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Summary

Mutations in the Drosophila tolioid (tid) gene lead to a
partial transformation of dorsal ectoderm into ventral
ectoderm. The null phenotype of tid is similar to, but
less severe than decapentaplegic (dpp), a TGF-p fam-
ily member required for the formation of all dorsal
structures. We have cloned the t/d locus by P element
tagging. At the blastoderm stage, t/id RNA is expressed
dorsally, similar to that described for dpp. Analysis ofa
tid cDNA reveals three sequence motifs: an N terminal
region of similarity to a metalloprotease, two EGF-like
repeats, and five copies of a repeat found in human
complement proteins Cir and C1s. tid sequence is
41% identical to human bone morphogenetic protein 1
(BMP-1); the closest members to dpp within the TGF-§
superfamily are BMP-2 and BMP-4, two other bone
morphogenetic proteins. These findings suggest that
these genes are members of a signal generating path-
way that has been conserved between insects and
mammals.

Introduction

Within the dorsal half of the Drosophila embryo, at least
six zygotically acting genes, decapentaplegic (dpp), tolloid
(t/d), screw, shrew, zerknillt, and twisted gastrulation di-
rectly influence pattern formation (Nusslein-Volhard et al.,
1984; Wieschaus et al., 1984, Jlrgens et al., 1984; Waki-
moto et al., 1984; Zusman and Wieschaus, 1985; Irish and
Gelbart, 1987). Among these genes dpp appears to play
a pivotal role, since it is the only gene required for the
production of all dorsal structures. Null mutations of dpp
cause a complete transformation of dorsal epidermis into
ventral ectoderm (Irish and Gelbart 1987). In contrast, null
mutations of t/d delete the amnioserosa and a portion of
the dorsal ectoderm and cause a corresponding expansion
of the neurogenic ectoderm. The similarity of phenotypes
suggests that both gene products could be acting in close
proximity in the dorsal-ventral (D-V) patterning pathway.
Additional support for the close relationship between tid
and dpp has been suggested by the fact that mutations
in either gene lead to similar premature loss in zerknulit
steady-state mRNA levels in early embryos (Rushlow and
Levine, 1990).

DNA sequence analysis of the dpp gene has shown that
its protein product is a member of the TGF-B superfamily
of growth factors (Padgett et al., 1987). This family of se-
creted polypeptides represents a large collection of factors
with diverse activities. Depending on the cell type involved,
different family members can stimulate or inhibit cell
growth or differentiation, as well as induce alterations in
the composition of the extracellular matrix (for reviews,
see Barnard et al., 1990; Massagué, 1990). In addition,
many TGF-B family members also appear to be involved
in control of cell fate. Miillerian inhibiting substance was
originally shown to induce regression of female genitalia
primordium in mammalian male embryos (Blanchard and
Josso, 1974) and may also directly affect testicular mor-
phogenesis (Behringer et al., 1990), while injection of ac-
tivin-related polypeptides induces a secondary develop-
mental axis in Xenopus and chicken embryos (Thomsen
et al., 1990; Mitrani et al., 1990).

Within the TGF-B superfamily, dpp is most closely re-
lated to human bone morphogenetic protein 2 (BMP-2),
exhibiting 75% identity with its C-terminal growth factor
domain (Wozney et al., 1988; Gelbart, 1989). The BMPs
were isolated as a copurifying mixture of proteins that was
capable of inducing ectopic bone formation in rats (Woz-
ney et al., 1988; Wang et al., 1988; Ozkaynak, 1990; Ce-
leste et al.,, 1991). Of the seven BMPs that have been
characterized, six show sequence similarity to the TGF-B
superfamily. The only BMP thatis not a TGF-f family mem-
ber, BMP-1, has multiple structural motifs, including a re-
gion of similarity to a metalloprotease from the crayfish
Astacus fluviatilis and a region of similarity to a domain
present in the human complement proteins C1r and C1s
(Wozney et al., 1988 and this report). Although the copurifi-
cation of BMP-1 with the other BMPs suggested that the
BMP-1 protein could physically interact with one or more
of the TGF-B BMPs, the role of BMP-1 in bone morphogen-
esis remains unclear.

In this report, we provide additional evidence for a bio-
chemical link between D-V patterning in Drosophila and
bone induction in mammals. Our analysis of the t/d se-
quence indicates that it encodes a protein of 120 kd MW
that is highly homologous to the BMP-1 protein. These
results suggest a surprising conservation of molecular
mechanisms between two diverse processes and or-
ganisms.

Results

tld Mutations Cause a Partial Ventralization

of the Embryonic Pattern

The t/d gene was first identified in the third chromosomal
screen for zygotic pattern mutants (Jurgens et al., 1984).
Compared with wild-type embryos (Figure 1A), tld mutant
embryos lack a characteristic subset of dorsally derived
cuticular structures, indicating that the gene is required
for normal dorsal development (Figure 1B). Embryos that
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Figure 1. td Mutations Result in a Partial Ventralization of the Blasto-
derm Fate Map

(A) A lateral view of a wild-type embryo. In this figure, as in all others,
anterior is to the left and dorsal is up. In the head, the arrow notes
the internal pharangeal skeleton, which is derived mainly from cells
located at dorsal positions of the blastoderm fate map (Jirgens et
al., 1986). In the tail, the arrowhead notes the position of the paired
respiratory structures, the filzkérper, which are derived from a dorsolat-
eral position of the blastoderm fate map (Jurgens, 1987).

