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ABSTRACT 
The Drosophila decapentaplegic (dpp) gene, a member of the tranforming growth factor p superfamily 

of growth factors, is critical for specification of the embryonic dorsal-ventral axis, for proper formation 
of the midgut, and for formation of Drosophila adult structures. The Drosophila tolloid gene has been 
shown to genetically interact with dpp. The genetic interaction between tolloid and dpp suggests a model 
in which the tolloid protein participates in a complex containing  the DPP ligand, its protease serving to 
activate  DPP, either directly or indirectly. We report here the identification and cloning of another 
Drosophila member of the tolloid/bone morphogenic protein (BMP) 1 family, tolkin, which  is located 
700 bp 5’ to tolloid. Its  overall structure is like tolloid, with an N-terminal metalloprotease domain, five 
complement subcomponents Clr/Cls, Uegf, and  Bmpl (CUB) repeats and two epidermal growth factor 
(EGF) repeats. Its expression pattern overlaps that of tolloid and dpp in early  embryos and diverges in 
later stages. In larval  tissues, both tolloid and tolkin are expressed uniformly in  the imaginal disks. In the 
brain, both tolloid and tolkin are expressed in the outer proliferation center, whereas tolkin has another 
stripe of expression near the  outer proliferation center. Analysis  of lethal mutations in tolkin indicate it 
is vital during larval and pupal stages. Analysis  of its mutant phenotypes and expression patterns suggests 
that its functions may be mostly independent of tolloid and dpp. 

T HE transforming growth factor P (TGF-P) super- 
family,  which  consists  of the TGF-0,  activin,  in- 

hibin and dpp/BMP (bone  morphogenic  protein) fami- 
lies (MASSAGUE et al. 1994), comprises a large family  of 
secreted processed ligands that  bind specific cellular 
receptors  to  transduce a signal, resulting in the determi- 
nation of  cell fates. First identified by their capacity 
to  induce ectopic bone  formation from bone extracts 
(WOZNEY et al. 1988; CELESTE et al. 1990), BMPs are 
involved in the  induction and development of bone 
and  other tissues (KINGSLEY et al. 1992; STORM et al. 
1994). The Drosophila decapentaplegic  (dpp) gene is 
closely related to  the BMPs, exhibiting 75% identity to 
BMP-2 and BMP-4 in the ligand domain (PADGETT et 
al. 1987; WOZNEY et al. 1988). The functional similarity 
of  dpp to BMP-4  is demonstrated by the observation 
that BMP-4 can rescue the lethality of  dpp null embryos 
(PADGETT et al. 1993), suggesting that many  of the com- 
ponents in the pathway are conserved. 

Several  “accessory” proteins  are known to  interact 
with  TGF-P-like proteins to modulate their activity. For 
example,  the cleaved precursor  domain of  TGF-P1, the 
TGF-P1 binding  protein,  and  the proteoglycan decorin 
have been shown to form complexes with the bioactive 
TGF-P ligand to regulate its activity (MIYAZONO et al. 
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1988,  1991;  WAKEFIELD et al. 1988;  GENTRY and NASH 
1990; KANm et al. 1990; YAMAGUCI et aL 1990; BORDER 
et al. 1992). Activin, another TGF-P  family member, 
can be isolated bound  to follistatin, an activin binding 
protein  (NAKAMURA et al. 1990;  HEMMATI-BRNANLOU et 
al. 1994) that inhibits the  normal action of  activin. 

The best characterized accessory molecules are  the 
members of the tolloid/BMP-1  family, a subfamily  of the 
larger protease family, the astacin family. The astacin 
family  of metalloproteases are secreted zymogens that 
have members in many  phyla, and  although similar in 
the protease domain, members have different functions 
and also contain different regulatory domains in cis. 
The tolZoid/BMP-1 subfamily members contain one or 
more  epidermal growth factor (EGF) and  complement 
subcomponents Clr/Cls, Uegf, and  Bmpl (CUB) re- 
peats located Gterminal to the protease domain. These 
two motifs are implicated in protein-protein interac- 
tions (VILLIERS et al. 1985;  WEISS et al. 1986; APPELLA 
et al. 1988; BUSBY and INGHAM 1988, 1990; BORK and 
BECKMANN 1993), which  suggests that these metallo- 
proteins form complexes with other proteins. Models 
for how  tolloid  (tld) might modulate dpp activity  have 
been  proposed  (FINELLI et al. 1994; CHILDS and O’CON- 
NOR 1994). 

dpp  is one of  seven  zygotic genes involved  in dorsal- 
ventral specification of the Drosophila embryo. Of the 
other six genes (tld, screw,  shrew, twisted gastrulation, short 
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gastrulation, and zerknullt),  dpp mutations exhibit the 
strongest phenotype, which  suggests a central role. dpp 
null embryos are ventralized and lack  all dorsal epider- 
mal  derivatives  (IRISH and GELBART 1987). In addition, 
some alleles  of dpp are also critical for development of 
the midgut (SEGAL and GELBART  1985;  PANGANIBAN et 
al. 1990; REUTER et al. 1990; HURSH et al. 1993). The 
shartvein and disk regions of dpp are  required  for pat- 
terning of adult structures derived from the imaginal 
disks (SPENCER et al. 1982;  SEGAL and GELBART 1985). 
Among the  mutant phenotypes of dpp are defects in 
venation and overall morphology of the wing (SPENCER 
et al. 1982;  SEGAL and GELBART 1985). 

tld was originally identified in saturation screens for 
patterning mutations as one of  seven  zygotically  ex- 
pressed genes necessary for  proper dorsal-ventral axis 
determination in Drosophila (WIESCHAUS et al. 1984). 
Later, it was shown that tld interacts genetically with the 
dpp gene (FERGUSON and ANDERSON 1992a; FINELLI et 
al. 1994) that is present in the embryo as a dorsal to 
ventral gradient of  activity that is capable of  specifymg 
at least three distinct cell fates (FERGUSON and ANDER- 
SON 1992b). The tld zymogen has its N-terminal metallo- 
protease domain followed by two CUB repeats, an EGF 
repeat, a CUB repeat, another EGF, and two final CUB 
repeats (SHIMELL et al. 1991; FINELLI et al. 1994). One 
model to explain the role of tld is that  it functions in 
the embryonic dorsal-ventral DPP  pathway by forming 
a complex containing  the DPP ligand via its protein- 
interacting EGF and CUB domains. The protease activ- 
ity of tld is necessary, either directly or indirectly, for 
the activation  of the DPP complex, which then binds 
receptor(s)  and effects  signal transduction. This model 
is based on  the  data  that  antimorphic alleles of tld (al- 
leles that  enhance  the dpp embryonic dorsal-ventral 
phenotype versus a tld deficiency) contain nonconserva- 
tive amino acid changes in the protease domain. The 
wild-type protease function of tld would be abolished, 
whereas the protein-interacting EGF and CUB repeats 
remain intact and capable of sequestering a complex 
containing DPP, rendering it inactive.  Most tld alleles 
that do  not interact with dpp are missense mutations in 
the  Gterminal EGF and CUB repeats or contain termi- 
nation codons  that  delete these repeats. These  mutant 
tld proteins would not be capable of a protein interac- 
tion with the DPP complex, and DPP  is free  to  function. 
Further  support for this model comes from the observa- 
tion that BMP-1, the  human homologue of tld, copuri- 
fies  with  several other TGF-@-like  BMPs from bone ex- 
tracts (WOZNEY et al. 1988). 

