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Molluscum contagiosum virus (MCV), a member of the human poxvirus family, encodes the MC159 protein
that inhibits Fas-, tumor necrosis factor (TNF)-, and TNF-related apoptosis-inducing ligant (TRAIL)-induced
apoptosis. We used site-directed mutagenesis to change charged or hydrophobic amino acid residues to
alanines to identify regions of MC159 that are critical for protection from apoptosis and for protein-protein
interactions. Surprisingly, while MC159 is thought to block apoptosis by binding to Fas-associated death
domain (FADD) or caspase-8, several mutants that lost apoptosis blocking activity still bound to both FADD
and caspase-8. Mutations in the predicted hydrophobic patch 1 and a2 regions of both death effector domains
(DEDs) within MC159 resulted in loss of the ability to bind to FADD or caspase-8 and to block apoptosis.
Amino acid substitutions in the RXDL motif located in the a6 region of either DED resulted in loss of
protection from apoptosis induced by Fas, TNF, and TRAIL and abolished the ability of MC159 to block death
effector filament formation. Thus, charged or hydrophobic amino acids in three regions of the MC159 DEDs
(hydrophobic patch 1, a2, and «6) are critical for the protein’s ability to interact with cellular proteins and to
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block apoptosis.

Death receptors constitute a subgroup of the tumor necrosis
factor (TNF) receptor superfamily, which are defined by the
presence of a signaling domain with six a-helices in the cyto-
plasmic region that is termed the death domain (13). These
receptors function to maintain homeostasis in the immune
system by eliminating autoreactive cells, antigen-reactive T
cells following an immune response, and virus-infected or ma-
lignant cells. In humans, six death receptors have been identi-
fied: Fas (also called CD95 and APO-1), TNF receptor 1
(TNFR1; also called TNFRSF1A and CD120a p55-R), DR3
(also called APO3, Wsl-1, TRAMP. and LARD), DR4 (also
called TRAIL-R1 and Apo-2), DRS (also called TRAIL-R2,
KILLER, and TRICK2), and DR6 (17, 19).

Binding of a death receptor to its ligand initiates a change in
the receptor complex, resulting in signaling through a series of
protein-protein interactions that culminate in apoptosis (4, 22).
Fas binding to its ligand (FasL) leads to the recruitment of the
adapter molecule FADD (Fas-associated death domain)
through interactions of the death domains in Fas and FADD.
FADD contains another region known as the death effector
domain (DED). The FADD DED also possesses six a-helices
in a folded region similar to the death domains, but it forms
distinct contacts only with other DED-containing proteins,
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whereas death domain-containing proteins interact chiefly with
other death domain-containing adapter proteins.

Once FADD is recruited to Fas, its DED binds to the DEDs
in the prodomain of caspase-8 or caspase-10 (1, 28). The com-
plex containing Fas, FADD, and caspase-8 or caspase-10 is
termed the death-inducing signaling complex (DISC). Recruit-
ment of caspase-8 or caspase-10 into the DISC results in au-
tocatalytic cleavage of the caspase into its active subunits and
subsequent cleavage and activation of substrates, including
other caspases, ultimately leading to apoptosis (15, 16). FADD
also serves as an adapter molecule in other death receptor
pathways (3, 5, 9, 10, 12, 24). Hence, death receptors may all
work by a common mechanism involving recruitment of DED-
containing caspases to form an active signaling complex.

Apoptosis affords the host a defense mechanism to eliminate
virus-infected cells. This must have proven sufficiently effec-
tive, because viruses in turn evolved mechanisms to interfere
with host apoptosis pathways. A family of proteins known as
the viral FLICE-inhibitory proteins (v-FLIPs) inhibit the sig-
naling pathways in death receptor-induced apoptosis. These
include the molluscum contagiosum virus (MCV) MC159 pro-
tein, the equine herpesvirus 2 (EHV-2) ES8 protein, and the
bovine herpesvirus E2 protein (2, 25). v-FLIPs block apoptosis
induced through the Fas, TNFR1, DR3, DR4, and DRS5 path-
ways.

Apoptosis inhibition by the v-FLIPs stems from their two
DEDs that can interact with the DEDs of FADD and
caspase-8 (2, 11, 25, 27). The MCV MCI159 protein is present
in a complex with Fas when the receptor is activated (21). The
EHV-2 ES8 protein can be recruited to the DISC and may
prevent activation of caspase-8 by blocking its recruitment to
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FIG. 1. Structure of wild-type and mutant MC159 constructs. MC159 contains a short amino-terminal region followed by two DEDs and a
carboxy-terminal domain. In the diagram, only the two MC159 DEDs are shown aligned with each other. The positions of the predicted a-helices
in the DEDs, based on the structure of the FADD DED (6), are designated at the top of the diagram. The RXDL motif (denoted by bars) is located
at amino acids 69 to 72 in DED-A and amino acids 166 to 169 in DED-B. The asterisks indicate the amino acids in hydrophobic patch 1. The
numbered boxes in different colors indicate the locations of the mutations in mutants 1 to 30, in which charged or hydrophobic amino acids were
changed to alanines (referred to as simple mutants). Three mutations located outside the DEDs are not shown: mutant 13 causes E207A, H208A,
and E209A; mutant 14 contains E223A and R226A; and mutant 15 causes KSA and E6A. These three mutants showed no loss of protection from
apoptosis. Mutants 31 to 40 are derived from combinations of two simple mutants and are referred to as complex mutants. The complex mutants
and their composition are listed below the MC159 diagram. The colors of the mutants indicate their level of protection from apoptosis. Red
indicates complete loss of protection, yellow indicates a partial loss of protection in either HeLa or Jurkat cells, and green indicates no loss of

protection. Grey indicates a mutant that was not tested.

