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Summary. Drosophila melanogaster alcohol de- 
hydrogenase is an example of  convergent evolution: 
it is not related to the ADHs of  other organisms, 
but to short-chain dehydrogenases, which until now 
have been found only in bacteria and in mammalian 
steroid hormone metabolism. We present evidence 
that the Drosophila ADH is phylogenetically more 
closely related to P6, another highly expressed pro- 
tein from the fat body of  Drosophila, than it is to 
the short-chain dehydrogenases. The polypeptide 
sequence of  P6 was inferred from DNA sequence 
analysis. Both A D H  and P6 polypeptides have re- 
tained a high structural similarity with respect to 
the Chou-Fasman prediction of  secondary structure 
and hydropathy. P6 is also homologous to the 25- 
kd protein from the fat body of  Sarcophaga pere- 
grina, whose sequence we have reexamined. The 
evolution of  the P6-ADH family of  proteins is char- 
acterized by a dramatic increase in the methionine 
content of  P6. Methionine accounts for 20% of  P6 
amino acids. This is in contrast with the absence of  
this amino acid in mature ADH. There is evidence 
that P6 and the 25-kd protein have undergone a 
parallel and independent enrichment in methionine. 
When corrected for this, the rate of  amino acid re- 
placement shows that the P6-25-kd lineage diverged 
from insect A D H  shortly before the divergence of  
the ADH gene (Adh) from its 3'-duplication (Adh- 
dup). 
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Introduction 

Drosophila alcohol dehydrogenase (ADH; alcohol: 
NAD + oxidoreductase, EC 1.1.1.1) poses an inter- 
esting evolutionary problem. This enzyme has be- 
come an important focus for molecular biology and 
molecular evolution studies (Kreitman 1987; Sofer 
and Martin 1987; Chambers 1988; Sullivan et al. 
1990). Its origin however remains unknown. It is 
not related to the mammalian or plant ADHs, which 
are a close group of  highly homologous proteins 
(Yokoyama et al. 1990). It differs from them in 
needing no zinc and in having a shorter polypeptide 
sequence. Drosophila ADH has been characterized 
as a short-chain dehydrogenase (Jrrnvall et al. 1981, 
1984). This group of  enzymes includes a heteroge- 
neous set of  proteins found in bacteria and mam- 
mals. This group is composed of  glucose dehydro- 
genase from Bacillus megaterium (Jany et al. 1984), 
ribitol dehydrogenase from Klebsiella aerogenes 
(Jrrnvall et al. 1981), glucitol-6-phosphate dehy- 
drogenase from Escherichia coli (Yamada and Saier 
1987), dihydrodiol dehydrogenase from Pseudorno- 
nas pseudoalcaligenes (Furukawa et al. 1987), 20-~- 
hydroxysteroid dehydrogenase from Streptornyces 
hydrogenans (Marekov et al. 1990), 17-~/-hydrox- 
ysteroid dehydrogenase, 11-~/-corticosteroid dehy- 
drogenase (Baker 1990), and 15-hydroxyprostaglan- 
din dehydrogenase  (Krook et al. 1990) from 
mammals, and several other proteins from either 
mammals (Navre and Ringold 1988) or bacteria 
(Debell6 and Sharma 1986; Coleman et al. 1988; 
Hallam et al. 1988) of  unknown metabolic function. 
These proteins, however, are too distantly related 
to insect ADH to provide any information on how 
and when it acquired its catalytic activity. We pres- 
ent a new protein from the Drosophila fat body, P6, 
which is a very close relative of Drosophila ADH. 
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Fig. 1. Molecular organization of the P6 gene 
and ltanking sequences. Simplified restriction 
map of the Drosophila DNA insert contained in 
the recombinant bacteriophage h-Dm 65 (Lepe- 
sant et al. 1982) and in the pDm6 plasmid (B, 
Barn HI; S, Sal I; Bg, Bgl II; Ss, Sst I; E, Eco RI; 
P, Pst I; H, Hind III; Sin, Sma I; C, Cla I; Sp, 
Sph I). A 3.5-kb Hind IlI--Sst I fragment of 
pDm6 was subcloned into the pEMBL 18 (+) 
vector in one (pESDm6) or the opposite orienta- 
tion (pSSDm6, not shown). Stippled boxes indi- 
cate vector sequences. The open and filled boxes 
indicate the untranslated and translated coding 
sequences, respectively�9 Complementary DNA in- 
serts contained in the recombinant bacterio- 
phages X-cP6-1 and X-cP6-2 are indicated by ar- 
rows, the thickened portion of them indicating 
the sequenced regions. 

T h e  Drosophila melanogaster P6 prote in  has been  
charac te r i zed  as a m a j o r  fat body-spec i f ic  p ro te in  o f  
the t h i rd  larval  ins tar  (Lepesant  et  al. 1982; D e u t s c h  
et al. 1989). P6  a n d  A D H  were  no t  p rev ious ly  
t h o u g h t  to  be related.  E v e n  t h o u g h  A D H  a n d  P6 
have  a ve ry  s imi lar  m o l e c u l a r  weight ,  P6 is me th i -  
onine-r ich ,  whereas  this a m i n o  acid  is v i r tua l ly  lack- 
ing in  A D H  (Benyajaf i  et  al. 1981). O n l y  w h e n  we 
sequenced  the  gene cod ing  for  P6,  d id  it b e c o m e  
a p p a r e n t  t ha t  the  two pro te ins  share  a s t rong se- 
quence  similar i ty.  Th i s  indica tes  tha t  the  P6,  A d h ,  
a n d  t he  r e l a t e d  A d h - 3 '  d u p l i c a t i o n  ( A d h - d u p )  
(Schaeffer a n d  A q u a d r o  1987) genes  have  e v o l v e d  
f rom a c o m m o n  ances to r  t ha t  m a y  represent  an  in- 
t e rmed ia t e  in the emergence  o f  insect  A D H .  

