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Baculovirus p35 prevents programmed cell death in diverse organisms and encodes a protein inhibitor (P35)
of the CED-3/interleukin-13-converting enzyme (ICE)-related proteases. By using site-directed mutagenesis,
we have identified P35 domains necessary for suppression of virus-induced apoptosis in insect cells, the context
in which P35 evolved. During infection, P35 was cleaved within an essential domain at or near the site
DQMD-87G required for cleavage by CED-3/ICE family proteases. Cleavage site substitution of alanine for
aspartic acid at position 87 (D87A) of the P, residue abolished P35 cleavage and antiapoptotic activity.
Although the P, residue substitution D84A also caused loss of apoptotic suppression, it did not eliminate
cleavage and suggested that P35 cleavage is not sufficient for antiapoptotic activity. Apoptotic insect cells
contained a CED-3/ICE-like activity that cleaved in vitro-translated P35 and was inhibited by recombinant
wild-type P35 but not P,- or P,-mutated P35. Thus, baculovirus infection directly or indirectly activates a novel
CED-3/ICE-like protease that is inhibited by P35, thereby preventing virus-induced apoptosis. Our findings
confirmed the inhibitory activity of P35 towards the CED-3/ICE proteases, including recombinant mammalian
enzymes, and were consistent with a mechanism involving P35 stoichiometric interaction and cleavage. P35’s
inhibition of phylogenetically diverse proteases accounts for its general effectiveness as an apoptotic suppressor.

Programmed cell death, or apoptosis, is an active process of
cellular self-destruction that is involved in normal develop-
ment, tissue homeostasis, and the pathogenesis of various dis-
eases, including those caused by viral infection. Molecular
components of the cell death program are highly conserved
among vertebrates and invertebrates (reviewed in references
36, 40, 43, 45). As indicated by the requirement for the inter-
leukin-1B-converting enzyme (ICE)-related gene ced-3 in pro-
grammed cell death of Caenorhabditis elegans and the identi-
fication of ced-3/ice homologs in vertebrates (10, 11, 39, 44, 47),
the apoptotic program includes participation of one or more
members of the CED-3/ICE family of cysteine proteases. Cur-
rent evidence suggests that diverse signals converge to activate
the death proteases, thereby implying that these enzymes play
a key role in the apoptotic program (reviewed in reference 26).
As such, proper regulation of the CED-3/ICE-like proteases is
critical for execution or prevention of cellular apoptotic death.

A variety of viruses induce apoptosis within their host cell by
mechanisms that are not fully understood (reviewed in refer-
ence 35). To counter this apparent antiviral defense by the
host, viruses express diverse genes with antiapoptotic activity.
This viral strategy can enhance virus multiplication or establish
viral persistence and latency and thus contributes to virus sur-
vival (6, 9, 12, 15, 25, 33). Virus intervention in the host apo-
ptotic response has been used to define critical steps in the
pathway since viral antiapoptotic proteins mimic or regulate
conserved components of the death program. For example, the
adenovirus E1B 19K (5, 33), Epstein-Barr virus BHRF1 (15),
and African swine fever virus LMWS-HL (28) proteins are
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homologous to the products of the programmed cell death
suppressor genes bcl-2 and ced-9 from mammals and C. el-
egans, respectively (for recent reviews, see references 16, 22,
43, 45). In the case of adenovirus E1A-induced apoptosis,
stable expression of E1B 19K prevents apoptosis as well as
processing of the zymogen form of CED-3/ICE protease
CPP32 that occurs upon adenovirus infection (2). Thus, like
ced-9, E1B 19K may regulate programmed cell death upstream
from ced-3/ice. In a separate strategy that may also prevent
ced-3fice function, the cowpox virus crmA gene (SPI-2) en-
codes a serpin-like protein capable of direct inhibition of spe-
cific ICE-related proteases (34, 38, 39, 44).

The baculovirus gene p35 is a general and effective suppres-
sor of programmed cell death. Upon viral or cellular expres-
sion, p35 blocks baculovirus-induced apoptosis and restores
virus replication (4, 6, 7, 17). Suggestive of inhibition at a
highly conserved step in the death pathway, p35 expression not
only suppresses apoptosis in uninfected lepidopteran cells (4,
8) but also prevents developmental programmed cell death in
C. elegans (37) and Drosophila melanogaster (13, 14), blocks
neuronal cell death (27, 32), and suppresses tumor necrosis
factor- and Fas-induced death of mammalian cells (1). Consis-
tent with its effectiveness in diverse organisms, it was recently
demonstrated that the p35 gene product (P35) is a potent
inhibitor of CED-3/ICE-related proteases, including human
ICE, ICH-1, ICH-2, CPP32, and C. elegans CED-3 (3, 46).
Thus, these studies suggested that P35 prevents programmed
cell death by inhibiting the CED-3/ICE-related proteases. Al-
though CED-3/ICE protease-mediated cleavage at P35 Asp-
87-Gly-88 is involved, both irreversible (3) and competitive
(46) mechanisms for P35 inhibition have been proposed.

To examine the molecular mechanism by which P35 prevents
apoptosis in the baculovirus-infected cell, the natural context
in which P35 evolved, we have used a combination of genetic
and biochemical approaches that identified protein domains
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required for P35 function and protein interaction. We report
here that during infection of Spodoptera frugiperda SF21 cells
with the prototype baculovirus Autographa californica nuclear
polyhedrosis virus (AcMNPV), a novel CED-3/ICE-like pro-
tease (Sf protease) is activated. The protease(s) cleaves P35
and is potently inhibited by P35. In vitro inhibition of Sf pro-
tease activity by recombinant P35 was abolished by amino acid
substitutions within the P35 cleavage site, including the P, and
P, Asp residues adjacent to the scissile peptide bond. More-
over, the P, and P, mutations disrupted P35 antiapoptotic
activity in virus-infected cells. Collectively, these results sup-
port the hypothesis that P35 blocks virus-induced apoptosis by
inhibiting a virus-activated CED-3/ICE-like protease through a
mechanism that includes protease interaction and P35 cleav-
age. The induction of the Sf protease and its subsequent inhi-
bition by viral synthesized P35 further suggest that virus-me-
diated signals which trigger apoptosis must function upstream
from ced-3/ice in the death program.