the DISC (25). v-FLIPs also inhibit formation of a cytoplasmic
structure termed the death effector filament (18, 23). High-
level expression of FADD or the prodomain of caspase-8 in
cells results in their oligomerization as death effector filaments
that recruit and activate caspases. Coexpression of v-FLIPs
with FADD or the prodomain of caspase-8 blocks death effec-
tor filament formation and subsequent apoptosis. Despite
these correlations, the precise inhibitory mechanism of v-FLIP,
especially MC159, in the Fas signaling complex is unknown.

The MC159 v-FLIP protein contains a six-amino-acid N-
terminal sequence followed by a 74-amino-acid DED, a 14-
amino-acid linker region, an 83-amino-acid DED, and a 64-
amino-acid carboxy-terminal tail. An RXDL motif, conserved
among other DED-containing proteins, is present at the car-
boxy end of each DED. MC159 DEDs are homologous to
other DED-containing proteins, including FADD. Alignment
of the MC159 DED sequences onto the nuclear magnetic
resonance (NMR)-determined structure of the FADD DED
suggests that each MC159 DED consists of six a-helices and
contains a highly conserved hydrophobic patch on its surface
(6). The role that each of these protein motifs might play in
apoptosis inhibition has not yet been defined.

Based on prior studies, v-FLIP is thought to prevent apo-
ptosis by binding to FADD and caspase-8 (2, 21, 25, 26). In
order to identify functionally important regions of MC159, we
constructed a series of mutations in which charged amino acids
were changed to alanines. Since charged amino acids are often

on the surface of proteins, they are likely to participate in
protein-protein interactions. Surprisingly, we found that the
majority of the MC159 mutants that lost the ability to block
apoptosis induced by Fas, TNF, and TNF-related apoptosis-
inducing ligand (TRAIL) still bound FADD and caspase-8.
The predicted hydrophobic patch 1 and «2 regions were im-
portant for FADD and caspase-8 binding. We also found that
the conserved RXDL motif within the predicted a6 region is
critical for protection from apoptosis and for inhibition of
death effector filament formation.

MATERIALS AND METHODS

Expression vectors. MCV159L was cloned into the pCI expression plasmid
(Promega, Madison, Wis.) as described previously (2). Oligonucleotide site-
directed mutagenesis was performed using the pCI-MC159 plasmid. Thirty-nine
mutations that changed charged or hydrophobic amino acids to alanines were
made in the MCV159L gene by the gene splicing by overlap extension (SOEing)
method (8) and then cloned into the pCI expression vector (Fig. 1).

The MC159-hemagglutinin (HA) expression plasmid was constructed by
using the oligonucleotides 159NHA (5'-CCGGAATTCAGCATGTACCCAT
ACGACGTGCCAGACTACGCATCCGACTCCAAGGAGGTCCCTAGC
3’) and 159XBA-C (5'-CCGTACTAGTCTAGACTAAGTCGTTTGCTCGGG
GCTGTC-3") to amplify MC159 from the pCI-MC159 expression plasmid. The
MC159 PCR product was then cloned into the pCI expression vector at the
EcoRI and Xbal restriction enzyme sites. The MC159-green fluorescent protein
(GFP) expression plasmid was constructed by using the oligonucleotides pCI-T7
(5'-TAATACGACTCACTATAGG-3") and 159C-Sacll (5'-TCAGCCGCGGA
GTCGTTTGCTCGGGGCTGTC-3') to amplify MC159 from the pCI-MC159
expression plasmid. The MC159 PCR product was then cloned into the Nhel and
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Sacll restriction enzyme sites of the pEGFP-N1 expression vector (Clontech
Laboratories Inc., Palo Alto, Calif.).

HeLa cell death assay. HeLa cells were transfected with 400 ng of pPCMV3-gal
(Stratagene, La Jolla, Calif.) and 800 ng of either pCI, pCI-MC159, or pCI-
MC159 mutant expression vectors using Lipofectamine (Life Technologies,
Gaithersburg, Md.). Cells were treated 28 h after transfection with either 500 ng
of anti-human Fas monoclonal antibody (MAb) CH11 (Kamiya Biochemical,
Seattle, Wash.) per ml and 5 pg of cycloheximide per ml or 20 ng of recombinant
(Escherichia coli) human TNF-«a (Roche, Indianapolis, Ind.) and 15 pg of cyclo-
heximide per ml for 16 h. Control cells received cycloheximide treatment alone.

