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Abstract 

A novel Plasmodium falciparum sporozoite antigen, STARP (Sporozoite Threonine and Asparagine-Rich Protein), 
detected consistently on the surface of sporozoites obtained from laboratory strains and field isolates, has been 
identified and cloned, following a systematic approach aimed at isolating novel non-CS sporozoite surface antigens. 
The 2.0-kb STARP gene has a 5' miniexon/large central exon structure and contains a complex repetitive region 
encoding multiple dispersed motifs and tandem 45- and 10-amino acid repeats. In sporozoites, transcription of the 
STARP gene has been conclusively demonstrated by reverse PCR and Northern blot hybridisation and the 78-kDa 
protein has been localized by immunofluorescence and immunoelectron microscopy to the sporozoite surface. STARP 
is also expressed in liver stages, as revealed by immunofluorescence assays using antisera raised either to the central 
repetitive region or the C-terminal non-repetitive region. Expression is also detected in early ring stages, though not in 
mature erythrocytic or sexual stages. Identification and elucidation of this novel antigen is a step forward in current 
efforts aimed at developing an effective preerythrocytic-stage malaria vaccine. 
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1. Introduction 

Vaccine development against the preerythrocy- 
tic stages of Plasmodium faleiparum has been 
guided by the observation that protection against 
these stages could be induced in humans by immu- 
nisation with radiation-attenuated sporozoites 
(reviewed in [1]). This led to the identification of 
the immunodominant circumsporozoite (CS) pro- 
tein [2], whose promise stemmed from results in 
rodent Plasmodium models showing that, under 
certain conditions, passive transfer of CS-specific 
monoclonal antibodies and cytotoxic T lympho- 
cytes could confer protection (reviewed in [3]). 
However, attempts to induce protection in man 
using P. falciparum CS-based vaccines, despite re- 
cent improvements in their immunogenicity, have 
consistently provided only partial success (re- 
viewed in [4 6]). It can be therefore be anticipated 
that additional antigens play a role in irradiated 
sporozoite-mediated protection and there is thus 
a recognisable need for identifying novel preery- 
throcytic stage antigens so as to investigate their 
potential ability to induce protection both natu- 
rally and artificially. 

Initial experiments using human polyclonal and 
monoclonal antibodies directed to P. Jalciparum 
pre-erythrocytic stage antigens had previously 
shown us that multiple non-CS antigens were pre- 
sent on the sporozoite surface [7,8] and/or in liver 
stages (unpublished results). With the aim of di- 
rectly identifying these antigens, we screened a 
2gtl I genomic expression library of P. falciparum 
with sera from 3 missionaries living in hyperen- 
demic areas and under long-term, uninterrupted 
chloroquine prophylaxis, thus preferentially ex- 
posed to those antigens expressed in preerythrocy- 
tic stages. In this way, several preerythrocytic 
stage antigens, including the liver stage antigen 
LSA-I, have been identified [9,10]. We report 
here the characterisation of another of these anti- 
gens, chosen on the basis of its consistent expres- 
sion on the surface of sporozoites from a variety 
of wild and laboratory isolates. We entitle this 
antigen STARP, for Sporozoite Threonine and 
Asparagine Rich Protein. As with the other P. 
falciparum sporozoite antigens so far described, 
namely CS [11,12], TRAP/SSP2 [13,14] and Pfsl6 

[15,16], expression of this antigen can also be de- 
tected during other stages of the life cycle. Indeed, 
results indicate that the STARP gene is expressed 
in sporozoites, liver stages and early erythrocytic 
stages. 

2. Materials and methods 

Parasites. P. falciparum salivary gland sporo- 
zoites were obtained from laboratory-maintained 
strains NF54 and 3D7 (as described in [15]) and 
wild Thai isolates [8]. P. yoelii and P. berghei 
sporozoites were isolated from Anopheles stephen- 
si mosquitoes fed on parasitised mice. P. vivax 
sporozoites were obtained from infected A. dirus 
mosquitoes. P. falciparum liver schizonts were 
identified in liver biopsies of a Sapajou monkey 
(Cebus apella) infected with the African field iso- 
late 730XI [17] and a chimpanzee (Pan troglo- 
dytes) infected with the strain NF54 [18]. 
Intraerythrocytic parasites were cultivated in vi- 
tro according to the method of Trager and Jensen 
[19]. Gametocytes and gametes were obtained in 
vitro as previously described [20]. 

Preparation of nucleic acids. Parasite DNA was 
purified either from saponin-lysed erythrocyte cul- 
tures [21] or directly from whole patient blood 
obtained from malaria-infected Senegalese indivi- 
duals (A. Guanziroli, E. Bottius and P. Druilhe, 
manuscript in preparation). Asexual blood stage 
RNA was prepared from highly synchronised cul- 
tures as described by Chomczynski and Sacchi 
[22]. mRNA was enriched from RNA prepara- 
tions of sporozoites, gametocytes or gametes, 
using oligo (dT)zs-coated Dynabeads according 
to the manufacturer's instructions (Dynal, Nor- 
way). Construction of a genomic DNA expres- 
sion library in 2gtll  has been described by 
Guerin-Marchand et al, [9]. 

DNA sequence analysis. 2gtl l + DG21 DNA was 
prepared from a liquid phage lysate and the gel- 
purified EcoRI insert and internal FokI subfrag- 
ments subcloned into pUC or M I3 vectors. These 
clones and sub-cloned fragments obtained by the 
polymerase chain reaction (PCR) were sequenced 
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from both strands by the dideoxynucleotide chain- 
termination method, using internal oligomers 
whenever necessary. Sequencing of cloned PCR 
fragments was always performed on at least three 
separate clones. In areas of polynucleotide runs, 
prone to nucleotide additions or deletions, at 
least 12 independent clones were sequenced prior 
to determining the correct sequence. All sequence 
data presented have been established from the P. 
falciparum clone T9/96. 

