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ABSTRACT 

The  region surrounding the dopa decarboxylase gene of Drosophila contains 
a cluster of functionally related genes, many of which affect cuticle development 
and/or catecholamine metabolism. In this report we describe the molecular m a p  
ping and sequencing of a full-length cDNA copy of a transcript that maps to 
the alpha-methyldopa hypersensitive region. Developmental RNA blots show stage- 
specific patterns of transcription and multiple RNA transcripts. A 2-kb transcript 
is most abundant at about 12 hr of embryogenesis, and lower levels are detected 
throughout most of embryogenesis. Lower levels of this transcript are also de- 
tected in adults. Smaller stage-specific transcripts are detected in late third-instar 
larvae. This pattern of transcription is consistent with the known lethal phases 
and phenotypes of the alpha-methyldopa hypersensitive gene (amd). Based on map 
position, pattern of transcription, homology with dopa decarboxylase and asso- 
ciation with altered DNA in mutants, we conclude that this transcript represents 
the amd gene. 

HE alpha-methyldopa hypersensitive gene of Drosophila, l(2)amd (abbrevi- T ated amd) (SPARROW and WRIGHT 1974), maps immediately adjacent to 
the dopa decarboxylase gene (Ddc) (0.002 cM) (WRIGHT et al. 1982) and par- 
ticipates in catecholamine metabolism in an unknown way (MARSH and WRIGHT 
1979, 1986). In insects, catecholamines serve as cross-linking agents for cuticle 
sclerotization (hardening), as neurotransmitters in the central nervous system, 
and as precursors for melanin formation (WRIGHT 19’77). Mutations of amd 
exhibit a dual phenotype of recessive lethality and dominant conditional le- 
thality. The lethal phase of the recessive lethal phenotype is embryonic hatch- 
ing, with dying embryos showing abnormal cuticles as evidenced by thin friable 
cuticles and necrotic anal organs (SPARROW and WRIGHT 1974). The dominant 
phenotype is manifested by the lower LDSO of amd/+ heterozygotes reared on 
food containing dopa analogues, (e.g., alpha-methyldopa) (SPARROW and 
WRIGHT 1974). Resistance to dietary alpha-methyldopa is determined primarily 
by the level of umd+ gene product (MARSH and WRIGHT 1986). The  observa- 
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tion that larvae fed alpha-methyldopa die at the larval molts and at pupariation 
exhibiting a thin friable pupal cuticle, whereas adult females fed dopa ana- 
logues become sterile and lay eggs that cannot complete embryogenesis, sup- 
ports the conclusion that the amd locus plays a vital role in cuticle development 
(MARSH and WRIGHT 1979). Thus, the amd locus is thought to be functionally 
related to the nearby Ddc locus (MARSH and WRIGHT 1979, 1986). 

Analysis of deletion breakpoints indicates that the genes in this region are 
very densely clustered on a molecular scale (e.g., at least six genes within 17.9- 
23 kb, GILBERT, HIRSH and WRIGHT 1984). Although this physical organiza- 
tion has potential significance for regulation of these genes, the only gene that 
has been physically mapped in this region is the Ddc gene. We wished to 
determine the physical organization of the transcription units surrounding the 
Ddc gene and to identify the amd gene. In this communication, we report the 
isolation of a new chromosomal deficiency [Df(2L)NST] that uniquely localizes 
the Bg locus (WRIGHT et al. 1981) and leaves only the amd and Z(2)Bd loci in 
the interval immediately distal to Ddc. By cDNA cloning and RNA blotting, 
we have identified a transcription unit mapping in the 1-  to 4-kb interval distal 
to Ddc, and we report the precise physical mapping and nucleotide sequence 
of a complete cDNA for this transcript and the underlying genomic DNA. 
The location and pattern of expression of this gene is consistent with the 
known location, lethal phase and phenotype of amd. The gene maps only 2.5 
kb from Ddc, shows extensive structural homology with Ddc (EVELETH and 
MARSH 1986) and contains DNA alterations associated with recently recovered 
amd mutations (E. S. PENTZ and T. R. F. WRIGHT, personal communication). 
Based on these observations, we assign this transcription unit to the amd gene. 

MATERIALS AND METHODS 

Preparation of plasmid DNA, restriction analysis and  subcloning were as described 
by MANIATIS, FRITSCH and SAMBROOK (1982). Embryonic (1-5.5 hr) and pupal (I-day 
pupae) cDNA libraries were a kind gift of D. HOGNESS and M. GOLDSCHMIDT-CLERMONT 
(Stanford University) and were prepared in the lambda gtlO vector. Screening of the 
libraries was as described by HUYNH, YOUNG and DAVIS (1985), except that we grew 
phage on a RecA- host because of early instability problems with some isolates. 

DNA sequence was determined by the dideoxy chain termination method of SANGER, 
NICKLEN and COULSEN (1977). Growing and  manipulating the phage was performed as 
described by MESSING (1983). Reactions were performed using nucleotides from P-L 
Biochemicals, following the manufacturers protocol with minor modifications. Reactions 
were run  on 0.20 mm X 40 cm urea gels at 50 watts. After running, the gel was dried 
by bonding directly to  one of the glass plates which had been treated with 
3(trimethoxysilyl)propyl methacrylate (Aldrich) and exposed to  X-ray film. 

