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domain: 
a module shared by 
proteins with dive e 
 ,ular functions 
The death domain was initially described 
as a region d similarity within the 
intracellular portions of the 55 kDa 
tumour necrosis factor (TNF) receptor 
( p S i )  and Fas/Apol (whose ligand, FasL, 
is a TNF-family member), essential for the 
transduction of cytotoxic signals ~'a. Later, 

these regions were found to be involved 
in protein-protein interactions 4 based 
on homo- and heterodimerization. This 
property has enabled several novel 
death-domain-containing proteins to be 
identified by means of the yeast two- 
hybrid system [MORT1 (Re[. 5), also 
named FADDe; RIPZ; and TRADDS]. Other 
proteins containing death domains - the 
low-affinity nerve growth factor receptor 
(NGFR) s and the ankyrins s,9 - were 
discovered using sequence alignment 
techniques. Here, we show that death 
domain sequences also occur in several 
addit ional proteins and that there are 

Human NF-K~pl00 Q00653 
ItmuanNF-KBpl05 P19838 
House my D88 (cDNA) I¢51397 
Human low-affin~t'y NGFR P08138 
Human DAP k~nase (eDNA) ]¢76104 
Human RIP U25994 
Human TRADD L41690 
llumanHORTl X84709 
Human ank3~in 1 1=16157 
Human pSS-R (TNFRI) P19438 
Human Fas /Apo l  1=25445 
D~osophiJa 1=ELLE 005652 
Dz'osopMIa ~ 1=22812 
llumanN5 L36529 
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probably two subtypes of th~s motif. 
Subtype I occurs in Fas, pSS-R, 
MORTI/FADD, ankyrin I, RIP and TRADD, 
as was previously summarized in Ref. 9. 
To this list we add two Drosophil~ 
proteins, the serine/threonine kinase 
PELLE ~° and its potentia| activator 
TUBE n, and N5, a human nuclear matrix 
protein that co-localizes to the centres for 
RNA processing and can bind to the 
amino terminus of the retinoblastoma 
protein l~-. Subtype 2 was revealed by 
screening protein databases for sequence 
similarities to DAP kinase, a novel 
serine/threonine ldnase that functions as 
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Hummn NF-ICB p l00  000653 OP~KDIG, L=STEW~I~&¥GSQSVE 882 
llunM.n HF-i~B p105 P19839 ~d~sIL~qKTT~QNIs]r,1=E.~PA~TRgOIDF3,P, DSDS 924 
House myD80 (cl~A) X51397 SRXEEDL~¥LGK~ESEK1=LQVARVESs 123 
llumm Ime-a[Einlty NGFR P0813S SE~TATSPV 427(end) 

IAkP klnase (cD~k) X'/610,R KASSVPKTNLD~EAYASSCNSGTSYNSKSS%n/SR 1423 (end[) 
HuMm RIP 0"~5994 YVSQg 382 (end)  

TRAI~ IA1690 OLTDRIIGGI~ 312 (end[) 
I ~  NORTI X84709 EV~GRM~PMS~ISDASTsEA~ 245 (end) 
l~=uan ankyrin I 1=16157 GSGRQSB~0~F~DRRIITCaDYSLSPS~G~ZSSLQDELLSPASLGCALSs 1517 
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D ~ o ~ l a  PHLLE ~05652 DYVSEDLHK~I1=RSVPTISEI~tAAPDssAKI/NNGpPFPSS3GVSNsNNNRTSTTAT 174 
D r o s o p ~ l a  TUBE P22812 LD~TPARPVDGPCu%LIsL~LSLKYQSSTATLG 197 
Human H5 1,36529 Hli~g~H 660(end) 

