intra-RTN inhibition is sufficient to produce
thalamic hypersynchrony.

The powerful effects of 3, ablation could be
explained by the dependence of GABA, re-
sponses in RTN neurons on relatively few re-
ceptor isoforms (/7). GABA , receptor function
is less impaired in hippocampal neurons of 3,
knockouts (27), which may reflect a lower de-
pendence on this B subunit (/7). The shortening
of IPSC duration in 3, knockouts potentially
relates IPSC properties to neural circuit activity
in the thalamus and may show how the specific
functional deletion of intra-RTN connections
affects phasic oscillations (7, &8). The role of
intra-RTN connections in thalamic oscillations
is controversial. These connections might either
facilitate (22) or dampen oscillations (7, 9, 23).
Our results, showing highly synchronous oscil-
lations in animals lacking functional GABA ,
receptors in RTN, indicate that intra-RTN inhi-
bition desynchronizes thalamic activity. Fur-
ther, these data show how inactivation of a
postsynaptic receptor gene can result in func-
tional deletion of a specific neuroanatomical
circuit and provide information regarding
mechanisms of human disease (/3).
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Prevention of Constitutive TNF
Receptor 1 Signaling by Silencer
of Death Domains

Yingping Jiang, John D. Woronicz, Wei Liu, David V. Goeddel*

Tumor necrosis factor receptor type 1 (TNF-R1) contains a cytoplasmic death
domain that is required for the signaling of TNF activities such as apoptosis and
nuclear factor kappa B (NF-kB) activation. Normally, these signals are generated
only after TNF-induced receptor aggregation. However, TNF-R1 self-associates
and signals independently of ligand when overexpressed. This apparent paradox
may be explained by silencer of death domains (SODD), a widely expressed
~60-kilodalton protein that was found to be associated with the death domain
of TNF-R1. TNF treatment released SODD from TNF-R1, permitting the re-
cruitment of proteins such as TRADD and TRAF2 to the active TNF-R1 signaling
complex. SODD also interacted with death receptor-3 (DR3), another member
of the TNF receptor superfamily. Thus, SODD association may be representative
of a general mechanism for preventing spontaneous signaling by death domain-

containing receptors.

TNF is a pleiotropic cytokine that signals
through two distinct TNF receptors belonging
to the rapidly expanding TNF receptor super-
family. Many of TNF’s best characterized
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94080, USA.
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signaling pathways, such as induction of ap-
optosis and activation of the transcription
factor NF-«kB, are initiated by TNF-RI,
whereas TNF-R2 appears to play a direct role
in only a limited number of TNF responses
(). The intracellular portion of TNF-R1 con-
tains a “death domain” of about 70 amino
acids that is required for the signaling of
apoptosis and NF-kB activation (2, 3). Many
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details of the molecular mechanisms of TNF-
R1 signaling have been elucidated in recent
years. In the initial step, TNF binds to the
extracellular domain of TNF-R1 and induces
receptor trimerization (4). Next, the aggregat-
ed death domain of TNF-RI1 recruits the
adapter protein TRADD (3). TRADD, in
turn, recruits FADD, TRAF2, and RIP to
form the TNF-R1 signaling complex and ac-
tivate signaling cascades leading to apoptosis
(5, 6), INK/SAPK activation (5, 7), and NF-
kB activation (8), respectively.

