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ABSTRACT We have identified and characterized
CLARP, a caspase-like apoptosis-regulatory protein. Se-
quence analysis revealed that human CLARP contains two
amino-terminal death effector domains fused to a carboxyl-
terminal caspase-like domain. The structure and amino acid
sequence of CLARP resemble those of caspase-8, caspase-10,
and DCP2, a Drosophila melanogaster protein identified in this
study. Unlike caspase-8, caspase-10, and DCP2, however, two
important residues predicted to be involved in catalysis were
lost in the caspase-like domain of CLARP. Analysis with
fluorogenic substrates for caspase activity confirmed that
CLARRP is catalytically inactive. CLARP was found to interact
with caspase-8 but not with FADD/MORT-1, an upstream
death effector domain-containing protein of the Fas and
tumor necrosis factor receptor 1 signaling pathway. Expres-
sion of CLARP induced apoptosis, which was blocked by the
viral caspase inhibitor p35, dominant negative mutant
caspase-8, and the synthetic caspase inhibitor benzyloxycar-
bonyl-Val-Ala-Asp-(OMe)-fluoromethylketone (zVAD-fmk).
Moreover, CLARP augmented the killing ability of caspase-8
and FADD/MORT-1 in mammalian cells. The human clarp
gene maps to 2q33. Thus, CLARP represents a regulator of the
upstream caspase-8, which may play a role in apoptosis during
tissue development and homeostasis.

Apoptosis, a morphologically distinguished form of pro-
grammed cell death, is critical not only during development
and tissue homeostasis but also in the pathogenesis of a variety
of diseases, including cancer, autoimmune disease, viral infec-
tion, and neurodegenerative disorders (1-2). Whereas numer-
ous genes that control apoptosis have been identified and
partially characterized, the precise mechanisms by which these
genes interact to execute the apoptotic program remains
poorly understood. In mammals, a family of cysteine proteases
(designated caspases) related to the Caenorhabditis elegans
gene ced-3 appears to represent the effector arm of the
apoptotic program (3-4). The first member of the family
identified was interleukin 1B-converting enzyme (5). To date,
more than 10 caspases have been identified and partially
characterized (3). Each caspase contains characteristic con-
served sequences important for proteolytic activity and induc-
tion of apoptosis (3—4). Caspase activation is induced by a wide
array of death signals and leads to precipitous cleavage of
protein substrates and execution of the apoptotic program (1,
2).

Engagement of the surface receptors, Fas/APO-1/CD95
and tumor necrosis factor receptor 1 (TNFR-1), leads to the
activation of several caspases and apoptosis (6). Both CD95
and TNFR-1 use the adapter protein FADD/MORT-1 to link
cytoplasmic receptor sequences to the upstream FLICE/
MACH/Mch5 protease (caspase-8) and Mch4 (caspase-10)
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(7-14). Both FADD/MORT-1 and caspase-8 interact through
conserved death effector domains (DED) located in the
N-terminal region of FADD/MORT-1 and pro-domain of
caspase-8 (7, 8, 11-13). Upon binding of the corresponding
ligands, the CD95 receptor and TNFR-1 recruit caspase-8 to
the receptor signaling complex through FADD/MORT-1,
leading ultimately to activation of a cascade of caspases and
rapid demise of the cell (14). Thus, caspase-8 appears to
function as an apical caspase that links upstream death com-
ponents with downstream caspases (14). The DED domain is
not unique to FADD/MORT-1 and caspase-8 in that a group
of viruses such as equine herpesvirus type 2 and molluscum
contagiosum virus type 1 encode DED-containing viral pro-
teins that function as inhibitors of apoptosis (15-17). Thus,
DED:s function as protein-interacting modules that link com-
ponents and regulatory molecules of death signaling pathways.

