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The stoned Locus of Drosophila melanogaster Produces a Dicistronic
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ABSTRACT

The stoned gene of Drosophila melanogaster is required for normal neuronal function in both adult and
larva. We have identified DNA sequences that lie within a genetic region that is known to include the
stoned gene and that also reveal restriction site variations in two stoned lethal mutants. This genomic
region contains a single transcription unit coding for an ~8.4-kb transcript. The transcript is preferen-
tially expressed in the head of adult flies. The isolation and sequencing of cDNA and genomic clones
reveals that stoned appears to encode a dicistronic mRNA, although the possible existence of other forms
of mRNA cannot be excluded. Antibody cross-reactivity shows that two proteins are translated from the
stoned locus in vivo. Both open reading frames (ORFs) encode novel proteins. The protein encoded by
the first ORF contains four tandemly repeated motifs, and one domain of the protein encoded by the
second ORF shows similarity to a family of proteins (AP50s) associated with clathrin assembly protein

complexes.

HE stoned locus of Drosophila melanogaster was origi-
nally identified as a potential neurological gene by
GRIGLIATTI and his colleagues (1973) when two stoned
alleles were isolated in a screen for temperature-sensitive
paralytic mutants. These mutants show severe debilitation
at restrictive temperature but are more coordinated, if
somewhat sedentary, at permissive temperature. A third
behavioral mutant allele, stn®, was isolated in a separate
screen and was found to be stress sensitive (HoMYK 1977;
HoMmyk and SHEPPARD 1977). Along with the three behav-
ioral mutant alleles, a number of lethal alleles at the
stoned locus have been identified (MIKLOS ¢ al 1987;
PETROVICH et al. 1993), one of which was isolated in a
screen for P factor-induced lethal mutants (ZUSMAN et al.
1985), and another was recovered after the crossing of
two long term laboratory stocks (SCHALET 1986).
Alterations in the transient components of the elec-
troretinograms (ERGs) of the stn”’, stn*? and stn“ con-
firmed that this locus has a role in the normal function-
ing of the nervous system (KELLY 1983; HomyK and PYE
1989; PETROVICH et al. 1993). A mosaic analysis using a
stoned lethal allele has shown that wild-type stoned gene
expression is required in regions of the embryo that
generate the nervous system (PETROVICH ef al. 1993).
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Further evidence that the stoned gene product is in-
volved in neural function derives from the allele-specific
interaction of stn” mutants with shibire (shi) and dunce
(dnc) mutants (PETROVICH ¢t al. 1993). In both cases the
double mutant results in synthetic lethality or severely
reduced viability. The shibire gene product, dynamin
(CHEN et al. 1991; vAN DER BLIEK and MEYEROWITZ
1991), is known to be involved in endocytosis and synap-
tic vesicle recycling (POODRY and EDGAR 1979; Kosapa
and IKEDA 1983; KOENIG and IKEDA 1989; MASUR e al.
1990), whereas the dunce locus encodes a cAMP phos-
phodiesterase (BYERS et al. 1981) and is thought to act
in short term memory acquisition by altering synaptic
facilitation and potentiation (ZHONG and Wu 1991).
Hence the interaction between the stn” mutations and
the dncand shi mutations points to a likely synaptic role
for the stoned gene product.

The complementation patterns of the various stoned
alleles are, for the most part, straight forward, in that
all of the lethal alleles fail to complement each other.
However, the pattern of complementation between the
behavioral alleles and the lethal alleles is more com-
plex. Thus the ERG defects associated with the stn®
mutation are partially complemented by some, but not
all, of the lethal alleles, whereas the reduction in viabil-
ity associated with the stn® alleles is enhanced by those
lethal alleles that partially complement stn”. Finally, the
stn” and stn® mutations complement each other. These
data have been interpreted as indicating that the stoned
locus encodes a polypeptide with two distinct functional
domains (PETROVICH et al. 1993).

Genetic analysis has placed the stoned locus at the
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base of the X chromosome, in polytene region 20
(MIKLOS et al. 1987). This euchromatin/heterochroma-
tin boundary region has been the subject of consider-
able investigation. A number of lethal complementa-
tion groups as well as deficiencies have been used to
define the genetic fine structure of this region of the
genome (SCHALET and LEFEVRE 1976; MIKLOS e al.
1987). The complementation groups within cytological
region 20 have been described, as have deficiencies that
define the genetic position of the stoned locus. However,
these deficiencies do not separate the stoned gene from
two closely linked loci (20Bb and 20Ca) defined by the
lethal mutations {(1)I13E3 and I[(1)EA41 (MIKLOS ¢f al.
1987), nor is the proximal/distal order of these genes
defined. As well as these deficiencies, there exist a num-
ber of lethal stoned alleles, some of which might disrupt
the coding sequence (MIKLOS et al. 1987; PETROVICH et
al. 1993). A combination of stoned mutations and region
20 deletions has been used in this study to isolate clones
that identify the stoned gene.

The genetic complexity of the stoned locus, together
with its interaction with a number of other neurological
genes, poses some interesting questions relating to its
structure and function. In this report we describe clon-
ing and sequence analysis that reveals the dicistronic
nature of the stoned gene and show evidence for both
translation products. We interpret these findings in re-
lation to the complementation pattern of the stoned
mutant alleles. Analysis of the structure of the protein
product of the second open reading frame (ORF) sug-
gests a possible role for the stoned locus in membrane
trafficking and allows for an explanation of the interac-
tion between shibire and stoned mutants.

MATERIALS AND METHODS

Drosophila techniques: All of the stoned alleles are as pre-
viously described (PETROVICH et al. 1993). The wild-type and
deficiency strains used in this study are as described in LIND-
SLEY and ZIMM (1992), MIKLOS ef al. (1987) or HEALY et al.
(1988).

In all cases, Southern blots of DNA derived from the stoned
mutants were compared with those generated from the pro-
genitor strain, or at least strains bearing the progenitor X
chromosome.

Separation of heads and bodies, the preparation of soluble
protein fractions from these tissues, and the preparation of
DNA and RNA are as previously described (KELLY 1990; PHIL-
LIPS ¢t al. 1992)

Libraries and library screens: The mini-library used in this
study was kindly provided by Dr. G. MikLOs and has been
described previously (MIKLOS et al. 1988). Three genomic
libraries were used as a source of the overlapping A genomic
clones. The libraries were derived as follows: from Oregon-R
(M. GOLDBERG) producing the “G” clones, an Oregon-R-
derived isochromosomal strain (J. TAMKUN), the “E” clones,
and a Canton-S-derived library (Clontech) the ““C’’ clones.

The cDNAs were isolated from an oligo-dT and random
primed Drosophila head cDNA library in the NZAP vector
(Stratagene). Five clones were isolated using the insert from
DmH95 and known as p95Z3 to p95Z7. Four clones were

isolated using pG14-4.8 as a probe and known as p4.8Z3,
p4.8Z4, p4.8Z6 and p4.8Z7. No cDNAs that cross-hybridized
to DmH61 were found. Four of the five p95Z clones were
presumed to be separate isolates based on the different sizes
and/or orientation of the cDNA clone within the Bluescript
plasmid. All of the p95Z clones contained the same terminal
EcoRlI site, suggesting the absence of protective EcoRI modifi-
cation during the construction of the library.

Mapping and identification of insertions in stoned mu-
tants: All molecular biological methods were as described in
SAMBROOK et al. (1992). All extant stoned alleles were screened
for DNA lesions by Southern blotting using hybridization
probes spanning the region from coordinates —5.2 to +12.6.
The DNA lesions in stn™ and stn”*'?” were mapped more
accurately using several restriction enzyme digests and hybrid-
ization probes that spanned the sites of insertion. The restric-
tion maps that were deduced for the inserted fragments were
then compared to the restriction maps of known transposable
elements (LINDSLEY and ZiMM 1992).

Sequencing: The sequencing of the two longest cDNA
clones, p95Z7 and p4.8Z3, along with the genomic clone p61,
was carried out on both strands using the method of SANGER ef
al. (1977) and T7 polymerase (Sequenase, USB). The single-
strand template of p4.8Z3 appeared to contain a region of
considerable secondary structure (residues 4851-4946 of Fig-
ure 4), and the final sequence was only determined by using
a combination of dITP, AMV reverse transcriptase (Promega)
and Taq polymerase (Promega). A Xhol/Sall genomic frag-
ment that included the EcoRI site between DmH61 and
DmH95 was also partially sequenced to confirm the continuity
of sequence between DmH61 and p9527.