In addition to TNF-RI, several other
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members of the TNF receptor superfamily,
including Fas, DR3, DR4, and DRS5, contain
intracellular death domains and are capable
of triggering apoptosis when activated by
their respective ligands (9). The death do-
mains of these receptors can self-associate
and bind other death domain—containing pro-
teins, demonstrating that death domains func-
tion as protein-protein interaction domains
(3, 10). Tt has been exceedingly difficult to
generate stable cell lines that overexpress
death domain receptors (DDRs), presumably
because overexpression leads to receptor ag-
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Fig. 1. Characterization of SODD
cDNA, mRNA, and protein. (A)
Predicted amino acid sequence of
SODD. The amino acid sequence
deduced from the sequence of two full-
length SODD cDNAs is shown. The 5’ end
of the cDNA clone isolated by two-hybrid
screening is indicated by the asterisk. The
SODD nucleotide sequence has been de-
posited in GenBank (accession number
AF111116). Single-letter abbreviations for
the amino acid residues are as follows: A,
Ala; C, Cys; D, Asp; E, Glu; F, Phe; G, Gly; H,
His; |, lle; K, Lys; L, Leu; M, Met; N, Asn; P,
Pro; Q, Gln; R, Arg; S, Ser; T, Thr; V, Val; W,
Trp; and Y, Tyr. (B) Northern blot analysis
of SODD mRNA. A human multiple tissue
blot (Clontech) was hybridized with a full-

length SODD cDNA probe. Positions of the RNA markers (in kilobases) are indicated on the left. (C)
Identification of endogenous SODD in cell lines. Lysates from Jurkat, U937, 293, and Hela cells
were immunoprecipitated with rabbit antiserum against His-SODD («SODD) or IgG as a control
(78). Immunoprecipitates were separated by SDS-PAGE and immunoblotting performed with the
antiserum to SODD peptide (78). Positions of molecular mass standards (in kilodaltons) are shown.
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Fig. 2. Interaction of SODD with TNF-R1
and DR3 in mammalian cells. (A) Coprecipi-
tation of Flag-SODD with the intracellular
domains of TNF receptor family members
expressed as GST fusion proteins in 293
cells (73). Cell lysates were precipitated

with glutathione agarose (GSH) beads, and the coprecipitating SODD was detected by immuno-
blotting with antibody to Flag (anti-Flag) (top). The bottom panel shows relative expression levels
of the various GST fusion proteins by immunoblot analysis with antibody to GST (anti-GST ). Ppt,
precipitation. (B) Interaction of SODD with TNF-R1 mutants. Flag epitope-tagged SODD and the
indicated TNF-R1 mutants (2, 3) were transiently expressed in 293 cells. Lysates were immuno-
precipitated with monoclonal antibody 985 to TNF-R1 (anti-TNF-R1) (5), and coprecipitating
Flag-SODD was detected by immunoblotting with anti-Flag. The bottom panel shows immuno-
blotting analysis of total cell lysates with anti-Flag. Positions of molecular mass standards (in
kilodaltons) are shown at left. IP, immunoprecipitation. WT, wild type.

gregation and constitutive activation of the
apoptotic machinery. Yet DDRs are naturally
expressed in many tissues and cell lines,
where they are maintained in an inactive state
in the absence of their cognate ligands. These
observations suggest the existence of a cellu-
lar mechanism that protects against ligand-
independent signaling by TNF-R1 and other
DDRs.

During the course of a search for DR3-
interacting proteins (//), we isolated a cDNA
clone encoding a 457—amino acid protein we
have designated SODD for silencer of death
domains (Fig. 1A). Northern (RNA) blot
analysis showed that the ~3.5-kb SODD
mRNA was expressed in all human tissues
examined (Fig. 1B). Polyclonal antibodies
raised against SODD recognized a protein
doublet of about 60 kD in several human cell
lines (Fig. 1C).

Additional yeast two-hybrid interaction
assays showed that SODD associated with
the intracellular domains of TNF-R1 and
DR3 but not with those of TNF-R2, Fas,
DR4, or DRS5 (/2). To confirm the interac-
tions observed in yeast, we did coprecipita-
tion assays in human embryonic kidney 293
cells (/3). Glutathione S-transferase (GST)
fusion proteins of the intracellular regions of
various TNF receptor family members were
transiently coexpressed with epitope-tagged
SODD. Cell extracts were precipitated with
glutathione agarose beads and analyzed for
coprecipitating SODD by immunoblotting. In

