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FADD: Essential for Embryo Development and 
Signaling from Some, But Not All, 

Inducers of Apoptosis 
Wen-Chen Yeh, Jose Luis de la Pompa, Mila E. McCurrach, 

Hong-Bing Shu, Andrew J. Elia, Arda Shahinian, 
Michelle Ng, Andrew Wakeham, Wilson Khoo, 

Kyran Mitchell, Wafik S. El-Deiry, Scott W. Lowe, 
David V. Goeddel, Tak W. Mak* 

FADD (also known as Mort-1) is a signal transducer downstream of cell death receptor 
CD95 (also called Fas). CD95, tumor necrosis factor receptor type 1 (TNFR-I), and death 
receptor 3 (DR3) did not induce apoptosis in FADD-deficient embryonic fibroblasts, 
whereas DR4, oncogenes E1A and c-myc, and chemotherapeutic agent adriamycin did. 
Mice with a deletion in the FADD genedid not survive beyond day 11.5 of embryogenesis; 
these mice showed signs of cardiac failure and abdominal hemorrhage. Chimeric em- 
bryos showing a high contribution of FADD null mutant cells to the heart reproduce the 
phenotype of FADD-deficient mutants. Thus, not only death receptors, but also receptors 
that couple to developmental programs, may use FADD for signaling. 

C ~ 9 5  (the Fas antigen) is a death domain- 
containing receptor of the TNFR family 
that signals apoptosis to eliminate unwant- 
ed, autoreactive lymphocytes (1) .  Activa- 
tion of CD95 by either CD95 ligand 
(CD95L or FasL) or treatment with an ag- 
onistic antibody results in receptor aggrega- 
tion and the rapid recruitment of FADD 
(Fas-associated death domain protein), a 

26-kD cytoplasmic protein with a death 
domain (2).  The interaction of FADD and 
Fas through their COOH-terminal death 
domains unmasks the NH,-terminal death 
effector domain (DED) of FADD, allowing 
it to recruit caspase-8 to the Fas signaling 
complex (3) and thereby activating a cys- 
teine protease cascade leading to cell death. 

FADD and its downstream caspase cas- 
cade may also participate in signaling by 
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immune system, the physiological roles of 
FADD remain to be characterized. We have 
now inactivated the FADD gene in mice by 
gene targeting in embryonic stem (ES) cells 
(Fig. 1, A and B) (7). Out of the first 57 live 
pups genotyped from heterozygous FADD 
matings, no homozygous mutants were ob- 
served. Therefore, timed breedings followed 
by genotyping were done. Up to 9.5 days of 
gestation (E9.5), viable homozygous FADD 
mutants were present in the expected Men- 
delian ratio (25.2%). Thereafter, viable 
FADD mutant embryos were obtained at a 
decreased ratio from E10.5 (18.8%) to E11.5 
(4.1%), until all were dead by E12.5. At 
El 1.5, FADD mutant embryos were underde- 
veloped and showed signs of abdominal hem- 
orrhage (Fig. 1C). FADD rnRNA was ex- 
pressed in wild-type (WT) ES cells and 
throughout development (Fig. ID). Protein 
expression, however, was decreased in the 
day E9.5 heterozygous fibroblasts and com- 
pletely absent in homozygous mutants (Fig. 
lE), indicating that the FADD mutation was 
null. 

The spatial distribution of FADD be- 
tween days E9.5 and E12.5 of development 
was analyzed by in situ hybridization (8). At  
E10, FADD mRNA was expressed widely, 
consistent with its involvement in develop- 
mental processes in the embryo (Fig. 2A). 
Mutant embryos did not show any FADD 
signal (Fig. 2B), consistent with the protein 
immunoblot results. At E11.5, FADD ex- 
pression was concentrated in the brain (Fig. 
2, C and D), myocardium (Fig. 2, C and E), 
liver (Fig. 2, C and F), and the developing 
vertebrae (Fig. 2, C and G). Histological 
analyses of these tissues between E9.5 and 
El 1.5 revealed that at E10.5 (Fig. 3, A and 
C), in -80% of the FADD mutant embry- 
os, the ventricular myocardium was thin- 
ner than in their W T  littermates (Fig. 3, B 
and D). In addition, the inner trabecula- 
tion was poorly developed (Fig. 3D) (9). 
In contrast, the endocardia1 cushions ap- 
peared normal (Fig. 3D). Chorioallantoic 
fusion occurred normally in FADD mutant 
embryos (10); thus, their developmental 
delay was not associated with abnormal 
placental development. 

