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ABSTRACT
We present the complete nucleotide and deduced amino acid sequence for the gene encoding Drosophila
sn-glycerol-3-phosphate dehydrogenase. A transcription unit of 5kb was identified which is composed
of eight protein encoding exons. Three classes of transcripts were shown to differ only in the 3'-end
and to code for three protein isoforms each with a different C-terminal amino acid sequence. Each
transcript is shown to arise through the differential expression of three isotype-specific exons at the
3'-end of the gene by a developmentally regulated process of 3'-end formation and alternate splicing
pathways of the pre-mRNA. In contrast, the 5'-end of the gene is simple in structure and each mRNA
is transcribed from the same promoter sequence. A comparison of the organization of the Drosophila
and murine genes and the primary amino acid sequence between a total of four species indicates
that the GPDH gene-enzyme system is highly conserved and is evolving slowly.

INTRODUCTION
Sn-Glycerol-3-phosphate dehydrogenase (GPDH:NAD+ 2 oxidoreductase, EC 1.1.1.8)
is a cytosolic enzyme present in all eukaryotic organisms. In Drosophila melanogaster
the enzyme activity consists of a family of three distinct isozymes, designated as GPDH-1,
-2, and -3, which exhibit a unique temporal and tissue-specific pattern of expression
(4). GPDH-3 is the only enzymatically active form found in the larval and early pupal
stages of development, where it is most concentrated in the fat body and malpighian tubule
cells. In the late pupa, a developmental switch in isozyme expression occurs with the
expression of GPDH-1 which is largely restricted to adult thoracic flight muscle where
it participates in the glycerolphosphate cycle. GPDH-2 and GPDH-3 in the adult fly are
found predominantly in the internal abdominal tissues.

Genetic studies have unambiguously demonstrated that each Drosophila isozyme is
encoded by the same structural gene which maps to a single site on the left arm of the
second chromosome (5) and is localized to the cytogenetic interval 26A (6). Protein structural
studies have shown that these isozymes display a C-terminal amino acid sequence
heterogeneity where GPDH-3 has the same C-terminal sequence as the mouse and rabbit
muscle proteins, i.e. Asn-His-Pro-Glu-His-Met-COOH, while GPDH-1 is unique in that
this same C-terminal sequence is extended by the amino acids Gln-Asn-Leu-COOH (7).
More recently, molecular studies have demonstrated that the Gpdh locus in Drosophila
expresses three classes of transcripts, each differing in the 3'-untranslated region and coding
for a protein with a different C-terminal amino acid sequence (8). Each transcript was
shown to arise through the differential expression of three isotype-specific exons at the
3'-end of the gene (8). In contrast, the multiple forms of GPDH found in vertebrate tissues
are encoded by separate loci. In the mouse and human the two major isozymes have been
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mapped to separate linkage groups (9,10). In the chicken, rat, and rabbit, protein structural
studies strongly suggest separate structural genes encoding isozymic forms of GPDH
( 1 - 13). It has been suggested that in vertebrates an ancestral gene duplication event gave
rise to the tissue-specific isozymic forms (3).
Among the proteins examined for polymorphism in natural populations, GPDH is

considered to be one of the least structurally variable enzymes. Within the genus Drosophila
this conclusion is based on extensive surveys for intra- and inter-specific variation upon
gel electrophoresis (14), cryptic variation in the form of thermo-stability alleles (15- 17),
and on calculations of sequence divergence based on immunological distance (18). Generally
the story that has emerged from these studies is one of evolutionary conservatism. Indeed,
D. melanogaster is one of only four species out of over 200 surveyed which are polymorphic
at the Gpdh locus (14), where three allozymes (GPDHS-slow, GPDHF-fast, and GPDHUF_
ultra fast) have been described from natural populations (19). Population surveys have
demonstrated both seasonal flucuations and non-random geographical clines for the two
common allozymes, GPDHS and GPDHF, which has tacitly been assumed to result from
some form of balancing selection (20-22). However, in attempts to establish a basis for
selection at the Gpdh locus no consistent difference in either biochemical properties (19)
or levels of expression (17,23) can be associated with any of these allozymes. To date,
the basis for selection at the Gpdh locus remains obscure.

In this communication we describe the structure of the glycerol-P dehydrogenase gene
in Drosophila melanogaster which includes both the complete nucleotide and deduced amino
acid sequence. In addition we compare the organization of the Drosophila and murine genes
and the primary amino acid sequence between a total of four species. These comparisons
have confirmed the results of previous studies, utilizing more indirect measurement, which
predict that the GPDH gene-enzyme system is evolving very slowly. These results now
provide a framework for additional studies on the evolution of gene structure and regulation
within the GPDH gene complex.

MATERIALS AND METHODS
Isolation and Characterization of Glycerol-P Dehydrogenase Clones
The overlapping genomic clones XDm59 and XDm6Oa(c) were isolated from a genomic
library constructed in Charon 4 using DNA isolated from the inbred line Canton S which
bears the fast allozyme for GPDH (6). cDNA clones were isolated from both larval and
adult libraries constructed in XgtJO using DNA from the inbred line Oregon R which bears
the fast allozyme (8).
The sequencing strategy for each of the genomic clones involved the subcloning of

overlapping PstI and HindIll fragments into M13mp19 and the subsequent generation of
a deletion series of subclones from each primary clone utilizing exonuclease III (8). cDNA
clones were sequenced utilizing synthetic oligonucleotides as primers.
Purification and Structural Analysis of GPDH Allozymes
The fast and slow allozymes were purified from two inbred lines established from natural
populations in Death Valley, California, i.e. line DVl-GPDHF, and DV8A-GPDHS, using
affinity chromatographic methods as previously described (19,24).

