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repeating epitope was the major immu- 
nogen on the protein, because monoclo- 
nal antibodies blocked access of polyclo- 
nal antiserum to Triton X-100-solubi- 
lized sporozoite protein in the immuno- 
radiometric assa; (6). The presence of a 
repeating amino acid sequence is not a 
unique feature of the CS proteins. Such 
sequences are also found in other malar- 
ialproteins such as the S antigen (7). 

We describe in this article the cloning 
of the gene for the CS protein of P. 
falciparum, its nucleotide sequence, and 
the amino acid sequence of the protein as 

John B. Dame, Jackie L. Williams, Thomas F. McCutchan deduced from the nucleotide sequence. 

James L. Weber, Robert A. Wirtz, Wayne T. Hockmeyer Previously, the gene for the CS protein 
of P.  knowlesi was cloned by using 

W. Lee Maloy, J. David Haynes, Imogene Schneider cDNA (5). The development of the tech- 

Donald Roberts, Greg S. Sanders, E. Premkumar Reddy 

Carter L.  Diggs, Louis H. Miller 

nique of McCutchan kt al. (8) made it 
possible to clone the intact gene for the 
CS protein of P. falciparum from geno- 
mic DNA of asexual erythrocytic para- 
sites grown in continuous culture. We 
comvare its structure with that of the 

The need for vaccines to relieve the was first identified in Plasmodium previously described analogous protein 
current global resurgence of malaria is berghei, a parasite of rodents (2). Mono- of P. knowlesi. 
clear. Vaccines are being developed clonal antibodies to this protein com- Clones from the genomic DNA expres- 
against each stage in the life-cycle of the 
malaria parasite because immunity to 
malaria is specific for each stage. The 
stages include sporozoites, which devel- 
op in mosquitoes and are injected by 
them into humans; asexual erythrocytic 
parasites, which cause the disease; and 
sexual stages, which develop in humans 
and transmit the infection to mosquitoes 
(I). A vaccine against sporozoites 

pletely protected mice from challenge by 
infected mosquitoes (3). Analogous CS 
proteins have been identified for species 
of Plasmodium infecting monkeys and 
humans (4) ,  including P. falciparum, the 
major cause of malaria in humans. The 
gene for the CS protein of P.  knowlesi, 
which infects the Old World monkey 
Macaca irus, was cloned first because 
large numbers of sporozoites were avail- 

sion library. The P .  falciparum genomic 
DNA library in the expression vector 
Xgtll (9) was produced with the use of 
mung bean nuclease as described (8). 
The library was made from the DNA of 
the 7G8 clone of the IMTM22 isolate of 
P. falciparum from Brazil (10). The li- 
brary was plated at a density of 25,000 
plaques per 150-mm plate on 27 plates 
and immunologically screened (11). A 

would, if effective, prime the human able in infected mosquitoes for prepara- pool of five monoclonal antibodies (12) 
immune system to kill sporozoites inject- tion of a complementary DNA (cDNA) against the P.  falciparum 7G8 CS protein 
ed by the mosquito and thus prevent the library (5). This gene encoded a protein (Table 1) was used at a dilution of 
subsequent stages responsible for the with a repeating amino acid sequence (12 1 : 10,000 for screening. Thirty-five posi- 
disease and transmission of the infection amino acids repeated 12 times) which tive clones were obtained in the initial 
to others. contained the epitope that bound the screening after 48 hours of autoradiogra- 

Humans and other animals have been protective monoclonal antibodies. This phy. Seventeen were rescreened at a 
protected from malaria by immunization 
with hTadiated s~orozoites, but this John B. Dame, Thomas F. McCutchan, and Louis H .  Miller are in the Laboratory of Parasitic Diseases and 
method is impractical because8 of the W. Lee Maloy is in the Laboratory of Immunogenetics, at the National Institute of Allergy and Infectious 

Diseases, National Institutes of Health, Bethesda, Maryland 20205. Greg S. Sanders and E. Premkurnar 
limited supply and instability of SpOrOzO- Reddy are in the Laboratory of Cellular and Molecular Blology, National Cancer Institute, Natlonal Institutes 
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density of 100 to 800 plaques per 85-mm 
plate. Eleven of the clones gave positive 
plaques on the second screening. These 
were cloned without screening from 85- 
mm plates containing fewer than 50 
plaques; 10 of the 11 clones were immu- 
noreactive when screened. 

