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LThe D. Imel gasjer Adh gene is transcribed from two different pro-
moters; a proximal (larval) promoter is active during late embryonic and
larval stages, and a distal (adult) pronoter is active primarily in third
instar larvae and in adult flies (1). Genetic analyses suggest tiat several
species of the Illeri subgroup (distant relatives of 12. me t) have
two closely-linked Adh genes, Adh-1 and Adh-2, each of which expresses a
different ADH protein (2). She tamporal pattern of expression of Adh-1 and
Adh-2 is similar to the expression of 12. u a rr Adh from the proximal
and distal promoters (2,3,4). We are interested in the molecular basis for
the pattern of Adh expression in the Iuegri subgroup species and in the
mechanism of the switch in Adlh promoter utilization. For these reasons, we
have studied the structure and transcription of the Adh locus of D. n i,
a species of the la,i subgroup. We show that the ADH-1 and ADH-2 pro-
teins are expressed from two distinct genes separated ty 2 kilobase pairs,
and that Adh-1 and Adh-2 are transcribed in the expected tesrporal pattern.
In addition, we find a pseudogene 1.2 kb upstream from Adh-2, which is tran-
scribed in a tmporal pattern similar to Adh-2.

The Dro.Qpila alcohol dehydrogenase (Adh) gene is particularly suited
for an analysis of the molecular mechanism involved in temiporal and tissue
specific gene expression. In addition to displaying characteristic patterns
of expression in a limited number of tissues (5), the Dro Q.dhila
me azter Adh gene is transcribed from two different promoters during
different stages of developnent. The proximal (larval) promoter is active
during late embryonic and larval developuent, while the distal (adult) pro-
moter is active primarily in third instar larvae and in adult flies (1).
P-element transformation experiments have shown that an 11.8 kb genomic DN&
fragment bearing the Adh gene carries all of the DNM sequer necessary for
correct stage and tissue-specific gene expression, and for the correct tem-
poral switch in promoter utilization (6). Thus, germ line transformation
can be used to identify the DNA sequees required for the larval to adult
praomter switch in 12. ul1Azr§-At.r
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An alternative approach to the analysis of tmporal switching of Adh

gene expression is suggested by the observation that members of the mulleri
subgroup (distant relatives of 12 mel nster) produce two different ADH

proteins, ADH-1 (larval) and ADH-2 (adult), in a temporal pattern similar to
the expression from the r). melanogater Adh larval and adult promoters
(2,3,4). Genetic analysis of electrophoretic variants of ADH-1 and ADH-2 in

D. buzzatii (a species of the nulleri subgroup) provided evidence for the
hypothesis that ADH-1 and ADH-2 are encoded by two closely-linked genes that
are differentially expressed during development (2). HQwever, other possi-
bilites such as alternate splicing of a single transcript to produce the two

proteins could not be ruled out. Whatever the processes involved, a com-

parison of the structure and transcriptional regulation of the Adh genes in

these distantly related species could lead to an understanding of the

mechanism and biological significance of the temporal switch in Adh promoter
selection.

Towards this goal, we have cloned and sequenced the Adh locus of

DrogQQl1A naull&ri, a species of the mulleri subgroup. We show that the
ADH-1 and ADH-2 proteins of 12. sulleri are encoded by two distinct genes

separated from each other by 2 kilobases of DNA. In addition, we detect an

Adh pseudogene 1.2 kb upstream from the Adh-2 gene. A transcriptional
analysis reveals that Adh-1 and Adh-2 are each transcribed from a distinct
expected temporal pattern, and that the pseudogene is transcribed in a tem-

poral pattern similar to Adh-2.

T[S MES
Con,struiction gi &a p. mllerigeoi library

12. mrlleri flies (stock #15081-1371.8 (3370.1)) were obtained from the
Drosophila Species Resource Center at Bowling Green, Ohio, and cultured on

standard cormneal food. Genomic DNA was prepared from 12. gaulleri adult fly
nuclei as previously described (7) and EMBL4 phage (8) DNA was purified by

standard methods (9). High molecular weight Sau 3A partial digest fragments
of 12. ulli genomic DNA were isolated, ligated to Ban HI-digested phage
arms and packaged (9). A library of 80,000 recombinant phage was amplified
on strain Q359 (10).
Ioaion 21 A& clones

The amplified D2. ulleri library was plated on strain K802 (11) and
screened by hybridization with the nick-translated plasmid pRX8 (6) which
contains a 4 . 5 kb SalI-XhoI fragment bearing the Adh gene from 12.

nelwMaster. Standard procedures were followed for plaque hybridization
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(9). Hybridization and washing were performed under low stringency condi-

tions: hybridization was done at 420C for 18 hours in SX SSC, 20% formamide,
0.5% SDS, SX Denhardt's, 100 ug/ml denatured salmon sperm DNA, 10 mM EDYA
and with or without 10% dextran sulfate, and the filters were washed at 50-

55°C in 1X SSC and 0.5% SMS.
Characterization gi ]2. ulleri Wh clones

Plasmid and phage DNA mini-preps, restriction digestion, Southern and
Northern blotting, nick-translation, and subcloning were all carried out ac-
cording to standard procedures (9). Enzymes were purchased from New England

Biolabs and Bethesda Research Laboratories, and 32P-labelled deoxynucleo-
tides were purchased from Amersham.

PMh seqence analwis'.
The 2.4 kb and 7.8 kb Eco RI fragments of recombinant phage XD (see

Results) were each subcloned, in both orientations, into the Eco RI site of
the M13 origin-containing plasmid pSDL13 (12). Nested sets of deletion

plasmids were constructed from each of the four resulting plasmids according
to the following modification of the procedures described by Frischauf, et.

al. (13) and Hong (14). Supercoiled plasmid DNA (10 ug) was digested at

roan temperature with 1 ng of DNAse I (presoaked on ice for at least 30

minutes in 0.02 M Tris-Cl (pH 7.5), 1.5 sfM MnCl2 and 100 ug/ml BSA) in a to-
tal volume of 100 ul of 1.5 mM MnCl2 and 20r1M Tris-Cl (pH7.5). In this
buffer, DNAse I makes double-stranded cleavages; the digestion time was op-
timized for production of linearized (once-cut) plasmid molecules. The
DNAse I digestions were stopped by phenol extraction, followed by
phenol/chloroform extraction. Each digest was then run on a 0.6% low melt-
ing temperature agarose (Sigma Type VII) gel from which the linear molecules
were recovered by melting the agarose and extracting with phenol pre-warmed
to 370C. Following phenol/chloroform extraction and ethanol precipitation,
the linearized plasmids were digested to completion with Bam HI, thus remov-

ing the DNA between the sequencing primer and the DNAse I cleavage site.
The Ban HI and DNAse I ends were blunted with T4 DNA polymerase, and the
reaction was stopped by phenol/choroform extraction . The DNA fragments
were then size fractionated on a 0.6% low-melting temperature agarose gel
run at 50 volts overnight. The gel was cut in intervals corresponding to

approximately 500 bp, starting from the size of the linearized plasmid to

the size of the vector without insert. Each gel slice was melted and the
DNA self-ligated (without removing the agarose) in a total volume of 1.S ml.

