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Sequence and structure of the dopa decarboxylase gene of
Drosophila: evidence for novel RNA splicing variants

David D.Eveleth, R.Daniel Gietzl, Charlotte A.Spencer1,
Frank E.Nargang1, Ross B.Hodgetts1 and J.Lawrence
Marsh

Department of Developmental and Cell Biology and The Developmental
Biology Center, University of California at Irvine, Irvine, CA 92717, USA,
and 'Department of Genetics, University of Alberta, Edmonton, Alberta
T6G 2E9, Canada

Communicated by R.Miledi

In Drosophila, dopa decarboxylase (DDC) serves a dual role
in neurotransmitter production and sclerotization of the cuti-
cle. The Ddc gene is under complex hormonal and tissue-
specific control and several sizes of Ddc RNA are observed
at embryonic hatching, pupariation and adult eclosion. We
present here the complete nucleotide sequence of the
Drosophila dopa decarboxylase gene and the partial sequence
of two corresponding Ddc cDNAs. The sequence allows us
to account for the detailed structure of four of the five major
Ddc RNA species observed. The cDNA sequence reveals the
existence of previously undetected splicing events and pro-
vides evidence for two RNA splicing alternatives which ap-
pear to encode two protein isoforms. The structure,
processing and developmental regulation of the Ddc
transcripts and putative protein isoforms are discussed. In-
terestingly, the pyridoxal-binding peptide of porcine DDC
matches the Drosophila sequence perfectly suggesting con-
siderable selective pressure on at least portions of the se-
quence. This is the first available Ddc gene sequence from
any organism and should serve as a basis of comparison for
the related proteins of other species.
Key words: alternative mRNA processmg/dopa decarboxylase/ec-
dysone/hormone response/Drosophila/catecholamine metabolism

Introduction
In Drosophila, dopa decarboxylase (DDC: EC 4.1.1.26), which
catalyzes the conversion of dopa to dopamine, is encoded by a
single gene (Wright et al., 1982). Most of the DDC activity
(>90%) is found in the epidermis where dopamine derivatives
promote cuticle sclerotization (Lunan and Mitchell, 1969) but
DDC is also found in the central nervous system where it pro-
duces neurotransmitter (Livingstone and Tempel, 1984), in the
proventriculus where it participates in synthesizing the peritrophic
membrane of the gut (Wright, 1977) and in the ovary where it
is required for female fertility (Marsh and Wright, 1979; Wright
et al., 1981). During development, DDC enzyme activity in the
epidermis peaks five times corresponding with each of the periods
of molting (Marsh and Wright, 1980; Kraminsky et al., 1980).
At pupariation Ddc is induced by rising titers of the steriod hor-
mone 20-hydroxyecdysone (Kraminsky et al., 1980) but falling
levels of hormone are required for Ddc expression during em-
bryogenesis and imaginal disc evagination (Clark et al., 1986)
thus suggesting a dual mode of response to hormone (Hodgetts
et al., 1986). Conditional mutations of the Ddc locus result in

death at periods of major cuticle maturation such as hatching,
pupariation and eclosion (Wright et al., 1981). Mutant adults
carrying these alleles show learning disabilities under restrictive
conditions (Tempel et al., 1984) attesting to the functional re-
quirement for DDC activity in the central nervous system.
RNA blots probed for Ddc transcripts reveal RNA species of

4.0, 3.0, 2.7, 2.3 and 2.0 kb (Beall and Hirsh, 1984; Gietz and
Hodgetts, 1985). Based on a proposed gene structure determin-
ed by R-looping and blotting experiments, the 2.3-kb, the 2.7-kb
and the 3.0-kb RNA species have all been interpreted as pro-
cessing intermediates leading from a single 4.0-kb primary
transcript to a single mature mRNA of 2.0 kb (Beall and Hirsh,
1984; Gietz and Hodgetts, 1985). Gene transfer experiments show
that all the sequences necessary for proper developmental ex-
pression ofDdc function are contained within a 7.2-kb fragment
of genomic DNA (Scholnick et al., 1983; Marsh et al., 1985).
To understand the structure of the Ddc RNA transcripts, the on-
togeny of their expression and to identify sequences which might
function in the regulation of Ddc expression, we have sequenc-
ed most of the 7.2-kb fragment and portions of two Ddc cDNAs
which allow us to deduce the protein coding portion of the gene.
The sequence and hybridization properties of the longest cDNA
indicate that it corresponds to the 2.3-kb RNA. We conclude that
the 2.3-kb RNA is not a precursor of the 2.0-kb species as has
been proposed (Beall and Hirsh, 1984) but rather is an alternative
processing variant ofDdc mRNA. These results suggest a detailed
model for the structure of the various Ddc RNAs and surpris-
ingly offer evidence that translation of the 2.3-kb and 2.0-kb
species may lead to the production of two distinct DDC protein
isoforms.

Results
Isolation of cDNA clones
A cDNA library was prepared from 0-2 h old adult Canton-S
poly(A)+ RNA by reverse transcription, dG tailing and oligo(dC)
priming of second strand synthesis (see Materials and methods).
Before ligation of linkers half of the sample was treated with SI
nuclease to polish ends. From 10 Ag of adult poly(A)+ RNA,
4.6 x 106 p.f.u. were recovered from the SI-treated library and
1.7 x 106 p.f.u. from the non-Si-treated library. For screen-
ing, 250 000 p.f.u. were transfered to nitrocellulose (Benton and
Davis, 1977) and probed with a nick-translated 3.6-kb HpaI frag-
ment which covers the entire Ddc gene. Of 24 positive plaques
detected, five were shown to bear recombinant inserts three of
which appeared to represent sizeable Ddc cDNA inserts. These
observations suggest an RNA abundance of 1.2 x 10-3% which
is considerably lower than the 0.1-0.01 % estimated by Hirsh
and Davidson (1981). The source of this under-representation
in cDNA libraries is unknown but has been observed in several
libraries from various sources (J.L.Marsh et al., unpublished
observations). No striking secondary structure which might
preclude reverse transcription is seen in the sequence.
Two cDNAs were analyzed from these screens. The longest
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Fig. 1. Sequencing strategy and clone maps. The scale at the top is in kilobases and the numbering corresponds to the numbering used in the sequence
(Figure 2) and all subsequent figures. Key restriction sites are shown. Arrows below indicate the extent of genomic sequence obtained from M13 clones. The
'proposed gene structure' is shown below to provide visual reference to the sequenced regions and the cDNAs. Solid boxes correspond to protein coding
regions, hatched areas to untranslated regions of the mRNA and open boxes to introns. The split diagram in the central portion indicates that two alternative
splicing pathways are used, the upper giving rise to a 2.0-kb mRNA and the lower to a 2.3-kb n-mRNA. The jagged 5' edge of the second exon of the 2.3-kb
message signifies our uncertainty as to the precise location of the splice acceptor. The extent of the long and short cDNAs is shown relative to the genomic
map. Excised introns are shown by thin diagonal lines. Sequenced portions of the cDNAs are shown by thin solid lines (dotted portions indicate intron breaks
in the cDNA). At the bottom, fragments referred to in the text are shown in relation to the genomic sequence and particular elements of the transcription unit.
All figures are vertically in line.