Because -50% of the mutant embryos 
surviving at E11.5 were hemorrhagic, we 
examined the development of the vascular 
endothelium by breeding into the FADD 
mutant background a mutation for the re- 
ceptor tyrosine kinase Flkl, an early endo- 
thelial marker (I I ). In generating the target- 
ed mutation of the flkl gene, the lac2 gene 
was knocked-in, allowing the assessment of 
flkl expression in FADD-I- and WT em- 
bryos by P-galactosidase (P-Gal) staining 
(12). The vascular endothelium was clearly 
delineated in both the FADD+/+;flkl -I+ 
and FADD-/-;flkl-/+ embryos (Fig. 3, G 

and H). Therefore, the hemorrhage observed Because -80% of FADD mutant embryos 
in mutant embryos was unlikely to be due to exhibited a delayed and underdeveloped 
the abnormal development of blood vessels. phenotype, we investigated whether there 

Fig. 1. Targeting of the FADD gene. 
(A) Design of a FADD targeting con- A 
struct The endogenous FAD0 lo- 
cus contains two exons (shown in . , 

-' boxes) and an ~ntervenlng intron 
The targeting construct was de- \(& Y ' 
s~gned to replace the entrre coding 
recllon w~th a PGK-Neo aene cas- - - 
sette ~n the reverse orientation Ex- I 
tra Eco RI sites (E) introduced by *- q. + 7 
the PGK Neo cassette and a  robe - 1  f. - 
(flanking probe) I" the flanking re- 
gion outside the construct were 
used for the diagnosis of 
homologous recornb~na- B 
tion (B) Southern blot 
analysis of DNA derived 
from WT. FADD' , and 
FADD an~mals DNA 
was digested with Eco 
Rl, fractionated on a 
0 8'0 agarose gel, blot 
ted to a nylon membrane 
(Hybond N. Amersham). 
and urobed w~th the ra- 
diolabeled flankina wrobe 
(A) MT, mutant (CI L o m u !  

m m o  Cy VI €11.5 WT (left) and D , ,  E 
FADD mutant Ir~ght) em- L U ~ W L L I u w Z  +I+ -1- +/- -1- .. . . 
bryos The reduced slze 
of the mutant embryo is FADD ww* FADD -W v apparent The arrow- 
head points to the hem 
orrhagic abdomlnal re- -a 

pactin f glon Bar 500 p,ln (D) - - -  
Northern blot analys~s of 
FAD0 gene expresslon dur~ng embryo development Total RNA (1 0 kg) from each of the successive 

stages of embryo development was fractionated on a 1 % denatured agarose gel blotted to a nylon 
membrane hybr~dized with a FADD full length cDNA probe and then reprobed with the p actin cDNA 
ES embryon~c stem cells E7 5 embryon~c day 7 5 after fertilizat~on. NB newborn (E) Prote~n immu- 
noblot analys~s of FADD protein expresslon Equal amounts of total protein lysates from WT FADD' 
and FAD0 mlce were fract~onated on a 15% denatured polyacrylamide gel and the protein immu- 
noblot was probed w~th a FADD-specific polyclonal antibody CM cross reacting mater~al 

Fig. 2 Whpread FADD 
expression during emby- 
onic development. (A) 
Whole mount in situ hy- 
bridization in a WT El0 
embryo. FADD expres- 
sion (purple) is detected in 
all tissues, particularly in 
the brain, developing 
somites, and facial mes- 
enchyme. No signal is 
found in FADD mutant 
embryos (B). (C) R a d i i -  

4 
E, EL- 

. . . .  
tive m situ hybridization. 

