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A transmembrane protein serine/threonine kinase, Atr-I, that is structurally related to receptors for
members of the transforming growth factor-1 (TGF-,B) family has been cloned from DrosophUa melanogaster.
The spacing of extraceliular cysteines and the cytoplasmic domain of Atr-I resemble most closely those of the
recently described mammalian type I receptors for TGF-13 and activin. When expressed alone in test cells, Atr-I
is unable to bind TGF-1, activin, or bone morphogenetic protein 2. However, Atr-I binds activin efficiently
when coexpressed with the distantly related Drosophila activin receptor Atr-II, with which it forms a
heteromeric complex. Atr-I can also bind activin in concert with mammalian activin type H receptors. Two
alternative forms of Atr-I have been identified that differ in an ectodomain region encompassing the cysteine
box motif characteristic of receptors in this family. Comparison of Atr-I with other type I receptors reveals the
presence of a characteristic 30-amino-acid domain immediately upstream of the kinase region in all these
receptors. This domain, of unknown function, contains a repeated Gly-Ser sequence and is therefore referred
to as the GS domain. Maternal Atr-I transcripts are abundant in the oocyte and widespread during embryo
development and in the imaginal discs of the larva. The structural properties, binding specificity, and
dependence on type II receptors define Atr-I as an activin type I receptor from D. melanogaster. These results
indicate that the heteromeric kinase structure is a general feature of this receptor family.

The activins are members of the transforming growth
factor ,B (TGF-,B) family, an important group of cell growth
and differentiation factors (17, 18, 25, 30). In mammalian
cells, these factors interact with pairs of membrane proteins
known as receptor types I and II, identifiable by their
ligand-binding properties (4, 15, 19). The type II receptors
for activin, TGF-1 and bone morphogenetic protein (BMP),
are transmembrane protein serine/threonine kinases that
bind ligand with high affinity (2, 5, 8, 13, 16, 20, 21).
However, the mammalian TGF-1 type II receptor is unable
to signal alone and requires the presence of the TGF-1 type
I receptor, with which it forms a complex (12, 14, 32).
Receptor I, on the other hand, requires receptor II for
TGF-1 binding (32). These two receptors are therefore
considered interdependent components of a heteromeric
signaling receptor complex, a model that may apply to
activin and BMP receptors as well.
Various human and mouse type I receptors for TGF-,B and

activin have been recently cloned, and, surprisingly, they
also encode members of the transmembrane serine/threonine
kinase family (1, 7, 9). Among these type I receptors, human
T1R-I (9) and ActR-I (1) bind TGF-,B and activin, respec-
tively, when coexpressed with the corresponding type II
receptors and signal as part of the resulting complex. ActR-I
and its murine homolog, Tsk 7L (7), can bind TGF-,B when
co-overexpressed with the TGF-,B type II receptor (1, 7), but
this appears to be a low-efficiency interaction (1). TSR-I is a
shared type I receptor that can bind either TGF-1 or activin
with high efficiency in concert with the respective type II
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receptors (1). Thus, the TGF-,B family receptor structure
emerging from these studies is that of a complex containing
two distantly related transmembrane serine/threonine ki-
nases that interact with the ligand in a cooperative manner.

Since a receptor structure containing two widely different
protein kinase domains is unprecedented, these findings
raised questions about the generality and conservation of
this structure in species other than mammals. Structural
homologs of the mammalian BMPs are present in Drosophila
melanogaster (6, 22, 31), and the presence of an activin
system in this organism is inferred from the existence of
Atr-II (5). Atr-II is structurally related to activin type II
receptors from vertebrates and binds human activin with
high affinity. We now report the molecular cloning and
biochemical characterization of Atr-I, a Drosophila receptor
that binds activin only when coexpressed with type II
receptors with which it forms a complex. The structural and
ligand-binding properties of Atr-I are those of an activin type
I receptor. These observations suggest that the heteromeric
kinase receptor structure is broadly conserved in metazoa.

