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Sporozoites from allPlasmodiumspecies analysed so far
express the thrombospondin-related adhesive protein
(TRAP), which contains two distinct adhesive domains.
These domains share sequence and structural homology
with von Willebrand factor type A-domain and the
type I repeat of human thrombospondin (TSP). Increas-
ing experimental evidence indicates that the adhesive
domains bind to vertebrate host ligands and that TRAP
is involved, through an as yet unknown mechanism, in
the process of sporozoite motility and invasion of both
mosquito salivary gland and host hepatocytes. We have
generated transgenicP.bergheiparasites in which the
endogenousTRAP gene has been replaced by either
P.falciparum TRAP (PfTRAP) or mutated versions of
PfTRAP carrying amino acid substitutions or deletions
in the adhesive domains.Plasmodium bergheisporo-
zoites carrying the PFTRAP gene develop normally, are
motile, invade mosquito salivary glands and infect the
vertebrate host. A substitution in a conserved residue
of the A-domain or a deletion in the TSP motif of
PfTRAP impairs the sporozoites’ ability to invade
mosquito salivary glands. Notably, midgut sporozoites
from these transgenic parasites are still able to infect
mice. Midgut sporozoites carrying a mutation in the
A-domain of PfTRAP are motile, while no gliding
motility could be detected in sporozoites with a TSP
motif deletion.

Keywords gene complementation/gliding motility/
malaria/TRAP

Introduction

The thrombospondin-related adhesive protein
Plasmodium falciparum(PfTRAP) is encoded by a

of

with the von Willebrand factor type A-domain (Sixma
et al, 1991). This sequence is clearly related to the
inserted domain (I-domain) of the chain of certain
integrins, such as CD11b (Lest al, 1995b). In TRAP,
the A-domain is followed by a stretch of 40 amino acids
encompassing a motif similar to the type | repeat of
thrombospondin (TSP) (Lawler and Hynes, 1986). At
the C-terminal end, all TRAP molecules have a highly
conserved hydrophobic stretch of amino acids displaying
the features of a transmembrane domain. This region is
followed by a putative acidic cytoplasmic tail of ~43-45
amino acids. These structural features, together with the
localization of TRAP within the micronemes and on the
sporozoite surface (Rogeet al, 1992), suggest a role
for this molecule in the process of parasite recognition of
vertebrate host and/or arthropod vector ligands (Naitza
et al,, 1998).

Recombinant TRAP from the human parasite
P.falciparum(PfTRAP) has been shown to bind to sulfated
glycosaminoglycans (GAGs), to a human hepatocyte-
derived cell line (HepG2) and to the basolateral cell
membrane of human hepatocytes in the space of Disse
(Mdiller et al,, 1993; Robsoret al, 1995). The adhesive
region of PfTRAP was mapped to a 60-amino-acid region
that encompassed the TSP-related motif (TRM) {(stu
et al, 1993). In contrast, the functional significance of
the A-domain has not yet been clarified. By analogy with
vertebrate integrin, this domain is anticipated to confer to
TRAP the ability to interact with several host molecules.
These possible ligands include collagen, the major comple-
ment C3 opsonin (iC3b) (Uedet al.,, 1994), intercellular
adhesive molecule 1 (ICAM-1) (Randi and Hogg, 1994),
and the coagulation factors fibrinogen or factor X (Altieri
and Edgington, 1988). Attempts have so far failed to show
interaction of known A-domain ligands with malaria
sporozoites and/or recombinant TRAP constructs. More-
over, Plasmodium yoelisporozoites were shown to infect
mice with targeted deletions of either the ICAM-1 or the
complementary C3 genes (Sultahal., 1997a).

Recent experimental evidence indicated that the adhes-
ive properties of TRAP may be functionally linked to
the process of substrate-dependent motility of malaria
sporozoitesPlasmodium bergheiporozoites were shown
to shed a continuous trail of TRAP-containing material
during gliding motility on microscope slides, and antibod-
ies against TRAP dramatically blocked parasite motility
(Spaccapelet al., 1997). Transgenie.berghesporozoites
in which the TRAP gene had been disrupted were not

sporozoite-transcribed gene. PfITRAP homologues havemotile, failed to invade mosquito salivary glands and

been found in allPlasmodiumspecies analysed so far,
which share a similar overall structure (Robsenal.,
1997, 1998; Templeton and Kaslow, 1997; Naittaal,

showed a drastic reduction in their ability to infect host
hepatocytes (Sultaet al., 1997b). It has been speculated
that TRAP could function by connecting the parasite

1998) (see Figure 1B). The N-terminal region encompassesactin—myosin motor with external substrates and/or by
a 200-amino-acid sequence that shows structural homologydelivering a specific signal upon binding to host ligands

5195

© European Molecular Biology Organization



K.Wengelnik et al.

[smmelloe-1 P. falciparum TRAP gene
P. berghei TRAP gene [==l===] T. gondii DHFA-TS gene

