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ABSTRACT

The Drosophila melanogaster Gart gene encodes three enzymatic activities in the pathway for purine
de novo synthesis. Alternative processing of the primary transcript leads to the synthesis of two
overlapping polypeptides. The coding sequence for both polypeptides is interrupted by an intron that
contains a functional cuticle protein gene encoded on the opposite DNA strand. Here we show that
this nested organization also exists at the homologous locus of a distantly related species, Drosophila
pseudoobscura. In both species, the intronic cuticle gene is expressed in wandering Jarvae and in
prepupae. Remarkably, there are 24 different highly conserved noncoding segments within the intron
containing the cuticle gene. These are found upstream of the transcriptional start, at the 3’ end, and
even within the single intronic gene intron. Other introns in the purine gene, including the intron at
which alternative processing occurs, show no such homologies. It seems likely that at least some of
the conserved noncoding regions are involved in specifying the high level developmental expression
of the cuticle gene. We discuss the possibility that shared cis-acting regulatory sites might enhance

transcription of both genes and help explain their nested arrangement.

ERHAPS the most surprising discovery revealed
by detailed molecular study of genes from higher
eukaryotes was the existence of introns. Although
baffling at first (BROKER et al. 1978), introns are now
known to be functionally significant, as their removal
by splicing sometimes allows for multiple protein
products from a single gene by alternative processing
(LEFF, ROSENFELD and Evans 1986). In some cases,
the existence of introns also appears to have allowed
more rapid evolution of proteins by mechanisms such
as exon shuffling, indicating an evolutionary role as
well (SUDHOF et al. 1984). Recently, yet another role
was found for an intron, when a Drosophila melano-
gaster intron was discovered to have a gene entirely
within it (HENIKOFF ef al. 1986a). This novel “nested”
arrangement of the two genes has no obvious func-
tional or evolutionary significance, since the two genes
encode quite unrelated proteins on opposite DNA
strands. The extent to which nested genes are com-
mon features of eukaryotic chromosomes is not
known. Although no other cases of completely nested
genes have been reported, more recently described
examples of partially overlapping genes on opposite
strands in Drosophila (SPENCER, GIETZ and HODGETTS
1986) and rodents (WiLL1AMS and FRIED 1986; ADEL-
MAN et al. 1987) suggest that the strict separation of
genes along the eukaryotic chromosome is often vio-
lated. Whether there is any functional or evolutionary
significance to these unconventional genetic arrange-
ments is an open question.

The sequence data presented in this article have been submitted to the
EMBL/GenBank Data Libraries under the accession number Y00606.

Genetics 117: 711-725 (December, 1987)

This report concerns the organization of the Dro-
sophila Gart locus, a gene encoding three purine path-
way enzymatic activities on one strand and a cuticle
protein on the other strand (HENIKOFF et al. 1986a).
The cuticle gene lies entirely within the first intron of
the purine pathway gene. This intron interrupts a
portion of the protein-coding sequence that is homol-
ogous to its uninterrupted counterpart in yeast (HEN-
IKOFF 1986). Since the intronic gene is a member of a
diverged family of cuticle genes, it must have evolved
elsewhere and been inserted into its present position.
If this transposition were a recent event or the result-
ing arrangement detrimental, then distantly related
Drosophila species might be expected to lack this gene
within the purine gene intron. If, however, other
Drosophila show the same nested organization, then
this arrangement might be interpreted as having some
functional or evolutionary significance.

Here we describe the organization, complete se-
quence, transcripts and proteins of the Gart locus from
Drosophila pseudoobscura, a species thought to share a
common ancestor with D. melanogaster about 45 mil-
lion years ago (BEVERLEY and WiLsON 1984). All
organizational features of the gene, including alter-
native processing of the purine gene and the presence
of a similarly expressed cuticle gene homologue within
the first intron, are conserved. Our findings demon-
strate that this first reported example of nested genes
is evolutionarily stable and lead us to favor a func-
tional basis for the arrangement.

MATERIALS AND METHODS

Genomic library screening: A D. pseudoobscura A Sau3A
genomic library constructed by C. LANGLEY using the strain
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est-100 (of F. Avara) and provided by D. CAVENER was
used to infect Escherichia coli strain Q359. Infection, plating,
plaque lifting, hybridization screening and plaque purifica-
tion were carried out using standard techniques (MANIATIS,
FRITSCH and SAMBROOK 1982). Probes were synthesized
from single-stranded templates as described (HENIKOFF et
al. 1986a).

In situ hybridization: Slides were prepared from squashes
of wandering third instar larvae and hybridized as described
by SIMON et al. (1985). Nick-translated probes were pre-
pared by a modification of the standard procedure (MaN-
1ATIS, FRITSCH and SAMBROOK 1982) except that biotiny-
lated dUTP (ENZO Biochemical) was substituted for dUTP
and enough deoxyribonuclease was added to give an average
fragment size of about 150 base pairs (bp). As pointed out
previously, the efficiency of hybridization in situ to polytene
chromosomes is maximized when probes of this size are used
(HENIKOFF and MESELSON 1977). Staining of biotinylated
DNA using streptavidin and horseradish peroxidase was
performed using “Bio-probe” reagents from ENZO Bio-
chemical, following the procedure recommended by the
manufacturer.

“Phagemid” subcloning and DNA sequencing: Purified
A DNA was digested with either EcoRI or Sall and subcloned
into either vector pEMBL18+ (DENTE, CESARENI and
CORTESE 1983) or pVZ1. The latter is a derivative of “Blue-
scribe(+)” (Vector Cloning Systems) that contains an ex-
tended polylinker segment inserted into the EcoRI site. This
segment adds Notl, Narl, Bbel, Nsil, BstXI and Apal sites
between the EcoRlI site and the T7 promoter sequence of
the Bluescribe(+) vector. This “phagemid” allows ColEl
plasmids to be replicated as single strands and secreted as
filamentous phage-like particles in the presence of an M13
or F1 phage helper (DENTE, CESARENI and CORTESE 1983).
The 4.1-kilobase (kb) EcoR1 fragment derived from DpGar2
and the 6.3-kb Sall fragment of DpGarl (Figure 1) were
used to construct deletion derivatives for DNA sequencing
(HENIKOFF 1987) by the chain termination method (SANGER,
NIckLEN and COULSON 1977). The short intervening region
including overlaps was sequenced using a subcloned deriv-
ative of DpGarl and synthetic oligonucleotide primers. The
region to the 3’ side of the 6.3-kb Sall fragment was
sequenced using a Kpnl fragment derived from the right
side of DpGarl and synthetic oligonucleotide primers. Ex-
cept for the most 3’ 200 bp, all sequence was verified by
determining both strands.

Antibody preparation and Western blotting: A rabbit
was injected with purified GARS-AIRS-GART polypeptide
which had been isolated as described (HENIKOFF et al. 1986b)
and mixed with Freund’s adjuvant following standard meth-
ods. IgG was isolated from the resulting sera and used for
affinity purification (GENTRY et al. 1983) by coupling D.
melanogaster SL2 cell-line extract to a first column for re-
moval of non-specific 1gG and purified GARS-AIRS-GART
protein to a second column for binding of specific antibody.
Coupling to a solid support followed the procedure of
Bassiri, Dvorak and UTIGER (1979). Preparation of Dro-
sophila extracts and polyacrylamide gel electrophoresis was
carried out as described (HENIKOFF et al. 1986¢). Western
blotting, antibody probing and treatment with **I-labeled
protein A followed standard techniques (TOWBIN, STAE-
HELIN and GORDON 1979) using nonfat dry milk as a block-
ing agent (JOHNSON et al. 1984).

RNA analysis: Isolation of poly(A)" RNA using guani-
dinium isothiocyanate was followed by oligo(dT)-cellulose
fractionation as described by MANIATIS, FRITSCH and SAM-
BROOK (1982). Total cellular RNA was purified as described
by AUFFREY and RoUGEON (1980). Northern blot analysis

was carried out according to the procedure of THOMAS
(1983).

Computer methods: Sequence data were entered directly
into a computer file and verified using a sonic digitizer and
editor software obtained from Riverside Scientific Enter-
prises (18332 57th Ave. N.E., Seattle, Washington 98155).
Sequence display, restriction site searches, alignments, dot
matrix analyses and homology searches were performed
using the GENEPRO software package also obtained from
Riverside.

RESULTS

Isolation of D. pseudoobscura Gart: A X\ EMBL4
genomic library of D. pseudoobscura DNA was
screened at normal hybridization stringency using two
probes on duplicate filters. One probe corresponded
to exon 2 and the other to exon 7 of the D. melano-
gaster Gart purine gene (HENIKOFF et al. 1986b). Five
clones that appeared to be positive for both probes
were chosen initially and restriction mapped. Four of
the clones showed comigrating restriction fragments,
some of which also hybridized to the D. melanogaster
Gart purine and cuticle gene probes on Southern blots
(data not shown). The most extensive clone, DpGarl,
was chosen for subcloning and sequencing. None of
these clones included the most 5" portion of the Gart
purine gene, so that a second set of three clones was
isolated, screening with the most upstream EcoRI frag-
ment of the DpGarl insert. Restriction mapping and
Southern blotting indicated that two of these clones
(DpGar2,3) included the regions homologous to D.
melanogaster Gart exon 1 (data not shown). The re-
striction maps for the inserts of clones DpGar1-3 are
shown in Figure 1.