Materials and Methods 

Unless otherwise noted, nucleic acids were handled according to 
standard protocols (Sambrook et al. 1989). 

The clones used in this study were isolated from a genomic 
library of randomly cleaved D. melanogaster DNA fragments 
inserted into the ~ vector Charon 4 (Maniatis et al. 1978); these 
clones were identified by their hybridization to a probe ofpoly(A) + 
RNA from third-instar larval fat bodies (Lepesant et al. 1982). 

Sequence Determination. The dideoxy chain termination 
method of Sanger et al. (1977) was used to determine the sequence 
of deletion derivatives of the pSSDm6 and pESDm6 plasmids 
(Fig. 1) generated according to Henikoff(1984), and the sequence 
of the complementary DNA (eDNA) inserts contained in the 
X-cP6.1 and X-cP6.2 bacteriophages. Sequence data were assem- 
bled and analyzed using the programs available at the C.I.T.L2 
(Paris). 

Mapping of the 5' and 3" Ends of the P6 Transcripts. Total 
cellular RNA was isolated from fat bodies of late third-instar 
larvae of the Canton-S stock (Lepesant et al�9 1982). Primer ex- 
tension was carried out essentially according to Calzone et al. 
(1987) using the [32p]5'-end-labeled primer (5'TCTTACCGGT 
CCAGTCAAAC3') and M-MLV reverse transcriptase. For S1 
nuclease mapping of the 5' end, the labeled probe (Fig. 3) and 
total RNA were coprecipitatcd with ethanol, dried under vacu- 

um, dissolved in 20 t~l of hybridization buffer (40 mM PIPES 
pH 6.4, 400 mM NaCI, 1 mM EDTA, 70% formamide), and 
incubated for 3 rain at 80*(3 and then 3 h at 440C. Annealed 
samples were diluted 10-fold in ice-cold nuclease buffer (50 mM 
sodium acetate, 280 mM NaCi, 4.5 mM ZnSO4, and 20 mg/ml 
salmon sperm DNA) and further incubated at 37*(2 for 30 rain 
in the presence of 1800 units/ml of S1 nuclease. After phenol- 
chloroform extractions and ethanol precipitation, the protected 
DNA fragments were analyzed by electrophoresis in 6% dena- 
turing polyacrylamide gels. For S1 nuclease mapping of the 3' 
end the same procedure was applied except that the denaturation 
and annealing temperatures were 75"C and 45~ respectively, 
and the SI nuclease concentration was 2200 units/ml�9 

Results 

Structure o f  the P6 Gene 

T h e  s t ructure  o f  the  P6 gene was  d e t e r m i n e d  by  
sequenc ing  a 2 7 9 6 - b p  g e n o m i c  D N A  f r agmen t  en-  
c o m p a s s i n g  the  c o m p l e t e  c o d i n g  sequence  (Figs. 1 
a n d  2). P r i m e r  extens ion,  S1 nuclease  p ro tec t ion  
(Fig. 3, panel  5 '  end),  a n d  e D N A  sequenc ing  indi-  
ca ted  the  presence  o f  three  po ten t ia l  closely spaced  
m R N A  start  sites (Fig. 2). T h e  3'  end  o f  the  P6  
t ranscr ip t  was  m a p p e d  by  S 1 p ro tec t ion  to  pos i t ion  
+ 9 7 5  (Fig. 3, pane l  3' end). T w o  ove r l app ing  va r -  
iants  o f  the  canon ica l  A A T A A A  po lyadeny l a t i on  
site u p s t r e a m  a n d  a 14-bp  cluster  o f  T a n d  G nu-  
c l e o t i d e s  i m m e d i a t e l y  d o w n s t r e a m  c o n f o r m  to  
s t ruc tura l  features  a r o u n d  m R N A  po lyadeny l a t i on  
sites as p r o p o s e d  by  Birnst iel  et al. (1985). Sequenc-  
ing o f  c D N A s  revea led  the  presence  o f  a 6 0 - b p  in- 
t r o n  tha t  in te r rup t s  the  cod ing  sequence.  F lank ing  
sequences  u p s t r e a m  f r o m  the  P6 m R N A  start  site 
were  c o m p a r e d  wi th  those  o f  o ther  genes  expressed  
in the  larval  fat body ,  P1 (Mascha t  et al. 1990), L S P -  
l - a - ,  #-, 3'- (De laney  et al. 1986), LSP-2  (Mousse ron ,  
pe r sona l  c o m m u n i c a t i o n ) ,  and  A d h  (Benyaja t i  et al. 
1981). T w o  A T - r i c h  r e ~ o n s  (Fig. 4 A  a n d  B) exhibi t  
par t ia l  iden t i ty  wi th  sequences  u p s t r e a m  o f  the  P1 
gene; a th i rd  2 8 - b p  region (Fig. 4C) loca ted  i m m e -  



