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Delta (DI) is required for normal segregation of the embryonic ectoderm into neural and epidermal cell lineages 
in Drosophila melanogaster. Loss-of-function mutations in DI and other zygotic neurogenic loci lead to 
expansion of the neuroblast population at the expense of the dermoblast population within the ectoderm. 
Characterization of the transcriptional organization and maternal/embryonic expression within the 
chromosomal interval corresponding to DI reveals that the locus encodes multiple transcripts: a m i n i m u m  of 
two maternal transcripts, -4 .5  and 3.6 kb in length, and four zygotic transcripts, - 5 . 4  (two distinct species), 
3.5, and 2.8 kb in length. These transcripts differ on the bases of differential splicing and differential 
polyadenylation site choice. The DNA sequence of a cDNA clone representing the predominant transcripts of 
the locus indicates that DI encodes a transmembrane protein homologous to blood coagulation factors and 
epidermal growth factor. The relationship between coding sequences and transcript-specific exons within the 
locus suggests that DI encodes multiple translational products. 
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Neurogenesis in Drosophila begins shortly after gastru- 

lation with the inward segregation of ectodermal cells 

within the neurogenic regions of the embryo (Campos- 

Ortega and Hartenstein 1985). The internalized ecto- 

dermal cells become neuroblasts, the precursors of the 

neural cell lineage, and the ectodermal cells that remain 

on the peripheral surfaces of the embryo become der- 

moblasts, precursors of the epidermal cell lineage. Loss- 

of-function mutations that affect the zygotic neurogenic 

genes Notch (N), Delta (D1), Enhancer of split [E(spl)], 
big brain (bib), mastermind (mam), or neuralized (neu) 
lead to neural hypertrophy, reduction of the epidermis 

and embryonic lethality (Poulson 1937; Lehmann et al. 

1983). The cellular basis of these defects is the failure to 

establish the epidermal lineage and the resultant over- 

commitment to the neural lineage within the devel- 

oping embryo (Poulson 1937; Lehmann et al. 1983). The 
role of the neurogenic genes during the initial stages of 

neurogenesis is therefore to ensure correct partitioning 

of the ectoderm into neural and epidermal lineages. 

Cell ablation studies conducted on the developing 
neuroectoderm in Schistocerca (Doe and Goodman 
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1985) indicate that cell-cell interactions are central to 

the establishment of the epidermal identity within the 

embryonic ectoderm. A similar conclusion was drawn in 

an elegant study in Drosophila that involved transplan- 

tation of single ectodermal cells from neurogenic mu- 

tant embryos into wild-type hosts (Technau and 
Campos-Ortega 1987). This study revealed that five of 

the zygotic neurogenic genes--N, D1, bib, mam, and 
neu--encode products that can act nonautonomously at 

the level of single cells to affect the ability of ectodermal 

cells to adopt the epidermal identity. 
Molecular analyses of the N locus provide evidence 

that implies a direct role for the N gene product in cell-  

cell interactions. The embryonic N product appears to 
be a transmembrane protein containing a tandem repeti- 

tive array comprised of sequences with significant simi- 

larity to vertebrate epidermal growth factor (EGF) within 

its putative extracellular domain (Wharton et al. 1985; 
tire array comprised of sequences with significant simi- 

larity to vertebrate epidermal growth factor (EGF) within 

its putative extracellular domain (Wharton et al. 1985; 
Kidd et al. 1986). The putative intracellular domain in- 

cludes sequences reminiscent of those found in proteins 

that interact with nucleoside triphosphates and exhibit 

protein kinase activity. The Notch protein is therefore 
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structurally analogous to proteins known or believed to 

be involved in cell-cell interactions in a number of 
other organisms, often via mechanisms involving pro- 

tein-protein contacts (Carpenter 1987; Ruoslahti 1988). 

The putative extracellular localization of a portion of 

the Notch protein is consistent with the known ability 

of this product to function at the cellular level in a non- 

automomous manner during development. 

We have undertaken genetic and molecular analyses 

of D1 to achieve an understanding of the mechanism by 

which this locus participates in the establishment of 

cellular identity within the developing ectoderm. Anal- 

ysis of the expression of the locus reveals that D1 pro- 

duces multiple maternal and zygotic transcripts. We find 

that the predominant maternal and embryonic D1 tran- 

scripts appear to encode the same product. This protein 

exhibits a structure that is consistent with the participa- 

tion of D1 in cell-cell interactions and contains se- 

quence similarities to gene products known to partici- 

pate in protein-protein contacts. Comparison of the lo- 

cation of coding sequences for the predominant D1 
product in relation to alternative transcript-specific ex- 

onic regions implies that D1 may encode a number of 

distinct translational products maternally and zygoti- 

cally. 

Results 

Physical definition of D1 

Our previous genetic and cytogenetic analyses of D1 
(Alton et al. 1988) revealed that the distal breakpoint of 

the rearrangement Df(3R)bx'd "° (92A2) constitutes a te- 

lomere-proximal limit for D1, while the distal break- 

point of the rearrangement Df(3R)ChaM1 (91F5-92A1) 

constitutes a centromere-proximal limit for D1. There- 

fore, we isolated -200 kbp of DNA encompassing this 
cytogenetic interval by chromosomal walking (Fig. 1; 
Bender et al. 1983). 

Physical lesions within the walk were correlated with 

specific D1 mutations (Fig. 1) by comparative genomic 

DNA blot analysis of 69 independent D1 alleles induced 

on known parental backgrounds (Alton et al. 1988; S.B. 
Shepard, S.A. Broverman, and M.A.T. Muskovitch, in 

prep.). One class of mutations comprises deficiencies 
that remove portions (bxd 11°, Cha Mg, Cha MI, D1M2, 
D1Bx3s, and D1Bx38) or the entirety (D1 alleles BX2, BX6, 

and BX12) of the chromosomal walk. Approximate end 

points have been defined for four deficiencies: bxd 11°, 
Cha Mg, D1M2, and Cha M1. The second class of mutations 

comprises nondeficiency alleles for which distinct mo- 

lecular lesions can be defined. The distribution of the 15 

independent nondeficiency alleles that map between 95 

and 127 kbp strongly suggests that most or all of the 

DNA required for D1 function is within this interval, a 

hypothesis that is supported by the transcription anal- 
ysis presented below. 

Embryonic transcription of DI 

Subclones representing the entire walk were employed 
serially as probes to assess the accumulation of polyade- 

nylated [poly(A)+] transcripts arising from this interval 
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of the genome during oogenesis and embryogenesis. This 

analysis, and further analyses presented below, revealed 

that D1 encodes one predominant maternal transcript 

(4.5M), one predominant zygotic transcript (5.4Z), one 

minor maternal transcript (3.6m), and three minor zy- 

gotic transcripts (5.4z, 3.5z, and 2.8z) (Figs. 2, 3, and 4). 

Each of the zygotic D1 transcripts exhibits maximum ac- 

cumulation between 3 and 6 hr of embryogenesis (Fig. 2), 

immediately preceding and during the major portion of 

the neuroblast segregation phase (Campos-Ortega and 

Hartenstein 1985). The designation of 4.5M and 3.6m as 

maternal transcripts is based on the observation that 

these transcripts are found in unfertilized egg RNA (Fig. 

