncleavable procaspase 3 to the
substrate is similar to that of the mature caspase 3, but the cata-
lytic efficiency is significantly lower (approx. 200-fold) when
compared with the mature caspase [4]. Taken together, these
results are not compatible with an unravelled solvent-exposed
substrate-binding pocket in procaspase 3.

Nicholson and co-workers [3] showed that a tri-aspartate
‘safety-catch’ (Asp'—Asp™") in the intersubunit linker is import-
ant for maintaining the procaspase dormancy [3]. It was further
shown that the linker undergoes a pH-dependent conformational
change that exposes the Asp'” cleavage site for processing. In
addition to the ‘safety-catch’ tri-aspartate described by these
authors [3], we showed that the propeptide and the active-site
loop L4 also undergo pH-dependent conformational changes
[4]. The length of the loop L4 is conserved within, but not between,
the three caspase subfamilies [5], with the caspase 3 subfamily
containing the longest L4 loops. These amino acids, in part, deter-
mine the specificity of the S4 subsite, thus defining the specificity
of the caspase.

The C-terminus of helix 5, which is located at the base of loop
L4, contains Lys**. The aliphatic side chain is buried by several

residues on helix 5 and the adjacent helix 4 (Figure 1). In addition,
the charged N¢ atom of Lys*? interacts with the carboxylate of
Glu* (Figure 1). On the basis of the structure of caspase 3 [6,7],
the cluster of hydrophobic interactions and charge—charge inter-
actions are predicted to stabilize the conformation of loop L4.
However, since Glu*® is not conserved in procaspase 7, it is not
known whether these interactions are important for procaspase 3
or whether the same contacts occur in the zymogen. To examine
this, we mutated the two residues, Lys*? and Glu*®, individually
to alanine. We show that the mutations abrogate activity in the pro-
caspase, and whereas the mature caspase mutants are active, their
activities are altered compared with the activity of the wild-type
caspase 3. Neither mutation affects the dimeric properties of the
procaspases at pH 7, but the mutations may affect the formation of
the loop bundle between loops L2, L4 and L2’, which stabilizes the
active-site structure. Altogether, the results demonstrate that
the Lys**~Glu®® interactions are important for maintaining the
correct conformation of loop L4 in the procaspase. In the mature
caspase, the loss of the interactions is compensated partially, and
this is probably due to new interactions that form as a result of
processing and subsequent formation of the loop bundle.

EXPERIMENTAL
Materials

Acrylamide, ampicillin, antifoam-C, BSA, CHAPS, citric acid,
DEAE-Sepharose, DMSO, DTT (dithiothreitol), EDTA, isopro-
pyl B-D-thiogalactoside, nickel sulphate, Pipes, PMSF, potassium
iodide, monobasic and dibasic potassium phosphate, Sephacryl-
S100, sodium bicarbonate, sodium citrate (dihydrate), tosyl-
lysylchloromethane (‘TLCK’) and tosylphenylalanylchlorometh-
ane (‘TPCK’) were obtained from Sigma. Imidazole and urea
were from ICN. Sodium chloride, Tris, tryptone and yeast extract

Abbreviations used: DTT, dithiothreitol; procaspase 3 (D3A), procaspase 3 (D9A, D28A, D175A).
" To whom correspondence should be addressed (email clay_clark@ncsu.edu).
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Figure 1

Structure of mature caspase 3

F247
C K24y E246

w214

_Inhibitor

(R) Mature caspase 3 (PDB entry 1CP3) generated with PyMOL (Delano Scientific, San Carlos, CA, U.S.A.). The positions of Lys?* and Glu®S, helices 1, 4 and 5 and the active-site tryptophan
residues (Trp% and Trp?') are indicated. (B) Phenylalanine residues in active-site loop L4 are highlighted. (C) Space-filling model highlighting residues surrounding the Lys?*~Glu® salt bridge.

For clarity, the inhibitor was removed from the structures in (A, B).

were obtained from Fisher (Pittsburgh, PA, U.S.A.), and sucrose
was from Mallinckrodt (Phillipsburg, NJ, U.S.A.). Hepes was
from Acros (Geel, Belgium), and ultrapure urea was from Nacalai
Tesque (Kyoto, Japan). Ac-DEVD-AFC (N-acetyl-Asp-Glu-Val-
Asp-(7-amino-4-trifluoromethylcoumarin) and Z-VAD-FMK
(benzyloxycarbonyl-valylalanyl-DL-aspartylfluoromethane) were
obtained from Calbiochem (San Diego, CA, U.S.A.), His-bind
resin was from Novagen, restriction enzymes, Deep Vent poly-
merase and Dpnl were from New England Biolabs, and MgCl,
and dNTPs used for site-directed mutagenesis were from Roche.

Mutagenesis

Mutants were made via site-directed mutagenesis using Deep
Vent polymerase and the templates pHC332 [8] and pHC33209
[4], which introduced the mutations in the background of wild-
type procaspase 3 or procaspase 3 (D;A)? [procaspase 3 (D9A,
D28A, D175A)?] respectively. Glu** was mutated to an alanine
residue in both templates using primer 1 (GTGGCAACAGCATT-
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TGAGTCCTTTTCC) and primer 2 (GGAAAAGGACTCAAA-
TGCTGTTGCCAC). Lys*” was mutated to an alanine residue in
both templates using primer 3 (CCCGGGTTAACCGGGCGGT-
GGCAACAGAATTT) and primer 4 (AAATTCTGTTGCCACC-
GCCCGGTTAACCCGGG). There were no new restriction sites
introduced with the mutations. The changed bases are shown in
boldface. The resulting plasmids were sequenced (both DNA
strands) to confirm the mutations.

