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(Pgk) gene 

Summary. The gene that encodes phosphoglycerate ki- 
nase in Drosophila melanogaster (Pgk) has been isolated 
and characterized. There is a single copy of Pgk in the 
Drosophila genome located at cytogenetic position 23A1- 
2. Transcripts of Pgk are 1.6 kb long and are found 
during development with a profile similar to the expres- 
sion pattern of other genes of the glycolytic pathway. 
There are substantial amounts of maternal transcript 
in early embryos which decline in abundance until mid- 
embryogenesis when transcript levels increase; levels re- 
main high, during larval stages, fall during pupariation 
and rise again at emergence. The nucleotide sequence 
of the Pgk gene reveals two small introns, one of which 
is at a position identical to the site of an intron found 
in Pgk genes from other organisms. The Pgk gene has 
no TATA box in the region of transcription initiation 
and has multiple transcription initiation sites that are 
closely spaced within 110 nucleotides of the translation 
start site. 
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Introduction 

Phosphoglycerate kinase (PGK; ATP: 3-phosphoglycer- 
ate 1-phosphotransferase, EC 2.7.2.3), an enzyme of the 
glycolytic pathway, catalyzes the reversible conversion 
of 1,3-diphosphoglycerate to 3-phosphoglycerate, gener- 
ating one molecule of ATP. PGK from yeast and from 
several mammals has been extensively characterized 
(Banks et al. 1979; Huang et al. 1980). X-ray crystallog- 
raphy of horse muscle PGK has demonstrated that this 
monomeric enzyme is composed of two lobes connected 
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by a waist region. These two protein domains, the C- 
terminal and N-terminal domains of PGK, may com- 
prise the ATP binding and phosphoglycerate binding 
regions, respectively (Blake etal. 1972; Bryant etal. 
1974). It has been proposed that substrate binding initi- 
ates a hinge-bending motion of the two domains which 
results in the closure of an active site cleft (Banks et al. 
1979). Although comparison of amino acid sequences 
of the yeast and human enzymes show only 65% conser- 
vation (Banks et al. 1979; Huang et al. 1980), a domain 
interchange between human and yeast PGK yields a hy- 
brid enzyme with catalytic properties similar to either 
parent enzyme (Mas et al. 1986). 

Specific human PGK variants have been described, 
some of which lead to enzyme deficiency, nonspherocytic 
hemolytic anemia and neurological disturbance (Fujii 
and Yoshida 1980; Fujii et al. 1980, 1981 ; Yoshida et al. 
1972). In addition to a generally expressed protein which 
is X-linked, a testis-specific isozyme is found in a number 
of mammalian species (Pegoraro et al. 1978; Pegoraro 
and Lee 1978). In the mouse, this isozyme has been 
mapped to the major histocompatibility complex on 
chromosome 17 (Eicher et al. 1978), whereas its chromo- 
somal location in humans is linked to the MHC locus 
on chromosome 6 (Szabo et al. 1984). 

Pgk genes have been isolated from various organisms 
(Ciccarese et al. 1989; Clements and Roberts 1986; Nell- 
mann et al. 1989; Solingen et al. 1988; Vanhanen et al. 
1989; Watson et al. 1982). Studies of human and mouse 
genomes indicate that the mammalian Pgk gene family 
includes two functional loci. The X-linked Pgk-1 is in- 
tron-containing and expressed in all somatic cells and 
premeiotic cells (McCarrey and Thomas 1987; Michel- 
son et al. 1985a). The intronless mouse Pgk-2 arose by 
reverse transcriptase-mediated processing of a transcript 
from the Pgk-1 gene (Boer et al. 1987; McCarrey 1987; 
McCarrey and Thomas 1987) and is expressed only in 
the meiotic/postmeiotic spermatogenic cells (Adra et al. 
1987; Boer et al. 1987) and is linked to the major histo- 
compatibility locus on chromosome 6. In the human 
genome an X-linked intronless pseudogene (yhPgk-1) 
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has also been identified as a retroposon of the functional 
Pgk-1 locus (Michelson et al. 1985b). Human genomic 
Pgk clones have been independently isolated (Singer- 
Sam et al. 1984; Michelson et al. 1985a). The gene con- 
tains 10 introns and 11 exons and spans a 23 kb region 
on the X chromosome. A Pgk-1 genomic clone from 
mouse has also been isolated and partially sequenced 
(Adra et al. 1987). The mouse Pgk-1 gene is spread over 
a 16 kb region of the X chromosome and may also con- 
tain 10 introns and 11 exons. The human Pgk gene has 
three transcription start points located at 77, 78, and 
86 nucleotides upstream of the translation start codon 
(Singer-Sam et al. 1984). The mouse Pgk gene has a sin- 
gle transcription start site located 88 nucleotides 5' of 
the ATG codon (Adra et al. 1987). 

