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Summary 

Signaling by TGFp-related factors requires ligand- 
induced association between type I and type II trans- 
membrane serine/threonine kinases. In Drosophila, 
the saxophone (sax) and ff?ick veins (fkv) genes en- 
code type I receptors that mediate signaling by deca- 
pentaplegic (dpp), a member of the bone morphoge- 
netic protein (BMP) subgroup of TGFP-type factors. In 
this report, we demonstrate that the Drosophila punt 
gene encodes atr-II, a previously described type II re- 
ceptor that on its own is able to bind activin but not 
BMPS, a vertebrate ortholog of dpp. Mutations in punt 
produce phenotypes similar to those exhibited by fkv, 
sax, and dpp mutants. Furthermore, punt will bind 
BMP2 in concert with tkv or sax, forming complexes 
with these receptors. We suggest that punt functions 
as a type II receptor for dpp and propose that BMP 
signaling in vertebrates may also involve sharing of 
type II receptors by diverse ligands. 

Introduction 

Cytokines of the transforming growth factor p (TGFP) 
superfamily control a wide range of developmental and 
physiological functions in higher eukaryotes (reviewed by 
MassaguCI et al., 1994). This diverse group of effector 
molecules modulates immune and endocrine activities; 
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controls tissue specification, growth, and repair processes; 
and mediates axial patterning events during early em- 
bryogenesis. The highest degree of sequence conserva- 
tion among various family members is found in the C-ter- 
minal domain and is centered about a set of similarly 
spaced cysteine residues. Based on structural and biologi- 
cal similarities, these factors have been traditionallysubdi- 
vided into at least three distinct subgroups, which include 
the TGFPs, the activins, and the decapentaplegic (dpp)/ 
bone morphogenetic protein (BMP) family (reviewed by 
Kingsley, 1994). 

In Drosophila, the products of the dpp, screw(scw), and 
60A genes have been shown to be members of the dppl 
BMP subgroup (Padgett et al., 1987; Wharton et al., 1991; 
Doctor et al., 1992; Arora et al., 1994). dpp is the best 
characterized of the three and has SeNed as a paradigm 
for studying the mechanism of BMP signaling. The dpp 
ligand plays a number of different roles during Drosophila 
development. In the early embryo, it appears to act as a 
morphogen in specifying differential cell fate along the 
dorsal-ventral axis (Ferguson and Anderson, 1992; Whar- 
ton et al., 1993). Later in embryogenesis, dpp controls 
aspects of dorsal mesoderm specification and endoderm 
morphogenesis (Immergluck et al., 1990; Panganiban et 
al., 1990; Hursh et al., 1993; Staehling-Hampton et al., 
1994). During larval stages, it controls the outgrowth of 
imaginal tissue and is a key molecule in specifying proxi- 
mal-distal patterning of adult appendages (Spencer et al., 
1982; Basler and Struhl, 1994). The molecular compo- 
nents of the dpp signal transduction machinery are likely 
to be conserved during evolution. Dpp is - 75% identical 
to the mammalian BMP2 and BMP4 at the amino acid 
sequence level, and BMP4 can functionally substitute for 
dpp (Padgett et al., 1993; Sampath et al., 1993). Therefore, 
studies of the dpp signaling system are likely to have broad 
implications for understanding the general principles gov- 
erning TGFP signaling. 

How cells respond to a diverse set of factors, such as 
the TGFB-type ligands, remains a central question in the 
field. The identification of specific sets of cell surface re- 
ceptors that signal in response to TGFP-type ligands repre- 
sents a crucial first step toward elucidating the mode of 
action of these factors (reviewed by Attisano et al., 1994). 
The dimeric ligand appears to associate with two types of 
transmembrane serinelthreonine kinases, known as type 
I and II receptors, forming complexes whose stoichiometry 
has not been completely characterized (see Chen and De- 
rynck, 1994; Yamashita et al., 1994). Both receptor com- 
ponents appear to be required for signal transduction 
since cell lines lacking one or the other receptor for TGFP 
or activin do not respond to the ligand unless transfected 
with t,he missing receptor (Wrana et al., 1992; Attisano et 
al., 1993; Carcamo et al., 1994). Phylogenetic compari- 
sons of all receptor serinelthreonine kinase sequences 
reveal that most cluster into two groups. The type I recep- 
tors exhibit at least 60% kinase sequence identity among 
different members. In addition, they share a similar spac- 
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ing of cysteine residues in the extracellular domain as well 
as a highly conserved region rich in glycine and serine 
residues (the GS box) located just N-terminal to the kinase 
domain (Wrana et al., 1994b). Type II receptors show more 
divergence in both kinase sequence and extracellular cys- 
teine spacing and, in contrast with type I receptors, exhibit 
a C-terminal extension distal to the kinase domain that is 
rich in serine and threonine residues. 

Recent studies on the TGF8 receptor complex suggest 
that the following sequence of events initiates the TGFf3 
signal transduction cascade (Wrana et al., 1994a). Recep- 
tor II is a constitutively active kinase that appears to be 
the primary determinant of ligand selection. Once bound 
to receptor II, TGF8 is recognized by receptor I, which is 
recruited into the complex and phosphorylated by receptor 
II at serine and threonine residues within the GS domain. 
Thus, receptor II is the primary TGFf3 receptor, and recep- 
tor I is its substrate and downstream signaling component. 
Ligand-bound receptor II can interact with several different 
type I isoforms, thereby generating the potential for a 
multivalent response to a given ligand. Consistent with 
this model is the observation that, within a given cell type, 
different biological responses are signaled depending on 
the particular type I isoform that is engaged in the receptor 
complex (Carcamo et al., 1994). 

