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In vitro ~NA-arnp~l~cation techmque has been utdmed to generate a 430 bp fragment of the Na+,K+-ATPase, and a 550 bp fragment of a Ca2+- 
ATPase (the sarcoplasmtc reticulum-type) of Drosoph&~ melunogaster The ohgonucleotrde prtmers for the DNA-ampbficatton (Polymerase Cham 
Reaction) had been desrgned on the basis of ammo acid sequence motifs - the phosphorylatton site and the ATP-bmdmg sate - conserved among 
members of the ATPase protein famdy Usmg the amphfied cDNA-segments as probes, we demonstrated that there IS one Na+,K+-ATPase and 
one CaZ+-ATPase (sarcoplasmrc rettculum-type) gene m the Drosophda genome Three dtfferent mRNA species are processed from the Na+,K+- 

ATPase gene and one from the Ca s+-ATPase gene Developmental control m expression of the Ca2+-ATPase gene was observed 

Homology pnmer, Polymerase chain reaction, ATPase, Deveiopmental control of gene expresston, (Drasaph~~u me~~ag~ter) 

1. INTRODUCTION 

The ion-motive aspartyl-phosphate ATPases, 
catalyzing the active transport of various cations 
through biological membranes, form a protein family. 
They share common molecular architecture, basic 
mechanistic features of the ion transport and show 
amino acid sequence homology. In mammals the 
various ATPases appear in multiple forms (isoforms) 
encoded by closely related genes, e.g. 3 isoforms of the 
Na+,K+-ATPase [l]; two isoforms of the muscle cells 
sarcoplasmic reticulum Ca*+-ATPase [2] and two 
isoforms of the plasma membrane Ca-ATPase [3] have 
been described. 

specificity will decline. It becomes difficult to establish 
the stringency of hyb~dization which discriminates bet- 
ween ‘real and false’ signal. 

We utilized the recently introduced Polymerase 
Chain Reaction (PCR) [5] to rapidly clone new 
members of the ATPase gene-family, specifically the 
Na+,K+- and the Cat+-ATPase of drosophila 
~el~~~gast~~. 

2. EXPERIMENTAL 

2.1. DNA and RNA source 

For cloning new members of a protein family the 
cDNA or genomic libraries can be screened with a 
large-size DNA probe representing large portion or the 
full-size sequence of an established member of the 
family. Another approach is the application of short 
synthetic oligonncleotide probes for library screening 
designed on the basis of conserved amino acid sequence 
motifs [4]. Due to the degeneracy of the genetic code 
only relatively short and mixed oligonucleotides should 
be synthesized. The complexity of the mixed synthetic 
probe can be reduced by considering only the most 
preferred codon of each amino acid. However, by 
reducing the complexity and the length of the probe its 

Genomic DNA and total RNA samples of Drosopbiia 
me~anog~ter as well as the cDNA-llbrarjes {constructed m AgtlO vec- 
tor) were gtfts from Tom Kornberg, Umverstty of Cahforma at San 
Franctsco 

2 2 Ohgonucleotrde proners 
Ohgonucleotide prtmers were designed as described m sectton 3 

and shown in fig. 1. They were synthesued on an Apphed Biosystem 
DNA Synthestaer, Model 3OOA and purified by polya~rylamIde gel 
electrophoresrs 

2.3 DNA amplrjicat~on by polymerase charn reaction 
Purified DNA (0.3 ,ug) of varrous Drosophrla cDNA-hbrartes was 

subjected to PCR amphfication in the presence of 100 pmol of each 
PCR-pnmer of fig.1 followmg the procedure of Satkt et al [5]. 
Denaturmg tem~ratme of 92°C (1 min), annealmg temperature of 
55°C (2 mm) and chain extenston temperature of 72°C (2.5 mm) was 
used 35 PCR cycles were performed and then the products were 
analyzed by agarose gel electrophorests 

Correspondence address A Vbradt, Instttute of Enzymology, 
Biological Research Center, Hungartan Academy of Sciences, PO 
Box 7, Budapest, 1.502 Hungary 

2 4 Sequencmg of the PCR products 
The 430 bp PCR-product amplified from the Drosophda larvae 

library (fig.2, lane 1) and the 550 bp PCR-product of aduh male and 
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T 
ma I c G A G 