Hybridization in situ to D. pseudoobscura polytene
chromosomes was performed using an homologous
probe corresponding approximately to the upstream
half of the gene. Figure 2 shows the typical labeling
pattern. A single site of hybridization is seen at the
proximal side of division 88 in the proximal portion
of chromosome 4 (STOCKER and KASTRITSIS 1972). D.
pseudoobscura chromosome 4 is thought to correspond
to D. melanogaster chromosome arm 2L (PATTERSON
and STONE 1952). As D. melanogaster Gart is in the
distal portion of 2L, at subdivision 27D (HENIKOFF et
al. 1981; D. NASH personal communication; S. HENI-
KOFF, unpublished results), it is likely that these two
species differ by at least one paracentric inversion on
this chromosome arm. Many such inversions are
known to have occurred during evolution of the
subgenus Sophophora, particularly in the line leading
to present-day D. pseudoobscura (PATTERSON and
STONE 1952). We conclude that the clones we have
isolated are true homologues of D. melanogaster Gart
and are derived from a segment present at a single
cytological location.

Sequence of D. pseudoobscura Gart and compari-
son to D. melanogaster: Overlapping segments from
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FIGURE 1.—Restriction and transcriptional maps of the D. pseudoobscura Gart locus. The X inserts used in the analysis (DpGarl-3) are
shown above. The region that was sequenced and the transcriptional map is shown below. Protein-coding sequence is indicated by filled boxes.
Restriction sites are: EcoRI (E), Notl (N), Sacl (Sa), Sall (S), Apal (A), Kpnl (K) and HindIII (H).

DpGarl and DpGar2 were subcloned into “phagemid”
vectors and used for DNA sequencing. The entire
sequence of the purine gene coding strand, including
5’ and 3’ flanking material (11,392 bp), is shown in
Figure 3. Nucleotide 1 corresponds to the first base
of the genomic sequence determined, which is the
first base of the DpGar2 insert.

The previously determined sequence of D. melano-
gaster Gart extended upstream of the transcriptional
start site for only 51 bp (HENIKOFF et al. 1986a). We
have now determined a total of 614 bp to the 5’ side
(M. EGHTEDARZADEH, unpublished results), extending
to an Xbal site mapped previously (HENIKOFF et al.
1986b). A comparison of this 9953-bp D. melanogaster
sequence with the 11,392-bp D. pseudoobscura se-
quence is summarized in the form of a dot matrix plot
(Fig. 4). A single dot is placed wherever 20 matches
are found within a stretch of 25 bases. This degree of
homology is highly unlikely to occur by chance; un-
related sequences of similar length generally show no
dots (data not shown). Diagonal lines are produced
where extensive homology exists between the two
sequences being compared. Several very prominent
diagonals are seen, corresponding to highly homolo-
gous regions. Only a single off-diagonal dot is seen.
This dot corresponds to a portion of a diverged repeat
described earlier (HENIKOFF, SLOAN and KELLY 1983;
HENIKOFF 1986).

The previously determined transcriptional and
translational ( filled boxes) map of the D. melanogaster

locus is shown along the y-axis (HENIKOFF et al. 1986a).
Each coding region of the D. melanogaster locus has
an homologous counterpart in D. pseudoobscura, both
for the purine gene and the cuticle gene. This indi-
cates a similar overall structure of Gart in the two
species. Although the spacing between the homolo-
gous regions varies, they are all in the same order in
the two species. When these homologous sequences
are aligned, each of the experimentally determined
intron-exon boundaries of D. melanogaster corre-
sponds to the appropriate location of a consensus
splice site in D. pseudoobscura (Table 1), for both the
purine gene and the cuticle gene. These striking sim-
ilarities indicate that the nested structure also exists
in D. pseudoobscura.

Protein comparisons: Based on the unambiguous
nucleotide sequence alignments in the coding regions,
the amino acid (aa) sequences of the Gart locus pro-
teins can be predicted. In D. melanogaster there are
three such proteins: a 1353-aa polypeptide encoding
GAR synthetase, AIR synthetase and GAR transfor-
mylase in that order from amino to carboxy terminus
(GARS-AIRS-GART), a 434-aa polypeptide encoding
GAR synthetase alone and a 184-aa predicted cuticle
protein (HENIKOFF et al. 1986a,b). These correspond
to predicted proteins that are respectively 1364 aa,
434 aa and 192 aa in D. pseudoobscura (Figure 5). The
D. pseudoobscura GARS-AIRS-GART polypeptide is
predicted to have an extra 2 aa that lie between the
duplicated AIR synthetase domains, and an extra 9
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FIGURE 2.—In situ hybridization of D. pseudoobscura Gart DNA
to homologous larval salivary gland polytene chromosomes. The
5.3-kb HindI11-Apal fragment includes nearly all of the purine gene
first intron with the cuticle gene. Three complete nuclei are shown,
each with a single site of hybridization. Below is a stretched example
of Chromosome 4, showing labeling in the proximal portion of
division 88.

aa at or near the poorly conserved COOH-terminal
(Figure 5A). The predicted GAR synthetase polypep-
tide aligns throughout its length. The cuticle protein
aligns for the first 4 aa comprising the coding portion
of the first exon in each (Figure 5B). However, the
remainder of the hydrophobic region that is presumed
to be the signal peptide shows little homology and
includes a 3-aa insertion in D. pseudoobscura. The
remainder of the sequence aligns except for the last
15 aa of D. melanogaster and the last 20 aa of D.
pseudoobscura. With these alignments, as shown in
Figure 5, GARS-AIRS-GART is 86% homologous
and the cuticle protein is 79% homologous overall
between the two species.

Western blot analysis was carried out to test the
predicted alignments. Crude extracts from adult D.
melanogaster and D. pseudoobscura were electropho-
resed on SDS polyacrylamide gels, transferred to ni-
trocellulose, and probed with affinity-purified anti-
body to purified D. melanogaster GARS-AIRS-GART.
The D. melanogaster 145-kilodalton (kD) GARS-AIRS-
GART polypeptide is seen in a purified preparation
(Figure 6, GARS-AIRS-GART), in transformed cell-
line overproducer extract (HGARI5), in 50-fold

higher levels of untransformed cell-line extract (SL2)
and in similarly high levels of D. melanogaster adult
extract (mel.). The D. pseudoobscura extract (pseudo.)
has a cross-reacting polypeptide that appears to be
slightly larger than the 145-kD D. melanogaster GARS-
AIRS-GART, consistent with its 11 aa (1.2 kD) larger
predicted size. This slight difference is seen in adja-
cent lanes that have been alternately loaded with equal
amounts of adult extract from the two species. This
result provides direct evidence that the predicted D.
pseudoobscura GARS-AIRS-GART polypeptide cor-
responds to the experimentally determined D. melan-
ogaster polypeptide. The D. melanogaster 45-kD GARS
polypeptide is detected by the antibody in an over-
producer extract whether or not it is depleted in the
145-kD polypeptide (GARS, HGAR15). This con-
firms our previous detection of this protein in over-
producer extracts by silver staining (HENIKOFF et al.
1986b). However, the GARS polypeptide is not de-
tected in either D. melanogaster or D. pseudoobscura at
levels that are above those of the more prominent
background bands. This sensitivity problem is likely
exacerbated by the high levels of comigrating proteins
in this molecular weight range that could reduce
accessibility of the smaller protein to the antibody.

Also electrophoresed in this experiment is adult
extract from ade3', a purine auxotrophic strain with
a single nucleotide substitution in the GAR transfor-
mylase domain which eliminates this single activity
without affecting the other two (HENIKOFF et al.
1986¢). The presence of normal amounts of cross-
reacting material for GARS-AIRS-GART confirms
our earlier conclusion concerning the lack of effect of
this mutation on the presence of the proteins.

As we have been unable to raise specific antisera to
the D. melanogaster cuticle protein, a comparable anal-
ysis is not possible. Thus far, the particular polypep-
tide encoded by this intronic cuticle gene has not been
identified, perhaps because it is likely to be less abun-
dant than other pupal cuticle proteins of this size class
(HENIKOFF et al. 1986a; J. FRISTROM, personal com-
munication). Nevertheless, the high degree of amino
acid sequence homology, not much less than that of
GARS-AIRS-GART, demonstrates that this gene
must encode a conserved protein.

