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The protease responsible for the cleavage of poly(ADP-ribose) polymerase and necessary for
apoptosis has been purified and characterized. This enzyme, named apopain, is composed of
two subunits of relative molecular mass (M,) 17K and 12K that are derived from a common
proenzyme identified as CPP32. This proenzyme is related to interleukin-1p-converting enzyme
(ICE) and CED-3, the product of a gene required for programmed cell death in Caenorhabditis
elegans. A potent peptide aldehyde inhibitor has been developed and shown to prevent apop-
totic events in vitro, suggesting that apopain/CPP32 is important for the initiation of apoptotic

cell death.

APOPTOSIS constitutes a systematic means of cell suicide within
an organism during normal morphogenesis, tissue remodelling
and in response to pathogenic infections or other irreparable cell
damage. Inappropriate apoptosis may underlie the aetiology of
human diseases such as Alzheimer’s, Parkinson’s and Hunting-
ton’s diseases, immune deficiency and autoimmune disorders,
ischaemic cardiovascular and neurological injury, alopecia, leu-
kaemias, lymphomas and other cancers, which therefore makes
the control of apoptosis an important potential target for thera-
peutic intervention'

Several of the biochemical events that contribute to apoptotic
cell death have recently been elucidated. Genetic evidence in
nematodes, for example, has identified both positive and nega-
tive regulators of apoptosis®. The key pro-apoptotic gene, ced-3,
encodes a putative cysteine protease that is related to mammal-
ian interleukin-1p-converting enzyme (ICE)®, the first identified
member of a new family of cysteine proteases with the distin-
guishing feature of a near-absolute specificity for aspartic acid
in the S, subsite”®. Deletion or mutation of the ced-3 gene com-
pletely prevented the apoptotic death of all cells that were other-
wise destined to die, and both CED-3 and ICE induced apoptosis
when transfected into a variety of host cells®*'°. Furthermore,
the pro-apoptotic effects of CED-3 could be prevented by the
nematode cell-death suppressor gene ced-9, and to some degree
by its mammalian counterpart, the proto-oncogene bcl-2. The
fate of eukaryotic cells may therefore reside in the balance
between the opposing pro-apoptotic effects of an ICE/CED-3-
like protease and an upstream regulatory mechanism involving
Bcl-2 and/or its homologues.

One of the potential substrates for an ICE/CED-3-like prote-
ase during apoptosis is poly(ADP-ribose) polymerase (PARP),
an enzyme that appears to be involved in DNA repair, genome
surveillance and integrity'' "7, predominantly in response to
environmental stress'®. PARP is proteolytically cleaved at the
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onset of apoptosis by a hitherto-unidentified protease with prop-
erties that resemble those of ICE'®?°. The cleavage site within
PARP (DEVD 216-G 217) resembles one of the two sites in
prolL-1B (FEAD 27-G 28) that are recognized and cleaved by
ICE. Proteolytic cleavage of PARP at this site results in the
separation of the two zinc-finger DNA-binding motifs in the
amino terminus of PARP from the automodification and
poly(ADP-ribos)ylating catalytic domains located in the
carboxy terminus of the polypeptide. This cleavage precludes
the catalytic domain of PARP from being recruited to sites of
DNA damage, and presumably disables PARP from coordinat-
ing subsequent repair and genome maintenance events. Further-
more, the Ca>* /Mg**-dependent endonuclease implicated in the
internucleosomal DNA cleavage that is a hallmark of apoptosis
is negatively regulated by poly(ADP-ribos)ylation®'**. Loss of
normal PARP function may therefore render this nuclease highly
activated in dying cells.

The five known members of the ICE/CED-3 family of cysteine
proteases which are of human origin are ICE, ICE, 11, ICE,.-
111, Nedd-2/ICH-1 and CPP-32 (refs 24-27). Each is capable of
initiating an apoptotic response when transfected into host cells;
however, it is possible that overexpression of any protease may
cause nonspecific induction of cell death. Cytoplasmic expression
of other proteases, such as trypsin, chymotrypsin, proteinase K
or granzyme B, for example, have also been shown to induce
apoptosis®®~’.

Here we demonstrate that an active form of CPP-32, for which
the name apopain is proposed, is the enzyme responsible for the
specific proteolytic breakdown of PARP that occurs at the onset
of apoptosis. Furthermore, we show that inhibition of
CPP-32/apopain-mediated PARP cleavage attenuates apoptosis
in vitro, demonstrating the importance of this protease in the
apoptosis of mammalian cells.
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PARP cleavage activity