MATERIALS AND METHODS

Cells and viruses. S. frugiperda IPL-SF21 cells (42) and Trichoplusia ni TN368
cells (19) were propagated at 27°C in TC100 growth medium containing 10%
fetal bovine serum and 2.6% tryptose broth. Cell monolayers were inoculated
(time zero) with extracellular, budded virus at a multiplicity of infection (MOI)
of 10 to 20 PFU per cell. AcMNPV recombinants (L1 strain) with a wild-type or
mutated copy of p35 inserted at the polyhedrin locus were constructed by gene
replacement as described previously (17). The genotype of plaque-purified mu-
tants was verified by restriction analysis of isolated viral DNA or PCR-amplified
DNA fragments containing p35. AcMNPV recombinants vA35K, vA35K/lacZ/-
35K*, and vA35K/lacZ were described previously (17, 18).

p35 mutagenesis. Oligonucleotide site-directed mutagenesis (21) was per-
formed by using plasmid p35KORF-hr5" (18). Two-codon (Ala-Ser) insertion
oligonucleotides contained an Nkel site (GCTAGC) and ranged in size from 30
to 41 nucleotides. Oligonucleotides in which acidic and basic residues were
replaced with alanine, i.e., charged-to-alanine substitutions (ca) (underlined),
are shown below: cal7, 5'-GTTTGTCCACCTGGCATGCAGCAATAATCGT
CTGGG-3'; ca26, 5'-GTTAATGTACACCAAAGCCGCGGTTTGTTTGTCC
A-3'; ca58, 5'-GCGCAAATTGTTGTTAGCAGCTGTAACGCTTCGTAT-3';
cab4, 5'-CATCGACTTTTGATTTTTATAGCTGCAGCCAAATTGTTGTTC
TTG-3'; ca70, 5'-CGCGACAGAATAAAAAGCGCTGTCGCGGCGCAATTT
GATCAACTA-3'; ca79, 5'-CATTTGATCGCTGTAAGCTGCAGTAGTTGAT
CAAATTG-3'; ca84, 5'-CGCGATTACAGCGCTCAAATGGATGGATTC-3;
ca87, 5'-TACAGCGATCAAATGGCCGGCT TCCACGATAGCATC - 3';
ca90, 5'-TTTAAAATACTTGATGCTAGCAGCGAATCCATCCATTTG-3';
ca97, 5'-CTTACCGAATAGTGAGCTGCAGCAAAATACTTGATGCTATC-
3'; call2, 5'-GACTCTTTAAAATTTTAGCAAAAGCGCTAGCCAACACGC

TGCCATT-3'; cal26, 5'-GTAAGCTTCAATAGAAGCTGCAGCGGTATA
ATCATGACT-3'; cal43, 5'-ACGTAGTAGTCGTTAGCTGCAGCGACCA
ATTTGGGC-3'. Oligonucleotides encoding the influenza virus hemagglutinin
(HA) epitope YPYDVPDYA were inserted into Nhel sites of p3SKORF-hr5* at
codons 174 and 205. All mutations were confirmed by restriction analysis and
DNA sequencing.

Marker rescue, DNA fragmentation, and (-galactosidase assays. SF21 cells
were transfected in triplicate with two or three independently isolated p35-
containing p35KORF-hr5* plasmids by using Lipofectin (Bethesda Research
Laboratories). Transfected cells were infected 16 h later with vA35K/lacZ (MOI
of 0.5). Extracellular virus was harvested 3 days later and quantified by plaque
assay using SF21 cells and 100 pg of X-Gal (5-bromo-4-chloro-3-indolyl-B-p-
galactopyranoside) per ml of agarose overlay. Low-molecular-weight DNA was
isolated from SF21 cells, combined with any associated apoptotic bodies, and
subjected to agarose gel electrophoresis (18). Intracellular B-galactosidase activ-
ity was determined as described previously (17).

Immunoblot analysis. Immunoblots of freeze-thaw or total cell lysates were
incubated for 1 h with a 1:2,500 to 1:10,000 dilution of a-P35NF polyclonal
antisera, followed by a 1:2,500 to 1:10,000 dilution of goat anti-rabbit immuno-
globulin G (IgG) (Pierce) conjugated to alkaline phosphatase. a-P35NF was
derived from P35 residues 43 to 132 synthesized as a TrpE fusion protein in
Escherichia coli (17). HA epitope-containing P35 was detected by using a 1:1,000
dilution of HA-specific 12CA5 mouse monoclonal antibody (BAbCO) and a
1:10,000 dilution of goat anti-mouse IgG (Jackson ImmunoResearch Laborato-
ries, Inc.) conjugated to alkaline phosphatase. Color development was as de-
scribed previously (18).

Pulse-chase and immunoprecipitation analyses. The growth medium from
SF21 cells infected 12 h previously (MOI of 20) was replaced with phosphate-
buffered saline containing 200 wCi of Tran®*S-Label (>1,000 Ci/mmol; ICN
Biomedicals, Incorp.) per ml. After 30 min, the radiolabel was replaced with
medium containing a 50-fold excess of unlabelled methionine and cysteine. Cells
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were collected, washed, and suspended in lysis buffer (50 mM Tris [pH 8.0], 50
mM KCI, 0.2% Nonidet P-40). After 30 min on ice, the resulting lysates were
clarified by centrifugation (14,000 X g) and frozen. For immunoprecipitations,
cell lysates were diluted 1:10 with buffer 10 (60 mM Tris [pH 7.4], 50 mM KCl,
2 mM benzamidine, 0.2% Triton X-100), and incubated with 12CAS5 serum for
2 h at 6°C. The immune complexes were collected with protein A-Sepharose
beads, washed three times with buffer 10, and eluted by boiling in 1% sodium
dodecyl sulfate (SDS)-2.5% B-mercaptoethanol. Immunoprecipitated proteins
were subjected to SDS-polyacrylamide gel electrophoresis and fluorography
(En*Hance; DuPont).

Protease expression. To prepare Sf protease-containing extracts, SF21 cells
were collected 24 h after infection and suspended in a solution of 10 mM HEPES
(N-2-hydroxyethylpiperazine-N’-2-ethanesulfonic acid) (pH 7.0), 0.1% CHAPS
{3-[(3-cholamidopropyl)-dimethyl -ammonia] - 1 - propanesulfonate}, 5 mM di-
thiothreitol, and 2 mM EDTA that contained protease inhibitor cocktail (Pharm-
ingen). After one freeze-thaw cycle, the cells were subjected to Dounce homog-
enization. Cell lysates were clarified by centrifugation (150,000 X g) for 2 h and
stored at —80°C. Recombinant human CPP32 (hCPP32) and mouse ICE (mICE)
were expressed in E. coli BL21(DE3) by using plasmid pET3a or pET-21b
(Novagen) containing NdeI-BamHI and BamHI-Xhol fragments of the mICE or
hCPP32 cDNA, respectively. E. coli cultures at an optical density at 600 nm of 1.0
were induced by IPTG (isopropyl-B-p-thiogalactopyranoside) (1 mM final con-
centration) and shaken for 3 h at 25°C. Cells were collected and suspended in
ice-cold 50 mM Tris (pH 8.0)-5 mM EDTA-50 mM KCI. After sonication, the
lysate was clarified by centrifugation (30,000 X g) for 30 min (4°C) and stored.
mICE and hCPP32 concentrations were determined by stoichiometric titration
with Ac-YVAD-chloromethylketone and Ac-DEVD-CHO, respectively (30).

