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Immunization with a particulate fraction of blood-stage antigens was shown previously to protect mice
against Plasmodium yoelii malaria. To identify antigens inducing the protective response, sera from immunized
mice were used to screen a P. yoelii cDNA expression library. Sequence analysis of one 2.6-kb cDNA clone in-
dicated that the identified gene, pypag-1, encoded a novel plasmodial antigen. Two nonoverlapping regions of
pypag-1 were expressed in Escherichia coli. The first recombinant antigen, pAg-1N, contained the N-terminal
337 residues, which included a putative transmembrane domain and a region relatively rich in tryptophan
residues. The second recombinant antigen, pAg-1C, contained the remaining C-terminal 211 residues, which
included 31 copies of a 5-amino-acid degenerative repeat. Immunoblot studies using rabbit antiserum raised
against recombinant pAg-1N showed that the native pypAg-1 protein migrated at approximately 98 kDa, con-
siderably slower than its predicted molecular mass of 66 kDa. Immunofluorescence studies localized the ex-
pression of the native pypAg-1 protein both to the cytoplasm and at the surface of P. yoelii-infected erythrocytes.
Immunization with either pAg-1N or pAg-1C induced a four- to sevenfold reduction in P. yoelii blood-stage pa-
rasitemia. As such, pypAg-1 appears to contain at least two distinct protective epitopes. To our knowledge, this
is the first characterization of a protective antigen of P. yoelii that is associated with the erythrocyte membrane.

Malaria is clearly a major public health problem with signif-
icant economic and social consequences for many developing
countries, particularly those of sub-Saharan Africa (47). There
is a great need to implement effective malaria control pro-
grams, with the construction of a multivalent subunit vaccine
being a major consideration (18). The vaccine effort has fo-
cused primarily on Plasmodium falciparum, the protozoan par-
asite responsible for the majority of severe disease and death
worldwide. Several pre-erythrocytic-stage, asexual blood-stage,
and sexual-stage antigens have been identified as vaccine can-
didates. Although limited, some encouraging results have been
reported from P. falciparum vaccine trials (12). Nevertheless,
additional efforts in the selection of vaccine antigens, adju-
vants, and delivery systems will be necessary to improve on the
first generation of subunit malaria vaccines.

Studies utilizing various animal models of malaria have iden-
tified protective antigens and protective immune responses. In
murine models, the resolution of blood-stage infection results
in sterilizing immunity which can be primarily cell mediated, as
with Plasmodium chabaudi, or primarily antibody mediated, as
with Plasmodium yoelii (31). Protection against P. yoelii malaria
can also be induced by immunization with crude preparations
of blood-stage antigens in various adjuvants (4, 30, 32, 33, 44).
Furthermore, studies with P. yoelii homologues of P. falcipa-
rum pre-erythrocytic stage (10, 27, 40) and asexual blood-stage
(5, 9, 19, 23, 24) antigens have been particularly useful in
augmenting vaccine development efforts.

Previously, we utilized the P. yoelii murine model to inves-
tigate immunization-induced protective responses (4). Upon
immunization with a particulate fraction of a blood-stage an-
tigen preparation, we induced protection against nonlethal and
lethal P. yoelii infection. Both Th1- and Th2-type cytokines

were produced in protected mice, with a bias toward a Th2
phenotype evident. In addition, the protection was shown to be
B-cell dependent and associated with the production of para-
site-specific immunoglobulin G1 (IgG1) and IgG2b antibodies.
This particulate antigen fraction, designated pAg, represented
25 to 30% of the total P. yoelii blood-stage antigen preparation.
Of particular interest, protective immunization induced anti-
bodies that recognized a limited subset of six to eight P. yoelii
antigens. We have employed this model to identify novel vac-
cine candidate antigens that were selected for their ability to
immunize against blood-stage infection. In this paper, we re-
port the identification and characterization of one of the P.
yoelii blood-stage antigens that contributed to the pAg-induced
protective response.

