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Transforming growth factor-p (TGF-p) affects cellular proliferation, differentiation, and 
interaction with the extracellular matrix primarily through interaction with the type I and type 
II TGF-p receptors. The type I1 receptors for TGF-p and activin contain putative serine- 
threonine kinase domains. A murine serine-threonine kinase receptor, Tsk 7L, was cloned 
that shared a conserved extracellular domain with the type I1 TGF-p receptor. Overex- 
pression of Tsk 7L alone did not increase cell surface binding of TGF-p, but coexpression 
with the type I1 TGF-p receptor caused TGF-p to bind to Tsk 7L, which had the size of the 
type I TGF-p receptor. Overexpression of Tsk 7L inhibited binding of TGF-p to the type I1 
receptor in a dominant negative fashion. Combinatorial interactions and stoichiometric 
ratios between the type I and II receptors may therefore determine the extent of TGF-p 
binding and the resulting biological activities. 

Growth factor-induced protein phospho- 
rylation plays a key role in the signal trans- 
duction that leads to mitogenic responses 
(1). Most growth factor receptors are trans- 
membrane tyrosine kinases or are associated 
with cytoplasmic tyrosine kinases. Howev- 
er, another class of transmembrane recep- 
tors is predicted to filnction as serine-thre- 
onine kinases (2). The type I1 activin re- 
ceptors (3-5) and the type I1 TGF-@ recep- 
tors (6) are the only known receptors of this 
family. 

On  the basis of their various biological 
activities (7 ) ,  different TGF-@ species are 
probably potent developmental reg~llators 
of cell proliferation and differentiation. 
Several types of TGF-@ binding proteins 
have been detected at the cell surface (8). 
The type I and type I1 receptors, defined on 
the basis of the mobility of their 1251- 
TGF-P cross-linked products in denaturing 
gels, probably mediate the majority of the 
activities of TGF-@ (9, 10). The cloned 
type I1 receptor is predicted to function as a 
transmembrane serine-threonine kinase (6, 
10) and is req~lired for the antiproliferative 
activity of TGF-@, whereas the type I re- 
ceptor mediates the induction of several 
genes involved in cell-matrix interactions 
(1 1). The dominant negative abrogation of 
the type I1 receptor-associated responses by 
an overexpressed truncated type I1 receptor 
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suggests that receptor dimerization is criti- 
cal for its function (1 1). In addition, a 
heterodimeric association between the tvDe , . 
I1 and the type I receptor has been proposed 
(9. 10). ~, , 

To pursue the molecular characteriza- 
tion of the type I TGF-@ receptor, we 
generated a murine cell line, NMS 90, that 
expresses large quantities of type 1 receptors 
(12). Scatchard analysis revealed the pres- 
ence of approximately lo4 TGF-@1 binding 
sites at the cell surface (13). Cross-linking ~, - 
analysis of the cell surface receptors with 
i251-labeled TGF-R1 as ligand showed that 
most of the TGF-'@ receptors were, on the 
basis of their apparent size in gel, type I 
receptors and that little of the type I1 and 
type I11 receptors were expressed (1 3). As- 
suming that the type I TGF-@ receptor 
might be a transmembrane serine-threonine 
kinase similar to the type I1 TGF-@ recep- 
tor, we used the cDNA sequence of the 
activin receptor (3) to generate by polymer- 
ase chain reaction (PCR) a hybridization 

sequences of these clones were identical. 
The open reading frame of the tsk 7L 

cDNAs encodes a 509 amino acid polypep- 
tide (Fig. I ) .  The start codon, located in a 
consensus initiation sequence context, is 
preceded by a 450-bp-long but presumably 
incomplete, extremely G-C-rich 5' un- 
translated region. The 3' untranslated re- 
gion lacks the AAUAAA sequence usually 
preceding the polyadenylation site (1 4), 
and is therefore likely to be incomplete 
(13). The internal hydrophobic sequence 
(amino acids 124 to 146) probably consti- 
tutes a transmembrane domain, thus divid- 
ing the polypeptide into a 123-amino acid 
extracellular and a 363-amino acid cyto- 
plasmic domain. The NH2-terminal signal 
peptide is predicted (15) to be cleaved after 
residue 17, thus leaving a mature trans- 
membrane polypeptide of 492 residues with 
a core protein size of about 55 kD. The 
extracellular domain contains one potential 
N-glycosylation site (residue 102) and a 
large number of cysteines reminiscent of 
other receptors. These cysteines are proba- 
bly important in determining the correct 
three-dimensional structure, necessary for 
ligand binding. The ectodomains of the 
activin receptors (3-5) and Tsk 7L share 
little sequence identity, although both re- 
ceptors share a similar cysteine cluster ad- 
jacent to the transmembrane domain (Fig. 
2A). The sequence similarity between the 
extracellular domains of Tsk 7L and the 
type I1 TGF-@ receptor (6) is more pro- 
nounced. Three cysteines are located up- 
stream of the transmembrane domain in 
both receptors, and a sequence containing 