IVT P35 cleavage assays. The SP6 promoter-containing plasmid pSP35K was
generated by inserting a 1,096-bp Nrul-EcoRI p35 fragment into Hincll and
EcoRlI sites of pSP64 (Promega Corp.). p35 mutations D84A, D87A, and HI0A-
D91A were introduced by subcloning. Coupled transcription-translation reac-
tions were conducted by using rabbit reticulocyte lysates and Tran>S-Label as
specified by the manufacturer of the TNT system (Promega Corp.). Protease-
containing cell extracts were incubated for 30 min with or without inhibitors and
then mixed with radiolabeled in vitro-translated (IVT) P35 (0.5 wl); inhibitors
included aprotinin (2 pg/ml), leupeptin (100 pM), pepstatin A (1 M), E64 (100
wM), EDTA (5 mM), iodoacetate (1 wM), phenylmethylsulfonyl fluoride (1
wM), and the acetyl-tetrapeptides Ac-DEVD-CHO and Ac-YVAD-CHO (10
wM). All reaction mixtures (20 pl) contained 100 mM HEPES (pH 7.5), 2 mM
dithiothreitol, 0.1% CHAPS, and 10% sucrose. After a 2-h incubation (30°C),
the reactions were terminated by boiling and mixtures were subjected to elec-
trophoresis on 5 to 20% polyacrylamide gradient gels and fluorography.

Purification of recombinant P35-His, and protease inhibition assays. p35 was
inserted into Ndel and Notl sites of pET-22b(+) to generate plasmid pP35-
C(Hisg); all mutations were introduced by subcloning. Overexpression in E. coli
strain BL21(DE3) yielded protein P35-His, with a C-terminal extension
(ALEHy). E. coli extracts were mixed with Ni?*-charged His-Bind resin (No-
vagen) in binding buffer (20 mM Tris [pH 7.9], 5 mM imidazole, 0.5 M NaCl).
The resin was washed with 30 mM imidazole-containing binding buffer and
bound protein was eluted with an equal volume of 100 mM imidazole-containing
binding buffer. After dialysis into phosphate-buffered saline, concentrations were
determined by the bicinchoninic acid method (Pierce) for wild-type (1.75 mg/ml)
and D87A (0.71 mg/ml)-, D84A (1.1 mg/ml)-, and H90A-D91A (1.3 mg/ml)-
mutated P35-His, proteins. The resulting P35-His, proteins were >95% pure, as
judged by polyacrylamide gel electrophoresis.

For protease inhibition assays, serial dilutions of P35-His, in 50 wl of assay
buffer (25 mM HEPES [pH 7.5], 1 mM EDTA, 2 mM dithiothreitol, 0.1%
CHAPS, 10% sucrose) were mixed with an equal volume of protease-containing
assay buffer. After 30 min at room temperature, a 20 uM stock of the acetyl-
tetrapeptide amino-4-methylcoumarin substrate Ac-DEVD-amc or Ac-YVAD-
amc in assay buffer was added, giving a final substrate concentration of 10 pM.
Fluorescent product accumulation (excitation, 360 nm; emission, 460 nm) was
measured in a Cytofluor II plate reader (Millipore Corp.). Fifty percent inhibi-
tory concentrations (ICsys) were calculated by using single time point measure-
ments taken during linear product release within the first 10% of each reaction.

RESULTS

P35 contains multiple functional domains. P35 bears no
obvious sequence similarity to known death regulators. Thus,
to identify protein domains required for suppression of apo-
ptosis in invertebrate cells, we first constructed a series of
in-frame, two-codon (Ala-Ser) insertions throughout p35. An
effort was made to target those residues within or near do-
mains predicted by computer algorithm to form regions of
secondary structure. The effect of these mutations on p35’s
capacity to restore replication of an AcMNPV p35 null mutant
by blocking virus-induced apoptosis was measured by marker
rescue. In this assay, genomic integration of functional p35
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FIG. 1. Marker rescue analysis of p35 mutations. (A) Ala-Ser insertions (in).
Vertical bars above or below P35 (open box) denote Ala-Ser insertions, desig-
nated by the position of the amino acid preceding the insertion. Mutations were
assayed by marker rescue in which the replication of p35-deletion mutant vA35K/
lacZ was restored upon integration of a functional copy of p35. Yields of rescued,
lacZ-expressing (p35") virus were measured by plaque assay using apoptosis-
sensitive SF21 cells. Vertical bars below P35 depict insertions that caused loss of
function (—), defined as <500 blue PFU recovered per ml, whereas bars above
P35 depict insertions that had no effect (+), defined as >37,000 blue PFU per
ml. Charged regions CHR1, CHR2, and CHR3 (shaded boxes) are shown with
acidic (down) or basic (up) residues as thin lines. (B) ca mutations. Each sub-
stitution (overlined) is designated by the position of the first altered residue.
Mutations that caused p35 loss of function as determined by marker rescue (<10
blue PFU per ml) are indicated by the “(—)”, whereas mutations that had no
effect (>37,000 blue PFU per ml) are indicated by the “(+)”. CHR1, CHR2, and
CHR3 are underlined.

plasmids restored replication of the AcMNPV p35 deletion
mutant vA35K/lacZ (17), as indicated by the appearance of
lacZ-expressing, blue viral plaques upon infection of apoptosis-
sensitive SF21 cells. Transfection of plasmids containing wild-
type p35 typically yielded 30,000 to 70,000 rescued plaques per
ml of growth medium, whereas plasmids lacking p35 yielded
fewer than 10 plaques per ml.

