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Abstract. We report the nucleotide and derived amino
acid sequence of the ATPase 1 gene from Plasmodium
Jalciparum. The amino acid sequence shares homology
with the family of “P”type cation translocating ATPases
in conserved regions important for nucleotide binding,
conformational change, or phosphorylation. The gene,
which is present on chromosome 5, has a product
longer than any other reported for a P-type ATPase.
Interstrain analysis from 12 parasite isolates by the
polymerase chain reaction reveals that a 330-bp
nucleotide sequence encoding three cytoplasmic
regions conserved in cation ATPases (regions a-c) is
of constant length. By contrast, another 360-bp se-
quence which is one of four regions we refer to as

“inserts” contains arrays of tandem repeats which show
length variation between different parasite isolates.
Polymorphism results from differences in the number
and types of repeat motif contained in this insert. In-
serts are divergent in sequence from other P-type
ATPases and share features in common with many
malarial antigens. Studies using RNA from the eryth-
rocytic stages of the malarial life cycle suggest that
ATPase 1 (including the sequence which encodes tan-
dem repeats) is expressed at the large ring stage of de-
velopment. Immunolocalization has identified ATPase
1 to be in the region of the parasite plasma membrane
and pigment body. These findings suggest a possible
model for the genesis of malarial antigens.

NFECTION with Plasmodium falciparum, the most viru-
lent human malaria parasite, kills an estimated 0.5-2
million children in Africa alone every year (20, 68). The

organism multiplies within erythrocytes during the clinically
evident phase of infection (77). To achieve this, it subverts
both the homeostatic mechanisms of erythrocytes and host
defense systems. As it develops, novel permeation pathways
are induced which result in increased uptake by the parasite
of synthetic precursors and energy substrates, the best studied
of which are nucleosides (15), amino acids (12), and glucose
(70). Some of these processes depend upon the establish-
ment of electrochemical gradients at the host-parasite inter-
face (secondarily active transporters). These gradients must
be maintained in spite of changes in the ionic composition
of the infected erythrocyte as the parasite feeds and ma-
tures (31).

It has been shown that calcium uptake by infected erythro-
cytes increases with parasite development, although the dis-
tribution of calcium within the infected erythrocyte has not
been adequately defined (for reviews see references 30, 33).
In Plasmodium chabaudi infection the uptake of Ca** may
depend upon a H*-ion gradient generated by a parasite
plasma membrane ATPase (71). Intraerythrocytic parasites
also maintain a membrane potential susceptible to protono-
phores probably through the same mechanism (42). This
H*-ion pump may regulate parasite pH, possibly in con-
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junction with a K*/H* exchanger (31). Erythrocytes in-
fected with P. falciparum gain Na* and lose K* ions be-
cause of inhibition of erythrocyte Na*/K*-ATPase activity
(17). These alterations in cation status do not interfere with
parasite development which is also insusceptible to artificial
elevations in Na* and depletion of K* ions within erythro-
cytes (72). These observations imply that the parasite is
capable of internal regulation of the concentrations of these
cations. Recently, a malarial vacuolar membrane ATPase
(“V” type) has been partially characterized (6), but the mech-
anisms by which parasites regulate ionic homeostasis in in-
fected cells are poorly understood. Cation ATPases from
Leishmania spps have been more extensively studied both
physiologically and by sequence analysis (16, 41, 78). No
plasma membrane cation-motive (P-type) ATPases have been
isolated from P. falciparum.

The P-type ATPases are a ubiquitously distributed class of
multi-pass membrane proteins which contribute to elec-
trochemical gradients by pumping ions using energy derived
from the hydrolysis of ATP. Although they share many struc-
tural features, similar hydropathy profiles and conserved
structural motifs such as a nucleotide binding domain and
phosphorylation site (18), they are phylogenetically more di-
verse than many “housekeeping” gene families such as the
tubulins or calmodulin (for review see reference 32). This
diversity suggests interventions to inhibit the potentially crit-
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ical ATPases in P. falciparum may not affect homologues in
the host, particularly as selective inhibition is achievable for
this class of enzyme, and isoform-specific ATPase inhibitors
are already in clinical use (1, 58).

Murakami et al. (43) have recently sequenced a P-type
ATPase from P. yoelii similar to a sarcoplasmic reticulum
Ca?*-ATPase (>60% identity in conserved cytoplasmic do-
mains). By contrast, parasite-encoded plasma membrane
cation ATPases may be expected to differ from host pumps
because they face an environment of unusual (intracellular)
composition for most of the erythrocytic phase of the life cy-
cle. To allow more detailed studies on the structure, expres-
sion, and possible functions of these molecules, we have iso-
lated a family of cation ATPase-like molecules (called
ATPases 1-3) from P. falciparum. We report here the com-
plete nucleotide sequence of one member of this family
(ATPase 1).

ATPase 1, the largest putative cation-motive ATPase
(1,956 amino acids) isolated thus far, has unusual structural
features including arrays of tandemly repeated amino acid
sequence. Interstrain analysis demonstrates polymorphism
in a region of the ATPase 1 sequence which is unique for this
class of enzyme. This report describes the isolation of this
parasite cation ATPase, analyzes the nature of the polymor-
phism in ATPase 1, and compares the structure of malarial
with published ATPase sequences. It extends significantly
the diversity within the family of cation-motive ATPases and
has important implications for understanding the cell biol-
ogy of host-parasite interactions. Furthermore, it provides a
potentially novel chemotherapeutic target.

Materials and Methods

Parasites

The parasite isolates used in this paper (47, 56) were cultured as described
before (56). For experiments on stage specificity, synchronization of para-
site cultures to yield a population restricted to a developmental time span
of <4 h was carried out by standard methods (11, 34, 46).

Oligonucleotide Synthesis and Hybridization

Oligonucleotides were synthesized on a DNA synthesizer (Applied Bio-
systems, Inc., Foster City, CA) and eluted at room temperature with NH;OH
(Aldrich Chem. Co., Milwaukee, WI; HPLC grade) before deprotection
overnight at 55°C. Oligonucleotides (10 pmol) were radiolabeled by incuba-
tion with 50 pmol of [y*2P]ATP and T4 polynucleotide kinase in 6.6 mM
Tris-HCI, pH 8, 1 mM magnesium acetate, and 1 mM DTT for 30 min at
37°C, followed by removal of unincorporated label by centrifugation (800 g)
through a G25/50 column equilibrated with 3 X SSC.

Hybridization of labeled oligonucleotides to Southern blots and filter lifts
from libraries was carried out under identical conditions: 37°C in hybrid-
ization solution (6 mM EDTA, 5 X Denhardt’s solution, 100 mg/ml sheared
salmon sperm DNA, 0.5% NP-40, 0.9 M NaCl, 90 mM Tris-HCI, pH 8).
To remove unbound probe, filters were washed twice in 6 x §5C/0.1% SDS
at room temperature for 5 min each time, followed by a final 5-min wash
at 54°C in the same solution.

Southern and Northern Blot Analyses

For Southern blot transfer, purified genomic (10 xg) or plasmid DNA (0.1
ug) was digested with restriction enzymes (2-3 U/ug), resolved by agarose
gel electrophoresis, and visualized by staining with ethidium bromide (59).
The DNA in agarose gels was denatured in 0.5 M NaOH, 1.5 M NaCl and
neutralized with 0.5 M Tris-HCI, pH 7, 1.5 M NaCl before transfer to
nitrocellulose filters (Schleicher & Schuell, Inc., Keene, NH) in 10 x SSC.
DNA was fixed to the filters by baking for 2 h at 80°C. Hybridized probe
was removed from blots by rinsing in ddH20 at 100°C before reuse.
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RNA was extracted from parasites by a single step method (7) or, in some
experiments, used after purification through a gradient of caesium chloride
(55). Total RNA (10 pg) was resolved on standard formaldehyde agarose
denaturing gels (5) and transferred to nylon membrane (Hybond-N, Amer-
sham International, Amersham, UK; or Schleicher & Schuell, Inc.) by cap-
illary blotting in 20 x SSC. Hybridization conditions for Northern blots
were identical to those used for Southern blots. Prehybridization and hy-
bridization temperatures were the same (65°C) when carried out in Church
buffer with albumin (8) or were carried out as described previously (54).
All probes (activity of 2-5 X 10° cpm/ml) were incubated overnight with
filters and unbound probe was removed by washing filters at a final strin-
gency indicated in the results or figure legends.

Libraries and Screening

For the initial isolation of P falciparum ATPase-like sequences, an
EcoRI-digested genomic library in Agtll (54) was screened by hybridiza-
tion of duplicate nitrocellulose filter lifts with a degenerate antisense oligo-
nucleotide (Mal2 ATPase). Mal2 ATPase was designed to detect the phos-
phorylation site of cation ATPases and consists of the following sequence:
NGT TAA NGT TCC NGT TTT ATC (N indicates any nucleotide). A
clone (A\76.2; Fig. 1 a) containing a 500-bp insert was isolated from the
EcoRI library. To obtain additional ATPase gene sequence, two “partial
Rsal” libraries were constructed. A time course for Rsal digestion of P. fal-
ciparum DNA was analyzed by agarose gel electrophoresis. A DNA sample
from the time point giving an average fragment size of 3-5 kb was attached
to HindIII linkers and ligated into ACharon 28 (53), or attached to EcoRI
linkers and ligated into Agtll. The 500-bp EcoRI fragment, isolated from
A7.6.2, was used as a radiolabeled probe to screen the Charon 28 Rsal li-
brary. The Agtll (26) Rsal library was screened with ATPase 1 sequence
obtained from the Charon 28 Rsal library.

The sequence encoding the terminal transmembrane hairpins of ATPase
1 was not available from the A libraries, even after repeated screening. This
may have been a result of instability of this region in conventional cloning
vectors and hosts. Consequently, a recently devised strategy to isolate new
DNA sequences using polymerase chain reaction (PCR)' technology was
applied. A “vectorette” library (52) was made from Hincll-digested
genomic T9/96 DNA by ligating the DNA to a partially mismatched double-
stranded oligonucleotide (vectorette). The enzyme HincII was chosen to
construct this library because Southern blot analysis (Fig. 1 b) had revealed
a Hincll restriction site ~500 bp downstream of the available P. falciparum
ATPase sequence. Directional amplification of further ATPase 1 sequence
was achieved using one primer (Seq 61, Table I) to initiate the reaction in
a 5 to 3’ direction from known ATPase 1 sequence, and a second primer
(the universal vectorette primer; see Table I) which hybridizes specifically
to the mismatched region of the vectorette. The resulting PCR product was
cloned in pUC and sequenced. Subsequent screening or blot hybridizations
utilized P. falciparum ATPase sequences from plasmids (20-40 ng) which
had been labeled by random hexanucleotide priming with a kit (Amersham
International) in the presence of [*2P}adCTP.

DNA Sequencing Analysis and PCR

Sequencing was by the dideoxy chain termination method using a modified
T7 polymerase (Sequenase™; United States Biochemical Corp., Cleve-
land, OH) with both single-stranded (M13) and double-stranded templates
(pUC or pBS-Bluescript™) (59). Sequencing of inserts derived from the
Agtl1 and Charon 28 libraries was carried out on subclones prepared after
digestion of DNA with one or more of the following enzymes: Dral, Rsal,
Hincll, Clal, and Hinfl. Complete sequence was obtained from both DNA
strands,

Sequence compilation was aided by the DBUTIL program of Staden
(66). Nucleotide and derived amino acid sequence analyses were carried
out with the following programs: ANALYSEQ, PSQ, PIP, NAQ, and
DBSEARCH (67). Additional database searches (PIR 26) were carried out
using a Distributed Array Processor with contouring of the protein se-
quence (in view of its length), at low stringency (150 PAM, noise reduction
1.5, indels —17) or higher stringency (100 PAM) (9).

PCR conditions for all experiments are given in Table I, with the primer
positions indicated. The reagents were as supplied in the manufacturer’s kits
(Amplitaq kit™, Cetus Corp., Berkeley, CA). Cloning of PCR products
into plasmid and M13 vectors was as described previously (56). For expres-

1. Abbreviations used in this paper: ORF, open reading frame; PCR, poly-
merase chain reaction.
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sion studies, cDNA from P falciparum was obtained from the large
ring/early trophozoite stage of erythrocytic development.