Polymerase chain reaction and cloning of the arnpli- 
fled fragments. PCR reactions were carried out 
as described by Saiki [23], using the following pri- 
mers (+  and - designates coding and noncoding 
strand respectively; numbers relate to the nucleo- 
tide positions indicated in Fig. 3A): 5'1 ( + ,  735- 
760); 5'2 ( + ,  759-791); 5'3 ( + ,  901-926); 5'4 ( + ,  
982-1010); 5'5 ( - ,  1011-1034); 5'6 ( + ,  1122- 
1146); 5'7 ( - ,  1183-1208); 3'1 ( + ,  2383 2408); 
3'2 ( - ,  2383 2408); 3'3 ( + ,  243(~2455); 3'4 ( + ,  
2476-2499); 3'5 ( + ,  2611-2632); 3'6 ( - ,  2695- 
2724); 3'7 ( - ,  2728 2753). 

To generate additional sequence flanking the 
DG21 sequence, 2 × 10 7 phages from the origi- 
nal T9/96 genomic DNA library were subjected 
to PCR, using a DG21-specific primer and a 
)~gtll primer (1 /tM each) flanking the EcoRI 
cloning site. High molecular weight fragments 
were gel-purified and subcloned into a pCR (ln- 
vitrogen) or pUC vector. Positive clones were se- 
lected following hybridisation with an internal oli- 
gomer. One round of this approach generated an 
additional 150 350 bp of sequence. The complete 
3' coding sequence was obtained after two rounds 
(using internal oligomers 3'3 and 3'5). Verification 
of this 3' sequence was performed by amplifying 
(with oligomers 3'4 and 3'7), subcloning and se- 
quencing this region. In a similar manner, 350 bp 
of flanking 5' sequence was also obtained (using 
the internal oligomer 5'7). 

Reverse PCR was performed (on 1 ltg of RNA) 
using either the thermostable rTth reverse tran- 
scriptase enzyme (Perkin Elmer Cetus) or a com- 
bination of the Superscript reverse transcriptase 
(BRL) and Taq polymerase (Amersham). 

Hybridisation analysis. Genomic P. falciparum 
DNA (2 #g) was digested with restriction en- 
zymes and size fractionated on a 0.8% agarose 
gel. PCR-amplified fragments were size fractio- 
nated on a 3% NuSieve G T G  agarose gel. Stan- 
dard Southern hybridisation techniques were 
employed [24]. Northern blot analysis, of 5-20/~g 
of each stage-specific RNA preparation, was car- 
ried out as previously described [25]. 

Expression of partial STARP sequences, The 
DG21 EcoRI fragment (bp 1151-2493, see Fig. 
2B) was gel-purified from )vgtll +DG21 DNA. 
The complete 3' non-repetitive region (bp 2383 
2724, referred to as STARP3') was PCR ampli- 
fied from T9/96 DNA using primers 3'1 and 3'6 
(containing additional 5' BamHI and EcoRI sites 
respectively). These were ligated into the expres- 
sion vector pGEX [26], which directs the synth- 
esis of foreign proteins as fusions with the C- 
terminus of the 26-kDa Schistosoma japonicum 
glutathione-S-transferase (GST). Recombinant 
GST + DG21, GST + STARP3' and GST proteins 
were purified by affinity chromatography on glu- 
tathione agarose beads (Sigma) as described [26]. 

Production of antisera. 6-8-week-old female 
Swiss outbred mice were immunised subcuta- 
neously with 15 /tg of purified recombinant pro- 
teins, emulsified in complete Freund's adjuvant, 
and boosted at 4 and 6 weeks using incomplete 
Freund's adjuvant. Human antibodies from 
pooled human immune sera were affinity-purified 
on isopropyl-/3-D-thiogalactopyranoside-induced 
confluent plaque lifts of the 2gtl l  + DG21 clone 
or, in the case of control sera, wild-type 2gtl 1, as 
previously described [27]. 

Protein gels and immunoblotting. Parasite pro- 
teins were extracted in sodium dodecyl sulphate- 
containing sample buffer, subjected to sodium do- 
decyl sulphate polyacrylamide gel electrophoresis 
on 7.5% or 10% slab gels under reducing condi- 
tions and electroblotted onto nitrocellulose mem- 
branes. Immunological screening was essentially 
carried out as described previously [28], using 
mouse sera diluted 1/100 and then either a horse- 
radish peroxidase-conjugated goat anti-mouse 
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IgG (Biosys, France) followed by a chemilumines- 
cent reaction (Luminol kit, Amersham), or alter- 
natively an alkaline phosphatase-conjugated 
rabbit anti-mouse IgG (Promega). 

Immunofluorescent microscopy. Surface immuno- 
fluorescence assay (IFA) was performed on wet 
sporozoite preparations deposited on poly-Lqy- 
sine-coated slides [7]. Sporozoites lightly fixed 
with glutaraldehyde (0.05%, 2 rain) were tested in 
parallel and yielded the same results; this method 
was used for the Thai isolates. Whilst these techni- 
ques have been previously established as only re- 
cognizing surface antigens, confirmatory surface 
IFAs assays were performed using freshly-dis- 
sected live sporozoites labeled in suspension. For 
the liver stages, both Carnoy-fixed material and 5 
#m sections from unfixed liquid Nz-preserved ma- 
terial were studied [17]. Positive IFA reactions on 
hepatic schizonts were verified by subsequent 
Giemsa staining. 

Immunoelectron microscopy. This was carried 
out as described by Aikawa and Atkinson [29]. 
Briefly, P. falciparum-infected Anopheles salivary 
glands were fixed in 0.1% glutaraldehyde, 0.1% 
formaldehyde solution and embedded in LR 
Gold resin (Poly Science Inc, Warrington, PA, 
USA). Sections were incubated with mouse anti- 
DG21 antisera and subsequently with goat anti- 
mouse IgG conjugated to gold particles (15 nm in 
diameter, Amersham). Sections were fixed in 2% 
glutaraldehyde solution, stained with uranyl acet- 
ate and lead citrate, and examined in a JEOL 
100CX electron microscope. 