Silent substitutions: The degree of nucleotide sub-
stitution that has occurred since the latest common
ancestor between these two species can be calculated
by extrapolation from measurements on more closely
related species (BRITTEN 1986) and estimates of the
time since divergence (BEVERLEY and WILSON 1984).
However, such a calculation makes untested assump-
tions and is uncertain in the absence of a dated fossil
record for Drosophila. For our purposes, it is impor-
tant to know if homologous regions indicate func-
tional conservation, that is, whether these two species
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CCGGATCTTTTTACGACTATTTGGTAGAATTTTATTATACCTGAAATATTGTTCCTATTAGGACGATGACCAGTGTG TACCTATCATAGCATTTATCTAATGCTCGCAGGAGAAACAGCT 120
GTTCTTTCCTCTCTCTCTATATTTTGCCTTTTATTTTTTTTTGAATTAT T TTCATACGGAATAACAAATTTACGACTCATAAGAAGTGCAATTTGAGTTACAGTTACATTTACCCCCAGC 240
CGACGTGTTIGTGTTATTTGTTTGAGCTAAAACAACAACAATTATTGCCGCGGCCAARAATAAGTGCARTGCTG TGGGATTGGGTCGCCTCCTAACGA 360
CGCGGCCCACGGAGGTTTTCTTATCGCGGTCACTGACGCG TCACAGTTGCTCTTACCTAGGCCTAGGGCCGCACACATARARAT ATTTAATTCAAATTC AAGATTTCAGTTCAAMACGAG 480
CGGTGCGGTTTTACCGATCTGATCAGCCAAAAAAAAAAAAARACAAATACATAAAACACGCAAAACCTGGCTCTCTTTCTCCCTCTCTCAAGCTCTCTCTCCATCGCGTCTA 600
TTAAACATACTGTGCTCTCACTCTCACTCTCTGCAAACGCTGCTGCTGTTGCTGCTGCCCGTTCAACAACTTGCAACACGTGGGCGAGAAAACGAAGAAAGAATTATAAATTCTTAAARA 720

CGTGATTAGTTTTTGTTCTTATCGGCCAGTAAT
ATGTCGCATAGCGTCTTCGTCATCGGCAGCGGCGEGCGGEAGCATGCCATCTGCTGGAAATIGTCGCAGTCGACGCTGGTGAAGCAG 840
ATCTATGCCCTGCCTGGCAGCTTTGGCATCCAACAGGTGGAAAAGTGCCGCAATTTGGATGCAAAAGTCTTGGATCCAAAGGATTTTGAA
GTGAGTTGAATGATTCCCCCAGCGACCTTG 960
GATTAACCTTCGCGAGTGACTTACAGTTACAGTGTGTGTGCCTG TG TG TG TG TGCACGCTATTTGGGGTGAAGCTTGAGCGTGGAATATTCGGCATTTACTTCGTTTIGGGTATITITIT 1080
ATTGCCGTCTGTGATACATTTTTATGGCTTCTTCAGAGATCTTTGAGATCCTAATGTATATTTTTATGATGCCCCAGAATGTTTTATGC TAAGECGCCAATAAATCCCCAATCGGAACGA 1200
TCTTAAAGCTGATCATTCCATTGCACTGCGATCGC TG CTAATCCGTTTAACTTTAACCCTTGAGCGCGCCTTGGATTGCCATTGGAGCTGACGAAAATCGTGGCARATATIGCAATICGA 1320
GATTATTATTATATGTAGATCTGTGTAACGAGAGTCTGTCAATACGTTATCAATTGCAGGCTGGCATTTGCGTGCATTATTCGAGGTCTAGCAGCTTAACATTTTTIGTAATGCATCCAAA 1440
TTGATTTTAATCATATTTGTGGCTGTCTTTTCTGTGTGGCTTAGTCGGCTCGTAATGTTGATAGATTAAGTCTGATTAGCAGAGAAAATCTATTCTACAATAATAMAGTATATTIGCTCG 1560
TITAATGGGACTGTTGTCAGGGGACCAGGGTTTTGCTTGTGCARARCGATCCTCATACUAICACGATTCCACCCCCCTATIGTCTACCCATGTCTARACATAAATTGAAACTGTCTAGTT 1680
TAATTATCTAAATAAAGAATCAAATGCCAAAAGATTGTTCCATCGCGTTCCCCAGACATTGCCTCACATTAGCGCCTTCTTTTGCGACAGACAACAACARARATAMACACAAAATTCAGG 1800
CCTTTGTTCTTTGT T T TCGCATTATAGCTTATG T T TTGCTTACCACTTCTATATTTATIGTTTTTCTCGCTTAATTAATTGTTAAGAT TCAAATTCACAGATTTGCATGGTGTTCTATTG 1920

AGACCTGCCCCCAGCACCGATCAACGATCACCGATCATCGGATCA

TCGGCGTCTCCAATCGTTTTGACCCTGTCTAAGAGGTCGCCGTGTTGGGGCATCCGATAGCGTGGGTGGATGGGT 2040
CAGATAGATGGTCTTTGCTCTGGAACTTGGCCGGGAACGAGCTGTCGTCTGGTCCTGGATGTTCCGGGTGTAGACATTAAAAGCGGCCGCATCGTGGGCCACTGTCTIGAGCTCGCCCGT 2160
ATAGTAATCCTTCACCTGGTACGGATGCGCGCGAATGTACTCCAGGGCGCGCAGGATGTAGTCGGGCACTTTGGGAATGTGATCACCCACGGGATGATAGCCGGTCTCCTCGGCCACATA 2280
GCTAACACTGATCACAGATCCTTCGGGGGAGGTGTAACTGGAGCCGCCCTGANCGGAGACGCCTCCGAGGCCCTCCTGAGTGGCCGAAATGCCATTGGATCTCTCGTAGGCATAGCGATA 2400
GTTACCATCCCGCTCCACCTGGAGATCATTCTGGAGTCTTTTCCTATTCCTATCCGAGTCCGGAATGTAGGCGGCCGCCCGAAACGCCAGCTGCTGCTGCATCACAGCCAGCACTCCAMAL 2520
GAGACTCAT

CIGTGGGGTAGAAGATTGATCGATTATAATC CCTTTTCCGGTGTACTGCCATTCTCGTTTCGCCTTTCGGTTTCTTAC
AAGCAAARTGCAT
GA AGAGATC 2640

CGGGAGTGGAGT!
TCTGGGTTCTATCGTC T TCGAGTATCAAGTGGAACTG TT TG TCTCCTTC TG TACGCTTICC T T TTTATATC CATCCGCTTCTCTGTCAGCTTGGATTTTTTITICGCAATATTTICCC. 2760
CATCACCGACATGGCTCGTCATCATCATCGTTGCGGCGGCAGCGGGGCCGCTTGCCTTACTCAGTCATANATAMATGATTITATTICTTATAAGTATT 2880
ATTCCCAAAGTGTGGGATGGTAAAAATACATACATATACAATATICCTGAATCCTTATGCCCTACTCGAAGGTICOGGE 3000
ATATATAGTATATIGIGGCTGATCTIGAAATACTTACATGCTCAAGGAACTCGAAAATACCATAGCGATCATCGACACTGCGGGTCTCCTTAATTGGCTTCCATTGTG 3120
AAAAGAAAGTTTIGTCTG

GAATATCAGAGGC, AGGAAAATAAGGTTGATTTTATAGATCACATATTGTAGGGATTACTGGGGATAACTTCCACTTTATGGCTTCCTACTATAGAATATTGC 3240
GAAGGGAATCTGTTGTACGATACTTCGAGACCAAGAACAATACTACTTTCATCTCAGACTTCTAATAAAAATTGTACAGGAAATTGCATTCCAATTCAAGAAAATCICCAGCAATCAACA 3360
GCTCAAAGACCATCTATGGAACACCCCCCAGACAACCCATAATCTTGCTCAATTAATTCAACCACTCTCTTTGTTTTITATAGTTTTTGTCTGCTAGITATTATTAGAMTTGCATAGCA 3480
TCATAAATGATGAATGAAGTGTTATCTCTAAGCATATATTTTGATCATTAGACACAAACTTTATCAAAATTACGCGTACCTCCGATTATTIGATACGTCTICTTITIGTIGTIGTIITIG 3600
CTGGCTAATTCCCAAAATAAAAACCCGTACCGOTTCGACTAATICACCAAACCOTATCTANTT TTCATTCCCTCCCCAAACTCTITATCCGCAMCAMAIGTATCAGCATICCTIGCTICA 3720
ATACCCCGATTCCCATTCGCTGGETCCCCCACTTAATTTGCATATAATACACTAANTCATGAGCGCACTCTCTAMGCATAMGACGAAMACGTICTAGCCAMTIICGCAAGTAGTCGA 3840
CGCTCGCTCAGGTCAGAGATTCCGAACGATATATATAAAGGCAARAGTCTTTCAAGACTTCTCTTACTCGGTTTATACGAAGTTGATTTGATGAAAAGCTCTGAMAGTGAATGARATCA 3960

GGAATTAGGAAGGCGCAGCCAACTTCTGTCCTTACAGGAATCAAGGGGGAAAACCAAAAACAGCTGATCAACTGTACAAATCTCTTCTGAAAGCAAAAARAAAAGAAAACATACTGCAGA 4080
ARAGGAATCAAATLGAAAGTAAGAGAGATCTCTGTCCTATTCGAAAGATATAGACGCGGCGAAGCTGCTAGAACTGGCAACTTGCGTTCATTAATATCATGAATTCAGCTTCGTATAAAC 4200
ATAGTATATCIUTATCTGTCATAAGCCTTCATTTACGAGTATGTAGATGGTTAGATCGTGCTIGCCTTTCGCCTCATTCTTCTTGATCGCGCCTAACCTTCGTTACGGGAAATTGAAACC 4320
TTGACCAGCTTTGCTCTTAATTTGGAAAGCCCAAATAGCTCTTAAAAGACGTCATATTTAGCAGCAAAATTGGAGAGCATGCGGCCETGTGAACGTICTTGAACTCTTAGGAAATCGGGA 4440

