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Clones encoding the type 1 (p80) and type 2 (p60) forms of the murine receptors for tumor necrosis factor
(TNF) were isolated by cross-hybridization using probes derived from the cloned human TNF receptors. Each
of the murine receptors shows strong sequence homology to the corresponding human receptor (-65% amino
acid identity) throughout the molecule but only modest homology, limited to ligand-binding domains, between
themselves. The ligand-binding characteristics of the recombinant murine receptors mirror those of the human
homologs: both receptor types bind TNF-a and -0 with multiple affinity classes, and the ligands cross-compete.
Analysis of the murine transcripts encoding these receptors revealed the presence of RNAs for one or both
forms of the receptors in all cells examined. It was also demonstrated that for both types of human TNF
receptor, variably sized transcripts are observed in different cells. The murine cDNAs were further used to
determine the chromosomal locations of the TNF receptor genes. They are not linked, in contrast to the ligands,
and map to chromosomes 4 (type 1) and 6 (type 2).

Tumor necrosis factor a (TNF-a) and 3 (TNF-1, lympho-
toxin) are structurally and functionally homologous cyto-
kines which mediate widely pleiotropic biological activities
(1). These include cytotoxic effects against tumor cells (5),
activation of neutrophils (30), and transcriptional suppres-
sion in adipose tissue of key enzymes regulating lipid ho-
meostasis (1). TNF also induces the secretion of interleu-
kin-1 and is a primary mediator of inflammation and
endotoxin-induced shock (2). These TNF-induced activities
are transduced by cell surface receptors present on a wide
variety of cell types (1). The development of non-cross-
reacting monoclonal antibodies to these receptors and the
purification of two forms of soluble TNF-binding proteins
(11, 25, 29) suggested the existence of two distinct human
TNF receptors (3, 14). Both forms of the human TNF
receptors have now been cloned (18, 27, 31) and shown to
have similar extracellular, ligand-binding domains which
define a new superfamily of receptors (31). The recombinant
human receptors appear to bind both TNF-a and TNF-P
with similar high affinities (27, 31).
Here we report the isolation and expression of cDNAs

encoding the homologous murine TNF (muTNF) receptors.
As found for the human receptors, the murine type 1 (p80,
TNFR-1) and 2 (p60, TNFR-2) receptors show only modest
and restricted sequence homology to each other. However,
the murine forms show strong homology to their human
analogs and display similar ligand-binding characteristics.
The availability of cloned murine TNF receptors will aid in
the continuing study of the mechanisms by which ligand-
receptor interactions in the TNF system elicit such a wide
variety of cellular responses.

MATERIALS AND METHODS
Synthesis and screening of a cDNA library. Synthesis of the

cDNA library utilizing RNA derived from the antigen-
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dependent murine helper T-cell line 7B9 has been described
(21). Briefly, oligo(dT)-primed cDNA was cloned into XZAP
(Stratagene, San Diego, Calif.), using EcoRI linkers. The
amplified library was plated as instructed by the manufac-
turer, and duplicate plaque lifts were screened with radiola-
beled human TNF receptor cDNA inserts. A human
TNFR-2 cDNA was isolated from a human placental library
by using synthetic oligonucleotide probes based on pub-
lished amino acid sequence data of a TNF-binding protein
(25). Conditions of hybridization were as previously de-
scribed (21) except that the temperature was lowered to
37°C. The filters were washed in 2x SSC (SSC is 0.15 M
NaCl plus 0.015 M sodium citrate) at either 55°C (TNFR-1)
or 63°C (TNFR-2).
RNA blot analysis. Total cellular RNA was isolated by a

guanidinium hydrochloride procedure (19). For Northern
(RNA) analysis, the RNA was fractionated on a 1.1%
agarose-formaldehyde gel and blotted onto Hybond (Amer-
sham) as recommended by the manufacturer. The blots
were probed with antisense riboprobes as previously de-
scribed (31). The entire cDNA inserts were used as tem-
plates in the synthesis of probes for murine and human
TNFR-2. Synthesis of an antisense probe for the human
TNFR-1 utilized a 630-bp NotI-BglII fragment, while syn-
thesis of a probe for the muTNFR-1 utilized a 1,540-bp
EcoRI-BamHI fragment which encompassed the entire cod-
ing region.