is 1532 bases in length, spans two introns, contains a single long
open reading frame (ORF) and defines the protein coding por-
tion of the gene. The shorter (1200 bp) is identical to part of
the longest clone but contains a poly(A) tail thus defining the
site of poly(A) addition. Both cDNAs hybridized to probes from
the major exon of the Ddc gene (i.e. XAoI/BamHI and
BamHIIHpaI; positions 3202-3662 and 3813 -4526, respective-
ly) while the longest hybridized to the EcoRIIBamHI and
BamHI/XloI fragments (1139-1732 and 1732-2197 on the
genomic sequence, respectively, see below) (data not shown).
Since the EcoRIIBamHI fragment (Figure 1) hybridizes to the
2.3- but not the 2.0-kb Ddc RNA (Beall and Hirsh, 1984; Gietz
and Hodgetts, 1985; Swiderski and O'Connor, personal com-

munication; unpublished observations), we conclude that this
cDNA represents the 2.3-kb RNA. Since all of the RNA species
hybridize to the EcoRIlEcoRI fragment located between 387 and
1139 and shown in Figure 1 (Beall and Hirsh, 1984; Gietz and
Hodgetts, 1985) while neither of the cDNAs hybridize to this
fragment, we conclude that the small 5' exon is not included in
the cDNAs. We show below that this exon is not translated.

Sequence and structure of genomic and cDNA clones
We have determined the complete nucleotide sequence of a

4835-bp region of genomic DNA corresponding to the entire Ddc
gene and flanking sequences. The genomic clones originate from
the Maniatis library (Maniatis et al., 1978) and the restriction
pattern of these recombinant phage resembles the Canton-S
haplotype of Drosophila (Marsh and Wright, 1986). A 7.2-kb
PstI fragment from these phage has been demonstrated by gene

transfer to rescue lethal alleles of Ddc and to exhibit proper

developmental regulation (Scholnick et al., 1983; Marsh et al.,
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1985). Alignment of the Ddc gene on the genomic sequence was
facilitated by the recovery and partial sequencing of the two Ddc
cDNA clones described above. The M13 clones used to generate
the genomic and cDNA sequences are shown in Figure 1 while
the genomic sequence itself is given in Figure 2. The reliability
of the DNA sequence is demonstrated by the fact that the only
ORF predicted by the sequence has been confirmed experimen-
tally (see below) and all six-base restriction sites and some four-
base restriction sites have been confirmed (data not shown).

Sequence analysis of the larger cDNA reveals a single ORF
corresponding to the only large ORF seen in the genomic
sequence. This ORF extends from the beginning of the cDNA
through two splice junctions to position 4290 of the genomic se-

quence (Figures 1 and 2). Translational initiation for the RNA
represented by the cDNA could occur either at the AUG at posi-
tion 1832 (the first in-frame methionine codon contained within
the cDNA) or at the in-frame AUG at position 1650 (26 bp
upstream of the end of the large cDNA). There are no in-frame
AUG codons and there are numerous stop codons upstream of
the potential initiator AUG at position 1650. We postulate that
the AUG at position 1650 is the most likely point of initiation
of translation. Confirmation of this prediction will require direct
analysis of the amino terminus of the native protein.
The major ORF is followed by multiple termination codons

the first of which is located at 4290. Translation of the genomic
DNA beginning at the methionine at 1650 and terminating at 4290
after excision of the introns revealed by the cDNAs would pro-
duce a protein of 56.7 kd which is in good agreement with the
reported monomer mol. wt of 54 kd, for native DDC (Clark et
al., 1978).
Comparing the restriction pattern of the cDNA and genomic
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Hi rid'II
AA6CTTTCTA TAGTAATTTT 6AATTITTCA TCAG6TTATS C6GAACTGCC

GAGGT6AGA6 CATTGGATTA TTT6ACGTCA CAATTCCAT6 AGCGGTTCAA

AAA6CT6CCA TTCCAC6GCT TAATCAATTT CTTGTCTTTC CTACGAATAT

AACCCTGTTT C6AGT6QACTC ATAATT6666 6ATTCCTGAC GA6ATC6CTC

TT6CTTGCT6 TTTTAAArAT

ATGTATATAT AThATInTTrTT

CACTABSGTTC TCAAACTAAT TACAAAAATA

TTAAATTCTA AATAAATCCA TGAAAAATAA

AAAAAGT6TC AAAAHAAC6T6 CACAAATCAA ACGAGAGCAG AATTTGTTTT

CC6&TCCT6C GGAATT6GCA CGCTGrCGGA CGGGCTTTAA AAGCCAT66C
,tat&,

A6CACr6AAA TATCAGCATC GAAATATCA6 CAAATAAATA TTA6CTGTTC

Ddc sequence and splicing variants

too
CSCTCAAAAS BCTCAACCTA SCCCACTTCC CCTAGCACAA TBC6C4BiAAT

PAA6CAACGT CATATGTGGT GCTCTAATAA CCGGTTTCCA AGAAGCGCGT

300
AACTTT6TTT ACATTTTTT6 CGT6ATTTTT TCTTCGGGGA GTCCAAGAAA

Eco RI 400f
TCTTTCCACA AATTCGAGTT 666AAGCACG TGAGCAGAAT TCAAAATGTT

ATCAAATTAA GTTCACAGAG CTGGCAAATA AAAT6TAATA GCTTGCAT6T

600
TGCCTTTGAT ATCCAGTTAC TGATTCAGCG CCCAATTAAT GCATGTTCCA

700i
TACGACAGC6 GCTGCGATTC GAAGTTCAGC G6CTGCGGAC TGCGATTGAA

800
CAAGAGCGGG CAGCGCTCAG TTAAGAGGAG AAGCCAAGCG CACAGCAATC

\aRNA start------------------------
900

TAAACCAGGA GGGCAAACTC AACTTGGAGC AAAGATTTAG TTCGGAAiC6G

mi H1AA6CT CGGCPAC'iAG TGC"AACAI"