3. Results 

Identification and nucleotide sequence of the 
STARP gene. So as to select novel non-CS spor- 
ozoite surface antigens, we screened our 120 P. 
falciparum pre-erythrocytic stage recombinant 
clones with two human immune sera highly reac- 
tive by IFA on sporozoites (end-point titres of 1/ 
1600 and 1/6400) though negative by enzyme- 
linked immunosorbent assay on the CS repeat 
antigen R32tet32. From the positive non-CS 

clones, human antibodies were affinity-purified 
and tested by surface IFA on sporozoites. This 
identified 34 clones, whose consistency of expres- 
sion was further studied by IFA on 10 separate 
sporozoite isolates and 2 laboratory strains. One 
clone, named DG21, was selected for further 
study, since (in contrast to most other clones) all 
P. faleiparum sporozoite isolates were positive; 
furthermore, for each P. falciparum isolate (in 
which one would expect multiple parasite popula- 
tions) all sporozoites were labeled. Sporozoites of 
P. vivax, P. yoelii and P. berghei were negative. 
DG21 showed no cross-hybridisation or immuno- 
logical cross-reactivity with any of the other origi- 
nal 119 clones. 

The 1.35-kb DG21 insert comprises a single, 
uninterrupted open reading frame (ORF) which 
includes the 1.2-kb central repetitive region of  the 
STARP gene. Restriction enzyme analysis indi- 
cated that this gene is present in only one copy in 
the genome (Fig. 1A). Pulse Field Gradient Elec- 
trophoresis gels of  K1 and FCR-3 parasite DNA 
were used to locate this gene to chromosome 8, as 
revealed by hybridisation of a chromosome blot 
with a DG21 probe (unpublished data) and chro- 
mosome 8-specific probes [30]. Low-stringency hy- 
bridization of a rodent malaria chromosome blot 
(P. berghei, P. yoelii, P. chabaudi, P. vinckei) with 
a DG21 probe did not detect any homologous 
sequences in these species (unpublished data). 

To estimate the size of this gene, a Southern 
blot was made of P. falciparum DNA digested by 
mung bean nuclease which, under appropriate for- 
mamide concentrations, liberates either gene-sized 
fragments or smaller fragments resulting from en- 
zyme cleavage within an intron [31]. Hybridisation 
of this blot with the DG21 insert detected a band 
at approximately 2.0 kb under conditions of diges- 
tion in 40% formamide and a 1.85-kb band with 
45% formamide (Fig. 1B). This data suggested 
that the DG21 fragment did not cover the entire 
STARP gene, whose size was estimated to be in 
the order of 2.0 kb. 

The remainder of the gene sequence and flank- 
ing regions was obtained by using two approaches. 
The complete 3' sequence and part of the 5' se- 
quence was obtained using a PCR technique (see 
Materials and Methods). This revealed a long 
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Fig. 1. Restriction and mung bean enzyme and reverse PCR analysis of the STARP gene locus. (A) Southern blot of P. falciparum T9/ 
96 DNA digested by ScaI (lane 1), Scal/Xbal (lane 2) and HinclI (lane 3) and hybridized with a STARP probe amplified using 
oligomers 5'3 and 5'7 (located as shown in Fig. 2B). (B) NF54 DNA was Mung bean-digested under conditions of 40% (lane 1) and 
45% formamide (lane 2) and the resulting blot hybridized with a radiolabeled DG21 probe. These conditions were judged as appro- 
priate since rehybridization of this blot with a CS probe labeled CS gene-sized bands. (C) Reverse PCR was performed on NF54 
sporozoite mRNA, using the primers 5'2 and 5'5 specific to coding regions spanning the intron, and the product (lane 2) electrophor- 
esed alongside the product of a control PCR reaction on genomic NF54 DNA (lane 1). After transfer to nylon, the blot was probed 
with an end-labeled primer 5'4, located internally in exon 2. 

open read ing  f rame (bp 982-2724, see Fig. 2A) 
con ta in ing  no pu ta t ive  meth ion ine  in i t ia t ion  co- 
dons  and in te r rup ted  at  the 5' end by a s top  co- 
don  and  a highly AT- r i ch  region,  ind ica t ing  the 
presence o f  a 5' ifi tron. The second a p p r o a c h  was 
to subc lone  a 5' H i n c I I  f r agment  chosen  by restric- 
t ion m a p  analysis.  Sequence o f  this 1.6-kb frag- 
ment  revealed the l ikely presence o f  a 5' min iexon  
(bp 735 806), s tar t ing f rom a pu ta t ive  meth ion ine  
in i t ia t ion  codon.  N o  a l te rna t ive  O R F s  tha t  could  
funct ion as a min iexon  were found  fur ther  up-  
s t ream.  The coding  na ture  o f  this 5' min iexon  and  
the existence of  the in t ron  were conf i rmed  by re- 
verse P C R  on sporozoi te  R N A ,  using pr imers  de- 
r ived f rom exons 1 and 2 (Fig.  1C). 

A res t r ic t ion enzyme cleavage m a p  o f  the 
S T A R P  gene locus and the overal l  o rgan i sa t ion  
o f  this gene are shown in Fig. 2A and 2B respec- 

tively. C o n f i r m a t i o n  o f  the two-exon  s t ruct rure  
came f rom analysis  o f  ful l - length c D N A  ampl i -  
fied by  reverse P C R  on r ing-s tage R N A  (using 
o l igomers  5'1 and  3'6) (unpubl i shed  data) .  Se- 
quence analysis  o f  reverse P C R  p roduc t s  gener-  
a ted  f rom bo th  sporozo i t e  and  r ing-s tage R N A  
showed fur thermore ,  tha t  splicing o f  this in t ron  
(bp 807-981) f rom R N A  t ranscr ip ts  is ident ical  in 
bo th  o f  these stages. The  5' and  3' noncod ing  re- 
gions are very A + T - r i c h  (88% and 89% respec- 
tively), as is the in t ron  (91%),  whilst  the A + T  
con ten t  o f  the coding  regions is 77%. 

