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The complete Drosophila melanogaster phenylaanine hydroxylase gene isolated from a genomic library
was sequenced. Gene structure consisted of five exons covering a region of around 3 kb. Position of introns
in the C-terminal domain was conserved with mammalian aromatic amino acid hydroxylase genes. Putative
promoter sequences in the 5’UTR and intron 1 were identified. A novel transcript was detected differing
from that previously reported by the inclusion of a part of the intron 1 sequence. It could be produced
using an alternative promoter. The deduced open reading frame would code a protein with asmall difference
at the N-terminus. Expression of the aternative transcripts was examined throughout development.  © 1996
Academic Press, Inc.

Phenylalanine hydroxylase (EC 1.14.16.1, PAH) is a member of the pterin-dependent aro-
matic L-amino acid hydroxylase family to which tryptophan (EC 1.14.16.4) and tyrosine
hydroxylases (EC 1.14.16.2) belong. These enzymes share many physical, structural and cata-
lytic properties (1). Sequences of the genes encoding these proteins are available, not only for
mammals but for more evolutionary distant species such as Drosophila. They exhibit a high
degree of similarity both at nucleotide and amino acid levels, reflecting a common origin from
an ancestral gene (2,3). This similarity spans the genomic organization (i.e. the position of
intron/exon boundaries) (2,4). These enzymes are reported to have a domain structure on the
basis of their homology. The C-terminal two-thirds of the protein possibly represents the
catalytic domain, including the pterin cofactor binding site, while the less conserved N-terminus
would consist of a regulatory domain reflecting the unique properties of each enzyme (1).

In Drosophila melanogaster, phenyldanine hydroxylase (Pah) cDNA has been isolated and
sequenced (5,6), dthough its genomic structure has not been determined. It has been proposed
that the same gene encodes both phenylalanine and tryptophan hydroxylase activities in this
organism (6,7) providing additional support for amodel of gene duplication. Pah locusinvolvement
in the pteridine metabolism has also been shown (7,8,9). This last function has been suggested
since the Henna locus, involved in the synthesis of pteridines, encodes PAH (10). Moreover, in
mammals, purified PAH has been shown to function as a tetrahydropterin oxidase (11).

We report here the structure of the Drosophila Pah gene and demonstrate the existence of
alternative transcripts, which would generate two isoform proteins.

MATERIAL AND METHODS

Isolation of genomic clones. A full-length Drosophila Pah cDNA clone (a gift of Dr. C. Alonso) was used as a
probe to screen a Canton-S strain genomic library prepared in EMBL4 (a gift of Dr. M. Pérez-Alonso).

! Sequence data from this article have been deposited with the EMBL/GeneBank Data Libraries under Accession
number X98116.
2 To whom correspondence should be addressed. Fax: 34-6-3983029.
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FIG. 1. (A) Genomic structure of the Pah gene determined by comparing the sequence of the genomic clone herein
described and the cDNA clones previously reported (5,6). (B) Structure of the Pah transcripts detected in Drosophila
adult heads. Exons are represented by boxes. Initiation (ATG) and stop (TGA) codons are indicated. The TATA-box-
like (TATTTAA) sequence observed in the 5’-untranscribed region is indicated. Putative initiator codon (ATG*) and
promoter sequences (vertical arrows) found in intron 1 are also shown. Grid box represents the novel exonic sequence
in mRNA type Il. Locations of primers used for RT-PCR are indicated (horizontal arrowheads).

Sequencing. Sequencing was performed over both strands using the Applied Biosystems 373A Automated DNA
Sequencer (SCSI, Universitat de Vaeéncia, Spain).

RNA extraction. Around 40 mg of insect sample were frozen in liquid nitrogen and reduced mechanically in afine
slurry. RNA extraction was performed using the Microscale-Total RNA Separator Kit from Clontech. RNA purity
and yield was determined by absorbance.