AiGTGCTTGGC CAACATAATG AuT6CATGTG

TAGCCTTGCT

AATAiA6AT

GATTAAITGCA

TCTTAATACC

TTiTTTTTGA

TCGGTTCAAT TT6ATAT6TT

TTTAGCTGGC AACAAGTCGT

AGAATGCATT AAACATTCTA

TTATTATTAI' AACTATTATC

GCTGCTGCAC TAATTAGCAC

TiAAA6A6CAT TAAiCTAAAGT GCAAC66TGA 6AGACGAAAG TGT66CTCCT CAACAGCCTC AGCTGCCTGA
.------------------------------------------- .s plice donor

1100
CATGCGAAAG ATTCATTTCG 666CTAACGC TGCGTATAC6 TAAT6TGTAT CTAAAACTGG GCATATACTA

Eco RI Hir,dIli 12'(00
CGGGCCCCGA ATTCTATAGT GCTTAAGCTT TTCTCGGCTT TCGGTATCT6 CATGCTTTTG TGTATCTATT

1300
CGTCTCAATG CCAACTT6TT TACGTTGTTA AAATTGGAAT TTAGAAAAAA AAAAAATATA AAGCAGTCTT

1400;
ATTACCATAC TAATTCACAG CCTATACTTA AGCAGCGC,,C TCGATGGGAA AACGCTTTAA ACTATTAATfi

1500
ATCATCGTTT TGCCTATCAA GTAATTAGTA TTCAATGTCG TTCATTTGT5 GTGTTTGCAG CGAiTAGCiATT

160l0
TATCTTCAAA AACGCACTTC TATTAATAAC ACTTTCAATA ATCGCACATT CTTTCATATT AGCTCTAACC

1640 1650 1680
ATTCGAGTTC ATATCATTGC AAiAAGTCAAA CGAAAAGTAA ATrTCT6AA ATG AGC CAC ATA CCC ATT AGT AAC ACA ATT CCA ACA fiAA CAA

splice acceptor 1 w--------------Met Ser His Ile Pro ,le Ser Asn Thr lie Pro Thr Lys Gin
:5'end of long cDNA

1710 8ag H'i 1750
AiCT SAT GGT AAT GGT AAA 6CT AAC ATT TCS CC6 BAT AAG CTG GAT CCC AAG 6TT TCG 6 TATITCTATI 666TTTI66T ATiBAACCAA
Thr Asp 61y Asn Sly Lys Ala Asn Ile Ser Pro Asp Lys Leu Asp Pro Lys Val Seri splice donor

Splice acceptor 2 : -----------MetSerile GlyPheArq TyrArgAlaAs

1800 1830 1860
CAATTATGCA CGTITATTAA CTAAAlACTT TT6CATCCAC ATCAAS ATC GAC AT6 GAS SCG CCG GAG TTC AAG GAT TTT GCC AAG ACA AT6

Splice acceptor :Ile Asp Net 61u Ala Pro 61u Phe Lys Asp Phe Ala Lys Thr Met
nAsnTyrAla ArgLeulle ThrLysTyrPhe CyslIeHis IleLys Ile Asp Met 61u Ala Pro Glu Phe Lys Asp Phe Ala Lys Thr Met
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1890 1920 1950
GTC GAC TTT ATA 6CC GAA TAT CTG GAG AAT ATA CGC GAA AG GTGAGCCA GATTTAGACT TCCTACTCAA CTTABCTTGA ATTAAACTTA
Vai Asp Phe Ile Ali Glu Tyr Leu Giu Asn Ile Arg Glu Argq sPlic- donor
Vai Asp Phe Ile Ala Glu Tyr Leu Glu Asn Ile Arg Glu Arg.

2000 2050
ATTTAGCGTA TAAATTTCAT TTATATGGTA TCAGAATCAG TCGCTTGACC TCAGCATTTT ACGTTCGAAT CGAAAGTTCG TTCTGCTCGA TTCGAATCCC

2, 2I1 50
CGGGCAAGTB AATGACATTT CGCACACGTT TTGAGATTAG TCACGGGAAA GTC6CACC6A TCGGACATTT CCATTGCTAT ATATATCTAT ATATATATAT

Xho I 225J
CATTTTBTTT ABGGGBTTGA GGCBACCTTC CCATTA6CTC GA6BGCCAAC TACTTTCGCT GCTCTTG6GC CGAAAACTAA TTAATTAAAT 6GCTTTGTTa

2300 2350
AGTTGGCBT6 TCAABGTC6T TTTJCATBTA TACBA6TATA GATATAATT6 CACTCGTAAC GCCTTGGCCA AAA6CAATTC GGGTATTTCA CTATTCTTBG

2400 2450
GCAATTCTTC TAACBGCTTC GTTTCCATTA CCTT6AAAAT CAAA6TCA6C TAA6TAAACA ATTITCTTAC TACAGCTGCT GATTTTITTT BCCCATCGAC

HindIII2500 2550
AGTCBCTGAA ATTAATGGTT AATT6AAAAT CAA6CTTAA6 TAGAGCGTAA TATAATAATT CATTTTGCTT TATTAAAGTT CCTTCGACAT T6AAGTTTCA

