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DEDD, a novel death effector domain-containing
protein, targeted to the nucleolus
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The CD95 signaling pathway comprises proteins that
contain one or two death effector domains (DED), such
as FADD/Mort1 or caspase-8. Here we describe a novel
37 kDa protein, DEDD, that contains an N-terminal
DED. DEDD is highly conserved between human and
mouse (98.7% identity) and is ubiquitously expressed.
Overexpression of DEDD in 293T cells induced weak
apoptosis, mainly through its DED by which it interacts
with FADD and caspase-8. Endogenous DEDD was
found in the cytoplasm and translocated into the
nucleus upon stimulation of CD95. Immunocytological
studies revealed that overexpressed DEDD directly
translocated into the nucleus, where it co-localizes in
the nucleolus with UBF, a basal factor required for
RNA polymerase I transcription. Consistent with its
nuclear localization, DEDD contains two nuclear local-
ization signals and the C-terminal part shares sequence
homology with histones. Recombinant DEDD binds to
both DNA and reconstituted mononucleosomes and
inhibits transcription in a reconstituted in vitro system.
The results suggest that DEDD is a final target of a
chain of events by which the CD95-induced apoptotic
signal is transferred into the nucleolus to shut off
cellular biosynthetic activities.
Keywords: apoptosis/death effector domain (DED)/
mononucleosome/nucleolus/transcriptional inhibition

Introduction

Recently, a new subfamily of the tumor necrosis factor
(TNF) receptor superfamily, the death receptors, has been
identified (Peteret al., 1998). Death receptors such as
TNF-R1, DR3 (APO-3/TRAMP/Wsl-1/LARD), DR4
(TRAIL-R1), DR5 (TRAIL-R2) and CD95 (APO-1/Fas)
are characterized by the presence of a death domain (DD)
within the cytoplasmic region and have been shown to
trigger apoptosis upon binding of their cognate ligands or
specific agonistic antibodies. The first event which can be
detected during apoptosis mediated by CD95 (APO-1/Fas)
is recruitment of the first-level caspase-8 (FLICE/MACH/
Mch5) to the death-inducing signaling complex (DISC)
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(Boldin et al., 1996; Fernandes-Alnemriet al., 1996;
Muzio et al., 1996), this being observed within seconds
of receptor crosslinking (Kischkelet al., 1995). Binding
of caspase-8 to the DISC is mediated by the adaptor
molecule FADD/Mort-1 that contains a death effector
domain (DED) by which it binds to caspase-8 (Boldin
et al., 1995; Chinnaiyanet al., 1995, 1996). Caspase-8 is
then activated mainly by association with the DISC
(Medemaet al., 1997), resulting in the release of active
caspase-8 subunits which can then cleave various death
substrates such as cytoskeletal proteins (e.g. plectin;
A.H.Steghet al., manuscript submitted) or other caspases
(e.g. caspase-3; Scaffidiet al., 1998) that can in turn
cleave a large number of intracellular death substrates.
Other DED-containing proteins that have been suggested
to be involved in signaling of death receptors include
caspase-10 (Mch4/FLICE2) (Fernandes-Alnemriet al.,
1996; Vincenz and Dixit, 1997) and c-FLIP (FLAME/
CASH/I-FLICE/Casper/Mrit/Clarp/Usurpin) (Goltsev
et al., 1997; Hanet al., 1997; Huet al., 1997; Inohara
et al., 1997; Irmler et al., 1997; Shu et al., 1997;
Srinivasulaet al., 1997; Rasperet al., 1998).

The end point of apoptosis is DNA fragmentation in the
nucleus. Between early morphological and nuclear changes
a number of events can be detected depending on the type
of apoptosis and the cell tested. Essentially all components
of a cell are affected. Recently, an endonuclease, CAD, was
cloned that was shown to be one of the DNA cleaving
activities required for apoptosis (Sakahiraet al., 1998).
CAD was found in complex with its inhibitor ICAD/DFF45
located in the cytoplasm (Liuet al., 1997; Enariet al., 1998).
Upon apoptosis induction, ICAD is cleaved by a caspase
and CAD was proposed to translocate to the nucleus where
it exerts its activity as an endonuclease.

We now describe and functionally characterize a novel
protein that contains an N-terminal DED with homology
to the DED of FADD, c-FLIP, caspase-8 and caspase-10.
This protein binds strongly to DNA with histone-like
properties and was therefore called DEDD (for DED
containing DNA-binding protein). DEDD weakly induced
apoptosis and translocated to the nucleus during CD95-
mediated apoptosis. This translocation was in part depend-
ent on activation of caspases. Overexpressed DEDD
localized exclusively to nucleoli and recombinant DEDD
inhibited transcription of rDNA in a reconstitutedin vitro
assay. The results suggest that DEDD represents a new
link between cytoplasmic and nuclear apoptotic events.

Results

Cloning of full-length DEDD by ‘EST walking’
Using the sequence of 22 different DEDs, an algorithm
was generated to search the translated non-redundant
union of EMBL and GenBank DNA databases for the
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existence of new DED-containing proteins that might
be involved in CD95-mediated apoptosis. This search
identified a mouse EST clone (DDBJ\EMBL\GenBank
accession number: Aa124451) that contained a DED
homologous to the DED of FADD and caspase-8 (Peter
et al., 1997). Using the deduced protein sequence of this
EST clone in TBlastN searches, other EST sequences
containing overlapping identical nucleotide sequences
were identified (Figure 1A). These EST sequences were
used to search for more overlapping EST sequences. The
correct reading frame was identified by comparing human
and mouse EST sequences. Reading frames were aligned
in a way that most exchanges between human and mouse
EST sequences were in the wobble position. Seven such
searches identified 23 EST sequences covering the full-
length clones for both human and murine cDNAs. To
confirm the existence and the identity of this open reading
frame, the cDNA was amplified from a human (Jurkat)
and a murine (EL4) cell line by reverse transcription–
polymerase chain reaction (RT–PCR) and sequenced. Open
reading frames in both man and mouse code for a 318
amino acid protein (Figure 1B). The protein was designated
DEDD, for death effector domain containing DNA binding
protein (see below). On the amino acid level, DEDD is
98.7% identical between man and mouse and three of the
four amino acid exchanges represent replacements with
homologous residues. On the DNA level, DEDD is 94.1%
identical between man and mouse. On the RNA level,
DEDD is expressed ubiquitously (Figure 2). All tissues
tested express a 2.3 kb transcript (Figure 2A). In some
tissues an additional transcript of 4.2 kb was found.
Moreover, using RT–PCR, DEDD was found in all cell
lines tested (Figure 2B), confirming that DEDD mRNA
is expressed ubiquitously.