Inserts in the ten clones were of the 
following sizes: AmPfl, AmPf3, and 
AmPfll were 2.3 kilobases (kb); AmPf5, 
AmPtB, and AmPfl3 were 1.3 kb; AmPfl5 
was 1.35 kb; AmPf6 was 1.0 kb; and 
AmPfP was 0.4 kb. Clone AmPfl8 con- 
tained two inserts and was not studied 
further. The inserts of clones hmPfl, -3, 
-5, -8, -11, -13, and -15 cross-hybridized. 
AmPf6 and Am- did not cross-hybrid- 
ize, indicating that the two smaller in- 
serts, although selected by the mixture 
of five monoclonal antibodies, came 
from a part of the genome outside the 
2.3-kb fragment. 

Clone AmPf5 was nick-translated and 
used to probe a Southern blot (13) of 
Hind 111 digests of human and P. falci- 
parum genomic DNA. A single band of 
hybridization was present at 14 kb in the 
P. falciparum lane (data not shown). The 
probe did not hybridize to human DNA. 

Expression of the CS protein in Esche- 
richia coli. The clones in Agtll were 
introduced as lysogens into E. coli strain 
RY 1089 (ATCC 371%). The phages were 
induced at 44°C and then isopropylthio- 
galactoside (IPTG) was added to the 
medium to enhance expression of p- 
galactosidase and possible fusion pro- 
teins (14). Lysates of the induced bacte- 
ria were analyzed for reactivity with 
each of the five monoclonal antibodies 

Fig. 1. Western blot analysis of P. falciparum 
sporozoites, Agtl 1 , and the recombinant prod- 
ucts of clones AmPfl, -3, -5, -8, -11, -13, and 
-15 probed with a pool of five monoclonal 
antibodies to the CS protein. Details of the 
analysis are described (17). Only a small 
quantity of protein reactive with monoclonal 
antibodies was produced by AmPfl3. 

bridize with AmPfl, which contains the 
gene for the CS protein, this monoclonal 
antibody identified a gene unrelated to 
the gene for the CS protein. The protein 
expressed by AmFB had an epitope 
cross-reactive with this one monoclonal 
antibody. Hope et al. (16) identified a 
monoclonal antibody to an asexual 
erythrocytic antigen of P. falciparum 
that cross-reacted with an antigen on the 
surface of P. falciparum sporozoites. 
Whether AmPt9 contains a gene coding 
for the protein described by Hope et al. 
or another cross-reactive protein is yet 
to be determined. 

Abstract. The gene for the circumsporozoite (CS) protein of Plasmodium falci- 
parum has been cloned and its nucleotide sequence determined. The gene encodes a 
protein of 412 amino acids as deduced from the nucleotide sequence. The protein 
contains 41 tandem repeats of a tetrapeptide, 37 of which are Asn-Ala-Asn-Pro and 
four of which are Asn-Val-Asp-Pro. Monoclonal antibodies against the CS protein of 
Plasmodium falciparum were inhibited from binding to the protein by synthetic 
peptides of the repeat sequence. The CS protein of Plasmodium falciparum and the 
CS protein of a simian malaria parasite, Plasmodium knowlesi, have two regions of 
homology, one of which is present on either side of the repeat. One region contains 
12 of 13 identical amino acids. Within the nucleotide sequence of this region, 25 of 27 
nucleotides are conserved. The conservation of these regions in parasites widely 
separated in evolution suggests that they may have a function such as binding to 
liver cells and may represent an invariant target for immunity. 

by the enzyme-linked immunosorbent 
assay (ELISA) (15). The seven clones 
bound all five monoclonal antibodies 
(Table 1). Clone AmPfl3 synthesized the 
least antigen as measured by absorbance 
in the ELISA but was consistently above 
control values on repeated analyses. 
Clone AmPfP only bound one of the five 
monoclonal antibodies, 4D11.6 (data not 
shown). Since clone AmPfP did not hy- 

The lysates used for ELISA were sub- 
jected to electrophoresis on a sodium 
dodecyl sulfate-polyacrylamide gel 
(SDS-PAGE) and.electroblotted onto ni- 
trocellulose (17). The proteins on the 
nitrocellulose paper were identified by 
monoclonal antibodies to P. falciparum 
sporozoites. These antibodies bound to 
two doublets at molecular ratios (M,) of 
60,000 and 57,000 and 53,000 and 51,000 

on the protein blots of AmPfl, -3, -5, -8, 
-1 1, and -13 (Fig. I), although the intensi- 
ty for AmPfl3 was greatly reduced. No 
binding occurred to the Agtll vector 
without an insert. Monoclonal antibodies 
bound to proteins from sporozoites at Mr 
60,000,53,000, and 51,000 (Fig. 1). Thus, 
all the sporozoite genes for CS protein in 
Agtl 1 produced a protein of similar mo- 
bility to the highest molecular weight 
form of the CS protein present in the 
sporozoite preparation (-Mr 60,000). 

