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ABSTRACT Fas, a member of the tumor necrosis factor
receptor family, can induce apoptosis when activated by Fas
ligand binding or anti-Fas antibody crosslinking. Genetic
studies have shown that a defect in Fas-mediated apoptosis
resulted in abnormal development and function of the immune
system in mice. A point mutation in the cytoplasmic domain
of Fas (a single base change from T to A at base 786), replacing
isoleucine with asparagine, abolishes the signal transducing
property of Fas. Mice homozygous for this mutant allele
(lpr<e /Ipr°¢ mice) develop lymphadenopathy and a lupus-like
autoimmune disease. Little is known about the mechanism of
signal transduction in Fas-mediated apoptosis. In this study,
we used the two-hybrid screen in yeast to isolate a Fas-
associated protein factor, FAF1, which specifically interacts
with the cytoplasmic domain of wild-type Fas but not the
Ipr¢-mutated Fas protein. This interaction occurs not only in
yeast but also in mammalian cells. When transiently expressed
in L cells, FAF1 potentiated Fas-induced apoptosis. A search
of available DNA and protein sequence data banks did not
reveal significant homology between FAF1 and known pro-
teins. Therefore, FAF1 is an unusual protein that binds to the
wild type but not the inactive point mutant of Fas. FAF1
potentiates Fas-induced cell killing and is a candidate signal
transducing molecule in the regulation of apoptosis.

Little is known about the molecular mechanism of signal
transduction by molecules that regulate apoptosis. Several
members of the tumor necrosis factor (TNF) receptor family
are known to trigger cell death when activated by the respective
ligand. Fas, a member of this receptor family, mediates apo-
ptosis when triggered by its ligand or antibody crosslinking (1).

Apoptosis induced by Fas plays an important role in the
development and function of the immune system (1, 2).
Mutations or deletions of the Fas gene and Fas ligand in mice
result in lymphadenopathy and systemic lupus erythematosus-
like autoimmune disease, which naturally occurs in lpr/lpr (Fas
mutant), ipr¢/Ipr<é, and gld /gld mice (Fas ligand mutant) (3).
In Ipr<¢ mice, a single base change at position 786 (from T to
A), replacing isoleucine with asparagine in the cytoplasmic
domain of Fas, completely abolished the signal transducing
property of Fas (4). This suggests that Fas-mediated apoptosis
is involved in deletion of the autoreactive lymphocytes. Gene
knockout studies have also shown that the Fas pathway is one
of the two mechanisms utilized by cytotoxic T cells and natural
killer cells in cell killing to eliminate cancer cells and cells
infected by viruses (2).

To understand the mechanism of Fas-mediated apoptotic
signal transduction, we have studied the downstream events
after Fas ligand binding by identifying a protein factor asso-
ciated with the cytoplasmic domain of activated Fas. First,
using chimeric molecules, we showed that the cytoplasmic
domain of Fas is sufficient to mediate apoptosis. Using the
cytoplasmic domain of Fas as a target for the two-hybrid
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screening system in yeast, we were able to clone a protein
(FAF1; Fas-associated factor 1) specifically interacting with
the wild-type cytoplasmic domain of Fas but not with the lpre¢
mutant.f When expressed transiently in L cells, FAF1 poten-
tiated the apoptotic signal generated through Fas.

MATERIALS AND METHODS

Antibodies. GK1.5, used as a primary crosslinking antibody,
is a monoclonal antibody specific to murine CD4 (L3T4)
(Caltag, South San Francisco, CA). PE-L3T4 (Caltag) is
GK1.5 conjugated with phycoerythrin and was used for surface
staining of CD4 /fas expression by fluorescence-activated cell
sorting (FACS) analysis (FACS IV; Becton Dickinson). A
rabbit anti-rat IgG was used as secondary crosslinking anti-
body (Zymed). 12CAS is a monoclonal antibody specific for
the hemagglutinin (HA) epitope of the influenza virus (5). A
rabbit serum specific for murine CD4 (a gift from D. R.
Littman, New York University) was used for detection of
CD4/fas by Western blot.

DNA Constructs. A chimeric molecule of CD4 and fas was
subcloned into vector PSM (6), which has a simian virus 40
(SV40) replication origin and a SV40 early promoter.
PSMCD4/fas contains the chimera with a wild-type cytoplas-
mic domain of Fas. PSMCD4/fas786A has a T to A point
mutation at base 786 in the cytoplasmic domain of fas. Fusion
molecules of the A repressor dimerization domain and Fas
cytoplasmic domain were inserted in-frame with the GAL4
DNA-binding domain and HA epitope in the vector PAS-CHY
(7). FAF1 tagged with a HA epitope at the N terminus was
subcloned into the PCGN vector (with a cytomegalovirus
promoter) to make PCGNS.1.