Protein purification

Escherichia coli BL21(DE3) LysS cells were transformed
with plasmid pHC33214 [procaspase 3 (E246A, Glu**¢ — A)],
pHC33216 [procaspase 3 (D;A, E246A)], pHC33238 [procaspase
3 (K242A)] or pHC33240 [procaspase 3 (D;A, K242A)]. One
should note that the mature caspases are purified after the ex-
pression of the active procaspases, which autoprocess in E. coli.
Cultures were grown in Fernbach flasks containing 1 litre of
Luria—Bertani medium at 37 °C. When the cultures reached an
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Tahle 1 Catalytic parameters of the caspase 3 loop L4 mutants at pH 7.5
kea/ K m pH dependence (pKa)
K (M) kot (s77) M-57") ke 1/Kn
Caspase 3 221405 0.4+0.05 18x10°  6.0+01 6.7+0.1
Caspase 3 1342 0.0440.01 3.1 x 10° 6.3+0.1 65+0.1
(K242A)
Caspase 3 2342 0.3+0.02 13x10° 65401 6.5+0.1
(E246A)
Procaspase 3 3.54+0.8 0.003+14x10~* 86 x10?
(DsA)

absorbance Agy ~ 1.2, isopropyl B-D-thiogalactoside was added
to a final concentration of 0.8 mM to induce protein expression,
and the cells were incubated at 25 °C for 4-6 h. The cells were
harvested, and the proteins were purified as described in [4].

Size-exclusion chromatography

In separate experiments, proteins were dialysed for > 8 h at 25 °C
either in 5 mM phosphate buffer at pH 7.0 or 6.0 or in 5 mM citrate
buffer at pH 5.0 or 4.0. The protein was then diluted to a concen-
tration of 10 uM, and 5 ul was loaded on to an Agilent G250
Sephacryl HPLC sizing column using an Agilent Bioanalyzer
(model 8423) coupled with an Essense HPLC workstation (Lab
Alliance, State College, PA, U.S.A.). The column had been pre-
equilibrated with the dialysis buffer, and the flow rate was 1 ml/
min. A, was measured. The elution of caspase proteins was com-
pared with that of BSA. The BSA dimer (132 kDa) was eluted at
9.6 ml, whereas the monomer (66 kDa) was eluted at 13.4 ml. The
elution volume of BSA did not change over the pH range 4-7.

Enzymic activity assays

Activities of the mutants were determined as described pre-
viously [4,9] using the fluorescent substrate Ac-DEVD-AFC. The
steady-state parameters k., and K, were determined as described
previously [4] and are presented in Table 1.

The initial velocity was determined over the pH range 5-10,
whereas the catalytic parameters k., and K, were determined over
the pH range 5-9 as described in [4,10]. The following buffers
were used: 50 mM citrate (pH 3.0-6.2), 20 mM Pipes (pH 6.1-
7.5), 5S0mM Tris/HCl (pH7.2-9.0) and 50 mM sodium bi-
carbonate (pH 9.2-10.6). All experiments were performed at
25 °C, and all buffers contained NaCl, CHAPS, sucrose and DTT
as described in [4]. The data were analysed as described in [4] to
determine the pK, values.

Quenching of tryptophan fluorescence emission

Assays were performed in 20 mM citrate (pH 3.0-6.0), S0 mM
potassium phosphate (pH 6.0-8.0) or 50 mM Tris/HCl1 (pH 7.2—
9.5). All the buffers contained 1 mM DTT. Protein concentration
was 2 uM. Stock solutions of KI (2 M), CsCl (2M) or acryl-
amide (5 M) were prepared in the respective buffers and then
added to final concentrations of 0-0.3 M (KI or CsCl) or 0-0.8 M
(acrylamide). After each addition of the quencher, the samples
were incubated at 25 °C. The samples were excited at 295 nm,
and fluorescence emission was measured at 345nm (PTI
C61 spectrofluorimeter; Photon Technology International,
Lawrenceville, NJ, U.S.A.). All data were corrected for back-
ground signal. The data were analysed as described in [4] to deter-
mine the Stern—Volmer quenching constant Ky at each pH. The

Ky values, determined over the pH range of 3-9, were plotted
against pH values as shown in the Figures, and the data were fitted
as described by Bose et al. [4] to determine the apparent pK, of
each transition.

Fluorescence emission versus pH

Proteins were dialysed against a buffer of 20 mM citrate, pH 6.2
(for experiments between pH 2.5 and 6.2), or a buffer of 20 mM
phosphate, pH 9.0 (for experiments between pH 6.0 and 9.0). All
buffers contained 1 mM DTT. After dilution into each buffer,
the proteins (1 uM) were incubated for at least 1 h at 25 °C. In
separate experiments, the equilibration time was determined to be
between 15 and 30 min. Samples were excited at 280 nm, and
fluorescence emission was monitored from 305 to 400 nm. All
data were corrected for background signal. The average emission
wavelength ((A)) was calculated as described in [11]. Plots of (A)
versus pH were then fitted as described previously to determine
the apparent pK, of each transition [4]. To examine reversibility,
stock proteins were initially dialysed at pH 3 in citrate buffer.
The proteins were then diluted into each pH buffer, and the fluor-
escence emission was monitored as described above. From these
experiments, it was found that the results were the same regardless
of whether the stock protein was dialysed initially at pH9 or 3,
thus demonstrating reversibility of the transitions shown in
Figure 5.

CD spectroscopy

CD spectra were obtained with a Jasco J600A spectropolarimeter
(Jasco, Hachioji City, Tokyo, Japan). The protein concentrations
for both far- and near-UV CD data were approx. 20 M, and the
samples were in a buffer composed of 50 mM potassium phos-
phate (pH7.5) and 1 mM DTT. The path length of the CD
cells was either 0.1 cm (far-UV) or 1 cm (near-UV). All experi-
ments were performed at 25 °C, and the spectra were corrected
for background signal.