The Xbal/ Xhol fragment (residues 2438-2875 Figure 4)
from each of the p95Z clones was subcloned and sequenced
to confirm the intercistronic sequence for all of the cDNA
clones. The equivalent Xbal/Xhol fragment (1.4 kb) from
DmH95 was also partially sequenced and located an intron
3’ to the intercistronic region.

The RT-PCR reactions were set up using head total RNA,
MMV-reverse transcriptase and Taq polymerase as suggested
by the supplier (Promega). Oligonucleotide primers that
spanned the intercistronic region and the intron were used
(residues 2477-2887 Figure 4).

Preparation of fusion proteins, antibodies and Western
blots: The pMAL-C2 and pGEX-4T-1 vectors were obtained
from New England Biolabs and Pharmacia, respectively, as
were the amylose and glutathione affinity matrices.

The Xhol fragment from DmH61 (residues 115-1161) was
subcloned into the Sall site of Bluescript SK+. The orienta-
tion was determined, and the fragment was then cut out using
EcoR1/ Xhol and cloned into EcoRI/Sall-cut pMal-C2 (pMAL-
33X) and pGEX~4T-1 (pGEX-33X). The 3’ terminal fragment
of p4.8Z3 (residues 5791-8122) was cut from p4.8Z3 using
Pstl and subcloned into Psfl-cut Bluescript. The orientation
was determined, and the fragment was cut out using the
BamHI and HindlIll sites in the polylinker and cloned into
BamH1/ Hind1ll-cut pMal-C2 (pMAL-EP1). For expression in
PGEX, the BamHI/EcoRI fragment from the pMAL construct
was cut out and cloned into BaemHI/EcoRI-cut pGEX-4T-1
(pGEX-EP1). Fusion proteins were induced, and the proteins
affinity purified as per suppliers instructions. With the excep-
tion of pGEX-EP1, which produced an insoluble protein prod-
uct, milligram quantities of the fusion proteins were readily
purified.

Antibodies were raised as previously described (KELLY
1990), using 200 pg of each of the maltose-binding protein
(MBP) fusion proteins (MBP::STNA and MBP::STNB) for
both the primary and booster immunizations. The anti-stoned
antibody titer was monitored using the glutathione-S-trans-
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FIGURE 1.—Summary of cloning of the stoned gene. (A) The arrangement of lethal complementation groups in the proximal
region of cytological division 20 are shown with the eight adjacent complementation groups in order, with the exception of the
loci in brackets, [(1)EAI stn, and [(1)13E3. The extent of the deficiencies used in this study are also shown. Clones from the
microdissected mini library, DmH95 and DmHG61, lie within Df(1) HF359 but outside Df(1)733. (B) The restriction map of the
genomic clones is diagrammed, however, the proximal-distal orientation of these clones with respect to the chromosome is
unknown (E, IRL; S, Sall; X, Xbal; H, HindIII). The position of the two insertion mutations stn™'" and stn”'*’ are defined as
being within the region bracketed by the closest restriction sites. The position of the insertional polymorphism InsOR20B, which
is present only in the E and G genomic clones derived from Oregon-R wild-type flies, is also shown. The sizes of the insertions
are not drawn to scale. The arrangement of unique and repetitive sequence are diagrammed as are the regions that recognize
the 8.4-kb transcript. The relative positions, with respect to the genomic clones, of the two longest overlapping cDNA clones,

p95Z7 and p4.8Z3, are indicated along with the positions of the two ORFs.

ferase (GST) fusion proteins. As insufficient GST::STNB
(from pGEX-EP1) fusion protein could be purified for
competition studies; MBP::STNB fusion protein was linked
to a 1-ml NHS-activated High-Trap column (Pharmacia) ac-
cording to the manufacturer’s recommendations. This affinity
matrix was used for the purification of anti-MBP::STNB anti-
bodies. Five hundred microliters of serum was applied directly
to the column and equilibrated for 2 hr at room temperature.
The column was then washed in Tris-buffered saline (TBS)
until the O.D.y reached zero, at which point bound antibod-
ies were eluted with 4 M MgCl,. Bovine serum albumin was
added to the eluant to a final concentration of 1 mg/ml, and
the mixture was dialyzed against TBS overnight, freeze dried
and stored at —20°.

Western blots were performed as previously described
(KELLY 1990) with the exception that an horse radish peroxi-
dase-linked secondary anti-rabbit antibody was used and was
visualized using Enhanced Chemi-Luminescence (Amer-
sham).

RESULTS

Cloning the stoned genomic region: A microdissected
mini-library cut from X chromosome region 20 (MIKLOS
et al. 1987) was used to identify unique clones that lie
within the region excluded by Df{1)733 but included in
Df(1)HF359 (Figure 1A). A total of 37 of the mini-library
clones were screened using quantitative Southern blot
analysis with genomic DNA from wild-type males and

females, and heterozygous Df(1) 733 and Df{1)HF359 fe-
male flies. Five of these clones, DmH61, DmH?70,
DmH79, DmH88 and DmH95, gave reduced cross hy-
bridization signals with Df{1)HF359 DNA but not with
Df(1)733 DNA, indicating their location within the
stoned genetic region (Figure 2A). To determine if any
of these DNA fragments originated from the stoned lo-
cus, they were used to probe Southern blots of genomic
DNA from the various stoned mutant strains. Two clones,
DmH95 and DmH61, hybridized to polymorphic DNA
fragments in the st and stn”'?*” mutants and were
chosen for further analysis.

The screening of three genomic A libraries, using
DmH95 and DmH61 clones as probes, yielded six over-
lapping positive clones covering ~25 kb of the genome.
The orginal clones from the microdissected library,
DmH95 and DmH61, derive from adjacent genomic
fragments (Figure 1B). A comparison of the separate
genomic isolates indicated that the G and E genomic
clones (prepared from Oregon-R wild-type flies, see MA-
TERIALS AND METHODS) contained a polymorphic 2.4-kb
insertion, named InsOR20B, that was absent both from
the C clones (derived from Canton-S wild-type flies)
and the DmH95 microdissected fragment (Figure 1B).
A number of stoned mutant strains including stn*’, stn"’

, Stn™",
stn®, stn**” and stn®’, along with the Oregon-R chromo-



1702

J. Andrews et al.

A B C
1 2 3 4 EcoRI  Xbal HindIII ~ Sall EcoRI  Xbal HindlIl  Sall
L 2 1 2 1 2 1 2 1 2 1 2 1 2 1 2
23.13- P
| i it R
T105 - e 6.56- pp— wHw-
4'36'.. L 2
| crer
2.3
2
L
SAC] - e a2 o> -
—

FIGURE 2.—Southern blot analysis of stoned clones. (A) A quantitative Southern blot of whole genomic DNA digested with
EcoRI and probed with clone DmH95 from the microdissected library, and the same blot probed with an Adh probe (sACI).
Lane 1, Df(1)HF359/FM7; lane 2, Df(1)733/FM6; lane 3, Oregon-R wild-type females; lane 4, Oregon-R wild-type males. (B)
Restricted whole genomic DNA probed with pG14-4.8. Lanes 1, DNA from stn™"' /FM6 heterozygous flies; lanes 2, DNA from
In(1)s¢® (stn®) flies. (C) Restricted whole genomic DNA probed with DmH95. Lanes 1, DNA from stn'”'?’/Binsn heterozygous
flies; lanes 2, DNA from M56i (stn”) flies. With the exception of the HindIIl digest in B, all digests reveal different cross-
hybridizing fragments in the mutant strain by comparison with the progenitor strain, and the aberrant fragments were shown
not to arise from the FM6 and Binsn chromosomes. These differences are consistent only with insertion events.

some, contained this insertion. Southern blots of geno-
mic DNA probed with subclones of InsOR20B identi-
fied multiple copies in the fly genome (data not shown)
suggesting that the insertion may be a remnant of a
mobile genetic element.

Various cloned DNA fragments were used as probes
on whole genomic Southern blots to determine if they
represented unique sequences. Three contiguous EcoRI
fragments, pG14-4.8, DmH95 and DmH61, exist as a
12.5-kb island of unique DNA surrounded by repetitive
DNA (Figure 1B).

