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Recent genetic and biochemical studies have impli-
cated cysteine-dependent aspartate-directed proteases
(caspases) in the active phase of apoptosis. In the pres-
ent study, three complementary techniques were uti-
lized to follow caspase activation during the course of
etoposide-induced apoptosis in HL-60 human leukemia
cells. Immunoblotting revealed that levels of pro-
caspase-2 did not change during etoposide-induced
apoptosis, whereas levels of procaspase-3 diminished
markedly 2-3 h after etoposide addition. At the same
time, cytosolic peptidase activities that cleaved DEVD-
aminotrifluoromethylcoumarin and VEID-aminometh-
ylcoumarin increased 100- and 20-fold, respectively; but
there was only a 1.5-fold increase in YVAD-aminotrifluor-
omethylcoumarin cleavage activity. Affinity labeling
with N-(N“-benzyloxycarbonylglutamyl-N<-biotinyllysyl)-
aspartic acid [(2,6-dimethylbenzoyl)oxylmethyl ketone
indicated that multiple active caspase species sequen-
tially appeared in the cytosol during the first 6 h after
the addition of etoposide. Analysis on one- and two-
dimensional gels revealed that two species comigrated
with caspase-6 and three comigrated with active
caspase-3 species, suggesting that several splice or mod-
ification variants of these enzymes are active during
apoptosis. Polypeptides that comigrate with the cytoso-
lic caspases were also labeled in nuclei of apoptotic
HL-60 cells. These results not only indicate that etopo-
side-induced apoptosis in HL-60 cells is accompanied by
the selective activation of multiple caspases in cytosol
and nuclei, but also suggest that other caspase precur-
sors such as procaspase-2 are present but not activated
during apoptosis.

Recent studies (reviewed in Refs. 1-5) indicate that the cy-
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totoxicity of virtually all chemotherapeutic agents is accompa-
nied by apoptosis in susceptible cell lines. Likewise, experi-
ments in animals (6—9) and studies of circulating blasts from
leukemia patients (10) have provided evidence that chemother-
apy is accompanied by apoptosis in vivo. Moreover, it has been
suggested that resistance to the cytotoxic effects of chemother-
apeutic agents can result from resistance to chemotherapy-
induced apoptosis (8, 11, 12). These observations highlight the
potential importance of understanding the factors that control
apoptosis.

A variety of experimental results suggest that ICE! family
proteases (now termed caspases)? might play a critical role in
initiating and sustaining the biochemical events that result in
apoptotic cell death (reviewed in Refs. 5 and 13-15). Caspases
areunusualinseveral respects. First, although they are cysteine-
dependent proteases, the members that have been examined
are insensitive to antipain and E64, two broad spectrum inhib-
itors of sulthydryl proteases (16, 17). Second, caspases cleave at
the carboxyl side of aspartate residues (17-20), a specificity
that is unusual for mammalian proteases. Third, activation of
caspases appears to require cleavage at Asp-X sequences in the
proenzymes to yield the large and small subunits that are
present in the active a,B, tetramer (reviewed in Refs. 15, 17,
and 21). The last two observations raise the possibility that
caspases might undergo autoactivation and/or activate each
other in a cell death cascade (17, 22, 23).

In Caenorhabditis elegans, deletion of the ced-3 gene, which
encodes the single caspase known for this organism, abolishes

! The abbreviations used are: ICE, interleukin-18 converting enzyme;
AFC, 7-amino-4-trifluoromethylcoumarin; AMC, 7-amino-4-methyl-coum-
arin; cmk, chloromethyl ketone; caspase, cysteine-dependent aspartate-
directed protease; DTT, dithiothreitol; E64, trans-epoxysuccinyl-L-
leucylamido(4-guanidino)butane; fmk, fluoromethylketone; Fmoc, N-(9-
fluorenyl)methoxycarbonyl; IRP, ICE-related protease; MOI, multiplicity
of infection; PAGE, polyacrylamide gel electrophoresis; PARP, poly(ADP-
ribose) polymerase; PCR, polymerase chain reaction; PMSF, a-phenyl-
methylsulfonyl fluoride; RT-PCR, reverse transcription-polymerase chain
reaction; Z-EK(bio)D-aomk, N-(N*-benzyloxycarbonylglutamyl-N*-biotin-
yllysyDaspartic acid [(2,6-dimethylbenzoyl)oxylmethyl ketone; Z-, benzy-
loxycarbonyl; PIPES, 1,4-piperazinediethanesulfonic acid; HPLC, high
pressure liquid chromatography; CHAPS, 3-[(3-cholamidopropyl)dimeth-
ylammonio]-1-propanesulfonic acid; TLCK, 1-chloro-3-tosylamido-7-amin-
0-2-haptanone; aomk, Z-Glu-Lys-Asp-(a-((arylacyl)oxy)methyl ketone).

2 In accordance with recent recommendations (72) members of the
ICE family are now called caspases. Previous names of the proteases
described in this manuscript are as follows: ICE (caspase-1), Ich-1
(caspase-2), CPP32/apopain (caspase-3), ICE-rel;;/Tx (caspase-4), ICE-
rel;;,/TY (caspase-5), Mch2 (caspase-6), Mch3 (caspase-7), FLICE/Mach/
Mch5 (caspase-8), and Mch4 (caspase-10).
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all developmentally regulated cell death (24, 25). In higher
eukaryotes, the situation appears to be more complex. First,
proenzyme forms of multiple caspases are expressed in many
cell types (17, 22, 26, 27). Second, deletion of the genes for
several of these proteases does not appear to alter the features
of apoptosis induced by many stimuli, perhaps because of func-
tional redundancy in the substrate recognition properties of
these proteases (14, 28).

Previous studies have also identified a number of cellular
polypeptides that are cleaved during apoptosis (reviewed in
Refs. 5, 14, 15, and 28). These include the DNA damage recog-
nition protein PARP, which is cleaved at the sequence
DEVD | G (29), and the lamins, which are cleaved by a prote-
ase that recognizes the sequence VEID | N (20). After treat-
ment of HL-60 human acute myelomonocytic leukemia cells
with a variety of chemotherapeutic agents, PARP and lamin B,
are cleaved just prior to or concomitant with the appearance of
other apoptotic changes (30, 31). Other polypeptides that ap-
pear to be cleaved by caspases during apoptosis in various cell
types include the DNA-activated protein kinase DNA-PK, the
retinoblastoma gene product, the 70-kDa polypeptide subunit
of Ul small nuclear ribonucleoprotein complexes, steroid re-
sponse element binding proteins, protein kinase C8, actin, and
the intermediate filament-associated polypeptide Gas2 (re-
viewed in Refs. 5 and 15). The individual proteases responsible
for these cleavages in situ have not been conclusively identi-
fied. Recent studies have indicated that PARP can be cleaved in
vitro by a variety of caspases including caspase-1, -2, -3, -4, -6,
-7, and -8 (17, 22, 26, 32-34), although cleavage of expressed
fragments of PARP by caspase-1, -2, and -4 appears to require
enzyme concentrations that are stoichiometric rather than cat-
alytic (17, 29, 33). To date, caspase-6 (previously termed Mch2)
is the only caspase known to be capable of cleaving the lamins
(20, 35).