DEDD contains a DED and two nuclear
translocation signals (NLS)
DEDD is a protein with mostly acidic domains (Figure
3A). Only two putative NLS (Figure 1B) and an area
in between predominantly contain basic amino acids.
Alignment of DEDD with proteins involved in death
receptor signaling pathways revealed that DEDD contains
a DED (amino acid positions 23–98) that is homologous
to the DEDs of the human proteins FADD, caspase-8,
caspase-10 and c-FLIP (Figure 3B). A hydrophilicity plot
of 22 DED sequences (Peteret al., 1997) revealed that
all DED contained two characteristic hydrophilic stretches.
Comparison of the putative DED of DEDD with the DED
of all these proteins showed that the locations of the two
hydrophilic regions were most similar to the ones found
in the DED of FADD and the first DED of caspase-8
(Figure 3C and data not shown). Independent alignments
using the Lipman–Pearson method revealed homologies
to DNA binding proteins at the C terminus such as

Fig. 1. Identification of DEDD as a new death effector domain (DED)-containing protein with high homology between mouse and man. (A) A
database search for new DED-containing proteins revealed a mouse EST clone (DDBJ/EMBL/GenBank accession number: Aa124451) with a DED
homologous to the DED of FADD and caspase-8. Identification of overlapping EST nucleotide sequences resulted in the determination of the full-
length DEDD protein sequence. For the human ESTs, the tissue from which each EST clone was derived is given underneath each clone. All mouse
EST sequences (except Aa163060) were derived from mouse embryos. For each EST clone, only the DEDD coding areas are shown and numbers
indicate amino acids as found in the complete DEDD protein sequence. Stippled lines indicate corresponding sequences located outside the ORF.
Steps in lines represent frameshifts caused by missequenced bases found in the EST database. (B) Comparison of murine and human DEDD on
DNA as well as on protein level. Differences in nucleotides are shown by open boxes and differences on the protein level by closed boxes. Positions
of two putative nuclear localization signals are shown by lines.
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SAF-B, a SAR binding protein (Renz and Fackelmayer,
1996), and three histones, H1, H2A and H4 within the
center of the histone fold (Luger and Richmond, 1998)
(Figure 3D).

DEDD induces apoptosis through its DED
To determine whether the putative DED in DEDD was
functionally active, two DEDD truncation mutants were
generated (Figure 4A). N-DEDD spans positions 1–114,
including the DED and the adjacent NLS1. C-DEDD
spans position 109–318 containing the proline-rich region,
NLS2 and the C-terminal half of DEDD. To minimize the
risk of interference with the functions of these proteins,
N-DEDD was tagged with a FLAG peptide at its C
terminus, whereas C-DEDD was constructed with an
N-terminal FLAG tag. To test whether DEDD could
activate the apoptosis machinery through its DED, 293T

Fig. 2.mRNA distribution of DEDD in several tissues and cell lines.
(A) Northern blot analysis with a poly(A)1 RNA hybridized membrane
probed with a DEDD oligonucleotide encoding the N-terminal
DED-containing domain (N-DEDD) The individual tissues analyzed are
indicated above the lanes.β-actin is shown as a loading control.
(B) RT–PCR of DEDD from several cell lines of lymphoid and
non-lymphoid origin.β-actin primers were used as an internal control.
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Fig. 3. Structural organization of the DEDD polypeptide. (A) Schematic representation of the subdomains of DEDD. DED, death effector domain;
NLS, nuclear localization signal; P-rich, proline-rich region. The isoelectric points (pI) of the several subdomains are indicated below. (B) The DED
of DEDD contains an area of significant homology to the DED of FADD (18.4% identity, 48.7% conservation), to the first DED of caspase-8
(CASP-8) (21.0% identity, 40.7% conservation), to the first DED of caspase-10 (CASP-10) (18.4% identity, 42.3% conservation), and to the first
DED of c-FLIP (19.7% identity, 41.7% conservation). Identical amino acid residues are depicted in black boxes; conservative exchanges are
indicated by white boxes. The asterisk marks the position of the conserved phenylalanine residue important for DED/DED interaction-mediated
cytotoxicity (Eberstadtet al., 1998). (C) Hydrophilicity plot of the DED of DEDD, FADD and caspase-8. The location of a recently identified
hydrophobic patch containing the conserved phenylalanine residue essential for DED-mediated interactions (Eberstadtet al., 1998) is labeled by a
shaded box. (D) The C terminus of DEDD shows homology to histone H1 (36 aa, 19.4% identity, 55.5% conservation), H2A (38 aa, 25.6% identity,
52.6% conservation), H4 (34 aa, 28.6% identity, 55.9% conservation), and to the SAR-binding protein SAF-B (29 aa, 34.5% identity, 44.8%
conservation).

cells were transiently transfected with an expression vector
encoding DEDD and nuclear fragmentation was quantified.
Wild-type DEDD weakly induced apoptosis (Figure 4B),
the degree of apoptosis being comparable with that induced
by caspase-8, but lower when compared with FADD.
Removing 60% of the C terminus of DEDD resulted in a
protein which was much more potent in induction of
apoptosis than wild-type DEDD (N-DEDD in Figure 4B),
demonstrating that the DED of DEDD is functional and
that the C-terminal half of DEDD has anti-apoptotic
activity. Both wild-type DEDD- and N-DEDD-induced
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apoptosis could be blocked by co-expression of the serpin
caspase inhibitor crmA, indicating that DEDD-induced
apoptosis requires caspase activation, as do other DED-
containing apoptosis signaling molecules. To test for
functional association of DEDD with FADD or caspase-
8, suboptimal non-cytotoxic concentrations of FADD or
caspase-8 were co-transfected with suboptimal concentra-
tions of the DEDD deletion mutants (Figure 4C). Under
these conditions, FADD could enhance DEDD-induced
apoptosis only in the absence of the C-terminal part of
DEDD, i.e. N-DEDD was much more cytotoxic in the
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Fig. 4. The DED in DEDD is functionally active. (A) Scheme
showing the structure of N-DEDD and C-DEDD. A FLAG tag was
added to the 39 end of wild-type DEDD and N-DEDD or to the 59 end
of C-DEDD. (B) Induction of apoptosis by transient transfection of
DEDD mutants into 293T cells. The amount of DNA used for each
DEDD construct was 3µg and for the pFM91-crmA plasmid was
4 µg. All DEDD constructs had a 39FLAG tag. Only C-DEDD was
tagged at the 59 end to allow potential interaction with the C terminus
of C-DEDD. All experiments were performed with 39FLAG-tagged
DEDD and N-DEDD. 59FLAG-tagged DEDD or N-DEDD were also
tested and found to be much less potent in induction of apoptosis (data
not shown). Untagged DEDD behaved exactly like 39FLAG-DEDD,
excluding the possibility that the 39FLAG tag interfered with
apoptosis-inducing activity of DEDD. DNA fragmentation was
determined as described in Materials and methods. Means (6 SD) of
three independent experiments are shown. (C) Enhancement of N-
DEDD-induced apoptosis by FADD. Suboptimal, non-cytotoxic
amounts (0.5µg) of pcDNA3-39FLAG-DEDD, pcDNA3-39FLAG-N-
DEDD or pcDNA3-59FLAG-C-DEDD were co-transfected with
suboptimal DNA concentrations (0.3µg) of either pcDNA3-AU1-
FADD or pcDNA3-caspase-8. DNA fragmentation was determined as
described in Materials and methods. Means (6 SD) of three
independent experiments are shown. (D) DEDD interacts with DED
containing GST fusion proteins of caspase-8 and FADD. Several GST
fusion proteins as indicated were incubated with eitherin vitro-
translated [35S]caspase-8 and [35S]FADD or [35S]DEDD. The
precipitates were subjected to 12% PAGE and subsequently analyzed
by autoradiography. The migration positions of caspase-8 (CASP-8),
FADD and DEDD are indicated.
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presence of small amounts of FADD when compared with
wild-type or C-DEDD. Co-transfection of caspase-8 did
not have any effect, even at higher concentrations (data not
shown). The observation that C-DEDD-mediated apoptosis
could not be enhanced by FADD suggests that the DED
in DEDD is required for induction of apoptosis.