Using the pG144.8, DmH95 and DmH61 fragments
as probes, novel insertions were apparent in the stn'*'*’
and stn""" mutant chromosomes (Figures 1B and 2, B
and C). In both cases these insertions are absent from
the progenitor chromosomes. Figure 2 also indicates that
the insertion in stn'*"* is within DmH95 and the stn"""'
insertion is within pG14-4.8. The deduced restriction
maps of the stn™"" and stn'*'* insertions are consistent
with those of “I”’ elements and “‘doc’ elements, respec-
tively.

Identification of the stoned transcript: Northern blots
of total RNA from both heads and bodies of adult flies
were probed with DmH95 insert DNA (Figure 3A). The
probe identifies an ~8.4-kb transcript that is largely
expressed in the head of the fly with reduced expression
of the same size transcript in thoraces and abdomens.
To determine the extent of the genomic region that
might encode this transcript, various genomic DNA
fragments were used to probe Northern blots. The 8.4-
kb transcript derived from a 12-kb region encompassed
by clones DmH95, DmH61, and pG14-4.8 (Figure 1).
No hybridization to any transcript was observed using
any of the adjacent genomic regions as probes.

Northern blots were prepared using RNA derived
from the heads of the various stoned mutant strains.
When these blots were probed with the DmH95 clone,
both larger and smaller cross-hybridizing transcripts
were observed in stn'”'*" and stn”"" heterozygotes, con-
sistent with the presence of insertions in both of these
mutants (Figure 3B). Presumably at least part of the
insertion sequences were being included in the mature
transcript to produce a population of larger mRNA mol-
ecules or were causing premature termination to pro-
duce truncated transcripts. None of the other stoned
mutant strains showed alteration in the transcript size,
including those that contained the polymorphic inser-
tion (InsOR20B).

Sequence determination of the stoned transcript: A
number of cDNAs were isolated from head cDNA librar-
ies using the DmH95 and pG14-4.8 genomic clones as
probes (see MATERIALS AND METHODS). However, no
c¢DNAs that hybridized with DmH61 were found. Using
the cDNAs as probes on genomic Southern blots indi-
cated that the cDNAs did not extend beyond the region
covered by clones DmH95 and pG14.48, and Northern
blot analysis showed that all cDNAs recognized only the
8.4-kb transcript (data not shown). Five of the cDNAs
that cross-hybridized with DmH95 all terminated at the
same EcoRI site that, from sequence analysis of the re-
spective cDNA and genomic clones, corresponds to the
EcoRI site separating the DmH61 and DmH95 genomic
fragments. The two largest and overlapping cDNAs
(p95Z7 and p4.8Z3) that, on the basis of restriction
maps, covered the greatest proportion of the genomic
region were sequenced. In total 7.1 kb of cDNA se-
quence was obtained from these cDNAs (Figure 4). As
no cDNAs corresponding to the DmH61 region of the
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genomic clone were found, this region of genomic DNA
was sequenced to extend the 5" end. This genomic frag-
ment contained a single ORF with no indication of
introns. The completed sequence is shown in Figure 4.
The proposed transcript, including sequence deter-
mined from the DmH61 genomic fragment, totals 8.1
kb, which approximates the size of the mRNA seen on
Northern blots.

The stoned transcript contains two tandemly arranged
OREFs: Identification of ORFs in the completed se-
quence revealed no single ORF but rather two tandemly
arranged ORFs, which we name cistron A and cistron B.
The two cistrons are separated by a 55-bp intercistronic
region containing termination codons in all three read-
ing frames (Figure 4). To confirm that the presence of
the termination codons was not a sequencing artifact,
the sequencing was repeated using dITP and deaza-
dGTP. All four c¢cDNAs that cross-hybridized with
DmH95 and could be considered unique isolates on
the basis of variation in size and/or orientation within
the NZAP vector were also sequenced. All four cDNAs
spanned both ORFs and contained the same intercis-
tronic region. This region of genomic clone DmH95
was also sequenced and confirmed the presence of the
same intercistronic region. The presence of an intron
immediately 3’ to the intercistronic region (nucleotide
position 2835, Figure 4) in the genomic clone, con-
firmed that the cDNAs had been derived from mRNA
that had been subjected to normal splicing. RT-PCR
across the intercistronic region, using a primer that is
3" to the intron and one that is 350 bp 5" to the intercis-
tronic region, gave only the fragment of the size ex-
pected from the cDNA sequences. Thus we have no
evidence to show that the intercistronic region is spliced
out of some mRNA species. All of the data we have
obtained are consistent with the presence of two se-

FIGURE 3.—Analysis of the stoned transcript.
(A) Northern blot of total RNA from heads (H)
or bodies (B) of Oregon-R adults probed with
DmH95. A single-sized transcript of ~8.4 kb is
evident in head RNA, and the same-sized tran-
script is present at much reduced levels in body
RNA. The total amount of RNA loaded (20 ug)
is equivalent in the two tracks. (B) Northern
blot of total RNA from heads of lane 1, Oregon-
R; lane 2, stn’™’ /FM6; lane 3, stn™ ' /FM6; 1ane 4,
stn”! JEM6; 1ane 5, stn'>'?° /Binsn; lane 6, stn®"'/
FM6; lane 7, stn*’/FM6. The open arrowheads
indicate abnormal size transcripts present in the
stn™"! /EM6 and stn">'?’/Binsn strains. Each track
does not represent equivalent amounts of RNA.

quential ORFs in a single stoned transcript; however,
we have not eliminated the possibility that other, less
abundant forms of mRNA might derive from this locus.
We propose that the protein product of the first cistron
be called STNA and the second STNB.

Analysis of the proteins encoded by the two ORFs:
The ¢cDNA sequence of cistron A encodes a hydrophilic
and presumably soluble protein of 93 kDa. The amino
acid composition of STNA is unusual in that it is high
in acidic amino acids and is free of cysteine and internal
methionine residues. A comparison of this sequence to
those in the databases using the FASTA program failed
to reveal any significant homology, indicating that this
is a novel protein. An internal homology search did,
however, reveal the presence of four repeat sequences
near the carboxy-terminal end of STNA (Figure 4). The
first two repeat sequences are more extended than the
second two, and there is a short eight-amino acid se-
quence starting at residue 481, which has homology
to the carboxy-terminal end of the two longer repeats
(Figure 5A). Using the repeat motif to screen the data-
bases, no significant homology was found to other
known proteins.

The protein encoded by cistron B, STNB, has a pre-
dicted molecular mass of 138 kDa, and analysis of the
amino acid sequence indicates that it is also a soluble
protein with no extended regions of hydrophobicity.
The amino-terminal portion of this protein is proline
rich. Comparison of the STNB amino acid sequence
with those in the databases revealed limited homology
between the carboxy-terminal domain of STNB and the
rat AP50 subunit of the clathrin-associated protein AP2
complex (THURIEAU et al. 1988). This subunit is homol-
ogous to an equivalent protein (AP47) in the mouse
AP1 complex (NAKAYAMA et al. 1991) and to a yeast
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TACGTAGTCGCTGTAATACACCGCCACCTTCATCTACAGCACGATTT CGTATTCGACCGGAGTCAGTAARGTTGTACGAAC 80
TATTTGCAGACCARTCTCGATET CTCCGCAAATAGATAATGCTTAAGCTACCARARGGCCTARARARGAARARGRAGARG 160
M L XK L P K G L K K K K K K 14
TCGAAAAAGGATCAGGAGCTCTTCACCGAGGAGGAGCTCGAGCAGTACARGCGCGACCTAARGGCCARACRAGGAGGCGGE 240
S K X D Q EL P TEEEULUEOQYKURDULI KW AIKOGQEAA 41
GGCCACARARTCGGACGCCGGCGARTCCCACGGAGCGTCATCAGACGTTGAGCGCCCACCACCGAGCCACTAGCCTTTAACT 320
A T K 8 DA GE SD G AS 8§DV E A HHZEPTLWBATFDN S 68
CAGGATTAGGCTCGGOATCATCCTCTAGCATCCTCAACGTCCCAACARCASTTATCGGATCAAATCAGGGEGGCTGCCEGC 400
G L G 8 ¢6G 8 8 88 I L NV PTT UV I G S8 N QGAAGG 94
GGCGACGAGGAGTGGECCAAATT TAAGGCACTARCATCAGGCGTCAATAGCATTCTACRATABAACCCAGGACGAGCTCGA 480
G D E EWAZXKV FKAILTTS8S GV D s I L HXTQDEULD 121
TCEOATCAAGAAGGAGTCATTTTACCAGCGCCTGCCCTCTGCCGCTGAAAAAAAGAAACAARAGGAGGAGGAGGCCECTC 560
R I K K E 8 F Y Q R L P 8 A A E K K X Q K EUEUE A A R 148
GCCTTGAMACCGAGCAGCAGGAGCGGGARPAACAGCGCCTTGGGCAGAT CGAGGCCARCGGGAACAAGTTAGCTGAGGCG 640
L BE A E Q Q ERE K QRULG QI EANUGNDNIE KUDLATE A 174
GTTGTTCAGTTAT CTGAATCAGAGGAGGAGGCAGGCGATTACGAGGCCGATGACAT CTTTGCCACCGACTACATTGAGUC 720
vV VvV L, s E 8 EEEAGDYEADDTIUVPFPATUDYTIE A 201
TATCACCAGTGGCGAGCTGGARGTAGCCAETTGTACCAGATTCCCCCETCCTTGCCGAAGACGACCCGATCCCTTTGACAC 800
I T 8 G EL E VvV AV Vv PD S P VL AEDDU©PTIPL T P 228
CGCATACGCGGAGARGCTTATTGTTGGTGCCGATCGAGTCARAGGACAACAAGAAACT AGTGAGT CTTGGTGCAGCCGTT 880
H TR R R L L L v P I E 8 K G N K KL V S L G A AV 254
GAGETTTTATCCGCTCACGTEGACCGAGAGCACCETETCACCCTAGCGARATCCCAAGCGEAAQTTAAGGAAGGGTATCCA 860