MATERIALS AND METHODS

Experimental infections. Male C57BL/6 or CByB6F1/J (BALB/cByJ 3
C57BL/6J) mice, 5 to 6 weeks of age, were purchased from The Jackson Labo-
ratories (Bar Harbor, Maine) and housed in the American Association for
Accreditation of Laboratory Animal Care-approved Animal Care Facility of
Meharry Medical College, Nashville, Tenn. The lethal 17XL and nonlethal 17X
strains of P. yoelii were originally obtained from William P. Weidanz (University
of Wisconsin, Madison) and maintained as cryopreserved stabilates. Blood-stage
infections were initiated by intraperitoneal injection of parasitized erythrocytes
obtained from donor mice. Resulting parasitemias were monitored by enumer-
ating parasitized erythrocytes in thin tail-blood smears stained with Giemsa stain
(17). Routine screenings were conducted throughout these studies to ensure that
mice were free of infection with common mouse pathogens. Sentinel animals
housed with immunized and/or infected mice remained seronegative for a panel
of 19 viral and bacterial pathogens (Assessment Plus Profile; Charles River
Laboratories, Wilmington, Mass.).

Sera. Sera from CByB6F1/J mice (n 5 5) were obtained 1 week following
secondary immunization with pAg, but prior to infection. Nonimmune control
sera were similarly obtained from adjuvant control mice (n 5 5) immunized with
Quil A alone. The generation and characterization of these sera have been
previously reported (4).

A high-titer rabbit antiserum against purified recombinant pAg-1N was com-
mercially prepared (Lampire Biological Laboratories, Pipersville, Pa.). Briefly,
rabbits received a total of five immunizations over an 8-week period. Each dose
contained 200 mg of purified antigen. The first immunization was with antigen
emulsified in complete Freund’s adjuvant. For subsequent boosters, antigen was
administered in incomplete Freund’s adjuvant. Preimmune serum was collected
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prior to the first immunization. Immune serum was collected 2 weeks following
the last booster.

cDNA cloning and sequence analysis. Parasitized blood was collected from 40
C57BL/6 mice infected with P. yoelii 17XL when parasitemias averaged 35 to
40%. This blood contained a mixture of ring, trophozoite, and schizont blood-
stage parasites. Mouse leukocytes were removed by passage over columns of
microcrystalline cellulose (11). Erythrocytes were collected and lysed with 0.01%
saponin. Total RNA was extracted from pelleted parasites, and 30 mg of
poly(A)1 RNA representing 1.5% of total RNA was isolated. A cDNA library
was constructed in the lambda Uni-ZAP XR expression vector, in a directionally
oriented manner according to the manufacturer’s protocols (Stratagene, La
Jolla, Calif.). The library contained 3.25 3 106 clones, 94.8% of which were
recombinant. The majority of cDNA inserts were between 600 bp and 4 kbp in
length.

A pool of sera from mice immunized with pAg was preadsorbed to remove
Escherichia coli reactivities (38), and used to screen the P. yoelii cDNA expres-
sion library. Bound antibody was detected with 125I-labeled protein A (.30
mCi/mg; ICN Biomedicals, Inc., Irvine, Calif.) followed by autoradiography. Ex-
cision of pBSK(2) phagemid sequences from identified clones was carried out
according to the manufacturer’s protocol. Nested deletions of clone pypag-1 were
generated by exonuclease III digestion (15) and used to obtain the complete
sequences of the coding and noncoding strands. Single-stranded template was
prepared (6) and the sequence was obtained by Sanger dideoxynucleotide chain
termination with [35S]dATP (1,250 Ci/mmol; NEN Life Science Products, Bos-
ton, Mass.) (39) or by fluorescence-based sequencing with an ABI Prism 377
automated DNA sequencer (Molecular Biology Core Facility, Meharry Medical
College). Sequence analysis utilized a DNASIS for Windows software package
(Hitachi Software, South San Francisco, Calif.). Homologies with data bank
sequences were determined by BLAST search (1) through the National Center
for Biotechnology Information, National Library of Medicine.

