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ABSTRACT

The gene encoding DNA polymerase a from the human
malaria parasite Plasmodium falciparum has been
sequenced and characterised. The deduced amino acid
sequence possesses the seven sequence motifs which
characterise eukaryotic replicative DNA polymerases
(I - VIl) and four of five motifs (A - E) identified in a DNA
polymerases. The predicted protein also contains
sequences which are reminiscent of Plasmodlum
proteins but absent from other DNA polymerases.
These include four blocks of additional amino acids
interspersed with the conserved motifs of the DNA
polymerases, four asparagine rich sequences and a
novel carboxy-terminal extension. Repetitive
sequences similar to those found in other malarial
proteins are also present. cDNA-directed PCR was used
to establish the presence of these features in the - 7kb
mRNA. The coding sequence contains a single intron.
The gene for DNAPoIa is located on chromosome 4 and
is transcribed in both asexual and sexual erythrocytic
stages of the parasite.

INTRODUCTION

DNA polymerase a (DNAPola) is an essential component of the
chromosomal DNA replication apparatus (1). It performs an

essential function in S. cerevisiae (2) and catalyses limited DNA
replication in the SV40 cell-free replication system (3). Data from
a range of eukaryotic cell types indicate a conserved subunit
composition; a catalytic subunit (about 180kDa) is associated with
two polypeptides with primase activity (55 -6OkDa and
48-5OkDa) and a third subunit (70-75kDa) of uncertain
function (4). The DNAPolca/primase complex is believed to be
responsible for the initiation of DNA replication and for
repeatedly initiating lagging stand synthesis (5). Recendy nucleic
acid sequences encoding DNAPolca have been isolated from Man

GenBank accession no. L18785

(6), Drosophila melanogaster (7), Saccharomyces cerevisiae (8),
Schizosaccharomyces pombe (9) and Trypanosoma brucei (10).
We are currentdy studying DNA replication in the human malaria
parasite Plasmodium falciparum in the hope that differences
between the parasite and host mechanisms may form the basis
for specific drug therapy. Preliminary studies in P.berghei and
P.falciparum suggest that DNA replication in malaria parasites
may be a target for specific inhibitors (11). A fragment of this
sequence was reported in an earlier paper(12).

MATERIALS AND METHODS
Parasite culture; DNA and RNA isolation and blotting
techniques
Strains KI (13) and 3D7A (14) were employed in this study.
Asexual parasites were cultured using established methods (15,
16). Gametocytes were isolated as reported previously (12). The
methods used for the isolation of DNA (17) and RNA (18, 19)
and for Southern (20) and Northern blotting (18) have been
described.

Isolation of the DNAPola gene

A single 1.0kb Eco RI insert encoding a protein with sequence
similarity to DNAPolax was reported earlier (12). Overlapping
clones were isolated by hybridisation from Eco RI and Dra I X
genomic libraries and by inverse PCR (21). In the latter case

sequence data were verified by comparing the products of three
independent reactions.

Gene sequencing and analysis
Gene fragments were subcloned into either pUBS (22) or pUC19
(23) and sequenced by the chain termination method (24) using
the Sequenase 2.0 kit (USB). Sequence comparisons were made
using the University of Wisconsin Genetics Computer Group
(UWGCG) programmes (25).
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,KR from cDNA
PolyA+ RNA from strain Kl was used with an AMV Reverse
Transcription Kit (Promega) in accordance with the
manufacturer's instructions (26). The cDNA generated was
checked for containating genomic DNA by running a PCR
reaction using primers flanking the introns of the P.falcipanum
(3-tubulin gene. The only band observed corresponded to the
expected size of the spliced product (data not shown).

The DNAPolkx gene from Plasmodium fakiparsm
The nucleotide sequence encoding the putative DNAPola ORF
of P.falciparum is 5.7kb in length with a single intron of 204bp
strting at nucleotide 4143 of the coding sequence. The 1855
residue predicted protein has a molecular mass of -205 kDa.
The sequence was aligned with sequences of the other known
DNAPola proteins (Fig. 1). The seven conserved motifs I to VII
which are a constant feature of DNAPolcas are all present in the
P.falciparwn sequence and their order is also conserved. Four
of the five DNAPola-specific motifs, A-E, are also present.
In both the P.falciparun and T.brucei sequences, motif A is
absent. The sequence appears, erefore, to encode the DNAPola
of P.falciparum (Pf DNAPola). Co-probing of CHEF
chromosone blots with PfDNAPolca- and DHFR-specific probes
(27) coupled with genomic southern analysis (data not shown)
show that it exists as a single copy on chromosome 4.