Interspecific backcross mapping. Interspecific backcross
progeny were generated by mating (C57BL/6J x Mus spre-
tus)Fj females and C57BL/6J males as previously described
(4). A total of 205 N2 progeny were obtained; a random
subset of these N2 mice was used to map the TNFR-1 and
TNFR-2 loci (see text for details). DNA isolation, restriction
enzyme digestion, agarose gel electrophoresis, Southern blot
transfer, and hybridization were performed essentially as
described previously (16). All blots were prepared with
Zetabind nylon membrane (AMF-Cuno). The TNFR-1 probe
was a 1,540-bp EcoRI-BamHI fragment from the cloned
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mouse cDNA; the TNFR-2 probe was a 1.9-kb mouse
cDNA. The probes were labeled with [a-32P]dCTP by using
a nick translation labeling kit (Boehringer Mannheim).
Washing was done to final stringencies of 0.1 x SSCP, 0.1%
sodium dodecyl sulfate (SDS), and 65°C (TNFR-1) and 0.2x
SSCP, 0.1% SDS, and 65°C (TNFR-2). The TNFR-1 probe
detected 7.3- and 3.6-kb fragments in BglI-digested
C57BL/6J DNA and an 11.2-kb fragment in BglI-digested M.
spretus DNA. The TNFR-2 probe detected a 2.2-kb TaqI
fragment in C57BL/6J DNA and 3.6- and 1.0-kb fragments in
TaqI-digested M. spretus DNA. The probes and restriction
fragment length polymorphisms (RFLPs) for loci linked to
TNFR-1, including the lymphocyte-specific protein tyrosine
kinase (Lck), Gardner-Rasheed feline sarcoma viral onco-

gene homolog (Fgr), and atrial natriuretic factor (An]) loci,
have been described (6). The probe for the Sloan-Kettering
viral oncogene homolog (Ski) was a 1.1-kb human cDNA (23)
that detected 4.6-, 3.3-, and 1.8-kb fragments in TaqI-
digested C57BL/6J DNA and 6.0- and 1.8-kb fragments in
TaqI-digested M. spretus DNA. The 6.0-kb M. spretus-
specific TaqI fragment was monitored in these studies. The
probes and RFLPs for two loci linked to TNFR-2, the
ras-related fibrosarcoma oncogene homolog 1 (Raf-J) and
fibroblast growth factor 6 (Fgf-6) loci, have been described
(9). The probe for lymphocyte antigen 4 (Ly4) was a 1.3-kb
mouse cDNA (33) that detected 4.5-, 2.5-, and 1.5-kb frag-
ments in PvuII-digested C57BL/6J DNA and 2.5-, 1.5-,
1.0-kb fragments in PvuII-digested M. spretus DNA. The
1.0-kb M. spretus-specific fragment was monitored in these
studies. Recombination distances were calculated as de-
scribed previously (13), using the computer program SPRE-
TUS MADNESS developed by D. Dave (Data Management
Services, Inc., Frederick, Md.) and A. M. Buchberg (NCI-
Frederick Cancer Research and Development Center, ABL-
Basic Research Program, Frederick, Md.). Gene order was
determined by minimizing the number of recombination
events required to explain the allele distribution patterns.

Transfections, cytokines, and equilibrium binding assays.
Human TNF-ot was expressed in yeast cells, using the
a-factor secretion system, as a fusion polypeptide containing
the mature sequence (26) but incorporating a hydrophilic
octapeptide at the N terminus to aid in purification (15). The
material possessed a specific biological activity of 3 x 108
U/mg in a standard cytolytic assay (32) and gel filtered at 55
kDa, consistent with a trimeric status (17). Human TNF-P
was purchased from R&D Sciences (Minneapolis, Minn.).
The specific biological activity was 1 x 108 U/mg. Purified
muTNF-a, expressed in Escherichia coli, was a gift of Ed
Amento (Genentech, South San Francisco, Calif.). All li-
gands were radioiodinated with IODOGEN (Pierce) to a
specific activity of 1015 cpm/mmol (31).
For quantitative in situ binding studies, COS cell mono-