The  sequence o f  the S T A R P  gene and  f lanking 
regions,  as de te rmined  f rom both  s t rands ,  is 
shown in Fig.  3. This  sequence predicts  a ma tu re  
po lypep t ide  o f  604 residues with a molecu la r  mass  
o f  67.0 kDa ,  rich in asparag ine  (25.2%) and threo-  
nine (19.3%).  Negat ive ly  and posi t ively charged  
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Fig. 2. Restriction enzyme cleavage map and gene structure of the STARP gene locus. (A) Summary of the restriction enzyme 
cleavage data for the clone T9/96. Bg Bg/ll; E - EcoRI: EV EcoRV; H - HincIl; Hd - HindIlI; P = Pstl; S - Scal; St - 
Styl; T Taql; X - Xbal. No Xhol or BamHI sites are present. This map was made using the enzymes Scal, Hincll and Styi, which 
cut only once in the gene. (B) STARP gene organization showing the two-exon structure, the location of the oligonucleotide primers 
used, the starting nucleotide number of each region, the location of the DG21 and STARP3' fragments and the central repetitive 
region (comprised of the M, 45 and 10 regions). This is shown as an enlargement of the STARP locus delineated in (A). 

residues account  for 8.9% and 9.9% respectively. 
Due to its amino acid composi t ion,  this protein 
contains a very high number  o f  potential N- 
linked glycosylation (Asn-X-Ser/Thr)  sites, 38 in 
all. The N-terminal  amino acid sequence consists 
o f  an uncharged and hydrophobic  stretch o f  13 
residues (amino acids 8-20), preceded by a short 
positively charged region and followed by a 
charged and polar  region. This is characteristic o f  
a signal sequence peptide [32]. Another  hydropho-  
bic region is located at the C-terminus,  consisting 
o f  two short  uncharged hydrophobic  stretches o f  
14 and I 1 residues (amino acids 569-582 and 593- 
603 respectively), separated by a rather hydrophi-  
lic run o f  10 amino acids. 

The central region of  the molecule is strongly 
hydrophil ic  and contains a complex repetitive 
structure, which can be subdivided into three re- 
gions (see Fig. 3B): the ' M '  or mosaic region 
(amino acids 85 134), the '45'  region (amino 
acids 135-229) comprised o f  2 repeats o f  45 ami- 
no acids and the '10'  region (amino acids 2 2 3 4 8 9 )  
comprised o f  26 repeats o f  10 amino acids, with 
the latter two regions slightly overlapping. For  

the 45 region, the two repeats present are per- 
fectly conserved at the amino acid (and nucleo- 
tide) level. In contrast ,  the repeats in the 10 re- 
gion vary in length (from 9 to 11 amino acids) 
and are highly degenerate, with 24 o f  the 26 re- 
peats showing a unique sequence, The single 
shared repeat sequence ( S T D N N N T K T I )  is 
found in 3 tandem copies (amino acids 4 4 0 4 7 0 ;  
the residues preferentially conserved th roughout  
the 10 region are underlined). With respect to the 
M region, this is essentially composed of  a series 
o f  motifs, short runs o f  between 9 and 3 residues 
that are found scattered in this region and else- 
where in the 45 and l0 amino acid repeats. In- 
deed, only a single run o f  7 residues (PESSSTY, 
amino acids 92-98) is not  found repeated else- 
where. Addit ional  motifs are also found shared 
by the 45 and 10 regions. These dispersed motifs 
are summarised in Table 1. 

The  S T A R P  repea t  region is' p o l y m o r p h i c .  As an 
initial means o f  investigating whether the central 
repeat region is po lymorphic  between strains, this 
region was amplified from a variety o f  laboratory-  



D.A. Fidock et al./Molecular and Biochemical Parasitology 64 (1994) 219 232 2 2 5  

A: 1 aacatataaa 

121 attgaagatt 

241 aaaaaaaaaa 

361 tgattttgtt aaaattta~a 

481 atataattat agattaaaaa 

601 cttaaaatat ctatatgcat 

721 gcatacaaaa aata~aATA 

841 attaaaattt aaaaatgata 

961 ttttttaata ttacttttta 

1081 GGGGGATATA GTGCAC~ 

1201 TATACAAATA CAAGGTTAGC 

1321 TCAACAGAA~ ATACTAGTGC 

1441 AACACAAATA CAAAq'I~AAC 

1561 CATAATAATA ATATTAACAC 

1681 TTAACAACAA GTACTAATAC 

1801 GAAACAGATA ATAAGAACAC 

1921 ACAGATAATA G~AAAACAAA 

2041 TCAACAGATA ATGATAATGC 

2161 ACATCAACAG ATAATAATAA 

2251 ACAATATCAA CAGATAATAA 

2401 AAq]3AAACAA C~Aq]3A 

2521 AAAATACAq*P CAGATATAAG 

2641 A T T ~ A  Aq~AGq~3A 

2761 aatatatata tatatatata 

B:  
25 
55 

85 

1.35 
180 

aatataatat atatatatat atatatatat atatattata atatatttat atagataaag tatttttttt cccactacca atatatatat 

tattatttta ggaaagtaaa aaaaaaatta tatatatatt tatatataaa tttgtaggat acattttctt aaaccaaagg gatatttttt 

aaaaaaaagt attttacata tatatatgaa acttataaat atatatataa taataaaatg tttcattagt attacttcta aaatcatata 

aataaattta tatataatat atatatgtat ataatttttt ttcttttttt tacataaata tatttcatta tttcttttat 

aaaaaaaaaa aaaaaaaaaa aaaaaaaaaa aaaataggtg ccttaaaata tatttaaatt gtacacgtta ccataacaat 

atatatatat atgtatatat atatgtatac atatagataa tataaaaaga aaataattta cataagaaaa tctttatacc 

CATA'I'PITI'I' ATAAGACAGC CATATFTACT C~fL-T GGACAACACT GTTATA~C'r AATAAAgtaa gataaaaaga 

tatatgcaaa taattttaat tatatatata tatatatata tatgtatctt tttatttttc caatacatat ttaatatata 