E VL 8 6 R vV D REHIRUYVALWABANUPI KT RIEKTILIRIEKGTIQ 281
GAACCTACTTCTGAGTGAAAGCATAGAGCTAGCTCATTCAGAAGCEGAACTTCTGGCTGCCACTTCGAACGCCGAGCCGL 1040
N L L L 8 E 8 I EL A DS EAZETZLULAaAATS8NAZE P Q 308
AGCATAATTTGCTCGACGACCTCGACGAGEAACTAT CCGAGTCAT CGGTTCCCATTGATCTCAGTGTCT CCTTGCATTTG 1120
H NL L DD LDEZETL®SS E 8§ 8 V P I DL SV S L HL 334
CACTTGATTAAGCACAAGCAGCCCGTAGAGGAGGAGGAAGAGCT CGAGCABAAGGGTCGGGARAAT CAGCTTCTTAACCC 1200
H L I K H XK Q P V EEEEU ETLEOQUIXGRENQTLULN?P 361

FIGURE 4.—The complete sequence of the stoned locus (Genbank accession no. U54982). The region of the sequence from
the start to the arrow labeled pZ7 is from the DmH61 genomic fragment. The arrows labeled pZ7 indicate the beginning and
end of the cDNA p95Z7, while the arrow labeled pZ3 indicates the start of the cDNA clone p4.8Z3. The intercistronic region
is from bases numbered 2669 to 2723 and contains five termination codons, shaded, of which at least one is present in each of
the three possible reading frames. The position of the intron immediately 3" to the intercistronic region is also shown. The
shaded regions in the first ORF are the repeated sequences, while the shaded region in the second ORF is the region that shows
homology to the mammalian and yeast AP50 family of proteins.

protein (yAP57), thought to be functionally homolo-
gous to AP47 (NAKAYAMA ¢t al. 1991). The homology of
the STNB AP50 homology domain with this family of
proteins is shown in Figure 5B. The amino acid identity
between this domain of the STNB protein and each
member of the AP50 family is ~23%, but the identity
rises to 42% when comparison is made with the family
as a whole. In contrast, the level of amino acid identity
for yeast AP57-rat AP50 is 39% and for the yeast AP57-
mouse AP47 comparisons is 56%. However, when the
residues that are conserved in all of the AP50 family
members are identified, 60% of these are also con-
served in the STNB protein (Figure 5B).
Immunochemical identification of two stoned transla-
tion products: As the presence of two tandemly ar-
ranged ORFs in a single transcript is unique in eukary-
otes, we sought to determine if both of these cistrons
are translated as independent units in vivo. Antisera
were raised against residues 27-350 of STNA (Figure
4) or residues 1024-1260 of STNB (Figure 4), fused to
the Escherichia coli maltose-binding protein (MBP) (see
MATERIALS AND METHODS). When the MBP::STNA fu-
sion protein was produced, it exhibited a lower mobility
than expected on SDS-PAGE. This was also the case
when the same DNA fragment was subcloned into the
pGEX vector to produce a glutathione-S-transferase-
STNA (GST::STNA) fusion protein. In both cases the

fusion proteins gave molecular weight estimates some
11 kDa greater than anticipated (Figure 6A). The high
acidic amino acid content of this fragment of STNA
may well be the cause of this anomalous behavior. The
proteins produced from the fusion of the STNB frag-
ment to either MBP in the pMAL vector or to GST in
the pGEX vector gave products of the expected mobility
on SDS-PAGE.

Both antisera were then used to identify proteins on
Western blots of Oregon-R Drosophila head soluble
protein extracts. The anti-STNA antiserum recognized
a single protein species, and this cross-reactivity was
effectively competed out by the preincubation of the
antiserum with GST :: STNA fusion protein (Figure 6B).
The STNA protein had an apparent molecular mass of
~145 kDa on SDS-PAGE, in contrast to the 93 kDa
predicted from the amino acid sequence. This is not
unexpected given the reduced mobility of the fusion
proteins containing a portion of the STNA protein.
Western blots of samples prepared from thoraces and
abdomens, and containing an equivalent amount of
total protein, gave a low level of crossreacting protein
with identical molecular mass, using the anti-STNA anti-
serum (Figure 6B). The mobility of the anti-STNA cross-
reacting protein was unaffected by the absence of re-
ducing agent in SDS-PAGE.

Affinity-purified anti-STNB antibodies also recog-
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GGATCTATCTGAATTCGATTCACTCAAAGACGAGGAGGACGACGAGTTCGCCGAACTAGCCGCGGARTCGCTGACCARAA
DL S8 EVFDSULIKTDTETETDUDTETFA AETLAA-ARESTLT K K
AGGAAGAGGTTACTGTAGTTAGCCAGGTTGTTTTGCCTGTCGCGCAGCTGCCCACTGAAGCCTTTGAAGCAGGCAGTTGG
E EV TV V S Q VVLZPVAQLT PTTETA ATFTEA ATGS W
GCCGAATTTGAAGAGCAATCGGGCCAAGARCCAGGAARACCARAGCGTCCGCCACCACCAGTCCGTCCGCCTACAGGACT
A E F EEQ S G Q E P G K P KURUPUPUPPUVURUPPTG P
CCACATTGTGCCCGGAGCGATTTACGTGTCGGAGGACGAGGAGGAGAATCCGGARGACGACCCCCTCARCACCARCTACG
H I VP GATIZYVSETDETETEHNTPETDTDTPTLUNTUNTY A
CAGAGCAAGTGATTAAGAAGACCACTGTACTTGAGGAAGACGACGACTTTGATCCGCGTGCGGAGGAACACGCCACCGAG
E Q VI K KT TV LETETUDTDUDTFP D P RAETETHA AT E
CCACCCTTTTTAGCAGCTCCACAACGCGATCTTCTCGCTGGTAGTGCTACCGACCTCAGT CAGGTGGTTCCCGCGCCCTT
PP FLAAZPO QR RUDTILTULA AGS SA ATUDULS QV V PAZPL
GGCGCCGACTTTAAGTGTCGACCARGAGGCAGAGGACTTTGATCCCTTCGATACAT CGGCCETATCGGCTCTGGTGCAAC
A PTL SV DO QEA AETDTVF¥DPPFDT S AV S ALV QP
CCABRGTCCACGGAACTACGGTTTCTGGAGCECGAGCTCCTTAACTATTCGEGCTTAGACGGAGTAACCCTCARGCACTCC
- 2 i TOR AR TR R AR RS URS TR R A G e TR T T SR S PR S R
CTGAGTGACCAAGACTTTGATCCACGAGCGGAT CAAAAAGAACCAGCAGCACCGCAAGTARARTTAGAGCARAAAGAGAC
L 8 D QD F DPRADG QI KTETPA AAPIOQVKTULTETGQTZ KTET
GGATTTCGATACAGCCCAACGAAAGTCCTCTCTGAGTCTAAACATACAGGCCAAGAGTGTTGGCTTCCTGGTACCGGCAT
D F DT AO QU RIUEK S SLSULNTIG QA AT KT STV YVGTFTLUV P A S
CAGATCTTCTCGGAGCGGGTAATGAATTGGGAGCTAGTAAGAAGCCACTGACGCCGTACTACGCGCCATCTGACAATCGT
D LLGAGUNTETLTGA ATST K KT PLTT&PYJTYA ATPSDTNR
TTGCAGGAGCGTGAACGAGAAGCTGAGGACGTTGACCCCTTCGATACGTCACATGTGCCTGAGGCAPAACTCAGCGATAT
L Q ERERTEMBAEUDUVDZPFDT S H VP EA AZEKTILSDTI
AGAGCTGAAGCATATTGARAAGGATTTGATCTCCGTACCCGCCARTCTACGGCACAGCCTTTCCGACCCAGATTTTGATC
B vk sl e B ke B e i R I e o R B G VR e B s DR D e
CCCGTGCTCCACCTACTCCGGTTCCAGCTGAAGTCTTACTGGCCGTCGAGGAGAATATCAACAT CAAGGT CTTARCACCC
R AP PTOPV PAEVILILAYVETEH NTIU NTITZEKT VYVTLTDP
GCTCAAGACCGAAAGAAGCTAACCAATTCAGGTGGARGCGGCAAATCGGAGGAGGACATCGACCCATTTGACACATCCAT
A Q DR K KLTNGSGGSGK S EEDTIDZPZPDTS I
AGCGGCARATCTCCAGCCGGGCCAGACTGAGCTAAAACTTCTAGARAACGAACT ATTGCCGGAGACARAGACTTTGGTGA
A ANDL QP G QT ELXKIDLLENTETZLTILZPETI KTTULUVT
CTGACGTACTTGACGTGCAAAGCGACGCTCAGGAGTTGGGCTTGGGCGACAAGGTCCTCACGCCTTCGACACACTCAAGA
D VLDV QSDAGQETULSGTLTGT DT KU YVTLTTZ PSTH 8 R
CCGTCCTTGCCCGCCCAGGATATAGACCCGTTTGACACTTCAATAGCGGAGAACCTAGCGCCCGGCGAAGCGGAGATARA
P 8 L P A Q DS RIDLIESIN RN SRR AR E
GCTGCTGGAAAGCGAGCTGATCGAACGTTAAGATAAGATATAGACGAT CTTTAATCACAGARAAGTARAAGCCGAAATCG
L L E 8 E L I B R stop stop stop atop atop