In Drosophila, Chew and Cooper (1973) identified 
three PGK electrophoretic variants in natural popula- 
tions. They attributed this variation to three co-domi- 
nant alleles of a single Pgk gene. Preliminary data have 
positioned Pgk on the left arm of chromosome II, be- 
tween the genes al and cn. More precise mapping con- 
firmed the location of Pgk on 2L at genetic map position 
5.9 (Voelker et al. 1979). Terminal hyperploids have been 
used to demonstrate the cytogenetic location of Pgk to 
be between ho at 22E and ed at 24D2-24F1 (Voelker 
et al. 1979). In this report we describe the isolation, ge- 
netic and molecular characterization and expression pat- 
tern of the Pgk gene of Drosophila melanogaster. These 
studies contribute to our ongoing investigations on the 
control of expression of the genes that encode the en- 
zymes of glycolysis in Drosophila. 

Materials and methods 

Isolation of Drosophila Pgk clones. Drosophila cDNA 
Pgk clones were isolated from a 2-gt 11 cDNA library 
constructed by von Kalm et al. (1989) using RNA pre- 
pared from adults of strain Oregon-R. The library was 
screened using a 600 bp HindIII fragment isolated from 
the coding region of a human Pgk cDNA clone. The 
human clone was a generous gift of A. Yoshida, City 
of Hope Research Institute, Duarte, Calif. Hybridization 
was in 4 x SSC at 65 ° C. Two cDNA clones were ob- 
tained and confirmed to be Pgk by nucleotide sequenc- 
ing but neither contained the complete Pgk coding se- 
quence. The largest of the cDNA clones was subsequent- 
ly used to obtain genomic clones by screening a ,~ 
EMBL-4 genomic library prepared using strain Oregon- 
R genomic DNA from adults. Several clones were ob- 
tained and one of these, 2-PGK-C, was selected for sub- 
sequent studies. 

DNA sequencing. A 2.7 kb and a 4.0 kb EcoRI fragment 
and a 2.2 kb BamHI fragment from 2-PGK-C (Fig. 4) 
were isolated and ligated into EcoRI- or BamHI-cut 
pBluescript II SK + (Stratagene). In addition, subclones 
of the 0.6 kb and 2.8 kb EcoRI-BamHI and 0.7 kb Barn- 
HI fragments were constructed in pBluescript II SK +. 
Single-stranded phagemid DNAs were rescued by helper 
phage superinfection according to a rescue protocol by 

Vieira and Messing (1982). Single-stranded DNA se- 
quencing was performed by the chain-termination se- 
quencing protocol (Sanger et al. 1977) with the US bio- 
chemicals Sequenase sequencing kit. 

Blotting procedures. DNA was prepared from adult Dro- 
sophila by the method of Bender et al. (1975), digested 
with restriction enzymes, electrophoresed in 0.8% agar- 
ose gels and transferred to Nytran membranes 
(Schleicher and Schuell) according to the method of 
Southern (1975). RNA was isolated according to the 
method of Skuse and Sullivan (1985). Total RNA 
(2.5 gg) from each stage was analyzed on Northern blots 
(Lissemore et al. 1987). Blots were probed with a 1 kb 
fragment of a Pgk cDNA clone made radioactive by 
random priming using a kit purchased from Boehringer- 
Mannheim. Developmental stages were timed from the 
midpoint of a 2 h embryo collection period. 

In situ hybridization. The cytogenetic localization of Dro- 
sophila Pgk was determined by in situ hybridization of 
the recombinant 2-PGK-C DNA to salivary gland chro- 
mosomes using Biotin-16-dUTP and a detection kit 
(ENZO). 

Transcript mapping. RNase protection was done using 
a Ribobasica kit (IBI) following the procedure of Zinn 
et al. (1983), with some modifications. Total RNA (5 gg) 
and 2 x 105 cpm of labeled RNA probe were mixed and 
hybridized at 55°C overnight. Heat-treated RNase A 
(12 gg) and 1500 units of BRL RNase T1 was added 
to the overnight hybridization reaction and incubated 
at 30 ° C for 1 h. RNA was phenol extracted and precipi- 
tated with 5 gg of yeast tRNA as carrier. The RNA 
pellet was rinsed with 70% ethanol, dried and resus- 
pended in 4 tal of loading buffer. The samples were run 
in a 6% acrylamide/8 M urea sequencing gel at 100 W 
for 1.5 2 h (Calzone et al. 1987). For primer extension, 
200 ng of synthetic oligonucleotide primer was end-la- 
belled using 300 gCi of 7-[32p]dATP (7000 Ci/mmol), 
10 gl of 50 mM MgCI2, 5 gl of 200 mM mercaptoetha- 
nol, and 10 units of T4 polynucleotide kinase in a total 
volume of 50 gl which was incubated at 37 ° C for 1 h. 
The primer was purified on a NENSORB-20 column 
(NEN), dried, and resuspended in 100 gl of TE (10 mM 
TRIS-HC1, 1 mM EDTA pH 8.0). Poly(A) + RNA (5 gg) 
plus 1 x 10 6 cpm of labeled primer in 10 gl of 6 x SSC 
were heated to 70 ° C for 5 min, and then incubated at 
45 ° C overnight. After hybridization, the samples were 
ethanol precipitated at - 2 0  ° C for 1 h. The pellets were 
resuspended in a final volume of 50 gl including 5 gl 
of 0.5M TRIS pH 8.5, 0.1 M MgClz, 0.4M KC1, 
10 mM DTT, and 1 mM each dNTP, 40 units RNasin, 
and 30 units of AMV reverse transcriptase. This mixture 
was incubated at 37 ° C for 1 h. After incubation, 5 gl 
of 4 M ammonium acetate, 50 mM EDTA and 4 gl of 
10% SDS were added. The samples were extracted with 
phenol and chloroform and precipitated by ethanol at 
- 2 0  ° C for 1 h. The pellets were resuspended in 4 gl 
of loading dye, heated to 90 ° C for 5 min, and electro- 
phoresed in a 6% acrylamide/8 M urea sequencing gel 
(Calzone et al. 1987). 