Immunofluorescence Studies

To raise polyclonal antibodies, groups of 3 BALB/c mice were injected in-
traperitoneally with the peptides (Pep 1 and Pep 2) shown below. The se-
quences of the peptides are compared with equivalent sequences in the other
ATPases (ATPase 2, ATP2 and ATPase 3, ATP3) that we have identified
when available. Purity and sequence of peptides was confirmed by microse-
quencing and HPLC, and identified an inadvertent substitution in Pep 1 at
residue 495 (Ser for Phe).

PEPI MAGQINTMVSDKTGTL
ATP2 ELGQI!EYIFSDKTGTL
ATP3 ICGKIRVFFFDKTGTL

(position 486-501)

PEP2 MDI ITDAIPPALPTTLT
ATP2 VVITGNFVPISLIVTMS

(position 444-460)

Primary immunizations were with peptide conjugated to Keyhole-
Limpet Haemocyanin (50 pg) given with Freund’s complete adjuvant.
Boosting was with an equivalent amount of peptide and Freund’s incomplete
adjuvant, after 2 wk. A final boost was given 10 d later with no adjuvant.
Responses were assayed by an ELISA (data not shown) and the polyclonal
antibodies applied to slides of P. falciparum to identify and localize ATP-
ase 1. Slides used in immunofluorescence studies were prepared by washing
infected or uninfected erythrocytes (1% haematocrit) in PBS, making smears
and fixing at —20°C in acetone. Antiserum was applied to the slides for
30 min at room temperature in a humid atmosphere, and after removing
excess serum and three washes in PBS/0.1% BSA, the detecting antibody
(FITC goat anti-mouse, Becton-Dickinson, Immunocytometry Sys., Moun-
tain View, CA) was incubated at a concentration recommended by the
manufacturers. After washing as before, coverslips were mounted with glyc-
erol and viewed under a model IIIRS (Carl Zeiss, Inc., Thornwood, NY).

Results

Isolation and Mapping of Clones Containing Sequence
Jor ATPase 1

An antisense oligonucleotide (Mal2 ATPase), with 64-fold
degeneracy that incorporated the malarial bias for A+T
residues, was designed to detect the conserved phosphoryla-
tion site (DKTGTLT) which is the signature of the P-type
class of cation ATPases. Hybridization to a Southern blot of
restriction-digested DNA from P. falciparum clone T9/96 re-
vealed four bands in the track digested with the enzyme
EcoRI, after washing at high stringency (6 X SSC/0.1%
SDS, 54°C, data not shown). Screening of 40 genome
equivalents of a Agtll library containing EcoRI-digested
P. falciparum DNA (clone T9/96) under conditions identical
to Southern blot analysis yielded 129 positive clones. These
were classified by crosshybridization experiments, using the
EcoRI fragments as probes, into three subclasses (ATPase
1, 35% of clones, 500-bp-sized inserts, subclone designated
p76.2, Fig. 1, a and b; ATPase 2, 42% of clones, 1.53-kb-
sized inserts; and ATPase 3, 23% of clones, 1.48-kb-sized
inserts, data not shown). The size of the fourth EcoRI band
(11 kb) detected by Mal2 ATPase oligonucleotide probe
precluded cloning in Agtll (maximum insert size 7 kb). Se-
quence analysis identified the conserved phosphorylation
site in representatives from all three classes of clones (Fig.
3 a). The degeneracy in the sequence for Mal2 ATPase al-
lowed almost perfect matches with genomic sequences ob-
tained from this region (one nucleotide mismatch in ATPase
1). Genes for all three ATPases were seen to be present in
the genome as single copy (Fig. 1 b and not shown).

To identify further ATPase 1 sequence contiguous with the
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500-bp EcoRI fragment, 20 genome equivalents of the par-
tial Rsal library in Charon 28 (average insert size 3 kb) were
screened at high stringency of washing (0.1 X SSC/0.1%
SDS, 65°C 45 min) with this fragment (from p7.6.2) as probe.
Two overlapping clones which hybridized to p7.6.2 (A3.3 and
A\7.8; insert sizes 3.5 and 2.7 kb, respectively) were purified
(Fig. 1). Subcloning and sequence analysis confirmed con-
tiguity of sequence with p1.6.2. An open reading frame (ORF)
extended from a putative initiating methionine residue in
clone p3.3 to the end of insert in the distal overlapping clone
p’.8 (Fig. 1 a). An M13 subclone containing ~+400 bp of se-
quence from the 3’ end of p7.8 was radiolabeled (25), and the
second (partial Rsal-digested) genomic library from clone
T9/96 (average insert size 3 kb) ligated into the vector Agtll
via EcoRI linkers, was screened.

One positive clone from this library (A7CA, Fig. 1 a)
which contained a 4-kb insert was subcloned into plasmid
(p7CA) and M13 vectors and its sequence determined. An
OREF that was contiguous with the ORFs from p3.3, p7.6.2,
and p7.8 extended to the end of p7CA insert, but did not con-
tain the terminal transmembrane segments essential for ion
transport in other ATPases. The HinclI vectorette library en-
abled amplification of the remaining portion of ATPase 1 by
PCR initiated by the oligonucleotide Seq 61 (for conditions
see Table I). Three independent clones were analyzed. A
coarse and fine restriction map of ATPase 1 is shown in
Fig. 1 a.

ATPase 1 Is a Member of the P-Type Family of
Cation Pumps

The nucleotide sequence and predicted amino acid sequence
for ATPase 1 is shown in Fig. 2. The initiating methionine
was identified as the first in-frame ATG codon (nucleotides
927-929, Fig. 2) of the ORF. As with other malarial se-
quences, there is poor agreement with the Kozak eukaryotic
consensus for the context of initiation (54). The gene has no
introns and ends at a termination codon (UGA; 6,795 bp;
Fig. 2) which forms part of a strong tetranucleotide con-
sensus for eukaryotic termination: signals (UGA [A/G]) (4),
and is soon followed by another termination signal (UAAG).
After the second termination signal, there is a polypyrimi-
dine tract (25 “T” residues), a feature which is also present
in other malarial genes (73).

The calculated molecular mass of the unmodified protein
is 230 kD; it contains 1,956 amino acid residues and has 27
sequons (potential N-linked glycosylation sites) (50). The
predicted topography of the derived amino acid sequence for
ATPase 1 conforms to that of other P-type ATPases with
8-10 membrane-spanning domains organized into three
regions, and conserved cytoplasmic domains including the
phosphorylation site DKTGTLT (amino acids 496-502, re-
gion f, Figs. 2 and 3 a). The longest of the membrane-
spanning regions corresponds to the terminal transmem-
brane hairpins which contribute to ion transport specificity.
The last two membrane-spanning regions (M3, M4, and
M5-MD9) are separated by an unusually long cytoplasmic re-
gion (containing conserved regions f-j) of 1,353 amino
acids).

A comparison of the conserved cytoplasmic domains in
ATPase 1 with representatives from other ion transporting
ATPases (with the ATPase 1 sequence as template) is shown
in Fig. 3 a. There is preservation of functionally critical

387



—Clal
L Hpall
—EcoRI
—Bcll
Bel |
coRl
Clal
Clal
|—Hpall
Bel

—EcoRl

E
Hincll—
Hincl
Bel |
Hincll
Hincl

/m p7.6.2 - <

L2 £ [ RPN B

S SR A 1 : ¥
: %8 EREiE o s 3 %\:3 TE Ez & B
3 = =Rz n: ® 8 8 22 28 F 3T
B M UL L A L AL K
g sats lssp 232 8 5 3323 !é/s 8 5 2
2 s 2 -
500 bp éé & a
I |
b 1 2 3 4 5 6 7
i
- _-23.1kb
12.2: s . -9.4
-— ]
- - i . 6.6
6.1 :
5.1 -4.4
4. 1> .
3.1 -23
-=20
2.0
1.6
mh- -
-=0.5

%

Figure 1. (a) Restriction map of ATPase 1. The restriction map for ATPase 1 was derived from Southern blot and sequence analysis. The
OREF is indicated by the shaded box, and the overlapping clones from which the sequence was obtained are shown below it. The order
of isolation of clones is from top to bottom. The positions of some of the enzyme sites in the nucleotide sequence are shown to allow
identification in Fig. 2. Clone p7.6.2 was isolated by screening with an oligonucleotide (Mal2 ATPase) and was used to screen for clones
p3.3 and p7.8. Clone p7CA was obtained by screening with the 3’ end of p7.8 and pH2V1 by the vectorette technique (see Materials and
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Table 1. PCR Conditions

Position Tm Annealing Extension
Name Sequence (5' to 3) (nucleotides) °C) Temp(°C)/Time(s) Temp(°C)/Time(s)
VAR 1 GGG AGA TGT CTT AGA AAT ATT GAT G 3377 S 68 60/90 72/120
VAR 2 CCC CAA AAA ATG CAA ATT AGA TTC 3965 A 64
VAR 3 GGA GAT GTA ATA CCT GTT GTT GGT 4134 S 68 59/90 72/60
VAR 4 GGT ATT CTG TGG GAC AAT AAT TCC 4500 A 68
VAR § GTA TGG AGC CTA GAT AAC TAC 1089 S 60 55/90 72/60
VAR 6 CCT TCA AAA GGT AAC CGC TC 1417 A 60
BIVSS CTG ATG AGC ATG GAA TAG ATC CAG 284 S 70 60/120 72/60
BIVS3' CTG TCC CCA CAA TAG GTA CTA CTC 674 A 72
BIVSY CTG ATG AGC ATG GAA TAG ATC CAG 284 S 70 60/120 72/60
BIVSe CCA AAG GGG CCA GCA CGA ACA CTA TCC 799 A 86
Seq 61 GAA CGT GTA CTG TAT ATG CTA GAA TG 6103 S 72 56/90 72/240
UvP CGA ATC GTA ACC GTT CGT ACG AGA ATC GCT 90

S, sense; A, antisense; UVP, universal vectorette primer. For all these reactions 1.5 mM MgCl, was used. The primers BIVSS’, BIVS3', and BIVSe were used
in PCRs across one of the introns in the §-tubulin gene to establish that cDNA was free of contamination by genomic DNA. Genomic DNA subjected to PCR
across this intron yielded a product sized at ~340 bp. Complementary DNA subjected to PCR with the same primers (BIVSS’ and BIVS3') did not give any product.
When the PCR was applied to cDNA with primers (BIVSS’ and BIVSe) which included 150 bp of coding sequence (exon), a product of 150 bp was visualized.
Genomic DNA subjected to PCR with these primers (BIVS5' and BIVSe) yielded a product 500 bp in size, as predicted (data not shown).

amino acid motifs (18) in all these domains including the
transduction domain (region ¢, containing the motif TGES,
amino acids 149-152), the ATP phosphorylation site (region
f, containing the phosphorylated aspartic acid residue, Asp
496), the FITC binding site (region g, containing an invari-
ant lysine residue, Lys 949), and the ATP binding domain
(region i). The linear organization of the conserved domains
is also interesting. Some are spaced in a similar fashion in
ATPase 1 as in other ATPases (e.g., regions a-c) while
others are much further apart (e.g., regions f and g: in the
putative proton pump from Leishmania donovani the inter-
vening length is 85 amino acid residues, in the Ca** pump
from P. yoelii it is 246 residues, and in ATPase 1 it is 442
residues). Presumably, folding patterns still bring together
functionally related regions which may be separated by some
distance in the primary sequence, with the membrane-
spanning domains acting as “anchors” (Fig. 3 a).

Partial sequences from the other two ATPases (508 amino
acids for ATPase 2 and 492 amino acids for ATPase 3) from
P, falciparum also contain the highly conserved phosphory-
lation site (DKTGTLT, region f in Fig. 3 a, and Materials
and Methods). In ATPase 1 there is a Phe residue preceding
the phosphorylated Asp residue, unlike the eukaryotic con-
sensus (which is ICSD). The only other published sequence
of an ATP phosphorylation site containing Phe residues in
this position comes from the cadmium pump of Staphylococ-
cus aureus (44).