An early event that occurs concomitantly with the onset of
apoptosis is the proteolytic breakdown of PARP by an unidenti-
fied protease with properties resembling those of ICE (prICE)™.
The resulting cleavage (between Asp 216 and Gly 217) separates
the N-terminal DNA-nick sensor of PARP from its C-terminal
catalytic domain (Fig. 1a). To measure this proteolytic activity,
[**SJPARP was generated as a substrate by in vitro transcrip-
tion/translation of a full-length human PARP complementary
DNA clone and was then combined with various cell extracts
(Fig. 1b). A human osteosarcoma cell line with a propensity
for spontaneous apoptotic death contained substantial PARP
cleavage activity that was markedly higher in extracts from
apoptotic cells versus non-apoptotic cells (lanes 2 and 3, respec-
tively). Osteosarcoma cells are a good model system for studying
the events that occur during apoptosis. Upon reaching conflu-
ence in culture they undergo the morphological and biochemical
changes characteristic of apoptotic death, including cell shrink-
age, membrane blebbing, chromatin condensation and fragmen-
tation (not shown), as well as internucleosomal DNA cleavage
(Fig. 1¢). Coincident with the progressive apoptosis that occur-
red in postconfluent osteosarcoma cell cultures, the PARP cleav-
age activity measured in cell extracts was elevated more than
tenfold (Fig. 1d). There was no detectable ICE in these extracts,
as judged by immunoblotting, reverse-transcriptase polymerase
chain reaction (RT-PCR) (not shown), and by the absence of
prolL-1PB processing, indicating that ICE is not necessary for
apoptosis or for PARP cleavage. The lack of a major role for

FIG.1 PARP cleavage activity in spontaneously apoptotic osteosarcoma
cells. a, Structure of PARP*? and fragments resulting from proteolytic
cleavage®. b, In vitro cleavage of PARP by cell extracts. [*°S]PARP
was generated by in vitro transcription/translation then combined with
cytosolic extracts from pre-confluent, non-apoptotic osteosarcoma cells
(4.5 pg, lane 2), postconfluent, apoptotic osteosarcoma cells (4.5 pg,
lane 3), freshly isolated THP-1 cells (30 pg, lane 4), THP-1 cell extracts
activated by preincubation for 60 min at 37 °C (30 ng, lane 5), or apop-
totic chicken S/M extracts (0.6 pg, lane 6). ¢, Internucleosomal DNA
cleavage in progressively apoptotic osteosarcoma cells. Osteosarcoma
cells were maintained in culture for the indicated number of days and
then collected. DNA was extracted and resolved on agarose gels. An
asterisk indicates the time point (day 6) where confluence was reached.
d, Elevation of PARP cleavage activity in progressively apoptotic osteo-
sarcoma cells. Cytosol fractions were isolated from cells described in ¢
and then assayed for PARP cleavage activity (circles) and prolL-1f3
cleavage activity (squares).

METHODS. Cytosolic extracts were prepared from cultured human
osteosarcoma cells (143.98.2; ATCC CRL 11226) and THP-1 cells (ATCC
TIB 202) by homogenizing PBS-washed cell pellets in 10 mM HEPES/
KOH (pH 7.4), 2 mM EDTA, 0.1% CHAPS, 5 mM dithiothreitol, 1 mM
phenylmethylsulphonylfluoride, 10 ug mi~* pepstatin A, 20 ug mi~* leu-
peptin, 10 ug mi~* aprotinin (at 1 x 10° cells mI™*) and recovering the
post 100,000¢ supernatant after centrifugation. Chicken S/M extracts
were prepared from DU249 hepatoma cells*® that were committed to
apoptosis by S-phase aphidicolin arrest followed by M-phase accumula-
tion with nocodazole as described previously**. The full-length cDNA
clone for PARP (pcD-12)** was excised and ligated into the Xhol site
of pBluescript-Il SK+ (Stratagene) then used to drive the synthesis of
[®°S]methionine-labelled PARP by coupled transcription/translation.
[*°S]PARP cleavage activity was measured essentially as described
previously’ for ICE-dependent cleavage of [>*S]prolL-1p, except the pH
was 6.5. Data for d are the average of two independent experiments.

38

ICE in apoptosis was confirmed in ICE-deficient mice where
apoptosis largely occurred normally®®?', although a potential
role for ICE in Fas-mediated thymocyte apoptosis has been
suggested®*.

PARP cleavage activity was also measurable in cytoplasmic
extracts of THP-1 cells, the human monocytic leukaemia cell
line from which ICE was originally purified, particularly after
pre-incubation of the extracts at 37 °C (Fig. 15, lanes 4 and 5).
This suggests that the PARP cleavage enzyme requires activation
of a latent form, as has been described for ICE in this cell line**.
PARP cleavage in apoptotic osteosarcoma cell extracts and acti-
vated THP-1 cell extracts was comparable to that in apoptotic
chicken S/M extracts (lane 6; S/M extracts were prepared from
chicken hepatoma cells committed to apoptosis by sequential
synchronization in the S phase and mitosis), where this proteo-
lytic activity was originally identified™.