~I~'PA~5~ T~TA~I'I'I'Iq ATTATAATAA CAACAAC~A TCAACATACG ~TATAAAGCA TAACAGA~q~f TTAq~.AC~T 

AAAA~AGTA AATAGTAAAA AATCCGGAAC AAAq~'TAAAT ACAAAGTATA ATTCAGAAAA ~'ACCAATACA AATAATAATA 

AGCAAATAAC AGTACAACTA CAAGCACTAC AAAAGTAACA GATAATAATA AAACAAATAT %~%AA~'PAACA GGAAACAATA 

TACCAAAAAA GTAACCGAAA ATGq~PAq'PAC AAATCAAATA ~ITAACAGGAA ATAACAATAC AACCACAAAT ACATCCACGA 

AGAAAATACT AG~ACCA AAAAAGTAAC CGAAAAq~ ATTACAAATC AAATA~AAC AGG~TAAC AATACAACCA 

AAATACAAAT TCAACAGATA ATAGTAATAC TAATACAAAT q~fAACCGATA ATAC~AC AACTAA~G ~*IP=AC~TA 

AACTACAGTA TCAACCGATA ATAATAATAT AAATACAAAA CCCATTGATA ATAATAACAC AGATATAAAA TCGACAGATA 

AGACATAAAA GCAACAGACA ATAATAATAT TACAACAACC ACGGATAATA CTAATACAAA ~b"TAATA~X]A ACAGATAATA 

TACAATATCA ACAGATAATG ATAATGCAGA TACAATATTA ACAGATAA~ ATAATAATAC AGATATAATA ~TAACAGATA 

ttttttcttt 

cataattatt 

acatattata 

ttttaattaa 

attataatat 

acc&gaaaaa 

attagaatta 
attatttata 

ATCAATCGAA 

TACCAGAAAG 

GTACAACTAT 

CAGAACATAA 

CAAATACATC 

ATATAAACAC 

AT?ATAACAC 

GTAAAACAAA 

ATAATAATAC 

AGATACAAAA GCAACAGATA ATAATAATAA TACAAATACA AAAGCAACAG ATAATAATAA TACAAAAATA ATAq~ACCAG ATAATAATAA 

TAATACAAAT ACAAAAGCAA CAGATAATAA TAATACAAAA ACAATATCAA CAGATAATAA TAATACAAAA ACAATATCAA CAGATAATAA 

TAATACAAAA ACAATATCAA ACGATAATAA TAATACAAAT ACAATATCAA CAGATAATAA TAATAATAAT ACAAACCAAT A " f G ~  

TGAACTAAAT AAAGATPCCT G'PGAq~FAq'~C AGAAGAAAAA GAAAATATAA AATCAA~X]AT TAACGC~AT q'PAGACAAGT TAGA~ITAGA 

TACATGTA~T G A A A ~  ATAATCCTAG GAA~P.AAATA ACACA~fI'FAA ACAATITAAA AAATATGTAT AATATAAq'PA AA~'ITATAGT 

AGTAATATAT AAATAq~3TAG GAAAATTAAT T~AGL'ITI'I' GC~ATATA TG~TAAq'PAA T~/~katactc tatatgtagt ttttatgtac 

tatatag 

ttgttaccat 

atacaaaaaa 
aataaaatat 
ccataaataa 

aaatatacaa 

acttaaaaaa 

aaaatt~aa 
tttttttttt 

C ~ T  

~ A ~ A ~  

AAATACAAAT 

TAATAATA~ 

~CGA~GAA 

~CAAAAT 

A~CAAAG 

TGT~TCA 

AGATACAATA 

~CAAAAA~ 

TAATACAAAA 

T~CAA~AT 

~ C T ~ T  

GG~ATATAT 

taaataaata 

M I H I F Y K TA I F T [, S I N TT L L Y S N K 

G GQ Y S A A L K N S K K S T N VN T K Y EN 

TN TN N N I P E S S S T Y TN T R L A ANN S T TT S TT 

q' s ENTS A TK VTENV T I LTG NT 

308 D N I TT TT D N TN TNV I S T DN S K TNV I 
347 DN N A DT I T DN DN N D I I L T DN N TDT I 

430 D M N T K T I S T DNNN K T S TDN N T T I 
4?8 N DN NN TN T I S T D N N N N N  TNJ 

4~o Q Y V F A N ~ Y N Z  T T S D D E L ~ Z D  S C D Y S  E E Z E S  
530 K L D L ETV R K I H S D I S TC I E K KNN PRNQ I TH 
570 I K F I V V I Y I A F N W S E V I Y K Y V G K L I L A F AL 

5' non- repet i t i ve  

KVTDNNKTNI KLTGNNSTTI 

T NT TTEHN NN NTNTN 

TDNKNTD K 
STDNSKTNTI 
STDNDNADTK 
S T ~ N N N N T N T K  
ST NNNTKTI 

K s M i ~ A ~ L D 3' n o ~ t l t l v e  
LNNLKNMYN~ 
YMLIN 

M region 

45  region 

10 region 

Fig. 3. Sequence of the STARP gene (clone T9/96). (A) Nucleotide sequence of the STARP gene. The coding regions are shown in 
capital letters while the non-coding regions are indicated in lower case. The initiation codon and stop-codon are underlined. Nucleo- 
tide 1 corresponds to the start of the subcloned (1.6 kb) 5' HincI! fragment. (B) Amino acid sequence showing the designated regions 
of the protein. The predicted signal peptide, encoded in majority by exon 1 (amino acids l 24), is underlined, as are the C-terminal 
hydrophobic regions. 