At present it is not known whether all aspects of this 
model will apply to other TGFf3 family members. It is likely 
that the activins follow a parallel mode of receptor activa- 
tion since their ligand-receptor interaction properties are 
similar to those described for TGF8. In the case of the 
dpp/BMPfamily, thesituation islessclear. Ligand-induced 
receptor complexes with the potential to signal appropriate 
biological responses have not yet been identified. 

In Drosophila, the products of the saxophone (sax) and 
thick veins (tkv) genes have been implicated in the propa- 
gation of the dpp signal (Brummel et al., 1994; Nellen et 
al., 1994; Penton et al., 1994; Xie et al., 1994). Mutations 
in both genes show a similar set of genetic interactions 
with reduced-function dpp mutations, such as maternal 
enhancement of dorsal patterning defects during earlyem- 
bryogenesis and zygotic enhancement of adult append- 
age defects. Both genes encode products with the struc- 
tural properties of type I receptors, and under appropriate 
conditions, each can bind dpp or BMPP, a functional or- 
tholog of dpp (Brummel et al., 1994; Penton et al., 1994). 
In addition, like tkv, the mouse Brk-IA and human ALK6 
and ALK3 BMP receptors exhibit the unusual property of 
being able to bind BMPP in the absence of a type II receptor 
(Koenig et al., 1994; Penton et al., 1994; ten Dijke et al., 
1994). In contrast with the receptor interactions mediated 
byTGF8 and activin, this observation raises the possibility 
that formation of some BMP receptor complexes might be 
guided by the ability of the type I receptor to select ligand. 

In this report, we demonstrate that the previously char- 
acterized Drosophila afr-// (for aciivin type II receptor) 
gene, which codes for a type II receptor that by itself binds 
activin but not BMPP, corresponds to the punt gene. Fur- 
thermore, we demonstrate that punt mutants exhibit phe- 
notypes similar to those exhibited by sax, fkv, and dpp 
mutations and that the punt gene product will bind BMPP 

in the presence of tkv or sax. We propose that punt is 
normally involved in dpp signaling and suggest that other 
activin type II receptors may also have dual ligand binding 
properties that could enable them to mediate signaling 
by BMPs as well as activins. Our observation that type II 
receptors have diverse ligand binding abilities provides 
an additional mechanism by which cytokines of the TGFf3 
family can elicit a wide variety of biological responses. 

Results 

The Atr-II Receptor Is Encoded by punt 
The punt gene was initially identified in a screen for third 
chromosome zygotic lethal mutations that disrupt embry- 
onic cuticular patterning (Jijrgens et al., 1984). The single 
allele recovered, puntT35, exhibits a dorsal open phenotype 
very reminiscent of that produced by certain tkv alleles 
(Ntisslein-Volhard et al., 1984; Terracol and Lengyel, 
1994). Deficiency mapping has previously localized punt 
within the 88C3-E2 interval on the right arm of the third 
chromosome (Jtirgens et al., 1984). More recently, we 
mapped the gene for atr-II, a type II serinelthreonine ki- 
nase receptor capable of binding activin, to the same re- 
gion of the chromosome (Childs et al., 1993). Despite the 
inability of atr-II to bind BMPP, the fact that thepuntpheno- 
type is very similar to that produced by tkv, which encodes 
a type I BMP receptor (Brummel et al., 1994; Nellen et 
al., 1994; Penton et al., 1994), led us to examine whether 
punt was equivalent to atr-//. From a collection of single 
P element insert lines isolated by A. C. Spradling and col- 
leagues of the Drosophila Genome Project, we identified 
one line, 1(3)1046, that contains a P element in the 88C-D 
interval. Several lines of evidence demonstrate that the 
P insertion in this line has disrupted the punt gene. First, 
animals homozygous for the P element die with a pheno- 
type similar to punt’35 mutants. Second, the P element 
insertion fails to complement the punP allele. Third, mo- 
bilization of the P element resulted in multiple independent 
excision lines that are homozygous viable and fertile, indi- 
cating that the lethal phenotype of 1(3)1046 was caused 
by the insertion and not by a secondary lesion on the chro- 
mosome. 

We employed plasmid rescue to clone the P insertion 
and a small amount of flanking genomic DNA. Probes spe- 
cific for the flanking sequences were used to establish a 
walk in the region, and nearby transcripts were identified 
by Northern blot analysis and cDNA library screening. To 
identify precisely the point of P insertion, we sequenced 
from the ends of the P element into flanking DNA. We 
found that the P element was inserted in the untranslated 
leader sequence of the atr-/l transcript 2 bp from the 5’ 
end (defined as the longest cDNA; Childs et al., 1993). To 
confirm the identity between the two genes, we generated 
germline transformants in which the a&-//cDNAwas driven 
by the ubiquitin promoter (Brummel et al., 1994). Ubiqui- 
tous expression of a&-// is able to rescue the lethality of 
several combinations of punt alleles to full viability and 
renders the females fertile (see Experimental Procedures). 
Taken together, these data indicate that atr-II is punt, and 
we will henceforth refer to the atr-II receptor as punt. 
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Figure 1. Zygotic Mutations inpuhtAffect Em- 
bryonic Patterning and Wing Venation 