MATERIALS AND METHODS

cDNA cloning. Atr-I was identified in a two-step process
involving PCR amplification and subsequent screening of
PCR products. Total genomic DNA (100 ng) was incubated
with primers A and B (2) and amplified by PCR (2). Ampli-
fied products in the 200- to 500-bp range were cloned into
pBluescript KS between the BamHI and XhoI sites. To
enrich for sequences of interest, this library was screened
under low-stringency conditions with a kinase-specific probe
of the Atr-II gene (5). Positive clones were sequenced by the
dideoxy-chain termination method with a Pharmacia Auto-
mated Laser Sequencer. Among these clones were several
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corresponding to the Atr-I gene. Using the Atr-I PCR prod-
uct as a probe, we obtained full-length cDNAs of the 3.6- and
4.9-kb classes by screening 0- to 4-h and 0- to 8-h Drosophila
embryo cDNA libraries kindly provided by Nick Brown (3).
After subcloning the 3.6-kb insert of cDNA clone pNB40-la
into pBluescript, we generated a series of nested deletions
for each strand by using an Erase-A-Base kit (Promega) and
sequenced them. The sequence of the alternative form
Atr-I2, present in a 4.9-kb cDNA, was determined by using a
series of oligonucleotides as sequencing primers for the
entire extracellular and transmembrane domains.

Transfections and receptor assays. For COS-1 cell transient
transfections, the SalI-BamHI fragment of Atr-I cDNA
clone pNB40-la was subcloned into pCMV5. The construc-
tion of Atr-II, ActR-II, and ActR-IIB in pCMV5 has been
described previously (2, 5). For immunoprecipitations, the
HAl epitope of influenza virus hemagglutinin was intro-
duced at the carboxy terminus of Atr-I as described previ-
ously for the TOR-II (32). For transient transfections, COS-1
cells were incubated with 2 ,ug of plasmid per ml diluted in
Dulbecco's modified Eagle's medium containing 10% NuSe-
rum (Collaborative Research), 400 iLg of DEAE-dextran per
ml, and 100 ,uM chloroquine and assayed 48 h posttransfec-
tion (2). Affinity labeling and iodination of activin A were
carried out as previously described (2). For immunoprecip-
itations, affinity-labeled cells were solubilized in lysis buffer
(20 mM Tris-HCl [pH 7.4], 150 mM NaCl, 0.5% Triton
X-100, 1 mM EDTA) in the presence of protease inhibitors
(the same as for affinity labeling) at 4°C for 20 to 30 min.
Insoluble debris was removed by microcentrifugation at
16,000 x g for 5 min, and receptors were immunoprecipi-
tated by incubating the lysate with polyclonal antibody
raised against bacterially expressed Atr-II (5) or with an-
ti-HA monoclonal antibody 12CA5 for 1 h at 4°C and then
adsorbing it to protein A-Sepharose (Pharmacia). Beads
were washed six times in lysis buffer with 0.1% Triton
X-100, and bound protein was eluted by heating in sodium
dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-
PAGE) sample buffer containing dithiothreitol.

In situ and Northern hybridization assays. For in situ
hybridization to mRNA, embryos from a y,w stock were
collected, dechorionized with 50% bleach, and fixed for 20
min with 4% formaldehyde in phosphate-buffered saline-
heptane (2:1). The embryos were devitellinized by being
washed in methanol and hybridized with either sense (as
negative controls) or antisense Atr-I probes labeled with
digoxigenin-UTP (Boehringer Mannheim). The probe used
contained the central region of the Atr-I gene and hybridized
to all three mRNA species. Hybridization and detection
were done as previously described (28), except that post-
hybridization washes were extended to 2 days to reduce
background. For Northern (RNA) blots, total RNA was
prepared from staged embryos, larvae, or adults and
poly(A)+ RNA was isolated with a PolyATract kit
(Promega). A 2.5-p,g sample of poly(A)+ RNA was loaded
per lane. Hybridization with random-primed probes was
carried out under standard conditions.