CGATTGCARTTTCAACTCCGTCTTTCCTCGACTCTCCTGTTGTGGGGGCANACCAACCGAAATTCTCCCTTGGCGCCGATA 4560
COAATTAGAACTGAGGTAACGAAGCACCAGAGAACCGGACCAGAACAGCCC CWWMWAMTNGWA 4680
Amcmamcncaccmccrcnccn'mccccuccmcmnmmccccncccc C

ACAMGAGGAGAGAGAGAGMTCCCCCGCCCAAAGAAGH\TAMWAE 4920
Amccmmmm TTIGTATTCAATGCCAATICIGAAATTCTTAGAGAAGAGGTATTGATGG 5040
GGAGAGGGCAAAAGCAGGGATATGAGAATATT TAGATGGGATTTGGAGTTAGG. AAAGATAACGATACGATACAAATTATAAGTAAMTGGAAGAGAAGTTTGGAAAGAAACAG 5160
Trm\mcmArmmcArm'n'rrccAncnrrmcacnmcnmmmuanmmmmmmcccocmmtmmmmmmmc 5280
TTACAATTTTATATGAAATTTTAAAAAGAAAGATGCAATTTTTTCATCAGTGTATCGTTTTATAMGAACAAAGCCGATUUCAAATARMATAACTCGGTTTTGCCTTGAATTCAAATTCAA 5400
ACCGTACGGCTCTCCGATTATAAACATCACACCAAATATTTGTATCTTAATTAATTTTAAATTGCATGATTACTTAGCTTATGGAGACCTGTGTCGTCGCGGATAATGAATAACCCGAAT 5520
ATTTCAAATGGCTTGGAAAAMATATATAGATCGAAAATTTGCATCATTAAAATATCIGTGTAT TTTTCAGCCCAGTGCTATATAATATTCTTTCTATAAGAAATTTTTTATAT I TTAATG 5640
AAATATTATAATATATTCTTICGTCTCTIGAGTTGTATTAAAATGCTACAAAAATGGAATACAM T TTACTAAATTTTAGTAGGATTTCAAAAAGTTTGGTTATCTATAATGACCAACAT 5760
TTTTGGCTTATGAGGTTTTTAAAATATGAACTAAAGATCGAACACACCTATCGATACACTCAATAACATAGTTTCAGCGCTTCCCCAGATCATCATTAAATCTITIGAATACGCTCCGAG 5880
GAGAAGATTGGGGGGAATTCTGAGGTTTAAGGACGTTCCGAAGGCAGGAGCGAATCGCGATTCTTTAGAACGTTTCGAAGATGCGAAGGAAGCAAGGGGAAAAGGCAGAGATTCTATCTT 6000
TGGCACAAGGACCACTTTC! CGAG'I'K;GAAATACGGAMTA'ITM’IVITCI'I’CA'J.'I‘AMTAHATAAGTATAGMTAGACAGMTCITATMAGGMCATMANCGAT!CCCMMAC 6120
TCAACATATTTATGGATGGTAATAGATCAATAATCATAAATCTATTCTAATCTTCAAATATTTCTTGCCCTGTTTTTCCTTC.
cccxm:ccmmocmmmmm 6240
CTAGTGGTCGTTGGACCCGAAGATCCCTTGGCCTTGGGTCTGGGCGATCTGCTGCAMAGGAGGGCATCCCATGCTTTGGACCCGGCAMGCAGGGGGCCCAAATCGAGGCGGACAAGAAG 6360
TGGGCCAAGGACTTTATGCTGCGCCATGGAATACCAACGGCTCGATATGAGAGCTTCACGGATACGAACAAGGCCAAGGCGTTCATCAGGAG

GTGAGAAACGAATCTCTTGGAATGGAMA 6480
TTAGATTCGAATAACTGATGCCCTCTCTTCCAG
ATCAGGCTCTGGTGCCTGANGGCCGCTCCTTTGGCTGCAGGCANGGGTGTIGTGGTGGCCGCCAATGTGGATGAAGCCTG 6600
'TATTGGGAGACCTGAAATACGGACAAGCTGGGGCCACCCTTGTCGTAGAGGAGCTTCTCGAGGGCGAGGAAATATCGGTTCTAGCCTTCACCGATGGCAAGAG 6720
TGTTAGGGCCATGTTGCCTGCCCAGGATCACAAGCGTTTGGGCAATGGAGATACAGGACCAAACACCGGAGGAATGGGCGCCTACTGTCCCTGTCCTTIGATCAGTCAGCCCGCGTTGGA 6840
GCTGGTCCAGCGAGCCGTGCTGGAGAGAGCTGTTCAGGGTCTGATCAAGGAGCGCATCACCTATCAGGGTCTICTCTATGCGGGACTCATGCTGACACGCGATGGACCCCGCGTCCTCGA 6960
GTTCAACTGTCGCTTTGGCGATCCOGAAACGCAGGTCATTCTGCCGCTCCTCGAAC TGATCTTTTCGAGGTGATGCAGGCCTGCTGCAGCGGTCAGCTGGATAGGCTGCCCCTCCAGTG 7080
GCGCAGCGGCGTGACTCCTCTCCETCTGCTCCTCGCAAGTGC TGGCTATCCAGAGACCTCCACGARGGGTTGCCTCATCACTG
GTAAGGTTTCCTTGTGCTCTTICCATTAAATCAATAT 7200
TAACTTGTTTCATTITTCTAG
GACTACCTGATGTCAATTCGCCCACTCAATTGATTTTCCACAGCGGTCTTTCTGTAAACAMACAAAAGGAGGCCCTCACGARTGGOGGACGTGTGCTGAT 7320
AGCCATTGCCTTGGATGCCAGCCTCAAGGAGGCGGCTGCAAAGGCCACAAAACTTIGCAGGAACTATCACTTTTGCCGGCACAGGAGCTCAGTATCGCACGGACATTGCCCAGAAAGCATT 7440

TAAMAT

\TTCAAAAGACGTTTACTCAATGGGTATATAAAGCCAATGAAGATAGGGAGATTTGCGGTCCTAMAGATGUGAGATTGAAGCTATTGATTGATAGAACTCTTACTAAAGA 7560
nAnAmcrArmAnrumAmrccrccmmmmucmmmnmumﬂmmmmmmnm TAAAGGGTGGAA 7680
TTGTCAGTTTTTCATGCACAAGCATTTCAGGCATCGTTCGGATCCTCAAAMATTCAATTAATCTCCTCTTAGCATCTAAAAACTCTTATTACTGTGAGATTTTGT TTGATCTGTCACC 7800
TCGTAACTTATTTTAGUTCAAAATTATAATCTTTCCGGACAAAATGGAGATTCTCACTAGGTTTCCCCTAGTACAACCTTCATCTTTATGCCTCTAATA 7920

AAGTATTTTCTACACATATAACTAATATATTACTTTTICTITICCACATCAG
AGCCATTCCCACGGCGOCAGGCCTCAGCTACAAAGACAGCOGCGTOGACATTGATGCCGGCGATGCTTT 8040
GGTCCAACGCATCAAGCCCTTGTCGCCTGGCACTCAAAGACCTGGGCTCCTTGGCORTTIGCCTCCCTTTGCTCCTCTCTTTCCGCTCGAAGGATCTCAGCTACAAGGAGCCCGTAATTGC 8160
AGAGGCCACGCAGGGTGTGCGCGCCARGATCCACT IGGCCCTGCAGAATGAAT TG TATGAGAATATTGGCTACGATC ICTTTGCCCATCTC TGCCARTGATCTGCTGGAACTAGGCGCCGA 8280
GCCGGTAGCTTTTCTGGATTACATAGCCTCTGGCAAGCTGCATGTGCCACTGGCOGCTCAGCTCGTGAAGGGAATGGC TGATGGCTGTCGGGATGCCANGTGCGCATTAGTAG

GTGCGTA 8400
TCTAATCGAAGGAGAGGCAGTCTTTGAGGAAGATAATTAATAACTATATAATATATCCCATCCAG
GTGGCGAAACAGCGGAGATGCCCTCGCTCTATGCCCCCGGGCAGCACGACATGGC 8520
TCTGCTCCTGGECCTGCCCTCCTOGGGCCTCCACTCTGCTGGCTTCAACGA

CGGCTACTGTGTGGGCATCGTAGAGC) 'TCTGTACGAACCGGAGGA 8640
GATCCTC. TCTCAAGGAGTGCTCTIC TGCCCTTAGCCTGGCCCAGGTCCTGGGCACGCCCACACGCCTGTACGTGCA 8760
ACACTTGCTGCC! AGGCTGGCAACCAGATCAAAGCTGTGGCCCATGTCACGCATGGCCTGCTGCACGATGTCC 8880
TGGTGCAGTCCCCCTCCCGRA! ATAACTGCGGTATTGGCATGGTGCTSGTICTCCCACAGAG 9000