It is interesting to note  that  although  the expression 
patterns of dpp and tld overlap, they are  not identical, 
raising the possibility that tld interacts with other TGF- 
P-like  growth factors, such as screw (BRUMMEL et al. 
1994), 6UA (WHARTON et al. 1991;  DOCTOR et al. 1992), 
or other  unidentified TGF-@-like genes. These models 
may be complicated by the existence of other tolloid/ 

BMP-1 molecules in the fly, which may function with 
any one  or several  of these growth factors. 

During the cloning of tld, we identified another mem- 
ber of the tolloid/BMP-1  family in Drosophila, tokin 
(tok), which  is located 700 bp 5' to tld. tok possesses the 
same general organization as tld, with its N-terminal 
metalloprotease domain followed by two CUB repeats, 
an EGF repeat, a CUB repeat,  another EGF, and two 
final CUB repeats. tok is expressed in the embryo, the 
larval brain, and also in the imaginal disks. We  have 
generated null alleles  of tok, and most tok mutants die 
as  larvae. Although the  mutant phenotype is not fully 
penetrant, some tok larvae  have reduced brains and 
imaginal disks, indicating that tok is necessary for  proper 
development of these structures. Homozygous escapers 
of tok null alleles exhibit several  wing  vein defects, indi- 
cating that tok is  involved in  the specification of cell 
fates in the wing. We characterize the phenotype of tok 
mutants and discuss  several  possible roles in develop 
ment for this new member of the tolloid/BMP-1  family. 

MATERIALS  AND  METHODS 

Cloning and sequencing tok: The tok gene was identified 
by  low stringency hybridization with a human BMP-1 probe. 
Lambda phage from a genomic walk  of the tld region were 
probed with  BMP-1  cDNA sequences under reduced condi- 
tions. A phage adjacent to the  one containing tld  was found 
to hybridize. Sau3A fragments from the hybridizing fragment 
of the lambda phage were cloned into M13 phage and se- 
quenced (MESSING 1983). One fragment showed  similarity to 
the tolloid/BMP-1  family, confirming the hybridization data. 
Genomic fragments of the hybridizing phage were used to 
screen cDNA libraries (POOLE et al. 1985;  BROWN and KAFATOS 
1988). Several overlapping cDNAs containing tok coding se- 
quences were isolated. pTX60.3 contains the 3' end of the 
gene and most of the coding region. p535.6  is truncated at 
the 5' and 3' ends and contains part of the 5' coding se- 
quences. To obtain the remainder of the coding region and 
the 5' untranslated sequences, we used anchored PCR, using 
primers in the cDNA vector and in  the coding regions. The 
SP6 primer, located upstream of the 5' of  cDNAs in pNB40 
of N. BROWN'S 4-8- and  12-24hr libraries, was used as the 
5' primer. A primer made to sequences in  pTX60.3 was used 
as the 3' primer. Areas  of highest DNA concentration were 
cut out from the gel and purified, and a second round of 
PCR was done using a nested 3' primer made to pTX60.3 
sequences. After another  round of nested PCR, a single band 
was observed and cloned. We sequenced four independent 
clones and  and made a consensus sequence to  avoid  PCR 
errors. The tok cDNA sequences and parts of the genomic 
sequences were determined by the dideoxy chain termination 
technique, as described (FINELLI et al. 1994). Deletion clones 
of the cDNA  were constructed according to the protocol de- 
scribed in  the Erase-a-Base Kit (United States  Biochemical, 
Cleveland, OH). In addition, primers were made along the 
cDNA and used to sequence. Computer analysis of sequences 
was done using the STADEN programs (STADEN  1982, 1984), 
the GCG programs, FASTA (DEVEREUX et al. 1984; PEARSON 
and LIPMAN 1988) and BLAST (ALTSCHUL et al. 1990). 

Mutagenesis: Mutations in tok were made using both EMS 
and abortive jumps of a nearby P-element construct, 
P[(w-,ry+)G]3 (LEVIS et al. 1985). Because tok is  physically 
located between this P element and tld, we could easily map 
deletions in tok (FINELLI et al. 1994). P[ (w-,ry+)G] 3 flies were 
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crossed  to a transposase  containing  strain (ROBERTSON et al. 
1988)  to  mobilize  the P element.  Mutant  lines  that were 9- 
and homozygous lethal were  collected. We  also generated 
EMS alleles of genes  in tuy', a small  deficiency  in  the  tld/tok 
region,  using  standard EMS procedures (LEWIS and BACHER 
1968).  The  deficiencies  generated by the  abortive  P-element 
jumps  that  delete tld  always  uncover one  other  complementa- 
tion  group  generated by  EMS, suggesting  this  might  corre- 
spond to the tok gene. DNA from  the tok gene of  this EMS 
allele was cloned  and  sequenced  and  found to contain a lesion 
in  the tok gene, tok'. The  other P-element  deletion  lines  were 
then  tested  against tok' for  complementation of tok' and tld. 
Twenty  P-element  lines  failed  to  complement tok but  comple- 
mented tu, which  indicates  that  they  delete at least  part of 
tok. These  P-element  deletion  lines  were  molecularly  mapped. 
DNA from tok deletion mutants was isolated  from  about  50 
adult flies by homogenization  with a Kontes grinder in a mi- 
crofuge  tube (FINELLI et al. 1994). DNA was digested  with 
either EcoFU or  HindIII,  and  Southern  blots  were done using 
the 5' Pelement, the 3' Pelement, a 7.5-kb  genomic  fragment 
3' to  the P element,  and tok cDNA sequences as probes.  End- 
points of the  deletions were determined by comparing 
changes  with  the  original  P-element  line,  P[ (w-,  ?+)G]3, or 
the  balancer  chromosome. 

Determination of tok lethal  phase: Egg  lays of transhetero- 
zygous  alleles of tok (tok'/+ X tldy'/TM3,  Sb, Ser) indicate 
that  essentially  all tok null  animals  hatch.  Because tok animals 
survive  embryogenesis, we used  marked  strains  to  establish 
the  lethal  phase  at  later  stages of development.  In  some  cases, 
the red gene, which  causes the  Malpighian  tubules  of  the 
larvae  to  be red, was recombined  onto  the tok chromosome. 
In other cases, we used  tok/TMGB,  Tb flies,  and lame and 
pupae  that  were Tb' could  be  distinguished  from  those  car- 
rying the  balancer  chromosome. Up to 10% of the  animals 
pupate  and up to 3% of tok animals  eclose.  These adult es- 
capers  exhibit wing  venation  defects,  primarily  affecting  the 
crossveins.  Phenotypes  of  the  balancer  markers  are  described 
in LINDSLEY and ZIMM (1992). 