TNF-R1 + + +
Flag-TRADD - + +
Flag-SODD

86—
P -— SODD
5=
=— TRADD
B R T S
Total = ,80DD
Extracts

<— TRADD

ARLES

Fig. 3. SODD inhibits the interaction between
TNF-R1 and TRADD. 293 cells were transfected -
with the indicated combinations of expression
plasmids (4 pg each). Cell lysates were immu-
noprecipitated with control mouse 1gG (ig) or
monoclonal antibody 985 to TNF-R1 (aR1). Copre-
cipitating SODD and TRADD were detected by im-
munoblotting with anti-Flag (top). Immunoblotting
analysis of total cell lysates with anti-Flag is shown
(bottom). Positions of molecular mass standards (in
kilodaltons) are indicated.
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this assay, SODD interacted specifically with
the intracellular regions of TNF-R1 and DR3
but not with those of other DDRs or TNF-R2
(Fig. 2A), confirming what we observed in
yeast. In similar experiments, SODD did not
interact with the death domain—containing
cytoplasmic proteins TRADD, FADD, or RIP
12).

Because the death domain is a common
feature of the intracellular tails of TNF-R1
and DR3, the above results suggested that
SODD might recognize these two DDRs spe-
cifically through this domain. To investigate
this possibility, we examined the interactions
between SODD and four different TNF-R1
mutants in mammalian cell coimmunopre-
cipitation assays. Two TNF-Rl mutants
(A407-426 and A212-308) with largely intact
death domains could coprecipitate SODD,
whereas two TNF-R1 constructs having mu-
tations within the death domain (A212-340
and K343 F345 R347) could not (Fig. 2B).
Thus, SODD recognizes the death domain of
TNF-R1.

The interaction profile displayed by TNF-
R1 mutants for SODD is the same as ob-
served earlier for the interaction between

REPORTS

these mutants and the adapter protein
TRADD (3). To determine whether SODD
and TRADD recognize overlapping or inde-
pendent binding sites in the TNF-R1 death
domain, we performed additional coimmuno-
precipitation experiments. TNF-R1 was co-
expressed with epitope-tagged SODD in the
presence or absence of TRADD. As expect-
ed, both SODD and TRADD coprecipitated
with TNF-R1 when expressed individually
(Fig. 3, lanes 2 and 4). However, when
SODD and TRADD were coexpressed at
roughly equivalent levels, the interaction be-
tween TRADD and TNF-R1 was substantial-
ly reduced (Fig. 3, lane 6), demonstrating that
SODD and TRADD cannot simultaneously
interact with TNF-R1.

Protein-protein interactions that occur
when the proteins are artificially overex-
pressed may not exist or may be difficult to
detect in untransfected cells. We therefore
examined two human cell lines, U937 and
Jurkat, to determine whether endogenous
SODD and TNF-R1 interact under physiolog-
ical conditions. Lysates prepared from cells
treated for 5 min with TNF or left untreated
were immunoprecipitated with a nonagonistic
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Fig. 4. TNF-dependent interaction of endogenous SODD and TNF-R1. (A) Release of SODD from
TNF-R1 after TNF treatment. U937 or Jurkat cells (2 X 108) were treated with TNF (100 ng/ml)
for 5 min or left untreated. Cell lysates were immunoprecipitated with monoclonal antibody 985
to TNF-R1 {(aTNF-R1) or with control mouse IgG. Coprecipitating SODD, TRADD, and TRAF2 were
detected by immunoblot analysis with antisera to SODD (78), TRADD (5), and TRAF2 (74),
respectively. (B) Time course of SODD release from TNF-R1. For each lane, 2 X 10° cells were
treated with TNF for indicated times and then processed as described for (A). Positions of motecular

mass standards (in kilodaltons) are indicated.