Structural analysis of each purified protein including comparative tryptic peptide mapping,
isolation of peptides and the subsequent determination of amino acid composition and
primary amino acid sequence was conducted as previously described (7,24). The results
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of this analysis were compared to nucleotide deduced amino acid sequence data to derive
the final amino acid sequence of the GPDH protein.
Calculation of Amino Acid Substitution Rates
Amino acid similarities between a total of four sequences were tabulated and the proportion
(p) of amino acid differences between each pair was calculated as p = nd/n where n is
the total number of amino acid residues compared and nd is the number of different amino
acids between paired sequences. The average number of amino acid substitutions per site
between two polypeptides corrected for multiple changes and the variance were calculated
as d = -loge(l -p) and V(d) = p/(1 -p)n according to Kimura (25) based on the
assumption of a Poisson process. Insertions and deletions between polypeptides were

excluded from these calculations.
Alignment of nucleotide sequences between the Drosophila melanogaster and murine

gene was conducted using the algorithm of Needleman/Wunseh (Intelligenetics).

RESULTS
Structure of the Glycerol-P Dehydrogenase Gene in D. melanogaster
The overlapping clones XDm59 and XDm6Oa(c) define 22kb of genomic DNA previously
shown to map at the distal end of the cytogenetic region 26A on 2L by in situ hybridization
to polytene chromosomes, and to contain sequences that encode the gene Gpdh (Figure
IA). The complete nucleotide sequence of 6kb of this genomic DNA and the deduced
amino acid sequence for Drosophila GPDH is illustrated in Figure 2. A transcription unit
size of 5kb was identified which is composed of eight protein encoding exons (Figure iB).
A summary of the DNA sequence at the exon-intron boundaries is illustrated in Table
1. In all but one case the sequence at the 5'- and 3'-splice junction for each exon conforms
to the published consensus sequence (26,27). The 5'-splice site associated with exon 3
is exceptional in that a GC is found instead of the usual GT dinucleotide. However, the
analysis of cDNA clones for both GPDH-3 and GPDH-l transcripts indicates that in both
instances this splice site is functional and that accurate splicing occurs (Figure 1B).

Analysis of cDNA clones and protein sequence data demonstrates that the first five exons
of the Drosophila GPDH gene are constitutively spliced while exons 6, 7, and 8 at the
3'-end of the gene are differentially expressed giving rise to three isotype specific transcripts
encoding the unique C-terminal end of each isozyme (Figure 1B). The 5'-end of exon

6 encodes thirty-one amino acid residues, the sequence of which is identical to the C-
terminal sequence of GPDH-3 (7). In addition, the G residue of the terminal methionyl
codon of exon 6 forms the beginning of an internal 5'-splice site which is activated in

a tissue specific manner (8), and which overlaps with a TAA termination codon that defines

the C-terminal end of the coding region for GPDH-3 transcripts (Figure iB, and Table

1). Exons 7 and 8 are each preceded by consensus 3'-splice sites and provide the option
of two alternate splicing pathways when the internal 5'-splice site associated with exon

6 is activated (Table 1). Splicing of exon 7 to the terminal methionyl codon of exon 6

generates an open reading frame that encodes ten additional amino acid residues, Asp-
Thr-Ser-Ile-Met-Pro-Ser-Pro-Lys-Leu-COOH, defining GPDH-2. Alternatively, the splicing
of exon 8 to exon 6 generates an open reading frame encoding three additional amino

acid residues, Gln-Asn-Leu-COOH, defining GPDH-1 (7,8). Each of these three exons

also contain multiple polyadenylation signals, AAUAAA (Figures lB and 2). Evidence

that each pathway of mRNA expression is functional has previously been shown by a
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Figure 1. Molecular map summarizing the organization of the gene for glycerol-P dehydrogenase in D. melanogaster.
Panel A represents a restriction map of approximately 22kb of genomic DNA defined by the overlapping clones
XDm6Oa(c) and XDmS9 where E = EcoRI, H = Hind!!!, P = PstI, S = Sac!, and B = Bam HI. The boldface
line illustrates the 5kb GPDH structural element and a partial duplication of this element aligned to the restriction
map. The zero kilobase coordinate is defined as a Sacl site in exon 2 of the GPDH structural element. Panel
B represents an exon diagram of the 5kb GPDH structural element and three isotype-specific transcripts defined
by the analysis of cDNA clones. Shaded regions represent protein coding regions of exons and unshaded regions
represent untranslated sequences. GT represents the position of an internal 5'-splice site associated with exon
6. The position of potential polyadenylation signals associated with exons 6, 7, and 8 are indicated by arrowheads.
Only the 3'-end structure of the GPDH-2 transcript is shown representing the single partial cDNA clone that
has been isolated.

sequence analysis of the 3'-end of isotype-specific cDNA clones and by the hybridization
pattern of GPDH-specific mRNA using exon-specific oligonucleotides as probes (8).
The structure of the 5'-end of the GPDH gene is illustrated in Figures lB and 2. A

single translation initiation codon is observed that precedes the functional N-terminal amino
acid residue Ala. The DNA sequence flanking this initiator codon, AAAT ATG G, generally
conforms to the consensus sequence for functional initiator codons compiled for Drosophila
genes, C/A AA A/C ATG (28) and no additional upstream ATG codons are noted within
the noncoding leader sequence. Analysis of cDNA clones and primer extension of both
larval and adult RNAs (8) have mapped a single transcription start site used in the generation
of both GPDH-1 and GPDH-3 mRNAs (Figure 2), that conforms to a well conserved
heptanucleotide sequence ATCA G/T T C/T found at the transcription start site for many
insect genes (29). The transcriptional start site for GPDH-2 mRNA has not been determined
experimentally since we have isolated only one partial cDNA clone which lacks the entire
5'-end and since GPDH-2 transcripts represent only a minor mRNA species (8). However,
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there is no evidence from an examination of the genomic sequence data of Figure 2 to
suggest that transcription initiation would be different. We therefore suggest that the start
site used in the synthesis of each GPDH mRNA is equivalent.
The upstream promoter region contains a single TATA-box sequence, TATATT. A

