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Determination of Type | Receptor Specificity by
the Type Il Receptors for TGF-3 or Activin

Reinhard Ebner, Ruey-Hwa Chen, Sean Lawler,
Thomas Zioncheck, Rik Derynck*

Transforming growth factor— (TGF-B) and activin signal primarily through interaction with
type | and type Il receptors, which are transmembrane serine-threonine kinases. Tsk 7L
is a type | receptor for TGF-B and requires coexpression of the type Il TGF-B receptor for
ligand binding. Tsk 7L also specifically bound activin, when coexpressed with the type IIA
activin receptor. Tsk 7L could associate with either type Il receptor and the ligand binding
specificity of Tsk 7L was conferred by the type Il receptor. Tsk 7L can therefore act as type
| receptor for both activin and TGF-B, and possibly other ligands.

Peptide growth and differentiation factors
exert their effects by interacting with spe-
cific cell surface receptors. Several recep-
tors, including the type II activin (1) and
TGF-B (2) receptors and a type I receptor
for TGF-B, Tsk 7L (3), have been shown to
be transmembrane serine-threonine ki-
nases. Within the TGF-B superfamily of
growth and differentiation factors (4), the
receptor-ligand interactions have been best
studied for TGF-B and activin. In the case
of TGF-B, the type I and type II receptors,
defined on the basis of the size of the
125]_TGF-B—cross-linked receptors on poly-
acrylamide gels, mediate most biological
activities of TGF-B (5, 6). The type II
receptor, possibly in conjunction with the
type I receptor, is required for the antipro-
liferative effect of TGF-B, whereas the type
I receptor mediates TGF-B-induced expres-
sion of genes involved in cell-matrix inter-
actions (7). Cross-linking experiments sim-
ilarly revealed type II and type I receptors
for activin, corresponding in size to the
respective TGF-B receptors (1, 8). Ligand
competition experiments suggested that ac-
tivin and TGF-B bind to distinct and spe-
cific type II receptors (I, 2). Overexpres-
sion of truncated type II receptors for

TGEF-B (7) and activin (9) inhibit ligand-
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induced responses in a dominant negative
fashion, suggesting that oligomerization of
receptor subunits is critical for function. A
direct physical interaction of the TGF-B
type I and type II receptors was proposed
based on coimmunoprecipitation experi-
ments (6).

After transfection, the type II TGF-B
and activin receptors can bind their respec-
tive ligands (I, 2). In contrast, Tsk 7L
binds TGF-B only when coexpressed with
the type II TGF-B receptor (3). To further
evaluate the ligand specificity of Tsk 7L, we
coexpressed Tsk 7L or its truncated form,
which is missing most of the cytoplasmic
domain (3), with the isogenic type IIA
activin receptor (1) (Fig. 1A, left). In this
case, 'Pl-activin, but not !’I-TGF-B
(10), bound to both the type II activin
receptor and Tsk 7L as shown by cross-
linking. Coexpression of truncated Tsk 7L
resulted in the appearance of a faster mi-
grating band that was cross-linked to '2°I-
activin as predicted. Tsk 7L did not bind
ligand in the absence of the type II activin
receptor. Coexpression of a control trans-
membrane protein such as TGF-a with the
type II activin receptor resulted in binding
of Pl-activin only to the type II activin
receptor. A chimeric type II receptor, con-
taining the extracellular domain of the
activin receptor and the transmembrane
and cytoplasmic domains of the TGF-B
receptor, by itself bound activin and not
TGF-B and also conferred binding of ac-
tivin and not TGF-B to the truncated Tsk
7L (11). Thus, the ligand binding specific-
ity of the type I receptor is determined by
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the extracellular domain of the coexpressed
type II receptor.

When cotransfected with the type II
TGEF-B receptor, Tsk 7L and its truncated
form bound '2°I-TGF-B (Fig. 1A, right), as
reported (3). Thus, Tsk 7L is a type I
receptor that can specifically bind TGF-B
or activin, depending on the nature of the
cotransfected type II receptor. As reported
for TGF-B binding to the type II TGF-B
receptor (3), coexpression of Tsk 7L with
the type II activin receptor inhibited bind-
ing of 1%°I-activin to the type II receptor, an
effect not readily seen with the truncated
Tsk 7L. Most subsequent experiments will
be illustrated only with the truncated Tsk
7L, but the truncated and full-size receptor
had a similar ability to bind ligand (10).