Table 1. Effects of altered SODD expression on NF-kB activation and cell viability. Human embryonic 293
cells were transfected by the calcium phosphate method (3) with a 3 pg of the empty vector pRKS, the
SODD expression vector pRK-SODD, or the SODD antisense vector pRK-AS-SODD. All cells were also
transfected with 1 ug of an E-selectin-luciferase reporter gene and 0.5 pg of the PB-galactosidase
expression vector pRSV—-galactosidase (79). After 24 hours, cells were treated with TNF (20 ng/ml) for
6 hours or left untreated. Luciferase activity was measured and normalized for B-galactosidase expression
as described (79) and are represented as the mean = SD of four replicate samples. Mean cell viability
(=SD of quadruplicate samples) after the TNF treatment was determined as described (3) and is shown
relative to the viability of pRK-SODD-transfected cells.

NF-«B activation (relative luciferase activity) Relative cell

Vector viability (%)
—TNF +TNF Fold activation (+TNF)
pRK5 1.0 *0.04 69 *12 6.9 49 3
pRK-SODD 0.20 £ 0.01 0.48 = 0.04 2.4 100 *+ 30
pRK-AS-SODD 12 *0.2 158 =57 136 29+ 10

antibody to the extracellular domain of TNF-
R1. Coprecipitating SODD was readily de-
tected in untreated cell lysates but was barely
visible in the TNF-treated samples (Fig. 4A).
Thus, SODD and TNF-R1 are preassociated,
and TNF-induced aggregation of TNF-RI1
leads to the disruption of the SODD—TNF-
R1 complex. In contrast, the TNF-R1 signal
transducers TRADD and TRAF2 are not con-
stitutively associated with TNF-RI but are
recruited to TNF-R1 only after TNF treat-
ment (Fig. 4A) (5, 14). A time course exper-
iment shows that SODD was rapidly released
from TNF-R1 after TNF treatment but began
to reassociate after about 10 min (Fig. 4B).
Functional assays were performed to de-
termine a possible role for SODD in TNF
signaling. Overexpression of SODD in either
293 or HeLa cells failed to activate the well-
characterized TNF-R1 cascades leading to
apoptosis, NF-kB activation, or JNK activa-
tion (/2). Moreover, SODD overexpression
consistently suppressed the ability of TNF to
activate an NF-kB—dependent reporter gene
and inhibited TNF-induced cell death (Table
1). SODD overexpression also effectively in-
hibited NF-«kB activation triggered by TNF-
R1 overexpression (/2). These results sug-
gested that SODD may act as a silencer of
TNF signaling. Therefore, we examined
whether transient transfection of a SODD
antisense vector in 293 cells might lead to
ligand-independent signaling by TNF-RI.
Expression of SODD antisense RNA gave
only partial reduction in endogenous SODD
levels (I2) and resulted in minimal NF-xB
activation in the absence of TNF (Table 1).
However, cells expressing SODD antisense
RNA demonstrated enhanced NF-kB activa-
tion and decreased viability after TNF treat-
ment, results consistent with SODD being a
negative regulator of TNF-R1 signaling.
The identification and characterization of
SODD shed light on a previously unrecognized
mechanism by which cells are able to carefully
regulate signal transduction by TNF-R1 and
other DDRs. The data presented above are con-
sistent with a model in which SODD is a neg-
ative regulatory protein that is normally associ-
ated with the death domain of TNF-R1. SODD
could inhibit the intrinsic self-aggregation prop-
erties of the death domain and maintain TNF-
R1 in an inactive, monomeric state. This inhi-
bition is relieved by TNF-mediated receptor
cross linking, which triggers the rapid release of
SODD from the death domain of TNF-R1. The
uncomplexed death domains of TNF-R1 are
then able to self-associate and bind the adapter
protein TRADD, which in turn recruits TRAF2,
RIP, and FADD to form an active TNF-R1
signaling complex. These signaling proteins be-
gin to dissociate from the receptor within min-
utes of complex formation (Fig. 4B), in a pro-
cess that is accompanied by the phosphoryl-
ation of TRADD (/5). The subsequent reasso-
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ciation of SODD with the uncomplexed TNF-
R1 then reestablishes the normal silent state for
TNF-RI. This tight control of the duration of
TNF signaling at the receptor level is somewhat
analogous to the temporal regulation of NF-kB
activity by the NF-kB inhibitor IkB that occurs
downstream in the TNF signaling cascade. In
addition to its role as a silencer of TNF-RI
signaling, we have considered the possibility
that SODD may also participate in transducing
TNF signals once it is released from the acti-
vated receptor complex. However, at this time,
we have no evidence for such a signaling role.