Analytical ultracentrifugation

Sedimentation equilibrium experiments were performed as de-
scribed in [8,12]. The proteins were in a buffer composed of
20 mM phosphate (pH 7.2) and 1 mM DTT, and experiments were
performed at 20 °C. The experimental data were fitted globally
using the ORIGIN version [13] of the NONLIN [14] algorithm
supplied by Beckman (Fullerton, CA, U.S.A.).

RESULTS

General considerations

Two mutations, K242A and E246A, were obtained depending
on the two backgrounds. First, the mutations were introduced into
the wild-type procaspase 3. This background provides a means
to examine the mutations in the mature caspase 3, because the
procaspase autoprocesses when expressed in E. coli. To examine
the procaspases, the mutations were introduced into the back-
ground of D;A?. As described previously, the three processing
sites (Asp®, Asp® and Asp'”) were removed in the D;A mutant,
providing a catalytically active yet uncleavable procaspase [4].
We analysed the proteins by size-exclusion chromatography to
determine whether the oligomeric properties changed as a result
of the mutations. The elution profiles were analysed at several pH
values and are described in detail below (see Figure 6); however,
at pH7, wild-type caspase 3, procaspase 3 (D;A), caspase 3
(K242A), procaspase 3 (D;A, K242A) and procaspase 3 (DA,
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E246A) were eluted as a single peak at a volume similar to that of
the BSA monomer (66 kDa), demonstrating that the proteins are
dimers under these conditions (results not shown). The calculated
molecular mass of the procaspase 3 monomer was 32.642 kDa.
This correlates with our previous results using analytical ultra-
centrifugation, where we estimated the K, for dimer dissociation
of procaspase 3 (C163S) to be less than 50 nM at pH 7.2 [8]. In
contrast, two peaks are observed for caspase 3 (E246A) during
elution from the sizing column (see Figure 6C). The first peak
is consistent with that of the dimer (59.054 kDa), and the second
peak is consistent with that of the monomer (29.527 kDa). Based
on the areas under the peaks, we estimate that approx. 10 % of
caspase 3 (E246A) is monomeric at pH 7. We also analysed the
proteins using sedimentation equilibrium studies (results not
shown), and the results showed that all of the proteins were
dimeric at pH 7, with the exception of caspase 3 (E246A). For
that variant, the data were best described by a monomer—dimer
equilibrium model with an equilibrium dissociation constant of
approx. 6 uM. Overall, the results show that the K242 A mutation
does not affect the stability of the dimer at pH 7, whereas the
E246A mutation decreases dimer stability in the caspase but not
in the procaspase.

Enzymic assays

For each mutant, we examined the initial velocity over a range of
substrate concentrations, and the results are shown in Figure 2(A),
where data for the mature caspase mutants are compared with
those for caspase 3 at pH 7.5. Steady-state parameters K, and k.,
determined from the data in Figure 2(A), are presented in Table 1.
Results for procaspase 3 (D;A) and mature caspase 3, summarized
in Table 1, were described previously [4] and are shown for com-
parison. Both the procaspase mutants (D;A, K242A and D;A,
E246A) were mostly inactive relative to procaspase 3 (D;A) (re-
sults not shown), so the steady-state parameters could not be
determined for these mutants. Because of the low activity of pro-
caspase 3 (D;A) (Table 1), we assessed the sensitivity of the
enzymic assay by examining the initial velocity over a wide
range of protein concentrations. The results showed that one can
measure approx. 50-fold less enzymic activity than that observed
for procaspase 3 (D;A). Thus the mutations in the procaspases
result in a decrease in activity of > 50-fold compared with that of
the procaspase (or 10000-fold compared with that of the mature
caspase 3).

In contrast with the procaspases, both mature caspase 3 mutants
were active. As shown in Table 1, the K242A mutation affects
both k., and K, values, where k., was 10-fold lower and K, was
approx. 6-fold higher for the mutant. This results in a specificity
constant k.,,/K , for caspase 3 (K242A) that is 60-fold lower com-
pared with that for wild-type caspase 3. At pH 7.5, the caspase 3
(E246A) mutant demonstrated a k., value approximately equal to
that of the wild-type caspase 3 (k. = 0.3 s7"), although the K,
was significantly higher (23 uM versus 2 uM respectively). This
results in a specificity constant that is 14-fold lower than that
of wild-type caspase 3. We note that the activity studies were per-
formed with protein concentrations in the low nanomolar range,
whereas the oligomeric properties of the proteins were determined
in the low micromolar range. It is possible that the low activity of
the K242A mutant is due to the formation of the inactive mono-
mers at low protein concentrations. However, one assumes that
the presence of the substrate shifts the equilibrium towards the
dimeric state and promotes the formation of a competent active
state, as was described previously [15,16].