RESULTS

Searching for additional members of the serine/threonine
kinase receptor family in D. melanogaster, we obtained a
PCR product encoding a novel sequence (Fig. 1). Screening
of embryonic fly cDNA libraries with this product yielded
seven isolates of a 3.6-kb cDNA, which we now refer to as
Atr-I. The Atr-I gene is located in the 45A1-2 interval on the

right arm of the second chromosome (data not shown), as
determined by hybridization of an Atr-I cDNA probe to
polytene chromosomes (24). The predicted amino acid se-
quence of Atr-I shows the structural features of a transmem-
brane serine/threonine kinase (Fig. 1A and B).
The kinase domain of Atr-I resembles most closely (60 to

72% amino acid sequence identity [Fig. 1C]) that of mam-
malian type I receptors for TGF-,B and activin (1, 7, 9), as
well as related human orphan receptors (28a, 33), their rat
homologs (11), and RPK-1 from chicken cells (27). The Atr-I
kinase domain is more distantly related (37 to 40% amino
acid sequence identity) to those of the type II receptors (2, 8,
13, 16, 20, 21), including the Drosophila activin receptor
Atr-II (5). The extracellular region of Atr-I shows little
sequence similarity to other receptors and is larger than
those of serine/threonine kinase receptors from vertebrates.
However, the spacing of the 10 extracellular cysteines in
Atr-I resembles the spacing in the other type I receptors
(Fig. 1A and B and 2), and includes the cysteine box motif
near the transmembrane region that is characteristic of the
serine/threonine kinase receptor family (5, 19). In addition, a
comparison of Atr-I with the other type I receptors revealed
the presence of a conserved 30-amino-acid region immedi-
ately preceding the kinase domain (Fig. 2). This region is rich
in serines and threonines and contains a repeated Gly-Ser
sequence in the middle.
A second class of cDNA, Atr-I2, is represented by one

clone of 4.9 kb obtained in the same library screening. This
clone encodes a product in which a 70-amino-acid sequence
replaces a 49-amino-acid sequence in the extracellular region
of Atr-I near the transmembrane domain (Fig. 3). Aside from
the cysteine box, which is included in this region, there is
virtually no similarity between the two alternative se-
quences.

Atr-I transfected alone in monkey COS cells did not bind
radiolabeled TGF-1l, activin A or BMP-2, as determined by
binding assays and receptor cross-linking assays (Fig. 4a;
data not shown). Given the possibility that Atr-I is a type I
receptor, we determined its binding activity when coex-
pressed with Drosophila Atr-II. After cross-linking to recep-
tor-bound 1"I-activin A, COS cells cotransfected with Atr-I
and Atr-II yielded specifically labeled products of 70 to 90
kDa that correspond to the affinity-labeled Atr-II protein (5)
and an additional product of 100 kDa that corresponds in size
to Atr-I cross-linked with activin (Fig. 4a). The larger size of
this product compared with labeled mammalian type I re-
ceptors (65 kDa) (1, 4, 32) correlates with the presence of a
larger extracellular region and more N-linked glycosylation
sites in Atr-I. Cotransfection of Atr-II with Atr-I2 gave
results similar to those obtained with Atr-I, except for the
expected slightly larger size of the Atr-I2 product (Fig. 4a).

Atr-I had little effect on the activin-binding affinity of
Atr-II, which was high (Kd = 400 pM [Fig. 4b]). However,
expression of Atr-I decreased markedly the level of Atr-II
expression (Fig. 4a), which was reflected in a decrease in the
number of activin-binding sites (Fig. 4b). This effect was also
observed when other type I receptors were cotransfected
with unrelated membrane receptors (1) and is therefore
considered nonspecific. The mouse activin receptors
ActR-II and ActR-IIB also supported activin binding to Atr-I
(Fig. 4c), indicating that Atr-I can interact with type II
receptors from widely divergent species.
A characteristic of mammalian TGF-,B type I receptors is

