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We have constructed a second generation malaria transmission-blocking vaccine candidate based on 
Pfs25, the predominate surface protein of Plasmodium falciparum zygotes, to overcome potential produc
tion problems with the original construct. Four modifications were made: (1) addition of the last cysteine 
residue of the fourth epidermal growth factor like-domain of Pfs25; (2) mutagenesis of asparagine-linked 
glycosylation sites with glutamine rather than alanine; (3) addition of a six histidine tag at the carboxy
terminus for highly efficient purification ofrecombinant protein on nickel-NTA agarose; and (4) fermenta
tion that combines continuous glucose fed-batch methodology with pH-controlled glucose addition and a 
terminal ethanol feed. The resulting product, TBV25H (Transmission-Blocking Vaccine based on Pfs25 
with a Histidine tag), appears to be a more potent antigen and immunogen than the original construct, and 
the fermentation and post-fermentation processing methodology easily lend themselves to technology 
transfer to the ultimate users, newly industrialized countries. 
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alaria, a mosquito-transmitted disease afflicting 
hundreds of millions of residents living in more 
than 100 tropical countries, is an immense public 
health problem. Despite initial successes of vec
tor control and chemotherapy in controlling the 
spread of malaria parasites, recent progress has 
been severely hampered by the spread of insecti

cide-resistant mosquitoes and drug-resistant parasites (for a 
recent review see ref. 1). One long term solution actively being 
sought to stem the resurgence of malaria is a malaria vaccine 
aimed at disrupting the parasites life cycle at one or more of 
three stages (sporozoite stage or pre-erythrocytic, asexual para
site blood stage or erythrocytic, and sexual stage or sporogonic). 

The primary goal of an anti-sexual stage vaccine is to block 
transmission of malaria parasites by interrupting gamete devel
opment in the mosquito midgut [for recent review see ref. 2]. 
Antibodies against proteins expressed on the surface of sexual 
stage parasites are ingested along with the blood meal and have 
been shown to interfere with normal development of the parasite 
in the mosquito2• Although any malaria vaccine that completely 
protects an individual from developing malaria parasites in the 
bloodstream will also block transmission, those directed against 
the sexual stages are referred to as transmission-blocking vac
cines because anti-sexual stage vaccines do not directly protect 
the individual vaccinated. Rather, these anti-sexual stage vac
cines prevent infected individuals from transmitting the parasite, 
and hence the disease, to others. 

Pfs25, a 25-kD cysteine-rich protein consisting of four epi
dermal growth factor (EGF)-like domains anchored to the 
surface of the late sexual stages of malaria parasites by a glyco
sylphosphatidylinositol moiety, is one of several Plasmodium 
falciparum (the causative agent of the lethal form of human 
malaria) transmission-blocking vaccine candidates3 • 

Pfs25 has been expressed previously in vaccinia virus• and 
in Saccha.romyces cerevisiae5. The yeast product, referred to 
as Pfs25-B, consists of the a-factor pre-prosecretory signal 
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sequence fused to the four domains of Pfs25. To eliminate two of 
four potential N-linked glycosylation sites, the coding sequence 
of Pfs25 was truncated before the last cysteine residue of the 
fourth EGF-like domain. The remaining two sites were muta
genized by substituting Ala for Asn. Nevertheless, Pfs25-B is 
immunogenic in laboratory animals, and despite not recreating 
all of the tertiary structure of native Pfs25, Pfs25-B elicited 
transmission-blocking antibodies in mice and monkeys5•6 • Prob
lems arose, however, when attempts were made to scale-up 
production. In particular, there was serious loss of product due 
to degradation of the protein. To circumvent the problems we 
have constructed a second generation vaccine, TBV25H. In 
addition to adding back the last cysteine residue of the fourth 
EGF-like domain, the protein and purification scheme were 
altered by addition of a "His6-tag" on the carboxy-terminus and 
by using nickel-NTA agarose to affinity purify the secreted 
protein with an intact carboxy-terminus, thus minimizing co
purification of degradation products. The purification method 
and fermentation protocol described here can be easily trans
ferred to newly industrialized malaria endemic countries for 
in situ production. 

