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ABSTRACT Activation of the cascade of proteolytic
caspases has been identified as the final common pathway of
apoptosis in diverse biological systems. We have isolated a
gene, termed MRIT, that possesses overall sequence homology
to FLICE (MACH), a large prodomain caspase that links the
aggregated complex of the death domain receptors of the
tumor necrosis factor receptor family to downstream caspases.
However, unlike FLICE, the C-terminal domain of MRIT
lacks the caspase catalytic consensus sequence QAC(R/Q)G.
Nonetheless MRIT activates caspase-dependent death. Using
yeast two-hybrid assays, we demonstrate that MRIT associ-
ates with caspases possessing large and small prodomains
(FLICE, and CPP32/YAMA), as well as with the adaptor
molecule FADD. In addition, MRIT simultaneously and in-
dependently interacts with BelXy, and FLICE in mammalian
cells. Thus, MRIT is a mammalian protein that interacts
simultaneously with both caspases and a Bcl-2 family member.

Programmed cell death is essential for normal development and
maintenance of homeostasis in multicellular organisms. Molec-
ular and genetic characterization of programmed cell death has
led to the increasing appreciation of the role of interleukin
converting enzyme (ICE) family of death promoting cysteine-
proteases (caspases) (1, 2). ICE was first implicated in apoptosis
on the basis of its homology to the Caenorhabditis elegans death
gene ced-3 (3). Several new members of this family possess a
common feature: a C-terminal ICE/CED3 homology domain
with a cysteine residue at the active site (1). This active site
cysteine is present in a QAC(R/Q)G motif, which is conserved
among different members of this family and is involved in
substrate binding and catalysis (2). A second common charac-
teristic of this family is their synthesis as an inactive precursor
molecule of ~30-50 kDa, which is subsequently processed to
form an active heteromeric enzyme complex with 20 kDa and 10
kDa polypeptides (p20/p10), (2, 4). In addition, members of this
family possess a small or large N-terminal prodomain. In the case
of FLICE (for FADD-like ICE)/MACH (MORT1-associated
CED-3 homolog) duplication of a highly conserved motif called
death-effector domain (DED) is present (1, 2). FLICE-DEDs
interact with a similar domain present at the N terminus of the
adaptor molecule FADD (for Fas-associated protein with death
domain). FADD also possesses another conserved motif called a
death domain (DD) at its C terminus. This domain is responsible
for interaction with DD-containing receptors of tumor necrosis
factor receptor (TNFR) family either directly or via another
DD-containing adaptor molecule TRADD (for TNFR1-
associated DD) (10, 18, 19).

In addition to the caspase family, the Bcl-2 family of proteins
represents another class of molecules that have been exten-
sively studied for their death-promoting as well as death-
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inhibiting properties. Bcl-2 is capable of inhibiting apoptotic
cell death in diverse biological systems and is related to C.
elegans death-antagonist ced-9 (5). Due to its ability to block
apoptosis, Bcl-2 has been implicated in the pathogenesis of
several malignancies, especially low-grade lymphomas (6).

Although, the caspase and Bcl-2 families of proteins have
received much attention, the relationship of these families and
mechanisms of interaction at a molecular level was not clear.
Recently, C. elegans CED-4 protein was shown to interact with the
CED-3 and CED-9 proteins (7-9). In mammalian cells, it was also
demonstrated that CED-4 could independently interact with
BclXy, an anti-apoptotic member of the Bcl-2 family as well as
with ICE and FLICE, two large prodomain caspases (8). Al-
though CED-4 was required as a biochemical link between
CED-3 and CED-9, BclX; and FLICE could interact in mam-
malian cells independent of the presence of CED-4 (8). However,
the biochemical linkage between BcIXp and FLICE could be
attenuated by the presence of a C-terminal deletion mutant of
CED-4 that binds CED-3 but not CED-9 (8). This led to the
suggestion that interaction between BclX;, and FLICE was me-
diated by an endogenous protein (factor X) and that mutant
CED-4 was blocking the recruitment of factor X and thus BelX,
to FLICE. The identity of factor X or any other mammalian
homolog of CED-4 is not known.