(B) An embryo lacking tid activity of genotype Hd® “/tid". In this em-
bryo, all structures of the pharangeal skeieton and filzkdrper are de-
leted. In addition, the ventrally derived denticle belts are expanded
laterally.

(C) An embryo lacking dpp activity of genotype dpp**/Df(2L) DTD2. In
this embryo all dorsal structures have been deleted, and the denticle
belts circumscribe the cuticle.

(D) Schematic drawings of the blastoderm fate maps of wild-type, t/d,
and dpp embryos. am, amnioserosa; de, dorsal ectoderm; ne, neuro-
genic ectoderm; me, mesoderm.

lack t/d are missing some, but not all, structures derived
from the dorsal 40% of the blastoderm fate map. For exam-
ple, null mutants of t/d lack all of the dorsally derived cuticu-
lar specializations of the head such as the internal struc-
tures of the pharyngeal skeleton, the antenno-maxillary
sense organs, and the cirri. A majority of t/d null embryos
also lack the prominent dorsolaterally derived structure of
the tail, the filzkérper. Not all dorsal epidermal structures
are deleted in t/d embryos: cells in the dorsal regions of

the thoracic and abdominal segments in t/d null embryos
still secrete the fine dorsal hairs characteristic of the wild-
type dorsal epidermis. Concomitant with the loss of some
dorsal structures in t/d embryos, there is an expansion in
the size of the neurogenic ectoderm, as measured by an
increase in the left-right extent of each denticle band.
Embryos lacking dpp activity have a more severe pheno-
type than t/d embryos. In dpp null embryos, all dorsally and
dorsolaterally derived structures are absent, and denticle
bands circumscribe the entire cuticle (Irish and Gelbart,
1987) (Figure 1C). Since both t/d and dpp mutants display
abnormalities in the pattern of gastrulation similar to ma-
ternal effect mutants that ventralize the embryonic fate
map (Jurgens et al., 1984; Irish and Gelbart, 1987), muta-
tions in both genes most likely cause shifts in the fate map
of the blastoderm embryo (Figure 1D).

Identification and Cloning of a P Element Insert
within the tid Gene

in the course of screening several hundred P element
transformant lines containing Ubx-LacZ fusions (Simon et
al., 1990), we obtained one line 68-62, which was homozy-
gous lehal, with homozygotes exhibiting partially ven-
tralized embryonic cuticles. The insertion mapped on chro-
mosome 3 and by in situ hybridization was localized to
polytene chromosome subdivision 96A, the known cytoge-
netic position of t/d (Jurgens et al., 1984). In crosses to
other t/d mutations, 68-62 behaved as a strong t/d allele
(Figure 1B). We concluded that this stock likely contained
a P insertion mutation within the t/d gene, which we named
t/d®%2. From a genomic library derived from tid ®% DNA,
phage clones of the, genomic region surrounding the P
insertion were recovered and used to obtain comparable
clones from a wild-type genomic library. Mapping and hy-
bridization experiments showed that, in addition to the P
insertion, the td%%? chromosome had also suffered a 3.5
kb deletion of genomic DNA to the left of the insertion site
(Figure 2).

Identification of Transcripts within the Vicinity

of the P Insert

To identify potential t/d transcripts, a 2.8 kb BamHI
genomic fragment (Figure 2, coordinates +1.5 through
—1), which included the P element insertion site, was used
as a hybridization probe on developmental Northern blots.
Two transcripts of approximately 6.8 and 3.5 kb were
observed (Figure 3). Full-length cDNA representatives of
each transcript were obtained, and their positions along
the genomic map were determined by restriction enzyme
analysis and hybridization experiments (Figure 2). Based
on these data, it was not possible to determine un-
ambiguously which transcript represented t/d, since both
were disrupted by the P element insertion and its
associated deletion. To help resolve this issue, Southern
blots were prepared with DNA from 22 independent mutant
tid alleles and screened by hybridization with various
genomic fragments covering the region from +12 through
—14 kb. One deletion that failed to complement t/d, sio®
(Atkinson et al., 1991), broke within the 0.8 kb BamHI
fragment and removed all DNA to the left of +2.1. This
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Figure 2. Structure of the t/d Region

A restriction map of the 35 kb of DNA surrounding the site of the t/d®“? P element insertion is illustrated with the positions of the restriction sites
for the following enzymes noted: R, EcoRl; S, Sall; and B, BamHI. The point of the P insertion is indicated by the stippled triangle. The hatched
lines below the restriction map indicate the extents of the t/d®®%? and slo® (Atkinson et al., 1991) deletions. The heavy black arrows above the line
represent the map positions of two cDNAs located in the vicinity of the P insertion. The locations of introns within these transcription units have
not yet been determined. The Sali fragments that were used for P element rescue experiments are indicated by dotted lines below the map. The
DNA contained within four phage that were used to generate the restriction map are shown at the bottom of the figure.

finding suggested that the 3.5 kb transcript could be the
tid product.