Results 
Plasmid construction. Using overlapping synthetic oli

gonucleotides, the Pfs25 coding region (not including the secre
tory signal sequence or the hydrophobic carboxy-terminus) was 
constructed with yeast-preferred codons. Three of the four 
potential N-linked glycosylation sites of Pfs25 were mutated by 
substituting glutamine for asparagine residues. The fourth 
potential glycosylation site present in the hydrophobic carboxy
terminus was deleted. Three new restriction sites were intro
duced for cloning purposes (Fig. 1). The resulting synthetic 
gene was used as a template in PCR to construct a series of 
truncated Pfs25 genes. The various genes were subcloned into 
the Kpnl and Spel sites of plasmid pIXY154, a derivative of 
plXY120 (ref. 7). pTBV5, a construct that terminates at the 
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FIGURE 1. Expression vectors. Only relevant segments of 
the plasmid DNA are shown and are not drawn to scale. The 
arrows Indicate the orientation of promoters and open reading 
frames. The amino acid residue numbers refer to those used 
in reference 3. 

.· .· ... :,' 

. j 11 I 
.- . ! 1 I 1 .• ,~ 

»J··F 
Coomasale 

B 

lmml.KlOblol 
mAb487 

C 

lmml.KlOblol 
mAb 102 

FIGURE 2. Coomassie-stained 16% SDS-PAG and Western 
blots of TCA-precipitated yeast culture supernatants. Culture 
supernatants from transformed XV2181 cells were precipitated 
with deoxycholate-trichloracetic acid and the acetone-washed 
pellet size-fractionated by 16% SOS-PAGE. (A) Coomassle
stalned gel. Control, XV2181 cells transformed with plXY154. 
Glu 188, XV2181 cells transformed with plXY154 encoding 
Pfs25 from Ala-22 to Glu-188. Thr 193 + H, XV2181 cells trans
formed with plXY154 encoding Pfs25 from Ala-22 to Thr-193 
with a His8 tag in-frame immediately thereafter. Asn 202 + H, 
XV2181 cells transformed with plXY154 encoding Pfs25 from 
Ala-22 to Asn-202 with a HI~ tag In-frame immediately thereaf
ter. Prestalned molecular weight markers were run in lane MW. 
(B) Western blot of (A) using mAb 4B7 (ref. 5) that recognizes 
reduced and non-reduced Pfs25. (C) Western blot of (A) using 
mAb 1 D2 (ref. 5) that recognized only non-reduced Pfs25. 

TABLE 1. Comparison of predicted (based on Edman degrada
tion) and observed (by matrix-assisted laser desorption mass 
spectroscopy) molecular masses of purified TBV25H proteins. 

Sample N-tenninal amino acid sequence Predicted Observed 

1° aa sequence: AKTVTVDTVCKRGFLIQMSGH--- 19,869 20,061 
2° aa sequence: TVCKRGFLIQMSGH··· 19,255 (-614)* 19,435 (-626) 
3' aa sequence: EAEASLDKRAKTVTVDTVCKRGFLIQMSGH--- 20,869 ( + 1000) 21,001 ( +940) 

'Calculated difference from the 1' aa sequence. 

same position as Pfs25-B was made as a control. The protein 
product, TBV5, of this control construct co-migrated with 
Pfs25-B (data not shown). Some of the other constructs were 
designed to incorporate six consecutive histidine residues at the 

carboxy-terminus so that the product could be purified using 
Ni-NTA agarose. 

Growth of yeast and production of rPfs25. The amount of 
full-length Pfs25 (from Ala-22 to Asn-202), encoded by 
pTBV25FH, secreted from yeast is considerably lower than 
TBVS (Fig. 2A, lanes Asn-202 and Glu-188, respectively). 
Yeast transformed with the construct referred to as pTBV25H, 
that encodes Pfs25 from Ala-22 to Thr-193 (i.e. , including Cys-
192) and terminates with six histidine residues, secreted about 
the same amount of Pfs25 protein as control pTBV5 (Fig. 2A, 
lanes Thr-183 and Glu-188, respectively). Monoclonal antibody 
(mAb) 487, which recognizes a linear, reduction-insensitive B
cell epitope in the third EGF-like domain of Pfs25, bound to 
TBV25H and TBV5 equally well (Fig. 28). Mab 102, which 
recognizes a reduction-sensitive 8-cell epitope in the third EGF
like domain of Pfs25, binds TBV25H better than TBV-5 (Fig. 
2C), suggesting that the last cysteine of the fourth EGF-like 
domain of Pfs25 is somehow involved in recreating the proper 
conformation of the third EGF-like domain. Because production 
levels of rPfs25 were more favorable using pTBV25H than full 
length Pfs25, pTBV25H was used in all of the experiments 
described below. 