RNA was prepared by aqueous phenol extraction and oligo-dT chromatography 
(GEITZ and HODGETTS 1985). RNA was separated on  1.3% agarose gels containing 
formaldehyde and blotted to  nitrocellulose. Radiolabeled strand-specific probes (ap- 
proximately IO9 cpm/pg) were prepared by in vitro transcription of the cloned cDNA 
using T7 RNA polymerase (US .  Biochemicals) according to  the manufacturers direc- 
tions. Molecular sizes were determined relative to  RNA standards synthesized as above. 
Hybridization was in 50% formamide, 0.8 M NaCI, 0.1 M PIPES, pH8,  0.01% SDS, 5 
X Denhardt's and 100 pg/ml salmon sperm DNA at 65"  and washing 3X a t  70" in 50 
mM NaCI, 20 mM sodium phosphate, pH6.5, and 1 mM EDTA. T h e  amount of intact 
RNA transferred was confirmed and adjusted relative to the signal obtained with actin 
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probes (FYRBERG et al. 1983). Quantitation of signal was accomplished using an LKB 
Ultroscanner. 

The RNA blots shown in Figure 3A contain approximately 5 pg of poly-A+ RNA, 
except for the 0- to 4-hr lane, which contains a fivefold excess relative to the adjacent 
lanes in order to visualize the weak band at 2.0 kb. The 20- to 24-hr adult lanes were 
exposed 1.7 times longer than the earlier lanes, again in order to better visualize the 
weak signal. The lanes in Figure 3B contain 10 pg of poly-A+ RNA and were judged 
to have equivalent amounts of intact RNA based on hybridization with actin. The 5‘ 
and 3’ specific amd probes used were 5’ probe = from -270 (cDNA start) to the PstI 
site at 666, less the intron sequences and 3‘ probe = 1313 to cDNA end at 1980. 

Analysis of DNA sequences was performed on an IBM-PC or Compaq computer 
employing a series of programs modified from SCHWINDINGER and WARNER (1  984) by 
ALAN GOLDIN (California Institute of Technology). 

RESULTS 

Isolation of cDNA clones: Genetic mapping predicts that amd mutants lie 
in the 1- to 4-kb interval distal to Ddc (MARSH and WRIGHT 1979; see DISCUS- 
SION). Initial screening of embryonic RNA blots, using a probe that covered 
the 1- to 10.5-kb region distal to Ddc, detected transcript(s) of approximately 
2 kb from this region. We used this probe to screen two cDNA libraries made 
from 1- to 5.5-hr embryo and pupariating larval RNA, respectively. Four 
clones isolated from the embryonic library appear to represent various portions 
of the same transcription unit based initially on their common restriction pat- 
terns. By using these cDNAs to probe blots of cloned genomic DNA, we were 
able to localize the cDNA transcripts on the genomic map, as well as confirm 
their overlapping patterns of hybridization. The overlapping cDNA clones all 
derived from the interval 2.5-4.7 kb distal to the Ddc gene. One clone had 
an insert of approximately 1.8 kb and was chosen for subsequent analysis. The  
other clones were judged to represent subfragments of this larger clone by 
restriction pattern and hybridization. We also analyzed one cDNA, recovered 
from the late third-instar library, that is homologous to the 3’ portion of the 
larger transcript and that has the same poly-A addition site. 

Sequence analysis: T o  map this transcript more precisely and to determine 
its structure in detail, we sequenced the largest cDNA and the underlying 
genomic DNA by the dideoxy chain termination method. We first prepared a 
detailed restriction map of both the genomic and cDNA clones. Clones for 
sequencing were constructed using defined start points chosen to lie every 2- 
300 base pairs (bp) apart. Several isolates of each clone were checked for 
identity by C-test (MESSING 1983) before sequencing. The sequencing strategy 
is shown in Figure 1. The complete genomic sequence is given in Table 1, 
with the regions corresponding to the mRNA and the deduced translation 
indicated. All six base restriction enzyme sites that were predicted by the 
sequence or known from restriction mapping were confirmed. 

The 3’ end of the gene was identified by the presence of A residues at the 
end of the cDN.A sequence and the presence of the EcoRI linker sequence at 
the end of the A’s. We sequenced the terminus of the late third-instar cDNA 
clone and found that it was identical to the embryonic cDNA clone and had 
the same poly-A addition site as the early embryonic cDNA clone. The se- 
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A. Genomic DNA 

8. cDNA 

I----H c P 
- 4  * - , 500bp , 

FIGURE 1.-Sequencing strategy. A, Map of the genomic DNA, with the regions of the cD IA 
transcript indicated by boxes. H, protein coding regions, Ed, untranslated portions of the mRNA; 
U, introns; + and c indicate extent of individual sequencing reactions. B, Map of the cDNA 
clone. Shading, as in (A), and arrows represent the extent of individual sequencing reactions. 

quence of the 1.8-kb cDNA was identical to the genomic sequence over most 
of its length except for an intron located near the 5’ end of the gene. The 
sequence of the intron borders conform to the GT-aAG rule of 5‘  donor 3’ 
acceptor splice sites (MOUNT 1982) and are in agreement with the direction of 
transcription deduced from the poly-A tail. The intron is 483 bp in length. 

The first 11 bases at the 5’ end of the cDNA did not match the genomic 
sequence, although they did read as a perfect inverted complement of the 
adjacent 11 bp of 5’ genomic sequence (Table 2). Within this inverted com- 
plement we noted a small inverted repeat ( i . e . ,  5’--CCTC---GAGG--3’). We 
postulate that this repeat provided the hairpin loop for reverse strand priming 
during synthesis of the cDNA and that the actual RNA template extended to 
at least the position indicated in Table 2. The sequence TATAAAA appears 
30 bp upstream of this postulated transcription initiation point; this conforms 
to the spacing and sequence of the consensus eukaryotic promoter sequence 
(reviewed by BREATHNACH and CHAMBON I98 1). 