MOTIF I REGION I COPY N ° 

KVTDNNKTN M 1 
KVTENV I TN 45 2 

TDNSKTN 10 2 
TDNN 10 10 

NTSATKKVT 45 2 
NTSTTKKLT 10 1 

LAANNS'FI M 1 
LTGNNSI-r M 1 
LTGNNNTT 45 2 

NNNT 10 12 

NTNTN M 1 
NTNTN 45 2 
NTNTN 10 3 

TNTST 45 2 
TN'I-V[ 10 2 

MOTIF I REGION [COPY N ° 

NNNI M 1 
NNNI 45 2 
NNNI 10 2 

TSTT M 1 
TSTr  45 2 
TS'I-I" 10 1 

TNGI 45 2 
TNTI 10 2 
TNVI 10 1 

N ' ITr  45 2 
N'I-V[ 10 2 

NINT 45 2 
NINT 10 1 

TNT M 2 
TNT 45 2 
TNT 10 8 

Table I Sequence motifs present in the STARP central repeti- 
tive region 

maintained strains as well as from African field 
isolates (from Die lmo ,  Senegal).  In the laboratory 
strains only a single band was amplified, of  ap- 
proximate ly  the same size (1.29 kb) for T9/96,  
N F 5 4  and 3D7  parasites, whilst this region is ap- 
proximate ly  100 bp smaller in the Palo Al to  strain 
(Fig. 4). Interestingly, two bands, corresponding 
to two  dist inguishable S T A R P  po lymorphs  pre- 
sent in vivo,  were observed in 4 o f  the 7 field iso- 
lates; in all 4 isolates both bands were of  
approximate ly  the same size (about 1.37 and 1.26 
kb). Restricted size p o l y m o r p h i s m  was thus de- 
tectable in the repeat region o f  the S T A R P  gene. 
In contrast ,  PCR studies on these D N A  prepara- 
tions revealed a size conservat ion in the 5' and 3' 
non-repeti t ive  coding regions o f  the gene (unpub- 
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1 4 7 6 -  

1 2 3 0 -  
984 - -  

Fig. 4. Size polymorphism in the central repetitive region. The 
repetitive region of the STARP gene was amplified by PCR. 
using the flanking oligomers 5'6 and 3'2. from 4 laboratory- 
maintained strains: T9/96 (lane II. 3D7 (lane 2), NF54 (lane 
3), Palo Alto (FUP~CB) (lane 4), and from 7 separate field 
isolates from Dielmo. Senegal: 1754 (lane 5). I1951 (lane 6), 
1756 (lane 7), I368 (lane 8k 11660 (lane 9}, I649 (lane 10~, 
I1148 (lane 117. After gel electrophoresis and Southern trans- 
fer, these were hybridized with a radiolabeled DG21 probe. 
showing a size polymorphism ranging from 1.2 to 1.4 kb in 
these strains and isolates. Minor. lower molecular weight pro- 
ducts, likely resulting from faulty PCR amplification of  the 
full-length STARP repetitive region, are occassionally ob- 
served, as seen in lanes 2 and 3. 

lished data). 

Detection of STARP in sporozoites. We have in- 
vestigated expression of  the STARP gene in spor- 
ozoites by several means. Reverse PCR on 
sporozoite mRNA, using primers from exons 1 
and 2, generated a predominant band of 101 bp, 
corresponding to the predicted size of the spliced 
cDNA and clearly distinguishable in size from the 
intron-containing band of  276 bp amplified from 
genomic DNA (see Fig. I C). Hybridization of  a 
Northern blot of sporozoite RNA with a DG21 
probe revealed a faint band at approximately 2.6 
kb (Fig. 5A), confirming transcription of this gene 
in sporozoites. 

Western blotting of  NF54 sporozoites revealed 
intense labeling of a polypeptide of  78 kDa (Fig. 
5B), also detected in 3D7 sporozoites (unpublished 
data). A higher MW band, either a precursor or 
differently-glycosylated form of the STARP pro- 
tein or a cross-reactive molecule, is also faintly 
recognized at about 88 kDa. No band was recog- 
nized using either sera from mice immunised with 
GST alone or pre-immune sera. Control anti-CS 

a 

iiiiiiiii~ 
2 8 S -  1,,111_." 
18S - 

!!!!i!i 

b 

1 2 3  
k D a  

1 8 0  - 

1 1 6  - 

8 ,_ .  ! ii !il 
5 8  - 

4 8 . 5  - 

Fig. 5. Expression of  the STARP gene in sporozoites. (A) 5 ,ug 
of sporozoite RNA was electrophoresed on a 1.5% formalde- 
hyde-agarose gel and the Northern blot hybridized with a 
DG21 probe, (B) Protein extracts from 3.5 × l0 s NF54 spor- 
ozoites were subjected to SDS-PAGE, Western blotted and 
probed with anti-DG21 antiserum (lane 1), control anti-GST 
antiserum (lane 2) and mAb22, an anti-CS monoclonal anti- 
body (lane 3). 

antibodies labeled the CS protein of  51 54 kDa. 
Sequence analysis predicts that STARP is 

transported to the surface of sporozoites. In order 
to verify this experimentally, surface IFA and im- 
munoelectron microscopy was performed. IFA 
was performed on freshly-dissected non-fixed 
sporozoites either in suspension or attached to 
poly-L-lysine slides (a 'wet' IFA), using mouse 
anti-DG21 antisera. This revealed distinctive sur- 
face labeling. The same image was also observed 
with mouse sera raised against the C-terminal 
non-repetitive region, i.e. anti-STARP3' antisera 
(unpublished data). Interestingly, the surface la- 
beling pattern varied between sporozoites, with 
some showing staining over nearly all the sporo- 
zoite, reinforced in one or two patches (as shown 
in Fig. 6A), whilst others showed a single patch of 
bright staining over the centre of the sporozoite or 
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. . . .  l ,  

Fig. 6. Indirect immunofluorescence and immunoelectron microscopy of P. falciparum preerythrocytic stages. (A) Immunofluores- 
cence image of non-fixed NF54 sporozoites labeled with anti-DG21 antisera. (B,C) Immunoelectron micrograph of NF54 sporozoites 
stained with (B) mouse anti-DG21 antisera and (C) human affinity-purified monospecific anti-DG21 antibodies, and counterstained 
with immunoglobulin gold. This shows clusters of gold labeling on the surface of the sporozoite as well as some clusters associated 
with the inner membrane surface and the cytoplasm. (D) lmmunofluorescence image of an in vivo-derived liver schizont labeled with 
anti-STARP3' antisera. The host nucleus is seen squeezed into the top right corner of the parasitized hepatocyte and appears to be 
surrounded by the parasite. Inside the parasite, numerous developing liver merozoites are discernible as small, non-fluorescing 
circular objects. A non-infected, non-fluorescing cell with its nucleus can be seen diagonally above. Paler areas surrounding the 
parasitized hepatocyte result from characteristically non-homogenous Evan's blue staining of the host tissue. Control pre-immune 
and anti-GST antisera were negative. (A,B,C) Bar represents 1 l~m. (D) Bar represents 10 #m. 

c o v e r i n g  an ex t r emi ty .  I m m u n o e l e c t r o n  m i c r o -  

s copy  us ing  e i the r  m o u s e  an t i se ra  o r  h u m a n  affi-  

n i t y -pu r i f i ed  a n t i b o d i e s  a lso  loca l i zed  the  S T A R P  

p ro t e in  to the  s p o r o z o i t e  su r face  (Fig.  6B a n d  6C 
respect ive ly) .  