h ; -  ;= . . . General bright-field view . . . L CLI.: - 
of an El 1.5 WT embryo. 
(D) to (G) cwespond to 
the insets shown in higher -. 
magnification as dark-field 
views. (D to G) FADD expression in the brain (D, amowhead), myocardium (E, amowhead), l i i  (F, amowhead), 
and developing vertebrae (G, arrowhead). The bright cells in the atrial caw in (E) are unlabeled, refracting red 
blood cells. Bar, 200 pm (A and B), 1.3 mm (C), and 250 prn (D to G). 
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was an excess of apoptosis or reduced cellular 
proliferation. Apoptosis as measured by ter- 
minal deoxynucleotidyl transferase-mediated 
dUTP nick-end labeling (TUNEL) staining 
was not increased in FADD null mutant em- 
bryos (1 0). Likewise, cellular proliferation as 
indicated by bromodeoxyuridine (BrdU) in- 
corporation was not drastically reduced in 
FADD null mutant embryos (Fig. 3, E and F) 
(13). 

To determine if FADD is required in spe- 
cific embryonic structures, we generated chi- 
meric embryos by injection of FADD-/- ES 
cells into ROSA26 lac2 blastocysts (14). 
These cells carry a ubiquitously expressed 
1x2 transgene that does not affect the via- 
bilitv of the embryo (1 2). Uwn &Gal stain- 
ing, 'tissues generatededf&m the recipient blas- 
tocysts stain blue, and tissues derived from 
FADD-1- ES cells remain white, allowing 
discrimination between the contributions of 
mutant and WT embryonic cells. Embryos 
with a low contribution from the mutant ES 
cells showed a normal phenotype at E11.5 
(1 0). Conversely, embryos with high chimer- 
ism (mostly white), all with high contribu- 
tions of FADD-I- cells in the heart (Fig. 31), 
showed a phenotype similar to that of FADD 
null mutant embryos derived from heterozy- 
gous breedings. Thus, although FADD is 
widely expressed in the embryo, its function 
may be particularly important for normal car- 
diac development. 

To determine whether FADD is required 
for Fas-mediated apoptosis, we transfected a 
Fas expression vector into FADD-I- and 
FADD+/+ embwonic fibroblast (EF) cells. 

FADD-deficient fibroblasts to various apo- 
ptotic stimuli (1 6). As above, WT EF cells 
became sensitive to TNF in the presence of 
increasing concentrations of cyclohexi- 
mide, whereas FADD-I- cells remained re- 
sistant to TNF (Fig. 5A). Evidence suggests 
that oncogenes or chemotherapeutic agents 
can induce apoptosis by way of the Fas 
signaling pathway (17). We investigated 
the direct apoptotic effect of c-myc by in- 
fecting EF cells with a c-myc-expressing 
adenovirus or a control lacZ-expressing ad- 
enovirus (Fig. 5, B and C )  (18). However, 
we observed no significant difference in 
c-myc-induced apoptosis between FADD- 

Fig. 3. Histological and 
chimeric analysis of FADD 
mutant embryos. HBE 
stainings of longitudinal 
sections from El 0.5 WT 
(A and B) and FADD mu- 
tant embryos (C and D). 
(A) Wild-type embryo. 
General view. (B) Detail 
showing the ventricular 
myocardium with its de- 
veloping trabeculae (ar- 
r o w .  General view 
(C) and detail (D) of a 
FADD mutant embryo, 
showing the thin ventricu- 
lar myocardium, the prim- 
itii trabeculae (mw- 
head), and the normal ap- 
pearance of the endocar- 
dial cushion (arrow). (E 
and FI Anti-BrdU stainina 

After 15 hours, ' essentially all of the Fas- revealkg generalized ~ r d :  
transfected FADD-deficient EF cells were lieration in E10.5 WT (El 
alive, whereas only half of the Fas-transfected 
WT cells survived. Treatment of the trans- 
fected cells with an agonistic antibody to Fas 
further enhanced killing of the FADD+/+ EF 
cells (Fig. 4A). Expression vectors for TNFR- 
1, DR3 (6) ,  and DR4 (15) were transfected 
into the EF lines to determine whether 
FADD is involved in signaling apoptosis by 
other death domain receDtors. Overemres- 
sion of eithir TNFR-1 (in the presende or 
absence of TNF treatment) or DR3 induced 
more apoptosis in WT cells than in 
FADD-1- cell lines. However, DR4 overex- 
pression killed FADD-expressing and FADD- 
deficient cells equally well (Fig. 4A). Thus, 
FADD is required for Fas-, TNFR-I-, and 
DR3-induced apoptosis pathways, whereas 
DR4-mediated apoptosis can occur indepen- 
dently of FADD. 