Analysis of the DNA sequence predicts a mature mRNA transcript of 1779 
bp after removal of a 483-bp intron (this does not include the poly-A tail). A 
single, long open-reading-frame of 1395 bp is found that begins at a methio- 
nine codon 284 bp from the 5‘ end and extends to within 100 bp of the 3’ 
end, leaving a long 5‘ untranslated leader sequence and a smaller 3‘ untrans- 
lated region. Conceptual translation of the 1395-bp open-reading-frame pre- 
dicts a protein product of 50,48 1 kilodaltons (kD) with a slight negative charge 
(excess of four Asp and Glu residues). The codon usage and distribution of 
amino acids are given in Table 3. 

Genomic map: Genetic analysis places the 3 gene series distal and the C 
gene series proximal to Ddc (WRIGHT et al. 1981). Recovery of additional 
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TABLE 1 

Sequence of the amd gene region 
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- 4 3 9  
T C M C C T M  ATTACTTACA TCAMGAATA MCAACTCAC TTCCCCCCTT TTMTCATTC TCAMACTAC CC- TWUCCUCA CCTCTCCACG 

-340 
CTCTCCAGAC M G T C C C A C T ~ C C C C  ACKACCCCC CATCGCTTTC AUCTCAACC T U C C C M C T  TCCAEWICCA T U U C C U T C  CCCMCTCM 

"t.t. ' \" .t.rt------..----------------------------- 

m v .  "E..t" 

60 90 1 2 0  
CTC ATC M C  CCG CCA CTC ACC UC TCC CAC TCC CCT U C  ATC U T  CCC TAC TAC CCC ACC ACC ACC TCC TAT CCC TCC ATT CTC 
V a l  11. Ly. Pro C l y  h~ Thr H i .  S i r  C1.u 9.r Pro H i .  Iw K i .  A 1 1  Tyr Tyr Pro Thr 8.r Thr S.r Tyr P m  sa. 11. V a l  

1 5 0  1 80 2 2 0  
CCC CAC ATC CZC CCC ACC CCC TTC CGC CTC A l C  CU TTC ACC TCC C'BATCTTCCT TTATff iTUA ATCTCCTCCT CCTCCTCCTC 
C l y  C l u  lht h~.n A l a  0.r C l y  Ph. C l y  V a l  11. Cly Ph. 8.r 2-1 rgllu donor 

3 2 0  
CTCCTTCTCC CCCATTCTTT TCCCCOCCTC UTCCCCCCT CATTCTCCCC CCTCCCTCU ACTCAATCU ACAACTCCAC A M U C C T T C  CUCTCCACC 

4 2 0  
GCACCCAACA WLCTTCTTU UCMATCAA TCCCUATTC TCACCMATA U J c U y T A k  MTTCCECAC CAGACTCACC T T A M C C U T  ACAAATAMT 

520 
TTMATCTAT ATACARTTU TT1CCCAMC CCAAACTAGA CCTTTCGCM kCAhTAT2TC T C A T K C C M  CMACAACTT ACUCCCMC AAAAACTTAG 

6 2 0  
TCAAATAAAC CCTACTTTM ATTATMTIT ATTTCTMM ATTACTATAT CTATGZATTC COUTTTMT ACTCTATTAC UIuIcurcc ~ T A T C T T C  

$60 Bpl_rr 6 9 0  
MTCCATMT TTCTTACATA ATMTTCCTA T M T C C C C U  CAC ATC TU2 ACT CCC CCC TCC ACA C M  CTC CAC CTC CTG CTC AT0 GAC TCC 

Splie. ioc.ptor 111. Cy. S.r Pre A l a  Cy. Thr C l u  L e u  G l u  V a l  V a l  V-1 h t  A s p  Trp 

?20 750 760 
CTC CCC AAC ?TC CTC M G  CTC CCC C U  U C  TTC UC CAC CCC )Ice CAT OCA C U  CCA CCC CGD CTC ATC CAC CCA TCA CCT ACC 
L e u  A l a  Ly. Ph. h u  Ly. La" Pro Al. Kl, Ph. Cln His Al. 8.r U p  C l y  PIO C l y  C l y  C l y  V a l  11. C l a  C l y  S a r  A l a  8.r 

8 1 0  840 870 
CAC CCT CTC TTC CTC CCT GTC CTA CCT CCC ACC CAA UA CCT CTC CCC M C  TAC ACC GAA TCC CAT CCC U C  CTC ACC C M  ACT 
CLu A h  V a l  Leu V a l  Ala V a l  Iru Al. A l a  Arg 01s Cln A l a  V a l  Al. A." Tyr A q  C l u  8.r Rlr Pro C l u  L.u gtr C l u  Srr 

900 9 3 0  960 
CAC M C  CDT CCC CCC TTC CTC CCC TAC TCC TCC WLC GAG ACT M C  ACC TCC ATT UC AAC CCT CU CTC CTC CCT CCC ATC CCC 
C l u  V a l  Pzg C l y  Arg L.u V a l  A l s  Tyr 1.3 S.r A s p  Elm Sa= 1Un lie= Cy. 11. C l u  Ly. A h  C l y  V a l  h u  A 1 1  Al. lht Pro 

ATT CCA TTC crc cec CCT CCA GAG CAT TTC CTA CTT AU w CAT AU CTC AU CGA ccc ATC CAC GAG CAC CTC ECI GCC ccc 
9 9 0  1 0 2 0  

11. A r g  h a  L.u Pro Al. C l y  C l u  A.p Ph. V a l  Leu lug C l y  Up Ira Ak-0 C l y  Ala 11. C l u  Clu A.p V a l  A l a  A l a  C l y  

1 0 8 0  1 1 1 0  
AGC ATT CCD CTC ATC TCC CTT CCC ACT CTC CCC ACC ACC CCC ACT TCT CCC TAT CAC CAT ATT C M  TCC CTC TCC CCT CgC TCC 
A r g  11. Pro VrL 11. Cy. V a l  N a  Thr Iru Cly Thr Thr C l y  Thr Cy. A h  Tyr A s p  A s p  11. C l u  IUE h u  S.r A l a  V a l  Cy. 