DEDD binds to FADD and caspase-8 through
DED/DED interaction
The cooperative effect of FADD to enhance N-DEDD-
mediated apoptosis suggested that DEDD was involved
in death receptor signaling through DED/DED interactions.
To test whether DEDD interacts with FADD and/or
caspase-8, precipitation experiments were performed using
glutathioneS-transferase (GST)–FADD and GST–caspase-
8 fusion constructs incubated with35S-labeledin vitro-
translated FADD, caspase-8 or DEDD. [35S]DEDD bound
only to the DED containing GST fusion proteins, i.e.
GST–FADD, GST–N-FADD, GST–caspase-8 and GST–
N-caspase-8 (Figure 4D). None of thein vitro-translated
proteins bound to GST alone, to GST–C-FADD or to
GST–C-caspase-8, demonstrating that DEDD binds to the
DED of FADD and caspase-8in vitro. In summary, the
data suggest that DEDD is functional, binds to other DED-
containing proteins like caspase-8 or FADD, induces
apoptosis when expressed in 293T cells, and that this
apoptosis can be enhanced by FADD. FADD may therefore
be a physiological interaction partner for DEDD.

DEDD is located in nucleoli
The presence of two putative NLS in DEDD suggests that
it could be localized within the nucleus. To test this,
pcDNA3-DEDD was transiently transfected into 293T
cells and the subcellular localization of DEDD determined
by Western blotting using an affinity-purified DEDD-
specific anti-peptide rabbit antiserum after fractionation
into nuclear, cytoplasmic and microsomal fractions. As
shown in Figure 5A, DEDD was found only in the nuclear
fraction of cells transfected with the DEDD expression
vector. Detection of this band was abolished by preincuba-
tion of the anti-DEDD antibody with the peptide used for
antibody generation (Figure 5A, lane 7). Consistent with
their cytosolic location, both FADD and caspase-8 were
found predominantly in the cytoplasm.

To demonstrate the nuclear localization of DEDD more
directly, a FLAG-tagged DEDD was transfected into 293T
cells and visualized by immunofluorescence microscopy
(Figure 5B). These experiments revealed that DEDD was
not uniformly distributed within the nucleoplasm, but
rather accumulated in distinct globular structures which
appeared to be nucleoli. To prove this, the cells were co-
stained with both the anti-FLAG mAb and an antibody
against the upstream binding factor (UBF), a basal factor
for RNA polymerase I transcription, which is exclusively
located in nucleoli (Chanet al., 1991) (Figure 5C, center
panel). Superimposition of both stainings revealed that
DEDD co-localized precisely with UBF (Figure 5C, right
panel). Thus, DEDD overexpressed in 293T cells is found
exclusively in nucleoli.

In vivo, DEDD is localized in the cytoplasm and
translocates to the nucleus upon stimulation of
CD95
The experiments on the intracellular localization of DEDD
described so far have been performed in cells overexpress-
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Fig. 5. Subcellular distribution of DEDD. (A) DEDD is localized in the nuclear compartment. 293T cells transfected either with 5µg pcDNA3 or
pcDNA3-DEDD were fractionated into nuclei (N), cytoplasm (C) and membrane fractions (M) and the distribution of DEDD was analyzed by
Western blotting using an affinity-purified polyclonal anti-DEDD antibody (top panel), anti-FADD mAb (center panel) and anti-caspase-8 mAb
(bottom panel). Lane 7, nuclear extracts from pcDNA3-DEDD-transfected 293T cells developed with the polyclonal anti-DEDD antibody
preincubated with the DEDD peptide used for immunization. The nuclear localization of DEDD was additionally confirmed by transfecting a GFP–
DEDD fusion protein into 293T cells. GFP–DEDD was again found only in the nuclei (data not shown). (B) 293T cells transfected with 3µg
pcDNA3-59FLAG-DEDD were subjected to immunofluorescence microscopy using an anti-FLAG antibody (red fluorescence, right panel). The
transfected cells were additionally stained with the DNA-intercalating dye Hoechst 33258 (blue fluorescence) marking size and form of the nuclei.
Globular structures within nuclei intensively stained by the anti-FLAG mAb also visible in phase contrast are labeled by arrow heads. (C) Co-
localization of DEDD with UBF. 293T cells transfected with 3µg pcDNA3-39FLAG-DEDD were stained for DEDD using an anti-FLAG antibody
with a FITC-labeled secondary antibody (green fluorescence, left panel) and for the nucleolar transcription factor UBF using a human anti-UBF
serum and a Texas red-coupled secondary antibody (red fluorescence, center panel). The overlay of both images is shown in the right panel. The
localizations of DEDD and UBF in the single fluorescence and in the overlay are indicated by arrowheads.

ing DEDD. To investigate the intracellular localization of
endogenous DEDD, we determined its distribution in a
number of lymphoid cells using the affinity-purified anti-
DEDD rabbit antibody. In all cells tested, a specific protein
of 37 kDa was detected with the same electrophoretic
mobility as DEDD overexpressed in 293T cells (Figure
6A). In contrast to the latter, endogenous DEDD was
found exclusively in the cytoplasm. Since overexpression
of DEDD andin vitro association with FADD and caspase-
8 indicated that DEDD was involved in death receptor
signaling, we treated Jurkat and CEM T cells with anti-
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APO-1 to induce apoptosis and analyzed the localization
of DEDD at different times after stimulation (Figure 6B
and C). In both cell lines DEDD appeared in the nuclear
fraction first detectable after 10 min. Specificity of the
detection of DEDD in Western blot was again established
by competition with the DEDD peptide (Figure 6B, bottom
panel). Consistent with the overexpression experiment in
the 293T cells,in vivo translocation of DEDD to the
nucleus required activation of caspases as it could be
partially blocked by pretreating CEM cells with the broad-
spectrum caspase inhibitor zVAD-fmk (Figure 6C, lanes
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Fig. 6. In vivo localization of DEDD. (A) Expression of endogenous
DEDD in the cytoplasm of lymphoid cell lines. Anti-DEDD Western
blot of nuclear (N) and cytoplasmic (C) fractions from 53106 cells.
The nuclear compartment of 105 293T cells transfected with pcDNA3-
DEDD is shown as a migration control. (B) Translocation of DEDD
from the cytosol to nucleus during CD95-mediated apoptosis. Jurkat
cells (53106) were treated with anti-APO-1 for the indicated time
periods, subjected to subcellular fractionation, and the Western blot
developed with the polyclonal anti-DEDD antibody (upper panel) or
preincubated with the DEDD peptide (bottom panel). The migration
position of DEDD is indicated. (C) CEM cells (53106) treated with
anti-APO-1 for different time points were analyzed as in (B). Samples
in lanes 7 and 14 were preincubated with zVAD-fmk (1 zVAD). The
decrease of the total amount of DEDD in Jurkat and CEM cells after
240 min of anti-APO-1 treatment is due to a general loss of proteins at
this advanced stage of apoptosis.