Cells were fixed in a solution containing 2% formaldehyde and 0.2% gluter-
aldehyde in phosphate-buffered saline (PBS) for 5 min at room temperature and
stained for B-galactosidase expression with a solution containing 1 mg of 5-bro-
mo-4-chloro-3-indoyl-B-p-galactopyranoside (X-Gal) per ml, 5 mM potassium
ferricyanide, 5 mM potassium ferrocyanide, and 2 mM MgCl, in PBS for 6 to 8 h
at 37°C. The total number of flat, blue-staining cells in five random fields of view
was counted. Protection from Fas- and TNF-induced apoptosis was measured as
the ratio of the number of flat, blue-staining cells in treated wells to that in
control wells. The values were normalized so that the vector was equal to 0%
protection. Percent cell death was calculated as 100% minus percent protection.

Jurkat cell death assay. Jurkat cells were electroporated with 2.5 pg of
pEGFP-N1 (Clonetech) and 10 pg of either pCI, pCI-MC159, or pCI-MC159
mutant expression vectors and incubated for 24 h as described (7). Transfected
cells were plated at 2 X 10° cells per well into a 96-well plate and treated with 100
ng of anti-human Fas MAb aAPO-1 (Kamiya Biochemical) per ml and 5%
soluble protein A or 100 ng of TRAIL and 2 pg of enhancer antibody (Alexis,
San Diego, Calif.) per ml for 12 h. Control samples received either soluble
protein A or enhancer antibody only. After the 12-h treatment, cells were stained
with annexin-V-phycoerythrin (PE) (BD Pharmingen, San Diego, Calif.) for
detection of apoptotic cells and analyzed by flow cytometry for green fluorescent
protein and annexin-V-PE-positive cells on a FACScan cytometer (Becton Dick-
inson & Co., Franklin Lakes, N.Y.). Percent apoptosis was determined by the
ratio of annexin-V-positive cells to GFP-positive cells.

Immunoprecipitations and immunoblotting. 293T cells were cotransfected
with the indicated plasmids using Fugene-6. Cells were lysed 24 h after trans-
fection for 30 min in lysis buffer (140 mM NaCl, 10 mM Tris [pH 7.2], 2 mM
EDTA, 1% NP-40, and one complete protease inhibitor tablet [Roche] per 50 ml
of buffer). The lysates were centrifuged at 14,000 rpm for 10 min at 4°C. An equal
volume of 2X sodium dodecyl sulfate (SDS) loading solution (0.1 M Tris, 4%
SDS, 0.2% bromophenol blue, 20% glycerol, 100 mM dithiothreitol [DTT]) was
added to an aliquot of each lysate, and the mixture was boiled.

For immunoprecipitations, 100 pl of lysate was immunoprecipitated with 3 .l
of anti-MC159 polyclonal rabbit antiserum (21) followed by 40 wl of protein
A-Sepharose (50% mixture in lysis buffer) or with 1 pg of murine anti-HA
monoclonal antibody (Covance, Richmond, Calif.) and 30 pl of goat anti-mouse
immunoglobulin G (IgG) beads (Dynal, Lake Success, N.Y.) resuspended in 10
wl of lysis buffer. Immune complexes were washed four times in lysis buffer, and
the pellet was resuspended in 20 wl of 2X SDS loading solution containing 100
mM DTT. Lysates and immunoprecipitates were electrophoresed on 4 to 20%
Tris-glycine-SDS gels and transferred onto nitrocellulose. Blots were blocked
with 5% nonfat dry milk for 20 min and incubated with 0.5 pg of murine
anti-FADD monoclonal antibody (Signal Transduction Laboratories, Lexington,
KY), 0.4 pg of murine anti-GFP monoclonal antibody (Roche), 5 to 7 ug of
murine anti-HA monoclonal antibody (Covance) per ml, or a 1:500 dilution of
anti-MC159 polyclonal rabbit antiserum for 1 h. After being washed three times
in PBS with 0.05% Tween 20, the blots were treated with 0.08 pg of horseradish
peroxidase-conjugated anti-mouse IgG antibody (Jackson ImmunoResearch
Laboratories, Inc., West Grove, Pa) or 0.1 pg of horseradish peroxidase-conju-
gated anti-rabbit IgG antibody (Amersham Pharmacia Biotech, Piscataway, N.J.)
per ml for 30 min, followed by three washes with PBS containing 0.05% Tween
20. Proteins were detected with SuperSignal chemiluminescent substrate accord-
ing to the manufacturer’s instructions (Pierce Chemical Co., Rockford, IIL.).