1 1 4 0  I 1 ? 0  1 2 0 0  
CAC WU TTC AAC TCT CCC TCC ATC TTC AT0 CCC CCT ATC CCC TCE ACC CTT TCC TCT CCA CU ATC TTC CU TTT CCC kAA UiC 
a h  Wu Ph. Lyr cy. C l y  S.r Sat h r r  Iw Pro A q  Iw lug Trp S.r h u  Cy. S.r C l y  C l y  lht phr Cly Ph. A l a  L y s  C l y  

ATT c u  TCG CCT CCA CTC CCT AM CTT CM CCT CCA e M  OTT CAT us CCT CM CTT CCI TTC CTC ffic U? CTC CCT MC cca 
11. c l y  sa= A q  cly Iru A h  Ly. Im C l n  Pro 111. O l n  V a l  XI. Al. E l y  C l a  Iru A=g L.Y h u  C l y  Hi. V a l  A l a  Lym C l y  

1 2 3 0  1 2 6 0  1 2 9 0  

1 3 1 0  1 3 5 0  1380 
TDC C M  CAA CCT CCT CGA U C  CTT CAR TCT C U  TCC CAT CTA TCT Ru G U  U). C c 1  CCA CCC TCA CTC CCA M T  TCC AU CTT 
Cy. Cla C l n  C l y  C l y  A r g  C l n  h u  C l n  Cy. Gly 8.r Hi. Le- Sa= C l =  A h  C l n  A 1 1  A r g  Cly 9.r V a l  Al. h n  S I C  Arm L.U 

1 4 1 0  1 4 4 0  
CCC TCA TTC CCA M T  CCC CTC CGT CCC CCC TTC CGA CCT CTA AM CTC TCC ATC ACA TTC CCC ACT C K  CAA CCC CAC C U  T1C 
PEO h r  h u  Al. Asn Pno L e a  C l y  A r g  lug Ph. A r g  A h  h u  L y s  V a l  T r p  IL. Thr Ph. Arg Thr U u  019 A 1 1  C l u  C l y  h u  

1 5 0 0  1530 
CCA AAC CAT CTC CCG M C  Us ATC GAG TTC GCC AAA CAC TTT CAG CAC CTT CTC CTC LLC U T  TCC C U  TTC CAC CTC CTC CCT 
Asp. U n  Ri. V a l  A l a  Ly. Hi. I];. C l u  L e u  A h  L y a  C l n  Ph. c l u  Cln h u  V a l  M u  Ly. Asp P.r A q  Ph. clu h a  V a l  A h  

CCT CCT occ CTC ffia CTC CTT TCT TTC ccc ccc MA c c ~  CAC UT GAG ATT ACC ACC u c  TTC CTC UA CCF CTT ATC CAT c u  
1 5 6 0  1 5 9 0  1 6 2 0  

Pro lug Ala Tru C l p  Tru V a l  Cy. Ph. A r g  Pro Ly. C l y  A s p  A n a  C l u  11. Thr Thl: C l a  L e u  L.u Cln Pzg -..U M.t Asp -9 

100 1 6 6 0  1110 
M C  W W T A C  ATC CTT UC CCC CAC CAT CCC CCT COT UC TTT CTC C U  TTC CTC CTA TCC CCC ATC GAC ACC MA CCC TCC 
Lys Ly. 11. Tyr lht V a l  L y s  A l s  C l u  X1s  A h  C l y  A s g  C l n  Pha h u  &g Ph. V a l  V r l  Cy. f l y  Y.t A l p  Thr Ly. A l a  Se* 

1 7 4 0  1710 l a 0 0  
CAT ATT CA= TTC CCC TCC UC CAC ATC CAC TCT CAA CTC ACC CAC CTC CAC CCC WC GAA TCC TTC CTC CCC CCC A m  TCC C U  
b p  11. Amp Phr A h  Trp C l n  G l u  Ilr Clu I.= Cln Thr L N  C l n  A l a  A-p C l Y  Ilrr E.u V a l  Al. Axg Ly. Sar C l y  

The TATA sequence at -320 is overlined and identified by "tata"; the mRNA start site 
is indicated by a slash at -284; the ribosome binding sequence of HACENBUCHLE d al. 
(1978) is underlined at -1  IO; the protein sequence deduced from the cDNA is indicated, 
the poly-A addition signal is at 1957 and the site of poly-A addition is indicated by \An at 
position 1977. The inverted "CAAT-like" sequence is underlined and identified by "inv.caat" 
at -368. Underlining denotes the 5' and 3' untranslated sequences found in the cDNA 
(mature mRNA). 
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TABLE I-Continued 

1830 1860 1875 
AAC CTC CGC GAT CTT CCC CAC WLC TTC CAD ATE CAT CTC ICC ACC W AAT CU ACC CAC GAG AAA TCT CAG TGA CA 
As” V a l  Cly A.p h u  Ala Hi. Asp Ph. Cln 11. Hi. L.u 9.r Thr Glu Asn Ala Thr H1s Clu Lye 8.r 610 ***  -- 

