
Circumsporozoite Protein of Plasmodium vivax: Gene 
Cloning and Characterization of the Immunodominant Epitope 

Abstract. The gene encoding the circumsporozoite (CS) protein of the human 
malaria parasite Plasmodium vivax has been cloned. The deduced sequence of the 
protein consists of 373 amino acids with a central region of 19 tandem repeats of the 
nonapeptide Asp-Arg-Ala-AsplAla-Gly-Gln-Pro-Ala-Gly. A synthetic 18-amino acid 
peptide containing two tandem repeats binds to a monoclonal antibody directed to 
the CSprotein of Plasmodium vivax and inhibits the interaction of this antibody with 
the native protein in sporozoite extracts. The portions of the CS gene that do not 
contain repeats are closely related to the corresponding regions of the CS genes of 
two simian malarias, Plasmodium cynomolgi and Plasmodium knowlesi. In contrast, 
the homology between the CS genes of Plasmodium vivax and Plasmodium fal- 
ciparum, another malaria parasite of humans, is very limited. 
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Plasmodium vivax, the causative 
agent of benign tertian malaria, occurs 
throughout the world and is the domi- 
nant species of this parasite in China, Sri 
Lanka, and certain parts of Central 
America ( I ) .  Although causing much less 
mortality than P. faiciparum, vivax ma- 
laria, with its characteristic relapsing fe- 
vers, is an incapacitating disease. We 

Table 1 .  Inhibition by the synthetic peptide 
[~sp~ly-Gln-~ro:Ala-Gly-ASP-~rg-Ala12 of 
the binding of '251-labeled monoclonal anti- 
body 2F2 to immobilized P. v i va  sporozoite 
extracts. 

Concentration of 
synthetic peptide 

(kdml) 

Bound 
radioactivity * 
(countlmin) 

16,387 2 1,085t 
842% 

1,091 
2,130 
3.146 

report here the sequence of a gene we 
have cloned from P. vivax. This gene 
encodes the immunodominant surface 
antigen of the mosquito-borne infectious 
sporozoites, the circumsporozoite (CS) 
protein. 

Protective immunity to malaria is con- 
ferred by immunization with irradiated 
sporozoites, and host antibody against 
sporozoites is directed against the CS 
protein (24). The gene encoding this 
protein has been cloned from two spe- 
cies of simian malaria parasites, P. 
knowlesi (5, 6, 7) qnd P. cynomolgi (8, 9) 
and from the human malaria parasite P. 
falciparum (10, 11). We have used a 
probe derived from the P. cynomolgi CS 
gene to isolate the homologous gene 
from a bacteriophage A library of cloned 
P. vivax genomic DNA. The primary 
structure of the P. vivax CS protein is 
deduced here from the sequence of the 
cloned gene, and it has the same general 
features as have been reported for other 
CS proteins. In particular, it has a cen- 
tral domain of repetitive amino acid se- 
quences constituting roughly half of the 
total protein. Sequence analysis reveals 
a close homology between the CS gene 
of P. vivax and that of the simian malaria 
P. knowlesi (6), but little homology to the 
CS gene of P. falciparum (11). These 
findings corroborate earlier hypotheses 
suggesting a close evolutionary relation 
between the simian malaria parasites and 
P. vivax, a pqrasite of humans (12). 

Homology between a CS gene probe 
from P. cynomolgi (Gombak) (8) and 
genomic DNA from a bloodstream form - - 

*The. labeled 2F2 antibody (ld count/min; .specific 
of P. vivax was first detected by South- 

actlvlty a b u t  2 x ,lo6 cpm/l~g) wasd!luted ln phos- ern blotting. As shown in Fig. 1, under 
hate-buffered sal~ne (PBS) contpln~ng 1 percent 

&,vine iBSA) and the indicated mdium stringency conditions, this P. 
amount of synthetic pebtjde and then added t o  cynomolgi CS gene probe hybridizes 
microtiter wells coated wlth P. . v i v a  sporazolte 
extracts. After 1 hour of incubation at rpom tem- with sing1e I, H ~ a  11, and Bgl I1 

rature, the wells were washed three tlmes with fragments of P. (Belem) DNA. 
%S and 1 percent BSA and ~ounted, in a gamma 
counter. ~n preliminary expenments lt was deter- Since the DNA fragment generated by 
mined that the binding of the labeled 2F2 to the P. ~~1 11 was of a suitable size (15 kilo- 
vrvax extract was specific, slnce lt was inhibited by 
d~luting it with cold 2F2, but not with a cold nonrele- bases) for cloning in the bacteriophage A 
vant monoclonal antlbody of the same subclass- 

+Mean ? standard deviation of counts in four EMBL (I3), a Bgl I' 
wells. SMean of dupl~cates. digest of P. vivax bloodstream form 
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DNA was size-fractionated and ligated 
into the Bam HI sites of EMBL3 arms, 
and then packaged in vitro and plated 
(14). 