Immunofluorescence assay. HeLa cells on glass cover slips were transfected
with 0.5 pg of pPFADD-GFP (23) and 1.5 pg of either pCI-MC159 or pCI-MC159
mutant using Superfect (Qiagen, Chatsworth, Calif.). The medium was replaced
2 h after transfection with medium containing 50 uM zVAD-fmk (Enzyme
Systems Products, Livermore, Calif.), and 16 to 24 h after transfection, Hoechst
dye (1 pg/ml; Sigma) was added for 30 min at 37°C to label nuclei. The cells were
fixed with 100% methanol at —20°C for 10 min, blocked in immunofluorescence
assay buffer (PBS with 0.1% bovine serum albumin and 0.01% Tween 20) for 1 h,
and incubated with a 1:250 dilution of anti-MC159 polyclonal rabbit antiserum
for 30 min, followed by 6 pg of Texas red-conjugated donkey anti-rabbit IgG
antibody (Jackson ImmunoResearch Laboratories, Inc.) per ml. Cells were ex-
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amined on an Axiophot microscope (Carl Zeis Inc., Thornwood, N.Y.) at 630X
magnification, and images were acquired by a camera using the appropriate
filters. The images were processed with Adobe Photoshop software.

RESULTS

A conserved motif (RXDL) near the carboxy portion of each
DED is critical for protection against Fas- and TNF-induced
apoptosis. In order to determine the regions of the MC159
protein that are important for its activities, we used site-di-
rected mutagenesis to change charged or hydrophobic amino
acid residues to alanines. Twenty-nine independent MC159
mutants were constructed with a single (or a cluster of a few)
amino acid change(s). These mutants are termed simple mu-
tants. Ten additional mutants were derived by engineering two
of the simple mutations into the same molecule (termed com-
plex mutants) (Fig. 1). Cytoplasmic expression of each mutant
was confirmed by transfection of plasmids into HeLa cells
followed by immunofluorescence using anti-MC159 polyclonal
rabbit antiserum (data not shown).

To determine which domains in MC159 are critical for its
ability to block apoptosis, HeLa cells were transfected with a
plasmid expressing B-galactosidase and either empty vector, a
plasmid expressing wild-type MC159, or a plasmid expressing
one of the 39 MC159 mutants. The cells were then treated with
either anti-Fas antibody or TNF in combination with cyclohex-
imide and stained for B-galactosidase expression. The percent
death for each MC159 mutant was then determined relative to
killing of cells transfected with empty vector (set at 100%), and
mutants with values greater than 50% death were designated
as not protective.

Thirty of 39 mutants remained fully or partially protective
against Fas- and TNF-mediated apoptosis (Fig. 1; Tables 1 and
2). Mutants 6, 12, and 21 lost the ability to protect against Fas-
and TNF-induced apoptosis in HeLa cells, allowing 84, 95, and
71% of cells to be killed by Fas and 107, 108, and 103% of cells
to be killed by TNF, respectively, compared to cells transfected
with the control plasmid alone (Fig. 2A; Table 1). All three
mutants contain simple mutations located in the conserved
RXDL region. The mutations in mutants 6 and 21 are located
in the first DED of MC159, and that of mutant 12 is in the
second DED (Fig. 1). These results indicate that the RXDL
region of each DED is critical for protection against Fas and
TNF apoptosis, whereas the vast majority of the other residues
tested were tolerant of substitution. The only other mutants
that lost the ability to protect against Fas- and TNF-induced
apoptosis were all complex mutants. These complex mutants
are all composed of pairs of simple mutations that are both
located in the first DED, the second DED, or in one DED each
(Fig. 1 and 2B).

MC159 mutants show differences in protection from apo-
ptosis with different cell lines and different stimuli. The cor-
relation of functional deficits in specific regions of MC159 as
defined in HeLa cells was also tested in T lymphocytes. Jurkat
cells were cotransfected with the MC159 constructs and a plas-
mid expressing green fluorescent protein (pEGFP). The trans-
fected cells were treated with either TRAIL or anti-Fas anti-
body, stained with annexin-V-PE, and analyzed by flow
cytometry for GFP- and annexin-V-PE-positive cells. All the
mutants that lost protection from apoptosis mediated by Fas
and/or TNF in HeLa cells were also unable to protect against
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TABLE 1. MC159 alanine substitution mutants”
% Cell Death from | % Cell Death from | % Apoptosis from | % Apoptosis from
Sample Fas in HeLa* TNF in HeLa* Fas in Jurkat** TRAIL in Jurkat**
Vector 100.0 100.0 100.0 100.0
MC159 15.9 11.9 6:7" 3.8"
Mutant 1 -41.0 30.0 2.7 3.2
491 14.4 P44 87.4
uts ‘ 12.4 8.4 62.5 91.9
Mutant 4 -5.9 -32.7 0.0 16.9
Mutant 5 -4.3 13.2 51.0 78.8
Mutant 6 84.0 106.6 99.9 108.2
Mutant 7 4.9 15.2 2.5 11.9
Mutant 3.3 23.6 42.9 68.8
Mutant 9 21.1 23.0 32.9 59.7
Mutant 10 25.3 34.3 14.1 12.2
Mutant 11 20.2 15.7 -11.0 3.9
Mutant 12 95.2 107.7 98.6 104.4
Mutant 13 0.4 5.7 8.3 3.9
Mutant 14 -1.1 14.0 8.4 4.6
Mutant 15 -8.7 20.8 -0.2 1.6
lute 20.2 16.9 36.8 752
j , 17.9 18.1 71.6 78.1
Mutant 18 -23.1 27.2 36.3 12.8
Mutant 19 20.6 28.2 26.8 14.3
Mutant 20 5.4 1.9 16.7 14.9
Mutant 21 71.2 103.1 105.3 101.6
Mutant 23 13.1 7.3 13.5 6.4
Muts A 4.3 -2.3 74.2 85.7
Mutant 25 -8.4 -5.4 6.0 2.2
Mutant 26 22.6 -30.4 14.9 245
Mutant 27 39.5 -13.1 43.3 47.0
Mutant 28 16.1 -4.3 26.1 31.3
Mutant 29 14.7 5.2 39.9 53.5
Mutant 30 -48.4 0.6 8.8 8.9
M 40.2 18.8 771 79.7
Mutant 32 76.8 91.7 92.0 105.9
Mutant 33 97.1 105.0 97.1 105.4
Mutant 34 108.1 107.4 107.9 113.6
Mutant 35 102.7 105.1 103.4 110.7
Mutant 3¢ 46.9 100.5 95.4 108.1
33.9 -3.4 65.7 93.8
Mutant 3 35.9 105.9 84.1 95.8
Mutant 39 90.7 105.4 97.2 106.4
Mutant 40 58.9 102.9 92.9 99.8
¢ Protection: red, complete loss; yellow, partial loss; green, no loss. Each value has been normalized to the vector, equal to 100% cell death or apoptosis. *, Value
represents the average of all experiments performed for each mutant; **, value is from a representative experiment; ~, average of the MCI159 values for the