Fig.1.Deducedamino , M v D G v M I L p v L M M M A F p s p s v E D E K p K v N ~ K L y ~ ~ ~ ~ ~ ~ ~  
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acidsequenceoftsk7L ~ ~ G ~ ~ ~ H ~ E ~ ~ Q ~ E ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ G ~ F ~ ~ ~ ~ ~ ~ ~ ~ ~  

after 81 ~ K T P P S P G Q A V E ~ Q G D W ~ N R N , , A Q L P T K G K S E P G T Q N E  - 
am1noacid17indicates 12, H L E v G L I I L s v v € A V c L L A c I , , . A L R K F K R R N Q E R L N P R  

the most likely 'Igna' 1 6 1  D V E Y G T I E G L I T T N V G D S T L A E L L D H S C T S G S G S G L P F L V  

peptide 'Ieavage site 201 Q R T V A R Q I T L L E C V G K G R Y G E V W R G S W Q G E N V A V K I F S ~ R  . . (15)' The cysteines in 
2 4 1  D E K S W F R E T E L Y N T V M L R H E N I L G F I A S D M T 2 R H S S T Q L W  

~ ~ i n e ~ ~ ~ ~ ~ ~ ~  281 L I T H Y H E M G S L Y D Y L Q L T T L D T V S C L R I V L S I A S G L A H L H  

Single N~glycosylation 
3 2 1  I E I E G T Q G K S A I A H R D L K S K N I L V K K N G Q C C I A D L G L A V M ............................... 

Site is double under- 361 H S Q S T N Q L D V G N N P R V G T K R Y M A P E V L D E T I Q V D C F D S Y K 

lined and the hydro- 401 R V D I W A F G L V L W E V A R R M V S N G I V E D Y K P P E Y D V V P N D P S  

transmembrane 4" € E D M R K V V C V D Q Q R P N I P N R W F S D P T L T S L A K L M K E C W Y Q .......... s..a..... 

region Is boldly under- 488' N P S A R L T A L R I K K T L T K I D N S L D K L K T D C * 
lined. In the cytoplasmic domain, the two ~ 0 n S e ~ e d  glycines in the putative ATP binding slte are 
marked with a bold dot, the serine-threonine kinase core motif is underl~ned with a dashed line, and 
the potential tyrosine kinase target s~te is underlined with a dotted line. Protein kinase C recognition 
sites are indicated by asterisks. The cDNAs were isolated and sequenced as described (26) This 
nucleotide sequence has been submitted to GenBank (accession number L15436). 

1344 SCIENCE VOL. 260 28 MAY 1993 



five cysteines downstream of the signal pep- 
tide (residues 32 to 63) of Tsk 7L displays 
significant similarity with the type I1 
TGF-P receptor (Fig. 2, A and B). This 
conserved structural motif, which is absent 
in the activin receptors, may be spatially 
important in determining ligand binding 
specificity. Downstream of this conserved 
cysteine-rich domain, the type I1 TGF-P 
receptor contains a long sequence that is 
absent in Tsk 7L (Fig. 2B). The structural 
similarities of Tsk 7L and the type I1 TGF-P 
receptor possibly result in three-dimension- 
al similarities in their ectodomains. 

