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ABSTRACT We have isolated genomic and cDNA clones
for a Drosophila gene resembling the human B-amyloid pre-
cursor protein (APP). This gene produces a nervous system-
enriched 6.5-kilobase transcript. Sequencing of cDNAs derived
from the 6.5-kilobase transcript predicts an 886-amino acid
polypeptide. This polypeptide contains a putative transmem-
brane domain and exhibits strong sequence similarity to
cytoplasmic and extracellular regions of the human B-amyloid
precursor protein. There is a high probability that this Dro-
sophila gene corresponds to the essential Drosophila locus vnd,
a gene required for embryonic nervous system development.

Development of the nervous system is dependent on coor-
dinate input from many genes. In Drosophila melanogaster,
previous studies have demonstrated that genomic region
1A1-1B10 contains several genes essential for normal neural
development (1-8). Within this region, we have been inves-
tigating genes essential for neural development during em-
bryogenesis (2-4, 8), including the ventral nervous system
condensation defective (vad) gene (2, 3). Mutations of the
vnd gene cause severe structural derangement of the embry-
onic nervous system, ultimately resulting in embryonic
lethality. Since all known mutations of vnd are recessive, the
phenotype of mutant embryos is expected to result from loss
of a factor crucial for proper assembly of the embryonic
nervous system.

To extend our knowledge of the function of the vnd gene
product in neurogenesis, molecular cloning of this gene was
undertaken (9). The vnd gene has been delimited to a
30-kilobase (kb) genomic region by breakpoint analysis of
deficiency chromosomes. Within this DNA, we have identi-
fied a 6.5-kb nervous system-enriched transcript, which we
suggest is an excellent candidate for the vnd transcript. We
have isolated and sequenced cDNAs corresponding to this
transcript. Our analysis indicates that the protein encoded by
this gene exhibits strong homology to a polypeptide from
humans: B-amyloid precursor protein (APP) (10).

Recent cloning and sequencing of the human APP cDNAs
predict a 695-amino acid polypeptide (APP%®) with a single
transmembrane domain (10-13). The 42-amino acid B-
amyloid protein, which is deposited in the amyloid plaques of
Alzheimer disease, spans the membrane—extracellular junc-
tion of APP®S (10). Sequencing of different alternatively
spliced APP cDNAs revealed a polypeptide containing 57
additional amino acids within the extracellular domain,
APP32, with homology to a class of serine protease inhibitors
(14-16). At present, the normal function of the APP gene in
humans is not understood, although the structure and bio-
genesis of the protein have prompted the suggestion that the
APP is a cell-surface protein mediating cell-cell interactions
(17, 18). Data suggesting that the APP is a heparan sulfate
proteoglycan core protein have also been reported (19).

The publication costs of this article were defrayed in part by page charge
payment. This article must therefore be hereby marked ‘‘advertisement’®
in accordance with 18 U.S.C. §1734 solely to indicate this fact.

2478

In this paper, the predicted amino acid sequence encoded
by the 6.5-kb Drosophila transcript is compared to the human
APP, and evidence that this gene corresponds to the vnd gene
is discussed.¥ The discovery of a Drosophila APP-like
protein is expected to facilitate the experimental investigation
of the role of this protein in normal development. Elucidation
of APP’s normal function will aid in understanding its role in
the manifestation of Alzheimer disease in humans.

MATERIALS AND METHODS

Genomic Southern Analysis. Genomic DNA was isolated
from flies of the appropriate genotype as described in Pirotta
et al. (20). DNA (8 ug) was digested with either EcoRI,
Hindlll, or BamHI according to the manufacturer’s specifi-
cations (New England Biolabs). DNA gel electrophoresis,
transfer, hybridization, and wash conditions were as de-
scribed in Maniatis et al. (21). Nick-translated DNA probes
from subclones from the vnd genomic walk were used to
probe the Southern blots (9).