ATPase 1 Resembles the o Subunit of Na*/K* ATPases
ATPase 1 shares greatest similarity to 2 mammalian Na*/K*

ATPase with 32% amino acid identity (39.7% similarity) in
a comparison of conserved regions a—j containing a total of
282 amino acids (Table II). Comparison with ATPases of
different ion transport specificities reveals similar though
somewhat lower values (identity range 18-32.3%). The two
malarial cation ATPase sequences available (P. falciparum
ATPase 1 and the Ca?* ATPase from P. yoelii) share 30%
identity in a similar comparison with each other, and cal-
modulin and phospholamban binding sites (features of Ca?*
ATPases) are absent from ATPase 1.

Ouabain binding to mammalian Na*/K* ATPases de-
pends on two regions which were first identified in the sheep
oy subunit, an ouabain-sensitive enzyme. The first lies be-
tween M1 and M2 (the first and second membrane-spanning
segments), and requires a Gln residue (position 111) and
an Asn residue (position 122). Mutagenesis at these posi-
tions increases similarity to the rodent form of enzyme
(""'Gln—~Arg or '2Asn—>Asp) and confers the property of
ouabain resistance (23). ATPase 1 possesses both an Asn
(amino acid 60, preceded by a conserved Asp residue) and
a GIn residue (amino acid 49) separated by 10 amino acids
in the appropriate region between M1 and M2 (Fig. 2 a), a
feature shared with H*/K* ATPases (69). The second re-
gion contains the motif EYTWLE which binds the steroid
ring in ouabain and is found in the extracellular loop between
M3 and M4 in the mammalian sequence. The malarial se-
quence has the motif EYTNHI (amino acids 434-439) in the
corresponding position, a motif not found in ATPases with
other ion transport specificities. Ouabain does not inhibit the
multiplication of cultured P. falciparum in concentrations
which inhibit the host enzyme (72).

Methods). The initiating codon (A7G), the termination signal (7G4), and nucleotide positions at key enzyme sites (Fig. 2 a) are indicated
on the fine restriction map. (b) Southern blot analysis of ATPase 1. DNA from strain T9/96 was digested with the following enzymes and
hybridized with inserts from plasmid clone p3.3 (i) or p7.8 (i{). Washing was with 0.2 x SSC/0.1% SDS at 65°C for 45 min followed by
0.1 X SSC/1%SDS at 65°C for 30 min. For i enzymes were (lane 1) Bcll; (lane 2) Clal; (lane 3) EcoRI; (lane 4) BglII; (lane 5) Hincll;
(lane 6) Hpall; (lane 7) BstNI. Molecular weight markers were a 1-kb ladder (Bethesda Research Laboratories, Gaithersburg, MD). For
ii enzymes were (lane 1) Hpall; (lane 2) Hincll; (lane 3) Bglll; (lane 4) EcoRI; (lane 5) Clal; (lane 6) Bcll. Molecular weight markers

were HindIII-digested A DNA.
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23

ATT 77T AGA TAT TCG ITA TGT ATA CAT
Ile Phe Azg Tyz Ser Lau Cys Ils Ais

900 920
CTT TAT TTC AAT ATA AAT TAT CCT TTT
Leu Tyr Phe Asn Ile Asn Tyr Pro Phe

960
GGT TTA AGA AAT GAA AMA TTA ATA AMC
Gly Leu Arg Asn Glu Lys Leu Ila Asn

1000 HinfT
TGT AAT TT6 ARC ATA AAG AGT QAT TCA
Cya Asn Leu Aan Iie Lys Ser Asp Ser

HinfT 1060
ATT ATG_AAL.CCC TTT TTT ATA TIT CAA
Iis Mst Asn Pro Phe Phe Ila Phe Gln

AAR AMA AAA AAC ATT TIT GTT GAA
Lys Lys Lya Asn Ile Phe Val Glu>

v 910
AGT TAT ATG CAT CTT ATG IGT ACA
Ber Tyr Met Hia Lau Met Cys Thr 6

980
GAT CGA AAG ATA TTA TAT GGT GAA
Asp Arg Lys Ile leu Tyr Gly Glu>

1040
TTT AT? ATA TTA TTA TTT AAA GAA
Phe 1le Ile Leu Leu Fhe Lys Glu>
ML~ -

1080
ATA TTT GET ATG ATA GTA TGG AGC
Ile Phe Ala Met Ile Val Trp Ser>

CTA GAT AAC TAC ATA GAA TAT ACA ATA
Leu Asp Asn Tyr Ile Glu Tyr Thr Ila

1140
AGT ATT TTA TTT ATA ACA AGT ATA
Sar Ile Leu Phe Il Thr Ser Ilg 74

TCT ATA ATA TTA GAA TTG ARG ART ACT
Ser 1ie 1le lav Glu Leu Lys Asn Thr

1180
ATA AAM AAT CAG AAA AAA ATA AAA
Ile Lys Asn Gln Lys Lys Ile Lys>

1220
AAT ATG TTA AAT TAT ACA TGT CCA ATA
Asn Met Leu Asn Tyr Thr Cys Pro Ile

1240
AAT GTT TAT AGA TAT AAT ACT TCT
Asn Val Tyr Arg Tyr Asn Thr Ser>

1260
TAT ATT ATT AGT TCA TCA GAG TTA GTT CCA GGA GAT ATA TAC GAA ATA

Tyr 11e Ile Ser Ser 3sr Glu leu Val

1300
aaa
Pro Gly Asp Ile Tyr Glu Ile Lys>

1320
ART AAC ATG ACC AXC CCT TGT GAT ACT
Asn Asn et Thr Ile Pro Cys Asp Thr

1340
ATA ATA TTA TCT GGC TCT GTA ACC
Ile Ile Leu Ser Gly Ser Val Thr 142

1360 AL,
ATG TCC GAA CAT A’
Met Ser Glu His Met Leu

nelL Rinfl

1400
GGA GAA ICT GTT CCT ATA CAT AAA GAG CGG
Thr Gly Glu Ser Val Pro Ile His Lys Glu Arg>

1420
TTA CCT TIT GAA GGA AAT
Leu Pro Fhe Glu Gly Asn

1460
AAC GAT GAA AAG GAT GAT
Asn Asp Glu Lys Asp Asp

2020 2080 EcoRI 2080
AAR TAT ART AAT AAA GAA GAA AAC CGA ATT CTA GGG TTA GIT ATA ARA ACA

Ger ATT
Ala Tle

1480

TAC CTT
Tyr- Leu

1440

ATA AAT AAA AAT AAT ARA TAT GAC AGT

Ile Asn Lys Asn Aan Lys Tyr Asp Ser>
PEY Tt rauy

1500
CGT ATT TAT AAT AAT CAT GCT AGT ATT
Arg Ile Tyr Asn Asn H{s Ala Ser Ila>

Bel1 1520
AAT ATG ATC BAG CGT AAT
Asn Met Ile Lys Arg Asn

CAT TTG
His Leu

1540
ATC GAA GAA ACG TTG GGG ARA ARG GAT
Ile Glu Glu Thr Leu Gly Lys Lys Asp 210

Lys Tyr Asn Asn Lys

Glu Glu Asn Arg Ile Leu Gly Leu Val Ile Lys Thr>

2080
GGA TTT ATT ACA ACA
Gly Phe Ile Thr Thr

ARG AAR GAA TTG AAT
Lys Lys Glu Lau Asn

2180
ATT ATA TAT GCT TTA
Ile Ila Tyr Ala Leu

2100
ARA GGA AAG ATA GTT AMT AAT ATA TTA TAT CAT AAA
Lys Gly Lys Ile Val Asn Asn lle Leu Tyr His Lys>

2140 Hinfl
TTA ATT AAT GAT ICT TAT ARA TIT TTA ATT ATA TTA
Leu Tle Asn Asp Ser Tyr Lys Phe Leu Ile Ile Leu 414

2200
TTT AGT GTA TIC ATT GTT TTA TAT ATA ACA TTA AGT

1560
AGG GAA TAT AAA AGT AAT
Arg Glu Tyr Lys Ser Asn

1580
ACA CAT
Thr Hia

1600
GAT TIG 1GT AGT ATG AAC AAG TIG TGT
Asp Leu Cys Ser Mot Asn Lys Lau Cys>

1620
TAT ATT AAT AAC ACA TAT

GAT GAT

164
GTA CAT ATG ARM AAT AAC AMA ATG GAT

AAT AAC GAA TAT ACA
Axn Asn Glu Tyr Thr

2280
GAT GCT ATA €CC CCA

Phe Ser Val Phe Ile Leu Lau Tyr lle Thr Leu Ser>

2210 2260
AAT CAT ATT ATA ATT AAA TGT TTA GAT ATT ATA ACA
Asn His Ile Ile Tla Lys Cys Leu Asp Ile Ile Thrx

[P, -

2300 2320
GCT TTG CCC ACA ACT TTA ACA GIG GGT ATT AGT ATA
Ala Leu Pro Thr Thr Lev Thr Val Gly lle Ser Ile>

2340 2360
AMA ARG AAA TTT TCT ATA TCT TGT TTA 1GT CCA CAT

Lys Lys Lys Phe Ser Ile Sar Cys Leu Cys Pro His 482

0 2420
GGA CAA ATA AT ACC ATG GTA TTT GAT AAR ACA GGT
Gly Gln Ile Asn Thr Met Val Phe Asp Lys Thr Gly>

Hinfl
AAT TTA CAA TTT ATT GGA ATC ATA ACA CAA AAT AAA
Asn Leu Gln Phe Ile Gly Ile Ile Thr Gln Aan Lys>

12¢

2520
TTA AGT GAT TTT ATC CAT ATA AAG GAA ATG AAT ACA
Leu Ser Asp Phe Ile His Ile Lys Glu Met Asn Thr>

2560 EcoRrl
TCT AAG GAT GAT AAT ATG ATA CAT AAT AAG_AAT TCT
Ser Lys Asp Asp Asn Met Ile Kis Asn Lys Asn Ser 550

2600 2620
TAT ATT AAG GAT AAT ATG AAA AAT TTA CAT ACA TCT
Tyr Ile Lys Asp Asn Met Lys Asn Leu His Thr Ser>

Tyr Ile Asn Aan Thr Tyr Asp Asp Val Aix Mat Lys Asn Asn Lys Mat Asp> Asp Ala Ile Pro Pre
1680 1700
TAT AAT AAT AAT AAT AAT AAT AAA AAR AAR AAA AAA ATT AAC AAT TTA AAC GCT ATA AGT AGA CTA
Tyr Asn Asa Ran Asn Asn Asn Lys Lys Lya Lya Lys Ila Asn Asn Leu Asn> Ala Ile Ser Arg Leu
1720 110 1760 2380
TIT GTA AAM GGA ACA TAT ATT AAT AGT AAT GAT TTA TTA TAT GAC GAC AAA MMM ATA AAT ATA GCA
Phe Val Lys Gly Thr Tyr Ile Asn Ser Aan Asp Leu Leu Tyr Asp Asp Lys 278 Lys Tle Asa Ils Ala
HineIl 1780 1800 2440
ATA GGC GIC AAC ATT TTT GAA GAT GAT GTA AAT AAT ATG AAA CAT ARA TTT ACA TTA ACA GAA AAT
1le Gly Val Asn Ile Pha Glu Asp Asp Val Asn Asn Met Lys His Lys Phe> Thr Leu Thr Glu Asa
1820 1840 1860 2480

AAT CAA AGA AAT ATT AAT TAT TAT AAT AAR GAT ACC AAT AAT TTA GAG TAT ARG ART AAA AAT ATG

Asn Gln Arg Asn Ila Aan Tyr Tyr Aan Lys Asp Thr Asn Aan Leu Glu Tyr> Lys Asn Lys Aan Met
1880 1900 Hinfl 540