In the present study, we have examined HL-60 cells under-
going apoptosis after treatment with the topoisomerase II-
directed agent etoposide (reviewed in Ref. 36). These studies
have focused on determining 1) the number of caspases that are
activated during etoposide-induced apoptosis, 2) the subcellu-
lar distribution of these active caspases, and 3) the identity of
the active caspases. In order to address these questions, a novel
affinity label for active caspases was synthesized and charac-
terized, and a new fluorogenic assay for caspase-6-like protease
activity was developed.

EXPERIMENTAL PROCEDURES

Materials—Reagents were obtained from the following suppliers:
etoposide, leupeptin, pepstatin, tetrapropylammonium hydroxide,
PMSF, AMC, and AFC from Sigma; aprotinin from Mobay Pharmaceu-
ticals (New York, NY); poly(A)* RNA from HL-60 cells from Clontech
(Palo Alto, CA); AmpliTaq polymerase from Perkin-Elmer; Superscript
RT reverse transcriptase and the Bac-to-Bac™ system from Life Sci-
ences, Inc.; rabbit anti-caspase-1 (PC84) from Calbiochem; murine
monoclonal anti-caspase-2 and anti-caspase-3 from Transduction Lab-
oratories (Lexington, KY); peroxidase-labeled secondary antibodies
from KPL (Gaithersburg, MD); *C-labeled thymidine (57.8 mCi/mmol),
Hybond-N membranes, and ECL enhanced chemiluminescence re-
agents from Amersham Corp.; N-hydroxysuccinimidobiotin from Pierce;
N-(Z)-aspartic acid B-¢-butyl ester and YVAD-cmk from Bachem (King
of Prussia, PA); DEVD-AFC, YVAD-AFC, and DEVD-fmk from Enzyme
Systems Products (Dublin, CA); and Biolytes from Bio-Rad.

Cell Culture—HL-60 cells (a kind gift from Ron Schnaar, Johns
Hopkins University School of Medicine) were cultured in RPMI 1640
medium containing 10% (v/v) heat-inactivated fetal bovine serum, 100
units/ml penicillin G, 100 pug/ml streptomycin, and 2 mM glutamine
(medium A). THP.1 cells (American Type Culture Collection, Rockville,
MD) were propagated in medium A containing 50 uM 2-mercaptoetha-
nol. All cell lines were maintained at concentrations of <1 X 10°
cells/ml to ensure logarithmic growth.

Induction of Apoptosis—At the start of each experiment, nonviable
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cells were removed by sedimentation at 200 X g for 20 min on Ficoll-
Hypaque step gradients (density = 1.119 g/cm?). Cells harvested from
the interface were diluted with RPMI 1640, sedimented at 200 X g for
10 min, and resuspended in fresh growth medium. Etoposide (prepared
as a 1000-fold concentrated stock in Me,SO) was added to HL-60 cells
at a concentration of 68 uM, a high but clinically achievable concentra-
tion (37) that has previously been shown to induce apoptosis in >85% of
HL-60 cells within 6 h (31).

Preparation of Cytosol and Nuclei (Modified from Ref. 38)—After
drug treatment, all steps were performed at 4 °C. Cells were sedi-
mented at 200 X g for 10 min, washed twice in serum-free RPMI 1640
or phosphate-buffered saline, and resuspended in buffer C (25 mMm
HEPES (pH 7.5 at 4°C), 5 mMm MgCl,, 1 mM EGTA supplemented
immediately before use with 1 mm PMSF, 10 pg/ml pepstatin A, and 10
png/ml leupeptin). After a 20-min incubation on ice, cells were lysed with
20-30 strokes in a tight fitting Dounce homogenizer. Following removal
of nuclei by sedimentation at 800 X g for 10 min (see below) or 16,000 X
g for 3 min, the supernatant was supplemented with 0.5 mm EDTA and
sedimented at 280,000 X g, .. for 60 min in a Beckman TL-100 ultra-
centrifuge. After the addition of DTT to a final concentration of 2 mm,
the supernatant (cytosol) was frozen in 50-ul aliquots at —70 °C. Ex-
periments revealed that aliquots of cytosol retained DEVD-AFC cleav-
age activity without noticeable decrement for at least 3 months. All
experiments described in the present study were performed within 1
month of extract preparation.

To isolate nuclei, the homogenates prepared above were sedimented
at 800 X g. The pellet was washed once with buffer C, resuspended in
1 ml of buffer C, and layered over 4 ml of 50 mm Tris-HC1 (pH 7.4)
containing 2.1 M sucrose and 5 mM MgSO,. The nuclei were sedimented
through the 2.1 M sucrose at 80,000 X g for 1 h and resuspended in
storage buffer (39) consisting of 10 mm PIPES (pH 7.4), 80 mm KCl, 20
mM NaCl, 250 mM sucrose, 5 mM EGTA, 1 mMm DTT, 0.5 mM spermidine,
0.2 mM spermine, 50% (w/v) glycerol, 1 mm PMSF, 10 ug/ml leupeptin,
and 10 pg/ml pepstatin. To assess purity of the nuclei, the activity of the
cytosolic marker enzyme lactate dehydrogenase was assayed as de-
scribed (40).

Organic Syntheses—To synthesize VEID-AMC, the tetrapeptide por-
tion (Z-VEID) was first synthesized from Fmoc-L-glutamic acid y-t-butyl
ester, Fmoc-L-isoleucine, Fmoc-L-aspartic acid B-t-butyl ester, and Z-L-
valine on an acid-labile 2-chlorotrityl chloride polystyrene resin (Ad-
vanced ChemTech, Louisville, KY). After assembly of the peptide on an
ABI 431A peptide synthesizer using deprotection and coupling protocols
provided by the instrument’s manufacturer (Perkin-Elmer), the ¢-butyl-
protected tetrapeptide was released by treatment of the peptidyl-resin
with acetic acid:trifluoroethanol:dichloromethane (1:2:7) for 30 min at
20 °C. Following dilution with 50 volumes of cold H,O, the protected
peptide was lyophilized for 2 days to remove acetic acid and organic
solvents, purified by gel filtration on LH-20 (Pharmacia Biotech Inc.) in
1:1 dichloromethane:n-propanol, and coupled to AMC through its free
C-terminal end by a mixed anhydride method with isobutyl chlorofor-
mate. In brief, after gel filtration, 48 mg of protected tetrapeptide was
dissolved in 2 ml of 1-methyl-2-pyrrolidinone and 50 wul of triethyl-
amine, cooled to —5 °C, and treated with 40 ul of isobutyl chloroformate
for 35 min. A solution containing 13.1 mg of AMC in 1.5 ml of 1-methyl-
2-pyrrolidinone was then added dropwise, and the coupling was allowed
to proceed for 18 h at 20 °C. The protected peptide-AMC conjugate was
precipitated by dilution of the reaction mixture with cold H,O, ex-
tracted with ethyl acetate, and evaporated to dryness. After treatment
with trifluoroacetic acid:H,O (19:1) for 30 min to remove the ¢-butyl
protecting groups, the resulting product was purified to homogeneity by
reversed phase HPLC on a Vydac Analytical C,4 column (4.6 X 250 mm;
10 wm; Hesperia, CA) with a gradient of 0.1% trifluoroacetic acid
containing 70% acetonitrile. Electrospray ionization mass spectrometry
verified that the final product (1.2 mg) had the predicted molecular
mass of 764.3.