Northern Analysis. RNA extractions were as described in
Vincent et al. (22) for embryos, larvae, and pupae and as in
Barnett et al. (23) for adults. Poly(A)* RNA fractionation was
as in Aviv and Leder (24). RNA concentration was assessed
by spectrophotometric analysis and confirmed by hybridiza-
tion to a ribosomal protein gene rp49 probe as described (25).
RNA from central nervous tissue was prepared using hand-
dissected third larval instar central nervous systems (CNSs).
Four micrograms of poly(A)* RNA was loaded per lane
(unless otherwise indicated) onto formaldehyde (2.2 M) gels.
After electrophoresis, the RNA was transferred to nitrocel-
lulose (Schleicher & Schuell). Hybridization with nick-
translated DNA was carried out as described in Colot and
Rosbash (26). Northern blots were washed as described by
Campos et al. (8). The molecular weight of the transcript was
determined by using single-stranded RNA markers (BRL
5620SA).

cDNA Isolation. Two D. melanogaster adult head cDNA
libraries were screened. Twenty-three cDNA phage clones
(c1-c23) were isolated from a library prepared by Y. Citri
(Weizmann Institute), probed with probe III (see Fig. 1).
Screening of a library from P. Salvaterra (City of Hope) with
subclone a in Fig. 1 yielded six positive clones (s1-s6). The
cDNA inserts of the phage clones were purified and cloned
into Gemini (Promega) or Bluescript (Stratagene) vectors for
restriction analysis, Southern hybridization, and sequence
analysis.

Sequence Analysis. The nucleotide sequence of both
strands was determined by the dideoxy-nucleotide-chain-

Abbreviations: APP, B-amyloid precursor protein; CNS, central

nervous system; nt, nucleotide.
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termination method of Sanger et al. (27), using a sequenase
kit (United States Biochemicals), and dATP [*°S] (New
England Nuclear). Sequence was analyzed using the DNA
Inspector II* program (Textco, West Lebanon, NH). The
Protein Identification Resource data bank was searched for
homology using the program XFASTA. Amino acid alignment
of the conserved regions shown in Fig. 5 was according to
Needleman and Wunsch (28), and the conservative amino
acid assignments were made based on the PAM 250 matrix

(29).

RESULTS

Molecular Cloning of the Genomic Interval Including vnd.
The vnd locus is flanked by the elav (embryonic lethal
abnormal visual system) gene distally and the /(/)/Bg gene
proximally within the salivary segment 1B5-9, at the tip of the
X chromosome (8, 9). To clone DNA corresponding to the
genomic interval proximal to the previously cloned elav gene
(8), 90 kb of DNA was isolated by chromosomal walking
techniques (8, 9). The progress of this vad walk was moni-
tored by defining the molecular locations of breakpoints for
a series of terminally deficient X chromosomes that geneti-
cally flank the vnd gene (9).

Genomic Southern blots of DNA isolated from flies car-
rying the deficiency chromosomes were probed with appro-
priate DNA from the vnd chromosomal walk (9). Molecular
breakpoints of seven terminal deficiencies—Df(1)RT107,
Df(1)RT115, Df(1)RT208, Df(1)RT114, Df(1)RT129, Df(1)-
RT155, and Df(1)RT178—that retained vrd function but were
deficient for elav function were defined in the 40-kb interval
distal to the vad-associated DNA. The most proximal of these
breakpoints was that of Df(1)RT178, which occurred within
the proximal 8 kb of a genomic 23-kb EcoRI fragment and
defined the distal limit of the vnd gene (Fig. 1). Proximal to
vnd, the breakpoints of eight terminal deficiency chromo-
somes—Df(1)RT184, Df(1)RT385, Df(1)RT409, Df(1)RT158,
Df(1)RT124, Df(1)RT128, Df(1)RT143, and Df(1)RT530—
were molecularly located. Also located proximal to vad was
the breakpoint for interstitial deficiency Dp(1;3)E2, which
possesses vnd and more distal gene functions, but lacks
I(1)IBg and more proximal functions. The breakpoints for
Dp(1;3)E2 and three of the terminal deficiencies [Df(1)-
RT184, Df(1)RT385, and Df(1)RT409] occurred within a
genomic 8.0-kb EcoRI fragment, and the breakpoint of
Dp(1;3)E2 defined the proximal limit of the vnd gene.
Together, the breakpoints of Df(1)RT178 and Dp(1;3)E2
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Fi1G. 2. A representative Northern blot demonstrating a 6.5-kb
transcript from the vnd region. This Northern blot was probed with
subclone I in Fig. 1. Poly(A)* RNA (=4 ug) from three embryonic
intervals (6-12 hr E, 12-18 hr E, and 18-22 hr E), first, second, and
third instar larvae (1L, 2L, 3L), early and late pupae (eP and IP), and
adults (A) was loaded.

define a 30-kb interval of genomic DNA completely encom-
passing the vad gene (Fig. 1).

