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ABSTRACT Merozoite surface antigen 1 (MSA1) of sev-
eral species of plasmodia has been shown to be a promising
candidate for a vaccine directed against the asexual blood
stages of malaria. We report the cloning and characterization
of the MSA1 gene of the human malaria parasite Pismodum
vivax. This gene, which we call Pv200, encodes a polypeptide of
1726 amino acids and displays features described for MSA1
genes of other species, such as signal peptide and anchoring
sequences, conserved cysteine residues, number of potential
N-glycosylation sites, and repeats consisting here of 23 gluta-
mine residues in a row. When the nucleotide and deduced
amino acid sequences of the MSA1 of P. vivax are compared to
those of another human malaria parasite, Plasmodium falci-
parum, and to those of the rodent parasite Pkasmodium yoelii,
10 regions of high amino acid similarity are observed despite
the very different dG+dC contents of the corresponding genes.
All of the interspecies conserved regions reside within the
conserved or semiconserved blocks delimited by the sequences
of different alleles of the MSA1 gene of P. falciparum.

The surface of the invasive merozoite of plasmodia consti-
tutes one of the potential targets of a vaccine directed against
the blood stages of malaria. Merozoite surface antigen 1
(MSA1), described by Holder and Freeman in 1982 (1), has
been extensively studied in the human malarial parasite
Plasmodium falciparum (reviewed in ref. 2). There are sev-
eral allelic forms of this polymorphic high molecular weight
antigen, and conserved, semiconserved, and variable regions
can be found in the different alleles (3-5). The antigen is
processed on the surface ofthe merozoite, although the exact
stage at which processing occurs is subject to discussion (6).
MSA1 has also been shown to bind in a specific manner to the
surface of erythrocytes and could thus constitute one of the
merozoite surface ligands involved in invasion of the eryth-
rocyte (7).
A number of immunization experiments performed with

parasite-derived or recombinant MSA1 or with MSA1 pep-
tides in monkeys (reviewed in ref. 2) as well as in humans (8)
point to this antigen as one of the most promising vaccine
candidates against malaria asexual blood stages. P. falci-
parum is the only human malarial parasite for which the
protective properties ofthe MSA1 have been assessed. Since
protective immunity in malaria is species-specific (9), it is
unlikely that a vaccine against one species will protect against
others. Although Plasmodium vivax is the most widely dis-
tributed human malaria parasite, little is known about the
properties of MSA1 in this species (10); this is partly due to
the difficulty in obtaining large quantities of a parasite that
cannot be maintained in continuous culture. The cloning and
characterization of the gene coding for the MSA1 of P. vivax

should allow appropriate immunization studies to be per-
formed with recombinant proteins.
A portion of the P. vivax MSA1 gene (Belem strain) has

been previously characterized (11), and we present here the
complete primary structure of this genet which we call
Pv200. The organization of Pv200 is similar to that of the
MSA1 gene of P. falciparum, Pfl90 (3, 12), and to that of the
rodent malaria parasite Plasmnodium yoelii, Py230 (13). There
are 10 regions of high amino acid similarity conserved among
the three parasite species. Since this molecule, like many
other P. vivax antigens, is otherwise polymorphic (14, 15),
such regions of interspecies conservation could be of impor-
tance in the development ofan asexual stage malaria vaccine.

MATERIALS AND METHODS
Parasites. The P. vivax Belem strain, adapted to Saimiri

monkeys, was used for the production of DNA (11).
Construction and Screening of Genomic DNA Libraries.

TwoDNA libraries were constructed: (i) Library A. Genomic
DNA was completely digested with EcoRI and 5 pug was
fractionated on a 1% agarose gel. Fragments between 5 and
15 kilobases (kb) were electroeluted from a slice of the gel,
extracted with phenol, and precipitated with ethanol. Pellets
were washed, dried, and dissolved in double-distilled H20. A
1-,ug aliquot was ligated into the EcoRI arms of the A vector
gtWES (GIBCO/BRL) according to the supplier's instruc-
tions. The library was obtained by transforming LE392
competent cells and it was screened with a 1.9-kb DNA insert
containing a portion of the Pv200 gene, Pv200/1.9 (see
Results) (11).

(ii) Library B. A 0.5-pg sample of HindIII-digested DNA
was ligated into the HindIII site of the vector pBR322 treated
with calf intestinal alkaline phosphatase (Pharmacia) and the
library was obtained by transformation of DH5 a competent
cells. The library was screened with a 0.98-kb DNA insert
corresponding to the first 0.98 kb from the 5' end of the
Pv200/1.9 clone (see Results).

All enzyme digestions and DNA manipulations were per-
formed as recommended in Sambrook et al. (16).
DNA Sequences. Dideoxy chain termination sequences (17)

were obtained by the production of exonuclease III overlap-
ping deletion clones (18) or by the use of oligonucleotides
(17-mers) synthesized on an Applied Biosystems PCR-Mate
apparatus. Both DNA strands were sequenced for all the
results presented here. Sequences were aligned and analyzed
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by using the DNA program of Staden (19). The sequences
used for homology studies were those of P. falciparum
MAD20 (3) and of P. yoeldi YM (13).