AGCCCTGCCGGGGGCC! 9120

\TCGCAGCTGCC! TCTGCCCTCATCGGGAGTCAAGGCAACGACACGTGAAGAATGCTTIGAGAATGCCUTGGG 9240
CCGCGTGCCCAATCATTACGTGGATCCCATACTCATCTTGGGTACCGATGCTGTGGGCACCAAGCTGAAGATTGCCCAGCAGACCCATCGGAATGCCAGCGTGGGCAT 9360
CGATCTGGTGGCCATCTGCCTCAACGATATACTCTGCAATGGCGCCGAACCATTTAGC TTTTCCAGCTATTATGCCTGCGGCAAMATGGCAGGCCGCCTTOGCTGCGGAAGTCAACGCTGG 9480
CGTACAGGAAGGCGCCAGCCAGGCCAATAGTAGTTTTCTGG
GTATGTTTTGGCTGGATCATTCTITTGCTGATTCACATACTAATGCCATTTCCTCTCGATCACATAG
CCTCCCATAGTG 9600

TTC, AA AGG
\TCTATGTGAAGGCATTCTCCGCGCTGCTCTCTCGACCCAATCATCGGATCAAGGCCCTGGCGCACATCACTGGCGGTGGCCTGAGCGAGAATATACCCC 9960
GAGTGCTGCGCAAGGAATTGGCCGTTCGATTGGACGCCAACAAATACCCGCTGCCCCCAGTATTTGCCTGGCTGGCAGCAGCAGGAAACATCAGCTCCACAGAGCTGCAGAGGACCTACA 10080
ACTGTGGCTTGGGTCTCGTGTTGGTCGTGGCAGCCACGGAAGTGGATGGCOTGCTCCOGGAGCTCCGTTATCCACAGCGCGCCTCTGTTGTGGGCGAMGTAGTGGCCCGAAAGGATCOGA 10200
AGAAACCCCAGGTGGTGGTCCAGAACTTTGAGGCATCGCTGACCAGGACCCAGAGAATGCTATCTCAACCACGGAAACGCGTTGCAGTGCTCATTTCAGGAAAAGGCAGCAATCTGCAGG 10320
CCCTCATCGATGCCATCCGTGACTCGGCTCAGGGCGTCTACGCAGAGATTGTCCTCOTCATCAGCAACAAGGCCGGTG TCTIGGGTCTGGAGAGGGCOGCCAAGGCCGGCATACCCTCGA 10440
AAGGACTTCCCCAGTCGCGAGGTCTACGATGTTGAACTAACGCGCCATCTCAAGACAGCTCGCCTGGAATTCATCTGCCTCGOGGGCTTCATGCGCATCCTCAGTG 10560
TICCCTTTGTACGCGAATGGCGTGGCCGTCTCATCAACATTCATCCCTCGCTGCTGOCTAAATTTCCGGGGCTACATGTCCAAAAGCAGGCTCTGGAGGCGGGTCAAACAGAGTCCGGGT 10680
GCACGGTTCACTATGTGGACGAGGGCGTCGACACGGGAGCCATAATCGTTCAGGCCGCTGTTCCCATACTGCCCGGGGATGATGAGGAGACGTTGACCCAGCGCATCCATTATGCCGAAC 10800
ATTGGGCTTTTCCGCCTGCACTGGCGCTGTTGGCCAGCGETGCCCTGCGTCGGGTGTCAGAGCTAAAGAAGGAGGCGCCGAAGGATATCAAGGATAGCCAG
TGAAGTGTGAAGACATTAA 10920
AAACTTT, AAGTTTTTGACGCCCTCCARGGGATTATTTTTATAGTGACAAACAATTTCTCTTTTCGTTAAGACTCGATTCCATGTITTTTATAGATAACAAACCTATTCAAR 11040
ATATTTAAACGTATTCTCTACAACTAATATCACGGGGGGATGCTTTCATATTCGATATCAATCACAAAAGACGGGTAATCAGGTCGAAAATATIGCTTTTGAAAGTGTTTITCCGAATGCT 11160
CATCCTTCGCTTTGTATTGGACTGCAGGACGCTTCTGATTACGTTTTAAGTCCGGCTCCTTAAACACCATGGCGGCCAGGCTCCAGGCGATAGCGAAAGAACTGATTCTTGAGTATGGGC 11280
ACAATCAGATTGTACTTATCAATCATCTTGTTCAGCTCCTGGACCTCCTCCTCETGETCT TGGGTGAACCTTAGCCAGGCGGCCTGCTCTTCGGCATTCTGTAGCGGCCAAT 11392

FIGURE 3.—Sequence of D. pseudoobscura Gart. Protein-coding regions are separated from noncoding regions by blank lines. Nucleotides
that are within highly homologous regions (see Figure 9 and Table 4) and are identical between the two species are underlined.
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FIGURE 4.—Dot matrix comparison of D. melanogaster and D.
pseudoobscura Gart loci. Each dot locates the position of 20 out of
25 nucleotides that are identical between the two species. The
transcriptional and translational map of D. melanogaster Gart is
indicated on the y-axis.

are sufficiently distant in time since divergence that
mutation would have obliterated homologies at posi-
tions that are selectively neutral. As we have a total
of more than 1000 aligned amino acids that are con-
served at this locus, it should be possible to obtain a
direct estimate of divergence at selectively neutral
positions by examining third base codon differences.
Five amino acids are accounted for by four codons
that differ only at the third position: threonine, pro-
line, alanine, glycine and valine. For the aligned Gart
locus proteins, these amino acids comprise 504 resi-
dues (Table 2). Of these, 284 (55%) differ at the third
codon position. This compares with 75% differences
expected for completely random codon choice. Be-
cause of a marked species bias in the choice of codons,
however, a 75% level of difference is not expected to
occur even for completely diverged sequences. Table
3 shows a codon usage comparison between the D.
pseudoobscura and the D. melanogaster Gart locus poly-
peptides. The differences do not appear to be very
significant between the two species. Overall codon
usage conforms approximately to what has been seen
for a large number of D. melanogaster genes (MARUY-
AMA et al. 1986). This allows us to superimpose the
codon bias on our estimates of random codon choice,
assuming only that the observed present-day bias has
been in effect since the time of divergence. As Table
2 indicates, the expected number of differences for
random choice of each of these five codons is 313
overall after this adjustment is made, not much higher
than the observed value of 284. Therefore, about
90% of the neutral nucleotide positions in the protein
coding regions are estimated to have mutated in one

TABLE 1

Location of sequence landmarks

Position in

Description of site D. pseudoobscura D. melanogaster®

Purine gene transcriptional start 468 615
Purine gene translational start 754 775
codon
Purine gene intron 1, 5" side 931 952
Cuticle gene poly(A) addition 1831 1997
Cuticle gene 3" AATAAA 1859 2025
Cuticle gene translational stop 1965 2116
codon
Cuticle gene intron, 3’ side 2530 2673
Cuticle gene intron, 5’ side 2607 2743
Cuticle gene translational start 2619 2755
codon
Cuticle gene transcriptional start 2681 2788
Cuticle gene TATA 2711 2818
Purine gene intron 1, 3’ side 6204 5093
Purine gene intron 2, 5’ side 6453 5342
Purine gene intron 2, 3’ side 6513 5395
Purine gene intron 3, 5’ side 7164 6046
Purine gene intron 3, 3’ side 7220 6101
Purine gene intron 4, 5’ side 7447 6328
GAR synthetase translational stop 7448 6329
codon
Purine gene small transcript 3" 7917 6370
AATAAA
Purine gene intron 4, 3’ side 7971 6510
Purine gene intron 5, 5’ side 8394 6933
Purine gene intron 5, 3’ side 8465 6990
Purine gene intron 6, 5’ side 9522 8041
Purine gene intron 6, 3’ side 9588 8102
GARS-AIRS-GART translational 10902 9389
stop codon
Purine gene 3 TTTTTATA #1 10964 9532
Purine gene 3" TTTTTATA #2 11013 9557
Purine gene 3' AATAAA (11025) 9586
(AACAAA)

¢ Nucleotide #1 is defined as the first base of the nearest Xbal
site on the 5’ side of the purine gene (HENIKOFF er al. 1986b).

or the other lineage since their most recent common
ancestor.

Conservation of alternative processing: In D. me-
lanogaster, alternative processing occurs with poly(A)
addition after exon 4 to encode GAR synthetase and
after exon 7 to encode GARS-AIRS-GART (Figure
1). Remarkably, however, there is no obvious resem-
blance between intron 4 of D. melanogaster and that
of D. pseudoobscura. Figure 7 shows a dot matrix
analysis in which each dot represents a match of 10 of
15 bp residues in order to detect relatively low levels
of homology. Lack of homology for intron 4 is evi-
dent, since the density of dots in this section of the
matrix is about the same as that for off-diagonal
sections. Not only do we fail to detect homology
between the two species, but also D. pseudoobscura
intron 4 is about three times as large as that of D.
melanogaster. Furthermore, the only obvious poly(A)-
addition sequence, AATAAA, is located very near the
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FIGURE 5.-—(A) Amino acid sequence alignments between the predicted D. pseudoobscura GARS-AIRS-GART (top sequence) and the D.
melanogaster polypeptide. Identical residues are indicated with intervening colons. Alternative processing of the primary transcript leads to
production of a GAR synthetase that is identical for residues 1-433 but has a methionine, rather than an isoleucine, at residue 434 in both
species. (B) Similar alignments between the Gart cuticle proteins of the two species.

3’ splice junction of D. pseudoobscura, in contrast to
the corresponding position of the functional D. melan-
ogaster AATAAA which is closer to the 5’ splice site.

