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Abstract

Several genes of Plasmodium falciparum are positively selected due to the pressure from the host immune system. This is a pattern com-
pletely opposite to that found in most housekeeping genes, which have few synonymous mutations. The discrepancy is an important topic
in Plasmodium biology. We searched for unique polymorphism patterns in P. falciparum and identified a repetitive Stuttering motif in
PFI1780w which was recently grouped as a gene in the PHIST family. The repeat has a position-specific polymorphism pattern in the oth-
erwise highly conserved gene. Its mutations are limited to only one small region, and they are not consistent with replication slippage or
gene conversion commonly found in low complexity regions. The repeat variation was analyzed in different strains of P. falciparum. The
PFI1780w Stuttering motif can be a model to study gene diversification and used as a tool for strain typing.
© 2006 Elsevier Inc. All rights reserved.

Index Descriptors and Abbreviations: Plasmodium falciparum; PFI11780w; Stuttering motif; Mutagenesis; Divergence; Plasmodium helical interspersed
subtelomeric; PHIST; PHISTc; ARMD, accelerated resistance to multiple drugs; DNA, deoxyribonucleic acid; PHIST, plasmodium helical interspersed

subtelomeric; RIP, repeat-induced point mutation; RNA, ribonucleic acid

1. Introduction

Recent developments in Plasmodium genomics and proteo-
mics reveal unique features in genetic diversity and sequence
composition among species (for recent review, see Hartl,
2005). Genomes of certain Plasmodium species are AT-rich
and contain unique low complexity repeats (Aravind et al.,
2003; Pollack et al., 1982). Nevertheless, several housekeeping
genes of Plasmodium falciparum show low polymorphism for
both synonymous and non-synonymous mutations suggest-
ing a recent population bottleneck or multiple selective
sweeps (Volkman et al., 2001). Still, positively selected regions
are found especially at genes encoding surface proteins, which
allow the parasite to evade the host immune response
(Hughes, 1991). Several hypotheses to account for the varia-
tion in polymorphism have been proposed. One suggests that
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it is the result of the subpopulation selection for advantage
over immune recognition. Chemotherapy can also increase
the mutation rate in a phenotype of accelerated resistance to
multiple drugs (ARMD) (Rathod et al., 1997).

Understanding polymorphism patterns in P. falciparum
may shed light on its genetic diversity. We analyzed available
genomic and proteomic data from P. falciparum to search for
a unique pattern of diversity in a putative surface antigen. In
addition, we sought a polymorphic pattern that could be used
for gene mapping and strain typing. We found that PFI11780w
is highly conserved, but it has a C-terminal domain with posi-
tion-specific polymorphism and copy-number polymorphism.
We designated this repeat a “Stuttering motif.”

2. Materials and methods
2.1. Sequence analysis

The exon2 of PFI1780w was sequenced at least three
times by seven primers:
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5"GGATTCCATTGCAATAAAAGACATTTTAAAAG,
5'TATTAGCACTATTAACTAAGTTACATTATAC,
5'TTACGTTCACATAATTTACCATTTAAGGAAAG,
STTACGTTCACATAATTTACCATTTAAGGAAAG,
5'"GCTAAAGGATATTTGGGAGAAGTAGAATC,
5’AACATATAAAATACCAGATGAATATAAAATG
AGAAAATTC,

and
5'"CCTTTAGCAAATATTCCTCTACTATGTTCTTC.

The gene was amplified by Easy-A (Stratagene, Califor-
nia). The conditions for the polymerase chain reaction are
95°C 15min 1 cycle/ 94°C 455, 55°C 1 min, 72°C 1 min 34
cycles/ 94°C 45s, 55°C 1min, 72°C 10min 1 cycle. The
strains are listed in the text. The C-terminal domain of
PFI1780w could not be amplified in FCR3 and 106/1.

2.2. Computational analysis

The sequence analysis was performed by Sequencher
(Gene Codes, MI). The mfold analysis was set at 37 °C with
1M Na* and covered the repeat 1-5. Sequence comparison
was carried out by ClustalW.