GAAATGGCGAATCCCTTTTTAATGGACGAAGACCT CGATGGTTGCGATGCAGCGGCCAACCCGTTTCTCATGCAATCTGA
-M AN P F L MDEUDTULTUDGT CODA AR AA AUNTZ PTFTLMGOQS E
1 Start ORF2 8position of intron

ACCGGAACCTAGTTCGGATAATCCCTTTATGGCAGCTACCETCGCTTCGAAT CCCTTTGCCTTTGGTGCCGACGATCTCG
P EP S 8 DNUZPVFMAA ATV VA ATSUNTZPTFA ATFTGATDTDTLE
AGTTGGGGGCGGAGCCGGAAGCGGAGGCTACCCATGACAACGAT CTCGACCCGGCGATGAGTTTCTTCGGCACTACCATT
L GAEUPEA AEA ATUHUDU NTUDTLUDTZPA AMST FTFGTTTI
GRGGCGGAGGACGACACGTTAAGTTTGARAT CAGGCCCTGAGGAGCAGGATGAGGGAAAGAAACCGCCTCAGTCACAGCC
E AEDDTTUL S8 L K S8 GAZETETETDTETGT KT KT PUPOQS Q P
ACAGTTGCAATCACACGCGCACCCGCACCCGCCCCCGCCACGACCACTGGTTCCTCCACAGAGCACCCAAGACTTAATTA
Q L Q S HA HUPHUPP PP RUPTLTVZ PZPOGQSTSOGQQDTLTI S
GTACGGTGTCCAGTCAGTTAGACGAAACTAGTTCGGAGCTACTAGETCGTATTCCCGCCACCCGATCTCCCAGCCCGGTT
T VS S QL DETSS8 ELTULGT RTITZPATTR RTGSTZ PSPV
TCGATGCGGGATCTGCACTCGCCCAGCCCCACTCCGGATTCGGGACTAGCCGAT CTTCTGGATEGTGTCGGTGGATAGTGG
s M R DL H S P S PTPD S GLADTILTLTDTV S VDS G
ATCGAGTGCCCATACT CARGGCATTGAGG CGGACTTAATTAGTGGTGTGGCAGGGGGAGTGCGGCTAGATAAT CCCTTTG
S 8 AHTOQGTIZEA ADTULTISGV VA AGG GV VU RILTUDUNTPTF A
CAGTGCCGACAGCGGTGCCTARTATTCAGGCGGCAGTTCCACTGCCTGCAACACCGATTAAACAACCCCCTCGCCCACCA
V PTAV PNTIOQAAVU®PTLUZPA ATO®PTIZ KIS QPUPTRP P
CCGCCTCETCCTGCTCCCCCACGTCCCGCTCCTCCGGATCAGGCAGCACCACAAAGACCTCCACCACCGTTGGCCGCAGT
P PR PAZPPRUPAPUPGO QA AA ATPGQT RTUPTZPZPZPTLA AA ALV
TAATCCACCGCCAGCTGCTCCAGAAGCGGATGACCTTTTGGATATGTTTGGTACTACGGCATGTAAGCCGGCCARGCCGC
N P PP AAPEA ADODTLTULTUDMTPFGTTA ATCT KT PA AT KP P
CACCACCTAAATCCAAGGAGGACATACTGAGT CTATTTGAGCAACCGCATGTACCACTATCCCAACCAGCATCCAAGCOG
P P K 8 KEDTIULGSTULTFTETGQPHTYVUPTILSEOQPA ATS K P

FIGURE 4.— Continued
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nized a single protein on Western blots of protein frac-
tions from heads. This protein had a mobility on nonre-
ducing SDS-PAGE consistent with a molecular mass of
138 kDa as predicted from the amino acid sequence of
the STNB polypeptide. However, under reducing con-
ditions, the anti-STNB cross-reacting protein migrated
with a molecular mass of 70 kDa (Figure 6C). Presum-
ably the STNB protein has been proteolytically cleaved,
either in vivo or in preparation of the extracts, but the

polypeptide fragments remain associated due to disul-
fide cross bridges that are removed on reduction. Low
levels of cross reactivity with the anti-STNB antibodies
were observed in fractions from thoraces and abdomens
(data not shown).

DISCUSSION

We have identified a region of the Drosophila ge-
nome that encodes the stoned gene. The genetic data
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GACTTACTGCATGACGATCTGGACGAGACGATTGGEGMEGETGAACCECCGGAACARGAGGAGCCEGACACGGAGCAGA
D L L HDDULDETTIGGETGEPUPUEQETEUPUDTUEQ 8
CAATGARATTAGCTCT CGAGATGAACCAGTATTTACTTCCCTTCTTATACGACCAGATGAARGCACCCATGATATAACAT
N E I § 8 R DE PV F T S LUL I R PDE S THUDTI T 8
CCCAACCACAGGCGGCTACTGGATTAGAACCACAGETGAATAACATGACTECACCACTEGGARCCACCAGCACACAGAGE
Q P Q A AT GLEURQVYVY NNMAATZPTILUGTWAST QR
GCGACCACGCCCCGATATTGAGATAACCACGETAGAGGACCTGCCGCGAT CTGATGACGAGGATGAGCCCGAGGCTATGCA
A T T P D I E I TT UV EDILPR S DDUEUDTEUZPZEUDBAMOQ
GGAGCCCGARAACAGAGACGAAACCACAAATCGARCCCGATACAGAGCCCGAGATCGTATCTGAACACAGCCCACCAACGS
E P ETE ETIKUP QTIE?PDTEU©PETIVYV S EH S P P TE
ARCACCTTGTGACTCAGGCAGCCCT CATCEATGUITGAGCTAATAGCCGCCAAGCCTGAGCCGGARGAAATGEACACCGAT
R L VY Q AAL VDGEUDLTIWAAEUPZEU®PUETEMM DTG
CTAGATTTTCCEGCTGGCTTCCAGCECCAGTTETCCECCAACCCCTTCGCCAGCCCOGACHAGAAGGAGCCEAACTTCGCG
L b F PL A S S8 AS8CPPTUP S P B P TRIZRSURT S8 R
CCCATGCCAGCGAGTTGCCAATATATTTGCAGTGARCGATCCEGACT CACAGATGGAGACCCCGARMGCGCCTAGCCATA
P C QR V ANTIVFAVNDUPD S Q M ETUPEKAUP S HT
CGGCCAATATCTTTGCTTCCEGATCCAGACGAGTTCGACGCCTTCT CAGCCAAGTTTGACT CGETGARGARGGACABRCATC
A N I F A 8D PDEVF DAVF S A KUPFD S8 V K K DN I
AGCATAATGGACGGATTTGGCAGTTCCGGAGCGATAACG CCCACGTGCCGATGCTTGGGAGGTAGTGCTTTTGGAT CARC
& I M D G F 6 6 8 A I TPTITO CRUCLGS G S A F G 8T