P. berghei TRAP 3' UTR EXN P. berghei DHFAR-TS 3UTR
[ P. berghei TRAP 3' region P. berghei DHFR-TS 5'UTR

Bl ~. berghsi TRAPS' UTR

B
Nl W7/ NS

signal  A-domain TRM RGD proline-rich ™
sequence region

PETRAP WDEWSPCSVTCGKGTRSRKREIL 269

* kkk Kk kK * * * Kk k *

PbTRAP WEEWSECSTTCDNGTKIRKRKVL 263

Cc

PETRAP RENANQLVVILTDGIPDSIQD 170

* kk kkk kkhkkkkk

PbTRAP RPNAIQLVIILTDGIPNNLKK 165

D

Fig. 1. (A) Schematic representation of the genomltTRAPlocus

(top line), the DNA construct used for gene targeting (middle line) and
the genomic organization of the resulting transgénimerghei

parasites. Three DNA fragments from the untranslated regions (UTR)
5" and 3 of the PbTRAPgene were cloned adjacent to tRETRAP

gene and the selectable marker, the pyrimethamine-resistant form of
the Toxoplasma gondii DHFR-T®anscription unit. Double cross-over
at the ends of the linear DNA construct with homologous genomic
sequences leads to the deletion of the endogeRbIRAPgene, its
replacement by th€fTRAPgene and the insertion of the selectable
marker. Arrows indicate the direction of transcription. The relative
positions of theHincll sites (H) and the three probes (a, b, c) used in
Southern blot analysis are indicate8) (Diagram of PfTRAP and its
structural features. The relative positions of the adhesive domains
(A-domain, TRM and RGD motif), the signal sequence and the
transmembrane (TM) domain as well as the proline-rich region are
shown. The bar above the diagram indicates the sequences deleted in
the TRAP knock-out.€) Sequence alignment of the TRM from
PfTRAP and PbTRAP. The boxed sequence has been deleted in the
PfTRAP TRM mutant. D) Sequence alignment of a part of the
A-domain of PfTRAP and PbTRAP. Identical residues are marked by
an asterisk. The labelled aspartate has been substituted by an alanine
in the PfTRAP A-domain mutant.

(Sultanet al., 1997b). This hypothesis takes into account
the microneme/surface localization of TRAP (Rogetral.,
1992), its adhesive properties for host ligands™(|stu
et al, 1993) as well as the phenotype of TRAP knock-
out parasites (Sultagt al., 1997b). The individual function
of the two adhesive domains of TRAP and their role in
parasite motility, sporozoite recognition and invasion of
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salivary glands in the mosquito and of hepatocytes in the
vertebrate host remain unexplained. In particular it is not
clear whether the potential recognition of ligands by the
A-domain and the TRM only provides attachment to

substrates for sporozoite gliding, or if it also determines
the specificity of malaria sporozoites for mosquito salivary
glands and host hepatocytes.

To address these questions we have carried out a
structure—function analysis of TRAP. We have developed
transgenid?.bergheisporozoites in which the endogenous
TRAPgene has been replaced by either wild-tjgF€RAP
or distinct versions of PfTRAP mutagenized in the
A-domain and the TRM. These transgenic parasites have
been analysed for their ability to invade mosquito salivary
glands, infect mice and glide on glass surfaces.

Results

Development of PbTRAP targeting vectors

Although the development of gene transfer technology in
Plasmodiumparasites has offered a great opportunity to
study gene functiom vivo, its full potential is limited by

the availability of one selectable marker. Transformed
P.bergheican be selected only by using a mutated version
of dihydrofolate reductase-thymidylate synthaB#FR-

T9 that confers resistance to the antimalarial pyrimetham-
ine (van Dijk et al, 1995). To overcome this limitation,
constructs were designed to achieve deletion of the endo-
genousPbTRAPgene, insertion of wild-type or mutated
PfTRAP versions, and the insertion of the selectable
marker transcription unit in a single transformation event.
The DNA was introduced into the genome by double
cross-over homologous recombination. This approach has
the advantage of being non-reversible, in contrast to gene
targeting mediated by single homologous recombination
(Sultanet al,, 1997b), and overcomes the parasite repair
mechanism. Small mutations within the homologous gene
targeting sequences have recently been shown to be
replaced by wild-type sequencedierghe(Nuneset al.,
1999). Furthermore, the replacement of the endogenous
PbTRAPRgene withPfTRAPwiIll facilitate the identification

of transgenic parasites at any given stage of the life
cycle by using either species-specific PCR primers or
monoclonal antibodies. The transformation construct,
which has been used to repldeb TRAPby PfTRAP(ITO

4 isolate), is represented schematically in Figure 1A.
Untranslated regions (UTRs) @nd 3 of the PbTRAR
coding sequence were cloned to flank ®#&RAPgene

and theDHFR-TStranscription unit in the plasmid con-
struct. The 5UTR spanning 0.8 kb immediately upstream
of PbTRAPwas inserted in front of the complete wild-
type PfTRAPgene. Although the 'SUTR has not been
characterized in terms of promoter activity, recombination
with the homologous region in the genome will place the
PfTRAPgene under the control of #bTRAFS' regulatory
sequences. The contribution of thé BTR to transcrip-
tional regulation and stability of the transcript has not
yet been elucidated ifPlasmodium To overcome any
problems that might arise, we inserted a 1.6 kb DNA
sequence from thePbTRAP 3’ UTR downstream of
PfTRAP The DHFR-TS selectable marker transcription
unit was cloned in the inverse orientation to the transcrip-
tional direction of theTRAPgene on the assumption that
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this would avoid transcriptional interference of the two g = E g 2 20 2 % a
units. TheDHFR-TSgene ofToxoplasma gondivas used d3EE48 3E54% 45549

as the selectable marker because it results in 100-fold 4g =—
higher resistance to pyrimethamine tHaherghei DHFR-
TS(Waterset al,, 1997). This gene is under transcriptional
control of 8 and 3 UTRs from theP.berghei DHFR-TS 4
locus. A fragment of 1 kb located 1.6 kb downstream of 3
PbTRAPwas cloned at the extremity of the construct 2.5 ® o
to supply the DNA end for the second homologous :
recombination event. Double homologous recombination = (o - -
at the ends of this linear DNA construct will lead to: ' b

