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Yi-Chih Chien, Yu-Jing Zhu and Chun-Mei Chuen (1999) Complementary DNA cloning and analysis of gene
structure of pyruvate kinase from Drosophila melanogaster.  Zoological Studies 38(3): 322-332.  Screening a λ-
gt10 cDNA library of Drosophila melanogaster using a human pyruvate kinase (Pyk) cDNA clone (pCJ11) and a
rat pituitary Pyk cDNA clone (pCJ22) as probes, we isolated 2 cDNA clones, cDMPK15 and cDMPK06. Complete
nucleotide sequencing of the two cDNA clones (GenBank AF061507) revealed that they encompassed the
coding region of pyruvate kinase cDNA (1602 bp; 533 amino acids + TAA) flanked by a 5' untranslated region of
240 bp and a 3' untranslated region of 253 bp.  An alignment of the deduced amino acid sequence from the Pyk
cDNA clones with those of PK from other organisms indicated that the amino acid residues constituting the active
sites have been highly conserved.  In addition, the overall positional identity between the sequence of the “Droso-
phila” enzyme and those from other sources was 42%-63%.

Polymerase chain reaction was applied to amplify the genomic DNA fragments from the Pyk gene of D.
melanogaster.  These overlapping amplicons, which covered the complete coding region of Pyk, were further
sequenced using cycle-sequencing with an ABI Prism 377 DNA sequencer.  A total of 3447 bp of the nucleotide
sequence (GenBank AF062478) was determined from these amplicons. By comparing these sequences with the
sequence of Pyk cDNA clones isolated, 4 exons were identified of 282, 1390, 157, and 266 bp in length.  The
introns identified all contained the consensus 5'- and 3'-splicing sites (GT-AG).  RT-PCR analysis was performed
to determine the number of species of the Pyk transcript in adults of D. melanogaster.  The observation that only
a single amplicon appeared in each amplification suggests that a single Pyk transcript is expressed in adults of
D. melanogaster, and might imply that there is only 1 Pyk gene in D. melanogaster.
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Pyruvate kinase (ATP: pyruvate 2-O-phospho-
transferase, EC 2.7.1.40 ) is a key enzyme in the gly-
colytic pathway, which is an almost universal central
pathway for glucose catabolism, not only in animals
and plants, but also in a great number of micro-
organisms.  It catalyzes the conversion of phospho-
enolpyruvate into pyruvate by the addition of a proton
and the loss of a phosphate group, which is trans-
ferred into ADP.  The reaction is essentially irrevers-
ible in favor of pyruvate and ATP formation, and re-
quires both bivalent and monovalent cations (Mg+2

and K+).
James and Collier (1992) proposed that arginine

kinase (AK) and pyruvate kinase (PK) are coordi-
nately regulated by the 75B “early” gene in Droso-

phila imaginal discs.  This hypothesis is based upon
the following observations.  First, detailed develop-
mental profiles of arginine kinase and pyruvate ki-
nase (James and Collier 1988) revealed that the
specific activities of both enzymes synchronously in-
creased and reached a peak at the prepupal stage.
The increased activities of both enzymes in the
prepupal stage is in part due to the increased activi-
ties of both enzymes in the imaginal discs.  Second,
the prepupal peaks in both AK and PK activities dis-
appeared when temperature-sensitive ecdystero-
neless mutant, ecd-1 (Garen et al. 1977) larvae were
held at a restrictive temperature (29 °C). However,
when mutant larvae were shifted into a permissive
temperature (20 °C) after 60 h at the restrictive
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temperature, pupariation occurred, and the prepupal
peak for both enzymes was observed (James and
Collier 1990).  Third, both AK (James and Collier
1992) and PK expressions were affected by altered
doses of the ecdysterone-regulated 75B “early”
gene.

The purpose of the coordinated regulation of PK
and AK in imaginal discs is still unknown.  However,
it has been suggested that both PK and AK provide
energy for the eversion of the imaginal discs, since
they both catalyze a metabolic reaction for releasing
ATP.  A good understanding of the coordinated regu-
lation of PK and AK expression requires molecular
analyses of the pyruvate kinase (Pyk) and arginine
kinase (Ark) genes and their associated regulatory
regions.  A prerequisite of any such molecular analy-
ses is the cloning of both Pyk and Ark genes.