Rgure 1 
Alignment of various death 
domains and their flanking 
regions. Alignments were per- 
formed using the LineUp pro- 
gram of the GCG program pack- 
age. The consensus sequence 
is shown at the bottom of the 
alignment. The core conserved 
amino acids are shown in red 
and in upper case in the con- 
sensus sequence. More vari- 
able amino acids are shown in 
blue and are lower case in the 
consensus sequence. Green 
residues show conserved 
charged or polar residues, 
which are represented as § in 
the consensus. Serine and thre- 
onine residues located down- 
stream of the death domains 
are shown in yellow. The pos- 
itions of the predicted helical 
structures are indicated over 
the aligned sequences as 
al-5. Inactivation mutations 
and deletions introduced in the 
TNFR1 (P55.R) death domain 
are also indicated (compiled 
from Fig, 3 in Ref. 3); amino 
acids that were converted to 
alanine are labelled A. The site 
of the IpF g mutation in the Fas 
receptor and analogous muta- 
tions introduced in the TNFR1 
and MORT1 death domains is 
indicated by N. A minus sign 
immediately over the lettem A 
and N indicates that TNF-R1 
could not signal cytotoxicity 
when this single amino acid 
replacement was made. A 
minus sign immediately over 
the bracket indicates that 
TNF-R1 could not signal cyto- 
toxicity when the corresponding 
group of amino acids was muta- 
genized. The death domain 
sequences are conserved in all 
cloned identical proteins from 
other species as well as in vari- 
ous types of ankyrins, including 
those from Caenorhabditis ele- 
gans (unc-44). The death 
domain of myD88 was found to 
start in a region that was previ- 
ously considered to be a 
5'-untranslated region, yet it 
c~ntains an open reading frame 
that is an extension of the pro- 
posed one. This could suggest 
that the start point of the pro- 
tein has not yet been defined. 
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a positive mediator of interfferon~= 
induced programmed cell death ~3. A 
search of the SBASE ~4, SWiSS?ROT, PIR, 
GenPept and Prodom ~5 databases using 
the BLAST program 16.~7 (scoring matrix, 
Blosum62) reveMed that the very 
carboxy-terminal portion o~ 
DAP Idnase has significant 
homology to regions within th~ 
cytoplasmic domain of the 
NGFR, the pl00 and p105 
members of the Rel protein 
family and a primal- mye~oid 
differentiation response gone 
product called myD88. 

The region within the NGFR 
that displayed homology to 
DAP kinase was the same 
region as that found to be 
homologous to the d~ath 
domain s. Therefore, it was 
appealing to compare the two 
groups of proteins with each 
other. The pairw,:se 
relationships among proteins 
comprising those groups are 
summarized in Fig. 1. The 
similarity among the aligned 
sequences confirmed the 
presence of the death domain 
in all 14 proteins and indicated 
that the region of homology 
spans about 90 amino acids. 
Notably, the borders of the 
death domain that are 
proposed here, on the basis of 
sequence similarity, coincide 
almost exactly with the 
experimentally determined 
boundaries of the region within 
the cytoplasmic domain of the 
pSS-R that is necessary for 
conferring cytotoxicity 3 (Fig. 1). 

Analysis of secondary 
structure using the PHD 
program ~&19 indicated that all 
14 death domains are 
composed of five sequential 
a-helices, predicted with the 
highest probability and 
interrupted by loop regions. 
(Helix I was not detected in 
Fas and the TNF receptor, 
whereas helix 2 was not 
observed within the 
corresponding portion of 
myD88. N5 lacks a structurally 
defined helix 4, and !, ::;~a 3 was 
not detected in NGFR, w.yO88, 
MORTI or TUBE.) Notably, the 
predicted helical regions 
within various death domains 
contain the clusters of amino 
acids that display the most 
prominent homology. 
Interestingly, almost all the 
artificial mutations in the TNF 
receptor death domain shown 
to interfere with cytotoxic 
signalling by this receptor fall 

on conserved amino acids within the 
defined e-helical structm'es s (Fig. 1). The 
same is true for the naturally occurring 
lpr cg mutation that ablates the function of 
F~/Apol and prevents its binding to 
MORTI/~£)DS, &20. 

The most prominent features that 
distinguish the death doma~.ns o~ bofl'i 
subgroups are: (1) lesser coaservation of 
helix l in subgroup ] death domains; 
(2) longer intervening regions between 
helices 3 and 4, and 4 and 5 in subgroup i 

N [ ~ ~ C  Fas/Apol 

N D Ec [ / c . G F .  

Rel 
N homo ogy 

.< 89 kDa >. 

N 

. ] j  .e, 
homoMgy 

62kDa 

N ~ C MORTI/FADD 

AR > 

I . C pl05NF-KB 

AR 

I C pl00 NF-~8 

I ~  ss~a I C Ankydn 

NI [  Kinase domain I ~ ~ / !  
V 

P-loops 

~ C DAP kinase 

~ C  myD88 

N 11 Kinase ,2 I 
I I  domain" [ JWm| C RiP 

N I - - ~ ]  C TRADD 

N [ ' ~  I Kinase domain i i C PELLE 

N ~ I C TUBE 

" I m l  c 
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Retinoblastoma binding 

Figure 2 
Schematic representation of the death-domain-containing proteins. Death domains are shown a~ black boxes. 
Red boxes reprasent ankyrin repeats (AR). Transmembrane regions are shown in green and intracellular portions 
of receptors il~ yellow. Zigzags represent P-loop motifs. Also shown are: the calmodulin-binding domain (CAM) of 