Transformation Rescue of tid Mutants

To determine whether the 3.5 kb transcript was the tid
mRNA, we cioned two different restriction fragments (Fig-
ure 2) into the P element transformation vector Carnegie
20 (Karess and Rubin, 1984). Plasmid pMBO1367 con-
tained an 18 kb Sall fragment that included both the 6.8
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Figure 3. Developmental Profile of Two Transcripts from the tid Re-
gion

Poly(A)* RNA was isolated from whole organisms of the indicated
stages. Approximately 5 ug of RNA was foaded per lane and separated
on a 1% formaldehyde gel. The fractionated RNA species were then
blotted 1o a nylon membrane and hybridized with (A) a mixture of cDNA
6a (6.8 kb) and 4c¢ (3.5 kb) or (B) with a probe for the RP49 ribosomal
protein gene. Even on prolonged exposure, there is no detectable tid
expression in larval, pupal, or adult stages (data not shown}).

and 3.5 kb transcripts, as well as an additional 10.0 kb of
flanking DNA. A second construct, pMBO 1366, contained
a 14 kb Sall fragment that included only the 5’ half of the
6.8 kb transcript, but otherwise left the 3.5 kb transcript
and &' flanking sequences intact. Eleven independent
transformant lines for each construct were obtained, and
3 of each were tested for their ability to rescue t/d mutants.
Both fragments were able to rescue t/d mutations, and
thus we concluded that the 3.5 kb transcript is sufficient
for tid function. We also examined the phenotype due to
loss of the 6.8 kb transcript by crossing lines that contained
the shorter construct back to the original t/d%%%? mutation.
Lack of the 6.8 kb transcript gave rise to a maternal effect
mutation with a phenotype quite distinct from that of tid
(see Experimental Procedures).

Pattern of tid Expression in Early Embryos

The spatial distribution of tid mRNA was detected by in
situ hybridization of digoxigenin-labeled t/d probes to
whole-mount embryos (Tautz and Pfeifle, 1989). We were
particularly interested in how tld expression compared
with dpp in light of sequence data (see below) that sug-
gested the possiblity of a physical interaction between the
two proteins. t/d RNA was first detected at nuclear cycle
10-11 (Figure 4A). In the central region of the embryo, only
dorsally located nuclei expressed t/d, while at the poles
both dorsally and ventrally located nuclei are labeled. This
pattern intensified and expression peaked after nuclear
division cycle 13 during the early stages of ceilularization.
At this point t/d staining encompassed the dorsal-most
~50% of the embryo (Figures 4B and 4C), and its expres-
sion pattern paralleled that seen for dpp (compare Figure
4C with 4D; see also St. Johnson and Gelbart, 1987; Ray
et al., 1991).
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During cellularization, the pattern of t/d expression was
found to undergo rapid modulation. The first alteration was
a reduction in the staining of cells located within 10% egg
length from each pole. This was quickly followed by addi-
tional reductions in staining along the anterior-posterior
axis, such that four distinct bands of expression were ob-
served by the time cellularization was complete (Figures
4E and 4F). During this same time period, modulation
along the dorsal-ventral axis also occurred, such that cells
located in the dorsal-most 10%-20% of the embryo’s cir-
cumference became less intensely stained (Figure 4F).
During the rapid phase of germband elongation, the two
strongest bands of staining persisted for some time, but
faded by the time the germ band was 66% extended at the
completion of stage 8 (data not shown).

A new tld expression pattern emerged during late stage
8 to early stage 9. Initially this pattern was composed of
three lateral patches of cells located within the emerging
gnathal segments, as well as additional patches of weakly
labeled cells in more posterior segments (Figure 4G). The
pattern continued to evolve with time and achieved its full
complexity during stage 11. The most intense staining at
this stage was seen in a series of epidermal cells shaped
as repeating sets of parentheses. These cells are located
ventral to each tracheal pit. Weaker staining was seen in
cells that encircled each pit and in a series of segmentally
reiterated patches of cells within the neurogenic ectoderm
(Figure 41). This pattern disappeared before the germband
fully retracted during stage 12.

Unlike the significant overlap seen between the t/d and
dpp patterns at the syncytial blastoderm stage, dpp ex-
pression during stages 8 through 11 is substantially differ-
ent than the #/d pattern. In particular, during stages 8
through early 10, dpp is expressed in a much broader
region, which encompasses the entire dorsal epidermis
(Figure 4H; St. Johnston and Gelbart, 1987; Ray et al.,
1991). Subsequently, during late stage 10 and early 11,
the pattern of dpp expression resolves into two parallel
groups of cells. One group comprises a continuous stripe
of cells located between the dorsal epidermis and the am-
nioserosa, while the second group is composed of a seg-
mentally repeated pattern of cells positioned near the
boundary between the dorsal epidermis and the neuro-
genic ectoderm (Figure 4J; St. Johnston and Gelbart 1987;
Ray et al., 1991). The location of this second group of cells
relative to the developing tracheal pits suggests that they
are nearly coincident with those tid-expressing cells that
form the parentheses (compare Figure 41 with 4J). How-

Figure 4. A Comparison of the Spatial Distributions of tid and dpp RNA during Early Embryogenesis

ever, other aspects of the two patterns are quite distinct.
For example, t/d was not expressed in the thin strip of cells
located between the dorsal epidermis and amnioserosa.
dpp transcription then continues throughout the remainder
of embryogenesis in the absence of any additional t/d ex-
pression (St. Johnston and Gelbart, 1987; Ray et al.,
1991).