Competition experiments showed that
unlabeled activin, but not TGF-B, could
displace '?°I-activin bound to Tsk 7L in the
presence of the type II activin receptor (Fig.
1B, left). Similarly, only TGF-B, but not
activin, could displace 2°I-TGF-B bound
to the type I receptor in the presence of the
type Il TGF-B receptor (Fig. 1B, right). To
compatre the relative affinities of activin and
TGF-B binding to the type I receptor, the
radiolabeled ligands were cross-linked in
the presence of increasing concentrations of
unlabeled ligands. In the case of both ac-
tivin and TGF-B, labeled ligand bound to
the type I receptor and the type II receptor
was displaced at approximately the same
concentration (Fig. 1, C and D). The 50%
displacement was at 160 to 320 pM for
TGEF-B, whereas for activin a similar dis-
placement was observed at 800 to 1600 pM
of ligand. Thus, the type I receptor bound
ligand with a similar apparent affinity as the
type II receptor, as observed for endogenous
receptors (5).

Under certain conditions, the type I
TGF-B receptor coimmunoprecipitates with
the type II receptor, suggesting a physical
interaction between both receptors (6). To
evaluate whether the Tsk 7L type I receptor
interacts with the type II TGF-B and activin
receptors, we coexpressed the full-size or trun-
cated type I receptor containing a COOH-
terminal epitope tag with the type II TGF-B8
or activin receptor lacking this tag. After
binding and cross-linking to !#’I-labeled li-
gand, a tag-specific antibody immunoprecipi-
tated the type I receptor and coimmunopre-
cipitated the type II receptor, suggesting a
physical interaction between these two recep-
tor types (Fig. 2A). The intensity of the type
II receptor band was frequently less than the
type I receptor and was relatively lower in the
case of the activin bound type II activin
receptor (Fig. 2C, lane 2) than the TGF-B
bound type II receptor (Fig. 2B, lane 2). This
may be the result of a somewhat weaker
interaction of Tsk 7L with the type I activin
receptor than with the type II TGF-B recep-




tor. However, no firm conclusions can be
drawn about the stoichiometry of these inter-
actions, because we do not know the relative
cross-linking efficiency of the ligand to the
type I and type II receptors.

On the basis of previous (3) and present
data, we propose that Tsk 7L functions as a
type I receptor for both TGF-B and activin,
and that its ligand binding and specificity
depends on the extracellular domain of the
type Il receptor. The binding is specific
because even at high concentrations of
unlabeled ligand, activin cannot compete

with TGF-B binding and vice versa. The

Fig. 1. Binding of '25l-activin or '25|-TGF-B to
293 cells transfected with Tsk 7L expression
plasmids in the presence of type Il activin or
TGF-B receptor expression plasmids. (A) In the
left panel, cells were transfected (15) with ex-
pression plasmid (10 pg) for the activin receptor
A (7, 3) (lanes 1 to 4), for Tsk 7L (3) (lanes 2
and 6), or for the truncated form of Tsk 7L (3)
(lanes 4 and 5), or for TGF-a (76) (lane 3). In the
right panel, the cells were transfected with 10 png

of type Il TGF-B receptor expression plasmid (2, 3) (lanes 7 and 8) and 10
ng of the truncated Tsk 7L expression plasmid (lanes 8 and 9). Cross-
linking was done with 125|-activin (lanes 1 to 6) or '25|-TGF-g1 (lanes 7 to
9). (B) Displacement of receptor-bound '25l-activin or '?5|-TGF-8 by
unlabeled ligands. Cells transfected with expression plasmid (10 ng) for
activin receptor llA or type Il TGF-B receptor in the presence of truncated
Tsk 7L expression plasmid (10 pg) were affinity-labeled with '25l-activin
(lanes 1 to 3) or '25|-TGF-B1 (lanes 4 to 6) as described (17). Simultane- p
ously with the radiolabeled ligand, a 400-fold molar excess of unlabeled
ligand was added as indicated. (C) Displacement of bound activin from the
receptors. Cells were cotransfected with activin receptor type IIA and
truncated tsk 7L expression plasmids (10 pg each) and bound to '25I-
activin (150 pM) in the presence of increasing concentrations of unlabeled
activin: lane 1, 0 pM; lane 2, 16 pM; lane 3, 80 pM; lane 4, 160 pM; lane 5,

type I receptor may also bind other ligands
of the TGF- superfamily in the presence of
the corresponding type II receptor, but this
can as yet not be tested without cloned type
II receptors and radiolabeled ligands. Qur
immunoprecipitations with an antibody to
the epitope-tagged type I receptor and sim-
ilar experiments using type II receptor an-
tibodies (6) suggest a physical interaction
between both receptors.