The synthesis of Z-EK(bio)D-aomk was initiated using the method-
ology described by Krantz (41-43). N-(Z)-aspartic acid B-t-butyl ester
was activated as a mixed anhydride (1.4 equivalents of N-methylmor-
pholine, 1.3 equivalents of ethyl chloroformate in tetrahydrofuran at
—15 °C) and then treated with 2 equivalents of CH,N, in Et,O to yield
the corresponding diazoketone, which was treated with a 1:1 mixture of
excess glacial acetic acid and 45% HBr at 0 °C to generate the bromo-
methyl ketone. Treatment of the bromomethyl ketone with 1.2 equiva-
lents of 2,6-dimethylbenzoic acid and 2.5 equivalents of KF in dimeth-
ylformamide yielded Z-Asp-(a-((arylacyl)oxy)methyl ketone). After
removal of the Z- protecting group by catalytic hydrogenation (1 atmo-
sphere, 10% Pd/C, 1 M solution of compound in ethanol) in the presence
of 1.05 equivalents of HCI, the lysine residue was added using conven-
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tional amino acid coupling conditions (1 equivalent of Z-Lys(¢-Boc)-OH,
1.6 equivalents of benzotriazol-1-yloxytris(dimethylamino)phos-
phonium hexafluorophosphate, 6 equivalents of N-methylmorpholine,
dimethylformamide). After the Z- protecting group was again removed
by catalytic hydrogenation, the glutamic acid residue was added using
identical conditions to yield Z-Glu(OtBu)-Lys(¢-Boc)-Asp(OtBu)-(«a-
((arylacyl)oxy)methyl ketone). The ¢-butanol and #Boc protecting
groups were removed with trifluoroacetic acid in methylene chloride to
yield Z-Glu-Lys-Asp-(a-((arylacyl)oxy)methyl ketone), which was then
reacted with a 2-fold molar excess of N-hydroxysuccinimidobiotin to
derivatize the e-amino group of lysine. The product Z-EK(bio)D-aomk
was separated from unreacted aomk and excess reagents by reversed
phase HPLC. Fractions containing active Z-EK(bio)D-aomk were iden-
tified using recombinant bacterial ICE, pooled, and concentrated.

Fluorogenic Assays—Aliquots containing 50 ug of cytosolic or nuclear
protein (estimated by the bicinchoninic acid method (44)) in 50 ul of
buffer C were diluted with 225 ul of freshly prepared buffer D (25 mMm
HEPES (pH 7.5), 0.1% (w/v) CHAPS, 10 mMm DTT, 100 units/ml aproti-
nin, 1 mM PMSF) containing 100 uM substrate and incubated for 2 h at
37 °C. Reactions were terminated by the addition of 1.225 ml of ice-cold
buffer D. Fluorescence was measured in a Sequoia-Turner fluorometer
using an excitation wavelength of 360 nm and emission wavelength of
475 nm. Reagent blanks containing 50 ul of buffer C and 225 ul of buffer
D were incubated at 37 °C for 2 h and then diluted with 1.225 ml of ice
cold buffer D. Standards containing 0—3000 pmol of AMC or 0-1500
pmol of AFC were utilized to determine the amount of fluorochrome
released. Control experiments (not shown) confirmed that the release of
substrate was linear with time and with protein concentration under
the conditions specified. To determine the effect of various protease
inhibitors, aliquots containing 50 ug of protein were incubated with the
indicated inhibitor for 5 min at 21 °C and then diluted with substrate in
buffer D and assayed as described above.

IRP Expression in Sf9 Cells—Full-length cDNAs encoding P45 forms
of caspase-1, -2, -3, -4, and -6 were cloned by RT-PCR from Jurkat or
THP.1 cell RNA using primers flanking the respective open reading
frames. The primers were designed based upon the published sequences
(21, 22, 26, 45-51), and all clones were sequenced before expression.
High titer recombinant baculovirus expressing caspase-1 was gener-
ated by cloning the ¢cDNA into pVL1392 using standard methods (52).
Recombinant baculoviruses expressing the other caspases were pro-
duced by transposon-mediated recombination (53) in bacteria using the
Bac-to-Bac™ system according to the supplier’s instructions.

Expression cultures of the caspases were produced using high titer
viral stocks (>107 plaque-forming units/ml) infected at MOIs ranging
from 2.5 to 10. At 48 h (high MOI infections) or 72 h (low MOI infec-
tions) after infection, a time when caspases are activated during virus-
induced apoptosis, cells were washed twice with phosphate-buffered
saline and lysed in 0.2—0.5 ml of buffer containing 20 mm HEPES (pH
7.0), 2 mM EDTA, 2 mMm DTT, 0.1% Triton X-100, 5 pug/ml leupeptin, 2
ng/ml pepstatin, 2 pg/ml E64, and 0.1 mM PMSF. After a 10-min
incubation at 4 °C, nuclei were removed by centrifugation at 12,000 X
g. The supernatants were stored at —80 °C until treated with Z-EK-
(bio)D-aomk as described below.

Affinity Labeling—Aliquots containing the indicated amounts of nu-
clear or cytosolic protein were incubated for 1 h at room temperature
with 1 uM Z-EK(bio)D-aomk (added from a 25 uMm stock in Me,SO). At
the completion of the incubation, extracts were diluted with %2 volume
of 3 X concentrated SDS sample buffer, heated to 95 °C for 3 min,
subjected to SDS-PAGE on 16% (w/v) acrylamide gels, transferred to
nitrocellulose, probed with peroxidase-labeled streptavidin, and visual-
ized by enhanced chemiluminescence. Control experiments using puri-
fied ICE indicated that this approach could detect as little as 1 ng of
caspase-1. Alternatively, samples treated with Z-EK(bio)D-aomk were
precipitated using methanol/chloroform and resuspended in 100 ul of
urea solubilization buffer (9 M urea, 4% (v/v) Nonidet P-40, 2% (v/v)
B-mercaptoethanol, 20% (v/v) BioLyte 3—10 carrier ampholytes). Two-
dimensional gel electrophoresis was performed using an ISO-DALT
system (Hoeffer, San Francisco, CA) as described previously (54). Sam-
ples were focused on an isoelectric focusing gel for 10,200 V-h, trans-
ferred to the top of a 16% (w/v) SDS-polyacrylamide gel, subjected to
SDS-PAGE at 12 mA for 16 h, transferred to nitrocellulose, and probed
with streptavidin as described above.