5'CTACGC~GATAAGACCGGCACCCT 

T 3. RESULTS AND DISCUSSION 
Eco RI A A C 

5'CTACGC~GGGGCGCCCTTGA 

The primers used for in vitro DNA-amplification 
were designed on the basis of sequence information 
deduced from members of the ATPase protein family. 
The essence of this approach is a search for conserved 
motifs in the amino acid sequences of proteins belong- 
ing to the same protein family to which the gene(s) to 
be cloned also belong. Several ion-motive ATPase se- 
quences with a wide variety of species were included in 
the search (fig.1). Two regions of the sequences were 
found to show remarkable sequence similarity. The 
first region is located around the phosphorylation site 
(Asp-371, rat Na,K-ATPase al isoform numbering), 
where a 9 amino acid segment of the sequence 
(368-376) is conserved in all the known eukaryotic en- 
zymes . The second region harbours the residue 
(Lys-503) covalently modified by fluorescent isothio- 
cyanate (FITC). This region may be involved m ATP- 
binding [7]. Plasma membrane ATPases vary from the 
consensus sequence with Met or Val in position 502. 
Mixed ohgonucleotide primers were designed on the 
basis of the consensus sequences around the 
phosphorylation site and the FITC-site (fig.1). To 
reduce the degree of degeneracy of the mixed 
oligonucleotides the codon usage bias characteristic for 
the Drosophda genes [S] was employed. Restriction en- 
donuclease linker sequences were attached to the 5 ’ 
ends of the primer regions to facilitate directional clon- 
ing of the amplified products. 

Fig 1 Design of the PCR-pnmers Members of the ATPase family 
Included mto the search are the followmg rat NKAl-3, three 
lsoforms of rat bram Na,K-ATPase a-subumt [l], TorpCal NK, a- 
subunit of the Torpedo calrfornrca electroplax Na,K-ATPase [13], 
chlcken NK, Lu-subumt of the chlcken kidney Na,K-ATPase [14]; 
sheep NK, cY-subunit of the sheep kidney Na,K-ATPase [15], pig NK, 
cu-subunit of the pig kidney Na,K-ATPase [16], human NK, U- 
subumt of HeLa cell Na,K-ATPase [17], yeast PMAl, plasma 
membrane ATPase of yeast [18], E C KdbB, K-transport ATPase of 
E co/r [19], SRst Ca and SRft Ca, sarcoplasmlc reticulum Ca- 
ATPases of slow twitch and of fast twitch rabbit muscle cells, 
respectively [2], PM Cal and PM Ca2, two lsoforms of the rat bram 
plasma membrane Ca-ATPase [3] The rat Na,K-ATPase cYl-subumt 
numbering IS used * and P Indicate the Asp residue phosphorylated, 
* and F the Lys residue covalently labelled by fluorescent 
lsothlocyanate (FITC), respectively Segments of the consensus 

sequences consldered for primer design are underhned 

-550 bp, 

-430 bp, 

4603 bp 

4 310 bp 

Rg 2 Amphflcatlon of cDNA segments from different Drosophda 
cDNA-hbrarles by PCR. Amphficatlon from XgtlO cDNA-hbranes 
constructed from larvae (mstar I & II) developmg stage (lane l), from 

adult males (lane 2) and from adult heads (lane 3), respectively 

adult head hbrary (fig 2, lanes 2 and 3) were excised from the agarose 
gel, electroeluted and cloned mto the SmaI site of the Ml3 sequencmg 
vectors mp 18 and 19 by blunt end ligation Ahquots of the purlfled 
PCR-products were also dlgested with restrlctlon enzymes EcoRI and 
XbaI and cloned mto the EcoRI and the XbaI sites of the same se- 
quencmg vectors Sequencmg was performed by the cham- 
termination method of Sanger et al [6] 

2 5 Southern and Northern hybndzzatron 
Genomlc DNA was dlgested with restrIctIon enzymes BarnHI, 

EcoRI and HtndIII The dlgestlon products were fractionated on a 
0 8% agarose gel, transferred to mtrocellulose paper and probed 
High strmgency wash (65°C) has been applied. 

