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The Plasmodium vivax sexual stage 25 kDa protein Pvs25, located on

the surface of the ookinete form of the parasite, is a vaccine candidate

designed to elicit immunity that blocks the transmission of malaria by

mosquitoes. The 2A8 murine monoclonal antibody directed against

recombinant Pvs25 prevents the formation of P. vivax oocysts in

mosquitoes fed in the laboratory. The complex between recombinant

Pvs25 and the Fab fragment of 2A8 forms crystals that diffract X-rays

to 3.5 AÊ . Two native data sets, A and B, have been collected from

crystals of the Pvs25±Fab complex. Both crystals belong to space

group P21, with unit-cell parameters of a = 86.3, b = 61.7, c = 142.7 AÊ ,

� = 101.7� for data set A and a = 86.8, b = 61.0, c = 149.3 AÊ , � = 104.3�

for data set B, and contain two complex molecules per asymmetric

unit. Efforts are under way to reveal the structure of the Pvs25±Fab

complex by molecular replacement. The three-dimensional structure

of the Pvs25±Fab complex will provide an understanding of the

interaction between Pvs25 and the 2A8 antibody that inhibits

ookinete development in the mosquito and should aid in the

development of transmission-blocking vaccines against P. vivax

malaria.
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1. Introduction

Malaria arises from the infection of red blood

cells by protozoan parasites of the genus

Plasmodium and is transmitted by anopheline

mosquitoes. Four species of malaria parasites

infect humans: P. falciparum, P. vivax, P. ovale

and P. malariae. While P. falciparum is

responsible for most of the mortality, P. vivax

also causes high morbidity for millions of

people in tropical and subtropical countries

mainly outside sub-Saharan Africa (Mendis et

al., 2001).

Transmission-blocking vaccines using anti-

gens that are expressed at the surface of the

parasite sexual and mosquito stages, i.e.

gametocytes, gametes, zygotes and ookinetes,

are promising strategies for malaria control

(for a review, see Stowers & Carter, 2001). Two

examples of such antigens are the ookinete

surface proteins of P. vivax, Pvs25 and Pvs28.

Pvs25 and Pvs28 proteins exhibit structural

characteristics of a family of proteins from

Plasmodium parasites, consisting of a signal

sequence at the N-terminus, four tandem

epidermal growth-factor-like domains and

a C-terminal glycosyl-phosphatidyl-inositol

moiety anchoring the protein to the parasite

surface. Homologous proteins have been

cloned from several species of malaria para-

sites that infect humans (Kaslow et al., 1988;

Tsuboi et al., 1998; Tachibana et al., 2001) and

from several species that infect animals.

Transmission-blocking vaccines induce anti-

bodies which are taken up by a mosquito

during blood feeding from the vertebrate host.

In the mosquito midgut, the antibodies inhibit

parasite development and thus block parasite

transmission from mosquito to the vertebrate

host. Mice vaccinated with yeast-produced

Pvs25 adsorbed to alum (aluminium hydro-

xide) produced antisera that, when ingested

with P. vivax-infected chimpanzee blood,

completely inhibited the development of

oocysts in mosquitoes (Hisaeda et al., 2000).

Several murine monoclonal antibodies

against recombinant Pvs25 have been

produced and shown to possess transmission-

blocking activity against mosquito-stage

P. vivax parasites. In laboratory membrane-

feeding experiments, the monoclonal antibody

2A8 blocks the transmission of P. vivax to

mosquitoes from the blood of a P. vivax-

infected chimpanzee and from the blood of

patients with vivax malaria. Here, we report

the preparation, crystallization and preli-

minary X-ray crystallographic studies of the

complex of Pvs25 with the Fab fragment of

2A8. These structural studies will de®ne the

interaction between Pvs25 and the Fab frag-
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ment of antibody 2A8 and may contribute to

the understanding of how antibodies can

block parasite development in the mosquito.

2. Methods

2.1. Preparation of Pvs25

Expression and puri®cation of Pvs25 took

place as described previously (Hisaeda et al.,

2000; Miles et al., 2002). Brie¯y, the gene

encoding Pvs25 from Ala23 to Leu195 from

Plasmodium vivax genomic DNA (from

Salvador I strain) was inserted into the yeast

episomal plasmid YEpRPEU-3 and trans-

formed into S. cerevisiae VK1 cells. The

resulting cells were screened for the secre-

tion of histidine-tagged protein. A positive

colony was grown in a fermenter with

recombinant protein production under

the ethanol-inducible ADH2 promoter.

The recombinant protein was puri®ed

using nickel-af®nity, size-exclusion and

hydrophobic interaction chromatography.