RNA in sitz The following  constructs  were  used:  pTX60.3, 
containing a 3.2-kb tok cDNA cloned  into  pBluescript SK+; 
pF46.2 (FINELLI et al. 1994),  containing a 3.5-kb  tld cDNA 
cloned into pBluescript  SK+;  and  E55 (PADGETT et al. 1987), 
containing a 2.9-kb dppcDNA cloned  into pSP65. The  purified 
cDNA inserts  were  used  for RNA in situ as described by TAUTZ 
and PFEIFLE (1989). 

Northern analysis: A developmental  Northern  blot  con- 
taining  Drosophila  stages 0-4,443, 8-12,  12-24, L1,  L2,  L3, 
early  L3,  wandering  L3,  early  pupal,  late  pupal,  males  and 
females was probed with the  construct pTX60.3. 

RESULTS 

Cloning and sequence analysis of tok: To look for 
potential  homologues of the tolloid/BMP-1 family in 
Drosophila, we probed a genomic walk  of the tld region 
with the  protease  domain of human BMP-1. A hybridiz- 
ing  clone was analyzed further by sequence analysis and 
revealed similarity to tld and  human BMP-1. We named 
the  gene tolkin, because of  its relationship  to tld. The 
gene has also been previously referred  to as tolloid-re- 
luted-I (tlr-I); however, the TolElike gene  in Drosophila 
( C H W G  and BFCACHY 1994) uses the same abbreviation. 
TO avoid future confusion, we have opted  for  the name 
tolkin. 

Using a tok genomic  probe, we screened  for cDNA 
clones in Drosophila embryonic and disk libraries. Sev- 

eral cDNAs were isolated, two of which were further 
characterized and completely sequenced.  These cDNAs 
were truncated  at  the 5' end. We therefore  cloned  the 
tok 5' sequences using anchored PCR, using primers 
in  the cDNA vector and in the cDNA sequence. This 
composite sequence is 5.4 kb and encodes a protein of 
1464 amino acids (Figure 1). 

tok is a member of the tohid/BMP-l family: The 
coding  region of tok was compared with other members 
of the tolloid/BMP-1 family. We note  the presence of a 
potential dibasic cleavage site adjacent to the  protease 
domain, as seen  in tld and  other TGF-P-like molecules 
(Figure 1). In addition  to a zinc-binding metallopro- 
tease domain,  it  contains two EGF and five CUB repeats, 
in  the same order as those of tld and  the mouse BMP- 
1 (Figure 2) (FUKAGAWA et al. 1994). For the mouse 
and  human,  there is a longer version (two EGFs and 
five CUB repeats) and a shorter version (one EGF and 
three CUB repeats)  produced by alternative splicing 
(TAKAHARA et al. 1994). Neither tld (SHIMELL et al. 1991) 
nor tok has the  shorter  form of these proteins, as shown 
by developmental northern analysis (data  not  shown). 
In  the frog, sea urchin BMP-1, and in sea urchin SPAN 
and BP10, the  number  and/or  arrangement of EGF 
and CUB repeats is different from that of tok,  tld, and 
from  the  long form of human  and mouse BMP-1. In 
addition,  the  members from these organisms may con- 
tain additional repeats, such as a threonine rich region 
(SPAN and BPlO) (REYNOLDS et al. 1992) and a throm- 
bospondin  repeat (Caenhmabiditis  ekgans) (S. H. CHO 
and R. W. PADGETT, unpublished  data) not  found  in 
other members of the family (Figure 2). Consistent with 
similar structural  organization, we note  that  the  dendro- 
gram analysis and sequence  alignment of tolloid/BMP- 
1 family members shows that tok, tld, and BMP-1 are 
more  related  to  each other in  sequence  than  to the 
other members of the family (Figure 3). 

tok has structural differences  from tld: tok has struc- 
tural differences from tld that  are worth noting. The 
tok proregion,  the N-terminal region adjacent to the 
protease  domain, is longer  than  the  proregion of tld by 
393 amino acids. The proregion of tok, like that of tld, 
is  likely to be proteolytically cleaved near  the  beginning 
of the  protease  domain at dibasic sites (Figure 1) to 
release the active enzyme. Other members of the as- 
tacin family contain  about 85-125 amino acids in this 
region.  Structural analysis  of the astacin family indicates 
that  the  proregion is sequestered  in  the protease by a 
salt bridge (BODE et al. 1992; YASUMASU et al. 1992; 
GOMIS-RUTH et al. 1993; STOCKER et al. 1993). Because 
the tok proregion is longer, the activity  of the tok zymo- 
gen may be regulated differently than tld. Another 
structural  difference of tok is in Che first CUB domain. 
tok and tld both have amino acid inserts at  the same 
position in the first CUB domain, distinguishing them 
from  the other members of the tolloid/BMP-1 subfamily 
and also from conventional CUB repeats (Figure 3). 
However, the insert  in tld is 26 amino acids long, 
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GAAAATCGCGAGCAACTTC~~T~GTGAA~~~AC~T~CTTTCG~~GTAAACTCGGAATCGGTCTCGCGAAACAAAAGAATATTGGCAACAAACTTGTTTGAGTCAAATGCCCAAACGCAAA 
T A T C C G C A A A G G G C A G C A C C R T R R R T T T A T T G G ~ ~ ~ G T G A A G T ~ A G C ~ ~ ~ ~ C C A C G T G C T A A T C G A A A A T G C A G A A ~ ~ T A T A C T A A G A G C A ~ A T A G ~ T A ~ G C A C A T C T ~ A ~ T C ~ A A A C G T C  
G T C A G T C G T C A C G A A A C G A G G A A A G A ~ C A A C A A A A C C T A ~ A ~ T C ~ ~ A * * C C G A A ~ A C T T C A A ~ G T A C A ~ A A G A A T T ~ G A A G C ~ A C T G C A ~ T G C G T ~ G G A G G C G T G G C * ~ ~ C C C ~ T ~ G G C G  

M H R R R C T P L G V  

TCAGCTGGACCAACTGCCTCCTGCTCCTGGCCACCGGTCTGCTG~TGGTGCTCATTTCGGTGCACGCCAAGAACCC~ACCCCGCATCGAGGACTACCCGCCCCGCCTCCTCCACCAGTTC 
S W T N C V L L L A T G L L V V L I S V H A K N P R P H R G L P A P A F A F V P  

CTGCATCCGTAGATCAGGTGGCAACTGAAAATGCCCACAGGCGGGAACCTACCGTCCATGGGAGTGTACTTCAACGGCTATCCCGTTCAGATAGGGCTCTTGACGAGGATCACCATCTCG 
A S V D Q V A T E N A H R R E P T V D C S V L Q R L S G S D R A V D E D E D V D  

ATGAGGATGAGGATGAGGCGCTAAAGCACCAGCACCTCGAGCATCGGCAACAATTTGACGCATATCTGGGCACAATCCGACGGCTGCGTCGTCCATACCGCAGCAAATACACCATCGAGC 
E D E D E G L K H Q H L E H R Q Q F D A Y L G T I R R L R R P Y R S K Y T I - E Q  

AGCTGATGCGACTGCATGTGACACCAAAGGTATCCGC.4CACATTCACATGGATCCCTGCAAGGCCGGCGGTTTCATGGCCGACATTGCCCTCCCGGAGGGTGATTCCGGCCCGGTGGTTG 
L ~ R L H V T P K ~ S G U I D ~ D F C K A G G F ~ ~ D I A L P ~ G D ~ G ~ ~ ~ A  