Here, we describe a novel protein, MRIT (MACH-related
inducer of toxicity; mrit also means “death” in sanskrit), that
simultaneously and independently interacts with BclX;, and
FLICE. Thus, MRIT may function as a crucial link between
cell survival and cell death pathways in mammalian cells.

METHODS

Northern Blot Analysis. Adult poly(A)* multiple-tissue
Northern blot analysis (CLONTECH) was hybridized with
32P-labeled, full-length MRITal probe according to the man-
ufacture’s instruction.

Expression Constructs. Mammalian expression constructs
were made in pCDNA3, pCDNA3-HisA, or B vectors (Invitro-
gen). AUI-FLICE, AU1-DED-FLICE, and FLAG-BclX; were
epitope tagged at the COOH termini. All the MRIT constructs
were His-epitope-tagged at the N termini. AUl and FLAG
epitopes were generated by PCR using custom-made primers and
confirmed by automated sequencing. Yeast expression plasmids,
GAL4 DNA-binding domain vector pAS2, and transactivation
vector pGAD 424 were used to in-frame clone MRITal and

Abbreviations: ICE, interleukin converting enzyme; FADD, Fas-

associated protein with death domain; FLICE, FADD-like ICE; MACH,
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deletion mutants, protease constructs, FADD, BclX;, and BclXg
for two-hybrid association studies.

In Vitro Binding Assay. MRITal and -B1 encoding His-
tagged proteins were cloned into prokaryotic expression vector
pET 28a* (Novagen). Tagged proteins were expressed, puri-
fied, and immobilized to Ni** beads according to the manu-
facturer’s instructions. In vitro translated, 33S-labeled proteins
were generated by using TNT-T7 or -T3 reticulocyte lysate
systems (Promega). Indicated amounts of labeled proteins
(input) were incubated with the beads, washed extensively, and
analyzed by SDS/PAGE followed by autoradiography.

Transfection, Coimmunoprecipitation, and Western Blot
Analysis. BHK-CrmA cells were transiently transfected with
indicated plasmids using Lipofectamine (GIBCO/BRL), lysed in
1 ml lysis buffer (50 mM Tris, pH 7.6/150 mM NaCl/0.1%
Nonidet P40) and incubated with His beads, AUl beads, or
FLAG beads for at least 2 hr. After extensive washing, the beads
were eluted in 0.1 M glycine (pH 3.0) for 30 min at room
temperature. The eluted samples were then neutralized with 1 M
TrissHCl (pH 8.0), boiled in sample buffer, and subsequently
analyzed by Western blot analysis.

RESULTS

MRIT Is a Novel DED-Containing Protein. A sequence (IM-
AGE Consortium Clone ID 427786) in the National Center for
Biotechnology Information GenBank expressed-sequence tag
(EST) database was identified as having statistically significant
homology to the p20 domain of human ICE-like protease
MACH1/FLICE. Several additional EST clones (IMAGE Con-
sortium Clone IDs 338776, 29827, 511600, 119142, 26915, 48465,
and GenBank accession no. T30922) were sequenced. Three EST
clones (29827, T30922, and 338776) were found to encode
full-length ORFs corresponding to three isoforms of a novel gene
and were termed MRITal, -o2, and -B1, respectively (Fig 14). A
BLAST search revealed that MRIT was a new molecule with two
distinct domains: residues 1-165 possessed two DEDs with high
homology to known DED-containing proteins including FLICE,
FADD, and recently described viral proteins (P < 0.001) (10-14)
(Fig. 1B). Weak homology was also detected with the N-terminal
region of CED-4, which was recently shown to align with known
DED-containing proteins (23). Residues 301-480 also had sta-
tistically significant homology with known caspases including
FLICE, YAMA/CPP32, ICE-LAP6, and ICE-LAP3 (P <
0.001) (1, 10, 15-17) (Fig. 1C). Although MRITal resembled
caspases in the COOH-terminal region, it differed from them in
one important respect. Instead of having the conserved motif
QAC(R/Q)G at the catalytic site, MRIT had the sequence
QNYVV. Thus, MRITal is not a cysteine protease. Northern
blot analysis using the full-length MRITal showed multiple
transcripts; 6-, 2.5-, and 1.4-kb transcripts were prominent in
multiple human poly(A)" RNA samples (Fig. 24). Fluorescent in
situ hybridization localized MRIT to 2q32-33 region of human
metaphase chromosomes (Fig. 2B).