- m—

(i) the deletion of endogeno®hTRAR (ii) its replacement
by PfTRAPat a position identical to that of the wild-type
genome and under the control of endogenous regulatory
sequences; and (iii) the insertion of the selectable marker 05— I
downstream oPfTRAP(Figure 1A). This construct was i _
cloned in a pUC19 vector and named pTV-WT. i i
Three TRAP mutated constructs were generated using "
derivatives of the plasmid pTV-WT. Deletion of a 1090 bp ~ Prebe: a b ¢
Bglll fragmer_lt within thePfTRAPgene (pOSItIOI’]S 1‘_11_ Fig. 2. Southern blot analysis of transgenic clones. Total genomic
1231: plasmid pTV-1) generated a truncated version of pNas of P.bergheiwild type (WT), the TRAP knock-out clone L3-19,
PfTRAP with a frameshift mutation after amino acid 48 the PfTRAP replacement clone 87-11, the PfTRAP A-domain mutant
(Figure 1B). This PITRAP Bdll fragment was also  clone L5-13 and the PfTRAP TRM deletion clone L8-9 were digested
replaced with two mutateﬂ’fTRAPsequences. A 45 bp with Hincll, separated on a 1% agarose gel and_blotted onto nylon
. . . membrane. The same membrane was consecutively hybridized with a
deletion in the TRM resulted in the loss of the most p;pe from thePbTRAPS' UTR (a), thePbTRAPgene and its 3
conserved portion of this adhesive domain (amino acids UTR (b) and theT.gondii DHFR-TSgene (c) (see Figure 1). DNA
250-264, WSPCSVTCGKGTRSR) (plasmid pTV-TRM) marker sizes are given in kilobases on the left.
(Figure 1C). A second construct contained a single Ato C
point mutation at position 485 that led to the substitution demonstrated using probe b, encompassing the majority
of the highly conserved Aspl62 residue by alanine of the PbTRAP sequence and 2.8 kb of its' 3JTR
(plasmid pTV-A) (Figure 1D). This mutation is predicted, (Figure 1). This probe hybridized to the same digestion
by analogy to the effect of a similar mutation (D242A) fragments as in sequence a together with a 2.2 kb fragment
in the A-domain of huma2 integrin CD11b, to disrupt  originating from the 3sequences d?bTRAPIn the wild-
the correct folding of TRAP. X-ray crystallography of type DNA (Figure 2). The presence of the same 9 kb
CD11b has shown that this aspartate is a crucial residuefragment in all five clones indicated that the region to the
of the metal-ion-dependent adhesion site (MIDAS) of the right of the recombination event has not been rearranged.
A-domain (Leeet al, 1995a,b). The D242A mutation By using theT.gondii DHFR-TSgene as probe c, we
resulted in a loss of binding to divalent cations as well as demonstrated that the selectable marker had been correctly
to the ligand opsonin iC3b (Michishitat al., 1993). maintained after insertion in the four transgenic clones
By using the constructs pTV-WT, pTV-1, pTV-A and and was absent from the wild-type parasite DNA. PCR
pTV-TRM in gene targeting experiments dhberghei analysis using primer pairs specific @b TRAFor PfTRAP
schizonts, we have generated the transgenic parasite popuwas used throughout this study as a rapid and sensitive
lations 87 (wild-type PfTRAP replacement), L3 (PbTRAP assay for monitoring the transformed parasite populations
knock out), L5 (PfTRAP A-domain mutation), and L8 and the selected clones. Restriction polymorphisms in the

(PfTRAP TRM deletion), respectively. PfTRAPconstructs were used to differentiate between the
mutants, e.g. gain of Bvul site in the A-domain mutant,
Molecular analysis of the transgenic parasites or loss of aKpnl site in the TRM mutant (data not shown).

Transgenic parasites were selectedivo by their resist-

ance to pyrimethamine, and cloned by limiting dilution. Life cycle of the transgenic parasites: PFTRAP

Clones 87-11, L3-19, L5-13 and L8-9 were used for all complements for PbTRAP function

further studies. Southern blot analysis demonstrated thatWe did not observe differences in blood-stage replication
double homologous recombination had been achieved asand the development of gametocytes when comparing
expected in all four transgenic clones. Probe a, encom-wild-type parasites with the transgenic clones. Exflagella-
passing thePbTRAPS5" UTR and part of thePfTRAP tion of male gametes and fertilization occurred in trans-
sequence (Figure 1) showed, orHancll digest of total genic parasites with kinetics similar to the wild-type
DNA, the correct integration event at the left end of the parental strain, giving rise to morphologically normal
construct (Figure 2). A digestion fragment of 3.5 kb ookinetes in ookinete culture medium (data not shown).
present in the wild-type DNA increased in size in the Naive Anopheles stephensiosquitoes were fed on mice
transgenic parasites to 4.5 kb in the knock-out and to infected with the PfTRAP replacement clone 87-11 and
5.6 kb in the other three mutants, respectively. This changethe development of the parasites was monitored. Oocysts
in electrophoretic mobility was due to the presence of a developed comparably tB.bergheiwild type. At day 14
Hincll site within PbTRAPwhich was absent iRfTRAP post-infection (p.i.), ~30% of the oocysts from both clones
The integration of the right-hand end of the construct was contained sporozoites. Salivary glands were dissected and
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antl CS proteln mAb 8.1 antl PbTRAP mAb 7E4 anti PITRAP mAb 19F7
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Fig. 3. Confocal fluorescence (dark field) and transmission microphotographs (bright fihhesfiheisporozoites. Wild-type and 87-11 salivary
gland sporozoites were stained with mAb 8.1, 7E4 and 19F7 directed a@diesgheiCS protein, PbTRAP and PfTRAP, respectively.
Magnification X630, plus zoom factor 2.0 for image acquisition. Scale a0 um.