Total RNA was Isolated from embryos, larvae, pupae and adults 
The RNAs were size fractionated on a 1% agarose-formaldehyde gel, 
transferred to mtrocellulose paper and probed High strmgency wash 
(65°C) has been apphed 

Various Drosophzla cDNA-libraries were subjected 
to PCR amplification. Two main products were obtain- 
ed as is shown in fig.2. After excision from the agarose 
gel the two Drosophila PCR-products (430 bp and 
550 bp) were cloned into Ml3 sequencing vectors mp 18 
and mp 19 and sequenced (figs 3 and 4). 

Forty-two Ml3 clones with the 430 bp DNA segment 
had been sequenced. All the clones appeared to carry 
PCR-amplification products since they possessed the 
primer sequences. 29 of the 42 clones were found to 
carry identical sequence between the primer regions. 
This 375 bp-long segment (DrosNKPF) is identical with 

204 



Volume 258, number 2 FEBS LETTERS December 1989 

dPOS ICC CAG ACC CGA ATG ACG GTC GCC CAC ATG TGG TTC GA, AA, CAG ATC ATC GAG 
*Pm TPNRMT”AHMWFGNQ 
ratA T P N R M T ” A H M w 
ratPi2 

FGNdi~ 
ratA 

LIT05 GCC GAC ACA ACT GAG GA, CPG TCG GGT GTT CAA TAC GA, AGA ACC AGC cc, GGA 
LkOS A 0 T T E 0 QSGVPYDRTSPG 
ratA n G T T E 0 II 5 G T 5 F 0 K s 
rat.42 F”’ 
rat41 N ” T A 

dros TTC AAG GCG CTC TCT CGC ATT GCC *CT CTC TGT AAC CGT GCC GAG TTC AAG CGA 
dros 
ratA> : : 

A L s A IATLCNAAEFKG 

ratA2 T 
ALSH~FLCNRA"K K_.-$ 

ratAl F 0 A 

clros GGC CAP, GA1 GGC GTC CCA ATC C,C AAG AAA GAA GTC AG, GGA GA, GCC TCC GAG 

;IpI: k-+--w~:k-$~;~""w: 

ratAl N E L I A 

dros GC, GC, CTG C,C AAG ,GC ATG GAP. CTG GC, CTG GGC GA, G,G ATG AAC AA* CGC 
dros A A LLKCMELALGDVMNIR 
ratPi 
ratPi2 

SALLKCInSSESqKLMH 

ratAl " c s i : 

dros AAG CG, AA, AAG AAG A,, GCC GAG GTG CCC ,,C AAC KC ICC AAC AAA TAC CAA 
dros K A N K K IAEVPFN ST N K Y p 
ratA 

v 
" IEIPFNS T N K Y 0 

ratA2 
ratAl K Y I " 

*ros 
tros 

G;G l;C 4: CF GAA ACC GAG GA, ACC AAC GA, CCC CGC TAC TTG UC GTA 
ETEGTNGPRY L L " 

ratA, L 
IdA? 

SIHETEGP~NRYLL" 
EREOSPPSH" 

TdA1 K N P N A s E P K H 

Fig.3 Nucleotlde and deduced ammo acid sequences of the Fig 4 Nucleotlde and deduced ammo acid sequences of the 
phosphorylation site-FITC site segment of Drosophdu Na,K-ATPase phosphorylation site-FITC Site segment of Drosophrla sarcoplasnuc 
(DrosNKPF) The sequence of the PCR product amphfied from the rekulum-type Ca-ATPase The sequence of the 550 bp PCR product 
Drosophda larvae library starts after the phosphorylatlon Site (at amplified from the Drosophrla adult male and from the adult head 
Thr-377 accorchng to the rat Na,K-ATPase crl subumt numbering) library starts after the phosphorylatlon site primer (at Leu-355 
and ends before the FITC-site primer (at Val-501 by the same accordmg to the numbermg of the sarcoplasnuc reticulum Ca- 
numbermg) For comparison the ammo acid sequences of the same ATPases of fast twitch rabbit muscle cells) and ends at the FITC-site 
regions of the three rat Na,K-ATPase cr-subumt lsoforms [l] are also primer (Phe-512 by the same numbering) For comparison the ammo 
shown Identical residues of the Drosophrlu sequence and those of the acid sequences of the same regions of the rabbit slow twitch and fast 
rat a3 sequence are underlined For the rat (r2 and crl sequences only twitch muscle Ca-ATPase [2] are also shown Identical residues of the 
the residues different from those m the cY3-lsoform are mchcated The Drosophda sequence and those of the rabbit fast twitch form are 
489-498 region where the 3 rat lsoform sequences are the most underhned For the slow twitch form sequence only the residues 