FIGURE 4.— Continued
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indicates that the original microdissected library clones
derive from the region of the X chromosome encom-
passing the stoned locus. This genomic region hybridizes
with an abundant 8.4-kb transcript in adults, and the
preferential expression of this transcript in the head is
indicative of neural expression. This is consistent with
the data obtained from stoned mosaic flies that indicated
a neural location for the stoned gene product (PETRO-
VICH et al. 1993). The presence of transposable element
insertions in two of the stoned lethal mutants (stn”*" and
stn’>"*%), along with the alteration in transcript size in
these strains, confirms that the cloned region encodes
the stoned locus. The increase in the the size of the
transcript observed in stn”'?” mimics the situation ob-
served in the abo’ mutant allele of the abnormal oocyte
gene. This mutant also results from the insertion of a
doc element and produces an abnormally large tran-
script (TOMKIEL ¢t al. 1995). The alteration in transcript
size in stn” and stn’”"?’ is in contrast to the findings
for Oregon-R, stn**, stn"? and stn, all of which carry
the InsOR20B insertion polymorphism but fail to show
any difference in transcript size. Presumably InsOR20B
is inserted in intronic sequences and is spliced out to
produce a normal sized mRNA,

The failure of any of the adjacent genomic regions
to hybridize with the 8.4-kb transcript suggests that ei-
ther the contiguous unique sequences in this genomic
region represent the complete stoned transcription unit,
or that 5" untranslated sequences derive from more
remote regions. The combination of the cDNA se-
quences and the ORF of H61 produces a total of 8.1
kb indicating that most of the stoned gene must be con-
tained within the sequenced region. We had hoped to
address the question of the extent of the stoned gene
using rescue experiments, but none of the lambda ge-
nomic clones cover the entire stoned region, and we
were unsuccessful in isolating cosmid clones. This latter
finding may result from the repetitive nature of the
DNA surrounding the stored region and the propensity

of such regions to undergo extensive recombination in
bacteria.

The most unusual feature of the stoned locus is the
apparent presence of a single spliced transcript with
the potential to encode two distinct polypeptides. Apart
from prokaryotes, the only previously described non-
overlapping dicistronic mRNAs are in the Epstein-Barr
virus, where two nuclear proteins are translated from
from a single mRNA (WANG et al. 1987), and in some
cellular mRNAs where there is a small ORF (“‘minicis-
tron’’) in the 5’ leader sequence (Kozak 1989). This
means that stoned appears to represent the first eukary-
otic dicistronic gene where both cistrons appear to be
part of the same mature mRNA. In support of this con-
clusion we note the following.

In the report detailing the complementation patterns
of the lethal and behavioral stoned mutants, it was sug-
gested that this locus encodes a product with two dis-
tinct functional domains (PETROVICH et al. 1993). The
ERG complementation data placed the stn“ mutation
in the same domain as the stn””’?” mutation, but in a
separate domain from the stn™’ mutation, while the
viability data placed stn” in the same domain as stn'""’.
This correlates with the observation that the sin'™'?’
mutation is an insertion in the stn® cistron, while the
stn™" insertion lies in the stn® cistron, and would ex-
plain the complete complementation observed between
stn” and stn” (PETROVICH et al. 1993). Presumably the
failure of stn'*'*’ to complement stn”™" would be due
to polarity effects of the insertion in cistron A on the
translation of cistron B. In an earlier report it was noted
that two lethal stoned alleles, known as I(1)X-3 and ()R-
9-15, also complemented each other (LIFSCHYTZ and
FaLK 1969), indicating that interallelic complementa-
tion may not be restricted to the viable behavioral al-
leles. Unfortunately the [(1)R-9-15 allele is no longer
available.