7 and 14). The data show that during CD95-mediated
apoptosis, up to 80% of cytoplasmic DEDD (in the Jurkat
cells) translocates to the nucleus. Quantitative Western
blots revealed that DEDD is an abundant protein, being
present in ~200 000 copies in the cytoplasm of Jurkat
cells. Hence, up to 160 000 molecules of DEDD may
accumulate in the nucleus of these cells during CD95-
mediated apoptosis.

Translocation of DEDD to the nucleus requires
caspase activation
The results presented so far indicate that DEDD could
translocate to the nucleus bothin vivoand in an overexpres-
sion system. To test whether the quantitative translocation
of overexpressed DEDD was linked to its apoptotic
activity, the effect of blocking apoptosis by co-transfection
of crmA (Figure 4B) on the translocation of DEDD was
tested. Upon co-transfection of DEDD and crmA, in
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addition to cells exhibiting the nuclear staining (Figure
7A, arrowhead in top row), ~50% of the transfected cells
showed a pronounced cytoplasmic distribution of DEDD
(Figure 7A, arrows in top row). This effect of crmA
suggested again that apoptosis and caspase activation were
needed for translocation of DEDD to the nucleus. Since
overexpression of DEDD resulted in weak apoptosis,
DEDD itself may have provided the necessary apoptosis
signal facilitating its translocation to the nucleus. When
293T cells were transfected with DEDD and crmA, or
treated with zVAD-fmk, a less efficient translocation of
DEDD into the nucleus was observed (Figure 7B, top
row). Both N-DEDD and C-DEDD, each of which contain
one NLS (NLS1 or NLS2, respectively), were still found in
the nucleus as revealed by anti-FLAG immunofluorescence
(Figure 7A, middle and bottom rows) and subcellular
fractionation (Figure 7B, middle and bottom rows). How-
ever, blocking of apoptosis with crmA or zVAD-fmk
only affected the localization of C-DEDD, resulting in a
pronounced cytoplasmic distribution in immunofluores-
cence microscopy (Figure 7A, bottom row) and subcellular
fractionation (Figure 7B, lower panel). The nuclear localiz-
ation of N-DEDD did not change under apoptosis-inhibit-
ing conditions (Figure 7A and B, middle rows). These
data indicate that NLS2 is inducible and requires activation
of caspases. Interestingly, the subnuclear localization of
N-DEDD and C-DEDD appeared different. Similar to
wild-type DEDD, N-DEDD containing NLS1 was local-
ized in nucleoli, whereas C-DEDD having NLS2 showed
a more diffuse nuclear localization (Figure 7A, left column,
center and bottom panel). The data suggest that both NLS
can individually direct DEDD to the nucleus. However,
in this overexpression system NLS1 is constitutively active
and mainly responsible for the nucleolar localization of
DEDD, whereas NLS2 requires activation of caspases to
be functional. The contribution of both NLS in DEDD to
nuclear and nucleolar localization were confirmed by using
NLS1, NLS2 or NLS1/2 deletion mutants in immunofluo-
rescence microscopy (data not shown).

DEDD associates with FADD during CD95-
mediated apoptosis in vivo
Translocation of overexpressed DEDD to the nucleus
could be partially prevented by blocking activation of
caspases (Figure 7). Since DEDD was found to associate
with FADD and caspase-8in vitro, we tested whether
under conditions with significant amounts of DEDD in
the cytoplasm an association with endogenous FADD
and/or caspase-8 could be foundin vivo. To this end,
DEDD was expressed in 293T cells in the presence of
crmA. FADD and caspase-8 were immunoprecipitated
with specific monoclonal antibodies and the amount of
co-immunoprecipitated DEDD was determined by Western
blot analysis using the anti-DEDD antibody (Figure 8A).
DEDD was found to be weakly associated with
caspase-8 and much stronger with FADD, whereas DEDD
was not found in the immunoprecipitate using the control
mAb FII23. These data pointed to FADD and/or caspase-8
as potential interaction partners of DEDD during CD95-
mediated apoptosisin vivo. Jurkat cells were therefore
stimulated with anti-APO-1 for different periods of time.
Subsequently, caspase-8 and FADD were immunoprecipi-
tated and association of DEDD was again determined by



DEDD, a DED-containing DNA-binding protein

Fig. 7. Caspase inhibition prevents translocation of DEDD into the nucleus. (A) Analysis of the localization of DEDD and DEDD deletion mutants
by immunofluorescence microscopy. 293T cells were transfected with 3µg pcDNA3-39FLAG-DEDD, pcDNA3-39FLAG-N-DEDD and pcDNA3-
59FLAG-C-DEDD either alone or together with 4µg pFM91-crmA, respectively, and DEDD was analyzed by immunostaining with an anti-FLAG
antibody and a FITC-labeled secondary antibody. Nucleolar localization is indicated by small arrowheads, nucleoplasmic staining by large
arrowheads, and cytoplasmic distribution by arrows. (B) Localization of wild-type DEDD, N-DEDD and C-DEDD. Nuclear (N) and cytoplasmic
(C) compartments of the transfected 293T cells co-transfected with DEDD and crmA [see (A)] or transfected with DEDD in the presence of zVAD-
fmk were subjected to anti-FLAG Western blotting.

Western blot analysis (Figure 8B). Under these conditions
no association of DEDD with caspase-8 was found, whereas
FADD associated with DEDD in a stimulation-dependent
manner. First association of FADD with DEDD was detect-
able 10 min after CD95 triggering, correlating kinetically
with the in vivo translocation of DEDD from cytoplasm to
nucleus (Figure 6B). These data confirm that DEDD carries
a functional DED by which it associates physiologically
with FADD during CD95-mediated apoptosis.

DEDD is a DNA- and nucleosome-binding protein
that inhibits rDNA transcription
The sequence homology of the C-terminal part of DEDD
to histones (Figure 3D) suggests that DEDD may bind to
DNA. To address this issue, GST–DEDD was expressed
in Escherichia coliand the affinity-purified protein tested
in electrophoretic mobility shift assays. As shown in
Figure 9A, incubation of GST–DEDD with DNA resulted
in the formation of large aggregates which did not penetrate
agarose gels. This complex formation was not observed
with GST alone or with a GST–FADD fusion protein
(Figure 9A, lanes 2 and 3). DEDD/DNA complexes were
formed at high salt concentrations (up to 2 M NaCl;
Figure 9A, lane 7), demonstrating the high affinity of
DEDD binding to DNA. As could be expected from
the sequence homology to histones, DEDD binds non-
specifically to DNA. Any DNA tested, i.e. phageλ DNA
(Figure 9A), herring sperm DNA or different oligonucleo-
tides ranging in length between 22 and 64 bp (data
not shown) was bound, yielding large aggregates which
accumulated on top of the gel.

