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Delta, a Drosophila neurogenic gene, is
transcriptionally complex and encodes
a protein related to blood coagulation
factors and epidermal growth factor of

vertebrates
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Delta (D]) 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 minimum 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 (DI}, 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

'Present address: Department of Biological Sciences, Western Illincis
University, Macomb, Illinois 61455 USA.

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, DI, 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;
tive 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 DI 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 DI pro-
duces multiple maternal and zygotic transcripts. We find
that the predominant maternal and embryonic DI tran-
scripts appear to encode the same product. This protein
exhibits a structure that is consistent with the participa-
tion of DI 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 DI
product in relation to alternative transcript-specific ex-
onic regions implies that DI may encode a number of
distinct translational products maternally and zygoti-
cally.

Results
Physical definition of D1

Our previous genetic and cytogenetic analyses of DI
{Alton et al. 1988) revealed that the distal breakpoint of
the rearrangement Df(3R)bxd?? (92A2) constitutes a te-
lomere-proximal limit for DI, while the distal break-
point of the rearrangement Df(3R)ChaM1 (91F5-92A1)
constitutes a centromere-proximal limit for DI. 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 DI mutations (Fig. 1) by comparative genomic
DNA blot analysis of 69 independent DI 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?!®, Cha™®, ChaM!, DI™2,
DIBX35 and DIBX38) or the entirety (DI alleles BX2, BX6,
and BX12) of the chromosomal walk. Approximate end
points have been defined for four deficiencies: bxd!°,
Cha™®, DI™2 and Cha™!. 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 DI 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 DI 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 DI 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 DI 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 DI. 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 DI 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 DI and N that maps be-
tween a Pvull site 1.9 kb upstream of the junction be-
tween fragments | and K and the Pstl site between frag-
ments K and L (Fig. 4). 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 DI-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 DI

Screening of cDNA libraries derived from 4- to 8-hr em-
bryonic poly(A)* RNA with DI probes yielded a number
of clones (Fig. 5). Hybridization of D11, D12, and DI3 to
subclones representing the entire DI transcription unit
(Fig. 5) demonstrates that each insert hybridizes exclu-
sively to those genomic fragments within which exonic
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Figure 1. Physical organization of DI 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 DI 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 {BamH]I, 0 kbp). The positions of recognition sequences for
restriction enzymes EcoRI and Sall are depicted below the coordinate scale. Deficiencies bxd!?? (DI-), Cha™® (DI~), DIM2 (D]~ and
ChaM! (DI*) have been described in Alton et al. (1988). Limits in our coordinate scheme for individual physical lesions depicted
comprise bxd'!?, between coordinate — 1.5 kbp and the BamHI site at 0 kbp; Cha™®, 8.2 kbp EcoRI fragment, 7.4—15.6 kbp; DIM2, 4.9
kbp Sall fragment, 81.9—87.0 kbp; ChaM?, between an EcoRlI site at 159.9 kbp and coordinate 162.9 kbp; CS20 and HDé62, 1.3-kbp Sacl
fragment, 95.5-96.8 kbp; CE43 and HD82, 3.0-kbp BamHI-Sacl fragment, 98.6-101.6 kbp; HD9, 4.8-kbp Sacl 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; BX11, 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 DI2 and DI3 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 O- to 4-hr embryonic poly(A)*
RNA, which is expected to be biased toward maternally
loaded transcripts, supports the contention that 4.5M
represents a maternal transcript (data not shown). Re-
striction map analysis indicates that DIl represents a
transcript that is colinear with those represented by DI2
and DI3. DNA sequence data are consistent with the
premise that DI1 represents a partial copy of a DI 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 utilized in the mouse a-amylase gene (Tosi et al.
1981). Restriction mapping and hybridization data place
the 3’ terminus of DI2 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 ~800 bases downstream from that of
4.5M, and the 5’ terminal extents of D12 and DI3 are
comparable (Fig. 5). These data suggest DI2 and DI3 rep-
resent transcripts that initiate at a common site and
differ solely on the basis of polyadenylation site choice.