Because the trpl gene of the S. cerevisiae strain, XV2181 
(ref. 7), has a point mutation, spontaneous reversion can occur. 
Strain 2905/6, which has a deletion of part of the trpl gene, does 
not revert. Although approximately equivalent quantities of 
rPfs25 were produced by these two strains; a Coomassie-stain
able band migrating just below rPfs25 was observed occasion
ally on SOS-PAGE (Fig. 2) in XV2181 culture supematants but 
not in 2905/6 supernatants (Fig. 3, lane 4). Therefore, 2905/6 
was used in the fermentation studies described below. 

A starting concentration of 2 to 3 % glucose was found to 
optimize the yield of TBV25H in shaker flask and in batch 
fermentation (data not shown). Above 3% glucose, the yield of 
TBV25H dropped below 0.5mg/L (data not shown). By using a 
modification of the fed-batch protocol of Tctttrup and Carlsen9 

( consisting of continuous nutrient addition at a rate of I. 5 gm 
glucose/L/hr for 40 hours) in combination with a protocol simi
lar to that developed by Porro et al. 10 (to compensate for the 
increasing glucose consumption with progressively increasing 
biomass), after which the nutrient feed was switched to ethanol 
at a rate of l .0gm/L/hr, protein production increased almost 
forty-fold. A typical production pattern of extracellular 
TBV25H is shown in Figure 4. 

Purification of TBV25H. The purification scheme we 
developed· is summarized in Figure 5. Initial attempts to purify 
TBV25H from yeast culture supematants were largely unsuc
cessful because the His-tagged protein did not bind efficiently to 
Ni-NTA agarose (Fig. 3, lane 2). The binding efficiency was 
markedly improved if the culture supernatant was dialyzed con
tinuously with a five-fold or larger volume of l-2X PBS before 
TBV25H was incubated with Ni-NTA (Fig. 3, lane 4) . Presum
ably, the substance(s) that interfered with binding ofTBV25H to 
Ni-NTA is oflow ( < 10-kD) MW. Likely substances include free 
histidine or imidazole ring-containing molecules present in the 
medium. 

Binding ofTBV25H to Ni-NTA resin by a batch process was 
more convenient and efficient than by column chromatography. 
Because the binding and flow properties required to bind histi
dine-tagged proteins to Ni-NTA agarose in a column chro
matography format are relatively poor (the manufacturer 
recommends a flow rate of only 4 bed volumes/hr), more than 
20 hours would be required to bind l liter of supernatant to 10 ml 
of Ni-NTA resin. Even though the resin to supernatant ratio was 
1: 100, binding of TBV25H to Ni-NTA resin by a batch method 
was complete within 30 minutes (Fig. 6). Consistent with the 
manufacturer's claim that the protein binding capacity of the 
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in the batch format is approximately 7 mg per ml of resin (data 
not shown). Admittedly, the batch method is somewhat cumber
some when recovering small volumes of resin from a large 
volume of culture supernatant; therefore, as other support matri
ces for Ni-NTA become available, such as silica-based, that have 
more favorable flow properties , the column chromatography 
format will need to be re-evaluated. 

As shown in Figure 7, small amounts of higher MW proteins 
are sometimes present in the pooled fractions ofTBV25H eluted 
from Ni-NTA agarose. Using size-exclusion gel chromatogra
phy, these contaminants were removed (Fig. 7) and the low pH 
acetate buffer used to elute TBV25H from Ni-NTA was 
exchanged for the PBS buffer used to bind TBV25H to alum. 
Fractions containing TBV25H were pooled, bound to alum, and 
used to immunize mice. 