MRIT Associates with Large- and Small-Prodomain
Caspases and FADD. As MRITal possessed significant se-
quence homology to caspases, we tested the possibility that it
could interact with them via homophilic interactions. His-
tagged recombinant MRITal and -B1 associated with in vitro
translated FLICE, FADD, and YAMA/CPP32, whereas
CrmA did not associate with MRITa1 (Fig. 3).

Yeast two-hybrid domain-mapping analysis was used to study
the association of MRITa1 and deletion mutants with distinct
domains of FLICE. MRITal associated with FLICE-DED
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FiG. 2. (A) Northern blot analysis of poly(A)* RNA using a full-
length cDNA probe reveals that multiple transcripts of MRIT are
expressed in human adult tissues. (B) A 1.2-kb EST clone (IMAGE
consortium clone 26915) was used to hybridized (at 50 ng/ul) to meta-
phase cells prepared from phytohemagglutinin-stimulated, BrdU-pulsed,
normal male lymphocytes. Fluorescent signals (indicated by dots) were
mapped to each of 16 metaphases (signals were seen at 2q32-33 on 28 of
32 homologs). The line indicates the range of locations observed.

(prodomain, residues 1-216) and FLICE p20 domain (residues
217-374), but not with FLICE p10 domain (residues 375-479)
(Table 1). Although strong interaction of MRIT a1 to FLICE-
DED was observed, N-terminal deletion mutants ND1 and ND2
showed weaker interactions, and no interaction was seen with

Fi1G. 1. (On the opposite page.) Sequence characterization of MRIT isoforms. (4) Deduced amino acid sequence of naturally occurring MRIT
isoforms. (B) Alignment of MRIT DEDs with known DED-containing proteins. Similar to FLICE, MRIT also has two DEDs (10, 18). Black
residues indicate sequence identity and conserved residues are indicated by shaded residues. (C) Alignment of ICE-homology domain of MRIT
with FLICE/MACH1 (residues 237-479), YAMA/CPP32 (residues 39-277), ICE-LAPG6 (residues 163—-416), and ICE-LAP3 (residues 70-303).
(D) Diagrammatic representation of MRIT isoforms and deletion mutants. Black boxes in the C termini of MRITa2 and MRITp1 represent unique
26 and 19 residues, respectively. Gray boxes represent the DED-1 and DED-2.
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Fic. 3. MRIT binds to large and small prodomain caspases
(FLICE, CPP32/YAMA) in vitro. Recombinant His-tagged MRITal
or -B1 immobilized on Ni?" beads were incubated with in vitro
translated 3S-labeled FLICE, CPP32/YAMA, or with CrmA. After
extensive washing, the bound-labeled proteins were separated by
SDS/PAGE and analyzed by autoradiography. The amount of corre-
sponding input radiolabeled protein is shown 4. CrmA serves as a
negative control for nonspecific binding.

MRIT-D/S (Table 1). Similar results were also found with the
full-length FADD construct.

Yeast two-hybrid interaction assay, using FLICE p20 do-
main with MRITal and its deletion mutants, was used to
delineate the p20 binding region in MRITal. FLICE p20
domain interacted with MRITal, MRIT NS, ND1, and ND2,
but not with MRIT D/S (N-terminal 305 residues deleted) or
MRITAC (C-terminal 253 residues deleted) (Table 1). These
results suggest that FLICE p20 binding to MRITal did not
require N-terminal 216 residues. Interestingly, N-terminal
deletion constructs MRIT ND1 and ND2 interacted with the
FLICE p10 domain, suggesting that the p10 interacting domain
was masked by the N-terminal region (Table 1).