AAC AAT AAG CAT AGA TAT ATA TAT GAT TGI CTT TTA AAA AAG GTA GAA GCT GAA TCT TAT ATT CAC

Asn Asn Lya His Arg Tyr Tl Tyr Asp Cys Leu Leu Lys Lys Val Glu Ala> Glu ser Tyr Ile His

1920 1840 1560 2580
ATT TCA CAA AAA AAT AMA ATT ATA TAT AGT AAT GAA GAT ATA AAT AAR TAT ATT ATA TCA GAA TAT
Ila Ser Gln Lys Asn Lys Ile Ila Tyr Ser Asn Glu Asp Ile Asn Lys Tyr 346 Ile Tla Ser Glu Tyr
1980 2000 2640
ATG TTA TAT GGA GGT ACA TAT GIT TTA TCA TTA TAT AAT ATA AAT AAA ATA TCA ARA ABA AMA AGT
Met leu tyr Gly Gly Thr Tyr Val Ser Lys Lys Lys Ser

Lev Ser leu Tyr Asn Ile Asn Lys Ile>
mm

3360

2660
ATA ACA AAR GAA CGT TCG AAT TTT TTA GTA CAA ACT
Ile Thr Lya Glu Arg Ser Asn Phe Lav Val Gln Thr>

TGT CAT ACA TTA AGT AAA GTA AAC AAT AAA ATA ATG GGA GAT GTC ITA GAA

Hincll  Clal 40BO

27120
ATA AMA AGC TGT CTA TTA AAA GAT CAT TAC ATA ARA GAA AAA AAA AAG GAA
Ile Lys Ser Cys Lau Leu Lys Asp Kls fyr Ile Lys Glu Lys Lys Lys Glu>

Cys Ris Thr

Leu Ser Lys Val Asn Aan Lys Ile Met Gly Asp val Leu Glu 822

GGT GAT AAT €

8

#infl
TA CAT GTC GCA AAG AAR TGT GGA ATC ATT

3400

3120 EXTE]

2740 2760

TAT TAT ACA AAT AAT ACG TAT TGT AAT GAT
Tyt Tyr Thr Asn Asn Thr Tyr Cys Asn Asp

2780
CTG CAT ATA AAT GAT AGC ACA
Leu His Ile Asn Asp Ser Thr 618

2000
TGT 1CT TCA TAT TTA TTA AAC ICT GAA ACC
Cys Ser Sar Tyr Leu leu Ass Ser Glu Thr

2820
AMG GAT GCG TAT TGT GAG TAT
Lys Asp Ala Tyr Cya Glu Tyr>

2840 Bell 2860
TAC AAT ATLGAT CAT TTA TGT GAT ATA AAT
Tyr Asn Ile Aap Hia Leu Cys Asp Ile Asn

2880
AMA AMG AAC ATG GAC ATA AAT
Lys Lys Asn Met Asp Ile Asn>

2900
TCG AAA AAT GAA TTG ATG GGA AAA TAT TCA
Ser Lya Asn Glu Leu Met Gly Lys Tyr Ser

2920
AMA AAT GAA TTG ATG GGC AAA
Lys Asn Glu Lau Met Gly Lys>

2940 2960
ACT ATA ANA AAT GAA TG ATG GGA ARA TAT
Thr Ile Lys Aan Glu Leu Met Gly Lys Tyr

2980
TCA AAA ART GAA TTA ATG GGA
Ssr Lys Asn Glu Leu Met Gly 686

2000
AAA TAT TCA AAA AAT GAA TTG ATG GGA AAA
Lys Tyr Sar Lys Aan Glu Leu Wet Gly Lys

3020
TAT TCA AAA AAT GAA TTG ATG
Tyr Ser Lys Asn Glu Lau Met>

3048 3080
GGA AAA TAT TCA AAA AAT GAA TTA ATG GGA
Gly Lys Tyr 8ar Lys Asn Glu Leu Met Gly

'3080
ARA TAT TCA AAA AAT GAA TIG
Lys Tyr Ser Lys Asn Glu Leu>

3100
ATG GGC AMA ACT ATA AMA AAT CAA GTT GGT
et Gly Lys Thr Ils Lys Asn Gla Val Gly

3120
GTA GAT ACC AAC ATT TAT CAT
Val Asp Thr Asn Ila Tyr His>

3150
ATG AAT 16T GAT AAT GAT TAT AAT TAT GAT
Mat Asn Cys Asp Asn Asp Tyr An Tyr Asp

160
TAT CCT 7GT GAT TAT AAT TGT
TYT Pro Cys Asp Tyr Asn Cys 754

3200
AAC AAT TGT AAT GAT ACT TAT CAT AGA TTA
Asn Asn Cys Aan Asp Thr 7yr Eie Arg Leu

3220

GAA TAT CAT AAT ATA AAT AAN
Glu Tyr His Asn Ile Asn Lys>

3260
GAT AAT TCA TTT ART ATA CCT CCT GAA AAG
Asp Asn Ser Phe Aan Ile Pro Pro Glu Ly

3280
AMT AAA AGT TAT AAT AAT ATA
Asn Lys Ser Tyr An Asn Ile>

2300 3320
AGT GAA CAT ATA AAR ATT AAT TAT CCT CIC
Zer Glu His Ile Lys Ile Aen Tyr Pro leu

3340
CTT TTT GAM GCA TTA GCT 16T
Leu Phe Glu Ala Leu Ala Cys>

ATA TTG ATG TTT AAT TTT ACT AAC TGT GAT ATG TTA ATA AAT ART AAT ZCT
Ile Leu Mat Phe Asn Phe Thr Asn Cys Asp Met Leu lle Aan Aan Asn Ser>

3460 3480
TTT ATT ATA AAA GAA ARA AAA AAA AAT TGT TCT TAT GAT ITT CAA AAA AIC
Phe Ile Ile Lys Glu Lys Lys Lys Asn Cys Ser Tyr Asp Phe Gln Lys Il

3520 3240
GAT GGT GAT AAA AAT ATT GGT GCA AAT GAT GAG AGA TGC CAT TTG AAT AAT
Asp Gly Asp Lys Asn Ila Gly Ala Asn Asp Glu Arg Cya His Leu Asn Aan>

3560 3580
AAT TTG GPA TCT TAT AAT ATT TTA AAA AGA TIT GAA TTT CAA AGT AGA TTA
Asp Lau Val Ser Iyr Asn Ile Leu Lys Arg Phe Glu Phe Gln Ser Arg Lau 850

3600 3620 3640

CAA AGG ATG AGT GTA ATA GTG AAA AGT ACA TAT GGT AAT AAT AAT GAT GAT

Gln Arg Met Ser Val Ile Val Lys Ser Thr Tyr Gly Asn Asn Asn Asp Asp>
Taeesenreissreaatanrrnnany

3660 2680
AAT AAT GAT GAT GAT AAT AAT AAT GAT GAT GAT AAT AAT GAT GAT AAT AAT
Asn Asn Bap Asp Asp Aed Asn Asn Asp Asp Aup Asn Asn Asp Asp Asn Asn>

3720 3740
AAT GAT GAT AAT AAT AAT GAT GAG AAT AAT GAT GAT AAT AAT ART AAT AAT
Asn Asp Ap Asn Asn Asn Asp Asp Aan Asn Asp Asp Amn Asn Asn Asn Asn>

3760 3780
TAT TAT TAT AAT ATT TTT TGT AMA GGT AGT CCA GAA ARA ATA AAA GAG TTG
Tyr Tyr Tyr Asn Il Phe Cys Lys Gly Ser Pro Glu Lys Ile Lys Glu Leu 958

3800

3820 3840
TGC TTA AAA AGT AAA ATA CCA AAT AAT TAT GAT GAA ATA TTA AAT AAA TAT
Cys Lau Lys Ser Lys Ile Pro Asn Asn Tyr Asp Glu Ile Leu Asn Lys Tyr>

2860 1880 3900
ACA AAA CAA GGT ATG AGA ATA TTA AGC ATA TCT TAT AAA AGA GTA AAG TCA
The Lys Gln Gly Met Arg Ile Leu 5er Ile Sar Tyr Lys Arg Val lys Ser>

3920 3940 Rinfl
AAA AAT ATA AAC CTA TTA AAT GTT AMA CGA AGT TTT GTA GAA TCT AAT TIG
Lys Asn Ile Asn Leu Leu Asn Val Lys Arg Ser Phe Val Glu Ser Asn Leu>

3960 3980 4000
CAT TTT TTG GGG TTC TTA ATA TTT ACA AAT AAT ATG AAA AAR AAT GCC CCT
Hi» Phe Leu Gly Phe Leu [ie Phe Thr Asn Aza Met Lys Lys Aan Ala Pro 1026

Gly Asp Asn val Lev Thr Ser Ile His

val Als Lys Lys Cys Gly Ile

412081nr1
ART TCA AAT GTA GAA TCT ATA ATT ATT
Asn Ser Asn Val Glu Ser Ile Ile Ila

4180
ARR ART AAC AAA CAG ARG AAA AAG TTA
Lys Asn Asn Lya Gln Lys Lys Lys Leu

4224
ACA TAT TTA AAA GGT CAT GAT AAG ACA
Thr Tyr Leu Lys Gly His Asp Lys Thr

4280
ATT CAR TCA CAA ATG AAT AGT GAT AAT
Ile Gln Ser Gl Met Asn Ser Asp Asa

4140
GGA GAT GTA ATA CCT GIT GIT
Gly Asp Val Ila Pra Val Val

1200
GTT TGG TAT AAT CAT AAA AAT
Val Trp Tyr Aan Bis Lys Asn

TGT ATA GAT AAT GAA TTT ACA
Cys Ila Asp Asn Glu Phe Thr

1300
ATA TGT GGT GAT AAT ATA 1GT
Ile Cys Gly Asp Aan Ils Cys

Ile>

GGT
Giy>

GAT
Asp 1094

TeT
ser>

GeT
Gly>

14

4320 ]
GAT AAT ATA TAT GGT GAT AAT ATA TGT
Asp Asn Ile Tyr Gly Asp Aan Ile Cys

340 43,
GGT GAT AAT ATA TAT GGT GAT
Gly Asp Aan Ile Tyr Gly Asp

60
AT
Asn>

1380
ATA AAT GGT GAT AAT ATA AAT GGT GAT
1le Asn Gly Asp Asn Ile Asn Gly Asp

4400
AAT ATA TAT GGT GAT AAT ATA
Asn Tle Tyr Gly Asp Asn Ile

AAT
Asn 1162

1420 444
GGT GAT ANT ATA AAT GGT GAT AAT ATA
Gly Asp Asn Ile Asn Gly Asp Asn Ila

o 4460
AAT ACT TAT GAT AAT ATA TAT
Asn Thr Tyr Asp Asn Ile Tyr

4480
GAT ART TAT AAT TTG GAT TAT TGT CCC
Asp Asn Tyr Asn Lev Asp Tyr Cys Pro

4500
ACA GAA TAC CAT AMA TGT ACA
Thr Glu Tyr His Lys Cys Thr

66T
Gly>

TAT
Tyr>

4520 4540
AAT AAT AGT ATA TTA TAT AGG AAC ARC
Ran Asp Ser Ile Lew Tyr Arg Asn Aan

4560
TIT TTA TAC AAA AAR GAA AAT
Phe Leu Tyr Lys Lys Glu Asn

4580
AAR GAT AAN AAT TAT AAA AAC ATA TCA
Lys Asp Lys Asn Tyr Lys Asp Ile Ser

4600
ACA TTA TAT GAG CAT AGA ACC
Thr Leu Tyr Glu His Arg Thr

Lys>

AAT
Asn 1230

14620 4640
GAT ATT CAA TTT GAT AAA TTA TGT GAT
ASp Tle Gln Phe Asp Lys Leu Cys Aep

4660
ATA TTA ATT AAT ARA GAT CCA
Ile Leu Ila Asn Lys Asp Pro

4
AAC GTA AAT ATT GTT TTG ACA GGA ARA
Asn Val Asn Tla Val Lev Thr Gly Lys

AGA

Arg>

4700
GCA TTT ATA TTT TTA AAA AAA AAA

Ala Phe Ile Fhe Lau Lys Lys

Lys>

4020 1040
GAT ATT ATA CAT ANT TTA CAA ACA TCC GGA TGT CAG TGC ATT AT
Asp Ile Ile Bis Asn Lev Gln Thr Ser Gly Cys Gin Cya Ile Met Sar Thr>

Hinell

4740
TTT TAT TCA TIT CAT TTA CCA TAT TAT
Phe Tyr Ser Phe His leu Pro Tyr Tyr

4760
GAA GAA TGT AAA AAT ATA GTA
Giu Glu Cys Lys Aan Ile Val

caT
Hiz>

Figure 2. Nucleotide and derived amino acid sequence of ATPase 1. Nucleotide residues are numbered consecutively from the most 5'
nucleotide. Dashes in the 5’ untranslated portion of the sequence indicate nucleotides that could not be assigned unambiguously. Restriction
enzyme sites (HinfI, HinclIl, Bcll, EcoRI, Clal) are shown with the nucleotides representing the respective recognition sites underlined.
Amino acid sequences (three-letter code) are numbered consecutively from the initiating methionine which is marked by an asterisk above
it. Transmembrane regions (MI-M9) are highlighted by underlining with a dashed line, and are indicated below the amino acid sequence.
Conserved regions common to other P-type ATPases conventionally labeled a—j are underlined with a double-dashed line and are also
indicated by lower case letters below the amino acid sequence. Inserts (I11-14) peculiar to the malarial ATPase 1 sequence are shown by
labels at the start of each insert sequence, followed by asterisks below the amino acid sequence. The boundaries for each insert have been
determined after alignments with other ATPase sequences carried out by eye. These sequence data are available from EMBL/GenBank/

DDBJ under accession

number X65738.