On induction with IPTG, a marked 
increase in expression of p-galactosidase 
(M, 116,000) was noted for hgtll, and a 
fusion protein at M, 131,000 with p- 
galactosidase was noted for AmPf9 (data 
not shown). The clones with the CS 
protein gene gave only weak p-galacto- 
sidase bands on induction; no fusion 
proteins were seen (data not shown). In 
addition, antibody to p-galactosidase did 
not bind to the Mr 60,000 CS protein, 
suggesting that this protein did not con- 
tain fragments of p-galactosidase (data 
not shown). 

The Agtll vector is designed to ex- 
press inserts as p-galactosidase fusion 
proteins on induction with IPTG (9). 
Thus the apparent lack of fusion proteins 
among clones expressing the CS protein 
was unexpected (Fig. 1). This is ex- 
plained for AmPfl, -5, -8, and -15 be- 
cause the inserts are oriented so that 
their direction of transcription is oppo- 
site to that of p-galactosidase. Restric- 
tion mapping of the phage DNA with Stu 
I, Kpn I, and Stu I + Kpn I indicates 
that the asymmetric Stu I site in the 
insert (Fig. 2) is located in each case 
about 1.1 kb from the Kpn I site in Agtl 1 
at 18.58 kb on the map (9). It is not 
known whether the P. falciparum DNA 
5' to the coding sequence in clones 
AmPfl and hmPfl5 contains sequences 
that can be used as promoters by the E. 
coli RNA polymerase, but there are no 
obvious binding sites for bacterial ribo- 
somes (Fig. 3). Clones hmPf5 and AmPfS 
begin only 11 base pairs (bp) before the 
gene. Thus, expression of the CS protein 
in these clones is probably from a late A 
promoter. A similar phenomenon was 
observed in the hgtll system with a 
yeast DNA insert (18). 

Restriction mapping indicates that the 
insert in hmPfl3 is in the correct orienta- 
tion with the p-galactosidase gene. How- 
ever, it is one base out of frame to 
produce a fusion protein with p-galacto- 
sidase (Fig. 3). The low levels of CS 
protein produced by this clone as detect- 
ed on Western blotting (Fig. 1) and in the 
ELISA (Table 1) may be understood in 
light of this construction. The bias 
among the clones for either reversed 
orientation or out-of-frame inserts sug- 



gests that there was selection against the 
expected fusion proteins (for example, 
AmPf5 and AmPB in the correct orienta- 
tion), perhaps because a higher level of 
synthesis of the CS protein was toxic to 
E. coli. 

Structure of the P. falciparum gene for 
the CS protein. In Fig. 3, the deduced 
amino acid sequence for the CS protein 
of P. falciparum is shown below the 
nucleotide sequence of AmPfl. The CS 
protein gene sequence contains a large 
open reading frame which commences 
with an ATG initiation codon at position 
78 and terminates with a TAG codon at 
position 1316. Multiple terminator co- 
dons were observed in the other five 
reading frames. The open reading frame 
shown in Fig. 3 could code for a polypep- 
tide of 412 amino acids with an approxi- 
mate M, of 44,000. As was observed for 
the CS protein of P, knowlesi (19), the 
molecular weight of the CS protein of P. 
falciparum by SDS-PAGE (-60,000) dif- 
fered from the deduced molecular weight 
(44,000). 

Examination of the amino acid se- 
quence for the CS protein of P, falci- 
parum reveals several interesting struc- 
tural features that are of importance not 
only for our understanding of the role of 
this protein for sporozoite function but 
also for developing vaccines that could 
effectively act against sporozoites. 

An important structural feature of this 
protein is the presence of 41 tandem 
repeats of tetrapeptides. The primary 
repeating unit is Asn-Ala-Asn-Pro, 
which occurs 37 times; an alternative 
form is Asn-Val-Asp-Pro, which occurs 
at units 2, 4, 6, and 22. The change from 
Ala-Asn to Val-Asp results from point 
mutations where cytosine is replaced by 
thymine in the second position of the 
alanine codon and where adenine is re- 
placed by guanine in the first position of 
the asparagine codon. 