layers in six-well trays (Costar) were transfected with the
mammalian expression vector pDC302 containing the TNF
receptor cDNAs and cultured for 3 days (31). For direct
binding studies, the monolayers were washed once with
phosphate-buffered saline (PBS) and then incubated with 1.0
ml of 125I-TNF at various concentrations in binding medium
(RPMI 1640, 4% bovine serum albumin, 0.1% sodium azide,
20 mM N-2-hydroxyethylpiperazine-N'-2-ethanesulfonic
acid [HEPES; pH 7.4]) at 4°C for 4 h. Free 125I-TNF was
determined by counting gamma emissions in the superna-
tant. Monolayers were then washed once with ice-cold
RPMI, detached with 0.1% trypsin in PBS, and counted to
determine bound ligand. Nonspecific ligand binding was
determined by inclusion of a 200-fold molar excess of

unlabeled ligand. Inhibition assays used '25I-TNF-a at 0.4
nM in the presence of serially diluted unlabeled ligand. Data
were analyzed by using RS/1 (BBN Software Products
Corp., Cambridge, Mass.), a commercially available scien-
tific data processing package running on a VAX 11/750 under
the VMS operating system. Equilibrium binding data were
analyzed with sums of simple Michaelis-Menten terms as
described previously (10); inhibition data were analyzed with
an equation for competitive inhibition between two ligands
for two types of sites (8).

Nucleotide sequence accession number. The nucleotide
sequences of the cloned muTNF receptor cDNAs have been
submitted to GenBank. The accession number for TNFR-1 is
M59378; that for TNFR-2 is M59377.

RESULTS

Isolation of muTNF receptor cDNAs. Murine cDNAs en-
coding both forms of TNF receptors were obtained by
cross-hybridization with the homologous human cDNAs.
The human cDNAs were radiolabeled and used to probe a
cDNA library prepared from RNA isolated from a murine
T-cell line termed 7B9 (see Materials and Methods). The
largest cDNAs were sequenced and shown to contain the
entire coding regions for both forms of murine receptors. A
comparison of the predicted amino acid sequences of the
cloned murine receptors with those of the analogous human
receptors is shown in Fig. 1. These alignments demonstrate
the high degree of homology which occurs throughout the
corresponding forms of the murine and human TNF recep-
tors. Alignment of the murine and human TNFR-1 (Fig. 1A)
and TNFR-2 (Fig. 1B) demonstrated 64 and 65% amino acid
identity, respectively. In contrast, homology between the
two forms of murine receptors is, as with the human forms
(18, 27, 31), confined to the extracellular, ligand-binding
domains (28% identity). As shown in Fig. 1, all of the
cysteine residues in the extracellular and transmembrane
domains are conserved between the murine and human
TNFR-1 and TNFR-2. In the cytoplasmic domains of
TNFR-2, three of the five cysteines are conserved; in
TNFR-1, five cysteines are conserved, with one additional
cysteine present in the murine receptor cytoplasmic domain.
Conspicuously conserved in the cytoplasmic domain of
TNFR-1 are six contiguous serine residues (underlined in
Fig. 1A), a feature absent in TNFR-2. Both forms of the
receptor also contain consensus sequences for potential
phosphorylation sites by protein kinase C (Ser/Thr-X-Arg/
Lys; 34). In both receptor types, only one of these sites is
conserved in both the human and murine receptors (double
underline in Fig. 1).

Binding characteristics. The equilibrium ligand-binding
characteristics of recombinant muTNFR-1 and muTNFR-2,
expressed in COS cells, are shown in Fig. 2. Scatchard
analysis clearly shows that both receptors exhibit high-
affinity binding sites for 1251-muTNF-a: Ka (TNFR-1) = 6.0
± 2.9 nM-1; Ka (TNFR-2) = 2.3 + 0.18 nM-1 (Fig. 2A to D).
TNFR-1 also exhibits a low-affinity class (K_ = 0.13 + 0.03
nM-1; Fig. 2B). In contrast, the Scatchard plots of TNFR-2
do not unambiguously reveal this low-affinity site at similar
ligand concentrations (up to 5 nM). Both receptors, how-
ever, display complex inhibition behavior with 1251-
muTNF-a (Fig. 2E and F) that is well described by a two-site
competitive inhibition model (8). TNFR-1 shows low-affinity
(Ki, = 1.79 + 0.041 nM-1) and high-affinity (K12 = 0.21 ±
0.015 pM-1) sites with competition from unlabeled
muTNF-a. TNFR-2 also reveals two inhibition classes with
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A 4
Murine MAPAALWVALVFELQLWATGHTVPAQVVLTPYKPEPGY ISQEYYDRK 50

III 11 III 1111 III illl 1111
Human MAPVAVWAALAVGLELWAAAH1TLPAQVAFTPYAPEPGS L-REYYDQT 49

Murine AQ PGQYVKHF NKTSDD ASMYTQVWNQFR1 LeSSS 100
111 I1 11 11 III1 11 11.