1980 
W C C G A T A  AACTATTTAT CTTTAGGCAC AACCTACTTA CTTTCCGATC TACTTFTTAA CTTTCCACAT CTTTATAAAT AAAGT6AAAT TAAATCTAEC 

\An 

2080 
ATCATTTCCC ACCTTTTCTA TAAACGTACA CTCCTTTTTC CCTCTCATTT TTTTTTCTCG AA&AACTTCC CMCATTCTC TCTTAAACTT TCTGCCGAGG 

2180 
CTTTACTTTT TTAACCATTA CIlULTATCCT CWLCTTTTAT TTTAAAATTT W C C A I U U  TTTTCCCCGC TTACTCTGAC TCCATTTCCT TATGARTCGA 

2280 
TACACTTCTT CATCCCCCTT CWLTAACTTC CCCULCCTCT ATCCTCATCT CCCCATCCCC ACCCCIWLCA CCTCTTTCTC CCMTTCCGA CCACCTGATA 

2380 
TCGCTTAAAT AWAAACTAT A A A U U M C A  W T A T C T C  TTTCCClTU TTCAATATTT TCATTACCTT TGAATACCCT TTICTCCTAT TTCTCATAAA 

.......................................................................................................... 

2120 
T A T A W T M  AACCACCCCC GGCTCCCCTT TCTACWUTT C 

TABLE 2 

The 5’ end of the cDNA sequence 

A. 5‘---AACCTCAGGCAACTTGGAGGAGCAT--3’ Genomic sequence 
3’--TTGGAGTCCGTTGAACCTCCTCGTA--5‘ 

B. 5’---AACCTCAGGCAACTTGGAGGAGCAT----3’ Proposed mRNA sequence 
C. T G A A C D T C G T A - - - - 5 ’  cDNA copy 

Second strand synthesis 

D. 5’--------------GAATTCCTGCCTGAGGTTCAT----3’ cDNA sequence 

The sequence of the genomic DNA and cDNA clones are given in A and D, respectively. The 
sequences derived from the linker used to construct the cDNA clones are highlighted in D. The 
postulated priming loop and S1 cleavage site are indicated in C. Paired bases that might stabilize 
the loop are underlined. The first 1 1  bp of the cDNA are a perfect inverted complement of the 
11 bp of adjacent genomic sequence. The proposed extent of the mRNA is given in B. 

chromosomal deficiencies (BRITTNACHER and GANETZKY 1983; GILBERT, 
HIRSH and WRIGHT 1984) places three of these genes in the 50-kb region 
immediately distal to Ddc; namely, amd, Bd and Bg. We have recovered a new 
deficiency, DF(2L)NST, which fails to complement alleles of 1(2)Bd, amd, Ddc 
and all of the C genes (i.e., 1(2L)37Ca,C6,Cc,Cd,Ce,Cf,Cg) (P.  D. L. GIBBS and 
J. L. MARSH, unpublished observations). This deficiency extends to a region 
approximately 30 kb distal to the Ddc gene (PENTZ and WRIGHT 1986) and, 
in conjunction with others already described (GILBERT, HIRSH and WRIGHT 
1984), provides a unique genetic localization of the Bg gene and identifies the 
Bd and amd genes as the only known complementation groups in the cytoge- 
netic interval immediately distal to Ddc. 

Our cDNA clones map to the same cytogenetic interval as amd and Bd. 
SPENCER, GEITZ and HODGETTS (1 986) have recently mapped an additional 
transcript to this region that we shall designate Cs, following the suggestion of 
WRIGHT et al. (1981). The genomic organization of these transcripts is shown 
in Figure 2. The transcript that we have sequenced lies in the interval 2.5- 
4.7 kb distal to the 3’ end of the Ddc transcript and is transcribed from the 
opposite strand as Ddc but from the same strand as the Cs transcript. PENTZ 
and WRIGHT examined seven radiation and EMS-induced amd mutations by 
DNA blotting (E. S .  PENTZ and T. R. F. WRIGHT, personal communication) 
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TABLE 3 

Codon usage and amino acid content of the deduced amnd protein 

Codon usage Fre- 
quency of 

acid Codon No. Codon No. Codon No. Codon No. acid content rence (a) 
Amino Overall amino occur- 

Ala 
A% 

ASP 
CYS 

GlY 

Asn 

Gln 
Glu 

His 
Ile 
Leu 

LYS 
Met 
Phe 
Pro 
Ser 

Thr  
Trp 
TYr 
Val 
END 

14 
5 
3 
4 

10 
4 

10 
12 
6 
8 
9 
0 
3 
8 

12 
3 
3 
4 
4 
3 
6 
2 
4 
0 

Molecular weight = 50481 

19 
6 
3 
4 

10 
8 

12 
21 
13 
7 

11 
10 
22 
12 

14 
7 
8 
9 
8 

5 
12 
0 

8 
9 

18 

0 
9 

1 
3 

3 

2 
1 

7 Ala 
3 

*rg 

ASP 
CYS 

Asn 

Gln 
Glu 

4 Gly 
His 
Ile 

Leu 

Met 
Phe 

8 Pro 
9 

Ser 
3 Thr  

4 

LYS 

TrP 
TYr 

15 Val 
END 

48 

29 
8 

20 
12 
22 
33 
41 
15 
20 

48 
20 
12 
17 
19 

37 
17 
6 
7 

33 
1 

10.34 

6.25 
1.72 
4.31 
2.59 
4.74 
7.11 
8.84 
3.23 
4.31 

10.34 
4.3 1 
2.59 
3.66 
4.09 

7.97 
3.66 
1.29 
1.51 
7.1 1 
0.22 

~~ 

Codons are given in parentheses and are followed by the number of times each codon is used. 
On the right, the overall amino acid content is given with the percent occurrence listed. There 
are 464 amino acids with 49 Arg and Lys and 53 Asp and Glu residues, respectively. 