In spite of these striking differences, alternative
processing does occur similarly in the two species.
Figure 8 shows a Northern analysis of poly(A)* RNA
from the two species run on the same gel and hybrid-
ized with appropriate species-specific probes. Al-
though the 4.7-kb RNAs encoding GARS-AIRS-
GART are about the same size in the two species, the
transcript encoding GAR synthetase is substantially
larger in D. pseudoobscura than in D. melanogaster, 2.3
kb compared to 1.7 kb. This difference can be ac-
counted for primarily by the altered position of the
AATAAA, 469 bp farther downstream from the 5’

splice site in D. pseudoobscura. The resulting polypep-
tides are predicted to be identical to one another for
the two species at the residues affected by alternative
processing: where the AATAAA is used, translation
terminates following an AUG methionine codon,
whereas where splicing occurs, the G of this codon
forms the first base of the 5’ splice site, so that an
isoleucine spanning the splice junction is encoded
instead (HENIKOFF, SLOAN and KeLLy 1983). In D.
melanogaster, this isoleucine is encoded by AUU,
whereas in D. pseudoobscura it is encoded by AUA.
We conclude that GAR synthetase is encoded on the
smaller transcript in D. pseudoobscura as it is in D.
melanogaster (HENIKOFF et al. 1986b).

Highly conserved regions within intron 1 of the
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FIGURE 6.—Western blot analysis of Drosophila protein extracts
probed with anti-GARS-AIRS-GART. GARS is HGARI5 tissue
culture cell extract that has been depleted of the 145-kD GARS-
AIRS-GART polypeptide by affinity chromatography on 10-formyl
5,8-deazafolate-Sepharose, and GARS-AIRS-GART is the resulting
145-kD protein, apparently homogeneously pure (HENIKOFF et al.
1986b). HGARI1S5 is a transformant of the D. melanogaster Schnei-
der’s line 2 (SL2) tissue culture cells that carries about 70 copies of
the complete D. melanogaster Gart locus. Alternate lanes of D.
melanogaster (mel.) and D. pseudoobscura (pseudo.) and the ade3' lane
were each loaded with 1 mg protein extracted from adults.

purine gene: In addition to the protein-coding regions
of the nested genes that are conserved between the
two species, we detected extensive homologies in non-
coding regions (Figure 4). All of these lay within the
first intron of the Gart purine gene, except for a few
homologies to the 5’ side. Figure 9 shows these non-
coding homologies as open boxes in a linear alignment
of the two sequences in this region. Regions were
considered homologous if they matched precisely at
greater than 10 residues or else at 20 of 25 residues.
The length, degree of homology and position of each
match is indicated in Table 4. Most of the homologous
regions are within one of three clusters that lie up-
stream of the nested cuticle gene. Some of those
within the cluster immediately upstream are surely
involved in expression of this gene, as they include
the start consensus sequence and the TATA box. The
two other clusters lie approximately 1 kb and 2-3 kb
upstream of the cuticle gene. In addition to these
clusters, other homologies are detected at the 3’ side
of the cuticle gene, including one of 82 bp that ex-

TABLE 2

Third base differences for GARS-AIRS-GART and cuticle
protein codons

No. Expected  Observed
Amino Bias matching No. No.
acid  Codon (%)* residues differences® differences Obs/ Exp

Thr ACU 9.6

ACC 64.8
ACA 9.3 51 27 32 1.19
ACG 16.4

Pro CCU 10.1
CCC 494 . -
CCA 198 76 50 47 0.94
CCG 20.7

Ala GCU 19.1
GCC 56.8
GCA 129 132 81 74 0.92
GCG 11.1

Gly GGU 22.1
GGC 48.6 &
GGA 265 138 89 75 0.84
GGG 2.8

Val GUU 8.5
GUC 333 " & -
GUA 68 107 66 56 0.85
GUG 51.3

Totals 504 313 284 0.91

“ Calculated from tabulations for D. melanogaster (MARUYAMA et
al. 1986).

* Calculated from the 4 bias percentages using the formula:
expected number of residues = No. matching residues X {1 —
$[0.01 (percentage)*]}.

TABLE 3
Codon usage of D. pseudoobscura and (D. melanogaster) Gart
Loci®
U C A G

U phe 28 (19) ser 8 (9) tyr23(19) cys 8 (4)U
phe 13 (22) ser 14 (16) tyr 22 (24) cys 16 (19)C
leu 1 (6) ser 4 (10) och 1 (2) uga 2 (1)A
leu 39 (42) ser 22 (18) amb 0 (0) try 10 (10)G

C leulO (16) pro 9 (12) his 23 (18) arg 16 (14) U
leu 43 (20) pro 42 (34) his 11 (22) arg 31 (22)C
leu 10 (11) pro 20 (14) gln15 (22) arg 10 (14) A
leu 79 (83) pro14 (25) gln63 (51) arg 13 (16) G

A ile 21 (24) thr 9 (5) asn 24 (21) ser 16 (20) U
ile 38 (42) thr 21 (30) asn 20 (22) ser 28 (24)C
ile 13 (15) thr 18 (14) 1ys 23 (16) arg 5 (4) A
met 18 (16) thr 22 (23) 1ys 54 (62) arg 7 (5)G

G val 20 (26) ala 33 (41) asp 54 (46) gly 29 (32) U
val 36 (26) ala 86 (69) asp 17 (29) gly 73 (61)C
val 1l (7) ala 20 (25) glu 31 (25) gly 29 (42) A
val 67 (66) ala 26 (21) glu55 (57) gly 15 (9)G

* Combined values for purine and cuticle genes.

tends through both the poly(A) addition site and the
AATAAA for this gene. Especially striking is the
existence of an homologous region (20 of 21 identical
nucleotides) within the single cuticle gene intron. This
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FIGURE 7.—Dot matrix comparison of the alternative processing
region of Gart in the two species. The coordinates correspond to
the landmarks listed in Table 1. Each dot locates the position of 10
out of 15 nucleotides that are identical between the two species.
Except for protein-coding sequences, no detectable homologies are
seen.
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FIGURE 8.—Northern blot analysis of poly(A)* RNA using Gart
purine gene probes. The lanes shown are from two halves of a
single gel. The RNA was transferred to a filter which was then cut
in half. Hybridization was carried out using homologous nick-
translated probes. For the D. pseudoobscura lane, the probe corre-
sponded to the 1069 bp Apal-Sacl fragment spanning exons 2-4.
For the D. melanogaster lane, the probe corresponded to an 1865-
bp BssHI1-Smal fragment spanning exons 1-4 but deleted for the
entire intron 1 (data not shown).

particular sequence lies within introns of both genes
on opposite strands.

These homologous segments range from 11 to 119
bp in length. Some are more highly homologous be-
tween species than are the protein-coding regions. For
example, region 20 is 97% homologous with 83 of 86
identical nucleotides, whereas the conserved portion

of the large cuticle gene exon is 80% homologous
with 357 of 446 identical residues.

Overall, there are 24 homologous segments that
average about 40 bp in length with greater than 90%
average homology. All of these regions are in precisely
the same order in the two species. However, the
spacings of these homologies with respect to one an-
other are quite variable. In some cases, nearly adjacent
homologies in one species are separated in the other.
For example, the distance between homologous seg-
ments 21 and 22 is 4 bp in D. pseudoobscura and 45
bp in D. melanogaster.

5’ and 3’ control regions of the purine gene:
Outside of the first intron of the Gart purine pathway
gene, there are only three regions of comparable
homology, all of which lie upstream of the GARS-
AIRS-GART coding region. One coincides with the
experimentally determined transcriptional start site
for the D. melanogaster gene (HENIKOFF et al. 1986a).
Its counterpart in D. pseudoobscura is assumed to cor-
respond to the transcription start in this species.
Within this homologous stretch is the sequence
TTCAGTT in D. pseudoobscura, a 6/7-bp match to
the consensus cap site, ATCA(G/T)T(C/T), compiled
for several other insect genes (HULTMARK, KLEMENZ
and GEHRING 1986; PIRROTTA et al. 1987). Using this
homology to locate the start of transcription in D.
pseudoobscura, the expected length of 5" untranslated
leader would be 286 bp compared with 160 bp in D.
melanogaster. This difference would be expected to
contribute to the difference in size between the 1.7-
kb D. melanogaster and the 2.3-kb D. pseudoobscura
GAR synthetase transcripts (Figure 8). As was pointed
out in the previous section, this D. pseudoobscura
mRNA should be about 470 bp longer than D. melan-
ogaster due to its more extensive 3’ untranslated re-
gion, so that this mRNA is expected to be about 600
bp longer overall, as observed. The other two regions
of homology lie about 200 bp upstream of the tran-
scriptional start site for D. melanogaster Gart and about
400 bp upstream of the corresponding D. pseudoob-
scura sequence. Although these sequences might be
thought to be involved in Gart expression, the detec-
tion of another transcript in this region adjacent to
the D. melanogaster gene (preliminary results) raises
the possibility that these two homologous sequences
are unrelated to Gart.