Analysis of purified TBV25H. To determine if and how 
TBV25H was post-translationally modified in yeast, the purified 
TBV25H to be used in immunizations was examined for glyco
sylation and was studied by mass spectroscopy. Although higher 
MW proteins secreted from yeast appear to be glycosylated , 
Figure 8 (lane 2) shows that TBV25H does not contain periodate 
sensitive carbohydrate moieties, suggesting that TBV25H is not 
modified by either N-linked or O-linked glycosylation. This 
conclusion is corroborated by mass spectroscopy (Table 1). At 
least three different M + l peaks are present by tandem laser 
desorption mass spectroscopy as are three M + 2 peaks ( data not 
shown). Because each disulfide bridge decreases the MW by 2-
D, the theoretical MW of the mature product (Ala-22 to Thr-193 
plus 6 His residues) is predicted to be 19,869 D. The amino 
terminus of the major peak, determined by automated Edman 
degradation, was Ala-22 (Table 2). The carboxy termini of all. 
the peaks are assumed to end with the multi-His residue tag, 
because only products that contain the tag should be purified by 
Ni-NTA resin. Therefore, the highest peak, having a mass of 
20,061, probably represents a polypeptide starting at Ala-22 
(AKVTVD .. . ), terminating with a polyhistidine tag and con
taining numerous disulfide bonds but no carbohydrate moieties. 
The peak with the largest mass (21,001) , presumably represents 
a polypeptide starting with Glu due to cleavage at an upstream 
cryptic Kex-2 site (KRIEAEASLDKRAKTVTVD ... ), based on 
Edman degradation sequence (Table 2). The peak with the 
lowest mass (19,435) presumably represents a polypeptide start
ing with Thr-29 (downstream of Ala-22) due to degradation by 
an aminopeptidase. 

TABLE 2. Edman degradation analysis of TBV25H. 

Cycle 10 20 30 
No. aaseq pmol aaseq pmol aaseq pmol 

--
I A 204 T 25 E 
2 K 158 V 85 A 
3 V 185 E 27 
4 T 120 K 41 A 52 
5 V 192 R 27 s 13 
6 D 77 G 22 L 33 
7 T 96 F 29 D 
8 V 109 L 28 K 25 
9 I 27 R 22 

10 K 91 Q 21 A 25 
II R 78 M 24 K 
12 G 57 s 9 V 25 
13 E 73 G T 15 
14 L 75 H 7 V 13 
15 I 67 L D JO 
16 Q 52 E 18 T 6 
17 M 59 V 6 
18 s 8 K 3 
19 G 24 K 15 
20 H 12 E 2 R 4 
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FIGURE 3. Binding of concentrated, undialyzed or dialyzed 
yeast culture supernatant to NI-NT A agarose. One liter of 
pTBV25H-transformed 2906 cells was clarified by centrifuga
tion and sterile filtration. The supernatant was concentrated to 
200 ml. Ten ml of the concentrated supernatant was added to 
0. 75 ml of NI-NTA agarose. The remaining concentrated culture 
supernatant was dialyzed continuously against 1.8 L of 2X 
PBS. Ten ml of the concentrated, dialyzed supernatant was 
added to o. 75 ml of NI-NTA agarose. Acetone-washed pellets of 
the TCA-precipitated unbound and bound fractions from con
centrated, non-dialyzed supernatants and concentrated, dia
lyzed supernatant were size-fractionated by 16% SOS-PAGE, 
and the gels stained with Coomassie Blue. Lane 1, unbound 
fraction of concentrated, non-dialyzed yeast culture superna
tant. Lane 2, bound fraction of concentrated, non-dialyzed 
yeast culture supernatant. Lane 3, unbound fraction of con
centrated, dialyzed yeast culture supernatant. Lane 4, bound 
fraction of concentrated, dialyzed yeast culture supernatant. 
Prestained molecular weight markers were run in lane MW. 

NI-NTA 

18k0a-

TCA ppt of 1 ml 20 uL of peak 
culture SN fractions 

FIGURE 4. Coomassie-stained 16% SOS-PAGE of TCA-precipi
tated yeast supernatants collected at various time points dur
ing a fed-batch, nutrient pH-controlled fermentation . (A) One 
ml aliquots of culture supernatant, collected at the times 
indicated after Inoculation, were precipitated with deoxy
cholate-trichloracetic acid and the acetone-washed pellet 
size-fractioned by 16% SOS-PAGE and then stained with 
Coomassle Blue. Prestained molecular weight markers were 
run in lane MW. (B) Binding of concentrated, dialyzed yeast 
culture supernatant to Ni-NTA agarose. Twenty µI from the 
peak fractions were size-fractionated by 16% SOS-PAGE and 
then stained with Coomassie Blue. 