196 

tatcctttgactcatat ccaataaataccgat cagatcca -1093 
cttaagatttgt aattataaat aagtgagtt agtgcgaagcatcgagcatcc -1041 
aacatcgaatagataatattgaaagttgatttattgctcatttggctgagcc -989 
aagactt cat cactaatt aatctttt agtt ccggctagcagcagagtttatt -937 
aaaaaatgt tatggctcat taaatgat tagatctgatggaggaattacagaa -885 
gat t cgggat ct agcaagcccat aacagct act ccgcc~aat acaggaggcg -833 
gt ggatcgggtctggaacccact ttgatt acattgatgattagt t ccatgct -781 
agtgaaactct atcgataagagctggccttcaaaagagagcacaat ccaaac -729 
ttgccaaacgaaatttagagattattt attgaagagt aggaaagatogtgta -677 
gatcaaattgattttgattgat gtagaaatatatttgttttccggcacctgt -625 
acat attccat acaaaaatatt cgcat cgttgtagcat aagcatctgtgatt -573 
gt ct aagaaaatgtttaaataagt catttaaat aaat at ct aaatgtttttg -521 
taagatttttggtgttt ct aatgaagaggtagaat ctt ataatcatgagtgt -469 
aaaattgctctcaaagatatat attgaaaaacaaatttt aacttt aatgt ac -417 
atat atat agaatt cccacaaaacgt aatataaat cttgttgcaaatgttcc -365 
taattattgcaacaatat attcaacaaattctacaatttt attatat aataa -313 
glgaacccagtcgaaatattgatatttcgt caggtggctggagatcagatgaa -261 
ccagccaacgacctcgtcgt cgaaagctgt ct t at ctggtccct tctggcaa -209 
cagctggctacggt cttgttgt cgtcttttccaactcaaaatatcaaaaatg -157 
gacagggacctgat ctt cacccgttgacccggtgaagat agctgaaattatg -105 
gcgatgtt~aat aaagt cat cacat taaat gcgct gaacat c -53 
t~aat caatacat ctatQot~agcagccacct act agctt aa -i 

#c~tc~ aca a ta ca g g gt gt ctcatcacatcacaatccaagccacgtcaaccc 52 

caaataattaaccccaag~aaaa A~ TTr GAC TGG ACC GGT AAG 96 
M F D W T G K 7 

AAT GTT GTC TAT GTG GGC AGC TTC AGC GGC ATT GGA TGG 135 
N V V Y V G S F S G I G W 20 

CAG ATG ATG ATG CAG CTA ATG CAA AAG GAC ATC AAG ATG 174 
Q M M M Q L M Q K D I K M 33 

ATG GGC ATT ATG CAT OGC ATG (IAG A~/3 GTT GAG ATG ATG 213 
M G I M H R M E N V E M M 46 

Fig. 2. DNA sequence of the transcribed and flanking ge- 

nomic regions of the P6 gene and amino acid sequence of 
the putative P6 polypeptide. The 5' to 3' sequence of the 
strand corresponding to the mRNA is presented. The 
TATA box and a putative CAAT hox are framed. The 
mRNA start sites deduced from primer extension (+ 1, +2, 
and +5) and cDNA sequencing (+ 1) are indicated by 
downward arrows. The + 5 site is surrounded by nucleo- 
tides matching the consensus sequence proposed by Cber- 
bas el al. (1986) around the transcription initiation site for 
Drosophila genes. The transcript termination site deduced 
from SI mapping is indicated by a bent arrow and two pu- 
tative polyadenylation sites and a GT cluster are under- 
lined. Palindromic sequences around the putative transla- 
tion initiator codon and the 3' intron boundary and 
immediately adjacent downstream sequences are indicated 
by arrows and numbered in their order along the sequence. 
Palindrome l may form a secondary hairpin structure in- 
volved in the modulation of  the translation rate of the P6 
transcript as suggested by Kozak (1986). Palindromes 2, 3, 
and 4 may be involved in the stability of the nuclear tran- 
script and the regulation of  the intron splicing. Regions 
found to be partially identical to regions upstream of  the 
P1, LSP-2, and ADH genes (Fig. 4) are underlined. The 
open reading frame is indicated in uppercase letters, and 
the 60-bp intron is in lowercase and italics. The predicted 
amino acid sequence of the P6 polypeptide deduced from 
the open reading frame is indicated (upper case) under the 
nucleotide sequence. 

diately upstream of the P6 TATA box shows se- 
quence identity with sequences at various locations 
upstream of the mRNA start site of  the P1, Adh, 
and LSP-2 genes. No significant sequence similarity 
with the LSP-1 gene was observed. The functional 
significance of  these sequence identities remains to 
be established, but it is interesting to note that the 