The sequence of D11 (Fig. 6) reveals that the transcript
it represents has the potential to encode a putative
transmembrane protein with 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 26-595), transmembrane
domain (residues 596—-617; Kyte and Doolittle 1982);
stop—transfer 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) exhibiting the consensus observed for po-
sitions of asparagine-linked glycosylation in proteins
that are modified during passage through the rough en-
doplasmic reticulum and Golgi apparatus (Hirschberg
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Figure 2. Temporal accumulation of DI 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-
tertilized eggs (UE), compared to 2 ug of poly(A)* RNA from a
mixed population of embryos, 6- to 9-hr postoviposition. (b)
Each lane contains 3 pg 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-Alul fragment
from DI11 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 D11, D12, and
DI3 implies that the predominant maternal and zygotic
DI transcripts share the same coding capacity with D11
(Figs. 5 and 6). We refer to this putative translational
product of DI as D15.4Z/4.5M (DIZM). 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 DI locus (see Table 1 and Discus-
sion).

The most striking feature of the sequence of DIZM 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 DIZM (data not shown).
Use of the FASTP sequence comparison programs (Lip-
mann and Pearson 1985} to analyze the similarity be-
tween the DIZM 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 lin-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}, B-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 DIZM
and sequences currently compiled in the PIR data base.

Further scrutiny of repetitive sequences within the
DIZM and Notch proteins reveals that consensus se-
quences that yield ungapped alignments with a region of
FIX can be derived from DIZM 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 DIZM,
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 {Stenflo et al. 1987). The biological sig-
nificance of this modification is not currently under-
stood.

Discussion

Multiple alternative transcripts arise from DI during
oogenesis and embryogenesis

The temporal pattern of transcript accumulation from
the DI 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 Sall fragment that consists
of fragment I and the adjacent 0.5 kbp of fragment J. Lanes con-
tain 3 pg 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 1) Fragment A subclone digested with
BamHI, Sacl, and Aval; (lane 2) fragment B subclone digested
with Sacl and Hincll; {lane 3) fragment C digested with Sall and
Pstl. 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 DI 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 DI 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 DI transcripts is
consistent with observations suggesting that DI encodes
a maternal component (Dietrich and Campos-Ortega
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1984). The minor maternal 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 DI 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 DI. 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 DI 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 maternal DI transcripts
appear to encode the same polypeptide, which we have
designated DIZM in light of its apparent dual-stage ex-
pression. The deduced amino acid sequence of this pro-
tein implies that the predominant product of DI 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 DI and N are homolo-
gous genes, derived by descent from a common ancestor.

Comparison of the sequence we have determined for
DIZM 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 < NJ. 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 DI
The interval of the chromosomal walk from
coordinate 91-133 kbp is depicted. Each
arrow represents a composite of those restric-
tion fragments that cross-hybridize to a tran-
script(s) of the indicated length; vertical lines
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R(133)

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-
mulates in eggs during oogenesis; (Z/z) accu-
mulation predominantly zygotic. The posi-

5.4 kb (Z)/5.4 kb(z)
4.5 kb (M)
3.6 kb (m)
3.5kb (2)
2.8kb(z)

tions of recognition sequences for restriction

enzymes are represented by vertical strokes

on appropriate lines; (R) EcoRl; (S) Sall. (CEN)

Centromere proximal; (TEL) telomere prox-

imal. Xho | |

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-
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

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
cDNA 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 Xbal-Aval fragment within frag-
ment A (Fig. 4). The 3’ terminus of 4.5(M) has been local-

DI 3

DI 2

Di1

whether these differences reflect interstrain variation or
arise due to other causes.

We propose that the primary structure of DIZM 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-
gions. 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 DIZM and FIX involves the ninth
complete repeat of the DIZM array (Fig. 7), a repeat that
exhibits 47% identity (18 of 38 residues) with the

GKP P
[N

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) Bglll; {H)
Hinclll; (K) Kpnl; (P} Pstl; (R) EcoRlI; (S), Sall; (R), EcoRI