presumptive CAAT-box sequence, AACCAATCT, is located 239bp upstream of the TATA-
box that shares a 77.8% sequence identity with the consensus GG C/T CAATCT (30).
However, constraints on the distance from a functional TATA sequence question the
biological significance of this sequence. A cAMP-regulatory element (CRE) homology,
TGGCGCCA, is located 346bp upstream of the TATA sequence and exhibits a 75% identity
to the consensus, TGACGTCA (31). Both unmatched bases represent conservative
substitutions and it is not unusual for a CRE to differ from the consensus sequence by
25 % or more (31). While cAMP has been shown to stimulate GPDH transcription in rodent
brain (33), its effect on Drosophila GPDH has not been tested. Also noteworthy is a 34bp
CT repeat beginning at position -106, although its significance is unknown.
We have also demonstrated a tandem duplication of the Gpdh coding element; however,

this duplication does not represent a functional gene copy since it is truncated at the 5'-end
and does not contain the first two exon regions. Southern blot analysis of genomic DNA
has demonstrated that this duplication is polymorphic in natural populations of Drosophila
(34), and in some cases exists as a triplication (35). Preliminary analysis suggests that
this duplication may be a recent event since the sequence between the duplicated units
has not undergone any nucleotide divergence. A detailed analysis of this duplication will
be presented elsewhere (36).
Structural Features of the Primary Amino Acid Sequence
The complete primary amino acid sequence of GPDH for Drosophila melanogaster was
derived by matching the nucleotide deduced amino acid sequence with that obtained from
the sequence of tryptic peptides derived from both GPDHF and GPDHS protein. The
sequence data from tryptic peptides included 91 % of the total amino acid sequence with
gaps occurring only for residues 1-20 at the N-terminal end, and at residues 134- 138
and 142- 147. This consensus sequence aligned to the sequence from three additional species
is illustrated in Figure 3. The total number of residues for the Drosophila protein is 349
for GPDH-3 and 352 for GPDH-1 giving a calculated size of 38.4 and 38.8 kDa respectively
which is in good agreement with published values determined by SDS-PAGE (19,37,38).
The number of amino acid residues for the two mammalian sequences differ from each
Drosophila sequence due to insertions-deletions between each sequence and in the case

of GPDH-1, due to the three additional C-terminal amino acid residues.
The amino acid sequence can be divided into two functional domains with residues 1-118

defining an NAD-binding domain and residues 119-349 defining a catalytic domain (39).
The NAD-binding domain consists of two j3a(3a(a supersecondary structural elements
positioned side by side to form a twisted six stranded parallel $-sheet, OA-OF, overlain
by four linking a -helices, aB, aC, aE and aIF (Figure 5). The four amino acid sequences
illustrated in Figure 3 show especially high conservation throughout this domain and the
amino acid substitutions which are observed do not substantially alter the predicted positions
of the a and $-elements in the model presented for the rabbit enzyme (39). In addition,
five residues have been described as invariably conserved in all NAD+-dependent
dehydrogenases (39), which include a glycine at positions 10, 12, 15 and 70 corresponding
to the Drosophila sequence and aspartic acid 33. The sequences compared in Figure 3
show strong conservation for these residues with the exception of Asp-33, substituted by
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AAGCTTCTCCTTTACGACATCGGTAATTTCATCAACTTCGGCGTGCCCAAGAGCTGTATAAAAATAGTGG -825
TTTACAAATAATTATAAGAAAATAACAGCAATGTTCTAAATATTACTGACCACCGAAAATAATTAAG -755
AGTTGTAGAATAGCTAACCACTTGAGGCTGGCCATCTTTTAGTTATGACCGAATAACATTCGATTGTTGA -685
AATCTTCGACGTGTGTAAATTAGATTATTCAGAAAAATAACAGTGACAAAAGGATGACACAGTTGATTAT -615
AAAACATTAGCACTTGTTTTTGGTTGCAATTTGCTAATTTGTTGGCATTCCGAATCAAAACAGGCAAACC -545
CAATACAATTTAATAGTAAAAGGGAAAATAAATAAATAAACTTTGTAAATGTTTATAAAATAAGAAAA -475
TAAATTCATGAAAAATAGGGGATAGGGGAATGTATGGTTTTCAAATTTTTCACGAATACCGTTAACGAAT -405
GCAAATGCACAATACCAATTTGAATTlGCCCCAACTGCTCACTTTGCAGCACTGAACAAGAGAATGC -335
GCAAAGGCGTTATACAGTACTGGTCAATATACCAGGGATGCAACGCTCCAAAGTTCGGCAATTtMAACMA -265
ZCIAAAGAGTTTAACTATTTTAGTAAAACTACAGTTTATAAATAATTTCCATGGTTAAAACAATACCA -195
GGATGTACTGCGCATTGGAAAAGTGAGCGGATTCCCTGTGCGGAGCTTATCGCACCGCCAACACAAACAT -125
ACACATGCACACGGACTCTCTTCGCTCTCTTCCTCTCTCTCTCTCTCTTCGCAATCGCAACGATTTGTTG -55

v
TTGGCCGCAGTGCTTGTTTTGCTI hITAAGCATGTGTGGAGTGCAAACCAAGAATCAGTAGTCGCCGCG 16
GTTTCGACGTGTCAGTTTGCAGTACAATTACAATTGATTAATCGCGCCAAATCGCGGAGCCAAGTAGTAC 86