homogenized at day 21 p.i. Salivary gland sporozoites the infectivity of both wild-type and 87-11 sporozoites
were analysed for the expression of PfTRAP by immuno- was comparable. A minimum dose of 100 sporozoites
fluorescence (IF) using the monoclonal antibodies (mAb) from wild-typeP. bergheand 87-11 parasites was required
19F7 (Muler et al, 1993) and 7E4 directed against to initiate an infection in mice (Table I). The period
PfTRAP and PbTRAP, respectively. The mAb 19F7, raised between sporozoite injection and the appearance of first
against bacterial recombinant PfTRAP, has previously blood-stage parasites (prepatent period) was similar in
been used to analyse the expression and the localizationwild-type and 87-11 parasites. C57BL/6 mice have been
of PfTRAP during sporozoite ontogeny (Mer et al, chosen for this study because of their high susceptibility
1993; Robsoret al, 1995). Here we have generated the to P.bergheiinfection. We obtained similar results when
mAb (7E4) directed against the proline-rich region of using the less susceptible BALB/c mice strain. In this
bacterial recombinant PbTRAP (details in Materials and case a dose of 1000 salivary gland sporozoites was needed
methods). Sporozoites from clone 87-11 were stained by to infect mice with a prepatent period of 5-6 days (data
mAb 19F7 (Figure 3), while this mAb did not recognize not shown). These results demonstrated that PfTRAP
wild-type P.bergheisporozoites. mAb 7E4 did not react could replace PbTRAP irP.bergheiand provided the
against 87-11 sporozoites, but stained wild-t{jdeerghei rationale for using this clone as a reference for evaluat-
sporozoites. These findings demonstrated that the mAbing the phenotype of transgenic parasites expressing a
employed could distinguish PfTRAP from PbTRAP. The mutated PfTRAP.
epitope recognized by mAb 19F7 has been mapped to the
proline-rich region of PfTRAP (Robscet al., 1995). This Development of transgenic parasites carrying a
region is highly divergent in length and sequence between mutated PfTRAP gene
PbTRAP and PfTRAP, with only 28% identical residues, Anopheles stephensiosquitoes were fed on mice infected
which are mainly proline and glutamate. In IF, both 19F7 with the A-domain mutant clone L5-13 or the TRM mutant
and 7E4 showed the same staining pattern, inside theclone L8-9. Their development in the mosquito was
sporozoite anterior and posterior to the nucleus, in 87-11 monitored and compared with 87-11 and the TRAP knock-
and P.berghei wild-type sporozoites, respectively. The out L3-19. Sporozoite-containing oocysts of transgenic
expression of the circumsporozoite (CS) protein was clones were easily observed in dissected midguts at day
unaffected in the transgenic parasite; both wild type 14 p.i. No significant differences in the average number
and 87-11 showed a dense and uniform staining of and size of the oocysts were observed (Table Il). Sporozo-
the sporozoite surface using mAb 8.1 directed againstites were collected from the midgut of infected mosquitoes
P.bergheiCS protein (Suhrbieet al., 1990) (Figure 3). dissected from day 16 to 18 p.i. To overcome the bias
The infectivity of P.berghei sporozoites expressing due to different infection levels in distinct mosquito
PfTRAP for the vertebrate host was analysed by feeding batches, the number of recovered sporozoites in the gut
40 infected mosquitoes on two naive C57BL/6 mice. was expressed as the mean number of sporozoites per
Blood-stage parasites were observed in Giemsa-stainedoocyst. Again, no major differences could be detected by
blood films in both mice 5 days after exposure to the comparing the four transgenic clones; only clone L8-9
infective bites. PCR analysis on DNA extracted from appeared to develop fewer sporozoites in the gut (Table ).
these parasites revealed the presencBféRAPand the The number of sporozoites in the mosquito salivary glands
absence ofPbTRAP (data not shown). These findings was assessed from day 21 to 24 p.i. While an average of
indicated thaP.bergheiparasites in which the endogenous 3750 sporozoites were detected in glands infected with
TRAPgene has been replaced by PITRAP are capable ofreference clone 87-11, expressing the ITO 4 variant of
completing the sporogonic cycle. To compare the infectiv- PfTRAP, either none or very few sporozoites were reco-
ity of P.bergheiwild-type and PfTRAP-expressing sporo- vered from salivary glands of mosquitoes infected with
zoites, we have injected several groups of naive C57BL/6 the A-domain mutant, the TRM mutant and the TRAP
mice with increasing numbers of wild-type and transgenic knock-out parasites (Table Il). The calculated number of
salivary gland sporozoites. This experiment revealed that salivary gland sporozoites per oocyst indicated a 30- to
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Table I. Infectivity of salivary gland sporozoites to C57BL/6 mice

Cloné No. of injected sporozoites No. of infected nfice Prepatent peridd
Wild type 20 0/3 -
100 2/3 5.0
1000 3/3 3.6
10 000 3/3 3.0
87-11 20 0/3 -
(replacement) 100 7111 5.5
1000 13/13 5.0
10 000 4/4 35

3Plasmodium berghaiild type and PfTRAP replacement clone 87-11.
PNumber of mice infected out of the total number of mice injected.
®Period in days between injection of sporozoites and appearance of first blood-stage parasite.