2). We have not yet determined whether D1 transcripts 

4.5 kb in length that are present throughout embryo- 

genesis are synthesized during embryogenesis or repre- 

sent stable, maternally loaded 4.5M. 
Poly(A) ÷ RNA populations from unfertilized eggs and 

staged embryos were probed with a set of 12 adjacent 

subclones (fragments A-L, Fig. 4) to assess transcrip- 

tional structure within D1. This analysis revealed that 

5.4Z and 4.5M hybridize to an identical subset of these 

genomic fragments and that 3.5z, 2.8z, and 3.6m display 

different patterns of hybridization. Fragments D and F 
are specific for 3.5z, and fragment I is specific for 2.8z 

(Fig. 3a). Fragment B hybridizes to a transcript 5.4 kb in 

length (Fig. 3a). However, this transcript cannot be 5.4Z 

because fragment B does not hybridize with a cDNA in- 

sert that represents most or all of 5.4Z (D12, Fig. 3b). We 

designate this second 5.4-kb transcript 5.4z and infer 

that it is a minor zygotic D1 transcript. In situ hybridiza- 

tions to embryonic tissue sections with fragment B and a 

probe that detects 5.4Z reveal that the subcellular local- 
ization of 5.4z is different from that of 5.4Z, further con- 

firming that these transcripts are distinct (C.C. 

Kopczynski and M.A.T. Muskavitch, in prep.). Tran- 

scripts 3.6m and 3.5z are distinct because three genomic 

fragments (D, E, and F) that hybridize to 3.5z fail to hy- 

bridize to unfertilized egg transcripts (Fig. 4). 
Hybridization at reduced stringency reveals a region of 

sequence similarity between D1 and N that maps be- 
tween a PvuII site 1.9 kb upstream of the junction be- 

tween fragments J and K and the PstI site between frag- 

ments K and L (Fig. 4t. The probe employed to detect 
this similarity consists entirely of coding sequences 

from N that are related to vertebrate EGF (Wharton et al. 

1985). This genomic region, which includes Dl-coding 

sequences (see below), is entirely excluded from 3.5z and 
partially excluded from 2.8z. It may also be excluded 

from 3.6m, given its proximity to the apparent 3' ter- 

minus of 3.6m. 

Sequence of the predominant product of D1 

Screening of cDNA libraries derived from 4- to 8-hr em- 
bryonic poly(A) ÷ RNA with D1 probes yielded a number 
of clones (Fig. 5). Hybridization of Dll, D12, and D13 to 

subclones representing the entire D1 transcription unit 

(Fig. 5) demonstrates that each insert hybridizes exclu- 
sively to those genomic fragments within which exonic 

 Cold Spring Harbor Laboratory Press on August 25, 2022 - Published by genesdev.cshlp.orgDownloaded from 

http://genesdev.cshlp.org/
http://www.cshlpress.com


Molecular biology of Delta 

TEL 

Df(3R)DI BX6 ~ 1  

110 
Df(3R)bxd lii 

Df(3R)Cha M9 I~:;::~:;i~!~::~i~::~::~:.~ 

Df(3R)DI M2 |~i~i~i~:~:'~ 

Df(3R)Cha M1 

HD62 B R22a BX43 
CE43 ~ v.....s......, BX11 
HD82 ea ........ .., BX41 
HD9 IZZZ;I ,,'.'.,~,, , CE23 
BX32 . . . . . . . . . . . . . . .  ."."~ CE33 
BX45 v,, . . . . . . .  .,,.,., BX9 
HD40 v~,..,,.,..,~,.. 
BX46 ~HHH..'.-.. 

I 

I 

C E N  

kbp 0 20 40 60 80 100 120 140 160 180 
I I I I I I I I I I I I I I I I I I I 

Eco RI I I III II II III III I I I I  I I  II II I I I I  I I I I I I  I 

Sal I I I I II I I  I I II I II II I I I I I 

Figure 1. Physical organization of D1 and its flanking regions. Filled bars represent sequences removed in the rearrangements de- 
noted to the left of each bar, respectively; stippled areas represent uncertainty in the localization of termini of rearrangements; 
arrowheads indicate that a deficiency extends beyond the interval depicted. Hatched bars above the coordinate scale represent the 

maximum extent of the molecular intervals within the walk affected by independent D1 mutations (described in Experimental proce- 
dures). Allele designations: (BX) Bloomington X-ray-induced; (CE) Cambridge EMS-induced; (HD) hybrid dysgenesis-induced. Coordi- 
nates are given in kbp of DNA relative to an arbitrary zero coordinate (BamHI, 0 kbp). The positions of recognition sequences for 
restriction enzymes EcoRI and SalI are depicted below the coordinate scale. Deficiencies bxd I1° (D1-), Cha M9 (DI-), D1 M2 (D1-) and 
Cha MI (D1 +) have been described in Alton et al. (1988). Limits in our coordinate scheme for individual physical lesions depicted 
comprise bxd 1~°, between coordinate - 1.5 kbp and the BamHI site at 0 kbp; Cha M9, 8.2 kbp EcoRI fragment, 7.4-15.6 kbp; D1M2, 4.9 

kbp SalI fragment, 81.9-87.0 kbp; Cha M1, between an EcoRI site at 159.9 kbp and coordinate 162.9 kbp; CS20 and HD62, 1.3-kbp SacI 

fragment, 95.5-96.8 kbp; CE43 and HD82, 3.0-kbp BamHI-SacI fragment, 98.6-101.6 kbp; HD9, 4.8-kbp SacI fragment, 96.8-101.6 
kbp; BX32 and BX45, 7.7-kbp HindIII fragment, 96.0-103.7 kbp; BX46 and HD40, 13.2-kbp EcoRI fragment, 95.7-108.9 kbp; BX43, 

three contiguous EcoRI fragments (1.3, 2.2, and 2.2 kbp), 108.9-114.6 kbp; BXl l ,  BX41, CE23, and CE33, 8.5-kbp EcoRI fragment, 
114.6-123.1 kbp; BX9, within 4 kbp of an EcoRI site at 123.1 kbp. (CEN) Centromere proximal; (TEL) telomere proximal. 

sequences of 5.4Z and 4.5M have been mapped (Fig. 4). 

Inserts D12 and D13 appear to constitute full-length rep- 

resentations of 5.4Z and 4.5M, respectively. Analysis of 

a set of 11 additional cDNA inserts isolated from a li- 

brary generated using 0- to 4-hr embryonic poly(A) + 

RNA, which  is expected to be biased toward maternal ly  

loaded transcripts, supports the contention that 4.5M 

represents a maternal  transcript (data not shown). Re- 

striction map analysis indicates that D l l  represents a 

transcript that is colinear with those represented by D12 

and D13. DNA sequence data are consistent with the 

premise that Dl l  represents a partial copy of a D1 tran- 

script because the 3' terminus of the insert does not 

contain sequences indicative of a poly(A) + tail. 