their ability to form a complex with the type II receptor (32).
This property was also shown by Atr-I and Atr-II in the
presence of activin, as demonstrated by the ability to copre-
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FIG. 1. Schematic representation and comparison of Atr-I and ActR-I. (A) Schematic representation of Atr-I and ActR-I (1) or Tsk-7L (7).
Shown are the 10 extracellular cysteine residues (vertical bars), potential glycosylation sites (Y), transmembrane region (shaded box), and the
serine/threonine kinase domain (large box). (B) Deduced amino acid sequence of Atr-I and alignment with the amino acid sequence of human
ActR-I. Indicated are the potential signal peptidase cleavage sites (vertical arrows), the 10 conserved cysteines in the extracellular domain
(asterisks) including the cysteine box (overline), the transmembrane domains (open box), and the limits of the kinase domain (arrow brackets).
Amino acids conserved in both receptors are shown (shaded boxes). (C) Relationships between the kinase domains of this receptor family.
Shown is a relationship dendrogram with the kinase domains of Atr-I, TOR-I (9), ActR-I (1, 21a), TSR-I (1), Atr-II (5), ActR-II (20), ActR-IIB
(2), T,BR-II (16), Daf-4 (8), and Daf-1 (10).

cipitate Atr-I with Atr-II by using anti-Atr-II antibody (Fig.
4d) or to coprecipitate Atr-II with antibody against an
influenza virus hemagglutinin epitope engineered into the C
terminus of Atr-I (Fig. 4d). Thus, these results demonstrated
that Atr-I is an activin receptor with characteristics analo-
gous to those of the mammalian type I receptors: it binds
ligand with high affinity and specificity depending on the
presence of a type II receptor with which it forms a complex.
The members of the TGF-3 superfamily identified to date

in D. melanogaster are the decapentaplegic (dpp) (22) and
60A (6, 31) products, both of which have close structural
resemblance to mammalian BMPs and are implicated in fly
development. Atr-I did not bind radiolabeled human BMP-2
(data not shown) when cotransfected with the Caenorhabdi-
tis elegans daf-4 gene, which encodes a BMP-2 type II
receptor (8). These results and the fact that BMP-2 and dpp
appear to be functionally equivalent (23, 26) argue that Atr-I
is not a receptor for dpp.

In situ hybridization assays with an Atr-I probe showed
that this mRNA is maternally deposited into oocytes (Fig.

5A) and is widely distributed during development in the
embryo (Fig. SB) and in imaginal discs of the larva (Fig. 5C).
D. melanogaster expresses three Atr-I transcripts of approx-
imately 4.9, 4.0, and 3.6 kb at variable levels (Fig. 5D), the
source of this diversity being unknown at present. The 4.0-
and 3.6-kb mRNAs appear to be predominantly maternal as
evidenced by their abundance in adult females but not males
and their high level in 0- to 3-h embryos. However, the
4.9-kb mRNA appears to be predominantly zygotic and is
present throughout development.

DISCUSSION

Biochemical and genetic data argue that mammalian
TGF-j3 and activin receptors contain two components or

receptors I and II. Receptor I requires the presence of
receptor II to bind ligand, and both are required for signaling
(1, 9, 14, 32). The heteromeric nature of these receptors and
their predicted kinase specificity toward serine and threo-
nine residues represent important departures from the well-
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FIG. 2. Atr-I contains domains characteristic of type I receptors. The scheme emphasizes two domains that are characteristic of type I
receptors as shown by their presence in Atr-I. The spacing of the six N-terminal cysteines is similar in all known type I receptors (Atr-I,
ActR-I/Tsk7L [1, 7, 21a], TSR-I/R3 [1, 11], and TOR-I [9]) and in related orphan receptors (SKR2/R2 [11, 28a, 33] and RPK1 [27]). The three
C-terminal cysteines in the extracellular domain constitute the cysteine box motif also present in all known type II receptors for the TGF-,
family. The GS domain is adjacent to the kinase region, contains a central SGSGS motif, and is 25% serine and threonine.

established growth factor tyrosine kinase receptor model
(29). The present identification of Atr-I as a type I receptor
from D. melanogaster argues that the heteromeric kinase
receptor structure is broadly conserved.