In this work, we isolated cDNA clones for pyru-
vate kinase from D. melanogaster and determined
the primary structure of this protein from the cDNA
sequence.  Furthermore, using polymerase chain
reaction, we were able to amplify and sequence 9
overlapping genomic DNA fragments which span the
transcribed region of the pyruvate kinase gene.  By
comparisons of the sequences of cDNA clones and
genomic DNA fragments, the structural relationship
of the protein and gene of pyruvate kinase was
clarified.  The transcription start point (TSP) has
been identified by the method of 5’RACE.  Finally, it
is suggested that, unlike the presence of multiple
genes in mammals, there might be a single Pyk gene
in D. melanogaster.

MATERIALS AND METHODS

Drosophila stocks

A wild-type stock of Drosophila melanogaster
(Canton-S) used in this study was maintained on
standard cornmeal medium (Strickberger 1962) at
24 °C.  Adult flies were collected for the experiments.

General methods

Preparation of phage and plasmid DNA, electro-
phoresis of DNA on agarose gel, restriction enzyme
digestion, DNA ligation, transformation, Southern
blot analysis, rescue of single-stranded DNA from
cDNA clones, and further sequencing reactions were
carried out using standard procedures as described
by Sambrook et al. (1989).  Hybridization probes
were labeled with [α-32P]dCTP (800 Ci/mmol) using
random oligo-primer labeling (BioRad).

cDNA cloning

We screened a λ-gt10 Drosophila cDNA library
using a plaque hybridization procedure (Sambrook et
al. 1989).  This library was derived from Drosophila
imaginal disc mRNA kindly provided by G. Rubin
(pers. comm.).  Approximately 5 x 1010 phages from
the λ-gt10 library were screened with oligo-labeled in-
serts from human and rat cDNA clones, pCJ11 and
pCJ22, respectively (kindly provided by Dr. Cheng,
National Cancer Research, Bethesda, MD). Several
independent clones were identified and character-
ized using polymerase chain reactions and Southern
blot analysis. One of them, λPK22, was further ana-
lyzed in this study.

For sequencing purposes, the inserts of λPK22
were subcloned into bluescript phagemids (SK+ or
KS+).

Polymerase chain reaction (PCR) for cDNA
clones

The PCR primers for cDNA clones were de-
signed by comparing the published amino acid
sequences for human, chicken, yeast, and E. coli
pyruvate kinase to identify highly conserved regions.
Degenerate primers were synthesized by Operon
Technologies, Inc. (Alameda, Ca, U.S.A.).  The se-
quences of the primers were 5'-CTNGAYACNAARG-
GNCCNGARATN-3' and 5'-CCNAGRTCNCCNCG-
NGCNACCAT-3', where N represents the 4 nucleo-
tides (A, T, C, G); R represents purines (A, G); and Y
represents pyrimidines (T, C).

Amplification was performed in a GeneAmp
PCR System 960 thermal cycler (Perkin-Elmer/
Cetus) in 50 or 100 ml of solution containing 10 mM
Tris-HCl (pH 8.3), 50 mM KCl, 1.5 mM MgCl2, each
dNTP at 1 mM, each primer at 1 mM, 100-1000 ng
template DNA, and 2.5 units of Taq DNA polymerase
(Perkin-Elmer/Cetus).  The DNA was preheated to
95 °C for 10 min before being added to the reaction
mix.  Each cycle of the polymerase chain reaction
consisted of denaturation for 1 min at 94 °C, anneal-
ing for 1 min at 58 °C, and extension for 1 min at
72 °C, with a final extension time of 3 min.  This cycle
was repeated 30 times.  The degree of amplification
was determined by separation of the amplicons on
a 2% SeaKem agarose minigel (1x TBE) at 100 V for
1 h.

Polymerase chain reaction (PCR) of genomic
DNA

Extraction of genomic DNA from adult flies was
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performed according to the protocol of the DNA Iso-
lation Kit of Puregene D-5500 (Gentra Systems).
Eleven oligonucleotide primers were used to amplify
the DNA fragments of the pyruvate kinase gene from
the genomic DNA of D. melanogaster.  The primers
were designed according to the cDNA sequence for
D. melanogaster pyruvate kinase.  The sequences of
primers are listed in table 1, and their positions rela-
tive to the Pyk gene are shown in figure 1.