A D K V
TTAGCAAGTAGCAAGAGGAAGCACATCAGCGAGTCCATCGACAACAATAACAAAATATGGCGGATAAAGT 156
N V C I V G S G N W

AAATGTGTGCATTGTGGGCTCCGGCAACTGGTGAGTGCACTTAATTACCCATCGCCAGATGCACTTACAT 226
AATGACCATCTAATCCACACCCGCACCCAACACCACCCCACCAACATTTTAATCTAAACCTTGCGCCCTT 296

G S A I A K I V G A N A A A L P E F E E R V
GCAGGGGTTCGGCCATAGCGAAAATCGTGGGCGCCAATGCCGCCGCTCTGCCGGAGTTCGAGGAGCGGGT 366
A M F V Y E E L I D G K K L T E I I N E T H E
GACGATGTTCGTCTACGAGGAGCTCATCGATGGCAAGAAGCTGACGGAGATTATCAACGAGACGCACGAG 436
N V K Y L K G H K L P P N V
AACGTCAAGTACCTGAAAGGACACAAGCTGCCCCCGAATGTGGTGAGTGTTGTTCGCTGGTTGCCAATCA 506
ATGGGGTGGACTTATGTAACGCCGGAGCGGATTGTTAACAAACAGCCGTCCGCTTACATAAAGGCTGCAT 576
ACCTTGATCTTGGCCGTGCGGACCCAAATTATCTAATCGGTCGAATCCGCGTCTATTTTTACACCTCTCT 646
CGCTCTCTCTCTCTCTCTCTGCGCTGCGCTCTGGCTGCAGTCAGATTGCACTCTTCTTGCACTTTTCAGG 716
GCCAGCATCGCACTCTCGCTCTCCGCGAAGAGAGCGCGTCCGGCCCCAGTGCCTTTGACGTAGGTCAAGG 786
CCGGTGGGCGTGCAATGGGCCACCCCCTCGCAGGGCCGCCCAGAATGCGTCAACATTCTATTAGCCGATA 856
ATTGGACAGGCAGGCGATAAGCAGGCGATCCACTTGAAACGGGTGCGTTGCTACACATGTACATGCTCCA 926
CAGGCACTCGAGCTGTTCTGTTTGCCGATTATTGATAAGTCCAACTGGTCCGGGTCGGTTGATAAAGTCC 996
ATCCATAAAGGAGAGTCAGAAGTTCATCCACGACAAAGTTTGCCCCATGCCTTGGAAAAAACCTAGCCAT 1066
GCGTTGGCAGCATGGGGATTGATAAACGTGAAAAACAGAAACCAAACAAAATGTGGGCGACACTTTTCTA 1136
TGCCGCACCGTTTGTTTGCCGAGAGAATTTACACACATATATAAATTTGGCAGACTTTCAGCGACTTTCG 1206
GCGTTTGTTGGAGAGGGGGGAATCAAAACAACAGATGAGCCAAAAGAAAATAGATAAACGAGGCTGAAAT 1276
TCTATAAGCAATGATCGCCACCAATGTCAGATATGCAAAAAGTATGCAAAAGGCAATGAATATGTGTCAG 1346
CAAGCTAATGAGCTTAATGCAACAAAGAACTAATGAAAATATTTGGAAATTCTGTTTATTTACCCGTACA 1416
GAATTACTTTTTCTCCATATGACGACGTAGTGTGGAACGAAATACGTGTCGAATAGCTTAGAAGTCTCAA 1486
TTACCTGAATTGCTAATTGCCAGCTGGTTTTTCTAGTTAAATTTACTTTTACCGATGTCAAATCATAGAT 1556
TGTTACGTTATTGCAAAATATATAACAATTATTTAAATGTCATTGCCCTAGTAAGATCATTAAAATGCAA 1626
GTAGCGCAACATCACACTATACACACTTTATAACTTAACCTTTTAAAATTTCCATTTGCTTGCCATTTTT 1696
GTCTTTTTTGTGAACCCATAATCACTATCGTCGCGCGTAGAAAAAAACAAATACATTAGCAATATGAAAT 1766
CATTTCAAATGCTACAAACAGGTTGGCGAGCCAGCATCCGGGATATGGAGAAATAATACTCTGATGTACA 1836
AAGTCACCCATATCAAGCTCAGCCGATCGATCTGACCAGCCAGTCCGCGATTTAAATTGTATAGACAGCT 1906
GAGGAACGAGCCTCCAAAGGTTGGAGTGGAATACACGTGCTGGGAAAATGATTTCCGTGATCCGTCTGCA 1976
GTTCCCTTCATTTAACCTTCAGCCCGCTTATCGGAGTTATATATTTTTTTTTTGTTTTTTTCCTTATCAC 2046

V A V P D L V E A A
AGTAATTAGAAAAGTTTACTTTGTGGCCCCTATTCCACAGGTTGCCGTGCCCGACCTGGTTGAGGCCGCC 2116
K N A D I L I F V V P H Q F I P N F C K Q L L G
AAGAACGCTGACATCCTGATCTTCGTGGTGCCCCACCAGTTCATTCCCAACTTCTGCAAACAGCTACTGG 2186
K I K P N A I A I S L I K G F D K A E G G G I

GCAAGATTAAGCCAAATGCCATCGCTATCTCCCTGATCAAGGGCTTCGACAAGGCCGAGGGCGGCGGCAT 2256
D L I S H I I T R H L K
CGATCTGATCTCGCATATAATCACGCGTCACCTGAAGGCAAGTCAGCGTCGCAAGGTGACACCGCGA 2326