Generation and analysis of RT-PCR products. The oligonucleotides used as primers were: E1 (Pah sense exon 1),
5'GAATCTTGTGGAATTCTACCAGCGG,; 11 (Pah sense intron 1), 5GATTTGCTGATAGACATTGC; E23 (Pah
antisense spanning junction exon 2 and 3) 5GTGAAACCTGTGCAATCCC; ES5 (Pah antisense exon 5), 5 TCTAGA-
ACCTCAACACTCTG. cDNA synthesis was performed using the First-strand cDNA Synthesis kit from Pharmacia
DNAs were amplified 30 cyclesin 50 ul reactions containing 10 pmol of each primer using a GeneAmp PCR System
2400 thermocycler (Perkin Elmer).

RESULTS AND DISCUSSION

Genomic DNA encoding PAH was identified by screening a Canton-S genomic library using
the entire Pah cDNA of Drosophila as a probe. Three positive clones which contained the
entire Pah gene were isolated. After subcloning in pUC18, the genomic region homologous
to the Pah cDNA was sequenced. Gene structure was deduced by comparison with its cDNA
(5,6). The complete Drosophila Pah gene was approximately 3 kb in length and consisted of
a total of five exons interrupted by four introns (Fig. 1A). The segquences of the exon/intron
boundaries are shown in Fig. 2. The 5" and 3' splice sites were in line with the consensus
sequencesin Drosophila (12) showing the compulsory GT...AG dinucleotides. Putative branch-
point sequences were found in all four introns. No polyadenylation signal other than the
previously described AATAAA (5,6) was identified within the 409 bp downstream from the
stop codon TGA. Although the number of exons was higher in the human gene (13 exons
compared with 5 in Drosophila), location of Drosophila introns 2, 3 and 4 were accurately
conserved with respect to that of introns 6, 9 and 11 from the human Pah sequence. This
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5'-UTR ..cgatattatttgtattatttactggtttcagttcggattgattttcgtttgggctcagctatggg
gsctatcgaaaagtcTATTTAAgcgcgcgattcacagagaaattaaatCAGTTTTAATTCGTGTGCTGAGCGGAT

M Y Q R Q V
CGTTCGCCATCGGTTTTATTGTACTTATCAGTGGAGAAACCCGAGAATCTTGTGAAAATGTACCAGCGGCAGGTC
1

F D K M N L L Q T R V

(EXON 1)TCCTTTGATAAG/gtttgttgc .INTRON 1...|ATGaatttattacag /CCAACGCGCGT..

(114) (906)

F L R D C T

.EXON 2...TTTTTGAGGG/gttagttcga...INTRON 2...attgctgcacttcag/ATTGCACAGGTT..

(673) 703 (58) 704

L S T F W F

.EXON 3...ATTGTCCACC/gtaagtggct...INTRON 3. aattctttctttcag/ATCTTCTGGTTC. .

(263) 966 (65) 967

K T I K F A N
.EXON 4...AGAAGACCAT/gtaagttact...INTRON 4...ttgaattacttttag/TAAATTTGCGAA. .
(230) 1196 (60) 1197
N A V A K L R V =*
.EXON 5...AGAATGCCGTTGCCAAGCTGCGCGTCTGAGTAGAATTCATATACATTTTTTACTCCCTCTCTTT
(244) 1359

ACTTACTATTAAGAATGAATCAAATAATAAATAACATGCAATTATGTaag.. 3'-UTR
1441

FIG. 2. Partial nucleotide and deduced amino acid sequences of the Drosophila Pah gene. Nucleotide sequence
is numbered with the first base of the ATG initiation codon designated as position +1 (nucleotides within introns are
not numbered). Exon/intron boundary sequences are given (exons in uppercase letters; introns in lowercase). Sizes of
both exons and introns are indicated between brackets. Polyadenylation signal is underlined. Putative TATA-box
detected in 5'-untranscribed region (5’-UTR) and Cap addition site are doubly underlined. Putative ATG start codon
observed in intron 1 and the corresponding amino acid sequence are boxed. The herein deduced ORF was coincident
with the previously reported (6), except for a conservative change in amino acid 332 (Va—Leu) and for the last C-
terminal amino acids (italics) due to the presence of an extra nt (position 1357). This extra nucleotide was previously
reported (5).

perfect conservation extended to other members of the aromatic amino acid hydroxylase gene
family (2,4). This was consistent with a common evolutionary origin for the members of this
family. The conserved exon/intron boundaries were placed in the C-terminal two-thirds of the
gene, the catalytic domain.