2600 2650
AAACTATTTT CTTAGTTABA TAACTTTTTA AACGAATCTT TGTTAATTGA AGATACATAT ATATA6AGAA ATTATCTTTT TATTTTCTTT TTTTCACCTC

2700 2750
TTABTA6TAC TTCCTTTTAA TTGAAABGAT ABAACAATCC CACCATCATT ATCABCATTB CCTCTCTATC TATATTCTBT TCCCATA6CA ATTTICTACA

2800 2850
TATTCBTATT 6ATTTTGCAT GGCA6TGGCA ACAABTT666 GGTGBTTB6A TGBBTBTCCT TCAACCCCAA TBATTCCTGA TGCCTTTGTT 6BCTAACT6A

2900 2950
BITTCGCABC CAATTAGCAA GGABCTTTTA CTBAATBGGC GCCAAAATGC AATCA6AAC6 TAAACGCATT TTCGCAATTA CAB B CGC 6TT CT6 CCG

spiLce acceptor tArq Vi Leu Pro

3000
BAA GTG AAG CCT BBC TAC CT1 AAG CCA TTG ATT CCB BAT OCT C66 CCC GAG AAB CCG GAG AAG T66 CA6 BAT BIG AT6 CAG 6AC
Glu Val Lys Pro 61y Tyr Leu Lys Pro Leu Ile Pro Asp Ala Ala Pro Glu Lys Pro Glu Lys Trp Gln Asp Vai Met Gin Asp

3050 3100
ATC 6AG C6ACGTC ATC ATG CCG 66C TG ACA CAC TGG CAC AGT CCC AAG TTT CAT GCC TAC TTC CCC ACG GCC AAC TCG TAT CCA
Ile G6u Arg Vai Ile Met Pro Gly Val Thr His Trp His Ser Pro Lys Phe His Ala Tyr Phe Pro Thr Ala Asn Ser Tyr Pro

3150 2O00 Xho I
GCG TAC GTT GCG GAC ATG CTB AST GGA GCB ATT 6CC TGC ATC GGA TTC ACG TGB ATC 6CC AST CCC GCG T/;C ACB BAA CTC BAG
Ala Tyr Val Ala Asp Met Leu Ser Bly Ala lie Ala Cys Ile Bly Phe Thr Trp lie Ala Ser Pro Ala Cys Thr Glu Leu Glu

3250
BTB GTC ATG ATB 6AT TBB CTG 6BC AAG ATG CTG 6AG CT6 CCG GCA 6AB TTC CTG 6CC TBT TC6 BGC GBC AAG BGT 6G6C 66T TC
Vai alV Met Met Asp Trp Leu Gly Lys Met Leu Glu Leu Pro Ala Glu Phe Leu Ala Cys Ser 61y Gly Lys Bly Gly Gly Vai

3300 35
ATC CAB GGC ACG 6CC AGT GAG TCC ACA CTG GT6 GCC TCT GCT 666 AGC CAA 66C CAA GAA GTT GAA GGA BGT GAA G6A GCT CCA
Ile Bin Gly Thr Ala 6er Glu Ser Thr Leu Val Ala Ser Ala Bly Ser Bin Gly Bin 6lu Vai Biu Gly GIy Biu Gly Ala Pro

3400 3450
TCC GBA BTB BBA CT6 GAG CAC ACC AIC TTB BBC AA6 TTB GT6 BGC TAC TGC TCG GAC CAG BCT CAC TCA TCC B,6 BAG C66 BCT
Ser Gly Val Gly Leu Glu His Thr Ile Leu Gly Lys Leu Val Gly Tyr Cys Ser Asp Gln Ala His Ser Ser Vai Glu Arg "la

35(00
66T CTT CTG 66C 66A GTA AA6 CTC C6T TCC GT6 CA6 TCC 6A6 AAT CAC ABA ATG CBT 6GT GCT GCC CT6 GAA AAG GCC ATC 6AA
Bly Leu Leu Gly Gly VYa Lys Leu Arg Ser Vai Bin Ser Glu Asn His Arg Met Arg Gly Ala Ala Leu Glu Lys Ala lie Blu
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3550 3600
CA6 6AT BTB 6CC BAS 66T T16 ATT CCC TTC TAC 6C6 BIB 6TC ACC CIB B6C ACC ACC AAC TCC TSC 6CC TTC 6AC TAC TB 6BAT
61n Asp Val Ala Blu Gly Leu Ile Pro Phe Tyr Ala Val Val Thr Leu Bly Thr Thr Asn Ser Cys Ala Phe Asp Tyr Leu Asp

3650 Bag HI Bar HI 3700
BAG T6T 66A CC6 6T6 66A AAC AA CAC AAT TT6 T66 ATC CAT 6TB 6AC 6CT 6CC TAT 6CC 6BA TCC BCT TTC ATT TGC CCC 6B6
Blu Cys 61y Pro Val 61y Asn Lys His Asn Leu Trp Ile His Val Asp Ala Ala Tyr Ala 61y Ser Ala Phe Ile Cys Pro Blu

3750
TAT C6C CAC CT6 ATS AAB 66C ATC 6AA TCA 6CA 6AC TCT TtC AAT TTC AAT CCA CAC AAA T66 AT6 CT6 6T6 AAC TTT 6AC T6C
Tyr Arg His Leu Met Lys 61y Ile Blu Ser Ala Asp Ser Phe Asn Phe Asn Pro His Lys Trp Met Leu Val Asn Phe Asp Cys

\PLP

3800 Ban HI 3850
TCB 6CC AT6 T66 CT6 AA 6AT CCC ABIT66BTI 6TC AAC 6C6 TTC AAT 6T6 6AC CCT CTT TAC CT6 AAB CAC 6AC AT6 CA6 6BA
Ser Ala Met Trp Leu Lys Asp Pro Ser Trp Val Val Asn Ala Phe Asn Val Asp Pro Leu Tyr Leu Lys His Asp Met Bin Bly

3900 3950
TCA 6CT CCB 6AC TAT C6T CAC T66 CAA ATC CCA CTT 66A C66 C6A TTC A66 BCA CT6 AAB CTC T66 TTC BTC CTC C66 CTB TAC
Ser Ala Pro Asp Tyr Arg His Trp Bin Ile Pro Leu 61y Arg Arg Phe Arg Ala Leu Lys Leu Trp Phe Val Leu Arg Leu Tyr

4000
66T 6TC BAG AAT CTC CAB 6CC CAC ATC C6C ABA CAC TGC AAC TTT 6CC AAN CA6 TTC 666 6AT CTC T6C 6T6 6C6 6AC TCC ABA
61y Val Glu Asn Leu 61n Ala His Ile Arq Arg His Cys Asn Phe Ala Lys Bin Phe 61y Asp Leu Cys Val Ala Asp Ser Arg