The nucleic acid sequence coding for 
the repeats is not as well conserved as 
the amino acid sequence. The repeated 
region, which has 41 units, is composed 
of 11 different combinations of nucleo- 
tide sequence. Eighteen of the units are 
of one type (AATGCAAACCCA). Sev- 
en of the repeats differ in only one posi- 
tion from this sequence, 12 differ in two 
positions, two differ in three positions, 
one differs in four positions, and one 
differs in five positions. The alteration in 
the sequence may stabilize the repeat 
within the genomic DNA and prevent it 
from being eliminated or reshuffled by 
recombination (20). 

At the amino terminal end of the pro- 
tein, a stretch of 16 amino acids consti- 
tutes a probable signal sequence (Figs. 3 
and 4). Between this signal sequence and 

A m P f l  

5' s e n s e  - 3' - ____)___t ____) - - ____.t - 
C S  protein gene 

A /I v I I il I I  I v 
S B  B F X  X T D A B  D d R  Tq D  R A c  N Tq 

____) C-- ____) - 4 7 
t- C- 

3' ant isense  - C--- 5' 

Fig. 2. Restriction map and sequencing strategy of clone AmPfl. The positions of restriction 
enzyme sites shown were determined from the sequence and confirmed by digestion: A, Ava 11; 
Ac, Acc I; B, Bst NI; D, Dra I ;  Dd, Dde I ;  F,  Fok I; N, Nde I; R, Rsa I; S ,  Stu I; T, TthIII I; Tq, 
Taq I; X, Xho 11. Arrows indicate the origin, direction, and extent of the sequences determined. 
The CS protein coding region is shown as a heavy line. 

the repeated region occurs a highly 
charged region that is characterized by 
the presence of both basic and acidic 
amino acids. Thus, 27 of 53 amino acids 
from amino acids 66 to 118, are charged. 
Following the repeat region, two other 
segments of the protein contain a high 
proportion of charged amino acids. 
These regions occur between amino ac- 
ids 324 and 339 and between amino acids 
360 and 388; they contain 50 and 48 
percent charged amino acids, respective- 
ly. At the carboxyl terminal end, the 
protein has a sequence of 21 hydropho- 
bic amino acids, which represents an 
anchor sequence for an integral mem- 
brane protein. 

Immunoreactivity of synthetic pep- 
tides with antibodies to the repeat se- 
quence. To prove conclusively that the 
repeating nucleotide unit of the P. falci- 
parum sporozoite gene was correct, we 
synthesized peptides (21) of the repeat 
(Fig. 5). These peptides were then used 
in a modification (22) of the ELISA (15) 
to determine if they would inhibit bind- 
ing of the monoclonal antibody 2Fl. 1 to 
AmPfl . The results (Fig. 5) demonstrate 
that the 7-, 11-, and 15-residue peptides 
significantly inhibit binding of 2Fl. 1 to 
AmPfl. Inhibition of binding was evident 
at 5 X ~ o - ~ M  with the 15-residue pep- 

tide. The 7-residue peptide also inhibited 
binding of monoclonal antibody 2Fl. 1 to 
the sporozoite antigen substituted for 
AmPfl (data not shown). Furthermore, 
the synthetic peptide inhibited binding of 
the other four monoclonal antibodies to 
XmPfl. These data indicate that the se- 
quence of the repeating unit is correct. 
The increased inhibition of binding seen 
with the 11- and 15-residue peptides 
may reflect secondary conformational 
changes. The data do not suggest that 
they contain two epitopes since neither 
could be detected in a double-sided as- 
say with 2Fl.  1 (data not shown). 

Regions of homology between CS pro- 
teins of P, falciparum and P. knowlesi. 
The CS protein of P. falciparum and the 
CS protein of a simian malaria parasite, 
P. knowlesi (19), have a similar overall 
structure (Fig. 4), but have only two 
short regions of homology. Both proteins 
appear to contain the same major fea- 
tures in that they have a repeated region 
in the middle of the protein, multiple 
regions with a high density of charged 
amino acids, a signal sequence at the 
amino terminal end, and a hydrophobic 
anchor sequence at the carboxyl termi- 
nal end (Fig. 4). However, computer 
analysis for the amino acid sequence 
homology [K tuple size of 1, window size 

Table 1. Reaction of monoclonal antibodies to the CS protein with lysates of bacteria expressing 
cloned CS protein gene. The AmPf clones contain the P, falciparum CS protein gene inserted 
into the Eco RI site of Agtll. The size of the P, falciparum DNA insert is in parentheses. All 
bacteria containing recombinant phage were induced with IPTG. See (15) for details of the 
ELISA. The data are expressed as the absorbance at 414 nm. 