Human AQM SX SPGQHAKVF KTSD DEDSTYTQLWNWVPFtL GSR 99

Murine TTDQVEI KQQNR EAGRY LKTHSG LS PGFG 150
I

I

1 I1I1
Human ISSDQVETQ REQNRI PGWY LSKQEG LR PGFG 148

Murine VASSRAPNGNV GTFSDTTSSTDVIRPHR SILAIPGNASTDA 200
H II 1111 11 1 11

Human VARPGTETSD P GTFSNTTSSTDIdRPHQ AIPGNASMDA 198

Murine ESPTLSAIPRTLYVSQPEPTRSQPLDQEPGPSQTP--SILTSLGST 248

Human STSPTRSMAPGAVHLPQPVSTRSQHTQPTPEPSTAPSTSFLLPMGPS 248

Murine PIIEQSTKGGISLPIGLIVGVTSLGLLMLGLVNCIILVQRKKKP .LQRD 298
l1 1 I111

Human PPAEGST-GDFALPVGLIVGVTALGLLIIGVVNHVIMTQ iKKKP LORE 297

Murine AKVPHVPDEKSQDAVGLEQQHLLTTAPSSSSSSLESSASAGDRRAPPGGH 348
11111 1 111111 11111

Human AKVPHLPADKARGTQGPEQQHLLITAPSSSSSSLESSASALDRRAPTRNQ 347

Murine PQARVMAEAQGFQEARASSRISDSSHGSHGTHVHV IVNVSSSDHSSQ 398

Human PQAPGV-EASGAGEARASTGSSDSSPGGHGTQVHV IVNV SSSDHSSQ 396

Murine SSQASATVGDPDAKPSASPKDEQVPFSQEE SQSPSETTETLQS--HE 446
|1 11 11 11 I1 I1 11 II

Human SSQASSTMGDTDSSPSESPKDEQVPFSKEEGAFRSQLETPETLLGSTEE 446

Murine KPLPLGVPDMGMKPSQAGWFDQIAVKVA 474

111111111 11111

Human KPLPLGVPDAGMKPS 461

B
Murine MGLPTVPGLLLSLVLLALLMGIHPSGVTGLVPSLGDREKRDSL QGKYV 50

Il IIII III 1 1
Human MGLSTVPDLLLPLVLLELLVG,IYPSGVIGLVPHLGDREKRDSVIPQGKYI 50

Murine HSKNNSITIHKGTYLVSD&SPGRD E KGTFTASQNYLRQML 100

1|1zI| jai1| 11 11 | 14
Human HPQNNSI T KGTYLYNDi GPGQDTD SGSFTASENHLR L 100

Murine :|K KEMSQVEISP QAKDD KENQFQRYLSETHF SPF 150

Human S KEMGQVEIS TVDRD KNQYRHYWSENLF S L 150

Murine NGTVT GETQT FFLRES S KKHEE LPPPL 200

I1I
Human NGTVHLSiQEKQN GFFLREN S KKSLE K L-PQI 199

Murine ANVTNPQDSGTAVLLPLVILLG LSFIFISLaRYPRWRPEVYSIIR 250

|
Human ENVKGTEDSGTTVLLPLVIFFG LSLLFIGIjMZRYQRWKSKLYSI 249

Murine DPVPVKEEKAGKPLTP--APSPAFSPTSGFNPTLGFSTPGFSSPVSSTPI 298
11 11 1111 11 111111 11

Human KSTPEKEGELEGTTTKPLAPNPSFSPTPGFTPTLGFSPVPSSTFTSSSTY 299

Murine SPIFGPSNWHFMPPVSEVVPT-QGADPLLYESILSVPAPTSVQKWEDSAH 347

11111 111 II 11111111

Human TPGDEP---NFAAPRREVAPPYQGADPILATALASDPIPNPLQKWEDSAH 346

Murine -PQRPDNADLAILYAVVDGVPPARWKEFMRFMGLSEHEIERLEMQNGP L 396
Il III 1 |1

Human KPQSLDTDDPATLYAVVENVPPLRWKEFVRRLGLSDHEIDRLELQNGP L 396

Murine REAQYSMLEAWRRRTPRHEDTLEVVGLVLSKMNLAGLENHILEALRNPAP 446
1|1 I1

Human RDAQYSMLATWRRRTPRREATLELLGRVLRDMDLLGILEDIEEAILG1AA 446

Murine -SSTTRLPR 454

Human LPPAPSLLR 455

FIG. 1. Alignment of human and murine TNFR-1 (A) and
TNFR-2 (B) amino acid sequences. Vertical lines indicate identical
amino acids, and horizontal lines mark gaps introduced to provide
maximum alignment. Cysteine residues are shaded. The arrows
indicate the predicted amino termini of the mature proteins, and
potential N-linked glycosylation sites are identified by asterisks. The
transmembrane domains are bracketed, the conserved six continu-
ous serine residues in TNFR-1 are singly underlined, and the
conserved potential protein kinase C sites are doubly underlined.

heterologous human TNF-P, low (Ki, = 1.2 ± 0.05 nM-1)
and high (Kj2 = 0.19 ± 0.09 pM-1). Similar inhibition data
have been published for native and recombinant human
forms of these receptors (27, 31).
RNA blot analysis. Northern blot analysis of the muTNF

receptor transcripts is shown in Fig. 3. Probes specific for