Little is known about the regulation of caspases. We rea-
soned that upstream caspases such as caspase-8 could be
targets for the regulation of death signaling pathways. To
identify cellular genes that might regulate caspase activity and
apoptosis, we searched public databases for expressed se-
quence tags (ESTs) that encode proteins with homology to
caspase-8. We identified a cDNA that encodes a protein
designated CLARP (caspase-like apoptosis-regulatory pro-
tein) with significant structural and amino acid homology to
caspase-8. CLARP interacts with caspase-8 but not with
FADD/MORT-1, an adapter molecule of the CD95, TNFR-1,
and DR3 death pathways. Unlike caspase-8, CLARP is enzy-
matically inactive due to the loss of highly conserved residues
that are required for proteolytic activity. Remarkably, expres-
sion of CLARP induces apoptosis and augments the killing
activities of caspase-8 and FADD/MORT-1. These results
indicate the CLARP is a regulator of apoptosis that might
function in the CD-95, TNFR-1, and DR3 death signaling
pathways.

MATERIALS AND METHODS

Isolation of CLARP and Construction of Expression Plas-
mids. The partial nucleotide sequences of cDNAs homologous
to human caspase-8 were found in EST and sequence tagged
sites (STS) databases of GenBank using the TBLASTN program.
The entire nucleotide sequence of a cDNA containing a 2.0-kb
insert corresponding to EST clone 511600 was determined by
dideoxy sequencing. The entire ORF of CLARP was tagged at
the carboxyl terminus with FLAG sequences and cloned into
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the expression vector pcDNA3 (Invitrogen) to produce
pcDNA3-CLARP-Flag. The human caspase-8 (13) and FADD
(EST clone 526925) amino acid sequences each were fused at
the carboxyl terminus with AU1 tag sequences and cloned into
pcDNA3 to produce pcDNA3-caspase-8-AU1 and pcDNA3-
FADD-AU1, respectively. A mutation of caspase-8
(Cys377Ser) was introduced by site-directed PCR methodol-
ogy (18) and cloned into pcDNA3 to produce caspase-8-mut-
AUI1. The authenticity of all constructs was confirmed by
dideoxy sequencing. DCP2, a Drosophila melanogaster gene
homologous to caspase-8, caspase-10, and CLARP was iden-
tified by searching the invertebrate GenBank database for
caspase-8 homologues using TBLASTN. The positions of splice
junctions in DCP2 gene were calculated according to Brunak
et al. (19).

Transfection, Expression, Immunoprecipitation, and Im-
munodetection of Tagged Proteins. Human 293T cells (5 X
10%) were transfected with expression plasmids by calcium
phosphate methods as described previously (20). Briefly, 3 ug
of pcDNA3 or pcDNA3-CLARP-Flag was cotransfected with
3 ug of pcDNA3, pcDNA3-caspase-8-AU1, or pcDNA3-
FADD-AUI. The total amount of transfected plasmid DNA
was always 6 pg. After transfection, 293T cells were harvested
at different times and lysed with 0.2% Nonidet P-40 isotonic

A
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lysis buffer (21). For immunoprecipitation, 1 mg of soluble
protein was incubated with 10 ug/ml of polyclonal anti-Flag,
monoclonal anti-AU1, or control antibody overnight at 4°C,
and tagged proteins were immunoprecipitated with protein
A-Sepharose 4B (Zymed). Immunoprecipitates were sub-
jected to 12% SDS/polyacrylamide electrophoresis and im-
munoblotted with anti-Flag or anti-AU1 antibodies.
B-Galactosidase Apoptosis Assay and Nuclear Staining of
Apoptotic Cells. 293T cells (5 X 10°) were cotransfected with
0.3 g of pcDNA3-B-galactosidase plus 1 ug of each expression
plasmid in triplicate by the calcium phosphate method. MCF-7
human breast cancer cells (5 X 10°) were transfected with 0.2
png of pcDNA3-B-galactosidase plus 0 to 1 ug of each expres-
sion plasmid with Lipofectamine (GIBCO/BRL). The total
amount of transfected plasmid DNA was always 1.7 pg. In
some experiments, 20 uM of the caspase inhibitor zZVAD-fmk
[benzyloxycarbonl-Val-Ala-Asp-(OMe)-fluoromethyl-ke-
tone] (Enzyme Systems Products, Livermore, CA) was added
6 hr after transfection. At 16 and 24 hr after transfection, cells
were fixed, stained for B-galactosidase as described (22), and
assayed for morphological features of apoptosis. At least 300
blue-staining cells were counted. Staining of nuclei with
acridine orange and ethidium bromide was performed as
described previously (20). Statistical significance was deter-
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Fic. 1.