RESULTS

Isolation of the Genomic Clones Containing the Entire Pv200
Gene. We have previously reported the isolation of a clone
containing a 1.9-kb genomic DNA insert, clone Pv200/1.9,
including a portion of the P. vivax Belem strain MSA1 gene
(Pv200) (11). Using the Pv200/1.9 DNA insert, we isolated
two new clones, Pv200/7.0 and Pv200/9.0, containing the 5'
and 3' ends of the Pv200 gene, respectively.
On Southern blots of P. vivax genomic DNA digested with

EcoRI the Pv200/1.9 insert hybridized with a single 9-kb
DNA fragment (not shown). Accordingly, Pv200/1.9 was
used to screen 5 x 104 phage plaques from library A, and a
positive clone, Pv200/9.0, was isolated. EcoRI digestion of
DNA from this clone released a 9-kb insert, which was
subcloned in the EcoRI site of the Bluescript vector (Strat-
agene). The nucleotide sequence of Pv200/9.0 showed that it
contained the remaining 3.5 kb of the 3' end of the Pv200
gene.

Proc. Natl. Acad. Sci. USA 88 (1991) 4031

A 0.98-kb fragment of Pv200/1.9 insert, obtained through
digestion of Pv200/1.9 with HindIII, hybridized with a single
7-kb band on Southern blots of genomic DNA digested with
HindIII (not shown). Library B was screened with the
0.98-kb fragment. A positive clone, Pv200/7.0, was isolated
and shown to contain a 7-kb insert, from which the sequence
of the 5' end of the Pv200 gene was determined.

Nucleotide Sequence of the P. vivax Belem Strain Pv200
Gene. The complete nucleotide and deduced amino acid
sequences of the Pv200 gene are shown in Fig. 1. A methio-
nine start codon at base 91 initiates a single open reading
frame of 5178 bases that finishes with the first TAA stop
codon at base 5259. An A+T-rich noncoding region follows
after this stop codon. Three observations indicate that the
methionine codon at position 91 is the initiation codon in vivo.
(i) There are two stop codons immediately upstream, at
positions 64 and 76. (ii) A poly(A) sequence precedes this
ATG, possibly representing the consensus sequence for
translation initiation as described for several plasmodial
genes (20). (iii) The amino acid sequence immediately fol-
lowing this ATG codon has all the features ofa putative signal
peptide (21). The sequence presented here is based entirely
on genomic DNA fragments. We believe, however, that the
Pv200 gene contains no introns, since a continuous open
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ACAGAAAGTTATAAGCAGCTTGTAGCCNCGTGGACAAGTTAGAAGCGCTCGTGGTGGACGGCTACGAGCTCTTCCACAAALCAAAGTTAVNAGGACATGATATTAAGGTAGATGCTAATGCAAATAATAATAATCCaNTcANGTTANc
T E S Y K Q L V A N V D K L E A L V V D G Y E L F H K K K L G G N D I K V D A N A N N N N N N QJV S 70

GTTTTAACTTCCAAAATAAGAAATTTCGTGGGCAAGTTTTTGGAGCTACAAATTCCTGGACATACCGACTTGCTACACCTGATAAGAGAATTGG;CCTTTGAACCCAATGGGATAAAATACCTTGTGGAGAGCTACGAAG;AATTCAATCAA
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CTGATCICACGTGATCAACTTCCACTATGATTTGTTGAGGGCGAACGTCCACGACATGTGTGCCCATGATTATTGCAAAATACCGGAGCATCTAAAAAICTCTGACAAAGAGCTGGACATGCTiAAGAAA2TTGTGCTGGGATTATGGAAG
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CCCTTGGACAACATAAAGGACGATATTGGAAAATTGGAGACCTTCACTCACTAAAAACAAGGAAACAAACAATATAATTACAAGTTAATTAGTCATGAGAATGCTAAATGCTAAA CAATCCAC ACACGACT=GGCCCGA1GC
P L D N I K D D I G K L E T F I T K N K E T I S N I N K L I S D E N A K R G G Q S T N T T N G P G A 2:

CAAAACAATGCTGCTCAAGGTTCAACAGGCAATACTGAAACAGGTACTCGAAGTTCTGCTTCATCCTAACAC TCTCIICATGGTACACGGTCGTAGGAACATCTTCTCCAGCACCTGCTGCTCCATCTTCAACAAATGAAGAC
N N A A Q G S T G N T E T G T R S S A S S N T L S G G D G T T V V G T S S P A P A A P S S T N E D 2

TACGACGAGAAGAAAAAAATCTACCAA'CC ATGTACAACGGCATATTTTACACGAGCCAGCTCGG AAlA X C ICAAA TTAA2CGAAGTCCTGAAGC CCTCAA ICTAGCACCACAAAGGCATCAAGGCGCTACTCGAACAG
Y D E K K K I Y Q A M Y N G I YTS LEEA KLI E V L E K R V K V L K Q H K G I K A L L E Q 3;

GTCGAAGCAGAAAAGAUAAGCT2 CCAAAAGCATAATACCACCAATCCACCACCAACACCCTTACTGA T__C A CSTCGCACACC2 ACCTGCACGGT
V E A E K K K L P K D N T T N R P L T D E Q Q K A A Q K K I A D L E S Q I V A N A K T V N F D L D G 3'