We determined the steady-state parameters over the pH range
5-9, and the results are shown in Figures 2(B) and 2(C). Similar

© 2004 Biochemical Society

>

v, (UM/s) (K242A and E246A)

S, 1) 1
0.0025 [ ]

C 1 0.0007
0.002 | ]
, 1 0.0006

0.0015 F 4 ]
i 1 0.0005

0.001 F 1 0.0004

(¢-osedseo) (s/AN) %A

0.0005 | 1 0.0003

0 1 0.0002
0 10 20 30 40 50 60 70 &0

DEVD-AFC (uM)

oo

log(k,,/sec!)

log(1/K, /M)

Figure 2 Catalytic parameters of caspase 3 mutants

(A) Initial velocities of caspase 3 (A), caspase 3 (K242A) (@) and caspase 3 (E246A) (@)
versus substrate concentration. (B) log (k) versus pH for caspase 3 (A), caspase 3 (K242A)
(@) and caspase 3 (E246A) (®). (C) log (1/Krm) versus pH for caspase 3 (A), caspase 3
(K242A) (@) and caspase 3 (E246A) (). The lines represent fits of the data as described
in the text. The steady-state parameters K and ke (A) and the pK, values of the transitions
(B, C) are given in Table 1.

to the mature caspase 3, the catalytic efficiency k., of caspase 3
(K242A) and that of caspase 3 (E246A) were constant at pH values
between 7 and 9 and decreased at lower pH, with an overall larger
decrease in k., value for the mutants. In addition, the pK, values
that describe the transitions were higher for the mutants compared
with those of wild-type caspase 3 (Table 1). These transitions
probably represent conformational changes in the protein that
affect the catalytic efficiency rather than protonation of the
catalytic cysteine residue at lower pH. As described previously for
the unrelated cysteine protease papain [17], it is believed that one
form of the enzyme, the thiolate-imidazolium form, is active.
Previously, the pK, value for the catalytic cysteine residue of
caspase 3 has been suggested to be approx. 6.4 [4,10]. If it is true
that the transition represents a protein conformational change,
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then the results show that the effect is modified by the mutations.
The data presented in Figure 2(C) show that K, values, presented
as log(1/K,,) in the Figure, is constant at pH values higher than
7. This is true also for both the mutants, although the K, values
are consistently higher than those of wild-type caspase 3. For
all three proteins, the K, values decreased between pH 7 and 6,
and the pK, values that describe the transitions (~ 6.5) are similar
for the three proteins (Table 1). Whereas the pK, values are close
to those for the catalytic Cys'®® [4,10], it is not clear whether
the transition represents the protonation of Cys'®* or a conform-
ational change that affects K ,,. Regardless of these results, the data
show that the mutations do not affect the transition. For the
mutants, it is worth noting that the same pK, values describe
the transitions in k., (Figure 2B) and in K, (Figure 2C) values.
At present, it is not known whether there are two protonation
events that affect the two different steps in the enzymic reaction
or whether a single protonation event affects both steps. Although
the range of pH values is not sufficiently broad to study the ioniz-
ation of the catalytic histidine, the data shown in Figure 2(C) sug-
gest that the mutations do not affect the ionization of the catalytic
cysteine residue. We note that this interpretation should be viewed
with some caution, however, since the protonation of Cys'®* may
be coupled with conformational changes in the protein. As de-
scribed below, we show that both the mutations alter the protein
conformation.

CD spectra

To assess the secondary and tertiary structures of the mutants,
we examined the far- and near-UV CD spectra, and the results
are compared with those of procaspase 3 (D;A) and of mature
caspase 3 (Figure 3). In general, the far-UV CD spectra are simi-
lar for the proteins and show that the mutations do not disrupt the
overall fold. It is interesting to note that, for procaspase 3 (D;A)
(Figure 3A) and procaspase 3 (D;A, K242A) (Figure 3B), the
signal increases (i.e. becomes more negative) on maturation. This
is not true for the E246A mutant (Figure 3C). At this point, it is not
clear whether these results are due to a change in secondary struc-
ture after maturation or due to changes in the tertiary structure,
which may also affect the signal in this region. Both processes
are known to occur after maturation [1,2,4]. We note, however,
that the results are not explained by the loss of the propeptide on
maturation, since it was observed previously that the signal of
procaspase 3 decreases somewhat in the ‘pro-less’ variant of pro-
caspase 3 when compared with the full-length procaspase [8].

The near-UV CD spectrum of procaspase 3 (D;A) (Figure 3A)
demonstrates maxima at 258 and 292 nm and a minimum at
278 nm. On processing to the mature caspase 3, the near-UV
CD signals increase. These changes are consistent with loop
movements that occur on maturation (see [18] for a review),
which affect the two active-site tryptophan residues (292 nm) and
the phenylalanine residues (258 nm). The procaspase 3 monomer
contains 15 phenylalanine residues, four of which reside in loop
L4 (Figure 1), which is known to undergo a conformational change
on maturation [18].

The near-UV CD spectra of the mutant mature caspases (Fig-
ures 3B and 3C) are similar to that of the wild-type caspase 3. In
all cases, there is an increase in signal on maturation, as observed
with the wild-type caspase 3. The mutants demonstrate minima at
275 nm and maxima at 258 nm, although the signals were lower
than those described in Figure 3(A). Compared with procaspase
3 (D;A) (Figure 3A), however, the maximum at 292 nm was not
present in procaspase 3 (D;A, K242A) (Figure 3B).

Overall, the results show that the proteins are folded with well-
packed tertiary structures. The changes in the signal at 292 nm for

A

0 0
o 3 ®
9 =
£ 10t f S0 2
(\IE ] o
° -100 Z,
@ 2104 F g‘
= S
® 2 -150 x
310%E -200
200 220 240 260 280 300
Wavelength (nm)
B
_ 0
5 : g
g —
;; -1104 f &
(2}
0 3 5,
3 o | o
= 2210 S
© 3 =
-3104
200 220 240 260 280 300
Wavelength (nm)
0 . el 0
%S; a 120 @
S 1104 F 140 &
e
5 3 1-60 §
o R
T 2104 F 1-80 g‘
' =}
e, 3 1-100 =
-3104 -120
200 220 240 260 280 300
Wavelength (nm)

Figure 3 CD spectra of caspase mutants

Far- and near-UV CD spectra of (A) caspase 3 and procaspase 3 (D3A), (B) caspase 3 (K242A)
and procaspase 3 (D3A, K242A) and (C) caspase 3 (E246A) and procaspase 3 (DsA,
K242A). (A-C) @, caspase; M, procaspase.

procaspase 3 (D;A, K242A) suggest an alteration in the environ-
ment of Trp*® and/or Trp*'* in the active site and are consistent
with a change in the enzymic activity described above and the
fluorescence emission properties described below.