Structure, sequence, and alignment of CLARP with related proteins. (4) Schematic structure of human CLARP. DEDs and caspase-like

domain (CLD) are shown as hatched and empty boxes. (B) The amino acid sequence of CLARP is aligned with those of human caspase-8 (accession
no. 1401352), human caspase-10 (1498324), DCP-2 (U20542), E8 protein of equine herpesvirus-2 (1360817), and DED of FADD (1082361). DEDs
and CLD are shown in box I and box II, respectively. Homologous amino acid residues are highlighted with same colors; black bold for P and G
(aB breaker), blue bold for D and E (acidic residues), blue background for R, K, and H (positive charged residues), green background for W, F,
and Y (aromatic residues), and yellow background for I, L, V, A, and M (hydrophobic residues). The two essential catalytic residues are indicated
by arrows. Conserved residues among more than three proteins are indicated by stars for box II. The entire nucleotide sequence of CLARP cDNA

is available as accession no. AF005774 in GenBank.
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Fic. 2. Expression of CLARP in human tissues by Northern blot
analysis. Poly(A)* RNAs from various immune tissues were hybridized
with probe A (nucleotides 1-870) or probe B (nucleotides 870-1,435)
of the CLARP cDNA.

mined by one-way ANOVA followed by Student-Neuman-
Keuls post-hoc comparisons.

Caspase Assay with Fluorogenic Substrates. 293T cells (5 X
10) were transfected with 3 ug of pcDNA3, pcDNA3-
CLARP-Flag, or pcDNA3-Ced-3-Flag (23). At 16 hr after
transfection, cells were harvested and lysed with Nonidet P-40
buffer lacking KCI. Flag-tagged proteins were immunoprecipi-
tated with anti-Flag mAbD as described, and immune complexes
were incubated with the same buffer containing 100 uM of
acetyl-Asp-Glu-Val-Asp-AMC (DEVD-AMC) or acetyl-Tyr-
Val-Ala-Asp-AMC (Alexis, San Diego, CA) for 1 and 10 hr.
Caspase activity was measured with excitation at 360 = 40 nm
and emission at 460 = 40 nm with a fluorescence spectropho-
tometer Cytofluor 2300 (Millipore).

Northern Blot Analysis. A BamHI fragment (probe A,
nucleotides 1-870) or BamHI-EcoRI (probe B, nucleotides
870-1,435) of the CLARP cDNA were radiolabeled by random
priming using a commercial kit (Boeringer Mannheim) and
applied for analysis of human poly(A)* RNA blots from
various lymphoid tissues (CLONTECH) according to the
manufacturer’s instructions.

A B
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RESULTS

Identification of CLARP, a Protein Homologous to
Caspase-8 But Lacking Two Essential Catalytic Residues. To
identify novel apoptosis-regulatory proteins, we screened the
GenBank database for cDNAs encoding proteins with homol-
ogy to caspase-8 sequences by computer homology search.
Several ESTs containing overlapping nucleotide sequences
with statistically significant amino acid homology to caspase-8
were identified (P = 1.2 X 107?7). The longest cDNA (EST
clone 511600) was 2.0 kb, and its nucleotide sequence revealed
an ORF that encoded a protein of 480 amino acids with a
predicted relative molecular mass of 55,377 (Fig. 1). We
designated this protein as CLARP (caspase-like apoptosis-
regulatory protein). A BLAST search revealed that CLARP was
a novel molecule with two N-terminal DEDs (residues 1-158)
fused to a C-terminal caspase-like domain (residues 159-480).
CLARP showed 22% amino acid identity and 51% and 50%
similarity with caspase-8 and caspase-10, respectively. In ad-
dition, CLARP showed structural and amino acid homology
with viral DED-containing apoptosis inhibitory proteins such
as E8 (Fig. 1B) and MCI159L (15-17). Unlike caspase-8,
however, two important amino residues located in the caspase
catalytic domain that are predicted to be required for prote-
olysis were lost in CLARP. To date, all reported caspases have
a conserved Cys residue in the catalytic site and a closely
positioned His residue that are involved in catalysis (24).
Significantly, Arg-315 and Tyr-360 were observed at the
corresponding positions of CLARP, respectively (see arrows in
Fig. 1B). Replacement of these residues in CLARP was not a
cloning artifact or mutation, because three ESTs containing
Arg-315 and two containing Tyr-360 were identified in inde-
pendent cDNA libraries. To elucidate which of these two
residues are conserved in other species, we searched the
invertebrate GenBank database for sequences homologous to
caspase-8. We identified a D. melanogaster gene homologous
to caspase-8, designated here as DCP2. Like CLARP,
caspase-8, and caspase-10, DCP2 contains two N-terminal
DED:s fused to a caspase-like domain (Fig. 1B). Significantly,
both Cys and His residues also were conserved in the caspase
domain of the Drosophila caspase-8 homologue DCP2 (Fig.
1B). Because both human and D. melanogaster DED-
containing caspases contained the critical Cys and His residues
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CLARP is devoid of significant caspase activity when expressed in cells. (4) Flag-tagged CLARP was detected with anti-Flag antibody