The Journal of Cell Biology, Volume 120, 1993

390



4780 4800 4920
TAT ATA ATG AAA AAG AMA CAT AAA AAA ATT AAA AAT ATA ATA AAT AAT CAT
Tyc Ile Met Lys Lys Lya His Lys Lys Ila Lys Asn Ila Ile Asn Asn His 1288

4840 4360
AAT AGE ART TTA TAT TAT CAT TAT AAT ATC ATA GAT ACA TTT GTA AAA CGA

TAT AAT AAA AAT TAT ATA TAT AAT AAA ART AGT ATA TGT AAT AAA AAT TA
Tyr Asn Lys Asn Tyr Ile Tyr Asn Lys Aen Ser Ils Cys Asn Lys Asn Tyr>

520 6160 6180
GAT TTA ATT TTA ICT TTA AAG ARA TTA CCA AAT AAT TCA TAT GTT GGA ATG
Asp lau [le Leu Ser Leu Lys Lys Leu Pro Aan Asn Ser Tyr Val Gly Met>

Asn Sar Aan Leu Tyr Tyr His Tyr Asn Ile Ile Asp Thr Phe Val Lys Arg>

5540 5560
ATA TGT AAT AAA AAT TAT ATA TAT AAT AAA AAT AAT ATA TAT AAT AAA AAT
Ile Cys Asn Lys Aen Tyr Ile Tyr Asa Lys Asn Asn Ils Tyr Aan Lys Asn>

4880 1900 4920
ATG AAT AAG GAA TAT ATG TGC TTC AAC AAA TTG TTG TAT AAA ATT CAA CAA

6220 6240
TGT GGT GAT GGA GCT AAT GAT TGT TTA GCA TTA TCA T6GC GCA GAC ATA GGA
Cya Gly Asp Gly Ala Asn Asp Cya Leu Ala Lou Ser Cys Ala Asp Ile Gly 1774

5580

Met Asn Lys Glu Tyr Met Cys Phe Asn Lys Leu Leu Tyr Lys Ila Gln Gla>

5600
4540 4960
AAA TTA TTA TAC ARC CTA ATT CAT AAT TTA TAT AAA ARG AAA AMA TAT ATG

AAT ATA TAT AAT AMA ARG AAC ATT TTA ACA CAT GCC AAA AGT GTT TTG CTT
Asn Ile Tyr Asn Lys Lys Asn Ile Leu Thr His Ala Lys Ser Val Leu Leu 1570

Htnfl 6280
ATA TCA TTA TGT AAT AAT AAT GAA TCA TCT ATA TGC TCT ICT TTT ACA TCT
Ile Ser Lau Cys Asn Asn Asn Glu Sar Ser Ile Cys Ser Sar Phe Thr Ser>

5620

Lys Leu Leu Tyr Asn Ley Ile His Asn Leu Tyr Lys Lys Lys Lys Tyr Nat>

5640 5660
4990 5000 5020
AAC AAT TAT TAT GAT ATA GAT GAA GTA CAT TTA ATT GGA AAT AAT AAT AAT

AGT GGG TCG TCA AAA AMA TTT CTC AAG TIC TTT TCC AAT ATA ATC AGA AGA
Ser Gly Ser Ser Lys Lys Phe Lau Lys Phe Phe Ser Asn Ile Ile Arg Arg>

6320 6340
AAT AAA TTA TGT CTT CAT AGT ATA GTT CAT ATA TTG ATT GAA GGT AGA GCA
Asn Lys Leu Cys Leu Als Ser Ile Val Ris Ile Leu Il Glu Gly Arg Ala>

5680

Asn Aan Tyr Tyr Asp Ile Asp Glu Val His Leu Ile Gly Asn Asn Asn Awn 1366

5700
5040 5060
AAT AAT AAT AAA AAT AAT AGT AAA GAA AAA AAA TTA CCT TTG ARA AAT AMA

6360 6380 6400

5720 TCT TTA GTA AAT TCT TTT CAA TTA TIT AAA TTT ATA ICT TTA TAT TCT ATT
CAT AAG TTG AAA GAA AMA AAG AAT AAG AAM AAT ATA AAA AGA TAT AAA ATG
His Lys Leu Lys Glu Lys Lys Asn Lys Lys Asn Ile Lys ATg Tyr Lys Met>

Ser Leu Val Asn Ser Phe Gln Lew Phe Lys Phe Ile Sar Leu Tyr Ser Ile>

Asn Asa Asn Lys Asn Asn Ser Lys Glu Lya Lys Leu Pro Leu Lys Asn lys>

Rinfl 5760

5080 Hinfl $120
ATG AAA CAT ATA AGA AAG AAT GAA TCT AAT GAT AAT ATT ACT TTT AAT ACA
Met Lys His Ile Arg Lys Asn Glu Ser Asn Asp Asn Ile Thr Phe Asn Thr>

AAT_GAT GTA AAT AAT ACC TCC ARA GGA CAT ATT ATA TTA AAT ATG TGT ACA
Asn His Val Asn Asn Thr Ser Lys Gly Ris Ila Ile Leu Aan Met Cys Thr>

6440
5780 ATG CAA TGT TCT CAG GTT CTA ATA CTA TAT TCA ATT TCT AAT AAA TTA ACA
Met Gln Cys Ser Gla Val Leu Ile Leu Tyr Ser Ile Ser Asn Lys Leu Thr 1842

5800
5140 5160

TAT ACA AGT AAC AAC ATA CAT TTG AGT AAA TAC ARA TAT GTA CAT CAT AAA

5620 5840
CAT GGT TTC AAA AAG GAT TAT TCA TCA TTA AAA AAT AAA TAT AGA ATA GTT
His Gly Phe Lys Lys Ap Tyr Ser Ser Leu Lys Asn Lys Tyr Arg Ile Val 1638

6460 6480 6500
GAT AAT CAG TAC ATC TTT ATA GAT ATT GTA ACT ATA CTA CCT TTA TCT ATT
Asp Asn Gln Tyr Ile Phe Ile Asp Ile Val Thr Ils Leu Fro Leu Ser Ile>

Tyr Thr Ser Asn Asn Ile His Leu Ser Lys Tyr Lys Tyr Val 81m Als Lys>

5200 5220 5850

AAT TAT TAT TAT CCT GAT AGT TGT ACA AAT CTA AGA AAA AAA ARA AAT TCA
Asn Tyr Tyr Tyr Pro Asp Ser Cys Thr Asn Lev Arg Lys Lys Lys Asn Ser 1434

AAT AAT AAA AGG TAT ATG TTA AAA AAT GAT AAT GIT TAT GAT AGA CAT ATG
Asn Asn Lys Arg Tyr Met Leu Lys Asn Asp Aan Val Tyr Asp Arg His Met>

6520 6540
TIT ATG TGT TGG ACA TCA GCT AGC GAA AAA TTA TCA AAA AAT ATA CCC ATT
Phe Met Cys Trp Thr Ser Ala Ser Glu Lys Leu Ser Lys Aan Ile Pro Ile>

5240 5260 5900

CTT TTT TAT AAT CTA AAA AAR TAT ATT TAT TAT GAA AAA AAG AAA TAT TTA
Leu Pha Tyr Asn Leu Lys Lya Tyr Ile Tyr Tyr Glu Lys Lys Lys Tyr Leuw>

TAT AAT TTG ACC GAT ATG TAT AGA GGT ACA CAA TAT GGA TGT AGT AAA AAA
Tyr Asn Leu Thr Asp Mat Tyr Arg Gly Thr Gln Tyr Gly Cys Ser Lys Lys>

6550 6580 6600
GGA AAA TTA TTT TCT TTT CCA ATA T1G ATA AGT ATA TAT GGT CAA ATA ATT

5940
Gly Lys leu Phe Ser Fhe Pro Ile Leu Ile Ser Ile Tyr Gly Gla Ile Ile>

5300 5320 5960

CAG CAT TGI TTA TTA AAA CAT GAT AAT TAT AAA AAG GTA GAG TTA CCA AGA
Gln Ele Cys Leu Leu Lys His Asp Asn Tyr Lys Lys Val Glu Leu Pro Arg>

AAG AAT AAA AAC ATT TAT ATG AAC AAT AAT AAT AAC ATA TTA AAA AAT AAA
Lys Asn Lys Asn Ile Tyr Met Asn Asn Asn Asn Asn Ile Lau Lys Asn Lys>

6620 6640 Alnfl
ATT CAG TTG TIT TTT GTT ATG ATT TCT TTA GTT GTG TTA ATG AAT CTA TCA

3980 Tle GLn Lau Fhe Phe Val Mat Ile Ser Leu Val Val Leu Met Asn Leu Ser 1910

5340 5360 Hinfl 5380
ATT AAA GAT ATA AAT TAT TCT TAT CAA ATG GAA ICT ATA AAA ACA CGA AAT
Ile Lys Asp Ile Asa Tyr Sar Tyr Gln Met Glu Ser Ile Lys Thr Arg Asn>

Clal
ATA AAT CGA TTT TTA GAA CAT TTA CTG GTA GAT AAA TGT AAA AGG AAT ATA
Ile Asn Arg Pha Leu Glu Fls Leu Leu Val Asp Lys Cys Lys Arg Asn Lle 1706

6660 5630 6100
TTT TAT ARA TAT GAC AMA AAT ARA GIC ATG AAG GAA AAA TCG GAT GAT ACG

6040 Phe Tyr Lys Tyr Asp Lys Aan Lys Val Met Lya Glu Lys Ser Asp Asp Thr>

5400 5420 6060
TIT ATT CAT TCC CTA AGT GAA CAA TTT GCT TTT ICA AAT TTA ATT CTG 1CT
Phe Ile Ris Ser Leu Ser Glu Gln Phe Ala Phe Sar Asn Leu Ile Leu Ser 1502

TGT CAT AMA TAT ACT GAT ATT AAA AT ATA AAA TTA TCC ATA TAT GAA TAT
Cys Bis Lys Tyr Thr Asp Ile Lys Asn Ile Lya Lau Ser Ile Tyr Glu Tyr> 6780 6800

§720 §740
TAT TTA TAT AAG GCA CAA ARA TAC ACT CTT ATA TAT TCT TTG CTC TTT TCA
Tyr Leu Tyr Lys Ala Gln Lys Tyr Thr Leu Ile Tyr Ser Lau Leu Pha Ser>

5440 5460 5480 6100 6120
ATA TTA AGA ACG TGT ACT GTA TAT GCT AGA ATG AAA CCT AAG GAT ARG AGT
Ile Leu Arg Thr Cys Thr Val Tyr Ala Arg Met Lys Pro Lys Asp Lys Ser> 6820

TIT TAT ATT ATA AAA AAT GAT GAC AAT AAT GTA TAT AAT AAA AAT TAT ATA
Phe Tyr Ile Ile Lys Aan Asp Asp Asn Asn Val Tyr Asn Lys Asn Tyr Ile>

AAA TTT GTT TAT GIG TAT ATC TTT AAA TAT AAA GAA TGAGTG
Lys Phe Val Tyr Val Tyr Ile Phe Lys Tyr Lys Glu 1956
6140

Figure 2.