Expression and purification of recombinant pypAg-1. Two pypag-1-encoded
recombinant proteins were produced in E. coli by using the pET plasmid vectors
and T7 RNA polymerase expression system (42). The N-terminal nonrepeat
domain, pAg-1N (amino acids 1 to 337), was PCR amplified from the pypag-1
cDNA clone by using oligonucleotide primers 59-AAAAATCCATATGAGTG
GGCAACTTAC-39 (primer A, based on nucleotides 593 to 619) and 59-AG
CTCGAGCCTATACGGAAGTTGATTCAGATGCAG-39 (primer B, based on
nucleotides 1591 to 1625) as 59 and 39 primers. The C-terminal repeat domain,
pAg-1C (amino acids 339 to 549), was PCR amplified from the pypag-1 cDNA
clone by using oligonucleotide primers 59-CTTCCGTACATATGAACGCTGA
CG-39 (primer C, based on nucleotides 1606 to 1629) and 59-GTAATCTCGA
GTCACTATATAAGTATCG-39 (primer D, based on nucleotides 2239 to 2266)
as 59 and 39 primers. To facilitate subcloning, NdeI and XhoI restriction sites
were incorporated into the 59 and 39 primers, respectively. The amplified frag-
ments were gel purified, digested with NdeI and XhoI, and ligated into NdeI/
XhoI-digested pET-15b (Novagen, Madison, Wis.). E. coli BL21(DE3)(pLysS)
was used for expression. Each recombinant protein contained 20 plasmid-en-
coded amino acids fused to its N terminus, including six histidine residues.

Pellets of induced bacterial cultures (approximately 1 g [wet weight]) were
resuspended in 15 ml of TNE (50 mM Tris-HCl [pH 8.0], 100 mM NaCl, 10 mM
EDTA) and lysed by treatment with lysozyme and sonication. The 43-kDa
pAg-1N recombinant protein was purified from an insoluble inclusion body
fraction. The inclusion body fraction was recovered by centrifugation for 10 min
at 2,000 3 g and washed twice in TNE containing 0.1% deoxycholate and twice
in TNE containing 2 M urea. The final pellet was solubilized in 10 ml of 100 mM
Tris-HCl (pH 8.5)–10 mM EDTA containing 6 M guanidine-HCl. Following
dialysis, pAg-1N was purified by nickel-chelate affinity chromatography in the
presence of 6 M guanidine-HCl. Eluted material remained soluble following
dialysis into 5 mM glycine-HCl (pH 3.0).

Following induction and lysis as described above, the 27-kDa pAg-1C protein
was purified from a soluble fraction of lysed bacteria obtained following centrif-
ugation for 30 min at 25,000 3 g. A 50 to 80% ammonium sulfate fraction of the
initial lysate was separated by preparative isoelectric focusing with a Rotofor IEF
cell (Bio-Rad Laboratories, Hercules, Calif.) in the presence of 1% 3/10 am-
pholytes and 8 M urea. Fractions containing recombinant pAg-1C were pooled.
Final antigen purification was by nickel-chelate affinity chromatography in the
presence of 6 M urea. The eluted protein was dialyzed into 10 mM Tris-HCl (pH
8.0). Protein concentrations were determined by using the Pierce bicinchoninic
acid protein assay (Pierce, Rockford, Ill.), and purity was assessed by Coomassie
blue staining following sodium dodecyl sulfate-polyacrylamide gel electrophore-
sis (SDS-PAGE) (26). Endotoxin levels were monitored by using a chromogenic
Limulus amebocyte lysate assay (BioWhittaker, Inc., Walkersville, Md.). Endo-
toxin levels were less than 2.5 endotoxin units (EU) per mg of purified recom-
binant antigen.