Atr-I was cloned as a new member of the serine/threonine
kinase receptor family. Its closest relatives are the mamma-
lian type I receptors TOR-I, ActR-I, Tsk 7L, and TSR-I (1, 7,
9, 21a) and various orphan receptors (11, 27, 33). Although
most type I receptors can be distinguished biochemically
from type II receptors by their smaller affinity-labeled prod-
ucts (2, 19, 32), Atr-I does not follow this pattern. The
extracellular domain of Atr-II is larger than that of most
members of the TGF-3 receptor family except the BMP type
II receptor from C. elegans Daf-4 (8), which is of a size
similar to Atr-I. Both forms of Atr-I contain 10 extracellular
cysteines, whose spacing is similar to that in the other type
I receptors (Fig. 2). The three most C-terminal cysteines
show the cysteine box arrangement that is present in type I
as well as type II receptors (5, 19). Interestingly, the region
containing the cysteine box in Atr-I exists in two widely
divergent variants that may arise by alternative splicing, an
event that generates different variants of the mouse activin
receptor ActR-IIB (2). No gross differences in binding activ-
ity have been detected so far between the two Atr-I iso-
forms.

Atr-I binds activin with high affinity in concert with Atr-II,
forming a complex that can be immunoprecipitated with

antibodies directed against an epitope tag attached to Atr-I.
Atr-I can also bind activin when coexpressed with mamma-
lian activin type II receptors, indicating that the interaction
is not strongly dependent on species-specific determinants.
However, Atr-I did not bind BMP-2 when cotransfected with
Daf-4, arguing that Atr-I is not a receptor for the BMP-2-
related Drosophila factor dpp.
Ligand recognition appears to be mediated primarily by

receptor II since this receptor can bind ligand in the absence
of receptor I (32). Although the various type II activin
receptors (ActR-II, ActR-IIB, and Atr-II) differ considerably
in extracellular amino acid sequence, they show an identical
spacing of cysteines in this region. Aside from the cysteine
box, however, this cysteine pattern is very different from
that of type II receptors for TGF-,B or BMP (8, 16), suggest-
ing that the cysteine pattern in type II receptors is a key
determinant of ligand-binding specificity. In contrast, the
type I receptors show extracellular domains with a similar
pattern of cysteines irrespective of their ligand-binding spec-
ificity (Fig. 2). Aside from the cysteines, the ectodomain
sequences of type I activin receptors Atr-I, ActR-I, and
TSR-I are almost as divergent from each other as they are
from other type I receptors. This region is nevertheless
highly conserved between species, as shown, for example,
by the human and mouse versions of ActR-I (1, 7), or the
human and rat versions of TSR-I (1, 11). Therefore, the
differences in sequence between Atr-I and the known mam-
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FIG. 3. Schematic representation and amino acid sequence of the Atr-I2 variant. The approximate location of this region in the
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FIG. 4. Atr-I has the properties of an activin type I receptor. (a) COS-1 cells transfected with the indicated cDNAs in pCMV5 or pCMV5
vector alone were affinity labeled with 500 pM of 'I-activin A in the presence (lane +) or absence (lanes -) of 5 nM unlabeled activin A.
Detergent extracts from these cells were subjected to SDS-PAGE and autoradiography. Arrows indicate the affinity-labeled products. The
positions of the molecular weight markers (in thousands) are indicated. (b) COS-1 cells transfected with Atr-II (open circles) or Atr-II and
Atr-I (solid circles) were incubated with increasing concentrations of '"I-activin A, and the bound radiolabeled ligand was quantitated. Total
specific binding (left) and the Scatchard analysis of the equilibrium binding data (right) are shown. (c) COS-1 cells transfected with ActR-II
or ActR-IIB either alone (lanes -) or together with Atr-I (lanes +) were affinity labeled with 500 pM of 125I-activin A, and detergent extracts
were analyzed by SDS-PAGE and autoradiography. (d) COS-1 cells were transfected with Atr-II alone or together with Atr-I containing an