Furthermore, consistent with other re- 
ports (3, 5, 6), overexpression of TRADD 
did not cause apoptosis in FADD-deficient 
EF cells, whereas overexpression of either 
FADD or caspase-8 induced apoptosis in 
the absence of FADD (Fig. 4B). 

We next investigated the sensitivity of 

SCIENCE 

and FADD mutant embry- 
06 (F). (G and H) p-Gal 

expressing and FADD-deficient cells. Sim- 
ilarly, adenovirus E1A protein can induce 
apoptosis equally well in FADD-I- cells 
and in WT cells (Fig. 5D) (18). Finally, we 
examined the requirement of FADD for 
programmed cell death of oncogenically 
transformed embryonic fibroblasts. Onco- 
genic transformation by EIA and sas onco- 
genes renders mouse EF cells extremely sen- 
sitive to the induction of apoptosis by che- 
motherapeutic drugs (19). FADD-deficient 
cells transformed by EIA or Ras were as 
sensitive to various concentrations of adria- 
mycin as their WT counterparts (Fig. 5E) 
(20). These results suggest that FADD is 

staining showing normal 
flkl expression in the vas- 
cular endothelium of 
El 1.5 WT (G, arrowhead) and ~ M U U  I I IUKU IL CI I IUI yw p, cu (I) p-Gal staining revealing a highly 
chimeric FADD-'-:ROSA 26 lacZ embryo that reproduces the phenotype observed in FADD-I- embryos 
obtained from heterozygous breedings. The arrowhead points to WT (blue) cells in the base of the yolk sac. 
Bar, 500 pm (A, C, and E to I); 200 pm (B and D). 

Fig. 4. Defective death signaling in 
FADD-deficient fibroblasts. (A) 
Wild-type and FADD-I- embryonic 
fibroblasts were transiently trans- 
fected with 2 pg of each death re- 
ceptor expression vector (TNFR-1, 
Fas, DR3, or DR4) plus 0.25 pg of 
pCMV-p-Gal. F i n  hours after 
transfection, cells were left untreat- 
ed or treated with TNF (100 ng/ml) 
or with an agonistic antibody to Fas 
(10 pg/ml) for 8 hours. Cells were 
then fxed and stained with X-Gal. 

i The number of surviving blue cells 
were counted in 10 randomly se- 
lected high-power fields under a microscope and expressed as a percentage relative to the control 
vector transfection. (B) Similar experiments were performed by overexpressing cytoplasmic proteins 
TRADD, FADD, or caspase-8. 
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*mMiMi ! * ! ! i i l sfarana 
Fig. 5. FADD is required for 
TNF signaling but is dispens
able for both oncogene- and 
adriamycin-induced apopto-
sis. For all parts in this figure, 
FADD+/+ was represented 
by circles and FADD"^ by 
squares (at least two sepa
rate mutant lines are repre
sented). (A) FADD+/+ and 
FADD~y~ embryonic fibro
blasts were left untreated or 
incubated with recombinant 
murine TNF (10 ng/ml, Gen-
zyme) plus various concen
trations of cycloheximide as 
indicated. After 24 hours, vi
able cells were determined 
by negative stains of trypan 
blue and 7-amino-actinomy-
cin D (26). The latter results 
were presented as a per
centage of untreated con
trols. (B and C) Primary 
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cells were infected with ad
enoviruses expressing either 
lacZ (dotted lines) or c-myc (solid lines). Trypan blue exclusion, 
used to determine cell viability, was performed at various time 
points after infection with 25 multiplicities of infection (MOI) (B) or 
48 hours after infection with different MOI (C). (D) Wild-type and 
FADD-deficient EF cells were infected with an E1B 19K-deficient 
adenovirus, which induces apoptosis in a manner dependent on 
E1A (27). Forty-eight hours after infection with different MOI, cell 
viability was determined. (E) To determine the requirement for 
FADD in chemotherapy-induced apoptosis, we treated FADD+/+ 