A series of mixing experiments was performed to compare affinity-
labeled proteases in HL-60 cytosol with recombinant human caspases
expressed in Sf9 cells. Z-EK(bio)D-aomk-labeled Sf9 extracts contain-
ing caspase-3 were electrophoresed either individually or after mixing
with labeled Sf9 extracts containing caspase-2 or caspase-6. A compos-
ite image was then created by merging and aligning scans from the
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various blots using Adobe Photoshop. The location of the known enzyme
large subunits in the composite image was then overlaid upon the
distribution of active caspase subunits in two-dimensional gel analysis
of HL-60 cell cytosol. Caspase-3 species present in all blots were used as
reference points for the alignment.

Inhibitor Competition Experiments—Aliquots containing 37 ug of
cytosolic protein from etoposide-treated HL-60 cells were incubated for
1 min on ice with the tetrapeptide inhibitor YVAD-cmk dissolved in
phosphate-buffered saline containing 10% Me,SO. Z-EK(bio)D-aomk
was then added to a final concentration of 1 um. After a 5-min incuba-
tion at 37 °C, the samples were diluted with 2 volume of 3 X concen-
trated SDS sample buffer, heated to 95 °C for 3 min, subjected to
SDS-PAGE, and reacted with peroxidase-coupled streptavidin as de-
scribed above.

Preparation of Whole Cell Lysates for Immunoblotting—After incu-
bation with etoposide for the indicated lengths of time, HL-60 cells were
sedimented at 200 X g for 10 min at 4 °C, washed once with ice-cold
RPMI containing 10 mm HEPES (pH 7.4 at 4 °C), and solubilized at a
concentration of 3 X 107 cells/ml in SDS sample buffer consisting of 4 M
deionized urea, 2% (w/v) SDS, 62.5 mm Tris-HCI (pH 6.8 at 21 °C), 1 mm
EDTA, and 5% (w/v) freshly added B-mercaptoethanol. Samples were
immediately sonicated and frozen at —70 °C. Aliquots were subse-
quently heated to 65 °C for 20 min, subjected to SDS-PAGE on gels with
5-15% (w/v) acrylamide gradients, transferred to nitrocellulose, and
probed with antibodies as described previously (55). Antibodies utilized
for these experiments included murine monoclonal antibodies that rec-
ognize PARP (56), chicken polyclonal antisera raised against rat lamin
B, (57) and rat nucleolar protein B23 (58), and the commercially avail-
able antibodies described above.

PCR—Primers were generally designed to amplify cDNA sequences
encompassing the pro domain into the amino-terminal half of the re-
spective P20 subunits, regions of the caspase cDNAs that display rela-
tively low sequence homology. In brief, 1 pg of poly(A)* RNA from
HL-60 cells was reverse transcribed with a combination of random
hexamer and oligo(dT) primers using Superscript RT under standard
conditions (59). One-twentieth of the cDNA product was used for each
amplification. PCR reactions were performed in 50-ul volumes contain-
ing 50 mMm KCI, 10 mM Tris-HCI (pH 8.3), 1.5 mm MgCl,, 0.001% (w/v)
gelatin, 1 uM each primer, 200 um dNTPs, and 2.5 units of AmpliTaq.
Reactions were initiated under hot start conditions and continued for a
total of 30 cycles under step cycle conditions on a Perkin-Elmer PE-480
DNA thermal cycler using 92 °C for denaturation, 60 °C for annealing,
and 72 °C for extension (30 s/step). The caspase-5 product was amplified
for 35 cycles using a 55 °C annealing step. For each procaspase (acces-
sion number indicated in parentheses), the forward and reverse primers
were as follows: procaspase-1 (X65019), GGGTACAGCGTAGATGTGA-
AAAAAAATCTCACTGCTTCG and GCCCATTGTGGGATGTCTCCAA-
GAA; procaspase-2 (U13022), GTGCACTTCACTGGAGAGAAA and
GGGCAGTCTCATCTTCGGCAA; procaspase-3 (U13737), AAGGTATC-
CATGGAGAACACTGAAAAC and AACCACCAACCAACCATTTCT;
procaspase-4 (U28014), CAGAGCACAAGTCCTCTGACA and AGGGC-
TGGGCTGCTTGTG; procaspase-5 (U28015), GTATCCTTCAGAGTGG-
ATTGG and AATTCTTCACGAGGACAAAGTTTGA; procaspase-6
(U20536), CCGGCAGGTGGGGAAGAAAA and TGCAACAGAGTAAC-
ACATGAGGAAGTC; procaspase-7 (U37449), CCGCCGTGGGAACGA-
TGGCAGATG and TGACCCATTGCTTCTCAGCTAGAATGTAC; proc-
aspase-8 (U60519), ACAAGGAAGCCGAGTCGTATCAAGGAGAGG
and TCGTTGACAGCAGTGAGGATGGATAAGATG; procaspase-10
(U60520), TAAACACTAGAAAGGAGGAGATGGAAAGGGAACT and
CATGGGAGAGGATACAGCAGATGAAGCA. Control PCR reactions
included 1) HL-60 cDNA template and human B-actin primers (forward,
GTGGGGCGCCCCAGGCACCA; reverse, CTCCTTAATGTCACGCAC-
GATTTC) to validate the cDNA and 2) 0.05 ug of HL-60 poly(A)" RNA
template to confirm that the products observed were derived from
c¢DNA rather than contaminating genomic DNA. Following amplifica-
tion, one-tenth of the PCR reactions were electrophoresed for 160 V-h
on a 3.5% composite agarose gel (2.5% NuSieve, 1% Seakem-GTG; FMC
Bioproducts, Rockland, ME) containing 0.5 pg/ml ethidium bromide in
1 X TAE buffer. Products were visualized on a UV transilluminator
(256 nm), excised, and sequenced.

RESULTS

Caspase Expression in HL-60 Cells—The present studies
focused on HL-60 cells, a human leukemia cell line that readily
undergoes apoptosis in response to a variety of chemotherapeu-
tic agents (30, 31, 60-63). Recent studies suggesting that
caspase activation plays a critical role in initiating the active
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Fic. 1. Detection of caspase transcripts in untreated HL-60
cells. Each lane contains one-tenth the volume of the PCR reaction for
the indicated target mRNA. Except for procaspase-5, which was ampli-
fied for 35 cycles, all reactions were carried out for 30 cycles. The lane
marked B-actin* is a control PCR reaction using RNA as template. The
lack of a product in this lane confirms that the products observed in the
other lanes are derived from ¢cDNA rather than genomic DNA.

phase of apoptosis (5, 13, 14, 17, 27, 28, 32) prompted us to
compare the expression and activation of caspase precursors in
this cell line. RT-PCR revealed that transcripts for the nine
caspases examined are expressed constitutively in these cells
(Fig. 1). Northern blot analysis (not shown) indicated that
full-length messages for these transcripts are present. Se-
quencing of the PCR products confirmed that the observed gel
bands corresponded to the indicated caspase precursors. In
addition, this sequence analysis revealed that the multiple
PCR products observed using procaspase-8 and procaspase-10
primers are derived from alternate splicing of the target
mRNAs as described by Boldin et al. (64). These results indi-
cated that HL-60 cells constitutively express at least nine
procaspases.