N-terminal sequencing and electron-spray

mass spectrometry con®rmed the identity of

the puri®ed Pvs25 protein and its molecular

weight of 20 502 Da. The puri®ed protein

contains 186 residues: ®ve residues from the

�-factor sequence (Glu-Ala-Glu-Ala-Ser),

173 residues of Pvs25 and eight residues

from the af®nity tag, Gly-Pro-His6.

2.2. Preparation of Fab

The 2A8 antibody was produced on a

large scale in mouse ascites ¯uid. IgG1 was

precipitated with 40% saturated ammonium

sulfate and puri®ed from the precipitate by

ion-exchange chromatography on DEAE-

Sepharose using an NaCl gradient. The

IgG1 was then cleaved with papain at an

enzyme:antibody ratio (w:w) of 1:20 in

100 mM Tris±HCl, 150 mM NaCl, 2 mM

mercaptoethanol, 2 mM NaEDTA pH 7.1 at

310 K for 4 h. Adding fresh iodoacetamide

to a ®nal concentration of 7.5 mM stopped

the reaction. Fab was puri®ed from the

digestion mixture again by the use of

DEAE-Sepharose chromatography. The Fab

fractions were pooled and concentrated to

obtain a ®nal concentration of 6.4 mg mlÿ1

(0.138 mM) in 20 mM Tris±HCl pH 7.4.

2.3. Preparation of the Pvs25±Fab complex

When the puri®ed Pvs25 (4.5 mg mlÿ1,

0.219 mM) and Fab proteins were electro-

phoresed on a native gel, each migrated as a

single band (see the leftmost two lanes of

Fig. 1). When a mixture of Pvs25 and Fab

was analyzed on a native gel, new bands

appeared that were shifted in mobility

(lane 1:1 in Fig. 1). In contrast to the

proteins analyzed alone, the complex runs as

three smeary bands. Possible reasons for this

unusual behavior on a native gel could be

that there is heterogeneity of overall charge

in the complex or that some of the complex

aggregates when in the gel. Using the native

gel, we identi®ed the ratio (v:v) of 1:3

(Pvs25:Fab) of our preparations of Pvs25

and of Fab that yielded the maximum

amount of the complex (Fig. 1).

For the large-scale preparation of the

complex, Pvs25 protein was mixed with Fab

at a ratio of 1:3 (v:v) (Pvs25:Fab) and incu-

bated at 310 K for 2 h. The resulting

complex was puri®ed by size-exclusion

chromatography, which showed a single

peak (Fig. 2) at an elution volume consistent

with a molecular weight of 67 000 Da when

compared with the elution volumes of

molecular-weight standards run on the same

column (not shown). Note that on the size-

exclusion column there is no suggestion of

aggregation in solution, as was suggested by

the native gel (Fig. 1). The molecular weight

of 67 000 Da indicates that the complex is

composed of one Pvs25 molecule and one

Fab molecule. The pooled fractions

containing the Pvs25±Fab complex were

concentrated using a 10 kDa molecular-

weight cutoff centrifugal device.

2.4. Crystallization of the Pvs25±Fab

complex

The Pvs25±Fab complex was concentrated

to 8 mg mlÿ1 and buffer-exchanged to

20 mM Tris±HCl pH 7.4 for crystallization

experiments. The initial crystallization

conditions were found using Crystal Screens

I and II and PEG/LiCl kits (Hampton

Research). All crystallization experiments

were performed at 293 K by the hanging-

drop vapor-diffusion method. In each trial,

1 ml Pvs25±Fab complex protein was mixed

1 ml with precipitant solution and equili-

brated as a hanging drop against a reservoir

containing 500 ml precipitant solution. The

Pvs25±Fab complex crystals were grown

over a reservoir containing 20±25%(w/v)

polyethylene glycol (PEG) 6000, 1 M LiCl,

100 mM citric acid pH 5.0. When hanging

drops of Pvs25 alone, Fab alone and Pvs25±

Fab complex were equilibrated in parallel

over the same reservoir, crystals only

formed in the drop containing the complex.
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Figure 1
Native-gel analysis of Pvs25 alone, Fab2A8 alone and
mixtures of Pvs25 and Fab (Pvs25:Fab) at ®ve
different ratios (v:v). The complex runs as three
smeared bands. A Tris±glycine gel of 4±20% acryl-
amide was used. We used the 1:3 ratio for the
formation of the Pvs25±Fab complex that was
crystallized.

Figure 2
Elution pro®le of the Pvs25±Fab complex by size-
exclusion chromatography using a Superdex 75
16 � 60 column running in 50 mM Tris±HCl,
150 mM NaCl pH 7.5. The large peak extending to
about 0.2 OD280 is the Pvs25±Fab complex. The
smaller peak at its base is unbound Fab protein.

