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ABSTRACT: We have investigated the oligomeric properties of procaspase-3 and a mutant that lacks the
pro-domain (called pro-less variant). In addition, we have examined the interactions of the 28 amino acid
pro-peptide when added in trans to the pro-less variant. By sedimentation equilibrium studies, we have
found that procapase-3 is a stable dimer in solution &Q@%and pH 7.2, and we estimate an upper limit

for the equilibrium dissociation constant 660 nM. Considering the expression levels of caspase-3 in
Jurkat cells, we predict that procaspase-3 exists as a dimer in vivo. The pro-less variant is also a dimer,
with little apparent change in the equilibrium dissociation constant. Thus, in contrast with the long pro-
domain caspases, the pro-peptide of caspase-3 does not appear to be involved in dimerization. Results
from circular dichroism, fluorescence anisotropy, and FTIR studies demonstrate that the pro-domain interacts
weakly with the pro-less variant. The data suggest that the pro-peptide agipteuature when in contact

with the protein, but it is a random coil when free in solution. In addition, when added in trans, the
pro-peptide does not inhibit the activity of the mature caspase-3 heterotetramer. On the other hand, the
active caspase-3 does not efficiently hydrolyze the pro-domain at the RIS&tiuence as occurs when

the pro-peptide is in cis to the protease domain. Based on these results, we propose a model for maturation
of the procaspase-3 dimer.

Caspase activation, more than any other event, defines af heterodimers,df3). (6, 7). Interestingly, the two subunits
cellular response to apoptosis [see review by Earnsiigw (  in the (@) heterodimer form a single domain, which consists
Caspases are a family of cysteinyl proteases that have arof a six-strandegB-sheet core flanked bg-helices. Each
unusual requirement for aspartate at the P1 position in the(of) heterodimer contains an active site, although the
substrate. Although many proteins are cleaved during apo-heterodimer appears to be inacti8).(While the catalytic
ptosis, caspases cleave key structural components of thedyad (Cys163, His121) is contributed by the large subunit,
cytoskeleton and nucleus as well as numerous proteins inboth subunits contribute residues that form the-Sa
signaling pathways, DNA repair or degrading enzymes, and binding pockets?). All other caspases for which the crystal
transcription factors 1). In addition, caspases degrade structure is known (caspases-1, -7, and -8) display a similar
amyloid precursor protein, presenilins, tau, and huntington, fold (9—11), demonstrating the structural homology within
suggesting that they may have a role in neurodegenerativethe family.
diseases 2). In short, caspase activation results in an  Like the other caspases, caspase-3 exists in normal cells
irreversible, organized dismantling of the cell. as an inactive zymogen and must be activated by proteolytic

Currently, 14 caspases have been identifigdd gnd it is processing. While the three-dimensional structures have not
generally accepted that caspase-3 (CPP32, apopain, Yamaheen determined, procaspases are organized with an amino-
is the primary executioner during apoptos&, 6). The terminal pro-domain, which varies in size and function,
mature, enzymatically active caspase-3 is a tetramer with afollowed by the large subunit, an optional intersubunit linker,
M, of approximately 60 000 and consists of two copies of and the small subunit, as shown in Figure 1. Although
one large ¢) and one smallf) subunit, described as dimers processing appears to be more complicated for long pro-
domain caspases, in general, caspases are activated in a two-
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| MENTENSY D° SKSIKNLEPKIHGSESM D/S | D' control to decrease the low levels of procaspase activity,
* =¥ preventing spontaneous activation.
A. \W LARGESUBUNIT Y SMALL SUBUNIT ) Because of these considerations, we have investigated the

oligomeric state of procaspase-3 and the role of the pro-
domain on procaspase-3 stability and caspase-3 activity. We

have used a catalytically inactive mutant (C163S) of the full-
v length human procaspase-3 as well as a variant of procaspase-
3(C163S) in which the pro-domain is removed, referred to
B. Met( LARGE SUBUNIT XSMALL susuw) as the pro-less varianfsee Figure 1). We show here that
procaspase-3(C163S) is a dimer in solution at°€5 and
based on these data as well as estimations of the procaspase-3

Ficure 1. Procaspase-3 and pro-less variant. (A) Schematic .Concentratlon in vivo, we suggest that the protein is a dimer

representation of full-length procaspase-3, showing the pro-domain'n,ViVO' Removal of the_ pro-domain. has no effect on the
sequence, the conserved catalytic motif, and the cleavage sites, D9pligomeric or conformational properties of procaspase-3. In
D28, and D175. (B) Procaspase-3 lacking the 28 amino acid pro- addition, we demonstrate that the pro-domain interacts with

peptide, referred to in the text as ‘pro-less variant'. the pro-less variant in trans, suggesting that the pro-peptide

) _ may bind weakly to the procaspase dimer at site(s) away
catalytically removed from the large suburfiSf by a rapid from the active site region.

proteolysis at Asp9 (see Figure 1) followed by a slow

cleavage at Asp28.8). The activity of the protein following ~ MATERIALS AND METHODS

cleavage at Asp9 (NSVAIB) appears indistinguishable from

that of the mature heterotetramet4), in which the N- ChemicalsAmpicillin, antifoam-C, bovine serum albumin,

terminus begins at Ser29 (ESMAB). The significance of ~ carbonic anhydrase, CHAPS, cytochrom®EAE-Sepharose,

the two cleavage sites within the pro-domain is not yet dansyl chloride, DMF, DMSO, DTT, EDTA, EGTA, glyc-

understood, but many of the procaspases contain more tharérol, IPTG, kanamycin, nickel sulfate, PMSF, monobasic and

one processing site in the pro-domairvy, dibasic pqtassigm phosphate, Sephacryl-S15, _Sephacryl-
In the case of procaspase-1 and other long pro-domainS100, sodium bicarbonate, TLCK, TPCK, and Trizma base

caspases, the pro-domain (119 amino acids) is involved inWere from Sigma. Ultrapure ammonium sulfate, guanidine

dimerization of the procaspase, leading to autoprocessing.nydrochloride, imidazole, and urea were from ICN. Sodium

This is due to the presence of a dimerization motif within Cchloride was from Fisher. Tryptone and yeast extract were

the pro-domain. Procaspase-1, for example, contains afrom.D|fco. His-bind resin was from Novagen. Potassium

caspase recruitment domain (CARD) within the first 92 chloride and sucrose were from Mallinckrodt. Acetonitrile

amino acids of the pro-domain. The CARD is a six-helix and HEPES were from Acroe.-Cyano-4-hydroxycinnamic

bundle folding motif and is responsible for highly specific acid was from Aldrich.

interactions between the procaspase and homologous CARD Plasmid ConstructionThe procaspase-3 gene was ampli-

motifs in adapter proteinsl@). fied by PCR from pET21b-CPP32%), kindly provided by
Dimerization represents an early event in maturation of Dr- Emad Alnemri, using the primers HC3P32F (GTCGCG-

procaspase-119). For downstream caspases, such as caspaseGATCATATGGAGAACACTG) and HC3P12R (GTGGTG-