A small aliquot of each ligation was used to transform B. coli strain XS127
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(12). Several transformants from each ligation were analyzed by restriction

digestion of the plasmid DNA. A set of overlapping clones to be sequenced
was thus isolated, and 0.1 ml of a saturated culture of XS127 bearing each
deletion plasmid was infected with the M13 variant rv-1 as described in
Levinson, et. al. (12). The infected cells were grown to saturation at 370
C in 5 ml of L-Broth, and the standard 1.5 ml miniprep procedure was used to

make the single-stranded templates (15). Dideoxynucleotide sequencing reac-

tions were carried out essentially according to the standard Sanger sequenc-

ing protocol (16) using the M13 reverse sequencing primer, obtained from New

England Biolabs. Gel plates were 55 cm long. The sequence of each Eco RI

fragment was determined in one direction, reading from 150 to 350 nucleo-

tides from each clone, and each clone overlapping the next by 50 to 200 nu-

cleotides. In regions of uncertainty, the opposite strand (from another-set
of nested deletions) was also sequenced. An additional clone was made to

sequence through the junction of the two Eco RI fragments: a 620 bp Cla I-

Pvu II fragment from phage XD (see Results) spanning the Eco RI site was

cloned into pSDL13 cut with AccI and Sma I.

EM Analysis
Total nucleic acid was prepared from larvae by the following modifica-

tion of a procedure for RNA extraction from Xenopus oocytes in (17). First,
the larvae were transferred from a collection plate or vial into a glass
homogenizer, and washed free of media with 0.5% Triton X-100. RNA homogeni-
zation buffer (50 mM Tris-Cl (pH7.5), 50 mM NaCl, 10 mM EDTA, 0.5% SDS) and
10 ul/ml of 20 ng/mll proteinase K were added to the washed larvae which were

then homogenized with a type A pestle. (The volume of homogenization buffer

used per organism is not important, as long as the flies or larvae remain
relatively easy to homogenize.) The homogenate was incubated at 370C for
45-90 min., phenol/chloroform extracted twice, and then ethanol precipitat-
ed. The precipitate was washed with 100% ethanol, resuspended in 10 irM
Tris-Cl (pH7.5) and 0.2% SDS, and spectrophotometrically quantitated. Total
nucleic acid from adult flies was made in the same way, except that the
flies were added directly to the RNA homogenization buffer after anaestheti-
zation.

Transcript mapping by RNA:RNA hybridization was performed essentially
as in Zinn et. al.(18). (The total nucleic acid preparations were used
without DNAse treatment.) In order to make uniformly labeled complementary
RNA probes specific for transcripts from each Adh gene (Adh-1, Adh-2 andtp-
Adh,) the following three clones were constructed with DNA from the 2.4 and
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7.8 kb Eco RI fragments subcloned into prC12 (19): SP6-1 was made by clon-

ing a blunted 1.3 kb Eco RI-Nru I fragment (containing 68 bp of the first
coding exon of Adh-1 and sequences 5') into the Sma I site of SP64 (20),

SP6-2 was made by cloning a 1.3 kb Nru I fragment (containing 68 bp of the
first coding exon of Adh-2 and sequences 5S) into the Sma I site of SP64,

and SP6- was made by cloning a 3.8 kb Bgl II-Eco RI fragment (containing
25 bp of the first intron, the entire first coding exon of the pseudogene
and sequences 5') into SP64 Bam HI/Eco RI. Labeled RNA probes were tran-
scribed from these three clones as previously described (20). Prior to

transcription, SP6-1 and SP6-2 were linearized with HpaII which resulted in

a 335 bp and a 270 bp probe, respectively. SP6-W was linearized with Nhe

I, resulting in a 610 bp probe. SP6 PM polyuerase was purchased from
Promega-Biotec, New England Nuclear or Boehringer-Mamnheim, RNAsin was from

Promega-Biotec, and 32p-UyP was purchased from Amersham.

CoDxter programs for restriction site analysis and for homology
searches were fron International Biotechnmlogies Incorporated (IBI), written

by James Pustell.

;~MD
ar Q I2. ziuU dr clones

A 1D. 5Ji genomic library was constructed and approximately 400,000

recombinant phage were plaue-screened at low hybridization stringency with

nick-translated pX8, a plasmid containing the D2. mel r Adh gene (Ma-

terials and Methods). DNA from forty independently picked recombinant phage
was isolated and digested with Eco RI, which generates the left and right
arms of the phage vector plus one or wore fragments from the D. -ll i, DNM

insert. Examination of the Eco RI digestion petters made it possible to

classify the forty clones into six different types (A-F in Figure 1). The

12. a .i DN inserts in each of the six classes of phage were then ordered
with respect to each other by blotting/cross hybridization experiments to

generate the Eco RI restriction map shown in Figure 1. When aligned in this
manzer the six overlapping clones span approximately 29 kilobases of DNA.
The Adh genes were localized by hybridizing blots of the Boo RI-digested

phage with nick-translated pX8. only the 2.4 kb and the 7.8 kb Eco RI
fragts (see Figure 1) hybridized to pRX8 (data not shown). When the sane
probe or the 2.4 kb Eco RI fragment is hybridized to gencDic blots of 12.
m1eri DNA digested with Bco RI, only the 2.4 and 7.8 kb bands are detected
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Figure 1: Restriction map of the cloned region of D. mullei genomic DNA
containing the Adh locus. The thick line through the middle of the diagram
represents the cloned 29 kb region of D. rulleri genomic DNA. The lines
beneath correspond to the six classes of recombinant phage (XA-XF) spanning
the cloned region. EcoRI sites (R) are indicated. The shaded boxes above
the restriction map indicate the two regions of the reconbinant phage DNA
which hybridize to the D. melanoast Adh gene under high stringency condi-
tions, and the box enclosed by broken lines indicates the region of cloned
DNA which hybridizes to the D. mlanggaster Adh gene only under low
stringency conditions. The arrows indicate the 5'-3, orientations of the
three regions which hybridize to the Adh gene.

(data not shown), suggesting that all sequences in the D. mulleri genome

homologous to Adh are contained within the cloned 2.4 kb and the 7.8 kb Eco

RI fragments.
A more precise localization of the Adh sequences within the Eco RI

fragments was obtained by constructing a detailed restriction map of each

fragment and then hybridizing blots of restriction digests with labeled
fragments of pRX8 corresponding to different regions of the D. meln=aster
Adh coding region. These experiments also made it possible to determine the
direction of transcription of each gene (data not shown). The results of
this analysis suggest that the 2.4 kb Eco RI fragment contains one complete
Adh coding sequence, and that the 7.8 kb Eco RI fragment contains two com-

plete Adh coding sequences, covering the regions indicated in Figure 1.