Monoclonal antibody 
Antigen 

2E6.4 2F l . l  4D9.1 4D11.6 5G5.3 

AmPf1 (2.3 kb) 
AmPf3 (2.3 kb) 
AmH5 (1.3 kb) 
AmPf8 (1.3 kb) 
AmPf11 (2.3 kb) 
AmPfl3 (1.3 kb) 
AmHl5 (1.35 kb) 
Agtl 1, IPTG induced 
Agtl 1 , not induced 
RY 1089 



of 20, gap penalty of 1 (23)] revealed 37 percent; 37 of a possible 102 amino of the two proteins after the repeats is 42 
limited sequence homology over most of acids match. The repeats are 16 percent percent; 50 of a possible 119 amino acids 
the protein. The average homology be- identical since one proline and one ala- match. As the secondary and tertiary 
tween the two proteins in the segment nine align every 12 amino acids. The structure of these proteins are unknown, 
before the repeat (as divided in Fig. 4) is average homology between the segments they may have structural and functional 

I amPf 518 
VamPfl  . . V ~ m P f l 5  50 V XmPf 13 100 
AAAAAAGAAAATTATAAATAAATATATATATTCGTGTAAAAATAAGTAGAAACCACGTATATTATAAATTACAATTC ATG ATG AGA AAA TTA GCT ATT TTA TCT 

Met Met Arg Lys Leu A la  I l e  Leu Ser 
150 

GTT T C ~  TCC TTT TTA ~ T T  GTT GAG G ~ C  TTA TTC C A ~  GAA TAC CAG TGC TAT GGA AGT TCG TCA AAC ACA AGG GTT ~ T A  AAT GAA TfA 
Val Ser Ser Phe Leu Phe Val Glu Ala Leu Phe G l  n Glu Ty r  Gln Cys Ty r  Gly Ser Ser Ser Asn Thr Arg Val Leu Asn Glu Leu 

200 250 
AAT TAT GAT AAT GCA GGC ACT AAT TTA TAT AAT GAA TTA GAA ATG AAT TAT TAT GGG AAA CAG GAA AAT TGG TAT AGT CTT AAA AAA 
Asn Ty r  Asp Asn A1 a Gly  Thr Asn Leu Ty r  Asn G l  u Leu Gl u Met Asn Ty r  Ty r  Gly Lys G l  n G l  u Asn Trp  Ty r  Ser Leu Lys Lys 

300 350 
A ~ T  AGT AGA T C ~  CTT GGA GAA AAT GAT GAT G ~ A  AAT AAT AAT AAT GGA GAT AAT GGT CGT G ~ A  GGT AAA GAT GAA GAT AAA ~ G A  GAT 
Asn Ser Arq Ser Leu Gly Glu Asn Asp Asp Gly Asn Asn Asn Asn G1.v Asp Asn Gly Arg Glu Gly Lys Asp Glu Asp Lys Arg Asp 

Reg ion  i  1 450 
GGA AAT AAC GAA GAC AAC GAG AAA TTA AGG CCA AAA CAT AAA AAA TTA AAG CAA CCA GGG GAT GGT AAT CCT GAT CCA AAT GCA 
Gly  Asn Asn Glu Asp Asn Glu Lys Leu Arg Pro  Lys H i s  Lys Lys Leu Lys Gln Pro  Gly  Asp Gly Asn Pro  Asp Pro  Asn A la  .--- 

SUU 
AAC CCA AAT A CCC AAT GCC AAC ~ C A  AAT GTA GA CCA AAT GCA AAC CCA AAC CCA AAT GCA AAC 
Asn Pro A;n#:: Pro Asn A la  Asn Pro  A s n h d i P r o  Asn A la  Asn Pro Asn Pro  Asn A la  Asn 

~ C A  AAT GCA5& CCA AAT G C ~  AAC CCA AAT GCA AAC CCA A ~ T  GCA AAC C C ~  AAT CCA AAT GC; AAC CCC 
Pro Asn A la  Asn Pro  Asn A la  Asn Pro  Asn A la  Asn Pro  Asn Ala Asn Pro  Asn A la  Asn Pro  Asn A la  Asn Pro Asn Ala Asn Pro - 650 700 
AAT ~ C A  AAT CCT AAT GCA AAT CCT AAT GCA AAC CCA AAT GCA A ~ T  CCT AAT G C ~  AAC CCA AAT GCA AAC CCA AAC TA AT CCT AAT 
Asn A la  Asn Pro Asn A la  Asn Pro Asn Ala Asn Pro Arn Ala Asn Pro Asn Ala Asn Pro  Asn A la  Asn Pro Asn f ! ! d  Pro &J 