Inhibitors of PARP cleavage

The proteolytic cleavage of PARP in cytosolic extracts from
apoptotic osteosarcoma cells was abolished by the cysteine-
alkylating reagents N-ethylmaleimide and iodoacetamide, but
not by E-64 (also a cysteine-protease inhibitor) or by inhibitors
of serine-, aspartate- or metallo-proteases (Fig. 2a). This inhibi-
tor profile is consistent with the PARP cleavage enzyme being
a member of the emerging ICE-like family of cysteine proteases.
To develop more potent and specific PARP cleavage inhibitors,
the sequences proximal to the scissile bond were used as a tem-
plate for inhibitor design. Appropriate peptide aldehydes can be
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potent inhibitors of cysteine proteases, as exemplified by the
sensitivity of ICE to the tetrapeptide aldehyde Ac-YVAD-CHO
(K;i=0.76 nM). A tetrapeptide aldehyde containing the P,-P,
amino-acid sequence of the PARP cleavage site (DEVD 216-
G 217) was therefore synthesized and found to be a potent
inhibitor of PARP breakdown (Ac-DEVD-CHO; Fig. 2b inset).
Ac-DEVD-CHO inhibited the PARP cleavage activity in apop-
totic osteosarcoma cell extracts with a 50% inhibitory concentra-
tion (ICs,) of 0.2 nM. In contrast, the corresponding carboxylic
acid (Ac-DEVD-COOH) and the tetrapeptide aldehyde contain-
ing the prolL-1B recognition sequence for ICE (Ac-YVAD-
CHO) had ICs, values >10 uM (Fig. 2a, b). An identical
inhibitor profile was found for the PARP cleavage activity in
activated THP-1 cell extracts and in apoptotic chicken S/M
extracts (not shown). The cowpox-virus serpin CrmA (the pro-
duct of the cytokine-response-modifier A gene, crmA), which is
a potent inhibitor of ICE* (K;<4 pM), was a very poor inhibi-
tor of PARP cleavage (Fig. 2¢). PARP cleavage is therefore
mediated by an E-64-insensitive cysteine protease that can be
inhibited by low concentrations of the tetrapeptide aldehyde

FIG. 2 Inhibition of PARP cleavage in apoptotic osteosarcoma cell
extracts. a, Inhibition by various protease inhibitors. The cytosol fraction
from apoptotic osteosarcoma cells was incubated with [*>S]PARP in the
presence of various protease inhibitors as indicated. The 24K cleavage
product from the resulting fluorogram is shown. b, Inhibition by synthetic
tetrapeptide aldehydes. The cytosol fraction from apoptotic osteo-
sarcoma cells was incubated with [>*°S]PARP in the presence of the
indicated concentrations of the tetrapeptide aldehyde Ac-DEVD-CHO
(open circles, inset) or Ac-YVAD-CHO (filled squares) that were modelled
after the P;—P, amino acids of the PARP cleavage site and prolL-1f
cleavage site, respectively. ¢, Inhibition by CrmA. [*®S]prolL-1p cleavage
by purified ICE (open squares) or [>>S]PARP cleavage by the purified
PARP cleavage enzyme (filled circles) was measured in the presence of
the indicated concentrations of CrmA.

METHODS. a, [>*S]PARP cleavage was measured in incubation mixtures
containing 10 ug protein from the cytosol fraction of apoptotic osteo-
sarcoma cells (from 7-day, postconfluent cultures) that were preincuba-
ted for 20min at 37 °C in the presence of 100 uM 4-amidino-
phenylmethanesulphonylfluoride  (pPAPMSF), 2 pugml™  aprotinin,
100 puM elastinal, 1 mM phenylmethylsulphonylfluoride (PMSF), 100 uM
L-1-chloro-3-[4-tosylamido]-7-amino-2-heptanone (TLCK), 100 uM -1-
chloro-3-[4-tosylamido]-4-phenyl-2-butanone (TPCK), 1mgmli™t
soybean trypsin inhibitor (SB-TI), 10 uM amastatin, 10 uM bestatin,
50 uM diprotin A, 8.5 uM phosphoramidon, 1 uM pepstatin, 5 mM
EDTA, 1 mg ml~* a,-macroglobulin, 100 uM antipain, 100 pM chymo-
trypsin, 100 pM leupeptin, 10 uM E-64, 5 mM iodoacetamide, 5 mM N-
ethylmaleimide, 1 uM Ac-YVAD-CHO, 100 nM Ac-DEVD-CHO, 100 nM
Ac-DEVD COOH or vehicle (lanes 28 to 31). b, The tetrapeptide aldehyde
Ac-YVAD-CHO was synthesized as described previously*®, and
Ac-DEVD-CHO (inset) was synthesized essentially by the same pro-
cedure. [*>S]PARP cleavage activity was measured in mixtures contain-
ing 10 pg protein from the cytosol fraction of apoptotic osteosarcoma
cells (from 7-day, postconfluent cultures) that were preincubated for
20 min at 37 °C with the indicated concentrations of Ac-YVAD-CHO
(filled squares) or Ac-DEVD-CHO (open circles) before the addition of
[®°S]PARP. Data are the average of two independent experiments. c,
Cleavage of [>*S]prolL-1p by ICE and cleavage of [*>S]PARP by the puri-
fied PARP cleavage protease (see Fig. 3) was measured as described for
Fig. 1c in the presence of varying concentrations of purified recombinant
CrmA.
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Ac-DEVD-CHO but not by high levels of potent inhibitors of
ICE.