Moreover, all three genes appear to have the same transcriptional orienta-
tion, as indicated in Figure 1. The most upstream of the two Adh genes in
the 7 . 8 kb Eco RI fragment has diverged significantly fron the D.a

6904



Nucleic Acids Research

talmmastar Adh gene, since hybridization to this gene is not observed when
the wash stringency is increased.

DM sg_ce
The nucleotide sequence of the entire 2.4 kb Eco RI fragment, and 4.4

kb of the 7.8 kb Eco RI fragment was determined as described in Materials
and Methods and is shown in Figure 2. A sunary of the structure of the se-

quenced region is given in Figure 3. Examination of the DN sequence leads
to the following conclusions:
1: Consistent with the blot-hybridization experiments described above, the

12. mulleri Adh locus consists of three Adh genes which are all transcribed
from the same DNA strand (Figure 2). Conceptual translation of the two
downstream Adh genes reveals that they differ by ten amino acids (underlined
in Figure 2.) These differences identify the upstream gene as Adh-2 and the
downstream gene as Adh-1, since AM-2 is the more basic protein (2). The
region bearing the weakest haomlogy to all regions of the 1). er

Adh gene in the blot hybridization experiments is a pseudogene. The se-
quence of this gene reveals that it has exons and introns (with all splice
junction sequences intact) whose sizes and arrangement are similar to those
of Adh-1 and Adh-2. However, the gene has accumulated numerous nucleotide
substitutions, deletions and additions, so that it no longer codes for an
AEH protein.
2: The intron/exon arrangements of Adh-1 and Adh-2 are almost exactly alike,
and quite similar to the 12-. mel aster Adh gene; the coding region is in-
terrupted by two smll introns, at exactly the same locations with respect
to the amin acid sequence in both Adh-1 and Adh-2 and in the 12.
mellnaster Adh gene.
3: The coding region sequences of Adh-1 and Adh-2 are quite conserved; there
are only 30 single base differences, 10 of which lead to amino acid substi-
tutions. A recent gene conversion event appears to have occurred between
the two genes, since the entire 57 bp first intron of each gene has exactly
the same base sequence, while the second intron is not nearly as conserved.

It is possible that the converted region includes 62 bp of the first exon

(the entire coding region of the first exon downstream of the second codon)
as well as the first 34 bases of the second exon, since these sequences also
are exactly the same in the two genes.
4: Adh-1 and Adh-2 each appear to have a single TNTA-box, at bases 5512 and
2633 in Figure 2, respectively. There is no seqence evidence for a distal
promoter and a splice junction donor sequence, resembling the organization
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I TGCTCAATTTATGGCCACAACAAATAAAAAAGTTCGACTACGI'CGATTGCTTTGACAI"rTA(; l';AAA(;(;'.AAA'C1'( ( 'C'I'C' 'A'l'(;CTATG("r(CCAATC'J'GCAAAI'(*C'(T;(T'C

261 TCCCTCTCTATCTCTCACTCC'TTTACATCAACC GATCGCA CAGI'GCTCGATGTTT CCATAI'AcATGAlG(C'(;I'A7'(;9'ACT 1'(A CATAC'(C;'ATGC(;-,'(-'I'(C AT'TG(;TCTC C'GA'ACTGCT CCATA'l(:(;

2 41 CCTATTTGCTCTCCCATATTI'ACAGCAGACGATTTCATTACTTAGACATCGACCTCGACAA'(TCACC( ;C(1'('('ACt ATG'TACAGA('(''CGAA(CTAC'(;1'AA(TTTA'C'T'AAGCCG(:TGCTCAA(;TA

361 GGCGTCAAAGTCGACGTCGATGTCGACGTCAGCGTTGACTTCGCTGCCGGGCTATTTGATAAGIACAGP'ICTAAAAAC'TAGA'CTCCTAATIAC('GA('A(;CCTCGGAACACACCCAG'ATTA(A'IAA(:
rADAH

4 1 AGAGAAATAGTTCGACTTTAT.TCCTCAACATGCACTTCACTTTTTACTCTGACACAGGGAIAGCG(CGGCTACCGATCAAATGGCCATC,GCAACAAGTAA'CA'TCA'TCGTGCGCCTG(;(IA

601 TGCATTGGTATGGACACAGCCGAGAGATTGTCAAGAGCGGCCCAA AGGTAAGTGTATCTCTGCATAAI AG ATG'q'T''('AAT'A('AAAT'rCCATG 1' -ACATAGAATC'TGGTTATCCTTGA

7231 TCGACTTGAGAAGCCAGACTGGATTGAGACTTAGTGCCCTGAATCCAAAACAAAAG TATCTTC'C('AGl.(CCTA CC,TGTAACCTAACCC'ATCAGGAGAAAGTCCGCAAAGCCTCATCAAAA

341 CAATCTTCGACGCTGAGAAGACAGTCGATCTGCTCATCAAC TGGAGCATGCCTGGACGATCACGCGATCGAACAAACCAT7'GAC'GCTGAACTArCACAGCCACAGTGAACACACC(ACC( C

961 ATCATGCCCTTCTGGACAAGCGCCAGGCGGCCCAGGCGTGTCATTGCGACACTGCTCGGyTGACTGCCTTC'AACTCAATC'TACCAGG TGCCCG'TTAV'TGATGCCTCCAAG CAGCTCCCCI'C

I O81 AGCTTCACCATGTCGCTGGCTGTAAGTGATGAGCCTATATCGATTTAATAATGTGTGCAGCGGTTGTCG TTCCTCC'CTCTCTI,TAG AGACTGGCCCCGATTACTGG nGTAACTG CCTAC T

1-2 01 CCATCAATCCTGGTATCACGAAGACAACCCTAGTCAACAAG TTCAACTCGTGGCTGGATGTGGAG CCl'TG TGCTC.G CCCAG TTG CTTCTGGCGCATCCCACTCAGACG ACTAAGCAG TGCG

13 21 CCAGAGCTTTGTGAAAGCAATCAAAGAAAACAAGAATGGAGCTATATGGAAGCTGGACTTGGGTCGC CTCGATCCCATTAAGTGGACCA4GCACTGGGACTCTCACATCTAATTG CTAAA

1 441 TTCGCGAAAATTAGAAGTTTATAGCCGACAGACCAGATTC CCGAAAGTCAAATMAATTTTAAG TTTAAATTGTAAGGCCTAACAACAGATTAGATATTTCTAGGGAAATAA ATATAAT'rTA

1 56 1 TTGAATTGCAAATCTAATATCTCAATCGGGTMAAGGAATTGGGCATTTGGTAGATTCTG CGTCGGAATAGAI 'TA'1' ATT1'TCATAAATATGATATGATTCCTAAAMATATCTA1'G CAAA

1 681 T.TTCCTGTTTTTCAACTTTTATTAAAATAAAMTCTTGG TGTTATTTTAGTTCTGTGATAAGCTCAAT CTTCt'GTC.TGTGCTGCAATCTCTC'TGCATCCAGTCAGTTAGTTTATATACGAAA