Results and discussion 

Identification of a single Pgk coding region 
in the Drosophila genome 

To determine the copy number of  Pgk genes, Southern 
blots of genomic D N A  were hybridized with a radiola- 
belled cDNA clone (Fig. 1). Digestion of genomic DNA 
with each of  nine restriction enzymes results in a single 
hybridizing band (Fig. 1, lanes B-J), which is consistent 
with the presence of  a single gene. Digestion of genomic 
D N A  with BamHI (Fig. 1, lane A) yields two hybridizing 
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Fig. 1. Southern blot of genomic DNA probed with a I kb cDNA 
fragment. Enzymes used are; A, BamHI; B, BglII; C, EcoRI; D, 
HindIII; E, PstI; F, SalI; G, Sinai; H, SphI; I, Ss~II; J, XbaI. 
Size standards are fragments from a HindIII digest of 2 DNA 

Fig. 2. In situ hybridization of biotinylated 2 Pgk-C to salivary 
gland chromosomes. The arrow indicates hybridization to the 
23A1-2 region 
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bands. Given the sequence (see below) the two bands 
found in the BamHI digest are also accounted for by 
a single gene. A single Pgk gene is also indicated by 
in situ hybridization to salivary gland chromosomes 
(Fig. 2). The site of  hybridization is at cytogenetic posi- 
tion 23A1-2, which is consistent with earlier observations 
that positioned the Pgk locus gene between 22E and 
24D2-24F1 (Voelker et al. 1979). 

Developmental expression pattern of Pgk 

Expression of Pgk during development was studied by 
Northern blot analysis (Fig. 3). A single zone of  hybrid- 
ization of  approximately 1.6 kb is found in RNA sam- 
ples prepared from all stages of  development. In very 
early embryos, Pgk m R N A  is abundant but  then de- 
clines in quantity through the first 6 h. In mid-embryo- 
genesis, at about 12 h, Pgk m R N A  begins to increase 
in abundance. The most likely interpretation of  this pat- 
tern of  Pgk mRNA abundance is that a substantial 
amount  of  m R N A  is produced during oogenesis, stored 
in the oocyte and used to support  translation during 
early development. Transcription of Pgk, which is likely 
to be necessary to support later development, begins 
at a point prior to 12 h of embryogenesis. Pgk mRNA 
content during the larval and adult stages follows the 
pattern typical of  transcripts for enzymes related to gen- 
eral metabolic pathways. A similar developmental pat- 
tern has been observed for the transcripts of other glyco- 
lytic genes including Tpi (Shaw-Lee et al. 1991), Aldolase 
(Shaw-Lee et al. 1992), and Gpdh (Wojtas et al., submit- 
ted). 

A 

embryos larvae pupae adults 
. . i t  i 

PROBE ~'~ r°~ ~q'~'~q'~'~'6 ~ ~ ~6 ~6 'l~ ~ o~6 , ~ , ~ , ~ r o ~  kb 
Pgk -1.6 

B rp49 0.6 

Fig. 3. Northern blot probed with a Pgk cDNA clone. Each lane 
contained 2.5 gg of total RNA from each developmental stage. 
The blot was reprobed with rp49 as a loading control 
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Fig. 4. Partial restriction map of the Pgk genomic clone and se- 
quencing strategy diagram. The boxed-hatched area is the region 
where the Pgk coding sequence was thought to be located. The 
direction and extent of the sequence obtained from different sub- 
clones are indicated by horizontal arrows. Open boxes indicate oli- 
gonucleotides used as primers. E, EcoRI; B, BamHI 
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GAGAAGATGTGTGATTGACTTGGTTGGCCCTCA&CAG~TCATTTATTCA~T~TTACATATTGACATAC~CATC~AGGGGCGGCTGTTACATACGGTA I00 