CTGGTTTCGGACGCAXAGGAGTTGGAGTACTACTTGAGGGAGAAGGCAAAGATGGCCGGCACGCTAATCATCCCAGAAAlCACCAAATCACAGCCACCCCTCCAAAGACAGTTCCAACCCTCAAAGAGACCTACCCACACGGAATAAGC
L F T D A E E L E Y Y L R E K A K M A G T L I I P E S T K S A G T P G K T V P T L K E T Y P H C I S 4;

TACGCTTTAGCAGAAAACAGTATTTATGAACTGATAGAAAAAATTGGATCTGATGAAACATTTGGTGATTTGCAAAATCCAGATGA AAAAACTCCTCATTAA AAAACA AAATTCTGAAAAA
Y A L A E N S I Y E L I E K I G S D E T F G D L Q N P D D G K Q P K K G I L I N E T K R K E L L E K 4

ATTATGAATAAAATTAAGATAGAAGAAGACAAATTGCCCCAACCTAAAAAAAGAATTGXGAGAAAAATATAAGGTGTACGAGCCAAAGCTTAATGAGTTCAAACCAGCATTTAA WCACTTTTATGAGGCAAGACTGGACAACACCCTTGTT
I M N K I K I E E D K L P N L K K E L E E K Y K V Y E A K V N E F K P A F N H F Y E A R L D N T L VS5

GAAAACAAATTTGATGAATTTAAAACCAAAAGGGACCTATATGCAGCAAAGAAAA 2CAGACACCTCCTCCTACCAACAGAACACCAATCTCATTAACAAGTTCAAAA ACAACTGACCTACTTGCACCACTACGTGTTAAGAAAA
E N K F D E F K T K R E A Y M E E K K K L E S C S Y E 0 N T N L I N K L K K Q L T Y L E D Y V L R K 5

GACATCGCCGACGATGAAATTMAACACTTCAGTTTCATGGAGTGGACTTATAMGAGCGAAATTTAATGATCTAGCCCAGGAAATCCM DAAAAUCAAAACAAGCTCACCGTTGAAlACAATTCGACTTCTCCCGGGTCPTGCGMAAACAA
D I A D D E I K H F S F M E W K L K S E I Y D L A 0 E I R K N E N K L T V E N K F D F S G V V E G 0 62

GTACAAAAGGATTTGATAACAAAAAAATTGAGGCTCTAAAGAATGTCCAGAATCTTCTTAAGAATGCCAAGGTGAAGGACGACCTGTACGTTCCAAAGGTGTATAATACAGGCGAGAAACCTGAGCCCTACTACTTGATGGI2CC2TCAMA
V Q K V L I I K K I E A L K N V 0 N L L K N A K V K D D L Y V P K V Y N T C E K P E P Y Y L M V L K 61

AGGGAAATTGACAAGTTGAAGGACTTCATCCCCAAAATCGAGAGCATGATCGCCACTGAGAAGGCCAAGCCGGCAGCGTCAGCGCCAGTGACCAGTGGACAATTGCTTAGAGGATCAAGCGAAGCAGCGACAGAGGT'CACAACCAATGCG
R E I D K L K D F I P K I E S M I A T E K A K P A A S A PIV T S G Q L L R G S S E A A T E V T T N A 72

GTVACATCTGAAGATCAACAACAACAACAACAACAACAACAACAACAACAACAACAA'CAACAXAACAACAGCAACAACAACAATCCAAGTAGTACCAGCACCTGCAGGAGATGCCCAACAAGTAATCTCAACACAACCGACTAGTCAA
V T S E D 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 S 0 V V P A P A G D A 0 0 V I S T 0 P T S Q 77
TCCGCAGCACCAGGCGTATCAGCCACACCAGCCCAACACCTGCTGCCGCAGCCGCCCCXAGCACCAGCCATGTCCAAACTGGAATACCTCGAAAAGCTCCTTGATTTTTTAAAATCCGCTTACGCATGCTCACAAGCACATCTTCGTAACC
S A A P G V S A T P A P T P A A A A A P A P A M S K L E Y L E K L L D F L K S A Y A C H K H I F V T 82

AACTCCACCATGGACAAGAAACTACTCAAAGAGTACGAACTTAACGCTGATGAGCAAAAACAAATTMATCCAAAACAAATGCGATGAATTGCACCTCCTATTCMATGTCCAGCAACAACTTGCCAGCCATGTACTCCATATATGACTCCATG
N S T M D K K L L K E Y E L N A D E K N K I N 0 N K C D E L D L L F N V 0 N N L P A M Y S I Y D S M 87

AGCAACGAGCTGCAGAATCTTTACATTGAGCTGTACCAGAAGGAAATGGTTTACAATATATATlAGAACAAGGACACGGACAAC;AAGATTAAGGCTTTCCTGGAAACATCCAACAACAAAGCGGCTGCTCCTGCTCAGTCAGCGGCAAAA
S N E L Q N L Y I E L Y Q K E M V Y N I Y K N K D T D K K I K A F L E T S N N K A A A P A 0 S A A K 92