Thus, the ligand specificity of the type I
receptor is defined by the type II receptor
and a single receptor of the serine-threo-
nine kinase receptor family can participate

A B

Po1-activin + +

ZHTGF-p1 - -
Activin — +
TeFp1 - -

+ 11+
I
1
T+

1 23 4567°¢8

800 pM; lane 6, 1600 pM; lane 7, 3200 pM; and lane 8, 8000 pM. (D)

Displacement of bound TGF-B1 from the receptors. Cells cotransfected with type || TGF-B receptor
and truncated type | receptor expression plasmids (10 pg each) were incubated with 125|-TGF-1
(100 pM) in the presence of increasing concentrations of unlabeled TGF-g1: lane 1, 0 pM; lane 2,
16 pM; lane 3, 32 pM; lane 4, 80 pM:; lane 5, 160 pM; lane 6, 320 pM; lane 7, 800 pM; and lane 8,
1600 pM. Cross-linking was done using '25I-activin or '25|-TGF-g1 as described (77) and samples
were analyzed by denaturing gel electrophoresis. Radiolabeled ligands were prepared as de-
scribed (78). | and |l denote type | and |l receptors; tl marks the truncated type | receptor.

Fig. 2. Coimmunoprecipitation of type | and type I
receptors. (A) Cells were transfected with type Il TGF-B
receptor expression plasmid (10 ng) alone (lane 1) or
together with expression plasmid (10 pg) for an epi-
tope-tagged truncated Tsk 7L (3) (lane 2) or an epi-
tope-tagged full-size Tsk 7L (79) (lane 4). Cells in lane
3 were transfected with epitope-tagged truncated
tsk 7L expression plasmid (10 pg) alone. Cells were then exposed to
125|_TGF-g1 and cross-linked (77). Immunoprecipitations of cell lysates
using epitope tag-specific antibodies were done as described (20). (B)
Cells were transfected with an expression plasmid (10 pg) for type Il TGF-B
receptor (lanes 1, 2, 4, and 5), an epitope-tagged truncated tsk 7L expres-

4
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sion plasmid (10 pg) (lanes 2, 3, 5, and 6), or both. After binding and

cross-linking with '25|-TGF-B1, immunoprecipitations by an epitope tag-specific antibody were
done (20) and samples were analyzed by gel electrophoresis (lanes 1 to 3). Lanes 4 to 6 show the
pattern without immunoprecipitation. (C) Cells were transfected with an expression plasmid (10 pg)
for type IIA activin receptor (lanes 1, 2, 4, and 5), an epitope-tagged truncated tsk 7L expression
plasmid (10 pg) (lanes 2, 3, 5, and 6), or both. After binding and cross-linking with '25l-activin,
immunoprecipitations by an epitope tag-specific antibody were done (20) and samples were
analyzed by gel electrophoresis (lanes 1 to 3). Lanes 4 to 6 show the pattern without immunopre-
cipitation. | and Il denote type | and |l receptors; tl marks the truncated type | receptor.
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in two distinct receptor complexes. An
analogy can be drawn between the type I
receptor and gpl130, a common signaling
transmembrane component of several cyto-
kine receptor complexes. Although differ-
ent cytokines bind specific receptor com-
plexes, signaling through gp130 leads to
similar activities. However, gp130 does not
bind ligand and a separate receptor in the
complex determines ligand specificity (12).
We have proposed that signaling through
the type I receptor, but not the type II
receptor, might regulate TGEF-B-induced
changes in extracellular matrix deposition
(10). If the analogy with gp130 is valid, the
use of a common type I receptor in different
receptor complexes might explain the sim-
ilarity in effects of TGF-B and activin on
extracellular matrix formation. Another
similarity is apparent with the het-
erodimeric integrin receptors, which con-
sist of @ and B chains in various combina-
tions. Whereas both chains interact with
the ligand, the ligand specificity of the
heterodimer is determined by the combina-
tion of both transmembrane polypeptides
(13). The use of a single receptor in differ-
ent receptor combinations underscores the
complexity of the biology and the ligand-
receptor interactions of TGF-B-related fac-
tors. The receptor binding and biological
activities of these factors may thus not only
be determined by the abundance of specific
receptors at the cell surface but also by their
combinatorial interactions. This complexi-
ty may also resemble the interactions be-
tween transcription factors, whereby the
net effect on transcription results from the
integrated qualitative and quantitative con-
sequences of these interactions (14).