HAl epitope. Cells were affinity labeled with 500 pM of 125I-activin A, detergent lysates were subjected to immunoprecipitation with either
a polyclonal antiserum against Atr-II or a monoclonal anti-HAl antibody, and samples were analyzed by SDS-PAGE.

malian activin receptors are not necessarily a consequence
of the divergence between these species and could be of
functional significance.
The cytoplasmic region of Atr-I is occupied almost en-

tirely by the kinase domain. This domain shows the closest
similarity (60 to 72% amino acid sequence identity) to that of
the other type I receptors and is very divergent from the
kinase domains of type II receptors. Atr-I contains almost no
C-terminal tail following the kinase domain, another prop-
erty shared with the mammalian type I receptors (1, 7, 9). In
addition, a sequence comparison between the cytoplasmic
domains of Atr-I and other receptors in the type I subfamily
reveals a region of similarity between them that is located
immediately upstream of the kinase domain (Fig. 2). This
region, of 30 amino acids (31 in Atr-I), contains a high
proportion of serine and threonine residues. Its function is
unknown. It contains a characteristic SGSGS sequence and
is henceforth referred to as the GS domain.

Maternal Atr-I transcripts are abundant in the oocyte and
widespread during embryo development and in the imaginal
discs of the larva. Atr-II transcripts are also contributed
maternally to the embryo, but the pattern of expression after
cellularization is enhanced in the posterior end and the
invaginating mesoderm. It later becomes prominent in the
fore and midgut regions (5). The broader pattern of Atr-I
expression raises the possibility that its product functions in
concert with other members of the serine/threonine kinase
receptor family to mediate diverse responses during devel-
opment. In mammalian cells, a given type I receptor may
interact with more than one type II receptor (1).
The occurrence of heteromeric kinase receptor complexes

for activin in organisms from D. melanogaster through
humans argues that this singular structure is a general
feature of receptors for this family of cytokines in a wide
variety of organisms. The presence of two widely different
kinase domains in the same receptor complex raises the
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FIG. 5. Analysis of Atr-I expression. (A) Stage 10 to 11 egg chamber showing Atr-I transcripts in both nurse cells and the developing
oocyte. Probing with sense Atr-I probe as a negative control showed that the signal was specific. (B) Dorsal view of a stage 14 embryo showing
uniform expression of Atr-I. (C) Wing imaginal disc showing high-level expression of Atr-I during the third instar larval stage. All imaginal
discs showed similar levels of staining, with no distinct pattern of staining within individual discs. (D) Developmental proffle of Atr-I mRNA.
The fractionated RNA species were blotted to a nylon membrane and hybridized with a full-length Atr-I probe. Rehybridization of these blots
with ribosomal protein gene RP49 showed that similar amounts of RNA were loaded in each lane (results not shown).

possibility that signaling by these receptors has unique
features. These might involve separate substrates for each
kinase, common substrates undergoing phosphorylation on

separate sites, or one receptor kinase acting on the other and
thereby generating the first step of a signaling cascade within
the receptor complex itself.

ACKNOWLEDGMENTS

This work was supported by awards from the Cancer Research
Coordinating Committee of the University of California and Na-
tional Institutes of Health grant GM47462 to M.B.O. and by
National Institutes of Health grant CA34610 and Cancer Center
Support Grant P30-CA08748 to J.M. J.L.W. and L.A. are the
recipients of postdoctoral fellowships from the Medical Research
Council of Canada. J.M. is a Howard Hughes Medical Institute
Investigator.

REFERENCES
1. Attisano, L., J. Carcamo, F. Ventura, F. M. B. Weis, J.

Massague, and J. L. Wrana. 1993. Identification of human
activin and TGF-p type I receptors that form heteromeric kinase
complexes with type II receptors. Cell 75:671-680.

2. Attisano, L., J. L. Wrana, S. Cheifetz, and J. Massague. 1992.
Novel activin receptors: distinct genes and alternative mRNA

splicing generate a repertoire of serine/threonine kinase recep-
tors. Cell 68:97-108.