Potential promoter elements were identified within the 931 bp upstream from the ATG
trandation start codon. A putative TATA-box, characteristically surrounded by GC-rich se-
guences, was appropriately located 34 bp upstream from the longer cDNA isolated (5). The
sequence TATTTAA perfectly matched with the putative promoter of the Drosophila tyrosine
hydroxylase gene (Tyh) (13) as well as with the alcohol dehydrogenase gene promoter active
during the adult stage (14). In addition, a perfect Cap-site sequence at 32 bp downstream from
this putative promoter could be identified, suggesting that it could be a possible transcription
start site of the Pah gene.

Intron 1 was longer than the average length of the Drosophila introns (12). Long introns
have been related to the presence of functional elements other than those needed for splicing.
Some putative TATA boxes have been identified within intron 1. An in-frame putative start
codon ATG was also located 15 bp upstream from exon 2 junction. These observations
suggested the possibility that an alternative transcript initiated in intron 1 could be produced.
To test whether such transcript occurred, RT-PCR experiments were performed. Using 11 and
ES5 (shownin Fig. 1), oligo(dT)-primed cDNAs from total RNA of adult heads gave a fragment
of around 1300 bp. Sequence analysis demonstrated that this fragment corresponded to a Pah
MRNA that included intron 1 sequences (Fig. 1B). We referred to this novel transcript as
MRNA type Il versus the previously reported (5,6) referred as Pah mRNA type |I. The usage
of alternative promoters seemed to be the origin of this aternative expression. The two Pah
transcripts would code two isoform proteins of 452 (type |) and 447 (type Il) amino which
only differed in the first N-terminal amino acids acids (see Fig. 2).
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FIG. 3. RT-PCR analysis during Drosophila development. Detection of mRNA type | was carried out with primers
El and E23 (A, lanes 1, 3, 5, 7, 10, 12, and 14; and B, lanes 1, 3, 5, 7 and 10). Detection of mRNA type Il was
carried out with primers 11 and E23 (A, lanes 2, 4, 6, 8, 9, 11, and 13; and B, lanes 2, 4, 6, 8, and 9). Size of the
amplified fragments was 732 and 885 pb, respectively. (A) 0-6 hours old embryos (lanes 1, 2), 6-12 h embryos (3,
4), 12-18 h embryos (7, 8), first instar larvae (9, 10), second instar larvae (11, 12), and third instar larvae (13, 14).
(B) White pupa (lanes 1, 2), two-day-old pupae (3, 4), three-day-old pupae (5, 6), four-day-old pupae (7, 8), and O-
48 h adult heads (9, 10).

To test the presence of both Pah transcripts throughout development, RT-PCR was carried
out. Total RNA from different stages was reverse transcribed using E23 as primer. cDNASs
were amplified using either E1 or 11 (specific for mRNA type | and type 1, respectively) in
combination with E23 (it did not anneal to genomic DNA as it spanned exons 2 and 3). While
transcript type | appeared in al the analyzed stages, type |l was not detected in two- and
three-day-old pupae and was scarcely presented in the first and second larval instars (Fig. 3).
This indicated a regulation of the Pah expression along development. Quantitative analyses
will provide a more accurate interpretation.

In several organisms aternative transcription of the aromatic amino acid hydroxylase genes
has been reported. Two rat Pah mRNASs derived from aternative polyadenylation have been
detected (15). The presence of aternative transcripts for the Tyh gene was also reported in
several species (13,16). In the case of the Drosophila Tyh, the three detected transcripts would
code for two isoform proteins, one predominant in central nervous system while the other in
the hypoderm. This tissue-specific distribution would be related with the two physiological
functions proposed for tyrosine hydroxylase: neurotransmission and cuticle formation (13).
The occurrence of alternative transcription of the Drosophila Pah gene herein described could
be related to the three proposed functions of the protein: (i) Phe hydroxylation, required for
Phe concentration control, and as a source of endogenous tyrosine for the sclerotization process
(17); (ii) Trp hydroxylation, required for serotonin synthesis (6,9); (iii) Tetrahydropterin oxida-
tion, required for eye-pigment synthesis (7). Further analyses will be required to confirm this
hypothesis regarding the effect of the alternative transcripts on PAH activity and regulation,
and the biological relevance of these observations.
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