Table Il. Development of transgenic parasitesArstephensi

Cloné* Percentage Oocysts Sporozoites Sporozoites Midgut Salivary gland
of infected per gut per gut per salivary sporozoites sporozoites
guts gland per oocyst per oocyst

87-11 (replacement) 7% 10 34+ 13 18 000+ 8485 3750+ 1848 585+ 260 150+ 148

L3-19 (knock-out) 75+ 8 41+ 13 23333+ 13769 18+ 17 539+ 189 0

L5-13 (A-domain) 86+ 6 39+ 12 20 500+ 5635 170+ 207 611+ 407 55

L8-9 (TRM) 83+6 29+ 14 8717+ 2270 57+ 38 333x 127 3+x2

All values are given with their standard deviation and are the mean of three independent infections. A minimum of 45 mosquitoes were analysed for
the number of oocysts per gut and a minimum of 75 mosquitoes were dissected to determine the number of sporozoites per midgut and salivary
gland for each parasite clone.

3PfTRAP replacement clone 87-11, TRAP knock-out clone L3-19, PfTRAP A-domain mutant clone L5-13, PfTRAP TRM deletion clone L8-9.

50-fold reduction of salivary gland invasion by both clone sporozoites induced to glide at 37°C for 1 h (Figure 5).
L5-13 and L8-9 compared with 87-11, while all transgenic In most cases, the trails consisted of several circles of
parasite clones produced a similar number of midgut immunoreactive material. Gliding motility of wild-type
sporozoites per oocyst (Table Il). These findings indicated P.bergheisporozoites varied between different prepara-
that sporozoites carrying a mutation in either the A-domain tions; in general>20% of the parasites left immuno-
or the TRM of PfTRAP behaved similarly to TRAP knock- reactive trails of CS protein after temperature induction.
out parasites (Sultagt al, 1997b) in their developmentin  We also detected gliding motility in 87-11 sporozoites
the mosquito vector; these sporozoites are strongly (Figure 5); however, most of the trails were short and did
impaired in their ability to invade salivary glands. not exceed more than two turns. The percentage of motile

No useful numbers of salivary gland sporozoites could 87-11 sporozoites was lower than that observed with
be obtained from mosquitoes infected with the A-domain wild-type sporozoites, ranging between 2 and 10%. To
mutant, the TRM mutant or the TRAP knock-out clones. investigate this difference further, freshly dissected sporo-
This limitation dictated the use of midgut sporozoites to zoites from wild-type and transgenic 87-11 parasites were
compare the expression of PfTRAP by L5-13, L8-9, L3- mixed at a ratio of 1:1 and exposed to 37°C. Sporozoite
19 and 87-11 parasites. As shown in Figure 4, anti- motility of each of the two clones in the mixed population
PbTRAP mAb 7E4 did not stain in IF sporozoites originat- was analysed by double IF using anti-CS protein mAb
ing from the L5-13, L8-9, 87-11 and knock-out clones. 8.1 in combination with either anti-PfTRAP 19F7 or anti-
At the same time, all sporozoites were stained by the anti- POTRAP 7E4. As a control, sporozoites from the same
CS protein mAb 8.1. Expression of PfTRAP could be preparations were induced to glide separately. Under these
detected by using 19F7 in sporozoites from the clone experimental conditions, wild-type and 87-11 sporozoites
87-11, L5-13 and L8-9 sporozoites. As expected, the mAb showed a similar gliding pattern. The percentage of motile
19F7 did not react with the TRAP knock-out parasites. parasites was similar and the trails were short. These
Expression of TRAP is very weak in sporozoites obtained findings would suggest that the apparent difference in
from midguts, as previously reported (Robsen al., motility when the clones were observed individually could
1995). However, the localization of the protein inside the be due to a non-specific effect of salivary gland debris in
parasite on both sides of the nucleus was identical for all the different preparations.

TRAP-expressing sporozoites. For the two PfTRAP mutant clones L5-13 and L8-9,
we performed motility assays with sporozoites collected
Gliding motility of the transgenic parasites from midguts at day 18 p.i. Sporozoites of this develop-

We analysed the motility of the parasites by using the mental stage are known to have a strongly reduced ability
anti-CS protein mAb 8.1 in IF analysis to detect CS protein to glide when compared with salivary gland sporozoites
trails shed behind salivary gland sporozoites moving on (Vanderberg, 1974). The trails were considerably shorter,
glass slides (Stewart and Vanderberg, 1988). Circular usually not exceeding 1-2 full circles. We could occasion-
and S-shaped trails were easily detected in wild-type ally detect circular or S-shaped trails that could clearly be
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identified as the result of gliding motility of 87-11 midgut that midgut sporozoites are significantly less infective than
sporozoites. The percentage of gliding sporozoites wassalivary gland sporozoites (Vanderberg, 1975; Touray
below 1%. Faint and short trails of CS protein-reactive et al, 1992). However, even injecting 10-fold more
material were also shed by L5-13 sporozoites (PfTRAP sporozoites of the same or different preparations did
A-domain mutant) upon exposure to 37°C (Figure 5). not always lead to 100% infection. By injecting 10 000
After analysing 3000 L8-9 midgut sporozoites from a sporozoites of clone 87-11 we did not observe infections,
series of independent mosquito infections, we failed to whereas some mice developed a parasitaemia after the

detect CS protein trails resulting from gliding motility. injection of 100 000 sporozoites. In this experiment the
percentage of infected mice (31%) was similar to those