Detection o f  S T A R P  in liver and asexual blood 
stages. O w i n g  to the  ve ry  low n u m b e r s  o f  l iver  

s tages  p r o d u c e d  in in v i t ro  and  in v i v o  mode l s ,  it 

is n o t  poss ib le  to e x p l o r e  the  exp re s s ion  o f  the  

S T A R P  gene  by W e s t e r n  o r  N o r t h e r n  analysis .  

Neve r the l e s s ,  t h e  poss ib le  exp re s s ion  o f  S T A R P  

in l iver  s tages  was  e x p l o r e d  by p e r f o r m i n g  I F A  

on  i m m a t u r e  (day  5) P. Jalciparum l iver  s ch izon t s  

o b t a i n e d  f r o m  a S a p a j o u  m o n k e y  in fec ted  wi th  an  

A f r i c a n  field isolate ,  us ing  a n t i - S T A R P 3 '  an t i se ra  
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Fig. 7. Investigation of  erythrocytic stage expression of  the 
STARP gene. (A) 20 /tg of  RNA from synchronized ring- 
stages (lane 1) and schizonts (lane 2) was electrophoresed on a 
1.5% formaldehyde-agarose gel, transferred and hybridized 
with a DG21 probe. (B) immunoblot  of  2 × 107 ring stage 
NF54 (lane 1) and Palo Alto (lanes 2, 3) parasites labeled with 
anti-STARP3' antisera (lanes 1, 2) and control anti-GST anti- 
sera (lane 3). (C) Immunoblot  o f  2 × 107 NF54 schizonts 
labeled with anti-DG21 (lane 1) and anti-GST (lane 2) anti- 
sera. No bands were labeled with anti-STARP3' antisera. 

(Fig. 6D) and anti-DG21 antisera (data not 
shown). Both revealed staining throughout the 
parasite cytoplasm between the developing liver 
merozoites. These antisera gave a similar pattern 
of positive IFA labeling of  mature (day 7) liver 
schizonts from a chimpanzee infected with the 
NF54 strain (unpublished data). Positive staining 
was seen for all 30 schizonts examined. 

We have examined whether STARP is ex- 
pressed during the erythrocytic cycle. Hybridiza- 
tion with a DG21 probe of  separate RNA pre- 
parations made from synchronized ring-stage and 
schizont-stage cultures revealed a clear band at 
about 2.6 kb in the rings, whilst no band could be 
detected in schizonts (Fig. 7A). Subsequent hybri- 
dization of a Northern kinetic blot (samples pre- 
pared from synchronized parasites at 7 evenly- 

spaced time-points over one cycle) with a DG21 
probe detected a faint signal only in young (8 h) 
ring-stage parasites (unpublished data). Western 
blot analysis of synchronized ring-stage parasites 
revealed a faint band at about 78 kDa in NF54 
parasites and about 73 kDa in Palo Alto parasites 
(Fig. 7B). These molecular masses correspond to 
the major band of 78 kDa detected in NF54 spor- 
ozoites. Western blotting of more mature asexual 
blood-stage parasites repeatedly failed to detect a 
band of this MW and, only in the case of anti- 
DG21 sera, labeled other, presumably cross-reac- 
tive polypeptides (migrating at about 96 kDa and 
a pair of  polypeptides of varying relative intensity 
migrating at about 44 and 39 kDa, Fig. 7C). 

Northern hybridization of RNA prepared from 
gametes and gametocytes, using a DG21 probe, 
gave no detectable signal in blots which otherwise 
gave a strong signal when hybridized with a Pfsl6 
probe. Similarly, no STARP cDNA could be de- 
tected either by reverse PCR from gamete mRNA 
or by PCR from a gamete cDNA library (unpub- 
lished data). This indicates that the STARP gene 
is not expressed during the sexual stages. 

4. D i scuss ion  

We here report the identification, cloning and 
stage-specificity of a novel P. falciparum sporo- 
zoite surface antigen, STARP, initially chosen 
based on its consistent expression on the surface 
of sporozoites from various isolates. The STARP 
gene spans 2.0 kb and has a two-exon structure. 
The potential methionine start codon at the start 
of the 5' miniexon is located just downstream of 
multiple stop codons and is preceded by an ade- 
nine at positions - 3  and - 1  (relative to the 
ATG), which agrees with consensus sequences 
found at equivalent positions of  initiation sites 
for other P. falciparum genes ([21] and references 
therein). These two exons are separated by a 175- 
bp intron with typical consensus splice donor/ac- 
ceptor sites ([33] and references therein). 

The STARP gene encodes a mature polypeptide 
of 604 residues, rich in asparagine and threonine. 
This protein is distinct from the previously de- 
scribed malaria asparagine-rich antigens and 
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screening of the Genbank protein data base (ver- 
sion 78) detected no significant homology with 
these or other protein entries. 

The N-terminal sequence of  STARP is charac- 
teristic of a signal peptide, whose hydrophobic 
core is encoded by the 5' miniexon. Interestingly, 
all previously-characterized P. falciparum antigens 
containing such a 5' mini-exon structure have been 
found to be exported proteins whose signal pep- 
tide is either partially or fully encoded by a mini- 
exon (reviewed in [34]). The only other hydropho- 
bic region resides at the carboxy terminus, though 
its unusual structure does not correspond to a 
classical transmembrane anchor structure [35]. 
Due to the scarcity of sporozoite material, it has 
not yet been possible to investigate whether 
STARP is anchored to the sporozoite surface 
membrane via a phosphatidyl-inositol-phosphate 
moiety. 