The cytoplasmic domain of Tsk 7L has 
30 to 40% amino acid sequence identity 
with the activin and TGF-P type I1 recep- 
tors and contains a predicted kinase domain 
(1 6) (Fig. 2A). Subdomains I and I1 con- 
tain the conserved motif that constitutes 
the adenosine trivhosvhate (ATP) bindine 
site. comparison of the VIB and' VIII do: 
mains, especially residues 322 to 344, with 
other kinases and in particular the trans- 
membrane serine-threonine kinases indi- 
cates that Tsk 7L may have serine-threo- 
nine kinase activity (16). However, the 
dual specificity kinase activity in vitro of 
the activin receptor (1 7) suggests that other 
members of this receptor family may exert 
not only serine-threonine but also tyrosine 
kinase activity. Residues 472 to 479 con- 
tain a consensus tyrosine kinase target site 
(IB), thus Tsk 7L could be a substrate for 
COOH-terminal tyrosine phosphorylation. 
There are several potential phosphorylation 
sites for casein kinase I1 and protein kinase 
C. A comparison with all other kinase 
sequences shows that the Tsk 7L kinase 
domain is most closely related to the activin 
and TGF-P type I1 receptors, indicating 
that it is a new member of this family of 
receptor kinases. 

The expression of tsk 7L mRNA in 
various cell lines and tissues was evaluated 
by Northern blot analysis and showed a 
widespread distribution. A single 3.5-kb tsk 
7L mRNA was present in most cell lines 
(19) and tissues (Fig. 3). The tsk 7L mRNA 

calculated from the electrophoretic mobili- 
ty of the lZ5I-labeled TGF-P cross-linked 
product (1 3, 21). 

We evaluated the ability of Tsk 7L to 
bind TGF-P after transfection of an expres- 
sion plasmid into monkey COS- 1, human 
293, and quail QT-6 cells, which all have a 
high transfection efficiency. Cross-linking 

of 12'1-labeled TGF-P1 to the transfected 
cells showed little or no increase in TGF-P1 
binding, suggesting that Tsk 7L by itself 
could not bind TGF-P 1 (Fig. 5, A and B). 
Similar cross-linking experiments using 
lZ5I-labeled TGF-P2, activin, or inhibin 
did not show increased ligand binding (1 3). 

Overexpression of Tsk 7L unexpectedly 

Fig. 2. Comparison of Tsk 
7L with the human type II 
TGF-P receptor and mu- 
rine activin receptor. Only 

~ M K I  ?,, the high degree of se- 
quence identity of the two 

fin m gbMp-l 3, l t w  r L y l w r v  8 
TGF-p sequence is from 

uo r r r D T  Y L w E Y T  . C w  t!l y E l . r C I I v R E M P L I E ~ l l  (6). (A) Alignment of the 
* P ~ I  xo I IGLIL*EL S R C ~  n / V D €  U L P F ~ E E  ~ O O ~ W P ~ ~ ~ D Y O  Tsk 7L seauence with the 

V C V  ( 1 0  P N I P M R  F S D P I L I S  I I I Y X  C " ( I N  S  I k 1 1 I R t K C I L  human type I' TGF-p re- -- - n ~ R a [ E ~ F [ L  .$. ceptor and the rnurine ac- 
*MI a E ~ ~ Y Y L K K R P ~ L R D ~  D K ~ A  Y I Y L C € I I E I C W D H O A  A n L s  O 1 G  .I tivin IIA receptor. Identical 
fin . . . D . I O I S L . I L I ~ D  residues are boxed; the 

LI. S E L L "  D ~ L S G R S ~ S T E K l P E D G 5 ~ ~  7 7  

-.I - D M O R [ ~ N   ED^^^^^^^^^^^^^^^^^^^^ conserved residues in the 
extracellular domains of 

Tsk 7L and the type II TGF-p receptor are marked with a dot between the two amino acids. The 
Conserved five-cysteine motif is boldly overlined, the three-cysteine cluster conserved in all three 
receptors is double underlined, and the transmembrane sequence of Tsk 7L is overlined with a 
dashed line. The subdomains in the kinase domains are marked with Roman numerals. (6) 
Schematic diagram of the extracellular domains of the three receptors showing the cysteines (black 
lines) and the predicted N-glycosylation groups (triangles). The cysteine alignments (dotted lines) 
show the conserved cysteine motifs. 