4100
TTT BAA CIT 6CC 6CC BAG ATC AAT AT6 66A TT6 STC TCB TTC C66 CT6 AAG GGC A6C AAC GAB C66 AAC BAA 6CT CTT CTC AAN
Phe 6lu Leu Ala Ala 6lu lie Asn Met 6Sy Leu Val Ser Phe Arg Leu Lys 61y Ser Asn 61u Arg Asn 6Bu Ala Leu Leu Lys

4150 4200
C6A ATC AAT 66A CSC 66C CAC ATC CAC TT6 6TT CCC 6CC AB AITC AAB 6AT 6TC TAC 66C CT6 C6C AT6 6CC ATT T6C TC6 C6A
Arg Ile Asn Sly Arg Sly His Ile His Leu Val Pro Ala Lys Ile Lys Asp Val Tyr Gly Leu Arg Met Ala Ile Cys Ser Arg

4250 4290
TTC ACC CA6 TCC GAB 6AC ATS 6AB TAC TCG T66 AAB GAB BTC AGC 6CC SCT 6CC 6AC SAG AT6 BAA CAB GAB CA6 TAA AUBT66
Phe Thr Gin Ser 61u Asp Met 61u Tyr Ser Trp Lys Glu Val Ser Aia Ala Ala Asp 6Bu Met 61u 61n 6lu 61Sn

4320 4350 4390
T6TICA66TC T6TTCCBTIT TTABTATATA AATTAATATA 6TAAACTTAA ATT6IACCA6 TATIATATAT AAT6CATT6T 6ACTT66AAC CC66AACA6A

3' and of long cDNA

4450 4490
CCATACACTT TCCACTTGC6 ACAT6TTTA6 GGBATTTACA TC6CAACAAA AGAIBTTTCC TCCATCGCTA CATTATATTT ATA6TATCCT ATCATTGTAT

Hpa_]I 4550 4590
CATTGATBTT STTCATGATT TTTATTGTTA ACATTAT6C6 CCTAATTAAA ACAAATBTAT CTBCTTAAAA ATACAAACSA AIT6TAACTAT AAATTTTGAC

Poly A signal '.An
4610 4650 4690

TA6TTTTC6B_STTATATAC ACTBTACAAI TTABCA6CCC ATTCSBATTT CCCATTTCAC TTAACC6CAB TICACBCTTT TCASATABTA STCAATBATA

4750 4790
CATT666CTT CTCBBATGCC ACTG6ACBT6 GCGGCATCAA TGGTTCCAAA BCCTTTCA6C BAGGTTICAT CCCCAGCAAA SA6CA6ACCC C66ACTTCTC

Sea I
GCCCA6CC66 AGCBBCCA6T CBCT66ACAT CCCG66

Fig. 2. Sequence of the gene. Splice junction sites are indicated by vertical lines. The deduced translation of the message is given underneath the sequence
with the 2.3-kb message above and the 2.0-kb message below; dashes indicate untranslated regions of the mRNA. Since the translation of both messages is
identical in the large third exon, only one is shown. The location of splice acceptor 1 is shown with an arrow to indicate that the precise location of this
splice is upstream of the point indicated. Sequence motifs thought to be involved in initiation and polyadenylation are underlined (for details see text). The
points of initiation and polyadenylation are indicated by slashes. The longer cDNA begins at position 1677 and ends at 4293 while the shorter cDNA begins
at 3438 and ends at 4589. The 7-amino acid PLP binding domain which is identical to pig DDC is underlined and the PLP binding lysine indicated.

clones shows that they are identical in the region of the long ORF by the sequence and to prove that no undetected interruptions
(data not shown) suggesting that no undetected introns are pre- to the reading frame (introns) occur within the large third exon,
sent in this region. In order to confirm the reading frame predicted we devised an expression vector test of the predicted reading
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A

pUC

puC

plCl

EcoRI Sal/Xho

.......... ................
GMTTCC CGG GGA TCC GTC GAG GTG GTC ATG

asn ser arg gly ser val gku val vat met

EcoRi Sal/Xho

Ear||GMT TCG AGC TCG GTA CCC GGG GAT CCT CTA GAG TCG AGG TGG TCA TGAL ....... asn ser ser ser val pro gly asp pro leu glu ser arg trp ser end

EcoRI Xho/Xho

9R .......................
GMT TCA TCG ATA TCT AGA TCTCGA GGT GGT CAT.

asn ser ser ile ser arg ser arg gly gly his

Insert
42.5

Psti k

a a

Fig. 3. Ddc expression vector. A, construction of plasmids. The sequence of the polylinker and the first few codons of the insert are shown with the transla-
tion underneath. The fragments were joined using complementary SalI(vector)/XhoI(insert) ends in pUC8 and pUC18 or homologous XhoI ends in pIC19R. B,
SDS electrophoresis of proteins from each construct. The novel protein expressed in the pUC8 construct is indicated.

frame using genomic DNA. A genomic fragment containing most
of the third exon (i.e. the 'expression fragment' shown in Figure
1 beginning at the XhoI site at 3203 and extending 1100 bp
beyond the presumed stop codon) was inserted into the plasmids
pUC8, pUC18 (Messing, 1983) and pIC19R (Marsh et al., 1984),
so as to give readthrough transcription from the lacZ promoter
in all three reading frames. Each construct was tested for the
production of a new protein by SDS -PAGE. Only the pUC8
construct produced a new protein (Figure 3). The reading frame
in this plasmid is that predicted from the sequence and the size
of the protein produced is in good agreement with the predic-
tions of the sequence (i.e. 41.4 kd predicted versus 42.5 kd
observed). This test provides experimental confirmation of the
ORF and also defines the register of the reading frame at the
XhoI site (at 3202). We conclude that the sequence data are highly
accurate and that no undetected stop codons or small introns not
multiples of 3 bp in length are present in this region.
Although the larger cDNA did not contain a string of As at

its 3' end, the smaller cDNA isolated from the same library did
contain a string of As with the first A of the poly(A) tail at posi-
tion 4590. This is in excellent agreement with the studies of
Spencer et al. (1986) which show that Ddc RNAs from mature
larvae and young adults terminate near the HpaI site at position
4526. The polyadenylation signal AAUACA (underlined in
Figure 2) is located 14 bp upstream from the polyadenylation
site. This sequence functions as a polyadenylation signal in several
genes (Wickens and Stephenson, 1984; Birnstiel et al., 1985).
The genomic sequences downstream of this region are GT rich
similar to sequences seen in a number of vertebrate genes (Birn-
stiel et al., 1985) and the sequence GTGTT occurs at position
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4608 (underlined in Figure 2) and is thought to be required for
efficient polyadenylation (McLaughlan, 1985).