FIGURE 2.-Organization of transcripts in the Ddc region. Transcripts discussed in this com- 
munication are placed on the genomic map. We have used the Hpal site near the terminus of the 
Ddc as a fixed reference point at 0 kb. This is different from the arbitrary zero point that is used 
by other authors (e.g., GILBERT, HIRSH and WRIGHT 1984) which would lie at a point slightly 
greater than 860 bp on our map. The position of the amd transcript derives from the sequence 
data reported here. The dashed arrow represents the 2-kb transcript described by SPENCER, GEITZ 
and HODCETTS (1986). Solid bars indicate exons included in the mature RNA or cDNA. Arrows 
indicate direction of transcription from 5' to 3'. In this figure the centromere is to the right. 
Restriction enzymes are represented by E(EcoRI), B(BamHI), P(PstI), H(HindI1I). 
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and found two amd alleles that showed DNA alterations within the 1-kb BglII 
fragment that is internal to the coding region of the amd transcript (662 to 
1639 in Table I), thus providing additional and compelling evidence that this 
transcription unit represents the amd gene. 

Developmental expression: Total cellular and polysomal poly-A+ RNA iso- 
lated from several stages of development was subjected to electrophoresis on 
denaturing agarose gels, transferred to nitrocellulose or nylon membranes and 
probed with labeled single-stranded RNA complementary to the mRNA. 
Transfer and quantitation of intact RNA was confirmed by probing with actin 
probes. The amd cDNA strand-specific probes revealed a 2.0-kb amd transcript, 
which was first detectable early in embryogenesis and reached a maximum in 
mid-embryogenesis @e. ,  12-16 hr, Figure 3A). Very weak signal could be 
detected even in 0- to 4-hr embryonic RNA when a fivefold excess of this 
RNA was loaded, as in Figure 3A. Whether this represents carry-over of oocyte 
transcripts or new synthesis cannot be determined from these data. We did 
observe the 2.0-kb transcript in 3- to 6-hr embryo polysomal RNA (data not 
shown). Allowing for a poly-A tail, this transcript size of 2.0 kb agrees well 
with the size of 1780 nucleotides predicted from the cDNA, and it supports 
our interpretation of the origin of transcription deduced from the sequence 
analysis. Low levels of the 2.0-kb transcript were also observed in RNA ex- 
tracted from adults (Figure 3A). In situ hybridization to ovaries shows amd 
transcripts concentrated in approximately stage 8-9 oocytes (K. KONRAD and 
J. L. MARSH, unpublished observations). Transcripts were also detected on 
blots of third-instar larval RNA, although the bulk of the hybridization is due 
to small RNA species present at this stage. RNA blots probed with subcloned 
portions of the amd cDNA indicate that the small RNAs hybridize to the 5' 
half of the gene and not to the 3' half (Figure 3B). To determine whether 
the smaller stage-specific transcripts originate from the amd gene itself or from 
a closely related gene, we probed DNA blots at elevated stringency. Even in 
1 M Na+, 60% formamide 65" (equivalent to approximately 113" 1 X SSC) 
the small RNAs hybridize, suggesting that they either share a considerable 
stretch of strong homology with amd or they are bonafide transcripts from the 
amd gene. To determine whether the structural homology between Ddc and 
amd (EVELETH and MARSH 1986) is sufficient to cause amd probes to react 
with Ddc transcripts, we performed a reconstruction experiment in which amd 
probes were hybridized to in vitro synthesized full-length amd and Ddc tran- 
scripts at various stringencies. The hybridization signal with Ddc transcripts 
was less than 10% of that with amd and was not detectable at the RNA 
concentrations found on the Northern blots. Thus, Ddc transcripts are not 
contributing significantly to the signals observed in these studies. 

DISCUSSION 

Genomic map: Sixteen lethal genes and the visible gene hk have been iden- 
tified in the Ddc region as defined by Df(2L)TW130 (WRIGHT et al. 1981). The 
chromosomal deficiencies described here in conjunction with previously de- 
scribed deficiencies establish the following chromosomal order in this region: 
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FIGURE 3.-Developmental RNA blots. Poly-A+ RNA was extracted and run on denaturing 
agarose gels and was probed, as described in MATERIAIS and METHODS. Approximate developmental 
stages are given above each lane. A, Each lane contains an equivalent amount of poly-A+ RNA. 
The  0- to 4-hr lane contains fivefold excess of RNA to  permit visualization of the weak signal. 
The  20- to 24-hr and adult lanes are exposed 1.7 times longer than are the others. Molecular 
weights are given in kilobases. B, Each lane contains 10 r g  of poly-A’ RNA probed with 5’ and 
3’ specific probes, as described in MATERIALS and METHODS. Transfer of intact RNA was confirmed 
by probing with actin. 

[hk] [Ba Bc Be] [Bd Bb] [Bg] [Bd amd] [Ddc] [Cc] [Cb] [Ca Cd Ce Cg] [CA. The  
Bd and amd genes are the only two genetic units identified in the approxi- 
mately 30-kb cytogenetic interval immediately distal to Ddc. The  amd gene 
maps 0.002 cM distal to the Ddc gene (WRIGHT et al. 1981), which would 
place it approximately 1.2 (GELBART, MCCARRON and CHOVNICK 1976) to 4 
kb (Bossy, HALL and SPIERER 1984) distal to the Ddc gene. The  3’ end of the 
cDNA transcript we have sequenced lies approximately 2.5 kb from the 3’ 
terminus of the Ddc gene (SPENCER, GEITZ and HODCETTS 1986; D. D. EVE- 
LETH, J. L. MARSH and R. B. HODGETTS, unpublished observations) on the 
opposite strand. SPENCER, GEITZ and HODGETTS (1 986) describe another 2.0- 
kb RNA (herein designated as Cs) that maps between Ddc and amd but its 
pattern of transcription is inconsistent with the amd phenotype. 