The sequence of the 3' terminus of D13 indicates that 

the insert terminates at a site downstream of a polya- 

denylation consensus sequence (AATATA) identical to 

that uti l ized in the mouse ~x-amylase gene (Tosi et al. 

1981). Restriction mapping and hybridization data place 

the 3' terminus of D12 at the same position as the 3' 

terminus of the zygotic transcript described previously 

by Vassin et al. (1987). The apparent polyadenylation 

site for 5.4Z is - 8 0 0  bases downstream from that of 

4.5M, and the 5' terminal  extents of D12 and D13 are 

comparable (Fig. 5). These data suggest D12 and D13 rep- 

resent transcripts that init iate at a common site and 

differ solely on the basis of polyadenylation site choice. 

The sequence of Dl l  (Fig. 6) reveals that the transcript 

it represents has the potential to encode a putative 

t ransmembrane protein wi th  significant sequence simi- 

larity to blood coagulation factor IX (FIX; Choo et al. 

1982; Kurachi and Davie 1982) and vertebrate EGF (Gray 

et al. 1983; Sudhof et al. 1985). The deduced protein is 

832 amino acids in length and contains a putative signal 

peptide (residues 1-25;  Perlman and Halvorson 1983), 

extracellular domain (residues 2 6 -  595), t ransmembrane 

domain (residues 596-617;  Kyte and Doolittle 1982); 

s top- t ransfer  sequence (residues 620-625;  Blobel 1980), 

and intracellular domain (residues 618-832). The se- 

quence also contains five sites (residues 98, 137, 167, 

421, and 649) exhibit ing the consensus observed for po- 

sitions of asparagine-linked glycosylation in proteins 

that are modified during passage through the rough en- 

doplasmic re t iculum and Golgi apparatus (Hirschberg 
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Figure 2. Temporal accumulation of D1 transcripts during oo- 
genesis and embryogenesis. RNA blots were probed with frag- 
ment G (Fig. 4). Transcript lengths are given in kb of RNA. 
{SEG) Interval during which the majority of central nervous 
system neuroblast segregation occurs (Campos-Ortega and Har- 
tenstein 1985). (a) Ten micrograms of poly(A) + RNA from un- 
fertilized eggs (UE), compared to 2 ~g of poly(A) + RNA from a 
mixed population of embryos, 6- to 9-hr postoviposition. (b) 
Each lane contains 3 ~,g poly(A) + RNA prepared from mixed 
populations of embryos of the designated ages in hours postovi- 
position. Probing of same blot for rp49 RNA (O'Connell and 
Rosbash 1984) suggests that the apparent increase in transcript 
levels in the 16- to 22-hr sample results from a higher propor- 
tion of poly(A) + RNA in this sample, relative to poly(A)- con- 
tamination, than in other samples (data not shown). 

and Snider 1987). 

Hybridization of the 5' terminal EcoRI-AIuI fragment 

from Dll to genomic subclones places the start codon 

and most or all of the signal peptide in fragment A. Ge- 

nomic DNA sequence analysis places the stop codon in 

fragment L (Figs. 4 and 5). Comparison of the positions 

of the putative start (AUG) and stop (TAA) codons for 

this product in relation to the structures of Dll, D12, and 

D13 implies that the predominant maternal and zygotic 

D1 transcripts share the same coding capacity with Dll 

(Figs. 5 and 6). We refer to this putative translational 

product of D1 as D15.4Z/4.SM (D1ZM). The sequence we 

have determined is substantially, although not entirely, 

in agreement with that reported by Vassin et al. (1987) 

for a product of the D1 locus (see Table 1 and Discus- 
sion). 

The most striking feature of the sequence of D1ZM is 

the presence of an array of cysteine-rich repeats that ex- 
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tends from residue 217-566 within the putative extra- 

cellular domain of the protein (Figs. 6, 7, and 8). This 

internally repetitive array (Figs. 6 and 7) is detectable in 

a DOTPLOT self-comparison of D1ZM (data not shown). 

Use of the FASTP sequence comparison programs (Lip- 

mann and Pearson 1985) to analyze the similarity be- 

tween the D1ZM cysteine-rich array and protein se- 

quences entered in the Protein Information Resource 

(PIR) data base yields a number of significant matches. 

The best match is the previously described EGF-related 

array of the N gene product (Figs. 7 and 8; Wharton et al. 

1985; Kidd et al. 1986). This result is consistent with the 

observed cross-hybridization between DI and N (Fig. 4). 

Another significant match is detected with the EGF-re- 

lated array of the Iin-12 gene product described in the 

nematode Caenorhabditis elegans (Greenwald 1985). 

Surprisingly, significant matches are also detected with 

FIX of the vertebrate blood coagulation pathway (Fig. 7), 

as well as a number of other proteins in the pathway, 

including factor X, factor VII, factor XII, protein S, pro- 

tein C, and von Willebrand factor (Furie and Furie 1988). 

Remaining significant matches are observed with EGF 

precursor (Gray et al. 1983; Scott et al. 1983), low-den- 

sity lipoprotein receptor (Sudhof et al. 1985), ~-integrin 

(Fig. 8; Takmun et al. 1986), leukocyte adhesion protein 

B-chain (Kishimoto et al. 1987), thrombospondin (Lawler 

and Hynes 1986), and plasminogen activators (Ny et al. 

1984; Holmes et al. 1985). No highly significant 

matches are detected between other portions of D1ZM 

and sequences currently compiled in the PIR data base. 

Further scrutiny of repetitive sequences within the 

D1ZM and Notch proteins reveals that consensus se- 

quences that yield ungapped alignments with a region of 

FIX can be derived from D1ZM and Notch repeat arrays 

(Fig. 7). The previously noted similarity to EGF 

(Wharton et al. 1985; Kidd et al. 1986; Vassin et al. 

1987), based on the repetitive motif containing six cys- 

teines, which is the hallmark of EGF-related proteins, is 

also embedded within these alignments. The D1ZM, 

Notch, and FIX consensus sequences contain another 

motif (Fig. 7) that has been correlated with the B-hydrox- 

ylation of aspartate and asparagine in a number of EGF- 

related proteins (Sterfflo et al. 1987). The biological sig- 

nificance of this modification is not currently under- 

stood. 