DNA Sequence and Conceptual Translation

of the tid Gene

The complete nucleotide sequence of one t/d cDNA iso-
late, 4c, was determined andis shownin Figure 5. Allowing
for polyadenylation, this 3385 bp sequence is in close
agreement with the transcript size of 3.5 kb observed on
Northern blots, suggesting that cDNA 4c is full-length or
nearly so. The cDNA sequence contains one large open
reading frame (ORF)of 3171 bp, which is flanked by 102 bp
of 5'-untranslated sequences and 112 bp of 3-untranslated
sequences. At the 5’ end, five closely spaced methionine
codons are found in-frame with the large ORF. Of these,
the fifth one shows the best fit to the ANN(C/A)A(A/C)A/
C)ATGN consensus sequence for translation start sites in
Drosophila (Cavener, 1987). Assuming that this AUG is
used as the start codon, translation of the large ORF would
produce a 1057 amino acid protein with an approximate
M. of 116,000 kd. Hydropathy analysis by the method of
Kyte and Doolittle (1982) revealed one hydrophobic region
at the N-terminus of the protein. This region conforms to
the rules that define signal sequences, and a probable
cleavage site for signal peptidase can be positioned after
Gly 26 (von Heijne 1985). We also note the locations of
eight potential sites for N-glycosylation as well as two RGD
sequences. In proteins of the extracellular matrix, RGD
sequences have been found to mediate interactions with
integrins (Ruoslahti and Piershcbacer, 1987). The cDNA
is probably complete at the 3’ end, since a potential poly-
adenylation signal, AATAAA, falls 23 nucleotides up-
stream of the terminal poly(A) track and 70 nucleotides
downstream of the termination of translation.

The Tid Protein Appears to Be Composed of Several
Structural Domains with a High Degree of Overall
Similarity to Human BMP-1

The amino acid sequence of the deduced Tld protein was
compared with the sequences in the NBRF protein data
base (release 19) and the translated GenBank data base
(release 62). As shown in Figure 6, a striking similarity
was found between Tid and human BMP-1. BMP-1 was

Embryos were hybridized to digoxigenin-labeled probes as described. All embryos are positioned with anterior on the left and dorsal on top unless
otherwise indicated. (A) Lateral view of nuclear cycle 10/11 embryos hybridized with a t/d probe. (B) Cross section at mid egg length of syncytial
blastoderm embryo hybridized with a t/d probe. The arrowheads indicate the D-V extent of the staining. (C) A lateral view of nuclear cycle 13 embryo
hybridized with a t/d probe. Note absence of pole cell (pc) staining. (D) A nuclear cycle 13 embryo hybridized with a dpp probe. (E) A lateral view
of a tid hybridized embryo undergoing cellularization. Note that cells in the vicinity of each pole as well as cells between the three sets of arrowheads
show reduced levels of staining. (F) A dorsolateral view of a t/d hybridized embryo at the completion of cellularization. Note that cells in the dorsal-most
regions (between arrowheads) no longer show any labeling. (G) A stage 8 embryo hybridized with a t/d probe. The arrowheads highlight the strongest
staining in the gnathal segments. The apparent dark staining on the top is an artifact of the photograph. (H) A stage 8 embryo hybridized with a
dpp probe. (1) A ventral-lateral view of a late stage 11 embryo hybridized with a t/d probe. The dark arrows highlight a patch of neurogenic ectoderm
cells (ne) that labeled and, for reference, a tracheal pit (tp). The white arrows denote three sets of the most strongly labeled cells, which appear
to be located near the boundary of the neurogenic ectoderm and the dorsal ectoderm. (J) A stage 11 embryo hybridized with a dpp probe. The dark
arrow points out a tracheal pit, and the white arrows point out cells that appear to be equivalent to those marked with white arrows in (I).
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originally isolated as a component of a highly purified mix-
ture of proteins which, upon subcutaneous injection into
rats, was able toinduce ectopic bone formation (Wozney et
al., 1988). Tid and BMP-1 show 41% amino acid sequence
identity over most of their lengths. Two major differences
between the two proteins are that Tld contains an addi-
tional 298 amino acids on its C-terminal end relative to
BMP-1 and that the N-terminal 120 amino acids show little
similarity.

The two proteins each contain three distinct sequence
elements (Figures 5 and 6). Within the N-terminal region,
Wozney et al. (1988) noted that BMP-1 showed a high
degree of similarity to a zinc metalloprotease from the
crayfish Astacus fluviatilis (Tianti, 1987). Tld also shows
this homology (boxed in Figure 5), and a comparison of
the Astacus sequence with the Tld and BMP-1 sequences
is shown in Figure 6B. We find 30% identity among all
three sequences over the entire length of the Astacus pro-
tease. The Tld and BMP-1 sequences show an additional
159 identity in this region. The Astacus protease has been
shown to bind one zinc ion per protease molecule, and
chelating experiments have shown that this metal ion is
required for catalytic activity (Stocker et al., 1988). In ther-
molysin the sequence HELXH has been shown by X-ray
crystallographic studies to form part of a metal ion binding
site (Matthews et al., 1974). This same sequence is found
in Astacus protease, BMP-1, and Tld (Figure 6B, hatched
area) and may play a role in coordinating zinc in these
proteins.