3. Results and discussion

We matched the list of biotinylated surface protein can-
didates with that of polymorphic genes identified by a
high-density oligonucleotide array and selected genes for
sequence analysis (Florens et al, 2004; Volkman et al.,
2002). The PFI1780w gene was labeled with biotin and
picked as a possible polymorphic gene from the array
results. The protein has a putative membrane-targeting
Pexel/VTS motif (RTILS) (Hiller et al., 2004; Marti et al.,
2004). PF11780w has two exons with the first exon encod-
ing only for a portion of the putative signal peptide, and

the second exon covering the rest of the protein. We
sequenced exon 2 from various P. falciparum strains and
found it to be highly conserved. Interestingly, there are a
few nonsynonymous polymorphisms but no synonymous
polymorphisms. The polymorphic sites are located at the
last residue of the low complexity Stuttering motif QQ(Q/
H)KVQPPKX (Fig. 1A). There are five repeats in the 3D7
strain, and one of the Stuttering motifs was identified by
mass spectrometry (Lasonder et al., 2002). The exon 2 of
W2 is perfectly matched to that of 3D7. However, several
other strains have nonsynonymous differences specifically
at the last residue of the motif (Figs. 1A and B; see figure
legend for detail). In addition, PF11780w in D6 has a copy-
number polymorphism with an extra copy of the Stutter-
ing motif (Fig. 1A). D6 also has a truncated version of the
protein lacking the last four residues by having an ochre
codon instead of TTA (leucine) codon (Fig. 1A). The
repeat is composed of low complexity sequences (Fig. 1B).
In general, the low complexity sequence tends to have
polymorphism from replication slippage or gene conver-
sion which likely cause copy polymorphism in D6. How-
ever, the polymorphisms at the Stuttering motif are all
nonsynonymous and confined to the last residue with a
high level of complexity. Based on mfold analysis, the
repeats can form a loop structure with DNA
AG = —44kcal/mol and RNA AG=—1kcal/mol (Zuker,
2003). Recently, PFI1780w was grouped in the plasmo-
dium helical interspersed subtelomeric (PHIST) family
(Sargeant et al., 2006). It was categorized as belonging to
subgroup ¢ (PHISTc) based on sequence homology. Even
though the genes in this family share a PHIST domain
with a high level of homology, the alignment analysis
reveals that PFI1780w is highly diverged from others in
the group (data not shown). This may indicate a unique
function for PFI1780w. Interestingly, the Stuttering motif
is not found in other PHISTc genes. There is no
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B Repeat 1
Repeat 2
Repeat 3
Repeat 4
Repeat 5

A

CAACAACATAAAGTTCAACCACCAAAA[GTC/TCA]
CAACAACAAAAAGTTCAACCACCAAAA[TCA]
CAACAACAAAAAGTTCAACCACCAAAA[TCA/ GTA]
CAACAACAAAAAGTTCAACCACCAAAA[GTA/TCA/GCA]
CAACAACAAAAAGTTCAACCACCAAAALIGTG]

Repeat 6 (D6) CAACAACAAAAAGTTCAACCACCAAAA[GTG]

Fig. 1. Polymorphism at the exon 2 of PFI1780w among different Plasmodium falciparum strains. (A) Protein sequence is presented in one-letter code. The
Stuttering motif QQ(Q/H)KVQPPKX is marked by blue boxes. The sequences from 3D7 and W2 are similar and shown here. Polymorphism sites are in
color. V is changed to S (7G8). S is changed to V (7GS8). V is changed to A (HB3) and S (D6 and 7G8). D6 has an extra copy of Stuttering (brown trian-
gle), and its L is changed to ochre. (B) DNA sequence of each repeat. The last codon from each repeat is in brackets. The polymorphic site is colored as
previously described. In repeat 4, TCA encodes for serine in D6 and 7G8, and GCA encodes for alanine in HB3.
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homologue for the motif detected either with or without
the low complexity filter (Kissinger et al., 2002). PFI11780w
is not likely to be a pseudogene because the protein was
independently identified by different groups using mass
spectrometry (Florens et al,, 2004; Lasonder et al., 2002;
Sanders et al., 2005). One peptide also matches with the
Stuttering motif (Lasonder et al., 2002).

The presence of position-specific polymorphism in the
highly conserved gene like PFI1780w could be the result of
positive selection. Still, it is uncommon to observe the vari-
ation in only one residue in several strains and repeats. We
also cannot not exclude the possibility that this repeat is
prone to nucleotide substitution as in the ARMD pheno-
type. An example of mutation-prone regions is repeat-
induced point mutation (RIP) in Neurosporra crassa which
is believed to be a genome defense mechanism against
duplicated sequences (Galagan and Selker, 2004). It is not
know whether a similar mechanism exists in Plasmodium
species. The position-specific polymorphism in a highly
conserved genes makes PF11780w an excellent marker for
typing or linkage analysis in P. falciparum. It will be inter-
esting to analyze the Stuttering motif in P. falciparum
strains from more geographical areas.
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