D i s c u s s i o n  

Multiple alternative transcripts arise from D1 during 

oogenesis and embryogenesis 

The temporal pattern of transcript accumulation from 

the D1 locus during embryogenesis is consistent with 

that expected for a zygotic neurogenic gene based on de- 

velopmental, genetic, and comparative criteria. The pre- 

dominant embryonic transcript 5.4Z and the minor em- 

bryonic transcripts 5.4z, 3.5z, and 2.8z exhibit max- 

imum accumulation between 3 and 6 hr of 

embryogenesis and cannot be detected in unfertilized 

eggs. Their accumulation therefore precedes and encom- 

passes the period of neuroblast segregation and estab- 

lishment of the epidermal lineage within embryonic 
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Figure 3. Identification of genomic regions specific for minor 
DI zygotic transcripts. (a) RNA blots probed with DI genomic 
fragments (Fig. 4). (Lane 1) Fragment B; (lane 2) fragment D; 
(lane 3) fragment F; (lane 4) 1.7-kbp SalI fragment that consists 
of fragment I and the adjacent 0.5 kbp of fragment J. Lanes con- 
tain 3 ~g of 3- to 6-hr embryonic poly(A) + RNA (lanes 1-3) or 3- 
to 4-hr embryonic poly(A) + RNA (lane 4). Transcript lengths 
are given in kb of RNA. (b) DNA blot of genomic subclones 
probed with D12. (Lane I) Fragment A subclone digested with 
BamHI, SacI, and AvaI; (lane 2) fragment B subclone digested 
with SacI and HinclI; (lane 3) fragment C digested with SalI and 
PstI. Arrowheads in lane 2 mark positions of ethidium-bro- 
mide-stained bands representing the entirety of fragment B. A 
scale for DNA fragment length is given in kbp. (v) Hybridiza- 
tion to vector DNA due to contamination of the probe with 
vector sequences. 

neurogenic regions (Campos-Ortega and Hartenstein 

1985). This maximum also overlaps with the embryonic 

phenocritical period for D1 function, from 1 to 6 hr post- 

oviposition (Lehmann et al. 1983). Investigations of the 

expression of two other neurogenic loci, N (Grimwade et 

al. 1985) and E(spl) (Preiss et al. 1988), indicate that 

these loci encode transcripts that exhibit maximum ac- 

cumulation during the first third of embryogenesis (2-7 

hr postoviposition). The embryonic pattern of D1 tran- 

script accumulation is consistent with the hypothesis 

that some or all of these transcripts encode products re- 

quired for the regulation of the segregation of the ecto- 

derm into neural and epidermal lineages. 

The accumulation of the maternal D1 transcripts is 

consistent with observations suggesting that D1 encodes 

a maternal component (Dietrich and Campos-Ortega 
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1984). The minor matemal transcript, 3.6m, appears to 

accumulate in unfertilized eggs, but not in embryos. The 

predominant maternal transcript, 4.5M, is present in 

embryos long after the disappearance of other transcripts 

within the walk that appear to accumulate in unfertil- 

ized eggs, but not in early embryos (Alton et al. 1989). 

Although it is possible that 4.5M is an extremely stable 

transcript, this transcript is probably also synthesized 

during embryogenesis. 

Transcription of D1 yields a family of alternatively 

processed maternal and embryonic transcripts. We infer 

that genomic fragments that specifically cross-hybridize 

to different minor zygotic transcripts contain exons spe- 

cific to each of these transcripts, respectively (Fig. 4). 

This implies that alternative splicing contributes to the 

transcriptional complexity of D1. We also note that the 

3'-terminal extent of hybridization differs for different 

transcripts, consistent with the premise that alternative 

polyadenylation site choice also contributes to struc- 

tural variation among transcripts. We know this to be 

the case for 5.4Z and 4.5M (Fig. 5). Although we cannot 

yet eliminate the possibility that minor transcripts in- 

clude sequences downstream of the 3' terminus of 5.4Z, 

we do not detect any of the minor transcripts with 

probes covering an interval extending 30 kb downstream 

of this point. It is noteworthy that D1 encodes distinct 

maternal and embryonic transcripts because few Droso- 

phila genes are known to produce transcripts that differ 

in structure during these two phases of the life cycle 

(Tautz et al. 1987; Preiss et al. 1988; Alton et al. 1989). 

The structure of the predominant D1 maternal/ 

embryonic product implies participation in protein- 

protein interactions 

The predominant zygotic and matemal D1 transcripts 

appear to encode the same polypeptide, which we have 

designated D1ZM in light of its apparent dual-stage ex- 

pression. The deduced amino acid sequence of this pro- 

tein implies that the predominant product of 191 is a 

transmembrane protein that possesses a putative extra- 

cellular domain with extensive similarity to EGF and 

FIX of vertebrates. This structure is, in large part, analo- 

gous to that deduced for the Notch protein on the basis 

of DNA sequence analyses (Fig. 8; Wharton et al. 1985; 

Kidd et al. 1986). This extensive structural analogy and 

sequence similarity implies that D1 and N are homolo- 

gous genes, derived by descent from a common ancestor. 

Comparison of the sequence we have determined for 

D1ZM with that previously published by Vassin et al. 

(1987) yields unanticipated, as well as expected, differ- 

ences (Table 1). We detect instances of neutral third base 

pair variation in 14 codons within the coding sequences 

that overlap in the two sequences, as would be expected 

on the basis of interstrain variation. We also detect two 

relative missense alterations, one of which is conserva- 

tive (A ~ V), the other of which is not (K ~ N). The 

amino acid assignment we have determined at one of 

these positions (K) appears to be more consistent with 

the putative signal peptide context within which this 
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Figure 4. Transcriptional structure of D1. 

The interval of the chromosomal walk from 
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arrow represents a composite of those restric- 

tion fragments that cross-hybridize to a tran- 
script(s) of the indicated length; vertical lines 3 kbp R(91 ) RR 

within  arrows represent termini of restriction ' ' [ ]] 

fragments analyzed (solid bars A-L). 

Hatching in the box underlying fragment B, 

documenting hybridization to a 5.4-kb RNA, 

indicates that this hybridization is specific to 

a minor zygotic transcript (5.4z). The stippled 

box represents an interval within which EGF- 

related sequences from within the Notch 

locus cross hybridize (see Experimental pro- 

cedures). (kb) Kilobases of RNA; (M/m) accu- 
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residue resides. Dramatic differences arise as the result 

of a number of apparent frameshift alterations near the 

carboxyl termini of the two deduced sequences. We de- 

duce the presence of a terminal methionine residue (po o 

sition 832) in place of an internal leucine residue at the 

corresponding position in the previously published se- 

quence. Thus, our sequence implies a protein of 832 

amino acids, whereas that of Vassin et al. (1987)implies 

an 880-residue polypeptide. We also define an internal 

tetrapeptide (ACSS, positions 801-804) that differs from 

the corresponding interval of the previously published 

sequence. We are currently attempting to determine 

whether these differences reflect interstrain variation or 

arise due to other causes. 

We propose that the primary structure of D1ZM re- 

flects the participation of this molecule in protein-pro- 

tein interactions that are essential for establishment of 

the epidermal lineage within embryonic neurogenic re- 

Dons. This hypothesis is based largely on the observed 

similarity of the tandemly repeated sequences within 

the extracellular domain to FIX and EGF. The optimum 

alignment between D1ZM and FIX involves the ninth 

complete repeat of the D1ZM array (Fig. 7), a repeat that 

exhibits 47% identity (18 of 38 residues) with the 

Figure 5. Selected cDNA inserts representing DI tran- 

scripts and their relationship to the genome. Thick bars 

represent cDNA inserts; the line in the lower portion rep- 

resents a part of the chromosomal walk (coordinates 

95-133 kbp; Fig. 1). The correlations of restriction sites in 

eDNA segments and the genome, indicated by connecting 

lines, are based on a combination of cDNA/genomic DNA 

hybridization analysis and cDNA sequence data (not 

shown). Open boxes below the genomic map represent 

cross-hybridization between genomic fragments and tran- 

scripts 5.4Z and 4.5M, as in Fig. 4, with two exceptions. 