representative experiments.

Fas- and TRAIL-induced apoptosis in Jurkat cells (Fig. 3A).
Thus, the conserved RXDL motif that is altered in mutants 6,
12, and 21 is critical for protection from death receptor-medi-
ated apoptosis in both HeLa and Jurkat cells.

In addition, 12 other MC159 mutants that completely or
partially protected from Fas-mediated apoptosis in HeLa cells

(mutants 2, 3, 5, 8, 9, 16, 17, 24, 31, 36, 37, and 38) showed
reduced protection against Fas- and/or TRAIL-induced apo-
ptosis in Jurkat cells (Fig. 3; Table 2). Three of these mutants
(mutants 8, 9, and 16) apparently lost the ability to protect
against TRAIL but partially protected against Fas-induced
apoptosis in Jurkat cells (Fig. 3B; Table 2). These three mu-
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TABLE 2. Structure and function comparisons for selected MC159 mutants

Function Mutant DED Positions of mutations®

Loss of protection from Fas, TNF, and TRAIL 6 A All are in the conserved RXDL motif of the
12 B ab region
214 A

Loss of protection from TRAIL in Jurkat cells 8 B All are in the al region

but partial protection from Fas in Jurkat cells 9 B

16 A

Loss of protection from Fas in Jurkat cells 2 A Between al and o2

but not in HeLa cells 3 A a2

5 A as
17 A a2 and hydrophobic patch 1
24 A a2 and hydrophobic patch 1
31 A&B as
37 A&B al and after a6

Reduced binding to FADD 35 A Between al and o2; o2
40 A a2 region and hydrophobic patch 1

Loss of binding to caspase-8 32 A&B All are in o2 region and hydrophobic patch 1
40 A

Inability to inhibit death effector filament formation 6 A All are in the conserved RXDL motif of the
12 B ab region
21¢ A

“ Secondary structure is based on modeling the MC159 DEDs onto the NMR-determined structure of the FADD DED.
® Complex mutants 32, 33, 34, 35, 36, 38, 39, and 40 also have this phenotype. Mutants 36 and 38 were nonprotective against Fas in Jurkat cells but were partially

protective against Fas in HeLa cells.

¢ Mutants 2, 9, 16, 17, 33, 34, 35, 36, and 40 also show partial or complete loss of inhibition of FADD death effector filament formation.

tations are located in the predicted a1l region of MC159, sug-
gesting that this region may be more important for protection
against apoptosis mediated by TRAIL than by Fas.

Seven of the 12 mutants that protected against Fas-mediated
apoptosis in HeLa cells but protected less well against Fas- and
TRAIL-mediated killing of Jurkat cells (mutants 2, 3, 5, 16, 17,
24, and 36) have mutations located in the first DED of MC159
(Fig. 3; Table 1). In contrast, some mutations in the corre-
sponding site of the second DED of MC159 retained the ability
to protect against Fas- or TRAIL-induced apoptosis in Jurkat
cells. Mutant 11 (D159A), mutated in the second DED of
MC159, corresponds to mutant 5 (E62A), mutated in the first
DED, and mutant 19 (F118A), mutated in the second DED,
corresponds to mutant 24 (L31A), mutated in the first DED
(Fig. 1). Mutants 5 and 24, mutated in the first DED, showed
partial or complete loss of protection from Fas- and TRAIL-
mediated apoptosis in Jurkat cells, while mutants 11 and 19,
mutated in the second DED, retained protection in Jurkat cells
(Table 1). Thus, protection against Fas- and TRAIL-mediated
apoptosis in Jurkat cells appears to depend more on the first
DED than on the second DED. Furthermore, these results
indicate that the two DEDs of MC159 are not simply inter-
changeable.