3, there is no evidence that dimerization is an early event. G TGGTGCTCGAGGTG). This introduced dvdd site at

Indeed, procaspase-3 is frequently drawn as a monomer inthe 3 end of the gene and axha site at the 3end of the

the literature reviews20), although the oligomeric properties ~ gene. The amplified gene product was inserted into pET21b
have not been examined. Thus, the role of the pro-domain,that had been digested witiddd and Xhd. This strategy

if any, in dimerization and maturation of the short pro- removed 14 amino acids at the amino terminus of pro-

domain procaspases is less clear. In addition, the pro-domairfaspase-3 that arise from the vector in pET21b-CPP32. The
(28 amino acids) does not inhibit the protease activity when resulting plasmid, pHC332, produces procaspase-3 with the
present in cis of the mature heterotetran‘jm)'(suggesting correct amino terminus. The active site Cysteine (Cy5163)
the possibility that the short pro-domain of executioner Was mutated to serine using QuickChange site-directed

caspases represents a vestigial linker between the CARDMuUtagenesis kit (Stratagene), with the primers HCP3CS1 (5
motif and the amino terminus of the large subunit. Indeed, CATTATTCAGGCCTCCCGCGGTACAGAACTGGACTG-

procaspase-1 contains 27 amino acids between the CARDTGG-3) and HCP3CS2 (SCAGTTCTGTACCGCGGAG-
motif and the large subunit. However, recent data argue thatGCCTGAATAATGAAAAGTTTGG-3), and plasmid

the short pro-domain may also have a function in maturation. PET21b-CPP32. This strategy also introduced a unfput
Recombinant procaspase-3 has been shown to autoprocess
dur!ng overexpression i&. coli, yea;t, ahd insect gells or 1 Abbreviations: Pro-less variant, procaspase-3 (C163S) lacking the
during purification after overexpression in mammalian cells pro-domain; CHAPS, 3-[(3-chloroamidopropyl)dimethylammonio]-1-
(7, 21—23), suggesting that the pro-enzyme forms oligomers Propanesulfonate; DMSO, dimethyl sufoxide; DMN-dimethylfor-

- . I - mamide; HEPES, 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid;
at high concentrations, facilitating autoprocessing. Recently, |p76 “isopropylg-o-thiogalactopyranoside; PMSF, phenylmethylsul-

Meergans and co-worker84) demonstrated that caspase-3 fonyl fluoride; SDS-PAGE, sodium dodecyl sulfatgolyacrylamide
constructs lacking the pro-domain were able to autoprocessgel electrophoresis; TFA, trifluoroacetic acid; TLCK:o-p-tosyl-.-

; ; ; ; lysine chloromethyl ketone; TPCHK\-tosyl+-phenylalanine chloro-
in HeLa cells, in contrast with the intact precursors. Thus, methyl ketone: Z-VAD-FMK, N-benzyloxycarbonyl-val-Ala-Asp-

the pro-sequence may not inhibit the activity of the active fiyoromethy! ketone; zZ-DEVD-AFCN-benzyloxycarbonyl-Asp-Glu-
protease, but rather may function somehow as an additionalval-Asp-7-amino-4-trifluoromethyl coumarin.
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site (underlined) downstream of the C163S mutation (shown gradient gels)Z7). For procaspase-3(C163S), the fractions
in boldface type). Plasmids were first screened by digestion containing the protein (156250 mM imidazole) were

with Sadl, and positive clones were sequenced to confirm

pooled, concentrated (YM10 membrane), and dialyzed first

the mutation. The mutated gene was cloned into pET21b, against buffer C (50 mM Tris-HCI, pH 7.9, 250 mM NacCl,

as described above, to produce the plasmid pHC33201.

1 mM EDTA, 1 mM EGTA) and then against buffer D (50

Plasmid pHC32901 was constructed by subcloning the mM KH,POJ/K,HPO,, pH 7.5, 1 mM DTT, 1 mM EDTA,
DNA for the procaspase-3 large and small subunits from 1 mM EGTA) (2 x 80 volumes for both buffers). For the
pHC33201. The primers for PCR amplification were HC3P17F pro-less variant, the fractions from the His-bind resin

(5-GCGAATCACATATGTCTGGAATATCCC-3) and
HC3P12R (5GTGGTGGTGGTGCTCGAGGTG-} gen-
eratingNdd and Xhd sites at the 5and 3 ends, respectively.

containing the protein (166250 mM imidazole) were
pooled, concentrated (YM10 membrane), and dialyzed first
against buffer E (50 mM KEPOQY/K,HPQ,, pH 7.9, 250 mM

The ~750 bp fragment was inserted into pET21b digested KCI, 1 mM EDTA, 1 mM EGTA) and then buffer F (50

with Ndd and Xhd. The resulting proteins [pro-caspase-
3(C163S) and pro-less variant] have carboxyl termini
consisting of the sequence Leu-Glu-ktikat arise from the
vector.

mM KH,POW/K,HPQO,, pH 7.5, 25 mM KCI, 1 mM DTT, 1
mM EDTA, 1 mM EGTA), respectively (2x 80 volumes
for both buffers). In each case, the sample was applied to a
DEAE-Sepharose column (4 cm 18 cm) that had been

Plasmids pHC317 and pHC312, which harbor the genes equilibrated with buffers D [procaspase-3(C163S)] or F (pro-
for the caspase-3 large and small subunits, respectively, werdess variant), respectively. The proteins were eluted at a flow
constructed by subcloning the DNA corresponding to each rate of 4 mL/min with a linear gradient o400 mM KCI
subunit from pHC332, described above, into pET21b. The [procaspase-3(C163S)] or 2250 mM KCI (pro-less vari-
PCR primers for the large subunit were HC3P17F and ant). Each fraction was tested using a mini-Bradford assay

HC3P17R (5CATCATCAACCTCGAGGTCTGTCTC-3,

(28), and the positive fractions were analyzed by SDS

whereas those for the small subunit were HC3P12F PAGE (4-20% gradient gels). The fractions (7%25 mM

(5-GCATTGAGCATATGAGTGGTGTTGATG-3) and
HC3P12R. In both casedldd and Xhd sites were intro-
duced at the 'Tand 3 ends, respectively. All constructs were