TGTNCNTNTGTNTGTACTGTCGTAGNTTNTTNTTTNTT~CATTTTTTTTTNTTNTTTTTNT~&TT7h~TTNT~A~TTTTTNTN~TCNCT~ATTC 200 

GGNCTTTCNGTT~TTTN~CNG~CNTTC7~GGGTGTGG~G~k~GTTCT~AGGGGTT~7~TTTNTTNTA~TTTNTTA~J~T~&TTT 300 

TTATATGTATTTAAGTGAAAATTTATATGAACGGTTTCTATTTAAGTTAATNTAAA~AA~ATGTATACTGTAAATNGCAAATGATCAATTAAATGATCTN 400 

GTCAGATNTGGCAGNCNTTTNTTTTGTTAATTTTTAGGCATNTGATTATCTATGGACAATATTTAAATATTATGAAAATAATGATATTTT•AATA•TAGA 500 
.... ~ .... + .... ~ .... + .... ~ .... + .... ~ .... ÷ .... ~ .... + .... ~ .... + .... ~ .... + .... ~ .... + + ........ + 

~ t 

TTTTTN~TTTTNG~TTGTGTGGCCCCTTTTCGNCNCCCTTGG~CGGNTGCTTCNCAGCNCTGTGCTGNCAGCNCTTNCCAACNCTGCTTGGGCGCCN 600 

~TNCN~GTTGCNTTTGG~GNGTNC~CTTTTNTCC7~&CTT~G7~&~GNGNNTNCp~TCCGNTNCC~f~CTTCGGNCTCC~7L~TNGC~GTNTNCCCNGC 700 

TGGNTCCTGCGCATGGCNCCTNCCNNTCGGCGG~ACCGCTTGCCNCGGNTTGNCGCCCTGG7~&GTGGNGNTGC~CCCTNGCNGCTCNCCGNC~A~T 800 

GNCCTTGCGCTGNCNTTGCCGCNCNGcNGTTGNGGNCG~AGNNGNTTCGCGG~NTCNGTGGTNTCGCNNTCCGGNGTTTGCTNGCNCGCNCNGG~GTNT 900 

CCNGN7WkNTCCAG~TCC~NGNTGGCCTTC~TNAGCTGNGCNTCG~NCCTGGNCTTGGCGGGC7~GCGGGTGTTGNTGCGGTAATCCNA~GCC I000 

MetNlaPheNsnLysLeuSerIleGlu&snLeuNspLeuNlaGlyLysNrgValLeuMetNr************* 

. . . .  ~ . . . .  + . . . .  ~ . . . .  + . . . .  ~ . . . .  + . . . .  ~ . . . .  + . . . .  ~ . . . .  ÷ . . . .  ~ . . . .  + . . . .  ~ . . . .  + . . . .  ~ . . . .  + . . . .  ~ . . . .  + . . . .  ~ . . . .  + 

N~TCCTCGCGTG~ATTCNGTTGCNT~ACNTT~CCCGTGCTTCTTTGC7~CGTCGNCTTCNNTGTGCCC~TCA&GGNGGGCNNGATCNCCNGCNNCCNG ii00 

NG~kTTGTCGCTGCCTTGGNTNGTNTC~AGTTGGCCCTTTCC7W~G~NGCCANGTCGGTGGTGCTGNTGTCCCNCTTGGGTCGTCCCGNTGGCAACAAGN 1200 

NrqI~eVa~aA~aLeuNspSerI~eLysLeuN~aLeuSerLysLysN~aLysSerVa~Va~LeuMetSerHisLeuG~Nr9Pr~NspG~yNsnLysN 

AC•TCAAGTACACCCTGGC•CCCGTGGC•G•TGAGCTGAAGAC••TG•TTGGC•AGGATGTGAT•TTCCTAAGTG•CTGCGTCGGCAGCGAAGTGGAGGC 1300 

snI•eLysTyrThrLeuAlaPr•Va•A•aA•aG•uLeuLysThrLeuLeuG•yG•nAspVa•I•ePheLeuserAspCysVa•G•ySerG•uVa•GluA• 

CGCTTGCAAGGATCCCGCACCGGGATC~GTCATTCTGCTGGAGAACGTCCGCTTCTACGTGGAGGAGGAGGGCAAGGGCTTGGATGCCAGCGGCGGCAAG 1400 

aA~aCysLysAspPr~A~aPr~GlyserVa~I~eLeuLeuG~uAsnVa~ArgPheTyrVa~G~uGluG~uG~yLysG~yLeuAspA~aserG~yGlyLys 

GTCAAGGcCGATCCTGCCAAC~TCAAGGAGTTcCGTGCCAGcCTGGCcAAGCTGGGcGATGTCTATGTCAAcGACC~cTTCGGCACTGCCcATCGCGccc 1500 

Va~cysA~aAspPr~A~aLysVa~LysG~u~heArgA~aserLeuA~aLysLeuG~yAspVa~TyrVa~AsnAspA~aPheG~yThrA~aHisArgA~aH 

.... ~ .... + .... ~ .... + .... ~ .... + .... ~ .... + .... ~ .... + .... ~ .... + .... ~ .... + .... ~ .... + .... ~ .... + .... ~ .... + 

ACAGTTCCATGATGGGcGATGGCTTCGAGcAGCGCGcAGcTGGTCTGTTGCTGAACAAGGAGCTGAAGTACTTCTCGCAGGCccTGGACAAGCCACcAAA !600 

isserSerMetMetG•yAspG•yPheG•uG•nArgA•aA•a••yLeuLeuLeuAsnLysG•uLeuLysTyrPhe•erG•nA•aLeuAspLysPr•Pr•As 