5.4 (2)
4.5 (M)
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R(122)
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linker introduced during cloning of D11. ATG and TAA represent putative start and stop codons, respectively, as defined in D11 by
DNA sequence analysis (Fig. 6) and in fragments A and L by cDNA/genomic cross hybridization analysis (Fig. 4). (A), 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 DI2).
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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 ninth repeat also
yields the optimum alignments defined by the FASTP
comparison programs between DIZM and both factor X
and factor VIL Rees et al. (1988) have shown that site-di-
rected mutagenesis of any one of -the aligned residues
within FIX corresponding to residues 529, 531, or 546 of
DIZM (rep9, Fig. 7) abolishes the stimulation of an enzy-
matic activity of FIX by other clotting factors in vitro.
These investigators infer that this region of FIX partici-
pates in a protein—protein interaction that involves
members of the coagulation pathway {Rees et al. 1988).
The repeats of the extracellular domain are also similar
in primary structure to EGF. The EGF peptide hormone
is involved in a protein—-protein 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 DIZM
therefore exhibits similarity to structural motifs that
have been implicated in protein—protein interactions in
vertebrates.

Given the possibility that the DIZM extracellular do-
main participates in protein—protein interactions, the
structure of DIZM provides a molecular rationale for the
observed nonautonomous action of DI in cell transplan-
tation experiments (Technau and Campos-Ortega 1987).
The accessibility of this domain of DIZM 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, DIZM ex-
hibits structural analogy to members of the peptide hor-
mone receptor family, as well as to proteins that are
found in or interact with the extracellular matrix (Fig. 8).
Our results are consistent with the premise, previously
set forth by Vassin et al. (1987), that the participation of
DIZM in protein—protein interactions is essential for
cell—cell interactions required for acquisition of epi-
dermal identity within neurogenic regions of the em-
bryo.

DIl may encode multiple translational products

We have shown that transcript-specific exons for the
minor zygotic DI transcripts map between the initiation
and termination codons of DIZM (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 DIZM. If such an exon does not con-
tain coding sequences, then any polypeptide encoded by
the appropriate transcript must initiate or terminate at a
position that differs from that of DIZM. The exclusion
of portions of the DIZM-coding sequences corresponding
to the FIX/EGF-like repeats from different minor zygotic
transcripts also implies that these transcripts must differ

Molecular biology of Delta

in coding potential from 5.4Z and 4.5M (Fig. 4). There-
fore, DI may encode alternative translational products in
addition to DIZM, one or more of which may also be
essential for regulation of the proper partitioning of ec-
todermal cells into neural and epidermal lineages during
Drosophila embryogenesis.

Experimental procedures
Drosophila stocks

The DI 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, Hu e 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 AEMBL3 vector from chromo-
somal DNA of a Drosophila strain isogenic for a single third
chromosome (sse? 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'?°
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 Dm3106 was employed to isolate a 16.2-kb Sall
fusion fragment from a bacteriophage AEMBL3 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 (D).

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, 5x SSC, 50 mm Tris-HCl (pH
8.0}, 10x 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 32P-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 DI was detected by probing
subclones of genomic fragments within DI at reduced strin-
gency (Knust et al. 1987}, using a 3.0-kbp Bg/Il 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 DI transcripts

Position/Sequence? Coding Verificationd
ref. A ref. B Alterationb impact® DSC 7dG SSG
44-5(—) 35(G) deletion none + +

150(A) 141{C) missense KeN +

246(C| 237(T) tpbe none +

549(T) 540(C) tpbe none +

612(G) 603(A) tpbe none +

861(A) 852(G) tpbe none +

894(G) 885(A) tpbe none +

981{T) 972(A) tpbc none +
1009(C) 1000(T) tpbe none +
1413(A) 1404(C) tpbe none +
1482(A) 1473(G) tpbe none +
1506(T) 1497(C) tpbe none +
2391(CJe 2382(T) tpbe none +
2415(A) 2406(C}) tpbc none +
2469(T) 2460(C) tpbc none +
2550(G) 2541(A) tpbc none +
2536-7(—Jis 2528(A) deletion frameshift + + +
2548(Cjs 2539-40( - addition frameshift + + +
2570(C) 2561(T) missense AoV +
2628-9(— b 2619(T) deletion frameshift + + +
2661(T) 2653(G) transition none + + +
2746-7(—) 2739(C) deletion none + + +

* Nucleotide positions are presented as designated in the respective publications. (Ref. A] 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.