RXDL motif located in the predicted a6 region is important
for inhibition of FADD death effector filaments. Death effector
filaments are oligomerized DED-containing proteins that re-
cruit caspases and cause apoptosis. Since MC159 blocks the
ability of FADD to form death effector filaments (23), each of
the above MC159 mutants was examined for its ability to block
the formation of death effector filaments. HeLa cells were
cotransfected with plasmids expressing each MC159 mutant

and FADD-GFP and then stained with rabbit anti-MC159
antibody followed by Texas red-conjugated anti-rabbit IgG an-
tibody. Twelve of 39 MC159 mutants showed complete (mu-
tants 2, 16, 21, and 34) or partial (mutants 6, 9, 12, 17, 33, 35,
36, and 40) loss of the ability to block FADD death effector
filament formation (Fig. 4; Table 2). In addition, these 12
mutants lost the ability to protect against death receptor-in-
duced apoptosis in HeLa and/or Jurkat cells. The ability of
mutant 39 to block death effector filament formation was com-
parable to that of wild-type MC159, while mutant 40 demon-
strated partial death effector filament inhibition. Among these
mutants, it was striking that mutants 6, 12, and 21, mutated in
the a6 region and RXDL motif in either DED, lost some
ability to block death effector filament formation (Table 2).
Therefore, the a6 region of both DEDs contributes to inhibi-
tion of death effector filament formation.

MC159 does not form oligomers. Since the DEDs of MC159
interact with the DEDs of caspase-8, which can form oli-
gomers, we determined whether MC159 could also form self-
oligomers. 293T cells were cotransfected with plasmids ex-
pressing MC159-HA and MC159-GFP, and cell lysates were
immunoprecipitated with anti-HA antibody and immunoblot-
ted with anti-HA and anti-GFP antibodies. As a control, 293T
cells were cotransfected with caspase-8-GFP and MC159-HA.
While caspase-8-GFP coprecipitated with MCI159-HA,
MC159-GFP did not (Fig. 5A). As an additional control to
show that the MC159-GFP fusion protein was functional, we
found that the MCI159-GFP coimmunoprecipitated with
caspase-8 (Fig. 5B) and blocked apoptosis similar to wild-type
MC159 (unpublished data). Therefore, MC159 does not self-
oligomerize.
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FIG. 2. Eleven of 39 MC159 mutants lost the ability to protect
against Fas- or TNF-induced apoptosis in HeLa cells. HeLa cells were
cotransfected with a plasmid expressing B-galactosidase and empty
vector or the indicated plasmid and treated with TNF or anti-Fas
antibody. Percent protection was determined by counting the number
of blue cells surviving after treatment with anti-Fas or TNF compared
to the number of cells with no treatment. (A) Nonprotective simple
mutants. (B) Nonprotective complex mutants. Values were normalized
so that vector was equal to 0% protection. Percent cell death was
calculated as 100% minus percent protection. The values represent the
averages of at least two experiments.

Binding of MC159 to FADD and caspase-8 is not sufficient
for protection against apoptosis. MC159 contains two DEDs
that bind to the DEDs of FADD and caspase-8. To determine
which portions of MC159 are required for interaction with
each of these proteins, 293T cells were cotransfected with the
MC159 mutants and either FADD-AU1 or caspase-8-GFP.
Caspase-8-GFP contains the active-site mutation C360S to
prevent spontaneous apoptosis. The cell lysates were immuno-
precipitated with anti-MC159 polyclonal rabbit antiserum and
immunoblotted with either anti-FADD antibody or anti-GFP
antibody to determine the ability of the mutants to bind to
FADD and caspase-8, respectively.

Surprisingly, nearly all the MC159 mutants that had lost the

J. VIROL.

A 140

W oFAS

O TRAIL
120 -

100

80

60 -

% Apoptosis

40 -

20

0 - L
Vector 159 6 12 21 32 33 34 35 36 38 39 40

MC159 Mutants

B 120
M oFAS

OTRAIL

% Apoptosis
o
=~ (=13 =] o
o o (=] o
L i1 L

N
o
i

Vector 159 2 3 5 8 9 16 17 24 31 37
MC159 Mutants

FIG. 3. Twenty-one MC159 mutants lost the ability to protect
against Fas- and/or TRAIL-induced apoptosis in Jurkat cells. Jurkat
cells were cotransfected with the indicated plasmid and a plasmid
expressing GFP. The transfected cells were treated with anti-Fas an-
tibody or TRAIL, stained with annexin-V-PE, and analyzed by flow
cytometry for GFP- and annexin-V-positive cells. (A) MC159 mutants
unable to protect against apoptosis in HeLa cells and Jurkat cells. (B)
MC159 mutants able to protect against apoptosis in HeLa cells but not
in Jurkat cells. Percent apoptosis was determined by the percentage of
annexin-V-positive cells in the GFP-positive population. The values
were normalized to empty vector, set at 100%. Each value represents
one experiment done in duplicate, and the experiment was performed
twice.

ability to protect against Fas-, TNF-, or TRAIL-mediated ap-
optosis were still able to bind to both FADD and caspase-8.
Three mutants showed decreased binding to FADD and/or
caspase-8 (Fig. 6). MC159 mutant 35 showed slightly reduced
binding to FADD but still bound caspase-8. MC159 mutant 32
lost the ability to bind caspase-8 but still bound FADD. MC159
mutant 40 had slightly reduced binding to FADD and did not
bind to caspase-8.