CCCACACGCCCATCGACGACG~GGAGCAGGA~CG~C~GGAGGTGGAGCAGCTGCTGGCTGACTCGCCCAGCCCGGTTCACGACCCCCCTTCCCTTTCCGGTGCG~CCAACTCAGGGCCCA 
H T P I D D E E Q E R Q E V E Q L L A D S P S P V H D F A S V S G A A N S G P T  

CCliAGTTCAATGCCACCTTCCAGCTCGATCTGGAGA~GCTCAA~CAGG*~CTTTACCACGA~~CCCTACAGGTGGAGGAGG~GGGCCT~ACCCACA~CATCCGCAAGAAGACCAAGCTGC 
K F N A T F Q L D L E K L K Q E V Y H E C L Q V E E E G L T U I I R K K T K L P  

CCACCTCAGCTCCGGTCAACCTGAACGCAG~ACAAAGCCAGT~ACAGACTCACAGTGCCAATC~ACCCGTGAACCC~GGTTC~GAATC~CCCT~CGATTACG~CCAAGCATC~AGCTACA 
S S G P V N L K A G Q S Q S Q S Q S A N E P V K P G S E S P S D Y A Q A S S Y K  

AGAACliACGTACTGCCTCCGTCGGAGCAGCCAATCCATACCGACAACCCAGCACGCTTCACGCTGGCCGAGATTGGA~CCAACTCCAG~AACAAGACGCAGTCGCTGCACCGTAATGTCG 
N D V L P P S E Q R I H T D K P A R L T L A E I G P K S S N K T Q S L H R N V D  

ACACACGCAAGATTCAGTCGGACAACAAGC~CATCGAGCACGATTCGGGCAACAATTTTGTGGCCGAGACAAGGCCGTC~CAGATTGTGCCCACTTCCTTGCCGGAGCAGCGATCCACTC 
T R K l Q S D N K D I E D D S G N N F V A E R R P S Q l V P T S L P E Q R S T P  

CCGCTCACGTGTACAGCAATCCCGGAGGCAATCGCATGCACTTGGACGACGAGGTGGACTTCCTCCATTCCCGTGGAGTGGTGACCAGGCGTCACAGGCGAGGACCAAAACAGCGAAGGA 
A H V Y S N A G G N G M Q L D D E V D F L H S R G V V R R R H R R P K Q R R S  

CCAACCAGCACTTGGACCACGAGGTCAAGCTCCAGAGATTGAGGGAGGAGCTCAGCCGTCCGGTCATCGAGGGCCAC~ATCACCAGTC~CACCA~~ACAA~~AGGCGCAGCA~CCCCACC 
N Q H L E H E V K L Q R L R E E L S R P V I E G H H H Q S H H Q K Q A Q H R Q L  

TCCACCACACCCACCATCGAAAGAAGCACCGTCGACAGC~GCAGCACCATCGTCGACGTGGCCAGAGCACCACGCAATATGTGAACTATTCCCCGCCAGGATTCAATCA~TCCCA~CACC 
H Q S I I H R K R H R R Q Q Q H H R R R G Q S T T Q Y V N Y S P P C F N Q S Q Q A  

CCCAACAGCAGTCAGTGCCTGAAATGGATTTGTTGAAACCCGAA~CGTCCAAGGATGAGGAG~~ACTGCGTCATC~GGTGGC~CGTG~T~TCA~CGCCA~~AACGA~CGCAT~TGGCACT 
Q Q Q S V F E M D L L K A E T S K D E E F L R H I R V A R I  

ATGGGGTGATTCCGTACCAGATCGATGCCAACTTCAGTGCCAT~CATAAGGCGCTTTTCAAACTGGCCATGCGCCATTGG~ACAACTCCACGTGTATCAAGTTCCTAGAGCGCGACCCGG . .  
AGATCCATCCCAATTACATlGTGTTCACGGTTCGCAGCTGCGCATGCTCCTCATTTGTGGGCA~ACCT~CAAATGGACCGCAGGCCAT~TCAATTGGTAGAAATTGCGATAAATTTGCCA 

TTGTGGTCCATGAGTTCCGTCACGTGGTGC~~TTCTCGCACCACCACACGCGTCCGGATCGGGAAAACCACCTGGTGATCGAGCATAACAACATCATCAAGGGCCAGGACTATAACTTCA 

ATATCCTATCCCCCCATCAAGTGGACTCCCTGGGCATGGCCTACGACTATGATTCGATTATGCACTACGCACGCAACACCTTCTCCAAGGCCACCTACCTGGACACCATCCTGCCCATCG 

AGATCAAGCCTCGCAAGCGTCCTGAAATACGCCAGCGCTTC~GCCTCAGTCAGCGTGACATTGCGCAGGCGAATCTGCTGTACAAGTGTCCAAAGTGCCGAAGAACCTTCCAGGACAGTT 
D R T F Q E S S  

CCGGCATCTTTGCCTCACCATCTCATTACACGGCCGCA~CTTTGACCAAT~AGACG~AGCACTGCGAGTGGCGGATTACAGCGACATACGGAGAAAGAGTGGAACTGAAACTGGAGAATA 
G I F R S P S H Y T A G A L S N E T E H C E W R I T A T Y G E R V E ~ K ~ E N M  

TGAACATCTTTAACTCAAACAACTGCGAGACCGACTACCTCGA~ATTCCG~ATGGCTACTTCGAGAAGTCACCGCTTATCGGACCCTTCTGCGGC~AGGTGGACAAGGAGCTGATCCCCA 
N I F K S N N C E T D Y L E I R D G Y P E K S P L I G R F C G K V D K E V I R T  

CCZAGTCCAGTCGCATCCTCCTCACCTATGTGA~~ACACACCGCATCGAGGGCTTCACCGCCTTCAACGCCCACTTCGATGTTCTTTGCGGTGGCGACTTGTCCCTGGA~~ATGCCGTTC 
E S S R M L L T Y V N T H R I E G F R G F K A E F D V V I C G E L S V O D R Y G  

GCCGTTTGGAGTCGCCCAACTATCCACTGG~~TATTTCCCCAACAAG~~ATGTGTGTGGAAAATAACTGTGCCCGAAAGCTACCAGCTGGCGTTGAAATTCCAGTCCTTCGAAGTGGAGA 
R L E S P N Y P L D Y L P N K E C V W K I T V P E S Y 7 V A L K F Q S F E V E N  

ACCACCACAGCTGTGTCTACGACTACGTCGAGGTCCCGGACGGTCCTGG~CAGGATGCCCCGCTAATTGCCGTTTTCTGTGCCT~CAAGCCGCCGCCGAACATG~AGTCAACTGGCA~TT 
H U S C V Y D Y V E V R D G P G Q D A P L l C " F = G Y K P P ~ N ~ K ~ S ~ ~ S  

CGI\TGTACGTGAAATTCGTGTCGCACACATC~GTGCAGAAGGCGGCCTTCTCGGCCGTGTTCATGAAGCACGTGGACCAGTGCGAGACC~AGAACCACGGCTGCGAG~A~GAATGCATCA 
M Y V K F V S D T S V Q K A G F S A V F M K E V D E  