Note added in proof: Tsuchida et al. sim-
ilarly showed dual binding of activin or
TGEF-B to Tsk 7L and inhibition of type II
receptor binding (22).
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Interaction of Shc with the { Chain of the T Cell
Receptor upon T Cell Activation

Kodimangalam S. Ravichandran, Kyungah Kay Lee,
Zhou Songyang, Lewis C. Cantley, Paul Burn,
Steven J. Burakoff*

The shc oncogene product is tyrosine-phosphorylated by Src family kinases and after its
phosphorylation interacts with the adapter protein Grb2 (growth factor receptor-bound
protein 2). In turn, Grb2 interacts with the guanine nucleotide exchange factor for Ras,
mSOS. Because several Src family kinases participate in T cell activation and Shc functions
upstream of Ras, the role of Shcin T cell signaling was examined. Shc was phosphorylated
on tyrosine after activation through the T cell receptor (TCR), and subsequently interacted
with Grb2 and mSOS. The Src homology region 2 (SH2) domain of Shc directly interacted
with the tyrosine-phosphorylated ¢ chain of the TCR. Thus, Shc may couple TCR activation

to the Ras signaling pathway.

Thhe activation of Ras proteins appears to be
a crucial early event in the intracellular
signaling pathways initiated by a number of
receptor tyrosine kinases (RTKs) (I1). Acti-
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vation of RTKs increases the amount of Ras
in the active guanine triphosphate (GTP)-
bound state, and mutational inactivation of
ras genes or dominant negative inhibitors of
Ras proteins block the effects of several
RTKs (2, 3).

The intermediary steps between RTK ac-
tivation and the conversion of Ras to its
active GTP-bound state have been delineated
(4). Grb2 is an adapter protein that lacks a
catalytic domain and is composed of one SH2
domain and two SH3 domains (5). The SH2
domains bind to specific phosphopeptide se-
quences, whereas SH3 domains bind to pro-
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line-rich sequences (6, 7). The protein Grb2
binds to the autophosphorylated RTK
through its SH2 domain, and it simultaneous-
ly associates through its SH3 domains with
mSOS, a guanine nucleotide exchange pro-
tein that activates Ras by inducing exchange
of guanine diphosphate for GTP on Ras (4,
8). Thus, in RTK signaling, Ras (which is
normally membrane-bound) is activated when
Grb2 shuttles mSOS to the membrane.

Receptors that are not tyrosine kinases but
signal through activation of associated tyro-
sine kinases also induce Ras activation. An-
other protein that interacts with Grb2 is the
shc oncogene product. She is also an adapter
protein that is widely expressed in all tissues
and contains an SH2 domain and a collagen-
like domain but no obvious catalytic domain
(9). This protein is phosphorylated on tyro-
sine in cells transformed by nonreceptor tyro-
sine kinases such as v-Src and v-Fps (9).
Through its SH2 domain Grb2 associates with
tyrosine-phosphorylated Shc (10). Like Grb2,
Shc appears to function upstream of Ras
because the differentiation of PC12 pheochro-
mocytoma cells induced by overexpression of
Shc is blocked by the dominant inhibitory
N17Ras mutant (10). Because several nonre-
ceptor Src family tyrosine kinases (namely
Lck, Fyn, and ZAP-70) participate in T cell
signaling, and TCR stimulation leads to Ras
activation (11, 12), we speculated that Shc
might couple the TCR-CD3 complex to the
Ras activation pathway.

To evaluate the role of Shc in T cell
activation, we determined whether Shc is
tyrosine-phosphorylated during T cell acti-
vation. A murine T cell hybridoma
By155.16 (By) (13), expressing a VB8*
TCR and CD4, was activated by antibody-
mediated cross-linking of the TCR, either
alone or with the CD4 coreceptor. Shc was
immunoprecipitated with antibodies to
Shc (anti-Shc) from activated T cell lysates
and immunoblotted for phosphotyrosine.
Marked tyrosine phosphorylation of both the
48- and 52-kD isoforms of the Shc protein
was detected after the cross-linking of TCR
and CD4 (TCRxCD#4) and was only weakly
detected after cross-linking TCR alone or
CD4 alone (Fig. 1A). Our analysis of the
time course of phosphorylation indicated
that Shc phosphorylation occurred early, as
it could be detected within 15 s (Fig. 1B).
The Shc phosphorylation peaked at about 5
min and its phosphorylation started to di-
minish by 15 min. Similarly, immunoprecip-
itation of proteins from By cell lysates after
TCR activation with antibody to phospho-
tyrosine (anti-phosphotyrosine) and immu-
noblotting for Shc showed activation-depen-
dent tyrosine phosphorylation of Shc (Fig.
1, C and D). Anti-Shc also immunoprecip-
itated an unidentified 140-kD tyrosine-phos-
phorylated protein.

We assessed whether She would interact