Comparison of the MC159 DED sequences with the struc-
ture of the FADD DED indicated that these three mutations
involve amino acid substitutions in the predicted o2 region of
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FIG. 4. Three patterns of death effector inhibition are produced by the MC159 mutants. HeLa cells were cotransfected with FADD-GFP and
either wild-type MC159 or MC159 mutants. At 24 h after transfection, the cells were fixed and stained with anti-MC159 polyclonal rabbit antiserum
followed by anti-rabbit IgG-Texas red antibody. The cells were visualized on a fluorescent microscope. (A) FADD-GFP expression in green. (B)
MCI159 expression in red. FADD-GFP expression alone shows the formation of death effector filaments, and the coexpression of FADD-GFP and
MCI159 shows complete inhibition of death effector filament formation. Mutant 21 shows no inhibition, mutant 40 shows partial inhibition, and
mutant 39 shows complete inhibition of death effector filaments. The experiment was done twice, and a representative result is shown.
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FIG. 5. MC159 does not oligomerize. 293T cells were cotransfected with the indicated plasmids, lysed, immunoprecipitated (IP) with anti-HA
(aHA) monoclonal antibody, and immunoblotted with anti-HA and anti-GFP to determine binding. The top panels demonstrate binding, and the
bottom panels show the expression levels of the proteins in the lysates. (A) MC159 does not form oligomers with itself. A small amount of
MC159-GFP is detected in cells transfected with either MC159-GFP or MC159-GFP and MC159-HA after immunoprecipitation with anti-HA
antibody. This is presumably due to incomplete washing of the immunoprecipitates. (B) MC159-GFP binds to caspase-8. The experiments were

done twice with the same result.

the MC159 DEDs (Fig. 1; Table 2). The FADD DED contains
a series of hydrophobic amino acids that contribute to hydro-
phobic patch 1 that is highly conserved among other DED-
containing proteins and that was found to be important for
FADD binding to caspase-8 (6). In addition to affecting the a2
region, the two MC159 mutations that resulted in the loss of
binding to caspase-8 are also located in the predicted highly
conserved hydrophobic patch 1 of the MC159 DED. These
results indicate that MC159 binding to FADD or to caspase-8
is not sufficient to protect from apoptosis induced by the death
receptors, since a number of mutants that retained binding to
both FADD and caspase-8 had no antiapoptotic activity.

DISCUSSION

Using a series of mutants, we identified distinct regions of
the MC159 protein that are required to block apoptosis, bind
to caspase-8 and FADD, and inhibit formation of death effec-
tor filaments. The RXDL motif located in the a6 region,
present near the carboxy portions of both DEDs, was critical
for protection against apoptosis by Fas, TNF, and TRAIL. The
RXDL motif is conserved among the DED-containing pro-
teins. Both DEDs of most of the v-FLIPs (including MCV
MCI159, EHV-2 ES, and Kaposi’s sarcoma-associated herpes-
virus K13), the two DEDs of the cellular FLIP, the FADD
DED, and the first DED of caspase-8 have the motif RXDL (6,
27).

The RXDL motif was also important for inhibition of death
effector filament formation. Mutants 6, 12, and 21, mutated in
the RXDL motif, had partial or complete loss of the ability to
inhibit death effector filament formation and failed to block
apoptosis induced by all stimuli tested. Therefore, since a mu-
tation in either DED resulted in a loss of function, the a6
region of both MC159 DEDs must remain intact to maintain
inhibition of apoptosis and death effector filament formation.
Surprisingly, while mutations in this motif were important for
protection from apoptosis, these mutants retained the ability to
bind to FADD and caspase-8. Thus, simply binding to FADD
and caspase-8 is not sufficient to block Fas signaling. MC159 is
thought to disrupt death effector filament formation by binding
to the DED of FADD and blocking oligomerization of the
protein. Interestingly, since the three mutations that caused
slightly reduced binding to FADD or loss of binding to
caspase-8 (mutants 32, 35, and 40) were in a different region
than the RXDL mutations, our data also suggest that separate
regions of MC159 DEDs are required for inhibition of death
effector filament formation and for binding FADD and
caspase-8.

