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Abstract

The asexual blood stage of Plasmodium falciparum is comprised of morphologically distinct ring, trophozoite and schizont stages. Each of
these developmental stages possesses a distinct pattern of gene expression. Regulation of P. falciparum gene expression is thought to occur, at
least in part, at the promoter level. Previously, we have found that although the hrp3 mRNA is only seen in ring-stage parasites, deletion of a
specific sequence in the 5′ end of the promoter region decreased ring-stage expression of hrp3 and enabled detection of its transcripts in
trophozoite-stage parasites. In order to investigate this stage specific regulation of gene expression, we employed a series of nested deletions of the
1.7-kb hrp3 promoter. Firefly luciferase gene was used as a reporter to evaluate the role of promoter sequences in gene regulation. Using this
approach, we identified a ring-stage specific regulatory region on the hrp3 promoter located between −1.7 kb and −1.1 kb from the ATG initiation
codon. Small 100–150 bp truncations on this enhancer-like region failed to uncover discrete regulatory sequences, suggesting the multipartite
nature of this element. The data presented in this study demonstrate that stage specific promoter activity of the hrp3 gene in P. falciparum blood
stage parasites is supported, at least in-part, by a small promoter region that can function in the absence of a larger chromosomal context.
© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

Plasmodium falciparum infection remains a major disease
burden in the developing world [1,2]. Therefore, it is critically
important to understand the details of regulation of gene
expression during the parasite development. Infection in the
human host results in a series of morphologically distinct stages
that include ring, trophozoite, schizont and merozoite, during
the parasite development within the mature erythrocyte. Transit
through developmental stages is linked to strict regulation of
distinct stage specific patterns of gene expression. Even house-
keeping genes thought to be expressed throughout the cell cycle
exhibit complex patterns of developmental expression [3–7].

In the parasite, regulation of gene expression seems to occur
at the transcriptional and post-transcriptional level. While trans-
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criptome and proteome analyses indicate that some genes are
regulated post-transcriptionally [8,9], other genes are regulated
at the level of transcription. For example, analyses of 5′ end
upstream regions of asexual and sexual stages have been shown
by transfection studies that they function as promoters by
supporting reporter gene expression [10–16]. Moreover,
functional and bioinformatic studies of sexual and asexual
Plasmodium promoters have uncovered putative cis-acting
regulatory elements possibly involved in gene regulation [17–
22]. In addition, it has been recently shown that the expression
of parasite variant protein PfEMP1 is regulated at the level of
transcription initiation [23]. Taken together, these results
indicate the presence of transcriptional gene regulation in the
parasite. Although, basal and stage specific cis-acting elements
in the parasite promoters remain poorly described owing to the
high A+T content of its genome.

During our studies on promoter recombination using hrp3
promoter nested deletions, we identified a region between −1.7
kb and −1.1 kb, from the ATG initiation codon, involved in ring
stage specificity [24]. Unexpectedly, further promoter deletion
switched the steady state accumulation of the reporter gene
mRNA from ring to trophozoite stage of the parasite deve-
lopment. These results suggest the presence of stage specific
cis-acting regulatory elements on the hrp3 promoter.

P. falciparum histidine-rich protein-2 and -3 (hrp2, 3) as well
as the Knob associated histidine-rich protein (kahrp or hrp1)
comprise the histidine-rich protein family. The members of this
family are expressed at the early stage of the parasite
development [25,26]. We took advantage of the previously
reported hrp3 promoter nested deletions [24] to further
characterize the putative ring specific regulatory element. The
hrp3 promoter region between −1.7 kb and −1.1 kb, from the
ATG initiation codon, is involved in ring stage specific gene
expression [24]. This region when placed upstream of the
calmodulin (cam) promoter; it specifically increased the
reporter activity in ring-stage parasites but had little effect on
trophozoite parasites, suggesting that this enhancer-like region
contains stage specific regulatory elements. This presumptive
element did not show homology to other Plasmodium promoter
regions, suggesting that its function may be regulated through
other mechanisms such as transcription initiation or nuclear
localization rather than being sequence specific. Although,
sequence-dependent regulation cannot be rule out. Here, we
identified in P. falciparum an enhancer-like region, carrying
stage-specific hrp3 promoter elements. Our findings contribute
to the understanding of the regulation of gene expression in the
malaria parasite.