Approximately 5000 plaques were 
screened with the P. cynomolgi comple- 
mentary DNA (cDNA) clone being used 
as the probe, and three positive clones 
were identified. The restriction map of 
one of these clones, AVXIB, is shown in 
Fig. 2. The structure of this clone is 
consistent with the sizes of the cross- 
hybridizing fragments obtained ir! the 
genomic Southern blots (Fig. 1). A series 
of plasmid subclones were therefore de- 
rived for further mapping and DNA se- 
quence analysis (Fig. 2). The DNA se- 
quence analysis was initially camed out 
from the Xba I and the Acc I sites which 
also occur in the P. cynomolgi CS gene. 
Homology with that gene was detected 
wound these sites and a complete se- 
quence analysis of P. vivax genomic 
DNA in the region shown in the fine 

Fig. 1. Southern blot of genomic DNA from 
bloodstream forms of P. v i va  (Belbm strain). 
The DNA was bound to nitrocellulose and 
probed with a 700-bp Pst I fragment encoding 
the COOH-terminal domain and 3' untrans- 
lated region of a CS protein complementary 
DNA clone of P. cynomblgi (8, 9). The blood- 
stream parasites were obtained from an in- 
fected Saimiri monkey. Hybridization was 
canied out in 38 percent formamide, 6 x  stan- 
dard saline citrate (SSC), 50 mM sodium 
phosphate buffer, pH 6.4, 10 percent dextran 
sulfate, and 100 pg of salmon sperm DNA per 
milliliter, with the use of a nick-translated 
probe (3 x lo6 countlmin) (14). Lanes 1 to 4: 
0.5 kg of P. vivax DNA cut with Acc I, Sst I, 
Hpa 11, and Bgl 11, respectively. Lane 5: 0.5 
kg of P. cynomolgi (Gombak) DNA cut with 
Bgl 11. After overnight hybridization of the 
DNA at 42"C, the filters were washed four 
times for 5 minutes each at room temperature 
in 3x SSC, 50 mM sodium phosphate buffer, 
pH 6.4, 0.1 percent sodium dodecyl sulfate, 
and then for 1 minute at 42OC in the same 
buffer. Autoradiography was camed out at 
-70°C with intensifying screens. Sst I does 
not cleave sufficiently close to the CS gene to 
release a resolved fragment on this 1 percent 
agarose gel. 
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structure map in Fig. 2 was carried out, homologous to the corresponding do- 
A continuous open reading frame occurs mains in the CS genes of P,  cynomolgi 
within this region, encoding a protein and P. knowlesi. This sequence and its 
with a central domain of repeating amino translation are shown in Fig. 3. 
acids flanked by nonrepetitive regions Like other CS proteins, the P,  vivax 

Fig. 2. Coarse and 2 6 10 14 kb 
fine structure maps of I I I I I I I T 
the bacteriophage A (Bgl 11) Hpa II Acc I Xba I Acc I Hap II (Bgl II) 
clone VX1B -coltain- 
ing the P, vivax CS 
gene. The clone con- 
tains a 15-kb Bgl I1 
fraement inserted into 
th; Bam HI sites of 
EMBL3. The clone S ~ U _ ~ A ~ C C  

\ 
H i n f l  Sau 3 A \  Xba l .. 3 

was mapped and a se- 
ries of subclones coo- 
stpcted from it. The 
first of this series con- 
tained the 4.2-kb Hpa I I I 1 I I I I 