The presence in STARP of tandem repeats of 
oligopeptide sequences is a characteristic shared 
by many P. falciparum antigens, in which the re- 
peat regions often contain the major B-cell epi- 
tope(s) [36]. In marked contrast to the perfectly 
conserved 45 amino acid repeats of STARP, the 
10 amino acid repeats are highly degenerate. 
These degenerate repeats may create a panoply of 
related epitopes, in a manner similar to the game- 
tocyte-specific antigen Pfl 1-1 [37]. In spite of this 
high level of  degeneracy, most of the l0 amino 
acid repeats in STARP are predicted to maintain 
a //-turn structure, suggesting that structural 
rather than primary sequence constraints might 
be operating on this region. This is reminiscent of 
the CS protein, where the only known repeat var- 
iant (NVDP) is optimal in maintaining the/ / - turn 
structure inherent in the NANP repeats (Andre 
Tartar, personal communication), and may reflect 
a general mechanism operating on repeat regions 
of P. falciparum antigens. 

The third type of repeat structure present in 
STARP is defined by the mosaic region - a com- 
posite of sequence motifs that reappear in degen- 
erate forms in a seemingly random, non-contigu- 
ous order throughout all 3 regions. The overall 
structure of STARP's central repetitive region 
would seem to result from extensive duplication 
and rearrangement events. Not surprisingly, this 

central region showed size polymorphism between 
different parasite populations, a phenomenon 
which appears to be typical for many repetitive P. 
falciparum antigens [36]. 

We have investigated the stage specificity of the 
STARP gene products. Such characterisation is 
important as it provides the base for future stu- 
dies aimed at evaluating the potential role of the 
STARP antigen in eliciting stage-specific immune 
defense mechanisms. 

Reverse PCR and Northern blot hybridization 
both demonstrate that the STARP gene is tran- 
scribed in sporozoites. Reverse PCR data was par- 
ticularly conclusive, since the miniexon enables 
size discrimination between RNA reverse tran- 
scripts and genomic DNA. On immunoblots of 
sporozoites, the STARP protein migrates at 
about 78 kDa. The DNA sequence predicts a mo- 
lecular mass of 67 kDa and the reduced mobility 
may be either related to the hydrophilic nature of 
this antigen, as has been noted for other hydrophi- 
lic P. falciparum proteins, or alternatively may re- 
sult from post-translational modifications of the 
native STARP protein. 

IFA and immunoelectron microscopy studies 
using a series of mice and human antibodies de- 
tect STARP associated with the sporozoite sur- 
face. IFA studies reveal an unusual surface distri- 
bution which, in contrast to the even distribution 
of the CS and several of our partially-character- 
ized sporozoite antigens, is predominantly loca- 
lized to discrete regions of the surface. Non-homo- 
geneous surface localization has also been ob- 
served with anti-SSP2/TRAP antibodies [14,38]. 
STARP however differs notably from TRAP/  
SSP2 in that all freshly-dissected, unfixed sporo- 
zoites were positive by IFA using anti-STARP 
antibodies, whereas only 5 10% were reported to 
show surface fluorescence with anti-TRAP/SSP2 
antibodies [14]. The consistent surface expression 
of STARP may thus provide an effective target for 
sporozoite-specific antibodies. 

In liver stages, the expression of STARP was 
examined by IFA on immature and mature liver 
schizonts from two separate P. falciparum iso- 
lates. This revealed consistent positive labeling 
with antibodies raised to either the repetitive re- 
gion or the C-terminal non-repetitive region. The 
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intense labeling observed with anti-STARP anti- 
bodies suggests that STARP is actively produced 
at the liver stage, in contrast to the CS antigen 
which persists in minor quantities during liver 
schizogony ([39]; our unpublished observations). 
Evidence arguing for the potentially critical role 
in preerythrocytic-stage immunity of antigens ex- 
pressed during the liver stage has come from in 
vitro studies suggesting that protection induced 
by irradiated sporozoites is dependent upon the 
transformation of sporozoites into young hepatic 
trophozoites [40]. STARP may provide a target 
for the large variety of immune mechanisms that 
in rodent models have been found to be active 
against this stage (reviewed in [41]). 

During the intraerythrocytic cycle, STARP 
gene products have only been detected at the ring 
stage. Northern hybridization revealed a band of 
2.6 kb, the same size as that detected in sporozoite 
RNA. By immunoblotting STARP was detected in 
ring stages only when large numbers of parasites 
were used, thus contrasting with the readily detect- 
able presence of STARP transcripts. This differ- 
ence may be related to low translational activity 
or rapid protein breakdown and degradation. The 
observed differences in the molecular mass of the 
STARP protein in NF54 and Palo Alto ring-stage 
parasites (78 kDa and 73 kDa respectively) reflects 
the central repeat region polymorphism seen at the 
nucleic acid level. Minor bands detected by anti- 
DG21 antisera in schizont extracts may well corre- 
spond to other asparagine-rich P. falciparum anti- 
gens synthesized by mature erythrocytic stage 
parasites. Indeed, cross-reactions between aspara- 
gine-rich proteins are well-documented phenom- 
ena [42,43]. The finding that intra-erythrocytic ex- 
pression of STARP is limited to the initial stage of 
the erythrocytic cycle is intriguing and its signifi- 
cance for the parasite remains to be elucidated. It 
is worthwhile noting that low-level expression of a 
sporozoite surface antigen during the erythrocytic 
stage has also been reported for TRAP/SSP2 [13] 
and CS [44]. 

The use of irradiated sporozoites, whilst not 
feasible on a large scale, has already shown that 
an effective preerythrocytic-stage malaria vaccine 
can be found. For this purpose, there is now a 
recognized need to more comprehensively charac- 

terize the malarial antigens expressed on the spor- 
ozoite surface and/or in liver stages. Our study 
represents the first step in the identification and 
characterization of a novel P. falciparum sporo- 
zoite surface antigen, STARP, which in a recom- 
binant form proved immunogenic in mice. The 
consistent surface expression of STARP on sporo- 
zoites of various isolates and its expression in the 
liver stage, a stage which may well be critical in 
pre-erythrocytic stage immunity, supports the 
need to assess its potential involvement in natu- 
rally-acquired or artificially-induced immunity. 
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