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

Unlike FLICE, YAMA possesses a small prodomain (24
residues). Therefore, two YAMA p20 constructs, one with and
one without the prodomain, and a YAMA p10 construct were
tested against MRITal constructs in the yeast two-hybrid inter-
action assay. Similar to FLICE p20, YAMA p20 interacted with
MRITal and MRIT ND1, and ND2, whereas YAMA p10
interacted with MRIT ND1 and ND2 only (Table 1). Thus,
MRITal possesses multiple interacting domains for FLICE and
YAMA (Table 1).

MRITal Independently and Simultaneously Associates with
FLICE and BclX|, in Mammalian Cells. To test the hypothesis
that MRIT could biochemically link caspases and Bcl-2 family
members in mammalian cells, we cotransfected BHK-CrmA cells
with HISS-MRITal and FLAG-BcIX; or AU1-FLICE-DED.
Subsequent precipitation with His beads resulted in coprecipita-
tion of HIS-MRITa1 with FLAG-BclXy, or AUI-FLICE-DED
(Fig. 44). Thus, MRITal could independently interact with
BclX;, and FLICE-DED in mammalian cells.

We then examined whether MRITa1 could biochemically link
and simultaneously interact with FLAG-BclX; and AU1-
FLICE-DED. Unlike the previous report demonstrating strong
interaction between FLICE and BclXj in 293T cells (8), nearly
undetectable coprecipitation of FLAG-BclX; with AUI-
FLICE-DED was seen in BHK cells in the absence of MRITal
(Fig. 44). However, triple-transfection with N-terminal epitope-
tagged HIS-MRITal1, COOH-terminal epitope-tagged FLAG-
BclX;, and AU1-FLICE-DED and subsequent immunoprecipi-
tation with AU1 beads showed coprecipitation of MRITa1 and
BelXy, with FLICE-DED (Fig. 44). Thus, MRITal could bio-
chemically link and simultaneously interact with both BclX; and
FLICE-DED.

The above experiment was repeated using COOH-terminal
AULI epitope-tagged full-length FLICE in place of AU1-FLICE-
DED. As before, only a weak interaction between AU1-FLICE
and FLAG-BcIX; was seen in the absence of MRIT (Fig. 4B).
However, triple-transfection with full-length AU1-FLICE,
FLAG-BclX;, and HIS-MRITal, and immunoprecipitation
with AU1 beads showed strong coprecipitation of FLAG-BclX.
Thus, MRITal could biochemically link and simultaneously
interact with full-length FLICE and BclX.

MRIT DED Isoforms Induce Cell Death in Mammalian Cells.
To test whether MRIT isoforms can induce apoptosis, we co-

Table 1. Interaction of MRIT isoforms and deletion mutants with FLICE, CPP32/YAMA, and FADD in yeast

two-hybrid assay

FLICE
prodomain  FLICE p20  FLICE p10 YAMA pro+p20 YAMA p20 YAMA pl0 FADD
(1-216) (217-374) (375-479) (1-175) (25-175) (176-277) (1-208)
MRITal
(1-480) +++ + - + ++ - +++
MRIT-NS
(96-480) ND ++ - - ++ - +
MRITND 1
(179-480) + ++ ++ ++ ++ + +
MRITND 2
(217-480) + ++ + + + +++ ND
MRIT D/S
(306-480) - - - - - - -
MRITAC
(1-227) ND - - - - + 4+