CCCAGCGGTCAAGCGGAGTACCACTCCAGTCAACACAACTGCGCCAGTAACCACAAC ACAGTTACTCCAAGTCCCCCAAAATCAGTCCCMAACAAGCA CCClTC'AC ACCAAGCACAAGAA/AAXCACGCGTCIGGCAGGT CAGCGAG
E K P E A D T A 0 V E K F Y D K H L S 0 I D K r N D Y F K K F L E S K K E E I I K M D D T K W N A L 97

GAGAAACCCGAAGCCGACACCTGCGCAAGTGGAAAAGTTTTACGACAAGCACCTATCCCAAATTGACAAGTACMACGATTATTTCAAGAMTTCCTTGAATCCAMAMAAGAGGAAATCATCAAAATGGATGATACAAAGTGGAATGCACTA
P S G 0 A E Y Y S S N D N C A S N H N N S Y S K S P N I S C N K H T S T P 0 A E E N Q R V G G N S E 10

GGTAAAGAAATTGAGGAACTGAAGAAGAAGCTACMAGTATCTCTGGACCACTATGGAAAGTACMAGCTCMMATTGGAGAGGTTCCTCAAAAAGAAGMATMMTACTCTMACAGCAAGGAT'CMATTMAMAGCTCACCAGTTTGAAAAAC
C K E I E E L K K K L 0 V S L D H Y G K Y K L K L E R F L K K K N K I S N S K D 0 I K K L T S L K N 10

AAATTGGAGAGAAGACAAAATCCCTGAAITAACCCAACAAGTGTGTTGAAAAMTTACACCGCTTTTTTCMACAAA=AACAGAAACAGAAAAGAAGGAGGTGGAAAATACCCTTCAAMAAACCGGATATTTGCTGAAGTACTATMAGGCA
K L E R R 0 N L L N N P T S V L K N Y T A F F N K K R E T E K K E V E N T L K N T E I L L K Y Y K A 11

CGTGCCAAATATTATATAGGAGAGCCCTTCCCTCTGAAGACCTTAAGTGAAGATCAATGCAGAAGGAGGACAACTACCTCAACTTAGAAAAGTTTCGGTGCTCAGCAGATTGGAGGGAAATTAGGAAAGACACTGAATGGAAAGAGC
R A K Y Y I G E P F P L K T L S E E S M 0 K E D N Y L N L E K F R C S A D W R E I R K D T E L E R S 11

AACATIAGCTACCTGTCCAGTGGACTGCTCCACGTCCTTGACAGAGCTCIAAAGATTATCAACGACAAGAAATACTCCGGTCC AGACCACGCGAAGAACATTGCGGAAGTTAAGA CIGCGTTGCAGGCCTACCAAGAATTGATCCCCAAA
N I S Y L S S G L L H V L D R A E E I r N D K K Y S G K D H A K N I A E V K K A L Q A Y Q E L I P K 12;

GTAACCTCTCAGGAAAGCACATCCGTGGCAGTCACAGTACCAGGAGCAGTAGTACCAGGCGTACCAACAGCAGCAGCCGCAGGATCAGGAGCATCAGGCGCAGTACCACCAGCAGCAGCCGCAGGATCAGGAGCATCAGGCGCAGTACCA
V T S Q E S T S V A V T V P G A V V P G V P T A A A A G S G A S G A V P P A A A A G S G A S G A V P 12

CCAGCACGACCACCAICCACCACCAGCAACAGGAGGAGTAGTACCACGAGTAGTAGAlTCAGCAGAAGCACAAACAAAAGCACAAGCGCAGGACTACGCCGAGGACTACGACACAlGTATCGAGCTGCCCCTGTTTGGCAACMACGATGAC
P A G G P S P P A T G G V V P G V V E S A E A 0 T K A 0 A 0 D Y A E D Y D K V I E L P L F G N N D D 13;

GACGGGGAGGCAGACCAAGTAACAACGGGAGAGGCAGAATCTGAGGCGCCTGAGATCCTCGTGCCAGCAGGAATCAGCGATTACGATGTGGTCTACTTlACAAGCCAIACCCGGAATGTACAA CAGATAAAGAAGCAATICGGAAAA7'CAC
D G E E D Q V T T G E A E S E A P E I L V P A G I S D Y D V V Y L K P L A G M Y K K I K K Q L E N H 13

GTAAACGCATTTMACACTMACATAACGGATATGTTAGACTCTAGACT'GAAGMAGAGAAACTACTT'CTTAGAAGT7'TCTGM7CTCTATTTGAACCCATTTAAGTATTCACCATCTGGTGAGTACAT'CATTMAGGACCCATACAAGCT'GCTC
V N A F N T N I T D M L D S R L K K R N Y F L E V L N S D L N P F K Y S P S G E Y I I K D P Y K L L 142

GACTTGGAGAAGAAGAAGAAGCTTCTAGGCAGCTACAAGTACATCGGTGCATCGATCGACAAGGAITCTGGGCACCGCGCAATGATGCGCGTGMACTACTACAACAGATGGGGGAACTCTACAAGACCCACTTGACTGCAGTGAATGAAGAG
D L E K K K K L L G S Y K Y I G A S I D K D L G T A N D G V N Y Y N K M G E L Y K T H L T A V N E E 141