Effect of PFTRAP mutations on the infectivity for observed using wild-typd>.berghei midgut sporozoites

the vertebrate host (50%). As previously described, TRAP knock-out midgut

We have investigated whether the mutations introduced sporozoites were not able to initiate the infection in the
in the A-domain and TRM of PfTRAP affected sporozoite vertebrate host (Sultamet al., 1997b). Similarly, in our
infectivity for the mammalian host. These experiments experiments up to one million TRAP knock-out sporozo-
were performed by injecting mice with midgut sporozoites ites failed to infect C57BL/6 mice. Notably, 100 000
collected, at days 16—18 p.i., from the transgenic clones midgut sporozoites from clones L5-13 and L8-9 did infect
L3-19, L5-13, L8-9 and 87-11, as well as frorberghei one out of eight (12%) and two out of nine (22%) of the
wild-type parasites. An increasing number of parasites injected mice, respectively. These values are not far from
were injected i.v. in naive C57BL/6 mice. The results the percentage (31%) of mice infected by injecting 100 000
shown in Table Il originated from a series of independent PfTRAP wild-type midgut sporozoites. The prepatent
experiments. Blood-stage infections were initiated by a period of all PFTRAP-expressing parasites was somewhat
minimum of 10 000P.bergheimidgut sporozoites. This longer than that of wild-typd”.berghei The identity of
finding is in agreement with previous observations showing the parasites recovered from the blood of the parasitized

anti CS5 protein mAb 8.1 anti PETRAP mAb 7E4 anti PITRAP mAb 19F7

Wiid type

B7-11
(Replacement)

L3-18
(Knock out)

L513
{ A-domain)

LB-g
(TRM)

Fig. 4. TRAP expression in midgut sporozoites by transgenic parasites. Confocal fluorescence (dark field) and transmission microphotographs (bright
field) of midgut sporozoites d?.bergheiwild type, PfTRAP replacement 87-11, TRAP knock-out L3-19, PfTRAP A-domain mutant L5-13 and

PfTRAP TRM mutant L8-9 (from top to bottom). The preparations were processed for IF using the mAbs 8.1, 7E4 and 19F7. Magnif&ation

plus zoom factor 2.0 for image acquisition. Scale baf0 pm.
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mice was verified by PCR and restriction analysis (data complemented by a mutant version, has been hampered
not shown). These analyses ruled out contaminations orby the availability of only one selectable marker. Two

genetic reorganization events in the TRAP locus.

Discussion

The development of gene-targeting technology.rerghei
has allowed a preliminary functional characterization of
genes expressed during the mosquito stageaéikiiet al.,
1997; Sultanet al, 1997b). Structure—function analysis
of insertions, deletions or point mutations, in which the

mechanisms of integration of homologous DNA are pos-
sible inP.berghei(Ménard and Janse, 1997). Single cross-
over of homologous DNA can lead to mutagenesis by
insertion of a linearized plasmid (integration of a mutated
copy into the target locus and concurrent disruption of the
duplicated wild-type gene). However, this event has been
shown to be reversible, leading to restoration of the wild-
type gene (Meard and Janse, 1997; Sultanal., 1997b).

Moreover, recent observations indicate tRadtergheipos-

endogenous target gene is first disrupted and subsequentlygesses repair mechanisms to correct small mutations in

Wild type

87-11
{Replacement)

L5-13
(A-domain)

Fig. 5. Gliding motility of transgenic parasites. Salivary gland
sporozoites oP.bergheiwild type (top) and PfTRAP replacement
87-11 (middle) and midgut sporozoites of PFTRAP A-domain mutant
L5-13 (bottom) were incubated at 37°C in culture medium before
processing for confocal IF using anti-CS protein mAb 8.1. Motile
sporozoites shed circular trails of material recognized by the CS
protein antibody. The corresponding transmission microphotograph is
shown on the right. Magnificatiox 630, plus zoom factor 2.0 for
image acquisition. Scale bar 10 um.

homologous regions during the initial recombination event
(Nuneset al., 1999). Gene replacement by double homo-
logous recombination proved to overcome all these limita-
tions. Our constructs were able to replace the endogenous
PbTRAPgene withTRAP from a differentPlasmodium
species and to introduce the resistance marker without
changing the expression pattern of the targeted gene. All
DNA constructs contained three regions of homology with
the genomicTRAP locus: two short regions at the end
of the linearized construct and a longer central region
downstream of th& RAP gene. We obtained the desired
recombination event at the ends of the DNA construct in
all successful transformations in spite of the presence of
a central sequence of homology. This is consistent with
the observation that the ends of a linear DNA molecule
contribute more efficiently to the recombination event
than does its central region (Hinnehal,, 1978). Previous
reports have shown that transgerdergheiexpressed
correctly folded and processed AMA-1 éffalciparum
that was localized to the rhoptries of mature schizonts,
similar to what is observed iR.falciparum(Kockenet al,
1998). Similarly, the expression and the localization of
PfTRAP in transgenic sporozoites were indistinguishable
from those of PbTRAP in wild-typ&.bergheiparasites.
Our findings provide the first example of functional
complementation by a heterologous genélasmodium
TransgenicP.bergheiparasites in which the endogenous
TRAPgene has been replaced BfTRAPof ITO 4 isolate
efficiently completed the full malaria life cycl&/e could

not detect any difference in the infectivity of salivary
gland sporozoites when compariRdergheiwild-type to
PfTRAP replacement sporozoites in the two mouse strains
used. On the basis of these findings we concluded that
TRAP does not restrict the host range infectivity of malaria
sporozoites.

Table Ill. Infectivity of midgut sporozoites to C57BL/6 mice

Cloné No. of injected sporozoites No. of infected mfice Prepatent peridd
Wild type 10 000 3/9 5.0
100 000 4/8 4.5
87-11 10 000 0/6 -
(replacement) 100 000 4/13 6.0
L3-19 100 000 0/2 -
(knock-out) 1000 000 0/5 -
L5-13 100 000 1/8 6.0
(A-domain) 400 000 2/8 5.5
L8-9 (TRM) 100 000 2/9 6.0

8Plasmodium berghewild type, PFTRAP replacement clone 87-11, TRAP knock-out clone L3-19, PfTRAP A-domain mutant clone L5-13, PfTRAP

TRM deletion clone L8-9.
bNumber of mice infected out of the total number of mice injected.