Detection of Multiple Caspase Activities in Cytosol from Eto-
poside-treated HL-60 Cells—In order to follow caspase activa-
tion during apoptosis, cytosol from cells treated with 68 um
etoposide for increasing lengths of time was incubated with the
fluorogenic substrate DEVD-AFC, VEID-AMC, or YVAD-AFC.
The first two of these substrates correspond to the apoptotic
cleavage sites of PARP (29) and lamin A (20), respectively,
whereas the third substrate is derived from the cleavage site
preferred by caspase-1 (21). Results of these assays are shown
in Fig. 2.

Etoposide treatment of HL-60 cells was accompanied by a
marked increase in activity that cleaved DEVD-AFC (Fig. 24).
The specific activity in cytosolic extracts from control HL-60
cells was 2 pmol of product released/min/mg of protein. There
was a 20-fold increase in activity within 2 h of the addition of
etoposide and a 100-fold increase within 3 h (Fig. 24). Control
experiments (Fig. 2B) revealed that the DEVD-AFC cleavage
activity in cytosolic extracts from etoposide-treated HL-60 cells
was extremely sensitive to DEVD-fmk (IC;, ~10 nm) compared
with YVAD-cmk (IC;, ~10 uMm) and completely insensitive to
E64 at concentrations of 100 pu.

VEID-AMC cleavage activity also increased during the
course of etoposide-induced apoptosis, albeit somewhat more
modestly (Fig. 2C). The specific activity in extracts from control
HL-60 cells was 15 pmol of product released/min/mg of protein.
There was a 4-fold increase in activity 2 h after the addition of
etoposide and a 20-fold increase over the 6-h time course.
Examination of the effect of inhibitors (Fig. 2D) revealed that
the VEID-AMC cleavage activity was at least 10-fold more
sensitive to DEVD-fmk (IC5, < 1 nm) and 3-fold more sensitive
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to YVAD-cmk (IC;, ~3 um) than the DEVD-AFC cleavage
activity in the same extract, suggesting that the DEVD-AFC
and VEID-AMC cleavages are mediated, at least in part, by
different caspases (20). The VEID-AMC-cleaving enzyme was
also somewhat more sensitive to 1-chloro-3-tosylamido-7-amin-
0-2-heptanone (Fig. 2, compare TLCK in panels B and D).

The YVAD-AFC cleavage activity in cytosol from control
HL-60 cells was <10 pmol of product released/min/mg of pro-
tein. In contrast to the marked increase in DEVD-AFC and
VEID-AMC cleavage activities, there was little change in
YVAD-AFC cleavage activity after the addition of etoposide
(Fig. 2E). Additional experiments with cytosol from THP.1
cells, which are known to contain caspase-1 activity (38), not
only confirmed that the assay could detect YVAD-AFC cleavage
activity in cytosolic extracts, but also indicated that the inhib-
itor profile of the apoptotic proteases (Figs. 2, B and D) differed
substantially from that of caspase-1 (Fig. 2F).

The Protease Activities Represent Activation of Preexisting
Polypeptides—To determine whether the appearance of active
apoptotic proteases depends on de novo synthesis of the proen-
zymes, HL-60 cells were treated with 68 um etoposide in the
absence or presence of cycloheximide or puromycin at concen-
trations that inhibited [2®S]methionine incorporation into pro-
tein by >90%. Results of this experiment (Fig. 3) revealed that
neither cycloheximide nor puromycin inhibited the etoposide-
induced increase in DEVD-AFC cleavage activity. Instead,
treatment with cycloheximide alone or puromycin alone was
associated with increased DEVD-AFC cleavage activity, a re-
sult that is consistent with previous observations that cyclo-
heximide and puromycin induce apoptosis in HL-60 cells (30,
31, 61). These results suggest that de novo protein synthesis is
not required for the appearance of caspase activity when HL-60
cells undergo apoptosis.

Sequential Labeling of Multiple Caspases in HL-60 Cells—To
more completely delineate the spectrum of caspases activated
in HL-60 cells, aliquots of cytosol were labeled with Z-EK-
(bio)D-aomk, an affinity labeling reagent (43, 65) designed to
mimic the EVD motif preferred by the apoptotic proteases
detected in Fig. 2. Control experiments revealed that Z-EK-
(bio)D-aomk covalently modified the larger subunits of all ac-
tive caspases tested, including caspase-1, -2, -3, -4, and -6 (e.g.
Fig. 7A). Titration experiments revealed that as little as 1 ng of
purified caspase-1 could be detected with this reagent.

When this reagent was utilized to label cytosol from control
and etoposide-treated HL-60 cells, evidence for activation of
multiple caspases was obtained. No active enzymes were de-
tectable when cytosol from untreated HL-60 cells was incu-
bated with Z-EK(bio)D-aomk (Fig. 4A, lane 1). In contrast, 6 h
after the addition of etoposide to HL-60 cells, four discrete
bands were detected by this affinity label (Fig. 44, lane 6).
These bands were termed IRP; (relative mobility of 21.5 kDa),
IRP,, (relative mobility of 19.1 kDa), IRP; (relative mobility of
18.4 kDa), and IRP, (relative mobility of 16.6 kDa). When
cytosol from apoptotic HL-60 cells was pretreated with YVAD-
cmk (a nonspecific caspase inhibitor at the concentration used),
Z-EK(bio)D-aomk labeling of the proteases was abolished (Fig.
4B), providing further support for the view that these four
bands are active caspases.