KCI) containing procaspase-3(C163S) or the pro-less variant
(100-150 mM KCI) were pooled, concentrated, and dialyzed
overnight against buffer D or buffer F, respectively. The

sequenced (both strands) in order to confirm the correct proteins were stored at80 °C. The protein purity was

sequence.
Protein Purification. All steps were performed at 2C

greater than 95% as assessed by SPAGE.
The concentrations of procaspase-3(C163S) and the pro-

unless otherwise noted. The purification protocols are less variant were determined usieygo = 26 500 M™% cm™

modifications of those described previousdg). In separate

and epgo = 25 300 Mt cm™?, respectively. The extinction

experiments, human procaspase-3(C163S) and the pro-lessoefficients were determined by the method of Edelh@&h (

variant were purified as C-terminal-(Hislagged proteins
from E. coli BL21(DE3) harboring the plasmid pHC33201
or pHC32901, respectively. The protocols for purification
of both proteins were similar. Cells were grown in Fernbach
flasks containig 1 L of LB media with 5Qug/mL ampicillin
and 0.003% antifoam-C at 3€. When the cultures reached
an Asoo Of ~1.2, protein expression was induced by the
addition of IPTG to a final concentration of 0.1 mM. The
cells were harvested afterl6 h by centrifugation at 10090
for 15 min (GS-3 rotor). The bacterial pellets were resus-
pended in buffer A (50 mM Tris-HCI, pH 7.9, 1Qdy/mL
PMSF, 50ug/mL TLCK, 100ug/mL TPCK) (~10 mL/L of

and are in good agreement with that determined previously
for procaspase-33(). The concentrations shown here are
those of the monomers.

To generate the active caspase-3 heterotetramer, the
subunits were purified separately and refolded together.
Briefly, E. coli BL21(DE3) containing either pHC317 or
pHC312 were grown at 37C in LB media. When the
cultures reached afgp Of ~1.2, protein expression was
induced by the addition of IPTG to a final concentration of
0.1 mM. After 4 h of induction, the cells were harvested,
resuspended in lysis buffer (20 mM Tris, pH 7.9, 500 mM
NacCl), and broken in a French pressure cell as described

culture) and lysed on ice using a French pressure cell (16 000above. The samples were centrifuged at 14 000 rpm for 30
psi). The supernatant was separated from cell debris bymin, and the insoluble portion was washed extensively with

centrifugation at 28009 for 30 min (SA-600 rotor). The
pellet from this step was washed once with buffer A (5 mL/L
of culture) and centrifuged for 30 min. The resulting

lysis buffer and dissolved in lysis buffer containing 6 M
guanidine hydrochloride. The proteins were filtered (a2
membrane) and purified by HPLC using a preparative C8

supernatant was combined with the first. The proteins were guard column (9.4 mnx 15 mm) and a preparative C18

fractionated between 30% and 80% ammonium sulfate,

centrifuged at 220@Pfor 15 min, resuspended in buffer B
(20 mM Tris-HCI, pH 7.9, 500 mM NaCl, 10@g/mL PMSF,
50 ug/mL TLCK, 100 ug/mL TPCK) containing 5 mM
imidazole, and dialyzed against the same bufferx(B0

column (21.2 mmx 250 mm; 300SB-C18) (Agilent Tech-

nologies). The flow rate was 1 mL/min. The column was
developed with a linear gradient of 5% acetonitrile, 0.1%
TFA to 85% acetonitrile, 0.1% TFA. The proteins eluted at
48% acetonitrile. The acetonitrile was removed by vacuum

volumes). The samples were then batch-bound for 2 min to (1 h in a speedvac), and the proteins were dissolved in 20

His-bind resin (5 mL) equilibrated in buffer B containing 5

mM Tris-HCI, pH 7.0, containing 6 M guanidine hydro-

mM imidazole, and the resin was loaded onto a column (2 chloride. The two purified subunits were mixed and refolded
cm diameter). The resin was washed and the protein washy rapid dilution in refolding buffer [LO0 mM HEPES, pH

eluted using step gradients of imidazole (20, 40, 100, 150,

250, and 500 mM imidazole in buffer B, 50 mL per step).
The fractions were analyzed by SBBAGE (4-20%

7.5, 10% (w/v) sucrose, 0.1% (w/v) CHAPS, 0.5 M NaCl,
10 mM DTT] at 25°C, as described previousi¥)( The
final protein concentration was 8g/mL. To purify the
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heterotetramer, the refolded protein was eluted from a sizeexchange into BD is not required. Solvent subtraction is
exclusion column (1 cnx 14 cm; Sephacryl S-100) with  not typically required unless the protein appears to denature
50 mM KH,PO/K,HPO,, pH 7.2, containing 1 mM DTT. under the dehydration conditions. The state of the sample
The active site concentration of caspase-3 was determinedcan be monitored continuously in order to verify that the
by enzymatic assay using the tetrapeptide substrate Z-DEVD-spectrum is not changing during the experiment. Finally, the
AFC (nonmethylated form) (Alexis) and titration with the sample is fully recoverable.
irreversible inhibitor Z-VAD-FMK (CalBiochem), as de- The procaspase proteins and pro-peptide were concentrated
scribed previously46, 3J). to approximately 10@M (~3 mg/mL procaspase;0.3 mg/
Analytical UltracentrifugationSedimentation equilibrium  mL pro-peptide) and dialyzed against a buffer of 20 mM
experiments were performed at 26 in a Beckman XL-A potassium phosphate, pH 7.2, 1 mM DTT. Using a Wheaton
ultracentrifuge equipped with absorbance optics and a four- automatic pipet, 2QuL of sample was injected onto a
hole AnTi60 rotor. The proteins were dialyzed at@ into cylindrical sample well that is milled in a Teflon block. All
50 mM KH,POYK,HPQ,, pH 7.2, with either 1 mM DTT protein spectra were recorded at room temperature as
(280 nm data) or 0.05 mM DTT (230 nm data). The samples averages of 64 scans of the interferometer with a resolution
were equilibrated at three rotor speeds (14 000, 18 000, andof 2 cm®. Spectra were recorded immediately after the
24 000 rpm), and the absorbance was measured at 280 osample was deposited onto the Teflon block and continu-
230 nm. For the 280 nm data, the protein concentrations wereously, as the samples were gently dehydrated using a steady
as follows: (a) procaspase-3, 3.5, 9.4, and 18/ (b) pro- stream of N gas. Spectra were acquired until a protein gel
less variant, 1.26, 4.9, and 12u®1. For 230 nm, the protein ~ had formed onto the Ge crystal. Background spectra were
concentrations were the following: (a) procaspase-3, 0.45, obtained subsequently. The Ge crystal was rinsed with H
0.78,1.1, 3, and 4.AM; (b) pro-less form, 0.75, 1.25, 1.85, and allowed to dry prior to loading another protein sample.
2.5, and 3.7«M. The experimental data were fit using the The spectral data were acquired using the software package
ORIGIN (32) version of the NONLIN algorithm 33 Win-IR-Pro v2.97 manufactured by Bio-Rad. Data analysis
supplied by Beckman. was performed using the software package Igor-Pro v3.1.
Fluorescence and Circular Dichroism Spectroscdpiyo- The spectral range of 6601200 cnt! was used for protein
rescence emission was measured using a PTI C-61 spectroanalysis.
fluorometer (Photon Technology International). The excita- Enzyme Actiity and Inhibition StudiesActivity measure-
tion wavelength was either 280 or 295 nm, and fluorescencements were carried out as describé$)( Caspase-3 was
emission was measured from 300 to 400 nm. Circular diluted into enzyme assay buffer (50 mM HEPES, pH 7.4,
dichroism was measured using a Jasco J600A spectropolal00 mM NaCl, 1 mM EDTA, 10% glycerol, 0.1% CHAPS,
rimeter using either a 0.1 cm (far-UVYy a 1 cm(near-UV) 10 mM DTT) and incubated at 2% for 5 min. The protein
cell. All measurements were corrected for background signal. concentration was 10 times that used in the experiment. The
Both instruments were equipped with thermostated cell enzyme was then added to enzyme assay buffer that
holders, and the temperature was held constant at@5 contained the caspase-3-specific tetrapeptide substrate Z-