Immunoblot analysis. Total P. yoelii 17XL blood-stage antigens and the pAg
fraction were prepared as previously described (4) and solubilized in SDS-PAGE
sample buffer containing 2.5% SDS. Total blood-stage antigens (10 mg/lane), the
pAg fraction (10 mg/lane), and purified recombinant pAg-1 antigens (1 mg/lane)
were separated by SDS-PAGE on 10% polyacrylamide gels as described by
Laemmli (26). Separated proteins were transferred electrophoretically to nitro-
cellulose membranes (46). Membranes were blocked for 1 h with TBS (25 mM
Tris-HCl [pH 8], 150 mM NaCl) containing 5% nonfat dried milk. Blots were

incubated for 1 h with pAg immunization or control mouse sera (1:100) or
preimmune or immune rabbit serum (1:500) diluted in TBS–0.1% Tween 20
containing 1% bovine serum albumin. Bound antibody was detected with 125I-
labeled protein A (ICN Biomedicals) followed by autoradiography.

Indirect immunofluorescence assay. Parasitized blood was collected from mice
infected with P. yoelii 17XL when parasitemias averaged 15 to 20%. Erythrocytes
were pelleted by centrifugation for 10 min at 700 3 g and washed three times in
phosphate-buffered saline (PBS). The final pellet was resuspended in an equal
volume of PBS containing 1% gelatin. Thin blood smears were prepared, air
dried, and fixed in acetone-methanol (1:1) for 20 min at 220°C. Fixed slides were
air dried and stored at 4°C until use. Prior to use, slides were warmed to room
temperature and equilibrated with PBS. Fixed cells were incubated for 30 min at
37°C in a humidified chamber with preimmune or immune rabbit serum (1:200)
diluted in PBS. Slides were washed three times in PBS and then incubated as
above with a fluorescein isothiocyanate-conjugated goat anti-rabbit IgG serum
(Sigma Chemical Company, St. Louis, Mo.) diluted 1:160 in PBS. Stained cells
were then washed, mounted with Fluoromount-G (Southern Biotechnology As-
sociates, Inc., Birmingham, Ala.), and visualized by fluorescence microscopy.

Immunizations. Recombinant pAg-1N and pAg-1C were each encapsulated
into negatively charged liposomes containing L-a-phosphatidylcholine, dicetyl
phosphate, and cholesterol at a ratio of 7:2:1 (Sigma Chemical Company). The
encapsulation procedure was essentially as described previously (35), with minor
modifications. Briefly, the liposome mixture in chloroform was evaporated to
dryness under a stream of nitrogen, leaving a thin coat on the walls of a 15-ml
glass Corex tube. Recombinant antigens were added in aqueous solution at a
concentration of 1.25 mg/ml and vortexed for 10 min. The mixture was diluted
with 4 volumes of PBS, and liposomes were pelleted by centrifugation for 15 min
at 3,500 3 g. The supernatant was removed, and liposomes were resuspended in
PBS. Encapsulation efficiency was monitored by SDS-PAGE and immunoblot
analysis using known quantities of purified recombinant pAg-1 antigens as stan-
dards.

Groups of CByB6F1/J mice (n 5 5) were immunized subcutaneously with 10
to 20 mg of liposome-associated recombinant antigen, utilizing 5 mmol of lipid
per mouse per immunization. Quil A (Accurate Chemical and Scientific Corpo-
ration, Westbury, N.Y.) was added to the liposome preparation prior to immu-
nization, at a dose of 25 mg per mouse. Control animals were immunized with
empty liposomes plus Quil A. Following the primary immunization, animals were
boosted twice at 3-week intervals with the same dose of antigen and adjuvant.
Seven days later, mice were challenged with 106 P. yoelii 17X-parasitized eryth-
rocytes, and blood parasitemias were monitored. The statistical significance of
differences in the mean peak parasitemia between groups was calculated with
Student’s t test.

Nucleotide sequence accession number. The sequence reported in this paper
has been deposited in the GenBank database under accession no. AF103869.