The 5'-terminal extent of these two transcripts has been 

delimited to a 1.4-kbp XbaI-AvaI  fragment within frag- 

ment  A (Fig. 4). The 3' terminus of 4.5(M) has been local- 

ized to a position -800  bp upstream of the EcoRI site de- 

fining the 3' terminus of fragment L (Fig. 4) on the basis of 

RNA blot analyses and sequence comparisons with the 

data of Vassin et al. (1987). Positions of recognition se- 

quences for restriction enzymes are represented by vertical 

strokes on appropriate lines: [B) BamHI; (G) BglII; (H) 

HincIII; (K) KpnI; (P) PstI; (R) EcoRI; (S), SalI; (R), EcoRI 

(R)P KB GK PH H P (R) 500bp 

D I 1  I I  I I  I I 1 1  I I, I , , 
A+G TAA 
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/ 
B P B B G p P GPKBG B P 

II I I I I I I I I I I  I I 
I I I I I I II 
R(95) S S R R R RS 

ATG 

5.4 (z) r - - {  ! J ~ ~ ~ 

I i ~ ~ I 4.5 (M) I"---1 
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I 
R(122) 
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l inker introduced during cloning of Dll .  ATG and TAA represent putative start and stop codons, respectively, as defined in Dl l  by 

DNA sequence analysis (Fig. 6) and in fragments A and L by cDNA/genomic cross hybridization analysis (Fig. 4}. (A)n represents the 

site of polyadenylation based on our sequence data (for D13) or those of Vassin et al. (1987) (for a cDNA that  apparently represents a 

partial copy of D12). 
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aligned consensus derived from human  and bovine FIX 

sequences (residues 47-84;  Choo et al. 1982; Kouichi et 

al. 1979; Kurachi and Davie 1982). The n in th  repeat also 

yields the op t imum al ignments  defined by the FASTP 

comparison programs between D1ZM and both factor X 

and factor VII. Rees et al. (1988) have shown that site-di- 

rected mutagenesis  of any one of-the aligned residues 

wi th in  FIX corresponding to residues 529, 531, or 546 of 

D1ZM (rep9, Fig. 7) abolishes the s t imulat ion of an enzy- 

mat ic  activity of FIX by other clotting factors in vitro. 

These investigators infer that this region of FIX partici- 

pates in a pro te in-prote in  interaction that involves 

members  of the coagulation pathway (Rees et al. 1988). 

The repeats of the extracellular domain are also similar  

in pr imary structure to EGF. The EGF peptide hormone 

is involved in a pro te in-prote in  interaction with the 

EGF receptor (Carpenter and Cohen 1979), and the EGF- 

like motif  has been detected in a number  of other pro- 

teins known or believed to participate in protein-pro-  

tein interactions (Fig. 8; Gray et al. 1983; Scott et al. 

1983; Sudhof et al. 1985; Wharton et al. 1985; Kidd et al. 

1986; Furie and Furie 1988; Jones et al. 1988; Montell  

and Goodman 1988). The extracellular domain of D1ZM 

therefore exhibits s imilar i ty  to structural motifs that 

have been implicated in prote in-prote in  interactions in 

vertebrates. 

Given the possibility that the D1ZM extracellular do- 

main  participates in pro te in-prote in  interactions, the 

structure of D1ZM provides a molecular rationale for the 

observed nonautonomous action of D1 in cell transplan- 

tation experiments (Technau and Campos-Ortega 1987). 

The accessibility of this domain of D1ZM to the extra- 

cellular compartment,  in either a free or membrane  as- 

sociated state, would permit  it to act extrinsically to 

those cells in which it is synthesized. Indeed, D1ZM ex- 

hibits structural analogy to members  of the peptide hor- 

mone receptor family, as well as to proteins that are 

found in or interact wi th  the extracellular matr ix  (Fig. 8). 

Our results are consistent with the premise, previously 

set forth by Vassin et al. (1987), that the participation of 

D1ZM in pro te in-pro te in  interactions is essential for 

ce l l -ce l l  interactions required for acquisition of epi- 

dermal identi ty wi th in  neurogenic regions of the em- 

bryo. 

D1 m a y  encode mult iple  translational products 

We have shown that transcript-specific exons for the 

minor  zygotic D1 transcripts map between the ini t iat ion 

and terminat ion codons of D1ZM (Figs. 4 and 5). If such 

an exon contains coding sequences, any polypeptide en- 

coded by the appropriate transcript must  contain amino 

acids not present in D1ZM. If such an exon does not con- 

tain coding sequences, then any polypeptide encoded by 

the appropriate transcript must  init iate or terminate at a 

position that differs from that of D1ZM. The exclusion 

of portions of the D1ZM-coding sequences corresponding 

to the FIX/EGF-Iike repeats from different minor  zygotic 

transcripts also implies that these transcripts must  differ 

Molecular biology ofDelta 

in coding potential from 5.4Z and 4.5M IFig. 4). There- 

fore, D1 may encode alternative translational products in 

addition to D1ZM, one or more of which may  also be 

essential for regulation of the proper parti t ioning of ec- 

todermal cells into neural and epidermal lineages during 

Drosophila embryogenesis. 

Exper imenta l  procedures  

Drosophila stocks 

The D1 alleles employed in this study are described in Yedvob- 

nick et al. (1985); Alton et al. (1988, 1989) and S.B Shepard, S.A. 
Broverman, and M.A.T. Muskavitch (in prep.). Markers and 

chromosomes are described in Lindsley and Grell (1968), except 
for TM6B, Hue Tb ca (TM6B), which is described in Craymer 

(1984). 

Chromosomal walking 

Chromosomal walking was performed by standard techniques 
(Bender et al. 1983) using a genomic library generated (Maniatis 
et al. 1982) in the bacteriophage kEMBL3 vector from chromo- 
somal DNA of a Drosophila strain isogenic for a single third 
chromosome (sse a ro). Selected DNA fragments along the walk 
were subcloned into either Bluescribe or Bluescript plasmid 
vectors (Stratagene, Inc.), as appropriate. The initial probe for 
the walk within 92A1-2 was obtained by isolating a genomic 
fusion fragment resulting from the rearrangement Tp(3)bxd 11° 
in which the chromosomal interval extending from 91D1 to 
92A2 is inserted into the bithoraxoid (bxd) domain of the Bith- 
orax complex (BX-C) (Lindsley and Grell 1968). The bxd ge- 
nomic segment Din3106 was employed to isolate a 16.2-kb SalI 
fusion fragment from a bacteriophage kEMBL3 genomic library 
generated using DNA prepared from adult flies heterozygous 
for the transposition. In situ hybridization of the fusion frag- 
ment to wild-type polytene chromosomes demonstrated that it 

hybridized to 89E1-4 (BX-C) and 92A1-2 (D1). 