3. Brown, N., and F. Kafatos. 1988. Functional cDNA libraries
from Drosophila embryos. J. Mol. Biol. 203:425-437.

4. Cheifetz, S., J. A. Weatherbee, M. L.-S. Tsang, J. K. Anderson,
J. E. Mole, R. Lucas, and J. Massague. 1987. The transforming
growth factor-n system, a complex pattern of crossreactive
ligands and receptors. Cell 48:409-415.

5. Childs, S. R., J. L. Wrana, K. Arora, L. Attisano, M. B.
O'Connor, and J. Massague. 1993. Identification of a Drosophila
activin receptor. Proc. Natl. Acad. Sci. USA 90:9475-9479.

6. Doctor, J. S., P. D. Jackson, K. E. Rashka, M. Visalli, and M.
Hoffmann. 1992. Sequence, biochemical characterization and
developmental expression of a new member of the TGF-1
superfamily in Drosophila melanogaster. Dev. Biol. 151:491-505.

7. Ebner, R., R.-H. Chen, L. Shum, S. Lawler, T. F. Zioncheck, A.
Lee, A. R. Lopez, and R. Derynck 1993. Cloning of a type I
TGF-3 receptor and its effect on TGF-,B binding to the type II
receptor. Science 260:1344-1348.

8. Estevez, M., L. Attisano, J. L. Wrana, P. S. Albert, J. MassaguX,
and D. L. Riddle. 1993. daf-4, a gene controlling C. elegans
dauer larva development, encodes a BMP receptor. Nature
(London) 365:644-649.

9. Franzen, P., P. ten DUke, H. Ichoo, H. Yamashita, P. Schulz,
C.-H. Heldin, and K. Miyazono. 1993. Cloning of a TGF-,B type

VOL. 14, 1994

A` i



950 WRANA ET AL.

I receptor that forms a heteromeric complex with the TGF-3
type II receptor. Cell 75:681-692.

10. Georgi, L. L., P. S. Albert, and D. L. Riddle. 1990. daf-1, a C.
elegans gene controlling dauer larva development, encodes a
novel receptor protein kinase. Cell 61:635-645.

11. He, W. W., M. L. Gustafson, S. Hirobe, and P. K. Donahoe.
1993. Developmental expression of four novel serine/threonine
kinase receptors homologous to the activin/transforming growth
factor-,B receptor family. Dev. Dyn. 196:133-142.

12. Inagaki, M., A. Moustakas, H. Y. Lin, H. F. Lodish, and B. I.
Carr. 1993. Growth inhibition by transforming growth factor
type I receptor is restored in TGF-13-resistant hepatoma cells
after expression of TGF-3 receptor type II cDNA. Proc. Natl.
Acad. Sci. USA 90:5359-5363.

13. Kondo, M., K. Tashiro, G. Fujii, M. Asano, R. Miyoshi, R.
Yamada, M. Muramatsu, and K. Shiokawa. 1991. Activin recep-
tor mRNA is expressed early in Xenopus embryogenesis and
the level of the expression affects the body axis formation.
Biochem. Biophys. Res. Commun. 181:684-690.

14. Laiho, M., F. M. B. Weis, F. T. Boyd, R. A. Ignotz, and J.
Massagui. 1991. Responsiveness to transforming growth fac-
tor-,B restored by complementation between cells defective in
TGF-1 receptors I and II. J. Biol. Chem. 266:9108-9112.

15. Lin, H. Y., and H. F. Lodish. 1993. Receptors for the TGF-1
superfamily: multiple polypeptides and serine/threonine ki-
nases. Trends Cell Biol. 3:14-19.

16. Lin, H. Y., X.-F. Wang, E. Ng-Eaton, R. A. Weinberg, and H. F.
Lodish. 1992. Expression cloning of the TGF-. type II receptor,
a functional transmembrane serine/threonine kinase. Cell 68:
775-785. (Erratum, vol. 70, no. 6.)

17. Lyons, K. M., C. M. Jones, and B. L. M. Hogan. 1991. The DVR
gene family in embryonic development. Trends Genet. 7:408-412.