Anterior is to the left and dorsal side is up in 
(A)-(D). punt alleles show temperature-sensi- 
tive defects in embryonic patterning. Cuticle of 
a wild-type embryo (A) compared with a homo- 
zygous puntp7 mutant at 22% (6) and a homo- 
zygous pu17t’~5 mutant at 29OC (C). The larva 
in (B) shows defects in head involution, such 
that the anterior segments often remain 
attached to the thorax on the dorsal side. At 
nonpermissive temperatures these embryos 
show the dorsal open phenotype (C). The dor- 
sal cuticle is incomplete, and the gut extrudes 
through the dorsal opening. Similar defects in 
embryonic patterning are caused by zygotic 
loss of tkv, illustrated by the f/o? embryo in (D). 
Escaper adults of the genotype p~nt~~~/punt8~ 
recovered at 18°C (F) show ectopic wing vena- 
tion compared with wild-type wings in (E). 

punt Is Required for Proper Embryonic Patterning 
and Adult Development 
Wild-type embryos secrete cuticle that displays a charac- 
teristic array of dorsal and ventral pattern elements (Figure 
1 A). Cuticular analysis of punt135/punt’35 and p~f’r~~/puntp 
(insertion mutation in 1(3)1046) mutants at varying temper- 
atures revealed thatpunr lethality is temperature sensitive. 
Although defects in dorsal cuticlewere observed at several 
temperatures, the large holes characteristic of dorsal clo- 
sure mutants such as rkvwere observed at high frequency 
only at temperatures of 25’C or greater (Figures 1C and 
ID). In contrast, defects in head involution coupled with 
smaller holes in the anterior dorsal region of the cuticle 
were observed at 22OC (Figure 16). At 18“C, the lethal 
phenotype consisted of only minor defects in the head 
skeleton. 

Several punt alleles, including punt5’ and puntea, were 
isolated in a screen for lethal excisions of the P element in 
l(3)1046(M. Hornerand A. L., unpublisheddata). Southern 
blot analysis revealed that both lines were associated with 

internal deletions of the P element (data not shown). At 
22OC, heteroallelic combinations of puntP’ or punt735 with 
the newpunt alleles results in the embryonic lethal pheno- 
type depicted in Figure 16. At 18’X, it is possible to re- 
cover heteroallelicpuntes/punt735 individuals at close to the 
expected Mendelian frequency (Table 1). These adults are 
nearly indistinguishable from wild type. However, a closer 
examination of punPs/punt’35 adults raised at 18OC re- 
vealed that 10% (12 of 119) display ectopic wing venation 
in the region of !he posterior cross vein (Figures 2E and 
2F). At higher temperatures (22YZ-23OC), viability of 
punf’Tpunt’35 flies was vastly reduced, and their pheno- 
type was often grossly abnormal. Aberrant phenotypes 
included a reduction in wing size and the presence of cleft 
notums similar to those produced by certain rkv and dppd 
alleles (Spencer et al., 1982; Segal and Gelbart, 1985; 
Terracol and Lengyel, 1994). NopuntYpunt’35adults were 
recovered at 25OC. Theviabilityofpuntheteroallelicadults 
at low temperature was not allele specific. Similar results 
were obtained when we measured the viability of punP/ 

Table 1. Temperature Sensitivity of punt Heteroalleleic Combinations 

Temperature punWTM3, Ser punP/MKRS punP/punt’” Number Counted 

18% 236 (40) 152 (26) 196 (33) 584 
20% 41 (39) 26 (25) 38 (36) 105 
22% 253 (45) 235 (42) 74 (13) 562 
23% 949 (59) 650 (41) 3 61) 1602 
25’C 99 (50) 100 (50) O( 0) 584 

punF/TM3, Ser pun P/MKRS punP/punP 

18% 129 (45) 48 (17) 110 (33) 287 
22oc 39 (56) 25 (36) 6 (18) 70 

a The numbers in parenthesis indicate the percentage of the total progeny. Because the TM3, Ser/MKRS progeny are not viable, the expected 
frequency for each class is 33.3%. 
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punt’35 adults at 18% (Table 1). Since all the alleles we 
have tested exhibit a temperature-sensitive phenotype, it 
is possible that the punt gene product is involved in an 
inherently temperature-sensitive pathway. Alternatively, it 
is possible that the alleles examined represent regulatory 
mutants that retain residual punt activity at low temperature. 

Maternal and Zygotic Loss of punt 
Ventralizes the Embryo 
We have previously demonstrated that the punt transcript 
is supplied maternally as well as zygotically (Childs et al., 
1993). To examine whether maternal and zygotic loss of 
punt results in more severe embryonic patterning defects 
than zygotic loss alone, we analyzed eggs laid by punt 
homozygous females recovered at 18%, and we also em- 
ployed mitotic recombination to induce punt germline 
clones. Both analyses demonstrated a requirement for 
maternal punt gene product in dorsal-ventral patterning. 
When p~ntsslpunt’~~ females recovered at 18% are mated 
with p~nts~/punt’~~ males and subsequently shifted to the 
restrictive temperature (25%), they produced severely 
ventralized embryos. In contrast with wild type, embryos 
lacking both the maternal and zygotic punt gene product 
gastrulate abnormally (Figures 2A and 2B). In embryos 
derived from p~rit~~~/punP~ matings, the dorsal folds are 
reduced in size and number, the cephalic furrow is shifted 
dorsally, and germband extension is defective. Similar 
gastrulation defects are exhibited by a number of mutants 
in dorsal-ventral patterning genes, including sax, a type 
I receptor (Xie et al., 1994). Such defects result from a 
transformation of the dorsal amnioserosa cells to more 
ventral fates (Arora and NBsslein-Volhard, 1992). To con- 
firm that punt is required maternally for specification of 