(£0.1°C) using a circulating water bath. DEVD-AFC. The final enzyme concentrations were 0.1, 1,
Fluorescence Anisotropy.abeled pro-peptide (kM), or 10 nM, and the substrate concentration wasub In
either wild-type or D9A mutant, was incubated at Z5in separate assays, an inhibitor (Z-VAD-FMK) was added so

a buffer of 50 mM potassium phosphate, pH 7.5, 1 mM DTT that the final concentrations ranged from 10 to 800 nM, as
in a final volume of 2 mL. The peptide was titrated with indicated in the figures. For all assays, the final volume was
pro-less variant between 0 and M, and the fluorescence  200uL. The fluorescence emission of AFC generated from
anisotropy was measured as describ@g).(The PTI C-61 the catalytic reaction was monitored for 5000 s using an
spectrofluorometer in the T-based format was used (excita- excitation wavelength of 400 nm and an emission wavelength
tion wavelength of 345 nm and emission wavelength of 450 of 505 nm. The resulting fluorescence intensity curves were
nm). The data were fit to a simple binding model as described fit to eq 1 @36) for an irreversible inhibitor, wherey is the
(35). initial velocity, kopsis the observed rate constant, ahis a
Infrared SpectroscopyrTIR spectra were collected by baseline offset.
attenuated total reflection (ATR) spectroscopy using an ATR
objective in a Bio-Rad UMA 500 infrared microscope FI=A+ vl — expKypd)l/ Kops 1)
equipped with a liquid nitrogen-cooled MCT detector and
attached to a Bio-Rad FTS 6000 FTIR spectrometer. The The second-order rate constant for binding of inhibitor to
ATR objective consists of a Ge crystal as the internal enzyme was obtained from a plot kf,s determined from
reflection element at the focus of a Cassagranian objectivefits of the enzyme assay data to eq 1, versus inhibitor
in a single-pass configuration. The sample was placed concentration.
beneath the ATR objective, and spectra were recorded The wild-type and mutant (D9A) pro-domains were
continuously as the sample was concentrated slowly by synthesized by the Peptide Facility at the University of North
dehydration. This method presents an alternative means ofCarolina at Chapel Hill. The peptides were dissolved in
determining the amide I line shape in®l Previous studies DMSO at a concentration of 100 mM. In separate enzyme
on small amounts of sample i@ required cells with path  assays, as described above, the pro-domains were added in
lengths<6 uM. The details of the method and comparison place of the inhibitor so that the final concentration of pro-
with bench FTIR spectra are described elsewhéi (The domain was between 0 and 5Q0M. The final DMSO
method has a number of advantages. Measurements can beoncentration was less than 0.5%, and had no effect on
made on small quantities of sample obtained i®HSolvent enzyme activity as determined in control experiments of
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Ficure 2: Sedimentation equilibrium studies of procaspase-3(C163S) and pro-less variant. Proteind4@4M) were dialyzed against

50 mM KH,PO/K,HPQO,, pH 7.2, containing either 1 or 0.05 mM DTT. The spectra were recorded at 230 or 280 nmMiGt&Sng three

rotor speeds (14 000, 18 000, and 24 000 rpm). The solid lines are the theoretical plots if the proteins were monomers, dimers, or tetramers,
as indicated. The circles represent the experimental data for procaspase-3(C163S) (panel A) and pro-less variant (panel B). Residuals to the
fits are shown in panels B and D.

enzyme in the presence of 0.5% DMSO. The enzymatic Sephadex G-15 column (% 18 cm), equilibrated with 50
assays in the presence or in the absence of the pro-domairmM potassium phosphate, pH 7.5. The flow-through, con-
also were examined in a buffer containing 10% enzyme assaytaining the conjugated pro-peptide, was stored-a0 °C.
buffer, 10% water, and 80% 50 mM KRO/K,HPO,, pH The degree of labeling was determined by calculating the
7.2, 1 mM DTT, and were found to be nearly identical to concentration of dansyl chloride conjugatg,é= 3400 M1
those in enzyme assay buffer. cm™1) and by comparison to the initial concentration of pro-

MALDI-TOF Mass SpectrometryMALDI-TOF mass peptide. The degrees of labeling of mutant pro-peptide and
spectrometry was performed on a Bruker Proflex Ill equipped Wild-type pro-peptide were 50% and 40%, respectively.
with a nitrogen laserA( = 337 nm, 3 ns pulse width),
deflection capabilities, delayed extraction, and an extended RESULTS
flight tube. The mass accuracy for analyte molecules is Comparison of Procaspase-3(C163S) and the Pro-less
+0.1% with external calibration. The matrix used was a Variant. Procaspase_3 consists of 277 amino acids, with a
saturated solution ofi-cyano-4-hydroxycinnamic acid in M, of 32 642 (including the LEK sequence used for
acetonitrile, water, and TFA (50:50:0.1) (v/v/v). The instru-  pyrification). Although under normal conditions in human
ment was calibrated against angiotensin | (1296.7 Da) andcells the protein does not autoprocess, it has been shown to
ubiquitin (8564.8 Da). Sample solutions 42 of 500 xM autoprocess under conditions in which the protein is over-
concentration) in 50 mM KPQO/KHPQ,, pH 7, with 1 expressed or the pro-domain is removédd). To examine
mM DTT, containing 10% enzyme assay buffer, were the oligomeric and spectroscopic properties of procaspase-3
desalted with Ziptip pipet tips (Millipore) and crystallized wjthout the complicating autoprocessing reactions, we
on a target plate with matrix solution (1:1). Experiments were mytated the active site cysteinyl residue to serine. Mutations
performed at 2530 attenuation and 50 shots. Each experi- of Cys163 have been shown to abrogate activity, but are not
ment was repeated at least 5 times, and the averaged datatrycturally perturbingX9, 38-40). To examine the structure
were collected. of the pro-domain within the procaspase, we constructed a