RESULTS

Cloning and sequence analysis of the pypag-1 gene of P. yoe-
lii. A pool of sera from mice protected against P. yoelii malaria
by pAg immunization was used to screen a P. yoelii cDNA
expression library. Screening of approximately 23,000 recom-
binants yielded 26 seroreactive clones, with cDNA inserts rang-
ing from 500 bp to 2.75 kb. Through cross-hybridization stud-
ies, 23 of the P. yoelii cDNA clones were grouped and shown to
represent four distinct antigen genes (data not shown). The
working designations assigned to these genes were pypag-1,
pypag-2, pypag-3, and pypag-4. Sixteen clones contained pypag-1
gene sequences.

The complete coding and noncoding sequences of pypag-1
were determined (Fig. 1). This cDNA contains 2,642 bp, with
a single open reading frame encoding a protein of 549 amino
acids. The predicted molecular mass of the encoded protein is
65.7 kDa, with an isoelectric point of 4.60. The C-terminal half
of the protein contains 31 copies of a hydrophilic, 5-amino-acid
degenerative repeat of (E30/D1)-(V25/E6)-(K31)-(N16/T8/K7)-
(D30/Y1). Overall, this represents a highly charged domain of
pypAg-1 which includes approximately 25% basic and 43%
acidic residues. A single transmembrane domain is predicted
near its N terminus between amino acid residues 40 and 59. A
stretch of sequence relatively rich in tryptophan is apparent
within the nonrepetitive coding sequence, with 27 tryptophan
residues found between amino acids 100 and 320. Homology
searches of data bank sequences revealed little homology be-
tween the nonrepetitive sequence of pypAg-1 and available
protein sequences. The repeat domain showed some random
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similarity with degenerative repeats of otherwise unrelated ma-
larial antigens.

Expression and purification of recombinant pAg-1 proteins.
Constructs were made to express two nonoverlapping regions
of pypag-1 in E. coli (Fig. 2A). Recombinant antigen pAg-1N
contained residues 1 to 337 of the N terminus of pypAg-1.
Recombinant antigen pAg-1C contained residues 339 to 549 of
the C terminus of pypAg-1. pAg-1C contained the repeat do-
main followed by 54 nonrepetitive amino acids. Both recom-
binant proteins contained an N-terminal six-residue histidine
tag which was utilized for purification by nickel-chelate affinity
chromatography. A Coomassie blue-stained polyacrylamide
gel of the purified recombinant proteins is shown in Fig. 2B.
pAg-1N migrated close to its predicted molecular mass of 43
kDa (Fig. 2B, lane 3). pAg-1C migrated much slower than its
predicted molecular mass of 27 kDa, as a cluster of four bands
ranging from 45 to 55 kDa (Fig. 2B, lane 6). The aberrant
mobility of pAg-1C was most likely related to the repetitive
nature of this protein sequence.

Immunoblot analysis of pypAg-1 antigens. The reactivity of
pAg-1N and pAg-1C with sera from mice protected against
P. yoelii by pAg-plus-Quil A immunization was assessed by
immunoblot. As shown in Fig. 3A, both pAg-1N (lane 3) and
pAg-1C (lane 4) were strongly recognized by pAg immuniza-
tion sera. No reactivity was observed with control sera from
mice immunized with Quil A alone (Fig. 3A, lanes 1 and 2). As
such, protective immunization with a mixture of particulate
blood-stage antigens of P. yoelii induced antibodies that rec-
ognized both the repeat and nonrepeat domains of pypAg-1.

To identify native pypAg-1, a high-titer polyclonal rabbit
serum was raised against recombinant antigen pAg-1N. Immu-
noblot analysis using this antiserum identified a 98-kDa pro-
tein present in a total antigen preparation (Fig. 3B, lane 3) as
well as the particulate antigen fraction (Fig. 3B, lane 4) of
P. yoelii 17XL blood-stage parasites. As with recombinant pAg-
1C, native pypAg-1 migrated considerably slower than its pre-
dicted molecular mass of 65 to 66 kDa. No reactivity was
observed with preimmune rabbit serum (Fig. 3B, lanes 1 and
2).