expression was high in brain, lung, heart, 
and skeletal muscle, but was not detectable Fb. '. (Left) Northern hybridizations Of ~embranes -2- 
in thymus. tsk 7L mRNA in various adult mouse 

tissues. The positions of the 28Sand 18s 
kD wig# 97 4 

evaluate the properties the Tsk 7L ribosomal RNAs are marked. polyadeny- 43 - receptor protein, we generated expression lated mRNA (10 ~g per lane) was sepa- 
vectors that can be used for expression rated in 1.1% agarose, 5% formaide- 
studies in mammalian cells and as template hyde gels. The blot was stripped and 
for in vitro transcription into tsk 7L mRNA reprobed with thehuman glyceraldehyde 
(20). Cou~led in vitro transcri~tion and phosphate dehydr0genas.e cDNA and la% . , 

translation in reticulocyte lysate in the 
presence of microsomes resulted in signifi- 
cant amounts of translation product of 
about 53 kD (Fig. 4), only when the 5' 
untranslated region was totally removed 
(1 3). This size was consistent not only with 
the deduced amino acid sequence (Fig. 2), 
but also with the size of the type I receptor, 

showed equal loading (19). Fig. 4. 
(Right) Proteins obtained after in vitro 
transcription of tsk 7L cDNA and subsequent translation In reticulocyte lysate. Runoff transcripts 
were synthesized with sp6-polymerase from expression plasmids containing tsk 7L cDNA cloned in 
the antisense or sense orientation. Equal amounts (2.5 ~ g )  of RNA were translated in vitro in a rabbit 
reticulocyte lysate in the presence of [35S]Met, in the presence (+) or absence (-) of canine 
microsomal membranes (Promega). The reaction products were analyzed by denaturing gel 
electrophoresis and autoradiography. The tsk 7L translation product is visible as a 50- to 55-kD 
band (arrow). The tsk 7L expression plasmids were constructed as described (27). 
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interfered with the binding of TGF-PI to 
type I1 receptors at the cell surface. This 
was apparent in QT-6 cells, which have 
heterogeneous type I1 receptors. Transfec- 
tion of tsk 7L inhibited binding of TGF-P 
to the lower type I1 receptor components 
(Fig. 5B), but increased its binding to a 
larger receptor component (Fig. 5B, lane 
4). Whereas this result suggests an interfer- 
ence of some sort, the lack of characteriza- 
tion of the quail TGF-P receptors precludes 
conclusions on the nature of this effect of 
Tsk 7L. We therefore evaluated the effect 
of Tsk 7L expression on the binding of 
TGF-P1 to the cloned and characterized 
human type I1 TGF-P receptor (6) in 
cotransfection experiments, using expres- 
sion plasmids for both receptors, in 293 
cells which lack endogenous type I1 TGF-P 
receptors (I I) (Fig. 5C). Overexpression of 
Tsk 7L abolished TGF-P1 binding to the 
overexpressed type I1 receptor. This inhibi- 
tion of TGF-P binding to the transfected 
type I1 receptor decreased with lower quan- 
tities of the cotransfected tsk 7L plasmid in 
a dose-dependent manner (1 3). Overex- 
pression of Tsk 7L did not affect the amount 
of transfected type I1 receptor mRNA (1 9), 
thus ruling out an effect on transcription or 
mRNA stability of the type I1 receptor. 
Cotransfections of the type I1 receptor plas- 
mid with pRK5 (20), the parent plasmid 
lacking the tsk 7L cDNA insert (Fig. 5C, 
lane 6), or an identical plasmid with the tsk 
7L cDNA insert in the antisense orienta- 
tion (13), did not affect TGF-P1 binding to 
the overexpressed type I1 receptor. Cotrans- 
fection of a similar activin expression vec- 
tor had only a small inhibitory effect on the 
binding of TGF-P to the transfected type I1 
receptor (Fig. 5C, lane 5). 

The inhibitory effect of tsk 7L expres- 
sion on the binding of TGF-P to the type I1 
receptor was apparent at low concentra- 
tions of the transfected tsk 7L expression 
plasmid. At higher concentrations, this 
inhibition was accompanied by the appear- 
ance of an 12'1-labeled TGF-P-cross-linked 
band of a size similar to that of the type I 
TGF-P receptor (Fig. 6A). This band mi- 
grated somewhat more slowly than the en- 
dogenous human type I receptor in the 293 
cells, as does the murine type I TGF-P 
receptor (Fig. 6A) (1 3). The appearance of 
this band corresponding to the type I 
TGF-P receptor in cells transfected with tsk 
7L was dependent on cotransfection with 
the type I1 receptor. 

