
at 120 and 90 kD, respectively (Fig. 3B) (12). 
This result indicated that both motifs are ex- 
pressed as products on the cell surface that 
encode the binding site for HBGF. Because the 
sizes of the extracellular structures predicted 
fiom the aa sequence are 44 and 34 kD, 
respectively, the two structures may contain 60 
and 40 kD of carbohydrate. In contrast to 
constructions coding for the a and P extracel- 
lular motifs, the comparable y motif construc- 
tion caused no increase in transfected cell sur- 
face HBGF binding that could be detected by 
either Scatchard analysis or ligand affinity cross- 
linking. Stability, activity, and cellular location 
of y translation products is under investigation. 

T o  determine HBGF binding activity of 
full-length receptor isoforms, in COS cells 
we expressed constructs that contained a or 
p extracellular domains fused to each of the 
two intracellular domain motifs (Fig. 3, C 
and D). Expression of full-length constructs 
caused a 5- to 15-fold increase in specific 
HBGF-1 (Fig. 3A) and HBGF-2 binding 
sites per cell, with an apparent K, of 100 to 
500 pM (11). Constructs coding for the a 
motif yielded [12"]HBGF-l-labeled 
expression products that were about 30 kD 
larger than constructs coding for the P mo- 
tif. Finally, constructs coding for the b2 
intracellular domain exhibited [12'I]HBGF- 
labeled expression products that were about 
20 kD smaller than constructs coding for the 
a1 intracellular domain (13, 14). 

The three distinct structural domains that 
combine to form HBGF receptor isoforms 
are likely to affect ligand binding, oligomer- 
ization, cellular location, metabolism, and 
signal transduction (15). The a and P extra- 
cellular motifs appear to differentially oligo- 
merize (12), and ligand binding may be 
affected by the intracellular domain motif 
with which it is combined (Fig. 3, C and D) 
(12, 13). The cDNA that encodes the y 
motif may result in an intracellular form of 
the receptor. The a- and b-type juxtamem- 
brane motifs contain different candidate 
phosphorylation sites for a Ser-Thr protein 
kinase. Juxtamembrane phosphorylation 
sites have been implicated in alteration of 
ligand affinity, kinase activity, and internal- 
ization (down-regulation) of tyrosine kinase 
receptors (15, 16). The two COOH-termi- 
nal motifs may differ in tyrosine kinase 
activity, in interaction with intracellular sub- 
strates, and as substrates for tyrosine kinases 
in the COOH-terminus (15). 
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Inability of Malaria Vaccine to Induce Antibodies to a 
Protective Epitope Within Its Sequence 

Saimiri monkeys immunized with a recombinant protein containing 20 copies of the 
nine amino acid repeat of the Plasmodium vivax circumsporomite (CS) protein 
developed high concentrations of antibodies to the repeat sequence and to sporomites, 
but were not protected against challenge. After intravenous injection of an immuno- 
globulin G3 monoclonal antibody (NVS3) against irradiated P .  vivax sporomites, 
four of six monkeys were protected against sporomite-induced malaria, and the 
remaining two animals took significantly longer to become parasiternic. Epitope 
mapping demonstrated that NVS3 recognizes only four (AGDR) of the nine amino 
acids within the repeat region of the P .  vivax CS protein. The monkeys immunized 
with (DRAhGQPAG),, did not produce antibodies to the protective epitope AGDR. 
Thus, determination of the fine specificity of protective immune responses may be 
critical to the construction of successful subunit vaccines. 

D URING RECENT YEARS THERE HAS 

been considerable effort to produce 
vaccines designed to induce protec- 

tive antibodies against repetitive sequences 
on the CS protein of Plasmodium, which 
causes human malaria. These efforts have 
been, in large part, based on the observation 
that passive transfer of monoclonal antibod- 
ies against the CS protein of rodent parasites 
Plasmodium berghei (1, 2) and P. yoelii (3) 

protects against challenge with sporozoites. 
Incubation of P,  falciparum or P,  vivax 
sporozoites with Fab fragments of monoclo- 
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nal antibodies to their respective CS pro- 
teins reduced the subsequent infectivity of 
the sporozoites to chimpanzees (4). Howev- 
er, it has never been definitively established 
in man that circulating antibodies to the 
sporozoites of Plasmodium can prevent infec- 
tion. 