Pro-Peptide Labeling with Dansyl Chlorideabeling of mutant of procaspase-3(C163S), called the pro-less variant,
the wild-type or mutant (D9A) pro-peptide was performed in which the pro-peptide was removed by cloning, (=
as described3y), with few modifications. Briefly, wild-type 29 658). In this protein, the amino terminus begins with a
or mutant pro-peptide was dissolved in 0.1 M sodium methionine residue, which is absent from processed protease
bicarbonate, pH 8.6, to a final concentration of 10 mg/mL. purified from cells. The amino terminus of protease purified
The peptide solution was mixed while vortexing with 0.1 from human cells begins with Ser29. Both procaspase-
volume of 10 mg/mL dansyl chloride in DMF, followed by  3(C163S) and the pro-less variant were analyzed by MALDI-
incubation overnight at 4C on a rotative wheel. The labeled TOF mass spectrometry to confirm the correct mass (data
peptide was separated from unreacted reagent using aiot shown).
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Procaspase-3 and the Pro-less Variant Are Dimérs. 410°

examine the oligomeric properties of procaspase-3 and the °

pro-less variant, we initially examined their elution profiles o 35 10°

by size exclusion chromatography using Sephacryl S-100 HR o s10° L5

resin at room temperature (data not shown). Results from @ %

these experiments showed that procaspase-3(C163S) eluted & ;5 ¢g5 &

with an apparent molecular weight of 64 773, approximately E ;

equal to the mass of a dimer (for the mononhdr= 32 642). o 210°F

Likewise, the pro-less variant eluted with an apparent .2 S

molecular weight of 59 106 (for the monomat, = 29 658). s 18107

There were no additional peaks corresponding to the @ ;!

monomer molecular weight, suggesting that at the protein r N

concentrations of these experimentsy M, both procaspase- 510% L : R SN

3(C163S) and the pro-less variant are dimers. 300 320 340 360 380 400
To confirm that both proteins are dimers, we used Wavelength (nm)

sedimentation equilibrium to examine their oligomeric
properties. The proteins were examined over a wide range
of protein concentrations and at several rotor speeds (see
Materials and Methods). Representative data are shown in
Figure 2, panels A [procaspase-3(C163S)] and C (pro-less
variant).

For both proteins, the data were best fit to a single,
thermodynamically ideal species that corresponds to a dimer.
The average molecular weights determined from the fits of
all data sets were 65 573 for procaspase-3(C163S) and 58 342
for the pro-less variant. The residuals to the fits for both
proteins (Figure 2, panels B and D) demonstrate that the data
are well fit to the model.

Relative Fluorescence

. . . 0 L L | L | L L L 1 1 L L 1 L L L ]
In these experiments, there was no evidence for formation 300 320 340 360 380 400

of a monomeric species, even at the lowest protein concen-
tration (~450 nM) of the experiment. An accurate determi-
nation of the equilibrium dissociation constant is not possible FIGURE 3: Fluorescence emission spectra of native and unfolded
under these conditions because we were unable to populat®rocaspase-3(C163S) and pro-less variant. ProteipdLlwere

Wavelength (nm)

. - . . in 50 mM KHPOQJ/K;HPO,, pH 7.2, 1 mM DTT, 25°C, with or
the monomeric species at the lowest protein concentranon,without 8 M urea. The samples were excited at 280 nm (panel A)

which was at the detection limit of the instrument when the or 295 nm (panel B), and the fluorescence emission was collected
absorbance at 230 nm was monitored. However, if we from 300 to 400 nm. For panels A and BO) native procaspase-
assume a simple model for dissociation of a dimer to two 3(C163S); £) native pro-less variant{) unfolded procaspase-
monomers, and given the fact that the proteins are dimers at3(C163S); {) unfolded pro-less variant.
protein concentrations of 450 nM, we can estimate the upper
limit for the equilibrium dissociation constant of the dimer fluorescence emission following excitation at 295 nm shows
to the monomer to be 50 nM, although it may be much lower. similar results (Figure 3, panel B). In this case, the emission
Secondary and Tertiary Structural Properties of Pro- maximum for procaspase-3(C163S) is 340 nm, whereas that
caspase-3 Do Not Change Significantly after Pro-Domain for the pro-less variant is slightly red-shifted to 341 nm. In
Remaal. Procaspase-3 has 2 tryptophans in the C-terminal addition, the fluorescence emission of the pro-less variant
region (Trp206 and Trp214), as well as several tyrosines (10)is quenched slightly~42%). Following unfolding in 8 M
and phenylalanines (15) that are well-dispersed throughouturea, the emission maxima are red-shifted to 346 nm (Figure
the sequence. Although the structure of the procaspase i3, panel A) or 348 nm (Figure 3, panel B), and the
not known, in the mature heterotetramer the two tryptophans fluorescence emission decreasesy0%. These results are
are in close contact. Tryptophan 206 forms part of the S2 consistent with our equilibrium unfolding data (see preceding
binding pocket 7), whereas tryptophan 214 is found in the paper,62), which show that procaspase-3(C163S) is largely
S4 site and hydrogen bonds to the substrate. There are nanfolded under these conditions.
aromatic amino acids in the pro-domain of procaspase-3. We compared the secondary and tertiary structures of
These features allow for the study of potential changes in procaspase-3(C163S) and the pro-less variant by monitoring
the fluorescence emission of the procaspase-3 dimer upomear- and far-UV circular dichroism, and the data are shown
removal of the pro-domain by monitoring fluorescence in Figure 4. In the far-UV, procaspase-3(C163S) demon-
emission between 300 and 400 nm following excitation either strates two minima (208 and 215 nm) (Figure 4, spectrum
at 280 nm, to excite all aromatic amino acids, or at 295 nm, 1), although the amplitudes of the minima are very similar.
to excite primarily the tryptophanyl residues. While it is not possible to deconvolute these data into their
As shown in Figure 3, panel A, the fluorescence emission component secondary structural elements due to the limita-
spectra following excitation at 280 nm are superimposable tions of our instrument, based on reference spectra described
for procaspase-3(C163S) and the pro-less variant. Bothby Johnson41), the data are consistent with a protein that
proteins demonstrate an emission maximum at 335 nm. Thecontains both-helix andg-sheet elements, with the-heli-
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Ficure 4: Near- and far-UV circular dichroism spectra of procaspase-3(C163S), pro-less variant, and pro-peptide. The experiments were
performed at 25C in a buffer containing 20 MM KHPOJ/K,HPO,, pH 7.2, 0.1 mM DTT. Protein concentrations were@d. (Panel A)

Far-UV CD spectra: (1) procaspase-3(C163S); (2) pro-less variant; (3) pro-less variant with pro-peptide in trans; (4) procaspase-3(C163S)
minus pro-less variant (spectrum 1 minus spectrum 2); (5) pro-peptide. (Panel B) Near-UV CD spegtprocaspase-3(C163STIY

pro-less variant.