and FADD"1" E1A- and Has-transformed EF cells with varying 
concentrations of adriamycin, and measured cell viability 24 hours 
later by trypan blue exclusion. In all cases, dead cells displayed the 
condensed chromatin pattern characteristic of apoptotic cell 
death (29). Data are the means ± SD of four separate FADD EF lines and three separate WT lines. 

dispensable for oncogene- or drug-indi\iced 

apoptosis. 

We have shown here that apoptosis-

inducing signaling by Fas, TNFR-1, and 

DR3 (but not by DR4) is impaired in 

FADD-deficient cells. This supports a re

port (15) that DR4 is a death-domain re

ceptor that kills cells by a FADD-indepen-

dent mechanism. In our system, FADD was 

also dispensable for oncogene- or drug-

induced apoptosis. Together, these findings 

are consistent with the hypothesis that, in 

the absence of FADD, apoptosis induced by 

oncogenes and chemotherapeutic drugs 

may utilize DR4, related death receptors, or 

other pathways. Further investigations are 

needed to address this issue. 

FADD was found to be essential for the 

viability of the mouse embryo and is specif

ically required for the development of the 

ventricular myocardium. The lethality of 

FADD null mutant mice contrasts with the 

viability of Fas- and TNF-R1-deficient an

imals (21). It is intriguing that in FADD-

deficient embryos the heart is the primary 

site affected, despite widespread embryonic 

expression of the gene. This finding is sim

ilar to that in mice defective in N-myc 

proto-oncogene (22). Another finding that 

remains to be explained is the developmen

tal retardation of FADD-deficient embryos. 

Little is known about the embryonic ex

pression pattern of the characterized 

"death" signaling complexes. It is possible 

that FADD is engaged in the signaling of an 

as yet unidentified embryonic death recep

tor. Alternatively, FADD may transduce 

signals during embryogenesis from other un

known receptors that function primarily for 

embryo proliferation and survival. Further 

investigation of these issues is needed to 

clarify the roles of FADD during embryo-

genesis. 
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Redesigning Enzyme Topology by 
Directed Evolution 

Gavin MacBeath, Peter Kast, Donald Hilvert* 

Genetic selection was exploited in combination with structure-based design to transform 
an intimately entwined, dimeric chorismate mutase into a monomeric, four-helix-bundle 
protein with near native activity. Successful reengineering depended on choosing a 
thermostable starting protein, introducing point mutations that preferentially destabilize 
the wild-type dimer, and using directed evolution to optimize an inserted interhelical turn. 
Contrary to expectations based on studies of other four-helix-bundle proteins, only a 
small fraction of possible turn sequences (fewer than 0.05 percent) yielded well-behaved, 
monomeric, and highly active enzymes. Selection for catalytic function thus provides an 
efficient yet stringent method for rapidly assessing correctly folded polypeptides and 
may prove generally useful for protein design. 

Several recent studies have focused on  re- 
ducing the size of protein domains to obtain 
m~ni~nized fi~nctional units either by re- 
moving secondary structural elements with- 
in a do~naln (1 ) or by converting oligomeric 
proteins into lnonolners (2,  3 ) .  The latter is 
particularly challenging when the individ- 
ual polypeptides are intricately ent~vined. 
Monomeric variants of such dirners have 
been constructed for interleukin-5 by in- 
serting a loop sequence from a homologous 
protein (2 )  and for A cro by screening a 
small subset of carefully designed variants 
(3) .  A h~gh-resolution crystal structure of 
the ~nonolneric cro protein, however, re- 
vealed signif~cant conformational changes 
relative to the wild-type d i~ner  (4). 