Figure 2. Loss of Maternal punt Activity Re- 
sults in a Ventralized Phenotype 

(A and B) Anterior is to the left. Phase-contrast 
optics of wild-type (A) and mutant (B) embryos 
during early stages of germband extension 
(stage 7; Campos-Ortega and Hartenstein, 
1995). Embryos lacking maternalpuntfunction 
were derived from escaper females of the ge- 
notype punP/punP crossed to punt’35/punP 
males. In the mutants (B), the cephalic furrow 
(c9 is shifted dorsally, the dorsal folds (df) are 
reduced or missing, and the germband extends 
beneath the surface of the embryo. These fea- 
turesarecharacteristicofventralized embryos. 
(C-F) Dark-field images of mutant larvae. The 
embryos in (D) and (E) were generated by in- 
ducing punt mutant germline clones in an ovoD 
background by y-irradiation. Embryos from 
punts8 germline clones fertilized with a wild- 
type sperm have a partially ventralized pheno- 
type(D) compared with the dorsal open zygotic 
phenotype of punt mutants (C). Embryos from 
pur+ clones fertilized by punt mutant sperm 
(E) show a severe ventralized phenotype also 
exhibited by dppH%ull mutants (F). The loss 
of dorsal pattern is accompanied by an expan- 
sion of ventral denticle belts. The terminal seg- 
ments are displaced into the interior of the em- 
bryo owing to defects in germband movement. 

amnioserosa, we employed antibodies directed against 
the amnioserosal cell marker Kriippel. No cross-reactivity 
was detected in mutant embryos derived from pur~t’~~/ 
puntee parents, indicating that these embryos lack the dor- 
sal-most tissue (data not shown). Loss of amnioserosa is 
also a feature of mutations in dpp, sax, and tkv (Wharton 
et al., 1993; Brummel et al., 1994; Nellen et al., 1994). 

Analysis of germline clones revealed that only about 
50% of the embryos derived from a female carrying a 
pufP clone that was mated with punP8 heterozygous 
males showed a severelyventralized cuticle, as evidenced 
by the circumferential presence of ventral dentical belts 
(Figures 2E). These cuticles are similar to those secreted 
by dpp-null (Figure 2F) and fkv-null mutant embryos (Nel- 
len et al., 1994; Terracol and Lengyel, 1994). The re- 
maining embryos showed a moderatelyventralized cuticle 
that is nevertheless stronger than the zygotic dorsal open 
phenotype (Figures 2C and 2D). It is likely that the most 
severe phenotype results from eggs fertilized by punt mu- 
tant sperm, while the moderate phenotype represents the 
eggs fertilized by punt+ sperm. This was confirmed by ex- 
amining embryos derived from females carrying a punta* 
germline clone mated with (+/+) males. All embryos 
showed a moderately ventralized phenotype. 

The punt Gene Is Required for Dpp Signaling 
In addition to its function at other stages of development, 
dpp plays a well-characterized role in regulating the mor- 
phogenesis of the embryonic midgut. Expression of dpp 
at two locations in the gut mesoderm (parasegments 3 
and 7 [PS3 and PS7]) is subject to positive autoregulation 
and thus provides a sensitive assay for disruptions in dpp 
signaling (Figure 3A; Panganiban et al., 1990; Hursh et 
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Figure 3. Mutations in punt Affect dpp Autoregulation 

Wild-type (A) and punP homozygous embryos raised at 22°C (6) 
stained with dpp riboprobes. dpp RNA was detected in discrete do- 
mains along the developing gut tube in the pharynx (ph), esophagus 
(e), gastric caeca primordia (gc), PS7 region of the midgut (mg), and 
hindgut (hg) in wild-type embryos (A). In punP/punP embryos, dpp 
RNA was not detected in the gastric caecaor in the midgut, but could 
be seen in the pharynx, esophagus, and hindgut. 

al., 1993; Capovilla et al., 1994; Staehling-Hampton and 
Hoffmann, 1994). In punt mutants, dpp transcripts were 
not detected either in the primordia of the gastric caeca 
(PS3) or in the PS7 region of the midgut mesoderm (Figure 
38). dpp expression in PS7 is necessary for the expression 
of labial (lab) in the endodermal cells that lie beneath the 
visceral mesoderm (Immergluck et al., 1990; Panganiban 
et al., 1990; Reuter et al., 1990). The level of lab protein 
in the endoderm of punt mutants is considerably reduced 
(data not shown). Despite the absence of dpp transcripts 
in PS3 and PS7, dpp expression in regions of the embryo 
that are not subject to autoregulation were unaffected. 
Mutant alleles of tkv and sax also affect gut development 
and show similar alterations in the expression of dpp and 
lab (Affolter et al., 1994; Penton et al., 1994; Nellen et al., 
1994). 