1 s01 TAGAATCTAAACATAGAACAGAATTG CCAACGTTTTGAATATAAAG TCTTTAGTATTATTTG CGTCA .'A.'GATAACTCACT1'TC ATAAAAACATTTGACAAGTTCAGAAAACAAGC.kAAI1'

1 9 21 AGTTGCAAGAGTATACCCTCGTTTG AGCCGCCGGTTATTTAGCTATACTCTTATTCAAAG CTAATTG AAA ACST( GTTTCC'rGCCAATATCTCCTAGTTTACTCCATAAAATTAACTCTGAG

2041 ATAAACGTTAGCACACAGTAGATCACACCCTTCTGTATGCTTCATATATTCGTTAGCTTTC-TGC'AC'('Cl't,7'l"i i.SszTr 2'CGGAG1IATTTATAGTATTTATATACAATTAGTTACTTGATA

2 1 61 TGGAAGAAAATATATATCTACTTTAATA AAACAGTCGGACGAATTTCATTATACAG 'MATATCGGAT('AI A( ;(;(,Tt.TG ACACAGTTGAGAACACCTCAATTCTAGCTCTAGTTGTATTATA

2 281 AATAAATTAGTTCAGGGAGGTGGCG CATGATGTGTACTCTGCGTAGCTGCGTAGAATGTAGAATT1'AA TTl'C'TAC'ACATAAACGCMAAACACGCGAAGACAC-GAGCGTTTAGAAAAAGACA

2 4 01 AATAAACCAAAAAATGATCATTCCGAG TCTAAATAAAGCACACGGAATACGTAAACCGGCATG ATTTGCtTTTGACT5'TGGAGAACATAAAACCAAACAGCAACGAATCAAAACAAAAC-

2 52 1 ACCAGCAGCTCTGCCCGAGMG;CCAGTCGACGC AACGTCAGCTTCGCGTCAG CTTATTGATAA CCAACTCAG ;,GATTI'G CTTG CA SsTATG A(:CGCGCAPGTGCAGTTATAAATACT

2 641 GGGCACTGAGCTACTCGGACTTATTCGCMATTCACTTTTCGCTTGAACAGG TGAACAAGCTAGAGAG(;(AGCTCCA"l'lGAAATGG TTATCGCTAACAAGAACATCAC 1'TCGTCGCTGGAC
INI%IallIleAlaAsnLi sAsnI lellePheValAlaGlf L

2 7 61 TCGGTGGCATTGGATTCGACACCAGTCGCGAGATTGTCAAGAGCGGCCCAAAGGTAAGAG AGTGCCT(; CATAA1AGAGCCTAAAATCTAACCTG ACG 'GTTCTCCTTAGAACCTGGTCAT
euGlyGlyIleGlyPheAspThrSerArgGluIIeValLysSerGlyProLys-11 .............................................. "I'llAsnLcuVall11

2 9 81 CCTTGACCGCATTGAGAACCCAGCCGCTATTGCCGAGCTGAAGGCACTCAACCCCAAGGTGACCG1'CACG1'TC 'AlI ((CTAI'GATCTAA( ( GTCTCGGTAGCAGAGACCACAAAG CTGCT
eLeuAspArglI leGluAsnProAlaAlaI leAlaGluLeuLysAlaLeuAsnProLysValTh rVa 1 TI, r 1 itt'| Pr oTy A!r,V,! 1ITh rVa 1 Ser Va lAl aG 1 uTh rTh r Lys Leut,e

3 001 GAAGACCATCTTCGACAAGTTGAAGACAGTCGACCTGCTCATCAATGGAGCTGGCATCCTGGACGACTAC ('AGAT('G A(; (C;1AC CATTGCtGC TGAACTTCACTCGG(ACAG TGAACAC(.AC
uLysThr IlePheAspLysLeuLysThrValAsPLeuLeu Il1eAsnGlyAl aGl y IleLeuAspAsp,Ty r(-, n IJ]eC I uA r iTF, rlleAlava lAsnPh-eTh rGl T Th r 'a lAsnTh rTh

3 121 CACGGCCATCATGTCCTTCTGGGACAAGCGCAAGGGCGGCCCAGGCGGTATCATTG CGAACATCTGCTC;GTGAC1'GGCTTCAATG CCA1'C1'AC ('AGGTGCCCG TC.lACTe CGCATCCAA
rThrAlaIleMetSerPheTrpAspLysArgLysGlyGlyProGlyGly I eIleAlaAsn Il1eCysSt,rVa 1 'r 11rGl E Phc As-nAla 11eT ,t GI nVa 1ProValT, rSerAlaSe rLy

3 2 41 GGCAGCTGCTCTCAGCTTCACCAATTCTCTGGCCGTAAGTGAAAGACCGATTAGAAGTGAACATAG ATAI'C11 Aq 1 1'GATCC C 'C'A 1' Al'AGAAACTGGC7GCCCATTACTGG CGTGACTG
sAlaAlaAlaLeuSerPheThrAsnSerLeuAlaI................................................. *el,ysLeuAlaProIleThrGlv~alThrA

3 361I CCTACTCCATCAACCCTGGCATCACGAAGACCACCCTGGTCCACAAGTTCAACTCATGGCTGGATGT(;G A(G CTCGTC 1"GGCCGAGCTGCTG ('TG AGCATCCCACTCAGACAACTCI'GC,
laTyrSer IleAsnProGly IleTh rLysTh rThr LeuVal HisLysPheAsnSerTr pLeuAspVa1(.l u P roAr 9Va lAl aGl u leu Leul,e uG1uil i sPr oTh rGl1nTh rl'h rLeuC

3 481 AGTGCGCCCAGAACTTGTCAAGGCCATTGAAGCCAACCAGAATGGCGCTATCTGGAAACTGGACTTGGGI'A CCCTGGAG(:CCCATTGAAT(GGACCAAGCACTGGGACTCGCATATCTAAG
InCysAlaGlnAsnPheVal LysAla IleGluAlaAsnGlnAsnGlyAla Il1eTrpLysLeuAspLeuGlIyTI r l,c,i,Gl1uAl a 11eG 1uT rpTEa r lysliisTr pAspSe r 11is Il1eTERP

3 601 CTGTTCAAGTCGATATCGGCTAATTGAAATACGATTCACCCAAATCAACAAAATTTT^AAAATAATTCI'CATATAAGGCTGAAAACAAAAAI"rATTCAAATCATTCTAA'G CAATAAAAAC

3 721 ACAAGCATATTTTATAAATTAAGAAMAACATATCTCAATTGGATACAGAMATAGGCGTGAGGTAGCTTAGMATTTAATATTATTTTCTTTTCTATAAGGATCGATTACATTTTTAGC
3 8 4 1 AATATCCAGTTAAAAGAAGAAATTAACGTAGCTAACAMATTGATTGMACTTTAGCTCTATCAATTTTTGATATATTGTATCATAC CTAAACAGTTTTCTTAGCTTTCAAATTTG CAAA