in lysates from 293T cells transiently transfected with pcDNA3 (lane 1) and pcDNA3-Flag-CLARP (lane 2). Molecular weight of CLARP was
calculated from comparison with protein markers. Protein immunoprecipitates with anti-Flag antibody from cells transfected with pcDNA3-
CLARP-Flag were incubated with the fluorogenic DEVD-AMC (B) or acetyl-Tyr-Val-Ala-Asp-AMC (YVAD-AMC) (C). Fluorescence was
detected after 1 hr and 10 hr of incubation with CLARP complexes. Protein immunoprecipitates with anti-Flag antibody from cells transfected
with pCDNA-CED-3-Flag were used as a positive control for the DEVD-AMC cleavage assay. For the YVAD enzymatic, whole Nonidet P-40
extract from cells transfected with pCDNA-caspase-8-AU1 was used as a positive control.
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in their caspase catalytic domains, it is predicted that human
CLARRP is catalytically inactive (see below).

CLARP Is Expressed in a Wide Variety of Tissues. We
performed Northern blot analysis to assess the expression of
clarp mRNA in various human tissues. Hybridization with two
CLARP probes corresponding to the 5’ (probe A) or 3’ (probe
B) end of the CLARP cDNA showed several transcripts of 10
kb, 7 kb, 6 kb, 4 kb, 2.5 kb, and 1.4 kb in various human tissues
(Fig. 2). The significance and identity of these different mRNA
species remains to be determined. They could represent
several mRNA forms of CLARP derived by alternative splicing
and/or usage of alternative polyadenylation sites. BLAST search
also showed ESTs encoding CLARP from both fetal and adult
tissues, including brain, lung, colon, spleen, liver, and pancreas,
indicating that CLARP mRNA is expressed in multiple human
tissues.

CLARP Is Devoid of Intrinsic Caspase Activity When
Expressed in Mammalian Cells. To examine if CLARP has
caspase activity, 293T cells were transiently transfected with an
expression plasmid producing Flag-tagged CLARP. The
tagged CLARP was detected as a 57-kDa protein (Fig. 34). To
determine if CLARP exhibits caspase activity, CLARP was
immunoprecipitated with anti-Flag antibody, and the immu-
noprecipitates were assayed for caspase activity using two
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fluorogenic peptide substrates. Enzymatic analysis showed
that CLARP lacked detectable caspase activity when assayed
with two fluorogenic substrates DEVD-AMC and acetyl-Tyr-
Val-Ala-Asp-AMC (Fig. 3 B and C). In control experiments,
Flag-tagged Ced-3 immunoprecipitates and extracts from cells
transfected with a caspase-8 expression plasmid showed sig-
nificant caspase activities (Fig. 3 B and C). As predicted from
the amino acid sequence of CLARP, these results demonstrate
that CLARP lacks caspase activity when expressed in mam-
malian cells.