ACACCCTCGGTGGCTACGAGTGCAGCTGCCGCATCGCATTCGA~~TCCA~AGCGACAAGAAGCACTGCGAAGATGCCTGTGGCGGTGTCATCGAGTATCCGAATGCCACCATTACCTCCC 
E D A D G V I E Y P N G T I T S P  

CCTCGTTCCCCGACATGTACCCTCTCCTCAAGGAGTGCATCTGGGAGATTGTGGC~CCACCGAAGCACAGCATATCGCTAAACTTCACCCACTTCGACCTTGAGGGCACCGCGCATCAGC 
S F P E M Y P L L K E C I W E I V A P P K H R I S b N F T H F D L E G T R H o o  

AATCGCACTCTGGCTACGATTCCGTCACAGTCTACTCAAAACT~GCCGAG~ATCGTCTGAAGACGATCGGCACCTTCTGCGGCTCCAGCATTCCGCCTACGGCCACCTCCCAGAGTAATG 
S D C G Y D S V T V Y S K L G E N R L K R I C T F C C S S I P P T A T S E S N A  

CCTTGACACTGGAGTTCCATTCGGACAAGTC~ATTCAGAGAT~AGGCTTCGCGGCCGTCTTCTTCACGGACATCGACGAGTGTGCCCTGAATAATGGTCGTTGTCAGCATGAGTGCCGGA 
L R L E F H S D K S I Q R S G F A A V F F T D I D E  

ACACGATTGGATCCTACATCTGCATCTGCCACAACGGG~ACT~~ATGCAC~ACAATGCCCACGATTGCAAGGAGCCCGACTCCA~ATACGAGATCTCCGCCCCCTTCCGCACCATTTTCA 
K E C E I C Y E l S A P P C T I F S  

CTCCCAATTACCCGCATTCCTATCCCCCAAATGCGGAC~GCGTGTGGCACTTCATAACCACGCCGGGGCACCGCATCAAGCTGATTTTCAA~CAGTTCGACCTGGAATCGCATCAGGAAT 
P N Y Q D S Y F P N A D C V W H F I T T P G H R I K L I F N E F D V E S H Q E C  

GCACCTACGACAACCTGGCAGTTTACCATGGCGAATCTGAGTCCAGTTCGGTCCTGGGTCGCTTCTGCGGGGATAACAT~CCCTTCCCCATCTCCTCCACCACCAACCAGATGTACATGG 
T Y D N V A V Y D G E S E S S S V L C R F C G D K I P F P I S S T S N Q M Y M V  

TGCTCAAGACCGACAAG*ACAAGCAAAAGAACGGCTTCACGCCCTCCCACTCCACGGCCTGTCGGGGCTACTTGCGTGCCACTACCCAGGTCCAGCAGTTCTATTCGCACGCCCGATTCG 
L K T D K N K Q K N G F T A S H S T A ~ C Y L R A T S Q V Q Q F Y S H A R F G  

GAAACCAGGACTATGACGACGGCATGGACTGCGAGTGGA~CATCCC~~CGCCGGACAACAGCTACOTCCAGCTCATATTCCTCA~CTTC~~CATC~AGAGCACCGAGAA~~GCACCTTTG 
N Q D Y D D G M D C E W T I A A P D N S Y V Q L I F L T F D I E S S E N C T F D  

ACl'ACGTGCAGGTGTTCTCTGACATAGACGATGTGT*CGGAC*~TAT~~ACC=A~~TACGGACAGTACTGTG~CAATGTGCTGCC~CAGGACATCAACTCTATGACACATTCTCTGCTGG 
Y V Q V F S D I D D V Y C Q Y G P M Y G Q Y C ~ N V L P Q D I N ~ ~ T ~ S L L V  

TTCGCTTTAAGACCGACGGTTCGGTCCCGATGAAGGGCTTCTCTGCCTCATATGTGGCCCTGCCCAATTCCGGGGAGTATGACCACTCCGACGAGGATGTCGAGAACTCGTACAGCTCCG 
R F K T O G S V P M K G F S A S Y V A V P N S G E Y D H S D E D V E ~ S ~ S S E  

AGiiTGGTTACCCCCTTTCCGGGCTCACTGAACAGCAT~T~CATC~ACCA~A~CCAGGAGCAGA~CGACG~GTACAGCGACTTCACCGGCAATCAACTGGTCTTCAATGGGCAGTATCGTG 
M V T P F P G S L K S I Y I E D T Q E E T D E Y S U F S G N U L V P N G Q Y R G  

CCCGATATAGTCTGCCCAAACGCTACTACTCCGGAAAGGCATAG~GCTATGGTGGA~CCACTGACCGTGCGCCAAAATACATGACAATATATTAAAACGGAATTTATTTAACAGATTTAG 
R Y S L P K R Y Y S G K A " *  

1 2 0  
2 4 0  
1 6 0  
11 

4 8 0  
5 1  

6 0 0  
9 1  

7 2 0  
131 

E 4 0  
1 7 1  

9 6 0  
2 1 1  

1 0 8 0  
2 5 1  

1 2 0 0  
2 9 1  

1320 
3 3 1  

1 4 4 0  
3 7 1  

1 5 6 0  
4 1 1  

1 6 8 0  
4 5 1  

1 8 0 0  
4 9 1  

1 9 2 0  
5 3 1  

2 0 4 0  
5 7 1  

2 1 6 0  
6 1 1  

2 2 8 0  
651 

2 4 0 0  
6 9 1  

2 5 2 0  
7 3 1  

2 6 4 0  
7 7 1  

2 7 6 0  
8 1 1  

2 8 8 0  
8 5 1  

3 0 0 0  
8 9 1  

1 1 2 0  
9 3 1  

3 2 4 0  
9 7 1  

3 3 6 0  
1 0 1 1  

3 4 8 0  
1 0 5 1  

3 6 0 0  
10Y1 

1 7 2 0  
1 1 3 1  

1 8 4 0  
1 1 7 1  

1 9 6 0  
1 2 1 1  

4 0 8 0  
1 2 5 1  

4 2 0 0  
1 2 9 1  

4 3 2 0  
1 3 1 1  

4 4 4 0  
1 l J 1  

4 5 6 0  
1 4 1 1  

4 6 8 0  
1 4 5 1  

4 8 0 0  
1 4 6 4  

G C A T A T C G T C G C G T A C A T A n A A C A G A C T T T C C C G R T U T T C A T A A T C ~ ~ A ~ A T ~ ~ A A T a C ~ A = T T T T * ~ G C A C T C G A A A ~ A C A C A T T G T T A  1 9 2 0  
GGTTCCAGTCCGCTAI\GATCTGCGCTCGCAATTACTTA~A~CC~TATCTCATACATGTAATGTA~TTTGACTAGACTTCTCTAGACTCTGTACCTAAATGTCCAATTCCTCTTCCCCCCT 5 0 4 0  
TCCATTTGACTCCTTTTTTCTCTGACCCATT~TCATTTTTTTCGGAT~TCTATATTCTATATTGTGCCATATTTAAT~GTAATG~~GCAGTCCATTTCCTTAGGC~TCTTAGCATAAGTC 5 1 6 0  
AATGGCTGGCCCATATCAAAATCAGAAC~GAAGTTAG~~TA~AAA~~AGATACACACATATCTTCGGAA~CACCG*AAGTGGA~GATCCTTACAGATGGATTGAATTTTT~ACACAGGCA 5 2 8 0  
TATGTACAACTCTCGGATATTTGACTCAACTTAATACGTAATTATATCTATACATATTAAAACTT~CATAGTAA~TATCTTTTAAAACCAAAAAAAAAAAA 5381 