Both the DNA-binding properties and the nucleolar
localization of DEDD suggest that it may interfere with
important nucleolar function(s). We therefore investigated
whether DEDD would inhibit rDNA transcription. Since
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DEDD aggregates DNA, we decided to use a more
physiological template, namely chromatin. First, we tested
whether DEDD would also aggregate nucleosomal DNA.
In the experiment shown in Figure 9B, a 248 bp fragment
encompassing the rDNA promoter was assembled into
mononucleosomes, incubated with GST–DEDD, and bind-
ing to both free DNA and mononucleosomal DNA was
compared in electrophoretic mobility shift assays. DEDD,
but not FADD, bound both free DNA and mononucleoso-
mal DNA (Figure 9B, lanes 3 and 6). In contrast to free
DNA, binding of DEDD to mononucleosomes yielded a
defined complex with retarded electrophoretic mobility.
To compare the affinity of DEDD to free and mononucleo-
somal DNA, a titration was performed (Figure 9C).
Significantly, the amount of DEDD required to shift the
labeled probe was one order of magnitude higher on
nucleosomes as compared with naked DNA. At higher
DNA:protein ratios, a second defined complex was formed.
A defined complex was also formed on minimal nucleo-
somes that were reconstituted on a 146 bp DNA fragment,
and therefore, did not contain free DNA ends (data
not shown).

The higher specificity of binding of DEDD to nucleo-
somal compared with free DNA encouraged us to test
the effect of DEDD on transcription of ribosomal gene
templates assembled into chromatin. For this, an artificial
ribosomal minigene construct was used (pMrT2) which
represents a fusion between a 59-terminal murine rDNA
fragment containing the rDNA promoter and a 39-terminal
rDNA fragment containing a terminator element (La¨ngst
et al., 1998). The plasmid DNA was assembled into
chromatin with extracts from earlyDrosophila embryos
and used as a template forin vitro transcription. As has
been shown previously (La¨ngstet al., 1997), in the absence
of the transcription termination factor TTF-I, transcription
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Fig. 8. In vivo association of DEDD with FADD. (A) 293T cells were
transfected with 8µg pFM91-crmA together with either 6µg pcDNA3
(vec) or 6µg pcDNA3-39FLAG-DEDD (DEDD). Cells were lysed and
either directly subjected to a Western blot analysis (lysate) or proteins
were first immunoprecipitated with control antibody (FII23 IP), anti-
caspase-8 C1 (CASP-8 IP) or anti-FADD 1C4 (FADD IP).
Immunoprecipitates were subjected to anti-DEDD Western blot
analysis (upper panels). A control Western blot was done using anti-
CASP-8 (C15) or anti-FADD (1B5) to ensure equal levels of
immunoprecipitated proteins (bottom panels). (B) Jurkat cells were
treated with 2µg/ml anti-APO-1 for the indicated periods of time and
subsequently lysed. Caspase-8 and FADD were immunoprecipitated
and Western blot analyses performed as described in (A). The
migration positions of caspase-8 (CASP-8), the active caspase-8
subunit p18, FADD and DEDD are labeled.

on reconstituted chromatin templates was repressed
(Figure 9D, lane 1). Addition of TTF-I relieved repression
and promoted synthesis of 180 nt RNA, i.e. transcripts
that were initiated at the transcription start site and stopped
at the terminator (lane 2). Significantly, transcription was
abolished in the presence of low amounts of GST–DEDD
(lane 3), whereas 24-fold higher amounts of GST–FADD
had no effect (lane 4). Taken together, DEDD is a novel
death effector domain protein that contains two NLS.
Upon triggering of CD95 (APO-1/Fas), DEDD translocates
to the nucleus where it localizes to the nucleolus. DEDD
has a very strong histone-like DNA-binding activity and
it inhibits transcription of rDNA in anin vitro transcription
assay with reconstituted chromatin.

Discussion

DEDD contains a functional death effector domain
Overexpression of DED-containing proteins in 293T cells
often results in induction of apoptosis, probably due to
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engagement of other DED-containing proteins such as
FADD or by direct binding to DED-containing caspases
such as caspase-8 (Eberstadtet al., 1998). Also, DEDD
weakly induced apoptosis and it was therefore impossible
to generate stable DEDD transfectants. The C-terminal
part of DEDD (C-DEDD) alone weakly induced apoptosis.
However, N-DEDD which contained only the DED and
the first NLS was more effective in inducting apoptosis
than full-length DEDD or C-DEDD. Furthermore, N-
DEDD-induced apoptosis could be strongly enhanced by
co-expression of FADD. This suggests that the C terminus
of DEDD somehow hindered binding of DEDD to other
DED proteins, thus exhibiting an anti-apoptotic function.
More importantly, these data suggested that FADD is a
physiological interaction partner of DEDD, an assumption
which was confirmed byin vivo immunoprecipitation
experiments using Jurkat T cells. FADD, but not caspase-
8, associated with DEDD upon triggering of CD95.

DEDD is a highly conserved protein with strong

DNA-binding activity

Human and mouse DEDD are almost identical (98.7%
identity), this level of conservation being found throughout
the molecule. In particular, the C-terminal half of DEDD
and the DED are completely identical between human and
mouse, such extreme conservation being much higher than
that usually found when comparing DEDs of other DED-
containing proteins from man or mouse (70.7% identity
for the DED 1 of caspase-8; 81.8% identity for the DED
of FADD).

Only proteins that act at intracellular key control points
have a similarly high conservation between man and
mouse. These proteins are found in the respiratory chain
within mitochondria (e.g. cytochromec 5 91.3% identity;
cytochromec oxidase subunit 15 90.4%), in ribosomes
(e.g. L75 95.9%; L125 98.8%; L185 90.4%; L195
99.5%; L285 97.8%; S25 98.2%; S165 97.3%) or
among histones (H35 100%, H45 100%). The degree
of identity of DEDD (98.7%) between human and mouse
suggests that, in addition to its role in coupling to
the apoptosis machinery via DED-mediated interactions,
DEDD may have other crucial functions that require such
high conservation throughout evolution. These functions
seem to be important for all cells since DEDD is expressed
ubiquitously. This could already be concluded from 23
DEDD EST sequences found in the initial database
searches obtained from various tissues, suggesting that
DEDD is very abundant on the mRNA level.