AAG AAG CTG CAG C<]C ATT AAT OCA TOt GTG AAA GTG GTC 252 
K K L Q A I N P S V K V V 59 

TTC ATG CAA ATG AAC CTC ATG GAA AAG ATG TCG ATC GAA 291 
F M Q M N L M E K M S I E 72 

CAG GCG ATG AAG AAA ATG GGT CAA ATG ATG GGA CAC ATT 330 
Q A M K K M G Q M M G H I 85 

GAT GTG ATG ATC AAT GGC GAG GGT GTC CTG CTC GAC AAG 369 
D V M I N G E G V L L D K 98 

CAT GTG GAG ACT ACG ATG GGC ATG AAT CTG gtaaggaatag 410 
D V E T T M G M N L 108 

2 
ataattaaattattgattggtatctcaacttctaaatcctttcccacag ACt 462 

3 T 109 

2 -1~  ~ ~ 2 

GGC ATG ATC CAG TCG ACG ATG ATG GCC ATG CCC TAC ATG 501 
G M I Q S T M M A M P Y M /22 

4 
GAC AAG ACA CAG ATG GGC ATG GGT GGC ATG GTG GIT AAC 540 
D K T Q M G M G G M V V N 135 

ATG TCC TCT GTC TAT GGC CTG CxAA CCC GCG CCC GCC TTT 579 
M S S V Y G L E P A P A F 148 

TC~ GTC TAC GCC GCT GCC ATG CAC GGC ATC CTC GGA TTC 618 
S V Y A A A M H G I L G F 161 

ACC OGC TOC ATG GGC GAC A~/3 ATG AT[] TAC CAA A~/~ ACC 657 
T R S M G D K M I Y Q K T 174 

GGC GTC ATG TTC ATG GCC ATG TGC COG GC4k CTC ACC AAC 696 
G V M F M A M C P G L T N 187 

AGC GAG ATG AT(] ATG AAC CTG CGC GAC AAC GTT ACC TGG 735 
S E M M M N L R D N V T W 200 

CAC CAC TCC GAA TCC ATG G~ GAG GOC ATC GAG AGC GOC 774 
H H S E S M V E A I E S A 213 

AAG CC~ CAA ATG OCC GAG GAG GCA GOC ATG CAA ATG ATC 813 
K R Q M P E E A A M Q M I 226 

CAC GOG ATG GAG ATG ATG AAG AAC GGC AGC ATG TGG AT]? 852 
H A M E M M K N G S M W I 239 

GTG AAC ATG GGC CAG CTG AAG GAG GTr AOG CCC AGG ATG 891 
V N M G Q L K E V T P T M 252 

CAC TGG CAG ATG taaatggcttagttgagcgattatttgttaaatca 938 
H W Q M 256 

tttcaaaaaaaaaat atataaaaat attaggcctc'~c~cttcrLtt ct t~ct  990 

caat ctagct accattt acaaatatttcttatcttataacgattccgtgt ag 1042 
agagtataact aaatactt acaaaattttgttttccattgagatcgtcttat 1094 
aaaaatattttttatataaatattggttcaaaatttgcaagact cggcttct 1146 
t accaacagatgtacccatgtcgaattatagggttacatat aaaaat cgatg 1198 
catt agctgtggcgt cgaagt accagtcctttccacaaatggatgccatttc 1250 
aaagttcaggacaaatttaatt ctt gtggct ccaaaataagcaat cct cgaa 1302 
aacggccgagt caaat aaaaaggcacaggaat at tt ct caaagaaagct aaa 1354 
taatggttttaaatggtcttcat catctacgaaaaaacgattctatccgtta 1406 
gtaaagaaacaaaaattgtt agatgtcctcagagccct ctcataaggctcta 1458 
atttt aagagagatgattagatt aggaagaaaaccgaatcgaaagttcgaaa 1510 
aggctgcgagaaatactgt atttccgggtaagtaatcat aatgcaattt aaa 1562 
catatcataacgaaaacttcaatt cttaggcatctagccgtacgatattgaa 1614 
actgcaccagcat actaatcttgtacagtagagattactgatgtcacaga 1664 

Adh sequence thus detected overlaps an essential 
regulatory element, Po, which was first detected by 
Heberlein et al. (1985) and shown by Shen et al. 
(1989) to have enhancer properties. 

Homologous Proteins 

The nucleotide sequence of  P6 predicts a 256-amino 
acid polypeptide (29 kd). A systematic search for 
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Fig. 3. Mapping of  the 5' and 3' ends of  the P6 transcript. 
5' end: Primer extension was carried out as described in the 
Materials and Methods using 67 fmoles (8 x 104 cpm) of 
labeled primer and 16 /zg of  total RNA from late third-instar 
fat body. Sanger sequencing reactions performed with the same 
primer were run in parallel as a size standard. A + 1 indicates 
the position of the most likely upstream transcription start site. 
A - 2 9  indicates the position of  the TATA box. SI mapping was 
carried out using 30 fmoles (2.5 x 104 cpm) of the 985-bp 5' end- 
labeled Pst I--Cla I fragment as a probe, 10 ~g of  total RNA and 
1800 units/ml of S 1 nuclease. Lanes 1: labeled probe; 2, control 
with total embryonic RNA; 3: probe and protected fragment. 