Eleven of eighteen Ala-Ser insertions caused p35 loss of
function (Fig. 1A). Only seven insertions, all within the C-
terminal half of P35, had no effect compared with that of
wild-type p35. None of the insertions had an intermediate
rescue phenotype, since there was at least a 750-fold difference
in the yield of virus obtained by using functional p35 compared
with nonfunctional p35. Two Ala-Ser insertions (in278 and
in290) near the C terminus caused loss of function, confirming
the importance of this region for P35 function (17). Most
notable was the overall sensitivity of the N-terminal half of P35
to insertional mutagenesis, where eight of nine mutations in
the first 152 residues caused loss of function.

To further define functional domains within the N-terminal
half of P35, we constructed a series of clustered ca mutations
in which acidic and basic residues were substituted with Ala
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FIG. 2. Suppression of virus-induced apoptosis by AcMNPV p35 mutants.
(A) Gene organization of p35 mutants. For all viral mutants, p35 (shaded arrow)
under control of its own promoter (open box) and the adjacent lacZ reporter
gene were inserted at the polyhedrin locus of a p35-deletion mutant vA35K (17);
lacZ expression was directed by the very late polyhedrin promoter (polh prm).
Restriction site abbreviations: H, HindIII; M, Miul; N, Nrul; R, EcoRI; Sp, Spel.
(B) p35-mutant-induced intracellular DNA fragmentation. Low-molecular-
weight DNA was extracted from SF21 cells and associated apoptotic bodies 34 h
after infection with viruses containing the indicated p35 mutations and subjected
to agarose gel electrophoresis in the presence of ethidium bromide. DNA from
cells infected with wild-type p35-containing vA35K/lacZ/35K* (WT) or p35-
deletion mutant vA35K/lacZ (A35K) was included, along with DNA molecular
weight (MW) markers. (C) Intracellular P35 accumulation. TN368 and SF21
cells were harvested 24 h after infection with viruses containing the indicated p35
mutations. SDS-cell lysates (4 X 10° cell equivalents per lane) were subjected to
gel electrophoresis and immunoblot analysis by using a-P35NF serum.

(Fig. 1B). Since clusters of charged residues often reside on the
solvent-exposed surface of the protein, it was presumed that
replacement of such residues would disrupt electrostatic inter-
actions with other proteins while having a minimal effect on
protein stability. Thus, three charged regions, CHR1, CHR2,
and CHR3, within the N-terminal half of P35 were targeted
(Fig. 1B). As determined by marker rescue, charged-to-alanine
mutations cal7 and ca26 within CHR1, and ca79 within CHR2,
caused p35 loss of function. In contrast, mutations ca58, ca64,
ca70, ca90, and ca97 within CHR2, and all CHR3 mutations
(call2, cal26, and cal43), had no effect on p35 function. Thus,
charged residues within CHR1 and CHR2, but not CHR3,
were critical for P35 function.

p35 marker rescue loss-of-function mutations fail to block
apoptosis. To assess the nature of the p35 defects, we con-
structed AcMNPV recombinants in which mutated forms of
p35 were introduced along with the lacZ reporter gene into the
genome of a p35-deletion mutant (Fig. 2A). Such recombi-
nants provided an effective means for discerning effects on P35
function and stability. Since AcMNPV-induced apoptosis of
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TABLE 1. B-Galactosidase activity of AcMNPV recombinants
expressing mutated p35

B-Galactosidase activity

(A420/min/10° cells)” SF/TN activity”

Virus

(%)
SF21 TN368
Wild-type p35 38.7+4.7 60.0 = 4.8 100
p35~ 0.040 629 = 7.6 0.09
in28 0.031 528 6.8 0.08
in83 0.083 51318 0.24
in130 0.024 427 *6.1 0.09
in145 26.0 £ 14 59.6 = 10 66
in197 0.033 50.7 £ 8.5 0.10
in240 27.0 =13 68.2 =13 61
in290 0.072 719 £ 7.8 0.15
cal7 0.041 184 =13 0.03
ca26 0.034 378 £173 0.14
ca64 39.6 £ 9.5 304 9.9 200
ca79 0.038 35177 0.17

¢ Intracellular B-galactosidase activity was determined 48 h after infection
(MOI of 5). Values shown are averages (* standard deviations) from infections
performed in triplicate by using two independently isolated AcMNPV recombi-
nants as indicated.

? The SF/TN activity ratio was calculated by normalizing the ratio of B-galac-
tosidase activity in SF21 cells relative to TN368 cells for a particular virus to that
obtained in cells infected with wild-type p35-containing virus vA35K/lacZ/35K™.

SF21 cells is characterized by intracellular DNA fragmentation
accompanied by membrane blebbing and cytolysis (6, 17), the
ability of each mutant to suppress apoptosis was first assessed
by measuring the level of intracellular DNA fragmentation
(Fig. 2B). Each of the marker rescue loss-of-function muta-
tions tested (in28, in83, in130, in197, in290, cal7, ca26, and
ca79) failed to suppress virus-induced DNA fragmentation.
Low-molecular-weight DNA levels in cells infected by these
p35 mutants were comparable to that in cells infected by p35-
deletion mutant vA35K/lacZ (Fig. 2B, lane 3). In contrast,
mutations that had no effect on p35 function (in145, in240, and
ca64) suppressed DNA fragmentation as effectively as wild-
type p35-containing vA35K/lacZ/35K™" (Fig. 2B, lane 2).

All p35 mutants defective for apoptotic suppression failed to
support virus late gene expression. Expression of lacZ under
control of the very late polyhedrin promoter (Fig. 2A) was
used as an indicator of p35 function, since very late gene
expression is restricted in SF21 cells but not apoptosis-resistant
TN368 cells infected with p35 null mutants (13). All mutations
that were functional by marker rescue produced -galactosi-
dase at levels comparable to that of wild-type p35 (Table 1).
The p35 loss-of-function mutants tested produced little or no
B-galactosidase in SF21 cells but produced normal levels in
TN368 cells (SF21/TN368 ratios ranging from of 0.03 to
0.24%). None of the p35 mutations that exhibited wild-type
antiapoptotic activity were defective for late gene expression or
virus replication. This finding is consistent with the hypothesis
that suppression of apoptosis is p35’s primary function during
infection.

In some cases, p35 loss-of-function mutations affected the in
vivo stability of P35. As determined by immunoblot assays (Fig.
2C), viruses expressing functional p35 (in145, in240, and ca64)
produced steady-state levels of P35 comparable to that of wild-
type P35, in both TN368 and SF21 cell lines. In contrast, little,
if any P35 was detected in SF21 cells infected with loss-of-
function mutants in28, in130, in197, in290, cal7, and ca26 (Fig.
2C). Lack of P35 detection was likely due to the absence of
protein and not to diminished recognition by a-P35NF anti-
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serum, which was generated against P35 residues 43 to 132
(18). Although the mutated P35s were detected in nonapop-
totic TN368 cells, accumulation was reduced. However, the
near-wild-type accumulation of loss-of-function mutations in83
and ca79 in TN368 cells (Fig. 2C, lanes 4 and 13) suggested
that these CHR2 residues have little effect on P35 stability.