cal structures contributing to the minimum at 208 nm. The the two proteins (data not shown), conformational changes,
far-UV CD spectrum for the pro-less variant (Figure 4, if any, in the protein as a result of removal of the pro-domain
spectrum 2) is similar to that of procaspase-3 except thatdo not affect the far-UV spectral properties. Therefore, we
the minimum at 208 nm is less pronounced. In addition, there suggest that spectrum 4 in Figure 4 represents the pro-domain
is a decrease in amplitude of approximately 10% between of procaspase-3. We have examined the pro-domain (28
the pro-less variant and procaspase-3(C163S), consistent wittamino acids) under the same solution conditions as those
the loss of about 10% of the total number of amino acids in described for procaspase-3 (Figure 4) in order to compare
the pro-less variant (28 amino acids from 285 amino acids). the far-UV CD properties of the pro-domain with those of
The spectra are superimposable when the data (spectra 1 anghe subtracted spectra. The far-UV CD spectrum for the pro-
2 in Figure 4) are normalized by the total number of amino domain in solution is shown as spectrum 5 in Figure 4. In
acids in each protein, that is, the mean residue ellipticity the absence of the protease domain, the pro-peptide appears
(data not shown). This suggested that the secondary structurgg contain primarily random structure. We also examined
of the procaspase-3(C163S) dimer was unaffected by the 10S§he CD spectra at several concentrations of pro-peptide (10
of the pro-domain. _ 100 «M) and found no change in the CD spectra with an
The near-UV CD spectra (Figure 4) for procaspase-3 and jncrease in protein concentration (data not shown). These
thg pro—less variant are superimposable. The dqta demonstratg,gits demonstrated that the pro-domain does not self-
minima at 280 and 270 nm as well as a maximum at 255 jsqqciate under the conditions of these experiments. In
nm, indicative of well-packed tertiary structures. The fluo- upport of this, we examined the peptide by native gel
rescence emission data shown in Figure 3, panel B, suggeste Iectrophoresis,(data not shown) at concentrations&0

that there might be a conformational change in the protein M and observed only a monomeric peptide. Together, these

g:i:iﬁgilsoris(g tBreepAt)o 'S?Jom:'sr;'thH;V:ﬁ;’zrt'rLi‘;ﬁ:; gﬁ;cggurlr?; results demonstrate that the pro-domain of procaspase-3 does
n{rig 99 9 Ynot self-associate and suggest that it contains secondary
be localized to the environment of the two tryptophan

residues in the pro-less variant. While it is not yet clear structure when present in cis to the remaining protease

whether the localized structural changes affect protein domain.
stability, there is no effect on dimerization (Figure 2). FTIR Spectra Suggest the Pro-Domain Ig-&trand.To

The Structure of the Pro-Domain Bound to the Procaspase €xamine the interactions of the pro-domain with the pro-
Dimer Is Different than the Pro-Domain in Solutio& less variant, especially the structure of the pro-domain, we
comparison of the far-UV CD spectra (Figure 4) for examined procaspase-3(C163S), the pro-less variant, and the
procaspase-3(C163S) and the pro-less variant suggested thaaro-peptide by FTIR, and the results are shown in Figure 5.
the pro-domain may contain secondary structural elementsWhile the details are described elsewhe4@)(a method
that contribute to the spectrum of the full-length protein. We was developed for collecting FTIR spectra using attenuated
have subtracted the two spectra (Figure 4, spectra 1 and 2)fotal reflection spectroscopy in a Fourier transform infrared
and the results are shown in Figure 4 (spectrum 4). Becausemicroscope that presents an extremely rapid and sensitive
the mean residue ellipticity spectra are superimposable formeans of determining the amide | line shape yOH
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SRR indicate that the pro-peptide, in solution, is a random coil,

0.07 —
; 16361645 whereas the pro-peptide in cis to the protease domain (that
006 - A is, in procaspase-3) contaifisstructure. Currently, we cannot
o 005 E interpret the shifts in the amide Il region because there are
O [ no correlations as for the amide | band. When these spectra
% 0.04 | are interpreted with the results from circular dichroism
2 [ (Figure 4), the data suggest that the pro-domain of pro-
Q 003 caspase-3 is not a random coil when in cis to the protease
2 0.02 [ domain, but rather may be &strand that forms hydrogen
T bonds with the protease domain. The pro-peptide free in
0.01 L solution, however, appears to be a random coil.
-~y ] The Pro-Domain Interacts with the Pro-less Variant in
ope e Trans. The pro-less variant was incubated with the pro-
1450 1500 1550 1600 1650 1700 1750 domain in trans in order to determine whether the pro-peptide
-1 interacts with the protease domain when not covalently
Wavenumber (cm ) attached to the protease domain. As shown in Figure 4
0,02 (spectrum 3), a mixture of pro-less variant with the pro-
] B 16361 649 ] domain (2QuM of each) resulted in an increase in ellipticity
l ] at 208 nm and at 215 nm. Compared to the spectrum of
0.015 l . procaspase-3 (Figure 4, spectrum 1), approximately 70% of

the ellipticity was obtained. No further increase occurred
] when the pro-domain was in excess of the pro-less variant
8 (data not shown). In addition, the near-UV CD spectra (data
] not shown) were identical to those shown in Figure 4. These
] results suggest that the pro-domain interacts with the pro-
] less variant and adopts a structure similar to the pro-domain
in full-length procaspase-3. Formally, it remains possible that
the differences in CD spectra are due to conformational
changes in the pro-less variant. While we cannot rule out
this possibility, the data demonstrate that the pro-peptide
- interacts with the protease domain in trans. It seems unlikely
Wavenumber (cm’’) that the structure of the pro-peptide would remain a random
FiIGURE5: FTIR spectra of procaspase-3(C163S), pro-less variant, Coil when bound to the protease domain.
and pro-peptide. (Panel A) FTIR spectra for procaspase-3(C163S) The mixture of pro-less variant plus pro-domain was also
(O), pro-less variant®), and a mixture of pro-less variant with analyzed by FTIR. As shown in Figure 5, panel A, the

ro-peptide ©). (Panel B) FTIR spectra of pro-peptide> . ; ;
grocgsgase-g()m(%S) mir?nus pro-lepss variafr))? (an% ppro-lexss spectrum for the mixture was superimposable with that of

variant in a mixture with pro-peptide minus the spectrum of the full-length procaspase-3(C163S) in the amide | region. This
pro-less variant). does not occur simply by adding the individual spectra (data

not shown), indicating that structure is induced in the pro-

Representative spectra for procaspase-3(C163S) and thelomain while in the presence of the pro-less variant. The
pro-less variant are shown in Figure 5, panel A. The data spectrum for the pro-less variant was subtracted from that
demonstrate similar spectral shapes for both proteins in thefor the mixture (pro-less variant plus pro-peptide), and the
amide | region with peaks at 1636 and 1645 ¢émin results are shown in Figure 5, panel B (squares). The
addition, both proteins have peaks in the amide Il region at resulting spectrum is intermediate with those for the peptide
1542 and 1516 cnit. These spectra are consistent with an in solution (Figure 5B, diamonds) and the pro-peptide in cis
o/ protein @2). Consistent with the fluorescence and CD to the protease domain (Figure 5B, circles). For example,
spectra (Figures 3 and 4), the FTIR spectra demonstrate thathe peptide in trans has two peaks in the amide | region at
removal of the pro-peptide has little effect on the remainder 1647 and 1636 cnt, similar to the pro-peptide in cis.
of the procaspase-3 dimer. However, the peak in the amide Il region is similar to that