Structure of the Ddc transcripts
The hybridization of the longest cDNA to the EcoRI/BamHI frag-
ment shown in Figure 1 indicates that it represents the 2.3-kb
RNA. The cDNA contains three exons, one of at least 80 bases
separated from a second exon of similar size by a previously
undetected intron of only 77 bases, and a large third exon

separated from the first two by an intron of 1031 bases. Com-
parison of the cDNA and genomic sequences suggests the struc-
ture for the 2.3-kb RNA shown in Figure 4. Excision of the
77-base intron and the 1031-base intron generates a single ORF,
the majority of which comprises the large 3' exon.

Beall and Hirsh (1984) have proposed that the 2.3-kb RNA
is a processing intermediate leading to a mature 2.0-kb message
and have proposed a structure for the 2.0-kb message on the basis
of RNA blotting and R-loop analysis. We disagree with this in-
terpretation because both the 2.0- and 2.3-kb RNA species are
found on polysomes in approximately equal proportions (Gietz
and Hodgetts, 1985), suggesting that both are translated, and
because the cDNA indicates that the 2.3-kb mRNA exhibits all
the elements of an mRNA. Accordingly, we propose that the
2.3-kb RNA is an alternative mature mRNA from the Ddc gene.

While we have not yet recovered a cDNA which would posi-
tion the boundaries of the 2.0-kb message with precision, Beall
and Hirsh (1984) have assigned an approximate structure based
on R-looping experiments. Enough is known about RNA pro-

cessing elements to propose a more precise version of the 2.0-kb
RNA structure in light of the genomic sequence. The proposed
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RNA. The jagged 5' edge of the second exon of the 2.3-kb message signifies our uncertainty as to the precise location of the splice acceptor. Some of the
3.0-kb intermediate RNA species may have had the 77-base intron removed.

three exon, two intron structure can be reconciled with the
genomic sequence by postulating that the 2.0-kb RNA shares the
same 5' and 3' exons as the 2.3-kb species but differs in the region
of the two small exons identified by the cDNA. Gietz and
Hodgetts (1985) have shown that the second exon of the 2.0-kb
RNA does not extend upstream of the BamHI site (1732) (nor
downstream of the XhoI site at 2197). These data and the best
fit to the R-loop data of Beall and Hirsh (1984) place the second
exon splice acceptor site of the 2.0-kb RNA near position 1742
on our sequence. There are two splice junction sites near 1742
which conform to the consensus for splice acceptors (Mount,
1982). A structure for the 2.0-kb RNA in which the first intron
splice acceptor is located at 1742 (the 77-base intron of the 2.3-kb
is not removed) and the large 3' intron is identical to that of the
2.3-kb mRNA would result in a 169-nucleotide second exon and
a 1.5-kb terminal exon (Gietz and Hodgetts, 1985) whose pro-
perties are completely consistent with the R-loop and hybridiza-
tion data. This structure would generate an intact ORF of 1509
bases. This model is also consistent with several lines of evidence
which indicate that the splice junctions of the large 3' intron of
both the 2.3-kb and 2.0-kb RNAs are similar or coincident. For
instance, R-loop analysis (Beall and Hirsh, 1984) reveals only
one splice junction in this region. Secondly, the incompletely pro-
cessed 3.0-kb Ddc RNA species does not show size heterogeneity
when both the 2.3-kb and 2.0-kb RNAs are present, which is
consistent with the removal of only one large 3' intron. Finally,
the only ORF in the sequence capable of encoding DDC is the
one contained in the 1.5-kb exon defined by the cDNA. Taken
together these observations strongly suggest that both species of
mature Ddc message share the same 1031-base intron. Thus we
propose that the 2.3-kb and 2.0-kb RNAs share similar or iden-
tical 5' and 3' ends but that they differ in the region of the se-
cond exon of each message.
The 2.0-kb Ddc message structure suggested here would predict

that the AUG codon at position 1750 is used to initiate transla-
tion of DDC from this message as it is the first AUG codon in
the message. This would result in a DDC protein which is slightly
different at the N terminus compared with the translation of the
2.3-kb message but still in agreement with the measured size for
the DDC enzyme (i.e. 56.2 and 56.7 kd for the 2.0- and 2.3-kb
transcripts, respectively versus 54 kd for the native DDC
monomer). Since the majority of the protein would be the same,
both isoforms are expected to encode DDC enzyme activity.

Initiation of transcription
RNA blotting experiments show that all Ddc RNAs at all stages
hybridize to the EcoRIIEcoRI fragment (positions 387-1139 on
our sequence) (e.g. Gietz and Hodgetts, 1985; Beall and Hirsh,
1984). In addition, R-loop experiments suggest a small 5' Ddc
exon completely contained within this fragment (Beall and Hirsh,
1984). Since neither of the cDNAs recovered extend into this
region, we have positioned the RNA cap site using the S1 pro-
tection data of Scholnick et al. (1983) who have shown that late
larval Ddc RNA contains a 200-base exon which is initiated at
a site 370 bp upstream from the EcoRI site (1139). The sequence
TTTAAAA is found 28 bp upstream of the proposed initiation
site at 769 and conforms in six of seven positions to the eukaryotic
promoter consensus sequence [5 '-TATA(A/T)A(/T)-3']
(Breathnach and Chambon, 1981) and we postulate that this serves
as the TATA portion of the promoter for this gene. No strong
homology was noted to the consensus sequence (5'-GG[C/T]-
CAATCT-3') often found -50 bp upstream of the TATA box
homology (Breathnach and Chambon, 1981) nor with the
GGGCGG sequence implicated in a number of eukaryotic pro-
moters (Dynan and Tjian, 1985). The transcription initiation site
at 769 (1139-370) agrees with the consensus of Corden et al.
(1980) while positioning the splice donor site at 970 provides
the best fit to the extended splice donor consensus sequence of
Drosophila (i.e. AG:GTnnnT, Keller and Noon, 1985). Placing
the RNA cap at 769 and the 3' border of the first exon at 970
is entirely consistent with the SI protection and R-loop results
(Scholnick et al., 1983; Beall and Hirsh, 1984). Since we have
detected no AUG codons and no ORFs within this exon, we con-
clude that it does not contribute to the protein coding portion
of either message.
A summary of the transcript structures consistent with the