We also cotransfected the tsk 7L expres- 
sion vector with an expression plasmid en- 
coding the murine type I1 receptor (2 I), 
thus combining two isogenic receptors. 
This resulted in an inhibition of TGF-P 
binding to the type I1 receptor and in the 
appearance of the TGF-P binding type I 
receptor (Fig. 6B). -The 12'1-labeled band 

Fig. 5. Binding of 1251-labeled TGF-P and cross- A 
llnking to cells transfected with a tsk 7L expres- 

B 1 2 3 4  ' 1 2 3 4 5 6  1 2  *.aFn 

sion plasmid. (A) QT-6 cells were transfected * 
with salmon sperm DNA (lane 1) or the tsk 7L II- 1'' ' I I- '+a 
expression vector (27) (lane 2). No substantial 
increase in binding of lZ51-labeled TGF-$ to the I- 

type I receptor (marked I) is apparent. (6) QT-6 
cells were transfected with salmon sperm DNA I- 
(lane I), a low-level tsk 7L expression plasmid 
(13) (lane 2), an expression plasmid w~th the 
tsk 7L cDNA in the antisense orientation (lane 
3), and the tsk 7L expression plasmid (27) (lane 
4). All transfections were done with 20 pg of 
DNA. I and II, the type I and presumed type II receptors. (C) Two hundred ninety-three cells were 
mock-transfected (lane 1) or transfected with salmon sperm DNA (lane 2). The cells in lanes 3 to 6 
were transfected with the human type II receptor expression plasmid (11) (20 pg) alone (lane 3) or 
in the presence of the tsk 7L expression plasmid (20 pg) (lane 4), the murine activin IIA receptor 
expression plasmid (lane 5) or the parent pRK5 plasmid (20) lacking a cDNA insert (lane 6). 1 and II, 
type I and II receptors. In these cells, overexpression of the type II receptor frequently results in 
increased type I receptor levels (1 1). The asterlsk marks free 1251-labeled TGF-P. Transfections were 
done by the calcium phosphate method (28). Seventy-two hours after transfection, the cells were 
incubated with 1251-labeled human TGF-PI, affinity-cross-linked, and the cell lysates were analyzed 
by denaturing gel electrophoresis and autoradiography. Cross-linking reactions with 1251-labeled 
TGF-P1 in (A) were done as described (29); cross-l~nk~ng in (B) and (C) was done as described (30). 

corresponding to the cross-linked type I 
receptor appeared at lower concentrations 
of the tsk 7L expression vector than in 
cotransfections with the human type I1 
receptor. In fact, TGF-P binding to the 
recombinant type I receptor was already 
detectable at concentrations of the tsk 7L 
plasmid that caused only a moderate inhi- 
bition of TGF-P binding to the type I1 
receptor (Fig. 6B). 

To further verify that Tsk 7L itself can 
bind TGF-P, we cotransfected the murine 
(Fig. 6C) or human (13) type I1 TGF-P 
receptor with a truncated form of Tsk 7L, 
which comprises the extracellular and 
transmembrane domains but lacks most of 
the cytoplasmic domain. As expected, 
transfection of truncated Tsk 7L by itself 
did not result in TGF-P binding to the 
truncated receptor (1 3). However, cotrans- 
fection with the type I1 receptor resulted in 
the appearance of a smaller TGF-P binding 
protein that corresponded to the size of the 
TGF-P bound truncated form of Tsk 7L 
(Fig. 6C). The truncated form of Tsk 7L 
may have a diminished ability to inhibit 
TGF-P binding to the type I1 receptor, 
suggesting that this inhibitory activity may 
be associated in part with the cytoplasmic 
domain. 

Our data suggest that Tsk 7L and its 
truncated form require the type I1 receptor 
for transport to the cell surface, TGF-P 
binding or both. In principle, it is possible 
that expression of Tsk 7L upregulates the 
endogenous type I receptor and is itself not 
a TGF-P receptor. However, this is very 
unlikely because tsk 7L was derived from a 
murine cell line and the newly expressed 
TGF-P receptor in 293 cells is slightly 
larger than the endogenous human type I 
receptor, as is the mouse type I receptor 

(Fig. 6B). Furthemore, cotransfection of 
truncated tsk 7L resulted in the appearance 
of a much smaller TGF-P binding protein at 
the cell surface, with a size consistent with 
the truncated tsk 7L receptor and does not 
increase the endogenous type I TGF-P re- 
ceptor level (Fig. 6C). 