P35 is proteolytically cleaved within CHR2 during infection.
The overall sensitivity of CHR1 and CHR?2 to mutagenesis was
consistent with a role of the N terminus of P35 in mediating
protein-protein interactions required for function. To examine
these interactions in infected cells, we first epitope-tagged P35
at a position distal to the N-terminal charged domains (Fig.
3A) and constructed AcMNPV recombinants. As predicted
from Ala-Ser mutagenesis (Fig. 1A), insertion of the influenza
HA epitope at residue 174 or 205 had a minimal effect on P35
function as judged by the capacity of P3574174 and P35742% to
block apoptosis (see below). By using HA-specific monoclonal
serum, immunoblots of intracellular proteins from recombi-
nant virus-infected cells revealed full-length P3542%° (~40
kDa) and a predominant, smaller (~29 kDa) HA-tagged pro-
tein (Fig. 3B). Whereas P35742% appeared by 4 h and accu-
mulated through 24 h after infection, the 29-kDa protein did
not appear until 10 h. The later appearance and parallel accu-
mulation of the smaller protein suggested that it was derived by
proteolytic cleavage of full-length P35.

Pulse-chase analyses conducted during the peak of P35 syn-
thesis (12 h after infection) demonstrated that P35 was cleaved
to produce the smaller fragment (Fig. 3C). Immunoprecipi-
table P35"417* and P35"42% decreased during the 9-h chase,
whereas the corresponding HA-cleavage fragment increased
concomitantly; the electrophoretic mobility of HA-tagged pro-
teins and their respective cleavage fragment varied, depending
on the location of the epitope. Full-length P35"4'7* disap-
peared during the chase, exhibiting a half-life of 1 h or less.
Although P35%4295 may have a similar half-life, its turnover
was obscured by a comigrating protein (Fig. 3C, lanes 8 to 13)
that accumulated during the chase; the origin of this protein is
unknown. On the basis of the size of the largest fragment and
the position of the HA epitope, P35 was proteolytically cleaved
within CHR2. The untagged 10-kDa sister fragment derived
from the N terminus was not detected (see below). Moreover,
the polyclonal antiserum o-P35NF failed to detect either P35
fragment, suggesting that P35 cleavage is accompanied by a
change in protein conformation.

Asp-87 is required for P35 cleavage and suppression of
virus-induced apoptosis. The finding that P35 is cleaved during
infection indicated that P35 can function as a substrate in vivo.
Since recombinant CED-3/ICE proteases cleave P35 at Asp-
87-Gly-88 (3, 46), we replaced Asp-87 with Ala (D87A) (Fig.
4A) to verify cleavage at the P, position and to determine the
significance of cleavage with respect to P35 antiapoptotic ac-
tivity. An AcMNPV recombinant (ca87"*) in which D87A was
inserted within HA205-tagged p35 was constructed. Whereas
cleavage of wild-type P35H42% was readily detected in SF21
cells (Fig. 4B, lanes 1 to 4), D87A abolished cleavage (lane 6).
Accumulation of intracellular P35(D87A) was reduced approx-
imately 20-fold relative to wild-type P35; this reduction was
attributed to premature, apoptotic death of ca87"'*-infected
cells since mutant and wild-type protein levels were indistin-
guishable in infected, nonapoptotic TN368 cells (data not
shown). The elimination of P35(D87A) cleavage was accom-
panied by loss of P35 antiapoptotic activity, since marker res-
cue assays demonstrated that P,(D87A)-substituted p35 was
nonfunctional (Fig. 4A). Moreover, infection assays using mu-
tant ca87" indicated that P35(D87A) failed to suppress DNA
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FIG. 3. Proteolytic cleavage of P35 during baculovirus infection. (A) P3574 of AcMNPV recombinants. The nine-residue HA epitope was introduced into P35 (open
box) at residue 174 or 205. The vertical arrow denotes the site of P35 cleavage within CHR2, generating ~10- and ~25-kDa fragments. (B) Immunoblot analysis of
intracellular P35. SF21 cells were harvested at the indicated times (h) after infection with vA35K/lacZ/p35142%, SDS-cell lysates (5 X 10° cell equivalents per lane)
were subjected to immunoblot analysis by using HA-specific 12CAS5 monoclonal serum. Uncleaved P35742% and the cleaved HA-containing 29-kDa fragment () are
indicated. The positions of molecular size standards (in kilodaltons) are shown. (C) Pulse-chase analysis. SF21 cells were radiolabeled for 30 min with Tran>>S-Label
12 h after infection with vA35K/lacZ/p35T42% (lanes 2 to 7) or vA35K/lacZ/p351417# (lanes 8 to 13). Cell lysates were prepared at the indicated times (h) during the
chase period, immunoprecipitated (5 X 10° cell equivalents) by using 12CAS serum, and subjected to polyacrylamide gel electrophoresis and fluorography. Mock-
infected (mi) SF21 cells were analyzed similarly (lane 1). Uncleaved P35H4205 and P35HA174) the largest HA-containing P35 cleavage product (x), and the
larger-than-P35 protein (diamond) are indicated. Molecular size standards (in kilodaltons) are on the left.

fragmentation and membrane blebbing, which were compara-
ble to that of p35-deletion mutant vA35K/lacZ (Fig. 4C).
Asp-84 is required for P35 apoptotic suppression but not
proteolytic cleavage. Since the P, residue at the cleavage site
can also affect substrate proteolysis by ICE (reviewed in ref-
erence 41), P35 Asp-84 was replaced with Ala and introduced
into an AcMNPV recombinant (ca84™%). Cleavage of
P35(D84A) was readily detected in infected cells (Fig. 4B, lane
7). Accumulation of P35(D84A) was reduced in apoptotic
SF21 cells but not in nonapoptotic TN368 cells (data not
shown), suggesting that Asp-84 had little effect on P35 stability.
Despite its cleavage, P35(D84A) failed to prevent virus-in-
duced apoptosis, as indicated by marker rescue and indepen-

dent assays with mutant ca84™* (Fig. 4A and C). Constructed
p35 mutant ca79™ in which residues 79 to 81 were replaced
with alanines (Fig. 4A) also failed to prevent apoptosis (Fig.
4C), even though cleavage of intracellular P35(ca79™) was
detected (Fig. 4B, lane 8). Accumulation of P35(ca79) was also
reduced in apoptotic SF21 but not in TN368 cells (Fig. 2C).
These data indicated that residues N terminal to the P35 scis-
sile bond affect antiapoptotic activity, despite P35 cleavage.
Wild-type P35, but not P,-mutated P35, is a substrate for a
virus-induced CED-3/ICE-like protease. The Asp-87 depen-
dency of P35 cleavage suggested that baculovirus infection
directly or indirectly activates a CED-3/ICE-related protease.
To test this possibility, cytosolic extracts were prepared from