chverged IS boxed different from those of the fast twitch form are mchcated 

the phosphorylation site-FITC site portion of the 
Drosophila Na,K-ATPase cDNA sequenced recently 
[9]. The published sequence and the sequence of the P- 
F region of fig.3 differ in two positions, both silent 
mutations affecting third codon bases. These variations 
could be due to strain differences in the Na,K-ATPase 
gene. The amino acid sequence between the 
phosphorylation site and the FITC site is the most 
variable among the 3 lsoforms of the rat Na,K-ATPase 
[I]. From the sequence comparison of fig.3, it can be 
concluded that the DrosNKPF sequence is more closely 
related to the P-F region of the rat (~3 isoform than to 
the other two isoforms. This is most obvious if one 
compares the 489-498 region (rat al isoform number- 
ing) where the 3 rat sequences are rather diverged while 
DrosNKPF sequence matches at 8 of the 10 positions 
with the rat a3 isoform sequence (boxed on fig.3). The 
conservation of the 489-498 region is most probably 
due to functional reasons. 

The nucleotlde sequences of 13 clones could be align- 
ed to various regions of the h-phage sequence (not 
shown); consequently they are amplification products 
of the vector in which the libraries had been con- 
structed. 

dros CTC ACC AAC CAA ATG TCC G,, KC CGC ATG TTC AlC TTC GAC AAG GlT GA4 GGC 
dros ,TNPMS”SRMF IFGKYEG 
rabsRs 7 , N II H s ” c L F-T-T 0 6 
rabSRf I 

droe AAC GAC AGC AGC TTC CTC GAG TTC GAG ATG ACC GGC KC ACC TAC GAG CCC AK 
dros N 
r&Sk 

GS~FL~EMTGSTYEPI 
G ST I A 

rabSRf kiCZLN 
ET I T 

5 '-: 

dros GGC GAG GTC TTC CTC AAC GGT CAG CGC ATC AAG GCT GCT GPC TAC GA, ACC ClG 
dros GEVFLNGORIKAAGYGTL 
Mb%33 G E " H K LIGKPVKCHQT~G~ 
rabelf L N I ii S G F 

dros CAG GAA CTG KC ACC ATC TGC A,C ATG TGC AAC GAC TCC GCC ATT FAT 1AC AA1 
dT05 
rdJ5Rs 

;uS,;C;;CNDSAIGY 
CNOSAL n-T-4 

rattm 
ELAT 

5 - 

dTO5 
dros 

GAG T;C A,"" CAG GCC TTC GAG AAG GTT GGC GAA GCC ACT GAG ICC GCC CTC ATT 
OAFEKVGEATETALI 

MJSk g G" Y EKYGEATETAL, 
ram3 

dros 
&as 

G:, C:, G;T G:, A? C:” A;C AGC TTC AGC GTG AAC AAG TCT GGC CTG GAC CGC 
FSVNKS~DR 

ram% 
MsRf , N " R N 

dros CGC KG GCT GCC ATC GCC TGC CGC GGT GAG AlC GAP. ACC AAG TGG AAG AAG GAP 

dros R SAAIURGE 
ralm7s I 
rabslf " 

ERSNflNS” 
I E T K w K K E 
fKQLMKKE 

R 

dros TTC ACC CTG GAG T,C TCl CGC GA, CGT AAA KC ATG KC TCG TAC TGC AK CCC 
dros 
rabSR* : EFSRDRK S M 5" YCTP 
ratem 5 

The sequence of the 550 bp product had also been 
established. Six clones were sequenced; 3 of them show- 
ed identical sequence (fig.4). On the basis of amino acid 
sequence homology this sequence could be aligned to 
the P-F region of the rabbit sarcoplasmic reticulum- 
type Ca’+-ATPase sequences. The percent values of 
identical sequence positions are 62% of the nucleotide 
and 59% of the amino acid sequence for the rabbit fast 
twitch muscle cell form; 63% and 60% for the slow 
twitch muscle cell form, respectively. These high values 
of identical sequence positions allow us to conclude 
that the amplified product is the P-F region of a sar- 
coplasmic reticulum-type Ca’+-ATPase cDNA of 
Drosophila melanogaster (DrosSRCaPF). 