Consistent with the presence of two NLS and sequence
homology to a SAR binding protein and histones, DEDD
binds DNA with very high affinity and no apparent
sequence specificity. Upon incubation with DEDD, large
DNA aggregates were formed which did not penetrate the
gels. The formation of these DEDD/DNA complexes
suggests that DEDD may have more than one DNA-
binding domain and thus crosslinks DNA; alternatively,
DNA could induce aggregation of DEDD. N-DEDD also
bound DNA (data not shown), indicating that the DED
was directly involved in this DNA binding, and consistent
with the fact that the DED of mouse and human DEDD
are completely identical.
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Fig. 9. DEDD forms complexes with both DNA and nucleosomes and inhibits rDNA transcription. (A) High-affinity binding of DEDD to DNA.
1 µg of phageλ DNA was incubated for 10 min at room temperature with 1µg of GST, GST–DEDD or GST–FADD in the presence of increasing
NaCl concentrations, subjected to agarose gel electrophoresis, and visualized by ethidium bromide staining. Lane 1 shows the mobility ofλ DNA
without addition of protein. The migration position of free DNA (free) is shown. (B) DEDD binds to nucleosomal DNA. A 248 bp 59 end-labeled
DNA fragment containing murine rDNA promoter sequences (positions –232 to116) was assembled into mononucleosomes. 80 ng of free DNA
(lanes 1–3) and nucleosomal DNA (lanes 4–6) were incubated with the indicated amounts of GST–FADD (lanes 2 and 5) or GST–DEDD (lanes 3
and 6). DNA–protein complexes were analyzed by the electrophoretic mobility shift assay. (C) Titration of DEDD into free and mononucleosomal
DNA. 50 ng of free DNA (lanes 1–6) and nucleosomal DNA (lanes 7–12) were incubated with GST–DEDD at the indicated DEDD/DNA ratios.
DNA–protein complexes were analyzed by the electrophoretic mobility shift assay. Migration positions of free and complexed (compl.) DNA and of
mononucleosomes (nucl.) are labeled. (D) In vitro transcription on nucleosomal rDNA. The rDNA minigene pMrT2 was assembled into chromatin in
the absence (lane 1) or presence (lanes 2–4) of the transcription termination factor TTF-I. 20 ng of nucleosomal DNA were used as template in
transcription reactions containing partially purified murine Pol I and transcription factors. GST–FADD or GST–DEDD were added in the indicated
amounts. Specific transcripts (arrowhead) were separated on 4.5% polyacrylamide gels and visualized by autoradiography.

DEDD contains two functional NLS that direct
DEDD to the nucleolus and may affect nucleolar
functions
Two putative NLS sequences, one classical hexapeptide
NLS and one bipartite NLS, were identified in the sequence
of DEDD. There are a number of proteins, mostly tran-
scription factors, that contain two NLS such as certain
HMG box-containing proteins (e.g. SRY or SOX9;
Sudbeck and Scherer, 1997) or the family of Kru¨ppel-like
factors (transcription factors with a Kru¨ppel-like zinc
finger motif) (Shields and Yang, 1997). Some protein
families even contain multiple NLS, such as the estrogen
and progesterone receptors (Ylikomiet al., 1992). Similar
to the situation in DEDD, one NLS often potentiates or
complements the function of another. Our data suggest
that NLS2 directs DEDD into the nucleus, whereas NLS1
appears to be involved in targeting DEDD to the nucleolus.
In support of this view, the mutant protein C-DEDD
bearing only the second NLS and∆NLS1-DEDD exhibited
a nucleoplasmic localization, whereas N-DEDD and
∆NLS2-DEDD were found only in the nucleolus.

DEDD inhibits transcription of rDNA
The nucleolar localization of DEDD suggests that it may
affect some important nucleolar functions, and therefore
interferes with ribosome biosynthesis. The nucleolus, i.e.
the organelle where transcription, modification, processing
and assembly of pre-RNA take place, may be a preferred
intracellular target for apoptotic events, because inhibition
of any of these events would prevent the formation of
ribosomes and consequently block cellular biosynthetic
activities. Although induction of apoptosis by CD95 is a
very rapid process, a large number of caspase targets are
key components for several cellular activities, such as
DNA replication, transcription, RNA processing and trans-
lation—all processes that may occur late after the onset
of CD95-mediated apoptosis. In support of this view, the
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DNA replication machinery contains a target of caspase-
3 (Rheaumeet al., 1997; Songet al., 1997; Ubeda and
Habener, 1997). Cleavage of RF-C140, a crucial part of
the DNA replication complex, during CD95-mediated
apoptosis results in cell cycle arrest. The protein synthesis
machinery is also a target for degradation. Shortly after
triggering of CD95, the polysomes disintegrate, losing
their biosynthetic activity (Zhouet al., 1998). In addition,
during many forms of apoptosis, ribosomes become func-
tionally inactivated by specific degradation of the 28S
rRNA within the ribosome (Hougeet al., 1995). This
would make cellular rRNA synthesis the rate-limiting step
of protein synthetic activity, regardless of the long half-
life of ribosomes. It is therefore conceivable that the
transcription of ribosomal genes in the nucleoli is also
downregulated. A report demonstrating proteolytic
degradation of UBF, a critical factor in the regulation of
rDNA transcription, early (after 2 h) during CD95-medi-
ated apoptosis supports the idea that inhibition of transcrip-
tion of rDNA is an important step in the process of
CD95-mediated apoptosis (Casiano and Tan, 1996;
Casianoet al., 1996, 1998). As a first step to find out
which nucleolar function is affected by DEDD, we assayed
the effect of recombinant DEDD on rDNA transcription
in vitro. Since DEDD—like histone H1—binds non-
specifically to DNA and represses both RNA polymerase
I and II transcription (Crostonet al., 1991; Kuhn and
Grummt, 1992), we tested its effect on transcription
by RNA polymerase I on a chromatin template. The
reconstituted transcription system used contains an artifi-
cial ribosomal minigene that has been assembled into
chromatin, both partially purified Pol I and Pol I-specific
transcription initiation factors, and recombinant TTF-I,
the Pol I-specific transcription termination factor. Previous
studies have established that, in this system, faithfully initi-
ated and terminated transcripts are synthesized (La¨ngst
et al., 1997, 1998). Consistent with its nucleolar localiz-
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ation, low amounts of DEDD (below those required to shift
the electrophoretic mobility of mononucleosomes) strongly
inhibited rDNA transcription. In contrast, 24-fold higher
levels of FADD had no effect. Whether or not DEDD-
mediated transcriptional repression is specific for ribosomal
gene transcription by Pol I remains to be investigated.
Nevertheless, the availability of thisin vitro system will
facilitate studies concerning the molecular mechanism
underlying repression of rRNA synthesis by DEDD.

A model for DEDD activation and translocation to
the nucleus
Overexpression of DEDD resulted in weak induction of
apoptosis, presumably by binding to FADD through DED/
DED interaction. In contrast to FADD and caspase-8,
DEDD was not found to be involved in the formation of
the CD95 DISC (data not shown), suggesting that DEDD
may exert its function downstream of these receptor
proximal events. Overexpressed DEDD was found exclus-
ively in the nuclear fraction, whereas endogenous DEDD
in non-apoptotic cells was found only in the cytoplasm.
Translocation into the nucleus could be significantly inhib-
ited by co-expression of crmA or treatment with the
caspase peptide inhibitor zVAD-fmk, indicating that cas-
pase activation was required for this process. However,
association of DEDD with FADD did not require activation
of caspases since it was detected in the presence of
overexpressed crmA. This association therefore appears
to occur either independently or upstream of the activation
of caspases.

On the basis of these data, we propose the following
model for activation of DEDD. In non-apoptotic cells,
DEDD is localized in the cytoplasm. We suggest the
existence of an inhibitor that binds to the C terminus of
DEDD and thus masks NLS2. After induction of apoptosis
through CD95, the caspase cascade is activated, which
leads to cleavage of this molecule and results in its
degradation and/or its release from DEDD. The concept
of a caspase cleaved inhibitor was introduced recently.
An endonuclease, CAD, was found to be complexed to
an inhibitor, ICAD, likely preventing CAD from entering
the nucleus (Enariet al., 1998; Sakahiraet al., 1998).
ICAD is a substrate of caspase-3, and cleavage of ICAD
resulted in liberation of the active endonuclease CAD.
The cloning of DEDD and the prediction of an ICAD-
like inhibitor for DEDD that is also cleaved by a caspase
makes it likely that this system of translocating proteins
to the nucleus is a common principle that is specific for
apoptosis signaling.