GTTAAGAAAGTCGAAGCTGATATTAAAGCAGAAGATGATAAGATTAAAAMGATAGGAAGTGATAGCACTAAAMCTACTAAGCCCAAT'CGATGGCCAAAAAGGC:CGAGCTGGAGAAGTACCTCCCGTTCCTGAATAGCCTCCAAAAG
V K K V E A D I K A E D D K I K K I G S D S T K T T E K T 0 S M A K K A E L E K Y L P F L N S L 0 K 152
CAGTACGAGTCCCTCGTGAGCAAGGTGAACACCTACACAGACAA CCTAAAAAAAGTCAT'CAACAACTGCCAGCTGGC~AAGACGG7CACTGTAAAGAAATTGCAGGACTACAACAAGATGGATGAGTGAGAGTAC
E Y E S L V S K V N T Y T D N L K K V I N N C Q L E K K E A E I T V K K L Q D Y N K M D E K L E E Y 157

AAAAAATCGGAGAAAAAAAATGICGTGAAGTCTTCTGGTCTTCTGGAAAICTTGATGAAATCAAAATTGATTPAAGAAAACGAG CCCAAGGAAATATTATCCCAGCTGCTAAATGTGCAAACTCAGTTATTAACTATGAGCTCCGAGCAC
K K S E K K N E V K S S G L L E K L M K S K L I K E N E S K E I L S 0 L L N V Q T 0 L L T M S S E H 162

ACATGTATAGACACCAATGTGCCTCATIATGCAGCCTGCTATACCGTACTTGGACGGAAICGAAGIC TGGAGATGCTTGTTAACCTTTAACAAGGCGGCCAAGTCIGTGCCAGCGATCGAAICGTGACTIIGTAAGCATAACAATGGTGGT
T C I D T N V P D N A A C Y R Y L D G M E E W R C L L T F K E E G G K C V P G S N V T C K D N N G G 161

TGTGCCCCTGAAGCTGAATGTAAAATCGAGGACAGCAATAAAATCGTCTGTAAATGTACAAAAGAAGGTTCTGAGCCACTCTTTGAGGGCGTTTTCTGTAGCTCCTCCAGCTT'CCTAAGCTTGTCCTTCTTGTTGCTCATGTTGCTTTTC
C A P E A E C K M T D S N K I V C K C T K E G S E P L F E G V F C S S S S F L S L S F L L L M L L F 172
CICCCTGTGCATGGAGCTTTAAAAATAACACAAATIAAAAGTGCAGCAAGTGCAGCGGCGCCACGTGCAATTTTTTTTTTTTTTTTTTTCCTGCCTAGCATTTTGAGTTCTGAACTGGGCTTTTTTTTTTCTTT
L L C M E L
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FIG. 1. Nucleotide sequence of the Pv200 gene of the Belem strain of P. vivax and the deduced amino acid sequence. The position of the
original Pv2OO clone (11) is indicated by the arrowheads. Signal and anchoring sequences are underlined with broken and solid lines, respectively.
Amino acid residue numbers are given on the right (numbers 1020 and higher lack the final 0).
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reading frame of 1726 amino acids with a calculated molec-
ular weight of 194,267 is contained within the genomic
fragments. This is in agreement with the absence of introns
in the genes coding for the MSA1 of other species.
There are a potential signal peptide and a hydrophobic

membrane anchor sequence at residues 1-17 and 1710-1726,
respectively. Furthermore, there are 12 potential N-glyco-
sylation sites (Asn-Xaa-Thr/Ser) and 22 cysteines, 11 of
which are located within the last 110 residues of the COO
terminus of the molecule. The Pv200 sequence also contains
a stretch of 23 glutamines at residues 726-748.
Comparison of the codon usage in the MSA1 genes of P.

vivax, P. falciparum, and P. yoelii revealed that codons
which have G or C in the third position are more frequent in
P. vivax. Consequently, the dG+dC content of the Pv200
coding region is 43.4% and differs significantly from the
dG+dC content of the coding regions of the MSA1 genes
from P. falciparum (25.7%) and P. yoelii (31%).
Comparisons of the Pv200, Pfl90, and Py230 Sequences. The

deduced amino acid sequence from the Pv200 gene was
computer-aligned with the sequences of the Pfl90 (allele
MAD20) (Fig. 2) and Py230 YM (Fig. 3) polypeptides. There
is an overall identity of 35.6% and 34.3% with the P.
falciparum and P. yoelii sequences, respectively.