muTNFR-1 demonstrated the presence of two size classes
of transcripts of approximately 3.2 and 4.1 kb in five of the
six cell types examined. This included the mast cell line
MC9, the helper T-cell line D10, the pre-B-cell line 70Z/3,
the bone marrow stromal cell line +/+, and splenic tissue.
In addition, a less abundant transcript of 5.1 kb was pres-
ent in some of the cells. In contrast, we were unable to
detect any transcripts for TNFR-1 in the lymphoma cell line
EL4-3+. Analysis of the murine TNFR-2 transcripts re-
vealed a single size class of approximately 2.3 kb (Fig. 3).
Transcripts for this receptor were detected in MC9, EL4-3+,
+/+ cells, and splenic tissue but not in D10 and 70Z/3 cells.
Thus, examples of cells expressing transcripts for either a

single type of TNF receptor or both forms were shown to
exist.
Northern blot analyses of human TNF receptor transcripts

are also shown in Fig. 3. As previously observed (31), there
are two size classes of transcripts for human TNFR-1, with
some cells expressing a single size class of transcripts and
others expressing both. Northern analysis of the human
TNFR-2 transcripts demonstrated three size classes ofRNA
of 2.3, 6.4, and 12 kb (Fig. 3). The monocytic cell line THP-1
was shown to express only the 2.3-kb transcript, while the
pre-B-cell line JM-1 expressed exclusively the 6.4-kb tran-
script. In contrast, the pancreatic tumor line HPT2 ex-

pressed both of these size classes of transcripts, while the
tonsillar B and T cells demonstrated the presence of an
additional transcript of roughly 12 kb. The origin or possible
relevance of these different size classes of transcripts is

presently unknown.
Chromosomal mapping. The mouse chromosomal loca-

tions of the TNF receptor loci were determined by interspe-
cific backcross analysis, using progeny derived from matings
of [(C57BL/6J x M. spretus)Fj x C57BL/6J] mice. This
interspecific backcross mapping panel has been typed for
over 660 loci that are well distributed among all autosomes
as well as the X chromosome. C57BL/6J and M. spretus
DNAs were digested with several enzymes and analyzed
by Southern blot hybridization for informative RFLPs,
using the TNF receptor probes described in Materials and
Methods. The 11.2-kb M. spretus-specific BglI RFLP (see
Materials and Methods) was used to monitor the segrega-
tion of the TNFR-1 locus in backcross mice. The mapping
results indicated that TNFR-1 is located in the distal region
of mouse chromosome 4 tightly linked to Anf. The addi-
tional loci included in this analysis are Lck, Fgr, and Ski.
Although 107 mice were analyzed for every marker and
are shown in the segregation analysis (Fig. 4), up to 122
mice were typed for some markers. Each locus was analyzed
in pairwise combinations for recombination frequencies,
using the additional data. The ratios of the total number
of mice exhibiting recombinant chromosomes to the total
number of mice analyzed for each pair of loci and the most
likely gene order are centromere-Lck (61122)-Fgr (7/110)-
(Tnfr-J [0/1071-Anf) (41116)-Ski. The recombination frequen-
cies (expressed as genetic distances in centimorgans ±