®Period in days between infection and appearance of first blood-stage parasites.
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TRAP is currently being investigated for its ability to introduced PfTRAP RGD motif could ‘complement’ for
elicit protective immunity in a sporozoite vaccine (Gilbert the lack of a disrupted adhesive domain in the TRM-
et al, 1997; Schneidest al,, 1998) and in a multicompon- and the A-domain PfTRAP mutants. Alternatively, the
ent malaria vaccine (Tinet al, 1996; Ockenhouset al., A-domain and the TRM could have a redundant function in
1998; Shiet al., 1999). Previous reports have demonstrated the process of sporozoite invasion of liver cells recognizing
that antibodies and cytotoxic T cells directed against similar ligands.

TRAP of differentPlasmodiunspecies can interfere with
sporozoite infectivity of hepatocytes (Potocnjek al.,
1980; Rogeret al., 1992; Miller et al., 1993). Our results
demonstrate that the sporozoites can support considerabl®®NA constructs
variations in the TRAP amino acid sequence without (e eenis 2 Ebsutegerc e (Breum o, S0
showing any apparent_changg in their infectivity. In fact, pblibK and p%libA, thartJ cover 0.8 kb of thebTRAPupstream region ’
only 39% of the residues in PbTRAP and PfTRAP ang 2.8 kb of thebTRAPdownstream region, respectively. These clones
are identical. These findings may explain the sequencewere partially sequenced and used as templates in PCR. Oligonucleotides
variability observed in PfTRAP frorR.falciparumisolates ?E}Oge(ng%%% géig?gg&%%?gﬁf;)c-@ anl_l:, #g107

. . . .. - - mpliti
(.RObsonet .al" 1990’ 1998) and hlgh“ght pOSSIble limita- 1 kb fragment 1.6 kb downstream of tRbTRAPstop codsn.Ql'hii P(?R
tions of using thI_S molecule as a \_/accme' . product was cloned as Hindlll fragment (restriction enzyme sites are

PfTRAP and its homologues ifPlasmodium Toxo- underlined in the oligonucleotide sequences) in plasmig.pRy.Dg
plasma Eimeria and Cryptosporidiumshare an extra-  (Waterset al, 1997) at the 5end of theDHFR-TStranscription unit,
cellular adhesive domain, a putative transmembrane ‘gﬂigg gonseirs]fagg ttr*]‘g b"ey,”'.l’e‘itgi."éﬁe{?fﬁﬁ? JC%VF’Q“S thg‘_ﬁr?gl(l’l“
sequence and a cyt_oplasm|c tail (Naietzal, 1998). This . site nextstg thd)HFR-Tégege and ®anHI site internal to the inserted
structural organization suggested that TRAP may function pna fragment were deleted by partial digestion, fill-in and religation,
by connecting the parasite actin-myosin motor with resulting in plasmid pTV. Oligonucleotides #1'{6 GGGGATCCATTT-
external substrates or by delivering a specific signal upon CTTTTTATAAGGG-3) and #109 (5SGGGGGTACCAAGCTTCCTA-
bincing to host igands (Spaccapath al, 1997; Sutan  4ATATSTTACAC 9) anpiied 08 0 fagners for WeTine
etal, 1997b; Naitzaet al, 1998; Sibleyet al, 1998). The  gjigonycleotides #2 (5GGGGGATCCTTTTAATAAACATATAT-
initial micronemal localization of TRAP, its adhesive ATCTAG-3) and #3 (53-GGGGAGCTCGGTACCTGATGAATATG-
properties and the impaired motility of TRAP knock-out ACCAAC-3') amplified the 1.6 kb 3 UTR of PbTRAP directly
sporozoites would support either of these hypotheses. Ourﬂo"r;”g;ﬁ_'”r g;éhgamfl ;anap ffgd%’;ngmirr‘] pfg?u‘écgzriwgﬁ C'?\;‘if‘d as
results reve.aled that a_smgle amino acid SUbS_tItUtI(.)n In plgsmid p53. The 146 bp N-term%nal and 45% bp C-’[grmir’la%J reg?ons
the A-domain or a deletion of the TRM severely impaired of the coding sequence d?falciparum TRAPwere amplified from
the ability of the sporozoites to invade salivary glands. genomic DNA (ITO 4 isolate) (Robscet al., 1990) by oligonucleotides

Notably, sporozoites from the PfTRAP A-domain mutant z‘igo ((55ggg(%ﬁé%ﬁéﬁéﬁggS%\ACATTTGCTg-3)d #al%dl
; i i - -3), an
pe(ljr.agtte(? ghot\;]ved some degfjreCeS of ?I'.d'ng n:_otlhtty .?S (5'-GGGGGATCCATTCCATATTCACCATTACCTCC-3 and #102

indicated by the preésence of Lo-protein-reactivé trallS. (5. gGAGATCTTTAATTCCACTCGTTTTCTTCAGGTAA-3),

Altogether, these observations strongly indicated that respectively. The PCR products were inserteBasHI-Bglll fragments
TRAP is implicated in the recognition and invasion of consecutively in theBanHl site between the '5and 3 UTRs in p53
salivary glands by the sporozoite, and that this process is(BanmHI and Bglll have compatible overhangs and ligation leads to the

- o . . - . loss of both sites). The insert was then cloned &pal fragment into
functionally distinct from its involvement in parasite plasmid pTV, giving pTV-1, which was used to generate TRAP

motility. The deletion of the entire TRM apparently knock-out. The ITO 4, A-domain and TRM mutaRfTRAPConstructs
impaired sporozoite motility. We could not detect a single were generated by inserting tRéTRAPcentral 1090 byBglll fragment
parasite that had left a CS-protein-reactive trail upon into the BanHl site of plasmid pTV-1. Thes&glll fragments were