We have found no indication that the stoned mRNA
undergoes alternative splicing that might fuse portions
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8p2z3 START
TACAATCTCGGCTAATGCCTGTGGCGACACCAATT CGACGGATGATGGATT CGGTAACGATGACGATGATTTCTATGCAA
T I 8 AN ACGDTUNSADUDTGT FGNTUDUDUDTUDTFYAM
TGCAGGCGCCTGCACGAGCGGATTCCETGGAAT CTGTGGACAAGGATTT CAGCGTGGTGAT CCGCCCGATGGCAGAGGAA
Q AP ARAD SV E S VD KDTF SV VI RPMABMAEE
ACTAGTGGGGTGGCCCCCCAACTTGCGCCACCACCGCCGCCGGCCGTGGAGGTTAACCAGGCACAGACCACATCGCTGCC
T 8 G VA P Q L AP P P P P AV EVYV NOQAOQTTS L P
p27 stopl
TGGCTTAACCGTCAATCCGTTCGAGGATGTTAGTGGCTTCCCTGCTCCGGGGCTGCCACCAACCGATGGAACCGCCATTA
G L T VNUPFEDVSGFPAPGILU®PZPTDSGTATI K
BAACGCACGGACTCGCAGGACACT CCACAGACACCACT CTACGACGAGGATGTATCACAACCGCTGGAGGAGTTCCCGAGA
R T D S QD TP QTUPULYUDETDTVTV S QP LETEF P R
CTCCATTACATTGGACCCGGATGGGAAATGCAACTGCATCAGCCCAACAAGAAGAAGAT CACCEGTCAGCGCTTCTGGAA
L HY I G P GWEMGQT LU RIG QU PNI KT KT KTITS GQURF W K
AAAPATCGTAGTCCGACTGGTGETGCAGARCGACGTGCCAGGTGGCTGCAGCTGCTTARCCAGGCGGGCGATAAGCAACCCT
K I V VR L V V Q N DV PV V QL L N QA GDKOQUPF
TTCAAGAACTGCCCTTACAACCCT CATATTCTGTGTCGGAGAT CGGGGCCCAGCAGTATGACCAGTTCGGCAARATTTTC
Q EL P L QP S Y 8V S8 ETIGAOQAOQYUDUGQTFGZXKTIF
ACGATGAAACTACAGTACATATT CTACAAGGAGAGACCCGGCETTAGACCCGGTCAAGTGACCAAGGCGGAGCGGATCAC
T M K L Q Y I F Y KERUP GV RUPOGQVTI KA AET RTIT
AAATAAGCTGACCAAGTTTGCACAATATGCCATCGCTGGCGACTACGAAGGCGTCAAGGAGTTTGGCAGCGATCTCARAA
N K L T K F A Q Y A IAGUDTVYTEGVIKETFSGS DL K K
AACTGGGCCTGCCTGTAGAGCATGCCCCGCAGTCATCCCAACTCTTCAAGATTGGCTCAATGAACTACGAGGACATGAAG
L 6 L P V EHA AZPIOQS S QL F KI G S MUNTYETDMEK
CAGTTCTCGGTCTGCATCGAGGAGGCATTGTTCAAGATT CCGGCTCTCCGAGAGCGAGCGTTGACATACAAAATGGAGGA
Q F SiWNECHTER RTRENR KRR R Ry e R
GGTCCAGGTAACCGCCGTTGATGAGAT CACTGTGGAACAGGACTTCGAGGGCAAGAT CCTCARACAGATTGCCCGGGTGC
Y6 v K VDI BV RS e KRR TR R YR
GACTCTTCTTTCTCGCCTTTCTTACCGGCATGCCCACCATCGAGTTAGGCGTAAACGATATGTGGCGGCAGGGAAAGGAG
Ll LRGPP D YRR e N DM e R Qe R E
GTCGTTGGACGGCACGACAT CATCCCGGTGGCCACCGAGGAGTGGAT CAGGCTGGAGGCCGTTGAGTTTCATAGTGTTGT
Vv @R H DIFIRPIVINPIEIRIY TSR L HIA YR P YV VY
TAATCAGAAGGAGTACGAGAGAACGCGCACCAT CARATTTCAACCACCAGACGCGAACTATATTGAGCTCGTCCGCTTCC
NQa R R R R NP R R D RN R RV R R
GTGTGCETCCGCCCAAGAATCGTGAACTTCCGCTGCAGCTGAAGGCARCCTGATGCGTTAGCGGCAACAAGGTGGAACTT
b s et e T S el S e e e e i Ve el ou e e R e i A i
CGGGCCGACATTTTGGTGCCTGGATTCACAT CCCGGAAATTAGGCCAAATCCCCTGCGAGGATGTCTCCGTTCGCTTCCC
B s DG S R Al S i e e i B i e e o B B R
CATACCCGAATGCTGGATCTACCTGTTTCATGTGGAGAAGCACTTCAGATATGGTTCGATTAAGTCAGCTCATCGGCGAA
TRl eN Yy i R oY MR RN d'8S Y X 3 A HRRT
CAGGCAAGATCAAGGGTATCGAGCGAATCCTGGATGCCGTCGACACGCTTCAGGAGTCGCTGAT CGAGGTGACCTCCGGA
G K I K G I ERIULGA AV DTULGQTESTLTIEUVT S G
CAGGCCAAATACGAGCATCATCACCGGGCCATTGTGTGGCGTTGTCCCCGTTTGCCCARAGAGGGTCAAGGTGCATACAC
Q A K Y E HHUHURA ATIUYVWROCPRTILUPI KETG G QG GA ATYT
CACACATCAGCTGGTGTGCCGAATGGCCCTTACAT CGTATGAT CAGATT CCAAGCGAGCTGGCGCCATACGCATTCGTGG
T HQ L V ¢ RMALTS Y DO QTIPS EULATPYA ATFVE
AGTTTACTATGCCCGCCACGCAGGTCTCCCATACCACCGTGCGCT CGGTGAGTGTCCAGGATTCGGATGGCGATGAACCE
F TMPATQV S HTTTVR SV SV QD SDGTDE P
CCAGAGAAGTACGTCCGCTATTTGGCACGGCACGAGTACAAGETTGGCATCGAGACCACGCACGGCGAGT CCACGAATGC
P E K Y VRY L ARUHETYIKV G TIETTUHGTESTHN A
GTATTTGGCGGCAACGCGTCCTATTCGCGAGGAGCCGCCCACCACAGCAACCAAGCCAACTGCTTCCCCGATTGOGCCCA
Y LAATRUPTIU®RETETPTPTTA ATI KU PTA ASUPUVAUP S
GCGATTCGGACACGGACTCTAACTAAGTTGGCTAGGTGCTGCGTTCCGTTCGAACAGTACTTCACAATTTCACCTGAATG
D S DT D S8 N STOP
GAAAGGCATGCAATCAAGCGGATTTTTGTAGATATT CCTCGTGETATGGTTTTCCTTATCGTTCTTGTTATATACATACA
TATTATATAATACGGTGTTAAGTACAGCAATTGARAAAG CAGACGAAGGAGAACAGTGACGAAACGGTCATCGCTCTGTA
AAAAGCCAAATGAACGAAGCCCAGAAGGAGCTAATGGAT CTGTGGACCCATCAGAGGACTTATCAAAGGCATCTTGGCCT
ATAATCTATAAACCATATGCCACAGCCATTGTCACATGACCTAAAAAATTTAAACTT CGTTACTTGTAGACATATGATTA
CGTTAATGTTAATTGATAT CAGACCAGAATCGTACTTAAAGTCAACT CATCATATGCATAGTGGTTATAATCCCAAGACA
CACAAACTCATACAAGCGAGCAAAGAAGAACATAAACGAAGAARAATTTAAAGCAATTTCCCTCATAGCGTTCTAATTAA
TAAAAACCGAGCATCTACCTTAAAAAGATAATACATCGCTGGCTCCAGTTTT CCACTTCACATGATGTTAACATTAGCAT
TAACGTGTAAGTTTATGGCGAAGGCTGCAAGCATATATTAATCAACACTGGAGTGAGCTGCCAGCCTCAAAAGACGTTAG
CCTACCCTGGAACGAGCTGCCAGCTTTACAAAGTTAACCAACACTGGTCACCATGCATATGTGGTATGTGAAACTTGARA
CTATTCATAGCCATCATATACACTTAAGTTTATGTATACCATTAATTT CATAAATTTAGAAATGAATTGAAAACTACAAA
CAAAAGCAAAACGARAATGCTTATTTAAATGTTATTGTTGTGAATTAAATTAAAGTAGATTCAAAATAAACTACGARGTA
ATGGGAAACAATATAGGCAAATCATCTTTGTTGACGCAGAAAGT CTATAAGAAACCARAAAT CTATATATACATATATAT
ATATAACTTAAATAAATATTTGCCATACATATTGT T TTGTTGCTTGAGTTAT CAAAAAARAARATTTAATACAANTAGAT
TTGTAAATTACGTGTTAAATAAATATACT CTTCATCCCAGACTAACAACTT CCGAAAAGGCTTGCATTTTTTGGTCCTCT
TCAAACAGCTCTACTACGAACTCTTAAAACGGCTCATAACGGATT CATTAACACAAATAGAGAAATGTGTATATTGTACC
CCTAAGAAATGATTATTTATTCATGTATTATGTATGTTACATTATTTACGTTTAATTCTACATATATTATATCGGATAAA
GCATATATATTGTATGTACAATAAAAAGGARGAAAAT CTAT CGARCGAAACCGGTCGGCTGGCGAATGCTCTAACATGTT
ATATTTATATAATAATTATACAAGTCTCGACGATCCCGACGGTCCCGACGTCATATATGCCCGATGTGTGTTCTAATGTG
GGCATATACTGCGCTGGAATTTGTTGCTATTATACARATATACAAATTTGTGACGCAAGCTAAAAGGTATTAACCAATAA
CCTAATTACAATATAATAAATTATTACGAAGTGAGCARAAA

FIGURE 4.— Continued
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FIGURE 5.—Homology domains of STNA and STNB proteins. (A) Comparison of the sequence of the internal homology
regions in STNA. Identical amino acids are shaded. The numbers on the left refer to the position in the complete sequence
(Figure 4) of the first amino acid of the repeat. (B) Comparison of the carboxy-terminal region of STNB (residues 887-1133)
with the AP50 family of proteins. Identical amino acids are shaded. The boxed sequences are those residues that are identical
in STNB and/or all five AP50 family proteins. The alignment of Saccharomyces cerevisiae YAP54—-1, rat AP50 and mouse AP47 is
taken from NAKAYAMA et al. (1991), on which the STNB sequence has been superimposed. The YAP54-2 and the POMBE sequences
derive from the S. cerevisiae chromosome XVsequencing project (Genbank accession no. X91067) and the Schizosaccharomyces pombe
chromosome I sequencing project (Genbank acccession no. Z50113), respectively. These five were chosen as representing the
greatest diversity of amino acid sequence among the AP50 family of proteins. The alignment at the extreme carboxy-terminus
has been added even though there is a 34-amino acid addition in the STNB sequence.

of the first ORF in frame with the second ORF. Only
low copy number transcripts would have remained un-
detected on Northern blots. Furthermore, all four of
the independent cDNA clones that contain portions of
the first ORF also include the intercistronic region and
portions of the second ORF. In the genomic clones,
the presence of an intron immediately 3’ to the intercis-
tronic region, which is spliced out of the cDNAs, con-
firms that these cDNAs result from normally spliced
mRNA. We have scanned the cDNA sequences 5’ to
the intercistronic region for putative 5’ splice junction
consensus sequences. No obvious sites exist.

Finally, the antibodies raised against the recombinant
fusion proteins derived from each of the two ORFs
cross-react with very different protein species in the fly’s
head. Anti-STNA antibodies do not cross-react with the
same protein species that cross-reacts with anti-STNB
antibodies and vice versa. Both proteins have similar
mobilities on SDS-PAGE, but only the STNB protein
dissociates into smaller subunits under reducing condi-
tions.