DNA blot analysis 

Molecular lesions associated with specific mutations were lo- 
calized by comparative genomic DNA blot analysis, using la- 
beled genomic subclones as probes. Drosophila genomic DNA 
was isolated from six to eight flies, as described previously (Lis 
et al. 1983), except for elimination of organic extractions and 
RNase treatment, and resuspended in distilled water overnight 
at 4°C. DNA was digested with appropriate enzymes and size- 
fractionated on 0.8% (wt/vol) agarose gels. Fragments were 
transferred from both sides of the gel (Maniatis et al. 1982) to 
two sheets of nylon membrane, using buffers described for al- 
kaline transfer to GeneScreen Plus (New England Nuclear, 
Inc.). Filters were dried overnight and pretreated at 37°C for 2-6 
hr in 50% (vol/vol) formamide, 5 x SSC, 50 mM Tris-HC1 (pH 
8.0), 10 x Denhardt's, and 1% (wt/vol)SDS (mix A). Hybridiza- 
tions were performed in a fresh aliquot of mix A with the addi- 
tion of 0.25 mg/ml sheared denatured salmon sperm DNA, 10% 
(wt/vol) dextran sulfate (Pharmacia; 500,000), and a2p-labeled 
nick-translated probe (final concentration of 107 cpm/ml) at 

37°C for 36 hr. Filters were washed at 60°C with three changes 
of 0.1 x SSC and 0.1% (wt/vol) SDS prior to autoradiography. 
Cross-hybridization between N and D1 was detected by probing 
subclones of genomic fragments within D1 at reduced strin- 
gency (Knust et al. 1987), using a 3.0-kbp BglII fragment from N 
composed entirely of EGF-related coding sequences (Wharton et 

al. 1985). 
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Table 1. Comparison of sequences for cDNA inserts representing D1 transcripts 

P°siti°n/Seq uencea Coding 

ref. A ref. B Alteration b impact ~ 

Verification d 

DSC 7dG SSG 

44-5(- ) 35(G) deletion none + + 

150(A) 141 (C) missense K o N  + 

246(CJ 237(T) tpbc none + 

549(T) 540(C) tpbc none + 

612(G) 603(A) tpbc none + 

861 (A) 852(G) tpbc none + 

894(G) 885{A) tpbc none + 

981 {T) 972(A) tpbc none + 

1009(C) 1000(T) tpbc none + 

1413(A) 1404(C) tpbc none + 

1482(A) 1473{G) tpbc none + 

1506{T) 1497(C) tpbc none + 

2391 (C)e 2382(T) tpbc none + 

2415(A) 2406(C) tpbc none + 

2469(T) 2460(C) tpbc none + 

2550(G) 2541 (A) tpbc none + 

2536-7(- )~,g 2528(A) deletion frameshift + + 

2548(C)g 2539-40(- ) addition frameshift + + 

2570(C) 2561 (T) mis sense A ~ V  + 

2628-9( - )h 2619(T) deletion frameshift + + 

2661 (T) i 2653(G) transition none + + 

2746-7(- ) 2739(C) deletion none + + 

a Nucleotide positions are presented as designated in the respective publications. {Ref. AI C.C. Kopczynski et al., this work (Ref. B) 

Vassin et al. 1987. The identity of the nucleotide of interest is given in parentheses. ( - ) Nucleotide absent from one sequence relative 
to the other sequence. 

b Deletions and additions noted are for our sequence relative to that of Vassin et al. {1987). {tpbc) Third position base change in codon. 

When differences occur in the identity of a given amino acid residue, the amino acid encoded by the sequence presented in this work 

is given to the left in the column. 

d (DSC1 Double-strand sequencing of the Dl l  cDNA insert, as described herein; {7dG) single-strand or double-strand sequencing of the 

Dl l  cDNA insert in the presence of 7-deazaguanine nucleoside triphosphate, as described in Mizusawa et al. {1986); (SSG) single- 

strand sequencing of genomic fragments K and L {Fig. 4J, as described herein; ( + ) this method was employed to confirm the sequence 
difference noted. 

e Sequence presented in this work also verified by restriction mapping of a SacII recognition site specific to our sequence within the 

Dl l  cDNA insert and genomic fragment L {Fig. 4). 

f Sequence presented in this work also verified by restriction mapping of an NlaIV recognition site specific to our sequence within  the 
Dl l  cDNA insert. 

g Sequence presented in this work also verified by single-strand sequencing within genomic fragment K {Fig. 41, as described by 

Mizusawa et al. (1986). 

h Sequence presented in this work also verified by restriction mapping of an NdeI recognition site specific to our sequence within the 

Dl l  cDNA insert and genomic fragment L {Fig. 4). 

i Our sequence data indicate the presence of a G at this position in genomic fragment L {Fig. 4J. 

Figure 6. DNA sequence of the cDNA insert Dll  and the deduced primary amino acid sequence of D1ZM. The coordinate of the first 

nucleotide in each row is listed at left; the coordinate of the last deduced amino acid in each row is listed at right. The dashed box 

indicates the core of a putative signal sequence {Perlman and Halvorson 19831; the solid box indicates a putative transmembrane 

domain (Kyte and Doolittle 1982 I. Bold underlining underscores cysteine-rich internal repeat elements  with sequence similarity to 

FIX and EGF isee Fig. 7). Circles encompass asparagine residues within contexts defined previously for potential N-linked glycosyla- 

tion sites (Hirschberg and Snider 19871. (*1 The putative stop codon. Additions and deletions between this sequence and that of Vassin 

et al. {19871, differences altering coding capacity and codon third position changes with no impact on coding capacity are described in 

Table 1. 
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1 GGAGGAATTATTCAAAACATAAACACAATAAACAAT T T GAGTAGTTG C C GCACACACACACACACACAGC C C GT GGAT TATTACACTAAAAGCGACAC TCAAT CCAAAAAATCAGCAACA 

121 AAAACATCAATAAACATGCAT TGGATTAAATGT T TATTAACAGCAT T CATTT GCT TCACAGT CAT CGTGCAG GTT CACAGTT CC GGCAGCT T T GAGTTGCGCC TGAAGTAC TTCAGCAAC 

M H W I K IC""L""L""T'"'K""F'""I""C"'"F'"'T'"'V'"'I'"'V'"'Q'"V'~ H S S G S F E L R L K Y F S N 35 
.................................................................................... 
• 

241 GATCACGGGCGGGACAA•GAGGGTCGCTGCTGCAGCGGGGAGTCGGACGGAGCGACGGGCAAGTGCCTGGGCAGCTGCAAGACGCGGTTT•GGCTCTGCCTAAAGCA•TACCAGGC•ACC 

D H G R D N E G R C C S G E S D G A T G K C L G S C K T R F R L C L K H Y Q A T 75 

361 ATCGACACCACCTCCCAGTG•ACCTACGGGGACGTGATCACGCCCATT•TCGGCGAGAACTCGGTCAATCTGACCGACGC••AGCGCTTCCAGAACAAGGGCTTCACGAATCCCATCCAG 

I D T T S Q C T Y G D V I T P I L G E N S V ~ L T D A Q R F Q N K G F T N P I Q 115 

481 TTCCCCTTCTCGTTCTCATGG••GGGTACCTTCTCGCTGAT•GTCGAGGCCTGGCATGATA•GAACAATAGCGG•AATG•GCGAA••AACAAGCTCCTCATCCAGCGACTCTTGGTG•AG 