3 961 TTTGTTCTATTTTTACATCATGTATATTATATACTTGGAATTATAATAGCTGTCATCTTTCTGTATCAGTTACTTTTAAGTAATTTATTTAATTAGATCTAGGTGTAGAAAGTGTCT

4201

4321

690E

ACCCGTACTTAAATAGCTTATTCTATGCAAACTGAAAACTGGTTTCCATAAGAGACCTATGGGTAATCGATTATATGCAGTGCGAGTATATATGAACAGCTAAGTGCTAAGTGCCTAGCA

GTAACAGGT.GGAAGGAATTCGTTTATGAATTAATTAATAATTAGTTGTATGAATATCTCAATTGTAGCTCTTATATGTTCTCTTCTAGTTATAGCCATTCACGCCTCTTACAGTCTTGC
TGTCTGTCTGTCGGGCTACTCATTCGTTCGCCGTTATTGAAGCTAGAGAAGTTTTAAATATATACTTCTAGGGACCTTCGCCTGATAAACCGCTCAAATTTTCCCAATATATTCACTTTG

5

4081 GGTTTTATAGTTCGTGCGATCAATTTACGTACGTCAAGTGATGAGAGAAATGTTCAGTAAACGAGTAAATAGTTGCTATAGTATACCCTAGTTTTAGATGCCGCCTGTTGCTATTGCCTT
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AMTCGGGAAACACTAAATCTTTTATCTCCAAAACTCTAAAGTATTAGACTTGAAATTTrGAGGTAGATTCAGTTTTACAGTCCAGTGCAAGTCCTAGTTGTAAAACGGGTACGGGCATTAA

TGCTAAAATCTATAAATCCGAAGATTCTTTATAAATTATATAGAGGTGTCGGCAAATTTTGGATTCAAACAAATTTGTTTTTrATATTTTGG'CAGCTACTGG'TGCTAkAAAAAiTTGACAATA,TG
TAGACAAACACCATTAGTCGAAAAAGGGGGCTGGGCAAATATAAATTCTATACTGAGGTTATAAGCATAAAATTTATTIGAGCAGCTGTGCTGTGAAGCGTTTTTATTGATACAGAAACAA

AATTTGTAATTCTTTAMAAAATACCTTGTACTTTCCACTATTTGGGAGGCTTTAGTTCGAGAAATATCAAACAAATTTAATATATATMATAAAAATGTCCTGAGGGCGTGGAMAATTGT

TTTTTCTTT~CAAGTTTACAGTTAGAACCAAAAAMTCTG'AACTGATTG'TACATGTATCTGGCTTGCTMATTMATAGGATAGTTAAATTACTAAATTTGTTTCATTTGATTTTCCCTTTC
GAATGAGTATTTAGAGTCGTAMCGCCCGAGATAGTTGTTTTATTATAAATAAATGGCCTCACTGAAGCAGAGCATCTACACGGCGTATCTGCGTAGAATTTAATTTAAGATTTGTACAC

GTAATCGTACGCGACGCCAGCGAACAGACGAAGACAMGTAAAACGAACAATAGTCATCCTGAGTCGM.GTAAACATATGGAATACGAGAAACCGGCATGAGTTGCGTAGAATTTGAA

AACAAAAACiCCGAAATTCTACTCGAACTGGCGGCMAAAGCGACGTCGACGACCGCGCGGCCAGTIGGTATTGATAAGACATGTCGCGTGGGCAGCGTGGCCGTGTAGCTATAMTACTG
ADH-1 ....

GGCACATGCTCAGCAGACTCATACGGCAMTCAGTTTTCTCTGAGCAGG'TCACAAAAAAGTCCAAGAAAATGGCCATCGCTAACAAGAACATCATCTTCGTCGCTGGACTCGGTGGC
INIAlaIleAlaAsnLysAsnIleIlePheValAlaGlyLeuGlyGly

ATTGGATTCGACACCAGTCGCGAGATTGTCMAGAGCGGC~CAAAGGTAMGAGAGTGCCTGCATAATAGAGCCTMAAAKTTAACCTGACGTGTTCTCCTTAGAACCTIGGTCATCCTTGACC
IleGlyPheAspThrSerArgGlulleValLysSerGlyProLys*******ss0000**'"s*000000000000**000*00**00e00**0000000*AsnLeuVaIIIeLeuAspA

5 761 GCATTGAGAACCCAGCTGCTATTGCCGAGCTGAAGGCACTCAACCCAAATGTGACCGTCACGTTCTATCCCTATGATKTAACCGTCCCGGTAGCAGAGACCACGAAGCTTTTGCAGAMAA
rg I leGluAsnProAlaAla I leAlaGluLeuLysAlaLeuAsnProAsnValTh rValTh rPheTy r ProTyrAspValTyrVa IProValAlaGIuThrThrLysLeuLeuG*Lys I

5 88S1 TCTTTGACCAGCTGAMGACAGTCGACCTGCTCATCAATGGAGCTGGCATCCTGGACGACTACCAGATCGAGCGTACCATTGCGGTGAACTTCACAGGCACGGTGACACCACCACGGCCA
1lePheAspGLnLeuLysTh rValAspLeuLeu I leAsnGlyAlaGlylIleLeuAspAspTyrGl nI 1leGl uArgTh r I 1eAlaValAsnPheTh rGl1yThrValAsnThrThrThrAla I

6 001 TCATGTCCTTCTGGGACAAGCGCAAGGGCGGCCCAGGCGGTGTCATTGCGAACATCTGCTCGGTGACTGGCTTCAATGCCATCTACCAGGTGCCCGTGTACTCCGCATCCAAGGCAGCTG

612S1CTCTCAGCTCTACCAATTCCCTGGCCGTAGGATACCATTGATAGAGGAGTACAGAGACTCAAGTTATCCCTCTATATAGAACTGGCGCCCATTACTGGCGTACTGCCTACT
laLeuSerSerThrAsnSerLeuAlaOOOOO****0*00e*000040*oooooooooooooosseesooo*******0000000LysLeuAlaProIleThrGlyValThrAlaTyrS

6241

6361

6 481

6601

6721

CCATCAACCCTGGCATCACGAAGACACCTCTGGTCCACAAATTCMACTCGTGGCTGGATGTGGAGCCTCGTGTGGCCGAGTTGCTGCTGGAGCATCCTACTCAGACAAGTTTGCAGTGCG
er IleAsnProGly IleThrLysThrProLysValHisLysPheAsnSerTr pLeuAspValGl uProArgValAl aGluLeuLeuLeuGl uHisProThrGlnThrSer LeuGInCysA

CCCAGAACTTTGTCAAGGCCATTGAGCCAACCAGAATGGCGCCATCTGGAAACTGGACTTGGGTACCCTGGAGGCCATTGAMTGGACCAAGCACTGGGACTCGCATATCTAAATTATTC
laGlnAsnPheVal LysAla IleGluAlaAsnGlnAsnGlyAlaI leTrpLysLeuAspLeuGlyThrLeuGluAlaIleGluTrpTh rLysHisTrpAspSer His IleTER