The amplified DrosNKPF was used to localize the 
corresponding gene on the chromosomes. Using 35S- 
labelled DrosNaKPF-probe, one Na+,K+-ATPase gene 
had been detected by in situ hybridization and mapped 
on the right arm of chromosome 3, in section 93A or 
B (not shown) which is in agreement with the results of 
Lebovitz et al. [9]. The existence of a single 
Na+,K+-ATPase gene in the Drosophrla genome is fur- 
ther supported by Southern hybridization experiments 
of EcoRI-, HzndIII- and BarnHI-digested genomic 
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2okb 
16 kb t 

Frg 5 Southern hybrrdtzatton of Drosophzlu genomtc DNA dtgested 
with drfferent restrrctron endonucleases DrosSRCaPF was used as 

probe In each iane 5 rg of drgested DNA was applied 

Drosophrla DNA with the DrosNKPF-probe (not 
shown). Southern hybridization of the same digests 
with the DrosSRCaPF-probe suggests that the SR-type 
Cazf-ATPase is encoded by one gene in the Drosophila 
genome (fig.5; note that there is an &oRI site in 
DrosSRCaPF). It is noteworthy that m mammals both 
enzymes are encoded by isogenes [1,2]. 

We analyzed the mRNA abundance of Drosophrla 
Na,K-ATPase and Ca-ATPase in different 
developmental stages by Northern hybridization. Three 
mRNA-species with different sizes (4.2 kb, 4.5 kb and 
6.5 kb) have been detected with the DrosNKPF probe 
in embryonic and in adult stage (not shown). This result 
is in harmony with those of Lebovitz et al. 191. 

Developmental control of the mRNA abundance of 
Drosophila SR-type Ca’+-ATPase was observed by 
Northern analysis using the DrosSRCaPF amplifica- 
tion product as probe (fig.6). No mRNA was detected 
in embryonic, larval or pupal stage; one mRNA-species 
wrth a size of 4.5 kb was present in the samples obtam- 
ed from adult male and female. These findings are con- 
sistent with the PCR-amplification experiments of fig.2 
where no 550 bp product (DrosSRCaPF) was detected 
from the amphfrcation of the larval cDNA-library. 
This amplification product was only generated from 
the adult male and from the adult head library. 

The cloning strategy described here yielded cor- 
responding segments (the P-F region) of two ATPase- 
cDNAs from one single gene ~plification experiment 
(frg.2). The common feature of these cDNAs - as 
predicted from the amino acid sequence data of the 
other members of the ATPase gene family - is the con- 
servation of two functionally important motifs: the 
phosphorylation site and a site involved in ATP- 
binding (FITC-site). This simple prediction has been 
utilized for designing primers for the Polymerase Chain 

65kb 

45 kb 
42 kb 

Fig 6 Analysrs of mRNA abundancy of Drosophdu Ca-ATPase m 
drfferent developmental stages Northern hybridizations of total 
RNA obtamed from different developmental stages with 
radrolabelled DrosSRCaPF In each lane 5 pg of RNA was apphed 

Reaction. Similar strategy was described recently by 
various reports [IO- 121. 

The plasma membrane type Ca-ATPases clearly 
belong to the same ATPase family although their 
amino acid sequence around the FITC-site is somewhat 
different (fig.1). Since one of the deviations from the 
consensus sequence utilized for primer design affects 
the 3’ end of the FITC-site primer (Ser in the Ca- 
ATPase sequences, Met or Val in the consensus se- 
quence) no chain extension is possible from this primer. 
This may be a plausible explanation why no amplifica- 
tion of cDNA-segments of this type of Ca-ATPases had 
been achieved from the Drosophila libraries studied. 
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