Purification of PARP cleavage protease

To identify the enzyme responsible for PARP inactivation in
mammalian cells during apoptosis, it was purified to homogen-
eity from cultured human cells. PARP cleavage activity was
highly elevated in osteosarcoma cells as they progressed into
apoptosis upon reaching confluence; however, owing to the
impracticality of obtaining sufficient quantities of an adherent
cell line to purify the protease, THP-1 cells were used. Two lines
of evidence suggested that the cysteine protease that cleaved
PARP in THP-1 cells was the same as that in apoptotic osteosar-
coma cells. First, and most compelling, the kinetic parameters
for catalysis, and inhibition by Ac-DEVD-CHO, were found to
be virtually identical for the enzyme in extracts from both cell
types (see below). Second, RT-PCR indicated that, with the
exception of ICE (for which transcripts were detectable in THP-1
cells only), both THP-1 cells and apoptotic osteosarcoma cells
contained transcripts for the same compliment of ICE/CED-3-
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like enzymes (namely, ICE,-II, Nedd-2/ICH-1 and CPP-32 but
not ICE,-III) (not shown).

When cytosol fractions from THP-1 cells were resolved by
diethylaminoethyl (DEAE) anion-exchange chromatography,
the PARP cleavage activity was separated from ICE immunore-
activity and prolL-1f cleavage activity, which coeluted from the
column at a lower salt concentration (approximately 80 mM and
100 mM for ICE and PARP cleavage activities, respectively).
The fractions containing PARP cleavage activity from several
chromatographic runs were pooled and re-chromatographed
under identical conditions (Fig. 3a). To selectively purify this
activity, two biotinylated derivatives of the Ac-DEVD-CHO
tetrapeptide aldehyde inhibitor were synthesized as affinity lig-
ands for the PARP cleavage enzyme (Fig. 3b). Biotinylated
affinity ligands were used because they could be pre-incubated
with the enzyme to overcome slow ligand binding (see below),
by allowing full equilibrium to occur before collection. Both
biotinylated tetrapeptide aldehydes had ICs, values for inhibi-
tion of the PARP cleavage enzyme that were comparable to that
of the non-biotinylated parent compound (0.2 nM; not shown).
The DEAE-chromatography fraction at the peak of PARP
cleavage activity was incubated with the biotinylated tetrapep-
tide aldehydes, then collected with streptavidin-agarose. After
extensive washing, the purified PARP cleavage enzyme was
eluted from the column with 2 mM biotin. SDS-PAGE (polyac-
rylamide gel electrophoresis) of the resulting samples indicated
that the purified PARP cleavage enzyme was composed of two
major polypeptides of approximate M, 17K and 12K (Fig. 3c¢).

Structure of PARP cleavage protease

Electrospray mass spectroscopy analysis of the purified PARP
cleavage enzyme indicated that the M, of the larger polypeptide
was 16,617.1 £ 3.1 and the smaller polypeptide was 11,896 +1.2
(Fig. 4a). N-terminal sequence determination and tryptic maps
of the purified enzyme identified it as CPP-32, a member of the
ICE/CED-3 family of cysteine protease of unknown function
which was recently cloned from Jurkat cells®®. Cloned CPP-32
was originally identified as two isoforms (CPP-32a and
CPP-32) which differ by a single conservative amino-acid sub-
stitution (Asp 190 versus Glu 190 for CPP-320 and CPP-328,
respectively). The N-terminal sequence of the 12K subunit of
the purified PARP cleavage enzyme corresponded with that of
CPP-32f (Fig. 4b), as did the cDNA sequence of human CPP-32
cloned from placenta, lung and kidney (not shown).

Both the mass determination and N-terminal sequence of the
two subunits were in agreement, and demonstrated that both
polypeptides were derived from the same 32K CPP-32 precursor
polypeptide by cleavage between Asp 28-Ser 29 and Asp 175-
Ser 176 (Fig. 4b). The organization of the CPP-32 proenzyme is
similar to that of ICE (Fig. 4¢). Like ICE, the CPP-32 pro-
enzyme is composed of an N-terminal pro-domain followed by
a larger subunit (p17) that contains the putative active site cyst-
eine and histidine residues; this is then followed by the smaller
subunit (p12). The major differences between ICE and CPP-32
pro-enzymes are that the pro-domain of CPP-32 is substantially
shorter, and there is no linker peptide separating the larger (p17)
subunit of CPP-32 from the smaller (p12) subunit. The presence
of Asp residues in the P; position of both the pro-domain/p17
junction and the p17/p12 junction of CPP-32 suggests that auto-
catalysis plays an important role in pro-enzyme activation, as
has been demonstrated for ICE">*?.