Quenching studies

To examine further the environments of the two active-site tryp-
tophan residues, we examined the accessibility to quenching by
iodide. We have shown that, in procaspase 3, the Ky increases
as the pH is decreased from pH 9 to 3 [4]. The higher quenching
constant indicates a higher accessibility of the KI quencher to
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Figure 4 Quenching versus pH

(R) The Ksy value was determined for KI quenching over the pH range 9-3 as described in
the text for procaspase 3 (D3A) (@), procaspase 3 (DsA, K242A) (M) and procaspase 3 (D3A,
E246A) (A). (B) Kgy values versus pH for KI quenching of caspase 3 (@), caspase 3 (K242A)
(W) and caspase 3 (E246A) (A). The solid lines represent fits of the data as described in the
text. The pK, values determined from the fits are given in Table 2. (C) Ksy from acrylamide;
(D) CsCl quenching versus pH of procaspase 3 (D;A) (@), caspase 3 (E246A) (A), proc-
aspase 3 (DA, E246A) (M), caspase 3 (K242A) (W) and procaspase 3 (D3A, K242A) (#). Error
bars show the S.D. determined from the results of four independent experiments.

the tryptophan residues. Results for procaspase 3 (D;A) (see Fig-
ure 4A) are described by two transitions, with pK, values of 6.3
and 4.3 respectively (Table 2). Further studies with acrylamide and
CsCl demonstrate a low accessibility to these two quenchers
and no pH dependence to quenching (Figures 4C and 4D).
Together, the results suggest that the titration of one or more
acidic groups and/or histidyl residues affects the electrostatic
environment of the tryptophan residues, allowing greater access
to the negatively charged iodide at low pH.

Similar experiments were performed with the K242A and
E246A procaspases (Figure 4A) and, as with procaspase 3, the
mutants are described by two transitions. At high pH (pH > 8),
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Table 2 pK, values determined from iodide quenching studies

pK,  Caspase3  E246A K242A DA D3A, E246A  D3A, K242A
1) 43+01 38+02 42402 43401 38401 33+1

2 56+04 61406

) 72401 70+01 75403 63+02 67402 78402

the tryptophan residues appear to be equally accessible to the
quencher (Ksy ~ 6), whereas the proteins show differences as
the pH is decreased. Procaspase 3 (D;A, E246A) demonstrates
a plateau between pH 6 and 4, where Ky is significantly higher
than that of procaspase 3 (D;A) or of procaspase 3 (D;A, K242A)
(Figure 4A). The pK, of the transition is 6.7 (Table 2). There
is a further increase in Kgy below pH4, with a pK,~3.8. In
contrast, the results for procaspase 3 (D;A, K242A) show that the
accessibility to the iodide quencher is lower than that for other
procaspases. The pK, values that describe the two transitions are
approx. 3.3 and 7.8 respectively (Table 2). As with procaspase 3,
further studies with acrylamide and CsCl demonstrate a low
accessibility to these two quenchers and no pH dependence on
quenching (Figures 4C and 4D). Although it is not yet clear what
groups are involved in these transitions, the results show that
the removal of the two charges affects the pK, values of both trans-
itions as well as the accessibility of the negatively charged iodide.
Overall, the results suggest that Glu** and Lys*** are involved,
either directly or indirectly, in maintaining the electrostatic en-
vironment of the tryptophan residues in the procaspase active
site. Removal of the negative charge allows for increased access-
ibility to the negatively charged iodide, whereas removal of the
positive charge results in a decrease in iodide accessibility.

The iodide quenching of mature caspase 3 against pH values
can be described by three transitions (Figure 4B and Table 2).
The first transition, between pH 3 and 4.5 (pK, =4.3), results in a
decrease in Ky values, as does the second transition, between
pH4.5 and 7 (pK,=35.6). The third transition, between pH 7
and 9 (pK,=7.2), results in a small increase in Kgy. Caspase 3
(E246A) is also characterized by three transitions (Figure 4B). In
contrast with caspase 3, however, the second transition (pK, = 6.1)
results in an increase in Ky values, whereas the third transition
(pK,=7.0) results in a decrease in Kgy values. Although the
pK. values are not significantly different from those of caspase 3
(Table 2), the E246 A mutant has higher iodide accessibility below
pH ~ 7.5, as was observed with the procaspase form of this mutant
(Figure 4A). The increase in iodide accessibility between pH 7
and 6 for this mutant is probably coupled with the dissociation of
the heterotetramer, as described above. This issue is discussed in
more detail below (Figure 6). For the K242A mutant, the results
are adequately described by two transitions, with pK, values of
4.2 and 7.5 (Table 2). Thus the second transition observed with
caspase 3 and caspase 3 (E246A) is not observed in this mutant.
As with the procaspase form, the K242A mutant has lower
accessibility to iodide (below pH ~ 7.5). Overall, these results
again suggest that both the charged groups influence the electro-
static environment of the active site.

We also performed quenching studies with acrylamide and
CsCl. As with the other proteins, the mature caspases demonstrate
low accessibility to these two quenchers and no pH dependence
to quenching (Figures 4C and 4D).