The remaining C-terminal portions of Tld and BMP-1 are
composed of two types of repeating sequence motifs. The
first motif is a 36 amino acid sequence with a high degree
of similarity to epidermal growth factor (EGF)-like se-
quences. Two EGF-like sequences are found in Tld begin-
ning at residues 585 and 747 (Figure 5), whereas BMP-1
has only one (see Figure 6C for a comparison). These
EGF-like sequences contain the subsequence, Asp X Asp/
Asn Cys X, Cys X, Cys X Asp*/Asn*-X, Tyr/Phe X Cys X
Cys X4 Glu, which is thought to signal posttranslational
hydroxylation of the third Asp or Asn residue (") of the
consensus (Stenflo et al., 1987; Rees et al., 1988). In the
case of Tld and BMP-1 this would lead to a B-hydroxy
asparagine residue. This consensus sequence and/or the
B-hydroxylate residue may play a role in forming a high
affinity calcium binding site (Ohlin et al., 1988; Rees et al.,
1988; Handford et al., 1990).

The second type of repeat found in Tid and BMP-1 is
based on the conserved spacing of four cysteine residues
and is, on average, 113 amino acids long. There are five
such repeats in Tld: two tandem repeats precede the first

EGF repeat, one falls between the EGF repeats, and then
two more tandem copies follow the second EGF repeat.
BMP-1 contains the first three repeats, which are similarly
positioned about the EGF-like sequences, but because of
the C-terminal truncation, BMP-1 does not contain the final
two repeats.

A computer search of available data bases revealed that
this type of repeat is also found in the two complement
proteins, C1rand C1s(Journet and Tosi, 1986; Mackinnon
et al., 1987). These proteins are serine proteases which,
together with C1q, form the first component of the classical
complement cascade. Like Tid and BMP-1, the EGF-like
sequences of C1r and C1s are sandwiched between two
of the 113 amino acid repeats (Figure 6A), suggesting that
a functional unit may actually comprise one or more of
these repeats flanking an EGF-like sequence. A compari-
son of 11 C1r/s-type repeats is given in Figure 6D along
with a derived consensus sequence.

Discussion

Copurification of BMPs Suggests a Possible
Physical Interaction between tid and dpp

We have shown by DNA sequencing that t/d gene product
is very similar in primary sequence and overall domain
structure to human BMP-1. The fact that the original mix-
ture of BMPs copurified as a complex suggests that a
physical interaction takes place between BMP-1 and one
or more of the TGF-B-like BMPs. If Tld provides the same
biochemical function as BMP-1, then by analogy to the
BMPs, one might expect that Tid should also physically
interact with a TGF- molecule and that perhaps this mole-
cule is the dpp product. Evidence supporting this hypothe-
sis comes from the observation that embryos hetero-
zygous for certain t/d alleles and a recessive, partial loss-
of-function dpp allele die with a partially ventralized pheno-
type (E. L. F. and K. Anderson, unpublished data; L. Raf-
tery and W. Gelbart, personal communication). As this
intergenic failure of complementation is not observed in
similar crosses using a deficiency of the t/d locus, it is
possible that these unusual t/d alleles fail to complement
the dpp mutation because they produce aberrant products
that form nonfunctional complexes with the dpp protein.

The tid Transcript Shows Two Distinct Rounds of
Expression in Early Embryos: The Precellularization
Pattern of t/d Transcription Overlaps

the dpp Pattern

The tld expression pattern prior to cellularization is consis-
tent with a possible interaction with dpp. For both genes,

Figure 5. Nucleotide and Predicted Amino Acid Sequence of the tid cDNA

The nucleotide sequence of the 3375 bp tid cDNA is shown together with the conceptual translation product. The five possible AUG start codons
are boxed. The fifth one (shaded) shows the best fit to the consensus Drosophila translation start site. Potential glycosylation sites are underlined
with black bars. Two RGD sequences are illustrated with hatched bars. The probable polyadenylation signal is shown with a shaded box. The open
boxed amino acid sequence denotes a potential signal peptide as predicted by the method of von Heijne (1985). The sequences in the lightly stippled
box are homologous to a crayfish metalloprotease (Titani et al., 1987). The sequences within the black boxes show similarity to EGF-like repeats
(Appella et al., 1988). The TId sequence also contains five copies of a repeat motif that has been found in human compiement proteins C1r and
C1s (Journet and Tosi, 1986; Mackinnon et al., 1987). Each repeat contains four conserved cysteine residues that are boxed or circled in alternate
repeats.
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Figure 6. Structural Organization of Tid, BMP-1, and C1r/s and Comparison of Similar Sequence Motifs

(A) Schematic representations of the domain structures of the Tid, BMP-1, and C1r/s proteins are shown. The open boxes indicate the protease
domains. The hatched boxes represent C1r/s type repeats, and the black boxes represent EGF-like sequences. In C1r and C1s, two repeats that
separate the CEC domain from the protease domain are indicated by the thin open boxes. (B) A comparison of the putative Tld, BMP-1, and Astacus
protease domains. Vertical dashes between sequences indicate identical amino acids. A potential metal ion binding sequence, HELXH, is denoted
with a shaded box. In the crayfish protease, the two cysteines noted by asterisks have been shown to be linked by disulfide bonds, as have the
two cysteines connected by the bracket (Titani et al., 1987). (C) A comparison of the TId and BMP-1 EGF-like sequences. The consensus sequence
for a type 3 EGF repeat is from Appela et al. (1988). (D) Comparison of the C1r/s-like repeats. The open boxes indicate conserved cysteines. Gaps
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transcripts begin to accumulate during nuclear division
cycle 10 or 11, and with the exception of nuclei located
near the poles, expression is limited to the dorsal surface
(St. Johnston and Gelbart, 1987 and this work). t/d expres-
sion reaches a maximum level just after nuclear division
cycle 13, and its expression domain encompasses the
dorsal-most 50% of the embryo surface. This is slightly
broader than the 40% limit that has been reported for dpp.