6256 BERTIN ET AL.

A P4 P1

+) *) o B I o B G
ca 64 70 79 84 87 90

o NLlﬁIKSKVDEQFDQLm\rSBQMBGF%91

DKIDG BmNPV
D EVD‘G PARP
YVA D‘G IL-1B

B C oF

p35HA ;\g X F My A FE P
% O .
> & A
B% Yoo AF & & 2686-

1444-
'. - - - e  |«—P35 736

-k
|
1 234567 8

FIG. 4. Role of Asp-87 and Asp-84 in P35 cleavage and apoptotic suppres-
sion. (A) ca mutagenesis. The indicated alanine substitutions (overlined) were
assayed by marker rescue and scored as functional [(+)] or loss of function [(—)],
as described in the legend to Fig. 1. P, to P,’ residues of P35 from Bombyx mori
nuclear polyhedrosis virus (BmNPV) (20), poly(ADP-ribose) polymerase
(PARP) (24), and pro-interleukin-18 (IL-1B) (41) are also shown; cleavage
occurs between Asp (P;) and Gly (P,"). (B) P35 proteolytic cleavage. Lysates
(5 X 10° cell equivalents) from SF21 cells 24 h after infection with viruses
expressing the indicated mutations of p35H42%% (lanes 6 to 8) or vA35K/lacZ
(lane 5) were subjected to immunoblot analysis using HA-specific 12CA5 serum.
Serial twofold dilutions of wild-type P35"42%_containing lysate were included
(lanes 1 to 4). *, largest HA-containing P35 cleavage product. (C) Intracellular
DNA fragmentation. Low-molecular-weight DNA was extracted from SF21 cells
24 h after infection with vA35K/lacZ/35K* (P35), vA35K/lacZ/p35HA205
(P35M4), vA35K/lacZ (A), or viruses containing the indicated p35H74205 muta-
tions and analyzed as described in the legend to Fig. 2B. MW, molecular weight
standards.

apoptotic SF21 cells infected with the p35 null mutant vA35K.
Incubation of these extracts with IVT wild-type P35 yielded 10-
and 25-kDa fragments (Fig. SA), indicative of cleavage at Asp-
87-Gly-88 (3, 46). Due to its fivefold higher methionine con-
tent, the 10-kDa fragment exhibited greater radiolabeling than
the 25-kDa fragment. Indicating the requirement for P35 Asp-
87, the virus-induced SF21 protease activity (Sf protease)
cleaved P,(D84A)- and P;'(H90A-D91A)-mutated P35 but not
P,(D87A)-mutated P35 (Fig. 5A). IVT P35 was cleaved simi-
larly by recombinant hCPP32 and mICE (Fig. 5B and C). Since
P,-mutated P35 was resistant to cleavage but P,- and P;'-
mutated P35 were not, these ICE-related proteases exhibited a
P35 substrate specificity similar to that of the Sf protease.
The appearance of the Sf protease activity was correlated
with apoptosis since this IVT P35-cleaving activity was only
detected in extracts from SF21 cells infected with p35 null
mutants, not from mock-infected or wild-type p35 virus-in-
fected cells (Fig. 6, lanes 1 to 3). An identical proteolytic
activity was detected in extracts of SF21 cells induced to un-
dergo apoptosis by exposure to the transcription inhibitor ac-
tinomycin D (22a). These findings suggested that the Sf pro-
tease is host encoded and is activated upon apoptotic signaling.
To characterize the mechanistic properties of the virus-in-
duced Sf protease, various inhibitors were tested. Serine-, me-
tallo-, and aspartic-protease inhibitors failed to block cleavage
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FIG. 5. Cleavage of IVT P35 by ICE-related proteases. [>>S]Met-Cys-labeled
wild-type (wt) P35 or P35 that contained D87A (P,), D84A (P,), or HO0A-D91A
(P5") mutations was mixed with (+) or without (—) cytosolic extracts of apoptotic
vA35K-infected SF21 cells (A) or with E. coli extracts containing either hCPP32
(B) or mICE (C). Where indicated, the tetrapeptide aldehyde inhibitor (inh)
acetyl- DEVD-CHO was included in reactions with hCPP32 and SF21 extracts,
while acetyl-YVAD-CHO was included with mICE. After 2 h, the reactions were
terminated and subjected to polyacrylamide gel electrophoresis and fluorogra-
phy. Full-length P35 and the 25-kDa (*) and 10-kDa (+") cleavage fragments are
indicated.

of IVT P35 by the Sf protease activity (Fig. 6, lanes 4 to 8). The
alkylating agent iodoacetate, but not the cysteine protease
inhibitor E64, blocked cleavage (lanes 9 and 10). The tetrapep-
tide aldehyde Ac-DEVD-CHO, a potent inhibitor of CPP32
and MCH3 (11, 29), also inhibited cleavage (lane 11). In con-
trast, the ICE-selective inhibitor Ac-YVAD-CHO (41) had
little effect at comparable concentrations (lane 12). Instead,
Ac-YVAD-CHO blocked IVT P35 cleavage by mICE (Fig.
5C). Cleavage of IVT P35 by hCPP32 exhibited a quantitatively
similar sensitivity to Ac-DEVD-CHO and reduced sensitivity
to Ac-YVAD-CHO (Fig. 5B and data not shown). Collectively,
these findings indicated that the apoptosis-associated Sf pro-
tease activity involved an invertebrate member of the CED-3/
ICE family of proteases with a substrate specificity more
closely resembling that of CPP32 and MCH3 than ICE.
Recombinant P35-His, inhibits virus-induced Sf and mam-
malian ICE-related proteases. The cleavage of de novo-syn-
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FIG. 6. Inhibition of P35 cleavage activity from apoptotic SF21 cells. Cyto-
solic extracts prepared from cells that were mock infected (mi) or infected with
wild-type (wt) or p35 deletion (vA35K) viruses were incubated alone (—) or in
the presence of the indicated inhibitor for 15 min and then mixed with IVT P35.
After 2 h, the reactions were subjected to gel electrophoresis and fluorography.
Full-length P35 and the larger, 25-kDa cleavage fragment () are indicated.
PMSF, phenylmethylsulfonyl fluoride.