Transcription from the 30-kb Region. Northern blots con-
taining adult poly(A)* RNA were probed with subclones a-
n spanning the 30-kb interval (Fig. 1). A 6.5-kb RNA species,
which spanned =18 kb of the genomic DNA, was observed
(Fig. 2). To assess transcriptional activity at all stages,
Northern blots containing poly(A)* RNA prepared from
embryonic, larval, pupal, and adult stage were analyzed. The
6.5-kb transcript is weakly expressed in 6- to 12-hr embryos
but becomes more highly transcribed with increasing embry-
onic age. In larvae, the transcript is again weakly expressed
during first and second instar stages and is undetectable
during the third instar stage using this assay, but it is detected
at later developmental stages in pupae and adults (Fig. 2). The
direction of transcription for the 6.5-kb message was deter-
mined to be distal to proximal.

The test whether the transcript is enriched in nervous
tissue, poly(A)* RNA was prepared from fly heads and
bodies, as well as whole adults. Fig. 3A shows a Northern
blot with equal loading of these poly(A)* RNAs. The head
lane shows a strong signal, indicating that the transcript is
preferentially expressed in the head, which is largely com-
posed of neuronal tissue. Signal in the body lane was
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Fi1G. 1. Genomic map of the vnd region and characterization of the 6.5-kb transcript. The distal border of the vad gene is defined by the
Df(1)RT178 (elav— vnd*) breakpoint within the proximal 8 kb of the distal 23-kb EcoRI fragment (9). The proximal limit of the vnd gene is defined
by the Dp(1;3)E2 [vnd* I(1)]Bg~] breakpoint within the genomic 8-kb EcoRI fragment; breakpoints of Df(1)RT184, Df(1)RT385, and Df(1)RT409,
all of which are vnd~ and I(1)IBg*, map within the same 8-kb EcoRI fragment n(9). Sites for EcoRI (E), BamHI (B), and HindIII (H) are indicated.
The genomic subclones a-n were used to map the transcriptionally active regions; subclones represented as solid bars detected the 6.5-kb
transcript; others represent transcriptionally silent regions. I, II, and III represent the genomic subclones used for probing cDNA library and

Northern blots.
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Fi1G.3. Northern blots demonstrating that the 6.5-kb transcript is
preferentially expressed in the nervous system. (A) Poly(A)* RNA
(=4 ug) prepared from adult bodies, adult heads, and whole adults
was loaded and probed with subclone II shown in Fig. 1. (Lower) The
head and body lanes were equally loaded as assessed by subsequent
probing with a ribosomal protein gene (rp49) probe. (B) Total RNA
prepared from hand dissected CNSs of third instar larvae 3L CNS),
and poly(A)* RNA from third larvae (3L) were compared. Total
RNA (10 ug) from larval CNSs is compared with poly(A)* RNA (10
png) from whole larvae when probed with subclone I shown in Fig. 1.

undetectable under these conditions even after longer expo-
sures. To test whether the transcript is present in the nervous
system during the larval stage, RNA was prepared from
dissected third instar larval CNSs. Fig. 3B shows a Northern
blot in which the CNS lane is loaded with 10 ug of total RNA,
and, for comparison, the adjacent lane is loaded with 10 ug
of larval poly(A)* RNA. A strong signal is present in the CNS
lane, but one was not detected in the whole larval poly(A)*
RNA lane. We believe that the absence of signal in the total
larval poly(A)* RNA in the third instar stage, the weak
expressionin RNA from earlier larval stages, and the absence
of signal in the body are due to dilution of the nervous system
RNA with the total organismal RNA in these preparations. In
preliminary in situ RNA hybridization analyses, the 6.5-kb
transcript appears to be expressed in the embryonic neural
tissue; the pattern of hybridization suggests a uniform dis-
tribution of the transcript throughout the cell body-containing
cortical layer of the nervous system (L.M.M., unpublished
observations).