Interestingly, 17 out of the 22 cysteines of the Pv200
polypeptide were located at similar positions with respect to
the Pfl90 and Py230 sequences. These similarities include the
11 and 10 cysteines found at the COO terminus of Pfl90 and

Proc. Natl. Acad. Sci. USA 88 (1991)

Py230, respectively. In contrast, of 12 (Pv200), 15 (Pfl90),
and 11 (Py230) potential N-glycosylation sites, only 3 were
conserved at the same positions between the P. vivax and the
P. falciparum sequences, whereas only 1 was conserved
between the P. vivax and P. yoelii sequences.
To determine the regions with an amino acid identity near

50% among the three parasite species, we combined the
comparisons which had been made between Pv200-Pfl90/
Pv200-Py230 (this work) and Py230-Pfl90 (13). Fig. 4 shows
the result ofsuch analysis. Seven ICBs were observed: ICB1,
ICB2, ICB4, ICB5, ICB6, ICB8, and ICB10. Similarly, three
other blocks (CB3, CB7, and CB9) were conserved between
Pv200 and Pfl90 but not between Pv200 and Py230 and thus
could not be treated as bona fide ICBs. All these blocks reside
within the conserved or semiconserved blocks of the Pf190
alleles (3).

DISCUSSION
We report the complete primary structure of the MSA1 gene
of the P. vivax Belem strain, Pv200. The general structure of
the gene resembles that of the MSA1 genes described for P.
falciparum and P. yoelii, with a number of homologous
regions and other features such as (i) conserved cysteine
residues at the COO-terminal region, (ii) number of potential
N-glycosylation sites, and (iii) the presence of 23 glutamines
in a row, which could correspond in P. vivax to the repeated
sequences described in the MSA1 genes of other species.

MKALLFFFSFIFFVTKCQCET-ESYKQLVANVDKLEALVVDGYELFHKKKL------------------------------------GGNDIKVDA------------- NANNNNNNVSVLTSKIRNFVGKFLELQIPG