Interestingly, each band appeared at a characteristic time
after etoposide addition (Fig. 4A, lanes 3—-6). The bands de-
noted IRP, and IRP; were faintly visible 2 h after the addition
of etoposide, increased dramatically by 3 h, and remained rel-
atively constant thereafter. In contrast, IRP; and IRP, were
first evident at 3 h and increased progressively during the
remainder of the incubation. Similar results were obtained
when cytosol was labeled with N-(acetyltyrosinylvalinyl-N¢-
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Fic. 2. Detection of peptidase activity in cytosol from etoposide-treated HL-60 cells. A, C, and E, cytosol was prepared from HL-60 cells
treated with 68 uM etoposide for the indicated lengths of time. Aliquots (50 pg of protein) from the same set of extracts were incubated with
DEVD-AFC (A), VEID-AMC (C), or YVAD-AFC (E). The amount of fluorochrome released was determined by comparison to an AFC or AMC
standard curve prepared in buffer D. Results are representative of assays performed on six independently derived sets of cytosolic extracts. B and
D, effect of various inhibitors on DEVD-AFC (B) or VEID-AMC (D) cleavage activity. Aliquots of a cytosolic extract (50 ug of protein) from HL-60
cells treated with 68 um etoposide for 6 h were incubated with the indicated concentrations of the inhibitors for 5 min at 21 °C and then assayed
for DEVD-AFC or VEID-AMC cleavage activity in the continued presence of the inhibitor (which was diluted 10-fold upon the addition of
substrate). F, effect of various inhibitors on YVAD-AFC cleavage activity. Aliquots of THP.1 cytosol, which is known to contain ICE activity, were
incubated with the indicated concentrations of the inhibitors for 5 min at 21 °C and then assayed for YVAD-AFC cleavage activity in the continued
presence of the inhibitor (which was diluted 10-fold upon the addition of substrate).

biotinyllysyl)aspartic acid [(2,6-dimethylbenzoyl)oxylmethyl
ketone (YV(bio)KD-aomk) (65) (data not shown), although Z-
EK(bio)D-aomk could be used to label the IRPs at 10-fold lower
concentrations.

Detection of Caspases in Nuclei of HL-60 Cells—Because
several nuclear polypeptides are cleaved during the course of
apoptosis (5, 13, 15, 30), we next examined the possibility that
active caspases might be detected in nuclei as well as cytosol.

For these experiments, HL-60 cells were treated with etoposide
and then fractionated into cytosol and nuclei. The nuclei were
purified by sedimentation through sucrose cushions as de-
scribed previously (40). Electron microscopy of these nuclei
failed to reveal any identifiable cytoplasmic organelles (data
not shown). Furthermore, assays indicated that the activity of
the marker enzyme lactate dehydrogenase was 4.6 * 1.4 pmol
of substrate consumed/min/mg of protein in nuclei compared
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Fic. 3. Effect of protein synthesis inhibitors on etoposide-in-
duced activation of DEVD-AFC cleavage activity. HL-60 cells
were treated for 6 h with 70 uM cycloheximide or 100 uM puromycin
alone or in combination with 68 uM etoposide. At the completion of the
incubation, cytosolic extracts were prepared and assayed for DEVD-
AFC cleavage activity.
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Fic. 4. Affinity labeling with Z-EK(bio)D-aomk. A, affinity label-
ing of caspases in HL-60 cytosol. Aliquots containing 37 ug of cytosolic
protein prepared from HL-60 cells treated with 68 um etoposide for the
indicated lengths of time were reacted with Z-EK(bio)D-aomk, sub-
jected to SDS-PAGE, and reacted with peroxidase-coupled streptavidin.
Additional experiments (e.g. Fig. 5B) indicate that bands detected in 0-h
samples bind streptavidin in the absence of a reaction with Z-EK(bio)D-
aomk. B, inhibition of Z-EK(bio)D-aomk affinity labeling by the ICE
tetrapeptide inhibitor YVAD-cmk. Cytosol from etoposide-treated
HL-60 cells was reacted with the indicated concentration of YVAD-cmk
(lanes 1 and 2) or solvent (lane 3) prior to Z-EK(bio)D-aomk labeling.

with 85 = 14 pmol/min/mg of protein in cytosol after 3 h of
etoposide treatment, suggesting that contamination by cytoso-
lic polypeptides was minimal. Nonetheless, nuclei prepared
from etoposide-treated cells contained DEVD-AFC cleavage ac-
tivity. Results of time course experiments (Fig. 5A) revealed
that this activity was low or undetectable in nuclei from control
cells (0 h) and increased to ~100 pmol of product released/
min/mg of protein after 2 h. In additional experiments, VEID-
AMC cleavage activity was also detected in nuclei from apo-
ptotic cells but not control cells.

Labeling with Z-EK(bio)D-aomk (Fig. 5B) confirmed the
presence of active caspases in nuclei prepared from apoptotic
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Fic. 5. Detection of active caspases in purified nuclei. A,
DEVD-AFC cleavage activity in cytosol and nuclei prepared from HL-60
cells after treatment with 68 uM etoposide for the indicated lengths of
time. B, Z-EK(bio)D-aomk labeling of cytosol and nuclei of cells treated
with 68 uM etoposide for the indicated lengths of time. Samples con-
taining cytosol or nuclei from 3 X 10° cells were incubated with 1 um
Z-EK(bio)D-aomk for 1 h at room temperature and then subjected to
SDS-PAGE and blotting as described in the legend to Fig. 7. The lane
marked 0* contains nuclei that were subjected to SDS-PAGE without
Z-EK(bio)D-aomk treatment, thereby revealing the streptavidin-bind-
ing polypeptides that are normal constituents of these nuclei. In order
to obtain clear bands for the active caspases in fractionated nuclei and
cytosol, it was necessary to expose the ECL blot to film overnight.

HL-60 cells. Nuclei that were not treated with Z-EK(bio)D-
aomk contained a number of polypeptides that reacted with
streptavidin (Fig. 5B, lane 7), including a polypeptide of M, ~
17,000 that migrated just below the expected position of IRPg.
These streptavidin-binding polypeptides did not change during
the course of etoposide treatment (Fig. 5B, lanes 4-6, and data
not shown). Etoposide treatment was, however, accompanied
by the appearance of new bands that labeled with Z-EK(bio)D-
aomk. These bands, which appeared beginning 3 h after the
addition of etoposide to the cells, comigrated with IRP; and
IRP, (Fig. 5B, lanes 4-6). Interestingly, IRP; and IRP, were
detectable in cytosol from these cells but not in nuclei (cf. lanes
2 and 5).

Identification of Caspases That Are Activated during Etopo-
side-induced Apoptosis—Taken together, the results in Figs.
2-5 suggest that etoposide treatment is associated with acti-
vation of multiple caspases from preexisting proenzymes. In
order to begin to identify the proenzymes that are activated,
whole cell lysates from etoposide-treated HL-60 cells were ex-
amined by immunoblotting using antibodies that recognize
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Fic. 6. Immunoblot analysis of caspase precursors in etopo-
side-treated HL-60 cells. HL-60 cells were treated with 68 um etopo-
side continuously for 0, 1, 2, 3, 4, or 6 h (lanes 1 and 5-9, respectively).
Samples containing total cellular polypeptides from 3 X 10° cells were
subjected to SDS-PAGE followed by immunoblotting with antibodies
that recognize PARP (A), lamin B, (B), procaspase-3 (C), procaspase-2
(D), or the 38-kDa nucleolar protein B23 (E), a polypeptide that does not
undergo apoptosis-associated proteolysis (31). Lanes 2-4, serial 2-fold
dilutions of the samples in lane 1.

cloned human caspases. To provide a frame of reference, the
same blots were also probed with antibodies that recognize the
caspase substrates PARP and lamin B, as well as the nucleolar
protein B23, a polypeptide that is not cleaved during apoptosis
in HL-60 cells (31). Results of these experiments are shown in
Fig. 6.