The levels of protection have been disap- 
pointing in humans immunized with P.  
falciparim CS protein vaccines (5, 6) and in 
Saimiri monkeys immunized with two sub- 
unit P ,  vivax vaccines (7). The unprotected 
Saimiri monkeys all developed high concen- 
trations of antibodies to the CS protein, 
raising the question of whether the lack of 
protection was because the vaccine-induced 
antibodies were directed against the wrong 
epitopes or because humoral immunity is 
insufficient to neutralize P. vivax sporozoi- 
tes. The current studies were undertaken to 
determine if circulating antibodies to the P.  
vivax CS protein could protect Saimiri mon- 
keys against sporozoite-induced malaria, 
and to define the target epitope of any such 
protective immunity. 

Six monkeys (Saimiri sciureus boliviensis) 
(8) were each inoculated intravenously with 
2 mg of NVS3, an IgG3 isotype monoclonal 
antibody to P ,  vivax sporozoites (9), 1 hour 
before receiving an intravenous lo4 P. vivax 
sporozoite chafienge (10). An additional six 
control monkeys received 2 mg of a mono- 
clonal antibody directed against Trypano- 
soma brucei rhodesiense (anti-trypanosoma an- 
tibody) before sporozoite challenge. Four of 
the six monkeys inoculated with NVS3 were 
fully protected against blood stage disease; 
the remaining two developed patent para- 
sitemias after 31 and 40 days (Table 1). The 
two unprotected monkeys that received 
NVS3 had longer prepatency periods than 
the monkeys receiving the anti-trypanoso- 
ma1 antibody (P  < 0.01) and longer than 
nine uninjected controls (P  < 0.005). To 
determine the exact epitope of NVS3, we 
used an epitope-scanning technique (1 1) to 
synthesize 137 octapeptides based on the 
nonapeptide repeat sequences of the follow- 
ing four strains of P. vivax: Belem (14 ,  Sal 
1 (13), North Korean (14), and VS 210 
(1 5). By enzyme-linked immunosorbent as- 
say (ELISA), NVS3 reacted only with the 
tetrapeptide AGDR (alanine-glycine-aspar- 
tic acid-arginine) (Fig. 1). Octapeptides 
containing subsets of AGDR (AGD and 
GDR) were not reactive. No correlation 
between reactivity and the location of the 
tetrapeptide within the octapeptide was not- 
ed (Fig. 2). We then synthesized the eight- 
residue peptide (AGDR), (16). An immuno- 
fluorescent antibody technique (IFAT) 
showed that NVS3 binds to P. vivax sporo- 
mites (but not to P. yoelii sporozoites) and 
that this binding could be specifically 

Fig. 1. Antibody-octapeptide reactivity of peptides containing 
the entire AGDR sequence (AGDR+) (n = 50) and those with - 
part or none (AGDR-) (n = 87) is plotted against percent of *0° 

the optical density of the positive control. The N values are the g 
total number of octapeptides containing AGDR (n = 50) and + 

not containing AGDR (n = 87). The positive control optical 8 
density was obtained with a monoclonal antibody to PLAQ. E 100 

These data were developed by designing a hypothetical peptide " 
containing the repeat regions of the CS proteins of four strains 
of P.  vivax. The sequence of the peptide is as 
f o l l o w s :  G D R A D G Q P A G D R A D G Q P A G D R A -  0 
D G Q A A G N G A G G Q P A G D R A A G Q P A G D G A -  AGDR(+) AGDR(-) 
A G Q P A G D R A D G Q P A G D R A A G Q P A G D R A -  
DGQPAGDRADGQAAGNGAGGQAAGNGAGGQPAGDMGQPAGDMGQPAGDMG- 
QAAGNGAGGQAA. We synthesized 137 sequential octapeptide subsets of this l 4 a m i n o  acid 
peptide. The octapeptides were synthesized as per Geysen (1 I )  on the tips of polypropylene pins set in 
96-pin blocks (Cambridge Research Biochemicals, Valley Stream, New York). Octapeptide n = amino 
acid n through amino acid n + 7. The syntheses were carried out in 96-well plates, thereby allowing 
each pin to hold a different amino acid sequence. Conventional Fmoc (fluorenyl methoxycarbonyl) 
solid-phase methods were used to complete the syntheses. The tetrapeptides PLAQ (and monoclonal 
antibody to it) and GLAQ were used as positive and negative controls in each set of 96 pins. The ability 
of the monoclonal antibody NVS3 to bind to the peptides was tested in an ELISA. Each pin was 
incubated overnight at 4°C in NVS3 (2 pg of antibody per milliliter). After washing, the pins were 
incubated for 1 hour at 37°C in goat antibody to mouse IgG (Kirkegaard and Perry, Gaithersburg, 
Maryland) at a dilution of 1:2000. Optical densities were measured after the pins were incubated in 
substrate [ABTS (2,2'-azino-di-[3-ethyl-benzthimline sulfonate) and hydrogen peroxide] for 30 min. 