Ava I Cla I 

*787 + I 192 

Primer extension 

3" * Sl mapping 

3"end: SI mapping was carried out using 8 fmoles (4.5 x 104 
cpm) of  the 405-bp Ava I--Cla I 3' end-labeled fragment as a 
probe, 5 ~g of total RNA and 2200 units/ml of $1 nuclease. Lanes 
1, labeled probe; 2: control with embryonic RNA; 3, probe and 
protected fragment. The diagram indicates the position and ex- 
tent of the probes and protected or extended fragments on a 
partial restriction map of the P6 locus. Numbers  refer to the 
positions of the restriction endonuclease cleavage sites relative 
to the start of  transcription. The transcribed region is indicated 
by open and filled boxes. The untranslated region and the 60-bp 
intervening sequence are indicated by open boxes. 

similar protein sequences led us to compare P6 to 
the following three proteins. A consensus alignment 
(using the Kanehisa program, available at the 
C.I.T.I.2, Paris) is shown in Fig. 5: 

1) A strong similarity (66% amino acids) exists 
between P6 and the 25-kd protein (25-kDa) from S. 
peregrina, a major fat body protein of  unknown 
function, the sequence of  which was predicted from 
its DNA sequence by Matsumoto et al. (1985). The 
similarity extends further than the polypeptide in- 
ferred from the published DNA sequence and it also 
encompasses an open reading frame (ORF) imme- 
diately 3' to the position formerly considered to be 
a stop codon (indicated in Fig. 5 by a star). It con- 
tinues over 222 more base pairs, and predicts a 258- 
amino acid polypeptide, which is about the same 
length as P6. This finding seems to solve the puz- 
zling fact that the known sequence of  25-kd ap- 
peared to be 30% shorter than expected (Matsumoto 
et al. 1985; Henikoffand Wallace 1988). This, along 

with the nearly identical hydropathy of  the two pro- 
teins on the whole of  P6 amino acids (Fig. 6), led 
us to conclude that the stop codon formerly found 
at position 185 resulted from a frameshift due to a 
single base pair deletion in the sequenced clone (Fig. 
5, star). 

2) There is a lower but significant similarity (28% 
amino acids) between P6 and Drosophila ADH 
(Benyajati et al. 1981), and with the polypeptide 
(30% amino acids) inferred from Adh 3'-duplication 
(3'-ORF, or Adh-dup), which will be called hereafter 
A D H - D U P  (Schaeffer and Aquadro 1987). No pub- 
lished sequence exists for D. melanogaster Adh-dup; 
the sequences hereafter referred to as Adh-dup and 
Adh are from Drosophila mauritiana (Cohn and 
Moore 1988), a very closely related species. All four 
proteins, P6, 25-kd, ADH-DUP,  and A D H  are of  
similar length and diffe~l only by a few gaps. The 
intron positions of  their genes match exactly (Fig. 
7): 25-kd has three introns, two of  which (introns 1 
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A P6 (-355) AACARTGTRTT-CGOCAAATTCTACAATTTTA-TT6TflTflflTGAG (-312) 
IIIIII II I III II I IIIIIII III IIIIIIII 

PI (-200) AACARTCCflTGACflACAATTTATTTAflTTTTAATTGCATAATGAG (-166) 

B P6 (-176) AACTCAAAATATCAGGAA (-159) 
II IIIII IIII III 

PI (-352) AAGCCARAAGATCAAGAR (-335) 

C P6 ( -58)  [GIGIGIGIGIGIGIGIG~[~I3[~IATq'g"ff~A[t"~'~GG"II"ffI(-31) 
P1 (-155) nG~I3GTL~rTTTr~Gq-~Cr~C~GqGc~J(-128) 
pAo. ( -go )  i~_gtr~cp-gAAqoo~AoR~h-a-~qnnaa ( -71)  
LSP-2 (-321) AEe_~t~6RRG~.~rCCTg..~..~GC~ (-294) 

Fig. 4. Alignment of the P6 flanking sequences with other genes 
expressed in the fat body 

and 3) are shared by ADH-DUP (Schaeffer and 
Aquadro 1987) and ADH (Cohn and Moore 1988). 
The third (intron 2) is shared by P6. 

Protein Sequence Conservation 

When compared with 25-kd, the middle third of  P6 
(residues 90-179) is more highly conserved than the 
other two-thirds, with the C-terminal portion being 
slightly more variable (X 2 = 16.05, P < 0.001, df  = 
2). The same trend is observed when comparing P6 
to either ADH-DUP or ADH. A similar pattern has 
been found for the ADHs of  D. melanogaster and 
Drosophila pseudoobscura (Schaeffer and Aquadro 
1987), where both amino acid replacements and si- 
lent nucleotide changes are more frequent in the 
third exon and less frequent in the second exon. In 
addition, the hydropathy profile (Hopp and Woods 
1981) of  all four proteins (Fig. 6), which is nearly 
identical in P6 and 25-kd, is highly conserved in its 
middle part with regard to ADH-DUP and ADH. 

Secondary Structure Conservation 

Structural homologies are further shown by the/3 
sheet/a helix protein organization. The coenzyme- 
binding domain of Drosophila ADH is known to lie 
within the first 140 amino acids (Benyajati et al. 
1981). This region comprises six fl-strands, which 
are conventionally numbered A through F. Strands 
A through C belong to the adenine-binding domain, 
whereas strands D through F belong to the nicotin- 
amide-binding domain. A Chou-Fasman prediction 
of  the secondary structure (Chou and Fasman 1978) 
of  P6 showed that the/3-strands lie in positions sim- 
ilar to those of  Adh (Fig. 5, upper line). 