Materials and methods

EST searches and cloning cDNAs encoding human and
murine DEDD
To search for new DED-containing proteins, the program TFindPatterns
in a modified version of GCG’5 FindPattern was used, which allowed a
search for patterns in translated nucleic acid sequences databases (Senger
et al., 1995). For cloning of the human and murine cDNAs coding for
DEDD, total RNA isolated from Jurkat J16 and murine EL4 cells were
reverse-transcribed using the Perkin Elmer RT–PCR kit according to the
manufacturer’s protocol using PCR-primer 1 CGCGGATCCGGGGAA-
AGCATTGCGTACCTGAGCC, PCR-primer 2 CCGGAATTCC GG-
ACAGTCCCCAAAGTGAGAAAGAGGG, PCR-primer 1-murine
CGCGGATCCGGGC TCTATTTCTGAGCCTCTAGC and PCR-primer
2-murine CCGGAATTCCGGCAGAGGT GACGGAGCGAACAGTCC.
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For RT–PCR of human DEDD, primers 1 and 2 contained aBamHI
restriction and anEcoRI restriction site respectively at their 59 ends. The
amplified cDNA was cloned (BamHI–EcoRI) into the multiple cloning site
of pcDNA3. Sequence alignments and hydrophilicity blot were performed
using the DNAStar sequence analysis software package, Lasergene. The
nucleotide sequences of human and mouse DEDD have been submitted to
the DDBJ/EMBL/GenBank database under the accession numbers
AJ10973 and AJ011386, respectively.

Northern blot analysis and RT–PCR
Multiple poly(A)1 RNA Tissue Northern (MTNTM) Blot membrane
(Clontech) was hybridized with a32P-labeled DNA probe of DEDD
spanning the first 470 bp. Hybridization was performed according to the
manufacturer’s instructions. RT–PCR of total RNA isolated from different
cell lines of lymphoid and non-lymphoid origin was performed using
the Perkin Elmer RT–PCR kit according to the manufacturer’s protocol.
The RT–PCR probes were used in a competitive PCR (1 min395°C,
1 min359°C, 1 min372°C, 35 cycles) using the primer 3 (CGCGGAT-
CCGGGAGCATGGCGGGCCTAAAGCGGCG), primer 4 (CCGGAAT-
TCCGG CTTGGTTCTGGATCACTGAAGGC) andβ-actin primers.

Generation of DEDD mutant constructs
Using standard PCR and cloning techniques, the following constructs
were generated: 39FLAG-DEDD (primer 1 and primer 5 CCGGAATT-
CCGGTCACTTGTC ATCGTCGTCCTTGTAATCGGGCAAAGCTT-
CAGCATC), 59FLAG-DEDD (primer 6 CGCGGATCCGCGATGGAT-
TACAAGGACGACGATGACAAGATGGCGGGCCTAAAGCGGCG
and primer 2), 39FLAG-N-DEDD (amino acids 1–114) (primer 1 and
primer 7 CCGGAATTCCGGTCACTTGTCATCGTCGTCCTTGTAAT-
CTACAAGATCAGGGCACACAGC), and 59FLAG-C-DEDD (amino
acids 109–318) (primer 8 CGCGGATCCGCGATGG ATTACAAGG-
ACGACGATGACAAGCGGGCTGTGTGCCCTGATC and primer 2).
To generate GST fusion proteins, standard PCR and cloning techniques
were applied. The GST–DEDD fusion protein was generated as described
previously (Medemaet al., 1998). Generation of GST–DEDD, GST–
FADD, GST–C-FADD (amino acids 89–207), GST–N-FADD (amino
acids 1–88), GST–caspase-8, GST–N-caspase-8 (amino acids 1–180)
and GST–C-caspase-8 (amino acids 181–478) was described recently
(Medemaet al., 1998).

Transfection of 293T cells and cytotoxicity assay
Transfection was performed by using the calcium phosphate precipitation
method. Transfected 293T cells were harvested after 36 h and DNA
fragmentation as a specific measure of apoptosis was quantified as
described previously (Peteret al., 1995).

Generation of polyclonal anti-DEDD anti-serum
Polyclonal rabbit anti-DEDD antiserum was generated and affinity-
purified as described previously (Peteret al., 1995). The peptide
CRAFSDPEPRPPQPSKTGPPH which corresponds to amino acids 139–
158 of the EST clone Aa124451 (positions 129–148 of the DEDD
primary sequence as found in DDBJ/EMBL/GenBank) was used for
immunization. Resequencing of the clone and cloning of DEDD from
Jurkat and EL4 cells showed two missequenced codons within this
stretch of amino acids. Phe141 and Gly155 were corrected to Leu141
and Val155, respectively. These two conservative exchanges, however,
did not affect the specificity of the anti-DEDD antibody.

Western blotting and peptide competition
Proteins were separated by 12% SDS–PAGE, transferred to Hybond
nitrocellulose membranes (Amersham), blocked with 5% milk in phos-
phate-buffered saline with 0.05% Tween 20 (PBS/Tween) for 1 h,
washed with PBS/Tween and incubated with the following antibodies:
monoclonal anti-caspase-8 antibody C15 (IgG2b) (Scaffidiet al., 1997),
monoclonal anti-FADD antibody (IgG1) (Signal Transduction Lab.,
Lexington, KY), monoclonal anti-FADD antibody 1B5 (IgG2a) (unpub-
lished data) and affinity-purified polyclonal anti-DEDD antiserum each
used at a concentration of 1µg/ml in 5% milk in PBS/Tween 20. The
blots were washed with PBS/Tween and developed with goat anti-rabbit
IgG (1:5000) or with isotype-specific goat anti-mouse antibodies (1:5000)
in 5% milk PBS/Tween. After washing with PBS/Tween, the blots were
developed with the Renaissance chemiluminescence system following
the manufacturer’s protocol (NEN, Boston, MA). For peptide competi-
tion, the polyclonal anti-DEDD antiserum was preincubated with 10µM
DEDD-peptide used for immunization (see generation of polyclonal anti-
DEDD antiserum) for 30 min and then applied to the Western blot
membrane like the non-peptide-treated antiserum. To quantify the amount
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of DEDD in cellular lysates, the anti-DEDD antibody was used in a
Western blot analysis to compare the signal obtained from endogenous
DEDD with defined amounts of GST–DEDD.