Figure 3
Monoclinic crystals of the Pvs25±Fab complex. The
crystals grew as clusters of rectangular bars with
typical dimensions of 0.2 � 0.15 � 0.07 mm.
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Crystals have been observed to form in

identical drops of Pvs25 alone (Saxena et al.,

2004) and of Fab alone, but at different

conditions and not under the conditions

under which the Pvs25±Fab complex crys-

tallized. The Pvs25±Fab crystals usually

appeared after 7±8 d and grew to maximum

dimensions of 0.2 � 0.15 � 0.07 mm. The

crystals usually grow as clusters as shown

in Fig. 3, but single crystals are readily

obtained by lightly touching a cryoloop to

the surface of a cluster.

3. Results and discussion

For data collection, Pvs25±Fab complex

crystals were transferred into a solution

identical to the growth conditions but with a

higher PEG concentration of 30%(w/v) for

cryoprotection and ¯ash-frozen by plunging

directly in liquid nitrogen. Two crystals

yielded X-ray data sets (native A and native

B) that were collected at 100 K at beamline

22-ID at Argonne National Laboratory

(APS). Indexing, integration, scaling and

merging of the data were carried out using

the HKL2000 software package (Otwi-

nowski & Minor, 1997). Fobs values were

produced using the program TRUNCATE

from the CCP4 suite of programs (Colla-

borative Computational Project, Number 4,

1994). Data-collection and processing

statistics are given in Table 1 and in

Supplementary Table 11.

In attempts to improve the quality of the

Pvs25±Fab crystals, the nature and concen-

tration of the precipitant were varied, the

protein concentration was changed and the

addition of various salts and additives was

tried. Macroseeding by the introduction of a

small crystal into a crystallization drop was

not fruitful. Co-crystallization with various

heavy-metal compounds was performed

both to obtain derivatives and to improve

the crystals. Crystals grew but they were

little improved.

The Matthews coef®cient based on two

complexes in the asymmetric unit for the

native A data set is 2.78 AÊ 3 Daÿ1, consistent

with a solvent content of 56%. For the native

B data set, VM was 2.86 AÊ 3 Daÿ1, consistent

with a solvent content of 57%. These VM

values lie within the range usually observed

in protein crystals (Matthews, 1968) and are

in line with two complexes per asymmetric

unit as indicated by the self-rotation func-

tion and molecular-replacement results.

The self-rotation function calculated with

POLARRFN (Collaborative Computational

Project, Number 4, 1994) shows a substantial

peak on the � = 180� section that is 80% of

the height of the origin peak (Fig. 4). This

peak is consistent with the existence of

twofold non-crystallographic symmetry in

the asymmetric unit. Initial molecular-

replacement calculations using the program

BEAST (Read, 2001) located the two Fab

molecules in native data sets A and B using

the 2E8 Fab (Trakhanov et al., 1999; PDB

code 12e8) as a search model. Using the

calculated structure factors from the posi-

tioned 2E8 Fab molecules in a 2Foÿ Fc map,

preliminary electron density for the Pvs25

protein was observed in the antigen-binding

region of the 2A8 Fab. This electron density

con®rms that both the Pvs25 and the Fab

molecules are indeed present in the crystal;

this had been dif®cult to con®rm by SDS±

PAGE. Attempts are being made to improve

this electron density using the non-

crystallographic symmetry, by inter-crystal

density averaging and by attempting to

obtain crystals that diffract to higher reso-

lution. Model building and re®nement are in

progress in order to reveal the structure of

the Pvs25±Fab complex from these X-ray

data.
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Table 1
X-ray data-collection statistics.

Values in parentheses are for the last resolution shell.

Native A Native B

Resolution (AÊ ) 50.0±3.50 (3.56±3.50) 40.0±4.00 (4.07±4.00)
X-ray source 22-ID (APS) 22-ID (APS)
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� (�) 101.7 104.3

Re¯ections observed 84192 72628
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Redundancy 4.6 5.5
Rmerge² (%) 25.0 (65.0) 19.2 (58.7)
Average I/�(I) 6.0 (2.3) 8.6 (2.2)

² Rmerge =
P

h

P
i jIh;i ÿ hIhij=

P
h

P
i jIh;ij, where Ih,i is the ith intensity measurement of re¯ection h and hIhi is the average

intensity of that re¯ection.

Figure 4
Self-rotation function using the Pvs25±Fab complex
data. The � = 180� section is shown from a self-
rotation function calculated with all data in the range
40±5.0 AÊ and a 34 AÊ radius of integration. Note the
strong peak at ! = 46, ' = 0� and, equivalently, at
! = 134, ' = 180� .
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