Mutations in the first DED of MC159 (mutants 5 and 24)
resulted in loss of protection against Fas- and TRAIL-medi-
ated apoptosis in Jurkat cells. In contrast, two mutants with
mutations at the corresponding site in the second DED of
MC159 (mutants 11 and 19) were both able to protect against
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FIG. 6. Binding of nonprotective MC159 mutants to FADD and
caspase-8. 293T cells were cotransfected with either (A) FADD-AU1
or (B) caspase-8-GFP and the indicated plasmid. The cells were lysed,
immunoprecipitated (IP) with anti-MC159 polyclonal rabbit anti-
serum, and immunoblotted with either anti-FADD MADb or anti-GFP
MAD to determine binding. The top panel of each figure demonstrates
binding to either FADD or caspase-8, the middle panel shows the level
of FADD-AUI or caspase-8 in the lysate, and the bottom panel shows
the amount of MC159 in the lysate. The experiment was done four
times with similar results, and a representative result is shown.

Fas- and TRAIL-induced apoptosis in Jurkat cells. The ability
of similar mutations in the first but not the second DED of
MC159 to impair protection from apoptosis indicates that the
DEDs are not functionally equivalent.

Recent studies (12, 24) indicate that the binding of TRAIL
to its death receptors recruits FADD and caspase-8 to the
DISC, resulting in activation of apoptosis. Earlier studies had
suggested that an adapter molecule other than FADD might
interact with TRAIL (29, 30). Our data suggest that FADD
may be involved in the TRAIL pathway, since most of the
MC159 mutants that blocked or lost the ability to block Fas-
and TNF-induced apoptosis had a similar phenotype with
TRAIL. However, three mutants (mutants 8, 9, and 16) were
more protective against Fas- than TRAIL-mediated apoptosis
in Jurkat cells. These findings suggest that that there may be
additional differences between the Fas and TRAIL pathways in
Jurkat cells.

Certain amino acid residues in the portion of hydrophobic
patch 1 that is located in the a2 region of the MC159 DEDs are
critical for the ability of the protein to bind to FADD and
caspase-8. Mutant 32, which contains the mutations F30A and
F118A, lost the ability to bind to caspase-8 and to block Fas-,
TNF-, and TRAIL-induced apoptosis. The F30A mutation in
MC159 corresponds to mutations at F25 of FADD that result
in loss of FADD apoptotic activity and markedly reduce bind-
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ing to caspase-8 (6). Thus, mutations at similar sites in MC159
and FADD interfere with both apoptotic activity and binding
to caspase-8. In addition, both amino acid substitutions in
mutant 32 correspond to amino acids in hydrophobic patch 1 in
the FADD DED (6).

The MC159 mutations F30A and F118A (mutants 17 and 19,
respectively) are both part of hydrophobic patch 1 but in dif-
ferent DEDs. Each of these mutations alone is able to bind to
caspase-8 (data not shown), but when both mutations are
present together, caspase-8 binding is lost. Thus, hydrophobic
patch 1 in either DED of MC159 is important for binding to
caspase-8. In addition, mutant 40, which has amino acid sub-
stitutions in approximately half of the a2 region in the first
DED of MC159, also lost the ability to bind caspase-8. Thus,
binding of MC159 to caspase-8 requires that most of the a2
region of the first DED remain intact.

The ability to form oligomers is a common theme for mol-
ecules containing death domains and DEDs. Oligomerization
of caspase-8 in complex with oligomerized FADD in the DISC
is critical for its activation by autoproteolysis (14, 16). High-
level expression of proapoptotic cellular DED-containing pro-
teins such as FADD and the DEDs of caspase-8 results in
oligomerization, with formation of death effector filaments (18,
23). In contrast, our data indicate that MC159 does not form
self-oligomers, consistent with prior observations that high-
level expression of MC159 in cells did not result in formation
of cytoplasmic filaments (23). Unlike the cellular proteins con-
taining DEDs or death domains that mediate apoptosis,
MC159 inhibits apoptosis. The lack of self-oligomerization of
MC159 may favor heterodimer formation, with binding of
MCI159 to FADD, caspase-8, or an unknown protein, rather
than homodimerization, and thereby inhibit the Fas-induced
signaling complex by causing the formation of an altered, non-
functional signaling complex.

MCYV also encodes a homolog of MC159, termed MC160,
that has two DEDs, which have 45 and 33% amino acid iden-
tity with the corresponding DEDs of MC159 (20). MC160 has
a phenotype similar to some of the MC159 mutants in that
MCI160 does not block apoptosis induced by Fas and TNF but
does bind to both FADD and caspase-8 (21). Thus, like the
MC159 mutants, the ability of MC160 to bind to FADD or
caspase-8 is insufficient to block apoptosis induced by the
death receptors.

Our data suggest that a new model is needed to explain the
ability of MC159 to block death receptor-induced apoptosis
that involves more than simple competitive binding of MC159
with FADD and caspase-8. The majority of nonprotective mu-
tants were still able to bind to both FADD and caspase-8. For
example, mutant 39 lost the ability to block Fas-, TNF-, and
TRAIL-induced apoptosis but maintained the ability to bind
FADD and caspase-8 and to block death effector filament
formation. This suggests that the antiapoptotic ability of
MC159 requires novel functions in addition to its ability to
block oligomerization of apoptotic signaling proteins contain-
ing DEDs.
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