Genetic Interactions between Type I and Type II 
Receptor Mutants 
The phenotypic analysis strongly suggests that punt en- 
codes a type II dpp receptor. In an effort to determine 
whether punt acts in concert with either sax or tkv, two 
dpp type I receptors, we examined Vans-heterozygous 
combinations of punr and tk-v or punt and sax mutants to 
look for enhanced phenotypes. Several phenotypic obser- 
vations support a possible functional interaction between 
punt and sax. First, the introduction of one mutant punt 
allele into a sax mutant background causes wing venation 
defects in adults (Figures 4A-4C). In 35%-50% of these 
individuals, the wings lack the posterior cross vein (Figure 
4B), and in 10% of the cases, the longitudinal wing vein 
L4 fails to reach the wing margin (Figure 4C). Second, 
progeny of some sax-punt transheterozygous females 
(sax/+; punt/+) exhibit a high degree of lethality when 
crossed to wild-type males. Progeny of females heterozy- 
gous for the punt’35 allele in combination with either sax’ 
or sax’, when crossed to wild-type males, exhibit 64% and 
87% lethality, respectively (Figure 4D). Of this lethality, 
75% is larval, and the phenotypes vary from apparently 

Figure 4. Genetic Interactions between punt and sax 

(A).sax’/~ax~individualsexhibit nearlywild-type wings. Alowfrequency 
(- 1%) of these adults display a mild reduction in the posterior cross 
vein (horizontal arrow). The longitudinal wing veins L2-L5 are indi- 
cated. 
(6 and C) Of sax’/sax2; punP/+ individuals, 35%-50% lack the poste- 
rior cross vein (horizontal arrow), and in 10% of the individuals, L4 
fails to reach the wing margin (vertical arrows). 
(D) Progeny of females double heterozygous for sax and punt muta- 
tions exhibit significant lethality. Females of the genotype listed below 
the bar graph triplets were crossed to wild-type males, and the progeny 
were scored for viability. The first bar in the triplet (stippled) represents 
the lethality observed in progeny of heterozygous type I receptor mu- 
tant females; the second bar (cross-hatched) is the lethality observed 
in progeny of heterozygous punt mutant females; the third bar 
(hatched) is the lethality observed in progeny of double heterozygous 
mutant females (type I receptor mutant/+; punt/+). 

wild-type to individuals with disorganized trachea and de- 
fective imaginal discs (data not shown). Control crosses 
clearly indicate that this lethality is not merely an additive 
effect of the sax and punt mutations. These effects are 
only seen in combinations with the sax’ or sax2 alleles, 
which contain lesions in their kinase domains. and were 
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induced on different parental chromosomes. The same 
puntallele displays a much weaker interaction in combina- 
tion with either a sax deficiency or a null allele (Df(2RjH23 
or sax”ys) and exhibits 9% and 27% lethality, respectively. 
Since the s~x”“~ allele was derived from sax’, we conclude 
that the interaction is specific for sax and is not caused 
by another lesion on the sax’ chromosome. In this assay, 
the tkv7 allele does not display any significant interaction 
with punt mutants. While the above observations do not 
provide direct evidence of protein-protein interaction, the 
results are consistent with the formation of a heteromeric 
dpp receptor complex containing the punt and sax products. 

BMP2 Promotes Formation of Heteromeric 
Receptor Complexes between Punt 
and Tkv or Punt and Sax 
To determine whether punt binds dpp and forms com- 
plexes with tkv or sax, we expressed receptors transiently 
in monkey COSl cells. To facilitate the identification and 
purification of receptor complexes, punt was tagged with 
a hexahistidine sequence (His) while tkv and sax were 
tagged with the hemagglutinin epitope (HA). His se- 
quences bind efficiently to Ni*+-NTA resin, while the HA 
epitope is specifically recognized by the monoclonal anti- 
body 12CA5. Cells transfected with tagged receptors 
alone or in combination were incubated with 1251-BMP2, 
the mammalian dpp ortholog, and receptor-bound ligand 
cross-linked using disuccinimidyl suberate. 

As previously described (Penton et al., 1994), immuno- 
precipitates obtained from affinity-labeled cells transfected 
with HA-tagged tkv contained a product of -80 kDa that 
corresponds to Y-BMP2 cross-linked to HA-tagged tkv 
(Figure 5A). Analysis of lysates from cells cotransfected 
with His-tagged punt and HA-tagged tkv revealed the pres- 
ence of an additional affinity-labeled product of 75 kDa 
that coprecipitated with HA-tagged tkv and corresponded 
to the expected size for affinity-labeled His-tagged punt. 
Furthermore, both of these affinity-labeled products were 
also isolated when lysates from cotransfected cells were 
incubated with NP+-NTA-agarose to purify His-tagged 
punt specifically. Consistent with our previous observa- 
tions (Childs et al., 1993) no products affinity labeled with 
BMP2 could be isolated from cells transfected with punt 
alone. This suggests that punt alone has low affinity for 
BMP2 but binds BMPP efficiently when engaged in a het- 
eromeric complex with tkv. 