Codon Usage 

The codon usage of Drosophila Adh is known to be 
highly biased (Shields et al. 1988). This same bias 
is observed for P6. Differences in the usage of  A-, 
C-, G-, and T-ending codons (excluding those for 
methionine and tryptophan) are nonsignificant be- 
tween P6 and Adh (x 2 = 6.89, d f =  3), and are highly 

significant between either P6 or Adh and Adh-dup 
(P6: x 2 = 23.04, P < 0.001; Adh: X 2 = 54.2, P < 
0.001; df  = 3). This is due to a bias toward C- and 
G-ending codons in P6 (75.0%) and in Adh (81.2%), 
as compared to Adh-dup (54.9%). 

Amino Acid Content 

The proteins differ in acidity and in methionine 
content. The ratio of  acidic/basic residues (Asp + 
Glu/Arg + Lys) is about unity in P6 (23/20), in 25- 
kd (21/22), and in ADH (22/23), and is much higher 
in ADH-DUP (31/21), mainly due to the high acid- 
ity of the C-terminal part (6 acidic residues out of 
16). The methionine content is exceptionally high 
in P6 (51 residues, 20%) and exceptionally low in 
ADH (one residue, corresponding to the initiation 
codon), with intermediate values in 25-kd (29 res- 
idues, 11.3~ and in ADH-DUP (13 residues, 4.8o/0). 
Although P6, 25-kd, and ADH-DUP all seem to be 
methionine-rich, their methionine positions are 
poorly conserved. A large proportion of  substitu- 
tions between P6 and 25-kd (46 out of  112) are due 
to changes at methionine positions in either direc- 
tion. 

Discuss ion  

P6 and Adh are among the predominant proteins 
in the Drosophila fat body, each amounting to around 
1% of the soluble protein content of  this organ at 
their respective peaks of  expression. The reason why 
such large amounts of these proteins are produced 
is unclear. The catalytic function of  ADH is known, 
but its physiological role is not. It has been shown 
to be involved in ethanol detoxification in D. mel- 
anogaster (David 1977). Adaptation to ethanol-rich 
environments is however a peculiarity of  this spe- 
cies, and therefore a recent feature in Drosophila 
evolution (Lachaise et al. 1988), whereas the diver- 
gence of ADH from P6 is clearly, from the above 
data, a much earlier event in the history of  insects. 

Methionines and the Evolution of P6 

The striking difference in the methionine content of  
P6 and ADH probably results from a new function 
acquired by P6 after its divergence from their com- 
mon ancestor. Two observations that support the 
hypothesis that this is a recent phenomenon include 
(1) the difference in the methionine load of P6 and 
25-kd, and (2) the mismatch of  their methionine 
sites. The percent methionine content of  these poly- 
peptides seems to behave like a quantitative char- 
acter, with no strict specificity to the location of  this 
residue within the polypeptide. A high methionine 
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Fig. 5. Alignment of the amino acid sequences of P6 and three 
homologous insect proteins. The sequences are derived from DNA, 
not from mature proteins. First line, numbered amino acid po- 
sitions in P6; second line, location of P6 B-strands considered 
homologous to those of the Drosophila ADH NAD+-binding site; 

content  is very  unusual  in proteins.  In a survey o f  
Drosophila p r o t e i n s  f r o m  G e n B a n k  re lease  35 
(Gran tham et al. 1986), meth ion ine  accounts for 
only 2.58% (SE = 0.16~ o f  the residues, a value 
conforming to that  (2.99%) o f  a recent  survey o f  
Protein Sequence Database (Simon and Cserz6 
1990). According to Dayhofl ' s  (1978) computa t ion  
o f  amino  acid substi tut ion rates, the relative rari ty 
o f  meth ionine  is due to its high replacement  rate, 
especially toward leueine. For  this reason, the in- 
crease in the meth ionine  content  o f  P6 and 25-kd 
is more  likely to result f rom selection than f rom 
r andom drift. 

Phylogeny of the P6-ADH Family of Proteins 

Comparison o f  the int ron/exon patterns suggests that 
the genes evolved  f rom a c o m m o n  ancestor  that  
possessed three introns at the posit ions current ly 
seen in 25-kd. One branch,  leading to Adh  and Adh-  
dup, subsequently lost the middle  intron,  whereas 
the other  leading to P6 lost the other  two introns. 
This suggests that  P6 results f rom an earlier dupli- 

parentheses, location of the introns (not including the intron 
located in the untranslated leader of Adh); dots, identical amino 
acids in P6 and the other proteins; star, position considered to 
be a stop codon by Matsumoto et al. (1985). 

cation o f a  gene ancestral to Adh and Adh-dup.  The  
proteins could therefore be grouped according to the 
following scheme: [P6, 25K, (ADH,  ADH-DUP) ] .  

The  rate o f  this evolut ion can be assessed using 
the unweighted pair-group m e th o d  using ar i thmetic  
averages (UPGMA).  This  m e th o d  yields a tree re- 
fleeting the actual evolut ionary lineage only i f  the 
average rate o f  substi tut ion is constant  over  the 
branches o f  the tree. Whether  this holds true for 
strictly homologous  proteins is still a mat te r  o f  de- 
bate. In the present example,  the " 'homology" cat- 
egory refers to two different kinds o f  relationships 
between proteins.  Two A D H s  f rom two different 
species are strictly homologous  by species descent.  
On the other  hand,  a P6-1ike protein and an A D H  
f rom two different species are homologous  bo th  by  
species descent  and by locus descent f rom an an- 
cestral duplicat ion event.  The  available set o f  pro- 
teins belonging to the P 6 - A D H  family therefore  in- 
volves several sister groups o f  proteins. We know 
that the rate o f  amino ~cid replacement  is different 
between the sister groups, because our  data  show 
that the methionine  content  has changed dramat i -  
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Fig. 6. Distribution of hydropathy along 
the amino acid sequence of P6 and three 
homologous insect proteins. Hydropathy 
was calculated using a moving average of 
six amino acids, according to Hopp and 
Woods (1981). Empty sectors, hydrophilic 
segments; black sectors, hydrophobic seg- 
ments; star, position considered to be a 
stop codon by Matsumoto et al. (1985). 