It is noteworthy that the early transcription pattern of
zerkndlit, a third zygotic gene required for patterning of
dorsal tissue, is also confined to the dorsal-most 40%-
50% of the embryo’s circumference (Rushlow et al., 1987).
For all three genes, the lateral borders of their expression
domains are thought to be set by dorsal (dl), since in df
mutant backgrounds each gene is uniformly expressed
around the entire circumference of the embryo (Rushlow
etal., 1990; Ray etal., 1991; K. Aroraand M. B. O., unpub-
lished data). The d/ morphogen has been found to be a
DNA-binding protein related to NF-xB and the re/ onco-
gene (Ip et al., 1991; Thisse et al., 1991; Stewart, 1987).
There is a gradient of nuclear localization of df such that
the highest concentration of dorsal protein is observed in
the ventral-most nuclei, and little or no protein is present
in dorsal nuclei (Rushlow et al., 1989; Roth et al., 1989;
and Steward, 1989). The similarities in the extent of ex-
pression for all three genes along the D-V axis may indi-
cate that the d/ nuclear localization gradient establishes
one final response threshold at 40%-50% egg circumfer-
ence. Thus, the df gradient may not provide positional
information to pattern the dorsal regions of the embryo,
suggesting that the spatial organization of this region may
be specified by interaction among zygotic genes.

The Postcellularization Pattern of tid Transcription
Diverges from dpp

During cellularization and subsequent stages of embryo-
genesis, the patterns of t/d and dpp expression show some
overlap, but they are not as closely aligned as at early
stages. In particular, during stage 11, t/d expression ex-
tends both ventrally into the neurogenic ectoderm and
dorsally around the developing tracheal pits, where dpp
expression is not seen. The fact that the tid and dpp
patterns only partially overlap may indicate that tid has
an additional, dpp-independent function during this time
period. Alternatively, since these proteins are likely to be
secreted, functional protein interactions may take place
at sites removed from their synthesis. What is difficult to
assess, is how far these proteins might diffuse from their
source cells. Immunolocalization studies on developing
embryos have suggested that both dpp and the Drosophila

int-1 homolog wingless (another secreted growth factor)
accumulate to high levels within distances of only one or
two cell diameters from their source cells (immergluck et
al., 1990; Reuter et al., 1990; Panganiban et al., 1990; van
den Heuvel et al., 1989). Since the distances between
some groups of tid- and dpp-expressing cells differ by
more than two nuclei, there could be significant accumu-
lation of one protein in the absence of the other.

The dpp gene product is also required for the proper
development and morphogenesis of the imaginal disks
that produce the cuticular structures of the adult fly
(Spencer et al., 1982). If, as we postulate, the Tid protein
provides an integral component of the signal generating
pathway for TGF-B molecules, it is surprising that Tid
expression is restricted to the first 8 hr of embryogenesis.
This paradox has been partially resolved by the iden-
tification of a Tld homolog that appears to be expressed
throughout development (J. Jamal, M. J. S.,and M. B. O,
unpublished data; and R. Padgett, personal communi-
cation). However, the involvement of this protein in later
developmental events remains to be established.

Structural Features of the Tld and BMP-1 Proteins:
Implications for Function

Analysis of the deduced amino acid sequence suggests
that Tld contains at least three distinct sequence motifs,
each of which is also found in human BMP-1 and two of
which are found in complement proteins C1r and Cis.
Figure 6A shows a schematic comparison of the domain
structures of tid, BMP-1, C1ir, and C1s as inferred from
sequence homology data. Both Tld and BMP-1 have po-
tential metalloprotease domains located in the N-terminal
regions, whereas C1r and C1s have serine protease do-
mains located in the C-terminal portion of the protein. Of
particular interest is the fact that all four proteins share
what we refer to as a CEC supermotif. This motif is com-
posed of two C1r/s repeats flanking an EGF-like sequence.
There is substantial evidence that the CEC supermotifs of
C1r and C1s are important for calcium-dependent tetra-
meric complex formation between two C1r-C1s dimers
and the association of this complex with C1q to form the
mature C1 molecule (reviewed by Arlaud et al., 1987). By
analogy we might expect that the CEC regions of Tid and
BMP-1 could also form interaction domains which bind
calcium and promote the formation of multimeric com-
plexes that may include a TGF-B-like molecule.

The only extensive region of nonhomology between Tid
and BMP-1 is the N-terminal portion up to the start of the
protease domain. In Tid, this region measures 126 amino
acids, while in BMP-1 it is 120 residues. This sequence

to maximize homologies are indicated by blank spaces, while loop outs are shown by amino acids being placed either above or below the sequence

line. In addition, the Tid and BMP-1 repeat units are compared in pairs according to their linear order in the sequence with identity between each
pair indicated by vertical dashes. The last four sequences are from C1r and C1s, and they are paired according to their linear order of appearance
within the C1r and C1s proteins. A consensus sequence is shown at the bottom of the figure. Indicated residues were present in at least 8 of the
12 sequences at that position. The presence of two residues indicates that at least 8 out of 12 sequences showed one or the other of the two amino
acids. Note that the amino acids between cysteine residues 1 and 2 show the highest degree of conservation, with two notable exceptions: the first
Tld repeat appears to have a fairly large insertion relative to the others, and the first C1r and C1s repeats do not contain cysteines 1 and 2. The
last portion of the repeat, distal to cysteine 4, shows the greatest heterogeneity in both length and sequence.