thesized P35 by a baculovirus-induced CED-3/ICE-like activity
suggested that P35 prevents host cell apoptosis by protease
inhibition. Thus, the abilities of wild-type and mutated P35 to
inhibit the Sf protease were determined. P35 was Hisq-tagged
at its C terminus (P35-Hisg), overexpressed in E. coli, and
isolated by nickel chelate affinity chromatography (Fig. 7A).
Marker rescue assays and constructed AcMNPV recombinants
demonstrated that P35-His, suppressed virus-induced apopto-
sis (data not shown). In in vitro assays using the tetrapeptide
DEVD-amc as substrate, Sf protease activity was inhibited by
wild-type P35-Hisq in a dose-dependent manner (Fig. 7B).
Inhibition by functional P;'(H90A-D91A)-mutated P35-His,
paralleled that of wild-type P35-His,. In contrast, loss-of-func-
tion P,(D87A)-mutated P35-His, failed to inhibit Sf protease
activity. Likewise, the protease inhibitory activity of P,(D84A)-
mutated P35-His, was diminished ~10,000-fold compared with
wild-type P35-Hisq (Fig. 7B). P,(D87A)- and P,(D84A)-mu-
tated P35-His, exhibited ICs,s of greater than 1,000 nM,
whereas the IC, of wild-type P35-Hisg was 70 pM (Table 2).
Thus, the inability of P;- and P,-mutated P35 to inhibit Sf
protease activity correlated with loss of P35 antiapoptotic ac-
tivity.

P35-His, was also a potent in vitro inhibitor of tetrapeptide
cleavage by recombinant hCPP32 and mICE, exhibiting ICs,s
of 26 pM and 1.14 nM, respectively (Table 2). The capacity of
P35-His, to inhibit 50% of the activity of hCPP32 and mICE at
concentrations about half that of each protease indicated that
a near-equimolar ratio of P35 to protease was sufficient for
complete inhibition, confirming previous studies (3). As ex-
pected, P,(D87A)-mutated P35-His, failed to inhibit hCPP32
and mICE (Table 2). However, in contrast to Sf protease
activity, P,(D84A)-mutated P35-Hisq was as effective in inhib-
iting hCPP32 and mICE (80 pM and 1.4 nM ICsgs, respec-
tively) as was wild-type P35-Hiss. Thus, the inhibition of
hCPP32 and mICE by P,(D87A)-mutated P35 distinguishes
these vertebrate proteases from the baculovirus-induced Sf
CED-3/ICE-like protease.

DISCUSSION

To investigate the mechanism by which P35 suppresses pro-
grammed cell death, we have identified protein domains re-
quired for P35 antiapoptotic activity in virus-infected cells, the
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FIG. 7. P35-His, inhibition of virus-induced Sf CED-3/ICE-like protease.
(A) Recombinant P35-His,. After Ni** chelate chromatographic purification,
wild-type (wt) and D87A-, D84A-, and H90A-D91A-mutated P35-His, were
subjected to 14% polyacrylamide gel electrophoresis and stained with Coomassie
brilliant blue. Molecular weight markers (M,) are indicated. (B) P35-His, inhi-
bition of Sf protease activity. Apoptotic extracts of vA35K-infected SF21 cells
were preincubated with the indicated concentrations of wild-type (wt, closed
triangles) and D87A-, D84A-, and H90A-D91A-mutated P35-His, and then
assayed for protease activity using the tetrapeptide substrate DEVD-amc. Values
are averages (*+ standard deviation) of duplicate determinations conducted in
parallel and are expressed as a percentage of total protease activity. A single
representative experiment is shown.

function for which this baculovirus-encoded protein evolved.
Since P35 prevents apoptosis induced by multiple signals in
diverse organisms, it was expected that it targets a highly con-
served step in the death pathway. We report here that P35
interacts with a novel CED-3/ICE-like protease (Sf protease)
induced during baculovirus infection of S. frugiperda cells. As a
consequence of this interaction, P35 is cleaved at or near the
sequence DQMD-87G and inhibits the host protease activity.
The P35 cleavage site substitution D87A eliminated in vivo and
in vitro cleavage of P35, abolished P35-His, inhibition of the Sf
protease, and caused loss of antiapoptotic activity. Thus, P35
interaction with and cleavage by the virus-induced CED-3/
ICE-like Sf protease are required for suppression of virus-
induced apoptosis. Collectively, our findings confirmed the
CED-3/ICE protease inhibitory properties of P35 (3, 46) and
support the hypothesis that P35 prevents programmed cell
death in diverse organisms by inhibiting the CED-3/ICE-re-
lated proteases (Fig. 8). The effectiveness of P35 as a general
apoptotic suppressor is therefore indicative of the critical role
these proteases have in the cell death program.
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TABLE 2. P35-His, ICss for inhibition of Sf protease, recombinant
hCPP32, and mICE*

P35-His, ICs, (nM)

Protease Substrate
WT D87A D84A H90A-D91A
Sf protease DEVD-amc 0.07 >1,000 >1,000 0.10
hCPP32 DEVD-amc 0.03 >1,000 0.08 0.04
mICE YVAD-amc 1.14 >1,000 1.56 1.40

“ Apoptotic extracts of vA35K-infected cells containing Sf protease or E. coli
lysates containing recombinant hCPP32 (40 pM) or mICE (1.2 nM) were pre-
incubated with increasing concentrations of wild-type (WT) or D87A-, D84A-, or
HO90A-D91A-mutated P35-Hisq. Protease activity was measured by using tet-
rapeptide substrate DEVD-amc or YVAD-amc. Values are the averages of
duplicate (Sf protease) or triplicate (hCPP32 and mICE) determinations con-
ducted in parallel and are expressed as the P35-Hiss concentration required for
50% inhibition of protease activity. The ranges and standard deviations were less
than 10% of the measured values.