D. melanogaster P6 [ 

S. peregrina 25kDa I 

D. mauritiana Adh 

D. maurifiana Adh-dup 

• I • $  I ~ * & ~ 6 ~  ~1 
Fig. 7. Position of the introns within 
the ORFs of P6 and three homologous 
insect proteins; star, position consid- 
ered to be a stop codon by Matsumoto 
el al. (1985) 

cally. We therefore present two trees, one based on 
the complete number of amino acid replacements, 
the other on data corrected for the high turnover of 
methionines. The first tree is unlikely to follow a 
molecular clock scheme, and is only used to show 
the absolute amount of divergence. Only the second 
tree can be used to calculate a substitution rate. The 
scale of  amino acid replacement is known in theory 
to always be nonlinear, as any long-term divergence 
must be corrected for multiple hits. Dayhoff (1978) 
computed the relationship between the actual num- 
ber of  differences observed (Pd) and the average 
number of substitutions per amino acid ( K J  fol- 
lowing the hypothesis of  a constant change. Ac- 
cording to Kimura (1983), this relation follows the 

formula K,a = -log~(1 - Pd -- 1A pd2) �9 Dayhoff's esti- 
mate being based on an average polypeptide de- 
rived from a sample where methionines accounted 
for only 1.1% of all amino acids, this relation is a 
sufficiently close approximation to be valid for the 
tree calculated for nonmethionine residues. 

The sample of  proteins we used comprised P6, 
the ADH-DUPs from D. mauritiana and D. pseu- 
doobscura, the ADHs from those two species and 
from the more divergent species Drosophila mulleri 
(Fischer and Maniatis 1985), and 25-kd from S. 
peregrina. 

Figure 8 shows both the tree obtained from ab- 
solute differences (dotted line) and the corrected tree 
excluding any methionine position in pairwise poly- 
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Fig. 8. UPGMA tree of  amino replacements (lower scale) in the P6-ADH family of proteins. The average rate of substitution per 
amino acid (upper scale) was calculated according to Kimura (1983). Dotted line, tree obtained from replacements at any position; 
continuous line, tree corrected for methionine mutations. In the latter case, a site is excluded from the calculation of  the distance 
between two proteins when a methionine is present in any of them. 

~ ~ CAVFGLGGVGLSV 

I l l  
D.~U.~H IFVAGLGGIGLDT LKTVDVLINGAGI 
D.~u.~ CYVADCGGIALET MDYIDVLINGATL 
D.~.P6 VYVGSFSGZGWQM MGHIDVMINGEGV 
S.~r. 2~ VYVGGFSGFGYQV VGHVDVLINGVGG 

l II 
B.m. GIDH VITGSSTGLGKSM FGKLDVMINNAGL 
K.a. ~ AITGAASGZGLEC TGRLDIFHANAGA 
E.c. ~ VVIGGGQTLGAFL FGRVDLLVYSAGI 
P.p. b6~B LITGGASGLGRAL FGKIDTLIPNAGI 
Human i~ LITGCSSGIGLHL EGRVDVLVCNAGL 

I I I  
~m. adip LVTGAGKG~GRDT IGPVDLLVNNAAL 
R.m. nods LVTGASGAIGGAI LEGVDILVNNAGI 
E.~. ~27 IITGGTRGIGFAA TGRLDVMINNAGI 
S.c. ~3 LVTGATSGIGLEI YGPVDVLVNNAGR 

Fig. 9. Partial alignment of four insect proteins (D.mel ADH, 
D. rnelanogaster ADH; D.mau DUP, D. mauritiana ADH-DUP; 
D.mel P6, D. melanogaster P6, S.per 25K, Sarcophaga peregrina 
25 kd), of  five short-chain dehydrogenases (B.m GIDH, Bacillus 
megaterium glucose dehydrogenase; K.a RDH, Klebsiella aero- 
genes ribitol debydrogenase; E.c GUT, Escherichia coli giucitol- 
6-phosphate dehydrogenase; P.p bphB, Pseudomonas pseudoal- 
caligenes dihydrodiol dehydrogenase; human 17B, human 17-~- 
hydroxysteroid dehydrogenase), and of four related proteins (M.m 
adip, protein from glucocorticoid controlled gene from mouse 
adipocyte; R.m nodG, Rhyzobium meliloti nodulation protein 
G; E.sp P-27, Eubacterium sp. 27-kd protein; S.c act3, Strepto- 
myces coelicolor Act III gene protein). The first line (liver ADH) 
displays amino acid alignment of  horse liver ADH with short- 
chain dehydrogenases in an area corresponding to the beginning 
of the adenine-binding site. The second alignment corresponds 
to the beginning of the nicotinamide-binding site. Numbering is 
according to the Drosophila ADH mature protein. Bold letters, 
conserved positions in short-chain dehydrogenases. Vertical lines 
point to the glycine residue patterns 14-16-19 and 13-17-19, 
which are discussed in the text. 

peptide comparisons (continuous line). Allowing for 
this correction, the divergence between P6 and 25- 
kd is reduced by one-third, and that between the 
P6-25-kd branch and the A D H - A D H - D U P  branch 
is virtually abolished. 