TCCcTTCCTGGcAATTCTCGGTGGCGCCAAGGTGGCCGAcAAGATcCAGCTGATTG~GAACCTTcTGGACAAGGTCAACGAGATGATCATcGGTGGCGGc 1700 

nPr•PheLeuA•aI•eLeuG•yGlyA•aLysValAlaAspLysI•eG•nLeuI•eGluAsnLeuLeuAspLysVa•AsnG•uMetI•eI•eG•yGlyG•y 

ATGGCCTTCACCTTCcTGAAGGTCcTCAAc~AcATGAAGATCGGCGGTTCCCTGTTCGACGAGGAGGGcTCCAAGATCGTCGAGAAACTGGTGGAGAAGG 1800 

MetA•aPheThrPheLeuLysValLeuAsnAsnMetLysI•eG•yG•yserLeuPheAspG•uG•uGlySerLysI•eVa•G•uLysLeuVa•G•uLysA 

CCAAGAAGAATAAcGTGcAGTTGCATcTGCCAGTGGACTTTGTCTGcGGCGACAAGTTCGcCGAGAAcGCTGcCGTCAGCGAGGCCACCGTGGAGGCCGG 1900 

•aLysLysAsnAsnva•G•nLeuHisLeuPr•Va•Asp•heVa•cysG•yAspLysPheA•aG•uAsnA•aA•aVal•erG•uA•aThrVa•G•uA•aG• 

AATTCCCGATGGACACATGGGTCTGGATGTGGGTCCCAAGACCCGTGAGCTCTTCGCGGCACCCATCGCACGCGCCAAGCTCATCGTGTGGAACGG~G 2000 

yI•ePr•AspG•yHisMetGlyLeuAspVa•G•yPr•LysThrArgG•uLeuPheA•aAlaPr•I•eA•aArgA•aLysLeuI•eVa•TrpAsnG•**** 

.... ~ .... + .... ~ .... + .... ~ .... + .... ~ .... + .... ~ .... + .... ~ .... + .... ~ .... + .... ~ .... + .... ¥ .... + .... ~ .... + 

GTGTCACACTGAAGCTACTTCTCCAAATGTCCTATAATGGTTTTCCCATTTTAGACCCCCCGGTGTCTTTGAGTTCCCCAACTTCGCCAACGGCACCAAG 2100 

**************************************************************************************************** 

TcCATcATGGACGGcGTGGTGGCcGccACcAAGAAcGGCAccGTCTCcATcATC~GCGGCGC~GACACTGCcTcTTGCTGCGCCAAGTC~G~ACAcGGAGG 2200 

serI•eMetAspG•yValVa•A•aA•aThrLysAsnG•yThrVa•serI•eI•eG•yG•yG•yAspThrA•asercyscysA•aLysTrpAsnThrG•uA 

CACTCGTCTCGcAcGTcTCCACCGGAGGcGGCGCTTCGcTGGAGcTccTGGAGGGcAAGACACTGcCAGGCGTGCGTGcATTGACCAGCGCcTAAGCGTA 2300 

•aLeuVa•serHisVa•serThrG•yG•yG•yA•aSerLeuG•uLeuLeuG•uG•yLysThrLeuPr•G•yVa•ArgA•aLeuThrserA•aTer 

CATATATACGGTATATTAATGTTAATCGCATCGTT[~CCTTGT~GCACAAACCACGACGTTAAAAAGTGTTGAATCTATTTGTTGCGGAACCATATAAT 2400 

GCATACG~TAAAGGAATCCTAGTTTATTTGCGGGCAAAGTTGCTGTCCATTGAGGAGGCGGTGCGCTGTATGTTGTTGA~ATTGGCCCC~ATGCGATC 2500 

GCCAATTGAGTTATGGTTGGCAATGGCCTTCTTCACCTCCTTGTTAATGAACcTCCTTGTCGAAGTCTCGTTCACGATTTGGCCTCT. 2587 

Fig. 5. Nu~eotide sequence and deduced amino acid sequence of the Pgk gene ~ o m  Drosophila me~nogas~r and its flanking regions. 
Nucleotides are numbered with re~rence m the f i r~ nu~eofide of the sequenced region and the introns are ind~amd by asterisks 
in the breaks in lhe derived amino acid sequence. The nucleofides at the splice junctions are underline~ EMBL Acc. No. Z14029 



Nucleotide sequence of the Pgk region 

A partial restriction map of 2-PGK-C and the sequenc- 
ing strategy for the Pgk gene is shown in Fig. 4. The 
4.0 kb and 2.7 kb EcoRI fragments and the 2.2 kb Barn- 
HI fragment were isolated and subcloned into pBlues- 
cript II SK ÷ plasmid. Both orientations of the 4.0 kb 
EcoRI and 2.7 kb EcoRI fragments and one orientation 
of the 2.2 kb BarnHI fragment were used for sequencing. 
Subclones of the 0.6 kb and 2.8 kb EcoRI-BarnHI frag- 
ments and the 0.7 kb BarnHI fragment were also used 
for sequencing. Single-stranded DNAs were purified 
from each of the clones and sequenced by the chain- 
termination method. Also, five oligonucleotide primers 
were synthesized and used to sequence from the middle 
of the inserts as indicated in Fig. 4. 