Dense clustering: Placing a 2-kb transcript between Ddc and the amd cDNA 
would place the 5’ start of the Cs transcript only 450-650 bp from the 3’ 
terminus and the amd gene, without including any introns but allowing for a 
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poly-A tail. As seen in Figure 2, three transcripts are contained within about 
8.5 kb, and the unspliced transcripts from these genes account for almost 8 
kb of this region. Thus, the genes in this interval are very densely packed. 
This dense clustering of genes has complicated the analysis of transcripts in 
this region, because probes used in other studies have later been found to 
overlap more than one transcription unit (e.g., SPENCER, GEITZ and HODGETTS 
1986). The use of strand-specific probes derived from cDNA clones and the 
detailed sequence analysis and mapping described here ensure that we are 
analyzing only a single transcription unit. If transcription termination in Dro- 
sophila (PRICE and PARKER 1984) occurs as much as 1 kb downstream of the 
poly-A addition processing site, as has been observed in a number of cases 
(CITRON et aE. 1984; HAGENBUCHLE et al. 1984; BIRNSTEIL, BUSSLINGER and 
STRUB 1985), the gene arrangement seen here implies that the primary tran- 
scripts from these genes overlap one another. The regulatory consequences of 
this fact (if any) await functional studies. 

Developmental expression: The major 2.0-kb transcript is weakly detectable 
during early embryogenesis, reaches a maximum in mid-embryogenesis at ap- 
proximately 12-16 hr and is relatively weak again at embryonic hatching. 
Developmentally, mid-embryogenesis is a period of active cuticle deposition 
(POODRY 1980), which correlates well with the observation that embryos homo- 
zygous for amd mutations show cuticular defects and die at the embryonic/ 
larval boundary, exhibiting a necrotic anal organ and thin friable cuticles 
(SPARROW and WRIGHT 1974). In the absence of conditional mutations, there 
is no direct evidence that amd function is required in adults. However, the 
effects of dietary alpha-methyldopa on adults are specific to females who, after 
2-3 days exposure, lay eggs which do not complete embryogenesis (MARSH 
and WRIGHT 1979). The appearance of low levels of the 2.0-kb mRNA in 
adults, and the appearance of amd transcripts in nurse cells of stage 8-9 
oocytes, suggests a possible maternal requirement for amd function. The pat- 
tern of transcription in third instar larvae is more complex. Smaller, stage- 
specific transcripts are observed that suggest developmentally specific modes 
of transcription or processing. Whether the smaller transcripts originate from 
a closely related gene or from alternate promoters or alternative RNA proc- 
essing events of the amd gene is presently under study. 

Correlation with amd: The transcript described by SPENCER, GEITZ and 
HODGETTS (1986) (Cs) is most abundant in adult males and early embryos and 
decreases in amount during the first 8 hr of embryogenesis. This pattern of 
expression is inconsistent with the known phenotype and lethal phases of amd. 
The location of our transcript to the region 1.2-4 kb distal to Ddc and the 
appearance of the 2.0-kb transcript, which correlates well with the embryonic 
lethal phase of amd, are consistent with the genetic observations of the amd 
gene. The observation that two of seven EMS- and gamma-ray-induced amd 
mutations show altered restriction patterns that map to the l-kb BgZII fragment 
contained within the cDNA sequence (E. S. PENTZ and T. R. F. WRIGHT, 
personal communication) further extends this correlation. We interpret these 
observations to indicate that this transcript defines the amd gene. 
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Structure of the gene: The eukaryotic promoter sequence TATAAAA oc- 
curs 30 bp upstream of the proposed 5’ end of the RNA transcript. This 
conforms nicely to the consensus sequence (5’-TATA[A/T]A[A/T]-3’) and 
position (3’ terminal A or T at - 24 2 4 bp) derived from 60 examples of 
TATA boxes (BREATHNACH and CHAMBON 1981). We have placed the origin 
of transcription at the last base sequenced from the cDNA (Table 2), although 
it is quite likely that the mature RNA would extend another few bases, thus 
placing the TATA box closer to the canonical interval for this structure. It is 
interesting to note that the TATA homology used in the amd gene is identical 
to the corresponding sequences in three of four cuticle protein genes analyzed 
by SNYDER et al. (1982). The consensus sequence (5’-GG[C/TjCAATCT-3’) is 
often found approximately 50 bp upstream of the TATA box homology 
(BREATHNACH and CHAMBON 1981). The  sequence AGATTGGC is found 45 
bp upstream of the TATA homology in our sequence and reads as an inverted 
“CAAT box,” which matches the consensus in eight of nine positions and, as 
such, may serve as a “CAAT box.” No strong homology was noted to the 
GGGCGG sequence implicated in some promoter regions (DYNAN and TJJAN 
1985). 

We also note the occurrence of sequences of noteworthy structure because 
of their symmetry or repetition. One copy of the sequence AATAAACAA is 
found at position -414 that is similar to the decamer AATAAACAAA found 
repeated three times in regions flanking the hormonally regulated SGS4 gene 
sequence (MUSKAVITCH and HOGNESS 1982). In addition, the sequence 
GGCTGAAccGAC beginning at position -363 is repeated in inverse at posi- 
tion -335 as CAGagAAGTCGG (lower case letters indicate mismatch), and 
the sequence GGCTG at -363 is repreated at -342, while the sequence 
TTGGCTG (-365) is repeated as the inverse complement with AACCGAC 
(-358). The significance of these sequences is unclear, but they are sufficiently 
uncommon to stand out in scans for regions of symmetry or repetition and 
are reminiscent of similar sequence motifs found in the regions flanking other 
genes, especially ecdysone-induced genes (MUSKAVITCH and HOGNESS 1982). 