Several cDNAs that correspond to the 6.5-kb transcript
were isolated. After genomic mapping, cDNA sl (3.1 kb) and
cDNA c4 (3.25 kb) were chosen for further analysis. cDNA
s1 has homology to the most distal subclone a, and subclones
d, e, f, and g; the homology with g is weak. cDNA c4 lacks
homology to the distal subclone a but demonstrates strong
homology to the subclones d, e, f, and g and thus potentially
extended further in the 3’ direction than s1. Neither cDNA
exhibits homology to subclone h or i.

Predicted Protein Sequence Encoded by the 6.5-kb Tran-
script. The nucleotide (nt) sequence of the 5’ ends of cDNA
s1 (1400 nt) and cDNA c4 (2468 nt) was determined. From
these sequences, a 3525-nt composite sequence (s1/c4), with
an overlap of 343 nt, was derived (Fig. 4). Analysis of this
sequence revealed a single open reading frame of 2658 nt,
starting with an ATG methionine codon at position 1 and
extending to a termination codon at position 2659. Following
the termination codon, stop codons were present in all three
frames. The ATG methionine is preceded by a sequence that
is in good agreement with the consensus defined for the
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Drosophila translation start (30). Assuming that this ATG
does encode the initiator methionine, the s1/c4 polypeptide
has 886 amino acid residues and a predicted molecular weight
of 98,152. Near the C terminus, there is a stretch of 23
hydrophobic amino acids, characteristic of membrane-span-
ning domains (31). If this hydrophobic domain is indeed a
membrane-spanning domain, the s1/c4 polypeptide is ex-
pected to possess a cytoplasmic domain of 53 amino acids at
its C terminus and an extracellular domain of 810 amino acids
(Fig. 4).

The s1/c4 Polypeptide Is Homologous to the Human APP
Protein. A search of the Protein Identification Resource data
bank for protein homology revealed that the s1/c4 polypep-
tide was similar to the human APP, a protein associated with
the amyloid plaques of Alzheimer disease. The comparison in
this paper is with the human APP%>, a 695-amino acid
polypeptide, which has a 24-amino acid membrane-spanning
domain and a predicted 47-amino acid cytoplasmic domain at
its C terminus (10). As depicted in Fig. 5, three regions of
strong amino acid homology were observed between the
sl/c4 polypeptide and the APP: (i) an extracellular N-
terminal domain, designated E1 (s1/c4, 1-198; APP, 1-188);
(ii) a second extracellular domain, designated E2 (s1/c4, 417~
576; APP, 322-469); and (iii) the C-terminal cytoplasmic
domain, designated C (s1/c4, 834-886; APP, 649-695).
These three domains, E1, E2, and C, when aligned, yield
amino acid identity values of 38%, 37%, and 47%, respec-
tively; corresponding values for percent conservative
changes are 35%, 37%, and 20%.

Noteworthy aspects of the conserved regions are as fol-
lows: (i) Within E1, 12 cysteine residues are present in both
proteins, and a highly conserved region of 19 amino acids
with 15 identities is present, spanning s1/c4 residues 180-
198. (i) Within E2, a highly conserved 71-amino acid region
spanning residues 462-532 of s1/c4 contained 31 identities
and 27 conservative substitutions. In addition, a putative
s1/c4 N-glycosylation site (residues 574-576) corresponding
to one of the two possible N-glycosylation sites found in the
APP (residues 467-469) was conserved. (iii) Domain C was
the most conserved. Within the cytoplasmic region, close to
the C terminus, a nonapeptide, Asn-Gly-Tyr-Glu-Asn-Pro-
Thr-Tyr-Lys, is present in both sequences. This nonapeptide
is embedded in a 22-amino acid stretch containing 15 iden-
tities, 5 conservative changes, and only 2 mismatches.

The overall organization of the two proteins appears to be
similar, although the s1/c4 polypeptide of Drosophila is 191
residues longer than the human APP. At the N terminus, a
putative signal sequence is found in the s1/c4 polypeptide, as
is the case for the APP. At least 11 of the 12 cysteine residues
in E1 are in conserved positions. The region between the E1
and E2 domains consists of 218 and 133 residues in the s1/c4
polypeptide and the APP, respectively. The region of 100
amino acids immediately after the E1 domain of the s1/c4
polypeptide is rich in glutamic and aspartic acids (28%),
similar to the APP, where these acidic residues account for
42% of the amino acids. However, the seven uninterrupted
threonine residues found in the APP were not observed in the
s1/c4 polypeptide.