The complete nucleotide sequence of the Pgk gene 
of D. melanogaster, along with the deduced primary ami- 
no acid sequence of the corresponding protein, is shown 
in Fig. 5. The sequence includes a coding region of 
1248 bp, 925 bp of 5' noncoding region, 292 bp of 3' 
noncoding region and predicts two introns of 64 bp and 
58 bp, respectively. The two introns are predicted by 
comparisons of the Drosophila nucleotide sequence with 
the amino acid sequence of human PGK. The putative 
introns contain the universal GT and AG junction se- 
quences (Mount 1982). The human and mouse Pgk-1 
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Fig. 6. A RNase protection mapping of the 5' end of the Pgk 
m R N A  from 2-day-old larvae (L) and l l-day-old adults (A). 
Probe I is a T3 R N A  polymerase transcript of a subclone in 
pBluescript II SK + of the 635 bp BamHI fragment which spans 
the 5' end of Pgk (positions 67~1309, Fig. 5. B Primer extension 
mapping of the Pgk Poly(A) + R N A  from 3rd instar larvae (L) 
and adults (A). Numbers in the left hand margin are DNA size 
markers. Numbers in the right hand margin are the calculated 
sizes of the bands 
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genes contain ten introns at conserved positions (Adra 
et al. 1987; Michelson et al. 1985a). Two introns have 
been found in Pgk genes of three filamentous fungi, Tri- 
choderrna reesei, Aspergillus nidulans, and Penicilliurn 
chrysogenum (Clements and Roberts 1986; Solingen 
et al. 1988; Vanhanen et al. 1989). The position of the 
N-terminal intron of the Drosophila Pgk gene is precisely 
conserved as compared to the human genes and is 1 bp 
removed from the position of an intron of the three 
fungal genes. The position of the second intron in the 
Drosophila gene is not conserved as compared to mam- 
malian or fungal Pgk genes. 

Drosophila Pgk has no discernible TATA box, similar 
to the human and mouse Pgk promoters. At position 
636-642 and 666-672 (284 bp and 254 bp upstream of 
the translation start ATG codon), there are two direct 
repeats of the sequence CCAACTT. From position 2409 
(113 bp downstream of the TAA stop codon), there is 
a single putative polyadenylation signal, AATAAA. The 
predicted PGK protein comprises 415 amino acids with 
a calculated molecular mass of 43952 Daltons and an 
isoelectric point of 7.71. 

PROBE: 2 3 

R N A :  A L A L 
nt 

1 0 1 8  - -  

- - 6 7 4  

5 0 6  - -  

3 9 4  - - ; ~  ~ ~ i  ~ 3 7 7  
3 4 4  - -  
2 9 8  - -  

2 2 0  - -  

2 0 0  - -  

1 5 4  - -  

1 4 2  - -  

ii,i 

i i;!iil; ii! iiiii?! -97 
Fig. 7. RNase protection mapping of the 3' end of the Pgk mRNA 
from 2-day-old larvae (L) and l l-day-old adults (A). Numbers 
in the left hand margin are D N A  size markers. Numbers in the 
right hand margin are the calculated sizes of the protected frag- 
ments. Probe 2 is a T7 RNA polymerase transcript of a subclone, 
in pBluescript II SK +, of a 2.2 kb fragment which extends down- 
stream from the BamHI site at 1322 (Fig. 5). Probe 3 is a T3 
RNA polymerase transcript of a subclone of a 2.7 kb EcoRI frag- 
ment in pBluescript II SK ÷ which extends downstream from posi- 
tion 1900 (Fig. 5) 
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Characterization of the Pgk transcript 

The 5' end of the Pgk transcript was mapped using a 
combination of RNase protection and primer extension 
(Fig. 6). A plasmid containing the 0.7 kb BamHI geno- 
mic fragment from the 5' end was linearized and tran- 
scribed using T3 RNA polymerase (probe 1, Fig. 6). D. 
melanogaster total RNA from 2-day-old larvae and 11- 
day-old adults was used to protect this probe. We ex- 
pected a 264 nucleotide (nt) protected fragment, repre- 
senting the distance from the 3' BarnHI site of the 0.7 kb 
BamHI fragment to the 3' splice acceptor site of intron 
1. Any other protected fragment(s) should represent the 
distance from the 5' splice donor site of intron 1 to the 
transcription start site(s). As shown in Fig. 6A, RNase 
protection of probe 1 by both larval and adult RNA 
yielded the expected 264 nt band but also resulted in 
nine additional bands of the sizes indicated. To elucidate 
further the positions of transcription initiation, primer 
extension was performed. A 20 nt oligonucleotide primer 
which is complementary to the sequence 14-34 nt down- 

stream of the ATG codon was extended and, as shown 
in Fig. 6B, primer extension of both larval and adult 
RNAs resulted in nine major bands. The size intervals 
between members of this set of bands are similar to 
those produced from the RNase protection. If the two 
techniques are detecting the same set of transcript ends, 
the size difference of corresponding bands obtained in 
RNase protection and primer extension should be 28 nt, 
i.e. the distance from the 3' end of the primer to the 
5' end of the donor site of intron I (Fig. 6 B). The mea- 
sured size differences between the corresponding bands 
from RNase protection and primer extension are about 
26 28 nt, thus supporting the hypothesis that the multi- 
ple bands represent a set of transcripts which have their 
5' ends at different locations within the region 113-67 nt 
upstream of the ATG start codon. 