These values compare favorably with the present 
views on the evolution of  Diptera. Paleontological 
and biogeographical data (Beverley and Wilson 1984; 

Grimaldi 1987; Lachaise et al. 1988) along with 
biochemical distances (Ashburner et al. 1984; Bev- 
erley and Wilson 1984) have been used by several 
authors to scale Drosophila history. The divergence 
ofD. mauritiana and D. melanogaster from D. pseu- 
doobscura is between 20 and 46 million years (Myr). 
Their divergence from D. mulleri is between 37 and 
62 Myr. Their divergence from Sarcophaga is be- 
tween 70 and 135 Myr. When taken as an order of  
magnitude of  the boundary values of  species diver- 
gence, these estimates are broadly consistent with 
replacement distances in the P 6 - A D H  family of  
proteins. The corrected average amino acid substi- 
tution rate between P6 and 25-kd (0.43) is about 
twice that between the ADHs  from D. mulleri and 
other species (0.22), which is itself about twice that 
between D. melanogaster and D. pseudoobscura 
ADHs (0.10). From a consideration of  locus diver- 
gence on the time scale of  species divergence, 25- 
kd and P6 are likely to be orthologous: the two genes 
would represent the same gene in two different spe- 
cies. This tree further shows that the P6-25-kd lin- 
eage was established shortly before the separation 
of  ADH and ADH-DUP.  This event cannot be dated 
precisely as estimations for such sequence diver- 
gence are inaccurate. 

Relation to Other Short-Chain Dehydrogenases 

P6 and the related insect proteins have retained sub- 
stantial sequence similarity (Fig. 5): 38 amino acid 
residues are identical in all four proteins. These in- 
clude the conservation of  several arrays of  amino 
acids such as the sequence DVxlNG on the D 
~-strand, and the sequence D(K/R)xxxGxGG up- 
stream of  the F/3-strand. Several polar residues are 
conserved, such as acidic residues at positions 41, 
86, 101, and 123, and b)sic residues at positions 29 
and 124. 

Because this could strengthen the hypothesis of  
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a dehydrogenase activity for P6, these four proteins 
were compared to nine proteins classified among 
the short-chain dehydrogenases (J/Srnvall et al. 1981). 
Comparison over the entire sequence (not shown) 
indicated that aspartic acids 86 and 123, and ty- 
rosine 151 are conserved on all sequences. Tyrosine 
151 of  P6 is homologous to tyrosine 160 of ribitol 
dehydrogenase, which is involved in subunit bind- 
ing (Jany et al. 1984). Two areas of  substantial sim- 
ilarity are displayed in Fig. 9. One is downstream 
from the A #-strand, and the other is homologous 
to the sequence DVxlNG reported above from the 
D #-strand. The first of  these two sequences is usu- 
ally considered critical in the enzyme activity of  
NAD § enzymes (Wierenga et at. 1985). The finger- 
print sequence xGxGxxG has been proposed (Wier- 
enga et al. 1985) for this region. Vertebrate ADHs 
are similar to D. melanogaster Adh in this respect 
(Benyajati et al. 1981; Scrutton et at. 1990), with 
the sequence xGLGGxG, as read from position 13 
of the mature enzyme of  D. melanogaster (Fig. 9). 
The critical function of the glycine at position 14 of 
Drosophila ADH is supported by the fact that its 
replacement by aspartic acid is considered to be 
responsible for the inactivation of  the ADH-N tt 
mutation ofD. rnelanogaster (Benyajati et al. 1981). 
Glycine is rarely replaced in coenzyme-binding do- 
mains, probably because this small-sized residue al- 
lows the coenzyme to be accommodated within the 
protein folding (Jfrnvall et al. 1984). Experimental 
substitution of  glycine 14 of  Drosophila ADH by 
either alanine or valine results in a decrease in its 
activity (Chen et al. 1990). However, the ADH of 
Drosophila lebanonensis (ViUarroya et al. 1989) does 
have an alanine at this position. In contrast to the 
view that glycines 14, 16, and 19 of  ADH play an 
important role, P6 and most of  the other short-chain 
dehydrogenases (Fig. 9) have a glycine at the cor- 
responding positions 13, 17, and 19, resulting in the 
fingerprint GxxxGxG. This pattern is probably very 
ancient, as it remained unchanged in bacteria, mam- 
mals, and insects. However, it changed drastically 
along the evolutionary lineage leading to ADH from 
its common ancestor with P6. 

The divergence of P6 and Adh has clearly resulted 
from a duplication event that took place long enough 
ago for the two genes to have substantially diverged 
from their common ancestor. This is an example of 
the role played by gene duplication in providing new 
material for further functional diversification (Ohno 
1970). This makes P6 a valuable tool for examining 
the evolutionary convergence that resulted in a short- 
chain dehydrogenase evolving a metabolic function 
analogous to plant and mammal ADHs. 
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