It is likely that SODD also functions as an
inhibitor of constitutive DR3 signaling because
(i) SODD interacts with DR3 and TNF-R1
equally well in yeast two-hybrid and mamma-
lian coprecipitation assays; (ii) DR3, like TNF-
R1, signals independently of ligand when over-
expressed (/6); (iii) the death domains of DR3
and TNF-R1 are highly related, sharing 45%
sequence identity; and (iv) TNF-R1 and DR3
both use TRADD, TRAF2, RIP, and FADD for
signal transduction (/6). Finally, on the basis of
these results, we predict that SODD-related
proteins will be found that interact with and
play a similar role in preventing spontaneous
signaling by Fas, DR4, and DRS5. In fact, a
candidate protein having 61% identity to the
COOH-terminal 71 amino acids of SODD is
predicted to be encoded by expressed sequence
tag cDNA clones (/7) found in the National
Center for Biotechnology Information DNA
database.
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Silencing of Genes Flanking the
P1 Plasmid Centromere

Oleg Rodionov, Matgorzata kobocka,* Michael Yarmolinskyf

Partition modules stabilize bacterial plasmids and chromosomes by actively
promoting their segregation into daughter cells. The partition module of plas-
mid P1 is typical and consists of a centromere site, parS, and genes that encode
proteins ParA and ParB. We show that ParB can silence genes flanking parsS (to
which ParB binds), apparently by polymerizing along the DNA from a nucleation
site at parS. Wild-type ParB contacts an extensive region of P1 DNA,; silencing-
defective ParB proteins, which were found to be partition-defective, are less
able to spread. Hence, the silenced structure appears to function in partitioning.

In eukaryotes, transcriptional silencing of
DNA regions, which range in size from short
segments to entire chromosomes, is an essen-
tial feature of development (/). In fission
yeast and in Drosophila, extensive regions of
silencing that spread from centromeric sites
appear to be necessary for full centromere
functioning (2). We consider the possibility
that silencing may have a role in the prokary-
otic equivalent of mitosis—the process of
partitioning plasmids and chromosomes (en-
suring their orderly segregation to daughter
cells). Knowledge of partitioning has been
mainly derived from studies of plasmid-en-
coded partitioning genes and their chromo-
somal homologs, which have been recog-
nized to be present in diverse bacteria (3-5).
Although the few reports of silencing in bac-
teria are generally of silencing over short
regions, studies have shown that genes sev-
eral kilobases distant from the centromere of
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the bacterial plasmid F can be silenced by
high levels of the F partition protein, SopB
(6, 7). Here, we characterize silencing by
comparable elements of the P1 plasmid, pro-
vide evidence concerning its mechanism, and
assess its relevance for partitioning.

P1 partitioning requires two P1 proteins
(ParA and ParB) and a DNA site (parS) (8).
ParB binds to parS (9, 10); ParA is an aden-
osine triphosphatase (/7). These factors, to-
gether with unknown host components, en-
sure plasmid stability. We previously ob-
served that, dependent on the location of
parS, ParB can either destabilize a parS-
bearing plasmid (/2) or prevent such a plas-
mid from conferring antibiotic resistance
(13), perhaps by gene silencing in each case.
To further study silencing, we inserted parS
and reporter genes lacZ and cat at the N
attachment site (a#t\) of Escherichia coli,
close to the biotin biosynthesis genes (bio4,
B, F, C, and D) (Fig. 1A). We made con-
structs with parS in opposite orientations (I
and II) and a construct without parS (0). ParB
was supplied from an inducible plasmid
source.

Expression of the cat, lacZ, and bio genes
was markedly decreased by the presence of
wild-type ParB, in contrast to their expres-
sion in controls that lacked parS or in which
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