To determine whether punt also interacts with sax to 
form a heteromeric BMP receptor complex, we performed 
similar experiments using HA-tagged sax (Figure 5B). As 
shown previously, sax expressed alone in COS cells 
boundBMP2onlyweakly(Brummeletal., 1994). However, 
when coexpressed with punt, anti-HA immunoprecipitates 
revealed increased affinity labeling to HA-tagged sax. 
Since His-tagged punt and HA-tagged sax were incom- 
pletely resolved on SDS-polyacrylamide gels, we purified 
His-tagged punt from lysates of cells affinity labeled with 
‘%l-BMP2 using Ni*+-NTA-agarose. Analysisof these pu- 
rified extracts clearly revealed the presence of affinity- 
labeled His-tagged punt in cells cotransfected with both 
punt and sax. Thus, punt and sax, which separately dis- 

play low affinity for BMP2, can cooperate to form a high 
affinity receptor complex. Together these data indicate 
that punt functions as a dpplBMP2 receptor when it is 
coexpressed with either tkv or sax and that punt forms a 
heteromeric complex with either of the dpp type I recep- 
tors, tkv or sax. 

punt May Act as a Dual Specificity Receptor 
We originally cloned punt (atr-I/) by low stringency hybrid- 
ization to Act!+II, a mouse activin receptor (Childs et al., 
1993). Sequence and phylogenetic comparisons between 
type II receptors initially suggested that punt was an activin 
receptor. Within the kinase domain, punt shows >60% 
identity to other activin type II receptors. In contrast, it 
shows <40% identity in the kinase region to TGF8 type 
II receptors or to DAF-4, a previously identified type II re- 
ceptor capable of binding BMPP (Estevez et al., 1993). In 
addition, punt also behaves as an activin type II receptor 
with respect to its ligand binding properties. In the absence 
of other receptors, punt is able to bind activin A with a 
specificity and affinity comparable to mammalian activin 
type II receptors (Childs et al., 1993). In the presence of 
activin, punt is also able to form a heteromeric complex 

a-HA Ni-NTA 

Figure 5. The Punt Receptor Binds SMP2 and Forms Heteromeric 
Complexes with Tkv and Sax 

COS cells ware transiently transfected with the indicated cDNAs and 
affinity labeled by sequential incubation with 500 pM ‘251-SMP2 and 
disuccinimidyl suberate. Aliquotsof cell lysateweresubjected to immu 
noprecipitation with the anti-HA antibody 12CA5 (u-HA) or purified with 
Ni2’-NTA-agarose (Ni-NTA) followed by SDS-polyacrylamide gel 
electrophoresis and autoradiography. The position of the affinity. 
labeled products tkv and punt are indicated in (A), while in (S) punt 
and sax are indicated. 
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with the atr-I product, a Drosophila type I receptor of un- 
known function (Wrana et al., 1994b). A striking aspect of 
its ligand binding properties, however, is the inability of 
punt to bind BMP2 in the absence of other receptors. This 
is in direct contrast with DAF-4, which is able to bind BMP2 
quite efficiently in the absence of a type I partner (Estevez 
et al., 1993). 

The sequence similarities and ligand binding properties 
of punt initially led us to suggest that punt was an activin 
receptor (Childs et al., 1993). The results presented in this 
paper suggest that in vivo ligands for punt include dpp 
and perhaps other members of the BMP family. Our rea- 
sons are several fold. First, punt will bind BMPP when 
combined with an appropriate type I receptor. Second, 
mutations in punt interfere with aspects of Drosophila de- 
velopment that require dpp signaling. In particular, mater- 
nal and zygotic loss of punt results in severely ventralized 
embryos like those produced by null dpp mutations. These 
observations indicate a requirement for punt in patterning 
the ectoderm and strongly suggest that dpp is a functional 
ligand for punt. This is consistent with the observation that 
zygotic loss of punt interferes with dpp transcription in the 
gastric caeca and in PS7 of the midgut. In these regions, 
dpp transcription is subject to positive autoregulatoryfeed- 
back (Immergluck et al., 1990; Panganiban et al., 1990; 
Reuter et al., 1990; Capovilla et al., 1994; Hursh et al., 
1993; Staehling-Hampton and Hoffmann, 1994). Another 
zygotic consequence of punt mutations is an inability to 
undergo proper dorsal closure. This phenotype is identical 
to that of zygotic mutations in tkv, a type I dpp receptor 
(Penton et al., 1994; Terracol and Lengyel, 1994). Presum- 
ably maternal contribution of both punt and tkv allows the 
completion of early cell fate specification events that are 
essential for dorsal development, and it is only when the 
maternal products are depleted that additional require- 
ments for dpp function during late embryogenesis are re- 
vealed. Another event compromised by bothpuntand dpp 
mutations is the patterning of imaginal disc derivatives. 
Homozygous punt mutants that develop at semipermis- 
sive temperature produce adults with wing venation and 
thoracic defects similar to those produced by certain al- 
leles of tkv(Terracol and Lengyel, 1994) and dpp (Spencer 
et al., 1982). Finally, the genetic interactions observed 
between punt and sax mutants are consistent with the 
involvement of punt in mediating the dpp signal. 

Although the above observations argue that punt is in- 
volved in mediating certain aspects of dpp signaling, we 
cannot exclude the possibility that punt may also mediate 
signaling by other members of the TGFf3 family, including 
an as-yet-unidentified activin-like factor. While there is no 
suggestion from the punt mutant phenotype for involve- 
ment of another ligand, we have not determined whether 
any of thepuntalleles are null. Preliminary molecular anal- 
ysis of mutant alleles suggests that they may be regulatory 
mutants. It is possible that these alleles still retain some 
function and only exhibit dpp-like phenotypes because the 
dpp pathway is the most sensitive to reduction in receptor 
activity. The only other identified TGFb-type ligands in Dro- 
sophila, the products of the 60A and sew genes, are both 
membersoftheBMPsubfamily(Wharton etal., 1991; Doc- 

tor et al., 1992; Arora et al., 1994). Like dpp, mutations 
in sew also disrupt dorsal patterning (Arora and Niisslein- 
Volhard, 1992; Arora et al., 1994). It is possible that punt 
may also mediate signaling by sew or perhaps a hetero- 
dimer of sew and dpp. We think it is unlikely that punt acts 
solely as a sew receptor since the loss of maternal and 
zygotic punt function results in a more severe phenotype 
than that of null sew mutations. 