4{DSC) Double-strand sequencing of the D11 cDNA insert, as described herein; (7dG) single-strand or double-strand sequencing of the
DIl 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. 4), as described herein; (+) this method was employed to confirm the sequence
difference noted.

¢ Sequence presented in this work also verified by restriction mapping of a Sacll recognition site specific to our sequence within the
DI1 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
DIl cDNA insert.

& Sequence presented in this work also verified by single-strand sequencing within genomic fragment K (Fig. 4), as described by
Mizusawa et al. (1986).

b Sequence presented in this work also verified by restriction mapping of an Ndel recognition site specific to our sequence within the
D11 cDNA insert and genomic fragment L (Fig. 4).

1 Qur sequence data indicate the presence of a G at this position in genomic fragment L (Fig. 4.

Figure 6. DNA sequence of the cDNA insert D11 and the deduced primary amino acid sequence of DIZM. 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 1983); the solid box indicates a putative transmembrane
domain {Kyte and Doolittle 1982). Bold underlining underscores cysteine-rich internal repeat elements with sequence similarity to
FIX and EGF (see Fig. 7). Circles encompass asparagine residues within contexts defined previously for potential N-linked glycosyla-
tion sites (Hirschberg and Snider 1987). (*) The putative stop codon. Additions and deletions between this sequence and that of Vassin
et al. (1987), differences altering coding capacity and codon third position changes with no impact on coding capacity are described in
Table 1.
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GGAGGAATTATTCAAAACATAAACACAATAAACAATTTGAGTAGT TGCCGCACACACACACACACACAGCCCGTGGATTATTACACTAAAAGCGACACTCAATCCAAAAAATCAGCAACA
AAAACATCAATAAACATGCATTGGATTAAATGT TTATTAACAGCATTCATTTGCTTCACAGT CATCGTGCAGGTTCACAGTTCCGGCAGCT TTGAGTTGCGCCTGAAGTACTTCAGCAAC
M H W I K [C L L T A F I ¢ F T V I V Q Vl H S s 6 s F E L R L K Y F s N 35

GATCACGGGCGGGACAACGAGGETCGCTGC TGCAGCGGGGAGTCGGACGGAGCGACGGGCAAGTGCCTGGGCAGC TGCAAGACGCGGTTTCGGCTCTGCCTAAAGCACTACCAGGCCACT
D HGRDNEGRTCTCSGESDGA AT GIZ KT CTILSGSTCZ XKTURT FRTILTECECILIZ XU HYOAT?775

ATCGACACCACCTCCCAGTGCACCTACGGGGACGTGATCACGCCCATTCTCGGCGAGAACTCGGTCAATCTGACCGACGCCCAGCGCTTCCAGAACAAGGGCTTCACGAATCCCATCCAG
I DTTSQCTYGDVITEPTITLGET NS V®?LTDAOLQRTFUOQNZ KSGTFTNEPTIOQ IS

TTCCCCTTCTCGTTCTCATGGCCGGGTACCTTCTCGCTGATCGTCGAGGCCTGGCATGATACGAACAATAGCGGCAATGCGCGAACCAACAAGCTCCTCATCCAGCGACTCTTGGTGCAG
F P F 8 F s WP G T F s L I V EAUWUHBTUDT GD N 5 6 N AR TNIKULULTIOQU RTILUL V Q 155

CAGGTACTGGAGGTGTCCTCCGAATGGAAGACGAACAAGTCGGAATCGCAGTACACGTCGCTGGAGTACGATTTCCGTGTCACCTGCGATCTCAACTACTACGGATCCGGCTGTGCCAAG
Q VL E V S 8 E W K T QD K S E S @ Y TS LEYUDTFR RV T CDULNZYY G S 6 C A K 195

TTCTGCCGGCCCCGCGACGAT TCATTTGGACACTCGACT TGCTCGGAGACGGGCGAAATTATCTGT TTGACCGGATGGCAGGGCGATTACTGTCACATACCCAAATGCGCCAAAGGCTGT
F ¢C R P RDD S F GGHS T ¢S ETSGETITICLTGGW QO G D Y C H I P K C A K G C 235