Localization of pypAg-1 expression. The localization of
pypAg-1 expression in parasitized erythrocytes was assessed by
indirect immunofluorescence. The reactivity of the polyclonal
rabbit serum raised against recombinant pAg-1N was assayed
with thin blood films of a mixture of P. yoelii 17XL blood-stage
parasites that were air dried and fixed. As shown in Fig. 4B and
C, a granular pattern of fluorescence was observed within the
cytoplasms of infected erythrocytes. This fluorescence was not
associated with the trophozoite itself. Of significance, positive
fluorescence was also noted at the erythrocyte membrane.
However, pypAg-1-specific fluorescence was not observed on
surface of P. yoelii-infected erythrocytes when wet-mount prep-
arations of unfixed cells were assayed (data not shown). No
fluorescence of P. yoelii-parasitized erythrocytes incubated
with preimmune rabbit serum was observed (Fig. 4A).

Immunization with recombinant pAg-1. To assess the vac-
cine potential of pypAg-1, mice were immunized with lipo-
some-encapsulated pAg-1N or pAg-1C, along with Quil A as
the adjuvant. Initially, animals that were immunized and given

FIG. 1. Sequence analysis of pypag-1. The DNA and deduced amino acid sequences of the 2,642-bp insert of pypag-1 are shown. Tryptophan residues are in bold.
Each 5-amino-acid repeat is underlined. A putative transmembrane segment (residues 40 to 59) is double underlined.
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one booster with pAg-1N or pAg-1C exhibited 2.4-fold and
5.8-fold reductions, respectively, in mean peak parasitemia fol-
lowing P. yoelii challenge. In an attempt to improve efficacy in
subsequent studies, mice received three immunizations with
recombinant antigen prior to challenge with P. yoelii 17X. As

shown in Fig. 5, blood parasitemia in control mice peaked on
day 12 of infection, with a mean peak parasitemia of 40.2% 6
8.2%. In contrast, mean peak parasitemia was reduced in pAg-
1N-immunized mice to 10.3% 6 5.9% and in pAg-1C-immu-
nized mice to 6.0% 6 1.9%. Thus, a four- to sevenfold reduc-
tion in P. yoelii parasitemia was induced by immunization with
recombinant antigen pAg-1N (P , 0.001) or pAg-1C (P ,
0.001) compared to adjuvant controls. Similarly, P. yoelii par-
asites were cleared from the blood of protected animals ap-
proximately 4 days earlier than in control mice. Combined,
these data suggest that pypAg-1 contributed to the protection
against P. yoelii induced by immunization with the particulate
fraction of blood-stage antigens.

DISCUSSION

The ability to immunize against P. yoelii malaria with crude
preparations of blood-stage antigens was exploited in an at-
tempt to identify novel protective malarial antigens. On the
basis of our previous protection studies (4), we focused our
efforts on a subset of antigens found within a particulate frac-
tion of whole blood-stage antigens. The ability to induce pro-
tective responses against P. yoelii was the primary criteria in the
selection of antigens. With this approach, we identified four
P. yoelii antigen genes, including pypag-1. The characterization

FIG. 2. Expression and purification of recombinant antigens of pypag-1. (A)
Diagram showing the sequences of pypag-1 PCR amplified by using primers A
through D and ligated into the pET-15b bacterial expression vector. Recombi-
nant pAg-1N contains amino acids 1 to 337 of pypAg-1, including a potential
membrane-spanning sequence (black box). Recombinant pAg-1C contains
amino acids 339 to 549 of pypAg-1, including the repeat domain (hatched box).
N and X represent NdeI and XhoI restriction sites introduced to facilitate
subcloning. (B) Coomassie blue-stained SDS-polyacrylamide gel containing
E. coli lysates of uninduced (lane 1) and induced (lane 2) cells expressing
pAg-1N, purified pAg-1N (2.5 mg, lane 3), E. coli lysates of uninduced (lane 4)
and induced (lane 5) cells expressing pAg-1C, and purified pAg-1C (2.5 mg, lane
6). Molecular mass markers are indicated.