2. Experimental procedures

2.1. Plasmid constructs

The hrp3 promoter deletions were made using Erase-a-base® (Promega) and
pHRPCAT [10] containing the hrp3 promoter driving the chloramphenicol
acetyl transferase (CAT) gene. KpnI–Dra III-digested pHRPCATwas incubated
with exonuclease III (exo III) at predetermined times to obtain specific-sized
promoters of 1.1 kb and 0.6 kb. The firefly luciferase (FFL) gene was amplified
by PCR from the pVLH plasmid [15] using oligonucleotides 5′-GACATG-

CATGAAGACGCCAAAAACATAAAG-3′ and 5′-GACAAGCTTGCTTA-
CAATTTGGACTTTCCG-3′, (boldfaced nucleotides represent NsiI andHindIII
restriction sites, respectively). The FFLwas then used to replace the CAT gene in
exoIII-digested pHRPCAT to generate pH1.7FL, pH1.1FL and pH0.6FL. Short
hrp3 promoter deletions were generated by PCR using the specific oligonucleo-
tides (Table S1, supplementary information).

All pcamSluc-derived constructs were engineered by first creating a SalI site
at the 5′ end of the cam promoter in the pcamGFP plasmid [27]. Secondly, the
firefly luciferase gene substituted the GFP gene to generate pcamSluc.
Subsequently, the hrp3 promoter region from −1.7 kb to −1.4 kb (fragment
A) was amplified by PCR using the oligonucleotides HAF (5′-ACGCGTC-
GACCGCCCAATCATTATTTTATG-3′) and HAR (5′-ACGCGTCGACCCA-
TAAAATATAAAAATAATTTG-3′). In addition, the region Awas divided using
PCR into fragment A1 from −1.7 kb to −1.1 kb with the oligonucleotides HAF
and HA1R (5′-ACGCGTCGACCATTTATATTTATATTAAGAG-3′), and
fragment A2 from −1.4 kb to −1.1 kb using the HA2F (5′-ACGCGTCGAC-
GAATATATTCATAATTATAATATTG-3′) and HAR oligonucleotides, bold-
faced nucleotides in all primers represent the SalI restriction site. These
fragments were placed into pcamSluc to generate pAhrpcamSluc, pA1hrpcam-
Sluc and pA2hrpcamSluc. We then amplified the hrp3 promoter region from
−1.1 kb to −0.6 kb (fragment B) by PCR using the oligonucleotides HBF (5′-
ATCGTCGACTATGTATATGTATGTATTTTAAAATATAATAAAATG-3′)
and HBR (5′-ATCGTCGACGTATGGATAGATTTTATTTTTAAAAAATAA-
TAAATTTTATTATATTC-3′). Subsequently, fragment B was divided by PCR
into fragment B1 −1.1 kb to −0.8 kb using HBF and HB1R (5′-ATCGTCG-
ACATTATGAATATAAGAATATTCCATCTATCTTATG-3′) oligonucleotides;
and fragment B2 from −0.8 kb to −0.6 kb using HB2F (5′-ATCGTCGACAA-
TATTCAAAAAATAACAGATTTAAACCCTCAAAAATATAG-3′) and HBR.
A SalI restriction site (boldfaced nucleotides) was engineered at the 5′ and 3′ end
on each PCR product. Fragments B, B1 and B2 were then inserted into SalI-
digested pcamSluc to generate pBhrpcamSluc, pB1hrpcamSluc and pB2hrpcam-
Sluc respectively. A Renilla luciferase plasmid was constructed as reported by
Militello andWirth [28]. TheRenilla reniformis luciferase gene was amplified by
PCR using the plasmid pRL-null (Promega) as template and forward
oligonucleotide 5′-TTAATGCATATGCTTCGAAAGTTTATGATC-3′ and re-
verse oligonucleotide 5′-TTCAAGCTTATTGTTCATTTTTGAGAACTCGC-
3′ containing engineered restriction enzyme sites (NsiI and HindIII, boldfaced

Fig. 1. Deletion of hrp3 promoter reduced the ring parasite firefly luciferase
activity. (A) Schematic representation of hrp3 promoter truncations driving
firefly luciferase (FFL). (B) Transient expression of luciferase gene in ring and
trophozoite parasites. FFL activity was normalized by cotransfection using
Chloramphenicol acetyltransferase gene (CAT) as described in Experimental
procedures. Bars are the mean of four independent experiments±SD.
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