GAACATGGACAT TGCGACAAACCCAATCAATGCGTTTGCCAACTGGGC TGGAAGGGAGCCTTGTGCAACGAGTGCGTTCTGGAACCGAACTGCATCCATGGCACCTGCAACAAACCCTGG
E H G H CD XK PN QCV C QLG WK GA UL CNZETCUVILEU®PNTCTIUHGTCNIEKP W 275

ACTTGCATCTGCAACGAGGGT TGGGGAGGC TTGTACTGCAACCAGGAT CTGAACTACTGCACCAACCACAGACCC TGCAAGAAT GGCGGAACCTGCTTCAACACCGGCGAGGGATTGTAC
T ¢ I ¢ N E G W G 6 L Y CN QD LN Y CTNH®R®PCIXKNGGT CF NTG E G L Y 315

ACATGCAAATGCGCTCCAGGATACAGTGGT GATGATTGCGAAAATGAGATCTACTCCTGCGATGCCGATGTCAATCCCTGCCAGAATGGTGGTACCTGCATCGATGAGCCGCACACAAAA
T C K C AP G Y S 6D DCENZETI Y S CDADUVNZPCQNGGTOCIDEPHT K 35

ACCGGCTACAAGTGTCATTGCCGCAACGGCTGGAGCGGAAAGATGTGCGAGGAGAAAGTGCTCACGTGTTCGGACAAACCCTGTCATCAGGGAATCTGCCGCAACGTT&GTCCTGGTTTG
r ¢ Y XK c H C R N G W S G K M CEE K VL T CS D K P C H O G I C R N V R P G L 395

GGAAGCAAGGGT CAGGGCTACCAGTGCGAATGTCCCATTGGCTACAGC GGACCCAACTGCGATCTCCAGCTGGACAACTGCAGTCCGAATCCATGCATAAACGGTGGAAGCTGTCAGCCG
G S K 6 0 6 Y O CECP I GY S GP N CD L Q L D GD C S P N P C I N G G S C Q P 435

AGCGGAAAGTGTATTTGCCCCAGCGGATTT TCGGGAACGAGATGCGAGACCAACATT GACGATTGTCTTGGCCAC CAGTGCGAGAACGGAGGCACCTGCATAGATATGGTCAACCAATAT
S 6 K ¢ I C P S G F S GG TR CETNWNIDUDTCULGHQCENGZ GTCIDMUVNOQ Y 475

CGCTGCCAATGCGTTCCCGGT TTCCATGGCACCCACTGTAGTAGCAAAGTTGACTTGTGCCTCATCAGACCGTGT GCCAATGGAGGAACCTGC TTGAATCTCAACAACGAT TACCAGTGC
R C Q ¢C VP GF H G T HC S S K VD LCULIRUPCANGSGTT CLNILNWNDY Q C 515

ACCTGTCGTGCGGGATTTACTGGCAAGGAT TGCTCCGTGGACATCGATGAGTGCAGCAGTGGACCC TGTCATAAC GGCGGCACT TGCATGAACCGCGTCAATTCGTTCGAATGCGTGTGT
T C R A G F T G KD C s Vv D IDETCS S G P CHNGGTCMNARUVNSTFEC V C 555

GCCAATGGTTTCAGGGGCAAGCAGTGCGAT GAGGAGTCCTACGATTCGGTGACCTTCGATGCCCACCAATATGGAGCGACCACACAAGCGAGAGCCGATGGTTTAGCCAATGCCCAGGTA
A N G F R G K Q CDZEZE S YD SV TTFDAHGQYGGATTQARADTGTILANAQV 595

GTCCTAATTGCTGTTTTCTCCGTTGCGATGCCTTTGGTGGCGGTTATTGCGGCGTGCGTGGTCTTC TGCATGAAGCGCAAGCGTAAGCGTGCT CAGGAARAGGACAACGCGGAGGCCAGG
lv L 1 A V F S V A M P L V AV I A ACV V FJCMIE KT RTE KT RIEKTZ RAQETKTDNAE AR 635

AAGCAGAACGAACAGAATGCAGTGGCCACAATGCATCACAATGGCAGTGCGGTEGETGTAGCTTTGGCTTCAGCCTCTATGEGCGGCAAAACTGGCAGCRACAGCGGTCTCACCTTCGAT
K O NE QNAVATMHEHE®GS AV GVALASASMGE GEKT®GSNSGTLTTF D 675