Cells, Transfections, and Immunoprecipitation. For coim-
munoprecipitation experiments, COS cells were transiently
transfected with PCGN8.1 alone or PCGNS8.1 plus PSMCD4/
fas or plus PSMCD4/fas786A by the DEAE-dextran method
(8). Transfectants were lysed by lysis buffer (20 mM Tris-HCI,
pH 7.5/137 mM NaCl/1% Triton X-100) 2 days later. The
expression level of FAF1 was quantitated by Western blot
analysis with 12CAS5 antibody. Cell lysates were used for
immunoprecipitation of CD4 by GK1.5. Immune complexes
were analyzed by SDS/8% PAGE and transferred to nitrocel-
lulose paper. The paper was then incubated with 12CAS
antibody and developed by an alkaline phosphatase method
(Boehringer Mannheim). To quantitate the amount of CD4/
fas or CD4/fas786A immunoprecipitated, the blot was
stripped off, reprobed with anti-CD4 antiserum, and then
developed by the enhanced chemiluminescence (ECL) method
(Amersham).

Abbreviations: TNF, tumor necrosis factor; FACS, fluorescence-

activated cell sorting; HA, hemagglutinin.

*Present address: Chiron Technologies, Chiron Corporation, Em-
eryville, CA 94608.
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#The sequence reported in this paper has been deposited in the
GenBank data base (accession no. U39643).
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L cells were transfected with PSMCD4 /fas or PSMCD4/
fas786A plus a thymidine kinase promoter-driven neo gene
expression vector (Stratagene) by calcium precipitation. The
cells were then selected in medium with G418 (400 ug/ml) for
10 days (9). Individual clones were analyzed for CD4 surface
expression by FACS. Multiple clones expressing either wild
type or the mutant chimera were generated.

For FAF1 functional studies, PCGN8.1 or PCGN vector plus
PSV-B-galactosidase (5:1 ratio) was transiently transfected
into both CD4/fas- and CD4/fas786A-expressing cells by
either DEAE-dextran or Lipofectin (BRL). Transfected cells
were identified by their expression of B-galactosidase [stained
blue cells with 5-bromo-4-chloro-3-indolyl B-D-galactoside (X-
Gal)] (10).

Antibody Crosslinking and Assays for Apoptosis. CD4/fas-
or CD4/fas786A-expressing cells were incubated with appro-
priate amounts of GK1.5 at 4°C for 20-30 min and rinsed with
prewarmed 37°C medium (0% serum). Actinomycin D (final
concentration, 0.5 pug/ml) (8) and secondary antibody (5
ung/ml) were added to the cells. The cells were then incubated
at 37°C for different times.

To detect DNA fragmentation, DNA was extracted from
cells 2 hr after crosslinking, electrophoresed in 2% agarose gel,
and visualized with ethidium bromide.

For FAF1 functional assays, the cells were crosslinked 48-72
hr after transfection. Then the cells were visualized under the
microscope and photographs were taken at different times to
detect changes in cellular morphology. To quantitate the
percentage of apoptotic cell death at a given time, the
crosslinked cells were fixed, stained with X-Gal, and counted
for the number of apoptotic cells (membrane blebbing) in 100
blue cells.