Also indicated in Figure 9 is a single region of
alternating purines and pyrimidines found 40-81 bp
upstream of the D. melanogaster Gart transcription
start site (hatched box). It consists of 42 alternating
residues with three exceptions. Such regions have
been hypothesized to form Z-DNA and perhaps be
involved in mediating processes such as gene expres-
sion and homologous recombination (NORDHEIM and
RicH 1983; HAMADA et al. 1984; KMIEC and HoLLO-
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FIGURE 9.—Highly conserved re-
gions within intron 1 of the purine
gene. Filled boxes represent protein-
coding regions. Transcription initia-

o ]i il CIEERIIN00 “ ] 000 00 0o tions are indicated by wavy lines.
Open boxes are the homologous seg-
/ \ \ ‘ \\ \ \\\\\ \\ / / \ \\\\\ / ments, nearly all of which appear in
2 3 e se the dot matrix analysis shown in Fig-
, \ ! l \ \ \\ I / / / / \\\ \ \\ / //// / / ure 4. The precise locations of the
individual homologies are shown in
i T (EEQIO0 100 WO Table 4 and the sequences the
Gﬂ" Pl AATAAA oron3 "ATA axon2 selves are under!med in Figure 3.
The hatched box in each map shows
0 me/anogasfer the location of the alternating pur-
ine-pyrimidine region.
TABLE 4
Highly conserved regions
Position in No. inser-
No. matches’/ tions? Percent
No.* Location D. pseudoobscura D. melanogaster® No. bases (deletions) conserved
1 5’ of purine gene 196-240 154-201 40/45 (1) 89
2 5’ of purine gene 241-282 216-252 32/41 2 78
3 purine gene 5’ end 451-486 597-633 26/31 0 84
4 Gart exon 1 coding 754-930 774-950 141/177 0 80
5 5" side Gart intron 1 1100-1112 1112-1124 13/13 0 100
6 5’ side Gart intron 1 1180-1201 1183-1204 18/22 0 82
7 Cuticle gene 3’ end 1825-1906 1993-2070 72/82 3 88
8 Cuticle 3’ non-coding 1920-1931 2086-2097 11/12 0 92
9 Cuticle exon 2 coding’ 1965-2529 2116-2672 357/446 0 80
10 Cuticle intron 2550-2570 2702-2722 20/21 0 95
11 Cuticle exon 1 coding 2608-2619 2744-2755 11/12 0 92
12 Cuticle 5’ end, TATA 2673-2721 2781-2828 45/48 0 94
13 5’ of cuticle gene 2757-2779 2853-2875 23/23 0 100
14 5’ of cuticle gene 2795-2809 2917-2931 14/15 0 93
15 5’ of cuticle gene 2835-2942 2971-3085 102/108 (2) 94
16 5 of cuticle gene 2961-3042 3128-3212 73/82 1,(1) 89
17 Middle Gart intron 1 3457-3481 3621-3646 24/25 (1) 96
18 Middle Gart intron 1 3629-3663 3772-3806 31/35 0 89
19 Middle Gart intron 1 3683-3712 3812-3841 30/30 0 100
20 Middle Gart intron 1 3744-3829 3899-3984 83/86 0 97
21 3’ side Gart intron 1 4407-4424 4181-4198 18/18 0 100
22 3’ side Gart intron 1 4429-4443 4244-4258 15/15 0 100
23 3’ side Gart intron 1 4451-4478 4269-4296 26/28 0 93
24 37 side Gart intron 1 4544-4582 4324-4361 34/39 1 87
25 3’ side Gart intron 1 4593-4603 4401-4411 11/11 0 100
26 3’ side Gart intron 1 4613-4665 4423-4473 46/53 ) 87
27 3’ side Gart intron 1 4748-4866 4519-4632 108/119 2 91
28 3’ side Gart intron 1 4913-4932 4687-4706 16/18 0 89
29 3’ side Gart intron 1 4943-4962 4708-4728 19/20 () 95
30 3’ side Gart intron 1 4974-5019 4738-4783 33/46 0 84
31 Gart exon 2 (coding) 6205-6452 5094-5241 209/248 0 84

¢ Region numbers shown in Figure 9.

¥ Coordinates as in Table 1.

¢ Length of homologous region in D. pseudoobscura.
4 Based on D. pseudoobscura coordinates.

¢ Only the conserved portion.

MAN 1986). A search of other Drosophila sequences
for potential Z-DNA forming regions of similar length
indicates that such regions are infrequent, occurring
about once every 20 kb for regions that have been
sequenced (data not shown). As no TATA box or
other obvious promoter sequence (DYNAN and TJIAN
1985) is seen upstream of the purine gene, the possi-

bility arises that this potential Z-DNA forming region
is involved in transcription initiation. In D. pseudoob-
scura, a somewhat less extensive alternating purine/
pyrimidine region also is detected. It is 28 bp in length
with one exception. However, this region lies just to
the 3’ side of Gart exon 1 (hatched box), rather than
Jjust upstream of transcription start, raising the possi-
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bility that these regions are not involved in gene
expression. They might be involved in some other
aspect of chromosome structure or function. A recent
examination of regions of alternating purines and
pyrimidines in Drosophila species by in situ hybridi-
zation indicates that such regions are conserved in
their approximate distribution, consistent with their
having some functional significance, perhaps in
meiosis (PARDUE et al. 1987). In Gart, the imprecise
correspondence of the two regions of alternating pu-
rines and pyrimidines in the two species might well
reflect a function other than regulation of gene
expression.

Examination of the 3’ region of D. pseudoobscura
Gart shows no obvious poly(A) addition sequence, in
contrast to the single AATAAA that is responsible
for polyadenylation in D. melanogaster. Candidates
include an ATTAAA which is found 12 bp after the
stop codon and an AACAAA which is found 120 bp
after the stop codon. There are two copies of the
sequence TTTTTATA in this downstream region of
the D. pseudoobscura gene (Table 1), apparently hom-
ologues of the two copies in the corresponding region
of D. melanogaster Gart that were previously shown to
function as transcription termination control se-
quences in yeast (HENIKOFF, KELLY and COHEN 1983;
HENIKOFF and COHEN 1984). Subsequent work had
shown similar sequences to be involved in transcrip-
tion termination in vertebrate cells in vivo (SATO et al.
1986) and in vitro (BOHRMANN, YUEN and Moss 1986).
The very similar locations of the two TTTTTATA
sequences in D. melanogaster and D. pseudoobscura
further supports the suggestion that TTTTTATA
functions in transcription termination of some higher
eukaryotic genes as it does in yeast (HENIKOFF, KELLY
and CoHEN 1983; HENIKOFF and COHEN 1984).

Cuticle protein gene transcription: Previous
Northern analysis had shown that the intronic gene
was transcribed at high levels into a 0.9-kb poly(A)*
RNA at the prepupal stage (HENIKOFF et al. 1986a).
In situ hybridization further demonstrated that this
mRNA was present specifically in the abdominal epi-
dermal cells during the prepupal period. We had
concluded that this gene is a pupal cuticle protein
gene, since its temporal and spatial expression coin-
cided precisely with the secretion of the abdominal
pupal cuticle. We also reported that the 0.9-kb cuticle
gene mRNA was present at lower levels in third instar
larvae, and that cuticular preparations from this stage
yielded the cDNAs that were used in the analysis.
Since the RNA used in these experiments was isolated
from mass cultures of larvae, and since third instar
larval collections are generally contaminated with pre-
pupae, we could not distinguish between the presence
of the 0.9-kb mRNA in larvae and contamination by
prepupae (HENIKOFF et al. 1986a). In the following
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FIGURE 10.—Northern blot analysis of total RNA from late
developmental stages. The lanes shown are from two halves of a
single gel. The RNA was transferred to a filter which was then cut
in half. Hybridization was carried out using homologous nick-
translated probes. For the D. pseudoobscura lanes, the probe corre-
sponded to the 1184-bp Nsil fragment that includes the entire
coding region of the cuticle gene and sequences downstream of it.
For the D. melanogaster lanes, the probe corresponded to the 586-
bp Pvull-Sacl fragment containing most of the cuticle gene exon 2
(HENIKOFF et al. 1986a).

analysis of RNA from late developmental stages, we
used individually selected, rather than mass isolated
larvae and prepupae in order to determine the expres-
sion of the cuticle gene. This allowed us to determine
the developmental stage much more precisely, partic-
ularly since prepupae undergo rapid and obvious mor-
phological changes. Both D. pseudoobscura and D.
melanogaster individuals were collected in parallel so
that possible species-specific differences could be de-
tected. We separated feeding and wandering third
instar larvae as well as early and later prepupae. Only
the later prepupae secrete the pupal cuticle.

Figure 10 shows the resulting Northern analysis of
total RNA from third instar larvae, pupae and adults,
where the probe for each species is specific for the
cuticle gene region. Both D. pseudoobscura and D.
melanogaster have an RNA of about 0.9 kb in both
wandering third instar larvae and late prepupae, with
the D. pseudoobscura gene slightly larger. This differ-
ence in size is consistent with the mRNA in D. pseu-
doobscura being 55 bp longer, as predicted from the
nucleotide sequence, assuming similar poly(A) tails.
The presence of the cuticle gene mRNA during these
two different developmental stages appears to be iden-
tical in the two species. As there are almost no detect-
able transcripts in the intervening early prepupal
stage, we can conclude that mRNA accumulates dur-
ing the third larval instar, is degraded prior to or
during the prepupal stage and accumulates again at
the time that the pupal cuticle is being secreted. A
relatively low level of mRNA during the pupal stage,
and absence of detectable transcript in adults is con-
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sistent with the degradation of this RNA when epi-
dermal cells are histolyzed during metamorphosis.