FIG. 3. Immunoblot analysis of recombinant and native pypAg-1. (A) Im-
munoblot of purified recombinant pAg-1N (lane 1 and 3) and pAg-1C (lanes 2
and 4) probed with sera from mice immunized with the pAg preparation of
P. yoelii blood-stage antigens (lanes 3 and 4) or with sera from adjuvant control
mice (lanes 1 and 2). (B) Immunoblot of P. yoelii total blood-stage antigens
(lanes 1 and 3) or particulate blood-stage antigens (lanes 2 and 4) probed with
preimmune rabbit serum (lanes 1 and 2) or rabbit antiserum raised against
recombinant pAg-1N (lanes 3 and 4). Molecular mass markers are indicated.

FIG. 4. Immunofluorescence staining of fixed smears of erythrocytes infected
with P. yoelii. Thin blood smears were incubated with preimmune rabbit serum
(A) or rabbit antiserum raised against recombinant pAg-1N (B and C), followed
by a fluorescein isothiocyanate-conjugated secondary antibody. The same fields
of cells were examined by phase-contrast (left panels) and fluorescence (right
panels) microscopy.
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of pypag-1 showed this cDNA to encode a novel plasmodial
antigen, expressed in the cytoplasm and associated with the
membrane of P. yoelii-infected erythrocytes. Most importantly,
immunization with pypAg-1 recombinant antigens induced
protective responses against P. yoelii challenge infection.

Data suggesting an association of pypAg-1 with a cell mem-
brane included its initial fractionation into a membrane-en-
riched pellet and the prediction of a membrane-spanning do-
main near the N terminus of the deduced amino acid sequence.
This was confirmed in immunofluorescence studies with fixed
cells, which indicated that pypAg-1 was associated with the
membranes of infected erythrocytes. In similar studies with
unfixed cells, we were unable to detect pypAg-1 epitopes ex-
posed on the surfaces of P. yoelii-infected erythrocytes. These
data suggest that pypAg-1 may be primarily expressed within
or on the cytoplasmic side of the erythrocyte membrane. A
similar localization has been reported for P. falciparum histi-
dine-rich protein-1 (HRP-1), HRP-2, erythrocyte membrane
protein-2 (EMP-2), and the ring-infected erythrocyte surface
antigen (8, 13, 20, 21). Expression of pypAg-1 was also ob-
served in the cytoplasm of infected erythrocytes. This is con-
sistent with the transport of pypAg-1 from the intracellular
parasite to the erythrocyte membrane. Likewise, P. falciparum
HRP-1, HRP-2, and EMP-2 have been localized to membra-
nous structures within the cytoplasms of parasitized erythro-
cytes (8, 20, 21). An import/export function has been attributed
to these membrane-bound vesicles.

The deduced amino acid sequence of the N-terminal, non-
repeat portion of pypAg-1 revealed the presence of 27 trypto-
phan residues within a 220-amino-acid domain. In a second
antigen identified in our initial screen, pypAg-3, we also found
a similar tryptophan-rich domain. A 230-amino-acid domain
of pypAg-3 has 32% identity with the nonrepeat portion of
pypAg-1, including the positional conservation of 24 trypto-
phan residues (unpublished data). The similarity in this region
among different malarial blood-stage antigens raises the pos-
sibility that this domain may be functionally important. Tryp-
tophan residues and tryptophan-containing protein motifs
have been shown to contribute to the conformation of func-
tional domains in a variety of proteins (3, 29, 43). Among
P. falciparum proteins, tryptophan-containing protein motifs
have also been found in the circumsporozoite protein (14), in
the thrombospondin-related anonymous protein (37), and

most recently in EMP-1 (2). Further investigation of the sig-
nificance of the tryptophan-rich sequence for the function
and/or trafficking of pypAg-1 will be of interest.