All of the above data suggest that the stoned locus
encodes a single dicistronic mRNA that is actively trans-

lated in vivo into two distinct polypeptides. However,
we cannot exclude the possibility that a smaller, less
abundant transcript exists that splices out the first ORF,
leaving the second ORF to be translated in a normal
manner.

The problem associated with dicistronic mRNAs in
eukaryotes, in contrast to prokaryotes, derives from the
observation that translation initiation is dependent on
the recognition of the m7G cap at the 5" end of mRNAs
by the 408 ribosomal subunit. This led to the develop-
ment of the scanning model of initiation of translation
(Kozak 1989). Hence for termination and reinitiation,
the 608 ribosomal subunit would have to dissociate on
contact with a *‘stop’”” codon and the 40S subunit would
be left to scan the mRNA until it encounters another
“‘start’”” codon, or falls off the mRNA. However scanning
can also allow for reinitiation at the start of a second
OREF, as demonstrated in synthetic dicistronic mRNAs
(Kozak 1987), even where the first ORF is relatively
large and encoding the luciferase gene (LEVINE et al.
1991). In the latter work the nature of the intercistronic
region was found to define the efficiency of such reiniti-
ation. Thus, the absence of any AUG codons in the
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FIGURE 6.—The stoned locus encodes two polypeptides. (A) Coomassie blue-stained SDS-PAGE of E. coli lysate expressing the
GST::STNA fusion protein (lane 1) and affinity-purified MBP::STNA fusion protein (lane 2). The arrowheads indicate the
expected positions of the two fusion proteins, with the GST::STNA fusion protein having an expected molecular mass of 61.4
kDa (observed 73 kDa), and the MBP::STNA fusion protein having an expected molecular mass 86.3 kDa (observed 98 kDa).
(B) Western blot of head fractions from adult Drosophila probed with anti-STNA preimmune serum (lane 1), anti-STNA immune
serum (lane 2), and anti-STNA immune serum preincubated with 40 ug GST::STNA fusion protein (lane 3). The distribution
of the STNA protein in heads (lane 4) and bodies (lane 5) is shown. Equal amounts of total protein were loaded in each lane.
(C) Western blot of head fractions probed with affinity-purified anti-STNB antibodies where the SDS-PAGE was run under
nonreducing conditions (lane 1) and reducing conditions (lane 2).

intercistronic region, the number of bases between the
two ORFs, and the presence of an optimized consensus
start AUG for the second ORF are all critical (LEVINE
et al. 1991). The intercistronic region between stnA and
stnB fits these criteria. The 55-bp stoned intercistronic
sequence contains no AUG codons and is within the
range (15-78 bp) for maximum levels of reinitiation
(LEVINE et al. 1991). The start codon for the second
stoned ORF is preceded by a purine (G) at the —3 posi-
tion, and at the +4 position is the canonical G residue
(KozAk 1989). It would appear that significant levels of
reinitiation might be expected following such an inter-
cistronic sequence.

A second model for translation initiation, known as
the internal entry model (PEABODY and BERG 1986),
derives from the observation that certain picornaviral
mRNAs and some cellular mRNAs, including the immu-
noglobulin heavy chain binding protein (BiP), are ac-
tively translated even in the absence of the m7G cap
(PELLETIER and SONENBERG 1988; MACEJAK and SAR-
Now 1991). These data suggest the presence of internal
ribosome binding sites in the 5’ leader sequences of
these mRNAs. Dicistronic mRNAs in which these 5’
leader sequences are located between the two cistrons
have been constructed and shown to produce both
translation products in vivo (KAUFMAN et al. 1991; Ma-
CEJAK and SARNOwW 1991). However, the intercistronic
sequences necessary to produce the active translation
of the second cistron are large (400-700 bp), and there
is no homology between these sequences and those of
the intercistronic or adjacent regions of the stn* and
stn” cistrons. Although internal ribosome entry remains
a possibility for the translation of both stoned cistrons,
we suggest that the scanning model is more likely.

That such an unusual eukaryotic gene structure has
evolved for the stonedlocus implies a particular functional

relationship between the two cistrons. Certainly the ge-
netic evidence suggests that both products are involved
in similar processes (PETROVICH et al. 1993) and implies
a need for coordinate expression of the two proteins.
Coordinate regulation can be achieved without produc-
ing a nonoverlapping dicistronic mRNA. The vesicular
acetyl choline transporter (VAChT) and the choline ace-
tyltransferase (ChAT) gene in the rat are encoded by a
single primary transcript but the VAChT mRNA derives
from the first intron of the ChAT gene (ERICKSON et al.
1994).

One possible reason for the presence of the stoned
dicistronic mRNA is to produce a precise stoichiometric
ratio between the two products. This might be most
easily maintained by linking their transcription and
translation. If such an arrangement of the cistrons is
important for stoichiometric reasons, one might expect
that it would be retained across species. It will be of
interest, therefore, to determine the structure of the
stoned gene in other species.

The structure of the STNA protein is unusual in a
number of respects. The amino-terminal end of STNA
has a high probability of forming extended a-helices,
and in conjunction with the absence of cysteines, sug-
gests that this represents an extended, nonglobular do-
main of the protein. The protein is highly acidic (20%
acidic amino acids compared with 11% basic amino
acids). This would explain its anomalous mobility on
SDS-PAGE, as many previously identified acidic pro-
teins, including neurofilament proteins (KAUFMANN et
al. 1984), chromogranin-B (BENEDUM et al. 1987), GAP-
43 (KARNS et al. 1987) and amphiphysin (LICHTE et al.
1992), all show the same anomalous mobility on SDS-
PAGE. The presence of the four repeats in the carboxy-
terminal domain suggests a specific function for this
region of the protein. However, the lack of homology
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between the repeats and any other known domain se-
quences of proteins in the databases means that their
possible function remains to be determined. It seems
likely, given the dicistronic nature of stoned and the
stoned mutant phenotypes, that the STNA protein func-
tions in the same cellular pathway as the STNB protein.

The observed homology between the carboxy-termi-
nal region of the STNB protein and the AP50 family of
clathrin assembly proteins does give some clues as to
the possible function of the stoned locus. AP50 is a sub-
unit of the AP2 adaptor complexes that are involved in
directing the assembly of clathrin coats around invagi-
nating plasma membrane vesicles in mammalian brain,
and AP47 is the equivalent subunit of the Golgi-associ-
ated AP1 adaptor complexes (AHLE ef al. 1988). Both
the AP50 and AP47 (renamed p, and y,, respectively)
have recently been shown to specifically interact with
the tyrosine-based signals of a number of integral mem-
brane proteins, and it has been suggested that y; and
(9 are involved in membrane protein sorting (OHNO et
al. 1995). The presence of the proline-rich extended
amino-terminal region in STNB, and the reduced level
of homology by comparison with the homology between
yeast yAP57 and rat AP50, suggests that STNB is not
the Drosophila cognate of either of the mammalian
proteins. However, the homology of STNB protein to
the AP50 protein family implies a role for STNB in
neural membrane trafficking, perhaps as an alternative
to the normal AP50 in a subset of AP complexes.

The complementation data (PETROVICH et al. 1993)
indicates that the stn” mutation affects the same domain
as stn™™ and stn® the same domain as stnl3-120. In
molecular terms this means that sin€ is defective in
STNA, while the sin” defect resides within STNB. Only
the stn” allele interacts genetically with shibire and dunce
mutant alleles, and hence this interaction must be via
the STNB protein. As the shibiregene product, dynamin,
has been shown to be intimately involved in the fission
of nascent clathrin-coated endocytotic vesicles (HER-
SKOVITS et al. 1993; TAKEI et al. 1995), and the STNB
protein contains an AP50 homology domain, the inter-
action seen between shibire and stoned mutations may
reflect a common functionality. Both proteins may be
involved in synaptic vesicle production/recycling or
other cellular membrane trafficking. In this regard it is
notable that reduction in the levels of the synaptic vesi-
cle protein, synaptotagmin, in Drosophila mutants (L1T-
TLETON ¢t al. 1993) leads to an ERG phenotype identical
to that of sin® (DIANTONIO and SCHWARZ 1994), and
synaptotagmin has been shown to act as a high affinity
receptor for AP2 complexes (ZHANG et al. 1994). In
fact, DIANTONIO and SCHWARZ (1994) suggest that such
ERG defects could be used to identify mutations in
genes that are involved in synaptic function. Perhaps
we have done just that.
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