F P F S F S W P G T F S L I V E A W H D T ~ N S G N A R T N K L L I Q R L L V Q 155 

601 CAGGTACTGGAGGTGTCCTCCGAATGGAAGACGAACAAGTCGGAATCGCAGTACACGTCGCTGGAGTACGATTTCCGTGTCACC TGCGATCTCAACTACTAC GGATCCGGC TGTGCCAAG 

Q V L E V S S E W K T ~ K S E S Q Y T S L E Y D F R V T C D L N Y Y G S G C A K 195 

721 TTC TGCCGGCCCCGCGACG~ T TCATTTGGACACTCGACTTGCTCGGAGACGGGCGAAATTATCTGT TTGACCGGATGGCAGGGC GATTACTGTCACATACCCAAATGCGCCAAAGGCTGT 

F C R P R D D S F G H S T C S E T G E I I C L T G W ~ G D Y C H I P K C A K G C 235 

841 GAACATGGACAT TGCGACAAACCCAATCAATGCGTTTGC CAACTGGGC TGGAAGGGAGCCTTGTGCAACGAGTGC GTTCTGGAACCGAACTGCATCCATGGCACCTGCAACAAACCCTGG 

E H G H C D K P N Q C V C Q L G W K G A L C N E C V L E P N C I H G T C N K P W 275 

961 ACT TGCATCTGCAACGAGGGTTGGGGAGGC TTGTACTGCAACCAGGATCTGAACTAC TGCACCAACCACAGACCC TGCAAGAAT GGCGGAACCTGCTTCAACACCGGCGAG GGATTGTAC 

T C I C N E G W G G L Y C N Q D L N Y C T N H R P C K N G G T C F N T G E G L Y 315 

1081 ACATGCAAATGCGCTCCAGGATACAGTGGT GATGATTGCGAAAATGAGATCTACTCC TGCGATGCC GATGTCAAT CCCTGCCAGAATGGTGGTACCTGCATC GATGAGCCGCACACAAAA 

T C K C A P G Y S G D D C E N E I Y S C D A D V N P C Q N G G T C I D E P H T K 355 

1201 ACCGGCTACAAGT GTCATT, ~CCGCAACGGCTGGAGCGGAAAGATGT GCGAGGAGAAAGT GCT CACGT GT T CG GACAAAC CCT GT CAT CAGG GAAT CTGCCGCAACGTTCGT CCTGGT T TG 

T G Y K C H C R N G W S G K M C E E K V L T C S D K P C H ~ G I C R N V R P G L 395 

1321 GGAAGCAAGGGTCAGGGCTACCAGTGCGAATGTCCCATT GGCTACAGC GGACCCAAC TGCGATCTC CAGCTGGACAACTGCAGT CCGAATCCATGCATAAAC GGTGGAAGCTGTCAGCCG 

G S K G Q G Y Q C E C P I G Y S G P N C D L Q L D {~ C S P N P C I N G G S C Q P 435 

1441 AGC GGAAAGTGTATTTGC C C CAGCGGATTT TCGGGAACGAGATGCGAGACCAACAT T GACGATTGT CTTGGC CAC CAGTGCGAGAACGGAGGCACC TGCATAGATAT GGT CAAC CAATAT 

S G K C I C P S G F S G T R C E T N I D D C L G H Q C E N G G T C I D M V N Q Y 475 

1561 CGC TGCCAATGC GTTCCCGGT TTCCATGGCACCCACTGTAGTAGCAAAGTTGACTTGTGCCTCATCAGACCGTGT G CCAATGGAGGAACCTGC T TGAATCTCAACAACGAT TACCAGTGC 

R C Q C V P G F H G T H C S S K V D L C L I R P C A N G G T C L N L N N D Y Q C 515 

1681 ACC TGTCGTGCGGGATTTACTGGCAAGGATTGCTCCGTGGACATCGATGAGTGCAGCAGTGGACCC TGTCATAACGGCGGCACT TGCATGAAC CGCGTCAAT TCGTTCGAATGCGTGTGT 

T C R A G F T G K D C S V D I D E C S S G P C H N G G T C M N R V N S F E C V C 555 

1801 GCCAATGGTTT•AGGGGCAAGCAGTGCGATGAGGAGT•cTACGATT•GGTGA••TTCGATGCCCACCAATATGGAGCGACCA•A•AAGCGAGAGCCGATGGTTTAGC•A ~TGCCCAGGTA 

A N G F R G K O C D E E S Y D S V T F D A H Q Y G A T T Q A R A D G L A N A Q V 595 

1921 GTCCTAATTGCT GTTTTCTCC GTTGCGATGCCTTTGGTGGCGGTTATT GCGGCGTGCGTGGTCTTC T GCATGAAG C GCAAGCGTAAGCGTGCT CAGGAAAAG GACAACGC G GAGGC CAGG 

I,V L I A V  F S V A M P L v A V  I A A C V V  F I C  M K R K R K R A Q E K D N A E A R  6 3 5  

2041 AAG CAGAACGAACAGAAT GCAGTGGCCACAATGCATCACAATGGCAGT GCGGTGGGT GTAGCTTTGGCTTCAGCC TCTATGGGC GGCAAAAC T GGCAGCAACAGCGGT CT CACCTTCGAT 

K Q N E Q N A V A T M H H O G S A V G V A L A S A S M G G K T G S N S G L T F D 675 

2161 GGC GGCAACCC GAATATCATCAAAAACACC TGGGACAAG TCGGTCAACAACATTTGT GCCTCAGCAGCAGCAGCG GCGGCGGCG GCAhCAGCG GCGGAC GAG T G TC T CATG TAC GGCGGA 

G G N P N I I K N T W D K S V N N I C A S A A A A A A A A A A A D E C L M Y G G 715 

2281 TAT GTGGC C TCGGT GGCGGATAACAACAAT GCCAACTCAGACTTTTGT GTG GC T C C G C TACAAAGAGCCAAGT C G cAAAAGCAACTCAACAC C GATCCCACGCTCATGCACCGCGGTTCG 

Y V A S V A D N N N A N S D F C V A P L Q R A K S Q K Q L N T D F T L M H R G S 755 

2401 CCGGCAGGCACGTCAGCCAAGGGAGCGTCTGGCGGAGGACCGGGAGCGGCGGAGGGCAAGAGGATC TCTGTTTTAGGCGAGGGT TCCTACTGTAGCCAGCGT TGGCCCTCGTTGGCGGCG 

P A G T S A K G A S G G G P G A A F. G K R I S V L G E G S Y C S Q R W P S L A A 795 

2521 GCGGGAGTGGCCGGAGCCTGTTCATCCCAGCTAATGGCT GCAGCTTCGGCAGCGGGCACGGACGGGACGGCGCAACAGCAGCGATCCGTGGTC TGCGGCACT CCGCATATGTAACTCCAA 