I P C A V L M G A N L A N
ATATCTCAATCCACTTGTGACTTTCCATCGCAGATCCCATGCGCCGTGTTGATGGGCGCAAACCTGGCC 2396

E V A E G N F C E T T I G C T D K K Y G K V L
ACGAGGTGGCTGAGGGCAACTTCTGCGAAACGACAATCGGCTGCACGGACAAGAAGTATGGCAAGGTGCT 2466
R D L F Q A N H F R V V V V D D A D A V E V C
GCGCGATCTCTTCCAGGCGAACCACTTCCGCGTGGTGGTCGTGGACGATGCTGATGCCGTGGAGGTTTGC 2536
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G A L K N I V A C G A G F V D G L K L G D N T K
GGTGCCCTCAAGAACATCGTGGCCTGCGGCGCTGGCTTTGTTGATGGCCTCAAGCTGGGCGACAACACCA 2606
A A V I R L G L M E M I R F V D V F Y P G S K

AGGCGGCTGTCATCCGGCTGGGCCTCATGGAGATGATTCGCTTCGTGGACGTCTTCTATCCCGGAAGCAA 2676
L S T F F E S C G V A D L I T T C Y G

GCTGTCCACCTTCTTCGAGAGCTGCGGCGTGGCCGATCTGATCACGACGTGTTACGGTAAGTGCAAAAGT 2746
TCGCCAGGGCATGTGAGTTTGGAGCTCGGTTAAATTGAGAAGGTTATCAGGAACGGGCAACAACGAGCGT 2816
AATAAGTCAACAAACTGCTAGTCAAATGCTATTATTATTTTAAGGCAAAAACAACTCTGCCAGTGACTCA 2886
CATTCAATAGTAATTGCGAATTGCTATTAGCCTTTACTAATAGCTGTGTAACAAATTAGTTCTGTTTA 2956
TGACTGTAAGCTTGTTACTAAGTTGTTTGTTTTATGTAAGGTACACTTAGGTAGCAATTACAATTTTA 3026

G R N R R V S E A F V
GAATGTTTGATATAATAACTATGCATCTCTTCCAGGTGGCCGTAACCGCCGCGTCTCTGAGGCGTTTGTG 3096
T S G K T I E E L E K E M L N G Q K L Q G P P T
ACTTCTGGAAAAACCATTGAGGAGCTGGAGAAGGAAATGCTCAACGGCCAGAAGCTGCAGGGCCCACCCA 3166

A E E V N Y M L K N K G L E D K
CTGCCGAGGAGGTCAACTACATGCTGAAGAACAAGGGTCTGGAGGACAAGTACGACTGAGCTTATTATCC 3236

F P L F T A I H
AATCCAATTCAAATAGTTAACTTAACACTGATCTTGTTTGCTTGCAGATTCCCCCTGTTCACGGCTATTC 3306
K I C T N Q L K P N D L I D C I R N H P E H M

ACAAAATATGCACAAATCAGCTCAAGCCTAATGATTTAATTGATTGCATACGCAATCACCCTGAGCATAT 3376

GTAAGTGTTTCGTTTGCATTGGTTATGGCTCGTTTTCGCCTGTTTATCCCGCTATCCTGATACCCCGCCT 3446
TCCTGAAAATCCCACGAAATGAGCTTTGTATTCTCACCTTTAACGTTTGATTTATTATTGTTTCTTTAAC 3516
TTTTCTTArTTAAGTTAATCTTTTTCCTATGCTAAGTTGATGCACCTTCTGTTTCTGTTTCCGTTTCTT 3586
TGATTGTTTCCCTATTATTATTTTATTAATACCTAAACTAAGCTTAACTTTAAAATTAAATAMGTGCTA 3656
AATAATAW CTCGAT GGGAATGTTTAACATTCC 3726

CCAAAGAAATCATTCATAATCCCGATTCACATGCATCAGCGTCATTCGTTTTCAGAGTTATATTCAGCCA 3796
TTTATTTCGTTACATCCCGTAGTCACTACTAATCCATCGAAATAATATTATTTTCCATCCATTACAAATT 3866

D T S I M P S P K L ***
AGTTTCCTTCTC TTTTATATTATTTTTATAGGGATACGTCCATCATGCCGTCGCCAAAACTTTAAA 3936
CTGTGTTACACCCAAACAAGATCAGTCAATGTATATTGTAAATACTATATATACCCGCATAGATCAAATC 4006
ACCAGTCATCTTCACCAAGGCCTATAAAGCTGGCATTATATAGATATATGCATAAAGT TCGT 4076

TCCACGTCAACTGCATTACTTTTTCCTCTAATTCTCGCAAGTGTTTTTCAATGTGTACAGTGCTAAAGTG 4146
TTAGATAATCGAACCAAAACAAAGAGTGTCATAATTGTTGAACCTAATTGGAATTGTTAAMAAM&TATA 4216
AATTAAATACAAGTTCTTTGTACATACCAACCAAAAGTGTTCCCAACTCATTTAACATTCAAAATTGGCA 4286
GCTGCAAATCGGCAAAGAGCAGTACGTACAAAACTCCAAAATT MTAATTTTGCAATTTTCAGTTAAT 4356
CAAGCACGGTTGTGTTTTATTTTAACGGATGTGTATTAACTAAAACTGATCGAGAAACTTTTGATTATAA 4426

Q N L ***
ATACTTTCTTCTTATTTCACAGGCAAAATTTGTAAATCCCCTAAAGAAGCTGAGACGTTTTTAACATT 4496
TTTATGCACCACAGAC&ATAAATGTATTAGCACAACGCCAACTCGATGAATCTTTGGATTCCATT 4566
TTCTAACCAGTTAACTAAAAGGATCGTATAGGTTGTTGCCTTAGTTAGCTTATTGATTTTAATCCAAAAC 4636
CACGCATATCCAACGAACCACGGAAGAAAACTGACAACCAAAGTCTGCTTTAATTTTAAAATTTAGTTGT 4706