Sequence alignment of all known members of the ICE/CED-3
family of cysteine proteases indicates that CPP-32 is the most
closely related of the mammalian enzymes to CED-3, the pro-
apoptotic, nematode cell-death-abnormal ced-3 gene product
(Fig. 4d). An alignment of the five known human enzymes in
this family and CED-3 indicates that there is absolute conserva-
tion of the residues involved in catalysis, as well as those involved
in binding the carboxylate side chain of the substrate P, aspartic
acid”’*® (Fig. 4e). Conservation is also high near the Asp-Ser
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FIG. 3 Purification of the PARP cleavage protease from THP-1 cells.
a, DEAE anion-exchange chromatography. b, Structure of biotinylated
tetrapeptide-aldehyde affinity ligands. ¢, SDS-PAGE of THP-1 cell cytosol
fraction (lane 1, 9 ug), DEAE peak active fraction (fraction 114) before
(lane 2, 6 pg) and after (lane 3, 6 ug) affinity chromatography, eluent
from Biotin-DEVD-CHO (lane 5, 0.1 pg) and Biotin-[X]-DEVD-CHO (lane
6, 0.1 pg) affinity columns.

METHODS. a, The cytosol fraction from cultured THP-1 cells was iso-
lated, dialysed and concentrated then resolved by anion-exchange
chromatography as described previously*®. Fractions corresponding to
approximately 90 to 120 mM NaCl, which immediately followed those
containing ICE activity, were pooled, and the pools from 25 chromato-
graphy runs were combined (1.6 g protein, from 3.5 x 10* THP-1 cells)
and re-run under identical conditions. PARP cleavage activity was
measured using [*°SIPARP or the synthetic fluorogenic tetrapeptide-
aminomethylcoumarin (Ac-DEVD-AMC) described in Fig. 5. b, Biotin-
DEVD-CHO and Biotin-[X]-DEVD-CHO differ by the presence of a 0.9 nm
spacer arm (square brackets) which is present in Biotin-[X]-DEVD-CHO
but absent in Biotin-DEVD-CHO. These ligands were prepared by: syn-
thesis of t-Boc-Asp(OBn)-Glu(OBn)-Val-Asp-CHO protected as the
benzylated lactol at the aldehyde; removal of the t-Boc group; acylation
of the free amine with biotin (for Biotin-DEVD-CHO) or biotinamido-
caproic acid (for Biotin-[X]-DEVD-CHO) using EDCI and HOBt. ¢, The
fraction from DEAE chromatography corresponding to the peak of PARP
cleavage activity (fraction 114; 2.5 ml containing 3 mg protein) was
incubated with 20 nmol of Biotin-[X]-DEVD-CHO, then passed through
a streptavidin-agarose column (1 ml bed volume; binding capacity,
63 nmol biotin mI™*) and washed. The enzyme was eluted by perfusing
the column with 2 mM b-biotin. (Biotin-DEVD-CHO yielded comparable
results.) Samples were resolved on 14% SDS/polyacrylamide gels, and
protein bands were visualized by silver staining.
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FIG. 4 Structure of PARP cleavage protease; CPP-32. a, Electrospray
mass spectroscopy analysis of 17K (left) and 12K (right) subunits of
the purified PARP cleavage protease. Numbers in brackets indicate the
calculated masses of the subunits based on the sequences described
in b. b, Primary structure of CPP-32. The deduced amino-acid sequence
from the CPP-32f cDNA clone®® is shown. Hatched bars indicate the
N-terminal sequences determined for the purified enzyme subunits.
Arrowheads mark the Asp 28-Ser 29 and Asp 175-Ser 176 cleavage
sites which yield the p17 and p12 subunits from the CPP-32 pro-
enzyme. ¢, Comparison of ICE and CPP-32 pro-enzyme organization. d,
Phylogenic relationship of all known members of the ICE/CED-3 family
of cysteine protease. e, Multiple sequence alignment of all known
human ICE/CED-3-like proteases (top 5 sequences) and nematode
CED-3 (bottom sequence). Numbering corresponds to the residue posi-
tion within human ICE. Regions implicated in substrate binding to
human ICE, based on the X-ray crystal structure®*’-*%, are shown: filled
circles, catalytic; open circles, binding pocket for carboxylate of Py Asp;
open triangles, proximity (<0.4 nm) to P,—P, residues. Arrowheads indi-
cate known pro-enzyme cleavage sites for ICE and CPP-32.
METHODS. a, Portions of the purified PARP cleavage enzyme described
in Fig. 3c were resolved on a narrow-bore C4 reverse-phase HPLC col-
umn, and the individual subunits were analysed by capillary liquid chro-
matography coupled to a triple-sector quadrapole mass spectrometer
equipped with an electrospray ion source, essentially as described
previously”. Tryptic peptides were also generated from the purified sub-
units and analysed by electrospray mass spectroscopy to further sub-
stantiate identification as CPP-32. Peptides and their respective
predicted and observed masses were: IPVEADFLYAYSTAPGYYSWR-
207, 2470.8, 2470.2; VATEFESFSFDATFHAK-259, 1935.1, 1934.7;
LEFMHILTR-238, 1160.4, 1161.0; ELYFYH-277, 872.0, 872.0. b,
Approximately 100 pmol of the purified PARP cleavage enzyme
described in Fig. 3c was resolved on a 14% SDS/polyacrylamide gel
and transferred to a polyvinylidenedifluoride membrane for N-terminal
sequence determination of the individual p17 and p12 subunits (hatch
bars). d, e, Deduced polypeptide sequences (entire open reading frame)
for the indicated cDNA or gene sequences were aligned using the
Genetics Computer Group (Madison WI) PILEUP algorithm*’ (gap weight,
3.0; gap-length weight, 0.1) and are presented as a phylogenic dendo-
gram (d) and an amino-acid alignment (e).