As described for the circular dichroism spectra in Figure for the pro-peptide in solution. These spectra are consistent
4, the FTIR spectra shown in Figure 5A were subtracted in with both 5-sheet and random coil components to the pro-
order to obtain the contribution of the pro-domain to the peptide when it is in the presence of the protease domain,
spectrum, and the data were compared to the pro-peptidewhich may be due to weak binding of the pro-peptide to the
free in solution. The results are shown in Figure 5, panel B. pro-less variant.
The spectrum of the pro-peptide in solution (Figure 5B,  To confirm the interactions of the pro-peptide with the
diamonds) shows a single peak at 1649 &in the amide | pro-less variant, we measured the changes in fluorescence
region as well as a peak at 1545 ¢hn the amide Il region. anisotropy of a pro-peptide labeled with dansyl chloride as
In comparison, the subtracted spectrum (procaspase-3 minug was titrated with the pro-less variant. The data are shown
pro-less variant) (Figure 5B, circles) demonstrates peaks atin Figure 6. In these experiments, either the dansylated wild-
1645 and 1636 cnt in the amide | region as well as a peak type pro-peptide (Figure 6, squares) or the D9A mutant pro-
at 1542 cm?in the amide Il region. The correlations between peptide (Figure 6, circles) was titrated with the pro-less
protein structure and amide | bands are well-kno42) &nd variant. The data show that both pro-peptides bind to the
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or the dansyl-labeled D9A mutant pro-peptide) (1 xM) was Tlme (Seconds)
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°C in a buffer of 50 mM potassium phosphate, pH 7.5, 1 mM DTT.
The solid lines represent fits of the data to a simple binding model,
as described under Materials and Methods.

—T T T T T T | T T

2000 L

1500 |

pro-less variant, although the wild-type pro-peptide appears
to bind more tightly than the D9A mutant peptide. While
the interactions may be more complex, we assumed a simple
binding model to describe the interactions (solid lines in
Figure 6). Overall, the data demonstrate the pro-peptides bind
to the pro-less variant with equilibrium dissociation constants
in the low micromolar range and confirm the interactions
observed by circular dichroism (Figure 4) and FTIR (Figure
5).

Pro-domain Is neither a Good Substrate nor a Good
Inhibitor of Caspase-3Because of the spectroscopic data Time (seconds)
described above, we examined the activity of the mature
caspase-3 protease in the presence of the pro-peptide in order L N A B S o B L B ]
to examine interactions with the protease domain in trans. 1000 3142.2 -
The results of these studies are shown in Figure 7. The data r C ]
in Figure 7, panel A, show the enzyme activity of caspase-3 800 |
in the presence of a fluorescence substrate (DEVD-AFC) i
and with increasing amounts of the irreversible caspase
inhibitor Z-VAD-FMK. The data demonstrate a decrease in
activity with an increase in inhibitor concentration. As shown L
previously @6), the data are well-described by eq 1, and the 400 1
second-order rate constant for binding of inhibitor to i
caspase-3 (described under Materials and Methods) is in 200
agreement with that determined previous#y, (~3 x 10° I
M~1 s In contrast to the caspase inhibitor, there was no o d e
change in enzyme activity in the presence of the pro-peptide, 800 1200 1600 2000 2400 2800 3200 3600
as shown in Figure 7, panel B. In these studies, the
concentration of the pro-peptide was varied (from 0 to 500 m/z
uM), and there was no change in activity. In agreement with
previous reportsl), these results show that the pro-peptide Ficure 7: Pro-domain influence on caspase-3 activity. Caspase-3
does not inhibit the activity of the caspase-3 protease. (0.1 nM) and DEVD-AFC substrate (10M) were incubated in

: : : o assay buffer in the presence of inhibitor or pro-peptide as described
While the enzymatic data (Figure 7, panel A) indicated under Materials and Methods. Fluorescence emission of generated

that the pro-domain does not inhibit the protease, it is AFC was monitored at 505 nm after excitation at 400 nm. (Panel
possible that the pro-peptide may be a substrate of theA) Caspase-3 assay in the presence of the inhibitor Z-VAD-FMK.

caspase-3 protease. Simulations of the enzymatic reactiondhe inhibitor concentrations are indicated. (Panel B) Caspase-3
(data not shown) using the program Kinsi48fdemonstrate ~ @SSay In the presence of wild-type and mutant (D9A) pro-peptide

: (0—500uM). (Panel C) MALDI-TOF analysis of caspase-3 reaction
that production of AFC product from the DEVD-AFC products after hydrolysis of wild-type or mutant (D9A) pro-domain

SubStrate WOUld be Unaffected SO |0ng as the b|nd|ng Of the by Caspase_sl The peak at 3142 Da represents the fu||_|ength pro-
pro-peptide were weaker than that of the fluorescent substratepeptide.
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(DEVD-AFC) and the binding of the pro-peptide were Procaspase-3

reversible. Based on the structure described receflyqf

the procaspase-3 maturation intermediate bound to an inhibi- l

tor, XIAP, both of these criteria seem likely. In that structure,

the pro-peptide is disordered in the crystal. A q B
We examined whether the pro-peptide is a substrate for DTS -~ S

caspase-3 in two ways. First, we tested the enzyme activity

of the caspase-3 protease in the presence of a mutant of the
pro-peptide in which Asp9 was replaced with alanine
(NSVA?). This peptide would not be cleaved by the protease.
As shown in Figure 7, panel B, there was no change in the :
enzyme activity in the presence of up to 50@ pro-peptide, DTN M :b -
confirming that the pro-peptide does not inhibit activity. In

separate experiments, the enzyme concentration was 0.1, 1,
or 10 nM, and the results were the same as those shown in ¢ qtvu
Figure 7B. Second, in separate reactions, we incubated the l
pro-peptide (wild-type or D9A mutant) with active caspase-3 N P
enzyme under conditions similar to those in Figure 7 except 528
that the substrate (DEVD-AFC) was not added. We then D C\ w
examined the products, if any, of the enzymatic reaction by \;J
SDS-PAGE and MALDI-TOF mass spectrometry. If cleav- D?® l
age occurred at Asp9 in the wild-type pro-peptide, then the

molecular weight would decrease from one species3i30 E
to two species 0f~1030 and~2100. The SDSPAGE

analysis of the enzymatic reactions showed a single species

for the wild-type pro-peptide as well as for the D9A mutant mature caspase-3

pro-peptlde (data no_t sh_own). Results from the MALDI'TOF Ficure 8: Model for procaspase-3 assembly and maturation. Before
analysis are shown in Figure 7C. For both the wild-type and processing, two molecules of procaspase-3 form a dimer by
mutant pro-peptides, only a single species was observed withinterdigitation (structure A) or association (structure B), generating