I1 fragment cloned 0.2 0.6 1 .O 1.4 kb 
into the Acc I site of 
pUC 9 (23). An internal Xba I site was used to divide this clone into two further subclones to 
derive the map of the expanded region. The hatched bar indicates the region which hybridizes to 
the 700-bp P, cynornolgi CS gene probe. Maxam-Gilbert sequencing was carried out from the 
Xba I site and the Acc I sites in both directions (24). A series of M13 mp18 and M13 mp19 (25) 
subclones were constructed by cloning the Sau3A fragments into the Bam HI sites of these 
vectors and these were sequenced by the Sanger technique (26). 
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protein has stretches of hydrophobic 
amino acids at the COOH terminal and 
NH2 terminal which probably represent 
anchor and signal sequences, respective- 
ly. There are also two areas containing a 
large number of charged amino acids 
residues and, close to the COOH termi- 
nal, two pairs of cysteine residues. The 
most striking feature of the deduced ami- 
no acid sequence is that the amino acid 
sequence DRADIAGQPAG is repeated 
19 times, and constitutes 49 percent of 
the amino acids in this 373-residue pro- 
tein. 

Tandemly repeated amino acid se- 
quences are found in all CS proteins and 
are also a ubiquitous feature of blood- 
stage antigens of malaria parasites (15, 
16). However, although the D N A  and 
amino acid sequences of the repeats vary 
widely between the CS proteins of differ- 
ent species of Plasmodia, there are ap- 
parent constraints on amino acid compo- 
sition and overall charge. A restricted 
subset of amino acids are used in CS 
protein repeat units. These are glycine, 
alanine, asparagine, aspartic acid, argi- 
nine, proline, and glutamine, with valine 
constituting a component of a few re- 
peats in P,  falciparum and P. knowlesi. 
These amino acid compositional con- 
straints are also found in the CS proteins 
of a number of strains of the P.  cynomol- 
gi complex that show variation in their 
repetitive amino acid sequences (17). 

An interesting feature of the 19 amino 
acid repeats of the P ,  vivax sequence 
(DRADIAGQPAG) is that they have a 
three or four amino acid match with the 
repeated P. knowlesi sequence (AGQ- 
PAQGDGAN). In fact the D N A  se- 
quences can be aligned to obtain a se- 
quence homologous at 19 out of 27 nucle- 
otide positions. Given the apparent re- 
strictions on the amino acid composition 
of the CS protein repeats, and a marked 
bias in codon usage, the similarity be- 
tween these two repeats could be coinci- 

Fig. 3. The sequence of the gene encoding the 
CS protein of P. vivax. The gene has an 
uninterrupted read~ng frame encoding a pro- 
tein of 373 amino acids with a mass of 37,253 
daltons. The 19 tandem repeats of 9 amino 
acids are boxed. Certain general features of 
CS proteins can be noted, for example, the 
central repeats, an NH,-terminal signal-like 
sequence (bp 166-213), a COOH-terminal hy- 
drophobic sequence (bp 1213-1273), and sev- 
eral groups of charged residues present in 
both the NH,- and COOH-terminal regions. A 
characteristic pattern of nucleotide sequence 
variation is observed within the repeated epi- 
topes whereby some codons are invariant 
whereas others tolerate third and even second 
position variation. This second position varia- 
tion leads to an aspartic acid to alanine change 
in the fourth amino acid of half of the repeats. 

SCIENCE, VOL. 230 



dental. Alternatively, the similarity may 
indicate that these sequences diverged 
from a common repeat by accumulation 
and spread of point mutations, inser- 
tions, and deletions. A similar proposal 
has been made to account for divergence 
in the repetitive amino acid sequences of 
the S-antigens of P. falciparum (16). 

Sequence homology between the CS 
proteins of P ,  vivax and the other major 
human malaria P ,  falciparum is very 
low. The only region where there is any 
significant homology is a small region of 
the COOH-terminal domain (nucleotides 
1086-1 101) containing two cysteine resi- 
dues previously noted to be conserved 
between P ,  knowlesi and P. falciparum 
(11, 18). However, outside their unrelat- 
ed repeated sequences there is consider- 
able homology between P. vivax and P. 
knowlesi. In the NHz-terminal domain 
there is 69 percent amino acid and 72 
percent nucleotide sequence homology; 
the COOH-terminal domain has 63 per- 
cent amino acid and 68 percent nucleo- 
tide sequence homology. In accordance 
with the Southern blotting results shown 
in Fig. 1, the CS protein of P ,  cynomolgi 
also has extensive sequence homology 
with P. vivax in the domains flanking the 
central repetitive region of the protein 
(9). 