26 27 5 the DAP kinase; the ILl/roll receptor homology domain (IL1H) , ; the dimerization domain of MORT1/FADD 
(DIM); the acidic transactivation domain within plO0 and p105 (Acid)28; and, in ankyrin, the anion exchange pro- 
tein-binriing domain (89 kDa), the spectriin4~inriing domain (62 kDa), and a domain that regulates the binding of 
ankyrin to spectrin and the band 3 protein (55 kDa) 2°. 
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death domains (here DAP klnase and 
PELLE display features that fit both 
subgroups); (3) the presence of two paiTs 
of conserved praline residues in the 
regions between helices I and 2, and 3 
and 4 in subgroup 2. It is noteworthy that 
although helix I is less conserved within 
subgroup I and was not even predicted to 
exist within two members of this group 
(Fas/Apol and p55-R), this region was 
proved to be necessary experimentally 
for signalling p55.R-mediated 
cytotoxicity 3. When protein _databases 
were searched (using BLAST) with 
consensus sequences derived from these 
two subgroups separately, only members 
of the appropriate subgroup were 
detected. A single exception relates to the 
ankydns, which could be detected by 
consensus sequences of both subgroups. 
When consensus sequences of both 
subgroups were aligned, they revealed 
three boxes of homology that coincide in 
position with helices 2, 4 and 5 (not 
shown). 

In ten out of 14 proteins, death 
domains are localized at their extreme 
carboxyl terminus (Fig. 2). In addition, 
almost all death domains (except those 
of p55-R, RIP, TRADD and NS) are followed 
by a serine/threonlne-rich region (Fig. 1). 
This implies that these sequences might 
impose a regulatory effect (upon 
phosphorylatlon or dephosphorylation) 
on the function of the death domain. 
Indeed, it was demonstrated that the 
most carboxy-terminal 15 amino acids of 
Fas/Apol negatively regulate its signal 
transductlon ~. 

Seven of th~ dcath~domaln<ontaining 
protelns are dlrectly involved in 
Inductlon of cell death, p55-R, 
Fas/Apol and NGFR are members of 
the same superiamily of TNF/NGF 
growth factor receptors. Fas/Apol and 
p55-R trigger destructive activities in 
cells upon stimulation by their ligands, 
whereas the NGFR induces cell death 
upon Iigand withdrawal 2|. MORTI/FADD, 
RIP and TRADDwere shown to kill cells 
when overexpressed ~ .  The gene 
encoding DAP kinase was cloned as a 
positive mediator of programmed cell 
death whose reduced expression 
conferred resistance to cell killing by 
intefferonw |3. Although there are no 
direct Indications that p105 and pl00 
NF-KB are involved in death signalling, 
one of the members o! the same gene 
family, ¢-vel, displayed high levels of 
expression at the sites of programmed 
cell death in the developing avian 
embryo z~, Moreover, NF~B activation 
occurs after either treatment of 
responsive cells with TNF-a ~ or 
overexpression of p55-R or TRADD 
death domains s. So far there is no 
evidence implicating the ankyrins, 
myD88, TUBE, Pr:l.l.R or N5 in cell-death 
Induction. 

Death domains mediate 
protein-protein interactions with 
analogous sequences: the Fas/Apol and 
the p55-R death domains self associate 
and also bind to each other, while the 
death domain of MORT1/FADD interacts 
with the death domain of Fas/Apol (Hers 
4.-6). RIP and TRADD death domains bind 
to the corresponding regions in Fas and 
p55-R, respectively T,s. The modes of 
action of the DAP kinase, p105, pl00, 
ankyrin, myD88, TUBE, PEIJ.E and N5 
death domains are still unknown. 
However, it is tempting to speculate that 
they may also prompt association with 
death-domain-containing proteins. Since 
induction of NF-KB activity by 
overexpression of p55-R and TRADD 
death domains is fully dependent on their 
structural integrity and ability to 
participate in protein-protein 
interactions 8, it is possible that the direct 
binding of the ~2eath domain of TRADD 
(or of another downstream protein) and 
NF-KB pl0O and p105 or IaB (3 or ~) 
death domains might be involved in the 
induction by TNF-a of NF-aB activity. This 
speculation is in line with the fact that 
PELLEand TUBE, which are necessary for 
the nuclear transport of the DORSAL 
protein (the Drosophila analogue of 
NF-KB), also possess death domains 
(Figs 1, 2). Moreover, TUBE and PELLE can 
bind to each other 24 (perhaps through 
their death domains). Together, these 
data raise the possibility of involvement 
of death domains in the slgnaUing of 
NF-aB actlvatlon. 

it is not clear at present whether the 
transduction of the cytoddal signal is the 
only function of death domains. We 
should consider that this motif might play 
a more general role than Its name implies. 
Thus, it cannot be excluded that, in the 
context of other proteins, death domains 
could participate in transduction of 
signals unrelated to programmed cell 
death. It seems that, evolutionarily, the 
death domain represents a separate 
protein-protein interaction module that 
can be inserted into various signal 
transductlon proteins such as receptors 
(Fas, p55-R, NGFR), kinases (DAP kinase, 
PELLE, RIP; however, RiP may not be a 
true kinase, since it lacks an ATP-binding 
site), potential adaptor proteins 
(MORTI/FADD, TRADD and TUBE), 
transcription factors (plO0 and p105 
NF-KB), proteins of unknown function 
that are likely to be involved in signal 
transduction (myD88 or NS) and 
structural proteins, such as members 
of the ankyrin family. 