Amplification of DNA fragments was performed
in a GeneAmp PCR System 2400 or 9600 thermal
cycler (Perkin-Elmer/Cetus) in 50 µl of solution con-
taining 5 mM Tris-HCl, pH 8.0, 10 mM NaCl, 0.01
mM EDTA, 0.1 mM DTT, 5% glycerol, 0.1% Triton,
1.5 mM MgCl2, 0.25 mM dNTP, 10 picomoles of
primers, 25-125 ng of genomic DNA, and 1 unit of
Tag DNA polymerase (Promega).  The DNA solution
was pre-heated to 95 °C for 5 min.  The temperature
profile was 30 cycles of 45 s at 95 °C, 45 s at
50-59 °C, and 1 min at 72 °C, with a final extension
for 10 min at 72 °C.  The degree of amplification was
determined by separation of the amplicons on a 1.
5% agarose gel (in 0.5X TBE) at 100 V for 40-50 min.
The amplicons were purified using a GENECLEAN
III Kit (BIO 101) and were further used in the se-
quencing reaction process.

5' RACE analysis

Poly-A mRNA was isolated according to the
method provided by GibcoBRL (Life Technologies,
Inc.).  First-strand cDNA was reversed transcribed
from 50 ng of mRNA by SuperScriptTM reversed tran-
scriptase (200 units) using PK1 as primer (Table 1;
Fig. 1).  A homopolymeric tail was added to the 3'

Fig. 1a.  Schematic representation of the pyruvate kinase gene of Drosophila melanogaster that includes the primers used for PCR and
the resulting amplicons.  TSP represents the transcription start point as determined by 5' RACE.
Fig. 1b.  Schematic representation of the pyruvate kinase transcript of D. melanogaster that includes the primers used for RT-PCR and
the resulting amplicons.

Table 1.  Sequences of primers used in PCR and
sequencing

Primer                     5'  3'

PK1 CTG GAC ACA AAG GGG CCC GAG ATC CGT
PKp1 TCC GAG AAG GAT AAG AGC GAT CTG
PKp2 GCT GCG TTG TGT GTG TTG TTG TGC
PKp3 TCA TCG CGG TCA CCG TTT CG
PKp4 TGC TGA TTG CGT CAT GTT GTC TGG
PKp9 AAC ATG GCC GCA GGA GCT GAT ACC
PKp11 CGT TCG GTA GGC AAC AAA TGG

Primer                     5'  3'

PK2 ACC CAG ATC TCC ACG GGC CAC CAT
PKm1 CAG ATC GCT CTT ATC CTT CTC GGA
PKm2 TAG TTT GTG TGT CTG TTT GAG GCC C
PKm3 GCG ATC CGT GAG AGA AGT TCA TGC G
PKm4 GTT ACC AAC GGG AAT CGC ACT TGG G
PKm5 GAT GAA GCC GTT CTT CTT TCC GAC C
PKm12 AGA CAA CAT GAC GCA ATC AGC ACC
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end of the cDNA by terminal deoxynucleotidyl trans-
ferase (15 units) and dCTP.  PCR amplification was
then performed using PKm4 and the abridged an-
chor primer (5'-CUACUACUACUAGGCCACGCGT-
CGACTAGTACGGGIIGGGIIGGGIIG-3'), which was
purchased from GibcoBRL (Life Technologies, Inc).
The resulting amplicon was then sequenced to iden-
tify the transcription start point of the Pyk gene.

RT-PCR analysis

To identify the species of the Pyk transcript of D.
melanogaster, 50 ng of mRNA from adult flies was
reversed transcribed with SuperScriptTM reversed
transcriptase (200 units) using Pyk-specific PK2 or
PKm2 as primers (Table 1; Fig. 1).  The resulting
cDNAs were amplified following the protocol men-
tioned above.  The positions of primers relative to the
Pyk transcript and expected amplicons are shown in
figure 2.  The amplicons were visualized on agarose
gels and further sequenced.

DNA sequencing

Nine overlapping amplicons, which span the re-
gion of the pyruvate kinase gene from D. melano-
gaster as well as that from RT-PCR, were further
sequenced (Fig. 1).  All fragments were sequenced
on both strands more than twice.  The sequencing
reactions were performed with a dye-labeled termi-
nators kit (Perkin-Elmer) using the cycle sequencing
method. Both separation of DNA fragments and se-
quence analysis were performed in an ABI Prism
377 DNA sequencer.