blocked by preincubating a solution (5 kg/ 
ml) of NVS3 with an equal concentration of 
the P. vivax octapeptide (AGDR),. At- 
tempts to block NVS3-sporozoite binding 
with the P. yoelii peptide (QGPGAP), 
failed even with concentrations as high as 2 
mg/ml (1 7). 

Sera from the monkeys that had been 
passively immunized with NVS3 had high 
concentrations of antibodies to sporozoites 
and (AGDR), (Table 1). Sera taken from 
monkeys vaccinated with NS18,V20 had 
similar IFAT titers (range 1:2,560 to 
1 : 10,240). These monkeys were not, how- 
ever, protected on sporozoite challenge (7). 
In an ELISA, these sera (1 : 100 and 1 : 500 
final concentiations) reacted with a yeast- 
produced recombinant protein VIVAX-1 
(18), which included the same P ,  vivax 
sequence as NS18,V20 ( m $ G Q P & ) ,  
but these sera from actively immunized 
monkeys did not react with (AGDR), (18). 
When these sera were incubated with in- 
creasing amounts of VIVAX-1, all anti- 
VIVAX- 1 activity was removed in a concen- 
tration-dependent manner; incubation with 
(AGDR), removed no activity (Fig. 3). 
Serum samples from these same monkeys 
were diluted (1 : 160 to 1 : 640 depending on 
individual reactivity to sporowites) and in- 
cubated with VIVAX-1 or (AGDR),. In 
IFAT, VIVAX-1 concentrations between 1 
and 8 kg/rnl eliminated all anti-sporozoite 
activity but incubation with as much as 2.5 
mg/ml of (AGDR), removed no activity. 

There has been considerable interest in 
determining if the capacity of sera to inhibit 
sporozoite invasion of and development in 
hepatocytes correlates with protection. Sera 
from the six monkeys vaccinated with 
NS18,V20 (7) and from the six passively 

Fig. 2. Antibody-peptide binding is expressed as 
the percent of the positive control optical density 
(OD of monoclonal antibody to PLAQ with 
PLAQ). Bars 1 through 8 represent the mean 
binding of peptides having the sequences shown 
in the inset. The number above each bar is the n of 
that group. 

immunized with NVS3 were tested to de- 
termine their ability to inhibit sporozoite 
invasion of and development in Saimiri he- 
patocytes in vitro (19). Percent inhibition 
was 96.5 2 2.43 (mean 2 SEM) (range: 85 
to 100%) in the animals immunized with 
NS18,V20 and 98.17 2 0.60 (range 96 to 
100%) in the animals passively immunized 
with NVS3. These data indicate that, when 
performed in this manner, sporozoite inva- 
sion and development data do not correlate 
with protection. 

We studied the fine specificity of the 
protective monoclonal antibody NVS3 be- 
cause we thought that fully characterizing 
the epitope might explain why polyclonal 
antibodies induced by the recombinant pro- 
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tein did not provide protection from sporo- 
mite challenge, wheEeas apparently equiva- 
lent amounts of passively transferred NVS3 
did protect. The protective monoclonal an- 
tibody recognized only four (AGDR) of the 
nine (DRAbGQPAG) amino acids compris- 
ing the P. vivax repeat region. These nine 
amino acids are the onlv ones from the CS 
protein included in the vaccine. A synthetic 
peptide made of only two copies of AGDR 
completely inhibited binding of NVS3 to 
sporowites and to a recombinant protein 
(VIVAX-l), which contains a P. vivax pep- 
tide repeat from the Belem strain. In con- 
trast, sera from monkeys that had been 
immunized with NSl,,V20 contained high 
concentrations of antibodies to sporomites 
by IFAT, and the repeat region by ELISA, 
but had no activity directed against the 
protective epitope AGDR, as demonstrated 
by direct ELISA and inhibition studies. It is, 
of course, possible that antibodies to other 
epitopes within the nine amino acid P. vivax 
repeat region can protect against sporomite- 
induced malaria. However, the fact that the 
vaccine did not induce antibodies to the 
only known protective epitope on the P. 
vivax CS protein provides an explanation 
for the lack of protection. 