cleavage site at the C terminus of the p20 subunit of ICE
(Asp 296-Ser 297) and the p17 of CPP-32 (Asp 175-Ser 176),
suggesting that the active forms of the other members of this
family are also heterodimers derived from pro-enzymes. Resi-
dues that might form the P,-P, binding pockets, however, are
not widely conserved, indicating that substrate specificity might
be determined by one or more of these amino acids.

Kinetic properties of CPP-32

A continuous fluorometric assay for CPP-32 was developed with
the substrate Ac-DEVD-AMC (amino-4-methylcoumarin). The
design of this substrate was based on the tetrapeptide-AMC
motif that has been used successfully with ICE’, using the PARP
cleavage site P,-P, tetrapeptide (Fig. Sa inset). Cleavage of this
substrate by CPP-32 showed Michaelis-Menton kinetics with a
K., value of 9.7+ 1.0 pM (Fig. 5a). This assay has facilitated a
detailed investigation of the mechanism of inhibition of the
enzyme by the tetrapeptide aldehyde Ac-DEVD-CHO.

Peptide aldehydes are potent, reversible inhibitors of cysteine
proteases that undergo nucleophilic addition of the catalytic
cysteine to form a thiohemiacetal. Although the potency of
aldehyde inhibitors was originally attributed to their ability to
mimic the transition state in amide bond hydrolysis®, the
recently determined crystal structure of ICE with the tetrapep-
tide aldehyde Ac-YVAD-CHO clearly shows this inhibitor
bound in a non-transition-state conformation, with the oxyanion
of the thiohemiacetal being stabilized by the active site
histidine”’. The tetrapeptide aldehyde containing the appropriate
recognition sequence for CPP-32, Ac-DEVD-CHO, is a potent,
competitive inhibitor of this enzyme. It is slow binding, as shown
by the time-dependent approach to equilibrium observed when
enzyme was added to reaction mixtures containing inhibitor
(50 nM) and 1 x K,,, substrate (Fig. 5b). The solid line of Fig.
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5b (filled circles) is theoretical for an association rate constant
kon=1.3%10° M 's™'. This rate constant, which is well below
theoretical predictions of rates for diffusion-limited reactions
(10® to 10" M ™' s7"), is similar to the corresponding rate con-
stant for association of ICE with its tetrapeptide aldehyde inhibi-
tor (Ko acyvap-cno=23.8x10° M~'s™"). The nearly complete
suppression of the activity that was seen at effectively infinite
time using 50 nM Ac-DEVD-CHO defines a K; for inhibition of
CPP-32 of <1 nM, making this among the most potent peptide
aldehydes known for a cysteine protease.

In contrast to the potent inhibition of CPP-32 observed with
the tetrapeptide aldehyde Ac-DEVD-CHO, the ICE inhibitor
Ac-YVAD-CHO (Ki1ce=0.76 nM) is a very weak inhibitor of
CPP-32 (Kcpp.32=12 uM), indicating that these enzymes have
distinct peptide substrate specificities. This differential in potency
can be attributed to the fact that residues implicated in binding
the P, Tyr of prolL-18, which is a key determinant for ICE, are
not conserved in CPP-32. The crystal structure of active ICE,
for example, indicates that the two key amino acids that interact
with the P, Tyr of prolIL-1f are His 342 and Pro 343, which are
replaced by Asn and Ser, respectively, in both CPP-32 and
CED-3 (Fig. 4e). These latter residues in CPP-32 would be better
able to form the hydrogen bonds necessary to interact with the
carboxylate side chain of the P, Asp of PARP. The enzymes
also clearly have different macromolecular substrate specificities:
purified ICE was unable to cleave PARP, and purified CPP-32
did not cleave prolL-1B at either the FEAD 27-G 28 or
DEVD 216-G 217 cleavage sites (a 5,000-fold excess of each
enzyme was tested; not shown). The enzymes are also distin-
guished by their behaviour with the cowpox serpin, CrmA, which
shows a 10,000-fold preference for ICE.