Antibodies to native CS proteins are 
largely, if not entirely, directed against 
the immunodominant repeated epitope 
(4, 19). To verify whether the repeat 
sequences deduced from the genomic 
clone XVXlB contained this epitope, we 
synthesized an 18-amino acid peptide 
comprising the sequence (DGQPAG- 
DRA)2 (20) and compared its antigenic 
properties to those of sporozoite materi- 
al. We found that the monoclonal anti- 
body 2F2, which is specific for P. vivax 
sporozoites, bound to the synthetic pep- 
tide immobilized on wells of microtiter 
trays. Significant binding was observed 
at antibody concentrations below 1 kg/ 
ml. The binding was totally inhibited by 
the presence of homologous peptide (25 
kgiml) in the fluid phase but not affected 
by an unrelated peptide (Fig. 4). The 18- 
amino acid peptide also inhibited, in a 
dose-dependent fashion, the interaction 
between the monoclonal antibody 2F2 
and extracts of P, vivax sporozoites (Ta- 
ble 1). A strong inhibitory effect of the 
peplide could be observed at concentra- 
tions below ~ o - ~ M .  Taken together these 
findings demonstrate that the immuno- 
dominant epitope is contained within the 
peptide. 

For the experiments shown in Table 1 
we used a synthetic 18-amino acid pep- 
tide that constitutes the CS epitope of a 
Brazilian isolate, a monoclonal antibody 
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Fig. 4. Monoclonal antibody 
2F2 against P, vivax CS pro- 
tein was serially diluted in 
phosphate-buffered saline-bo- 
vine serum albumin (PBS- 
BSA) (A); or in PBS-BSA con- 
taining 25 kg of the synthetic 
peptide (DGQPAGDRA), per 
milliliter (a); or as a control in 
PBS-BSA containing 25 kg of 
synthetic peptide (NANP),, 
per milliliter (A). Another 
monoclonal antibody (2A10) to 
the P. falciparum CS protein 
(3) was serially diluted in PBS- 
BSA (0). Portions (25 ~ 1 )  of 
the dilutions were delivered to 
the bottom of microtiter plates 

d-r.,-d-u- -,----"I that had been coated wiih the 

0.0026 0.064 1.6 4 0 synthetic peptide (DGQPAG- 

Concentra t ion of antibody (fig/rnl) DRA),, and saturated with 1 
nercent BSA. After 1 hour of r.....-. - - - -  ...- - - - ~  

incubation, the wells were washed with PBS-BSA and incubated with 50 k1 of lZ51-labeled 
affinity purified goat antiserum to mouse immunoglobulin G (lo5 countlmin; specific activity 
about 2 x lo6 cpmlkg). After an additional hour of incubation the wells were washed with PBS- 
BSA and the radioactivity was counted. As shown, 2F2 but not 2A10 bound to the immobilized 
(DGQPAGDRA), peptide. The binding of 2F2 was totally inhibited by (DGQPAGDRA), but not 
affected by (NANP),. In other experiments (not shown) we found that the binding of 2A10 to the 
corresponding epitope (NANP), was not inhibited by the synthetic peptide (DGQPAGDRA),. 
The points in the curves represent the mean of duplicate measurements. The variation between 
the replicates was less than 10 percent of the mean values. 

prepared against sporozoites from and function of antigenic diversity in 
Southeast Asia (3), and a sporozoite ex- sporozoites by further analysis of the CS 
tract of the Chesson (New Guinea) strain genes of primate plasmodia. 
of P. vivax. The results demonstrate that 
the repeated epitope must be present in References and Notes 
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Novel Role for Phycoerythrin in a Marine Cyanobacterium, 
Synechococcus Strain DC2 

Abstract. Cyanobacterial picoplankton contribute substantially to oceanic pri- 
mary productivity. The colored protein phycoerythrin is the major component of their 
light-harvesting apparatus. It was found that in Synechococcus strain DC2 a 
variable proportion of the light energy absorbed by phycoerythrin is lost as 
autofluorescence and therefore is not passed to a photoreaction center. Phycoery- 
thrin may serve two functionally distinct roles in this organism: as a nitrogen reserve 
and as a collector of quanta for photosynthesis. 
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Cyanobacteria of the genus Synecho- 
coccus (diameter, < 1.0 pm) make a sub- 
stantial contribution to marine primary 
productivity in both tropical and temper- 

ate waters (1,2). Because the availability 
of nitrogen is often considered to limit 
productivity in the oceans (3), we inves- 
tigated the growth of Synechococcus 
strain DC2 in light- or nitrogen (nitrate)- 
limited chemostat cultures. 