Acimowiedgemm 
A. K. is the incumbent of the Helena 

Rublnstein Chair in Cancer Research. 
E. E is a Special Fellow of the Leukemia 
Society of America. We are grateful to 
J. Sussman for helpful discussions, 

TIBS 2 0 -  S E P T E M B E R  1 9 9 5  

H. Priluski and E. N. Trifonov for help with 
the evaluation of statistic,~ significance, 
an unknown reviewer who provided us 
with information on PELLE, TUBE and NS, 
and J. Kissil for help with the preparation 
of Fig. 1. 

References 
1 Brakebusch, C. et aL (1992) EMBO J. 11, 

943-950 
2 Itoh, N. and Negate, S. (1993) J. BioL Chem. 

268,10932-10937 
3 Tartaglia, L. A., Ayres, T. M., Wang, G. H. W. and 

Goeddel, D. V. (1993) Cell 74, 845-853 
4 Bold[n, M. P. et aL (1995) J. Biol. Chem. 270, 

387-391 
5 Bold[n, M. P. et aL (1995) J. BioL Chem. 270, 

7795-7798 
6 Chinnalyan, A. M., O'Rourke, K., Tewari, M. and 

Dixit, V. M. (1995) Cell 81, 505.512 
7 Stanger, 8. Z. et aL (1995) Cell 81, 513.o523 
8 Hsu, H., ×long, J. and GoeddeL D. V. (1995) 

Cell 81, 495-504 
9 Cleveland, J. L. and Ihle, J. N. (1995) Cell 

81, 479-482 
10 Shelton, C. A. end Wasserman, S. A. (1993) 

Ceil 72, 515-525 
11 Letsou, A., Alexander, S., Orth, K. and 

Wasserman, S. A. (1991) Prec. Natl Acad. Sci. 
USA 88, 810-814 

12 Durfee, T. et aL (1994) J. Ceil. Biol. 127, 
609622 

13 Deiss, L, P. etal. (1995) Genes Dev. 9, 15-30 
14 Pongor, S. et aL (1994) Nucleic Acids Res. 22, 

3610-3615 
15 Sonnhammer, E. L. and Kehn, D. (1994) Protein 

Sci. 3, 482-492 
16 AItshW, S. F. et at. (1990) J. Mot. Biol. 215, 

403-410 
17 Karl[n, S. and Altschul, S. F. (1993) Prec. Nail 

Acad. Sci. USA 90, 5873-5877 
18 Rest, B. and Sander, C. (1994) Proteins 19, 

55-72 
19 Rest, B. and Sander, C. (1993) Prec. Natl Acad. 

ScL USA 90, 7558-7562 
20 WaLanabe-Fukunaga, R. et at. (1992) Nature 

356, 314-317 
21 Rablzadeh, D. et el. (1993) Science 261, 

345-348 
22 Abbadle, C. et aL (1993) Cell 75, 899-912 
23 Miyamoto, S. et aL (1994) Proc. Nati Acad. Scl. 

USA 91, 12740-12744 
24 Grosshans, J., Bergmann, A., Haflter; P. and 

Nusslein-Volhard, C. (1994) Nature 372, 
563-566 

25 Durfee, 1". et aL (1994) J. Cell. BioL 127, 
609-622 

26 Yamagata, M., Merlie, J. P. and Sanes, J. R. 
(1994) Gone 139, 223-228 

27 Hallmark, D. (1994) Biochem. Biophys. Res. 
Commun. 199,144-146 

28 Mar[n, P. J., Subramanian, G. S. and Gilmore, 
1". D. (1993) Nucleic Acids Res. 21, 
2157-2163 

29 Bennett, V. (1992) J. Biol. Chem. 267, 
8703-8706 

ELENA REINSTE|N AND ADI KIMCHI 

Department of Molecular Genetics and 
Virology, The Weizmann institute of Science, 
Rehovot, Israel 76100. 

DAVID WALILAOH, MARK BOLDii~AND 
EUGENE VARFOLOMEEV 

Department of Membrane Research and 
Biophysics, The Weizmann Institute of 
Science, Rehovot, Israel 76100. 