Subcellular fractionation
Subcellular fractionation was performed as described previously (Martin
and Green, 1996), though slightly modified. CEM cells (13108) were
stimulated with anti-APO-1 (1µg/ml) and washed twice with PBS. Half
of the cells were used for preparation of cytoplasmic and nuclear extracts,
respectively. For preparation of cytoplasmic extracts, the cells were
resuspended in 400µl Cyt-buffer [50 mM HEPES pH 7.4, 50 mM KCl,
5 mM EDTA, 2 mM MgCl2, 1 mM dithiothreitol, 10µM cytochalasin
B, 1 mM phenylmethylsulfonyl fluoride (PMSF)] and allowed to swell
by incubation for 20 min on ice. The cells were gently broken up using
a Dounce homogenizer. Small aliquots of the lysate were taken and
stained with trypan blue to determine the progression of cell lysis.
Homogenization was continued until.95% of the cells were broken.
After centrifugation at 14 000g, the clear supernatant was carefully
removed and supplemented with 100µl of 5-fold concentrated standard
reducing sample buffer (53 RSB). For preparation of nuclei, cells were
incubated on ice for 20 min in Nuc-buffer (10 mM HEPES pH 7.4,
10 mM KCl, 2 mM MgCl2, 1 mM dithiothreitol, 10µM cytochalasin
B, 1 mM PMSF) and homogenized as described for the preparation of
cytoplasmic extracts. When.95% of the cells were lysed, the salt
concentration was adjusted to 150 mM, and the suspension was layered
over 30% (w/v) sucrose in Nuc-buffer and centrifuged at 800g. For
preparation of nuclei from 293T cells, a 20% (w/v) sucrose solution was
used. The nuclei were washed in Nuc-buffer, resuspended in 400µl
Nuc-buffer plus 100µl of 53 RSB and 50µl of each sample (nucleic
and cytoplasmic extracts) were applied to 12% SDS–PAGE. In some
experiments, cells were fractionated into microsolic, nuclear and cyto-
plasmic fractions as described elsewhere (Hsuet al., 1997).

Immunofluorescence microscopy
293T cells transfected with FLAG-tagged DEDD-wild-type and DEDD-
mutant were washed three times with PBS/1 mM MgCl2 and fixed with
methanol:acetone (1:1) at –20°C for 15 min. For co-staining experiments
with anti-UBF antiserum, fixation was performed in 1.75% formaldehyde.
The coverslips were allowed to dry, rehydrated with PBS/1 mM MgCl2
and incubated with the monoclonal anti-FLAG antibody M2 (IgG1)
(Sigma) or polyclonal human anti-UBF antibodies. After washing three
times with PBS/1 mM MgCl2 and incubation with the secondary antibody
(goat anti-mouse IgG1-FITC for anti-FLAG and goat anti-human-Texas
red for anti-UBF), the nuclei were stained with Hoechst 33258 (Sigma)
(4 µg/ml in PBS/1 mM MgCl2). After rinsing with PBS/1 mM MgCl2,
the coverslips were placed in 100% ethanol for a few seconds. After
drying, the coverslips were mounted onto glass slides and photographs
taken using standard fluorescence microscopy (Leitz DMRBE), or for
co-staining experiments, confocal microscopy (LSM 310, Zeiss, Jena).

In vitro association assay of DEDD with caspase-8 and FADD
Using a TNT-coupled reticulocyte lysate system (Promega), DEDD,
caspase-8 and FADD werein vitro-translated in the presence of [35S]me-
thionine.In vitro-translated proteins were incubated with 20µg of GST
fusion proteins precoupled to GSH beads for 2 h at 4°C in lysis buffer
(20 mM Tris–HCl pH 7.4, 1% Triton X-100, 10% glycerol, 150 mM
NaCl, 1 mM PMSF and 1 mg/ml of leupeptin, antipain, chymostatin
and pepstatin A). Subsequently, beads were washed three times with 20
volumes of lysis buffer and associated proteins analyzed by 12% SDS–
PAGE followed by autoradiography.

In vivo association assay of DEDD with caspase-8 and FADD
Postnuclear supernatants of 108 untreated or anti-APO-1 treated Jurkat
or 293T cells transfected with 39FLAG-DEDD and crmA were prepared
as described previously (Kischkelet al., 1995). The postnuclear supernat-
ants were then added to 15µg of the following mAbs: anti-caspase-8
C1 (Scaffidi et al., 1997) or anti-FADD 1C4 (unpublished data) both
coupled to anti-IgG1 agarose beads (Sigma) and incubated at least for
12 h at 4°C. Beads were then washed three times with Cyt-buffer. The
immunoprecipitates were separated on 12% SDS–PAGE.

DNA labeling and nucleosome assembly
DNA was labeled for electromobility shift assays by PCRs containing
[α-32P]dCTP. The 248 bp fragment was amplified from a cloned rDNA
fragment with primers spanning regions from –232 to –212 and –7 to
116 relative to the transcription start point, respectively.

Nucleosomes were assembled onto these fragments by transfer of
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histones bound to polyglutamic acid as described previously (Stein,
1989; Längstet al., 1998).

Electromobility shift assay
1 µg GST–DEDD or GST–FADD were incubated for 10 min at room
temperature with 1µg DNA from phageλ in 40 µl of buffer (50 mM
Tris–HCl pH 7.4, 3 mM MgCl2, 100 mM NaCl) containing different NaCl
concentrations. Formation of DNA–protein complexes was analyzed on
1% agarose gels. To analyze binding to an oligonucleotide containing the
murine rDNA promoter, a 248 bp fragment was amplified encompassing
rDNA sequences from –232 to116 relative to the transcription start
site. 200–600 ng of the 59-end-labeled fragment (300 000 c.p.m. perµg)
were assembled into mononucleosomes by transfer of purified core
histones complexed with polyglutamic acid (Stein, 1989; La¨ngst et al.,
1998). 50 ng of free DNA or nucleosomal equivalents were incubated
in a final volume of 20µl with different amounts of GST–DEDD or
GST–FADD in 50 mM Tris–HCl pH 8.3 for 10 min at room temperature.
Then 5µl of 20% glycerol were added and the DNA–protein complexes
formed analyzed on 4.5% polyacrylamide gels in 0.53 TBE.

In vitro transcription
In vitro transcription on nucleosomal templates was performed essentially
as described by La¨ngstet al. (1997). The template used was pMrT2, an
artificial ribosomal minigene construct in which 59-terminal murine
rDNA sequences (from –168 to1155 relative to the transcription start
site) were fused to a 39-terminal fragment (from1603 to 1686 with
respect to the 39 end of 28S RNA) containing the terminator element T2
(Längstet al., 1997). Chromatin was assembled onto 200 ng of pMrT2
by incubation with 12µl of an extract derived from earlyDrosophila
embryos in a total volume of 40µl for 5.5 h (Becker, 1994). The
reaction was supplemented with 100 ng of recombinant His-tagged
TTF∆185 at the onset of assembly. GST–DEDD and GST–FADD were
added to 25µl transcription assays containing 12 mM Tris–HCl pH 7.9,
0.1 mM EDTA, 5 mM dithiothreitol, 5 mM MgCl2, 80 mM creatine
phosphate, 12% glycerol, 0.66 mM each of ATP, CTP and GTP, 0.01 mM
UTP, 1.5µCi [α-32P]UTP, 20 ng chromatin, 50 ng recombinant TTF-I
and 4 µl of a murine protein fraction (DEAE-280 fraction) which
contains all factors required for transcription initiation on rDNA tem-
plates. Reactions were incubated for 1 h at 30°C and stopped by adding
one volume of 0.4 M ammonium acetate pH 5.5, 0.4% SDS and 0.2 mg/
ml yeast tRNA. Transcripts were extracted and analyzed on 4.5%
polyacrylamide gels.
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