Dpp Receptor Complexes: Implications for BMP 
and Activin Signaling 
An interesting feature of the Drosophila dpp receptor sys- 
tem that may extend to BMP signaling in other organisms 
is the partial reversal of ligand binding roles for the type 
I and type II receptors compared with theTGFf3 and activin 
receptors. Type II receptors for TGFj3 and activin can bind 
ligand directly (Mathews and Vale, 1991; Attisano et al., 
1992) whereas punt binds BMP2 efficiently only when 
coexpressed with sax or tkv. Likewise, type I TGFP recep- 
tors can contact ligand bound to type II receptors but not 
free ligand, while tkv, a BMP type I receptor, can bind free 
ligand directly in the absence of a type II receptor. This 
property is also shared by the mammalian BMP type I 
receptors BMPR-IAfBrk-I and BMPR-IB, which bind BMP2, 
BMP4, and BMP7 in the absence of a cotransfected type 
II receptor (Koenig et al., 1994; Penton et al., 1994; ten 
Dijke et al., 1994), and suggests that the reversal of ligand 
binding properties of type I and type II BMP receptors may 
not be peculiar to Drosophila. 

Despite these differences, the present results clearly 
show a dependence of dpp type I receptors on punt for 
binding ligand. Coexpression of punt enhances ligand 
binding to tkv and is essential for ligand binding to sax. 
Our phenotypic studies are also consistent with the pos- 
siblity that punt interacts physiologically with sax and tkv. 
In the TGFP and activin receptor systems, the type II recep- 
tors are constitutively active kinases that phosphorylate 
the GS domain of type I receptors in the ligand-induced 
complex, initiating a signaling pathway in which the type 
I receptors are downstream components. This mode of 
activation may also apply to dpp/BMP receptors except 
that, in this case, both receptors may be required to gener- 
ate a high affinity binding site whereas activin and TGFp 
binding is specified by their respective type II receptors. 
It may be that for many BMP family members, ligand selec- 
tion is principally dictated by the type I receptor or shared 
by both receptors, as illustrated by the sax and punt com- 
bination, neither of which will bind BMPP efficiently on 
their own. 

The ability of DAF-4 to bind BMP2 on its own suggests 
that not all BMP receptors have reversed binding charac- 
teristics relative to the TGF3 paradigm. However, it should 
be noted that the physiological ligand for DAF-4 and its 
normal receptor I partner are currently unknown, making 
it difficult to establish the relevance of this interaction. We 
have found that although DAF-4 is able to complex with 
tkv and sax in the presence of BMP2 in tissue culture cells 
(Brummel et al., 1994; Penton et al., 1994) in transgenic 
flies it is unable to rescue punt mutations to viability (G. 
Marques and M. B. O., unpublished data). This result may 
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indicate that the type of complex formed among BMP2, 
DAF4, and various type I BMP receptors is nonfunctional 
and emphasizes the necessity for correlating inferences 
based on sequence homologies and in vitro binding data 
with in vivo function. 

A third type I receptor identified in Drosophila, atr-I, also 
interacts with punt in vitro. Both isoforms of atr-I have 
binding properties of typical activin type I receptors and 
form activin-induced complexes with punt (Wrana et al., 
1994b). The possibility of a similar interaction in vivo has 
not been confirmed since neither the ligand nor a&/ muta- 
tions are available. The ligand is probably not dpp, since 
BMP2 is not able to induce complex formation between 
punt and atr-I (J. L. W. and J. M., unpublished data). None- 
theless, the ability of punt to bind activin in the absence 
of a type I receptor suggests that some of the previously 
identified activin type II receptors could actually function 
as type II receptors for BMPs or perhaps be components 
common to signaling by both classes of ligands. Based 
on amino acid sequence similarity, the members of the 
TGFp superfamily fall into small clusters of closely related 
isoforms progressively divergent from the dpplBMP2 clus- 
ter. Although the BMPs, activins, and TGFf3s conceptually 
represent distinct subfamilies, some degree of cross- 
reactivity in their receptor interactions is conceivable. If 
some type I and type II receptors have the potential to 
function in several pathways, then the ensemble of possi- 
ble receptor-ligand complexes can become increasingly 
elaborate. Such heterogeneity may help explain how a 
multitude of cellular responses can be elicited by various 
members of the TGFf3 family. 

Experimental Procedures 

Drosophila Strains 
Drosophila strains were cultured on standard cornmeal yeast extract 
dextrose medium. Wild type is Canton S or cn; ry. The P element 
insertion mutation purrrP” in 1(3)1046 was generated in a screen for 
P element lethals (G. Karpen and A. C. Spradling of the Drosophila 
Genome Project). Additional punt mutants were isolated in a screen 
for lethal excisions of the P element transposon in 1(3)1046 (M. Horner 
and A. L., unpublished data). The rosy+-marked P element in 1(3)1046 
was mobilized with an external source of transposase (Robertson et 
al., 1966). P element excision lines were identified by the absence of 
the rosy+ eye color marker. Two of the excision lines that failed to 
complement punt’” were designated punF’ and puntee. saxfm5 was 
generated by V. T. and W. M. G. (unpublished data). All other strains 
have been described in Lindsley and Zimm (1992). 