18. Massague, J. 1990. The transforming growth factor-,B family.
Annu. Rev. Cell Biol. 6:597-641.

19. Massague, J. 1992. Receptors for the TGF-13 family. Cell 69:
1067-1070.

20. Mathews, L. S., and W. W. Vale. 1991. Expression cloning of an
activin receptor, a predicted transmembrane kinase. Cell 65:
973-982.

21. Mathews, L. S., W. W. Vale, and C. R. Kintner. 1992. Cloning
of a second type of activin receptor and functional character-
ization in Xenopus embryos. Science 255:1702-1705.

21a.Matsuzaki, K., J. Xu, F. Wang, W. L. McKeehan, L. Krummen,
and M. Kan. 1993. A widely expressed transmembrane serine/
threonine kinase that does not bind activin, inhibin, transform-
ing growth factor ,B, or bone morphogenic factor. J. Biol. Chem.
268:12719-12723.

22. Padgett, R. W., R. D. St. Johnston, and W. M. Gelbart. 1987. A
transcript from a Drosophila pattern gene predicts a protein
homologous to the transforming growth factor-,8 family. Nature
(London) 325:81-84.

23. Padgett, R. W., J. M. Wozney, and W. M. Gelbart. 1993. Human
BMP sequences can confer normal dorsal-ventral patterning in
the Drosophila embryo. Proc. Natl. Acad. Sci. USA 90:2905-2909.

24. Pardue, M. L. 1986. In situ hybridization to DNA of chromo-
somes and nuclei, p. 111-137. In D. B. Roberts (ed.), Dros-
ophila, a practical approach. IRL Press, Oxford.

25. Roberts, A. B., and M. B. Sporn. 1990. The transforming growth
factor-betas, p. 419-472. In M. B. Sporn and A. B. Roberts
(ed.), Peptide growth factors and their receptors, vol. 95.
Springer-Verlag KG, Heidelberg, Germany.

26. Sampath, T. K., K. E. Rashka, J. S. Doctor, R. F. Tucker, and
F. M. Hoffmann. 1993. Drosophila transforming growth factor 13
superfamily proteins induce endochrondral bone formation in
mammals. Proc. Natl. Acad. Sci. USA 90:6004-608.

27. Sumitomo, S., T. Saito, and T. Nohno. 1992. DDBJ accession
number D13432.

28. Tautz, D., and C. Pfeifle. 1989. A non-radioactive in situ
hybridization method for the localization of specific RNAs in
Drosophila embryos reveals translation control of the segmen-
tation gene hunchback. Chromosoma 98:81-85.

28a.ten Duke, P., H. Ichjo, P. Franzen, P. Schulz, J. Saras, H.
Toyoshima, C.-H. Heldin, and K. Miyazono. 1993. Activin
receptor-like kinases: a novel subclass of cell-surface receptors
with predicted serine/threonine kinase activity. Oncogene 8:2879-
2887.

29. Ullrich, A., and J. Schlessinger. 1990. Signal transduction by
receptors with tyrosine kinase activity. Cell 61:203-212.

30. Vale, W., A. Hsueh, C. Rivier, and J. Yu. 1990. The inhibin/
activin family of hormones and growth factors, p. 211-248. In
M. B. Sporn and A. B. Roberts (ed.), Peptide growth factors and
their receptors, vol. 95. Springer-Verlag KG, Heidelberg, Ger-
many.

31. Wharton, K. A., G. H. Thomsen, and W. M. Gelbart. 1991.
Drosophila 60A gene, another transforming growth factor 1
family member, is closely related to human bone morphogenetic
proteins. Proc. Natl. Acad. Sci. USA 88:9214-9218.

32. Wrana, J. L., L. Attisano, J. Carcamo, A. Zentelia, J. Doody, M.
Laiho, X.-F. Wang, and J. Massague. 1992. TGF-1 signals
through a heteromeric protein kinase receptor complex. Cell
71:1003-1014.

33. Xu, J., and W. McKeehan. 1993. GenBank accession number
L10125.

MOL. CELL. BIOL.