Cell
478

may serve some pathway- or species-specific function or,
by analogy to several of the blood clotting proteases and
matrix metalloproteases, these regions could serve to main-
tain the proteins as deactivated zymogens (Furie and Fu-
rie, 1988; Matrisian, 1990). We note the presence of a
tetrabasic (Tld) or dibasic (BMP-1) sequence immediately
prior to the start of the protease domain, which could be
proteolytically processed to activate the zymogen.

What are the biochemical roles of Tid and BMP-1? The
most obvious possibility is that they are the processing
proteases that cleave the precursor forms of DPP and
BMP-2 (and/ or BMP-3), respectively, to liberate the ma-
ture C-terminal TGF-B-like peptides. Both EGF and nerve
growth factor (NGF) are known to be complexed with pro-
cessing proteases when secreted from certain tissues
(Taylor et al., 1974; Server and Shooter, 1976). Such a
role would explain the copurification of BMP-1 with BMP-2
and BMP-3 and would be consistent with the genetic inter-
actions noted between t/d and dpp.

Another possible function for Tid and BMP-1 would be
to activate latent complexes of DPP and BMP-2/3, respec-
tively. TGF-p1, for example, is known to be secreted in a
latent form that is comprised of two mature C-terminal
peptides noncovalently associated with two N-terminal
chains and a third protein known as TGF-B-binding protein
(TGF-B1-BP)(Miyazono et al., 1988; Wakefield etal., 1988;
Kanzaki et al., 1990). The in vivo mechanism for activating
the latent complex is not known, but Lyons et al. (1988)
and Sato and Rifkin (1989) have suggested that proteolytic
processing might be involved. At present neither DPP nor
any of the BMPs has been shown to form latent complexes.
Other possibilities can also be envisioned, and the avail-
ability of a tid cDNA will facilitate the assignment of bio-
chemical activities to the t/d gene product and will allow us
to test various models.

Drosophila D-V Patterning and Mammalian Bone
Morphogenesis Employ Similar Molecules

Sequence comparisons of BMP-2 and BMP-4 with
known TGF-p family members first raised the possibility
that these molecules are the vertebrate analogs of dpp.
The results described in this report not only strengthen
this view but suggest that additional aspects of an ancient
signaling process have been conserved since the split of
arthropods and chordates. Such conservation of underly-
ing molecular mechanisms, in seemingly unrelated devel-
opmental processes, presumably signifies the greater
ease with which evolution can usurp an existing pathway
for a new purpose rather than evolve a new molecular
mechanism. Are other aspects of this signaling pathway
conserved? At least two other zygotically acting D-V
genes, shrew and screw, appear to function within the
same pathway as tld and dpp (Jurgens et al.,, 1984,
K. Arora and C. Nisslein-Volhard, personal communica-
tion; E. L. F. and K. Anderson, unpublished data). Presum-
ably many downstream molecules, including the receptor
for the TGF-B-like peptides and the intracellular signal
transduction systems, could all be conserved with only the
ultimate target genes having evolved to give pathway- and

species-specific diversities. This suggests the possibility
that by studying D~V patterning in the fly, one may in
fact be able to gain additional insights into the signaling
pathway that operates to produce a distinctly vertebrate
trait such as bone morphogenesis (see also Kaplan et al.,
1990). Like dpp, however, the BMPs may also play a multi-
tude of roles during early mammalian development (Lyons
et al., 1989; Jones et al., 1991), making them quite similar
to their Drosophila homologs in function.

Experimental Procedures

Drosophila Strains and Crosses

The t/d® % mutation arose in a transformant line after microinjection of
P element plasmid pMBO141 (abx6.8") (Simon et al., 1990). The line
was maintained over the TM2 balancer. A homozygous ry* stock was
used as the recipient for all transformation experiments described in
this paper. The balancer stock T(2:3) Ap*/CyO; TM2, ry was used to
assess the chromosomal linkage of inserts. For transformation rescue
experiments, transformant lines 1366-65, carrying an insert of the 12
kb Sall fragment (Figure 4) on chromosome 2 and 1367-43, carrying
an insert of the 18 kb Sall fragment (Figure 4) on chromosome 2 were
crossed to the balancer stock listed above, and male progeny of the
genotype P [t/d'})/CyO; +/TM2 were selected. Single males were then
crossed to females with the genotype +/CyO, S; tid*"/ TM3 or +/Cy0,S;
H#a*2[TM3 and male progeny of the genotype P [t/d*)/CyO,S; t/d™ or
ta*®2[TM2 were selected. These flies were then crossed to females of
the genotype t/d"**/TM3, and progeny were scored for the survival of
tid/tid offspring. In each case more than 90% of the expected t/d/tid
progeny were found. All non-TM2, non-TM3 flies were found to have
inherited the P [t/d"] chromosome (i.e., not CyQ, S} indicating linkage
of the rescuing activity with the second chromosome insert.