RESULTS

Screening of λλλλλ-gt10 cDNA library with human
PK cDNA clone (PCJ11) and rat pituitary PK
cDNA clone (PCJ22)

Five plates, each containing ca. 1010 plaques,
were blotted onto duplicate nitrocellulose circles.
One set of circles was hybridized with the 2.2-kb in-
sert of pCJ11 and the other set of duplicate circles
was hybridized with the 1.8-kb insert of pCJ22 at low
stringency.  From this screening, 6 agar plugs were
positive on both duplicate circles.

Before secondary screening and plaque purifi-
cation, phage lysates were prepared from the 6 agar
plugs, from which phage DNA was isolated.  The 6
pools of phage DNA, designated λC1 to λC6, were
subjected to polymerase chain reactions using the 2

degenerate primers mentioned in “Materials and
Methods”.  If Pyk cDNA was included in the pools of
phage DNA, an amplicon of ca. 500-600 bp should
be amplified.  An amplicon was obtained in 4 of 6
pools of phage DNA, and the sizes of the amplicons
were similar to that of those “controls” (pCJ11 and
pCJ22) (data not shown).  This result suggested that
4 pools of phage DNA contained Pyk cDNA; while
the other 2 pools of phage DNA might not contain
any Pyk cDNA or might contain only a portion of Pyk
cDNA.

Furthermore, the 6 pools of phage DNA were di-
gested with Eco R1, blotted, and hybridized with the
insert of pCJ22.  As a result, all 6 pools of phage
DNA contained inserts that can hybridize with the
probes (data not shown).  λC2 contained the largest
insert (ca. 2 kb) which hybridized with the probe, so it
was chosen for further screening.  The failure of λC5
and λC6 to amplify during PCR might be the conse-
quence of the small inserts contained in these cDNA
clones.

λC2 was further screened and plaque-purified,
and 2 positive plaques, named λPK21 and λPK22,
were selected for further analysis.  DNA was isolated
from these 2 phages, and was digested with Eco R1
to release the inserts.  λPK21 and λPK22 appeared
to be the same as they both contained 2 Eco R1 in-
sert fragments, one ca. 1.5 kb and the other ca. 600
bp (data not shown).

Sequencing of the cDNA subclones: cDRPK15
and cDRPK06

For sequencing purposes, the inserts of λPK22
were subcloned into bluescript phagemids (SK+ or
KS+).  The resulting cDNA subclones were named
cDMPK15 (containing a 1.5-kb insert) and cDMPK06
(containing a 0.6-kb insert).  By further subcloning
the available restricted fragments of the 2 cDNA
fragments, the total sequences of the 2 cDNA frag-
ments were completed.

Figure 2 shows the complete nucleotide se-
quence (GenBank AF061507) determined from the
cDNA clones and its deduced amino acid sequence.
We assumed that translation began at the 1st avail-
able d(ATG) codon and terminated at the 1st stop
codon d(TAA) encountered in the reading frame.
The nucleotide sequence of the 2 cDNA fragments
indicated that they encompassed complete coding
region of pyruvate kinase cDNA (1602 bp; 533 amino
acids + TAA), flanked by a 5' untranslated region of
240 bp, and a 3' untranslated region of 253 bp (Figs.
3, 4).  The polyadenylation signal, d(AATAAA), was
found near the poly(A) sequence.  An Eco R1 site,
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d(GAATTC), was located at amino acids 150 (Glu)
and 151 (Phe) as expected.  This site was further
confirmed by sequencing genomic DNA.  The mo-
lecular weight of Drosophila PK estimated from the
cDNA sequence is 58 630 Da, which is slightly
smaller than the 59 000 Da estimated from purified
PK protein on SDS-PAGE (data not shown).