MKI IFFLCSFLFFI INTQCVTHESYQELVKKLEALEDAVLTGYSLFQKEKMVLNEGTSGTAVTTSTPGSSGSVTSGGSVASVASVASGGSGGSVASGGSGNSRRTNPSDNSSDSNTKTYADLKHRVQNYLFTIKELKYPE
~~~~~~- *

HTD LLH LI RELAFEP NGI KYLVESYEEFNQLMHVI NFHYDLLRANVHDMCAHDY CKI PEHLK ISDKELDMLKKWVLGLWXP LDNIKDD IGKLETF ITKNKET ISN INKLISDENAKRGGQSTNTTNGPGAQNNAAQGS TG

LFDLTNHMLTLSKNVDGFKYLIDGYEE INELLYKLNFYYDLLRAK LNDACANSYCQ IPFNLK IRANELDVLKK IVFGYRKP LDNIKDNVGKMEDYI KKNKTT IAN INEL I E------------- ----GSKKTIDQNKNA

NTETGTRSSASSNTLSGGDGTTVVGTSSPAPAAPSSTNEDYDEKKKI YQAMYNGIFYTSQLEEAQKLIEVLEKRVKVLKQHKGIKALLEQVEAEKKKLPKDNTTNRPLTDEQQKAAQKKIADLESQIVANAKTVNFDLDG

DNEEG---------------------------KKKLYQAQYNLFIYNKQLQEAHNLISVLEKRIDTLKKNENIKKLLEDIDKIKTDAENPTTGSKPNPLPENK--KKEVEGHEEKIKEIAKTIKFNIDS

LFTDAEELEYYLREKAKMAGTLIIPESTKSAGTPGKTVPTLKETYPHGISYALAENSIYELIEKIGSDETFGDLQNPDDGKQPKKGILINETKRKELLEKIMNKIKIEEDKLPNLKKELEEKYKVYEAKVNEFKPAFNHF~~~~~~~..: .. .: . : :.:. .. ... ......... ... .. . .. ............................... ..... .. . .: . .......... ...

LFTDPLELEYYLREKNKKV ------DVTPKSQDPTKSVQIPKVPYPNGIVYPLPLTDIHNSLAADNDKNSYGDLMNPDTKEKINEKIITDNKERKIFINNIKKQIDLEEKNINHTKEQNKKLLEDYEKSKKDYEELLEKF
0

YEARLDNTLVENKFDEFKTKREAYMEEKKKLES--CSYEQNTNLI NKLKKQLTYLEDYVLRKDIADDEIKHFSFMEWKLKSEIYDLAQEIRKNENKL----------TVENKFDFSGWEGQVQKVLI IKKIIEALKNVQN

YEMKFN NNFDKDVVDK I FSARYTYNVEKQRYNNKFSSSNNSVYNVQK LKKALSY LEDYS LRKGISEKDFNHYYTLKTGLEADIKKLTEEIKSSENK ILEKNFKGLTHSANAS LEVSD IVKLQVQKVLLI KK IEDLRKI EL

LLKNAKVKDDLYVPKVYNTGEKPEPYYLMVLKREIDKLKDFIPKIESMIATEKAKPAASAPVTSGQLLRGSSEAATEVTTNAVTSE W QDSQVVPAPAGDAQQVISTQPTSQSAAP-GVS

FLKNAOLLKDSIHVPNIYKPQNKPEPYYLIVLKKEVDK LKEFIPKVKDMLKKEQA-------------------VLSSITQPLVAASETTEDGGHSTHTLSQSGETEVTEETEVTEETVGHTTTVTITLPPKEESAPKEVK

ATPAPTPAAAAAPAPAMSKLEYLEKLLDFLKSAYACHKHI FVTNSTMDKKLLKEYELNADEKNK INQNKCDELDLLFNVQNNLPAMYS IYDSMSNELQNLYIELYQKEMVYNIYKNKDTDKKIKAFLETSNNKAAAPAQS

VVENSIEHKSNDNSQALTKTVYLKKLDEFLTKSYICHKYLVSNSSM LLEVYNITPEEEKELX--SCDPLDLLFN IONIPAMYSLYDSMNNDLOHLFFELYOKFMIYYLHKLKEENHIKKLLEEQQITGTSSTSS
0

AAKPSGQAEYYSSNDNCASNHNNSYSKSPNISCNKHTSTPQAEENQRVG------------------ GNSEEKPEA---DTAQVEKFYDKHLSQIDKY-NDYFKKFLESKKEEIIKMDDTKWNALGKEIEELKKKLQVSL

PGNTTVNTAQSATHSNSQNQQSNASSTNTQNGVAVSS GPAWEESHDP LTVLS ISNDLKGIVSLLN LGNKTKVP NPLT ISTTEMEKFYEN ILKNNDTYFNDD IKQFVKSNSKVI TGLTETQKNALNDE IKKLKDTLQLSF

DHYGKYKLKLERFLKKKNKI SNSKDQIKKLTSLKNKLERRQN LLNNPTSVLKNYTAFFNKKRETEKKEVENTLKNTEI LLKYYKARAKYY IGEPFPLKTLSEESMQKEDNYLNLEKFRCSADWRE- IRKDTELERSNI SY

DLYNKYKLKLDRLFNKKKELGQDKMQIKKLTLLKEQLESKLNSLNNPHNVLQNFSVFFNKKKEAEIAETENTLENTKI LLKHYKGLVKYYNGESSPLKTLSEVSIQTEDNYANLEKFRALSKIDGKLNDNLHLGKKKLSF

LSSGLLHVLDRAEEI I NDKKYSGKDFHAKNIAEVKKALQAYQELI PKVTSQESTSVAVTVPGAVVPGVPTAAAAGSGASGAVPPAAAAGSGASGAVPPAGGPSPPATGGVVPGWESAEAQTKAQAQDYAEDYDKVIELPL

LSSGLHHLI TELKEVI KNKNYTGNSPSENNKKVNEALKSYENFFPEAK-----------VTTVVTPPQP.------------DVTPSPLSVRVSGSSGSTKEETQIPTSGSLL ._ TELQQVVQ__NYDEEDDSLVVLP I

FGNNDDDGE-EDQVTTGEAESEAPE ILVPAGI SDYDVVYLKP LAGMYKK IKKQLENHVNAFNTN ITDMLDSRLKKRNYFLEVLNSDLNPFKYSPSGEY I IKDPYKLLDLEKKKKLLGSYKY IGASIDKDLGTANDGVNYY

FGESEDNDF.Yl.DVTGF.AI SVTMDN ILSGFENF.YDV T YLKP IAGVYRS LKKOITFKN T ITFN LN LNDI LNSRLKKRKYFLDVLESDLMQFKH ISSNEY I IEDSFKLLNSEQKN ILLKSYKY IKESVEND IKFAQEG ISYY
.

N KMGEl.YKTHLTAVNEEVKKVEADI KAEDDK I KK IGSDSTKTTEKTQSMAKKAELEKYLPFLNS LQKEYESLVSKVNTYTDNLKKVINNCQLEKKEAE ITVKKLQDYNKMDEKLEEYKKSEKKNEVKS ------- SGLLE

E KVIl.AK YKDDL-----ES IKKV-- -I KEEKEKFP SSPPTTP P.SPAKTDEQKKES - --KFLPF LTN IETLYNNLVNKIDDYLINLKAK INDCNVEKDEAHVK ITKLSDLKAI DDKIDLFKNTNDFEAI KKLINDDTKKDMLG
* * * * * *-p p

KLMKSKLI KENESKE I LSQLLNVQTQLLTMSSEHTCI DTNVPDNAACYRYLDGMEEWRCLLTFKEEGGKCVPGSNVTCKDNNGGCAPEAECKMTDS----NK IVCKCTKEGSEPLFEGVFCSSSSFLSLSFLLLMLLFLL

KLLSTGLVQ IF-PNT I ISKLI EGKFQDMLN ISQHQCVKKQCP ENSGCFRHLDEREECKC LLNYKQEGDKCEENPNPTCNENNGGCDADATCTEEDSGS SRKK ITCECTKP DSYP LFDG IFCSSSNFLG ISFLLI LMLI LY

CMEL Pv200

SF- I Pf195

FIG. 2. Comparison of the amino acid sequences of the P. vivax Belem strain Pv200 (upper sequence) and of the P.falciparum MAD20 Pfl9O
(lower sequence) (3). Sequences were aligned by using the program of Staden (19). Hyphens indicate gaps introduced for alignment; colons,
identical residues; and periods, similar residues. Positions of the Pv200 cysteine residues conserved between these two proteins are denoted
by * and those that are not conserved, by a. The position of the Pfl9O blocks determined by the sequence of different alleles (3) is also shown;
conserved blocks are indicated by unbroken underlines and overlines, semiconserved blocks are indicated by broken underlines and overlines,
and variable blocks are unmarked.
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FIG. 3. Comparison of the amino acid sequences of the P. vivax Belem strain Pv200 (upper sequence) and of the P. yoelii YM Py230 (lower
sequence) (13). Sequences were aligned by using the program of Staden (19). Conventions are as in Fig. 2.

Malaria parasites have been divided evolutionarily into
three groups according to the base composition of their DNA
(22). One group, comprising avian, rodent, and falciparum
malarias, presents a genome with a low dG+dC content