; ; o oh _ ; isolated from thre@fTRAPexpression plasmids used forvitro TRAP-
induction at 37°C. The lack of motility of L8-9 sporozoites binding studies (F.Ghouze and A.Crisanti, unpublished). Insertion of

COU'P‘ EXpla'n the'.r 'nab”'ty to invade Sal'vary glands. wild-type PfTRAPsequences led to plasmid pTV-WT, the replacement
Midgut sporozoites from the two PFTRAP mutant clones construct. For plasmid pTV-A, an A to C point mutation at position 485
L8-9 and L5-13 were able to infect naive mice almost as led to an Aspl162 to Ala substitution and the creation dPall site
efficiently as 87-11 sporozoites carrying the wild-type (CAGQ48|5TGd)- In P'aS”f“d PT\gTIRMva“f:p deletion at poji“O”S [t
; : 792 resulted in an in-frame deletion of the 15-amino acid TRM moti
PfTRAI_Dgene. ThIS observatlo_n d.emon.Strated that althoth and the loss of &pnl site. ThePfTRAPtransformation constructs were
TRAP IS crucial for Sporozoite invasion of host hepato- controlied by sequence analysis before their utilization.
cytes, either the A-domain or the TRM can be structurally ) )
altered or eliminated without abolishing sporozoite ability Pﬁ’as'te ft’]a'?SfO’maf'Q" | _
to infect mice. The presence of an Arg-GIy-Asp (RGD) T eP._berg glANK_A strain (clone 2.34) was used to generate transgenic
. L . parasites. Fifty micrograms of plasmid DNA were digested withdll|
m0t|f .W.|th|n the sequence of 'PfTRAP COUI_d explain the  (separates the insert from vector sequences) Baitl (cuts twice in
infectivity of L8-9 and L5-13 midgut sporozoites. PfTRAP  the plasmid backbone), and purified by phenol-chloroform extraction.
is the only member of the protein family containing an Electrotransformation of purified P.bergheischizonts with the linear
RGD motif. which is conserved in all field isolates PNA was performed at 1.1 kV and 23F in a Bio-Rad electroporator
; - . - and the preparation injected i.v. in phenylhydrazine pre-treated Wistar
a”a'Ysed (RObSOﬂt al"_ :!'990)' In other proteins this motif rats as described previously (van Dgk al., 1995; Water®t al., 1997).
functions as a recognition sequence _betWQen eXtracen{1|arPyrimethamine-resistant parasites were selected in the recipient rats
glycoproteins and members of the integrin superfamily and BALB/c mice as described (Watees al, 1997), and cloned in
(Ruoslahti and Pierschbacher, 1987). Although there is no BALB/c mice by limiting dilution.
experimental evidence indicating a role for this motif in Parasite DNA isolation and Southern blot analysis
PfTR_A_P (Robso_ret al, 1995), we CO_Uld not exc'_u_d? the  plasmodium bergh®NA was prepared from blood-stage parasites. White
possibility that in P.berghei sporozoites the artificially  blood cells were removed by filtration over Plasmodipur filters (Euro-

Materials and methods
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Diagnostics) and red blood cells lysed by incubation for 20 min on ice in
0.17 M ammonium chloride. Parasites were collected by centrifugation at
800 g for 10 min and lysed in 10 mM Tris—HCI, 50 mM NaCl, 1 mM
EDTA pH 8 with 1% SDS. After RNase A and proteinase K digestions
(100 mg each) for 10 and 45 min, respectively, the DNA was purified by
phenol-chloroform extraction and ethanol precipitated. The dried DNA
was resuspended in 10 mM Tris—HCI, 1 mM EDTA pH 8 to concentrations
of ~100 ng(ul. For Southern blot analysis @) of total DNA were digested
with Hincll, separated on a 1% agarose gel and blotted onto nylon Hybond-
N+ membrane (Amersham). The following DNA fragments were used as
probes: (a) akcaRl fragment from plasmid pTV-WT encompassing 0.8 kb
of PbTRAPS" UTR and 0.5 kb ofPfTRAPsequence; (b) thEpnl—-Sad
insert from plasmid pblibA which encompasses 2.8 kb of Rfld RAP

3" UTR and 1.6 kb of thé®bTRAPgene; and (c) th&.gondii DHFR-TS
gene amplified with oligonucleotides #123{8GAGGGGCATCGGCA-
TCAAC-3') and #138 (5GTCCGTGCGGGACGTAGCC-3 from
plasmid pTV-WT. All probes were gel-purified and 50 ng labelled using
[a-32P]dATP and the High Prime labelling kit (Roche). Hybridizations
were performed overnight at 65°C. High stringency washes were per-
formed twice for 15 min in 0.5 SSC, 0.1% SDS at 55°C for probes a and

b (on account of the very high AT content BfasmodiunDNA), and at
65°C for probe c.

Analysis of parasite development and infectivity
Anopheles stephensiosquitoes (strain sd 500) were fed on parasitized
BALB/c mice and maintained at 20°C in a humidified incubator. Mosquito

For double-IF analysis, sporozoites were incubated as described above
with either 19F7 or 7E4 followed by FITC-conjugated anti-mouse Ig. The
parasites were then further incubated with biotinylated mAb 8.1 (1:50 000)
for 1hand bound CS protein antibodies revealed with rhodamine (TRITC)-
conjugated streptavidin (1:1000) (Jackson ImmunoResearch Laborat-
ories). IF analysis was carried out by using a Bio-Rad 600 confocal
microscope.
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