Alignment of the deduced amino acid sequence
from the Drosophila Pyk cDNA clones with
those of PK from other organisms

Figure 3 shows the alignment of the deduced
amino acid sequence from the Drosophila Pyk cDNA
clones with those of PK from other organisms.  The

Fig. 2.  cDNA sequence and deduced amino acid sequence of pyruvate kinase from Drosophila melanogaster.  The polyadenylation
signal is underlined and the internal Eco R1 site is in bold face and underlined.
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Fig. 3.  Comparison of the Drosophila melanogaster pyruvate kinase amino acid sequence with the sequences of the protein of other
organisms.  Amino acid sequences have been aligned to obtain maximal positional identity.  Dashed lines represent amino acids that are
identical to those in corresponding positions in the D. melanogaster polypeptide.  Blank spaces indicate the absence of amino acids at
corresponding positions.  The 4 domains of the pyruvate kinase subunit and the residues close to the active site, as determined for cat
muscle enzyme, are marked N, A, B, C, and in bold face, respectively.  The internal Eco RI site is underlined.  The amino acid sequences
presented are d: Drosophila; e: E. coli (Ohara et al. 1989); y: yeast (Burke et al. 1983); c: chicken (Lonberg and Gilbert 1983); r: rat
pituitary (Parkison et al. 1989); and h: human L-PK (Tani et al. 1988).
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overall positional identity between the sequence of
the “Drosophila” enzyme and those from other
sources is 42%-63% (Table 2).  Using crystallo-
graphic analysis of the muscle enzyme, it has been
shown that each subunit of the enzyme consists of 4
domains: an N-terminal domain, domains A (A1 and
A2), B, and C (Muirhead et al. 1986).  Based on crys-
tallographic and solution studies, the enzyme active
sites have been determined to lie in the pocket be-
tween domains A and B. The amino acid residues
constituting the active sites (Fig. 3; Table 3) have
also been determined, and it is obvious that these
residues are highly conserved among species.  The
C domain, which presumably is involved in the re-
gulation of enzyme activity using allosteric effectors,
is much more variable than are domains A and B
(Table 2), which may reflect the unique kinetic fea-
tures of each individual enzyme.

A gene tree (Fig. 4) was constructed using com-
parisons of amino acid sequences of PK from vari-
ous organisms using UPGMA analysis of PC/GENE
Release 6.7 (IntelliGenetics, Inc.).  As expected, the
evolution of the pyruvate kinase gene is consistent
with the hierarchical relationship from lower to higher
organisms.

Polymerase chain reaction for genomic DNA
using Pyk-specific primers

Twelve pyruvate kinase gene-specific primers
were used to amplify genomic DNA from D. melano-
gaster.  As a result, a total of 9 overlapping DNA
fragments, covering the coding region of the Pyk
gene, was amplified (Fig. 1a).  Each amplicon was
directly reacted using cycle-sequencing and was
followed by separation of DNA fragments and
sequence analyses in an ABI Prism 377 DNA
sequencer.  The nucleotide sequences of each
amplicon were determined and reconfirmed by se-
quencing both strands more than twice, except that
between primers PKp11 and PKm3 (Fig. 1a).  Due to
its length, the sequence was determined by at least
3 runs of the reaction for a single strand instead of 2
complementary strands.  Fortunately, we can re-
solve at least 700 bases using the auto-sequencer,
so we were able to determine the complete nucle-
otide sequence of the DNA fragment starting from
both ends (GenBank AF062478).

Table 3.  Residues constituting the active sites of pyruvate kinases.  The determination of active sites
of pyruvate kinase was based on the known structures of cat M1 enzyme (Muirhead et al. 1986)

Enzyme Aα3/B B/Aα3 Aβ4/α4 Aβ5/α5 Aβ6/α6 Aβ7/α7 ABβ/α8

Drosophila ALDTKGPEIR EKDKSD SFIRN SKIENQ VARGDL ATQM VMLSGETAK

E. coli LLDTKGPEIR EKDKQK SFIRK SKIENQ VARGDL ATQM VMLSGESAK

Yeast ALDTKGPEIR EKDKED SFIRT SKIENQ VARGDL ATQM VMLSGETAK

Chicken M ALDTKGPEIR EKDIQD SFIRK SKIENH VARGDL ATQM IMLSGETAK

Rat Pit. ALDTKGPEIR EKDIQD SFIRK SKIENH VARGDL ATGM IMLSGETAK

Human L ALDTKGPEIR EQDVRD SFVRK SKIENH VARGDL ATQM IMLSGETAK

Fig. 4.  Phylogenetic tree of the pyruvate kinase genes of
Drosophila, E. coli, yeast, chicken, rat, and human, constructed
by comparing amino acid sequences of pyruvate kinase pro-
teins using UPGMA analysis of PC/GENE Release 6.7
(IntelliGenetics, Inc.).