Viral induction of a CED-3/ICE-like protease. Although
full-length P35 was synthesized early in infection, P35 cleavage
was not detected until apoptotic signs (blebbing and DNA
fragmentation) appeared later in cells infected with p35 null
mutants (Fig. 3B). This finding was consistent with P35 inter-
action with the CED-3/ICE-like Sf protease that is activated
after the initiation of virus infection. Indeed, Sf protease ac-
tivity was detected only in SF21 cells induced to undergo ap-
optosis by virus infection or actinomycin D treatment (Fig. 6
and data not shown). As expected for a CED-3/ICE-related
protease, the Sf protease cleaved P35 in an Asp-87-dependent
manner (Fig. 4 and 5) that was blocked by ICE-specific inhib-
itors (Fig. 6). Selective inhibition by the tetrapeptide DEVD-
CHO, but not YVAD-CHO (Fig. 6), suggested that substrate
specificity of the Sf protease more closely resembles that of
CPP32 and MCH3 than that of ICE (11, 29). Nonetheless, the
virus-induced Sf protease was distinct from the recombinant
mammalian proteases on the basis of its resistance to inhibition
by D84A-substituted P35-Hisg (Table 2). The identification of
a baculovirus-induced CED-3/ICE-like protease activity in in-
sect cells, combined with the finding that P35 is a potent in-
hibitor of this Sf protease activity, supports the conclusion that
host cell apoptosis is due to viral induction of a death protease.
As such, our data provide direct evidence that an animal virus
can directly or indirectly activate a CED-3/ICE-like protease
that is subsequently inhibited by direct interaction with a virus-
encoded protein. The apoptotic signals induced by infection
must therefore lie upstream from the step involving these pro-
teases in the death pathway (Fig. 8). The molecular nature of
the baculovirus-specific signals remains to be determined.

Mechanism of P35 interaction and inhibition of CED-3/

Cell Death Signals P3 5
| Virus 1
infection
TNF \\\_ %ent:sl CEDt-S/ICE Apoptotic
Fas —7, o8 prolease Death
/ Signal activity
DNA
damage -[
CrmA

FIG. 8. Model for virus induction of the programmed cell death pathway.
Diverse signals, including virus infection, tumor necrosis factor (TNF), Fas, or
DNA damage, lead to the induction of a centralized cell death signal that in turn
causes activation of the CED-3/ICE-related death proteases. Baculovirus P35 or
cowpox virus CrmA prevent apoptotic death at a common step by inhibiting
either proenzyme activation or the activity of CED-3/ICE-related cysteine pro-
teases.
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ICE-like proteases. Our study and those of others (3, 46)
indicate that P35 is both a substrate and an inhibitor of CED-
3/ICE family proteases. Complete protease inhibition was
achieved by a near-equimolar ratio of purified P35 to hCPP32,
mICE, hICE, ICH-1, and ICH-2 (Table 2) (3). The direct
correlation between P35 cleavage, protease inhibition, and an-
tiapoptotic function as demonstrated here is consistent with a
model wherein CED-3/ICE protease inhibition is mediated by
P35 cleavage products (3). The observation that P35 cleavage
products are capable of forming stable complexes with human
ICE (3) raises the possibility that P35 inhibition involves a
cleavage product-inhibited enzyme complex analogous to that
formed during protease inhibition by the serpins (reviewed in
reference 31). Nonetheless, P35 bears no sequence similarity
to any known serpin.

As expected for proteases with Asp-X peptide bond speci-
ficity (41), cleavage of P35 by the Sf protease, hCPP32, mICE,
and CED-3 was abolished by Ala substitution of the P, Asp
residue (D87A) (Fig. 4 and 5) (46). The D87A substitution also
abolished the protease inhibitory activity of recombinant P35-
His, (Fig. 7). Thus, the P, Asp residue affects protease binding,
P35 cleavage, or both. Neither our data nor those of previous
studies distinguish these possibilities. Several substitutions N
terminal to the scissile bond also caused P35 loss of in vivo and
in vitro function (Fig. 4 and 7). In particular, D84A substitu-
tion of the P, Asp residue caused loss of P35 antiapoptotic
activity and reduced Sf protease inhibitory activity of P35-Hisg
more than 10,000-fold (Fig. 4; Table 2). However, unlike P;-
substituted P35, cleavage of P -substituted P35 by the Sf pro-
tease was readily detected in vivo and in vitro (Fig. 4 and 5).
This finding raises the possibility that the P, residue affects
postcleavage events required for protease inhibition, including,
for example, retention of the P35 cleavage products by the
protease complex. As such, P, substitutions could convert P35
from a substrate inhibitor to a substrate alone by allowing
cleavage product dissociation. Alternatively, since the P, resi-
due affects the substrate specificity of ICE (41), Asp-84 may
influence P35 binding to the Sf protease. Thus, despite the
detection of P35 cleavage, P, substitutions may reduce P35-
protease binding below that required for complete protease
inhibition and subsequent suppression of apoptosis. A rigorous
kinetic analysis of P35-protease interaction is required to dis-
tinguish the possible mechanistic differences between loss-of-
function mutations of P, and P,.

Multiple domains are required for P35 function. Besides
mutations at or near the CED-3/ICE-like cleavage site, we
identified other loss-of-function mutations, including several at
the N and C termini of P35 (Fig. 1). These mutations may
define residues required for pre- or postcleavage association of
P35 with its target protease. Alternatively, they may define
other protein interactions critical to P35 function or P35 sta-
bility. Of the p35 mutations tested, all loss-of-function muta-
tions caused reduced P35 accumulation in apoptotic cells (Fig.
2C). Although this reduction was due in part to decreased
protein synthesis in apoptotic cells, our data indicated that P35
stability is unusually sensitive to mutagenesis. Only loss-of-
function mutations in83 and ca79, located within or near a
predicted a-helix (residues 62 to 80) adjacent to the CED-3/
ICE-like cleavage site, had no effect on P35 accumulation, as
indicated by normal P35 levels in apoptosis-resistant TN368
cells (Fig. 2C). This domain apparently has little effect on P35
stability and may be functionally analogous to the reactive site
loop of the serpins (23, 31).

In contrast, charged-to-alanine mutations within CHR1
(cal7 and ca26) destabilized P35 in both apoptotic and non-
apoptotic cells (Fig. 2C). Both mutations are located within
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N-terminal sequences of p35/~7® which upon constitutive ex-

pression in stably transfected cells dominantly interfere with
antiapoptotic activity of wild-type p35 (4). Since p35'~7¢ may
constitute a domain(s) that mediates interaction with P35 itself
or other proteins required for P35 function, the CHR1 muta-
tions may disrupt such protein interactions. The oligomeric
state of P35 required for efficient CED-3/ICE protease inhibi-
tion and P35 stability is under investigation.
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