DNA Isolation and Sequencing 
P element rescue was performed as described in Ashburner (1969). 
Genomic DNA was isolated from the 1(3)1046 fly line, digested with 
Xbaf, and ligated. Recombinant plasmids were selected on kanamycin 
media, Phage clones spanning the insertion site were isolated using 
standard techniques(Maniatiset al., 1962). Drosophilagenomiclibrar- 
ies were provided by Dr. J. Tamkun (University of California, Santa 
Cruz) and purchased from Stratagene. cDNAs were isolated from a 
6-12 hr embryonic library (Brown and Kafatos, 1966). 

dpp Transcript Localization 
Distribution of dpp message in embryos was determined using anti- 
sense riboprobes labeled with digoxigenin-UTP (Boehringer Mann- 
heim) as described previously (Arora et al., 1994). 

P Element Construction and Transformation Rescue 
The P[ubi-punt] plasmid wasconstructed by filling in the Sacll-Hindlll 

fragment of punt and blunt end ligating it to the unique Xbal site in 
P[ubi-CaSpeR] (Brummel et al., 1994). !Jf(l)w, yMP7c23stock was used 
as a recipient for germline transformation (Rubin and Spradling, 1962). 
For rescue experiments, strains carrying a transgene on the X or the 
II chromosome were used. Both lines were male sterile. Female flies 
of the genotype punfVTM2 carrying a single copy of the transgene 
were crossed to purFlTM2, punWTM3, or punP’ITM2 males. Prog- 
eny from this cross were scored for the survival of punt/punt homozy 
gous adults at 25OC. Observed survival was 116%-l 52% of expected 
and depended on the transgenic line used. 

Mammalian Cell Transfections 
For transient transfection assays, monkey COSl cells were trans- 
fected with receptor cDNAs subcloned into the mammalian transfec- 
tion vector pCMV5 using DEAE-dextran as previously described (Atti- 
sano et al., 1992). Cells were trypsinized 24 hr after transfection and 
reseeded into 60 mm dishes and subsequently assayed for ligand 
binding 46 hr posttransfection. An influenza virus HA epitope (amino 
acids YDVPDYASL) in sax and tkv and a His tag in punt were intro- 
duced atthe C-terminusas previously described (Attisanoet al., 1993). 

Binding and Affinity Labeling 
Human recombinant BMP2 (gift from J. Wozney, Genetics Institute) 

was iodinated by the chloramine T method (Frolik et al., 1964). Trans- 
fected COSl cell monolayers were affinity labeled with ‘251-BMP2 and 
disuccinimidyl suberate (Pierce Chemical) as in Attisano et al. (1992). 
Labeled cell monolayers were solubilized in lysis buffer (50 mM Tris- 
HCI [pH 7.41, 150 mM NaCI, 0.5% Triton X-100) in the presence of 
protease inhibitors at 4% for 20-30 min and centrifuged to remove 
debris. For nickel chromatography, cell extracts were made to 20 mM 
imidazole and incubated with Ni*+-NTA-agarose (Qiagen) for 1 hr at 
4°C and were rinsed briefly three times, then twice for 5 min in 20 
mM imidazole in lysis buffer, and twice in 20 mM Tris (pH 7.4). Bound 
proteins were eluted by boiling in SDS sample buffer. For immunopre- 
cipitations, cell extracts were incubated with monoclonal antibody 
12CA5 (BABCO) for l-2 hr at 4OC and collected on protein A-Sepha- 
rose beads (Pharmacia). The immunoprecipitates were washed five 
times in cold lysis buffer and then resuspended in sample buffer for 
analysis by SDS-PAGE and autoradiography. 

Germline Clones 
Homozygous mutant germline clones were generated in the back- 
ground of adominantfemale sterile ovff mutation. yw; P[ovoD1] Cl 3X31 
TM3 males (Chou et al., 1993) were crossed to punts”/MKRS females. 
Second instar larvae from this cross were harvested and irradiated 
with 1000 rads. Virgin females of the genotype puntss/P[ov~‘] Cl3x3 
were mated to punfYMKRS or puntP7/MKRS males. Females carrying 
a single copy of ovoD’ do not lay eggs unless a mitotic recombination 
event in the germline results in a homozygous mutant clone. A total 
of nine egg-laying females were recovered from among 500 females 
screened, Of these, one was a distal recombination event and there- 
fore excluded from analysis. The remaining eight females carried a 
punWpunta8 germline clone. 

Lethal Phase Studies 
Twosetsof crossesweredone. Inoneset,virginfemales heterozygous 
for punt and either sax or tkv were crossed to Canton S males. in a 
second set, virgin females heterozygous for either sax or th were 
crossed to mutant punf males. Virgin females of the genotype de- 
scribed in Figure 4D were collected from the progeny, and 3-day-old 

virgins were crossed to cn; ry males. Embryos were harvested after 
12 hr of egg laying, gridded on food medium bottles, and then placed 
at 25%. The number of fertilized eggs examined were as follows: 
sax2, n = 254; tkv71+; punt% and tkv’l+; punt’?+, n > 421; saxV+; 
puntPI/+ and sax?+; punt’35/+, n > 676; and for the remainder of geno- 
types, n 2 1237. Embryonic viability was assessed at 36 hr after egg 
laying and larval viability at 1 O-15 days after egg laying. Adult eclosion 
was assessed for up to 16 days after egg laying. 
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