The sequences immediately surrounding the AUG initiation codon site do 
not match the generalized eukaryotic initiation consensus proposed by KOZAK 
(1984); namely, preference for C’s and an A at -3 bp (ccAccAUG). The  use 
of this initiation codon indicates that the amd gene has an unusually long 5’ 
untranslated leader (284 bp). In a compilation of 211 leader sequences from 
eukaryotic genes, KOZAK (1984) finds over 70% of the leaders clustered in the 
20- to 80-nucleotide range and speculates that the structure of the longer 
leaders may participate in unusual modes of regulation. This long leader con- 
tains four premature AUG codons. HAGENBUCHLE et al. (1978) propose that 
ribosomal binding involves base-pairing of sequences in the untranslated leader 
sequences with sequences near the 3’ end of the 18 S rRNA. The sequence 
at -110, 5’-UUCCGAAG-3’ can base pair at seven of its eight positions with 
the conserved 3’-AAGGCGUC-5’ sequence located 7 bp from the 3’ end of 
the 18 S rRNA and, thus, might serve as a ribosome binding site. This prop- 
osition would still leave two “nonfunctional” AUG codons before the functional 
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FIGURE 4.-Hydropathy plot of amd protein. The regional hydropathy values for the amd 

protein were calculated by the method of KYTE and DOOLITTLE (1982) using a window size of 1 1  
amino acids. The plot begins with the amino terminus on the left. 

AUG. We do not know the effect of these codons on translation, but it is 
possible that the long leader containing “nonfunctional” AUG codons may 
serve to regulate translation using false starts, as has been observed in some 
genes (HUNT 1985). 

Examination of the predicted amino acid sequence does not reveal a leader 
peptide resembling a signal sequence (KREIL 1981). The predicted amd protein 
does show one broad lipophilic (hydrophobic) domain (Figure 4) that by at- 
taining average hydropathy value of >+1.6 over about 19 residues, has a high 
probability of participating in membrane binding (KYTE and DOOLITTLE 1982). 
Four other lipophilic spikes with hydropathy values of >+1.6 occur, but they 
do not meet the length requirements described by KYTE and DOOLITTLE (1 982) 
for membrane binding. A potential glycosylation site Asn-X-Thr (MCREYNOLDS 
et al. 1978) is located eight amino acids from the carboxy terminus of the 
protein. It is possible that these sequences play a role in the intracellular sorting 
of the amd protein. Immunocytochemical locahzation of the amd protein will 
provide insight into this possibility. 

Sequence comparison of the cDNA clone and the genomic sequence indi- 
cated the presence of a 483-bp intervening sequence conforming to the 
GT.  .AG rule of 5’ donor 3‘ acceptor splice sites. We compared the splice 
sequences of this gene with the tabulated frequencies of splice junction se- 
quences from approximately 130 genes in a variety of species (MOUNT 1982). 
The overall agreement with these tabulated frequencies is remarkably good, 
with the Drosophila sequence showing a preference for C’s near the splice 
acceptor where vertebrates show a slight preference for runs of T’s. We also 
note the occurrence of the sequence 5‘-ATAAT-3’ approximately 10, 20 and 
30 bp 5‘ of the splice acceptor site. This sequence matches in four of five 
positions with the proposed consensus 3’ splice signal thought to be necessary 
for lariat formation during splicing in Drosophila (KELLER and NOON 1985). 

The sequence of the poly-A addition site conforms well to the consensus 
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sequence characteristic of vertebrate poly-A addition sites (BERGET 1984; BIRN- 
STEIL, BUSSLINGER and STRUB 1985). For example, the consensus hexanucleo- 
tide sequence AATAAA is found 14 bp upstream of the poly-A addition site 
that occurs at the T of a T A  pair. In addition, the genomic sequences down- 
stream of this region are G T  rich, with long runs of blocks of contiguous T 
residues similar to the sequences seen in a number of vertebrate genes (BIRN- 
STEIL, BUSSLINCER and STRUB 1985). 

The functional nature of the reading frame predicted by the sequence anal- 
ysis was confirmed by fusing a major portion of the predicted frame to the 
lac2 region of pUCl9 (MESSING 1983) and showing the production of a new 
polypeptide. Antiserum raised against this polypeptide cross reacts with a 52- 
kD protein in extracts of Drosophila embryos (K. D. KONRAD and J. L. MARSH, 
unpublished results), thus corroborating the conclusion based on the polysomal 
location of the mRNA that the functional reading frame described here is 
actually expressed as an mRNA and is translated to protein. 

Although the metabolic function of the amd gene product is unknown, we 
know that it does not encode phenol oxidase or dopamine acetyl transferase, 
the prior and next enzymes in the insect sclerotization pathway (SPARROW and 
WRIGHT 1974; PENTZ, BLACK and WRIGHT 1986). Nevertheless the rescue of 
amd mutants with catecholamine metabolites (P. D. L. GIBBS and J. L. MARSH, 
unpublished observations), the ability of amd to confer resistance to dopa an- 
alogues, the effect of amd on cuticle development and its structural similarity 
to Ddc (EVELETH and MARSH 1986) all suggest a role in catecholamine metab- 
olism. The catalytic activity is currently under investigation. 
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