TTCAATTCCAAACTAGCCAAGAAACAAACGCAAGTACCTAACAAATATATTGTAATTTTGTGGCCACAA 4776
GTAGCCGACGGAGCTGGCGAGAGGATCTTAGTATAATTTTAATCGGACTGCGTAGACACTAGAATTAAAT 4846
GATTACCCAAAGGTCGTTGC AAAAA GCTGAGAATTAACAAGGTTGTTTGTTTATTTTCTATCACC 4916

TA&TAATGGGATCATTCTTTTCTAAAGATAAGTTTATCTGATGACCAATTTGAAMIAMTTTACATA 4986
CATCCTTACATAGATGGCCGCTAGGTAAAGTTTCTACATGCGCGCCTAAGTAATAATTCAACTATTGC 5056
TTACAAGTATTT AGTTGAAAAC777TTTTT7 5093

Figure 2. The complete nucleotide sequence of the gene for Drosophila glycerol-P dehydrogenase including the
complete structural element and approximately 900 bp of additional sequence extending to the first HindlII site
in the 5'-flanking region (see Figure 1). The one-letter amino acid designation indicates the deduced amino acid

sequence for protein coding regions of exons. The TATA box, CAAT box, a cAMP-regulatory element (CRE)
homology, and potential polyadenylation signal sequences are underlined. The major transcriptional start site

is indicated by an arrow head. Translation termination (TAA) codons are indicated by asterisks.

glutamic acid in Drosophila, and Gly-70 which is replaced by proline in all four species.
Both substitutions can be considered to be conservative, the latter since both proline and
glycine exhibit similar turn properties.
The catalytic domain of GPDH is less well conserved between species and the region
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TABLE 1, EXON-INTRON ORGANIZATION OF THE DROSOPHILA
GLYCEROL-P DEHYDROGENASE GENE

DNA SEQUENCE OF EXON-INTRON JUNCTIONS

5-BOUNDARY ---------- EXON ----------- 3 -BOUNDARY

() N C AG IG CONSENSUS1" A A GI GT A A G TC N T- A -G

EXON 1 C T GI GT G A G T

T T G C AG IG EXON 2 G T GI GT G A G T

C C A C AG IG EXON 3 A A G IGC A A G T

T C G C AG |A EXON 4 A C GI GT A A G T

T T C C AG IG EXON 5 C A Al GT A C G A

T T G C AG IA EXON 6 T A T IGT A A G T2/

T T A T AG IG EXON 7 T A A

T C A C AG IG EXON 8 T A A

1/ FROM MOUNT (26), AND SHAPIRO AND SENAPATHY (27).
2/ ASTERISKS DETERMINE POSITION OF TRANSLATION TERMINATION

CODONS

of the protein linking the NAD-binding with the catalytic domain, residues 121-140, seems
particularly divergent. Overall, the amino acid replacements observed in this domain do
not suggest any substantial alterations to the secondary structure assignments based on
predictions for the rabbit enzyme. On the basis of tentative structural similarities between
the catalytic domains of rabbit GPDH and glyceraldehyde-3-phosphate dehydrogenase,
Otto, et al. (39) suggests that His-94, Asn-150 and Ser-153, corresponding to positions
in the rabbit GPDH sequence, are active site residues important in substrate binding and
catalysis. Figure 3 illustrates that both His-95 and Asn-152, the homologous residues for
the aligned Drosophila sequence, are preserved in all four species but that Ser-155 is replaced
by asparagine in both Drosophila enzymes. However, Asn-155 should be able to bind the
substrate phosphate group on L-glycerol-3-phosphate in the same manner proposed for
the rabbit enzyme (39).
Amino Acid Substitution Conferring the Electrophoretic Mobility Difference Between
Allozymes
Comparative peptide mapping of tryptic peptides derived from GPDHF and GPDHS
protein show two peptides, ST14 and STI, from the GPDHS map which are not present
on the map for GPDHF (data not shown). In turn, the map for GPDHF shows peptide
FT4A which is absent from the GPDHs map. The sequence of peptide FT4A can be
aligned to residues 328 -343 in Figure 3 and clearly corresponds to the combined sequence
of ST14 and STI (Figure 4). The replacement of Asn at residue number 336 in GPDHF
with Lys in GPDHS creates an additional tryptic cleavage site which explains the
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Figure 3. Comparison of the amino acid sequence of glycerol-P dehydrogenase from D. melanogaster to the
sequence from three other species. The sequence for rabbit and D. virilis is derived from the amino acid sequence
of overlapping peptides (39,41) while that from the mouse is deduced from nucleotide sequence data (43). All
sequences are aligned to D. melanogaster and the residue number is for the Drosophila enzyme. Sequences that
are boxed are those that share identity with the D. melanogaster sequence. Shaded regions represent highly conserved
residues common to all NAD dependent dehydrogenases and residues predicted to be important in active site
substrate binding (39).