Table 2.  Positional identity between the amino acid
sequences of pyruvate kinase from Drosophila
melanogaster and various other organisms

Organism Total polypeptide    Domain positional identity (%)
positional identity

(%) A1 B A2 C

E. coli 42 49 42 60 31

Yeast 46 47 39 68 38

Chicken M 61 59 62 77 53

Rat pituitary 62 62 64 78 52

Human L 57 64 52 69 53
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Fig. 5.  Total sequence of pyruvate kinase genomic DNA from Drosophila melanogaster.  The nucleotide sequence was determined from
9 overlapping amplicons.  Uppercase letters indicate the sequence of exons and those in lowercase represent that of introns.  The
internal Eco R1 site is in bold face and underlined.  Numbers on both ends are positions of nucleotides or amino acids.
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The nucleotide sequence determined from the
amplicons had a total of 3447 base pairs (GenBank
AF062478).  By comparson with the sequence of
Pyk cDNA clones from D. melanogaster, 4 exons
were identified (Figs. 1a, 5).  Exon 1 contains a 240-
bp 5'-untranslated region plus the 1st 14 amino acids
of the protein, and is followed by a long intron (1208
bp).  Exon 2 codes for amino acids 15-477, which
contains the active site of the protein (Fig. 4).  Exon 3
codes for 53 amino acids (478-530) and is flanked by
2 short introns (58 and 86 bp, respectively).  Exon 4
codes for the last 3 amino acids of the protein plus a
3'-untranslated region. Introns were identified as
those nucleotides not present in the cDNA se-
quence, and were further confirmed by having the
consensus 5'- and 3'-splicing sites (GT-AG).

RT-PCR analysis

To ensure that the prepared cDNAs would en-
compass the full length of mRNA of pyruvate kinase,
they were reversibly transcribed by extension from
either primer PK1 or primer PKm2 (Fig. 1b).  Seven
amplicons (Fig. 6) were obtained from pairs of prim-
ers as shown in figure 1b.  They overlapped with
each other and covered the complete sequence of
the pyruvate kinase transcript.  The observation that
there was only a single amplicon in each amplifica-
tion suggests that only a single pyruvate kinase tran-
script is expressed in adults of D. melanogaster (Fig.
6).  It may further imply that there is only a single Pyk
gene in D. melanogaster.

5' RACE analysis

A segment of ca. 270 bp was amplified using
PKm4 and the abridged anchor primer as primers
from adult cDNA reverse transcribed from mRNA,
and primed by PK2 (data not shown).  The segment
was then further sequenced, and the TSP was iden-
tified as an adenine next to poly-C in the anticoding
strand, revealing thymine in the coding strand (Fig.
1a).

DISCUSSION

Comparisons of the amino acid sequences of
various pyruvate kinase proteins reveal a 40%-70%
homology between sequences (Ohara et al. 1989).
Moreover, there are 2 domains that have amino acid
homology of greater than 80%.  This has allowed
workers to clone Pyk genes using heterologous
probes (Inoue et al. 1986).  Quite a few pyruvate ki-

nases from vertebrates have been cloned using het-
erologous Pyk probes (Noguchi et al. 1983 1986
1987, Cognet et al. 1987, Tani et al. 1988).  Using the
Pyk cDNA clones, pCJ11 and pCJ22, we success-
fully isolated 2 Drosophila Pyk cDNA clones ( 2 Eco
R1 fragments).  The 2 Eco R1 fragments have been
subcloned and designated as cDRPK15 and
cDRPK06.  The 2 cDNA subclones span the com-
plete coding sequence of pyruvate kinase gene with
a 5' untranslated region of 240 bp , and a 3' untrans-
lated region of 253 bp (Fig. 4).  There is an internal
Eco R1 site in Drosophila Pyk cDNA that is not found
in the Pyk genes of other organisms.  To see if the
internal Eco R1 site was an artificial product formed
during the process of construction of the cDNA
library, we re-screened the λ-gt10 cDNA library using
cDRPK15 as a probe.  All 4 positive clones, plus 2
previously isolated, appeared to have 1.5- and 0.6-
kb inserts (data not shown), indicating that the inter-
nal Eco R1 site was real.  This was further confirmed
by the nucleotide sequence of Pyk genomic DNA
(Fig. 5).