RESULTS

The Cytoplasmic Domain of Fas Is Sufficient to Initiate an
Apoptotic Signal. A chimeric cDNA (CD4/fas) including the
cytoplasmic domain of murine Fas linked to the extracellular
and transmembrane domains of murine CD4 (CD4/fas) was
constructed. As control, mutant Fas with the point mutation
of Ipr<¢ mice (T786A) was also expressed as an analogous
chimeric molecule (CD4/fas786A). The chimeras were trans-
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FiG. 1. Surface expression of CD4/fas and CD4/fas786A detected
by FACS analysis. Single clones of untransfected L cells (L cells), L
cells transfected with PSM vector alone (PSM-1), and L cells trans-
fected with PSMCD4/fas (CD4/fas-16) or with PSMCD4/fas786A
(CD4/fas786A-23) were analyzed by FACS (FACS IV; Becton Dick-
inson) as described in Materials and Methods.
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fected into L cells and stable clones expressing equivalent
levels of wild-type (CD4/fas) or mutant (CD4/fas786A) chi-
meric molecules were chosen for analysis (Fig. 1). L cells
expressing CD4/fas (CD4/fas-16) underwent apoptotic cell
death when crosslinked by monoclonal antibody against CD4
(L3T4; Caltag) in the presence of actinomycin D (9). DNA
fragmentation, characteristic of apoptosis, was observed 2 hr
after antibody crosslinking (Fig. 24). Cells were shrunk and
detached from the bottom of the culture dish at 10 hr (Fig. 2B).
However, L cells expressing the mutant chimera (CD4/
fas786A-23), under the same treatment, did not undergo
apoptotic cell death (Fig. 2C). Multiple clones of each type
were analyzed and gave the same results. We concluded that
the cytoplasmic domain of Fas can initiate an apoptotic signal.

Our results also show that dimerization or oligomerization
of the Fas cytoplasmic domain is sufficient to generate an
apoptotic signal. The antibody L3T4 (GK1.5), which we used
to induce apoptosis through the Fas cytoplasmic domain, is a
bivalent rat IgG-2b. As shown in Fig. 24, there was no
significant change upon the addition of a secondary anti-rat
IgG antibody, suggesting that dimerization was sufficient for
Fas activation.

Two-Hybrid Screening in Yeast Using the Cytoplasmic
Domain of Fas. To simulate activated dimeric Fas, we con-
structed a fusion molecule of the A repressor dimerization
domain and the Fas cytoplasmic domain. The fusion molecule
was then linked to the DNA binding domain of GAL4 for
two-hybrid screening (7). As a control, we made a similar
construction with the T786A mutation (/pr¢ mutation) in the
Fas cytoplasmic domain.

More than 1.1 X 10 clones of a cDNA library from a murine
T-cell line (a generous gift from S. Elledge, Baylor University,
Houston) were screened for their ability to interact with the
Fas fusion molecule in the two-hybrid system. Four indepen-
dent clones interacted specifically with the wild-type Fas
constructs but not the mutant Fas constructs (data not shown).
Two clones had 2.2-kb inserts and two others had 2-kb inserts.
Sequence analysis showed they were derived from the same
gene and fused to the activation domain of GAL4 in the same
reading frame. The inserts of the shorter clones were missing
~150 bp at the 5’ end and ~50 bp at the 3’ end of the sequence
of the longer clones. A murine thymus cDNA library (a gift
from M. Davis, Stanford University) was screened with a DNA
probe including 0.7 kb of the 5’ end of the longer clone isolated
by two-hybrid screening, and two independent cDNA clones of
~2.6 kb were obtained.

Sequence analysis indicated that these were full-length
c¢DNAs and contained an open reading frame encoding a
protein of 649 amino acids (Fig. 3). The deduced molecular
mass is 74 kDa and the pl is 4.6. The translation start site
contains a perfect Kozak consensus sequence (11). There are
two regions, amino acids 280-310 and 490-590, that are highly
negatively charged and have a predicted a-helical secondary
structure. There are three potential myristoylation sites lo-
cated at amino acids 50, 306, and 310. There are also three
N-glycosylation sites at amino acids 163, 209, and 423. No
significant sequence homology of our clones was found with
any protein sequence in available sequence data banks. This
protein was named Fas-associated factor 1 (FAF1).

FAF1 Interacts Specifically with the Cytoplasmic Domain of
Wild-Type Fas in COS Cells. To show that the association
between FAF1 and Fas can occur in mammalian cells, FAF1
tagged with an influenza virus HA epitope was transiently
coexpressed with CD4/fas or CD4/fas786A in COS cells. The
level of FAF1 was approximately equivalent in the two types
of cells (Fig. 44). A much greater quantity of FAF1 was
coimmunoprecipitated with CD4/fas (lane 3) than with CD4/
fas786A (lane 4) (Fig. 4B), although more CD4/786A was
immunoprecipitated than CD4/fas (Fig. 4C). As shown in Fig.
4, the molecular mass of FAF1 detected on SDS/polyacryl-
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FIG. 2. (A) Fragmentation of DNA from CD4/fas786A-23 cells (lanes 1-3) and from CD4/fas-16 cells (lanes 4-6) after anti-CD4 crosslinking.
Lanes: 1 and 4, DNAs from control cells incubated with actinomycin D only; 2 and 5, DNAs from cells crosslinked with L3T4 alone; 3 and 6, DNAs
from cells incubated with both L3T4 and anti-rat IgG. (B and C) Morphology of cells after anti-CD4 crosslinking. Cells were treated as described
in Materials and Methods and photographs were taken 10 hr later. (B) CD4/fas-16 cells. (C) CD4/fas786A-23 cells.

amide gel is 75-80 kDa, which is higher than the predicted 74
kDa. This could be accounted for by posttranslational modi-
fications such as glycosylations. Thus, FAF1 specifically asso-
ciated with the cytoplasmic domain of wild-type Fas in COS
cells.