Our conclusion that tsk 7L corresponds 
to a type I receptor is based on several 
observations. The identity of the type I 
TGF-P receptor has so far only been based 
on the ability to bind TGF-P and on the 
60- to 70-kD size of its 1251-TGF-P~ross- 
linked band on denaturing polyacrylamide 
gels (22). In transfected cells, Tsk 7L binds 
TGF-P and the size of the cross-linked 
receptor encoded by the tsk 7L cDNA is 68 
kD (Fig. 6, A and B). The type I receptor 
itself has been proposed to have a size of 
about 53 kD (22), which is consistent with 
the size of Tsk 7L obtained by in vitro 
transcription and translation assay (Fig. 4). 
The cross-linked type I receptor always 
migrates as a less diffuse band than the type 
II receptor, suggesting a lower degree of 
glycosylation, and this is also the case for 
the tsk 7L-encoded TGF-P receptor (Fig. 
6, A and B). Type I receptors are expressed 
by almost all cells in culture. This is con- 
sistent with the widespread expression of 
tsk 7L mRNA by cell lines and in adult 
mouse tissues (1 9) (Fig. 3). Finally, analysis 
of MvlLu mutant cell lines revealed that 
loss of type I1 receptors was always accom- 
panied by a lack of type I receptors, suggest- 
ing that expression of the type I receptor at 
the cell surface depends on type I1 receptor 
expression (23). Furthermore, transfection 
of the type I1 receptor in a cell line lacking 
TGF-P receptors resulted in the appearance 
of not only type I1 receptors, but also type I 
receptors, suggesting that the type I recep- 
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Fig. 6. Binding of 1251-labeled TGF-$ and cross- A, , B 1  2 
linking to 293 cells cotransfected with the type 
I I  receptor. (A) The 293 cells were transfected 
with the human type I I  TGF-p receptor expres- !- 

sion plasmid (1 1) (10 pg) in the presence of 5 

-'@-'I P -I I pg (lane I ) ,  15 pg (lane 2), 25 pg (lane 3), or 35 pg (lane 4) tsk 7L expression - -I 
plasmid. pRK5, the parent expression plasmid lacking a cDNA insert (20) 
was added to bring the total amount of transfected DNA to 45 &g. Lane 5, 
293 cells transfected with salmon sperm DNA (30 kg) (the same result was 
obtained by transfection with the tsk 7L expression plasmid alone). A longer 
exposure is shown to allow detection of the endogenous human type I TGF-$ 
receptor (arrow), which migrates faster than the transfected rnurine type I TGF-$ 
receptor (marked I )  in lanes 1 to 4. Lane 6. 293 cells transfected with the human 
type I I  TGF-$ receptor plasmid (20 pg) alone, thus illustrating the inhibitory effect of 
tsk 7L on TGF-$ binding to the type I I  receptor (lanes 1 to 4). (B) Cross-linking 
patterns of 293 cells transfected with 20 kg of the tsk 7L expression plasmid (lane 
1). 20 pg of an expression vector for the murine type I I  TGF-p receptor (21) and 10 
pg of the control pRK5 plasmid (lane 2), or 20 pg of the murine type I I  TGF-$ 

=ti 
receptor plasmid and 10 pg of the tsk 7L plasmid (lane 3). Lane 4, cross-linking 
pattern of cells transfected with the rnurine type I I  receptor plasmid (20 pg) and 1) control plasmid pRK5 (10 kg), but the loading was adjusted to have a similar 
intensity of the type I I  receptor band as in lane 3. Arrow, the endogenous human type I receptor in 
lane 1; I and I I ,  transfected murine type I and I I  receptors. (C) Binding of lZ51-labeled TGF-$1 to the 
truncated Tsk 7L receptor that was cotransfected with the murine type I I  receptor. The murine type 
I I  receptor expression plasmid (20 pg) was transfected in the absence (lane 1) or presence (lane 
2) of the truncated tsk 7L expression plasmid (10 pg). Transfections (28) and cross-linking of 
lZ51-labeled TGF-p (30) were done as described. I I ,  type I I  receptor; tl, the 1251-labeled-TGF-p 
cross-linked truncated type I receptor; asterisk. free 1251-TGF-$1. The endogenous type I receptor 
is not visible due to the short exposure time. 