tolkin, a New  tolloid/BMP Member 275 

tolkn I m 
tolloid pL 

musRMP-1 m “17/m/-m 
huRMP-1 “ e m  
xeRMP-1 B ”- 
suBMP-1 I 

SPAN 4 
UP10 Q 

~ 1 1 1 . 1 1 , , .  ,. . .. . A 

5 protease domain EGFrepeats 
;% CURrepeats a threonine rich 

secretion signal 

FIGURE 2.-Domain structure  and  organization of mem- 
bers of the tolloid/BMP-1 subfamily. All members  contain  an 
N-terminal metalloprotease  domain  and a proregion, EGF 
repeats, and CUR repem.  The proregion of tok is longer  than 
that of the  other  members.  The  threonine  region of SPAN 
consists of short  threonine rich  repeats. (huRMP-1 is from 
WOZNEY et al. 1988; musBMP-1  is from FUKAGAWA et al. 1994; 
suBMP-1  is from HWANC et al. 1994; SPAN  is from REYNOLDS 
et al. 1992; BPlO  is from LEPAGE et al. 1992; Xenopus BMP-1 
is from MACNO et al. 1993) 

whereas the insert in tok is 7 amino acids long, and 
this may distinguish their biological  activities, specifjmg 
interactions with different proteins. We previously 
noted  that some antimorphic mutations of tld map to 
the second CUB repeat  (FINELLI et al. 1994). This obser- 
vation, together with the insertion in the first  CUB  do- 
main, suggests that  the first two  CUB repeats in these 
molecules may be important for function, in particular, 
for  specifyng  interactions with other molecules. It is 
also interesting to note  that  there are two alternatively 
spliced forms of BMP-1 in mouse and humans. The 
shorter forms do  not include  the  Gterminal EGF and 
CUB repeats, but  both forms always  have the first two 
CUB repeats, further suggesting that these first two re- 
peats are necessary for  function  (TAKAHARA et al. 1994). 

tok is an essential  gene: Because genetic  mutations 
in tok did not exist, we proceeded to induce  them  to 
find out if the tok gene is necessary for viability.  Muta- 
tions in the  gene were made by  EMS and by hybrid 
dysgenesis of the nearby Pelement, P[ (w- ,  ly+)G]3 (LE- 
VIS et al. 1985; FINELLI et al. 1994) (Figure 4). Twenty- 
three lines from dysgenic  crosses had  obtained  a lethal 
hit  during  the mutagenesis. Three of these lines did 
not complement tld, suggesting that they  also delete 
the tok gene, which resides between the  Pelement  and 
tld. To generate  point alleles in tok, we generated EMS 
alleles and tested them  for failure to  complement tldY’, 
a small deficiency of the tld/tok region (FINELLI et al. 

1994).  Those alleles that  complemented tld but failed 
to complement  the  Pelement-induced lethal deletions 
were candidates for  mutations in the tok gene. One such 
candidate allele was identified and sequenced. This al- 
lele, tok’, was found to contain  a  stop  codon in the tok 
protease domain,  confirming  that this allele did indeed 
correspond to a tok null mutation. Other  Pelement- 
induced  deletion lines were then tested against tok’ for 
complementation. All 23 lines failed to complement 
tok, indicating that they deleted  the tok gene. These 
lines were molecularly characterized to determine  the 
extent of their deletions. We find that these deletions 
occur  both 5’ and 3’ of the P element. Some deletions 
are <300 bp  and lie directly 3‘ to the  Pelement. These 
deletions remove tok 5’ untranslated sequences, as de- 
termined by Southern  blotting analysis using tok 5’ se- 
quences as a  probe. We also find that some lines have 
deleted only portions 5‘ of the P element, indicating 
that  the tok gene has regulatory regions that  extend 5‘ 
of the P element or that  the P element resides  in a tok 
intron.  It is interesting to note  that  the original P[ (w- ,  
ly+)G]3 strain is homozygous viable, indicating that this 
P element does not disturb  important tok regulatory 
sequences, even though it is flanked on both sides by 
tok regulatory sequences. 

tok expression: Developmental northern analysis  indi- 
cates the presence of a single transcript of  approximately 
5.5 kb,  which is expressed throughout development. To 
examine the spatial  expression of tok and its relationship 
to tld and dM, we compared the patterns of expression 
through embryogenesis. tok is expressed  in the dorsal 
part of the Drosophila  blastoderm  embryo  (Figure  5A). 
At this early stage, tok expression patterns here overlap 
those  of tld and dpp (Figure 5, B  and C) and fade rather 
quickly. tok hybridization is not  due to cross-hybridization 
with tu because we do not see other tld patterns in  later 
embryos  when a tok probe is used.  Because the transcrip- 
tion unit of tok appears to be large, it is possible that the 
length of the mitotic cycles at this  stage is too short to 
permit entire tok transcription and thus prevents tok pro- 
tein  from being produced. That the length of  mitotic 
cycles can  provide a physiological barrier to transcript 
size  has been suggested by SHERMOEN and O’FARRELL 
(1991). A similar situation has  also been observed by 
ROTHE et al. (1992), who demonstrated that the 23 kb 
knirps.rela&dgene was not fully transcribed during mitotic 
cycle 13 of the preblastoderm embryo. 

During germ band  extension, tok is expressed near 
the mesectoderm (Figure 5D). At this stage, tld and dM 
are expressed in  the dorsal ectoderm (Figure 5, E and 
F). During stage 10, three faint lateral spots of tok ex- 
pression are seen in the thoracic segments (Figure 5D). 
During dorsal closure, we observe tok expression in the 

FIGURE 1 .- tok cDNA sequence.  The N-terminal proregion  of lok extends  from position 1 to position 393. The  protein  sequence 
in the black box beginning  at  amino acid  520 is the  metalloprotease  domain.  The first EGF repeat is represented by a black 
box beginning  at  amino acid 958, whereas the  second EGF repeat is reperesented by a black box beginning  at  amino acid 11  18. 
The  beginning of each CUR domain is denoted by an open box containing  the first two amino acids of each  repeat. A putative 
proteolytic  processing  site at position  516, acljacent to the  protease  domain, is boxed. 
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FIGURE 3.-(A) Alignment of the protease  domains of the toZloid/BMP-1 family  of zinc-binding metalloproteases. Boxes 
represent locations where five of seven amino acids are identical. Dots represent gaps created  to maximize alignment.  (B) 
Alignment of  CUB domains 1 and 2. Both tld and tok contain amino acid inserts in the first CUB domain. The black bar indicates 
where the second CUB domain begins. (C) Dendrogram analysis  of the protease  domains of the tollozd/BMP-1 family members. 
A dendrogram of the first two CUB repeats from the same species reveals the same relationships (huBMP-1 is from WOZNEY et 
al. 1988; musBMP-1  is from FUKACAWA et al. 1994; suBMP-1  is from HWANG et al. 1994; SPAN  is from REYNOLDS et al. 1992; BPlO 
is from LEPACE et al. 1992). 

cells that will form the  corpus allatum of the  ring  gland, 
a specialized larval endocrine complex composed of 
several glands that secrete hormones  that regulate Dro- 
sophila growth and development (DM and GILBERT 
1991). These staining cells form two pronounced sym- 
metric spots on  either side of the embryo (Figure 5J), 
ultimately migrating toward each other to form a single 
dorsal spot in the  third thoracic segment (Figure 5K). 