The monoclonal antibody NVS3 was pro- 

duced in BALBlc mice; these mice can pro- 
duce antibodies to AGDR. To further char- 
acterize the response to NSl,,V20, we 
immunized groups of four BALBlc mice 
with two doses of 200 kg of NSl,,V20 or 
200 kg of a synthetic peptide, (AGDR),, 
conjugated to keyhole limpet hemocyanin 
(KLH) in complete Freund's adjuvant. Two 
weeks after the second dose, the animals 
immunized with (AGDR),-KLH had excel- 
lent antibody responses to (AGDR), 
[1.20 & 0.028, mean A SD optical density 
(OD) of triplicate wells in ELISA at 1 : 1600 
dilution], but a poor response to NSl,,V20 
(0.29 & 0.010). In contrast, mice immu- 
nized with NSl,,V20 had poor responses 
to (AGDR), (0.19 & 0.001) and excellent 
responses to NSl,,V20 (1.24 0.036). 
NSl,,V20 produces poor antibody re- 
sponses to AGDR in mice and monkeys. 

These data demonstrate that it is inappro- 
priate to assume that immunization with a 
small protein such as NSl,,V20, which 
includes a repeating sequence of nine amino 
acids, will produce antibodies against a sin- 
gle desired epitope such as AGDR. Subse- 
quent vaccine development will undoubted- 
ly require more information regarding the 
identification of epitopes recognized by pro- 
tective antibodies and the construction of 

Table 1. Prepatent periods and NVS3 serum concentrations in monkeys that received 2 mg of 
monoclonal antibody 1 hour before intravenous challenge with lo4 P. vivax (Salvador I strain) 
sporowites. We measured antibody concentrations in IFAT with P, vivax sporowites as antigen 
and in ELISA using (AGDR), as the target antigen. IFAT titers shown are the reciprocals of the 
last positive dilution. Sera samples (1: 100 dilutions) were incubated in (AGDR),-coated wells. The 
secondary antibody was horseradish peroxidase-labeled goat antibody to mouse IgG. Optical density 
values for the serum samples were compared with standard values obtained by measuring the 
reactivity to (AGDR), of known concentrations of NVS3 diluted in equivalent concentrations of 
Sairniri monkey serum. Serum samples taken from each animal immediately before NVS3 injection 
were all negative for anti-sporowite activity in IFAT at a dilution of 1: 10 and below the sensitivity 
of the (AGDR), ELISA. P, protected in sporowite challenge; NI, not infected; NT, not tested; 
Neg, below IFAT and ELISA sensitivity; Try, anti-trypanosomal antibody; *, animals 
splenectomized on day 6 afier challenge, all others on day 7. 

Peptide (~glml)  

Fig. 3. Serum from six monkeys immunized with 
NSl,,V20 given with aluminum hydroxide as the 
adjuvant were tested in ELISA for activity to 
VIVAX-1. Secondary antibody was goat antibody 
to human IgG. Portions of each serum sample 
(1:250, final concentration) were incubated with 
varying concentrations of (AGDR), (0) or 
VIVAX-1 (W) to determine if activity to the 
repeat region of the CS protein can be blocked. 
Final peptide concentrations are depicted along 
the x-axis. 

vaccines that exclude extraneous amino 
acids. Our data indicate that an appropriate 
minimal epitope of the P. vivax CS protein 
has been identified. The next challenge is to 
construct an immunogen that produces an- 
tibodies of the desired specificity and to 
develop an immunization regimen that con- 
sistently produces high levels of these anti- 
bodies. Questions surrounding irnmunogen 
design remain unanswered but the problem 
of antibody concentration may be solved. In 
recent studies, humans immunized with a P. 
falciparum CS protein vaccine administered 
with monophosphoryl lipid A (MPL) and 
cell wall skeleton of a mycobacterium species 
as adjuvant or in liposomes with MPL pro- 
duced concentrations of specific antibodies 
greater than those found in the sera of 
monkeys (6 to 18 pglml) that received 
NVS3 in passive transfer (Table 1) (20). 