Fig. 1 identifies a number of features unique to Pf DNAPolca:
The glycine residue in motif D, which is present in all other
DNAPola sequences described, is replaced by leucine. This
residue (493 in the S.cerevisiae sequence) has been implicated
in the DNAPola/primase interaction in S.cereviswle (28,29).
There are four blocks of inserted amino acids interspersed
between the DNAPol-specific motifs. Insert 2 has seven copies
of a degenerate six residue repeat (QQSVVS), while Insert 4 has
four copies of another degenerate six residue repeat (KNIHSD).
Repetitive sequences of this sort are commonly found in malarial
proteins (30). There are several asparagine rich tracts; also a
common feature of malarial proteins. The sequence ends with
a novel C-terminal extension of approximately 74 residues. The
putative translation initiation signal is the first ATG of the open
reading frame. It is preceded a by a stop codon but is followed
by an unexpectedly hydrophobic region including five successive
phenylalanines. An alternative possibility is the second ATG
codon (residue 66). This would, however, eliminate a partially
conserved region (residues 20l-58). The putative iniing ATG
is present in the mRNA but confirmation of its function awaits
the determiination of the N-terminal sequence of the purified,
unproteolysed protein.

The structure of PfDNAPolot mRNA
Genomic DNA was used to generate the sequence shown in
Fig. 1. In order to determine whether or not the features of the.... 1.=. c a............i....... 5- ~ ............
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F1ure 1. UWGCG pfleup analysis the DNA polymasecaseqec
from Man (a), D.melanogaster (b), S.cerevsiae (c), S.pombe (d), T.bruce (e)
and P.f&lciparum (f). Universally conserved residu are indicatd in bold type.
Conserved motifs I-VIIand A-E are underlined. Four rich motifs
and four additional inserts are also indicated. A funcionally important residue
in motifD is starred. The alignment is numbered according to the Plasmoduw
amino acid sequence.
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Figure 2. Some examples of the products from cDNA and genomic (g)DNA-
directed PCR reactions. The products were separated in 1% agarose. The regions
examined here are as follows:Lane 1; cDNA N-terminus, lane 2; gDNA
N-terminus). Lane 3; cDNA inserts 2 and 3 , lane 4; gDNA inserts 2 and 3.
Lane S; cDNA intron, lane 6; gDNA intron. Lane 7; cDNA C-terminus, lane 8;
gDNA C-terminus and lane 9: BRL lkb ladder.

predicted gene product (amino acid inserts etc.) are present in
the processed message, cDNA-directed PCR was performed
using synthetic primers flanking the regions of interest, and the
products compared with related products obtained using genomic
DNA as the template. Some of these data are presented in Fig. 2.
In every case, except that of the anticipated intron, the evidence
suggests that the unique features are not processed out of the
mature message. The intron is removed and provides additional
evidence that the cDNA is uncontaminated with genomic DNA.
The identity of the PCR products was confirmed by a combination
of probing with internal sequences and DNA sequencing. In our
earlier report we suggested that sequence encoding insert 2
formed part of an in-frame intron (12). We now know that this
result was obtained with only one RNA preparation and that the
PCR product could not be subcloned and sequenced. PCR
reactions across the same region with subsequent RNA
preparations and different primers gave the result shown in
Fig. 2. Even so, smaller products have occasionally been obtained
with these primers also. When one of these was sequenced, it
proved to be a deletion of part of insert 2 together with 3' adjacent
sequence conserved in all DNAPola sequences so far identified.
The ends of the deletion did not correspond with the splicing
consensus signals. We conclude that the earlier result was
artifactual. The conclusion that insert 2 is encoded in the mature
message is further supported by the results of probing Northern
blots of RNA prepared from asexual and sexual (gametocyte)
parasite stages with sequences encoding insert 2 amino acids (data
not shown). In both cases a message of approximately 7kb was
detected. The same result was obtained when the blot was stripped
and reprobed with a Pf DNAPolai exon probe.

DISCUSSION
The predicted PfDNAPolca has only a 14-17% amino acid
identity with DNAPola proteins from other organisms. This is
the most divergent DNAPolca protein reported so far (6-10).
Although this is in part due to the extensive additional sequences,
the product is even so much less similar to its yeast counterpart
than is the case for the DNAPolb proteins (12). Insertions of
blocks of amino acids and polyasparagine tracts are features which
have been found in other proteins from Plasmodium. C-terminal
extensions have also been reported. Repeat sequences were first
reported in proteins which were isolated from cDNA libraries
screened immunologically (30) and it was suggested that they
may play a role in confusing the host's immune system(3 1).
However, they can also occur in genes selected on the basis of
protein sequence conservation, as in the present case. The
P.falciparum DNA-dependent RNA polymerases II and III
provide further examples (32,33). RNA polymerase II has five
conserved domains (A-E) separated by four variable domains
(A', B' C' and D') which are asparagine rich, with distinct
asparagine repeats in three of the variable regions. The variable
domains, particularly region C', also contain acidic repeats. The
C-terminal domain contains a heptapeptide repeat conserved in
all species, but this is preceded and followed by sequences rich
in serine-proline dipeptides. RNA polymerase m from
P.falciparum has similar features (33). Whether these unusual
features hold significance for DNA-de[endent polymerase
function or are simply the unavoidable consequence of some
aspect of the parasite's DNA metabolism is not yet known but
it may become clearer once specific enzymic assay systems are
established. At present it is only possible to assay for DNA
polymerase activity in semi-purified extracts; assays of the activity
of specific gene products have still to be developed. For the same
reason it is at present difficult to pursue the significance of the
glycine to leucine change in the conserved D motif.
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