To determine the phenotype that was associated with disruption of
the 6.8 kb transcript, we crossed transformant lines containing the
smaller 12 kb construct (pMBO1366) on the second chromosome to
the original td®¢2 allele. The resulting F1 flies were crossed inter se
and scored for progeny bearing the transformant DNA on the second
chromosome and homozygous for the t/d®%? mutant. Any defects asso-
ciated with such flies should be attributable to lack of the 6.8 kb tran-
script, since thetransformant chromosome will rescue the tid transcrip-
tion unit. Adult flies of the appropriate genotype were obtained, and
except for a slight notching of the wings in about 50% of the progeny,
these flies were of normal appearance. Adult females, however, were
sterile and produced very few eggs. While not examined in detail, these
embryos appeared to undergo abnormal cellularization and exhibited
very little subsequent development. These defects cannot be attribut-
able to other mutations on the t/d®% chromosome, since transformant
lines containing the larger insert (pMBO1367) are able to completely
rescue the t/d%¢? allele to full viability and fertility.

P Element Transformation

Germline transformation was performed essentially as described
(Spradling and Rubin, 1982). Host embryos (ry**?) were injected with
DNA solutions containing 50 pg/mi each of the two helper plasmids
p25.7 we (Karess and Rubin, 1984) and pUChsPA2-3 (Mullins et al.,
1989) and 600 ug/mi of either pMBO 1366 or pMBO1367. Transformant
flies were identified by ry~ eye color.

Cloning of t/d and Isolation of tid cDNAs

A genomic library was prepared from the t/0®99/TM2 stock by ligating
~10-20 kb Sau 3A partial fragments into the BamH] site of AEMBLS3.
P element—positive phage were detected after hybridizing plaque lifts
with the 0.5 kb BamHI-Hindlll fragment of Carnegie 3 (Karess and
Rubin, 1984). Five positive clones were purified and mapped with
several restriction enzymes. A 1.9 kb BamHI genomic fragment (+2.2
to +4.1) which flanked the P element insertion site was identified (Fig-
ure 2) and used to isolate wild-type genomic clones from a Canton S
LEMBLS3 library kindly provided by R. Blackman. Standard protocols
for library screening, Southern hybridization, and A phage purification
were employed (Maniatis et al., 1982).
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The 2.7 kb (coordinates +1.5 to —1.3) and 1.9 kb BamHI (+2.2 1o
+4.1) fragments from A5E (Figure 3}, were used to screen a 0-8 hr
embryonic cDNA library kindly provided by Nick Brown (Brown and
Kafatos, 1988). Approximately 80,000 colonies were screened and 22
positive clones identified. These fell into two classes, which repre-
sented the adjacent 6.8 kb and the 3.5 kb transcripts. Clone 6a is a
full-length representative of the 6.8 class, while clone 4c is a full-length
representative of the 3.5 kb (t/d) class.

Analysis of t/d RNA Expression

Total MRNA was prepared from staged embryos, jarvae, or aduits by
the hot phenol method (Jowett, 1986). Poly(A)' was purified by one
cycle of binding to oligo(dT)~cellulose (Collaborative Research). RNA
was fractionated on formaldehyde—agarose gels and transferred to
nitrocellulose by capillary blotting. Hybridization probes were prepared
by random priming according to standard methods.

For in situ hybridization, embryos were collected and fixed for 20
minina 2:1 mixture of PBS:heptane containing 4% formaldehyde. The
embryos were devitellinized by washing in methanol and then stored
untiluse at —20°C in 95% ethanol. DNA probes were labeled by digoxi-
genin-dATP (Genius kit, Boehringer Mannheim) according to the man-
ufacturers protocol. Hybridization and detection were carried out by
the procedure of Tautz and Pleifle (1989) as modified by C. Oh and
B. Edgar (personal communication). Embryonic stages are as de-
scribed by Campos-Ortega and Hartenstein (1985). For cross sections,
embryos were quick frozen on dry ice in OCT media (Miles Inc.) before
sectioning.

DNA Sequencing and Computer Analysis

The tid cDNA 4c was subcloned as three separate EcoRI fragments
into plasmid pEMBL.18 (Vieira and Messing, 1987). Both orientations
of these subclones were subjected to exonuclease Il digestion (Erase
a Base Kit, Promega) in order to generate a series of nested deletions.
Deletions that occurred at approximately every 200 bp were selected
for sequencing. The dideoxy chain termination method (Sanger et
al., 1977) was used with Sequenase Version 2.0 (U. S. Biochemical)
enzyme. In most cases, double-stranded plasmid DNA, as prepared
by mini alkaline lysis (Maniatis et al., 1982), was sequenced. In several
GC-rich regions, however, single-stranded DNA templates were pre-
pared by infection with the filamentous phage M13KO07 (Vieira and
Messing, 1987). Sequencing reactions were run on 6% polyacrylamide
wedge gels. Both strands were sequenced and, with a few exceptions,
every base was read on average three times. Sequencing data were
entered and analyzed using the 18| Super Sequencing System (Mac-
Vector Program). The deduced Tid protein sequence was compared
with the NBRF (version 19) data base using the program FASTA. Align-
ments were done initially using the ALIGN program and subsequently
scanned by eye to maximize alignments.
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