To explore other structural features of ATPase 1, a dis-
tributed array processor-assisted search was carried out. In
addition to cation ATPase sequences, similarities between
hydrophobic segments in some sodium channel proteins and
ATPase 1 were identified. The possible connection between
ion channels and cation pumps was investigated further by
searches carried out using the complete ATPase 1 sequence
at higher stringency (100 PAM) against sequences from pub-
lished channel proteins. The S3 segment of a potassium
channel sequence was similar to a sequence in the terminal
transmembrane region of ATPase 1 (present in the sixth
membrane-spanning segment, M6, Fig. 3 b). A homologous
sequence in sodium channels contributes to ion conductance
(but not voltage gating, Fig. 3 b) (45, 74). Organellar mam-
malian Ca?* ATPases failed to show this type of similarity
in sequence when a search under identical conditions was
carried out.

In addition to the conserved elements found in all cation
ATPases, ATPase 1 has four novel regions of amino acid se-
quence we have called inserts (I1-4, shown in Fig. 2). Inserts
are rich in amino acids common to malarial proteins, such
as asparagine and lysine, and several also contain degenerate
versions of tandemly repeated amino acid motifs. Insert 1
(11, amino acids 171-359) contains 39 Asn in 188 residues
(21%), 12 (amino acids 516-884) contains the motif
([S/IIKNELMGK]Y/T])s, I3 (amino acids 901-941) is com-
posed mainly of Asn and Asp residues with one Tyr and Gly,
and I4 (amino acids 1,114-1,729) contains the repeat
([S/GIDNI[C/Y/N])1;. These inserts are located in regions
which are poorly conserved between eukaryotic membrane
ATPases. The Ca?* pump from P. yoelii is also extended by
two sequences similar to inserts (43), e.g., one region (con-
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taining a total of 59 residues) follows the conserved cytoplas-
mic domain f, is rich in Asn, Asp, Lys residues, and corre-
sponds in position to I2 from ATPase 1.

Chromosomal Assignment and Northern Blot Analysis

ATPase 1 was localized to chromosome 5 by pulsed field gel
electrophoresis (data not shown) and this assignment was in-
dependently confirmed (Dr. T. Wellems, National Institutes
of Health, Bethesda, MD, personal communication). Analy-
sis of total RNA from late ring/early trophozoite stages of
development by hybridization of Northern blots with a frag-
ment from ATPase 1 (p7CA insert, see Fig. 1 a) revealed a
single transcript sized at 5.65-6.3 kb (Fig. 4). This mRNA
transcript size is consistent with the size of the ORF (5.865
kb) and confirms that ATPase 1 is expressed during the
erythrocytic phase of the life cycle of the parasite.

Analysis of Genetic Polymorphisms

The unexpected presence of tandem repeats in ATPase 1
which lacked homologues in ATPases from other organisms
led us to investigate them further. Amplification by PCR
across a region rich in Asn residues, (nucleotide positions
3,377-3,965, including I3, Fig. 2) was undertaken from
c¢DNA (from erythrocytic stage parasites) cloned into vector
CDMS8 using the primers Var 1 and Var 2 (Table I). The ob-
served amplification product was of the size predicted from
sequence analysis (data not shown), confirming that this
highly A+T-rich region (>80%) was expressed.

To establish that the cDNA used in this and subsequent ex-
periments was free of contamination with genomic parasite
DNA, PCR amplification was undertaken across a region of
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REGION A REGION B REGION C
T . P e
MALl 78 LELKNTIKNQKKIXNMLNYTCPINVYR 111 ISSSELVPGDIYEIKNNMTIPCDTII 142 MSEHMLTGESVPIHK
Na-K 140 QEAKSSKIMES~FXNMVPQQOAL--VIR 178 INAEEVVVGDLVEVKGGDRIPADLRT 211 VDNSSLTGESEPQTR
ART 127 QUHNASKIMDS-FXHLMPQFAF--VIR 157 LKAEEVIVGDLVEVKFGDRIPADIRI 190 VDONSSLTGESEPQSR
Lo 132 GWYETIKAGHAVAALKNSLKPTATVYR 165 IDAAVLVPGDLLASGSAVPADCSINE 197 VDEAALTGESLPVTM
TB 111 QENRAEGAIE-~LKSFVPKTAV VLR 141 VNAEELVPGDVVEVAVGNRVPADMRY 176 ADQSILNGESVEAMK
YEL6 111 QECNAEKSLEA~LKQLOPTKAK--VLR 144 IDSKYLTVGDIIELSVGNKTPADAR] 178 AEQSMLTGESCSVDK
PMR] 134 OEYRSEKSLEA-LNKLVPAECH--LMR 164 VLASTLVPGDLVHFRIGDRIPADIRI 197 IDESNLTGENEPVEK
PMR2 111 QEYKATKTMNS~LKNLSSPNAH--VIR 141 INSKDVVPGDICLVKVGDTIPADLRL 174 TDESLLTGESLPVSK
stCa 108 QERNAENAIEA-LKEYEPEMGK--VYR 140 IKAKDIVPGDIVEIAVGDKVPADIRL 175 VDQSILTGESVSVIK
pmCa 173  NDWSKEXQPRG-~LOQSRIEQEQKFTVIR 208 IPVADITVGDIAQVKYGDLLPADGIL 238 IDESSLTGESDHVKK
H-K 159 QEFXSTNIIAS-FXNLVPQQAT--VIR 189 INADQLVVGDLVEMKGGDRVPADIRI 222 VDNSSLTGESEPQTR
K 161 QEFQAGSIVDE-LKKTLANTAV--VIR 191 IPANEVVPGDILQLEDGTVIPTDGRI 225 [IDQSAITGESLAVDK
K 86 AEGRSKAQANS-LKGVKKTAFARKL 121 VPADQLRKGDIVLVEAGDIIPCDGEV 153 VDESAITGESAPVIR
REGION D REGION ¢ RIGION T
S — Jo . o e eeeren
MALL 363 IXYNNKEENRILGLVIKTGFITTKGK 439 IIXKCLDIITDAIPPALPTTLT 471 KKKFSISCLCPHKINIAGQINTMVEDKTGTLTEN
Na-K 242 FFSTNQVEGTARGIVVYTGDRTVMGR 319 VIFLIGIIVANVPEGLLATVT 349 MARKNCLVKNLEAVETLGSTSVICSDKTGTLTON
ART 221 FFPINTLEGTGRGIVINVGDDSVMGR 298 AIFMIGTIVAKVPEGLLATVT 328 MAKKNCLVRNLEAVETLGSTSTICSDKTGTLTON
Ld 218 PMGSNVVRGEVEGTVQYTGSLYFFGK 296 LOFAVVVLVVSIPIALGIVVT 226 LSKHKIIVTKLSAIEMMSGVNMLCSDKTGTLTLN
T8 208 YSGTAIVYGKALCVVVRTIGASTEIGT 302 LKVAVALAVAAIPEGLPAVVT 332 MAQHNALVRDLPSVETLGRCTVICSDKTGTLTTN
YEL6 215 FSSTAIVAGRCTAVVIKIGMNTEIGN 303 FKISVALAVAAIPEGLPAVIT 332 MVKKNAIVRKLQSVETLGCTTVICSDKTGTLTTN
PMR1 239 YMGTLVKEGHGKGIVVGTGTNTEFGA e PQISVSLAVAAIPEGLPIIVT 346 MAKRKAIVRRLPSVETLGSVNVICSDKTGTLTSN
PMR2 210 FSSGAVVKGRAKGIVIKTALNSEIGH 324 AIYAICVALSMIPSSLVVVLT 344 MVSRNVIVRKLDSLEALGAVNDICSDKTGTKTQC
stCa 209 FSGTNIAAGKAMGVVVAIGVNTEIGH 296 FKIAVALAVAAIPEGLPAVIT 325 MAKKNAIVRSLPSVETLGCTSVICSDKTGTLTTN
pmCa 266 LSGTHYMEGSGRMVVTAVGVNSQTGT 42¢ FIIGVTVLVVAVPEGLPLAVT 450 MMKDNNLVRHLDACETMGNATAICSDKTGTLTTN
H-K 253 FFSTMCLEGTAQGLVVSTGDRTIIGR 330 MVFFMAIVVAYVPEGLLATVT 360 LASKNCVVKNLEAVETLGSTSVICSDKTGTLTQN
H 246 FSSSTVKRGEGFMVVTATGDNTFVGR 323 LRYTGLITIIGVPVGLPAVVT 353 LAKKQAIVQKLSAIESLAGVEILCSDKTGTLTKN
K 117 TGGTRILSDWLVIECSVNPGETFLDR 262 VTVLVALLVCLIPTTIGGLLS 282 MLGANVIATSGRAVEAAGDVDVLLLDKTGTITLG
REGION & REGION H
LL S ——— - - - - mm mm————— - -
MAL1 949 CKGSP 1111 FLGFLIFTNNMKKNAPDITHNLQTSGCQCIMSTGDNVLTS IHVAKKCGI
Na-K 505 MKGAP 583 FVGLISMIDPPRAAVPDAVGKCRSAGIKVIMVTGDHP ITAKATAKGVGI
ART 482 MKGAP 560 FVYGLMSMIDPPRAAVPDAPSKCRSAGIKVIMVTGDHPITAKATARQVGI
Ld 445 TXGAP 493 MAGILTFLDOPPRPDTKDTIRRSKEYGVDVLMITGDHLLIALEMCRMLDL
B 513 VKGAP 592 FVGACGMLOPPREEVRDAIVRCRTAGIRVVVITGDRKETAEAICCKLGL
YEL6 612 CKGAP 687 YIGGLCIIDPPRKYVGKAISLCHLAGIRVFMITGDNIDTAKAIAKEINI
PMR1 500 VKGAF 572 FTGLIGMNDPPRPNVKFAIEQLLOGGVHIIMITGDSENTAVNIAKQIGI
PMR2 560 GKGAF 641 FLGLIGIYDPPRNETAGAVKKEHQAGINVHMLTGDFVGTAKATAQEVGI
stCa 513 VXGAP 592 FVGCVGMLOPPRIEVASSVKLCRQAGIRVIMITGDNKGTAVAICRRIGI
pmCa 600 SKGAS 676 CIAVVGIEDPVRPEVPEAIKKCQRAGITVRMVIGDNINTARAIATKCGI
H-K 516 MKGAP 594 FAGLVSMIDPPRATVPDAVLKCRTAGIRVIMVTGDHP ITAKAIAASVGI
B 473 VKGAP 526 ILGVMPCMDPPRDOTAQTYSEARHLGLRVKMLTGDAVGIAKETCRQLGL
K 393 RKGSY 439 VLGVIAUKDIVKGGIKIKEAFAQLRKMGIKTVMITGDNRLTAAAIAAEA
REGION I REGION J
- e e s e er e - .
MALL 1730 YARMKPKDKSDLILSLKKLENN SYVGMCGDGANDCLALSCADIGISL 1778 CNNNESSICSSFTSNKLCLHSIVHILIEGRAS
Na-K 688 FARTSPQQKLIIVESCQRLG AIVAVTGDGVNDSPALKKALIGVAM 735 AGSDVSKQAADMILLDDNFASIVTGVEEGRLI
ART €65 FARTSPQOKLIIVEGVQRQG EFVAVIGDGVNDSPALKKADIGVAM M2 AGSDVSKQAADMILLDDNFASIVTIGVEEGRLT
Ld 578 FAQVFPERKFMIVETLRORG YTCAMTGDGVNDAPALKRADVGIAV 624 GATDAARAAADMVLTEPGLSVVVEAMLVSREY
T8 675 FSRTDPSHKMQLVQLLKDER LICAMTGDGVNDAPALKKADIGIAM 721 SGTEVAKSASKMVLADDNFATVVKAVQEGRAT
YEL6 773 FCRTEPKHKKNIVKILKDLG ETVAMTGDGVNDAPALKSADIGIAN 819 NGTQVAKEASDIILADDNFNTIVEAIKEGRCI
PMR1 653 FARATPEHXLNIVRALRKRG DVVAMTGDGVNDAPALMLSDIGVSM 700 IGTDVAKEASDMVLTODDFSTILTAIEEGKGI
PMR2 730 IARCSPQTKVRMIEALHRRK KFCTMTGDGVNDSRSLKMANVGIAM 717 IGTDVAKEASDMVLTODDFSTILTAIEEGKGI
stla 675 FARVEPSHKSKIVEFLQSFD EITAMTGDGVNDAPALKKAEIGIAM 721 SGTAVAKTASEMVLADDNFSTIVAAVEEGRAI
pmCa 765 LARSSPTDKHTLVKGIIDSTVSEQRQVVAVTGDGTNDGPALKKADVGFAM 817 AGTDVAKFASDIILTDDNFTSIVKAVMRGRMY
H-K 699 FARTSPQQKLVIVESCQRLG AIVAVTGDGVNDSPALKKADIGVAM 746 AGSDAAKNAADMILLDDNFASIVTGVEQGRLI
H 607 FAEVFPQHKYRVVEILQNRG YLVAMTGDGVNDAPSLKKADTGIAV 653 GATDAARSARDIVFLAPGLSAIIDALKTSRQI
K 491 LAEATPEAKLALIRQYQAEG RLVAMTGDGTNDAPALAQADVAVAM 537 SGTQAAKEAGNMVDLDSNPTKLIEVVHIGKOM
POSITION SEQUENCE
ATPASE 1 {1843-1866) pfNlo@1FIDIV]r L s[T]r[M]c w
K* CHANNEL
rck 1 (254-27170) K[N[I MN[F.IDIV|A Yy Fli|TjLle TE I
sha B (503-526) “KkGPLNA|IDL[LA Y y|v|Ti1|F L[T]JE S
drk 1 {250-273) KGGLNI|IDL|LA Y FiV|s|LIF LLET
sh (308-331) RDVMNV[IDIT]A Y F{I|T|L[A T Vv V[&]
shaw (260-283) kKssvnwiIizolylz]a F Y|I[D[L]VLQRF
NAt CHANNEL
RAT DOMAIN 1 (188-208) R[Nlp wNw®|LD|F T V AY|V[TEFV-- -
RAT DOMAIN 2 (820-840) Rinjp w N W|LD|F T V AY[VITEFV - - -
RAT DOMAIN 3 (1271-11291) T|N[AWCW|LD|FLI s L|v|s[t}t A - - -
RAT DOMAIN 4 (1591-1614) T1I6wWNITF|D|F[¥V s I|\V|GM|F L AE L
CGMP-GATED CHANNEL
(242-263) rofrklLpv]Ls ro[LJLY IKFGwW
ca2* CHANNEL (CARDIAC)
DOMAIN 1 (222-245) R[N]¢ w v L[L pIF[T]1 GLESAILEQ[A]
DOMAIN 2 (610~-633) vs LF[N R E]D|c F I cI[LJETILVET
DOMAIN 3 (906-929) REJY[EjNn 1T D L1 v si|li{s Fc10fs]s
DOMAIN 4 (1310-1333) SDPWNVE|DIELTI SI|IIIDVILSET
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Figure 3. (a) Amino acid se-
quence comparisons of ATP-
ase 1 with published cation
ATPase sequences. This fig-
ure presents sequence align-
ments of mainly cytoplasmic
conserved regions from ATP-
ase 1 sequenced from P. falci-
parum clone T9/96 and some
other published ATPase se-
quences. Alignments were
initially made after compari-
son by eye with other ATPase
sequences. Conservation of a
residue (according to Dayhoff
rules, i.e., identities or strict
semiconservative substitutions,
see Table II) in all the com-
pared sequences is indicated
by an asterisk, and conserva-
tion of a residue in four or
more sequences is shown by a
dash. Sequences are MALI,
ATPase 1 from P. falciparum;
Na-K, the Na'/K* ATPase
from sheep (64); ART, the
Na*/K* ATPase from Arze-
mia sanfranciscana (the brine
shrimp) (3); PMRI and PMR2,
Ca?* ATPases from yeast (57);
stCa, the slow twitch Ca?*
ATPase from sarcoplasmic
reticulum (40); pmCa the Ca?*
ATPase from plasma mem-
brane (62); Ld, the H* ATP-
ase from Leishmania donovani
(41); 7B, the Ca?>* ATPase
from Trypanosoma bruceii
(51). YEL?, the Ca?* ATPase
from P. yoelii (43); H-K, the
H*/K* ATPase from rat stom-
ach (64); H, the H* ATPase
from Saccharomyces cerevisiae
(61); and K, the K* ATP-
ase from Escherichia coli
(22). (b) Alignment of ATP-
ase 1 transmembrane segment
6 with published ion channel
sequences. The ATPase 1 se-
quence is taken as the con-
sensus for these alignments.
Identical amino acids and strict
semiconservative substitutions
(see Table II) are boxed. Align-
ments to sodium channels were
made after searches were car-
ried out on a DAP (see Ma-
terials and Methods). sh
(Shaker), sha B, and shaw are
Drosophilia genes, rck 1 and
drk 1 are sequences obtained
from rat brain cDNA (14); the
sodium channel alignments
have been constructed from
sequences in rat sodium chan-
nel II (21, 28) and the remain-
ing alignments are from refer-
ence 27.
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Figure 4. Northern blot anal-
ysis of ATPase 1. Total RNA
isolated from the late ring/
early trophozoite stage of in-
fection (24-26 h after inva-
sion) was transferred to ny-
lon membrane and hybridized
with P. falciparum ATPase 1
DNA from clone pICA. After
washing (0.2x SSC/0.1% SDS
at 65°C for 45 min, followed
by 0.1x SSC/0.1% SDS at
65°C for 30 min, autoradio-
graphic exposure was for 72 h.
Lane 7 contains RNA from
strain T9/96. Molecular weight
markers are RNA molecular
weight markers (Bethesda Re-
search Laboratories).