The region between the E2 and C domains consists of 257
and 179 residues in the s1/c4 polypeptide and the APP,
respectively. The putative transmembrane domains occupy
the same relative positions, with respect to the C domain, of
both proteins. Interestingly, homology to the B-amyloid
protein, which consists of 28 residues of the extracellular
domain and 14 or 15 residues of the transmembrane domain
of the APP, was not observed. Amino acid sequence homol-
ogy between the transmembrane domains was also not
observed.
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AAAGAAGCAGAAA

-152 GAATTCCGCAAATACAATTAACCAGAACTGGAAGCACGTCAGTCCAGCCGCAGAAGCAGC TAAGT TCAGACCAAAC TCGGAGAT TCCCAGCC

=12 AGAGTGCGAACA ATG TGC GCC GCG CTG CGT CGT AAT TTG TTG CTG AGG AGC CTC TGG GTC GTC CTG GCC ATT GGC ACT GCT CAG GTT CAG GCC GCC TCG CCG CGA TGG
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AAG AAG ACA ACC GGT CCC

97 GAG CCC CAG ATT GCC GTT CTC TGT
E P e I A V L C E A G Q0 I Y ¢ P Q@ Y L s E E G R W V T D L s K XK T T G P
205 ACA TGT TTG CGT GAT AAA ATG GAT TTG CTT GAT TAC TGC AAG AAG GCC TAT CCC AAC CGA GAC ATA ACC AAC ATT GTG GAG TCG TCC CAC TAC CAG AAG ATC GGC GGC
T ¢ L R D K M D L L D Y C€C K K A Y P N R D I T N I vV E s s H Y o K I G G
313 TGG TGT CGC CAG GGG GCA TTG AAT GCG GCT AAG TGC AAG GGA TCC CAC CGA TGG ATC AAG CCA TTC CGC TGT CTC GGA CCA TTC CAA TCT GAC GCC CTG CTA GTT CCC
W ¢ R Q G A L N A A K C X G S H R W I X P F R C L G P F Q s D A L L V P
421 GAG GGC TGT CTG TTC GAC CAC ATC CAC AAC GCC TCC CGA TGC TGG CCA TTT GTG AGG TGG AAC CAA ACC GGA GCA GCC GCT TGC CAG GAG CGC GGA ATG CAG ATG CGC
E 6 ¢ L F D H I H N A S8 R C W P F V R W N Q T G A A A C Q E R G M Q M R
529 ACG TTC GCC ATG CTT CTG CCC TGC GGA ATC TCG GTC TTC TCC GGA GTG GAG TTC GTC TGC TGT CCC AAG CAC TTC AAG ACC GAT GAA ATT CAT GTA AAG AAG ACC GAC
T F A M L L P C 6 I S VvV F § 6 V B F V €C ¢ P X H F K T D E I H VvV K K T D
637 TTG CCG GTG ATG CCG GCA GCT CAG ATC AAT AGC GCC AAT GAC GAG CTG ATG AAT GAC GAA GAC GAC AGC AAC GAC TCG AAC TAC TCG AAG GAT GCC AAT GAA GAC GAT
L P vV M P A A 0 I N S A N D E L M N D E D D S8 N D s N Y s K D A N E D D
745 CTG GAC GAT GAG GAT GAT TTG ATG GGT GAT GAT GAG GAG GAC GAT ATG GTG GCG GAT GAG GCA GCT ACC GCA GGC GGA AGC CCC AAC ACC GGT TCC TCA GGT GAC TCA
L D D E D D L M GG D D E E D D M V A D E A A T A G G S P N T G s s G D s
853 AAT AGC GGA TCT TTG GAT GAC ATA AAT GCA GAG TAC GAT AGC GGA GAG GAG GGT GAC AAC TAC GAG GAG GAC GGT GCT GGT TCC GAA AGC GAG GCT GAG GTT GAG GCC
N S G s L D D I N A E Y D S G E E G D N Y E E D G A G S E s E A E V E A
961 TCC TGG GAT CAG AGC GGA GGG GCG AAG GTT GTG TCC CTA AAA AGC GAT TCC TCA TCC CCG TCT AGC GCT CCG GTT GCT CCC GCC CCC GAG AAG GCA CCT GTG AAG TCC
s W D ¢Q S 6 6 A K V VvV s L K s D s s s P s S A P V A P A P E K A P V K s
1069 GAA TCG GTC ACG AGC ACT CCT CAG CTG TCT GCC TCT GCC GCT GCT TTT GTA GCT GCC AAT TCT GGA AAC TCG GGA ACC GGA GCC GGA GCA CCA CCA TCC ACT GCA CAA
E s v T s T P Q L S A S8 A A A F V A A N S8 G N s G T 6 A G A P P s T A Q