GGCGGCAACCCGAATATCATCAAAAACACCTGGGACAAGTCGGTCAACAACATTTGT GCCTCAGCAGCAGCAGCGGCGGCGGCGGCAECAGCGGCGGACGAGTGTCTCATGTACGGCGGA
G G N P NI I KNTWDI K SV NNTICASA AAAABAABAAABAAAAADETCTLMY G G 715

TATGTGGCCTCGGTGGCGGATAACAACAATGCCAACTCAGACTTTTGTGTGGCTCCGCTACAAAGAGCCAAGTCGCAAAAGCAACTCAACACCGATCCCACGCTCATGCACCGCGGTTCG
Y VA SV ADNNISNNANSDTFCV APILO QRAIKSOQEZ KOQQLNTTUDZ®PTTLMHERG S5 75

CCGGCAGGCACGTCAGCCAAGGGAGCGTCT GGCGGAGGACCGGGAGCGGCGGAGGGCAAGAGGATCTCTGTTTTAGGCGAGGGT TCCTACTGTAGCCAGCGTTGGCCCTCGTTGGCGGCE
P A G TS A KOG AS GGG GP GAAETGI KT RTISUVILGETGSYTCSQRWP S L A A 795

GCGGGAGTGGCCGGAGCCTGTTCATCCCAGCTAATGGCTGCAGCTTCGGCAGCGGGCACGGACGGGACGGCGCAACAGCAGCGATCCGTGGTCTGCGGCACTCCGCATATGTAACTCCAA
A 6 VA GACS S QL MAAASAAGTDGTAQQQRSVV CGTUPHM> 832

AAATCCGGAAGGGCTCCTGGTAAATCCCGAGAAATCCGCAT GGAGGAGCTGACAGCACATACACAAAGAAAAGACTGGGTTGGGTTCAAAATGTGAGAGAGACGCCAAAATGTTGTTGTT
GATTGAAGCAGTTTAGTCGTCACGAAAAATGAAAAATCTGTAACAGGCATAACTCGTAAACTCCCTAAAAAATTTGTATAGTAATTAGCAAAGCTGTGACCCAGCCGTTTCGATC 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 DIZM. 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 DIZM 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 B-hydroxylation of aspartate or
asparagine (Stenflo 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 (DIZM and Notch); residues present in two or three of the sequences (EGF); residues
present in both sequences (FIX); and a previously published consensus (B-hydroxylation). Visual means were employed to maximize
the alignment of the DIZM 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.
Factor IX/EGF-like domain /]
cysteine-rich domain
100 aa |

transmem.brane ——
domain .
tyrosine
kinase
domain putative ) o
NGFR  nucleotide ) Delta Integrin Laminin
binding . .
EGFR site beta chain B1 chain

Notch

Figure 8. Comparison of the inferred one-dimensional structure of the predominant product of the DI 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 B-integrin {Takmun et al. 1986}, and
Drosophila laminin Bl 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 glyoxal 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) NaPP;, 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 107 cpm/ml) at
37°C for 12—16 hr. Filters were washed at 70°C with three
changes of 2x SSC, 0.1% (wt/vol) NaPP,, 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 D11 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
c¢cDNA 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 M13KO07 as helper. Subcloned
fragments were sequenced by the dideoxynucleotide-termina-
tion method, using a modified T7 DNA polymerase (Sequenase;
U.S. Biochemicals, Inc.) and [«-33S]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.

Molecular biology of Delta
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Figure 9. Sequencing strategy for cDNA insert D11. The thick
bar represents the D11 ¢cDNA insert. Positions of recognition
sequences for selected restriction sites within DIl are repre-
sented by vertical strokes. Abbreviations are the same as those
in Fig. 5, except (Nc) Ncol; (He) Hincll; (Bs) BstEIL. Arrows rep-
resent extent of DNA sequence data obtained from single sub-
clones: Rightward pointing arrows indicate sequence from
mRNA strand of cDNA; leftward pointing arrows indicate se-
quence from template strand of cDNA.
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Delta, a Drosophila neurogenic gene, is transcriptionally complex and
encodes a protein related to blood coagulation factors and epidermal
growth factor of vertebrates.
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