Marine Synechococcus species isolat- 
ed from the picoplankton community (4) 
of oceanic habitats owe their red color to 
the presence of the phycobiliprotein phy- 
coerythrin (1, 5) ,  a component of the 
photosynthetic light-harvesting appara- 
tus in cyanobacteria and red algae (6). 
Several marine Synechococcus isolates, 
including strain DC2, synthesize phyco- 
erythrins whose novel spectral proper- 

Table 1. Influence of irradiance on the mean phycoerythrin (PE) and phycocyanin (PC) 
composition (* standard error, n = 3) of Synechococcus strain DC2 and 0. rubescens. 

Irradiance PE (yg per PC (pg Per 
(FE m-2 sec-') unlt blomass) unlt biomass) PE:PC 

Synechococcus strain DC2 (low nitrogen) 
60 16.3 + 0.7 1.3 + 0.1 12.5 + 0.1 

Synechococcus strain DC2 (high nitrogen) 
60 21.9 + 1.9 1.0 + 0.1 21.6 * 0.5 
48 22.4 & 5.6 1.2 & 0.1 18.2 * 2.8 
20 45.8 + 2.2 2.8 & 0.1 16.2 + 0.4 
6 36.0 + 2.4 3.0 * 0.5 12.0 + 2.9 

Oscillatoria rubescens 
20.1 + 0.7 11.3 & 1.5 1.9 + 0.2 
36.1 & 5.1 13.8 + 0.4 2.6 + 0.3 

ties (5, 7) bear closer resemblance to 
those found in red algae than those of 
freshwater or terrestrial cyanobacteria. 
Under optimal conditions, phycobilipro- 
teins may account for up to 50 percent of 
the total protein in the cyanobacterial 
cell (8); however, light (9) and the avail- 
ability of nitrogen (10) profoundly influ- 
ence the phycobiliprotein content and 
composition of cyanobacteria. In all phy- 
coerythrin-producing cyanobacteria ex- 
amined thus far, light energy absorbed 
by this phycobiliprotein is transferred to 
reaction-center chlorophyll with high ef- 
ficiency (90 to 95 percent) (6, 8). 

One feature of marine Synechococcus 
species that prompted this study is the 
high degree of autofluorescence detected 
upon excitation of phycoerythrin (1,5), a 
finding which suggests that, in these or- 
ganisms, the phycoerythrin in the phyco- 
bilisome is not efficiently coupled to the 
photosynthetic apparatus. We propose 
that in Synechococcus strain DC2 the 
pigment not only collects quanta for pho- 
tosynthesis but is accumulated when ni- 
trogen is readily available, providing a 
dynamic pool of stored nitrogen. Under 
these conditions a substantial fraction of 
the light energy absorbed by the bilipro- 
tein is dissipated as autofluorescence 
and therefore not utilized in photosyn- 
thesis. 

Table 1 shows the influence of increas- 
ing irradiance on the phycobiliprotein 
composition of Synechococcus strain 
DC2 and a typical phycoerythrin-rich 
cyanobacterium, Oscillatoria rubescens. 
In contrast to the response of the latter, 
increasing irradiance resulted in a pro- 
gressive enrichment in the relative phy- 
coerythrin content of Synechococcus 
strain DC2. At the highest irradiance (60 
pE m-2 sec-'), the ratio of phycoery- 
thrin to phycocyanin reached 21.6; con- 
siderably in excess of that reported in a 
wide range of other cyanobacteria (9) 
even under the most favorable condi- 
tions for phycoerythrin synthesis. 

The efficiency with which light energy 
absorbed by the phycoerythrin of Syne- 
chococcus strain DC2 is utilized in pho- 
tosynthesis was examined by two com- 
plementary approaches. In the first, 
glycerol was used to uncouple energy 
transfer between phycobiliproteins in 
vivo (11). The effect of increasing irradi- 
ance (and hence increasing rate of 
growth) on the relative light-harvesting 
efficiency of phycoerythrin was exam- 
ined (Fig. 1). In nitrogen-sufficient cul- 
tures a greater proportion of absorbed 
light energy was lost in the form of 
phycoerythrin autofluorescence at high 
growth rates than in cells exposed to 
decreasing irradiance. In contrast, at all 
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