A G V A G A C S S Q L M A A A S A A G T D G T A Q Q Q R S V V C G T P H M * 832 

2641 AAATCCG GAAGGGCTCC T GGTAAATCCGGAGAAATCCGCAT GGAGGAGCTGACAGCACATACACAAAGAAAAGAC TGGGTTGGGT T CAAAATGT GAGAGAGAC GC CAAAATGTTGTTGT T 

2761 GATTGAAGCAGTT TAGTCGTCACGAAAAATGAAAAATCT GTAACAGGCATAACTCGTAAACTCCCTAAAAA T TTGTATAGTAATTAGCAAAGCTGTGACCCAGCCGTTTCGATC 2874 

Figure 6. {See facing page for legend.) 
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Figure 7. Repeats within the DIZM primary amino acid sequence and their relationships to other proteins. (Top) Alignment of 

cysteine-rich repeats within the deduced sequence of D1ZM. This alignment is based on that published by Rees et al. (1988) for FIX 

and Notch. The coordinate of the last amino acid residue in each row is listed at right. [Bottom) Consensus sequences for the nine 

full-length repeats of the D1ZM cysteine-rich array [Fig. 6); the 36 full-length repeats of the Notch cysteine-rich array (Wharton et al. 

1985; Kidd et al. 1986); human and bovine FIX cysteine-rich motif (Kouichi et al. 1979; Kurachi and Davies 1982); human, mouse, and 

rat EGF (Gregory and Preston 1977; Gray et al. 1983; Scott et al. 1983; Simpson et al. 1985}; and [3-hydroxylation oi aspartate or 

asparagine (Sterfflo et al. 1987). Consensus sequences include single residues, alternate residues (D/N, F/Y), or any amino acid (X) 

present in 50% or more of the repeat elements (D1ZM and Notch); residues present m two or three of the sequences (EGF); residues 

present in both sequences (FIX); and a previously published consensus (f3-hydroxylation). Visual means were employed to maximize 

the alignment of the D1ZM repeats and the FIX and EGF consensus sequences. Boxes encompass identical amino acid residues or 

conservative alternative residues (D/N, F/Y, or S/T) at single positions. 
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Figure 8. Comparison of the inferred one:dimensional structure of the predominant product of the D] locus with the structures of 

proteins known or believed to be involved in cell-cell interactions. The schematic depictions represent the amino acid sequences of 

known or putative mature forms of vertebrate EGF receptor (Ullrich et al. 1984), Notch (Wharton et al. 1985; Kidd et al. 1986), DIZM 

(this paper; Vassin et al. 1987), nerve growth factor receptor (Johnson et al. 1986), vertebrate [~-integrin (Takmun et al. 1986), and 

Drosophi]a laminin B1 chain (Montell and Goodman 1988). Cysteine-rich domains are symbolized by fine hatching; FIX/EGF-like 
domains are symbolized by heavy hatching. 
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RNA blot analysis 

Total RNA was prepared from staged embryos (Meyerowitz and 

Hogness 1982), and poly(A) + RNA was selected by oligo(dT)- 

cellulose chromatography {Maniatis et al. 1982). Poly{A) + RNA 

samples were denatured with glyoxa] and size-fractionated on 

1.2% agarose gels (Maniatis et al. 1982), then transferred to Bio- 

trans nylon membranes according to manufacturer's instruc- 

tions (ICN Biomedicals, Inc.). Filters were UV-irradiated to fix 

RNA (Church and Gilbert 1984) and pretreated at 37°C for 6 hr 

in mix A, including 5% (wt/vol) SDS, 0.1% (wt/vol) NaPPi, 0.5 

mg/ml sheared denatured salmon sperm DNA, and 10% (wt/ 

vol) dextran sulfate. Hybridizations were performed in a fresh 

aliquot of the same solution with the addition of 32p-labeled 

nick-translated probe (final concentration of 10 z cpm/ml) at 

37°C for 12-16 hr. Filters were washed at 70°C with three 

changes of 2 x SSC, 0.1% (wt/vol)NaPPi, and 1% (wt/vol)SDS 

prior to autoradiography. Transcription was oriented by hybrid- 

ization to embryonic RNA blots, using 32p-labeled single- 

stranded RNA probes generated by in vitro transcription of ge- 

nomic subclones (fragments A, E, and G; Fig. 4). 

Isolation of cDNA clones 

The cDNA clone containing insert D l l  was isolated by 

screening a recombinant phage library made using 4- to 7-hr 

embryonic poly(A) + RNA (provided by Barry Yedvobnick, 

Emory University; Yedvobnick et al. 1985) with a 32P-labeled 

nick-translated probe that hybridizes to 5.4Z and 4.5 M. The 

eDNA clones containing inserts D12 and D13 were isolated 

from recombinant plasmid libraries made using either 0- to 4-hr 

or 4- to 8-hr embryonic poly(A) + RNA (provided by Nicholas 

Brown, Harvard University; Brown and Kafatos 1988) by 

screening with 32P-oligo-labeled (Feinberg and Vogelstein 1984) 

probes specific for 5.4Z or that hybridize to 5.4Z and 4.5M. Dif- 

ferential hybridization behavior with appropriate probes was 

assessed to identify candidate clones representing 5.4Z and 

4.5M, based on RNA blot data (Figs. 2-4). 

DNA sequencing and data analysis 

Fragments from genomic and cDNA clones were subcloned 

into Bluescript vectors (KS, +, and - versions; Stratagene, 

Inc.). Single-stranded DNA was prepared from each subclone, 

according to Mead et al. (1986), using either JM109 or NM522 

as hosts strains and the phage M13K07 as helper. Subcloned 

fragments were sequenced by the dideoxynucleotide-termina- 

tion method, using a modified T7 DNA polymerase (Sequenase; 

U.S. Biochemicals, Inc.) and [ct-asS]dATP (New England Nu- 

clear, Inc; 110 Ci/mmole). The sequencing strategy employed 

to determine the complete sequence of both strands of D11 (Fig. 

6) is presented in Figure 9. DNA sequences were analyzed using 

programs from each of three software packages: the University 

of Wisconsin Genetics Computer Group (UWGCG) programs; 

the FASTP programs (Lipmann and Pearson 1985); and the IBI- 

Pustell programs (International Biotechnologies, Inc.). 

General procedures 

Phage (Cameron et al. 1977) and plasmid (Maniatis et al. 1982) 

DNAs were isolated using standard techniques. Autoradiog- 

raphy was performed with Kodak XAR film; intensifying 

screens were used for 32p autoradiography. 

(R) P K B Nc K P Hc 
I I ! I I I I I 

Bs Hc P (R) 
I I I I 

200bp 

Figure 9. Sequencing strategy for cDNA insert Dll.  The thick 

bar represents the Dll  cDNA insert. Positions of recognition 

sequences for selected restriction sites within Dll are repre- 

sented by vertical strokes. Abbreviations are the same as those 

in Fig. 5, except (Nc) NcoI; (Hc) HincII; (Bs) BstEII. Arrows rep- 

resent extent of DNA sequence data obtained from single sub- 

clones: Rightward pointing arrows indicate sequence from 

mRNA strand of eDNA; leftward pointing arrows indicate se- 

quence from template strand of cDNA. 
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