the P. falciparum (3-tubulin gene which contained an intron
of 344 bp (Table I, primers BIVS5, BIVS3; and BIVSe, ref-
erence 10). Genomic and cDNAs subjected to PCR using the
same sets of primers yielded product sizes which differed by
the size of the intron (Table I).

To examine the nature of tandem repeats within the ATP-
ase 1 gene in different parasite strains, PCR was performed
on DNA templates from 12 P falciparum isolates using
primers Var 3 and Var 4 to amplify part of I4 (Fig. 2 and Ta-
ble I; nucleotide sequence 4,134-4,500 bp, corresponding to
residues 1,070-1,191). There was clearly variation in the
length of products obtained in this experiment (Fig. 5 a). The
reasons for this length variation were examined by cloning
of the PCR products and sequence analysis. This showed that
the flanking regions of the degenerate tandem repeats in
ATPase 1 were constant in sequence composition. Length
increase in this region arose from duplication of one or more
repeated elements within the conserved flanking units. There
were no examples of variation in the length of the sequence
that comprises a single repeat unit (Fig. 6). This presence
of repeat units and variation in their numbers and type was
a surprising feature of an ion-motive ATPase. To determine
if functional constraints may have restricted variation in
phylogenetically conserved regions of ATPase 1, a PCR ex-
periment was carried out across regions a-c using primers
Var 5 and Var 6 (nucleotide positions 1,089-1,417, Fig. 2 and
Table I) from 12 isolates (Fig. 5 b). In contrast to the previ-
ous experiment, no length variation was seen in this region

1 2 3 45 6 7 8 91011213 14 1516

—506bp

-394
—-344
—298

1 2 3 45 6 7 8 91 11213 14 15 16

b

—506bp

-394
—-344
—298

Figure 5. (a) PCR across tandem repeats in ATPase 1. PCR using oligonucleotides Var3 and Var4 (positions in Table I) was performed
with genomic or cDNA templates from the following parasite strains under conditions described in Table I: (lane 2) FCB; (lane 3) FCR3;
(lane ¢) 3D7A; (lane 5) K1; (lane 6) ITO4; (lane 7) PAC+; (lane 8) T9/94; (lane 9) T9/96K+; (lane 10) 7901 + T9/96; (lane 11) T9/96;
(lane 12) HB3A; (lane /3) Dd2; (lane 14), cDNA from ITO4; (lane /5) no template. Molecular weight markers (1-kb ladder) were in
lanes I and /6. Resolution was on 3% Nusieve™ agarose gels. (b) PCR across conserved regions a—c in ATPase 1. PCR using oligonucle-
otides Var5 and Var6 (positions in Table I), which flank ATPase 1 regions a—c (Table I), was applied to templates from the same parasites
as in a. Molecular weight markers and gel running conditions were the same as in Figure § a.
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SDNIC GDNIC GDMNIY

[ — e e | E AN | I N T J
ITO4 PAC+
CRIFCB [ S B a I CRURRRY O E 3
EEY]
- [ 5% L4255 | I T N } A A I ]
HA s 33 N 3
NUCLEOTIDE SEQUENC: KEY AMING ACID SEQUENCE
AGT GAT AAT ATA TGT  — SONIC
GGT GAT AAT ATA TAT = GONIY
GGT GAT AAT ATA TAT s Gl
GGT GAT AAT ATA TGT [*a"s"s"s ] GONIC

Figure 6. Repeat unit variation from different strains of P. falci-
parum. This schematic diagram illustrates the variation in the num-
ber and type of repeat units from different strains of P. falciparum
in region I4 (Figs. 2 and 5 a, and Results). The region represented
corresponds to nucleotides 4,288-4,442 (amino acids Ser'!'® to
Asn'1?) of the ATPase 1 sequence from T9/96 (Fig. 2). Each box
represents one repeat unit, and differences in repeat unit sequence
are indicated by differential shading (see key).

of ATPase 1. The degenerate tandem repeats contained in re-
gion I4 of ATPase 1 were shown to be expressed by PCR am-
plification of template from cDNA. The PCR product was
identical in size to that obtained by amplification of genomic
DNA template (Fig. 5 a).

Immunochemical Studies of ATPase 1

Polyclonal antibodies were raised in mice against two syn-
thetic peptides derived from the amino acid sequence of
ATPase 1 (Materials and Methods). The regions chosen
were designed to minimize the probability of cross-reactivity
with other malarial antigens, and were also significantly
different between the three malarial ATPases we have iso-
lated (Table IT). The two polyclonal reagents were applied to
samples on slides prepared for immunoftuorescence as de-

scribed (Materials and Methods). Negative controls did not
reveal staining of parasites or erythrocytes (Fig. 7), and a
positive control (monoclonal anti-pl95) stained parasites as
expected (data not shown). Both antipeptide antibodies stain
a region around the periphery of the parasite as well as a re-
gion next to the pigment body. No staining of the red cell
is seen. These findings suggest that ATPase 1 may be as-
sociated with the parasite plasma membrane and/or the
parasitophorous vacuole.

Discussion

Similarity to Other P-Type ATPases

In eukaryotic cells, the Na*/K* ATPase pump is the pri-
mary regulator of cell volume (23). The generation of elec-
trochemical gradients (which includes the membrane poten-
tial of P. falciparum) and uptake of nutrients also depend
upon this or similar enzymes (31). Using oligonucleotide
probes we have cloned genes encoding a family of putative
P-type ATPases from the most virulent human malarial para-
site, P. falciparum. Sequencing and comparative analysis of
one member of this family (ATPase 1) has shown many in-
teresting features. It is the largest reported cation-ATPase se-
quence and resembles most closely the a-subunit of mam-
malian Na*/K+ ATPases. Extramembranous loops (between
M1, M2 and M3, M4) contain conserved residues common
to Na*/K* ATPases, further supporting our suggestion for
ion transport (Fig. 2). There is preservation of features
shared by cation pumps such as similar hydropathy profiles
and critical amino acid residues in conserved cytoplasmic
regions (Fig. 3 a).