AACTCGCGAGAGCCAGGAGCCTATGGATTCACGAAATCAATTMAATTTTAAATAMTTCCCAGATAAGGCTGAAMThAIAATCATTCTAATGTATATATATATATATATGATTTTTGAGT

GTATTTAATiTTAAMTATAACAAACAAATCTATGAAAriTAAACTGTCTATTCAATGGGTTGAGTGAGTGTAATCTAATCTAAGGCTGTATAMAGATTCACGCTGAAAAAGGGAGCG
AGTTCTAGCGACACTGAAMTCTAMMCACATGGCAACTCCTATAAMTATAAAGAATTC

Figure 2: Nucleotide sequence of 6779 bases containing all three ]2. ull1ri
Adh genes. The approximate start of transcription of each gene is indicated
by an arrow above an mderlined nucleotide. Initiation (INI) and termina-
tion (TER) codons are indicated, and the TAM-oxes and putative polyadeny-
lation sites (AATAAA) for each gene are underlined. Introns are indicated
by asterisks (*) beneath the appropriate nucleotides, and the amino acids
are indicated beneath their codons. The amino acids which differ between
Adh-1 and Adh-2 are underlired.

of the D. l a Adh gene (1), upstream from either of the two genes.

TransLripol, anal1s
The sizes of the 12. illeri Adh transcripts were investigated by RNk

blotting, and the correspondence of these transcripts to the cloned DNM was

determined by hybridization with coair%leMentary SP6 probes specific to

each of the three Adh genes. Northem blots of 12. llg larval and adilt

RNP hybridized with either nick-translated p1X8, or the 2.4 kb Eco RI frag-
ment containing the Adh-1 gene, showed the sae single band in both RN1

types (data not shown) which, as expected from the D of Ad3h-1 and

Adh-2, is similar in size to the larval and adult transcripts of the 2.-

meL1gastr Adh gene (1100 and 1150 nucleotides, respectively (1,21)). In
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D. MULLERI

4'-ADH ADH-2 ADH-1

I

0 1000 2000 3000 4000 5000 6000 7000

ADULT LARVALI-ur*

D. MELANOGASTER

Figure 3: Schematic diagram of the D. nuleri Adh locus and the 2
uulaauaster Adh gene. The three 12. aaler.i Ach genes are indicated by rec-
tangles; the black regions represent exons, the dotted regions represent in-
trons and the direction of transcription of each gene is indicated by an ar-
row. The nubers on the scale correspond to the nucleotide numbers in the
DNA sequence in Figure 2, and refer to the 12. eu1leri locus above the scale.
For comparative purposes, the 12. melJanaster Axch gene is pictured beneath
the scale. The arrows indicate the adult and larval transcript starts (as
labeled) and the lines beneath indicate the boundaries of the intron in the
leader sequence of the adult transcript.

order to determine whether there is a transcript corresponding to each of
the three Adh genes, three SP6 MA probes were made, each complementary to

all or part of the first coding exon and several hundred base pairs 5' to

the presumptive initiation codon (A¶LG) of each gene. The construction of

the probes is described in Materials and Methods, and they are diagramed in
detail in Figure 4* RNN from D.. ulleri third instar larvae and adults was

assayed with each probe. As shown in Figure 4, each of the three probes
protects an RNA fragnent of an appropriate size in one or both PM prepara-

tions. Thus, Adh-1, Adh-2 and the pseudogene are transcribed.
As diagrammed in Figure 4. the sizes of the RNA fragments protected by

each of the probes indicate either the 5' end of the transcript, or a splice
acceptor site. It is likely that the lengths of the RNA fragnents protected
by the Adh-1 and Adh-2 probes correspond to the 5' ends of the transcripts,
because there is a A-ox in the DNAseence starting at 28 bp 5' to the
end of each transcript mapped by the probes. As shown in Figure 4, the
Adh-1-specific probe (SP6-1) protects an approximately 122 nucleotide frag-
ment of RM, thus napping the 5' end of the Adh-1 transcript to about 54 nu-
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cleotides upstream of the ATG of Adh-1. rLtie Adh-2-specific probe (SP6-2)

protects an RN fragment of approximately 130 nucleotides, thus mapping the
5 end of the Adh-2 transcript to about 62 nucleotides upstream of the ATG

of Adh-2. As also shown in Figure 4, the pseudogene-specific probe (SP6-t4)
protects a 120 nucleotide RNA fragment. Assuming that the first intron

(predicted by the DMk sequence) of the pseudogene primary transcript is re-
moved by splicing, the end of the pseudogene transcript thus mapped is about
32 nucleotides upstream of the ATG. Unlike the mapped ends of the Adh-1 and

Adh-2 transcripts, there is no TAM-box sequence at an appropriate distance

upstream fron the pseudogene transcript end (nor is there a splice acceptor
sequence.)

The appearance of the Adh-1 and Adh-2 transcripts shows the expected
stage specificity. The Adh-1 probe protects the 122 nucleotide RNA fragment

in larval RNA only, and the Adh-2 probe protects the 130 nucleotide PM

fragment in both larval and adult Rtb preparations (Figure 4). These
results are predicted by ADH protein assays of larval and adult homogenates,
which show that both ADH-l and ADH-2 are present in D. uleri third instar

larvae, but that only ADH-2 is present in adult protein extracts (2,4).
As shown in Figure 4, the pseudogene transcript is present at rela-

tively low levels in adults. This transcript is also detected at even lower

levels in late third instar larval RNA preparations (data not shown). RNA
polymerase II pseudogenes are a commn feature of gene clusters in mials

(22-27), but occur rarely in Dro1rQhila (28). The P. mUa1ei Adh pseudogene
differs from the other pseudogenes examined thus far in that it is tran-

scribed at an easily detectable level. Previous attempts to detect pseu-

dogene transcripts in mammals (29) and in prgQg*bila (28) have failed.

In sumnary, RNA mapping experiments show that there is a transcript
corresponding to each of the three Adh genes, and that the Adh-1 and Adh-2

transcripts are the size predicted by the DNA sequence. In addition, the

Axlh-1 and Adh-2 transcripts show the expected temporal specificity, while

the pseudogene has a temporal pattern of expression similar to the adjacent
gene, Adh-2.
£QuLrQisons ot&I6 fLewe