Overexpression of CLARP Promotes Apoptosis in 293T and
MCEF7 Cells That is Abrogated by Caspase Inhibitors. To
begin to elucidate the physiological function of CLARP, an
expression construct producing CLARP was introduced into
293T and MCF7 breast carcinoma cells and subsequently
observed for features of apoptosis. CLARP induced nuclear
condensation and fragmentation, a feature characteristic of
apoptosis (Fig. 44). In addition, the CLARP-transfected cells
displayed morphological features of adherent cells undergoing
apoptosis such as becoming rounded, membrane blebbing, and
detachment from the dish (data not shown). Expression of
CLARP had a modest, but significant, killing activity when
compared with control plasmid. At 24 hr after transfection,
about 25% of 293T cells underwent apoptosis compared with
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Fic. 4. CLARP is a positive regulator of apoptosis. 293T (4-C) and MCF7 (D) cells were transfected with pcDNA3, pcDNA3-CLARP-Flag,
pcDNA3-caspase-8-AU1, pcDNA3-FADD-AU1, pcDNA3-caspase-8-mut-AU1, and pcDNA3-p35 as described in Materials and Methods. (B-D)
Transfected cells were visualized with B-galactosidase substrate and scored. (4) The nuclei of apoptotic cells were stained with acridine orange
and ethidium bromide at 16 hr after transfection with 2 ug of pcDNA3 (a) and pcDNA3-CLARP-Flag (b). Arrows indicate apoptotic cells with
condensed and fragmented nuclei. (B) 293T cells transfected with 1-2 ug of each expression plasmid were incubated with 20 uM zVAD-fmk. At
24 hr after transfection, apoptotic cells were counted. (C) 293T cells transfected with 1 ug of each expression plasmid. At 16 and 24 hr after
transfection, apoptotic cells were counted. (D) MCF?7 cells were transfected with 0.2-1.5 ug of each expression plasmid. At 24 hr after transfection,

apoptotic cells were counted.
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less than 3% with empty plasmid (Fig. 4B, P < 0.001). The
pro-apoptotic activity induced by CLARP was inhibited by the
broad spectrum caspase inhibitor zVAD-fmk (Fig. 4B). To
determine if CLARP could regulate the killing ability of
caspase-8 or FADD/MORT-1, these proteins were coex-
pressed in 293T cells. Expression of CLARP enhanced the
killing ability of caspase-8 and FADD/MORT-1 (Fig. 4C, P <
0.001). In addition to 293T cells, expression of CLARP in-
duced apoptotic cell death in MCF-7 cells, which was inhibited
by the baculovirus protein p35 (Fig. 4D, P < 0.001). Expression
of a dominant negative form of caspase-8 also reduced signif-
icantly the killing ability of CLARP (Fig. 4D, P < 0.001),
suggesting that the apoptotic activity of CLARP is mediated at
least in part by endogenous caspase-8.

CLARP Interacts with Caspase-8 But Not With FADD/
MORT-1. FADD/MORT-1 interacts with caspase-8 through
their corresponding DEDs. The homology between the DEDs
of CLARP and caspase-8 and FADD/MORT-1 suggested that
CLARP could interact with caspase-8 and/or FADD. Because
caspase-8 is a potent killer of mammalian cells, we were unable
to achieve high protein expression in cells coexpressing
CLARP. Thus, we used an AU1-tagged Ser-377 mutant of
caspase-8 (AUl-caspase-8-mt) to study the interaction of
CLARP with caspase-8. Immunoblotting with anti-AU1 anti-
body revealed that AU1-caspase-8-mt coimmunoprecipitated
Flag-CLARP (Fig. 54, Top). To verify the interaction, we
performed reciprocal experiments using anti-AU1 antibody to
immunoprecipitate AU1-caspase-8-mt with Flag-caspase-8 mt.
Consistent with the reciprocal experiment, CLARP was co-
immunoprecipitated with AU1-caspase-8-mt (Fig. 54, Bottom)
In contrast, CLARP failed to interact with FADD/MORT-1
(Fig. 54, Middle).

The Human clarp Gene Is Located in Chromosome 2 at
2q33. We searched the human genomic database for the
chromosomal localization of the clarp gene. A STS WI-12098
tag (EST clone 47260, GenBank accession no. H11002) was
found to contain overlapping nucleotide sequences with the
coding region of CLARP. The genomic locus of the STS
WI-12098 has been mapped to human chromosome 2 between
the markers D2S116 and D2S307. This places the human clarp
gene in chromosome 2 at 2q33 (200-206 cM).