7 50 800 
GCA AAT CCA AAT GCA AAC CCA AAT GCA AAC CCA AAC GCA AAC CCC AAT GCA AAT CCT AAT GCA AAC CCC AAT GCA AAT CCT AAT GCA 
A la  Asn Pro  Asn A la  Asn Pro  Asn A la  Asn Pro  Asn A la  Asn Pro  Asn A la  Asn Pro Asn A la  Asn Pro Asn Ala Asn Pro  Asn Ala 

850 
AAT CCT AAT GCC AAT CCA AAT GCA AAT CCA AAT GCA AAC CCA AAC GCA AAC CCC AAT GCA AAT CCT AAT GCC AAT CCA AAT GCA AAT 
Asn Pro Asn A la  Asn Pro Asn Ala Asn Pro Asn A la  Asn Pro Asn Ala Asn Pro Asn Ala Asn Pro Asn A la  Asn Pro Asn A la  Asn - 

900 950 
CCA AAT GCA AAC CCA AAT GCA AAC CCA AAT GCA AAC CCC AAT GCA AAT CCT AAT AAA AAC AAT CAA GGT AAT GGA CAA GGT CAC AAT 
Pro Asn A la  Asn Pro  Asn Ala Asn Pro  Asn A la  Asn Pro  Asn A la  Asn Pro  Asn Lys Asn Asn Gln Gly Asn Gly  Gln Gly H i s  Asn - 

1000 1050 
ATG C C ~  AAT GAC CCA AAC CGA AAT GTA GAT GAA AA? GCT AAT GCC ~ A C  AAT GCT G?A AAA AAT A A ~  AAT AAC GAA GAA CCA AGT GAT 
Met Pro Asn Aso Pro  Asn Arq Asn Val Aso Glu Asn Ala Asn Ala Asn Asn Ala Val Lvs Asn Asn Asn Asn Glu Glu Pro Ser Asp 

1100 

I( 
. R e g i o n  II 

AAG CAC ATA GAA CAA TAT TTA AAG AAA ATA AAA AAT TCT ATT TCA ACT GAA TGG TCC CCA TGT AGT GTA ACT TGT GGA AAT GGT ATT 
Lys H i s  I l e  Glu  Gln  T y r  Leu Lys Lys I l e  Lys Asn Ser I l e  Ser Thr  Glu Trp  Ser Pro Cys Ser Val Thr  Cys Gly  Asn Gly I l e  

1200 1 
C ~ A  GTT AGA AT;\ AAG CCT GGC TCT GCT AAT A ~ A  CCT AAA G A ~  GAA T T A  GAT TAT GAA AAT GAT ATT GAA A A ~  AAA ATT TGT AAA ATG 
Gln  Val Arg I l e  Lys Pro Gly Ser A la  Asn Lys Pro Lys Asp Glu Leu Asp Ty r  Glu Asn Asp I l e  Glu Lys Lys I l e  Cys Lys Met 

1250 1300 
GAA AAA TGT TCC AGT GTG TTT AAT GTC GTA AAT AGT TCA ATA GGA TTA ATA ATG GTA TTA TCC TTC TTG TTC CTT AAT TAG ATAAAGA 
Glu  Lys Cys Ser Ser Val Phe Asn Val Val Asn Ser Ser I l e  Gly Leu I l e  Met Val Leu Ser Phe Leu Phe Leu Asn *** 

1350 1400 
ACACATCTTAGTTTGAGTTGTACAATATTTATAAAAATATATACTACTTTTTTTCTTAATTTTCATTTTTCTTTATATTTTCCTATTTAATTTATTTTTTTGTGAATATTTAATT 

1950 2000 
ATTGTAATAATATTTGTGGTAGTGTGAACACTAAAATTGATAATAATGATTATAATACAGAAGAAATAAAAAATGAATCCAATATAGGATTTACAACAAATATTCATGAAGCAAA 

2050 2100 
AATAAT~CAAGAAAAG~CATATGGAT~AATAATAAACGATAAAATA~AGAAAGAAG~ATATGATGA~TGTAATAAT~ATAATAATAATAATATTAT~ATACAGATA~GAGAAGTT 