To identify conserved sequences of possible regulatory significance we

ccmpared the DNA sequences 5' to Adh-1, Adh-2 and the pseudogene to each

other and to the DNA sequences 5' to the larval and adult transcription
start sites of the 12. mltwoaster Adh gene. One kilobase of DNA sequence 5 '

to Adh-1 and to Adh-2 and 400 bp 5' to the pseudogene were compared in the
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Figure 4: Mapping of transcripts from each1. iJ.i Adh gene by' RNA:RNA
hybridization with SP6 probes. The construction of the three SP6 probes
specifically complenventary to putative transcripts from Adh-1 (SP6-1), Adh-2
(SP6-2) and 4P-Adh is described in detail in Materials and Methods. Each
probe was hybridized with 20 ug of tRNA (- lanes). The SP6-1 and SP6-2
probes were each hybridized with 5 ug of RNAI fran both 12. ler~i third in-
star larvae (L lanes) and adult flies (A lanes), and the SP6-W4 probe was hy-
bridized with 50 ug of larval and adult NPI. None of the three probes pro-
tect any RNA fragments in the tRNA controls. The SP6-t4Jprobe protects an RNA
fragmrent of approximately 120 nt (88 nt of W4-coding sequence and 32 nt 5' to
the AMG) in the adult RN~A. The SP6-2 probe protects an RNAi fragmrent of ap-
proximately 130 nt (68 nt of coding sequence and 62 nt 3' to the M7G) in
both larval and adult RNA~. The SP6-1 probe protects an RNA fragment of ap--
proXimately 122 nt (68 nt of coding sequence and 54 nt 3' to the AM) in the
larval RNA. The ladder of bands seen in the larval BNP/SP6-1 hybridzation
lane is an artifact due to RNAse A clipping at a run of 9 A residues in the
Axlh-1 transcript; this ladder does m~t appear when RNAse Ti alone is used to
digest the rxn-hybridized RNP (data mxt shown). The apparently low level of
Adlh-1 transcripts is thus also an artifact of the PNAse clip:ping to produce
the ladder of bands. The smller protected band seen in the SP6-2/larval
RNA hybridization is a result of SP6-2 protection of a 62 nt stretch of the
first exon of the Adh-1 transcript. The two small bands seen in the SP6-
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1/larval RNA and SP6-1/adult RNA hybridizations are a result of protection
by SP6-1 of a 62 nt stretch of the first exon of the Adh-2 transcript, which
is separated by a 2 nt mismatch from a 4 nt stretch of RNA bases conplemen-
tary to the probe. The RNAse sometimes clips at the 2 nt mismatch,and thus
both 62 nt and 68 nt protected fragments are seen.

three possible combinations by searching for highly homologous short (9 bp
or more) regions of sequence.

Using these screening conditions, the only significant sequence hao-
logies detected between the 5' flanking regions of the I2. u11eriAdh genes
lie within a region of approximately 400 bp 5 to their transcription start

sites. A sunmary of the results of this sequence comparison is shown is
shown in Figure 5. The Adh-1 and Adh-2 5' flanking sequences are, in gen-

eral, much more homologous to each other than they are to the corresponding
sequences upstream from the pseudogene. The TATA-box regions (-28 to -13

from each transcript start) are identical in Adh-1 and Adh-2, while there is
no obvious TAMA box 5' to the transcription start of the pseudogene; the
nearest AMS is at -40 (Figure 2). There is one region of sequence homology
shared by all three Adh genes. As shown in Figure 5, this homology spans
the regions of -110 to -95, -168 to -129 and -208 to -190 fron the pseu-
dogene transcript start, -119 to -70 from the Adh-2 transcript start and -97

to -85 from the Adh-1 transcript start. The pseudogene and Adh-2 sequences
in this region are more similar to each other than they are to Adh-1.

To determine whether any DNt sequences 5, to the I2. iM1eri Adh genes
are also present 5' to the I2. el r Adh gene, we compared (as above)
the regions 5 to the three D. luri Adh genes with 1500 bp of sequence of
the I2. melarcaater Adh gene (30,31). The region of the D. atr se-

quence compared was from -660 to the distal transcript start, through the
adult leader sequence, the adult intron, and the larval leader to the AMEG
start codon (see Figure 3 and ref.30).

The I). melanoar Adh 5 flanking sequence was found to contain re-

latively little homology to the 5, flanking sequencesof the I2. uu1ariAdh
genes. In the 5' region of the 12. MelaMater Adh gene from -660 to -80
from the adult transcript start, and in the region from the start of the
adult transcript through -140 from the larval transcript start (containing
most of the adult intron,) a few 9-12 nucleotide sequen were found to ap-
pear also in the 5 flanking regions of Adh-1 and Adh-2 (data not shown.)
These conserved sequences are not in any particular positions with respect
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-400 -3 50

Adh-2 TATGGATCATAGGGTATGACACAGTTGAGAACACCTCAATTCTAGCTCTAGTTGTATTATAAATAAATTAGTTCAGGGAGGTGGCGCATGATGTGTACTC
III 11111111111111

Adh- 1 GATTTTCCCTTTCGAATGAGTATTTTAGAGTCGTAACGCCCGAGATAGTTGTTTTATTATAAATAAAT GGCCTCACTGAAGCAGAGCATCTACAC

-350 -3 00

-300 -250

Adh- 2 TGCGTAGCTGCGTAGAA¶1TATTTCTACACATAAACGCAAACACGCGAAGACACGAGCGTTTAGAAAAAGACAA TAAAACCAAAAAATGATC
11111 1111111111 11111111111Hill 1 111111 11 \\\ 111 11111 111111

Adh- 1 GGCGTATCfrGCGTAGAATT ATTTAAGATTTGTACACGTAATCGT ACGCGACGCCAGCGAACAGACGAA GACAAAGTAAAAC

-250

-200 -150

Adhc- 2 CATTCCGAGTCTAAATAAAGCACACGGAATACGTAAAACCGGCATGATTTGCTTTGACTTTGGAGAACATOAAACCAAACAGCAACGAATCAAAACAAAA

Adh-I GAACAAATAGTCATCCTGAGTCGAAGTAAAACATATGGAATACGAGAAACCGGCATGAGT TGCGTAGAATTTI GAAAACAAAAA

-2o0 -150 \repeateadt -287

TCGACCTCGACATCGAC
-145 110

W-Adh TGGCGTCAAAGTCGACGTCGATGTCGAC GTCAGCGTTI TTGATAA GTCAGCTT

-100 -50

Adh- 2 CACCAGCAGCTCTGCCCGAGCTGGCGTCTAAGTCGACGCAAC GTCAGC'LTTGC AGTTTGATAAGCCAACTGAGAGATTTCGTTGCAATATGAC
III 1111111 111111111M\\1 111111111

Adh- 1 CACCGAAAATTCTACTCGAACTGGCGGCAAATGCGACGTCGACGACCGCGCGGCCAGTGGTATTGATtAGACATGTCGCGTGGGCAGCGT

-100 -50

mRNA -i0
4)-Adh St t GCAATTCACTTTT

-10

Adh -2 CGGCAGTGCAGTT:AA,hATACTGGGCACTG AGCTACTCGGACTTATTCGCAATTCACTTTTCGCTTGAACAGG TGAACAAG CTAGAGAGCAGCTCCATTGAAATG
III III 11 1111111111 I11 11I 11 \\\\\I11 II11111 111 111 //// TTT