lmmunogenicity and transmission-blocking activity. 
Mice immunized three times by biweekly intraperitoneal injec
tions of alum-adjuvanted TBV25-H developed antibodies to 
TBV25-H as assayed by ELISA (Table 3). Both high (37.5µg) 
and low (Sµg) dose TBV25-H groups elicited transmission
blocking activity, the high dose almost completely blocking and 
the low dose significantly suppressing oocyst development 
(Table 3). In contrast, alum-adjuvanted Pfs25-B elicited a sig
nificantly lower antibody titer, and at the lower dose it did not 
elicit substantial transmission-blocking activity. 
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FIGURE 6. Binding kinetics of TBV25H in concentrated, dia
lyzed yeast culture supernatant to Ni-NTA agarose. Ten ml of 
the concentrated, dialyzed supernatant (described in Fig. 3) 
was added to 0.75 ml of Ni-NTA agarose. Aliquots of 1.5 ml 
were taken at the time Intervals denoted, centrifuged immedi
ately, washed immediately with 2X PBS. Acetone-washed 
pellets of the TCA-precipitated bound fractions were size
fractionated by SOS-PAGE. The gel was then stained with 
Coomassie Blue. Prestained molecular weight markers were 
run in lane MW. 

TABLE 3. Transmission-blocking assay and ELISA of sera from 
mice 2 weeks after the third immunization. 

Transmission-blocking Assay ELISA 
Geometric Percent 

mean oocyst no. infectivity Mosq. infected OD410@1:1000 
lmmunogen (range) of control Mosq. alssectea mean±SD p 

TBV25H (37.5 µg) 0.24 0.7% 4/20 0.806 ±0.040 
(0-5) <0.05 

P/s25B (37.5 µg) 0.06 0.2% 2/24 0.697 ±0.032 
(0-1) 

TBV25H (5 µg) 1.13 3.3% 17/26 0.376±0.019 
( 0-11) <0.01 

P/s25B (5 µg ) 21.71 63.8 % 26/26 0.291 ±0.015 
( 1-76) 

Con1rol (alum) 33.98 100% 24/24 
(12-80) 

Discussion 
Production of an inexpensive, safe, efficacious vaccine to 

control the spread of malaria parasites has been elusive. 
Because human blood products are currently required to culture 
these parasites, it is presently infeasible, both because of cost 
and safety, to produce enough to use in an attenuated or killed 
parasite vaccine formulation . Thus the major focus of the 
malaria vaccine development research effort has been on a 
subunit approach. We have described a recombinant yeast
produced alum-adjuvanted transmission-blocking vaccine 
which is inexpensive to produce and which has a fermentation 
and purification technology that is designed to be transferrable 
to many of the final users, newly industrialized tropical coun
tries. This new vaccine candidate TBV25H (Transmission
Blocking Vaccine based on Pfs25 and tagged with six 
Histidines) appears to be an improvement on our original con
struction, Pfs25-B. As presented here TBV25H is a better 
antigen (i.e . , more readily recognized by transmission-blocking 
mAbs as assayed by immunoblot) than Pfs25-B, a more potent 
immunogen (as assayed by ELISA activity to TBV25H antigen) 
for eliciting TBV25H specific antibodies, and a more potent 
vaccine for inducing transmission-blocking immunity (as 
assayed by membrane feeding). 

A histidine-tagged nickel-binding purification strategy11 

appears to have eliminated problems of purifying recombinant 
proteins with carboxy terminal degradation. The amino termi
nus is heterogeneous, but unlike the degradation observed with 
Pfs25-B, TBV25H still elicits transmission-blocking antibod
ies. Although in many experiments we found that elution of Ni
NT A-bound TBV25H with a low pH acetate buffer gradient 
yielded protein of greater than 80% purity (for instance see Fig 
4), the gel filtration chromatography step served the dual pur
pose of further purifying the protein as well as desalting and 
exchanging to buffer compatible with formulation on alum. By 
using yeast rather than bacteria (i.e., no endotoxin) and elimi
nating the use of imidazole for elution, the only toxicity con
cerns are any inherent in the protein, and any nickel that may 
have leached from the resin. The latter is easily and inexpen
sively assayed by atomic absorption. 