Residue No. 328 329 330 331 332 333 334 335 336 337 338 339 340 341 342 343

GPoif Ile Cys Thr Asn Gln Lou Lys Pro Asn Asp Lou lie Asp Cys lie Arg

FT4A

GPDHS Ile Cys Thr Asn Gin Lou Lys Pro Lys + Asp Leu lb Asp Cys lie Arg

ST1 4 ST1

Figure 4. Amino acid sequence of the tryptic peptides FT4A, ST14, and ST1 isolated from comparative tryptic
peptide maps of GPDHF and GPDHS protein. The arrow indicates an additional tryptic cleavage site generated
by the substitution of a Lys in GPDHS protein for Asn in GPDHF at residue number 336.
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Table 2. Estimation of the Amino Acid Substitution Rate for
Glycerol-P Dehydrogenase Between Four Species 1

Dm Dv mouse rabbit

Dm 8(0.023) 114(0.329) 120(0.347)

Dv 0.023±0.008 116(0.335) 122(0.353)

mouse 0.400±0.038 0.408±0.038 34(0.098)

rabbit 0.426±0.039 0.435±0.040 0.103±0.018

1 Values above the diagonal are the absolute number of
amino acid differences between paired species with the value
in parenthesis representing the proportion of different
amino acids between each sequence. Deletions and insertions
were excluded from each computation and the total number of
residues used in each comparison was 352 between Drosophila
melanogaster (Dm) and Drosophila virilis (Dv), 348 between
mouse and rabbit, and 346 between Drosophila and mammals.
Values below the diagonal represent the average number of
amino acid substitions per site between two species (d) ±
the standard error.

occurrence of ST14 and STI on GPDHS maps. A total of 83% of the amino acid sequence
between each allozyme was examined and found to be identical except for the substitution
at residue 336.
The nucleotide and deduced amino acid sequence from both genomic and cDNA clones

isolated from Canton S and Oregon R libraries, each bearing the fast allozyme for GPDH,
show that Asn-336 is encoded by AAT. Sequence analysis of genomic DNA isolated from
an Ogasawara strain, which bears the slow allozyme, shows Lys substituted as a result
of the single base change AAT (Asn) - AAA (Lys) (Kusakabe, S., Baba, H., Koga,
A., Bewley, G.C., and Mukai, T., unpublished results). These results suggest that the
Asn- Lys substitution confers the electrophoretic mobility difference between these
allozymes. An identical substitution has been detected in lines derived from many widely
distributed populations and it seems likely that identical alleles, at the level of the amino
acid sequence, are segregating in natural populations worldwide (Chambers, G., unpublished
results).
Amino Acid Substitutions for Glycerol-P Dehydrogenase Between Species and Calculation
of Evolutionary Rates
Alignment of primary amino acid sequence data for GPDH between four species shows
a strong sequence conservation with a 98 per cent similarity between D. melanogaster
and D. virilus and a 67 and 65 per cent similarity between Drosophila and the mouse and
rabbit sequences respectively (Figure 3). A tabulation of the proportion of amino acid
differences observed between each sequence and estimates of the rate of amino acid
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substitutions per site between paired species is provided in Table 2. From paleontological
evidence the time of divergence between rodents and lagomorphs is estimated at 80 million
years and for mammals and arthropods 700 million years (40). These values provide two
independent estimates for dating an average age for the Sophophoran (D.
melanogaster) -Drosophila (D. virilus) radiation at 28 million years based on the amino
acid substitution rates tabulated in Table 2. This value suggests that the GPDH protein
within the genus Drosophila is evolving slowly with a rate of accepted amino acid
substitutions of 2.0 per 100 residues per 100 million years.
Intron Placement and Correlations with Functional Domains of the Protein
It has been suggested that exons of eukaryotic genes correspond to units which encode func-
tional domains of proteins, and that intron placement is non-random (42). The relative
importance of intron placement can be inferred by comparing the organization of func-
tionally related genes between distantly related organisms. Since the structure of the gene
encoding murine glycerol-P dehydrogenase, Gdc-J on chromosome 15, has been determined
(43) we have aligned it to the Drosophila gene Gpdh (Figure 5). Although each gene differs
in total size, Gdc-J is 7.5kb while Drosophila Gpdh is 5kb, each contain eight exons and
encode a similar number of total amino residues (Figure 3). The principle size difference
is due to the length of intron sequences and the non-coding region at the 5'-end of each gene.

Strong sequence and structural conservation is demonstrated within the 5'-end of each
gene that corresponds to the region of the NAD-binding domain (Figure 3). The placement
of introns 1 and 2 is both identical and highly significant where intron 1 disrupts the OA
from the aB unit at Trp 14 -Gly 15, and intron 2 separates the adenine and nicotinamide
mononucleotide binding folds at Val 73 -Val 74 (Figure 5). In addition the coding region
of exons 1 and 2 between each gene share a 78 and 76% identity respectively at the
nucleotide level. While the placement of intron 3 is not strictly conserved between species,
occurring between Lys 119 -Gly 120 for Gdc-J and Lys 142 -Ile 143 for Gpdh, its position
in both genes is close to the boundary that separates the NAD-binding from the catalytic
domain and is consistent with that observed for other NAD-dependent dehydrogenases
(44).

Less structural similarity is observed within the catalytic domain (Figure 5). Intron
placement is more or less random between genes with exons 4-7 of Gdc-J corresponding
to exons 3-5 of Gpdh. The exception is mouse intron 7 which shares an identical placement
with Drosophila intron 5 between Lys 318-Phe 319 at the 3'-end of each gene. In addition
the 5'-coding region of exon 8, which defines the 31 C-terminal amino acids of the mouse
protein, can be aligned to the coding region of Drosophila exon 6, which defines the 31
C-terminal amino acids for GPDH-3, with a 55 per cent nucleotide sequence identity.
However, extensive sequence divergence has occurred within the 1.7 kb noncoding region
of mouse exon 8 and there is no similarity between this region and the 3'-end of the
Drosophila gene beyond the coding region in exon 6.