genomic and cDNA sequences is shown in Figure 4. Placement
of the cap at 769 and the poly(A) tail at 4590 and inclusion of
-200 bases of poly(A) tail predicts a primary transcript of
-4.0 kb which is in excellent agreement with the observed
4.0-kb RNA species. Excision of the 1031-base 3' intron would
generate an RNA species of 3.0 kb, also in excellent agreement
with the observed 3.0-kb RNA. The 3.0-kb intermediate species
can then be further processed into either the 2.3-kb or 2.0-kb
mRNA structures. These two mature message structures are dif-
ferentiated on the basis of hybridization to the EcoRIIBamHI
fragment.
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Donor Acceptor

970 AGACGAAAGTgtgccctc - ggatccaagGTCGTAT 1742

1747 CMAGGTTCGgtatgttat ccacatcaagATCGACATGG 1825

1910 TACGCGAMGgtgagocaga - gGCGCGTCTG 2942

Fig. 5. Splice junction sequences. The DNA sequence surrounding the pro-

posed splice junctions of the various Ddc transcripts are shown. Capital let-
ters indicate bases present in exons while small letters indicate bases
contained in introns. The numbers next to the sequences refer to the posi-
tion of the junction in the sequence presented in Figure 2. The 970 and
1910 splice donors and the 2942 splice acceptor are used in both forms of
proposed messages.

Splice junctions are conserved
Since the Ddc message is differentially spliced and substantial
quantities of immature message appear to accumulate, the splice
junctions of the Ddc gene deserve special attention. The Ddc
splice junctions are compared in Figure 5. It is interesting to note
that the splice donor sequences of the two large exons are

remarkably similar and match in 10 of 13 positions around the
splice site. This may be related to the fact that these splice junc-
tions are shared by both forms of mature Ddc message.

Discussion
Developmental regulation
During development both the 2.3-kb and 2.0-kb Ddc mRNAs
appear in late embryos, evaginating discs and eclosing adults
while only the 2.0-kb mRNA appears at pupariation (message
precursors are present at all these stages). Since we propose that
the 2.3-kb species is a mature mRNA, a reinterpretation of the
data of Beall and Hirsh (1984), Gietz and Hodgetts (1985) and
Clark et al. (1986) leads to the following conclusion. Two mature
messages are expressed in late embryos, evaginating discs and
adults while in the late third instar larval stage, only a single
2.0-kb mature messgae is expressed. Late larvae are unique in
that the rise in DDC activity and mRNA is triggered by rising
ecdysteroid titers while the appearance of DDC at other stages
is correlated with falling hormone titers. These observations
suggest that both the 2.3-kb and 2.0-kb messages respond to fall-
ing ecdysterone titers but that the 2.0-kb message is also pro-
duced in response to the rising ecdysterone titers at pupariation.
Precedence for both a positive and negative response to ac-

dysterone is found in Manduca where Hiruma and Riddiford
(1985) found that 20-OH ecdysone acts directly on the larval
epidermis to inhibit DDC synthesis and concluded that DDC ac-
tivity is expressed in response to falling ecdysterone titers at the
larval molts with the amplitude of the response determined hours
earlier by the levels of juvenile hormone. In contrast, the ap-
pearance ofDDC at pupariation responds directly to ecdysterone
if the conversion to pupal committment of the larval epidermal
cells has been potentiated by an earlier ecdysone pulse in the
absence of juvenile hormone (e.g. Riddiford, 1981).
Measurements of juvenile hormone in Drosophila suggest a

similar pattern (Sliter et al., 1986). The interplay of juvenile
hormone and ecdysterone may provide the basis for this apparent-
ly complex pattern of response.

Since the Ddc gene responds to ecdysterone at pupariation,
we have searched for sequences similar to those upstream of other
hormonally regulated Drosophila genes. A sequence beginning
at 540 (ATGAAAAATAATGCCTTT) bears a strong
resemblance to similarly located sequences in the hormonally
regulated Sgs-4 gene (ATGGAAA--TACCTTT) (Muskavitch and
Hogness, 1982) and 74EF genes (ATGGAAC) (Moritz et al.,

2670

1984). This sequence bears considerable homology to the
canonical enhancer sequence of mammalian viruses (Weiher et
al., 1983) [(G)TGGAAA(G)] and is altered in the Ddc+4 over-
producer variant of Estelle and Hodgetts (1984a, 1984b) to more
closely resemble the canonical enhancer (Hodgetts et al., 1986).
The Ddc sequence does contain one perfect example of the
MMTV glucocorticoid receptor binding hexamer (TGTTCT at
position 846) found by Scheidereit et al., (1983) but does not
contain any regions homologous to the progesterone receptor bin-
ding site in the ovalbumin gene (Mulvihill et al., 1982).
The proposed Ddc transcripts both exhibit an unusually long