1177 CCC ACA TCG GAT CCC TAC TTC ACC CAT TTT GAT CCG CAC TAC GAG CAC CAG AGC TAC AAA GTA AGT CAG AAA CGC CTT GAG GAA TCG CAC CGC GAG AAG GTC ACG CGC
P T S D P Y F T R F D P B Y E H Q S8 Y K V 8 Q@ X R L E E s H R E K VvV T R
1285 GTT ATG AAG GAC TGG TCC GAT CTC GAG GAG AAG TAC CAG GAC ATG CGC CTA GCG GAT CCC AAG GCA GCC CAG TCA TTT AAG CAG CGG ATG ACG GCT CGC TTC CAG ACT
v M K D W s D L E E X Y Q@ D M R L A D P K A A Q s F XK Q R M T A R F 0@ T
1393 TCT GTT CAG GCA CTC GAG GAA GAA GGC AAC GCC GAG AAG CAC CAG CTG GCC GCC ATG CAC CAG CAG CGC GTT TTG GCC CAC ATC AAC CAG CGG AAG CGC GAG GCC ATG
s VvV 0 A L E E E G N A E K H Q L A A M H Q © R V L A B8 I N Q R K R E A M
1501 ACC TGC TAC ACC CAG GCC CTG ACT GAG CAG CCC CCG AAT GCC CAC CAC GTT GAG AAG TGT CTA CAG AAG CTG CTG CGC GCC CTG CAC AAG GAC CGG GCC CAC GCC TTG
T C Y T @ A L T E @ P P N A H BH V E K €C L Q@ K L L R A L H K D R A H A L
1609 GCC CAC TAC CGG CAC CTA TTG AAC TCT GGA GGA CCT GGT GGA CTA GAA GCA GCT GCT TCG GAG CGT CCA CGC ACG CTG GAG CGC CTA ATC GAC ATC GAT AGA GCC GTA
A H Y R H L L N § 6 6 P 6 G L E A A A s E R P R T L E R L I D I D R A V
1717 AAC CAG TCG ATG ACC ATG CTC AAG CGC TAT CCG GAG CTC TCC GCC AAG ATT GCC CAG CTG ATG AAT GAC TAC ATT CTG GCA CTG CGC AGC AAG GAT GAC ATT CCC GGC
N Q@ s M T M L X R Y P E L S A K I A Q L M N D Y I L A L R S K D D I P G
1825 TCC TCG CTG GGA ATG AGC GAG GAG GCG GAG GCC GGC ATT CTG GAC AAG TAC CGC GTC GAG ATC GAG CGC AAG GTG GCC GAG AAA GAG CGA CTA CGG CTG GCG GAG AAG
s s L G M s E E A E A 6 I L D X Y R V E I E R X V A E XK E R L R L A E K
1933 CAG CGC AAG GAG CAG CGT GCC GCT GAG CGG GAA AAA CTG CGC GAG GAG AAG CTG CGC CTG GAG GCC AAA AAG GTG GAC GAC ATG CTC AAG TCA CAG GTG GCC GAG CAG
Q R X E Q R A A E R E X L R E E XK L R L E A X XK V D D M L K s @ VvV A E @
2041 CAG TCC CAG CCG ACC CAG TCG TCA ACC CAA TCG CAG GCG CAG CAG CAG CAG CAG GAA AAG AGC CTT CCC GGC AAG GAG CTG GGT CCC GAC GCA GCT CTG GTC ACA GCG
Q s Q P T Q@ s s T @ S Q@ A Q@ @ @ ¢ ¢ E K s L P 6 X E L G P D A A L V T A
2149 GCC AAT CCC AAC CTA GAG ACC ACC AAA AGC GAG AAG GAT CTG TCG GAC ACT GAG TAT GGG GAG GCA ACA GTG AGC ACG ACC AAG GTG CAG ACC GTG CTG CCA ACG GTC
A N P N L E T T X S E K D L s D T E Y G E A T V s T T X V Q@ T VvV L P T Vv
2257 GAC GAC GAT GCC GTC CAG CGG GCA GTG GAG GAC GTA GCC GCC GCC GTC GCC CAC CAG GAG GCC GAG CCG CAG GTG CAG CAC TTC ATG ACC CAC GAC CTG GGC CAC CGC
D D D A V Q@ R A V E D V A A A V A B Q E A E P Q V Q H F M T H D L G H R
2365 GAA TCG AGC TTC TCG CTG CGC CGC GAG TTC GCG CAA CAT GCA CAC GCG GCC AAA GAG GGC CGC AAC GTC TAC TTC ACG CTC TCC TTC GCC GGG ATC GCC CTG ATG GCG
E s s F s L R R E F A Q H A H A A X E G R N Y Y F I L _ S FE _A_ G 1 A L M A
2473 GCC GTT TTC GTT GGC GTG GCC GTG GCC AAA TGG CGA ACA TCG CGC TCG CCG CAC GCC CAG GGC TTC ATC GAG GTC GAC CAG AAC GTC ACA ACA CAC CAT CCC ATT GTG
A_Y__F VY G V A V A K W R T s R s P H A Q G F I E V D Q@ N V T T H H P I v
2581 CGC GAG GAG AAG ATC GTG CCC AAC ATG CAG ATC AAT GGG TAC GAG AAT CCG ACC TAC AAG TAT TTC GAA GTG AAA GAG TAA GCGAGATGGC AAGATGGCAG CATGGGCGCG
R E E X I V P N M Q0 I N G Y E N P T Y XK Y F E V K E sTOP