Late patterns of tok staining are observed (Figure 
5G). In  the  central nervous system, tok is  dynamically 
expressed in a small number of  cells. In stage 14 and 
15 embryos, one  or two of these cells are  at  the position 
of the RP motoneurons, or  just lateral to them.  In  older 
embryos, tok is expressed in many large ventral cells  in 
the nerve cord (C. DOE, personal communication). 

In the larval brain, tok is expressed in two distinct 
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FIGURE 4.-Molecular  map  of  the tok/tM genomic  region. 
Black boxes  represent  the lok cDNA sequences.  The third tok 
exon in the map actually contains  several small introns that 
were  not  shown due to their small size.  The &U gene is de- 
picted  as a grey  box. All of the known EcoRI sites in the  region 
are represented. However, only significant BnmHI, HindIII, 
and Sun sites  are  shown.  The  slashes in the  Pelement  indicate 
that  the  Pelement is not drawn to  scale. Hatch marks repre- 
sent  the  extent of deleted  genomic  sequences.  The  proximal 
endpoint of lok7 has not  been  molecularly  identified  but is 
known  to  extend a few hundred bases  from the P element. 
The  asterisk  denotes a point  allele. 

rings in  both hemispheres, one of  which corresponds 
to  the  outer proliferation center of the brain (Figure 
6, A and B). It is here where cells undergo cell  divisions 
before they differentiate (SELLECK et al. 1992). For com- 
parison, we also stained tld larval brains. tld expression 
patterns  are  both overlapping and distinct from those 
of tok (Figure 6C). Like tok, tld is also expressed in the 
outer proliferation center of the brain. In addition, tld 
appears to be expressed in the  internal proliferation 
centers of the brain. We have also performed tld lac2  
staining on larval brains (Figure 6D). Because these 
patterns match those obtained for the tld RNA in  situ, 
we can be sure  there is no cross-hybridization  between 
tld and tok. dpp is also expressed in the brain in  two 
spots, rather  than stripes, in each hemisphere (BLACK- 
MAN et al. 1991; Posmow et al. 1991; KAPHINCST and 
KUNES 1994). These spots of expression may overlap tld 
and tok expression. 

In most imaginal disks, both tok and tld stain the 
entire imaginal disk, with some areas staining  more in- 
tensely than others. dpp is also expressed in specific 
patterns in all disks.  In the eye-antennal disks, both 
tld and tok are expressed in all cells anterior to the 
morphogenetic furrow (Figure 6, E and  F). d@ 1s . ex- 
pressed in the  morphogenetic furrow of the eye-anten- 
nal  disks (BLACKMAN et dl. 1991; P O S ~ O ~  et al. 1991) 
and is critical for progression of the furrow (HEBERLEIN 
et al. 1993). tokand tldexpression patterns overlap those 
of dpp in  the eye-antennal disk, suggesting common 
roles. 

Lethal phase and phenotype of tok mutants: Because 
tok mutations are  lethal, we wanted to determine  at 
what stage tok mutants die. Viable  larvae from crosses 
between two independently  induced null tok alleles 
were counted. Essentially all tok embryos hatch, indicat- 
ing  that lethality does not occur during embryogenesis. 

This explains why tok was not  detected in the screens 
for embryonic lethals on  the third chromosome 
(WIESCHAUS et al. 1984). Most tok mutants  die  during 
the larval stages, with < 10% pupating. A possible  expla- 
nation for the lethality of tok larvae may be defects in the 
central nervous system or ring gland, which  specifically 
show tok expression. Up to 3% actually eclose, de- 
pending  on  the specific allele. To examine defects of 
tok mutant larvae, the rprl gene was recombined onto 
the tok deletion strains b k 4  and tok5. The redgene, when 
homozygous, gives the Malpighian tubules of larvae a 
red color, and thus, larvae mutant for tok could be iden- 
tified. Some tok larvae (30-50%,  depending on the al- 
lele) possess smaller brains and imaginal  disks and a p  
pear to be smaller in  overall  body  size.  In addition, 
although these larvae appear morphologically normal, 
they seem to be sickly. Smaller larvae are also found 
with some dpj, shurtva'n (shv) mutations (SEGAL. and 
GELBART 1985). shv is a &-regulatory region of df$ that 
governs expression in  several  tissues and is necessary 
for larval viability. This raises the possibility that lok is 
involved in the regulation of d# at  the larval stage, 
although  the characteristic gut abnormalities of shw mu- 
tant larvae are  not seen in tok larvae. We also noted  that 
the  mutant phenotypes of tok animals that have one 
copy of tld removed are  not worse than tok larvae. This 
would suggest that tM does not  enhance  the phenotype 
of a tok mutant  and  that  the two genes may function 
independently. 

tok escapers: Up to 3% of progeny from crosses of 
heteroallelic combinations of tok escape to adulthood. 
These escapers possess  wing defects in  which the poste- 
rior crossvein is missing. Less frequently, escapers have 
been observed where both crossveins are incomplete 
on both wings or one wing appears to be wild-type, 
whereas the  other is  missing the posterior crossvein 
(Figure 6H). Otherwise, the adults appear normal. De- 
fects in wing venation are seen with shv alleles of d@ 
(SECAL and GELBART 1985), saxojlhone null alleles (d@ 
type I receptor) (BRUMMEL et al. 1994; NEI.L.EN et 01. 
1994; PENTON et al. 1994; XIE et al. 1994), and thick vPin,s 
( d p p  type I receptor) (BRUMMEL et al. 1994; NELLEN 
et al. 1994; PENTON et al. 1994) alleles, which are all 
components of the dpp pathway.  In our crosses, trans 
heterozygotes of shv and tok do  not show  any genetic 
interaction. However, these assays  may not be  sensitive 
enough to detect interactions. 