DISCUSSION
In this study we have determined the complete nucleotide and deduced amino acid sequence,
including 900 bp of 5'-flanking sequence, of the gene encoding Drosophila glycerol-P
dehydrogenase. We previously demonstrated that the Gpdh locus expresses three classes
of transcripts that arise through the differential expression of three isotype-specific exons
at the 3'-end of the gene and that each transcript codes for an isozyme with a different
C-terminal amino acid sequence (8). Furthermore, based on the results of primer extension
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experiments, we predicted that all three mRNAs would be transcribed from the same
promoter region (8). The results presented here confirm the complexity at the 3'-end of
the Drosophila GPDH gene and demonstrate that each mRNA is transcribed from the same
promoter. These features strongly suggest that the 5'-end of the GPDH gene in D.
melanogaster is simple and is not a determinant in the generation of the three isotype-
specific transcripts. Transcript heterogeneity is therefore controlled exclusively through
a regulated process of 3'-end formation and alternate splicing pathways at the 3'-end of
the pre-mRNA as previously suggested (8).
The primary amino acid sequence of GPDH from D. melanogaster shows that the only

difference occurring between isozymes is at the C-terminal end of the protein. GPDH-3,
encoded by exon 6-specific mRNA, has the same C-terminal end structure as the murine
Gdc-J and rabbit muscle proteins (Figure 3). It is found predominantly in tissues actively
engaged in lipid biosynthesis and in regulating the redox balance, and in this respect is
similar in function to the vertebrate counterparts (2,3). GPDH-1 differs in that this same
sequence is extended by three amino acids encoded in exon 8-specific mRNAs. GPDH-1
is localized in the indirect flight muscle and serves a specialized function in flight muscle
metabolism through its participation in the glycerolphosphate energy shuttle. The importance
of this pathway to flight muscle metabolism in insects is underscored by the fact that mutants
lacking this enzyme activity are unable to maintain flight (5). Therefore, the complexity
observed at the 3'-end of the gene may represent an evolutionary response to natural selection
for multiple molecular forms of the enzyme each with divergent and specialized functions.
In this sense, it is worth noting that GPDH-1 in D. vinlus has the same C-terminal structure
which suggests that the structure of the gene in D. virilus may be similar to that for D.
melanogaster. It is possible that alternate pathways ofRNA processing may be a common
strategy for generating multiple forms of GPDH in insects. It is also remarkable that such
small differences in primary protein structure can lead to many differences in
physicochemical and kinetic parameters between isozymes (4). In this case the C-terminal
differences must lead to subtle changes in conformation for each isozyme which can be
proposed to (1) alter the net charge and thereby affect the native isoelectric point (45);
(2) alter the stability to thermal denaturation (46); and (3) cause slight variation in active
site positioning accounting for the observed differences in kinetic and ligand binding
properties and in the pH optimum (2).
Comparison of the amino acid sequence of GPDH between four species demonstrates

that these sequences have changed slowly over time. Based on this data, we have calculated
an average evolutionary rate of 2.0 accepted amino acid substitutions per 100 residues
per 100 MY which is within the range previously estimated for the genus Drosophila based
on immunological distance (18) and for birds and mammals (3). This represents an overall
slow rate of evolution that is somewhat comparable to that for cytochrome C (40). We
have also observed that the region of the catalytic domain is changing more rapidly than
the region of the NAD-binding domain. Since GPDH serves an important link between
carbohydrate and lipid metabolism, distinct rates of evolutionary change within functional

Figure 5. Comparison of the exon-intron structure of the glycerol-P dehydrogenase gene between D. melanogaster
and the mouse, and the relationship of intron position to functional domains of the protein as predicted by Otto,
et al. (39). Shaded regions represent protein coding regions of exons and unshaded regions represent untranslated
sequences. Lines represent regions of intervening sequence. Exons are drawn to scale while introns are not drawn
to scale. Amino acid residues indicated are for the D. melanogaster sequence, and the relative position of regions
of secondary structure within the nicotinamide adenine dinucleotide binding domain is indicated.
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domains may reflect selective pressure for adaptation to different intracellular mileus and
multiple metabolic roles that require divergent catalytic efficiencies.

Isozymic forms of a protein can also be considered a response to evolutionary pressure
when an enzyme must operate under the constraints of several metabolic functions. For
GPDH two strategies have emerged. The multiple molecular forms of GPDH in Drosophila
are shown to be encoded by the same structural gene and to arise through alternate pathways
of pre-mRNA processing. In vertebrates an ancestral gene duplication gave rise to the
tissue-specific forms (3). Since isozymes produced through duplicate genes can sustain
higher rates of accepted mutation in adapting to specialized intracellular environments,
it is somewhat remarkable that the similarity between the amino acid sequence of insect
and vertebrate GPDH protein is so high. In this sense, the constraints of function on
evolutionary change must be substantial in this gene-enzyme system.
A comparison of the overall structural organization between the gene for Drosophila

GPDH and murine Gdc-J shows a remarkable conservation of structure through the region
encoding the NAD-binding domain at the 5'-end. The region representing the catalytic
domain is more variable with respect to intron placement which suggests once again that
this region of the gene may exhibit a higher rate of evolutionary change than the gene
as a whole. The penultimate exon 8 of the mouse gene contains an unusually long 1.7
kb noncoding trailer region that corresponds in size to Drosophila exons 6, 7, and 8.
However, no sequence homology is detected between the two genes beyond the coding
region of mouse exon 8 and Drosophila exon 6. Ireland, et al. (43) suggest that the long
noncoding region in the mouse gene may be associated with GPDH mRNA function. An
alternate suggestion is that the size may simply be an evolutionary remnant of the complexity
of the 3'-end of the Drosophila gene which was lost due to a gene duplication event during
vertebrate evolution.

In summary, the high level of amino acid sequence identity between Drosophila and
vertebrates, similarity in calculated secondary structural motifs of the protein, and structural
similarity of the genes between Drosophila and mouse suggest that the Drosophila enzyme
has a common evolutionary origin with vertebrates. Such a relationship can be more clearly
defined by comparing the nucleotide sequence and structural divergence of the duplicate
genes in vertebrates with the gene in the genus Drosophila.
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