Using batch fermentation starting with 2.0% glucose, yields 
of TBV25H were approximately 0.5 mg/L, and batch addition 
of 1.0% ethanol after the glucose was depleted slightly 
increased production (Kaslow and Shiloach, unpublished obser
vation). We coupled the continuous glucose then ethanol fed
batch fermentation process described by T<.61:trup and Carlsen9 

with the pH-controlled fed-batch system described by Porro 
et al 10 to increase production of TBV25H 30-fold as compared 
to batch fermentation. The pH-controlled system was added to 
the simple fed-batch fermentation protocol to regulate the rate 
of glucose supplementation to compensate for an increasing 
biomass (and thus an increasing glucose demand). The pH
controlled fed batch system exploits the observations that when 
glucose is present in adequate amounts, acetate formation 
causes a decrease in pH, and in the absence of adequate glucose, 
the accumulated acetate is utilized by oxidative metabolism 
before the accumulated ethanol is consumed and the pH 
increases. In the latter case, adding additional glucose results in 
production of new acetate and a decrease in pH. Thus , pH 
changes can be used to regulate glucose supplementation to 
keep the glucose concentration nearer a more optimal steady 
state for biomass and product production than a simple constant 
rate fed-batch method. In keeping with the goal of technology 
transfer to newly industrialized countries, the modified fed
batch fermentation protocol described here optimizes biomass 
and recombinant protein production using the simplest and least 
expensive fermentors available10 • 

Indeed we found , as did T<.61:trup and Carlsen9, that: (I) a 
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concentrations ( > 0.1 % ) repressive for recombinant protein 
expression until the optical density (OD) was approximately 30 
or above (see Fig. 6, 30 hrs.); (2) during the next 8-10 hours 
when the OD increased from approximately 20 to over 50 and 
the rate of glucose supplementation was regulated by pH 
changes, the ADH2 promotor was only partially repressed (see 
Fig. 6, 38 hrs.); and (3) replacement of glucose with ethanol for 
the last 9- 15 hours resulted in an improved product concentra
tion (see Fig. 4, 47 and 53 hrs.). Specific yields of Ni-NTA
purified TBV25H were over 15 mg/L. Although not yet an 
excellent production level by industrial standards, the amount 
produced by a few 100-L fermentations should be more than 
sufficient to conduct the human trials required to determine the 
safety, immunogenicity and even in vivo efficacy of this poten
tial vaccine for blocking the transmission of human malaria 
parasites. 

Experimental Protocol 
Host cells and media. Saccharomyces cerevisiae XV218l (a/a, trpl) 

and 2905/6 (a/a, uraJ-52, lys2-801 , ade2-101 , trpl !::,.) were grown in 
either completely synthetic, selective medium ( 2.0% glucose, 0.67% 
yeast nitrogen base with ammonium sulfate and without amino acids, and 
0 .75 CSM-Trp (Bio 101, Inc.) per liter), partially defined, selective 
medium ( 2 .0% glucose, 0.67% yeast nitrogen base, 2 % acid-hydrolyzed 
casarnino acids, 400mg/L adenine sulfate, 400mg/L uracil), or non
selective, rich medium (YPD). Trp+ transforrnants arising from electro
poration of yeast cells were plated on selective medium plates ( 2.0 % 
glucose, 0.67% yeast nitrogen base with ammonium sulfate and without 
amino acids, and 0 .75 gm CSM-Trp (Bio IOI , Inc.) and 15 gm of Bacto
agar per liter). Colonies were picked from DOBTrp- selective medium 
plates. Half of the selected colony was transferred to 2 ml of ellpansion 
medium (8.0% glucose, 0.67% yeast nitrogen base with ammonium 
sulfate and without amino acids, and 0 .75 CSM-Trp (Bio IOI , Inc.) per 
liter) in a 12-well cluster tissue culture plate, and the other half of the 
colony transferred to a cellulose acetate filter placed on top of nitrocellu
lose filter on an expression plate (3.0% ethanol, 2.0% glycerol, 0.67% 
yeast nitrogen base with ammonium sulfate and without amino acids, and 
0 .75 gm CSM-Trp (Bio IOI, Inc.) and 15 gm of Bacto-agar per liter) . To 
identify colonies that secreted rPfs25, the nitrocellulose filter was recov
ered after 24 to 48 hr incubation at 30°C, and immunoblotted with 
mAb4B7 as described previously5 • Glycerol was added to the ellpansion 
medium containing the corresponding transformant. The resulting sus
pension was used to establish I ml frozen seed lots. 