The observation that FAF1 binds to the Fas cytoplasmic
domain is probably_not an artifact caused by overexpression of
FAF1 in COS cells because the level of FAF1 expression was

relatively low (=1/10th) compared to other proteins that we
have expressed with the same expression vector (data not
shown).

FAF1 Potentiates Apoptosis Mediated by Fas. To determine
the significance of the association between FAF1 and Fas,
FAF1 was transiently expressed in CD4/fas-16 and CD4/
fas786A-23 cells. Different amounts of L3T4 antibody were
incubated with the cells in the presence of actinomycin D as
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Fi16.3. Amino acid sequence deduced from nucleotide sequence of
FAF1 cDNAs. Underlined sequences are the two a-helix domains.

described in Materials and Methods. In CD4/fas-16 cells,
transient expression of FAF1 resulted in more rapid and
extensive apoptosis than in mock-transfected cells (Fig. 5).
One hour after addition of L3T4 crosslinking antibody (200
ng/ml) ~60% of CD4/Fas-16 cells expressing FAF1 had
undergone apoptotic cell death compared with 30% in the cells
without FAF1 overexpression (Fig. 5). Increasing the L3T4
concentration to 1 ug/ml increased the apoptotic cell death to
~70% from 40% with FAF1 overexpression (Fig. 5). There
was no obvious apoptosis observed in CD4/fas786A-23 cells
treated similarly (Fig. 5). Apoptosis induced through Fas was
thus increased from 30-40% in the controls to 60-70% when
FAF1 was expressed. Similar results were obtained in the
human T-cell leukemia line Jurkat, where transient expression
of FAF1 potentiated apoptosis induced by anti-human Fas
antibody (data not shown). These data suggest that FAF1 can
potentiate apoptosis mediated by Fas and acts downstream of
Fas.

DISCUSSION

The TNF receptor family includes the following receptors:
TNF receptors (P55 and P75), nerve growth factor receptor
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FiG. 4. Coimmunoprecipitation of CD4/fas and FAF1 in COS
cells. (4) Expression of FAF1 in COS cells detected in whole-cell
lysates by anti-HA epitope antibody (12CAS5). Arrow indicates HA-
tagged FAF1. (B) Western blot with 12CAS after immunoprecipitation
of CD4. (C) Immunoprecipitated chimeric molecules of CD4/fas or
CD4/fas786A detected by Western blot. Blot from B was reprobed
with anti-CD4 antiserum (gift from D. R. Littman). The COS cells
were transfected with PSM plus PCGN8.1 (lane 1), PSMCD4/fas plus
PCGN (lane 2), PSMCDA4/fas plus PCGN8.1 (lane 3), or PSMCD4/
fas786A plus PCGNS8.1 (lane 4) as described. FAF1 expression level
was determined by Western blot analysis with 12CAS5 (4). Immuno-
precipitation of CD4/Fas was done with anti-CD4 antibody and the
Western blot was first probed with 12CAS and developed by an
alkaline phosphatase method to detect FAF1 (B). The antibody was
then stripped off, and the blot was incubated with anti-CD4 antibody
and developed by ECL to detect CD4/fas (C).

(low affinity), CD40, OX40, CD27, CD30, 4-1BB, and Fas
(12). Receptors of this family can mediate very divergent
biological responses, including cell proliferation, differentia-
tion, and apoptosis (12-14). Fas is no exception and can not
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FiG. 5. Percentage of cells undergoing apoptosis 1 hr after L3T4
treatment. CD4 /fas-16 and CD4/fas786A-23 cells were cotransfected
with PSV-B-galactosidase and PCGN8.1 or PCGN as described.
Transfectants were crosslinked by 10 ul (1 ug/ml) or 2 ul (200 ng/ml)
of L3T4 or a control rat IgG as described in Materials and Methods.
Cells were fixed 1 hr after antibody crosslinking and assayed for
B-galactosidase expression. Blue cells were counted by light micros-
copy. Percentage of apoptotic cells is the number of cells with cell
membrane blebbing among 100 blue cells counted. Bars indicate
means * SD for four independent experiments.
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only induce apoptosis in many cell types but in certain cell
types mediate cell proliferation (15, 16). Thus, Fas signal
transduction provides a model system for studies on the
molecular regulation of signals generated from a single recep-
tor leading to different consequences.