The  sens~t~vi ty of catalytic efficiency to 
structural nerturbations makes minimiza- 
tion of oligomeric enzymes especially diffi- 
cult. For example, although the active sites 
of the ho~nodimeric enzyme triosephos- 
phate isomerase do not contain residues 
from both polypeptides, disruption of the 
dimer interface results in a >10,000-fold 
reduction in kL,,/Ki,, (~vhere kc,, and KLn are 
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the catalytic rate and Michaelis constants, 
respectively) (5, 6) .  Enzymes ~vi th  active 
sites at the subunit interface pose even 
greater challenges. In this context, we con- 
sidered choris~nate lnutase (CM),  \vhich 
catalyzes the conversion of chorisrnate to 
prephenate in the biosynthesis of L-tyrosine 
(Tyr) and L-phenylalanine (Phe) with rate 
accelerations of about 1C6 (7). h4embers of 
the AroQ class (8) of Ch4 are found 111 a 
wide variety of bacteria, fungi, and higher 
plants. Crystallographic studies on  a typical 
AroQ enzyme from Escherichln coll (EcCh4) 
have revealed an intr i~uine honlodinlerlc - 
topology, in \vhich each catalytic do~naln 
adopts a four-helix-bundle structure (9 )  
(Fig. 1).  The  long amino-terminal helix 
( H I )  spans the two domains and contrib- 
utes residues to both active sites of the 
dimer. We reasoned that if the appropriate 
loop were inserted in the middle of this 
helix, a 180" turn could be induced that 
\\.auld allo\v the amino-term~nal half of H I  
to fold back and displace the other poly- 
peptide in the dimer to form a monomer 
(Fig. 1).  

The choice of loop sequence is of con- 
siderable interest. Previous studies on other 
four-helix-bundle proteins have shown 
that there are surprisingly few constraints 
on  the sequence or length of interhelical 
turns (10-12). This findlng suggests that 
alnlost any turn could be used to convert 
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the C M  domain into a functional mono- 
mer. However, we have recently shown that 
~f residues in an interhelical turn are in- 
volved in long-range tertiary ~nteractions, 
the fractlon of acceptable turn sequences 
can be drarnaticallv -reduced 11 3 ) .  -In the 
 deal monomer, thd inserted loop not only 
must adopt the appropriate conformation, it 
also must interact favorablv w t h  the newlv 
exposed hydrophobic regions that result 
from disrunt~on of the subunit interface. 
G ~ v e n  the exacting conforlnational control 
required for efficient enzyme catalysis, pre- 
diction of an optimal turn sequence be- 
comes intractable. 

By introducing randomized sequences 
into the AroQ gene and transforlning CM- 
deficient bacteria with the resulting library, 
acceptable turn sequences that confer high 
activity should be selectable by genetic 
complementation (13). When this ap- 
proach \\.as used \vith EcCh4, ho\vever, \ve 
were unable to obtain stable, rnono~neric 
variants (14). Although the enzyme active 
site IS preserved in this topolog~cal transfor- 
matLon. extensive hvdronhobic ~nteractions , L 

formed at the subunit interface are lost. 
This interface colnarises much of the core 
of the folded dune; and hence should COII- 

tribute significantly to the overall stability 
of the proteln. In support of this notion, 
denaturation studies show that EcCM un- 
dergoes a cooperative transition from folded 
d i~ner  to unfolded monomer \vlthout accu- 
nlulation of a structured, rnononleric Inter- 
mediate. Analogous results have been ob- 
tained ~vi th  other dirneric proteins in \vhlch 
quaternary structure accounts for most, ~f 
not all, of the overall stabil~ty (15). 

LVe therefore sought a more stable ver- 
sion of the AroQ C M  domain. Recent 
progress in whole genome sequencing has 
nrovided access to a nlethora of uncharac- 
terlzed open read~ng frames (ORFs) from a 
w d e  varletv of oreanlsms. The co~nalete 
geno~nic seiuence of the thermophili'c ar- 
chaeon Methanococcus jannaschu (1 6 )  re- 
vealed an ORF for a protein with h ~ g h  
similarity to EcCM (Fig. 2).  No insertions 
or deletions are anaarent, and the active 

A & 

slte residues are remarkably conserved. We 
have subcloned and overexpressed this ORF 
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