standard error) are Lck (4.9 + 2.0)-Fgr (6.4 + 2.3)-(Tnfr-J,
Anf) (3.5 + 1.7)-Ski. No crossovers were detected between
TNFR-1 and Anf, giving an upper 95% confidence limit of 2.8
centimorgans between the two loci. The placement of these
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FIG. 2. Ligand-binding characteristics of recombinant murine TNFR-1 and TNFR-2. Assays were performed in situ on COS cells
transiently expressing receptors as described in Materials and Methods. (A) Specific binding of 1251-muTNF-a to TNFR-1 after 2 h, 4°C. Data
are plotted as bound (r) versus free ligand concentration (C). (B) Replotting of the data in panel A in a Scatchard coordinate system, using
nonlinear least-squares analysis of a two-site fit (10). (C) Specific binding of 1251-muTNF-cL to TNFR-2 after 2 h, 4°C. (D) Replotting of the
data in panel C in a Scatchard coordinate system with linear least-squares analysis. (E) Inhibition of 1251-muTNF-at to TNFR-1 with unlabeled
muTNF-a. (F) Inhibition of 1251-muTNF-a to TNFR-2 with unlabeled human TNF-13 (huTNFP). Data in panels E and F were fitted by using
a curve describing simple competitive inhibition at two sites (8).

loci relative to other chromosome 4 markers and a compar-
ison of the interspecific backcross map with the composite
intraspecific backcross map have been reported previously
(6). Finally, the distal region of mouse chromosome 4 shares
a region of homology with human chromosome 1. In partic-
ular, Anf has been placed at lp36 (summarized in reference
6). The tight linkage between TNFR-1 and Anf suggests that
the TNFR-1 locus may reside on human chromosome lp36
as well.
The TNFR-2 locus was mapped by following the segrega-

tion of the 3.6-kb M. spretus-specific TaqI RFLP (see
Materials and Methods). The mapping results indicated that
TNFR-2 is located in the distal region of mouse chromosome
6 tightly linked to Raf-J, Ly4, and Fgf-6. Although 155 mice
were analyzed for every marker and are shown in the
segregation analysis (Fig. 5), up to 188 mice were typed for
some markers. Again, each locus was analyzed in pairwise

combinations for recombination frequencies, using the addi-
tional data. The ratios of the total number of mice exhibiting
recombinant chromosomes to the total number of mice
analyzed for each pair of loci and the most likely gene order
are centromere-Raf-J (61162)-(Tnfr-2 [0/172]-Ly4) (3/188)-
Fgf-6. The recombination frequencies (expressed as genetic
distances in centimorgans + standard error) are Raf-J (3.7 +
1.5)-(Tnfr-2, Ly4) (1.6 + 0.9)-Fgf-6. No crossovers were

detected between TNFR-2 and Ly4, giving an upper 95%
confidence limit of 1.6 centimorgans between the two loci.
The placement of these loci relative to other chromosome 6
markers and a comparison of the interspecific backcross map
with the composite intraspecific backcross map have been
reported previously (9). The tight linkage between TNFR-2
and Ly4, which is located on human chromosome 12pl2-
pter, suggests that TNFR-2 may also be located on the short
arm of human chromosome 12.
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FIG. 3. RNA blot analysis of TNF receptor mRNA. Polyadeny-
lated RNA (3 p.g) was used from each source except for tonsillar B
cells (5 j±g of total RNA). Variable exposure times were used for the
murine type 2 blot.