2692
2832
2972

GCTGGCAAGAGCGAGCGAGTGGCACACATCAACAACAACAG TAAACGCAAC TGCAGCCACCGCGA TTTCAAAA TGGAAAAACTTAAGCGTATTAT TAAAGCAGA TGGGAAGAGAAATGAT TTTTTT TCGTGAAATGAGCG
CAGTTTCAATAAGAAAGAATGAAAGGGTAGAAGAAGAAAGATAAATTCAATAAATGGTAATATATCTATATAT TAAATTAAAGCAAGCAGAAAGGCAACAATATAAAGCAAGCAATTAAATTTAAGTATT TGAATGTTTA
ACAAAACGCCGTAAACATCCTTTCCAGCTCTCTCTT TCTCTTCCCCTGTCTCTGTC TCTGTCCCA TCACCACACACACACACATCAACAACAA TGGCACACACTCACACACAC TTGCCTCTAACTT TGTGATTCTTCTTG

3112 AGCGCCACGTACGC

'GCTGAAGTGAAGATCATACACGCAGCCGAACGAAGAGTGGTGGAGC

AGAGCGGAAGAAGAGCAAAACAAAAGATATTCCTAGTAAATAAAT

3252

FiG. 4.

TGTCGACACACACATCACATCCACATTCAAACACCGAGTCACCCGCAGAACAGTCACACCCACACTCACACATAC

s1/c4 composite nucleotide sequence and deduced amino acid sequence (single-letter code) of s1/c4-encoded protein. Nucleotide

'GCAAAAAAGACACAAACGCATTCATGCCTGCTT

residues are numbered in the 5’ to 3’ direction beginning with the first nucleotide of the presumed translation initiation codon AUG. The s1/c4
open reading frame consists of 2658 nt beginning at nucleotide position 1 and extending to position 2658. The predicted s1/c4 polypeptide encodes
an 886-amino acid polypeptide. The putative membrane-spanning region of the s1/c4 polypeptide, residues 811-833, is underlined. To generate
this composite sequence, 1400 nt of the 5’ end of cDNA sl and 2468 nt of cDNA c4 were sequenced in both directions. The region of overlap

was between nt 905 and 1248.

DISCUSSION

The striking degree of homology in amino acid sequences and
similarity of overall structure between the Drosophila and
human proteins indicate that this molecule is of a design
predating the arthropod-vertebrate divergence. The highly
conserved stretches of sequences within the E1, E2, and C
domains indicate a strong evolutionary constraint on function
for portions of this molecule. The normal function of either
of these molecules is presently unknown. However, the high
level of conservation suggests that both the Drosophila and
human proteins are engaged in similar roles in their respec-
tive organisms.