2150 2200 
G~ACTTAATTA~TTTGGAGATACTCTCGATG~ATCGAATCC~TGTAATGAT~TTACAGGTA~TAATATATGGGAAAGTTGT~TTGTGGCTA~TCGATGGTT~AGCGATTTA~CTT 

2250 2300 
TACAGAATTTTTTTTCGAATAAAAATATTTTAGAAATTGGTGCTGGCAGTGGTTTGGCTAGTATAATAATATTTATATATTCTAATATTTACAA 

Fig. 3.  The nucleotide sequence of the CS protein gene in AmPfl. The Eco RI insert in XmPfl was subcloned in pUC8 (27), and sequenced by the 
method of Maxam and Gilbert (28). The sequence of both DNA strands was determined for 100 percent of the CS protein coding region and 
greater than 70 percent of the flanking regions. The inserts of clones AmPfS, -8, -13, and -15 were also subcloned into pUC8 and the ends 
sequenced. The first base of each clone 5' to the CS protein coding region is located to the right of the arrows. The Eco RI linkers (GGAATTCC) 
ligated at both ends of the inserts are not shown as part of the sequence. The deduced amino acid sequence of the CS protein is given beneath the 
nucleotide sequence. Two regions of the protein nearly identical to the P, knowlesi CS protein (19) are marked region I and region 11. The repeat 
units are underlined, and the variant amino acids in the repeat are within boxes. The amber terminator codon in the sequence is indicated with 
stars. The symbols for the nucleotides are: A, deoxyadenosine; G, deoxyguanosine; C,  deoxycytidine; T,  thymidine. 
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The method used to clone the CS I .  . e  

'protein gene depends on the finding that e .  

I mung bean nuclease, under controlled 
conditions of formamide concentration 
and temperature, preferentially cuts the 
5' and 3' ends of genes (8). Such DNA 
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fragments containing genes can be 
cloned into the expression vector Agtll 
(9) and the clones can be screened for 
expression with antibody. The CS pro- 
tein gene was expressed in Agtll despite 
the fact that the insert was not in frame 
with the P-galactosidase gene (AmPfl3) 
or that the insert was in the opposite 
orientation to the P-galactosidase gene 

(AmPfl, -3, -11, and -IS), that is, tran- 
scription was from a A promoter rather 
than from the lac promoter. Expression 
in Agtll of genes not in frame (9) and of 
genes inserted in the opposite direction 
(18) have been described. 

The method has the added feature that 
genes for proteins with cross-reactive 
epitopes may also be identified. Clone 

Synthetic peptide concentration ( M )  

Fig. 5. Inhibition of binding of the monoclonal antibody 2F l . l  to CS protein by synthetic 
peptides of the predominant repeating amino acid sequence. Synthetic peptides (21) containing 
increasing lengths of the predominant repeat sequence were prepared and used to inhibit 
binding of 2Fl.  1 to a lysate of XmPfl growing in RY 1089 (22). The data are given as the mean -+ 
standard error of three replicates. The synthetic sequences tested were as follows: 0, Asn-Pro- 
Asn-Ala; 0, Pro-Asn-Ala-Asn-Pro-Asn-Ala; A, Pro-Asn-Ala-Asn-Pro-Asn-Ala-Asn-Pro-Asn- 
Ala; x,  Pro-Asn-Ala-Asn-Pro-Asn-Ala-Asn-Pro-Asn-Ala-Asn-Pro-Asn-Ala; and e, an unrelated 
decapeptide. 

A Region I 

88 

B Region II 
356 

f ,  f a lc iparum S e r / P r o  Cys Ser Val  Thr  Cys G ly  Asn ~ l y l .  

P. knowlesi . . . I ~ h r  G lu  irpl ~ h r  /pro Cys Ser Val  Thr  Cys G ly  Asn ~ l y l  . . . . - -  
296 

Region II 

P. fa lc iparum 

P, knowlesi  - -  

CCA TGT AGT GTA ACT TGT GGA AAT GGT 
I l l  I I  I l l  I l l  I I  I l l  I l l  I l l  I l l  
CCA TGC AGT GTA ACC TGT GGA AAT GGT 

Fig. 6. (A and B) Regions of sequence identity between the CS proteins of P. falciparum and P. 
knowlesi. Amino acid sequences of the P. falciparum and P ,  knowlesi CS proteins were aligned 
by the method of Wilbur and Lipman [K tuple size of 1, window size of 20, and gap penalty of 1 
(23)l. The two regions of most extended homology are shown with amino acid numbers 
indicated. Region I ends two amino acids from the repeat portion of the protein in P. 
falciparum. In P. knowlesi the last three amino acids of this region are part of the repeating 
portion of the protein. (C) The sole region of extended nucleotide sequence homology between 
the P. falciparum and P. knowlesi CS protein genes. The nucleotide sequences of the coding 
region of the P. falciparum and P. knowlesi CS protein genes were aligned by the method of 
Wilbur and Lipman [K tuple size of 3 ,  window size of 20, and gap penalty of 7 (23)l. The 
location of this sequence is indicated by the nucleotide numbers from Fig. 3 for P. falciparum 
and from (19) for P. knowlesi. 