5 '-untranslated leader (200 bases) which is interrupted by an in-
tron of -775 bases. In a compilation of 211 leader sequences
from eukaryotic genes, Kozak (1981) finds > 70% of the leaders
clustered in the 20-80 nucleotide range and speculates that the
longer leaders may participate in unusual modes of regulation.
The transcript structures we have proposed do not contain any
premature AUG codons, thus eliminating the possibility that one
function of the long leader is to regulate translation using false
starts (Hunt, 1985).
The Ddc gene may encode two proteins
The DNA sequence suggests that the two alternative forms of
mature mRNA encode two polypeptides which may differ by as
much as 25 amino acids in the amino terminus of the DDC en-
zyme. If the 2.3-kb message initiates translation at the AUG
codon at 1650, it would encode a protein of 56.7 kd while in-
itiation at the first AUG codon of the 2.0-kb message we have
proposed (i.e. 1749) would encode a protein of 56.2 kd. Alter-
natively, either or both messages could ignore these AUGs and
initiate at the AUG at position 1832. However in the absence
of direct evidence identifying the amino terminus of the DDC
protein, we must assume that the first available AUG in the
mRNA initiates translation. Although double diffusion im-
munoprecipitation revealing only a single precipitin line using
embryo, larval and adult extracts has been cited as evidence for
a single molecular form of DDC (Clark et al., 1978), a difference
of 1 % in protein mol. wt would not be detected in that assay.
Additional biochemical studies will be required to directly
demonstrate the presence of these two putative DDC isoforms.
The relative abundance of the 2.0- and 2.3-kb Ddc mRNAs

suggest that the two hypothetical DDC isoforms may both be
expressed in the epidermis where the majority of DDC activity
is found. The significance of the variation in amino terminus bet-
ween the two forms in mediating the potentially different roles
of DDC awaits determination of their inter- and intra-cellular
distribution.

All decarboxylases employ a pyridoxal co-factor linked to the
e amino group of a lysine residue. The pyridoxal phosphate (PLP)
binding peptides for a few amino acid decarboxylases and other
PLP enzymes are known (e.g. Tanase et al., 1979) and we have
compared these with the Drosophila DDC sequence. The seven-
amino acid PLP binding peptide of pig DDC (Bossa et al., 1977)
matches perfectly with a 7-amino acid stretch of Drosophila DDC
(i.e. nucleotides 3754-3771 in Figure 2). No strong homology
with the PLP binding region of other amino acid decarboxylases
was found. This homology provides strong evidence that the ly-
sine at 3769 is the PLP binding lysine in Drosophila. The perfect
homology between pig and fly DDC and lack of homology with
other amino acid decarboxylases suggests that the amino acid se-
quence surrounding the PLP lysine may be substrate specific and
suggests further that considerable sequence homology may exist
between vertebrate and invertebrate DDCs. We have also observ-
ed that the Ddc gene exhibits strong sequence homology with
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the adjacent a methyl dopa hypersensitive gene in Drosophila
(Marsh et al., 1986; Eveleth and Marsh, 1986). These studies
suggest that the Ddc gene represents one member of a clustered
family of genes involved in catecholamine biosynthesis in
Drosophila.
The DNA sequence reported here is the first sequence of a

dopa decarboxylase gene from any species. The DDC enzymes
in insects and mammals are remarkably similar in subunit struc-
ture, mol. wt, kinetic properties and substrate specificities
(Maneckjee and Baylin, 1983). The sequence presented here will
provide the basis for a comparison of this fundamentally impor-
tant enzyme from insects and mammals.

Materials and methods
General
Preparation of plasmid DNA, restriction analysis and subcloning were as described
by Maniatis et al. (1982). Enzymes were obtained either from Boehringer Mann-
heim or P-L Biochemicals with the exception of reverse transcriptase (Bio-Rad).
DNA sequence was determined by the dideoxy chain termination method of

Sanger et al. (1977). Growing and manipulating the phage was performed as
described by Messing (1983). Reactions were performed using nucleotides from
P-L Biochemicals following the manufacturer's protocol with minor modifica-
tions. Reactions were run on 0.25 mm x 40 cm urea gels at 50 W. After run-
ning, the gel was dried by bonding directly to one of the glass plates which had
been treated with 3-(trimethylsilyl)propyl methacrylate (Aldrich). The gel was
then exposed to X-ray film. DNA sequences were assembled and analysed using
a series of computer programs modified from Schwindinger and Warner (1984)
by Dr.Al Goldin (California Institute of Technology).
A cDNA library was prepared from 0-2 h old adult Canton-S poly(A)+

RNA. RNA extraction and oligo(dT) chromatography were carried out follow-
ing Gietz and Hodgetts (1985). The protocol used in preparing the library follows
that of St. John et al. (personal communication). The first cDNA stand was made
with reverse transcriptase. The mRNA:DNA hybrids were sized on Sepharose
4B and hybrids >500 bp were pooled and tailed with dGTP using terminal
transferase. RNA was removed by digestion with RNase A and oligo(dC) was
annealed to the tailed first strand. Second strand synthesis was performed using
T4 DNA polymerase following the method of Burd and Wells (1974). Internal
EcoRI sites were protected with EcoRI methylase.
The double-stranded cDNA was divided into equal aliquots and one was digested

with limiting amounts of S1 nuclease following the methods of Vogt (1980). Both
DNA samples were spermine precipitated (Hoopes and McClure, 1981) prior
to ligation with EcoRI decanucleotide linkers using T4 DNA ligase. After EcoRI
digestion, the cDNAs were fractionated again on Sepharose 4B and concentrated
using spermine precipitation. The cDNA was ligated into EcoRI-digested XgtlO
DNA and packaged in vitro (Promega Biotech).
Gene fusions were constructed using an XhoI-PstI fragment of pPIO (described

in Marsh et al., 1985) containing most of the third exon of Ddc (i.e. 1089 bp
of coding region beginning at the XhoI site at 3202; the fragment extends 1100 bp
beyond the proposed translation termination site). This fragment, illustrated as
,expression fragment' in Figure 1, was ligated into Sall-PstI cut pUC8,
Sall-PstI cut pUC18 (Messing, 1983) and XhoI-PstI cut pIC19R (Marsh et
al., 1984). This leads to readthrough transcription from the lacZ promoter in
each of three reading frames. The identity of each construct was confirmed by
restriction analysis (data not shown). An example of each construct was grown
overnight in 10 ml of B-broth to avoid catabolite repression of lacZ (B-broth,
Messing, 1983). 1 ml of overnight culture was diluted into 10 ml of fresh B-
broth and grown for 4-6 h (the optimal time of growth for maximal expression
was determined empirically). Cells were harvested from 10 ml by centrifugation
and proteins extracted by boiling the cell pellet in 1.0 ml of 20% glycerol, 10%
(3-mercaptoethanol, 6% SDS, 10 mM Tris pH 8.0. Debris was removed by cen-
trifugation at 12 000 g for 15 min and 25 1l of the supernatant was loaded onto
a discontinuous polyacrylamide slab gel (Laenqnli, 1970).
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