DISCUSSION

The structure of CLARP is intriguing in that it resembles that
of caspase-8 and caspase-10, but unlike these upstream
caspases, CLARP is catalytically inactive. The lack of caspase
activity exhibited by CLARP appears to be due to the loss of
two critical residues Cys and His that are highly conserved in
the caspase domain of all reported active caspases. Based on
the x-ray crystal structure of caspase-1 (24), the corresponding
amino acid residues His-237 and Cys-285 of caspase-1 are
involved in catalysis, and mutations of these residues abrogate
the enzymatic activity of caspase-1 and other caspases (24).
The critical role of these residues is further supported by the
presence of corresponding His and Cys amino acids in the
caspase domain of DCP2, a Drosophila caspase-8 homologue
identified in this study. A role for DCP2 in programmed cell
death of Drosophila remains to be established. However, the
conservation of a caspase-8 homologue in flies suggests an
important role of DED-containing caspases in both vertebrate
and invertebrate apoptosis. We would suggest that like its
structurally related mammalian counterparts, caspase-8 and
caspase-10, DCP2 is likely to link death signaling pathways
with downstream effector caspases such as DCP1 in flies (25).

Caspase-8 and FADD/MORT-1 are two DED-containing
molecules that are part of death signaling pathways that
mediate Fas/Apo-1/CD95 and TNFR-1-induced apoptosis
(7-10). Expression of CLARP promoted apoptosis and aug-
mented the killing activity of caspase-8 and FADD/MORT-1.

Proc. Natl. Acad. Sci. USA 94 (1997) 10721

While this manuscript was in the reviewing process, three
groups reported independently, identical proteins to CLARP,
Casper (26), c-FLIPL (27), and I-FLICE (28). Although the
precise mechanism(s) by which CLARP promotes apoptosis
remains to be further investigated, at least two nonexcluding
possibilities could explain these observations. First, CLARP
could activate caspase-8 and/or other DED-containing
caspases via homophilic interactions through the correspond-
ing DED of CLARP. This mechanism would be similar to that
previously proposed for the FADD/MORT-1-caspase-8 inter-
action (7-10). An alternative, nonexcluding possibility is that
CLARP could promote apoptosis by interacting with an
inhibitor of caspase-8 and/or FADD/MORT-1. Several viral
proteins such as E§ and MC159L have been shown to inhibit
Fas/Apo-1/CD95-induced apoptosis by interaction with
caspase-8 or FADD/MORT-1 (15-17). Thus, CLARP could
bind and inactivate cellular inhibitory proteins of caspase-8 or
FADD/MORT-1 via DED interactions. Because CLARP-
induced apoptosis was inhibited by the caspase inhibitors p35
and zVAD-fmk, these results suggest that the death pathway
induced by CLARP ultimately leads to the activation of
caspases and is regulated by a caspase-sensitive checkpoint.
The lack of caspase activity exhibited by CLARP would have
predicted that this protein also could function as an inhibitor
of apoptosis. However, we failed to generate any evidence that
supports a role for CLARP as a negative regulator of apoptosis
under several cell culture conditions. However, we cannot
formally rule out that CLARP could function as an inhibitor
of apoptosis in other culture systems or during physiological
cell death in vivo.

Because CLARP can interact with and enhance caspase-8-
mediated apoptosis, it is likely that this protein can function in
caspase-8-mediated signaling pathways. These will include
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Fic. 5. CLARP interacts with caspase-8 but not with FADD. (A4)
Lysates were immunoprecipitated with anti-Flag antibody (Top and
Middle) or anti-AU1 antibody (Botfom). Immunoprecipitates were
immunoblotted with anti-AU1 antibody (Top and Middle) or anti-Flag
antibody (Bottom). (B) One hundred micrograms of total lysate were
immunoblotted with anti-Flag (Top) and anti-AU1 (Middle and Bot-
tom) antibodies. A weak background band comigrating with CLARP
was detected with polyclonal anti-Flag antibody.
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those pathways induced by engagement of the CD95 and
TNFR-1 surface receptors. Caspase-8 and FADD/MORT-1
are also components of the cell death pathway mediated by the
DR3 receptor (29), suggesting that CLARP also might mod-
ulate this apoptotic signaling pathway. Furthermore, CLARP
could function in the regulation of additional cell death
pathways via interaction with molecules containing DED
modules. Future studies need to address a role for CLARP in
the regulation of physiological cell death during tissue devel-
opment and homeostasis.
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