AmPfP in the present study produced a 
protein that cross-reacted with one of the 
monoclonal antibodies but did not hy- 
bridize with the CS protein gene. The 
question of whether this gene codes for 
the asexual protein cross-reactive with 
sporozoites (16) can now be addressed. 

Despite the potential problem of 
shared epitopes among proteins, the evi- 
dence that we have cloned the sporozo- 
ite gene is as follows. First, the similarity 
between this protein of P ,  falciparum 
and the CS protein of P.  knowlesi is 
striking (Fig. 4). They are of similar size 
with calculated molecular weights of 
44,426 and 36,792 for P ,  falciparum and 
P ,  knowlesi, respectively. They have 
analogous regions that include a signal 
sequence, charged regions, a region of 
repeating peptides in the middle of the 
protein, and an anchor sequence. Sec- 
ond, there are two regions of amino acid 
homology between the two proteins (Fig. 
6). Third, five monoclonal antibodies 
known to react with the surface of P.  
falciparum sporozoites (12) recognized 
the protein synthesized in E ,  coli (Table 
1). The cross-reactive protein from clone 
AmPfP only reacted with one of these 
monoclonal antibodies. Fourth, the pro- 
tein synthesized in E, coli was of similar 
size in SDS-PAGE to the protein from P. 
falciparum sporozoites (Fig. 1). Fifth, 
synthetic peptides of the repeat blocked 
binding of a monoclonal antibody to the 
sporozoite protein in an ELISA (Fig. 5). 

The sporozoite gene encodes a protein 
of 412 amino acids which consists of a 
signal sequence, a charged region, a cen- 
tral region of 41 four-amino acid units 
(repeats), two other charged regions, a 
probable cysteine loop, and an anchor 
sequence (Fig. 4). Thirty-seven of the 
repeats in the central region are identical 
(Asn-Ala-Asn-Pro); four have an alterna- 
tive sequence (Asn-Val-Asp-Pro). 

An analogous set of CS proteins are 
found on sporozoites of all Plasmodium 
species studied to date (4). Moeoclonal 
antibodies to CS proteins confer protec- 
tion in vivo (3) or neutralize sporozoite 
infectivity in vitro (25, 26). Although 
monoclonal antibodies may cross react 
among Plasmodium species, antibody- 
mediated immunity appears to be spe- 
cies-specific (25), and in the case of P 
knowlesi protective monoclonal antibod- 
ies are directed against the repeating 
epitope (5). These data (5) and the find- 
ing that monoclonal antibodies to sporo- 
zoites react in an assay that requires two 
or more epitopes led Zavala et al. (6) to 
propose that monoclonal antibodies to 
CS proteins react with an immunodomi- 
nant region that has a repeating epitope. 
We have confirmed this hypothesis in 
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that the five monoclonal antibodies to 
the CS protein of P, falciparum are di- 
rected against repeating units (Asn-Ala- 
Asn-Pro) in the protein. It thus seems 
reasonable that the repeating epitope 
could form the basis for a vaccine. The 
immunogen for experimental vaccines 
against P. falciparum sporozoites could 
be produced in a bacterial fermentation 
system or through polymerization of a 
synthetic peptide. 

In addition to the repeating epitope, 
other targets for sporozoite vaccines 
may include the conserved regions (Fig. 
6)  which were defined because of their 
homology to the P. knowlesi CS protein. 
The striking homology of region I1 be- 
tween the evolutionarily divergent ma- 
laria parasites P. falciparum and P. 
knowlesi (24) suggests conservation for a 
sporozoite function such as reception for 
liver invasion. If this region is conserved 
in other human malarias and is exposed 
to the immune system, immunization 
with this region from P, falciparum may 
give protection against other species of 
human malaria. Furthermore, if this ho- 
mologous region is involved in reception 
for liver invasion, then the malarial para- 
site may be unable to vary the sequence 
in this region. 
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