Monkey Antibody Prepatent IF AT ELISA 
no. period titer NV53 p,g/ml + SE 

SI-74 
SI- 162(P) 

SI-25 1 i ~ j  
SI-312(P) 
SI-323 
SI-319 
SI-330 
SI-316 
SI-321 
SI-328 
SI-31 l* 
SI-238* 
SI-320 
SI-45* 
SI-249 
SI- 174 
SI-289 
SI-101* 
SI-300 

NVS3 
NVS3 
NVS3 
NVS3 
NVS3 
NVS3 
Try 
Try 
Try 
Try 
Try 
Try 
None 
None 
None 
None 
None 
None 
None 
None 
None 

-- 
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Abilitv of the c-mos Product to Associate with and 

The mos proto-oncogene product, pp39""", is a protein kinase and has been equated 
with cytostatic factor (CSF), an activity in unfertilized eggs that is thought to be 
responsible for the arrest of meiosis at metaphase 11. The biochemical properties and 
potential substrates of pp39"OS were examined in unfertilized eggs and in transformed 
cells in order to study h i w  the protein functions both as CSE &d in transformation. 
The pp39""' protein associated with polymers under conditions that favor tubulin 
oligomerization and was present in an approximately 500-kilodalton "core" complex 
under conditions that favor depolymer&tion. P-~ubulin was preferentially coprecip- 
itated in pp39m0~unoprecipitates  and was the major phosphorylated product in a 
pp39"OS-dependent immune complex kinase assay. Irnrnunofluorescence analysis of 
NIH 3T3 cells transformed with Xenovus c-mos showed that ~ ~ 3 9 " " "  colocalizes with 
tubulin in the spindle during metaihase and in the mid&y and asters during 
telophase. Disruption of microtubules with nocodazole affected tubulin and pp39""' 
organization in the same way. It therefore appears that pp39""" is a tubulin-associated 
protein kinase and may thus participate in the modification of microtubules and 
contribute to the formation of the spindle. This activity expressed during interphase in 
somatic cells may be responsible for the transforming activity of pp39"OS. 

T HE PROTO-ONCOGENE C-MOS IS EX- 
pressed at high levels in the germ 
cells of vertebrates (1, 2). In Xenopus 

and mouse oocytes, the mos-encoded pro- 
tein, pp39"'"', is expressed during oocyte 
maturation and is required for maturation 
before and after germinal vesicle breakdown 
(GVBD) (2-5). Injection of mor RNA into 
fully grown Xenopus oocytes can induce 
both GVBD and maturation promoting fac- 
tor (MPF) (3), which is composed of cyclin 
and ~34'"' (6). MPF activation is correlated 
with GVBD, chromosome condensation, 
and spindle formation (7-9). A second ac- 
tivity present in mature oocytes, cytostatic 
factor (CSF), is thought to be responsible 

for the arrest of unfertilized eggs at meiotic 
metaphase I1 (10). Thus, CSF injected into 
blastomeres of cleaving embryos arrests cell 
cleavage at metaphase of mitosis (10-12), 
which is a major control point of the cell 
cycle (9). MPF is present at large concentra- 
tions in metaphase I1 oocytes, and it has 
been proposed that CSF stabilizes MPF (7, 
9, 13, 14). Recently, pp39""" has been 
shown to be the active component in CSF 
(13). It is possible to isolate pp39'"' from 
cytosolic extracts by high-speed centrifuga- 
tion (13), which suggests that it is present in 
a large complex. In addition, the large size of 
the mitotic spindle in CSF-arrested blas- 
tomeres (11) and the ability of taxol-a 
plant diterpene antineoplastic agent that 
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binds to and stabilizes *icrotub;les (15, 
16)-to arrest cleaving embryos at meta- 
phase (16) suggested to us that pp39"'"' 
might be associated with tubulin. 

We subjected a CSF cytosolic extract pre- 
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