DISCUSSION

Here we report the isolation and characterization of
cDNAs encoding both forms of the murine receptors for
TNF. Like the human receptors, muTNFR-1 and -2 share
only modest sequence homology (28% identity) that is re-
stricted to the cysteine-rich, extracellular region. No simi-
larity exists between the corresponding leader, transmem-
brane, or cytoplasmic domains. Conservation is therefore
evident only in framework residues which comprise the
ligand-binding domain and specify the global architecture of
this emerging superfamily of integral membrane proteins. In
contrast, analogous receptors between species show strong
homology (65% identity) along the entire sequence. Thus,
duplication and divergence of the ancestral gene encoding
the proto-TNF receptor must considerably predate specia-
tion. In fact, quantitative sequence alignments between all
12 presently known members of this superfamily reveal that
TNFR-1 and TNFR-2 (murine or human) are among the least
similar pairs (30a). Therefore, the TNF receptor genes are
presumably very ancient.
The cytoplasmic domains of the TNF receptors show no

homology to the catalytic domains of protein kinases, and
thus the role of conserved cytoplasmic sequences in signal
transduction is unknown. Of particular note is the conserva-
tion of six contiguous serine residues in the cytoplasmic
domain of TNFR-1. Serine/threonine-rich cytoplasmic do-
mains have been observed in a number of other cytokine
receptors and have been suggested to be sites of specific
phosphorylation involved in signal transduction (21). In
addition, both forms of the receptors contain a potential
protein kinase C phosphorylation site which has been con-
served between species. Previous work has shown that
activators of protein kinase C effect down-modulation of
receptor levels (28). Construction of deletion mutants in
these regions may help to define the role of these domains in
signal transduction.
The equilibrium ligand-binding characteristics of recom-

binant muTNFR-1 and -2 are complex and appear similar
to those published for the corresponding human forms.
MuTNFR-1, like its human homolog (31), displays curvilin-
ear Scatchard plots with homologous 125I-TNF-a consistent
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FIG. 4. Position of the TNFR-1 locus on mouse chromosome 4,
placed by interspecific backcross analysis. (A) Segregation patterns
of TNFR-1 and flanking genes in 107 backcross animals that were
typed in common for this receptor gene. For individual pairs of loci,
more than 107 animals were typed (see text). Each column repre-
sents the chromosome identified in the backcross progeny that was
inherited from the (C57BL/6J x M. spretus)Fj parent. The shaded
boxes represent the presence of a C57BL/6J allele, and white boxes
represent the presence of an M. spretus allele. The number of
offspring inheriting each type of chromosome is listed at the bottom
of each column. (B) Partial chromosome 4 linkage map showing the
location of TNFR-1 in relation to linked genes. Recombination
distances between loci in centimorgans are shown to the left of the
chromosome, and the positions of all loci except TNFR-1 in human
chromosomes (6, 7) are shown to the right.

with the presence of at least two affinity classes, low (Kai =

0.13 + 0.03 nM-1) and high (Ka2 = 6.0 + 2.9 nM-1). The
numerical values of these affinities are, in fact, similar to the
corresponding affinities of human TNFR-1 for human TNF-a
(31). Scatchard analysis ofmuTNFR-2 binding of muTNF-a,
however, usually reveals only a single class of high-affinity
sites (K_ = 2.3 + 0.18 nM-1), in accord with results of
Loetscher et al. (18) using recombinant human TNFR-2 and
human TNF-a. Schall et al. (27), however, detect two
affinity classes with recombinant human TNFR-2 and human
TNF-a. We have been unable to express full-length forms of
murine (or human) TNFR-2 in COS cells at sufficiently high
levels for accurate binding analysis and have therefore used
a membrane-bound but cytoplasmically truncated form.
Whether this affects extracellular ligand binding is unclear.
However, inhibition data of 1251-muTNF-a binding to the
recombinant murine receptors also demonstrate complex
binding behavior (Fig. 2E and F). Competition with
muTNF-a (muTNFR-1) or human TNF-P (muTNFR-2) re-
veals two affinity classes: Ki (low, TNFR-1) = 0.27 + 0.16
nM-1; Ki (high, TNFR-1) = 0.12 + 0.03 pM-1); K, (low,
TNFR-2) = 1.8 + 0.41 nM-1, Ki (high, TNFR-2) = 0.21 +

Type 1

Type 2 ago

B 4

MOL. CELL. BIOL.