The same set of multiple 5' transcript ends detected 
by primer extension and RNase protection suggests 
strongly that the Pgk gene has multiple transcription 
start sites. While it is conceivable that the multiple 5' 
ends result from exonuclease activity, we have deter- 

Droso M*AFNKLSIENLDLAGKRVLMRVDFNVPIKEGK*ITSNQRIVAALDSIKLALSKKAKSVVLMSHLG 

Human -SLS---TLDK--VK .... V ........ M-NNQ*--N .... K--VP---FC-DNG ........... 

Horse -SLS---TLDK-MVK .... V ........ M-NNQ*--N .... K--VP---FC-DDG ........... 

Mouse -SLS---TLDK--VK .... V ........ M-NNQ*--N .... ,--VP---FC-DNG ........... 

Trypa -SLS ..... TDV--, ..... I ....... LD-N-K ........ ,-IPT--H--DNG--A ........ 

Yeast -SLSS---VDQ---KD---FI ....... LD*--E ........... PT--YU-ENNPRV---A .... 

Droso. RPD*GNK*NIKYTLAPVAAELKTLLGQDVIFLSDCVGSEVEAACKDPAPGSVILLENVRFYVEEEG 

Human.---*-VPMPD--S-E---V---S---~--L--K .... P---K--AN--A ........ L--H ..... 

Horse.---V-*PMPD--S-Q---V---S---K--L--K .... P---K--A---A ........ L--H ..... 

Mouse.---*-VPMPD--S-E ....... S---K--L--K .... P---H--AN--A-T ...... L--H ..... 

Trypa.--N*-AVHP*--S-K--VP--EA---KP-T-AR .... P---SIVN-AS ......... L--HI .... 

Yeast.--N*-ER*-E--S ..... K--QS---K--T--H .... P ..... V-AS .......... L-VHI .... 

Droso. KGLDASGGKVKADPAKVKEFRASLAKLGDVYVNDAFGTAHRAHSSMMGDGFEQRAAGLLLNKELKY 

Human.--K .... N .... E---IEA ..... S ..................... V-VNLP-K-G-F-MK---N- 

Horse.--K .... N .... E---IET ..... S ..................... V-VNLP-K-G-F-MK---N- 

Mouse.--K .... N .... E---IDA ..... S ..................... V-VNLP-K-G-F-MK---N- 

Trypa. SAK-KD-N-T---K---E---KG-TR---I-I .............. V-VDLP-K---F-MK---D- 

Yeast.*SAKVD-Q .... SKED-QK--HE-SS-A---I .............. V-FDLP ..... F--E ..... 

Droso.FSQALDKPPNPFLAILGGAKVADKIQLIENLLDKVNEMIIGGGMAFTFLKVLNNMKIGGSLFDEEG 

Human.-AK--ES-ER ....... m .......... N-M ........................ E--T ....... 

Horse.-AK--ES-ER .................. N-M ........................ E--T ....... 

Mouse.-AK--ES-ER .................. N-M ........................ E--T ....... 

Trypa.-AK--ES-QR ........... S ...... D ...... DTL-VC ....... K ..... IP--T ..... A- 

Yeast.-GK--EH-TR .................. D ...... DSI .......... K---E-TE--D-I--KA- 

Droso. SKIVEKLVEKAKKNNVQLHLPVDFVCGDKFAENAAVSEATVEAGIPDGHMGLDVGPKTRELFAAPI 

Human.A---KD-MS--E--G-KIT ...... TA---D---KTGQ---AS---R-Wz---C--ESSKKY-EAV 

Horse.A---KH-MS--E--G-KIT ...... ,A---D-H-KTGQ---AS---R-W .... C-TESSKKY-EAV 

Mouse.A---KD-MS--E--G-KIT ...... ,,---,---,,,,---,,---,-, .... C-TESSKKY-EAV 

Trypa.A-TCPSCA-AKA--VKLV* .... YITA---DKD-NTGT--D-S ..... W .... C-E-SI--YKEA- 

Yeast.AE--P--M .... RKG-EVV ..... ITA-A-SAD-NTKTU-DKE---R-WQ---H--ES-K .... TV 

Droso.ARAKLIVWN~PPGVFEFPNFANGTKSIMDGVVAATKNGTVSIIGGGDTASCCAKWNTEALVSHVST 

Human. T---Q ...... V .... WEA--R---AL--E--K--SR-CIT--m ..... T ........ DK ...... 