MRIT isoforms and deletion mutants cloned in-frame in the GAL4 DNA binding domain construct (pAS2) were
cotransfected with plasmids encoding GAL4 transactivating domain (pGAD424) containing FLICE prodomain (residues
1-216), FLICE p20 (residues 217-374), FLICE p10 (residues 375-479), CPP32/YAMA prodomain and p20 (residues 1-175),
YAMA p20 (residues 25-175), YAMA p10 (residues 176-277), and full-length FADD (residues 1-208). The results were
assessed by two-hybrid, B-galactosidase filter assay (22). Strong association (+++) was defined by the appearance of blue color
within 2 hr; ++, 12 hr; +, 24 hr; +/—, 36 hr; and —, no detectable association after 48 hr. Controls included empty vectors
only, single plasmid controls for self-transactivation, negative controls of self association of MRIT isoforms, positive control
for strong association (Fas cytosolic domain with Fas cytosolic domain), negative control (Fas cytosolic domain with death

domain deleted Fas cytosolic domain).
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F1G. 4. Direct association of MRIT with FLICE and BclXy. in mammalian cells. MRITal can directly associates with FLICE-DED-AU1 (4)
or FLICE-AU1 (B) and BclXp. BHK-CrmA cells were transiently transfected with indicated expression constructs. Thirty-six hours after
transfection, extracts were prepared and immunoprecipitated (IP) with mAb to AU1-1 coupled to Sepharose beads (Babco, Richmond, CA), mAb

to FLAG coupled to agarose beads (Kodak), or with His beads (Invitrogen). Samples were then blotted with mAb to AU1, FLAG, or 6-His (Babco)
and Antiexpress (Invitrogen).

transfected BHK or HeLa cells with various MRIT expression ND2, and D/S failed to induce cell death in these cells (Fig. 5 C

constructs along with LacZ expression plasmid. Cells were sub-
sequently fixed and stained with 5-bromo-4-chloro-3-indolyl -
D-galactoside (X-Gal). Overexpression of MRITal, -B81, and -AC
isoforms in BHK and HeLa cells induced rapid apoptosis as

and D) (D.KM.H., unpublished data). Thus, MRIT mediates
apoptosis via activation of ICE-like cysteine proteases. Next, we
tested the ability of various members of Bcl-2 family to block
MRIT induced cell death in MCF7 cell line. As shown in Fig. 5E,

measured by cellular and nuclear morphology (Fig. 5 4, C, and
D). Induction of apoptosis was confirmed by nuclear staining with
Hoechst 33342 (D.K.M.H., unpublished data), and by inhibition
with z-VAD-fmk and CrmA, two inhibitors of caspases (Fig. 5D).
However, MRITa2 or N-terminal DED deletion mutants, ND1,

A 4

Bcl-2 and BelX. could effectively block MRIT induced apoptosis.

DISCUSSION

MRIT Resembles FLICE in DEDs. MRIT is a new member of
the caspase family with several unique properties. The molecule
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Fic. 5. MRIT induces cell death in BHK cells. (4) Cell death mediation by MRITa1 and protection by cotransfection with CrmA (B). (C)
Quantitation of cell death induced by MRIT isoforms. BHK cells were cotransfected with indicated MRIT isoforms (1 ug) along with a
B-galactosidase expression construct (0.3 ug) using Superfect (Qiagen, Chatsworth, CA). Positive cells showing B-galactosidase activity and
apoptotic (round and condensed) morphology were scored after 36—48 hr. Representative results from at least five independent experiment is
shown. (D) Overexpression of MRIT (0.5 ug) in BHK cells induces apoptosis that is blocked by CrmA (0.5 ug) and z-VAD-fmk (10 uM). (E) Cell
death mediated by overexpression of MRITal (0.1 ug) in MCF7 cells is also blocked by Bcl-2 (0.5 pg) and BelXp (0.5 ug).
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was identified based on its sequence homology to FLICE, a
caspase believed to be a proximal protease that triggers activation
of downstream death proteases. FLICE is recruited to the DD-
containing receptors such as Fas, TNFR1 and DR3 via cytosolic
adaptors such as FADD and TRADD (for TNFR1-associated
DD). This recruitment is responsible for activation of FLICE and
subsequent amplification of proteolytic cascade. MRIT possesses
several structural and functional similarities with FLICE. Both
these proteins have long prodomains consisting of two DEDs.
Also, naturally occurring isoforms consisting only of such prodo-
mains (B forms) have been identified for both proteins (18). The
B1 isoform of FLICE (MACHp1) was found to be significantly
cytotoxic when expressed alone in HeLa cells (18) and we have
seen similar results in BHK cells (P.M.C., unpublished observa-
tion). Like the B1 form of FLICE, the MRITf1 isoform showed
significant cytotoxicity when overexpressed in BHK cells. Both
MRITB1 and MACHRI interacted with FADD, an adaptor
molecule with both a DED and a DD, which links the DD
receptors TNFR1, Fas, and DR3 to caspases (10, 18, 19). It is
likely that the MRITP1 isoforms mediate its toxicity by first
binding to FADD and subsequently binding to and activating
endogenously expressed MRITa isoform, as has been proposed
for the mechanism of cytotoxicity of the B1 isoform of FLICE
(MACHR1) (18). Alternatively, MRITB1 may mediate its toxic-
ity by directly binding and activating endogenous FLICE and/or
other caspases.