(18%). Another, comprising the two monkey malarias Plas-
modium knowlesi and Plasmodium fragile, presents a ge-
nome with a higher dG+dC content (30%). Finally, the group
of P. vivax and Plasmodium cynomolgi, human and monkey
malarias which cause relapses, has a genome presenting both
low and high dG+dC components. This division implies that
homologous genes and their proteins should be more similar
within a group than between groups (22). Our observations
show that in the case of the MSA1 genes and their proteins
this prediction is supported only at the nucleotide level.
Indeed, the low dG+dC content ofthe Pf790 and Py230 genes
leads to a higher similarity, at the nucleotide level, between
them than with Pv200. However, when the amino acid

0 500

composition is considered, Pv200 and Pfl90 antigens show
higher similarity and the overall distribution of their shared
amino acids is more highly conserved than when Pf190 and
Py230 are compared. That a higher amino acid similarity and
closer overall distribution are observed in the Pv200 and
Pfl90 antigens despite their very different total dG+dC
content most likely reflects the effects of positive selection
within the human host. Accordingly, three regions of homol-
ogy between the Pv200 and Pfl90 antigens not conserved
between the Pv200 and the Py230 antigens can be found (Fig.
4).
The analysis of the primary structure from different alleles

of the MSA1 gene of P. falciparum allowed the definition of
conserved, semiconserved, and variable regions within the
molecule (3). One of the regions of amino acid identity higher
than 45% conserved between the Pf190 and Py230 antigens
resides within a variable block of one of the Pfl90 alleles and,
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FIG. 4. Representation of the MSA1 antigen based upon amino acid conservation among the Pv200, Pfl90, and Py230 proteins (inner blocks)
and upon Pf190 alleles (outer blocks; solid-outline blocks, conserved areas; broken-outline blocks, semiconserved areas) (7). Shaded boxes
represent interspecies conserved blocks (ICBs) with greater than 48% identity among the three parasite species. Hatched boxes represent
conserved blocks (CBs) with greater than 50%o identity between Pv200 and Pf190 but not between Pv200 and Py230. Open boxes represent areas
of less than 45% identity. Positions of ICBs and CBs (amino acid residues of the Pv200 sequence): ICB1, 1-50; ICB2, 107-200; CB3, 274-319;
ICB4, 348-387; ICB5, 620-691; ICB6, 796-895; CB7, 1040-1088; ICB8, 1092-1153; CB9, 1347-1464; and ICB10, 1622-1727.
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consequently, Lewis (13) proposed the delimitation of new
conserved blocks within the MSA1 antigen based on inter-
species conservation. We decided to conduct a similar anal-
ysis; regions of50 or more contiguous amino acids presenting
50%o or higher identity among the three species [Pv200 vs.
Pfl90 and Pv200 vs. Py230 (this work) and Py230 vs. Pfl90
(13)] are referred to as ICBs. Subsequently, the position of
such ICBs with respect to the blocks delimited by sequences
from different Pfl90 alleles (3) was also examined.

All of the ICBs of MSA1 described here reside within the
conserved or semiconserved blocks delimited by different
alleles of the P. falciparum gene (Fig. 4). That such well-
defined regions of MSA1 have been conserved among these
three different malaria species could be explained because
they are functionally or structurally important for the mole-
cule, or because they are not immunogenic, or, finally,
because immune responses against them do not block para-
site growth (23). On the basis of these results, we predict that
as sequences from other alleles of the Pv200 gene are
described, the general structure of the Pv200 gene will
comprise blocks that will be organized in a fashion similar to
that of the blocks delimited by different Pfl9O alleles.
As for the protective properties of MSA1, most immuni-

zation trials with P. falciparum have used either the whole
molecule or fragments from the NH2-terminal part (reviewed
in ref. 2). In particular, the two peptides used in human
vaccine trials belong to the regions we have defined as ICB1
and CB3 (8). This does not exclude other portions of MSA1;
in particular, ICB10 corresponds to the most COO-terminal
part of the molecule. The most remarkable aspect of this part
of MSA1 is that it contains more than half of all the cysteine
residues that are conserved in position among the three
parasite species. Significantly, a protective monoclonal an-
tibody against a discontinuous epitope of the P. yoelii MSA1
has been mapped to this region (24). Immunization trials with
the MSA1 antigen ofP. vivax have yet to be reported, and the
potential protective properties of Pv200 can only be extrap-
olated from experiments performed in other malarial species.
The availability of the complete primary structure from the
MSA1 gene of P. vivax should now allow the assessment of
Pv200 as a vaccine candidate.
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