DISCUSSION

The nested structure is conserved: Our molecular
analysis of the D. pseudoobscura Gart locus has shown
that this species has the same overall organization
observed previously for D. melanogaster Gart (HENI-
KOFF et al. 1986a). Therefore, a particularly novel
feature of this locus, the existence of a cuticle gene
nested within the first intron, has been maintained in
two lineages for at least 40-50 million years. Although
considerable nucleotide evolution has occurred since
the latest common ancestor, the gene is functional
and shows similar developmental expression in both
species. A high level of amino acid sequence homology
further compels us to conclude that the cuticle gene
has a similar function in the two species. This homol-
ogy also confirms our previous assertion that the 0.9-
kb poly(A)* RNA must encode a protein. Inability to
identify this particular protein is likely due to the
presence of several more abundant cuticle proteins of
about the same size (CHIHARA, SILVERT and FRISTROM
1982; DocTOR, FRISTROM and FRISTROM 1985).

Nucleotide sequence evolution at the locus: Align-
ment of homologous proteins encoded at the locus
allowed us to estimate the extent of divergence at
translationally silent nucleotide positions. When ad-
justed for codon bias, it was clear that the large
majority of neutral positions have undergone changes.
This confirms that the genes have been evolving sep-
arately for a length of time sufficient to generate
sequence divergence. Thus, the homologies we detect
must be significant.

It is somewhat surprising that no homologies were
detected in intron 4, where alternative processing
takes place in both species. Not only is the AATAAA
in a different position with respect to the splice junc-
tions, but also the D. pseudoobscura intron is three
times the size of the D. melanogaster intron. This is
the most sizable discrepancy thus far between introns
in homologous positions of these two species for this
gene and for others (BLACKMAN and MESELSON 1986;
D. H. JoHNSON, personal communication). At least
two explanations can be proposed for the striking
dissimilarities between the functionally homologous
introns where alternative processing occurs. The local
sequence context or the relative efficiency of the splice
sites and/or the polyadenylation site might lead to a
balance of resulting mRNA products, so that no other
specific sequences are necessary. Alternatively, such
sequences might be necessary, but they are located
outside of this intron, perhaps in neighboring exons
where amino acid sequence conservation would hide
any such homologies between the two species. This
latter possibility is consistent with the demonstrated

role of exonic sequences in splice-site selection in vitro
(REED and MaNIATIS 1986).

It is possible that there are species-specific differ-
ences in the relative amounts of the two purine gene
mRNAs. This possibility has not been rigorously
tested because of the coincidental electrophoretic mi-
gration of ribosomal RNA with the D. pseudoobscura
2.3-kb mRNA, but not with the corresponding D.
melanogaster 1.7-kb mRNA. Because we have not been
able to completely eliminate the ribosomal RNA from
our poly(A)" preparations, and because this large
amount of RNA in one position on a Northern blot
appears to reduce the accessibility of the relatively
rare 2.3-kb RNA, it is difficult to determine possible
quantitative differences.

Conserved noncoding sequences: In contrast to the
lack of sequence homology in the intron where alter-
native processing occurs, the intron containing the
cuticle gene is particularly rich in highly homologous
segments. Not counting the cuticle gene coding re-
gions, there are 24 of these segments averaging about
40 bp in length. Their degree of homology exceeds
that of the coding regions for both genes. These
conserved regions are not connected by any consistent
long open reading frame. Therefore, these segments
are unlikely to be exons of yet another intronic pro-
tein-coding gene. The possibility that these segments
are transcribed into noncoding conserved RNAs, such
as has been observed for the Drosophila 93D heat
shock puff locus (GARBE et al. 1986), seems unlikely
as no other RNAs have been detected using intronic
probes (M. EGHTEDARZADEH, unpublished results).

In addition to the 93D example, there have been
other reports of extensive highly conserved noncod-
ing intronic regions in Drosophila. A comparison be-
tween the D. melanogaster and D. virilis engrailed genes
shows several short conserved intronic regions that
resemble the ones reported here in that they do not
appear to correspond to protein-coding regions (KAs-
SIS et al. 1986). These authors suggest that the con-
served segments represent cis-acting regulatory se-
quences and note that there are binding sites for the
engrailed protein product similarly located in the first
intron in both species. The first intron of the Gld
locus also contains sequences that are homologous
between distantly related Drosophila species (D. me-
lanogaster and D. pseudoobscura) and show a similar
pattern to the homologies reported here (KRASNEY et
al. 1987).

The conserved intronic segments that we have
found might represent cis-acting control sequences
involved in regulation of one or both of the nested
genes. Clearly some of these sequences are cuticle
gene transcription control elements, as strong homol-
ogies are found around the cuticle gene TATA box
and its polyadenylation site. Many of the others might
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correspond to tissue-specific and quantitative control
elements found for other Drosophila genes (Bourouls
and RICHARDS 1985; LEvis, HAZELRIGG and RUBIN
1985; PIRROTTA, STELLER and BozzeTrTi 1985; HI-
rRoMI, Kurorwa and GEHRING 1985; FISCHER and
MANIATIS 1986).

It is possible that some of these conserved sequences
within the purine gene intron are involved in purine
gene regulation. We are unaware of Drosophila con-
trol elements known to lie within introns, although
mapping of the rosy control element places it within a
region that overlaps the first intron (LEE et al. 1987).
In vertebrates, a few transcriptional enhancers are
known to lie within introns (BANERjI, OLSEN and
SCHAFFNER 1983; GILLIES ef al. 1983; SLATER et al.
1985). One of these, the immunoglobulin heavy chain
gene enhancer, is able to activate a transcriptional
promoter that is 17.5 kb upstream (WANG and Ca-
LAME 1985). As all of the conserved regions that lie
within the Gart purine gene first intron are no more
than 5 kb downstream of the start of transcription,
they are candidates for control elements of this gene.

The intronic cuticle gene is expressed at two dif-
ferent times during development: The use of individ-
ually staged Drosophila clearly demonstrates that late
third instar larvae accumulate cuticle mRNA, which
is degraded prior to reaccumulation in prepupae. This
pattern of accumulation and degradation is found for
both species. High level expression confined to the
late larval period is characteristic of the small larval
cuticle protein genes (SNYDER, HIRSH and DAVIDSON
1981; SNYDER et al. 1982). Similarly, high level pre-
pupal expression is characteristic of the small pupal
cuticle protein genes (CHIHARA, SILVERT and FRIs-
TROM 1982). At least some of these low molecular
weight larval and pupal cuticle proteins are known to
be homologous to one another and to the Gart cuticle
gene (HENIKOFF et al. 1986a; R. T. APPLE and J. W.
FRISTROM, personal communication). It would thus
appear that the protein product of the Gart intronic
gene has a function that is appropriate for both larval
and pupal cuticles, making it the most diverse known
member of the gene family.

Possible significance of the nested arrangement:
It has been suggested that the nested gene arrange-
ment might have constrained developmental expres-
sion because of transcriptional interference (O’HARE,
1986). Nonetheless, the gene organization and com-
plex pattern of expression have been conserved for at
least 40-50 million years. We thus exclude the possi-
bility that the nested arrangement is detrimental to
function. However, this organization might have per-
sisted simply because separation of the genes would
require an exceedingly rare event. Accordingly, the
gene arrangement might be of no consequence to the
organism.

Another possibility is that the genes interact in a
manner that is of some benefit. This raises the ques-
tion of expression of the Gart purine gene at the times
that the cuticle gene is active. We had previously
presented evidence that low levels of cuticle gene
mRNA are present in tissue culture cells that normally
express the purine gene, suggesting that transcription
can occur in a single cell on both strands (HENIKOFF
et al. 1986a). Attempts at tissue localization of purine
gene mRNA were unsuccessful because of low level
transcription. Nevertheless, Northern blot analysis
showed that purine gene transcripts were present at
all times during development. The highest levels of
purine gene mRNA accumulation were clearly seen
during the third larval instar and prepupal periods
(see Figure 2b of HENIKOFF et al. 1986a). These are
precisely the two stages that we now know are times
of intronic gene expression. We speculate that expres-
sion of the two genes might be coupled at these times.
Perhaps some of the conserved segments are bidirec-
tionally active enhancers shared by the two genes.

In conclusion, our comparison of the Gart locus
between D. melanogaster and D. pseudoobscura shows
that the organization of the nested genes is highly
conserved. In each organism, the intronic gene is
expressed as both a larval and a pupal cuticle protein
gene and is surrounded and inhabited by conserved
noncoding regions. These regions might be cis-acting
regulatory regions such as transcriptional enhancers.
Among the various possible explanations for the ex-
istence of nested genes, we argue that tolerance of a
suboptimal arrangement is unlikely, given that the
same complex expression has persisted over long ev-
olutionary periods. Rather, we favor the possibility
that the arrangement has some present-day function,
perhaps by providing shared regulatory elements that
enhance both cuticle gene and purine gene expression
at larval and prepupal stages. This hypothesis can be
tested by separation of the two genes from one an-
other and from individual conserved sequences, fol-
lowed by reintroduction into flies by transformation.

This work was supported by a grant from the National Institutes
of Health (GM29009).
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