Cleavage of PARP to its signature 89-kDa fragment (29-31)
was evident within 3 h of the addition of etoposide to these cells
(Fig. 6A, lane 7). A marked decrease in lamin B, content,
indicative of lamin B, degradation (39, 66, 67), was also evident
3 h after etoposide addition (Fig. 6B, lane 7). At this time point,
a decrease in procaspase-3 was evident (Fig. 6C, lane 7), sug-
gesting that caspase-3 might be activated in these cells. In
contrast, there was no significant change in procaspase-2 con-
tent in etoposide-treated HL-60 cells (Fig. 6D).

Despite the marked decrease in procaspase-3 signal (Fig.
6C), the appearance of a signal corresponding to active
caspase-3 was not observed even after overexposure of the
blots. To confirm that the disappearance of procaspase-3 from
the immunoblots was associated with appearance of active
caspase-3 and to attempt to identify the other IRPs activated in
apoptotic HL-60 cells, the mobility of the large subunits of
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active caspases detected in HL-60 cytosol following Z-EK-
(bio)D-aomk labeling was compared with the mobility of the
corresponding subunits of cloned human enzymes expressed in
S19 cells (Fig. 7). Unidimensional SDS-PAGE (Fig. 7A) revealed
that IRP; and IRP; comigrated with two bands observed in Sf9
cells expressing caspase-6 (Fig. 7A, lane 4); IRP, and IRP,
comigrated with two bands observed in Sf9 cells expressing
caspase-3 (Fig. 7A, lane 5); and IRP, also comigrated with the
band observed in Sf9 cells expressing caspase-2 (Fig. 7A, lane
3). In contrast, the large subunits of caspase-1 and -4 did not
comigrate with any of the IRPs. These results suggested the
tentative interpretation of the HL.-60 labeling pattern shown in
Fig. 7A.

To further examine the spectrum of IRPs activated after
etoposide treatment, labeled HL-60 cytosol was subjected to
two-dimensional isoelectric focusing/SDS-PAGE. This analysis
revealed as many as eight distinct spots in the M, ~16,000—
18,000 range (Fig. 7, B and C). For convenience, these spots
have been termed Al (pI 6.5), A2 (pI 6.3), A3 (pI 6.2), B (pI 6.6),
C1(pl 6.4),C2(pI 6.2), C3 (pl 6.0), and C4 (pI 5.9), respectively.
In mixing experiments, the mobilities of the large subunits of
caspase-2, -3, and -6 expressed in Sf9 cells were also deter-
mined (Fig. 7C, bottom). When apoptotic HL-60 cytosol and the
recombinant caspases were compared, a number of the labeled
spots comigrated (Fig. 7C, middle). This analysis leads to sev-
eral conclusions. First, spots Al, C1, and C3 comigrate with
three different active species of recombinant caspase-3 ex-
pressed in Sf9 cells. Second, spot B comigrates with an active
species of caspase-6. Finally, none of the spots detected in
HL-60 cytosol comigrated with the major form of caspase-6
detected in insect cells or with recombinant caspase-2.

DISCUSSION

Previous studies have suggested that caspase activation
plays a crucial role in the initiation or propagation of apoptotic
events. Recent reports also indicate that genes encoding as
many as nine caspases are simultaneously expressed in certain
human leukemia cell lines. However, it has been unclear
whether all of these proteases participate in apoptotic events.
Two factors contribute to this uncertainty. First, activation of
caspases, which involves proteolytic cleavage of zymogen pre-
cursors at Asp—X bonds to yield the large and small subunits of
the active heterotetrameric proteases, is poorly understood (re-
viewed in Refs. 15 and 28). Second, high titer antibodies that
are specific for the subunits of mature proteases are not avail-
able for all of the caspases. As a result, it has remained unclear
whether all of the proenzymes are activated simultaneously,
whether the appearance of active enzymes involves de novo
synthesis of caspases or activation of preexisting proenzymes,
and whether active caspases are localized exclusively to the
cytoplasm or are found in other cellular compartments. The
present study sheds light on all of these issues.

Analysis of affinity labeling experiments by unidimensional
SDS-PAGE revealed that HL-60 cells undergoing etoposide-
induced apoptosis contain four distinct bands that covalently
label with Z-EK(bio)D-aomk (Fig. 4). Although these polypep-
tides appear sequentially rather than simultaneously, the ap-
parent stability of the larger bands (IRP;_5) at later time points
suggests that the lower bands are not derived from the upper
band(s) by proteolytic cleavage. Instead, these polypeptides
appear to correspond to the larger subunits of the active forms
of multiple discrete caspases. A similar repertoire of five en-
dogenous caspases with distinct cleavage preferences was re-
cently demonstrated by us in apoptosis-inducing S/M extracts
prepared from chicken hepatoma cells (20). Thus, apoptosis in
higher eukaryotic cells differs in detail from developmental cell
death in C. elegans, where a single caspase appears to be
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Fic. 7. Analysis of Z-EK(bio)D-aomk-labeled caspases by two-dimensional gel electrophoresis. A, comparison of the mobilities of cloned
human caspases with the IRPs detected in apoptotic HL-60 cytosol by unidimensional SDS-PAGE. Samples containing 1 ug (lanes 1, 4, and 5), 10
ug (lanes 2 and 3) or 37 ug (lane 6) of extract protein from Sf9 cells expressing caspase-1 (lane 1), caspase-4 (lane 2), caspase-2 (lane 3), caspase-6
(lane 4), caspase-3 (lane 5), or apoptotic HL-60 cells (lane 6) were labeled with Z-EK(bio)D-aomk, subjected to SDS-PAGE, and detected with
peroxidase-coupled streptavidin as described under “Experimental Procedures.” The putative identity of the various IRP species observed in
etoposide-treated HL-60 cells is shown at the right. B, indexing of the active caspases detected in HL-60 cytosol by Z-EK(bio)D-aomk labeling
followed by two-dimensional analysis. Species labeled A, B, and C comigrate in the second dimension (SDS-PAGE) and may correspond to
posttranslational modifications of a single subunit. C, two-dimensional labeling pattern of cytosol from apoptotic HL-60 cells (top) or Sf9 cells
expressing various combinations of caspase-2, -3, and -6 (bottom). The middle panel shows a composite image obtained by merging the upper and
lower images in panel C. Circles show the position of active caspases in HL-60 cytosol, and letters indicate the positions of active species of caspase-2
(D), caspase-3 (C), and caspase-6 (M) as determined in the lower panel. The upper and lower panels were aligned by co-electrophoresing a mixture
of active caspase-3 with HL-60 cytosol (not shown). Note that the relative intensity of the spots in the lower panel is arbitrary; this image was

adjusted to allow maximum visibility of all recombinant spots.

required (24, 25).