Most Na*/K* ATPase sequences are highly conserved
(>90% amino acid identity ranging from Xenopus to mam-
mals), although an invertebrate pump (from Artemia, the
brine shrimp) shares 70% identity with the other pumps (3).
The malarial sequence would be the most divergent a-sub-
unit Na*/K+ ATPase-like sequence identified to date, rais-
ing the possibility that it may no longer function as a P-type
ATPase, although we believe that for the reasons discussed
before, it retains cation transport capability. The primary
structure of ATPase 1 may reflect the general tendency of

Table II. A Comparison of Amino Acid Sequences in Conserved Regions of Published ATPases and ATPase 1

Region compared (Identities/ +semiconservative substitutions)

Total

Name of Number of a b c d [ f g h i j

ATPase amino acids 27 26 15 26 21 34 5 49 47 32 282 %
Na-K 7/8 11/13 6/7 8/11 7/10 9/11 3/3 15/18 18/24 717 91/112 32.3/39.7
ART 4/7 9/10 6/7 7/9 7/8 11/12 3/3 14/17 16/22 17 84/94 29.8/33.3
Ld 3/3 7/8 7/8 7/9 5/8 12/14 3/3 10/15 16/20 3/6 73/94 25.9/33.3
TB 5/6 9/14 6/6 6/9 6/6 9/10 3/3 12/15 19/22 6/7 81/97 28.7/34.4
YEL 3/4 10/11 7/8 6/6 6/8 10/10 4/4 12/17 21/23 6/7 85/98 30/34.8
PMRI1 4/7 10/11 8/9 6/8 6/7 11/13 212 15/19 19/25 4/6 85/107 30/37.9
PMR2 7/9 12/15 8/10 7/8 6/8 8/11 272 13/16 16/21 517 84/107 29.8/37.9
stCa®* 5/6 10/14 7/8 6/9 6/8 10/11 3/3 11/16 18/23 717 83/105 29.4/37.2
pmCa?* 2/4 8/13 7/8 4/5 6/9 10/10 2/2 13/17 17/21 6/6 75/95 26.6/33.7
H-K 6/7 10/12 6/7 8/10 5/9 9/10 3/3 15/18 18/24 5/5 85/105 30/37.2
H 4/5 11/12 5/6 5/6 5/7 10/12 3/3 9/13 16/18 4/5 72/87 25.5/30.8
K 2/4 8/9 5/7 173 3/7 712 3/3 5/6 16/19 1/5 51/75 18/26.6

The number of identities and strict semiconservative substitutions (according to Dayhoff rules, I/'V, L/M, E/D, K/R, F/Y, and additionally I/L) were f:alculated
for each conserved region using the malarial sequence (ATPase 1) as a template (Fig. 3 a). The names of the ATPases listed are the same as for Fig. 3 a.
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Figure 7. Localization of ATPase 1 by indirect immunofluores-
cence. Antibodies to two regions of derived amino acid sequence
from ATPase 1 (anti-pepl and anti-pep2) were applied to slides
from isolate T9/96. Figures show dark-field (fluorescence) and cor-
responding bright-field views. Haemazoin pigment in bright-field
views corresponds to the location of parasitized red blood cells. (a)
Negative control (no FITC-conjugated antibody) (b) negative con-
trol (no primary antibody); (c) anti-band 3 monoclonal antibody;
(d) anti-pepl antibody; and (e) anti-pep2 antibody. The arrows indi-
cate fluorescence in the region of the parasite plasma membrane/
parasitophorous vacuole, and the arrowhead indicates staining in-
ternal to the parasite. Bar, 10 um.

Krishna et al. Malarial Cation ATPases

many proteins already sequenced from P. falciparum to be
larger and less well conserved phylogenetically than from
other lower eukaryotes, possibly as a consequence of im-
mune selection pressure (discussed below) or intracellular
location. The lipid environment of the pump may also
influence the structure and activity of this enzyme (49, 69),
as parasite membranes have a markedly different lipid com-
position compared to uninfected erythrocytes (24).

It has been suggested that P-type cation ATPases arose as
an “evolutionary mosaic” when a primitive ATP hydrolyzing
domain combined with different types of ion channels (19).
The similarities in sequence between the third membrane-
spanning sequences in some ion channel proteins (region
$3), a voltage-gated G protein receptor, and a sequence in
the terminal transmembrane hairpins of ATPase 1 (M6, Fig.
3 b) provide the first link between the cation ATPases and
the superfamily of ion channels (27).

Erythrocytes infected with P. falciparum lose K* ions and
gain Na* ions resuiting in an erythrocyte cytosolic ratio
(K*/Na*) of 08 (17), in spite of which the parasite con-
tinues to maintain a high (~6:8) K+/Na* ratio (35). ATPase
1 could therefore play a role in regulating the K*/Na* ratio
of the parasite cytosol in the face of changes in the ionic com-
position of host cell cytoplasm. Alternative ion transport
specificities for ATPase 1, particularly K*/H* countertrans-
port or H* transport, cannot be excluded. The K*/H* ATP-
ase is very closely related to Na*/K* ATPases (69) and
could contribute in a similar way to the regulation of cation
metabolism in infected erythrocytes by parasites (31). The
recent cell-free culture of the erythrocytic stage of P. falcipa-
rum confirms that the parasite regulates its internal ionic
composition independently of the red cell, and may allow di-
rect testing of potential inhibitors of this enzyme (75).

Most transporter systems (such as those involved with
sugar, amino acid, and glucose uptake) which have been
studied in infected erythrocytes become maximally active
first at the late ring/early trophozoite stage of development
of the parasite. This is the stage at which most RNA from
ATPase 1 is detected (data not shown).

Polymorphism in ATPase 1

Between conserved regions of ATPase 1, there appears to
have been interposition of amino acids, some of which are
characteristic of malarial antigens (such as Asn and Lys) and
tandemly repeated motifs (60). One of the regions contain-
ing tandem repeats has been shown to vary in repeat unit type
and number between different P. falciparum isolates. A sim-
ple crossover event at meiosis (perhaps with conversion)
could account for the observed variation in numbers of tan-
dem repeats. Differences between repeat units arise from one
of two base transitions (G—A and A—G) or one transversion
(T—A), each of which changes the repeat structure by one
amino acid (Fig. 6). Variation in the number and type of tan-
dem repeat units (between 11-13 in the isolates sequenced)
are the means whereby polymorphisms are generated in this
region of ATPase 1. The region containing polymorphic tan-
dem repeats and another region rich in Asn and Lys residues
are both expressed in mRNA. Partial sequence analysis of
ATPases 2 and 3 shows that the unusually divergent nature
of ATPase 1 is also a feature of the other two ATPases.
The variations in ATPase 1 are not likely to be due to PCR
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artefacts for the following reasons: (a) more than one inde-
pendent clone has been sequenced in all studies on ATPase
1 (strain T9/96); and (b) Lockyer et al. (38) have carried out
a comparison of polymorphisms in the CSP gene and found
PCR across tandem repeats in the malarial genome to be
reproduced faithfully in a comparison of at least 10 indepen-
dent clones. Studies on allelic variation in cDNA from the
B-tubulin gene includes information on some of the parasite
isolates that we also have examined (76). In coding sequence,
the variation results mainly from single nucleotide changes
(10 transversions and three transitions in three strains of P
falciparum), with one 3-nucleotide insertion/deletion event.
In the B-tubulin sequences from three strains that have been
examined, the degree of variation appears to be constrained
by selection pressures which may result from limits imposed
by function (see below).

‘We suggest that the polymorphism in tandem repeats seen
among different isolates in the ATPase 1 gene (region I4) is
maintained as a consequence of selection pressure, possibly
due to immune responses from the host. As this region has
no attributable contribution to ATP hydrolysis or ion trans-
port, the putative transporter domains within ATPase 1 may
not be affected by the observed variation. ATP hydrolysis and
cation transport remain to be demonstrated in ATPase 1.
However, functionally constrained regions present in other
ATPases should be conserved in ATPase 1 from P. falcipa-
rum if it is capable of cation transport. To test this hypothe-
sis, length variation in sequence encoding conserved cyto-
plasmic regions a-c was examined between 12 strains. As
expected, this region was length invariant between isolates,
supporting the notion of functionally imposed constraints to
variation.

Comparison with Other Malarial Genes and
Implications for Antigens

Many malarial antigens with no attributable functions con-
tain tandemly repeated elements, and some are also rich in
asparagine and lysine residues (2, 60). Cross-reactivity of
antibodies directed both to asparagine-rich regions and tan-
dem repeats has been amply demonstrated. Antigens are also
polymorphic in the nature and types of repeats which are en-
coded. Although the tandem repeats in ATPase | have not
yet been identified in the antigens isolated, their poly-
morphic and repetitive nature is consistent with the behavior
observed in some antigens sequenced from different isolates.
Malarial gene products vary from 20 to 90% identity in
amino acid sequence as compared with mammalian homo-
logues (32). The sequence we have isolated (ATPase 1) is of
low similarity to mammalian homologues. Other housekeep-
ing genes share some of the properties of ATPase 1; for ex-
ample, the RNA POL II gene product from P. falciparum is
the largest sequenced so far (36) and the recently published
RNA POL III (37) sequence is also enlarged by tandemly
repeated elements rich in Asn and Lys residues. Likewise,
the DHFR (65), pfmdr (13), and P. yoelii Ca?* ATPase (43)
gene products contain regions rich in Asn residues. How-
ever, the phenomenon of polymorphism of tandem repeats
and length invariance of other regions has been shown for the
first time in a housekeeping gene like ATPase 1.
Immunochermical studies suggest that ATPase 1 is to be
found in the region of the parasite plasma membrane and
perhaps the food vacuole. The “smokescreen” hypothesis for
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antigens argues that repeated exposure of the host immune
systemn to antigens serves to delay affinity maturation of anti-
bodies and hence effective immune responses (29). Affinity
maturation may be delayed because of the presence of T
cell-independent epitopes found in repetitive domains of
proteins through a “cis-acting” strategy (for review see refer-
ence 60). How can this be reconciled with the location of an-
tigens which are not found on the surface of the infected
erythrocyte or the merozoite and are not therefore exposed
to immunological scrutiny during the normal life cycle of the
parasite? We suggest that in most malarial infections ex-
posure of the immune system to (intraparasitic) antigens
takes place during the stage of clearance of parasites which
do not complete the life cycle (39). Processing of parasite
proteins may therefore provide a continuing antigenic stimu-
lus early in infection which subsequently hampers antibody
maturation responses, and delays or prevents effective im-
munological attack at critical stages of the life cycle of the
parasite. The maintenance of diversity in many parasite pro-
teins which are not directly exposed to the host’s immune
system may therefore allow a few proteins with essential
functions (such as invasion of red cells or cytoadherence) to
perform in a less impeded fashion. This “trans-acting”
strategy (60) may explain why so many parasite proteins not
directly accessible to antibodies are polymorphic (including
perhaps ATPase 1). Those proteins which are highly con-
served phylogenetically such as parasite calmodulin and
tubulin are probably subject to strict functional constraints
and therefore cannot tolerate the insertion of novel sequences
(including tandemly repeated amino acids).

The recent observations on a connection between the in-
traerythrocytic parasite and the plasma offer an alternative
explanation for polymorphisms in antigens located in the
parasitophorous vacuolar membrane or the parasite plasma
membrane, but they cannot explain polymorphisms in pro-
teins which are predominantly intraparasitic (48). These ob-
servations also offer the intriguing possibility of inhibiting
the function of some parasite gene products such as ATPase 1
without the prior requirement of inhibitor penetrating the
erythrocyte membrane and cytosol. Many of the observa-
tions in this paper are amenable to further genetic and func-
tional studies on this family of sequences.
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