Average emission wavelength versus pH

The average emission wavelength, after excitation at 280 nm,
measures the global contribution of all aromatic residues to the
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Figure 5 Fluorescence emission versus pH

(A) The average emission wavelength (1) was measured over the pH range 9-2.4 for pro-
caspase 3 (D3A) (@), procaspase 3 (DsA, K242A) (®) and procaspase 3 (DsA, E246A) (A).
(B) (A) versus pH for procaspase 3 (DsA) in 8 M urea-containing buffer. (C) (1) versus pH
for caspase 3 (@), caspase 3 (K242A) (#) and caspase 3 (E246A) (A). The solid lines in
(A, C) represent fits of the data as described in the text. The pK, values determined from the fits
are given in Table 3.

Table3 pK, values determined from average emission wavelength studies

pK, Caspase3  E246A Ko42a  DsA DA, E246A  DsA, K242A
(1) 30402 <3 32401 <3 33402 38406
@) 57401 40401 45407 42401 52404 51401
3) 63401 69401 65+0.1
@) 8.0+0.1

fluorescence emission. We have shown that the average emission
wavelength (A) for caspase 3 reaches a plateau between pH 7 and
9, where (1) = 344.6 nm [4], whereas that of procaspase 3 (D;A) is
342.5 nm (Figure 5A). This shows that, on maturation, a red-shift
in fluorescence emission occurs, which is consistent with a more
solvent-accessible active site, as described previously [4]. As the
pH is decreased, the procaspase undergoes two transitions, with
pK. values of 4.2 and < 3 respectively (Figure SA and Table 3).
The fluorescence emission profiles of the mutants are signi-
ficantly different from that of procaspase 3 (D;A) (Figure 5A).

In procaspase 3 (D;A, E246A), the (A) reaches a plateau at higher
pH similar to that of the control (342.5 nm), and two transitions are
observed as the pH is lowered. The first transition, between pH 7
and 4 (pK, =5.2; Table 3), represents a decrease in (1) similar to
that of the control (341 nm), although the pK, value is significantly
higher (5.2 versus 4.2 respectively). A second transition, between
pH 4 and 3 (pK, = 3.3), results in an increase in (1) (341.5 nm).
This transition is probably the same, but with a higher pK, value,
similar to that observed in procaspase 3 (D;A), where pK, < 3.

For the second mutant, procaspase 3 (D;A, K242A) has a
significantly blue-shifted fluorescence emission when compared
with procaspase 3 (D;A), where (1) reaches a plateau at 341.3 nm
for pH > 8. The results are described by three transitions with
pK.=06.5,5.1 and 3.8 respectively (Table 3). Overall, the results
obtained for procaspases show that the mutations affect the pK, of
the lowest transition, that a new transition appears between pH 5
and 7 for procaspase 3 (D;A, K242A), and that the fluorescence
emission of procaspase 3 (D;A, K242A) is significantly blue-
shifted at higher pH relative to that of procaspase 3 (D;A).

For comparison, we collected data for procaspase 3 (D;A) that
had been incubated in 8 M-urea-containing buffer (Figure 5B). We
have shown that the procaspase is unfolded under these conditions,
and the aromatic residues are exposed to the solvent [19]. The
results show that, on unfolding, the average emission wavelength
increased to 347 nm and that there was no pH dependence to
this value. This demonstrates that the blue-shifted transitions de-
scribed in Figure 5(A) result from a more hydrophobic and
probably less solvent-accessible environment of the aromatic
residues as the pH is lowered. Although the nature of these trans-
itions remain under investigation, the results show that the active-
site tryptophan residues of the native proteins are not completely
solvent-exposed, even at low pH.

The mature caspase variants are also significantly different in
this assay when compared with the wild-type caspase 3 (Fig-
ure 5C). The results show that caspase 3 (E246A) has a (A) value
similar to that of caspase 3, but only at pH >8. A transition
occurs between pH 8.5 and 6.5 (pK, = 8.0; Table 3) and results in
a plateau of 344 nm. A second transition occurs between pH 6.5
and 5.5 (pK,=6.3), which results in a significant decrease in
(1) value (to 341.5 nm). Below pH 5, two transitions occur that
result in an increase in (A) value, with pK, values of 4.0 and
<3 respectively. The first transition (pK, =4.0) is probably the
same as that observed in caspase 3 (pK, = 3.0), but with a higher
pK, value. The data show that both forms of this mutant (pro-
and mature) attain the same emission maximum as the controls at
higher pH values, although the mutation affects the pK, values of
the transitions.

For caspase 3 (K242A), the results at low pH are similar to those
of wild-type caspase 3, where (1) increases from 341 to approx.
343 nm below pH 4 (Figure 5C). However, the mutant varies signi-
ficantly at higher pH, where it is observed that (A) is significantly
blue-shifted at pH >7 when compared with either wild-type
caspase 3 or caspase 3 (E246A). The results are best described
by three transitions with pK, values of 6.9, approx. 4.5 and 3.2
respectively (Table 3). Thus, at pH > 7, there is little difference
in the fluorescence emission for the two forms of this mutant (cf.
Figures SA and 5B), in contrast with the wild-type caspase 3 and
the E246A variant. Below, we will correlate these pH-dependent
transitions with the oligomeric properties of the proteins.