In humans, the APP gene is actively transcribed in embry-
onic tissues and continues to be transcribed at later stages
(e.g., see refs. 12 and 32). In this context, it is interesting to
note that the Drosophila transcript is also expressed in the
embryonic period, and also continues to be expressed in
postembryonic and adult stages, implying a need for this
function throughout the life of the organism. Our data show
that the Drosophila transcript is enriched in neural tissue.
Whether it is also present in nonneural tissues, as is the
human APP transcript, is not yet known. If the Drosophila
APP-like protein is encoded by the vnd gene, as we believe,
then a role in the development of the nervous system and,
possibly, in postdevelopmental brain structure and function

would be implicated, and a similar function for the human
APP gene implied.

Because of the manipulability of Drosophila as an exper-
imental system (33), our discovery will accelerate elucidation
of the function of APP-like protein. The ability to insert
altered genes in Drosophila can aid in structure-function
analyses (33). For example, the importance of the region in
the s1/c4 polypeptide corresponding to the B-amyloid protein
could be directly tested in Drosophila by constructing chi-
meric genes with either altered domains or human APP
sequences, and observing the effects of the altered genes in
vivo. This is of interest since the sequence of the B-amyloid
protein, the principal component of the amyloid deposits (34,
35), is not conserved in Drosophila, suggesting that the
B-amyloid protein by itself may not be functionally impor-
tant. One caveat to this statement is that there might be
another gene in Drosophila that encodes a protein with a
conserved B-amyloid protein domain.

At present we do not know whether the Drosophila gene is
capable of producing a polypeptide with the additional
protease inhibitor domain similar to APP7*2 (14-16). Further
analyses of genomic DNA and cDNA sequences associated
with the 6.5-kb transcript species will reveal whether the
protease inhibitor domain is also conserved. Alternatively,
there might be a distinct gene that encodes the protease
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F1G. 5. Comparison of s1/c4 polypeptide and the human APP.
(A) The model of APP is adapted from Kang et al. (10) and the
analogous s1/c4 polypeptide model is presented. The N terminus is
at left; the circle at the N terminus represents the putative signal
sequence. The regions of homology E1, E2, and C between s1/c4
polypeptide (Drosophila) and APP (human) are drawn as wide
blocks; the loops in the Drosophila polypeptide represent the
additional amino acids in the regions between the conserved do-
mains. Asterisks indicate putative N-glycosylation sites. (B) Amino
acid alignment (single-letter code) in the regions of strong homology.
s1/c4 polypeptide (top line; Dr), APP (bottom line; Hu), vertical line
indicates amino acid identity, dot indicates conservative change.
Amino acid number is given preceding each row of sequence. In the
comparison of the extracellular 1 region, conserved cysteine residues
are indicated by A below the residue; the 19-amino acid stretch
showing a high degree of homology is underlined. In the extracellular
2 region, the putative N-glycosylation site is highlighted by a dotted
line. In the cytoplasmic comparison, 12 residues, including the
conserved nonapeptide, are underlined.

inhibitor domain containing protein in Drosophila, or such a
function may not be required in Drosophila.

We postulate that the Drosophila APP-like protein pro-
duced from the 6.5-kb transcript is encoded by the vnd gene.
The 6.5-kb transcript is the only one detected within the
genomic region containing the vnd gene, and only one
essential function (vad) genetically maps to this interval. The
vnd function has been previously shown to be important for
the formation of the embryonic nervous system, as evidenced
by the failure to complete ventral cord condensation in the
mutant embryos (2, 3). In addition, the vnd mutant embryonic

Proc. Natl. Acad. Sci. USA 86 (1989)

neuropil appears highly disorganized, with lesions in the
axonal tracts along the transverse and longitudinal commis-
sures (3, 5). The correspondence between the neural pheno-
type displayed by vad mutations and the nervous system-
enriched expression of the 6.5-kb transcript supports our
hypothesis. This hypothesis will be validated if transduced
DNA encoding the 6.5-kb transcript is capable of rescuing the
phenotype of vad mutations.
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