DISCUSSION 

The tolloid/BMP-1  family  is part of the larger astacin 
family. The astacin family is one of  five families of struc- 
turally distinct zinc-binding metalloproteases ( JIANC 
and BOND 1992). Unlike many  of the  other metallopro- 
tease families, members of the tolloid/BMP-1  family 
have been implicated in a variety  of developmental pro- 
cesses. In this article, we describe a new member of the 
astacin  family in Drosophila, tok, which is most related 
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FIGURE 5.-RNA in situ of to&, tld, and dpp embryos. Embryos are positioned so that  anterior is to  the left and dorsal is up. 
tok (A), tfd (B) and dpp ( C )  at  the blastoderm stage, during germ band extension (D-F), and after  germ band retraction (G- 
I).  Embryos showing tok expression in the corpus allatum of the  ring gland as two bilateral symmetric spots during migration 
(J) that eventually migrate to form a single dorsal spot (K). The embryo in (G)  is rotated so as to expose more of the ventral 
aspect, moving the ring  gland out of  view. 

to the Drosophila tZd gene. As is true for tZd, tok is muta- 
ble to a lethal phenotype. tok mutants die mostly  as 
larvae. Although this mutant phenotype is not fully pen- 
etrant, some tok larvae  have reduced brains and disks. 
Adult escapers of tok mutations possess  wing defects in 
which the  anterior and/or posterior crossvein  is  missing 
and/or reduced. 
Do tM and bk have similar functions? One interest- 

ing question is whether tZd and tok can function similarly 
or  do they interact specifically  with different molecules 
and serve different functions? Examination of  similarly 
duplicated genes in Drosophila reveals a wide range 
of functions of the duplicated gene. The engrailed and 
invected genes are partially duplicated and reside near 
each other.  Their expression patterns overlap, revealing 
a difference only in timing. However,  this difference 
may be a consequence of the larger transcription unit 
of invected (>30 kb) versus that of engruiled (4 kb) 
(COLEMAN et al. 1987). The Drosophila kniqs-related 
(knrl) gene has a larger transcription unit  (23 kb) than 
its homologue, k n i q s   ( h i )  (3 kb).  A knrl minigene, 
with the large intron removed, can rescue kni embryos 
(ROTHE et al. 1992). The sloppy paired 1 (slpl) and slopPy 

paired 2 (slp2) genes of the sloppy paired locus are simi- 
larly transcribed. Mutations in the slp genes do not be- 
have  in an additive fashion because they  show a genetic 
interaction. Removal  of one copy  of s1p2 in a slpl back- 
ground gives an intermediate phenotype (GROSS 
NIKLAUS et al. 1992). The duplicated genes of the goose- 
beny locus have expression patterns  that overlap but are 
distinct. It remains to be  demonstrated whether or not 
both genes are functional and  contribute to the pheno- 
type (BAUMCARTNER et al. 1987; COTL et ul. 1987). In 
the case  of z l  and 22, two closely linked homeobox 
genes in the m region of the  Antennapedia complex, 
22 appears to be dispensable. z l  can rescue a deficiency 
that removes z l  and 22 (RUSHLOW et al. 1987). Because 
the coding region and expression patterns of both 
genes are maintained, it may be  that they  partially  com- 
pensate for each other,  and outside the laboratory set- 
ting there may be  a selective advantage for having both 
genes. These data suggest that  the functions of dupli- 
cated genes can range from essential to nonessential. 

From our data,  there is no convincing evidence that 
tld and tok compensate for each other  or  that tok is 
involved  with dpp activity. Unlike many of the dupli- 
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FIGURE 6.-RNA in situ of larval brains  and  eye 
antennal disks and mounted wing of a /ok escaper. 
RNA in situ of tok (A and B) and /ld (C) in the larval 
brain. l a d  staining of tld in  the larval brain (D).  
RNA in situ of lok (E) and lld (F) in  the eye antennal 
disk.  Shown  is a wild-type  wing (G) and  the  wing 
of a lok escaper (H) .  Note the  missing  posterior 
crossvein  in  the tok wing. 
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' I  
cated  genes  mentioned,  the genetic analysis  of  tld and 
tok provides clear evidence that each is independently 
mutable. tld mutants  die as early embryos, indicating 
that tok cannot substitute for tld at this stage. Similarly, 
tld function  cannot substitute for tok, and tok mutants 
die as  larvae. Differences in protein  interactions of tld 
and tok could result from differences in their CUB  re- 
peats, which define these interactions. tld has an insert 
of about 26 amino acids in the first  CUB domain, 
whereas tok only has seven additional  amino acids. 
These inserts are specific to tld and tok and  are  not 
observed in  the CUB domains of other proteins (BORK 
and BECKMANN 1993). It is,  however,  possible that tok 
and tld functions overlap in some respects, as tld and 
tok disk expression patterns are similar. Regarding tok S 
possible involvement with  dpp, there  are  no obvious gut 
defects in tok embryos, as  is observed in dpp embryos, 
suggesting that tok does  not  interact with  dpp here. How- 
ever, escapers heteroallelic for tok (0-3% of  flies)  have 
wing venation defects similar to those seen in alleles 
of  dpp, saxophone and thick veins (BRUMMEL et al. 1994; 
NELLEN et al. 1994; PENTON et al. 1994). Because these 
genes are all components of the dpp pathway, it is possi- 
ble that tok interacts with  dpp  in  this imaginal disk, act- 
ing to define  proper cell fates in the wing. In  addition, 
because tok larvae sometimes have  small  disks and 
brains, as seen with  dpp and  other genes of the dpp 
pathway, it is  possible that tok is involved in the dpp 
pathway in these structures. It is quite possible that tok 
enhances  the activity  of  dpp, but  our assays  may not be 
sensitive enough to substantiate the  interaction. 

What is toZkin function? In cases where tokS function 
may be different from tld, what could be  the  function of 
tok? If the tolloid/BMP-1  family proteolytically processes 
TGF-0-like growth factors, maybe tok participates in this 

process with the 60A or s c ~ m  genes, or other TGF-P- 
like molecules that have not been  reported. Perhaps 
tokforms heterodimers with tldat certain stages in devel- 
opment,  contributing to the specificity  of interactions. 
It is also  possible that tok may interact with other prote- 
ases  involved in the processing of these growth  factors. 
tok is expressed generally in  the imaginal disks and is 
expressed anterior to the  morphogenetic furrow in the 
eye antennal disks.  Because  dpp is also expressed in 
these structures and is  necessary for their development, 
it is possible that tok is involved in its activation. Other 
TGF-&like  growth factors that have not yet been charac- 
terized may be expressed in the disks  as  well, and it is 
also  possible that tok may be involved  in their activation. 

Other toZZoid/BMP-l members: There exist other tol- 
loid/BMP-l members in different phyla. One group, 
consisting of the Drosophila genes tkd and tok, the sea 
urchin suBMP-1 (HWANG et al. 1994), Xenopus BMP-1 
( M A ~ N O  et al. 1993), mouse BMP-1 (FUKAGAWA et al. 
1994) and human BMP-1 (WOZNEY et al. 1988), has 
five  CUB repeats and two EGF repeats. In mouse and 
humans,  there is alternative splicing, which produces a 
shorter version  of  this longer form. 

The study of other genes may be helpful in deci- 
phering  the  function of this  family  of developmental 
metalloproteases. We have begun examination of tld 
homologues in the  nematode C. ekgans, which  were 
first identified by the  genome  sequencing project. It 
remains to be seen whether these tld homologues in 
the  nematode  are involved in a TGF-&like  signal  trans- 
duction pathway, as is  tld. Whether or not  the tolloid/ 
BMP-1 members function  independently of  TGF-P-like 
proteins will be addressed by further examination of 
members of the family. 
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