Size-exclusion chromatography versus pH

To examine the potential effects of pH on the oligomeric properties
of the proteins, we performed size-exclusion chromatography
experiments over the pH range of 7—4. In these experiments,

© 2004 Biochemical Society
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Figure 6 Size-exclusion chromatography versus pH

(A) Wild-type caspase 3 at pH 5 (——) or pH 4 (- - - -). (B) Procaspase 3 (D3A) at pH 7 (——) or pH 4 (- - - -). (CG) Caspase 3 (E246A) at pH 7 (——) or pH 6 (- - - -). (D) Procaspase 3 (DsA,
E246A) at pH 6 (——), pH 5 (long broken ling) or pH 4 (short broken line). (E) Caspase 3 (K242A) at pH 5 (——) or pH 4 (- - - -). (F) Procaspase 3 (DsA, K242) at pH 5 (——) orpH 4 (- - - -).
The monomer of BSA (66 kDa) was eluted at 13.3 ml, and the elution volume did not vary with pH. The dimeric (pro)caspase was eluted at 12—14 ml, whereas the monomeric (pro)caspase was

eluted at 23-25 ml.

approx. 10 uM protein was loaded on to the column. This concen-
tration is consistent with the fluorescence emission and quenching
studies described above. As shown previously [8] and described
above, procaspase 3 is a dimer at pH 7, and we have estimated the
K 4 value for dimer dissociation to be below 50 nM. At pH 7 and 6,
caspase 3 was eluted as a single peak, consistent with the approx.
60 kDa heterotetramer (results not shown). It was observed that
from pH 7 to 5, the heterotetramer was eluted between 11.6 and
12.2 ml. AtpH 5, however, two peaks were observed in the elution
profile (Figure 6A); the first peak is that of the heterotetramer,
whereas the second peak is consistent with the heterodimer
(30 kDa). Whereas the baselines are noisy due to the low protein
concentration, we estimate that approx. 60 % of the protein is
monomeric at pH 5. At pH 4, a single peak is observed at approx.
23 ml, demonstrating that the heterodimer has completely dis-
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sociated under these conditions. Two smaller peaks are observed
at 25 and 28 ml that probably represent the dissociation of the
heterodimer into the individual large and small subunits. For pro-
caspase 3 (D;A), a single peak is observed at pH 7 to 5, consistent
with the mass of the homodimer (64 kDa). The homodimer of
procaspase 3 was eluted between 14.0 and 14.3 ml (Figure 6B),
although it is not clear why the procaspase 3 is eluted at a slightly
higher elution volume when compared with the mature caspase. At
pH 4, two peaks are observed in the elution profile, consistent with
that of the dimer (14 ml) and monomer (23 ml). Approx. 40 %
of the protein is monomeric under these conditions.

For caspase 3 (E246A), two peaks were observed at pH 7,
consistent with the presence of a heterotetramer and a heterodimer
(Figure 6C), and we estimate that approx. 10 % of the protein is
heterodimeric under these conditions. As described above, the
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presence of the heterodimer was confirmed by analytical ultra-
centrifugation. At pH 6, no heterotetramer is observed, and the
protein is eluted as the heterodimer. In contrast, the monomer of
the E246A variant of the procaspase was not observed at pH 7 or
6, and approx. 25 % of the protein was monomeric at pH 5 (Fig-
ure 6D). It was observed that the protein was completely mono-
meric at pH 4. For caspase 3 (K242A), the protein is a hetero-
tetramer from pH 7 to 5 (Figure 6E). In contrast with the wild-type
caspase, no heterodimer is observed at pH 5, whereas the profiles
are nearly identical at pH 4. That is, the K242A heterodimer is
eluted at 23 ml, and the putative large- and small-subunit minor
peaks are observed at 25 and 28 ml respectively. For the
procaspase K242 A variant (Figure 6F), the protein is a homodimer
at pH > 5 and a monomer at pH 4. Overall, the data show that the
E246A mutation destabilizes the dimer, and the effect is larger in
the mature caspase. In contrast, the heterotetramer appears to be
more stable in the mature K242A variant, but the homodimer of
the procaspase is somewhat less stable when compared with the
controls. Unfortunately, it has not been possible to examine
the monomer—dimer equilibrium quantitatively at lower pH values
using sedimentation equilibrium experiments, as the monomer (or
heterodimer) precipitates slowly under the conditions of the ex-
periment (pH 4.0-5.0, >20 uM protein, 20 °C). However, the
data shown in Figure 6, as well as our previous data [8], demon-
strate that the equilibrium dissociation constant changes from the
low nanomolar range at pH 7.2 to the low micromolar range,
or higher, at pH4. For caspase 3 (E246A), dissociation occurs
between pH 7 and 6.

DISCUSSION

We have examined the role of a salt bridge between Lys*? and
Glu™, located near the base of the active-site loop L4,
and we show that the ionic interactions between the two residues
are important for maintaining the active-site environment. While
removal of either amino acid abrogates activity in the procaspase,
the mutations affect the activity of the mature caspase as well.
Both the steady-state parameters, k., and K, are affected by the
mutations. At pH 7.5, where maximum activity is observed for
caspase 3, the specificity constants for the mutants, k../K,, are
between 14- and 60-fold lower than that of caspase 3. Overall,
the data show that the values of K, are consistently higher in the
mutants, whereas the catalytic efficiencies are consistently lower.
The K242 A mutation has a stronger effect on the activity, due to
a 10-fold decrease in k.

Several assays show that Lys*? and Glu*®, either directly or
indirectly, affect the electrostatic environment of the active site.
First, the pK, values associated with changes in k., versus pH are
increased in both mutants. Secondly, a change in accessibility to
the negatively charged iodide quencher is observed. Finally,
fluorescence emission studies showed that caspase 3 (E246A)
undergoes a transition between pH 6 and 8 that results in a red-
shift in fluorescence emission.