The catalytic and inhibitor constants for the PARP cleavage
activity in extracts of THP-1 cells, apoptotic osteosarcoma cells,
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FIG. 5 Kinetic parameters for CPP-32 catalysis and inhibition. a, Deter-
mination of K, for Ac-DEVD-AMC (structure in insert). b, Kinetics of
inhibition of CPP-32 by the peptide aldehyde Ac-DEVD-CHO. ¢, Compari-
son of PARP cleavage activity and inhibition by Ac-DEVD-CHO in THP-1
cell, osteosarcoma cell and chicken S/M extracts.

METHODS. a, Ac-DEVD-AMC (inset) was prepared as follows: synthesis
of N-Ac-Asp(OBn)-Glu(OBn)-Val-CO,H; coupling with Asp(OBn)-7-AMC;
removal of benzyl groups. Reaction mixtures, which contained the indi-
cated concentrations of Ac-DEVD-AMC and 100 U mI~* of the purified
PARP-cleavage CPP-32 enzyme (1 U represents 1 pmol AMC liberated
per min at 25 °C at saturating substrate concentration), were monitored
continuously in a spectrofluorometer at an excitation wavelength of
380 nm and an emission wavelength of 460 nm. Initial velocities and
substrate concentrations were fit by nonlinear regression to the
Michaelis-Menton equation (solid line). b, Reactions contained 1 x K,
Ac-DEVD-AMC (10 uM) and the purified PARP-cleavage CPP-32 enzyme
(400 U mI™%). Addition of the tetrapeptide aldehyde (50 nM) to this
reaction mixture resulted in a time-dependent loss of enzyme activity
(filled circles) whereas the reaction not containing inhibitor was strictly
linear (open circles). The association rate constant (k,n) was calculated
from several progress curves according to equations for slow and tight-
binding inhibitors*®. The complete inhibition of activity observed at
infinite time with 50 nM Ac-DEVD-CHO indicates a K; of less than 1 nM
for this inhibitor. ¢, Extracts from THP-1 cells, apoptotic osteosarcoma
cells and chicken DU249 cells committed to apoptosis were prepared
as described for Fig. 1. The K, for cleavage of the synthetic fluorogenic
tetrapeptide Ac-DEVD-AMC and the k., and K; values for the tetrapep-
tide aldehyde inhibitor Ac-DEVD-CHO were determined as described
above.
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FIG. 6 In vitro apoptosis and selective inhibition by Ac-DEVD-CHO or by
depletion of CPP-32-mediated PARP cleavage activity. a, Cytosols from
progressively apoptotic osteosarcoma cells confer apoptotic changes
upon healthy nuclei from non-apoptotic cells. b, d, Attenuation of in
vitro apoptosis by inhibition or depletion of CPP-32. ¢, Inhibition of
camptothecin-induced apoptosis of osteosarcoma cells by
Ac-DEVD-CHO.

METHODS. Nuclei were isolated from non-apoptotic (day 3) cells essen-
tially as described before®*, except that the nuclear isolation buffer was
10 mM PIPES/KOH (pH 7.4), 10 mM KCI, 2 mM MgCl,, 1 mM dithio-
threitol, 10 uM cytochalasin B, 1 mM phenylmethylsulphonyl fluoride,
10 pug ml™* pepstatin A, 20 ug ml~* leupeptin, 10 ug mi~* apratinin. a,
The isolated nuclei from 2 x 10° day-3 cells were combined with 25 pl
of the cytosol fraction (2.5 x 10° cell equivalents) from cells maintained
for the indicated times in culture (see Fig. 1) then incubated in 100 pl
(final volume) of a mixture containing 10 mM HEPES/KOH (pH 7.0),
50 mM NaCl, 2 mM MgCl,, 0.1 mM CaCl,, 40 mM B-glycerophosphate,
1 mM dithiothreitol, 2 mM ATP, 10 mM creatine phosphate and
50 ug mi~* creatine kinase. After 2 h at 37 °C, nuclear chromatin was
stained with 5 pg mi™* Hoechst 33342 and examined by fluorescent
microscopy. For each condition, a minimum of 250 nuclei in 5 separate
fields were scored. Data are the average of 2 independent experiments.
b, In vitro apoptosis was measured as described in a using nuclei from
non-apoptotic, day-3 osteosarcoma cells (1-9) combined with the cyto-
sol fraction from apoptotic, day 7 cells (2-9) in the presence of the
indicated concentrations of Ac-DEVD-CHO (3-8) or Ac-YVAD-CHO (9).
Data are the average of 3 independent experiments +£s.e.m. ¢, Intact
day-3 osteosarcoma cell cultures were preincubated for 60 min at 37 °C
with vehicle (2) or with 100 uM Ac-DEVD-CHO (3), Ac-DEVD-COOH (4)
or Ac-YVAD-CHO (5), then treated with 1 ug mI™* camptothecin (2-5)
for an additional 4 h to induce apoptosis. Apoptosis was assessed by
fluorescent microscopy as described in a. d, PARP cleavage activity was
depleted from the cytosol fraction of apoptotic, day-7 cells (D7q4ep) by
incubating 1 ml of the fraction with 100 nM Biotin-[X]-DEVD-CHO for
20 min then collecting with streptavidin-agarose. In vitro apoptosis was
measured as described in a, using nuclei from non-apoptotic, day-3
osteosarcoma cells (1-7) combined with untreated day-7 cytosol (2) or
depleted day-7 cytosol (3—7) supplemented with varying concentrations
of purified CPP-32 (4-6) or purified ICE (7).
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and apoptotic chicken S/M extracts were virtually identical (Fig.
Sc), strongly suggesting that the same enzyme (CPP-32) cleaves
PARP in all these cell types.