tor requires the type I1 receptor for trans- 
port to the cell surface, TGF-$ binding, or 
both (10). This property of the type I 
receptor corresponds with our observations 
that tsk 7L requires cotransfection with the 
type I1 receptor to be expressed as a TGF-$ 
receDtor at the cell surface. Thus. on the 
basis of these combined findings, we con- 
clude that tsk 7L encodes a tv~e I TGF-B , . 
receptor. This does not preclude the possi- 
ble existence of additional tv~e I recevtors. , . . , 

especially since there may be more than one 
type I1 receptor (2 1, 24). 

The ability of the type I1 and type I 
receptors to bind the same ligand is likely to 
de~end on similar structural features in the 
extracellular domains. The five cysteines 
containing conserved segment close to the 
NH,-terminus of both receptors are not 
present in other serine-threonine kinase 
receptors and may provide a threedimen- 
sional structure required for TGF-$ bind- 
ing. The faster migration through poly- 
acrylamide gels of the cross-linked type I 
receptor as a less diffuse band than the type 
I1 receptor is presumably due to the absence 
of defined sequences of the type I1 receptor 
and the lower degree of N-glycosylation 
(Fig. 2, A and B). 

The function of Tsk 7L as a type I TGF-$ 
receptor was also associated with an inhibi- 
tion of TGF-$ binding to the type I1 recep- 
tor. This inhibition was apparent with both 
the human and mouse type I1 receptors, but 
seemed more potent with the human type I1 
receptor. In the latter case, less Tsk 7L 
expression was required for the inhibitory 
effect than for the appearance of the TGF-$ 

binding type I receptor. Less tsk 7L plasmid 
was required for detection of type I receptors 
when mouse, as opposed to human, type I1 
receptors were present. Heterodimerization 
of both receptors could perhaps decrease the 
cross-linking efficiency of TGF-$ to the type 
I1 receptor, but this would not explain all 
results. Consistent with its dominant nega- 
tive nature (25), this inhibition may result 
from a type of interaction of Tsk 7L with the 
type I1 receptor that results in interference 
with cell surface transport of the receptor 
complex, its availability for TGF-$ binding, 
or both. The quantitative differences be- 
tween the results with the human and mouse 
type I1 receptors suggest different afhnities of 
mouse Tsk 7L for the mouse and human type 
I1 receotors. A sim~le model of heterodimer- 
izatioi between thi type I and type I1 recep 
tor has been proposed (1 O), but this model 
may now have to be expanded. The dual 
action of Tsk 7L may be explained by invok- 
ing the possibility that the complex consists 
of more components than the two receptor 
monomers; that more than one type of 
complex exists; or that cooperative interac- 
tions, steric alterations, and resulting a m t y  
changes between the receptors and ligand 
can occur. The inhibitory effect of Tsk 7L on 
TGF-$ binding to the type I1 receptor was 
detected in experiments in which both re- 
ceptors are overexpressed. Whether Tsk 7L 
functions as a natural dominant negative 
inhibitor in cells under normal physiological 
conditions remains to be verified. 

Even though the mechanism for these 
interactions is unclear, stoichiometric vari- 
ations in the expression of the type I1 

receptor and Tsk 7L, and other possibly 
associated proteins, may determine the 
TGF-$ binding to the type I and I1 recep- 
tors. A simple model whereby the type I 
receptor requires heterodimerization with 
the type I1 receptor for TGF-$ binding (1 0) 
would alwavs result in eaual or less avail- 
ability of & I than type i1 receptors at the 
cell surface. However, a possible dual func- 
tion of the type I receptor as TGF-$ bind- 
ing receptor and dominant negative inhib- 
itor allows for wide variations in the ratios 
of type I and type I1 receptor availability for 
TGF-B bindine. as has been observed in 
many'cell line: Because the type I and I1 
receptors are associated with two distinct 
signaling pathways responsible for the di- 
verse TGF-$ activities (I 1 ) , the availability 
of these two receptors as a result of their 
interactions could determine the cellular 
response to TGF-$. 
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