M, ~3100. In Figure 7C, the peak M, 1250 arises from a structure similar to the one of caspase-3 heterotetramer. The

the buffer, as determined from control experiments of buffer dimeric procaspase is cleaved at Asp175 to form the maturation
| d ,t t sh Th dat t that while th intermediate (structure C). The pro-domain is then cleaved rapidly

alone (data not shown). These data suggest that while they; aspg (structure D), then more slowly at Asp28 to give the mature

pro-domain does not inhibit the activity of caspase-3, it is heterotetramer (structure E). The catalytic site is schematized as a

not a good substrate when in trans to the mature proteasewhite ball.

folding

DISCUSSION 1CF cells) @6), we estimate the concentration in vivo of the
active caspase-3 to bel00 nM. Salvesen and co-workers
We have shown that human procaspase-3 is a dimer inhave quantified caspase-3 in 293 cells and found the same
Solution, and we estimate the upper limit for the equilibrium Concentration,-eloo nM) (14) In the case of Caspase_l, the
dissociation constant to be50 nM. Removal of the prO- Concentration Of the procaspase has been Shown mlbe
peptide has little effect on the equilibrium dissociation fg|q higher than the activated fornd{, 48. If this is true
constant of the dimer or on the spectroscopic properties of for caspase-3, then the concentrations of procaspase-3 may
the dimer, indicating that the dimeric structure is likely t0 pe much higher than 100 nM. Third, Cohen and co-workers
be unaltered in the pro-less mutant. Results from circular (49, 50 demonstrated that procaspase-3 from THP.1 cell
dichroism, fluorescence anisotropy, and FTIR studies suggestysates eluted as a dimer from a gel filtration column. This
that the pro-peptide interacts weakly with the dimer. In" occurred in both control (nonapoptotic) and apoptotic cells
addition, the data suggest that the pro-peptide adopts a(49). Together, the data strongly suggest that procaspase-3
p-structure when in contact with the protein, either covalently is g dimer in vivo.
attached (in cis), as for the procaspase-3, or when added in These results are important because they suggest that
trans, as for the pro-less variant. Surprisingly, while the pro- dimerization is an early event in procaspase-3 maturation,
peptide does not inhibit the activity of the mature caspase-3 similar to that described for procaspase-1 and activator
heterotetramer, our data suggest that the pro-peptide is a pooprocaspasegi(). Our results as well as previous studigs)(
substrate for the enzyme. suggest the model shown in Figure 8 for maturation of
The question remains, however, whether the procaspaseprocaspase-3. In this model, dimeric procaspase is the result
dimer observed in vitro is relevant to the oligomeric state of of either interdigitation or association of two precursors. In
the protein in vivo. First, our folding dat®®) demonstrate  the first case, large and small subunits from different
that dimerization of procaspase-3(C163S) occurs through amolecules contribute to the catalytic center, whereas in the
folding intermediate rather than through the native, mono- latter case this is preformed within the same monomer. In
meric procaspase-3, demonstrating that dimerization is aboth cases, the interface is generated predominantly by
folding event. Second, based on the average volume of ainteractions between the small subunits, as in mature caspase-
Jurkat T cell,~9.5 x 107%° mL (45), and the quantity of 3. The dimeric procaspase-3 is cleaved at Asp175 to separate
caspase-3 heterotetramer in apoptotic Jurkat cells (6.6 ngthe covalent linkage of the large and small subunits. The
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pro-peptide is then cleaved rapidly at Asp9, then more slowly case for caspases-1, -4, and -5, where the interface between
at Asp28, generating the mature heterotetramer. This modelthe small subunits contains two salt-bridges. In those
is consistent with the recent crystal structure of the pro- caspases, the CARBCARD interactions between the pro-
caspase-3 maturation intermediate with the inhibitor XIAP domains and adapter proteins apparently precede other
bound, which shows that the intermediate of maturation is a contacts, but are not sufficient to keep the dimer in a stable
dimer with inhibitor bound to each active sit#4j. While it conformation 19, 59.
is not known whether the dimeric procaspase structure The possibility remains that the pro-peptide of pro-
involves a domain-swap as shown in the Figure 8, this was caspase-3 may act to attenuate the low levels of activity of
suggested from the crystal structures of the mature heterotetthe procaspase dimer, which would further serve as a control
ramer 6, 7) based on the positions of the C-terminal ends over activation. Alternatively, in comparison with subtilisin
of the large subunits and the N-terminal ends of the small (60), for example, the pro-peptide may function as an
subunits. In the case of procaspasetd)(both intercalated  intramolecular chaperone to assist in procaspase-3 folding.
and nonintercalated structures have been shown to form.Either of these possibilities would suggest that pro-domains
Whether the procaspase-3 dimer results from domain- from the activator caspases, which contain the CARD moatifs,
swapping remains to be determined, although one should noteare bifunctional. The remaining possibility is that the pro-
that following cleavage at Asp175, the maturation intermedi- peptides of the executioner caspases are simply vestigial
ate from either form of the procaspase would be indistin- linkers that connect the CARD motif to the amino terminus
guishable, as shown in Figure 8. of the large subunit. Because the executioner caspases are
The question remains why the procaspase-3 dimer isactivated by other caspases in the cascade, the CARD motif
inactive in vivo such that autocatalytic processing does not may have been lost through evolution, whereas the linker
occur. We suggest two reasons for this. First, rather thanwas retained. Further experiments will determine the role
the canonical caspase-3 recognition sequence (DEVD), theof the procaspase pro-peptide among these intriguing pos-
tetrapeptide sequence at Aspl75 (IETDis optimal for sibilities.
caspases in subclass Ill, caspases-6, -8, -9, all of which
activate procaspase-83). Thornberry and co-worker§3) ACKNOWLEDGMENT
and Salvesen and co-workefsl) have shown that substitu- We thank Luming He and Randy Durren for their technical
tions at th(_a. P4 position of the substrate have a dramatic eﬁeCtexpertise. We also thank Dr. Dennis Brown for use of the
on the ability of caspase-3 to cleave the substrate. In someyp| c. We are grateful to Dr. Emad Alnemri for supplying

cases, the caspase-3 activity is only a small fraction when y5caspase-3 cDNA and to Dr. Jim Hu for helpful discussions
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