MRIT Resembles FLICE in the Protease Domain. In addi-
tion to its homology to FLICE in the prodomain, MRIT
possesses significant sequence homology to FLICE (as well as
other caspases) in the C-terminal protease domain. However,
MRIT does not possess the consensus caspase catalytic motif
QAC(R/Q)G and therefore is unlikely to act as a cysteine
protease. Based on the ability of MRITal to interact with
small and large prodomain caspases, it is likely that MRITal
mediates its cytotoxicity by activating these caspases. Finally,
the C-terminal isoforms of both MRIT and FLICE, lacking the
complete prodomains (i.e., MRITa2 and MACHe3), are
inactive as mediators of apoptosis (Fig. 5C) (18).

MRIT Has Unique Properties. Despite its overall structural
and functional homology to FLICE, MRIT has several distinct
features which are analogous to C. elegans CED-4 protein. First,
both MRIT and CED-4 possess weak sequence homology in the
DEDs. Although MRIT can induce apoptosis when overex-
pressed in mammalian cells, whether CED-4 can do the same is
a hot topic of debate in the field. There has been one published
report of CED-4-mediated apoptosis in mammalian cells (8), and
we have seen weak apoptosis induced by CED-4 overexpression
in MCF7 cells. Second, both MRIT and CED-4 have the ability
to bind to caspases through their prodomains and the protease
domain (8). Although MRIT can bind to both short- and long-
prodomain caspases, CED-4 can bind only to long-prodomain
caspases (8). However, this difference is not surprising, as there
are no known naturally occurring short-prodomain caspases in C.
elegans. Also, caspase inhibitors z-VAD-fmk and CrmA (8) could
inhibit apoptosis mediated by both of these proteins. Therefore,
both these proteins are likely to mediate apoptosis indirectly by
activating caspases. Third, both proteins have the ability to bind
to members of Bcl-2 family (7-9). In addition, both proteins can
simultaneously bind caspases and members of the Bcl-2 family
(8). Such interactions have been posited based on genetic evi-
dence in C. elegans that CED-4 can couple the caspase dependent
death pathway, represented by CED-3, and the anti- or pro-death
functions of the C. elegans homologs of Bcl-2, CED-9 (20, 21).
Recently, studies in mammalian cells showed that CED-4 can link
CED-3 and CED-9 when they are overexpressed and suggested

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

the presence of a mammalian protein, factor X, which is able to
perform a similar function for the mammalian homologs FLICE
and BclXy. (8). In the present study we have demonstrated that
MRIT can also interact simultaneously with BclX;, and FLICE.
Finally, anti-apoptotic members of Bcl-2 family can block apo-
ptosis mediated by both MRIT and CED-4 (8).

In summary, although the in vivo function of MRIT is not
known, MRIT can simultaneously interact with a member of
both the caspase family of death effectors and the Bcl-2 family
of death-regulating molecules. Thus, MRIT is a mammalian
protein that may play an important role in regulating cell
death.
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