F i g .  8 .  Amino acid sequence align- 
ment of  phosphoglycerate kinases 
( P G K s ) .  Extra gaps (*) are included 
to align PGKs from D. melanogaster 
( D r o s o ) ,  Saccharomyces cerevisiae 
(Yeast) (Watson et al. 1 9 8 2 ) ,  Trieho- 
derma reesei ( T r y p a )  (Vanhanen et al. 
1 9 8 9 ) ,  m o u s e  ( M o r i  et al. 1 9 8 6 ) ,  

horse (Banks et al. 1979) and human 
(Michelson et a l .  1 9 8 3 ) .  ( - ) ,  identi- 
cal residues. The 12 fi-sheets and ad- 

H o r s e . - - - - Q  . . . . . .  V . . . .  W E A - - R - - - A L - - E - - K - - S R - C I T  . . . . . . . .  T . . . . . . . .  D K  . . . . . .  jacent peptides that form the inner 
Mouse . G - - - Q  . . . . . .  V . . . .  W E A - - R - - - A L - - E - - K - - S R - C I T  . . . . . . . .  T . . . . . . . .  D K  . . . . . .  loops in the substrate-binding cleft 
T r y p a . - D - - T - L  . . . .  R . . . . .  D K  . . . . . .  A T L - R - - E G C - - - K I V  . . . . . . . .  T V A - - Y G V - D K L  . . . . .  are indicated by double and single 
Yeast.-K--T ............ EK--R---ALL-E--KSSAR-HTV ........ TVAK-YGVTDKI .... c 

Droso. GGGASLELLEGKTLPGVRALTSA- 

Human.- ........... V .... D--SNIL 

Horse.- ........... E .... D--SNV- 

Mouse.- ........... V .... D--SNV- 

Trypa.- ........... E .... V--S-K- 

Yeast ............ E .... RF-SEKK 

underlines, respectively, according to 
the structure of  horse PGK (Banks 
et al. 1979). The numbering refers to 
the mammalian PGKs. The under- 
lined residues indicate where the in- 
trons are located in D. rnelanogaster, 
human and T. reesei genes 
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mined the 5' ends of  the Tpi and Ald transcripts in these 
same R N A  preparat ions and found that each of  those 
transcripts has a unique end (Shaw-Lee et al. 1991, 
1992). Therefore the exonuclease activity would have 
to be specific for Pgk. Two clusters of  transcript ends 
are suggested by these data. In each cluster there is a 
sequence which is somewhat  similar to the consensus 
Drosophila transcription start  sequence (Hul tmark et al. 
1986). Therefore we conclude that  the Drosophila Pgk 
gene has multiple (at least two) transcription initiation 
positions which are utilized similarly at both  larval and 
adult stages. 

The 3' region of the Pgk transcript was also mapped 
by RNase  protection using probe 2 and probe 3 (Fig. 7). 
Probe 2 was transcribed f rom a plasmid that  contained 
the 2.2 kb BamHI genomic fragment  and probe 3 was 
transcribed f rom a plasmid that  contained the 2.7 kb 
BamHI genomic fragment. These probes were hybridized 
to D. melanogaster total R N A  from 2-day-old larvae 
and l 1-day-old adults. We expected a protected frag- 
ment  common to both probes, representing the distance 
f rom the 3' splice acceptor site of  intron 2 to the end 
of the transcript. We also expected to protect  a 97 nt 
fragment  f rom probe 2 and a 674 nt fragment  f rom 
probe 3, representing the distances f rom the 5' ends of  
the probes to the 5' splice donor site of  intron 2. As 
shown in Fig. 7, the protection by probe 2 yielded the 
expected 97 nt band and the protection by probe 3 
yielded the expected 674 nt band. The two protections 
yield a common  band of  337 nt, which locates the polya- 
denylation site of  D. melanogaster Pgk gene at about  
138 nt downstream of  the translation stop codon TAA 
and 23 nt downstream of  the polyadenylation signal, 
AATAAA.  According to the data f rom RNase  protec- 
tion and primer extension, the size of  the P G K  m R N A  
in D. melanogaster should be about  1.5 1.6 kb, consis- 
tent with the size obtained using Nor thern  blots (Fig. 3). 

Evolutionary conservation of  PGK 

An alignment of  the deduced amino acid sequence of 
Drosophila P G K  with mammal ian  and fungal P G K s  is 
shown in Fig. 8. Drosophila P G K  has 69.6% sequence 
identity to the horse enzyme and 62.1% sequence simi- 
larity to the yeast enzyme. However,  when the pat tern 
of  substitutions is examined in light of  the proposed 
tertiary structure (Michelson et al. 1985a), it is evident 
that there is high sequence conservation in the substrate 
binding region, which is composed of  12 fi-sheets and 
immediately adjacent peptides that form the inner loops 
of  the molecule. In these regions, the horse and Drosoph- 
ila enzymes are 87.2% identical, having only 18 amino 
acid differences, many  of  which are conservative substi- 
tutions. 
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