The results obtained with Z-EK(bio)D-aomk provide the first
direct evidence that a number of caspases are activated during
apoptosis in HL-60 cells. This caspase activation is accompa-
nied by the appearance of at least two distinct enzyme activi-
ties. These activities cleave DEVD-AFC (Fig. 24) and VEID-
AMC (Fig. 2C) but display different inhibitor sensitivities (Fig.
2, B and D). In contrast, activation of a caspase-1-like activity
was not observed during etoposide-induced apoptosis in HL-60
cells (Fig. 2E), a result that differs from the recent observation
that caspase-1-like protease activity is elevated early in the
course of Fas-mediated apoptosis in T cells (68). Whether these
disparate findings reflect differences between various cell types
or variations in the pathways activated by different apoptotic
stimuli requires further investigation.

The observation that several recombinant caspase polypep-
tides expressed in Sf9 cells comigrate with the IRPs present in
HL-60 extracts following labeling with Z-EK(bio)D-aomk en-
ables us to propose a tentative identification of the proteases
acting in the course of etoposide-induced HL-60 apoptosis. IRP,,
and IRP, appear to correspond to caspase-3 (Fig. 7B). The
appearance of these active species occurs with a time course
(Fig. 4) that parallels the appearance of DEVD-AFC cleavage
activity (Fig. 2A) and disappearance of procaspase-3 from im-
munoblots (Fig. 6C). Our demonstration that caspase-3 is en-
zymatically active in HL-60 apoptosis (i.e. covalently labels
with Z-EK(bio)D-aomk) confirms and extends recent claims of
caspase-3 activation based solely on appearance of immunore-
active P17 subunit (27, 69).

The two-dimensional analysis presented in Fig. 7 provides
the first evidence for the presence of multiple active forms of
caspase-3 during apoptosis. Spots Al, C1, and C2 all comigrate
with species observed in Sf9 cells expressing human caspase-3.
The various forms of the enzyme could arise from alternative
splicing of the transcripts (70), alternative processing of the
proenzymes, and/or posttranslational modification of the pro-
cessed subunits. Whether these species correspond to function-
ally distinct subpopulations of caspase-3 that differ in their
substrate recognition properties, time of activation during
apoptosis, or intracellular location requires further study.
Nonetheless, the observation that cells contain multiple active
species of this caspase suggests that the spectrum of active
caspases in apoptosis could be even more complicated than
previously thought.

Measurements of enzyme activity also indicate that a dis-
crete VEID-AMC cleavage activity appears in etoposide-
treated HL-60 cells beginning ~2 h after the addition of etopo-
side (Fig. 2, C and D). Analysis by one- and two-dimensional
isoelectric focusing/SDS-PAGE supports this observation by
indicating that IRPs/spot B has the same mobility as one spe-
cies of active caspase-6 (Fig. 7). Caspase-6 was recently shown
to be unique among caspases characterized to date in being
able to cleave the VEID-X sequence (20). Although analysis by
unidimensional SDS-PAGE strongly suggested that IRP,
might correspond to a second active species of caspase-6 (Fig.
7A), this assignment could not be confirmed by two-dimen-
sional isoelectric focusing/SDS-PAGE because IRP; did not
focus in the two-dimensional gels (Fig. 7, B and C).
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Two-dimensional analysis of HL-60 cytosol also revealed the
presence of multiple additional Z-EK(bio)D-aomk-reactive spe-
cies (Fig. 7C) that did not comigrate with any of the recombi-
nant caspases tested to date. Among these, spots C3 and C4
have mobilities on SDS-PAGE similar to species tentatively
identified as caspase-3 but have different isoelectric points,
suggesting that they might be posttranslationally modified ver-
sions of the caspase-3 large subunit. Alternatively, these minor
species could correspond to other human caspases, either
known or yet to be characterized.

In addition to the caspases detected in cytosol, Z-EK(bio)D-
aomk also selectively labeled two polypeptides in nuclei of
etoposide-treated HL-60 cells (Fig. 5B). Despite the fact that
several of the known caspase substrates are nuclear proteins
(reviewed in Refs. 15 and 28), this is the first demonstration of
multiple active caspases in nuclei. It is unlikely that the nu-
clear enzymes represent contaminating cytosolic proteins,
since the isolated nuclei were shown to lack significant cyto-
plasmic contamination as detected either by electron micros-
copy or assays for the cytosolic marker enzyme lactate dehy-
drogenase. The comigration of the active caspase subunits in
cytosol and nuclei (Fig. 5B) suggests the possibility that some
(but not all) of the species activated in the cytosol might be
transported into nuclei. Alternatively, we cannot rule out the
possibility that certain caspase precursors present in nuclei are
activated during the course of apoptosis. Further experiments
are required to distinguish between these possibilities.

The present observations also shed light on the origin of the
active caspases. We were unable to detect either DEVD-X
cleavage activity (Fig. 2A) or Z-EK(bio)D-aomk-labeled
polypeptides corresponding to the large subunit of active
caspases in cytosol from control HL-60 cells (Fig. 4A). These
observations argue against the possibility that caspase-3 (or
any related protease) is preactivated in the cytosol of HL-60
cells and effectively rule out a model in which the activity of
preactivated proteases is controlled in these cells by regulation
of the levels of endogenous inhibitors.

An alternative possibility is that caspases are synthesized de
novo in response to apoptotic stimuli (71). We did not observe a
reproducible etoposide-induced increase in content of any of the
four caspases for which antibodies are currently available (Fig.
6 and data not shown). Moreover, the observation that high
concentrations of the protein synthesis inhibitors cyclohexi-
mide and puromycin failed to prevent the appearance of DEVD-
AFC cleavage activities in etoposide-treated HL-60 cells (Fig.
3) argues against the possibility that this activity results from
de novo synthesis of the proenzyme. Instead, it appears that
multiple caspase proenzymes are present in HL-60 cells (and
several other human cell lines) prior to the application of
apoptotic stimuli (Fig. 6; see also Refs. 17, 22, 26, 27, and 45).

In support of this conclusion, RT-PCR (Fig. 1) indicated that
untreated HL-60 cells contain transcripts for at least nine
caspases. Although procaspase polypeptide levels might not
always reflect the levels of the corresponding transcripts, it is
reasonable to assume that as many as nine procaspase polypep-
tides are expressed in HL-60 cells. This does not mean, how-
ever, that all nine procaspases are activated during the course
of apoptosis. We failed to detect an increase in caspase-1 enzy-
matic activity (YVAD-AFC cleavage) after etoposide treatment
(Fig. 2E). Likewise, immunoblotting indicated that the bulk of
procaspase-2 present in HL-60 cells remained intact during
apoptosis (Fig. 6D), and two-dimensional analysis failed to
detect a Z-EK(bio)D-aomk-labeled spot corresponding to active
caspase-2 (Fig. 7C). This is in contrast to the extensive cleavage
(Fig. 6C) and activation (Fig. 7C) of procaspase-3. The mecha-
nism for selective apoptotic activation of some caspase precur-
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sors (e.g. procaspase-3) and not others (e.g. procaspase-2) is
currently unclear and requires further investigation.
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