The molecular organization of Pyk genes has
changed during the divergence of the genes and the
organisms that carry them.  By matching the posi-
tions of the introns in the protein-coding sequences
between rat and chicken Pyk genes, Noguchi et al.
(1987) suggested that these genes evolved from a
common ancestral gene by gene duplication.  The
Pyk gene tree constructed in this study (Fig. 4) sup-

Fig. 6.  RT-PCR for PK2-cDNA and PKm2-cDNA.  PK2-cDNA
was constructed from reverse-transcription of mRNA from
Drosophila melanogaster using PK2 as primer, while PKm2-
cDNA used PKm2 as primer. M: 100-bp DNA ladder marker.
Paired primers used for PCR were lane 1: PKp2-PKm3; lane 2:
PKp11-PKm3; lane 3: PKp9-PK2; lane 4: PK1-PK2; lane 5:
PKp1-PKm2; lane 6: PKp4-PKm2; and lane 7: PKp3-PKm2.



Chien et al. − Cloning of Pyruvate Kinase from Drosophila melanogaster 331

ports this view, since chickens and rats are clustered
together in a group.  However, since there are 4 ex-
ons in the Drosophila Pyk gene, but 11 exons in the
genes of chickens and rats (Lonberg and Gilbert
1985, Noguchi et al. 1987), we may suggest that ver-
tebrate Pyk genes have diverged from that of Droso-
phila by insertion of introns, though we cannot rule
out the possibility of losses of introns in Drosophila.
Therefore, the evolving rate of Pyk genes might be
considered rapid according to the following obser-
vations.  The intron/exon structures of Pyk genes
vary along the evolutionary lineage from lower to
higher organisms, and relatively large numbers of
amino acid replacements have accumulated in the
regions beyond the active sites of the proteins (Fig.
3; Table 2).

Mammalian Pyk genes were reported to encode
4 distinct isozymes, the M1-, M2-, R-, and L-types
(Imamura and Tanaka 1972, Imamura et al. 1972
1973).  Molecular studies of gene structure of the 4
rat isozymes have confirmed that the M1- and M2-
types are encoded by the same gene, and that the L-
and R-types are produced from another gene
(Noguchi et al. 1986 1987).  The L- and R-type iso-
zymes are produced by utilization of alternative
promoters, whereas, the M1- and M2-type isozymes
are produced by alternative splicings (Noguchi et al.
1986 1987).  We were interested in whether there
are multiple PK isozymes encoded by the Pyk gene
in D. melanogaster, and whether there is more than 1
Pyk gene in fruit flies.  Cellulose acetate electro-
phoresis of PK was performed on all 3 stages
(larvae, pupae [imaginal disks], and adult).  Since
single, equal-mobility bands were present in each
stage, this suggests that the PKs of the 3 stages are
encoded by a single gene, and that there is no modi-
fication in production of PK in any developmental
stages, either at the transcriptional or post-transcrip-
tional levels (data not shown).  Furthermore, RT-
PCR is a fast and convenient method to identify the
number of species of transcripts.  If multiple tran-
scripts are produced via alternative promoters as in
the case of mammalian PKL- and R-isozymes, 2 or
more bands should be amplified from the 5' region
of the gene; however if those are produced through
an alternative splicing mechanism as in the case of
mammalian PKM1- and M2- isozymes, 2 or more
bands would be amplified from the middle part of the
gene; or there would be at least 2 bands amplified
from the 3' region of the gene if those are produced
by a different polyadenylation mechanism.  The RT-
PCR analysis (Fig. 6) shows that there is a single
amplicon amplified from various portions but which
complete for mRNA, implying that there is only a

single species of mRNA transcribed from a Pyk
gene, at least in the adult stage.

As mentioned in the “Introduction”, understand-
ing the coordinated regulation of expression of the
Pyk and Ark genes in D. melanogaster was the main
objective of this study.  To clarify this phenomenon, 5'
cis-acting regulatory elements of both the Pyk and
Ark genes as well as the trans-acting transcription
factors, should be identified.  To do so, genomic
clones, which contain the 5' -untranscribed regula-
tory region of the genes, are required.
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