Protective immunization with our original crude pAg prep-
aration of native P. yoelii blood-stage antigens induced anti-
bodies against the N-terminal and C-terminal domains of
pypAg-1. In agreement with this finding, significant protection
against P. yoelii malaria was induced by immunization with
recombinant pAg-1N or pAg-1C. As only 25% of pAg-1C res-
idues are nonrepetitive, the protective response against pAg-
1C may have involved a repetitive epitope. If so, the highly
charged repeat domain of pypAg-1 may not serve simply as a
component of an immune evasion mechanism (25). Repetitive
determinants of other plasmodial antigens have been shown to
be potent B-cell epitopes, with some implicated in the induc-
tion of protective immune responses (7, 22, 41, 45). However,
the sequence polymorphisms associated with the repeats of
many plasmodial proteins represent a potential problem for
vaccine development. As such, the protection data with recom-
binant pAg-1N is of considerable importance. A fourfold re-
duction in P. yoelii blood parasitemia was induced by immuni-
zation with the nonrepetitive pAg-1N alone. As the sequences
encoding pAg-1N and pAg-1C are nonoverlapping, pypAg-1
appears to contain at least two distinct protective epitopes.

Protective responses against P. yoelii were achieved by im-
munization with recombinant pypAg-1 encapsulated in lipo-
somes with Quil A as an additional adjuvant. Liposomes have
been used effectively as a delivery vehicle in immunization
studies with other malarial antigens as well (16, 28, 34, 36). We
specifically chose this delivery system in an attempt to mimic
our previous crude-antigen immunization studies with pAg
plus Quil A (4). In these studies, and in our initial studies with
recombinant pAg-1 antigens, the particulate nature of the an-
tigen preparation appeared to be important for the induction
of a protective response. Nevertheless, additional work will be
necessary to determine if the optimal protective response is
induced by immunization with recombinant pAg-1 encapsu-
lated in liposomes. Likewise, improvement in immunization
efficacy should be possible using combinations of pAg-1N and
pAg-1C, along with other blood-stage antigens that were pres-
ent in the original pAg fraction.

To our knowledge, pypAg-1 is the first protein of P. yoelii to
be characterized that is associated with the erythrocyte mem-
brane and can induce a protective response against challenge
infection. This is particularly important as limitations on the
direct testing of P. falciparum vaccine antigens in vivo have
been an impediment to vaccine development efforts. Fortu-
nately, P. yoelii pre-erythrocytic-stage antigens (CSP and HEP-
17) as well as blood-stage antigens (MSP-1, AMA-1, and
MAEBL) have provided excellent tools for studying the vac-
cine potential of antigens with known homologues in P. falci-
parum (5, 9, 10, 19, 23, 24, 27, 40). Our preliminary cross-
hybridization studies suggest that an antigen gene homologous
to pypag-1 is also present in P. falciparum. We believe that
continued studies of pypAg-1 in vivo will contribute to efforts
examining the function and vaccine potential of plasmodial pro-
teins expressed in association with the erythrocyte membrane.
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FIG. 5. Protection against P. yoelii malaria induced by immunization with
recombinant antigens of pypAg-1. Groups of CByB6F1/J mice (n 5 5) were
immunized with liposome-encapsulated pAg-1N (F) or pAg-1C (}) along with
Quil A as the adjuvant. Control animals (n 5 5) were immunized with empty
liposomes plus Quil A (h). Animals were given boosters twice at 3-week intervals
and challenged with 106 P. yoelii 17X-parasitized erythrocytes. Resulting para-
sitemias were monitored by enumerating parasitized erythrocytes in thin tail-
blood smears stained with Giemsa stain.
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