It is well known that pK, values of titratable groups are in-
fluenced by the electrostatic field [20,21]. In the active sites of
enzymes, the local hydrogen-bonding network and the solvent
accessibility will influence the pK, values of the catalytic groups.
It is unlikely that Glu** or Lys*? directly influence the active-
site hydrogen-bonding network, since both residues are approx.
19 A (1 A = 0.1 nm) from the catalytic Cys'®*. However, indirect
effects due to the observed conformational changes can explain
the changes in k., and K, values. For example, if the position of
helix 4 is altered due to loss of the Lys**—Glu**® salt bridge,
then the position of loop L3, the substrate binding loop, may

2
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inhibitor

Figure 7 Relative position of Lys?*2—Glu* salt bridge to the active site and
to putative stabilizing ionic interactions

(A) The relative position of the Lys?*~Glu?*® salt bridge to the caspase 3 active site. Residues
Asn?®, Asp?'" and Asn?'” are described in the text, and the catalytic Cys'® is indicated. (B) lonic
interactions across the dimer interface suggested to stabilize the dimer. A prime (') indicates a
residue from the second heterodimer. The structures were generated using PDB entry 1CP3 and
PyMOL (Delano Scientific).

be affected. Residues Ser*®, Lys*'® and Asp®'!, near helix 4, form
hydrogen bonds with the side chain O§1 atom of Asn**® (loop L3),
which in turn hydrogen-bonds with the P4 site of the substrate [7]
(Figure 7A). In addition, Ser®” forms additional hydrogen bonds
with the substrate. Asp?'! is only 3.6 A from Asn?”, located on
helix 4 (see Figure 7A), which forms part of the surface surround-
ing Lys*? (see Figure 1). Thus disruption of the Lys***~Glu** salt
bridge in helix 5 may alter the position of helix 4 and hence affect
the hydrogen-bonding network of the S4 subsite. Alternatively,
changes in the stability or dynamics of loop L4 may also explain
the changes observed in the catalytic parameters. For example, the
amide backbone of Phe*" in loop L4 (see Figure 7A) hydrogen-
bonds with the P4 carboxylate side chain [7]. Thus changes in the

© 2004 Biochemical Society
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stability of loop L4 may disrupt these interactions. Further studies
are required to determine the specific reasons for the changes in
the enzymic activity.

In addition to affecting the enzymic activity, the mutations
affected the stability of the dimer. Whereas all proteins were
dimeric at pH 7, it was observed that the E246A mutation in the
context of the mature caspase destabilized the protein such that
the heterodimer was present at pH7 (~10%), and the hetero-
tetramer was completely dissociated at pH 6. For caspase 3,
heterotetramer dissociation occurred over the pH range of 64,
whereas the procaspase homodimer dissociated between pH 5
and 4. This was true also for both the K242A variants. In each
case, the dissociation of the dimer correlates with a blue-shift in
fluorescence emission. While we do not know the groups respon-
sible for the transitions in fluorescence emission, the data suggest
that the maturation of the procaspase results in a protein that is
more sensitive to pH-dependent dimer dissociation. It is worth not-
ing that while dimer dissociation is accompanied by a blue-shifted
fluorescence emission profile, dissociation also leads to an in-
crease in accessibility to the iodide quencher. By utilizing
limited V8 proteolysis assays of procaspase 3 (D;A), we showed
previously that at least two conformational changes occurred be-
tween pH 7 and 4 [4]. At pH 5, the prodomain is more solvent-
exposed, and active-site loop L4 undergoes a pH-dependent con-
formational change that exposes Glu**®/Asp** to rapid cleavage,
relative to the accessibility at pH 7. The second conformational
change occurs between pH 5 and 4, where it was observed that,
at pH 4, the protein was significantly less sensitive to V8 protease
than it was at pH 5. Cleavage was observed only in loop L4 at
Asp*®/Asp®*. From the data presented here, we now know that
the second transition correlates with dimer dissociation. Thus the
picture of the procaspase monomer that emerges from these com-
bined studies is one in which the structure is less accessible to V8
proteolysis, and the tryptophan residues are in a more hydro-
phobic environment, and exhibit blue-shifted fluorescence
emission, yet are more accessible to the iodide quencher. This
may be explained by titration of the negative charges at a lower
pH close to the tryptophan side chains. We note that, in terms
of the fluorescence properties, the procaspase 3 monomer at
pH4 resembles the monomeric folding intermediate that has
been described at pH 7.2 [19]. Finally, after dimer dissociation,
further transitions are observed at lower pH that result in a
red-shift in fluorescence emission. The size-exclusion chromato-
graphy data suggest that this may result from dissociation of
the subunits in the heterodimer (or a similar unfolding of the
procaspase monomer).

In caspase 3, several ion pairs at the N-terminus of helix 5
interact across the dimer interface and are predicted to stabilize the
dimer. From one monomer, Glu*', His**, Arg?*® and Glu*”* form
a network of charge—charge interactions with the same residues
from the second monomer (Figure 7B). The first three residues re-
side on the same face of helix 5, whereas Glu?’ is contributed by
the C-terminus of strand 8. Lys** resides on the same face of
helix 5 as these charged residues, so it is conceivable that the
loss of the Lys**~Glu** salt bridge disrupts, or alters, the inter-
actions of these other ion pairs across the dimer interface. A
similar series of polar interactions are observed in procaspase 7
[1,2] as well as other caspases [15,22,23], suggesting that this
effect may be observed in other caspases also. Although the re-
sidues are not strictly conserved in other caspases, interactions
similar to those of Lys*?~Glu** found in caspase 3 may result
in similar properties in other caspases. That is, the stability of
loop L4 and the C-terminal region of helix 5 may affect the
dimeric properties of the caspase by influencing the interactions
among the polar groups at the N-terminus of helix 5. For example,
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we note that Lys*? is conserved in caspase 6 and CED-3 (cell-
death determining-3), whereas, in caspase 7, arginine residue is
found in the same position [5]. However, Glu** is not conserved.
Thus, in caspase 7, Arg®"® (comparable with Lys*? in caspase 3)
interacts with Glu®' from helix 4. The Glu*'-Arg*'® interactions
in caspase 7 are predicted to impart similar features to the Lys**—
Glu?* interactions in caspase 3.
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