Attenuation of apoptosis

Apoptotic events can be re-constituted in vitro. The isolated
nuclei from healthy cells undergo the morphological changes
that are characteristic of apoptosis (for example, chromatin con-
densation, fragmentation and margination, as well as inter-
nucleosomal DNA cleavage) when they are incubated with the
cytosol fraction from apoptotic cells***'. Because the most
potent and selective inhibitor of CPP-32-mediated PARP cleav-
age (Ac-DEVD-CHO) had poor membrane permeability, this
system was established with human cells and used to study the
effects of CPP-32 inhibition or depletion on apoptosis in vitro.
Cytosols from non-apoptotic osteosarcoma cells had little effect
on nuclear morphology, whereas those from progressively apop-
totic cells were capable of inducing apoptosis-like changes in the
recipient nuclei (Fig. 6a). The degree of apoptotic morphology
conferred upon the otherwise healthy nuclei coincided with the
degree of apoptosis occurring in the cells from which the cytosols
were extracted (see Fig. 1¢) as well as the level of PARP cleavage
activity (see Fig. 1d).

If the PARP-cleaving CPP-32 cysteine protease is important
for apoptosis then inhibition or depletion of its activity should
prevent these nuclear changes from occurring. Morphological
changes that occurred when the cytosol fraction from apoptotic
osteosarcoma cells was incubated with healthy nuclei from non-
apoptotic cells could be attenuated by the tetrapeptide aldehyde
inhibitor of CPP-32-mediated PARP cleavage, Ac-DEVD-CHO
(ICs=10 to 100 nM), but not with the ICE inhibitor, Ac-
YVAD-CHO (Fig. 6b). The camptothecin-stimulated apoptotic
death of intact osteosarcoma cells was also prevented by
Ac-DEVD-CHO (albeit at high concentrations only (100 uM)),
whereas neither the inactive carboxylic acid (Ac-DEVD-COOH)
nor the ICE inhibitor (Ac-YVAD-CHO) had any effect (Fig.
6¢). Furthermore, if CPP-32 were depleted from the cytosol frac-
tion of apoptotic osteosarcoma cells using the biotinylated
affinity ligand, these PARP cleavage-deficient extracts were

largely incapable of conferring apoptotic changes to healthy reci-
pient nuclei (Fig. 6d). The pro-apoptotic capabilities of depleted
extracts were restored when they were supplemented with puri-
fied CPP-32, but not when they were supplemented with purified
ICE. In the absence of a cytosolic fraction, CPP-32 alone did
not provoke apoptotic changes to healthy nuclei (not shown),
demonstrating that CPP-32 is necessary but not sufficient for
apoptosis. Together, these experiments suggest that CPP-32 initi-
ates key events in apoptosis and that inhibition or depletion of
its activity prevents apoptosis from occurring.

Conclusions

In the nematode C. elegans, deletion or mutation of a single
gene, ced-3, abolishes apoptotic death®. When sequenced, ced-3
was found to be homologous to the gene for mammalian
interleukin-1p-converting enzyme (ICE)®, which encodes a pro-
tease whose only known function is the cleavage of the inactive
31K prolL-1 cytokine precursor to the active 17K form. How
the apoptotic role of an ICE-like protease in mammalian cells
can be accounted for, given the commitment of ICE to IL-1B
formation, and the finding that apoptosis occurs normally in
ICE-deficient mice?®*, has become more obvious with the dis-
covery of four other mammalian ICE/CED-3-like Proteases
(ICE-11, ICE,-I1I, Nedd-2/ICH-1 and CPP-32)**?" and the
observation that PARP, an enzyme involved in the coordination
of genome structure and integrity in stressed cells, is functionally
inactivated by a protease resembling ICE (prICE) at the onset
of apoptosis®. We have demonstrated that prICE is in fact
CPP-32, and that CPP-32 is the specific ICE/CED-3-like cyst-
eine protease that cleaves PARP in mammalian cells. The name
apopain is proposed for the active form of this enzyme to replace
prICE and CPP-32. The central role played by CPP-32/apopain
in mammalian cell death is further substantiated by potent and
selective inhibitors that prevent apoptosis from occurring in vitro
and in vivo. These findings, together with the sequence relation-
ship between CPP-32 and CED-3, suggests that CPP-32 may be
the human equivalent of CED-3. The pharmacological modula-
tion of CPP-32/apopain activity may therefore be an appropri-
ate point for therapeutic intervention in pathological conditions
where inappropriate apoptosis is prominent. O
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