Plasmid construction. Pairs of sense and anti-sense synthetic oli
gonucleotides of 48- 117 nucleotides in length were annealed to one 
another by an 18 bp complementary overlapping sequence region at their 
3' ends. After T4 DNA polymerase-mediated synthesis of the opposite 
strand, the 5' ends of the four pairs of double-stranded fragments were 
digested with the appropriate restriction enzyme (see Fig. 1) and each 
cloned separately into subcloning vectors. The four separate subcloned 
fragments were sequenced by the dideol\ynucleotide terminator method . 
The four fragments were assembled by sequential cloning, and the com
plete, synthetic Pfs25 gene re-sequenced in its entirety. This gene served 
as a PCR template for the construction of a series of plasmids that encoded 
truncated and/or histidine-tagged rPfs25, three of which are described in 
Figure I. 

Expression of rPfs25 in shaker flasks or by fermentation. A 1ml 
frozen seed lot was thawed and used to inoculate 100ml of expansion 
medium in a Tunair"' baffled shaker flask (Tunair, Inc.). For ellpression in 
shaker flasks, l ml of overnight growth from expansion medium was used 
to inoculate 100 ml of expression medium in a baffled shaker flask. The 
cells were grown at 30°C with shaking at 250 rpm for 24- 48 hr after 
glucose was no longer detectable in the culture medium (Diastix glucose 
test strips, Miles Labs). In some experiments, I ml of pure ethanol was 
added when glucose was no longer detectable, and the culture was allowed 
to incubate a further 24 hr. For expression by fermentation, 100 ml of 
overnight growth from expansion medium was used to inoculate 3-3 .5 L 
of fermentation media (0 .5 % glucose, I % yeast extract, I % yeast nitro
gen base, 2 % acid-hydrolyzed casamino acids, 400mg/L adenine sulfate , 
400mg/L uracil). The Bioflo-lll fermentor was set to keep dissolved 
ol\ygen at or above 40% by agitation between 360 and 1000 rpm. A 
glucose rich nutrient medium (25 % glucose, I % yeast extract, I % yeast 
nitrogen base, 2 % acid-hydrolyzed casamino acids, 400mg/L adenine 
sulfate, 400mg/L uracil) was fed continuously at a rate of 25ml/hr for 
40 hr. During the first 18- 24 hr of this time period the pH gradually 
dropped below 4. 95, about which time the glucose was undetectable in the 
culture supernatant, despite the continuous glucose-rich nutrient medium 
feed. The pH then started to increase as carbon-containing weak acids 
were consumed via Ollidative phosphorylation. To supplement the contin
uous nutrient feed, glucose-rich nutrient medium was used as the acid feed 
to keep the pH below 4.95. Approximately 37- 40 hr after the initial 
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FIGURE 7. Size exclusion gel chromatography of Ni-NTA-puri
fled TBV25H. (A) The yeast culture supernatant from a 3L batch 
fermentation was concentrated, dialyzed, then bound to Ni
NTA agarose. Pooled fractions of acid eluted TBV25H were 
TCA-precipitated. The acetone-washed pellet was resus
pended In 1 ml of 1 X PBS and applied to a Superdex 75 16/30 gel 
filtration column pre-equlllbrated with 1X PBS. (B) One ml 
fractions were collected and 20 µI of each of the fractions 
denoted above the lanes was analyzed by SOS-PAGE. Gels 
were stained with Coomassie Blue. SM is a 20 µI fraction of Ni• 
NTA-purified TBV25H before gel filtration chromatography. 

MW 1 2 

18-kDa --

FIGURE 8. Analysis of TBV25H for glycosylation by digoxi
genin-conjugated glycan detection. Partially-purified TBV25H 
was size-fractionated by 16% SOS-PAGE. Lane 1 is Coomassie
stained. Lane 2 was transferred to nitrocellulose membrane 
and assayed for glycosylation using a DIG glycan detection kit 
(Boehringer Mannheim Blochemica). Prestalned molecular 
weight markers were run in lane MW. 

inoculation of the fermentor, the carbon source was switched to 30% 
ethanol with 400mg/L adenine. The culture supernatant was recovered by 
centrifugation 48 or more hr after the initial inoculation. 