MURINE TNF RECEPTORS 3025

A
Raf-1

Tnfr-2

Ly-4

Fgf-6

N o
NE *EEON
ME ED ED DE
ME ME MDE0
72 74 1 5 0 0 1 2

B

3.7

1.6

6

Raf-1 3p25

I Tnfr-2Ly-4
- Fgf-6

12pl2-pter
12pl3

FIG. 5. Position of the TNFR-2 locus on mouse chromosome 6
placed by interspecific backcross analysis as described in the legend
to Fig. 4. (A) Segregation patterns of TNFR-2 and flanking genes in
155 backcross animals that were typed in common for TNFR-2. (B)
Partial chromosome 6 linkage map showing the location of TNFR-2
in relation to linked genes. Recombination distances between loci in
centimorgans are shown to the left of the chromosome, and the
positions of all loci except TNFR-2 in human chromosomes (re-
viewed in reference 9) are shown to the right.

original transcripts. We currently have no evidence to indi-
cate alternative splicing occurs within either murine gene.
Thus, it is possible that the use of alternative polyadenyla-
tion sites results in the different-size transcripts that we
observed. Alternatively sized transcripts are also observed
for both forms of the human TNF receptors, which has
previously been described for TNFR-1 (31). However, in
previous reports on TNFR-2, only a single size class of
transcripts was observed (18, 27). Here we have demon-
strated that different-size transcripts for human TNFR-2 are
in fact produced in different cell types, the significance of
which is unknown at present. Previous reports have de-
scribed the isolation of soluble forms of the TNF receptors in
human urine and serum (11, 25, 27, 29). There is presently no
evidence that these soluble TNF receptors are encoded by
differentially spliced transcripts, as has been observed for
several cytokine receptors (12, 21). Thus, the soluble TNF
receptors appear to arise from the proteolytic shedding of
the cell surface receptors. This conclusion is consistent with
the observation that CHO cells transfected with a TNF
receptor cDNA produced both cell surface and soluble forms
of the receptor (24).

Future experiments will examine the role of the individual
receptors (or ligands) eliciting specific biological responses.
For example, transgenic mice may be created in which either
TNFR-1 or TNFR-2 is specifically deleted and the biological
consequences are assessed. Because neither receptor con-
tains structural features common to protein kinases or any
other catalytic functions, future studies will also investigate
the possible presence of receptor-associated peptides re-
quired for signal transduction.

0.015 pM-1. Thus, both inhibition and direct binding data
suggest a common lower-affinity class of sites, while inhibi-
tion data suggest an additional very high affinity site of -10
pM-'. Since TNF-a is predominantly a homotrimer (17),
these results suggest the existence of at least two and
perhaps three distinct affinity classes, corresponding to
mono-, di-, and trivalent ligand binding to receptors free to
diffuse in the plane of the membrane (31). The fractional
occupancy of each class should thus be a complex function
of relative affinities as well as receptor and ligand densities.
Some cell types also appear to express both types of
receptors (3; Fig. 3), raising the possibility of heterologous
receptor-ligand complexes. A more comprehensive analysis
of the kinetic and equilibrium ligand-binding characteristics
of this system is needed.
We also reported here the chromosomal locations of the

genes for the muTNF receptors. In contrast to the ligands
(22), the murine genes are not linked and do not map to the
major histocompatibility complex locus. The genes for
TNFR-1 and TNFR-2 map to the distal regions of chromo-
somes 4 and 6, respectively. It is interesting to note that
TNFR-2 maps near the crooked locus (20), which arose

spontaneously and is associated with pleiotropic effects,
including abnormal bone development. In this regard, we

have recently observed that TNFR-2 transcripts are ex-

pressed early in the development of the mouse embryo (day
8), at which time transcripts for TNFR-1 are not detectable
(12a). Thus, it will be interesting to characterize the devel-
opmental expression of TNFR-2 and see if it is a candidate
for this mutation.

Because both receptors are encoded by single-copy genes,
the variably sized transcripts that are observed by Northern
analysis are likely due to alternative processing of the
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ADDENDUM IN PROOF

We have also shown that human TNF cross-reacts only
with muTNFR-2 and not with muTNFR-1.
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