Adh- 1 GGCCGTGTAGCTAT6TACTGGGCACATGGCTCAGCAGACTCATACGGCAATCAGTTTTCGTCTGAGCAGGTCACAAAAAAAAG TCCAAGAAAATG

-10

Figure 5: Nucleotide sequence comparison of the 5' flanking regions of the
three D. r ±lleri Adh genes. The 5' flanking sequence (starting at -390) and
5 untranslated region of Adh-1, and the 5' flanking sequence (starting at
-439) and 5' untranslated region of Adh-2 are aligned to show sequence
honology. Where appropriate, portions of the 5' flanking region of the
pseudogene are aligned to show homology with the Adh-1 and Adh-2 sequences.
Vertical lines indicate matching bases. Some conserved sequences are boxed
to indicate that they are repeated several times. The arrows above other
sequences also indicate repeating units of nucleotide sequence.

to the D. melanoaste Adh promoters as compared to their locations with

respect to the promoters of Adh-1 and Adh-2.
As shown in Figure 6, one interesting region of conserved sequence is

found near both the D. melogaster promoters and near all three D. mulleri
promoters. Heberlein, et. A. (32) have noted that the sequence between -84

and -59 from the I2. melangas adult transcription start and the sequence
between -140 and -113 from the larval transcription start each have the pen-

tanucleotide GC OC repeated four times. This pentanucleotide repeat is also
found four times between -147 and -90 from the start of the pseudogene tran-

script, twice between -134 and -78 from the Adh-2 transcription start, and
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MEL adult (-84) GCTGCTGCTGCATCrGAC CGiC
CGACGACGACGTAGG CGGC'IG

MEL larval (-140) GAGCATGCT GTCGCCGGCTGAGCAGt
CGTCGCGACGGCAGCGGCCGACTCGTCG

W-Adh (-208) TCGA CTCGAtATCGASCGCCTC
AGCTGGAGCTGTAGCTGGCGGAG

tP-Adh (-147) GCA T A CGTCAGCGTTGACTTCGCTGC
CGACGGTTCAACCGCAGTTT CTGCAG GCAGTCGCAACTGAAGCGACG

Adh-2 (-134) GCAGCTCTGCCCGAC GCGTCTAAGffGCCAACGTCAGCTTCGCGTCAGCTT
CGTCGAGACGGGdTCGA CGCAGATTGCGTGCGTTGCAGTCGAAGCGCAGTCGAA

Adh-1 (-97) CGACGAXCGACCGC
GCTG GCTGCTGGCG

Figure 6: Conserved sequences 5 to the Dl. ater larval and adult
transcripts and the three D. illeri Adh genes. The mnmbers on the left in-
dicate the distance of the first rmcleotide of each sequence fromn the start
of transcription. Both strands of DNA are pictured. Two repeating sequence
motifs are indi ted by the arrows. Thin arrows are above the pentanucleo-
tide repeat GC$C where it appears in the tp strand only. Thicker arrows
are above the pentanucleotide repeat TOAC, on each strand where it appears.

twice between -97 and -85 from the Adh-1 transcription start (Figure 6).

With the exception of the region near the P2. uejazastr larval promoter,
these sequences bear different murbers of copies of the pentanucleotide

TCX. This pentanucleotide is also repeated three times in the sequence

between -208 and -186 from the pseudogene transcription start. Several re-

gulatory elements near 1oQliQgila (33), yeast (34), viral (35,36) and mam-

malian (37-41) promoters contain short, repeated nucleotide sequences. In

the case of the 2. me er Adh gene, the repeated sequence elements in

Figure 5 my be functionally significant. Heberlein et. a1. (32) have

shown that the region between -70 and -58 froxn the distal (adult) promoter

of the 2. AdhoasterAdhgene is necessary for efficient transcription in
vitr using Kc cell extracts. They have also identified a protein factor

(Adf-1) within these extracts which specifically binds to the region between
-85 and -58 from the adult transcript start, and also to the region between

-150 and -105 from the larval transcript start.

Another interesting region of sequence conservation with the S' flank-

ing region of a 12. ulleri Adh gene is found at the P. mea1ast adult

promoter. As seen in Figure 7A. at -186 to -168 5S to the mapped end of the

pseudogene transcript, there is a region homologous to the adult prcmoter
(AA-box) of the 12. mnelast=r Adh gene. This sequence is not likely to
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A.
W-Adh (-186) TATTTAAGGCGCTGCCAAG

111111111 11111 III
MEL adult (-37) TATTTAAGGAGCTGCGAAG

B.
Adh-2 (-31) AGTTATAAATACTGGGCACTGAGC

11 IIIIIIIIIIIIIIII 11
Adh-1 (-31) AGCTATAAATACTGGGCACATGGC

1111111111 III
MEL larval (-35) TCCTATAAATACGGGGCCGACACG

Figure 7: A. Nucleotide sequences conserved between the D. melanoaster
adult promoter TATA-box at -37 from the start of the adult transcript, and
the sequence starting at -186 from the pseudogene transcript start. B. Nu-
cleotide sequence conservation between the TATA-box regions of Adh-1, Adh-2
and the larval promoter of the _. melanoaster Adh gene.

be part of a functional promoter, because the pseudogene transcript 5, end
maps about 186 bp downstream; splicing is not a likely explanation since the
appropriate signals are not present. As shown in Figure 7B, both the Adh-1
and Adh-2 TATA-box sequences resemble the TATA-box of the D. melaoaster
larval promoter.

In suumiary, we find that although the 5' flanking regions of Adh-1 and
Adh-2 show significant sequence conservation, they show little sequence
homology with the DNA sequences near the larval (proximal) and adult (di-
stal) promoters of the D. melanaster Adh gene. There are several pre-

cedents for large blocks of conserved sequences in the 5' flanking regions
(40,42-44) or intragenic regulatory sequences (45-48) of homologous genes
from similarly divergent species. However, there are other examples of
genes from divergent species in which only very small sequence elements are

conserved amid largely divergent 5' flanking sequences (49,50). In most of
these systems, the conserved sequences have been shown to be functionally
significant (33,39-41,51-57). We know that regulatory elements must also be
functionally conserved between the D2. mulleri and D. ne lr Adh genes,
because Adh-1 and Adh-2 are expressed at normal levels in the proper tissue
and stage-specific pattern when the I). mulleri Adh locus in introduced into
the D. melanogast genome via p-element transformation (58).

There are several possible explanations for the paucity of sequence
conservation in the 5' flanking regions. P-element transformation experi-
ments with i vitro synthesized mutants of the _. e ter Adh gene (59)
and the D. mlleri Adh genes (58) indicate that some functionally homologous
regulatory elements are in widely different locations with respect to the
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promoters they affect in the two species. This could be a consequence of
the duplication (or triplication) event which is believed to have resulted

in the two-gene Adh locus in the aLUli. subgroup. The lack of spatial con-
servation of the arrangement of the regulatory sequences, comrbined with the
small size of many regulatory elements, makes it difficult to localize con-

served elements of possible functional significance solely by inspection of

the nucleotide sequences. P-element transformation experiiments are in pro-
gress to localize and to investigate the properties of the DNA sequence ele-
ments involved in the promoter switch and in other aspects of the regulation
of Adh expression in 12. Jleri.
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