In this study, our results suggest that FAF1 is an apoptotic
signaling molecule that acts downstream in the Fas signal
transduction pathway. FAF1 directly interacts with the wild-
type cytoplasmic domain of Fas but not the mutant type of Fas
that is deficient in signal transduction. This specific interaction
occurred not only in yeast cells but also in mammalian cells.
More importantly, when expressed transiently in both mouse
fibroblast cell line (L cells) and human T-cell tumor line
(Jurkat), FAF1 was able to potentiate apoptosis induced by
Fas. This indicates that FAF1 is involved in the Fas-induced
apoptotic signal transduction pathway and functions down-
stream of Fas. Future knockout of FAF1 in mice by homolo-
gous recombination should give an answer.

When FAF1 was overexpressed, the percentage of apoptotic
cells induced by antibody crosslinking of Fas increased from
30% to 60% (Fig. S). In the absence of added FAF1, Fas killing
of cells is mediated by endogenous FAF1. Therefore, the
apparent effect of added FAF1 may be limited because the
amount of FAF1 is not the main rate-limiting factor in
Fas-induced apoptosis of the cells tested. Overexpression of
FAF1 in cells where FAF1 is a limiting factor should result in
a greater increase in Fas-induced apoptosis.

It is not known yet how FAF1 functions in signal transduc-
tion during Fas-mediated apoptosis. The TNF receptor is
thought to induce apoptosis by activating two types of sphin-
gomyelinase—neutral and acidic (14, 17, 18). The neutral
sphingomyelinase generates ceramide, which acts as secondary
messenger to activate protein kinases/phosphatases and phos-
pholipase A, (18). The acidic sphingomyelinase directs the
activation of NF-«B (18). The cytoplasmic domains of Fas and
P55 TNF receptor share a conserved “death domain” se-
quence (19), and mutagenesis studies have shown that con-
served amino acids in this region of PSS TNF receptor and Fas
are essential for their function (19, 20). This structural simi-
larity between Fas and TNF receptor suggests that Fas and
perhaps FAF1 might also activate a sphingomyelin pathway
(21).

In the two-hybrid screening, we used the Fas cytoplasmic
domain fused to the A repressor dimerization domain as the
target in order to simulate an activated dimeric form of Fas. It
is difficult to determine whether FAF1 association with Fas
requires dimeric Fas or a monomeric Fas is sufficient because
of the spontaneous dimerization of Fas cytoplasmic domain, at
least under some conditions (22). Future experiments are
needed to determine whether the binding of FAF1 to Fas is
ligand dependent.

There are other proteins reported recently that were asso-
ciated with the cytoplasmic domain of Fas. FADD/MORT1
and RIP specifically interact with the wild-type Fas and also
contain a death domain in their sequence homologous to the
death domain of Fas (23-25). Overexpression of FADD/
MORT1 and RIP induced cell death independent of Fas
signaling. The mechanism of these molecules to induce apo-
ptosis is still unknown. FAF1 is unusual in that it does not
contain a death domain, cannot initiate a death signal inde-
pendently, and can augment a Fas-induced apoptotic signal.
FAF1 may be a signaling molecule downstream of the death

Proc. Natl. Acad. Sci. USA 92 (1995)

domain-containing proteins during apoptotic signal transduc-
tion. Further studies on the function of FAF1 and the inter-
action of Fas, FAF1, FADD/MORT1, and RIP should provide
insight into the mechanism of how an apoptotic signal(s) is
transduced from the plasma membrane into the cytoplasm.

In summary, our data suggest that FAF1 is a downstream
target of activated Fas and, as such, is a candidate for Fas
signaling effectors. Understanding the function of this down-
stream molecule should lead to a better understanding of the
mechanisms by which divergent biological responses are me-
diated by different members of the TNF/nerve growth factor
receptor family.

This work was supported in part by a RO1(Acc. HL32898)-National
Institutes of Health grant to L.T.W. and by the Daiichi Pharmaceutical
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