Protein purification. The conditioned medium containing rPfs25 was 
sterile fi ltered through either a 0 .45 µm cellulose acetate membrane 
(Nalgene), for the shaker flask experiments , or a 0.1 µ m spiral hollow 
fiber filter fitted on an Amicon CH2, for the fermentor experiments. The 
sterile medium was concentrated using the Amicon apparatus fitted with a 
YDI0 spiral hollow fiber filter (Amicon), and then continuously dialyzed 
with either I or 2X PBS (they work equally well). The retentate was 
recovered and incubated with Ni-NTA agarose by a batch method. The 
resin was recovered by low speed centrifugation, washed four times with l 
or 2X PBS, and then loaded into a column. The resin was further washed 
with 0.2 M Na2PO4 (pH 6.8 with 0.2 M acetic acid) . A 2 % per minute 
gradient of0 % to 100% 0 .2 M NaAcetate-saline, pH4.0, was used to elute 
proteins, during which I-min fractions were collected. The flow rate was 
approllimately I ml/min. Fractions containing TBV25-H were pooled and 
precipitated with trichloroacetic acid containing 4 % deol\ycholate. The 
acetone-washed pellet was resuspended with IX PBS, applied to a Phar
macia Superdex-75 column, and fractionated using I X PBS at a flow rate 
of approximately 2ml/min. One ml fractions were collected and analyzed 
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sie blue. Total protein concentration was assayed by BCA (Pierce), using 
bovine serum albumin as the standard. 

Glycosylation analysis and mass spectroscopy. Glycosylation was 
assessed by a modification (DIG Glycan Detection Kit, Boehringer Mann
heim Biochemica) of the method of O'Shannessy et al. 12• Matrix-assisted 
laser desorption mass spectroscopy analysis was performed by M. Knier
men and J. Coligan (Biological Resources Branch, NIAID, NIH) on a 
Vestec Research Model 2000 MALDITOF mass spectrometer using 2,5-
dihydroxbenzoic acid matrix. Acceleration voltage was 25,000 kV, detec
tor voltage was set at 3,000 kV and scan time was 400µsec. 

Immunization and transmission-blocking activity. Purified 
TBV25-H and Pfs25-B (the latter a gift of I.C. Bathurst and P.J. Barr) were 
adsorbed to alum (Superfos Biosector a/s) for 30 min at room temperature 
with continuous rocking. The suspensions were then stored at 4 °C until 
used to immunize mice by the intraperitoneal route. The mice received 
three injections at two week intervals. Sera collected one and two weeks 
after the final immunization were titered by a fast ELISA method 
described by Hancock and Tsang13, modified as follows. One g/ml of 
TBV25-H in lX coating buffer (l5mM Na,CO3, 35mM NaHCO3, pH 9.6) 
was incubated with uncoated pegs for two hr at room temperature or 
overnight at 4°C. The pegs were blocked with 2% BSA in TPBS (0.05 % 
Tween-20 in IX PBS) for the same time period. Sera were then assayed al 
dilutions of l :200 and I: 1000. Alkaline phosphatase-conjugated goat anti
mouse antibody (Kirkegaard & Perry Laboratories, Inc.) diluted 1:200 
was used as the second antibody. Sigma 104® Phosphatase substrate (p
nitrophenyl disodium phosphate, I tablet/Sm! of lX coating buffer) was 
used as the substrate. The absorbance at 410 nm was read after 10-30 min. 
Transmission-blocking activity was assayed as described previously14 • 

Briefly, test sera were mixed with mature in vitro-cultured P. falciparum 
gametocytes and fed to mosquitoes through an artificial membrane (Para
filmT") stretched across the base of a water-jacketed glass cylinder. The 
parasites in the blood meal were allowed to develop in the mosquito to the 
easily identifiable oocyst stage by maintaining the mosquitoes in a secured 
insectary for 6-8 days. Infectivity was measured by dissecting the midgut , 
staining it with mercurochrome, and then counting the number of oocysts 
per mosquito midgut of approximately 20 mosquitoes. The data was 
analyzed as described previously6• 
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